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Indirect probes of the Higgs sector



(In)direct probes: theorist’s view 

2

Indirect probes: tests of loop 
modifications of interactions 

Direct probes: tests of 
tree-level interactions



(In)direct probes: example top Yukawa (yt)
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Direct probe of yt:


Indirect probe of yt:




(In)direct probes: synergy & complementarity
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Under a given new-physics hypothesis, say for example κ framework, it is 
always possible to combine direct & indirect probes to strengthen constraints 
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(In)direct probes: synergy & complementarity
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tth production with 
Higgs decays to γγ & ZZ

all other Higgs production 
& decay modes
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(In)direct probes: experimentalist’s view 

What the f@*# 
is going on?
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(In)direct probes: experimentalist’s view 
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Important constraint on tth production provided by multilepton search, resulting 
from Higgs decays to W+W-, ZZ & τ+τ-. Background from ttZ production, which 

depends on Z-boson coupling to top quarks, which is not very well known 
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(In)direct probes: experimentalist’s view 

Extraction of yt in tth production direct only under model assumptions. Consider tth, 
ttZ, ttW, etc. together to extract bounds on yt, Z-boson coupling to top-quarks, etc.    
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When are indirect probes helpful?
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If present LHC data is only able to put very loose bounds on a given coupling

Yukawa couplings of 
light fermions, Higgs 

self-couplings, …

[CMS, 2009.04363]



When are indirect probes helpful?
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If LHC able to measure a theoretically clean, differential Higgs observable precisely 

[ATLAS, 2207.08615]
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Figure 3: Di�erential ?? ! � + - cross-sections, in the full phase space, as a function of variables characterising the
Higgs boson kinematics: (a) Higgs boson transverse momentum ?

�

T , (b) Higgs boson rapidity |H� |, and (c) ?�T vs
|H� |, compared with Standard Model predictions. The � ! //

⇤ ! 4✓ (blue triangles), � ! WW (magenta inverted
triangles), and combined (black squares) measurements are shown. The error bars on the data points show the total
uncertainties, while the systematic uncertainties are indicated by the boxes. The measurements are compared with
two predictions, obtained by summing the ggF predictions of NNLOPS or MG5 F�F�, normalised to the fixed order
N3LO total cross-section with the listed  -factors, and the MC predictions for the other production processes -�.
The shaded bands indicate the relative impact of the PDF and scale systematic uncertainties in the prediction. These
include the uncertainties related to the -� production modes. The dotted red histogram corresponds to the central
value of the prediction that uses NNLOPS for the modelling of the ggF component. The bottom panels show the
ratios between the predictions and the combined measurement. The grey area represents the total uncertainty of the
measurement. For better visibility, all bins are shown as having the same size, independent of their numerical width.
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transverse momentum (pT) 
spectrum of Higgs, Higgs 

off-shell measurements, …



Charm Yukawa coupling (yc) from Higgs pT

11[see also Soreq, Zhu & Zupan, 1606.09621]

 Emissions from charm loops or charm-initiated production distort pT,h spectrum

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in

[Bishara, UH, Monni & Re, 1606.09253]
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Charm Yukawa coupling (yc) from Higgs pT
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Same idea applies in light-quark case, but detectable effects only for very large κq

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production
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Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in

[Bishara, UH, Monni & Re, 1606.09253]
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Constraints on yc from Vh production
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Charm-tagging enables to probe yc directly @ LHC in associated Vh production 

Eur. Phys. J. C (2023) 83 :681 Page 17 of 37 681

Fig. 16 The light-flavour jet
and b-jet rejection factors as a
function of c-jet efficiency for
DL1 and DL1r. The lower two
panels show the DL1r-to-DL1
ratios of the light-flavour jet
rejection and the c-jet rejection.
The statistical uncertainties of
the rejection are calculated
using binomial uncertainties and
are indicated as coloured bands

Fig. 17 The light-flavour jet rejection as a function of b-jet rejection
for inclusive 20%, 30%, and 40% c-jet efficiency operating points for the
DL1 and DL1r high-level c-taggers. Each point on a curve corresponds
to a particular choice of fb, the b-jet background fraction in the log-
likelihood ratio that defines the tagging discriminant; the star symbols
indicate the fb = 0.2 point

in Sect. 6. This new low-level tagger, defined only to illustrate
the performance of JetFitter relative to other algorithms
described in this paper, is referred to as JFKine.

6 High-level flavour-taggers, the DL1 series

To maximise the flavour-tagging performance for Run 2,
the output quantities of the low-level algorithms are com-
bined using deep-learning classifiers, based on fully con-
nected multi-layer feed-forward neural networks (NN) [41],
forming the so-called DL1 algorithm series.

These algorithms are trained with a hybrid training sam-
ple, for which 70% of the jets in the sample are from t t̄
events and the remaining 30% are from Z ′ → qq̄ events,
using TensorFlow [42] with the Keras [42] front-end and the
Adam optimiser [43]. The DL1 algorithm, introduced at the
beginning of Run 2 in Ref. [6], exploits as input the IP2D,
IP3D, SV1 and JetFitter algorithm outputs, while the
DL1r algorithm also includes the jet RNNIP output proba-
bilities.

The level of correlation between the different low-level
algorithm outputs varies as a function of the jet flavour and
the kinematic range. In general, large correlations between
the IP2D, IP3D, SV1 and JetFitter algorithms are
observed for heavy-flavour jets. However, these correlations
are significantly reduced in the case of light-flavour jets. In
addition, such correlations are further reduced in high-pT
regimes. On the other hand, theRNNIP algorithm contributes
a set of input variables which are not strongly correlated.

123

[ATLAS, 2211.16345]
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[idea developed in Delaunay, Golling, Perez & Soreq, 1310.7029; Perez, Soreq, Stamou & Tobioka, 1503.00290, 1505.06689]



Direct constraints on κb & κc @ LHC
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Vh production constrains κb & κc to two hyperbola-like strips in 2D plane  
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Figure 6: The (a) expected and (b) observed constraints on ^2 and ^1 at 68% and 95% confidence levels.
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Figure 7: Expected and observed values of the combined +�,� ! 22̄ and +�,� ! 11̄ negative profile log-
likelihood ratio as a function of ^2/^1 , where ^1 is a free parameter. The vertical green lines correspond to the values
of |^2/^1 | for which the Higgs–charm and Higgs–bottom couplings are equal, where each coupling strength |^8H8 | is
the product of the ^8 modifier and the Yukawa coupling, H8 , for 8 = 1, 2, and is equal to <1/<2 = 4.578±0.008 [119].

21

[ATLAS, 2201.11428]

[see also CMS, 2205.05550; ATLAS, 2410.19611; talks by Missio, Ördek & Wuchterl]
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In the shape+normalisation scenario the constraints on the coupling modifiers are tighter, since a large
fraction of the allowed ranges for ^1 and ^2 from the shape-only approach lead to values of the total
width and thus of the � ! //

⇤ ! 4✓ and � ! WW branching ratios and overall normalisation that are
inconsistent with the data.

Two-dimensional confidence regions on ^1 and ^2 are also derived for both scenarios, as shown in
Figure 5.

Table 7: Observed and expected 95% confidence intervals for the Yukawa coupling modifiers when modifications
to both the ?

�

T shape and normalisation are considered (shape+normalisation), for the individual decay channels
and their combination. The results for one coupling modifier are obtained while fixing the other one to the SM
expectation (^ = 1).

Channel Parameter
Observed Expected

95% confidence interval 95% confidence interval

� ! //
⇤ ! 4✓

^1 [�1.14,�0.88] [ [0.80, 1.17] [�1.23,�0.87] [ [0.82, 1.20]
^2 [�2.94, 2.99] [�3.33, 3.14]

� ! WW

^1 [�1.12,�0.78] [ [0.78, 1.07] [�1.18,�0.87] [ [0.83, 1.19]
^2 [�2.46, 2.32] [�3.03, 3.09]

Combined
^1 [�1.09,�0.86] [ [0.81, 1.09] [�1.14,�0.92] [ [0.86, 1.15]
^2 [�2.27, 2.27] [�2.77, 2.75]
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Figure 5: Observed limits at 95% CL on the Yukawa coupling modifiers ^1 and ^2 when (a) only the shape of the ?
�

T
di�erential cross-section (shape-only) or (b) also its normalisation (shape+normalisation) is used to constrain the
parameters for the combined and individual decay channels results. The SM predictions (⇤) and the observed best-fit
values (+) are indicated on the plots.

14

[ATLAS, 2207.08615]

Indirect constraints on κb & κc @ LHC

At present, shape changes in pT,h spectrum lead only to weak oval exclusions   
[see also CMS, 2305.07532; CMS-PAS-HIG-23-013; talks by Galli, Winterbottom & Wuchterl]



16

In the shape+normalisation scenario the constraints on the coupling modifiers are tighter, since a large
fraction of the allowed ranges for ^1 and ^2 from the shape-only approach lead to values of the total
width and thus of the � ! //

⇤ ! 4✓ and � ! WW branching ratios and overall normalisation that are
inconsistent with the data.

Two-dimensional confidence regions on ^1 and ^2 are also derived for both scenarios, as shown in
Figure 5.

Table 7: Observed and expected 95% confidence intervals for the Yukawa coupling modifiers when modifications
to both the ?

�

T shape and normalisation are considered (shape+normalisation), for the individual decay channels
and their combination. The results for one coupling modifier are obtained while fixing the other one to the SM
expectation (^ = 1).

Channel Parameter
Observed Expected

95% confidence interval 95% confidence interval

� ! //
⇤ ! 4✓

^1 [�1.14,�0.88] [ [0.80, 1.17] [�1.23,�0.87] [ [0.82, 1.20]
^2 [�2.94, 2.99] [�3.33, 3.14]

� ! WW

^1 [�1.12,�0.78] [ [0.78, 1.07] [�1.18,�0.87] [ [0.83, 1.19]
^2 [�2.46, 2.32] [�3.03, 3.09]

Combined
^1 [�1.09,�0.86] [ [0.81, 1.09] [�1.14,�0.92] [ [0.86, 1.15]
^2 [�2.27, 2.27] [�2.77, 2.75]
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Figure 5: Observed limits at 95% CL on the Yukawa coupling modifiers ^1 and ^2 when (a) only the shape of the ?
�

T
di�erential cross-section (shape-only) or (b) also its normalisation (shape+normalisation) is used to constrain the
parameters for the combined and individual decay channels results. The SM predictions (⇤) and the observed best-fit
values (+) are indicated on the plots.
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Indirect constraints on κb & κc @ LHC

Adding information on normalisation, constrains κb & κc to elliptic band in 2D plane
[see also CMS, 2305.07532; CMS-PAS-HIG-23-013; talks by Galli, Winterbottom & Wuchterl]
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6.2 Combination with the constraints from \N(bb̄) and \N(cc̄) production

The measurement of Higgs boson decays to 11̄ and the search for Higgs boson decays to 22̄ in Higgsstrahlung
events (+�) constrain the 1- and 2-quark coupling modifiers through the quadratic dependence on ^

2
1

and ^
2
2

of the partial widths of the Higgs boson to these two final states. This section describes the
methodology and the results of a simultaneous fit to the Higgs boson transverse momentum distributions of
the � ! //

⇤ ! 4✓ and � ! WW fiducial cross section measurements and to the multivariate discriminant
used to measure the +� (@@̄) (@ = 1, 2) signal strength [16, 17].

Two scenarios are considered for this combination. The first scenario is the “shape+normalisation”
scenario as described previously. In the second scenario, the Higgs boson is also allowed to decay to BSM
particles and the associated partial width is included in the total width. The partial width for BSM decays
is parameterised as �BSM = � ⇥ ⌫BSM = �SM

⌫BSM
1�⌫BSM

, where � is the Higgs boson total width, and ⌫BSM is
its branching ratio to BSM particles. The second scenario reduces the assumptions of the model, at the
cost of reduced sensitivity.

In the combination, most common experimental systematic uncertainties and signal theory uncertainties
are modelled as correlated between the four channels (� ! //

⇤ ! 4✓, � ! WW, +� (11̄), +� (22̄)). Jet
energy calibration and flavour tagging e�ciency uncertainties are not modelled as correlated between the
channels due to the use of di�erent jet clustering algorithms.

The observed 68% and 95% CL contours in the 2D ^1 vs ^2 plane are shown in Figure 6(a) for the
shape+normalisation scenario where ⌫BSM is fixed to zero and in Figure 6(b) for the case where ⌫BSM

is a free parameter. The fit prefers a positive value of ^1, but negative values are not excluded at 68%
CL, leading to two disconnected allowed regions, corresponding to positive or negative values of ^1.
One-dimensional confidence intervals for ^2 with ^1 unconstrained in the fit are summarised in Table 8.
Excluding the +� (22̄) channel would worsen the one-dimensional constraints on ^2 by about 10% for the
⌫BSM = 0 scenario, and by a factor two for the alternative scenario where ⌫BSM is not fixed to zero.
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Figure 6: Observed 2D negative log likelihood contours for the ^1 and ^2 parameters from a simultaneous fit to the
Higgs ?T fiducial cross-sections in � ! WW and � ! //

⇤ ! 4✓ and to multivariate discriminants used to identify
+� events with Higgs bosons decaying to 11̄ or 22̄, for (a) ⌫BSM = 0 or (b) leaving ⌫BSM unconstrained.
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Combination of bounds leads to two island of solution centred around (1,1) & (-1,-1). 
Limits depend on assumption about size of new-physics effects in Higgs width
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(In)direct probes of κλ
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Direct probe of trilinear Higgs self-coupling (κλ) provided by hh production, while 
all single-h production & decay channels @ LHC become indirectly sensitive to 

κλ at 1-loop (Vh, VBF, tth, h→bb, etc.) or 2-loop level (ggF, h→γγ, etc.) 

[see for instance McCullough, 1312.3322; Gorbahn & UH, 1607.03773; Degrassi et al., 1607.04251; Bizon et al., 1610.05771; …]
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(In)direct probes of κλ

Loop probes of κλ can only compete with hh production because of destructive 
interference between box & triangle contribution in gg→hh amplitude 
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Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
state-of-the-art SM calculations of single-Higgs [2–4], double-Higgs [5–8] and triple-Higgs [9] production.

obvious way to get access to the cubic and quartic interactions consists in searching for multi-Higgs
production. Unfortunately, all multi-Higgs production rates are quite small in the SM, as can be
seen from Figure 1, making already LHC measurements of double-Higgs production a formidable
task. As a result, at best O(1) determinations of the cubic Higgs self-coupling seem to be possible
at the LHC (cf. for instance [10–16]). Significantly improved prospects in extracting the h3 cou-
pling would be o↵ered by a high-energy upgrade of the LHC (HE-LHC) to 27 TeV [17] or a future
circular collider (FCC-pp) operating at a centre-of-mass (CM) energy of 100 TeV [4, 11, 18–22].
A 100 TeV pp machine, in particular, may ultimately allow one to determine the cubic Higgs self-
coupling with a statistical precision of the order of a few percent. Even a 100 TeV FCC-pp collider
is, however, not powerful enough to determine the SM triple-Higgs production rate to an accuracy
better than just order one [4, 20, 23–27]. The resulting bounds on the quartic Higgs self-coupling
turn out to be weak, in general allowing for O(10) modifications of the h4 vertex with respect to
the SM prediction.

Motivated by the above observations, we apply in this work the general idea of testing the h3

interaction indirectly [15, 28–37, 39, 40] to the case of the h4 vertex. Specifically, we consider the
constraints on the quartic Higgs self-coupling that future precision measurements of double-Higgs
production in gluon-fusion may provide. In order to determine the dependence of the gg ! hh
distributions on the value of the h4 coupling, we calculate the relevant electroweak (EW) two-
loop amplitudes and combine them with the exact O(↵2

s) matrix elements [5–7]. This allows us
to predict the cross section and various distributions for double-Higgs production at the next-to-
leading order (NLO) in QCD, including arbitrary modifications of the cubic and quartic Higgs self-

– 2 –

[Bizon, UH & Rottoli, 1810.04665]
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(In)direct probes of κλ

Suppression of pp→hh rate more pronounced @ LHC than @ HE-LHC or FCC-pp 
energies, rendering indirect tests of Higgs self-couplings more promising @ LHC  

hh/hhh

h/hh

10 20 50 100

250

500

1000

2000

LHC HE-LHC FCC-pp

s [TeV]

cr
os
ss
ec
tio
n
ra
tio

Figure 1. Left: Total production cross section for pp ! h (red), pp ! hh (blue) and pp ! hhh (yellow)
as a function of

p
s. Right: Dependence of the cross section ratio �(pp ! h)/�(pp ! hh) (green) and

�(pp ! hh)/�(pp ! hhh) (purple) on the collider CM energy. The shown predictions are based on the
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If only κλ is considered, constraints from hh production are notable better 
than bounds that arise from combination of single-h measurements

Table 2: Summary of ^_ observed and expected constraints and corresponding observed best-fit values with their
uncertainties. In the first column, the coupling modifiers that are free floating in addition to ^_ in the corresponding
fit are reported. The uncertainties on ^_ are extracted from the test statistic curves, which are not expected to follow
Gaussian distributions.

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1f
�1f

�� combination �0.6 < ^_ < 6.6 �2.1 < ^_ < 7.8 ^_ = 3.1+1.9
�2.0

Single-� combination �4.0 < ^_ < 10.3 �5.2 < ^_ < 11.5 ^_ = 2.5+4.6
�3.9

��+� combination �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C floating �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C , ^+ , ^1, ^g floating �1.4 < ^_ < 6.1 �2.2 < ^_ < 7.7 ^_ = 2.3+2.1
�2.0

7 Conclusion

Single- and double-Higgs boson analyses based on the complete LHC Run 2 dataset of 13 TeV proton–proton
collisions collected with the ATLAS detector are combined to investigate the Higgs boson self-interaction
and shed more light on the Higgs boson potential, the source of EW symmetry breaking in the SM.

Using the three most sensitive double-Higgs decay channels, 11̄11̄, 11̄g+g� and 11̄WW, an observed
(expected) upper limit of 2.4 (2.9) at 95% CL is set on the double-Higgs signal strength, defined as the sum
of the ggF �� and VBF �� production cross-sections normalised to its SM prediction. These processes
are directly sensitive to the Higgs boson self-coupling. This combination can also be used to set a constraint
of �0.6 < ^_ < 6.6 at 95% CL on the Higgs boson self-coupling modifier, assuming that the other Higgs
boson interactions are as predicted by the SM.

Using the VBF �� process, a constraint on the ^2+ coupling modifier of 0.1 < ^2+ < 2.0 is also derived
at 95% CL, assuming all other Higgs boson interactions are as predicted by the SM.

The measurements from the three double-Higgs decay channels are combined with single-Higgs boson
cross-section measurements from the the WW, //⇤, ,,⇤, g+g� and 11̄ decay channels to derive constraints
on ^_ that are either more stringent or less model-dependent. Using this combination and assuming that ^_
is the only source of physics beyond the SM, values of ^_ outside the range �0.4 < ^_ < 6.3 are excluded
at 95% CL, with an expected excluded range of �1.9 < ^_ < 7.6. If assumptions about the other coupling
modifiers, ^C , ^1 ^g , and ^+ , are relaxed, this constraint becomes �1.4 < ^_ < 6.1 at 95% CL, where
the expected interval under the SM assumption is �2.2 < ^_ < 7.7. This constraint on the Higgs boson
self-coupling is not quite as strong but less model-dependent. This study provides the most stringent
constraints on Higgs boson self-interactions to date.
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The complementarity of the single-H and HH channels is also employed in the simultaneous
measurement of the kV and k2V parameters. The two-dimensional likelihood scan of the kV
and k2V parameters is shown in Fig. 6. The constraint on k2V is driven by the HH categories
enriched in VBF HH events. However, the VBF HH cross section has a large degeneracy with
respect to the kV and k2V parameters. The single-H channels have no sensitivity on the k2V
parameter but provide a stringent constraint on kV. This allows the exclusion of k2V = 0 for
any value of kV with a significance larger than five standard deviations.

Constraints on kl are also set under less restrictive assumptions on the Higgs boson couplings
to the fermions and vector bosons. In particular, the kl likelihood scan treating kV, k2V, kt ,
kb, kt , and kµ as unconstrained nuisance parameters is shown in Fig. 7. The degeneracy that
would be present if only HH categories were considered is fully resolved in the combination
of the single-H and HH channels. The resulting expected constraint on kl is comparable to
the one expected from the HH combination assuming the other Higgs boson couplings equal
to their SM value. The constraints on kl under the aforementioned assumptions, along with
some alternative assumptions, are summarized in Table 3. The results are found to be consis-
tent with the combination of single-H and HH measurements and searches from the ATLAS

[CMS, 2407.13554]

But, large degeneracy of hh 
production cross section to κλ 
& κt, limits κλ sensitivity of hh 
process in 2D plane. Instead, 
single-h combination provides 
stringent bounds on κt, which 
is utilized in hh+h combination     

[see also ATLAS, 2211.01216; talks by Balunas, Galli & Motta]
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Figure 6. Comparison of the pT,h (left) and mWh (right) spectrum in Wh production. The upper
panels show the SM predictions (black) as well as the cases c̄6 = �10 (blue) and c̄6 = 10 (red). The
ratios between the case c̄6 = �10 and the SM (blue) and the case c̄6 = 10 and the SM (red) are
displayed in the lower panels. All results correspond to pp collisions at

p
s = 13TeV.

contributes and the vertex correction �V takes the simple form

limp
s!1

�V =
� c̄6

(4⇡)2
�
�9m2

h
(c̄6 + 2) B0

0

�
= �1.5 · 10�3 c̄6 (c̄6 + 2) . (7.3)

It follows that for large transverse momenta (invariant masses) the deviation from 1 of
the ratio R of the pT,h (mWh) spectrum for c̄6 6= 0 and c̄6 = 0, i.e. the SM distribution,
is approximately given by (7.3). New-physics scenarios with c̄6 < 0 will hence lead to
harder pT,h and mWh tails than cases with c̄6 > 0, while they predict softer spectra at
low pT,h and mWh. These features are clearly visible in Figure 6 and are also present in
other kinematical observables such as the transverse momentum pT,W of the W boson.
The shapes of all rapidity distributions in pp ! Wh production are in contrast largely
insensitive to the sign of c̄6. Notice that our general arguments also apply to the case of
pp ! Zh, and as a result the distributions in the Zh channel resemble those found in Wh

production. We therefore do not show predictions for the various Zh spectra.
In Figure 7 we present our results for two kinematic distributions in VBF Higgs pro-

duction, namely the Higgs transverse momentum pT,h and the transverse momentum of the
third jet pT,j3 . The spectra shown are obtained with the fully-differential NNLO VBF code
described in Section 6 and correspond to the following selection cuts. Events should have
at least two jets with pT,j > 25 GeV, the two jets with highest pT,j are required to have an
absolute rapidity of |yj | < 4.5, be separated by �yj1,j2 > 5 in rapidity, have an invariant
mass mj1,j2 > 600 GeV and be in opposite hemispheres (i.e. yj1yj2 < 0). In our analysis jets
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mass mj1,j2 > 600 GeV and be in opposite hemispheres (i.e. yj1yj2 < 0). In our analysis jets
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Figure 6. Comparison of the pT,h (left) and mWh (right) spectrum in Wh production. The upper
panels show the SM predictions (black) as well as the cases c̄6 = �10 (blue) and c̄6 = 10 (red). The
ratios between the case c̄6 = �10 and the SM (blue) and the case c̄6 = 10 and the SM (red) are
displayed in the lower panels. All results correspond to pp collisions at

p
s = 13TeV.

contributes and the vertex correction �V takes the simple form

limp
s!1

�V =
� c̄6

(4⇡)2
�
�9m2

h
(c̄6 + 2) B0

0

�
= �1.5 · 10�3 c̄6 (c̄6 + 2) . (7.3)

It follows that for large transverse momenta (invariant masses) the deviation from 1 of
the ratio R of the pT,h (mWh) spectrum for c̄6 6= 0 and c̄6 = 0, i.e. the SM distribution,
is approximately given by (7.3). New-physics scenarios with c̄6 < 0 will hence lead to
harder pT,h and mWh tails than cases with c̄6 > 0, while they predict softer spectra at
low pT,h and mWh. These features are clearly visible in Figure 6 and are also present in
other kinematical observables such as the transverse momentum pT,W of the W boson.
The shapes of all rapidity distributions in pp ! Wh production are in contrast largely
insensitive to the sign of c̄6. Notice that our general arguments also apply to the case of
pp ! Zh, and as a result the distributions in the Zh channel resemble those found in Wh

production. We therefore do not show predictions for the various Zh spectra.
In Figure 7 we present our results for two kinematic distributions in VBF Higgs pro-

duction, namely the Higgs transverse momentum pT,h and the transverse momentum of the
third jet pT,j3 . The spectra shown are obtained with the fully-differential NNLO VBF code
described in Section 6 and correspond to the following selection cuts. Events should have
at least two jets with pT,j > 25 GeV, the two jets with highest pT,j are required to have an
absolute rapidity of |yj | < 4.5, be separated by �yj1,j2 > 5 in rapidity, have an invariant
mass mj1,j2 > 600 GeV and be in opposite hemispheres (i.e. yj1yj2 < 0). In our analysis jets
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[Bizon et al., 1610.05771]

Non-trivial modifications of 
kinematic distributions due to heavy 
particles in loops of single-h probes 

[see also Maltoni, Pagani, Shivaji & Zhao, 1709.08649] 



Differential single-h measurements & κλ
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Exact κλ dependence computed for differential single-Higgs predictions 
in all cases relevant for LHC, i.e. ggF, Vh, VBF, tth & th production
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[based on UH & Niggetiedt, 2408.13186]

[Bizon et al., 1610.05771, Maltoni et al., 1709.08649; UH & Niggetiedt, 2408.13186] 
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Dedicated studies needed to quantify precise impact of differential 
single-h measurements in global hh+h analyses to constrain κλ
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[based on UH & Niggetiedt, 2408.13186]

[Bizon et al., 1610.05771, Maltoni et al., 1709.08649; UH & Niggetiedt, 2408.13186] 
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Nice, first LHC limit on 3h production!

ATLAS puts first constraint on 3h production & interprets its result in κ3 - κ4 plane
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Figure 9: Expected (filled regions) and observed (black solid and dashed lines) 95% and 68% CL constraints on ^3
and ^4, the ratios of the Higgs tri-linear and quartic self-couplings to their predicted SM values. Unitarity limits,
calculated in Ref. [65], are overlaid in the region bounded by the gray dashed line. The red star is the SM: ^3=^4=1.

10 Conclusion

This paper presents a search for triple-Higgs production in the 11̄11̄11̄ final state. The search uses
126 fb�1 of ?? collision data at

p
B = 13 TeV collected with the ATLAS detector at the LHC. The data are

interpreted using three different DNNs, which are each optimized to search for non-resonant, resonant, and
heavy resonant (outside the perturbative unitarity bounds of the TRSM) signals with additional scalars.
The non-resonant interpretation includes a search for SM-like signals with coupling modifiers on the
tri-linear and quartic Higgs self couplings ^3 and ^4. The SM background is modeled using a data-driven
extrapolation method, derived from the observed DNN score spectra in events with four or five 1-jets to
estimate the background shape in events with at least six 1-jets. The sensitivity of the search is impacted
mainly by the statistical precision and the uncertainty in the data-driven extrapolation method.

No significant excess above the SM expectation is observed in the search for SM-like ��� production,
nor is any significant excess observed in the search for various BSM signals with two additional heavy
scalars - and (. A 95% CL upper limit of 59 fb is set on the cross-section for SM-like ��� production.
The BSM searches include non-resonant production where <( < 250 GeV, and resonant production up to
(<-,<() = (1500, 1000) GeV.
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[ATLAS, 2411.02040]

[see also talk by Balunas & Chen]



(In)direct probes of κ4
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Direct probe of quartic Higgs self-coupling (κ4) provided @ 1-loop by 3h production, 
while indirect sensitivity in hh & h production through 2-loop & 3-loop corrections

[see for instance Bizon et al., 1810.04665, 2402.03463; Borowka et al., 1811.12366]
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Figure 9: Expected (filled regions) and observed (black solid and dashed lines) 95% and 68% CL constraints on ^3
and ^4, the ratios of the Higgs tri-linear and quartic self-couplings to their predicted SM values. Unitarity limits,
calculated in Ref. [65], are overlaid in the region bounded by the gray dashed line. The red star is the SM: ^3=^4=1.

10 Conclusion

This paper presents a search for triple-Higgs production in the 11̄11̄11̄ final state. The search uses
126 fb�1 of ?? collision data at

p
B = 13 TeV collected with the ATLAS detector at the LHC. The data are

interpreted using three different DNNs, which are each optimized to search for non-resonant, resonant, and
heavy resonant (outside the perturbative unitarity bounds of the TRSM) signals with additional scalars.
The non-resonant interpretation includes a search for SM-like signals with coupling modifiers on the
tri-linear and quartic Higgs self couplings ^3 and ^4. The SM background is modeled using a data-driven
extrapolation method, derived from the observed DNN score spectra in events with four or five 1-jets to
estimate the background shape in events with at least six 1-jets. The sensitivity of the search is impacted
mainly by the statistical precision and the uncertainty in the data-driven extrapolation method.

No significant excess above the SM expectation is observed in the search for SM-like ��� production,
nor is any significant excess observed in the search for various BSM signals with two additional heavy
scalars - and (. A 95% CL upper limit of 59 fb is set on the cross-section for SM-like ��� production.
The BSM searches include non-resonant production where <( < 250 GeV, and resonant production up to
(<-,<() = (1500, 1000) GeV.
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[ATLAS, 2411.02040]

Higgs self-couplings after LHC Run 2

Bounds on Higgs self-couplings from hh & 3h production orthogonal in κ3 - κ4 plane
[pp→hh bound obtained using results from Bizon et al., 2402.03463]



Higgs self-couplings in HL-LHC era
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Hypothetical HL-LHC bound of O(10) on 3h signal strength will set best bound on κ4

[UH, unpublished]

[see Stylianou & Weiglein, 2312.04646; Papaefstathiou & Tetlalmatzi-Xolocotzi, 2312.13562 for pp→3h HL-LHC studies]



30

Flat direction in κ3 of 3h constraint, partly resolved by indirect hh & h probes

[UH, unpublished]

Higgs self-couplings in HL-LHC era

[see Stylianou & Weiglein, 2312.04646; Papaefstathiou & Tetlalmatzi-Xolocotzi, 2312.13562 for pp→3h HL-LHC studies]



Higgs off-shell measurements
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For m4l > mh, pp→ZZ→4l distributions have an enhanced sensitivity to gg→h→ZZ 
process & its interference with gg→ZZ channel. Assuming that on-shell Higgs 

signal strengths are SM-like, possible to set bounds on total Higgs width @ LHC 

[idea developed in Kauer & Passarino, 1206.4803; Caolo & Melnikov, 1307.4935; Campbell, Ellis & Williams, 1311.3589, 1312.1628]



Higgs width measurements @ LHC
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To enhance sensitivity to Higgs contribution with respect to m4l, latest LHC 
searches for ZZ→4l use machine learning approaches to matrix-element method
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Higgs boson production measurement can be combined with the on-shell � ! // ! 4✓ production
measurement [105] to provide a measurement of the Higgs boson total width. The joint likelihood model
for this measurement extends Eq. 15 with a common � ! // coupling modifier \�// and the modifier
^� to the Higgs boson width:
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6,off-shell^

2
+ ,off-shell = ^

4
+ ,off-shell. The NP model for

common experimental uncertainties follows the approach described in Section 7.1. Theoretical modeling
uncertainties in the on-shell and off-shell measurements are modeled with separate parameters, given the
distinctness of the phase-space regions, but the measured Higgs boson width is largely insensitive to this
modeling choice. Background normalization factors are also modeled separately.

Figure 16 shows the test statistic values as a function of ^� when profiling \�// . The observed (expected)
value of ^� and �� are:

^� = 1.05+0.65
�0.46 (1.00+0.86

�0.84), �� = 4.3+2.7
�1.9 (4.1+3.5

�3.4),

at 68% CL. The result using uncertainties at 95% CL can be found in Table 6.

Figure 16: Values of the test statistic C^� as a function of ^� = ��/�SM
� obtained with an Asimov dataset (expected,

dotted black) and with data (observed, solid black). The blue curves show the statistics-only results where all NP are
fixed to their best-fit values bU. The dotted lines show the NC of the 68% and 95% confidence intervals.
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[ATLAS-CONF-2024-016]
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[see also CMS, 2409.13663; talks by Gargiulo, Leight, Sandesara & Winterbottom]
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Figure 7: Projected 68% and 95% CL constraints in the c̄6– c̄H plane for the
LHC Run 3 (left) and the HL-LHC (right) assuming integrated luminosities of 300 fb�1

and 3 ab�1, respectively, and pp collisions at
p
s = 14TeV. The constraints from inclusive

single-Higgs probes (left: green regions, right: blue regions) are compared to the off-shell
Higgs constraints (left: blue regions, right: orange regions). The combinations of all con-
straints are also shown as red contours. The black stars represent the SM point. See main
text for further explanations.

is however also evident that the flat direction in the inclusive fit is strongly broken by the
constraints arising from off-shell Higgs production.

From the above it should be clear that inclusive single-Higgs and off-shell Higgs mea-
surements should therefore be combined if one wants to exploit the full potential of the
LHC in constraining the trilinear Higgs coupling through indirect probes. Performing such
a combined analysis, we find for c̄H = 0 the following 95% CL limits

c̄6 2 [�5.8, 9.5] , (LHC Run 3) , c̄6 2 [�2.3, 4.6] , (HL-LHC) , (4.12)

while for c̄6 = 0 we obtain

c̄H 2 [�6.0, 5.6] · 10�2
, (LHC Run 3) , c̄H 2 [�2.3, 2.3] · 10�2

, (HL-LHC) . (4.13)

We add that the bounds (4.12) and (4.13) depend in a non-negligible way on the assumed
total uncertainties. In this respect one should remember that in the case of the constraints
arising from off-shell Higgs production in ggF production we have assumed total systematic
uncertainties of ±30% and ±15% in our LHC Run 3 and HL-LHC fit, respectively. We
believe that these are conservative uncertainties — results for two additional more aggres-
sive assumptions about the systematic uncertainties entering the HL-LHC off-shell Higgs
analysis can be found in Appendix B. In fact, given the steady progress in the calculation
of massive higher-loop corrections to pp ! ZZ ! 4` (see [84, 85] for the latest theoreti-
cal developments) and in view of the fact that it is theoretically known of how to achieve
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)

[UH & Koole, 2111.12589]

In SM effective field they (SMEFT), 
κλ receives contributions from more 

than a single Wilson coefficient  
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Figure 7: Projected 68% and 95% CL constraints in the c̄6– c̄H plane for the
LHC Run 3 (left) and the HL-LHC (right) assuming integrated luminosities of 300 fb�1

and 3 ab�1, respectively, and pp collisions at
p
s = 14TeV. The constraints from inclusive

single-Higgs probes (left: green regions, right: blue regions) are compared to the off-shell
Higgs constraints (left: blue regions, right: orange regions). The combinations of all con-
straints are also shown as red contours. The black stars represent the SM point. See main
text for further explanations.

is however also evident that the flat direction in the inclusive fit is strongly broken by the
constraints arising from off-shell Higgs production.

From the above it should be clear that inclusive single-Higgs and off-shell Higgs mea-
surements should therefore be combined if one wants to exploit the full potential of the
LHC in constraining the trilinear Higgs coupling through indirect probes. Performing such
a combined analysis, we find for c̄H = 0 the following 95% CL limits

c̄6 2 [�5.8, 9.5] , (LHC Run 3) , c̄6 2 [�2.3, 4.6] , (HL-LHC) , (4.12)

while for c̄6 = 0 we obtain

c̄H 2 [�6.0, 5.6] · 10�2
, (LHC Run 3) , c̄H 2 [�2.3, 2.3] · 10�2

, (HL-LHC) . (4.13)

We add that the bounds (4.12) and (4.13) depend in a non-negligible way on the assumed
total uncertainties. In this respect one should remember that in the case of the constraints
arising from off-shell Higgs production in ggF production we have assumed total systematic
uncertainties of ±30% and ±15% in our LHC Run 3 and HL-LHC fit, respectively. We
believe that these are conservative uncertainties — results for two additional more aggres-
sive assumptions about the systematic uncertainties entering the HL-LHC off-shell Higgs
analysis can be found in Appendix B. In fact, given the steady progress in the calculation
of massive higher-loop corrections to pp ! ZZ ! 4` (see [84, 85] for the latest theoreti-
cal developments) and in view of the fact that it is theoretically known of how to achieve
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)

[UH & Koole, 2111.12589]

On-shell & off-shell measurements 
depend differently on O6 & OH operators. 

Combination improves 2D constraints
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Higgs portal interactions

35

|H|2 provides a simple portal to dark or hidden sectors. At dimension four one has 
couplings of |H|2 to spin-0 & spin-1 fields, while interactions with spin-1/2 fields are 
of dimension five. Dimension-six derivative spin-0 coupling also interesting, since 

dark matter (DM) direct detection (DD) cross section momentum suppressed

scalar fermion vector

[for a recent review see for instance Argyropoulos, Brandt & UH, 2109.13597]
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[CMS, 2303.01214]

If DM states are kinematically 
accessible in Higgs decays, 

LHC searches for h→invisible 
superior to present DD limits 

[see also ATLAS, 2202.07953]
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Can LHC say something 
about region where DM is 

inaccessible in h→invisible?

[see also ATLAS, 2202.07953]



Searches for Higgsphilics in pp→4l
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Off-shell Higgs measurements in pp→4l allow to scan ŝ-dependence of Higgs 
propagator, which is sensitive to virtual exchange of light Higgsphilic states
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spectral density of Higgs
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[Goncalves, Han & Mukhopadhyay, 1710.02149, 1803.09751; UH & Koole, 2201.09711; UH, Ruhdorfer, Schmid & Weiler; 2311.03995]
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Figure 6: Comparison of the HL-LHC reach of different search strategies in the m�–|c�|
plane. The solid blue, solid green and solid red line correspond to the 95% CL limits that
derive from our binned-likelihood analysis of the ME-based kinematic discriminant DS , the
VBF analysis performed in [32] and a hypothetical measurement of the global Higgs signal
strength µh, respectively. If applicable the assumed systematic uncertainties or accuracies
are indicated. The parameter spaces above the coloured lines are disfavoured. The region
bounded by the solid (dashed) orange line follows from imposing that the signal strength
in double-Higgs production obeys µhh /2 [0.7, 1.8] for c� > 0 (c� < 0). The dotted black
line corresponds to the bound |c�| =

p
3y2t = 1.5 that derives from naturalness arguments

in models of neutral naturalness. For more details see main text.

that is sensitive to Higgs portal interactions of the form (1.1) is double-Higgs production
as previously demonstrated in [28, 32, 39, 40, 43]. The 95% CL bound � 2 [0.18, 3.6]

on the modifications � = �/�SM with �SM = m2

h
/(2v2) ' 0.13 of the trilinear Higgs

coupling as found by the CMS projection [82] implies µhh 2 [0.7, 1.8] on the signal strength
in double-Higgs production at the HL-LHC. By implementing the full one-loop corrections
due to (1.1) into MCFM and imposing the latter bound we obtain the solid and dashed orange
lines. Consult Appendix B for further details. Finally, the dashed black line corresponds
to the naturalness bound |c�| =

p
3y2t = 1.5 discussed in Section 1.

From Figure 6 it is evident that for m� . 90GeV the VBF and µh projections provide
nominally the best constraints at the HL-LHC. In the case of m� & 90GeV, on the other
hand, double-Higgs production at the HL-LHC typically allows to set the most stringent
constraints on the parameters appearing in (1.1). Notice also that the DS constraint pro-
vides the best sensitivity for 90GeV . m� . 120GeV and stronger constraints than VBF
and µh for m� & 90GeV. The fact that the constraints that stem from double-Higgs pro-
duction are not symmetric under c� $ �c� is readily understood by noting that the Higgs
portal corrections to the gg ! hh amplitude involve both terms proportional to c3

�
and c2

�
.

– 12 –

[UH & Koole, 2201.09711]
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[off-shell VBF bound taken from Ruhdorfer, Salvioni & Weiler, 1910.04170]
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Figure 9: HL-LHC reach of di↵erent search strategies in the m –|c | plane corresponding
to the assumptions N = 3, f = 3v, µ⇤ = 4⇡f and C6(µ⇤) = CH⇤(µ⇤) = 0. The solid blue,
solid green and solid red lines represent the 95% CL limits derived from our DS analy-
sis, our study of the VBF Higgs production channel and a hypothetical measurement
of the global Higgs signal strength µh, respectively. The assumed systematic uncertain-
ties or accuracies, when applicable, are indicated. Regions above the coloured lines are
disfavoured. The region bound by the solid (dashed) orange line arises from imposing
that the signal strength in double-Higgs production satisfies µhh /2 [0.7, 1.8] for c > 0
(c < 0). The naturalness bound (2) is represented by the dotted black line, while the
point {m , |c |} = {ytf/

p
2, yt/

p
2} ' {490GeV, 0.7}, corresponding to (2) for the spe-

cial case of a standard twin-Higgs model, is displayed as a black dot. More details are
provided in the main text.

the discussion in Section 3.2. Notice finally that all constraints shown in Figure 9 depend
in a non-negligible way on the assumed systematic uncertainties or accuracies. In view
of these caveats one can conclude that to fully exploit the HL-LHC potential in probing
fermionic Higgs-portal interactions of the form (1) one should consider all indirect and
direct probes displayed in the figure. If this is done one sees that it should be possible
to explore fermionic Higgs-portal models (1) that are compatible with the naturalness
bound (2) for fermion masses in the range of m 2 [62.5, 250]GeV. Unfortunately, this
implies that the point {m , |c |} = {ytf/

p
2, yt/

p
2} ' {490GeV, 0.7}, representing a

natural standard twin-Higgs model with f = 3v, cannot be probed at the HL-LHC.
In our HE-LHC (FCC) study, we consider pp collisions at

p
s = 27TeV (

p
s = 100TeV)

and an integrated luminosity of 15 ab�1 (30 ab�1). While we expand the m4` window to
1000GeV (1500GeV) at the HE-LHC (FCC), the selection cuts and detection e�ciencies
in our analyses mirror those outlined in Section 2.4. Technical improvements in the HE-
LHC and FCC detectors, such as extended pseudorapidity coverages [76,77], which could
enhance the reach of the o↵-shell Higgs-boson production channel, are not considered in
what follows. Additionally, we use the values of the K-factors provided in Section 2.4,
obtained for LHC collisions, to calculate QCD-improved predictions for the kinematic
variable DS à la (31). Given that the assumed systematic uncertainties play a significant
role in determining the HE-LHC and FCC reach for constraining fermionic Higgs-portal
interactions of the form (1), we consider these simplifications fully justified. In our HE-

18
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[UH, Ruhdorfer, Schmid & Weiler; 2311.03995]



Conclusions

• Distinction between direct & indirect Higgs probes academic, because in 
practice both strategies test same physics in a given beyond SM model


• Indirect Higgs probes well-established @ LHC & employed by both ATLAS & 
CMS to extractions of charm Yukawa & trilinear Higgs self-coupling 


• Differential & off-shell Higgs measurements @ HL-LHC will allow to tighten 
indirect constraints on κ’s, Wilson coefficients, light Higgsphilic physics, etc. 
Measurements have not been fully exploited experimentally @ LHC Run 2
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Higgs self-couplings in FCC era
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[UH, unpublished]

[see Bizon et al., 1810.04665, 2402.03463 for pp→hh & pp→3h FCC studies]

Single-h bounds notable improved due to permille accuracy of Zh @ FCC-ee



Higgs self-couplings in FCC era
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[UH, unpublished]

[see Bizon et al., 1810.04665, 2402.03463 for pp→hh & pp→3h FCC studies]

Indirect probes remove degeneracy of direct pp→3h constraint in κ3 - κ4 plane 



Anatomy of κλ corrections
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production side:

non-universal correction, 


linear κλ dependence  

Higgs propagator:

universal correction, 


quadratic κλ dependence  

decay side:

non-universal correction, 


linear κλ dependence     



Direct constraints on κb & κc @ LHC

46[ATLAS, 2410.19611]
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Figure 18: (a) The observed (solid) and expected (dashed) constraints on ^1 and ^2 at 68% CL and 95% CL confidence
levels. (b) The observed and expected values of the combined negative profile log-likelihood ratio as a function
of ^2/^1 where `

11

+�
is a free parameter. The solid vertical lines correspond to the values of |^2/^1 | for which the

Higgs-charm and Higgs-bottom couplings are equal.

and vice versa. The best-fit value is (^1, ^2) = (0.90, 0.93), but no 95% CL contours can be set on each
parameter independent of the other in this model. These constraints complement those from measurements
of the Higgs boson ?T spectrum [149].

An alternative parameterisation is performed targeting the ratio |^2/^1 |, which can be performed without
assumptions on the Higgs boson’s width. The signal strength `

11

+�
is a profiled free parameter in the

fit absorbing both the effect of potentially anomalous ^1 and width values; this assumes that the width
is still negligible relative to the experimental resolution, which is more than 1000 times worse than the
SM intrinsic width of the Higgs boson. The +�,� ! 22̄ signal strength is parameterised as `

22

+�
=

(^2/^1)2
`
11

+�
. The results are shown in Figure 18(b) reporting the profile likelihood scan as a function of

|^2/^1 |. The observed (expected) upper limit on |^2/^1 | is 3.6 (3.5) at 95% CL. Both upper limits are
smaller than the ratio of the 1- and 2-quark masses, 4.578 [150], evaluated at a renormalisation scale equal
to 125 GeV, confirming that the coupling of the Higgs boson to charm-quarks is weaker than the coupling
of the Higgs boson to bottom-quarks.

12 Conclusion

The study of the Higgs boson decay into a 11̄ or 22̄ pair, when produced in association with a , or /
boson, is presented using data collected by the ATLAS experiment in proton–proton collisions from Run 2
of the LHC. The data correspond to an integrated luminosity of 140 fb�1 collected at a centre-of-mass
energy of

p
B =13 TeV.

The measurements of the diboson processes ,/ and // with / ! 11̄ and / ! 22̄ decays are used as a
validation of the analysis methodology. All four processes are observed with significances larger than 3
standard deviations. The ,/ , / ! 11̄ process is measured with a significance of 6.4 standard deviations,
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Figure 17: The observed (solid) and expected (dashed) values of the negative profile log-likelihood ratio as a function
of ^2, is obtained in a fit with ^1 fixed to unity. The signal strength `

11

+�
is not parameterised but taken as a single

parameter of interest in the fit.

11 Interpretation in the +-framework

The best-fit values of the +� signal strength are interpreted in the context of the ^-framework [17, 40]
by reparameterising the `

11

+�
and `

22

+�
in the likelihood function in terms of the Higgs-bottom and

Higgs-charm multiplicative coupling modifiers, ^1 and ^2, assuming that they affect only the Higgs boson
decays.12 Including effects in both the partial and full width, considering only SM decays and setting all
other couplings to their SM predictions, the parameterisation is:

`
11

+�
=

^
2
1

1 + ⌫
SM
�11

(^2
1
� 1) + ⌫

SM
�22

(^2
2
� 1)

, (1)

`
22

+�
=

^
2
2

1 + ⌫
SM
�11

(^2
1
� 1) + ⌫

SM
�22

(^2
2
� 1)

, (2)

where ⌫
SM
�11

and ⌫
SM
�22

are the � ! 11̄ and � ! 22̄ branching fraction predictions in the SM.

First, the direct ^2 constraint from the +�, � ! 22̄ process is extracted by setting ^1 = 1 in Eq. 2 and
not parameterising `

11

+�
. Constraints on ^2 are set using the profile-likelihood ratio test statistic and are

shown in Figure 17. The result from the full fit achieves an observed (expected) constraint of |^2 | < 4.2
(|^2 | < 4.1) at 95% CL. An equivalent approach for ^1 yields an observed (expected) 95% CL interval of
0.65 < |^1 | < 1.37 (0.72 < |^1 | < 1.62).

Second, a simultaneous determination of ^1 and ^2 is performed using Eqs. 1 and 2. The contours at 68%
CL and 95% CL extracted from a likelihood scan are reported in Figure 18(a). For most values of ^1, a
value of ^2 is allowed at 95% CL that compensates for the effect of ^1 via the width of the Higgs boson

12 The effect of anomalous ^ values on the 66/� production process is found to be negligible within the the range of parameters
probed by this analysis.
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Non-universal κλ effects in h+jet production
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Only exact calculation of linear κλ terms allows to describe pT,h spectrum above mt

Padé [4/2]
exact

100 200 300 400 500
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Figure 3. The non-universal O(c̄6) corrections to the pT,h spectrum in pp ! jh production, as

defined in (3.1), are illustrated. The blue solid line represents our prediction for C1, which is based

on the exact computation of the relevant squared matrix elements using (2.2). For comparison, the

best prediction for the correction C1 based on a HTE and a Padé approximation, as taken from [17],

is also shown as a red dashed line.

C1 = 0.684 ·10�2. This value updates the previous numerical results reported in [8, 13, 17].
Additionally, we observe that the non-universal correction C1 decreases with pT,h and tends
to zero as pT,h ! 1. In this limit, only the Higgs WFR contributes to the pT,h spectrum
in pp ! hj production. A similar decoupling behavior was observed in the context of
the non-universal O(c̄6) corrections to pp ! V h production in [9]. For comparison, we
also include in Figure 3 results from [17], which employs a HTE with a Padé approxima-
tion to extend the convergence range of the HTE. The plot clearly shows that while the
Padé approximation accurately represents C1 at low pT,h, it begins to deviate near the top-
quark threshold and overestimates the magnitude of the non-universal O(c̄6) corrections
at high pT,h. This finding strongly suggests that, in general, an accurate description of
the C1 contributions to the pp ! hj distributions in the momentum transfer regime above
the top-quark threshold requires a calculation that fully accounts for the dependence of the
squared matrix elements on the Higgs and top-quark masses throughout the entire 2 ! 2

phase space.

4 Conclusion

In this article, we have computed the non-universal O(c̄6) corrections to the two-loop am-
plitudes for gg ! hg, qg ! hq, and qq̄ ! hg. These contributions are essential for studying
the precise impact of a modified cubic Higgs self-coupling on the differential Higgs plus jet
production cross section. Unlike earlier calculations [13, 17], which are reliable only below
the top-quark threshold, our computation is expected to deliver accurate numerical results
across the entire 2 ! 2 phase space. Our calculation employs the methodology described

– 7 –

[UH & Niggetiedt, 2408.13186]
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[Padé approximation obtained in Gao, Shen, Wang, Yang & Zhou, 2302.04160]



LHC constraints on light-quark Yukawas
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18

Table 3: Observed and expected constraints on the ku, kd, ks , and kc couplings are shown using
the H ! 4` channel. In one scenario, all couplings except the one being shown are fixed at
their SM values. In the other scenario, the Yukawa couplings for the three other light quarks
are left unconstrained, and BSM contributions are allowed. The 68% CL (central value with
error bars) and 95% CL (bracketed range or upper limit) exclusion regions are displayed.

Parameter Scenario Observed Expected

ku float all (0.0 ± 1.5)⇥ 103 [�2.4, 2.4]⇥ 103 (0.0 ± 1.8)⇥ 103 [�2.6, 2.6]⇥ 103

ku fix others (0.0 ± 1.4)⇥ 103 [�2.3, 2.3]⇥ 103 (0.0 ± 1.6)⇥ 103 [�2.5, 2.5]⇥ 103

kd float all (0.0 ± 7.1)⇥ 102 [�1.0, 1.0]⇥ 103 (0.0 ± 7.4)⇥ 102 [�1.0, 1.0]⇥ 103

kd fix others (1.5+5.0
�8.0)⇥ 102 [�9.7, 9.7]⇥ 102 (0.0 ± 6.5)⇥ 102 [�9.7, 9.7]⇥ 102

ks float all 0+33
�34 [�46, 44] 1+32

�31 [�44, 42]
ks fix others 11+19

�42 [�44, 42] 1+26
�30 [�41, 40]

kc float all 0.0+2.7
�3.0 [�4.0, 3.4] 1.0+1.4

�3.8 [�3.8, 3.2]
kc fix others 1.4+1.2

�4.4 [�4.0, 3.5] 1.0+1.3
�3.8 [�3.8, 3.2]

GBSM
H (MeV) float all 0.0+0.9

�0.0 < 1.6 0.0+0.7
�0.0 < 1.4

Table 4: Observed and expected constraints on the k̄u, k̄d, k̄s , and k̄c defined as k̄q = kqmq/mb,
following the same conventions as outlined in Table 3.

Parameter Scenario Observed Expected

k̄u float all 0.00 ± 0.66 [�1.06, 1.05] 0.00+0.78
�0.79 [�1.13, 1.13]

k̄u fix others 0.00+0.63
�0.64 [�1.00, 1.00] 0.00 ± 0.70 [�1.06, 1.06]

k̄d float all 0.00 ± 0.67 [�0.97, 0.97] 0.00 ± 0.70 [�0.98, 0.97]
k̄d fix others 0.14+0.46

�0.77 [�0.92, 0.92] 0.00+0.61
�0.62 [�0.91, 0.91]

k̄s float all 0.00+0.63
�0.65 [�0.89, 0.85] 0.02+0.57

�0.64 [�0.85, 0.81]
k̄s fix others 0.21+0.36

�0.81 [�0.84, 0.80] 0.02+0.5
�0.57 [�0.79, 0.76]

k̄c float all �0.01+0.58
�0.66 [�0.88, 0.76] 0.22+0.30

�0.84 [�0.83, 0.72]
k̄c fix others 0.30+0.27

�0.97 [�0.88, 0.76] 0.22+0.30
�0.84 [�0.83, 0.72]

set, while the Yukawa couplings of all other quarks remain unconstrained, with k2
ZZ  1 and

GBSM
H � 0. Figure 9 illustrates the constraints on each kq, and Table 3 presents the 68% and 95%

CL exclusion regions for kq in both scenarios. The results are quite similar in both scenarios,
as previously discussed, but the results from the simultaneous fitting of all light quark Yukawa
couplings are more inclusive.

The results of the fit, represented by the k̄q parameters, provide a means to compare the hierar-
chy of Yukawa couplings of light quarks relative to the b quark. These results are presented in
Table 4. They are based on the assumption that both third-generation quarks, b and t, couple
to the H boson with strengths consistent with the SM. Under this assumption, the hypothesis
that up-type and down-type quarks in the first or second generation have the same couplings
as those in the third generation is excluded with a CL greater than 95%. It is not surprising that
the limits on k̄q for the four light quarks are of a similar magnitude to the SM value for the b
quark, as it is the Yukawa couplings that make a significant contribution to the H boson decay

[CMS-PAS-HIG-23-011]

First indirect bounds on κq modifiers obtained from production rate of h→4l 
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for HL-LHC

� 571 < d < 575, (68% CL), �853 < d < 856, (95% CL), (51)

and
� 1192 < u < 1170, (68% CL), �1771 < u < 1750, (95% CL). (52)

Note that these bounds are not directly comparable to the standard  formalism bounds
since we relate with  the Yukawa couplings ghqq and the new coupling ghhqq. For the
second generation quarks we were not able to obtain similar bounds due to the reduction of
µ/µSM with increasing s and c away from the SM, which stems from the decrease of the
branching ratio B(hh ! bb��) as new decay channels open, while the cross section is not as
much enhanced as for up and down quarks due to the charm and strange quark being less
abundant in the proton. This leads to signal strength modifiers µ/µSM < 1 (cf. fig. 10). We
will analyse the second generation Yukawa couplings instead for the final state hh ! cc��,
in which we observe significant enhancement of the relative signal strength modifier µ/µSM

(cf. fig. 10). Before turning to a di↵erent final state though, we will reanalyse the bb�� final
state under the point of view of a non-linear e↵ective field theory, hence leaving the couplings
ghqq and ghhqq independent.
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Figure 13: The expected sensitivity likelihood contours at 68% and 95% CL of the HL-LHC
for the first generation Yukawa coupling scalings.
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qq→hh process gives access to light-quark Yukawas. Dominant effect arises 
from possible Higgs non-linearities, which induce a 4-point interaction
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Light-quark Yukawas from pp→4l 

50

Figure 10: Comparison of projected constraints on C̃d� (blue) and C̃u� (pink) at 95% confi-
dence level for the HL-LHC with 6 ab�1 luminosity, as estimated by this paper and previous
analyses [5, 21, 24]. The constraints are interpreted in terms of the NP scale ⇤ that can be
probed via the measurement of the Wilson coe�cients. The corresponding bounds on q are
included in parentheses.

Finally, we would like to emphasise that the o↵-shell Higgs measurement so far seems to
provide the most sensitive probe of both the up- and the down-quark Yukawa couplings. In
fig. 10 we compare our results with the ones obtained from alternative probes of the light-
quark Yukawa couplings, cf. the summary plot of ref. [24]. Even the constraints obtained
in the conservative scenario assuming �bi = 0.3 are still competitive with those found in
ref. [21].

6 Conclusion

Because of their smallness in the SM, the light-quark Yukawa couplings are notoriously
di�cult to probe. In this paper we have studied the potential of o↵-shell Higgs production
for a measurement of the first-generation quark Yukawa couplings. We decouple via an EFT
language the quark masses from the couplings. This approach is particularly useful when
dealing with scenarios involving large Yukawa couplings and massless quarks. The small
e↵ective couplings resulting from the decoupling process validate the use of perturbation
theory and the application of a dimension-6 EFT analysis.

Large enhancements of the up and down Yukawas lead to an increase of the Higgs total
width, which reduces the Higgs branching ratios in its standard decay channels. On the other
hand, large enhancements open up a new Higgs production channel, where the Higgs boson is
directly produced via annihilation of the partons. The interplay of these e↵ects prevents that
the o↵-shell measurement can be interpreted in terms of a measurement of the Higgs width
in the context of such scenarios. Instead, the o↵-shell signal strength is modified, and using

15

Using DS, pp→4l found to be promising channel to extract information on κq’s
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Figure 5: Collider searches for the 2HDM model with couplings to charm in panel (a) and

up in quarks panel (b), overlaid with the appropriate flavor bounds derived in section 3.

The couplings of the second doublet to the down-type quarks are set to zero i.e. ⇠ = 0 and

the alignment parameter is set to cos(� � ↵) = 0.1. The vertical axis on the right-hand

side of each panel shows the coupling modifier of the charm and up quarks respectively.

The combined flavor bounds are presented in purple. We present the bounds of resonant

production of the heavy Higgs H, decaying to di↵erent channels. The bounds from decays

to a pair of Z bosons [77] are in red and to a pair of 125 GeV Higgs [78–80] are in blue. In

orange, we present the bounds from resonant production of the CP odd A decaying to a

Z boson and a 125 GeV Higgs boson [82]. Panels (c) and (d) are the same as (a) and (b)

with cos (� � ↵) = 0.05.

Therefore it is important to correlate with the precision measurements of the SM Higgs

couplings to understand how complementary these measurements are.

A common approach for single-Higgs precision at the LHC is based on exclusive final

states that are correlated with a production mechanism for the Higgs and reported as signal

– 15 –

2

100

In 2HDM with non-alignment & down-type spontaneous flavor violation, 
LHC constraints from heavy Higgs searches stronger than flavor physics 

[Giannakopoulou, Meade & Valli, 2410.05236]
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Figure 6: We present the constraints for the new Yukawa couplings of our 2HDM model

derived using single-Higgs properties as measured at the LHC at 95 % C.L. The combined

constraints from resonant decays of the Higgs from figure 5 are shown in black and overlaid

with the flavor bounds from section 3. Panel (a): Constraints of the new charm Yukawa

coupling. The solid blue line shows the bounds from the Higgs signal modifier for the

µ
�� channel [22] assuming that the central value is the SM i.e. µ

�� = 1. The dotted

red lines correspond to the constraint obtained by c-tagging searches [30]. The dashed

orange line corresponds to constraints using both shape and normalization of c derived

from pt measurements [27]. When compared to the blue normalization line, this shows

that normalization dominates the results. The maroon dotted dashed line corresponds to

constraints from h+ � production [29]. Panel (b): Constraints on the modified up Yukawa

coupling. The combined constraints from resonant decays of the Higgs eigenstates from

figure 5 are shown in black. The solid blue line corresponds to the bounds derived from the

Higgs signal modifier for the µ
�� channel [22]. The maroon dotted dashed line corresponds

to constraints from h� production [29]. Panels (c) and (d) are the same as (a) and (b)

respectively but for cos (� � ↵) = 0.05.

as an upper limit on the branching fraction by CMS. All the normalization bounds can

– 17 –

Direct resonant searches provide model-dependent bounds of |κc| < O(2) & 
|κu| < O(100), typically better what can be achieved by other means @ LHC

2

100

[Giannakopoulou, Meade & Valli, 2410.05236]
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Figure 6: Observed two-dimensional likelihood scans of (kV, k2V) comparing the full combina-
tion of single-H and HH (red) to the combinations of only single-H (blue) or only HH (yellow)
channels. The single-H combination has no sensitivity on the k2V parameter.
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Figure 7: Observed likelihood scans of kl assuming kV, k2V, kt , kb, kt , and kµ as unconstrained
nuisance parameters. The legend includes the best-fit value and the 1s uncertainty.

Collaboration [27].

Table 3: Expected and observed constraints on kl at 2s and best fit values from the combination
of the single-H and HH channels under different assumptions on the Higgs boson couplings
to fermions and vector bosons. The floating coupling parameters are either treated as POIs or
as unconstrained nuisance parameters in the fit. The parameters that are not listed as floating
are always assumed fixed to the SM prediction.

Best fit kl value ±1s 2s interval
Hypothesis Expected Observed Expected Observed
Other couplings fixed to the SM prediction 1.0+4.6

�1.7 3.1+3.0
�3.0 [�2.0, 7.7] [�1.2, 7.5]

Floating (kV, k2V, k f ) 1.0+4.7
�1.8 4.5+1.8

�4.7 [�2.2, 7.8] [�1.7, 7.7]
Floating (kV, kt , kb, kt ) 1.0+4.8

�1.8 4.7+1.7
�4.1 [�2.3, 7.7] [�1.4, 7.8]

Floating (kV, k2V, kt , kb, kt , kµ ) 1.0+4.8
�1.8 4.7+1.7

�4.2 [�2.3, 7.8] [�1.4, 7.8]

7 Summary
A combination of Higgs boson (H) measurements and searches for Higgs boson pair produc-
tion (HH) to constrain the Higgs boson trilinear self-coupling has been presented. Proton-
proton collision data at

p
s = 13 TeV, collected by the CMS experiment between 2016 and
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Figure 4: Left: Normalised DS distributions in the SM for the Higgs signal (solid green),
all gg-initiated channels combined (dashed black) and the qq̄-initiated background (solid
orange). Right: Normalised DS distributions for the gg-initiated contributions in the
SM (dashed black) and for c̄6 = 10 (solid red), c̄6 = 20 (solid blue) and c̄6 = 30 (solid
green). See the main text for further explanations.

with only a ME-based discriminant, which we define as follows [45, 46, 48, 50]

DS = log10

 
Ph

Pgg + c · Pqq̄

!
. (4.1)

Here Ph denotes the squared ME for the gg ! h
⇤
! ZZ ! 4` process, Pgg is the squared

ME for all gg-initiated channels (including the Higgs channel, the continuum background
and their interference) and Pqq̄ is the squared ME for the qq̄ ! ZZ ! 4` process. Following
the publications [45, 46, 48, 50] the constant c is set to 0.1 to balance the qq̄- and gg-initiated
contributions. We add that in the SM more than 99% of the pp ! ZZ ! 4` cross section
fall into the range of �4.5 < DS < 0.5 [45]. The kinematic discriminant (4.1) thus presents
a null test for BSM models that lead to events with DS < �4.5 or DS > 0.5.

To illustrate the discriminating power of the variable DS we show in the left panel
of Figure 4 the normalised SM distributions at LO in QCD for the three contributions
corresponding to the MEs that enter (4.1). The discriminant DS , which is calculated for
every event in the simulation, is implemented in MCFM which uses the gg-initiated MEs
provided in [59]. One observes that the distribution corresponding to qq̄ ! ZZ ! 4` peaks
at DS ' �3, while the gg ! h

⇤
! ZZ ! 4` spectrum is shifted to higher DS featuring a

maximum at around DS ' �0.5. An enhancement of the gg ! h
⇤
! ZZ ! 4` amplitude

in the off-shell region will hence lead to a DS distribution of the full pp ! ZZ ! 4` process
that is shifted to the right compared to the SM spectrum. For BSM scenarios that predict
an enhancement in the tail of the m4` distribution, one thus expects to find an excess of
events for DS & �1. As discussed in Appendix A, this is precisely what happens if the
Higgs boson couplings and its total decay width are modified according to (A.1).
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Figure 4: Left: Normalised DS distributions in the SM for the Higgs signal (solid green),
all gg-initiated channels combined (dashed black) and the qq̄-initiated background (solid
orange). Right: Normalised DS distributions for the gg-initiated contributions in the
SM (dashed black) and for c̄6 = 10 (solid red), c̄6 = 20 (solid blue) and c̄6 = 30 (solid
green). See the main text for further explanations.

with only a ME-based discriminant, which we define as follows [45, 46, 48, 50]

DS = log10

 
Ph

Pgg + c · Pqq̄

!
. (4.1)

Here Ph denotes the squared ME for the gg ! h
⇤
! ZZ ! 4` process, Pgg is the squared

ME for all gg-initiated channels (including the Higgs channel, the continuum background
and their interference) and Pqq̄ is the squared ME for the qq̄ ! ZZ ! 4` process. Following
the publications [45, 46, 48, 50] the constant c is set to 0.1 to balance the qq̄- and gg-initiated
contributions. We add that in the SM more than 99% of the pp ! ZZ ! 4` cross section
fall into the range of �4.5 < DS < 0.5 [45]. The kinematic discriminant (4.1) thus presents
a null test for BSM models that lead to events with DS < �4.5 or DS > 0.5.

To illustrate the discriminating power of the variable DS we show in the left panel
of Figure 4 the normalised SM distributions at LO in QCD for the three contributions
corresponding to the MEs that enter (4.1). The discriminant DS , which is calculated for
every event in the simulation, is implemented in MCFM which uses the gg-initiated MEs
provided in [59]. One observes that the distribution corresponding to qq̄ ! ZZ ! 4` peaks
at DS ' �3, while the gg ! h

⇤
! ZZ ! 4` spectrum is shifted to higher DS featuring a

maximum at around DS ' �0.5. An enhancement of the gg ! h
⇤
! ZZ ! 4` amplitude

in the off-shell region will hence lead to a DS distribution of the full pp ! ZZ ! 4` process
that is shifted to the right compared to the SM spectrum. For BSM scenarios that predict
an enhancement in the tail of the m4` distribution, one thus expects to find an excess of
events for DS & �1. As discussed in Appendix A, this is precisely what happens if the
Higgs boson couplings and its total decay width are modified according to (A.1).
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[DS introduced in Campbell, Ellis & Williams, 1311.3589, 1312.1628]
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Figure 8: Left: m4` distributions for the gg-initiated contributions in the SM (dashed
black), for �h = 1.5 · �SM

h
(solid red) and for �h = 3 · �SM

h
(solid blue). Right: DS distri-

butions for the pp ! ZZ ! 4` process in the SM (dashed black), for �h = 1.5 · �SM

h
(solid

red) and for �h = 3 · �SM

h
(solid blue). All distributions are obtained using (A.1), are

LO QCD accurate and assume pp collisions at
p
s = 14TeV. The lower panels show the

ratios between the BSM and SM predictions.

plot in Figure 8 one furthermore observes that compared to the SM the BSM distribu-
tions of the ME-based discriminant are enhanced for DS & �1. Since they do not feature
the enhancements for DS . �3.5, the shown DS spectra are hence distinct from the dis-
tributions that are displayed on the right in Figure 5, which correspond to the spectra
resulting from insertions of the SMEFT operator O6. Notice that in contrast to the O(�)

corrections, the effects of (A.1) lead solely to enhancements in the tail of the m4` distribu-
tion. In this case extra care is required in estimating the systematic uncertainties, because
the NLO QCD corrections to the gg-induced channel included approximately by means
of (4.2) implicitly assume an asymptotic expansion in the top-quark mass (cf. [67, 68])
of the relevant two-loop gg ! ZZ amplitudes. This expansion fails above the top-quark
threshold, i.e. for four-lepton invariant masses m4` > 2mt, which introduces compared to
the case discussed in Section 4.2 an additional systematic uncertainty. To account for this
issue, we instead of ±15% assume an enlarged total theoretical uncertainty of ±25%. Em-
ploying this uncertainty estimate and performing a shape-fit to the DS spectrum following
the procedure outlined in Section 4.3, we obtain for 3 ab�1 of HL-LHC data the 95% CL
bound �h < 1.49 · �SM

h
. This finding is in line with the limits reported in [46, 47] which

validates the used fitting approach.

– 22 –
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Derivative Higgs portal: DM-N scattering

Due to momentum suppression, DD limits easily 
avoided for new-physics scales f of O(1 TeV)
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[see for example Balkin, Ruhdorfer, Salvioni & Weiler, 1809.09106]
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Global picture of derivative Higgs portal

[Argyropoulos, Brandt & UH, 2109.13597]
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Figure 3. Constraints for the marginal (derivative) Higgs portal model in the upper (lower) panel.
The solid black contours correspond to (3) while the interpretations of the HL-LHC 95% CL limit
BR(h ! inv) < 2.5 · 10�2 [75] are indicated by dashed black lines. The purple region in the upper panel
is disfavoured by the 90% CL bound on the SI DM-nucleon cross section sSI set by XENON1T [80].
The vertical orange shaded bands display the range of DM masses that is excluded at 95% CL by
Fermi-LAT and DES [84]. The red curves correspond to the value WDMh2 = 0.12 [82]. In the parameter
space below (above) the red curve the Universe is overclosed in the case of the marginal (derivative)
Higgs portal model. The green regions indicate the 95% CL exclusion limit obtained in [25] from a
study of off-shell Higgs production in the VBF + Emiss

T channel, while the blue regions represent the
corresponding exclusion limits derived in [68] from a study of tX + Emiss

T final states. For further details
see the main text.

The latter two types of collider limits assume an integrated luminosity of 3 ab�1 collected at
the HL-LHC.

From the upper panel in Figure 3 it is evident that the constraints on the Wilson coef-
ficient cm of the marginal Higgs portal from searches for Higgs to invisible decays at the
LHC are more stringent than the DD bounds for DM masses mf . 5 GeV, while in the range

VBF+ET
miss

h→invisible
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Figure 3. Constraints for the marginal (derivative) Higgs portal model in the upper (lower) panel.
The solid black contours correspond to (3) while the interpretations of the HL-LHC 95% CL limit
BR(h ! inv) < 2.5 · 10�2 [75] are indicated by dashed black lines. The purple region in the upper panel
is disfavoured by the 90% CL bound on the SI DM-nucleon cross section sSI set by XENON1T [80].
The vertical orange shaded bands display the range of DM masses that is excluded at 95% CL by
Fermi-LAT and DES [84]. The red curves correspond to the value WDMh2 = 0.12 [82]. In the parameter
space below (above) the red curve the Universe is overclosed in the case of the marginal (derivative)
Higgs portal model. The green regions indicate the 95% CL exclusion limit obtained in [25] from a
study of off-shell Higgs production in the VBF + Emiss

T channel, while the blue regions represent the
corresponding exclusion limits derived in [68] from a study of tX + Emiss

T final states. For further details
see the main text.

The latter two types of collider limits assume an integrated luminosity of 3 ab�1 collected at
the HL-LHC.

From the upper panel in Figure 3 it is evident that the constraints on the Wilson coef-
ficient cm of the marginal Higgs portal from searches for Higgs to invisible decays at the
LHC are more stringent than the DD bounds for DM masses mf . 5 GeV, while in the range

spin-independent 
DD

VBF+ET
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Future probes of neutrino floor
[Dark Matter Limit Plotter]
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Future probes of neutrino floor
[Dark Matter Limit Plotter; de Blas et al., 1905.03764]


