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We present the first 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.
Differential distributions are shown for the two-photon final state produced by the decay of the Higgs boson
for a realistic set of fiducial cuts. The N3LO corrections exhibit 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 stabilization of
the perturbative expansion.
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Since the discovery of the Higgs boson by the ATLAS [1]
and CMS [2] Collaborations at the Large Hadron Collider
(LHC), uncovering and understanding the nature of this
scalar particle has been a critical objective of the particle
physics community. For the first time, we have the oppor-
tunity to directly study the mechanism of electroweak
symmetry breaking and ascertain if the properties of this
new particle align with our expectations 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 distri-
butions 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 boson

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 surpasses the precision
achieved by the experimental measurements. To predict the
outcome of scattering events at the LHC we use perturba-
tive quantum field theory to relate our fundamental under-
standing of nature to realistic LHC observables. At the
LHC, the gluon fusion production mechanism (ggF) is

responsible for ∼90% of all produced Higgs bosons, and
making robust and reliable predictions for this contribution
is of particular importance. 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
calculations 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]
that retains an imprint of the top quark through a loga-
rithmic dependence on its mass mt. Large perturbative
corrections due to quantum chromodynamics (QCD) and
incredible experimental progress have created an urgent
demand to determine this production 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

realistic selection cuts on the final-state decay products
of the Higgs boson enable us to compare theoretical
predictions directly to experimental observations, circum-
venting any extrapolation that would otherwise introduce
an additional source of uncertainty. Moreover, in the light
of rapidly accumulating data and the upcoming high
luminosity phase of the LHC, such differential comparisons
present a unique window into the properties of the Higgs
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boson. The fast pace of theoretical developments in recent
years has produced several approaches [22–27] for the
differential calculation of hadron-collider processes 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 [28–33].
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 rapidity 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.
Projection-to-Born method for color-neutral final

states.—Fully differential predictions at higher orders in
perturbation theory require special treatment for the can-
cellation of infrared singularities that appear at the inter-
mediate stages of the calculation. The P2B method
accomplishes this through a special projection operation
that allows matching an inclusive calculation to a differ-
ential calculation at one order lower but with an additional
real emission. This method was initially conceived in the
calculation of NNLO corrections to the vector-boson-
fusion (VBF) process [25]. Exploiting the specific dynam-
ics of the VBF process, it used the structure-function
approach where the cross section is factorized into kine-
matically independent deep-inelastic scattering (DIS) sub-
processes on each of the incoming beams. The same
structure-function approach was subsequently used to
obtain inclusive results at N3LO for Higgs [34] and di-
Higgs [35] production in VBF. The P2B method was
extended to one order higher to compute differential
predictions at N3LO for 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

production 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 master
formula:

dσN
kLO

F

dO
¼

�
dσN

ðk−1ÞLO
Fþjet

dO
−
dσN

ðk−1ÞLO
Fþjet

dÕ

�
þ dσN

kLO
F

dÕ
: ð1Þ

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 unintegrated subtraction term is given by the
full, unintegrated real radiation matrix elements them-
selves. As a consequence, phase space singularities asso-
ciated with fully unresolved configurations are canceled
identically, which results in a particularly stable numeric
evaluation.
To define the projection, we consider the real-emission

phase space with n additional parton emissions,

ΦFþn∶ pa þ pb → pF þ k1 þ � � � þ kn; ð2Þ

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 ¼ ξapa; p̃b ¼ ξbpb; ð3Þ

with p̃F ¼ p̃a þ p̃b. In addition to the on-shell constraint,
p̃2
F ¼ p2

F, we further require the mapping to preserve the
rapidity of F, ỹF ¼ yF, which fully determines the projec-
tions with

ξaξb ¼
p2
F

2papb
; ξa=ξb ¼

2pbpF

2papF
: ð4Þ

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

p̃μ
i ¼ Λμ

νðpF; p̃FÞpν
i ; ð5Þ

which implements the projection onto Born kinematics,
p̃μ
F ≡ Λμ

νðpF; p̃FÞpν
F, and is explicitly given as

Λμ
νðpF; p̃FÞ ¼ gμν −

2ðpF þ p̃FÞμðpF þ p̃FÞν
ðpF þ p̃FÞ2

þ 2p̃μ
FpF;ν

p2
F

:

ð6Þ

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 channel at N3LO. The fully differential
prediction is assembled according to Eq. (1), which
requires the following.
(1) The inclusive calculation at N3LO for the Higgs

rapidity 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 formulas for the partonic rapidity distribution

PHYSICAL REVIEW LETTERS 127, 072002 (2021)

072002-2



computed by means of a threshold expansion. We supple-
ment this result by exploiting the fact that the Higgs boson
decays isotropically in its rest frame to generate the
inclusive N3LO calculation differential in the Higgs boson
decay products.
(2) The fully differential NNLO calculation for the H þ

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 meas-
urement [40] with the following fiducial cuts,

pγ1
T > 0.35mγγ; pγ2

T > 0.25mγγ;

jηγj < 2.37 excluding 1.37 < jηγj < 1.52; ð7Þ

where γ1 and γ2, respectively, denote the leading and
subleading photon with mγγ ≡MH ¼ 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 ΔR ¼ 0.2 around the photon has to be less than 5% of
the pT of the photon. Note that this setup induces a highly
nontrivial 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 predictions we use
PDF4LHC15_nnlo_100 [41] parton distribution functions
and choose the value of the top quark mass in the modified
minimal subtraction scheme to be mtðmtÞ ¼ 162.7 GeV.
Figure 1 compares predictions for the fiducial rapidity

distribution of the Higgs boson yH based on two different
methods. This comparison serves as the validation of the
P2B implementation up to NNLO against an independent
calculation based on the antenna subtraction method. The
lower panels in Fig. 1 show the ratio of the two calcu-
lations, 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 subpercent 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
diphoton pair. It was already noted in Refs. [20,21] that the
N3LO correction to the inclusive rapidity distribution is
remarkably uniform and is well approximated by rescaling

the inclusive NNLO rapidity distribution with the inclusive
K factor,

KN3LO ≡ σN
3LO

incl =σNNLOincl : ð8Þ

Throughout this Letter, we estimate the uncertainty of the
truncation of the perturbative series by independently
varying the factorization and renormalization scale around
their central value μcentF ¼ μcentR ¼ MH=2 by factors of ð12 ; 2Þ
with the restriction 1

2
≤ μF=μR ≤ 2. The resulting uncer-

tainty estimates for the inclusive predictions are uniform
throughout the entire range of the distribution and nearly
identical to the uncertainty estimates of KN3LO. The right-
hand side of Fig. 2 shows the fiducial rapidity distribution
of the two-photon pair subject to all final-state selection
cuts. The corresponding distribution obtained by rescaling
the NNLO distribution with the inclusive factor KN3LO is
given by the orange 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
nontrivial 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. Furthermore, the obtained estimate of uncertainties
due to missing higher-order corrections is 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 correc-
tions lead to a stabilization of the perturbative expansion
and are compatible with NNLO predictions. Finally, the
newly obtained corrections lead to a significant reduction in
perturbative corrections.

FIG. 1. Validation of the P2B method against an independent
implementation using the antenna-subtraction method up to
NNLO.
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Figure 3 shows distributions of the genuine photon final
states of the Higgs boson production cross section. On the
left, we show the rapidity distribution of the photon with
the leading transverse momentum. Similar to the fiducial
rapidity distribution of the Higgs boson, we observe here
that genuine N3LO predictions are larger than expected
from the inclusive K factor, as indicated 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 reduction of the scale dependence.
The right-hand side of Fig. 3 shows the diphoton 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 penultimate bin that exhibits a perturbative
instability. The origin of this instability can be traced back
to a linear dependence of the fiducial acceptance on the
Higgs transverse momentum (pH

T ) [42] that induces a
sensitivity to very low momentum scales. As such, the
location of the instability is confined to the region close to
the kinematic boundaries of the associated process where
pH
T is very small, also known as so-called “Sudakov

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 (gray), NLO (green), NNLO (blue), N3LO (red), and for the NNLO prediction rescaled by the
inclusive KN3LO factor (orange).

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 (gray), NLO (green), NNLO (blue), N3LO (red), and for the NNLO prediction
rescaled by the inclusive KN3LO factor (orange).
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shoulders” [43]. The minimum pcut
T on the photons leads to

an implicit restriction of the Born-level kinematics, such
that vanishing pH

T can only be attained below a critical
value of jΔyðγ1; γ2Þj. This boundary is located at
2arccosh½ðMHÞ=ð2pcut

T Þ�≡ ΔymaxjLO ≈ 1.8 and the last
bin in Fig. 3 is thus only populated starting from NLO.
It is easy to verify that this kinematic boundary can
only be probed for Higgs rapidities that satisfy
jyHj ≤ ηγmax − 1

2
ΔymaxjLO ≈ 1.5, which corresponds pre-

cisely to the region of yH where larger higher-order
corrections are observed. Furthermore, we can identify a
second region in which the barrel–end-cap rejection
(yγBE ∼ 1.45) crosses over the Δy boundary at
jyHj ∼ ηγBE − 1

2
ΔymaxjLO ≈ 0.55, which aligns precisely

with the pronounced dip seen in the Higgs rapidity
distribution. To what extent such a sensitivity can also
affect the other observables as well as approaches to avoid
them will be left for future studies.
Conclusions and outlook.—In this Letter, we extended

the projection-to-Born method to production cross sections
for generic colorless 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 description

of some of the most relevant Higgs boson observables. In
particular, we find that N3LO corrections for fiducial
distributions for the two-photon final state can be nonuni-
form across the different distributions. Overall, our newly
obtained predictions lead to a reduction in the dependence
of the differential cross section on perturbative scales and
we find that N3LO corrected predictions 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 observa-
tions, these predictions need to be combined with
electroweak 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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Note added.—Recently, we became aware of complemen-
tary work on the computation of the fiducial cross section
for Higgs boson production to third order in QCD employ-
ing the qT-subtraction approach [44].
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