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                                                                                          Discovery of the Higgs bosonÉ

With the Higgs boson the last missing ingredient of the Standard Model 
was discoveredÉ

02

A bit more 
than 10 

years ago
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But many questions remain: e.g. Are there other Higgs bosons? What is 
dark matter? Why there is more matter than anti-matter in the universe?É 
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With the Higgs boson the last missing ingredient of the Standard Model 
was discoveredÉ

Discovery of the Higgs bosonÉ
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                                                                                          Outline

¥ What was needed for the Higgs discovery?

¥ What do we know about the Higgs boson?

¥What should we still learn?

¥Summary and Outlook
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                                                                                          Production of a Higgs boson

Parton 
distribution 

function

Higgs 
production: 

Calculated in 
perturbation 

theory, mediated 
by top quark loop

Higgs decay 
(Branching 

ratio)

decays in 
quarks/
gluons: 
parton 
shower
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 MassCouplings

CP

Spin

Life time (width)

What we know about the HiggsÉ
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Learning about the Higgs 

8

A lot of information can be extracted

! Existence of the peak: existence of new 
particle (the Higgs) "

! Position of the peak: mass of the Higgs "

! Number of events at the peak: 
information on interaction (the product 
of) the strength of the Higgs interaction 
to top and Z bosons "

! Angular distributions (not shown) tell us 
that the Higgs has spin 0   

<z see talks by S. Dittmer, S. Rosati, A. Tarek, P. Vanlear, É    

Z-boson and other 
backgrounds

Higgs signal

What we know about the HiggsÉ

Peak above background:  
existence of a particle É the 
Higgs boson

Position of peak: mass

Number of events at peak: 
interaction strength

CP and spin by looking at angular distributions
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Higgs couplings to the most 
massive particles of the 
Standard Model 
measured remarkably well

But what about 1st and 2nd 
generation? What about the 
Higgs self-coupling?

Higgs couplings
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 MassCouplings

CP

Spin

Life time (width)

What we know about the HiggsÉ

124.99± 0.18± 0.04

[ATLAS Run2]

angular distributions in 
decays to vector bosons

more about that later

more about the ÒmissingÓ 
ones later

GeV

well established that Higgs 
boson is spin-0 and (mostly) 
CP-even as predicted in SM
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                                                                                          Higgs decays
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                                                                                          Higgs production and theory input
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Higgs production
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Higgs production
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Gluon fusion

Vector boson fusion

Associated production 
with vector boson

ttH production

[LHC Higgs working group]

10



   Ramona Gršber - Universitˆ di Padova and INFN, Sezione di Padova                                                  / 30

                                                                                          

Precision calculations

15

Enormous progress in having a theoretically precise description of 
Higgs production, Higgs decays and relevant background processes . 

The role of precision at the LHC can not be understated.Why precision?

Convention: Òtheory uncertaintyÓ (i.e. from missing higher 
orders) is estimated by change of  cross section when 

varying !  in range 1/2 "  2 around central value 14
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Scale dependence as the ÒTHEORY UNCERTAINTYÓ

Here, only the renorm. scale 
!  has been varied. In real life 
you need to change renorm. 
and factorisation scales.

Higgs cross section (EFT)

[Anastasiou et al. '15],  
[Mistlberger '18]

Higgs Wirkungsquerschnitt

Higgs production in gluon fusion 

[fig. by Giulia Zanderighi, Higgs 2022]

Precise predictions necessary to match experimental error!

Precise Theoretical predictions

11
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Higgs production in association with a vector boson

Higgs production

10

N3LO

N3LO

NNLO

NLO + 
approx 
NNLO

Figure 1: Examples of Feynman diagrams contributing togg ! ZH at LO
and NLO.

4

Figure 1: Examples of Feynman diagrams contributing togg ! ZH at LO
and NLO.

4

computed at N3LO by
[Baglio, Duhr, Mistlberger, Szafron Õ22]

NLO difficult to compute in full 
dependence of top quark mass due to 

several mass scales that lead to 
complicated expressions and integrals

[Degrassi, RG, Vitti, Zhao Õ22; 
Chen, Davies, Heinrich, Jones, Kerner, 
Mishima, Schlenk, Steinhauser, Õ22]
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Figure 1: Examples of Feynman diagrams contributing togg ! ZH at LO
and NLO.

4

Strategies:

¥ Numerically,  fixing values of Higgs, Z and top quark mass

[Davies, Mishima, Steinhauser, Õ20]

Bottleneck are the genuine 
two loop diagrams, leading 

to two loop integrals

[Chen, Heinrich, Jones, Kerner, Klappert, 
Schlenk Õ20]

¥ Analytically, using approximations valid in certain part of the phase space

[Alasfar, Degrassi, Giardino, RG, Vitti Õ21]
[Hasselhuhn, Luthe, Steinhauser, Õ16]

[Altenkamp, Dittmaier, Harlander, 
Rzehak, Zirke Õ12]

Precise Theoretical predictions

13



   Ramona Gršber - Universitˆ di Padova and INFN, Sezione di Padova                                                  / 30

                                                                                          Precise Theoretical predictions
Expressions and integrals become simpler when dividing in small and large scales 

pT  expansion: 
[Bonciani, Degrassi, Giardino, RG Õ18, Alasfar, 
Degrassi, Giardino, RG, Vitti Õ21]

p2
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[Alasfar, Degrassi, Giardino, RG, Vitti Õ21]

pT expansion works

high energy expansion necessary

[Davies, Mishima, Steinhauser, Õ20]

expansions combined in 
[Bellafronte, Degrassi, Giardino, RG, 
Vitti Õ22]
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Precise Theoretical predictions
[Degrassi, RG, Vitti, Zhao Õ22]

large NLO 
corrections

theoretical 
uncertainty 
reduced but 
still large

15



What we donÕt know yet about the 
Higgs boson: 

1. ) Higgs potential
Higgspotential:

V (H) = ! µ2H  H + ! (H  H)2

Entwicklung um VEV: H = 1!
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[quantumdiaries.org]

Im SM Higgs-Selbstkopplungen durch Higgsmasse bestimmt.

Trilinear Higgs-Selbstkopplung kann in Higgspaarproduktion gemessen werden.

Quartische Higgs-Selbstkopplung kann weder am LHC noch am ILC/CLIC
gemessen werden. [CLIC Physics working group; Plehn, Rauch Õ05; Djouadi, Kilian, MŸhlleitner, Zerwas Õ99; Binoth,

Karg, Kauer, RŸckl Õ06]

Motivation

Ramona Gršber Ð Higgspaarproduktion als Fenster zu Neuer Physik 18/05/2017 8/28

HIGGS-SELBSTKOPPLUNG

Measurement of Higgs self-
couplings gives access to 
Higgs potential

On the decoupling of heavy particles in
Higgs pair production

May 18, 2018
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                                                                                          Higgs Pair Production
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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 Ñ gluon fusion (red/full) , VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tøt (violet/dotted with small dots) Ñ as a function of
the c.m. energy with M H = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order correct ions

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 Þgure8 we Þnd sizeable scale uncertainties! µ of order % +20%/#17%
at 8 TeV down to +12%/ # 10% at 100 TeV. 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 (ina heavy top mass expansion)
in the processgg ! H while they are unknown for the processgg ! HH .

3.1.2 The PDF and ! S errors

The parametrization of the parton distribution functions i s another source of theoretical
uncertainty. First there are pure theoretical uncertainti es 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 di" cult to quantify. A possibility might

Ð 14 Ð

[Baglio, Djouadi, RG, MŸhlleitner, Quevillon, Spira Õ12]

17
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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 Ñ gluon fusion (red/full) , VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tøt (violet/dotted with small dots) Ñ as a function of
the c.m. energy with M H = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order correct ions

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 Þgure8 we Þnd sizeable scale uncertainties! µ of order % +20%/#17%
at 8 TeV down to +12%/ # 10% at 100 TeV. 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 (ina heavy top mass expansion)
in the processgg ! H while they are unknown for the processgg ! HH .

3.1.2 The PDF and ! S errors

The parametrization of the parton distribution functions i s another source of theoretical
uncertainty. First there are pure theoretical uncertainti es 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 di" cult to quantify. A possibility might

Ð 14 Ð

[Baglio, Djouadi, RG, MŸhlleitner, Quevillon, Spira Õ12]

Higgs Pair Production

17
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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 Ñ gluon fusion (red/full) , VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tøt (violet/dotted with small dots) Ñ as a function of
the c.m. energy with M H = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order correct ions

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 Þgure8 we Þnd sizeable scale uncertainties! µ of order % +20%/#17%
at 8 TeV down to +12%/ # 10% at 100 TeV. 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 (ina heavy top mass expansion)
in the processgg ! H while they are unknown for the processgg ! HH .

3.1.2 The PDF and ! S errors

The parametrization of the parton distribution functions i s another source of theoretical
uncertainty. First there are pure theoretical uncertainti es 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 di" cult to quantify. A possibility might

Ð 14 Ð

[Baglio, Djouadi, RG, MŸhlleitner, Quevillon, Spira Õ12]

Small cross section

Higgs Pair Production

17
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general, the impact of these di! erent correlation schemes on the exclusion limits is found to be very small,
below the 2% level. Since choosing to treat them as uncorrelated gives slightly larger uncertainties for the
parameter of interest, this approach was chosen for the results presented in the following sections.

For the double-Higgs analyses, the most important uncertainties are related to background estimates from
data-driven methodologies (derived from data sidebands or control regions) and are therefore not correlated
with the single-Higgs analyses. The change of the correlation scheme was found to have a negligible
impact on the combined double-Higgs results, except for the theoretical uncertainties of theggF!!
cross-section, where assuming a correlation loosens the limits on the signal strength by 7% and this is
therefore adopted.

5 Double-Higgs combination results

The double-Higgs boson analyses in the" ø"" ø" , " ø"#+#! and" ø"$$ decay channels referenced in Table1 are
combined in order to place constraints on the production cross-section and the Higgs bosonÕs self-coupling.
First, the value of the signal strength%! ! , deÞned as the ratio of the double-Higgs production cross-section,
including only theggF!! andVBF !! processes, to its SM prediction of 32.7 fb [30Ð39, 41, 46] is
determined. To produce this result the ratio of theggF!! to VBF !! production cross-sections and the
relative kinematic distributions are assumed to be as predicted by the SM, and the other minor production
modes are neglected.

This combination yields an observed 95% CL upper limit on%! ! of 2.4, with an expected upper limit of
2.9 in the absence of!! production and 4.0 expected in the SM case. The limits on the signal strength
obtained from the individual channels and their combination are shown in Figure3. The best-Þt value
obtained from the Þt to the data is%! ! = ! 0.7 ± 1.3, which is compatible with the SM prediction of unity,
with a &-value of 0.2. From the same combination, a 95% CL upper limit on' (&&" !! ) of 73 fb

Figure 3: Observed and expected 95% CL upper limits on the signal strength for double-Higgs production from the
" ø"" ø" , " ø"#+#! and" ø"$$ decay channels, and their statistical combination. The value( ! = 125.09GeVis assumed
when deriving the predicted SM cross-section. The expected limit and the corresponding error bands are derived
assuming the absence of the!! process and with all nuisance parameters proÞled to the observed data.

8

Higgs Pair Production

" 0.4< ! " = "hhh/" SM
hhh < 6.3

18
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                                                                                          Higgs Pair Production in BSM
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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.

öt± = M 2
h !

Q2(1 " " )
2

. (2.10)

The F1,2, ÷F1,2, G1 and ÷G1 summarise the various form factor contributions with their corre-
sponding coupling coe! cients. They can be cast into the form
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The form factors contain the full mass dependence and have been given in [10]. The triangle form
factors for the projection on the CP-even and CP-odd Higgs component,F e

! and F o
! , are given

by F! in appendix A1 and by F A
! in A2 of [10], respectively. The box form factors corresponding

to the spin-0 gluon-gluon couplings,F e
! , F o

! and F m
! , projecting on a purely CP-even, purely

CP-odd and a CP-mixed Þnal state Higgs pair, respectively, are given byF! of appendix A1,
A3 and A2. Finally, the CP-even, CP-odd and CP-mixed box form factors Ge

! , Go
! and Gm

!
corresponding to the spin-2 gluon-gluon couplings are theG! form factors of appendix A1, A3
and A2, respectively. In the heavy quark limit the form factors read

F e
! #

2
3

, F o
! # 1 , ! F e

! , F o
! #

2
3

, F m
! # ! 1 , Ge

! , Go
! , Gm

! # 0 . (2.12)

5

g

g h

h g

g h

h g

g h

h

g

g h

h g

g h

h

Figure 2: Generic diagrams contributing to Higgs pair production in gluon fusion at LO.

The integration limits are given by cos! = ± 1, i.e.

öt± = M 2
h !

Q2(1 " " )
2

. (2.10)

The F1,2, ÷F1,2, G1 and ÷G1 summarise the various form factor contributions with their corre-
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The form factors contain the full mass dependence and have been given in [10]. The triangle form
factors for the projection on the CP-even and CP-odd Higgs component,F e

! and F o
! , are given

by F! in appendix A1 and by F A
! in A2 of [10], respectively. The box form factors corresponding

to the spin-0 gluon-gluon couplings,F e
! , F o

! and F m
! , projecting on a purely CP-even, purely

CP-odd and a CP-mixed Þnal state Higgs pair, respectively, are given byF! of appendix A1,
A3 and A2. Finally, the CP-even, CP-odd and CP-mixed box form factors Ge

! , Go
! and Gm

!
corresponding to the spin-2 gluon-gluon couplings are theG! form factors of appendix A1, A3
and A2, respectively. In the heavy quark limit the form factors read
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                                                                                          Non-resonant HH production

Standard Model Effective Field Theory (SMEFT):

# = øc6"

v2
! H!6 +

øcgg
2
s

m2
W

! H!2G#$G
#$ øcu

v2
øQL

÷HtR! H!2 + h. c .+ +

ctG%s

v2
øQL&#$T

a ÷HtRGa
#$ + h. c .

øcH

v2
(H  $#H)2 "
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                                                                                          Non-resonant HH production
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but the equivalent for light quarks?Standard Model Effective Field Theory (SMEFT):
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                                                                                          Light quark Yukawa couplings

HL-LHC prospects for measurement of 1st and 2nd generation quark Yukawa couplings

! ! u! %570, ! ! d! %270, ! ! s! %13, ! ! c! %1.2

global fit, not completely model-independent

! = yq/ySM
q [de Blas, Cepeda, dÕHondt et al Õ19]
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                                                                                          Light quark Yukawa couplings

HL-LHC prospects for measurement of 1st and 2nd generation quark Yukawa couplings

! ! u! %570, ! ! d! %270, ! ! s! %13, ! ! c! %1.2

global fit, not completely model-independent

Alternative ways:

¥ Higgs kinematics: Higgs+jet transverse momentum distribution
[Bishara Haisch, Monni, Re Õ16;  
Soreq, Zhu, Zupan Õ16]

¥ VVV production

¥ Higgs+photon

And in Higgs pair production?

! = yq/ySM
q [de Blas, Cepeda, dÕHondt et al Õ19]

[Falkowski et al Õ20]

[Aguilar-Saavedra, Cano, No Õ18]

¥ Wh
[YuÕ17]
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                                                                                          Standard Model Effective Field Theory

# SM & " yu
ij

øQi
L

÷' uj
R " yd

ij
øQi

L' dj
R + h. c .

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

# dim6 &
cu

ij

' 2
('   ' ) øQi

L
÷' uj

R +
cd

ij

' 2
('   ' ) øQi

L' dj
R + h. c .

Couplings:

ghøqiqj
=

mqi

v
( ij "

v2

' 2

cq
ij

2
ghhøqiqj

= "
3

2 2

v2

' 2
cq
ij

direct coupling to 
Higgs pair

In the following consider only flavour diagonal case.

Notation:

ghøqq = ! qg
SM
høqq ghhøqq = "

3

2

1 " ! q

v
gSM

høqq
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gg " h

gg " hh

qøq " hh

qøq " h
! u = ! 2134

! u = ! 1205

! d = ! 1259

! d = ! 727

Figure 1. The production cross-section of single Higgs and di-Higgs at 14 TeV from the quark
anti-quark annihilation qq̄hh as a function of the Wilson coe�cients Cu! /! 2 and Cd! /! 2 versus
the SM gluon fusion cross-sections (the horizontal solid lines for gg ! h and gg ! hh). One can
observe that for values of ! u = " 1205 (" 2134) and ! d = " 727 (" 1205) the qq̄hh channels become
the dominant di-Higgs (single Higgs) production channels.

mostly through the milder drop of parton luminosity compared to the SM ggF processes.

For the total cross-section, there is also a “dilution” factor from the modified total width

of the Higgs for a final state of a specific (non-“light-jet”) decay channel.

Machine learning techniques are extremely useful in the detection and analyses of the

Higgs boson pair production. Boosted decision trees (BDTs) are used both by the ATLAS

and CMS collaboration to tag bottom quarks [9]. An increased sensitivity to the trilinear

Higgs self-coupling can be achieved by employing neural networks or BDTs [30–34]. The

present analysis aims to go a step further. While the interpretation of results obtained by

machine learning approaches remains notoriously di" cult when machine learning is used as

a “black box”, the use of Shapley values, a measure derived from Coalition Game Theory,

provides an interpretable analysis framework. We use this framework for the analysis of

the bb̄"" final state from Higgs pair production, in a manner similar to what was previously

proposed for the bb̄h process [35, 36]. This technique is used to extract the trilinear Higgs

self-coupling and to probe the light-quark Yukawa couplings from the measurement of

kinematics shapes in Higgs pair production significantly improving on the results from the

cut-based analysis [29].

The paper is structured as follows: in section 2 we show the relevant EFT operators for

– 3 –

g

g

Q

h

h

g

g

Q
h

h

h

Figure 3 . The cross-section of theggF channel can be decomposed into three subprocesses based
on their dependence on the trilinear Higgs self-coupling,! . The triangle topology depends on! 2,
the box topology does not depend on! and the interference amongst the latter two is linear in! .

qi

qj

h

h

qi

qj

h
h

h

Figure 4 . The dominant Feynman diagrams for the quark anti-quark annihilation (qøqhh) produc-
tion of Higgs pair, via the SMEFT operator Oq! .

minimal generator-level cuts are

Xpb
T > 20 GeV,

generator level cuts: " ! < 4.2, ! Rb! > 0.2,

100 GeV< m !! < 150 GeV.

(3.1)

Here XpT implies a minimum pT cut for at least one b-parton. After the showering and
detector simulation, further basic selection cuts are applied to select events with

nbjet
e! ! 1, n! jet

ef f ! 2,

basic cuts: pbjet
T > 30 GeV, p! jet

T > 5 GeV,

" bjet, ! jet < 4, 110 GeV< m !! < 140 GeV,

(3.2)

with nb/ ! jet
e! representing the number ofb/#-jets that pass the basic selection. The cross-

section,K -factors, number of events with 6 ab! 1 luminosity at 14 TeV are given in table 1.
The simulation of the hh signal is separated into two main channels. The Þrst is the

gluon-fusion (ggF) channel which is the dominant channel in the SM and can be further
decomposed into three subprocesses based on their dependence on the Higgs trilinear self-
interaction, ! , as seen inÞgure 3. Amongst these subprocesses, the Þrst is the amplitude
squared of the contribution from the triangle diagram which is proportional to ! 2. The
second is the squared amplitude of the contribution from the box diagram that does not
depend on the trilinear coupling. The third is the contribution from the interference be-
tween the triangle and box diagrams, which is proportional to ! . Using this separation
allows us to remove the dependence of the totalK -factor for hh production on rescaling
of the trilinear Higgs coupling [80]. The individual K -factors for each of the subprocesses
are independent of the rescaling of the trilinear Higgs coupling making our analysis com-
putationally much simpler. The ggF process is generated using theHH production program

Ð 8 Ð

[Alasfar, RG, Grojean, Paul, Qian Õ22]

Light quark Yukawa couplings in HH
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[Alasfar, RG, Grojean, Paul, Qian Õ22]

Light quark Yukawa couplings in HH
Fit on trilinear Higgs self-coupling becomes worse if light quark Yukawa 
deviations are considered  

[0.53,1.7]                          [0.79,2.3]  (1 sigma, HL-LHC) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
! /

!
|Cq! | [TeV]

de Blas et al.! 19 (Global Þt)

Kagan et al.! 14 (h ! M " )

Soreq, Zhu, Zupan! 16 (hj )

Yu! 17 (W± h)

Aguilar-Saavedra, Cano, No! 18 (h" )

Alasfar, Corral Lopez, Gr¬ober! 19 (hh)

Falkowski et al.! 20 (V V V)

This analysis

u 2.89 (570)

u 1.91 (1315)

u 2.98 (537)

u 1.64 (1767)

u 1.79 (1484)

u 1.95 (1251)

u 2.06 (1131)

u 3.00 (|#| = 530)

d 2.87 (270)

d 1.90 (622)

d 2.54 (346)

d 1.62 (849)

d 1.93 (601)

d 1.70 (778)

d 2.28 (428)

Projected bounds @ 95% CL from HL-LHC 6 ab" 1

Figure 10 . Summary of the 95% CL sensitivity bounds on the SMEFT Wilson coe! cients Cu!

(blue), and Cd! (green). The bounds are interpreted in terms of the NP scale! that can be reached
through the measurements of the Wilson coe! cient at the HL-LHC at 6 ab! 1, the corresponding
! qÕs are shown inside the parentheses. The95% CL bounds from single parameter Þts are used from
this analysis for comparison with previous studies.

an interpretable machine learning framework that signiÞcantly outperforms traditional cut-
based analyses.

As opposed to using black-box models, the interpretable framework allows us to gain
physics insights into how signal and background separation can be brought into e" ect,
pointing to kinematic variables like HT and m!! as being important variables that instru-
ment this separation. As a result, we Þnd enhanced sensitivities toC" or ! # that quantify
the modiÞcation to the Higgs trilinear coupling. Furthermore, we see that the measurement
of the light-quark Yukawa couplings is aided by using the methods we advocate bringing
about greater sensitivities than would be possible with a cut-based analysis at the HL-LHC
and the FCC-hh. The advantage of using an interpretable framework using Shapley values
is that it provides added conÞdence to the robustness of the multivariate analyses that we
perform using simulated data.

The salient results of this work are:

¥ The modiÞcation of the Higgs trilinear coupling can be measured atO(1) precision
at the HL-LHC and at O(1%) precision at the FCC-hh.

¥ The rescaling of the light-quark Yukawa couplings, ! u and ! d, can be measured to
O(100) at the HL-LHC and O(10) at FCC-hh.

¥ The measurement of! # is signiÞcantly diluted once the light-quark Yukawa couplings
are allowed to vary. Hence, in a joint Þt, the bounds on! # are weaker.

Ð 24 Ð
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                                                                                          Higgs decay width (life time)

no direct measurement possible at LHC

On the decoupling of heavy particles in
Higgs pair production

September 5, 2018
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1

p2 " m2 + im(

Measurement of off-and on-shell rates 
to extract width

2
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FIG. 1: Representative Feynman diagram topologies contributing to gg ! ZZ ! e+ e! µ+ µ! . Additional particles can run in
the Higgs production loops (a) (Sec. III A), (b) the Higgs vertices can be modified by higher dimensional operator contributions
(Sec. III B), or additional s-channel resonances can show up with m! > m h (Sec. IV).

mechanism) and decoupling of the Higgs width param-
eter for large invariant ZZ masses to formulate a con-
straint on the Higgs width:

µon
ZZ !

! h " BR(h # ZZ # 4")
[! h " BR(h # ZZ # 4")]SM

$
#2

ggh #2
hZZ

! h / ! SM
h

, (2a)

µo!
ZZ !

d! h

[d! h ]SM
$ #2

ggh (ŝ)#2
hZZ (ŝ) , (2b)

where
%

ŝ is the partonic level center of mass energy and
#X ! (gX + g̃X )/g X , where gX is the coupling in the
SM and g̃ parametrizes BSM e" ects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “O" -shell” typically means
mZZ >$ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg # ZZ production as a conse-
quence of the top threshold.
If we have ! h > ! SM

h & 4 MeV, yet still a SM value
for the pp # h # ZZ signal strength µon

ZZ , we need
to have #2

ggh #2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the o" -shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on ! h as a constraint
on ! h as a consistency check: In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the o" -shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in ! h in the future, then this will not
be a manifestation of ! h > ! SM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference e" ects that shape ! h have been provided in
Refs. [14–16] (see also [17] for a related discussion of
pp # h # $$). These interference e" ects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the di" erent
Wilson coe# cients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp # ZZ # 4", we can clas-

sify models according to their e" ect in the on-shell and
o" -shell phase space regions. We can identify four re-
gions depending on the measured value of µo!

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µo!
ZZ = 1 and [#2

ggh #2
hZZ ]on = 1 ,

2. µo!
ZZ = 1 and [#2

ggh #2
hZZ ]on '= 1 ,

3. µo!
ZZ '= 1 and [#2

ggh #2
hZZ ]on = 1 ,

4. µo!
ZZ '= 1 and [#2

ggh #2
hZZ ]on '= 1 .

(3)

We can write a generalized version of Eq. (2b) that
also reflects (non-)resonant BSM e" ects by writing the
general amplitude

M(gg # ZZ ) =

!
[ghZZ gggh ](ŝ, t̂) + [g̃hZZ g̃ggh ](ŝ, t̂)

+
"

i

[g̃ggX i g̃X i ZZ ](ŝ, t̂)
#

+
$

gggZZ (ŝ, t̂) + g̃ggZZ (ŝ, t̂)
%

, (4)

from which we may compute d! (gg) $ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude

M(q̄q# ZZ ) = gøqqZZ (ŝ, t̂)

+ g̃øqqZZ (ŝ, t̂) +
"

i

[̃gøqqX i g̃X i ZZ ](ŝ, t̂) , (5)
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nant production mechanism. “O" -shell” typically means
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framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the o" -shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in ! h in the future, then this will not
be a manifestation of ! h > ! SM
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beyond the SM, which might but does not need to be in
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Refs. [14–16] (see also [17] for a related discussion of
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in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the di" erent
Wilson coe# cients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp # ZZ # 4", we can clas-

sify models according to their e" ect in the on-shell and
o" -shell phase space regions. We can identify four re-
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%

, (4)

from which we may compute d! (gg) $ |M|2 by folding
with parton distribution functions and the phase space
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a similar amplitude
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FIG. 1: Representative Feynman diagram topologies contributing to gg ! ZZ ! e+ e! µ+ µ! . Additional particles can run in
the Higgs production loops (a) (Sec. III A), (b) the Higgs vertices can be modified by higher dimensional operator contributions
(Sec. III B), or additional s-channel resonances can show up with m! > m h (Sec. IV).

mechanism) and decoupling of the Higgs width param-
eter for large invariant ZZ masses to formulate a con-
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%

ŝ is the partonic level center of mass energy and
#X ! (gX + g̃X )/g X , where gX is the coupling in the
SM and g̃ parametrizes BSM e" ects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “O" -shell” typically means
mZZ >$ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg # ZZ production as a conse-
quence of the top threshold.
If we have ! h > ! SM

h & 4 MeV, yet still a SM value
for the pp # h # ZZ signal strength µon

ZZ , we need
to have #2

ggh #2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the o" -shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on ! h as a constraint
on ! h as a consistency check: In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the o" -shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in ! h in the future, then this will not
be a manifestation of ! h > ! SM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference e" ects that shape ! h have been provided in
Refs. [14–16] (see also [17] for a related discussion of
pp # h # $$). These interference e" ects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the di" erent
Wilson coe# cients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp # ZZ # 4", we can clas-

sify models according to their e" ect in the on-shell and
o" -shell phase space regions. We can identify four re-
gions depending on the measured value of µo!

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µo!
ZZ = 1 and [#2

ggh #2
hZZ ]on = 1 ,
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We can write a generalized version of Eq. (2b) that
also reflects (non-)resonant BSM e" ects by writing the
general amplitude
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from which we may compute d! (gg) $ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude
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ŝ is the partonic level center of mass energy and
#X ! (gX + g̃X )/g X , where gX is the coupling in the
SM and g̃ parametrizes BSM e" ects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “O" -shell” typically means
mZZ >$ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg # ZZ production as a conse-
quence of the top threshold.
If we have ! h > ! SM

h & 4 MeV, yet still a SM value
for the pp # h # ZZ signal strength µon

ZZ , we need
to have #2

ggh #2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the o" -shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on ! h as a constraint
on ! h as a consistency check: In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the o" -shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in ! h in the future, then this will not
be a manifestation of ! h > ! SM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference e" ects that shape ! h have been provided in
Refs. [14–16] (see also [17] for a related discussion of
pp # h # $$). These interference e" ects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the di" erent
Wilson coe# cients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp # ZZ # 4", we can clas-

sify models according to their e" ect in the on-shell and
o" -shell phase space regions. We can identify four re-
gions depending on the measured value of µo!

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µo!
ZZ = 1 and [#2
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hZZ ]on = 1 ,
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We can write a generalized version of Eq. (2b) that
also reflects (non-)resonant BSM e" ects by writing the
general amplitude
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+
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[g̃ggX i g̃X i ZZ ](ŝ, t̂)
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gggZZ (ŝ, t̂) + g̃ggZZ (ŝ, t̂)
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from which we may compute d! (gg) $ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude

M(q̄q# ZZ ) = gøqqZZ (ŝ, t̂)
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                                                                                          Higgs decay width (life time)

( H = 3.2+2.4
" 1.7 MeV (consistent with SM) [CMSÕ 22]
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                                                                                          ButÉ
Coming back to the scenario with large light Yukawa couplings: 

#on =
(&qøq + &gg) )

( SM
h" >ZZ

( SM
tot + ( qøq

&gg )
( SM

h" >ZZ

( SM
tot
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S1 : ! u > 1390,! d > 830

S2 : ! u > 1270,! d > 750

[HL-LHC systematic uncertainties: 
ATL-PHYS-PUB-2018-054]

numbers based on invariant mass 
distribution only,  
improvements with matrix element 
method?
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                                                                                          Conclusion

Even though the Higgs boson is now 10 years old there still remains a lot to be 
learned about!

¥precision predictions for Higgs (an background) processes

Theory challenges: 

this is not: letÕs sit down and compute another order in perturbation 
theory but requires lots of new ideas and to tackle technical 
challenges 

¥where can new physics hide? How can we test it?

connections to the open questions of the Standard Model?

¥AndÉ  in case a deviation is found, how can it be interpreted?
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Even though the Higgs boson is now 10 years old there still remains a lot to be 
learned about!

¥precision predictions for Higgs (an background) processes

Theory challenges: 

this is not: letÕs sit down and compute another order in perturbation 
theory but requires lots of new ideas and to tackle technical 
challenges 

¥where can new physics hide? How can we test it?

connections to the open questions of the Standard Model?

Thanks for your attention!

¥AndÉ  in case a deviation is found, how can it be interpreted?
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