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                                                                                          Higgs couplings

3rd generation fermion and 
gauge boson couplings to Higgs 

boson fairly good measured

2nd generation fermion 
couplings first results available

Higgs self-couplings?

First generation Yukawa 
couplings?
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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
[de Blas, Cepeda, d’Hondt et al ’19]

global fit, not completely model-independent

κ = yq /ySM
q

03
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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]

• Charm tagging (strange tagging at lepton colliders)
[Perez, Soreq, Stamou, Tobioka ’15;  
Brivio, Goertz, Isidori ’15;  
ATLAS 1802.04329, CMS 1912.01662;  
Duarte-Campderros, Perez, Schlaffer, Soffer '18]

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

03

• various other proposals [Yu ’17, Aguilar-Saavedra, Cano, No ’18, Falkowski et al. ’20, Vignaroli ‘22]
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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]

• Charm tagging (strange tagging at lepton colliders)
[Perez, Soreq, Stamou, Tobioka ’15;  
Brivio, Goertz, Isidori ’15;  
ATLAS 1802.04329, CMS 1912.01662;  
Duarte-Campderros, Perez, Schlaffer, Soffer '18]

In this talk: explore the potential of Higgs pair production and off-shell Higgs production for 
constraining first generation quarks

κ = yq /ySM
q [de Blas, Cepeda, d’Hondt et al ’19]
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                                                                                          SMEFT
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At dim-6 level the Higgs couplings to fermions are modified by the operator
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                                                                                          SMEFT
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                                                                                          Large light quark  YUkawas

q̄L

dR /uR
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heavy scalar
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vectorlike quarks
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q̄L

dR /uR
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ϕ†
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vectorlike quark+ heavy scalar

concrete models: 
2HDM with spontaneous flavour violation

vector-like quarks + flavour symmetries

[Egana-Ugrinovic, 
Homiller, Meade ’18, ’19]

[Bar-Shalom, Soni ’18]
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Higgs pair production
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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
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contribution most important for 1st generation (given the coupling limits)
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                                                                                          Higgs pair production

2 4 6 8 10 12 14
∑f

0

50

100

150

200

250

300

æ
N

L
O

ggF (NNLO)

.

∑c

∑s/5

∑u/100

∑d/100

pp ! hh (qq̄A)
p

s = 14 TeV

2 4 6 8 10 12 14 16 18 20
∑f

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

B(
h
h

!
X

)·
10

°
3

.

∑c

∑s/5

∑u/100

∑d/100

hh ! bb̄∞∞

[Alasfar, Corral Lopez, RG ’19]

[Alasfar, Corral Lopez, RG ’19]

increase of cross section,  
(also modified distributions)

decrease of BR for typical di-
Higgs final state

Cut and count analysis:  , κu < 1251 κd < 610
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                                                                                          Higgs pair production results
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Figure 6. Constraints on pairs of Wilson coe�cients for �, u and d, The panels on the
left are for HL-LHC with 6 ab�1 of luminosity and the ones on the right are for FCC-hh with
30 ab�1 of luminosity. The one-dimensional distributions are derived from the two-dimensional
distributions by marginalization using uniformly distributed priors for the independent variables
with ranges su�ciently large to accommodate much more than 5� variation of the variables from
their central values. – 16 –

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

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

here we can see that the 
sensitivity on the trilinear Higgs 

self-coupling is diluted in two-
parameter fit

09

κλ = [0.53,1.73]
1 parameter fit

using BDTs to learn the shapes 
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                                                                                          Results
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This analysis

u 2.89 (570)

u 1.91 (1315)

u 2.98 (537)

u 1.64 (1767)

u 1.79 (1484)

u 1.95 (1251)

u 2.06 (1131)
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d 2.54 (346)

d 1.62 (849)
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d 2.28 (428)

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

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

(blue), and Cd� (green). The bounds are interpreted in terms of the NP scale ⇤ that can be reached
through the measurements of the Wilson coe�cient at the HL-LHC at 6 ab�1, the corresponding
q’s are shown inside the parentheses. The 95% CL bounds from single parameter fits are used from
this analysis for comparison with previous studies.

an interpretable machine learning framework that significantly outperforms traditional cut-

based analyses.

As opposed to using black-box models, the interpretable framework allows us to gain

physics insights into how signal and background separation can be brought into e↵ect,

pointing to kinematic variables like HT and m�� as being important variables that instru-

ment this separation. As a result, we find enhanced sensitivities to C� or � that quantify

the modification to the Higgs trilinear coupling. Furthermore, we see that the measurement

of the light-quark Yukawa couplings is aided by using the methods we advocate bringing

about greater sensitivities than would be possible with a cut-based analysis at the HL-LHC

and the FCC-hh. The advantage of using an interpretable framework using Shapley values

is that it provides added confidence to the robustness of the multivariate analyses that we

perform using simulated data.

The salient results of this work are:

• The modification of the Higgs trilinear coupling can be measured at O(1) precision

at the HL-LHC and at O(1%) precision at the FCC-hh.

• The rescaling of the light-quark Yukawa couplings, u and d, can be measured to

O(100) at the HL-LHC and O(10) at FCC-hh.

• The measurement of � is significantly diluted once the light-quark Yukawa couplings

are allowed to vary. Hence, in a joint fit, the bounds on � are weaker.

– 24 –

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

huge improvement over cut-and count analysis
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Off-shell Higgs production
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                                                                                          Off-shell Higgs production
Considered as probe of Higgs width

μon

μoff
∝

κ2
ggh(mh)κ2

hZZ(mh)
Γh /ΓSM

h

1
κ2

ggh(m4ℓ)κ2
hZZ(m4ℓ)

[Kauer, Passarino ’12, Carla, Melnikov ’13, 
Campbell, Ellis, Williams ’13 ]

works for 
κggh(mh) = κggh(m4ℓ) κhZZ(mh) = κhZZ(m4ℓ)

[Englert, (Soreq), Spannowsky ’14 ]

g

g

Z

Z

t

g

g

Z

Z

H

For enhanced light quark Yukawa couplings it does not work:

CMS:                  MeV3.22.4
−1.7 4.62.6

−2.6ATLAS:                  MeV
[CMS in Nature 18 (2022) 1392] [ATLAS-CONF-2022-068]

12

new production channel to be added, spoils the “model-independence” of width 
measurement
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                                                                                          Off-shell Higgs production
Considered as probe of Higgs width
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t
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Z

Z

H

For enhanced light quark Yukawa couplings it does not work:

CMS:                  MeV3.22.4
−1.7 4.62.6

−2.6ATLAS:                  MeV
[CMS in Nature 18 (2022) 1392] [ATLAS-CONF-2022-068]

use instead kinematic properties of off-shell production
[works nicely also for other BSM scenarios see 

Haisch, Koole ’21 ’22, Haisch, Ruhrdorfer, 
Schmid, Weiler ’23]

12

[Kauer, Passarino ’12, Carla, Melnikov ’13, 
Campbell, Ellis, Williams ’13 ]
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                                                                                          Kinematic discriminants

Dd
s = log10
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mainly from the bins for large D
d

s
as confirmed by fig. 7. Between the dd and uu induced

signals the variable cannot distinguish instead well. We note though that this could be
done in a global fit using for instance also limits from h� where the up-and down Yukawa
contributions are distinguished due to the di↵erent charges of up and down type quarks [18].
We have also investigated the use of a Ds as defined in the analysis [61]1 and find that while
it leads to slightly worse limits on the light quark Yukawa couplings as our definition of Ds,
it still shows very good discriminating power. The experimental analysis might hence be
sensitive to similar order of magnitude modifications of light quark Yukawa coupling than
what we find in our analysis without implementing a dedicated analysis.

In order to set limits on the light quark Yukawa couplings we perform a shape analysis
on the D

d

s
distributions. While we could in principle also include the mZZ distribution in

the analysis we found no di↵erence doing so. The significance in the ith bin is computed as
a Poisson ratio of likelihoods that incorporates uncertainties on the background using the
Asimov approximation [62]

Zi =

s

2


(si + bi) ln

(si + bi)(bi + �
2

bi
)

b
2

i
+ (si + bi)�2

bi

�
b
2

i

�
2

bi

ln

✓
1 +

si�
2

bi

bi(bi + �
2

bi
)

◆�
, (24)

where si and bi are respectively the signal and background events in the ith bin. �bi =
�bibi denotes the standard deviation that characterises the uncertainties of the associated
background in the bin. We assume a flat uncertainty and show in fig. 8 the dependence of
the sensitivity limit on d and u (C̃d� and C̃u�) in dependence of �bi . Our choice of the
range of the plot is based on the gg ! h

⇤
! ZZ signal strength total expected experimental

systematic uncertainties in the baseline scenarios S1 and S2 amounting to 5.0% and 3.9%,
respectively, given by the ATLAS Collaboration [63]. The corresponding uncertainties of the
CMS Collaboration are are 7.3% and 4.1% [64]. Instead the upper limit of 0.3 corresponds
to the conservative approach advocated in Ref. [65].

We find that at the HL-LHC we can restrict |C̃d�|/(1 TeV)2 < 0.069/TeV2 (d < 156)
and |C̃u�|/(1 TeV)2 < 0.054/TeV2 (u < 260) assuming the optimistic scenario of �bi = 4%.
In fig. 9 we show the dependence on the sensitivity limit on d and u on an upper cut on the
invariant ZZ mass, hence imposing mZZ < m

cut

ZZ
, in order to check the validity of our EFT

approach. Providing limits in terms of an upper cut on the energy probed, i.e. clipping was
recommended in Ref. [66]. We emphasise, given that the SM first generation quark Yukawa
coupling can be neglected the sensitivity in our analysis of the coe�cients C̃u� or C̃d� (or d

and u) stem purely from the dimension six squared terms. Nevertheless in regard of fig. 9
the EFT approach seems perfectly valid.

Finally, we would like to emphasise that the o↵-shell Higgs measurement so far seems to
provide the most sensitive probe to the light quark Yukawa couplings, both for the up and
the down quark Yukawa coupling compare our results with the ones obtained in alternative
probes of the light quark Yukawa couplings, cf. the summary plot of ref. [22]. I think it
would be nice to have our own summary plot.

1While we find the same quantitative and qualitative behaviour of the thus defined Ds we find a shift on
the x axis that should stem from a di↵erent normalisation.

12

Poisson ratio of likelihoods

[Balzani, RG, Vitti, ’23]

σbi
= Δbi

bi

13
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Poisson ratio of likelihoods

[Balzani, RG, Vitti, ’23]
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Figure 8: Dependence on the sensitivity bounds on d (C̃d�) in the left panel and u (C̃u�)
in the right panel on the assumption made on the size of �bi .
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Figure 9: The sensitivity limit on d (blue line) and u (pink dashed line) as function of an
upper cut mZZ < m

cut

ZZ
using �bi = 0.04.

6 Conclusion

We have studied the potential of o↵-shell Higgs production for a measurement of the first
generation quark Yukawa couplings. Due to their smallness the light quark Yukawa couplings
are notoriously di�cult to probe.

Large enhancements of the light quark Yukawa couplings lead to an increase of the Higgs
total width which reduces the Higgs branching ratios in its standard decay channels. On the

13

Best probe of first 
generation quark 

Yukawa couplings!

14
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[Balzani, RG, Vitti, ’23]

EFT validity

15
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                                                                                          Conclusion

16

Higgs pair production: ML helps to improve on the sensitivity, possible to 
measure both trilinear and light quark Yukawa couplings at the HL-
LHC

Off-shell Higgs: Kinematic discriminants extremely helpful to 
distinguish signal from background

Thanks for your attention!

[Balzani, RG, Vitti, ’23]
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                                                                                          Machine learning
Can extract both light quark Yukawas and trilinear Higgs self-coupling from di-Higgs?

pb1
T , pb2

T , pγ1
T , pγγ

T

ηbj1
, ηbj2

, ηγ1
, ηγγ

nbjet, njet, ΔRbγ
min, Δϕbb

min

mγγ, mbb, mb1,h, mbb̄h, HT

We use Boosted Decision Trees 
and a comprehensive set of 

kinematic variables instead of 
four-momenta

we are interested in 
interpretability of our result

To learn the shapes of the various contributions 
we divide into several categories:

QQ̄h = bb̄h(h → γγ), tt̄h(h → γγ)
bb̄γγ

background

background

dd̄hh, uūhh signal for enhanced light quark couplings
hhggF

tri , hhggF
int

hhggF
box

signal for trilinear Higgs self-coupling

background
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Figure 5. Bounds on � (or C�) at the HL-LHC (left panel) and the FCC-hh (right panel).
The solid blue lines are the constraints coming from the hh

ggF
int contribution which scales linearly

with the modified coupling and the solid purple line is that from the hh
ggF
tri contribution that scales

quadratically with the modified coupling. The red dot-dashed line is the combination of the quadratic
and linear channel. The horizontal light red dashed lines mark the 68% and 95% confidence intervals.
The 68% CL bounds on � are given within square bracket.

A better portrayal of the advantages gained by using a multivariate analysis can be

made by comparing the constraints set on Cu�, or u, and Cd�, or d, from a cut-and-count

(CC) analysis and a multivariate (MV) analysis allowing for the variation of only one Wilson

coe�cient at a time. The projected 1� bounds at HL-LHC for 6 ab�1 of luminosity for a

CC analysis are given in Ref. [29] and compared to our results as follows

C
MV

u�

�

MV

u

�
= [�0.09, 0.10] ([�466, 454]), C

CC

u�
(CC

u ) = [�0.18, 0.17] ([�841, 820]),

C
MV

d�
(MV

d
) = [�0.16, 0.16] ([�360, 360]), C

CC

d�
(CC

d
) = [�0.18, 0.18] ([�405, 405]).

(5.2)

From this, we clearly see a factor of ⇠2 improvement in the bounds on Cu� and O(10%)

improvement in the determination of Cd�. The projected bounds on these operators at

FCC-hh with 30 ab�1 of data using our framework are

C
MV

u�

�

MV

u

�
= [�0.012, 0.011] ([�57.8, 54.7]) ,

C
MV

d�
(MV

d
) = [�0.012, 0.012] ([�26.3, 28.4]) .

(5.3)

These projected bounds for FCC-hh are an order of magnitude better than those for HL-

LHC. In addition, the bounds on Cu� and Cd� are numerically the same displaying a much

greater improvement in the bounds on Cd� than on Cu� at the higher energy collider.

5.2 Constraints on Higgs trilinear self-coupling at the HL-LHC and FCC-hh

In table 3, we provide the output of the BDT classification for 6 ab�1 of data collected at

HL-LHC and in table 4, we provide the same for 30 ab�1 of data at FCC-hh. It can be seen

from these matrices that while the bb̄�� QCD-QED channel is the dominant background,

the BDT performs better in separating it from the signal channels than separating QQ̄h.

This is due to the kinematic similarities between the signal and the QQ̄h background.

– 14 –

[Alasfar, RG, Grojean, 
Paul, Qian ’22]
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Figure 5: Distribution in the invariant mass mZZ left: showing the qq ! ZZ SM background
in violet, the gg ! ZZ background in black and the signal dd ! h

! ! ZZ in light blue for a
value ! d = 1000 which corresponds to C̃d� = 0.45 in light blue, right: shows for comparison
only the gg ! h

! ! ZZ (triangle) contribution to the background as well as again the
dd ! h

! ! ZZ signal in light blue and the uu ! h
! ! ZZ in dark blue for ! u = 1000

which corresponds to C̃u� = 0.21.

complicated by the fact that it requires the knowledge of a transfer function that describes
the transfer of an event with parton level momentum to an event with smeared detector
level momentum, for the o↵-shell Higgs analysis these terms cancel for the clean four lepton
final state when employing discriminants based on ratios of signal and background matrix
elements. Defining a probability

Pij(v) =
1

" ij" 4`

!
dx1dx2#(x1x2E

2

CMS
" m

2

4`
)fi(x1)fj(x2)"̂ ij(x1, x2, v) , (22)

where i, j are the incoming partons, ECMS the collider energy, m4` the four-lepton invariant
mass and v denotes the kinematic variables associated to the considered phase space point.
We can then define the kinematic discriminants

D
d

s
= log

10

"
P

sig

dd

P
back

qq
+ P back

gg

#

and D
u

s
= log

10

"
P

sig

uu

P
back

qq
+ P back

gg

#

. (23)

The signal processes are dd ! h
! ! ZZ ! 4$ and uu ! h

! ! ZZ ! 4$ with enhanced
Yukawa couplings respectively, while the background processes are given by gluon fusion
and the quark induced ZZ production. We note that the dependence on the new physics
coupling (i.e. enhanced light quark Yukawa coupling) drops out in the respective definitions
of Ds. We show our results for D

d

s
in this section while the results based on D

u

s
will be

shown in appendix A. In Fig. 6 we show the normalised distribution of the signal processes
dd ! h

! ! ZZ as a blue line and uu ! h
! ! ZZ as pink dashed line, while the gg ! ZZ

background is shown as black line and the qq ! ZZ background is shown as light blue
line. The figure clearly demonstrates the discriminating power of the Dd

s
variable, stemming

10

[Balzani, RG, Vitti, ’23]
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Figure 8: Dependence on the sensitivity bounds ond ( ÷Cd�) in the left panel and u ( ÷Cu�)
in the right panel on the assumption made on the size of�bi .
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using�bi = 0 .04.

6 Conclusion

We have studied the potential of o↵-shell Higgs production for a measurement of the Þrst
generation quark Yukawa couplings. Due to their smallness the light quark Yukawa couplings
are notoriously di�cult to probe.

Large enhancements of the light quark Yukawa couplings lead to an increase of the Higgs
total width which reduces the Higgs branching ratios in its standard decay channels. On the

13

[Balzani, RG, Vitti, ’23]
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