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Abstract

We present all-order predictions for Higgs boson production plus at least one jet which
are accurate to leading logarithm in §/|p,|?. Our calculation includes full top and bottom
quark mass dependence at all orders in the logarithmic part, and to highest available order
in the tree-level matching. The calculation is implemented in the framework of High Energy
Jets (HEJ). This is the first cross section calculated with log(§) resummation and matched
to fixed order for a process requiring just one jet, and our results also extend the region of
resummation for processes with two jets or more. This is possible because the resummation
is performed explicitly in phase space. We compare the results of our new calculation to LHC
data and to next-to-leading order predictions and find a numerically significant impact of the
logarithmic corrections in the shape of key distributions, which remains after normalisation
of the cross section.
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1 Introduction

Analysing the Higgs sector is among the foremost objectives of the LHC. To this end, exper-
iments aim for accurate measurements of processes where Higgs bosons are produced, either
inclusively or in association with other identified particles. Given the phenomenological impor-
tance of processes involving Higgs boson production, there are considerable efforts to provide
high-precision theory predictions. Perturbative corrections are typically found to be sizable,
necessitating the inclusion of effects at high orders. This endeavour faces a major challenge:
in large regions of phase space Higgs boson production is predominantly loop-induced, namely
through gluon fusion via a virtual top-quark loop. Inclusive gluon-fusion Higgs boson produc-
tion with full finite top-mass contributions is currently known at next-to-next-to-leading order
(NNLO) [1], exclusive Higgs boson plus jet production at next-to-leading order (NLO) [2,3], and
Higgs boson plus dijet production only at leading order (LO) [4,5].

To facilitate calculations, the top-quark mass is often assumed to be much larger than all
other scales. Based on this approximation, one more order has been computed in the pertur-
bative expansion for the aforementioned processes [6-15]. However, one is often interested in
observables where the assumption of a comparatively large top-quark mass is invalid and the
full mass dependence has to be accounted for. One example is the study of the high-energy tail
in the Higgs boson transverse momentum distribution.

Another avenue towards better theory predictions consists of the all-order resummation of
contributions that are enhanced in kinematic regions of interest. For Higgs boson production
together with at least one jet, one finds logarithms in §/|py|?, where § is the square of the
partonic centre-of-mass energy and p, a characteristic transverse momentum scale [16]. For
the case of two or more jets, the resummation of these high-energy logarithms has been shown
to lead to significant corrections, especially after weak-boson fusion cuts are applied [17]. This
provides a strong motivation to extend the study of logarithmic enhancement to the production
of a Higgs boson with a single jet.

The study of logarithmically enhanced high-energy corrections takes different forms depend-
ing on the underlying Born process. For simple, one-scale processes like Drell-Yan boson produc-
tion, high-energy corrections arise as the energy of the hadron collider increases. Such corrections
are called small-x corrections, since the light-cone momentum fraction of the incoming partons
decreases for increasing hadronic energy. These corrections are often accounted for using unin-
tegrated pdfs and off-shell scattering matrix elements. The much celebrated BFKL equation can
be used to describe the small-z evolution of the gluon pdfs.

Alternatively, the on-shell scattering involving two or more final state particles receives
logarithmically enhanced perturbative corrections in the so-called multi-Regge kinematic limit
of large partonic centre of mass energy § and fixed (not growing with §) and similar transverse
scale p, for the produced particles. As for all other on-shell scatterings, the perturbative process
is calculated with collinear factorised pdfs. But the BFKL formalism can in this case predict the
logarithmic corrections (in §/|p1 |?) to the on-shell scattering matrix elements [18]. The focus of
the current study is corrections of this type.

Inclusive calculations of BFKL resummation for Higgs boson plus jet production have been
performed [19,20]. In contrast, our resummation of high-energy logarithms is based on the High
Energy Jets (HEJ) framework [21-24]. HEJ provides realistic predictions through a fully flexible
Monte Carlo implementation, supplementing leading-order perturbation theory with high-energy
resummation retaining exact gauge invariance and momentum conservation. The calculation



presented here is the first time this approach has been used for an inclusive 1-jet process. As
is necessary in the high-energy region, the all-order resummation includes the full effects of
finite quark masses. We first review the formalism and derive the new building blocks required
for leading-logarithmic (LL) resummation for Higgs boson plus jet production in section 2. In
section 3, we compare our predictions to experimental measurements and propose observables
tailored to the systematic analysis of high-energy corrections. We conclude in section 4.

2 Higgs Boson plus Jets Production in the High-Energy Limit

In the following, we discuss the general properties and structure of amplitudes in the high-energy
limit. We briefly summarise LL resummation in the High Energy Jets formalism and derive the
new ingredients for the production of a Higgs boson together with a single jet, and for processes
with two or more jets where the Higgs boson is outside of the jets.

2.1 Scaling of Amplitudes at High Energies

Generally, we are interested in the behaviour of amplitudes in the region of Multi- Regge Kinemat-
ics (MRK). This region is defined by a large centre-of-mass energy with large invariant masses
between all pairs of outgoing particles with finite transverse momenta. This is equivalent to a
strong ordering in rapidities. Specifically, for a 2 — n process, we require

y(pn) > ... > y(p1) |pi1| ~ finite Vi € {1..n}, (1)

where the outgoing particle ¢ has momentum p;, rapidity y; = y(p;) and transverse momentum
IpiL|.
In this region, Regge theory [25] states that the amplitude should scale as

M~ st sl (2)
where the s;,41 refers to the invariant mass between particle ¢ and i + 1, and «;(¢;) is the
maximum spin of any particle that can be exchanged in the ¢t-channel between particle ¢ and
i+ 1. From this formula, it follows that the leading contribution to a QCD amplitude is given
by the configurations which maximise the number of gluons exchanged in the ¢-channel. These
configurations characterise the regions of phase space in which the leading high-energy logarithms
arise. We therefore refer to them as leading-logarithmic (LL) or Fadin-Kuarev-Lipatov (FKL)
configurations.

As a simple example, let us consider the amplitude for elastic scattering of a quark or
antiquark (¢) and a gluon (g), with the incoming quark in the backward direction [22]. Ordering
the outgoing particles by ascending rapidity, the two possible configurations are qg — gg and
qg9 — gq. For the rapidity ordering qg — ¢g it is possible to exchange a t-channel gluon and
we therefore expect the amplitude to scale as Myg_qq ~ 8! for y(ps) > y(p1). Conversely, the
flipped ordering gg — gq only allows a t-channel (anti-)quark exchange, implying Mg, gq ~ g3
This scaling behaviour is indeed confirmed by an explicit calculation and illustrated in figure 1,
where increasing Ay represents approaching the MRK limit.

2.2 H+ > 25 Processes within HEJ

The construction of the leading-logarithmic calculation of pp — H+ > 2j in the HEJ framework
was described in detail in [17,26]. Here we summarise the main points in order to frame the
discussion of the new components calculated in this paper.

Following the arguments in section 2.1, the LL configurations in pure QCD have the form
fafo = fa--+ fo, where f,, f; indicate the incoming parton flavours and the ellipsis denotes an
arbitrary number of gluons. As before, the particles are written in order of increasing rapidity.
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Figure 1: Regge scaling of quark-gluon scattering amplitudes in the MRK limit, approached
by increasing Ay. Left: Rapidity ordering qg — ¢gg. Right: Rapidity ordering qg — gq. The
kinematics are fixed by the azimuthal angle ¢; = 7 and transverse momentum p;; = 40 GeV of
the outgoing particle in the backward direction.

The production of an additional Higgs boson proceeds via an effective coupling to two or more
gluons. Since invariant masses are large in the high-energy region, it is crucial that the exact
dependence on the top-quark mass is included in this effective coupling. A final-state Higgs
boson with momentum py = p; at an intermediate rapidity y; such that y;_1 < y; < y;j41 can
then exchange t-channel gluons with the outgoing partons j — 1,5 + 1. It was shown in [26] that
the scaling behaviour in equation (2) directly generalises when a Higgs boson is emitted in the
middle of the quarks and gluons. Therefore, all configurations f,f, — fo---H --- fp contribute
at LL accuracy.

In the MRK limit the amplitudes are found to factorise into a neat product of simple func-
tions. In the High Energy Jets formalism we obtain the form

2
= Bfavafb(pa,pbapl,pna qj, QjJrl)
n—2
: H V(pCL?pb’pl?pna Qi)QiJrl)
=1
i#]
n—1

T W@ i yira),

=1

A e H
MeJo=farHly

for the modulus square of the matrix element, summed and averaged over helicities and colours.
In this expression, p, (pp) is the incoming momentum in the backward (forward) direction and
P1,...,Pn are the outgoing momenta ordered in increasing rapidity. The ¢-channel momenta are
given by

41 =pa—P1, ¢ =¢-1—p; fori>1 (4)
The structure is illustrated in figure 2. At Born level, the right-hand side of equation (3) reduces
to the function By, p f,, described below. V comprises the real corrections due to the production

of n — 3 gluons in addition to f,, fy, and the Higgs boson. It is given by the contraction of two
Lipatov vertices [26]:

Ca
Hvu(pa7pb7pl7pna q;, qi+1)vu(pa7pb7pl>pnv qi, Qi-‘y-l)? (5)
1Y

V(pa7pb7pl7pn7qi7qi+l) - -
VH(Pas Dby D1, Prs € Git1) = — (¢ + git1)”
+Pﬁ ( qf +Pz’+1'Pb+pi+1'Pn
2 \Pi+1°Pa  DPa" Db Pa * Pn
_ Zig;b ( qi2+1 + Pit1 - Pa + Pi+1-P1
2 \Pit1°Po Db DPa Db+ P1

>+pa<_>p1

) — Db < P, (6)
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Figure 2: Structure of the matrix element for the process fofy — fo---H -+ fp.

where t; = ql-2 are the squares of the t-channel momenta. W accounts for the all-order finite
contribution coming from the sum of the virtual corrections and unresolved real corrections. It
is process-independent and described in detail in [26].

The process-dependent Born-level factor is given by

_ —— 2
B, — dmas)" Ky, (01 pa) Kp, (0 20) ISsa s surisl (7)
Jarl Jo 4(Nc2 — 1) t th_1 titir1 '

Here, ay is the strong coupling and N, = 3 is the number of colours. The difference between
incoming gluons and (anti-)quarks is completely absorbed into the colour acceleration multipliers
Ky with

1z oy
Ky(z,y) = 5 (y + :c) (C CA) + Ca for gluons, (8)

Ky(z,y) =Cp for quarks and antiquarks. 9)

2

Cp = ]\27?\/01 and Cy = N¢ are the usual Casimir invariants. Sy, f s, myf, is a contraction of
currents with the Higgs boson production vertex. The double vertical bars indicate the sum
over helicities of the corresponding amplitudes:

2
2 ‘Ao A
1Sfusyspurin I = ‘JM (1, Pa)VE (05, 4j+1) 35" (Pns 1) | - (10)
)\a:“ﬁ*
)‘b:+77
Vi is the well-known one-loop effective coupling between the Higgs boson and two gluons in
the normalisation of [17], including the full quark-mass dependence. The inclusion of this piece
in equation (3) then gives the correct finite quark-mass contributions at LL for any number of
final state partons/jets. Finally, the current j is given by

Jn(p,q) = @ (p)yuu (q). (11)

In addition to the LL resummation discussed so far, gauge-invariant subsets of next-to-
leading logarithmic (NLL) corrections originating from non-FKL configurations have also been
included in HEJ. One source of NLL corrections are the configurations ¢f, — Hgq--- fp and
faq — fo---qH, which only permit n — 2 ¢-channel gluon exchanges instead of the n — 1
exchanges found in LL configurations. In these cases, we adapt the matrix element formula for
the corresponding LL configurations to a flipped rapidity order of outgoing (anti-)quark and
Higgs boson. If the Higgs boson is emitted first in rapidity order, we use equation (3) with



p2 = py and exclude the virtual correction factor W for ¢ = 1. In the other case of the Higgs
boson being emitted last, we set p,—1 = pg and skip W for i =n — 1.

A second class of non-FKL configurations arises for three or more produced jets, when the
most backward or forward outgoing particle is a gluon, but the corresponding incoming parton
is a quark or antiquark. These “unordered gluon” configurations, qf, — gq---H --- f; and
faq — fa---H---qg, allow one t-channel gluon exchange less than the corresponding FKL
configurations in which the unordered gluon is swapped with the neighbouring (anti-)quark.
Hence, they contribute at NLL accuracy. Without loss of generality, we consider the case where
the unordered gluon is the most backward emitted particle. We denote its momentum by p,
and the following momenta by p1,...,p,. The modulus square of the matrix element then has
the same structure as in equation (3). In fact, the only changes are that the first ¢-channel
momentum is now ¢ = p, — p1 — py and that a different Born-level function By, 7 s, depending
also on p, appears. For a derivation and explicit expressions, see [26].

2.3 Scaling of H+ > 15 Amplitudes

To extend the formalism to the production of a Higgs boson with a single jet we first need
to identify the LL configurations, following the discussion in section 2.1, and then derive the
corresponding matrix elements.

So far, we have only considered LL configurations in which both the most backward and the
most forward outgoing particle is a parton. However, in the process g¢ — Hgq, the amplitude
should scale as M ~ sp,, as there is a gluon exchange (thus a spin-1 particle) in the ¢-channel.
Similarly, the process gg — Hg corresponds to M ~ sp,. If we look at Higgs boson plus dijet
production, the same argument allows us to establish that gg — Hgq scales as M ~ sp454q.
All these configurations therefore contribute at LL accuracy. This is no longer the case if, for
example, outgoing parton flavours are rearranged: gq — Hqg scales as M ~ s Hqséf.

Note that these scalings are valid whether we consider the full LO amplitude (with Higgs
to gluons couplings via quark loops) or the Higgs Effective Field Theory (HEFT) one with an
infinite top mass my, as shown in figure 3. To produce these plots, the amplitude is extracted from
Madgraph5_aMC@NLO [27] and is calculated in a one-dimensional phase-space as a function of
the rapidity separation between all pairs of particles. It was checked for consistency that setting
the top mass to infinity in the LO amplitude yields the HEFT result. We compare to the LO
truncation of the all-order HEJ amplitudes, anticipating their derivation from the high-energy
limit in section 2.4,

The momentum configurations chosen are summarised in table 1. We stress though that the
behaviour shown is not dependent on specific values of azimuthal angle or transverse momentum,
but only on the rapidity assignment of the particles.
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Figure 3: Verifying Regge scaling of the squared matrix elements (equation (2)) for 4 different processes.
Increasing values of Ay on the z-axis approach the MRK limit (equation (1)).

Process Momenta configuration

yq = —A and yg = A
9q9 — Hq Pq =
DPqL = 40 GeV

yg = —Aand yg = A

99 — Hg g =7

PgL = 40 GeV

g =—A,y,=0and yg = A
99 — Hgq || {9 =7 and ¢g = -3
ng_:/{qJ_ =40 GeV

Yg = —A,y,=0and yg = A
99— Hqg || { dg=—5 and ¢y =
ng_Zkth_ =40 GeV

SR

Table 1: The momentum configurations used in figure 3.



2.4 New Components for H+ > 135 and an Outer Higgs Boson

In section 2.1 we discussed the factorisation of LL amplitudes for f,fy — fo---H--- fp into a
Born-level function B, a product over real-emission vertices V, and a product of virtual correc-
tions W. The same type of factorisation holds for LL configurations with the Higgs boson as the
most forward or backward outgoing particle. In fact, the virtual corrections are the same as in
equation (3). To derive the remaining factors, we first analyse the Born-level process gf, — H fj,
and then consider real corrections.

2.4.1 Higgs Current

The Born-level function By y, for the process gf, — H --- f3 is obtained by deriving a ¢-channel
factorised form analogous to equation (7) from the modulus square of the Born-level amplitude
in the MRK limit. For gg — Hgq, the tree-level amplitude is determined by a single diagram,
depicted in figure 4.

Vu
________
Pa P1
Py Pn
— —

Figure 4: The tree-level diagram for the process g¢ — Hgq. The straight solid line denotes an
arbitrary light quark or antiquark.

Without requiring any approximations we obtain the factorised expression

(47Tas)n_1 leb (p;iz_’plj)

By s = S 2 12
2
1Sgs,smpll? = leﬁa(pa) VY (PasPa — P1) 50" (P 2b)| (13)
)\a:‘i‘,*
)‘b:+77

for f, = ¢, where e*e(p,) is the polarisation vector of the incoming gluon. This is plotted
along with the exact LO results from Madgraph5_aMC@NLO [27] in figure 3(a), showing exact
agreement for both finite top quark mass and in the infinite m; limit. In the MRK limit,
this formula also holds for f, = g, which is shown in figure 3(b). In this case there is some
approximation away from the limit, but very quickly the LO and HEJ lines converge as Ay
increases.

2.4.2 Lipatov Vertex for Additional Gluons

In section 2.2, we described the simple factorised structure of amplitudes within (N)MRK limits.
Not only are the different components independent of momenta in different parts of the chain,
they are independent of the particle content of the rest of the chain. This should mean that the
Lipatov vertex derived in pure QCD processes for additional gluons still applies. However, the
Lorentz and colour structure of the “Higgs current” j¥ = ¢,V differ compared to pure QCD
processes so it is important to check that this is indeed the case.
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Figure 5: The eight LO diagrams which contribute to the process in equation (14).

We will consider the process

9(Pa)a(py) — H(p1)g(p2)q(ps), (14)

in the MRK limit y; < y2 < y3. There are eight LO diagrams, as shown in fig. 5. Compact ex-
pressions for tree-level Higgs-plus-4 parton colour-ordered amplitudes appear in [28,29]. Setting
q1 = pa — p1 and g2 = p3 — pp, the HEJ amplitude is given by

. u(p3)y"u(py "
Mgy = ig; f2°T5, (()122() V' (Dar Pbs Pas P3: 41, ©2)VY (Pas 1) €p(Pa)ea(p2)™  (15)
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As the outer particle is no longer colour-charged, the third argument of the Lipatov vertex
defined in equation (6) is now p, instead of p;. The colour factor of the HEJ amplitude may be
rewritten

if20TS = (TT?)3p — (T?T%)s3y. (16)

We can then directly compare equation (15) with the MRK limit of egs. (26) and (27) in Ref. [29],
and we find agreement at LL up to an unphysical phase arising from our spinor conventions.

Specifically, the LL term in the MRK and infinite top-quark mass limit of equation (15) is given
by

2 [ s - p2earpe <3a> [ab] 2 [ Gs - p2earpe §
2 (2 ) iy, B0 o8y paagg S 17

o) 0y o] 7 ) T 0 ()
where the angle and square brackets are Lorentz-invariant kinematic factors defined by (ij) =

u(pi) Pru(p;) and [ij] = u(p;) Pru(p;)-

2.4.3 Matrix element including additional gluons

We can now use these results to form the analogue of equation (3) for the process gfy, — H - -- fj,
2
= Bu,f, (Pa; Pb, D1, Pn)
n—2
- [T VPas P s P i 1) (18)
"

I W@, v viv),

i=1

gl h

where the only differences to equation (3) are the Born-level function By s, (Pa, Py, P1,Pn) given
in equation (12) and the third argument of the real-correction function V. We illustrate that
this gives the correct behaviour in the MRK limit in figure 3(c) for the processes gu — Hgu, and
in figure 3(d) we show that we obtain the correct limiting behaviour for the NLL configuration
gu — Hug.



3 Predictions and Comparison to Data

In this section we compare predictions for Higgs boson production in association with one or
more jets obtained with High Energy Jets to those of fixed next-to-leading order perturbation
theory and to experimental analyses. The analyses are implemented in Rivet [30] and relate to
data collected at the LHC operated at both 13 TeV [31,32] and 8 TeV [33].

3.1 Predictions

In our predictions, Sherpa [34] is used to generate leading-order events through Comix [35] and
Openloops [36] for H + n jets, where n = 1,...,5. We include the exact dependence on the
top-quark mass where available (i.e. for n = 1,2) and for higher multiplicities use the simpler
results valid for an infinite top mass. High-energy resummation is then applied using the method
of HEJ 2, described in detail in [24]. This takes the fixed-order events as input and then adds all-
order corrections (real and virtual) corresponding to each Born phase space point. The resulting
resummation events are reweighted by

| Myes(my, mb)|2

|MHEJ, LO(mh 0)’2
|2

< 2 jets, (19)

|MHEJ(mt7mb)
’MHEJ, LO(OO, 0)’2

> 2 jets. (20)

Mgz (myg, my) is the HEJ all-order matrix element discussed in section 2, where we have indicated
the dependence on the top-quark mass m; and the bottom-quark mass my,. Mugs, Lo(me, mMp)
denotes the leading-order truncation of the HEJ matrix element. The pp-sampling for the leading-
order events used for the matching extends slightly beyond the cuts used in the analysis, as
required by the mapping between the high-multiplicity m-body resummation phase space point
and the n-parton (n < m) phase space point of the matching. One way to look at this is that the
radiation produced by the resummation on top of the fixed-order input modifies the momenta
in the input, and the over-sampling is needed in order for the full analysis-phase space of the
resummation events to be covered.

We also use Sherpa and Openloops to provide NLO 1-jet and 2-jet predictions in the infinite
top-quark mass limit without resummation, for comparisons with HEJ and the experimental
data. The cross sections presented from HEJ are further matched to NLO by multiplying the
predictions for the inclusive 1-jet (or 2-jet) distributions by the ratio of the inclusive 1-jet
(resp. 2-jet) cross-section at NLO divided by the inclusive 1-jet (resp. 2-jet) cross-section of
HEJ expanded to NLO. This changes the normalisation of distributions, and reduces the scale
variation.

dOHEINLOnJ _ ONLOnJ dOHE]

= 21
do OHEInJ dO ’ ( )

where onLony,7 = 1,2 denotes the inclusive n-jet cross section at NLO and oygj,; the HEJ
prediction for the inclusive n-jet cross section. Note that the components of the cross section
with exclusive three or more jets as predicted by HEJ are technically matched only at Born level,
but since they form part of the inclusive one or two-jet observables, their contribution is scaled
by the relevant ratio in eq. (21).

We use the NNPDF30@NNLO [37] PDF set provided from the LHAPDF collaboration [38]
for HEJ and NLO predictions, with the central scale choice pp = pur = max(mia, mg) (where
mqg is the invariant mass between the two hardest jets, and set to mjy = 0 for 1-jet events).
In order to gauge the scale dependence of the predictions the scales are varied independently
by a conventional factor of two, excluding combinations where pur and g differ by a factor of
more than two. The coloured regions in the figures below indicate the theoretical uncertainty
envelope formed by these scale variations.
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We also investigated an alternative central scale choice up = pr = Hp/2. The predictions
changed only minimally with this scale compared to the custom scale choice above and so are
not presented in this study.

3.2 Predictions for 13 TeV and Comparison to Data

In this section we present predictions for a CMS analysis [31,32] at a centre-of-mass energy
of V5 = 13 TeV and for additional distributions showcasing differences between HEJ and fixed
order predictions at NLO. The CMS study explored distributions for Higgs boson production
(and decay in the di-photon channel) both inclusively and in association with one jet.

The baseline cuts related to the photons and the jets are listed in table 2 (see refs. [31,32]
for a full discussion). The pseudo-rapidity jet cuts are specific to the observables studied and
are listed in table 3. Jets are reconstructed with the anti-kr [39] jet algorithm with R = 0.4.

Description Baseline cuts
Leading photon transverse momentum pr(v1) > 30 GeV
Subleading photon transverse momentum pr(v2) > 18 GeV
Diphoton invariant mass My > 90 GeV
Pseudo-rapidity of the photons Iny| < 2.5

excluding 1.4442 < |n,| < 1.566
Ratio of harder photon pr to diphoton invariant mass | pr(y1)/my, > 1
Ratio of softer photon pr to diphoton invariant mass | pr(y2)/myy, > 3

Photon isolation cut I500e, < 10 GeV
Jet transverse momentum pr(j) > 30 GeV

Table 2: Baseline photon and jet cuts of the 13 TeV analysis, following the CMS analysis
of [31,32]. Isoj., denotes the sum of transverse energies of stable particles in a cone of radius

AR = 0.3 around each photon.

Observable Pseudo-rapidity jet cut

Number of jets Njets, figure 6a | |n;| < 2.5 (all jets)

|p§3\, figure 6b Inj, | < 2.5 (hardest jet) and |n;| < 4.7 (other jets)
minmyy, figure 7a Inj,| < 2.5 (hardest jet) and |n;| < 4.7 (other jets)
maxmyy, figure 7b |nj, | < 2.5 (hardest jet) and |n;| < 4.7 (other jets)

Table 3: Pseudo-rapidity jet cuts used for the 13 TeV analysis observables presented in this
section, following the CMS analysis of [31, 32].

The HEJ and NLO QCD predictions only describe pp — H + n-jet processes via gluon fusion
(GF) where the jets consist of light quarks and gluons. The data includes a non-GF contribution
from electroweak VBF, VH and ttH processes, labelled together as HX in the experimental
papers. We have extracted the value of this component from the experimental papers for the
rest of this section, and added it to both the HEJ and NLO QCD predictions, where possible.
This is indicated with “+HX” in the legend.

Figure 6a shows the exclusive number of jets where the 1-jet and 2-jet HEJ predictions are
rescaled as described in equation (21). The fixed-order predictions are limited to 2 jets at NLO
and 3 jets at LO, whereas HEJ allows us to make predictions for the > 4-jet bin and reasonable
agreement is achieved throughout.

In figure 6b, the transverse momentum of the first jet is shown. We have compared to data
from [31] here rather than [32] as it covers a larger range. The discrepancy between NLO and
HEJ predictions as the transverse momentum increases is due to the resummation procedure,
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and has also been observed in W-jets processes (see ref. [40]). The effect would be even more
significant for greater values of pr, however the collected data does not probe this region of
phase-space. We have previously observed that a similar harder pp-spectrum seen in H+ > 2j
processes in HEJ leads to a greater sensitivity to the effects of using finite top and bottom quark
masses [17].

The minimum rapidity separation between any two particles in the final state is shown in
figure 7a. As the Higgs boson is one of these final states, this is a 1-jet observable, so the NLO
1-jet predictions are shown for comparison and the HEJ predictions are scaled by the ratio of the
NLO to HEJ inclusive 1-jet rates. This observable is very sensitive to high-energy logarithmic
corrections, and as was observed in previous studies (see ref. [17]), the effect of the resummation
results in a significant lowering of the HEJ prediction compared to fixed-order, by as much as
50% at large values. Figure 7b shows the maximum invariant mass between any two particles in
the final state. This is related to the high energy limit where all pairwise invariant masses are
taken to be large, but also includes situations where two or more particles have a small invariant
mass. The impact of the logarithmic corrections is not as strong here, and the fixed-order and
resummed predictions agree within uncertainties.

10" — T T T T T T

: —— Data £
pp — (H =)yy + jets ) ] F o0 = (H =)77y + jets — Data i
LHC@13 TeV --- HEJ+HX Bsgss  LHCaI3 oV --- HEJ+HX ]

20 . q R - = q
10°E anti-kt, R = 0.4, pj.1. > 30GeV HEJ® +HX 4 M| antikt, R = 0.4,p;., > 30GeV == NLO1j + HX

£ NLO1j + HX ] gl L ; ]

=== NLO2j + HX | Tk i 4

101 E [ ]

e [l
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o
Iy
|

10°

| | | | 4 10737 I I I I

==L
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(a) (b)
Figure 6: (a) The exclusive number of jets compared to CMS data from [32], and (b) the transverse

momentum distribution of the leading jet compared to CMS data [31]. Both analyses employ the cuts
described in table 2. The “HX” component is extracted from those publications.
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any two outgoing particles (Higgs or jets). HEJ results are rescaled by the inclusive cross section ratio
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3.3 Predictions for 8 TeV and Comparison to Data

We now present predictions for an ATLAS analysis [33] at a centre-of-mass energy of Vi =28
TeV as implemented in Rivet [30]. We list the relevant experimental cuts used in this analysis in
table 4, the complete list being available in the experimental publication. As in the experimental
analysis, the jets are reconstructed with the anti-kp algorithm with a radius parameter of R =
0.4. This study explored the inclusive and differential cross-sections for Higgs boson production
in the diphoton decay channel. For our purposes, we select the observables which correspond to
Higgs boson production plus at least one jet, where our predictions are applicable.

Description Baseline cuts
Photon transverse momentum pr(y) > 25 GeV
Diphoton invariant mass 105 GeV < my, < 160 GeV
Pseudo-rapidity of the photons Iny| < 2.37 excluding 1.37 < |n,| < 1.56
Ratio of harder photon pr to diphoton invariant mass pr(71)/Myy > 0.35
Ratio of softer photon pp to diphoton invariant mass pr(v2)/myy > 0.25
Photon isolation cut Isole, < 14 GeV
Jet transverse momentum pr(j) > 30 GeV
Jet rapidity ly;| < 4.4

Table 4: Baseline cuts of the 8 TeV analysis, following the ATLAS analysis of [33]. Isoj,

denotes the sum of transverse energies of stable particles in a cone of radius AR = 0.4 around
each photon.

We divide our results into 1-jet observables, i.e. containing at least one jet, where the new
components of HEJ as detailed in section 2.3 can be tested, and 2-jet observables. As in the
previous subsection, the experimental data points here include a non-GF contribution. We have
extracted this “HX” component from [33] where this was available.

3.3.1 H+>1j

In figure 8a, we show the exclusive number of jets. As was evidenced at 13 TeV, the differences
between fixed-order and resummed predictions are limited after the inclusive cross sections are
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rescaled. The NLO and HEJ predictions for the 1- and 2-jet rates are such that the bands for the
theoretical scale variance and data uncertainty bands overlap. The predictions in the > 3-jet
bin remain slightly below data.

In figure 8b, the rapidity of the leading jet is displayed: the discrepancy between the fixed-
order and the resummed predictions increases as the rapidity of the jet attains large values.
This is a High-Energy effect as opposed to a finite quark mass effect. Indeed, the corrections
in §/t are particularly sizeable in this region of phase-space, and previous studies (see. ref [17])
showed little dependence on the inclusion of the finite quark mass effects on this observable.
However, this is not the case for the transverse momentum of the Higgs boson of figure 8c. The
finite quark mass effects and the resummation lead to a hardening of the high-pr tail of the
Higgs boson, which would be even more dramatic had that region been probed. Due to the
probed phase-space region of pr < 140 GeV, HEJ and fixed-order predictions for the hardest jet
transverse momentum of figure 8d remain close together and difficult to disentangle.

The High-Energy sensitive observables of figure 9 behave in a similar fashion to those at
13 TeV (figure 7) for the reasons explained in section 3.2. Here, there is nearly a factor of two
difference between NLO and HEJ at large values of min Ayy;.
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Figure 8: (8a): Number of jets (exclusive). (8b): Leading jet rapidity. (8c): Higgs boson transverse
momentum in the 1-jet bin. (8d): Leading jet transverse momentum in the 1-jet bin. The 1-jet HEJ
predictions are rescaled by the inclusive cross section ratio onLo1J/0wes 15 While the HEJ predictions of
the 2 and 3-jet bins of (8a) are rescaled by onpLo27/0kes 25 In (8a) and (8b), the “HX” component is
extracted from [33]; this was not available for (8c) and (8d).
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Figure 9: High-energy sensitive 1-jet distributions. (9a): minimum rapidity separation between any
two outgoing particles (Higgs boson or jets). (9b): maximum invariant mass between any two outgoing
particles (Higgs boson or jets). HEJ results are rescaled by the inclusive cross section ratio onLo1J/0HeS 13-

3.3.2 H+>2j

We now turn to a range of 2-jet observables, displayed in figures 10 and 11. Globally, the impact
of the resummation on High-Energy sensitive observables is to lower the predictions from fixed-
order approaches, as can be seen in large dijet rapidity separation in figure 10a, large rapidity
values of the second hardest jet in figure 10b and at large dijet invariant mass in figure 10c.
This can be seen more clearly before the addition of the “HX” component, see figure 12a in
appendix B. As expected, the resummation procedure has little impact on the observables de-
pendent on the azimuthal degrees of freedom: the azimuthal angle difference between the leading
two jets of figure 10d and the azimuthal angle difference between the diphoton and the leading
dijets systems depicted in figure 11la, expect perhaps at values close to 7 (that is when the
systems are back-to-back).

As previously observed, the combination of the inclusion of corrections in §/t and the finite
quark mass effects tend to harden the tail of the transverse momenta distributions compared to
fixed order predictions. This is apparent in the description of the third-leading jet transverse
momentum of figure 11b (see figure 12b for the shapes of the pure QCD predictions), but
also in the transverse momentum of the diphoton-dijet system of figure 11c. Although the Higgs
transverse momentum seems to be independent of the effect of the resummation, it is conjectured
that values of pT above 200 GeV would lead to a disparity between the two approaches.
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Figure 11: (1la): Azimuthal angle difference between dijet and diphoton objects. (11b): Transverse
momentum of the third-leading jet. (11c): Transverse momentum of the Higgs boson in the > 2-jet bin.
(11d): Transverse momentum of the Higgs plus dijet object : (pg + pj, + pj,) 1. All 2 and 3-jet HEJ
predictions are rescaled by the inclusive cross section ratio ony,021/0xes 23 In (11b) and (11d), the “HX”
component is extracted from [33]; this was not available for (11a) and (11c).

4 Conclusions

In this paper we have presented an alternative description of pp — H+ > 14, which is accurate
to leading logarithms in §/p2. (LL). We have outlined the structure of a LL-accurate amplitude in
the HEJ formalism, and described the calculation of the necessary new components in section 2.
One big advantage of the approach is that it maintains full dependence on the finite top and
bottom quark masses in the couplings of the Higgs boson to gluons for any number of jets,
which quickly exceeds the multiplicities currently calculated at even leading order. The new
pieces allow LL resummation in §/ pzT to an inclusive 1-jet process for the first time in the HEJ
framework.

We have then compared the resummed predictions to fixed-order predictions and to LHC
data in section 3, and discussed the impact of the logarithmic corrections. We find the impact of
the resummation is seen at large jet transverse momenta. The resummed results give a harder
pr-spectrum compared to NLO, which in turn leads to a greater dependence on finite quark
masses in the coupling. We also observe a large suppression compared to NLO at large values
of rapidity separation between all pairs of final state particles (i.e. between any two of the Higgs
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boson and jets). This can be as much of a factor of two and lies significantly outwith the
uncertainty bands on the two predictions. Other observables, e.g. azimuthal angles, are less
sensitive to these logarithmic corrections.

Looking forward to analyses of LHC Run 3 data, our results suggest that the inclusion of
finite quark masses for higher jet multiplicities and of logarithmic corrections in §/ p% will be
important in the comparison to data.
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A NLO reweighting factors

In table 5, we give the value of the NLO reweighting factors as described in equation (21) for
both the 8 TeV [33] and 13 TeV [31,32] analyses.

Analysis 8 TeV 13 TeV

Scale prspr (ke pr)/2  2(pppr)  propr (Bepr)/2 2(pF, BR)
1J factor 1.87  1.54 2.15 159  1.30 1.84

2J factor 1.98  1.48 2.40 1.62  1.19 2.00

Table 5: NLO Reweighting factors with ur = pg = max(mz, mpg).

In the 8 TeV analysis, the inclusive 1-jet and 2-jet cross-sections are calculated from the
rapidity of the hardest and second hardest jet histograms respectively, figures 8b and 10b.

In the 13 TeV analysis, the inclusive 1-jet and 2-jet cross-sections are obtained from the
appropriate Njets bins, figure 6a. Note that for at least 2 jets, this plot requires central jets
only, but it is valid to use it as it is the only plot we present for the 2-jet observables. If more
inclusive cross-sections are considered, say from the rapidity of the second hardest jet histogram
over all the experimental range, then the 2-jet reweighting factor would be further away from
the 1-jet value (1.79 for the central scale instead of 1.62).

B Additional Plots of QCD Component

In section 3, we showed the predictions from HEJ and at NLO compared to LHC data at 8 and
13 TeV. In order to make a realistic comparison, we have added the “HX” component from the
experimental papers. Here, we include a few examples where the difference in shape resulting
from the all-order QCD treatment in HEJ can be more clearly seen by studying only the QCD
component. Figure 12 shows this for two distributions (originally shown in figures 10a and 11b).
Here we can see that the HEJ predictions are strongly suppressed compared to NLO as rapidity
separation increases (figure 12a); however the transverse momentum spectrum is harder for the
third jet (figure 12b).
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