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Abstract: In this talk we present a calculation of Higgs production via gluon fusion in

association with two jets, including the full top-quark mass dependence, and compare it

to the large top-mass limit. We find that the large top-mass limit is a good approximation

as long as the Higgs mass is smaller than the top quark pair mass, and the jet transverse

energies are smaller than the top mass. In addition, we compare Higgs production via

gluon fusion and via weak-boson fusion, and consider final-state distributions, like the

rapidity interval between the jets and the jet-jet azimuthal decorrelation, which may

allow us to distinguish one fusion process from the other.

1. Higgs production at hadron colliders

At the Large Hadron Collider (LHC) a Higgs boson is expected to be produced mainly

by gluon fusion or weak-boson fusion (WBF) [1, 2]. The WBF channel, even though

numerically smaller, is interesting because it is expected to provide information on Higgs

boson couplings [3]. In addition, it is theoretically simple to analyse, since it produces the
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Higgs boson via t-channel W or Z exchange, in association with two forward quark jets,

qQ→ qQH. QCD radiative corrections to WBF are known to be small [4] 1, and thus this
process promises small systematic errors.

The gluon-fusion channel is much more challenging. The Higgs boson couples to gluons

via a quark loop, thus every calculation to a given loop accuracy in QCD implies one

more heavy-quark loop. Since the scattering amplitude is proportional to the quark mass

squared 2, in the numerical evaluation of the production rate it suffices to consider only

the top quark. Inclusive Higgs production via gluon fusion, g g → H, is known at NLO
in QCD, including the full mt dependence [5], and the NLO corrections are known to be

large (O(100%)). At next-to-next-to-leading order (NNLO), inclusive Higgs production via
gluon fusion is known only in themt →∞ limit [6], for which the top-quark loop reduces to
an effective H g g coupling, and the calculation reduces from three to two loops. However,

in the intermediate Higgs mass range, which is favoured by electroweak precision data [7],

the Higgs boson mass mH is small compared to the top-quark pair threshold and the large

mt limit promises to be an adequate approximation.

H + 1 jet production via gluon fusion is known at leading order (LO), including the

full mt dependence [8], and at NLO in the mt → ∞ limit [9]. Also in this case the NLO
corrections are known to be large, roughly of the same order as in the inclusive case. H+2

jet production via gluon fusion was previously known at LO, but only in the mt → ∞
limit [10]. Both in H + 1 jet and in H + 2 jet production, phase space regions open up

where one or several of the kinematical invariants are of the order of, or exceed, the top-

quark mass, i.e. regions of large Higgs boson or jet transverse momenta, or regions where

dijet invariant masses become large. These regions may invalidate the mt →∞ limit, even
in the intermediate Higgs mass range, but yield a rather small contribution to inclusive

Higgs production. However, in H + 1 jet or in H + 2 jet production one may require a

Higgs-jet mass or a dijet mass to be large (e.g. in H +2 jet production we may require the

dijet mass to be large, in order to compare with the large dijet mass of the two forward

jets in the WBF process), then it is important to evaluate the extent to which the mt →∞
limit holds. Therefore, in this talk we review the results of a recent calculation of H + 2

jet production, including the full mt dependence [11], where the issues above are analysed.

2. Higgs production plus two jets at the LHC

Gluon fusion and weak-boson fusion (qQ → qQH production via t-channel exchange of a
W or Z), are expected to be the dominant sources of H + 2 jet events at the LHC. The

impact of the former on LHC Higgs phenomenology is determined by the relative size of

these two contributions. We evaluate the H + 2 jet cross section through a minimal set of

cuts on the final-state partons, which anticipates LHC detector capabilities and jet finding

1The t-channel singlet exchange ensures that at next-to-leading order (NLO) no gluon is exchanged in

the t-channel, unless the incoming quarks are of equal flavour.
2The Yukava coupling is proportional to mq, and there is an additional factor of mq due to the compen-

sation of the chirality flip, induced by the insertion of a single scalar Hqq̄ vertex.
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Figure 1: H + 2 jet cross sections in pp

collisions at
√
s = 14 TeV as a function of

the Higgs boson mass. Results are shown

for gluon-fusion processes induced by a top-

quark loop with mt = 175 GeV and in the

mt → ∞ limit, and for weak-boson fusion.
The cuts of Eq. (2.1) have been used.

Figure 2: Same as Fig. 1, but with the

WBF selection of cuts of Eqs. (2.1) and (2.2)

algorithms,

pj⊥ > 20 GeV, |ηj | < 5, Rjj > 0.6 , (2.1)

where pj⊥ is the transverse momentum of a final state parton and Rjj describes the sep-
aration of the two partons in the pseudo-rapidity η versus azimuthal angle plane Rjj =√
∆η2jj + φ

2
jj. Expected H + 2 jet cross sections at the LHC are shown in Fig. 1, as a

function of the Higgs boson mass, mH . The three curves compare results for the expected

Standard Model gluon-fusion cross section at mt = 175 GeV (solid line) with the large-mt
limit (dotted line), computed using the heavy-top effective Lagrangian, and with the WBF

cross section (dashed line). Error bars indicate the statistical errors of the Monte Carlo

integration. Cross sections correspond to the sum over all Higgs decay modes: finite Higgs

width effects are included. The factorization scale was set to µf =
√
p1⊥ p2⊥, and αS was

taken to be αS(MZ) = 0.12. Different choices of renormalization and factorization scales

have been discussed in Ref. [11], where a strong sensitivity of the H + 2 jet cross section

on the renormalization scale was found.

Fig. 1 shows cross sections within the minimal cuts of Eq. (2.1). The gluon-fusion

contribution dominates because the cuts retain events with jets in the central region, with

relatively small dijet invariant mass. In order to assess background levels for WBF events, it

is more appropriate to consider typical tagging jet selections employed for WBF studies [12].

This is done in Fig. 2 where, in addition to the cuts of Eq. (2.1), we require

|ηj1 − ηj2| > 4.2 , ηj1 · ηj2 < 0 , mjj > 600 GeV , (2.2)

i.e. the two tagging jets must be well separated, they must possess a large dijet invariant

mass, and must reside in opposite detector hemispheres. With these selection cuts the

weak-boson fusion processes dominate over gluon fusion by about 3/1 for Higgs boson

masses in the 100 to 200 GeV range. This means that a relatively clean separation of
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weak-boson fusion and gluon-fusion processes will be possible at the LHC, in particular

when extra central-jet-veto techniques are employed to further suppress semi-soft gluon

radiation in QCD backgrounds [12].

A conspicuous feature of the H + 2 jet

Figure 3: Azimuthal-angle distribution be-

tween the two final jets, with the WBF cuts

of Eqs. (2.1) and (2.2). Results are shown for

gluon-fusion processes induced by a top-quark

loop with mt = 175 GeV and in the mt → ∞
limit, computed using the heavy-top effective

Lagrangian, and for weak-boson fusion.

gluon-fusion cross sections in Figs. 1 and 2

is the threshold enhancement at mH ≈ 2mt,
an effect which is familiar from the inclusive

gluon-fusion cross section. Well below the

threshold-peak region, the large mt limit pro-

vides an excellent approximation to the to-

tal H + 2 jet rate from gluon fusion, at least

when considering the total Higgs production

rate only. Fig. 2 also implies that the ap-

proximation provided by the large mt limit at

Higgs boson masses below about 200 GeV is

excellent. Thus the large dijet invariant mass,

mjj > 600 GeV, and the concomitant large

parton center-of-mass energy do not spoil the

mt → ∞ approximation. A hint to under-
stand that can be found in the high-energy

limit, which is appropriate for the large di-

jet mass case. In the high-energy limit only

Feynman diagrams with gluon exchange in the t channel are relevant. When taking in

addition the large mt limit, the same diagrams contribute. Thus, if the high-energy limit is

appropriate to describe the region of large dijet mass, so is the combined high-energy and

large mt limit. The only difference is in the high-energy coefficient functions, or impact

factors, which in the combined limit lose the information on the mt dependence. Finally,

as shown in Ref. [11], the large mt limit works well in the intermediate Higgs mass range,

as long as jet transverse momenta stay small: pj⊥ <∼ mt.
Turning now to the issue of differentiating between gluon fusion and WBF processes,

a characteristic of WBF events is the large rapidity separation of the two tagging jets, a

feature which is not shared by H + 2 jet events arising from gluon fusion. The plots of

the rapidity separation of the jets [11] show indeed that for the inclusive cuts of Eq. (2.1)

jets coming from WBF events are produced preferentially with a rather large rapidity

separation, while jets coming from gluon fusion events are produced mostly in the central

rapidity region. Accordingly, when WBF cuts (2.1) and (2.2) are implemented the jets

coming from gluon fusion events are depleted, thus the jet separation cut is one of the

most effective means of enhancing WBF processes with respect to gluon fusion.

Another jet-angular correlation, which allows to distinguish gluon fusion from weak-

boson fusion, is the azimuthal angle between the two jets, φjj. The distributions for

gluon-fusion and WBF processes are shown in Fig. 3. In the WBF process qQ → qQH,

the matrix element squared |AWBF|2 is proportional to ŝm2jj, with ŝ the squared parton
center-of-mass energy and mjj the dijet invariant mass. Since the dependence of m

2
jj on
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φjj is mild, we have the flat behavior depicted in Fig. 3. The azimuthal-angle distribution

of the gluon-fusion process is instead characteristic of the CP-even operator HGµνG
µν ,

where Gµν is the gluon field strength tensor. This effective coupling can be taken as a

good approximation for the ggH coupling in the large-mt limit. Infact the large-mt limit

(dotted line) is almost indistinguishable from the mt = 175 GeV result (solid line). Not

only does the φjj correlation allow us to distinguish WBF from gluon fusion, it can also

be used as a tool to investigate the tensor structure of the WWH coupling. Infact, if

we suppose that there is an anomalous (i.e. non Standard Model) WWH coupling, which

in the low-energy effective theory can be modeled through higher-dimensional operators,

the φjj correlation discriminates between a CP-even coupling, which behaves like the ggH

coupling, and a CP-odd coupling, which would hinder configurations where the jets are

aligned or back-to-back [13].
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