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Abstract

We present the inclusive calculations of a Higgs boson produced in associated
with massive vector bosons in the Standard Model Effective Field Theory
(SMEFT) to order 1/Λ4 for the 13 TeV LHC. The calculations include the
decay of the vector boson into massless constituents and are done using the
geometric formulation of the SMEFT supplemented by the relevant dimension
eight operators not included in the geoSMEFT. We include some discussion of
distributions to motivate how detailed collider and experimental searches for
SMEFT signals could be improved.
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1 Introduction

The Standard Model (SM) very accurately describes phenomena up to the electroweak
scale. However, given the failings of the SM to describe certain phenomena, such as
neutrino masses, dark matter, and the baryon asymmetry of the universe, we know physics
beyond the SM exists. Having concluded run two, and with the start of run three, the
LHC has yet to directly discover physics beyond the SM.

Given the lack of evidence of new physics from the LHC, we are interested in exploring
evidence for physics beyond the SM that the LHC cannot directly produce. A natural
approach to such a study is the use of Effective Field Theories (EFTs). One of the most
studied EFT approaches to physics beyond the SM is the Standard Model EFT (SMEFT).
In this approach a tower of operators is added to the SM in order to quantify the effects
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of new physics:

LSMEFT = LSM +
∑
i,j

1

Λi
Q

(4+i)
j (1)

Here i represents the sum over all operators of dimension 4 + i > 4 while j indicates a
sum over all possible operators at a given dimension. In the SMEFT one also assumes
that the Higgs boson is embedded into an SU(2)L doublet. Operators of odd dimension
necessarily include lepton and/or baryon number violation. As such the leading order for
most processes considered for LHC physics is dimension six, or 1/Λ2. For examples of
recent global fits to Higgs, electroweak, and/or top physics at order 1/Λ2 see e.g. [1–3].

More recently a great deal of interest has been generated in studying the next order
in the SMEFT expansion, 1/Λ4 [4–16]. Motivations for the study of these NLO terms in
the SMEFT expansion include:

1. The “inverse problem,” or that there is a great degeneracy between UV completions
of the SM and their imprint at dimension six. This degeneracy is largely broken
at dimension eight [17], and therefore leads to the hope that if indirect evidence of
physics beyond the SM is discovered we can better understand the nature of the new
physics.

2. Truncation error in the SMEFT is not well understood. The most common approach
is to consider squares of dimension six operators as an estimate of the error [18].
However this is not consistent with the power counting of the SMEFT: inclusion
of dimension-six-squared contributions necessitates the inclusion of dimension-eight
operators as both occur at order 1/Λ4. An alternative approach to truncation error
uses the dimension-eight terms as nuisance parameters in order to study the impact
of neglecting them and thereby infer the truncation error [19,20].

3. There are known instances where the dimension-eight terms have significant impacts
on the infrared physics that would be missed by only including dimension-six results
[14,21–24]. This should, for completeness, be contrasted with cases where dimension-
eight has little phenomenological impact [12].

With this in mind this article seeks to continue to push phenomenological studies of
LHC processes to order 1/Λ4. In the Higgs sector gluon fusion production to order 1/Λ4

at tree level is already known1, as are the decays of the Higgs boson to two particles
which includes the largest and most accurately measured decay products, h → b̄b and
h → γγ. Higgs boson associated production with a vector is particularly interesting as
the geoSMEFT approach allows us to simply derive many of the properties of the process
which primarily depends on three-point vertices for which the geoSMEFT is particularly
well suited.

In this article we calculate the Higgs boson production in association with a massive
vector boson, pp→ V H, where V = W±/Z. We utilize the geoSMEFT methodology which
greatly simplifies a large part of the calculations including the choice of input parameter
schemes [23,26]. In order to include the remaining terms at order 1/Λ4 not included in the
geoSMEFT we follow the methods developed in [10]. To produce results closer to what
is actually measured in LHC experiments, we include the decay of the vector boson into
massless leptons in our calculation (along with all SMEFT effects contained in the decay),
pp→ V (f̄f)H. Using this 2→ 3 process, we can impose realistic triggering and analysis
cuts. The relevant diagrams for this process are shown in Fig. 1. Notice Fig. 1(b) and (c)

1As well as recently the contributions at one-loop from amplitudes with two insertions of dimension-six
operators in [25].
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(a) (b) (c)

Figure 1: Diagrams contributing to Higgs associated production with a vector boson in
the SMEFT. Figure (1a) includes the SM contributions while Figs. (1b) and (1c) are only
generated in the SMEFT. We make the assumption that experimental searches place a
mZ or mW cut on the invariant mass of the final state leptons which effectively removes
the contributions from Fig. (1c) as well as potential contributions from other diagrams
generated by e.g. four-fermion operators.

are not present in the SM. While we include the decay of the vector boson, we will neglect
contributions from the last diagram, Fig. 1c, as we assume experimental searches will
have a cut on m`` ∼ mW/Z . This also removes the potential five-point vertex arising at
dimension-eight which is not shown in Fig. 1.

The article is organized as follows: In Sec. 2 we introduce the necessary calcula-
tional ingredients, namely the geoSMEFT, dimension-eight operators not included in the
geoSMEFT, and the concept of expanding the propagator to a given order in the SMEFT
expansion. Then in Sec. 3 we reexpress these in terms of an effective Lagrangian which
is used for the actual calculations. Section 4 contains the main results of this article, the
parameterization of Higgs boson production in association with a vector boson to order
1/Λ4 in the power counting. We conclude in Sec. 5, while leaving certain relevant details
of the calculations in the Appendices in order to maintain a more direct discussion in the
main body of the text. Our results are all leading order in SM couplings. The effect of
terms that are leading order in the SMEFT expansion (O(1/Λ2)) but higher order in SM
couplings would be interesting to explore but are beyond the scope of this work.

The ancillary files include a Mathematica notebook which puts together all of the
results and identities of this work in order to generate an expression for the inclusive cross
sections for ZH and W±H production, as well as the case of ZH with partonic center
of mass energy greater than 500 GeV. These results depend on a multitude of Wilson
coefficients and so are poorly suited for inclusion in the text.

2 The geoSMEFT and dimension-eight operator bases

The geoSMEFT is a tool which reorganizes part of the SMEFT in order to fully classify
all operators to all orders in the SMEFT which affect two- and three-point functions. This
is achieved by considering operators involving up to three fields (Fi) and their derivatives,
and rewriting them as a field-space connection which is a function of the SM scalar boson,
M(φ) below (where φ is the scalar), multiplied by the Fi considered:

F1, F2 →M12(φ)F1F2

F1, F2, F3 →M123(φ)F1F2F3
(2)

That the geoSMEFT classifies all three-point functions is a basis dependent statement,
and therefore the geoSMEFT also defines a basis of operators in the SMEFT. This basis
is consistent with the Warsaw basis (dimension-six) [27], but requires we revisit the choice
of the basis of operators at dimension-eight. This is because the two standard bases at
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dimension-eight as defined in [28,29] include operators which shift the three-point functions
and are not in the geoSMEFT.

In Section 2.1 below we discuss the operators in the geoSMEFT framework relevant to
our discussion of the associated production of a Higgs boson with a vector boson, then in
Section 2.2 we discuss the change of basis necessary to make the above two dimension-eight
operator bases consistent with the geoSMEFT in order to obtain results for the process
to order 1/Λ4.

2.1 The geoSMEFT and associated production

Defining φI as the complex scalar doublet of the SM rewritten as a four-component real
field, and WA

µ is a four component real vector field containing the three SU(2)L and the
U(1)Y gauge fields, we can write the relevant terms from the geoSMEFT [26,30] (i.e. those
which generate vertices contributing to the diagrams in Fig. 1):

LgeoSMEFT =
1

2
hIJ(Dµφ)I(Dµφ)J +

1

4
gABW

A
µνW

B,µν + κAIJ(Dµφ)I(Dνφ)JWA,µν (3)

+Lψ,prJ,A (Dµφ)J(ψ̄pγµσ̃
Aψr) + Lud,prJ (Dµφ)J(ūpγ

µdr)

+
(
dprA ψ̄pσ

µνψrW
A
µν + h.c.

)
,

where p and r are flavor indices, and we have defined:

σ̃A = δA,4 + (1− δA,4)σA (4)

The field-space connections hIJ and gAB shift all Higgs and vector boson interactions
respectively, while κAIJ , LψJ,A, LudJ , and dA generate three- and four-point functions con-

tributing to the diagrams of Fig. 12. For simplicity we will assume a U(3)5 flavor symmetry,
this removes the dipole operators of the last line of Eq. 3.

These field-space connections can be written as matrices in the SU(2)L space, and can
be written to all orders as:

hIJ =

[
1 + φ2c

(6)
H� +

∞∑
n=0

(
φ2

2

)n+2 (
c

(8+2n)
HD − c(8+2n)

HD,2

)]
δIJ

+
ΓIA,JφKΓKA,Lφ

L

2

(
c

(6)
HD

2
+

∞∑
n=0

(
φ2

2

)n+1

c
(8+2n)
HD,2

)
, (5)

gAB =

[
1− 4

∞∑
n=0

(
c

(6+2n)
HW (1− δA4) + c

(6+2n)
HB δA4

)(φ2

2

)n+1
]
δAB

−
∞∑
n=0

c
(8+2n)
HW,2

(
φ2

2

)n (
φIΓ

I
A,Jφ

J
) (
φLΓLB,Kφ

K
)

(1− δA4)(1− δB4) (6)

+

[ ∞∑
n=0

c
(6+2n)
HWB

(
φ2

2

)n] [(
φIΓ

I
A,Jφ

J
)

(1− δA4)δB4 + (A↔ B)
]
,

(7)

2Recall from Eq. 2 and the discussion above, these field-space connections are all functions of the real
scalar field φI .
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kAIJ = −1

2
γI4JδA4

∞∑
n=0

c
(8+2n)
HDHB

(
φ2

2

)n+1

− 1

2
γIAJ(1− δA4)

∞∑
n=0

c
(8+2n)
HDHW

(
φ2

2

)n+1

−1

8
(1− δA4)

[
φKΓKALφ

L
] [
φMΓMBNφ

N
]
γIBJ

∞∑
n=0

c
(8+2n)
HDHW,3

(
φ2

2

)n
(8)

+
1

4
εABC

[
φKΓKBLφ

L
]
γICJ

∞∑
n=0

c
(8+2n)
HDHW,2

(
φ2

2

)n
,

LψprJA = − (φγ4)J δA4

∞∑
n=0

c
1,(6+2n)
Hψ,pr

(
φ2

2

)n
− (φγA)J (1− δA4)

∞∑
n=0

c
3,(6+2n)
Hψ,pr

(
φ2

2

)n
+

1

2
(φγ4)J (1− δA4)

(
φKΓKALφ

L
) ∞∑
n=0

c
2,(8+2n)
Hψ,pr

(
φ2

2

)n
(9)

+
εABC

2
(φγB)J

(
φKΓKCLφ

L
) ∞∑
n=0

c
ε,(8+2n)
Hψ,pr

(
φ2

2

)n
. (10)

dψ,prA =
∞∑
n=0

(
φ2

2

)n [
δA4c

(6+2n)
ψB,pr + σA(1− δA4)c

(6+2n)
ψW,pr −

[
φKΓKALφ

L
]

(1− δA4)c
(8+2n)
ψW,2,pr

] (∼)

H .

(11)

In the above, ΓIAJ and γIAJ are different ways of rewriting the generators of SU(2)L×U(1)Y

in the basis of the four-component φ and W . They can be found in [26]. The c
(d)
i are

the Wilson coefficients of the SMEFT for an operator with label i of dimension d. The
corresponding operator forms in the usual SMEFT formulation can also be found in Section
3 of [26].

2.2 A dimension-eight basis consistent with the geoSMEFT

As was mentioned above, the geoSMEFT classifies all operators which affect two- and
three-point functions in the SMEFT. While such a classification includes some subset
of operators affecting four-and higher point functions, in order to consistently calculate
Higgs associated production to order 1/Λ4 we must include all dimension-eight operator
contributions. That is, we must include operators at dimension-eight not included in
the geoSMEFT. We can achieve this by considering the bases as written in [28, 29] and
proceeding as follows:

1. Identify all operators affecting two- and three-point functions which are not included
in the geoSMEFT.

2. Removing these operators from the dimension-eight operator basis via integration
by parts and the equations of motion.

3. Including the new operator forms introduced by the above step.

This procedure was first implemented in [10]. We can take the operators of the form
H4D4 from [29] as an example. These operators are not consistent with the geoSMEFT
basis. Taking the operator,

Q
(1)

H2H†2D4
= (H†H)�2(H†H) , (12)

we see that after spontaneous symmetry breaking this operator affects both 2- and 3-point
functions as H ∼ {0, v + h}T , and the terms from the (H†H) on the left allows for terms
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like v2�2h2. This operator can be exchanged by integration by parts and the equations
of motion for those of [28]:

Q
(1)
H4 = (DµH)†(DνH)(DνH)†(DµH) (13)

Q
(2)
H4 = (DµH)†(DνH)(DµH)†(DνH) (14)

Q
(3)
H4 = (DµH)†(DµH)(DνH)†(DνH) (15)

These new operators do not generate two- or three-point functions, and are thus consistent
with the geoSMEFT basis. That is, since derivatives act on all Higgs doublets, terms
where a field is exchanged for the constant v will vanish identically. Unrelated to the
geoSMEFT discussion, it is also preferable to remove the operator of Eq. 12 as it requires
the introduction of Lee-Wick ghosts [31].

Following the steps above we systematically go through the operators of references [28,
29] and identify the following operator forms which are not consistent with the geoSMEFT
basis. Below, we adopt the usual convention where X stands for a field strength tensor, D
for the covariant derivative (acting on any of the field content), ψ for any of the fermionic
fields, and H for the Higgs doublet. We find the following classes of operators to be
inconsistent with the geoSMEFT:

1. Class ψ2H2D3 – in both [28] and [29].

2. Class H4D4 – is consistent in [28], but is not in [29] as mentioned in the example of
Eq. 12.

All other operators in the other two bases were found to be consistent with the
geoSMEFT basis. The operator classes ψ2H2XD, ψ2H3D2, and ψ2HXD2 in particu-
lar could have presented problems, but in both dimension-eight bases the derivatives were
written acting solely on the Higgs doublets so they conform with the geoSMEFT basis.

In order to make the operators of classes D3ψ2H2 consistent with the geoSMEFT it
is useful to use the tools developed in [26] and [29]. For illustration, the class D3ψ2H2 is
worked out in more detail in Appendix D.

Tables 1 and 2 contain the full set of dimension-eight operators relevant to Higgs
associated production and not contained in the geoSMEFT operators of Eq. 33. They
fall under the classes ψ2XH2D and ψ2H2D3. Here we only allow ψ = {q, u, d} as we
are assuming m`` ∼ mW/Z which effectively removes the contributions from Fig. 1c and
therefore the contribution of leptonic operators. With all operators contributing we may
now consider all effective vertices contributing to the process.

2.3 Propagators and the SMEFT expansion

In addition to effective vertices arising from the SMEFT, we also need to take into account
that the SMEFT shifts both the gauge boson masses and widths. As such, we expand the
propagators for the gauge bosons (in the unitary gauge) order by order in the SMEFT
power counting. This approach was first adopted to order 1/Λ2 in [32], and has since been
introduced to SMEFTsim (again to order 1/Λ2) [33]. Denoting the shifts in the mass and
width as δmV and δΓV we find:

igµν

p2−m̄2
V +iΓ̄V m̄V

→ igµν

p2−m2
V +iΓVmV

[
(ΓV +2imV )δmV +mV δΓV

p2−m2
V +iΓVmV

+
m2
V (δΓV )2+(Γ2

V +3iΓVmV −3m2
V −p

2)(δmV )2+(ΓVmV +i[p2+3m2
V ])δΓV δmV

p2−m2
V +iΓVmV

]
(16)

3Subject, again, to our assumption of a U(3)5 flavor symmetry.
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Operator relevant ψ

Q
(1)
ψ2BH2D

(ψ̄pγ
νψr)D

µ(H†H)Bµν ψ = {q, u, d}
Q

(2)
ψ2BH2D

i(ψ̄pγ
νψr)(H

†←→D µH)Bµν ψ = {q, u, d}
Q

(3)
ψ2BH2D

(ψ̄pγ
νσIψr)D

µ(H†σIH)Bµν ψ = {q}
Q

(4)
ψ2BH2D

i(ψ̄pγ
νσIψr)(H

†←→D IµH)Bµν ψ = {q}
Q

(1)
ψ2WH2D

(ψ̄pγ
νψr)D

µ(H†σIH)W I
µν ψ = {q, u, d}

Q
(2)
ψ2WH2D

i(ψ̄pγ
νψr)(H

†←→D IµH)W I
µν ψ = {q, u, d}

Q
(3)
ψ2WH2D

(ψ̄pγ
νσIψr)D

µ(H†H)W I
µν ψ = {q}

Q
(4)
ψ2WH2D

i(ψ̄pγ
νσIψr)(H

†←→D µH)W I
µν ψ = {q}

Q
(5)
ψ2WH2D

εIJK(ψ̄pγ
νσIψr)D

µ(H†σJH)WK
µν ψ = {q}

Q
(6)
ψ2WH2D

iεIJK(ψ̄pγ
νσIψr)(H

†←→D JµH)WK
µν ψ = {q}

Table 1: Operators of class ψ2XH2D contributing to Higgs associated production up to
O(1/Λ4). The last column indicates which chiral quarks contribute. Note our naming

convention differs from that of [28] and our convention for
↔
D differs by a factor of i.

Operator relevant ψ

Q
(1)
ψ2H2D3 i(ψ̄pγ

µψr)
[
(DνH)†(D2

(µ,ν)H)− (D2
(µ,ν)H)†(DνH)

]
ψ = {q, u, d}

Q
(2)
ψ2H2D3 i(ψ̄pγ

µ←→D νψr)
[
(DµH)†(DνH) + (DνH)†(DµH)

]
ψ = {q, u, d}

Q
(3)
ψ2H2D3 i(ψ̄pγ

µσIψr)
[
(DνH)†τ I(D2

(µ,ν)H)− (D2
(µ,ν)H)†σI(DνH)

]
ψ = {q}

Q
(4)
ψ2H2D3 i(ψ̄pγ

µσI
←→
D νψr)

[
(DµH)†τ I(DνH) + (DνH)†τ I(DµH)

]
ψ = {q}

Table 2: Operators of class ψ2H2D3 contributing to Higgs associated production up to
O(1/Λ4). The last column indicates which chiral quarks contribute. The subscript (µ, ν)
indicates the the derivatives are symmetrized in the Lorentz indices. As discussed in
Sec. 2.2, the operators in this class differ from those of [28,29] as we are using a geoSMEFT
compliant basis.

Where it should be understood that δmV and δΓV include shifts up to order 1/Λ4 and
that, for this work, the amplitude squared needs to be truncated at order 1/Λ4.

In this work we consider two popular choices of input parameters: the {α̂, m̂Z , ĜF }
or “α” scheme, and {m̂W , m̂Z , ĜF } or “mW ” scheme. In the case of the m̂W scheme, as
the mass of the W is an input parameter, it receives no shift δmW and so we do not need
to include this term. In both schemes the Z mass is an input and so the shift δmZ is
never necessary. Both schemes have been worked out to arbitrary order in the SMEFT
power counting in [23]. We have included the mapping from Lagrangian parameters to
input parameters in Appendix A as well as other necessary ingredients to convert our
geoSMEFT conventions to Wilson coefficients.

3 The effective Lagrangian

Next we derive the full set of effective vertices in the form of an effective Lagrangian.
This is split between the effective Lagrangians for the neutral currents and the charged
currents. Further we will do this separately for the geoSMEFT and operators of Sec. 2.2
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within each subsection below.

3.1 Leff for neutral currents

Beginning from the the geoSMEFT, as laid out in Eq. 3 and Eqs. 5–10. Using the short-
hand ψ for any of the four-component SM fermionic fields, the resulting effective La-
grangian is given by:

LNC,1
eff = 1

2c
(1)
HZZhZµZ

µ +
c
(2)
HZZ

4 hZµνZ
µν + c

(3)
HZZ(∂µh)ZµνZν

+1
2c

(2)
HAZhAµνZ

µν + c
(3)
HAZ(∂µh)AµνZν

−ēψ̄pγµψpAµ +
(
hg

(1),hZψ
±,pr + gZψ±,pr

)
ψ̄pγ

µP±ψrZµ

(17)

The first two lines correspond to purely bosonic couplings which are completely cap-
tured by the geoSMEFT. Therefore, they only generate diagram (a) of Fig. 1. The last
three lines generate Zψ̄ψ and Zhψ̄ψ vertices and therefore can contribute to both di-
agrams (a) and (b). The above effective Lagrangian allows for flavor changing neutral
currents, consistent with the SMEFT, however we take all neutral current couplings to be
flavor diagonal. In order to keep the main text from becoming encumbered with defini-
tions and long expressions ill-suited for print, the dependence of the cji on geometrically
defined quantities and the Wilson coefficients can be found in App. A.

Next we consider the operators of Tables 1 and 2. The operators do not generate three-
point vertices (see Sec. 2.2) and therefore we only need to consider operators generating
the effective vertex of Fig. 1(b). Our assumption that mll ∼ mV removes contributions
from Fig. 1(c) as well as contributions from the four-point vertices involving a photon. We
find the effective Lagrangian:

L = g
(2),hZψ
± (∂νh)Zµ(∂νψ̄)γµP±ψ + g

(3),hZψ
± (∂νh)Zµψ̄γ

µP±(∂νψ)

+g
(4),hZψ
± (∂νh)(∂νZµ)ψ̄γµP±ψ + g

(5),hZψ
± (∂νh)(∂µZ

ν)ψ̄γµP±ψ

+g
(6),hZψ
± (∂νh)Zµψ̄γ

νP±(∂µψ) + g
(7),hZψ
± (∂µ∂νh)Zνψ̄γµP±ψ

+g
(8),hZψ
± (∂νh)Zµ(∂µψ̄)γνP±ψ ,

(18)

The g
(n),hZψ
± are written in terms of dimension-eight Wilson coefficients in App. A. The

subscript ± is exchanged for L or R when a specific projection is written elsewhere in this
article. The full effective Lagrangian of Eq. 18 should be understood as the sum over both
projections, ±. As a short summary, Table 3 shows which operators generate each g.

3.2 Leff for charged currents

The charged-current interactions are more subtle as the effective couplings may now be
complex. Using the notation introduced above, we find the effective Lagrangian:

LNC,1
eff = c

(1)
HWWhW

+
µ W

−
ν +

c
(2)
HWW

2 hWµνW
µν

+c
(3)
HWW (∂µh)W+

µνW
− ν + c

(4)
HWW (∂µh)W−µνW

+ ν

+
(
hg

(1),hWψ
±,pr + gWψ

±,pr

)
ψ̄γµP±ψ̄W

+
µ + h.c.

(19)

Here, the first two lines correspond to purely bosonic interactions, while the last includes
interactions of the W± with both left and right handed fermions. The LH couplings are
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effective vertex corresponding operators

g
(4),hZψ
± Q

(1)
ψ2V H2D

, Q
(3)
ψ2V H2D

, Q
(1)
ψ2H2D3 , Q

(3)
ψ2H2D3

g
(5),hZψ
± Q

(1)
ψ2V H2D

, Q
(3)
ψ2V H2D

, Q
(1)
ψ2H2D3 , Q

(3)
ψ2H2D3

g
(7),hZψ
± Q

(1)
ψ2H2D3 , Q

(3)
ψ2H2D3

g
(2),hW±ψ
L Q

(4)
ψ2H2D3

g
(3),hW±ψ
L Q

(4)
ψ2H2D3

g
(4),hW±ψ
L Q

(3)
ψ2WH2D

, Q
(5)
ψ2WH2D

, Q
(3)
ψ2H2D3

g
(5),hW±ψ
L Q

(3)
ψ2WH2D

, Q
(5)
ψ2WH2D

, Q
(3)
ψ2H2D3

g
(6),hW±ψ
L Q

(4)
ψ2H2D3

g
(7),hW±ψ
L Q

(3)
ψ2H2D3

g
(8),hW±ψ
L Q

(4)
ψ2H2D3

Table 3: Effective couplings of Eqs. 18 and 20, and the effective operators that gener-
ate them. For a given ψ ∈ {Q, u, d} the operators above need to be checked against
Tabs. 1 and 2. When V appears as a superscript it is to indicate that both the corre-
sponding B and W operators contribute.

generated by the renormalizable Lagrangian, while the RH currents are generated first at
order 1/Λ2, as such the right handed currents can only contribute in quadrature (given
the assumptions mψ is negligible). Expressions for the effective couplings in terms of
geometric quantities and expanded out in terms of the Wilson coefficients can be found
in App. A. The operators followed by +h.c. have, in general, complex coefficients which
are taken into account. As we are assuming a U(3)5 flavor symmetry, VCKM → δpr. A
more detailed study of the CKM matrix in the context of the SMEFT and particularly
the SMEFT to order 1/Λ4 is needed to relax this assumption. A strong starting point at
dimension-six can be found in [34], while a first look at beyond leading order can be found
in [35].

Again, we consider the operators of Tables 1 and 2. For the charged currents we find
the effective Lagrangian:

L = g
(2),hW±ψ
L (∂νh)W±µ (∂νψ̄)γµT±ψ + g

(3),hW±ψ
L (∂νh)W±µ ψ̄γ

µT±(∂νψ)

+g
(4),hW±ψ
L (∂νh)(∂νW±µ )ψ̄γµT±ψ + g

(5),hW±ψ
L (∂νh)(∂µW

±
ν )ψ̄γµT±ψ

+g
(6),hW±ψ
L (∂νh)W±µ ψ̄γ

νT±(∂µψ) + g
(7),hW±ψ
L (∂µ∂

νh)W±ν ψ̄γ
µT±ψ

+g
(8),hW±ψ
L (∂νh)W±µ (∂µψ̄)γνT±ψ ,

(20)

where 2T± = σ1± iσ2. Considering contributions to O(1/Λ4) requires ψ = Q as these op-
erators are generated at dimension eight and so the corresponding right-handed operators

can only contribute at order 1/Λ6. The g
(n),hW±ψ
L are written in terms of dimension-

eight Wilson coefficients in App. A. As a short summary, Table 3 shows which operators
generate each g.

The charged current process was considered in Ref. [4] including O(1/Λ4) effects, but
at the level of a 2 → 2 process only. Additionally, the calculation in Ref. [4] was not

10
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carried out in a geoSMEFT compliant basis, hence it contains corrections to the ffW
vertex originating from D3H2ψ2 operators. The results of this work improve upon Ref. [4]
by adopting the operator choice in Table 2 and including the effects of the W± decay.

4 Higgs associated production with a Z and W±

The matrix elements and their squares were calculated using the Feynrules for the SMEFT
found in [36]4, the FeynArts and FormCalc packages [37, 38], as well as cross checked by
hand. We consider the case of the 13 TeV LHC, working with NNPDF3.0 NLO parton
distribution functions [39,40], αs = 0.118, and a fixed factorization scale µF = mZ .

Details of the phase space and parton distribution function integration is discussed in
App. C. These integrations were separately performed for each combination of couplings
in the effective Lagrangians discussed in Sec. 3, as well as the expanded propagator of
Sec. 2.3. We can consider the ratio of any given SMEFT cross section to the SM cross
section after having factored out all coupling and Nc dependence as a measure of how
different the population of phase space is between the SM and the novel kinematics of
the SMEFT. This was discussed in the context of the Higgs decay to four fermions at
dimension-six in the SMEFT in [32].

In the next two subsections, we present the SM tree-level results as well as these ratios
in tables. These combined with the mappings between the SMEFT and our effective
Lagrangians allows one to obtain the full expressions for Higgs associated production to
order 1/Λ4 in the SMEFT. As these expressions are cumbersome we do not attempt to
write them here, but instead include ancillary files that allow one to fully reproduce them
in Mathematica. The last subsection includes some discussion of distributions, further
illustrating the differences between the phase space populations in SM and the SMEFT.

4.1 Neutral currents

Table 4 lists the primary ingredients for constructing the cross section for pp → hZ(→
¯̀̀ ) to order 1/Λ4 in the SMEFT. In order to fit the full results into the table some
simplifications have been made implicitly in the table:

1. While all integrations were performed to per-mil accuracy, we only display two signif-
icant digits. The only exception to this is the first row corresponding to the SM-like
contribution.

2. In the SM row we have also factored out a factor of 10−4 which instead appears
with the coupling dependence. We have normalized all the subsequent rows to the
SM-like contribution of the first row, including the factor 10−4, so everything is
approximately of the same order. As mentioned above, these quantities have the
useful interpretation of expressing the differences in phase-space population of the
different kinematics from the SMEFT that contribute to Higgs associated production
with a Z-boson.

3. We have factored out,

v̂2n =

(
1

√
2ĜF

)n
∼
(
246.22 GeV

)2n
, (21)

4In the package we change the field-strength connections so they are general instead of depending on
the individual Wilson coefficients.

11
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From each term corresponding to the leading order in 1/Λ2n at which the given
effective coupling is generated in the SMEFT. For a more straightforward comparison
between the expressions we have only factored out v̂2 from the expressions containing

c
(3)
HV V ′ and c

(4)
HV V ′ . Although these forms are first generated at order 1/Λ4 in the

Warsaw and geoSMEFT bases, they are generated at 1/Λ2 in other bases.

Table 4 contains all the necessary results from the phase space and parton distribution
function integrations. To the numerical precision included in the table, the α̂ and m̂W

schemes produce the same table. Many different coupling combinations lead to the same
phase space integrals5. Denoting a given amplitude, with coupling dependence removed,
by Mi we have within the SM, for example:[

c
(1)
HZZ

]2 (
gZ`L

)2 (
gZqL

)2
Nc

∫
dσ|M1|2 =

[
c

(1)
HZZ

]2 (
gZ`R

)2 (
gZqR

)2
Nc

∫
dσ|M2|2 , (22)

which is to say, for the fully integrated phase space, the difference between the cross section
for left- and right-handed couplings of the Z to fermions is fully encoded in the effective
couplings gZψL,R. In the case above the amplitude squared is identically the same (in the
massless limit), however we also find:[

c
(1)
HZZ

]2 (
gZ`L

)2 (
gZqL

)2
Nc

∫
dσ|M1|2 '

[
c

(1)
HZZ

]2 (
gZ`L

)2 (
gZqR

)2
Nc

∫
dσ|M3|2(23)

=
[
c

(1)
HZZ

]2 (
gZ`R

)2 (
gZqL

)2
Nc

∫
dσ|M4|2 ,

where we have used the symbol ' to indicate the numerical integrations are the same,
however the squared amplitudes are not6. Notice that the second line is again an equality
as the square amplitudes denoted by |M3|2 and |M4|2 are identical. Again, we stress, the
numerical “equality” is a result of integrating over the full phase space, and applying cuts
can lift this degeneracy. These equivalences occur frequently, as such Table 4 is reduced
by taking them into account. Table 5 then lists all these equivalences.

Given Tables 4 and 5 we can then obtain the full cross section for pp→ hZ(→ ¯̀̀ ). To
clarify this procedure we write out part of the expression for dd̄→ HZ(→ ¯̀̀ ):

σ
(
dd̄→ hZ(→ ¯̀̀ )

)
=

([
c

(1)
HZZ

]2[
gZ`L

]2[
gZqL

]2
· 10−4

)
× 2.56

+
(
c

(1)
HZZ c

(2)
HZZ [gZ`L ]2 [gZqL ]2 v̂2

)
× 0.93× (2.56 · 10−4)

+
(
c

(1)
HZZ c

(2)
HZZ [gZ`R ]2 [gZqR ]2 v̂2

)
× 0.93× (2.56 · 10−4)

+
(
c

(1)
HZZ c

(2)
HZZ [gZ`R ]2 [gZqL ]2 v̂2

)
× 0.93× (2.56 · 10−4)

+
(
c

(1)
HZZ c

(2)
HZZ [gZ`L ]2 [gZqR ]2 v̂2

)
× 0.93× (2.56 · 10−4)

+ · · ·

(24)

The first line of Eq. 24 is just the product of the coupling dependence of the SM Part
of Tab. 4 with the entry under dd in the Table. The second line again follows from Tab. 4,
namely we take the coupling dependence of the next entry, multiply it by the entry under
dd, then remove the SM-like normalization by multiplying by the SM entry from the first

5This is only true for the fully integrated phase space, they may differ if cuts are included.
6Or interference terms, |M|2 here is simply shorthand for either case.
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row as well as the factor of 10−4 in the coupling part. The next three lines follow from
Tab. 5 which tells us the phase space and pdf integrations are the same for each of the
different chiral combinations appearing in the middle four lines. The ellipsis then indicates
to repeat this procedure for all the subsequent rows in Tab. 4 while taking into account
the equivalencies in Tab. 5. As this is a tedious task, and prone to human error, the
ancillary files of this publication include a Mathematic notebook with the full expressions
for leptons in the final state in terms of the Wilson coefficients.

Appendix E contains Tab. 10 which is the same as Tab. 4 with the added requirement
that the partonic center of mass energy be larger than 500 GeV. Comparing between the
two tables we see that the additional kinematic restriction favors the effective vertices
which grow with energy. In particular, there is a moderate increase, O(2 − 6), in the

phase space population for operators such as c
(2,3)
HZZ and a large increase, O(5−20), for the

contact operators. This comparison can be made using the ancillary files for individual

Wilson Coefficients. Taking the ratio of the Wilson coefficient of the the operator Q
(d)
i

for the process with partonic center of mass energy greater than 500 GeV to that with no
restriction we find:

c
(6)
H� → 1

c
(6)
HW → 1.6

c
(6),1
Hq → 24 (25)

c
(8),3
q2H2D3 → 310

We see operators which simply rescale the SM, such as Q
(6)
H� have no affect, the contribu-

tion from operators such as Q
(6)
HW increases moderately, and the contribution from Q

(6),1
Hq

increases by a factor of about 24. The change in the contribution from dimension-eight

contact operators, such as Q
(8),3
q1H2D3 , is greatly enhanced due to the additional derivative

dependence of the operator. As these processes are better measured in the future, this
may allow for discrimination between the different contributions from the SMEFT at di-
mensions six and eight. In order to take advantage of this, a natural extension of this
work is to support experimental searches and understand how to move from SM searches
to searches which focus on the novel kinematics of the SMEFT.

4.2 Charged currents

The charged currents proceed similarly to the neutral currents. There are some notable
differences, however. They can be summed up as:

1. The effective couplings may be complex (See Eq. 19 and App. A). Therefore our
expressions depend on the real and imaginary parts of effective coupling combina-
tions. Under our U(3)5 assumption the CKM matrix is taken to be the identity
matrix. This is corrected by SMEFT contributions, however, and therefore the SM
part of the coupling W±ψ̄ψ is real, but there is a 1/Λ2 correction that generates an
imaginary part.

2. The W s only couple to left handed fermions in the renormalizable Lagrangian, so
the number of relations between amplitudes is reduced, but the number we must
write out is increased due to the first point above. As the right-handed couplings
are generated at different order from the left-handed couplings we explicitly write
them in the table (i.e. we do not write out all the relations between combinations
as in Tab. 5.
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partons

(Leff dependence)/Nc dd uu ss cc bb

[c
(1)
HZZ ]2 [gZ`L ]2 [gZqL ]2 · 10−4 2.56 3.86 0.559 0.311 0.122

c
(1)
HZZ c

(2)
HZZ [gZ`L ]2 [gZqL ]2 v̂2 0.93 0.94 0.90 0.89 0.88

c
(1)
HZZ c

(3)
HZZ [gZ`L ]2 [gZqL ]2 v̂2 2.1 2.2 1.7 1.5 1.5

c
(2)
HAZ c

(1)
HZZ ē[g

Z`
L ]2 gZqL Qq v̂

2 -0.84 -0.85 -0.81 -0.80 -0.79

c
(3)
HAZ c

(1)
HZZ ē[g

Z`
L ]2 gZqL Qq v̂

2 -2.6 -2.7 -2.1 -2.0 -1.9

[c
(2)
HZZ ]2 [gZ`L ]2 [gZqL ]2 v̂4 0.38 0.39 0.30 0.28 0.28

[c
(2)
HAZ ]2 ē2 [gZ`L ]2Q2

q v̂
4 0.66 0.69 0.52 0.48 0.47

c
(2)
HAZ c

(2)
HZZ ē [gZ`L ]2 gZqL Qq v̂

4 -0.70 -0.73 -0.56 -0.52 -0.51

c
(1)
HZZ [gZ`L ]2 gZqL g

(1),hZq
L v̂2 3.4 3.5 2.9 2.8 2.7

[gZ`L ]2 [g
(1),hZq
L ]2 v̂4 8.9 11 4.6 3.6 3.3

c
(1)
HZZ [gZ`L ]2 gZqL g

(4),hZq
L v̂4 8.5 10 4.2 3.2 3.0

c
(1)
HZZ [gZ`L ]2 gZqL g

(5),hZq
L v̂4 7.0 8.6 3.1 2.2 2.0

c
(1)
HZZ [gZ`L ]2 gZqL g

(7),hZq
L v̂4 -7.0 -8.5 -3.1 -2.2 -2.0

c
(2)
HAZ ē[g

Z`
L ]2 g

(1),hZq
L Qq v̂

4 -1.8 -1.9 -1.4 -1.3 -1.3

c
(2)
HZZ [gZ`L ]2 gZqL g

(1),hZq
L v̂4 1.9 2.0 1.5 1.4 1.4

[c
(1)
HZZ ]2 [gZ`L ]2 [gZqL ]2 δΓ -0.41 -0.41 -0.41 -0.41 -0.41

[c
(1)
HZZ ]2 [gZ`L ]2 [gZqL ]2 δΓ2 0.17 0.17 0.17 0.17 0.17

c
(1)
HZZ c

(2)
HZZ [gZ`L ]2 [gZqL ]2 δΓ v̂2 -0.39 -0.39 -0.37 -0.37 -0.37

cHAZ c
(1)
HZZ ē [gZ`L ]2 gZqL Qq δΓ v̂

2 0.35 0.35 0.34 0.33 0.33

c
(1)
HZZ [gZ`L ]2 gZqL g

(1),hZq
L δΓ v̂2 -1.4 -1.5 -1.2 -1.1 -1.1

Table 4: The first column is the coupling dependence which has been removed from the
cross section normalized to the SM-like cross section (again stripped of coupling depen-
dence) for each parton combination that follows in the other columns. In the first row,
the SM-like contribution to the cross section is not normalized as in the other cases. We
note a factor of 10−4 has been factored out of the SM-like row. For the other rows a
factor of v̂2n has been added based on the leading order at which the contribution can

be generated. In the specific case of c
(3)
HZZ and c

(3)
HAZ this is taken to be v̂2, although in

the Warsaw and geoSMEFT bases these operators first occur at dimension-eight. The
coupling dependence in the first column should be multiplied by the constants to the right
as well as the SM-like constants of the first row in order to obtain the full contribution to
the cross section for the given effective coupling dependence. To the numerical precision
displayed in the table, the α̂ and m̂W schemes do not differ.
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[
c

(i)
HZZ

]2[
gZ`L

]2[
gZqL

]2
=

[
c

(i)
HZZ

]2[
gZ`R

]2[
gZqR

]2

'
[
c

(i)
HZZ

]2[
gZ`L

]2[
gZqR

]2

=
[
c

(i)
HZZ

]2[
gZ`R

]2[
gZqL

]2

c
(1)
HZZ c

(j)
HZZ

[
gZ`L

]2[
gZqL

]2
= c

(1)
HZZ c

(j)
HZZ

[
gZ`R

]2[
gZqR

]2

' c
(1)
HZZ c

(j)
HZZ

[
gZ`L

]2[
gZqR

]2

= c
(1)
HZZ c

(j)
HZZ

[
gZ`R

]2[
gZqL

]2

[
c

(2)
HAZ

]2
ē2
[
gZ`R

]2
Q2
q =

[
c

(2)
HAZ

]2
ē2
[
gZ`L

]2
Q2
q

c
(i)
HAZc

(j)
HZZ ē

[
gZ`L

]2
gZqL Qq = c

(i)
HAZc

(j)
HZZ ē

[
gZ`R

]2
gZqR Qq

' c
(i)
HAZc

(j)
HZZ ē

[
gZ`R

]2
gZqL Qq

= c
(i)
HAZc

(j)
HZZ ē

[
gZ`L

]2
gZqR Qq[

g
(1),hZq
L

]2[
gZ`L

]2
=

[
g

(1),hZq
R

]2[
gZ`R

]2

'
[
g

(1),hZq
L

]2[
gZ`R

]2

=
[
g

(1),hZq
R

]2[
gZ`L

]2

c
(i)
HZZg

(i),hZq
L

[
gZ`L

]2
gZqL = c

(i)
HZZg

(i),hZq
R

[
gZ`R

]2
gZqR

' c
(i)
HZZg

(i),hZq
L

[
gZ`R

]2
gZqL

= c
(i)
HZZg

(i),hZq
R

[
gZ`L

]2
gZqR

c
(1)
HAZg

(1),hZq
L

[
gZ`L

]2
gZqL = c

(1)
HAZg

(1),hZq
R

[
gZ`R

]2
gZqR

' c
(1)
HAZg

(1),hZq
L

[
gZ`R

]2
gZqL

= c
(1)
HAZg

(1),hZq
R

[
gZ`L

]2
gZqR

Table 5: Redundant phase space integrations categorized by the coupling constants corre-
sponding to each integral as discussed around Eq. 22. The symbols “=” and “'” should
be understood as discussed in the main text. i and j as superscripts should be understood
for i, j ∈ {1, 2, · · · } consistent with the Effective Lagrangians of Sec. 3. These relations
have only been tested to order 1/Λ4, and so should not be extrapolated beyond this order.
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3. We must consider final states W+ and W− which correspond to different combina-
tions of parton distribution functions.

As with the neutral currents example, Table 6 presents our main results for the α̂ scheme.
Table 9 in App. E contains the results for the m̂W scheme. As was the case with the Z we
see interesting differences of the phase space population in the SMEFT relative to just the
SM. This is also the first time mW affects our results and therefore δmW is present in the
table. Furthermore, that the W couplings are complex means our results depend on the
real and imaginary parts of effective couplings and/or combinations of effective couplings.
In the case of the contribution of imaginary parts, we generally find the results are strongly
suppressed compared with the real part. Imaginary parts of the effective couplings only
show up at O(1/Λ4) (see Appendix A) and can therefore only contribute to the order we
have calculated by interfering with imaginary parts of the SM amplitude. The result is
that imaginary coefficients always multiply ΓW or a Levi-Civita contraction of momenta;
the former are suppressed by ΓW � mW , ŝ, while the latter is zero upon integration over
the full phase space.

With the information above we can construct the full production cross section from
Table 6, just as in Eq. 24:

σ
(
ud̄→W+h

)
=

(
[c

(1)
HWW ]2|gW`

L |2|g
Wq
L |2 · 10−4

)
× 5.74

+
(

[c
(2)
HWW ]2|gW`

L |2|g
Wq
L |2

)
× 0.30× (5.74 · 10−4)

+
(
c

(1)
HWW c

(2)
HWW |gW`

L |2|g
Wq
L |2

)
× 0.78× (5.74 · 10−4)

+ · · ·

(26)

Again the ellipses indicates repeating the above for the remaining row of Tab. 6. Adding
the cs̄ column gives the full result of W+ production in association with a Higgs boson.
Then in order to obtain production of a W− we repeat this procedure for the last two
columns of the table.

4.3 Distributions

The integration procedure used to calculate the inclusive cross section in the previ-
ous sections can easily be adjusted to calculate kinematic distributions by mimicking
MadGraph’s [41] reweight [42] method in our Monte Carlo.

Specifically, for each phase space point zi generated via Monte Carlo, rather than just
output the weight for that point for one matrix element, we output the weight for every
matrix element type (all entries in Table 4 or Table 6) along with the initial and final four
vectors. Combining the weights for the different matrix elements with their corresponding
couplings – the leftmost column of Table 4 or 6 expanded out to O(v̂2/Λ2) – allows us to
obtain the weight for each event as a function of the Wilson coefficients, v̂

Λ , and inputs like
ê, v̂, etc, which we can use to form weighted histograms of whatever parton-level kinematic
variables we like (and impose parton-level cuts). More precisely, each event gets a weight

wSMEFT,qq̄(zi) = dΦ (fq(x1)fq̄(x2) + x1 ↔ x2)|cqq̄1,SM|
2 |M1(zi)|2

n∑
j=1

|cqq̄j,SMEFT|2 |Mj(zi)|2

|cqq̄1,SM|2 |M1(zi)|2

where j = 1 corresponds to the SM matrix element and the number n of matrix elements
we include depends on the EW input scheme and whether we are looking at charged
current or neutral current events. The factor dΦ includes normalization/phase space/flux
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partons

(Leff dependence)/Nc ud̄ cs̄ ūd c̄s

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2 · 10−4 5.74 0.577 3.36 0.637

[c
(2)
HWW ]2 |gW`

L |2 |g
Wq
L |2 v̂4 0.30 0.21 0.28 0.22

c
(1)
HWW c

(2)
HWW |gW`

L |2 |g
Wq
L |2 v̂2 0.78 0.75 0.78 0.75

c
(1)
HWW c

(3)
HWW |gW`

L |2 |g
Wq
L |2 v̂2 0.57 0.53 -2.7 -2.2

c
(1)
HWW c

(4)
HWW |gW`

L |2 |g
Wq
L |2 v̂2 -2.9 -2.1 0.56 0.54

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
R |2 5.74 0.577 3.36 0.637

|gW`
L |2 |g

(1),hWq
L |2 v̂4 12 3.5 8.2 4.1

c
(1)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗gWq

L ] v̂2 1.7 1.3 1.6 1.4

c
(2)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗gWq

L ] v̂2 1.68 1.16 1.54 1.21

c
(1)
HWW |gW`

L |2Re[(g
(4),hWq
L )∗gWq

L ] v̂4 5.1 1.6 3.9 1.9

c
(1)
HWW |gW`

L |2Re[(g
(5),hWq
L )∗gWq

L ] v̂4 4.5 1.1 3.3 1.4

c
(1)
HWW |gW`

L |2Im[(g
(1),hWq
L )∗gWq

L ] v̂2 · 10−3 2.7∗ 2.6∗ -2.7∗ -2.7∗

c
(1)
HWW |gW`

L |2Im[(g
(4),hWq
L )∗gWq

L ] v̂4 · 10−3 2.0∗ 1.4∗ -1.8∗ -1.5∗

c
(1)
HWW |gW`

L |2Im[(g
(5),hWq
L )∗gWq

L ] v̂4 · 10−3 1.2∗ 0.71∗ -1.1∗ -0.75∗

c
(1)
HWW |gW`

L |2g
(2),hWq
L gWq

L v̂4 -2.8 -0.95 2.1 1.1

c
(1)
HWW |gW`

L |2g
(3),hWq
L gWq

L v̂4 -2.8 -0.95 -2.1 -1.1

c
(1)
HWW |gW`

L |2g
(6),hWq
L gWq

L v̂4 2.3 0.57 1.6 0.72

c
(1)
HWW |gW`

L |2g
(7),hWq
L gWq

L v̂4 -4.5 -1.1 -3.3 -1.4

c
(1)
HWW |gW`

L |2g
(8),hWq
L gWq

L v̂4 2.3 0.57 1.6 0.71

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δΓ -0.50 -0.50 -0.50 -0.50

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δΓ2 0.25 0.25 0.25 0.25

c
(1)
HWW c

(2)
HWW |gW`

L |2 |g
Wq
L |2δΓ v̂2 -0.39 -0.38 -0.39 -0.38

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δM -0.013 -0.016 -0.014 -0.016

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δMδΓ · 10−3 6.7∗ 8.1∗ 6.9∗ 7.9∗

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δM2 · 10−4 1.2∗ 1.5∗ 1.1∗ 1.4∗

c
(1)
HWW c

(2)
HWW |gW`

L |2 |g
Wq
L |2δM v̂2 · 10−3 3.3∗ 0.85∗ 2.8∗ 0.11∗

c
(1)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗]gWq

L δM v̂2 -0.017 -0.015 -0.016 -0.015

c
(1)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗]gWq

L δΓ v̂2 -0.87 -0.67 -0.81 -0.69

Table 6: Charged current phase space and pdf integral table for the α̂ scheme. The asterisk
for certain table entries are marked as they have an extra factor of 10−x, for some x, in
the first column, and so should not be read to be of a similar size to the other entries
in the table. Again we include factors of v̂ in the first column consistent with the order
at which a given effective vertex is generated in the SMEFT. Note, however, that we do
not do this in the case of the right handed coupling. In general gWψ

L is complex, however

under our assumptions the imaginary part enters at O(1/Λ2). As such, when gWψ
L occurs

in the table and is not written as |gWψ
L | or the real/imaginary part is not explicitly taken,

we are implicitly using the SM part. 17
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factors, and fq, fq̄ are the parton distribution functions; these factors cancel in the ratio
in the sum. The coupling factors carry a dependence on the parton distribution function
(q, q̄) as the Wilson coefficients (and γ/Z couplings) are different for up and down type
fermions, while the Mj are purely kinematic and therefore are insensitive to the parton
flavor. Note that, under our U(3)5 assumption, the only flavor dependence carried by the
Wilson coefficients is up-type quarks vs. down-type.

For each of the final states, Z(`+`−)H,W±(`±ν)H, we show two distributions below;
pT,``, pT,`− for the Z(`+`−)H channel, and pT,W+ ,/ET for W±(`±ν)H. The vector bo-
son transverse momenta are the key ingredient in how associated production events are
binned in the STXS Higgs analyses [43], while the individual lepton/neutrino properties
are an example of something we need the full 2 → 3 machinery to study. Note that, to
make distributions for individual lepton/neutrino properties we can no longer assume the
equivalence among different helicity contributions so we need to generate events/weights
for all combinations.

Focusing on pp→W+(`+ν)H first, there are many different operators involved, so we
will explore the distributions by turning on operators/coefficients one at a time7. From
our discussion in Sec. 3, the operators fall into three classes: i.) geoSMEFT contributions
to the hV V vertex, ii.) geoSMEFT contributions to the ffV vertex, and iii.) contact
terms. In Fig. 2 below we show the pT,W and pT,` distributions when representative
coefficients from each of the three classes is turned on and all other operators are zero.

Specifically, the four operators we turn on are c
(6)
HW , representing geoSMEFT hV V effects,

c
(6),3
HQ representing geoSMEFT ffV terms, and c

(8),3
Q2H2D3 c

(8),3
Q2WH2D

for contact terms. The

nonzero coefficient in each case is set to +1 with Λ = 3 TeV8. In order to zoom in on
the phase space regions where SMEFT effects have a larger impact, we impose a parton-
level cut of pT,V > 150,GeV, where V is the vector boson reconstructed from its decay
products.

All of the operators we have selected generate new vertices and potentially carry kine-
matics (momentum dependence) that is distinct from the SM. This should be contrasted
with operators that are only involved in parameter definitions, which carry no momentum
dependence so all their effects are ∼ v̂2/Λ2. To emphasize different SMEFT kinematics
rather than changes in the overall distribution normalization, we have plotted normalized
distributions.

The impact of the different operators in Fig. 2 is set (up to accidental cancellations)
by the operator mass dimension and whether the gauge boson W/Z in the operator arises
from a DµH type term, and is therefore predominantly longitudinally polarized, or a W I

µν

type term, in which case the gauge boson is predominantly transverse. The operator mass
dimension is important as dimension six operators can interfere with the SM at O(1/Λ2)
and have a ‘self-square’ contribution at O(1/Λ4), while dimension eight operators con-
tribute at O(1/Λ4) only through interference. Interference with the SM not only restricts
which operators can enter – as it requires matching the SM helicity/color/polarization
structure – but it also introduces factors of small SM couplings. The origin of the gauge
boson (DµH vs. W I

µν) is relevant as the SM amplitude for pp→ V H, V = W±/Z is largest
for longitudinally polarized V , O(1) vs. O(v̂/

√
s) for transversely polarized.

7For the remainder of this section, we will abuse notation slightly and refer to operators and their
Wilson coefficients synonymously, e.g saying ‘the operator c

(6)
HW ’ for brevity rather than ‘the operator with

Wilson coefficient c
(6)
HW ’.

8While we have generated the distributions assuming Λ = 3 TeV, the relevant quantity is c
(6)
i /Λ2,

c
(8)
i /Λ4 with c

(6,8)
i the Wilson coefficient of a dimension six or eight operator, so the above plots translate

to other Λ values with coefficients c
(6)
i (Λ/3 TeV)2, c

(8)
i (Λ/3 TeV)4. Keeping c

(6,8)
i fixed and varying Λ has

the expected result – SMEFT deviations growing for Λ < 3 TeV and shrinking for Λ > 3 TeV.
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Looking first at the dimension six operators in Fig. 2, c
(6),3
HQ has a much larger effect than

c
(6)
HW . While c

(6),3
HQ is part of the geoSMEFT metric LQJA and therefore shifts the ffV cou-

plings from their SM values, it also generates a q̄qWh contact term. The latter is the cause
of the large deviation from the SM, as it leads to an energetically enhanced pp → W±H
amplitude for longitudinally polarized W± (the operator contains no field strengths, so
the W± must come from DµH). This leads to net pp → W±H amplitude-squared terms
of O(ŝ/Λ2) from interference with the SM, and a self-squared term O(ŝ2/Λ4). The other

dimension six operator, c
(6)
HW , does introduce novel momentum dependence into the hV V

vertex, though it primarily contributes to pp→W±H amplitudes with transversely polar-
ized W±. The mismatch with the dominant SM polarization suppresses the interference

term. The c
(6)
HW self-square term is unaffected by the polarization mismatch, but it leads

to slower growth in pp→W±H, ∼ O(ŝv̂2/Λ4).
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d
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(6)
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c
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c
(3)
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c
(6),3
HQ

c
(6)
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c
(6),3
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Figure 2: Normalized distributions for pT,W (left panel) and /ET (right panel) in SMEFT
versus in the SM for different Wilson coefficients set to +1 while all others taken to be
zero, Λ = 3 TeV. X on the vertical axis refers to the kinematic quantity on each horizontal

axis. A dashed line is used for c
(3)
Q2WH2D

= 1 as this case is nearly indistinguishable from
the SM until the highest energy bins shown.

Turning to the dimension-eight operators, c
(8),3
Q2H2D3 generates an amplitude that grows

as ŝ2/Λ4 for pp→W±H with the W± being longitudinally polarized. This interferes with
the dominant SM polarization, leading to a net O(ŝ2/Λ4) amplitude squared. While this

is the same energy dependence as the c
(6),3
HQ self-square term, the c

(8),3
Q2H2D3 piece, being an

interference term, is accompanied by additional SM coupling factors. For the particular

case here, the extra factors amount to an O(40) numerical suppression for c
(8),3
Q2H2D3 relative

to |c(6),3
HQ |2.

The final operator, c
(8),3
Q2H2XD

, has very little effect. This is due to the fact that c
(8),3
Q2H2XD

must interfere with the SM to contribute at O(1/Λ4) but their polarizations are mis-

matched. By this we mean that the energetically enhanced amplitude from c
(8),3
Q2H2XD

involves transversely polarized W±, while this polarization is suppressed in the SM by
O(v̂/

√
s). The net effect in the pp → W±H amplitude squared is O(ŝv̂2/Λ4), the same

order as |c(6)
HW |2, though numerically smaller due to additional powers of SM couplings.

Stacking the effects together, the deviation between the SMEFT and the SM is com-

pletely driven by c
(6),3
HQ . This, however, assumes that we take all coefficients to be the same
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size. As c
(6),3
HQ causes the ffZ couplings to shift from their SM values, it – along with anal-

ogous coefficients for other fermions such as c
(6),3
HL , c

(6)
Hu, c

(6)
Hd, etc. – is highly constrained

by precision electroweak physics from LEP [44]. For example, the global fit bounds (in-

dividual operator, not marginalized bound) from Ref. [3, 45] restrict |c(6),3
HQ | ∼ 0.1 for our

choice of Λ. These bounds were determined ignoring dimension-eight effects, however, we

expect that including them (e.g. including c
(8),3
HQ into the fit) will have little impact as

the relevant observables come from resonant Z production where all higher dimensional

effects are suppressed by powers of v̂2/Λ2 9. Implementing this bound on c
(6),3
HQ , the differ-

ence between SMEFT and the SM at high energy would be driven by the dimension eight
contact terms.

Moving to pp→ Z±(`+`−)H, the distributions for pT,Z and pT,`− are shown below in
Fig. 3. We follow the same procedure as in pp → W+(`+ν)H, setting one representative
coefficient to +1, Λ = 3 TeV while all others are zero. As with the previous figures, we
impose a parton level cut of pT,`` > 150 GeV to highlight the region where the SMEFT
and SM differ. The Z(`+`−)H final state is more involved than W±(`±ν)H as multiple
helicities and parton distribution functions contribute (this was seen for Drell-Yan pro-
duction in Ref. [10]), however we avoid some of this by turning on only one coefficient at
a time. For simplicity, we keep the same representative operators as in W+(`+ν)H.
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Figure 3: Normalized distributions for pT,Z and pT,` for different Wilson coefficients set
to +1 while all others taken to be zero, Λ = 3 TeV. X on the vertical axis refers to the

kinematic quantity on each horizontal axis. A dashed line is used for c
(3)
Q2WH2D

= 1 as this

case is nearly indistinguishable from the SM until the highest energy bins shown. c
(6)
HW is

labelled by the red line, this is because it is barely distinguishable for the entirety of the
distribution until the last bins where there is a deviation which is nearly not visible on
the plot.

The same trends that were present in Fig. 2 show up for Z±(`+`−)H. With all coeffi-

cients taken equal, c
(6),3
HQ has the largest effect, due to the fact that its contact term enters

at O(1/Λ2) and that its O(1/Λ4) self-square contribution is not suppressed by additional

SM couplings. The biggest difference between Fig. 3 and Fig. 2 lies in the c
(6)
HW contribu-

tion. Though the energy parametrics for this piece are the same in both processes, the

9On resonance, the dominant corrections come from three-point vertices, which have no non-trivial
momentum dependence thus v̂ is the only dimensionful scale around. Direct four-point contributions, e.g.
to e+e− → ff̄ are further suppressed by factors of ΓZ/mZ .
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numerical prefactor for |c(6)
HW | is significantly smaller for pp→ Z±(`+`−)H.

Finally, we have generated the above plots assuming all coefficients are positive. Choos-
ing ci < 0, the interference pieces switch sign10. Furthermore, playing with the relative
signs between coefficients, one could arrange conspiracies leading to larger SMEFT devi-
ations than we have shown. The deviations we show should therefore be viewed as rough
illustrations of which types of operators are most important when it comes to generating
kinematics that are different from the SM.

5 Conclusions

Using the geoSMEFT approach supplemented by the relevant operators at dimension-eight
we have derived the inclusive cross section for Higgs associated production with a W± or
Z bosons at O(1/Λ4) in the SMEFT expansion (and leading order in SM couplings). In
order to achieve this we identified all operators at dimension eight inconsistent with the
geoSMEFT formulation, this has the further consequence of simplifying future studies
to order 1/Λ4. The calculations include the decays of W±/Z to leptons to facilitate
comparison with experimental LHC studies. By considering ratios of the integrated phase
space and parton distribution function contributions to the SM, we were able to compare
the phase space populations of various effective coupling combinations to those of the SM.
Finally, motivated by these differences in phase space populations, we studied distributions
for some of the more interesting coupling combinations. This serves to inform potential
collider studies and experimental analyses, particularly in how to adapt searches that are
SM inspired into searches optimized for the SMEFT, and which we hope may improve
future fits to order 1/Λ4.
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A Mapping between the effective Lagrangian and (geo)SMEFT

The effective couplings relevant to neutral current interactions can be written in terms of
geometric invariants as follows:

c
(1)
HZZ =

ḡ2
Z

2

√
h

44
[
〈h33〉

v

2
+

〈
δh33

δh

〉
v2

4

]
(A.1)

c
(2)
HZZ = −

√
h

44

4
ḡ2
Z

[〈
δg33

δh

〉
c4
Z

g4
2

− 2

〈
δg34

δh

〉
c2
Zs

2
Z

g1g2
+

〈
δg44

δh

〉
s4
Z

g2
1

]
(A.2)

c
(3)
HZZ =

√
h

44
ḡ2
Zv

[〈
k3

34

〉 c2
Z

g2
−
〈
k4

34

〉 s2
Z

g1

]
(A.3)

c
(2)
HAZ = −

√
h

44

2
ēḡZ

[〈
δg33

δh

〉
c2
Z

g2
2

+

〈
δg34

δh

〉
c2
Z − s2

Z

g1g2
−
〈
δg44

δh

〉
s2
Z

g2
1

]
(A.4)

c
(3)
HAZ = −

√
h

44
ḡZ ēv

[〈
k3

34

〉 1

g2
−
〈
k4

34

〉 1

g1

]
(A.5)

gZψL,R,pr =
ḡZ
2

([
2s2
ZQψ − (σ3)ψ

]
δpr + (σ3)ψv

〈
Lψ,pr3,3

〉
+ v

〈
Lψ,pr3,4

〉)
(A.6)

ghZψL,R,pr =
ḡZ
2

√
h

44
〈(

v
δ

δh
+ 1

)[
(σ3)ψL

ψ,pr
3,3 + Lψ,pr3,4

]〉
(A.7)

gZψd,pr =
ḡZv√

2

[〈
dψ,pr3

〉 c2
Z

g2
−
〈
dψ,pr4

〉 s2
Z

g1

]
(A.8)

gZhψd,pr =
ḡZ
√
h

44

√
2

〈(
v
δ

δh
+ 1

)[
dψ,pr3

c2
Z

g2
− dψ,pr4

s2
Z

g1

]〉
(A.9)

Where Qψ is the charge of a given chiral fermion ψ, and (σ3)ψ is twice the third
component of the isospin of ψ (0 for right-handed fermions). The effective couplings
relevant to charged current interactions can be written in terms of geometric invariants as
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follows:

c
(1)
HWW =

√
h

44
ḡ2

2

[〈
δh11

δh

〉
v2

4
+ 〈h11〉

v

2

]
(A.10)

c
(2)
HWW = −

√
h

44 〈
g11
〉〈δg11

δh

〉
(A.11)

c
(3)
HWW = ḡ2

√
h

44√
g11v

(〈
κ2

42

〉
− i
〈
k1

42

〉)
(A.12)

c
(4)
HWW = ḡ2

√
h

44√
g11v

(〈
κ2

42

〉
+ i
〈
k1

42

〉)
(A.13)

gWψ
L,pr = − ḡ2√

2

[
δpr − v

〈
Lψ,pr11

〉
+ iv

〈
Lψ,pr12

〉]
(A.14)

gWψ
R,pr =

ḡ2v√
2

〈
Lud,pr1

〉
(A.15)

g
(1),hWψ
L,pr =

ḡ2

√
h

44

√
2

〈(
v
δ

δh
+ 1

)[
Lψ,pr11 − iLψ,pr12

]〉
(A.16)

g
(1),hWψ
R,pr =

ḡ2

√
h

44

√
2

〈(
v
δ

δh
+ 1

)
Lud,pr1

〉
(A.17)

gWψ
d,pr =

√
g11

√
2

(〈
dψ,pr1

〉
+ i
〈
dψ,pr2

〉)
(A.18)

ghWψ
d,pr =

√
g11
√
h

44

2

〈(
v
δ

δh
+ 1

)(
dψ,pr1 + idψ,pr2

)〉
(A.19)

The geometric quantities above, as well as v, g1, and g2 in terms of Wilson coefficients
can be found in Appendix B.

The effective couplings of hZψ̄ψ can be expressed in terms of the Wilson coefficients
as follows 11:

−g(2),hZψ
± = 0 (A.20)

−g(3),hZψ
± = 0 (A.21)

−g(4),hZψ
± = s̄W v

(
c

(1)
ψ2BH2D

+ (σ3)ψc
(3)
ψ2BH2D

)
+c̄W v

(
c

(1)
ψ2WH2D

− (σ3)ψc
(3)
ψ2WH2D

)
(A.22)

+
ēv

2c̄W s̄W

(
c

(1)
ψ2H2D3 − (σ3)ψc

(3)
ψ2H2D3

)
−g(5),hZψ
± = −s̄W v

(
c

(1)
ψ2BH2D

+ (σ3)ψc
(3)
ψ2BH2D

)
−c̄W v

(
c

(1)
ψ2WH2D

− (σ3)ψc
(3)
ψ2WH2D

)
(A.23)

+
ēv

2c̄W s̄W

(
c

(1)
ψ2H2D3 − (σ3)ψc

(3)
ψ2H2D3

)
−g(6),hZψ
± = 0 (A.24)

−g(7),hZψ
± = − ēv

c̄W s̄W

(
c

(1)
ψ2H2D3 − (σ3)ψc

(3)
ψ2H2D3

)
(A.25)

−g(8),hZψ
± = 0 (A.26)

The effective couplings of hW±ψ̄ψ can be expressed in terms of the Wilson coefficients

11Note: For all of the following, the subscript ψ needs to be compared with the third column of
Tabs. 1 and 2 which indicates for which fermions a given operator exists.
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{α̂, m̂Z , ĜF } {m̂W , m̂Z , ĜF }
α̂(m̂Z) 0.00775 0.00756*

m̂W 79.9664 GeV* 80.387 GeV

ĜF 1.1663787·10−5 [GeV]−2

m̂Z 91.1876 GeV

m̂H 125.1 GeV

ΓZ 2.42 GeV 2.44 GeV

ΓW 2.01 GeV 2.05 GeV

Table 7: The list of input parameters used in this article. The asterisk indicates that this
value is derived from the others (i.e. it is not an input parameter). We further include
the full widths as predicted by the SM and are necessary for the discussions of propagator
corrections (see Sec. 2.3).

as follows:

−g(2),hW±ψ
L = ± ēv√

2s̄W
c

(4)
ψ2H2D3 (A.27)

−g(3),hW±ψ
L = ∓ ēv√

2s̄W
c

(4)
ψ2H2D3 (A.28)

−g(4),hW±ψ
L = −

√
2v
(
c

(3)
ψ2WH2D

± ic(5)
ψ2WH2D

)
− ēv√

2s̄W
c

(3)
ψ2H2D3 (A.29)

−g(5),hW±ψ
L =

√
2v
(
c

(3)
ψ2WH2D

± ic(5)
ψ2WH2D

)
− ēv√

2s̄W
c

(3)
ψ2H2D3 (A.30)

−g(6),hW±ψ
L = ∓ ēv√

2s̄W
c

(4)
ψ2H2D3 (A.31)

−g(7),hW±ψ
L =

√
2ēv

s̄W
c

(3)
ψ2H2D3 (A.32)

−g(8),hW±ψ
L = ± ēv√

2s̄W
c

(4)
ψ2H2D3 (A.33)

B geoSMEFT conventions

B.1 Input parameters and SM-like couplings

We begin this discussion with the couplings like those occurring in the renormalizable
Lagrangian and their relation to the two input parameter schemes. Our input parameters
are taken from [14] and reproduced here in Tab. 7.

We will define the relation between the true vacuum expectation value and v̂ as:

v2 ≡ v̂2 + v̂4δG
(6)
F + v̂6δG

(8)
F −

v̂6

4

(
c

(8)
HD − c

(8)
HD,2

)
. (B.1)

Note this definition is potentially problematic as we have implicitly included terms such as

the square of δG
(6)
F in the definition of δG

(8)
F . This is for convenience as our calculations are
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only sensitive to the sum of the two terms. We have also explicitly written the dependence

of c
(8)
HD and c

(8)
HD,2, this is because our calculations are sensitive to these Wilson coefficients

from other aspects of the calculations 12.
Combining this with Appendix D of [23] we are able to formulate Table 8. ḡ2 can be

derived simply from g2 given that ḡ2 =
√
g11g2 and Eq. B.10 in the next subsection. From

Tab. 8 we can identify the corrections to m̄W with the δmW of Eq. 16:

m̄W ≡ m(SM)
W + δmW ∼ 80 +

(
−63c

(6)
HWB v̂

2 − 29c̃
(6)
HDv̂

2 + · · ·
)

︸ ︷︷ ︸
δmW

(B.2)

Notice that we include both the 1/Λ2 and 1/Λ4 dependence in δmW so it is implicit we
need to truncate at the appropriate order.

B.2 Expectations of field-space connections

Here we give the relation between the relevant expectation values of field-space connections
and the Wilson coefficients of the SMEFT. They are derived using the definitions in
Eqs. 5 through 10. The terms from the h and g field-space connections appear frequently
as they shift many effective couplings:

〈h11〉 = 1 +
1

4

(
c

(8)
HD − c

(8)
HD,2

)
v4 (B.3)

〈h33〉 = 1 +
1

2
c

(6)
HDv

2 +
1

4

(
c

(8)
HD + c

(8)
HD,2

)
v4 (B.4)〈

h44
〉

= 1 +
1

2

(
4c

(6)
H� − c

(6)
HD

)
− 1

4

[
c

(8)
HD + c

(8)
HD,2 −

(
c

(6)
HD − 4c

(6)
H�

)2
]
v4 (B.5)

√
h

44
= 1 +

v2

4

(
4c

(6)
H� − c

(6)
HD

)
+
v4

32

[
3
(
c

(6)
HD − 4c

(6)
H�

)2
− 4c

(8)
HD − 4c

(8)
HD,2

]
(B.6)〈

δh11

δh

〉
=

(
c

(8)
HD − c

(8)
HD,2

)
v3 (B.7)〈

δh33

δh

〉
= c

(6)
HDv +

1

4

[
4c

(8)
HD + 4c

(8)
HD,2 +

(
4c

(6)
H� − c

(6)
HD

)
c

(6)
HD

]
v3 (B.8)

〈
g11
〉

= 1 + 2c
(6)
HW v

2 +

[
4
(
c

(6)
HW

)2
+ c

(8)
HW

]
v4 (B.9)

√
g11 = 1 + c

(6)
HW v

2 +
v4

2

(
3
[
c

(6)
HW

]2
+ c

(8)
HW

)
(B.10)〈

δg11

δh

〉
= −4c

(6)
HW v −

[
4c

(8)
HW + 4c

(6)
HW c

(6)
H� − c

(6)
HW c

(6)
HD

]
v3 (B.11)〈

δg33

δh

〉
=

〈
δg11

δh

〉
− 4c

(8)
HW,2v

3 (B.12)〈
δg34

δh

〉
= 2c

(6)
HWBv +

1

2

[
4c

(8)
HWB + 4c

(6)
H�c

(6)
HWB − c

(6)
HWBc

(6)
HD

]
v3 (B.13)〈

δg44

δh

〉
= −4c

(6)
HBv −

[
4c

(8)
HB + c

(6)
HBc

(6)
H� − c

(6)
HBc

(6)
HD

]
v3 (B.14)

(B.15)

12Indeed if we did not separate this part out, we would incorrectly find the quantities in Tab. 8 depend
on c

(8)
HD. The dependence cancels between writing v as in Eq. B.1 and the other c

(8)
HD dependence of the

quantities.
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α scheme mW scheme

s̄W s̄Z g1 g2 ḡZ m̄W s̄W s̄Z g1 g2 ē

const. 0.48 0.48 0.36 0.65 0.74 80 0.47 0.47 0.35 0.65 0.31

c̃
(6)
HB 0 0 -0.36 0 0 0 0 0 -0.35 0 0

c̃
(6)
HW 0 0 0 -0.65 0 0 -0.82 -0.94 -1.3 -0.33 -0.54

c̃
(6)
HWB 0.81 0.81 0.28 -0.51 0 -63 -0.44 0 -0.65 0 0

c̃
(6)
HD 0.17 0.17 0.038 -0.23 -0.19 -29 -0.41 -0.41 -0.39 0 -0.27

δ̃G
(6)
F 0.34 0.34 0.076 -0.46 -0.37 -17 0 0 -0.17 -0.33 -0.15

c̃
(8)
HB 0 0 -0.18 0 0 0 0 0 -0.17 0 0

c̃
(8)
HW 0 0 0 -0.32 0 0 -0.41 -0.26 -0.65 -0.16 0

c̃
(8)
HWB 0.41 0.41 0.14 -0.25 0 -31 -0.22 0.11 -0.33 0 0.14

c̃
(8)
HW,2 0 0 0 -0.32 0 -40 -0.82 -0.41 -0.96 0 0.15

c
(8)
HD,2 0.17 0.17 0.038 -0.23 -0.19 -29 -0.41 -0.21 -0.39 0 0

δG
(8)
F 0.34 0.34 0.076 -0.46 -0.37 -17 0 0 -0.17 -0.33 -0.15[

c̃
(6)
HB

]2
0 0 -0.18 0 0 0 0 0 -0.17 0 0

c̃
(6)
HB c̃

(6)
HW 0 0 0 0 0 0 0 0 1.3 0 0

c̃
(6)
HB c̃

(6)
HWB 1.0 0.81 0 -0.51 0 -63 1.1 0.96 1.3 0 -0.14

c̃
(6)
HB c̃

(6)
HD 0 0 -0.038 0 0 0 0 0 0.39 0 0

c̃
(6)
HBδG̃

(6)
F 0 0 -0.43 0 0 0 0 0 -0.17 0 0[

c̃
(6)
HW

]2
0 0 0 -0.32 0 0 -2.0 -1.8 -0.23 -0.24 0

c̃
(6)
HW c̃

(6)
HWB 0.60 0.81 0.28 0 0 -63 -0.44 -0.82 0.094 0 -0.14

c̃
(6)
HW c̃

(6)
HD 0 0 0 0.23 0 0 -1.1 -1.4 0.10 0 0

c̃
(6)
HW δG̃

(6)
F 0 0 0 -0.19 0 0 -0.82 -0.74 -0.65 -0.16 0[

c̃
(6)
HWB

]2
0.64 0.50 0.59 -1.0 0 -120 -0.059 -0.18 -0.35 0 0.12

c̃
(6)
HWB c̃

(6)
HD 0.41 0.41 0.27 -0.26 0 -32 -0.11 -0.49 0 0 0

c̃
(6)
HWBδG̃

(6)
F 1.6 1.6 0.82 -1.0 0 -160 -0.44 0.11 -0.33 0 0.14[

c̃
(6)
HD

]2
0.022 0.022 0.018 0.053 0.069 6.5 -0.18 -0.32 -0.024 0 0

c̃
(6)
HDδG̃

(6)
F 0.43 0.43 0.15 -0.25 -0.093 -45 -0.41 -0.31 -0.20 0 0[

δG̃F

]2
0.088 0.088 0.071 0.21 0.28 -12 0 0 0.13 0.24 0.12

Table 8: c̄W and c̄Z can be derives from s̄W and s̄Z using the usual trigonometric identity
c =

√
1− s2. Also note ḡZ is the same for both sets of input parameters. ē = ê receives no

corrections in the in the α scheme, just as m̄W = m̂W receives no corrections in the mW scheme.
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The field-space connections κAIJ give rise to new HV V interactions that are not present
in the SM at tree level. The relevant combinations for our analysis are:〈

κ3
34

〉
=

1

2
c

(6)
HDHW +

1

4
c

(8)
HDHW v

2 (B.16)〈
κ4

34

〉
= −1

2
c

(6)
HDHB −

1

4
c

(8)
HDHBv

2 (B.17)〈
κ1

42

〉
= −1

4
c

(8)
HDHW,2v

2 (B.18)〈
κ2

42

〉
= −1

2
c

(6)
HDHW −

1

4
c

(8)
HDHW v

2 (B.19)

Terms coming from L shift V ψ̄ψ and V hψ̄ψ vertices. They have implicit dependence
on 〈hIJ〉 as they depend on the scalar fields. We have only written the expressions for
the right-handed quarks, u and d, and the left-handed quark doublet q. The leptonic
equivalents can be obtain for the right-handed charged leptons by taking the d → e and
for the left-handed leptons by q → `.

〈Lu33〉 =
〈
Ld33

〉
= 0 (B.20)

〈Lu34〉 = c
(6)
Huv +

1

2
c

(8)
Huv

3 (B.21)〈
Ld34

〉
= c

(6)
Hdv +

1

2
c

(8)
Hdv

3 (B.22)

〈Lq33〉 = −c3,(6)
Hq v − 1

2

[
c

2,(8)
Hq + c

3,(8)
Hq

]
v3 (B.23)

〈Lq34〉 = c
1,(6)
Hq v +

1

2
c

1,(8)
Hq v3 (B.24)〈

δLu34

δh

〉
= c

(6)
Hu +

1

4

[
6c

(8)
Hu +

(
4c

(6)
H� − c

(6)
HD

)
c

(6)
Hu

]
v2 (B.25)〈

δLd34

δh

〉
= c

(6)
Hd +

1

4

[
6c

(8)
Hd +

(
4c

(6)
H� − c

(6)
HD

)
c

(6)
Hd

]
v2 (B.26)〈

δLq33

δh

〉
= −c3,(6)

Hq −
1

4

[
6c

2,(8)
Hq + 6c

3,(8)
Hq +

(
4c

(6)
H� − c

(6)
HD

)
c

3,(8)
Hq

]
v2 (B.27)〈

δLq34

δh

〉
= c

1,(6)
Hq +

1

4

[
6c

1,(8)
Hq +

(
4c

(6)
H� − c

(6)
HD

)
c

1,(6)
Hq

]
v2 (B.28)

〈Lq11〉 = −c3,(6)
Hq v − 1

2
c

3,(6)
Hq v3 (B.29)

〈Lq12〉 = −1

2
c
ε(8)
Hq v

3 (B.30)〈
δLq11

δh

〉
= −c3,(6)

Hq −
1

4

[
6c

3,(8)
Hq +

(
4c

(6)
H� − c

(6)
HD

)
c

3,(6)
Hq

]
v2 (B.31)〈

δLq12

δh

〉
= −3

2
c
ε(8)
Hq v

2 (B.32)〈
Lud1

〉
=

1

2
c

(6)
Hudv +

1

4
c

(8)
Hudv

3 (B.33)〈
δLud1

δh

〉
=

1

2
c

(6)
Hud +

1

8

[
6c

(8)
Hud + c

(6)
Hud

(
4c

(6)
H� − c

(6)
HD

)]
v2 (B.34)

With all of the above it is important to note that v 6= v̂, and therefore the relation
between the vacuum expectation value and the input value v̂ need to be added.
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C Phase space integration

Our short review of the phase space integration primarily follows [50]. The phase space
integration for the scattering p1, p2 → p3, p4, p5 can be written as:

dΠLIPS =
π

16s12

ds14ds15ds35ds45√
−∆4

, (C.1)

where sij = (pi + pj)
2 and ∆4 is the symmetric Gram determinant of any four of the

momenta, for example:

det|G4(p1, p2, p3, p4)| =

∣∣∣∣∣∣∣∣∣
p2

1 p1 · p2 p1 · p3 p1 · p4

p1 · p2 p2
2 p2 · p3 p2 · p4

p1 · p3 p2 · p3 p2
3 p3 · p4

p1 · p4 p2 · p4 p3 · p4 p2
4

∣∣∣∣∣∣∣∣∣ (C.2)

The physical region of integration is given by the conditions: ∆1 < 0, ∆2 < 0, ∆3 < 0,
and ∆4 < 0 where ∆i is the coefficient of λi in,

det|λ14×4 −G4(pa, pb, pc, pd)| (C.3)

The partonic cross section is then given by:

dσ̂ =
1

2s12

1

3

1

4

1

(2π)5
|Mi|2dΠLIPS (C.4)

Note this definition includes symmetry factors specific to the process q̄q → hl̄l such as
color and spin averaging factors. Further, |Mi|2 holds the place for not only squares
of amplitudes, but also their interference, meaning an individual σ̂i is not necessarily
positive-definite.

The parton distribution functions are folded in as:

dσi = dσ̂i [x1fq(x1)x2fq̄(x2) + x2f1(x2)x1fq̄(x1)]
ds12dY

s12
, (C.5)

where Y is the boost rapidity. With this definition we have that:

x1 =

√
s12

sLHC
eY (C.6)

x2 =

√
s12

sLHC
e−Y (C.7)

With SLHC is the LHC center of mass energy, taken to be 13 TeV in this article. The
regions of integration are then given by the solution to ∆1 < 0, ∆2 < 0, ∆3 < 0, and
∆4 < 0 combined with:

m2
H ≤ s12 ≤ SLHC

log
(√

s12
SLHC

)
≤ Y ≤ − log

(√
s12
SLHC

) (C.8)

We do not have an exact solution to ∆1 < 0, ∆2 < 0, ∆3 < 0, and ∆4 < 0, however it
can be shown that:

0 < s45 < s12 + m̄2
H − 2

√
s12m̄2

H ,

1
2(s12 + m̄2

H − s45)− κ < s35 <
1
2(s12 + m̄2

H − s45) + κ ,

0 < s14 < s12 − s35 ,

0 < s15 <
(s12−s14)(s35−m̄2

H)
s35

,

(C.9)
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for massless fermions, and we have used:

κ =
1

2

√
s2

12 + s2
45 + m̄4

H − 2m̄2
Hs45 − 2m̄2

Hs12 − 2s12s45 . (C.10)

We stress again, these are not the exact integration limits. These limits include all
physical points as well as some nonphysical points in the phase space. We still require
∆1 < 0, ∆2 < 0, ∆3 < 0, and ∆4 < 0 of our integration routine, which removes the
nonphysical points. It is also useful to carefully select how each sij is sampled. Particularly
s45, which corresponds to the invariant mass of the final-state fermion pair, should be
sampled according to a Breit-Wigner distribution.

D Converting D3ψ2H2 operators to geoSMEFT compliant
basis form

To form a geoSMEFT compliant choice, one can use the algorithm in Ref. [26] to shuffle
derivatives. However, rather than massaging existing bases, it is often faster to construct
a new, compliant basis from scratch using the techniques in Ref. [51]. Following the
procedure in Ref. [51], operators in the D3ψ2H2 class are formed by all spinor contractions
of

λ̃1λ2 (λ̃iλi)(λ̃jλj)(λ̃kλk) (D.1)

after accounting for EOM, IBP, and usual spinor tricks. Here particle 1 and 2 are ψ̄ and ψ
(with momenta p1, p2), assumed for simplicity to be EW singlets, H† and H are particles
3 and 4; i, j, k are momenta, free to take values p1 through p4 but subject to EOM, in the
form p2

i = 0 and IBP, in the form p1 + p2 + p3 + p4 = 0. Exploiting the Schouten identity,
all products can be reduced to

[1i]〈2i〉sjk, (D.2)

where sjk = pj · pk. Spinor antisymmetry implies i 6= p1, p2, so p3, p4 are the only choices.
These are related by total momentum conservation, so only one is independent. Without
any loss of generality, let’s choose i = p3. With four fields present in the operator, the
factor sjk is one of the Mandelstam variables, s, t, u. Of these, one can be removed by
s+ t+ u = 0, so we are left with two independent operators, e.g.:

[13]〈23〉s, [13]〈23〉t (D.3)

Now we work in geoSMEFT compliance. This amounts to choosing the momenta in s and
t – derivatives once translated back to operator form – to include as Higgs momenta p3, p4

whenever possible, i.e.

[13]〈23〉s34, [13]〈23〉s24. (D.4)

Rewritten as operators, these are:

(ψ†σ̄µψ)(D(µ,Dν)H
†)(DνH), (ψ†σ̄µDνψ)(DµH

†)(DνH), (D.5)

clearly geoSMEFT compliant as expected. As shown, these are not hermitian, so we must
add +h.c.. Exchanging ψ for an electroweak doublet doubles the number of operators
as two EW contractions are then possible, but each EW contraction can be massaged as
above into geoSMEFT compliant form.
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E Additional tables

partons

(Leff dependence)/Nc ud̄ cs̄ ūd c̄s

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2 · 10−4 5.60 0.56 3.28 0.62

[c
(2)
HWW ]2 |gW`

L |2 |g
Wq
L |2 v̂4 0.30 0.22 0.28 0.23

c
(1)
HWW c

(2)
HWW |gW`

L |2 |g
Wq
L |2 v̂2 0.79 0.75 0.78 0.76

c
(1)
HWW c

(3)
HWW |gW`

L |2 |g
Wq
L |2 v̂2 0.58 0.54 -2.67 -2.12

c
(1)
HWW c

(4)
HWW |gW`

L |2 |g
Wq
L |2 v̂2 -2.9 -2.1 0.57 0.54

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
R |2 · 10−4 5.60 0.56 3.28 0.62

|gW`
L |2 |g

(1),hWq
L |2 v̂4 10.79 3.48 8.17 4.12

c
(1)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗gWq

L ] v̂2 1.74 1.33 1.62 1.37

c
(2)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗gWq

L ] v̂2 1.66 1.14 1.51 1.19

c
(1)
HWW |gW`

L |2Re[(g
(4),hWq
L )∗gWq

L ] v̂4 5.17 1.57 3.87 1.88

c
(1)
HWW |gW`

L |2Re[(g
(5),hWq
L )∗gWq

L ] v̂4 4.53 1.14 3.30 1.43

c
(1)
HWW |gW`

L |2Im[(g
(1),hWq
L )∗gWq

L ] v̂2 · 10−3 -2.72∗ -2.72∗ -2.72∗ -2.72∗

c
(1)
HWW |gW`

L |2Im[(g
(4),hWq
L )∗gWq

L ] v̂4 · 10−3 -2.01∗ -1.46∗ -1.85∗ -1.51∗

c
(1)
HWW |gW`

L |2Im[(g
(5),hWq
L )∗gWq

L ] v̂4 · 10−3 -1.22∗ -0.72∗ -1.07∗ -0.76∗

c
(1)
HWW |gW`

L |2g
(2),hWq
L gWq

L v̂4 -2.81 -0.95 -2.15 -1.12

c
(1)
HWW |gW`

L |2g
(3),hWq
L gWq

L v̂4 -2.81 -0.95 -2.15 -1.12

c
(1)
HWW |gW`

L |2g
(6),hWq
L gWq

L v̂4 2.27 0.57 1.65 0.72

c
(1)
HWW |gW`

L |2g
(7),hWq
L gWq

L v̂4 -4.53 -1.14 -3.30 -1.43

c
(1)
HWW |gW`

L |2g
(8),hWq
L gWq

L v̂4 2.27 0.57 1.65 0.72

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δΓ -0.49 -0.49 -0.49 -0.49

[c
(1)
HWW ]2 |gW`

L |2 |g
Wq
L |2δΓ2 0.24 0.24 0.24 0.24

c
(1)
HWW c

(2)
HWW |gW`

L |2 |g
Wq
L |2δΓ v̂2 -0.39 -0.37 -0.38 -0.37

c
(1)
HWW |gW`

L |2Re[(g
(1),hWq
L )∗]gWq

L δΓ v̂2 -0.86 -0.66 -0.80 -0.67

Table 9: Same as Tab. 6, but using m̂W scheme.
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partons

(Leff dependence)/Nc dd uu ss cc bb

[c
(1)
HZZ ]2 [gZ`L ]2 [gZqL ]2 · 10−4 0.271 0.135 0.0149 0.0120 0.0032

c
(1)
HZZ c

(2)
HZZ [gZ`L ]2 [gZqL ]2 v̂2 1.5 1.5 1.4 1.4 1.4

c
(1)
HZZ c

(3)
HZZ [gZ`L ]2 [gZqL ]2 v̂2 14 13 12 11 11

c
(2)
HAZ c

(1)
HZZ ē[g

Z`
L ]2 gZqL Qq v̂

2 -1.4 -1.4 -1.4 -1.4 -1.4

c
(3)
HAZ c

(1)
HZZ ē[g

Z`
L ]2 gZqL Qq v̂

2 -15 -14 -12 -12 -12

[c
(2)
HZZ ]2 [gZ`L ]2 [gZqL ]2 v̂4 2.2 2.1 1.8 1.7 1.7

[c
(2)
HAZ ]2 ē2 [gZ`L ]2Q2

q v̂
4 4.3 4.0 3.5 3.3 3.2

c
(2)
HAZ c

(2)
HZZ ē [gZ`L ]2 gZqL Qq v̂

4 -4.4 -4.1 -3.6 -3.4 -3.3

c
(1)
HZZ [gZ`L ]2 gZqL g

(1),hZq
L v̂2 17 16 14 13 13

[gZ`L ]2 [g
(1),hZq
L ]2 v̂4 140 110 75 62 59

c
(1)
HZZ [gZ`L ]2 gZqL g

(4),hZq
L v̂4 130 110 73 61 57

c
(1)
HZZ [gZ`L ]2 gZqL g

(5),hZq
L v̂4 120 100 65 53 49

c
(1)
HZZ [gZ`L ]2 gZqL g

(7),hZq
L v̂4 -120 -100 -65 -53 -49

c
(2)
HAZ ē[g

Z`
L ]2 g

(1),hZq
L Qq v̂

4 -12 -12 -10 -10 -9

c
(2)
HZZ [gZ`L ]2 gZqL g

(1),hZq
L v̂4 13 12 10 9.8 9.6

[c
(1)
HZZ ]2 [gZ`L ]2 [gZqL ]2 δΓ -0.41 -0.41 -0.41 0.41 -0.41

[c
(1)
HZZ ]2 [gZ`L ]2 [gZqL ]2 δΓ2 0.17 0.17 0.17 0.17 0.17

c
(1)
HZZ c

(2)
HZZ [gZ`L ]2 [gZqL ]2 δΓ v̂2 -0.59 -0.59 -0.58 -0.58 -0.58

cHAZ c
(1)
HZZ ē [gZ`L ]2 gZqL Qq δΓ v̂

2 0.58 0.57 0.57 0.57 0.57

c
(1)
HZZ [gZ`L ]2 gZqL g

(1),hZq
L δΓ v̂2 -6.9 -6.5 -5.7 -5.5 -5.4

Table 10: Same as Tab. 4, but with the restriction ŝ > (500 GeV)2.
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