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Higgs physics: a snapshot

2

Higgs: at the forefront of high-precision calculations in the SM 

Current situation: theory 
• all but one (ttH) channels known at NNLO. ggF and VBF known at N3LO  
• in many cases (leading) EW corrections known 
• most important decay channels under control 

Current situation: experiment 
• most production/decay channels known at 20% or better 
• so far, Higgs very SM-like 

Goals: investigations at the few-percent level 
• in many cases possible experimentally 
• no new-physics at the TeV scale → deviations from SM of order Q2/Λ2BSM ~ 0.1 
• αEW ~ 0.1 → investigate quantum structure of the SM 
• at least in principle, should be possible from TH point of view (much beyond that: 

non-perturbative effects…)



ggF: N3LO differential

3

Color-singlet production: in principle knowing  
a) V+J@NNLO 
b) the V N3LO rapidity distribution or its ``small-pt (universal) limit’’ 

is enough to obtain fully-differential N3LO
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Figure 10. Transverse momentum distribution of the Higgs boson compared to preliminary 13
TeV ATLAS [20]. Left panel is the absolute cross section, right panel is normalized to �H .

The currently ongoing Run 2 of the LHC will produce a dataset at 13 and 14 TeV

corresponding to about 25 times the integrated luminosity of the data analysed by ATLAS

for the preliminary study [20] discussed in this section.

4 Higgs boson production at large transverse momentum

Although not yet very precise, the ATLAS and CMS measurements of the Higgs boson

transverse momentum distribution at 8 TeV [2, 3], as well as the preliminary ATLAS

results at 13 TeV [20], illustrate the potential of this observable once higher statistics

are available. The current Run 2 of the LHC at 13 TeV will allow these observables to

be studied with much higher precision, and will extend the kinematic range that can be

probed to larger values of the transverse momentum.

To quantify the impact of the top quark mass e↵ects, we use the CMS fiducial cuts

and the theory parameters described in Section 3.1 at 13 TeV. As discussed earlier, we

consider two approximate approaches to estimating the mass e↵ects defined in Eqs. (2.15)

and (2.16), the multiplicative EFT⌦M and additive EFT�M approximations respectively

in addition to the EFT in the large quark mass limit. To quantify the uncertainty on these

procedures, we compare in Figure 11 the EFT�M (green) and the EFT⌦M (red) predic-

tions obtained according to Eqs. (2.16) and (2.15). The EFT and EFT⌦M predictions (and

the corresponding scale uncertainty) are simply related by R(pT ) as shown in Fig. 1(right).

For Higgs transverse momentum p
H
T > 200 GeV, the EFT distribution is much harder than

the EFT⌦M prediction, and as a result, the EFT�M prediction lies between the two.

The inclusion of quark mass e↵ects at LO leads to a damping of the transverse momen-

tum spectrum. Consequently, in the EFT�M prediction at large transverse momenta, the

harder higher order EFT corrections dominate over the softer LO contribution with exact

mass dependence. Even if the yet unknown NLO corrections to the exact mass dependence
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
shows the ratio of the approximate NNLO to the exact result, the right panel shows the approximate N3LO result to the best
prediction obtained in this work.
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FIG. 2: The Higgs boson rapidity distribution at di↵erent or-
ders in perturbation theory. The lower panel shows the N3LO
and NNLO predictions normalised to the N3LO prediction for
µ = mh/2.
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Fully-differential  N3LO QCD predictions for Higgs production in gluon fusion are obtained by 
combining N3LO QCD predictions for Higgs rapidity distribution  with NNLO predictions for H+jet 
production using the so-called projection-to-Born method.   

An alternative computation relies on soft-collinear effective theory and computations of required 
ingredients (beam functions etc.) through N3LO QCD.

Figure 4. Transverse momentum and rapidity distributions of the leading jet produced in associ-
ation with a Higgs boson compared to ATLAS data [2]. Upper panels are absolute cross sections,
lower panels normalized to �H .

total fiducial cross section, which is inclusive in the number of jets. Besides the absolute

distributions, we therefore also considered distributions normalized to the total fiducial

cross section. In these, uncertainties related to the overall luminosity and the reconstruc-

tion e�ciency largely cancel out, such that normalized distributions are often measured

more reliably. We observe the theory uncertainty on the distributions to increase after

normalization, which is a direct consequence of considering independent scale variations

on numerator and denominator. For this reason, they appear to be less well suited for

precision phenomenology than the absolute measurements.
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Figure 4. The K-factor of the N3LO beam function, i.e. the ratio of the N3LO beam function to
NNLO beam function. We fix bT = (10 GeV)�1 and ! = 100 GeV and choose the canonical scales
µbT = 2e��E and ⌫ = !, such that the shown beam function corresponds to the boundary term in
a resummed prediction. The di↵erent colors show the results for an u-quark, d-quark and gluon,
respectively.

In order to understand the impact of the new three-loop boundary term Ĩ(3)ij in a

resummed predictions, we present the beam function evaluated at the canonical scales

µbT = 2e��E and ⌫ = !, where all logarithms in eq. (4.2) vanish and only the boundary

term Ĩ(3)ij contributes. In figure 3, we compare the u-quark beam function (left) and gluon

beam function (right) order by order in ↵s, up to N3LO, to the corresponding PDFs,

choosing canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We see that the beam

function has a very di↵erent shape compared to the PDF, and that the beam function

converges very well at N3LO.

Finally, the K-factor of the N3LO beam function, which is defined as the ratio of the

beam function at N3LO w.r.t. its value at NNLO, is shown in figure 4. As before, we

choose the canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We find a rather

small correction of ⇠ 0.2� 0.5%, but with a notable dependence on z for all channels.

For completeness, we also present the high-energy limit z ! 0 of the kernels Ĩ(3)gg (z) and

Ĩ(3)gq (z) contributing to the gluon beam function in appendix B. The corresponding limit for

the quark kernels were already presented in ref. [51], for which we find perfect agreement.

These results are useful to study the small-x behavior of TMDPDFs, see e.g. refs. [143–146].

5 Conclusions

We have calculated the perturbative matching kernel relating transverse-momentum depen-

dent beam functions with lightcone PDFs at N3LO in QCD. This provides the first results

of these kernels for the gluon TMD beam function, and corrects the result in the dabcdabc

color structure in the recent calculation of the quark TMD beam function in ref. [51]. After

private communication, the authors of ref. [51] identified and resolved a minor mistake in

their calculation, after which perfect agreement is found. This emphasizes that having two
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
shows the ratio of the approximate NNLO to the exact result, the right panel shows the approximate N3LO result to the best
prediction obtained in this work.
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Fully-differential  N3LO QCD predictions for Higgs production in gluon fusion are obtained by 
combining N3LO QCD predictions for Higgs rapidity distribution  with NNLO predictions for H+jet 
production using the so-called projection-to-Born method.   

An alternative computation relies on soft-collinear effective theory and computations of required 
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Figure 4. Transverse momentum and rapidity distributions of the leading jet produced in associ-
ation with a Higgs boson compared to ATLAS data [2]. Upper panels are absolute cross sections,
lower panels normalized to �H .

total fiducial cross section, which is inclusive in the number of jets. Besides the absolute

distributions, we therefore also considered distributions normalized to the total fiducial

cross section. In these, uncertainties related to the overall luminosity and the reconstruc-

tion e�ciency largely cancel out, such that normalized distributions are often measured

more reliably. We observe the theory uncertainty on the distributions to increase after

normalization, which is a direct consequence of considering independent scale variations

on numerator and denominator. For this reason, they appear to be less well suited for

precision phenomenology than the absolute measurements.

– 12 –

Chen,  Gehrmann, Glover, Huss, Mistlberger, Pelloni

Billis, Bahman, Ebert, Michel and Tackmann

Ebert,   Mistlberger, de Vita;
Luo, Yang, Zhu, Zhu

10-4 10-3 10-2 10-1 100
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Figure 4. The K-factor of the N3LO beam function, i.e. the ratio of the N3LO beam function to
NNLO beam function. We fix bT = (10 GeV)�1 and ! = 100 GeV and choose the canonical scales
µbT = 2e��E and ⌫ = !, such that the shown beam function corresponds to the boundary term in
a resummed prediction. The di↵erent colors show the results for an u-quark, d-quark and gluon,
respectively.

In order to understand the impact of the new three-loop boundary term Ĩ(3)ij in a

resummed predictions, we present the beam function evaluated at the canonical scales

µbT = 2e��E and ⌫ = !, where all logarithms in eq. (4.2) vanish and only the boundary

term Ĩ(3)ij contributes. In figure 3, we compare the u-quark beam function (left) and gluon

beam function (right) order by order in ↵s, up to N3LO, to the corresponding PDFs,

choosing canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We see that the beam

function has a very di↵erent shape compared to the PDF, and that the beam function

converges very well at N3LO.

Finally, the K-factor of the N3LO beam function, which is defined as the ratio of the

beam function at N3LO w.r.t. its value at NNLO, is shown in figure 4. As before, we

choose the canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We find a rather

small correction of ⇠ 0.2� 0.5%, but with a notable dependence on z for all channels.

For completeness, we also present the high-energy limit z ! 0 of the kernels Ĩ(3)gg (z) and

Ĩ(3)gq (z) contributing to the gluon beam function in appendix B. The corresponding limit for

the quark kernels were already presented in ref. [51], for which we find perfect agreement.

These results are useful to study the small-x behavior of TMDPDFs, see e.g. refs. [143–146].

5 Conclusions

We have calculated the perturbative matching kernel relating transverse-momentum depen-

dent beam functions with lightcone PDFs at N3LO in QCD. This provides the first results

of these kernels for the gluon TMD beam function, and corrects the result in the dabcdabc

color structure in the recent calculation of the quark TMD beam function in ref. [51]. After

private communication, the authors of ref. [51] identified and resolved a minor mistake in

their calculation, after which perfect agreement is found. This emphasizes that having two
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Fully-differential Higgs @ N3LO: P2B
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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 di↵erential 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 di↵erential in the Higgs boson decay prod-
ucts.

2. The fully di↵erential 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

p�1

T > 0.35⇥m�� , p�2

T > 0.25⇥m�� , (7)

|⌘� | < 2.37 excluding 1.37 < |⌘� | < 1.52,

where �1 and �2 respectively denote the leading and sub-
leading photon with m�� ⌘ 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 di↵erential 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 di↵er-
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 coe�cients 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

•Higgs rapidity distribution [Dulat, Mistlberger, Pelloni (2018)] 
•Exquisite numerical control of H+j@NNLO [NNLOjet, 2015-2021] 
•Combined using P2B [Cacciari, Dreyer, Karlberg, Salam, Zanderighi (2015)]
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p�1

T > 0.35⇥m�� , p�2

T > 0.25⇥m�� , (7)

|⌘� | < 2.37 excluding 1.37 < |⌘� | < 1.52,
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III. THE TOTAL FIDUCIAL CROSS SECTION

If (and only if) the singular distributional structure of
d�(0)

/dqT is known, the qT spectrum can be integrated
to obtain the total cross section. This is the basis of qT
subtractions [44],

� = �
sub(qo↵

T
)+

Z
dqT


d�

dqT
�

d�sub

dqT
✓(qT  q

o↵

T
)

�
. (14)

Here, d�sub = d�(0)[1+O(qT /mH)] contains the singular
terms, with �

sub(qo↵
T

) its distributional integral over qT 

q
o↵

T
, while the term in brackets is numerically integrable.

Taking �
sub

⌘ �
sing, we get

� = �
sing(qo↵

T
) +

Z
q
off
T

0

dqT
d�nons

dqT
+

Z

q
off
T

dqT
d�

dqT
, (15)

which is exactly the integral of Eq. (13). The subtrac-
tions here are di↵erential in qT , where qo↵T ⇠ 10�100GeV
determines the range over which they act and exactly
cancels between all terms.

To integrate d�nons
/dqT in Eq. (15) down to qT = 0,

we parametrize the fixed-order coe�cients in Eq. (12) by
their leading behavior,

qT
d�nons

FO

dqT

����
↵n

s

=
q
2

T

m
2

H

2n�1X

k=0

ak ln
k q

2

T

m
2

H

+ · · · , (16)

and perform a fit to this parameterization, which we then
integrate analytically. To obtain reliable, unbiased fit re-
sults, we must account for the uncertainties in the pa-
rameterization from yet higher-power corrections. We
do so by including additional higher-power coe�cients
as nuisance parameters. In the fiducial case, we include
all O(q3

T
/m

3

H
) coe�cients. The fit procedure is an ex-

tension of the one described in Refs. [103, 104]. It has
been validated extensively, and more details will be given
elsewhere. As a benchmark, we correctly reproduce the
↵s (↵2

s
) coe�cients of the total inclusive cross section to

better than 10�5 (10�4) relative precision.
At N3LO, we use existing NNLOjet results [41, 42] to

get nonsingular data for 0.74GeV (4GeV)  qT  q
o↵

T

for inclusive log bins (for inclusive and fiducial linear
bins). While these data are not yet precise enough to-
wards small qT to give a stable fit on their own, we ex-
ploit that in the inclusive case, the known ↵

3
s
coe�cient

of the total inclusive cross section [25, 105] provides a
su�ciently strong additional constraint to obtain a reli-
able fit. In the fiducial case, we exploit that the inclusive
and fiducial ak arise from the same Y -dependent coef-
ficient functions integrated either inclusively or against
A(0, Y ;⇥). At NLO and NNLO, their ratios are between
0.4 to 0.55. At N3LO, we thus perform a simultaneous
fit to inclusive and fiducial data, using this range as a
1� constraint on the ratio of fiducial and inclusive ak.

FIG. 2. Fiducial and nonsingular power corrections integrated
up to qT  q

cut
T . The yellow band shows �nons from the fit.
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FIG. 3. Total fiducial gg ! H ! �� cross section at fixed or-
der and including resummation, where �resum ⌘ �qT ��' �
�match, compared to preliminary ATLAS measurements [26].

This yields a stable fit, with an acceptable ⇠ 0.1 pb un-
certainty for the fiducial nonsingular integral (�nons).

The often-used qT slicing approach amounts to taking
q
o↵

T
! q

cut

T
⇠ 1GeV and simply dropping the power cor-

rections below q
cut

T
. The nonsingular and fiducial power

corrections are shown in Fig. 2. The latter are huge at
↵
3
s
, and even at ↵

2
s
only become really negligible below

q
cut

T
<
⇠ 10�2 GeV. This is why it is critical for us to

include them in the subtractions (and to resum them).
The remaining nonsingular corrections at ↵

3
s
are about

ten times larger than at ↵
2
s
, and at q

cut

T
= 1 � 5GeV

still contribute 5 � 10% of the total ↵3
s
coe�cient. To-

gether with the current precision of the nonsingular data,
this makes the above di↵erential subtraction procedure
essential to our results.

Evaluating Eq. (15) either at fixed order or including
resummation, we obtain our final results for the total
fiducial cross section presented in Fig. 3. The poor con-
vergence at fixed order is largely due to the fiducial power

[V+jet@NNLO: NNLOjet, extremely stable down to pt ~ 0.5 GeV]

[Billis, Dehnadi, Ebert, Michel, Tackmann (2021)]

[Re, Rottoli, Torrielli (2021)]

Figure 6. Resummed pHt spectrum for inclusive Higgs production at NNLL, NNLL0, N3LL. Left panel:
central scales R = F = 1, Q = 1/2. Right panel: central scales R = F = Q = 1/2.
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Figure 7. Left: resummed predictions at N3LL (red) and N3LL0 (blue) for p��
t

in the fiducial ATLAS
setup. Right: matched prediction at N3LL +NNLO (red) and N3LL0+NNLO (blue). In the right plot, the
x axis is linear up to p��

t
= 50 GeV and logarithmic above.

curves is significantly affected, with ‘primed’ predictions correctly capturing the large K-factor,
at the level of 15% at this perturbative order, which is known to arise in Higgs production. We
note the the two different NNLL0 predictions are fairly similar, and remarkably closer (in shape
and normalisation) to the N3LL one than the bare NNLL is, both in terms of central value, and
of uncertainty-band estimate. The central NNLL0 prediction without running coupling tends to be
slightly closer to the central N3LL one, while NNLL0 with running coupling is slightly more similar
to N3LL in terms of uncertainty band. In all cases does the central N3LL prediction lie well within
the NNLL0 running-coupling band, which we use as our default for the fiducial study.

Fig. 7 displays a comparison, relevant to the fiducial di-photon p
��

t
spectrum, of N3LL0 curves

(blue) agains N3LL predictions (red), both without (left panel) and with (right panel) additive
matching to NNLO. All predictions include recoil effects, so that this figure represents the Higgs-
production analogue of Fig. 3, but referred to central scales R = F = Q = 1/2. The shape

– 28 –
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corrections. To see this,

�
FO

incl
= 13.80 [1 + 1.291 + 0.783 + 0.299] pb ,

�
FO

fid
/B�� = 6.928 [1 + (1.300 + 0.129fpc)

+ (0.784� 0.061fpc)

+ (0.331 + 0.150fpc)] pb . (17)

The successive terms are the contributions from each or-
der in ↵s. The numbers with “fpc” subscript are the
contributions of the fiducial power corrections in Eq. (7).
The corrections without them are almost identical to the
inclusive case. The fiducial power corrections break this
would-be universal acceptance e↵ect, causing a 10% cor-
rection at NLO and NNLO and a 50% correction at N3LO
and showing no perturbative convergence.

Integrating W
(0) over qT , all qT logarithms and re-

summation e↵ects formally have to cancel. (Numerically,
this strongly depends on the specific implementation of
resummation and matching. We have verified explicitly
that it is well-satisfied in our approach.) For the fiducial
power corrections, the nontrivial qT -dependence of the
acceptance spoils this cancellation and induces residual
logarithmic dependence on pL/mH in the integral. This
causes the large corrections in Eq. (17), which get re-
summed using the resummed �

sing in Eq. (15). Together
with timelike resummation, this leads to the excellent
convergence of the resummed results in Fig. 3, very sim-
ilar to the inclusive case [72],

�incl = 24.16 [1 + 0.756 + 0.207 + 0.024] pb ,

�fid/B�� = 12.89 [1 + 0.749 + 0.171 + 0.053] pb . (18)

To conclude, our best result for the fiducial Higgs cross
section at N3LL0+N3LO for the cuts in Eq. (1) reads

�fid/B�� = (25.41± 0.59FO ± 0.21qT ± 0.17'

± 0.06match ± 0.20nons) pb

= (25.41± 0.68pert) pb . (19)

Multiplying by B�� = (2.270± 0.047)⇥ 10�3 [106–108],

�fid = 57.69 (1± 2.7%pert ± 2.1%B (20)

± 3.2%PDF+↵s ± 2%EW ± 2%t,b,c) fb ,

where we also included approximations of additional un-
certainties. The PDF+↵s uncertainty is taken from the
inclusive case [24, 108]. For the inclusive cross section,
NLO electroweak e↵ects give a +5% correction [109],
while the net e↵ect of finite top-mass, bottom, and charm
contributions is�5% (in the pole scheme we use). We can
expect roughly similar acceptance corrections for both,
and therefore keep the central result unchanged but in-
clude a conservative 2% uncertainty (40% of the expected
correction) for each e↵ect. Their proper treatment re-
quires incorporating them into the resummation frame-
work, which we leave for future work.
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Fixed-order: large spurious 
fiducial correction effects 
  
At N3LO: as large as correction 
itself



Spurious fiducial-correction effects

6

The issue: ATLAS / CMS fiducial cuts induce sensitivity to IR physics in 
f.o. calculations [Catani, Cieri, de Florian, Ferrera, Grazzini (2018); Ebert, Michel, Tackmann + Billis, 
Dehnadi (2017-2021); Salam + Slade (2015, 2021)]

Two options:  
•abandon fixed-order calculation (resummation is well under-control) 
•design sets of cuts that do not induce such sensitivity, while still being practical 

and retaining good S/B ratio[Salam, Slade (2021)]

Figure 4: Comparison of the pt,h-dependent acceptances for the sum, product and stag-

gered cuts. For the staggered cuts, pt,y+ corresponds to the transverse momentum of the

photon at higher rapidity. As in Fig. 2, the points corresponds to Monte Carlo evaluations

of the acceptances. Lines use series expansions to fourth order and bands (where visible)

show the size of the fourth order term.

Figure 5: The N3LL resummed result and its N3LO truncation, for sum cuts (left) and

product cuts (right), as a function of ✏, the minimum pt,h in Eq. (2.22). Note the di↵erent

scale relative to Fig. 3.

clearly sees the transition to linear pt,h dependence for pt,h & 2� in the case of the sum

and product cuts and for pt,h > � for the staggered cuts.

The perturbative convergence of the acceptance with sum and product cuts is illus-

– 18 –

Figure 3: The N3LL resummed result and its truncation at N3LO for the fiducial cor-

rections to the Higgs cross section, as defined in Eq. (2.22), for asymmetric pt,� cuts,

pt,+ > 0.35mh and pt,� > 0.25mh. The results are shown as a function of ✏, the mini-

mum Higgs pt used in the integration (conceptually analogous to a technical cuto↵ in a

projection-to-Born fixed-order calculation). The bands are the result of varying renormali-

sation and factorisation scales by a factor of two around mh/2. The N3LL distribution and

expansion used to obtain these results were kindly supplied by the authors of the RadISH

framework [44].

a consequence of the fact that the NNLL and N3LL results includes a substantial part of

the K factor for inclusive Higgs production. The NNLL and N3LL results are themselves

close. Examining the fixed-order results, the main feature to note is that up to N3LO there

is no truncation of the series that agrees with the resummed result.

Fig. 3 illustrates the N3LO truncation compared to the resummation, as a function

of the cuto↵ ✏ in Eq. (2.22). First considering the small-✏ limit, the di↵erence of 0.22

between the central N3LO result and the resummation corresponds to a roughly 7% rel-

ative e↵ect on the full cross section (after accounting for an overall K-factor of about 3).

This is significantly larger than the perturbative scale uncertainty on the inclusive N3LO

cross section [6]. The scale variation bands demonstrate a large scale sensitivity for the

fixed-order result, which does not overlap with the resummed result (though contributions

beyond the resummation could modify this aspect). The pattern of ✏-dependence in Fig. 3

confirms the expectation from Eq. (2.20) that the fixed-order result is highly sensitive to

unphysically low pt,h values.7

One may ask whether a badly divergent perturbative series for a fiducial cross section

is a problem: after all, there are various ways of evaluating the fiducial cross section via

the matching of resummations and fixed order, including the pt,h dependence acceptance

7One intriguing feature is that setting ✏ in the range of a few hundred MeV to one GeV gives an N3LO

truncated result that is much closer to the full N3LL result, and with a reduced scale uncertainty.

– 13 –
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2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeV pp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of finite quark masses. The only modification
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.
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Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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ggF: N3LO QCD is not enough…
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– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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enhance the large-ŝ region. Consequently, such terms
cannot serve as uncertainty estimates of the heavy-top
limit in a straightforward way.

So far the only estimate of top-mass e↵ects beyond
the HEFT approximation is therefore based on a combi-
nation of the 1/Mt-expansion with the leading terms in
the large-ŝ limit [22–25], from which an uncertainty of 1%
due to top-quark mass e↵ects was derived [1].

In this paper we eliminate this uncertainty by report-
ing on the exact calculation of the top-quark mass e↵ects
in hadronic Higgs production at next-to-next-to-leading
order (NNLO) QCD.

CALCULATION

The calculation requires the combination of the purely
virtual three-loop corrections to the cross section with
the contributions from the real emission both of a single
parton (quark q, anti-quark q̄, or gluon g) at two-loop
level, and of two partons at one-loop level. Factorization
scheme dependence demands to take all possible partonic
initial states into account. This is also important in the
light of the failure of Eq. (1) for the non-gg channels as
mentioned before, combined with the fact that they in-
crease by roughly 100% from NLO to NNLO within HEFT.

Calculations of all the relevant amplitudes, including
their full top-mass dependence, have already been re-
ported on in the literature. In fact, the double-real emis-
sion amplitudes have been known for two decades [26].
Today, they can be obtained with public automated tools,
and we use OpenLoops [27] for this purpose.

Complete results for the three-loop virtual amplitude
are very recent. Its full top-mass dependence at NNLO

has been first obtained with the help of Padé approxi-
mants constructed from the heavy-top expansion and the
non-analytic terms at the threshold ŝ = 4M2

t [28]. For
the present study, we use a numerical result that was de-
rived by expressing the amplitude in terms of master inte-
grals, and subsequently evaluating them numerically [29].
Note that a fully analytic result is only available for the
part which involves light (massless) fermion loops [30].

Two-loop single-emission amplitudes with full top-
mass dependence have been evaluated in Ref. [31] after
a number of previous approximate results [32, 33]. Each
of these studies concerned the production of a resolved
jet in addition to the Higgs boson. In contrast, for our
purposes it is necessary to integrate the amplitudes over
the full phase space, including the soft- and collinear-
singular regions. The method used in Ref. [31] cannot
be applied in this case due to numerical stability and ef-
ficiency issues. Analytic results for the complete set of
integrals necessary for the evaluation of the amplitudes
have been the subject of a recent publication [34], but the
use of these results is non-trivial. Instead, we have cal-
culated the integrals using the same strategy as the one

Figure 1: Finite part of the regulated amplitudes,
2RehM (1)

exact|M
(2)
exacti

��
regulated

, defined in Eq. (2), for the pro-

cesses gg ! gH (first row), qg ! qH (second row) and
qq̄ ! gH (third row), separated into the region below (left
column) and above (right column) threshold for intermediate
top-quark pair production. A factor of ↵4

s/(4⇡)
2
·1/v2 · ŝ, with

v the Higgs-field vacuum expectation value, has been factored
out. The renormalization scale has been set at µR = MH/2.
The kinematics is parameterized with z ⌘ 1 � M

2
H/ŝ and

� ⌘ t̂/(t̂+ û), with ŝ, t̂ and û the standard Mandelstam vari-
ables.

used in Ref. [29] for the Higgs-gluon form factor, which
itself is based on Ref. [35]. In short, the amplitudes have
been reduced to a set of master integrals with the help
of the public software Kira�FireFly [36–40]. Algebraic
manipulations have been simplified by setting the ratio
of the top-quark and Higgs-boson mass to a fixed value of
M

2
t /M

2
H = 23/12, corresponding to Mt ⇡ 173.055 GeV

for MH = 125 GeV. The same software has also been
used to derive a system of first-order homogeneous lin-
ear di↵erential equations in Mt satisfied by the master
integrals. Using initial conditions in the heavy-top limit,
obtained with a diagrammatic large mass expansion, the
system of di↵erential equations has been solved numer-
ically at a very large number of phase-space points. As
a result, the amplitudes have been obtained on a dense
grid that could, in principle, be used for interpolation.
However, direct inclusive phase-space integration would
require an unreliable extrapolation to the singular soft
and collinear regions.
In order to perform the phase-space integrals, the am-

plitudes have been regulated in the soft and collinear

4

Table I: E↵ects of a finite top-quark mass on the total hadronic Higgs-boson production cross section for the LHC @ 13 TeV and
8 TeV, separately for the partonic channels and including Monte Carlo integration error estimates. Results obtained with the
PDF set NNPDF31 nnlo as 0118 [45], renormalization and factorization scales µR = µF = MH/2, Higgs-boson mass MH = 125
GeV, and top-quark mass Mt =

p
23/12 ⇥ MH ⇡ 173.055 GeV. The NNLO cross section within HEFT (�NNLO

HEFT ) has been
obtained with SusHi [46, 47] and is split into contributions from the individual orders in ↵s.

channel
�
NNLO
HEFT [pb] (�NNLO

exact � �
NNLO
HEFT ) [pb]

(�NNLO
exact /�

NNLO
HEFT � 1) [%]

O(↵2
s) +O(↵3

s) +O(↵4
s) O(↵3

s) O(↵4
s)

p
s = 8TeV

gg 7.39 + 8.58 + 3.88 +0.0353 +0.0879± 0.0005 +0.62
qg 0.55 + 0.26 �0.1397 �0.0021± 0.0005 �18
qq 0.01 + 0.04 +0.0171 �0.0191± 0.0002 �4

total 7.39 + 9.15 + 4.18 �0.0873 +0.0667± 0.0007 �0.10
p
s = 13TeV

gg 16.30 + 19.64 + 8.76 +0.0345 +0.2431± 0.0020 +0.62
qg 1.49 + 0.84 �0.3696 �0.0115± 0.0010 �16
qq 0.02 + 0.10 +0.0322 �0.0501± 0.0006 �15

total 16.30 + 21.15 + 9.79 �0.3029 +0.1815± 0.0023 �0.26

and at the same time eliminates the commonly accepted
uncertainty estimate arising from the lack of knowledge
of these e↵ects.

Our calculational techniques are also applicable to the
bottom- and charm-loop induced terms and the associ-
ated interference with the top-loop terms. This is de-
ferred to future work.
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2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeV pp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of finite quark masses. The only modification
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.
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Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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Higgs production in gluon fusion:  quark-mass effects
Accurate estimate of light-quark contributions to gg -> H cross section continues to be a challenging 
issue. Potentially large logarithms of the b-quark mass can be resummed to estimate the importance of 
higher-order effects.

b
H ⇠ �3

2

m2
b

m2
H

ln2
m2

H

m2
b

Mt

gg!H

<latexit sha1_base64="ngpQCnd/szg5/Uy2dtgx5q0lQNg="></latexit><latexit sha1_base64="Bc38reeYQgQFYwX7msS+AVVGzw0="></latexit><latexit sha1_base64="Bc38reeYQgQFYwX7msS+AVVGzw0="></latexit><latexit sha1_base64="mNwDiIi6j4qgWk+JiI4bTgezaJ8="></latexit>

Exact three loop form factor for gg->H provides another way to estimate the quality of log(mb) resummation 
program.

LO NLO NNLO N3LO

δσLL
pp→H+X -1.420 -1.640 -1.667 -1.670

δσNLL
pp→H+X -1.420 -2.048 -2.183 -2.204

δσpp→H+X -1.023 -2.000

Table 1. The bottom quark loop corrections in picobarns to the Higgs boson production cross
section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.

and in general one can use a different value of µ in the series for Cb, Eq. (4.2). However,

the corresponding optimal value µ = mH (mb/mH)2/5 ≈ mH/3 is quite close to the one

for σeff
gg→H+X and therefore we use the same renormalization scale in both series. Note

that in the NLL approximation there is no difference between the pole mass mb and the

MS mass mb(mb) and we use the latter as the bottom quark mass parameter for its better

perturbative properties.

In Table 1 we also present the result obtained with the threshold partonic cross section

retaining full dependence on mb, which is available up to NLO, and the leading logarithmic

result obtained with the same σn coefficients but all the subleading terms in Eqs. (4.2,4.9)

being neglected. As we see, both perturbative and logarithmic expansions have a reasonable

convergence. In LO and NLO, where the full mass dependence is known, we find that the

NLL cross section is within 42% and 3% of the exact result, respectively. The inclusion of

the NLL terms is crucial for reducing the scale dependence as it determines the scales of the

bottom quark mass, Yukawa coupling and the strong coupling constant in the LL result.

For example, the renormalization group invariant product of the Yukawa factor Eq. (4.9)

and the coefficient Cb in NNLO is decreased by about 17% with the scale variation from

mH/3 to 2mH in the LL approximation and only by about 5% in the NLL one. The scale

dependence of the different orders of perturbative expansion for the threshold cross section

in the NLL approximation is shown in Fig. 5.

We should emphasize that the results in Table 1 and Fig. 5 are obtained in the threshold

limit. As discussed, for example, in Ref. [57], threshold corrections are not uniquely defined

for the hadronic cross section integral. Diverse definitions lead to important numerical

differences in the estimate of the cross section. In this paper we have adopted the simplest

choice of a flux for the partonic cross section which is given by Eq. (4.10). For top quark

contribution only, with the same flux choice, the threshold N3LO cross section in the

infinite top quark mass limit constitutes ∼ 65% of the full cross section. While the threshold

contribution may not be adequate for precise estimate of the cross section, it does constitute

a physical quantity (in contrast to infrared divergent amplitudes) and can therefore be

used to detect whether the large logarithms pose any challenges for the convergence of
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section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.
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the corresponding optimal value µ = mH (mb/mH)2/5 ≈ mH/3 is quite close to the one
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gg→H+X and therefore we use the same renormalization scale in both series. Note

that in the NLL approximation there is no difference between the pole mass mb and the

MS mass mb(mb) and we use the latter as the bottom quark mass parameter for its better
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In Table 1 we also present the result obtained with the threshold partonic cross section

retaining full dependence on mb, which is available up to NLO, and the leading logarithmic

result obtained with the same σn coefficients but all the subleading terms in Eqs. (4.2,4.9)

being neglected. As we see, both perturbative and logarithmic expansions have a reasonable

convergence. In LO and NLO, where the full mass dependence is known, we find that the

NLL cross section is within 42% and 3% of the exact result, respectively. The inclusion of

the NLL terms is crucial for reducing the scale dependence as it determines the scales of the

bottom quark mass, Yukawa coupling and the strong coupling constant in the LL result.

For example, the renormalization group invariant product of the Yukawa factor Eq. (4.9)

and the coefficient Cb in NNLO is decreased by about 17% with the scale variation from

mH/3 to 2mH in the LL approximation and only by about 5% in the NLL one. The scale

dependence of the different orders of perturbative expansion for the threshold cross section

in the NLL approximation is shown in Fig. 5.

We should emphasize that the results in Table 1 and Fig. 5 are obtained in the threshold

limit. As discussed, for example, in Ref. [57], threshold corrections are not uniquely defined

for the hadronic cross section integral. Diverse definitions lead to important numerical

differences in the estimate of the cross section. In this paper we have adopted the simplest

choice of a flux for the partonic cross section which is given by Eq. (4.10). For top quark

contribution only, with the same flux choice, the threshold N3LO cross section in the

infinite top quark mass limit constitutes ∼ 65% of the full cross section. While the threshold

contribution may not be adequate for precise estimate of the cross section, it does constitute

a physical quantity (in contrast to infrared divergent amplitudes) and can therefore be

used to detect whether the large logarithms pose any challenges for the convergence of
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2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeV pp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of finite quark masses. The only modification
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.
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Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-
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– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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for VBF single Higgs production in a realistic setup. In
section 4 we discuss the impact of the non-factorisable
corrections to VBF di-Higgs production. In section 5 we
give our conclusions.

2 QCD corrections in VBF Higgs production

2.1 Factorisable corrections

Both in single and double Higgs production via VBF, the
Higgs bosons are emitted by the electroweak vector bosons
exchanged between the two scattering partons. Schemat-
ically, the Born process for the emission of an arbitrary
number of Higgs bosons can be depicted as in figure 3a.

In the factorised approximation, the VBF cross section
is then expressed as a double deep inelastic scattering (DIS)
process, see Fig. 3b, for which the cross section is given
by [11]
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X
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4
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Here V = W±, Z corresponds to the mediating boson
with mass mV and squared propagator �2

V
, GF is Fermi’s

constant,
p
s is the collider centre-of-mass energy, Q2

i
=

�q2
i
and xi = Q2

i
/(2Pi·qi) are the usual DIS variables,WV

µ⌫

is the hadronic tensor and d⌦VBF is the VBF phase space.
The matrix element of the vector-boson fusion sub-process
is denoted as MV,µ⌫ .

The hadronic tensor can be expressed as

W
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where we have defined P̂i,µ = Pi,µ�
Pi·qi
q
2
i

qi,µ and FV

i
(x,Q2)

are the standard DIS structure functions with i = 1, 2, 3.

For single Higgs production, given by the diagram T
in Fig. 4, MV,µ⌫ can be written as

M
V,µ⌫ = gµ⌫ . (3)

By using the known DIS coe�cient functions up to order
↵3
s
[16–20], this can be used to evaluate the inclusive VBF

cross section to single Higgs production up to N3LO in
the factorised approximation. By combining an inclusive
NNLO calculation with the corresponding fully di↵eren-
tial NLO prediction for electroweak Higgs production in
association with three jets [6], one can obtain fully dif-
ferential results at NNLO through the projection-to-Born
method [7] or the antenna subtraction method [8].

The factorisable QCD corrections to the di-Higgs pro-
cess can be calculated in the same way as for its single
Higgs analog, expressing the cross section in the form of

(a) (b)

Fig. 3: Born diagram for the production of n Higgs bosons
in VBF (a) and representative 2-loop factorisable correc-
tions (b).

H

V
⇤
1

V
⇤

2

p2

p1

Fig. 4: Born diagram T for single Higgs VBF production.

eq. (1), but with M now referring to the di-Higgs matrix
element. The Higgs pair production process di↵ers from
the single Higgs case only at the interaction between the
vector and Higgs bosons, where an additional Higgs can
arise from an intermediate vector or Higgs boson, or from
the hhV V quartic coupling. The V V ! hh sub-process at
LO can be expressed as [21]

M
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where we have defined the propagators

�V = (q1 + k1)
2
�m2

V
+ i�V mV ,

�H = (k1 + k2)
2
�m2

H
+ i�HmH

(5)

and k1, k2 are the momenta of the final state Higgs bosons
and � and ⌫ are the trilinear Higgs self-coupling and the
vacuum expectation value of the Higgs field respectively.
The matrix element arises from the four Feynman diagrams
shown in Figure 5, which we label T1, T2, B1 and B2. We
stress here that, while we are including the bosons’ widths
for completeness, they play no role for the estimation of
QCD corrections to Higgs production in VBF.

2.2 Non-factorisable corrections

The factorisable approach described above, which includes
diagrams such as the one represented in figure 3b, is exact
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Fig. 5: Diagrams for Higgs pair production. (a) The T1 topology. (b) The T2 topology. (c) The B1 topology. (d) The
B2 topology.

up to NLO due to colour conservation. At NNLO this is no
longer true, as in particular two gluons in a colour singlet
state can be emitted between the two quark lines, as shown
in figure 6. As the gluons have to be in a colour singlet state,
these diagrams will be colour suppressed compared to their
factorisable counterparts. For this reason it has long been
argued that they can be neglected when considering NNLO
corrections to VBF [5].

Due to the complexity involved in computing the
two-loop non-factorisable corrections, very little has been
known about them beyond the fact that they are colour
suppressed. However, very recently [12] significant progress
was made, when it was shown that the corrections can be
estimated within the eikonal approximation [22–25]. This
calculation exploits the fact that when typical VBF cuts
are applied, the VBF cross section can be expanded in
the ratio of the leading jet transverse momentum over the
total partonic centre-of-mass energy

⇠ =
pt,j1
p
s
. (6)

In this kinematical configuration, the authors of Ref. [12]
conclude that the non-factorisable corrections receive a ⇡2-
enhancement connected to the presence of a Glauber phase,
which can partially compensate their colour suppression.
Indeed, it turns out that for VBF single Higgs production,
the non-factorisable corrections can contribute up to 1%
in certain regions of phase space, making them larger than
the factorisable N3LO corrections. In what follows we will
use the same approximation to estimate the impact of
non-factorisable corrections for the case of double Higgs
production as well.

In order to see how the NNLO non-factorisable cor-
rections can be estimated in the eikonal approximation
both for single and double Higgs production, let us con-
sider a generic VBF Born diagram, which we will call D,
for the production of an in principle arbitrary number of
Higgs bosons, see Fig. 3a. In what follows this diagram will
represent either the Born diagram for VBF single Higgs
production T of Fig. 4, or any of the Born diagrams for
double Higgs production T1, T2, B1 or B2 in Fig. 5.

It is important to stress here that, somewhat coun-
terintuitively, we will be considering QCD corrections on

each single diagram separately, and not on the full Born
matrix element. Since we are interested in computing the
NNLO QCD corrections to this class of processes, we imag-
ine dressing the diagram D with 1-loop or 2-loop QCD
corrections, as depicted in Fig. 6, where we provide two
representative diagrams for illustration only.

(a) (b)

Fig. 6: Generic form of non-factorisable 1-loop (a) and
2-loop (b) corrections to the production of n Higgs boson.

It turns out that, at least up to two loops in QCD, we
can limit ourselves to diagrams where the gluons are in
a colour-singlet configuration, i.e. exchanged between the
two quark lines. All other configurations do not contribute
to the cross-section due to colour conservation. Therefore,
the calculation of the one- and two-loop QCD corrections
in the eikonal approximation reduces e↵ectively to the cor-
responding calculation in QED, with the colour-averaged
e↵ective coupling

e↵s =

✓
N2

c
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4N2
c

◆1/2

↵s . (7)

Following Ref. [12], let us consider the process

q(p1) + q(p2) ! q(p3) + q(p4) +X(P ) (8)

where X(P ) can represent one or multiple Higgs bosons
produced in vector-boson fusion. At leading order, we call
the momenta flowing in the two vector bosons respectively

q1 = p1 � p3 , q2 = p2 � p4 . (9)

VS

Dominant, known at NNLO (diff) 
+ N3LO (inclusive)

Starts at NNLO; kinematic 
suppressed in VBF region, color-
suppressed (but π2 enhanced)

[Cacciari, Dreyer, Karlberg, Salam, Zanderighi 
(2015); Cruz-Martinez, Glover, Gehrmann, Huss 

(2018); Dreyer, Karlberg (2016)]
Only recently leading contribution 

has been computed
[Liu, Melnikov, Penin (2019)]
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for VBF single Higgs production in a realistic setup. In
section 4 we discuss the impact of the non-factorisable
corrections to VBF di-Higgs production. In section 5 we
give our conclusions.

2 QCD corrections in VBF Higgs production

2.1 Factorisable corrections

Both in single and double Higgs production via VBF, the
Higgs bosons are emitted by the electroweak vector bosons
exchanged between the two scattering partons. Schemat-
ically, the Born process for the emission of an arbitrary
number of Higgs bosons can be depicted as in figure 3a.

In the factorised approximation, the VBF cross section
is then expressed as a double deep inelastic scattering (DIS)
process, see Fig. 3b, for which the cross section is given
by [11]
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where we have defined P̂i,µ = Pi,µ�
Pi·qi
q
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are the standard DIS structure functions with i = 1, 2, 3.

For single Higgs production, given by the diagram T
in Fig. 4, MV,µ⌫ can be written as

M
V,µ⌫ = gµ⌫ . (3)

By using the known DIS coe�cient functions up to order
↵3
s
[16–20], this can be used to evaluate the inclusive VBF

cross section to single Higgs production up to N3LO in
the factorised approximation. By combining an inclusive
NNLO calculation with the corresponding fully di↵eren-
tial NLO prediction for electroweak Higgs production in
association with three jets [6], one can obtain fully dif-
ferential results at NNLO through the projection-to-Born
method [7] or the antenna subtraction method [8].

The factorisable QCD corrections to the di-Higgs pro-
cess can be calculated in the same way as for its single
Higgs analog, expressing the cross section in the form of
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Fig. 3: Born diagram for the production of n Higgs bosons
in VBF (a) and representative 2-loop factorisable correc-
tions (b).
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Fig. 4: Born diagram T for single Higgs VBF production.

eq. (1), but with M now referring to the di-Higgs matrix
element. The Higgs pair production process di↵ers from
the single Higgs case only at the interaction between the
vector and Higgs bosons, where an additional Higgs can
arise from an intermediate vector or Higgs boson, or from
the hhV V quartic coupling. The V V ! hh sub-process at
LO can be expressed as [21]
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and k1, k2 are the momenta of the final state Higgs bosons
and � and ⌫ are the trilinear Higgs self-coupling and the
vacuum expectation value of the Higgs field respectively.
The matrix element arises from the four Feynman diagrams
shown in Figure 5, which we label T1, T2, B1 and B2. We
stress here that, while we are including the bosons’ widths
for completeness, they play no role for the estimation of
QCD corrections to Higgs production in VBF.

2.2 Non-factorisable corrections

The factorisable approach described above, which includes
diagrams such as the one represented in figure 3b, is exact
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Fig. 5: Diagrams for Higgs pair production. (a) The T1 topology. (b) The T2 topology. (c) The B1 topology. (d) The
B2 topology.

up to NLO due to colour conservation. At NNLO this is no
longer true, as in particular two gluons in a colour singlet
state can be emitted between the two quark lines, as shown
in figure 6. As the gluons have to be in a colour singlet state,
these diagrams will be colour suppressed compared to their
factorisable counterparts. For this reason it has long been
argued that they can be neglected when considering NNLO
corrections to VBF [5].

Due to the complexity involved in computing the
two-loop non-factorisable corrections, very little has been
known about them beyond the fact that they are colour
suppressed. However, very recently [12] significant progress
was made, when it was shown that the corrections can be
estimated within the eikonal approximation [22–25]. This
calculation exploits the fact that when typical VBF cuts
are applied, the VBF cross section can be expanded in
the ratio of the leading jet transverse momentum over the
total partonic centre-of-mass energy

⇠ =
pt,j1
p
s
. (6)

In this kinematical configuration, the authors of Ref. [12]
conclude that the non-factorisable corrections receive a ⇡2-
enhancement connected to the presence of a Glauber phase,
which can partially compensate their colour suppression.
Indeed, it turns out that for VBF single Higgs production,
the non-factorisable corrections can contribute up to 1%
in certain regions of phase space, making them larger than
the factorisable N3LO corrections. In what follows we will
use the same approximation to estimate the impact of
non-factorisable corrections for the case of double Higgs
production as well.

In order to see how the NNLO non-factorisable cor-
rections can be estimated in the eikonal approximation
both for single and double Higgs production, let us con-
sider a generic VBF Born diagram, which we will call D,
for the production of an in principle arbitrary number of
Higgs bosons, see Fig. 3a. In what follows this diagram will
represent either the Born diagram for VBF single Higgs
production T of Fig. 4, or any of the Born diagrams for
double Higgs production T1, T2, B1 or B2 in Fig. 5.

It is important to stress here that, somewhat coun-
terintuitively, we will be considering QCD corrections on

each single diagram separately, and not on the full Born
matrix element. Since we are interested in computing the
NNLO QCD corrections to this class of processes, we imag-
ine dressing the diagram D with 1-loop or 2-loop QCD
corrections, as depicted in Fig. 6, where we provide two
representative diagrams for illustration only.
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Fig. 6: Generic form of non-factorisable 1-loop (a) and
2-loop (b) corrections to the production of n Higgs boson.

It turns out that, at least up to two loops in QCD, we
can limit ourselves to diagrams where the gluons are in
a colour-singlet configuration, i.e. exchanged between the
two quark lines. All other configurations do not contribute
to the cross-section due to colour conservation. Therefore,
the calculation of the one- and two-loop QCD corrections
in the eikonal approximation reduces e↵ectively to the cor-
responding calculation in QED, with the colour-averaged
e↵ective coupling
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Following Ref. [12], let us consider the process

q(p1) + q(p2) ! q(p3) + q(p4) +X(P ) (8)

where X(P ) can represent one or multiple Higgs bosons
produced in vector-boson fusion. At leading order, we call
the momenta flowing in the two vector bosons respectively

q1 = p1 � p3 , q2 = p2 � p4 . (9)
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(pt,HH) =

mH
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+ p2
t,HH

, (39)

and uncertainties from missing higher orders are again
estimated by varying the scales symmetrically up and down
by a factor two, as was discussed in section 3.1. For the
non-factorisable corrections we pick the same central scales,
but when showing the residual scale uncertainty envelope,
we perform the full 7-point scale variation, i.e. varying
independently µR and µF by a factor 2 but keeping the
ratio to the interval 1

2


µR

µF
 2. The NNLO corrections

are calculated with proVBFHH v1.1.0 [38, 39].

4.1 Validity of the eikonal approximation

Similarly to what we did for single Higgs production, we
start by examining the validity of the eikonal approxima-
tion. We expect the eikonal approximation to be valid when
all transverse scales are small compared to the total centre-
of-mass energy. To test this statement quantitatively, we
define

⇠HH =
max{pt,j1 , t, u}

p
s

. (40)

where t and u are defined as below eq. (15). In figure 13, we
show in the left panel the normalised di-Higgs VBF cross
section integrated in ⇠HH , both fully inclusively and under
VBF cuts. Here we see that compared to the single Higgs
process, the ⇠HH distribution with no cuts is contained
to lower values below ⇠HH ⇠ 0.25. With VBF cuts the
two distributions are very similar, and we therefore expect
the eikonal approximation to be valid also in the di-Higgs
process. In particular, from the right panel of figure 13,
it is clear that the approximation only starts to break for
very large transverse momentum values of the Higgs pair.

4.2 Fiducial results

In this section we discuss the impact of the non-factorisable
NNLO corrections to di-Higgs VBF production computed
in section 2.2. As was discussed there, the non-factorisable
corrections are characterised by an interesting interference
pattern which is not present in the single Higgs process. In
table 1 we exemplify this by showing the LO fiducial cross
section under the cuts of section. 3.1 and their NNLO
non-factorisable corrections. We split the cross section
into the contribution coming from only the T1 and T2

topologies, �TT , only the B1 and B2 topologies, �BB and
their interference, �TB, c.f. figure 5. As one can see, the
di-Higgs cross section at LO is the result of cancellations
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Fig. 13: Left: the normalised integrated cross section as a function of ⇠ fully inclusively (purple) and under the VBF
cuts of sec. 3.1 (green) for di-Higgs production through VBF. Right: the average of ⇠HH as a function of yHH and
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Higgs production in weak boson fusion: non-factorizable effects
Predictions for VBF that include factorizable and non-factorizable contributions show that there are cases 
when the latter are not negligible. 

With VBF cuts Inclusive

p
j1,2
? > 25 GeV, |yj1,2 | < 4.5,

�yj1,j2 = 4.5, mj1,j2 > 600 GeV,

yj1yj2 < 0, �R > 0.4
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Higgs production in weak boson fusion: non-factorizable effects
Predictions for VBF that include factorizable and non-factorizable contributions show that there are cases 
when the latter are not negligible. 

With VBF cuts Inclusive

p
j1,2
? > 25 GeV, |yj1,2 | < 4.5,

�yj1,j2 = 4.5, mj1,j2 > 600 GeV,

yj1yj2 < 0, �R > 0.4

Inclusive Fiducial

•Inclusive: non-factorizable 
corrections can be large 

•Fiducial: typically suppressed, 
however non-trivial shapes 

•Become important at large 
pt,H, pt,J. EFT/BSM studies?



VBF: not only QCD
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Results at NLO QCD+EW for VBF, H →4l

9

VBF ( ): NLO QCD + EWH → ZZ
Process  at  and  

Includes all off-shell, non-resonant & interf. effects 

Decreases  by , mostly due to EW 
Sudakov logs:  
EW corrections can reach  at high energy
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[Denner, Pellen, Franken, Schmidt (2020)]
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•Large ~ -16% EW corrections in 
the fiducial region (Sudakov logs) 

•Treat di-boson and tri-boson 
contributions on an equal footing 

•Careful when using MC for inclusive 
extrapolations…



VH: realistic jet algorithm in the bb channel
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•VH@NNLO well-known, as well as fully differential H→bb, for massless b 
•Starting from NNLO: tagged massless b IR unsafe with anti-kT, needs to 

use dedicated algorithm [Banfi, Salam, Zanderighi (2006)]. Different behaviour w.r.t. 
anti-kT, impossible to make clean TH-EXP comparisons 

•Recently: H→bb with massive b [Bernreuther, Chen, Si (2018); Behring, Bizon (2020)] → 
realistic TH-EXP comparison possible
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Figure 3: Reconstructed Higgs boson transverse momentum, see text for details,

calculated at NLO (upper plots) and NNLO (lower plots) for central values of the

renormalization and factorization scales. Lower panes show ratios of massless to massive

results. See text for details.

such a clustering starts to occur earlier in case of the flavor-kt jet algorithm, the massless

result falls off more rapidly than the massive one. To some extent, this difference can be

mitigated if a smaller clustering radius for the flavor-kt jet algorithm is chosen while the jet

radius for the usual anti-kt algorithm is kept fixed. We have verified that such choices lead

to increased values of pt,H(bb̄) at which massive and massless results start to depart from each

other.

Finally, we show the transverse-momentum distribution of the leading b jet in Fig. 4 and the

angular distance between the two b jets �RH(bb̄) in Fig. 5. We observe significant differences

between massive and massless results at large values of pt,b and at �RH(bb̄) ⇠ R. Deviations

at large transverse momenta in the pt,b distribution have the same origin as differences

12

anti-kT vs Flavour kT

[Behring, Bizon, FC, Melnikov, Röntsch (2020)]
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Figure 5. Kinematic distributions in the process pp ! Z(e
+
e
�
)H(bb̄) at the 13 TeV LHC for

various SMEFT scenarios. In the lower panes, ratios of SMEFT to SM distributions are shown. We

set the factorization and the renormalization scales in the production process to half the invariant

mass of the ZH system. See text for details.

scenarios provide very similar results. The differences become noticeable at �Rbl ⇠ 1 but

the number of events for such values of �Rbl is reduced by an order of magnitude. Given

the fact that we deal here with O(1 fb) cross sections, losing an order of magnitude in the

number of events is not optimal. However, the availability of highly accurate NNLO QCD

predictions in peak regions of kinematic distributions and identifiable differences between

various scenarios in distribution tails should allow one to optimize analysis strategies and

benefit from measurements across accessible kinematic regions.

15

NNLO with anomalous 
couplings, realistic setup

[Behring, Bizon, FC, Melnikov, Röntsch (2020)]

NNLOPS also available [Astill, Bizon, Re, Zanderighi (2020)]



WH: precise results for jet-bins
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For WH: jet-binned cross section very important for signal/background 
discrimination. Non-trivial to properly describe

Large residual uncertainties
[Astill, Bizon, Re, Zanderighi (2016)]

hadronization soften the leading jet spectrum even further. In this case differences up to
about 20% can be found compared to pure NNLO predictions. One reason for these sizable
differences between NNLO and HW-NNLOPS predictions is that the jet threshold used here is
relatively soft (20 GeV). In this region the NNLO prediction is starting to diverge and the
the leading jet transverse momentum spectrum is particularly sensitive to soft emissions
and hadronization effects, as shown in Fig. 9. Furthermore, increasing the value of the jet
radius would limit the impact of out-of-jet radiation. Nevertheless, these numbers demon-
strate that the merging NNLO calculations to parton showers can be very important when
realistic fiducial cuts are applied.
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Figure 12. Total cross-section binned according to the transverse momentum of the Higgs boson
and the presence of jets. Jets are defined using the anti-kt algorithm with R = 0.4, pt,j > 20 GeV
and |yj | < 4.5. Results are shown at various levels of the simulation, see text for more details.

6 Conclusion

In this paper we have used the MiNLO-based merging method to obtain the first NNLO
accurate predictions for HW production consistently matched to a parton shower, including
the decay of the W boson to leptons. The method requires a multi-differential reweighting
of the weight of HWJ-MiNLO events to the NNLO accurate Born distributions. We have
used that the K�factor, within our statistical accuracy, is independent of the mass of the
dilepton system over the whole phase space, hence we have performed the reweighting in the
three Born variables {yHW,�yHW, pt,H} and in the two Collins-Soper angles that describe
the decay of the W boson. For the latter variables, we have exploited the fact that the

– 19 –

NNL

NNLOPS, part

NNLOPS, hadr

Recently: WH+J@NNLO [Gauld, Gerhmann-de Ridder, Glover, Huss, Majer (2020)]
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WH  production in association with jet

R. Gauld, A. Gehrmann–De Ridder,  E. W. N. Glover,  A. Huss,  I. Majer  

NNLO QCD corrections to pp -> WH + jet are important for signal modelling.   NLO QCD corrections to the 
cross section inclusive in the number of jets show excellent convergence; NNLO QCD corrections to 
exclusive single jet cross section are much more significant. 

3

W+H+� 1jet W+H+1jet

�LO [fb] 20.99+2.09
�1.83 20.99 ± 1.96

�
+2.09
�1.83

�

�NLO [fb] 26.12+0.94
�0.99 17.42 ± 2.10

�
+0.73
�1.35

�

�NNLO [fb] 26.36+0.04
�0.24 15.59 ± 0.59

�
+0.48
�0.44

�

Table I: The fiducial cross sections for the experimental set-
up at 13TeV detailed in the main text. The lower and upper
error estimates are obtained from the envelope of the cross
section values evaluated at the seven di↵erent scales. For
the exclusive 1-jet predictions, the (symmetric) errors are ob-
tained from the uncertainties of the inclusive 1-jet and 2-jet
predictions, added in quadrature.

where ��1(2)j denote the uncertainties for inclusive

W+H+1(2)-jet production obtained from their respect-
ive 7-point scale variation.

Fiducial Cross Sections

The fiducial cross sections for inclusive (“� 1 jet”) and
exclusive (“1 jet”) W+H+jet production are summarised
in Table I at the various orders in ↵s. Note that in the
case of the exclusive process, we employ Eq. (2) to es-
timate theory uncertainties but also provide the variant
based on the correlated scale variation in parenthesis.
In the case of the inclusive production, we observe
a drastic stabilization of the fiducial cross section
at NNLO: the correction to the NLO central value
is of O(1%) and the theoretical uncertainty reduces
from O(4%) at NLO to less than O(1%) at NNLO. Fur-
thermore, the NNLO value is fully contained within the
scale uncertainty of the NLO prediction, indicating a
stable perturbative convergence.
In contrast, for exclusive production, the higher-order
corrections systematically suppress the cross section and
the scale uncertainties are larger. The uncertainty estim-
ate at NLO is similar to that at LO, with a significant
reduction only observed when going to NNLO for both
the conservative uncorrelated scale variation (Eq. (2) )
and the correlated scale variation given in parenthesis.
We note that only the more conservative variant is able
to reliably estimate uncertainties with subsequent orders
overlapping in their uncertainty intervals.
To study the numerical impact of the top-loop induced
parts, we compare the coe�cient of the fiducial cross
section obtained at O(↵2

syt) with the inclusive/exclusive
NNLO Drell–Yan-like coe�cients at O(↵3

s ) computed at
the central scale µF = µR = MWH :

��(↵2

syt) = 0.32+0.07
�0.06 fb,

���1j(↵
3

s ) = 0.24 fb, ��1j(↵
3

s ) = �1.83 fb.

We observe that the O(↵2

syt) top Yukawa-induced piece
is of the same order of magnitude as the inclusive Drell–
Yan-like O(↵3

s ) correction and much smaller than the
exclusive one. The size of this top loop-induced piece
is comparable to the uncertainty on both the inclus-
ive and exclusive NNLO Drell–Yan-like cross sections
(cf. Table I), which necessarily prompts its inclusion for
precision phenomenology. However, the theoretical error
estimate on these top-loop contributions is small, and as
such, we do not expect their—mostly unknown—higher-
order O(↵3

syt) corrections to be phenomenologically rel-
evant for this process.

Distributions

Moving on to kinematic distributions, we will present
the results in figures that are divided into four panels.
The top panel shows the absolute predictions; the two
centre panels show the K-factors for the inclusive and
exclusive process, respectively. For the latter we further
include the error bands based on a correlated scale vari-
ation shown as shaded bands. Finally, the bottom panel
shows the veto e�ciency defined as

✏veto(O) =
d�1j/dO

d��1j/dO
,

for an observable O.
Fig. 1 shows the W+ boson transverse momentum dis-
tribution. In both the inclusive and the exclusive case,
the NNLO K-factors are found to be rather flat, and in
the inclusive case very close to unity. Similar to the ob-
servations made for the fiducial cross sections, the uncor-
related error estimates are important in obtaining over-
lapping uncertainty estimates going from NLO to NNLO
in the exclusive production process. The veto-e�ciency
decreases towards larger transverse momenta, as harder
interactions are probed that are more likely to be accom-
panied by additional resolved QCD emissions. The shape
of ✏veto is already well captured with one additional emis-
sion (NLO), while the NNLO corrections give an overall
shift accompanied by a reduction of the residual uncer-
tainties. The results for the transverse momentum of the
Higgs boson (not shown here) follow a qualitatively very
similar pattern.
Fig. 2 shows the rapidity (left) and the transverse mo-
mentum (right) of the leading jet. The rapidity distribu-
tion, due to its inclusive nature in transverse momentum,
follows a similar pattern to the fiducial cross section
and the pT,W distribution discussed above: NNLO K-
factors that are rather flat (with the exception of high
rapidities in the inclusive case). The veto e�ciency
increases slightly towards forward rapidities, indicating
that a leading jet produced in the very forward region is
less likely to be accompanied by additional hard resolved
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Figure 1: W transverse momentum distribution for the W+H
+jet production process. The panels are described in the main
text.

emissions. The transverse momentum of the leading jet,
on the other hand, shows very large corrections with large
uncertainties in the high-pT tail. This can be explained
by the fact that this region is dominated by two high-
pT jets recoiling against each other, while the colour-
neutral WH system is produced almost at rest. As a
consequence, the exclusive process is strongly suppressed
in the tail and the formal accuracy of the prediction ef-
fectively degrades by an order. The scale uncertainties of
the NNLO prediction are therefore at the level of ±10%
here, which is more characteristic of an NLO prediction.
Further theoretical improvement in this kinematic regime
could be achieved by considering jet-veto resummation in
the presence of a hadronic jet [32].
Overall, we observe that the inclusive process exhibits
an excellent perturbative convergence with small correc-
tions and tiny residual scale uncertainties. The observ-
ables in the exclusive process receive larger QCD correc-
tions and the error prescription of Eq. (2) is crucial in
obtaining overlapping uncertainty bands and thus reli-
able estimates for them. The veto e�ciencies are already

well captured at NLO, with the NNLO prediction lying
well within the uncertainty estimate of the previous or-
der with uncertainty bands that are typically reduced by
more than a factor of two.

CONCLUSIONS AND OUTLOOK

We have presented the computation of precise predic-
tions for di↵erential observables related to the associated
production of an on-shell Higgs boson with a (leptonic-
ally decaying) charged vector boson and a hadronic jet
for proton-proton collisions at 13TeV. These predictions
include both Drell–Yan-like and top quark loop-induced
contributions, for which we have included QCD correc-
tions up to O(↵3

s ) and O(↵2

syt) for the first time.
We have considered observables related to both inclusive
and exclusive jet rates. In the case of inclusive jet pro-
duction, the perturbative corrections to the central value
are small (flat K-factors close to unity) and the residual
theoretical uncertainties are considerably reduced. For
exclusive jet production, the perturbative corrections are
O(�10%) negative and the theoretical uncertainty is re-
duced to O(5%) for the considered distributions. It is
found that the NLO and NNLO predictions for the ex-
clusive process are consistent only when the uncorrelated
prescription for evaluating the theoretical uncertainty in
exclusive jet rates is applied. This is an important res-
ult as it verifies that the current approach taken by the
experimental collaborations [4, 5] to evaluate the theor-
etical uncertainty on the signal process is reliable.
The theoretical modelling of the signal process, defined in
terms of exclusive jet bins, contributes to one of the main
sources of systematic uncertainty in the experimental
measurements of the VH(+jet) process, and we have
shown here how this uncertainty can be substantially re-
duced through the inclusion of NNLO QCD corrections.
In the future, the computation of all Higgs Strahlung
modes (including a negatively charged or a neutral gauge
boson in association with a hard jet) will allow for a
comprehensive study of the theoretical uncertainties for
all VH(+jet) modes with high precision. Such a study
will be vital in reducing the uncertainty associated to
the signal modelling in future VH(+jet) measurements
at the LHC, which will ultimately improve the experi-
mental sensitivity to the Higgs-boson couplings. Such a
study is envisaged for future work.
We would like to thank Jonas Lindert for facilitating the
use and inclusion of OpenLoops amplitudes into our com-
putations, and to Hannah Arnold, Brian Moser, Tristan
du Pree for discussions on experimental aspects of this
work. Furthermore we thank Xuan Chen, Juan Cruz-
Martinez, James Currie, Thomas Gehrmann, Marius
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Walker, and James Whitehead for useful discussions and
their many contributions to the NNLOJET code. This
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Figure 1: W transverse momentum distribution for the W+H
+jet production process. The panels are described in the main
text.
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duction, the perturbative corrections to the central value
are small (flat K-factors close to unity) and the residual
theoretical uncertainties are considerably reduced. For
exclusive jet production, the perturbative corrections are
O(�10%) negative and the theoretical uncertainty is re-
duced to O(5%) for the considered distributions. It is
found that the NLO and NNLO predictions for the ex-
clusive process are consistent only when the uncorrelated
prescription for evaluating the theoretical uncertainty in
exclusive jet rates is applied. This is an important res-
ult as it verifies that the current approach taken by the
experimental collaborations [4, 5] to evaluate the theor-
etical uncertainty on the signal process is reliable.
The theoretical modelling of the signal process, defined in
terms of exclusive jet bins, contributes to one of the main
sources of systematic uncertainty in the experimental
measurements of the VH(+jet) process, and we have
shown here how this uncertainty can be substantially re-
duced through the inclusion of NNLO QCD corrections.
In the future, the computation of all Higgs Strahlung
modes (including a negatively charged or a neutral gauge
boson in association with a hard jet) will allow for a
comprehensive study of the theoretical uncertainties for
all VH(+jet) modes with high precision. Such a study
will be vital in reducing the uncertainty associated to
the signal modelling in future VH(+jet) measurements
at the LHC, which will ultimately improve the experi-
mental sensitivity to the Higgs-boson couplings. Such a
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•Large NNLO corrections in 
exclusive bins (expected) 

•Jet-binned cross-section under 
much better control
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A serious problem for ZH: gg→ZH. Formally: NNLO, but new channel and 
gluon induced → expect very large corrections

Table 5: Cross-section for the process pp ! WH . Both W+ and W� contributions are included. The
photon contribution is not included. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 1.358
+0.51
�0.51 1.35

14 1.498
+0.51
�0.51 1.35

27 3.397
+0.29
�0.72 1.37

Table 6: Cross-section for the process pp ! W+H . The photon contribution is not included. Results
are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.831
+0.74
�0.73 1.79

14 0.913
+0.64
�0.76 1.78

27 1.995
+0.43
�1.04 1.84

Table 7: Cross-section for the process pp ! W�H . The photon contribution is not included. Results
are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.527
+0.59
�0.63 2.03

14 0.585
+0.55
�0.68 1.98

27 1.402
+0.36
�0.93 2.03

Table 8: Cross-section for the process pp ! l+⌫H . The photon contribution is included, and also
reported separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 0.094
+0.71
�0.70 1.72 4.1 10

�3

14 0.104
+0.61
�0.73 1.70 4.7 10

�3

27 0.232
+0.40
�0.97 1.72 1.5 10

�2

Table 9: Cross-section for the process pp ! l�⌫̄H . The photon contribution is included, and also
reported separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 0.0598
+0.57
�0.60 1.94 2.6 10

�3

14 0.0666
+0.52
�0.64 1.89 3.1 10

�3

27 0.1628
+0.34
�0.87 1.90 1.1 10

�2
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Table 10: Cross-section for the process pp ! ZH . The predictions for the gg ! ZH channel are
computed at LO, rescaled by the NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft

resummation. The photon contribution is omitted. Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.880
+3.50
�2.68 1.65

14 0.981
+3.61
�2.94 1.90

27 2.463
+5.42
�4.00 2.24

Table 11: Cross-section for the process pp ! ZH . The photon and gg ! ZH contributions are omitted.
Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.758
+0.49
�0.61 1.78

14 0.836
+0.51
�0.62 1.82

27 1.937
+0.56
�0.74 2.37

Table 12: Cross-section for the process gg ! ZH . Predictions are computed at LO, rescaled by the
NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft resummation. Results are given
for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.123
+24.9
�18.8 4.37

14 0.145
+24.3
�19.6 7.47

27 0.526
+25.3
�18.5 5.85

Table 13: Cross-section for the process pp ! ll̄H . The photon contribution is included, and reported
separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 2.97 10
�2 +3.49

�2.67 1.64 1.4 10
�4

14 3.31 10
�2 +3.59

�2.92 1.89 1.6 10
�4

27 8.32 10
�2 +5.39

�3.97 1.85 5.4 10
�4

Table 14: Cross-section for the process pp ! ⌫⌫̄H . Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.177
+3.50
�2.68 1.65

14 0.197
+3.59
�2.92 1.89

27 0.496
+5.41
�3.99 2.24
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Table 10: Cross-section for the process pp ! ZH . The predictions for the gg ! ZH channel are
computed at LO, rescaled by the NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft
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W+H

ZH, full

ZH, no gg

ZH, gg only

ZH@NLO: desirable…
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ZH@NLO: complicated 2L scattering amplitudes involving virtual top loops

Computation recently done, either numerically or using suitable 
approximation [Davies, Mishima, Steinhauser (2020); Chen, Heinrich, Jones, Kerner, 

Klappert, Schlenk (2020); Alasfar, Degrassi, Giardino,  Gröber, Vitti (2021)]

After a long time: all ingredients for gg→ZH@NLO available!

Similar situation for gg→VV at high-mass 
Brønnum-Hansen, Chen (2020-2021); Davies, Mishima, Steinhauser, 
Weller (2020); Agarwal, von Manteuffel, Jones (2020)]

Stay tuned for results!



In the meantime: getting ready for it. ttH@NNLO in the off-diagonal 
channels (qg,qq,qq’)

Towards ttH@NNLO
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Bottleneck: 2L virtual amplitude (non-trivial, but progress….)

[Catani, Fabre, Grazzini, Kallweit (2021)]
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: NNLO QCD Off-Diagonal Contributionstt̄H

, off-diagonal contributions 
( ) obtained @ NNLO 

Fully differential results obtained using the 
 subtraction method, can be applied 

generally to  (where  is a colourless 
final state system)

ab → tt̄H + X
qg, qq, qq′ �, qq̄′� (q ≠ q′�)

qT
QQ̄F F

� [fb] 13 TeV 100 TeV

LO 394.987(3) 28228.2(2)

NLO (Madgraph5 aMC@NLO) 499.76(4) 36948(3)

NLO (Matrix) 499.73(1) 36947(1)

NLO (qT ) 499.79(4) 36947(3)

O(↵4

S
)qg �0.796(27) 214.7(2.9)

O(↵4

S
)q(q̄)q0 0.62694(82) 95.307(56)

Table 1: The ttH total cross section at LO and NLO, and its NNLO corrections in the
flavour o↵-diagonal partonic channels. The numerical uncertainties at LO and NLO (Mad-

graph5 aMC@NLO, Matrix) are due to numerical integration, while at NLO (qT subtrac-
tion) and NNLO they also include the systematics uncertainty from the rcut ! 0 extrapolation.

Matrix framework [65], suitably extended to tt̄H production. In both implementations all the

required tree-level and one-loop amplitudes are obtained with OpenLoops [54–56], including

the tree-level spin- and colour-correlated amplitudes required to evaluate the contributions in

Eq. (12).

In order to numerically evaluate the contribution in the square bracket of Eq. (5), a technical

cut-o↵ rcut is introduced on the dimensionless variable qT/M , where M is the invariant mass

of the tt̄H system. The final result, which corresponds to the limit rcut ! 0, is extracted by

computing the cross section at fixed values of rcut in the range [0.01%, rmax]. Quadratic least

�
2 fits are performed for di↵erent values of rmax 2 [0.5%, 1%]. The extrapolated value is then

extracted from the fit with lowest �
2
/degrees-of-freedom, and the uncertainty is estimated by

comparing the results obtained by the di↵erent fits. This procedure is the same as implemented

in matrix [65] and it has been shown to provide a conservative estimate of the systematic

uncertainty in the qT subtraction procedure for various processes (see Sec. 7 in Ref. [65]).

We consider pp collisions at the centre-of-mass energies
p

s = 13 TeV and
p

s = 100 TeV.

We use the NNPDF31 [66] parton distribution functions (PDFs) with the QCD running coupling

↵S evaluated at each corresponding order (i.e., we use (n+1)-loop ↵S at NnLO, with n = 1, 2).

The pole mass of the top quark is mt = 173.3 GeV, the Higgs boson mass mH = 125 GeV,

and the Fermi constant GF = 1.16639 ⇥ 10�5 GeV�2. The renormalisation and factorization

scales, µR and µF , are fixed at µR = µF = (2mt + mH)/2. Our predictions for the LO and

NLO cross sections and for the NNLO corrections in the flavour o↵-diagonal channels are

presented in Table 1 together with their uncertainties due to the numerical integration and

the extrapolation to rcut ! 0, computed as explained above. The NLO cross section computed

with qT subtraction is compared with the result obtained with Madgraph5 aMC@NLO [67],

which uses FKS subtraction [68, 69] and with the corresponding result obtained with Matrix,

which implements dipole subtraction [62–64].

We start our discussion from the NLO results. The NLO corrections increase the LO result

by 27% (31%) at
p

s = 13 TeV (
p

s = 100 TeV). The flavour o↵-diagonal qg + q̄g channel con-

tributes about 15% (23%) of the total NLO correction. As expected, from Table 1 we observe ex-

8

No big surprises,  contribution 
of off-diagonal channels found to 
contribute at few per mille level 

Future: 
Clearly, interesting to see the impact 
of diagonal channels @ NNLO

$(α4
s )

Catani, Fabre, Grazzini, Kallweit 21

New paper today: Higgs-boson production in top-quark fragmentation, can obtain top-
quark/Higgs boson mass dependence from massless calculations
Brancaccio, Czakon, Generet, Krämer 21

Difficult calculation, but no major obstacle if 2L amplitude is known
Backgrounds (ttbb) remain a major problem
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gg→HH@NLO now known (highly non trivial). Careful investigation of 
uncertainties underway

Kirill Melnikov                                                                                                                                State of the art in Standard Model Higgs physics
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Double Higgs production

The central values of these numbers have been obtained by using the top pole mass. In
light of the findings of Refs. [8,16] the preferred scale choice is µt ⇠ MHH at large values of
MHH so that the choice of the top pole mass for the central prediction can be questioned.
However, for small values of MHH close to the production threshold the process is quite
close to the HTL, where the scale choice µt ⇠ mt is the preferred one, since the top mass
constitutes the related matching scale. The scale choice µt = mt is implicitly involved in
the top pole mass, too. A further refinement of the proper scale choice for the virtual
top mass would require an interpolation between the di↵erent kinematical regimes that
would introduce a new uncertainty by itself. Such investigations are beyond the scope
of this note and all analyses so far. It should, however, be noted that the relative NLO
top-mass e↵ects turn out to be quite independent of MHH if the top mass is defined as
the MS mass mt(MHH/4) as can be inferred from Fig. 1, where we display the ratio of the
NLO cross section to the LO cross section5 and to the Born-improved HTL at NLO (with
the LO cross section determined in terms of the used top mass definition) for various
choices of the top mass. Adopting mt(MHH/4) for the top mass the NLO mass e↵ects
range between 10% and 15% for the whole range in MHH with a mild dependence on the
invariant Higgs-pair mass as can be inferred from the ratio to the HTL. The ratio to the
LO cross section develops a very flat behaviour for this scale choice, too.

Figure 1: Ratio of the full NLO QCD corrected di↵erential cross section to the LO one
(left) and to the (Born-improved) NLO HTL (right) for various definitions of the virtual
top mass as a function of the invariant Higgs-pair mass MHH for a c.m. energy

p
s = 14

TeV and using PDF4LHC parton densities.

5It should be noted that the ratio to the LO cross section is not the consistently defined K factor. The
latter requires the LO cross section to be evaluated with LO ↵s and PDFs, while we use NLO quantities
at LO, too, to show the pure e↵ects of the matrix elements.
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Baglio, Companario, Glaus, Mühlleitner, Ronca, Spira

(a) (b) (c)

(d) (e) (f)

Figure 1: One- and two-loop Feynman diagrams contributing to gg ! HH. Solid, curly,
and dashed lines represent fermions, gluons, and Higgs bosons respectively.
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and F

(1)
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denote the contribution from one-particle reducible diagrams such as the

one shown in Fig. 1(f). In Ref. [9] this contribution has not been considered since the full
top quark mass dependence is available from Eqs. (24), (25) and (26) of Ref. [43].

At this point a comment on the definition of ↵s is in order. In Ref. [9] ↵s has been defined
with six active flavours which is an appropriate choice for the high-energy limit. In this
paper, we compare to Ref. [12] where a five-flavour ↵s has been used. Thus, we have to
transform ↵s and the gluon wave function from the six-flavour to the five-flavour theory
using the relations

↵
(6)

s
(µ) = ↵

(5)

s
(µ)

 
1 +

↵
(5)

s (µ)

3⇡
TF log

µ
2

m
2

t

+O(↵2

s
)

!
, (6)

A
(6)

⌫
(µ) = A

(5)

⌫
(µ)

 
1�

↵
(5)

s (µ)

3⇡
TF log

µ
2

m
2

t

+O(↵2

s
)

!
, (7)

where A⌫ is the gluon wave function. As can be seen from these expressions the additional
terms cancel because the number of external gluon fields equals the number of strong
couplings gs in the Born amplitude, such that the resulting analytic expressions remain
identical.
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Figure 1: One- and two-loop Feynman diagrams contributing to gg ! HH. Solid, curly,
and dashed lines represent fermions, gluons, and Higgs bosons respectively.
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At this point a comment on the definition of ↵s is in order. In Ref. [9] ↵s has been defined
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where A⌫ is the gluon wave function. As can be seen from these expressions the additional
terms cancel because the number of external gluon fields equals the number of strong
couplings gs in the Born amplitude, such that the resulting analytic expressions remain
identical.
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Figure 8: mhh and pT,h distributions for a hadronic centre-of-mass energy
p
sH = 14 TeV.

the full real radiation corrections and only di↵er in the way that the virtual corrections are
implemented. The blue curve, denoted “FTapprox”, incorporates the virtual corrections
computed in the infinite top quark mass limit and rescaled by the exact LO prediction.
The red curve is based on the grid constructed in Ref. [13] but improved by increasing
the number of points from 3398 to 6320 (see discussion above). Finally, the green curve
is based on the new grid, the construction of which is described in Section 5. This curve
constitutes our best prediction. The grey and green bands around the corresponding
curves have been obtained by independent variations of µR and µF as described above.

It is interesting to note that for small mhh and pT,h there is perfect agreement of the red
and green curves, which is expected since in this region the dependence on Vfin comes
primarily from the region in the (partonic)

p
s–pT plane where the support of the old

grid was dense. For higher values of mhh and pT,h, one observes a di↵erence between the
red and the green curves. However, in both cases the red curve lies well within the green
uncertainty band.

The mhh and pT,h distributions for
p
s
H
= 100 TeV are shown in Fig. 9, where the same

notation is used as in Fig. 8. Note that now a significant di↵erence is observed between
the red and green curves; for higher values of mhh and pT,h the red curve lies outside the
green uncertainty band. As an example let us consider pT,h = 2000 GeV. For this value
the K factor is reduced from K ⇡ 1.7 to K ⇡ 1.5 after including the high-energy results
in the grid.

Let us mention that in Figs. 8 and 9, the same phase-space points have been used for all
curves. Thus, the di↵erences between the curves is only due to the di↵erent implementa-
tions of the virtual corrections.

We should emphasize that one observes no change in the total cross section due to the
change from the red to the green curve, since the main contribution to �tot comes from
smaller centre-of-mass energies. However, Figs. 8 and 9 show that it is important to use
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Predictions for double-Higgs production have been solidified and cross-checked and a detailed  exploration 
of theoretical uncertainties has started.
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Double Higgs production

The central values of these numbers have been obtained by using the top pole mass. In
light of the findings of Refs. [8,16] the preferred scale choice is µt ⇠ MHH at large values of
MHH so that the choice of the top pole mass for the central prediction can be questioned.
However, for small values of MHH close to the production threshold the process is quite
close to the HTL, where the scale choice µt ⇠ mt is the preferred one, since the top mass
constitutes the related matching scale. The scale choice µt = mt is implicitly involved in
the top pole mass, too. A further refinement of the proper scale choice for the virtual
top mass would require an interpolation between the di↵erent kinematical regimes that
would introduce a new uncertainty by itself. Such investigations are beyond the scope
of this note and all analyses so far. It should, however, be noted that the relative NLO
top-mass e↵ects turn out to be quite independent of MHH if the top mass is defined as
the MS mass mt(MHH/4) as can be inferred from Fig. 1, where we display the ratio of the
NLO cross section to the LO cross section5 and to the Born-improved HTL at NLO (with
the LO cross section determined in terms of the used top mass definition) for various
choices of the top mass. Adopting mt(MHH/4) for the top mass the NLO mass e↵ects
range between 10% and 15% for the whole range in MHH with a mild dependence on the
invariant Higgs-pair mass as can be inferred from the ratio to the HTL. The ratio to the
LO cross section develops a very flat behaviour for this scale choice, too.
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Figure 1: Ratio of the full NLO QCD corrected di↵erential cross section to the LO one
(left) and to the (Born-improved) NLO HTL (right) for various definitions of the virtual
top mass as a function of the invariant Higgs-pair mass MHH for a c.m. energy

p
s = 14

TeV and using PDF4LHC parton densities.

5It should be noted that the ratio to the LO cross section is not the consistently defined K factor. The
latter requires the LO cross section to be evaluated with LO ↵s and PDFs, while we use NLO quantities
at LO, too, to show the pure e↵ects of the matrix elements.
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Figure 1: One- and two-loop Feynman diagrams contributing to gg ! HH. Solid, curly,
and dashed lines represent fermions, gluons, and Higgs bosons respectively.
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one shown in Fig. 1(f). In Ref. [9] this contribution has not been considered since the full
top quark mass dependence is available from Eqs. (24), (25) and (26) of Ref. [43].

At this point a comment on the definition of ↵s is in order. In Ref. [9] ↵s has been defined
with six active flavours which is an appropriate choice for the high-energy limit. In this
paper, we compare to Ref. [12] where a five-flavour ↵s has been used. Thus, we have to
transform ↵s and the gluon wave function from the six-flavour to the five-flavour theory
using the relations
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where A⌫ is the gluon wave function. As can be seen from these expressions the additional
terms cancel because the number of external gluon fields equals the number of strong
couplings gs in the Born amplitude, such that the resulting analytic expressions remain
identical.
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where A⌫ is the gluon wave function. As can be seen from these expressions the additional
terms cancel because the number of external gluon fields equals the number of strong
couplings gs in the Born amplitude, such that the resulting analytic expressions remain
identical.
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curves. Thus, the di↵erences between the curves is only due to the di↵erent implementa-
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Predictions for double-Higgs production have been solidified and cross-checked and a detailed  exploration 
of theoretical uncertainties has started.

[Davies, Heinrich, Jones, Kerner, Mishima, 
Steinhauser, Wellmann (2019)] [Baglio, Campanario, Glaus, Mühlleitner, 

Ronca, Spira (2020)]

Large ambiguities from top mass scheme. Should affect all loop induced 
processes at high-scale (gg→VV, ggF…). Careful studies required



Conclusion

20

Higgs keeps pushing forward our understanding of collider pheno 

Very sophisticated calculations 
• N3LO, multi-leg EW, complex loop scattering amplitudes 
• refined shower predictions, resummations… 

Higgs program is well underway, but getting to the few percent highly 
non-trivial. Many small subtle effects playing 

• good definition of fiducial region 
• ggF: heavy quark effects, non-trivial EW corrections… 
• VBF: factorizable vs non factorizable  
• At some point: non-perturbative corrections? 

Another important chapter: input parameters (αs, PDFs…) 

… a lot of progress, but a lot still to be done → interesting times ahead



Thank you very much for your attention!
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