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ABSTRACT: The Soft Collinear Effective Theory (SCET) is a powerful framework for study-
ing factorization of amplitudes and cross sections in QCD. While factorization at leading
power has been well studied, much less is known at subleading powers in the A < 1 expan-
sion. In SCET subleading soft and collinear corrections to a hard scattering process are
described by power suppressed operators, which must be fixed case by case, and by well es-
tablished power suppressed Lagrangians, which correct the leading power dynamics of soft
and collinear radiation. Here we present a complete basis of power suppressed operators
for gg — H, classifying all operators which contribute to the cross section at O(A\?), and
showing how helicity selection rules significantly simplify the construction of the operator
basis. We perform matching calculations to determine the tree level Wilson coefficients of
our operators. These results are useful for studies of power corrections in both resummed
and fixed order perturbation theory, and for understanding the factorization properties
of gauge theory amplitudes and cross sections at subleading power. As one example, our
basis of operators can be used to analytically compute power corrections for N-jettiness
subtractions for gg induced color singlet production at the LHC.
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1 Introduction

Factorization theorems play an important role in understanding the all orders behavior of
observables in Quantum Chromodynamics (QCD). While typically formulated at leading
power, the structure of subleading power corrections is of significant theoretical and practi-
cal interest. A convenient formalism for studying factorization in QCD is the Soft Collinear
Effective Theory (SCET) [1-4], an effective field theory describing the soft and collinear
limits of QCD. SCET allows for a systematic power expansion in A < 1 at the level of
the Lagrangian, and simplifies many aspects of factorization proofs [5]. SCET has been
used to study power corrections at the level of the amplitude [6] and to derive factorization
theorems at subleading power for B decays [7—13]. More recently, progress has been made
towards understanding subleading power corrections for event shape observables [14-17].

In this paper, we focus on the power suppressed hard scattering operators describing
the gluon initiated production (or decay) of a color singlet scalar. We present a complete
operator basis to O(\?) in the SCET power expansion using operators of definite helic-
ity [17-19], and discuss how helicity selection rules simplify the structure of the basis. We
also classify all operators which can contribute at the cross section level at O(A\?), and dis-
cuss the structure of interference terms between different operators in the squared matrix
element. We then perform the tree level matching onto our operators. These results can be
used to study subleading power corrections either in fixed order, or resummed perturbation
theory, and compliment our recent analysis for the case of ¢q initiated production [17].

We will consider the production of a color singlet final state, which we take for con-
creteness to be the Higgs, with the underlying hard Born process

9a(4a) 96(qn) — H(q1), (1.1)

where g, denote the colliding gluons, and H the outgoing Higgs particle. We work in the

Higgs effective theory, with an effective Higgs gluon coupling

C1(me, as)
127v

obtained from integrating out the top quark. Here v = (v2G F)_l/ 2 = 246 GeV, and the

matching coefficient is known to O(a32) [20].

Lhard = GMVG#VH, (1.2)

The active-parton exclusive jet cross section corresponding to eq. (1.1) can be proven
to factorize for a variety of jet resolution variables. For concreteness we will take the case
of beam thrust, 75. The leading power factorized expression for the beam thrust cross
section can be written schematically in the form [21]

do(®
drp

- / dz, day d®(ga+ gv;01) M({a1}) HO ({g:}) [ngO)ngO)} © SO, (1.3)

where the z,; denote the momentum fractions of the incoming partons, d® denotes the
Lorentz-invariant phase space for the Born process in eq. (1.1), and M ({¢;}) denotes the
measurement made on the color singlet final state.! The dependence on the underlying hard

!By referring to active-parton factorization we imply that this formula ignores contributions from pro-
ton spectator interactions [22] that occur through the Glauber Lagrangian of ref. [23]. There are also
perturbative corrections at O(a?) that are described by a single function By in place of ByBy [23, 24].



interaction is encoded in the hard function H ({¢:}) and the trace is over color. The soft
function S describes soft radiation, and the beam functions B; describe energetic initial-
state radiation along the beam directions [25]. The factorization theorem of eq. (1.3) allows
logarithms of 75 to be resummed to all orders through the renormalization group evolution
of the hard, beam and soft functions.

The factorization formula in eq. (1.3) captures all terms in the cross section scaling as
Th ! including delta function terms. More generally the cross section can be expanded in
powers of T as,

do de@®  de®  de®@  qe®)
= + + +

) 1.4
drp drp drp drp drp +0(7) (1.4)

Here the superscript refers to the suppression in powers of |/7p relative to the leading power
cross section. This particular convention is chosen due to the power expansion in SCET,
where one typically takes the SCET power counting parameter \ to scale like A\? ~ 75. Odd
orders in eq. (1.4) are expected to vanish, and we will show this explicitly for do(?) /drp.
The first non-vanishing power correction to the cross section then arises from dO'(Q)/ drg,
which contains all terms that scale like O(79).

It is generally expected that the power corrections in eq. (1.4) obey a factorization
formula similar to that of eq. (1.3). Schematically,

do™
drg

- /dxadxbd@<qa+qb;q1>M<{q1}> S HM o[BI @ s, (15)
J

where j sums over the multiple contributions that appear at each order, ng; + np; +
nggj +ngj; =n, and ® denotes a set of convolutions, whose detailed structure has not been
specified and is known to be more complicated than typical leading power factorization
theorems. We also let ® include nontrivial color contractions. The derivation of such
a formula would enable for the resummation of subleading power logarithms using the
renormalization group evolution of the different functions appearing in eq. (1.5), allowing
for an all orders understanding of power corrections to the soft and collinear limits.

To derive a factorization theorem in SCET, QCD is matched onto SCET, which consists
of hard scattering operators in Ly,.q and a Lagrangian Lgy, describing the dynamics of
soft and collinear radiation

LsceT = Lhard + Ldyn - (1.6)
The dynamical Lagrangian can be divided into two parts

Edyn = ﬁfact + E(C[;)) . (17)

Here L'(GO) is the leading power Glauber Lagrangian determined in ref. [23] which couples
together soft and collinear fields in an apriori non-factorizable manner, and Lg.; includes
both the leading interactions which can be factorized into independent soft and collinear
Lagrangians, and subleading power interactions which are factorizable as products of soft
and collinear fields. Our focus here is on determining the subleading power Ly,.q for
g9 — H, and Lgy, only plays a minor role when we carry out explicit matching calculations

(and E(C?) does not play a role at all since these matching calculations are tree level).



The hard scattering operators are process dependent, while the Lagrangian Ly, is
universal and the relevant terms for our analysis are known in SCET to O(A\?) in the
power expansion [26-31]. A field redefinition can be performed in the effective theory [5]
which allows for the decoupling of leading power soft and collinear interactions in Lgyet. If
L(C?) is proven to be irrelevant, then the Hilbert spaces for the soft and collinear dynamics
are factorized, and a series of algebraic manipulations can be used to write the cross section
as a product of squared matrix elements, each involving only collinear or soft fields. This
provides a field theoretic definition of each of the functions appearing in eq. (1.5) in terms
of hard scattering operators and Lagrangian insertions in SCET. Since the Lagrangian
insertions are universal, the remaining ingredient which is required to derive a subleading
power factorization theorem for the gg — H process is a complete basis of subleading power
hard scattering operators. The derivation of a basis, which is the goal of this paper, provides
the groundwork for a systematic study of power corrections for color singlet production
through gluon fusion.

An important application of the results presented in this paper is to the calculation of
subleading power corrections to event shape observables for gg — H, such as 0-jettiness [21].
Recently, there has been considerable interest in the use of event shape observables for per-
forming NNLO fixed order subtractions using the ¢r [32] or N-jettiness [33, 34] subtraction
schemes. These ideas have been applied to color singlet production [35-45], to the produc-
tion of a single jet in association with a color singlet particle [33, 46-48], and to inclusive
photon production [49]. By analytically computing the power corrections for the subtrac-
tions, their stability and numerical accuracy can be significantly improved. This was shown
explicitly in [16] with the SCET based analytic calculation of the leading power corrections
for O-jettiness for ¢q initiated Drell Yan like production of a color singlet, and it would be
interesting to extend this calculation to gg — H. For a direct calculation of the power
corrections in QCD, see [50].

An outline of this paper is as follows. In section 2 we provide a brief review of SCET
and of the helicity building blocks required for constructing subleading operators in SCET.
In section 3 we present a complete basis of operators to O(A\?) for the gluon initiated
production of a color singlet, and carefully classify which operators can contribute to the
cross section at O(A\%). In section 4 we perform the tree level matching to the relevant
operators. We conclude and discuss directions for future study in section 5.

2 Helicity operators in SCET

In this section we briefly review salient features of SCET, as well as the use of helicity
operators in SCET. Reviews of SCET can be found in refs. [51, 52|, and more detailed
discussions on the use of helicity operators can be found in refs. [17-19].

2.1 SCET
SCET is an effective field theory of QCD describing the interactions of collinear and soft

particles in the presence of a hard interaction [1-5]. Collinear particles are characterized
by a large momentum along a particular light-like direction, while soft particles are charac-
terized by having a small momentum with homogenous scaling of all its components. For



each jet direction present in the problem we define two light-like reference vectors n!' and
fzé‘ such that nf = ﬁ? = 0 and n;-n; = 2. We can then write any four-momentum p as

1 — nf ﬁf H
Pr=nip o nep o D), (2.1)

A particle with momentum p close to the 7; direction will be referred to as n;-collinear.
In lightcone coordinates its momenta scale like (n;-p,7; p,pn,1) ~ 7;-p (A2, 1,)). Here
A < 1is a formal power counting parameter determined by the measurements or kinematic
restrictions imposed on the QCD radiation. The choice of reference vectors is not unique,
and any two reference vectors, n; and n}, with n; - n} ~ O(A?) describe the same physics.
The freedom in the choice of n; is represented in the effective theory as a symmetry known
as reparametrization invariance (RPI) [26, 27]. More explicitly, there are three classes of
RPI transformations under which the EFT is invariant

RPI-1 RPI-II RPI-II1
Ny — Ny + Ai‘ Ny — Ny Ny — €Ny,
Ny — Ny, My — Ny + elf Ny — € Ny . (2.2)

0

The transformation parameters are assigned the power counting A+ ~ A, et ~ \°, and

a ~ A%, Additionally, while o can be a finite parameter, the parameters AT and e are

L = fq; - et = 0. RPI symmetries

infinitesimal, and satisfy n; - AT = 7; - AT = n; - €
can be used to relate operators at different orders in the power expansion, and will be
used in this paper to relate the Wilson coeflicients of several subleading power operators
to the leading power Wilson coefficients for the gg — H process. Furthermore, the RPI-
IIT symmetry will constrain the form of the Wilson coefficients of our subleading power
operators. At tree level the Wilson coefficients are simply rational functions of the large
momentum components of the fields appearing in the operator, which must satisfy the
rescaling symmetries of RPI-III.

SCET is constructed by decomposing momenta into label and residual components

nw
. _oony
P =+ K :ni.p?z P+ k. (2.3)

The momenta n; - p ~ @ and p,, | ~ AQ are referred to as the label components, where
Q is a typical scale of the hard interaction, while k ~ A2Q is a small residual momentum
describing fluctuations about the label momentum. Fields with momenta of definite scaling
are obtained by performing a multipole expansion. Explicitly, the effective theory consists
of collinear quark and gluon fields for each collinear direction, as well as soft quark and
gluon fields. Independent gauge symmetries are enforced for each set of fields, which have
support for the corresponding momenta carried by that field [31]. The leading power gauge
symmetry is exact, and is not corrected at subleading powers.

In SCET, fields for n;-collinear quarks and gluons, &,, 5(z) and A, 5(x), are labeled by
their collinear direction n; and their large momentum p. The collinear fields are written in a
mixed representation, namely they are written in position space with respect to the residual
momentum and in momentum space with respect to the large momentum components.



Operator B | Xni | PL| qus | Dus
Power Counting A A AL AN

Table 1. Power counting for building block operators in SCET].

Derivatives acting on collinear fields give the residual momentum dependence, which scales
as 10" ~ k ~ \2Q), whereas the label momentum operator P* gives the label momentum
component. It acts on a collinear field as P &,, 5 = p" &y, 5. Note that we do not need an
explicit n; label on the label momentum operator, since it is implied by the field that the
label momentum operator is acting on. We will use the shorthand notation P = 7;-P. We
will often suppress the explicit momentum labels on the collinear fields, keeping only the
label of the collinear sector, n;. Of particular relevance for the construction of subleading
power operators is the P, operator, which identifies the O(\) perp momenta between two
collinear fields within a collinear sector.

Soft degrees of freedom are described in SCET by quark and gluon fields ¢,s(z) and
Ays(z). In this paper we will restrict ourselves to the SCET} theory where the soft degrees
of freedom are referred to as ultrasoft so as to distinguish them from the soft modes of
SCETy [53]. The operators we construct are also applicable in the SCETy; theory, but
additional soft operators would be required. For a more detailed discussion see ref. [17].
The ultrasoft fields carry residual momenta, i0* ~ A2Q, but do not carry label momenta,
since they are not associated with any collinear direction. Correspondingly, they also do not
carry a collinear sector label. The ultrasoft fields are able to exchange residual momenta
between distinct collinear sectors while remaining on-shell.

SCET is constructed such that manifest power counting in the expansion parameter A
is maintained at every stage of a calculation. All fields have a definite power counting [3],
shown in table 1, and the SCET Lagrangian is expanded as a power series in A

LCET = Lhard + Lagn = > L+ L9+ 20, (2.4)

i>0 i>0

Here (i) denotes objects at O(A?) in the power counting. The Lagrangians [,}(Qrd contain
the hard scattering operators O\, and are determined by an explicit matching calculation.
The hard scattering operators encode all process dependence, while the £ describe the
dynamics of ultrasoft and collinear modes in the effective theory, and are universal. The
terms we need are explicitly known to O()\?), and can be found in a summarized form
n [51]. Finally, E(C?) is the leading power Glauber Lagrangian [23], which describes the
leading power coupling of soft and collinear degrees of freedom through potential operators.

In this paper we will be interested in subleading power hard scattering operators, in
particular, Eflla)rd and El(i)rd. The hard effective Lagrangian at each power is given by a
product of hard scattering operators and Wilson coefficients,

=3y {H Jas] O midsin )

{ni} Ay bi=1

X C_"I(Xl_ (i) r—] ({ni};wl, . ,ng) . (2.5)



The appropriate collinear sectors {n;} are determined by directions found in the collinear
states of the hard process being considered. If there is a direction n} in the state then we
sum over the cases where each of ny, ..., n4 is set equal to this n’1.2 The sum over A, - in
eq. (2.5) runs over the full basis of operators that appear at this order, which are specified
by either explicit labels A and/or helicity labels - on the operators and coefficients. The

—:(4]‘) are also vectors in the color subspace in which the O()) hard scattering operators

65{” are decomposed. Explicitly, in terms of color indices, we follow the notation of ref. [18]
and have
o1l — (O Cn TaiOn
O_,_..:.‘(..;..m..;..)[..:.._] = O_,_..;..(.‘;..”_..;‘.)[.‘:.._] T )
ay---om _ k QA1 Qn — AalQp
C+1..;..(..:.._”..:..)[..:..,] = Z CJ’»..:..(“:..”...:.,)[._:“7]Tk1 =TH C_,_A.:..(..:.‘__.‘;..)[..:.._] . (2.6)
k

Here T % is a row vector of color structures that spans the color conserving subspace.
The a; are adjoint indices and the «; are fundamental indices. The color structures do not
necessarily have to be independent, but must be complete.

Hard scattering operators involving collinear fields are constructed out of products
of fields and Wilson lines that are invariant under collinear gauge transformations [2, 3].
The field building blocks for these operators are collinear gauge-invariant quark and gluon

fields, defined as

Xono(@) = [0 = P Wi (2) 6, (0)] (2.7)

For this particular definition of Xy, ., we have w > 0 for an incoming quark and w < 0
for an outgoing antiquark. For By, 1, w > 0 (w < 0) corresponds to outgoing (incoming)
gluons. The covariant derivative in eq. (2.7) is given by,

iD, | =Pk +gAL L, (2.8)

and the collinear Wilson line is defined as

Wh,(z) = [Z exp(—i ﬁAnl(:L‘))] . (2.9)

perms

The emissions summed in the Wilson lines are O(A\°) in the power counting. The square
brackets indicate that the label momentum operators act only on the fields in the Wilson
line. The collinear Wilson line, W), (x), is localized with respect to the residual position
z, so that xn,o(z) and Bh, () can be treated as local quark and gluon fields from the
perspective of the ultrasoft degrees of freedom.

All operators in the theory must be invariant under ultrasoft gauge transformations.
Collinear fields transform under ultrasoft gauge transformations as background fields of

2Technically the n; in {n;} are representatives of an equivalence class determined by demanding that
distinct classes {n;} and {n;} have n; - n; > X\°.



the appropriate representation. Dependence on the ultrasoft degrees of freedom enters the
operators through the ultrasoft quark field ¢,s, and the ultrasoft covariant derivative D,
defined as

iD= it + g Al (2.10)

Other operators, such as the ultrasoft gluon field strength, can be constructed from the
ultrasoft covariant derivative. The power counting for these operators is shown in table 1.

The complete set of collinear and ultrasoft building blocks is summarized in table 1.
These can be combined, along with Lorentz and Dirac structures, to construct a basis of
hard scattering operators at any order in the SCET power counting. All other field and
derivative combinations can be reduced to this set by the use of equations of motion and
operator relations [54]. As shown in table 1, both the collinear quark and collinear gluon
building block fields scale as O(\). Therefore, while for most jet processes only a single
collinear field appears in each sector at leading power, subleading power operators can
involve multiple collinear fields in the same collinear sector, as well as P, insertions. The
scaling of an operator is simply obtained by adding up the powers for the building blocks
it contains. This implies that at higher powers hard scattering operators involve more
and more fields, or derivative insertions, leading to any increasingly complicated structure.
Furthermore, to ensure that the effective theory completely reproduces all IR limits of the
full theory, as well as to guarantee that the renormalization group evolution of the operators
is closed, it is essential that operator bases in SCET are complete, namely all operators
consistent with the symmetries of the problem must be included. Enumerating a minimal
basis of operators becomes difficult at subleading power, and it is essential to be able to
efficiently identify independent operators, as well as to make manifest all symmetries of
the problem.

2.2 Helicity operators

An efficient approach to simplify operator bases in SCET is to use operators of definite
helicity [17-19]. This general philosophy is well known from the study of on-shell scattering
amplitudes, where it leads to compact expressions, removes gauge redundancies, and makes
symmetries manifest. The use of helicities is also natural in SCET since the effective
theory is formulated as an expansion about identified light like directions with respect to
which helicities are naturally defined, and collinear fields carry these directions as labels.
Furthermore, since SCET is formulated in terms of collinear gauge invariant fields, see
eq. (2.7), one can naturally project onto physical polarizations. SCET helicity operators
were introduced in [18] where they were used to study leading power processes with high
multiplicities. This was extended to subleading power in [19] where it was shown that the
use of helicity operators is also convenient when multiple fields appear in the same collinear
sector. In this section we briefly review SCET helicity operators, since we will use them
to simplify the structure of the subleading power basis for gg — H. We will follow the
notation and conventions of [17-19]. A summary of the complete set of operators that we
will use is given in table 2.



Field: o | T I gyt TP PE | Qusr Ouso Busino

7 7

Power counting: A A2 A2 A2 A2 A2 A A2 A2 A2
Equation: (2.11a) (2.14) (2.15) (2.16) (2.23)
Field: st Bus(io
Power counting: A2 A2
Equation: (2.22)

Table 2. The helicity building blocks in SCET] that will be used to construct a basis of hard
scattering operators for gg — H, together with their power counting order in the A-expansion, and
the equation numbers where their definitions may be found. The building blocks also include the
conjugate currents J1 in cases where they are distinct from the ones shown.

We define collinear gluon and quark fields of definite helicity as

i = —exu(n, ;) B;I:L,wi ) (2.11a)
L+ & _a L1F
Xit = 5 Xnj—w; » Xt = Xngmwi g - (2.11b)

Here a, a, and & are adjoint, 3, and 3 color indices respectively, and the w; labels on
both the gluon and quark building blocks are taken to be outgoing, which is also used for
our helicity convention. Using the standard spinor helicity notation (see e.g. [55] for an

introduction)
P =lp+) = (). = ) = 5 2 up), (212)
= - =se) ap) “ 5, bl = (] = sen() alp) 5 2

with p lightlike, the polarization vector of an outgoing gluon with momentum p can be
written
s — || f—
V2(kp) V2[kp]

where k # p is an arbitrary light-like reference vector, chosen to be n; in eq. (2.11a).

Since fermions always arise in pairs, we can define currents with definite helicities.
Here we will restrict to the case of two back to back directions, n and 7, as is relevant
for g9 — H. A more general discussion can be found in refs. [17, 19]. We define helicity
currents where the quarks are in opposite collinear sectors,

. 2 ei(n,n)
h=4+1: JPB =z, T A s 2.14
nn+t + Wy, W (ﬁ x \ni) Xnd TpXat ( )

~ 2 _ - 2 _
h=0: Jap = y° @ , JT O‘@ - - @@y« @ ,
nn0 WO Wn [TLT_L] Xn+Xn— ( )nnO m<nﬁ> Xn7Xn+



as well as where the quarks are in the same collinear sector,
1

1 —a B —a B
QW X?,—‘r ﬁl Xi—|- ’ i0 2\/@ X?,— ﬁl Xi— 9

A 2 et (naﬁ) —a
h=+1: JP=F]-— X Yulhi X -
wy Wy ((n; F |7£))

Here i can be either n or .. All of these currents are manifestly invariant under the RPI-

h=0: JoP = JoB = (2.15)

IIT symmetry of SCET. The Feynman rules for all currents are very simple, and are given
in [17]. Note that the operators Jggi, J%ﬁ , and JZ%B have quarks of the same chirality, and
hence are the ones that will be generated by vector gauge bosons.

At subleading power one must also consider insertions of the PZ“ ' operator. Note that
we can drop the explicit ¢ index on the P, operator, as it is implied by the field that the
operator is acting on. The Pjﬁ operator acts on the perpendicular subspace defined by the
vectors n;, f;, so it is naturally written as

Pr(ni,ni) = —€ (ni,n) - Po,  Pr(ni,ng) = —€" (ng, ;) - P (2.16)

The ’Pi operator carry helicity h = £1. We use square brackets to denote which fields
are acted upon by the Pi operator, for example B, [PﬁBF] B;_, indicates that the Pi
operator acts only on the middle field, whereas for currents, we use a curly bracket notation

{PrJy [P)J\_X?+]ﬁi><iﬁ+ , (2.17)

_ 1
} N 2\/wyg wy
{J%B(PAL)T} = 2\/:7&) X?Jrﬁi {XZ(P,\L)T} )

to indicate which of the fields within the current is acted on.

To work with gauge invariant ultrasoft gluon fields, we construct our basis post BPS
field redefinition. The BPS field redefinition is defined by [5]

B VEBY,  xE = YD, (2.18)

and is performed in each collinear sector. Here Y,,, ), are fundamental and adjoint ultrasoft
Wilson lines. For a general representation, r, the ultrasoft Wilson line is defined by

0
Y (z) =Pexp |ig / dsn - Afs(z +sn)TGy | (2.19)

—0o0

where P denotes path ordering. The BPS field redefinition has the effect of decoupling
ultrasoft and collinear degrees of freedom at leading power [5], and it accounts for the full
physical path of ultrasoft Wilson lines [56, 57].

The BPS field redefinition introduces ultrasoft Wilson lines into the hard scattering
operators. These Wilson lines can be arranged with the ultrasoft fields to define ultrasoft



gauge invariant building blocks. In particular, the gauge covariant derivative in an arbitrary
representation, r, can be sandwiched by Wilson lines and decomposed as

y( )t ZD(?”)uy(v") = 0k, + [V ( )T ZD(T)uy(r)] ik, + ¢ )ggau( ) (2.20)

Here we have defined the ultrasoft gauge invariant gluon field by

iyl (2:21)

us(i) - in; - Oys

gB™

In the above equations the derivatives act only within the square brackets. Note from
eq. (2.21), that n; - BZS(Z.) = 0. The Wilson lines which remain after this procedure can be
absorbed into a generalized color structure, Tgpg (see [19] for more details). Determining a
complete basis of color structures is straightforward, and detailed examples are given in [17].

Having defined gauge invariant ultrasoft gluon fields, we can now define ultrasoft gauge
invariant gluon helicity fields and derivative operators which mimic their collinear counter-
parts. For the ultrasoft gluon helicity fields we define the three building blocks

Bisiyr = —exu(na ) Bl Bugao = B - (2.22)
and similarly for the ultrasoft derivative operators
Ousiy = —€xu(ni, M) O, Ous(ipo = Mipdlis,  Ous(iyo = Nip0ls - (2.23)

Unlike for the gauge invariant collinear gluon fields, for the ultrasoft gauge invariant gluon
field we use three building block fields to describe the two physical degrees of freedom
because the ultrasoft gluons are not fundamentally associated with any direction. Without
making a further gauge choice, their polarization vectors do not lie in the perpendicular
space of any fixed external reference vector. When inserting ultrasoft derivatives into oper-
ators we will use the same curly bracket notation defined for the P, operators in eq. (2.17).

Gauge invariant ultrasoft quark fields can also appear explicitly in operator bases at
subleading powers. From table 1 we see that they power count as O(A\3?), and are there-
fore not relevant for our construction of an O(\?) operator basis. Details on the structure
of subleading power helicity operators involving ultrasoft quarks can be found in [17].
It is important to emphasize that although ultrasoft quarks do not appear in the hard
scattering operators at @(A\?) they do appear in the calculation of cross sections or ampli-
tudes at O()\?) due to subleading power Lagrangian insertions in the effective (examples
where they play an important role for factorization in B-decays include both exclusive
decays [53, 58, 59] and inclusive decays [7, 8, 10]). Such ultrasoft quark contributions also
played an important role in the recent subleading power perturbative SCET calculation
of ref. [16].

Finally, we note that the helicity operator basis presented in this section only provides
a complete basis in d = 4, and we have not discussed evanescent operators [60-62]. An
extension of our basis to include evanescent operators would depend on the regularization
scheme. However, in general additional building block fields would be required, for example
an e scalar gluon B¢ to encode the (—2e¢) transverse degrees of freedom of the gluon. As in
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standard loop calculations, we expect that the evanescent operators at each loop order could
be straightforwardly identified and treated. Since we do not perform a one-loop matching
to our operators, we leave a complete treatment of evanescent operators to future work.

3 Operator basis

In this section we enumerate a complete basis of power suppressed operators up to O(A?) for
the process gg — H. The organization of the operator basis in terms of helicity operators
will make manifest a number of symmetries arising from helicity conservation, greatly
reducing the operator basis. Helicity conservation is particularly powerful in this case due
to the spin-0 nature of the Higgs. The complete basis of field structures is summarized
in table 3. In section 3.4 we will show which operators contribute to the cross section at
O()\?). These operators are indicated with a check mark in the table.

Examining eq. (2.5) we see that the hard Lagrangian in SCET is written as a sum over
label momenta of the hard operators. For the special case of two back-to-back collinear
sectors this reduces to

. fa
-5 | fas
n A, Li=1

O_‘A‘)_:.‘;..(..:..._,..;..)[..;.._] (n> nywi, ... aUJZA)

X C_;,E{i_()[_] (nu ﬁ; Wi,y .- 7WEA) : (31)

When writing our basis, we therefore do not need to include operators which are identical
up to the swap of n +» n. This means that when writing an operator with different field
structures in the two collinear sectors we are free to make an arbitrary choice for which
is labeled n and which 7, and this choice can be made independently for each operator.
When squaring matrix elements, all possible interferences are properly incorporated by the
sum over directions in eq. (3.1).

As discussed in section 1, we will work in the Higgs effective theory with a Higgs
gluon coupling given by the effective Lagrangian in eq. (1.2). We therefore do not consider
operators generated by a direct coupling of quarks to the Higgs. All quarks in the final
state are produced by gluon splittings. The extension to include operators involving quarks
coupling directly to Higgs, as relevant for H — bb, is straightforward using the helicity
building blocks given in section 2.2.

3.1 Leading power

The leading power operators for gg — H in the Higgs effective theory are well known. Due
to the fact that the Higgs is spin zero, the only two operators are

gngn * (cabe0s oo @)0000000,)
\_/

I mn
oV —pr g H, OV-p B H. (3.2)
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Order | Category | Operators (equation number) # helicity | # of ij(v);éo
configs color
0)ab a a
O(\°) | Hgg O™ =B, B2 H (3.2) 2 1
O |Hagg | 0g)23) = Bi\ Joy H (3.4), (3.5) 4 1 v

) e B ey S

ON) | H9aQQ | Ogiining) = Tgmar T(@nne
(2)aB7s _ qap ~6
O20m:01) = Y(q@ynns T@aynn

H (3.19) 4 2
H (3.20) 2 2

Or(zgg([f\??—h) = J@fmh J?g)nﬁ—xl H (3.22) 2 2

Hagad | Opitvi = T, Ty B (3:29) 3 2
Oty = Jogmans Ty H (325 1 2

Hqagg nggi)i%;g) =B\, Bhy, JSES H (3.8) 4 3 v
0(822);\11)2[2/\:3) = B2, BLy, JOX H (3.10) 2 3

2)abed a "
Haggg | O sons =SBy Boy, Boy, By H (3.14)
2)abed a "
Oz(lg)2>\1)\2/\3>\4 = SB%, BY, BS, B, H (3.16) 2 9
)

nA1~nAe~nA3~nAg

PL O ypy = Bis, LIS, (P H (327 4 1
ng);i\ic,\z,\g[,\p] =SB, By, {PTDB%,\J H (3.30) 4 2 v

Ultrasoft | OX00 \ = Bt o Jody H (3.35) 2 1

Oﬁi%)o:(xl) = Bl a0 T H (3:37) 2 1

Oé’i)(if(i))/\l:()\g) = {Oustins Tamr, } H - (3:39) 4 1
isQ(ZI;)(Cn))Al;,\m =By, Bo, B, H (3:43) 2 2 v
Oisifj(cﬁ))xlz,\m = B iyn, B, Bin, H o (3.45) 2 2 v
O?B)?Zs(i))/\l:)q)\g = [Qustiyns B Baxs H (3.48) 4 1 v

Table 3. Basis of hard scattering operators for gg — H up to O(A?). The ); denote helicities, S
represents a symmetry factor present for some cases, and detailed lists of operators can be found in
the indicated equation. The number of allowed helicity configurations are summarized in the fourth
column. The final column indicates which operators contribute to the cross section up to O(\?)
in the power expansion, as discussed in section 3.4. Counting the helicity configurations there are
a total of 53 operators, of which only 28 contribute to the cross section at O(\?). Of those 28,
only 24 have non zero Wilson coefficients at tree level since the operators in eq. (3.27) are absent
at this order. These numbers do not include the number of distinct color configurations which are
indicated in the 5th column.

Here the purple circled denotes that this is a hard scattering operator in the effective
theory, while the dashed circles indicate which fields are in each collinear sector. Note that
here we have opted not to include a symmetry factor at the level of the operator. We
will include symmetry factors in the operator only when there is an exchange symmetry
within a given collinear sector. We assume that overall symmetry factors which involve
exchanging particles from different collinear sectors are taken into account at the phase
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space level. The color basis here is one-dimensional, and we take it to be
= = b b
T =6w,  Tps= Vnda)” = (Vadn)". (3.3)

3.2 Subleading power

Due to the spin zero nature of the Higgs, the O()) operators are highly constrained. To
simplify the operator basis we will work in the center of mass frame and we will further
choose our n and n axes so that the total label I momentum of each collinear sector
vanishes. This is possible in an SCET] theory since the ultrasoft sector does not carry
label momentum, and it implies that we do not need to include operators where the P
operator acts on a sector with a single collinear field. At O()\) the suppression in the
operator must therefore come from an explicit collinear field.

There are two possibilities for the collinear field content of the operators, either three
collinear gluon fields, or two collinear quark fields and a collinear gluon field. Interestingly,
the helicity selection rules immediately eliminate the possibility of O(\) operators with
three collinear gluon fields, since they cannot sum to a zero helicity state. We therefore only
need to consider operators involving two collinear quark fields and a collinear gluon field.
The helicity structure of these operators is also constrained. In particular, to cancel the spin
of the collinear gluon field, the collinear quark current must have helicity 1. Furthermore,
the quark-antiquark pair arises from a gluon splitting, since we are considering gluon fusion
in the Higgs EFT, and therefore both have the same chirality. Together this implies that the
Jo0

= . The only two operators in the basis at O(\) are

quarks are described by the current

Ie N\
an(d9)n : '\—%&%ﬁ@ﬁ‘—--ﬁ_ §
\

rn n !

-

Daa a Q l)a& a Q
Oé’f)b—‘r(f) = Pa+ Jm‘?—&- H, Ol(gf)b_(_ﬁ) =B;_ Jm-f_ H, (3.4)
for the case that the gluon field is in the same sector as the antiquark field, which we have

taken to be n, and

I \
A ___.s@iﬁ‘f\
(99)ndn X Th no 11

-

NaaB _ paa af NaaB _ pza af
OBn*H) =By Juny H, OBan) =By Jpn_ H, (3.5)
for the case that the gluon field is in the same direction as the collinear quark field. In
both cases the color basis is one-dimensional 7¢*% = T c(le' After the BPS field redefinition
we have

T = (vihare) ool _ (Taynfyﬁ)ag , (3.6)

«

for egs. (3.4) and (3.5) respectively.
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3.3 Subsubleading power

At O()\?) the allowed operators can include either additional collinear field insertions,
insertions of the P, operator, or ultrasoft field insertions. We will treat each of these cases

in turn.

3.3.1 Collinear field insertions

We begin by considering operators involving only collinear field insertions. At O(\?) the
operator can have four collinear fields. These operators can be composed purely of collinear
gluon fields, purely of collinear quark fields, or of two collinear gluon fields and a collinear
quark current. In each of these cases helicity selection rules will restrict the possible helicity
combinations of the operators.

Two quark-two gluon operators. We begin by considering operators involving two
collinear quark fields and two collinear gluon fields, which are again severely constrained
by the helicity selection rules. Since the two gluons fields can give either helicity 0 or 2,
the only way to achieve a total spin zero is if the quark fields must be in a helicity zero
configuration. Furthermore, since they arise from a gluon splitting they must have the same
chirality. This implies that all operators must involve only the currents JS g or Jgg , where
we have taken without loss of generality that the two quarks are in the n-collinear sector,
as per the discussion below eq. (3.1). The gluons can then either be in opposite collinear
sectors, or in the same collinear sector. The color basis before BPS field redefinition is
identical for the two cases. It is three dimensional, and we take as a basis
Tabad _ ((T“Tb)ag, (TPT?), 5, tr[T°T"] 5a5) . (3.7)
In the case that the two collinear gluons are in opposite collinear sectors a basis of
helicity operators is given by

“\ ~

!

(9aDn(g)n :  |“hssec@sise

\_// n n“'\‘//
(2)abaB __ pa b aB (2)abaB  _ joa b aB
OBt — g By SN H, 0PN g B, I, (3.8)
(2)abaB __ paa b ap (2)abaB _ paa b afB
OBt — By By JNGH. 0D — By By JUOH.

The color basis after BPS field redefinition is given by
= abaf arc a a
Tty = (VTVn) (T )5, VIVRP(TT) s, TrVIVR) ™ 605) . (39)

where we have used tr[T%T°] = Tpé®.
In the case that the two gluons are in the same collinear sector a basis of helicity
operators is given by

e A
(@@Dnlg9)n: | o=
s o
2)ab & o 2)ab & o
Op oy = Bay Bh_ Ji0 H O, = Bay By Jo0 H. (3.10)
The color basis after BPS field redefinition is
Tabal _ ((YgYﬁTaTngYn)aE, (YVIYaT TV, Yn) 5, tr[TOT) 5a3> . (3.11)
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Four gluon operators. Operators involving four collinear gluon fields can have either
two collinear gluon fields in each sector, or three collinear gluon fields in one sector. A
basis of color structures before BPS field redefinition is given by

T

- 1
Tabed — 3 trlacdb] — tr[abdc (3.12)

Here we have used a simplified notation, writing only the adjoint indices of the color
matrices appearing in the trace. For example, tr[abed] = tr[T*T*TT4]. The color bases
after BPS field redefinition will be given separately for each case. For the specific case of
SU(N,) with N. = 3 we could further reduce the color basis by using the relation

tr{abed + deba] + tr{acdb + bdca] + tr[adbe + cbdal
= tr[abltr[cd] + tr[ac]tr[db] + trad]tr]bc] . (3.13)
We choose not to do this, as it makes the structure more complicated, and because it does
not hold for N, > 3.

In the case that there are two collinear gluon fields in each collinear sector, a basis of
helicity operators is given by

(99)n(99)n :

2)abed 1 bed
ot | = BBl B B H o = pBe, By BL B H,  (3.14)

aoc 1
O™ = B, B, B, Bl H.

The spin zero nature of the Higgs implies that a number of helicity configurations do not
contribute, and therefore are not included in our basis operators here. The color basis after
BPS field redefinition is given by

(tr[T“ Tb TC Td ] + tr[Td’Tc Tb Ta’])yg’ayg’byfcl’cyg’d T
(¢r[T9 T TYTY] + [TV T4 T¢ T ]) Yo ayybyceydd
(tr[T“ Td’Tb’Tc’] + tr[T Tb’Td’Ta/])yg’ayg’byfcl’cyg’d
. (tr[Ta Tb’Tc Td’] tr[Td’Tc Tb a/])yg’ayg’by%’cyg’d
T = 5 | (el TOTYTY] — [TV T T T ]) YT aybbyceydd | (3.15)
(t[T9' T TV T¢) — to[T¢ TV T4 T |)ya'ayb'byc'cydd
;50,!)50(1
3 (Vn Ya) (Y Va)™
3 (Un YVa) (Y V)"
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The other relevant case has three gluons in one sector, which we take to be the n
collinear sector. The basis of operators is then given by

(9)n(999)n :

2)abed 1 a c 2)abed 1 a c
o, = 5B B B Bl H., ot = SBh BL By By H.  (3.16)

In this case, the post-BPS color basis is given by

(tr[Ta'Tb’Tc' Td’] + tr[Td’ Tc’Tb’Ta’] )yg’ayg’by%’cyg’d T
(tr[Ta’Tc’ Td’ Tb’] + tr[Tb’ Td’ Tc’Ta’] )yg’ayg’by%’cyg’d
(tr[Ta’Td’Tb’ Tc’] + tl"[TCl TY Td’Ta’] )yg’ayg'byfcl’cyg’d
(tr[Ta’Tb’Tc' Td’] _ tI‘[Td/ Tc’Tb’Ta’] )yg’ayg’byfcl’cyfcll’d
ard = = | ([T T T4 TY) — to[TY T4 T T )y ayhbyceydd | (3.17)
(tr[Ta’Td’ T Tc’] _ tr[Tc’ Y Td’Ta’] )yg’ayg’by%’cyg’d
%(yg;yﬁ)ab(scd
%(ygyﬁ)acabd
%(ygyﬁ)adébc

The helicity basis has made extremely simple the task of writing down a complete and
minimal basis of four gluon operators, which would be much more difficult using traditional
Lorentz structures. The helicity operators also make it simple to implement the constraints
arising from the spin zero nature of the Higgs.

Four quark operators. We now consider the case of operators involving four collinear
quark fields. These operators are again highly constrained by the helicity selection rules
and chirality conservation, since each quark-antiquark pair was produced from a gluon
splitting. In particular, these two constraints imply that there are no operators with non-
vanishing Wilson coefficients with three quarks in one collinear sector. Therefore, we need
only consider the cases where there are two quarks in each collinear sector.

When constructing the operator basis we must also treat separately the case of identical
quark flavors Hqgqqg and distinct quark flavors HqgQQ. For the case of distinct quark
flavors HqqQQ we will have a g <+ Q symmetry for the operators. Furthermore the two
quarks of flavor ¢, and the two quarks of flavor @), are necessarily of the same chirality.
In the case that both quarks of the same flavor appear in the same current, the current
will be labeled by the flavor. Otherwise, the current will be labeled with (¢Q) or (Qq)
appropriately. For all these cases, the color basis is

7 afyo
Tabs — (5@5%5, 5o %). (3.18)

We will give results for the corresponding Tgfg % basis as we consider each case below.
For the case of operators with distinct quark flavors HqgQQ and two collinear quarks

in each of the n and 7 sectors there are three possibilities. There is either a quark anti-

quark pair of the same flavor in each sector (e.g. (¢7)n(QQ)#), a quark and an antiquark
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of distinct flavors in the same sector (e.g. (¢Q).(Qq)n), or two quarks with distinct flavors
in the same sector (e.g. (¢Q),(gQ)n). In the case that there is a quark anti-quark pair of
the same flavor in each sector, the basis of helicity operators is

-
/7 L

(@Dn(@Q)s: | T
i
(2)apys _ a8 36 (2)apys _ a8 36
0001000 = Jigmo @m0+ Ogqu00) = Yigmo @ymo H - (3.19)

Osoniom = Tiapms T B> Osanive) = T Ty
where we have chosen the ¢ quark to be in the n sector. Since all the operators have
total helicity O along the 7n direction, there are only chirality constraints here and no
constraints from angular momentum conservation. In the case that there is a quark anti-
quark of distinct flavors in the same sector, chirality and angular momentum conservation
constrains the basis to be

/2y /
|
(]

~ =)
= _Sadly
b ~,
n n -~

(aQ)n(Qd)7

\Z

O@ass _ jas e

(2)aBys _ a8 55
9Q2(0,0) w@mo T @pmo O J oo

qQ2(0;0) — “(¢Q)n0 (Qq)ﬁ(‘)H’ (3.20)

For the operators in egs. (3.19) and (3.20) the color basis after BPS field redefinition is

nggS — <[Yan] i [YQYH} 5 Oap 575> : (3.21)

When there are two quarks of distinct flavors in the same sector the basis of helicity
operators is constrained by chirality and reduced further to just two operators by angular
momentum conservation, giving

~

= /1*\\\ Ry
@@n(@Q)n: 1 @]
- n n ~
(2)apys  _ qaB 0 (2apys  _ qaB 70
Owas(+i-) = Yt T@uma-H Owas=+) = Y- J@uas B (3:22)

For the operators in eq. (3.22) the color basis after BPS field redefinition is
T = ([l [l [iva] i) ) - (3.23)
ad 7B aff )

In the cases considered in eqs. (3.19) and (3.20) where there is a quark and antiquark
field in the same collinear sector, we have chosen to work in a basis using J%ﬁ and JZ%E which
contain only fields in a single collinear sector. One could also construct an alternate form
for the basis, for example using the currents JS‘T_?X From the point of view of factorization
our basis is the most convenient since the fields in the n and n-collinear sectors are only
connected by color indices, which will simplify later steps of factorization proofs. In the
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following, we will whenever possible use this logic when deciding between equivalent choices
for our basis.

For identical quark flavors the operators are similar to those in egs. (3.19), (3.22). The
distinct operators include

(QQ)n(qq)ﬁ : T ‘\\J‘\//
(2)apvys _ aB 56
qul(O 0) T J(q)nO J(q)ﬁOH’ (3.24)
(2)apys _ qap 56 2apys _ L cap 56
Oun0:0) = gm0 Jgyno O (00) = J( o (gm0 H
__ — A
(99)n(@@)7 \/,,,_ @ |
7 n N
(2)apys  _ 6
qu3(+;—) - J( ynn+ J(q)nn—H' (325)

Note that in eq. (3.24) there are only three operators due to the equivalence between the
two operators

ap g af 5
Z J(q n0 JZq 70 H= Z J (q)n0 JV (3.26)

due to the fact that the n label is summed over, as in eq. (3.1). We also have the same

color bases as in egs. (3.21) and (3.23) for 02121)1 and O( %,) respectively.

3.3.2 P, insertions

Since we have chosen to work in a frame where the total | momentum of each collinear
sector vanishes, operators involving explicit insertions of the P, operator first appear at
O()\?). The P, operator can act only in a collinear sector composed of two or more fields.
At O(\?), there are then only two possibilities, namely that the 7| operator is inserted into
an operator involving two quark fields and a gluon field, or it is inserted into an operator
involving three gluon fields.

In the case that the P operator is inserted into an operator involving two quark fields
and a gluon field, the helicity structure of the operator is highly constrained. In particular,
the quark fields must be in a helicity zero configuration. Combined with the fact that they
must have the same chirality, this implies that all operators must involve only the currents
Jg g or Jg'g. Here we have again taken without loss of generality that the two quarks are
in the n-collinear sector. A basis of operators is then given by

\ /a

(9)n(@@PL)x : lm:“‘w%

— \

n n -~
(2)(1 aﬁ _ a Otﬁ (2)a 5&,3 . ” Oéﬁ
Op i = Bre APLTno} H,  OpZigy = Ba AP0 H (3.27)
(2)0,&,8 _ a + a/@ (2)0,07ﬁ . o . aﬁ
Oy = B APLo H o Ol = B APLTg5 1 H.
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Since we have assumed that the total P, in each collinear sector is zero, integration by
parts can be used to make the P, operator act only on either the quark, or the antiquark
field, which has been used in eq. (3.27). (The additional operators that are needed when
we relax this assumption are discussed in appendix A.) The color basis is one-dimensional

TP =T (3.28)

After BPS field redefinition the structure is given by

Thss = (YJTbyZ“Yﬁ>aB = (Vi) TS5 (3.29)

In the case that the P, operator is inserted into an operator involving three gluon
fields, the helicity selection rules simply imply that the helicities must add to zero. A basis
of operators involving three collinear gluon fields and a Pf insertion is given by

(9)n(99PL)m
(2)ab _ pa b —ac (2)abe _ ppa b c
OPBJ:rJrH - ~nt Bﬁ+ [PJ_ Bm—] H, OPB———H] - Bn— Bﬁ— [PIBﬁ—] H,
(2)abe _ Rra b + 1rc (2)abe _ 1a b — e
OPB++7[+} - Bn+ BﬁJr [’PLBFL*] H, O'PBfer[f] - Bn* Bﬁ* [PLBﬁ+] H. (330)
Note that the analogous operators with the helicities O\2)abe and 02 are not

PB+—+[+] PB—+—[-]
eliminated, but instead are equivalent to those in the last row by integrating the Pf by
parts onto the other n-collinear field since the total P in each collinear sector is zero.
(The additional operators that are needed when we relax this assumption are discussed in
appendix A.)

The basis of color structures here is two dimensional,

Fabe _ Z'fabc Cabe Z'fa'b’c’ yg’ay%’byfcl’c _ ifbcdy%’dyg’a (3 31)
dave |’ BPS da't'c ya'ayb'byc’c Jbed ya'dya'a | :
D e Ve 7 Vi “Vn
In the BPS redefined color structure we have written it both in a form that makes the

structure of the Wilson lines appearing from the field redefinition clear, as well as in a
simplified form.

3.3.3 Ultrasoft insertions

At O()\?) we have the possibility of operators with explicit ultrasoft insertions. To have
label momentum conservation these operators must have a collinear field in each collinear
sector. Interestingly, despite the fact that the leading power operator has two collinear
gluon fields, for the operators involving an ultrasoft insertion one can have either two
collinear quark fields, or two collinear gluon fields.

The construction of an operator basis involving ultrasoft gluons is more complicated
due to the fact that they are not naturally associated with a given lightcone direction. There
are therefore different choices that can be made when constructing the basis. We will choose
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to work in a basis where all ultrasoft derivatives acting on ultrasoft Wilson lines are ab-
sorbed into B, fields. To understand why it is always possible to make this choice, we con-
sider two pre-BPS operators involving two collinear quark fields, and an ultrasoft derivative

OF = Xa(iDE)xn, O = Xa(—iDM)xn (3.32)

where (—z%ﬁs) = (iDls)" and we have not made the contraction of the x index explicit, as
it is irrelevant to the current discussion. Performing the BPS field redefinition, we obtain

O?BPS = Z‘XﬁYf:ngsYan ) OSBPS = _iXﬁYgﬁﬁsYan . (333)

If we want to absorb all derivatives acting on Wilson lines into B, fields, we must organize
the Wilson lines in the operators as

Olprs - ZXﬁYfFIYn<Y7ID53Yn)Xn ) OgBPS = _ZX’FL<YTI$58Y’V_L)YFIY”X” . (334)

Using eq. (2.20) we see that this can be written entirely in terms of 0,5 operators acting
on collinear fields, and the two ultrasoft gauge invariant gluon fields B, ) and By for
O’fBPS and OgBPS respectively. Note, however, that ultrasoft gluon fields defined with re-
spect to both lightcone directions are required. Alternatively, it is possible to work only
with By, for example, but in this case we see that the ultrasoft derivative must also
be allowed to act explicitly on pairs of ultrasoft Wilson lines, for example [l (YJ Ys)]. In
constructing our complete basis we will choose to avoid this so that ultrasoft derivatives
acting on soft Wilson lines occur only within the explicit B, fields. This choice also makes
our basis more symmetric.

For the operators involving one ultrasoft gluon and two collinear quarks we have
the basis

— I us I
Gus(Dn(q)a : = —— - |
n n .
(2)aap _ na ap (2)aaB _ pa ap
O us(n))—:(+) = Bustmy— Tnn+ s Of s (=) = Bustny+ Jnn— H (3.35)

with the unique color structure

s aaB — [AVERVE
T (T v Yn) 5 (3.36)
and
(2)aap _ Ra aB (2)aap _ pa ap
sCus@)+(+) = Bus@+ Tnn+ Ho Oyusyy)—(—) = Bus(m)— Jnn— H, (3.37)
with the unique color structure
T8 = (VIYaT) 5. (3.38)

Note that the color structures associated with the two different projections of the B, field
are distinct. All other helicity combinations vanish due to helicity selection rules. The
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helicity selection rules differ between eq. (3.35) and eq. (3.37) due to the different choice
of reference vector for the ultrasoft field in the two cases.

We also have operators involving two collinear quark fields and a single ultrasoft
derivative,

~ ~
\ I\

/ .
aus(Q)n(q)ﬁ : '\—1\>—_—_‘_d_“5_,_1\_ \1

N7} n

(2)aB ap (2) a8 _ aB
Oieusn))—(+) = 1Ous— Jun+ Y Ho Opiusmyso) = 1ustmy+ Jun -t H, (3.39)

with the unique color structure given before and after BPS field redefinition by

TP = (5,5),  Tobs = [YiVa) (3.40)

af’

and

(2)as _ f 2)a _ (798 t
Optytustans-(1) = i+ (st ) HH OG0y ) = (= (i0usiy )T} (3:41)
with the unique color structure given before and after BPS field redefinition by

T = (6,5) » T35, = [Viva] (3.42)

of
Although the color structure happens to be the same in both cases, we have separated
them to highlight the different decompositions of the ultrasoft derivatives in the two cases.
Note that the form of the ultrasoft derivatives which appear is constrained by the helicity
constraints.

Similarly, we have the corresponding operators involving two collinear gluons. A basis
of helicity operators involving two collinear gluons and a single ultrasoft gluon field is
given by

Gus(9)n(9)a :

(2)abe _ pa b c (2)abc _ pa b c
OB(us(n))0:++ - Bus(n)o Bn—f— Bﬁ-i— H, O B(us(n))0: = Bus(n)O Bn— Bﬁ_ H, (3.43)
with the basis of color structures,?
. de\ T
rabe Zfabd (yrj;yﬁ)
TBPS (dabd (ygyﬁ)dc ’ (344)
and
(2)abe _ pa b c (2)abc _ b c
B(us(n))0:++ Bus(ﬁ)O Bn—l— Bﬁ—i— H, O B(us())0:—— Bus(n)O B Bﬁ_ H, (3.45)

3In order to see how the Wilson line structure in eq. (3.44) arises, we look at the object D2 BEBI pre-
BPS field redefinitions. This object must be contracted with a tensor to make it a singlet under ultrasoft
gauge transformations. Each of these resulting forms can be mapped onto the color structures of eq. (3.44)
after performing the BPS field redefinition
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with the basis of color structures,

rabd (T e\ T
mabc Zf (yﬁ yn)
TBPS - (dabd (yg;yn)dc . (346)
We have only included the T3 [abe pg version of the color structure here because the Bus(n) ) are

generated by BPS field redefinition.
The Wilson coefficients of the operators that include By(,)o can be related to the Wil-
son coefficients of the leading power operators using RPI symmetry (see [6]). In particular,

we have
900
(2 _ AL
CBn(us)O:)\l,)\l - 8(;1 . ) (347)

where C/(\?)y A, is the Wilson coefficient for the leading power operator of eq. (3.2). We will
explicitly verify this at the level of tree level matching in section 4.

We must also consider operators with an insertion of d,4(,) with two collinear gluons
in different collinear sectors. The gluon equations of motion allow us to eliminate the
operators in - OB, and in - OBy, which can be rewritten purely in terms of collinear
objects [54]. Furthermore, we again choose to organize our basis of operators such that
ultrasoft derivatives act on ultrasoft Wilson lines only within the B, fields, as was done
in the quark case. (We also do not include operators where the ultrasoft derivative acts on
the Higgs field, since this is moved to the other fields by integration by parts.) The basis
of operators involving ultrasoft derivatives is then given by

~ ~

A\ Ous 1\
6us(g)n(g)ﬁ : '\w\;
Un n
(Q)ab _ a _ b (2)ab _ a _ b
OB(us(n))0:++ B”+ [BUS(H)OBFH‘} H, O(‘)B(us(n))@:—— - Bn— [8715(”)0877—} H, (348)
with the basis of color structures
Tihs = (yTyn) : (3.49)
and
(2)ab _ a b (2)ab _ a b
O@B(us(ﬁ))0:++ - [8us( )0 Bn+] By H, O@B(us(n))O — [aus(ﬁ)OB —] B, H, (3.50)
with the basis of color structures
Tighg = (yTyn) . (3.51)

The Wilson coefficients of the operators that include 8,4(,)0 can also be related to
the Wilson coefficients of the leading power operators using RPI symmetry (see [6]). In
particular, we have

80(0)
(2) _ A
C@B(us(ﬁ))O:)\l)\l - 80.)11 - ) (352)

where C’/(\?) A 8 the Wilson coefficient for the leading power operator of eq. (3.2). We will
explicitly show how this arises in the tree level matching in section 4.
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Operators Factorization Beam n Beam n Soft

o) og'og’ | HBYBS” | BB, | BidBi | VIVaM©O IV,

00| 050k | HYBYBGSY | xudxe | aBadBaxa | YVaMOYY;
0003 | HYBBYSY |xuBuxnd Ba|  BabBa | VIVuMO VIV,
0008 | HY B BGLSY | BidBy |xalPixaldBa|  VIVaMO YL,
00ogy | HY B BYLSY | BuéB, |BalPiBdBi|  VIVAMO VIV,
0007, | HYBP'BRSY | BuéB. | BaBaBadBa | YIVaM©O YTy,
000, 0| Hy BBYSSY | BudBa | BadBi | BusuoYaVaM©® Vil
000R o | Hy B BYSGy | BudBy | BadBi | usuo YaYaM©® Vad,
000D | HYBYBYSD | B.6B, | BabBy | Ousuyo Y Ve MO Vi,

Table 4. Subleading beam and soft functions arising from products of hard scattering operators
in the factorization of Higgs with a jet veto, and their field content. Helicity and color structures
have been suppressed. We have not included products of operators whose beam and soft functions
are identical to those shown by charge conjugation or n < n.

3.4 Cross section contributions and factorization

While the basis of operators presented in this section is quite large, many of the operators
will not contribute to a physical cross section at O(A?). In this section we briefly discuss
the helicity operator basis, focusing in particular on understanding which operators can
contribute to the cross section for an SCET; event shape observable, 75, measured on
gg — H. In section 3.4.1, we show that there are no contributions to the cross section
from hard scattering operators at O(\), which would correspond to power corrections of
v/7B- Then in section 3.4.2, we use helicity selection rules to determine which operators
can contribute at O(A\2) = O(7). The results are summarized in table 3.

Given the set of contributing operators, one can then determine the full subleading
power factorization theorem for the related observables with Higgs production. Here we
restrict ourselves to determining the structure of the factorization theorem terms arising
purely from our subleading hard scattering operators, written in terms of hard, beam
and soft functions. A summary of these results is given in table 4. In many cases the
beam and soft functions which appear in the subleading power factorization formula are
identical to those at leading power. For the case of the soft functions this simplification
arises due to color coherence, allowing a simplification to the Wilson lines in the soft
functions that appear. For gluon-gluon and quark-quark color channels the leading power
soft functions are

S = ;tr<0|yg VuMOYTy; |0y, SO = itr(O]Yanﬂ(O)YJYn\O% (3.53)

(N2 —1)
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and depend on the kinematic variables probed by the measurement operator MO For the
beam functions, this simplification occurs since the power correction is often restricted to
a single collinear sector. The other collinear sector is then described by the leading power
beam functions (incoming jet functions) for gluons and quarks [25, 63]

B0 = A [l (1) [t~ 0] ) 65

ii;f B = ‘9;:) /% phtta <p‘ X (x*g) ZLS [5(w - 75)935(0)} ‘p> ,

where we take /T > AQQCD Jw. The result for the leading power measurement function
5 appearing in these beam functions depends on the factorization theorem being treated.
Often the beam functions are inclusive in which case § = 1, giving functions of the mo-
mentum fraction of the struck parton x and a single invariant mass momentum variable,
Béo) (z,wl™) and Béo) (z,wl™). Here we assume an SCET] type measurement that does not
fix the P, of the measured particle. This assumption has been explicitly used in writing the
form of the beam functions in eq. (3.54), as well as in our construction of the operator basis.

3.4.1 Vanishing at O()

We begin by considering possible contributions to the cross section at O(A). While we
will not discuss the factorization of the cross section in detail, the contribution of the hard
scattering operators to the cross section at O(\) can be written schematically as

do

d’TB

SN Y5 (PR 0N OM (0) 1X) (X] CO0O(0) PP 6(mp — ) (X)) + hc.. (3.55)
X,i
Here N is a normalization factor, P;, P, denote the incoming hadronic states, and we use
the shorthand notation 5((14) = (27)*6*(¢—px) for the momentum conserving delta function.
This expression should merely be taken as illustrative of the operator contributions, and
in particular, we have not made explicit any color or Lorentz index contractions, nor the
treatment of the initial state. The summation over all final states, X, includes phase space
integrations. The measurement of the observable is enforced by (7 — 71(30 ) (X)), where
Tg] ) (X), returns the value of the observable 7 as measured on the final state X. The
explicit superscript (0) indicates that the measurement function is expanded to leading
power, since here we focus on the power suppression due to the hard scattering operators.
From eq. (3.55) we see that hard scattering operators contribute to the O(\) cross
section through their interference with the leading power operator. The O(\) basis of
operators is given in eqs. (3.4) and (3.5), each of which involves a single collinear quark
field in each collinear sector. Conservation of fermion number then immediately implies
that these operators cannot have non-vanishing matrix elements with the leading power
operator which consists of a single collinear gluon field in each sector. Therefore, all
contributions from hard scattering operators vanish at O(\). Although we do not consider
them in this paper, using similar arguments one can show that all other sources of power
corrections, such as Lagrangian insertions, also vanish at O(\).
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3.4.2 Relevant operators at O(\2)

Unlike the O(\) power corrections, the power corrections at O(A?) = O(7p) will not vanish.
Contributions to the cross section at O(A?) whose power suppression arises solely from hard
scattering operators take the form either of a product of two O()\) operators or as a product
of an O(\?) operator and an O(A\°) operator

do(@ -
;TB SN Y SO (PR CPOP (0) [X) (X] CP0O(0) | PPy 6(p — 5 (X)) + hec.
X,
+N 3" 60 (PR VO (0) 1X) (X| VO (0) |PLRy) 8 (75 7 (X)) + huc... (3.56)
X,i,j

For g9 — H the operator basis has only a single operator at O(A) (up to helicities and
n <> 1), which was given in egs. (3.4) and (3.5). This operator will contribute to the cross
section at O(\?), as indicated in table 4.

The contributions from O()?) hard scattering operators are highly constrained since
they must interfere with the leading power operator. We will discuss each possible contri-
bution in turn, and the summary of all operators which can contribute to the O(\?) cross
section is given in table 3. The schematic structure of the beam and soft functions aris-
ing from each of the different operator contributions is shown in table 4. The subleading
beam and soft functions enumerated in this table are universal objects that will appear
in processes initiated by different Born level amplitudes (such as ¢¢ annihilation), unless
forbidden by symmetry. In this initial investigation, we content ourselves with only giving
the field content of the beam and soft functions. In table 4, to save space, we do not write
the external vacuum states for the soft functions, or the external proton states for the beam
functions, nor do we specify the space-time positions of the fields. We do not present here
the full definitions analogous to the leading power definitions given in eqs. (3.53) and (3.54),
but using the field content given in table 4. Deriving full definitions goes hand in hand
with presenting the complete factorization theorems for these contributions, which will be
given in future work.

(1)

Two quark-one gluon operators. The two quark-one gluon operators, Oy, can con-
tribute to the cross section by interfering with themselves. These operators are interesting
since they effectively have a quark like cusp, instead of a gluon like cusp as is true of the
leading power operators. They contribute with a leading power quark channel soft func-
tion S(go), a quark beam function BSO) and a subleading power beam function Bg; that has
fermion number crossing the cut (as indicated by its first ¢ subscript).

Two quark-two gluon operators. In the case of the two quark-two gluon operators,

the only operators that will have a non-vanishing contribution are those that have the two

gluons in different collinear sectors, namely Ogl) . This gives a gluon beam function Béo),

soft function Sf,o), and a subleading power beam function with gluon quantum numbers

crossing the cut Bf(]Z?J (with three color contractions). The operator 01(322), which has two
quarks in a helicity 0 configuration in one collinear sector, and two gluons in a helicity 0
configuration in the other collinear sector does not contribute, since rotational invariance

implies that its interference with the leading power operator vanishes.
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Four gluon operators. To give a non-vanishing interference with the leading power
operator the four gluon operators must have an odd number of collinear gluon fields in

each sector. This implies that 01(1?;)1 does not contribute, while ij})Q does. Once again we

can prove that Og)Q generates a contribution that enters with simply the leading power

gluon soft function Séo) (the direct proof of this requires some fairly extensive color algebra).
This happens despite the fact that the subleading power beam function Bg(,?,) has six color
contractions. The contribution from this four gluon operator first enters the cross section

at O(a?).

Four quark operators. For a four quark operator to interfere with the leading power
operator, it must have both zero fermion number and a helicity 1 projection in each collinear

sector. This eliminates all four quark operators from contributing to the cross section
at O(\2).

P, operators. Both the operators involving P, insertions have the correct symmetry
properties and therefore both ng{ and Og}g can contribute to the O(\?) cross section. Both

contributions have a leading power gluon beam function Béo) and soft function Séo). The
operator Og% has a similar structure to the operator (’)gl) found in the quark case in [17],
which contributes a leading log to the thrust (beam thrust) cross section [16]. It involves

a subleading power beam function B!SZ)P (with two color contractions). On the other hand,

we find in section 4.3.2 that the operator O%)( has a vanishing Wilson coefficient at tree
level, so its factorized contribution starts at least at O(a?) for the cross section. It has a
subleading beam function B;E)P with a single color contraction.

Ultrasoft operators. The ultrasoft operators involving quark fields cannot contribute to
the cross section through interference with the leading power operator due to fermion num-
ber conservation. Therefore, only the gluon operators of egs. (3.43) and (3.48) contribute.
They have leading power gluon beam functions Béo).

3.4.3 Comparison with gI'q

It is interesting to briefly compare the structure of the operator basis, as well as the
contributions to the O(A?) cross section, to the basis for a process with two collinear sectors
initiated by the gI'q current as discussed in [17]. The leading power factorization theorems
for the two cases are essentially identical, with simply a replacement of quark and gluon
jet (beam) functions, as well as the color charges of the Wilson lines in the soft functions.
However, at subleading power there are interesting differences arising both from the helicity
structure of the currents, as well as from the form of the leading power Wilson coeflicient.

An interesting feature of gg — H is that the Wilson coefficient for the leading power
operator, which is given in section 4.1, depends explicitly on the large label momenta of the
gluons at tree level. This is not the case for the g I'q current, whose leading power operator
has a Wilson coefficient that is independent of the large label momenta at tree level. As
discussed in section 3.3.3, the Wilson coeflicients of hard scattering operators involving
insertions of n-9, 7+ 9, or By()o are related to the derivatives of the leading power Wilson
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coefficients by RPI. This implies that these particular operators vanish at tree level for a
GI'q current, but are present at tree level for gg — H. For the gI'q current the power
corrections from the ultrasoft sector arise instead only from subleading power Lagrangian
insertions. Therefore, the nature of power corrections in the two cases is quite different
in terms of the organization of the effective theory in the ultrasoft sector. However, this
does not say anything about their numerical size which would require a full calculation.
Furthermore, the organization of the collinear hard scattering operators is nearly identical
in the two cases.

Despite this difference in the organization of the particular corrections within the
ultrasoft sector of the effective theory, there is also much similarity in the way that the
subleading power operators contribute to the cross section at O(A?). In particular, in
both cases, operators involving an additional ultrasoft or collinear gluon field as compared
with the leading power operator contribute as an interference of the form O(A?)O(1), see
table 4. This is guaranteed by the Low-Burnett-Kroll theorem [64, 65]. However, the
subleading hard scattering operators that have a different fermion number in each sector
than the leading power operators contribute as O(A\)O(A). For the gg — H case, this is the
02(317_2 operator, while for a ¢gI'g current considered in [17], it was a hard scattering operator
involving two collinear quarks recoiling against a collinear gluon. In the NNLO calculation
of power corrections for the ¢I'g case [16], this operator played an important role, as it
gave rise to a leading logarithmic divergence not predicted by a naive exponentiation of
the one-loop result, and it is expected that the same will be true here. We plan to consider
this calculation in a future work, and to understand in more detail the relation between
the leading logarithmic divergences for the ¢qI'q current, compared with a gg current.

4 Matching

In this section we perform the matching to the operators relevant for the calculation of the
O()\?) cross section, which were enumerated in section 3.4.2 and summarized in table 3.
As discussed in section 1, we will work in the context of an effective Higgs gluon coupling

Ci(my, ag)

G G H (4.1)

Lhard =
obtained from integrating out the top quark. Here v = (v2G F)_l/ 2 = 246 GeV, and the
matching coefficient is known to O(a?) [20]. Corrections to the infinite top mass can be
included in the matching coefficient C;. We use the sign convention

G, = 0 AL — 0,A% + gf*™ AL AS,  iDM =id" + gAr. (4.2)
In the matching, we take all particles as outgoing. However, to avoid a cumbersome
notation we use € instead of €* for the polarization of an outgoing gluon. We also restrict to
Feynman gauge although we check gauge invariance by enforcing relevant Ward identities.

For operators involving collinear gluon fields gauge invariance is guaranteed through the
use of the B fields.
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The Higgs effective Lagrangian has Feynman rules for 2, 3, and 4 gluons which are
summarized in appendix B. Due to the non-negative powers of momenta appearing in
these Feynman rules they give rise to Wilson coefficients which are less singular than those
arising from power corrections to the ultrasoft and collinear dynamics of SCET. This will
be seen explicitly in the subleading power matching calculations. To simplify the notation
throughout this paper we will suppress the factor of Cj(my,as)/(127v), and simply write
the Feynman rules and matching relations for the operator

orard — gvg , H . (4.3)

The dependence on Cy(my, as)/(127v) is trivially reinstated.

Throughout the matching, collinear gluons in the effective theory will be indicated
in Feynman diagrams as a spring with a line drawn through them, collinear quarks will
be indicated by dashed lines, and ultrasoft gluons will be indicated with an explicit “us”.
This will distinguish them from their full theory counterparts for which standard Feynman
diagram notation for quarks and gluons is used. Furthermore, for the full theory diagrams,
we will use the ® symbol to denote the vertex of the Higgs effective theory, as compared
with the purple circle used to denote a hard scattering operator in the effective theory.

Due to the large number of operators present in our basis, we find it most convenient
to express the results of the tree-level matching in the form of the Wilson coefficient mul-
tiplying the relevant operator. For this purpose we define a shorthand notation with a
caligraphic O,

oy =cy=oy, (4.4)

where as before, the superscript indicates the power suppression, and the subscript is a
label that denotes the field and helicity content. We will write results for Og? in a form
such that it is trivial to identify the tree level Wilson coefficient C'}*®, so that higher order
corrections can be added as they become available.

4.1 Leading power matching

The leading power matching is of course well known, however, we reproduce it here for
completeness and to illustrate the matching procedure. The matching can be performed
using a two gluon external state. Since the leading power operator is independent of any
1 momenta, in performing the matching we can take the momenta

Iz M
%, Py = WQ% , (4.5)
and the polarizations to be purely L, namely €' = eé‘ |- All of the operators in section 3.1

plfzwl

give a non-vanishing contribution to the two-gluon matrix element for this choice of
polarization.
In the two gluon matrix element, this choice of polarization does not remove overlap
with any of the operators in section 3.1. Expanding the QCD result, we find
p2,b p1.a
= —2i5abw1w26u c€92] . (46)

O(\0)
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This is reproduced by the leading power operator
OF) = —2u1020"B% o, - Bl H s (4.7)

or in terms of the helicity basis of eq. (3.2), we have

OF) . = 2w1wpd®Be, Bl W H,  OF

Bt e o = 2wiwa6™BY_ B, H (4.8)

n—,wi *

While we focus here on the case where there is zero perp momentum in each collinear
sector, we also give the Feynman rule in the case that each sector has a non-zero perp
momentum. This will allow us to illustrate the gauge invariance properties of the collinear
gluon field B . The expansion of the collinear gluon field with an incoming momentum k&
is given by

neALT

B, = AT

(4.9)
where the dots represent terms with multiple gluon fields. The two gluon terms are given
in appendix B. Gauge invariance therefore dictates the Feynman rule of our operator in
the case of generic perp momenta for the two gluon fields,

pg.b p1,a

. n- €l n - €
= —226“bw1w2 (e“ —p“ _> (e“ —p“ _> . 4.10
11 L7 o 2L ~ Py, ( )

We note that the additional terms are essential to enforce that the required Ward identities
are satisfied, and the result is gauge invariant. While this is trivial in this simple leading
power example, for the more complicated matching calculations considered in the remainder
of the paper we will often perform the matching for particular kinematic configurations,
and the gauge invariance of the collinear gluon fields is an important ingredient to uniquely
obtain the full result.

4.2 Subleading power matching

We now consider the matching at O(M). In section 3.2 we argued that the only O(\)
operator which can contribute to the cross section at O()\?) has two collinear quark fields
in opposite collinear sectors and a collinear gluon field. We can therefore perform the
matching using this external state. For concreteness we start with the case with a quark in
the n-collinear sector, and a gluon and antiquark in the n-collinear sector, (¢),(gg)s. Since
the power suppression arises from the explicit fields, and all propagators are off shell, we
can use the kinematics

nt nt nt

?7 P2 = wWa2—— P3 = wW3——, (411)

M:
pl w1 27 2

and take the polarization of the gluon to be purely L, e/ = ef |- This choice suffices to
obtain non-zero matrix elements for all the operators we want to probe, and to distinguish
them from one another.
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For the matching calculations, we will use the notation

P

un (i) = Ppu(p;), and v, (i) = Ppo(d), with P, = VL (4.12)

for the projected SCET spinors. Here we have taken the momentum p; to be n-collinear,
but similar relations exist for the case that it is n-collinear. The spinors obey

ap) = 1+ 2L DY), w = (14 BB,y
for the n-collinear and n-collinear cases respectively, with direct analogs for the v(p;)
spinors.
Expanding the QCD diagram to O(\), we find

P2 P1

Psg —2iqw
%&/ = T 1)y, Tl (1.14)
i ® n oy

There are no contributions from time ordered products in the effective theory to this
particular matrix element used in the matching. This is due to the fact that there are
no O(A% or O(A\!) operators involving just two quark fields, and the collinear Lagrangian
insertions in each section preserve the fermion number of each sector, so this particular
matrix element can not be obtained from Lagrangian insertions starting from the leading
power operator involving two collinear gluons. Therefore, the result must be reproduced
entirely by a hard scattering operator in SCET. This operator is given by

1 w3 _
Oéfi =—29 ;2 Xn,wlﬁJ_ﬁ,w;;Xﬁ,—ng- (415)

or, in terms of the helicity operators of eq. (3.4)

1 o jwWiw2 a
olg,,gﬂ ) =g —T 5 (nm) R
(1) 4,8 a Wiw2 a aB
Oy = —4g T 5 lAn]BE_ Tl H. (4.16)

The Wilson coefficient has a singularity as the energy fraction of the quark in the n-collinear
sector becomes soft. This operator will therefore contribute to the leading logarithmic
divergence at the cross section level at O(A\?). Note that this operator is explicitly RPI-IIT
invariant, with its Wilson coefficient taking the form of a ratio of the large momentum
components of the two 7 collinear fields.

For convenience, we also give the full Feynman rule for this operator

P3, GV P2 P W nY
N S = 2T (Vi - ”?&) | (4.17)

_ w2 w3

n n
Note that this Feynman rule contains terms that were not present in the matching cal-
culation due to the special choice of kinematics used there. These additional terms are
determined by the gauge invariant gluon field, B, 7, and it is easy to see that they ensure
that this operator satisfies the required Ward identities.
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The matching for the operators in the case (§),(qg)n can be easily obtained from the
above results by exploiting charge conjugation. This gives

1 w3 _
OZ(S’?’)L = _29;1X7L7WI$L7’L,UJ3XFL,7&)2H7 (418)

and for the helicity operators in eq. (3.5) we obtain

(1) a w12 a apf
OB’VH—( ) T 4 7T 9 < >Bn wann—i-H
1 o [Wiw2 a &
O (1) = —4g—T s\ g Bl o T H (4.19)

This concrete matching calculation at subleading power also clearly illustrates the dis-
tinction between subleading power hard scattering operators, and the standard picture of
leading power factorization in terms of splitting functions. In the leading power factor-
ization for H — ¢qq, when the ¢g pair become collinear, the amplitude factorizes into
H — gg multiplied by a universal ¢ — ¢q splitting function. This gives rise to a leading
power contribution, due to the nearly on-shell propagator of the intermediate gluon that
undergoes the splitting. For the operator considered here, the gluon which splits into the
qq pair is far off-shell, due to the fact that the ¢ and ¢ are in distinct collinear sectors.
Because of this, it is represented in the effective theory by a local contribution (namely
a hard scattering operator), and this operator is power suppressed. The hard scattering
operators therefore describe precisely the contributions that are not captured by a splitting
function type factorization. While this is particularly clear for the operator considered here,
this picture remains true for the subleading power hard scattering operators for the more
complicated partonic contributions considered at subsubleading power in section 4.3. The
hard scattering operators describe local contributions, which do not factorize in standard
splitting function type picture, and therefore in general have no relation to known splitting
functions which appear in the literature.

4.3 Subsubleading power matching

In this section we perform the tree level matching to the O()\?) operators, considering only
those which contribute at the cross section level at O()\?), as discussed in section 3.4.2.
Since there are a number of operators, each with different field content, we will consider
each case separately.

4.3.1 Ultrasoft derivative

We begin by performing the matching to the ultrasoft derivative operators of section 3.3.3.
To perform the matching we can use a state consisting of two perpendicularly polarized
collinear gluons, and we take our momenta as

n e i
9 + P1r— 9 +pu_a p2 - (wQ + k2)7 + P2r— 2 +p2J_ (4'20)

Since we have taken non-zero label perp momentum to keep the particles on shell we will

p1 = (Wl + kl)

have operators contributing that involving the P, operator. These operators were not
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included in our basis, since we assumed zero total perp momentum in each sector. (See
appendix A for the additional operators required in the case that the collinear sectors have
non-vanishing perp momentum.) However, these terms are easy to identify. Dropping
these terms involving the label perp momentum to identify the contributions relevant for
the matching, we find

p?sb pP1,a
= —QidabwleEM_ c€2] — 2’L'(5abL<J2]€1€1L c€9 . (4.21)
O(A?2)

This result must be completely reproduced by hard scattering operators in the effective
theory, since the relevant subleading propagator insertions are proportional to residual
components of the | momentum, which we have taken to be zero in the matching (see
appendix B, and in particular eq. (B.16)).

The operators given in section 3.3.3 were defined post BPS field redefinition, in which
case the partial derivative operator 0" acts on gauge invariant building blocks. While the
distinction between pre- and post-BPS field redefinition is not relevant for the calculation
of the matrix elements in this particular case, since there are no ultrasoft emissions, it of
course determines the form that the operators are written in. For convenience, we give
the operators both before and after BPS field redefinition. Note that the collinear gluon
field transforms as an adjoint matter field under ultrasoft gauge transformations since the
ultrasoft gauge field acts as a background field.

Matching onto pre-BPS field redefinition operators, we find

02 = 4wt [B in- Dys, B | H, 0P =dwytr [B"__ [in- Dys, B 1| H,

(4.22)

1n,w 1n,ws 17n,wo 1n,w;

where the trace is over color. This color structure will be fixed by matching with an
additional ultrasoft gluon in section 4.3.4. To determine the operators post-BPS field
redefinition, we can either directly apply the BPS field redefinition, or simply match to the
operators of section 3.3.3. We find that the operators where the ultrasoft derivative acts
on the gluon fields are given by

(9%?58)(0) —2\BY ,in - OB L H, ng;(us)( o) = ~ 2B i OBy, H, (4.23)
or expanded in terms of the helicity operator basis
Ottusiuict+ = ~ 2180 oy B on H (4.24)
0523)?55(&))0:++ = —2wBU% 1, 10us(my Bl o H
Oél;?js(n))(_):—— = —201BL" 10,50 Ba’ oy H
ogig?js(m)o:” = 2wy BE D,y BY o H

Here the color indices are contracted against the basis of color structures given in eq. (3.49).
These operators also give rise, after BPS field redefinition to operators involving B,s. These
will be discussed in section 4.3.4.
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As mentioned above eq. (3.48), using the gluon equations of motion we can eliminate
operators involving 7 - 0By and n - 0B, from our basis to all orders in perturbation theory.
This structure of the ultrasoft derivative operators is important for the matching at O(\?).
In particular, only the 7 - 0 acts on the n-collinear sector, and only the n - 9 acts on the
n~-collinear sector. These correspond to the residual components of the label momenta.
In a graph consisting of only collinear particles (i.e. no ultrasoft particles) the residual
components of the label momenta can be chosen to vanish, so that these operators do not
contribute. In all purely collinear graphs computed in the remainder of this paper, we
will always make this choice, and therefore, these operators will not contribute. However,
these operators will contribute, and will play an important role, when ultrasoft particles
are present in the graph.

4.3.2 qqg

We now consider the case of the O()\2) operators involving two collinear quark fields, a
collinear gluon field, and a P, insertion. In section 3.3 we argued that the only such
operators have both quark fields in the same collinear sector, which we will take to be the
n-collinear sector. To perform the matching we take the kinematics

nt nt nH n
?a PSZU&?—p/j_-Fp%?, pgzukg?. (425)

With this choice all subleading Lagrangian insertions in SCET vanish. This can be seen

I n 7
P :Wl? +Dp| +Dpir

from the explicit subleading Lagrangians and Feynman rules given in appendix B by noting
that these give contributions to this matrix element the involve residual components of L
momentum, or residual components of the large label momentum, which are zero for the
choice of momentum in eq. (4.25). The result must therefore be entirely reproduced by
hard scattering operators. Expanding the QCD result we find that it vanishes at O(\?)

P2
b3, a D1

=0. (4.26)

O(X2)
This is expected since this diagram involves only collinear dynamics in a single collinear
sector, and non-trivial terms will be reproduced by power suppressed Lagrangians. There-
fore, at tree level, the hard scattering operators involving two quarks in the same sector
along with a P, insertion have vanishing Wilson coefficients. We do not have an argument
that the Wilson coefficients of these operators would continue to vanish at higher orders in
perturbation theory, and therefore we do not expect this to be the case.

4.3.3 ggg

We now consider matching to the @(\?) three gluon operators which have a single P, .
In section 3.4.2 we have argued that the only such operators that contribute to the cross
section at O(A?) have two gluons in the same collinear sector, which we take to be n for
concreteness. To perform the matching, we take the kinematics as

nt n# nt n# nt

pr=wi—, pr=wr—+p| +py—, pgzwgf—p’j+pgr2.

> 5 > 5 (4.27)
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As a further simplification, we can take the polarization vector of the gluon in the n-collinear
sector to be purely L, ef = €], . All of the three gluon operators in our basis give a non-
vanishing contribution to the three-gluon matrix element for this choice of polarizations.

In performing the expansion of the QCD diagrams we will obtain all three projections
of the polarization vectors, namely 7 - €23, n - €23, and p| - €33,. However, all of the
operators in our basis are formed from B, and therefore contain only the n - €23 and
p1 - €231 components. From the on-shell conditions for the gluon we have the relation

= 2
n- ey pJ_n - €9

_ . 4.28
w2 2 2&)2 pL €1, ( )

and similarly for e3. Note that we always use the Minkowski signature for the | momenta,

ie. pi_ = —p f In performing the matching one can therefore keep track of only the L
polarizations, as long as the n - € polarizations are converted into n - € and p, - €, using the
above equation. This allows one to simplify the structure of the matching while keeping
enough terms to reconstruct operators formed from B gluon fields.

Expanding the QCD diagrams, and keeping only the 1 terms of the polarizations
we find

p2,b P3,C
D1, QA
b1, p2,b P1,a

ps,c

O()2)

w3
= —4gfabcw*2 (€11 €91py €31 —€al-€31p1-€11) —4gf™er) -ea py €31 +[(2,0) > (3,¢)],

p2,b

O(A?)

b w2
= —4gf*° (plfaﬁu'ﬁu —PDl-€11€2] €3] + %prezsﬁu'ﬁu)

O3 L 12,0) ¢ (3,0)], (4.29)

We have shown results for the individual diagrams to emphasize the structure of the con-
tributions, namely that only the diagrams involving an off-shell propagator or the Higgs
EFT three gluon vertex contribute. Simplifying this result, we find that the sum of the
QCD diagrams is given by

p2,b

O(2)
w3 w2 w3 w9
= 4gf <2 + =4 ) €21 - €31pL - €1l — dgfoe (2 + =+ ) €11 *€21D1 * €31
w2 W3 Wy w3
— 4g e (2 + 2By w2> €11 " €31PL " €21 - (4.30)
w2 w3
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For the choice of kinematics and polarizations used in the matching there are no SCET
subleading Lagrangian contributions at this power, for similar reasons to the case of gqq
discussed above. Therefore, the hard scattering operators must exactly reproduce the
QCD result.

We write the operators and their Wilson coefficients both in the helicity basis of
eq. (3.30), as well as in a more standard Lorentz structures, as the two may prove useful for
different purposes. In terms of standard Lorentz structures the tree level matching gives

w3

2 1 w3 w2\ .
0’531)3’1 == <2) 4g (2 + ;2 + ) ZfabCBgJ_7w1 ’ |:7DJ—B7IZLJ_,(U2.:| TELJ_,WSH7
2 w3 w2 .
Oty =19 (2+ 20+ 22 ) iy [Py B, B, Bl (a3)

We have written the first operator in this form to incorporate the symmetry factor. In the
helicity basis, we have

(2) A pab w3 | w2 b _
Oppiii) = 4907 (2 + s + w3> ot n Brtws (P18t ] H

2 . rabe w3 w2 a b c
07(9!)3———[—1-] =4dgif (2 +—+ wg) By o B s [Pj_Bﬁ—,m] H,

w2
(2) _ - rabc w3 w2 a b + 12c
OPB++—[+] = —2gif <2 + ;2 + wg> n+,w1i Bﬁ*,&)g [PL Bﬁ+,wQ] H,
(2) _ - rabe w3 w2 a b —13C
OP37+7[7] - _2ng <2 + 52 + w3> BN—,wl Bﬁ—,WB [PJ_ Bﬁ—i—,wg] H. (432)

We therefore see explicitly that the helicity selection rules are realized in the tree level
matching. Furthermore, the Wilson coefficient is formed from Bose symmetric combina-
tions of ratios of the large momentum components of the 7 collinear fields, as required
by RPI-III invariance. For convenience, we also give the Feynman rule of the combined
operator with three external gluons

D3:6p R P1,Q, ft

(4.33)

2

w2 w3 v v by
— 4qfobe(op 22 L 22 FavP —pt g*P —pf g +
qf oy ) |PLIL TPLIL LY

174
(wgn”gip—wgnpg’j_ —f—p’j_n"np) .

This contains additional terms not present in the earlier matching calculation, due to the
particular choice of L polarizations used to simplify the matching. One can explicitly check
that this operator satisfies the Ward identity, which is gauranteed by the fact that it is
written in terms of B, fields. It is also interesting to note that the Wilson coefficient of
this operator has a divergence as either ws, or w3 become soft, so that it will give rise to a
leading logarithmic divergence in the cross section at O(\?).

— 35 —



4.3.4 Ultrasoft gluon

The operators involving a single ultrasoft insertion were given in section 3.3.3, and it was
argued that they were related by RPI to the leading power operator involving two collinear
gluons. In this section we will explicitly perform the tree level matching to verify that this
relation holds. The operators in section 3.3.3 were given after BPS field redefinition, since
it is more convenient when enumerating a complete basis to work with a gauge invariant
ultrasoft gluon field. While it is possible to directly match to the post-BPS operators, we
will first perform the matching to pre-BPS field redefinition operators involving ultrasoft
covariant derivatives, and verify the color structure given in eq. (4.22). We will then give
the operators after BPS field redefinition.

We perform the matching to a three particle external state, with one collinear gluon in
each sector, and a single ultrasoft gluon. To simplify the matching we take the momenta

of the collinear particles as

nH

n
p/f = wl? ) Pg = w27 ) (434)
and the momentum of the ultrasoft particle as
_ nt nt
P =7-ps— +n-ps Pk (4.35)

where (n-ps, 7 - p3, p3r) ~ (A%, A2, A2). The full theory QCD diagrams expanded to O()\?)
are given by

p3,cC
US
P2, b D1, a n - p3 €21 " P31
= 2gw2 [ - € n- ez +4gf " woeq - e
n-p3 n-ps3
O(\2) 1 €11
_ 4gfabcw262 . EgL
n-p3
p3,C
us
P2, b b1, a n - p3 €11 " P3L
= —2gw; [ - €x— B35 ey — 49 wies - eg it P3L
n-ps n-ps
o) P3L €21
+4gf™wie; - ez
n-p3
P1,a
p27b ps; ¢
p— O’
US
O(\2)
P3,C
P20 QUSp, a
= 2gfabc(,c)1€1 - €9N - €3 — 2gfabc(,U261 - €M - €3 . (4.36)
O(\2)

In this case there are also contributions from 7" product diagrams in SCET correcting the
emission of an ultrasoft gluon. Once we subtract these terms from the full theory result,
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the remainder will be localized at the hard scale. The O()\?) Feynman rule for the emission
of a ultrasoft gluon from a collinear gluon is given by (see appendix B and e.g. [6] for the
explicit Feynman rule)

p3,a
g us
g 2 . 2e D v
S = (7B ()L |en pu: €, ps) = —i e, L% (ghPgT" — gh7gf).
p1, b—csseREER D2, C PnT - Ps
£(2) (4.37)

The two SCET diagrams involving this Lagrangian insertion are given by

7 4&)2 fabc

(€1-€3p31 - €21 — €11 -P3L€2 - €3),

Aw abc
- —1]; (€1-€3p31 - €21 — €11 ~P3L€2-€3). (4.38)

Finally we also have contributions from the ultrasoft derivative operators of section 4.3.1,
with a leading power emission of a ultrasoft gluon. For these diagrams we find

(4.39)

The SCET T-products therefore exactly reproduce the QCD diagrams, with the exception
of the contribution from the three gluon vertex of the Higgs effective theory. Subtracting
the SCET contributions from the expansion of the QCD diagrams, we find that the hard
scattering operators are given by

@) 233 = dwytr | BY

1[71 - Dys, BY | H, 051233 = dwotr | B} [72 - Dys, Bin,wl]} i,

n- 1nw 1 n,ws 1n,ws
(4.40)
as stated in eq. (4.22). In terms of gauge invariant ultrasoft gluon fields we have
2 - cabd ()T~ \dc a b c
Oltusn)) = (Zf (Y In) ) (—29W2Bm,w1 Bt us(n)O) )
2 . ra dc a c
O(B()us(ﬁ)) = (Zf bd (yg;yn) ) (—nganJ_,wl . B?%J_,wg us(ﬁ)O) s (441)
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where the color structures that appear at tree level are the first components of the color
basis of egs. (3.44) and (3.46). In terms of helicity operators,

Og&w(n)m% =2 (if YRy ‘)dc) w2Byy 0 Bay wBasmyoH
O = ~29 (1™ (VIVa) ™) waBi_ Bl s BlioH
off() ()0t = —29 (z'f“bd (vr yn)dc) w1 By o Bhs By
Oy = ~29 (1™ VIV ™) 1B Bl Bl apoH (4.42)

This agrees with the relation derived from RPI symmetry, given in eq. (3.47). For conve-
nience, we also give the Feynman rule for the contribution of the hard scattering operators
to a single ultrasoft emission both before BPS field redefinition

= 2gf"wng!"nf — 29 f**wag 0" | (4.43)

as well as after BPS field redefinition

n- n-
— ngabc |:w1 <’I?/0 _Z b3 ﬁp> — Wy (’ﬁp . D3 7’Lp>:|
n - ps n-p3

= 2g fab [np (wl + Z'?WQ) — AP <UJ2 + Z'i%lﬂ . (4.44)
~ -~

Note that the contribution from hard scattering operators before the BPS field redefinition

C,
P2, b, v p;ups D1, @, pt

is local, but not gauge invariant, since before BPS field redefinition there are also SCET
T-product diagrams involving. After BPS field redefinition, the contribution from the hard
scattering operators is gauge invariant, but at the cost of locality. However, as emphasized
n [17], the form of the non-locality is dictated entirely by the BPS field redefinition, and
is therefore not problematic. It is therefore advantageous to work in terms of the ultrasoft
gauge invariant building blocks, so that the contributions from the hard scattering operators
alone are gauge invariant. Note also that here we have restricted the 1. momentum of the
two collinear particles to vanish for simplicity. Furthermore, because of the ultrasoft wilson
lines in the color structure of eq. (3.44), there are also Feynman rules with multiple ultrasoft
emissions. This is analogous to the familiar case of the B operator which has Feynman
rules for the emission of multiple collinear gluons.

4.3.5 qqgg

A basis for the operators involving two collinear quark and two collinear gluon fields was
given in section 3.3.1. In section 3.4.2 it was argued that the only non-vanishing contribu-
tions to the cross section at O(\?) arise from operators with the two collinear quarks and
a collinear gluon in one sector, recoiling against a collinear gluon in the other sector.
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In performing the matching to these operators there are potentially 7T-product terms
from the three gluon O()\?) operator of section 4.3.3, where one of the gluons splits into a
qq pair. By choosing the momentum

n* n+ n* n+ n+ n*
P=wig AP = wr e, P =ws, i =wag, (445)
we see from eq. (4.33) that all SCET T-product contributions vanish, so that the result
must be reproduced by hard scattering operators in SCET. Expanding the QCD diagrams
to O(A\?), we find that all the contributions from the two gluon vertex in the Higgs effective

theory vanish
Pa %2 P2 pa,b D2 pa, b

P3,C D1 p3, € P1 b3, € P1

0(\2) O(A?) 0(\2)

=0. (4.46)

0(A\2) O(\?)

This result might be anticipated from the structure of the diagrams. However, there is a
non-vanishing contribution from the three-gluon vertex in the Higgs effective theory

pa, o 12

ps, € P1

492 f™wyes) - €a1 _
n (Wl + 52)2 - un(pl)Ta*vn(pZ) . (4.47)

NS

O(A\?)

In terms of standard Lorentz and Dirac structures the corresponding hard scattering op-
erator is given by

9 492ifabCW4 B %
B = L B X T (449

Projected onto the helicity operator basis of eq. (3.8), and using the color basis of eq. (3.7),
we find

O sy = ~ ot 2 (7T~ (TT).5) B B T H
Of)__ () = —mzm ()05 = (T'T) o) B, By T H
O i) = —mzm ()05 = (T'T) o) Bip o Bt o Ty H
O )= —m2m ()05 = (T"T) o) B, Bae g o H . (4.49)
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For convenience, we also give the Feynman rule for the operator

Ppa. b,
p3,c,v
{02 B 492fabCTa(,U4 < uw pZLﬁ“> % (4 50)
y,/pl N (w1 + WQ)Q L Wy 2" '

2
o

Again, this contains additional terms not present in the matching calculation, and it is
straightforward to check that they are necessary to satisfy the required Ward identities.

4.3.6 gggg

Finally, we consider the matching to the operators involving four collinear gluon fields.
A basis of such operators was given in eq. (3.16). In section 3.4.2 it was argued that to
contribute to the cross section at (O(\?), there must be three collinear gluons in the same
sector. For concreteness, we take this to be the n sector. The operators with three gluons
in the n sector can be obtained by crossing n <> n.

To perform the matching we choose the momenta as

nH u nH " nk " nH
Py =wW3——P | +P3r—, Dy = Wi

TL'“
2 2 2 2 2

5

n
no__
P = w1

5 (4.51)

y pg = W2 +pli +par

With this choice, each particle in the n sector is on-shell, but the sum of any two of their
momenta is off-shell,

pi=0, (m+p)°~0Q1), (pj+p)*~O0N), jk=234;j#k, (452

which regulates all propagators. This particular choice of momenta is convenient since it
simplifies T-product contributions from SCET. Furthermore, we take the external polar-
izations to be purely perpendicular, i.e. € = ef - All of the four gluon operators give a
non-vanishing contribution to the four-gluon matrix element for this choice of polarization,
allowing their Wilson coefficients to be obtained.

In computing the full theory diagrams for the matching it is convenient to separate
the diagrams into those involving on-shell propagators, which will be partially reproduced
by T-product terms in SCET, and diagrams involving only off-shell propagators. Since the
four gluon operators obtain their power suppression entirely from the fields, for diagrams
involving only off-shell propagators the residual momenta in eq. (4.51) can be ignored, as
they contribute only power suppressed contributions. Diagrams with on-shell propagators
are regulated by the residual momenta in eq. (4.51).

We begin by considering the expansion of the full theory diagrams that don’t involve
any on-shell propagators. In this case, all 1 momenta can be set to zero, and the result
will be purely local. The relevant QCD diagrams expanded to O(A?) arise from the four
gluon vertex in the Higgs effective theory,

_ 4ig2(feabf60d + feadfecb>€u_ €31€91 €41
+ 4Z'g2(fea0febd + feadfebc)GU_ €41 €2l * €31

O)  + digP(feabpede 4 peacreddye | ey s ey (4.53)
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from a splitting off of the three gluon vertex,

pa,b

.o W3 — W2 be ped
= 2ig ( o J %1 - earesl - €eal

opey  TIEZD & GD]+(B,0) & (40)], (4.54)

and from multiple emissions off of the two gluon vertex, either using the four gluon vertex
with a single off-shell propagator

= 2i92 <w2 )
+ perms w3 + wy

bae ped
o) [f “CFe(e3L - €s1€11 - €21 — €41 - €21 €31 - €11)

bee pad

+ fPCfY (€11 - €a1 €31 - €21 — €41 - €1 €11 - €31)
bd

+ Y€1 - €a1 €31 €21 — €31 €41 €11 - €21)

+12,d) < (3,0)] + [(2,d) < (4,0)], (4.55)
or sequential emissions with two off-shell propagators

. 9 waW3 b d
= 2ig° ————"——€g| -€31€41 - €11 ffC
+ perms wa(ws + w)

+ [perms] . (4.56)

0O(A\2)
In the last case we have not explicitly listed the permutations, since all possible permuta-
tions are required.

We now consider the expansion of the full theory diagrams involving on-shell propaga-
tors. These will generically involve both local and non-local pieces. The non-local pieces
will be directly reproduced by T-products in the effective theory. The first class of dia-
grams involving on-shell propagators are those with all propagators on-shell. Here, at tree
level, the dynamics occurs entirely within a single collinear sector. The two relevant QCD
diagrams expanded to O()\?) are

ps,c Pub

+ perms =0, (4.57)

0O(A\?)

both of which have vanishing subleading power contributions.

Next, we consider diagrams involving both on-shell and off-shell propagators. To sim-
plify the results, we will often use the relation
2
yan w3

—_ = 4.58
(p2 + p3)? wy (4.38)
which will allow us to write the result in terms of a local term, which is just a rational
function of the label momenta, and a non-local term, which explicitly contains the on-shell
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propagator. These non-local terms will be cancelled by the T-product diagrams in SCET.
For a first class of diagrams, where we have a nearly on-shell splitting in the n-collinear
sector, we have both a local term

(w3 — wa)

— 44 2 raed rbce i i 4.59
ig” f*f (w3+w4)€u €21€3] €41, ( )

0O(A?)

when the splitting is into the particles 3 and 4, as well as a term that has both local and
non-local pieces

(4.60)

oa2)

_ dig?foct e [2(w; + ws)
= o PL-€11Pl " €21€31 " €41
w4 (p2 + p3)

—(2(.413+CU4)€1J_'€4J_€2L'€3J_ +[3<—>4,b<—>c,pl—>—pj_].

As will be discussed in more detail when we consider the corresponding diagrams in the
EFT, the first permutation is purely local, since there is no corresponding T-product term
in the effective theory, and thus it must be fully reproduced by a hard scattering operator.
This particular splitting allows a slight simplification in the calculation of the SCET dia-
grams. For a second class of diagrams, where we have an on-shell splitting emitted from
an off-shell leg, we again have a purely local term

Pa, b

=0, (4.61)

(4.62)

0(\2)
4oy
= 2jg? facb flee [( ) DL - €11D1 - €21 €31 - €41
(w2 + w3)(p2 + p3)?
_ wy(wz — wa) (w2 + w3 +wi)?
w2w4(wz + W3)2

€11 €41 €] - €3J_] + B3 4,0 c,p. = —pi].

Again, we see the same pattern, that the first permutation gives rise to a purely local term,
while the second two permutations give rise to both local and non-local terms.
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Finally, we have the diagrams involving the three gluon vertex in the Higgs effective
theory. We again have a local contribution

. . 2 rade reb W2(W3 _W4)
= —24g“ freefe CWGIL "€21€31 " €4, (4‘63)

(4.64)
O(2)

— 2Z-g2faebfdce |:

(o pa) P CLPL C2Les L €al
2
w3 + wq ) — wWows
_{( wg)w4 }fu €q1€1 €31 |+ 3 4,becpl — —pl].

The non-local terms in the above expansions must be reproduced by T-product terms in
the effective theory. First, there are potential contributions from 05921)37 with the two gluon
Feynman rule for By |, which is given in appendix B. Such contributions give vanishing
overlap for our choice of L polarizations. There are however T-product contributions aris-

ing from the three gluon (’)g% operator, with an £(©) insertion. The three gluon Feynman

rule for the ng)s vertex was given in eq. (4.33). Since the Ogl)s operator has an explicit P
insertion, it vanishes in the case that either of the particles in the 7 sector has no perpendic-
ular momentum. This is why our particular choice of momenta for the matching simplifies

the structure of the T-products. The two non-vanishing permutations are given by

(4.65)

(w2 + w3 + wy)? w3 €Ll Eales €yl — PL-€11P) - €21€31 €41
(w3 +wo)ws [ (w2 + ws3) (p2 + p3)?

— _8i92fabefecd

+ 83+ 4,b< c,pL — —p1],

which consists both of a local and a non-local term. The non-local terms exactly reproduce
the ones obtained in the QCD expansion

+perms

(2)
Orp non-loc. non-loc.

fabefecd (w2+w3+w4)2

= 8ig°pL - €11pL - €21 €31 - €41 <( + 344,04 c]) . (4.66)

p2+p3)? (w3 + wa)ws
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While it is of course necessary that the EFT reproduces all such non-local terms, this is
also a highly non trivial cross check of both the three and four gluon matching.

The matching coefficients for the hard scattering operators are given by the remaining
local terms. Before presenting the result we briefly comment on the organization of the
color structure. All diagrams are proportional to fabe fede = face fbde ) fade fbee which are
related by the Jacobi identity fobe fede = face fbde _ fade fbee - A hagig in terms of structure
constants can easily be related to the trace basis of (3.12) using

face fbde — trlabde] + tr[acdb] — tracbd] — trladbc] = ey — e3,

fade fbee — trlabed) + tr(adeb] — tr[acbd] — trladbc] = e1 — e3, (4.67)
where e; is the i-th element of the basis in (3.12). We find it most convenient to write the
Wilson coefficient in the (fce fbde, fade fbee) hasis. After subtracting the local piece of the

SCET T—product of (4.65) from the full theory graphs, and manipulating the result to
bring it into a compact form, we find the following operator

3 3 3 .

wj + wk)(wj + wy) (wg + (,Ug)
(4.68)

The Wilson coefficient is manifestly RPI-III invariant. When the matrix element of this

operator is taken we are forced to sum over permutations which gives the proper Bose

2
Oz(lg) - 167Tasfadefbce( gLJ_,wi ’ B%L,wj)( %L,wk ) ng_,wg) <3+ (

symmetric result, as well as inducing terms with other color structures. In terms of the
helicity operators of eq. (3.16), we have

w? 4 wi + wd + wiwgw
Oé(é) — 16,".asfadefbce <3+ 7 k L JA kWL

(wj + wi)(wj + we) (Wi + we)

n+,w; ¥ n+,w; ~n4,wi ~n—,we n+,w; ¥ n+,w; T n—,wi ~n+,we

X[Ba B, oBe. Bl ipge geope o pd

+ B B Bk By B Bl Ba Bl L]

n—,w; “nt,wi ~n—,we — Wi TR —,w TN — W T A, we
w;’ +w,§’ —&—wi,” Fwjiwpwe
(wj Fwi) (wj+we) (Wi +we)
7 (fadEfbce + fabedee)Bg—,wiB?L-‘r,wj BE, Bﬂi :| . (469)

n—,wWr -~ n—,wyg

= 1670, [3 i ] (e pree-s poce fre) B, L B, By B,

J

We see that all the helicity selection rules are satisfied in the tree level matching, as
expected. We have also checked the result using the automatic FeynArts [66] and FeynRules
implementation of the HiggsEffectiveTheory [67]. For more complicated calculations at
subleading power in SCET it would be interesting to fully automate the computation of
Feynman diagrams involving power suppressed SCET operators and Lagrangians.

The four gluon operators derived in this section can be used to study O(a?) collinear
contributions at O(A\?). It would be interesting to understand in more detail the universality
of collinear splittings at subleading power, as well as collinear factorization properties. For
some recent work in this direction from a different perspective, see [68, 69]. The behavior of
these Wilson coefficients is also quite interesting. They exhibit a singularity as any pair of
collinear particles simultaneously have their energy approach zero. This was also observed
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in the Wilson coefficients for operators describing the subleading collinear limits of two
gluons emitted off of a ¢g vertex [17].

5 Conclusions

In this paper we have presented a complete basis of operators at O(A?) in the SCET
expansion for color singlet production of a scalar through gluon fusion, as relevant for
gg — H. To derive a minimal basis we used operators of definite helicities, which allowed
us to significantly reduce the number of operators in the basis. This simplification is due
to helicity selection rules which are particularly constraining due to the scalar nature of
the produced particle. We also classified all possible operators which could contribute to
the cross section at O(A?). In performing this classification the use of a helicity basis
again played an important role, allowing us to see from simple helicity selection rules
which operators could contribute. While the total number of subleading power operators
is large, the number that contribute at the cross section level is smaller. We compared
the structure of the contributions to the case of a quark current, gl'q, finding interesting
similarities, despite a slightly different organization in the effective theory.

A significant portion of this paper was devoted to a tree level calculation of the Wilson
coefficients of the subleading power operators which can contribute to the cross section
at O(A\?). The Wilson coefficients obtained in this matching will allow for a study of the
power corrections at NLO and for the study of the leading logarithmic renormalization
group structure at subleading power. An initial investigation of the renormalization group
properties of several subleading power operators relevant for the case of eTe™ — Gq was
considered in [15].

A number of directions exist for future study, with the goal of understanding factor-
ization at subleading power. In particular, one would like to combine the hard scattering
operators derived in this paper with the subleading SCET Lagrangians to derive a complete
factorization theorem at subleading power for a physical event shape observable. Combined
with the operators in [17], all necessary ingredients are now available to construct such a
subleading factorization for thrust for gg or gg dijets in eTe™ collisions. This would also
allow for a test of the universality of the structure of the subleading factorization. The
operators of this paper can also be used to study threshold resummation, where power
corrections of O((1 — z)?) have received considerable attention [70-81], particularly for the
qq channel, but it would be interesting to extend this to the gg case.

An interesting application of current relevance of the results presented in this paper
is to the calculation of fixed order power corrections for NNLO event shape based sub-
tractions. Gaining analytic control over power corrections can significantly improve the
performance and stability of such subtraction schemes. This has been studied for ¢q ini-
tiated Drell Yan production to NNLO in [16] using a subleading power operator basis in
SCET (see also [50] for a direct calculation in QCD). Combined with the results for the
operator basis and matching for ¢g initiated processes given in [17], the operator basis
presented in this paper will allow for the systematic study of power corrections for color
singlet production and decay.
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A Generalized basis with P,,, P1s #0

In the main text we presented a complete basis of operators to O()2) in a frame where
the total P, in each collinear sector is restricted to be zero. In this section we extend the
basis, giving the additional operators present when the individual collinear sectors have
non-vanishing P, . We then perform a tree level matching calculation to those operators
which can contribute to the cross section at O(A?). While all these operators are fixed by
RPI, we choose to find their coefficients by simply performing the tree level matching with
more general kinematics.

A.1 Operators

We begin by noting that operators involving two collinear gluon fields with a single insertion
of the P, operator are eliminated by the helicity selection rules. Operators involving two
collinear gluon fields must therefore have two insertions of the P operator. A basis of
helicity operators involving two insertions of the PP, operator, where one P operator acts
in each collinear sector, is given by

;Y 1\

(PLgn)(Prg):  (shssgs@essisde

Pl P\
ab — 1na — ab a
07(2[);73++[7:7] = [PJ_ Bn+] [PJ_B%+] H, 07(32;73,,[+:+] = [771_8”_] [PIB%—] H,
0)ab — 1na 0)ab a —
OShps oy = [PIBLIPTBEH,  ORln . = [PIBi][PIBL]H,
OSpims s aoy = [PTBAL I PTBE I H,  ORSE = [PIBL|[PIBSJH. (A1)

When both P, operators act on the same collinear sector, which we take to be the
n~-collinear sector, then we have

1\ i

pto kesseeade
(PLP1gn)gn \ G

\

0)ab — a 0)ab — a
01(37)>7a++[_+] = [PLPIBnJr] [B?w] H, 0537)373__[_.5_] = [PLPIan] [Bgf] H,
0)ab a 0)ab —~N— 1pa
Ofppssas) = PIPIBL_|BYH,  Of =[PIPIBL]IBL]H. (A2
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Note that we have used up our freedom to integrate by parts by never having the P
operator act on the H field. The color basis for all these operators before and after the
BPS field redefinition is the same as given in eq. (3.3).

We also must consider the generalization of the operators involving three gluon or quark
fields to generic | momentum in the collinear sectors. As discussed in the text surrounding
eq. (3.27), in the case that the P, operator is inserted into an operator involving two quark
fields and a gluon field, the helicity structure of the operator is highly constrained. In
particular, the quark fields must be in a helicity zero configuration, and also have the same
chirality. This implies that all operators must involve only the currents Jo8 0 Or J_ %% Here
we have taken without loss of generality that the two quarks are in the 7n- colhnear sector.
The basis of O(\?) operators for the case that the PP operator acts on the 7 sector, is
then given by

'3 /A

(9)n(a@PL)m ﬂ’a: Sassashs)

n n
(2aaB  _ pa ap (2aaf  _ ja
OPX+(0)[+] By {Pir‘] } H, OPX—(O)[ 1= By {PJ_ } H, (A.3)
(2aaB  _ pa + (QaaB _ a _
OPX+(6)[+] - Bn+ {P Jﬁ() } H7 OPX (’)[ } = BTL— {P J, = } H
(2aaB o dﬁ T+ (2 )aa/ﬁ aﬁ
(2)aap _ Rra af i+ (2 )aaﬂ afpt—
OPXHO )+ B +{J oPL }H» OPX {J P }H,

which replaces the four operators in eq. (3.27). For the case that the P, operator acts on
the n sector the basis is

/:\.‘\\ P /A
(,PJ-g)n(qq)ﬁ : ‘I\/;‘/,,::‘.:%EEH i Y
In n ~
(2)aap . - ap (2)aap a af
Op o = PIBal o H, 05" 6y = [PIBL 150 H (A.4)
(2)aap —na aB (2)aap + 12a aB
OPXH O = =[P By 5 H, OPX O] = =[PIB,_|J. 5 H.

The color basis for all these operators (before and after the BPS field redefinition) is the
same as given in egs. (3.28) and (3.29).

The final case we must consider are the generalized versions of eq. (3.30), which involve
the insertion of a single P| operator into an operator involving three collinear gluon fields.
In this case a basis of O(A\?) operators for the case that the P operator acts in the
n-collinear sector is given by

(9)n(9g9 P1)n :
(2)abe _ 1ra c (Q)ch _ nra b c
OPB+++[ 1 By B [PLBnJr] ’ O -+ B, By [PIBﬁ_] H
(2)abe _ ra b c (Q)abc a b — e
Oppys—(s) = Bu Bay [PIBL] H,  Opg’” =By By [PIB] H,
(2)abe _ pa b c (Q)abc _ pa b — e
O =B B [PIBS ) H, 09" =B Bh [PIB; | H, (A5)
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where these six operators replace the four in eq. (3.30). In addition we have operators for
the case that the P, acts in the n-collinear sector,

(PL9)n(g9)n :
(2)abe . a b c (2)abe . — »a b c
O’]DBJNLJF[*] - [,PJ__‘_BnJr] BﬁJr Bﬁ+ H, OPB***[J& - [PL Bn*] Bﬁ* Bﬁ* H,
2)abe — pa c 2)abc a c
oS o =PIBLIBL Be H,  O9F™ = [PIBi 1B, Bo H.  (A6)

The color basis for all of these operators is the same as given in eq. (3.31).

A.2 Matching

We now consider the matching to these operators. We begin with the matching to the
operators involving two P insertions into the leading power operator. We use a two gluon
final state and take the kinematics as

nt nH nH nH

Plf:f*ﬂ? + i) +P1r7, P2 = wa—- + b, +p2r7- (A7)
We find at O(A\?)
P2~,b p1,a
= —4i6“"py) ~poiess - €ql . (A.8)
o2
This is recognized as the tree level matrix element of the operator
2 a av b
O;D[);’p = —49 bgMVg(sp[,Pjs_ nJ_,wl][,PiBﬁ/i,uQ] ) (AQ)
or in terms of helicity operators,
(0)ab — 120 —12b (0)ab a b
Opl)nger;f} = _4[PJ_Bn+] [pj_ Bm—] H, Opl)gp,,H;H = _4[7)1_371—] [PIBﬁ—] H,
0)ab a b 0)ab — 120 — b
0531)37)++[+;+} = _4[PIBn+] [,PIBFLJJ H7 Ogjl)g”p__[_;_] = _4[IPLan] [,Pi Bﬁf] H7
(A.10)

We see that not all possible helicity combinations appear in the tree level matching. Fur-
thermore, the operators of eq. (A.2) where both P, insertions are in the same collinear
sector do not appear at this order.

We now consider the matching to the operators of egs. (A.3) and (A.4). We can simplify
the matching by performing it in two steps. First, to extract the Wilson coefficient of the
operator involving the action of the P, on the collinear gluon field we take our kinematics as

" nt In nt o nt "
+pL+p1r?7 Py =w2?—PL+P2T7, Py = w3

nH

2

nt
2

nt

plf = wi +p§l +D3r 9 (A.11)
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With this choice, all subleading Lagrangian insertions vanish, for similar reasons as for the
9qq matching discussed in the text, as do insertions of the operator of eq. (A.9), so that the
result must be reproduced by hard scattering operators. Expanding the QCD result, we find

P2

D3, @ D1
%ﬁ =0. (A.12)
O(N2)

To extract the operators where the P, acts in the n-collinear sector we simplify the
matching by taking
Ak

nt " n#
:W17 +p7 +p1r77

nt P nt
= WQ? + D5 +p2r? )

"

P b

Do 3

b3
where, unlike in the text, we have allowed for a generic 1. momentum in the n-collinear
sector. Note that for this configuration it is still true that subleading T-products vanish,f
or similar reasons as for the gqq matching discussed in the text, at least at this order. Only
the operator of eq. (A.9) appeared in the matching, however its contribution vanishes for
this matching configuration. Expanding the full theory result we find

P2

D3, Q@ p1
%ﬁf =0, (A.14)
0(A\2)

just as was the case when the | momenta in each sector were restricted to vanish.
Finally, we must consider the matching with general | momenta to the three gluon

operators. Again, we can perform the matching in two steps. In the first step we take the

momenta as

nt n#

Po=wigy +p) | +p1r 5

nH M Ak j

n
5 ! +por—, ph=ws—+p| +p3r—. (A.15)

H:
» P w2 2 2 2

to isolate the action of the operator with an insertion of the P, operator in the n-collinear
sector. The QCD amplitudes expanded to this order are

w3 wo
= —4gfo | = (e1-€3)(pro-€2) — —(e1-€2)(prL-€3) ]
Wy w3

o)

=0, (A.16)

O(\2)

= 491" [(e1- e2)(p11 - €3) — (€1 - €3) (P11 - €2)] -

O(A2)
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There are no SCET contributions at this order, since for our choice of kinematics there is
no perpendicular momentum flowing in the n leg. Therefore, the hard scattering operators
which appear in the tree level matching are

0572[)3 = 4gifabc ( > an_ wo [ nl wlpT] %J_,o.g : (A17)

In the second step of the matching we can take the kinematics as

nt nt n# nt nt
—.  Ph=wr+ph +pys,  Ph=ws— +ph +pee—, (ALY)
2 2 2 2 2
which allows us to determine the Wilson coefficients of the operators with a P, acting in

the fi-collinear sector. Expanding the relevant QCD diagrams to O(\?), we find

Mo
b = w1

b2,

(A.19)

O(A2)

=4 fabC Wy [(62 €3)(p2,1 - €1) — (€1 - €2)(p2,1 - €3)] + (1 - 62)(p3,L €3) — (24 3)

p2,b

O(N2)

D3, ¢ P, @ w
= 4gfob [—wg(61'63)(p2,r€2)—(61'€2) (p2,1-€3)+(€2-€3)(p2,1-€1)—(2¢23) ] .
2

]
S

o)
There are no SCET T-product contributions, so that these must be exactly reproduced by
hard scattering operators in the effective theory. We therefore find the following operators

ng)sl =—4y < > fabCBnJ_ w1 [PLBM wa } %i,w;;Hv

o), = 4g (2 + Zi) if"BL L, [ iﬁ,wﬂ’ﬂ -Bhy L H

OR)., = 4g (2 + Zi) ifBY L By [P Bl w?} H. (A.20)
These can be projected onto definite helicities following eq. (4.32).

B Useful Feynman rules

In this appendix we summarize for convenience several useful Feynman rules used in the
text, both from the Higgs effective theory, and from SCET.
The Feynman rules in the Higgs effective theory with

ored — gva, H, (B.1)
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are well known, and are given by

D2, p, b pls(s',a

%@y = —4i6" (p1 - p29”° — PIpY). (B.2)

psrg d pod =4 (Rg™ — plg”)
— 4g £ (phg’ — p3g™)
— 4gf 9% (pyg” — phg™) (B.3)
o A7 Do, p,p - — 4ig?(fodf pacs 4 pacf padg) o ho
%@f + dig?(fode pals 4 fadg pafey X po
Faig? (74 9T 4 Y )07 (B.4)

Before presenting the subleading power Feynman rules in SCET, we begin by briefly
reviewing the Lagrangian, and gauge fixing for the collinear gluons. The gauge covariant
derivatives that we will use to write the Lagrangian are defined by

iDF =0k + gAM ia,f;:%”n-aJrn—#erPﬁ,
iDh = iDh + %ﬂgn - Aus i0b, = iob + 791@ Ays (B.5)
and
iDh, = io" + gAlL,, (B.6)

and their gauge invariant versions are given by

iDt = WIiDEW,,
iDly, = W}iD}y W, = Pl + 9Bl
iDF, = WIiDH W, . (B.7)

The leading power SCET Lagrangian can be written as

£O =)+ 29+ £, (B.8)
where [4]
££LO£) = gn <’L7’L Dy + lenLan w. Zmnj_> ?{na (B9>
1
L) = tr{ (iD%,,iD% )%} + atr{ (104, Anp))?} + 2tr{E, 00, [iDX,, el }

and the ultrasoft Lagrangian, ﬁq(?s), is simply the QCD Lagrangian. We have used a covari-

ant gauge with gauge fixing parameter « for the collinear gluons.
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The O()\) Lagrangian can be written

1 1)
A A o W (B.10)
where [26, 27, 30, 31]
, 1. .
‘Cgcl,? = Xn <ZmusJ_,PIL¢nJ_ + Z@nj_ lﬁusj_) 7an ) (Bll)
L 2 ([m iD% ] [iDsy, iDL ]) +2—Tr ([iD", |, Apa)i0%, Any))
An 92 ns» nl NS usv us L Anlp ns?
+ 2Tr (én[iDusL7 [ZDTJ;H, ]]) +2Tr (cn[PL, (Wh zDusuW;{, cnﬂ) ,
E;lgqus = )an&?nLqus + h.c..
Finally, the O(\?) Lagrangian can be written as [26, 30, 31]
2 2)
L =@y 24 @ (B.12)
where
1
S Xn?[wgm - DWy]qus + xﬂmn L%ig&gn L qus +hec., (B.13)
Dhys
5(2) (Zmusl Z'musJ_ llpnj_ Zn( ) @nj.) Zana

1 . 1 . )
£ = 3T (1Dhe iD 1D i3, ]) + 5 Tr (D% 1 iD% 10D, D7)

1 . . . - 1
+ =5 Tr ([{Dnsy, i1 - Ds][iDnspas 10 - Ds]) + ?Tr ([zD“ o

usl’
g

9 1 1 .
£gf) - aTr ([ DusJ_7AnJ_uHZDusJ_aAnJ_V]) + ETr([Z” *Dys,n - A ][Z@nS,A ])

ZD# ][Z,DJ— ZDusJ_]) )

4oty (en [iD" |, [WyiDL, Wi, cn]]> 4 Tt (i - Dus, [i11 - Drsy nl])

us

+Tr (an[*, [Wifi - Dus W1, cn]]> .

Using these Lagrangians, one can derive the required Feynman rules for the calculations
described in the text. The O(A) Feynman rule for the emission of a ultrasoft gluon from
a collinear gluon in a general covariant gauge, specified by a gauge fixing parameter «, is

given by
v, c
gus 1 1 n* o piat
Lol (2o o -2
e (- -2
+ <n“pn+n ph + 1n“n n- p> i ] ) (B.14)
2 - Pn

~52 -



and the O()\) propagator correction to the gluon propagator is given by

. 1% . 1 v v
n=—4id"g"q, - g, +2i <1 — a) 0 gt q” + a"d] - (B.15)

For the matching calculation for the operators involving an ultrasoft derivative in
section 4.3.1, we also needed the O()\?) corrections to the propagator, which is given by

. . 1
n = —’L(Sabqﬂ_ . qi‘g/jf/ + 'L(;ab <]. — a> qﬁLQTI{l
i ab 1 n.ov— v, =
b0 (1) (@hnn g+ gintng) £ (B16)

where the dots indicate the other tensor components in the light cone basis, which are not
relevant for the current discussion. For simplicity, the matching was performed using a L
polarized gluon. In the n-collinear sector, the leading power hard scattering operator pro-
duces only 7, and L polarized gluons. Therefore, only the 1 — 1 and n— L components of
the propagator are needed. In the matching, the 1 — L term vanishes since it proportional
to the residual L momentum, which is set to zero, and the n— L term vanishes for a L
polarized gluon, due to the gluons equation of motion, ¢, - €; = 0.

At O(\?), the individual propagator and emission factors are sufficiently complicated
that it is also convenient to give the complete result for the matrix element

P3,a
§ us
3 = (OIT{BLL(0), L Y e, pusesips)| =
phb—%?%:?@p%c a=1
L2 2
= i e, ——EPT_ (greger _ ghe gy (B.17)

n-pPpn-Ps

where we have restricted to o = 1 for simplicity.

Since we have also matched to operators involving collinear quarks, we also summarize
the subleading power Feynman rules involving collinear quark. The Feynman rules for the
correction to a collinear quark propagator are given by

(v, pr)

__)__*_}__:Zzim’ (B.18)
£ nep

(p, pr) 2

AV i (B.19)
£(2) n 2n-p
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and the Feynman rules for the emission of a collinear gluon are given by

K, a N - ,
. v v _
r=1igT" | ny + _“pL + pf £ pﬂ?l ny, i , (B.20)
P, 1 P n-p  n-pt wepn-pt)2
£, n
L, a
P, _-)_p_/ = (B.Ql)
@ "
1 / 1 / ’ ’ ’
: a fyﬂprj_ prJ_’YM prJ_pJ_ = pj_prj_ = prJ_pJ_ = ZZ‘J_prJ_ = ﬁ
igT 7 + = / oy T T o iz )
n-p n-p n-qn-p n-qn-p n-qn-p n-qn-p 2
K, a
= B.22
b & v (B.22)
r@ n

5 .

igT el arpd Apepe Fiape wPpape a'Ppap )
ncp o nept (nep)? @-p)?  n-qm-p? | n-qnep)?

We can see that each term in the power suppressed collinear Lagrangian insertions are
proportional to either p, |, or i - p,.. At tree level, and in the absence of ultrasoft particles,
one can use RPI to set all these terms to zero. This was used extensively to simplify our
matching calculations.

For convenience we also give the expansion of the Wilson lines and collinear gluon field
to two emissions. The collinear Wilson lines are defined by

Wy, = [ Z exp (—%ﬁ : An(m))] . (B.23)

perms

Expanded to two gluons with incoming momentum k; and k2, we have

W 9T AL, pE 7T N TbT n-A% n-Ab L,
" n-k n-ky(n-ky +n-ke)  nrko(Roky + noke) 2! ’
wi =1y 9 A 2 T°7’ . r7" ALy 7 Alyy
" n-k n-ki1(n-ki +n-ka)  n-ka(n-ky +n-ke) 2!
(B.24)
The collinear gluon field is defined as
1
Bi= (whiDk W] . (B.25)
Expanded to two gluons, both with incoming momentum, we find
i A% TC n- Ao, AR
gBML =g AliakTa o kin - nk + gQ(TaTb o TbTa)n 77Lkl 1k2 (B26)
n n-k n -k
7T T n-A% n- AP
2.1 1 nkl nk2
k k .
ALY (n-kl(n-k:1+n-k:2) * n.kQ(n-k1+n-k2)> 2]
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In both cases, at least one of the gluons in the two gluon expansion is not transversely

polarized. Such terms can therefore be eliminated in matching calculations by choosing

particular polarizations, as was done in the text.

Open Access. This article is distributed under the terms of the Creative Commons
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