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Higgs Discoveries
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Figure 5: Reduced Higgs boson coupling strength modifiers and their uncertainties. They are defined as
^�<�/vev for fermions (� = C, 1, g, `) and

p
^+<+ /vev for vector bosons as a function of their masses <� and <+ .

Two fit scenarios with ^2 = ^C (coloured circle markers), or ^2 left free-floating in the fit (grey cross markers) are
shown. Loop-induced processes are assumed to have the SM structure, and Higgs boson decays to non-SM particles
are not allowed. The vertical bar on each point denotes the 68% confidence interval. The ?-values for compatibility
of the combined measurement and the SM prediction are 56% and 65% for the respective scenarios. The lower panel
shows the values of the coupling strength modifiers. The grey arrow points in the direction of the best-fit value and
the corresponding grey uncertainty bar extends beyond the lower panel range.

not substantially a�ect the kinematic properties of the Higgs boson decay products. The fit results for the
scenario in which invisible or undetected non-SM Higgs boson decays are assumed not to contribute to
the total Higgs decay width, i.e. ⌫inv. = ⌫u. = 0, are shown in Figure 6 together with the results for the
scenario allowing such decays. To avoid degenerate solutions, the latter constrains ⌫u. � 0 and imposes the
additional constraint ^+  1 that naturally arises in a variety of scenarios of physics beyond the SM [54,
55]. All measured coupling strength modifiers are compatible with their SM predictions. When allowing
invisible or undetected non-SM Higgs boson decays to contribute to the total Higgs boson decay width,
the previously measured coupling strength modifiers do not change significantly, while upper limits of
⌫u. < 0.12 (expected 0.21) and ⌫inv. < 0.13 (expected 0.08) are set at 95% CL on the corresponding
branching fraction. The latter improves on the current best limit of ⌫inv. < 0.145 (expected 0.103) from
direct ATLAS searches [42].

In all tested scenarios, the statistical and the systematic uncertainty contribute almost equally to the
total uncertainty in most of the ^ parameter measurements. The exceptions are the ^`, ^/W , ^2 and ⌫u.

measurements for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the internal structure of its couplings are studied in
the framework of simplified template cross sections [44, 56–58]. The framework partitions the phase space
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2018 ( ): First direct observation 
of top-quark Yukawa coupling  
CMS 1804.02610/ ATLAS 1806.00425 

2020 ( ): First direct 
evidence that Higgs field is 
responsible for mass of 2nd gen. 
leptons  
CMS 2009.04363 / ATLAS 2007.07830 

2022 ( ): First hints that 
Higgs field is responsible for mass 
of 2nd gen. quarks CMS 
2205.05550 / ATLAS 2201.11428 

2023 ( ): First evidence of 
rare decay, sensitive to BSM loops  
CERN-EP-2023-157

ttH

H → μμ

H → cc

H → Zγ
CERN-EP-2022-057

The Higgs sector continues to yield impressive fundamental discoveries



1) Experimental projection is 
pessimistic considering current 
performance 

2) Plot shown assumes reduction by 
factor 2 of today’s theory 
uncertainties 

Theory uncertainty is expected to 
dominate HL-LHC Higgs physics
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Upcoming Experiments



Gluon Fusion 
PDF theory uncertainties 

Signal-background interference 

Vector Boson Fusion 
Non-factorisable corrections 

Parton shower uncertainties 

ZH Production 
Gluon induced contribution 

ttH Production 
Approximate NNLO 

HH Production 
Background processes ( ) 

Electroweak corrections

bbH
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Outline

*Too many interesting recent results, 
apologies for the very biased topic selection 



Gluon Fusion
100 200 300 400 500 600

MH+- [GeV]
10-4

10-3

10-2

10-1

100

BR
(H

+-
)

BR(H± -> tb)

BR(H -> cs)

BR(H -> τ ν
τ
)

BR(H -> µ ν
µ
)

LH
C

 H
ig

gs
 X

S 
W

G
 2

01
3

mh
mod+, tanβ = 10

100 200 300 400 500 600
MH+- [GeV]

10-4

10-3

10-2

10-1

100

BR
(H

+-
)

BR(H± -> tb)

BR(H -> cs)

BR(H -> τ ν
τ
)

BR(H -> µ ν
µ
)

LH
C

 H
ig

gs
 X

S 
W

G
 2

01
3

mh
mod+, tanβ = 50

Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)

45



 Heavy Top Limit 

Mixed QCD-EW Corrections 

 Top Quark Corrections

N3LO

NNLO
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Theory Uncertainties

δσPP→H+X = [δ(scale) + δ(EWK) + δ(t, b, c) + δ(mt)] + [δ(PDF + αs)] + [δ(PDF − TH)]

Anastasiou, Duhr, Dulat, (Furlan), (Gehrmann), 
Herzog, Mistlberger 16; Mistlberger 18;

Czakon, Niggetiedt 20;  
Czakon, Harlander, Klappert, Niggetiedt 21

Bonetti, Melnikov, Tancredi 17 
Bonetti, Panzer, Smirnov, Tancredi 20 
Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20

Perturbative theoretical predictions for gluon fusion are remarkably advanced

δ(scale) =+0.3%
−2.5%

δ(EWK) = ± 1 % → 0.5%?

δ(t, b, c) = ± 0.85 %
δ(1/mt) = ± 1 % → ± 0.15 %
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PDF Uncertaintiesp
s [TeV] MH [GeV] � [pb] �(theory) �(scale) �(EWK) �(t, b, c) �(1/mt) �(PDF + ↵s) �(PDF) �(↵s) �(PDF� TH)
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+1.64%
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13.6 124.60 52.43 +3.11
�5.32%

+0.28
�2.49% ±1.00% ±0.83% ±1.00% +2.67

�2.26%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 124.80 52.28 +3.11
�5.32%

+0.28
�2.49% ±1.00% ±0.83% ±1.00% +2.67

�2.26%
+1.64
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13.6 125.00 52.13 +3.11
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+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.67

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.09 52.07 +3.11
�5.31%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.67

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.18%

13.6 125.20 51.99 +3.11
�5.31%

+0.28
�2.48% ±1.00% ±0.83% ±1.00% +2.67
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�1.54% ±1.18%
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+0.28
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+2.10
�1.54% ±1.18%
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�5.30%
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�1.54% ±1.18%

13.6 125.60 51.70 +3.10
�5.30%

+0.28
�2.47% ±1.00% ±0.82% ±1.00% +2.66

�2.25%
+1.64
+1.64%

+2.10
�1.54% ±1.17%

13.6 126.00 51.41 +3.10
�5.29%

+0.27
�2.47% ±1.00% ±0.82% ±1.00% +2.66

�2.25%
+1.64
+1.64%
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�1.54% ±1.17%

13.6 128.00 50.00 +3.07
�5.24%
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+0.25
�2.39% ±1.00% ±0.80% ±1.00% +2.66

�2.24%
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+1.64%
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�1.53% ±1.15%
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Many sources of uncertainty relevant, including PDF/Missing Higher Orders

PDFs are only fully known at NNLO 
 Mismatch between coefficient function  and PDFs  
 Recently, approximate N3LO PDFs became available

↪ ̂σ(3)(xa, xb) f (2)(x, Q2)
↪ McGowan, Cridge, Harland-Lang, Thorne 22  

NNPDF Collaboration (work in progress)Impact on phenomenology

Preliminary

@Giacomo Magni

20/22

M
aria U

biali (20th LH
C

H
W

G
 M

eeting)

The aN3LO PDFs lead to a 
decrease in the total cross 
section prediction 
(current estimate ~2-4%) 

Active benchmarking study 
ongoing 

 [p
b]

σ
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Gluon Fusion: PDF Uncertainties

Higher order theory input can help us…Approximate N3LO PDFs
• Several ingredients required to perform N3LO PDF fits, many available some missing 

➡ 4-loop DGLAP Splitting Functions to evolve PDFs 
non-singlet - large nF limit [NPB 915 (2017) 335; arXiv:2308.07958] 
                    - small-x [JHEP 08 (2022) 135] and large-x [JHEP 10 (2017) 041] limits 
                    - lowest 8 Mellin moments [JHEP 06 (2018) 073] 
singlet         - large nF limit [NPB 915 (2017) 335; arXiv:2308.07958, arXiv:2310.01245] 
                    - small-x [JHEP 06 (2018) 145] and large-x [NPB 832 (2010) 152; JHEP 04 (2020) 018; JHEP 09 (2022) 155] limits 
                    - lowest 5 (10) Mellin moments [PLB 825 (2022) 136853; ibid. 842 (2023) 137944; ibid. 846 (2023) 138215] 

➡ PDF matching conditions to change number of PDF flavours at heavy-quark matching scales 
                 -  all known [NPB 820 (2009) 417; NPB 886 (2014) 733; JHEP 12 (2022) 134] except for complete A(3)H,g [arXiv::2311.00644] 

➡ DIS Structure Functions 
                 - DIS NC (massless) [NPB 492 (1997) 338; PLB 606 (2005) 123; NPB 724 (2005) 3]  
                 - DIS CC (massless) [NPB 813 (2009) 220]  
                 - Massive from param. combining known limits and damping functions [NPB 864 (2012) 399] 

➡ Hadronic cross section 
                  - Drell-Yan (inclusive) [JHEP 11 (2020) 143] 
                  - Drell-Yan (differential in pT) [PLB 845 (2023) 138125] 
                  - Drell-Yan (differential in rapidity) [PRL 128 (2022) 052001]

13/22

Maria Ubiali (20th LHCHWG Meeting)

But differences also depend on the choice of  scale and methodologyQ2
0



Splitting functions for N3LO PDFs
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New/Anticipated Theory Results

Towards N4LO Higgs Production
Singlet (moments): Falcioni, Herzog, Moch, Vogt 23 
Singlet ( ,  ): Gehrmann, von Manteuffel, Sotnikov, Yang 
23, 23;

N2
f NfC3

F

Das, Moch, Vogt 20; Lee, von Manteuffel, Schabinger, 
Smirnov, Smirnov, Steinhauser 22, 23;

2

Fq :

C4
F C3

FCA C2
FC

2
A CFC

3
A dabcdF dabcdA

Fg :

C4
A dabcdA dabcdA

FIG. 1. Sample Feynman diagrams and color factors for the non-fermionic contributions to Fg and Fq at four-loop order.
Straight and curly lines denote quarks and gluons, respectively. Both planar and non-planar diagrams contribute.

been computed in [39, 40]. For Fq and Fg, all corrections
with three or two closed fermion loops have been calcu-
lated in [41, 42], respectively, including also the singlet
contributions. The complete set of poles of Fq and Fg

in the dimensional regulator has been obtained through
direct diagrammatic evaluation in [43]. Finally, the com-
plete fermionic corrections to Fq and Fg have been com-
puted in Ref. [35].

Calculation. The calculation of the four-loop form
factors presents two major challenges. The first one
is connected to a minimal representation of the form
factors. After generating the Feynman diagrams with
Qgraf [44], we apply the projectors and perform the
numerator and color algebra with Form 4 [45] and
Color.h [46]. In this way, we can write the form fac-
tors as a linear combination of a large number of scalar
Feynman integrals, each belonging to one of 100 twelve-
line top-level topologies or a subtopology thereof. Fixing
the twelve propagators and six irreducible numerators of
its top-level topology, a scalar integral can be described
by eighteen integers indicating the exponents of the prop-
agators and numerators. By choosing the irreducible nu-
merators as suitably defined inverse propagators, all top-
level topologies can be described in terms of the ten com-
plete sets of denominators described in [47]. Integration-
by-parts (IBP) reductions [48–50] systematically estab-
lish linear relations between the integrals, allowing us to

express the form factors as a linear combination of a min-
imal set of so-called master integrals. For our calculation
we use the setup described in [40] based on the program
Reduze 2 [51] and the in-house code Finred, employing
techniques from [52–58].

The second challenge is the computation of the mas-
ter integrals. Here we follow two complementary ap-
proaches. The first one is based on the construction of
finite master integrals [33, 59, 60], in d0 − 2ϵ dimensions
where d0 = 4, 6, . . .. Provided a linearly reducible [61, 62]
Feynman parametric representation can be found, the ϵ
expansions of such master integrals may be computed
analytically using the program HyperInt [63]. The di-
mensionally shifted integrals can be related to master
integrals in 4 − 2ϵ dimensions using IBP relations de-
rived with first- and second-order annihilators in the Lee-
Pomeransky representation [64]. We wish to point out
that in this approach, the integration can be performed
at the level of individual integrals. In practice, evaluating
higher orders of the ϵ expansion gets ever more demand-
ing due to the rise in algebraic complexity. To determine
the form factors Fq and Fg, we computed a number of
integrals to transcendental weight eight in this approach,
including computationally demanding non-planar inte-
grals with twelve different propagators. For one such
irreducible topology with a single twelve-line master in-
tegral we find

(6−2ϵ)

=
(

−
119

48
ζ7 −

5

6
ζ5ζ2 −

53

10
ζ3ζ

2
2 + 3 ζ23 +

79

42
ζ32 +

25

6
ζ5 −

5

3
ζ3ζ2 +

1

15
ζ22 + 2 ζ3

)

+ ϵ
(

−
991

30
ζ5,3 −

323

2
ζ5ζ3

−
81

2
ζ23 ζ2 +

127223

31500
ζ42 −

2827

24
ζ7 +

73

6
ζ5ζ2 − 14 ζ3ζ

2
2 +

41

3
ζ23 +

1696

315
ζ32 +

401

3
ζ5 +

206

3
ζ3ζ2 +

23

15
ζ22 + 14 ζ3

)

+O(ϵ2)

(3)

in the conventions of Ref. [65]. In particular, the integral
is defined in 6 − 2ϵ and each dot indicates a squared
propagator. We would like to mention that no integral in
this topology was needed for the calculation of the N = 4
Sudakov form factor [47]. Our result above is expressed

in terms of regular zeta values, ζn (n = 2, . . . , 7), and

ζ5,3 =
∞
∑

m=1

m−1
∑

n=1

1

m5n3
≈ 0.0377076729848 (4)

is the only multiple zeta value involved.

Virtuals known @  

RVs still considerable work for full XS 

Soft-Virtual Approx: 

N4LO

+0.2 − 2.7 %

Benchmarking Splitting Functions
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Preliminary

Preliminary Preliminary

Preliminary

• Benchmarking 
exercise started 
before Summer in Les 
Houches to check the 
impact of the aN3LO 
splitting functions 

• Write-up in 
preparation for Les 
Houches proceedings

MSHT prior = pre-fit 
MSHT posterior = MSHTaN3LO 
NNPDF = NNPDF40aN3LO 
Moch at al = theory paper

16/22

Maria Ubiali (20th LHCHWG Meeting)



Signal-background interference can be used in  to place model-dependent 
bounds on  by lifting degeneracy on couplings and width

H → γγ
ΓH

Signal-background interference in diphoton production

Federico Buccioni Workshop of the LHC HWG 15/11/2023   5

Consider real and imaginary parts of amplitudes independently

The interference can be then organised as

"real-part" of the interference

"imaginary-part" of the interference

What are suitable "observables"?
How to harness interference effects?

The real and imaginary have very different behaviours and properties

10

Signal-background Interference

ΔMγγ ∝
ΓH

ΓSM
H

σ = σsig 1 +
ΓH

ΓSM
H

σSM
int

σSM
sig

Mass Shift ( )Re I

Destructive Interference ( )Im I

Martin 12; Dixon, Li 13;

Campbell, Carena, Harnik, Liu 17

3

2 Theoretical background

In this section, we briefly review the main aspects
of signal-background interference for Higgs-mediated
diphoton production at the LHC. For the sake of il-
lustration, we discuss the main features of the interfer-
ence at LO, focusing on the gluon-fusion channel. The
complete analysis will be presented in Section 3.

2.1 Higgs interferometry

We consider diphoton production at the LHC in the
gluon-fusion channel. At order –2

s
two main mechanisms

contribute: the Higgs-mediated process gg æ H æ ““
and the continuum process gg æ ““. We refer to the
former as our “signal” and to the latter as our “back-
ground”. Schematically, we write the scattering ampli-
tude for this process as

Mggæ““ = Msig

m2
““

≠ m2

H
+ i≈HmH

+ Mbkg, (1)

where m““ is the diphoton invariant mass and where we
have explicitly factored out the Higgs-boson propaga-
tor. In order to improve readability, we dropped helic-
ity labels, which are understood. It is helpful to further
separate the real and imaginary parts of Msig,bkg, i.e.

Msig,bkg = ReMsig,bkg + i ImMsig,bkg . (2)

Since we will be ultimately interested in the dipho-
ton invariant-mass distribution, we need to consider the
square of the amplitude in Eq. (1), which reads

|Mggæ““ |
2 = |Msig|

2

!
m2

““
≠ m2

H

"2 + ≈ 2

H
m2

H

+ |Mbkg|
2

+ 2 Re
3

Msig

m2
““

≠ m2

H
+ i≈HmH

M
†
bkg

4
. (3)

The invariant-mass distribution can then be schemati-
cally organised as follows

d‡

dm““

≥ |S|
2 + |B|

2 + I , (4)

where the three terms S, B and I are in one-to-one
correspondence with those on the right-hand side of
Eq. (3). The signal-background interference part is the
last one in the equation above. One can get insight on
the structure of the interference contribution by fur-
ther separating it into a so-called “real part” IRe and
an “imaginary part” IIm [32], i.e. I = IRe + IIm. These
two components can be expressed through the actual
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Fig. 1 Real and imaginary parts of the signal-background in-
terference terms, see text for details. This figure is just for il-
lustration purposes. Our best prediction for these curves will
be described in details in Sec. 4.

real and imaginary parts of the amplitudes in Eq. (2)
and are given by

IRe Ã
2

(m2
““

≠ m2

H
)2 + ≈ 2

H
m2

H

!
m2

““
≠ m2

H

"
◊

◊ [ReMbkgReMsig + ImMbkgImMsig] , (5)

IIm Ã
2

(m2
““

≠ m2

H
)2 + ≈ 2

H
m2

H

≈HmH◊

◊ [ReMbkgImMsig ≠ ImMbkgReMsig] . (6)

It is clear from these equations that the real part of the
interference is an antisymmetric function of the dipho-
ton invariant mass m2

““
around the Higgs resonance,

and therefore does not contribute to the total cross-
section. This is not the case for the imaginary part,
which is instead symmetric around the resonance. This
is illustrated in Fig. 1, where we plot IRe and IIm in the
gg channel up to NLO, to better visualise their inde-
pendent e�ects.

Naively, one may think that the relative impact of the
interference on the Higgs total cross section could be
quite sizeable, since the signal is a two-loop process
while the background starts at one loop. Because of
this, one may expect a loop-enhancement factor of the
interference with respect to the signal. However, a close
inspection of Eq. (6) shows that the contribution to IIm

from the imaginary part of the background is strongly
suppressed at leading order. This follows from the fact
that the Higgs boson, being a scalar, only decays into
a pair of photons with identical helicity. In turn, if the
photons have equal helicities the imaginary part of the
background at leading order vanishes, unless the pro-
cess is mediated by a massive quark. In our calculation
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Signal-background Interference

Thanks to a recent calculation of  @ NNLO (3-loops) now possible to 
compute interference @ NNLO Bargiela, Caola, von Manteuffel, Tancredi 21 + Buccioni, Devoto 22 

gg → γγ

Signal-background interference beyond NLO

Federico Buccioni Workshop of the LHC HWG 15/11/2023 12

This talk

9
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Fig. 3 Left pane: comparison of the exact NLO calculation and the soft-virtual approximation in the gg channel. Right pane:
complete NLO prediction, inclusive of all channels, compared to the corresponding soft-virtual approximation
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Fig. 4 Signal-background interference contribution to the
diphoton invariant mass distribution after Gaussian smearing.
Bands represent the envelope given by the scale variation.

The smallness of the LO imaginary part is indeed seen
in Fig. 5. In our setup, we find

‡LO

S
= 24.21+15%

≠14%
fb, ‡LO

I
= ≠0.11+20%

≠17%
fb. (21)

Here and in the following the quoted uncertainties are
obtained by coherently varying the renormalisation and
factorisation scales by a factor of two around the cen-
tral value µ = m““/2. At LO, we find that more than
80% of the destructive interference quoted above comes
from the imaginary part of the signal interfering with
the real part of the background. This gives us confi-
dence that neglecting mass e�ects in the background
prediction does not significantly impact our result. Fur-
thermore, as far as the signal goes, we note that the
bulk (about 95%) of the imaginary part is generated by
bottom-mass e�ects in the production amplitude. This

is easy to understand just by looking at the relative
importance of the top, bottom and W contributions to
the production and decay amplitudes.

At higher orders however, a larger interference is gen-
erated by the imaginary part of the background, which
no longer requires the presence of bottom quarks (see
the discussion in Sec. 3). Because of this, beyond LO
we only compute radiative corrections in the infinite-
top approximation and drop any mass dependence in
the background amplitudes. At NLO, we obtain

‡NLO

S
= 58.12+20%

≠14%
fb, ‡NLO

I
= ≠0.72+27%

≠21%
fb. (22)

These results are consistent with the analysis in
Ref. [26]. Our best prediction beyond NLO is ob-
tained within the soft-virtual approximation described
in Sec. 3. We find

‡NNLOsv
Õ

S
= 72.21+8%

≠8%
fb, ‡NNLOsv

I
= ≠1.21+7%

≠10%
fb,

(23)

hence the destructive interference reduces the total
rate by 1.7%.5 Given the theoretical [62] (see also
Refs. [63, 64]) and experimental [35, 36] uncertainty on
the Higgs total cross section, this e�ect is actually not
negligible and it can be used to further constrain the
Higgs width [26]. We do not pursue this line of investi-
gation here, but we estimate that, with current uncer-
tainties, one could already constrain the Higgs width to
about 20-30 times the Standard Model.

We can finally present the main result of our study, i.e.
the prediction for the mass-shift at NNLO. As discussed
5We point out that the theory uncertainties for the signal cross
section in Eq. (23) have been computed employing the exact
NNLO QCD scale variations.
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Fig. 5 Real part (left pane) and imaginary part (right pane) of the interference at LO, NLO and NNLOsv after Gaussian smearing.

∆m““ [MeV] 7 TeV 8 TeV 13.6 TeV

LO ≠77.2+0.8%

≠1.0%
≠79.5+0.6%

≠0.8%
≠83.1+0%

≠0.3%

NLO ≠56.2+13%

≠15%
≠56.8+13%

≠14%
≠55.2+12%

≠12%

NNLOsv ≠46.3+15%

≠17%
≠47.0+14%

≠16%
≠46.0+11%

≠12%

NNLOsvÕ ≠39.5+20%

≠24%
≠39.7+19%

≠22%
≠39.4+16%

≠17%

Table 1 Mass-shift at di�erent proton-proton collider energies
with Gaussian fit method.

∆m““ [MeV] 7 TeV 8 TeV 13.6 TeV

LO ≠113.4+0.8%

≠1.0%
≠116.7+0.6%

≠0.8%
≠122.1+0.1%

≠0.3%

NLO ≠82.6+13%

≠15%
≠82.8+12%

≠14%
≠81.2+12%

≠12%

NNLOsv ≠68.1+15%

≠17%
≠68.4+13%

≠15%
≠67.7+11%

≠12%

NNLOsvÕ ≠58.1+20%

≠23%
≠59.2+18%

≠21%
≠58.0+16%

≠17%

Table 2 Mass-shift at di�erent proton-proton collider energies
with first moment method.

in Sec. 2.1, we adopt two di�erent methods to estimate
the mass-shift induced by the interference term. In Ta-
ble 1 we show the results obtained by performing a
chi-squared fit of the smeared signal-plus-interference
distribution with a Gaussian function of standard de-
viation ‡ = 1.7 GeV. The mass-shift is obtained as the
di�erence between the obtained mean value and the
input Higgs boson mass mH = 125 GeV. In Table 2 in-
stead we present results derived by computing the first
moment of the signal-plus-interference distribution af-
ter smearing. In both tables we show predictions for dif-
ferent collider energies, but in the same fiducial region
specified in Eq. (20). As mentioned earlier, the denoted
ranges represent the theoretical uncertainty related to a

∆m““ [MeV] First moment Gaussian Fit

KNLO 0.665 0.664
KNNLOsv 0.554 0.554
KNNLOsvÕ 0.475 0.474

Table 3 Comparison of K-factors, measured w.r.t. the LO
value, for the mass-shift at

Ô
s = 13.6 TeV calculated via a

gaussian fit method and via a first-moment method.

change of the central scale µ = m““/2 by a factor of two
and a half. The entry NNLOsv indicates the result ob-
tained by considering both signal and interference terms
in the soft-virtual approximation. The NNLOsvÕ entry
instead, refers to the “improved” soft-virtual approx-
imation discussed at the end of Sec. 3. Specifically, in
this case we still use the NNLOsv approximation for the
interference, but compute the signal in the NNLOsvÕ

framework. As we explained in Sec. 3, we expect this
setup to be the most realiable one. Still, we find it useful
to present numbers in both frameworks as a conserva-
tive way of estimating the uncerainties related to these
approximations. In this respect, we note that the results
obtained in the NNLOsv and NNLOsvÕ approximations
are compatible within their uncertainties.

We immediately notice that in both extraction meth-
ods, the estimated mass-shift is rather insensitive to the
collider energy. Although a Gaussian fitting procedure
and the evaluation of the first moment return di�erent
values for the mass-shift, smaller for the former and
larger for the latter, we notice that the K-factors rel-
ative to the corresponding LO prediction are almost
identical. We stress that this is a welcome feature since
our analysis does not include reliable detector simula-
tion. The results in Table 3 show that radiative correc-

NNLO corrections sizeable 

 Mass shift less pronounced 
 Destructive interference enhanced, 

-1.7% decrease of total cross section 

↪
↪



Vector Boson Fusion (VBF)
3.2 Vector-boson fusion: qq → qqV ∗V ∗ → qqH

3.2.1 Standard Model

H

q

q

W,Z

W,Z

Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):

dσLO =
1

4

√
2G3

FM
8
V q

2
1q

2
2

[q21 −M2
V ]

2[q22 −M2
V ]

2

{

F1(x1, µ
2
F )F1(x2, µ

2
F )

[

2 +
(q1q2)2

q21q
2
2

]

+
F1(x1, µ2

F )F2(x2, µ2
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⎡
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1

q21

(
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q22

q1q2

)2
⎤

⎦
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F )F1(x2, µ2
F )

P1q1

⎡

⎣(P1q1)2

q21
−M2

P +
1

q22

(

P1q2 −
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q21

q1q2

)2
⎤

⎦

+
F2(x1, µ2
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q21
−
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q22

+
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q21q
2
2
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+
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F )

2(P1q1)(P2q2)
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}

dx1dx2
dPS3

ŝ
(175)

where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :

F1(x, µ
2
F ) =

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]

F2(x, µ
2
F ) = 2x

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]

52



Factorisable contributions are known to N3LO inclusive/ NNLO differential 
Dreyer, Karlberg 16; Bolzoni, Maltoni, Moch, Zaro 10, 12; Cacciari, Dreyer, Karlberg, Salam, Zanderighi 15; Cruz-Martinez, Gehrmann, 
Glover, Huss 18; Asteriadis, Caola, Melnikov, Röntsch 22, 23 

Non-factorisable contributions are colour suppressed 

However, (soft/eikonal approximation) it was found they are  enhanced π2

13

Non-Factorisable Corrections (II)

Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
Non-factorizable corrections are color-suppressed
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Factorizable VS Non-factorizable

Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
Non-factorizable corrections are color-suppressed
⇡2 enhancement in non-factorizable contributions [Liu, Melnikov, Penin 2019]
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Figures: Ming-Ming Long (20th LHCHWG Meeting)
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Non-Factorisable Corrections (III)

NNLO non-factorisable contribution computed beyond the eikonal approximation 
Brønnum-Hansen, Long, Melnikov, Juvin-Quarroz 23, 23; 

Used expansion-by-regions in forward limit,  

Sub-eikonal correction about 20% of eikonal correction 

Result: NNLO non-factorisable contribution similar in size to N3LO correction 
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Two-loop amplitudes
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One-loop amplitudes

Only Glauber/
Mixed @ next-to-
leading power

Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]

�(13 TeV) [pb] �(14 TeV) [pb] �(100 TeV) [pb]

LO 4.099 +0.051
�0.067 4.647 +0.037

�0.058 77.17 +6.45
�7.29

NLO 3.970 +0.025
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�0.027 73.90 +1.73
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NNLO 3.932 +0.015
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N3LO 3.928 +0.005
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Non-factorizable corrections are color-suppressed
⇡2 enhancement in non-factorizable contributions [Liu, Melnikov, Penin 2019]

k

p1

p2


1

2p1k + i0
+

1
�2p1k + i0

� 
1

�2p2k + i0
+

1
2p2k + i0

�
=) ⇡2

How to go beyond eikonal approximation?

Introduction Beyond eikonal Running coupling effects Summary

5/16 15. 11. 2023 Ming-Ming Long: LHCHWG 2023 Non-factorizable corrections to Higgs production in VBF

Factorizable VS Non-factorizable

σnon−fac
LO = − 2.97+0.52

−0.69 fb

σnon−fac
NLO = − 3.20+0.14

−0.01 fb
+

Figures/Tables: Ming-Ming Long (20th LHCHWG Meeting)
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VBF Parton Shower Uncertainties

Parton shower uncertainties dominate the theory uncertainty for VBF 
 Currently 15% on inclusive measurement, will limit interpretation in Run 3 
 Not clear if Pythia dipole vs Herwig 7 captures true uncertainty 

↪ ±
↪

Several studies completed & ongoing: 

NNLO QCD vs NLO+PS  
Good agreement theoretically 
Less so for experimental PS studies  
(underlying event? hadronisation? 
tuning vs recoil scheme?) 

   Buckley et al. 21 

NLL PanScales showers  
LL vs NLL differ by ~15% for 3rd jet  
(within scale var.) 

   van Beekveld, Ferrario Ravasio 23 

NLO EW+PS recently available 
   Jäger, Scheller 22 

Figure 12: As Fig. 11 but for ⌘j3 (top), and pT,j3 (bottom). For the latter we only show

the result after applying the VBF cuts, and the right bottom panel shows a magnification

of the (relatively) small transverse-momentum region.

showers for future work.

7 Conclusions

In this work, we have introduced new NLL-accurate dipole showers for processes involving

the exchange of a colour-singlet in the t-channel, such as DIS, VBF and VBS. The latter

two processes are handled following a factorised approach, i.e. neglecting non-factorisable

corrections between the two hadronic sectors. The main novelty of these showers, with

respect to the PanScales showers for hadron collisions introduced in Refs. [43, 44], is that

the transverse-momentum recoil due to initial-state radiation is smoothly redistributed

primarily to partons in the current hemisphere (i.e. anti-parallel to the direction of the

incoming proton in the Breit frame). This feature ensures that partons in the remnant

hemisphere remain mostly una↵ected, which is required from colour coherence. Further-

– 32 –

NLL
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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: Role of  Channelpp → ZH gg

Drell-Yan-like contribution recently 
computed @ N3LO 

Gluon channel contributes to 
  @ NNLO 

1) ~10% of the total cross section 
at LHC (due to large gluon 
luminosity) 

2) Has large uncertainty >100% 
3) A dominant TH uncertainty on 

ZH analyses 

This motivates calculating 
 @ NLO (2-loop)

pp → ZH

ggZH
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: Resultsgg → ZHis 2.7% larger than ours; we have verified that this is due only to the di↵erent choice of

PDFs and masses (mZ , mH and mt). At NLO their result is 2% larger than ours, we

ascribe this di↵erence again to the di↵erent choice of PDFs and masses. In Ref. [33]

the scale uncertainty is assessed via a 3-point scale variation by a factor of 3; adopting

this procedure we agree with their scale uncertainty of +27%
�21% at NLO.

p
s LO [fb] NLO [fb]

13 TeV 52.42+25.5%
�19.3% 103.8(3)+16.4%

�13.9%

13.6 TeV 58.06+25.1%
�19.0% 114.7(3)+16.2%

�13.7%

14 TeV 61.96+24.9%
�18.9% 122.2(3)+16.1%

�13.6%

Table 1: Total cross sections at LO and NLO with full top-quark mass dependence,

evaluated at the scale µR = µF = mZH . The upper and lower values resulting from a

7-point scale variation are also shown.

Di↵erential results for the invariant mass mZH = (pZ +pH)2 of the Z-Higgs system

are shown in Fig. 5 for the central scale choices mZH and HT , with

HT =
X

i=H,Z

q
m

2
i
+ p

2
T,i

+
X

k

|pT,k|, (3.1)

where the sum runs over all final state massless partons k. For the fully-inclusive case

(left), the K-factor is relatively flat with a value of about two, except at very low in-

variant masses where threshold corrections are significant. The kink in the distribution

at mZH ' 350 GeV is related to the tt̄-production threshold. Only a small reduction

of the scale uncertainty is observed going from LO to NLO. Note that the quark-gluon

channel for this process first opens up at the NLO level. The cuts pT,H � 140 GeV,

pT,Z � 150 GeV (Fig. 5 (right)) somewhat decrease the K-factor.

The Z-boson transverse momentum distributions at LO and NLO are shown in

Fig. 6. In the left plot we observe a K-factor which rises with increasing pT,Z , reaching

a value of almost 5 at pT,Z = 1 TeV, it is only slightly tamed by the cuts on pT,H and

pT,Z (right plot).

Fig. 7 shows the Higgs-boson transverse momentum distributions with and without

pT cuts. In the inclusive case (left) an extreme rise of the K-factor with increasing pT,H ,

up to values of about 20 towards pT,H = 1 TeV, is observed. The cuts pT,H � 140 GeV,

pT,Z � 150 GeV decrease this K-factor by a factor of about 3 at large pT,H values.

The cuts have such a large e↵ect on the K-factor of this distribution as they remove

configurations with a hard jet recoiling against a relatively hard Higgs while the Z boson

is soft, this configuration dominates the tail of the distribution but is not present at

– 9 –
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NLO corrections are large and lie 
outside the usual LO scale uncertainties 

NLO/LO somewhat* flat except at 
production & top thresholds 
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what real diagrams are included)
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2
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Putting all pieces together (Born + reals + virtual) can obtain full NLO results

Total Cross-section
Wang, Xu, Xu, Yang 21; Chen, Davies, Heinrich, SPJ, Kerner, Mishima, Schlenk, Steinhauser 22; Degrassi, Gröber, Vitti, Zhao 22
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: Transverse Momentumgg → ZH

Z  : Large NLO corrections, rising sharply at large   
H  : Extremely large NLO corrections, rising very sharply at large   

Placing cuts on soft  or  emission slightly tames growth 

Radiating an additional jet opens up an important new region of phase-space 
Very important to include higher order corrections in this region

pT pT,Z
pT pT,H

Z H

Z Transverse Momentum H Transverse Momentum
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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Soft-Higgs Approximation

The 2-loop virtual matrix elements for  are extremely challenging to compute: 
  process involving two additional scales (  ) 

Idea:  
Soft-Higgs boson emission from on-shell top quarks gives soft singularity 

  

Can derive factorisation formula from eikonal approx/low energy theorem 
(emission from highly off-shell propagators not captured)  
Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini 22

ttH
↪ 2 → 3 mt, mh

lim
k→0

[(p + k)2 − m2
t ]−1 → [(p2 − m2

t )]−1, p2 = m2
t

QCD@LHC 2023, 08/09/2023 - Simone Devoto

CHOICE OF THE APPROXIMATION

15

[S. Catani, SD, M. Grazzini, S. Kallweit,  
J. Mazzitelli, C. Savoini: 2210.07846]

➤ The perturbative function  is an effective coupling which also 
takes into account the renormalisation of the mass and of the wave function; 

➤ To map the  kinematics into a  kinematics ( ), we use the qT recoil 
prescription: 
• We reabsorb the Higgs momentum equally in the initial-state parton momenta; 
• We leave unchanged the top and anti-top momenta.

F(αS(μR); mt /μR)

tt̄H tt̄ Qtt̄H → Qtt̄

= ×

➤ Amplitudes for the process  available [Czakon (2008); Barnreuther et al.(2013)]: we 
can use the soft approximation.

cc̄ → tt̄

ℳqq̄′ →tt̄H({pi}, k) ≃ F(αS(μR); mt /μR) mt

v ∑
i= 3,4

mt

pi ⋅ k
ℳqq̄′ →tt̄({pi})Fi
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 @ Approximate NNLOttH

Use  amplitudes +  generalisation of  subtractioncc → tt (c = q, g) QQF qT
4

� [pb]
p
s = 13TeV

p
s = 100TeV

�LO 0.3910+31.3%
�22.2% 25.38+21.1%

�16.0%

�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-
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p
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�22.2% 25.38+21.1%
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�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.
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FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-

NNLO +4% @ 13 TeV 

Significant reduction of scale 
uncertainties 

Soft approximation uncertainty 
estimated to be significantly 
smaller than scale uncertainty 
(using NLO) 

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini 22



HH Production

σ(pp → HH) ∼
σ(pp → H)

1000

(a)

H

H

g

g

t, b

H

H

g

g

t, b •

λ

(b)

q

q

H

H

q

q

W, Z

q

q

H

H

q

q

W, Z

•

λ

(c)

W, Z

H

H

q

q̄

W, Z

W, Z

H

H

q

q̄

W, Z

•

λ

Z

H

H

g

g

t, b

Z

H

H

g

g

t, b

•

λ

(d)

t

t̄

H

H

g

g

t

t̄

H

H

g

g

•

λ

(a)

H

H

g

g

t, b

H

H

g

g

t, b •

λ

(b)

q

q

H

H

q

q

W, Z

q

q

H

H

q

q

W, Z

•

λ

(c)

W, Z

H

H

q

q̄

W, Z

W, Z

H

H

q

q̄

W, Z

•

λ

Z

H

H

g

g

t, b

Z

H

H

g

g

t, b

•

λ

(d)

t

t̄

H

H

g

g

t

t̄

H

H

g

g

•

λ

(a)

H

H

g

g

t, b

H

H

g

g

t, b •

λ

(b)

q

q

H

H

q

q

W, Z

q

q

H

H

q

q

W, Z

•

λ

(c)

W, Z

H

H

q

q̄

W, Z

W, Z

H

H

q

q̄

W, Z

•

λ

Z

H

H

g

g

t, b

Z

H

H

g

g

t, b

•

λ

(d)

t

t̄

H

H

g

g

t

t̄

H

H

g

g

•

λ

(a)

H

H

g

g

t, b

H

H

g

g

t, b •

λ

(b)

q

q

H

H

q

q

W, Z

q

q

H

H

q

q

W, Z

•

λ

(c)

W, Z

H

H

q

q̄

W, Z

W, Z

H

H

q

q̄

W, Z

•

λ

Z

H

H

g

g

t, b

Z

H

H

g

g

t, b

•

λ

(d)

t

t̄

H

H

g

g

t

t̄

H

H

g

g

•

λ



24

 BackgroundbbH

HH production known @ NLO (full), N3LO (HTL)  
Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert Zirke 16, 16; Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira, Streicher 18, 20; 
Chen, Li, Shao, Wang 19; 

Small signal means we need excellent control of the backgrounds 
Higgs production in association with  is a background to  

Improves cross-section limits by 2-20% (depending on channel LHC/HL-LHC)

bb H( → bb)H( → X)

  

The bbH background
● Typically interested in this column to
have a decent number of signal events

● Single Higgs production in association with 
a bottom pair is an irreducible background 
to all H(9bb)H(9xx) searches

● Working in the 4FS (massive b’s) we have 
two different types of contributions:

 

 

b

b

H

b

b

H
t

Strong coupling suppression
but top-Yukawa enhancement

● Top-Yukawa contribution currently simulated using ggF NNLOPS

● A ‘conservative’ 100% uncertainty is assigned to this background,
also motivated by disagreement with data in other analyses

Only LO accurate in
2 jets configuration

Also VBF and VH type
of contributions exist,
but they are suppressed

2

Within 5FS

  

Impact on HH searches 100% uncertainty currently assigned to this result 

 
● Result from ggF NNLOPS close to
upper uncertainty band of NLO 4FS

● Larger differences for low invariant masses

● Size and uncertainties of this background
are reduced in our NLO 4FS calculation

Positive impact on HH searches

● We have propagated the new NLO 4FS rates
to an ATLAS search in the 2b2F channel
as well as the 2b2] channel

● Subtlety: NNLOPS sample also used for b-jet mistagging estimate!
Only rescale the true b-jet contribution (80% of the full sample)

● We also replace the 100% uncertainty by the NLO 4FS scale uncertainties

[2112.11876]

Rescaled NNLOPS sample to NLO 4FS rates

[2209.10910]

Improvement
in XS limits Current HL-LHC

2b2F ~2% ~5%

2b2] ~10% ~20%

Larger improvement in 2b2] due to

analysis being less stat. dominated,

plus larger relative contribution from

single Higgs background

10

NLO corrections known for some time  
Deutschmann, Maltoni, Wiesemann, Zaro 18 

New NLO+PS analysis targeting HH 
signal region, allowing PS  
vastly overestimates background 
Manzoni, Mazzeo, Mazzitelli, Wiesemann, Zaro 23 

g → bb



It is also interesting to explore the impact of EW corrections (in single Higgs for 
off-shell Higgs have  impact) 

Richer structure in the SM and much richer structure in the context of EFT 

Partial 2-loop EW corrections known: 

Complete EW corrections will modify distributions and bounds in the SM & 
EFT frameworks

±5 %

25

Electroweak Corrections

(b)

(d)

(f)(e)

(j)

(k) (`)

(c)

(a)

g

g

t

H

H

(i)

(g) (h)

G0

Figure 2. Two-loop topologies involving c̄6 and c̄8 effects on Higgs self coupling in gg ! HH.
Except diagrams (g) and (h), all topologies are present in the SM. We have marked with a blob all
the vertices involving c̄6 and c̄8; cubic vertices are in blue while quartic ones are in red. Diagrams
(a)-(c) are non-factorisable two-loop topologies. Diagrams (d)-(h), together with the counterterm
(k), can be evaluated via the one-loop form factor V [HHH], while (i),(j) and (l) with the P [HH]

one.

to be used in phenomenological investigations as

�pheno

NLO
= �LO + ��c̄6 + ��c̄8 , (2.10)

– 6 –

Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao 18

Actis, Passarino, Sturm, Uccirati 08

Involving  and λ3 λ4

Figure 1: Sample Feynman diagram with a Higgs boson exchange in the top quark loop.
Straight, dashed and curly lines represent top quarks, Higgs bosons and gluons, respec-
tively.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2: Diagrams with Higgs boson self coupling and one-particle reducible diagrams.
These classes of diagrams are not considered in this paper.

tegrals where two di↵erent masses are present inside the loops.

• Provide details of the analytic computation of the master integrals which appear in
the subclass of diagrams considered in this paper.

• Provide explicit analytic results for the master integrals in the high-energy limit.

The remainder of the paper is organized as follows: in the next section we introduce our
notation and in Section 3 we outline the expansions which we apply to the Feynman
diagrams. In Section 4 details of the computation of the amplitudes in terms of master
integrals are provided. In Section 5 we provide a detailed description of the computation
of the master integrals and numerical results of the form factors are are given in Section 6.
We conclude in Section 7. In the appendix we present results for three-dimensional Mellin-
Barnes integrals which enter our result.

3

(Small ) Davies, Mishima, Schönwald, Steinhauser, Zhang 22 
+ (EFT approach) Mühlleitner, Schlenk, Spira 22

mT

Leading top-Yukawa contributions
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Electroweak Corrections (Partial)

Would be desirable to have complete EW corrections 
 First step: both self-coupling/Yukawa corrections with exact mass dependence 
 2-loop 4-point fully massive amplitudes w/ 4 scales (  + ) 

WIP: Gudrun Heinrich, SJ, Matthias Kerner, Tom Stone, Augustin Vestner 

↪
↪ s, t, mh, mt d = 4 − 2ϵ

Workflow: 

1. Reduce amplitude to “master 
integrals”  
(8.5 GB symbolic expression!) 

2. Evaluate master integrals 
     + Numerically (pySecDec) 
     + Series solution (DiffExp) 

3. Compute counter-term 
amplitude/renormalization 

𝒪(1k) → 494 ✓

✓
(✓)

(✓)

{“s": 6392./1000., 't': -1038./1000.} 
AMPgs2ghh3ght@1= 
  +eps^-1*(-8.0501761760992874e-01-3.8847967242213449e-01j) 
  ±eps^-1*(+6.4683122144165918e-18+6.0907618364907079e-18j) 
  +eps^0*(-2.8972433508074156e+00+1.0897854394801396e+01j) 
  ±eps^0*(+3.6435347347217201e-07+3.4598017999757325e-07j) 
AMPgs2ghhghhhght@1= 
  +eps^-1*(-1.4596999451695023e+01-7.0441161054046244e+00j) 
  ±eps^-1*(+1.1728681184339178e-16+1.1044087140803378e-16j) 
  +eps^0*(+8.5908827457094041e+00-2.3032424593432740e+01j) 
  ±eps^0*(+2.1379793495768672e-06+2.0307809283694008e-06j) 
AMPgs2ghhhght2@1= 
  +eps^0*(-2.9328689251200672e+01+6.2777695560284613e+01j) 
  ±eps^0*(+4.2325534773895372e-05+4.7059980270574143e-05j) 
AMPgs2ght4@2= 
  +eps^-1*(+1.0795435677340720e+01-1.5627850302093538e+01j) 
  ±eps^-1*(+6.8356820307489631e-07+8.2071745646177096e-07j) 
  +eps^0*(+1.2494307071197568e+01-1.3334138655224328e+01j) 
  ±eps^0*(+5.5369904028054630e-05+5.7556899298774435e-05j) 
AMPgs2ght4@1= 
  +eps^-1*(+8.9965909545280738e+02+2.0129450721915367e+02j) 
  ±eps^-1*(+3.1141662895359273e-07+3.9765520889843626e-07j) 
  +eps^0*(-3.2569582999240259e+02+7.4212291343799063e+02j) 
  ±eps^0*(+1.2062257017861179e-05+1.3260886643234515e-05j) 
AMPgs2ghh2ght2@2= 
  +eps^0*(+2.1302729928389130e-01-9.6264790690184143e-01j) 
  ±eps^0*(+6.4890537787570324e-06+7.3624383819487271e-06j) 
AMPgs2ghh2ght2@1= 
  +eps^0*(+5.9931726494394134e+01-2.7172796094458263e+01j) 
  ±eps^0*(+7.2171240278777598e-06+8.0229678514775212e-06j) 
AMPgs2ghhght3@2= 
  +eps^0*(-1.1864410715837595e+01-1.3059830877762900e+01j) 
  ±eps^0*(+5.2242846406267860e-05+5.2540153789084503e-05j) 
AMPgs2ghhght3@1= 
  +eps^-1*(-1.9193038568999327e+01+2.3085101431300473e+01j) 
  ±eps^-1*(+1.2444914353984587e-11+1.1939919132080516e-11j) 
  +eps^0*(-5.6920823777757072e+01-1.4139018713494380e+02j) 
  ±eps^0*(+2.3643191708284244e-05+1.9217507136723785e-05j)

→ See Talk: Tom Stone
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Electroweak Corrections (HTL)

Very recently, complete EW results were obtained in the large-  limit (HTL) 
Davies, Steinhauser, Schönwald, Zhang 23  

Complete EW corrections are somewhat complicated…

mt
Full Electroweak Corrections in the Large-mt Expansion

• Sample Feynman diagrams involving:
• SM fields: {t, b, H, �, Z , W±, �, �±}
• ghosts: {u� , uZ , u±}

(a-1) (a-2) (a-3) (a-4) (a-5)

(b-1) (b-2) (b-3) (b-4) (b-5)

(c-1) (c-2) (c-3) (c-4) (c-5)

Goal: obtain analytic expressions in the large-mt expansion

5

Figure: Kai Schönwald (20th LHCHWG Meeting)
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Electroweak Corrections (HTL)

In the large-  limit (  ) 

 LO expansion converges up to  
 However, NLO expansion does not converge well above  threshold 

Traced to configurations with cut 
through W-t-b line 
(  )

mt m2
t ≫ ξWm2

W, ξZm2
Z ≫ s, t, m2

H, m2
W, m2

Z
↪ s ∼ 2mt
↪ HH

mT + mW + mb ∼ 250GeV

LO Matrix Elements for gg ! HH

M = 1
8222

P
col

P
pol

|A|2 = 1
16

⇣
X

ggHH
0

⌘2
ŨggHH

ŨggHH up to di↵erent expansion orders in 1/mt .

ŨggHH = Ũ
(0)
ggHH + ↵

⇡ Ũ
(0,1)
ggHH

Di↵erent expansion orders normalized to m
0
t .

We see a nice convergence up to roughly
p
s = 2mt ⇡ 350 ,GeV.

7

NLO Electroweak Matrix Elements for gg ! HH

M = 1
8222

P
col

P
pol

|A|2 = 1
16

⇣
X

ggHH
0

⌘2
ŨggHH

ŨggHH up to di↵erent expansion orders in 1/mt .

ŨggHH = Ũ
(0)
ggHH + ↵

⇡ Ũ
(0,1)
ggHH

Di↵erent expansion orders normalized to m
0
t .

We do not see such a nice convergence at NLO.

8

LO NLO

NLO Electroweak Matrix Elements for gg ! HH

M = 1
8222

P
col

P
pol

|A|2 = 1
16

⇣
X

ggHH
0

⌘2
ŨggHH

Cut through W -t-b a↵ects convergence of the

large-mt expansion:

mt +mb +mW ⇡ 250GeV

We can restore convergence by excluding diagrams with W -t-b cuts.

9



29

Summary

The last few years has seen impressive 
theory progress 

Uncertainties beyond scale variations 
are becoming increasingly relevant, 
e.g. full understanding of massive 
corrections are important (SCET, 
beyond LP, fully massive results) 

A lot of pQCD knowledge can be 
transferred to the computation of EW 
processes, starting to happen in a 
significant way (mixed QCD-EW) 

Still plenty to do!

process known desired

pp æ H

N3LOHTL

NNLO(t)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

NNLO(b,c)
QCD

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

pp æ V H
NNLOQCD + NLOEW

NLO(t,b)
ggæHZ

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW
NNLOQCD + NLOEW

pp æ HH N3LOHTL ¢ NLOQCD NLOEW

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

pp æ HHH NNLOHTL

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (o�-diag.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 1: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.

13

Thank you for listening

Les Houches Wishlist 21



Backup



VBF is usually computed in the structure function approach  

31

Non-Factorisable Corrections

Known to N3LO in the 
structure function / 
DIS approximation 

NLO NNLO N3LO

Approximations & Precision

NLO: non-factorisable virtual 
contribution vanishes due to 
colour conservation 

NNLO: get colour suppressed 
non-factorisable contribution
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Inclusion of NNLO mt

• start with iHixs prediction and systematically incorporate new results 

• exact top mass at NNLO  
 
 
 
iHixs gives access to each part: 
    substitution        straightforward 
        (computation of “exact” already as a difference to EFT  compatibility checks)

↪ σNNLO, approx
ij → σNNLO, exact

ij
⇝

2. Set-Up

In this article we present the numerical tool iHixs that allows for the
computation of the probability to produce a Higgs boson in the collision of
protons via the gluon fusion production mode

Proton(P1) + Proton(P2) ! H(ph) +X . (1)

P1 and P2 are the momenta of the colliding protons and ph the momentum
of the Higgs boson. In collinear factorization, the hadronic Higgs boson
production cross section can be written as

�PP!H+X(µR, µF ) = ⌧

X

i,j

Z
1

⌧

dz

z

Z
1

⌧
z

dx1

x1

fi(x1, µF )fj

✓
⌧

x1z
, µF

◆
1

z
b�ij(µF , µR).

(2)
Here, we factorize long and short range interactions into parton distribution
functions fi(x) and partonic cross sections b�ij. The momenta of the colliding
partons are related to the proton momenta through the momentum fractions
xi as p1 = x1P1 and p2 = x2P2 =

⌧
x1z

P2. We define

⌧ =
m

2

h

S
, S = (P1 + P2)

2
,

z =
m

2

h

s
, s = (p1 + p2)

2
. (3)

The sum over i and j ranges over all contributing partons. Furthermore, we
define the variable z̄ = 1 � z. The partonic cross section b� depends on the
factorization scale µF and the renormalization scale µR.

The parton distributions are extracted from experimental measurements
by various groups [33–37] and are accessed in our program via the LHAPDF
framework [38]. Our partonic cross sections include a large variety of e↵ects
that combined allow for the currently most precise prediction of the inclusive
Higgs boson production cross section.

Let us begin by defining our master formula for the partonic cross section
before we explain it in detail later.

�̂ij = RLOC
2

h
�
LO, EFT
ij + �

NLO, EFT
ij + �

NNLO, EFT
ij + �

N
3
LO, EFT

ij

i

+ ��
LO, (t,b,c)
ij + ��

NLO, (t,b,c)
ij + ��

NNLO, (t)
ij + RLOC

2
��

Res

ij .

(4)

5

iHixs:

2.3. Mass E↵ects at NNLO

Currently, corrections beyond NLO in exact QCD are unknown. In
refs. [19, 20] NNLO corrections were approximated by performing an ex-
pansion of the partonic cross section in mh

mt
. The NNLO corrections to the

cross section can then be written as

�
NNLO

ij = �
NNLO, approx.
ij +O

 ✓
m

2

h

m
2
t

◆4
!

. (17)

The numerically largest perturbative corrections arise due to contributions
involving a gluon in the partonic initial state. We include the approximate
NNLO correction due to the top quark mass in the gluon-gluon and quark-
gluon channel in our partonic cross section, eq. (4), as

��
NNLO, (t)
ij = �

NNLO, approx.
ij �

h
C

2

QCD
RLO�

EFT

ij

i

↵4
S

for (ij) 2 {(gg), (gq)},

(18)

2.4. Electro-Weak E↵ects

Corrections to the Higgs boson production cross section due to electro-
weak physics are an important ingredient for precision predictions. The
purely virtual leading corrections were computed in refs. [21–24]. In ac-
cordance with the complete factorisation approach we include them in terms
of a modification of our QCD Wilson coe�cient. To this end, we define
the quantity �EWK to be the ratio of the leading electro-weak corrections of
ref. [22] to the Born cross section and include it in eq. (5).

Corrections beyond LO in QCD and electro-weak physics are currently
unknown. They were approximated in an e↵ective theory of infinitely heavy
W and Z bosons and top quark in ref. [25]. In this approach the electro-
weak gauge bosons are integrated out and calculations are performed in a
framework where the QCD Wilson coe�cient receives a modification. The
corrections in this approximation is taken into account in iHixs by including
the coe�cient

C1w =
7

6
(19)

in eq. (5). Recently, the mixed QCD-electroweak corrections were also ap-
proximated using the first term of a threshold expansion in ref. [26]. The
obtained results are in good agreement with the approach outlined above.

9

Czakon, Harlander, Klappert, Niggetiedt 21
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Gluon Fusion: NNLO with Full top-quark Mass

H+j @ 2-loop & H @ 3-loop with  using 
numerical solution of differential equations

mT

Czakon, Niggetiedt 20;  
Czakon, Harlander, Klappert, Niggetiedt 21

gg → Hg

Decreases  by @ 13 TeV compared to heavy top limit (HTL) 

Intricate interplay between mass effects  
Complete NNLO results obtained using STRIPPER framework

σtot −0.26 %

gg (+0.62%), qg (−16%), qq (−15%)

2Re⟨M(1)
exact |M(2)

exact⟩ |regulated

Returning to the  uncertainty in  δ(1/mT) gg → H
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Inclusion of mixed QCD-EW

• start with iHixs prediction and systematically incorporate new results 

• inclusion of EW corrections by  
iHixs formula based on factorization hypothesis: 
 
 

  iHixs uses  as estimated from the  limit 
  full result gives:   ( )   ( )  

      but note:     vary  by factor in range  
 
Initial proposal: incorporate new result with an additional correction term (1st step)  
 
 
and define error estimates on correction factor (beyond light quarks,  channel, …)

↪ C1w = 7/6 MV → ∞
↪ C1w = − 1.7 μR = MH/2 C1w = − 2.1 μR = MH

δ(EW) ∼ ± 1 % ↭ C1w [−3, 6]

gg

2. Set-Up

In this article we present the numerical tool iHixs that allows for the
computation of the probability to produce a Higgs boson in the collision of
protons via the gluon fusion production mode

Proton(P1) + Proton(P2) ! H(ph) +X . (1)

P1 and P2 are the momenta of the colliding protons and ph the momentum
of the Higgs boson. In collinear factorization, the hadronic Higgs boson
production cross section can be written as

�PP!H+X(µR, µF ) = ⌧

X

i,j

Z
1

⌧

dz

z

Z
1

⌧
z

dx1

x1

fi(x1, µF )fj

✓
⌧

x1z
, µF

◆
1

z
b�ij(µF , µR).

(2)
Here, we factorize long and short range interactions into parton distribution
functions fi(x) and partonic cross sections b�ij. The momenta of the colliding
partons are related to the proton momenta through the momentum fractions
xi as p1 = x1P1 and p2 = x2P2 =

⌧
x1z

P2. We define

⌧ =
m

2

h

S
, S = (P1 + P2)

2
,

z =
m

2

h

s
, s = (p1 + p2)

2
. (3)

The sum over i and j ranges over all contributing partons. Furthermore, we
define the variable z̄ = 1 � z. The partonic cross section b� depends on the
factorization scale µF and the renormalization scale µR.

The parton distributions are extracted from experimental measurements
by various groups [33–37] and are accessed in our program via the LHAPDF
framework [38]. Our partonic cross sections include a large variety of e↵ects
that combined allow for the currently most precise prediction of the inclusive
Higgs boson production cross section.

Let us begin by defining our master formula for the partonic cross section
before we explain it in detail later.

�̂ij = RLOC
2

h
�
LO, EFT
ij + �

NLO, EFT
ij + �

NNLO, EFT
ij + �

N
3
LO, EFT

ij

i

+ ��
LO, (t,b,c)
ij + ��

NLO, (t,b,c)
ij + ��

NNLO, (t)
ij + RLOC

2
��

Res

ij .

(4)

5

iHixs:

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20
We define the combined Wilson coe�cient,

C = CQCD + �EWK(1 +
↵S

⇡
C1w + . . . ).

CQCD =
3X

i=0

⇣
↵S

⇡

⌘i

C
(i)
QCD

. (5)

Here CQCD is the QCDWilson coe�cient, matching the heavy top quark EFT
to QCD with finite masses and �EWK is an e↵ective Wilson coe�cient incor-
porating electroweak corrections. iHixs enables the user to choose which of
the contributions in eq. (4) and eq. (5) should be taken into account in cross
section predictions. In the following we will discuss the individual contribu-
tions.

2.1. E↵ective Theory

Perturbative corrections in QCD are known to be large and thus of sig-
nificant importance for hadron collider phenomenology. The gluon fusion
production cross section is loop induced process and the computation of high
order corrections is consequently rather di�cult. A very successful strategy
to approximate higher order QCD corrections is the computation of pertur-
bative corrections within an e↵ective theory (EFT) where the top quark is
considered to be infinitely heavy and all other quarks to be massless [6, 39–
41]. This e↵ective theory is described by the Lagrangian density

Le↵ = LSM,5 +
↵S

12⇡v
CQCDHG

a
µ⌫G

µ⌫
a , (6)

where H is the Higgs field, Ga
µ⌫ is the gluon field strength tensor and LSM,5

denotes the SM Lagrangian with nf = 5 massless quark flavours. The Wilson
coe�cient CQCD is obtained by matching the e↵ective theory to the full SM
in the limit where the top quark is infinitely heavy [7–10]. It is implmeneted
in iHixs through three loops, in both the on-shell scheme as well as the
MS-scheme. The corrections to the partonic cross section in the e↵ective
theory at NLO [11] , at NNLO [12–14] and at N3LO [3, 15, 16] are currently
available and implemented in iHixs.

The partonic cross sections �N
n
LO, EFT

ij in eqn. (4) correspond to the cor-
rections obtained in this e↵ective theory at order n after factoring out the
Wilson coe�cient CQCD. Higher order corrections to the cross section, due to

6

δσEW
ij = σEW

ij − [C2RLOσEFT
ij ]α3

s α2
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Gluon Fusion: Mixed QCD-EW Corrections

Increases  by @ 13 TeV, reduces residual uncertainty  
Favouring factorisation of EW corrections:  

Compatible with previous estimates: 
Soft approx: ,         : ,         : 

σtot +5.1 % δ(EW) ∼ 0.6 %
σ = σLO (1 + δQCD) × (1 + δEWK)

+5.4 % MH ≪ MV +5.2 % MH ≫ MV +5.4 %

10-4

10-3

10-2

10-1

Higgs rapidity

σ
 p

er
 b

in
 [p

b]

EW @ LO
EW @ NLO QCD

Ma
dG
ra
ph
5_
aM
C@
NL
O

 2

 2.1

 2.2

 2.3

 2.4

 2.5

 2.6

-4 -3 -2 -1  0  1  2  3  4

EW @ NLO QCD / EW @ LO

[-]

Challenging calculations 

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20

Bonetti, Melnikov, Tancredi 17 
Bonetti, Panzer, Smirnov, Tancredi 20

Bonetti, Melnikov, Tancredi 18; Anastasiou, Del Duca, Furlan, Mistlberger, 
Moriello, Schweitzer, Specchia 19 

Anastasiou, Boughezal, 
Petriello 09;
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HH: Mass Scheme Uncertainty

Combination of scale ( ) and top mass scheme (  / ) studied 

If we wish to take the envelope of the predictions as the uncertainty, then the two 
uncertainties should be added linearly (validated at NLO)

μR, μF OS MS
Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira 20

4 Uncertainties for di↵erent Higgs self-interactions

A variation of the trilinear Higgs coupling � modifies the interplay between the LO box
and triangle contributions that interfere destructively for the SM case. One of the basic
questions is what will happen to the uncertainties for di↵erent values of �. This can be
traced back to the approximately aligned uncertainties of the triangle and box diagrams
[8,18]. The renormalization and factorization scale uncertainties change by up to about
6% at NLO for large and small values of � [17] such that the change with respect to the
central uncertainties of the SM value of ⇠ 10–15% is of moderate size. In a similar way the
uncertainties originating from the scheme and scale choice of the top mass depend only
mildly on the trilinear coupling �. Eq. (9) shows the central NNLOFTapprox predictions for
the total cross section for various choices of � = �/�SM for

p
s = 13 TeV. The per-cent

uncertainties display the usual factorization and renormalization scale uncertainties [19].

� = �10 : �tot = 1680+3.0%
�7.7% fb,

� = �5 : �tot = 598.9+2.7%
�7.5% fb,

� = �1 : �tot = 131.9+2.5%
�6.7% fb,

� = 0 : �tot = 70.38+2.4%
�6.1% fb,

� = 1 : �tot = 31.05+2.2%
�5.0% fb,

� = 2 : �tot = 13.81+2.1%
�4.9% fb,

� = 2.4 : �tot = 13.10+2.3%
�5.1% fb,

� = 3 : �tot = 18.67+2.7%
�7.3% fb,

� = 5 : �tot = 94.82+4.9%
�8.8% fb,

� = 10 : �tot = 672.2+4.2%
�8.5% fb (9)

These predictions for the cross sections have been obtained by adopting the top pole mass
for the LO and higher-order contributions. Modifying the scheme and scale choice of the
top mass according to the SM analysis we end up with the additional uncertainties at
NLO

� = �10 : �tot = 1438(1)+10%
�6% fb,

� = �5 : �tot = 512.8(3)+10%
�7% fb,

� = �1 : �tot = 113.66(7)+8%
�9% fb,

� = 0 : �tot = 61.22(6)+6%
�12% fb,

� = 1 : �tot = 27.73(7)+4%
�18% fb,

� = 2 : �tot = 13.2(1)+1%
�23% fb,

� = 2.4 : �tot = 12.7(1)+4%
�22% fb,

� = 3 : �tot = 17.6(1)+9%
�15% fb,

� = 5 : �tot = 83.2(3)+13%
�4% fb,

� = 10 : �tot = 579(1)+12%
�4% fb (10)

6

Scale (μR, μF)

4 Uncertainties for di↵erent Higgs self-interactions

A variation of the trilinear Higgs coupling � modifies the interplay between the LO box
and triangle contributions that interfere destructively for the SM case. One of the basic
questions is what will happen to the uncertainties for di↵erent values of �. This can be
traced back to the approximately aligned uncertainties of the triangle and box diagrams
[8,18]. The renormalization and factorization scale uncertainties change by up to about
6% at NLO for large and small values of � [17] such that the change with respect to the
central uncertainties of the SM value of ⇠ 10–15% is of moderate size. In a similar way the
uncertainties originating from the scheme and scale choice of the top mass depend only
mildly on the trilinear coupling �. Eq. (9) shows the central NNLOFTapprox predictions for
the total cross section for various choices of � = �/�SM for

p
s = 13 TeV. The per-cent

uncertainties display the usual factorization and renormalization scale uncertainties [19].

� = �10 : �tot = 1680+3.0%
�7.7% fb,

� = �5 : �tot = 598.9+2.7%
�7.5% fb,

� = �1 : �tot = 131.9+2.5%
�6.7% fb,

� = 0 : �tot = 70.38+2.4%
�6.1% fb,

� = 1 : �tot = 31.05+2.2%
�5.0% fb,

� = 2 : �tot = 13.81+2.1%
�4.9% fb,

� = 2.4 : �tot = 13.10+2.3%
�5.1% fb,

� = 3 : �tot = 18.67+2.7%
�7.3% fb,

� = 5 : �tot = 94.82+4.9%
�8.8% fb,

� = 10 : �tot = 672.2+4.2%
�8.5% fb (9)

These predictions for the cross sections have been obtained by adopting the top pole mass
for the LO and higher-order contributions. Modifying the scheme and scale choice of the
top mass according to the SM analysis we end up with the additional uncertainties at
NLO

� = �10 : �tot = 1438(1)+10%
�6% fb,

� = �5 : �tot = 512.8(3)+10%
�7% fb,

� = �1 : �tot = 113.66(7)+8%
�9% fb,

� = 0 : �tot = 61.22(6)+6%
�12% fb,

� = 1 : �tot = 27.73(7)+4%
�18% fb,

� = 2 : �tot = 13.2(1)+1%
�23% fb,

� = 2.4 : �tot = 12.7(1)+4%
�22% fb,

� = 3 : �tot = 17.6(1)+9%
�15% fb,

� = 5 : �tot = 83.2(3)+13%
�4% fb,

� = 10 : �tot = 579(1)+12%
�4% fb (10)

6

NLO Mass Scheme Unc.

The uncertainties originating from the scheme and scale choice of the top mass turn out
to develop a mild dependence on � as expected. The size of the total uncertainty band
is much less sensitive to � than the location of the band. Combining these relative
uncertainties with the previous renormalization and factorization scale uncertainties of
Eq. (9) linearly we arrive at the central values with combined uncertainties,

� = �10 : �tot = 1680+13%
�14% fb,

� = �5 : �tot = 598.9+13%
�15% fb,

� = �1 : �tot = 131.9+11%
�16% fb,

� = 0 : �tot = 70.38+8%
�18% fb,

� = 1 : �tot = 31.05+6%
�23% fb,

� = 2 : �tot = 13.81+3%
�28% fb,

� = 2.4 : �tot = 13.10+6%
�27% fb,

� = 3 : �tot = 18.67+12%
�22% fb,

� = 5 : �tot = 94.82+18%
�13% fb,

� = 10 : �tot = 672.2+16%
�13% fb (11)

These final numbers should serve as the recommended values for the total cross sections
and uncertainties at the LHC with

p
s = 13 TeV as a function of �.

5 Conclusions

We have analyzed the combination of the usual renormalization and factorization scale
uncertainties of Higgs-pair production via gluon fusion with the uncertainties originating
from the scheme and scale choice of the virtual top mass in the Yukawa coupling and
the propagators. Due to the observation that the latter relative uncertainties are nearly
independent of the renormalization and factorization scale choices, the proper combination
of the relative uncertainties is provided by a linear addition.

In a second step we derived the dependence of the uncertainties related to the top-mass
scheme and scale choice on a variation of the trilinear Higgs self-coupling �. The relative
uncertainties are again observed to develop only a small dependence on �. We combined
all the uncertainties for

p
s = 13 TeV with the ones of the present recommendation of

the LHC HXSWG, obtaining state-of-the-art predictions for Higgs pair production cross
sections at the LHC including both renormalization/factorization scale and top-quark
scale and scheme uncertainties.
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Options:  
1) Try to understand structure of mass logarithms 
2) Keep calculating  
3) Other ideas (?)
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Tackling Mass Scheme Uncertainties
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The different behaviour of  and  was observed previously in  pT,Z pT,H gg → ZH + j

Traced to configurations where Higgs 
recoils against a hard jet, with a soft Z
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: Z vs Hgg → ZH
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Figure 2: Representative Feynman diagrams for gluon induced ZHj production in the SM.

obtained from the tree-level EFT amplitudes are modified by the ratio of the full one-loop

amplitude over the EFT ones, i.e., r = |M2
Loop|/|M2

EFT |, where |M2
Loop| represents the

numerical amplitude as obtained from MadLoop. In our case, reweighting proves to be

efficient in terms of the computational speed, as the loop amplitudes have to be calculated

for significantly fewer phase-space points than what would be needed to integrate them

directly. Moreover the EFT leads to distributions that are in general harder in the tails,

and therefore the EFT events populate regions that are later suppressed by the exact loop

matrix elements, resulting to no significant degradation of the statistical uncertainty.

2.2 Parton level results

Before proceeding to the technical setup and presenting results of the merging-matching,

we consider the salient aspects as observed at the parton level. The findings of this study

will reveal some previously unnoticed features of gg → ZH and will act as a motivation to

employ a merging-matching procedure in the following section.

In our computation the heavy quark masses are set to: mt =173 GeV and mb =4.75

GeV, while the Higgs mass to mH =125 GeV and the heavy quark Yukawas are given by

yq/
√
2 = mq/v. We note here that finite width effects in the propagators of the loops can be

taken consistently into account within MadGraph5 aMC@NLO via the implementation

of the complex mass scheme [55,56]. The effect of a non-zero top width is shown in Fig. 3,

where the matrix element squared for gg → ZH, for 900 scattering, is shown as a function

of the invariant mass of the ZH system. The correction is more important at the tt̄

threshold, where it reaches 20%. Finally, when integrated over all centre-of-mass energies

and scattering angles, we find the top-quark width to modify the gg → ZH cross-section

by ∼2% at 14TeV, an effect similar to that observed for single and double Higgs production

– 5 –

 

Maltoni et al. attributed this 
to -channel gluon exchanget

One observation
If we apply an eikonal approximation to such diagrams, the enhancement of soft 

 bosons can be understood 

  

Ratio for large radiator (transverse) momentum 

Z

(Soft Z emission) :
pμ

p . pZ

(Soft H emission) :
mt

p . pH
∼ pT /mt ≫ 1

 


