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ABSTRACT: We study Higgs boson production via vector boson fusion at the LHC, focusing on
the process pp — H + jj and capturing the leading energy-enhanced contributions within the
Standard Model Effective Field Theory (SMEFT) up to order 1/A*. Employing energy-scaling
arguments, we predict the magnitude of each higher-dimensional operator’s contribution.
Utilizing the geometric formulation of SMEFT, our analysis incorporates dimension-eight
operators not previously considered. We find that the kinematics of vector boson fusion
— characterized by two highly forward jets — tend to suppress contributions from higher-
dimensional operators, requiring a lower scale A for SMEFT effects to become observable.
This suggests that the SMEFT remains valid for lower A than expected. Combined with the
fact that LEP constrains the dimension-six operators with the most considerable impact on
vector boson fusion, a regime exists where dimension-eight operators can have significant
effects. In many cases, these dimension-eight operators also influence associated production
processes like pp — H V' (jj), though differences in analysis cuts and kinematics mean this is
not always the case. Our findings provide insights that could refine the search for SMEFT
signals in collider experiments.
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1 Introduction

Vector boson fusion (VBF) is an essential process for Higgs boson studies at the Large Hadron
Collider (LHC) [1-4]. As the second-largest Higgs production mechanism after gluon fusion,
VBF is uniquely characterized by its dependence solely on electroweak interactions, which
distinguishes it from other production modes that also involve strong force couplings. This
purely electroweak nature makes VBF particularly sensitive to the Higgs boson’s properties
and any potential deviations from the Standard Model (SM) predictions. The process’s clean
signature and electroweak purity allow for precise measurements and provide a clear path
for probing the Higgs sector and searching for new physics.

The experimental signature of VBF Higgs production is distinctive, marked by two
jets that are observed in opposite hemispheres of the detector. These jets have a large
invariant mass, denoted as mj, j,, and are separated by a large pseudorapidity gap, |An;, j,|.
This configuration leads to a unique topology that helps to reduce backgrounds from other
processes, enhancing the ability to isolate VBF events from the plethora of interactions within
the LHC. The specific characteristics of these jets — not only their mass and separation but
also their minimal hadronic activity between them — serve as key indicators in identifying
and analyzing VBF Higgs production, making it a critical focus for precision SM physics
as well as beyond the SM (BSM) searches.

One powerful approach to probe beyond the SM in this context is the application of
Effective Field Theory (EFT), which provides a framework to incorporate potential new
physics effects systematically. The Standard Model Effective Field Theory (SMEFT) is now
the standard framework for this task [5-50]. In SMEFT, the SM Lagrangian is extended by
adding a series of higher-dimensional operators, which represent potential deviations from



the SM due to new physics at a scale A not directly accessible by the LHC. The SMEFT
Lagrangian is given by:

LsverT = Lsm + Z 29 4H)

7]

where ¢ indexes the dimensions greater than four, while ¢; and O; indexes all possible Wilson
coefficients and corresponding operators of a given mass dimension. We will often refer to the
operators by their corresponding Wilson coefficients in what follows. We will ignore operators
of odd mass dimensions as these violate baryon (B) and lepton (L) number conservation [51].
The SMEFT allows for examining how these higher-dimensional operators might alter both
the production cross-section and the decay characteristics of the Higgs boson, potentially
revealing new dynamical effects from physics well above the electroweak scale. Assuming
B and L are preserved, the leading contributions for LHC physics often arise at dimension
six [52-54], corresponding to corrections of order 1/A2.

This work aims to study VBF Higgs production to O(1/A*%), as has been achieved recently
in various other important LHC processes [55-68]. We push to dimension eight mainly due
to the so-called “inverse problem”, where the degeneracy between different UV completions
of the SM at dimension six remains too broad. This degeneracy is significantly reduced
at dimension eight, making it easier to distinguish between different possibilities for new
physics [69]. Previous authors [5 ] identified that certain dimension-six operators, which can
be represented as (yfate) (i H 1o} pH) in the Warsaw basis [8], result in the largest energy
enhancement in VBF. We can understand the impact of these operators by examining the
subprocess ¢V — ¢ H. Once this subprocess is sewn into a qqV vertex, it contributes to
VBF; however, as ¢V — q H is a 2 — 2 process, it is simpler to analyze analytically. The
SM contributions to the ¢V — ¢ H amplitude are ~ v?/V# \[ where we use  as a pr <_;7 for
the energy-squared flowing through the diagram. The key aspect of the (¢fatey)(iHT D wH)
operators is that they generate a four-point 1?V H contact vertex which enters the ¢V — ¢ H
amplitude ~ U\/?/ A?. Combining these two pieces of the amplitude and squaring, we see
the interference piece is enhanced (relative to the SM) at large 7,

~

t
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(1.1)

Repeating the exercise with other dimension six operators, we always find a smaller ratio.
We further note that operators involving tensor structures, in particular, H2X? operators,
might have unique interference patterns depending on the polarization states of the particles
involved, leading to potentially significant effects that warrant further detailed studies of
their impact on polarization observables.

Besides affecting the qqV H vertex, operators of the form (¢T5“¢)(iHTﬁuH) also
contribute to gqV vertices when both Higgs fields are set to their vacuum expectation
value. Precision electroweak (EW) observables highly constrain these contributions from
LEP. Reference [5] highlighted the sensitivity of VBF to these constrained operators as
an opportunity to leverage the energy enhancement in eq. (1.1) to probe small Wilson
coefficients, potentially improving upon LEP constraints.



Expanding VBF within SMEFT to order O(1/A%) reveals several new and interesting
features:

e Hierarchies in the Wilson coefficients can disrupt the SMEFT power counting, allowing
formally higher-order terms in O(1/A) to have significant effects, especially in the tails
of kinematic distributions. In this context, higher-order terms refer to those of O(1/A%),
which can arise from squared dimension-six operators — meaning both the literal square
of each SMEFT operator and the interference among different dimension-six terms — or
from the interference between dimension-eight operators and the SM. When forming the
analogous ratio to eq. (1.1) that includes O(1/A*) terms, the numerator must carry four
powers of energy. This energy dependence can involve any combination of the Higgs
vacuum expectation value v and the process energy scale V. Following ref. [5], we
focus on the regime where Vi v, 8o operators with more powers of V% are considered
more “energy enhanced”.

« While the classification of EFT effects using Vi/v sufficed at order O(1/A2), we
must exercise greater caution at order O(1/A%) due to the complexity of VBF as a
2 — 3 process. VBF is characterized by f < 3, but unlike simpler 2 — 2 processes,
distinguishing between EFT effects proportional to £/A? and those proportional to /A2
is more subtle. At dimension six, SMEFT effects in VBF predominantly scale with %,
while at dimension eight, contributions involving both ¢ and § emerge. This interplay
requires careful analysis, as the energy dependence in a 2 — 3 process like VBF does
not directly translate from the simpler 2 — 2 cases.

o At order O(1/A*), there are SMEFT five-particle contact vertices that contribute to
VBF. These vertices originate from operators of the form H?y?* and are attractive
for several reasons. First, they lead to VBF amplitudes without internal propagators,
suggesting an enhancement relative to the SM at high energies. Second, while all the
other operators we consider also contribute to crossed processes like pp — h V (¢¢) or
pp — hV(jj), we expect that these particular operators do not, due to the specific
kinematic configurations and selection cuts inherent to VBF.

This work is structured as follows. In section 2, we introduce the theoretical background
and significance of higher-dimensional operators with energy-enhanced effects in VBF. Sec-
tion 3 elaborates on the geometric approach to the SMEFT and the selection of compatible
operator bases. The analysis of energy-enhanced contributions to VBF processes is presented
in section 4. Section 5 discusses specific resonant operators and their characteristics. In
section 6, we present the expected distributions of observables affected by these operators.
Section 7 explores crossed processes, particularly the associated production in pp — VH.
Finally, section 8 concludes the paper with a summary of our findings.

2 Energy-enhanced effects of dimension eight operators in VBF

This section examines how dimension-eight operators contribute to VBF processes, focusing
on their energy-enhanced effects at order 1/A%. We identify three key issues that arise when



including these higher-order terms: first, hierarchies among Wilson coefficients can disrupt
the usual SMEFT power counting, enhancing the effects of dimension-eight operators relative
to dimension-six ones; second, subtleties in energy scaling become significant due to the
specific kinematics of 2 — 3 processes like VBF, requiring careful analysis of how energy
enters the SMEFT contributions; and third, the introduction of new five-particle contact
vertices at dimension eight leads to additional contributions to VBF amplitudes.

Within the framework of the SMEFT, the amplitude squared for a specific process can
be described by the following equation

2Re( & A@) 1 ‘Aﬁ’z 2Re( & Ag)
2 2 SM SM
A2 = |Agu|?{1 + —=8M 20 4 + R 2.1
| | | > | { A2|ASM’2 Al (‘ASMP |ASM’2 > } ( )

where Ag, Ag are functions of the Wilson coefficients for dimension-six and eight operators
respectively. As we have pulled out an overall factor of the SM amplitude squared, all of
the terms in the braces must be dimensionless. We have separated out the scale A from
each term, as this organizes the SMEFT series, so we need to compensate for this scale
with powers of the dimensionful scales in the problem — the Higgs vacuum expectation
v or the energy of the process F.

Focusing on VBF, let us organize the task of categorizing different energy-enhanced
effects by first drawing the possible SM and SMEFT topologies in figure 1. We use the term
topology rather than diagram, as several diagrams — including those with crossed external
legs and different types of internal gauge bosons — are all lumped into the same topology.
The top left figure is the SM topology, although SMEFT still affects the SM-type topology
by modifying the couplings, i.e., gffv.smErT = gffv,sm + O(v?/A?). This is distinct from the
topologies with shaded circles, which represent genuinely new vertex structures. Note that
the SMEFT effects from the SM topology are not energy enhanced, always entering with
powers of v2/A2. A similar set of topologies was shown in ref. [5], but our list contains two
extra topologies, those labeled as (¢) and (d). One of these is the five particle vertices, which
cannot be generated at dimension six. As our study includes dimension eight operators such
as the class H?w* shown in left topology in (d). On the other hand we omit the right topology
in (d) as small Yukawa coupling factors highly suppress it. Notice further that we have
omitted ‘s-channel’ topologies in figure 1 where the final state jets come from a vector boson
propagator. We have dropped these because the VBF analysis cuts require a large di-jet
invariant mass and rapidity gap, which highly suppresses the s-channel contributions [5].

In the regime where energy F is significantly greater than the vacuum expectation
value v, the terms in Ag and Ag that incorporate the highest powers of E/ carry the largest
impact. These energy-enhanced operators for VBF are provided and discussed in detail
later in tables 1, 3, 4 and 5. For 2 — 3 particle amplitudes, which inherently have a mass
dimension of —1, here is a basic outline of their scaling with energy (while the form for
the SM is familiar — with the factor of v from the HVV vertex — the scaling for the
SMEFT terms will be justified later):

3 v 2 CG v
Agn ~ gSMﬁv AHq7 AHu,d ~ QSMTQ )
2 2
csv cgsv B
Aq2H2XD7Aq2H2D3 ~ gSMT, -Aq4H2 ~ AT (2.2)
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Figure 1. Higgs VBF t-channel topologies in the SM and in the SMEFT. The green dots signify
modified vertices from the EFT couplings. Corresponding u-channel topologies contribute but are
implied in the remainder of the text. The figure has been produced with the help of the JAXODRAW
package [70]

In these expressions, ggv denotes a SM coupling constant, and c¢g and cg are representative
Wilson coefficients that arise at each order, indicating the relative importance of different
terms as energy scales increase. From these, we can write down the ratio of the dimension-eight
interference piece to the dimension-six interference piece

- ()(5)
gMAG Cg A2 ’ '
For a fixed A ~ TeV, the Wilson coefficients for energy-enhanced dimension six operators
such as ng must be < 1 to be consistent with LEP, while dimension-eight contact operators
are unconstrained. This allows a hierarchy in couplings, ¢ < cg (for a given A) that upsets
the usual power counting, enhancing the effects of dimension-eight by cg/cg. Note that we
are ignorant of this possibility until we work to O(1/A%). There are many mechanisms such
as in extended gauge group models (e.g. additional Z’ bosons or non-Abelian structures) [71],
cancellations among multiple heavy gauge fields reduce dimension-six contributions while
leaving dimension-eight operators intact. [67, 72], emphasizing the need for including higher-
dimension effects in precision analyses.

Let us plug in some numbers to illustrate this point better. In the kinematic regime
where E?/A? ~ 1/5, higher-order contributions are typically suppressed by factors of E2/A2.
As a result, the squared amplitudes scale as |A|%/A4 ~ 0.2|A|%/A2 and |A]%/A6 ~ 0.2\A|%/A4 ~
0.04 ]A\% /a2 However, if there is a significant discrepancy between the coefficients cg and cg,
such as cg/cg ~ 5, the relation ]AP/AQ ~ ’A‘%/M can still hold. In this case, the dominant

1
contribution to the overall O(1/A%) effect comes from the dimension-eight term, as the



dimension-six term is relatively suppressed. From this argument, it is clear that the larger
the value of cg/cg, the smaller E/A needs to be in order for the relation ]A\%/AQ ~ ‘AE/M
to hold. This increases the control over the EFT, as it preserves its predictability for a
wider range of energies.

This argument assumes that A is not too large, meaning that c¢g ~ O(1) would conflict
with LEP constraints. However, if we increase A to make cg ~ O(1) consistent with LEP, we
end up with a scale beyond the LHC’s reach. Therefore, to interpret data from a bottom-up
SMEFT perspective with A values accessible to the LHC, we need to include dimension-eight
operators. Moreover, this assumes that a UV model can generate a small coefficient at
dimension six while a larger coefficient at dimension eight. It is well known that, at least
for weakly coupled UV scenarios, one can classify operators according to whether they are
generated at loop level or tree level — though all operators we care about fall into the
tree-level category.

Equation (2.3) is not the end of the story, as the particular kinematics of VBF complicates
the energy arguments so that ratios of amplitudes are insufficient, and we must instead
compare cross sections. This complication can be traced to forward singularities present in
the SM (and some SMEFT) contributions, which cause the cross-section to be dominated
by kinematics where £ < §. A hierarchy among kinematic invariants means we need to
be more careful about exactly which object enters into eq. (2.2). The size and validity
range of a given SMEFT operator will clearly depend greatly on its momentum scaling
(dictated by the operator’s Lorentz, field, and derivative content) and how it compares to
the momentum scaling of the SM piece.

As a quick illustration of this point, consider the dimension six operator Q?L?. If we
study how this operator enters the process q7 — ¢7¢~, we find

2 4+ 42
§A2

2 + 42

2 4 * 2 21?2 + 'LAL2
| Asm | ~ gsM—gz Re(AsmAg) ~ g3m o

Aol ~ e~

where cg is the Wilson coefficient for the operator, gsy is a SM coupling of O(e). For
simplicity, we have approximated the SM term with photon exchange and assumed the
Lorentz structure of the dimension six operator to be the product of vector currents. For a
fixed §, the ratio of amplitudes — interference term to SM or dimension six squared term to
interference term — is (up to O(1) factors) the same as the respective ratio of cross sections.
This happens because the scattering angle, the only variable we integrate over two body
phase space, does not appear in the denominator. Taken either before or after integration,
we find the ratios are ~ §/A%, as expected from eq. (2.2).

Let us contrast this with how the cross sections (for the SM and including L?Q?) scale
for the process gf~ — gl

582 + 42

52 4 o2
sT+u 9

tA2 7

)
s +u
| Asm|? ~ géum o Re(AsmAg) ~ géu co

For fixed §, the SM amplitude is dominated by £ — 0. Comparing the ratio of amplitudes
squared, one would expect the interference o £ while the squared term is o< £2. Consequently,
for small £ , both SMEFT contributions are suppressed. However, the power counting remains
consistent: the squared term is suppressed relative to the interference term by the same factor



that the interference term is suppressed relative to the SM amplitude squared. If we then
integrate the scattering angle cos 6* = z between [—1 4+ ¢,1 — ¢] and take € < 1, we find

J dzRe(AsmAg) 3 [ dz|Ag|? 1 3§

dz| Agp|? G VL dzRe(Ag\ A% log e A2
6

(2.4)

For small € — meaning nearly forward scattering, or large final state n/low pr in terms of more
collider-friendly observables — interference term relative the SM square term is suppressed
far more than the squared term relative to the interference term by the epsilon dependence.

Extending the example to dimension eight operators of the form D?Q?L?, the strength
of the various pieces depends on the form of the vertex. If the derivatives are arranged
such that the four-fermion vertex o §, we find the result analogous to eq. (2.4) but with
5 — 52, A% — A*. However, if the vertex is instead o #, that factor cancels the 1/f in the
SM when we square the amplitude. As a result, the ratio of interference (dimension-eight
with SM) relative to SM squared is even more suppressed compared to the ratio of the
dimension-eight squared relative to interference

[ dzRe(AsmAg) ﬁ [ dz|As|? ﬁ
[ dz|Asn? ‘AT [dzRe(AsyAp) | AY

(2.5)

While our example is simplistic in that we picked a specific operator and ignored O(1)
factors; we still see that i.) we need to compare ratios of cross-section to truly assess the
energy enhancement, especially when there is a hierarchy among kinematic invariant, ii.)
when SM o 1/£, interference is suppressed compare to processes where the SM o 1/3 and
depends strongly on the analysis cuts.

Extrapolating these lessons directly to VBF is not straightforward, as it is a 2 to 3
process, so there are more invariants to consider, but we expect some vestiges of the argument
above to persist. Furthermore, in 2 — 3 processes (and higher), contributions from SMEFT
four-particle vertices are integrated into the full amplitude via propagators. This integration
leads to non-trivial momentum dependence in both the numerator — due to energy-enhanced
effects — and the denominator. The interplay between the momentum dependencies of the
numerator and denominator, along with their interaction with the momentum dependence of
the SM amplitude, adds layers of complexity to the calculations.!

3 geoSMEFT and compatible operator bases

In the previous section, we saw that the energy enhancement of a particular SMEFT operator
depends on many factors, but it can only arise in operators that have a different operator
(Lorentz/derivative) structure than the SM. Therefore, this section aims to identify energy-
enhanced operators at O(1/A%).

The various ways SMEFT operators can enter VBF are shown in figure 1. The effects
fall into three different categories: i.) effects of the HV'V vertex, ii.) the ffV vertex, and
contact terms. The ffV and HVV effects manifest either as v?/A? corrections to SM-like
vertices or as new Lorentz structures. Only the new Lorentz structures introduce energy

!Such numerator and denominator momentum dependencies can occur even in 2 — 2 processes, but they
are typically restricted to scenarios involving bosonic initial and final states or dipole operators.



Operator relevant
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Table 1. The energy-enhanced dimension six operators which contribute to VBF Higgs production.
The remaining ffV and HV'V operators were studied for VBF in ref. [5] and explicitly shown to be
sub-leading.

Operator Minimum Particle Vertex | # particles Contribution
(H'D,H)*(H'D*H) v (OH)? 2 Higgs kinetic term
(Q17,Q)* (Q17,Q)* 4 4-fermion interactions
QHoy, dB"Y v dTL o drB* + - - 3 Dipole interactions
OH'H)O(HTH) | (0,HT0,HO"H'0,H) + - -- 4+ 4+ particle vertices
after IBP to 0, — D,

Table 2. Examples of geoSMEFT operator organization. In the second column, the + - - - refers to
other four (or more) particle vertices required by gauge invariance.

enhancements, so we focus on them in this work. The dimension six operators that can enter
(either as self-square or interfering among each other) are the same as in ref. [5] and are listed
in table 1. We see that ¢2H?D affects the ffV vertex (with SM structure) and generates a
ffV H contact term. The other dimension six operators, H2X?, impact the HV'V vertex and
are indeed energy-enhanced. However, their contributions are sub-leading in VBF because
they combine with transverse V' propagators, as discussed in [5].

In order to extend this type of analysis to O(1/A*), we need to generalize the arguments
above on classification and energy-growth for the relevant dimension eight operators involved
in VBF Higgs production. The number of operators contributing grows dramatically between
dimensions six and eight, so in order to proceed, we require an organizational scheme. We
start by employing the geometric SMEFT [73-76] to aid in organization and classification.

In geometric SMEFT, higher dimensional operators are organized according to the
particle number of the smallest (in terms of number of particles) vertex they contribute to
once all Higgs fields are expanded about their vacuum expectation values (vevs). When
dealing with operators with derivatives, the philosophy of the geoSMEFT approach is to
strategically place them so that the number of operators that influence two and three-particle
vertices is minimized. A few examples of this organizational scheme at work are shown
below in table. 2. When we restructure the operators, we find that only a small fraction
of them contribute to the two- and three-particle vertex category. Specifically, out of 993
dimension-eight operators, only 66 contribute, assuming flavor universality and conservation
of baryon and lepton numbers. One important reason the number is small is that these small
vertices’ kinematics are trivial. By this, we mean that any momentum dot products — which
would come from contracted derivatives in operator language — can always be expressed as
combinations of masses, and therefore, they do not generate any new momentum structure.



As a result, the SMEFT expansion for these types of vertex goes from a double expansion
in v/A and 9/A to an expansion in v/A alone.

Furthermore, the number of ways we can add more Higgs fields to an operator, thereby
generating more terms in the v/A expansion, is restricted by Bose symmetry and the limited
number of viable SU(2) tensor structures. Consequently, it is possible to determine the
number and form of operators contributing to 2- and 3-particle vertices to all orders in v/A.
In ref. [73], these vertices were referred to as Higgs-dependent “metrics” and were derived
to all orders. For example, denoting the four real degrees of freedom in the Higgs doublet
as ¢f, I = 1---4, the Higgs kinetic term metric is hy;(¢)D, ¢! D*¢”, where

2
hiy = |1+ ¢%c HEI + Z <¢ ) ( 522") ng?zn))] 017
T F L (6) 2 +1
. mg L () ). e
n=0

The T}y ; represent different formulations of the SU(2);, x U(1)y generators adapted to the

four-component fields ¢ and W (combining the SU(2) and hypercharge gauge fileds together),

(6) (6) 8+2n 8+2n . . ‘
and ¢y, Cyp, CHp s CH Dy are the Wilson coefficients of the operators:

= (H'H)O(HH),
QHD (H'D'H)*(H' D, H),
sron) — (7 H)" (D, H) ' (DFH),
<HD = (H'H)"" (H'o,H) (D, H) 0" (D" H).

Notice that only two new operators enter at each mass dimension 8 + 2n. Analogous
expressions for all other 2-particle and 3-particle metrics were shown in ref. [73].

For the purposes of this work, the most essential aspect of the geoSMEFT approach
is how it facilitates energy counting. As mentioned earlier, the metrics such as hyjy are
functions of ¢ ~ VHTH alone, i.e., lacking covariant derivatives, so higher order terms in
the metrics lead to an expansion purely in v?/A? only, rather than mixed powers of v and
energy. More specifically, the powers of energy a particular three-point vertex carries is
entirely set by the lowest dimension operator that generates the vertex. With our assumptions
of baryon/lepton number conservation, the lowest dimension operator (for a two- or three-
particle vertex) is either dimension four (for SM-like kinematics) or dimension six (new
kinematics). At dimension eight and higher, SMEFT operators will only introduce additional
factors of v2. All energy-enhanced effects are shuffled into operators that only affect four
(or higher) particle vertices.

While the number of operators that affect four-particle vertices is large at any given
dimension, they are process-dependent. For any given process, say qqg — hjj, the number of
operators that can contribute (at tree level) is much smaller. Additionally, these operators
need to interfere with the SM, meaning the dimension-eight operators must have the same
chirality, color structure, and Lorentz structure. This requirement shrinks the number of
operators significantly.



Operator relevant ¢
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Table 3. Operators of class 2> X H2D contributing to Higgs associated production up to O(1/A%).
The last column indicates which chiral quarks contribute. Note our naming convention differs from

<
that of [79] and our convention for D differs by a factor of i.

Given the arguments above, what we want to find are the operators contributing to four
or more particle vertices with the proper structure to interfere with the SM. The geoSMEFT
organizes all operators impacting two- and three-point functions in the SMEFT and partially
covers operators affecting four- and higher-point functions. These include, for example,
Y?H?D, which contains the ggV H vertex, but to find the complete set of operators, we have
to look beyond the geoSMEFT operator set. The procedure, first implemented in ref. [77] for
operators relevant for VBF and V H production, involves revising the dimension-eight operator
basis by identifying all operators affecting two- and three-point functions not included in
the geoSMEFT, removing these through integration by parts and equations of motion and
incorporating the resulting new operator forms [63]. For example, the operator [78],

Q) iaps = (HUH)O?(HTH) (3.2)

which becomes relevant post-spontaneous symmetry breaking, is inconsistent with the
geoSMEFT basis but can be substituted with operators from ref. [79] that align with
the geoSMEFT and do not generate two- or three-point functions due to their complete
reliance on derivatives.? All operators in this study are presented in the geoSMEFT basis
as described in ref. [77].

The operators listed in tables 3 and 4 were already examined in ref. [77] in the context
of V H production. This overlap is expected because the processes are related by crossing
symmetry. In that reference, it was shown that these tables include all the dimension-eight
operators that can interfere with the SM in V H production. At first glance, one might think

2Explicitly, Q%) = (D H'D,H)D'H'D*H), Q¥ = (D,H'D,H)(D*H'D'H) and QY =
(D*H'D,H)(D"H'D"H).

3This assertion is operator basis-dependent. If one chooses a different color structure rather than forming
octet currents, these operators indeed interfere with the SM amplitude.

,10,



Operator relevant ¢
QWipps | i) (DLET(D?, , H) = (D2, , E)Y(D,H)| | v = {g,u,d}
Qeps | i D) [(DuH)(D,H) + (DHY (D, H)] | = {g,u.d}
QS’QHQDS i(pytoly) (D, H)IT(D2,  H) — (D, H)lo!(D,H)| | ¢ = {q}
QW epe | iW@#o Do) (DL (D, H) + (D,H) 17 (D,H)] | & = {g)

Table 4. Operators of class > H?D? contributing to Higgs associated production up to O(1/A%).
The last column indicates which chiral quarks contribute. The subscript (i, ) indicates that the
derivatives are symmetrized in the Lorentz indices.

Operator

Q(4H2 (@p’YﬂqT)(qp’Yun)(HTH)

Q2 | (@0 G ar) (HTo H)

Q(4H2 (‘jp’wg[q?”) (Q_IWMUIQT) (HTH)

QS4)H2 (upy* ur)(up%tur)(HTH)

Qd4H2 ( p’Y“d )( pVud )(HTH)
QWppe | (py™ ur) (dyyucdy) (HH)
Qfli)uam (@ qr) (apyyur ) (HVH)
Qe | (@ ol qr) (v ) (Ho T H)
Qe | (@) (dyyudy) (HTH)
Qe | @ ol (dy, ><H*afH>

Table 5. Operators of class ¢*H? contributing to Higgs associated production up to O(1/A%). There
are variations of many of these operators containing different color contractions (products of octet
currents), these operators do not interfere with the (color-singlet) SM VBF structure.?Similarly, four
fermion operators of the form (LR)(LR) + h.c. or (LR)(RL) — where L/R refer to the handedness
of the fermions involved and spinor indices are contracted within the parenthesis — have the wrong
helicity structure to interfere with the SM.

that imposing flavor and CP assumptions is unnecessary since other operator classes are
naturally excluded due to a mismatch with the helicity structure of the SM. However, flavor
and CP assumptions are crucial to address two types of dimension-6 squared contributions,
which are formally of the same SMEFT order as the dimension-8 SM interference terms.
The first type, arising from the square of the amplitude with one dimension-6 vertex
insertion, does not interfere with the SM amplitude. Such contributions, which do not align
with the SM structure, are suppressed by the assumed hierarchy ¢(®) < ¢®). The second type
involves the interference between the SM amplitude and the amplitude with two dimension-6
vertex insertions. This interference is naturally suppressed since two insertions of ¢(®) lead
to a smaller effect than a single insertion of ¢®, and the assumption of minimal flavor
violation further constrains the flavor structure of the Wilson coefficients. To control the
proliferation of dimension-6 squared terms and maintain a manageable analysis, we impose
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Figure 2. Higgs VBF 2 — 2 sub-topologies. The figure has been produced with the help of the
JAaxoDraw package [70]

CP conservation and U(3)® flavor symmetry in tables 3 and 4. These assumptions ensure that
the analysis focuses solely on the relevant dimension-8 operators without being overwhelmed
by contributions from dimension-6 squared terms.

The operators in table 5, illustrated in figure 1 (d) can modify VBF by new contact
interactions between quarks and the Higgs field, altering observables like the transverse
momentum of the jets and the Higgs, as well as affecting the total cross section and angular
distributions in VBF processes. These operators did not appear in ref. [77] because the
authors assumed the vector boson in VH production decayed leptonically. While semi-leptonic
versions of table 5, operators in class, e.g. L2¢?H?, could play a role, ref. [77] assumed their
effect would be suppressed by cuts on the dilepton invariant mass aimed to select out resonant
V' — 00 production. We will explore the impact of the operators of table 5 in V H more
thoroughly in section 7.

4 Energy-enhanced contributions to VBF

In this section, we study qV — ¢’H, a two-to-two process we can use as a simple proxy for
VBF to better understand which operators introduced in the last section are most important.
This is the same calculation from ref. [5], extended to O(1/A*) (including both dimension-six
squared and dimension-eight operators). While this expanded calculation supports the energy
counting arguments in section 2, we further find that the large ¢ suppression argument in
ref. [5] is not entirely valid and depends more intricately on the operator structures involved.
We begin by considering the 2 — 2 amplitude for left-handed (LH) quarks, including
the SM, as illustrated below in figure 2. We take V = Z, for starters, taking all momenta
outgoing:
AaZrp— aH) =i (G110} (974001 91 7 Doz, 2+ 97asar 95105 Pz 2 PPV +m3) + 0500, 00

2 .- 2 N 3
+g(Z}JquL (pu -pz)) +i{qlp,ld vy (QZquL 9%, s aaz +g(Z}quqL) (4.1)

where po3 1y contains a propagator, and the translation between couplings and SMEFT Wilson
coefficients are given in table 6,
We further use the shorthand
1

Di +pj)2 — m%/ +I'ymy

Dijv = ( (4.2)

and kinematic variables s;; = (p;+ pj)2 throughout this section. Within eq. (4.1), the coupling
factors gz4, and gg)zz begin (in terms of minimum powers of A) at O(A?), gg)zz and the
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Coupling Expression

Dimension-Six

gg)zz 4v [Ci CHW ~+ Sw Cw CHWB + SEJ CHB]
(1) ev (3) (1)

9zHupur CwSw (CHq - CHq)
(1) ev (3) (1)

9zHdydL _Cwa (CHq+ch)

Dimension-Eight
(2) v 1) (3)
gZHuLuL 4CwSw |:—€ (CqQHQDS _Cq2H2D3)

+ 4Cw3w <Sw (C;2)3H2D - C((ZE)BHQD> + Cw (C((;12>WH2D - CL(I:;>VVH2D) ):|

(2) v (1) (3)
9zHd;d; 1cusu |:4Cwsw (Sw (quBHQD +Cq2BH2D>
(3) (3)

+ Cw (Cz(zlz)WH2D + CqZWHzD)) —e€ (C;E)H2D3 + Cq2H2D3):|

(3) v 1) 3)
gZHuLuL 4CwSw |:36 (cq2H2D3 - CqQHZDS)
3 1 1 3
+ 4cwSw <5w <C¢<12)BH2D - 6512)BH2D> + Cw <c¢<12>WH2D - 61(12>WH2D) )}
(3) v

9zHdd;

e 3)
e ¢ (<Blrzon i)
(3)

+dcwsw (Sw (Cz<112)BH2D + CL(;;)BHQD) + cw (C;§>WH2D + CqQWHQD)):|

Table 6. Couplings separated into dimension-six and dimension-eight contributions, with implicit
dependence on A.

four-particle contact term g(Zl}Iqq begin at O(A~2), while the remaining four particle contact

terms g(Z2])1, a0’ gg}){qq begin at O(A~*). For coupling factors that have a minimum order less
than O(A~*), we will only keep the leading (fewest powers of A) piece. For example, while
there are O(A~2) and O(A~*) contributions to the ffV couplings gz,q, we will neglect them.
We do this because we focus on the effects with the largest energy enhancement, and higher
order (in A) corrections are always of the form (v/A)".

The analog of eq. (4.1) with right-handed (RH) quarks can be derived by replacing
LH couplings with RH versions as shown in table 10 and swapping (q| v*|q] — [g|7* |q). A
similar replacement gets us ¢V — ¢H. We focus on the quark-initiated variation here because
qq — qq'H is significantly larger than the other VBF subprocesses. Within qq¢’ — q¢’H, the
helicity combination ¢rq; — qrq;H is the largest, as it proceeds via both W fusion and
Z fusion. Moving beyond the SM, there could, in principle, be contributions from vertices
involving one left-handed fermion and one right-handed fermion (LR or RL) (rather than
two) left (LL) or two right (RR) chirality fermions as in the SM, such as arise in SMEFT
from dipole operators. However, we will ignore this possibility here as our assumption of
flavor universality removes all (LR/RL) structure operators.

To better illustrate which effects grow most strongly with energy, we consider the limit
where 2(py - pv) = 2(pq - pg) =t > my. We also assume that the incoming vector boson
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V' is longitudinally polarized. This assumption is justified because, in the Standard Model
(SM), the dominant contribution to the vector boson fusion (VBF) process arises from
longitudinally polarized vector bosons once the subprocess ¢V — ¢H is embedded into the
full VBF process [80]. Mathematically, this amounts to contracting the polarization vector
e (pv) x pi; into eq. (4.1) and neglecting the masses of the vector boson V and the Higgs
boson H. By performing this contraction and taking the limit ¢ > m%/,m%[, reinstating
the minimum powers of A, we obtain,

. 1 1 1 ¢ 2 3 #
AlgZrp—qll) = i <CJ|zz>Hq}f(gszg,(q)ZZJrg(Z}IquLA2+(g(Z}1quL —g(Z}quqL)W)-

t>my g
(4.3)

In this expression, the first term involving gz, 4, gg)z  corresponds to the SM contribution.
The subsequent terms arise from higher-dimensional operators in the SMEFT framework.
Importantly, we observe that the terms most enhanced in the large ¢ limit are the four-particle
contact terms, which scale with higher powers of £. Up to O(A~2), this result reproduces
the calculation presented in ref. [5]. However, we find that the large ¢ suppression argument
from the reference is not entirely valid. The suppression depends more intricately on the
specific operator structures involved as we will see later.

One may expect the O(A~?) correction is always small, at least in the limit where the
EFT is valid. However, as alluded to in section 2, coefficient hierarchies — here in the
form g(le){qq < g(ZQI’;’;q can upset this line of thinking. Note that Qg)zzv gg}{qq are all o v,
which is needed to keep the mass dimensions in eq. (4.3) correct. Note that operators in
the class 2X H2D operators drop of eq. (4.3) as they do not contain to longitudinal V'
in the high energy limit.

From eq. (4.1), we can justify the energy scalings we presented in eq. (2.3). As shown in
table 6, all the couplings are proportional to v. For massless fermions, the spinors scale as
|i), [i] ~ V'E, so each fermion current contributes a factor proportional to E. Each propagator
scales as 1/E?. Combining these factors for the 2 — 2 sub-amplitude ¢V — ¢'H, we find:

v v E vE3

ASM ~ E; Adim-6 ~ p; Adim-S ~ F (4-4)

To extend this scaling to the full VBF amplitude, we include an additional factor of 1/FE.
This arises from the quark current (providing a factor of F) and the vector boson propagator
(providing 1/E?) that connect the subprocess to the rest of the diagram. Including this 1/F
factor and the coupling constants, we recover the scaling behavior presented in eq. (2.3).

Next, let us repeat the exercise above, but with an initial state W-boson instead of a
Z. The amplitude for the process ¢W, — ¢’H is given by:

.= 1 ~ 2 A 2
A(gW,, — ¢'H) =i (q]7"|q] (gququ St Pagrw + IWard, 95w Pagw (o - pw + miy)

1 2 3
™ gl(/V)Hqu’ ™ gl(/V)Hqu’L (b - pw) + g‘(/V)Hqu’L (-~ (Pg — pq/)) (4.5)

L
. (2) N (4) (3)
i @l Pyl (P (9w, 950w Paa W + 9100 ) + O r0rar P — D)
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Coupling Expression

Dimension-Six

1) ev (3
g‘(/VHﬁLdL \/EECH; Vud
diww  Avenw

Dimension-Eight

(2) v (3) (3) - (3)
IwHaLd; 92s Viua [ecq2H2D3 _48w(cq2WH2D +Zcq2WH2D):|
(3) ev (4)
IwHard; V25 Vua Cq2H2 D3
(4) v (3) (3) - (5)
IwHa,d; T oVas Vua {36%2}12133 + 45w (Cq2WH2D +Zcq2WH2D)}

Table 7. Couplings separated into dimension-six and dimension-eight contributions, with implicit
dependence on A.

Note that, in comparison with eq. (4.1), additional terms appear that involve the momenta of
the quarks contributing to the amplitude. Continuing as in the Z exchange case and inserting
the polarization vector for a longitudinal W, we find.

L 1 (1) (1) ¢ (2) (4) 2
/ _
A@Wrp = ¢ H) f>>”72wy —i(q] leqlg (quLq/LgHWW + IWHqra, A2 (gWHQLq’L - gWHqu'L> A4
3) £(2§ + f)
Oy ), (4.6)

with couplings given in table 7. A key observation is the presence of terms proportional to
5t relative to the SM. In the regime where 3§ is large but # remains small, these 5 terms
dominate while other SMEFT contributions are suppressed by £.* Squaring eq. (4.1) (or
eq. (4.6)) shows that SMEFT terms proportional to ¢ result in differential cross sections with
positive powers of ¢, as the SM’s 1 / t is canceled by the # enhancement. In contrast, SMEFT
terms proportional to § or §% lead to enhancements scaling with § or §2.

To further quantify how these kinematic differences appear in a complete two-to-three
process, we utilize the effective W approximation [80], treating the incoming W boson as a
constituent of the proton. In this framework, the W distribution function is convolved with
the two-to-two cross-section &(qW — ¢H), calculated in the small-angle limit (i.e., £ — 0).
The W distribution functions depend on the polarization of the W boson, with the transverse
parton distribution function (pdf) being significantly larger than the longitudinal one.

Integrating over the scattering angle up to the maximum value of 0}, = prw/Ew ~
2my /v/'3, and taking the limit of large 4, the SM ¢W — ¢’H amplitude squared for lon-
gitudinal W is larger than for transverse W by a factor of O(3/m#,). This factor offsets
the smaller effective parton distribution function for longitudinal W, resulting in the SM

amplitude being dominated by the longitudinal W component.

“When f is small, one should also retain terms of O(m3,).
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For the dimension-six term g‘(,ll,)HqL aL (which corresponds to the operator cg; from

table 7), both the interference and self-squared terms are inversely proportional to § after
the 6* integration when the incoming W is transverse. They are, therefore, suppressed in
the large § limit. For the longitudinal case, we find

Omax v2 8§ Omax 02§
/ (M2MM%M@MZNMm%’/‘ do" Ay, ~ (47)

where we have focused on the scaling with dimensionful quantities and omitted all coupling
constants and O(1) factors.
Repeating the calculation for dimension-eight operators, the § vs. ¢ difference highlighted
. . (2) T @ (3) o
above leads to different scaling for (gy;, Havg, ~ IW Hqu,L) VS 9WHaLq, - For longitudinal W,
the interference piece is significantly larger for the former combination

emax ) emax 2

v° 8 v° 8
/ d0* 2 Re(Asyi Ay, ~ / 40" 2 Re(As A w, ~ 22 (4.8)

A4+ m? A4

where Aéi) and AgS) stands for the pieces proportional to (gl(/V)Hq @~ gg,f})Hq " , ) and gI(/V)Hqu

respectively. For SMEFT squared, this difference is even larger®

emax emax

2 a3 4
* 8 (U] % 8 vsm
[ 140, ~ S [ e AR, ~ (4.9)

3)

From the above expressions, we expect that the operators contributing to gy, Hard,
L

c((;é)Hz ps in terms of table 7 — are the dominant dimension eight effect, at least among
operators that generate ¢V — ¢’ H. Furthermore, restoring the Wilson coefficients to eq. (4.7)
and eq. (4.8) taking their ratio, we again recover eq. (2.3). As argued in section 2, for fixed
A ~ few TeV and the dimension-six coefficient fixed to values consistent with LEP constraints,
the natural suppression of O(1/A%) relative to O(1/A?) can be overcome by a hierarchy
among coefficients and C((é)}P ps has a significant, if not dominant, effect.

The above analysis singles out cf;é)Hz ps as the dominant dimension eight operator, but it
focuses on the longitudinal W piece. While it’s contribution to longitudinal W is smaller,
4)

( (2) (

IWHe, ~ IWHGLG, ) has non-vanishing interference (in the effective W limit) with the
SM for transverse IV,

0 0
max 2 A max 2 ~ 4
8 vTSs 8 vTsm
[ o 2Re(asuafDw, ~ 55, [ ot AR By, ~ (4.10)
The parametrics of this interference is weaker than the longitudinal case for g‘(,[:i)}mq, , but this
L

is offset somewhat by the larger transverse W parton distribution function. The operators in

(2) 4) (3) (3)
(gWHqu’L - QWHqu’L) are oy ps ANd Coayypa -

tell us which effect — transverse vs. longitudinal pdf or faster scaling with § — dominates,

The simple two-to-two argument does not

and we need to rely on numerics.

(3) and (g2 @

5 . .
In scenarios where IWHarar gWHqu Iw g, 7 ) are nonzero, we can get energy scaling between

the extremes shown.
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Before we turn to simulation, there is one final feature of VBF present at O(1/A*) that is
absent at O(1/A?) — the contribution from five-particle (four quark plus one Higgs) vertices
originating from the H?wy* class dimension eight operators shown in table 5. These vertices
enter VBF as contact terms (meaning no propagators) and can take on any of the helicity
combinations allowed by the SM. The coupling factors that enter each helicity combination, as
well as example 2 — 3 amplitudes are given in appendix A. We expect the largest contribution

)
H

and Q(g) in
2 A H?
table 5), as these can interfere with the largest SM helicity amplitude. As H?y* operators

to come from operators with (LL)(LL) helicity structure (operators Q((;l
do not generate ¢V — ¢ H, we cannot study their energy enhancement relative to the SM
using the techniques above, so we again need to use a numerical analysis.

5 Resonant operators

Having completed the amplitude analysis and clarified the energy enhancement arguments,
we now numerically investigate the full 2 — 3 process pp — hjj. For event simulation, we
generated a Universal FeynRules Output (UFO) file using FeynRules [81], which incorpo-
rates the operators listed in the tables of section 2. This model was then imported into
MadGraph5_aMCONLO [82] for detailed numerical analysis.

We implement specific generation-level VBF selection criteria following ref. [5]. We
consider two benchmark cut points, one with minimum invariant mass of the final-state
jets of mj,;, > 480 GeV, along with a pseudorapidity separation of An; ;, > 2.5 between
them. We further consider a more stringent invariant mass cut of mj, ;, > 600 GeV with a
pseudorapidity separation of Anj, j, > 3.0. We further restrict the Higgs boson transverse
momentum to the range 200 GeV < pH < 400 GeV.

We set the coefficients of the dimension-six operators to their values constrained by
LEP measurements as derived in ref. [54]. For the dimension-eight operators, we adopt the
convention where all Wilson coefficients are set to unity, resulting in all operators being
uniformly suppressed by a factor of 1/A*. We then vary the cutoff scale A to investigate
which dimension-eight operators can produce effects that are competitive with those of the
dimension-six, LEP-constrained operators. Note that with the dimension-six operators fixed
to their LEP-constrained values (the exact values we selected will be detailed below), varying
the cutoff scale A affects only the dimension-eight terms. In section 2, we assumed that
the dimension-six and dimension-eight operators share a common cutoff scale A. Applying
that logic to the current context — where the dimension-six coefficients ¢(%) /A? are fixed to
LEP-compliant values — implies that as we vary A, we are implicitly adjusting the Wilson
coefficients such that the combination ¢(®) /A% remains constant.

While the scaling arguments presented in section 2 offer general scaling insights, they
cannot precisely determine the appropriate choice of the cutoff scale A due to the com-
plexities introduced by selection cuts. Therefore, we perform a numerical analysis by
computing cross-sections and checking the validity of the EFT expansion, testing terms up
to (dimension-eight)?, confirming that the cross-section of each operator turned on one at
a time, at each order in the EFT, are O(1%) of the previous order. Based on the selected
ranges of mj; and pif, we determine that the minimum allowed value of the cutoff scale A
is approximately 1.2 TeV. The scale may seem low, but the suppressed interference effects
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Type (480 GeV,2.5) | SM Deviation (%) | (600GeV,3.0) | SM Deviation (%)
SM 0.1375(2) - 0.1239(2) -
D=6 0.1357(7) T 5080 [~7.9,+5.2] 0.1219(6) 55077 [~6.8, +4.5]
D=6+ (6x6) | 0.1355(7)15-9557 [—7.1,+4.9] 0.1221(6) 55089 [~6.8, +4.9]

Table 8. Cross-section of SM versus LEP constrained dimension six operators The kinematical cuts
we choose: 200 < p < 400 GeV and (mj, j,, Anj,j,), as labeled in columns. The cross sections are for
all SMEFT coeflicients set to their central values and 95% CL [54, 83]. Percentage deviations from
the SM at 95% CL are also given.

require lower A values for the EFT contributions to become noticeable. This is expected
from the §-channel versus {-channel argument discussed in section 2. We further caution that
for the most stringent cut we implement, m;, ;, > 600 GeV, the EFT validity is borderline
for a subset of operators, so we recommend A > 1.2TeV for higher mj;, ;, cuts.

Consequently, we adopt A = 1.2 TeV for all subsequent plots and numerical analyses.
As A increases, the contributions from dimension-eight operators diminish rapidly relative
to those from dimension-six operators, scaling approximately as (%)4. This does not
imply that larger values of A are uninteresting; rather, it indicates that higher energy scales
FE are necessary to observe significant effects from dimension-eight operators at these larger
cutoff scales.

Table 8 presents the parton-level cross-sections to illustrate the effects of the dimension-
six operators displayed in table 1, while table 9 shows the effects of pure dimension-eight
operators as given in tables 3, 4 and 5. In the remainder of this section, we will refer to the
operators by their corresponding Wilson coefficients. Moreover, we note that all simulations
are performed up to the leading order in SM couplings.

Among the dimension-eight operators, we find that c((;fl)% cg;)w 2D and c((]?;)HQ D3 have
the largest contributions. This observation is consistent with the fact that operators like

®3) ®3) . (2) (4)

CewH2D> C2p2ps abpear in the coupling factors gy;/ Havd,» IWHard, > which, as discussed in

(1,3)

2 Are
also important, and as previously argued, the largest effects come from contact terms with all

section 2, generate qVp — ¢ H terms that grow with energy. Contact terms like ¢

left-handed chirality structures. These contact interactions involve direct couplings between
quarks and the Higgs without intermediate propagators, leading to large effects at high
energies. The differences we see lie in which contact operators lead to both q¢W H and qqZ H
versus those that lead solely to qqZ H. The latter effects are much smaller in comparison since
qqW H has a much larger impact on VBF in the SM part, which dimension eight operators
interfere with. The remaining dimension eight operators have little effect. Lastly, we note
that the large dimension eight contributions can result in O(1 — 10%) deviations from the
SM, which is of the same order as the largest dimension six contributions given the same
cuts and if the Wilson coefficients are set to LEP values.

The operator cf;é)HQ ps also generates a significant impact, as expected from the previous

section (in fact, we singled out céé)HQ ps as the likely largest dimension eight effect). However,
for this operator, choosing A = 1.2TeV leads to a breakdown of the EFT expansion. All
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Type (480 GeV,2.5) | SM Deviation (%) | (600GeV,3.0) | SM Deviation (%)
SM 0.1375(2) - 0.1239(2) -
Coefficients at D = 8
e\ Dy 0.1396(2) +1.5 0.1261(2) +1.8
L 0.1367(3) 0.6 0.1234(2) 0.4
Dz 0.1512(3) +10.0 0.1359(2) +9.7
s 0.1376(2) +0.1 0.1240(2) +0.1
A 0.1380(3) +0.4 0.1250(2) +0.9
) 0.1374(3) 0.1 0.1238(2) 0.1
e\ o 0.1377(3) +0.1 0.1222(3) 1.4
A 0.1370(3) -0.4 0.1237(3) -0.2
c3 oo 0.1372(2) 0.2 0.1239(3) 0.0
2 oo 0.1385(2) +0.7 0.1252(3) +1.0
Dy 0.1374(3) 0.1 0.1243(3) +0.3
e 0.1374(3) 0.0 0.1243(2) +0.2
Py nep 0.1375(2) +0.2 0.1241(2) +0.2
L 0.1408(3) +2.4 0.1270(2) +2.5
wmzp 0.1372(3) -0.2 0.1240(3) 40.1
. 0.1381(2) +0.4 0.1241(3) +0.2
. 0.1375(3) 0.0 0.1242(2) +0.2
e 0.1373(3) -0.1 0.1239(2) 0.0
L. 0.1375(3) 0.0 0.1241(2) +0.2
U, 0.1376(3) +0.1 0.1240(2) +0.1
2o 0.1372(3) 0.2 0.1240(2) +0.1
2o 0.1439(3) +4.7 0.1299(2) +4.8
Dyaps (6) | 0.1419(3) +3.2 0.1280(3) +3.3
s 0.1380(3) +0.4 0.1244(3) 40.4
s 0.1371(2) 0.3 0.1239(2) 0.0

Table 9. Cross-section comparison of SM and dimension eight coefficients with A = 1.2 TeV and
kinematical cuts: 200 < p¥ < 400GeV and (mj, j,, Anj,j,) labeled in columns. The percentage
deviations are calculated relative to the SM cross-sections. The asterisk indicates that the operator
breaks EFT validity for A = 1.2 TeV and one needs to set A to a higher value in order to investigate
it faithfully.
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other operators have squared dimension-eight contributions much smaller than their linear
dimension-eight terms. This behavior can be traced to the §* scaling in the squared SMEFT
term and the fact that § = 1 TeV under the cuts we are imposing. If we had chosen A ~ 3 TeV,
the EFT expansion for this operator would be under control; however, the effects from all
other dimension-eight operators would then be suppressed. Thus, we focus on the remaining
operators which are valid at A = 1.2 TeV given this is our choice and ignore cflé)Hg ps from
now on as it requires a separate analysis at A > 3TeV.

In summary, while the numerical values may vary depending on the kinematic cuts
and experimental configurations, the central insights from our numerical study are: i) for
VBF Higgs production, interference suppression means that the EFT cutoff can be relatively
low, ii) dimension-eight operators can compete with dimension-six contributions under
LEP constraints, and iii) especially when selecting lower cutoff scales, energy-dependent
contributions can snowball and violate the perturbative regime, and further, depend strongly
on the details of the operator structure. These considerations should guide future experimental
analyses to capture these energy-enhanced higher-dimensional operators’ impact fully.

6 Observable distributions

The differential distributions of key observables in VBF Higgs production [84-86], such as
pi, |An;;l, and Ag,j, are shown in figure 3 to highlight the role of dimension eight operators
within SMEFT. These results compare the SM predictions to those with SMEFT contributions
up to O(1/A%), focusing on regions where dimension eight effects are most prominent.

In the top-left plot, the pJH distribution shows that, for the chosen parameters, dimension-
eight operators influence the distribution more than dimension-six operators, particularly
at high pQH . This outcome aligns with expectations, as higher-dimensional operators exert
more substantial effects at elevated energy scales. However, since both dimension-six squared
and dimension-eight terms scale similarly, the small cg imposed by LEP constraints is what
((;)HQ, c((;)HQ ps exhibit a similarly pronounced
effect on the distribution, in particular, in the region p¥ > 300 GeV, compared to both

suppresses the dimension-six impact. Both ¢

the SM and the dimension-six operator cg;. Note that the dimension eight operators enter
by interfering with the SM, so the fact that we see more events at high p¥ can be traced
to the sign choice for 051322,0222{2 ps; had we picked —1 rather than +1, the magnitude of
the deviation from the SM would be the same, but the interference would be destructive.
Moreover, upon checking for figure 3 in the VBF context, in the pZ bin of 350-400 GeV, we

find that the squared dimension-eight contribution from cgi)HQ is approximately 9% of the

SM interference, and for cg)HQ ps» the squared term is about 1% of the interference. These
findings confirm that the EFT expansion remains valid in this kinematic region.

In contrast, the angular distributions An;; and A¢;; shown in the top-right and bottom
plots display more subtle differences between various SMEFT operators. These small changes
in the distribution shapes could help distinguish which operator is responsible for any excess
in high p¥ events. Although the effects on angular variables are not as pronounced as in
the p¥ distribution, they provide complementary information that could assist in identifying
specific operators contributing to deviations from the SM. In particular, the dimension six
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Figure 3. Top-left plot: Higgs pr in the range 200 — 400 GeV in the SM and three different
scenarios with one Wilson coefficient turned on at a time: cg;, c((;i)Hz , cg?;)lp ps and taking A = 1.2 TeV.
c(l}o’zz is set to the upper 95 CL value consistent with EWPO and other data according to ref. [54],
while cfl‘z)Hg, c((;)HQ ps are set to +1. All curves are area normalized to emphasize shape differences —
differences in the overall rate in the different scenarios are tabulated in table. 9. The top-right and

bottom plots show the |An;;| and |A¢;;| distributions under the same setup.
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\ \

Figure 4. A subset of VH topologies with vector boson decay which illustrates the exact crossing
symmetry between VH and VBF topologies. The green dots signify modified vertices from the EFT
couplings.

3)

and eight coefficients ¢ Ha and c(i’)

qtH?
to the SM while cff;)HQ ps shows a deviation. Thus, this observable can be used to disentangle

. . . 3 3
dimension eight effects from c((IQ)H2 ps and 0514)}12.

have little effect on the angular distributions compared

In terms of experimental implications, these findings suggest that analyses focusing
solely on total rates may miss subtle yet significant effects arising from dimension-eight
operators. Instead, differential measurements, particularly in the high p¥ region, are needed
for enhancing sensitivity to new physics. Additionally, careful consideration of kinematic cuts
and binning strategies can optimize the detection of deviations caused by specific operators.
Lastly, the correlations between different observables can provide further discriminatory
power. For example, an excess in high p? events accompanied by specific alterations in
angular distributions could point toward certain operators over others.

7 Crossed process: associated production pp - VH

In the study of VBF, crossing an initial fermion line into a final one transforms the VBF
topology into associated production, specifically pp — V(gq)H. The SMEFT operators that
enhance energy effects in VBF are expected to influence the associated production of VH
similarly. The relevant Feynman diagrams are shown below in figure 4, where the shaded
circles indicate an insertion of a SMEFT operator. Unlike VBF, this is not a t-channel
process, so we do not expect differences in power counting from the amplitude squared level
to the entire cross-section. In particular, we do not anticipate the SMEFT-SM interference
to be suppressed, as was observed in the simple 2 — 2 scattering case discussed in section 4.

Drawing on the potential for SMEFT-induced energy growth, several operators previously
discussed in section 3 were further analyzed in ref. [77]. That analysis, based on insights
from section 2, revealed that certain dimension-eight operators could significantly affect the
process’s kinematic tails, especially when dimension-six operators are constrained to comply
with LEP measurements. However, one specific class of operators — with four fermions and
two Higgses, H?*))* — was not addressed in these studies, primarily because the focus of
V H studies typically centers on leptonic decays of V' rather than hadronic. Additionally,
even if we were to look at hadronically decaying V', the expectation is that cuts designed to
remove continuum (non-resonant) backgrounds would also suppress H2¢*. This highlights
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Figure 5. Higgs pr in associated production in the SM and under the influence of several higher
dimensional operators. As in figure 3, A = 1.2 TeV for all SMEFT lines. CSEI is set to the upper 95 CL
value from ref. [54], while the other coefficients are set to +1. In the ratio to SM sub-plot the blue
line above pX = 250 GeV is an artefact of the choice of plot range.

how different analytical approaches in studying VBF versus VH can affect the observability
of certain operators due to breaking crossing symmetry.

To check this intuition, we simulated pp — Z(gq)H with cuts 75 GeV < pr z < 400 GeV
and 70 < mj; < 110 GeV. These cuts were chosen to align with the STSX binning strategy.
The Higgs’ resulting pr distribution turning on different operators is shown in figure 5. We
Sl o and cf;l Q2D3 have an impact on the Higgs pr distribution

that grows with pr. On the other hand, the dimension-six operator cgg, set to its LEP-

find that while operators ¢

constrained value, has a much smaller impact relative to the SM. The lack of an effect from
‘non-resonant’ operators (meaning none of the quarks come from a W/Z decay) aligns with
the conclusions from ref. [68].

We observe that the operator cg% 02D3 has a particularly large impact and approaches
the boundary of the EFT’s validity for the cuts we have applied. Combining this observation
with the results from figure 3, we conclude that a nonzero cf;% 02D? would lead to deviations in
observables in both VBF and V H production that are correlated with the energy scale. Again,
the exact magnitude of these deviations would depend on the specific cuts used in the analysis.

In contrast, the operator ng 0 shows a negligible effect on V H production, as seen in

figure 5. Even when considering scales A that push cg% g2ps to the edge of EFT validity,
(3)

Crr2s remains suppressed due to the analysis cuts imposed. These cuts effectively break the
crossing symmetry arguments, leading to deviations in VBF alone. The total cross-section
remains largely unaffected by cgg 0t in V H production, reinforcing the notion that its impact
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is minimal in this context.
This comparison highlights the importance of analysis cuts and their influence on the
5 affects both VBF and VH

observability of higher-dimensional operators. While CS;Qz D

+’s impact is predominantly in VBF due to suppression in VH from the

o,
dedicated studies within VBF channels to be effectively constrained. Looking ahead, di-Higgs

U C))
processes, Cppq

cuts designed to isolate resonant production. Therefore, operators like ¢ may require
production via VBF could also be significantly affected by operators of the H?y* type.
This makes VBF di-Higgs an instrumental setup for further studies, potentially allowing
for combined analyses with VBEF single Higgs data.

8 Conclusions

In this work, we have investigated the impact of dimension-eight operators in the SMEFT
on VBF Higgs production. Our analysis focused on identifying operators that can introduce
energy-enhanced contributions to the process, particularly in the context where LEP measure-
ments constrain dimension-six operators. We find that operators introducing new Lorentz
structures, different from those present in the SM, can lead to amplitudes that grow with
energy. Specifically, dimension-eight operators involving derivatives or additional field content
can introduce terms in the amplitude that scale with higher powers of the energy, potentially
compensating for the suppression due to the higher dimensionality of the operator.

The difference between s-channel and t-channel processes was an essential additional
consideration arising from our analysis. In VBF, a t-channel process, the SM amplitude
exhibits a forward singularity as the momentum transfer squared £ — 0. This leads to the
cross-section being dominated by kinematic regions with small # and large §, where § is the
center-of-mass energy squared of the subprocess. In such regions, the interference between the
SM amplitude and SMEFT contributions can be suppressed due to the operators’ different
momentum dependencies and it being less singular than SM as £ — 0.

SMEFT operators contributing new Lorentz structures may not interfere effectively with
the SM in the forward region, leading to suppressed interference terms. In contrast, s-channel
processes, such as the crossed V H-production process, do not exhibit this suppression, as the
interference between the SM and SMEFT amplitudes remains significant across the kinematic
range. In order to assess this, we compared the impact of these operators in VBF with their
effects in (V H) production. We found that certain operators that significantly affect VBF
may have negligible impact on V H production due to differences in the kinematic regimes and
analysis cuts, which can suppress the contributions of non-resonant operators in V. H channels.

Our analysis also revealed that the momentum dependence of the operators plays a crucial
role in determining their contributions to the amplitude. Operators with derivatives acting
on fields can introduce additional energy factors in the numerator, potentially enhancing their
impact at high energies. However, in processes like VBF, where certain kinematic invariants
dominate, the interplay between the momentum dependence of the numerator and the denom-
inator can lead to non-trivial enhancements on the cross-section. We then identified specific
dimension-eight operators, such as those in the classes ¥?H?D? and H?w*, that can lead to
significant energy-enhanced contributions in VBF Higgs production. We found that these op-
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erators can induce observable deviations in distributions like the Higgs transverse momentum
and jet angular separations, particularly in the high-energy tails of the distributions.

Importantly, we demonstrated that while dimension-six operators are often the focus of
SMEFT analyses, dimension-eight operators can play a comparable or dominant role under
certain conditions. This is especially true when experimental data constrain dimension-six
operators, and their coefficients are small, allowing comparable dimension-eight contributions
to become significant despite their naive suppression by higher powers of 1/A. We further
emphasized the need to consider the validity of the EFT expansion, mainly when dealing
with energy-enhanced operators. We found that the EFT remains reliable for cutoff scales
A 2 1.2TeV when applying standard VBF selection cuts for all operators except cflg)Hg D3-
This underscores the importance of ensuring that the energy scales probed in the experiment
are compatible with the EFT expansion to maintain the theory’s predictive power.
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A Complete 2 — 3 amplitudes

We provide the full 2 — 3 amplitudes for VBF. We do this to trace the trends of which
operators are most energy enhanced at 2 — 2 level to the full VBF process. Also, we would
like to examine operators that do not contribute at the 2 — 2 level but do enter in to
2 — 3, so we need a unifying framework. We only show the W exchange (sub) amplitude
piece of ur(p2)dr(p1) — ur(ps)dr(psa)H (ps). We pick this combination — left handed (LH)
quarks, q¢’ initial state — as it dominates the SM contribution, benefiting from larger LH
quark couplings to the Z, the fact that both W and Z can serve as intermediate vector
bosons, and larger quark parton distribution functions (versus antiquark, as would appear
in a ¢¢ initiated subprocess)

We break up the 2 — 3 expression into three pieces, i.) pieces with SM topology, as
shown in figures 1 (a) and (b) which contain two vector boson propagators, ii.) SMEFT pieces
containing a four-particle qqV H vertex and a single vector boson propagator, see figure 1
(c), and iii.) SMEFT pieces containing a five particle qqqqH vertex and no propagators
as shown in figure 1 (d).

The contributions from SM topologies in figure 1 (a) and (b) are:

A (urdy, — urdrH) = igwuydy Gyu,a, Praw bz (43) [12] (29%)4/14/ + gg%/VWR

- gg%ﬂ/w(su + S14 + S34 + 823)), (A.1)
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Coupling Expression
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Table 10. Right-handed and five-point contact couplings with implicit powers of 1/A.

where R = %. Due to its dependence on pfrpfr, this term will scale like m%, /Dijw

(as opposed to something o s12) upon interfering with the SM and after phase-space in-
tegration.

Next, the topology containing 4-point contact interactions shown in figure 1 (¢) has
LH amplitude for upd;, — updpH:

A (updy, = urdp H) = igway dy Giyu, a, P1a.w <Qg§;>HuL 4y (43) [12]+ (43) [12](9\Psrue, 0, (515 + 535)

3 3
0 sy (535 = 515)) + Gy ap (419,120 (31, 11]
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o (4lp, 1231, —pll])

. * ~ 1
F9W Gy d, Poa W (2g§V)HULdL (43) [12) + (43) [12) (935470, a, (545 + 525)

3 4
+gI(/V)HULdL (825 - 845)) +gl(/V)HuLdL <4|pH‘2] <3WH|1]
3
o, (A9 2 618,11 (A2)
Combining eq. (A.1) and (A.2), we can re-write to make energy-enhancement more explicit as,
Aurdy, — updpH) = 2ipaa w13, w IwWurd, 9wy dp, (43) [12] Kgg%yw + Qgg%,VWR
- igl(LI%/VW(SIQ + $14 + S34 + S23) > (A.3)
(1) (3) _
> IWHurdy, T gWHuLdL( 15 + 835) + QWHuLdL(S% 515)
P24,.w
1) 3)
+ QgI(/VHuLdLI%+ 291(/VHuLdLR31>
1 . 1 (o 1 (3
Praw <gI(/V)HuLdL + 591(/1/)HuLdL (s45 + s25) + 591(/v),v{uLdL(825 — 845)
1 @ 3
+ QQY(/V)HuLdLR—"_ 29[(/V)HuLdLR24>:| (A4)
(4lp 5 1213lp, —p, 1] . .
where R;; = — @ and one can clearly see the enhancements manifest in 1/p;;w

dependent terms as well as terms with sg;/pijw, R/pijw, and Ri;/pijw.
Lastly, we examine the energy enhanced 5-particle contact term unique to dimension
8, q¢ — qqH with 2 — 3 amplitudes of the type,

.A(uLdL — ’LLLdLH) = iguLdLuLdLH<34>[12]' (A5)

The couplings gy, ymysy,r are all oc v and start at O(A*). Their scaling suggest that
these amplitudes are unsuppressed in energy. The explicit forms of these couplings are
provided in table 10, where each term is expressed in terms of the operator coefficients ¢; and
electroweak parameters. This table further includes both dimension-6 right-handed couplings,
dimension-8 right-handed couplings for reference.

The amplitudes for other helicity configurations (LLRR, RRLL, RRRR) have the same
form as eq. (A.1)—(A.5) upon sending (i| O|j] — [¢|O|j) for the right handed fermion currents
and replacing all couplings with their right-handed versions.
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