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Generally speaking
Interpretation of LHC data in terms of EFTs 

is a way of organising our thinking, general enough to explore unknown 
possibilities but still with some expansions/assumptions

Technically is  also useful:

Combination: LHC Higgs and EW 
production, low energy, EWPTs
Consistency: Backgrounds and signal
Matching: Direct connection to models 
Precision: higher-order EW and QCD, 
dimension-eight, validity EFT 



EFTs (like loops) are expansions
when our data isn’t too good, leading-order may be good enough

as our data becomes better, higher-orders need to be taken into account
EFTs are expansions in momenta

The further we go in energy reach, the more sensitive we are to them
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The direct observation of new physics might be beyond the reach of the LHC, but

it could still manifest indirectly as contributions to the Wilson coefficients of the effective

theory. Constraining these coefficients is a powerful and general way to probe BSM models,

since any weakly-coupled high-mass state can be integrated out to give a particular pattern

of coefficient values.

The current state of the art is the classification and study of dimension-6 opera-

tors [1–4]. Several different non-redundant bases have been constructed [5–9], as have

dictionaries that allow translation between them [10, 11]. Via detailed phenomenological

studies and global fits, many of the Wilson coefficients of these operators have been con-

strained [12–39]. Some progress has also been made at dimension-8, particularly in the

gauge sector [40–42].

Representing the scale at which the new physics appears as Λ, one can schematically

write the amplitude for a given process as

A ∼
!
ASM +

Adim-6

Λ2
+ . . .

"
, (1.2)

where ASM stands for the Standard Model amplitude, and Adim-6 is the correction coming

from the dimension-6 EFT. The leading-order correction to the cross-section, at O(1/Λ2),

is therefore an interference term of the form ASM × Adim-6. We also have an |Adim-6|2

correction at order O(1/Λ4), which can be readily computed with current dimension-6

technology. However, consistent power-counting would require that, alongside |Adim-6|2

terms, we include ASM ×Adim-8 interference effects, where now:

A ∼
!
ASM +

Adim-6

Λ2
+

Adim-8

Λ4
+ . . .

"
. (1.3)

In other words, ASM×Adim-8 interference and |Adim-6|2 terms both appear at O(1/Λ4), and

so naively should be given equal consideration. Given that so much progress has already

been made at dimension-6, it is natural to ask whether complementing our analyses with

dimension-8 operators can have any effect on current constraints.

The are two distinct scenarios one might consider:

1. The new physics is dominated by ASM ×Adim-6, i.e. interference terms between

dimension-6 contributions and the Standard Model. This is what one would naively

expect whenever the scale of new physics is high in comparison with the elec-

troweak scale.

2. The leading effect of new physics is instead |Adim-6|2, potentially of the same order as

the ASM ×Adim-8 interference terms. This situation could arise due to an accidental

suppression, or indicate an underlying structure in the BSM context. For example,

the interference could be suppressed by ratios of the weak scale to the cutoff Λ to

some power. One way this can occur is if there is a helicity mismatch between the SM

and dimension-6 operators [43]. Another possibility is if the dimension-6 operators

are purely CP-odd and the observable is a CP-even quantity. Or, when focusing on

specific kinematic regimes, the SM content could be small and lead to the dominance

of |Adim-6|2 effects on a particular experimental bin.
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at LO, SM^2,
at NLO, interf. SM*d6

at NNLO,  d6^2 and interf. SM*d8

SMEFT amplitude

Interpretation LHC data with dim-6 well established, why dim-8?
evaluating dim-8 effects is useful to account for more general EFT effects 

like different energy dependences, and quantify limits of EFT validity
and, in some cases, current obs can be sensitive to dim8



I am going to discuss effects of dim-8 in a second, 
but remember that I will be talking about ONE of the 

possible expansions

Choose your poison…

Loops and non-linear effects (e.g. Composite Higgs) can compete 
with these dim-8 higher-order effects

e.g. (loop x dim-6) may be more important than (SM x dim-8) or 
(dim-6)^2, depending on the scale of new physics

e.g. in CHMs the scale of non-linearity may be few hundreds of 
GeVs, and more important than mass-suppressed EFT contributions 

& restricting to the SMEFT you won’t be able to see that



The list of dimension-six operators compatible with the SM symmetries is long, 
yet one can still sit down and start thinking about them
write all the possibilities in a reasonable amount of time

THEN one has to think much harder about how many actually independent 
operators there are, and make choices (bases) on which ops to use 

You can imagine that the list of dimension-eight operators  is much longer, 
and a touch-and-feel approach  is not good anymore: 

development of new techniques to find all the independent dimension-eight 
operators and their correct description

here Hilbert series Hays, Martin, VS, Setford 1808.00442

but lots of new 
approaches

XEFT Passarino 1901.04177, +David 2009.00127
Durieux, Machado 1912.08827

Craig et al. 2001.00017
Geometric Helset, Martin, Trott 2001. 01453, + Hays 2007.00565

Convex Zhang, Zhou 2005.03047
Complete d8 Li, Ren, Shu, Xiao, Yu 2005.00008

Complete d9 +Zhen 2007.07899
Murphy 2005.00059



Example: effect of  dim8 on WH
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Figure 1. Diagrams contributing to pp → hW±. The shaded circles represent integrated-out
new physics, and mark the vertices modified by the HDOs we have included in our analysis. Left :
associated production via an s-channel W boson. In this case the purely bosonic operators modify
the hWW coupling, and the contact operators modify the quark-W vertex. Right : the four-point
contact interaction that can also mediate pp→ hW±.

which is self-hermitian. Moving on to the contact operators and operators that modify the

q̄q W vertices, the Hilbert series output for left-handed quarks is:

4D(Q†Q (H†H)2), 6D(Q†QH†HWL),

4D3(Q†QH†H),
(2.4)

with additional hermitian conjugates for the WL terms. The operators with no field

strengths will impact the q̄qW couplings, and all sets will generate q̄qWh contact terms.

We could have written the fermionic operators with a generation index, leading to

a different operator for each possible generation combination, Q†
1Q3, Q

†
2Q1, etc. In some

circumstances, adding generation indices would disrupt the antisymmetrization we must

perform when an operator contains multiple identical fermionic fields. For these operators,

there are no repeated fields, so adding generation indices would just multiply the number

of operators by N2
f . Throughout this paper we will ignore this complication and work with

Nf = 1. For operators with only two fermions, such as those in eq. (2.4), this simplification

amounts to assuming that the operator effects are universal among the fermion generations,

e.g. the coefficient for ūuW h is the same as for c̄cW h, etc. For operators with more than

two fermions, the Nf = 1 restriction is more severe as it omits any communication between

generations, as e.g. (Q†
1Q1)2 is allowed but (Q†

1Q1)(Q
†
2Q2) is not.5 This fact will play

a role when we discuss how higher dimensional operators impact the interpretation of

experimental quantities such as αem,MZ or GF in terms of theory inputs in section 4.

As we can see, the Hilbert series tells us exactly how many independent invariants

we can construct from each combination of fields, but it does not tell us how the indices

should be contracted. In the next two subsections we detail how to convert this output

into canonical phenomenological form. Readers more interested in the applications of

dimension-8 operators can skip to section 3.

5We note that our Nf = 1 restriction differs from the usual U(3)5 assumption, which has complete

flavour universality and a common coupling for all four-fermion combinations. In our simplified Nf = 1

framework the high-scale physics affects the four-fermion couplings only within each generation.
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When/how dim8 effects appear in this process

1. changes vertex qqV
2. changes vertex hVV
3. new contact int. qqVh
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interpretation of GF in terms of theory inputs are operators that shift the coupling of

leptons to the W boson. Details of the electroweak input procedure, including the GF

subtleties, are presented in appendix D.

After carrying out the normalization and EW input procedure, we next sketch the

Feynman rules for the q̄qW , hWW , and q̄qhW vertices. We take all momenta to be

ingoing and enforce on-shell conditions on the Higgs and fermion fields, but not on the

gauge bosons. While it is possible to remove the dependence on one field momentum in

each vertex by imposing momentum conservation, we choose not to do so. To be more

compact and make the different Lorentz structures clearer, we first express the Feynman

rules in terms of form factors cffV i, chWWi, cffWhi:14

u(p1)

d(p2)

W+
µ (p3) = v(p2)γ

µ

!
cqqV 0+cqqV 1

p23
2

"
PLu(p1) (4.1)

h(p1)

W−
ν (p3)

W+
µ (p2)

=
#
chV V 0 η

µν+chV V 1 ((p2 ·p3)ηµν−pν2 p
µ
3 )

+chV V 2((p1 ·p3)ηµν−pν1p
µ
3 )

−c∗hV V 2((p1 ·p2)ηµν−p
µ
1 p

ν
2)
$

(4.2)

u(p1)

d(p2)

h(p3)

W+
µ (p4)

= v(p2)
#
γµ(cqqWh0+cqqWh2 (p3 ·p4) (4.3)

+cqqWh3 (p1 ·(p3+p4))+cqqWh4 (p2 ·(p3+p4))

+/p3(cqqWh1 p
µ
3+cqqWh3 p

µ
1+cqqWh4 p

µ
2 )

+/p4(−cqqWh2 p
µ
3+cqqWh3 p

µ
1+cqqWh4 p

µ
2 ))
$
PLu(p2)

The full expressions for the form factors are provided in appendix E.15

Using these vertices to calculate σ̂(pp → hW+) in terms of the dimension-6 or -8

coefficients, the full expression is not particularly illuminating. However, a quick way to

see how dimension-8 effects enter and what are the most important operators is to take the

limit of large ŝ, as that will expose differences in the high energy behavior of dimension-6

vs. dimension-8. We find, after plugging in the full expressions for the form factors:

σ̂(pp→W+h) ∼
!

ê2

4608π sin4 θ̂

"
v̂2

m2
W

ŝ

Λ4

#
e2 (c8,3Q1 − c8,3Q2 + c8,3Q3 + c8,3Q4)

+ 8 sin2 θ (c(3)Hq)
2
$
+O(ŝ0). (4.4)

14For simplicity, we neglect CP-odd operators throughout this discussion.
15While we have presented off-shell vertices, it would be interesting to explore these results using on-shell

amplitude techniques along the lines of ref. [43].
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e.g. produces s-hat effects proportional to d6^2 and d8

but the d6 coefficient modifies qqV couplings, 
very well constrained by LEP,

so the leading E^2 dependent term is a dim8 operator



So are the d8 effects very important?

The answer, in short, is not
taking into account the current  limits and considerations of validity J
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Figure 2. Relative deviation in the inclusive cross section σ(pp → hW+) at the LHC (
√
s =

13TeV) from its SM value including dimension-6 and dimension-8 effects. The blue line shows
the result of including OHW as the only dimension-6 operator and without considering dimension-
8 operators. The red line indicates the deviation as a function of cHW including the maximum
possible dimension-8 effect consistent with the EFT expansion. The black dashed line shows the
result if dimension-6 and dimension-8 operator coefficients are equal, cHW = c8,i (i.e. Λ8 = Λ6).
In the top two panels the dimension-8 coefficients are all equal, while in the bottom two panels
we take their magnitudes to be equal but assign their signs to maximize their effects at high

√
s.

The left panels shows values of
√
cHW out to the current 95% CL limit, which following the global

analysis in ref. [90] is 0.631TeV−1. In the right panels we have zoomed in to smaller values of cHW

to make the dimension-8 effects more visible.

The blue line in figure 2 shows the relative deviation in σ(pp → hW+) from the SM

value as a function of cHW , neglecting dimension-8 effects (Λ8 → ∞). The impact of

the dimension-8 operators can be seen by tracing either vertical or horizontal lines through

figure 2. Picking a value of cHW and tracing vertically upwards from the blue line intercepts

two lines with different dimension-8 scenarios. The black dashed line corresponds to the

case where dimension-6 and dimension-8 operators have the same coefficient, cHW = c8,i
or Λ6 = Λ8. The red line denotes where Λ8 has been reduced such that two stringent

EFT validity conditions are met: i) the ASM × Adim-8 contribution to the cross section

of O(1/Λ4
8) is greater than the quadratic dimension-8 contribution, |Adim-8|2 ∼ O(1/Λ8

8);

and ii.) the SM interference with dimension-6 at O(1/Λ2
6) is larger than SM interference

with dimension-8 at O(1/Λ4
8). The first condition is independent of the dimension-6 effect,

while the latter ties the two terms together and introduces model dependence since in some

cases the interference between SM and dimension-6 operators is naturally suppressed. As
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a dim6 operator

deviation xsec 
from the SM

blue: no dim8
red: dim8 but validity conds*
dashed: dim8, and all coeffs equal 
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Conclusion: given all the constraints on validity, setting a reasonable limit 
on a dim-6 operator should not be upset by possible dim8 operators



Does this mean we can forget about dim8?
The answer is, eventually, no

we’re talking  about few percent variation in inclusive xsec,
but larger for differential
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Figure 3. Relative deviation in the high-mass cross section σ(pp → hW+,mHW > 500GeV) at
the LHC (

√
s = 13TeV) from its SM value including dimension-6 and dimension-8 effects. In the

left panel, all dimension-8 coefficients are taken to be positive, while in the right panel the signs of
the coefficients enhance the impact of dimension-8 operators on this cross section. The blue, red,
and dashed black lines correspond to the same scenarios as in figure 2.

To see how the dimension-8 operators affect high-scale kinematic regions, we repeat

the σ(pp→ hW+) calculation focussing on a region of high invariant mass, mHW ≡
√
ŝ >

500GeV. The results are shown in figure 3, both for the case where all dimension-8 coeffi-

cients are positive and for the sign assignment in figure 2. Compared to the inclusive case,

the effects of adding dimension-8 operators are significantly larger and the EFT validity

conditions, which must be recalculated for this kinematic region, carve out a different shape.

The increased ŝ also somewhat disrupts the cancellation in Adim-8 for the inclusive cross

section when all dimension-8 coefficients are taken to have the same sign. Quantifying the

effect, in the mixed-sign case a measurement of |∆µ(pp → hW+)|mHW>500GeV = 0.2 can

be interpreted as
√
cHW = 1/(2.32TeV) neglecting dimension-8 operators and

√
cHW =

1/(3.59TeV) including maximal dimension-8 effects (a ∼ 55% difference). For Λ8 = Λ6,

the effect shrinks to 27% (
√
cHW = 1/(2.95TeV)).20

The impact of dimension-8 would be significantly smaller had we neglected the contact

terms, illustrating the importance of including all operators that can contribute to a pro-

cess. This statement is not intended to give the impression that contact terms are special,

as the fact that they are the operators with contributions that grow with ŝ is an artifact

of our use of the Warsaw basis. In other bases, such as the SILH [93] basis, contributions

growing with ŝ would still be present though not necessarily originating from contact terms.

The relative importance of the different operators would also be different in a scenario with

unequal coefficients.

The trends exhibited in figures 2 and 3 are not surprising: the more precisely a quantity

is measured, the more sensitive it is to higher order corrections; and direct probes of high

scales are more sensitive to higher-dimension operators. However, this is the first time

dimension-8 effects have been quantified in an LHC process using the complete set of

(Nf = 1) dimension-8 operators.

Our analysis has assumed that only cHW is non-zero. This operator enters σ(pp →
hW+) at O(ŝ0), whereas other dimension-6 contributions carry different energy depen-

20For the common-sign case,
√
cHW = 1/(3.08TeV) including maximum dimension-8 effects, and√

cHW = 1/(2.54TeV) for Λ8 = Λ6.
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same as before, 
except cut on mWH

higher-order dim8 effects should be taken into account as 
another source of theoretical error

and can be used as a criteria for expansion validity


