
The “simple”, high-
energy core process

Fabrizio Caola 

Rudolf Peierls Centre for Theoretical Physics & Wadham College, University of Oxford

[PB: or here?][XL: How about appendix?], and their 61 crossings. Some represen-

tative diagrams are shown in Fig. 3. Details of the amplitudes are summarized in Tab. 2.

[XL: Piotr, I removed many details which I think might be hard for readers to

understand. But if you think there are some subtle points worth mentioning,

you can re-add them.]
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Figure 2: [PB: label overlap acceptable?] Example Feynman diagrams corresponding

to top integral topologies.
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(0,1)
b A

(1,1)
b

# nonvanishing diagrams 2 11 27 462

# integral topologies 0 1 4 18

# scalar integrals 0 105 275 60968

Table 1: Complexity comparison at di↵erent loop orders. [XL: do not show number

of MIs?]

Now we describe how we calculate the form factors, as defined in (3.1), which have

been obtained from the previous step. For numerical e�ciency, during our calculation we

fix the ratio of squared vector boson masses m2
W and m

2
Z to be

m
2
W

m
2
Z

=
7

9
, (4.1)
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Jet flavour
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FIG. 2. Illustration of the flavour-neutralisation approach. The event displayed here (a) has the property that there is a soft
q̄q pair (particles 1 and 2), and a hard q̄ (particle 3) with pt1 ⇠ pt2 ⌧ pt3. Additionally, we have all �R distances of order one,
but with the constraint that �R23 < R, while �R12 > R, so that within the anti-kt algorithm, 2 and 3 cluster into one jet,
while 1 would form a separate soft jet. In (b), just before the 2 + 3 clustering, the flavour of 1 is used to neutralise the flavour
of 2, which results in the intermediate stage shown in (c), where particles 1 and 2 have lost their flavour (as represented by the
black dashed lines). Finally, in (d) the (now) flavourless pseudojet 2 is clustered with 3 into a pseudojet 2+3 with the q̄ flavour
of just particle 3.

believe can be applied in a variety of ways, is illustrated
in Fig. 2. When a pseudojet with non-zero flavour is
about to undergo a kinematic clustering (soft q (2), clus-
tering with hard q̄ (3) in Fig. 2a), the algorithm needs
to establish whether the flavours of 2 and 3 should be
combined as per usual net-flavour summation, or instead
whether the flavour of either of the particles should be
“neutralised” by some other particle(s) in the event be-
fore allowing the kinematic (2+3) clustering to proceed.
For example, in Fig. 2b, with a soft q̄ (particle 1) in the
vicinity of the soft q (2), the algorithm may decide to first
neutralise the flavours of particles 1 and 2, before mov-
ing ahead with the 2+3 clustering. If that neutralisation
happens, then particles 1 and 2 become flavourless, as il-
lustrated by the black dashed lines in Fig. 2c. This is
then followed by the kinematic clustering in Fig. 2d, re-
sulting in a 2 + 3 jet that retains the q̄ flavour of hard
particle 3, as needed for IRC safety.

In general, the IRC safety (or otherwise) of the al-
gorithm resides in the criteria used to decide whether to
neutralise a given pseudojet’s flavour, and if so then with
which other pseudojet(s). As with earlier flavoured clus-
tering algorithms, such a procedure will need to rely on
some measure of the likelihood that a given flavoured pair
came from an e↵ective parent gluon’s splitting, versus the
flavour originating from a genuine hard parton.

B. Introducing the IFN algorithm

We now construct a concrete algorithm based on Fig. 2
that integrates jet clustering with flavour neutralisation:
Interleaved Flavour Neutralisation (IFN). The core of our
algorithm is the search for neutralisation candidates at
any given stage of the clustering. Among the ingredients
of that search is a measure of flavour neutralisation dis-
tance uij between any pair of particles i and j, the softer
of which will always be flavoured. For now, the reader

may wish to think of uij as being a flavour-kt type dis-
tance, cf. Eq. (2), though there are important further
subtleties, discussed below in Sec. III C.
In defining the algorithm in the next few paragraphs,

we shall frequently make reference to Fig. 2 to illustrate
the function of the di↵erent steps, keeping in mind that
the flavour of the final hard jet (made of particles 2 and
3) should ultimately just be that of the hard particle 3q̄
without contamination from the flavours of the soft 1q̄2q
pair.
We write the core neutralisation search part of

the algorithm in the style of a computer subroutine
N(i, umax, C,E), taking a number of arguments as in-
puts, specifically:

• the index i of the pseudojet for which to identify
potential neutralisation partner(s) (e.g. i = 2 in
Fig. 2a);

• a threshold umax above which to ignore neutralisa-
tion candidates (e.g. in the context of the 2+3 kine-
matic clustering in Fig. 2a this would be umax =
u23);

• a list C of all potential neutralisation candidates,
i.e. all currently flavoured pseudojets in the event
(C = {1, 2, 3} in Fig. 2a);

• a subset E among those flavoured pseudojets to be
excluded in the neutralisation search because they
have already been considered in some prior step
of the algorithm (E = {2, 3} in Fig. 2a, because
particles 2 and 3 have already been considered in
that they set umax = u23).

The N(i, umax, C,E) algorithm is formulated as follows:

N1. Create a list L of uik distances for all k among the
candidates C that satisfy uik < umax, excluding
those in the exclusion set E.
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believe can be applied in a variety of ways, is illustrated
in Fig. 2. When a pseudojet with non-zero flavour is
about to undergo a kinematic clustering (soft q (2), clus-
tering with hard q̄ (3) in Fig. 2a), the algorithm needs
to establish whether the flavours of 2 and 3 should be
combined as per usual net-flavour summation, or instead
whether the flavour of either of the particles should be
“neutralised” by some other particle(s) in the event be-
fore allowing the kinematic (2+3) clustering to proceed.
For example, in Fig. 2b, with a soft q̄ (particle 1) in the
vicinity of the soft q (2), the algorithm may decide to first
neutralise the flavours of particles 1 and 2, before mov-
ing ahead with the 2+3 clustering. If that neutralisation
happens, then particles 1 and 2 become flavourless, as il-
lustrated by the black dashed lines in Fig. 2c. This is
then followed by the kinematic clustering in Fig. 2d, re-
sulting in a 2 + 3 jet that retains the q̄ flavour of hard
particle 3, as needed for IRC safety.

In general, the IRC safety (or otherwise) of the al-
gorithm resides in the criteria used to decide whether to
neutralise a given pseudojet’s flavour, and if so then with
which other pseudojet(s). As with earlier flavoured clus-
tering algorithms, such a procedure will need to rely on
some measure of the likelihood that a given flavoured pair
came from an e↵ective parent gluon’s splitting, versus the
flavour originating from a genuine hard parton.

B. Introducing the IFN algorithm

We now construct a concrete algorithm based on Fig. 2
that integrates jet clustering with flavour neutralisation:
Interleaved Flavour Neutralisation (IFN). The core of our
algorithm is the search for neutralisation candidates at
any given stage of the clustering. Among the ingredients
of that search is a measure of flavour neutralisation dis-
tance uij between any pair of particles i and j, the softer
of which will always be flavoured. For now, the reader

may wish to think of uij as being a flavour-kt type dis-
tance, cf. Eq. (2), though there are important further
subtleties, discussed below in Sec. III C.
In defining the algorithm in the next few paragraphs,

we shall frequently make reference to Fig. 2 to illustrate
the function of the di↵erent steps, keeping in mind that
the flavour of the final hard jet (made of particles 2 and
3) should ultimately just be that of the hard particle 3q̄
without contamination from the flavours of the soft 1q̄2q
pair.
We write the core neutralisation search part of

the algorithm in the style of a computer subroutine
N(i, umax, C,E), taking a number of arguments as in-
puts, specifically:

• the index i of the pseudojet for which to identify
potential neutralisation partner(s) (e.g. i = 2 in
Fig. 2a);

• a threshold umax above which to ignore neutralisa-
tion candidates (e.g. in the context of the 2+3 kine-
matic clustering in Fig. 2a this would be umax =
u23);

• a list C of all potential neutralisation candidates,
i.e. all currently flavoured pseudojets in the event
(C = {1, 2, 3} in Fig. 2a);

• a subset E among those flavoured pseudojets to be
excluded in the neutralisation search because they
have already been considered in some prior step
of the algorithm (E = {2, 3} in Fig. 2a, because
particles 2 and 3 have already been considered in
that they set umax = u23).

The N(i, umax, C,E) algorithm is formulated as follows:

N1. Create a list L of uik distances for all k among the
candidates C that satisfy uik < umax, excluding
those in the exclusion set E.

w. Gavin, Radek Grabarczyk, Max Hutt, 
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Figure 4. Same as Fig. 3 but for the azimuthal angle difference between the forward and backward VBF tag jets. See text for
details.
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Figure 5. LO (hashed blue) and NNLO (red boxes) predictions for the azimuthal separation between the forward and backward
VBF tag jets, divided by the corresponding NLO (solid yellow) result. Left pane: Standard Model. Middle pane: Scenario A.
Right pane: Scenario B. The envelope represents scale variation uncertainties. See text for details.

IV. CONCLUSIONS

We have studied the combined impact of anomalous
Higgs interactions and NNLO QCD corrections on Higgs
production in weak boson fusion. For simplicity, we
have only considered modifications to the HV V vertex
and have performed phenomenological analyses assuming
that the modification of the HWW and HZZ couplings
are correlated. We have found that the patterns of ra-
diative corrections for the WBF cross section in a typi-
cal experimental fiducial region are similar in the Stan-
dard Model and when anomalous couplings are present.
Namely, in all cases scale variation uncertainties under-
estimate the size of the correction at the next perturba-
tive order, but predictions seem to be reasonably stable
when moving from NLO to NNLO. Keeping in mind that
for inclusive SM cross sections the NNLO scale uncer-

tainty band does overlap with N3LO QCD predictions,
we have investigated the effect of a reduced theoretical
uncertainty on extractions of anomalous couplings. We
have studied the constraining power of the fiducial cross
section, and found that NLO and NNLO results lead to a
similar discriminating power, which is significantly bet-
ter than the LO one. The relative stability of this pic-
ture, when going from NLO to NNLO, gives us confidence
that for the analysis of the anomalous couplings in Higgs
production through WBF, QCD radiative corrections are
sufficiently well understood.

We have also investigated the constraining power of dif-
ferential distributions, focusing on scenarios where dif-
ferent choices of anomalous couplings led to the same
fiducial cross section. It is known that angular distribu-
tions have a strong constraining power. However, includ-
ing NLO QCD corrections is mandatory for differences

-0.50 0.00 0.50 1.00 1.50

g
(1)
hww

-1.00

-0.50

0.00

0.50

1.00

g̃
h
w

w

SM

NLO

NNLO

-0.10 -0.05 0.00 0.05 0.10

g
(1)
hww

-0.10

-0.07

-0.05

-0.02

0.00

0.03

0.05

0.08

0.10

g̃
h
w

w

SM

NLO

NNLO

Figure 8. As for Fig. 7 but with the experimental uncertainty removed. See text for details.

IV. CONCLUSIONS

In this paper, we presented computations of NNLO QCD corrections to Higgs boson produc-

tion in association with a W or Z boson. We included NNLO QCD corrections to H ! bb̄

decays, retaining full b-quark mass dependence. This allowed us to present our results in a

setup which is close to the actual experimental analyses.

In addition to NNLO QCD corrections and the effects of the b-quark masses, our computation

also includes anomalous couplings in the V V H interaction vertex. We have shown that QCD

corrections to fiducial cross sections depend non-trivially on the anomalous couplings since

they change the relative importance of various kinematic regions that contribute to the

fiducial cross sections. We have argued that the availability of NNLO QCD predictions

may allow one to search for the anomalous couplings in kinematic regions where the EFT

framework based on the momentum expansion is more trustworthy than in the high-energy

tails of distributions. We have also shown how the NNLO QCD theory predictions may

be used to improve exclusion limits for the anomalous couplings; this becomes especially

relevant if experimental uncertainties on fiducial cross sections of pp ! V H production

20

NNLO vs 
anomalous 
couplings in 

realistic setup
VH, H→bb

VBF

w. Kirill Melnikov, R. Röntsch, K. 
Asteriadis, W. Bizon…
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Figure 2. Dilepton invariant mass distribution for the Drell-Yan process pp ! `
�
`
+ at the 13.6

TeV LHC. The upper pane shows our best prediction for d� which included NLO QCD, NNLO
QCD, NLO EW, and mixed QCDxEW corrections. The middle pane shows the ratio of the NLO
EW and mixed QCDxEW corrections to the full NLO QCD result. The lower pane shows the ratio
of mixed QCDxEW corrections to a result which includes both QCD and EW NLO corrections.
The left plot shows results in the range 200 GeV < m`` < 1 TeV, the right plot shows the range
1 TeV < m`` < 3 TeV. See text for details.

provide the dominant contribution at large invariant masses. In this table, we also show our

predictions for the quantity �QCD⇥EW defined in Eq. (4.4), i.e. including NLO QCD, NLO

EW, NNLO QCD and mixed QCDxEW corrections, in the four invariant mass windows.

We observe that the theoretical uncertainty, estimated by a simultaneous variation of scales

and input scheme, is below the percent level across the di↵erent windows considered.

We now turn to the discussion of kinematic distributions. The dilepton invariant mass

case is shown in Fig. 2. There, the distributions in the upper panes include all corrections

considered in this paper

d�QCD⇥EW = d�
(0,0) + d�

(1,0) + d�
(0,1) + d�

(2,0) + d�
(1,1)

, (4.8)

the middle panes show the impact of the NLO EW and mixed QCDxEW corrections on

the results computed through NLO QCD, and the lower panes show the impact of the

mixed QCDxEW corrections on cross sections computed through NLO QCD and NLO

EW accuracy. To this end, we define the following quantities

R
(0,1)

QCD
=

d�
(0,0) + d�

(1,0) + d�
(0,1)

d�(0,0) + d�(1,0)
, R

(1,1)

QCD
=

d�
(0,0) + d�

(1,0) + d�
(0,1) + d�

(1,1)

d�(0,0) + d�(1,0)
, (4.9)
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invariant mass 
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NNLO QCDxEW
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d� =

Z
dx1dx2f(x1)f(x2)d�̂(x1, x2)FJ(1 +O(⇤n

QCD/Q
n))

Towards a rigorous understanding of NP corrections

w. Kirill, P. Nason, Giovanni Limatola, Silvia Ferrario, Ravasio, Melih Ozcelik, 
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Perturbative QFT, scattering amplitudes, Feynman integrals

New techniques

Auxiliary mass flow [2017~2022]

Block triangular relations [2018~]

Rational functions reconstruction [2023~]

Applications

𝑝𝑝 → 𝑍𝑗@2Loop mixed QCD-Electroweak

𝑝𝑝 → 𝑡 ҧ𝑡𝐻@1Loop QCD 𝑂(𝜖2)

𝑒+𝑒− → 𝐻𝑍@2Loop Electroweak

𝑒+𝑒− → 𝑡 ҧ𝑡@NNNLO QCD



QCD Amplitudes
NNLO pp ! j j
N3LO pp ! j j j

Input for pheno

Infrared QFT

High-Energy Limit

Giulio Gambuti - South-East UK QCD and collider phenomenology meeting, Oxford, 17/11/2023

w/ Federica Devoto 
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developing new ways of computing real-world Amplitudes

Renormalisability&
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IR DIVERGENCES: NESTED SOFT-COLLINEAR SUBTRACTION

Goal: analytic understanding of cancellation pattern of IR 
divergences in high multiplicity processes at NNLO QCD

Key idea: try to iterate NLO-
like structures as much as 

possible Y =
[αs]2

2 ⟨M0 [IV + IS + IC]2 M0⟩ + . . . ≡ ⟨M0 |I2
T |M0⟩ + . . .
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AMPLITUDES & SUBTRACTION: THE PHENO PERSPECTIVE
Can we observe effects coming from more loops & more legs? Sometimes, YES!

Destructive interference @ 
NNLOsv  -1.7 % of signal NNLO 

cross section
∼

 interference: bounding the Higgs width H → γγ


