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1. Introduction

One of the central aims of the LHC physics programme is to explore the Higgs sector through
precision measurements, and it is one of the biggest current challenges in high-energy physics to
match the precision of these measurements on the theory side. On the one hand, higher-order
corrections in processes involving Higgs bosons tend to be numerically large (see e.g. [1]) and
computations at high perturbative orders are needed to meet the precision goals. On the other hand,
the dominant production channel through gluon fusion is loop-induced, which quickly renders
exact calculations of loop corrections prohibitively difficult. These difficulties can be alleviated
by resorting to kinematic approximations. In addition to simplifying fixed-order computations,
expansions exploiting scale hierarchies can be used to resum the dominant corrections to all orders
in perturbation theory.

Among the different Higgs boson production channels, weak boson fusion is of particular
interest, allowing a direct measurement of the Higgs couplings to W and Z bosons. Correspondingly,
the contribution to Higgs boson plus dĳet production from this channel has been computed to very
high orders, namely to next-to-next-to-next-to leading order (N3LO) in QCD [2–4], including non-
factorising contributions [5], and to next-to-leading order (NLO) in the electroweak sector [6].
However, other production channels for the same process are much less well known. In particular,
the dominant gluon-fusion channel is only known exactly at leading order (LO) [7]. To suppress the
gluon-fusion contribution one therefore applies weak boson fusion cuts requiring a large invariant
mass and rapidity separation between the two hardest jets.

The kinematic requirements imposed by weak boson fusion cuts provide a strong motivation
to study Higgs boson plus jets production via gluon fusion in the high-energy limit, defined by
large rapidity separations between the outgoing particles and the absence of strong hierarchies in
transverse momenta. Equivalently, the high-energy regime is characterised by invariant masses that
are large compared to all transverse scale. In the following, we discuss all-order predictions for the
gluon-fusion production of a Higgs boson together with one or more jets at high energies. In order
to obtain a realistic description, we employ the High Energy Jets [8–10] framework, matching to
fixed-order predictions at leading order.

2. Higgs boson plus jets production at high energies

2.1 High-energy scaling

To identify the leading high-energy contributions, we order the 𝑛 final-state particles with
momenta 𝑝1, . . . , 𝑝𝑛 by their rapidities 𝑦1, . . . , 𝑦𝑛, such that 𝑦1 < · · · < 𝑦𝑛. The behaviour of the
amplitude in the high-energy limit is then determined by Regge scaling [11], namely

M ∼ 𝑚𝛼1
12 . . . 𝑚

𝛼𝑛−1
𝑛−1𝑛, (1)

where 𝑚𝑖𝑖+1 is the invariant mass between the outgoing particles 𝑖 and 𝑖 + 1 and 𝛼𝑖 the largest spin
that can be exchanged between these two particles. In QCD, the amplitude is therefore dominated by
those configurations that allow the maximum number of 𝑡-channel gluons. It should be emphasised
that this criterion is gauge-invariant. An example for a leading and a subleading configuration is
shown in figure 1.
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Figure 1: Scaling behaviour of two sample configurations in Higgs boson plus dĳet production. The
configuration on the left allows the maximum of two 𝑡-channel gluon exchanges and is therefore leading
in the high-energy limit. In the subleading configuration on the right there is at most one 𝑡-channel gluon
exchange.

2.2 Higgs boson plus jets production within High Energy Jets

High Energy Jets (HEJ) is a framework for the all-order resummation of high-energy logarithms
of the form

(
𝛼𝑠 ln 𝑚𝑖 𝑗

𝑝⊥

)𝑁
. Currently, leading-logarithmic (LL) resummation is implemented for all

leading configurations. In addition, next-to-leading-logarithmic (NLL) contributions originating
from selected subleading configurations are included as detailed below. Only minimal approxi-
mations are applied such that exact tree-level gauge invariance is preserved. Indeed, for simple
processes the matrix elements are tree-level exact for leading high-energy configurations. There
are no approximations at the phase-space level, apart from the restriction to leading and selected
subleading configurations. The framework allows for fully flexible Monte Carlo event generation
including realistic cuts.

2.2.1 Matrix elements
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Figure 2: Structure of HEJmatrix elements. The Higgs boson rapidity can be either in between the rapidities
of the most backward and the most forward parton (left) or outside this rapidity range (right).

The structure of the LL HEJ matrix elements is illustrated in figure 2. Let us first consider the
leading configurations where the Higgs boson is neither the most backward nor the most forward
outgoing particle. These configurations first contribute in Higgs boson plus dĳet production.
According to the criterion introduced in section 2.1, the flavour of the most backward (forward)
outgoing particle has to coincide with the flavour 𝑓𝑎 ( 𝑓𝑏) of the backward (forward) incoming
parton. All other outgoing particles apart from the Higgs boson have to be gluons. The all-order
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HEJ matrix element has the form���M 𝑓𝑎 𝑓𝑏→ 𝑓𝑎 · · ·𝐻 · · · 𝑓𝑏
HEJ

���2 = B 𝑓𝑎 ,𝐻, 𝑓𝑏 (𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞 𝑗 , 𝑞 𝑗+1)

·
𝑛−2∏
𝑖=1
𝑖≠ 𝑗

V(𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞𝑖 , 𝑞𝑖+1)

·
𝑛−1∏
𝑖=1

W(𝑞𝑖 , 𝑦𝑖 , 𝑦𝑖+1),

(2)

where 𝑝𝑎 is the momentum of the backward incoming parton, 𝑝𝑏 the momentum of the forward
incoming parton, and 𝑞𝑖 = 𝑝𝑎 − ∑𝑖

𝑘=1 𝑝𝑘 the 𝑖th 𝑡-channel momentum. The momentum of the
Higgs boson is 𝑝𝐻 ≡ 𝑝 𝑗 .

B denotes the Born-level amplitude. It is given by

B 𝑓𝑎 ,𝐻, 𝑓𝑏 (𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞 𝑗 , 𝑞 𝑗+1) = 1
4(𝑁2

𝐶 − 1)
𝑔2
𝑠𝐾 𝑓𝑎 (𝑝−1 , 𝑝−𝑎 )

𝑡1

𝑔2
𝑠𝐾 𝑓𝑏 (𝑝+𝑛, 𝑝+𝑏)

𝑡𝑛−1

× 1
𝑡 𝑗 𝑡 𝑗+1

∑︁
_𝑎=+,−
_𝑏=+,−

��� 𝑗_𝑎
` (𝑝1, 𝑝𝑎)𝑉 `a

𝐻 (𝑞 𝑗 , 𝑞 𝑗+1) 𝑗_𝑏
a (𝑝𝑛, 𝑝𝑏)

���2 ,
(3)

where we have introduced the short-hand notation 𝑡𝑖 = 𝑞2
𝑖 . 𝑉𝐻 denotes the one-loop Higgs-gluon-

gluon vertex, including the full dependence on the top and bottom masses. The colour structure is
described by the colour acceleration modifiers

𝐾𝑞 = 𝐾�̄� = 𝐶𝐹 ,

𝐾𝑔 (𝑝−1 , 𝑝−𝑎 ) =
1
2

(
𝑝−1
𝑝−𝑎

+ 𝑝−𝑎
𝑝−1

) (
𝐶𝐴 − 1

𝐶𝐴

)
+ 1
𝐶𝐴

,

where 𝐶𝐴 = 𝑁𝐶 = 3, 𝐶𝐹 = 4
3 are the usual colour factors. The final ingredient is the current

𝑗_` (𝑝, 𝑞) = �̄�_(𝑝)𝛾`𝑢_(𝑞). (4)

In contrast to the Born-level function, the (resolved) real corrections described by V and the
virtual (and unresolved real) correction factors W are process independent. Up to subtraction
terms, they are given by

V(𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞𝑖 , 𝑞𝑖+1) = − 𝐶𝐴𝑔
2
𝑠

𝑡𝑖𝑡𝑖+1
𝑉` (𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞𝑖 , 𝑞𝑖+1)𝑉 ` (𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞𝑖 , 𝑞𝑖+1),

(5)

𝑉 ` (𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛, 𝑞𝑖 , 𝑞𝑖+1) = − (𝑞𝑖 + 𝑞𝑖+1)`

+ 𝑝
`
𝑎

2

(
𝑞2
𝑖

𝑝𝑖+1 · 𝑝𝑎 + 𝑝𝑖+1 · 𝑝𝑏
𝑝𝑎 · 𝑝𝑏 + 𝑝𝑖+1 · 𝑝𝑛

𝑝𝑎 · 𝑝𝑛

)
+ 𝑝𝑎 ↔ 𝑝1

− 𝑝
`
𝑏

2

(
𝑞2
𝑖+1

𝑝𝑖+1 · 𝑝𝑏 + 𝑝𝑖+1 · 𝑝𝑎
𝑝𝑏 · 𝑝𝑎 + 𝑝𝑖+1 · 𝑝1

𝑝𝑏 · 𝑝1

)
− 𝑝𝑏 ↔ 𝑝𝑛, (6)

W(𝑞𝑖 , 𝑦𝑖 , 𝑦𝑖+1) = exp[(𝑦𝑖 − 𝑦𝑖+1)𝜔0(𝑞𝑖)] . (7)
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Explicit formulas for the subtraction and for the regularised Regge trajectory 𝜔 are given in [12].
Configurations where the Higgs boson is the most backward outgoing particle contribute

already in Higgs boson plus single jet production. The HEJ amplitude is given by���M𝑔 𝑓𝑏→𝐻 · · · 𝑓𝑏
HEJ

���2 = B𝐻, 𝑓𝑏 (𝑝𝑎, 𝑝𝑏, 𝑝1, 𝑝𝑛)

·
𝑛−2∏
𝑖=1

V(𝑝𝑎, 𝑝𝑏, 𝑝𝑎, 𝑝𝑛, 𝑞𝑖 , 𝑞𝑖+1)

·
𝑛−1∏
𝑖=1

W(𝑞𝑖 , 𝑦𝑖 , 𝑦𝑖+1).

(8)

The functions V and W describing real and virtual corrections are the same as before. The
Born-level function for this configuration is [13]

B𝐻, 𝑓𝑏 =
1

4(𝑁2
𝑐 − 1)

1
𝑡1

𝑔2
𝑠𝐾 𝑓𝑏 (𝑝+𝑛, 𝑝+𝑏)

𝑡𝑛−1

∑︁
_𝑎=+,−
_𝑏=+,−

���𝜖_𝑎
` (𝑝𝑎) 𝑉 `a

𝐻 (𝑝𝑎, 𝑝𝑎 − 𝑝1) 𝑗_𝑏
a (𝑝𝑛, 𝑝𝑏)

���2 , (9)

where 𝜖_𝑎 (𝑝𝑎) is the polarisation vector of the incoming gluon. The case where the Higgs boson
is the most forward emitted particle is completely analogous.

In addition to the leading configurations discussed so far, we also include subleading config-
urations where either the forward or backward incoming parton is a quark or antiquark, but the
corresponding most backward or most forward outgoing particle is a gluon. In this case, the matrix
element retains its general structure shown in eqs. (2) and (8), but the Born-level function has to be
adjusted for the additional “unordered” emission. For details, see [12].

As illustrated in figure 3, the tree-level truncation of the HEJ matrix elements agrees well with
the exact results throughout the whole phase space.
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Figure 3: Comparison between exact tree-level matrix elements taken from Madgraph5_aMC@NLO [14]
and their HEJ approximations.

2.3 Fixed-order matching

To further improve the prediction, we match the HEJ prediction to leading order on an event-
by-event bases using the method developed in [15]. In this approach, for each input leading-order

5
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event several all-order configurations are generated in a way that preserves the number of jets and
their rapidities while slightly shifting transverse momenta. To achieve both leading-order precision
and LL resummation, the events are then reweighted such that the final weight is proportional to
|MLO |2 |MHEJ |2
|MHEJ, LO |2 , whereMLO is the exact leading-order matrix element andMHEJ, LO the leading-order

truncation of the HEJ matrix element MHEJ. The leading-order events for Higgs boson production
with at most five jets are generated with Sherpa [16] and OpenLoops [17], including the full
dependence on the top-quark mass for final states with at most two jets. Note that the HEJ matrix
elements account for the full dependence on the bottom- and top-quark mass. We also include
final states with more than five jets using the pure HEJ prediction without leading-order matching.
Finally, we ensure NLO accuracy for the total cross section via the rescaling

𝑑𝜎

𝑑O → 𝜎
𝑚𝑡→∞
NLO
𝜎HEJ

𝑑𝜎

𝑑O ,

where 𝜎𝑚𝑡→∞
NLO is the total cross section at NLO in the limit of an infinitely heavy top quark and

𝜎HEJ the total HEJ cross section before the rescaling.

3. Results

In figure 4 (taken from [15]), we compare different predictions for the invariant mass spectrum
of the two hardest jets in Higgs boson plus dĳet production through gluon fusion. Compared to
the fixed-order prediction (blue band), we observe a steeper fall-off with increasing invariant mass
in the resummed predictions (red and black bands). We also observe an increased effect of finite
quark masses (black band) compared to the limit of a massless bottom quark and an infinitely heavy
top quark (red band). Together, these effects lower the prediction for the residual cross section after
applying weak-boson fusion cuts of 𝑚12 > 400 Gev and 𝑦12 > 2.8 to 4% of the value before cuts,
whereas the fixed-order prediction yields a reduction to 9%.

pp→ (h→ γγ)jj
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anti− kt, R = 0.4, pj,⊥ > 30 GeV, |yj| < 4.4
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Figure 4: Invariant mass spectrum of the two hardest jets in gluon fusion production of a Higgs boson with
at least two jets.
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The production of a Higgs boson together with one or more jets within HEJwas first considered
and compared to experimental data in [13]. In the following, we discuss these results. In the
high-energy regime, a similar suppression with respect to fixed order as in [15] was found, cf. figure
5.

pp→ (H →)γγ + jets
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Figure 5: Distribution of the minimum rapidity separation in Higgs boson plus jets production. The HEJ
prediction (red band) shows a strong suppression compared to the fixed-order prediction (blue band) in the
high-energy region of large rapidity differences.

Figure 6 shows a comparison to CMS measurements at 13 TeV [18, 19]. For this comparison,
the gluon-fusion predictions have been supplemented with the contributions from other Higgs
boson production channels, collectively denoted as “HX”. The predictions for those channels were
extracted from [18, 19]. HEJ predicts a slightly harder transverse momentum spectrum than found
at NLO.
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Figure 6: Predictions for the exclusive number of jets (left) and the transverse momentum distribution of the
hardest jet (right) for Higgs boson plus jets production compared to CMS measurements [18, 19].

In figure 7, HEJ predictions are compared to 8 TeV ATLAS data [20]. Again, we observe
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a steeper fall-off of the resummed prediction compared to the fixed-order one when approaching
the high-energy region of large invariant masses and rapidity separations. This difference is more
visible when focusing exclusively on the gluon-fusion contribution, see figure 8.
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Figure 7: Comparison between theory predictions and ATLAS data [20] for the rapidity separation (left)
and the invariant mass (right) between the two hardest jets in Higgs boson plus dĳet production.
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Figure 8: Gluon-fusion contribution to the rapidity separation (left) and the invariant mass (right) between
the two hardest jets in Higgs boson plus dĳet production.

4. Conclusions

We have shown the first predictions for a process involving a single jet within the High Energy
Jets framework, obtained in [13]. Compared to fixed-order predictions, we observe a significant
suppression in the high-energy region characterised by large invariant masses and large rapidity
separations. This feature is particularly important for predicting the gluon-fusion background to
weak boson fusion accurately. All-order high-energy resummation for the production of a Higgs
boson with at least one jet is implemented in the latest public version 2.2 [21] of the HEJ Monte
Carlo event generator.
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