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1. Introduction

Despite the vast amount of results produced by the LHC experimental collaborations, no clear
evidence for Beyond the Standard Model (BSM) physics has emerged so far. Itis therefore extremely
relevant to explore all approaches with potential to increase the LHC sensitivity to BSM scenarios.
Currently two major approaches are employed when searching for new physics: i) searches for
the on-shell production and decay of BSM states or ii) searches for off-shell effects from higher
dimensional operators [1-7]. The latter often makes use of the Standard Model Effective Field
Theory (SMEFT) framework [8], which is valid for new physics scales (A) beyond the the energy
scales probed at the LHC (v/s), i.e. A > /s ~ O(TeV).

The main goal of this paper is to bring forth a third way to interpret LHC measurements,
namely to search for off-shell effects arising from new states which can be relatively light when
compared to v/s. Since in this case the EFT approximation is not valid, the off-shell contributions
can not be described by the SMEFT operators. We will make use instead of form factors which can
fully capture the off-shell effects from light BSM states. To illustrate this approach we will consider
a top-philic BSM toy model and its effects to ¢7 production at the LHC.

A comparison between the ¢7 distributions using form factors or the corresponding EFT limit
will allows us to properly quantify the regime under which the EFT approximation is valid and
how much it fails to describe the effects of light (A < +/s) new physics states. In addition we will
show that the constraints from off-shell BSM effects on Standard Model (SM) observables can be
competitive to on-shell searches for some regions of the parameter space. Finally, in Section 3 we
will comment on possible improvements on search strategies which could enhance their sensitivity
to BSM effects on SM measurements.

2. Top-Philic Toy Model

The possibility of new physics being primarily coupled to the top sector has been extensively
studied in several BSM scenarios [9-12]. Here we consider a minimal toy model, which contains a
scalar top partner (¢7), singlet under SU(2)r, and a singlet Majorana fermion (), which is a Dark
Matter (DM) candidate. In addition we impose a Z, symmetry under which the BSM fields are
odd and the SM fields are even. The renormalizable BSM Lagrangian reads:

1
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with mg > m,, so the DM candidate is stable. The ¢7 field couples to the SM gluons, since it is
colored and to the top quark and y through the term proportional to ypy. The DM candidate on the
other hand only couples through the latter. This scenario is similar to the minimal supersymmetric
standard model (MSSM) with all the superpartners decoupled, except for the Bino and right-handed
stop fields. Within the MSSM, however, we have ypy = %ﬁg’ ~ 0.3, where g’ is the U(1)y
coupling constant. In the scenario discussed here we assume ypys to be a free parameter, which
can be as large as allowed by perturbativity, ypys < 4.

If my < TeV, the scalar top partner will be abundantly produced at the LHC through the
diagrams shown in Figure 1. The sensitivity to this process strongly depends on AM = mr —m,,,
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Figure 1: Leading order diagrams for the on-shell production of the colored scalar.

LHC Constraints

\
7/
\
i Direct Searches {
| — ATLAS - pr(t) /’
1
< !
% 102 A 1
U \' .
~ 1= S
= Jc3 S
< HES -
12 S
i I
i 5 =
> §
101 T T T T ! T T T
500 600 700 800 900 1000 1100

myr (GeV)

Figure 2: 95 % C.L. exclusions in the mr versus AM = m7 — m, plane from direct searches (orange
curve) and off-shell effects (red curves). The solid lines show the exclusion obtained using the full 1-loop
calculation, while the dashed lines correspond to the EFT approximation for distinct values of the BSM
coupling ypas. The limits for the 1-loop and EFT curves were obtained using the ATLAS pr measurement

from Ref. [18].

since for AM < m,, the ¢7 decay will take place through an off-shell top (¢7 — x + t*(bff")).
Note, however, that the signal does not dependent on the BSM coupling ypas, which only affects
the scalar width.! Since LHC signatures for on-shell ¢7 pair production are identical to the ones
used for stop searches, we use SMobELS [13-16] to reinterpret the ATLAS and CMS constraints on
stop-neutralino simplified models and compute the constraints on the top-philic scenario considered
here. For sufficiently small AM, the signal can also be constrained by monojet searches, so we have
recast the CMS monojet search [17] and used it to constrain the region with AM < 15 GeV. The
resulting 95% C.L. excluded region is shown by the orange curve in Figure 2.

From the above results we see that models with my > 1 TeV and AM < m;, are still allowed by
direct (on-shell) searches. Hence it is interesting to investigate if off-shell effects on ¢7 production
can be sufficiently large to be tested using top measurements. At 1-loop the ¢7 and y states
contribute to pp — 1t as illustrated by the diagrams shown in Figure 3. Unlike the case of on-shell
production, which is independent of ypy, the 1-loop contribution is proportional to yZDM and can be

IFor the y pas values used in this work the width is sufficiently large to always result in prompt decays.
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Figure 3: Examples of next-to-leading order BSM diagrams contributing to pp — tf. All the diagrams are
of order O(g2y3,,).-

enhanced for sufficiently large values of this coupling and/or small m7, m, . In order to compute the
1-loop contributions we have calculated form factors for the effective top-top-gluon and top-top-
gluon-gluon couplings induced by the loop diagrams, which can be written as effective, momentum
dependent couplings [19]:

Lrr =185y pp Guf [F* (pr, p) 1t + 1285y G uGrE [F* (pg. pes pi) | t )

where the F# and ##” form factors contain the full momenta dependence as well as the Dirac and
color structures, which are suppressed for simplicity.

In the EFT limit, i.e. mg,m, > +/s,m;, the 1-loop diagrams give rise to the following
6-dimensional operators:

Lerr = thg Gﬁv (fTAU#VZ) + Cq (ZTRTA’)/”ZR) (Q_LTA’)/#QL + IZRTA’)/'UMR + CZRTA’)/#dR) ,
3)

where u, d, Q represent any light quark flavor and m, is the (on-shell) top mass. The Wilson
coefficients C, and C, were computed using Matchete [20] and are given by:

C, = - — 1 — 6x +3x% + 2% — 6x°1 4
§ 38472 mZT(l—x)4[ ¥ 32 - 6 log() @
2.2
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where x = m? /mj.

Using the Lagrangian from Eq.(2) we can compute the BSM off-shell contributions to ¢f
production and compare them to the ones obtained using the EFT approximation, given by Eq.(3).
Since we are considering the leading BSM contributions, when computing pp — tf we only
include the Born (SM) and SM-BSM interference terms. Figure 4 shows the total pr(t) for two
sets of BSM masses and yps. The filled blue histogram shows the SM only distribution, while the
SM+BSM distribution obtained using the 1-loop (EFT) calculation is shown by the solid (dashed)
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red histogram. The distributions include the fiducial cuts considered by the ATLAS analysis from
Ref.[18] and can be directly compared to the unfolded data, shown by the black points in Figure 4.
The bottom panels display the ratio of each histogram to the observed data in each pr bin and the
light blue band shows the measurement uncertainties ignoring correlations. The left plot shows the
distribution for "light” BSM masses, where we see that the 1-loop distribution clearly differs from
the EFT approximation for all bins above 500 GeV. Once we consider the distribution for heavier
masses (right plot), we see that the EFT validity extends a bit further, up to pr ~ 700 GeV. It is also
interesting to note that in the light scenario (left plot) the EFT approximation overestimates the signal
for the highest bin, while for the heavy scenario it severely underestimates it. Therefore, whether
the EFT approximation is conservative (underestimates the signal) or aggressive (overestimates the
signal) depends on the region of parameter space and the pr bins considered. Finally, we point
out that the EFT underestimates the signal in intermediate bins in both light and heavy scenarios.
Since these are the most sensitive to constrain the signal (due to their smaller uncertainties), the
EFT approximation typically underestimates the constraints on the model.
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Figure 4: Transverse momentum distribution, pr(¢), for my = 600 GeV, m, = 590 GeV, ypy = 5 (left)
and mr = 1TeV, m, = 0.9 TeV, ypm = 10 (right). The data points show the unfolded distribution measured
by ATLAS [18], while the filled histogram shows the SM prediction at NNLO from Ref. [18]. The solid
histogram shows the SM plus BSM distribution computed using the 1-loop form factors, while the dashed
histogram shows the same distribution within the EFT approximation. The bottom subplot shows the ratio
of the measured distribution to the SM, SM plus 1-loop and SM plus EFT distributions. The band shows the
uncertainties ignoring correlations, i.e. VCj;.

In Figure 2 we show the region excluded by the ATLAS pr(f) measurement at 95% C.L. for
two values of ypy. The solid red curves show the excluded region using the 1-loop calculation,
while the dashed curves show the region which would be obtained if we (wrongly) assumed the
EFT approximation. As we can see, for ypy = 5, only the 1-loop results are competitive with direct
searches, excluding mr < 650 GeV for all AM values. For larger coupling values (ypym = 10), the
exclusion extends up to 1 TeV. Furthermore, we see that the EFT approximation underestimates the
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sensitivity of top measurements to new physics.

3. Conclusions

In this paper, we discussed a new approach to reinterpret Standard Model top measurements,
enabling to test scenarios with light new physics scales which can not be properly described by
the SMEFT framework. We focused on scenarios that produce loop-induced signatures, motivated
by Dark Matter. By computing the leading one-loop contributions to top pair production using
effective couplings, we revealed that these BSM effects can differ significantly from the SMEFT
operator behaviour. While Top EFT operators suggest an excess at the tails of distributions, our
loop calculations resemble a broad bump. To fully capture new physics effects, it is essential to
extend current SMEFT analyses and explore different kinematic regions beyond distribution tails.
Our method shows that this reinterpretation is feasible using the same differential measurements,
focusing on alternative phase space regions. In particular, the broad resonant signal behaviour and
negative interference at high energy bins could be exploited further, particularly through ratios of
intermediate and high invariant mass bins to reduce systematic uncertainties and enhance signal
sensitivity. Leveraging these signal features enhances sensitivity to new physics beyond the typical
SMEFT analyses. For sufficiently large BSM couplings, this sensitivity renders SM measurements
complementary to direct searches, potentially extending the excluded BSM parameter space.
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