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Global SMEFT interpretations
The Standard Model Effective Field Theory: a powerful framework for 
capturing deviations from the SM:
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Global SMEFT interpretations
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The SMEFT framework connects different sectors 
of observables measured at the LHC. 


We need to take a global approach, including as 
many datasets as possible


Model-independent interpretation of BSM 
physics in LHC data

2012.02779, J. Ellis, MM, K. Mimasu, V. Sanz, T. You
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Global SMEFT fits

J. Ellis et. al, 2012.02779


Higgs, diboson and electroweak precision data

J. Ellis et. al, 1803.03252
E. da Silva Almeida et. al, 1812.01009:
A. Biekötter et. al, 1812.07587
A. Falkowski et. al, 1911.07866

Top data I. Brivio et. al, 1910.03606:
N. Hartland et. al, 1901.05965:

Higgs, diboson and top data J. Ethier et. al, 2105.00006

Higgs, diboson, top and electroweak precision data

+ many others….

Global SMEFT fits
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Higgs & Top 
combination
2012.02779, J. Ellis, MM, 
K. Mimasu, V. Sanz, T. You
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NLO and 
quadratic 
effects
Ethier et. al, 
2105.00006
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The top sector after Run II Z. Kassabov et. al , 2303.06159

Top quark data available in 2023
Top quark data available in 2021
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Z. Kassabov et. al , 2303.06159

Top quark data available in 2023
Top quark data available in 2021

The top sector after Run II

g

g

t

t̄

(a) SM s-channel

g

g

t

t̄

t

(b) SM t-channel

g

g

t̄

t

t

(c) SM u-channel

g

g

t

t̄

a

(d) ALP contribution

Figure 13: Relevant diagrams for the calculation of the SM-ALP interference in gg ! tt̄

production.

where ŝ, t̂, û are the Mandelstam variables defined as

s = (p1 + p2)
2 = 2(p1 · p2)

t = (p1 � p3)
2 = �2(p1 · p3) + m2

t

u = (p1 � p4)
2 = �2(p1 · p4) + m2

t ,

(D.3)

where p1, p2 are the momenta of the incoming gluons and p3, p4 are the momenta of the
outgoing top quark and antiquark. Note the difference in denominators between the ALP-
ALP and SM-ALP terms: the ALP-ALP contribution to tt̄ is a purely s-channel diagram;
however it interferes with only the SM t� and u-channels. This is because the ALP is
colourless, leading to a factor of �ab in its coupling to a pair of gluons. The SM s-channel
proceeds through the totally antisymmetric triple gauge coupling / fabc, and hence the
interference between the ALP diagram and the SM s-channel is zero.

To understand the behaviour of the ALP-ALP squared contribution and SM-ALP in-
terference contribution to the differential cross sections considered in the analysis of Sec. ??,

– 28 –
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Looking forward

As constraints improve, subleading effects may no longer be negligible 

Run II data already provides precise constraints on the top quark sector of the SMEFT
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Looking forward

Run II data already provides precise constraints on the top quark sector of the SMEFT
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PDF-EFT Interplay

PDF fits

Wilson coefficients: c

PDF parameters:

SMEFT parameters are kept fixed:
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PDF-EFT Interplay

SMEFT FitsPDF fits

Wilson coefficients: c

PDF parameters:

PDF parameters are fixed:SMEFT parameters are kept fixed:
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PDF-EFT Interplay

SMEFT FitsPDF fits

Wilson coefficients: c

PDF parameters:

PDF parameters are fixed:SMEFT parameters are kept fixed:
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PDFs used in SMEFT fits rely on 
SM assumptions
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Data overlap
Often the data used in PDF fits are also used in EFT fits.


This overlap will grow as we take the global approach to 
constraining the SMEFT.

Figure 2.1. The kinematic coverage of the NNPDF4.0 dataset in the (x, Q
2) plane.

10

Data included in NNPDF4.0, [2109.02653]:

Figure 2.1. The kinematic coverage of the NNPDF4.0 dataset in the (x, Q
2) plane.
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Figure 2.1. The kinematic coverage of the NNPDF4.0 dataset in the (x, Q

2) plane.
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Often the data used in PDF fits are also used in EFT fits.


This overlap will grow as we take the global approach to 
constraining the SMEFT.


‣ e.g. Top quark data used to fit the SMEFT in the 
global fit of 2012.02779, J. Ellis, MM, K. Mimasu, V. 
Sanz, T. You

Data overlap
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Understanding PDF-EFT Interplay

Simultaneous PDF-EFT determinations:

•Deep Inelastic Scattering data


•DIS + high-mass Drell-Yan tails


•Top quark data

Carrazza et al.: PRL 123 (2019) 13, 132001 

Greljo et. al 2104.02723

Kassabov et. al: 2303.06159 
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PDF-EFT interplay in high-mass Drell-Yan
Constraints on the large-x region of the 
u and d PDFs:
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FIG. 1. Fit to CMS [27] and ATLAS [29] dilepton invariant mass distributions measured at 8TeV. Left: comparison

of data and SM prediction. The error bars include the fractional experimental uncertainties, while the thickness of the SM

predictions include uncertainties from PDF and scale variation. The smaller error bars in the ATLAS plot show the systematic

uncertainties. We also show how the central value of the theoretical prediction changes when W varies within its 95% CL range.

Right: 95%CL constraints in the W-Y plane.
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where q is the four-momentum and s, c, and t are the sine,
cosine, and tangent of the Weinberg angle. The parame-
ters Ŝ and T̂ have normalizations that di↵er from the con-
ventional normalizations [22] as follows: Ŝ = ↵/(4s2)S
and T̂ = ↵T . All 4 parameters are constrained at the
few per mille level, mainly from precision data collected
at LEP [50] and from W boson mass measurements at
the Tevatron [51, 52].

In view of these strong constraints, one might expect
that no significant progress is possible at the LHC since
DY cross sections, which are the best probes of Eq. (1),
are measured with at best a few percent accuracy [26–
29]. This expectation is correct for Ŝ and T̂, which only
appear on the pole of the propagator, which is better
constrained at LEP. However, W and Y introduce con-
stant terms in the propagator, modifying the cross sec-
tions by a factor that grows with energy as q2/m2

W . Neu-
tral DY measurements from the 8 TeV LHC [27, 29] have
already achieved 10% accuracy at a center of mass energy
q ⇠ 1 TeV, where this enhancement factor is above 100.
They could thus be already sensitive to values of W and
Y as small as 10�3, outside the reach of LEP. More-
over, current high-energy measurements are statistics-

dominated, the systematic component of the error being
as small as 2%. Big improvements are thus possible at
13 TeV thanks to higher energy and luminosity.

The electroweak gauge boson propagators are modi-
fied by an e↵ective Lagrangian, L, containing the two
dimension-6 operators from the middle column of Ta-
ble I. These operators generate the W and Y parameters
of Eq. (1). The e↵ects of W and Y on DY are also cap-
tured by L0, which consists of the operators from the right
column of Table I. Here, JL and JY are the SU(2)L and
U(1)Y currents, and g1,2 are the corresponding couplings.
The current bilinears contain quark-lepton contact oper-
ators (a subset of those considered in Ref. [41]) which di-
rectly contribute to the DY amplitude with a term that
grows with the energy, mimicking the e↵ect of the mod-
ified propagators in Eq. (1). The e↵ective Lagrangian
L0 is obtained from L by field redefinitions, after trun-
cating operators that are higher order in W and Y and
with more derivatives. L and L0 are physically inequiv-
alent because of this truncation, however they agree in
the limits of small W and Y and/or low energy.

Current Limits and Future Prospects.— We com-
pute the tree-level neutral (pp ! l+l�) and charged
(pp ! l⌫) DY di↵erential cross sections with the modi-
fied propagators of Eq. (1). The di↵erential distribution
is integrated in dilepton invariant mass (for neutral DY)
and transverse lepton mass (for charged DY) bins and
compared with the observations using a �2 test. The
value of the cross section in each bin can be written as
� = �SM (1 +

P
p apCp +

P
pq bpqCpCq), C = {W,Y},

PDF-EFT interplay in high-mass Drell-Yan
Constraints on the large-x region of the 
u and d PDFs:


Constraints on 4-fermion operators of the SMEFT:


Farina et. al 1609.08157Greljo et. al 2104.02723
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FIG. 1. Fit to CMS [27] and ATLAS [29] dilepton invariant mass distributions measured at 8TeV. Left: comparison

of data and SM prediction. The error bars include the fractional experimental uncertainties, while the thickness of the SM

predictions include uncertainties from PDF and scale variation. The smaller error bars in the ATLAS plot show the systematic

uncertainties. We also show how the central value of the theoretical prediction changes when W varies within its 95% CL range.

Right: 95%CL constraints in the W-Y plane.
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PDF-EFT interplay in high-mass Drell-Yan
Constraints on 4-fermion operators of the SMEFT:


Farina et. al 1609.08157

Energy-growing 4-fermion operators manifest 
as a smooth distortion of the high-mass tail:
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PDF-EFT interplay in high-mass Drell-Yan

Data
Deep inelastic scattering + Drell-Yan 


- including high-mass DY:

+ High Luminosity projections
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PDF-EFT interplay in high-mass Drell-Yan

Data Theory benchmarks

Deep inelastic scattering + Drell-Yan 


- including high-mass DY:

+ High Luminosity projections See 2104.02723 for a flavourful benchmark

Electroweak oblique parameters
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PDF-EFT interplay in high-mass Drell-Yan

PDF fits under the assumption of nonzero SMEFT 
coefficients:


We see a moderate shift of the PDF central values, 
and no change to the PDF uncertainties.
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PDF-EFT interplay in high-mass Drell-Yan

SMEFT constraints are stable: 

moderate shifts when using SMEFT 
vs SM PDFs
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Ŵ (£104) Ŷ (£104)

CDµ
33 (£102)

Farina et al (1609.08157)

this work, SM PDFs

this work, SMEFT PDFs

Greljo et al (1704.09015)

°10

0

10

20

ATLAS

8 TeV

ATLAS, CMS

7, 8, 13 TeV

ATLAS search

L = 139 fb°1

ATLAS

8 TeV

ATLAS, CMS

7, 8, 13 TeV

ATLAS search

L = 139 fb°1

ATLAS, CMS

7, 8, 13 TeV

ATLAS search

L = 139 fb°1
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Ŵ (£104) Ŷ (£104)

CDµ
33 (£102)

Farina et al (1609.08157)

this work, SM PDFs

this work, SMEFT PDFs

Greljo et al (1704.09015)
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Figure 4.8. Overview of the results obtained in this section concerning the EFT parameters Ŵ

and Ŷ (in scenario I) and CDµ
33 (in scenario II). We compare the 95% CL bounds derived in [32]

with those obtained in this work from the high-mass DY cross section measurements (Table 4.1)
and from the ATLAS Z

0 search data (Table 4.2), in both cases displaying the results obtained with
either the SM or the SMEFT PDFs. In the former case, we indicate the results that account for
PDF uncertainties; these are included by construction for the SMEFT PDFs.

LHC data, which can constrain the large-x region without being a↵ected by potential

energy-growing new physics e↵ects, can soften the interplay observed in this study and

disentangle new-physics e↵ects.

5.1 Generation of HL-LHC pseudo-data

Following the strategy adopted in [77] to estimate the ultimate PDF reach of the HL-LHC

measurements (see also [144, 145]), here we generate HL-LHC pseudo-data for NC and CC

high-mass Drell-Yan cross sections at
p

s = 14 TeV and for a total integrated luminosity of

L = 6 ab�1 (from the combination of ATLAS and CMS, which provide L = 3 ab�1 each).

For these projections, theoretical predictions are evaluated at NNLO in QCD including

NLO EW corrections, as is explained in detail in Sect. 3.2. The PDF set used as an

input to generate the theoretical prediction is the DIS+DY baseline that was presented in

Sect. 3.3.

For the generation of the NC pseudo-data, we adopt as reference the CMS measurement

at 13 TeV [122] based on L = 2.8 fb�1. The dilepton invariant mass distribution m`` is

evaluated using the same selection and acceptance cuts of [122] but now with an extended

binning in the m`` to account for the increase in luminosity. We assume equal cuts for

electrons and muons and impose |⌘`|  2.4, p
lead
T � 20 GeV, and p

sublead
T � 15 GeV for the

two leading charged leptons of the event. In the case of the CC pseudo-data, the lack of

unfolded measurements of the mT distribution at 13 TeV to be used as reference forces us
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Ŵ (£104) Ŷ (£104)
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PDF uncertainties; these are included by construction for the SMEFT PDFs.

LHC data, which can constrain the large-x region without being a↵ected by potential

energy-growing new physics e↵ects, can soften the interplay observed in this study and

disentangle new-physics e↵ects.

5.1 Generation of HL-LHC pseudo-data

Following the strategy adopted in [77] to estimate the ultimate PDF reach of the HL-LHC

measurements (see also [144, 145]), here we generate HL-LHC pseudo-data for NC and CC

high-mass Drell-Yan cross sections at
p

s = 14 TeV and for a total integrated luminosity of

L = 6 ab�1 (from the combination of ATLAS and CMS, which provide L = 3 ab�1 each).

For these projections, theoretical predictions are evaluated at NNLO in QCD including

NLO EW corrections, as is explained in detail in Sect. 3.2. The PDF set used as an

input to generate the theoretical prediction is the DIS+DY baseline that was presented in

Sect. 3.3.

For the generation of the NC pseudo-data, we adopt as reference the CMS measurement

at 13 TeV [122] based on L = 2.8 fb�1. The dilepton invariant mass distribution m`` is

evaluated using the same selection and acceptance cuts of [122] but now with an extended

binning in the m`` to account for the increase in luminosity. We assume equal cuts for

electrons and muons and impose |⌘`|  2.4, p
lead
T � 20 GeV, and p

sublead
T � 15 GeV for the

two leading charged leptons of the event. In the case of the CC pseudo-data, the lack of

unfolded measurements of the mT distribution at 13 TeV to be used as reference forces us
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Figure 4.8. Overview of the results obtained in this section concerning the EFT parameters Ŵ

and Ŷ (in scenario I) and CDµ
33 (in scenario II). We compare the 95% CL bounds derived in [32]

with those obtained in this work from the high-mass DY cross section measurements (Table 4.1)
and from the ATLAS Z

0 search data (Table 4.2), in both cases displaying the results obtained with
either the SM or the SMEFT PDFs. In the former case, we indicate the results that account for
PDF uncertainties; these are included by construction for the SMEFT PDFs.

LHC data, which can constrain the large-x region without being a↵ected by potential

energy-growing new physics e↵ects, can soften the interplay observed in this study and

disentangle new-physics e↵ects.

5.1 Generation of HL-LHC pseudo-data

Following the strategy adopted in [77] to estimate the ultimate PDF reach of the HL-LHC

measurements (see also [144, 145]), here we generate HL-LHC pseudo-data for NC and CC

high-mass Drell-Yan cross sections at
p

s = 14 TeV and for a total integrated luminosity of

L = 6 ab�1 (from the combination of ATLAS and CMS, which provide L = 3 ab�1 each).

For these projections, theoretical predictions are evaluated at NNLO in QCD including

NLO EW corrections, as is explained in detail in Sect. 3.2. The PDF set used as an

input to generate the theoretical prediction is the DIS+DY baseline that was presented in

Sect. 3.3.

For the generation of the NC pseudo-data, we adopt as reference the CMS measurement

at 13 TeV [122] based on L = 2.8 fb�1. The dilepton invariant mass distribution m`` is

evaluated using the same selection and acceptance cuts of [122] but now with an extended

binning in the m`` to account for the increase in luminosity. We assume equal cuts for

electrons and muons and impose |⌘`|  2.4, p
lead
T � 20 GeV, and p

sublead
T � 15 GeV for the

two leading charged leptons of the event. In the case of the CC pseudo-data, the lack of

unfolded measurements of the mT distribution at 13 TeV to be used as reference forces us
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PDF fits under the assumption of nonzero SMEFT 
coefficients:


We see a large shift of the PDF central values, in 
some cases beyond PDF uncertainties

PDF-EFT interplay in high-mass Drell-Yan
Adding HL-LHC projections for NC and CC Drell-Yan:
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Neglecting PDF-EFT interplay leads 
to a significant overestimate of the 
EFT constraints.

Adding HL-LHC projections for NC and CC Drell-Yan:
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PDF-EFT interplay in high-mass Drell-Yan

Neglecting PDF-EFT interplay leads 
to a significant overestimate of the 
EFT constraints.

Adding HL-LHC projections for NC and CC Drell-Yan:

what about the top sector?
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The SIMUnet methodology S. Iranipour, M. Ubiali, 2201.07240  

Propagates uncertainties from data to NN parameters using the Monte Carlo replica method
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the

– 9 –
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the
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How does it work?

& DGLAP evolution

= theory prediction
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the
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How does it work?
➡  places SMEFT parameters and    
PDF parameters on the same 
footing

➡  Capable of efficiently fitting 
many SMEFT coefficients 
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the
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Train only the final layer: reproduce SMEFT fits
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the
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Train only the PDF NN weights on all data: reproduce NNPDF
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the
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Train only the PDF NN weights on all data except the top sector:  conservative PDFs
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the

– 9 –

S. Iranipour, M. Ubiali, 2201.07240  

Train only the PDF NN weights on all data except the top sector:  conservative PDFs
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Figure 3.1. Schematic depiction of the SIMUnet methodology. The input nodes (shown in green)
are Bjorken-x and its logarithm. The forward pass through the deep hidden layers (blue) are
performed as in the NNPDF4.0 methodology [2] to yield the output PDFs at the initial scale (red).
The initial scale PDFs are then combined in the initial scale luminosity L0, defined in Eq. (2.3).
The initial scale luminosity is then convoluted with the pre-computed FK-tables ⌃ (shown in blue)
to obtain the theoretical prediction T (shown in red), which enters the figure of merit (3.1), which
is minimised in the fit. The ⌃ dependence on the parameters {cn} is fed into theoretical prediction
T via the trainable edges of the combination layer. All trainable edges are shown by solid edges
and are thus learned parameters determined through gradient descent, while dashed edges are
non-trainable.

The values of {cn} are associated with the weights of the trainable edges which determine
the FK table, ⌃, as in Eq. (2.6). Such dependence enters the theoretical prediction T via
the bilinear produce between ⌃({cn}) and the initial scale PDFs, which in Eq. (2.3) we
refer to as L0, where L0 indicates either the parametrization of one independent PDF at
the initial scale or the product of two of them.

Letting ✓ denote the set of trainable neural network parameters (the weights and biases)
that parameterize the PDFs and {cn} the parameters that we fit alongside the PDFs,
SIMUnet fits the joint ✓̂ = ✓ [ {cn} parameter set, by letting gradient descent determine
their optimum value in order to minimize the figure of merit used in the fit, which is defined
as

�2(✓̂) =
1

Ndat
(D�T(✓̂))T (cov)�1(D�T(✓̂)), (3.1)

with D being the vector of experimental central values, T the vector of theoretical predic-
tions and cov the covariance matrix encapsulating the experimental uncertainties and the

– 9 –
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Figure A.10: Normalized double-differential cross section at the particle level as a function of
m(tt) vs. |y(tt)|. The data are shown as points with gray (yellow) bands indicating the statisti-
cal (statistical and systematic) uncertainties. The cross sections are compared to the predictions
of POWHEG+PYTHIA (P8) for the CP5 and CUETP8M2T4 (T4) tunes, POWHEG+HERWIG (H7),
and the multiparton simulation MG5 aMC@NLO (MG)+PYTHIA. The ratios of the various pre-
dictions to the measured cross sections are shown in the lower panels.

[CMS, Phys. Phys. Rev. D 104 (2021) 092013]
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Top quark data provides important constraints on the large-x region of the gluon PDF.


This impact is largely driven by top quark pair production cross sections and differential distributions.


PDF-EFT interplay in the top sector

e.g. Czakon et. al, 1303.7215, 1611.08609, 1912.08801
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Top quark data provides important constraints on the large-x region of the gluon PDF.


This impact is largely driven by top quark pair production cross sections and differential distributions.


PDF-EFT interplay in the top sector

e.g. Czakon et. al, 1303.7215, 1611.08609, 1912.08801

Potential for interplay between gluon PDF 
and coefficients modifying top quark pair 
production:

27

g

g

t

t̄

(a) SM s-channel

g

g

t

t̄

t

(b) SM t-channel

g

g

t̄

t

t

(c) SM u-channel

g

g

t

t̄

a

(d) ALP contribution

Figure 13: Relevant diagrams for the calculation of the SM-ALP interference in gg ! tt̄

production.

where ŝ, t̂, û are the Mandelstam variables defined as

s = (p1 + p2)
2 = 2(p1 · p2)

t = (p1 � p3)
2 = �2(p1 · p3) + m2

t

u = (p1 � p4)
2 = �2(p1 · p4) + m2

t ,

(D.3)

where p1, p2 are the momenta of the incoming gluons and p3, p4 are the momenta of the
outgoing top quark and antiquark. Note the difference in denominators between the ALP-
ALP and SM-ALP terms: the ALP-ALP contribution to tt̄ is a purely s-channel diagram;
however it interferes with only the SM t� and u-channels. This is because the ALP is
colourless, leading to a factor of �ab in its coupling to a pair of gluons. The SM s-channel
proceeds through the totally antisymmetric triple gauge coupling / fabc, and hence the
interference between the ALP diagram and the SM s-channel is zero.

To understand the behaviour of the ALP-ALP squared contribution and SM-ALP in-
terference contribution to the differential cross sections considered in the analysis of Sec. ??,

– 28 –
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Simultaneous fit

A simultaneous fit shows better 
agreement with the no-top fit:


- the impact of top data is 
diluted by the inclusion of 
the SMEFT
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- the impact of top data is 
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the SMEFT


Uncertainties increase relative 
to the SM, all top data PDF fit


  - reflecting the increase in 
number of fitted parameters

Simultaneous fit

28



Maeve Madigan | Simultaneous fits of PDFs and SMEFT in the top-sector QCD@LHC 2023, Durham

A simultaneous fit shows better 
agreement with the no-top fit:


- the impact of top data is 
diluted by the inclusion of 
the SMEFT


Uncertainties increase relative 
to the SM, all top data PDF fit


  - reflecting the increase in 
number of fitted parameters

Simultaneous fit

28



Maeve Madigan | Simultaneous fits of PDFs and SMEFT in the top-sector QCD@LHC 2023, Durham

Significant correlation between large-x 
gluon PDF and SMEFT coefficients

Simultaneous fit

A simultaneous fit shows better 
agreement with the no-top fit:


- the impact of top data is 
diluted by the inclusion of 
the SMEFT


Uncertainties increase relative 
to the SM, all top data PDF fit


  - reflecting the increase in 
number of fitted parameters
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Simultaneous fit

Simultaneous fitConservative PDF fit - 

only SMEFT fit sees top data

Constraints on the Wilson coefficients are stable, despite differences in PDFs 
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SMEFT PDFs

30

Simultaneous PDF-EFT determination outputs a SMEFT PDF 

Use this as an input to future SMEFT determinations as an approximation for a full PDF-SMEFT fit

Captures the increase in PDF 
uncertainties due to the inclusion 
of SMEFT parameters in the fit

Neglects PDF-SMEFT correlations 
captured by a full simultaneous 
determination
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SMEFT PDFs

30

SMEFT PDFs are a good approximation    -    small PDF-EFT correlation in the top sector

Simultaneous PDF-EFT determination outputs a SMEFT PDF 

Use this as an input to future SMEFT determinations as an approximation for a full PDF-SMEFT fit
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Conclusions

In top data, moderate interplay is observed between the PDFs and SMEFT.


See 2303.06159 and https://www.pbsp.org.uk/topproject/ for more details and results

31

Global SMEFT fits of LHC Run II data provide precise constraints on the top sector of the 
SMEFT

Studies of PDF-EFT interplay are necessary, particularly as we move towards the HL-LHC:


- signals of new physics may be absorbed by the PDF fit

- HL-LHC projections show a significant potential to over-constrain the SMEFT and PDFs

E. Hammou et. al, 2307.10370

Greljo et. al 2104.02723

https://www.pbsp.org.uk/topproject/
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In top data, moderate interplay is observed between the PDFs and SMEFT.
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Global SMEFT fits of LHC Run II data provide precise constraints on the top sector of the 
SMEFT

Studies of PDF-EFT interplay are necessary, particularly as we move towards the HL-LHC:


- signals of new physics may be absorbed by the PDF fit

- HL-LHC projections show a significant potential to over-constrain the SMEFT and PDFs

E. Hammou et. al, 2307.10370

Greljo et. al 2104.02723

Thank you for listening!

https://www.pbsp.org.uk/topproject/
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Conservative PDFs

<latexit sha1_base64="l+jBF/AQzrvJvCQsm91GDf8xioY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Krsq6rHoxWMF+wHtUrLptA1NdtckWyhLf4cXD4p49cd489+YbfegrQ9meLw3QyYviAXXxnW/nZXVtfWNzcJWcXtnd2+/dHDY0FGiGNZZJCLVCqhGwUOsG24EtmKFVAYCm8HoLvObY1SaR+GjmcToSzoIeZ8zaqzky27aQSFI1qbdUtmtuDOQZeLlpAw5at3SV6cXsURiaJigWrc9NzZ+SpXhTOC02Ek0xpSN6ADbloZUovbT2dFTcmqVHulHylZoyEz9vZFSqfVEBnZSUjPUi14m/ue1E9O/8VMexonBkM0f6ieCmIhkCZAeV8iMmFhCmeL2VsKGVFFmbE5FG4K3+OVl0jiveFeVi4fLcvU2j6MAx3ACZ+DBNVThHmpQBwZP8Ayv8OaMnRfn3fmYj644+c4R/IHz+QPCapIa</latexit>m``

<latexit sha1_base64="Rac9wj/6/YMtNEa9AiDvVTTzCDQ=">AAACCXicbZC7TsMwFIYdrqXcAowsFhUSU5UAAsYKFsYi0YvURJHjOK1V24lsB6mKsrLwKiwMIMTKG7DxNjhtBmg5kq1P/3+O7POHKaNKO863tbS8srq2Xtuob25t7+zae/tdlWQSkw5OWCL7IVKEUUE6mmpG+qkkiIeM9MLxTen3HohUNBH3epISn6OhoDHFSBspsKEXS4TzCHqKDjkqDPEg9whjsLyKIrAbTtOZFlwEt4IGqKod2F9elOCME6ExQ0oNXCfVfo6kppiRou5liqQIj9GQDAwKxIny8+kmBTw2SgTjRJojNJyqvydyxJWa8NB0cqRHat4rxf+8QabjKz+nIs00EXj2UJwxqBNYxgIjKgnWbGIAYUnNXyEeIRONNuHVTQju/MqL0D1tuhfNs7vzRuu6iqMGDsEROAEuuAQtcAvaoAMweATP4BW8WU/Wi/Vufcxal6xq5gD8KevzB8bFmmY=</latexit>

d�
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Could we improve the SM PDF fits by removing 
the high-mass data from PDF fits?


• not in the spirit of global fits


• still have a theoretical inconsistency due 
to SM assumptions


• but much easier than doing a 
simultaneous PDF-SMEFT fit
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Conservative PDFs
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Could we improve the SM PDF fits by removing 
the high-mass data from PDF fits?


• not in the spirit of global fits


• still have a theoretical inconsistency due 
to SM assumptions


• but much easier than doing a 
simultaneous PDF-SMEFT fit

See J. Ethier et. al, 2105.00006 for the use 
of conservative PDFs in a global SMEFT fit
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Figure 5.7. Comparison of the magnitude of 95% CL intervals in the global (marginalised) and
individual fits at the linear (top) and quadratic (bottom) level, see also Table 5.4.

CL intervals found in the linear EFT anaysis are increased as follows when going from the
individual to the marginalised fits:

ctZ : [≠0.04, 0.10] (individual) vs [≠17, 5.6] (marginalised) ,

cÏB : [≠0.005, 0.002] (individual) vs [≠0.7, 0.3] (marginalised) .

This e�ect clearly emphasizes the importance of adopting a fitting basis as wide as possible,
in order to avoid obtaining artificially stringent bounds simply because one is being blind
to other relevant directions of the parameter space. One important exception of this rule
would be those cases where one is guided by specific UV-complete models, which motivate
the reduction in the parameter space to a subset of operators. We also note that the triple
gauge operator cW is one of the few coe�cients whose individual and marginalised bounds
are identical: this can be traced back to the fact that this operator is very weakly correlated
with other coe�cients (see also Fig. 5.6), being constrained exclusively by the diboson data.
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Conservative PDFs for high-mass Drell-Yan
dashed: not including PDF uncertainties 

Conservative PDFs:


• assume the SM

• are fit to data which does not receive 

large SMEFT corrections                   
(i.e. no HL-LHC data, no high-mass 
DY data)
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Conservative PDFs:


• assume the SM

• are fit to data which does not receive 

large SMEFT corrections                   
(i.e. no HL-LHC data, no high-mass 
DY data)


Comparing green to orange:


‣ the constraints using SM 
conservative PDFs are closer to those 
using SMEFT PDFs


‣ still overestimating the constraints, 
especially in the      direction


Conservative PDFs for high-mass Drell-Yan
dashed: not including PDF uncertainties 


