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Overview of EFT validity

2

Standard Model (SM): Particle physics  
crowning achievement, potentially complete 

with discovery of Higgs boson

Effective Field Theory (EFT):  Framework to look for indirect signals 
of new physics in a model independent way
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L = LSM + Lnew

New terms involving SM particles have mass dimension >= 4,  
must lead to unitarity violating amplitudes that grow with energy



LHC Issue
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Or EFT description might break down 
at some energy scale M before it needs to (e.g. resonances)
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Notice that bins below resonance masses have notable deviations away 
from leading order in the EFT, these theory errors can be large  

and so validity of EFT approximation depends on M scale

resonance mass

?
Energy growth of EFT amplitude leads 
to signal-rich regions in high energy bins. 
Sometimes theory tells you something  
is wrong (e.g. non-unitary or )dσ/dΩ < 0



How to treat EFT validity issue?
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Lots of proposals 
then, but no 
consensus… 
 
We have many experts 
and players in the room,  
can we get analyses 
the theory and  
experimental 
community can be 
happy with?



Proposed Ground Rules for Discussion 
(in addition to the MITP code of conduct 😅)

• Let’s make our assumptions explicit, so that we can argue for ones 
we can agree upon 

• What type of uncertainties should we take into account? 

• What statistical procedure should we use to address them? 

• Are the proposals easy to implement by experimentalists and to 
interpret by theorists? 

• Can we find a compromise that we can all be happy with? 

• Let me try to illustrate some of this issues in the context of my own 
work… 5



Theory Priors
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BSM theories 
probed by  

LHC EFT searches

Essential to be explicit, since 
EFT is not truly model-independent 
(e.g. we aren’t testing Lorentz violation or 
momentum non conservation) 
so we need to be providing guidance to  
theories we want EFT analysis to apply to

WARNING!!!  Over-theorizing  
can kill BSM searches which  
could find new physics



E.g.  There can be new physics accessible to LHC at mass scale M 
with important generic Mandelstam corrections to leading order EFT 

‘the EFT’ for brevity—and that we want to perform an experimental search to constrain
its Wilson coe!cients. In this paper, we focus on the case where the only light particles
are those of the SM, so the new particles are above the electroweak scale. This means that
we are studying the Lagrangian

L = LSM +
∑

O

GO O, (2.1)

where O are additional local operators added to the SM Lagrangian and GO are the Wilson
coe!cients we want to probe. We will focus on experiments, at or above the electroweak
scale → 100 GeV, and operators O parameterizing 2-to-2 processes among the SM particles,
although our method has potential applications beyond this. The generalization of our
methodology to include 3-point couplings is discussed in Appendix A.

The criteria that are employed for the selection of the operators of interest are not
relevant for the present discussion. One could start for instance from the whole set of
dimension-6 SMEFT operators compatible with flavor symmetries and restrict to the in-
teractions that can be probed in the LHC process of interest. A more principled approach
is to apply a ‘power-counting rule’ that dictates the relative importance of the di"erent
terms. Power counting is inherited from the UV realization of the EFT and thus the cor-
rect truncation depends on what type of UV physics the EFT is describing. For example,
if the Higgs is a composite Nambu–Goldstone boson at high energies, the leading terms in
the EFT are given by the SILH framework [7]. Our method is designed to apply to these,
or any other EFT truncation.

2.1 Mandelstam Descendants

The EFT gives an approximation of scattering amplitudes with characteristic energy E

smaller than some scale M (called the cuto"), which is generally the mass of the lightest
BSM particle in a complete description. In the regime E ↑ M , the EFT is essentially an
expansion of the amplitude in powers of the small parameter E/M .

In the complete theory, the leading terms in the EFT are obtained by approximating the
propagator of heavy particles as a constant and there are an infinite number of higher order
corrections coming from the expansion of the propagator in powers of E/M . For example,
the 2-to-2 fermion scattering amplitude mediated by tree-level exchange of a heavy scalar
with mass M and Yukawa coupling y in the s-channel can generate an e"ective operator
(ω̄ω)2 in the EFT. The amplitude is given by

MBSM(12 ↓ 34) =

= G(ω̄ω)2

[
1 +

ŝ

M2
+

ŝ
2

M4
+ · · ·

]
, G(ω̄ω)2 =

y
2

M2
, (2.2)

where the second line has the low energy expansion in ŝ, the Mandelstam s variable of the
partonic scattering process. The exchange of resonances in other channels would similarly
produce polynomial corrections in the other Mandelstam variables t̂ and û.
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s-channel  
modelThe same pattern of corrections is encountered if the operator is generated by integrat-
ing out a heavy scalar with mass M at one loop:

MBSM(12 → 34) =

= G(ω̄ω)2

[
1 + c1

ŝ

M2
+ c2

t̂

M2
+ c3

ŝ
2

M4
+ c4

ŝ t̂

M4
+ · · ·

]
+ · · · , (2.3)

where ‘· · · ’ denotes additional operators generated by the loop, and

G(ω̄ω)2 ↑
y
4

16ω2M2
. (2.4)

The loop factor and the coupling y of the complete UV theory are absorbed into the
expression for the Wilson coe!cient G(ω̄ω)2 . The higher order terms now depend on all of
the Mandelstam variables and their coe!cients c1, c2, . . . defined above are of order one.

In Eqs. (2.2) and (2.3), the terms in brackets correspond to additional EFT interactions
with two or more derivatives. We call these terms ‘Mandelstam descendants’ of the original
interaction and we will use them as the starting point for estimating the uncertainties due to
the incompleteness of the truncated EFT. The general structure we expect from integrating
out heavy physics is

MBSM(12 → 34) =
∑

O

GOMO

[
1 + cO,1

ŝ

M2
+ cO,2

t̂

M2
+ cO,3

ŝ
2

M4
+ · · ·

]
, (2.5)

where MO is the amplitude arising from the addition of the operator O in the Lagrangian
and the higher order terms come from expanding the heavy propagators, as in the examples
above.

If the operator O arises from a heavy particle of mass M , either at tree or loop level,
the coe!cients cO in (2.5) are at most order one, but may be much smaller in some UV
models. For example, in the case of a tree level exchange in the s-channel, cO,1 and cO,3

are of order one while cO,2 is suppressed. All the cO’s are order one if instead the operator
is generated by two particles with similar mass M that are exchanged in the s- and in
the t-channel. We account for these di"erent possibilities by using a prior likelihood (see
below) that is maximal at cO = 0 and small for cO much larger than 1. This enforces the
constraint that cO cannot be much larger than 1, but may be much smaller.

In some UV models, the di"erent operators O might be generated by particles with
di"erent mass, resulting in a di"erent scale MO governing the higher order terms for each
operator. Eq. (2.5) accounts for this possibility provided that M is interpreted as the mass
of the lightest heavy BSM particle (such that MO ↓ M) and the prior likelihood allows
the cO parameters to be small. Since we are assuming that the EFT should capture a wide
range of models, this approach is appropriately conservative and general.

In fact, the form of the amplitude in Eq. (2.5) corresponds to a complete classification
of EFT operators in terms of tree-level on-shell amplitudes, initiated in [8–11] and made
systematic in [12–19]. Operators that are not the descendants of any other operator are
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Loop 
model

The same pattern of corrections is encountered if the operator is generated by integrat-
ing out a heavy scalar with mass M at one loop:

MBSM(12 → 34) =

= G(ω̄ω)2

[
1 + c1

ŝ

M2
+ c2

t̂

M2
+ c3

ŝ
2

M4
+ c4

ŝ t̂

M4
+ · · ·

]
+ · · · , (2.3)

where ‘· · · ’ denotes additional operators generated by the loop, and

G(ω̄ω)2 ↑
y
4

16ω2M2
. (2.4)

The loop factor and the coupling y of the complete UV theory are absorbed into the
expression for the Wilson coe!cient G(ω̄ω)2 . The higher order terms now depend on all of
the Mandelstam variables and their coe!cients c1, c2, . . . defined above are of order one.

In Eqs. (2.2) and (2.3), the terms in brackets correspond to additional EFT interactions
with two or more derivatives. We call these terms ‘Mandelstam descendants’ of the original
interaction and we will use them as the starting point for estimating the uncertainties due to
the incompleteness of the truncated EFT. The general structure we expect from integrating
out heavy physics is

MBSM(12 → 34) =
∑

O

GOMO

[
1 + cO,1

ŝ

M2
+ cO,2

t̂

M2
+ cO,3

ŝ
2

M4
+ · · ·

]
, (2.5)

where MO is the amplitude arising from the addition of the operator O in the Lagrangian
and the higher order terms come from expanding the heavy propagators, as in the examples
above.

If the operator O arises from a heavy particle of mass M , either at tree or loop level,
the coe!cients cO in (2.5) are at most order one, but may be much smaller in some UV
models. For example, in the case of a tree level exchange in the s-channel, cO,1 and cO,3

are of order one while cO,2 is suppressed. All the cO’s are order one if instead the operator
is generated by two particles with similar mass M that are exchanged in the s- and in
the t-channel. We account for these di"erent possibilities by using a prior likelihood (see
below) that is maximal at cO = 0 and small for cO much larger than 1. This enforces the
constraint that cO cannot be much larger than 1, but may be much smaller.

In some UV models, the di"erent operators O might be generated by particles with
di"erent mass, resulting in a di"erent scale MO governing the higher order terms for each
operator. Eq. (2.5) accounts for this possibility provided that M is interpreted as the mass
of the lightest heavy BSM particle (such that MO ↓ M) and the prior likelihood allows
the cO parameters to be small. Since we are assuming that the EFT should capture a wide
range of models, this approach is appropriately conservative and general.

In fact, the form of the amplitude in Eq. (2.5) corresponds to a complete classification
of EFT operators in terms of tree-level on-shell amplitudes, initiated in [8–11] and made
systematic in [12–19]. Operators that are not the descendants of any other operator are
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Generic 
model



Our Proposal

• Energies below M:  EFT approximation makes sense as a 
perturbative operator expansion in M, with dimensionless 
coefficients that can be at most O(1) 

• Energies above M:  EFT approximation breaks down.  
Assuming no signal, conservatively assume the amplitude 
softens its energy growth

8

EFT analyses have a scale M (to be specified)  
which characterizes scale of new physics, where: 
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Preview:  Advantages of our Method

• Quantitative model of EFT uncertainties with explicit, physically 
motivated priors 

• Implementable (via event reweighting, fast convergence) 

• Derived bounds are model-independent (consistent when 
compared to UV models) 

• Beyond limits:  Can discover non-resonant enhanced new physics 

• Can be used globally with M as a universal parameter

9



E< M: Non-leading order EFT as nuisance parameters

The same pattern of corrections is encountered if the operator is generated by integrat-
ing out a heavy scalar with mass M at one loop:

MBSM(12 → 34) =

= G(ω̄ω)2

[
1 + c1

ŝ

M2
+ c2

t̂

M2
+ c3

ŝ
2

M4
+ c4

ŝ t̂

M4
+ · · ·

]
+ · · · , (2.3)

where ‘· · · ’ denotes additional operators generated by the loop, and

G(ω̄ω)2 ↑
y
4

16ω2M2
. (2.4)

The loop factor and the coupling y of the complete UV theory are absorbed into the
expression for the Wilson coe!cient G(ω̄ω)2 . The higher order terms now depend on all of
the Mandelstam variables and their coe!cients c1, c2, . . . defined above are of order one.

In Eqs. (2.2) and (2.3), the terms in brackets correspond to additional EFT interactions
with two or more derivatives. We call these terms ‘Mandelstam descendants’ of the original
interaction and we will use them as the starting point for estimating the uncertainties due to
the incompleteness of the truncated EFT. The general structure we expect from integrating
out heavy physics is

MBSM(12 → 34) =
∑

O

GOMO

[
1 + cO,1

ŝ

M2
+ cO,2

t̂

M2
+ cO,3

ŝ
2

M4
+ · · ·

]
, (2.5)

where MO is the amplitude arising from the addition of the operator O in the Lagrangian
and the higher order terms come from expanding the heavy propagators, as in the examples
above.

If the operator O arises from a heavy particle of mass M , either at tree or loop level,
the coe!cients cO in (2.5) are at most order one, but may be much smaller in some UV
models. For example, in the case of a tree level exchange in the s-channel, cO,1 and cO,3

are of order one while cO,2 is suppressed. All the cO’s are order one if instead the operator
is generated by two particles with similar mass M that are exchanged in the s- and in
the t-channel. We account for these di"erent possibilities by using a prior likelihood (see
below) that is maximal at cO = 0 and small for cO much larger than 1. This enforces the
constraint that cO cannot be much larger than 1, but may be much smaller.

In some UV models, the di"erent operators O might be generated by particles with
di"erent mass, resulting in a di"erent scale MO governing the higher order terms for each
operator. Eq. (2.5) accounts for this possibility provided that M is interpreted as the mass
of the lightest heavy BSM particle (such that MO ↓ M) and the prior likelihood allows
the cO parameters to be small. Since we are assuming that the EFT should capture a wide
range of models, this approach is appropriately conservative and general.

In fact, the form of the amplitude in Eq. (2.5) corresponds to a complete classification
of EFT operators in terms of tree-level on-shell amplitudes, initiated in [8–11] and made
systematic in [12–19]. Operators that are not the descendants of any other operator are
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Generic 
model

If interested in a leading order coupling , profile over the higher order c’s 
as nuisance parameters, by maximizing likelihood 
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GO

We are trying to be agnostic in model-space within reason, to give a 
conservative limit, so that the EFT bounds are indeed model-independent

 
Prior:  c’s have a Gaussian prior centered around zero with std. dev. = 3 to 
prevent unnaturally large coefficients



E>M:  Form factors to soften amplitudes

Above M, EFT perturbative expansion 
breaks down 

(theory justification: for resonances, 
amplitude is non-analytic above M)

We conservatively choose to soften the amplitude’s energy 
growth, so that it is unitary.  For 2 to 2 scattering, this  

requires the amplitude to go to a constant.
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Illustration of  
Our EFT  

amplitudes

The same pattern of corrections is encountered if the operator is generated by integrat-
ing out a heavy scalar with mass M at one loop:

MBSM(12 → 34) =

= G(ω̄ω)2

[
1 + c1

ŝ

M2
+ c2

t̂

M2
+ c3

ŝ
2

M4
+ c4

ŝ t̂

M4
+ · · ·

]
+ · · · , (2.3)

where ‘· · · ’ denotes additional operators generated by the loop, and

G(ω̄ω)2 ↑
y
4

16ω2M2
. (2.4)

The loop factor and the coupling y of the complete UV theory are absorbed into the
expression for the Wilson coe!cient G(ω̄ω)2 . The higher order terms now depend on all of
the Mandelstam variables and their coe!cients c1, c2, . . . defined above are of order one.

In Eqs. (2.2) and (2.3), the terms in brackets correspond to additional EFT interactions
with two or more derivatives. We call these terms ‘Mandelstam descendants’ of the original
interaction and we will use them as the starting point for estimating the uncertainties due to
the incompleteness of the truncated EFT. The general structure we expect from integrating
out heavy physics is

MBSM(12 → 34) =
∑

O

GOMO

[
1 + cO,1

ŝ

M2
+ cO,2

t̂

M2
+ cO,3

ŝ
2

M4
+ · · ·

]
, (2.5)

where MO is the amplitude arising from the addition of the operator O in the Lagrangian
and the higher order terms come from expanding the heavy propagators, as in the examples
above.

If the operator O arises from a heavy particle of mass M , either at tree or loop level,
the coe!cients cO in (2.5) are at most order one, but may be much smaller in some UV
models. For example, in the case of a tree level exchange in the s-channel, cO,1 and cO,3

are of order one while cO,2 is suppressed. All the cO’s are order one if instead the operator
is generated by two particles with similar mass M that are exchanged in the s- and in
the t-channel. We account for these di"erent possibilities by using a prior likelihood (see
below) that is maximal at cO = 0 and small for cO much larger than 1. This enforces the
constraint that cO cannot be much larger than 1, but may be much smaller.

In some UV models, the di"erent operators O might be generated by particles with
di"erent mass, resulting in a di"erent scale MO governing the higher order terms for each
operator. Eq. (2.5) accounts for this possibility provided that M is interpreted as the mass
of the lightest heavy BSM particle (such that MO ↓ M) and the prior likelihood allows
the cO parameters to be small. Since we are assuming that the EFT should capture a wide
range of models, this approach is appropriately conservative and general.

In fact, the form of the amplitude in Eq. (2.5) corresponds to a complete classification
of EFT operators in terms of tree-level on-shell amplitudes, initiated in [8–11] and made
systematic in [12–19]. Operators that are not the descendants of any other operator are
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Generic 
model

~⟹
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ŝ → M2F (ŝ/M2), t̂ → M2F (t̂/M2), û → M2F (û/M2)

where xmax = max{x1, x2, x3}. For each event, one of the x1,2,3 will be positive and the
others negative, so xmax is proportional to the positive Mandelstam invariant that defines
the scattering channel. For example, for the channel 12 → 34, we have xmax = x1. 3

Up to an overall pre-factor, Rω is a general polynomial in F (x1,2,3), with non-negative
integer powers ω, ε, and ϑ. We define ϖ000 = 1 so that the rescaled amplitude reduces
to the unmodified amplitude in the low-energy limit. The remaining parameters ϖεϑϖ are
the nuisance parameters that model the mismatch between the amplitude predicted by the
truncated EFT and the true UV model. If the amplitude involves identical particles, the
nuisance parameters must be chosen to respect the crossing symmetry of the amplitude;
for example, if 3 and 4 are identical bosons, the amplitude is invariant under ŝ13 ↑ ŝ14,
and we have ϖεϑϖ = ϖεϖϑ . Another similar complication is that in a global analysis, the
same nuisance parameters may a!ect multiple searches and thus it is important to utilize
the same values and sometimes modify which Mandelstam they depend on. The function
F (x) is a ‘form factor’ that is proportional to x for |x| ↓ 1, and approaches a constant for
|x| ↔ 1. As a baseline, we use the function

F (x) =

{
x |x| ↗ 1,

sign(x) |x| ↘ 1.
(2.11)

In the regime |x1,2,3| ↓ 1 we have

Rω(x1, x2, x3) = 1 + ϖ100 x1 + ϖ010 x2 + ϖ110 x1 x2 + · · · . (2.12)

We argued below Eq. (2.5) that in general UV models the Mandelstam descendants coe"-
cients are of order one or less, so the same must be true for the nuisance parameters. This
is enforced by the prior likelihood function for the nuisance parameters, as explained below.

The prefactor in Eq. (2.10) is defined so that the modified amplitude has good high
energy behavior in all possible scattering channels. The high energy limit is defined by
the regime |ŝ12|, |ŝ13|, |ŝ14| ≃ E

2 with E → ⇐. (Physically, this corresponds to large angle
scattering at high energy.) In this limit the prefactor scales as [F (xmax)/xmax]p/2 ≃ E

→p,
and we choose the value of p so that the modified amplitude is independent of energy in
the UV, as we would expect for a scale-invariant UV model. For example, if the amplitude
scales as M ≃ ŝ12 at high energies, we choose p = 2, while if the amplitude scales as
M ≃ ŝ12ŝ13, we choose p = 4.

Our form factor modeling of the high energy regime clearly does not o!er a complete
description of all possible behaviors for the amplitude. For example, it does not model
the possible presence of a resonant peak at high energies. The ideal description of the
high energy regime would be an agnostic parameterization of the amplitude as an unknown
function of the kinematics, provided for instance by a neural network or a Gaussian mix-
ture, subject to basic theoretical requirements, such as perturbative unitarity and crossing
symmetry. Exploring this direction is left to future work. In fact, due to the prefactor,
our form factor is arguably not a good approximate description of any physical UV model.

3
Event generators such as Madgraph provide the channel information for each parton-level generated

event, so that the variables x1,2,3 can be uniquely identified.
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Note: ~ see paper for details 
e.g. simple to implement using reweighing
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ŝ

Plain EFT

<latexit sha1_base64="eoy2x6em3zJzOonIsBREk47deWU=">AAACBHicbVDJSgNBEO2JW4zbqMdcGoMQL2FG3I4hXrwEIpoFMkPo6XSSJj2L3TViGObgxV/x4kERr36EN//GznLQxAcFj/eqqKrnRYIrsKxvI7O0vLK6ll3PbWxube+Yu3sNFcaSsjoNRShbHlFM8IDVgYNgrUgy4nuCNb3h5dhv3jOpeBjcwihirk/6Ae9xSkBLHTNf7TjAHiCp3FTToqPuJCTOgABW6VHHLFglawK8SOwZKaAZah3zy+mGNPZZAFQQpdq2FYGbEAmcCpbmnFixiNAh6bO2pgHxmXKTyRMpPtRKF/dCqSsAPFF/TyTEV2rke7rTJzBQ895Y/M9rx9C7cBMeRDGwgE4X9WKBIcTjRHCXS0ZBjDQhVHJ9K6YDIgkFnVtOh2DPv7xIGscl+6x0en1SKFdmcWRRHh2gIrLROSqjK1RDdUTRI3pGr+jNeDJejHfjY9qaMWYz++gPjM8fgrWYBQ==</latexit>

MBSM(
→
ŝ)
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Example Toy Model Analysis: QED, QCD, but no W, Z 

3 A Concrete Implementation

This section describes the implementation of our method in a simple toy model, focusing
on exclusion. (Discovery will be discussed in §4.3 below.) We consider a model of quarks
and leptons interacting via QED and QCD (without weak interactions) and we regard it as
our ‘Standard Model’ background. The ‘new physics’ of interest is the EFT operator

Left = →G(ūLωµuL)(ēRω
µ
eR) , (3.1)

which is one of the interactions that describe weak interactions in the Fermi theory. This
simplified setup is chosen because the e!ective interaction in Eq. (3.1) can be UV-completed
by the exchange of either a Z

→ in the s-channel or a scalar leptoquark ε in the t-channel.
This allows us to explore the dependence of our results on the physics above the EFT
cuto!, which we will do in §4.1 and §4.3 below. This simple setup will allow us to explain
the implementation of our method in a way that can be directly ported to realistic EFT
searches at the LHC.

The partonic process ūu ↑ e
+
e
↑ has energy growth ↓ s, so the modified amplitude

Eq. (2.10) is defined with p = 2. We test our new physics model in the process pp ↑ e
+
e
↑

at the 13 TeV LHC with an integrated luminosity of 3 ab↑1. The analysis is performed by
counting events in non-overlapping bins and three di!erent binning strategies are considered
in order to demonstrate that our method is not dependent on any specific choice of kinematic
variables:

• mωω binning: the binning is performed on the invariant mass of the dilepton pair,
with the bins listed in Table 1.

• pT binning: the binning is performed on the transverse momentum of the leptons,
which are equal for e+ and e

↑ in our tree-level simulation. The boundaries of the pT

bins are equal to one half of those of the invariant mass bins of Table 1.
• 3d binning: the binning is performed on three variables: pT as defined above, the

absolute rapidity y of the dilepton system, the variable c↓, defined [33] as the cosine of
the angle between the e↑ momentum and the direction of motion of the lab frame. The
pT bins are those given above, the y bins are given by [0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2.5]

and the c↓ bins are given by [→1,→0.5,→0.25, 0, 0.25, 0.5, 1]. This three-dimensional
binning strategy exploits the contribution of the EFT operator (3.1) to angular dis-
tributions, resulting in enhanced sensitivity to G.

For all binnings, we impose the acceptance cut pT > 40 GeV, as well as a cut |ϑω| < 2.5 on
the pseudo-rapidity of the leptons.

3.1 Statistical Inference

Statistical inference is based on the likelihood function for binned data

LPo[E;O] =
∏

b↔ bins

Poiss
[
Ob

∣∣Eb

]
, (3.2)

where ‘Poiss’ denotes the Poisson distribution. Here Ob denotes the observed number of
counts in bin b, while Eb is the expected number of events (cross section times integrated
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pp → ee, 13 TeV, 3 ab-1 

95% CL bound, no excess
Figure 1. The 95%CL exclusion reach on the EFT operator Wilson coe!cient for a number of
s-channel nuisance parameters varying from 1 to 5, as a function of the cuto" M . The horizontal
dashed ‘plain EFT’ lines are the reach of a regular analysis that does not include nuisance param-
eters. The pT , mωω and 3d binnings are considered in the three panels.

on the nuisance parameters is included by reprocessing the data with Eq. (3.11) or by
directly computing Eb(G, ω) in the truth-level bins using Eq. (3.12), if the dependence
on the nuisance is polynomial. Nuisance parameters accounting for other uncertainties,
such as PDF uncertainties, scale variation or experimental errors, can be incorporated
straightforwardly. We believe that the inclusion of the EFT nuisance parameters in the
theoretical predictions does not pose any significant additional challenges in comparison
with standard EFT searches.

The same conclusion holds in the case of an analysis constraining several EFT operators
simultaneously. Our simulation strategy is straightforward to generalize to this case, as
discussed in Appendix B. An independent set of nuisance parameters must be introduced
for each operator, but the results we present in the next section suggest that only one or
two nuisance parameters will be needed for each operator. Hence, the total number of
parameters should not exceed what can be handled by the powerful minimization tools
employed by the experimental collaborations.

3.3 Nuisance Parameters

The main elements of our methodology are the specification of nuisance parameters to
account for the EFT truncation uncertainties, a prior likelihood for the nuisance parameters,
and the presence of form factors that regulate the behavior of the amplitude above the cuto!
scale. The role played in the analysis by each of these three elements is described in this
and in the following two sections in turn.

Fig. 1 displays the 2ε expected exclusion reach for positive and negative G as a function
of the cuto! scale M in the three binning schemes previously described (mωω, pT , and 3d

binning). The reach is similar for the di!erent binnings, with the bounds for the 3d binning
strategy only slightly stronger (by around 20%), as expected. A notable feature of these
results is that the reach converges rapidly as the number of included nuisance parameters is
increased, especially for the the largest values of M which are of the most physical interest
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Plot shows “Plain” EFT bound (dashed), 
as well as our bound as a f’n of M, 
with increasing nuisance parameters (solid)

1) Our bound is always weaker than plain EFT 
agreeing at large M 
2) Our bound gets weaker with lower 
M, since predictive region smaller 
3) Our bound at given M converges with 
only a few nuisance parameters



Bound comparison to UV model bounds

3 A Concrete Implementation

This section describes the implementation of our method in a simple toy model, focusing
on exclusion. (Discovery will be discussed in §4.3 below.) We consider a model of quarks
and leptons interacting via QED and QCD (without weak interactions) and we regard it as
our ‘Standard Model’ background. The ‘new physics’ of interest is the EFT operator

Left = →G(ūLωµuL)(ēRω
µ
eR) , (3.1)

which is one of the interactions that describe weak interactions in the Fermi theory. This
simplified setup is chosen because the e!ective interaction in Eq. (3.1) can be UV-completed
by the exchange of either a Z

→ in the s-channel or a scalar leptoquark ε in the t-channel.
This allows us to explore the dependence of our results on the physics above the EFT
cuto!, which we will do in §4.1 and §4.3 below. This simple setup will allow us to explain
the implementation of our method in a way that can be directly ported to realistic EFT
searches at the LHC.

The partonic process ūu ↑ e
+
e
↑ has energy growth ↓ s, so the modified amplitude

Eq. (2.10) is defined with p = 2. We test our new physics model in the process pp ↑ e
+
e
↑

at the 13 TeV LHC with an integrated luminosity of 3 ab↑1. The analysis is performed by
counting events in non-overlapping bins and three di!erent binning strategies are considered
in order to demonstrate that our method is not dependent on any specific choice of kinematic
variables:

• mωω binning: the binning is performed on the invariant mass of the dilepton pair,
with the bins listed in Table 1.

• pT binning: the binning is performed on the transverse momentum of the leptons,
which are equal for e+ and e

↑ in our tree-level simulation. The boundaries of the pT

bins are equal to one half of those of the invariant mass bins of Table 1.
• 3d binning: the binning is performed on three variables: pT as defined above, the

absolute rapidity y of the dilepton system, the variable c↓, defined [33] as the cosine of
the angle between the e↑ momentum and the direction of motion of the lab frame. The
pT bins are those given above, the y bins are given by [0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2.5]

and the c↓ bins are given by [→1,→0.5,→0.25, 0, 0.25, 0.5, 1]. This three-dimensional
binning strategy exploits the contribution of the EFT operator (3.1) to angular dis-
tributions, resulting in enhanced sensitivity to G.

For all binnings, we impose the acceptance cut pT > 40 GeV, as well as a cut |ϑω| < 2.5 on
the pseudo-rapidity of the leptons.

3.1 Statistical Inference

Statistical inference is based on the likelihood function for binned data

LPo[E;O] =
∏

b↔ bins

Poiss
[
Ob

∣∣Eb

]
, (3.2)

where ‘Poiss’ denotes the Poisson distribution. Here Ob denotes the observed number of
counts in bin b, while Eb is the expected number of events (cross section times integrated
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95% CL bound, no excess

Comparison of bounds:  ours (black), 
plain EFT (dashed), t-channel (blue), 
s-channel (orange)

Figure 7. The 95% CL expected upper bound on G of the 3d-binning analysis in the plain EFT
(dashed black) and with our method using 2 nuisance parameters (solid black) are compared with
the results of dedicated searches for the underlying s- and t-channel UV models.

g = ĝ = 0 or y = ŷ = 0. This produces a simple analytic formula for the test statistics,
which we set to the threshold of 3.84 in order to determine the expected 2ω exclusion limits
on the parameters: gexc or yexc. The procedure is repeated for di!erent values of the heavy
particle mass obtaining mass-dependent coupling exclusions. Finally, we use the relations
in Eqs. (4.1) and (4.2) to convert the limit on the couplings into a limit on the value
of the EFT Wilson coe"cient G that is generated by the UV model under consideration
after integrating out the resonance. We denote these limits as G

(s)
exc or G

(t)
exc when they

are obtained with the Z
→
s-channel UV completion or with the leptoquark t-channel UV

completion, respectively. In Fig. 7 we report a comparison between the exclusion limit
obtained with our methodology (black line), with a standard EFT analysis (dashed line),
and with the limits obtained in the UV models reported as a orange (blue) line for the
s-channel (t-channel) UV completion. The horizontal axis is the cuto! M of the EFT,
which is identified with the heavy particle mass (MZ→ or Mω) in the explicit UV models.
Only the positive upper bound on G is displayed in the figure because the UV models under
consideration only populate the G > 0 region of the EFT parameter space.

Let us first restrict our attention to the comparison between the EFT limits obtained
with our methodology (black solid line) and the UV model limits G(s)

exc and G
(t)
exc. Our limit

is weaker than the UV-model limits and this is consistent: the model-independent EFT
analysis is asking a less specific question to the data than the analysis that is specifically
targeted to assess the UV-model viability. Therefore, it can extract less information on
the specific model and weaker limits. Although the EFT limits are weaker, they are useful
because they hold for a wide class of models, including the many models for which no
dedicated search is performed.
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1) Our bound is weaker than s or t-channel 
model identifying M with resonance mass 
 
2) Plain EFT gives stronger bound than  
t-channel model over the entire range  
(and s-channel for very low mass)



Comparison to Clipping approach

3 A Concrete Implementation

This section describes the implementation of our method in a simple toy model, focusing
on exclusion. (Discovery will be discussed in §4.3 below.) We consider a model of quarks
and leptons interacting via QED and QCD (without weak interactions) and we regard it as
our ‘Standard Model’ background. The ‘new physics’ of interest is the EFT operator

Left = →G(ūLωµuL)(ēRω
µ
eR) , (3.1)

which is one of the interactions that describe weak interactions in the Fermi theory. This
simplified setup is chosen because the e!ective interaction in Eq. (3.1) can be UV-completed
by the exchange of either a Z

→ in the s-channel or a scalar leptoquark ε in the t-channel.
This allows us to explore the dependence of our results on the physics above the EFT
cuto!, which we will do in §4.1 and §4.3 below. This simple setup will allow us to explain
the implementation of our method in a way that can be directly ported to realistic EFT
searches at the LHC.

The partonic process ūu ↑ e
+
e
↑ has energy growth ↓ s, so the modified amplitude

Eq. (2.10) is defined with p = 2. We test our new physics model in the process pp ↑ e
+
e
↑

at the 13 TeV LHC with an integrated luminosity of 3 ab↑1. The analysis is performed by
counting events in non-overlapping bins and three di!erent binning strategies are considered
in order to demonstrate that our method is not dependent on any specific choice of kinematic
variables:

• mωω binning: the binning is performed on the invariant mass of the dilepton pair,
with the bins listed in Table 1.

• pT binning: the binning is performed on the transverse momentum of the leptons,
which are equal for e+ and e

↑ in our tree-level simulation. The boundaries of the pT

bins are equal to one half of those of the invariant mass bins of Table 1.
• 3d binning: the binning is performed on three variables: pT as defined above, the

absolute rapidity y of the dilepton system, the variable c↓, defined [33] as the cosine of
the angle between the e↑ momentum and the direction of motion of the lab frame. The
pT bins are those given above, the y bins are given by [0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2.5]

and the c↓ bins are given by [→1,→0.5,→0.25, 0, 0.25, 0.5, 1]. This three-dimensional
binning strategy exploits the contribution of the EFT operator (3.1) to angular dis-
tributions, resulting in enhanced sensitivity to G.

For all binnings, we impose the acceptance cut pT > 40 GeV, as well as a cut |ϑω| < 2.5 on
the pseudo-rapidity of the leptons.

3.1 Statistical Inference

Statistical inference is based on the likelihood function for binned data

LPo[E;O] =
∏

b↔ bins

Poiss
[
Ob

∣∣Eb

]
, (3.2)

where ‘Poiss’ denotes the Poisson distribution. Here Ob denotes the observed number of
counts in bin b, while Eb is the expected number of events (cross section times integrated
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95% CL bound, no excess

Clipping for events E>M (dot-dashed) 
ours (orange), t-channel (black)

Figure 11. The 95% CL expected upper bound on G of the 3d-binning analysis in the plain EFT
(dashed black), with our method using 2 nuisance parameters (solid orange) and with data clipping
(solid gray) are compared with the results of a dedicated search for the underlying t-channel UV
model (solid black). For the data clipping line, M is identified with the clipping scale. The contour
where the UV model coupling y equals 0.5 is also displayed, showing that the exclusion reach is
well within the perturbative regime and far from the perturbative unitarity limit y ↭ 4ω.

4.2 Comparison with Data Clipping

As we already discussed, the ‘data clipping’ methodology for EFT searches su!ers from a
number of shortcomings that are addressed in our proposal. One issue is that measuring the
hard scale of the partonic scattering process experimentally may be di"cult or impossible
(in the case of invisible particles in the final state). This problem is absent in our toy
analysis, since we are working with a parton-level analysis for a leptonic final state. Even
assuming that an accurate measurement of the partonic energy scale is possible, the data
clipping method still su!ers from the inherently qualitative connection between the clipping
scale Mclip, above which the data are eliminated, and the physical EFT cuto! M . In data
clipping, Mclip defines a sharp threshold that separates the region of validity of the EFT
from the region where the EFT is not applicable. The data above Mclip are excluded
from the analysis because it is not accurately described by the EFT, while for the data
below Mclip, the EFT prediction is included with no theoretical uncertainties. This is not
consistent with the identification Mclip = M because the EFT predictions do su!er from
truncation uncertainties and are not fully trustworthy even if the energy is below the cuto!.
Our method takes the EFT cuto! M as an input parameter and gives a fully quantitative
statistical estimate of the impact of the associated EFT uncertainties on the EFT searches
for events below the cuto!, whereas data clipping has to exclude a large part of this regime
to ensure accurate predictions.

Because of this, we expect at best qualitative agreement between the limits set using
our method and those based on data clipping. This is illustrated in Fig. 11 for the study
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Identifying clipping scale M to resonance 
mass, clipping gives too strong a bound 
 
In UV models, must have some theory  
uncertainties below M, clipping assumes that 
leading order is perfect up to M, so this is 
a process-dependent value



What about excesses?

3 A Concrete Implementation

This section describes the implementation of our method in a simple toy model, focusing
on exclusion. (Discovery will be discussed in §4.3 below.) We consider a model of quarks
and leptons interacting via QED and QCD (without weak interactions) and we regard it as
our ‘Standard Model’ background. The ‘new physics’ of interest is the EFT operator

Left = →G(ūLωµuL)(ēRω
µ
eR) , (3.1)

which is one of the interactions that describe weak interactions in the Fermi theory. This
simplified setup is chosen because the e!ective interaction in Eq. (3.1) can be UV-completed
by the exchange of either a Z

→ in the s-channel or a scalar leptoquark ε in the t-channel.
This allows us to explore the dependence of our results on the physics above the EFT
cuto!, which we will do in §4.1 and §4.3 below. This simple setup will allow us to explain
the implementation of our method in a way that can be directly ported to realistic EFT
searches at the LHC.

The partonic process ūu ↑ e
+
e
↑ has energy growth ↓ s, so the modified amplitude

Eq. (2.10) is defined with p = 2. We test our new physics model in the process pp ↑ e
+
e
↑

at the 13 TeV LHC with an integrated luminosity of 3 ab↑1. The analysis is performed by
counting events in non-overlapping bins and three di!erent binning strategies are considered
in order to demonstrate that our method is not dependent on any specific choice of kinematic
variables:

• mωω binning: the binning is performed on the invariant mass of the dilepton pair,
with the bins listed in Table 1.

• pT binning: the binning is performed on the transverse momentum of the leptons,
which are equal for e+ and e

↑ in our tree-level simulation. The boundaries of the pT

bins are equal to one half of those of the invariant mass bins of Table 1.
• 3d binning: the binning is performed on three variables: pT as defined above, the

absolute rapidity y of the dilepton system, the variable c↓, defined [33] as the cosine of
the angle between the e↑ momentum and the direction of motion of the lab frame. The
pT bins are those given above, the y bins are given by [0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2.5]

and the c↓ bins are given by [→1,→0.5,→0.25, 0, 0.25, 0.5, 1]. This three-dimensional
binning strategy exploits the contribution of the EFT operator (3.1) to angular dis-
tributions, resulting in enhanced sensitivity to G.

For all binnings, we impose the acceptance cut pT > 40 GeV, as well as a cut |ϑω| < 2.5 on
the pseudo-rapidity of the leptons.

3.1 Statistical Inference

Statistical inference is based on the likelihood function for binned data

LPo[E;O] =
∏

b↔ bins

Poiss
[
Ob

∣∣Eb

]
, (3.2)

where ‘Poiss’ denotes the Poisson distribution. Here Ob denotes the observed number of
counts in bin b, while Eb is the expected number of events (cross section times integrated
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95% CL bound, t-channel 
model assumed in data

Figure 9. Left: The test statistics for exclusion tG when the observed data are equal to the
prediction of the t-channel model for Mω = 500 GeV and y = 0.036. The corresponding value of
G = y

2
/(2M2

ω) is shown as a vertical line. The threshold for 2ω exclusion, of 3.84, is also shown.
Right: The same plot when the observed data is equal to the prediction of the SM background.

must depart from the statistical setup we have been using for exclusion, which assumes
that the data follow the background-only distribution. We consider the t-channel model
and set its parameters at the point marked by a red star on the right panel of Fig. 8, namely
Mω = 500 GeV and y = 0.036. If the data are distributed as predicted by the model, a
good (Asimov) estimate of the typical value of the test statistics observed in experiments is
obtained by assuming that the result of the experiment is equal to the model’s prediction.
The test statistics of the plain EFT analysis in Eq. (3.7), computed with the observed
counts equal to the counts predicted by the t-channel model, is displayed on the left panel
Fig. 9 as a function of the value of G that is being tested for exclusion. The test statistics
of our analysis, defined as in Eq. (3.4) is also plotted for comparison. On the right panel
of the figure, the same plot is shown but instead taking the observed counts to be equal
to the background-only expected, the same setup where the exclusion limits were derived.
The interception of the test statistics with the threshold of 3.84 identifies the 2ω exclusion
reach on G and it coincides with the reach reported in Fig. 7 at M = 500 GeV for the plain
EFT and for our analysis.

The right panel of Fig. 9 represents the result of the experimental analysis when the
data is described by the SM. In this case, the test statistic is minimized at G = 0 in both the
plain EFT and our method, as it should be. In the right panel, new physics is present in the
data and the low energy EFT coupling has a true value of G = y

2
/(2M2

ω) = 2.6→103 TeV→2,
compatible with the parameters chosen for the UV model. In our method, the minimum of
the test statistic is close to the true value of G, which is marked with a dashed vertical line
in the plot. On the other hand, the minimum of the test statistic for the plain EFT search
is below the true value and grows quickly with G. At the true value of G the test statistic
for the plain EFT search is well above the threshold for exclusion. We conclude that the
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For t-channel exchange, our nuisances 
can fit the signal well, unlike plain EFT 
which excludes injected signal  
 
For our bound, the test statistic 
is minimized near true coupling and  
constrains the SM at 2sigma



What about discoveries?

3 A Concrete Implementation

This section describes the implementation of our method in a simple toy model, focusing
on exclusion. (Discovery will be discussed in §4.3 below.) We consider a model of quarks
and leptons interacting via QED and QCD (without weak interactions) and we regard it as
our ‘Standard Model’ background. The ‘new physics’ of interest is the EFT operator

Left = →G(ūLωµuL)(ēRω
µ
eR) , (3.1)

which is one of the interactions that describe weak interactions in the Fermi theory. This
simplified setup is chosen because the e!ective interaction in Eq. (3.1) can be UV-completed
by the exchange of either a Z

→ in the s-channel or a scalar leptoquark ε in the t-channel.
This allows us to explore the dependence of our results on the physics above the EFT
cuto!, which we will do in §4.1 and §4.3 below. This simple setup will allow us to explain
the implementation of our method in a way that can be directly ported to realistic EFT
searches at the LHC.

The partonic process ūu ↑ e
+
e
↑ has energy growth ↓ s, so the modified amplitude

Eq. (2.10) is defined with p = 2. We test our new physics model in the process pp ↑ e
+
e
↑

at the 13 TeV LHC with an integrated luminosity of 3 ab↑1. The analysis is performed by
counting events in non-overlapping bins and three di!erent binning strategies are considered
in order to demonstrate that our method is not dependent on any specific choice of kinematic
variables:

• mωω binning: the binning is performed on the invariant mass of the dilepton pair,
with the bins listed in Table 1.

• pT binning: the binning is performed on the transverse momentum of the leptons,
which are equal for e+ and e

↑ in our tree-level simulation. The boundaries of the pT

bins are equal to one half of those of the invariant mass bins of Table 1.
• 3d binning: the binning is performed on three variables: pT as defined above, the

absolute rapidity y of the dilepton system, the variable c↓, defined [33] as the cosine of
the angle between the e↑ momentum and the direction of motion of the lab frame. The
pT bins are those given above, the y bins are given by [0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2.5]

and the c↓ bins are given by [→1,→0.5,→0.25, 0, 0.25, 0.5, 1]. This three-dimensional
binning strategy exploits the contribution of the EFT operator (3.1) to angular dis-
tributions, resulting in enhanced sensitivity to G.

For all binnings, we impose the acceptance cut pT > 40 GeV, as well as a cut |ϑω| < 2.5 on
the pseudo-rapidity of the leptons.

3.1 Statistical Inference

Statistical inference is based on the likelihood function for binned data

LPo[E;O] =
∏

b↔ bins

Poiss
[
Ob

∣∣Eb

]
, (3.2)

where ‘Poiss’ denotes the Poisson distribution. Here Ob denotes the observed number of
counts in bin b, while Eb is the expected number of events (cross section times integrated
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1) Plain EFT needs larger coupling to 
discover UV model, since it fits poorly  

2) Clipping needs larger coupling since  
it throws away data that has manageable 
uncertainties 

3) Our method appears to agree with the 
UV reach with the true coupling used 
in data

pp → ee, 13 TeV, 3 ab-1 

95% CL bound, t-channel 
model resonance fixed at 1 TeV

Figure 12. Discovery reach of the mωω analysis as a function of the cuto! scale M . The assumed
true data distribution is the one predicted by the t-channel model, with Mε equal to 300 GeV (left
panel), 1 TeV (middle) and 10 TeV (right). The true resonance mass Mε is reported as a vertical
dashed line. The star is the reach of a dedicated UV model search.

test statistics variable defined in Eq. (3.4) evaluated at G = 0

t0(O) = 2 log
L[Ĝ, ω̂;O]

L[0, ̂̂ω0;O]
= 2 log

L[Ĝ, ω̂;O]

L[0, ω̄;O]
. (4.3)

In the numerator likelihood, Ĝ and ω̂ are the values of the parameters that maximize the
likelihood given the observed data. In the denominator, the likelihood is maximized over
ω for the fixed value of G = 0 that we are interested in testing. However, for G = 0 the
dependence of the theoretical predictions on the nuisance parameters drops out and the
maximum, ̂̂ω0, is at the maximum of the prior likelihood ̂̂ω0 = ω̄.

Using the large-sample and Asimov approximations discussed in §3.1 we can estimate
Gdis as follows. In the background-only hypothesis, t0 is distributed as a ε

2 with one degree
of freedom, which is set to 25, the threshold for a 5ϑ exclusion. The median of t0, when
the data follow a di!erent model, can be estimated by setting the observed counts to the
expected counts predicted by the model. The discovery reach is thus the solution to the
equation

t0(E(Gdis)) = 25 , (4.4)

where E(G) denotes the predictions of the t-channel model at fixed mass, after expressing
the coupling in terms of G as previously explained. The result is shown in Fig. 12 for the
mωω binning using two nuisance parameters of the s-channel (orange line) or of the t-channel
type (green line).

In Fig. 12, the discovery reach of our method is compared with the plain EFT reach and
with the reach of an EFT analysis that employs data clipping using the dilepton invariant
mass as clipping variable, as explained in §4.2. The three panels reflect choices of the
resonance mass of Mε = 300 GeV, 1 TeV, and 10 TeV, as denoted by the vertical red dotted
lines. The discovery reach in these setups is estimated using the large-sample and Asimov
approximations as previously explained. We see from the figure that our method gives
a better discovery reach than the clipped EFT analysis, namely a smaller value of G is
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Figure 12. Discovery reach of the mωω analysis as a function of the cuto! scale M . The assumed
true data distribution is the one predicted by the t-channel model, with Mε equal to 300 GeV (left
panel), 1 TeV (middle) and 10 TeV (right). The true resonance mass Mε is reported as a vertical
dashed line. The star is the reach of a dedicated UV model search.

test statistics variable defined in Eq. (3.4) evaluated at G = 0

t0(O) = 2 log
L[Ĝ, ω̂;O]

L[0, ̂̂ω0;O]
= 2 log

L[Ĝ, ω̂;O]

L[0, ω̄;O]
. (4.3)

In the numerator likelihood, Ĝ and ω̂ are the values of the parameters that maximize the
likelihood given the observed data. In the denominator, the likelihood is maximized over
ω for the fixed value of G = 0 that we are interested in testing. However, for G = 0 the
dependence of the theoretical predictions on the nuisance parameters drops out and the
maximum, ̂̂ω0, is at the maximum of the prior likelihood ̂̂ω0 = ω̄.

Using the large-sample and Asimov approximations discussed in §3.1 we can estimate
Gdis as follows. In the background-only hypothesis, t0 is distributed as a ε

2 with one degree
of freedom, which is set to 25, the threshold for a 5ϑ exclusion. The median of t0, when
the data follow a di!erent model, can be estimated by setting the observed counts to the
expected counts predicted by the model. The discovery reach is thus the solution to the
equation

t0(E(Gdis)) = 25 , (4.4)

where E(G) denotes the predictions of the t-channel model at fixed mass, after expressing
the coupling in terms of G as previously explained. The result is shown in Fig. 12 for the
mωω binning using two nuisance parameters of the s-channel (orange line) or of the t-channel
type (green line).

In Fig. 12, the discovery reach of our method is compared with the plain EFT reach and
with the reach of an EFT analysis that employs data clipping using the dilepton invariant
mass as clipping variable, as explained in §4.2. The three panels reflect choices of the
resonance mass of Mε = 300 GeV, 1 TeV, and 10 TeV, as denoted by the vertical red dotted
lines. The discovery reach in these setups is estimated using the large-sample and Asimov
approximations as previously explained. We see from the figure that our method gives
a better discovery reach than the clipped EFT analysis, namely a smaller value of G is
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production cross-sections in 𝜷 𝜷 collisions at→

𝜸 = 13 TeV with the ATLAS detector
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Measurements of integrated and di!erential cross-sections for 𝐿±
𝑀 production in proton–

proton collisions are presented. The data collected by the ATLAS detector at the Large Hadron
Collider from 2015 to 2018 at a centre-of-mass energy of

→
𝑁 = 13 TeV are used, corresponding

to an integrated luminosity of 140 fb↑1. The 𝐿±
𝑀 candidate events are reconstructed using

leptonic decay modes of the gauge bosons into electrons or muons. The integrated cross-section
per lepton flavour for the production of 𝐿±

𝑀 is measured in the detector fiducial region with a
relative precision of 4%. The measured value is compared with the Standard Model prediction
at a precision of up to next-to-next-to-leading-order in QCD and next-to-leading-order in
electroweak. Cross-sections for 𝐿+

𝑀 and 𝐿
↑
𝑀 production and their ratio are presented. The

𝐿
±
𝑀 production is also measured di!erentially as functions of various kinematic variables,

including new observables sensitive to CP-violation e!ects. All measurements are compared
with state-of-the-art Standard Model predictions from fixed-order calculations or Monte Carlo
generators based on next-to-leading-order matrix elements interfaced with parton showers.
An e!ective field theory interpretation of the measurements is performed, considering both
CP-conserving and CP-violating dimension-6 operators modifying the 𝐿±

𝑀 production. In
the absence of observed deviations from the Standard Model, limits on CP-conserving Wilson
coe"cients are extracted using the transverse mass of the 𝐿

±
𝑀 system. For CP-violating

coe"cients a machine learning approach is used to construct an observable with enhanced
sensitivity to CP-violation e!ects.
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Table 6: Evolution of the expected 95% CL intervals on CP-even 𝐿𝐿 /ω2 and 𝐿
(3)
𝑀𝑁

/ω2 Wilson coe!cients as a function
of an upper energy cut-o" on 𝑀𝐿𝑂 in the SMEFT contribution. Limits are presented considering both the linear and
quadratic contributions. Only one Wilson coe!cient is permitted to vary from zero at a time.

Cut-o" value on 𝑀𝐿𝑂 [GeV ]

1000 1500 no cut-o"

𝐿𝐿 /ω2 [TeV →2] [-0.236, 0.208] [-0.143, 0.130] [-0.103, 0.095]
𝐿
(3)
𝑀𝑁

/ω2 [TeV →2] [-0.286, 0.119] [-0.195, 0.086] [-0.145, 0.074]

extracted limits on these two Wilson coe!cients are presented in Table 6. They are found to have only a
mild dependence on the applied cut-o" after a value of 1.5 TeV, degrading when lower cut-o" values are
applied. This result provides reassurance that the nominal limits, obtained without any cut-o" procedure,
do not su"er from issues related to the region of validity of the EFT model.

The sensitivity to 𝐿
(3)
𝑀𝑁

/ω2 and 𝐿
(1)
𝑀𝑁

/ω2 is nearly one order of magnitude worse than that achieved in direct
Higgs boson production measurements [125–127] or in global fits combining Higgs, top-quark, and
electroweak boson production [128, 129], where electroweak precision data is included [130]. A similar
sensitivity as seen in𝑁+

𝑁
→ production [131] is obtained for these Wilson coe!cients. The limits extracted

on the anomalous triple-gauge-coupling Wilson coe!cient 𝐿𝐿 surpass in sensitivity those obtained in
global fits [128, 129], 𝑂 ↑ 𝑃𝑃 production [127], and in other diboson processes such as 𝑁±

𝑁
↓ [131] by

roughly a factor of two, showing a similar level of sensitivity than measurements performed by the CMS
Collaboration in 𝑁𝑃 [132] and 𝑁

±
𝑄 production [19].
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Table 5: Expected and observed 95% CL intervals on CP-even Wilson coe!cients. Limits are presented using
parameterisations excluding (“lin.”) and including (“lin.+quad.”) the pure dimension-6 contributions, respectively.
Only one Wilson coe!cient is permitted to vary from zero at a time.

Expected [TeV →2] Observed [TeV →2]
95% CL (lin.) 95% CL (lin.+quad.) 95% CL (lin.) 95% CL (lin.+quad.)

𝐿𝐿 /ω2 [-0.668, 0.733] [-0.103, 0.095] [-1.150, 0.181] [-0.093, 0.079]
𝐿𝑀𝐿𝑁/ω2 [-0.326, 0.412] [-0.326, 0.413] [-0.470, 1.440] [-0.458, 1.520]
𝐿𝑀𝑂/ω2 [-8.107, 9.096] [-4.494, 3.976] [-18.0, 1.7] [-5.840, 1.680]
𝐿
(1)
𝑀𝑃

/ω2 [-1.994, 2.122] [-2.923, 1.615] [-0.367, 3.980] [-0.503, 2.550]
𝐿
(3)
𝑀𝑃

/ω2 [-0.097, 0.106] [-0.145, 0.074] [-0.146, 0.0275] [-0.165, 0.015]
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Figure 10: Two-dimensional expected (dashed line) and observed (solid line) 95% CL intervals on Wilson coe!cients
corresponding to the pairs of (a) (𝑀𝐿 ,𝑀 (3)

𝑀𝑃
) and (b) (𝑀𝐿 ,𝑀𝑀𝐿𝑁) operators. The parameterisation including the

pure dimension-6 contribution is used.

on 𝐿𝑀𝑂/ω2, are driven by interference e"ects, as the expected sensitivity is not strongly a"ected by
the inclusion of the quadratic term. Interference e"ects manifest at intermediate 𝑁

𝐿𝑄

T values, between
500 GeV and 1 TeV. The deficit of observed data events in the region from 700 to 900 GeV induces,
therefore, asymmetric observed limits for these Wilson coe!cients. The limit on 𝐿𝐿 /ω2 is predominantly
determined by the quadratic contributions. The corresponding confidence intervals are therefore only valid
for BSM models where contributions from dimension-8 operators are small with respect to the quadratic
e"ects in dimension six. The range of validity of the EFT approach must be assessed, since arbitrary
growth of dimension-6 contributions at high energies leads to nonphysical results and to violations of
unitarity in the underlying quantum field theory. Following recommendations from the LHC EFT Working
Group [117], confidence intervals are also derived as a function of an upper energy cut-o" on the SMEFT
contributions. The diboson invariant mass 𝑁𝐿𝑄 , which represents to a good approximation the total
energy of the interaction per event, is used to remove the SMEFT events at particle-level predicted above
a certain threshold. Confidence intervals were derived for cut-o" values of 1 TeV, 1.5 TeV and above.
Only confidence intervals on 𝐿𝐿 /ω2 and 𝐿

(3)
𝑀𝑃

/ω2 show a significant dependence on the cut-o" value. The
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Thoughts 
1) Sharp cutoff seems unphysical, would limits 

change if it went to a constant? 
2) How much would limits weaken if nuisances 

were added? 
3) Use more cut-off values?

1)
2)



Conclusion of my work
• Our proposal is a feasible method to give conservative model-

independent EFT constraints 

• Need to specify scale M of new physics, extremize over 
subleading corrections, 

• Method can find some excesses:  Non-resonant behavior can 
be fit by model

19



Discussion Items
• Let’s make our assumptions explicit, so that we can argue 

for ones we can agree upon 
• What type of uncertainties should we take into account? 
• What statistical procedure should we use to address 

them? 
• Are the proposals easy to implement by experimentalists 

and to interpret by theorists? 
• Can we find a compromise that we can all be happy with?

20



Type of Uncertainties to Address
• Mandelstam descendants?  (to what order?) 
• SMEFT specific?  
• Dim 8 as nuisances to dim 6 (Boughezhal et.al., Wilsch et.al., 

…)        
• |M6|2 as way to parameterize/estimate dim 8 (Shepherd et.al.) 

• Experimental Uncertainty Tests?:  Data clipping (Farina et.al.)  
• What is the operator dimension “light cone” we want to 

explore (and is it SMEFT/HEFT dependent)?  



Statistical Procedure

• Prior on nuisance parameters (how to set it?  Gaussian, 
flat, etc…) 

• Profile or marginalize? 
• Should we recommend more than one scheme (similar to 

PDG)? 
• Provide likelihood so correlations can be utilized in 

combinations?  
22



Implementable/Utility

• Are our theory priors preventing experimental analyses? 
• Do we want strongest bounds or should we be more 

conservative?  (In tension w/ model-independence?) 
• How do we make nuisance parameters usable in a 

specific analysis (e.g. database)?  For a global analysis 
(more bookkeeping)? 

•  Can theorists utilize the results (ala EWPO post-LEP)? 

23



🤝   Can we find a compromise we are happy with?   🤝
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We can do this! 
Thanks for your time…  

 
chang2@uoregon.edu
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EFT Amplitude for “plain” and UV models
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Figure 10. The new physics contribution to the amplitude in the EFT (blue line), in the s-channel
(orange) and t-channel (green) UV completions, where G = 2.6 · 103 TeV→2 and in the UV models,
the new particle mass is 500 GeV.

plain EFT search incorrectly excludes the value of G that is present in the data.
These results illustrate concretely the generic risk associated with an analysis that

ignores the limited energy range of validity of the EFT. As discussed in the Introduction,
the risk stems from the growth with energy of the EFT amplitude that produces large
departures from the background-only predictions in the high-energy bins. This growth is
an artifact of the unjustified usage of the EFT description beyond the cuto! and does not
match the behavior of the amplitude in physical models. It is true that the plain EFT
search gives correct results if M is su"ciently high, but it provides no way of determining
how large a value of M is required, or quantitatively estimating the error due to the neglect
of higher order terms. Our method does estimate these uncertainties, and shows that the
plain EFT search is valid only for very large values of M .

It is not surprising that the plain EFT analysis is more prone to fail for t-channel rather
than s-channel UV models. In the t-channel model, the true amplitude growth saturates at
an energy of the order of the cuto!, while the s-channel model has a prominent peak from
the on-shell resonance production. This is shown in Fig. 10 for two representative values of
the resonance mass MZ→ = Mω = 500 GeV, with the couplings g or y chosen by Eqs. (4.1)
and (4.2) to match the EFT predictions with the same value of G = 2.6 → 103 TeV→2.
Below the cuto!, both models display the amplitude behavior proportional to GE

2 that
is predicted by the EFT. At the cuto!, the s-channel amplitude is larger than the EFT
prediction, so the limit in the true model is typically stronger than the EFT limit. This is
indeed what we observe in Fig. 7 almost over the entire M range. In the t-channel model
the amplitude is instead smaller than the EFT prediction at high energies, making the true
theory predictions less discrepant from the background-only prediction than the plain EFT.
That is, the incorrect plain EFT predictions give erroneously stronger sensitivity.
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Nuisances can cancel 
this behavior



Can be applied to different binning
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Figure 1. The 95%CL exclusion reach on the EFT operator Wilson coe!cient for a number of
s-channel nuisance parameters varying from 1 to 5, as a function of the cuto" M . The horizontal
dashed ‘plain EFT’ lines are the reach of a regular analysis that does not include nuisance param-
eters. The pT , mωω and 3d binnings are considered in the three panels.

on the nuisance parameters is included by reprocessing the data with Eq. (3.11) or by
directly computing Eb(G, ω) in the truth-level bins using Eq. (3.12), if the dependence
on the nuisance is polynomial. Nuisance parameters accounting for other uncertainties,
such as PDF uncertainties, scale variation or experimental errors, can be incorporated
straightforwardly. We believe that the inclusion of the EFT nuisance parameters in the
theoretical predictions does not pose any significant additional challenges in comparison
with standard EFT searches.

The same conclusion holds in the case of an analysis constraining several EFT operators
simultaneously. Our simulation strategy is straightforward to generalize to this case, as
discussed in Appendix B. An independent set of nuisance parameters must be introduced
for each operator, but the results we present in the next section suggest that only one or
two nuisance parameters will be needed for each operator. Hence, the total number of
parameters should not exceed what can be handled by the powerful minimization tools
employed by the experimental collaborations.

3.3 Nuisance Parameters

The main elements of our methodology are the specification of nuisance parameters to
account for the EFT truncation uncertainties, a prior likelihood for the nuisance parameters,
and the presence of form factors that regulate the behavior of the amplitude above the cuto!
scale. The role played in the analysis by each of these three elements is described in this
and in the following two sections in turn.

Fig. 1 displays the 2ε expected exclusion reach for positive and negative G as a function
of the cuto! scale M in the three binning schemes previously described (mωω, pT , and 3d

binning). The reach is similar for the di!erent binnings, with the bounds for the 3d binning
strategy only slightly stronger (by around 20%), as expected. A notable feature of these
results is that the reach converges rapidly as the number of included nuisance parameters is
increased, especially for the the largest values of M which are of the most physical interest
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Multi-variate analysis possible, but only need one universal parameter 
allowing combination of results 



Effect of Prior

29Figure 4. 95% CL reach, as a function of the cuto! M—using 5 s-channel nuisance parameters—
for di!erent choices of the nuisance parameters prior. Gaussian priors with ωω = 1 and 9 are
compared with the baseline ωω = 3. The log-normal prior with standard deviation ωl = log 3 is also
considered.

eters). These bounds are practically indistinguishable from the case where only s-channel
nuisance parameters are included. This means that the s-channel nuisance parameters are
more e!ective than the others in canceling the e!ect of the EFT operator at high energies;
equivalently, they imply larger uncertainties in the EFT prediction at high energies. This
is easily understood from the elementary fact that ŝ → |t̂|, |û|, which makes the s-channel
nuisance parameters more important event by event. This suggests that t- and u-channel
nuisance parameters can be omitted in analyses aimed at exclusion. However, t- and u-
channel nuisance parameters should be considered for analyses aimed at discovery, since
they are expected to improve the modeling of the data in cases with new physics in the t-
or u-channel.

3.4 Dependence on the Prior

The considerations of the previous section rely implicitly on the assumption that the nui-
sance parameters cannot be much larger than one. Otherwise, their contribution to the
cross section can be arbitrarily large, independently of the energy and the cuto! scale M .
A setup where the nuisance parameters are completely unconstrained e!ectively corresponds
to assigning order-one theoretical uncertainties in all data bins, independent of M , making
it impossible to extract any information on G from the data.

In our setup, nuisance parameters are e!ectively bounded by the presence of the prior
likelihood in Eq. (2.14). This suppresses the total likelihood (3.3) when the nuisance pa-
rameters are comparable or larger than ωω , making the likelihood maximization in the test
statistics (3.5) behave as follows. On the one hand, the nuisance need to reproduce the data
as closely as possible in order to maximize the Poisson component on the likelihood. If this
can be achieved in a configuration where ε is much smaller or at most comparable with ωω ,
the prior likelihood has a minor impact and the nuisance parameters can freely adjust to the
data. Otherwise, the prior likelihood prevents the nuisance parameters to attain the large
value that would be required to fit the data. Both behaviors can be observed by looking at

– 22 –

Increasing allowed size of c’s 
weakens the bound

Could also consider prior on 
c’s that penalizes small values 
(no fine-tuning)
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Effect of  
Form Factor
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Figure 6. 95% CL reach of the pT -binning analysis, for three di!erent choices—see the main text—
of F (x). The dashed colored lines display the reach for a variable number of s-channel nuisance
parameters. For ω = 1/3, the reach is the same for any number of parameters ranging from 1 to 5
and is labeled as ‘1, ..., 5’. The lines marked as ‘0’ do not employ nuisance parameters. The reach
of the plain EFT analysis and of the baseline setup with 5 nuisance parameters are reported for
reference in each plot as black dashed and continuous lines, respectively.

We now generalize this to study the functional form of the form factor. We will study
a 1-parameter family of form factors given by

Fω (x) =

{
x |x| < ω,

ω sign(x) |x| → ω.

(3.17)

These form factors generalize our baseline by having transition from F (x) = x to F (x) =

constant at x = ω rather than x = 1. The reach for ω = 1
3 and ω = 3 is compared with the

reach for our baseline choice ω = 1 in the two leftmost panels of Fig. 6. The reach for a large
number of nuisance parameters is essentially identical. The only significant di!erence with
the baseline is that the convergence as a function of the number of nuisance parameters
is slower for ω = 3 and faster for ω = 1

3 compared with the baseline setup (as seen by
comparing to Fig. 1).

We conclude that while our methodology requires a form factor, the results are robust
under significant variations of its functional form. This is in contrast to the more traditional
use of form factors to cut o! the unphysical high energy behavior of models, where the
results do depend on the functional form chosen for the form factor or equivalently on the
unitarization prescription [56]. This is illustrated in Fig. 6 by the orange lines (marked ‘0’)
in the two leftmost panels. These are obtained by setting to zero all nuisance parameters,
which retains an overall form factor for the amplitude, given by Fω (x)/x = 1/x for x > ω .
The limit obtained in this way behaves qualitatively like our proposal, namely the exclusion
becomes weaker for smaller values of M , as it should. However, the value of the limit is
sensitive to the choice of form factor, as can be seen by comparing the first and second
panels. Once we include su"ciently many nuisance parameters, the di!erent form factors
all give essentially identical results.
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Figure 6. 95% CL reach of the pT -binning analysis, for three di!erent choices—see the main text—
of F (x). The dashed colored lines display the reach for a variable number of s-channel nuisance
parameters. For ω = 1/3, the reach is the same for any number of parameters ranging from 1 to 5
and is labeled as ‘1, ..., 5’. The lines marked as ‘0’ do not employ nuisance parameters. The reach
of the plain EFT analysis and of the baseline setup with 5 nuisance parameters are reported for
reference in each plot as black dashed and continuous lines, respectively.

We now generalize this to study the functional form of the form factor. We will study
a 1-parameter family of form factors given by

Fω (x) =

{
x |x| < ω,

ω sign(x) |x| → ω.

(3.17)

These form factors generalize our baseline by having transition from F (x) = x to F (x) =

constant at x = ω rather than x = 1. The reach for ω = 1
3 and ω = 3 is compared with the

reach for our baseline choice ω = 1 in the two leftmost panels of Fig. 6. The reach for a large
number of nuisance parameters is essentially identical. The only significant di!erence with
the baseline is that the convergence as a function of the number of nuisance parameters
is slower for ω = 3 and faster for ω = 1

3 compared with the baseline setup (as seen by
comparing to Fig. 1).

We conclude that while our methodology requires a form factor, the results are robust
under significant variations of its functional form. This is in contrast to the more traditional
use of form factors to cut o! the unphysical high energy behavior of models, where the
results do depend on the functional form chosen for the form factor or equivalently on the
unitarization prescription [56]. This is illustrated in Fig. 6 by the orange lines (marked ‘0’)
in the two leftmost panels. These are obtained by setting to zero all nuisance parameters,
which retains an overall form factor for the amplitude, given by Fω (x)/x = 1/x for x > ω .
The limit obtained in this way behaves qualitatively like our proposal, namely the exclusion
becomes weaker for smaller values of M , as it should. However, the value of the limit is
sensitive to the choice of form factor, as can be seen by comparing the first and second
panels. Once we include su"ciently many nuisance parameters, the di!erent form factors
all give essentially identical results.
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UV Model Parameter Space
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Figure 7. The 95% CL expected upper bound on G of the 3d-binning analysis in the plain EFT
(dashed black) and with our method using 2 nuisance parameters (solid black) are compared with
the results of dedicated searches for the underlying s- and t-channel UV models.

Figure 8. The regions in the s-channel (left panel) and in the t-channel (right panel) model
parameter space that are allowed by the EFT search performed with our method (light gray), with
the plain EFT approach (dark gray) and by the UV model search (orange and blue). The red star
model will be referenced in Fig. 9.

We stress again that it is very important that the EFT exclusion limits are weaker and
not stronger than the UV-model limits. The reason is that this prevents us from drawing
incorrect conclusions on the viability of UV models. To illustrate this point, in Fig. 8 we
project the EFT limits in the 2-dimensional parameter space (MZ→ , g) of the s-channel UV
model (left panel) and in the (Mω, y) parameter space of the t-channel model (right panel).
In the plots, we compare them with the limits obtained directly within the UV models.
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Coupling for 5 sigma discovery
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Figure 12. Discovery reach of the mωω analysis as a function of the cuto! scale M . The assumed
true data distribution is the one predicted by the t-channel model, with Mε equal to 300 GeV (left
panel), 1 TeV (middle) and 10 TeV (right). The true resonance mass Mε is reported as a vertical
dashed line. The star is the reach of a dedicated UV model search.

approximations as previously explained. We see from the figure that our method gives
a better discovery reach than the clipped EFT analysis, namely a smaller value of G is
su!cient for new physics discovery. There are two e"ects that may help explain this. First,
the clipped EFT search treats the EFT prediction as perfect up to the scale Mclip, while we
know that the EFT prediction has large uncertainties near the scale M ; second, the clipped
search is completely throwing away the high-energy data above the scale Mclip, which may
be useful for discovery even if they have non-negligible uncertainties. The first problem
can be ameliorated by lowering the scale Mclip, but this makes the second problem worse.
We believe that our approach is more accurately modeling the features of the underlying
UV model, accounting for the improved discovery reach. In support of this interpretation,
we note that for the lighter two resonance masses, there is no choice of the clipping scale
that can achieve the same discovery reach as our method. Apparently, there is no choice
of clipping scale that describes the data as well as our method when the cuto" M is low
enough for clipping to be relevant.

In Fig. 12, we also compare to the discovery reach in a search for the UV model that
actually described the data (indicated by a blue star). Note that in all cases, the discovery
reach for our method is very similar to the discovery reach for the UV model, provided
that M is chosen to be near the leptoquark mass Mω. For values of M far from Mω, the
discovery reach weakens noticeably. We believe that this reflects the fact that for M = Mω,
our method is doing a good job of mimicking the main features of the data from the UV
model. Of course, in an actual experimental search, the value of Mω is not known, but
the dependence on the reach as a function of M may be useful to help characterize the
discovery.

These results are very encouraging for our method, but the present analysis ignores
several important e"ects. First, our discovery reach on G is based on a ‘local’ 5ω signifi-
cance, because the parameter M has a fixed value throughout the analysis. The reduced
sensitivity due to the ‘look-elsewhere’ e"ect should be estimated for a fair comparison with
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