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N-jettiness subtractions provide a general approach for performing fully-differential next-to-next-to-
leading order (NNLO) calculations. Since they are based on the physical resolution variable N-jettiness,
T N , subleading power corrections in τ ¼ T N=Q, withQ a hard interaction scale, can also be systematically
computed. We study the structure of power corrections for 0-jettiness, T 0, for the gg → H process. Using
the soft-collinear effective theory we analytically compute the leading power corrections αsτ ln τ and
α2sτln3τ (finding partial agreement with a previous result in the literature), and perform a detailed numerical
study of the power corrections in the gg, gq, and qq̄ channels. This includes a numerical extraction of the
αsτ and α2sτ ln2 τ corrections, and a study of the dependence on the T 0 definition. Including such power
suppressed logarithms significantly reduces the size of missing power corrections, and hence improves the
numerical efficiency of the subtraction method. Having a more detailed understanding of the power
corrections for both qq̄ and gg initiated processes also provides insight into their universality, and hence
their behavior in more complicated processes where they have not yet been analytically calculated.

DOI: 10.1103/PhysRevD.97.014013

I. INTRODUCTION

Our ability to perform next-to-next-to-leading order
(NNLO) calculations for cross sections of phenomenologi-
cal importance is crucial for theory predictions to match the
precision of Run 2 measurements at the LHC. Due to
significant recent progress a number of NNLO subtraction
techniques are now available for hadron-hadron collisions,
and have been successfully demonstrated both for color-
singlet production [1,2], as well as for cross sections
involving jets in the final state [3–8]. However, particularly
when final state jets are involved, these techniques remain
complicated and computationally expensive. Improving
the numerical efficiency and theoretical understanding of
NNLO subtraction schemes is therefore of significant
interest.
In this paper, we focus on improving the understanding

of the infrared structure of N-jettiness subtractions [7,8],
which is a nonlocal subtraction method based on the
N-jettiness resolution variable T N [9,10]. N-jettiness

subtractions provide a powerful and simple method that is
in principle applicable for an arbitrary number of jets in
the final state. They have been applied to W=Z=H=γ þ jet
at NNLO [7,11–14], as well as inclusive photon production
[15], and have been implemented in MCFM8 for color-
singlet production [16–19]. They have also been used to
calculate single-inclusive jet production in ep collisions
at NNLO [20]. The N-jettiness subtraction scheme has the
advantage that it is simple to implement using known
NNLO results from the literature, can be interfaced with
resummation or parton shower programs,1 and is concep-
tually simple to extend to higher perturbative orders.
An important feature of the N-jettiness subtraction

scheme is that it is based on a physical infrared-safe
observable, N-jettiness T N , and the subtraction terms are
determined by the behavior of T N in the soft and collinear
limits. Using our understanding of the simplifications of
gauge theories in these limits allows the subtraction
terms to be systematically computed as an expansion in
τ≡ T N=Q, with Q a typical hard interaction scale. The
leading terms in the τ → 0 limit are naively nonintegrable
divergences that are properly defined as plus-functions,
½lnk τ=τ�þ, and are required for the subtractions. ThesePublished by the American Physical Society under the terms of

the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1Indeed, the first application of N-jettiness subtractions was in
the GENEVA Monte Carlo [21,22].
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terms are described by well-established factorization for-
mulas valid to all orders in αs. For the case of N-jettiness,
these formulas were determined in Refs. [9,10] using soft
collinear effective theory (SCET) [23–27]. They are
expressed in terms of universal soft, jet, and beam func-
tions. The required ingredients to compute the leading-
power subtraction terms at NNLO are the NNLO jet [28,29]
and beam [30,31] functions (the spin-dependent quark
beam functions were recently computed to NNLO [32]),
which are process independent, as well as the soft function,
which depends on the number of external colored partons,
n, in the Born process. The soft function is known
analytically at next-to-leading order (NLO) for arbitrary
n [33], and at NNLO it is known analytically for n ¼ 2
[34–37], and numerically for n ¼ 3 [38], and with a third
massive parton [39].
The leading-logarithmic (LL) terms at subleading order

in τ were analytically computed at NLO and NNLO for
Drell-Yan like processes in Refs. [40,41]. Including these
improves the subtractions by an order of magnitude, with
further improvements possible by computing additional
subleading logarithms. In Ref. [40] it was also shown that
the rapidity dependence of the power corrections strongly
depends on the observable definition. For the specific
definition of T N in the hadronic frame that had been used
in some implementations, the power corrections grow
exponentially with the rapidity Y of the Born system,
and the power expansion is in T NejYj, instead of T N ,
causing it to break down at large Y. On the other hand,
using the definition of T N [9,10] that takes into account the
boost of the Born system results in a well-behaved power
expansion, with power corrections that are approximately
flat in Y. Unlike the leading-power factorization, which has
the same structure for any color-singlet production, the
universality of subleading power corrections is not well
understood, and it is therefore important to understand their
behavior in other processes.
In this paper, we present a detailed study of the power

corrections in T 0 for the gluon fusion, gg → H, process. We
analytically compute the LL correction at both NLO and
NNLO for all partonic channels, namely gg, gq, and qq̄, and
at NLO we also compute the next-to-leading-logarithmic
(NLL) contribution for the qq̄ channel, which is the first
nonzero contribution from this channel. We then perform a
detailed numerical study using H þ 1 jet NLO results from
MCFM8 [18,42–44]. This provides both a confirmation of
our analytic calculation, and enables us to study the extent
to which the power corrections are well described by the LL
approximation. We also study the rapidity and observable
dependence of the power corrections.
The analytic LL power corrections for T 0 in the hadronic

frame for the gg and gq channels were first computed in
Ref. [41]. While we agree with the results of Ref. [41] for
the gq channel, we disagree for the gg channel.2 We will
comment further on this disagreement at the end of Sec. IV.
We also note that Ref. [41] did not perform a numerical

study of the partonic channel dependence or of the
importance of NLL power-suppressed terms.
The remainder of this paper is organized as follows.

In Sec. II, we briefly review N-jettiness subtractions,
focusing in particular on the structure of the power
corrections. In Sec. III, we present our analytic calculation
of the subleading power logarithms. We perform the
calculation both for thrust in H → gg, as well as for beam
thrust in gg → H. We also discuss the similarity of the
structure of the results with the case of eþe− → dijets and
Drell-Yan. In Sec. IV, we compare our analytic results
with the full nonsingular distribution obtained numeri-
cally from MCFM8 [18,42–44], numerically extract the
NLL power corrections, and discuss their importance.
In Sec. V, we discuss the importance of the T 0 observable
definition, and the dependence of the power corrections
on rapidity. We conclude in Sec. VI.

II. N-JETTINESS SUBTRACTIONS

Here we briefly review N-jettiness subtractions, focusing
on the simplest case of a global subtraction or phase-space
slicing, and using N ¼ 0 as relevant for gg → H. For an in-
depth discussion, including a description of how it can be
used as a more differential subtraction scheme, see Ref. [8].
The cross section σðXÞ, including Born level measure-

ments and cuts X, can be expressed as an integral of the
differential cross section for 0-jettiness, dσðXÞ=dT 0, as

σðX; T cutÞ≡
Z

T cut

dT 0

dσðXÞ
dT 0

;

σðXÞ ¼ σðX; T cutÞ þ
Z
T cut

dT 0

dσðXÞ
dT 0

: ð1Þ

For the rest of the paper we will suppress the dependence
on X. TheN-jettiness subtraction is implemented by adding
and subtracting a subtraction term dσsub=dT 0, which will
ultimately be derived from the singular behavior in the
T 0 → 0 limit. We can then write the cross section as

σ ¼ σsubðT cutÞ þ
Z
T cut

dT 0

dσ
dT 0

þ ½σðT cutÞ − σsubðT cutÞ�

≡ σsubðT cutÞ þ
Z
T cut

dT 0

dσ
dT 0

þ ΔσðT cutÞ: ð2Þ

In the second term, the restriction T 0 > T cut resolves an
emission off of the 0-jet Born configuration, and thus
reduces to an NLO calculation of gg → H þ 1 jet. The last
term ΔσðT cutÞ vanishes by construction as T cut → 0 and is
eventually neglected.
We can expand the cross section about the soft and

collinear limits in powers of τ ¼ T 0=Q ≪ 1. For the case

2We also find the same disagreement between our calculation
for qq̄ → V [40] and the corresponding qq̄ → V results given in
Ref. [41] in the qq̄ channel.
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of gg → H, we will take the hard scale to be Q ¼ mH.
We write the expanded cross section as

dσ
dτ

¼ dσð0Þ

dτ
þ dσð2Þ

dτ
þ dσð4Þ

dτ
þ � � � ;

σðτcutÞ ¼ σð0ÞðτcutÞ þ σð2ÞðτcutÞ þ σð4ÞðτcutÞ þ � � � : ð3Þ

The superscripts denote the suppression in powers of
λ ∼

ffiffiffi
τ

p
. Odd powers of

ffiffiffi
τ

p
vanish, as explained in

Ref. [45]. The leading-power terms dσð0Þ=dτ and
σð0ÞðτcutÞ contain the most singular terms with the scaling

dσð0Þ

dτ
∼ δðτÞ þ

�
Oð1Þ
τ

�
þ
;

σð0ÞðτcutÞ ∼Oð1Þ; ð4Þ
where the Oð1Þ in the counting indicates that it is modulo
logarithms lnj τ and lnj τcut with j ≥ 1, respectively. The
remaining terms in Eq. (3), dσð2kÞ=dτ and σð2kÞðτcutÞ,
contain at most integrable singularities and scale as

τ
dσð2kÞ

dτ
∼OðτkÞ; σð2kÞðτcutÞ ∼OðτkcutÞ: ð5Þ

The terms with k ¼ 1 are the next-to-leading power (NLP)
contributions, and are the focus of this paper.
To provide an appropriate subtraction term, σsubðT cutÞ

must contain all leading-power contributions, but can differ
by power-suppressed terms,

σsubðT cutÞ ¼ σð0Þðτcut ¼ T cut=QÞ½1þOðτcutÞ�: ð6Þ

Thus, the leading-power terms, obtained from the leading-
power N-jettiness factorization theorem, provide the
minimal subtraction terms for the N-jettiness subtraction.
In this case, the neglected power corrections ΔσðT cutÞ are
the complete set of power corrections relative to the

leading-power factorization. As pointed out in Ref. [8],
the inclusion of additional power-suppressed terms in
σsubðT cutÞ is formally not necessary, as they vanish in
the τcut → 0 limit, but can significantly improve the
numerical efficiency of the N-jettiness subtractions.
Following Refs. [8,40], the expected size of the

neglected power corrections and the effect of including
the dominant power corrections in the subtractions can be
easily estimated by their functional form. Writing the
perturbative expansion of the cross section in αs as

dσðkÞ

dτ
¼

X
n¼0

dσðk;nÞ

dτ

�
αs
4π

�
n
; ð7Þ

the perturbative structure of the NLP contributions is

τ
dσð2;nÞ

dτ
¼ τ

X2n−1
m¼0

Cð2;nÞ
m lnmτ;

σð2;nÞðτcutÞ ¼ τcut
X2n−1
m¼0

Að2;nÞ
m lnmτcut; ð8Þ

where the Að2;nÞ
m coefficients are directly related to the Cð2;nÞ

m0

coefficients by integration. The numerically largest power
corrections are then the LL terms at each order, namely
the αsτcut ln τcut at NLO and the α2sτcutln3τcut at NNLO. In
Fig. 1 we show an estimate of the neglected power
corrections ΔσðτcutÞ, based on their logarithmic structure
as a function of τcut, relative to the leading-power αns
coefficient σð0;nÞ (on the left) and relative to the LO cross
section (on the right). The latter is derived from the former
assuming a 30% correction at each order in αs relative to the
contribution from the previous order (corresponding to a
10% correction multiplied by a CA color factor), and the
bands show a factor of three variation of the estimate. The
size of the missing terms grows rapidly with the loop order

FIG. 1. An estimate of the missing power corrections ΔσðτcutÞ based on their functional form at NLO (green), NNLO (blue), and
N3LO (orange). The solid (dashed) lines correspond to the (N)LL power corrections, showing the possible improvement by removing
the LL corrections. On the left, the estimate is normalized to the full NnLO contribution, while on the right it is normalized to the LO
cross section (assuming a 30% correction of each perturbative order relative to the previous order). In both cases, the bands around the
LL estimate illustrates a factor of 3 variation.
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due to the increasing enhancement by additional loga-
rithms. This also highlights that by computing and includ-
ing the LL power suppressed terms, the numerical
efficiency of the N-jettiness subtractions can be improved
by up to an order of magnitude. We will find that this
simple estimate holds for the gg → H partonic channel, but
is not well reproduced for the gq → H partonic channel,
whose LL power correction turns out to be unusually small
compared to its NLL power correction.

III. CALCULATION

In this section, we present our calculation of the
subleading power LL coefficients at NLO and NNLO.
We perform the calculation for thrust in H → gg in Sec. III
A and for 0-jettiness (beam thrust) in gg → H in Sec. III B.
In Sec. III C, we provide a discussion of the similarities
in the analytic structure of the power corrections for
qq̄-initiated Drell-Yan and gg-initiated H production.
Following our calculation of the fixed-order power

corrections for Drell-Yan [40], we use SCET [23–27] to
systematically organize all sources of power corrections.
SCET is an effective field theory for the soft and collinear
limits of QCD, which allows for a systematic expansion
about the soft and collinear limits in a power counting
parameter which for the present case of interest scales as
λ2 ∼ τ. The effective theory has different quark and gluon
fields for soft and collinear particles, which will play an
important role in our calculation.
In the effective theory, power corrections arise from three

sources, each of which are easy to track. Subleading
Lagrangian insertions describe universal corrections to
the dynamics of soft and collinear radiation, and are known
in the literature to Oðλ2Þ [46–51]. Power-suppressed hard-
scattering operators describe subleading-power local cor-
rections to the hard-scattering vertex. Complete operator
bases for Drell-Yan and Higgs production to subleading
power were derived in Refs. [45,52,53]. Finally, there are
power corrections to the measurement function. These were
originally derived for thrust in Ref. [54] using a different
formalism than we use here, and in the formalism we use
here in Ref. [45].
Following Ref. [40], we use the scaling of modes in the

effective theory to derive general consistency relations
allowing for a considerable simplification in the calcula-
tion. A general expression for the perturbative expansion of
the dimensionally regulated differential cross section at
NLP is given by

dσð2;nÞ

dτ
¼

X
κ

X2n−1
i¼0

cκ;i
ϵi

�
μ2n

Q2nτmðκÞ

�
ϵ

þ
X
γ

X2n−2
i¼0

dγ;i
ϵi

�
μ2ðn−1Þ

Q2ðn−1ÞτmðγÞ

�ϵ

þ � � � : ð9Þ

For each contributing loop or real-radiation momentum k,
we assign a specific label κ; γ;… for the scalings of the
particles, i.e., hard, collinear, or soft, and mðκÞ ≥ 1 is an
integer. At one loop (n ¼ 1) there is a single integrated
momentum, which can be

soft∶ κ ¼ s; mðκÞ ¼ 2;

collinear∶ κ ¼ c; mðκÞ ¼ 1: ð10Þ

At two loops (n ¼ 2), the possibilities are

hard-collinear∶ κ ¼ hc; mðκÞ ¼ 1;

hard-soft∶ κ ¼ hs; mðκÞ ¼ 2;

collinear-collinear∶ κ ¼ cc; mðκÞ ¼ 2;

collinear-soft∶ κ ¼ cs; mðκÞ ¼ 3;

soft-soft∶ κ ¼ ss; mðκÞ ¼ 4: ð11Þ

The cancellation of 1=ϵ poles, which must occur for an
IR-finite observable, implies consistency equations relating
the different coefficients. In particular, the power correc-
tions at NLO can be written as [40]

dσð2;1Þ

dτ
¼ cc;1 ln τ þ const; ð12Þ

and at NNLO as [40]

dσð2;2Þ

dτ
¼ chc;3ln3τ þ ðchc;2 þ css;2 þ dc;2Þln2τ
þ ð−ccs;1 þ chc;1 − 2css;1 þ dc;1Þ ln τ

þ dc;2 ln
Q2

μ2
ln τ þ const: ð13Þ

Writing the LL contribution purely in terms of the collinear
or hard-collinear coefficient significantly simplifies the
calculation, since we only need to consider a two particle
collinear phase space to compute the leading logarithm.
The one-loop hard matching can be extracted from the
amplitudes for H → 3 partons, which are known to NLO
[55] and NNLO [56].

A. 2-jettiness in H → gg

We begin by computing 2-jettiness inH → gg, which for
massless partons is equivalent to thrust [57], for which the
exact one-loop result can easily be computed and will
provide a cross check on our results.3 The thrust measure-
ment function is defined by

3The full NLO result for thrust in H → gg was also computed
recently in Ref. [58] in a different context.
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τ ¼ 1 −maxt̂

P
ijt̂ · p⃗ijP
ijp⃗ij

: ð14Þ

We focus on the αs ln τ and α2s ln3τ terms in dσð2;nÞ. We will
discuss in some detail the structure of the calculation at
NLO, focusing on the different types of power corrections,
and the cancellation of 1=ϵ poles. We then use Eq. (13) to
extend this calculation to NNLO.

1. H → gg power corrections at NLO

Studying contributions from the complete basis of SCET
operators [53] and Lagrangian insertions, there are four
contributions to the leading logarithm at NLO. As for the
case of Drell-Yan [40], we can group these into two
categories, each of which separately exhibits the cancella-
tion of 1=ϵ poles:

(i) Category 1: Purely gluonic contributions, where two
gluons become collinear, or a gluon becomes soft.

(ii) Category 2: Contributions involving quarks, where
either two quarks become collinear, or a quark
becomes soft.

The leading logarithm at leading power only comes from
the purely gluonic contribution, to which Category 1
contains the NLP corrections. On the other hand,
Category 2 has no leading-power analogue and gives rise
to new color structures at subleading power. The behavior
of the two categories is very similar to the corresponding
categories for Drell-Yan, and we will highlight these
similarities in Sec. III C.
Since Category 1 has the same partonic content as the

leading-power contribution, it has three possible sources of
power corrections: corrections from Lagrangian insertions,
corrections from subleading hard-scattering operators,
and corrections from the phase space or measurement.
The required subleading hard-scattering operators, which
involve both additional soft or collinear fields were given in
Ref. [53]. Representative diagrams are shown in Fig. 2, and
are of the form of an Oðλ2Þ contribution interfered with
the leading-power contribution. This form is guaranteed
by the Low-Burnett-Kroll theorem [59,60]. Subleading
power corrections to the thrust measurement function were

derived in Refs. [45,54]. They are found to not give a LL
contribution. On the other hand, corrections to the phase
space give rise to LL contributions.
Summing the different contributions, we find for

Category 1

1

σ0

dσð2;1ÞCat1

dτ
¼ 8CA

��
1

ϵ
þ ln

μ2

Q2τ

�
−
�
1

ϵ
þ ln

μ2

Q2τ2

��

¼ 8CA ln τ: ð15Þ

Here we explicitly see the cancellation of the 1=ϵ poles
between the soft and collinear diagrams, which are sepa-
rated in the first equality.
The contributions to Category 2 obtain their power

suppression either from subleading Lagrangian insertions
or from subleading hard-scattering operators. Since they
have no leading-power analogue, we do not need to include
power corrections to the phase space or measurement, as
these would be additionally power suppressed. Two con-
tributing diagrams are shown in Fig. 3. In Fig. 3(a) we
illustrate the contribution from a soft quark, which is
described by a subleading Lagrangian insertion, and in
Fig. 3(b) we illustrate the collinear limit between a quark
and a gluon, which arises from a subleading hard-scattering
operator.
Summing the different contributions for Category 2,

we find

1

σ0

dσð2;1ÞCat2

dτ
¼ 8nfTF

�
−
�
1

ϵ
þ ln

μ2

Q2τ

�
þ
�
1

ϵ
þ ln

μ2

Q2τ2

��

¼ −8nfTF ln τ: ð16Þ

Here nf denotes the number of light flavors, and TF ¼ 1=2.
In the first equality, we have separated the contributions
from the soft and collinear diagrams, whose 1=ϵ poles
cancel.
The final result for this term in the cross section is

1

σ0

dσð2;1Þ

dτ
¼ ð8CA − 8nfTFÞ ln τ: ð17Þ

(a) (b)

FIG. 2. Representative NLO diagrams for Category 1. In (a) a
gluon becomes soft, and in (b) two gluons become collinear.
Collinear particles are shown in light blue, soft particles in
orange. The power counting of the hard-scattering operators and
Lagrangian insertions is explicitly indicated.

(a) (b)

FIG. 3. Representative NLO diagrams for Category 2. In (a) a
quark becomes soft, and in (b) a quark and a gluon become
collinear. The power counting of the hard-scattering operators
and Lagrangian insertions is explicitly indicated.
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This result can be explicitly checked by computing the
exact NLO result for thrust inH → gg and expanding in the
τ → 0 limit.

2. H → gg power corrections at NNLO

Using the consistency relation of Eq. (13) it is straightfor-
ward to extend the NLO result to NNLO. The LL term at
NNLO can be computed from the one-loop hard corrections
to the collinear contributions at NLO, as shown in Eq. (13),
and illustrated in Fig. 4. The amplitudes for H → 3 partons
are known to NNLO [56]. From these, we find

1

σ0

dσð2;2Þ

dτ
¼ ½−32C2

A þ 16nfTFðCF þ CAÞ�ln3τ; ð18Þ

where the two terms arise from Category 1 and 2,
respectively. The color structure for the Category 2 result
is unusual for a LL contribution.

B. 0-jettiness in gg → H

Having understood the analytic calculation of the LL
power corrections for 2-jettiness inH → gg, we now turn to
0-jettiness in gg → H. Here, the additional complications
are the parton distribution functions (PDFs), and in
particular the definition of the 0-jettiness measure, which
has been discussed in Ref. [40].
We begin by defining our conventions for the kinematics.

We define qμ, Q, and Y as the total momentum, invariant
mass, and rapidity of the color-singlet system,

Q ¼
ffiffiffiffiffi
q2

q
; Y ¼ 1

2
ln

q−

qþ ; ð19Þ

and take the incoming partonic momenta to be

pμ
a ¼ xaEcm

nμ

2
; xaEcm ¼ QeY;

pμ
b ¼ xbEcm

n̄μ

2
; xbEcm ¼ Qe−Y; ð20Þ

where nμ ¼ ð1; ẑÞ, n̄μ ¼ ð1;−ẑÞ, and ẑ is the beam axis.
In Ref. [40] it was found that the structure of the power

corrections depends strongly on the choice of the 0-jettiness

measure. In particular, it was shown that the definition of
0-jettiness that takes into account the boost of the color-
singlet Born system (in this case the Higgs), which we will
refer to as the leptonic definition, has a well-behaved power
expansion, while 0-jettiness defined in the hadronic center-
of-mass frame has a poorly-behaved power expansion with
power corrections growing exponentially with Y.
We define the dimensionful and dimensionless versions

of 0-jettiness as

T x
0 ¼

X
k

minfλxpþ
k ; λ

−1
x p−

k g; τx ≡ T x
0

Q
; ð21Þ

with the measures for the different definitions given by

leptonic∶ λ ¼
ffiffiffiffiffiffi
q−

qþ

r
¼ eY; τ ¼ T 0

Q
;

hadronic∶ λhad cm ¼ 1; τhad cm ¼ T had cm
0

Q
: ð22Þ

In both cases, the sum runs over all particles in the final
state excluding the Higgs, and the momenta pk are defined
in the hadronic center-of-mass frame.
In this section, we derive analytic results for the power

corrections with the leptonic definition. The well-behaved
power expansion for the leptonic definition, allows for a
precise comparison of our analytic results with the numeri-
cal results for the power corrections extracted from the full
H þ 1 jet numerical NLO calculation, as will be discussed
in Sec. IV. The analytic results for the hadronic definition
are given in Sec. V.
The hadronic cross section is written as a convolution

of the PDFs, fi, and the partonic cross sections,
dσ̂ijðξa; ξbÞ, as

dσ ¼
X
ij

Z
dξadξbfiðξaÞfjðξbÞdσ̂ijðξa; ξbÞ: ð23Þ

The leading-order partonic cross section, to which we will
normalize, is given by

dσ̂ð0;0Þgg ðξa; ξb;XÞ
dQ2dYdτ

¼ σ0ðQ;XÞδaδbδðτÞ; ð24Þ

where

δa ≡ δðξa − xaÞ; δb ≡ δðξb − xbÞ; ð25Þ

and σ0ðQ;XÞ is the gg → H Born cross section, including
any cuts, X, on the Born phase space.
At subleading power, derivatives of the PDFs enter due

to the routing of small momentum components into the
incoming collinear lines. Explicitly, these will appear in the
form

(a) (b)

FIG. 4. Two-loop hard-collinear contributions, which are used
to compute the LL divergence at subleading power. The grey
circle represents a one-loop hard virtual correction. (a) shows the
contributions to category 1, when two gluons become collinear,
and (b) shows the contributions to category 2 (b), when a quark
and a gluon become collinear.
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fi

�
ξ

�
1þ k

Q

��
¼ fiðξÞ þ

k
Q
ξf0iðξÞ þ � � � ; ð26Þ

where k=Q ∼ τ.

1. Results for gg → H

We now give the NLO and NNLO results for the LL
contribution at NLP with the leptonic definition,
τ ¼ T 0=Q. We define our notation for the NLP partonic
cross section as

dσ̂ð2;nÞij ðξa; ξb;XÞ
dQ2dYdτ

¼ σ0ðQ;XÞ
X2n−1
m¼0

Cð2;nÞ
ij;m ðξa; ξbÞlnmτ; ð27Þ

where σ0ðQ;XÞ is the gluon-fusion Born cross section
defined via Eq. (24).
Crossing the diagrams of Figs. 2 and 3, there are three

distinct partonic channels at NLO: σ̂gg, σ̂gq (trivially related
to σ̂gq̄, σ̂qg, σ̂q̄g) and σ̂qq̄ ¼ σ̂q̄q. At NNLO we additionally
have σ̂qq0 , where q0 is a quark or antiquark of unrelated
flavor to q. For notational simplicity, at NNLO we will take
σ̂qq0 to include σ̂qq̄. Representative diagrams for the gq
channel involving soft and collinear emissions are shown in
Fig. 5. Unlike the gg and gq channels, the qq̄ channel does
not contribute a leading logarithm. At OðαsÞ, this implies
that it is a constant, while at Oðα2sÞ it contributes a ln2 τ.
At NLO it has only a collinear contribution, which is shown
in Fig. 6, and is unconstrained by the consistency relations
from the cancellation of 1=ϵ poles. In addition to not
contributing a leading logarithm, the qq̄ channel is also
suppressed by the parton luminosities, and is therefore
numerically irrelevant for controlling the N-jettiness power

corrections for the case of gg → H. Nevertheless, it
provides insight into the structure of the power corrections
at NLL in the simplest possible context, namely when there
are no LL power corrections, and we therefore compute it
at NLO.
To compute the LL coefficients Cð2;1Þ

ij;1 and Cð2;2Þ
ij;3 , we

cross our results for thrust computed in Sec. III A. Taking
into account the modified definition of the measurement
function as well as the corrections from PDFs, we find for
the NLO coefficients

Cð2;1Þ
gg;1 ðξa; ξbÞ ¼ 8CA

�
δaδb þ

δ0aδb
2

þ δaδ
0
b

2

�
;

Cð2;1Þ
gq;1 ðξa; ξbÞ ¼ −2CFδaδb;

Cð2;1Þ
qq̄;1 ðξa; ξbÞ ¼ 0: ð28Þ

The derivatives of the delta functions are defined as

δ0a ≡ xaδ0ðξa − xaÞ; δ0b ≡ xbδ0ðξb − xbÞ; ð29Þ
which translate into the above-mentioned PDF derivatives
in the hadronic cross section. They only appear in the gg
coefficients, because the gq coefficient has no analog at
leading power that is sufficiently singular. Repeating the
analysis at NNLO, we obtain for the NNLO coefficients

Cð2;2Þ
gg;3 ðξa; ξbÞ ¼ −32C2

A

�
δaδb þ

δ0aδb
2

þ δaδ
0
b

2

�
;

Cð2;2Þ
gq;3 ðξa; ξbÞ ¼ 4CFðCF þ CAÞδaδb;

Cð2;2Þ
qq0;3ðξa; ξbÞ ¼ 0: ð30Þ

Our results for Cð2;1Þ
gq;1 and Cð2;2Þ

gq;3 agree with those in
Ref. [41]. We discuss the difference between our results
in the gg channel and those of Ref. [41] at the end of
Sec. IV.
For the qq̄ channel, the NLL coefficient at NLO arising

from the diagram in Fig. 6 is given by

Cð2;1Þ
qq̄;0 ðξa; ξbÞ ¼ 16

CF

Nc

�
δb
xa

�
1 −

xa
ξa

�
2

þ ða ↔ bÞ
�
: ð31Þ

We expect this to be representative of the typical structures
that will appear for NLL power corrections, namely kernels
of xa;b, ξa;b, much like at leading power. It would be
interesting to also calculate the NLL power corrections for
the other partonic channels, but this is beyond the scope of
this paper.

C. Comparison with Drell-Yan

It is interesting to compare the structure of the calcu-
lation performed in this section with our results for Drell-
Yan presented in Ref. [40]. In both cases, there are two
categories of terms in the organization of the effective
theory, each with a hard-scattering operator involving an

(a) (b)

FIG. 5. Representative diagrams contributing to σgq, where
either a soft quark crosses the cut (a), or a collinear quark crosses
the cut (b). One-loop corrections to these diagrams give rise to the
CFðCF þ CAÞln3τ structure at NNLO.

FIG. 6. Diagram contributing to σqq̄, arising from a subleading
operator where a collinear gluon crosses the cut. There is no
corresponding soft diagram. Unlike for the other channels, this
channel is IR finite at lowest order, so there is no constraint from
the cancellation of soft and collinear IR poles.
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additional collinear field, and a contribution involving a
soft parton. In both cases, the two categories are distin-
guished by whether the hard-scattering operators involving
an additional collinear field have the same number of
quarks in each collinear sector as the corresponding
leading-power operator. In the Drell-Yan case, there is
an operator involving collinear quarks in opposite collinear
sectors, with an additional collinear gluon in one sector, as
well as an operator involving two collinear quarks in the
same sector recoiling against a collinear gluon in the
opposite sector. This is nearly identical to the structure
of the operators for gg → H. Furthermore, in both cases one
has a contribution from the soft quark Lagrangian and from
a soft gluon.
One other interesting aspect of this organization is that

the Oðλ2Þ contribution associated with category 1 with a
soft gluon, appears as the interference of anOðλ2Þ operator
with the leading-power operator. For the soft contribution,
this is guaranteed by the Low-Burnett-Kroll theorem
[59,60], although it is not obvious why it also appears
in this form for the collinear sector. While the consistency
relations relate the coefficients of the poles, they could in
principle be satisfied with multiple collinear contributions.
Ultimately the derivation of the full renormalization group
consistency equation should shed some light on this. On the
other hand, the contributions involving the soft quark
Lagrangian, or the hard-scattering operators with different
numbers of quarks in each collinear sector than at leading
power always contribute to the cross section by multiplying
their Hermitian conjugate as OðλÞ ×OðλÞ.
It is also interesting to compare the structure of the

radiative corrections in the two cases. In particular, we can
compare the ratios of the one-loop and two-loop coeffi-
cients for each of the different categories. We find

dσð2;2Þ;HiggsCat1

dσð2;1Þ;HiggsCat1

¼ −4CA;
dσð2;2Þ;Drell-YanCat1

dσð2;1Þ;Drell-YanCat1

¼ −4CF;

dσð2;2Þ;HiggsCat2

dσð2;1Þ;HiggsCat2

¼ −2ðCA þ CFÞ ¼
dσð2;2Þ;Drell-YanCat2

dσð2;1Þ;Drell-YanCat2

: ð32Þ

Interestingly, these are identical up to the exchange
CA ↔ CF. This is of course true for the leading logarithms
at leading power. In both cases for Category 1, which
behaves like at leading power, the scaling appears to be as
arising from the cusp anomalous dimension. Ideally this
result could be derived to all orders by studying the
renormalization group evolution of the operators. For the
other channel, the scaling in both cases is identical, and is
a linear combination of the color Casimirs. It would be
interesting to understand its all-orders structure, in particu-
lar whether it arises from a linear combination of two cusp
anomalous dimensions, and if so, why this combination is
identical for gg and qq̄ initiated processes. It would also be
interesting to understand to what extent similar relations

persist for the subleading logarithms, as well as at higher
orders in αs, or higher powers.
Recently, Ref. [61] appeared, which proves the univer-

sality of power corrections in the threshold limit at NLO. It
does not, however, discuss contributions involving soft
quarks, the extension away from the threshold limit, or
beyond NLO. These are all directions that would be
interesting to pursue.

IV. NUMERICAL RESULTS

In this section, we compare our leptonic τ results with
numerical fixed-order results. This first serves as a numeri-
cal cross check on our calculated coefficients for the
leading logarithm at subleading power. Then, using our
exact results for the LL coefficients allows us to use the
numerical results to extract the NLL corrections of αsτ and
Oðα2sτln2τÞ, and to study the relative importance of the LL
and NLL contributions.
We consider the process pp → H at Ecm ¼ 13 TeV for

an on-shell, stable Higgs boson with mH ¼ 125 GeV. We
always use the MMHT2014 NNLO PDFs [62], fixed scales
μr ¼ μf ¼ mH, and αsðmHÞ ¼ 0.1126428. The leading-
order cross section following from Eq. (24) is given by

σLO ¼ σ0

Z
dYfgðmHeYÞfgðmHe−YÞ: ð33Þ

We normalize all our results to σLO, as it provides the most
natural common reference value to discuss the size of the
power corrections in the different channels. This also
removes most of the dependence on the explicit process
mediated by the ggH operator. The only leftover depend-
ence is related to the PDFs and comes from the effective
x-range in the PDFs probed by the rapidity integration,
which is determined by the value of mH. The PDF
dependence primarily determines the relative size of the
gg, gq, and qq̄ channels, but only to a small extent the size
of the corrections within a given channel.
We obtain the full T 0 spectrum at OðαsÞ and Oðα2sÞ

using the H þ 1-jet (N)LO calculation from MCFM8
[18,42–44]. The known leading-power terms in the T 0

spectrum [9,63,64] are then subtracted to obtain the
complete nonsingular (all subleading-power) contributions,

1

σLO

dσnons

d ln T 0

¼ 1

σLO

dσ
d ln T 0

−
1

σLO

dσð0Þ

d ln T 0

: ð34Þ

We do this separately for the αs (NLO) and pure α2s
(NNLO) contributions and separately for the gg, gq, and
qq̄ (or qq0) channels. The gq channel includes the sum of
the gq and qg contributions with q summed over all quarks
and antiquarks. The qq̄ (or qq0) channel includes the sum
over all allowed flavor combinations.
Our numerical analysis follows the same fit strategy as

for the case of Drell-Yan in Ref. [40]. We fit the nonsingular
NLO and NNLO data in each partonic channel using the
functional forms
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FNLOðτÞ ¼
d

d ln τ
fτ½ða1 þ b1τ þ c1τ2Þ ln τ

þ a0 þ b0τ þ c0τ2�g;

FNNLOðτÞ ¼
d

d ln τ
fτ½ða3 þ b3τÞln3τ þ ða2 þ b2τÞln2τ

þ a1 ln τ þ a0�g; ð35Þ

with τ≡ T 0=mH. Since the different powers of ln τ have
very similar shapes, the fitted coefficients at the same order
in τ are typically highly correlated and care has to be taken
to ensure reliable and unbiased fit results. An important
consideration in this regard is the choice of fit range in T 0

and the number of fit coefficients. We refer to Ref. [40] for a
detailed discussion of these issues.
As a check of our calculation we first extract the LL

coefficients from the fit, which are a1 at NLO and a3

TABLE I. Comparison of fitted and calculated values for the LL
coefficients. For the qq̄ channel at NLO we include both the LL
coefficient, which we confirm to be zero, and the nonvanishing
NLL coefficient, which we also computed. In all cases we find
excellent agreement between fitted and calculated results.

Order and channel Fitted Calculated

NLO gg a1 þ0.60936� 0.00600 þ0.60400
NLO gq a1 −0.03733� 0.00066 −0.03807
NLO qq̄ a1 ð1.53� 1.62Þ × 10−7 0
NLO qq̄ 103a0 þ4.90060� 0.00013 þ4.90048
NNLO gg a3 −0.05785� 0.00713 −0.06497
NNLO gq a3 þ0.00998� 0.00509 þ0.00296
NNLO qq0 a3 þ0.00021� 0.00019 0

TABLE II. Fit results for the NLL coefficients using the
calculated LL coefficients in table I as input. At NLO we have
not included the qq̄ channel, since this channel starts at
subleading logarithmic order, and the a0 coefficient is analyti-
cally calculated and given in table I.

Order and channel Fitted

NLO gg a0 þ0.18241� 0.00425
NLO gq a0 −0.42552� 0.00032
NNLO gg a2 −0.03491� 0.00758
NNLO gq a2 þ0.10193� 0.00536
NNLO qq0 a2 −0.00159� 0.00037

FIG. 7. Fit to the OðαsÞ nonsingular corrections for beam thrust in the gg channel (top row) and the gq channel (bottom row). The fit
functions are defined in Eq. (35) and yield the solid red line, while the dashed blue line shows the result when only the leading
coefficient from the red solid fit is retained. (The light dashed orange line shows an extrapolation of the fit result beyond the fit region.)
The plots in the right column are identical to those in the left column, but show the absolute value on a logarithmic scale.
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at NNLO. The results are given in table I along with the
values predicted from our calculation. In all cases we
find excellent agreement. We then perform the fit with the
LL coefficients fixed to their calculated values, which
allows for a precise extraction of the NLL coefficients
a0 at NLO and a2 at NNLO. The results are shown in
Table II, and the corresponding fits are illustrated in Figs. 7,
8, and 9.
As discussed above, for the channels involving only

quarks, we have only qq̄ at NLO, but qq0 at NNLO, where
q0 is an arbitrarily flavored quark or antiquark, and
includes the particular case of qq̄. For the qq̄ and qq0
channels, from our calculation we find a1 ¼ a3 ¼ 0. At
NLO, we are able to verify to high accuracy that a1 ¼ 0
from the fit, and extract a0 to compare with our calculated
value. At NNLO, the result for a3 in this channel is
consistent with zero.
If we approximate the ξa and ξb dependence of the NLL

coefficients in the partonic cross section by the correspond-
ing dependence at LL, we can translate the fitted values for
a0 and a2 into the approximate results

Cð2;1Þ
gg;0 ðξa; ξbÞ ≈ ð31.2� 0.2Þ

�
δaδb þ

δ0aδb
2

þ δaδ
0
b

2

�
;

Cð2;1Þ
gq;0 ðξa; ξbÞ ≈ −32.5δaδb;

Cð2;2Þ
gg;2 ðξa; ξbÞ ≈ ð−1019� 34Þ

�
δaδb þ

δ0aδb
2

þ δaδ
0
b

2

�
;

Cð2;2Þ
gq;2 ðξa; ξbÞ ≈ ð866� 42Þδaδb; ð36Þ

where the uncertainties arise from the fit uncertainties of the
respective subleading coefficient. We do not give a result
for the qq0 channel, since it is phenomenologically irrel-
evant, and more care must be taken since it is a sum over all
possible quark channels and an approximate result can be
easily misinterpreted. Nevertheless, it can be obtained from
our above results by carefully performing the sum over
quark flavors.
At both NLO, Fig. 7, and NNLO, Fig. 8, we see that

there is a significant difference between the structure of
the power corrections in the gg and gq partonic channels. In
the gg channel at each order, the NLL coefficients have the
same sign and a comparable magnitude to the LL

FIG. 8. Fit to the Oðα2sÞ nonsingular corrections for beam thrust in the gg channel (top row) and the gq channel (bottom row). The fit
functions are defined in Eq. (35) and yield the solid red line (whose continuation by a light orange dashed line shows the extrapolation
outside the fit region). The dashed blue line shows the result when only the leading coefficient from the red solid fit is retained, while the
dotted red line shows the result when only the full set of logarithms at this power are retained. The plots in the right column are identical
to those in the left column, but show the absolute value on a logarithmic scale.
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coefficients. Hence, the LL power correction provides a
good first approximation to the total nonsingular correc-
tion. On the other hand, for the gq channel, the LL and NLL
coefficients have opposite signs, and the LL coefficients are
very small compared to both their gq NLL coefficients and
also the gg LL coefficients, while the NLL coefficients for
gq are of similar size as for gg. The smallness of the LL
coefficient for gq compared to gg is due to its much smaller
color factor. Our numerical results thus imply that the same
color suppression will not be at work any longer at NLL.
This different behavior for the different channels motivates
that it would be interesting to calculate the NLL coef-
ficients analytically. This also means that the LL terms are
by themselves a poor approximation to the full nonsingular
result in the gq channel. Indeed, in Figs. 7 and 8, the
agreement between the LL result and the full nonsingular
contribution for the gq channel (lower right panel) is poor
in the range shown. Due to the fact that the NLL term is
much larger, there will be a flip in the sign of the result at
values of T 0 lower than we are able to numerically probe.
This behavior is more clear in the linear plot. (Despite this
visual appearance, the fit quality is good.)

In Fig. 9, we show the fits for the qq̄ and qq0 channels
at NLO and NNLO. The qq0 channel is interesting since
its LL power correction vanishes, and so it exhibits a
different functional behavior. At NLO, the NLL power
correction, a0, reproduces exceptionally well the full
nonsingular result. This provides strong motivation to
also compute the a0 coefficient for the other partonic
channels, and to understand its universality, as its inclu-
sion renders the power corrections for N-jettiness sub-
tractions at NLO negligible. At NNLO, a similar pattern
is observed as for the gq channel albeit shifted by a
logarithmic order, namely that the a2 and a1 coefficients
have alternating signs and a1 is larger than a2. The a2
coefficient alone therefore does not provide a particularly
good approximation to the full nonsingular result, as is
clearly seen in Fig. 9 (bottom panels).
In Figs. 10 and 11 we plot the resulting integrated

power corrections ΔσðτcutÞ at NLO and NNLO. For the gg
channel, the expected scaling from Fig. 1 is quite well
reproduced, and removing the LL contribution yields a
significant reduction of the power correction, up to an
order of magnitude depending on the value of τcut.

FIG. 9. Fit to the nonsingular corrections for beam thrust in the qq0 channel. Results are shown at NLO (top row) and NNLO (bottom
row). The fit functions are defined in Eq. (35) and yield the solid red line (whose continuation by a light orange dashed line shows the
extrapolation outside the fit region). The dashed blue line shows the result when only the leading coefficient from the red solid fit is
retained, while the dotted red line shows the result when only the full set of logarithms at this power are retained. The plots in the right
column are identical to those in the left column, but show the absolute value on a logarithmic scale.
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Interestingly, at NNLO it seems that the NLL contribution
in the cumulant is quite small, so removing it only has a
small effect. On the other hand, for the gq channel, due to
its color-suppressed LL contribution, the naive scaling
does not apply and the full power correction is already
determined by the NLL contribution. To obtain a further
reduction, it is then necessary to also remove the NLL
contributions. For the full nonsingular, the sum of the
ggþ gq channels is dominated by gg channel due to its
larger LL contribution, which also means that removing

the LL contribution yields the expected reduction in the
power corrections at both NLO and NNLO. Interestingly,
after removing the LL contribution, the remaining NLL
(and beyond) power corrections are of similar size for the
gg and gq channels. However, they are of opposite signs
and partially cancel in the sum of both channels.
The gg channel at NNLO, shown in Figs. 8 and 11, clearly

illustrates a potential pitfall if the power corrections in
N-jettiness subtractions are not properly understood, namely
the presence of false plateaus. At NNLO, the power

FIG. 10. Power corrections ΔσðτcutÞ for theOðαsÞ contributions in the gg channel (top row), the gq channel (middle row), and the sum
of both channels (bottom row). The plots in the right column are identical to those in the left column, but show the absolute value on a
logarithmic scale.
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corrections are cubic polynomials in ln τcut, and hence
will generically exhibit zero-crossings and extrema. For
the gg and gq channels there is a maximum in the non-
singular spectrum around T 0 ¼ 0.1–1 GeV, which trans-
lates into a shallow maximum in the cumulant in the range
τcut ∼ 10−3 − 10−2. Since the maximum is very shallow,
even with the high statistics that we have generated, it could
easily appear as a plateau where changing the value of τcut
does not affect the cross section, leading to the false

conclusion that the power corrections have become negli-
gible. However, in this region the power corrections are still
nonnegligible and amount to 1–2% of the Born cross section.
To avoid such false plateaus, even without generating data to
significantly smaller values of T 0, one can use the functional
form of the power corrections, and extrapolate to T 0 → 0.
This was done in the recent calculation of Zγ production at
NNLO [19] using T 0. We also note that such false plateaus
can in principle appear in any global subtraction scheme.

FIG. 11. Power corrections ΔσðτcutÞ for theOðα2sÞ contributions in the gg channel (top row), the gq channel (middle row), and the sum
of both channels (bottom row). The plots in the right column are identical to those in the left column, but show the absolute value on a
logarithmic scale.
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The results of Ref. [41] for the gg → H channel involve
only derivatives of PDFs, and therefore do not agree with
our results at NLO in Eq. (28) and at NNLO in Eq. (30),
which involve both PDF derivatives and a constant term
multiplying the PDFs. However, we do agree on the
coefficients of the terms involving PDF derivatives. As
discussed above, we have carefully checked our results
by comparing to numerical results. The terms involving
PDF derivatives contribute only ≈2=3 of the full LL
contribution at both NLO and NNLO, so our numerical
cross checks confirm the presence of a constant term. At
NLO, our fit result in Table I agrees within the 1% fit
uncertainty, clearly ruling out the result of Ref. [41]. The
same conclusion holds for the qq̄ channel in the Drell-Yan
case, see Table I of Ref. [40]. On the other hand, without a
detailed fit with multiple subleading coefficients this
would be difficult to distinguish at NNLO, and indeed
from Fig. 11 it is clear that a reduced value for the LL
power correction would be preferred if the subleading

power corrections were not carefully taken into account
in the fit. Furthermore, Ref. [41] used a hadronic
definition (see Sec. V), for which we have found that
obtaining a reliable fit that is able to distinguish the
contributions from different logarithmic powers is much
harder due to the rapidity enhancement of additional
subleading power corrections, which render the power
expansion more poorly behaved.

V. RAPIDITY DEPENDENCE AND
OBSERVABLE DEFINITION

One of the interesting observations in the analytic calcu-
lation of the power corrections for Drell-Yan production in
Ref. [40] is that the structure of the power corrections
depends sensitively on the definition of the T 0 observable
that is used. In particular, for the hadronic definition of T 0,
the power corrections grow exponentially with rapidity. This
is also the case for gg → H, where the LL power correction
for the hadronic definition of T 0 are given at NLO by

FIG. 12. Leading-logarithmic power correction in the rapidity spectrum at OðαsÞ (top row) and Oðα2sÞ (bottom row), for the gg
(dotted), gq (dashed), and ggþ gq (solid) channels using τcut ¼ 10−3. The colored curves show the standard definition of T 0 in the
leptonic frame, while the gray curves show the definition of T had cm

0 in the hadronic frame. The exponential growth of the power
corrections for T had cm

0 are clearly visible. The plots in the right column are identical to those in the left column, but show the absolute
value on a logarithmic scale.
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~Cð2;1Þ
gg;1 ðξa; ξbÞ ¼ 4CA½eYδaðδb þ δ0bÞ þ e−Yðδa þ δ0aÞδb�;

~Cð2;1Þ
qg;1 ðξa; ξbÞ ¼ −2CFe−Yδaδb;

~Cð2;1Þ
gq;1 ðξa; ξbÞ ¼ −2CFeYδaδb; ð37Þ

and at NNLO by

~Cð2;2Þ
gg;3 ðξa; ξbÞ ¼ −16C2

A½eYδaðδb þ δ0bÞ þ e−Yðδa þ δ0aÞδb�;
~Cð2;2Þ
qg;3 ðξa; ξbÞ ¼ 4CFðCF þ CAÞe−Yδaδb;

~Cð2;2Þ
gq;3 ðξa; ξbÞ ¼ 4CFðCF þ CAÞeYδaδb: ð38Þ

Physically, this behavior can be understood as in Drell-Yan,
either from the fact that for a boosted system the 0-jettiness
definition in the hadronic frame is no longer appropriately
constraining soft and collinear radiation, or as arising from
the fact that the eikonal approximation is breaking down,
so the soft emissions are sensitive to the momentum of the
incoming partons.
To illustrate the importance of the leptonic definition of

the T 0 observable to yield power corrections that are
approximately constant over phase space, in Fig. 12 we
show the LL power correction as a function of the Higgs
rapidity Y. The exponential growth of the power correction
with Y is clearly seen for the hadronic definition (gray
curves labeled T had cm

0 ). For the leptonic definition (colored
curves labeled T 0), the power correction is flat in Y as
expected, except at very high rapidities, where the behavior
of the PDFs enters. SinceN-jettiness subtractions are meant
for performing fully differential NNLO subtractions, the
rapidity independence of power corrections is important to
ensure that kinematic distributions are not distorted by
missing power corrections. Although the leptonic definition
we have used here relies on the presence of leptons, it can
easily be generalized to the case of a fully hadronic final
state, as described in Ref. [40]. We strongly recommend the
use of such a definition in future applications of N-jettiness
subtractions, particularly for more complicated processes
where the power corrections have not yet been calculated.
Indeed, the leptonic definition was used in the recent
calculation of Zγ production at NNLO [19].

VI. CONCLUSIONS

In this paper, we have performed a detailed study of
power corrections for 2-jettiness inH → gg, and 0-jettiness
(beam thrust) for gg → H. We analytically computed the
LL power correction at both NLO and NNLO, namely the
αs ln τ and α2s ln3 τ terms for both 2-jettiness inH → gg, and
0-jettiness in gg → H, for all partonic channels. We find
partial agreement with the results of Ref. [41], as detailed in
the body of the paper. The simplicity of the analytic results,
and their close relation to those for quark-initiated proc-
esses suggests a degree of universality in the subleading
soft and collinear limits, similar to that which is observed at
leading power.

We confirmed our analytic results by comparing to the
full nonsingular cross section obtained numerically from
the fullH þ 1 jet NLO calculation, and studied in detail the
structure of the power corrections in the different partonic
channels, gg, gq, and qq̄. For the gg channel, we found that
the nonsingular corrections are well approximated by the
LL term, and that the missing power corrections to the
0-jettiness subtractions are reduced by up to an order of
magnitude when including the analytically computed LL
power corrections. On the other hand, for the gq channel
the LL power correction is small compared to the NLL
contribution. However, the total cross section is dominated
by the gg channel at this level, so the inclusion of the LL
power corrections overall significantly improves the per-
formance of the subtractions. Knowing the LL contribu-
tions also allowed us to numerically extract the size of the
NLL terms. Our results motivate the analytic calculation of
the NLL terms to fully understand their nontrivial structure
and provide further improved control of the power correc-
tions in all partonic channels. We also computed the NLL
power correction for the qq̄ channel, which does not have a
LL power correction, giving a first hint at their structure.
The numerical results for the power corrections also

allowed us to study their rapidity dependence. As for the
case of Drell-Yan, the power corrections exhibit an expo-
nential growth with rapidity using the hadronic definition
for T 0, while they are nearly flat as a function of rapidity
using the standard definition that takes into account the
boost of the Born system.
Due to the importance of NNLO calculations for Run 2 of

the LHC, it is essential to further improve the numerical
efficiency of N-jettiness subtractions through a better under-
standing of the power corrections. This includes the calcu-
lation of the subleading logarithms for color-singlet
production as well as the calculation of the leading-logarith-
mic power corrections for processes involving jets in the final
state. We plan to address these directions in future work.
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