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hh vs 𝜇𝜇

…not possible to provide a comprehensive overview in 20+x mins

→ dedicated session on Wednesday

Here & now:
‣ highlight conceptual difference 

‣ isolate common themes 

‣ a qualitative overview of arising opportunities given HL-LHC 

‣ all of this from a theoretical/phenomenological perspective 
☛ …no disclaimers on unknown performance differences…
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hh vs 𝜇𝜇

Muons vs hadrons

2E. Celada - Higgs physics at muon colliders

[Snowmass; 2203.07256]

QCD physics: 14 TeV  ~ 100 TeV  

EW physics: 14 TeV  ~ 200 TeV 

μμ pp
μμ pp

QCD physics ( =10 )β

EW physics ( =1 )β

Equivalence of production cross section of heavy pairs at hadron and muon colliders

 = relative strength of the heavy particle 
interactions with the partons / muons
β

[Snowmass, 2203.07256] 

10 TeV 𝜇𝜇 stage option roughly 
equates to FCC-hh@100 TeV

…process dependent statement!
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interactions with the partons / muons
β

[Snowmass, 2203.07256] 

pp @ 100 TeV 𝜇𝜇 @ 10 TeV

10 TeV 𝜇𝜇 stage option roughly 
equates to FCC-hh@100 TeV

…process dependent statement!

‣ expand reach to coloured exotics (SUSY…)

‣ multi-Higgs in WBF and GF 

‣ WBF + multi-boson in many channels

‣ 2nd generation specific new physics 
‣ a W collider! 

☛ fine-grained picture of EW/H sector 
☛ unitarisation, H off-shellness, … 
☛ elw. Sudakovs…‣ challenging environment: QCD/pile-up…
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→ Marek’s talk



coloured exotica vs lepton-specific
‣ naturalness ≃ compositeness/SUSY ≃ top partners + exotics
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coloured exotica vs lepton-specific
‣ naturalness ≃ compositeness/SUSY ≃ top partners + exotics

down-type sectordown-type sector
UV flavour

structures

State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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vs.

identical leading IR physics
<latexit sha1_base64="AcXCesQCJ4MjvOFcIF5UGxte4oM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF29WsB+QhrLZbNqlu9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdC4lhgiesDRwE66WaERkK1g3HtzO/+8S04Sp5hEnKAkmGCY85JWAlv2+4xPeDPIqmg2rNrbtz4FXiFaSGCrQG1a9+pGgmWQJUEGN8z00hyIkGTgWbVvqZYSmhYzJkvqUJkcwE+fzkKT6zSoRjpW0lgOfq74mcSGMmMrSdksDILHsz8T/PzyC+DnKepBmwhC4WxZnAoPDsfxxxzSiIiSWEam5vxXRENKFgU6rYELzll1dJ56LuNeqNh8ta86aIo4xO0Ck6Rx66Qk10h1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QMXO5Em</latexit>

⇠ Odd

[de Blas et al., 1711.10391] 
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coloured exotica vs lepton-specific
‣ naturalness ≃ compositeness/SUSY ≃ top partners + exotics
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(b) FCC-hh 100 TeV collisions.

Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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vs.

identical leading IR physics
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⇠ Odd
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coloured exotica vs lepton-specific
‣ naturalness ≃ compositeness/SUSY ≃ top partners + exotics
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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from Ref. [9].
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separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives
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⇣
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⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
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ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
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)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
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1
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. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik
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(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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structures

State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
�(3)

(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These

– 4 –
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0
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y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13
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0
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1
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. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl

dd

⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
jl

)⇤ y(6)
ik

2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
jl

)⇤ y(3)
ik

M2
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(triplet). (2.6)

Due to the (anti)symmetry of their respective coupling matrices, at tree level only the

sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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UV flavour

structures

State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling �(3)
ij

is an antisymmetric complex matrix

y(6) =

0

BBB@

y(6)11 ei�11 y(6)12 ei�12 y(6)13 ei�13

y(6)12 ei�12 y(6)22 ei�22 y(6)23 ei�23

y(6)13 ei�13 y(6)23 ei�23 y(6)33 ei�33

1

CCCA
, y(3) =

0

BBB@

0 y(3)12 ei�12 y(3)13 ei�13

�y(3)12 ei�12 0 y(3)23 ei�23

�y(3)13 ei�13 �y(3)23 ei�23 0

1

CCCA
. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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coloured exotica vs lepton-specific
‣ naturalness ≃ compositeness/SUSY ≃ top partners + exotics
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Figure 2. Cross section of the production of a single scalar diquark (� = �(6), �(3)) decaying into
two jets at (a)

p
s = 14 TeV (HL-LHC), and (b)

p
s = 100 TeV (FCC-hh). The expected 95% CL

upper limits on � ⇥ BR for dijet resonances at the HL-LHC [34] and the FCC-hh [35] are overlaid
in the respective plots. A vastly increased centre-of-mass energy enables a much wider exploration
of the coloured resonance parameter range.

This is vastly improved at a purpose-built FCC-hh can probe resonances of ⇠ 40 TeV, again

depending on the specific coupling choices (Fig. 2).

For searches for the double-resonant production of pairs of dijet resonances (see also [37]),

we generate events for the process pp ! �� ! jjjj (� = �(6), �(3)) at
p

s = 13 TeV, and

scan over masses from 0.5 � 3 TeV, and plot the corresponding cross sections in Fig. 1(b).

The current observed and expected 95% CL constraints at the LHC [28] are again imported

from HepData and overlaid in this figure. For the mass range that we are predominantly

interested in this work, the pair-produced dijet resonances do not provide sensitivity beyond

the singly produced resonances discussed above. However, since the pair production proceeds

through pure QCD interactions, they cannot be weakened by suppressing the couplings,

so can be thought of as baseline constraints. CE: On the one hand, for the motivated

coupling choices of Sec. 2.2 the decays will be prompt. On the other hand, if the resonances

are ultra-weakly coupled, displaced jet searches could become sensitive for a very narrow

range of the couplings that equates to an average lifetime that matches the vertex detector

location of the LHC multi-purpose experiments. We will not consider this latter avenue any

further in this work.

3.2 Higgs signal strengths

As charged scalars, the sextet and triplet states enable renormalisable portal interactions

with the Higgs sector via interactions

L � �
X

i=3,6

�Hi

⇣
�†
H

�H

⌘⇣
�†
(i)�(i)

⌘
(3.3)

(where �H is the SM Higgs doublet) as well as quartic interactions of the diquarks among

themselves that we are not considering in this work. After electroweak symmetry breaking,
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Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].
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On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).
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sextet diquark can generate �F = 2 operators in which flavour changes by 2 units. These
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Figure 11. Allowed regions (95% CL) in the real and imaginary parts of di↵erent products of
couplings, for the sextet diquark. Left column: mass of 2 TeV, right column: mass of 5 TeV. In
each case, all other couplings are set to zero.
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coloured exotica vs lepton-specific
‣ can turn this argument around…

7

characterized by their common phenomenological parameters of coupling and mass.

This coupling vs. mass framework for Z
0 searches [242, 243] thus fulfills a twofold pur-

pose especially suited for the Snowmass process. First, the framework helps distill the Z
0

resonance signal from disparate ultraviolet models into the minimal new physics parame-
ter space relevant for resonance searches at colliders. Second, the framework also affords
the direct comparison of experimental reach across different collider proposals, including a
comparison of e

+
e
�, pp, and µ

+
µ

� colliders as well as other collider options. This will be
illustrated and discussed in our summary table 3, presented at the end of this subsection.
We first discuss the specific Z

0 models studied in different Snowmass contributions.

9.1.1 Universal Z
0

Figure 11: (left) The coupling versus mass reach for a universal Z
0 at the muon collider [244],

for 95% CL exclusion (solid) and 5� discovery (dashed), and the envelope of other colliders [2]
for 95% CL exclusion (dashed blue). (right) Coupling versus mass reach at 95% CL for
electron-positron colliders (CEPC, ILC, CLIC and FCC-ee) and proton-proton colliders
(HL-LHC, HE-LHC and FCC-hh) and an electron-proton collider (FCC-eh) from Ref. [2]
and the muon collider [244].

The universal Z
0 model features a Z

0 boson with unit charges for all SM fermions, hence
its universal designation. Figure 11 compares a Snowmass result on the sensitivity to a
universal Z

0 at the muon collider [244] with other colliders [2]. A muon collider at
p

s = 3
TeV is competitive with other colliders, with sensitivity nearly identical to ILC at

p
s = 1

TeV. A muon collider at
p

s = 10 TeV has the highest mass reach for a universal Z
0 with

large couplings gZ0 , uniquely probing masses MZ0 > 100 TeV. A muon collider at
p

s = 10
TeV is sensitive to smaller couplings than the other colliders, with the exception of FCC-hh,
which has the highest sensitivity from direct searches within the mass region MZ0 < 28 TeV.
Lepton colliders have an edge in sensitivity when the boson is so heavy that only indirect
effects can be measured, arising from the fact that in the signal kinematic distributions, the
lepton collider experiments benefit from relatively smaller systematic uncertainties.

42
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by

L2 �

✓
1 + 2a

H

v
+ b

H2

v2
+ c

H3

v3

◆

⇥

✓
m2

WW+
µ
W�µ +

m2
W

2c2w
ZµZ

µ

◆
, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
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H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
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adopted Standard Model E↵ective Theory (SMEFT) [7]
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observations which relate to specific parameter choices
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way (e.g. [3, 10, 11]) and projected to reach sensitivity
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LHC programme of the near future will therefore clarify
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identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
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parameter (as can be seen from replacing the Higgs legs
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tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.

2

ig 22 b g
��

H
i3g 22v c g

��

Z
�

Z
�

ig 22c 2W b g
��

H
i3g 22vc 2W c g

��

Z
�

Z
�

FIG
.
1.

Electroweak
Feynm

an
rules

relevant
for

V
V

!

H
H
(H
) scattering

probed
in
W
BF

m
ulti-H

iggs production.

by
the gauge fields as in

the SM
. The e↵ective m

ulti-Higgs

gauge
boson

interactions are
then

given
by

L
2
� ✓

1 +
2a H
v +

b H
2

v 2 +
c H

3
v 3

◆

⇥ ✓
m 2
W W

+
µ W �

µ

+ m 2
W2c 2

w Z
µZ

µ
◆

,
(4)

for
the

phenom
enologically

relevant
param

etrisation
of

the contact interactions of the weak
gauge boson

with
up

to
three Higgs bosons. (The vacuum

expectation
value is

fixed
by

the
W

m
ass

2m
W
=
gv
and

W
einberg

angle
is

c
w
=
m
W /m

Z ).
In
the

SM
, we

have
for

unrenorm
alised

quantities

F
(H
) = ✓

1 + H
v

◆
2

,

(5)

so
that

a
=
b
=
1
and

c
=
0.

Furtherm
ore, the

Higgs

potential in
the

SM
m
aps

onto
the

HEFT
param

eters


3 =


4 =

1.

The
relation

of
the

HEFT
with

the
m
ore

widely

adopted
Standard

M
odel E↵ective

Theory
(SM

EFT) [7]

is
a
relevant

question.
The

m
easurem

ents
of Higgs

cou-

plings, e.g. [8], are com
patible with

a
weak

doublet char-

acter
of the

electroweak
sym

m
etry-breaking

vacuum
so

far. This consistency
is currently

lim
ited

to
single

Higgs

observations
which

relate
to
specific

param
eter

choices

of the
HEFT

Lagrangian, which
are, however, not m

oti-

vated
beyond

any
other param

eter choice in
Eq. (1). The

study
of m

ulti-boson
final states

[9] is
currently

under-

way
(e.g. [3, 10, 11])

and
projected

to
reach

sensitivity

to
SM

production
in
the

gluon
fusion

channels [12]. The

LHC
program

m
e
of the

near future
will therefore

clarify

whether
the

wider
HEFT

“swam
pland”

is
indeed

pre-

ferred
over

the
SM

EFT-com
patible

correlations
at
the

weak
scale. ⇤⇤

B
o
th
H
E
F
T
a
n
d
S
M
E
F
T
a
d
m
it
co
u
p
lin
g
ch
o
ices

co
m
p
a
tib
le
w
ith

th
e
S
M
,
a
lso

b
ey
o
n
d
lea
d
in
g
o
rd
er;

H
E
F
T
a
n
d
S
M
E
F
T
ca
n
b
e

id
en
tifi
ed
.
In
p
a
ra
llel,

o
n
ly
H
E
F
T
p
ro
v
id
es
a
th
eo
retica

lly
rig
o
r-

o
u
s
ex
ten

sio
n
o
f
th
e
k
a
p
p
a
fra
m
ew
o
rk
o
f
[1
3
].

The
HEFT

coe�
cients

a, b, and
c
describe

the
m
ulti-

Higgs
contact

interactions
with

the
gauge

fields,
i.e.

H
V
V
,
H
H
V
V
and

H
H
H
V
V
(V

=
W
,Z
),
respec-

tively,
see

Fig.
1.

These
param

eters
are

independent

due
to
the

singlet
nature

of
the

physical
Higgs

boson

in
HEFT.

In
SM

EFT
these

are
fully

correlated
due

SU
(2)

L
gauge

sym
m
etry.

O
perators with

a
higher m

ass

dim
ension

than
four

such
as
the

H
H
H
V
V
contact

in-

teractions are loop-suppressed
in
renorm

alisable theories

such
as
SM

. Beyond
dim

ension
4, at dim

ension
6
in
the

SM
EFT, only

H
H
H
Z
Z
interactions

arise
from

the
op-

erator
O
H
D

=
(� †

D
µ�) ⇤

(� †
D

µ

�)
in
the

W
arsaw

ba-

sis
[7],

where
�
denotes

SM
Higgs

doublet.
This

op-

erator
is
tightly

constrained
by

m
easurem

ents
of the

T

param
eter (as can

be
seen

from
replacing

the
Higgs legs

with
their

vacuum
expectation

values
in
the

irreducible

Z
Z
!

H
H
H
diagram

s).
H
H
H
W
W

contact
interac-

tions
arise

at
dim

ension-8
level in

SM
EFT. In

the
lan-

guage
of
Ref.

[14],
these

contact
interactions

are
gen-

erated
m
ainly

from
the

bosonic
class

� 6
D 2
.
Including

operators
from

other
classes

such
as
� 4
D 4
, and

involv-

ing
field

strength
tensors in

X
2
� 4
, X

� 4
D 2

interactions,

such
contact

term
s
are

also
generated

with
novel, non-

SM
Lorentz

structures
and

m
om
entum

dependencies
as

required
by
SU

(2)
L
invariance.

From
a
technical point-of-view, HEFT

can
o↵er

som
e

advantages over SM
EFT

calculations as detailed
in
[15–

17], however, with
an
opaque

power counting
(in

partic-

ular
because

in
the

form
ulation

of Eq. (1)
a
priori dif-

ferent
scales

are
identified

with
the

electroweak
vacuum

expectation
values).

This
carries

the
benefit

of
poten-

tially
capturing

BSM
correlations at interm

ediate
scales

towards
the

SM
’s
UV

com
pletion

m
ore

directly.
For

in-

stance, theories of strong
electroweak

sym
m
etry

breaking

such
as the

M
inim

al Com
posite

Higgs M
odel based

on
a

coset
SO

(5)/SO
(4)

[18] (M
CHM

, potentially
UV

com
-

pleted
in
a
less m

inim
al scenario

[19]) directly
predict for

FIG
. 2.

Cross
section

of
p
p !

H
H
H
jj
for

µ
R

=
µ
F

=
Q
,

i.e.
the

t-channel
m
om
entum

transfer
of
the

ferm
ion

legs.

A
s
can

be
seen

the
N
LO

corrections
are

m
odest

and
well-

approxim
ated

by
this

scale
choice, eventually

rendering
the

Q
CD

uncertainty
negligible. For further details, see

the
text.

2

ig2

2 b g�� H
i3g2

2v
c g��

Z�

Z�

ig2

2c2
W

b g�� H
i3g2
2vc2

W
c g��

Z�

Z�

FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.

2

ig 22 b g
��

H
i3g 22v c g

��

Z
�

Z
�

ig 22c 2W b g
��

H
i3g 22vc 2W c g

��

Z
�

Z
�

FIG
.
1.

Electroweak
Feynm

an
rules

relevant
for

V
V

!

H
H
(H
) scattering

probed
in
W
BF

m
ulti-H

iggs production.

by
the gauge fields as in

the SM
. The e↵ective m

ulti-Higgs

gauge
boson

interactions are
then

given
by

L
2
� ✓

1 +
2a H
v +

b H
2

v 2 +
c H

3
v 3

◆

⇥ ✓
m 2
W W

+
µ W �

µ

+ m 2
W2c 2

w Z
µZ

µ
◆

,
(4)

for
the

phenom
enologically

relevant
param

etrisation
of

the contact interactions of the weak
gauge boson

with
up

to
three Higgs bosons. (The vacuum

expectation
value is

fixed
by

the
W

m
ass

2m
W
=
gv
and

W
einberg

angle
is

c
w
=
m
W /m

Z ).
In
the

SM
, we

have
for

unrenorm
alised

quantities

F
(H
) = ✓

1 + H
v

◆
2

,

(5)

so
that

a
=
b
=
1
and

c
=
0.

Furtherm
ore, the

Higgs

potential in
the

SM
m
aps

onto
the

HEFT
param

eters


3 =


4 =

1.

The
relation

of
the

HEFT
with

the
m
ore

widely

adopted
Standard

M
odel E↵ective

Theory
(SM

EFT) [7]

is
a
relevant

question.
The

m
easurem

ents
of Higgs

cou-

plings, e.g. [8], are com
patible with

a
weak

doublet char-

acter
of the

electroweak
sym

m
etry-breaking

vacuum
so

far. This consistency
is currently

lim
ited

to
single

Higgs

observations
which

relate
to
specific

param
eter

choices

of the
HEFT

Lagrangian, which
are, however, not m

oti-

vated
beyond

any
other param

eter choice in
Eq. (1). The

study
of m

ulti-boson
final states

[9] is
currently

under-

way
(e.g. [3, 10, 11])

and
projected

to
reach

sensitivity

to
SM

production
in
the

gluon
fusion

channels [12]. The

LHC
program

m
e
of the

near future
will therefore

clarify

whether
the

wider
HEFT

“swam
pland”

is
indeed

pre-

ferred
over

the
SM

EFT-com
patible

correlations
at
the

weak
scale. ⇤⇤

B
o
th
H
E
F
T
a
n
d
S
M
E
F
T
a
d
m
it
co
u
p
lin
g
ch
o
ices

co
m
p
a
tib
le
w
ith

th
e
S
M
,
a
lso

b
ey
o
n
d
lea
d
in
g
o
rd
er;

H
E
F
T
a
n
d
S
M
E
F
T
ca
n
b
e

id
en
tifi
ed
.
In
p
a
ra
llel,

o
n
ly
H
E
F
T
p
ro
v
id
es
a
th
eo
retica

lly
rig
o
r-

o
u
s
ex
ten

sio
n
o
f
th
e
k
a
p
p
a
fra
m
ew
o
rk
o
f
[1
3
].

The
HEFT

coe�
cients

a, b, and
c
describe

the
m
ulti-

Higgs
contact

interactions
with

the
gauge

fields,
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.
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(4)
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predict for
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and
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scale
choice, eventually
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Q
CD

uncertainty
negligible. For further details, see

the
text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
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to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +
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v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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acter of the electroweak symmetry-breaking vacuum so
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observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
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way (e.g. [3, 10, 11]) and projected to reach sensitivity
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tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
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guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
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As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
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adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
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far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
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tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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approximated by this scale choice, eventually rendering the
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ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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plings, e.g. [8], are compatible with a weak doublet char-
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far. This consistency is currently limited to single Higgs
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of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
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due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
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SMEFT, only HHHZZ interactions arise from the op-
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such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
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due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
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such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
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way (e.g. [3, 10, 11]) and projected to reach sensitivity
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LHC programme of the near future will therefore clarify
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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‣ How does the mechanism providing masses to the W/Z bosons look like?
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by

L2 �

✓
1 + 2a

H

v
+ b

H2

v2
+ c

H3

v3

◆

⇥

✓
m2

WW+
µ
W�µ +

m2
W

2c2w
ZµZ

µ

◆
, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤
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Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
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is a relevant question. The measurements of Higgs cou-
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study of multi-boson final states [9] is currently under-
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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fixed by the W mass 2mW = gv and Weinberg angle is
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
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way (e.g. [3, 10, 11]) and projected to reach sensitivity
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ular because in the formulation of Eq. (1) a priori dif-
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expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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of

the contact interactions of the weak
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with
up

to
three Higgs bosons. (The vacuum
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by
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Furtherm
ore, the

Higgs

potential in
the

SM
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aps

onto
the

HEFT
param

eters


3 =


4 =

1.

The
relation

of
the

HEFT
with

the
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adopted
Standard

M
odel E↵ective

Theory
(SM

EFT) [7]

is
a
relevant

question.
The

m
easurem

ents
of Higgs

cou-

plings, e.g. [8], are com
patible with

a
weak

doublet char-

acter
of the

electroweak
sym

m
etry-breaking

vacuum
so

far. This consistency
is currently

lim
ited

to
single

Higgs

observations
which

relate
to
specific

param
eter

choices

of the
HEFT

Lagrangian, which
are, however, not m

oti-

vated
beyond

any
other param

eter choice in
Eq. (1). The

study
of m

ulti-boson
final states

[9] is
currently

under-

way
(e.g. [3, 10, 11])

and
projected

to
reach

sensitivity

to
SM

production
in
the

gluon
fusion

channels [12]. The

LHC
program

m
e
of the

near future
will therefore

clarify

whether
the

wider
HEFT

“swam
pland”

is
indeed

pre-

ferred
over

the
SM

EFT-com
patible

correlations
at
the

weak
scale. ⇤⇤
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The
HEFT

coe�
cients

a, b, and
c
describe

the
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ulti-

Higgs
contact

interactions
with

the
gauge

fields,
i.e.

H
V
V
,
H
H
V
V
and

H
H
H
V
V
(V

=
W
,Z
),
respec-

tively,
see

Fig.
1.

These
param

eters
are

independent

due
to
the

singlet
nature

of
the

physical
Higgs

boson

in
HEFT.

In
SM

EFT
these

are
fully

correlated
due

SU
(2)

L
gauge

sym
m
etry.

O
perators with

a
higher m
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dim
ension

than
four

such
as
the

H
H
H
V
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contact

in-

teractions are loop-suppressed
in
renorm

alisable theories

such
as
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. Beyond
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ension
4, at dim

ension
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H
H
Z
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interactions

arise
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O
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D
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D
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(� †
D
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�)
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the

W
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ba-
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[7],

where
�
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doublet.
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op-

erator
is
tightly

constrained
by

m
easurem

ents
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T
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eter (as can
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seen

from
replacing

the
Higgs legs

with
their

vacuum
expectation

values
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the
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Z
Z
!

H
H
H
diagram

s).
H
H
H
W
W

contact
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tions
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at
dim
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level in
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lan-

guage
of
Ref.

[14],
these

contact
interactions

are
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erated
m
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bosonic
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� 6
D 2
.
Including

operators
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other
classes

such
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� 4
D 4
, and
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ing
field

strength
tensors in

X
2
� 4
, X

� 4
D 2

interactions,

such
contact

term
s
are

also
generated

with
novel, non-

SM
Lorentz

structures
and

m
om
entum

dependencies
as

required
by
SU

(2)
L
invariance.

From
a
technical point-of-view, HEFT

can
o↵er

som
e

advantages over SM
EFT

calculations as detailed
in
[15–

17], however, with
an
opaque

power counting
(in

partic-

ular
because

in
the

form
ulation

of Eq. (1)
a
priori dif-

ferent
scales

are
identified

with
the

electroweak
vacuum

expectation
values).

This
carries

the
benefit

of
poten-

tially
capturing

BSM
correlations at interm

ediate
scales

towards
the

SM
’s
UV

com
pletion

m
ore

directly.
For

in-

stance, theories of strong
electroweak

sym
m
etry

breaking

such
as the

M
inim

al Com
posite

Higgs M
odel based

on
a

coset
SO

(5)/SO
(4)

[18] (M
CHM

, potentially
UV

com
-

pleted
in
a
less m

inim
al scenario

[19]) directly
predict for

FIG
. 2.

Cross
section
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H
H
H
jj
for

µ
R

=
µ
F

=
Q
,

i.e.
the

t-channel
m
om
entum

transfer
of
the

ferm
ion

legs.

A
s
can

be
seen

the
N
LO

corrections
are

m
odest

and
well-

approxim
ated

by
this

scale
choice, eventually

rendering
the

Q
CD

uncertainty
negligible. For further details, see

the
text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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W
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ZµZ
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, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +

H

v
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
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of the HEFT Lagrangian, which are, however, not moti-
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Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
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is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
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far. This consistency is currently limited to single Higgs
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of the HEFT Lagrangian, which are, however, not moti-
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identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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approximated by this scale choice, eventually rendering the
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

+  ….
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FIG. 8. Unitarity constraints on the distributions with the
triple Higgs invariant mass mHHH for two examples with c =
1 (in red) and c = 2 (in blue). Solid lines are predictions
preserving unitarity. Dashed lines are predictions that do not
preserve unitarity. The SM is included (scaled by 103) for
comparison as a black line. Here we use LO QCD given that
the overall corrections are small.

0. HL-LHC (pp, 14 TeV, 3 ab�1),

1. FCC-hh (pp, 100 TeV, 30 ab�1),

2. CLIC (e+e�, 3 TeV, 5 ab�1),

3. µ+µ�, 3 TeV, 1 ab�1,

4. µ+µ�, 10 TeV, 10 ab�1.

To compare the sensitivity to the c parameter in the
two chosen pp colliders, we show in Fig. 9 the cross sec-
tions for pp ! HHHjj for 100 TeV collisions similar to
Fig. 2. Overall, we find a cross section increase of about
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FIG. 9. Cross section of pp ! HHHjj as function of c

(cf. Fig. 2) for 100 TeV collisions.

350⇥ �(14 TeV) ' �(100 TeV) ' 75 ab for SM coupling
choices. The qualitative features discussed in Sec. II for
the 14 TeV case carry over to the FCC-hh case, i.e. the
systematic limitations due to QCD are comparably irrel-
evant.
A summary of the HEFT rates in relation to our

discussion unitarity in the previous section is given in
Tabs. I, II, and III for the FCC-hh, CLIC and the staged
muon collider.

0.) HL-LHC and 1.) FCC-hh : For the pp collider cases,
we consider pp ! HHHjj using the modified version
of vbfnlo3 already used in Sec. II. The cuts applied
on the WBF pair jj jets are as in Eq. (8) The reduc-
tion factor from unitarity constraints ✏U is defined as
in Eq. 13. The final state with 6b-jets and the two
WBF jets, 6b + jj is approximated from assuming the
three Higgs bosons decaying into bb̄ pair centrally. The
branching ratio (BR) for each such Higgs boson de-
cay is 0.58 [13]. N6b

U
represents the total number of

events preserving unitarity with 6b-jets, after Higgs de-
cays. We have assumed a tagging b jet e�ciency of
80% [58]. Hence, the predicted final events, before ad-
ditional analysis e�ciencies, is by

N6b
U

= � ⇥ ✏6b ⇥ ✏U ⇥ L with ✏6b ⌘ 0.583 ⇥ 0.86 . (14)

2.) CLIC : To produce the desired triple Higgs final
state, we have to rely on WBF production at the high-
est energies, hence we consider CLIC. For this spe-
cific high-energy e+e� case, the full process studied is
e+e�!HHH⌫e⌫̄e using MadGraph5 aMC@NLO. We cut
on the missing transverse energy from the final ⌫⌫̄ pair
by imposing /ET > 20 GeV. The reduction factor from
unitarity constraints ✏U is again defined by Eq. (13).
The final state with 6 b-jets in addition to missing en-
ergy, 6b + /ET , again assuming the three Higgs bosons
decaying into the dominant bb̄ channel with BR = 0.58.
N6b

U
represents the total number of events preserving

unitarity with 6b-jets with e�ciency of 0.8 for compa-
rability. The predicted final events are given by N6b

U
as

above.

3.) and 4.) staged muon collider : For the µ+µ�

machine, similar to CLIC, we consider µ+µ�
!

HHH⌫µ⌫̄µ using MadGraph5 aMC@NLO5, again for /ET >
20 GeV (a more comprehensive analysis of this pro-
cess has been presented recently in [33]). Reduction
factors, branching ratios, b tagging e�ciencies are left
unchanged compared to the FCC and CLIC, therefore
N6b

U
is again given by Eq. (14)

The general features of the comparison of Tabs. I, II,
and III is that all predicted triple Higgs cross sections
for the BSM scenarios with (b, c) 6= (1, 0) depart con-
siderably from the SM rates as expected from the WBF
phenomenology detailed in Sec. II. The search for BSM
e↵ects from non-standard contact interactions V V HH
and V V HHH (cf. Sec. I), albeit highly challenging at
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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the
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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‣ Stability under QCD corrections of H/HH/HHH         
WBF is a clear window into (strong) ELW effects
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FIG. 8. Unitarity constraints on the distributions with the
triple Higgs invariant mass mHHH for two examples with c =
1 (in red) and c = 2 (in blue). Solid lines are predictions
preserving unitarity. Dashed lines are predictions that do not
preserve unitarity. The SM is included (scaled by 103) for
comparison as a black line. Here we use LO QCD given that
the overall corrections are small.

0. HL-LHC (pp, 14 TeV, 3 ab�1),

1. FCC-hh (pp, 100 TeV, 30 ab�1),

2. CLIC (e+e�, 3 TeV, 5 ab�1),

3. µ+µ�, 3 TeV, 1 ab�1,

4. µ+µ�, 10 TeV, 10 ab�1.

To compare the sensitivity to the c parameter in the
two chosen pp colliders, we show in Fig. 9 the cross sec-
tions for pp ! HHHjj for 100 TeV collisions similar to
Fig. 2. Overall, we find a cross section increase of about
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FIG. 9. Cross section of pp ! HHHjj as function of c

(cf. Fig. 2) for 100 TeV collisions.

350⇥ �(14 TeV) ' �(100 TeV) ' 75 ab for SM coupling
choices. The qualitative features discussed in Sec. II for
the 14 TeV case carry over to the FCC-hh case, i.e. the
systematic limitations due to QCD are comparably irrel-
evant.
A summary of the HEFT rates in relation to our

discussion unitarity in the previous section is given in
Tabs. I, II, and III for the FCC-hh, CLIC and the staged
muon collider.

0.) HL-LHC and 1.) FCC-hh : For the pp collider cases,
we consider pp ! HHHjj using the modified version
of vbfnlo3 already used in Sec. II. The cuts applied
on the WBF pair jj jets are as in Eq. (8) The reduc-
tion factor from unitarity constraints ✏U is defined as
in Eq. 13. The final state with 6b-jets and the two
WBF jets, 6b + jj is approximated from assuming the
three Higgs bosons decaying into bb̄ pair centrally. The
branching ratio (BR) for each such Higgs boson de-
cay is 0.58 [13]. N6b

U
represents the total number of

events preserving unitarity with 6b-jets, after Higgs de-
cays. We have assumed a tagging b jet e�ciency of
80% [58]. Hence, the predicted final events, before ad-
ditional analysis e�ciencies, is by

N6b
U

= � ⇥ ✏6b ⇥ ✏U ⇥ L with ✏6b ⌘ 0.583 ⇥ 0.86 . (14)

2.) CLIC : To produce the desired triple Higgs final
state, we have to rely on WBF production at the high-
est energies, hence we consider CLIC. For this spe-
cific high-energy e+e� case, the full process studied is
e+e�!HHH⌫e⌫̄e using MadGraph5 aMC@NLO. We cut
on the missing transverse energy from the final ⌫⌫̄ pair
by imposing /ET > 20 GeV. The reduction factor from
unitarity constraints ✏U is again defined by Eq. (13).
The final state with 6 b-jets in addition to missing en-
ergy, 6b + /ET , again assuming the three Higgs bosons
decaying into the dominant bb̄ channel with BR = 0.58.
N6b

U
represents the total number of events preserving

unitarity with 6b-jets with e�ciency of 0.8 for compa-
rability. The predicted final events are given by N6b

U
as

above.

3.) and 4.) staged muon collider : For the µ+µ�

machine, similar to CLIC, we consider µ+µ�
!

HHH⌫µ⌫̄µ using MadGraph5 aMC@NLO5, again for /ET >
20 GeV (a more comprehensive analysis of this pro-
cess has been presented recently in [33]). Reduction
factors, branching ratios, b tagging e�ciencies are left
unchanged compared to the FCC and CLIC, therefore
N6b

U
is again given by Eq. (14)

The general features of the comparison of Tabs. I, II,
and III is that all predicted triple Higgs cross sections
for the BSM scenarios with (b, c) 6= (1, 0) depart con-
siderably from the SM rates as expected from the WBF
phenomenology detailed in Sec. II. The search for BSM
e↵ects from non-standard contact interactions V V HH
and V V HHH (cf. Sec. I), albeit highly challenging at
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +
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v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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WBF is a clear window into (strong) ELW effects
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FIG. 8. Unitarity constraints on the distributions with the
triple Higgs invariant mass mHHH for two examples with c =
1 (in red) and c = 2 (in blue). Solid lines are predictions
preserving unitarity. Dashed lines are predictions that do not
preserve unitarity. The SM is included (scaled by 103) for
comparison as a black line. Here we use LO QCD given that
the overall corrections are small.

0. HL-LHC (pp, 14 TeV, 3 ab�1),

1. FCC-hh (pp, 100 TeV, 30 ab�1),

2. CLIC (e+e�, 3 TeV, 5 ab�1),

3. µ+µ�, 3 TeV, 1 ab�1,

4. µ+µ�, 10 TeV, 10 ab�1.

To compare the sensitivity to the c parameter in the
two chosen pp colliders, we show in Fig. 9 the cross sec-
tions for pp ! HHHjj for 100 TeV collisions similar to
Fig. 2. Overall, we find a cross section increase of about

-4 -2 0 2 4
0

5

10

15

20

25

30

35

FIG. 9. Cross section of pp ! HHHjj as function of c

(cf. Fig. 2) for 100 TeV collisions.

350⇥ �(14 TeV) ' �(100 TeV) ' 75 ab for SM coupling
choices. The qualitative features discussed in Sec. II for
the 14 TeV case carry over to the FCC-hh case, i.e. the
systematic limitations due to QCD are comparably irrel-
evant.
A summary of the HEFT rates in relation to our

discussion unitarity in the previous section is given in
Tabs. I, II, and III for the FCC-hh, CLIC and the staged
muon collider.

0.) HL-LHC and 1.) FCC-hh : For the pp collider cases,
we consider pp ! HHHjj using the modified version
of vbfnlo3 already used in Sec. II. The cuts applied
on the WBF pair jj jets are as in Eq. (8) The reduc-
tion factor from unitarity constraints ✏U is defined as
in Eq. 13. The final state with 6b-jets and the two
WBF jets, 6b + jj is approximated from assuming the
three Higgs bosons decaying into bb̄ pair centrally. The
branching ratio (BR) for each such Higgs boson de-
cay is 0.58 [13]. N6b

U
represents the total number of

events preserving unitarity with 6b-jets, after Higgs de-
cays. We have assumed a tagging b jet e�ciency of
80% [58]. Hence, the predicted final events, before ad-
ditional analysis e�ciencies, is by

N6b
U

= � ⇥ ✏6b ⇥ ✏U ⇥ L with ✏6b ⌘ 0.583 ⇥ 0.86 . (14)

2.) CLIC : To produce the desired triple Higgs final
state, we have to rely on WBF production at the high-
est energies, hence we consider CLIC. For this spe-
cific high-energy e+e� case, the full process studied is
e+e�!HHH⌫e⌫̄e using MadGraph5 aMC@NLO. We cut
on the missing transverse energy from the final ⌫⌫̄ pair
by imposing /ET > 20 GeV. The reduction factor from
unitarity constraints ✏U is again defined by Eq. (13).
The final state with 6 b-jets in addition to missing en-
ergy, 6b + /ET , again assuming the three Higgs bosons
decaying into the dominant bb̄ channel with BR = 0.58.
N6b

U
represents the total number of events preserving

unitarity with 6b-jets with e�ciency of 0.8 for compa-
rability. The predicted final events are given by N6b

U
as

above.

3.) and 4.) staged muon collider : For the µ+µ�

machine, similar to CLIC, we consider µ+µ�
!

HHH⌫µ⌫̄µ using MadGraph5 aMC@NLO5, again for /ET >
20 GeV (a more comprehensive analysis of this pro-
cess has been presented recently in [33]). Reduction
factors, branching ratios, b tagging e�ciencies are left
unchanged compared to the FCC and CLIC, therefore
N6b

U
is again given by Eq. (14)

The general features of the comparison of Tabs. I, II,
and III is that all predicted triple Higgs cross sections
for the BSM scenarios with (b, c) 6= (1, 0) depart con-
siderably from the SM rates as expected from the WBF
phenomenology detailed in Sec. II. The search for BSM
e↵ects from non-standard contact interactions V V HH
and V V HHH (cf. Sec. I), albeit highly challenging at
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +
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v
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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.
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CD
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negligible. For further details, see

the
text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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fixed by the W mass 2mW = gv and Weinberg angle is
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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direct view into (strong) ELW effects
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Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale ⇤, assuming c6,H ⇠ O(1).

TeV at a collider of (10 � 30) TeV, we would be probing new physics at very high scales or
deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab�1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (�W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
⇤/

p
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +
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v
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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the
text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale ⇤, assuming c6,H ⇠ O(1).

TeV at a collider of (10 � 30) TeV, we would be probing new physics at very high scales or
deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab�1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (�W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
⇤/

p
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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1 +
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale ⇤, assuming c6,H ⇠ O(1).

TeV at a collider of (10 � 30) TeV, we would be probing new physics at very high scales or
deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab�1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (�W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
⇤/

p
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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direct view into (strong) ELW effects
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‣ context with fixed order perturbation theory
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Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale ⇤, assuming c6,H ⇠ O(1).

TeV at a collider of (10 � 30) TeV, we would be probing new physics at very high scales or
deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab�1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (�W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
⇤/

p
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-

– 15 –

[Han et al., 2008.12204] 
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c=0.1 → 70% events in the non-perturbative regime

W

Z HL-LHC ~30%
FCC-hh ~ 1%

HL-LHC ~100%
FCC-hh ~ 5%

[Chiesa et al., 2003.13628] 
[Constantini et al., 2005.10289]  

[Celada et al. 2312.13082]



‣ many different channels at hadron machines 

☛ Drell-Yan/WBF scan a wide range of energies at FCC-hh 

☛ pair/triple gauge boson production + EFT + anomalous couplings
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Figure 11: In ssWW events, mjjll for fT1/⇤4 = 0.001 corresponding to a 4� signifi-
cance for the case of a

p
s = 100 TeV pp machine with 263 pileup, without the UV

cut-o↵ applied, at 3000 fb�1 is shown.

100 TeV machines at 3000 fb�1 for zero pileup. At 14 TeV, by accumulating 3000
fb�1 compared to 300 fb�1, the sensitivity to fT1/⇤4 is improved by a factor of two.
Comparing a 14 TeV machine to a 100 TeV machine, we obtain at least a factor of
100 gain in sensitivity to the operator coe�cent fT1/⇤4 for a 5� discovery value.

Parameter
p
s Luminosity pileup 5� 95% CL

[TeV] [fb�1] [TeV�4] [TeV�4]
fT1/⇤4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/⇤4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 100 1000 40 0.001 (0.001) 0.0004 (0.0004)
fT1/⇤4 100 3000 263 0.001 (0.001) 0.0008 (0.0008)
fT1/⇤4 100 3000 0 0.001 (0.001) 0.0008 (0.0008)

Table 4: In pp ! W±W± + 2j ! `⌫`⌫ + 2j processes, 5�-significance discovery
values and 95% CL limits are shown for coe�cients of the higher-dimension operator,
fT1/⇤4, for di↵erent machine scenarios without the UV cut and with the UV cut in
parentheses. Pileup refers to the number of pp interactions per crossing.
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cance for the case of a
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cut-o↵ applied, at 3000 fb�1 is shown.

100 TeV machines at 3000 fb�1 for zero pileup. At 14 TeV, by accumulating 3000
fb�1 compared to 300 fb�1, the sensitivity to fT1/⇤4 is improved by a factor of two.
Comparing a 14 TeV machine to a 100 TeV machine, we obtain at least a factor of
100 gain in sensitivity to the operator coe�cent fT1/⇤4 for a 5� discovery value.

Parameter
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fT1/⇤4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/⇤4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 100 1000 40 0.001 (0.001) 0.0004 (0.0004)
fT1/⇤4 100 3000 263 0.001 (0.001) 0.0008 (0.0008)
fT1/⇤4 100 3000 0 0.001 (0.001) 0.0008 (0.0008)

Table 4: In pp ! W±W± + 2j ! `⌫`⌫ + 2j processes, 5�-significance discovery
values and 95% CL limits are shown for coe�cients of the higher-dimension operator,
fT1/⇤4, for di↵erent machine scenarios without the UV cut and with the UV cut in
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Figure 7. The in /ET and mlljj distributions for W±W±W∓ productions at 14 TeV LHC, with the
aQGCs fS0/Λ4 = 6× 10−10GeV−4. No form factor is applied here. The last bin includes overflow.

• (2) /ET > 50 GeV.

The aQGC limits for 14 TeV LHC are given in Table. 8, viaWWW production semilep-

tonic decay channel with integrated luminosity of 100 fb−1, with/without form factor.

One can also compare our results with the previous MC simulation given by Snowmass

Collaboration [36] and O. Eboli et.al. based on vector boson fusion(VBF) [35], respectively,

as shown in Table 9. The semileptonic channel results still suffer from bad jet energy

resolution. But in pure leptonic channel, due to the optimized selection, we set a more

stringent limit on fT0/Λ4, 8 × 10−13GeV−4 in 5σ with 100 fb−1. This result is better

than Snowmass one. As to the weak boson fusion, however, our W±W±W∓ channel

seems to set looser limits on QGCs. However, triple W production channel has simpler

event topology and populates at different kinematic phase space, thus can present us more

information other than VBF channel.

No form factor Λ = 1TeV, n=2 Λ = 0.5TeV, n=2

lower limit upper limit lower limit upper limit lower limit upper limit
fS0

Λ4 −4.56× 10−10 4.58 × 10−10 −3.08× 10−9 3.39× 10−9 −1.20 × 10−8 1.40 × 10−8

fS1

Λ4 −9.46× 10−10 9.85 × 10−10 −4.00× 10−9 5.26× 10−9 −1.28 × 10−8 1.77 × 10−8

fT0

Λ4 −2.80× 10−12 2.70 × 10−12 −7.60 × 10−11 6.00 × 10−11 −4.03× 10−10 2.88 × 10−10

Table 8. Constraints on anomalous quartic couplings parameters fS0/Λ4, fS1/Λ4 and fT0/Λ4 at
14 TeV LHC via WWW production semileptonic decay channel with integrated luminosity of 100
fb−1. Units are in GeV−4.
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‣ many different channels at hadron machines 

☛ Drell-Yan/WBF scan a wide range of energies at FCC-hh 

☛ pair/triple gauge boson production + EFT + anomalous couplings
LHC dim 6 context [Celada et al. 2407.09600]
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Figure 11: In ssWW events, mjjll for fT1/⇤4 = 0.001 corresponding to a 4� signifi-
cance for the case of a

p
s = 100 TeV pp machine with 263 pileup, without the UV

cut-o↵ applied, at 3000 fb�1 is shown.

100 TeV machines at 3000 fb�1 for zero pileup. At 14 TeV, by accumulating 3000
fb�1 compared to 300 fb�1, the sensitivity to fT1/⇤4 is improved by a factor of two.
Comparing a 14 TeV machine to a 100 TeV machine, we obtain at least a factor of
100 gain in sensitivity to the operator coe�cent fT1/⇤4 for a 5� discovery value.

Parameter
p
s Luminosity pileup 5� 95% CL

[TeV] [fb�1] [TeV�4] [TeV�4]
fT1/⇤4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/⇤4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 100 1000 40 0.001 (0.001) 0.0004 (0.0004)
fT1/⇤4 100 3000 263 0.001 (0.001) 0.0008 (0.0008)
fT1/⇤4 100 3000 0 0.001 (0.001) 0.0008 (0.0008)

Table 4: In pp ! W±W± + 2j ! `⌫`⌫ + 2j processes, 5�-significance discovery
values and 95% CL limits are shown for coe�cients of the higher-dimension operator,
fT1/⇤4, for di↵erent machine scenarios without the UV cut and with the UV cut in
parentheses. Pileup refers to the number of pp interactions per crossing.
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aQGCs fS0/Λ4 = 6× 10−10GeV−4. No form factor is applied here. The last bin includes overflow.

• (2) /ET > 50 GeV.

The aQGC limits for 14 TeV LHC are given in Table. 8, viaWWW production semilep-

tonic decay channel with integrated luminosity of 100 fb−1, with/without form factor.

One can also compare our results with the previous MC simulation given by Snowmass

Collaboration [36] and O. Eboli et.al. based on vector boson fusion(VBF) [35], respectively,

as shown in Table 9. The semileptonic channel results still suffer from bad jet energy

resolution. But in pure leptonic channel, due to the optimized selection, we set a more

stringent limit on fT0/Λ4, 8 × 10−13GeV−4 in 5σ with 100 fb−1. This result is better

than Snowmass one. As to the weak boson fusion, however, our W±W±W∓ channel

seems to set looser limits on QGCs. However, triple W production channel has simpler

event topology and populates at different kinematic phase space, thus can present us more

information other than VBF channel.

No form factor Λ = 1TeV, n=2 Λ = 0.5TeV, n=2

lower limit upper limit lower limit upper limit lower limit upper limit
fS0

Λ4 −4.56× 10−10 4.58 × 10−10 −3.08× 10−9 3.39× 10−9 −1.20 × 10−8 1.40 × 10−8

fS1
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Table 8. Constraints on anomalous quartic couplings parameters fS0/Λ4, fS1/Λ4 and fT0/Λ4 at
14 TeV LHC via WWW production semileptonic decay channel with integrated luminosity of 100
fb−1. Units are in GeV−4.
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Figure 11: In ssWW events, mjjll for fT1/⇤4 = 0.001 corresponding to a 4� signifi-
cance for the case of a

p
s = 100 TeV pp machine with 263 pileup, without the UV

cut-o↵ applied, at 3000 fb�1 is shown.

100 TeV machines at 3000 fb�1 for zero pileup. At 14 TeV, by accumulating 3000
fb�1 compared to 300 fb�1, the sensitivity to fT1/⇤4 is improved by a factor of two.
Comparing a 14 TeV machine to a 100 TeV machine, we obtain at least a factor of
100 gain in sensitivity to the operator coe�cent fT1/⇤4 for a 5� discovery value.

Parameter
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s Luminosity pileup 5� 95% CL

[TeV] [fb�1] [TeV�4] [TeV�4]
fT1/⇤4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/⇤4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/⇤4 100 1000 40 0.001 (0.001) 0.0004 (0.0004)
fT1/⇤4 100 3000 263 0.001 (0.001) 0.0008 (0.0008)
fT1/⇤4 100 3000 0 0.001 (0.001) 0.0008 (0.0008)

Table 4: In pp ! W±W± + 2j ! `⌫`⌫ + 2j processes, 5�-significance discovery
values and 95% CL limits are shown for coe�cients of the higher-dimension operator,
fT1/⇤4, for di↵erent machine scenarios without the UV cut and with the UV cut in
parentheses. Pileup refers to the number of pp interactions per crossing.
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Figure 7. The in /ET and mlljj distributions for W±W±W∓ productions at 14 TeV LHC, with the
aQGCs fS0/Λ4 = 6× 10−10GeV−4. No form factor is applied here. The last bin includes overflow.

• (2) /ET > 50 GeV.

The aQGC limits for 14 TeV LHC are given in Table. 8, viaWWW production semilep-

tonic decay channel with integrated luminosity of 100 fb−1, with/without form factor.

One can also compare our results with the previous MC simulation given by Snowmass

Collaboration [36] and O. Eboli et.al. based on vector boson fusion(VBF) [35], respectively,

as shown in Table 9. The semileptonic channel results still suffer from bad jet energy

resolution. But in pure leptonic channel, due to the optimized selection, we set a more

stringent limit on fT0/Λ4, 8 × 10−13GeV−4 in 5σ with 100 fb−1. This result is better

than Snowmass one. As to the weak boson fusion, however, our W±W±W∓ channel

seems to set looser limits on QGCs. However, triple W production channel has simpler

event topology and populates at different kinematic phase space, thus can present us more

information other than VBF channel.

No form factor Λ = 1TeV, n=2 Λ = 0.5TeV, n=2

lower limit upper limit lower limit upper limit lower limit upper limit
fS0
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with a fit to the invariant mass distribution of the two leading jets, which typically corre-

spond to the pair of W bosons, denoted mWW. The distributions of mWW after the event

selection at each of the di↵erent center-of-mass energies are shown in Fig. 2. The expected

95% confidence level (CL) lower and upper limits on the aQGC parameters f/⇤4, where

f is the Wilson coe�cient of the given operator and ⇤ is the energy scale of new physics,

are derived from Wilk’s theorem [54] assuming that the profile likelihood test statistic is

�2 distributed [55]. No nuisance parameters corresponding to systematic uncertainties are

included in the fits.

Table I shows the individual lower and upper limits obtained by setting all other aQGC

parameters to zero in the WW⌫⌫ channel for the S0, S1, M0, M1, M7, T0, T1, and T2 operators,

at each of the di↵erent center-of-mass energies. The WWµµ contribution in the WW⌫⌫

channel is treated as a background process and assumed to be purely SM in the statistical

analysis. Table II shows the individual lower and upper limits obtained by setting all other

aQGC parameters to zero in the WWµµ channel for the T0, T1, T2, T6, and T7 operators

for the di↵erent center-of-mass energies. The operators T6 and T7 are especially interesting

for the WWµµ channel as the presence of these operators does not modify the SM quartic

WWWW vertex.

TABLE I: Expected lower and upper 95% CL limits on the parameters of the quartic

operators S0, S1, S2, M0, M1, M7, T0, T1, and T2 in the WW⌫⌫ channel for a µ+µ� collider

with
p
s = 6 TeV, 10 TeV, and 30 TeV. The energy at which tree-level unitarity would be

violated for these parameter values is also shown.

WW⌫⌫
p
s = 6 TeV

p
s = 10 TeV

p
s = 30 TeV

Limit Unitarity Limit Unitarity Limit Unitarity

(TeV
�4

) Bound (TeV) (TeV
�4

) Bound (TeV) (TeV
�4

) Bound (TeV)

fM,0/⇤4
[�0.025, 0.027] [5.9, 5.8] [�0.0048, 0.0049] [8.9, 8.8] [�0.00046, 0.00046] [15.8, 15.8]

fM,1/⇤4
[�0.063, 0.052] [6.6, 6.9] [�0.0096, 0.0084] [10.5, 10.8] [�0.0012, 0.0011] [17.6, 17.8]

fM,7/⇤4
[�0.094, 0.12] [7.1, 6.7] [�0.016, 0.019] [10.9, 10.6] [�0.0021, 0.0022] [18.1, 17.9]

fS,0/⇤4
[�0.19, 0.18] [3.8, 4.4] [�0.034, 0.033] [5.8, 6.8] [�0.0046, 0.0045] [9.5, 10.9]

fS,1/⇤4
[�0.11, 0.11] [4.5, 4.3] [�0.019, 0.019] [6.8, 6.6] [�0.0025, 0.0025] [11.3, 10.9]

fS,2/⇤4
[�0.11, 0.11] [4.4, 4.3] [�0.019, 0.019] [6.8, 6.6] [�0.0025, 0.0025] [11.3, 10.9]

fT,0/⇤4
[�0.0049, 0.0025] [6.2, 6.3] [�0.00070, 0.00051] [10.0, 9.3] [�0.000072, 0.000062] [17.7, 15.7]

fT,1/⇤4
[�0.0017, 0.0014] [7.7, 8.1] [�0.00089, 0.00053] [9.0, 10.3] [�0.000095, 0.000082] [15.5, 16.3]

fT,2/⇤4
[�0.011, 0.0046] [6.6, 7.0] [�0.0015, 0.00082] [10.8, 10.7] [�0.00017, 0.00013] [18.4, 16.7]

6

with a fit to the invariant mass distribution of the two leading jets, which typically corre-

spond to the pair of W bosons, denoted mWW. The distributions of mWW after the event

selection at each of the di↵erent center-of-mass energies are shown in Fig. 2. The expected

95% confidence level (CL) lower and upper limits on the aQGC parameters f/⇤4, where

f is the Wilson coe�cient of the given operator and ⇤ is the energy scale of new physics,

are derived from Wilk’s theorem [54] assuming that the profile likelihood test statistic is

�2 distributed [55]. No nuisance parameters corresponding to systematic uncertainties are

included in the fits.
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‣ 𝜇𝜇@10 TeV efficiently collides Ws above 
the weak threshold  

weak interactions

field Q = 3 TeV Q = 10 TeV Q = 30 TeV

µL 49.48% 48.72% 47.76%

µR 46.98% 44.12% 41.12%

⌫µ 1.28% 2.83% 4.85%

⌫` 0.0004% 0.0009% 0.001%

` 0.005% 0.007% 0.01%

q 0.038% 0.05% 0.07%

� 1.3% 1.4% 1.46%

W
�
T 0.52% 0.64% 0.74%

W
+
T 0.03% 0.06% 0.11%

ZT 0.17% 0.22% 0.28%

g 0.001% 0.002% 0.003%

Table 2. Fraction of the momentum carried by each parton at Q = 3, 10, 30 TeV.
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Figure 5. Examples of parton luminosities at a 3 TeV (left) and 10 TeV (right) MuC. Unless
specified, for this plot we sum over polarizations.

the n = 2 Mellin transform of the PDF (see App. C for more details) and it can be used to
evaluate the relevant role of the various individual components at different scales. To this
end, in Table 2 we give three examples for the set of PDFs shown in Fig. 4 at scales 3 TeV,
10 TeV, and 30 TeV. We observe that as the energy of the hard process is increased the
percentages of both the left- and right-handed muon components are decreased and those of
all other partons increased, which illustrates the importance of electroweak interactions at
higher energies.

In Fig. 5 we show some examples of parton luminosities for a 3 and 10 TeV muon
colliders where, unless specified, we sum over polarizations. Parton luminosities can be
useful for computing cross sections integrated over angular variables. In case of a muon
collider they are defined from the convolution of the PDFs of parton i from the muon and
parton j from the anti-muon, as follows:
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weak interactions

Figure 14. Same as Fig. 4 for HZZZ production at 3 and 10 TeV, respectively.
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Figure 15. Same as Fig. 10 for the Higgs-associated gauge boson production processes for three-boson
final states (left) and µ

+
µ
�
! 3V H (right) at a 3 TeV muon collider (dashed curves) and a 10 TeV

muon collider (solid curves), respectively.

Figure 16. Same as Fig. 10 for the Higgs-associated gauge boson production processes that are
independent of ↵n�3 at a 3 TeV muon collider (dashed curves) and a 10 TeV muon collider (solid
curves), respectively.
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Figure 16. Same as Fig. 10 for the Higgs-associated gauge boson production processes that are
independent of ↵n�3 at a 3 TeV muon collider (dashed curves) and a 10 TeV muon collider (solid
curves), respectively.
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Figure 20. Combined constraints on (↵1, ↵2) from di-Higgs production, multi-gauge boson produc-
tion, and Higgs-associated gauge boson production processes at a 3 TeV muon collider (left) and a 10
TeV muon collider (right), respectively. The dashed curves are for the constraints with no assump-
tions and the solid curves includes also the processes with assumption ↵3 = 0. The red, green, and
blue curves represent S = 2, 3, 5 significances, respectively. The black solid line corresponds to the
SMEFT6 scenario, i.e., Eq. (2.21).

and

for ↵1 = 1 : |↵2| , |↵3| . 0.05 at 10 TeV . (4.35)

These bounds cannot be translated into the SMEFT6 scenario. We will explain in Sec. 4.6

why bounds for these processes are so strong by assuming ↵1 = 1, but at this point of

the discussion it should not be a surprise anymore that fixing one of the ↵i and letting the

others float freely can in general lead to a large growth at high energies and therefore strong

constraints. Also, bounds from this class of processes in the (↵1, ↵2) plane are stronger than

in the case of purely multi-gauge-boson production, cf. Figs. 10 and 11. On the other hand,

we remind the reader that in this case the assumption ↵3 = 0 has been made, while in the

case of multi-gauge boson production this was not necessary.

Considering V
2
H

3 and ZH
4 production, not only the ↵4 dependence emerges (see also

Fig. 27 in Appendix E) complicating an analysis, but also due to the small number of events

and the weak signal strength, these processes cannot improve the constraints.

4.6 Constraints from combinations of processes

We discuss here the constraints that we can obtain by combining the information from dif-

ferent processes, using di↵erent underlying assumptions.

4.6.1 Constraints on (↵1, ↵2)

We can obtain constraints in the (↵1, ↵2) plane, combining multi-gauge boson production

and Higgs-associated gauge boson production with ↵2 constraints from 2H production. We

remind the reader that constraints from 3Z production depend only on ↵1, while some of the

– 48 –
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Production modes

3
[Constantini et al.; 2005.10289]

VBF takes over at high energies
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Two main production modes: s-channel and VBF

E. Celada - Higgs physics at muon colliders
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-

ditions or limits. The boundary conditions if Eq. (14)

serve to introduce the UV boundary-localized operators

in the e↵ective theory, which are required by the varia-

tional principle.

As a concrete example we can consider a fermion with

bulk mass cfR�1
on an RS1 background. Choosing

Dirichlet boundary condiditions for the left-handed Weyl

spinor on the IR brane, �(p, R2) = 0, yields the e↵ective

action for a left-handed UV brane source

Se↵ = �i

Z
d

4p

(2⇡)4
�†

(p) �̄µpµ F̃2(p
2
)�(p) , (15)

with

F̃2(p
2
) =

1

p

J↵(pR̃)Y↵(pR)� J↵(pR)Y↵(pR̃)

J↵(pR̃)Y↵�1(pR)� J↵�1(pR)Y↵(pR̃)
, (16)

where ↵ = cf + 1/2 and p =

p
p2. Eq. (16) should be

compared to the boundary-localized action obtained by

inserting the Dirac equation Eq. (7) into the boundary-

localized action (cf. Ref. [14]). Doing so, we identify

F̃2 as the inverse boundary-localized kinetic term, as ex-

pected.

B. Scalars & Vectors

The action for the scalar field is

S5d =

Z
d

4x

Z
R1

R0

dz
p

g
⇥
@M�

†@M
�� V (�)

⇤

=

Z
d

4x

Z
R1

R0

dz [] (17)

IV. UNITARITY REQUIREMENTS &
PHENOMENOLOGY

A. General considerations: The SM as a paradigm

In this section we will discuss conditions imposed by

unitarity in the semi-classical limit. The case of massive

gauge boson in the Unhiggs scenario has been pioneered

in Ref. [5]. The Unhiggs model has then been discussed

in the context of soft wall scenarios in Ref. [6]. Unitar-

ity is hereby concerved by cancelling the modified scaling

behaviour of gauge boson boson propagator against on-

tact interactions and modified trilinear couplings in the

full 2 ! 2 amplitude. As an immediate consequence,

the cross section predictions for SM-like and Unhiggs-

like production of e.g. (unpolarized) WW ! WW do

highly resemble. We demsontrate this in Fig. 2, which

was produced with a Monte Carlo implementation of the

model of Ref. [5]. As a consequence, realistic production
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and, at the same time, experimentally well-observable at

the LHC such as V V jj (V = W,Z) production via weak

boson fusion [19], exhibt a phenomenology highly resem-

blent that of the SM.

Turning to the unitarity constraints resulting from

qq̄ !WW , it is a good warm-up excercise to recapitulate
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1 We choose a sign convention so that all vertex couplings have a
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-

ditions or limits. The boundary conditions if Eq. (14)

serve to introduce the UV boundary-localized operators

in the e↵ective theory, which are required by the varia-

tional principle.

As a concrete example we can consider a fermion with

bulk mass cfR�1
on an RS1 background. Choosing

Dirichlet boundary condiditions for the left-handed Weyl

spinor on the IR brane, �(p, R2) = 0, yields the e↵ective

action for a left-handed UV brane source

Se↵ = �i

Z
d

4p

(2⇡)4
�†

(p) �̄µpµ F̃2(p
2
)�(p) , (15)

with

F̃2(p
2
) =

1

p

J↵(pR̃)Y↵(pR)� J↵(pR)Y↵(pR̃)

J↵(pR̃)Y↵�1(pR)� J↵�1(pR)Y↵(pR̃)
, (16)

where ↵ = cf + 1/2 and p =

p
p2. Eq. (16) should be
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gauge boson in the Unhiggs scenario has been pioneered

in Ref. [5]. The Unhiggs model has then been discussed

in the context of soft wall scenarios in Ref. [6]. Unitar-

ity is hereby concerved by cancelling the modified scaling

behaviour of gauge boson boson propagator against on-

tact interactions and modified trilinear couplings in the

full 2 ! 2 amplitude. As an immediate consequence,

the cross section predictions for SM-like and Unhiggs-

like production of e.g. (unpolarized) WW ! WW do

highly resemble. We demsontrate this in Fig. 2, which

was produced with a Monte Carlo implementation of the

model of Ref. [5]. As a consequence, realistic production

processes, which are sensitive to unitarity cancellations

and, at the same time, experimentally well-observable at

the LHC such as V V jj (V = W,Z) production via weak

boson fusion [19], exhibt a phenomenology highly resem-

blent that of the SM.

Turning to the unitarity constraints resulting from

qq̄ !WW , it is a good warm-up excercise to recapitulate

the unitarity cancellations in q(p1)q̄(p2)! W (p3)W (p4)

within the SM [20, 21]. The cancellation of the ampli-

tude’s growth proportional to the center-of-mass energy
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.
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localized action (cf. Ref. [14]). Doing so, we identify

F̃2 as the inverse boundary-localized kinetic term, as ex-

pected.

B. Scalars & Vectors

The action for the scalar field is

S5d =

Z
d

4x

Z
R1

R0

dz
p

g
⇥
@M�

†@M
�� V (�)

⇤

=

Z
d

4x

Z
R1

R0

dz [] (17)

IV. UNITARITY REQUIREMENTS &
PHENOMENOLOGY

A. General considerations: The SM as a paradigm

In this section we will discuss conditions imposed by

unitarity in the semi-classical limit. The case of massive

gauge boson in the Unhiggs scenario has been pioneered

in Ref. [5]. The Unhiggs model has then been discussed

in the context of soft wall scenarios in Ref. [6]. Unitar-

ity is hereby concerved by cancelling the modified scaling

behaviour of gauge boson boson propagator against on-
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full 2 ! 2 amplitude. As an immediate consequence,
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like production of e.g. (unpolarized) WW ! WW do

highly resemble. We demsontrate this in Fig. 2, which

was produced with a Monte Carlo implementation of the

model of Ref. [5]. As a consequence, realistic production

processes, which are sensitive to unitarity cancellations

and, at the same time, experimentally well-observable at

the LHC such as V V jj (V = W,Z) production via weak

boson fusion [19], exhibt a phenomenology highly resem-

blent that of the SM.

Turning to the unitarity constraints resulting from
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the unitarity cancellations in q(p1)q̄(p2)! W (p3)W (p4)
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4") ≥
330 GeV.
It is known that the interference between the trian-

gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid and dashed;
the dashed line lies on top of the solid line), yielding a well-
defined SM cross section (orange). We also show the pa-
rameter choice that corresponds to the CMS-like exclusion
of Γh # 5×ΓSM

h based on the strategy outlined in [2] and the
introduction.
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weak interactions

‣ 𝜇𝜇@10 TeV provides high sensitivity at high energy 

☛ unitarity is woven into any analysis 

☛ “great measurement under the following assumptions”

Production modes

3
[Constantini et al.; 2005.10289]
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Two main production modes: s-channel and VBF

E. Celada - Higgs physics at muon colliders

‣ probed high above threshold
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FIG. 2: Comparison of the cross sections for WW !WW in
the SM (d = 1, points) and in the Unhiggs scenario (dotted
lines) of Ref. [5] for SM-like Higgs with masses 120 GeV and
1 TeV. µ denotes the infrared cut-o↵ of the conformal sector,
which does not enter the computation, unless the Higgs field
aquires a non-cononical scaling dimension [H] 6= 1. Through-
out, we choose the e↵ective theory cut-o↵ to be 10 TeV. The
cross section predictions di↵er at the permille level.

supplemented by the respective Dirichlet boundary con-

ditions or limits. The boundary conditions if Eq. (14)

serve to introduce the UV boundary-localized operators

in the e↵ective theory, which are required by the varia-

tional principle.

As a concrete example we can consider a fermion with

bulk mass cfR�1
on an RS1 background. Choosing

Dirichlet boundary condiditions for the left-handed Weyl

spinor on the IR brane, �(p, R2) = 0, yields the e↵ective

action for a left-handed UV brane source

Se↵ = �i

Z
d

4p

(2⇡)4
�†

(p) �̄µpµ F̃2(p
2
)�(p) , (15)

with

F̃2(p
2
) =

1

p

J↵(pR̃)Y↵(pR)� J↵(pR)Y↵(pR̃)

J↵(pR̃)Y↵�1(pR)� J↵�1(pR)Y↵(pR̃)
, (16)

where ↵ = cf + 1/2 and p =

p
p2. Eq. (16) should be

compared to the boundary-localized action obtained by

inserting the Dirac equation Eq. (7) into the boundary-

localized action (cf. Ref. [14]). Doing so, we identify

F̃2 as the inverse boundary-localized kinetic term, as ex-

pected.

B. Scalars & Vectors

The action for the scalar field is
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IV. UNITARITY REQUIREMENTS &
PHENOMENOLOGY

A. General considerations: The SM as a paradigm

In this section we will discuss conditions imposed by

unitarity in the semi-classical limit. The case of massive

gauge boson in the Unhiggs scenario has been pioneered

in Ref. [5]. The Unhiggs model has then been discussed

in the context of soft wall scenarios in Ref. [6]. Unitar-

ity is hereby concerved by cancelling the modified scaling

behaviour of gauge boson boson propagator against on-

tact interactions and modified trilinear couplings in the

full 2 ! 2 amplitude. As an immediate consequence,

the cross section predictions for SM-like and Unhiggs-

like production of e.g. (unpolarized) WW ! WW do

highly resemble. We demsontrate this in Fig. 2, which

was produced with a Monte Carlo implementation of the

model of Ref. [5]. As a consequence, realistic production

processes, which are sensitive to unitarity cancellations

and, at the same time, experimentally well-observable at

the LHC such as V V jj (V = W,Z) production via weak

boson fusion [19], exhibt a phenomenology highly resem-

blent that of the SM.

Turning to the unitarity constraints resulting from

qq̄ !WW , it is a good warm-up excercise to recapitulate

the unitarity cancellations in q(p1)q̄(p2)! W (p3)W (p4)

within the SM [20, 21]. The cancellation of the ampli-

tude’s growth proportional to the center-of-mass energy
p

s imposes the sum rules among the Feynman graphs
1

q

q̄

W

WH

(1)

q

q̄

W

WA, Z

(2), (3)

q

q̄

W

W

Q

(4)

1

FIG. 3: Feynman graphs contributing to qq̄ ! WW in the
semi-classical approximation. (q, Q)L forms a SM-like quark
doublet under SU(2)L ⇥ U(1)Y .

1 We choose a sign convention so that all vertex couplings have a
positive sign.
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4") ≥
330 GeV.
It is known that the interference between the trian-

gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid and dashed;
the dashed line lies on top of the solid line), yielding a well-
defined SM cross section (orange). We also show the pa-
rameter choice that corresponds to the CMS-like exclusion
of Γh # 5×ΓSM

h based on the strategy outlined in [2] and the
introduction.

‣ constraints that violate unitarity 
have no meaning in a perturbative 
analysis chain [CE, Spannowsky 1405.0285]

these could 
deviate ~% from SM at 
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‣ every time we increase pCM 10-fold….
…we learn something entirely new!

FCC-hh 𝜇𝜇@10 TeV


