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                                                                                          Higgs pair production in the SM
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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 –
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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.
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trilinear Higgs self-coupling 
accessible

Higgs pair production in the SM

Rest of the talk: gluon fusion

other processes can also be promising
[Dolan, Englert, Greiner, Nordström, Spannowsky, ’15, 
Englert, Krauss, Spannowksy, Thompson ’14, Nordström, 
Papaefstathiou ’18,  Bishara, Rojo, Contino ’16, Arganda, 
Garcia-Garcia, Herrero ’18, …]
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                                                                                          BSM in HH

★ Probes the trilinear Higgs self-coupling

• A Higgs pair can be resonantly produced

• Non-resonant production:

★ Probes Higgs non-linearities

★ Probes light quark Yukawa couplings

★ New particles in the loop

03
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                                                                                          Resonant Higgs pair production
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FIG. 7: Exact LO rates for pp → hh at
√
S = 13 TeV for fixed singlet mixing parameters,

cos θ = 0.9 and tan β = 1.0 (LHS) and cos θ = 0.96 and tan β = 0.5 (RHS).

same. This can be understood, and is shown later, by noting that the H resonance makes

a subleading contribution for MH < 2mh GeV and the SM like contributions only depend

on the sign of sin θ in a highly suppressed sin3 θ term in λ111. Throughout the rest of the

paper we will choose a positive sign for sin θ.

In Fig. 9, we show the ratio of the singlet model rate normalized to the SM rate. It is

clear that near the resonances large enhancements in the rates are possible and the singlet

model should be clearly distinguishable from the SM.

C. Interference effects

The presence of the second scalar leads to interesting interference effects with the SM-like

contributions. The real parts of the propagators in F tri
1 (Eq. 20) interfere destructively for

mh < Mhh < MH and constructively for Mhh > MH , as is typical for the interference of two

resonances2. However, in the SM the box and triangle diagrams destructively interfere, with

the box diagram dominating at large Mhh[55]. Hence, although the propagators of the two

resonances destructively interfere, the H-propagator constructively interferes with the box

diagram for Mhh < MH , and destructively interferes for Mhh > MH .

Leading order differential cross sections with individual contributions are shown sepa-

2 This same interference effect is seen in the process gg → ZZ in the singlet model[53, 54] and in Drell-Yan

production below the Z peak.
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FIG. 2: C2HDM T1: Scatter plots for scenarios passing our applied constraints: Higgs pair production cross sections normalized
to the SM value for SM-like Higgs pairs decaying into (bb̄)(��) (left) and light-non-SM-like Higgs pairs decaying into (bb̄)(bb̄)
(right) as a function of the exclusion luminosity.

signatures that become relevant in BSM Higgs sectors.
Thus there exist Higgs spectra with heavy Higgs bosons
that dominantly decay into top quark pairs. These would
induce exotic four-top final states in heavy Higgs pair
production. Such signatures compete, however, with sin-
gle heavy Higgs production and subsequent decay into a
top-quark pair. Applying our rough estimate on the ex-
clusion power of the experiments for this process, based
on the Z

0 data, such scenarios are excluded already, al-
though they have been let through by HiggsBounds due
to the lack of a dedicated experimental analysis for this.
This shows the importance of experimental analyses in-
vestigating top pair final states from heavy Higgs pro-
duction in order to properly assess the exclusion limits
for BSM Higgs sectors - with dramatic e↵ects on possi-
ble Higgs pair production signatures. While our rough
extrapolation excludes about 0.6% of the T1 points for a
luminosity of about 36 fb�1, the e↵ect is much larger for
the T2 sample allowed by HiggsBounds††. Here about
22% of the points would be excluded. This is because
of the overall heavy non-SM-like Higgs bosons in T2 and
their prominent decays into top-quark pairs.

As can be inferred from the figures in the C2HDM T1,
the production of a SM-like Higgs pair with subsequent
decay into (bb̄)(��) can exceed the SM rates by up to
a factor 60. This maximum enhancement factor is the
same for all final states, as the branching ratios of the
SM-like Higgs boson h are almost the same as in the SM.
In the following, we will use the quantity

⌃X =
X

i2SM\{h}

BR(X ! i) , (26)

††
HiggsBounds takes into account data at 36 fb�1.

to classify whether a Higgs bosonX has a sizable non-SM
branching ratio and decay phenomenology. If ⌃X ' 1
then the exotic states can be dominantly discovered in
“standard” SM-Higgs-like decay channels, e.g. X ! bb̄

or tt̄ if the mass of X permits such a decay.
In the H#H# final state with both H#’s decaying into

bottom quarks the enhancement can even be up to a fac-
tor of about 200. The point with the maximum enhance-
ment corresponds to the one quoted in Tab. IV and the
enhancement is due to the large di-Higgs production pro-
cess of 3.2 pb and a slightly enhanced branching ratio into
b-quarks as compared to the SM. The same factor is found
for the (bb̄)(⌧ ⌧̄) final state. Due to a smaller branching
ratio into photons, however, the maximum allowed en-
hancement in the (bb̄)(��) final state only amounts up
to a factor of 40. The H# in this scenario has a mass of
mH# = 131 GeV, and the mass of H" is mH" = 313 GeV.
Its main branching ratios are BR(H" ! ZH#)= 0.53
and BR(H" ! H#H#) = 0.46. The maximum branch-
ing ratios of the charged Higgs boson with a mass of
mH+ = 312 GeV are BR(H+

! W
+
H#)=0.65 and

BR(H+
! tb̄)=0.34. With its large di-Higgs produc-

tion cross section and the large non-SM-like branching
ratios, this parameter point is an interesting scenario for
studying new physics e↵ects (also beyond the Higgs pair
events that we consider here).
All remaining di-Higgs production processes are less

promising. Thus the enhancement factor for hH# pro-
duction remains below 3 in the 4b and 2b2⌧ final state
and below 2 in the 2b2� final state. All other final states
range below the SM values.
As can already be inferred from the maximum di-Higgs

production values in T2, given in Tab. IV the situation
looks much less promising in the C2HDM T2. There are
very few points in hh production with subsequent decay
into the (2b)(2⌧) and 4b final state that exceed the SM

[Basler, Dawson, Englert, Mühlleitner ’18]

C2HDM
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                                                                                          Non-resonant HH production

SMEFT:
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                                                                                          Effective Theory for HH

HEFT:

ℒ = −mtt̄t ( h
v

+
h2

v2 )ct ctt +
αs

8π ( h
v

+
h2

v2 ) GμνGμνcg cgg +
m2

h

2v
h3chhh

05



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 19

                                                                                          Effective Theory for HH

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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                                                                                          HEFT/SMEFT for HH?

HEFT SMEFT

contains dipole operator (which by power 
counting is expected to be of higher order 
though) 

+

Combination with single Higgs fits  
simpler

+NLO results available+

+

[Buchalla et al ’18; Heinrich et al ’20]

di-Higgs is THE place to 
probe differences 
in one or two Higgs 
couplings

− many more couplings 
only in HH: 
degeneracies?

− UV models that don’t 
linearise to SMEFT?

strongly-interacting models, larger 
deviations from SM

weakly coupled models,  
smooth deviation from SM
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                                                                                          Trilinear coupling

One of the primary goals of the HL-LHC

Probes the Higgs boson potential
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2
H
⌧ 4m2

t
(4)

V = c5⇤
⇤
5,↵⇤

↵

5 + c1⇤
⇤
1⇤1 (5)

L = HHH� (6)

V = �µ
2
�
†
�+ �(�†

�)2 (7)

1

On the decoupling of heavy particles in
Higgs pair production

May 18, 2018

Contents

1

(p+ q)2 �m2
⇡ 1

p2 �m2

✓
1� 2p · q + q

2

p2 �m2
+ ...

◆
(1)

lim
ph!0

M(hn
gg) =

@
nM(gg)

@hn

[n,m](x) =
a0 +

P
n

i=1 aix
i

1 +
P

m

i=1 bix
i

(2)

(1� z) (3)
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strong 1st order ew phase transition 
usually predicts modified trilinear 
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Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

phase transition can occur with much weaker indirect collider signatures than in the above two exam-
ples. However, it will still be testable with certain future colliders.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential
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The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�

SM
3 in the (mS ,�HS) plane. For

illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.
As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is

correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�

SM
3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase

transition.
One can measure �3 through double higgs production. The cross-section for producing a pair

of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,

– 17 –

target for trilinear 
Higgs self-
coupling: 20-30 %

[Curtin, Meade, Yu ’15]

[Curtin, Meade, Yu ’15]

one step EWPT

two step EWPT

one loop analysis 
unreliable

non perturbative 
singlet quartic

nightmare scenario: scalar singlet
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                                                                                          Trilinear coupling: interplay with Single Higgs

Trilinear Higgs self-coupling enters via electroweak loops to single Higgs production

H

H

V

V

H

H

V

V

Figure 2. Structure of the �
SM
3 -dependent part in M

1
�SM
3

for processes involving massive vector
bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f).

H

t

g

g

t

H

t

g

g
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t

g
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t

Figure 3. Sample of �SM
3 -dependent diagrams in tt̄H production.

H

H

t

g

g

g

g

t
H

H

Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the

10

[McCullough ’14, Gorbahn, 
Haisch ’16, Degrassi, 

Giardino, Maltoni, Pagani 
’16, Bizon, Gorbahn, 

Haisch Zanderighi ’16]

Global fit necessary, including HH and differential measurements to resolve 
degeneracies

[Di Vita, Grojean, Panico, 
Rimbau, Vantalon ’17, 

Maltoni, Pagani, Shivaji, 
Zhao ’18]
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Figure 3: Value of �2 ln⇤ as a function of � for single-Higgs and double-Higgs analyses separately and for the
combination of the two analyses: for the data (a) and for the Asimov dataset [50] generated in the SM hypothesis (b).
The intersections of the dashed horizontal lines, corresponding to �2 ln⇤ = 1 and �2 ln⇤ = 3.84, with the profile
likelihood curve are used to define the ±1� sigma uncertainty on � and the 95% CL interval, respectively.

5.1 �-only model

In a variety of BSM models new physics is expected to only appear at the LHC as a modification of the
Higgs boson self-coupling, as for example in the Higgs boson portal models in the alignment limit [51]. In
these BSM scenarios, the constraints on �, derived through the combination of single-Higgs measurements,
can be directly compared to the constraints set by double-Higgs production analyses and the sensitivity
gain from their combination can be evaluated.

These models have been implemented by setting all coupling modifiers to the SM values (W = Z = t =
b = ` = 1) with the exception of the Higgs self-coupling modifier �. The � self-coupling modifier is
probed in the range �20 < � < 20, because outside this range the calculation in Refs. [11, 12] loses its
validity.

The value of �2 ln⇤ is shown as a function of � in Figure 3, separately for the observed data and
the Asimov dataset with � = 1. Results are shown for the single-Higgs production, the double-Higgs
production, and their combination. The double-Higgs analyses are more sensitive than the single-Higgs
measurement for � >> 1 and show similar sensitivity for negative �.

The combined single-Higgs and double-Higgs fit result for the � modifier is:

� = 4.6+3.2
�3.8 = 4.6+2.9

�3.5 (stat.) +1.2
�1.2 (exp.) +0.7

�0.5 (sig. th.) +0.6
�1.0 (bkg. th.) [observed],

� = 1.0+7.3
�3.8 = 1.0+6.2

�3.0 (stat.) +3.0
�1.7 (exp.) +1.8

�1.2 (sig. th.) +1.7
�1.1 (bkg. th.) [expected],

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modelling, following the

8

double-Higgs analyses provides substantial constraints on the � parameters even in this more generic
model. The results for the �-only model and for the more generic model are summarised in Table 2.
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Figure 5: Value of �2 ln⇤ as a function of � with W , Z , t , b , ` profiled (i.e., the generic model) for the data (a)
and the Asimov dataset [50] generated assuming � = 1 with the likelihood distribution ⇤ evaluated with nuisance
parameters fixed to the best-fit values obtained from data and the parameters of interest fixed to the SM hypothesis
(b). The curves are compared to the �-only model (where all m modifiers are set to unity). The intersections of the
dashed horizontal lines, corresponding to �2 ln⇤ = 1 and �2 ln⇤ = 3.84, with the profile likelihood curve are used
to define the ±1� sigma uncertainty on � and the 95% CL interval, respectively.

Table 2: Best-fit values for the -modifiers with ±1� uncertainties for the �-only and generic models. The 95% CL
interval for � is also reported. For each model the upper row corresponds to the observed results, and the lower row
to the expected results obtained using Asimov datasets [50] generated under the SM hypothesis.

Model W+1�
�1� Z+1�

�1� t+1�
�1� b+1�

�1� `+1�
�1� �+1�

�1� � [95% CL]

�-only 1 1 1 1 1
4.6+3.2

�3.8 [�2.3, 10.3] obs.

1.0+7.3
�3.8 [�5.1, 11.2] exp.

Generic
1.03+0.08

�0.08 1.10+0.09
�0.09 1.00+0.12

�0.11 1.03+0.20
�0.18 1.06+0.16

�0.16 5.5+3.5
�5.2 [�3.7, 11.5] obs.

1.00+0.08
�0.08 1.00+0.08

�0.08 1.00+0.12
�0.12 1.00+0.21

�0.19 1.00+0.16
�0.15 1.0+7.6

�4.5 [�6.2, 11.6] exp.

6 Conclusion

The Higgs boson self-coupling modifier � = �HHH/�SMHHH
has been constrained with a combination

of single-Higgs analyses using data collected at
p

s = 13 TeV with an integrated luminosity of up to

10

Trilinear coupling: interplay with Single Higgs

Trilinear Higgs self-coupling enters via electroweak loops to single Higgs production
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                                                                                          Operators entering at NLO
But is it enough to include the tree-level operators into the global fit?

(d)(c)

(b)(a)

(e)

/

Figure 1: Example Feynman diagrams for four fermion operator contributions to the Higgs
production via gluon fusion. The red box indicates the four-fermion operator. Show also
diagrams with bottoms [JB: replace H by h in diagrams]

5

E.g. poorly constrained four-fermion operators 
enter at NLO to single Higgs production and 

decay

[work in progress with L. Alasfar and J. De Blas]
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[Alasfar, De Blas, 
RG, to appear]

[bounds from 4 top 
production from SMEFiT 
collaboration ’21]
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                                                                                          New particles in the loop

Difficult to get sizeable effects (where the EFT is not applicable) given exclusion limits on 
coloured new particles

5.1 Double Higgs production

We show in this section the most interesting results from the numerical scan for the scenario with
a light LQ using the physical notion from the LET limit where possible.

In Fig. 8 on the left we show the ratio between the total cross section and the SM cross section
�hh/�

SM
hh

against the lightest LQ mass, mlight
LQ , in TeV. It is clear from the figure that, as the lightest

LQ mass decreases, the possibility of enlarging the total cross section increases, reaching values of
order 2�SM

hh
for LQ masses mlight

LQ < 0.5 TeV. However, lighter LQ masses do not necessarily imply

larger cross sections. Also notice that when m
light
LQ > 0.7 TeV the cross sections are less than a 20%

larger than the SM cross section. We have colored the points in order of increasing value of |µ2|

from green to blue. Notice that the low values of |µ2| (green points) imply smaller cross sections
whereas the points with the largest cross sections are associated with the largest values of |µ2|. In

Fig. 8 on the right we plot mlight
LQ in TeV vs. |µ2| in TeV, coloring the points in order of increasing

value of �hh/�SM
hh

from green to blue. This figure directly shows that the largest cross sections are

accomplished in the regions of small mlight
LQ and large |µ2|.

Figure 8: Left: LO �hh normalized with respect to the SM one, as function of the lightest LQ
mass mlight

LQ , in colors the values of |µ2|. Right: LO �hh normalized with respect to the SM one, as

function of µ2 and m
light
LQ , in colors the values of �hh/�SM

hh
.

In Fig. 9 we show �hh/�
SM
hh

vs. µ2 in TeV. Notice that the increments in the total cross section
can be accomplished for values of |µ2| > 3 TeV, roughly independently of the sign of µ2. As larger
values of µ2 are considered, the increment in the total cross sections can be sharp for some of the
points, following a quartic dependence on µ2, as we saw as well for the LET case.

In Fig. 10 we show �hh/�
SM
hh

vs. �g, coding the colored points in order of increasing value of

m
light
LQ from green to blue, including the LET result depicted by the blue line for �LET

hh
(�g) in the

cubic dominated case as given in Eq. (41) with the replacements of Eqs. (45) and (46). We can
clearly see that the LET describes nicely the main trend of the figure, in particular for most of the
points with m

light
LQ > 0.51 TeV, for which the LET works well and in which it has been proven the

strong correlation between the double Higgs cross section and the modifications to the Higgs-gluon
coupling. The deviations from this behavior can be seen for the points that spread vertically for
a fixed value of �g, and are represented by the green points which form a sort of a triangular
region above the curve. This di↵erence from the LET behavior happens due to the lightest LQ
mass decreasing, entering a regime in which the LET breaks down and is unable to capture the
full picture. Note also that the vertical break at �g ⇡ �0.12 corresponds to the constraint on

single Higgs production as depicted in Fig. 11 and that for mlight
LQ > 0.7 TeV, �SM

hh
. �hh . 1.2�SM

hh

which agrees with what we find using the LET as shown in Fig. 6 once the quartic contributions

21

Model with scalar leptoquarks

[Da Rold, Epele, Medina, Mileo, Szynkman ‘21]

Vector-like quarks or colored scalars contribute to the gluon fusion loop 

10
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                                                                                          Light quark Yukawa couplings

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

|κu | ≤ 570, |κd | ≤ 270, |κs | ≤ 13, |κc | ≤ 1.2

global fit, not completely model-independent

Alternative ways:

• Higgs kinematics: Higgs+jet transverse momentum distribution
[Bishara Haisch, Monni, 
Re ’16; Soreq, Zhu, 
Zupan ’16]• Higgs decays to photon and vector mesons

[Bodwin, Pietrello, Stoynev, Velasco ’13; Kagan,  
Perez, Pietrello, Soreq, Stoynev, Zupan ’14; Alte, König, 
Neubert ’16, ATLAS 1712.02758, CMS 2007.05122]

[Perez, Soreq, Stamou, Tobioka ’15;  
Brivio, Goertz, Isidori ’15;  
ATLAS 1802.04329, CMS 1912.01662;  
Duarte-Campderros, Perez, Schlaffer, Soffer ’18; 
Nakai, Shih, Thomas ’20]

• Charm tagging (strange tagging at lepton colliders)

κ = yq /ySM
q [de Blas, Cepeda, d’Hondt et al ’19]

• Di-Higgs production [Alasfar, Corral Lopez, RG ’19]

• Associate Higgs production with photon [Aquilar-Saavedra, Cano, No ’20]

• Tri-Boson [Falkowski et al ’20]

12
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                                                                                          SMEFT: Light Yukawa couplings

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

cq
ij

2
ghhq̄iqj

= −
3

2 2

v2

Λ2
cq

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

13
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                                                                                          Higgs pair production

g

g

Q

h

h

g

g

Q
h

h

h

Higgs pair production in SM, gluon fusion dominated by heavy quark loops

enhanced light Yukawa couplings

q i

q j

h
h

h

q i

q j

h

h

q i

q j h

h

contribution most important for 1st generation (given the coupling limits)

14



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 19

                                                                                          Distribution in invariant Higgs pair mass
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.

SM (NNLO)

ghqq̄ = gSM
hbb̄ (NLO)

pp ! hh
p

s = 14 TeV

[Alasfar, Corral Lopez, RG’19]

kinematical distributions different? how can we get maximal information?
several EFT operators to constrain…

15
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                                                                                          Interpretable Machine Learning

Interpretable 
Machine Learning

Interpretable 
variables

Interpretable 
models

Attribution of variable 
importance

[thanks to A. Paul for the figures]

Shapley value borrowed from game theory, assign an importance to the various kinematic 
variables 

16
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                                                                                          Interpretable Machine Learning

Shapley value assigns importance to the various kinematic variables

[Alasfar, RG, Grojean, Paul, Qian, in preparation]

we treat box, 
interference and 
triangle 
separately

17
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                                                                                          Results light Yukawa modifications

Bounds on      very comparable to global fitκu

[Alasfar, RG, Grojean, Paul, Qian, in preparation]
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                                                                                          Conclusions
• In Di-Higgs production can discover a lot of new exciting physics

• Higgs non -linearities: Is SMEFT/HEFT right EFT description?

• for trilinear Higgs self-coupling extraction also single Higgs can help, but 
need to account for more operators entering at NLO

• Higgs production provides also a handle on the poorly constrained light quark 
Yukawa couplings

• multi-Higgs models can lead to striking new resonant signals

19
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                                                                                          Conclusions
• In Di-Higgs production can discover a lot of new exciting physics

• Higgs non -linearities: Is SMEFT/HEFT right EFT description?

• for trilinear Higgs self-coupling extraction also single Higgs can help, but 
need to account for more operators entering at NLO

• Higgs production provides also a handle on the poorly constrained light quark 
Yukawa couplings

Thanks for your attention!

• multi-Higgs models can lead to striking new resonant signals

19
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                                                                                          Resonant Higgs pair production
h

h

H
t

g

g h

h

h
t

g

g h

hg

g

t

Typical signal in multi-Higgs models where the new Higgs is not too heavy.

E.g. singlet model, 2HDM, NMSSM, …

Interference with SM-like triangle and box important? Model-dependence!

Breit-Wigner propagator
1

m
2
F
�m

2
�
+ i��m�

(3)

with the final state invariant mass mF . Even though higher order corrections to gluon fusion processes
are generically quite high, we restrict ourselves to the leading-order result. In the infinite top mass limit
the K-factors in beyond-the Standard Model extensions are not expected to vary much with respect to
the SM, even in the presence of a new resonance, [30, 48, 49, 50], so when showing ratios we can assume
them to drop out. Our results are based on hadronic cross sections for the LHC integrated over the gluon
luminosities. Still, for simplicity our studies could be performed at the partonic level also, since only
the relative importance of interferences in the vicinity of the internal masses are investigated. This on
the other hand implies that our results are mostly independent of the center-of-mass energy of a hadron
collider and even more of the employed parton distribution functions.

2.3 Classification of interferences
In order to classify the interferences we split the cross section as a function of the invariant mass of the
final state d�/dmF in three contributions

d�

dmF

=
d�S

dmF

+
d�I

dmF

+
d�B

dmF

. (4)

Therein, the signal contribution S only includes the s-channel Feynman diagram gg ! � ! F involving
the heavy scalar �, whereas the background B sums up the square of all other Feynman diagrams,
including the s-channel Feynman diagrams involving SM particles, i.e. h and Z. With background we
mean the non-resonant di-Higgs contribution or the non-resonant gg ! Zh production.

The interference contribution I is proportional to 2Re(ASA
⇤
B
), where AS and AB denote the

amplitudes of signal and background diagrams, respectively. This split of amplitudes is gauge-invariant.
We define

⌘ =

Z
m�+10��

m��10��

dmF

✓
d�S

dmF

+
d�I

dmF

◆,Z
m�+10��

m��10��
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✓
d�S

dmF

◆

⌘� =

Z
m

I

F

m��10��
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d�S

dmF

+
d�I

dmF

◆,Z
m

I

F

m��10��

dmF

✓
d�S

dmF

◆

⌘+ =

Z
m�+10��

m
I

F

dmF

✓
d�S

dmF

+
d�I

dmF

◆,Z
m�+10��

m
I

F

dmF

✓
d�S

dmF

◆
.

(5)

The definition includes the overall factor ⌘, which is a relative factor that, if multiplied with the signal
cross section �S , yields the overall change of the signal cross section due to interference effects. Still,
as already indicated, interference effects also distort the peak structure substantially. If the two curves
d(�S + �I)/dmF and d�S/dmF intersect once, at mF = m

I

F
, we in addition split the integrals into

two components and define the corresponding factors ⌘� and ⌘+. Example for both cases are given
in Fig. 2. If the two curves do not intersect, we set ⌘± = 0. If non-zero, ⌘± can be quite large,
whereas the overall effect of the interference remains small. An example is given in Fig. 2 (right), where
⌘ = 1.34, ⌘� = 35.02 and ⌘+ = �30.28. If the peak structure of the the heavy scalars � can be
experimentally resolved, the factors ⌘± thus yield a useful classification of interference effects, since
they allow to deduce in which direction the peak shift occurs and in which way a peak-dip structure
appears. The boundaries of the integrals being m� ± 10�� capture the majority of the peak structure,
which is suppressed by the form of the Breit-Wigner propagator, see Eq. 3.

In our subsequent scans over the parameter space we will thus deal with the three factors ⌘, ⌘�
and ⌘+ to classify interference effects. For very large width the boundaries ±10�� span a large invariant

Classification of interferences
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|⌘ � 1| < 3%
|⌘ � 1| > 3%
|⌘ � 1| > 10%
|⌘ � 1| > 50%

[Bagnaschi, Carvalho, RG, Liebler, Quevillon]
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