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1. Introduction

The standard model of particle physics does not provide a complete description of the universe
and has a variety of shortcomings, including its lack of explanation for dark matter & dark energy,
its inability to explain the observed matter-antimatter asymmetry, and the strong CP problem. These
shortcomings motivate searches for new physics phenomena at the LHC; however, no clear signs
of BSM physics have been observed yet. This lack of discovery motivates the notion that new
physics may exist at masses which are beyond the energy reach of the LHC. In such scenarios,
new physics might still present itself in the form of various anomalous interactions at rates which
are measurable at the LHC. Any deviations from SM predictions can be described in a model-
independent way within the EFT framework, which parametrizes these deviations in terms of
coefficients of dimension-six operators added to the SM Lagrangian (SMEFT) [2, 3].

In top quark events, there are two primary methods of searching for such effects of new physics.
First, through measurements of SM processes involving top quarks with an interpretation of the
results in terms of constraints of coefficients on dimension-six EFT operators. Second, through
searches for explicitly forbidden processes in the SM, like FCNCs.

In the SM, FCNCs can only proceed through higher-order diagrams whose rates are heavily
suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism; they are forbidden at tree-level.
The predicted SM branching fractions are on the order of 10~'7 — 10~!2 [4], making them un-
detectable at the LHC — any observation of FCNC interactions would be an unambiguous sign of
new physics. A number of BSM models predict enhanced branching fractions of top quark FCNC
decays, including composite Higgs models, warped extra dimensions models, quark-singlet mod-
els [5], and two-Higgs double models (2HDM) either with or without explicit flavor violation [6—8].
Two particularly compelling scenarios are those of a composite Higgs boson or warped extra di-
mensions, where the branching fraction for t — Hc (t — Zc) could be as high as 1074(107%), with
rates for the other potential FCNC mediators (g, y) well below LHC sensitivity [4].

2. Probing new physics in associated top quark production

Processes involving the production of one or more top quarks are sensitive to a variety of
dimension-six operators, while typical LHC studies are only sensitive to a few of these operators.
A novel approach [9] targets a variety of associated top quark production modes and is designed
with the explicit goal of minimizing constraints on the various Wilson coefficients (WCs) of the
dimension-six operators, setting constraints on sixteen total WCs. The study utilizes 41.5 fb~! of
13 TeV CMS [1] data and considers the production of one or more top quarks in association with a
W boson, Z boson, or Higgs boson (H). Rather than trying to isolate specific physics processes, this
study categorizes events based on detector-level observables, namely the number of charged leptons,
hadronic jets, and hadronic jets tagged as originating from a b quark (“b-jets”). The novel approach
in this study lies in the fact that the yields for each process with prompt leptons are parametrized in
terms of the WCs of all operators simultaneously.

The categorization of events according to lepton flavor, lepton charge multiplicity, and jet
multiplicity results in 35 statistically independent regions. Constraints on WCs are then determined
through a binned likelihood fit in which the event yields are a function of both the WCs and a
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set of nuisance parameters which take into account the effects of systematic uncertainties. While
a simultaneous fit of all 16 WCs can be performed, in principle, this is very time-consuming in
practice; instead, constraints are obtained in two ways: first, one WC is constrained while the
other 15 WCs are treated as unconstrained nuisance parameters (“profiled”) and second, one WC is
constrained while the other 15 WCs are fixed to their SM value of zero. The results of these fits are
shown in Fig. 1.
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Figure 1: Left: Observed confidence intervals placed on WCs, shown for the fitting scenario in which all
other WCs are profiled (black) and the fitting scenario in which all other WCs are fixed to their SM value
(red). Taken from [9].

Right: Current exclusion limits and projections for limits possible with future colliders on the top quark
FCNC branching fractions. Experimental constraints are shown along with ranges of predicted branching
fractions for a variety of BSM models. Updated version of Fig. 6.4 from [14].

3. EFT constraints from tt, tW, ttZ, and four top measurements

Additional constraints on WCs of dimension-six EFT operators related to top quark production
were placed by studies measuring production of a top quark-antiquark pair in association with a
Z boson [10], searching for the production of four top quarks [11], searching for new physics in
dilepton final states of tt and tW events [12], and in measurements of the top quark polarization and
tt spin correlations [13].
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Measurements of the cross section, both inclusive and differential, for the production of a top
quark-antiquark pair in association with a Z boson were performed [10] with 77.5 fb~! of 13 TeV
CMS data, considering final states with three or four leptons. In the context of SMEFT, the ttZ
process is especially sensitive to the following WCs: ¢z, ct[é], C¢t» and Cs0° The predicted event
yields for scenarios of non-zero WCs are obtained through simulations of the signal sample binned
in a fine grid in the relevant WC parameter space (all other WCs are assumed to be SM-like). A
binned likelihood function is then constructed as a function of the predicted yields and uncertainties
which is then used to set constraints on the values of WCs, found to be in agreement with the SM
predictions [10].

The search for the production of four top quarks [11] uses 35.8 fb~! of 13 TeV CMS data and
targets single lepton and opposite-sign dilepton final states. A variety of BSM models result in a
modified cross section for four top production. Under the assumption that new physics couples to the
left-handed doublet and right-handed up-type quark singlet of the third generation, only four EFT
operators (01, O} ,, O}

QQ’ TQv
is performed through the use of boosted decision trees (BDTs) that are trained with variables

Ozt) will affect the four top production cross section.Event selection

describing the event-level kinematics, with the four top production process as signal and relevant
SM processes as background. The observed constraints on the WCs of these operators are found to
be in agreement with the SM: [-2.1, 2.0] (Oy), [-2.2, 2.0] (O,,), [-3.5, 3.5] (O},), and [-7.9, 6.6]
(O3, in units of TeV~—2.

The search for new physics in dilepton final states of tt and tW [12] uses 35.9 fb~! of 13 TeV
CMS data and specifically exploits the sensitivity of the tW process to new physics, the first paper
to do so. In the EFT framework the following WCs are especially sensitive to tW production: C ;Z) ,
Cw., Cig, and Cy()G- C%) and Cyw correspond to anomalous Wtb couplings, Cig corresponds to
a chromomagnetic dipole moment, and Cy)G correspond to FCNC interactions. The WC of the
triple gluon strength operator, Cg is also constrained in this study, though this is sensitive only to
tt production, not tW production. A deep neural network (DNN) trained to separate between the tt
and tW processes is used to isolate regions of data which are enriched in tW events. Event yields
for tt and tW are parametrized as a function of WC values and constraints are extracted through a
binned likelihood fit, with the results in agreement with the SM expectations [12].

Measurements of the top quark polarization and tt spin correlations [13] are performed with
35.9 fb~! of 13 TeV CMS data. The study examines final states with opposite-sign dilepton pairs
and additional jets which are tagged as originating from a b quark. Constraints are placed on each
of the independent coeflicients relating to spin of the tt production density matrix. A variety of
WCs, including the chromomagnetic (Cyg) and chromoelectric (C{G) dipole moments, can then
be expressed as a function of the density matrix coefficients. The observed measurements of the
chromomagnetic and chromomagnetic dipole moments, as well as a variety of other anomalous
couplings, are found to be in agreement with the SM [13].

4. Searches for top quark FCNC decays

Searches for top quark FCNC decays are performed in various channels at CMS, including Z,
H, g and y. Current constraints from both ATLAS and CMS are summarized in Fig. 1, with this
section focusing on the CMS results in the t — Hq and t — Zq channels.
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A search for top FCNC interactions mediated by a Z boson [15] was performed with 36 fb~! of
13 TeV CMS data, targeting final states with exactly three leptons. The three leptons are required to
include an opposite-sign same-flavor (OSSF) pair, expected from the leptonic decay of the Z boson.
The study considers both single top and tt production modes, with BDTs trained to target each
production mode. The distributions of BDT discriminants are then used to perform a likelihood
fit and extract constraints on the FCNC branching fractions. The observed (expected) limits on
B(t — Zc) and B(t — Zu) are 4.5 x 107* (3.7 x 107*) and 2.4 x 107* (1.5 x 107%), respectively.

A search for top FCNC interactions mediated by a Higgs boson [16] was also performed with
36 fb~! of 13 TeV CMS data, targeting the bb decay mode of the H and both single top and tt signal
production modes. A BDT is trained to discriminate between signal processes and the dominant
SM backgrounds, primarily tt plus additional hadronic jets. Events are then categorized according
to the number of hadronic jets and number of b-jets; constraints on the FCNC branching fractions
are extracted with a likelihood fit over the categories. The observed (expected) limits on 8(t — Hc)
and B(t — Hu) are 4.7 x 107 (4.4 x 10™*) and 4.7 x 107* (3.4 x 107%), respectively.

5. Conclusions & future prospects

Despite strong motivations for the existence of physics beyond the SM, the LHC has not yet
delivered any clear indication of new physics phenomena. One possibility for the lack of discovery
thus far is the notion that new physics may exist, but at masses beyond the energy reach of the LHC.
Even in this case, LHC experiments could still be sensitive to the effects of new physics, which
could manifest themselves as anomalous couplings of the top quark or forbidden interactions, like
FCNC decays. The EFT framework provides a model-independent way to interpret these results,
as detailed in the results [9-13, 15, 16] described in these proceedings. Though these results are in
agreement with the SM expectations, providing no hint of new physics, future developments will
help to further clarify the landscape. As Fig. 1 shows, expected exclusion limits on top FCNC
branching fractions are expected to improve drastically with the HL-LHC dataset, often by more
than an order of magnitude. Many scenarios of BSM physics result in enhanced branching fractions
for top FCNC decays which are not excluded by current limits but would be observable at the
HL-LHC [14].
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