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Using 1-jettiness to measure 2 jets in DIS 3 ways
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We predict cross sections in deep inelastic scattering (DIS) for the production of two jets—one along
the proton beam direction created by initial-state radiation (ISR) and another created by final-state
radiation after the hard collision. Our results include fixed-order corrections and a summation of large
logarithms up to next-to-next-to-leading logarithmic accuracy in resummed perturbation theory. We make
predictions for three versions of a DIS event shape 1-jettiness, each of which constrains hadronic final
states to be well collimated into two jets along the beam and final-state jet directions, but which differ in
their sensitivity to the transverse momentum of the ISR from the proton beam. We use the tools of soft
collinear effective theory to derive factorization theorems for these three versions of 1-jettiness. The
sensitivity to the ISR gives rise to significantly different structures in the corresponding factorization
theorems—for example, dependence on either the ordinary or the generalized k,-dependent beam
function. Despite the differences among 1-jettiness definitions, we show that the leading nonperturbative
correction that shifts the tail region of their distributions is given by a single universal nonperturbative
parameter (), even accounting for hadron mass effects. Finally, we give numerical results for Q% and x
values explored at the HERA collider, emphasizing that the target of our factorization-based analyses is to

open the door for higher-precision jet phenomenology in DIS.

DOI: 10.1103/PhysRevD.88.054004

I. INTRODUCTION

Deep inelastic scattering (DIS) of an energetic lepton
from a proton target at large momentum transfer probes the
partonic structure of the proton and the nature of the strong
interaction, and was an important ingredient in the devel-
opment of the theory of quantum chromodynamics (QCD)
[1-6]. Modern DIS experiments at HERA and Jefferson
Lab continue to illuminate the internal partonic structure of
hadrons, yielding information on parton distribution func-
tions of all types, as well as the value of the strong coupling
o, itself (see e.g. [7]). The precision of « extractions from
DIS jet cross sections is currently limited by the availabil-
ity of theoretical predictions only at next-to-leading order
(NLO) [7].

Predicting the dependence of such cross sections on jet
algorithms, sizes, and vetoes to high accuracy currently
presents a formidable challenge. The dependence on more
“global” observables characterizing the jetlike structure of
final states can often be predicted to much higher accuracy.
Indeed, some of the most precise extractions of « today
come from hadronic event shapes in e™ e~ collisions, for
which theoretical predictions in QCD exist to N3LL accu-
racy in resummed perturbation theory matched to O(a?)
fixed-order results [8—14], along with a wealth of data from
LEP. Using event shapes to describe jetlike final states in
QCD in a global manner holds the potential to improve the
description of jet production in DIS to the same high level
of precision.

Thrust distributions in DIS were considered in [15] and
calculated to next-to-leading logarithmic (NLL) accuracy
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in resummed perturbation theory, and were compared to
O(a?) fixed-order results calculated numerically [16,17].
Since then the improvement of theoretical predictions for
DIS event shapes beyond these orders of accuracy has not
received much attention. The introduction of soft collinear
effective theory (SCET) [18-22] has brought about a revo-
lution in methods to achieve higher-order resummation in a
variety of applications in QCD, leading, for example, to the
N3LL resummation of thrust [12] and heavy jet mass [13]
in e* e~ collisions mentioned above. SCET has been used
to predict a wide variety of event shapes in e* e~ collisions
[23-25] and pp collisions [26-29], going beyond the
resummed accuracy previously available. A wealth of
data now exists on event shapes in DIS from measurements
at HERA by the ZEUS and H1 collaborations [30-35]. To
take advantage of these data, for instance to achieve high-
precision extractions of a, requires commensurate accu-
racy in theoretical predictions. Thanks to advances already
made in tools and calculations for e"e~ and pp event
shapes, the time is ripe to extend the accuracy of DIS event
shape predictions beyond NLL. (DIS in the endpoint
region, x — 1, has been studied with SCET in [36-40].)
Traditional ways to define jet cross sections involve the
use of a jet algorithm (such as kp-type recombination
algorithms or infrared-safe cone algorithms [41-46]), and
often a jet veto as well. Predicting the dependence on jet
algorithms, sizes, and vetoes to high accuracy is currently a
formidable theoretical problem in QCD. In particular, non-
global logarithms (NGLs) [47,48] can arise and complicate
resummation beginning at NLL order for observables that
probe soft radiation with different measures in sharply
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divided regions of phase space, as occurs with some jet
vetoes, for instance [49-55]. Similar clustering logs due to
the way algorithms cluster soft gluons can also spoil re-
summation beginning at NLL order [52,53,56-59]. NGLs
and clustering logs limit the precision one can achieve in
theoretical predictions for jet cross sections in QCD. A
great deal of progress has been made to resum NGLs
numerically in the large-N, limit [47,48], to understand
the origin and structure of NGLs in the framework of
effective field theory [54,60-62], and to find ways to
minimize their numerical impact (e.g. [29,63]), but a ge-
neric approach to obtain next-to-next-to-leading logarith-
mic (NNLL) and higher order predictions does not yet
exist. These complications due to nonglobal methods of
measuring jets provide a strong motivation to use global
measurements of hadronic final states that still probe their
jetlike structure and are resummable to arbitrarily high
accuracy in QCD perturbation theory. The first steps
needed for higher order resummation in DIS are the deri-
vations of appropriate factorization theorems.

Precisely such a global measure of jetlike structure of
hadronic final states is the N-jettiness introduced in [27].
N-jettiness 7y is a global event shape that is a general-
ization of thrust [64] and can be used in any type of
collision to constrain the final state to contain N + Np
jets, where Np is the number of initial-state hadronic
“beam” directions. In e* e~ collisions, events with small
Ty contain N jets in the final state; in pp collisions, they
contain N + 2 jets, with two along the beam directions
from initial-state radiation (ISR). In DIS, small 75 con-
strains events to have N + 1 jets, with one jet along the
beam direction from ISR from the proton.

In this paper we will predict a special case of N-jettiness
cross sections in DIS, the 1-jettiness. We define a whole
class of DIS 1-jettiness observables by

T =%Zmin{q3 “Piqs Pit (1)
0" =

where g is a four-vector along the incident proton beam
direction and ¢, is another four-vector picking out the
direction of the additional final-state jet we wish to mea-
sure. Particles 7 in the final state X are grouped into regions,
according to which vector g ; they are closer to as mea-
sured by the dot products in Eq. (1). Different choices of
gp.; give different definitions of the 1-jettiness. In this
paper we consider three such choices:

7 g% = xP, g4 = jet axis, (2a)
™ g% = xP, qj = q + xP, (2b)
T{: q5 =P, q; =k (2¢)

where P and k are the initial proton and electron momenta,
and Q and x are the usual DIS momentum transfer and the
Bjorken scaling variable. The three versions of 7 in Eq. (2)
are named for one of their distinctive properties: 7{ aligns
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the vector g4 with the physical jet axis as identified by a jet
algorithm or by minimization of the sum in Eq. (1) over
possible directions of g¢; see for example Ref. [65]. This
jet axis is almost but not quite equal to g + xP, which is
used as the vector g% in T’f. The measurement of 77 groups
final-state particles in Eq. (1) into exact back-to-back
hemispheres in the Breit frame. Finally, 7§ groups particles
into exact back-to-back hemispheres in the center-of-
momentum frame.

Note that the three 7;’s in Eq. (2) are physically distinct
observables. Each one of them can be defined in any
reference frame, but the definitions may be simpler in
one frame versus another. The DIS 1-jettiness 7¢ coincides
with the version of 1-jettiness recently considered in [66] at
NLL order, and is closest in spirit to the original N-jettiness
event shape in [27]. No factorization theorems so far exist
for either 7% or 7¢.

There are in fact a number of DIS event shapes that have
been measured by experiments at HERA. Two versions of
thrust [64] were measured by the H1 Collaboration
[30-32], and by the ZEUS Collaboration [33-35]. The
DIS thrust variables 7, are all based on hemispheres in
the Breit frame where the axis 7 is either frozen to Z (along
the virtual y or weak boson), or determined from a mini-
mization. They have been computed to NLL + O(a?)
[15,48]. The 7,5y measure particles from only one hemi-
sphere, and the choice of normalization N determines
whether they are global or nonglobal [48] (where the
nonglobal variables were used for the experimental mea-
surements). Our 1-jettiness event shapes defined in Egs. (1)
and (2) are global variables, avoiding NGLs by including
information from all particles in the final state. We will
demonstrate that our DIS 1-jettiness variable 77 actually
exactly coincides with the DIS thrust 7y = 7.4, computed
in [15] at NLL.

It would be interesting to reanalyze HERA data to
measure global 1-jettiness or thrust variables. For such
measurements, one may be concerned about the contribu-
tion of the proton remnants to Eq. (1). However, these
remain close to the gp axis, so their contributions to
the sum giving 7, are exponentially suppressed [67]. [To
see this exponential written out explicitly see Eqs. (214)
and (216).] It is only the larger angle soft radiation and ISR
in the beam region and the collision products in the ¢,
region that need to be measured. In fact, we will show
below that one can measure 7%” only from the products in
the g, region, obtaining the gg-region contributions by
momentum conservation (however, for 7§ this is true
only in the two-jet region 7 < 1).

We will give predictions for cross sections in the three
versions of 7 in Eq. (2) accurate for small 7;. We will also
prove factorization theorems for all three variables 7%,
The structure of these factorization theorems will differ
because 74" each probe initial- and final-state radiation in
DIS differently. Besides grouping final-state hadrons into
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different regions, each version has a different sensitivity to
the transverse momentum of ISR. For 75, the nonzero k
of ISR causes the final-state jet momentum to deviate from
the g, axis by an amount =~ k; due to momentum conser-
vation. This affects the measurement of 77 or 7 at leading
order. For 7{, ¢ is always aligned with the physical jet
momentum and so is insensitive to the k; of ISR at leading
order. This leads to different structures in the factorization
theorems for 7¢>¢.

Before proceeding let us summarize the merits of the
three versions of 7. Tf‘c have the experimental advantage
of being entirely measurable from just the collision prod-
ucts in the so-called “‘current” hemisphere, while for 7¢
this is true only for 7¢ << 1. From a theoretical perspective,
since in this paper we give predictions for 7" at the same
order of accuracy (resummed to NNLL), currently they are
equally preferred. However, 7{ involves more nontrivial
integrals over the transverse momenta of beam and jet
radiation, leading us to anticipate that T‘f‘b will be easier
to extend to higher accuracy. In addition, the factorization
theorem we prove for 7{ is valid only when the DIS
variable y ~ 1, that is, for large lepton energy loss in the
CM frame producing a jet in a direction g fairly close to
the initial electron direction. It is thus perhaps fair to say
that 7% possesses the best combination of advantages of
experimental measurability, theoretical calculability, and
kinematic range of applicability. Nevertheless, we empha-
size that comparing T‘f’b‘c with each other can shed light on
the transverse recoil of ISR, and can test the universality of
nonperturbative effects which we will discuss below.

We will prove that the cross sections in all three varia-
bles factorize as special cases of the form

do doy
= H,.(0? jdt dtgdksd?®
ddeszl d.de2 Z K(Q ,LL) J B S pJ_

X T (t; = (qr + p1)% w)Byyp(tp, x, p7, 1)

t t k
X Shemilks, M)3<ﬂ SN Q_s) .
J B R

where « runs over quark and antiquark flavors, s;, sp, Or
are normalization constants given in Egs. (54) and (58) that
depend on the choice of observable 7 in Eq. (2), o is the
Born cross section, H, is a hard function arising from
integrating out hard degrees of freedom from QCD in
matching onto SCET, J, is a quark jet function describing
collinear radiation in the final-state jet, and B, /,, is a quark
beam function containing both perturbative collinear ra-
diation in a function I,; as well as the proton parton
distribution function (PDF) f;/,:

ldz X
CIRNURSSHNED 3 [ M (S N M)
j X

“
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This beam function depends on the transverse virtuality ¢ of
the quark « as well as the transverse momentum p ; of ISR.
Stemi 1N Eq. (3) describes soft radiation from both the
proton beam and the final-state jet. Despite the fact that
the 1-jettiness Eq. (1) may not divide the final state into
hemispheres, we will nevertheless show that the soft func-
tion for any 1-jettiness in DIS is related to the hemisphere
soft function Sy.,;- Finally, q is the transverse momentum
of the momentum transfer ¢ in the DIS collision with
respect to the jet and beam directions.

We briefly discuss differences in the factorization theo-
rem for 7¢7¢. For 79, the jet axis is aligned so that the
argument of the jet function t, — (q; + p)> — ¢, with
zero transverse momentum, and p; then gets averaged
over in Eq. (3), removing the dependence on this variable
in the beam function and yielding the ordinary beam
function of Ref. [67]. For T’,’ , 7§, the convolution over p
remains and thus they are sensitive to transverse momen-
tum of ISR. Thus for 74, 7¢ results depend on a generalized
p 1 -dependent beam function introduced in Ref. [68]. The
final difference is that q ; is identically zero for Tlf, while it
is nonzero for 7{, causing these observables to differ and
inducing additional complications in the convolution over
p, for 7{. In particular the cross section for 7§ does not
start at 7{ = 0, but rather at 7{ = ¢% /Q? due to the non-
zero ( injected into the collision and the choice here for
the jet axis.

The ingredients in the factorization theorem Eq. (3)
depend on an arbitrary scale u that arises due to integrating
out degrees of freedom from QCD, matching onto a theory
of collinear and soft modes, and then integrating out col-
linear degrees of freedom and matching onto just soft
modes. The resulting hard, jet, beam, and soft functions
each depend on logs of u over physical variables.
Renormalization group (RG) evolution allows us to evolve
each function from a scale up ;s where these logs are
minimized to the common scale w. This evolution resums
logs of 74" to all orders in @, to a given order of
logarithmic accuracy determined by the order to which
we know the anomalous dimensions for the RG evolution.
We will use this technology to resum logs of 1-jettiness in
DIS to NNLL accuracy for 7¢%<.

The factorized cross section in Eq. (3) accurately pre-
dicts the 7, distribution in the peak region and for the tail to
the right of the peak, where 7; < 1 and logs of 7, are
large. To be accurate for larger 7, the prediction of Eq. (3)
must be matched onto predictions of fixed-order QCD
perturbation theory to determine the ‘“‘nonsingular’ terms.
In this paper we do not perform the matching onto the
O(a,) and O(a?) tail of the 7, distributions, leaving that to
future work. However, by comparing the unmatched pre-
dictions of Eq. (3) integrated over 7, to the QCD total cross
section at x, Q> we can estimate the small size of these
missing corrections at large 7. We emphasize that Eq. (3)
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accurately captures the distribution for smaller 7; near the
peak region.

The factorization theorem Eq. (3) also allows us to
account for nonperturbative effects—not only in the parton
distributions f(x, u) but also through a shape function that
appears in the soft function S. In e*e™ collisions, the
leading nonperturbative corrections from this shape func-
tion have been shown to be universal for different event
shapes and collision energies [69-72] (for earlier work see
[73-75]). The same conclusions hold for the soft shape
function in Eq. (3), endowing it with real predictive power.
We will analyze the dominant effects of the nonperturba-
tive soft shape function on the DIS 1-jettiness. For the peak
region we include a simple nonperturbative model function
to show the impact these corrections have and how they
modify the perturbatively calculated distribution. For the
tail region the leading shape function power correction is a
simple dimension-1 parameter Q‘f’b’c that induces a shift to
747, and is defined by a matrix element of a soft Wilson
line operator. For our observables we will prove that there
is universality for this correction, namely that Q¢ = Q? =
Q). This follows from a general analysis we carry out for
how the direction of axes affect nonperturbative matrix
elements for two-jet soft Wilson line operators.

The paper is organized as follows. In Sec. II we review
the kinematics of DIS in several commonly used reference
frames, laying out the notation for our subsequent analyses.
In Sec. III we define the three versions of 1-jettiness in DIS
that we will use in this paper and consider their physics in
some detail. In Sec. IV we follow the usual formalism for
calculating the DIS cross section in QCD, and introduce an
additional measurement of the 1-jettiness into the hadronic
tensor that appears therein. Section V is the technical heart
of the paper. Here we present the elements of the SCET
formalism that we need and give a detailed proof of the
factorization theorems for the generic DIS 1-jettiness in
Eq. (1) and the three specializations we give in Eq. (2). In
particular we derive in each factorization theorem how the
observable depends on the transverse momentum of ISR
through the beam function, and also show that by rescaling
arguments we can always use the hemisphere soft function
for each version of 1-jettiness.

In Sec. VI we use the factorization theorems from Sec. V
to give predictions for the singular terms in the 7 distri-
butions at fixed order @(«,), and also enumerate the results
for the hard, jet, beam, and soft functions that we will need
to perform the RG evolution in the next section. In Sec. VII
we perform the RG evolution and give our resummed
predictions to NNLL accuracy. We compare our predic-
tions for 7"1’ to those of [15] at NLL. We also explain the
“profiles” for the individual hard, jet, beam, and soft
scales which we use to perform the RG evolution
[14,28,76]. These profiles allow for a smooth transition
from the tail region into the peak region where the soft
scale becomes nonperturbative, and into the far tail region
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where the resummation of logarithms must be turned off.
Then we explain how we incorporate nonperturbative ha-
dronization corrections into our predictions through a soft
shape function and discuss the (), parameters. We show
that the shifts %> to the tail region of all three versions
of the 1-jettiness distributions obey universality.

In Sec. VIII we present numerical results for our pre-
dictions to NNLL for the 7¢>¢ cross sections, including
also their x and Q? dependence. We consider both inte-
grated (cumulant) and differential cross sections. The par-
ticular results we present are for x, 0? values studied at
HERA [32,35]. However, the analytic results we give in
Sec. VII can just as easily be used for other experiments at
different kinematics, such as at Jefferson Lab (JLab) [77],
or for nuclear states other than the proton, such as those at
the future Electron-Ion Collider (EIC) [78] and Large
Hadron Electron Collider (LHeC) [79].

In Sec. IX we conclude. In several appendices we collect
various technical details that are used in the main body of
the paper. In particular, in Appendix D we collect the
anomalous dimensions we need to get to NNLL accuracy
in the 7 cross sections, and in Appendix E we give the
resummed cross sections in an alternative formalism
[38,80] to that used in Sec. VII [14,76]. In Sec. VII we
use a formalism that expresses the result of the RG evolu-
tion of Eq. (3) entirely in momentum space, while in
Appendix F we use a formalism that expresses the RG
evolution through Laplace space objects. These two ap-
proaches give identical analytic results at each order in
resummed perturbation theory, but since both are com-
monly used in the SCET literature we provide both results
for people who prefer one or the other. Indeed, all of our
numeric results have been cross-checked between two
codes of which each uses one of these two approaches.

The reader mainly interested in the phenomenology of
DIS 1-jettiness and our numerical predictions may read
Secs. I, II, and III and then skip to Sec. VIII. For those
interested in details of the factorization and resummation,
we provide these in Secs. IV, V, VI, and VII and the
appendices.

II. KINEMATICS OF DIS

In this section we define the kinematic variables in DIS
that we will use throughout the paper. We also consider
three reference frames—center-of-momentum (CM), tar-
get rest frame, and Breit frame—and describe the picture
of the events in each of these frames.

A. Kinematic variables

In DIS, an incoming electron with momentum k and a
proton with momentum P undergo hard scattering by
exchange of a virtual boson (photon or Z) with a large
momentum ¢, and outgoing electron k’. The boson
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momentum ¢ can be determined from the initial- and final-
state electron momenta,

g=k—K. (5)

In inclusive DIS, the final states from the hard scattering
are inclusively denoted as X and their total momentum is
denoted as py. Using Eq. (5) momentum conservation
k + P = k' + py can be written as

gt P = px. (6)

The momentum scale Q of the hard scattering is defined by
the virtuality of the exchanged gauge boson. Because the
boson has a spacelike (negative) virtuality, one defines the
positive definite quantity Q” by

0*=—-4% (7

where we will be interested in Q > Agcp. Next one

defines dimensionless Lorentz-invariant variables. The
Bjorken scaling variable x is defined by
-2 ®)
2P-q 2P-q

where x ranges between 0 =< x =< 1. Another Lorentz-
invariant quantity y is defined by

_2P-q_Q2
2P -k xs’

where the total invariant mass s = (P + k)> = 2P - kand y
ranges from 0 = y = 1. The variable y measures the en-
ergy loss of the electron in the target rest frame. For a given
s Eq. (9) relates x, y, and 0? to one another, allowing one
of the three variables to be eliminated. The invariant mass
of the final state in terms of the above variables is

(©)]

’ 1—x

Py = 2 =(1—x)ys.

(10)

In the classic DIS region one has p% ~ Q? for generic x. In
the endpoint region 1 — x ~ Agcp/Q, the final state is a
single narrow jet with momentum of order Q in the virtual
boson direction (and studied with SCET in Refs. [36-40]).
The resonance region where 1 — x ~ A(%CD /Q? cannot be
treated with inclusive perturbative methods.

In this work we are interested in the classic region where
1 — x> Agep/Q ie. x~1—x<1. In this region one
can have more than a single jet. Below, we will make an
additional measurement that picks out two-jetlike final
states.

B. Center-of-momentum frame

A two-jetlike event in the CM frame is illustrated in
Fig. 1. An incoming electron and proton collide and pro-
duce in the final state an outgoing electron and hadrons.
The hadrons, mostly collimated into two jets with addi-
tional soft particles elsewhere, are grouped into two

PHYSICAL REVIEW D 88, 054004 (2013)

Hp Hy

PB

FIG. 1 event in center-of-

(color
momentum frame, in which one jet is produced by initial-state
radiation from the proton, and the other by the hard collision
with the electron. Particles are grouped into two regions H , 5
with total momenta p;p in each region. Different choices of
“1-jettiness” observables will give different boundaries for the
two regions.

online). Two-jetlike

regions HH g and HH ;, and p, and py are the total momenta
of particles in each region. The regions FH p.J are not
necessarily hemispheres in this frame, though we drew
them as such in Fig. 1. The definitions of the regions are
described in Sec. IIT A. As shown in Fig. 1, the electron
direction is defined to be the +z direction and the proton
direction to be the —z direction. In the CM frame the initial
electron and proton momenta are

M Py
nz nz
k= \[s—, Pr = \[s—, 11
S5 Vs ) (1)
where the light cone vectors are
n,=(1,0,0,1), i, = (1,0,0, —1). (12)

They satisfy n, -7, =2 and n,-n,=n,-a,=0. An
arbitrary four vector V# can be written as
= Iz
V”=V+%+V‘%+Vﬁ, (13)

where V¥ =V -n,and V- =V i1, and V3 = —VZ <0.
In this frame x, y take the values

0 n.q
X = —= y=—" (14)
\/Enz q Vs
and so g is given by
I 2\ =M
o nz qr\ 1z
which satisfies Q> = —¢? = xys. Here g is a four-vector

transverse to n, i, and satisfies g% = —q7 < 0.
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FIG. 2 (color online). Two-jetlike event in target rest frame.
The regions JH ; z and directions of the total momenta p 5 in
these regions are boosted from the CM frame in Fig. 1. Both jets
go forward, but those in { ; are more highly collimated.

C. Target rest frame

The same two-jetlike event in Fig. 1 is illustrated as it
would appear in the target rest frame in Fig. 2. The proton
is at rest. The regions in Fig. 2 are transformed from those
in Fig. 1 because of the boost along the proton direction. In
this frame, the initial electron and proton momenta are

I + =M
Pr = Mu’ (16)
2
satisfying 2k - P = s. Here M is the proton mass. We reach

this frame by a boost of momenta p* in the CM frame
along the z direction,

M ) s
nz-p—>\/—5nz~p, nz~p—>ﬁnz~p. (17)

Therefore, in this frame, ¢g* in Eq. (15) is boosted to
become

q:u == =

2\ M

qT nZ y73
—xM(1 — + 1
2~ ( ) qr,  (18)

022
and x, y are given by
Q2 E—E'

*ToamE-£E)y YT E (%)

Here E and E' are the energies of the incoming and out-
going electron, respectively, measured in the target rest
frame. Here y is the fractional electron energy loss.

D. Breit frame

In the Breit frame, the virtual boson with momentum g*
and proton with momentum P* collide along the z direc-
tion. This frame is useful because the proton initial-state
radiation moving along the proton direction can be rela-
tively well separated from other scattering products. One
might worry that an ISR jet, which we want to measure in
this paper, could be contaminated by the proton remnants
which are difficult to separate from ISR. However, the
1-jettiness observable in Sec. III A that we use to measure
the jets in the final state is actually insensitive to this
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contamination since contributions from the region of the
beam remnant give exponentially suppressed contributions
to the variable. The contributions from the beam region are
by far dominated by the initial-state radiation at larger
angles. The picture of the two-jetlike event in the Breit
frame is similar to Fig. 1 with incoming electron replaced
by virtual boson and with the outgoing electron removed.
The Breit frame is defined as that in which the momen-
tum transfer ¢ is purely spacelike:
nt — iy
2 ’
where we align 7i, to be along the proton direction:
_ont
x 2
The incoming electron has momentum
0 nf 11—yl

k#=;%+Q77+k¥, (22)

" =0 (20)

P* (21)

where k7. = Q*(1 — y)/y*. The outgoing electron then has
momentum

— vt =
1oyme (90 | w (23)

k' =
Qy 2y 2

Unlike the CM and target rest frames, where for a fixed s
the incident momenta are fixed, in the Breit frame the
incident momenta are functions of x, y. Thus each point
in the differential cross section in x, y corresponds to a
different Breit frame.

III. HADRONIC OBSERVABLES
A. N-jettiness

To restrict final states to be two-jetlike, we must make a
measurement on the hadronic state and require energetic
radiation to be collimated along two lightlike directions.
An observable naturally suited to this role is the N-jettiness
[27]. In our case, with one proton beam, 1-jettiness 7, can
be used to restrict final states to those that have fwo jets:
one along the original proton direction (beam) from ISR
and another produced from the hard scattering. Recall the
definition of 7, in Eq. (1),

T = iz Z min{gg * p;, g, pik; (24)
Q”iex
where g, g; are massless four-vectors chosen to lie along
the beam and jet directions.

The minimum operator in Eq. (24) groups particles in X
with the four-vector to which they are closest (in the sense
of the dot product). We will call the region in which
particles are grouped with the beam JH 5 and the region
in which particles are grouped with the jet J{ ;. We denote
the total momentum in the beam region as pp and total
momentum in the jet region as p;:
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P = ZP:', pP; = ZP:'~

iEH g i€H,

(25)

These regions are illustrated for two examples in the CM
and target rest frames in Figs. 1 and 2.
The 1-jettiness 7; can be expressed as the sum

T =T+ Ty (26)
where 7 and 7; are defined by
2qp " P 29, p
T = BQ2 £, 1= JQ2 L. 27)

The variables 75 ; are projections of pp; onto the refer-
ences vector gg ;. They can be thought of as two indepen-
dent observables, and 7, is one possible combination of
them. Another combination gives a generalized rapidity
gap and is discussed in Appendix A.

The reference vectors g and g; can be expressed as

nk n’
q5 = ‘L’B?B, qy = a’J?J, (28)

for lightlike vectors ng; given by ng; = (1,np;), where
np ; are unit three-vectors satisfying n%, ; = 1. Below we
will use the vectors ng; to define the directions of the
collinear fields in SCET which we use for the degrees of
freedom that describe fluctuations collimated in the beam
and jet regions. References [27,65] discussed the possibil-
ity of also minimizing over possible vectors g ; to give the
smallest possible 7 in Eq. (24), and Ref. [65] developed a
fast algorithm to carry out this minimization. Here we will
take gp; to be fixed vectors. We will discuss several
possible choices for gp; below, each giving a different
definition of 7;.

Measuring 7; to be small means the final state has at
most two collimated jets, one in the g direction and one in
the ¢, direction (irrespective of the exact definition of gp
and g,). For power counting purposes we will use 7, ~ A?
which defines a small parameter A << 1 in which we will
perform the expansion to obtain the leading-order factori-
zation theorem for DIS 1-jettiness cross sections.

1. 7{: 1-jettiness aligned with the jet axis

The first version of 1-jettiness that we consider is 7,
which is defined by choosing the beam reference vector g5
in Eq. (24) to be proportional to the proton momentum, and
the jet reference vector g9 to be the jet momentum as given
by a jet algorithm such as anti-k [46]:

2 .
i =5 > min{g - piqf - pik (29)
0" &
These reference vectors are given by the values
qg" = xPH, q7" = q* + xP* + qJL“, 30)

PHYSICAL REVIEW D 88, 054004 (2013)

where g7 is O(QA). This is because xP is the longitudinal
momentum of the parton that hard scatters from the virtual
photon of momentum ¢, which would produce a jet of
momentum ¢ + xP, but the colliding parton may also
have a transverse momentum of order QA. It cannot be
larger, otherwise it would cause 7 to be larger than O(A?).
Various jet algorithms give the same value of g% up to
negligible power corrections of O(QA?), and the cross
section does not actually depend on which of these algo-
rithms is used. Here it would also be equivalent to leading
power to define 7{ by minimizing the sum in Eq. (29) with
respect to 7i; in ¢§. The total momentum of particles in the
jet region H , is p; = q§ + k for a soft momentum k of
O(QA?). Thus, to the order we are working, the sum over
particles in the jet region JH ; in Eq. (29) gives the total
invariant mass of those particles, 2¢% - p; = p3 = m3 (for
more discussion of this see Refs. [29,81]).

We will show below that in deriving the correct factori-
zation theorem for the 7§ cross section, we must use the
fact that g7 is chosen to make the relative transverse
momentum between ¢§ and the actual jet momentum p;
be zero [technically the dominant O(QA) part must be zero
and a small O(QA?) part is still allowed]. That is, g is
aligned with the jet, hence the name 7¢. This is also
important for experimentally measuring 7¢. Nevertheless,
once this factorization theorem is known, ¢ } is not directly
required for calculating the objects such as hard and soft
functions that appear in the factorization theorem. For the
other versions of 1-jettiness we consider below, the refer-
ence vector g is not aligned exactly with the jet, and the
transverse momentum between ¢; and the jet momentum
p will be nonzero, as illustrated in Fig. 3. This will change
the structure of the corresponding factorization theorems,
introducing convolutions over the transverse momenta of
radiation from the beam and from the final-state jet.

2. 78 hemisphere I-jettiness in the Breit frame

A second way to define 1-jettiness in DIS is

2 .
T = o > min{qh - pi g4 pik G
i€x
where
CIIZ; k= xph, CI}; =gt + xPH. (32)

In this case, g4 is given exactly by the quantity g + xP
which can be constructed from the electron and proton
momenta k, k/, P, and needs no information about the jet
momentum given by any jet-finding algorithm. Thus in
general ¢4 differs by a transverse momentum q} ~ QA
from the vector ¢$ used in the 7{ definition of 1-jettiness
we introduced above in Eq. (29). Note that since ¢ = g% —
g%, q itself has zero tranverse momentum ¢ with respect

to the directions n?, nb of ¢4, 5.
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FIG. 3 (color online).
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Hr

g =k

(a) l-jettiness 7§ measures the small light-cone component of the momentum in the jet region JH ; along the

“true” jet axis g9, which is proportional to the jet-invariant mass and is thus insensitive at leading order in A to the transverse

b

momentum pé of ISR. Thus pé gets averaged over in calculating the 7{ cross section. (b) 1-jettiness 7{ measures the small light-cone
component of p; along the fixed axis q’} = g + xP. This projection is sensitive to and balances the transverse momentum p z% of ISR.
The transverse momenta of pg and p; get convolved together in calculating the cross section. Both 7§ and 7% divide the final state into
hemispheres in the Breit frame. (c) 1-jettiness 7{ divides event into back-to-back hemispheres in the CM frame and projects beam and
jet momenta onto n_, 7, axes. These projections are sensitive to the transverse momentum p é of ISR. The momentum transfer ¢ has a
nonzero transverse component in these coordinates, and the jet and beam momenta are convolved in pll; in calculating the cross

section.

This choice of vectors is natural in the Breit frame
(hence the name 7%), in which it divides the final state
into back-to-back hemispheres. In the Breit frame,

Brelt 1
0 0 Z min{i, - p;, n
ieX

This definition directly corresponds to the thrust 7 in DIS
defined in [15].

We will often work in the CM frame in intermediate
stages of calculation below. Expressing qg, ; in the CM
frame, we find

b,u,_x\/—_

. pil: (33)

(34)

it

""—y\/_—+x(l—y)«/_—+qr,

where q7 = (1 — y)0Q? and qJ is a massless vector. qJ in
Eq. (34) can also be written in the form

b nf it
qu:PT€Y7+PT€_Y7+PTﬁ¢, (35)
where the jet transverse momentum and rapidity are
1 y
= Q41 —y, Y==-1In (36)

2 x(l—y)

and 7iy is a unit vector in the direction of gp. These
relations can be inverted to give

PTe_Y PTEY
s = Pre’”’ Vs

Equating the zeroth components of Egs. (28) and (35), we
find that

X =

y= 37

wh = 2PrcoshY =

[y +x(1 = y) s (38)

Calculating 7% in the CM frame groups particles into
nonhemispherelike regions. Particles with momenta p are
grouped into the beam or jet regions according to which dot
product is smaller:

g, Wb ol
21; b 2b (39
g, b p ot p
2 2
Using Eq. (38), we can write these conditions as
b
gD Yy
5-[3: g . < 1 - y + -,
ny-p X
b . (40)
H,: nfj Pey—y4?.
ny-p X

In order to understand the regions defined by Eq. (40),
let us consider the simple case y ~ 1 and x < y. For this
case qﬁ in Eq. (35) is n,-collinear because in Eq. (36) P;
and Y are small and large, respectively. We can replace n}
and n% in Eq. (40) by n, and 71, and set 7, - p/n. - p =
1/(tan26/2) where 6 is the polar angle of massless particle
p. Then, the jet region is a symmetric cone around the n,

direction of the opening angle given by

X
tanZ— =~

>~ (4D)

and the beam region is everything outside. For generic x
and y, the jet region is not symmetric around the n}.

As mentioned above in the description of 7{, the vector
g% = g + xP is the four-momentum of a jet produced by
scattering at momentum ¢ on an incoming parton with
momentum exactly equal to xP. In general the colliding
incoming parton will have a nonzero transverse momen-
tum due to ISR, causing the produced jet momentum to
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deviate by O(QA) from ¢5. The scale O(QA) is perturba-
tive and this transverse momentum is much larger than the
intrinsic transverse momentum of partons in the proton.
The observable 7¢ differs from 7% in that 7¢ measures the
true invariant mass m> of the jet while 77 simply projects
the jet momentum onto the fixed axis ¢4 = g + xP which
does not vary with the exact direction of the jet. The jet axis
varies from ¢4 due to ISR from the beam before the hard
collision. This subtle difference leads to a different struc-
ture in the factorization theorems for 7¢ and 7%.

For the 1-jettiness for DIS studied in [66], the procedure
for determining the g; was described as determining the jet
axis from a jet algorithm. This makes their g; correctly
correspond with our g§. However, they also used the for-
mulas Egs. (35) and (36) to describe their ¢, which yields
g; = q + xP, and this would correspond to our 77. This
choice neglects the O(Q ) transverse momentum between
gy and the jet momentum p;, which taken literally would
lead to an incorrect factorization theorem for the observ-
able 7{. However, after the correct form of the factorization
theorem for 7¢ is known (which was written in [66]), this
approximation is valid for calculating the objects in that
theorem to leading order in A. Thus, the 7| in [66] is the
same as our 7{ defined above in Eq. (29), where ¢q; is
aligned along p;.

3. 7{: hemisphere I-jettiness in the CM frame

A third way to define the 1-jettiness in DIS is with the
proton and electron momenta

agt =Pr, gt =k~ 42)

We use the superscripts ¢ because this choice naturally
divides the final state into hemispheres in the CM frame,
mimicking the thrust defined in the CM frame for e e
collisions [64].

In the CM frame the momenta k and P are along the z
and —z directions as in Eq. (11). In this frame the reference
vectors g g are given by the light-cone directions ng ; and
normalizations wj ;:

ngt =nt,  nj*=nf 43)
and
0§ = /s, § = /s. (44)
In this frame, 7; is then given by
1
¢ = ——= ) min{i, - p;, n, - p;} (45)
1 xy\/'glg( Z Z

The minimum here assigns particles to either the hemi-
sphere containing the proton or electron. States with small
7, thus have two nearly back-to-back jets in this frame.
The essential differences among 7¢, 74, 7§ are illustrated
in Fig. 3 drawn in the CM frame and summarized in
Table 1. 7% and 7¢ project the jet momentum onto a fixed

PHYSICAL REVIEW D 88, 054004 (2013)

TABLE I. Reference vectors g; and gp defining the axes for
various versions of 1-jettiness. For 7§ the g, axis is defined to be
the jet momentum g$ given by, e.g., the anti-kr algorithm. This
axis is given by ¢ + xP up to transverse momentum corrections
of order g7 ~ O(QA). The exact value of g7 will not be needed
for our calculation, only the fact that there is no relative
transverse momentum larger than @(QA?) between the momen-
tum p; in the jet region JH ; and the axis q§. This is in contrast to
T’l’ , for which the cross section will depend on the transverse
momentum between p; and ¢ = g + xP, but where g; = 0.
Finally for 7{ we also have g; # 0.

1-jettiness Axis ¢, Axis gp
Generic 7, w5 wp g
T¢ xP+ g+ q} xP
T'l’ xP + g xP
74 k P

axis, and are sensitive at leading order to the transverse
momentum of initial-state radiation from the incoming
proton, while 7§ always projects the jet momentum onto
the axis with respect to which it has no transverse momen-
tum, and so measures the invariant mass of the jet which is
insensitive at leading order to the transverse momentum
of ISR. Table I summarizes the choices of reference vectors
q, p for the three versions of 1-jettiness defined in this
section.

B. Versions of DIS thrust

Several thrust DIS event shapes have been considered in
the literature [82], and some of them have been measured
by experiments. One version, called 7, in [15] but not yet
measured, is defined in the Breit frame by

Z Pz

i€H

Brei 2
7o = 1 0 (46)

where JH - is the ““current hemisphere” in the direction set
by the virtual boson g. We will show below in Sec. III D
that 7, is equivalent to our 7¢.

Another version of thrust, used in [30,33] and called 7,
in [48], is defined using a thrust axis whose definition
involves a maximization procedure over particles in the

current hemisphere H - = JH , in the Breit frame:

_ Zie}[c |p; - n|
T =1—max /——/—————
n Zie}[c Ipil

The maximization aligns the vector n with the direction of
the jet in the current hemisphere, just like the g§ vector in
our definition of 7{. However, because the sums in both the
numerator and denominator are limited to F ., the ob-
servable is actually nonglobal [48], cutting out radiation
from the remnant hemisphere.' Thus it differs from our 79

(47)

'The variable 7, is also not IR safe without a minimal energy
constraint on the ., hemisphere.
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which sums over both hemispheres. It cannot be simply
related to a global version of 1-jettiness as above. A global
thrust event shape, 7,p, can be obtained by replacing the
denominator in Eq. (47) by Q/2, but this version of the
thrust event shape is also not related to our 7¢.

Yet another variation is 7,z [30,48] which is like Eq. (47)
with the same normalization, but with respect to the z axis
in the Breit frame. It is also not global [48]. H1 and ZEUS
have measured 75 = 78! =1 — TZ2EUS and 7, = 71! =
1 — TZEUS [32,35]. It would be interesting to reanalyze the
data to measure the global observables 7" we predict in
this paper at NNLL order.

C. Jet and beam momenta
1. Jet and beam contributions to 1-jettiness

The cross sections for the different versions of
1-jettiness in Sec. IIT A will all be expressed in terms of
beam, jet, and soft functions that depend on the projections
of the total momenta in the regions JH z and H ; onto the
reference vectors gp; in the definition of the 1-jettiness
Eq. (24). These vectors point in the direction of light-cone
vectors ng = i1, and n;, which varies for the three different
versions of 1-jettiness 7">“. The expression 7, in Eq. (26)
can be written in terms of n; - p; and ng - pp as

Tl:”J'PJ+”B‘PB’ (48)
Q, O
where Q; and Qp are given by
0 0
Q,=—, Op=—. (49)
wy wp

Table II lists explicit expressions for Qp ; in the CM, Breit,
and target rest frames for the three versions of 1-jettiness
9 Th ¢
7 T
For the three different cases T‘l"b’c of Eq. (48), the con-
tributions n; - p; will be with respect to different vectors
nj’h"', and ny - py, ng + pg will include momenta of parti-
cles in different regions H  p in the three cases. For 7¢, the

TABLE II.

PHYSICAL REVIEW D 88, 054004 (2013)

differences between energies @ and w% and between unit
vectors n’ and n¢ are of order A since the vectors ¢4 and ¢4
differ due to the transverse momentum of ISR of order Q A.
So using the same expression @} in Eq. (38) for w4 is
correct up to corrections suppressed by A that can be
neglected in computing 7{. Nevertheless, the values of
ny - py in the equations for 75 and 7¢ do differ at leading
power (1, - p; ~ QA?) because the O(A) difference in the
axes n4 and n¢ is dotted into transverse momentum in p,
which is of O(QA). This difference is reflected in the
different factorization theorems for 7¢ and 7%.

The discussion on the jet and beam regions FH s in
Sec. III A2 can be done for a generic 7. For particles with
momenta p grouped into the beam or jet region, the criteria
q;p<qgp-pand g p<gqy- p that define the regions

7.B> Tespectively, can be written

pEH,; W LU B _ g2 (50
ny-p 2w/

pE My MBP OB _ gy (50p)
ng-p 2wp

Here 71; and 7ip are the normalized conjugate vectors to n;
and np, respectively. Their definitions are
I3 2
u 2nj 2n}

— o
ny = —— g = 51
J I’lJ'}’lB, B I’lJ'nB’ ( )

chosen so that n; - ii; = ng * iy = 2. The parameters R p
characterize the sizes of the regions JH 7.5 into which the
1-jettiness Eq. (24) partitions final-state particles. The
variables on the left-hand sides are analogous to the ratio
of momenta related to rapidity: n- p/ii- p = e ¥ for
back-to-back directions n, 7i. They can be interpreted as a
generalized rapidity, e 2Y»7 or e 2Ywi as defined by
Eq. (A2). These rapidities are defined in terms of four-
vectors 7i; 5 and n, g, which are not in general back-to-
back. R;p in Eq. (50) characterizes the range of these
generalized rapidities that are included in each of the

regions FH ; .

Kinematic variables characterizing 1-jettiness. Normalizations Q; and Qj in the expression Eq. (48) and sizes R p of the

jet and beam regions 2.5 in Eq. (50) for the different versions of 1-jettiness, in three different reference frames described in Sec. II,
and the Lorentz-invariant combinations Qr = Q;/R; = Qp/Rp in Eq. (54) and s, 3 given in Eq. (58).

1-jettiness Frame Q; Op R; Rp Or Sy Sp
G 1 0? 0? . 5 0? 489 N2 — 419 02
eneric 7 z z /wgztzlng ,wjznui:g o 5 0 e, 2
CM V0 5 v 5
y+x(1—y) }Q y+x(l—y) x
P Breit 0 0 1 1 0 0? 0?
Target-rest xM o M Q9
M Q xM
CM JxXy0 JxXy0 1 1
- Breit e xQ \Z/y/x \ﬁ V0 yQ? xyQ?
) = )
- o’ M V5
Target-rest xyM & 7 Ms
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2. Invariants for 1-jettiness

For later purposes we will express Eq. (48) in terms of
separate nj-collinear, ng-collinear, and soft contributions:

:"1'(P5+k1)+”3'(19§+k3)
Q, Op ’

where p§ is the total momentum of all n;-collinear modes,
Dy is the total momentum of all ng-collinear modes, and
k; p are the total momenta of soft modes in regions F ; g,
respectively. These modes are defined by the scaling of
their light-cone components of momentum:

Ty (52)

ny-collinear: (ny - p,iiy - p, p1) ~ Q(A% 1, ),

ng-collinear: (ng - p,iig - p, p1) ~ Q(A% 1, A), (53)

soft: k~ QA%

The normalization constants Q; g in Eq. (52) are not
Lorentz invariant (which for SCET corresponds to a rep-
arametrization invariance [83,84]), but by combining them
with other kinematic quantities we can form invariants in
terms of which we can express Eq. (52). One set of such
combinations uses R, p in Eq. (50). The sizes R, p of the
regions FH 5.5 are not Lorentz-invariant—they depend on
the choice of frame. However, the ratios Q,;/R; and Qp/Rjp
are Lorentz/reparametrization invariant and, in fact, are
equal:

Q; Qs 0*
Qr == 5 = == (54)
YR, Ry 245 qs
Expressions for Ry ; and Qp for each case 74 are given

in Table II. (Strictly speaking, dot products with g§ are not
Lorentz invariant due to dependence on the jet algorithm,
but for calculating Qg and s, 3 we can use the approxima-
tion ¢4 = g% = g + xP to leading order in A, which does
give Lorentz-invariant dot products.)

It is useful to reexpress the soft contribution in Eq. (52)
by rescaling the vectors n; 5 by n/, = n; 3/R; 5, which
gives us

TSEnJ'kJ nB'kB:n'J'kJ-‘rn%'kB
0, Op Or

This relation will help us simplify the soft function in the
factorized 7; cross sections later on. This is because re-
writing the particle grouping in Eq. (50) in terms of n ,
absorbs the factor R;p giving n) - p/ii},-p<1 and
ny - p/iiy - p> 1. Hence with these variables the hemi-
spheres H ;.p are symmetric, which makes it possible to
connect our soft function to the usual hemisphere soft
function.

We can also reexpress the n; p collinear contributions to
71 in Eq. (52) in terms of another set of Lorentz-invariant
combinations involving Q; p. In the 7, factorization theo-
rems we derive below, the arguments of the collinear jet
and beam functions appearing therein will naturally

(55)
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depend on ‘‘transverse virtualities” 7 pn-p of the
nj-collinear jet and of the struck parton in the proton,
respectively. Relating the nj-collinear contribution to 7;
to the transverse virtuality #; of the jet,

TCE”J’P5=’71'PJ"J‘P5= 1y

! Qy iy p;Qy iy qQy
where in the middle step we simply multiplied top and
bottom by the large component 71; - p; of the total collinear
momentum in region JH ;, and in the last step we used in
the denominator i, - p; = ii; - ¢ + O(QA?). The large
component of the jet momentum can only come from the
momentum transferred into the collision by the virtual
boson of momentum g—the proton with which it collides
only has a large component in the n; - p component.
Similarly, the ng-collinear contribution to 7 is

+ O(A%), (56)

nB'p%:_ﬁB'pan'pr ZB +@(A4)
Op g * pxOp —ng-qQ0p '

C =
Tg =

(57)

where p, is the momentum of the parton that is struck by
the virtual boson of momentum g. In the middle step we
used that ng - p§; = —np - p, since the struck parton re-
coils against the ISR and balances the small component of
momentum in the ny direction. In the last step, we defined
the positive virtuality t = —iip - p.np * p, of the space-
like struck parton and in the denominator used that
fig* py = —iig - g + O(QA?). This is because the colli-
sion of the virtual boson and struck parton is the
nj-collinear jet which has no large momentum in the
ng - p component. Thus momentum conservation requires
that the large components of 71 - ¢ and 715 - p, cancel.

The quantities in the denominators of the relations
Egs. (56) and (57) are Lorentz invariant:

sy =1, q0, =24 o2 (582)
dB " 4
s5=—igq0p = —L 102 (58b)
dB 4y

where the minus sign in sz makes it positive since
fig - g <0. For the cases 797, s, and s5 take the special
values given in Table II.

Using the definitions of Qg and s; 5 in Egs. (54) and (58)
these factors can be combined to give the transverse vir-
tuality of the exchanged boson ¢:

S;Sp ng-°ny

0 = —np-qi;-q = 0*(1 —q7/0%, (59)
where we used
_ ng . n
q=ip q= +iiy g+ qu (60)
2 2
and g> = — Q2. The transverse momentum ¢ is orthogo-

nal to np ;. The relation Eq. (59) will be useful in evaluat-
ing the fixed-order 7 cross section in Appendix G. We will
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use that % /Q? ~ A? when 1-jettiness is measured to be
small, 7, ~ A%. A larger q; cannot be transferred into the
final state for this to be true, since particles have to be
collimated along g,  or be soft.

D. Momentum conservation and the beam region

We noted earlier that the contribution of proton remnants
to 7, is exponentially suppressed, by a factor e 1A of their
rapidity with respect to g. Only the energetic ISR and soft
radiation at larger angles in J{ 5 contribute to 7. Although
these contributions are easier to measure, one may still
prefer to measure particles only in the 7, jet region in the
direction of ¢g;. In general, such a restriction in the final
state is nonglobal, and leads to NGLs. However, by mo-
mentum conservation, we can show that each of the global

747 observables we consider can be rewritten in terms of
momenta of particles only in the FH , region (for case a this
is true only in the 2-jet region 7 < 1).

First, consider 7¢. In the Breit frame,

1
b Brelt Z min {I’l pu pl}

Qex
= —[ z (E; — p.i) + z (E; + pzi):l
i€t i€}
__[Z(E +p)—2 Y pz,-], (61)
i€X ieH?

where X = H 4 + H'% denotes the entire final state. Note
that in the Breit frame,

X=p+q=(§,o,o,Q—9), (62)
2x 2x
where pk =Y. cyp¥. Thus, Ex + p.x = Q, and we
obtain
Br i
7 P Z P =To, (63)
tE.’}-[}’

where in the last equality we recall that Eq. (63) is pre-
cisely the definition in Eq. (46) of the DIS thrust variable
called 7 in [15], where the hemisphere H 3 in the Breit
frame was called the “current hemisphere” FH . We will
comment further on the relation between the results of [15]
for 75 and our results for 75 in Sec. VIIB below.
Equation (63) shows that 75 can always be computed just
in terms of the measurements of momenta of particles in
the current hemisphere H = H .

The same arguments as for 77 in the Breit frame apply to
7{ in the CM frame. In the CM frame,

D min{n. * p;, .+ p;}

1 xy\/_IEX
Rk PACEISEED Wl SC

1596 ,Eg-[;
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In this frame, we have that

px=P+gq
_\/E . _Q% 2qr _ _Q%
BE AR ( @)’Wy () @))’
(65)
SO
cemle 2 4
Tl—x<1 y\/EZpZ,) (66)

iEH
Thus, 7{ also can be measured just from momenta of
particles in the JH ; hemisphere in the CM frame.

Finally, the above argument can be extended to apply
also to the 1-jettiness 7¢, but only for the region where
7{ < 1. 7{ can be written

[Z a5 pit D q% pl:l (67)

i€eH ieH4

Now, ¢4 = g%, while ¢4 = qJ + O(QA). Thus the regions
H¢  differ from those for 7¢, ' 5, by a change in the
region boundary of O(A). This does not affect the assign-
ment of collinear particles to the two regions, since none of
them change regions under this small change in boundary.
An O(A) fraction of the soft particles switch from one
region to the other, but this then produces a correction
suppressed by A to the soft contribution 74 in Eq. (55).
Thus, Eq. (67) can be expressed

[Z(fh_%) pl+ qu pl

zE.’}'[b zE.’]{b
+ D dy pi] + O
ieH?b
Z (q5 = a5 - pi + O), (68)
zEf]‘[h

in the regime where 7, ~ A> < 1. This is the regime we
aim to predict accurately in this paper. Thus, in this limit 7¢
can also be computed just by measuring particles in the

“current hemlsphere” 3—[ b = H . in the Breit frame, as
long as both axes ¢¢ and ¢’ are measured. For larger 79,
both regions H 3 5 would need to be measured, and we
emphasize that the contribution of proton remnants is still
exponentially suppressed.

In summary, for small 7; none of the three versions of
1-jettiness T‘l’bc require direct measurement of particles
from initial-state radiation in the beam region.
Furthermore, for larger 7; values the variables T}l"" still
do not require such measurements (although 7{ does). All
three 7;’s are global observables since measurement of 7,
by summing over the particles only in the H ,; region is
still affected by ISR from the proton beam through mo-
mentum conservation.
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IV. CROSS SECTION IN QCD

In this section we organize the full QCD cross section
into the usual leptonic and hadronic tensors, but with an
additional measurement of 1-jettiness inserted into the
definition of the hadronic tensor. We express it in a form
that will be easily matched or compared to the effective
theory cross section we consider in the following section.

A. Inclusive DIS cross section

We begin with the inclusive DIS cross section in QCD,
differential in the momentum transfer g,

do _i . 5
ey [ d<I>L§<IM(eP LX)|?)

X 2m)** P+ q— px)d* (g —k+ k), (69)

where L is the final lepton state with momentum &, and X
is the final hadronic state with momentum py. d®; is the
phase space for the lepton states, and the Y y includes the
phase space integrals for hadronic states. The squared
amplitude | M|? is averaged over initial spins, and summed
over final spins. Recall that ¢ (and x, y) can be determined
entirely by measurements of the lepton momenta. Later in
Sec. IV B we will insert additional measurements such as
1-jettiness on the state X.

We wish to express the cross section differential in the
Lorentz-invariant variables Q?, x using Egs. (7) and (8).
Although Q2, x are Lorentz invariant, at intermediate
stages of integration we can work in a particular frame.
In either the CM or Breit frame, the proton momentum is of
the form P = n_ - Pii,/2. So we decompose ¢ along the n_,
i1, directions, ¢ = n, - qii,/2 + 71, - gn./2 + qr. Then the
delta functions defining Q2, x take the form

B(x—Q72)5(Q2+n cqi, - q — q%) (70)
nZ.Pﬁz'q ZCIzq qT'
Inserting these into Eq. (69) and integrating over ¢+ and
q~, we obtain

do 1
—=— | & fd(lb g —k+ K
ddeg dxs f qr 10%(q )
X > @)t (P + g — pxXIMP), (1)
X
where ¢ is now given by the value
Q> n ( q%)ﬁ?
Bo= - “P(1— =)=+ qF. 72
i xn, - P 2 e 0%*) 2 ar- (72)

For a single electron final state L = e(k’) (which is all
we have at the leading order in «,, at which we are
working), the integral over ®; in Eq. (71) takes the form

aK d*K'
QmR2E, J @2n)

so, performing the k' integral, we obtain

5(k™), (73)
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do

dde2 - 4(27T)3)CS deQTa((q - k)z)
X > m)* 4P + g — px)(IMPP). (74)
X

To use the first delta function, we need to pick a particular
frame in which to complete the g integration. In the CM
frame,

8((g — k)*) = 8(Q* +2q - k)
_0? 0?
= ;5<Q% - (1 - ;)Qz)y (75)

where we use Eq. (72), k = \/sn./2 and P = \[sii./2. We
use this delta function to perform the q2 integral in
Eq. (74), and then use that the spin-averaged squared
amplitude is independent of ¢, to obtain

do 2

— > @m)* 8 (P + q = px)(IMP).
X

dxdQ?>  8(2m)*x%s?
(76)

Here the integrand is evaluated in the CM frame with ¢
now given by

n/" V_lM R
q* =y —xys—- T =yoir, (1)

where iy = (0, 1,0, 0) in (n°, ny, n,, n3) coordinates.
The matrix element M is given by

M(eP— e'X) = > (e'X|J} 5y (0)DL, T} ocp(0)]eP),
I1=v,Z

(78)

where the sum over / is over photon and Z exchange, J; gy
is the appropriate electron electroweak current, J; ocp 18
the quark electroweak current, and wa is the y or Z
propagator. There is an implicit sum over quark flavors.
The matrix element can be factored,

M(eP — e'X) = > (|} DL |eXXIT7 oepl P). (79)
I1=y,Z

More conveniently, we can express the sum over i as being
over the vector and axial currents in QCD,

I=davhay T4 =amvtysay (80)
The sum in Eq. (78) can then be expressed as
M= 3L XIP), 81)

I=V,A f

defining the leptonic vector L;,, which contains the
electron matrix element, electroweak propagator, and
electroweak charges of the quarks implicit in Eq. (78).
The sum over f in Eq. (81) is over quark flavors.
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Now the cross section in Eq. (76) can be written

Z L"’( QOYW"H(x, 0%, (82)

dde2 -
where
PN ¢ SR SR >
Ly (6 Q%) = 55555 L (0 @)Ly 07, (830)
Wh! (x, Q%) = Z<P|J;”|X><X|J;|P>
. Q8 (P + g — py). (83b)

Here Lflf’, W1/ depend on x, Q2 through the components
of g given in Eq. (72). The average over initial electron and
proton spins is implicit in Eq. (83), as is the sum over quark

flavors in Eq. (83b).

1. Leptonic tensor

The leptonic tensor in Eq. (83a) is given by

L (3 0) = =5 S (LI (O, + iLY Q)L
(84)
where
k, k., + Kk k,
ngw = Qur — 2%’
(85)

2
T — /
€ur = Q2 eaﬁwkakﬁ’

where k' = k — ¢, with g given in Eq. (77) and

(vaf, + ‘Ufo/)'Ue ‘Ufl)f/(l}(zg + (13)

Vv  — —
Lypp = Qr0Qp

+ m2/Q? (1 +m%/0%)?’

o= g Qe tveQp 200500,

eff 1+ mi/0* (1 +m2/0Y)Y
LAA afaf/(vg + a?) AA Zafaf/veae

eff 1+ m%/Q2)2 ’ eff’ 1+ m%/QZ)Z’

AV VA _ Uf’(vz + a)
L A L Qf e

gff sf'f 2/Q2 1+ m%/QZ

AV VA agd, 2upv,
L =L =TT\ & " Taaj)

where we have made explicit the flavor indices f, . Q is
the electric charge of the quark qs in units of e; vy, ay are
the weak vector and axial charges of g¢; and v,, a, the
weak vector and axial charges of the electron. The vector
and axial charges are given by

PHYSICAL REVIEW D 88, 054004 (2013)

Tf Tf - 2Qfsin20w
ar = — , Vy =~
sin 26y, sin 26y,
: (87)
1 —1 + 4sin%0y,
e =—5—2—, V=,
¢ 2sin 260y, ¢ 2sin 26y

where Ty = 1/2 for f = u, c, tand —1/2 for f = d, s, b.

B. 1-jettiness cross section

To form the cross section differential in the 1-jettiness
71, we insert a delta function measuring 7; into the
hadronic tensor Eq. (83b):

do

Gagidr = & L @YW (x, 0% m), (88)

LI'=V,A

where the 7,-dependent hadronic tensor is
Wh (x, Q% ) = (P XXX1I2|P)
X

X (2m)*s*(P + g — px)8(r — 7,(X)).
(89)

Here the 1-jettiness 7,(X) of state X is defined by Eq. (24).
The definition depends on the choices of reference
vectors ¢p ;.

The sum over states X in Eq. (89) can be removed by
using an operator 7; which gives 7,(X) when acting on the
state X:

#11X) = 11 (X1X). (90)

This operator can be constructed from a momentum-
flow operator as in [85]. Explicitly,

=4 + 25, 91)

where
. 2 [ N
#{P = - [Y dY}pqy g - P(Y) p). 92)
J.B

Here P(Y) ) is a momentum flow operator that can be
defined and explicitly constructed in terms of the energy-
momentum tensor, which can be obtained for massless
partons using [85-88] and for massive hadrons using
[72]. It measures the momentum flow in the generalized
rapidity direction Y7 5, which we define as we did below
Eq. (51) by

sy SRy IR (g

e = ,
ny-p ng-p

The lower limits Y 5 on the integral in Eq. (92) are given
according to Eq. (50) by ¥, 3 = 1 In(1/R; p). These values
depend on the frame of reference and choice of 1-jettiness
7,. For example, for the choice 7{ of Eq. (42) in the CM
frame for y near 1, the beam and jet regions are hemi-
spheres and Y; g = 0. For the choice T’f of Eq. (32) in the

054004-14



USING 1-JETTINESS TO MEASURE 2 JETS IN DIS 3 WAYS

CM frame, the jet region is given by the lower limit ¥; =
1 In(y/x), and the beam region is given by the lower limit
Y =11In(x/y).

In the massless limit the generalized rapidities
exp (—=2Y,5) — (1 — cos 0,5)/(1 — cos O /)n,; - ng/2
defining generalized ‘‘pseudorapidities.” They depend
only on angles 8, p from the n; p directions and n; - ng,
and so simply characterize angular directions in space over
which we integrate in Eq. (92).

Using Eq. (92) the hadronic tensor Eq. (89) can be
written

WE (x, 0% 7,) = [ d*x e (P|T (0)8(r) — #)J4(0)|P)

(94)

recalling that ¢ is given by Eq. (77). 7; can also be
expressed in terms of momentum operators in the regions
3’-[1’3, using Eq. (48):
%12”1'191_’_"3'173’
Q, O

where p;p measures the total four-momentum in region

(95)

J,B*

V. FACTORIZATION IN SCET

Soft-collinear effective theory [18-22] is a systematic
expansion of QCD in a small parameter A which character-
izes the scale of collinear and soft radiation from energetic
massless partons. Soft and collinear modes are defined by
the scaling of their momenta in light-cone coordinates with
respect to lightlike vectors n, i1 (not necessarily back-to-
back) satisfying n> = 7> = 0 and n - i = 2. We express
the components of a vector p in n, 71 light-cone coordinates
asp=(@-pn-p,py) where

n n
=i-p=+n-p=+py, 96
p=n-pytn-pstpy (96)
with p | being orthogonal to n, i1, defined as
y y ,  n#nY +n’at
i =2¢\"r, g =gt ———5—— 9

2

In these light-cone coordinates, n-collinear and soft
momenta scale as

(98a)
(98b)

collinear: p, ~ Q(1, A%, A),
soft: p, ~ Q(A2, A2, A?).

The parameter A is determined by the virtuality of the
modes p2 ~ Q?A? that contribute to the observable in
question. Collinear momenta will be expressed as the
sum of a large “label” piece and a small “residual” piece:
pp = P, + k, where p, =n-pn/2 + p, contains the
O(Q) longitudinal and O(QA) transverse pieces, and k is
the residual O(QA?) piece.

PHYSICAL REVIEW D 88, 054004 (2013)
A. Matching onto SCET

Now we are ready to match the currents in Eq. (94) onto
operators in SCET. The QCD current

T () = g (0T} g4(x),

with ') = y# and T'{ = y*v5, matches onto operators in
SCET,

J}“}(x) = Z [d3]~71d3]~72€i(ﬁ1_ﬁ2)'x

nyny

99)

X [Cltygap(Prs 132)(935(151, P23 x)

+ Cloonp (P P2 OG5 (1, pi)], (100)

neglecting power corrections of O(A?). The quark and
gluon SCET operators are

O (B, Pas x) = X5, (OXEL 5, (%), (101a)

O (B, i x) = Jor @, B (x)Bif 5 (x),  (101b)

where we sum over fundamental color indices j and adjoint
color indices c, but fix the spin indices 8 and Ap. We
leave implicit that y = y, carries flavor g. Below we will
also leave the flavor index f on the current J; implicit. The
collinear fields x,_ ; and B n{ 5, carry label momenta

wn;
pi=——+p}

2 v
where i = 1, 2. The momentum of each collinear field can
be written in n;, 71; light-cone coordinates as in Eq. (96),
with the residual x dependence of the SCET fields being
conjugate to momenta k of order QA2. In Eq. (100), the
integrals over p, , are continuous versions of discrete sums
over the label momenta, and the measures are given by
d3[3i = da)ldQﬁ’J_

The quark jet fields yx,, ;(x) are products of collinear
quark fields with collinear Wilson lines,

Xup = [8(w —ii- P)62(p), — PLWSE]

where P* is a label momentum operator [20] which acts
on collinear fields and conjugate fields as

Phy =" bup  Prdlp =~ Shp  (104)
and W, is the Wilson line

W= 3 exp[ - £ 504,00 ]

perms

(102)

(103)

(105)

where A (x) = ¥ A} 5(x) is an n-collinear gluon field.
The gluon jet fields B;- are collinear gauge-invariant prod-
ucts of gluon fields and Wilson lines,

1
L _
B; 5

= g[a(w +ii- P)8X(pL + POW(PL + gAHW,]

(106)
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The matching coefficients Cyz, C,, in Eq. (100) are calcu-
lated order-by-order in a, by requiring that matrix ele-
ments of both sides of Eq. (100) between collinear states in
QCD and in SCET be equal.

Collinear fields are decoupled from soft fields by the
field redefinitions [21]

YA TR,
(107)

where Y, is a Wilson line of soft gluons in the fundamental
representation. For n = np we have

Xo=Yoxi), ATt = YA T =

0
Y, (x) = Pexp[ig[ dsng - Aj(ngs + x)], (108)

and Y, is defined similarly but in the adjoint representa-
tion. Soft gluons carry momenta scaling as A2 in all com-
ponents. Additional factors accompanying outgoing states
turn the path in Eq. (108) into x to oo [89] for outgoing
collinear particles; see also [90]. So for n = n; we have

+o00
Y:{J(x) = Pexpl:igf dsny - Ay(nys + x):l. (109)
0

After the field redefinition Eq. (107), the operators in
Eq. (101) become

RSOTLY 1 P2,
V@@, B ()
v T[yn]ynz]”l( )B(())J.pd( )

The directions n; and n, will each get set equal to either n;
or ng later on, replacing ¥, with Y, in Eq. (108) for n; =
ng or with Y,}LJ in Eq. (109) for n; = n;. Henceforth we use
only the decoupled collinear fields and drop the (0)
superscripts.

The measurement operators in Eq. (95) also split up into
collinear and soft pieces. Since p is linear in the energy-
momentum tensor, which itself splits linearly into

058 (p1, pazx) =
@é\g(ﬁb P2y x) =
(110)
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decoupled collinear and soft components after the field
redefinition Eq. (107) [85], p splits up as

p=pm+pmtp, (111)

where p"t">% is built only out of the n;-collinear,
n,-collinear, or soft energy-momentum tensor of SCET,
respectively.

After matching the product of currents J;QJ;, in the
hadronic tensor in Eq. (94) onto SCET, there will be
products of the quark and gluon operators (O,; + O,,) X
(Oy; + Oy,). The 0,;04, and O,, O, cross terms will
vanish inside the proton-proton matrix element by quark-
number conservation (only one of the fields y, or y,, in
0,5 will create/annihilate a quark in the collinear proton).
Thus only the 0,;0 . and O,,O,, operator products can
contribute.

In fact, for DIS, only the quark operator product con-
tributes, just as in Drell-Yan (DY) [67]. Following the
arguments in [67], we know that the matching coefficients

Ciyo(P1, P2) must be a linear combination of 1" and py,

and obey the symmetry

Ct (B B2) = Co (= Bo =P, (112)
due to the structure of the operator Eq. (101b). This
requires C7. T¢¢ to be proportional to (5, — p;)¥, which the
x integration in Eq. (94) will eventually set equal to g*.
Vector current conservation in QCD requires ¢ MC"ﬁg =0,
which requires that C%g be identically zero. The axial
current matching coefficient Cy .
proportional to p5 — p1° = ¢*, which gives zero contri-
bution when contracted with the lepton tensor Eq. (84).
Thus for DIS we need only consider the quark operator
contribution as in DY.

can be nonzero, but still

B. Factorization of the hadronic tensor

The hadronic tensor Eq. (94) can now be written in
SCET as

Wi @ m) = [dteee S [ @ p,dpad i e 0200 [ drydrgdn,d(ry — 1, - 75— 1)

II) %
) ( nB-ﬁ%>
— 8 Tg —
2, Qs

) [/qqy(pl pZ)X ”/l T[YI’] Yné]]/kl/y ' B (O)|Pn3>

172

X (PGS (5, o)A TIYE Y, 19X ,,l<x>a(n

Xa(Ts_n.l.ﬁ:; ng - pB
QJ QB

(113)

We have explicitly spemﬁed that the proton is an ng-collinear state. The conjugate quark matching coefficient is given by
Iqu(Pl ) =[+° C,qq(pl, 7,)7°]P%. We have used that the measurement operator 7, can be written in the form
Eq. (95), and that the momentum operators p; p split up linearly into purely n;-and ng-collinear and soft operators as
in Eq. (111). We dropped the subscripts J, B on the collinear momentum operators restricting them to the jet or beam
regions JH 7.5 determined by the definition of 74, since all ny collinear particles are grouped in region B and all n;-collinear
particles are grouped in region J. In the soft sector, the restrictions of the operators 775 5 to the H J.p Tegions remain.
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Since the n;-collinear, n,-collinear, and the soft sectors are all decoupled from one another, the proton matrix element in

Eq. (113) can be factored,

W,ILIL(X, 0% 1) = [d“x[d31~91d3l~)26i(q+1~’2_51)"‘ [dedTBde(s(Tl —T;—Tp— 73)622#([51, ﬁz)C;fq%V(le, P2)

. nye 35 nge B
x (ol[yl v, ]"’(x)5<n _M Py
: 0, 0
ng - p's
{<fzw|X%Bzh<x>5(rB _ts P )X%B )
Op
np - p"s
+<Pn,,|xn3,,l<x>5(73— 5P
Op

The last two lines account for the two ways to choose a pair
of collinear fields in the proton matrix element. We have
performed the sums over n;,, n}, sums using that the
fields within each collinear matrix element must all be in
the same collinear sector. We also require that the fields in
the proton matrix element must be in the same collinear
sector as the proton, and those in the vacuum matrix
element with the direction n; in the definition of 7,. The
integrals over p} , have been absorbed into the definition
of the unlabeled fields Xn,,- In the soft matrix element
we have used the fact that T[Y,;r Y, 1=7Y ,J{, and
T[Y, ):B Y, ]1= Y,J,rB Y, since the two Wllson lines are space-
like separated and the time ordering is the same as the path
ordering [91,92]. For the soft Wilson line matrix element
corresponding to antiquarks in the beam and jet functions,
we have used charge conjugation to relate it to the matrix
element shown in Eq. (114).

It is measuring 7, to be small that enforces that the
direction n; on the collinear fields in the vacuum matrix
element be equal to the direction of the vector g; in the
definition of the 1-jettiness 7,. We are free to choose any
vector g; to define the observable 7,. Requiring that the
final-state jet J be close to the direction of g; may, in
general, impose additional kinematic constraints on X, Y,
Q? to ensure this. We will find below that for 7", g, is
already chosen to be close to the final-state Jet and so
imposes no additional constraints, while for 7{ requiring
the jet be close to g§ = k requires y to be near 1.

Next we wish to perform the x integral in Eq. (114) to
enforce label momentum conservation. Before doing so,
we consider the residual momentum dependence conjugate
to the coordinate x in the SCET matrix elements. The
collinear field y,, ;(x) with a continuous label momentum
p depends only on single spatial component 7 - x because

|
[d4xei(q+ﬁz—ﬁ1)'x =f

dng - xdiig -
Rl Bl xz "5 xdle exp(i{(ﬁB g+ w,

np

=2Qm)*5(iig - q + w2)5(n3 g~ Ao

2
4

ny-npg

)i 1P YOI, 05 (7, -

Qm)*8(iip - q + w2)8(i1; g — w1)8*(q1 + Py — P,

ﬁmmW@m

n‘]'A

P OIS, (05 (, ="Vt 010)

J
P n')xf,”‘/(0>|0>}.

J

ny-

(114)

the residual momenta (conjugate to the spatial components
n - x, x; ) are reabsorbed into p when the discrete label is
made continuous. Then, the matrix element of n-collinear
fields are M, = M, (7 - x). For convenience the soft
matrix element with Y,(x) and Y;(x) will be defined as
M, (x). Their Fourier transforms take the form

M (ﬁ-x)=fd" K mtis2 7 (n - k),
" 2
w4 i (115)
0 = [ ek,

where k, k, is a residual or soft momentum of order QA?.
When combined with the exponentials containing g or
label momenta p,,, we can expand the exponents using
g+ p+k=1(q+ p)l+ O(N?)], and drop the terms of
order A%. Then the remaining integrals over n - k, k, are
simply the Fourier transforms of the position space matrix
elements evaluated at x = 0. So, we can set x = 0 in the
SCET matrix elements, and perform the x integral in
Eq. (114) to enforce label momentum conservation.

In performing the x integration, we have a choice to
write x and momenta in npg, fig coordinates or ny, fi;
coordinates. In fact, we have freedom to define the vectors
ii; p as long as we choose them such that 13 = 17 = 0
and ny - ii; = ng - ig = 2. Since the measurement of 7,
involves measurements of both n; - p and ng - p compo-
nents of particles’ momenta, it is convenient to choose 7ig
to be proportional to n; and 7i; to be proportional to ng, as
we did in Eq. (51), a choice we will continue to use in what
follows.

For the first pair of collinear matrix elements in
Eq. (114), the x integral and accompanying phase factor
for label momentum conservation take the form

V_IB')C
+nB'qT

)52(QJ_ + py — Pt)

ny-x

2

np-Xx
)

—w + (g1 +ﬁ%_l§1L)'xJ_})

(116)
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where we used Eq. (51) to rewrite n; - x in terms of 71 + x in the first line and to rewrite ny * ¢ in terms of 71, + ¢ in the last
line. Exchanging w, and —w; in Eq. (116) gives us the label momentum-conserving delta functions for the second pair
of collinear matrix elements in Eq. (114). Using these delta functions to perform the w,, and ﬁll integrals in Eq. (114),

we obtain

WL (x, Q% 1) = 22m*(Q, Q) [ 25,

55(71_7'1_73_7?_7{3)

X [Cqup, 1/qq,,]<nJ q7 tqLt Py, —ip: 47 + Pl)

X (0I[Y}, Y, 14(0)8(Q,7! — n
X (P, | Xy (0)8(Qp7p —
X (0l xx/ (0)8(Q7) —

+ (P, X (0)8(Qp7p —

where we use the change of variables 132L = p, in the
third and fourth lines and p5 = —jp, — ¢, in the fifth
and sixth lines. Recall that 7iz and 71; are now fixed by
Eq. (51). The collinear fields without labels implicitly
contain a sum over all labels, with the delta functions
then fixing the labels to a single value (it is important to
recall that label operators P# acting on fields y,, ; give
minus the label momentum, —p* [20]). The vector n;
(may) implicitly depend on the integration variable p | , at
least for the case of the 7¢ distribution, which we will
deal with below. For 7¢ and 7¢ the vector n; is indepen-
dent of p ;. We have also indicated that the arguments of
the matching coefficients C, C are both set equal to the

A IC)
Bq(wk P~ ’kl"u) w 477

1) O(w)

ok 2 ) =00 [

where the light-cone components of vectors are given by
Vt=n-Vand V- =i - V. Note the dependence of the
beam functions on the transverse label momentum k| is
only on the squared magnitude k% . The matrix elements
in Egs. (118) and (119) are similar to those that define
parton distribution functions, but the separation of the
collinear fields in the n direction means there is ener-
getic collinear radiation from the proton with virtuality
~wk® > AéCD (assuming we are measuring k¥ to be
large enough), which must be integrated out to match
Eq. (118) onto nonperturbative PDFs (where the separa-
tion of y,, x, fields is zero). The generalized beam
functions Eq. (118) are related to the ordinary beam

py)8(QpT?
ng - pr)8(ip - q + g+ P)6*(py
ny - pr)8Gy - q + iy - P)*qL + po+ PL)xs, (010)

ng - pre)d(iig - q + iip - P)&*(pL —
X 01X (08(Q,7, — ny - pr)8(i, - q + iy - P)6*qy + py + P1)xi) (0)|0),

ppLYLY, V*(0)10)

— P X O1P,,)
P e 0)IP,,)
(117)

label momenta of the fields in the collinear proton and
vacuum matrix elements.

The result in Eq. (117) is organized in terms of factor-
ized matrix elements that can now be related to known
functions in SCET.

C. SCET matrix elements
1. Beam functions

The proton matrix elements in Eq. (117) can be expressed
in terms of generalized beam functions [93,94] in SCET. In
covariant gauges (for discussion of similar matrix elements
in light-cone gauges see [95-97]) they are defined by

D e, (Pl (v 5) 5] 6@ = 1 P26 — PO I,

4 e, (Pl S (v 5[ B0 = 1 P63 = PHXO) |12,

(118)

functions originally defined in [67] by integrating over
all k| :

(wk M) fkoquq<wk+ ey ) (119)

This relationship would be subtle for PDFs, where it is
true for the bare matrix elements, but where after renor-
malization the two objects may no longer be simply
related. In the beam function case both sides have the
same anomalous dimension which is independent of k
and there is no such subtelty.

The proton matrix elements in Eq. (117) can now be
expressed as
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(P, | X5X(0)8(Qp7p — ng - p")[8(ig - q + iig - PV (5L — PLxEX (0)1IP,,)

_ r{g'ﬁ SkK' g q .
= —ng- CIT N—C3q<537’3, - fig P’ le, M)
(P, IX31(0)8(Qprp — np - pPB(g - q + fig - P)S*(py — PL)xni (OIP,,)
_ r{ga/ 577 ig q .
= "np-¢q 4 N_CBq<SBTB’ - m, pzl, ,LL), (120)

where sp is defined in Eq. (58). Now, to simplify the second argument of the beam functions, we note that

2 e gnr-a+ g2 3 .
q _ _""B qnp * q (’IJ_:_’:lB q+@()\2)’

_2q-P_ ng - qng - P ng - P

(121)

where in the second equality we used that the proton momentum P is exactly along the np direction, and in the last step
used that ¢ | is no bigger than O(QA?). [The directions n; and ny will always be chosen so that this is true, according to
Egs. (116) and (B1a). In other words, for events with small 1-jettiness, all the large momentum ¢ transferred into the final
state is collimated along n; and ng with no O(Q) momentum going in a third direction.] Thus to leading order in A the
second argument of the beam functions in Eq. (120) is always just x.

2. Jet functions

The vacuum collinear matrix elements in Eq. (117) can be written in terms of jet functions in SCET [21], defined with
transverse displacement of the jet in [67] by

(277')2 d - + - ﬁ _n _ -
Ikt + wt ) = ST [ S e 1D (v 5)olw i P ws + PuRO010)
c
Qm? [dy” n 7] (122)
T (k™ + 03, p) = —”‘W’/ZO‘(*—)(S +ii-P)oHwy + P1)= x,(0)]0).
ok + ol w) =[S0 200, (v ) + 7 P8 + PLF X (O010)
Thus the vacuum collinear matrix elements in Eq. (117) can be expressed
Olxi/ ©8(Qy7) = ny+ p)d(A, g + iy P)3*qu + pr + P, (0]0)
_ Ay gng <
e T5“ J(symy + (gL + pr) ),
OLYE 0)8(Q,7) = ny - po)3(; - g+, P g1 + i+ Po)xs, (0)10)
= B'B
_nitq 1y kk! = )2
= —— & J; + + , M), 123
(277_)3 4 q(SJTJ (CIJ_ pJ_) lu‘) ( )
where s, is defined in Eq. (58) and (¢, + p;)> = —(q. + pL)>
3. Hard and soft functions
Using the above definitions of beam and jet functions, the hadronic tensor in Eq. (117) can be written as
, _ - . 2
W,ILIV(X, Q% ) = —2Q2m)ig - qiiy - q(Q,05)° [dzpl non [dTJdTBdT{dTg(S(TI — 7= Tp— T —TF)
J B
X S(Qy71, Op78,ny - npg, w)J,(s;75 + (gL + p1)% p)
X [Hfllt},pv(qz) ny, nB)Bq(SBTB) X, ﬁi’ /‘L) + Hfllq_/;ul(qz’ npg, n.I)Bq(SBTBr X, ﬁi’ /-L)]’ (124)
where the hard function is defined
! ~ ~ ~ ~ ~ ﬂa ~ ~ ﬂ
HE (P — P2)% ng np) = Trl:cquﬂ(l’l, Pz)ZCI'qu(Ph Pz)f], (125)

and the soft function is defined
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S(ky, kg, a5, g5, 1)
Y, 10)8(k; — ny - p3)

Y,,1(0)[0).

1
= Ne tr(Ol[Y,lLB

X 8(kp — ng - pRLY, (126)

To write Eq. (124) we used the equality of the quark and
antiquark jet functions J, ; in QCD.

Structure of the hard functlons.—In Eq. (125), the
matching coefficients C, C in the hard function Eq. (125)
for the vector and axial currents I = V, A take the form

Clrgq(P1 P2) = Cpg((Br = P2))¥YL 12
Chra(Pr P2) = Capy((B1 = D))V v,

where 'y’j is transverse to the directions n,, of the label
momenta p;,. We have shown the index f for the quark
flavor in the current explicitly. In Eq. (124) these directions
are n; g. The scalar coefficients Cy .z, Cyr,5 depend only
on the symmetric Lorentz-invariant combination
(p; — P,)*. Using the momentum-conserving delta func-
tion in Eq. (117), this combination takes the value
(p1 — P2)? = ¢ Inserting Eq. (127) into Eq. (125) we
obtain

!
Htlfq;u/(qzy ny, npg, Iu’)

by
— Cryo( s 1) Crp(P ,U«)Tf(rl ipr B), (128)

where I'}, = ¥ and T4 = y// ys. Thus, there are two
distinct traces to take in Eq. (128):

H;/;M?/A(qz ny, np, i)
= nJ4n CVqu(C] M)CVAf'q((] M)g
H(\]/;&ﬂf}/v(qz ”J, np, i)
i Cy gy WICavy (@ W€, (129)

where g/” and €|” are symmetric and antisymmetric
tensors orthogonal to n; and np given in Eq. (BI).
Hence, H"V44 and HY44V are symmetric and antisym-
metric, respectively, under exchanging n; and np.

Structure of the soft function.—The soft function
Eq. (126) depends on the momenta kg ; projected onto
the np ; directions in the regions H .J> respectively. The
shape of these regions in turn depends on the vectors
gpj = wpnp;/2 in the definition of the 1-jettiness 7,
in Eq. (24). Indicating this dependence explicitly, we
express the soft function Eq. (126) as

PHYSICAL REVIEW D 88, 054004 (2013)
S(ky, kg, a5, g5, 1)
1
=% trz|<Xs|[YI,YnB](O)|O>|2
C X,

X 5(k1 - Z 0(qp - ki —qy - kiny - ki)
i€X,

< o(ks — 300k g kng ki) (130)
IEX;

Note that the soft function for DIS involves the square of
one incoming and one outgoing Wilson line, and hence
differs from that for e* e~ — dijets that has two outgoing
lines, and for pp — L + 0 — jets which have two incom-
ing lines. We can relate Eq. (130) to the usual hemisphere
soft function for DIS by generalizing an argument given in
[98]. Note that the Wilson lines Y, are invariant under
rescaling of n (boost invariance):

Vo, = Pexpig [ _dspny - A,(Bny) |

—Pexp[zgf dsng - A(nBs)] Y,,, (131)

and similarly for the lines extending from 0 to +oo, Yg, =
Y,,. Recall from Eq. (50) that

R, = ’WB;B ’ ”J’ Ry = ’wjnj ) nB, (132)
(O3 2(1)3

so defining n), =n;/R; and nj =nz/Rz we have
(gp —q)) - k; = %WBRB(”% —ny)-k; since w,R; =
wpgRp. This implies that the same partitioning defined in
Eq. (130) can be expressed with 0(nj - k; — n/, - k;) and
6(n, - k; — nlg - k;). Furthermore nj - n), = 2. Thus ex-
pressing Eq. (130) in terms of the rescaled vectors, n/,
and nj, we obtain

S(ky, k, qJ, n,
DICH LY, ¥, JOIO

NCRJRB
( = > 0(ng - k; — n) - kpn - ki)
iEX;
( — 0] -k — nly el - k,.)
iEX;

1 k; kg

RJRB Shem1<Rjr RB’ M) (133)
In the last equality we have expressed the fact that the
expression in Eq. (133) is the same as the hemisphere soft
function [up to the overall 1/(R;Rz) in front], with
momentum arguments rescaled by R;p as indicated.
Therefore from here on we will write all the 7 factoriza-
tion theorems in terms of the DIS hemiphere soft function.
Note that the vectors n;  have been rescaled from n; g
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such that they no longer have timelike components equal to
1 nor spacelike magnitudes equal to each other, and there-
fore do not partition the final states X into hemispheres as
viewed in the original n; p frame of reference. However,
the soft function in Eq. (133) depends on n  exactly like
the hemisphere soft function depends on n;  and depends
on the dot product n/; - n, which is 2, making it equal to
the hemisphere soft function. Physically, there exists a
frame where n/, and nj; are back-to-back with equal time-
like components, so that the partitioning in this frame gives
hemispheres.

In the 1-jettiness cross sections below, the soft function
Eq. (133) will always be projected symmetrically onto a
function of a single variable kg, following from Eq. (124):

WL (x, Q% 1) = f -

X Sheml(kJ kB /-L)[H"/

We have written the arguments of the jet and beam function
in terms of dimension 2 variables ¢, , the arguments of the
soft function in terms of the total light-cone momentum
k! = n, - k! in region J and k8 = ng - k? in region B, and
have rewritten the transverse momentum arguments of the
jet and beam functions in terms of two-vectors q, p|
instead of the the four-vectors g |, p . The constant Oy is
defined in Eq. (54) and s, g are defined in Eq. (58), and
their special values for 7> are given in Table II.

5. Factorization theorem for cross section

In the cross section Eq. (88), the hard function Eq. (128)
gets contracted with the leptonic tensor L, in Eq. (84).
The contraction of the leptonic tensor and the hard function
can be performed using the tensor contractions in Egs. (B2)
and (B3), and can be expressed in terms of a Born-level
cross section and scalar hard coefficients as

ZLL"fo,(

1

qq,uv(qz’ nj, ng, 1“)

do

ddQ2 q(qu qp 0% W), (136a)
ZLL[:/ff’ qq,uv(qz’ np, ny, p)
173

do,

ddQ2 (QJ, qp 0% W), (136b)

where the Born-level cross section is given by
|

do do,
— = | & Ofdtdtdké(
dxdQdr, [ PLigcagr | eiBaiso\

>< [Hq(qJ’ qB’ QZ’ Iu’)Bq(tB’ x’ pi’ Iu’) + Hq(qf’ qB’ Q ’ Iu’)Bq(tB’ x) pJ_r ,LL):],

t
[ dt,digdk! dkfb‘(rl -2

Sy

Sy
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Snemi (ks 12) = [ ARLAKES(ks — Kb — KE)Spems (KL KB, 1),
(134)

We will use the same name Sj,; for the hemisphere soft
function of two variables in Eq. (133) and its one-variable
projection Eq. (134), distinguishing them by the number of
arguments we write.

4. Final form of factorization theorem
Jor hadronic tensor

Changing variables in the arguments of the beam, jet,
and soft functions in Eq. (124) gives

tg kI + kB
£ - )Jq(tj —(qL+pL)iw)
SB Or
qq;u/(q nJ’ nB’ IU’)B (ZB’ x pj_’ /"L) + qu,u,l/(qz) nB’ nJ) /"L)Bq(tB) x) pi) lu’)] (135)
[
doy  4ma2, q; - Kqg-k+q;-kqp- k'_ (137)

dxdQ* 25202 q; " 48

The hard coefficients of the quark and antiquark beam
functions are

Hq q(CIJ’ 9B Q2 )
- Z[(CquCVf q gff/ + lequA.f"qL??f/)
fr
+ r(qy QB)(C;f'qCAf’qu?f/ + CquCVf/qLé,‘"/f/)l
(138)

where the relative minus signs for H; come from the
interchange of n; 5 in Eq. (136). The coefficients Cy 4, =
Cy.(g* w) are functions of ¢> and u and the leptonic
coefficients L, . = L, .(Q?) given in Eq. (86). The coeffi-
cient (g, gp) is given by

QJ'kICIB'k_QJ'kCIB'k/
q; Kqp-k+q, kqg- K

(g qp) = (139)

Because the coefficient r is a function of scalar products of
gps and k and K it becomes a function of y and Q? once
gp,y are specified as in Sec. IIT A. So, the hard coefficient
H ,; alsois a function of y and Q? through the coefficient r.

Contracting Eq. (84) with Eq. (135) then gives for the
cross section Eq. (88),

tg ks

g Q )J (tj - (QJ_ + pJ_)2 M)Sheml(ksr /’L)

(140)
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where we used the projection Eq. (134) of the soft function
onto a single variable.

D. Results for three versions of 1-jettiness 7{, 1'{’, 7i

Now we will specialize the generic factorization theo-
rem for 1-jettiness in Eq. (140) to the specific cases 7>

The discussion will be most efficient if we begin with 75.

1. 1-jettiness 7°

The reference vectors g% = xP and ¢} = g + xP in
Eq. (32) are used to define the 1-jettiness 7. In any frame
g can be written as ¢ = ¢4 — g%, so with respect to the
directions n’g, n’} the transverse component g; = 0 so
that the argument of the jet function in Eq. (140) is
(q +pL)* = pi. Meanwhile, the coefficient r(q;, g5)

in Eq. (139) is given by

y2—y)

+xP,xP) = > Y
r(g + xP, xP) TH =)

(141)

Note that r is a function only of y. So, the hard coefficients
H,; in Eq. (138) depend on y and 02, and we define
the hard coefficients for 7¢ by H..(y, 0% u)=
H,;(q + xP, P, 0% p). Therefore, using Eq. (140) the
final factorization theorem for 7% is given by

do dob

t t k
= dtdtgdkgd b——f——B——S)
dxdQ?dr?  dxdQ* [ SRS (Tl 0> 0> 0

X Spemi(ks 12) [ PpLd (1~ Pl )

X [H5(y, Q% w)B,(tp, x, p3. 1)
+ qu‘)(y’ Qz’ M)BQ(ZB’ X, pi’ ILL)])

(142)

where we used Table II to substitute for s;p Qg in
Eq. (140), and where the Born-level cross section is
given by

dof  2mai,
e

(143)

2. 1-jettiness 7{

For the 1-jettiness 7¢ defined in Eq. (29), the minimiza-
tion inside the sum over final-state particles i groups
particles with the reference vector to which they are clos-
est. The reference vector ¢ with which the jet particles are
grouped is aligned with the jet momentum py, so that the
jet has zero transverse label momentum with respect to n.
This direction n§ is the one which would minimize 7{
[to leading O(A?)] with respect to variations of ¢4. A jet
with momentum p; = w;n,;/2 + p;; + k, where k is
residual, has a mass m*> = w;n; -k + p3,, so n; - k=
(m* — p%,)/w,. The choice of n; which makes p3, =0
minimizes n; - k (note that p3 = 0).
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The cross section for the 7¢ distribution is given by
Eq. (140), with gz = g% = xP and q; = ¢, where ¢§ is
the vector g, in Eq. (29) that minimizes 7. We will write
g% in terms of the vector ¢4 = ¢ + xP that was used to
define the 1-jettiness 2. Now, the vector ¢/ has a direction
nb and magnitude w?, given by

+ PTe_Y% + Prid, (144)

expressed in the CM frame, where pr, Y are given by
Eq. (36). With respect to n% and np, the collinear fields
in the jet function matrix elements still have nonzero
transverse labels. Now, for each j}, we rotate n§ to a
vector n§ so that the transverse label with respect to n§ is
zero. This requires that the total label momenta in the two
coordinate systems be equal:

(145)

so n¢ differs from n’ at most by a quantity of @(A). Now
we express g in n§, np coordinates. In Eq. (140), the
transverse label on the collinear fields in the jet function
isq, + p,.Theng, np coordinate system is defined as that

which makes this quantity zero, so ¢, = —p,. By using
g* = —xys and np - ¢ = y./s, q is expressed as

) —(x\/§+i)"—”— (146)
7 nj - np s/ 2 L

Then Eq. (140) takes the form

do 5 doj
2 =[d PL 2
dxdQ-dt{ dxdQ

[ dt,dtgdks

t t k
X 6(7(11 o Q_12 B Q_Bz - ES)Jq(tJ’ M)Shemi(kS’ /'L)

X [H,(q5, g%, Q% m) B, (15, x,p7, 1)

+ Hq(qf;; q?}; Q2: M)Bq(tBr X, Pi, ,LL):], (147)

where we used Table II to substitute for s; 5 and Qg.

The generalized beam functions appearing here explic-
itly depend on p | . The vector n§ appearing in g implicitly
depends on p, . Now, n¢ differs from n% (which is inde-
pendent of p,) by a quantity of order A. Here we can
expand the hard and soft functions and the Born cross
section around n¢ = n% + O(A) and drop the power cor-
rections in A. This makes everything in Eq. (147) indepen-
dent of p, except for the generalized beam function. The
integral over p | then turns the generalized beam function
into the ordinary beam function Eq. (119). Thus the final
factorization theorem for the 7§ cross section is

054004-22



USING 1-JETTINESS TO MEASURE 2 JETS IN DIS 3 WAYS

t t k
f dt,dthk56<T? - Q—’Z — Q—32 - ES)

do _ d(rg
ddesz‘f dxdQ?

X Jy(t, 1) Spemi(ks, 1)
X [Hg(yr er /‘L)Bq(tB: X, /‘L)
+ HL(y, Q% w)B;(tg, x, )]

where the Born cross section is given by Eq. (143) and
H;’,q(y, 0?) is given by Eq. (138) with r in Eq. (148). The
hard and soft functions in Eq. (148) are the same as those in
Eq. (142) for 75.

Equation (148) differs from Eq. (142) in that the jet and
beam functions are no longer convolved together in the
transverse momentum p,. The 1-jettiness 7¢ is propor-
tional to the invariant mass of the jet, while Tll’ measures the
projection ¢’ - p, onto the fixed axis ¢} = ¢ + xP. The
emission of ISR with transverse momentum p | , causing a
shift in the jet momentum by the same amount due to
momentum conservation, will not change the mass of the
jet, but it will change the projection of the jet momentum
onto the q’} axis. Thus 7{ involves no convolution over p | ,
while 7% does.

(148)

3. 1-jettiness 7§

For the 1-jettiness 7, the directions n; and ng are along
the electron and proton directions, respectively:

ny = n,, (149)

np = Nnp,

where n,p are the light-cone directions of g; =k =
w.n,/2 and gg = P = wpnp/2. In the CM frame, n,p
are back-to-back, n, = n, and np = ii,. In this frame, g is
given by

n n
q =yﬁ§—xyﬁ§+ q1, (150)

do do§

— 2 c _ [_J _
dxdQ%dr$ — dxdQ? f “PL [ dt’dthkS's(T' 0?

X [H(Q% w)B,(tp, x, p1, ) + HS (O, p

This is like the 74 cross section Eq. (142) in that the jet and
beam functions are convolved in the transverse momentum
p . of ISR, but in this case the momentum transfer ¢ itself
has a nonzero transverse momentum with respect to the
light-cone directions n, p. This will make the evaluation of
the p integral considerably more involved than in the 7%
cross section Eq. (142).

VI. FIXED-ORDER PREDICTIONS AT O(a;)

In this section we evaluate to O(a,) the predictions of
the factorization theorems for the cross sections differen-
tial in the different versions of 1-jettiness in Eq. (142) for
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where ¢; = Q+/1 —yii;. Let us consider for a mo-
ment the power counting of the argument of the jet
function in Eq. (140) with 7{. The requirement that
g1 ~ QA requires that 1 —y ~ A%, This is ensured by
measuring 7¢ to be O(A?). The argument of the jet
function (call it m%) in the factorization theorem
Eq. (140) for 7{ is

mi=1,—(1-y)Q*—20JT—yh -p, —p3.
(151)

Now, the jet function will be proportional to a theta
function 6(m3), requiring m3 > 0. Measuring 7§ to be
of order A% and therefore forcing z; to be of order
Q?A? then enforces that 1 —y ~ A%, Then, we can set
y =1 to leading order everywhere in Eq. (140) except
in the argument of the jet function. In terms of x,
using the relation xys = Q2, requiring y < 1 is equiva-
lent to requiring x = Q?/s, which sets a lower bound
on x.

The normalization constants s;p5, Qg in Eq. (140)
are given for 7{ in Table II. The Born-level cross section
and the coefficient r(q,, gg) in the hard coefficients
reduce to

2

_ 27TQCZ€'", r(k, P) = 1,
where we see the Born cross section is now Eq. (143) in
the limit y — 1. This happens because the expression
Eq. (137) is evaluated with g; = k, which is the actual
jet direction only near y — 1. The hard coefficient is
now independent of x, y and depends only on
Q% H. (0% n) = H, 4(k, P, Q% p). From Eq. (140) the
final factorization theorem for the 7§ cross section is then
given by

do§
dxdQ?

(152)

ks
xQ* JxQ
)Bq(tBr X, pi! Iu‘)]

)qu (@1 + P 0)Spem ks, 1)

(153)

T’f, and Eq. (148) for 7¢ and Eq. (153) for 7§. These
formulas correctly predict the singular terms at small 7,
in the fixed-order differential cross section, although they
have to be resummed to all orders in «, to accurately
predict the behavior at small 7;. We will do this in the
next section. Also, for the predictions to be correct for large
71, they would have to be matched onto O(a,) and O(«a?)
fixed-order full QCD calculations, an analysis we defer to
future work. Nevertheless we can estimate the size of these
matching corrections by comparing our predictions inte-
grated up to large 7 to the known total QCD cross section
o(x, Q%) at O(a,), which we will do in Sec. VIII.
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A. Hard function

At O(a,), the matching coefficients Cy,, Cyy, for the
vector and axial currents Eq. (99) that appear in the hard
coefficient in Eq. (138) are equal and diagonal in flavor,
and were calculated in [36,91]:

Cqu(Clz) = Cqu(qz) = 5qu(q2),

C
2y — 1+ as(:”’) F
C(q?) By

2 2 2
I M ™
X (—1112_2 ~3hn -8 F)' (154)

For DIS recall g = —Q?. Then, the hard coefficients H, ;
in the cross section Eq. (140) are given to O(«a,) by

H,:(q; qp Q% m) = H(Q* )L, ;(q;, g5 Q%)

where we have defined the universal SCET 2-quark hard
coefficient,

(155)

y2 —y)
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H(Q% p) =|C(¢% wI?

as(,u)CF( N %5 772)

S [l ALt i (B P LB § Pl G |

27 o 72 6
(156)

and the factor containing the components of the leptonic
tensor Eq. (84),

L,:(q; qp Q%) = LV, + LA 5 r(q;, q)(LY2, + LAY,

(157)
where r(q;, gp) was defined in Eq. (139).

1. 7‘1"b cross sections
a,b

For the 7{"" cross sections Eqs. (142) and (148),
gg = xP and g; = g + xP, so that r(g;, gp) is given by
Eq. (141). Then the leptonic factor L,; in Eq. (157)
becomes

Lg4(as a5, Q%) = Lygq + Lggy = 11—y + 1(LZ<1/44 + L,
02 20,v,v, | (Vi +ap))v:+al)_ 22—y aualQ,+mz/0% —2v,v,] (158)
= — ¥
1+ my/Q (1 + mz/0%)? (1—y?*+1 (1 + m3/0%)?
|
2. 7§ cross section where
For the 7{ cross section Eq. (153), g; = k and g = P, s
the electron and proton momenta, respectively. Then SOk, ) = a;Cr {1 (k) — 8 [H(ks) In (k,/ M)] }
r(k, P) = 1 in Eq. (139), and the leptonic factor L, ; in v 47 |6 Y u ky/ i
Eq. (157) becomes (161)

2y — g VV AA — VA AV
L o(k, P, Q%) = Lygg, + Ly, + (Légy + L

849 2aq €qq €qq
_ o - 20,(v,v, * aya,)
a 1 +m%/0?

(v + ap)(vi + az) * 4v,a,v,a,

* (1 + n2/ Q)

(159)
B. Soft function

The soft function S}.ni(ks, @) that appears in the cross
sections Eqgs. (142), (148), and (153) is given by Eqgs. (133)
and (134). For ete™ — dijets, Sﬁgﬁ; is known at O(a,)
[99] and O(a?) [60,61,100]. At 1-loop order the dijet soft
function is the same for DIS. Beginning at two-loop order,
the finite part of the soft function for DIS could possibly
differ due to switching incoming and outgoing Wilson
lines, but the anomalous dimensions and thus the logs are
the same.

To O(ay), the soft function Eq. (133) takes the form

Shemi (ki k2, 1) = 8(k)S(kF) + SV (K], )8 (kF)

+ S(k)SW(KE, w), (160)

and the projection Eq. (134) is then given to O(«;) by

Shemi(ks, p) = 8(ks) +28W(kg, p).  (162)
It has previously been observed that the sizes R, g of the
regions JH ; 5 to which soft radiation is confined enter the
arguments of the logs in the soft function [81,101,102],
which is due to changing the effective scale at which the
soft modes live [103].

C. Jet function

The jet function Eq. (122) is given to O(«a,) by
[104,105]

Jyalto ) =80+ M{(7 —)s(1)

dar
o] A | o

It is in fact known to two-loop order [105] and its anoma-
lous dimension to three loops [38].
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D. Beam functions

1. Generalized beam functions
The generalized beam functions in Eq. (118) can be matched onto ordinary PDFs, defined in SCET as [22]

fol@'/P™, p) = B(w’)<Pn(P_)|)?n(0)§[5(w’ =i P)x,(OIIP,(P7)),

fa(@' /P, p) = G(w’)<Pn(P’)|tr§lxn(0)[5(w' — - P)x,(0)]IP,(P7)).

The matching result is [68,94]

Bixkiw=3 [ d—f 1(1 % W )t wf 1+ @(A%;CD, Afzf)]
.,

where i, j =

(164a)

(164b)

(165)

q, 4, g- This expansion is valid for perturbative beam radiation satisfying ¢, k2 > AéCD. At tree level,

190, 2, K2, w) = (1/m8,;8(08(1 — 2)8(k2), leading to BY (1, x k2, p) = (1/m8(N)3(K2)f(x, o).
To O(a,), the nonzero matching coefficients in the generalized quark beam function were computed in [68,94], and we

use the results from [94]:

Iqq(t,z,kﬁ_,,u)=%5(t)5(l D8(k2) + ;) a(){ [

i) [P0 =300 -0 ]p( -

0(0)In(t/ )

o ] 5(1 - 25(K3)

(1 —Zz)t)

+ 8(1)8 (K3 )[[e(l_i)inz(l_Z)]+(1+z2)—%25(1—z)+0(1—z)(l—z—lltzj lnz)]}, (166a)

a,(u)T 1160
I,(tzk5, pn)= L9(z){? I:—t:l qu(z)é(kzl

2772 Z/Mz +

where P, ., are the g— qg and g — gg splitting
functions,
6(1 —
qu(z):[(l )] (1+2)+ 5(1—2)
1+
[6(1 -9 ] , (167a)
—z 1+

P(z) = 6(1 — z)[(l —2)* +2°] (167b)

They appear in the anomalous dimensions of the PDFs,
which to all orders obey

4. = d_f’ f £ (£
Mdufl(f, m) ;[ 7z v,j(g,w)f,(f,p). (168)

At O(a) the anomalous dimensions for the quark PDF are

1_Z)t)+ ()8 (K> )[pqg(z)ln © 4 20(1 — 2)z(1 —Z)]}
(166b)

Yia(z ) = %W)CF 0(z)P 44 (2),
()T (169)

Vool ) = S0P, (2)

2. Ordinary beam functions

The ordinary beam functions Eq. (119) satisfy the
matching condition [67,106,107]

B;(t, x, u) = Z jxl d_;lij<t’§’ :“)fj(é:r )

<[ o))

where at tree level If-?)(t, 7, ) = 6;;6(1)8(1 — z), leading

to BEO)(t, x, ) = 8()fi(x, w). To O(a,), the matching
coefficients in the quark beam function are given by
integrating Eq. (166) over k, [67,107]:

(170)
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I,,(tzp=38081-2+ % (”)CFG( ){ [M]fﬂ )+L[&] [ qq(Z)—%ﬁ(l—Z)]

1/ u?

t/u?

+ (S(z)l:[e(1 — l)inz(l - Z)] (I+2%)— ”_25(1 -2+ 61— z)(l —z- lltzj lnz)]}, (171a)
Loz w) = 22 00 [ 50 2o+ 00 Pyint =+ 200 220 - 2]} (171b)

E. Dijet cross section

We can now form the SCET predictions for the 7
cross section Eq. (140) to O(a;) by plugging in the
O(a,) expressions for the hard function given by
Egs. (155)-(157), the soft function given by Eqs. (160)
and (161), the jet function given by Eq. (163), and the
generalized beam function given by Eqs. (165) and (166).
It is convenient to express the result in terms of the cumu-
lant 7| distribution, defined by

1 (- d
o.(x, 0% 7'1)20_—[(] 29 (172)
0

d VR
y TV dxdQPar

where o is the Born cross section defined in Eq. (137). We
will give here the results for the T‘f’b cumulants at O(a,).
The more complicated results for the 7{ and generic 7,
cumulants are given in Appendix G.

1. 7{ cross section

Plugging in the O(«a) results for the hard function given
by Eqgs. (155), (156), and (158), the soft function given by
Eqgs. (160) and (161) with s, p and Q given in Table II, the
jet function given by Eq. (163), and the ordinary beam
function given by Eq. (170) into the 7{ cross section
Eq. (148), we obtain for the 7¢ cumulant given by
Eq. (172) in the CM frame

oo, 0%, 79) = 6(r9) f ' %[L;(x, 0)f,(x/z, ) + Li(x, 0)f o(x/2 )]

c 2
X {5(1 - z)[ a47TF(9 +%+ 61n 79 + 4In 27 )]

(2% CF

+

a’TF

The factorization scale w still appears on the right-hand
side of the equation, although the cross section is in
fact independent of w. The u dependence in the PDFs
on the first line is cancelled by the u dependence in
the logs multiplying the splitting functions on the third
and final lines to O(a,). The residual u dependence is
O(a?) and would be cancelled by the higher-order
corrections.

2. 7’1’ cross section

The 7% cross section is nearly identical to the 7§ cross
section except for the presence of the p | -dependent gen-
eralized beam function in Eq. (142) instead of the ordinary
beam function. The effect of the nontrivial p | -dependent
terms in the generalized beam function Eq. (165) is simply
to multiply the arguments of the w-dependent logs in
Eq. (173) by z, giving the simple relation

0(7“1)[L!1(x 0% + L“(x QZ)]f fé(x/z, ,u,){ln( ,LL

- [£1(1 — 91+ 2)+6(1 - z)(l —z- 11+ & lnz) +1In (%)qu(z)]}

- Z
074 1 -

)pqg(z) +20(1 — 2)2(1 — z)}.
(173)

O-C(x: QZ’ TI])) = O-C(x’ Q2 Ttil)lq-‘l‘—m-[l’ + G(Tll))

X ;—;Tj d Inz{CF[L(Q*)f,(x/z 1)
+ L) f4(x/ 2, w)]P44(2)
+ THILY(0) + LYUQIP 1o (D) f (/2 )
(174)
In the Appendix G we give the O(«a;) 7§ cross section. In

the next section we resum the large logarithms of Tf'b’c that

appear in these fixed-order expansions to all orders in a; to
NNLL accuracy.

VII. RESUMMED PREDICTIONS FOR
71 CROSS SECTIONS

The fixed-order predictions for the 7; cross sections
presented in the previous section contain logarithms of 7;
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which grow large in the limit 7 — 0 and must be re-
summed to all orders in «, to yield accurate predictions
for small 7,. In this section we use the factorization theo-
rem Eq. (140) for the 7 1-jettiness cross section and its
specialized cases Eqgs. (142), (148), and (153) for T?, T, 7
to predict the cross sections differential in these variables
to next-to-next-to-leading logarithmic accuracy, estimate
the perturbative uncertainty by appropriate scale varia-
tions, and discuss power corrections due to hadronization,
including their universality and impact in the tail and peak
regions.

A. Perturbative resummation to NNLL

The hard, jet, beam, and soft functions in Eq. (140) obey
renormalization group evolution equations whose solutions
allow us to resum large logarithms of ratios of the sepa-
rated hard, jet, beam, and soft scales. These solutions allow
us to express any of these functions G = {H, J, B, S} at one
scale o which contains logs of u over some scale Qs in
terms of the function evaluated at a different scale
Mme ~ Qg where the logs are small.

The hard function H(Q?, u) obeys the RG equation

w-LH(Q 1) = yp(wH(Q ),

d (175)

where the anomalous dimension yy has the form

2

Vi) = Culee (I 5 + vl () (176)
with a cusp piece T'yla,] =2l and a noncusp
piece yyla,] (which is conventionally denoted by the
same symbol as the total anomalous dimension). Their
expansions in «, are given below in Egs. (182), (D28),
and (D29). Similarly the jet and beam functions which are
both functions of a dimension-2 variable ¢ obey RG equa-
tions of the form

d
M@G(L ) = fa't’VG(t— U, WG, w),  (177)

where the anomalous dimension vy takes the form

1 [H(I/,uz)

ot ) = Tolawwl | " A2+ velawlot

(178)

where here G = {J, B}, and the plus distribution is defined
in Appendix C. The cusp pieces I'j 5 = —2I'¢, and non-
cusp pieces 7y, g of the jet and beam anomalous dimensions
are given in Egs. (D28) and (D30). The beam function also
depends on x and the generalized beam function also
depends on pi, but they do not change the structure of
the RG equation Eq. (177).

Finally, the soft function in Eq. (133) obeys the RG
equation

PHYSICAL REVIEW D 88, 054004 (2013)
d
M d_ Shemi (K7, kp, M)
M
= jdkljdkéﬁs(kj - li’ kg — k/B’ M)Shemi(kll’ k%, ),
(179)
where the anomalous dimension factorizes into the form
vs(ky, kg, w) = ys(ky, u)8(kg) + ys(kg, u)d(k;), (180)

which is required by u independence of the total cross
section Eq. (140) [108]. Each piece y(k, u) takes the form

O(k/ )
k/w

w(k,m:zrs[as(m]i[ ] T ylan (w15 (),
M +

(181)
where I's = I',,, and the noncusp piece is given by

Ys = ~Yu/2 = 7

The cusp and noncusp pieces of the anomalous dimen-
sions of all the functions above all have perturbative
expansions in aj:

il a. . \n+1
r =y =
ol = 3 15 (2)"

b a\nt!
’)/G[as] = Z ’y’(l;(ﬁ) 5

n=0

(182)

which defines the coefficients I'f;, yf. Furthermore, the
cusp pieces of the anomalous dimension are proportional
to the same cusp anomalous dimension I'{,p[ ], whose
perturbative expansion along with the noncusp anomalous
dimensions are given in Appendix D. The explicit solutions
to the RG equations for the hard, jet, beam, and soft
functions individually are given in Appendix D.

The solutions of the RG equations Eqgs. (175), (177), and
(179) allow us to express the hard, jet, beam, and soft
functions at any scale u in terms of their values at different
scales wy ;ps Where logarithms of ug/Qg in their per-
turbative expansions are small. There are different conven-
tional ways in the literature to express the resummed cross
section in terms of the solutions for hard, jet, beam, and
soft functions in the RG equations. One method [14,76]
performs the exact inverse transform back from Fourier
space, and carries out analytically the convolution of all the
evolution factors and the fixed-order functions for the 7,
factorization theorem Eq. (140) in momentum space. In
this section we use this method and formalism, relegating
some of the required formulas to Appendix E. We give an
alternative equivalent form of the resummed cross sections
in Appendix F, using a method [38,80] that first Laplace
transforms the cross section and writes certain corrections
as derivative operators before transforming back to mo-
mentum space. This avoids taking explicit convolutions of
the evolution factors and the fixed-order functions. If one
carries out these derivatives analytically then the final
results from the two formalisms are identical.
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In this section we give just the final results for the RG
improved cross sections for the 1-jettinesses T‘l”h"' using the
formalism of [14,76]. We will express the results in terms

of the cumulant 7% distributions:

T do

1
02, = — drt ————, 183
a'C(x 0 7'1) o0 [0 7] ddeszll ( )

where we note that o is dimensionless due to the division
by 0. The differential cross section can be obtained by
taking the derivative of o.(x, Q% 7,) with respect to 7.
Care must be exercised in this procedure because o also
depends on 7; dependent jet/beam and soft scales in the
factorization theorem Eq. (140), o.(x, Q2, 7y, u;(7;)). The
appropriate procedure is to use, for € — 0,

ﬁ _ o Q31+ € pi(r) — o (x 017 — € pilTy))
dTI 2€ ’

(184)

where dé/dt, = (1/0y)do/dt,. See Ref. [14] for further
discussion of this point.
|

a-c(x’ er T) =

T(1+Q)\uy

X I:ZLZ(X, 0?%) [: %fj(x/z, pp)Wy(z 7) + AW,;(2)] + (g < Q)]’

1
Wiz, 7) = HQ ) 3 [ (i)

np,ny,
n3==1

e XKl ( 0 )nﬂm,m <7Q2
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1. T‘I"b cross sections

The cross section in Eq. (140) is expressed as a con-
volution of jet, beam, and soft functions in momentum
space. To resum the large logs, each function is RG
evolved from a scale where the logs are small, an operation
which is in the form of a convolution of an RG evolution
kernel and the fixed-order function as in Egs. (D5) and
(D14). The evolution kernels U; p ¢ in Egs. (D5) and (D15)
are plus distributions, and each fixed order function can
also be written as a sum of plus distributions as in
Appendix E 1. Thus, the resummed cross section contains
numerous convolutions of plus distributions L7, L,
which we can compute by repeatedly applying the plus
distribution convolution identity in Eq. (E8). The cross
section then gets written as a resummation factor times
sums of products of coefficients called V in Appendix E 2
and J,, I}*% and S, in Appendix E 1. The resummed 7¢
and 7!1’ cross sections in Eqgs. (142) and (148), obtained
from RG evolution of the hard, jet, beam, and soft
functions, are given by

)WB(MBvM)(’TQZ)T/J(I‘L,U«)(’TQ)Z”’/S(IU«S)M)

I s

nyt+ny+1€,+n;+1

x Sn_z[asws),;—Qs] >

=1

AW, (z) =1, :
qj { ‘éZE)[‘quCFqu(Z) + 8, TrP,(z)]Inz for 7§

(185a)
70%7 i TQ?
—z]lﬂﬁ[as(ﬂ«g), Z —2]
My Kb
S vy ), asst
6=—1
for 7¢
(185¢)

Here j sums over quark flavors and gluons, and the +(g < g) includes the term where the virtual gauge boson couples to
an antiquark. In Eq. (185a) the exponent is a resummation factor that resums the large logs and the terms W,; and AW ; are
fixed-order factors which do not contain large logs. The evolution kernels XK and () are given by

K= K(pwpy g, wp s ) = Ky(pg, p) + Kj(uy, w) + Kg(up, u) + 2Ks(ps, p),
Q= Qg pp s, ) = (g ) + nppp 1) + 2n5(us, w),

where the individual evolution kernels Ky, K; = K3, Kj,
n; = np, and 7ng are given below in Eqgs. (D3), (D5), and
(D15). Note that XK and () are independent of w because
the p dependence cancels between the various K; and 7;
factors in the sums. Their expressions to NNLL accuracy
are given in Eq. (D26). The coefficients J,,, I?, I}%, S, in
Eq. (185b) are given in Eq. (E7). The constants V;"* and
V() are given in Appendix E 2.

Note that in the resummed cross section Eq. (185) the
coefficients J,,, I/, and S,, are functions of logarithms of
their last argument as shown in Eq. (E7) and the hard

(186a)
(186b)

|
function also depends on the logarithm In (Q*/u?). The
logs in these fixed-order factors can be minimized by
choosing the canonical scales

pa=0. my=pp=0\1" ws=0r".  (187)
Large logs of ratios of these scales to the arbitrary facto-
rization scale w are then resummed to all orders in «; in
the evolution kernels XK and (). The choices in Eq. (187)
are appropriate in the tail region of the distribution where

T, is not too close to zero and not too large so that the logs
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of 7 are still large enough to dominate nonlog terms and
need to be resummed. Near 7; ~ 0 and 7; ~ 1, we will
need to make more sophisticated choices for the scales,
which we will discuss in Sec. VIIC.

PHYSICAL REVIEW D 88, 054004 (2013)

2. 7§ cross section

The resummed 7¢ cross section obtained from RG evo-
lution of the hard, jet, beam, and soft functions in Eq. (153)
is given by

. ) K= O N w) (7 — 1 + Y)xQ>\msww ) (T — 1 + y)Q*\ s (k. 1)
oi(x, Q% 7) = T (—) <—2) (—2)
I+ Q) \ug Mp 1]
(7 =1+ y)/xO\2ns(kn.1) 1dz
X (Iuy\/_Q) L(x, Qz)f 7fj(X/z)[W§,»(z, T—1+y)
S X
AW (z 71— 1+ y)]+ (g9, (188)
where W;j and AW;j are the fixed-order terms from jet, beam, and soft functions:
! 70%7 .. xQ? TA/X
Wey(e) = Q% ) 3 ). Z5 1 ) 2 5 s, [ astus), Vi ]
" My Mp Mg
n3=-—
ni+tny,+14€,+n3+1
X > VRV vEQ), (189)
G=—1 {=—1 )
. a,(5) (1 - X)
Aij(Z, 'T) = 2 [quCFqu(Z) + 5ngFqu(z)][6(7'){ln [7(1 — y)X] — H(—l — Q)}
T 1 || -0 T T
+ + 1 0 —0-1—-0- — —p(—
(it Nala—wm) oo -e-g ] -ongigl) osw

where X = x(1 — z)/(x + z — xz). Note that the 7 in
W¢i(z,7) and AW((z,7) gets shifted by 1—y in
Eq. (183). H(n) is the harmonic number and
,F\(a, b;c;z) is the hypergeometric function. The addi-
tional more complicated terms in AW;j are due to the
nontrivial p,; integral in Eq. (153) which convolves the
terms in the generalized beam function with nontrivial pi
dependence with the dependence of the jet function on
(q, +py1)? with q; # 0 when y<1. Note that the
term on the last line of Eq. (189b) contributes below 7§ =
1 — y when plugged into Eq. (188), but that the size of the
correction in this region is very small.

The second arguments of J,, I/, and S, in Eq. (189a)
show that the canonical scales should be chosen to mini-
mize the logs of the arguments, which are the fixed-order
terms in the hard, jet, beam, and soft functions.

sy = 0, g =041 — 1+,
mp = Oyfx(7§ — 1 +y),

s = VxO(1$ — 1 +y).

(190)

Here the whole cross section is shifted to the right by an
amount 1 — y due to the nonzero q; and choice of axes for
7¢. Unlike ’T‘f’b , the jet and beam scales are separated by a

factor \/x due to the different normalization of the gz
reference vector in the definition of 7¢. For 7{, ¢ =
while for 747, g% = xP. The soft scale is also rescaled by
/x. We will discuss below a more sophisticated choice of
scales than Eq. (190) that give rise to proper behavior in the
limits 7{ — 1 — y and 7{ ~ 1.

3. Logarithms included in our
LL, NLL, and NNLL results

It is worth briefly discussing the logarithmic accuracy of
our resummed results. Although this discussion is standard
in the literature, sometimes the same notation is used for
different levels of resummed precision, so it is worth being
specific about our notation. The order in «, to which the
anomalous dimensions, running coupling, and fixed-order
hard, jet, beam, and soft functions are known determines
the accuracy to which the logarithms of 7 in a cross section
are resummed. It is most straightforward to count the
number of logs thus resummed in the Laplace transform
of the cross section (equivalently we could consider the
Fourier transform to position space),

do

. 191
dxdQ*dr (19D

a(x, 0% v) = f: dre "™

The fixed-order expansion of &(x, Q2, v) takes the form
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0~'(.X, Q2, V) =1+ %(C‘lsz + CHL + Clo + 6?1(1/))

a,\2 i
+ (4_) (coaLl? + e3L® + L + ey L + 39 + dy(v))
T

Ay

3 ~
+ (—) (C36L6 + C35L5 + C34L4 + C33L3 + C32L2 + C3]L + C30 + d3(V)) + .- °,

dar

(192)

where L = log v. The largest log at each order in a; is a?L?". Our results in Egs. (185) and (188), once Laplace
transformed, reorganize and resum the logarithms into the form

A
&(X, Qz, V) = exp I:E (CIZLZ + C“L + CIO)

2
n (:‘—) (CosL? + CyoL? + CyyL + Cyp)
T,

3 -
+ (f—s> (CyuL* + C3L? + CypL? + C3L + C3p) + - ] +d(x, 0% v),
T

where the largest log at each order in the exponent is
a"L"*!. The coefficients c,,,, C,,,, and d, (v) are functions
of x and Q2. The function d(x, Q?, v) contains terms d,,(v)
and is a nonsingular function of » that vanishes as v — oo
(7 — 0). Transforming Eqgs. (192) and (193) back to
momentum space using

do j‘yﬂw dv

— N 72 - 2
dxdQ%dr ¢ 0% v)

194
y—ico 27TI (194

where v lies to the right of all singularities of the integrand
in the complex plane, defines the accuracy to which logs of
7 in the cross section and its cumulant o (x, Q2 7) are
resummed.

Our main results in Egs. (185) and (188) resum singular
logarithmic terms «%In" 7, but not the terms in the non-
singular d(x, Q% 7) (inverse transform of d). The
d(x, Q%, 7) must either be calculated by comparing a full
QCD perturbation theory calculation with the resummed
result and determining the difference order by order in «,
or by determining the next-to-singular infinite towers of
logarithmic terms in d(x, Q% 7) by carrying out a factori-
zation and resummation analysis in SCET at subleading
power.

Fixed-order perturbation theory sums the series in
Eq. (192) row-by-row, order-by-order in «,;. When the
logs are large this expansion is not well behaved.
Resummed perturbation theory instead sums the exponent
in Eq. (193) column-by-column, in a modified power
expansion that counts In 7 ~ 1/« when the logs are large.
J

(193)

f
Everything in the first column of Eq. (193) is O(1/ay)
[leading log (LL)], the second O(1) [next-to-leading-log
(NLL)], the third O(a,) (NNLL), etc. in this counting.
Each order of logarithmic accuracy is achieved by calcu-
lating the cusp and noncusp anomalous dimensions, run-
ning coupling, and fixed-order hard, jet, beam, and soft
functions to the orders given in Table III. Another common
counting used in the literature (e.g. [14,76,99]) is the
primed counting which accounts for the fixed-order match-
ing coefficients H, J, B, S at one higher order than in the
unprimed counting. This primed counting is particularly
useful when one also requires predictions for transition
regions where the size of the logarithmic and nonlogarth-
mic d,(7) terms are comparable. Since in this paper we
have not considered the nonsingular terms we adopt the
unprimed counting (LL, NLL, NNLL) throughout.

B. Comparison to NLL DIS thrust 7,

As discussed above in Sec. III B there are several ver-
sions of DIS thrust discussed in the literature. Here we
consider the version of thrust called 7 in [15], to which we
can directly compare our results for 74, since as shown
above in Eq. (63) of Sec. III D they are one and the same.
We will see that at NLL accuracy the result in [15] for 7 is
equivalent to our result in Eq. (185) for 7% for the particular
scale choices Eq. (187) in the SCET cross section. The
NLL resummed cross section given in [15] in the MS
scheme is, in our notation,

oulrg) = 0 S 1w V70 + 52 [ E e 01,0/2 0]

+ (Zeé) a;(f) fl % C1o(2)f (/2 Q)}e—gl —
q X

where

(195)
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2
Cy2) = CF[2£1(1 )+ —)+1—z— (— T 2)5(1 - z)],
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T

3 (196)

Clg(z) = TF[qu(Z) ln(l - Z) + 22(1 - Z)]y

and complete expressions for the resummation constants
812 can be found in Ref. [15]. They have fixed-order
expansions in a; = a,(Q) given by

2
gilnt = GlzﬁlnzT — G23<ﬂ) In37+ -
27 2

, (197)
g =G>t + Gzz(&) In?r 4,
27 21T
with the coefficients
G12 = _2C[:, G]] = 3CF, 623 = 2773()612’
4 7 169 11
G22 — _577.2(/’% +(?_¥)CACF +ECan (198)

Note that the cross section Eq. (195) includes only the
photon contribution for the intermediate gauge boson
mediating the scattering, so for the comparison we special-
ize our results to this case.

By comparing to the resummed cross section in
Eq. (185), we find that the result of [15] given in
Eq. (195) is equivalent to the SCET photon induced cross
section at NLL order with the following fixed choices for
the scales in the evolution factors:

w=py=pp=0J1, s = OTy.

(199)

a =0,

Thus the two results agree at NLL order.

We note that in the fixed-order coefficient in Eq. (195),
the choice u = Qﬁ has been made in the tree level term,
but the O(a,) terms have been evaluated at u = Q. In the
SCET result Eq. (185) [or Eq. (F7)] pieces of the a,(u)
terms are evaluated at u = Q, u = Q+/7, or u = Q7
according to whether they come from the hard, beam/jet,

TABLE III. Orders of logarithmic accuracy and required order
of cusp (I') and noncusp (y) anomalous dimensions, beta func-
tion B, and fixed-order hard, jet, beam, and soft matching
coefficients H, J, B, S. The “primed” counting includes the
fixed-order coefficients to one higher order in «;.

Ia,] vla,] Ble] {H, J, B, S} a,]
LL a 1 a 1
NLL a? ag a? 1
NNLL al a? al o

Ila] — yla]  Bla]]  {H B Sla]
LL o 1 o 1
NLL' a? ag a? a
NNLL/ al a? al a?

or soft functions, while the PDFs are evaluated at u =
Q./7. The difference between the SCET result and
Eq. (185) is NNLL, since the error is ~a2In7 in the
fixed-order coefficient. In our counting taking the correct
scales for a(u) is required for NLL' accuracy, since this
provides the appropriate boundary conditions for the full
NNLL result. Thus the result in Eq. (195) with a4(Q) is at
an intermediate level of accuracy between NLL and NLL'.

Note that the SCET expression Eq. (185) still shows the
full dependence on the individual scales wp g ; s instead of
the single scale w, and the dependence on each of these
scales cancels out to the order in resummed perturbation
theory in which we are working. The remaining scale
dependence thus provides a useful way to estimate the
theoretical uncertainty due to the truncation of higher order
terms in resummed perturbation theory.

C. Scale profile functions

In general there are three relevant regions with different
power counting

peak region: 7, ~ 2Aqcp/0r XK 1,

tail region: 2Aqcp/Qr < 7 K 1, (200)

far-tail region: 7; ~ 1.

For the peak and tail regions of the distribution we have
71 < 1 and we must sum the large logarithms. In the tail
region the results in Egs. (187) and (190) above are the
canonical scales for uy ; g s for which the logs in the fixed-
order hard, jet, beam, and soft functions are minimized.
Evolution from these scales to another scale w resums the
logs of the ratios w/uy ; p s to all orders in «y. In the peak
region for small 7, the scale ug ~ Q7 goes towards the
nonperturbative region. The validity of our resummation
analysis relies on there being a perturbative expansion for
the soft function anomalous dimensions at the scale g,
Ig[a,(ug)], and ys[a,(ug)]. Therefore in the SCET
approach it is mandatory that we stop the renormalization
group evolution at a scale wg ~ 1 GeV that can still be
considered perturbative. This requires the scales to deviate
from the canonical form. Finally, for larger values of 7, the
logs are no longer large, and the nonsingular terms in the
fixed-order expansion become equally important. In this
large 7, region we should turn off the resummation, which
will revert the results to a fixed-order expansion in a;. Again
this forces the scales to deviate from the canonical ones.
To achieve these properties we use profile functions to
describe the functional dependence of the scale wg g ; on
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FIG. 4 (color online). T‘f'h profile functions for the scales uy,
wp(11), ms(r)) with Q =90 GeV used in the resummed
factorized cross section Eq. (185). The double arrow and the
colored bands illustrate the scale variations in Eq. (204) used to
obtain theoretical uncertainty estimates.

7,. First we will consider the profile functions for the T‘l”h
cross sections and then for 79.

1 7‘1"” profile functions

For the 7% cross sections, the canonical scales are given
in Eq. (187), g5~ 71, pgy ~ /i10s sy ~ Q. The per-
turbative resummation of large logs of ratios of these scales
is valid when Agcp < pg < up; < uy, which is the
tail region. We will define boundaries, t; < 7; < t, for the
region of 7| where this condition is satisfied, and use scales
that are within a factor of 2 of the canonical ones. Beyond
this region, when 7; > t,, 7, is of O(1), and the logs are the
same order as the nonsingular terms in the fixed-order
expansion. In this region, the scales must be taken to be
of the same order, g =~ up; = uy ~ Q, which turns off
the resummation in Eq. (185). Finally for 7; < #{, the soft
scale approaches Agcp and nonperturbative corrections
become important. In this region we freeze the soft scale
s used in the perturabtive cross section to a value above
Agep: ms ~ 1-2 GeV. The hard scale is uy ~ Q and
beam and jet scale are determined by hard and soft scales
as /g ts ~ MyB-

Profile functions for scales that satisfy the above criteria
have been used for other cross sections in [14,28,76]. Here,
we adopt the profile functions in [28]. The hard, beam, jet,
and soft scales we use are given by

M= M
T 2

wp ()= [1 +ep 0(t; — 71)(1 _t_) ]v:u’/u'run(Tl’ M),
3

ps(r)=[ 1+ 56t = )1 —:—;)z]umm, w), (201

where ey ; ¢ are parameters used to vary the jet, beam, and
soft scales to estimate theoretical uncertainty of the

PHYSICAL REVIEW D 88, 054004 (2013)

100. T T
80. e
= ofr-1+y ]
60. -
H(T) 1
40. B
- Hp=0Q X(T—1+i)‘—w:
20.H o p
‘ T e ps= 0 Vx (r=1+y) 1
0. L L]
0.8 1

FIG. 5 (color online). 7{ profile functions for the scales uf,
g (1), mg(ry) withx = 0.1,y = 0.9, and Q = 90 GeV, along
with the simple canonical scales Eq. (190). The double arrow
and colored bands illustrate the scale variations in Eq. (204).

perturbative predictions. #3 is the point above which all
scales are set equal, uy = up,; = s = u. The common
function w,(7;, &) is given by

wo +ari/n Ty =1,
2art; + b Hh=T1 =10
/“Lrun(Tl’/J’): 2
mw—alty —16) /(- 1) H=7=t,
M ’Tl>t3,
- t — th +t
a= Ko — M ’ bZMl oty 3). (202)
h—h—1 Hh—h—1;

The function gpp,(7), ) quadratically approaches
below #; and u above f,, and it is linearly increasing
from ¢, to t,. The continuity of wu.,(7;, w) and its
derivative at ¢; and t, determines a and b.

The default values of parameters we will use for what
we will consider the “central values” of the 7% cross
sections are

m =0,
3 GeV
0

Mo = 2 GeV,
(203)

egy = es =0,

t1=

tz = 04, t3 = 06

To estimate theoretical uncertainty due to missing
higher order terms in fixed-order and resummed perturba-
tion theory, we vary the parameters u, eg, and eg from
their default values by O(1) factors in order to vary corre-
sponding scales wy, wp s, and ug by O(1) factors, respec-
tively. We separately vary the parameters one by one and
keep the others at their default values. The total number of
variations we perform around the central values are as
follows:
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(1) =210, e, =0, e5=0, (204a)
11
2)u=0, eg; =% 3 * 6 es =0, (204b)
11
B u=0  epy=0  eg=*z*c (204

Variation 1 moves all the scales in Fig. 4 together up and
down by factors of 2, and corresponds to the scale variation
used to estimate the fixed-order theoretical uncertainty in
perturbation theory. Variations 2 and 3 are additional
variations we are able to perform because of having
independent w;p and ug scales in the resummed cross
section Eq. (185) and give an estimate of the uncertainty
at each order in logarithmic accuracy in resummed
perturbation theory that cannot be achieved by varying
the single scale w. Variation 1 alone underestimates the
total uncertainty.

The size of the cross section at a given value of 7, may
not vary monotonically with e; g, e, and ideally we would
vary them continuously within some finite band to find the
maximum uncertainty. The four values we test for e, g, eg
in Eq. (204) are a discrete approximation to such a proce-
dure that remains computationally tractable. We take the
largest and smallest values of the cross section among
these points and use them to define the width of the
uncertainty band from e; 5 or ey variation.

To make a conservative estimate of the total uncertainty,
we sum in quadrature the uncertainties we get from
variations 1, 2, and 3 individually. We find that the total
size of the bands provided by Eq. (204) are reasonable
estimates of the theoretical uncertainty when we compare
the cross sections at different orders of logarithmic accuracy.

Figure 4 shows profile functions for wy, wg;(7}),
ms(7)) with Q =90 GeV. The solid lines are the

My = M,
g s(T) = pgyslx, 7 — 1+ y),

wylx, 7)) =|[1+e,0(t5 — 71)<1 -

wpx, 7)) =1+ epb(t; — 71)<1 -

ws(x, 7)) = | 1+ esf(t; — 7'1)<1 -

The u&,, used here depend on x and index 0, 1, 2 that is
different for wj;, mp, mg. We want uS,(x, 71, @, n) ~
x"m u with n =0, 1/2, 1 so that the canonical scaling
for u; s g in Eq. (190) is respected in the small 7 region. In
the large 7, limit, uS,(x, 71, 4, n) should go to w, so that
ms and up; both go to wu.

As in Eq. (202) n&,, should run linearly between ¢, and
t,. However, the slope of uf,, in Eq. (206) should be

PHYSICAL REVIEW D 88, 054004 (2013)

central values of the scales with default values in
Eq. (203), the double-headed arrow implies variation 1
and the bands represent variations 2 and 3 in Eq. (204).
The dashed and dotted lines are the canonical scales in
Eq. (187).

2. 7§ profile functions

For 7{, the canonical scales in Eq. (190) are

~0, s~ ON/x(r) — 1 +y),
gy~ Oy — 1+,

Ku (205)

mp ~ Qyx(ty — 1 +y),

where they satisfy the relation w3, =x""2uyug
Compared to the canonical scales for T‘f‘b in Eq. (187), there
are two differences in the canonical scales for 7{. First, 7 is
replaced by 7; — (1 — y) because the transverse momentum
of the jet is nonzero, which is (1 — y)Q? at tree level and the
projection onto ¢ differs from the projection onto the jet axis
by (1 — y)Q?. This requires that canonical scales in Eq. (187)
and profile in Eq. (201) are shifted by 1 — y. Second, the soft
scale and beam scale are multiplied by \/x because of rescal-
ing of the beam axis from xP for 7%* to P for 7.

In this paper we consider the case /x ~ O(1) and this
factor changes the scales by O(1), which is the size of
perturbative uncertainties from varying u, ep;, and eg.
This means that multiplying g and ug by /x in Eq. (201)
should not make a difference within the perturbative uncer-
tainty. So, we could use the profile in Eq. (201) but shifted by
1 — y. On the other hand, by modifying the profile the canoni-
cal relations among the scales wy s g s for 7§ Eq. (190) can be
maintained and we can account for the extra factors of \/x.
Therefore, for these profiles we define n; ; 5 ¢ as

71\27 -
t—') \/M,uﬁun(x, 1 &, 0),
o (206)

T 2 c
?) J,LL,U«mn(.X, T M ]):
3/ 4

71\2 7
t—1> Moiun (X, 71, 2, 1/2).
3 .

[

different for the three cases n = 0, 1/2, 1. Therefore, we
cannot use Eq. (202) to define ug,, because all parameters
in p,,, are fixed by matching boundary conditions and the
slope is fixed. Instead, by replacing the quadratic polyno-
mial in Eq. (202) by a cubic polynomial one can introduce
a free parameter and this parameter can be chosen such that
mén(x, 71, m, n) ~ x"7,u between f; and t,. We define

Mitun @S
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X g +amT/n T =1,
2a(n)7; + b(n)

MCUbiC(x’ T1 My n) t2
M T1 >t3,

2) (=)
b(m) =272~ ali)y,

c(n)=3(u —x""Y2 ) — a(n)(2t; + 41, — 31,),
d(n) =2(pu —x""12 o) = 2a(n)(t; + 1, — 1,).

¢ 2] = T1 = 1,
Iu’run(x;Tl’ M n) =
T1 <t3,

pe
/‘LCubiC('x’ 1 My n) =M~ C(n)(tl
3

(207)

Here the parameters b(n), c(n), d(n) are determined
by continuity of w., and its derivative at t, t,, #3. The
slope a(n) is a free parameter which is chosen to satisfy
a(n) ~ x" u to achieve canonical scaling of jet, beam, and
soft scales:

p—x g

an) =x"——.
() l3+l2_t]

(208)

Note that in the x — 1 limit, Eq. (207) reduces to Eq. (202)
and profiles for 7{ in Eq. (206) reduce to the profiles in
Eq. (201) for 7¢ and 7°.

We choose the same default parameters and scale varia-
tions as for Ti"b in Egs. (203) and (204) except for #,:

t, =0.1. (209)
Because of the different definition of the profiles for 7{ this
value of 7, must be smaller than the value for the 7¢”
profiles. This occurs because w., in Eq. (207) changes
faster than that the w,,, in Eq. (202) between ¢, and #3. As
can be seen from Fig. 5 the final profiles for g have
similar shapes.

Figure 5 shows 7{ profile functions for u§;, ug ,(7),
n$(ry) defined in Eq. (206) with x = 0.1, y = 0.9, and
QO = 90 GeV. The solid lines are the central values of the
scales with default values in Eq. (209) for #, and in
Eq. (203) for all other parameters. The double-headed
arrow represents variation 1 and the uncertainty bands are
variations 2 and 3 in Eq. (204). The dashed, dotted, and
dotted-dashed lines are the canonical scales in Eq. (190).

D. Nonperturbative soft function

The hemisphere soft function defined in Eq. (134)
describes soft radiation between jets at the nonperturbative
scale Aqgcp as well as at perturbative scales above Agcp.
The results given in Egs. (160) and (D14) are valid in the
perturbative region. In the MS scheme the soft function
valid at both scales is given by a convolution between a
purely perturbative function St . and a nonperturbative
model function F [108]:

heml

PHYSICAL REVIEW D 88, 054004 (2013)

Shemi (k, 1) = f di'Sher (k — k', w)F(K).  (210)

The function F(k) contains information about physics at
the nonperturbative scale and has support for k ~ Agep,
falling off exponentially outside this region. Inserting

Eq. (210) into the factorization formula in Eq. (140) one
obtains the convolved form for the cross section,

do(ry) [ da'pe“( k )
= | dk — F(k
dr dr m Or (&)

where doP*"/dr, is the cross section calculated by using
only the perturbative soft function and Qp is given by
Eq. (54). Equation (211) correctly describes both the
peak region Qg7 ~ Agcp Where the entire function F(k)
is required, as well as the tail region Qg7 > Agcp Where
only its first moment is required since we can expand in
Aqen/(QrT1).

For the peak region, various ways to parametrize models
for F(k) have been proposed [76,108,109]. We will adopt
one proposed in [76] that expands F systematically in an
infinite set of basis functions:

Fio =13 ati(3)]

n=0

@211)

212)

where in principle we can choose any complete basis of
functions f,. We adopt the same basis that has already been
used in [14,76], and exhibits fast convergence of the ex-
pansion. The normalization condition [ dkF(k) = 1 gives
the constraint Y ;c? = 1. The characteristic scale A of size
O(Aqcp) is an additional parameter if the sum is truncated
at finite N, as we will do in practice.

In the tail region where Qg7 > Agcp, Eq. (211) is
consistent with the power correction from an operator
product expansion (OPE),

do(ry) {da’pe"(rl) B ZQ‘I"b‘C dzape"(rl)}
d’Tl d'Tl QR d’T%

2
X [1 + @(a“AQCD) + @(AQCD) 4o ] 213)
ot Qi

To lowest order in Agcp/(Q7)) this result agrees with a
simple shift 7; — 7 — 20}, /Qg. Here the coefficient of
the power correction ZQ‘f’b‘C is a nonperturbative matrix
element and it corresponds to the first moment of the
nonperturbative function [ dkkF (k) which could in princi-
ple differ for each of 7{’ @b.c The first set of power correc-
tions indicated on the second line of Eq. (213) comes from
perturbative corrections to the leading power correction
[72], and the second set involves purely nonperturbative
corrections at subleading order. In the next section we will
consider the question of universality of the Q, Q%, Q¢

parameters for the observables 7¢, 7%, 7¢.
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In the peak region the parameters ¢; and A should be
determined by fitting to experimental data. Since data is
not yet available, our only purpose here will be to get an
idea of the impact of the nonperturbative shape function.
We take the simplest function F(k) with N = 0. Then,
¢o = 1 by normalization and A is the only parameter. To
get the right first moment, we require A = 2();. We use
0, = 0.35 GeV, which is determined from measurements
of e*e™ — dijets [14]. However, 0, in DIS is not neces-
sarily the same as in e*e” collisions, and we merely
consider this to be an illustrative but reasonable value.

E. Universality classes for {); parameters defined
with different directions

The various versions of 1-jettiness T‘f‘b'c or the generic

version Eq. (24) depend on different choices of the axes
q; = wyn;/2 and qg = wgng/2. In this section we will
show that the 1-jettiness power correction parameter is
universal under changes to the axes used in its definition,
by exploiting properties of operators [70,71] and including
hadron mass effects [69,72].

If we use different axes for the decomposition of four-
momenta then they can all be written in a form similar to
the event shapes given in [72]:

1 .
T = Egm,-lf(m Yip), (214)

where Qp is defined in Eq. (54), i sums over hadrons, and
mil, ri, Y are defined with respect to the vector g, 3 by

1 .
- 2 + 2 'Epl =_] qp ' P
m pi + m?, =T Vs 3 n—qj‘p,

(215)

where m is the mass of the hadron whose momentum is p*.
For the 1-jettinesses 7; given in Eq. (24) we have

FrY) = e,

For each different 74, i.e. each choice of g p, the definition
of m* and VY,p change since they are computed with
different coordinates. The Q also depends on ¢, - g, as
given in Eq. (54).

Following the logic in [72] for massive hadrons and
[70,71] for massless particles, the leading power correction
in the expansion Eq. (213) of distributions in event shapes
of the form Eq. (214) is always described by the non-
perturbative matrix element

(216)

1 ([
29*11”)’c = .[0 drjo dVY,pf(r, Y;p)
X <O|YJBYnJé%b‘C(r: yJB)YV‘lrJYnB|0>' (217)

Here £7 is a “transverse velocity operator” defined as in
[72], but now using the axes given by ¢; and gg,
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Er(r, YpIX) =Y mts(r — r)8(Y,5 — Yip)lX).

ieX

(218)

It measures the total transverse mass of particles flowing in
a slice of velocity and rapidity around r and Y;z. Now
consider making an RPI-III transformation [84] in the
matrix element in Eq. (217) which takes n; — n;/¢ and
ng — {np. This transformation leaves the vacuum and the
Wilson lines Y, and Y, invariant, but shifts £7(r, Y ) to
Er(r, Y5 +Y') where Y' = In /. This is the analog of the
boost argument for back-to-back n; and np in Ref. [70,71].
Thus, the matrix element inside the integral in Eq. (217) is
independent of Y5, and we can integrate over Y,z to
obtain the power correction Q"¢ for 74>, using the f
given in Eq. (216):

[ aViss Yim) |0t ) = 20020, w0 @19)
where the renormalized matrix element is

QfB(r, ) = OIYL,Y, Er(r, 0¥ Y, 10).  (220)
This matrix element still depends on the choices of axes
through np ;. By rescaling n; and ng as in Eq. (133) we find
it is independent of n; - ng. It still depends on these axes
through the parameter r, since the transverse momenta p |
inside r depends on the choice of these axes.

However, in the tail region the ({8(r) always appears
inside an integral. At LL. order we have the resummed
coefficient Ct-(k, r, u) from [72] for any 7, and the shape
function OPE is

A%QCD)
k3

1 A2
=00+ [ drCiH e r w2 w) + 0~ 52)

(221)

F) = 8(k) + L L arCik, r, 1) 2Q0B(r, ) + @(

where in the second line we removed the JB superscript on
), by using the fact that the only axis dependence occurs
through the parameter r which is now just a dummy
variable. It would be interesting to consider the universality
beyond LL order for this Wilson coefficient.

Thus we see that at least to LL order there is a universal
power correction ) (r) for all three versions of 1-jettiness,
747 Taking the tree-level result CY&(k, r, u) — —&'(k)
yields Eq. (213) and leads to the identification

Qphe = f LarQ, (). (222)
0

Equation (221) also implies universality of the shift pa-

. . ’b, .
rameter appearing in Eq. (213) for 7{"“:

Q4 = Qb = Q¢ (223)
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FIG. 6 (color online). Cumulant cross section in 7§ at Q =
80 GeV and x = 0.2. Colored bands show theoretical uncertain-
ties around central values (lines) to LL (dotted line, green band),
NLL (dashed line, blue band), and NNLL (solid line, red band)
accuracy and the horizontal dashed line is the total cross section
at fixed x, Q2.

VIII. RESULTS

In this section we present our numerical results for the
three versions of DIS 1-jettiness: 7¢, 77, and 7. We plot the
cross sections accurate for small 7, resummed from LL to
NNLL accuracy, and also the singular terms at fixed order
O(a,) (NLO) for comparison. [We estimate the size of the
small missing nonsingular terms by comparing to the
known O(a,) cross section integrated over all 7,.] We start
by describing the 7{ spectrum in detail, and then compare
the features of the 7% and 7§ cross sections relative to the
results for 79. We choose s = (300 GeV)? as in the H1 and
ZEUS experiments. For the PDFs, we use the MSTW2008
[110] set at NLO and include five quark and antiquark
flavors excluding top. To be consistent with the a used in
the NLO PDFs we use the two-loop beta function for
running a, and ay(m,) = 0.1202.

We present results for the cumulant cross section o.(7;)
defined in Eq. (183) and the dimensionless distribution

do 1 do d
== o).

— 224
dT] (o) dTl dT] ( )

Note that both the cumulant o.(7;) and the differential
distribution dé/d, are differential in x and Q”. However,
for notational simplicity we made their x and Q depen-
dences implicit in this section.

A. 7{ cross section

In this subsection, we present results for the cumulant
cross section o, (7,) and differential cross section dd/dT,
for the *“aligned” 1-jettiness 7 = 7.

Figure 6 shows the 7¢ cumulant cross section, defined by
Eq. (183), at Q = 80 GeV and x = 0.2. In order to illus-
trate perturbative convergence the results resummed to LL,
NLL, and NNLL accuracy are shown. The bands indicate
perturbative uncertainties by varying the scales ugyp ;s
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FIG. 7 (color online). Weighted differential cross section in 7
at QO = 80 GeV and x = 0.2. Colored bands show theoretical
uncertainties around central values (lines) at fixed order «;
(dotted line, gray band) and resummed to NLL (dashed line,
blue band) and NNLL (solid line, red band) accuracy.

given by “profile functions” as described in Sec. VIIC 1,
and there is excellent order-by-order convergence, and beau-
tiful precision at NNLL order. The cumulant cross section
increases monotonically from the small 7{ region and be-
gins to saturate near for large 7{ where the integral defining
this cumulant becomes that for the total cross section. There
is a small gap between the total cross section at O(a)
(dashed horizontal line) and our NNLL cumulant at large
7¢, reflecting the small size of nonsingular terms not taken
into account in this paper. Note however that these terms are
important at the level of precision of our cumulant cross
section, and hence they will be considered in the future.
We can characterize the dé/dr¢ cross section by
three distinct physical regions: the peak region (7§ ~
2Aqcp/ Q) the tail region (2Aqcp/Q < 7§ < 1), and the
far-tail region (7 ~ O(1). We will do this with four plots.

et NLO PT
B NNLL PT
[E98 NNLL PT + NP

0=380 GeV
x=0.2
0=0.35 GeV

60.

50.

40.

5
(E 30.
o

20.

10.

0. 0.01 0.02  0.03 0.04 0.05 0.06  0.07
4

FIG. 8 (color online). Differential cross section in 7{ at Q =
80 GeV and x = 0.2 in the peak region, NNLL with nonperturba-
tive shape function taken into account (NNLL PT + NP, dashed,
orange), and without NP shape function at fixed-order a; (NLO PT,
dotted, gray line) and resummed (NNLL PT, solid, red line).
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FIG. 9 (color online). x dependence of 7{ differential cross
section at Q =80 GeV and 7{ = 0.1. Colored bands show
theoretical uncertainties around central values at fixed-order
a, (dotted, gray line) and resummed to NLL (dashed, blue
line) and NNLL accuracy (solid, red line).

We first show the purely perturbative cross section to study
convergence and the impact of resummation compared to
fixed-order results. Next we show the impact of nonpertur-
bative effects, which in the tail region produce a simple shift
in the distribution, and have a significant impact on the shape
of the spectrum in the peak region. We also illustrate the
dependence of the cross section on x and Q? at fixed 7¢.
Figure 7 shows the weighted differential cross section
T{do/dr{ at Q =80 GeV and x = 0.2. The results are
weighted by 7¢ for better visibility because the differential
cross section falls very rapidly with 7¢. In the tail region, the
overlap in resummed results shows a good perturbative con-
vergence from NLL to NNLL. The large deviation between
NLO and NNLL shows the large effect of resummation and
the underestimated uncertainty of a pure fixed-order result. In
the peak region, NLO result blows up as (In 7,)/7,, while the
NLL and NNLL results converge into a peak due to resum-
mation of the large logs to all orders in « . Again the
uncertainty bands overlap fairly well. In the far-tail region
for larger 7, the resummation effect becomes small and the
size of the deviation is reduced. Near the far-tail region (7, ~
0.3), the NNLL curve begins to depart from the NLL band. In
this region the nonlogarithmic a2 term and nonsingular terms
neglected in our NNLL result may begin to be significant.
Figure 8 shows the differential cross section do/dt; at
Q = 80 GeV and x = 0.2 in the peak region at fixed order
and NNLL resummed accuracy. Note that it is not scaled
by 7, as in Fig. 7. In this plot, the NNLL result convolved
with a nonperturbative shape function (NNLL PT + NP) is
shown in comparison with purely perturbative fixed-order
NLO and resummed NNLL results (NLO PT and NNLL
PT). As discussed in Sec. VIID we use the simplest shape
function with one basis function N = 0 in Eq. (212) with a
reasonable choice }; = 0.35 GeV for the value of the first
moment just to illustrate the impact of the nonperturbative
effects. For practical analysis, a shape function with more
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FIG. 10 (color online). Q dependence of 7§ differential cross
section at x = 0.2 and 7§ = 0.1, with theoretical uncertainties at
fixed-order « (dotted, gray line) and resummed to NLL (dashed,
blue line) and NNLL accuracy (solid, red line)

basis functions should be used and the parameters c;, A in
the model function Eq. (212) should be determined from
experimental data. In the endpoint region, there is signifi-
cant change from NLO and NNLL due to the resummation
of large perturbative logs, and there is another large change
from perturbative NNLL to the result convolved with the
shape function due to nonperturbative effects. As we move
into the tail region, the size of nonperturbative correction
reduces to O(Aqcp/7;Q) and the correction simplifies to
the power correction in Eq. (213).

Figure 9 shows the weighted differential cross section
xdo/(dxdQ*dt,) as a function of x at Q = 80 GeV and
7¢ = 0.1. Note that the lower bound x = Q?/s is set by the
relation xys = Q2 in Eq. (9) and the constraint y < 1. The
x dependence comes from the quark and antiquark beam
functions and the decreasing curves with increasing x are
characteristic patterns of PDFs contained in the beam
function. With decreasing x, NLO and NNLL curves rise
faster than NLL curve because they contain the gluon PDF,
which rises faster than the quark PDF, and whereas the
NLL result only contains the tree-level beam function
which is just the quark PDF.

Figure 10 shows the Q dependence of the differential
cross section at x = 0.2 and 7{ = 0.1. Overall, Q depen-
dence is mild. In the naive parton model the cross section is
insensitive to Q because of the approximate scaling law in
the Bjorken limit where Q, s — oo with x fixed. This scaling
is broken by logarithms of Q in QCD. It is also broken by the
Z boson mass with the factors 1/(1 + m%/Q?) in Eq. (158).
As shown in the plot, well below m; = 91.2 GeV the curves
vary gently in Q and near and above m, they increase due to
the factor Q%/(Q? + m2).

B. 71 cross section

The 75 cumulant cross section is different from 7¢ by a
single term at NLO in Eq. (185). The term contains Inz
where z is integrated over from x to 1, and so the term
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FIG. 11 (color online). Difference between T? and 7§ cumu-
lant cross sections at Q = 80 GeV and x = 0.2 and at Q =
40 GeV and x = 0.02. The difference at NLL is zero for both
parameter sets.

becomes larger for smaller x. Figure 11 shows their percent
difference at NLL and NNLL for two sets of (O, x): (80, 0.2)
and (40, 0.02). The difference at NLL is zero because at LO
fixed order 7¢ and 7% cross section are identical and the
NLL logs are the same. At NNLL for x = (0.2 the size of
difference is small, a few percent. The difference at the value
x = 0.02 is larger than that for x = 0.2, becoming now a
10%-15% effect. This difference is roughly constant in Q
because of the mild Q dependence in Fig. 10.

C. 7{ cross section

The 1-jettiness 7{ is designed to measure a jet close to
the z axis (incoming electron direction), and the factoriza-
tion theorem for 7{ in Eq. (153) is valid for a jet with small
transverse momentum g3 = (1 — y)Q°. So, the parame-
ters Q and x should be chosen such that 1 — y << 1 in other
words, Q?/(xs) = 1. The parameters in Fig. 6 cannot be
used because y = 0.36 for Q = 80 GeV and x = 0.2. For
7{ in Figs. 12 and 13 we choose Q = 90 GeV and x = 0.1
for which y = 0.9. Note that the profile functions for 7
given in Eq. (206) are also different from those for T‘,“b .

Figure 12 shows the cumulant 7{ cross section
resummed to LL, NLL, and NNLL accuracy. The most
notable feature in the 7 spectrum is the threshold
0(7¢ — 1 +y) indicated by an arrow in the plot. The
threshold is exactly respected in LL and NLL results and
is effectively true at NNLL because, although Eq. (189b)
contains terms violating this threshold at O(«a,), their size
is numerically small (~0.1%). In the region near this
threshold nonperturbative corrections are quite important,
and the purely perturbative cross section actually has a
small negative dip (almost invisible in the plot).

Figure 13 shows 7 in comparison with the 7¢ cumulant
cross section at NNLL. In addition to the threshold dis-
cussed in Fig. 12, the 7§ curve increases more slowly than
the 7¢ curve does. This is because the normalization of the
7¢ axes in Eq. (42) are different from those for 7¢. The
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FIG. 12 (color online). 7{ cumulant cross section at Q =
90 GeV and x = 0.1, giving y = 0.9. Colored bands show theo-
retical uncertainties around central values for resummed results to
LL (dotted, green line), NLL (dashed, blue line), and NNLL (solid,
red line) accuracy. The horizontal line is the total cross section.
The arrow at 1 — y indicates the threshold in 7{ spectrum.
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FIG. 13 (color online). 7{ cumulant cross section in compari-
son to 7{ result at Q =90 GeV and x = 0.1 which gives
y = 0.9. The horizontal dashed line is the total cross section at
this x, Q2.

beam axis g for 7¢ is larger than for 7{ by a factor of 1/x
while the jet axis g; is approximately the same in the limit
y— 1. This increases the projection of the particle
momentum gg - p; by the factor of 1/x in 1-jettiness
Eq. (24), but 7 is not increased by quite the same factor
because fewer particles are grouped into the HH y region
due to the minimum in Eq. (24). Still, in Fig. 13 for the
same value of the cross section the departure of 7{ from its
threshold is larger than that of 7{ due to this factor.

IX. CONCLUSIONS

We have predicted 1-jettiness (7;) cross sections in DIS
to NNLL accuracy in resummed perturbation theory,
accurate for small 7; where hadrons in the final state are
collimated into two jets, including one from ISR. We used
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three different versions of 1-jettiness, 7{">“, which group

final-state hadrons into ““beam” and “‘jet” regions differ-
ently and have different sensitivity to the transverse
momentum of ISR relative to the proton direction.

Each 7 is similar to thrust, measuring how closely final-
state hadrons are collimated along “beam” and *“jet”
reference axes, but with important variations. 7{ measures
the small light-cone momentum along two axes aligned
with the proton direction and the actual jet direction, and
averages over the transverse momentum of ISR in the
calculation of the cross section. 7¢ projects onto fixed
axes such that the beam and jet regions are back-to-back
hemispheres in the Breit frame. The fixed jet axis is not
quite equal to the physical jet axis in the final state, causing
7% to be sensitive to the transverse momentum p; of ISR
and requiring a convolution over p, in the jet and beam
functions in the 7¥ factorization theorem. Finally 7 groups
final-state hadrons into back-to-back hemispheres in the
CM frame, projecting momenta onto the initial proton and
electron directions, and also requires a convolution over
the transverse momenta of the ISR and final-state jets.
Furthermore, the case of small 7§ also requires the DIS
variable y to be near 1.

We proved factorization theorems for all three versions
of 7, using the tools of SCET, carefully accounting for the
differing dependences on the transverse momentum of
ISR. These differences lead to the appearance of the ordi-
nary beam function in the 7¢ factorization theorem and the
generalized k -dependent beam function in the 7% and 7§
factorization theorems. We were able to relate the soft
function appearing in any of these factorization theorems
in any reference frame to the ordinary DIS hemisphere soft
function by suitable rescaling of the arguments, using
boost invariance.

The relevant hard, jet, beam, and soft functions and their
anomalous dimensions are known to sufficiently high order
that we could immediately achieve NNLL resummed
accuracy in our predictions for the T?’b"' cross sections
(using the factorization theorems we derived). We gave
predictions for the differential and cumulant 7 cross sec-
tions, illustrating the differences among 7" due to the
different dependences on the transverse momentum of ISR.
We presented numerical predictions at x and Q? values
explored at the HERA collider, but our analytical predic-
tions can easily be applied to a much wider range of
kinematics relevant at other experiments, such as at JLab
[77] and the future EIC [78] and LHeC [79].

The resummed predictions we presented are accurate for
small values of 7; where final-state hadrons are well colli-
mated into two jets. For large 7, our predictions have to be
matched onto fixed-order predictions of nonsingular terms
in 7, from full QCD. We leave the performance of this
matching at O(a,) and beyond to future work. However,
we compared our cumulant 7, cross sections for large 7, to
the known total cross section at fixed x and Q?, and found
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that the cumulative effect of these corrections on the whole
cross section is roughly at the several percent level for the
kinematics we considered.

To achieve higher perturbative accuracy in the overall 7,
distributions we require both singular and the above-
mentioned nonsingular corrections to higher order. Here we
achieved NNLL resummed accuracy, but without nonsingu-
lar matching corrections needed to achieve NNLL + NLO
accuracy. To go to NNLL' + NNLO accuracy, we need the
fixed-order hard, jet, beam, and soft functions in SCET and
nonsingular terms in full QCD to O(«a?). These are already
known for the hard and jet functions. The soft function
[known for e*e™ to O(a?) but not yet for DIS] and beam
function (including both ¢ and p; dependence for T’l"c) are
not yet known. Once they are, we could actually achieve
N3LL accuracy immediately since the necessary anomalous
dimensions are all known to sufficiently high order. In ex-
tractions of a from e* e~ event shapes, it was found that
adding another order of accuracy in the fixed-order SCET and
full QCD calculations (i.e. adding a ) reduces theoretical
uncertainty in the final value for &, by about a factor of 2.5 at
a time, with a precision of order 1%—2% possible using
N3LL or N3LL/ results [14]. We may anticipate similar
future precision in extracting a; from DIS event shapes.

We showed how to incorporate nonperturbative hadro-
nization corrections into our predictions by inclusion of a
shape function that is convolved together with the pertur-
bative soft function. The first moment of the shape function
gives the parameter {}; which describes the shift to the
distribution in the tail region. We demonstrated that this
parameter is universal for our three event shapes 7"1”}’ "¢ and
for any values of x, 0?2, and so it can be extracted from one
set of data to predict others. We also made a simple
illustration of the effects of a shape function numerically
on the cross section. We leave a more extensive study of
nonperturbative effects and extractions of the model pa-
rameters from data to future work. We note that extraction
of a, from DIS data (along the lines of [14] for ee™)
using the above rigorous factorization theorem-based treat-
ment of the power correction (), has yet to be performed.

The extension of our results to N-jettiness 7 in DIS with
N > 1isstraightforward, at least if we define 7, similarly to
the 1-jettiness 7¢ that we defined in Eq. (29). That is,

TN = iz D min{q} - pi gl pin--o qh P} (225)
5
where g% = xP and g{ is the jet axis of the ith non-ISR jet
in the final state as given by a jet algorithm or by minimi-
zation of the sum Eq. (225) over the directions of
q{, ..., q%. As long as these jet reference axes are aligned
with the physical jet axes, the transverse momentum k; of
ISR will not affect the value of 74, at leading order in A. The
factorization theorem will then look like Eq. (148), with
suitable generalizations of the hard and soft functions and
additional jet functions (cf. [27]):
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do _ doy
dxdQ?*dr$, dxdQ

i,K

where H,._,.({g,}, L, u) contains the underlying hard
interaction i(gg)e(k) — e(k')x,(q,) ... kn(gy), where i,
k; denote parton types, L denotes the dependence on the
leptonic states e(k), e(k’) and the exchanged virtual boson,
and the sum over i, « is over all relevant partonic channels.
The hard and soft functions H R $ are matrices in color
space, and the trace is over these colors. B; is the ordinary
beam function for the initial-state parton of flavor i. Since
Eq. (225) uses reference axes ¢ that are aligned with the
physical jet axes, the arguments 7 of the jet functions are
the invariant masses of the jets and are not shifted by any
transverse momentum k; of ISR. Thus only the ordinary
beam function B; appears in Eq. (226), k; having
been averaged over. We leave the explicit evaluation of
Eq. (226) for N-jettiness cross sections in DIS with
N > 1 to future work.

Our results bring to the arena of DIS the power of SCET
that has already vastly improved the precision of theoreti-
cal predictions of event shapes in e e~ collisions and pp
collisions. The factorization theorems derived here point
the way to methods to improve the precision of parton
distributions, hadron structure, and the strong coupling
o, that we can extract from existing and future experi-
ments. With further advances in our calculations to greater
perturbative accuracy and improved modeling of the non-
perturbative effects, the frontiers of the study of the strong
interaction using jets in DIS can be pushed to higher
precision.

ACKNOWLEDGMENTS

C.L. is grateful to the MIT Center for Theoretical
Physics for hospitality during the course of this work.
The work of D.K. and I.S. is supported by the Office of
Nuclear Physics of the U.S. Department of Energy under
Contract No. DE-FG02-94ER40818, and the work of C. L.
by DOE Contract No. DE-AC52-06NA25396 and by the
LDRD office at Los Alamos.

Note added.—While this paper was being finalized,
Ref. [121] appeared which also considers the event shape
we call 7§ at NNLL order. A complete derivation of the
factorization theorem was not presented there, where the
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APPENDIX A: GENERALIZED
RAPIDITY GAP AY

The 1-jettiness 7 in Eq. (48) is just one possible combi-
nation of jet and beam momenta that we can choose to
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tB+t}+-~+t§V_kS)
0 Q

(226)

measure in DIS. It is quite straightforward to keep n; - p;,
ng * pp as independent observables in the factorization
theorem Eq. (135), and then to form other observables by
taking different combinations of n; - p;, ng * pg. In this
appendix we consider one of these possibilities—the
generalized rapidity gap AY between the beam jet and
the other final-state jet.

The rapidity of a particle with momentum p with respect
to the z axis is given by

1 _7 .
Yon(p) ==L (A1)
5, "

2 n

z

If p is n_-collinear, the rapidity ¥, ;_is large and positive,
while it is large and negative if p is i,-collinear. Two jets
produced in DIS are not, in general, back-to back, and the
reference vectors that measure jets are not always aligned
along one (z) axis, as Fig. 3 illustrates. The rapidity in
Eq. (A1) can be generalized by replacing n,; with ng and
ny as follows:

1 nmsp

Y, = A2
n,nB(p) ) n; _pr ( )

where Y, ,,, is large and positive for the n;-collinear jet and
is large and negative for the ng-collinear jet. The general-
ized rapidity difference between two jets of momenta p;,

and pp is given by
ng-pj Ny Ps

ny-pjng-: PB‘
(A3)

1
AY = Yn,nB(pJ) - YanB(pB) = 5 In

The np; in Eq. (A3) can be replaced by gp ; because the
energy factors w; z/2 in the numerator and denominator
cancel. By using Eq. (27) gp - pp ;s can be expressed in
terms of 75 ;. So, Eq. (A3) can be rewritten as

Ay =1 1nw, (A4)
7,730

where the products 2¢; - pp and 2¢qg - p; are O(Q?) and
AYis O[In (1//7;75)] ~ O[In (1/A?)]. Equation (A4) can
be specified for DIS by using ¢, - pg = g - (P + ¢) and
gp ' P; = qp * g where we use momentum conservation
P+ q = pp + p; and suppress p% and p3. As we have
three versions of 7, there are three versions of AY:

1. 1- 1
AY*P = _1n x’ AY¢ =—1In
2 xTyTp 2

1—x

szJTB

(A5)
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APPENDIX B: TENSORS AND CONTRACTIONS

The symmetric and asymmetric tensors transverse to
both np and n; are defined by

nyny + n’n
MY ouv J'*B J'*B m

g’ =g Py g 5

ES mv anB ; anB , (Bla)

1 1 _
€lJ;V = nj-—nBE'““mBn(}ng = EGMmBn‘;nf
1 _
B Eeuvaﬁngng, (B1b)

where 7ip and 7i; are conjugate to ng and n; as defined in
Eq. (5D).

In order to calculate the contraction of the lepton tensor
L*? with the hard function H%W as in Eq. (136), we must
compute two tensor contractions: gj,g" and €l €"”,
where g, €' are defined in Eq. (85) and g, €, in
Eq. (B1). These contractions are given by

g8l = (gw —okuks * Kok k”ki‘xg“” B L ngn#)

0° ny-ng
4 / /
=72(nj'kn3'k +nj'kn3'k). (BZ)
ny-ngQ
and
T _uv __ 2 #Vkozklﬁ Y,6
€uv€l —mfaﬁwfya nyng
4
Ziz(nj'k’ng'k—nj'kng'k'). (B3)
ny-ngQ

The ratio Eq. (B2) over Eq. (B3) is the coefficient (g, g5)
defined in Eq. (139).

APPENDIX C: PLUS DISTRIBUTION

The standard plus distribution for some function g(x) is
given by

[0l = lim < [0x ~ 9000)]

— lim[A(x — g(0) + 5 — )W), (CN)
where
0 = ["avqee) (©2)
Integrating against a test function f(x), we have
7 astoege. s
= [ dwgWIe) - FO1+ FO0Un).  (€3)

for x,« > 0.
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For the special cases g(x) = 1/x'7¢ with a > —1 and
g(x) = In"x/x with integer n = 0, we define

0
£%ﬂ=[?ﬂ, (C4)
X +
1 n
L,(x) = [Lx) . x] , =0,  (C5)
X +
For convenience we also define
L _(x) =6(x). (C6)
The plus function L,, obeys the rescaling relation,
n n 1nn+1)t
AL, (Ax) = In“AL,_ + o(x), C7
n( )C) %(k) n n k(x) n+1 ()C) ( )

where A > 0.

APPENDIX D: RENORMALIZATION
GROUP EVOLUTION

In this appendix we collect results relevant for resum-
mation of the DIS 1-jettiness cross section Eq. (140) and its
special cases Eqs. (147), (142), and (153) for T‘l"b’c.

The RGE and anomalous dimension for the hard Wilson
coefficient C in Eq. (154) for the two-quark operator are
[36,91]

d
m C(q? ) = vE(g* w)C(g% ),
" (D1)

—g2
VUG 1) = Thag(a) n—5 + y(ar)

The anomalous dimension for the hard function H in
Eq. (155) is given by

d
MaH(QZ, w) = yu(Q* wH(Q? w),
s (D2)

(02 ) = 2rzusp(as>1n% T yulay),

where yy = 2y{. The expansions in a; of I'{,,() and
y&(ay) are given below in Egs. (D28) and (D29).

The solution of the RGE in Eq. (D1) yields for the RG
evolved hard function

H(Q% u) = H(Q% uo)Uy(Q% po, ),

Un(Q% po, p) = eKH(”O’”)(ng(Mm
Mo

Ky(po, ) = —4Kpa(po, ) + Ky, (o, ),

(o, ) = 4nre (o, ),

>

(D3)

where the functions Kr¢(wo, ), mre(mo, ) and K, are
given below in Eqgs. (D24) and (D26).
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The quark beam function RGE is given by

d
M@Bq(a X, ) = f di'yg(t — ¢, w)B, (', x, w),

1 t
Vht, ) = ~2Mhag(a) 3 Lol ) + ¥i@)300)
M M
(D4)
and its solution is [76,99,111,112]
Bq(tr X, M) = [dt/Bq([ - t/’ X, IUVO)UB,](ZI’ M0, IL'L)’
Kp,—7vENSB
s « [ t
Us, .1 ) = fr [ on £70(5) + 800 ]
KRR (TP I
Kp, (o, i) = 4Kro(po, p) + Kya (o, ),
”’734(/1«0, M) = =2mra (o, p). (D5)

The solution of the RGE for B, given by Eq. (D5) can be
derived from the form of the solution Eq. (D3) for the hard
function by first Laplace transforming the beam function:

Bynxw) = [T e B 5w, ©6)
which obeys the RGE
d . -
M_Bq(v’ X ILL) = YB, (V’ Iu‘)Bq(Vr X, Iu‘)’ (D7)
du q
with the Laplace transformed anomalous dimension,
Yh(v, ) = 2Tsp(a,) In(w?ve?s) + yi(a,).  (D8)

The evolution of Bq in Eq. (D7) is multiplicative, of the
same form as the hard function RGE Eq. (D2), and there-
fore its solution is just like the hard function Eq. (D3),
given by

B,(v,x, u) = By(v, x, p)Ug, (v, o, w), (DY)

where

U, (v, po, ) = b0 (upeve) ko k) (D10)

with Kp,, mg, given by the same expressions as in

Eq. (D5). The inverse Laplace transform of the solution
Eq. (D9) gives the momentum space solution for
B,(t, x, n) in Eq. (D5).

The jet function obeys the same RGE as the beam
function. They are defined by matrix elements of the
same operator. The solution for the Laplace transformed
jet function J (v, u) is given by the same form, Egs. (D9)
and (D10) with B — J, and for the momentum-space jet
function J,(#, 1) by the same form Eq. (D5), with B — J.

The hemisphere soft function in Eq. (160) obeys the
RGE
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d
M _d Shemi(kjy kg, M)
M

= ]dkljdkéﬁs(kj — kj, kg — ki, 1) Stemi (K], kg, ),
(D11)

where the dependence of the anomalous dimension on the
two variables separates [108],

vs(ky, kg, M) = 7S(kj, M)5(k3) + Ys(kB, ,U»)5(kj),
(D12)

with each piece of the anomalous dimension taking the
form

1 k
’)’s(k, M) = zrgusp(as)_£0<_) + 75(“;)5(/(), (D13)
M M

where yg = —y& — y}. The solution to the soft RGE
Eq. (D11) is given by

Shemi (ks ki 12) = ] AR Al Sy (K5, Kl 120)

X Ug(ky — k), o, w)Us(kg — kip, pro, p),

(D14)
where
eKs—vens N k
= IS g 2 ) &
Uslk po 1) I'(1+ 775)[#0£ 9<,Uvo) 5(k):|’
KS(Iu’O’ lu’)= _2KF"(/'LO! M)+K73(ILLOJ lu’)r (DIS)

Ns(po, ) = 2914 (o, ).

This solution can be derived as for the beam and jet
functions above by first taking the Laplace transform,

Shemi(vj’ Vp, Iu’)

B f " dk, f " dkge ki rsks Sy ik, kg, ), (D16)
0 0

which obeys the RGE

d -~
M d_Shemi(VJ! VB, M)
u
= Shemi(vs, v, W ¥s(vy, p) + ¥s(vp w)]  (D17)

where each part of the anomalous dimension takes the form

¥ s(v, u) = =2 In (urve?s) + ys(ay). (D18)
Solving the soft RGE Eq. (D17), we obtain
ghemi(VJ’ Vg, 1)
= Shemi (v, v, 10) Us(v, o, ) Us (v, o, w),  (D19)
where each soft evolution factor takes the form
Us(v, po, p) = esbom)(uopeve)~mlkon), — (D20)
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where K, ng are given by Eq. (D15). Taking the inverse
Laplace transform of Eq. (D19) gives the solution to the
RGE for the soft function in momentum space
Shemi(ks, kg, u) given in Egs. (D14) and (D15).

In the 1-jettiness cross sections in this paper, we always
encounter the soft function Eq. (D14) projected onto a
function of a single variable &, according to Eq. (134). It
obeys the RGE

d
b Senill ) = [ K2y 5(k — K, 12)Snem(K' 1),
(D21)

where yg(k, u) is given by Eq. (D13). In Laplace space,

d . ) _
M= Shemi (¥, ) = 275(v, ) Spemi (¥, ). (D22)

dup

The solutions to these RGEs are given by

Shemi(k’ ILL) = [dklshemi(k/r Mo)Ug(k - kl’ Mo M)’ (D23a)
Shemi (¥, ) = Spemi (¥, o) Us (v, a0, )%, (D23b)

where UZ(k, wo, p) is given by Eq. (D15) with Kg, ng —
2K, 275, and Ug(v, wo, 1) is given by Eq. (D20).
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The functions Kra(o, ), 7re(po, &), Ky (o, p) in the
above RGE solutions are defined as

a,(n) da a da!
Kro(o, p) =f T (as)f =,
: 0 04.\-(#0) B(as) P a.\v(l’«o) ,8(0(2)
a(w) dea
e R e )
o ay(uo) Blag) (D24)
a,(w) da
Ko ) = [ ().
’ 0 05,\-(/1«0) B(as)

Expanding the beta function and anomalous dimensions
in powers of a,

b a. \ntl1
S s
pla) = =20, 3 8,(5) "
ad a; n+1
chllsp(ax) = ’;)FZ<E) ,

v =3 n(p)"

n=0

(D25)

their explicit expressions to NNLL accuracy are (suppress-
ing the superscript ¢ on I'?),

I dar 1 Iy, B Bi 2 a(mp) ,3% B\(1— r
=9 1—-—1 L PO s+ + L B1_ 22 1
Kr(mo, ) 4ﬁg{as(ﬂo)( - nr) +(I,0 Bo)( r+ nr)-i-le0 n’r+ ym [(,3(2) Bo)( 3 + nr)
2 _
+ (gl? - %)(l —r+rinr) — <% - ﬁlgl)(l 2r) ]}
olo  bo 0o Polo
_ Iy a(po) (T _ Bi _ ai(uo) (T _ Bl ,3% _ B\ — 1
ko, 1) = 2—’80[lnr+ e <F_o E)(’” 1)+ 1672 <F_0 8ol ""8—% E) 5 ]
__ Yo a (o) (71 _& .
Here, r = a,(u)/a,(ug) and the running coupling is given to three-loop order by the expression
1 X Bi a,(1o) [ B2 1\ , Bi/lnX 1
= In X —=l1-= —|l—=—+=—1) D27
5 " w e " et Ll ) T alx )] b2

where X = 1 + a,(uo)BoIn (u/pmo)/(27). In our numerical analysis we use the full NNLL expressions for K, np in
Eq. (D26), but to be consistent with the value of a (u) used in the NLO PDFs we only use the two-loop truncation of
Eq. (D27), dropping the 3, and 37 terms, to obtain numerical values for a;(u). (The numerical difference between using
the two-loop and three-loop «; is numerically very small and well within our theory uncertainties.) Up to three loops, the
coefficients of the beta function [113,114] and cusp anomalous dimension [115,116] in MS are
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11 4
Bo = ?CA - gTan,

34 20
Bi = ?Ci - (? Cy + 4CF)Tan,

2857 205 1415 11 79
F(q) = 4CF,

67 20

= acr| (g - F)en — e ]

245  1347* 117t 22 418 407> 56

6 27 45 3
55 16

The MS noncusp anomalous dimension vy, = 2y{ for the hard function H can be obtained [38,117] from the IR
divergences of the on-shell massless quark form factor C(g?, u) which are known to three loops [118],

ché() = _6CF:

82 65
7%1 = _CF[<E - 52§3>CA + (3 - 4772 + 48§3)CF + (5 + 772)30],

66167 68672 3027 7824 44wl

¢, =-2c - - - + + 136 )C2
Yo F[( 324 81 135 9 9 & )Ca

151 20572 2477 844f, 87l

D0 — + + + 1205 \CrC

(4 9 135 3 3 55) F=A

29 8t 16724, 10781 44672  4497% 11667

+ (2 +37m2 + 2+ 684 — — 240 c2+<— + + — 3>C
(2 s & gS) F 108 81 270 g )CaPo

= —+ 4+
108 18 27 9 324 6 3

2953  137% 77 128 2417 57% 2
+ ( — - ‘3)31 + (— 53)%]. (D29)

As shown in [107], the anomalous dimension for the beam function equals that of the jet function, y% = y%, so the noncusp
three-loop anomalous dimension for the jet and beam functions are both given by [38],

Yo = Yio = 6Cp,

v = 74 = o (50— w0z )eu + 6 - am + asecp + (22T )g, |

[T A e
e e
n (29 gt 16724,

+ 120;5)CACF

7739325, 617wt 12764,

— 240 c2+< 1157 2% )C
gS)F s4 81T T T270 g )Cabo

2 2 4
. (_ 3457 , 57, 1643)'8(2) N (1166 8 4l 52@)31}
3249 3 9

7+37r2+?+68§3—

27 9 135

(D30)

The anomalous dimension for the soft function is obtained from yg = —y& — y%. At NNLL, we only need the one- and
two-loop coefficients of yy p ; 5. The three-loop coefficients are given for completeness. They would be required at N3LL,
along with the four-loop beta function and cusp anomalous dimension, the latter of which has not yet been calculated. In
addition, the full N3LL result would also require the two-loop fixed-order corrections, which are known for the hard
function, but not yet for the beam and soft functions.
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APPENDIX E: COEFFICIENTS IN
MOMENTUM-SPACE RESUMMED
CROSS SECTION

The resummed cross sections for 7'“ b¢ in Sec. VII are

obtained by plugging the solutions to the RG equations for
the hard function and for the momentum-space jet, beam,
and soft functions given in Appendix D into the factoriza-
tion theorems derived in Sec. V D. Performing the convo-
lutions in these factorization theorems of the jet, beam, and
soft evolution kernels given in Appendix D and fixed-order
functions requires computing the convolutions of plus
functions with each other. The results of these convolutions
produce the expressions given in Eqgs. (185) and (188),
given in terms of coefficients J,, I,, S,, of the logs in the
fixed-order jet, beam, and soft functions and coefficients
Vi and V}'(a) that are the result of the convolutions
of plus functions. In this appendix we tabulate these
coefficients. For more details see Refs. [14,76].

1. Jet, beam, and soft coefficients J,, IZ*%, S,

The fixed-order results at O(«;,) of soft, jet, and beam
functions can be written as the sum of plus distributions as

(WL, ( )

where G(7, u) represents the single-variable soft function
S(z, m) in Eq. (210), jet function J(¢, u) in Eq. (163), or the
coefficient 19998(t, z, u) inside the beam function in
Eq. (171). The index is ny = 1 for the soft function and
np = 2 for the jet and beam function. In the case of the
beam function, the z dependence in F(z, x) is implicit. The
coefficients F, in Eq. (E1) for the three functions are §,,,
J,,, and "7 The soft coefficients at order a are given by

G(t, u) =

(ED)

n—fl

asCF o
S_ =1+ —,
l(as) 47 3
Soler,) =0 (E2)
Sl(as =
the jet coefficients by
a,Cr ?
=1+ 2= e
Tata) =1+ 20 (-0,
a,Cr 3
J = - -,
ole) — 12 (E3)
a,C
Jl(as) = F’

and the beam function coefficients by
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(a2 = L4002+ S0 - 900+ 2)
— %ZL_I(I —-2)
o1 —z)(l o tilnz)],
@) = S0Py =5 L1 = 2)),
ey ) = % E2L (1= 2), (E4)
and
1 (cry 2) = [qu(z)lnl —420(1 - 2)z(1 - z)],

a,T
I¥(a,2) =—L0(2)P,,(2),

27 E5)

where the splitting functions P,,,,(z) are given in
Eq. (167).

The argument of the plus distributions £, in Eq. (E1)
can be rescaled by using the identity Eq. (C7).
Equation (E1) can be rewritten in terms of the rescaled

distribution as

q99.98

Gl ) = ) ML, (! 2D @

n=-—1

where the coefficents G, (a,, A) in Eq. (E6) are expressed
in terms of the coefficients in Eq. (E1) by using the
rescaling identity in Eq. (C7) as

n+lA
Goilay h) = 1<a)+ZG(a —T
5 4 B " (E7)
— n : k
Gn(as’ )‘) - I;)WGrrFk(as)ln A»
where G, ={S,,J,, [;"%}. Explicit expressions for

S,(ay, A), J,(a,, A), and 1" (ay, A) are obtained by
inserting Eqgs. (E2)—-(ES) into Eq. (E7).

2. Results of convolving plus functions

Convolutions of plus distributions in the jet, beam, and
soft evolution kernels and the fixed-order functions pro-
duce the functions V}'()) and the coefficients V" in the
resummed cross sections Egs. (185) and (188). There are
three types of convolutions of plus distribtions £, and L.
and we write them in useful form as
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m+n+1

Jartae—pL,m="3 verL,

=1
I'a+ara+bn)

ey @ DL+ 500) (E8)

[ dyaLe(x— y) + 8(x — Wb LIY) + 8(y)] =

n+l1

[ taLet =y + o6 = 9L = 3 Vit L.

k=1

The coefficients V}(a) and V" are related to the Taylor series expansion of V(a, b) around a = 0 and a = b = 0, where
V(a, b) is defined by

rar® 1 1
Vb)) ="+ ————, E9
(a,b) I'a+b) a b (E9)
which satisfies V(0, 0) = 0. The V}(a) for n = 0 are
da* V(a,b) = —
dp" aib |b=0’ k=—1,
I p— n n—
Vila) = a( . ) ddbnfk V(a, b)lp=o + St 0=k=n, (E10)
- k=n+1.
The V™" are symmetric in m and n, and for m, n = 0 they are
d" d* V(ab) = —
da™ db" aj—b a=b=0’ k= —1,
ymn — m n m n dm—r  d"9 =k < (Ell)
k 20 20=0 Op+ak I V(a, b)ly=p=0, 0=k =m+n,
it T k=m+n+l.
Using Eq. (C6) we can extend these definitions to include the cases n = —1 or m = —1. The relevant coefficients are
Viia=1 Vi@ =a  VZ@=0  V,"=Vr=5, (E12)

APPENDIX F: RESUMMED CROSS SECTION FROM LAPLACE TRANSFORMS

An alternative way [38,80] to express the resummed cross sections in Sec. VII is to utilize the Laplace-transformed jet,
beam, and soft functions given in Appendix D and their RGE solutions. The method avoids taking explicit convolutions of
plus functions in the evolution factors and in the fixed-order jet, beam, and soft functions.

Each of the RGE solutions for the jet, beam, and soft functions is given by a function of the form

G~(V, ) = G~(V, /.Lo)eKG("L"”'L)[,uO(VEYE)l/jG]_jGnG(“”"U“). (F1)

For the jet and beam functions, j; = 2, while for the soft function j; = 1. The fixed-order expansion of G(v, uy) =
G(Lg, o) can be considered to be a function of the log Lg = In Qg/ uo, where Qg = (ve?s)~Vic To O(a?),

% ay(po) a,(po)\7[ 1 2
Gl o) = 1+ S4B T0LE — Lo + ) + () [ 00rzs + 19(5 + S Ao )L

1
+ (5007 + Yo~ T = TG LG — (o + cby + 2ehBollo + ¢ | (F2)
Each power of L; can be generated by taking derivatives with respect to ng in Eq. (F1):

G(V, ) = eKG(Mo)M)g(anF, MO)[MO(VeYE)1/.70]*.iGTIG(Mf),#)’ (F3)
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where g(0,, u) is the operator constructed by replacing each L in Eq. (F2) with 9,/ js:

~ as(:U*O)< 0 ‘937 0 9y 1) (a.r(ﬂﬂ))z[l 0 284:1 0( 0 4 2 )‘9?7
9, o) =1+ T2 — 901y L) (922 +T +Z8y) 2
g( n MO) . GJ2G YG e Cqs p. 2( G) 14(1; G\ Yo 3:30 ]30

2

1 d ad
# (5007 + 20— T = cbT0) 2 = (ol + el + 2¢o) % + | @
G

Now it is easy to take the inverse Laplace transform of Eq. (F1),

ctioo dy - . e VETG (t/ jG)ﬂG
Glow = [ L e Gl ) = Fehong(a,, o) (o M (FS)

where 5 = 1ng(mo, 1). The derivatives with respect to 17 automatically generate the results of taking convolutions of the
logs inside G(t, pg) with the evolution kernel Ug(#, o, 1) in RGE solutions like Egs. (D5) and (D14).

b .
1. 71" cross sections

Using the above formalism, we obtain for the Laplace transforms of the T‘l”b differential cross sections (1/0¢)do/d 7"1‘”’

in Eqgs. (142) and (147),

a(x, Q% vb) = H(Q% wp)j(9y, w)Ly(x, QDB (0,,, x, pwp) + Ly(x, Q))BE (9, x, wp)15(92, pas)
X oKl w)+ K (g, )+ Kg(pp, w) +2K (g, 1)

QO \uku,p) Q? 7 (s, ) 0? (ks 1) 0 2ms(ps, 1)
<G ) Gagoms) ™ i)™ ®

2
Kn pie’ v mpetv se’t

Taking the inverse Laplace transform with respect to »“? and taking the cumulant in Eq. (172), we easily obtain in
momentum space

O \u(wawm) ( Q274N (s ) ( Q2 74O\ M5 () ( Q740N (115, 10)—
o.(x, 0%, 74" = H(Q?, /'LH)<_M le qul Ml
H J B §

2 2
= Mp 2\ fa,b Mp
X [L“(x, Q2)ba’b(a —In22 xpu )+L4(x,Q )b (a —In=2 x u )]
1 o\ Qups b 1 a\"e Ops ?

2 a,b a,b
X jldg — In——, Jq, Mty g fhps fhs 14), F7
J( oI~ m)s( Q Ms)(ﬂsen) EION (F7)

with a sum over quark and antiquark flavors ¢, g, and where the sums of evolution kernels J, () are given by

Ky, poy g, s, ) = Ky(py, p) + Kj(py, p) + Kp(pp, ) + 2Kg(us, p) (F8a)
Q= Q(uy, wp s, ) = (g ) + nplpg, w) + 295(us, w), (F8b)

where the individual evolution kernels Ky ; g 5, 7, p s are defined in Appendix D.

The fixed-order operators J, b 4.3» 3 in Eq. (F7) each take the form Eq. (F4), which in this paper we will truncate to O(«),
working to NNLL accuracy. In Eq. (F4), I'}., v%., B, are the coefficients in the fixed-order expansions Eq. (D25) of the
anomalous dimensions and beta function, and where j; = 2 for the jet function and j; = 1 for the soft function, and the
constants ¢, are given by

9 72 m? m?
c}=(7—w2)c,;—7’?, ck=—Cp—T§—. (F9)
Note that the cusp parts of the hard, jet/beam, and soft anomalous dimensions are related to the cusp anomalous dimension
in Eq. (D25) by

Iy = 2Fgusp» 1—‘J,B = _ZFgusp; Is= 21—‘gusp~ (F10)

Meanwhile the beam function operators bg'b in the T?’b cross sections are given by
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- as( ) 77_2 1'*0 7T2 0
By 0 ) = 1y w1+ S (e, T (o + ) + L)
oy (142, (X x
00 [t (5 mn )P+ Tef ()P0
ay(pp) [1dz

+

2 ), ?I:CFqu(Z)fqey :“B) + TFqu(Z)fg(gy ,LLB>][6Q + 8b%b(z)], (F11)

where l;‘q”b differ only in the last term,
8b“(z) = 0, 8b°(z) = Inz, (F12)

and the functions F

4, Are given by

— _ 2
F,()=(1+ zz)l:b?(1 f)inz(l Z)] +0(1 - z)(l —z- lltzz lnz), (F13a)
Fo(z) = qu(z)<ln1 L 1) + 601 — 2), (F13b)

and P, ., are given by Eq. (167). The additional term 8b”(z) = In z that appears in the final integrand in Eq. (F11) for
b® is due to the nontrivial ki—dependent terms in Eq. (166) for the generalized beam function, which generate the
8b*(z) = Inz term upon integration over the transverse momentum in Eq. (142). Thus the difference that the 7¢ and 7%
cross sections will become more pronounced at smaller x, when the §b”(z) = In z term inside the integrand of Eq. (F11)
can grow larger.

To evaluate the action of the fixed-order operators given by Egs. (F4) and (F11) in the resummed cross section Eq. (F7),
it is useful to tabulate the following relations:

_ O \2 1
Gl = (w) M+ Q)
00G(Q) = [— anLT1 ~ H(Q)]g(ﬂ), (F14)

2 G(Q) = [(1 s H(n>)2 - 001+ )Gl

71

where H is the harmonic number function, H(Q) = y; + ¢ ©@(1 + Q) and ™ (x) = (d@"/dz")[I"(z)/T(z)] is the poly-
gamma function. The result of taking these derivatives in the expression Eq. (F7) is equivalent to the results of convolving
logs in the fixed-order jet, beam, and soft functions with the momentum-space evolution kernels in deriving the expression
Eq. (185). The two formalisms yield equivalent expressions for the resummed cross section.

2. 77 cross section

The resummed 7 cross section obtained from RG evolution of the hard, jet, beam, and soft functions in Eq. (153) is
given by

oo(x, 02, %) = H(Q?, MH)(Q)"]H(MH#)(Q_2>77J(ijli)()C_QZ)WB(ME»M)(\/-;Q)Zﬂs(l‘«svﬂ)—ﬂj(aﬂ o \/)-C:U’% MJ)

MH M% M% Ms Ous
N MzB 2N T :“%
X | L¢(O )b”(a —In VX, T )+ Ls(O )b?(a —In X, Y, 76, )]5(8 , Mg)
[ q q\ 9Q \/)_CQMS Y, T, UB q g\ 7Q ﬁQﬂS Y, T, MB Q Ms
¢ — 1+ Q o K(pg, s p s, 1)
X (\/;Qlﬁ yl) e ’ (F15)
MseVE ra+Q)

where the operator 15; is given by
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C g ‘ Ia aS( ) 1 dZ X X
Bl % 3. 7 pp) = (s = 1+ (o, x o) + 22 f 7[CFqu(z)fq(;, MB) " TFqu<z>fg(;, MB)]

z Ti—1+y T

1—z x(1—y)

Q
)ZE(—Qp%LI—(h—

X {H(Tf -1+ y)[ln(

+i( (_l—y)X
Q\|7§ =1 +y|

1
SH(-Q) - = |- 01—y — )T
) -0 Q] 60~y 7-1)sin77-Q
Ti—1+y

A e - a-va o @

and similarly for l;f?. Here X = x(1 — z)/(x + z — xz). The additional more complicated terms in l;; are due to the
nontrivial p | integral in Eq. (153) which convolves the terms in the generalized beam function with nontrivial p2l
dependence with the dependence of the jet function on (q; + p;)?, with q; # 0 when y < 1. Note that the apparent
singularities as ) — 0 (the fixed-order limit) cancel in the sum of all terms. The result Eq. (F15) is equivalent to the
expression Eq. (188) derived from RG evolution directly in momentum space.

3. Generic 7; cross section

In a similar fashion we can form the resummed 7, cross section for an arbitrary definition Eq. (24) of the 1-jettiness.
Using the generic factorization theorem Eq. (140), we obtain

0 )nH(MHvﬂ)( Sy )m(w#)( Sp )WE(MB#)(QR)ZTIS(M&M)Q

oo, Q% ) = H(QY, m( 57 &)
My My MB Ms

N M%QR 2\ 7y 'LL%QR
X | Ly(qs, g8 Q°)by| 9g —In 24598 T g )+ Lg(qy g5, Q7)bg| 99 —In 47,9 T1 M
Sgpis SpMs
2 - Kt g s s 1)
~ My Or - (QR|T1 Tq|)ﬂe
X jlog —1In Ly )5(0q, , F17
J( Q S it MJ)V( Q Ms) vz ) (F17)

where the operator l;q is given by

- ~0 a,(ug) (ldz X X
bq(aﬂ’ 47,985 T1» IU‘B) = 6(71 - Tq)bq(a(),: X, /'LB) + i _ CFqu(Z)fq ~—> MB + TFqu(Z)fg —> MB
T x Z < <

2
B 1 —X, 11— 7y I _ 1 _ _ T
< {ot =7 m X, —) H-0) =g |0 = 2T
1 7,X Q P
L4 (_Tatq 0 — 0 — q _ _
Q<|71—7q|) 2Fl( €, -1 -4 7,X, )}0(71 71 = X)) (F18)

and similarly for 15; In Egs. (F17) and (F18), 7, and X, are given by

2 2
Tziqj- =q7J-’ X =

—qy-q(1 —z)
= . F19
Oiy-q s " lzgp — (0 —2q,] g (F19)

APPENDIX G: O(«,) FIXED-ORDER CROSS SECTIONS

1. 7{ cross section

The fixed-order 7§ cross section at O(«,) is easily obtained from Eq. (F15) by taking the limit u ; g s = w, which turns
off all the resummation. We plug the O(a) hard function Eq. (155), the O(a) jet and soft operators given by Eq. (F4), and
the O(«,) beam function operator Eq. (F16) into the expression Eq. (F15). We use Eq. (F14) to evaluate the action of these
operators in Eq. (F15), and finally take the XK, ), 1y ;s — 0 limit. The result is
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1dz

ool 02 75) = 8(r5 — 1 +y) [ CLLYQI /2 ) + L@/ )]
X

X {6(1 — z)[l — as(,u,)CF (9 + zl +3In[x(7§ — 1 + )] +4In[x(7{ = 1 + y)]In(7$ — 1 + y))]

4qr 3
+ %[qu(z) lnx—QZ(T?M_2 1ty Fq(z)]}
S g+ ot =1+ [P Ep (5 ) Pt WD )]
% Py (L /2 ) + L2 )

+ TFqu(Z)(Lq + Lq)(Qz)fg(x/Z, /-L)}I:H(Tg -1+ y) lnm

1 - 1 —yX
+0(1—y—75)9<rg— =) )ln ) ] G1)
x+z—xz) 1—y—r7f
In the last line we used that in the ) — 0 limit, the hypergeometric function in Eq. (F16) behaves like [119,120]
SF(=Q, -0, 1 = Q;—=T) =1+ QXLiy(=T) + - - -. (G2)

In the ) — 0 limit in Eq. (F16), only the first term in this expansion survives.

2. Generic 7, cross section

The fixed-order O(«) cross section is similarly obtained from Eq. (F17) by taking the limit of equal scales u = wy =
my = pp = ug, and thus K, Q, ny ;s — 0. For the cumulant to O(«a,), we obtain

d
o.(x, 0% 1) =0(r, — 7,) f l f[Lq(qJ, qp. O f 4 (x/z ) + Ly(q, g, Q2 f4(x/z p)]

2 2 _ 2 2 _ 2 —
X {6(1 = z)[l _ aWCr <9 227y &R T 2 ") | 4y ERT T ) | Ol T‘f))]
J

477 3 (0] Sp s

a,(n)C )
+ #[qu(z) lnslgiuizq + Fq(z)]}

S ¢ 1) g 000 ) [ (L) P T o)

%:) X1 dz {cquq(z)[ qfq(g, ,u) + quq(f, M)] + TpP (DL, + Lq)ng’ M)}
X [0(71 — 1) In(1 = X)) + 6(ry — 7)0(r; — 7,(1 — X)) In TT"_X‘;l ], (G3)

q

where we have used the relation in Eq. (59), s,55/Q% = Q? to leading order in A, to simplify the arguments of the logs on
the second line.
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