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Data driven era of particle physics

vast quantity of data precision measurements
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Beautiful agreement between data 
and the Standard Model
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ATL-PHYS-PUB-2022-009

Beautiful agreement between data 
and the Standard Model

New channels probed in Run II

Where is the new physics beyond the Standard Model? 

Evidence comes from neutrino oscillations, dark matter, ….
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Indirect searches for new physics
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Indirect searches for new physics
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e.g. high-mass Drell-Yan tails
Indirect searches benefit from precision measurements.

<latexit sha1_base64="1oiALj/Xt1K7j+5ilNevxOUxQ6I=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHZV1GPQi8cI5gFJDLOTTjJkZneZ6ZWEZcGLv+LFgyJe/Qlv/o2Tx0ETC7opqrqZ6fIjKQy67rezsLi0vLKaWcuub2xubed2dismjDWHMg9lqGs+MyBFAGUUKKEWaWDKl1D1+9cjv/oA2ogwuMNhBE3FuoHoCM7QSq3cvmolDZCSjlp6nzQQBpgoNkjTVi7vFtwx6DzxpiRPpii1cl+NdshjBQFyyYype26EzYRpFFxCmm3EBiLG+6wLdUsDpsA0k/ENKT2ySpt2Qm0rQDpWf28kTBkzVL6dVAx7ZtYbif959Rg7l81EBFGMEPDJQ51YUgzpKBDaFho4yqEljGth/0p5j2nG0caWtSF4syfPk8pJwTsvnN6e5YtX0zgy5IAckmPikQtSJDekRMqEk0fyTF7Jm/PkvDjvzsdkdMGZ7uyRP3A+fwAnMpiC</latexit>

mmax
``

Could BSM particles be heavy and out of reach?

4



Maeve Madigan | Hide and Seek: how PDFs can conceal new physics University of Vienna 01.12.23

Assume SM symmetries continue to hold and write down all possible interactions of SM fields:
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Compute observables as a systematically improvable expansion in
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The Standard Model Effective Field Theory

Assume new physics is heavy:

<latexit sha1_base64="Q5q2C3uZw5uLVMAYKZJ94ny3fZA=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiQq6rIoggsXFewDmlAmk0k6dDKJM5NCCf0ONy4UcevHuPNvnLZZaPXAwOGcc7l3jp9yprRtf1mlpeWV1bXyemVjc2t7p7q711ZJJgltkYQnsutjRTkTtKWZ5rSbSopjn9OOP7ye+p0RlYol4kGPU+rFOBIsZARrI3nunYkGGLlRhG761Zpdt2dAf4lTkBoUaParn26QkCymQhOOleo5dqq9HEvNCKeTipspmmIyxBHtGSpwTJWXz46eoCOjBChMpHlCo5n6cyLHsVLj2DfJGOuBWvSm4n9eL9PhpZczkWaaCjJfFGYc6QRNG0ABk5RoPjYEE8nMrYgMsMREm54qpgRn8ct/Sfuk7pzXT+/Pao2roo4yHMAhHIMDF9CAW2hCCwg8whO8wKs1sp6tN+t9Hi1Zxcw+/IL18Q2NSZFQ</latexit>

⇤ � E

Integrate out the new physics particle to obtain interactions of the SM fields.
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At dimension 6: 2499 operators


SMEFT
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The global approach
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Higgs tt̄ Diboson EWPO tt̄V top EW

Higgs tt̄ Diboson EWPO tt̄V top EW

Higgs tt̄ Diboson EWPO tt̄V top EW
Higgs tt̄ Diboson EWPO tt̄V top EW

The SMEFT framework connects different 
sectors of observables measured at the LHC. 


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

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

Combination of Higgs, top, diboson and 
electroweak observables constraining 34 
coefficients of the dimension-6 SMEFT
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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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Looking forward
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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
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Interplay
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Parton distribution functionsParton distribution functions

A proton-proton collision
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Parton distribution functions

PDFs parameterise the quark and gluon constituents of the proton

12

Peskin and Schroeder, pg 565
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Parton distribution functions

12

J. Botts et. al, Phys. Lett. B304 159 (1993)

PDFs parameterise the quark and gluon constituents of the proton
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Parton distribution functions

12

PDFs parameterise the quark and gluon constituents of the proton

Figure 1.1. The NNPDF4.0 NNLO PDFs at Q = 3.2 GeV (left) and Q = 102 GeV (right).

and LO), NLO electroweak (EW) and mixed QCD-EW processes are implemented for all LHC processes
using recent dedicated tools [16] and assessed both for phenomenology and in the determination of the
input dataset to be used for PDF fitting.

• Whenever heavy nuclear or deuteron targets are involved, nuclear e↵ects are accounted for as theoret-
ical uncertainties using the methodology of Refs. [17–19], and the results of the nNNPDF2.0 nuclear
PDF determination [20].

• Strict positivity of MS PDFs is implemented following the results of Ref. [21].

• Integrability of all non-singlet PDF first moments is enforced. This specifically implies finiteness of
the Gottfried sum [22] U � D and of the strangeness sum U + D � 2S, where U , D and S denote
respectively the first moment of the sum of quark and antiquark PDFs for up, down and strange
quarks.

• The final dataset is determined through an objective two-stage procedure. Potentially problematic
datasets are identified on the basis of either poor compatibility with the global dataset, or indications
of instability of their experimental covariance matrix. These datasets are then subjected in turn to
a dedicated fit in which the failed dataset is given a large weight, and then accepted or rejected
depending on the outcome.

The NNPDF4.0 PDF set is released at LO, NLO and NNLO QCD, for a variety of values of ↵s. The
default PDF sets are provided in the FONLL variable-flavor number scheme [23] with maximum number
of flavors nf = 5, and an independently parametrized charm PDF. PDF sets with di↵erent maximum
number of flavors and with a perturbatively generated charm PDF are also made available, along with PDF
sets determined using reduced datasets, which may be useful for specific applications. The main sets are
delivered in the following formats: a Monte Carlo representation with 1000 replicas; a Hessian set with 50
eigenvectors obtained from the Monte Carlo set via the MC2Hessian algorithm [24, 25]; and a compressed
set of 100 Monte Carlo replicas, obtained from the original 1000 through the Compressor algorithm [26] as
implemented in the new Python code of Ref. [27]. The final NNPDF4.0 NNLO PDFs are shown in Fig. 1.1
both at a low (Q = 3.2 GeV) and a high (Q = 100 GeV) scale.

More importantly, the full NNPDF software framework is released as an open source package [28]. This
includes the full dataset; the methodology hyperoptimization; the PDF parametrization and optimization;
the computation of physical processes; the set of validation tools; and the suite of visualization tools. The
code and the corresponding documentation are discussed in a companion paper [29].

The structure of this paper is the following. First, in Sect. 2 we present the input experimental data and
the associated theoretical calculations that will be used in our analysis, with emphasis on the new datasets
added in comparison to NNPDF3.1. Then in Sect. 3 we discuss the fitting methodology, in particular the
parametrization of PDFs in terms of neural networks, their training, and the algorithmic determination of
their hyperparameters. The procedure adopted to select the NNPDF4.0 baseline dataset is described in

5

NNPDF4.0, [2109.02653]
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Parton distribution functions

Figure 1.1. The NNPDF4.0 NNLO PDFs at Q = 3.2 GeV (left) and Q = 102 GeV (right).

and LO), NLO electroweak (EW) and mixed QCD-EW processes are implemented for all LHC processes
using recent dedicated tools [16] and assessed both for phenomenology and in the determination of the
input dataset to be used for PDF fitting.

• Whenever heavy nuclear or deuteron targets are involved, nuclear e↵ects are accounted for as theoret-
ical uncertainties using the methodology of Refs. [17–19], and the results of the nNNPDF2.0 nuclear
PDF determination [20].

• Strict positivity of MS PDFs is implemented following the results of Ref. [21].

• Integrability of all non-singlet PDF first moments is enforced. This specifically implies finiteness of
the Gottfried sum [22] U � D and of the strangeness sum U + D � 2S, where U , D and S denote
respectively the first moment of the sum of quark and antiquark PDFs for up, down and strange
quarks.

• The final dataset is determined through an objective two-stage procedure. Potentially problematic
datasets are identified on the basis of either poor compatibility with the global dataset, or indications
of instability of their experimental covariance matrix. These datasets are then subjected in turn to
a dedicated fit in which the failed dataset is given a large weight, and then accepted or rejected
depending on the outcome.

The NNPDF4.0 PDF set is released at LO, NLO and NNLO QCD, for a variety of values of ↵s. The
default PDF sets are provided in the FONLL variable-flavor number scheme [23] with maximum number
of flavors nf = 5, and an independently parametrized charm PDF. PDF sets with di↵erent maximum
number of flavors and with a perturbatively generated charm PDF are also made available, along with PDF
sets determined using reduced datasets, which may be useful for specific applications. The main sets are
delivered in the following formats: a Monte Carlo representation with 1000 replicas; a Hessian set with 50
eigenvectors obtained from the Monte Carlo set via the MC2Hessian algorithm [24, 25]; and a compressed
set of 100 Monte Carlo replicas, obtained from the original 1000 through the Compressor algorithm [26] as
implemented in the new Python code of Ref. [27]. The final NNPDF4.0 NNLO PDFs are shown in Fig. 1.1
both at a low (Q = 3.2 GeV) and a high (Q = 100 GeV) scale.

More importantly, the full NNPDF software framework is released as an open source package [28]. This
includes the full dataset; the methodology hyperoptimization; the PDF parametrization and optimization;
the computation of physical processes; the set of validation tools; and the suite of visualization tools. The
code and the corresponding documentation are discussed in a companion paper [29].

The structure of this paper is the following. First, in Sect. 2 we present the input experimental data and
the associated theoretical calculations that will be used in our analysis, with emphasis on the new datasets
added in comparison to NNPDF3.1. Then in Sect. 3 we discuss the fitting methodology, in particular the
parametrization of PDFs in terms of neural networks, their training, and the algorithmic determination of
their hyperparameters. The procedure adopted to select the NNPDF4.0 baseline dataset is described in
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Parton distribution functions

The SMEFT enters here: 
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Both PDFs and SMEFT are determined by fitting from data

Parton distribution functions

12
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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

13



Maeve Madigan | Hide and Seek: how PDFs can conceal new physics University of Vienna 01.12.23

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.
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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.
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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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Overview

1.   PDF-EFT interplay in high-mass Drell-Yan


2.   Can PDFs absorb new physics?


3.   Simultaneous PDF and SMEFT determination in the top sector
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PDF-EFT interplay in high-mass Drell-Yan
Greljo et. al 2104.02723
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PDF-EFT interplay in high-mass Drell-Yan

Energy-growing 4-fermion operators manifest 
as a smooth distortion of the high-mass tail:
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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 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
Constraints on the large-x region of the 
u and d PDFs:

Greljo et. al 2104.02723
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(c2�s2)(q2�m2

Z)
+ t(Y�W)

m2
Z

? 1+T̂�W�t2Y
q2�m2

Z
� t2Y+W

m2
Z

3

5

PC =
1+((T̂�W�t2Y)�2t2(Ŝ�W�Y))/(1�t2)
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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 +
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Constraints on 4-fermion operators of the SMEFT:
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Simultaneous PDF and SMEFT fit
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Simultaneous PDF and SMEFT fit

Data
Deep inelastic scattering + Drell-Yan 


- including high-mass DY:

+ High Luminosity projections
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Data Theory benchmarks

Deep inelastic scattering + Drell-Yan 


- including high-mass DY:

+ High Luminosity projections

Electroweak oblique parameters
<latexit sha1_base64="+s0T3rzkQRDHcsDVTSCer5EKxxU=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuJCSqKjLohuXFexF2lAm00k7dDIJM5NCCXkTNy4UceubuPNtnKZZaOsPAx//OYdz5vdjzpR2nG+rtLK6tr5R3qxsbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++O7Wb09oVKxSDzqaUy9EA8FCxjB2lh92+6NsE7b2RnK4Snr21Wn5uRCy+AWUIVCjb791RtEJAmp0IRjpbquE2svxVIzwmlW6SWKxpiM8ZB2DQocUuWl+eUZOjHOAAWRNE9olLu/J1IcKjUNfdMZYj1Si7WZ+V+tm+jgxkuZiBNNBZkvChKOdIRmMaABk5RoPjWAiWTmVkRGWGKiTVgVE4K7+OVlaJ3X3KvaxcNltX5bxFGGIziGU3DhGupwDw1oAoEJPMMrvFmp9WK9Wx/z1pJVzBzCH1mfP0hHk3E=</latexit>

Ŵ , Ŷ

Simultaneous PDF and SMEFT fit
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Data Theory benchmarks

Deep inelastic scattering + Drell-Yan 


- including high-mass DY:

+ High Luminosity projections

Electroweak oblique parameters
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Ŵ , Ŷ

parametrises the impact 
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Simultaneous PDF and SMEFT fit results
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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.

Simultaneous PDF and SMEFT fit results
Excluding HL-LHC projections for NC and CC Drell-Yan:
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SMEFT constraints are stable: 

moderate shifts when using SMEFT 
vs SM PDFs
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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
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high-mass Drell-Yan cross sections at
p
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For these projections, theoretical predictions are evaluated at NNLO in QCD including
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input to generate the theoretical prediction is the DIS+DY baseline that was presented in
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Simultaneous PDF and SMEFT fit results
Excluding HL-LHC projections for NC and CC Drell-Yan:
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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

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

Simultaneous PDF and SMEFT fit results
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Neglecting PDF-EFT interplay leads 
to a significant overestimate of the 
EFT constraints.

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

Simultaneous PDF and SMEFT fit results
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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�

dm``

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 

24
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Neglecting PDF-EFT interplay leads 
to a significant overestimate of the 
EFT constraints.

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

Simultaneous PDF and SMEFT fit results

24
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Neglecting PDF-EFT interplay leads 
to a significant overestimate of the 
EFT constraints.

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

19

what does this mean for searches 
for new physics?

Simultaneous PDF and SMEFT fit results
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Can PDFs Absorb New Physics?
E. Hammou, Z. Kassabov, MM, M. L. Mangano, L. Mantani, J. Moore, 
M. Morales Alvarado, M. Ubiali, 2307.10370

25
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hep-ex/9601008

CDF collaboration measured a deviation at 
high transverse momentum


However, this was not new physics


- deviation went away with improvements 
to large-x gluon PDFs 
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What if no new 
physics is 
observed…


…because it has been 
absorbed by the PDFs?


2308.08521
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Assume that we know the true underlying law of nature:   SM + UV model


Contaminated PDFs

<latexit sha1_base64="QmkSAkQEwNVpRax4ZNEXVxJr+yM=">AAACEHicbVDJSgNBEO1xjXGLevTSGMQIEmbE7SIEvXhRImaDzDD0dDpJk56F7hohDPkEL/6KFw+KePXozb+xk8whJj4oeLxXRVU9LxJcgWn+GHPzC4tLy5mV7Ora+sZmbmu7psJYUlaloQhlwyOKCR6wKnAQrBFJRnxPsLrXux769UcmFQ+DCvQj5vikE/A2pwS05OYOKvgSVwo2dBkQN7Gljx9uB0d4UrgrDw7dXN4smiPgWWKlJI9SlN3ct90KaeyzAKggSjUtMwInIRI4FWyQtWPFIkJ7pMOamgbEZ8pJRg8N8L5WWrgdSl0B4JE6OZEQX6m+7+lOn0BXTXtD8T+vGUP7wkl4EMXAAjpe1I4FhhAP08EtLhkF0deEUMn1rZh2iSQUdIZZHYI1/fIsqR0XrbPi6f1JvnSVxpFBu2gPFZCFzlEJ3aAyqiKKntALekPvxrPxanwYn+PWOSOd2UF/YHz9AkSwm4M=</latexit>

T = T (✓SM, ✓NP)

closely follows the closure test methodology developed by NNPDF, 1410.8849
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Assume that we know the true underlying law of nature:   SM + UV model


Contaminated PDFs

<latexit sha1_base64="QmkSAkQEwNVpRax4ZNEXVxJr+yM=">AAACEHicbVDJSgNBEO1xjXGLevTSGMQIEmbE7SIEvXhRImaDzDD0dDpJk56F7hohDPkEL/6KFw+KePXozb+xk8whJj4oeLxXRVU9LxJcgWn+GHPzC4tLy5mV7Ora+sZmbmu7psJYUlaloQhlwyOKCR6wKnAQrBFJRnxPsLrXux769UcmFQ+DCvQj5vikE/A2pwS05OYOKvgSVwo2dBkQN7Gljx9uB0d4UrgrDw7dXN4smiPgWWKlJI9SlN3ct90KaeyzAKggSjUtMwInIRI4FWyQtWPFIkJ7pMOamgbEZ8pJRg8N8L5WWrgdSl0B4JE6OZEQX6m+7+lOn0BXTXtD8T+vGUP7wkl4EMXAAjpe1I4FhhAP08EtLhkF0deEUMn1rZh2iSQUdIZZHYI1/fIsqR0XrbPi6f1JvnSVxpFBu2gPFZCFzlEJ3aAyqiKKntALekPvxrPxanwYn+PWOSOd2UF/YHz9AkSwm4M=</latexit>

T = T (✓SM, ✓NP)

Generate Monte Carlo pseudodata according to this underlying law:


<latexit sha1_base64="gZBj2reGqGD3VVcjbqn0jEE16JE=">AAACKHicbVDLSgMxFM34tr6qLt0Ei9CClBnxtVPUhRul0laFTil30rQNJjNDckcow3yOG3/FjYgibv0S09qFWg8EDufcy805QSyFQdf9cCYmp6ZnZufmcwuLS8sr+dW1axMlmvE6i2SkbwMwXIqQ11Gg5Lex5qACyW+Cu9OBf3PPtRFRWMN+zJsKuqHoCAZopVb+6Iz6RijqK8AeA5leZsVa0cceR2ilvla0epFt05/CZSUrWaUqugpKrXzBLbtD0HHijUiBjFBp5V/8dsQSxUNkEoxpeG6MzRQ0CiZ5lvMTw2Ngd9DlDUtDUNw002HQjG5ZpU07kbYvRDpUf26koIzpq8BODvKYv95A/M9rJNg5bKYijBPkIfs+1EkkxYgOWqNtoTlD2bcEmBb2r5T1QAND223OluD9jTxOrnfK3n5572q3cHwyqmOObJBNUiQeOSDH5JxUSJ0w8kCeyCt5cx6dZ+fd+fgenXBGO+vkF5zPL8l0pTE=</latexit>

D ⇠ N (T (✓SM, ✓NP),⌃)

closely follows the closure test methodology developed by NNPDF, 1410.8849
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Assume that we know the true underlying law of nature:   SM + UV model


Contaminated PDFs

<latexit sha1_base64="QmkSAkQEwNVpRax4ZNEXVxJr+yM=">AAACEHicbVDJSgNBEO1xjXGLevTSGMQIEmbE7SIEvXhRImaDzDD0dDpJk56F7hohDPkEL/6KFw+KePXozb+xk8whJj4oeLxXRVU9LxJcgWn+GHPzC4tLy5mV7Ora+sZmbmu7psJYUlaloQhlwyOKCR6wKnAQrBFJRnxPsLrXux769UcmFQ+DCvQj5vikE/A2pwS05OYOKvgSVwo2dBkQN7Gljx9uB0d4UrgrDw7dXN4smiPgWWKlJI9SlN3ct90KaeyzAKggSjUtMwInIRI4FWyQtWPFIkJ7pMOamgbEZ8pJRg8N8L5WWrgdSl0B4JE6OZEQX6m+7+lOn0BXTXtD8T+vGUP7wkl4EMXAAjpe1I4FhhAP08EtLhkF0deEUMn1rZh2iSQUdIZZHYI1/fIsqR0XrbPi6f1JvnSVxpFBu2gPFZCFzlEJ3aAyqiKKntALekPvxrPxanwYn+PWOSOd2UF/YHz9AkSwm4M=</latexit>

T = T (✓SM, ✓NP)

Generate Monte Carlo pseudodata according to this underlying law:


<latexit sha1_base64="gZBj2reGqGD3VVcjbqn0jEE16JE=">AAACKHicbVDLSgMxFM34tr6qLt0Ei9CClBnxtVPUhRul0laFTil30rQNJjNDckcow3yOG3/FjYgibv0S09qFWg8EDufcy805QSyFQdf9cCYmp6ZnZufmcwuLS8sr+dW1axMlmvE6i2SkbwMwXIqQ11Gg5Lex5qACyW+Cu9OBf3PPtRFRWMN+zJsKuqHoCAZopVb+6Iz6RijqK8AeA5leZsVa0cceR2ilvla0epFt05/CZSUrWaUqugpKrXzBLbtD0HHijUiBjFBp5V/8dsQSxUNkEoxpeG6MzRQ0CiZ5lvMTw2Ngd9DlDUtDUNw002HQjG5ZpU07kbYvRDpUf26koIzpq8BODvKYv95A/M9rJNg5bKYijBPkIfs+1EkkxYgOWqNtoTlD2bcEmBb2r5T1QAND223OluD9jTxOrnfK3n5572q3cHwyqmOObJBNUiQeOSDH5JxUSJ0w8kCeyCt5cx6dZ+fd+fgenXBGO+vkF5zPL8l0pTE=</latexit>

D ⇠ N (T (✓SM, ✓NP),⌃)

Perform a PDF fit:   fit only the SM parameters 
 <latexit sha1_base64="UtPS7z2jf9It335Dqc+5IUdrKSA=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIr2XRjRuhon1AE8JkOmmHziRh5kaooV/ixoUibv0Ud/6N0zYLrR64cDjnXu69J0wF1+A4X1ZpaXllda28XtnY3Nqu2ju7bZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Grqdx6Y0jyJ72GcMl+SQcwjTgkYKbCrHgwZkCD3lMR3N5PArjl1Zwb8l7gFqaECzcD+9PoJzSSLgQqidc91UvBzooBTwSYVL9MsJXREBqxnaEwk034+O3yCD43Sx1GiTMWAZ+rPiZxIrccyNJ2SwFAvelPxP6+XQXTh5zxOM2AxnS+KMoEhwdMUcJ8rRkGMDSFUcXMrpkOiCAWTVcWE4C6+/Je0j+vuWf309qTWuCziKKN9dICOkIvOUQNdoyZqIYoy9IRe0Kv1aD1bb9b7vLVkFTN76Besj2+YA5MP</latexit>

✓SM using the NNPDF4.0 methodology 
2109.02653 

closely follows the closure test methodology developed by NNPDF, 1410.8849
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Assume that we know the true underlying law of nature:   SM + UV model


Contaminated PDFs

<latexit sha1_base64="QmkSAkQEwNVpRax4ZNEXVxJr+yM=">AAACEHicbVDJSgNBEO1xjXGLevTSGMQIEmbE7SIEvXhRImaDzDD0dDpJk56F7hohDPkEL/6KFw+KePXozb+xk8whJj4oeLxXRVU9LxJcgWn+GHPzC4tLy5mV7Ora+sZmbmu7psJYUlaloQhlwyOKCR6wKnAQrBFJRnxPsLrXux769UcmFQ+DCvQj5vikE/A2pwS05OYOKvgSVwo2dBkQN7Gljx9uB0d4UrgrDw7dXN4smiPgWWKlJI9SlN3ct90KaeyzAKggSjUtMwInIRI4FWyQtWPFIkJ7pMOamgbEZ8pJRg8N8L5WWrgdSl0B4JE6OZEQX6m+7+lOn0BXTXtD8T+vGUP7wkl4EMXAAjpe1I4FhhAP08EtLhkF0deEUMn1rZh2iSQUdIZZHYI1/fIsqR0XrbPi6f1JvnSVxpFBu2gPFZCFzlEJ3aAyqiKKntALekPvxrPxanwYn+PWOSOd2UF/YHz9AkSwm4M=</latexit>

T = T (✓SM, ✓NP)

Generate Monte Carlo pseudodata according to this underlying law:


<latexit sha1_base64="gZBj2reGqGD3VVcjbqn0jEE16JE=">AAACKHicbVDLSgMxFM34tr6qLt0Ei9CClBnxtVPUhRul0laFTil30rQNJjNDckcow3yOG3/FjYgibv0S09qFWg8EDufcy805QSyFQdf9cCYmp6ZnZufmcwuLS8sr+dW1axMlmvE6i2SkbwMwXIqQ11Gg5Lex5qACyW+Cu9OBf3PPtRFRWMN+zJsKuqHoCAZopVb+6Iz6RijqK8AeA5leZsVa0cceR2ilvla0epFt05/CZSUrWaUqugpKrXzBLbtD0HHijUiBjFBp5V/8dsQSxUNkEoxpeG6MzRQ0CiZ5lvMTw2Ngd9DlDUtDUNw002HQjG5ZpU07kbYvRDpUf26koIzpq8BODvKYv95A/M9rJNg5bKYijBPkIfs+1EkkxYgOWqNtoTlD2bcEmBb2r5T1QAND223OluD9jTxOrnfK3n5572q3cHwyqmOObJBNUiQeOSDH5JxUSJ0w8kCeyCt5cx6dZ+fd+fgenXBGO+vkF5zPL8l0pTE=</latexit>

D ⇠ N (T (✓SM, ✓NP),⌃)

Perform a PDF fit:   fit only the SM parameters 
 <latexit sha1_base64="UtPS7z2jf9It335Dqc+5IUdrKSA=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIr2XRjRuhon1AE8JkOmmHziRh5kaooV/ixoUibv0Ud/6N0zYLrR64cDjnXu69J0wF1+A4X1ZpaXllda28XtnY3Nqu2ju7bZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Grqdx6Y0jyJ72GcMl+SQcwjTgkYKbCrHgwZkCD3lMR3N5PArjl1Zwb8l7gFqaECzcD+9PoJzSSLgQqidc91UvBzooBTwSYVL9MsJXREBqxnaEwk034+O3yCD43Sx1GiTMWAZ+rPiZxIrccyNJ2SwFAvelPxP6+XQXTh5zxOM2AxnS+KMoEhwdMUcJ8rRkGMDSFUcXMrpkOiCAWTVcWE4C6+/Je0j+vuWf309qTWuCziKKN9dICOkIvOUQNdoyZqIYoy9IRe0Kv1aD1bb9b7vLVkFTN76Besj2+YA5MP</latexit>

✓SM using the NNPDF4.0 methodology 
2109.02653 

PDF has absorbed new physics if the fit quality is good


closely follows the closure test methodology developed by NNPDF, 1410.8849
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Data

2109.02653 

•We generate MC pseudodata for all 
datasets included in NNPDF 4.0

•Additionally, we include HL-LHC 
projections for neutral current and 
charged current DY

as in Greljo et. al 2104.02723
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BSM scenario: Z’

•Flavour universal Z’

•Impacts NC DY

EFT approximation

<latexit sha1_base64="qJe3BxS1C6kNYyJbHBZpynDAUKA=">AAACC3icbZDLSgMxFIYz9VbrbdSlm9AiCGKZEW/LohuXFewFOmPJpJk2NJMMSUYpw+zd+CpuXCji1hdw59uYtrPQ1h8CH/85h5PzBzGjSjvOt1VYWFxaXimultbWNza37O2dphKJxKSBBROyHSBFGOWkoalmpB1LgqKAkVYwvBrXW/dEKir4rR7FxI9Qn9OQYqSN1bXLMYwh9CTtDzSSUjxAjzB2lx5mORxlXbviVJ2J4Dy4OVRArnrX/vJ6AicR4RozpFTHdWLtp0hqihnJSl6iSIzwEPVJxyBHEVF+Orklg/vG6cFQSPO4hhP390SKIqVGUWA6I6QHarY2Nv+rdRIdXvgp5XGiCcfTRWHCoBZwHAzsUUmwZiMDCEtq/grxAEmEtYmvZEJwZ0+eh+Zx1T2rnt6cVGqXeRxFsAfK4AC44BzUwDWogwbA4BE8g1fwZj1ZL9a79TFtLVj5zC74I+vzB/TfmmQ=</latexit>

pp ! `+`�
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BSM scenario: W’

•Flavour universal W’

•Impacts NC and CC DY

EFT approximation
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Do our contaminated fits pass the selection criteria?

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�

➡ Z’ scenario

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�
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Do our contaminated fits pass the selection criteria?

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�

No: PDFs do not absorb new physics

➡ Z’ scenario

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�
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Do our contaminated fits pass the selection criteria?

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�

No: PDFs do not absorb new physics

➡ Z’ scenario

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�

unless the NP effects are negligible
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Do our contaminated fits pass the selection criteria?

<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�

➡ W’ scenario
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Do our contaminated fits pass the selection criteria?

Yes: PDFs absorb new physics
<latexit sha1_base64="7RU6Z0qfTFPwsNP+xJqqV6hzUjE=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnBPqAdSibNtKFJZkwyQhn6E25cKOLW33Hn35i2s9DWAxcO59zLvfeEieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXVSu4q7hg8k6ZXKXsWbAS8TPydlyFHvlb66/ZimkilLBTGm43uJDTKiLaeCTYrd1LCE0BEZsI6jikhmgmx27wSfOqWPo1i7UhbP1N8TGZHGjGXoOiWxQ7PoTcX/vE5qo+sg4ypJLVN0vihKBbYxnj6P+1wzasXYEUI1d7diOiSaUOsiKroQ/MWXl0mzWvEvKxf35+XaTR5HAY7hBM7AhyuowR3UoQEUBDzDK7yhR/SC3tHHvHUF5TNH8Afo8wdn8o+T</latexit>

2�

➡ W’ scenario
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W’-contaminated PDFs
NC DY CC DY

Fewer constraints on the large-x antiquark PDFs allow freedom to shift away from the baseline

<latexit sha1_base64="apqN+M/UMQIl9tA4Pm1sJAmEwcw="></latexit>

Lqq̄ =
X

q,q̄

Z 1

⌧

dx

x
fq(x)fq̄(⌧/x)
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W’-contaminated PDFs

Fewer constraints on the large-x antiquark PDFs allow freedom to shift away from the baseline

Data:                  ‘true’ PDF    SM + W’

Theory: contaminated PDF    SM<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦
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Impact on Drell-Yan

Excellent data-theory 
agreement


Data:                  ‘true’ PDF    SM + W’

Theory: contaminated PDF    SM<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

- The data appears to agree well with the SM


- The shift in the PDFs compensates the NP effects 

- The effects of NP are completely missed
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Charged current DY is not impacted by the Z’ model

➡ CC DY data constrains the large-x quark and antiquark PDFs to be SM-like

➡ PDFs cannot shift enough to absorb NP effects in neutral current DY


32

Z’-contaminated PDFs Data:                  ‘true’ PDF    SM + Z’

Theory: contaminated PDF    SM<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

NC DY CC DY
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Data:                  ‘true’ PDF    SM + Z’

Theory: contaminated PDF    SM<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

PDFs remain SM-like: discrepancy with Z’ in NC DY data

Impact on Drell-Yan
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Impact on EW processes

The PDF then causes spurious NP effects 
in other observables e.g.  

<latexit sha1_base64="2KdPcWK8YoE8Qwy0phJQ3wBktUg=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCEhIaoE8RorWBiLRB9SEyrHdVqrTpzaDqiKMrPwKywMIMTKF7DxNzhtBmg50r06Oude2fd4EaNSWda3UZibX1hcKi6XVlbX1jfMza2G5LHApI4546LlIUkYDUldUcVIKxIEBR4jTW9wlfnNeyIk5eGtGkXEDVAvpD7FSGmpY+4OoeMhkQxT6Aja6yskBH+AzbvkMM36Udoxy1bFGgPOEjsnZZCj1jG/nC7HcUBChRmSsm1bkXITJBTFjKQlJ5YkQniAeqStaYgCIt1kfEoK97XShT4XukIFx+rvjQQFUo4CT08GSPXltJeJ/3ntWPkXbkLDKFYkxJOH/JhBxWGWC+xSQbBiI00QFlT/FeI+EggrnV5Jh2BPnzxLGscV+6xyenNSrl7mcRTBDtgDB8AG56AKrkEN1AEGj+AZvII348l4Md6Nj8lowch3tsEfGJ8/qn+aQQ==</latexit>

qq̄ ! W+W�

•Data appears to disagree with SM at


•However,              is unaffected by W’ 
model: 


the deviation is in the PDF

<latexit sha1_base64="aBpxRFrew96zscEncTPd2Y3qUhI=">AAAB73icbVDLSgMxFL3xWeur6tJNsAiuyozvZdGNywr2Ae1QMmmmDU0yY5IRytCfcONCEbf+jjv/xrSdhbYeuHA4517uvSdMBDfW877R0vLK6tp6YaO4ubW9s1va22+YONWU1WksYt0KiWGCK1a33ArWSjQjMhSsGQ5vJ37ziWnDY/VgRwkLJOkrHnFKrJNaZ7hjeF+SbqnsVbwp8CLxc1KGHLVu6avTi2kqmbJUEGPavpfYICPacirYuNhJDUsIHZI+azuqiGQmyKb3jvGxU3o4irUrZfFU/T2REWnMSIauUxI7MPPeRPzPa6c2ug4yrpLUMkVni6JUYBvjyfO4xzWjVowcIVRzdyumA6IJtS6iogvBn395kTROK/5l5eL+vFy9yeMowCEcwQn4cAVVuIMa1IGCgGd4hTf0iF7QO/qYtS6hfOYA/gB9/gBpfY+U</latexit>

3�
<latexit sha1_base64="5AKlKq819JlaEsdheoI1jR/LDZo=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSIIYtkVv45FLx4r2G6h3ZZsmm1Ds9mQZIWy9Ed48aCIV3+PN/+NabsHbX0w8Hhvhpl5oeRMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+QyepIrROEp6oZog15UzQumGG06ZUFMchp344vJv4/hNVmiXi0YwkDWLcFyxiBBsr+X7nFPmds26p7FbcKdAi8XJShhy1bumr3UtIGlNhCMdatzxXmiDDyjDC6bjYTjWVmAxxn7YsFTimOsim547RsVV6KEqULWHQVP09keFY61Ec2s4Ym4Ge9ybif14rNdFNkDEhU0MFmS2KUo5Mgia/ox5TlBg+sgQTxeytiAywwsTYhIo2BG/+5UXSOK94V5XLh4ty9TaPowCHcAQn4ME1VOEealAHAkN4hld4c6Tz4rw7H7PWJSefOYA/cD5/APG8jqw=</latexit>

W+W�

Data:                  ‘true’ PDF    SM 

Theory: contaminated PDF    SM<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

HL-LHC projections
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Impact on EW processes

The PDF then causes spurious NP effects 
in other observables e.g.  

•Data appears to disagree with SM at


•However,            is unaffected by W’ 
model: 


the deviation is in the PDF

Data:                  ‘true’ PDF    SM 

Theory: contaminated PDF    SM<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

statistics improved by a factor of 10

HL-LHC projections
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Opportunities to disentangle PDF and SMEFT effects
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Opportunities to disentangle PDF and SMEFT effects

Ratio observables:



Maeve Madigan | Hide and Seek: how PDFs can conceal new physics University of Vienna 01.12.2337

Opportunities to disentangle PDF and SMEFT effects

Ratio observables:

Low-energy precision measurements 
sensitive to high-x PDFs
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Opportunities to disentangle PDF and SMEFT effects

Ratio observables:

Low-energy precision measurements 
sensitive to high-x PDFs

➡  add precision here:
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Opportunities to disentangle PDF and SMEFT effects

Ratio observables:

Low-energy precision measurements 
sensitive to high-x PDFs

what about simultaneous PDF and SMEFT determinations?
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The SIMUnet Methodology 
S. Iranipour, M. Ubiali, 2201.07240  

38

Public release coming soon: M. N. Constantini, E. Hammou, MM, 
L. Mantani, J. Moore, M. Morales Alvarado, M. Ubiali  
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Figure 3.9. The neural network architecture adopted for NNPDF4.0. A single network is used, whose eight output
values are the PDFs in the evolution (red) or the flavor basis (blue box). The architecture displayed corresponds
to the optimal choice in the evolution basis; the optimal architecture in the flavor basis is di↵erent as indicated by
Table 3.2).

hyperoptimization would be required. Our current understanding encompasses changes to the experimental
data, the theoretical description, and methodological choices (such as the choice of PDF basis).

We have checked that the procedure is quite stable upon reasonably small changes of the dataset.
For instance, the appraisal and selection of the final dataset, see Sect. 4 below, did not require any new
hyperoptimization. In fact, the datasets included in Table 3.1 do not correspond exactly to the datasets
included in the final dataset, since the final appraisal of the data to be included was performed after the
methodology was set. Furthermore, when removing datasets the given methodology remains viable, though
in principle there might be a computationally more e�cient one giving the same results for the small datasets.
This will be seen explicitly in the context of “future tests” in Sect. 6.2 below.

On the other hand, a substantial change in methodology or dataset generally needs a new hyperoptimiza-
tion. This is illustrated by the fact (see Tab. 3.2) that the optimal settings for fitting in the flavor basis di↵er
substantially from those of the evolution basis. Likewise, the addition of a large number of new datasets
a↵ecting kinematic regions or PDF combinations for which currently there is little or no information might
have an impact on the fit su�cient to warrant a new run of the hyperoptimization procedure.

The open source NNPDF4.0 fitting framework released with this paper includes all necessary tools to
carry out an automatic scan of hyperparameters, which means it can be readily used in situations which are
very wildly di↵erent from the specific scenario considered in this work, be it in terms of the experimental
data available or the theoretical framework being considered.

3.4 Performance and quality benchmarks

The new NNPDF fitting framework features a significantly improved computational performance compared
to previous NNPDF. This improvement is mostly driven by the availability of the gradient-based optimizers
provided by the TensorFlow library, combined with the dedicated hyperparameter optimization and other
technical improvements in key parts of the code. Furthermore, the new fitting framework is able to take ad-
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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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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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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 SMEFT-affected 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
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Simultaneous PDF and SMEFT 
determination in the top sector

Kassabov et. al: 2303.06159 

42
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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:

43
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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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Z. Kassabov et. al , 2303.06159

Top quark data available in 2023
Top quark data available in 2021
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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. ??,
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The top sector of the SMEFT
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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

45



Maeve Madigan | Hide and Seek: how PDFs can conceal new physics University of Vienna 01.12.23

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

45



Maeve Madigan | Hide and Seek: how PDFs can conceal new physics University of Vienna 01.12.23

Simultaneous fitConservative PDF fit - 

only SMEFT fit sees top data

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

46

Simultaneous fit
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Simultaneous fit: what about quadratic EFT effects?

46

Top quark data available in 2023
Top quark data available in 2021
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Consider fitting 1 Wilson coefficient c to 1 datapoint           : define

The Monte Carlo Replica Method

1. Resample:


2. Minimise: 


3. Repeat, and treat the sample       as a sample from the Bayesian posterior  

<latexit sha1_base64="pVe+tIKpHlsdeYqx8b+r9KAaPE8="></latexit>

c̄ = arg minc
(�(c)� �̃exp)2

��2

<latexit sha1_base64="/bsOxPcj/KiwUTlEASSAUQXsskA=">AAAB9XicbVDLSsNAFL3js9ZX1aWbwSK4Kon4WhbduKxgH9DEMplO2qGTSZiZKCXkP9y4UMSt/+LOv3HaZqGtBy4czrmXe+8JEsG1cZxvtLS8srq2Xtoob25t7+xW9vZbOk4VZU0ai1h1AqKZ4JI1DTeCdRLFSBQI1g5GNxO//ciU5rG8N+OE+REZSB5ySoyVHrwMewFRGc2xl+NeperUnCnwInELUoUCjV7ly+vHNI2YNFQQrbuukxg/I8pwKlhe9lLNEkJHZMC6lkoSMe1n06tzfGyVPg5jZUsaPFV/T2Qk0nocBbYzImao572J+J/XTU145WdcJqlhks4WhanAJsaTCHCfK0aNGFtCqOL2VkyHRBFqbFBlG4I7//IiaZ3W3Iva+d1ZtX5dxFGCQziCE3DhEupwCw1oAgUFz/AKb+gJvaB39DFrXULFzAH8Afr8AcOakgw=</latexit>

{c̄}
<latexit sha1_base64="0XC1p1PQXtoZUeNHz5yo3aMBRZE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DevAYwTwgWcLsZDYZMjO7zswKYc1PePGgiFd/x5t/4yTZgyYWNBRV3XR3BTFn2rjut5NbWl5ZXcuvFzY2t7Z3irt7DR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4fXEbz5SpVkk780opr7AfclCRrCxUisuE/SEbo67xZJbcadAi8TLSAky1LrFr04vIomg0hCOtW57bmz8FCvDCKfjQifRNMZkiPu0banEgmo/nd47RkdW6aEwUrakQVP190SKhdYjEdhOgc1Az3sT8T+vnZjw0k+ZjBNDJZktChOOTIQmz6MeU5QYPrIEE8XsrYgMsMLE2IgKNgRv/uVF0jipeOeVs7vTUvUqiyMPB3AIZfDgAqpwCzWoAwEOz/AKb86D8+K8Ox+z1pyTzezDHzifP30yjvg=</latexit>

p(c|D)

- Often used in the context of PDF fitting and SMEFT fitting, e.g. 2109.02653, 1901.05965
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Plot
Friday 5 May 2023 14:42

Problem: in the presence of a quadratic theory, often the minimum       will be given by the same    .  
<latexit sha1_base64="+gFDvKNxypTFY7VZl9AZW7BIW3E=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8egF48RzAOSNcxOZpMxszPLzKwQlvyDFw+KePV/vPk3TjZ70MSChqKqm+6uIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWj0yYg+1frniVt0MaJl4OalAjka//NUbSJJEVBjCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi0VOKLaT7Nrp+jEKgMUSmVLGJSpvydSHGk9iQLbGWEz0oveTPzP6yYmvPJTJuLEUEHmi8KEIyPR7HU0YIoSwyeWYKKYvRWREVaYGBtQyYbgLb68TFq1qndRPb87q9Sv8ziKcATHcAoeXEIdbqEBTSDwCM/wCm+OdF6cd+dj3lpw8plD+APn8wcqnY7g</latexit>

�2 <latexit sha1_base64="i39nt1abd73G3PCfF6sbSAuNQF8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOmPTfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9a6qtYfLSv02j6MIJ3AK5+DBNdThHhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCHT4+2</latexit>

c̄

2. Minimise: 

<latexit sha1_base64="pVe+tIKpHlsdeYqx8b+r9KAaPE8="></latexit>

c̄ = arg minc
(�(c)� �̃exp)2

��2

The Monte Carlo Replica Method
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Plot
Friday 5 May 2023 14:42

Problem: in the presence of a quadratic theory, often the minimum       will be given by the same    .  
<latexit sha1_base64="+gFDvKNxypTFY7VZl9AZW7BIW3E=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8egF48RzAOSNcxOZpMxszPLzKwQlvyDFw+KePV/vPk3TjZ70MSChqKqm+6uIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWj0yYg+1frniVt0MaJl4OalAjka//NUbSJJEVBjCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi0VOKLaT7Nrp+jEKgMUSmVLGJSpvydSHGk9iQLbGWEz0oveTPzP6yYmvPJTJuLEUEHmi8KEIyPR7HU0YIoSwyeWYKKYvRWREVaYGBtQyYbgLb68TFq1qndRPb87q9Sv8ziKcATHcAoeXEIdbqEBTSDwCM/wCm+OdF6cd+dj3lpw8plD+APn8wcqnY7g</latexit>

�2 <latexit sha1_base64="i39nt1abd73G3PCfF6sbSAuNQF8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOmPTfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9a6qtYfLSv02j6MIJ3AK5+DBNdThHhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCHT4+2</latexit>

c̄

The Monte Carlo Replica Method

MC replica method
Bayesian
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Conclusions

47

Parton distribution functions have the potential to conceal new physics: 

•Contaminated PDFs may translate signs of new physics into Higgs+EW processes


•Disentangling these effects post-fit is not guaranteed 

PDF-EFT interplay is moderate in current LHC top and DY data, but may become 
significant at the HL-LHC 

Simultaneous PDF and SMEFT determinations are crucial for the assessment of the extent 
of PDF-EFT interplay in current LHC data.  


The discovery of new physics will rely on an unbiased and accurate understanding of 
the parton distribution functions 

Public SIMUnet release coming soon!
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Conclusions

47

Parton distribution functions have the potential to conceal new physics: 

•Contaminated PDFs may translate signs of new physics into Higgs+EW processes


•Disentangling these effects post-fit is not guaranteed 

PDF-EFT interplay is moderate in current LHC top and DY data, but may become 
significant at the HL-LHC 

Simultaneous PDF and SMEFT determinations are crucial for the assessment of the extent 
of PDF-EFT interplay in current LHC data.  


The discovery of new physics will rely on an unbiased and accurate understanding of 
the parton distribution functions 

Public SIMUnet release coming soon!


Thank you for listening!
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Backup
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Data

175 datapoints: 

a superset of measurements in 
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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]


fitmaker SMEFiT NNPDF

single top, charge asymmetry 
<latexit sha1_base64="+VcezTcJgy2uDH2x0JNVMJ+TyQc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2O1F48VTFtoQ9lsp+3SzSbsboQS+hu8eFDEqz/Im//GbZuDVh8MPN6bYWZemAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q1HGqGPosFrFqh1Sj4BJ9w43AdqKQRqHAVjiuz/zWIyrNY/lgJgkGER1KPuCMGiv5N72sPu2VK27VnYP8JV5OKpCj0St/dvsxSyOUhgmqdcdzExNkVBnOBE5L3VRjQtmYDrFjqaQR6iCbHzslJ1bpk0GsbElD5urPiYxGWk+i0HZG1Iz0sjcT//M6qRlcBxmXSWpQssWiQSqIicnsc9LnCpkRE0soU9zeStiIKsqMzadkQ/CWX/5LmmdV77J6cX9eqd3mcRThCI7hFDy4ghrcQQN8YMDhCV7g1ZHOs/PmvC9aC04+cwi/4Hx8A5qojpE=</latexit>

AC
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Theory

Where available, NNLO QCD using k-factors from HighTea: https://www.precision.hep.phy.cam.ac.uk/hightea/
Czakon et. al, 2304.05993

SM 
NLO QCD using MG5_aMC@NLO  
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Theory

Where available, NNLO QCD using k-factors from HighTea: https://www.precision.hep.phy.cam.ac.uk/hightea/
Czakon et. al, 2304.05993

SM 
NLO QCD using MG5_aMC@NLO  

SMEFT 
25 Wilson coefficients at NLO QCD using SMEFT@NLO

<latexit sha1_base64="BdkFicV0YhpPrppQ55wmzO3Fk/k=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryORi0dM5BFhQ2aHAUZmdzYzvSZkwz948aAxXv0fb/6NA+xBwUo6qVR1p7sriKUw6LrfTm5ldW19I79Z2Nre2d0r7h80jEo043WmpNKtgBouRcTrKFDyVqw5DQPJm8GoOvWbT1wboaJ7HMfcD+kgEn3BKFqpUe2m+DDpFktu2Z2BLBMvIyXIUOsWvzo9xZKQR8gkNabtuTH6KdUomOSTQicxPKZsRAe8bWlEQ278dHbthJxYpUf6StuKkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2r/1URHGCPGLzRf1EElRk+jrpCc0ZyrEllGlhbyVsSDVlaAMq2BC8xZeXSeOs7F2WL+7OS5WbLI48HMExnIIHV1CBW6hBHRg8wjO8wpujnBfn3fmYt+acbOYQ/sD5/AGXe48o</latexit>

CtZ
<latexit sha1_base64="rDHgn4LFpQrURShHiXCLNhhxZd4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2MwBz1GMA9IljA7mSRjZmeWmV4hLPkHLx4U8er/ePNvnCR70MSChqKqm+6uMBbcoOd9O7mV1bX1jfxmYWt7Z3evuH/QMCrRlNWpEkq3QmKY4JLVkaNgrVgzEoWCNcNRdeo3n5g2XMkHHMcsiMhA8j6nBK3UqHZTvJ10iyWv7M3gLhM/IyXIUOsWvzo9RZOISaSCGNP2vRiDlGjkVLBJoZMYFhM6IgPWtlSSiJkgnV07cU+s0nP7StuS6M7U3xMpiYwZR6HtjAgOzaI3Ff/z2gn2r4OUyzhBJul8UT8RLip3+rrb45pRFGNLCNXc3urSIdGEog2oYEPwF19eJo2zsn9Zvrg/L1VusjjycATHcAo+XEEF7qAGdaDwCM/wCm+Ocl6cd+dj3ppzsplD+APn8wd6nI8V</latexit>

CtG

<latexit sha1_base64="hhtSFz52ahzBd7/vfPlOgVdmtYU=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzm4jGCeUCyhNnJbDJmdnaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4JRbeq3nrg2IlYPOE64H9GBEqFgFK3UrPUybE16pbJbcWcgy8TLSRly1Hulr24/ZmnEFTJJjel4boJ+RjUKJvmk2E0NTygb0QHvWKpoxI2fza6dkFOr9EkYa1sKyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J442dCJSlyxeaLwlQSjMn0ddIXmjOUY0so08LeStiQasrQBlS0IXiLLy+T5nnFu6pc3l+Uq7d5HAU4hhM4Aw+uoQp3UIcGMHiEZ3iFNyd2Xpx352PeuuLkM0fwB87nD5LsjyU=</latexit>

CtW

<latexit sha1_base64="t0bHqc2oWYHF9NImqjEwVtSWC/E=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2MwF48RzAOTJcxOZpMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj+sxvP3JtRKzucZJwP6JDJULBKFrpod7PeslIEJz2yxW36s5B/hIvJxXI0eiXP3uDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr94Sk6sMiBhrG0pJHP150RGI2MmUWA7I4ojs+zNxP+8borhtZ8JlaTIFVssClNJMCaz98lAaM5QTiyhTAt7K2EjqilDG1LJhuAtv/yXtM6q3mX14u68UrvJ4yjCERzDKXhwBTW4hQY0gYGCJ3iBV8c4z86b875oLTj5zCH8gvPxDVCRkLM=</latexit>

C�t

<latexit sha1_base64="URWHYliE/kU1U82j5PyPn0KmxUk=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiTia1nsxmUL9gFtDJPppB06mYSZSaGE/okbF4q49U/c+TdO2yy09cCFwzn3cu89QcKZ0o7zba2tb2xubRd2irt7+weH9tFxS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvBqDbz22MqFYvFo54k1IvwQLCQEayN5Nt2zc96yZChxvQpK7sXU98uORVnDrRK3JyUIEfdt796/ZikERWacKxU13US7WVYakY4nRZ7qaIJJiM8oF1DBY6o8rL55VN0bpQ+CmNpSmg0V39PZDhSahIFpjPCeqiWvZn4n9dNdXjnZUwkqaaCLBaFKUc6RrMYUJ9JSjSfGIKJZOZWRIZYYqJNWEUTgrv88ippXVbcm8p146pUvc/jKMApnEEZXLiFKjxAHZpAYAzP8ApvVma9WO/Wx6J1zcpnTuAPrM8fV2mS1Q==</latexit>

C(1)
�Q

<latexit sha1_base64="+qQY2KXKBNaaHpwT5iiZIkgy27E=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyXxvSx247IF+4A2hsl00g6dPJiZFErIn7hxoYhb/8Sdf+O0zUJbD1w4nHMv997jxZxJZVnfRmFtfWNzq7hd2tnd2z8wD4/aMkoEoS0S8Uh0PSwpZyFtKaY47caC4sDjtOON6zO/M6FCsih8VNOYOgEehsxnBCstuaZZd9N+PGKomT2llcvzzDXLVtWaA60SOydlyNFwza/+ICJJQENFOJayZ1uxclIsFCOcZqV+ImmMyRgPaU/TEAdUOun88gydaWWA/EjoChWaq78nUhxIOQ083RlgNZLL3kz8z+slyr9zUhbGiaIhWSzyE45UhGYxoAETlCg+1QQTwfStiIywwETpsEo6BHv55VXSvqjaN9Xr5lW5dp/HUYQTOIUK2HALNXiABrSAwASe4RXejNR4Md6Nj0VrwchnjuEPjM8fWnWS1w==</latexit>

C(3)
�Q

Dipoles

Currents

<latexit sha1_base64="c4K7YcDq/rwJH2NAIo7v8LEWdlg=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTio8tiNy5bsA9sY5lMJu3QySTMTIQS8hduXCji1r9x5984bbPQ1gMXDufcy733eDFnStv2t1VYW9/Y3Cpul3Z29/YPyodHHRUlktA2iXgkex5WlDNB25ppTnuxpDj0OO16k8bM7z5RqVgk7vU0pm6IR4IFjGBtpIfGY1rLhmnLz4blil2150CrxMlJBXI0h+WvgR+RJKRCE46V6jt2rN0US80Ip1lpkCgaYzLBI9o3VOCQKjedX5yhM6P4KIikKaHRXP09keJQqWnomc4Q67Fa9mbif14/0UHNTZmIE00FWSwKEo50hGbvI59JSjSfGoKJZOZWRMZYYqJNSCUTgrP88irpXFSd6+pV67JSv83jKMIJnMI5OHADdbiDJrSBgIBneIU3S1kv1rv1sWgtWPnMMfyB9fkDa56QxQ==</latexit>

C8
Qd

<latexit sha1_base64="eTs8pSdI0vZY6DRPlrv3FXKhkkg=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgqiTio8tiNy5bsA9sY5lMJ+3QySTMTIQS8hduXCji1r9x5984bbPQ1gMXDufcy733+DFnSjvOt1VYW9/Y3Cpul3Z29/YP7MOjtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8SX3md56oVCwS93oaUy/EI8ECRrA20kP9Ma1mg7SZZAO77FScOdAqcXNShhyNgf3VH0YkCanQhGOleq4Tay/FUjPCaVbqJ4rGmEzwiPYMFTikykvnF2fozChDFETSlNBorv6eSHGo1DT0TWeI9VgtezPxP6+X6KDqpUzEiaaCLBYFCUc6QrP30ZBJSjSfGoKJZOZWRMZYYqJNSCUTgrv88ippX1Tc68pV87Jcu83jKMIJnMI5uHADNbiDBrSAgIBneIU3S1kv1rv1sWgtWPnMMfyB9fkDhXOQ1g==</latexit>

C8
Qu

<latexit sha1_base64="ZEXe+wMsEhikne7v0Fp6e8rdCfk=">AAAB8XicbVC5TsNAEB2HK4QrQEljESFRRTbiSBmRhjJI5BCJidabdbLKem12x0iR5b+goQAhWv6Gjr9hcxSQ8KSRnt6b0cw8PxZco+N8W7mV1bX1jfxmYWt7Z3evuH/Q1FGiKGvQSESq7RPNBJesgRwFa8eKkdAXrOWPahO/9cSU5pG8w3HMvJAMJA84JWik+9pDWsl66SNmvWLJKTtT2MvEnZMSzFHvFb+6/YgmIZNIBdG64zoxeilRyKlgWaGbaBYTOiID1jFUkpBpL51enNknRunbQaRMSbSn6u+JlIRaj0PfdIYEh3rRm4j/eZ0Eg4qXchknyCSdLQoSYWNkT963+1wximJsCKGKm1ttOiSKUDQhFUwI7uLLy6R5VnYvyxe356Xq9TyOPBzBMZyCC1dQhRuoQwMoSHiGV3iztPVivVsfs9acNZ85hD+wPn8AtK6Q9Q==</latexit>

C8
qt

<latexit sha1_base64="5lEAZmTio7eepNTSVBIw1X9ZxnI=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUT86LHYi8cK9gPbWDabbbt0swm7E6GE/AsvHhTx6r/x5r9x2+agrQ8GHu/NMDPPjwXX6Djf1srq2vrGZmGruL2zu7dfOjhs6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vbH9anffmJK80je4yRmXkiGkg84JWikh/pjWs36aYBZv1R2Ks4M9jJxc1KGHI1+6asXRDQJmUQqiNZd14nRS4lCTgXLir1Es5jQMRmyrqGShEx76ezizD41SmAPImVKoj1Tf0+kJNR6EvqmMyQ40oveVPzP6yY4qHopl3GCTNL5okEibIzs6ft2wBWjKCaGEKq4udWmI6IIRRNS0YTgLr68TFrnFfeqcnl3Ua7d5HEU4BhO4AxcuIYa3EIDmkBBwjO8wpulrRfr3fqYt65Y+cwR/IH1+QOg4JDo</latexit>

C8
dt

<latexit sha1_base64="8Dx+qv3/AEJLCZRaFsC8n6WftMA=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUT86LHYi8cK9gPbWDbbTbt0swm7E6GE/AsvHhTx6r/x5r9x2+agrQ8GHu/NMDPPjwXX6Djf1srq2vrGZmGruL2zu7dfOjhs6ShRlDVpJCLV8YlmgkvWRI6CdWLFSOgL1vbH9anffmJK80je4yRmXkiGkgecEjTSQ/0xrWb9NMGsXyo7FWcGe5m4OSlDjka/9NUbRDQJmUQqiNZd14nRS4lCTgXLir1Es5jQMRmyrqGShEx76ezizD41ysAOImVKoj1Tf0+kJNR6EvqmMyQ40oveVPzP6yYYVL2UyzhBJul8UZAIGyN7+r494IpRFBNDCFXc3GrTEVGEogmpaEJwF19eJq3zintVuby7KNdu8jgKcAwncAYuXEMNbqEBTaAg4Rle4c3S1ov1bn3MW1esfOYI/sD6/AG6xpD5</latexit>

C8
ut

<latexit sha1_base64="U8C6NURqxtSIuX67O+GJdViK2TA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5REqvZY7MVjC/YD2lg22027dLOJuxuhhPwNLx4U8eqf8ea/cdvmoK0PBh7vzTAzz4s4U9q2v63c2vrG5lZ+u7Czu7d/UDw8aqswloS2SMhD2fWwopwJ2tJMc9qNJMWBx2nHm9RnfueJSsVCca+nEXUDPBLMZwRrI/XrD0n1wkkHSfMxHRRLdtmeA60SJyMlyNAYFL/6w5DEARWacKxUz7Ej7SZYakY4TQv9WNEIkwke0Z6hAgdUucn85hSdGWWI/FCaEhrN1d8TCQ6Umgae6QywHqtlbyb+5/Vi7VfdhIko1lSQxSI/5kiHaBYAGjJJieZTQzCRzNyKyBhLTLSJqWBCcJZfXiXty7JzXb5qVkq12yyOPJzAKZyDAzdQgztoQAsIRPAMr/BmxdaL9W59LFpzVjZzDH9gff4AW1KRQw==</latexit>

C8,1
Qq

<latexit sha1_base64="V1sKJRUnr+X8jn/rXEEob+CDQSY=">AAAB83icbVDLTsJAFL3FF+ILdelmIjFxYUjrkyWRjUtI5JFAJdNhChOm0zozNSFNf8ONC41x68+4828coAsFT3KTk3Puzb33eBFnStv2t5VbWV1b38hvFra2d3b3ivsHLRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749rUbz9RqVgo7vUkom6Ah4L5jGBtpF7tIamcXaT9pPGY9oslu2zPgJaJk5ESZKj3i1+9QUjigApNOFaq69iRdhMsNSOcpoVerGiEyRgPaddQgQOq3GR2c4pOjDJAfihNCY1m6u+JBAdKTQLPdAZYj9SiNxX/87qx9ituwkQUayrIfJEfc6RDNA0ADZikRPOJIZhIZm5FZIQlJtrEVDAhOIsvL5PWedm5Ll81LkvV2yyOPBzBMZyCAzdQhTuoQxMIRPAMr/BmxdaL9W59zFtzVjZzCH9gff4AXmaRRQ==</latexit>

C8,3
Qq

4-fermion octets

4-fermion singlets
<latexit sha1_base64="BJZdVAZxuA2CyjSLCGmk2RZKJ1s=">AAAB83icbVDLTsJAFL3FF+ILdelmIjFxYUgrvpZENi4hkUcClUyHKUyYTuvM1IQ0/Q03LjTGrT/jzr9xgC4UPMlNTs65N/fe40WcKW3b31ZuZXVtfSO/Wdja3tndK+4ftFQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtjWtTv/1EpWKhuNeTiLoBHgrmM4K1kXq1h8Q5q6T9pPGY9oslu2zPgJaJk5ESZKj3i1+9QUjigApNOFaq69iRdhMsNSOcpoVerGiEyRgPaddQgQOq3GR2c4pOjDJAfihNCY1m6u+JBAdKTQLPdAZYj9SiNxX/87qx9m/chIko1lSQ+SI/5kiHaBoAGjBJieYTQzCRzNyKyAhLTLSJqWBCcBZfXiat87JzVb5sXJSqt1kceTiCYzgFB66hCndQhyYQiOAZXuHNiq0X6936mLfmrGzmEP7A+vwBU5KRPg==</latexit>

C1,3
Qq

<latexit sha1_base64="9n3GwI+qhFzXJU34pob7WSOBwR0=">AAAB83icbVDLSsNAFL2pr1pfUZduBovgQkoivpbFbly2YB/QxjKZTtqhk0mcmQgl5DfcuFDErT/jzr9x2mahrQcuHM65l3vv8WPOlHacb6uwsrq2vlHcLG1t7+zu2fsHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3749rUbz9RqVgk7vUkpl6Ih4IFjGBtpF7tIXXP3KyfNh6zvl12Ks4MaJm4OSlDjnrf/uoNIpKEVGjCsVJd14m1l2KpGeE0K/USRWNMxnhIu4YKHFLlpbObM3RilAEKImlKaDRTf0+kOFRqEvqmM8R6pBa9qfif1010cOOlTMSJpoLMFwUJRzpC0wDQgElKNJ8Ygolk5lZERlhiok1MJROCu/jyMmmdV9yrymXjoly9zeMowhEcwym4cA1VuIM6NIFADM/wCm9WYr1Y79bHvLVg5TOH8AfW5w9QfpE8</latexit>

C1,1
Qq

<latexit sha1_base64="GoEHVokTfM/PdEgAFNiq48/mRRE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqsdiLx5bsB/YxrLZbNqlm03Y3Qgl5F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5XsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRR0WJJLRNIh7JnocV5UzQtmaa014sKQ49TrvepDHzu09UKhaJez2NqRvikWABI1gb6aHxmDrZMG352bBcsav2HGiVODmpQI7msPw18COShFRowrFSfceOtZtiqRnhNCsNEkVjTCZ4RPuGChxS5abzizN0ZhQfBZE0JTSaq78nUhwqNQ090xliPVbL3kz8z+snOrhxUybiRFNBFouChCMdodn7yGeSEs2nhmAimbkVkTGWmGgTUsmE4Cy/vEo6F1XnqlprXVbqt3kcRTiBUzgHB66hDnfQhDYQEPAMr/BmKevFerc+Fq0FK585hj+wPn8AYNiQvg==</latexit>

C1
Qd

<latexit sha1_base64="j8Un1kJ9EVTS2gKKv+VfCBTb+0E=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HYi8cK9gPbWDabbbt0swm7E6GE/AsvHhTx6r/x5r9x2+agrQ8GHu/NMDPPjwXX6DjfVmFldW19o7hZ2tre2d0r7x+0dJQoypo0EpHq+EQzwSVrIkfBOrFiJPQFa/vj+tRvPzGleSTvcRIzLyRDyQecEjTSQ/0xdbN+GmDWL1ecqjODvUzcnFQgR6Nf/uoFEU1CJpEKonXXdWL0UqKQU8GyUi/RLCZ0TIasa6gkIdNeOrs4s0+MEtiDSJmSaM/U3xMpCbWehL7pDAmO9KI3Ff/zugkOrr2UyzhBJul80SARNkb29H074IpRFBNDCFXc3GrTEVGEogmpZEJwF19eJq2zqntZvbg7r9Ru8jiKcATHcAouXEENbqEBTaAg4Rle4c3S1ov1bn3MWwtWPnMIf2B9/gCWGpDh</latexit>

C1
dt

<latexit sha1_base64="ferIK/ZyNY/raa9E+yz8heVyg74=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUT8OhZ78VjBfmAby2a7aZduNnF3IpSQf+HFgyJe/Tfe/Ddu2xy09cHA470ZZub5seAaHefbWlpeWV1bL2wUN7e2d3ZLe/tNHSWKsgaNRKTaPtFMcMkayFGwdqwYCX3BWv6oNvFbT0xpHsk7HMfMC8lA8oBTgka6rz2kbtZLHzHrlcpOxZnCXiRuTsqQo94rfXX7EU1CJpEKonXHdWL0UqKQU8GyYjfRLCZ0RAasY6gkIdNeOr04s4+N0reDSJmSaE/V3xMpCbUeh77pDAkO9bw3Ef/zOgkGV17KZZwgk3S2KEiEjZE9ed/uc8UoirEhhCpubrXpkChC0YRUNCG48y8vkuZpxb2onN+elavXeRwFOIQjOAEXLqEKN1CHBlCQ8Ayv8GZp68V6tz5mrUtWPnMAf2B9/gCp6JDu</latexit>

C1
qt

<latexit sha1_base64="1cU4BPz01GCcVJhCA1SDR+34rqc=">AAAB8XicbVDJSgNBEK1xjXGLevTSGARPYUbcjsFcPCZgFkzG0NPpSZr09Ay9CGGYv/DiQRGv/o03/8ZOMgdNfFDweK+KqnpBwpnSrvvtrKyurW9sFraK2zu7e/ulg8OWio0ktEliHstOgBXlTNCmZprTTiIpjgJO28G4NvXbT1QqFot7PUmoH+GhYCEjWFvpofaYelk/bZisXyq7FXcGtEy8nJQhR71f+uoNYmIiKjThWKmu5ybaT7HUjHCaFXtG0QSTMR7SrqUCR1T56eziDJ1aZYDCWNoSGs3U3xMpjpSaRIHtjLAeqUVvKv7ndY0Ob/yUicRoKsh8UWg40jGavo8GTFKi+cQSTCSztyIywhITbUMq2hC8xZeXSeu84l1VLhsX5eptHkcBjuEEzsCDa6jCHdShCQQEPMMrvDnKeXHenY9564qTzxzBHzifP3qtkM8=</latexit>

C1
Qu

<latexit sha1_base64="ZWa32ptUZNuxljGfkobG4y7HeSk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HYi8cK9gPbWDbbTbt0swm7E6GE/AsvHhTx6r/x5r9x2+agrQ8GHu/NMDPPjwXX6DjfVmFldW19o7hZ2tre2d0r7x+0dJQoypo0EpHq+EQzwSVrIkfBOrFiJPQFa/vj+tRvPzGleSTvcRIzLyRDyQNOCRrpof6Yulk/TTDrlytO1ZnBXiZuTiqQo9Evf/UGEU1CJpEKonXXdWL0UqKQU8GyUi/RLCZ0TIasa6gkIdNeOrs4s0+MMrCDSJmSaM/U3xMpCbWehL7pDAmO9KI3Ff/zugkG117KZZwgk3S+KEiEjZE9fd8ecMUoiokhhCpubrXpiChC0YRUMiG4iy8vk9ZZ1b2sXtydV2o3eRxFOIJjOAUXrqAGt9CAJlCQ8Ayv8GZp68V6tz7mrQUrnzmEP7A+fwCwAJDy</latexit>

C1
ut

<latexit sha1_base64="hGic+omLw/SG4IskdlwUPjwK0OU=">AAAB8XicbVDLSgNBEOzxGeMr6tHLYBA8hV3xdQzm4jEB88BkDbOT2WTI7OwyMyuEZf/CiwdFvPo33vwbJ8keNLGgoajqprvLjwXXxnG+0crq2vrGZmGruL2zu7dfOjhs6ShRlDVpJCLV8YlmgkvWNNwI1okVI6EvWNsf16Z++4kpzSN5byYx80IylDzglBgrPdQeUzfrp41G1i+VnYozA14mbk7KkKPeL331BhFNQiYNFUTrruvExkuJMpwKlhV7iWYxoWMyZF1LJQmZ9tLZxRk+tcoAB5GyJQ2eqb8nUhJqPQl92xkSM9KL3lT8z+smJrjxUi7jxDBJ54uCRGAT4en7eMAVo0ZMLCFUcXsrpiOiCDU2pKINwV18eZm0zivuVeWycVGu3uZxFOAYTuAMXLiGKtxBHZpAQcIzvMIb0ugFvaOPeesKymeO4A/Q5w9D+ZCr</latexit>

C1
QQ

<latexit sha1_base64="nRfTHOzpyg60gsHb492MEu7g6jE=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTio8tiNy5bsA9sY5lMJ+3QySTMTIQS8hduXCji1r9x5984abPQ1gMXDufcy733eBFnStv2t1VYW9/Y3Cpul3Z29/YPyodHHRXGktA2CXkoex5WlDNB25ppTnuRpDjwOO1600bmd5+oVCwU93oWUTfAY8F8RrA20kPjMamlw6TVSoflil2150CrxMlJBXI0h+WvwSgkcUCFJhwr1XfsSLsJlpoRTtPSIFY0wmSKx7RvqMABVW4yvzhFZ0YZIT+UpoRGc/X3RIIDpWaBZzoDrCdq2cvE/7x+rP2amzARxZoKsljkxxzpEGXvoxGTlGg+MwQTycytiEywxESbkEomBGf55VXSuag619Wr1mWlfpvHUYQTOIVzcOAG6nAHTWgDAQHP8ApvlrJerHfrY9FasPKZY/gD6/MHTr+Qsg==</latexit>

C8
QQ

<latexit sha1_base64="AAg508vXbNACALzE2YvZJQc7elw=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8lUT8OhZ78diC/cA2ls120y7dbMLuRCgh/8KLB0W8+m+8+W/ctjlo64OBx3szzMzzY8E1Os63tbK6tr6xWdgqbu/s7u2XDg5bOkoUZU0aiUh1fKKZ4JI1kaNgnVgxEvqCtf1xbeq3n5jSPJL3OImZF5Kh5AGnBI30UHtM3ayfNjDrl8pOxZnBXiZuTsqQo94vffUGEU1CJpEKonXXdWL0UqKQU8GyYi/RLCZ0TIasa6gkIdNeOrs4s0+NMrCDSJmSaM/U3xMpCbWehL7pDAmO9KI3Ff/zugkGN17KZZwgk3S+KEiEjZE9fd8ecMUoiokhhCpubrXpiChC0YRUNCG4iy8vk9Z5xb2qXDYuytXbPI4CHMMJnIEL11CFO6hDEyhIeIZXeLO09WK9Wx/z1hUrnzmCP7A+fwB5KJDO</latexit>

C1
Qt

<latexit sha1_base64="8jmYKWJxlD81uaxaYWCJuHNIb44=">AAAB8XicbVBNT8JAEJ3iF+IX6tFLIzHxRFrjB0ciF4+QyEeESrbLAhu222Z3akKa/gsvHjTGq//Gm//GBXpQ8CWTvLw3k5l5fiS4Rsf5tnJr6xubW/ntws7u3v5B8fCopcNYUdakoQhVxyeaCS5ZEzkK1okUI4EvWNuf1GZ++4kpzUN5j9OIeQEZST7klKCRHmqPSSXtJw1M+8WSU3bmsFeJm5ESZKj3i1+9QUjjgEmkgmjddZ0IvYQo5FSwtNCLNYsInZAR6xoqScC0l8wvTu0zowzsYahMSbTn6u+JhARaTwPfdAYEx3rZm4n/ed0YhxUv4TKKkUm6WDSMhY2hPXvfHnDFKIqpIYQqbm616ZgoQtGEVDAhuMsvr5LWRdm9Ll81LkvV2yyOPJzAKZyDCzdQhTuoQxMoSHiGV3iztPVivVsfi9aclc0cwx9Ynz+D7pDV</latexit>

C8
Qt

<latexit sha1_base64="eHOsM8/IwdiUnojVV922xIFy6DM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HYi8cK9gPbWDbbTbt0swm7E6GE/AsvHhTx6r/x5r9x2+agrQ8GHu/NMDPPjwXX6DjfVmFldW19o7hZ2tre2d0r7x+0dJQoypo0EpHq+EQzwSVrIkfBOrFiJPQFa/vj+tRvPzGleSTvcRIzLyRDyQNOCRrpof6Yulk/Rcz65YpTdWawl4mbkwrkaPTLX71BRJOQSaSCaN11nRi9lCjkVLCs1Es0iwkdkyHrGipJyLSXzi7O7BOjDOwgUqYk2jP190RKQq0noW86Q4IjvehNxf+8boLBtZdyGSfIJJ0vChJhY2RP37cHXDGKYmIIoYqbW206IopQNCGVTAju4svLpHVWdS+rF3fnldpNHkcRjuAYTsGFK6jBLTSgCRQkPMMrvFnaerHerY95a8HKZw7hD6zPH656kPE=</latexit>

C1
tt

4-heavy

Degrande et. al, 2008.11743
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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

Electroweak oblique parameters
<latexit sha1_base64="+s0T3rzkQRDHcsDVTSCer5EKxxU=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuJCSqKjLohuXFexF2lAm00k7dDIJM5NCCXkTNy4UceubuPNtnKZZaOsPAx//OYdz5vdjzpR2nG+rtLK6tr5R3qxsbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++O7Wb09oVKxSDzqaUy9EA8FCxjB2lh92+6NsE7b2RnK4Snr21Wn5uRCy+AWUIVCjb791RtEJAmp0IRjpbquE2svxVIzwmlW6SWKxpiM8ZB2DQocUuWl+eUZOjHOAAWRNE9olLu/J1IcKjUNfdMZYj1Si7WZ+V+tm+jgxkuZiBNNBZkvChKOdIRmMaABk5RoPjWAiWTmVkRGWGKiTVgVE4K7+OVlaJ3X3KvaxcNltX5bxFGGIziGU3DhGupwDw1oAoEJPMMrvFmp9WK9Wx/z1pJVzBzCH1mfP0hHk3E=</latexit>

Ŵ , Ŷ
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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�

dm``

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

<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�

dm``

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) 



Maeve Madigan | Hide and Seek: how PDFs can conceal new physics University of Vienna 01.12.23

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 
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SMEFT PDFs

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

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



Maeve Madigan | Machine Learning Opportunities for EFT Analyses EFT WG 16.11.23

Consider fitting 1 Wilson coefficient c to 1 datapoint           : define

The Monte Carlo Replica Method

1. Resample:


2. Minimise: 


3. Repeat, and treat the sample       as a sample from the Bayesian posterior  

<latexit sha1_base64="pVe+tIKpHlsdeYqx8b+r9KAaPE8="></latexit>

c̄ = arg minc
(�(c)� �̃exp)2

��2

<latexit sha1_base64="/bsOxPcj/KiwUTlEASSAUQXsskA=">AAAB9XicbVDLSsNAFL3js9ZX1aWbwSK4Kon4WhbduKxgH9DEMplO2qGTSZiZKCXkP9y4UMSt/+LOv3HaZqGtBy4czrmXe+8JEsG1cZxvtLS8srq2Xtoob25t7+xW9vZbOk4VZU0ai1h1AqKZ4JI1DTeCdRLFSBQI1g5GNxO//ciU5rG8N+OE+REZSB5ySoyVHrwMewFRGc2xl+NeperUnCnwInELUoUCjV7ly+vHNI2YNFQQrbuukxg/I8pwKlhe9lLNEkJHZMC6lkoSMe1n06tzfGyVPg5jZUsaPFV/T2Qk0nocBbYzImao572J+J/XTU145WdcJqlhks4WhanAJsaTCHCfK0aNGFtCqOL2VkyHRBFqbFBlG4I7//IiaZ3W3Iva+d1ZtX5dxFGCQziCE3DhEupwCw1oAgUFz/AKb+gJvaB39DFrXULFzAH8Afr8AcOakgw=</latexit>

{c̄}
<latexit sha1_base64="0XC1p1PQXtoZUeNHz5yo3aMBRZE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DevAYwTwgWcLsZDYZMjO7zswKYc1PePGgiFd/x5t/4yTZgyYWNBRV3XR3BTFn2rjut5NbWl5ZXcuvFzY2t7Z3irt7DR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4fXEbz5SpVkk780opr7AfclCRrCxUisuE/SEbo67xZJbcadAi8TLSAky1LrFr04vIomg0hCOtW57bmz8FCvDCKfjQifRNMZkiPu0banEgmo/nd47RkdW6aEwUrakQVP190SKhdYjEdhOgc1Az3sT8T+vnZjw0k+ZjBNDJZktChOOTIQmz6MeU5QYPrIEE8XsrYgMsMLE2IgKNgRv/uVF0jipeOeVs7vTUvUqiyMPB3AIZfDgAqpwCzWoAwEOz/AKb86D8+K8Ox+z1pyTzezDHzifP30yjvg=</latexit>

p(c|D)

- Often used in the context of PDF fitting and SMEFT fitting, e.g. 2109.02653, 1901.05965
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Plot
Friday 5 May 2023 14:42

Problem: in the presence of a quadratic theory, often the minimum       will be given by the same    .  
<latexit sha1_base64="+gFDvKNxypTFY7VZl9AZW7BIW3E=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8egF48RzAOSNcxOZpMxszPLzKwQlvyDFw+KePV/vPk3TjZ70MSChqKqm+6uIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWj0yYg+1frniVt0MaJl4OalAjka//NUbSJJEVBjCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi0VOKLaT7Nrp+jEKgMUSmVLGJSpvydSHGk9iQLbGWEz0oveTPzP6yYmvPJTJuLEUEHmi8KEIyPR7HU0YIoSwyeWYKKYvRWREVaYGBtQyYbgLb68TFq1qndRPb87q9Sv8ziKcATHcAoeXEIdbqEBTSDwCM/wCm+OdF6cd+dj3lpw8plD+APn8wcqnY7g</latexit>

�2 <latexit sha1_base64="i39nt1abd73G3PCfF6sbSAuNQF8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOmPTfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9a6qtYfLSv02j6MIJ3AK5+DBNdThHhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCHT4+2</latexit>

c̄

2. Minimise: 

<latexit sha1_base64="pVe+tIKpHlsdeYqx8b+r9KAaPE8="></latexit>

c̄ = arg minc
(�(c)� �̃exp)2

��2

The Monte Carlo Replica Method



Maeve Madigan | Machine Learning Opportunities for EFT Analyses EFT WG 16.11.23

Plot
Friday 5 May 2023 14:42

Problem: in the presence of a quadratic theory, often the minimum       will be given by the same    .  
<latexit sha1_base64="+gFDvKNxypTFY7VZl9AZW7BIW3E=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8egF48RzAOSNcxOZpMxszPLzKwQlvyDFw+KePV/vPk3TjZ70MSChqKqm+6uIOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2Mb2Z++4kqzaS4N5OY+hEeChYygo2VWj0yYg+1frniVt0MaJl4OalAjka//NUbSJJEVBjCsdZdz42Nn2JlGOF0WuolmsaYjPGQdi0VOKLaT7Nrp+jEKgMUSmVLGJSpvydSHGk9iQLbGWEz0oveTPzP6yYmvPJTJuLEUEHmi8KEIyPR7HU0YIoSwyeWYKKYvRWREVaYGBtQyYbgLb68TFq1qndRPb87q9Sv8ziKcATHcAoeXEIdbqEBTSDwCM/wCm+OdF6cd+dj3lpw8plD+APn8wcqnY7g</latexit>

�2 <latexit sha1_base64="i39nt1abd73G3PCfF6sbSAuNQF8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildi+gOmPTfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9a6qtYfLSv02j6MIJ3AK5+DBNdThHhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCHT4+2</latexit>

c̄

The Monte Carlo Replica Method

MC replica method
Bayesian


