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The SM effective field theory (SMEFT) provides a model-independent and systematically improv-
able framework for new physics searches. In this talk, we outline our approach to simultaneously
fitting SMEFT parameters and Probability Density Functions (PDFs) in an extension of the CT18
global analysis framework. To enhance the efficiency of our global fitting and Lagrange multiplier
scans, we leverage machine-learning techniques. We focus on several representative operators
relevant to top-quark pair production and jet production. Through this approach, we establish self-
consistent limitations on the associated Wilson coefficients, and explore the correlations between
these Wilson coefficients and the PDFs.
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1. Introduction

The Standard Model effective field theory (SMEFT) is a powerful framework for indirect
beyond Standard Model (BSM) searches. Assuming lepton number conservation, the SMEFT
Lagrangian may be written as

LSMEFT = LSM +
∑︁
𝑖

𝐶𝑖

Λ2𝑂
(6)
𝑖

+ · · · , (1)

where Λ is a mass scale usually chosen well above the electroweak scale, the Wilson coefficient
𝐶𝑖/Λ2 quantifies the contribution of the dim-6 operators 𝑂 (6)

𝑖
observed at a relatively low energy

scale. Indirect BSM searches in the SMEFT framework have the merit of being model-independent
and systematically improvable, and it will be sufficient to consider dim-6 operators only if the NP
scale is large enough.

However, SMEFT-based BSM searches often involve the same data sets used in the studies
of parton distribution functions (PDFs). So SMEFT analyses may be biased if the theoretical
predictions are calculated with SM PDFs, which are extracted from the data assuming the absence
of new physics. A more consistent way to determine the BSM parameters is to extract both SMEFT
and PDF parameters simultaneously [1–8]. In Ref. [6], we perform such a joint SMEFT-PDF fit in
the CT18 framework [9], and explore possible correlations between SMEFT and PDF parameters.

2. The framework

Our joint SMEFT-PDF fit uses all the data sets of the baseline CT18 fit, together with additional
𝑡𝑡 and jet data from the Tevatron and the LHC. All the 𝑡𝑡 production and jet production data sets
used in our fit are summarized in Ref. [6].

As a demonstration study, we perform joint SMEFT-PDF fits with a selected set of dim-6
SMEFT operators which contribute to 𝑡𝑡 production and jet production at hadron colliders. For 𝑡𝑡
production, we consider the BSM contributions from

𝑂1
𝑡𝑢 =

2∑︁
𝑖=1

(
𝑡𝛾𝜇𝑡

)
(�̄�𝑖𝛾𝜇𝑢𝑖) ,

𝑂1
𝑡𝑑 =

3∑︁
𝑖=1

(𝑡𝛾𝜇𝑡)
(
𝑑𝑖𝛾𝜇𝑑𝑖

)
,

𝑂𝑡𝐺 = 𝑖𝑔𝑠 (𝑞𝐿3𝜏
𝜇𝜈𝑇 𝐴𝑡)�̃�𝐺𝐴

𝜇𝜈 + h.c. , (2)

𝑂8
𝑡𝑞 =

2∑︁
𝑖=1

(𝑞𝐿𝑖𝛾𝜇𝑇 𝐴𝑞𝐿,𝑖) (𝑡𝛾𝜇𝑇 𝐴𝑡) ,

where 𝑢𝑖 , 𝑑𝑖 are the right-handed quarks and 𝑞𝐿𝑖 is the left-handed quark doublet of the 𝑖-th
generation, 𝑡 is the right-handed top quark, 𝜑 is the Higgs doublet, 𝐺𝐴

𝜇𝜈 is the gluon field strength
tensor, and 𝑔𝑠 is the strong coupling. All the relevant Wilson coefficients are assumed to be real in
our work. For jet production, we consider only BSM contribution from one of the quark contact
interactions

𝑂1 = 2𝜋
(∑3

𝑖=1 𝑞𝐿,𝑖𝛾𝜇𝑞𝐿𝑖

) (∑3
𝑗=1 𝑞𝐿 𝑗𝛾

𝜇𝑞𝐿 𝑗

)
.
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All the other DIS and Drell-Yan (DY) data sets used in our fit are not affected by these SMEFT
operators at NLO in QCD.

We include full EFT contributions from these dim-6 operators at NLO in QCD, which are of
the form

𝑑𝜎

𝑑�̂�
− 𝑑𝜎SM

𝑑�̂�
=
∑︁
𝑖

𝑑�̃�𝑖

𝑑�̂�

𝐶𝑖

Λ2 +
∑︁
𝑖, 𝑗

𝑑�̃�𝑖 𝑗

𝑑�̂�

𝐶𝑖𝐶 𝑗

Λ4 , (3)

for observable �̂�, where 𝐶𝑖 , 𝐶 𝑗 are the Wilson coefficients of the corresponding SMEFT operators.
EFT contributions to the top quark production observables are calculated at NLO in QCD using
MadGraph5_aMC@NLO [10] together with the SMEFTatNLO model [11], while contributions
to jet production from quark contact interactions are calculated at NLO in QCD by the CĲet
framework [12, 13].

After collection of the data 𝐷 and the corresponding theoretical predictions 𝑇 , we may extract
the best fit of both PDF parameters {𝜃PDF} and SMEFT parameters {𝐶𝑖} by minimizing the profiled
log-likelihood function

𝜒2({𝜃PDF}, {𝐶𝑖}) =
𝑁pt∑︁
𝑖, 𝑗=1

(
𝑇𝑖 − 𝐷𝑖

)
[cov−1]𝑖 𝑗

(
𝑇𝑗 − 𝐷 𝑗

)
, (4)

where the covariance matrix includes both experimental and theoretical uncertainties. Uncertainties
for all the fitted parameters are evaluated by Lagrange Multiplier scans [14, 15]. The LM scan
method is generally computationally expensive when the number of parameters to be fitted is large.
In order to efficiently scan the parameter space, we adopt and generalize the idea of Ref. [16], and
model the profile of the log-likelihood functions by neural networks (NNs). An example of the NNs
used in our work is shown in Fig. 1. Inputs of the NNs include the initial-scale PDFs, the top quark
mass, the strong coupling constant, and Wilson coefficients of SMEFT. These NNs are trained so
that they can predict the correct 𝜒2, and at the same time can be calculated much faster than the
original log-likelihood functions.

Figure 1: An example of the architecture of NNs adopted in this work.
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3. Results of our joint SMEFT-PDF fits

As an example, we present here the results of our joint fits of the CT18 PDF parameters and
Wilson coefficient of the quark contact interaction 𝑂1. As mentioned above, the best-fit values of
the SMEFT and PDF parameters are extracted by minimizing the 𝜒2 function, and the uncertainties
of these parameters are predicted by LM scans. In Fig. 2, we show the results of LM scans over
𝐶1/Λ2, which is the Wilson coefficient of the quark contact interaction 𝑂1. Our nominal results are
shown in the left panel, where we treat PDF parameters and EFT coefficients on the same footing,
and allow the CT18 PDF parameters to be changed when performing LM scans over 𝐶1/Λ2. The
upper and lower bounds at 90% confidence level (CL) are given by the two vertical blue lines, which
correspond to the CT18 tolerance criterion [9]. We find 𝐶1/Λ2 = −0.0015+0.0033

−0.0014 TeV−2 at 90%
CL, which is consistent with the SM.

0.005 0.000 0.005
C1/ 2 (TeV 2)

20

0

20

40

60

80

100

2

PDF free
total
total+p
CMS7 jet
ATLAS7 jet
CDF2 jet
D0 2 jet
CMS8 tt
ATLAS8 tt
CMS13 tt
ATLAS13 tt
tt cross sec
CMS8 dijet
CMS13 Inc.jet
Unc. at 90% CL

0.005 0.000 0.005
C1/ 2 (TeV 2)

20

0

20

40

60

80

100
2

PDF fixed
total
total+p
CMS7 jet
ATLAS7 jet
CDF2 jet
D0 2 jet
CMS8 tt
ATLAS8 tt
CMS13 tt
ATLAS13 tt
tt cross sec
CMS8 dijet
CMS13 Inc.jet
Unc. at 90% CL

Figure 2: LM scans over𝐶1/Λ2 in our nominal setup allowing the PDF parameters to freely float (left panel)
or be fixed at the global minimum (right panel).

In order to study the correlation between PDF parameters and 𝐶1, we perform similar LM
scans, shown in the right panel of Fig. 2, where all the PDF parameters are fixed to their values
at the global minimum of the SMEFT-PDF fit. The new LM scans give 𝐶1/Λ2 = −0.0015+0.0024

−0.0014
TeV−2 at 90% CL, so the uncertainties are slightly underestimated as compared with our nominal
result. This is a hint of small correlations between the PDFs and 𝐶1. Results of our joint fits of
PDF parameters and EFT parameters relevant for 𝑡𝑡 production can be found in Ref. [6], which give
smaller correlations between PDFs and SMEFT.

The correlations between PDF and SMEFT parameters can also be studied by looking into the
gluon PDF fitted with or without SMEFT contributions. In Fig. 3, we compare gluon PDFs at the
initial scale 𝑄0 = 1.295 GeV determined by fitting with and without SMEFT contributions from
𝑂1 and 𝑂𝑡𝐺 . As we can see, with the inclusion of SMEFT contributions, the gluon PDF is slightly
changed in the large 𝑥 region, but the variation is less than 5%. Also, the gluon PDF uncertainties
are slightly enlarged with the inclusion of SMEFT operators.

Finally, we want to emphasize that the mild correlations between SMEFT and PDF may become
larger at the HL-LHC for other future experiments. This possibility is also explored in Ref. [6].
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Figure 3: The central values and 68% CL uncertainties of the gluon PDF determined by fitting with and
without SMEFT contributions from both 𝑂1 and 𝑂𝑡𝐺 at 𝑄0 = 1.295 GeV. All the results are normalized to
the central values of the SM gluon PDF. The ratios of relative uncertainties at 68% CL are shown in the right
panel.

4. Summary

We present our methodology for performing simultaneous SMEFT-PDF fits based on an
extension of the CT18 global analysis [6], where SMEFT corrections with full PDF dependence
are calculated at NLO in QCD. In our work, global fits and Lagrange multiplier scans in the
PDF+SMEFT parameter space are boosted with machine learning techniques, and our framework
can be straightforwardly generalized to include more SMEFT parameters.

We show our results of self-consistent determination of the possible BSM effects in top-quark
pair production and jet production at hadron colliders. We find mild correlations between SMEFT
parameters and the PDFs, especially, the gluon PDF in the large momentum fraction region. We
find these correlations may strengthen with growing precision and may be relevant for SMEFT fit
on future colliders.
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