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ABSTRACT: We continue the study of power corrections for N-jettiness subtractions by
analytically computing the complete next-to-leading power corrections at O(«ay) for color-
singlet production. This includes all nonlogarithmic terms and all partonic channels for
Drell-Yan and gluon-fusion Higgs production. These terms are important to further im-
prove the numerical performance of the subtractions, and to better understand the struc-
ture of power corrections beyond their leading logarithms, in particular their universality.
We emphasize the importance of computing the power corrections differential in both the
invariant mass, ), and rapidity, Y, of the color-singlet system, which is necessary to account
for the rapidity dependence in the subtractions. This also clarifies apparent disagreements
in the literature. Performing a detailed numerical study, we find excellent agreement of
our analytic results with a previous numerical extraction.
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1 Introduction

The precision study of the Standard Model at the LHC, as well as increasingly sophisticated
searches for physics beyond the Standard Model, require precision predictions for processes
in a complicated hadron collider environment. When calculating higher-order QCD cor-
rections, the presence of infrared divergences require techniques to isolate and cancel all
divergences. Completely analytic calculations are only possible for some of the simplest
cases, e.g. [1-3], while for more complicated processes, in particular those involving jets in
the final state, numerical techniques are typically required.

At next-to-leading order (NLO) the FKS [4, 5] and CS [6-8] subtraction schemes
provide generic subtractions for arbitrary processes, and have been used to great suc-
cess. At next-to-next-to-leading order (NNLO), due to the more complicated structure
of infrared singularities, the development of general subtraction schemes has proven more
difficult. While subtraction schemes have been demonstrated both for color-singlet pro-
duction [9-15], as well as for several processes involving jets in the final state [16-22],
significant work is still required before efficient NNLO subtractions can be achieved for
arbitrary colored final states.

N-jettiness subtractions [20, 22] are based on the N-jettiness resolution variable
Tn [23, 24], and are applicable to generic N-jet final states. They have successfully been
applied to NNLO calculations for a variety of color-singlet final states [25-29], as well as
final states involving a single jet [20, 21, 30-33]. They are also a key ingredient in one
of the first methods for combining NNLO calculations with parton showers [34, 35]. The
leading-power subtraction terms are given by an all-orders factorization formula derived in
refs. [23, 24] using soft-collinear effective theory (SCET) [36-40]. Required ingredients are
explicitly known to NNLO with up to a single jet in the final state [41-55].

An important feature of N-jettiness subtractions is that power corrections in the res-
olution variable can be calculated in an expansion about the soft and collinear limits,
allowing the numerical performance of the subtractions to be systematically improved. Re-
cently there has been significant interest in understanding subleading power corrections to
collider cross sections [56-71]. Advances in the understanding of subleading power lim-
its using SCET [65, 66] have allowed the leading logarithmic (LL) next-to-leading power
(NLP) corrections to be computed at NLO and NNLO [62, 64], with independent calcula-
tions of the same terms done by a second group in refs. [63, 70]. The leading logarithms
have also been resummed to all orders for pure glue QCD for 2-jettiness in H — gg [72].

The inclusion of the leading logarithms was found to improve the numerical accu-
racy, and thereby the computational efficiency, of N-jettiness subtractions for color-singlet
production by up to an order of magnitude [62, 64]. The analytic calculation of the next-to-
leading logarithmic (NLL) power corrections is important for several reasons. Theoretically,
it greatly furthers our understanding of the power corrections, since the perturbative struc-
ture becomes significantly more nontrivial at NLL as compared to at LL. From a practical
perspective, they provide further substantial improvements in the numerical performance
of the subtractions. In particular, they make the subtractions much more robust in cases
where there are accidental cancellations between different channels or where the NLL terms
are numerically enhanced relative to the LL terms.



In this paper, we compute the full NLP corrections at O(«y) for both Drell-Yan and
gluon-fusion Higgs production in all partonic channels, including the nonlogarithmic terms
(which are the NLL terms at O(cas)). One focus of this paper is to derive a master formula
for the NLP corrections to O-jettiness at O(a) and to discuss in detail the subleading-power
calculation, in particular the treatment of measurements at subleading power, which in our
case are the invariant mass ) and rapidity Y of the color-singlet system. More generally,
one can consider measuring any observable that does not vanish for the partonic process at
lowest order in perturbation theory, which we refer to as Born measurements. Our analysis
lays the ground for extending the calculation of the NLP corrections to higher powers,
higher orders in ay, and to more complicated processes.

We also perform a detailed numerical study comparing our analytic results with the full
nonsingular result extracted numerically from MCFMS [27, 73-75], which allows us both to
verify our analytic calculation and to probe the typical size of the higher-power corrections
in various different partonic channels. We find that the NLL power corrections can exhibit
a much more pronounced Y dependence from PDF effects than is the case at LL, which
demonstrates the importance of calculating the power corrections fully differential in the
Born phase space.

Our discussion of the Born measurements also allows us to clarify an apparent dis-
agreement in the recent literature regarding the LL power corrections. As we discuss in
more detail in section 6, since the calculations in refs. [63, 70] are not differential in the
color-singlet rapidity Y, their results can only be used fully integrated over Y.! In con-
trast, the results computed here, which agree with those previously derived by a subset
of the present authors in refs. [62, 64], are differential in Y. When integrating over all Y,
integration by parts is used to explicitly show that these LL results are equivalent to those
of refs. [63, 70]. In section 6 we also compare our new differential NLL results with the
integrated results of ref. [70].

The outline of this paper is as follows: in section 2, we briefly review N-jettiness
subtractions for color-singlet production and define our notation. In section 3, we discuss
in some detail the treatment of Born measurements at subleading power. In section 4,
we derive a formula to NLP for the soft and collinear power corrections for O-jettiness.
Although our primary focus is on NLO, the general strategy is valid to higher orders as
well. In section 5, we use our master formula to derive explicit results for the NLP power
corrections at NLO for both Drell-Yan and gluon-fusion Higgs production. In section 6, we
provide a detailed comparison with the literature for those partonic channels where results
are available. In section 7, we present a detailed numerical study, and compare our analytic
results with a previous numerical extraction. We conclude in section 8.

2 N-jettiness subtractions, definitions and notation

In this section we briefly review N-jettiness subtractions [20, 22] in the context of color-
singlet production, and discuss the structure of the power corrections to the subtraction

'We thank the authors of refs. [63, 70] for discussions and confirmation of this point.



scheme. This also allows us to define the notation that will be used in the rest of this
paper. For a detailed discussion, we refer the reader to ref. [22].

To compute a cross section for color-singlet production o(X), where X denotes some
set of cuts on the Born phase space, we write the cross section as an integral over the
differential cross section in the resolution variable Ty

a(X):a(X,Tcut)Jr/ d%da(X), (2.1)
7’Cut d76
where
Teut do(X
(X, o) = / a7 (:1(70) (2.2)

For a general measure, the 0-jettiness Ty can be defined as [45, 76]

20 - ki 2qy ki
T():Zmin{ o T 2 } (2.3)

where the sum runs over all hadronic momenta k; in the final state. Here, g, are projected
Born momenta (referred to as label momenta in SCET), which are given in terms of the
total leptonic invariant mass () and rapidity Y as

nk nt nk _yk
fo = ZCaEcm? = QeY? ’ QZL = -TbEcm7 = Qe Y? s (2'4)
where
n* =(1,0,0,1), #a*=(1,0,0,—-1) (2.5)

are lightlike vectors along the beam directions. The choice in eq. (2.4) corresponds to
parameterizing the Born phase space in terms of () and Y, and this choice already enters
in the leading-power factorization theorem, where the beam functions are evaluated at
Tap = QetY .

The @, measures in eq. (2.3) determine the different definitions of 0-jettiness. Two
different definitions, originally introduced in refs. [23, 44] as beam thrust, are the leptonic
and hadronic definitions given by

aECm ECm _
leptonic: Qu=0Q,=0Q, 76161) = Zmin{xn ks, ToTem o kz}
Z. Q Q
= Zmin{eyn ks, e Vi kz}
hadronic: Qap = ZapFem , T = Zmin{n ki, n- k‘,} . (2.6)

It has been shown [62] that the power corrections for the hadronic definition are poorly
behaved, and grow exponentially with rapidity, while the e*Y factor in the measure for the
leptonic definition exactly avoids this effect.



For later convenience, we write the dimensionful and dimensionless 0-jettiness resolu-
tion variables in terms of a Y-dependent parameter p(Y') as

%x:Zmin{pxkf,pajlk[}, szg, (2.7)
i
with
leptonic: Plep = eV, TP — 721;) ,
hadronic: Pem =1, T = Tgn . (2.8)

In the following, we will mostly drop the subscript 0 on 7y, since there should be no cause
for confusion that our results are for O-jettiness. For generic results that apply to both the
leptonic and hadronic definitions we also drop the superscript and simply use 7 and 7,
keeping a generic parameter p when necessary.

To implement the N-jettiness subtractions, we now add and subtract a subtraction
term to the cross section (suppressing the dependence on the Born measurements X for
simplicity)

d .
o = 0" (Teut) + /de% d—% + [0(Teut) — ™ (Teur)]

= oS (To) + / 47597 4 Ao (T (2.9)
7—Cut d76

Since 7Ty is a zero jet resolution variable, for 7 = Ty/Q — 0 we can expand the differential
cross section do/dr and its cumulative o(7¢y) about the soft and collinear limits from
7 — 0 and 7oyt — 0 as

do  do® de® do®

B . 2.1
dr a T T T (2.10)
J(Tcut) = U(O) (Tcut) + 0'(2) (Tcut) + 0'(4) (Tcut) + .-
Here do(® /dr and ¢(©)(7) contain all leading-power terms,
do(©®) In’ 7 ;
dr ~ 5(7-) + |: - :|+ s U(O) (Tcut) ~ In’ Tcut - (2.11)

These terms must be included in the subtraction term to obtain a finite result, namely
0" (Teur) = 0\ (Teut = Teut/Q) [L + O(7eut)] - (2.12)

The further terms in the series expansion in eq. (2.10) are suppressed by powers of T

do(2k)
dr

~O(TFIn? 1), o) (Tet) ~ O(TE 0 ey - (2.13)

T cut

While these terms with £ > 1 do not need to be included in the subtraction term, the size of
the neglected term, Ao (7¢yt) is determined by the leading-power corrections that are left out



b can significantly improve

of 0P, Therefore, including additional power corrections in o
the performance of the subtraction. Indeed, general scaling arguments imply that up to
an order of magnitude in performance can be gained for each subleading power logarithm
that is included in the subtractions [22]. For the leading logarithms, this was explicitly
confirmed for most partonic channels in the numerical studies in refs. [62, 64]. Here, we
extend the calculation to the NLL terms at O(«y), which yields the nonlogarithmic terms,
hence giving the complete NLP result. The remaining NLO power corrections then scale

at worst as OésTCZUt log Teut, and will be very small, as we will see in our numerical studies.

3 Born measurements at subleading power

We begin by discussing in some detail the treatment of the Born measurements, @? and
Y, which plays an important role at subleading powers. We will use the soft and collinear
expansions from SCET, which provide a convenient language when discussing the power
expansion of QCD amplitudes at fixed order. We will not need to employ any of the field
theory technology from SCET for our analysis here.

3.1 General setup and notation

Consider the production of a color-singlet final state L of fixed invariant mass () and
rapidity Y, together with an arbitrary measurement 7 that only acts on hadronic radiation
and gives 7 = 0 at Born level. Since the observable 7 resolves soft and collinear emissions
it will induce large logarithms In(7/Q). Our goal is to expand the cross section in 7 (or
7 =T /Q) in order to systematically understand its logarithmic structure.

Consider proton-proton scattering with the underlying partonic process

a(pa) +0(py) = L(p1,---) + X(k1,---), (3.1)

where L is the leptonic (color-singlet) final state and X denotes additional QCD radiation.
Its cross section reads

o ! a a d 7 d
g~ | e Tae B | (H gf)d@wm(k%) [ M.

x (2m) 40D (po+pp—k—q) 5(Q*—¢2) 8 (Y— % In Z+> S[T-THk})]. (3.2

Here, the incoming momenta are given by

nt " n#
péf = CaEcm7 ) by, = CbECIn? ) (33)
k =), k; is the total outgoing hadronic momentum, and ¢ is the total leptonic momentum.
Since our measurements are not sensitive to the details of the leptonic final state, we have

absorbed the leptonic phase space integral into the matrix element,

Mpas i b )P = [ d10) M Uk (03P

d,.
10.0) = [ GRams 63 - md) 2m (a=n | . 64
J J



The matrix element M contains the renormalization scale u2¢, which as always is associated
with the renormalized coupling as(u), and may also contain virtual corrections. For now
the measurement function 7°({k;}) is kept arbitrary.

We can now solve the Q2 and Y measurements to fix the incoming momenta as

Ca(k) = El (k +etY /02 + k:%) ,
G(k) = El <k+ +e V4 /Q? + k%) . (3.5)

Taking the Jacobian factors from solving the ¢ functions into account, eq. (3.2) becomes

g ki a(Ca .
=] (H o (213402 >) Wﬂ@ﬁ{ki})éﬁ—ﬂmﬂ . (36)
where we defined

AQ,Y;{k;}) = | M(pa, pv, {ki}t, a = pa + b — k)| (3.7)

to stress that the squared matrix element only depends on the Born measurements ) and
Y, which fix the incoming momenta through eqs. (3.3) and (3.5), and the emission momenta
k;. Note that we have left implicit in our notation in eq. (3.6) the dependence of (,; on
k through eq. (3.5). They are restricted to (, € [0,1], which is implicit in the support of
the proton PDFs.

3.2 Power expansion in soft and collinear limits

Instead of solving the 7 measurement function to express (some of the) k; in terms of
T, we find that a convenient strategy to organize the expansion in 7T is to multipole
expand the final state momenta. At this stage we need only assume that 7 is a SCET]
observable, which is true for many definitions of N-jettiness. For such observables, it is
known from SCET] that we can organize the cross section in terms of a power counting
parameter A ~ /7. All momenta k; can then be categorized as either collinear or soft
modes (since we work in SCET] these are often called ultrasoft, although we will not make
this distinction), whose momenta scale as

n—collinear :  k, ~ Q (A3, 1,)), (3.8)
f—collinear :  ky ~ Q (1,22, ),
soft : ks~ Q (A2, A2, \?),

where we decomposed each momentum into lightcone coordinates
n* n*
k“:k_?+k+7+kiE(k+,k'_,k3l). (39)

Here n and 7n are lightlike vectors satisfying n - n = 2. The components of the momenta
that scale like \? are referred to as residual momenta. The soft momenta are homogeneous,



and have purely residual scaling. Overlap between the soft and collinear modes occurring
in integrals over final state momenta is removed by the zero-bin subtraction procedure [77].

The benefit of this decomposition is that it allows one to expand eq. (3.6) in A, agnostic
of the actual measurement 7. The LP result is then simply obtained by expanding the
cross section through A°, the NLP result by expanding through A2, etc. Note that when
performing this expansion, all other factors, such as Q, Eep ~ 0.

While the expansion of the matrix element is of course process dependent, we can give
general expressions for the incoming momentum fractions eq. (3.5), independent of the
process and observable 7. If k is a soft momentum, then the expansion required at NLP
is given by

Galh) = a1+ k_gy) Lo,

k+€+Y

G(k) = mp (1 + ) + 0O\, (3.10)

where we factored out the Born momentum fractions

_QetY Qe

(3.11)

In the n-collinear limit, we obtain

- Y 2
C&(k):ma[<1+k ; ) +2]Z§2:| +O()‘4)7
Y 2
kt; + ;&)} + 0. (3.12)

For clarity, we have grouped terms of the same power counting in round brackets. Similarly,

G (k) = xp [1 + <

one can obtain the n-collinear limit, or any combination as might appear when combining

multiple emissions.

4 Master formula for power corrections to next-to-leading power

In this section we derive a master formula for the NLP corrections. This formula applies to
any SCET} observable in color-singlet production. In section 5, we will apply it to derive
explicit results for Drell-Yan and gluon-fusion Higgs production.

4.1 General setup for color-singlet SCET; observables

For reference, we start with the LO cross section for the production of a color-singlet
final state L of invariant mass Q2 and rapidity Y, together with an (up to now arbitrary)
measurement 7 acting only on hadronic radiation,

dol©  fo(za) fo(xv) 410

AQ2AY AT~ 2waapEL (Q.Y)d(T), (4.1)



QoY ang ALO
cm

where z,p = 3 is the squared matrix element in the Born kinematics, see

eq. (3.7). For future reference, we also define the LO partonic cross section, 5%°(Q,Y), by

dULO

A@Q,Y)
dQ2dydT

2w, B2

=6"9(Q,Y) fa(za) folx) 6(T),  6"9(Q,Y) = (4.2)

Next, consider an additional real emission to the Born process. Eq. (3.6) yields

ddk )(54_(/62) M

acGEL AQYHIT-T{R],  (43)

dQ?deT /

where we remind the reader that the incoming momenta p, are given by eq. (3.5),

nt _ / nH
= Ca(k)ECm? - <k + €+Y Q2 + k%) ? B
nt v [ o\t
pZL = Cb(k)ECm? = <k+ +e Y Q2 + k%) ? . (44)

From these solutions, we see the interesting feature that at subleading power, regardless of
the type of final-state emission, the momenta entering both PDFs are modified.
Since we do not measure the azimuthal angle of k, it can be integrated over,

adk oo Qoge [ dktdET  (4m)"2He [ dktdk-
S @09 = o5 [ Gy T ra—a Gy 09

Eq. (4.3) simplifies to

®dkTdk™ fa(Ca) fo(G)  (4m)°

Q?deT () (Am)226,6, B T(1 — o) (@Y (BN O[T = T(D] . (4.6)

So far, this expression is still exact. In the next step, we wish to expand the NLO cross
section in A ~ 7/Q. When T is a SCET] observable, we can use the EFT knowledge
from SCET] to expand the momentum k in both collinear and soft limits, as discussed in
section 3.

At NLP, we need to expand eq. (4.6) consistently through O(\?). The O(A\?) power
corrections arise from the following sources:

e The incoming momenta (,p. While collinear and soft limits yield quite different
power expansions, both give a well-defined expansion in A. We thus simply define
the expansion

1
Cab = Tap| T+ A% oY, (4.7)

a,b

where zqp ~ A% and A((lzg ~ A2. We have pulled out the Born momentum fractions
Zqp and written 1/z, as a fraction for later convenience. Explicit expressions can
be obtained from egs. (3.10) and (3.12), and will be given below.



e PDFs. Since the momenta (, enter the PDF's, these also have to be power expanded,

fa,b(Ca,b) fab( > + Zq bAl(ll)) ab< ) +O(>‘4)
Za,b Za,b

= fup + 2apAZ) f1, + O(ND). (4.8)
e Flux factor. Similar to the PDFs, we have to expand the flux factor
1 Za?b 2 (2)
= 1— 2,00 — A7 | 4.9
CaCo  Tap [ : b (4.9)

e Matrix element. The expansion of the matrix element depends both on the process
and the considered limit. Here, we define the LP and NLP expansions by

AQ,Yi{k}) = ADQ, Y {k}) + AP(Q,Y; {k}) + (4.10)
In the soft limit A© ~ A=% and A® ~ X2, while in the collinear limit A® ~ \—2

and A® ~ X, In both cases we have the scaling [ dktdk~A%) ~ A% which is why
the soft and collinear corrections enter at the same order.

For example, for a 2 — 2 process, the matrix element can be written in terms of the

Mandelstam variables
2

Sab =20 Po = —— |1+ 2,02 + 2,07 + 00| |

ZaZb

Sak = —2pa - k = k‘+Qe+Y ( A(Z) + (’)()\4))

Za
1

spk = —2pp k= —k Qe <z + Az(;z) + O()‘4)> . (4.11)
b

Since these terms now have a definite power counting, one can simply insert eq. (4.11)
into A(Q,Y;{k}) and expand to the required order in \.

e Measurement. Depending on the observable, the measurement function T may also
receive power corrections. Since 0O-jettiness is defined in terms of n, n, 2 and Y, none
of which receive power corrections in our approach, we do not have such corrections,
and will therefore not write them explicitly in the following formulae. More generally,
these could be obtained from expanding 5[7 — 7 ({k})].

Inserting all these expansions into eq. (4.6) and expanding consistently to O(\?), we obtain
the LP result
do©®  rodktdkT zeznfofs  (4W)°
dQ?dYdT Jy (ktk™)c (47)22z4zpEL, T(1—¢)
and the NLP master formula
do® °© dk*+dk~ 242 4mr
dQ2aydT — Jy (kT (47r)22mal;be4 PE1 —) ¢) O[T = T({k})]

x {AOQ Y (kD) [ fafo(—28P — 287 ) + 2 AP fofy + 1A oy
+ Lus APQ Y (kD] (4.13)

DQY: {(R)S[T-TURY)] (4.12)




where 2, = z45(k) and Afg = A((fg(k:) are defined by eq. (4.7). Note that the LP limits of
the matrix elements are uni7versal, and hence eq. (4.12) holds independently of the process,
i.e. it only depends on the observable 7. Although the focus of this paper is on the
power corrections, in appendix A we provide a brief derivation of the leading-power terms.
Likewise, the A term together with the square bracketed factor on the second line of
eq. (4.13) is universal, such that all the process dependence arises from the last A®@) term.
We will discuss this in more detail in section 4.4.

In the following, we will evaluate eq. (4.13) in both the soft and collinear limit for
0-jettiness, eq. (2.7), whose measurement function for one emission is given by

S[T—Tk)] =0(pk™ —p k7 )o(T —p k™) +O(p~ k™ — pk")S(T — pk™).  (4.14)
The value of p depends on the specific definition of T, as given in eq. (2.8).

4.2 Collinear master formula for 0-jettiness

The expansion of the incoming momenta ¢, j, for an n-collinear emission k ~ (A?,1, A) has
been given in eq. (3.12),

ket + k%ﬂ + 0\, (4.15)

Q 2Q?

so the explicit expressions for the expansion eq. (4.7) are

k‘e‘y>_1 k2
Zo= |1+ , Agz) =L
(1+5%

G (k) = xp [1 + <

2027

_ @ _ (ke K
Zb—l, Ab == (Q+W . (416)

Since an n-collinear emission satisfies k= > kT, the 0-jettiness measurement eq. (4.14)

simplifies to

§[T —T (k)] =o(T — pk™). (4.17)

Note that the integration in eq. (4.13) also includes the region k=~ — 0, where the as-
sumption k= > k™ is invalid. Indeed, this region corresponds to the soft expansion. It
is guaranteed by the zero-bin subtraction procedure that this overlap regime between the
soft and collinear limits is not double counted [77]. An important benefit of 0-jettiness and
our setup here is that the zero-bin contribution that removes the overlap is scaleless and
vanishes in pure dimensional regularization, such that we do not need to consider it further.

Eq. (4.17) fixes the kT integral in eq. (4.13). It is also useful to write the remaining
k™ integration in terms of z, using eq. (4.16), giving

1- a o ! d a
k= QeYTZ, / Ak~ = / ;2 QeY . (4.18)
a 0 T a

a
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Here the lower bound on the integration follows from the physical support of the PDF
fa(xa/7a). Plugging back into eq. (4 13), we obtain the n-collinear master formula

do'?) B dza 1 QT@ z5 (4m)€
dQ2dYdT /., za 2xa:chcm p (1—24)€ (47)2T(1—¢)

Y _ _
X{Te QY{le (1= % 2+1 ® ! fot *Qﬁlug

Qp 224
+fa s AP(Q,Y, {k}) } (4.19)
where k is given by
1—z,n* T n#t e¥Y 1— 2
o Y- *a 7 @k 3 4.20
k Qe Za 2 P 9 + QT P) % ny ( )

It only remains to plug in the expansions of the matrix element A©®) and A® and to expand
in €. Note that even in the n-collinear case considered here, both the n and n-collinear
incoming momenta receive power corrections, see eq. (4.4), leading to derivatives of both
PDFs in eq. (4.19).

The analogous results for the n-collinear limit are obtained in the same manner, giving

dol)  tdm 1 Q%?ﬂvﬁ % (4m)°

dQ2dYdT — J,, = 2rqaxp B, eV \ e (1 — 2zp)€ (4m)20(1 — ¢)
Tp (1—2)* -2 1+2b
{Q Y (0)(Q,Y,{k2}) [fafb 2% + af o + fafbfb
LB ADQY. (D} (1.21)
where k is given by
Q1—znH pl—2
T S 7
k Tp —|— v o o + QTeY Zb n . (4.22)

4.3 Soft master formula for 0-jettiness

The expansion of the incoming momenta (, 5, for a soft emission k ~ (A2, A2, A?) has been
given in eq. (3.10),

- =Y
Ca(k) = 24 (1 5 ) +0(\Y,
ktetY A
G(k) =y, (1 + 0 > + 0O\, (4.23)
so the explicit expressions for the expansion eq. (4.7) are
k= e Y
Zq =1, A((f) ,
Q
ktetY
=1, AP = ; (4.24)
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Plugging back into eq. (4.13), we get

ol ekt 1 (4r)
dQ2aydT — Jy  (ktko)c (4m)22zaap EL, T(1 — €)

X [fa fo(=k7e™Y —kTe™) ke Y aof! fo + ket f, a:bfé]

W’TWMH A9(Q,Y, (k)

IR ADQY. (D)} (4.25)
Here, the measurement is given by eq. (4.14),
S[T = T(k)] = Okt = p 'k7)(T — p~'k™) + O(p~ 'k~ — pk")6(T — pk™) . (4.26)

We can further simplify eq. (4.25) by utilizing the fact that A® and A®) have a well
defined dependence on k* or k= because of power counting and mass dimension,

Y@y A%@Qy)

A0Qy iy = 1LY aeq v pay = A5 =

I — 4.2
k+k_ ) ( 7)

Here the A’s are process-dependent expressions that depend on the Born measurements
Q and Y, but are independent of both k* and k~. This implies that the kT integrals in
eq. (4.25) have the generic structure

© dktdk™ O[T = T(k)] o1 ago 1 1
/0 (kT k—)e (kH)ek)E P e <e+a1 + 6+B1>' (4.28)

We then find the soft NLP master formula

dot? B 1 (4m)€ 17“26 1—2¢
dQ2dYdT  (4n)2z.xpEL, T(1—€)e Q 1—c¢

<o) o) (— 5 = ) + Bt flan) + - ute) s

p
+ﬁ@&Mm[QA%QW+Q

{M%@m

a9, Y)] } (4.29)

4.4 Universality of power corrections for O-jettiness

Having derived our master formulas, in this section we comment on the universality of the
power corrections. In both the collinear and soft limits the power corrections arising from
the derivatives of the PDFs and from the expansion of the flux factor are proportional
to the LP matrix element A(®)(Q,Y), see eqs. (4.19) and (4.29). Since the factorization
properties of A© (Q Y') are universal, most of the NLP corrections are universal as well,
in the sense that they essentially reduce to the LO cross section times a universal factor,
as we will make explicit below. The only process-dependent piece arises from the NLP
expansion A®(Q,Y) of the matrix element. We stress that this limit is defined in our
particular choice of Born measurements Q? and Y. Using different observables, e.g. ¢F,
the NLP corrections to (,p in eq. (3.5) would change, inducing also a change of the NLP
matrix element.
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4.4.1 Universality of collinear limit

We begin by considering the n-collinear limit of a real emission amplitude in detail. We

consider the Born process

ﬁa(Qa) + ﬁb(Qb) — L(qa + Qb) ) (430)

where k; denotes all quantum numbers, including flavor, of the incoming partons, and L
is the leptonic final state of momentum g = ¢, + ¢,. The incoming momenta for the hard
collision are given by

nk _y ¥
q = becm? = Qe Y7 . (4.31)

y nt

H ! +
qdo = xaEcmi = Qe 9’

2

Now consider that parton a arises from an n-collinear splitting of a parton with flavor a’,
ko (qs) + ro(ap) = L(gq + o — k) + k1 (k) . (4.32)

To describe this at leading power, we only need the O(AY) relations for the momenta of
the incoming partons, which can be read off from eqs. (4.15) and (4.16),

7 Y u
=T op) = L o). (433)

a Za

The n-collinear emission is given by eq. (4.20),

1— H s Y1
1ozt (T e Loz (4.34)

k= Qe
Qe Za 2+p2+ P Za

It follows that the leptonic momentum ¢’ = ¢/, + ¢, — k = ¢ + O(A\?) is equal to the Born
momentum g = ¢, + qp, and hence the collinear splitting does not affect the leptonic phase
space at LP.

The LP limit only exists if the splitting x|, — ko + &} is allowed, in which case it is
given by the O(\~2) piece of the squared amplitude,

8 < 2€
= TN p (0, ) A0 (Q,Y) + O(NY), (4.35)

Aav—rk(Q, Y, {k}) Qe k+

where the 1/k% gives rise to the A=2 behavior of the amplitude. Here the P, are the
e-dimensional splitting functions which are summarized in appendix A.

Recall that in our case, the measurement fixes k™ = 7 /p. In the notation of eq. (4.10),
we hence have for the LP matrix element

A9 (@Y, {k}) = 8ra,pu Poar (24, ) A0 (Q,Y). (4.36)

2e 14

MSQTeY
These results enable us to explicitly give the universal part of the NLP result in the
collinear limit. Inserting into the collinear master formula eq. (4.19) and converting to the
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MS scheme, we find

(4.37)

Y Y\ —¢€ € 1 €
~LO Qs € QT e eVE / dzg 28
- vyl (L) 7 [ % _F _po
o, )47er ) <u2 p) Pl =€) Ju, 2a (1= 2)° (zac)

—x )2 —
L (2 ) ) B2 g (20 o) 4 2 (22 )|

a Za Za Zq " .
bdza fa(za/za) folzp) Qe (QTe ™ 2§ (4m)° )
i /Z‘ o 2wamBh p ( p ) (=) (@rpr(i—g 4 (@Y (k).

Here, we factored out the LO partonic cross section eq. (4.2), which is only possible because
the collinear splitting leaves the leptonic momentum invariant at LP. We have made
explicit the universal piece and nonuniversal components. As already discussed, the full
nonuniversal structure arises from the NLP matrix element A®(Q,Y, {k}) in the last line.

It would also be interesting to understand if there is a universal structure to A2 (Q,Y).
This has recently been studied in ref. [78] for pure n gluon scattering amplitudes at the
level of the Cachazo-He-Yuan scattering equations [79, 80], where it was proven that in
the subleading power collinear limits the tree-level amplitude factorizes into a convolution
of the n — 1 gluon integrand and a universal collinear kernel. It would be interesting to
understand this at the level of the amplitude itself, as well as for fermions. Unlike at leading
power, we do not expect that there are universal subleading power splitting functions that
are simply functions of z, but there may exist splitting functions that involve differential or
integral operators, as occurs in the soft limit at subleading power [81, 82]. Understanding
this will be particularly important for generalizing the calculation of the power corrections
to more complicated processes.

4.4.2 Universality of soft limit
As for the collinear case, the LP soft limit of the matrix element is universal. Following

similar steps as in section 4.4.1, one can express the LP soft limit by

16725 C
AE;?—)Lk:(Q’ Yi{k}) = TEAS X Agl?—)L(Qv Y), (4.38)

which only exists for ab = gg,q¢ and where C = Cy4,CF is the appropriate Casimir
constant. We thus obtain

dag) _6LOaSC 1 | T2 1
AQ2AYdT = Q « [en;ﬂ }
P e’ P ' e’ /
< tatantton (=5 = )+ 5 afuten) ) + < Luan) o)
fa(wa) folxp)  (Am)° 1__ o1 =2 —(2) 2, 1 =@ 2
¢ e blo) (0 Ll 22 a0 @y + LA Q.|

(4.39)
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As for the collinear case, this emphasizes that the terms arising from the expansion of the
PDF's and flux factor are universal, in the sense that they only depend on the universal
LP soft limit of the amplitude. The only nonuniversal contributions are |Z$ )|2. However,
these terms can in fact be derived from universal formulae [81-83] involving differential
operators. This has been recently studied in the threshold limit, where one only requires
soft contributions [67]. However, when one is away from the threshold limit as considered
here, one in general requires collinear contributions, which as discussed above, are not (yet)

known to be universal.

5 Power corrections at NLO for color singlet production

In this section we give explicit results for the full NLP correction for 0-jettiness at NLO for
Higgs and Drell-Yan production in all partonic channels. Since we only consider cases that

are s-channel processes at Born level, the LO matrix element only depends on ) and one

can factor out the LO partonic cross section 69 (Q). We write the NLP cross section as
do(2mn)

1 1
_ Ao oy (XN [ dFa [Tdm | (e . (20 A2n)
d@2dYdT —9 (477) /za Za /xb Zb [fz<za>fj<zb>c’fifj (2a; 2, T) (5.1)

Ta e La ) o (Lo ~(2m) A Fa N To o[ T ~(20)
+ Zaf’L(Zzz) J<Zb>0lef3 (Z(lazbaT)—l_fl(Za)zbfj<zb>0fifj{ (zaazb77-):|a

where as always

Qe Qe

y Ty = .
Eem Eem

(5.2)

Tq =
We will always express the real emission amplitudes in terms of the Mandelstam variables

Sab = 2Da Dby  Sak = —2Pa -k, Spp=—2py-k. (5.3)

This allows us to straightforwardly obtain the LP and NLP expansion using eq. (4.11). We
will give an explicit example of the derivation of the soft and collinear master formulas for
the gg — Hg channel, and only summarize the results in the other channels.

5.1 Gluon-fusion Higgs production

We begin by considering Higgs production in gluon fusion in the m; — oo limit. At NLP,
there are three different partonic channels, g¢g — Hg, q¢ — Hg and qg — Hgq, which we
consider separately. The calculation for gg — Hg is shown in full detail as an illustration
of our master formulae. The LL power corrections were computed in [63, 64]. Ref. [64]
also computed the q¢ — Hg NLL power corrections. The NLL power corrections for all
partonic channels for gluon fusion Higgs were computed in [70]. We will compare with
these results in section 6.

Throughout this section we consider on-shell Higgs production, for which the partonic
cross section is given by

. AX0(Q,Y) MG 1 (Q)
LO 2 \=-J _ 2 _ 2 \" ggHAR/T
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The LO matrix element in d = 4 — 2¢ dimensions is given by [84, 85]

24 2 2e 2
MO Q) = -2 (““g“) Cl+e (5.5)

5761202 m; 1—¢€

5.1.1 gg — Hg

The spin- and color-averaged squared amplitude for g(p,) + g(py) — H(q) + g(k) is given
by [84]

SWQSCAM%ES
Agg—mg(Q,Y,{k}) = g—>H(Q) X O 1—e)
o (a0 @t St Sapt s | € (@1 st +55)° (5.6)
SabSak Sk 2 SabSak Sk

n-collinear limit. Expanding eq. (5.6) using egs. (4.11) and (4.16), the LP and NLP
limits of the matrix element are obtained as

1— 24 +22)2 pe™
4D (@Y kD) = 16705 Capis AL, (@) i _ZG)ZG) S (5.7)
2 . 1 1
AégL)Hg(Q7 Vi{k}) = 16770450AM12\/15A§;LH(Q)Q2 5 [1+ 522 — 23 4224 — 22 — 222 T

Since our scaling variable is A ~ \/’7%, we clearly see that A© ~ A=2 and A® ~ A0, as
required at LP and NLP.

Inserting these expansions into eq. (4.19) and converting to the MS scheme yields

do? _ 41O (Q)xascA/ dzale 'TQe 28 e1E
dQ2dydT Tog—H T Ju, Za Qp\ 2 p (1—za)E I'(1—e)
1— 24+ 22)2 1—2,)%—2 1- 1+a
SOzt nl (U222 g ey oy L
(1 —24)2q 224 Za
1
+ fo /o 2{1—1—52 —z +2z —z —2za1 ]} (5.8)
—¢

To expand this in €, we collect all powers of (1 —z,) and then use the distributional identity

SR S| Gl ) SN B ST S (5.9)

€

where Lo(1 — z) = 1/(1 — z)4+ is the usual plus distribution. We also combine the two
separate f,fp pieces, as at this level there is no use to further distinguish the universal and
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process dependent pieces. This yields

(2) 1
dUn ~LO Qg / dza

_on D40, S

agzayar ~ Coa—n(Q) X LrACa A0 -

{n(z >fg<xb>[(1lncf€f) 51~ =)

12,4822 1422,2; 1254~ 1055 +328 , ( Za)]
+ Z—:f; (Z) fo(p) a- Z;Zj )
+f <Z> o f () [(— +1n QZ; ) 5(1— 2,)
N (1+ za)(l2z—g Za + 73)° Lo(1— Za)] } ) (5.10)

Comparing to eq. (5.1), we can read off the n-collinear kernels,

Y Y
(2,1) _ e 1 QTe
Crryn(Zas 2, T) —4CAQP[<6 —In ep 5(1 — zg)
* .. ;_122 ~ 1020 + 32 Eo(l—Za)]5(1—Zb),
225
(2,1) (1 _Za+Z )
CY) (22, T) = 4Ca - T r IO
Y TeY
@Y (o T) = 4C eK_Jrl Q >51—za
Tafgs ( b, T) A Op . 2 ( )
+ (1 + Za)(122_22a + z ) (1 — Za):| (5(1 — Zb) . (511)

Soft limit. To expand the matrix element in the soft limit, we use egs. (4.11) and (4.24)
to obtain

26

Aggsig(Q, Y, {k}) = A0, 1(Q) x 16ma,CatDS L O(20). (5.12)

k+k

Note that the first term scales as (k*k~)~! ~ A™*, while there is no @(A\~2) component.
The NLP term in the expansion of the amplitude thus vanishes, and in the notation of
eq. (4.27) we have

—(0 € —(2
AégLHg(Q) Agg—)H(Q) X 167['0‘5014#12\/[8 ) AégLHg(Q) =0. (513)

Inserting into eq. (4.29) and converting to the MS scheme yields

dot? Lo s 1/1 . T2
QY dT 991 (@) X 4Ca 0 (6 —In iz 1> (5.14)
6Y eY
et (=5 = S )+ 5 wafifon) ) + - fylamanfy(an)
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Since there is no NLP matrix element, one can also obtain this from the universal expression
for the soft limit in eq. (4.39). Comparing to eq. (5.1), we can read off the soft kernel,

p e €

1%
(2.1) N & o\ [1 | T2
Cfgfg,s(’z“’ 2, T) =4Ca 5 Q ( e Y> < —In e 1) 01— 2q)0(1 — z) ,

2,1 1 p /1 T2
C](céf)s(za,zb,T) =404 =< <e —In— — 1) 0(1—24)0(1 — 2p)

o Qe” p
Y
(2,1) le 1 7—2
;) (Zay 20, T)=4Cp =— | ——In— —1 1—24)0(1 — . 1
C’fgfg’s(z 25, T) =4C 4 0 (e n 2 )(5( 2a) 0(1 — 2p) (5.15)

Final result. Adding the n-collinear kernel eq. (5.11), the n-collinear kernel which follows
from symmetry, and the soft kernel eq. (5.15), all poles in e cancel as expected, and we
obtain

eV T
C'](cj’flg)(za,zb,T) _4CAQ [( QQ/ —|—1>5(1—za)

1—2za+8z —14,2 —|—12z —102 + 325
+ 2
2z

Y
+ <a b, LY — e) ,
e p
(2,1) . P _ _ Ter . _
Cfg,fg (za, 20, T) =4Cy —Qey 0(1 — z4) [( In o 1)6(1 2p)

(1 + Zb)(l —2p + 25)2
222

 Lo(1 - zaﬂ 5(1— =)

Lo(1 — Zb)]

Y (1 — 2 + 22)?
Qp 224
Y
(2.1) _ 0, © Tp
Cfgfg/; (Za, Zbs T) == 4CA ap |:< W 1> 5(1 — Za)

L za)<122—32a LN zaﬂ 6(1 ~ )

(1 —2zp+ zg)2
22 )

+ 4CA 6(1 - Zb) )

+4C ) —=

5(1 — z4) (5.16)

Q Y
Substituting these results into eq. (5.1) yields the NLP cross section for gg — Hg at NLO.

5.1.2 gq — Hgq

The g¢ — Hq channel has power corrections at both LL. and NLL. The spin- and color-
averaged squared amplitude for g(p,) + q(ps) — H(q) + q(k) is given by [84]

1
Aggrrrg(Q, Y, {K}) = — A 1 (Q) x 87T04sCFM12vism [Sib + o — €(8ab + a)?
(5.17)

Soft limit. The LP soft limit vanishes, since a leading-power soft interaction (which is
eikonal) cannot change a n-collinear quark into a n-collinear gluon and soft quark. However
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this does occur at NLP in the soft expansion and yields

. l—e
A;?;LH(](Q, Y, {k}) = A_IgngHH(Q) X 87TOZSCFN§/ISW7 (5.18)
and the soft kernel is given by
Y
(1,2) _ e 1 T2
Ct ts(za 20, T) = 2CF o (e - lnﬁ - 2>5(1 —2a)0(1 — 2) . (5.19)

n~-collinear limit. The n-collinear limit has both a LP and NLP contribution, given by

(0) eV 14 (1—2)? — €22
ququ(Q Y, {k}) ggﬁH(Q) X 8masCp— P 0T % b ,

el 4=+ —ez2(4— 2+ 23)

QCI*)Hq(Q Y, {k}) = ggﬁH(Q) X 47TasCFN12\/?S szg (5.20)
The n-collinear kernel is obtained as
C};f)n(zaa 2, T) =CF & §(1 — z4) 222 + 5252_ bzj + 2z, 7
C? (2ar2,T) = Cr Q—ZY 51 — z) O Zb)[lzg (1= 2)"]
O i) (w2 T) = Cr gy 81— 22) (1- Zb)[ljb (=) (5.21)

n-collinear limit. The n-collinear limit vanishes at LP. The NLP expansion of the
matrix element gives

8masCrudi(l — €)
Q%(1 — 24)24

AP QY. (k) = AR 4(Q) (5.22)

The only nonvanishing kernel is

Y Y
(1,2) _ e QT Lo(1—2,)

Final result. Combining the n-collinear, n-collinear, and soft kernels, the 1/e pole van-
ishes, and we obtain the final results,

Y
(12) _ e Tp Lo(1 — za)
Cr (zas 26, T) = 2CF p[(—ln v —1> 01— zq) + - 5(1 — zp)

2 — 2zb+5z§ - 5,22 +22§

+CF Q % (1 Za) Zg s
2
D (s, 2, T) = Cp o 5(1 — ) LML (A= 2)]
g9J4q Q Zb
(1,2) _ P (1= 2)[1 + (1 = 2)?
Cf i (Za, Zb, T) = CF @ 6(1 — Za> % . (524)

Substituting these results into eq. (5.1) yields the NLP cross section for g¢ — Hq at NLO.
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5.1.3 qg — Hgq

The final results needed in eq. (5.1) for qg — Hq follow from eq. (5.24) by flipping a < b,
e Jp > ple¥ and f, & fo,

(1,2) TeY Lo(1 = 2)
Cff (ZCHvaT) _2OFQ % (1 Za)|:<—hl Qp —1> 6(1—2b)+T
eV 2 — 2z, + 522 — 528 + 222
+Cr o TR T (1 - ),
1— 2)[1 4+ (1= 2,)?
C](”]?)(ZawzbaT) C Q( Z)[ ;_( Z)](S(]_—Zb)7
_ 2
i1 (2as 2, T) = C ;— (HZ“)“;“ ) 51— ). (5.25)

5.1.4 qq — Hg

The q7 — Hg channel first contributes at NLL. It was first given in [64] and then in [70],
which agreed, but we reproduce it here for completeness. The squared matrix element,
including the average on the initial state spin and colors, is given by [84]

64w 1—¢
Aggng(Q, Y, {k}) = AIgJ;LH(Q) X 3 asCFMMs Q%sup [ Zk + Sgk — €(Sak + Sbk)z} .
(5.26)

With our choice of Born measurements, the soft limit vanishes both at LP and NLP, leaving
only the collinear NLP correction. The LP collinear limit also vanishes, leaving only the
NLP n-collinear limit

64w 2

2 € (1 — Za)
Aoty (@Y, 10D = 452, 1(Q) x =5masCpiis(1 — e =5,
and the n-collinear result is obtained by replacing z, <+ z;. Combining both, we obtain
the kernel for eq. (5.1)

(5.27)

Y _ 2 _ 2
16CF 1 ng(l_zb)Jrﬂy(g(l_za)M

(2,1) _
Cf fa (ZCUZINT) - 3 Q D Za e 2

(5.28)

5.2 Drell-Yan production

We now consider the Drell-Yan process pp — Z/v* — I71~, and for brevity denote it as
pp — V. At NLO we have the partonic channels q¢ — V¢ and q¢9 — V¢. The LL power
corrections for these channels were calculated to NNLO in [62, 63].

For Drell-Yan, it is important to be able to include off-shell effects. The LO partonic
cross section as a function of the leptonic invariant mass @ is given by

(02 + ‘12)(“12 +ai) = 2Qqugui(1 — my/Q?)
(1-m%/Q%)? +m3I'%/Q*

Here, v 4 and a; 4 are the standard vector and axial couplings of the leptons and quarks to

2
POQ) = gy &+

(5.29)

the Z boson, and we have integrated over the [T/~ phase space.
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5.2.1 qq@— Vg

We first consider the partonic channel ¢qg — V¢. The squared amplitude is given by [86]

8masCruss s s 25 ()2
meﬁzwwmxbﬂﬂ%ﬁ%“+%)+wgq4.mm
Sbk Sak SakSbk

Soft limit. With our setup, the soft limit of the matrix element has no NLP correction,

167 Cppss
Aggovg(Q.Y, (k) = A2y (Q) x =TS L O(N), (5.31)

and the soft kernels are given by

Y

(2,1) _ et p 1T B B
qufq’s(za,zb,’r) = 4C'F< Q—p Qc7 <e In e 1><5(1 2q) 0(1 — 2p),

(2.1) _ p (1 T _ N
Cféfq?s(za,zb,T) =4Cp Qcv <e —In e 1>5(1 24) 0(1 — 2)

Y 2

21) _ e (1 T _ _

qufé,s(Za; Zb7T) = 4CF @ <€ ln F 1>6(1 Za) 5(1 Zb) . (532)

Collinear limit. The n-collinear expansion of the matrix element yields (at NLP, we
only need € — 0)

9% ﬁl—}—zg—e(l—za)Q

(0) _ 4LO
AqQ—)Vg(Qa K {k}) - Aq(j—)V(Q) X 87ra80F/'LMS eY QT(l _ Za) ’ (533)
1—2+22-23
AL L (@Y {k}) = AEC1(Q) x 4ma,Cr o . (5.34)
The n-collinear kernel is
Y Y
(2,1) _ e 1 QTe
qufq,n(za, Zb T) = 4CF Q7p |:<6 —In W 6(1 — Za)
1
+ 50— D14 22) Lo(1 = 20) |51 - ).
Y 2
(2,1) _ e 14z
Cfé mn(za,zb,T) —4CF P 1 (5(1 Zb),
Y Y
(2,1) e 1 QTe
/ as by =4 -~ - \ 1—2z,
qufq,n(z 2, T) = 4CF o [( ~+n 2, 01— zq)
1+ 20)(1 + 22
+ (1+ 24)2( * ) Lo(1 — za)] 5(1—zp). (5.35)
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Final result. Adding the n, 7 and s kernel, we get

2D (22, T) =40 & [( ”+1)6<1—za)+§<za—2>(1+z)coa za)]cS(l—zb)

Qp Qe¥
Y
+<ep—>£,,a<—>b>,
) Te (1+2,)(1+2)
Crita Far2 T) = 4CFQ v “‘Z“)K_ln Qp _1> A=) 2= == Lo(1-2)
Y
+4Cp — Op 1+Z“ d(1—2p),
: T 1+24) (1422
Cﬁjﬁ)(zavavT)zéleﬂ;p[( Qeﬂ’, 1> 5(1—za)+(z4)z(az)50(1—%)}5(1—%)
1—1—22

Substituting these results into eq. (5.1) yields the NLP cross section for ¢§ — Vg at NLO.

5.2.2 qg — Vgq
Next we consider the partonic channel gg — V¢. The squared amplitude is given by [86]

8masT] 2¢ Sa S 25, 2
Agyovg(Q.Y, {k}) = —ALO_ (@) x ST TFIis [(1 _ (b N bk) L 25a@Q® 26] .

Q*(1—¢) Stk Sab SabSbk
(5.37)
Soft limit. The LP soft limit vanishes, and the NLP soft expansion is given by
(2) LO 2 €
Aqg—>Vq(Q’Y7 {k}) = Aqq%V(Q) X SWQSTFMMS% . (538)
The soft kernel is given by
eV (1 T2
oD — ot <—ln —1)5 1—2,)6(1— 2). 5.39
fe=2Tr 7~ 1)a1 - 200 - =) (5.39)

n-collinear limit. The n-collinear limit does not contribute at LP, since the LP inter-
action can not change the n-collinear gluon into a n-collinear antiquark. The NLP matrix
element is given by

T+ (1= 24)% — €22

AL L Q.Y {k}) = ALD, 1 (Q) x 8ma. Tk 100202 (5.40)
and the collinear kernel is
Y Y
2.1 (& -1 QT@
C}qf)n(za7 Zb, T) == 2TF Q7p |:(6 + In l1/2p> 6(1 — Za)
+ 41— 2)YLo(1 - za)] 51— z). (5.41)
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n~collinear limit. The n-collinear limit is IR finite, so we work in d = 4,

e¥ 1— 22+ 22b
g—)Vq(Q Y {k‘}) qq—>V(Q) X 87TOésTF P T, (5.42)
1+ 2 + 427 — 823 + 42}
qg%Vq(Q Y {k}) q—)V(Q) X 47TaSTF 6522(, b b (543)
The 7n-collinear kernel is given by
Cfytan(zar 20, T) = T gy (1 = 20) (1= 2)(1 4 82, — 627)
1+ 2)(1 — 22 + 227)
OO (o T) = T Lo 5(1 — 2 & b
qug7n(z ’va T) F QeY ( Z ) Zb 3
C}j;};ﬁ(za, 2, T) =Tp —ng §(1 — 2q) (1 — 2)(1 — 225 + 227) . (5.44)

Final result. Adding the s,n,n kernels, the pole in € cancels and we get

Y
Cj(fj}(‘lg)(zaazbaT) :2TF%P [( CZ;[; 1) 0(1—z0)+[1+(1—20)% Lo(1—24) | 6(1—2zp)

+TF$ (1—20) (1—2) (1482, —622),

P (1—i—zb)(1—22b—|—2z2)
_TF Qey 5(1—2(1) o, s
&5(1—%)(1—zb)(1—22b—|—2z§). (5.45)

Substituting these results into eq. (5.1) yields the NLP cross section for gg — V¢ at NLO.

CPD (a2, T)

CP) (a2, T) =T

5.2.3 gq — Vgq

For completeness, we also give the explicit results for the g¢ — V¢ channel, which can
easily be obtained from eq. (5.45) by flipping a <> b, e¥' /p <+ p/e¥ and f, <> f,,

o Te" 2
s (Zay 2, T) =2Tp =~ 0(1—2a) | { —In———1 ) 6(1—2)+[14(1—25)"] Lo(1—2)
ald Q Qp
Y
+TFQ—IO(l—za)(1+82a—6zg)5(1—zb),
Y

(2,1) _m _ 2 _
C’féfq(za,zb,T)—Tpr(l 20)(1—=224+225)0(1—2),

Y (1424)(1-224+222)

o - S(1—2z). (5.46)

Cj(fzfl/) (Za7 Zb, T) TF

6 Comparison with integrated results in the literature

In this section, we compare our NLO results to previous results in the literature. The LL
results presented by a subset of the present authors in refs. [62, 64] fully agree with the
results obtained in this paper.
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The results in refs. [63, 70] are given only integrated over the color-singlet rapidity
Y, and hence take quite a different form at the integrand level. To compare to them, we
integrate our results over Y, which allows us to use integration by parts to bring our results
into the same integrated form as those in refs. [63, 70]. For leptonic 7, whose definition
involves Y, we find that ref. [70] uses a different definition, and hence we cannot make
a meaningful comparison. For hadronic 7, whose definition is independent of Y, we find
explicit agreement for the LL results after integrating over Y.

At NLL, the results obtained here for the power corrections differential in Y, for both
the leptonic and hadronic definitions and all partonic channels, are new. After integrating
over Y we find almost complete agreement with the hadronic results of ref. [70], up to a
relatively simple term.?

Since there are a number of differences in our treatment compared to refs. [63, 70],
we provide a detailed comparison in this section. In section 6.1 we discuss our different
treatments of the NLO phase space and of the Born measurements, and show that the
rapidity dependence cannot be easily reconstructed from the results in refs. [63, 70]. In
section 6.2 we provide an explicit comparison of the results for the g¢g — Hg channel
integrated over rapidity at LL and NLL, both analytically and numerically.

6.1 Treatment of the NLO phase space

The derivation in ref. [70] differs from ours here (and that in refs. [62, 64]) in that it is not

differential in the rapidity Y. To explore the differences arising from this, we give a brief

derivation of the NLO phase space following the same steps as ref. [70]. Note that in the fol-

lowing we always work with an on-shell process, in contrast to our more general setup in sec-

tion 4. We also only consider the case k* < k~, since the case k™ > k™ follows by symmetry.
We start with the expression for the NLO phase space as given in ref. [70],

dPSNLO i T_6(47T,u§/{s)_6 /d§ dgb fg(ga)fg(gb) <Qa£a>1_6

d7  8rl(1—¢) 266 F2, \ x4
X / dza(1 — 24) 70 <§a§bzaEC2m —m¥ — Q;f“ T) : (6.1)

where s = B2, Q, is defined in eq. (2.6) and =, arises from the 7 measurement.

cm?
We can derive a similar expression in our notation, including in addition the rapidity
measurement as done in our main derivation. Denoting the incoming momenta at NLO by

g, »» we have from eq. (3.2)

aPSNO 1 E e (6 o [ ak s [ dg
JolCa)utls) 2m)s, () |

avdr ~ J, dCadty 26,6 B2 'S | (2r)d (2m)d

x (2m)46(q., + q) — q — k)d(Y — %ln q)é[T— 7'(k)]

(2m)é+(¢* — Q%)

q+
_ 1 (mpe)” [ fal6a) fo(&) [ dk*dk™ .
_ 87rF(1—6)/0 N /0 T = T ()
X 6(Eap By — SaBemk™ — & Eemk™ — Q%) 5<Y - %m m> . (6.2)

2This missing term has been confirmed by the authors of ref. [70] and was corrected in their version 2.
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As in eq. (6.1), we assume that k* < k= to set T (k) = pk™, which gives

i - [ [ G e
0(éalp By — Q% — EaEemT /p — &4 ek ™) 6 (Y i M)
Following ref. [70], we now change variables via k™~ = &, Eem(1 — 24),
e T [ e A () o
0(2a€alp By — CaBemT /p — Q%) 6 (Y - %m Ebiig) : (6.4)

Up to the rapidity measurement from the final § function, we find complete agreement with
eq. (6.1) if we identify

ZToEem
Qa (wa) '

At this step, our treatment differs from the one in ref. [70]. Since we explicitly implement

p=pY)= (6.5)

measurement ¢ functions for both @ and Y, we can uniquely solve for &, and &, in terms
of Q and Y or equivalently z, and x,

+Y [ Y Y\ 2 |
Y I Y Y\ 2 .
£ = 2; - T;u +za) + \/<T€ > (1 — 24)2 + 4Q222 (6.6)

This holds for both p = 1 and p = e¥. This is equivalent to eq. (3.5) (where we used the
notation (,p instead of &, ; here). The reason this expression looks different is just because
in eq. (3.5) we performed this step before fixing kT in terms of 7 and before changing
= gaEcm(l - Za)‘

Following a similar strategy as in section 4, one can now replace &, in eq. (6.4) by

variables from k~ to z, via k~

the solution eq. (6.6), take the Jacobian from solving the ¢ functions into account, and
then simply expand in 7. The main difference to the derivation in section 4 is that here,
one directly expands the phase space in 7, while in section 4 we expanded in terms of the
generic power-counting parameter .

In ref. [70], there is only the @* measurement but no rapidity measurement, i.e. Y is
implicitly integrated over. Hence, there is only one constraint for the two variables &, &,
whose solution is not unique. They choose to perform the variable transformation from
&a,p to new variables Z,; defined by

P2i B2

Qa(Z

o = & =Ty (6.7)

)T

2aTaTp B2, —
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We write Z,; here to distinguish these from the Born variables x,; = Qe*Y /Ecm that
appear in the Born-projected momenta in eq. (2.4). While they satisfy Z,3, = Q*/E?%,
due to the Q? measurement constraint, (1/2)In(Z,/Zp) is not equal to the rapidity Y, which
would require the solution in eq. (6.6).

In ref. [70], the Z,; defined by eq. (6.7) also enter in the definition of the 0-jettiness
measure in eq. (2.3) in place of x, ;. As a result, the nonhadronic 7 definition in ref. [70]
is not the same as the usual leptonic 7 with p = e¥ that we use. Their hadronic definition
is the same as ours, as it has no x,; dependence. Therefore in the following we restrict
our comparison to the hadronic definition.

We also note that one cannot easily recover the rapidity dependence from the inte-
grands of the final results in ref. [70]. To see this explicitly, consider inserting the rapidity
measurement by comparing egs. (6.1) and (6.4), which gives

1 Zba ) 1. 2,

b~ pPEcm
(0) 1(0) 1(0)
+T5'(Y—;1n"’“5“ )(51) _ & ! >+O(T2).

2 0 J\ D 0 DR,

On the right-hand side we have carried out the power expansion about 7 — 0 and the
superscript (?) denotes the results for these variables at LP, while 5250) = d&,/ d’T‘T 00
etc. This accounts for the fact that in general the &,; can depend on 7 themselves.
Equation (6.8) shows that one cannot use the LP expression §[Y — (1/2) ln(zafc(LO)/ féO))] =
S[Y —(1/2)In(Z4/Zp)] to recover the Y dependence from the Z,; dependence of the results
in ref. [70], as this does not account for the additional power corrections induced by the
Y measurement in the second line of eq. (6.8). This implies that the results in ref. [70]
and also those in ref. [63] cannot be used when being differential in rapidity or integrated
over bins of rapidity, but only integrated over all Y. This was also confirmed to us by
the authors.

6.2 Explicit comparison to results in the literature for gg —+ Hg

Our final results take a quite different form than those in refs. [63, 70]. For us, both &, and
&, receive power corrections resulting in derivatives for both PDFs. In contrast, the variable
transformation in eq. (6.7) for the case of k* < k= does not yield power corrections for &,
and hence no derivatives of f;, while the expansion of &, yields derivatives of f, (and vice
versa for k* > k7). Due to this different form, one cannot directly compare the integrands
of the two results, but one needs to use integration by parts to bring the results into the
same form, as we will now show explicitly. In particular, we will show that the results
of refs. [62, 64], obtained also here, do agree with the results of refs. [63, 70] at LL when
integrating over all Y.
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Integrating our result over Y, and transforming the integration variables to z,;, =
Qe*Y /Eep, we obtain from eq. (5.1)

do® a, ! M2 (me)? (1 dz, [1dz
. " 9 “ E2 ;2 gg% / a dzp
a7 y dzoday 270 (zexp ES, — M) 2wy L.
X |:fz< >f]< ) }Qfl)(za,zbaT)"i_ f7,< >f]< ) ](chl)(Za,ZbaT)
2 ¢ (70 (@) 1)

We will show the integration by parts explicitly for the f; fj{ piece. Let us denote the
piece we wish to integrate by parts by D21 which can be chosen freely. To integrate over
Y: <Y < Ys, we switch the integration variables x4, x; back to Q% and Y, use that

Lo o[ To\ _ Qe_y / Qe_y Qe
?bfj (zb) B Ecmzbfj<EcmZb) B f]< cmzb> ’ (610)

and integrate by parts with respect to Y. Combining the resulting pieces with those in
eq. (6.9), we find

doD) «o 1 |M g(mm) ’2 dz L dz
== odxp 2 WpE2 — 99— / a azp
aT pp dzoday 270 (zexp B, m%) 2y L.

X {fz< )f]( > |: ](c2f1)(za,zb,T) + £/D(2’1)(za,zb,7’)}
+ f( >f]( )[ }2f1)(za,zb,7)+D(2’1)(za,zb,7')}

Top [(Ta) o Lo [~(2,1) _ py
+ % fz(za>f] <Zb> [Cf.f/_ (24,26, T) — D (za,zb,T)}}
2
B % 2 2 |M g—)H | / dza/ de
47_‘_/dQ 27‘-5(@ mH) 2@2 ey Za e -Y Zb

_ Y Yg
X fl( Qey >fj<Qe Y>D(2’1)(Zaazb77—)

Eemza Eemzy

Ty

(6.11)

Y=Y

The dependence on D21 exactly cancels in this expression. We can choose D) freely
to obtain different forms of the Y-integrated result. The last term in eq. (6.11) is the
boundary contribution, which vanishes as Y7 2 — £o00, i.e. only if one is fully inclusive in
Y. They do in general contribute when placing acceptance cuts on Y.

We now work out explicitly the required integration by parts both at LI, and NLL to
bring our results into the integrated form as given in refs. [63, 70]. For concreteness, we
focus on the gg — Hg channel. For the reasons mentioned earlier, we can only compare
the results for the hadronic 7 definition.
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6.2.1 Comparison at LL

At LL, our results in eq. (5.16) simplify to

Y Y
(2,1),LL e Tp . p . Te B B
iy, (za»2p, T) = 4Cy 1 Y v In 5 0(1 — 24)0(1 — 2zp),

DM (a2, T) = —4Ci ”Y T 501 231 — ),
979 Qe Qp
Y
.
C}jé),LL(zmzb,T)——élCA; Q’;a( 2a)8(1 = 2) . (6.12)

These agree with the earlier results obtained by a subset of the current authors in
refs. [62, 64]. Note that for strict LL accuracy, one can also write the logarithms as
In(7/Q) £ In(p/e¥’) and only keep the In(7/Q) at LL, while including the £1In(p/e)
pieces in the NLL contributions. (This is the convention used in refs. [62, 64] and in sec-
tion 7.) Here, we keep them as part of the LL result, as they are relevant for the comparison
with ref. [70].

Up to a trivial change in notation, the LL result given in ref. [70] for hadronic T is

dag;;fm] = O‘Sff“ /0 ' Qi 200y B2, — ) Mg%;ggj)‘? (6.13)
|ty @) ) T L 1) ) L.
As discussed before, the Z,; here are not equal to the Born variables z .
Inserting our LL result in eq. (6.12) with p = 1 into eq. (6.9), we have
d%?: = asz /01 dzoday 216 (zex, B2, — m%y) |M§i;;g;j)|2
X [fg(xa)fg(wb) (;; In TC;Z_Y + (;;; In T::;Y>
ol o) o T e e e ] (e

where ¥ = \/x,/zp. At the integrand level, the two results clearly have a different form,
as was also remarked in refs. [64, 70].

To show explicitly that egs. (6.13) and (6.14) do agree, we integrate by parts to move
the fyfg contribution in eq. (6.14) into the fgfg’] and fg’]fg terms. Using eq. (6.11), we can
achieve this by choosing

Y cm ,—Y -Y cm Y
D(Q’l)(za,zb,Tcm)—4CA<—eIHT € + € lnT © )(5(1—,2&)5(1—21)).
mpg mpmg mp mpg

(6.15)
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o
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Q j_ [1802.00456]' E
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Figure 1. Comparison of the Y-integrated LL power correction for hadronic 7 for gg — Hg. The
solid red and blue dashed curves show the LL results keeping only In(7 /mp). In the long-dashed
orange and dotted light blue curves we keep all In(Te*Y /my) or In[T/(Z4,pFem)] terms. In both
cases, our result in eq. (6.14) and the result of ref. [70] in eq. (6.13) agree. The small difference in
the second case arises due to the fact that eiy/mH is not exactly the same as T, p Ecm.

Integrating over Y7 < Y < Y5 and using that ¥ = VZa/xp and myg = /TaTpFEem,
eq. (6.14) becomes

do>V (11, v2)

2
asCx ! 2 ’Mgg—>H( H)’
= dz,dxy 270 EZ  —
- /0 Today 218 (xaxy B2, — m3;) 2y, 2
/ TaEem Tem , TpEem Jem
X [ xafg(xa)fg(xb) ’m%{ n o xbfg(fva)fg(xb) m%{ n 2 Eor
+ asCy 27T‘MggaH( )‘Qf mH€ f mHe*Y
T 2mHE2 g cm g Ecm
eV Tcme— e Y TcmeY Y:
X In — In
my my mg - ma ||y,
asCa MO, g (mp)]? eV +e ¥
+ sﬂ- /0 d$adxb 27T($(xabe2m — H) ;iabeCQm fg (xa)fg (J,‘b) TH .

The first two lines exactly reproduce eq. (6.13). The following two lines are the boundary
term from integration by parts, which vanishes as Y7 o — £00. The last line is a NLL effect
and can be neglected for the LL comparison. (It is induced by the integration by parts
acting on the Y dependence kept inside the argument of the logarithms.) Therefore, the
two expressions in egs. (6.13) and (6.14) agree at LL and at integrated level if and only if
one integrates over all rapidity.

To illustrate this numerically, the Y-integrated results are compared in figure 1. First
note that the hadronic LL results in eq. (6.14) do not exactly correspond to those previously
given in refs. [62, 64]. This is due to the formally NLL terms proportional to In(p/e¥),
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discussed below eq. (6.12), which are dropped in the strict LL results in refs. [62, 64], but
are kept in eq. (6.14). The analogous NLL terms proportional to In(Z, Ecm) are also kept
in refs. [63, 70] and eq. (6.13). Dropping these NLL terms in egs. (6.13) and (6.14), our
and their LL results defined in terms of the same In(7 /mp) agree exactly, as shown by
the solid red and blue dashed curves in figure 1.2 The long-dashed orange and dotted blue
curves in figure 1 show the results when using instead In(7Te*Y /my) or In[T/(ZqpEem)]
to multiply the LL coefficients. The observed difference to the solid red/dashed blue strict
LL result has the size of a typical NLL contribution. There is also a very small difference
between the long-dashed orange and dotted blue results due to the fact that e /my is
not exactly the same as Z,pEem. This difference is exactly accounted for by the last line
in eq. (6.16).

6.2.2 Comparison at NLL

We now extend our comparison of the Y-integrated results to NLL, focusing again only on
the gg — Hg channel, which contains all possible complications. The full NLL result of
ref. [70] can be written as

X {fg <j:a>fg(57b) [((1—%;—2’2)2 — 1>£0(1 — Za) + 32 +1 —22a + 23}
2q 22 2
- izfgll (Z)fg(fb) [_5(1 — 2g)In :Ej;rjm + (- ZZ§+ 22)2&)(1 B Za):|
—fy (ii) Ty fo(Zp)0(1 — Za)}
F(aerb). (6.17)

To bring our result into this same form, we need to integrate by parts twice, first with
respect to Y as shown in eq. (6.11), and then with respect to z,. The details of this
calculation are given in appendix B. The final result is shown in eq. (B.5) and is given by
the result of ref. [70] in eq. (6.17) plus an extra contribution,

do(®1)  qoNLP [70]

= 1

chm chm (6 8)
asCy (! |MLO H(mH)|2 eV e ¥
+2 - /0 dzoday 270 (zqxy B2, —m3;) gjcijEgm fo(xa) fo(zp) o

The two results should agree exactly upon integration, and we have not been able to find
a source for this discrepancy. As discussed in more detail in section 7, the numerical
comparison with MCFM provides a strong confirmation of our result. The numerical
extraction of the integrated NLL coefficient yields —0.460 4+ 0.026, which agrees well with

3In the first version of ref. [70] an analogous numerical comparison showed a disagreement between
their integrated LL results and our corresponding result from ref. [64]. This was only due to an incorrect
comparison. We thank the authors of ref. [70] for confirming this.
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our analytic predicted value of —0.466 (see table 2 below). Dropping the term in the final
line of eq. (6.18) would instead predict the value —1.669.

7 Numerical results

In this section we study our results numerically, including the size of the power corrections
and the rapidity dependence. We also compare our analytic results for the O(as) NLP
power corrections with the full nonsingular spectrum obtained numerically from the LO
V+jet and H-+jet calculations in MCEFMS [27, 73-75]. In refs. [62, 64], the NLP corrections
were extracted numerically by using a fit of the known form of their logarithmic structure
to the nonsingular spectrum from MCFMS. In refs. [62, 64], these fits were carried out for
the leptonic definition. Here, we have in addition performed the fits also for the hadronic
definition. We find excellent agreement between the analytically predicted values and the
numerically extracted values for all coefficients, i.e., for the LL and NLL coefficients in all
partonic channels for both the leptonic and hadronic definition. This provides a strong
and independent cross check for the correctness of the analytic NLL results obtained here.
By comparing the complete nonsingular spectrum with our NLP result, we can also assess
the importance of power corrections beyond NLP.

The NLO power corrections for each partonic channel are extracted from the nonsin-
gular spectrum by using the fit function

Fxro(7) {7’ [(a1 +b17 + ca1m®)InT + ag + bot + 0072} } , (7.1)

- dlnt

with 7 = To/myz for Z production and 7 = To/mpy for Higgs production. Details of the
fitting procedure have been described already in refs. [62, 64], so we do not repeat them
here. A key point is that in order to obtain a precise and unbiased fit result for the to-
be extracted a; coefficients, it is crucial to include the higher-power b; and ¢; terms in
eq. (7.1), and to carefully choose the fit range and verify the stability of the fit, as was
done in refs. [62, 64]. At the level of precision the a; are extracted, this is essential since
the full nonsingular cross section includes the complete set of power corrections and if the
b; and c¢; terms were neglected, these higher-power corrections would be absorbed by the
a; terms in the fit, rendering their numerically extracted values meaningless. To obtain a
precise extraction of the NLL coefficient ag, we fix the LL coefficient a1 in the fit to its
analytic result.

The relevant coefficients for our NLP comparison at NLO are the LL coefficient aq
and the NLL coefficient ag. For leptonic T they were extracted for Drell-Yan in ref. [62]
and for gluon-fusion Higgs in ref. [64] and for the hadronic 7 we have obtained them here.
Depending on the partonic channel, the uncertainties on the fitted coefficients range from
0.08% to 2.3% for leptonic T and from 0.6% to 5.7% for hadronic 7. The latter has larger
uncertainties because its power corrections are larger, requiring the fit to be restricted to
smaller T values where the uncertainties in the nonsingular data are larger.

4We recently received confirmation from the authors of ref. [70] that after rechecking their calculation
they identified a missing term, and now agree with our result for do(2’1>/d7'cm.
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NLO 76161’ qq — Zg ap agp
fitted [62] +0.25366 £+ 0.00131  40.13738 £ 0.00057
analytic +0.25509 +0.13708
NLO %lep q9+ 99 — Zq | a; ag
fitted [62] —0.27697 + 0.00113  —0.40062 + 0.00052
analytic —0.27720 —0.40105
NLO Ty™ qq — Zg a1 agp
fitted +1.4188 +0.0614 —2.4808 + 0.0176
analytic +1.3935 —2.4806
NLO T¢™ g9+ 99 — Zq | a1 ag
fitted —2.2981 4+ 0.0442 +4.0991 £+ 0.0132
analytic —2.3224 +4.0965

Table 1. Comparison between our analytic predictions and the fitted results for the LL a7 and
NLL aq coefficients in Drell-Yan production. These fitted values for a; and ag with the leptonic
definition and the analytic results for a; were already given in ref. [62].

7.1 Drell-Yan production

We first consider Drell-Yan production, taking pp — Z/7* at Ecn = 13TeV. We use the
MMHT2014 NNLO PDFs [87] with fixed scales p, = puy = mgz, and as(mz) = 0.118.
We fix Q = my, integrate over the vector-boson rapidity, and work in the narrow-width
approximation for the Z-boson. The NLP corrections for the leptonic 7 definition were
numerically extracted in ref. [62]. The results for both the leptonic and hadronic definitions
for all partonic channels are collected and compared to our analytic predictions in table 1.
We find excellent agreement within the fit uncertainties in all cases.

In figure 2 we show the complete NLO nonsingular contributions as black dots, as well
as a fit to their form with the solid red curve. Given the agreement in table 1 between
our analytic ag and the earlier fit result for ag, we have fixed ag to the analytic result,
and redone the fit using eq. (7.1) to obtain this red curve. The red curve from this fit
is fully consistent with the earlier fit result from ref. [62]. The dashed orange curve in
figure 2 is the extension of the fit function beyond its fit range. In dotted green and dashed
blue we show our analytic predictions. We see that with the inclusion of the NLL power
corrections, we obtain an excellent description of the full nonsingular cross section up to
nearly 7o ~ 1 GeV. This is quite remarkable, and shows that additional higher-order power
correction terms are truly suppressed.

In figure 3 we show a plot of the corresponding residual power corrections for the
cumulant, Ao (7eyt), on both a linear scale (left) and logarithm scale (right). The solid red
curve shows the full power corrections, the solid green curves show the remaining power
corrections after including a; in the subtractions, and the solid blue curve those after
including a; and ag in the subtractions. We see that with the inclusion of the full NLL
power corrections, we achieve more than a factor of 100 reduction in the residual power
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Figure 2. The O(«;) nonsingular corrections for Z production for the ¢¢ channel (top row) and
the qg + gq channel (bottom row). A fit to the nonsingular data is shown by the solid red curve.
The LL and NLL results are shown by green dotted and blue dashed curves, respectively. In all
cases, the NLL approximation provides an excellent approximation to the complete nonsingular
cross section.

corrections as compared with the leading-power result at NLO. Both partonic channels
have similarly sized power corrections and show a fast convergence of the power expansion.
The fact that the blue curve in the logarithmic plot exhibits a steeper slope than the red

and green curves is due to its O(72

Sit) scaling corresponding to a next-to-next-to-leading

power correction. This provides a nice visualization that our results correctly capture the
complete NLP contribution.

The analogous results for the fitted nonsingular spectrum and the residual power cor-
rections Ao (75%) for the hadronic 7 definition are shown in figures 4 and 5. As expected,
the power corrections are substantially larger for 7™ than for the leptonic definition. To
obtain similarly sized power corrections, one has to go to about an order of magnitude
smaller values of 7. Apart from the overall enhancement, the qualitative behavior of
the LL and NLL contributions and the different partonic channels is the same. This is ex-
pected from our analytic results, which show that the coefficients for both definitions have
essentially the same structure and primarily differ in the overall factors of e*Y leading to

the rapidity enhancement for the hadronic definition already observed in refs. [62, 64].
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Figure 3. The power corrections for the cumulative Ao (7cyt) at O(ay) for Z production in the ¢g
channel (top row) and ¢g + gg channel (bottom row). In both cases, after the inclusion of the NLL
power corrections, Ao (7.yt) is reduced by a factor of 100 or more for 7o, < 1072.

In figure 6 we show the rapidity dependence of the NLP corrections at fixed 7eys = 1073
for both leptonic and hadronic 7 normalized to the LO rapidity spectrum. We can clearly
see the exponential enhancement for the hadronic definition at large |Y|. For the gg
channel, the asymmetric behavior in rapidity is expected from its analytic result. The
result for the gg channel corresponds to taking Y — —Y, such that their sum is symmetric
in rapidity. While the leptonic definition does not suffer from the exponential enhancement
of the hadronic definition, it still exhibits a substantial increase at large positive Y in the
qg channel, as well as a suppression at large negative Y. This is due to the substantially
different z-dependence of the quark-gluon luminosity (and its derivative) compared to the
qq luminosity in the LO result to which we normalize. Knowing the NLL contribution to
the power corrections differential in rapidity enables one to explicitly account for this effect
in the subtractions.

7.2 Gluon-fusion Higgs production

Next, we consider gluon-fusion Higgs production. We take pp — H at E., = 13 TeV with
an on-shell, stable Higgs boson with mg = 125 GeV, integrated over all Y. We use the
MMHT2014 NNLO PDFs [87], with fixed scales p, = uf = mp, and os(mp) = 0.1126428.
The NLP power corrections for this configuration for the leptonic 7 definition were ex-
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Figure 4. Same as figure 2 for the hadronic 7 definition.

tracted numerically in ref. [64]. The results for both leptonic and hadronic definitions for
all partonic channels are collected and compared to our analytic predictions in table 2. In
all cases, excellent agreement is observed within the fit uncertainties.

In figure 7 we show as the solid red curve a fit to the full nonsingular result at NLO
(black points), which is compared with the LL and NLL predictions in dashed green and
dashed blue, respectively. Once again this solid red fit curve is obtained using the form
in eq. (7.1) with a1 and ag fixed by the analytic result in table 2, and agrees very well
with the corresponding result obtained in ref. [64] where ag was a parameter in the fit. In
all cases, we find that the NLL result provides a good description of the full nonsingular
cross section. This is expected since the NLL results includes all NLP terms in the NLO
cross section. We see, however, that particularly for the gg + qg channel, the NLL result
for ag is required to get a good description, and the LL power correction a; alone is not
sufficient. Thus the gq + gg channel provides an example where simply looking at the size
of the residual nonsingular result after subtracting the a; term does not suffice to validate
the value of this coefficient.

In figure 8, we show a plot of the corresponding power corrections for the cumulant,
Ao (Teut), on both a linear scale (left) and logarithm scale (right). Here we more easily see
that the inclusion of the NLL power corrections significantly reduces the residual power
corrections for the subtractions. For the dominant gg — Hg channel at a typical value
of Teut ~ 1073 approximately one order of magnitude is gained at each logarithmic order
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Figure 5. Same as figure 3 for the hadronic 7 definition.

that the power corrections are computed. From table 2, we see that for the gg + g9 — Hgq
channel, the LL coefficient is numerically suppressed, while in contrast its NLL coefficient
is quite larger. Due to this unusual behavior, the NLL result is required to consistently
reduce the power corrections as compared with the leading-power result. In the ¢g channel
there is no a; term, and significant improvement is apparent from including ag.

The analogous results for the fitted nonsingular spectrum and the residual power cor-
rections Ao (755%) for the hadronic 7 definition are shown in figures 9 and 10. The power
corrections are noticeably larger, though the effect of the rapidity enhancement is not as
pronounced as for Drell-Yan, since here the PDFs suppress the cross section contribu-
tions at larger rapidities. For the dominant gg — Hg channel there are also numerical
cancellations in the NLL coefficient. More precisely the value for ag in table 2 arises as
ap = 2.356 4 (—2.822) = —0.466, where the first term corresponds to the rapidity-enhanced
version of the leptonic ag while the second term is the NLL contribution arising from the
additional rapidity dependence in the argument of the leading logarithm discussed below
eq. (6.12). As a result of this cancellation, including only a; in the subtractions leads
to slightly smaller power correction above 7., > 1072 than subtracting both a; and ag
(compare the green and blue solid lines in the top row of figure 10). If the second NLL
contribution were included as part of the LL result, the latter would provide a much poorer
approximation and including the remaining NLL contribution would provide a substantial
improvement. Either way, the remaining power corrections after subtracting the full NLL
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Figure 6. The NLO NLP corrections as a function of rapidity at fixed 7o,y = 1072 for Z production
for the g¢ channel (top row) and the gg channel (bottom row). The LL and NLL coefficients for
leptonic 7 are shown by the green dotted and blue dashed curves and for hadronic 7 by the dotted
and dashed gray curves.

result shows a much steeper slope, which is as expected from its O(72,) scaling. This

cut
provides another example where considering only the overall size of the improvement can
be potentially misleading. The gq + qg — Hq channel shows a similarly unusual behavior
as for the leptonic definition.

In figure 11 we show the rapidity dependence of the NLP corrections at fixed 7ey =1073
for both leptonic and hadronic 7 normalized to the LO rapidity spectrum. The exponential
enhancement for the hadronic definition at large |Y| is again apparent in the LL results.
The NLL coefficients again exhibit an enhancement already for the leptonic definition at
large Y. This is again due to the different x dependence of the quark PDF and the PDF
derivatives compared to the LO gg luminosity to which we normalize. The quark PDF
contributions are also the main reason why the NLL term for the gq channel (ag in table 2)
is much larger than the LL contribution. For the hadronic definition, the ™Y factors from
the observable definition turn out to partially compensate these PDF effects. This is best
visible in the gg channel, where the PDF enhanced terms at negative (LL) or positive (NLL)
Y get reduced by a e*Y factor from the observable definition. The same effect is also present
in the gg channel at NLL. This is the reason why the ag term for the hadronic definition
in the gg channel turns out to be even slightly smaller than for the leptonic definition.
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Figure 7. The O(as) nonsingular corrections for Higgs production for the gg channel (top row),
9g+qg channel (middle row), and ¢g channel (bottom row). A fit to the nonsingular data (black dots)
is shown by the solid red curve. The LL and NLL results are shown by green dotted and blue dashed
curves, respectively. In all cases, the NLL approximation provides an excellent approximation to
the complete nonsingular cross section for sufficiently small 7.
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NLO ’761610 gg — Hg ap agp
fitted [64] +0.60936 £ 0.00600 +0.18241 £ 0.00425
analytic +0.60400 +0.18627
NLO 761€p gq+qg — Hq | a1 ag
fitted [64] —0.03733 + 0.00066 —0.42552 + 0.00032
analytic —0.03807 —0.42576
NLO 76161) qq — Hyg ay 103 ag
fitted [64] - +4.90060 £ 0.00013
analytic - +4.90047
NLO T5™ g9 — Hg a1 aop
fitted +1.5436 4+ 0.0585 —0.45954 + 0.02606
analytic +1.5225 —0.46646
NLO Ty™ gq+qg — Hq | a1 ao
fitted —0.06606 + 0.00161 —0.33932 + 0.00194
analytic —0.06498 —0.34068
NLO T5™ qq — Hg ax 103 ag
fitted - +6.13445 + 0.00015
analytic — +6.13448

Table 2. Comparison between our analytic predictions and the fitted results for the LL a; and NLL
ag coefficients in Higgs production. These fitted values for a; and ag with the leptonic definition
and the analytic results for a; were already given in ref. [64].
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Figure 8. The power corrections for the cumulant Ao (7¢ys) at O(as) for Higgs production in the
gg channel (top row), gq + qg channel (middle row), ¢¢ channel (bottom row).
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Figure 9. Same as figure 7 for the hadronic 7 definition.

— 41 —



cut)

T

(IOO/O‘LQ) AO’(

cut)

T

(100/010) Ao (

cut)

T

(105/0'L0) AO’(

1.0_ T T—TTT III T T T TTTT T T T TTTT ]
- pp — H (13 TeV) .
- gg NLO 1
0.5_—gg ]
0.05 =
E - a1L+ag E
-0.5 —— full nons. —
L —— full—a, L ]
i — full—a1L—ay ]
_1.0 1 | - lll 1 1 L1l | 1 1 | - lll
104 1073 1072
Teut = Teut /Q
1.07 T T T T T T T T T T T T
- pp — H (13 TeV) 1
- 99+qg NLO ’
0.5jg g
I e
INEEEEE alL
L ——- a1L+a0
—0.5— — full nons.
I —— full—a, L
T — full—a;L—ay
_1.0 1 1 |- lll 1 1 L1l llll
104 1073 1072 107!
o = T/
1.07 T T ||||||| T T ||||||| T |||||L
-pp— H (13 TeV) ]
- gg NLO .
0.5 ]
0.0F .
_ L —=-ap ;
0.5: —— full nons. ]
- —— full—ag 4
gl el N
104 1073 1072 107!
Teut = Teut /@

107!

E T \HH‘ T T \HH‘ T T T TTTTT
F pp — H (13 TeV)
— I gg NLO
) -2
85107 oL
\E/ E -=- 01L+CLO E
4 _g|_ — full nons. _
— 107 L
e F —— full=a;L—ay 3
S [ ]
=) 10‘45— E
10—5_ L \\HH‘ L 1 \\HH‘ L L \\HH‘ L L \\HH‘ ]
1075 10~ 1073 1072
Teut = Tout /@
10_1§ T T \\HH‘ T T \\HH‘ T T \\HH‘ T T \\HH::
Fo aL pp — H (13 TeV) :
— == a1L+a0 -
£% 10~2— full nons. 9q+4q9 NLO
r £ —— full—a,L
S [ — full—a;L—a
< 1073 1 ' 3
3 : :
bA L -
-4 —]
=0
10—5_ £ \HH‘ L L \\HH‘ L Ll HH‘ L L \\HH_
107° 104 1073 1072 107!
Teut = Teut /@
10_3§ T T \\HH‘ T T \\HH‘ T T \\HH‘ T \\\\H%
F pp — H (13 TeV) e
=  q@ NLO
EZ 107 -
i :
b | —— full nons. ]
A 10-5L — full—a, .
) B E
b.J L -
-6 _
a0
_77 | Ll Ll 1 \\HHT
107° 107 1073 1072 107!
at = Teut /Q

Figure 10. Same as figure 8 for the hadronic T definition.

— 492 —



S 1.0_‘\“H\HH\HH\HH\HH HH\HH\HHW_ 10();!“Hw“xxwHxwwHWHXWHHMHWHHME
E L Pp — H (13 TeV) """ Teut IN Teut ] g: F pp — H (13 TeV) """ Teut 1N Teut 3
Q r gg NLO 7" Teut B E . gg NLO — 7 " Teut ]
bq 0.5 3 M | om —| S 1071 7 y em -
T L =107 e @ =107 et 2
~ L 7-cut _ =] i} cut r
—~ ~ F\ |
e ——— - ~ " /.
= 000 L7 -~ T 10728 07
~ I Ve N 7 >" e R T R A /’ =
e [ ’ N ] E £ e e , 3
2 r / \ - —~ L \ , ]
[ r Y LA R L LT, \ B -] \ /
§ —0.5[ L v E10% / =
o [/ o \6/ E \\ ______ - ; 3
~ [ v < £ 7 ~ / ]
S L vl = - \ N, .
S _10‘\l\\\\‘\H\‘H\\‘\\H‘HH‘HH‘HH‘HH‘\‘ 10—4\\‘\\\\‘\\\\‘/\\\\‘\\\\‘\\\\‘\\\\\\‘I\\\‘\\\\‘\\
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 O 1 2 3 4
Y Y
s-: 1.0_\\‘\\\\‘\\\\‘\\H‘HH‘HH‘HH‘HH‘HH il 10_1}\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\E
E : pp — H (13 TeV) """ Teut In Teut : g E pp — H (13 TeV) """ Tcut In Teut i
Q r gq NLO 7" Teut = E [ gq NLO 7 " Teut 7|
bq 0.5 FOM [ Fom — S 1072 oM | pom /A
< r Teut= 10_3 cut cut - = E Teut= 10_3 CC':; cut /3
Z Tcnt,l 7 "g E Teut // |
S~ | cu i ° r . 7]
A | ! ~ 7
% 0 O:‘“—‘—"—"—"*"—"—";'—"—":'-':'::;‘ --------- - — 10—3? = =
~ [ S h > = . Pid 3
= r 1z =N ) 4 3
= - — -
E L \ ] - L \\ 7 ,
- [ A 2 _al e S
£ 0.5/ R U SN P .
i) r \ \g E \ P E
L ] L] r 7 —
8 - [ [ ! / h
— _1.0rrMrrrMrrr[rrrr[rrrr[rrrr{rrrr{rrrr{rrrrhr 10-5\\\HH\\\IH\HH\\\H\HH\HH\HH\HH\H
-4 -3 -2 -1 O 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
Y Y

Figure 11. The NLO NLP corrections as a function of rapidity at fixed 7., = 1072 for Higgs
production for the gg channel (top row) and the gg channel (bottom row). The LL and NLL
coefficients for leptonic T are shown by the green dotted and blue dashed curves and for hadronic
T by the dotted and dashed gray curves.

8 Conclusions

In this paper, we have computed the next-to-leading power corrections in the N-jettiness
resolution variable for Drell-Yan and gluon-fusion Higgs production at NLO. This builds
on our previous work by computing the non-logarithmically enhanced terms at this order.
These results enable the performance of the N-jettiness subtraction method to be improved,
and provide important information on the structure of subleading power corrections beyond
the leading logarithms. Our calculation is based on a master formula applicable to SCET}
observables, and highlights a large degree of universality of these power corrections.

We explained in detail the issue of the treatment of Born measurements at subleading
power. We have shown that an apparent disagreement in the literature arises due to the
fact that the representation used to obtain the power corrections in refs. [63, 70] is only
valid when integrated over all rapidities, and therefore cannot be directly compared with
the results of refs. [62, 64] and those in the present paper, which are differential in rapidity.
We show that after integration over rapidity the LL results agree. Further details can be
found in section 6.

We find that the rapidity dependence of the NLL terms is quite sizeable and is therefore
important to know to be able to improve the subtractions. One reason for this effect is
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the different z-dependence of parton luminosities or derivatives of PDF's appearing in the
power corrections as compared to the Born-level parton luminosity. Hence, one can expect
this to be a generic feature of subleading power corrections.

We also compared our analytic NLL results for gluon fusion Higgs production and
Drell-Yan to numerical predictions for these NLO power corrections obtained from a fit to
data from MCFM. In all cases, excellent agreement was found. In addition we studied
the extent to which the inclusion of the NLL power corrections improves the subtraction.
At NLO, the inclusion of the NLL power corrections completely captures the O(7) terms.
Numerically, summing over production channels, the inclusion of these results reduces the
size of the power corrections by two orders of magnitude in Higgs production and three
orders of magnitude in Drell-Yan production.

There are a number of directions for future work. It will be interesting to extend
the calculation of the NLL power corrections to NNLO. Generically we expect up to an
order of magnitude improvement could also be obtained by extending the known LL power
corrections at this order to NLL. Beyond fixed order, the derivation of subleading power
renormalization group evolution equations at NLL would allow for the all-orders prediction
of the NLL terms. Finally, while we have focused here on color-singlet production, our
results provide an important step toward the calculation of the NLP corrections at higher
orders and for more complicated processes.
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A Derivation of NLO leading power results

At leading power the singular terms for IN-jettiness are most easily obtained from known
factorization formulas [23, 24], which describe the singular behavior of the observable to
all orders. The fixed order approach of this paper is therefore most useful when such
factorization formula are not available, or well understood, such as at subleading power.
However, it can also be applied to reproduce the LP results. In this appendix we illustrate
this at NLO, by reproducing the one-loop beam and soft functions for beam thrust.

To relate the beam and soft functions as defined in SCET to our calculation in this
work, recall the LP factorization formula for beam thrust [23],

do©®

N ta tb
a0%avar 59(Q,Y) Hap(Q, 1) /dtadtb Ba(tm$a7U)Bb(tb7xb7M)S<T_ === M> ,

Q Q
(A1)
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where the superscript (©) refers to LP, and as before Tap = E%eiy. The hard function H,y,
describes virtual corrections to the hard process ab — L, B, are the two beam functions
and S is the soft function. The beam functions can be further matched onto normal PDFs,

Bt =3 [ s, (%) . (A.2)

All of these functions have definitions as field theory matrix elements in the EFT.
Their fixed order definitions give rise to UV divergences, which are as usual removed by
a renormalization procedure, which in turn gives rise to RGEs that can be used to resum
large logarithms of 7. In the approach presented in this paper, the same divergences
appear as 1/e IR divergences in the soft and collinear limits of QCD amplitudes.

At LO, we have

HEO(Q% ) =1, TEO(tau) = 60(t),  S™O(T. ) = 3(T). (A.3)

At one loop, the convolution structure thus becomes trivial. Working with hard, beam,
soft, and PDFs in the bare factorization theorem we have

de(0.1)

OaaT = 6O HNLO(Q%,€)6(T) fa(za, €) f5(xp, €)

1
+5LOZ/ %QI}:%O(QTy Za,E)fa’(xa/zme)fb(xb’e)

+alOY [ QTEOQT s e

510 fa(:z:a, €) fo(x, €)SNEO(T ) . (A.4)

Note the extra factor of ) in the beam contributions, arising from ¢, ; and 7 having different
mass dimensions. We have written eq. (A.4) in a form similar to our master formulas,
such that we can easily read off the one-loop beam function kernels and soft function.
The e arguments in eq. (A.4) all refer to ultraviolet divergences and can be removed by
SCET counterterms to obtain the renormalized factorization theorem. To obtain this it is
important to include virtual graphs in the various sectors as well as zero-bin subtractions
for the beam functions.

A.1 Leading-power expansion of matrix elements

The leading-power behavior of real emission matrix elements in the soft and collinear limits
is universal, see e.g. [7], and has already been used in section 4.4. Here, we briefly review
the relevant formulas, and give the relevant one-loop expressions.

Given the Born process

Ka(qa) + Kb(a) = L(ga + @), (A.5)

where the incoming momenta are given by

B 7 1
y Y”
g =Qe" —, g =Qe”

: (A.6)
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and we write the one-emission process as
Ka(de) + rp(ay) — Lgq + qp — k) + w1(k) .- (A7)
In the soft limit k* < ¢4, ¢}, the squared matrix element obeys the LP relation

2€
Afz(’)l);’—>Lk(Q>Y5 {k}) = % X Saar Onr AL, (Q,Y), (A.8)
where we made explicit that a soft emission can not change the incoming flavors.
C = Cp,C}y is the Casimir constant for ab = ¢q, gg.
In the LP n-collinear limit, the particle k arises from the splitting x|, — ko + 1. If this
splitting is allowed, at LP we have (in the notation of section 4) ¢}, = ¢./zq and ¢ = g,
and the LP limit of the matrix element is given by

(0) 8masuiis LO
Aa/b’ﬁLk(QvYVv {k}) = Wpaa’(za, €) X Oppr Agy—s,(Q,Y) . (A.9)
Similarly, in the f-collinear limit arising from xj — kp+r1, at LP we get ¢}, = qa, ¢, = qb/ b,
2e
0 8mag
A((JL’I)7’—>Lk(Q7 Y, {k}) = ﬁpbb’(zb 6) X Oqq/ AEI?—}L(Qv Y) : (A.lO)
The one-loop splitting functions in d = 4 — 2¢ dimensions are given by [7]
1+ 22
Pyy(z,€) = CF[ . —€(1 —z)] ,
1+ (1 —2)2
Pyy(z,¢) =Cp [_M — ez] ,
z

z
1—=2

Pyy(z,€) = 20 [ + 1;/ +2(1 - z)] . (A.11)

Note that we flipped the notation of gg and gq relative to [7], following the standard
convention.

A.2 NLO soft function

The NLO LP soft function follows from combining eq. (4.12) with eq. (A.8) using the same
steps as in section 4.3,
(0’1) oo + - €
dos dkTdk fa(xa)fb(xb) (47[‘) &

— = AOQ, Y {k})o[T — T ({k
dQ2AYdT  Jo (kTk™) (4m)22zqp EL, T(1 —€) (@Y kD o[T = T({k})]
AM0(Q,Y) a,C B % /‘X’ dktdk™

0

= Dram Bl n 1@ h@) X 5T | gy
(T /)~

sC e 21
=5"°(Q,Y) - fa(%)fb(%)ﬁg;

2 ) o) - 30T + 2 £o(T 0

O[T = T{k})]

(0}

= 5LO(Q7Y)?

- fﬁl(”r/u) + 7;25(7) 10|, (Al2)
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The L, (z) are the standard one-dimensional plus distributions, see e.g. [88] for details.
Note that there, the precise definition of the MS scheme is important. We use

2 2 i

W= iy = g M - (A.13)

If one were to use p2¢ = 15511”_)2)”12\25, one would miss the 72/3 term. For the NLP results

presented in the main text, both definitions yield identical results.

Taking eq. (A.12) and adding the virtual soft diagram, and then comparing to eq. (A.4),
the one-loop bare soft function can be read off as
asC[ 4 81 16 LS

—=0(T) + **ﬁo(T/u)—*ﬁl(T /1) + 36(7 )| - (A.14)

ST, 0 = At | €

The finite terms precisely yield the renormalized one-loop soft function [23].

A.3 NLO beam function

Applying the LP master formula eq. (4.12) to the n-collinear case and following the same
steps as in section 4.2 gives

d(77(1071) . L dza fa’ (xa/za)fb(xb) Qey QTeY - z; (47T)€
dQ2dYdT  J,, za 2r,x,EL p ( p > (1 —2z4)€ (4m)2T'(1 —¢)
AQ, Y5 {k}). (A.15)

Using the universal n-collinear limit eq. (A.9), we obtain

dm(qo’l) ~LO Ldz, e€VE QT e \ ™ 24 Pua (20, €)
savar =7°@") | A L p> 0z
(A.16)

where P,/ (z) is the standard e-dependent splitting kernel at NLO. Comparing to eq. (A.4),
we can read off a result that will enable us to obtain the real radiation bare NLO beam
function kernel,

Y YE 1 —1—e €pP..
0y oy = % [e e 1 (t e ) »MW] (A7)
p T(L—e€)p*>\p? p (1—2)°

The splitting function P;;(2) may contain divergences as z — 1, which are regulated by
the overall (1 — z)~¢. All divergences thus arise from the two expansions

1L/t 6 L,
— | = =——" 4 — —e— Al
2 (s) D o) — g Lia/i) O, (A1)
1
(1—z)"17c= - 5(1—2) 4 Lo(1 —2) — eL1(1 — 2) + O(e)?, (A.19)
where we defined ,up = ,u + for ease of notation. As written eq. (A.17) does not yet

contain the corresponding colhnear virtual and zero-bin contributions.
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Example: gq kernel. From eq. (A.11), we obtain

2°Pyq(2, €) _ € 1+ 22
(1—2z) Fa—2)<|1-=

—e(1- z)} (A.20)

— P(z) + C’F{—zé(l - 25(1 )

+ e[(z — 1) = (1+2°)L1(1—2)+ (14 23 In(2)Lo(1 — z)] } +0(é),

where the LO quark splitting function is given by

1+ 22

—Z

Py(2) = Cr [@(1 _2) ] — (14 22)Lo(1—2) + 35(1 _). (A.21)
+

Adding the corresponding virtual collinear and zero-bin contributions, eq. (A.17) yields

_@qu(z)
e Cg

0(1—=2)

€

. O4SC'F

I(gé)(tvzae)_ At {

2 5()5(1—2)+

3 1
: 5302 o/

F20(1-2) o L1ty olt/1E)| Pl )~ 300 -2)
P P

2 1+22 772
+0(t)|(14+2°)L1(1—2)— 1 ln(z)+(1—z)—€6(1—z) . (A.22)
—z
Note that all divergences are proportional to §(1 — z), such that they cancel after adding
the soft, n collinear and the virtual hard contribution from H(%LO(QQ, €), as the latter also
has the universal structure (for Drell-Yan)

da\(,?;l) ~LO aCr[ 1 1/(3 Q?
WZU (@.Y) fa(wa) fo(2)0(T)— [—62—6<2—1nﬂz>+0(6)]. (A.23)

The cancellation of the 1/¢? and the remaining 3/(2¢) pieces is obvious from comparing to
egs. (A.22) and (A.14). The Py(z)/e term cancels with the ultraviolet divergence from the
bare quark PDF. The remaining In(Q?/u?) /e term cancels when combining the Lo(7 /p) /€
and Lo(t/p?)/e distribution terms. The remaining O(e®) piece in eq. (A.22) gives the
renormalized beam function and agrees with the result in ref. [42].

Example: gg kernel. For the full LP correction to Drell-Yan production, q¢ — Z, we
also require the quark-gluon kernel. Here we only need

SRde) oy
= Pyy(2) [1 + 6<ln : - —+ 1)] — Tp + O(2), (A.24)

where the finite quark-gluon splitting function is defined as

Py(z) = Te[(1 — 2)2 + 2. (A.25)

48 —



Equation (A.17) thus yields

asTr [ 6(t) Pyy(z)
T4y (8,2, 1) = {— o

o e Trp +,j2£0(t/M§)qu(Z)+5(t) [qu(z) (1111_2—1)4—1]}.

A z
(A.26)
Again the Py,(z)/e divergence cancels against the same mixing term from the bare gluon

PDF. The remaining O(e") terms give the mixing term in the one-loop quark beam func-
tion, agreeing with the result in [42].

B Comparison of NLP contributions for gg —+ Hg at NLO

Here, we give the explicit calculation to obtain our full NLP result for hadronic 7 in the
g9 — Hg channel in the form of eq. (6.18). Our result prior to integration by parts is
obtained by inserting eq. (5.16) with p = 1 into eq. (6.9),

do®V)  a,0q ! 2 o ML g (me)? 1 dz, ¥
T =, /deadxb27r5(azabecm—mH) dwawyE2 /x

X {fg (j) Fol) Kln WZZY + 1> 5(1 — z,)

o ca Ho

Lol — )+ 1 — 24 + 922 —22552—1-723—3,22]
#2222 gy el
+ fy <i:> wpfo(2p) [(—ln er:Y - 1>5(1 — 2q)
+ (1+ Za)(IQZ_gZa ) Lo(1 - Za):| }
+ (a0, e’ <—>6_Y). (B.1)

Here, we also separated the pure Lo(1 — z,) term from terms regular as z, — 1.

We now apply integration by parts to the f,f, piece, except for its —d0(1 — z,) term.
In the notation of eq. (6.11), this is achieved by choosing

eY Jem
DY (24, 2, T™) = 4C4— | —In v
my mge

0(1 — z,)

N (14 24)(1 — 24 + 22)?

52 Lo(l—z)|6(1—2). (B.2)

Here, we only consider being inclusive in Y, so we do not write down the boundary term.
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Eq. (B.1) becomes

do 1) 5 1 M 2 Ldz, e
g :aCA/ dzoday 270 (zaxp B2, — H)‘ gg%H( mi) / T £

d7em T Jo m 2z B2, Za M
1+ 20)(1 — 24 + 22)?
(22 s |2 — ) (225 gy
1— 20+ 922 — 523 + 723 — 325
+
222
Laq Lq T (1 —Zat 22)2
#2002 fan) 000 = sy D B 0 )
B (1 — 24)(1 — 24 + 22)?
222

- 102 fytan) 801 - 20

+ (a4, eV e*Y) , (B.3)

where as usual, ¥ = \/z, /xp. Next, we apply the following integration by parts:

/xa T ( )fgm)[ <1‘Za><122—22a+z3>2]
/xa dz, ( )fg(xb)2 32 + 525 — 62, + 32 -

222

Putting this back into eq. (B.3), we can rewrite it in a form close to eq. (6.17),

doZD C 1 M 2 ldz, €Y
7 = 24 / dzodry 276 (waxp B2y — m%{)’ ggHH( )l / o ©
s Za

d7em 2x,xp B2, Za M

{fg< )fg(xb) {25(1 )+ <(12‘;;’22)2 - 1)£0(1 )

a

2
Za

+32§+1—za+22]
Tem n (1 — 24 + 22)?

mpeY 22

n f( )fg@:b)[ 5(1 — 20) In
1,22 ) o) 60— )}

Lo(1 — Za)]

+(aerb, e we). (B.5)
To compare this result to eq. (6.17), use the relations
Y E cm cm
A , In T v =In T . (B.6)
mgy mH mpge TaFem
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