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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order
corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of
the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section 2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K-factor for this process of about 1.5 − 2 depending on the c.m. energy shows

that the inclusion of higher order corrections is essential. An estimate on the size of the

uncertainties due to the missing higher order corrections can be obtained by a variation of

the factorization and renormalization scales of this process. In analogy to single Higgs pro-

duction studies [77, 80] we have estimated the error due to missing higher order corrections

by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (3.2)

As can be seen in figure 8 we find sizeable scale uncertainties∆µ of order∼ +20%/−17%
at 8TeV down to +12%/−10% at 100TeV. Compared to the single Higgs production case

the scale uncertainty is twice as large [77, 80]. However, this should not be a surprise as

there are NNLO QCD corrections available for the top loop (in a heavy top mass expansion)

in the process gg → H while they are unknown for the process gg → HH.

3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical

uncertainty. First there are pure theoretical uncertainties coming from the assumptions

made on the parametrization, e.g. the choice of the parametrization, the set of input

parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility might

– 14 –

[Baglio, Djouadi, RG, Mühlleitner, Quevillon, Spira ’12]
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−0.4 < κλ = λhhh/λSM
hhh < 6.3

Nature | Vol 607 | 7 July 2022 | 65

where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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Fig. 5 | Limits on the production of Higgs boson pairs and their time 
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estimated production cross-section and the expectation from the SM (σTheory) in 
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[CMS Nature ’22]
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Figure 2: Generic diagrams contributing to Higgs pair production in gluon fusion at LO.

The integration limits are given by cos ✓ = ±1, i.e.
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Warsaw basis

ℒ = CH |H |6 +

CHG |H |2 GμνGμν CuHQ̄LH̃tR |H |2 + h . c .+ + CuGQ̄LσμνTaH̃tRGa
μν + h . c .

CH,□(H†H ) □ (H†H ) + CHDDμ(H†H )Dμ(H†H )* +
SMEFT:

coefficients of 𝒪(1/Λ2)
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HEFT:
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HEFT:

ℒ = −mtt̄t ( h
v

+
h2

v2 )ct ctt +
αs

8π ( h
v

+
h2

v2 ) GμνGμνcg cgg +
m2

h

2v
h3chhh

two Higgs couplings only to be probed in HH
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                                                                                          Light quark Yukawas in HH
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[Alasfar, Corral Lopez, RG ’19]

increase of cross section,  
(also modified distributions)

decrease of BR for typical di-
Higgs final state
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30 ab�1 of luminosity. The one-dimensional distributions are derived from the two-dimensional
distributions by marginalization using uniformly distributed priors for the independent variables
with ranges su�ciently large to accommodate much more than 5� variation of the variables from
their central values. – 16 –

[Alasfar, RG, Grojean, 
Paul, Qian ’22]

We performed several one-/two- 
and three-parameter fits

here we can see that the 
sensitivity on the trilinear Higgs 

self-coupling is diluted in two-
parameter fit

09

κλ = [0.53,1.73]
1 parameter fit
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Gluon fusion known up to N3LO in the infinite top mass limit

Higher order corrections extremely important (NLO/LO ~1.6)

[L.-B. Chen, H. T. Li, H.-S. Shao and J. Wang ‘19]

Infinite top mass limit valid only in very small part of phase space
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Gluon fusion known up to N3LO in the infinite top mass limit

Higher order corrections extremely important (NLO/LO ~1.6)

[L.-B. Chen, H. T. Li, H.-S. Shao and J. Wang ‘19]

Full top mass dependence at NLO QCD computed 
numerically in

[Borowka et al ’16, Baglio et al ’18]

large uncertainty from top mass renormalisation scheme choice [Baglio et al ’18]

electroweak corrections O(-4%) [Bi, Huangx2, Ma, Yu ’23 ]

12

Infinite top mass limit valid only in very small part of phase space

Theory status
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Gluon fusion known up to N3LO in the infinite top mass limit

Higher order corrections extremely important (NLO/LO ~1.6)

[L.-B. Chen, H. T. Li, H.-S. Shao and J. Wang ‘19]

Full top mass dependence at NLO QCD computed 
numerically in

[Borowka et al ’16, Baglio et al ’18]

large uncertainty from top mass renormalisation scheme choice [Baglio et al ’18]

Monte Carlo implementations:

POWHEG @ NLO QCD including also HEFT/SMEFT

[Heinrich, Jones, Kerner, Luisoni, 
Vryonidou ‘ 17, Heinrich, Jones, 

Kerner, Scyboz ’20,Heinrich, Lang, 
Scyboz ’22]

Geneva @ NNLO QCD infinite top mass limit
[Alioli et al. 22]

electroweak corrections O(-4%) [Bi, Huangx2, Ma, Yu ’23 ]

12

Infinite top mass limit valid only in very small part of phase space

Theory status
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Computation of virtuals numerical (i.e. input parameters fixed at early stage) 
in Monte Carlo implemented as a grid

Disadvantages:  
input parameters cannot be changed          missing flexibility 

with BSM: better numerics when SM-like

[Alasfar, Cadamuro, Dimitriadi, 
Ferrari, RG, Heinrich et al ’22] 

Can we describe 
analytically the 

relevant phase space?

Numerical computation

Can this then be used 
for a Monte Carlo?
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Idea:

Keep full s dependence

(Taylor) Expand the pT and mH dependence
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not always true, but for 
largest part of phase space

Reduces to one-scale problem

[Bonciani, Degrassi, Giardino, RG ’18]
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                                                                                          High-energy expansion
For a Monte Carlo we need to cover the full base space…

16
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                                                                                          High-energy expansion

̂s, ̂t, ̂u ≫ m2
t > m2

ext

Padé approximants can push validity down to  pT ∼ 150 GeV

Results available up to high orders (16) in m2
t [Davies, Mishima, Steinhauser, 

Wellmann ’18]

For a Monte Carlo we need to cover the full base space…

Strategy: to combine with a high-energy expansion

16
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                                                                                          Combination of expansions
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[Bellafronte, Degrassi, Giardino, RG, Vitti  ’22]

Expansions are 
complementary, using Padé 

approximants one can 
increase convergence
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                                                                                          Combination of expansions
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Works incredibly well (difference < 1%)

few phase space points 
in virtual grid of

[Bellafronte, Degrassi, 
Giardino, RG, Vitti  ’22]

[Davies, Heinrich, Jones et al. ’19]
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                                                                                          New POWHEG implementation
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[Bagnaschi, Degrassi, RG ’23]
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virtuals with expansion technique analytically

reals with MadLoop [Hirschi et al.  ’11]
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[Bagnaschi, Degrassi, RG ’23]

New POWHEG implementation

20

flexibility of analytic approach allows to vary top mass renormalisation scheme
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                                                                                          Conclusion

• Higgs pair production can give us lots of information on new physics

• most higher order computations are completely numerical 

• for Monte Carlo a analytic approach is useful and can be sufficiently 
precise

• Requirement of precise predictions: for 2 -> 2 processes it’s a multi-scale problem

21

Thanks for your attention!

• Monte Carlo with analytic approach is very flexible and can be easily 
extended to BSM



Backup
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                                                                                          New POWHEG implementation

We had a discrepancy with respect to the POWHEG by [Heinrich et al ’20 ’22] when 
varying the trilinear Higgs self-coupling
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Figure 1. Comparison of old and new results for the cross sections differential in mhh for benchmark
point 1⋆ of table 2 in ref. [2], with Λ = 1TeV (left) and Λ = 2TeV (right), for truncation options
(a) and (b). The HEFT distributions for benchmark point 1⋆ are also included in the left plot. The
lower panels show the truncation options separately and normalised to the corrected result (with
3-point scale variations for option (b)).

Figure 2. Comparison of old and new results for the cross sections differential in mhh for benchmark
points 3⋆ and 6⋆ of table 2 in ref. [2], with Λ = 1TeV and truncation options (a) and (b) and HEFT.
The lower panels show the truncation options separately and normalised to the corrected result (with
3-point scale variations for option (b)).

– 2 –

 [Heinrich et al ’22]BP1:

chhh ≈ 5.1, ct = 1.1
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Light quark couplings in Higgs pair 
production
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                                                                                          SMEFT
ℒSM ⊃ − yu

ijQ̄
i
Lϕ̃uj

R − yd
ijQ̄

i
Lϕdj

R + h . c .

At dim-6 level the Higgs couplings to fermions are modified by the operator

ℒdim 6 ⊃
cu

ij

Λ2
(ϕ†ϕ)Q̄i

Lϕ̃uj
R +

cd
ij

Λ2
(ϕ†ϕ)Q̄i

Lϕdj
R + h . c .

Couplings:

ghq̄iqj
=

mqi

v
δij −

v2

Λ2

c̃q
ij

2
ghhq̄iqj

= −
3

2 2

v2

Λ2
c̃q

ij

direct coupling to 
Higgs pair

In the following consider only flavour diagonal case.

Notation:

ghq̄q = κqgSM
hq̄q ghhq̄q = −

3
2

1 − κq

v
gSM

hq̄q

gG0G0q̄iqj
= −

1

2 2

v2

Λ2
c̃q

ij

c̃q
ij = (VL

q )*kic
q
klV

R
lj

mass eigenbasis:

23

direct coupling to 
longitudinal 
modes of Z’s
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                                                                                          Summary

[Balzani, RG, Vitti ’23]
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PT  expansion
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                                                                                          NLO expansion

• O(50) master integrals 

• all of them known, though we 
needed to recompute some for the 
forward kinematics

• everything fully analytic in 
terms of HPLs and GPLs

• But: the two elliptic integrals

25
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                                                                                          NLO results

full result from

[Heinrich, Jones, 
Kerner, Luisoni, 
Vryonidou ’17]

reweighted HEFT
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Computing time ~0.2 s on MacBook per phase space point

[Bonciani,Degrassi, Giardino, RG ’18]

zero order in 
our 

expansion

our best 
approximation
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Next-to Leading order form factor for Higgs pair production:
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[Bellafronte, Degrassi, 
Giardino, RG, Vitti  ’22]
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