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ABSTRACT: The lack of convergence of the convolution integrals appearing in next-to-
leading-power (NLP) factorization theorems prevents the applications of existing methods
to resum power-suppressed large logarithmic corrections in collider physics. We consider
thrust distribution in the two-jet region for the flavour-nonsinglet off-diagonal contribu-
tion, where a gluon-initiated jet recoils against a quark-antiquark pair, which is power-
suppressed. With the help of operatorial endpoint factorization conditions, we obtain a
factorization formula, where the individual terms are free from endpoint divergences in con-
volutions and can be expressed in terms of renormalized hard, soft and collinear functions in
four dimensions. This allows us to perform the first resummation of the endpoint-divergent
SCETT observables at the leading logarithmic accuracy using exclusively renormalization-
group methods. The presented approach relies on universal properties of the soft and
collinear limits and may serve as a paradigm for the systematic NLP resummation for
other 1 — 2 and 2 — 1 collider physics processes.

KeEywoRDS: Effective Field Theories of QCD, Factorization, Renormalization Group, Re-
summation
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1 Introduction

Hadronic event shape variables in the two-jet region have played a key role for the de-
velopment of resummation techniques in QCD [1, 2].! Later, the utility of soft-collinear
effective theory (SCET) in extending the resummation order beyond what was achieved

1See [3—6] for other early work discussing the break-down of the expansion in the strong coupling for
back-to-back jets and semi-inclusive particle production.



with diagrammatic methods has first been demonstrated for the thrust variable T' [7]. In
the present work we develop the factorization of thrust for the particular contribution to
the two-jet region, when a gluon recoils (at leading order) against a quark-antiquark pair
(“gluon thrust”). The motivation for this derives from the fact that this process is of next-
to-leading power (NLP) in 1 — 7' < 1 in the two-jet region, and thus not covered by the
existing factorization theorem. It represents the hadronic ete™ annihilation analogue of
the off-diagonal ¢g parton channels in deep-inelastic scattering (DIS) at large Bjorken-z, or
in Drell-Yan (DY) production near threshold. These and the power corrections to the cor-
responding diagonal channels have recently received much attention [8-20] in an effort to
extend the classical leading-power (LP) factorization theorems for these observables to NLP
in the kinematic regime, where large logarithms spoil the weak-coupling expansion. We
focus on gluon thrust here, since it presents the same difficulties as the forementioned off-
diagonal processes, but does not require the factorization of parton distribution functions.

annihilation with center-of-mass energy @ is
2 |pi - 7]
ilmil

where i runs over all hadrons (partons) in the final state. The plane orthogonal to the thrust

The thrust of a hadronic event in eTe
defined as

T = maxg

(1.1)

axis 77 divides space into a left and right hemisphere. The total invariant mass (squared)
of the hadrons in these hemispheres will be denoted by M? and M}%, respectively. As

T=1-T =0, (1.2)

the particles cluster into a pair of back-to-back jets, and perturbation theory in the strong
coupling a,(Q) breaks down due to large logarithms In 7 at every order. This has been ex-
tensively studied for the leading quark-antiquark two-jet process. All-order resummations
are essential to provide reliable calculations of thrust and jet masses in the two-jet regions.
In this work we consider instead the phase-space region

+

eTe” =" = [g]c + [qdle, (1.3)

where the direction of gluon jet is defined to be the “collinear direction” and the direction
of the recoiling gg-jet the “anti-collinear” one. This process starts at order ay only (see
figure 1). More importantly, as 7 — 0, it does not have the leading-power [In7/7];
behaviour from soft-gluon emission. Instead the leading term is ayln7, and the entire
process is of next-to-leading power in 7,2 similar to the off-diagonal DIS and DY processes
related by crossing.

“Gluon thrust” and its unconventional all-order logarithmic structure was first studied
in [14] and an expression for the leading double logarithms was written down, which was
subsequently derived from d-dimensional consistency relations [18]. The result of [14]
exhibits an unconventional “quark” Sudakov form factor, related to an enhancement when

2For clarification, we note that we do not consider here non-perturbative power corrections in the strong
interaction scale Aqcp, which are expected to be O(Aqep/(7Q)), that is, we assume the strong hierarchy
Aqep/Q € 7 < 1.
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Figure 1. Leading O(a;s) QCD diagrams contributing to gluon thrust.

either the quark or anti-quark in the qg-jet becomes soft. In this case the octet colour
charge of the gluon jet is balanced by anti-collinear particles in a colour-triplet or anti-
triplet. The colour mismatch of the back-to-back energetic particles causes a new type of
double logarithms proportional to the difference C'4 —CF of the colour charges at the leading
double-logarithmic order. Despite these insights, and sketches of the form of a factorization
theorem within SCET [11, 14, 18], it is not yet known how to proceed beyond the double-
logarithmic order. The issue is an endpoint-divergence in the convolution integrals that
link the hard, (anti-) collinear and soft functions in the factorization theorem. In the
present work we build on refactorization ideas developed for DIS [18], and Higgs decay to
two photons through bottom-quark loops [21, 22] to derive a factorization theorem suitable
for systematic resummation. To this end we combine standard SCET factorization with
endpoint factorization.

The outline of this paper is as follows: in section 2 we provide a heuristic discussion of
the factorization formula, which motivates the proposed endpoint subtraction. In section 3
we derive the “bare” factorization theorem using standard SCET methods. For endpoint
factorization to work, the hard, collinear and soft functions must satisfy certain asymptotic
conditions, which are derived in section 4, and subsequently employed to rearrange the
factorization formula such that the convolution integrals are finite. The renormalization-
group equations required for the various functions are given in section 5 and solved with
leading-logarithmic (LL) accuracy. Finally, in section 6, we obtain the resummed gluon
thrust distribution and display the numerical effect of resummation.

Throughout the paper, we employ dimensional regularization with d = 4 — 2¢ space-

time dimensions, and the MS subtraction scheme whenever renormalization is required.

2 Heuristic discussion

At leading order (LO) a virtual photon couples to a quark-antiquark pair producing two
back-to-back jets in the center-of-mass frame. In this work, we consider instead the different
two-jet situation, where one of the jets is initiated by a gluon. This process is not only
suppressed by one power of ay (see figure 1) relative to the LO process, but also by one
power of 7.

We define the hemisphere of the gluon jet to be in the “collinear” direction, the other
jet is then in the “anti-collinear” direction. There are two possibilities to generate the
gluon jet at O(as):
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Figure 2. SCET representation of the “off-diagonal” gluon-thrust amplitude in the two-jet region.
The diagrams show the NLP structure of the process with all LP interactions removed.

I Quark and anti-quark have both large anti-collinear momentum and form a single
jet, which recoils against the gluon.

IT The quark or anti-quark is anti-collinear and balances the gluon momentum, while
the other of the two is soft.

Both configurations are suppressed by a factor of 7. Their further evolution is determined
by the standard leading-power collinear splittings and soft emissions. The above separation
introduces an ambiguity from the precise meaning of “soft” and “anti-collinear”. We can
start with situation I, and decrease the large anti-collinear momentum component of the
quark or anti-quark. At some point, it becomes soft (and anti-collinear) and should be
counted as part of contribution II. In perturbative computations in powers of «g, this
ambiguity is not a problem as long as the jet definition is infrared-safe. If, however, one
wants to perform resummation, the effective field theory approach requires the separation
of soft and collinear modes to split the large logarithms into single-scale quantities. This
conflict between physical and mathematical mode separation leads to a so-called endpoint
divergence in the convolution integrals appearing in the factorization theorems.

Let us analyze these two possibilities from the SCET point of view by looking first at
the Feynman diagrams shown in figure 1. We begin with I (later called “B-type” contribu-
tion, following the SCET notation for the corresponding hard vertex). The intermediate
propagator in the diagram on the left carries momentum g, = py + p,. Since p, is assumed
to be collinear and p, is anti-collinear, g, is a hard momentum with virtuality ¢ ~ Q2.
The g4-internal line is integrated out, and the primary hard SCET vertex produces a gqg
state directly, see the first diagram in figure 2. Since there are two partons (¢q) in the anti-
collinear direction, only their total momentum is fixed and the amplitude depends on the
fraction of anti-collinear momentum carried by each parton. When one of these fractions
tends to zero, the parton becomes effectively soft and one moves to possibility II (called
“A-type” later). The gq-internal line (or g, if the anti-quark becomes soft) is no longer
hard. Hence the primary vertex is the standard v* — ¢g¢ process. The energetic quark or
anti-quark subsequently transfers its entire momentum to the gluon, while becoming soft.

This process is represented by a power-suppressed SCET Lagrangian term /ng)

describing
soft (anti-) quark emission, see the second and third diagrams in figure 2.
The fact that in some intermediate region the same physical process can be represented

by the limits of two different mathematical expressions is the key to the idea of endpoint



factorization. To anticipate what will be discussed in technical terms further below, we
state the factorization theorem for the two-hemisphere invariant mass distribution of gluon
thrust in schematic form in Laplace space:

1 do A
— = [ dwdd’
(o) dSRdSL /0 waw

2 —
CAO‘ X ja(q) X Je (w,w') @ Snip (w,w)

1-A/Q _
+ drdr’ C’Bl(r)CBl(r')* @ T (r,r") x jc(g) x S (2.1)
A/Q

Here C' are hard matching coefficients, J are jet functions and S are soft functions. The
precise definitions will be given in subsequent sections. We dropped all function arguments
except for the convolution variables, which have divergent integrals. The soft-collinear
w, w' convolution integrals are logarithmically divergent for w,w’ — oo, while the hard-
anti-collinear integrals over r, r’ diverge logarithmically when r,7" — 0,1. However, both
integrals are well-defined in dimensional regularization as long as the limit to four space-
time dimensions is not taken.

In the intermediate region, the soft quark in the soft function Snrp that appears in
possibility II has large soft momentum w and can equally well be regarded as part of the
anti-collinear function 729 in the second line with small anti-collinear momentum fraction
r. Removing the quark from Sypp leaves the single-particle soft function S(g), hence
Snip — 5@ and jé(q) — jaqq. At the same time, the hard process changes from AO-type
to Bl-type. Thus, the integrands of the two terms in (2.1) should become identical in the
respective limits. A rearrangement at the integrand level can then be performed in the
singular limits, which introduces the factorization parameter A, such that both integrals are
separately finite. At this point one can remove the dimensional regulator and use standard
renormalization-group techniques to sum the logarithms in the hard, jet and soft functions.
These involve only LP interactions. NLP interactions occur only once (at amplitude level),
leading to the two terms in (2.1), and therefore provide only one additional logarithmic,
but finite integration from the convolutions.

3 Bare factorization theorem

The distribution of an event shape e in eTe™ annihilation into hadrons through a photon
with virtuality Q? = ¢? is

Z—: = Z/dPSx (2m)* 6D (q = px) Lyw (q) 6(e — &(X))(0]J™(0)|X){X|7#(0) 0),  (3.1)
X

with the leptonic tensor

8m2a2,, 4.9
and the electromagnetic current J* = thy#4), for simplicity of a single quark flavour with
electric charge e, = +1. For a given final state X, é(X) returns the value of the event
shape variable. For small 7,

_ M+ M}



and the thrust distribution is related to the two-hemisphere invariant-mass distribution by

do / 9 119 ( M3 + M,%) do
dr Q2 ) dMZdM?

Eq. (3.1) is the starting point of the perturbative computation in terms of partonic

final states X. The LP factorization theorem for the resummed event shape in the two-jet
limit has been known for a long time [1, 2]. The resummation of NLP double-logarithmic
corrections to the quark-antiquark back-to-back jet configuration, which is present already
at LP, has been derived recently [9]. Defining the left hemisphere to be the collinear
one and employing the SCET framework, the hemisphere invariant-mass distribution for
M3, M? < @ is expressed at LP as

1 do

(mwgwﬁzc¢%fw/ﬂmzx@w@@)x@w@@nsme> (3.5)

in terms of the convolution of the jet (anti-) collinear functions with the hemisphere-soft
function, multiplied by a universal hard function [7, 23-25].> The distribution is normalized
to the leading-order total cross section
2

S 471':]3\233(31[1 ’ (36)
with the number of colours N, = 3. Factorization theorems at NLP are more complicated
due to multi-local convolutions, which further exhibit endpoint divergences, when expressed
in terms of renormalized hard, collinear and soft functions [15].

Before turning to endpoint factorization, we provide in this section the SCET deriva-
tion of the factorization formula for off-diagonal gluon thrust, which has already been out-
lined in [14]. We introduce two light-like vectors n/} , satisfying n.n_ = 2 and pointing into
the directions of the back-to-back jets. The vector n” defines the direction of the collinear
modes of the gluon jet. (Anti-) collinear modes therefore have large components nyp. ~ Q
(n_pz ~ Q). The transverse momenta in the jet are of order p; ~ AQ ~ /7Q < Q, where
A ~ /7 denotes the SCET power-counting parameter. The momenta of soft particles
scale uniformly, ps ~ 7Q. In the adopted reference frame, ¢// = 0. We further note that
since gluon thrust vanishes at LP, there are no kinematic NLP corrections, and (3.3), (3.4)
continue to hold.

After integrating out the hard modes, the electromagnetic current matches to

D) = [ dHdiC (D) Xeltna )y xeln-) + (¢ )

+ Y / dtdEydfs OB (1, Fr, Ba) el(E1n )T Ao (s ) xe(Fan_) + ... (3.7)

i=1,2
in SCET. Here A, |, denotes the gauge-invariant gluon field operator dressed with Wilson
lines, which in light-cone gauge is related to the gluon field by A.,, = gsAc1,. The omit-
ted terms are higher than NLP corrections and purely gluonic “flavour-singlet” operators.

3By charge conjugation symmetry, the quark and anti-quark jet functions coincide, jé(é) »*) = AR ().



For simplicity, we neglect the mixing of ¢q into gg operators in the second line. Singlet
terms cause well-understood technical complications but do not touch the essence of the
factorization discussed in this work.

The originally local current is now represented by light-ray operators. The first line
corresponds to the LP hard vertex, which emits a back-to-back quark-antiquark pair. The
second line of (3.7) represents the O(\) suppressed “B-type” SCET operator, which directly
produces the configuration relevant to gluon thrust, a collinear gluon and an anti-collinear
quark-antiquark pair. The first line can nevertheless contribute to gluon thrust through a
time-ordered product with the O()\) suppressed SCET interaction [26, 27]

,ng(l‘) = (js(x—)AcJ_(x)Xc(x) +h.c., (38)

which converts a collinear quark into a collinear gluon and a soft quark. Here

I

(ng - ) F | (3.9)

. 2

H =
T
and we further define the scalar quantity x+ = ny -2/2. The gluon jet now recoils against a
quark-antiquark pair in a highly asymmetric configuration, in which the antiquark carries
almost all the momentum of the jet.* The Dirac structures in the power-suppressed B-type
operator are given by

he ho
M =500 Ty =51 (3.10)

We note that boost invariance together with the projection property #_x. =0, 7, xz =0
implies that only the transverse components of the vector current contribute.

Eq. (3.7) is the starting point for deriving the factorization formula and the main
steps are fairly standard. After the collinear field redefinition with the soft Wilson line [28]
Y, (z) = Pexpligs [y dsn_Ag(x + sn_)] (Yy, (z) for anti-collinear fields), the collinear,
anti-collinear and soft fields are decoupled at LP. The final state |X) = |X.)|Xz)|Xs)
consists of a collection of corresponding modes, and hence the matrix element factorizes
into suitably defined collinear, anti-collinear and soft functions. Performing these steps on
the two terms in (3.7), more precisely the time-ordered product with (3.8) for the first,
gives rise to an “A-type” and a “B-type” term in the factorization formula, which we discuss
separately next. Note that due to the different field/mode content in the final state (soft
quark or not), there is no interference between the two terms when squaring the amplitude.

3.1 A-type term (soft quark)

This term stems from the square of the matrix element

(X[ (Xe|(Xs] /ddfﬂ T [Xe(tny )7 xe(tn-), iLeg(2)]10) (3.11)

summed and integrated over all possible final states. As mentioned above, there are two
A-type terms, because either the quark or the anti-quark in the current can transfer its

4The hermitian conjugate in (3.8) provides a second contribution, in which the antiquark turns into the
collinear gluon and a soft antiquark.



momentum to the collinear gluon. Due to the different final state, the two terms do not
interfere. In (3.11) we consider explicitly only the first contribution. We comment on the
second at the end. To separate the above matrix element into collinear, anti-collinear and
soft factors, we perform the field redefinitions [28]

Xe(®) = Yo (2-)xe(2), Xe(®) = Yo, (+)xe(@), (3.12)
Al (2) = Yo (z2) AL (@)Y](a2). (3.13)

Inspection of (3.7), (3.11) shows that the following hard, (anti-) collinear and soft functions
appear.

Hard function. This term involves the hard function CA%(¢, £) of the LP A-type current.
We define the momentum-space coefficient

CA%n pe,n_pe) = /dtdfeitmrpﬁﬁn_pé CAO(t,1). (3.14)

It depends only on the product Q? = nyp.n_pz of the large components of the collinear
and anti-collinear momenta. At LO, we find CA%(Q?) = 1+ O(as). The two-loop result
can be found in [29].

Anti-collinear function. The L¢, Lagrangian insertion acts in the collinear sector,
hence the anti-collinear sector is unaffected. After squaring the amplitude and integrating
over the anti-collinear final state, we obtain the LP anti-quark jet function

L3 [ AP, (01Rel s X)Xl 0)aa0)
Xe

d , _
= o [ (;if)’d n_pe 710 (p?) (@)ﬁ (3.15)

At LO, we have jE(Q)(p2) = 5H(p?) = 0(p*)6(p?). This object is well understood and
computed up to the third order in o, [30]. Here and below we use small Latin letters for
colour and Greek letters for Dirac spinor indices.

Collinear function. This function picks up the collinear fields from the L¢, insertion
and represents a new non-local jet function that appears at NLP. Defining the non-local
operator

Oaa;bﬁ(wa $) = /ddy ez‘y,w T{quﬁ(x)v [-AJ.cXc]aa (:U + y)} ) (3'16)

where y_ = ny - y/2, its jet function defined as in the LP case (3.15) by

!

1 1 %
T / +
2 2 [ PSx. 5 (010 2) |Xe) [2] (Xl Ouas (,0) 0)

Cu-a 5] e ([,
[, ] 207 0], o)



The factor 1/g2 has been introduced for convenience, such that the leading term is O(a?).
The Dirac matrix |7, / 2} o OB the left-hand side ensures that only a single Dirac structure
can appear on the right-hand side, and avoids a discussion of evanescent structures that
would otherwise be present. In the derivation of the A-type term, this factor will arise from
the decomposition of the soft function, see (3.20) below.® At LO in as, the collinear final
state X, consists of a single gluon,® and only the unhatted jet function is non-vanishing:

J(p*,w,w') = (%), (3.18)

J.(p?w,w') =0. (3.19)
Soft function. Collecting the soft Wilson lines from the soft-decoupling field redefinition,

as well as the soft quark field from the Lagrangian insertion (3.8) leads to the following
definition of the NLP soft quark function:

o2 d;ﬂ d;ﬂ e o T { [yl oy, 0] [Ma] )
X Pu(liy 1) T{ (@] 1, (=) [V (0) Yy (0)], }10)
= <¢2+> {5a’a5bb’ SNLP(Z—H l_, W, w') + 5},&(5&/1,/ §NLP(Z+7 l_,w,w’)} + ... 5 (3.20)

where x_ is defined below (3.9), and
P} =3 [Pk 80— napf )00~ nopk ) IXO(XS (2

contains the measurement functlon on the soft final state and the final-state sum pertaining
to the two-hemisphere invariant mass distribution. With this definition, the left hemisphere
contains the collinear gluon jet, and the right hemisphere is on the anti-collinear side.
The dots in (3.20) denote terms proportional to #_, which do not contribute due to the
projection property of collinear fields in other parts of the process. The prefactor is chosen
for convenience, such that the soft function starts at O(as). The soft function for thrust
is obtained from

STip(k,w,w) / dlydl_5(k —1y —1-)Snep(ls,l_,w,'). (3.22)

There is an analogous definition with obvious modifications for the NLP soft anti-quark
function relevant to the second A-type contribution. The colour decomposition is chosen
such that at leading O(as), Sxpp(l+, -, w,w’) = 0, while

as O(w)d(w — ') lyw

i la(z)e(w 10w ( - ) (3.23)

w2 w2 -
- T 813 —w) (M2> ] .

5This would remain true even if we had allowed for flavour-singlet contractions of the quark fields. These

SNLP(LH lfvwaw,) =

do not exist for the A-type term, since the contraction of different modes, that is the collinear quark field
with the soft quark field from the soft function, is not allowed in SCET.

5The ¢gg final state at this order corresponds to a disconnected diagram, which does not contribute to
the scattering amplitude.



The two-hemisphere NLP soft-quark function is introduced here for the first time, but we
take note of the calculation of the NLP soft function that appears for soft gluon emission
in the Drell-Yan process [10], which is already known to O(a?) [10, 31].

Factorization formula. With these definitions, we obtain the soft-quark contribution
to gluon thrust in the two-jet region in the form

1 do | _ 2CF
oo dMZAM2 A7 T T

X { jc(M[% - Ql—a wvw,> SNLP(Z—H I, w, wl)

FOICN@)P [ dndr [ deds’ 700 - QL)

+ F(ME = QL w,0) S (L, 1w, ) } , (3.24)

where

fle) = (Z{T)_g(1 _Fg Egg; ) (3.25)

is a d-dimensional factor defined such that f(0) =1 in four dimensions.

To turn the convolution in [, l_ into a product, it is convenient to consider the Laplace

transform
do

dsgrdsy,

do
dM%de

= / T AM2AM? s rME/Q s ME/Q (3.26)
0

of the two-hemisphere invariant-mass distribution. In general, the Laplace transform of

collinear functions with variable p? are defined with I dp? e=sp’/ Q. while for soft functions

we use [5° dlydl_ e SR+ 5Ll Then

e lape = S HAICNQIP T (5n) [ dde (3.27)

oo dspdsy,

~

X {jc(SLawvw/)gNLP(sRasLawaw/)+ jc(sLawaw/)§NLP(5R78LaWaW/) } .

The total A-type term is twice the above (3.24), (3.27), since there is an equal contribution
from the soft anti-quark phase-space region.

3.2 B-type term

The B-type term is obtained under the assumption that the intermediate propagator in
figure 1 is hard, which leads to the B1 operator in the matching equation (3.7). We then
need the square of the matrix elements

(Xe[(Xe|(Xs| Xe(tin)TF" Acry(tng ) xe(tan-) |0) (3.28)

summed and integrated over all possible final states. Inspection of (3.7), (3.28) shows that
the following hard, (anti-) collinear and soft functions appear.

~10 -



Hard function. There are two relevant operators, i = 1,2, which differ by their Dirac
structures (3.10). We introduce the Fourier transforms

ClBl(nerc’ TN_Pz TN_Pz) = N_Pg / dtdtdts itnapeti(tir+tam)n_pe CNvZBl(t’ 7, {2) (3.29)
of the corresponding hard functions. The B-type operators contain two fields (quark and
anti-quark) in the same collinear direction. The momentum-space coefficient depends on
the product Q? = np.n_p; of the large components of the collinear and total anti-collinear
momentum, and r, which denotes the fraction of total anti-collinear momentum carried by
the quark. Accordingly, ¥ = 1 — r is the momentum fraction of the anti-quark. At the
leading order in «y, we find”

Ccri(@*r) = % (3.30)
Q%) = —% : (3.31)
From the transformation of (3.7) under charge conjugation, we find that charge conjugation
invariance implies that CB(Q?,7) = —CP!(Q?,7) to all orders in the strong coupling. We
notice that the matching coefficient CP! (CP') is singular in the limit r — 0 (r — 1),
in which the quark (anti-quark) becomes soft. From this observation, we can already
anticipate a relation to the A-type contributions.
Further insight can be obtained by a helicity consideration. To this end, we separate the
electromagnetic current in (3.7) into a left- and right-handed piece by inserting 1 = P+ Pg.
In four space-time dimensions we have®

DY Py = gi"p_Pr, (3.32)
Ti P, = gly_Pyp, (3.33)
T Py = ghs_Pg, (3.34)
Iy Pp = gi")h_Pr, (3.35)
where 1 ;
9= (22 £ 5 s ) (3.36)

projects on the left (—1) / right (+1) helicity of the collinear gluon in the B1 operator (3.7).
Since helicity is conserved and amplitudes with gluons of different helicity do not interfere
(see (3.37) below), the virtual photon and gluon always have the same helicity. Focusing
on the negative helicity case for definiteness, we conclude from (3.32)—(3.35) that the
operator with Dirac structure ' produces a left-handed out-going quark, while for I'y”
it is right-handed. It follows that the two operators cannot interfere in the non-singlet
channel, where the yz(t1n_)xz(t2n—) fields in the operator in (3.7) cannot be contracted
among themselves. This strictly holds only in four space-time dimensions. In other words,
a non-singlet interference term must be “evanescent” and vanish as € — 0.

"We recall that the definition of A% absorbs the factor gs from the tree-level diagram.
8Convention: €1%% = +1.
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The limit » — 0 in the B1 matching coefficient implies that the momentum of the out-
going quark in the left diagram of figure 1 goes to zero, and the intermediate quark propaga-
tor goes on-shell. The helicity argument above implies that only CP(Q?,r) corresponding
to '} can be singular in this limit. For definiteness, consider again the case of the negative
helicity gluon and virtual photon. The nearly on-shell intermediate propagator implies that
the B1 operator factorizes into v* — ¢+ ¢ and ¢ — ¢+ g. As r — 0 the outgoing quark in
the latter process has zero momentum, and the incoming quark and outgoing gluon have
the same large collinear momentum. Since g has negative helicity, the incoming quark must
be left-handed, since a helicity change by 3/2 is not possible. By helicity conservation of
the strong interaction, the final soft quark must then also be left-handed. As shown above,
this singles out I'{"”. The situation is reversed in the soft anti-quark limit » — 1 and implies
right-handedness, which singles out I'}”. We conclude that, to all orders in perturbation
theory, only CP1(Q?,r) (CB1(Q? 7)) can be singular in the endpoint r — 0 (r — 1).

Collinear function. The collinear function is simply the standard LP gluon jet function,
defined as

11
57 2 [ APSx. (OLALL, (@) Xo) (X AL, (0)]0)
s X,
d? -
e BC o 1 p —1pT (g) 2
=0 ( g,uu)/(27r)d€ T (p ) (337)

At LO, we have g (p?) = 6T (p?). This object is well understood and known up to the
third order in «a; [32].

Anti-collinear function. The anti-collinear fields consist of the quark-anti-quark pair,
which recoils against the gluon and is therefore in a colour-octet state. The corresponding
jet function can be defined as for the gluon, but in terms of the composite field

QM (z,r) = % /Ooodtem""pa Xe(z + tn AT xa(x) . (3.38)
At leading order, r can be interpreted as the momentum fraction of the out-going quark.
The Dirac structures refer to (3.10). Except for the colour and Dirac matrix, the opera-
tor coincides with the one that enters the definition of light-cone distribution amplitudes
of mesons. However, instead of the vacuum-to-meson matrix element, here we need the
inclusive jet function

2
=y / dPSx, (0|QI (1) Xz) (X2 Q" (0,)[0) (3.39)
Xz
AB 2 ddp —ipx qq(8) /2 / 74q(8) (2 /
= 6 (d_2) /(zﬂ)de 5ii/¥75 (p 7T)T)+(1 _6%’) \75 (p 7T7T) 3

which is a NLP object. It is easy to see that the four possible values of i,7 = 1,2 give
rise to only two independent jet functions, which we decompose as above into a diagonal
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and off-diagonal term in 7i’. At lowest non-vanishing order O(ay), the Xz = ¢q final state
results in

Qg 1 [ pPerE ‘
jqq(g)(p rr') = P = S(r—1r")rr < o ) ) (3.40)

where 7 =1 —r.

The hatted function, which describes the mterference of the two B1 operators, is given
at this order by jéqq(g) (p%,r,7") = (—€)/(1—¢€) Ts 99(8 (p r,r'"), and vanishes in four dimen-
sions, as expected from the helicity discussion above. In principle, it should be possible
to remove this evanescent anti-collinear function by a finite, non-minimal counterterm re-
lated to its mixing into the “physical” jet function. This relies crucially on a renormalized
factorization theorem, i.e. being able to take ¢ — 0 at the level of the individual collinear,
soft etc. functions. Since for the time being, we continue to work with d-dimensional quan-
tities, we keep fé]q@) (p?,7,7') in the following. We will see later that it is irrelevant for the
discussion of endpoint divergences.

Soft function. Performing the soft decoupling field redefinition on (3.28) results in the
field product

Xea [YTL_ Ynf]ac [tB]Cd [Yrj_ Yn+]deEb Afj_u : (3~41)
The Wilson lines can be combined into the adjoint Wilson lines },_ using
A A AB[,B
YotV ] = ety ], = Vil 7], (3.42)

After squaring the matrix element and summing over the soft final state, we obtain the LP
two-hemisphere soft function in the adjoint representation:

SO (14,1-) = O[T {YFP©OYP4(0)} Polly, 1) T{PC VP O)} [0) . (3.43)

N2 —1
The LO result is S (1, 1) = 6(1+)5(1_).

Factorization formula. Inserting these matrix element definitions, we obtain the fac-
torization formula for the B-type term

o = gr 1O [ el 3 [anar'CEU(Q2 1O @)

Zl—

X { 51'1'/ \7eqj(8) (MIQ{ - Ql+, T, 7"/) + (1 - 5%/) ‘?qu(g) (M]% - Ql+,1", T/)}

X T (M?—QI_) 89 (1,,1_). (3.44)
In Laplace space:
L _do 2CF Bl /2 Bl
00 dspdsy BTV T 4
00 dspdsy, |B—type QQ f(€) e 2/d7“d7“ Cii Q7 )C (Q r) (3.45)

X {(M \756(8 (sgryrr" )+ (1=8) qu(s) (sg,m,1") } T9(s1)59) (sp,sL).
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Only the first term in the curly brackets proportional to d; is non-vanishing at leading
O(as).?
3.3 Tree-level evaluation

Inserting tree-level results for all functions given above, the two terms in equations (3.24)
and (3.44) reduce to the following expressions. The A-type soft-quark term is given by

1 d%c 2CF
— | Atvpe. = —f(e)/dl dl_ /dwdw’5+(M2 —Qly)
o0 dMF, dME ' A Q + R
X 1 5+(M2_Ql )Oése(www_w/){(s(l )9( 1 )9([ ) (w)e
wor O TR g e (1 — ) OV T

w2

w2\
= 0(14) 81— w) (ﬁ) }

2\2\ "€ 272\ "€
oron () - ooy o () ) o

_ Os 2CF f(e)
4w Q% e~ED(1—e¢)

where the pole in € arises from the logarithmic divergence of the integral flio dw /w for large
values of the soft function variable. The total A-type contribution is twice the above after
adding the soft-antiquark term. Similarly, the B-type term is given by

1 do | 2CF A
_— = — €
oo dMF dMp, PWPe Q2

11 11 11 11\ e as T (M3 —Qly)ri\ €
- i - - 5 o\ S R )
X{(TT/+TT/>+<TT/+TT/>1—6} (r T)47TF(1—6)< pleve

as 4C 1 € ME \"“T(2—¢)
T 4r QfQF (€) { s (1—¢)? }(ﬁ(Mg)(/ﬂefE) ['(2—2€)"

) / dly di_ / U drdr (M2 — QL)S()S()  (347)
0

In this case, the singularity arises from a logarithmic divergence in the integral over the
momentum fraction r as r — 0 and r — 1. Adding both terms and taking the limit ¢ — 0,
we find

2 2
Ulondé ;IM}?% - O‘fF 52 {5+(M,%) lln z\i}% - 1] - 5+(M§)} . (3.48)
The poles cancel in the sum of both the A and B-type contributions in equations (3.46)
and (3.47) (once we account for the soft-antiquark contribution to the A-type term) as
it should be, as the off-diagonal gluon-thrust is infrared safe. After converting the two-
hemisphere invariant mass distribution to the thrust distribution according to (3.4), we
reproduce the coefficient —asCp/m of the In7 term in [33].

The single logarithm arises from the dimensionally regulated convolution integrals,
which are logarithmically divergent in d = 4. For resummation we would like to define
renormalized hard, soft and (anti) collinear functions and take the limit ¢ — 0 before

9Since the sum of the A-type and B-type term are finite in the limit ¢ — 0, the common prefactor f(¢)
could be set to its four-dimensional value 1 everywhere at this point.
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performing the convolution integrals. Proceeding in this way, however, the convolution
integrals are ill-defined. In the following sections we explain how this problem can be solved.

To prepare this discussion we make the following observation. The integrand of the two-
dimensional convolution in w,w’ in (3.46) in the limit of large w,w’ (where the divergence
arises) is given by

s 2C
ZLW ?F (o) / diydl- 5% (Mp — QLy)s™ (M7 — Q1-)6(1-) 6(1)
d(w—w) 1 liw\™°
x ww! efﬁﬂ/EF(l — E) . (MQ>
@ 20F b)) M) ™
T odn Q2 07 (M) W' (1 —¢) < Qu? ) - 349

In the B-type term (3.47), the divergence of the convolution arises from small momentum
fraction. The integrand of the r,7’ integrals in the limit of small r reads

s 2C
oG @) [ dia 5F (4 - QL)a1)A-)
a(r—r") 1 (M]%_Ql-‘r)r -
X ! T(1—¢) r < pu2eVe >
a2k 0 S —r) flO) ( MEr N\
=L e T (Bl) e

which is identical to the previous expression provided we identify r = w/Q, ' = &'/Q. A
similar agreement holds for the identical soft anti-quark contribution to the A-type term
and the r — 1 limit of the B-type term (3.47). From the heuristic discussion of section 2 it
is evident that this agreement is not a coincidence, but holds to all orders in the expansion

in ag.

4 Endpoint factorization

Egs. (3.24), (3.44) provide factorized expressions for the two-hemisphere mass distribution
in the two-jet limit in the gluon-thrust region from which the NLP logarithms can be
computed to any logarithmic accuracy order by order in a; by evaluating the convolutions
of the d-dimensional hard, (anti-)collinear and soft function. The limit ¢ — 0 must be
taken at the end, because the convolutions in the A-type term are divergent when w and w’
both tend to infinity. In the B-type term this happens when r and ' both approach 0 or 1.

This form is not quite sufficient to sum the logarithms to all orders in as. To apply
the standard SCET renormalization-group method to the hard, (anti-)collinear and soft
factors, one must renormalize them and take the limit ¢ — 0 before the convolution. In
this section we employ the coincidence of the integrands in certain asymptotic limits, which
should hold on physics grounds and has been demonstrated above at lowest order, to factor-
ize and rearrange the endpoint contributions such that the convolution integrals are finite.
Similar methods to derive endpoint factorization at the level of factorization formulas with
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Figure 3. Graphical representation of the factorization (4.1) of the B1 matching coefficient in the
soft-quark limit.

functions defined by matrix elements of operators have been derived before only for exclu-
sive B decays to P-wave charmonia [34], which involves SCET and non-relativistic QCD,
and Higgs decay to two photons [22], which is a SCETy process. These are amplitude-
factorization problems. The present case of gluon thrust is somewhat different as it is a
SCET] problem, and involves inclusive collinear and soft functions defined at cross-section
level, similar to [18]. Nevertheless, the main mechanism that achieves endpoint factoriza-
tion is similar to the above-mentioned cases. Interestingly, it partly involves functions,
which are the non-abelian generalization of some that appear in H — 7.

4.1 Soft-collinear limit of the B1 matching coefficients

An important ingredient in this discussion is the factorization property of the coefficient
function of ggg SCET B1 operators, when the light-cone momentum fraction carried by the
quark or anti-quark becomes small. The endpoint divergence in the B-type contribution
originates from the singular behaviour of the CZB1 matching coefficients in this limit, which
in turn arises because the intermediate quark or anti-quark goes on-shell, see figure 1.

By its original definition, the matching coefficient is a single-scale, hard function. For
r — 0 (soft quark) and r — 1 (soft anti-quark), it becomes a two-scale object, which can
itself be factorized according to [18§]

L DM@
:

CPHQ* r) = CM(Q?) +0(r°), (4.1)
where the two scales Q? and r@Q? are now separated into the hard matching coefficient of
the leading-power A0 SCET current, and a new coefficient DB!(rQ?), which depends only
on the endpoint-scale \/7Q. We recall that CP1(Q?, r) is regular in the soft anti-quark limit
r — 1. An analogous factorization holds for the second B1 operator in the limit r — 1:

. DPL(rQ?)

C3M Q% r) = —CM(Q?) +0(). (4.2)
Since the two cases are related by r <> 7 (plus a global minus sign), the following is phrased
for the soft-quark limit only. A graphical representation of (4.1) is shown in figure 3.

For r — 0 the outgoing quark represented by ¥z field in the second line of (3.7) becomes
soft-anticollinear. The soft-collinear coefficient DB!(p?), which appears in (4.1), (4.2), can
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be defined by matching the time-ordered product [18§]

(92 (pe)gse(pse) | / d*z T{Xc(0), Leg(x)} |0) = gsu(pse)ts,, L(pc)m};pC%DBl(pQ)v (4.3)

with p2 = (pe +p§)2 = rQ2 and

Ley(2) = gse(@-) Aer (z)Xxc(z) + hec. (4.4)

the leading soft-quark Lagrangian [26, 27] with ¢s replaced by gsz. This relation becomes
evident by comparing the second diagram in figure 2 to the right-hand side in figure 3. From
its definition in terms of a time-ordered product it is clear that the matching coefficient
DBY(p?) is a universal function that will appear in different processes involving soft quark
emission.

The leading double-logarithmic resummation of DB!(p?) to all orders in ay has been
derived in [18]. It exhibits the all-order (C4 — Cr)™ colour coefficient, which seems to
be characteristic for soft quark emission [14, 18, 35]. Interestingly, the same coefficient
enters the ggH amplitude with a bottom-quark loop and was recently computed at the
two-loop level [36], together with its one-loop evolution kernel, which was obtained from
renormalization-group invariance of the full ggH amplitude.

The DB (p?) coefficient as well as its evolution equation can also be obtained from the
corresponding B1 operator coefficients and anomalous dimension by taking the limit » — 0.
Since the anti-collinear part of the B1 operator has the same field content as the operator
relevant to light-cone distribution amplitudes, the extraction of the anomalous dimension
is similar to the derivation of the asymptotic kernel for the QED light-meson light-cone
distribution amplitude [37], see also [22]. We refer to appendix A for this derivation, which

results in
DB (p?) = 1+ 22 (Cp — Ca) <2 —1- ”2> Y o). (@s)
47 €2 6 —p? —ie s
d o]
DBL()2 :/ 492~ (92 p?) DB (52) | 46
dln (%) ; p° (%, p°) D™ (H) (4.6)
with
9 2 as(Cr—Ca) ..o o 2
= —-— —_— 1
(P, p7) - 6(p” —p”)In s
as (Ca 2 | 000° —p*) | 0(p* — %)
+— ( -C )p Y + - : 4.7
~\2 )N RE - Pe -], o

in agreement with [36].

When the gluon field is replaced by a photon, the corresponding abelian version of
DB1(p?) is identical to the jet function, which appears at LP in the factorization of the
radiative semi-leptonic B decay B — vfv [38] and in the NLP endpoint factorization of the
photonic Higgs decay H — ~y amplitude through a bottom-quark loop [22]. In the abelian
case, the two-loop evolution has been inferred from renormalization-group consistency of
the B — ~/lv observable [39]. The direct computation of the one-loop evolution kernel of
this jet function can be found in [40].
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Figure 4. Factorization of the radiative collinear function J.(p?,w,w’), which appears in the A-
type term, in the limit w,w’ — oco.

4.2 Endpoint factorization consistency conditions

As discussed in section 2 and checked explicitly above at O(as), we expect the integrand
of the A- and B-type terms of the factorization formula to have identical asymptotic limits
to all orders, which is a prerequisite for endpoint factorization. More precisely, the limit of
anti-collinear momentum component n_ - pz = rQ,’Q — 0 in the B-type term, matches
the limit n_ -k = w,w’ — oo of the corresponding soft momentum component in the A-type
term. 0

We start from the expressions (3.27), (3.45) in Laplace space, in which the integrand
of the w,w’ and r,r’ integrals involves no further integrals and the consistency relations

are algebraic. The coincidence of asymptotic limits implies that the following must hold:

o HQCPV (@) CPU@A ) T s T (51) 59 (51,

_ 2k
Q

r(’):%%o

F(e) [CAUQH) P TV (sR) x { Je(s1,w,0) Snrp (s, s0,w,0) (4.8)

<

+Je(sp, w,w) §NLp(sR,sL,w,w') }‘ / .
w,w’—00

The left-hand side of this equation represents the leading asymptotics of the B-type
term (3.45) for 7,7’ — 0, already accounting for the fact that this arises only from the
square of the amplitude of the first B1 operator, since the coefficient of the second is non-
singular as 7 — 0. The right-hand side is one half of the total A-type term, which we can
identify with the soft quark contribution. An analogous equation with r,7' — 7,7 and
CP' — CP! applies to the limit 7,7" — 1. The right-hand side of (4.8) contains two terms
in the curly brackets, which correspond to different colour structure in the jet and soft
function, (3.17) and (3.20), respectively. We shall now show that endpoint factorization
consistency implies that the hatted term in (4.8) is subleading as w,w’ — oo, and can be
dropped.

We recall from (3.17) that J.(p?,w,w’) is an inclusive radiative jet function of the non-
local, time-ordered product operator defined in (3.16). Graphically, we may represent it by
the diagram to the left of the arrow in figure 4, where the dashed external lines to the left

0There is a similar matching of the limit (1 —7)Q, (1 —7')Q — 0 with the soft anti-quark contribution to
the A-type term. This contribution can be treated as below, after changing variables from r 51— 0,
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Figure 5. Example of a one-collinear-particle reducible diagram, which does not contribute to the
large-w(’) behaviour of J.(p?, w,w’).

and right of the cut denote the soft momentum of the composite field A .x. in the time-
ordered product, which is carried away by the soft quark. We now claim that the leading
asymptotic behaviour proportional to 1/(ww’) for large w,w’ requires that the diagram is
“one-collinear-particle reducible”, as displayed to the right of the arrow in figure 4. Then
colour conservation implies that the collinear line must be a colour-octet, that is a gluon,
and hence only the unhatted colour term (3.17), which defines J.(p?, w,w’) contributes to
the asymptotic behaviour, as was to be shown.

Suppose the diagram was not one-collinear-particle reducible, such as the one-loop
example displayed in figure 5. Endpoint factorization consistency requires that the large
w,w’ must match a corresponding B-type contribution, obtained by making the dashed
lines representing external soft quark anti-collinear. This turns internal collinear propa-
gators into hard propagators, and the entire diagram into a contribution to the matching
coeflicient of a hard operator with external collinear and anti-collinear fields. The key
observation is that if the diagram was not one-collinear-particle reducible, the correspond-
ing hard operator would contain more than one external collinear field, in contradiction
with the B1 operators available at NLP, which contain only a single collinear gluon field,
see (3.7). Consistency therefore requires that the asymptotic behaviour takes the diagram-
matic form shown in figure 4. This proves not only that the hatted jet function is irrelevant
for endpoint factorization, but further that J.(p?,w,w’) factorizes into the product!!

D@D Q) o 1Y,

w w’ )

0 Je(phwo') =IO @) (4.9)
where the function DB!(p?) is the same as the one that appears in the factorization of the
hard B1 operator coefficient (4.1).

Eq. (4.9) is the first endpoint factorization consistency condition. Inserting the
Laplace-transformed version of this relation together with (4.1) for the B1 hard func-
tion into (4.8) immediately implies a similar consistency relation for the NLP soft quark

function,
(IT) Q 71V (sg) Sxip (sr, s1,w,0) "
wl) =00
= jaq(i(S) (sg,r,1") S (sp, SL)‘T(')ZM(O/QHO' (4.10)
The collinear scale on the left-hand side is nypw” = Qw?, but we suppressed the factor of Q in the

respective arguments of J. (p2, w, w').
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The same identity holds with r,7" — 7,7. Relations (I) and (II) formalize the heuristic
picture developed in section 2. For large w, the soft quark field in Sxrp becomes anti-
collinear, qsY,_ — Xz, hence it moves from Syrp to the anti-collinear function jaq(j(g).
Removing ¢,Y,,_ from Sxrp leaves the leading-power soft function S, while adding it as
Xe to jE@ turns the anti-quark jet function into quQ(S). Overall, this results in SNLPJE(Q) —
S (g)jéqu), which is relation (II). At the same time, the quark fields in the A-type collinear
function (3.16) become highly off-shell, which removes them from J.(p?,w,w’), leaving only
the collinear gluon, and consequently CA% turns into CB!. Thus, |CA°)2 7, — ]CB1|2jc(g),

which is relation (I).

4.3 Endpoint factorization formula

We are now in the position to derive the endpoint-finite factorization formula. For its
concise formulation, we employ the double-bracket notation introduced in [21] to denote
the asymptotic behaviours of the various functions. The precise definitions are as follows:
in functions of w,w’, rescale w — Kw, W' — kw' and take kK — co. Then

[Snep (L4, -, w,w')] = Snwp (I, 1, w,w') [ogk0), (4.11)
Hjc(p27w7w,)]] = jC(pszuwl)k’)(n*Q)v (412)

where §(w — w') counts as k1.

The right-hand side of the previous equation equals the
right-hand side of the consistency relation (I). Similarly, in functions of r, /, rescale r — r,
r" — r'k and take k — 0, or the corresponding rescaling is applied to 7, 7’. Which of the

two is meant, will be indicated by the subscript 0 or 1 on the double bracket. Then

[[CFl(Q27 7’)]]() = CFl(Q27 7,)|O(n*1) ) (4.13)
[[ngl(QQa T)]]l = ;31(622’ T)|(’)(n*1) ) (414)

while [CPY(Q2,7)]1 = [CPY(Q?,7)]o = 0. With this definition the right-hand sides of these
equations are given by (4.1) and (4.2), respectively. Finally, we have

[727 @, .10 = [727 @, v, ) = T 02, 1) ogeo) (4.15)

due to the symmetry () <» 7). In the d-dimensional expressions there are e-dependent
powers of k, which turn into logarithms in the renormalized functions. Thus € counts as
an infinitesimal variable for the purpose of endpoint x power-counting.

To implement the rearrangement of endpoint-singular terms we start with the scaleless

integral
2 HAICN @I s) T 1)

1) DBl DBl* ! _
x/ dwde 20 (/w Q) [{SNLP(SRaSLaw,w/)}] ; (4.16)
0 w w

which vanishes in d dimensions. We split this integral in two terms I; 2, which can be done
in two ways, illustrated in figure 6: (1) w and w’ smaller than an endpoint factorization
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TQ A Qw TQ A Qw

Figure 6. Version (1) [left] and (2) [right] of the split of (4.16) into Iy + I» according to the
correspondingly indicated regions in the w — w’ plane as described in the text below (4.16). In the
overlap region in green the asymptotic behaviour of the A- and B-type term must agree.

parameter A (integral I1), and the complement region . (2) w or ' smaller A and
the complement region. Since the mixed regions where one variable is larger and the
other smaller than A are not endpoint-singular, both ways could be employed for the
following considerations, although the expressions take a different form. We will use the
second version. In this case the complement region is w,w’ > A and the double-bracket
asymptotic behaviour can be used for functions of w,w’ in the A-type term.'? In both
versions I1 + Io = 0. The endpoint rearrangement now consists of subtracting I; from the
B-type term and Is from the A-type term. The subtracted expressions are now separately
endpoint-finite, but depend on A. However, as long as no approximations are made, the A
dependence cancels exactly between the two terms.

We begin with the A-type contribution (3.27), which accounts for soft-quark emission,
to the factorization theorem and subtract from it the complement region I, w,w’ > A, of
the integral (4.16), resulting in

1 do 20 - 00 ,
i |A—type = Wpf(e)|CAO(Q2)|2.75(q)(SR)/O dwdw

X {jc(SL,w,W')gNLP(SR,SL,W,UJ')

[o1) dSRdSL

D2 wQ) DO I3, p(smosrion)]

—0(w—2)8(w'~A) T (s1) -

~

+jc(3L7W7WI)§NLP(SR,SLawaw,)}- (4.17)

For w,w’ — oo, we use the endpoint factorization condition (I) from (4.9) to rewrite the jet
function in the first term of the integrand. In this limit it is also justified to replace the soft
function by its asymptotic form (4.11). Thus the first and second term in the integrand

12While in version (1), it could be used for functions of r,7" in the B-type term with identification
r = o /Q. The resulting expressions for this version are provided in appendix B.
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cancel. The third term is subleading in this limit, and the convolution integrals over w and
w’ are now endpoint-finite, as the logarithmically divergent part of the integrand in the large
w and w’ region has been removed. To make this explicit, we use (4.9) in (4.17), and obtain

1 cfl\(} 2CFr

_—— _ = A0/ H2y12 7(@) > ,
agdstsL|A_type 0 (&) [C(RA)” T (SR)/O dwdw

X { Je(s1,w,0") Sxrp(sp, sp,w,w')

—0(w — A — A) [To(sr,w, )] [SnLp(sr, s, w, w')]

=

+jc(SL,w,w/) §NLP(SR7SL7W?WI) } . (418)

If we further choose A > 1/sg,1/sr, we may simplify the previous equation to

1 do 2C o .
7 |A—type = ?Ff(ﬁ) 1CA(Q%)2 TD (sr) /0 dwdw’

;gdstsL
X { [1 — 0w — N — A)}jg(sL#«%w/) gNLP(SRv sp,w,w’)

—l—jc(SL,W,wl) §NLP(3R> SL,Ww, w')}

= 25 HO1CQP TP (sr) [ dwd! [1 - 6~ )6 - 1)
X {jc(sL,w,w’) SNLP (SR, 81, w, W) +§C(SL,W,WI) §NLP(5R; 3L7W7w,)} : (4.19)

where the equality signs hold up to corrections of O(1/(spA),1/(sgA)). It is then under-
stood that in evaluating (4.19), terms suppressed by powers of A are dropped. This is
simply (3.27) with integration region w,w’ > A removed, see figure 6.

The remaining part I of the integral (4.16) can now be combined with ¢ =’ = 1 part
of the B-type term (3.45). Similarly, we proceed for the A-type soft-antiquark contribution
and the ¢ = ¢/ = 2 part of the B-type term after using the symmetry under the exchange
r <+ 7. The term ¢ # ¢ is endpoint-finite so it remains unaffected.

Beginning with the i =i’ = 1 term, we have

1 do 20

= S 0| 79 (51§ s, 50)

oo dsrdsg | B-ty bl
i=i'=

X / Ly’ CP™(Q2, )P Q2 7) T (s, r,0")
0

—QICMQ)PTD (sp) T (1) /0 " dwdw! [1— 0(w — AW — A)]

D) DBl*(iu’Q) [[~ ]H '

S ! 4.20
w w NLP(5R>3L7W7W ) ( )

We substitute w = r@Q and w’ = '@ in the subtraction term, and employ (4.1) to express
the DB functions in terms of the asymptotic limits of the B1 matching coefficients. Next,

- 29 —



we make use of the endpoint factorization condition gII) to express the asymptotic soft-
quark function in terms of the B-type jet function jaqq(g)(s Rr,7, ') in the asymptotic limit

to obtain
1 do 205
;om\B-type - Q2 F(e) T (s) §9 (s, 1) / drdr’
i=i'=1

(1 — )01 — ') CB(Q2, 7)Y CBY(Q2, r) TY®) (s, v, ')
— [ =0(r—A/Q)O(r — A/Q)]
% [CP™(Q%, 7)o [CPH@Q2, )]0 [T™ (s, r)]o| . (4.21)

where now the integrals over r, 1" are evaluated from 0 to co. The convolution integrals are
now convergent, but they must be evaluated after the integrands are combined. Provided
A < @, this expression can be simplified to

1 do 20

e der = g(9)
UodstsL‘i‘;}E; QQ f() ( ) SY(sg,sL)

x { /0 L drdr! [1—0(A/Q — 1)0(A/Q — )] CB™(Q2, ) CBY Q% 7) T4 (sk,r,1")
— /OOO drdr' [0(r — A/Q)O(A/Q — ") + 0(A/Q — r)0(r' — A/Q)]
< [P (@ o [P Q% 12 (s ")l (4.22)

up to corrections of O(A/Q). The first integral in the curly brackets is simply (3.45) with
integration region 7,7’ < A/Q removed, see figure 6, which is endpoint-finite. The second
integral is a finite left-over from the subtraction term.

For completeness, we provide the term ¢ = ¢/ = 2. In the bare factorization for-
mula (3.45) we change integration variables to 7,7 to map the singular point r =+’ =1
to 7 = ' = 0. The subtraction term is then obtained after mapping w = 7Q and w’ = 7'Q
and following the same steps as before we find

1 cfl\& 2CFr
_ Q2 f

0o dsrdsy, | B'.t,ypg B
i=i'=

(©) 79 (5,) 59 (s, 51) /OOO drdF
0(1 . F)Q(l 5 ) CBI*(QQ,T/)Cgl(Q27T) jé‘ﬁ(g)(sR’ r, T'/)
—[1-0(r—A/Q)0( — A/Q)]

< [C(@ L [CPH Q@I [TE™ (sry )|, (423)
which coincides with (4.21) up to the expected substitutions. Similar simplifications hold

when A < @ is assumed. The total endpoint-subtracted B-type is the sum of (4.21), (4.23)
and the mixed term ¢ # ¢’ in (4.1).
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By construction, the dependence on A cancels in the sum of the A- and B-type contri-
butions. In appendix B we provide the corresponding version of the endpoint-rearranged
factorization formulas, when (4.16) is split according to the first version mentioned below
this equation, that is, for w and w’ smaller than A.

5 Renormalization-group equations

In this section we collect the renormalization-group functions, which are known for some of
the hard, soft and (anti-) collinear functions of the two terms in the factorization formula,
and infer the others from renormalization-group consistency, namely the condition that the
renormalized integrands of the A- and B-type term must be separately independent of the
scale pu. The endpoint-factorization conditions then provide further relations between the
anomalous dimensions in the respective large-w and small-r limits. We then obtain the
solutions to leading-logarithmic (LL) accuracy, which includes running-coupling effects.

5.1 RGEs for the A-type functions

In the A-type term, the hard function and the anti-collinear function are LP objects. Their
evolution is therefore well-known. The evolution of the two NLP objects, the collinear
function and the soft function, is currently unknown. We cannot reconstruct both RGEs
from just consistency arguments since we are missing two anomalous dimensions.

Instead, we will use the endpoint factorization condition (I) from (4.9) to derive the
evolution of the collinear function J.(p?,w,w’) for large w,w’ from the known RGEs for the
LP gluon jet function and the DB! coefficient. Through consistency, we can then derive
the asymptotic evolution of the soft function. This allows us to resum the A-type functions
in the endpoint region, which is sufficient for LL accuracy.

Hard function. The evolution of the LP hard matching coefficient CA0 is well
known [41]. It obeys the RGE

d 2
7CA0 (QQa ,LL2> = [CF7cusp (as) In 'ucg + YA0 (as)] CAO (QQ, ,u2) , (5.1)

dlnp

where —Q? in the logarithm should be read as —Q? — ic. The cusp anomalous dimension
Yeusp and the hard non-cusp anomalous dimension 749 are given by

s 2
“Ycusp (Oés) =4 I +0 (as) s (52)
s
a0 (@) = —6Cp3 = +0 (a2). (5.3)

The one-loop cusp anomalous dimension sums the leading logarithms. Non-cusp terms
become relevant only at NLL accuracy.!® Dropping them, we obtain the LL solution

CSL() (QQ,MQ) = exp [2CFS (/Jhnu)] ( M%L

2 _CFA’Ycusp (uhvu)
) cM(Qui), (54

13We make an exception for the non-cusp terms proportional to Bo, for example in (5.12) below, which
determine the scale of the coupling that appears in the tree-level O(as) term. See section 6 for further
discussion.
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where pj, ~ Q denotes the hard initial scale, such that CA° (Q%, 13) free from large loga-
rithms. The functions S (v, u) and A, (v, ) are defined as [42]

L as(p) Yeusp (a) « , 1
St == [ el [ el (5:5)

asw) 5 (@)

Ay (v,p) = —/ da . 5.6
= B )
The QCD beta-function is
dos a 3 2ny
Blas) = g = 2o =+ 0 (a3),  Bo=11- 5 (5.7)

Anti-collinear function. The anti-collinear function appears already at LP. In Laplace
space, it obeys the local RGE [41]

d
dln p

ﬂ@@Q%ﬂz—P@%ngm -wmw%ﬂﬂ@@Qmﬂ,w&

seVE M2

where the non-cusp term is given by
) — _gCns 2
Yg@ (s) = =6Cp > + O (a2). (5.9)

At LL accuracy, the RGE is solved by

) 2CFA’YcuSp (“57/4) ~ q

jé(,qL)L (3»Q27N2) = exp [-4CpS (ke, )] ( 7. (S’Qz’ug) » (5.10)

SeTE 12
where pz denotes the anti-collinear initial scale.

Collinear function. The collinear function [J.(p? w,w’) is a new NLP object and its
anomalous dimension is currently unknown. In the asymptotic region of large w,w’, it
factorizes into the LP gluon jet function and two DB matching coefficients as shown
in (4.9). We therefore derive its asymptotic evolution from the LP gluon jet function,
which renormalizes in Laplace space as [43]

d -
jc(g) (37 Q27 /’LQ) = - 2CA’7cusp (as) In

T~ <a5>} F9(s, Q2 3), (5.11)

dln p seVE p?

with the gluon non-cusp term given by
— _93. % 2
Yo (as) = =260 + 0 (a2), (5.12)
and the evolution of the DB! coefficient. Making the cusp term explicit, (4.6), (4.7)
or (A.29), (A.30) imply the non-local RGE

d

a4 By 2y _ B
dlIl,U,D ("‘)7 1% ) (CF CA) Ycusp (as> In

—w@ —ie
112

+ [T doAp (@,0) DP @, ), (5.13)
0

D% (w, 1?)
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where the non-cusp anomalous dimension 4p (&,w) is given by the second line of (A.30).
The first endpoint factorization consistency condition (4.9) now implies the following
asymptotic RGE for the collinear function J,

dlcrllu [{‘7‘3 (s7wvwl7Q2,u2)ﬂ - _

Q

SeVE /’L2

2C(A"Ycusp (045) In

+ (Cr — Ca) Yeusp () <IHMQ +1n /;Q>} [[jc (S,W,WI7Q27M2)H

g0 00 [ (5.0, Q)] + [T 0240 @) [T (50,62 02)

+ ; di' = A4p (&', w') [[jc (s,w,d)',QQ,uQ)ﬂ ) (5.14)
There is no mixing of the unhatted collinear function into the hatted collinear function,
which is irrelevant asymptotically. At LL accuracy, we drop the non-cusp terms (except
for those proportional to 3p) and obtain the solution

[Fenn (5.0, @202 ] = S e [-404S () — 4O — ) S (en, )]

s (1)
Q 2CAA’Ycusp (/«LC,M) wQ (CFicA)A"/cusp (IU‘CA uu')
« (Sew 2) <2> (5.15)
He //JCA
(CF*CA)A’YCHS (HCAHLL)
W'Q P -
x (MQ ) [|:j6 (&wawlaQQ?Mg:MgA)]] .
cA

We introduce two initial scales, . and ., connected to the two different cusp logarithms
n (5.14), allowing for the possibility to choose different initial scales for the gluon jet
function and DB! coefficient, which will be used in section 6.1.

Soft function. The soft quark function Sxpp(l4,l—,w,w’) appears first at NLP and its
complete RGE is currently unknown even at lowest order. We can obtain its asymptotic
evolution for large w,w’ from RGE consistency. For fixed values of w,w’ and r,r’, respec-
tively, the integrands of the A- and B-type terms must be individually RGE-invariant.
Imposing this requirement on the A-type term, we obtain the asymptotic RGE for the soft

function,
d T3 WA = |20 1 !
din g [[ NLP(5R75L>W>W > [ )]] = A'Ycusp(as) Hm
w’ a )
(CF - CA ’Ycusp as < SRG'YE/L +1In SRGWE;LQ) [[SNLP(SR,SL,W,W ) )]]

+ [’Yj(q)(as) + 7j<g)( s) — 2740 (O‘s)} [{SNLP (SR, SL,W,W/,Mz)H

; dw ’YD(W ) HSNLP(SRvsLaw W' )ﬂ

A w A A ~ A
/ dw’fv ;&) [[SNLP(SR,SLaWaW/aH2)H : (5.16)
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Consistency requires that there is no mixing of the unhatted soft function into the hatted
soft function. At LL accuracy, the asymptotic RGE is solved by

= (6%
HSNLP,LL(SR, sL,w, ', MQ)]] = s((:)) exp [4CaS (ps, p) + 4 (Cr — Ca) S (psa, 1))
s\Us
1 _2OAA’Ycusp (MS,;,L) w _(CF_CA)A’Ycusp (:L"SAHu“)
w/ 7(CF70A)A"/cusp (MSA»,U‘)
Q ro20 2
X (SRe’YE,Ung> SNLP(SR;SLawaw 7:“’57”31\)]] ) (517)

where again we allow for two separate initial soft scales, us and pgp. The lowest-order
initial condition is proportional to a,, which we choose to evaluate at us. Together with
the prefactor as(u)/cus(ps), which arises from the So-term in v 7(y), this results in an overall
factor of as(ut). The point of keeping the non-cusp So-term in v () is that it renders the
result independent of the initial scale — choosing to evaluate o, at gy instead, we would
obtain the same resummed soft function.

5.2 RGEs for the B-type functions

In the B-type contribution, the collinear function and the soft function are known LP
objects while the hard functions C’ZB1 and the anti-collinear function jéqq(s) (p?,r,r") are NLP
objects. The evolution equation of the hard matching coefficients is of the form discussed
in [44, 45] for B1 SCET operators, hence we can derive the anomalous dimensions for
the new anti-collinear function from consistency, i.e. the scale-independence of the entire
B-type term for given r,r’. However, the leading logarithms to gluon thrust arise only
from the endpoint region 7,7/ — 0,1, and therefore we will only need the equations for the
asymptotic hard and anti-collinear functions.

Collinear function. The anomalous dimension of the collinear function is well-known
since it appears in LP factorization theorems. The RGE and anomalous dimension have
already been given in (5.11) and (5.12), respectively. The LL solution to the RGE reads

2CAA cus (IU’CMU') ~
) TG0 (s?) . (5.18)

Z(i)L (s,/f) - (st((’L;C)) exp [—4C4S (pe, 1)) (

where p. denotes the collinear initial scale.

SeTE i

Soft function. The LP two-hemisphere soft function for gluons, which is defined with
adjoint Wilson lines, obeys the evolution equation

d =~ 1 _
dlnMS(g)(SR’ SL, MQ) = 2CA’Ycusp(Oés) In W + 75(g>(as) S(g)(SR, 5L7N2)
(5.19)
in Laplace space. The non-cusp part of the anomalous dimension is given by [46]
Vs(a) (as) =0+ O(Oz?) . (520)
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At LL accuracy, the solution to the RGE reads

~(g) 9 1 720AA'YCusp (lu'S 7/"‘)
Sty (SR, 8L, 1”) = exp [4CAS(us,M)]( )

X g(g) (5R7 SL, Hg)v

—_— 5.21
SLSREXVE 12 (5:21)

where us denotes the soft initial scale.

Hard function. Following the calculations of [44, 45], the specific anomalous dimension
matrix for the two coefficients CP!, i = 1,2 needed here can be inferred from appendix A.2.
For the flavour non-singlet case, which is assumed here, Ar can be set to zero there, and
the two coefficients evolve independently,

d B1/~2 _/1 " " Bl A2 +
le,U,CZ (Q ,7’)— 0 dT’YBl(T,T)Ci (Q ar)g (522)

with the same anomalous dimension (see (A.14))

2
Qs p Ca, . 3Cp
() = =000 =) [C"‘ln (—@2) - () + =5

g <(0(:__88)>+ +0(r — S)>

! ((WL +0(s — 7’)) ] . (5.24)

The non-cusp part of this RGE contains a hidden large logarithm of r (7), which

where

must be extracted and combined with the cusp part when one wants to sum the hard
function for small r or 7, see appendix A.2. This results in the evolution equation (4.6)
for the DB! coefficient. The evolution equation for the asymptotic CZB1 coefficients then
follows from (4.1), (4.2). Since the leading logarithms to gluon thrust arise only from these
asymptotic regions, we provide the RGEs for the asymptotic coefficients in the following.
The asymptotic Bl coefficients factorize into a product of A0 coefficient and the DB!
coefficient. Combining (5.1) and (5.13), we find
2
dlfm [e7 (@%ri?)]. = [ e (as)lnlg

— (Cr=Ca) Yousp <as>1n‘;§22+m (@] [er (@r)],

T A Bl (2 » 2
+Q [ drtan Q) [ef (@2 r)] (5.25)
The LL solution reads

[[CPl (QQ,T, NQ)]]O = exp [20FS (pn, 1) — 2(Cr — Ca) S (pna, )]
% <_Q2>CFAWcusp (U’hr“) <_7'Q2> (Cpch)chusp (iuhAHu’)

2 2
Hp

Fha
< [t (@rdaia)] (5.26)
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where as in the case of similar A-type RGE solutions, we allowed for two different initial
scales, up and ppa, connected with the different cusp logarithms.

For each of the two endpoint limits r — 0,1, we only need one of the two B1 coeffi-
cients since the other one is regular. The RGE equation and solution for CP! (Q?, 7, u?) is
obtained from the above by replacing r — 7, and similarly for 7 including the integration
measure dr.

Anti-collinear function. The evolution of the hard, collinear, and soft functions is
known, hence we can derive the evolution of the anti-collinear function through consistency.
We demand that the B-type contribution before integration over r,7’ is RGE-invariant on
its own, which allows us to derive the RGE and anomalous dimension of the anti-collinear
function in the form

d Zqq(s) _ [ Q
dln j (SR,T r ) = 2CAfYcusp (CL’S)IH 8R67Eu2
+7j(g)(as)_75(g) (Oés):| jaq(j(S) (SR,T',’I’/) (5.27)

' ~4a(®) ' i(s)
_/ dfﬁ/Bl (Tyf) quq (SR)fﬂJ) _/ df/rs/gl ( ! A/) jqq ( Tﬂﬁ/) )
0 0
where the non-cusp part of the B1 anomalous dimension 4g; is given by
~ « 3CF
Ap1 (1, s) = ?5(5 (r—2s)

Cx
4 et
g ) ==
As for the hard function, the non-cusp part of the full anomalous dimension contains hidden

+2vy(r,s) . (5.28)

leading logarithms coming from the endpoint region. We therefore use asymptotic anoma-
lous dimensions for the LL resummation. RGE-consistency yields in the two endpoint

regions
d qq /7 2 o Q
din i [{j (337‘77" ) [ )HO = _|:2CF7CUSp (QS)IHW

rQ rQ )

+In
SeVE Hz SeVE ,LLQ

—(Cr—Ca) “Yeusp (045) (ln
+ [2740(as) + 7500 (@) = V700 ()] } [{\75‘7(8) (s, o ;P)ﬂ .

- [ Lap rQ.rQ) [ 7 (s )]
—Q/ df’t—, H(r'Q,7Q) [{qu‘g) (s,r,f’,;ﬂ)ﬂg. (5.29)

At LL accuracy, the asymptotic RGE is solved by

[ (s 2)] = 22025 exp -4CiS (e ) +4(Cr = C) S e, )

< Q )2CFAwCusp(uc,u)< rQ >—(CF—CA)A%USD(M5A7H)
X _ %

5.30
seVE M% seVE :ugA ( )

y ( " Q >_(CF—CA)A"/cusp(.U‘cA7N) [{jﬁqé(S) (877,7 T/7M§’M2A>H

)
0
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where uz and puzp denote the anti-collinear initial scales. As for the A-type soft function,
we may evaluate the factor of «y in the fixed-order initial condition either at uz or pza,
and pz has been chosen above. This choice does not affect the overall resummed anti-
collinear function since the ratio of couplings in front always guarantees a global factor
of as(p). Once again the RGE and solution for the anti-collinear function for r — 1,
[[jgg(f) (8,77, /LQ)L, are obtained from the above by replacing » — 7, and similarly for 7
including the integration measure d7 as well as for the corresponding primed quantities.

6 Resummation

With the individual functions resummed to LL accuracy, we proceed to the resummation
of the leading logarithms of gluon thrust at NLP. All functions are renormalized, so from
now on we set d = 4.

We begin by rearranging the endpoint-subtracted expressions (4.18) and (4.21) for the
A- and B-type term, respectively. In (4.18), we rewrite

jc (SLawaw/) §NLP (SR, Sp,W, w’)
= jc (SLJ W, w/) S’iNLP (8R7 SL,W,LUI) - U(wa w/) [[jc (S[n W, wl)]] [[gNLP (SRy SL,W, w/)]]

+o(w,w) [[jc (sL,w,w')ﬂ [[gNLp (sR,sL,w,w’)]] , (6.1)

where o (w,w’) is an auxiliary function, which equals unity whenever w)sgz,w”)s; > 1 and
which goes to zero for w) — 0. We find

1 do
g0 dSRdSL

x{ [o(w,w') =0 (w—A)0 (W —A)] [[jc (sL,w,w’)ﬂ [[gNLp (s, sL,w,w')ﬂ

|A—type = QgF ‘CAO (Q2)‘2 jé(zi) () /0°° dood!

+ [jc (sp,w,w') Sxip (SR, 5L, W, W) — o(w,w') [[jc (SLM,WI)H [[gNLP (3R73L7W7w/)ﬂ ]
+ 7. (sp,w,w’) Sxip (SRsSL,w, W) } : (6.2)

In this expression, the first line in curly brackets is the subtraction term, which contains
the endpoint divergence, if A — oo, and therefore results in a logarithmically enhanced
contribution from the w,w’ convolution. The next term in square brackets resembles a
“plus-distribution” type term — this combination has no support for large w,w’ and does
not produce an extra logarithm. Finally, the last term in curly brackets involving the hatted
soft function is regular by itself and does not require subtraction. After this rewriting, only
the first line in curly brackets needs to be kept at LL accuracy. The introduction of the
auxiliary function o is necessary to eliminate a spurious singularity for small w,w’, which
arises if one wants to integrate the subtraction and plus-distribution-like term separately,
and which cancels between the two.
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Similarly, we write (4.21) in the form

1_do _ 2CF 5y
oo dsgdsy, B_'t?ff Q? ¢

x{/ooodrdr’ {0(1-@9(1-#) —1+0<r— g>e<r’—gﬂ
et @), fer @, [ enr],

1 - =
+ / drdr’ {0131* (@2 ") P (@2 r) TET® (s, r,1)
0

@Al @l el ]} o

The first integral in curly brackets represents the subtraction term, which contributes to

(s2) S (sg,sL)

the leading logarithms and cancels the A-dependence of the corresponding A-type term.
The second integral with support in [0, 1] is of the plus-distribution type and can be safely
integrated to r,7’ = 0. This term can be dropped at LL accuracy. An auxiliary function is
not required for the B-type term.

We remind the reader that there is an identical soft anti-quark A-type term and the
i = i’ = 2 term, which is identical to the i = i’ = 1 term due to the symmetry in r() < 7).
The ¢ # ¢ interference terms can be dropped at this point for LL accuracy.

The previous two equations are general and provide a suitable starting point for the re-
summation of NLP logarithms beyond the leading ones. Since some of the non-asymptotic
anomalous dimensions in the plus-distribution-like terms are not yet available, the follow-
ing focuses on the leading logarithms, including a new set of next-to-leading logarithms
associated with the running coupling in the leading terms.

6.1 Counting of logarithms and proper choice of scales

Standard Sudakov exponentiation puts an observable into the form
I~ F(as)exp (In7go(A) + g1(A) + asga(N) +...) (6.4)

where A = a;In7 counts as O(1), while 7 < 1. The function gg is needed to sum the
leading logarithms, g1 is NLL etc. F' collects the initial condition and has an expansion
without large logs. The O(a;) correction to the leading approximation of F' is already a
next-to-next-to-leading logarithmic (NNLL) effect. The large-logarithm counting primarily
refers to the exponent.

The integrands of (6.2), (6.3) are of this form when the solutions to the RGEs from
section 5 are used. However, one now has to take integrals of the form

A dw Lodr
/TQ (™) /A/Q 10, (6.5)

and the assumption underlying standard Sudakov resummation that w = O(7) and r =
O(1) is not justified, since either A > 7Q or A < @, or both. The fact that the integrals are
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Figure 7. Graphical illustration of the resummation of the initial condition of the B1 operator for
r < 1 (left) and the LL-accurate approximate procedure employed here.

logarithmic for large w and small r implies two modifications of the standard resummation
scheme.

First, the logarithmic integrals combine to an extra logarithm promoting their log-
counting by one order. Thus, inserting the LL-resummed RGE functions in the subtraction
terms in (6.2), (6.3) will result in leading logarithms for the observables. On the other
hand, inserting them into the plus-distribution type terms will result only in next-to-
leading logarithms, since these terms are not sensitive to the large w and small r region by
construction and therefore lack one power of logarithm. This counting extends to higher
logarithmic order in an obvious manner and justifies the previous assertion that to LL
accuracy, it suffices to focus on the subtraction terms in (6.2), (6.3).

Second, the fact that w = O(7) and r = O(1) cannot be assumed can be seen as
the need for resumming the initial condition of the RGE evolution. Consider for example
the hard function CP'(Q?,r, u?). Standard RGE summation implies that in the initial
condition, one chooses the scale up ~ @, at which there are no large logarithms and
evolves to u < Q). However, the initial condition for u; ~ @ may still contain an infinite
series of In7 terms. While these normally count as O(1), they lead to a breakdown of
the perturbative expansion in integrals such as (6.5), which receive contributions from
r < 1. These logarithms are summed by evolving with asymptotic evolution kernel for
the DBl coefficient from p? ~ rQ? to u%. At LL accuracy, combining this evolution
with the standard evolution from pj to p, amounts to the expression (5.26) with split
initial scales — pp ~ Q in CA% and the running scale ,u,%A ~ rQ? for the part that
arises from the DP! coefficient, whose natural scale is Q2. The procedure is illustrated in
figure 7. A similar reasoning applies to the choice of initial conditions for the anti-collinear
function jéqﬂg) (sg,r, ') and the functions 7, (sp,w,w’, Q% p?), SnLp (smyspL,w,w', p?),
which appear in the A-type term. Hence, we choose the initial scales in the hard, soft and
(anti-) collinear functions to be of the order of

2 02 2 @ 2, @ 2, 1
Hp, Q ’ Ke ST, ) He SR ) g SLSR ’
rQ w
#}QLA ~ TQ2> MgA ~w@, M%A ~ NEA ~ (6.6)
SR SR

To ensure the cancellation of the rearrangement scale A between the A- and B-type terms,
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the integrands of the subtractions terms must match, which requires

psa ~ pen and  ppa ~ fep (6.7)

which is satisfied by (6.6) with the identification 7Q) < w.

We now insert the resummed functions from section 5, evolved from their respective
initial scales to a common scale pu, into the integrands of (6.2), (6.3), and simplify the
expressions employing the identities

Ay (1, p2) + Ay, (12, p3) = Ay, (1, 13) (6.8)
S (ur, pi2) + S (12, pis) = S (ur, ps) + h% Aoy (2, 113) (6.9)

and the special case p3 = 1. We also abbreviate A = A We find

Ycusp *

2 ~

‘CAO(QQ)‘ jé(q) (sRa QQ) [[»,70 (SL,W,WI)H H:gNLP (sRa SLawaw/)]]
= exp [4ACFS (n, pie) +4CAS (s, pte) +4(Cr — Ca) S (psas fen)]

<Q2>—2CFA(MMHC)< 1 )QCAA(us,uc) < w >_2(CF_CA)A(IJJSA7N¢A)
>< _ - R

i, sLSREZVE P2 SRETP I3y
X (SRS’YEQ)2CFA(FLCA7/16)+20AA(#C7I%A) [O‘S(MC) 1) (w — w') 71 ] (6.10)
4 WSR

for the A-type integrand, and for the B-type, we find

[eP (@), [eP (@%r)], 79 (s0) [T (smorr)] S (srsi)
= exp [4CFS (pn, pe) +4CaS (s, pe) + 4 (Cr — Ca) S (pen, tnn)]
) <Q2>_2CFA(Nh7NC) ( 1 )—ZCAA(;,LS,MC) ( rQ >_2(CF_CA)A(I~‘CA7N}LA)

W sLSREPTEP? SRETP iy
% (SRBWEQ)QCFA(HhA,#é)-F?CAA(#c#hA) [0634(7/:6)5 (7« _ 7“/) TSQR] . (6.11)

As it should be with all functions evaluated consistently to LL accuracy the above ex-
pressions are manifestly independent of the arbitrary renormalization scale u. Note that
if we had not included the terms proportional to 5y in the non-cusp parts of the anoma-
lous dimensions, the only change would be that the overall prefactor of a; in the square
bracket in (6.10) would be evaluated at scale s (or usy) instead of p.. Similarly, in (6.11)
the prefactor would be evaluated at ug (or pgzy) instead of p.. The scale at which the
prefactor is evaluated formally contributes at the same order in the logarithmic counting
as the LL terms in the argument of the exponential factors, when including the running
coupling. Therefore, it is necessary to take into account the terms proportional to By in the
non-cusp parts of the anomalous dimensions to obtain a consistent LL result. In addition,
we note that this also ensures that the final result is insensitive to a possible redefinition
jéq‘m) — jéq‘j@) Jas and CPL — CP! x /a, that corresponds to a reshuffling of the overall
factor of a from the anti-collinear to the hard function, and similar ambiguities in the
definitions of the functions in the A-type term.
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We note the similarity between the two expressions. In fact, enforcing the rela-
tions (6.7), both expressions are exactly equal up to an overall factor of ) with the iden-
tification w) = r)Q. We thus sum the subtraction terms from (6.2), (6.3), and change
variables from 7 to w/@ in the B-type contribution (6.3). We also choose the auxiliary
function to be of the form o(w,w) = #(w — o), where o is of order 1/sg, or 1/sy. The two
integrals to be added then combine as

0 duw L dr Q dw
—|0(w—-0)—0(w—-A —i—/ —:/ — 6.12
| Zow—0) -0 -] Nl (6.12)
and we obtain

1 do 20 s e
=2 228 (re) exp[ACES (pn, pz) +4CAS (s, pc)]
Qsp Arw

<Q2>—QCFA(UthC) < 1 )QCAA(NMU’C)
« [ = -

w SLSRE*VE 2

o4 —2(Cr—Ca)A(psnsttnn)
></ w exp[4(Cp—Cy) S (tsa, tbnn)] -
c W o SREVE 112

% (SRGVE‘Q)2CFA(#hA,H6)+2CAA(HmﬂhA) , (6.13)

oo dsgrdsy,

where p7, ~w@ and p?, ~ w/sg according to (6.6). We also added an overall factor of 2
to account for the identical soft anti-quark and ¢ = i’ = 2 contribution. This is our main
result for the LL resummed two-hemisphere invariant mass distribution in the NLP gluon
thrust region. The Laplace-space gluon thrust distribution itself is obtained as

lde 1 do

S B 6.14
oods ogdsgrdsy, lsn=sr=s: ( )

which follows from (3.4) and the definition of the Laplace transformation.

6.2 Double-logarithmic limit

The double-logarithmic limit corresponds to evaluating the renormalization group functions
at leading order in an expansion in ag:

A, p) = =5 -5, (6.15)
Sp) = — =’ ‘V‘z . (6.16)
Setting scales as prescribed by (6.6), the LL result (6.13) simplifies to
O’lodszfi% - af - QlSR o= 24 In(5,7P Q) In(spe™E Q) /a @ djw (g)f(CFCAﬂn(sae”EQ)
- C'FO—FCA oo ln(iRer) exp {_ asCy In (sLe?Q)In (SRe'yEQ)]

o 22 (Cp—Ca)ln(sge’EQ)
<{1- (Q) b (6.17)

The scale of oz remains undetermined in the double-logarithmic approximation.

~ 34—



To obtain the thrust distribution we set sg = s;, = s and choose 0 = 1/(se?®). For
the inverse Laplace-transformation from s to 7 = 1 — T we use that the Laplace transform
of 7 is T'(1 + a)/(sQ)'T®. Taylor-expanding this relation in a gives

2
) — In" 71— %n(n —DIn" 27 +0(n"37), (6.18)

1 1
— In" (
sQ SEVE(Q)
where the arrow denotes inverse Laplace-transformation. At the double-logarithmic level,
the inverse Laplace-transformation is therefore simply accomplished by multiplying with

s@ and substituting se?® — 1/(Q7) resulting in

1 dU CF 1 _@scAl 2 _%s (Op—C 12
~ a0 ot [y o= (Cp=Ca)ln®T | 6.19
0o dT|DL Cr—Caln(1/7) € { € } ( )

This agrees with the previous result [14, 18], which, however, was obtained through d-

dimensional factorization and consistency relations.'4

6.3 Leading logarithms and running coupling effects

The present approach based on renormalized functions satisfying standard RGEs allow
us to go beyond the double-logarithmic limit. As a first application, we consider the LL
approximation, which includes one-loop running-coupling effects. The RGE functions read

A(v,p) = ﬁ201n ZZE'Z;, (6.20)
S (v, 1) = Am 1— as (v) _lnas (1) :

53% (v) as (1) as (v)

and the strong coupling ay at a scale v is given by

!
a5 (v) = — s(1) . (6.21)
1+ 52a, (@) In m
in terms of the coupling at a reference scale u. In the following as without argument refers

to as(p).
These expressions are now to be used in (6.13), which upon implementing (6.6) (with

“~" replaced by “=" and s; by s;¢7#) reads'®
1 do o = as(Q/(sLe)Cr 1
oo dsrdsy, LL = ™ Qsr

s @ 1 Q
CrS <Q ’ SR€7E> 4045 (3L5R627E " speve )]

x/anf:uexp[—zL(cF—cA)S(wQ, w )]

SReVE

X exp

« (SRevEQ)QCFA(w/SRe“’E,Q/SRG“’EH?CAA(Q/SL@”E,w/SRe"’E) . (6.22)

“The overall sign of (E.13) in [18] is given incorrectly. The signs of all previous equations leading to
(E.13) are, however, correct.
15Tn an abuse of notation, we here give the scale arguments of a,, A and S as pu? rather than p.
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This is our main result for the resummed two-hemisphere invariant mass distribution in
the gluon-thrust region. The integral over w can be performed only numerically.

An approximate analytic expression can be obtained by expanding the one-loop run-
ning coupling to linear order in By in the exponent and prefactor, resulting in

1 C,l\(;' asCF 1 ( 60053 Q )
1— In

- LL —
o) dSRdSL| T  @QSgr 41 SLB“/EMQ

asCa In(se™Q)In(sge" Q) <1

X exp | — — foas In @ >
A \/SRSLEVE 2

as Boas V@
<[ @ de <”>W<CFCA>IH<SR&EQ> (- o)
o W Q

N g’ReXP [_ A Lt Qnlone Q) ( ﬁi:s In ,/$L8§e7E,U2> ]

2
/ o Boas Q 2(CF_CA) 1_ﬁ0°‘81n(’2%)
X 2m (1 4m In SLG’YEIJ‘2> (SRe'YEQ) %o ( " \/SRW“Z
VB0V Ca—Crpy/In(sre’=Q)

Ca—CFr - ﬁoOés o\/Q
X [erﬁ <\/2601n(536’7 Q)< In NG ))

Ca—Cr . Boas Q>
—erfi (\/250111(81%67 Q) ( In N >>] , (6.23)

erfi(x / dte " . (6.24)

where

Once again, the thrust distribution in Laplace-space is obtained by identifying sp = s;, = s,
in which case we also choose o = 1/(se7¥).

To display the effect of resummation and of running coupling effects, we show in the
upper panel of figure 8 the gluon-thrust distribution C%O‘;—‘T’ in the leading O(ay) approxi-
mation (blue-dotted line) and in the resummed double-logarithmic approximation (6.19)
(light-blue band). We adopt Q = mz = 91.1876 GeV corresponding to final states from
hadronic Z-boson decay, and as(myz) = 0.1179. The coupling is evolved with one-loop ac-
curacy and n; = 5 according to (6.21). In the leading-order approximation we choose a; at
the collinear scale 1/7Q. Since the scale of a is not fixed in the double-logarithmic approx-
imation, we vary it from the soft scale 7() to the hard scale ), which produces the shown
band and a considerable uncertainty. For comparison, we also show (light-green band)
the numerical inverse Laplace transform of the double-logarithmic approximation (6.17) in
Laplace space. To this end, we compute

1 d£ Q C—H'oods srg 1 1 ;Z\OJ-

ogdr —si= 6.25
oo dt 271 Je—ioco 00 dspdsy, |SR—$L—8) ( )

where ¢ > 0 is chosen to enclose the singularities of the Laplace-space distribution, ex-
cluding the one from the Landau pole of the running coupling, which corresponds to the
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Figure 8. Upper panel: gluon thrust distribution %Z—‘; in the double-logarithmic approximation

0
including scale variation (light-blue band from (6.19) and light-green band from the numerical
inverse Laplace transform of (6.17)), and the LL approximation (red line). The tree-level result is

shown in dotted-blue. Lower panel: Laplace-space gluon thrust distribution (times Qs), %35%7 in

the LL approximation (red line), allowing for a variation of the initial scales as described in the text
(light-red band). Also shown is the truncation of the LL result to linear order in 5y from (6.23)
(blue), but the difference is hardly visible.

“minimal prescription” of [47]. We also set 0 = 1/(s€7%) in (6.17). We observe a significant
difference between the two bands, which must be attributed to formally next-to-leading
logarithmic effects in the relation between Laplace and momentum space.

Finally, the upper plot shows (red line) the full leading-logarithmic result (6.22) (with
the w integral evaluated numerically for o = 1/(se?®)) after taking the inverse Laplace
transformation (6.25) numerically. The LL result turns out to be very close to the DL one
when the inverse Laplace transformation is computed in the same way. The green band
ends at 7 = 0.03, since the DL result at the soft scale becomes sensitive to the strong
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coupling regime at smaller values 7. We also recall that perturbative resummation requires
Qr > AQCD ~ 0.5GeV and 7 < 1.

We can gain some insight on the importance of intrinsic next-to-leading logarithms by
varying in the LL result the various matching scales around the values adopted in (6.22).
For this purpose, we vary the three pairs of scales (1, tna), (tes tte), (ts, ttsa) by a factor

of 1/2 and 2 around their default scales. We then take the minimum and maximum values
11
7202
the cases where different scales are varied in different directions. For simplicity, we show
Qs d
o ds

as the light-red band around the red curve (LL) that represents (6.22). For comparison

of the 15 possible combinations of (1 ) etc. to compute the scale variation, excluding

this result for the normalized Laplace-space distribution in the lower panel of figure 8
the tree-level (LO) and linear-fy truncation (6.23) of the LL expression are displayed, but
the difference between the latter approximation and the full result is hardly visible. The
sizeable scale variation seen in the figure emphasizes the need for NLL resummation. The
renormalized and endpoint-rearranged factorization formula derived in this work provides
the starting point for this systematic improvement. However, the actual implementation
requires the calculation of the presently unknown non-cusp parts of the O(as) anomalous
dimension of J,(p?,w,w’) and Sxrp(l4,l—,w,w’) for general w(), which require two-loop
calculations beyond the scope of this work, as well as the O(a?2) cusp parts of the anomalous
dimensions of the NLP objects.

7 Conclusion

The lack of convergence of the convolution integrals appearing in subleading-power factor-
ization theorems is currently the biggest obstacle to resummation of the power-suppressed
large logarithmic corrections in collider physics. This applies in particular to the classic
1 — 2 and 2 — 1 processes, such as event shapes in eTe™ annihilation, deep-inelastic
scattering for £ — 1, and the Drell-Yan threshold.

In earlier work [18] on off-diagonal deep-inelastic scattering for  — 1, we showed that
the hard function of the subleading power B-type operator factorizes in the limit when
the collinear momentum fraction carried by one of the quark fields tends to zero. To
avoid dealing with the non-perturbative parton distributions, in this work we considered
the analogue of the off-diagonal channel for eTe™ annihilation, “gluon thrust”. Earlier
results on the double-logarithmic resummation of this next-to-leading power kinematic
configuration employed d-dimensional factorization and consistency relations [14, 18], which
do not readily generalize beyond the leading logarithms.

In this paper, we derived a novel endpoint factorization relation for the NLP thrust
distribution in the two-jet region for the flavour-nonsinglet off-diagonal contribution, where
a gluon-initiated jet recoils against a quark-antiquark pair, which involves subleading-power
soft and jet functions defined at the cross-section level. The above-mentioned factorization
of the subleading power B-type operator plays again a crucial role for the consistency of the
rearrangement that renders the expressions free from endpoint divergences. The framework
developed in the present paper allows for the first time to remove systematically endpoint
divergences in the convolution integrals of the SCET; factorization theorems and hence
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opens the path to systematic next-to-leading-power resummation for collider observables
involving soft quark emission. Employing the subtraction of endpoint divergences with
the help of operatorial endpoint factorization conditions, we were able to reshuffle the
factorization theorem such that the individual terms are free from endpoint divergences
in convolutions and can be expressed in terms of renormalized hard, soft and collinear
functions in four dimensions. At this point, standard renormalization-group techniques can
be used to obtain the resummed integrands. The basic structure of the rearrangements
turns out to be surprisingly similar to the one for Higgs decay through light-quark loops
into two photons [21, 22|, which however is a SCET]; process, where factorization applies
to the amplitude. For the 1 — 2 and 2 — 1 processes considered here, there are no
rapidity divergences related to momentum modes of the same virtuality, and dimensional
regularization suffices to make the convolutions well-defined [10, 15], yet their divergence
as € — 0 requires rearrangement and refactorization as discussed here.

For the NLP thrust distribution in the power-suppressed two-jet region, where a gluon-
initiated jet recoils against a quark-antiquark pair, we derived the necessary anomalous
dimension of the NLP jet and soft functions using renormalization-group consistency and
endpoint factorization relations. We also explicitly computed the one-loop anomalous
dimension for the hard matching coefficients. These ingredients allowed us to perform
the first resummation of the endpoint-divergent SCET| observables at the LL accuracy
using exclusively renormalization-group methods. After resummation of the integrands,
a judicious choice of initial conditions is necessary for the endpoint-subtraction terms,
requiring a scale setting depending on the value of the convolution variable. We verified that
our results simplified to double logarithmic accuracy agree with the earlier results [14, 18]
and evaluated the numerical impact of the new LL corrections. Our main technical result
for gluon thrust is (6.22), which provides a concise expression for the two-hemisphere
invariant mass distribution in Laplace space.

The presented method relies on universal properties of the soft and collinear limits and
can be applied to other SCET] problems. An immediate target for the further exploration
of NLP resummation is the extension of the present work for gluon thrust and related
soft-quark emission processes to NLL accuracy, which requires the computation of renor-
malization kernels for the NLP soft and jet functions at order O(as), i.e., at the two-loop
level (counting phase-space integrals as loops). For the diagonal processes, the leading
NLP logarithms have been considered for the thrust distribution and the DY threshold
in [9, 10, 12, 13], and they turn out to be almost trivial in comparison with the ones for
the off-diagonal processes, as there are no endpoint divergences. This is no longer expected
beyond the LL accuracy [15]. The present framework supplies a method to address the
endpoint divergences that appear in the soft gluon limit at NLP, which is relevant to the
diagonal processes.
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A CPB! and DB!

In this appendix we provide explicit results for the hard matching coefficient ClBl(QQ, T)
associated to the SCET operators defined in the second line of (3.7) and (3.10). In mo-
mentum space,

JPYr) = Xe(r)TH Ay Lexe(F), i=1,2, (A.1)

7

where r and ¥ = 1 — r denote the momentum fractions of the anti-collinear quark and
anti-quark, respectively, and

1 9 Y1V 2 9 Y11 - .
We then obtain the one-loop correction and one-loop evolution equation of the refactor-
ization coefficient DB!(p?) by taking the » — 0 limit of the corresponding results for
CPL(Q? r) and (4.1),

DBl 2
CFI(QQ, r) = CAO(QQ) Ea%Q) + endpoint-regular . (A.3)

Here endpoint-regular contributions diverge at most logarithmically in the limit » — 0.

A.1 One-loop results
Allowing for the one-loop correction to (3.30), we write

1
CP @) =1 (1+ 22 A% (@) + 0(@?)) (A4
T T
We recall that charge conjugation implies CP1(Q?,r) = —CP1(Q?,7), hence it suffices to
discuss the case i = 1. A standard matching calculation of the v* — ggqg amplitude results
in

C 2 2 4 2 2
APHQ? r) = (C —A>(—62+_+_T+7T>+CF_

<_M2>6
2 re T 6 r Q2

2 2 1 2 2 1 2 2\¢
slop(5-2 - Y au(- S Le N D] (- )

€  Fe 7 6 Te 7 6 _@
5 1 1 =2 u? €
+[CF(—6—10)+CA<—62+6+12)}(—T_QQ> +0O(e). (A.5)
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The limit r — 0 is of particular interest, and results in

Bl/H2 ,.\ =0 A0 Y 2 m? LQ ‘ A
A (Q 7T) = C(FA _QQ +<CF_CA) 6*2_1_6 _TQ2 +O(67T)7 ( 6)
which shows that the B1 coefficient depends on two scales, Q% and rQ?. We can identify
2 3 w2
AV = 2t 84T 4 O(e AT
S-S -8+ 00 (A7)

with the one-loop contribution to the leading-power hard matching coefficient CA9:

2 €
M@ =1+ 2P am (L) o2, (A.8)
47 Q?
Comparing to (4.1), we find
gt =14 2 (e (3= T) () vowd a9
dr FT A 6)\ p? s ‘

For completeness, we check that the r — 1 limit of AB(Q?,r) does not contain 1/7 terms:

CF(i-l)-l—CA(—; 1+2+71T;)K—52>6 (A.10)

+[CF(—i—10)+CA(—+1 gﬂ(—?fé;)eJrO(e,r).

A.2 Derivation of the evolution equation of the asymptotic refactorization
coefficient DB?

AP ) "2

Our goal is to show that the RGE (4.6) for the matching coefficient DB!(rQ?) can be
derived from the standard evolution equation of the hard-matching coefficient CzBl(QQ, T)
for generic value of r. We note that this finding is distinct from the case of B1 operators
containing a quark and a gluon in the same collinear direction, where the soft-gluon limit
needs to be treated separately from the endpoint-regular piece [49].

The renormalization of SCET operators of the Bl type has been studied in detail
n [44, 45], except for the fermion-number zero case, to which the operators JiB L (r)
in (A.1) belong. The anomalous dimension matrix is determined by computing the MS
renormalization factors Z(r, s) = 0;591"(r — s) + 62} (r, s) defined via

z ren ] bare

Bl’” /ds Z’”’ (r,s) JBLv (s). (A.11)

Following the lines of [44, 45], we find at one-loop order 5ijy(r, s) = g'"6Z;;(r, s) with

o Ca Ca 2 Ca 3Ck
7 Y =225 5) |+ 2 [ —p— | - 21
8Z11(r,8) = 6Z22(r, 3) Qﬂé(r s) 2 + (—Q2 5 5e n(rr) + P
iGN (A.12)
€
(5212(7“, S) = 5Z21(7“, S) = %AFLTFTF, (A.13)
T €
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where

o= G- {52, +x )
(=) )

The momentum fractions have support in the interval 0 < r, s < 1. Furthermore, Tp = 1/2,

+ QAFTFTF} . (A.14)

and Arp = 1 (0) in the flavour-singlet (non-singlet) projection of the anti-collinear xzxez
fields in JZ-B Li The expression in square brackets defines a symmetric distribution, which
applies to integration over test functions of r or s, with definition

[r DG =) = [[dr Dl ) (5) - 7(5)) (A15)
/ds (r—s)]+g(s /dsDr—s g(s) —g(r)). (A.16)

The definition applies to any integration range, which is left unspecified here. In (A.14)
the integrations are limited to 0 < r,s < 1, but we will also consider the case 0 < 7,5 < 00
below.

The anomalous dimension can then be obtained as

zZ 1, (A.17)

giving the RGEs

dlfwchl / dr CPL(Q, )T (1, s). (A.18)

Here we already used that the current renormalization for the specific operators JiB Lp (r)
considered here is diagonal in Lorentz indices, such that they can be dropped in the Wilson
coefficients and anomalous dimension matrix.

We checked that convolving the tree-level coefficients CP1(Q?, r) with §Z;;(r, s) agrees
with the divergent part of the explicit one-loop result for CJBI(Q2, s) as given in the previous
subsection for the flavour non-singlet projection, including both the contributions that are
singular as well as those that are regular with respect to the dependence on s. This confirms
the observation that the standard evolution equation for the B1 current can be used in this
context, despite of the soft (anti-)quark singularity for r — 0 (¥ — 0). In the following
we are interested in extracting from the evolution equation the part that describes the
renormalization of the endpoint-singular piece captured by DB

The all-order identity CP'(Q? r) = —CPY(Q? ) is consistent with the relations
0Z11(r,8) = 0Zaa(r,s) = 0Z99(7,8) and 8 Z12(r,8) = 6Z91(r,s) = 0Z21(7,8). Further-
more it can be checked that 6Z15(r,s) does not contribute to the renormalization of
DBY(r@Q?), due to the independence on s (see below). Therefore it is sufficient to con-
sider Z(r,s) = 6(r — s) + 6Z11(r, s) in the following.

The matching coefficient CIBI(QQ,T) for the problem at hand features a power-like
endpoint singularity o 1/r for r — 0, that may be modulated by logarithmic corrections,
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and is captured by the DB! contribution in (4.1). In order to extract the renormalization
factor for DB!, we are interested in the convolution with T'11(r, s) (or equivalently Z(r, s) at
order «g). The result of the convolution can be split into an endpoint divergent piece o 1/s,
and a regular part. The former describes the renormalization of DB!, and the latter yields
a mixing of DB! into the endpoint-finite part of CP1(Q?,r). Here we are interested only in
the endpoint-singular contribution. In order to isolate it, we consider test functions that
represent the most general possible dependence of the Wilson coefficient on the momentum
fraction, and investigate the integral

F
/dr fgj") Z(r,s) = f:) + endpoint-regular . (A.19)

Here f(r) is an arbitrary test function defined for » > 0, that depends logarithmically on
r, and represents the DBl coefficient. For example, f (r) could be given by some power
of In(r) or a more general polylogarithmic dependence. The right-hand side states that
the result can be written as an endpoint-singular piece, with some function F(s) that also
depends logarithmically on s, and an endpoint-regular contribution. Below we show that
this is indeed the case, and that F'(s) can be obtained via

F(s) = / drf(r) Zaoao X Zpe e (1, 5) | (A.20)

with a renormalization factor Zpeipei(r,s), and Zaoao the renormalization constant for
the leading-power coefficient CA%(Q?), being given at order ay by

Qg CF CF M2 3CF
VA =1—-—=|—+—1 . A21
4040 2 [ €2 + e (—QQ — e * 2¢ ( )

The strategy for obtaining Zpe1pe1 is to apply the method of regions [50] to (A.19), and
expanding the integrand such that a homogeneous scaling in the limit r, s — 0 is obtained.

As a first step, we need to check whether the integral over r exists, despite the endpoint-
singular factor 1/r. This is trivially the case for the local contribution to Z(r,s), and we
therefore only need to check the piece containing ~(r, s),

/dr‘}cg)’}’(r,s) = % <C;A—CF> [/:dr (i TT __S = +;‘f:)> (A.22)

The integrals in the second line exist due to the explicit factor r in the second line of (A.14),
that cancels the endpoint-singularity 1/r. The first line has no endpoint singularity due to
the lower integration boundary.

As the next step, we need to expand the integrand assuming a homogeneous scaling
for r,s — 0. The first integral in the second line of (A.22) has already a homogeneous
scaling, and only the first term in the round bracket contributes to F(s)/s, while the second
term yields an endpoint-regular contribution [J drf(r)/s. In addition, the integral in the
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“singlet” term proportional to A is independent of s and can therefore not contribute to
F(s) in (A.19).

Let us now turn to the first line of (A.22). Expanding in the region of small r,s
allows us to replace 7/s — 1. Next, we see that the integral [ 81 drf(r)/r contributes
only to the endpoint-finite part on the right-hand side of (A.19), and can therefore be
dropped in the present discussion. However, the first term in the round bracket in the
first line of (A.22) yields contributions that scale as 1/s. To isolate them, we replace the
upper integration boundary 1 by a Heaviside function §(1 — r) within the integrand. The
method of regions instructs us to homogenize also the Heaviside function, corresponding
to extending the upper integration boundary to +oo. At this point, we use that the test
function f(r) depends logarithmically on r. It can therefore be extended over the interval
0 < r < o0, in accordance with the method-of-region expansion. However, this procedure
is too naive, since it implies that the integral diverges for » — oo. This problem is linked
to the observation that the respective integral yields contributions that are logarithmically
enhanced as In(s)/s for s — 0. They can in turn be isolated by the rewriting

/1 dr fr)/r—f(s)/s _ /ldr f(r) — f(s) 4 f(s) In(s) . (A.23)

r—s r(r—s) s

After this rewriting we can extend the integration range of the remaining integral to s <
r < 00, yielding the desired homogeneous scaling.'®

Note that the relation above could equivalently be written at the level of plus-
distributions, but we prefer to keep the explicit form here in order to be clear about
the treatment of the integration domain in the various steps.

Altogether, this implies the contributions that scale as 1/s up to logarithmic corrections
have been isolated, and are given by

f(r) _ s (CA _ )
/dr T 7(7178)‘0<1n()/s o7 2 Cr

/:O dr (f(:()r__];()s)) + fis) In(s)
+ /OS dr

(f (r) = f (S))

s(s—r)
By comparing with (A.19) we can read off the renormalization coefficient of DB!,
1 1 @2
4| —F
zg e (—TQ2 — 2'5)

) = 22 (L - o) s [F=D 4 2o

Toar \ 2 r—s)  s(s—r)

16\We note the similarity of this procedure to the extraction of the “asymptotic kernel” for the QED-
generalized light-cone distribution amplitude of a light meson in [37], which involves a colour-singlet but

(A.24)

QS(CF - CA)
2

+ ﬁ(: 5) , (A.25)

d(r—s)

ZDBlDBl (T’, 8) =

where

, (A.26)
.

electrically charged operator.
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and the plus distributions are defined with respect to the interval 0 < r, s < oo here. The
anomalous dimension is, at order aj, given by

d 8ZDB1DB1

Tpeipsi(r,s) = —mZDBlDBI (rys) =2eZpeipsi(r,s) — , (A.27)

Olnp
which gives

2

5(r—s)In (“) +25(r,s).  (A.28)

—rQ?% —ie

QS(CF - CA)

FDBlDBl (7“, 3) =
™

We can express the result equivalently in terms of w and & using s = w/Q,r = &/Q. This

yields
d [ele]
——D"! :/ 5 yp(@,w)DP (& A2
dln i ; dovp (&, w) (@), (A.29)
with
. as(Cr —Ca) CA
Yp(@,w) = - wQ i
Cy (@ - )
s [ xAa A.
+ 7r ( 2 CF) [cf)(d) w) +w(w @)l (4.30)

This result is consistent with eq. (3.2) in [36] obtained by a different method, when rewriting
& — aw and w@Q — p? in terms of the variables x and p? used there, and accounting for
the different convention of the order of arguments of yp in (A.29).

B Alternative version of the endpoint-finite factorization formula

In this appendix consider the alternative split of the integration regions mentioned in
section 4.3, i.e. we present the factorization formula for the version (1), corresponding
to w and W' smaller than an endpoint factorization parameter A (integral I;), and the
complement region Io, see figure 6.

Subtracting the complement region I, the A-type term takes the from

! do ‘Aftype = 237 f(6> ’CAO(QQ)‘Q jg(q)(SR) /dwdw/

;odSRdSL
X { jc(sL,w,w/) gNLP(SRa SL,CL),W/)
—[1-0(A — w)O(A — )] [Te(sr,w,0")] [Snrp(srs sp,w,w)]

+Je(s,w,w") Sxip(sr, sp,w,w') } (B.1)
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If we further assume that A > 1/sg,1/sr, then we can keep only the leading terms in
1/(sgA) and 1/(spA) and the previous equation simplifies to

! do ’Aftype = 28? f(f) |CA0(Q2)’2 jg(q) (SR) /dwdw’

s} dSRdSL

X { O(A — w)f(A — ) [jc(sL, w,w") SNLp (SR SL,w, W)

+Ju(sp,w,w") Sxp(sg, 3L7W,W,)} (B.2)

+ [0(w —A)O(A — ') + 0(w' — AN)I(A — w)] [jc(sL, w,w’) §NLP(3R, sp,w,w)
_[[jc(sL,w,w')]] [SNLP(SR,SL,W,W/)H + jc(sL,w,w’) §NLp(sR,sL,w,w')} }

The remaining part I; of the scaleless integral (4.16) must be combined with the B-
type term. To make notation more concise, we introduce ry = A/Q. The B-type term for
i=1 =11s

1 do | 2CF f

— B—t = -—
oo dspdsy, 2P Q2

X { (1 —r)f(1 — r’)CPl*(QQ, r’)CPl(QZ, T) quQ(S)(SR, r,r')

(€) Jc(g)(sL) S(g)(sR, sr) /OOO drdr’

—[00ra = 1)0(rs — )] [CP*(Q% ) lCP Q% )]0 [T (s, )] } - (B.3)
If we choose rp < 1, then the B-type term simplifies to

1 do 20

1 1
;OM|?2¥£§ = @f(e) jc(g)(sL)S(g)(sR,sL) /0 dr/o dr' [1—0(ra —r)0(ra — "))

x{ CP(Q2, ) CPY Q2 1) TU (s, 1)

~ ICP (@ IO Qo LT (s )] | (B.4)

up to corrections of O(A/Q). Just as for version (2) given in the main text, we can obtain
the i =i’ = 2 case by C’?l(*) — C’fl(*), [..Jo—[..]1 and () — 7).
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