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1. Introduction

Parton distribution functions (PDFs) form a crucial input into the calculation of LHC observ-
ables. In particular, searches for new physics (NP) at the LHC often rely on a precise knowledge of
the PDFs at large-𝑥. However, PDFs are determined by fitting their 𝑥-dependence from data, a vast
proportion of which consists of LHC data, see for example [1–3]. By determining the PDFs under
the assumption of the SM, a potential for interplay with the effects of new physics is introduced;
the PDFs have the potential to absorb or ‘fit away’ signs of new physics in the data, thus biassing
the resulting theoretical predictions.

The interplay between PDFs and new physics has been widely studied in recent years. Several
studies investigated this interplay in deep inelastic scattering (DIS) observables [4–6]. In particular,
a simultaneous fit of the PDFs and Standard Model Effective Field theory (SMEFT) was performed
using DIS data in [6], and extended to include high-mass Drell-Yan distributions in [7, 8]. The
interplay between PDFs and new physics has been further studied in top quark data [9, 10] and
jet data [11]. The level of interplay varies across these studies depending on the measurement
and associated uncertainties. It was found, however, that in high-mass Drell-Yan tails there is a
significant potential for interplay at the High-Luminosity LHC [7, 8]: neglecting this interplay may
lead to overly-precise uncertainties on the SMEFT and on the PDFs.

In this study, we further the investigation of the interplay between PDFs and new physics by
questioning the ability of a PDF fit to absorb signs of new physics. In particular, we study the
behaviour of a PDF fit in the presence of new physics. We introduce two interesting beyond the
Standard Model (BSM) scenarios which impact the observables entering into our PDF fit. Firstly,
we investigate the consequences of performing a PDF fit in the presence of this new physics, and
ask the question: would this new physics go undetected? Secondly, we analyse the impact of using
such ‘contaminated’ PDF sets in the calculation of theoretical predictions for LHC observables.
For a more detailed discussion we refer to our main work [12].

1.1 Data and methodology

We begin by briefly outlining the data and methodology used in this study, and refer to the
main work, Ref. [12], for further details. The dataset considered in this study encompasses the data
entering into the determination of the NNPDF4.0 PDF set [1]. We add to this a number of high-mass
Drell-Yan (DY) datasets including high-luminosity LHC projections for both neutral current DY
and charged current DY, as used in Ref. [7].

The methodology closely follows the closure test methodology developed by the NNPDF
collaboration [13]. The PDFs are fit to pseudodata generated under the assumption of a known
underlying law,

𝐷 ∼ N(𝑇 (𝜃SM, 𝜃NP), Σ) , (1)

where Σ denotes the experimental systematic and statistical uncertainties, and 𝑇 denotes the under-
lying theory. This theory consists of an input PDF set, parametrised here by 𝜃SM, and a known BSM
model, parametrised by 𝜃NP. A PDF fit to this pseudodata is then performed using the NNPDF4.0
methodology under the assumption of the SM.

The quality of this fit is assessed by studying the resulting 𝜒2: in particular, a 𝜒2 of 1 indicates
excellent agreement between data and the resulting PDF. We analyse the deviation of the 𝜒2 from
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this expected value of 1, and identify two possible scenarios. Firstly, the PDF may not be able to
accommodate the impact of new physics on the data. If we find a deviation of the 𝜒2 from 1 of
more than 2 standard deviations we observe that the PDF has not absorbed signs of new physics.
Alternatively, the PDF may be able to shift to compensate for the effects of new physics, resulting
in a value of 𝜒2 ∼ 1: in this case we claim that new physics has been absorbed by the PDF.

2. Contaminated PDFs

2.1 New physics scenarios

Two new physics scenarios are considered as benchmarks in this study. The first is a flavour
universal 𝑍 ′ boson charged under a 𝑈 (1)𝑌 symmetry. The second scenario consists of a flavour
universal 𝑊 ′ boson charged under 𝑆𝑈 (2)𝐿 . In the effective field theory approximation, the effect
of these UV models on our observables can be parametrised by the electroweak oblique parameters
𝑌 and �̂� respectively, for example:

L𝑍 ′
SMEFT = LSM − 𝑔′2𝑌

2𝑚2
𝑊

𝐽
𝜇

𝑌
𝐽𝑌,𝜇, 𝑌 =

𝑔2
𝑍 ′

𝑀2
𝑍 ′

𝑚2
𝑊

𝑔′2
, (2)

where we note that the 𝑌 parameter is inversely proportional to the 𝑍 ′ mass 𝑚𝑍 ′ . The dominant
impact of both 𝑍 ′ and 𝑊 ′ scenarios is on Drell-Yan at high invariant mass. However, while the
neutral 𝑍 ′ boson has an effect only on neutral current DY, the 𝑊 ′ model impacts both neutral and
charged current DY. As we will see in the next subsection, this difference has a significant effect on
the results of the PDF fits.

2.2 PDF fit results

PDF fits are performed to pseudodata generated under the assumption of new physics at
benchmark values of 𝑌 = 5, 15, 25 × 10−5 and �̂� = 3, 8, 15 × 10−5 in the 𝑍 ′ and 𝑊 ′ scenarios
respectively. We observe that for values of 𝑌 with non-negligible impact on the observables in our
fit, the 𝑍 ′ scenario leads to a poor fit quality and relatively large deviations in the 𝜒2. This indicates
that, if such a 𝑍 ′ model were present in the data, this would not go undetected in a PDF fit; this
scenario would instead lead to a noticeably large 𝜒2. Conversely, the 𝑊 ′ scenario leads to a value
of 𝜒2 close to 1, even in the case of a 𝑊 ′ of mass 𝑚𝑊 ′ ≈ 14 TeV parametrised by �̂� = 8 × 10−5.
In this scenario, we find excellent agreement between the NP-modified pseudodata and the PDF,
indicating that such a 𝑊 ′ could be absorbed by the PDFs.

The origin of the difference between these two scenarios is that while the 𝑍 ′ impacts only
neutral current DY, the 𝑊 ′ impacts both neutral and charged current DY. In Figure 1 we show the
resulting 𝑢, �̄�, 𝑑 and 𝑑 PDFs convolved to produce the luminosity which enters into the calculation
of charged current DY. In both plots, the green PDF indicates the baseline of our study: a PDF
determined from SM pseudodata. We compare this baseline to the PDFs determined from the 𝑍 ′

and𝑊 ′ scenarios. We can see that in the case of the 𝑍 ′ scenario, the charged current DY distribution
constrains the PDFs to remain aligned with the baseline and therefore consistent with the SM, due
to the lack of new physics in this observable. This limits the flexibility of the PDF fit to absorb new
physics in neutral current DY. In the 𝑊 ′ scenario, however, the PDFs shift significantly in order to
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Figure 1: Contaminated versus baseline luminosity at
√
𝑠 = 14 TeV in the central rapidity region. The

results are normalised to the baseline SM PDF. Contaminated PDFs are obtained for benchmark values of
𝑌 = 5, 15, 25 × 10−5 (left) and 𝑌 = 3, 8, 15 × 10−5 (right).

compensate the effect of the 𝑊 ′ on both neutral and charged current categories of high mass DY
distributions.

Figure 2 demonstrates the result of using the PDFs obtained in the 𝑍 ′ and 𝑊 ′ scenarios to
calculate the high-mass neutral and charged current DY distributions that entered into the PDF fit.
The red curve indicates the prediction and associated PDF uncertainties from a PDF fit to the 𝑊 ′

scenario, assuming a value of �̂� = 8 × 10−5. This is compared to the 𝑊 ′-modified pseudodata, as
shown in blue. Similarly, the purple curve indicates the predictions obtained from a PDF fit to the
𝑍 ′ scenario, assuming a value of 𝑌 = 15 × 10−5, and is compared to pseudodata generated under
the same 𝑌 assumption shown in green. In the middle panel we clearly see the agreement between
the 𝑊 ′-modified pseudodata and the resulting PDF: the PDF compensates the effect of new physics
in the data, and therefore signs of new physics are completely missed.

3. Consequences of new physics contamination

3.1 Impact on electroweak processes

The absorption of new physics into PDFs has a significant impact on the search for new physics.
As we saw in Fig. 2, the presence of new physics in the 𝑊 ′ scenario is absorbed by the PDF, and
consequently signs of new physics in this scenario would be missed. However, the impact of this
new physics absorption is not limited to the high-mass Drell-Yan distributions entering into the
PDF fit. In Fig. 3 (left) we demonstrate the effect of using the 𝑊 ′-contaminated PDF set, assuming
�̂� = 8 × 10−5, in calculating theory predictions for diboson production 𝑝𝑝 → 𝑊+𝑊− at the High-
Luminosity LHC assuming

√
𝑠 = 14 TeV and L = 3 ab−1. This high-mass kinematic distribution is

often used as a probe of new physics, and the corresponding theory predictions rely on knowledge
of the large-𝑥 quark and antiquark PDFs.

In Fig. 3 (left) we observe a deviation between data and theory with a statistical significance
of over 3 standard deviations. Note that 𝑊 ′ model has no impact on the partonic cross section of
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Figure 2: Comparison between the pseudodata calculated in the presence of new physics in the 𝑊 ′ and 𝑌 ′

scenarios, and SM theory predictions obtained with the resulting contaminated PDFs . Left panel: neutral
current DY 𝑚ℓℓ distribution. Right panel: charged current DY 𝑚𝑇 distribution.

this process at leading order, and as a result, the pseudodata is generated under the assumption of
the SM, while the ‘theory’ curve is obtained by convolving the 𝑊 ′-contaminated PDF set with SM
predictions. This deviation indicates the potential for the use of a contaminated PDF set to lead to
spurious signs of new physics in datasets which are, in fact, not affected by new physics at all.

3.2 Opportunities to disentangle PDFs from new physics effects

Before concluding, we briefly discuss opportunities to disentangle the effect of new physics
from PDF fits. Ratio observables, see example Ref. [14], provide sensitivity to new physics while
reducing the PDF-dependence. Figure 3 (right) shows the ratio of the diboson𝑊+𝑊− invariant mass
distribution to the neutral current DY invariant mass distribution, both of which are sensitive to the
𝑞𝑞 luminosity. We observe the clear presence of new physics in this ratio. Such ratio observables
provide a clear PDF-independent assessment of the presence of new physics in the dataset, although
as a result, it is not clear whether the new physics affects DY or diboson production or both
processes. Future PDF fits may also benefit from the addition of precise datasets at low-energy.
Such measurements would be less sensitive to new physics than the high-mass DY distributions
considered here, and could potentially constrain the large-𝑥 �̄� and 𝑑 PDFs such that their flexibility
to shift in the presence of new physics impacting observables at the LHC and HL-LHC is limited.
In this endeavor, future experiments such as the EIC programme [15, 16] will be highly valuable.

4. Conclusions

To conclude, we have demonstrated the ability of parton distribution functions to absorb signs
of new physics. In the presence of new physics in the form of a flavour universal 𝑊 ′ boson, we find
that the PDFs shift to compensate the effects of new physics in HL-LHC projections for high-mass
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Figure 3: Left: comparison between HL-LHC projections for diboson 𝑊+𝑊− production and the corre-
sponding theory predictions calculated using the 𝑊 ′-contaminated PDF set. Right: ratio of this diboson
𝑊+𝑊− production invariant mass distribution to the neutral current DY distribution shown in Fig. 2.

.

Drell-Yan distributions. This ‘contamination’ of the PDFs by new physics has the potential to hinder
the discovery of new physics at the HL-LHC, as signs of new physics in high-mass DY distributions
are undetected as a result of their absorption into the PDFs. Furthermore, the shift made by the
PDF in order to compensate for this new physics leads to the presence of spurious new physics
effects in other datasets, for example in the diboson invariant mass distribution. Opportunities
to disentangle this interplay between PDFs and new physics include the use of ratio observables,
as well as future precision measurements at low-energy which may improve constraints on the
large-𝑥 PDFs while exhibiting low sensitivity to new physics. Finally, the strategy presented here
may be applied to assess the level of contamination of the PDFs due to other BSM scenarios.
The tools used in this work are made public alongside detailed instructions at the following link:
https://www.pbsp.org.uk/contamination/.
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