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1. Introduction

The Standard Model (SM) has been tested to an unprecedented level by the Large Hadron
Collider (LHC). Searches for physics beyond the SM have placed strict constraints on new physics,
indicating that new physics may lie at mass scales larger than energies accessible to the LHC.
Indirect searches will provide a crucial avenue to new physics in this case, searching for evidence
in the form of subtle distortions of cross sections and decay rates relative to their SM predictions.
The Standard Model Effective Field Theory (SMEFT) provides a powerful theoretical framework
for capturing the indirect effects of new physics on LHC observables.

The high-mass tails of Drell-Yan (DY) invariant mass distributions are a particularly interesting
indirect probe of new physics. The four-fermion operators of the dimension-6 SMEFT contribute
at tree-level to the Drell-Yan amplitude, causing it to scale with energy as A o« E%/A2, where E is
the energy of the process and A is the new physics scale. As a result, the SMEFT operators have
a significant contribution to the high-mass bins of the DY distribution and powerful constraints
may be obtained. In fact, high-mass DY measurements have been found to produce constraints on
EFT operators which are competitive with constraints from lower energy measurements of higher
precision [1]. Given this high energy scaling behaviour, nonzero values of the four-fermion operator
coefficients would result in a smooth distortion of the high-mass DY tail. In order to pin down
this subtle sign of new physics, it is important that we understand our theoretical inputs and their
associated uncertainties.

The PDFs form a key ingredient in the calculation of our theoretical predictions for LHC
observables. The PDFs are determined from fits to experimental data, including high-mass and
high-pr measurements. In particular, the large-x region of quark and antiquark PDFs receives
important constraints from high-mass DY measurements. However, PDFs are determined from fits
to data under the assumption of the SM. This leads to an inconsistency in our theoretical predictions
for LHC observables: although we may calculate a partonic cross section in the SMEFT, it is then
convoluted with a PDF which assumes the SM. We will quantify the impact of this inconsistency on
the bounds obtained on the EFT. By performing a consistent simultaneous determination of the EFT
and PDF coefficients, we will quantify the extent to which the EFT bounds are modified. We will
also analyse the change in the PDFs to determine the extent to which it is possible to reabsorb EFT
effects into the PDFs. A first take on this challenge was presented in a proof-of-concept study [2]
using deep inelastic scattering (DIS) data. Here we extend this work to include LHC processes,
performing a joint determination of PDFs and EFT coefficients from both DIS and Drell-Yan data.
For a more detailed discussion we refer to our main work [3].

2. Framework

In this Section we briefly discuss the details of the data, theoretical predictions and fitting
methodology used to produce a simultaneous determination of the EFT and PDFs. We refer the
reader to Ref. [3] for a more detailed outline.

Data: the present analysis is based on the DIS and DY measurements which were part of the
strangeness study of [4], which in turn was a variant of the NNPDF3.1 global PDF determination [5],
extended with additional high-mass DY cross sections. There are 5 datasets in the high-mass
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category. The highest invariant mass reach is provided by the CMS 13 TeV measurement of the
DY invariant mass distribution, with the highest bin reaching up to 3.0 TeV [6]. No other datasets
beyond DIS and DY are considered.

Theoretical predictions: we formulate the SMEFT in terms of a simple but well-motivated
BSM benchmark scenario: the W and ¥ electroweak oblique parameters generated in universal
theories that modify the electroweak gauge boson propagators [1]. A second, flavour non-universal
benchmark scenario is considered in Ref. [3]. At dimension-6 in the SMEFT, the effect of the W
and ¥ parameters on DY observables can be reproduced by a flavour universal linear combination
of four-fermion operators. We calculate theoretical predictions for the SMEFT by augmenting the
SM predictions with a K-factor,

dosmert = dosm X KsMEFT (D

where dogy denotes the SM predictions for the DIS and DY cross sections, calculated at NNLO in
QCD and NLO in EW. KgmEgrT is given by
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Romerr = ('Lij ® d"'ij,SMEFT) / (‘Lij ® do'ij,SM) ;

and R?MEFT is defined similarly, where L?}NLO denotes the partonic luminosity evaluated at NNLO

in QCD. All SMEFT calculations are linear in W, ¥, as shown.

Methodology: we extract bounds on the EFT by performing a scan of the (W, Y) parameter space,
evaluating the y? test statistic at each point, where
Ndat
X =D (Di =T (cov )is(D; = T)). (3)
i,

T; denote the theoretical predictions, D; are the central values of the experimental data and cov;;
denotes the experimental covariance matrix. Most EFT analyses make use of SM PDFs in this
procedure, calculating T,-(Wj, Y 1) using the same SM PDF set at each sampling point (Wj, Y 7). To
perform a consistent simultaneous determination, at each sampling point (WJ-, IA/J-) we will instead
calculate T,-(Wj, s 1) using a SMEFT PDF which has been fit under the assumption of the SMEFT
at that same point (Wj, Yj). Each PDF fit is performed using NNPDF3. 1. Close enough to a local
minimum, the y? as a function of the EFT coefficients can be approximated by a quadratic form
from which we then extract bounds on the EFT parameters.

3. Results from DIS and high-mass DY data

We begin by discussing the impact of the simultaneous fit on the bounds on the W and ¥
parameters, taking one parameter at a time while setting the other to zero. Fig. 1 compares the
results of the parabolic fits to Ay? based on the SMEFT PDFs with their counterparts obtained in
the case of the SM PDFs. The insets highlight the region close to Ay? =~ 0. For the W parameter,
the consistent use of SMEFT PDFs leaves the best-fit value essentially unchanged but increases the
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Figure 1: Comparison between the results of the parabolic fits to Ay? for the W (left) and ¥ (right panel)
parameters for either the SMEFT PDFs or the SM PDFs. The insets zoom in on the region close to Ay? = 0.

coefficient uncertainty §W, leading to a broader parabola. Similar observations can be derived for
the ¥ parameter, though here one also finds an upwards shift in the best-fit values by AY =~ 2 x 10~
in addition to a parabola broadening, when SMEFT PDFs are consistently used. We note that the
SM PDF parabolas in Fig. 1 are evaluated using the central PDF replica and hence do not account
for PDF uncertainties. Table 1 summarises the corresponding 95% CL bounds on the W and ¥
parameters obtained using either the SM or the SMEFT PDFs shown in Fig. 1. Here, we produce
the bounds obtained from SM PDFs without (upper) and with (lower entry) accounting for PDF
uncertainties.

‘ Parameter ‘ SM PDFs ‘ SMEFT PDFs ‘ Parameter ‘ SM PDFs SMEFT PDFs
. -5.5,4.7 . -8.8,9.2
W x 10* [ ] [-6.4,5.3] Y x 10* [ ] [-8.3,11.8]
[-6.8,6.3] [-11.1,12.0]

Table 1: The 95% CL bounds on the W and ¥ parameters obtained from the corresponding parabolic fits to
the A Xz values calculated from either the SM or the SMEFT PDFs. For the SM PDF results, we indicate the
bounds obtained without (upper) and with (lower entry) PDF uncertainties accounted for; the SMEFT PDF
bounds already include PDF uncertainties by construction.

Next, we turn to the effect of the simultaneous EFT and PDF determination on the PDFs.
In Fig 2 we compare the SM and SMEFT quark-antiquark luminosities at representative values
of (W,¥), choosing the values to be within the upper and lower limits of the 95% CL intervals
reported in Table 1. The luminosities are displayed as ratios to the central values of the SM ¢g
Iuminosity, for which we also display the luminosity uncertainty (green). The plots indicate that the
EFT-induced shifts on the luminosity are smaller than its standard deviation. Together with the small
shift in bounds shown in Fig 1 and Table 1, this shows that with current data, the interplay between
EFT effects and PDFs in the high-mass Drell-Yan tails is appreciable but remains subdominant as
compared to other sources of uncertainty.
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Figure 2: Comparison between the SM PDF quark-antiquark luminosity with its SMEFT counterparts,
displayed as ratios to the central value of the SM quark-antiquark luminosity, for representative values of the
w (left) and P (right) parameters.

4. High-luminosity projections

Having found a moderate interplay between the EFT and PDFs using data from DIS and DY
processes, we can expect that this interplay may become significant as more data becomes available.
With this motivation, we repeat the joint PDF and EFT determination of the previous section, this
time including projected pseudodata from the High-Luminosity LHC (HL-LHC). Following the
strategy of Ref. [7] we generate pseudodata for neutral current (NC) and charged current (CC)
DY. The inclusion of CC DY data lifts a flat direction in (W, ¥)-space, allowing a simultaneous
determination of both the (W, ¥) parameters and the PDFs.

We find that including the HL-LHC pseudodata in a fit of PDFs and in a fit of SMEFT coeffi-
cients while neglecting their interplay could result in a significant underestimate of the uncertainties
associated to the EFT parameters, as shown in Table 2. The marginalised 95% CL bound on each
of the W and ¥ parameters becomes looser once SMEFT PDFs are consistently used, even once
PDF uncertainties are fully accounted for. These results are graphically displayed in Fig. 3 (left),
where the 95% confidence level contours in the (W,Y) plane obtained when using either SM PDFs
(blue) or SMEFT PDFs (orange) are compared. All solid countours include PDF uncertainties. The
dashed contours that do not include PDF uncertainties are also indicated to visualise the impact of
the inclusion of the PDF uncertainties.

The impact of the simultaneous determination on the quark-antiquark luminosity is shown in
Fig 3 (right), comparing the luminosities from SM PDFs to those obtained from SMEFT PDFs for
representative values of (W, Y). We find that the central value of the SMEFT PDF luminosity shifts
greatly relative to the SM PDFs, well outside the one-sigma error band of the SM PDFs, while
the PDF uncertainties themselves are unchanged. This change in central value of the large-x PDFs
partially reabsorbs the effects in the partonic cross section induced by the SMEFT operators and
leads to better y? values as compared to those obtained with the SM PDFs.
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SM PDFs | SM conservative PDFs | SMEFT PDFs

. [-1.0,0.8] [-1.4,0.4]

W x 10’ [-8.1,10.6]
[-1.4,1.2] [-4.3,3.1]

. -3.4,4.7 0.5,8.5

¥ x10° [ ] [ ] [-11.1,12.6]
[-5.3,6.3] [-5.0, 13.7]

Table 2: The 95% CL marginalised bounds on the W and ¥ parameters obtained from the two-dimensional
(W,Y) fits that include the HL-LHC pseudo-data for NC and CC Drell-Yan distributions. As in Table 1, for
the SM PDFs we indicate the bounds obtained without (upper) and with (lower entry) PDF uncertainties
accounted for.
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Figure 3: On the left, we display the 95% confidence level contours in the (W,¥) plane obtained from the
DIS+DY fits that include the high-mass Drell-Yan HL-LHC pseudo-data when using either SM PDFs (blue)
or conservative SM PDFs (green). PDF uncertainties are included in the solid lines and not included in the
dashed lines. The results are compared to those obtained in a simultaneous fit, namely with SMEFT PDFs
(orange). The right plot compares the quark-antiquark SM PDF luminosity in the fits including the HL-LHC
pseudo-data with those obtained in the SMEFT PDF fits for representative values of the W and ¥ parameters.

Conservative PDF sets

A further important question is whether the bounds obtained with SM PDFs appearing on the
leftmost column of Table 2 would become more comparable to those obtained from the simultaneous
fit of PDFs and SMEFT coefficients, in case a conservative set of PDFs was used in the analysis based
on SM PDFs. A conservative PDF set is one which is obtained from data under the assumption of
the SM, but does not include any of the high-mass Drell-Yan sets (neither the HL-LHC projections
or the existing high-mass measurements from the LHC). To address this question, in Table 2 we
also display the bounds that are obtained using a conservative PDF set. We observe that, once this
set of conservative PDFs is used as an input PDF set and the PDF uncertainty is included in the
computation of the EFT bounds, the bounds widen as compared to the bounds computed using SM
PDFs, as shown in the central column of Table 2. As a result, the size of the bounds obtained by
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using conservative SM PDFs is closer to the size obtained from the simultaneous fits, although still
slightly underestimated.

Before we conclude, we note that the pseudodata generated for the purpose of the HL-LHC
projections are generated under the assumption of the SM. It is worth considering a more optimistic
scenario in which new physics is present in the form of nonzero values of the W and ¥ parameters.
We generate HL-LHC pseudodata assuming (W, ¥) = (4, 8) x 107>, taking these values from within
the 95 % CL bounds found in Section 3, and recalculate the EFT bounds. The results are shown in

SM PDFs | SM conservative PDFs | SMEFT PDFs

Wx 105 | [-1.5,1.2] [3.1,5.0] [-5.3,9.0]

Y x105 | [-3.1,8.7] [5.8,13.6] [-0.2,26.7]

Table 3: We inject a spurious signal of new physics into the HL-LHC pseudodata, taking (W,?) =
(4,8) x 107 as a benchmark. The table shows the 95% CL marginalised bounds on the W and ¥ parameters
obtained from the two-dimensional (W.Y) fits that include this HL-LHC pseudodata. PDF uncertainties are
accounted for.

Table 3. We find that the fully simultaneous fit does a good job of detecting new physics, with the
bounds moving to the right relative to those in Table 2. In contrast, the fit using SM PDFs that have
seen the SMEFT-affected data are unable to detect new physics: the point (W,Y) = (4,8) x 1073
lies outside of the marginalised bounds at 95 % CL shown in the leftmost column of Table 3. Finally
we find that using conservative SM PDFs we are able to detect the new physics, and the bounds
are in fact tighter than those obtained using SMEFT PDFs. Our results suggest that a more careful
study of conservative PDFs will be very important in the future, as PDF fits continue to include
more and more data, some of which could be SMEFT-contaminated. In particular, it will be crucial
for those performing SMEFT fits to know whether a fully simultaneous PDF-SMEFT fit is required,
or whether they can reliably use conservative sets instead.

5. Conclusions

Exploiting the full potential of current and future precision measurements at the LHC for
indirect BSM searches requires the development of novel data interpretation frameworks capable of
handling the interplay between PDF and EFT effects in the high energy tails of LHC distributions.
We present a study of this interplay using high-mass DY data, building on a previous study of DIS
data [2]. We find that at present, the interplay between PDF and EFT effects remains moderate
and subdominant relative to other sources of PDF uncertainty. This situation will change, however,
as we move towards the HL-LHC: our projections show that neglecting this interplay may lead
to artificially precise bounds on the EFT. A more detailed investigation into the definition of
conservative PDFs is needed, particularly as PDF and EFT fits include more data, some of which
may contain signs of new physics. In parallel, it is crucial that we begin to develop a more powerful
methodology capable of handling further SMEFT operators in order to move towards a truly global
simultaneous fit.
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