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We validate and present new results from the first implementation of
the KrkNLO method within the Herwig 7 event generator. In this work,
we present numerical results for the Drell-Yan process, and Higgs-boson
production via gluon fusion. The Drell-Yan process is used to validate this
new implementation against the previous version in Sherpa, as well as to
compare the recently introduced complete MC-scheme parton distribution
functions to previous results. We present the first results of the KrkNLO
method for Higgs production via gluon fusion at the LHC, and compare
them to MC@ONLO and POWHEG predictions from Herwig 7, as well as
results from HNNLO and HqT.
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1. Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC)
[1, 2] was an important milestone in the exploration of the electroweak sector
of the Standard Model (SM). The measurement of the mass of this new
particle turns the Higgs sector into a fully predictive theory, and, therefore,
we are in a position to preform rigorous tests of our understanding of these
fundamental interactions. Though, this is only possible if we possess precise
theoretical predictions.

* Presented by G. Nail at the Cracow Epiphany Conference “Particle Theory Meets the
First Data from LHC Run 27, Krakow, Poland, January 9-12, 2017.
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The production of Higgs bosons at hadron colliders is dominated by gluon
fusion; a channel known to exhibit slow convergence. At the energies probed
by the LHC, the corrections due to next-to-leading (NLO) contributions are
as large as 70%, and the next-to-next-to-leading order (NNLO) results add a
further 30% [3-5]. The theoretical uncertainties at NNLO, obtained by the
standard factorization and renormalization scale variations, are estimated
to be around 10%, which is comparable to the experimental accuracy of
Run 1. This large uncertainty has motivated the calculation of the N3LO
contributions to this production mode [6].

Aside from measuring the inclusive cross section, one is also interested
in measuring the Higgs properties in more differential observables, such
as transverse momentum and rapidity. A significant amount of work has
gone into such calculations, for example: small-gp coordinate-space resum-
mation up to NNLL+NLO accuracy [7] and in momentum space up to
NNLL+NNLO accuracy [8] within the framework of analytic resummation;
as well as in SCET up to NNLL+NLO accuracy [9]. These distributions
have also been studied in the context of fixed-order NLO results matched to
parton shower (NLO-+PS). The next major challenge is the combination of
NNLO corrections with a NLO parton shower (NNLO-+NLOPS).

In this work, we outline the KrkNLO method, and the ingredients nec-
essary to implement it within the Herwig 7 program. We validate this new
implementation against the results of a previous implementation and present
new results concerning the recently introduced complete MC-scheme parton
distribution functions (PDFs), as well as new NLO-+PS predictions for vari-
ous differential distributions in Higgs production via gluon-fusion computed
using the KrkNLO approach. The results are presented within the Herwig 7
Parton-Shower Monte Carlo [10, 11]. The advantage of this method is its
simplicity; the NLO corrections are implemented using a simple, positive,
multiplicative weight in combination with pre-calculated MC-scheme PDFs.
This work forms a platform for the future developments as the simplifications
present at NLO will be valuable in obtaining NNLO+NLOPS accuracy.

2. KrkNLO

The KrkNLO method for matching fixed-order NLO QCD corrections to
LO parton-shower Monte Carlo generators was first introduced in Ref. [12]
for the Drell-Yan (DY) process; this work was also presented in Ref. [13].
This followed the initial study of Refs. [14, 15| which used a dedicated toy-
model parton-shower generator, with gluonstrahlung from quarks only, for
DY and deep inelastic electron—proton scattering (DIS).
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The first realistic numerical results of the KrkNLO method, based on an
implementation in the Sherpa [16] PSMC, were presented in Ref. [12] for
the DY process. In this work, the total cross section and distributions of
the Z/~* transverse momentum and rapidity were compared to the fixed-
order NLO prediction of MCFM [17], and the NLO+PS matching methods
of MC@NLO [18, 19] and POWHEG |20, 21], as well as fixed-order NNLO
calculations from DYNNLO [22]. This predictions of KrkNLO showed satis-
factory agreement with the other NLO calculations.

In Ref. [12], the concept of the Monte Carlo (MC) factorization scheme
was introduced as a necessary ingredient of the KrkNLO method; this was
further developed in Refs. |23, 24]. There are two variants of PDF avail-
able in the MC-scheme: MCpy PDFs, and MC PDFs. In the former, only
the quark PDFs are transformed from the MS-scheme to the MC-scheme,
leaving the gluon PDF unchanged, and in the latter, the gluon PDF is also
transformed to the MC-scheme. For the DY process at NLO, it is sufficient
to use the MCpy PDFs, however, Higgs production via gluon fusion requires
the complete MC PDFs due to the presence of initial-state gluons at LO.

The KrkNLO method requires three key components: PDFs defined in
the MC-scheme, an LO PSMC that covers the entire NLO phase-space, and
the KrkNLO multiplicative weights. For an NLO subprocess

a(p1) +b(p2) — X +c(k), (1)

with partons a,b,¢c and X = H,Z, shown in Fig. 1, the kinematics is

parametrised by the Sudakov variables that are defined as follows:

_p-k _ P2k
p1-p2’ p1-p2’

Q@ a+p=1-2<1. (2)
The «, 8 used are those which are understood to refer the parton with the
maximum k7, in the Herwig 7 krp-ordered dipole shower this is the first
emission. The multiplicative weights rescale the parton-shower emission to
the full matrix element by

: (3)

where MNLO is the full NLO matrix-element, and MMC is the shower ap-
proximation. Finally, there is also a weight associated with virtual-+soft
corrections. In order to generate KrkNLO events, it is necessary to first gen-
erate events at LO using the MC-scheme PDFs, and shower them. Then,
apply the KrkNLO real weight to the first emission and the virtual+soft
weight to the whole event. The required weights are outlined below.

Wi = MO |/ |MEC &
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Fig.1. The kinematic set-up for KrkNLO method. The incoming partons have
momementa pi, and ps, and the real emission has momentum k.

2.1. Drell-Yan

For the DY process, there are two NLO subprocesses that need to be
corrected: ¢qq and gg. The real weights for these subprocesses are:

(a) ¢g+G—Z+g

_ 2
Wi, 8) =1 - o0 (1)
(b) g+9g—Z+¢q
Wi (a, ) = 1+ m W (a, B) = WE(B,0).  (5)

The virtual+soft weights, Wys = 1 + Ayg for the two channels are:

7 « 4 1

2.2. Higgs production via gluon fusion

For Higgs-production via gluon fusion, there are three NLO subprocesses
that need to be corrected: gg, gq and qq. However, the ¢q initiated state
cannot be generated via backward evolution, and must be added as an ad-
ditional tree-level LO matrix element. The real weights for the remaining
subprocesses are:

(a) g+9—H+yg
T+24+at+p4

ngg(avﬁ) = 1+ -4 + (1 _ Z)4 ’ (7)

(b) g+q— H+q

1+ B2

Wl%q(aa B) = m )

Wg'(a, ) = Wgi(B, ). (8)
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The virtual+soft weights, Wyg = 1 + Ayg, for these two channels are:

o 4w 473 59 Ty
Sk Tttt AL =0. 9
( 3 36 18Cs ) Vs ©)

These weights are calculated for the large top mass approximation, that has
my — oo and myx = 0.

3. Numerical results

The numerical results in this section for proton—proton collisions at the
LHC were performed at an energy of /s = 8 TeV and with the following
Standard Model parameters:

My = 91.1876 GeV Iy = 2.4952 GeV,
My, = 80.4030 GeV Ty = 2.1240 GeV (10)
My = 126.0 GeV, M, = 173.2 GeV,

G, = 1.16637 x 107° GeV 2.

The G,-scheme [25] was used for the electroweak sector. The factorization
and renormalization scales were set to up = ur = M, where M is the mass
of the Z or Higgs boson for the relevant process. The PDF and «y setting
is detailed in the relevant subsection.

3.1. Drell-Yan

The results for the KrkNLO implementation built on top of Sherpa for the
Drell-Yan process have been presented in Ref. [16]; the results for the new
implementation in Herwig 7 will follow the same set-up and will be compared
with the previous results for validation. These results use the MSTW2008LO
parton distribution functions [26], which have ag(M%) = 0.13938690. The
analysis imposes a cut on the invariant mass of the final-state lepton pair of

50 GeV < my; < 150 GeV . (11)

As a foundation for the validation, we first compare the LO results of the
total cross section, Table I, from MCFM, Sherpa and Herwig 7. These show
a good agreement within statistical errors. When comparing distributions
of the final-state lepton pair, Fig. 1 of Ref. [27], we also see a good agree-
ment. In the case of the Z pr spectrum, differences between Sherpa and
Herwig 7 arise from different treatments of intrinsic-k1 and the soft-parton
limit, where the latter emerges from the different ordering variables present
in the two programs.
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TABLE I

Values of the total cross section, with statistical errors, for the Drell-Yan process
comparing LO fixed order results from MCFM, and LO results from Sherpa and
Herwig 7 using the MS-scheme PDFs.

MCFM Sherpa  Herwig 7
oot [PD] | 936.9(1) 937.2(2) 936.6(2)

To validate the implementation in Herwig 7, we now compare the KrkNLO
results to the previous implementation in Sherpa. We simulate both the ¢q
and gqg NLO channels of the DY process. In this set-up, the scale used for
the hard-real NLO correction is the evolution variable ¢2, as(¢?), and for the
virtual+soft real correction, the scale used is M%, as(M%). Both set-ups use
the MCpy-scheme variants of the PDFs. Comparing the total cross sections,
detailed in Table II, we see that both KrkNLO implementations give cross
sections that agree at the per-mille level with the small residual dependency
owing the aforementioned differences in the low-p region; this can be seen
in Fig. 2 of Ref. [27]. With this agreement, we are able to validate our
implementation of the KrkNLO method in Herwig 7.

TABLE II

Values of the total cross section, with statistical errors for the Drell-Yan process
comparing NLO fixed order results from MCFM (MS PDFs), and KrkNLO (MCpy
PDFs) results from Sherpa and Herwig 7.

KrkNLO
MCFM Sherpa Herwig 7
oot [Pb] | 1086.5 (1) | 1045.2 (3) 1046.5(2)

The first new results using this implementation compare the predic-
tions from two variants of the MC-scheme: MCpy PDFs, first introduced in
Ref. [12], and the complete MC PDFs; introduced in Ref. [23]. The difference
between the MCpy PDFs and MC PDFs is that the former transforms only
the quark MS PDFs to the MC-scheme, leaving the gluon PDF unchanged,
whereas the latter transforms also the gluon PDF to the MC-scheme. For
the DY process, it is sufficient to use the MCpy PDFs as the contribution
from the transformed gluon PDFs is a beyond-NLO effect. The difference in
the total cross section, shown in Table III, between the two variants of the
MC-scheme is rather modest, at ~ 2%, and is well within the uncertainty
of NLO calculations. The differences compared to the cross section from an
MS PDFs using MCFM is at a level of 4-6%, and is also within the NLO
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accuracy. Large differences in kinematic distributions between the two MC
variants occur in regions that are sensitive to the soft-gluon contribution,
and hence the gluon PDF; this can be seen in Fig. 3 of Ref. [27].

TABLE III

Values of the total cross section, with statistical errors for the Drell-Yan process
from KrkNLO implemented in Herwig 7 with two variants of MC-scheme PDFs
compared with the fixed-order NLO result from MCFM.

KrkNLO
MCFM: MS PDFs | MCpy PDFs  MC PDFs
it [DD] 1086.5 (1) 1046.5(2)  1022.3(2)

3.2. Higgs production via gluon fusion

In this section, we present results for Higgs-boson production in gluon—
gluon fusion at the LHC with the KrkNLO method implemented in Herwig 7.
These results are compared to predictions from other NLO+PS matching
approaches, namely MC@ONLO[19] and POWHEG [21]| as implemented in
Herwig 7. Additionally, we compare to fixed-order calculations at NLO and
NNLO from HNNLO [5] and an NNLL+NNLO calculation from HqT [7, 28|.
The simulations are performed using the CT10nlo PDF set [29] which has
as(M%) = 0.118. There are no cuts applied for Higgs production, and, for
simplicity, we set the Higgs boson to be stable.

As a starting point, we compare the total cross section for the LO results
between Herwig 7 and HNNLO as a baseline for the NLO results. The total
cross sections, shown in Table IV, are in a very good agreement between
these programs.

TABLE IV

Values of the total cross section with statistical errors (in brackets) at LO level

for Higgs production in gluon—gluon fusion at the LHC for the MS CT10nlo (s =
0.118) PDFs from HNNLO and Herwig 7 (fixed order).

HNNLO®@LO Herwig 7
it [PD] | 5.565(1)  5.564 (1)

We present the results from KrkNLO and compare them to those of the
MCONLO and POWHEG methods implemented in Herwig 7 as well as the
NLO and NNLO results from HNNLO and a further result from HqT. The
KrkNLO set-up uses as(q?) for the hard-real corrections and ag(M%) for the
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virtual+soft real corrections. We show two variants of the POWHEG method.
The first, POWHEG (Default), is the default set-up in Herwig 7 and restricts
the transverse momentum of parton-shower emissions to be less than the
factorization scale, as is done in the MCONLO set-up, which follows the
initial work of Ref. [18]. The second, POWHEG (Original), is closer to its
original implementation [21] which has no such restriction. This amounts to
POWHEG (Default) generating both S- and H-events, with POWHEG (Orig-
inal) only generating S-events.

The values of the total cross sections are presented in Tables V-VI.
As expected, the MCONLO and both POWHEG results are in a very good
agreement. The KrkNLO result is slightly higher than the other matching
approaches, which can be explained by beyond-NLO contributions that are
partially accounted for in the KrkNLO method. The cross sections are above
the value predicted by the fixed-order HNNLO result, however, they are well
within the, rather large, uncertainty band obtained by varying the factoriza-
tion and renormalization scales by the typical factors of 1/2 and 2 around
the central value. Furthermore, the NNLO uncertainty band is also rather
large, at around 10%, and does not overlap with the NLO uncertainty band.
This can be seen in Fig. 4 of Ref. [27].

TABLE V

Values of the total cross section, with statistical errors for Higgs-boson produc-
tion in gluon—gluon fusion at the LHC for KrkNLO, MC@ONLO and POWHEG as
calculated by Herwig 7.

POWHEG
MCGNLO Default Original KrkNLO
Oior [PD] | 12.700(2) | 12.699 (2) 12.697 (2) | 12.939(2)

TABLE VI

Values of the total cross section, with statistical errors for Higgs-boson production
in gluon—gluon fusion at the LHC from NLO and NNLO simulations from HNNLO.

HNNLO
NLO NNLO
Otor [pb] | 12.640 (1)  17.063 (15)

In Fig. 2, we present distributions of the transverse momentum, p¥ ,
and rapidity, y*, of the Higgs boson and compare the results of KrkNLO
to MCONLO and POWHEG. These agree to within a few per-cent in the pg
range from ~ 5 GeV to ~ 100 GeV and for the rapidity range |y| < 3.
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In the region of p¥ > My, there are larger differences between KrkNLO
and MCONLO/POWHEG (Default), which is a consequence of the restricted
emission phase-space; one can see the effect of this restriction from the sharp
drop around M. POWHEG (Original) shows the same behaviour as KrkNLO
which has no such restriction. However, such differences are acceptable
within the NLO approximation.
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Fig.2. Comparisons of the Higgs-boson transverse momentum and rapidity dis-
tributions from the KrkNLO, MC@NLO and POWHEG methods implemented in
Herwig 7 for the Higgs-boson production in gluon—gluon fusion at the LHC.

Figure 3 shows the KrkNLO, MCONLO and POWHEG results for the
transverse momentum of the Higgs boson compared to results from HNNLO
and HqT. The error bands for HNNLO were obtained by varying the fac-
torization and renormalization scales by the typical factors of 1/2 and 2
around My as an estimate of the uncertainty from neglected higher orders.
The HqT error band is obtained similarly, but also contains a variation of the
resummation scale by factors of 1/2 and 2 around the central scale of My /2.
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The HNNLO comparison (left plot) is shown relative to the NLO distribution
from HNNLO, and the HqT comparison (right plot) is shown relative to the
NNLO distribution from HqT. In the HNNLO comparison, we see that the
NLO+PS curves all rise along with the NNLO as low p¥ , but that at high
p4, the MCONLO and POWHEG (Default), by construction, converge to the
NLO result. The KrkNLO and POWHEG (Original) are close to the NNLO
predictions, but at very large p¥ , they are marginally harder. In the HqT
comparison, the NLO+PS results give similar results up to roughly 80 GeV,
but we notice that the HqT resummed result peaks towards lower values of

pi.

Higgs boson p | Higgs boson pr
°F NNLO M HqT (NNLL+NNLO)
E KrkNLO 35 KrkNLO
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Fig.3. The Higgs-boson transverse momentum distributions from KrkNLO,
POWHEG and MCGONLO. The left plot compares our results with the fixed-order
NNLO result from the HNNLO program and are shown relative to the NLO results
from HNNLO. The right plot shows our results in comparison to HqT, these are
shown relative to the HqT NNLO prediction. The content of the error bands is
described in the main text.

4. Conclusion

In this work, we have presented numerical results for the implementa-
tion of KrkNLO method in Herwig 7. We have used the Drell-Yan process
to validate the implementation against a previous one in Sherpa, and to ex-
plore the differences between the MCpy PDFs and the recently introduced
complete MC PDFs. The difference between these variants was found to be
~ 2%. The main body of the work concerned Higgs production via gluon
fusion where we presented total cross sections and distributions of rapid-
ity and transverse momentum. The results of the KrkNLO method were
compared to other matching approaches: MCONLO and POWHEG. A good
agreement was found between these methods, with KrkNLO showing a very
good agreement with the POWHEG (Original) option.

The KrkNLO project will be available at https://krknlo.hepforge.org,
where its development will continue. The site will host the MC-scheme
PDFs, sample input cards and other relevant codes.
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Future work will investigate more Drell-Yan processes, involving both
neutral (Z/7*) and charged (W¥) modes in the presence of experimental
cuts, and a focus on leptonic observables. This necessitates the inclusion of
spin correlations in the correcting weights for vector-boson decay products.

Beyond this, the natural extension of the KrkNLO approach is to attempt
NNLO-+NLOPS, where the simplifications realised by this approach will, in
our opinion, be instrumental in achieving this ambitious aim.
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