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We present fully differential predictions for the production cross section of a Higgs boson via
the gluon fusion mechanism at next-to-next-to-next-to leading order (N3LO) in QCD perturbation
theory. To perform our calculation we apply the Projection-to-Born method for the first time to
the calculation of the non-factorising production of a colorless final state at the LHC at N3LO. We
predict differential distributions for the two photon final state produced by the decay of the Higgs
boson and apply fiducial cuts on the photon rapidities and momenta. The N3LO corrections to
these differential distributions have complex features and are in part larger than the inclusive N3LO
corrections to the production cross section. Overall, we observe that the inclusion of the N3LO
QCD corrections significantly reduces the perturbative uncertainties and leads to a stabilisation of
the perturbative expansion.

Since the discovery of the Higgs boson by the AT-
LAS [1] and CMS [2] collaborations at the Large Hadron
Collider (LHC), uncovering and understanding the na-
ture of this scalar particle has been a critical objective
of the particle physics community. For the first time,
we have the opportunity to directly study the mecha-
nism of electroweak symmetry breaking and ascertain if
the properties of this new particle align with our expec-
tations based on the Standard Model (SM) of particle
physics. The ever-increasing amount of data collected at
the LHC allows us to probe intricate features of Higgs
boson events in great detail (see for example Refs. [3–
8]). Studying the differential distributions of the decay
products of the Higgs boson enhances our capabilities to
discern the effects of new physics from expectations based
on the SM.

To address the fundamental nature of the Higgs bo-
son and to measure its properties, it is of paramount
importance to understand theoretically the features of
its production and decay to a degree that rivals or sur-
passes the precision achieved by the experimental mea-
surements. To predict the outcome of scattering events
at the LHC we use perturbative quantum field theory to
relate our fundamental understanding of nature to realis-
tic LHC observables. At the LHC, the gluon fusion pro-
duction mechanism (ggF) is responsible for ∼ 90% of all
produced Higgs bosons, and making robust and reliable
predictions for this contribution is of particular impor-
tance. This mechanism facilitates the production of the
Higgs boson via a virtual top quark loop that is formed
out of two fusing gluons extracted from the scattering
protons. The hierarchy between the masses of the top
quark and the Higgs boson mass allows for efficient cal-
culations by integrating out the degrees of freedom of the
top quark [9–12]. This induces a direct coupling of the

Higgs boson to gluons via an effective operator [13–16].
Large perturbative corrections due to quantum chromo-
dynamics (QCD) and incredible experimental progress
have created an urgent demand to determine this produc-
tion cross section to a very high perturbative order. The
corresponding inclusive cross section—simply the answer
to the question “How many Higgs bosons are produced
in proton collisions?”—is today known to next-to-next-
to-next-to leading order (N3LO) in QCD perturbation
theory [17–19]. Recently, the N3LO predictions for the
inclusive rapidity distribution of the Higgs boson were
achieved [20, 21].

Predictions for fiducial cross sections that include re-
alistic selection cuts on the final-state decay products of
the Higgs boson enable us to compare theoretical predic-
tions directly to experimental observations, circumvent-
ing any extrapolation that would otherwise introduce an
additional source of uncertainty. Moreover, in the light
of rapidly accumulating data and the upcoming high lu-
minosity phase of the LHC, such differential compar-
isons present a unique window into the properties of the
Higgs boson. The fast pace of theoretical developments
in recent years has produced several approaches [22–
27] for the differential calculation of hadron-collider pro-
cesses at next-to-next-to leading order (NNLO) in QCD.
These new methods have enabled precise predictions for
a plethora of Higgs boson observables and for different
exclusive final states [28–34].

In this letter, we go beyond the current paradigm and
present for the first time fully differential predictions for
the gluon fusion production cross section at N3LO in
QCD perturbation theory. We obtain this result via the
efficient combination of the fully differential calculation
of a Higgs boson in association with a hadronic jet at
NNLO and the analytic result for the Higgs boson rapid-
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ity distribution at N3LO [20] via the so-called Projection-
to-Born (P2B) method [25]. In particular, we present
the extension of the P2B method to the production of
an arbitrary color-neutral final state in hadron–hadron
collisions. As the culmination of the above, we present
realistic predictions for differential fiducial distributions
for the two-photon final state of the Higgs boson.

THE PROJECTION-TO-BORN METHOD FOR
COLOR-NEUTRAL FINAL STATES

Fully differential predictions at higher orders in pertur-
bation theory require special treatment for the cancella-
tion of infrared singularities that appear at the interme-
diate stages of the calculation. The P2B method accom-
plishes this through a special projection operation that
allows matching an inclusive calculation to a differential
calculation at one order lower but with an additional real
emission. This method was initially conceived in the cal-
culation of NNLO corrections to the vector-boson-fusion
process [25]. Exploiting the specific dynamics of the VBF
process, it used the structure-function approach where
the cross section is factorized into kinematically inde-
pendent deep-inelastic scattering (DIS) sub-processes on
each of the incoming beams. Subsequently, the method
was extended to one order higher to compute differen-
tial predictions at N3LO for the VBF process [35], the
DIS process [36] and also the Higgs decay into a pair of
bottom quarks [37].

In the following, we extend the P2B method to the pro-
duction of a color-neutral final state F in hadron–hadron
collisions where the cross section does not factorize. The
cross section, (multi-) differential in the observable(s) O,
is decomposed in the P2B method according to the mas-
ter formula

dσNkLO
F

dO
=

(
dσN(k−1)LO

F+jet

dO
−

dσN(k−1)LO
F+jet

dÕ

)
+

dσNkLO
F

dÕ
.

(1)

Here, the mapping O P2B−−−→ Õ uniquely assigns a Born-
level configuration to any final state that contains an
arbitrary number of accompanying emissions. The last
term in Eq. (1) corresponds to the inclusive calculation of
the process that only retains the differential information
with respect to the Born variable(s) denoted Õ. As can
be seen in Eq. (1), the P2B subtraction scheme has the
unique feature that the local un-integrated subtraction
term is given by the full, un-integrated real radiation
matrix elements themselves. As a consequence, phase
space singularities associated with fully unresolved con-
figurations are cancelled identically, which results in a
particularly stable numeric evaluation.

To define the projection, we consider the real-emission
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FIG. 1. Validation of the P2B method against an independent
implementation using the antenna-subtraction method up to
NNLO.

phase space with n additional parton emissions

ΦF+n : pa + pb → pF + k1 + . . .+ kn , (2)

where the ki denote the momenta of the emitted partons.
The projected Born phase space Φ̃F is defined through a
rescaling of the incoming parton momenta

p̃a = ξapa, p̃b = ξbpb, (3)

with p̃F = p̃a+ p̃b. In addition to the on-shell constraint,
p̃2F = p2F , we further require the mapping to preserve
the rapidity of F , ỹF = yF , which fully determines the
projections with

ξaξb =
p2F

2papb
, ξa/ξb =

2pbpF
2papF

. (4)

Finally, in case the final state F comprises m colorless
particles, pF → p1+. . .+pm, the “decay products” trans-
form via the Lorentz transformation

p̃µi = Λµν(pF , p̃F ) pνi , (5)

which is explicitly given as

Λµν(pF , p̃F ) = gµν −
2(pF + p̃F )µ(pF + p̃F )ν

(pF + p̃F )2
+

2p̃µF pF,ν
p2F

.

(6)

APPLICATION TO HIGGS PRODUCTION AND
PHENOMENOLOGICAL RESULTS

We apply the P2B method described in the previous
section to Higgs boson production in the gluon-fusion
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FIG. 2. Comparison between inclusive (left) and fiducial (right) predictions for the rapidity distribution of the Higgs boson up
to N3LO. Predictions are shown at LO (grey), NLO (green), NNLO (blue), N3LO (red), and for the NNLO prediction re-scaled
by the inclusive KN3LO-factor (orange).

channel at N3LO. The fully differential prediction is as-
sembled according to Eq. (1), which requires:

1. The inclusive calculation at N3LO for the Higgs ra-
pidity distribution yH as computed in Ref. [20] and
implemented in the RapidiX library. This result is
based on techniques developed in Refs. [38, 39] and
is given by analytic formulae for the partonic rapid-
ity distribution computed by means of a threshold
expansion. We supplement this result by exploiting
the fact that the Higgs boson decays isotropically
in its rest frame to generate the inclusive N3LO cal-
culation differential in the Higgs boson decay prod-
ucts.

2. The fully differential NNLO calculation for the
H+jet process. This has been computed in Ref. [29]
using the antenna subtraction method [22, 39] and
is available within the parton-level Monte Carlo
generator NNLOJET.

We have implemented the P2B method for color-neutral
final states within the NNLOJET framework together
with an interface to the RapidiX library to access the
inclusive part of the calculation.

For our phenomenological results, we restrict ourselves
to the decay of the Higgs boson into a pair of photons
and closely follow the corresponding 13 TeV ATLAS
measurement [40] with the following fiducial cuts

pγ1T > 0.35×mγγ , pγ2T > 0.25×mγγ , (7)

|ηγ | < 2.37 excluding 1.37 < |ηγ | < 1.52,

where γ1 and γ2 respectively denote the leading and sub-
leading photon with mγγ ≡ MH = 125 GeV the invari-
ant mass of the photon-pair system. For each photon,
an additional isolation requirement is imposed where the
scalar sum of partons with pT > 1 GeV within a cone of
∆R = 0.2 around the photon has to be less than 5% of the
pT of the photon. Note that this setup induces a highly
non-trivial interplay between the final-state photons and
QCD emissions, requiring a fully differential description
of the process. Throughout this letter, we work in the
narrow width approximation to combine the production
and decay of the Higgs boson. To derive numerical pre-
dictions we use PDF4LHC15_nnlo_100 [41] parton distri-
bution functions and choose the value of the top quark
mass in the modified minimal subtraction scheme to be
mt(mt) = 162.7 GeV.

Figure 1 compares predictions for the fiducial rapidity
distribution of the Higgs boson yH based on two differ-
ent methods. This comparison serves as the validation
of the P2B implementation up to NNLO against an in-
dependent calculation based on the antenna subtraction
method. The lower panels in Fig. 1 show the ratio of the
two calculations, where the filled band and the error bars
correspond to the uncertainty estimates of the Monte
Carlo integration of the antenna- and P2B-prediction,
respectively. The ratios shown in the bottom two panels
reveal agreement within numerical uncertainties between
the two calculations at the per-mille and sub-per-cent
level for the coefficients at NLO and NNLO, respectively.

Figure 2 compares the inclusive rapidity distribution of
the Higgs boson to the fiducial rapidity distribution of the
di-photon pair. It was already noted in Refs. [20, 21] that
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FIG. 3. Differential predictions for the rapidity of the leading photon (left) and the absolute value of the difference of the
rapidities of the two photons (right). Predictions are shown at LO (grey), NLO (green), NNLO (blue), N3LO (red), and for
the NNLO prediction re-scaled by the inclusive KN3LO-factor (orange).

the N3LO correction to the inclusive rapidity distribu-
tion is remarkably uniform and is well approximated by
rescaling the inclusive NNLO rapidity distribution with
the inclusive K-factor,

KN3LO ≡ σN3LO
incl. /σNNLO

incl. . (8)

Throughout this letter, we estimate the uncertainty
of the truncation of the perturbative series by inde-
pendently varying the factorization and renormalization
scale around their central value µcent.

F = µcent.
R = MH/2

by factors of (1
2 , 2) with the restriction 1

2 ≤ µF/µR ≤ 2.
The resulting uncertainty estimates for the inclusive pre-
dictions are uniform throughout the entire range of the
distribution and nearly identical to the uncertainty esti-
mates of KN3LO. The right-hand side of Fig. 2 shows the
fiducial rapidity distribution of the two-photon pair sub-
ject to all final-state selection cuts. The corresponding
distribution obtained by re-scaling the NNLO distribu-
tion with the inclusive factor KN3LO is given by the or-
ange, dashed line. We observe that this naive treatment
of fiducial N3LO corrections cannot capture all features
of the full result, which are induced by the non-trivial
fiducial cuts. In particular, we observe that in the central
region of the rapidity distribution N3LO corrections are
larger than expected from the inclusive K-factor. Fur-
thermore, the obtained estimate of uncertainties due to
missing higher-order corrections are slightly larger than
in the inclusive case. This can however be attributed
to the fact that the inclusive predictions exhibit a very
asymmetric scale variation, potentially underestimating
uncertainties. Nevertheless, we observe that N3LO cor-
rections lead to a stabilization of the perturbative expan-

sion and are compatible with NNLO predictions. Finally,
the newly obtained corrections lead to a significant reduc-
tion in perturbative corrections.

Figure 3 shows distributions of the genuine photon fi-
nal states of the Higgs boson production cross section.
On the left, we show the rapidity distribution of the
photon with the leading transverse momentum. Simi-
lar to the fiducial rapidity distribution of the Higgs bo-
son, we observe here that genuine N3LO predictions are
larger than expected from the inclusive K-factor, as in-
dicated by the dashed line. Nevertheless, scale variation
bands of NNLO and N3LO predictions overlap and we
see that the inclusion of N3LO corrections leads to a re-
duction of the scale dependence. The right side of Fig. 3
shows the di-photon cross section as a function of the
rapidity difference of the two photons. This observable
displays a perturbative behavior that is very much in
unison with the inclusive K-factor, except for its last
bin that exhibits a perturbative instability due to in-
frared sensitivity. This sensitivity mainly arises from the
minimum pT cut on the photons, which in the case of
the restricted Born kinematics induces a constraint on
|∆y(γ1, γ2)| ≤ 2 arccosh

(
MH

2 pcutT

)
≈ 1.8 that is only lifted

by real-emission corrections. To what extent such a “Su-
dakov enhancement” [42] can also affect the other ob-
servables as well as approaches to avoid them will be left
for future studies.



5

CONCLUSIONS AND OUTLOOK

In this letter, we extended the Projection-to-Born
method to production cross sections for generic color-
less final states at the LHC. We applied this method and
derived for the first time fully differential predictions for
a genuine LHC 2→ 1 production cross section at N3LO
in QCD perturbation theory. In particular, we predict
the cross section for the production of a Higgs boson and
its subsequent decay to final-state photons at N3LO. To
achieve this we combine fully differential predictions for
the production of a Higgs boson in association with a
hadronic jet and the prediction of the inclusive rapidity
distribution.

Our result is a significant improvement of the descrip-
tion of some of the most relevant Higgs boson observ-
ables. In particular, we find that N3LO corrections for
fiducial distributions for the two-photon final state can
be non-uniform across the different distributions. Over-
all, our newly obtained predictions lead to a reduction in
the dependence of the differential cross section on per-
turbative scales and we find that N3LO corrected predic-
tions are compatible with the NNLO results within their
estimated uncertainties.

In this letter, we investigated specifically the impact of
N3LO QCD corrections on fiducial cross section predic-
tions. To perform a direct comparison with LHC obser-
vations, these predictions need to be combined with elec-
troweak corrections and effects due to neglected heavy
quark masses. Furthermore, a careful study of sources of
uncertainties beyond perturbative corrections is required
and we look forward to achieving this in future work.
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