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Precision tests of the Standard Model (SM) based on electroweak precision observables have
proven the quantum consistency of the SM gauge theory to extreme precision. With increasing
precision being reached for a broader spectrum of collider and flavour-physics measurements, it
is now possible to perform more global fits that also include Higgs-boson, top-quark, di-boson,
Drell-Yan, and flavour-physics observables. This is particularly interesting to test those areas of
the SM that still depend on a large number of relatively arbitrary parameters, such as the scalar
potential, scalar-fermion interactions, and flavour dynamics. After a brief update on the status of
electroweak precision fits of the SM, we will present results from a more general analysis of the
Standard Model Effective Field Theory (SMEFT). The study uses the Bayesian-based open-source
HEPfit fitting framework where SMEFT and SM parameters are simultaneously floated and fit.
We limit our analysis to dimension-six SMEFT operators and calculate theoretical predictions for
each observable at linear order in the corresponding Wilson coefficients. We study the role played
by different kinds of observables in constraining the SMEFT interactions and setting a lower bound
on the scale of new physics. To explore in particular the role played by flavour observables, we
consider two possible scenarios in which the SMEFT coefficients inherit a U(3)> or U(2)° flavour
symmetry from the parent UV theory.
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Precision tests of the Standard Model and beyond Laura Reina

1. Introduction

As arenormalizable quantum field theory, the Standard Model (SM) provides very well-defined
calculable relations among its parameters. Its consistency can be rigorously tested at the quantum
level by computing precisely measured physical observables at a high level of accuracy, given a
minimal set of input parameters. Precision fits of the SM have traditionally focused on a set of
observables and input parameters measured with high precision at LEP, SLD, the Tevatron, and
more recently the Large Hadron Collider (LHC). The most common set of electroweak precision
observables includes Z-boson rates, ratios and asymmetries built out of such rates, the weak mixing-
angle, the Z and W masses and widths, the top-quark mass, and more recently the Higgs-boson
mass. Based on state-of-the-art theoretical predictions, the quantum consistency of the SM has been
stress tested in electroweak precision fit to more than per-mille level, providing a strong constraint
for any model of physics beyond the SM. Results from a recent electroweak precision fit of the
SM [1] are shown in Fig, 1. where the consistency between the precision fit of SM parameters and
their experimental measurements is well illustrated.
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Figure 1: Results from a recent electroweak precision fit of the SM [1], updated from Ref. [2, 3].

Other areas of the SM that are most likely connected to new physics remain less explored in
terms of electroweak precision fits. These include top-quark and Higgs-boson interactions, and,
closely connected to them, the dynamics of flavour mixing and CP violation. Incidentally these are
also the least satisfactory areas of the SM, where most of the arbitrariness of the theory resides,
pointing to the need for beyond the SM explanations. Considering the possibility of extending
precision fits to include observables that directly test and connect all sectors of the SM is therefore
of the utmost importance in identifying new physics effects. With increasing precision being reached
at the LHC and current low-energy flavour physics experiments, precision fits can now be extended
to include physics processes such as e.g. Drell-Yan production, di-boson production, top-quark and
Higgs-boson production and decays, as well as AF = 1 and AF = 2 flavour processes.

In a recent study [4] we have indeed considered such broader fit for the case of the Stan-
dard Model Effective Field Theory (SMEFT), which provides a consistent quantum field theory
framework within which new UV physics effects in multiple observables can be calculated in a
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systematic and rather model-independent way. To describe physics below the electroweak scale,
such as flavour physics, the SMEFT can be matched to the Low Energy Effective Theory (LEFT)
at the electroweak scale, providing an overall consistent framework to study the interplay between
high- and low-energy physics. Quantum effects can be consistently included in the SMEFT+LEFT
framework by means of renormalization group evolution (RGE) and matrix element calculation of
the corresponding Wilson coefficients (WC) and operators, respectively.

More details about the theoretical and statistical framework are summarized in Section 2, while
a selection of results are illustrated in Section 3. We conclude in Section 4 with a summary of our
findings and some final remarks.

2. General Framework of the SMEFT fit

In our study, we work in the SMEFT framework, where the SM Lagrangian is extended by a
series of higher-dimensional operators built in terms of the SM fields and gauge symmetry, namely:

1
Lsmverr = Lsm + Z = Z Yo, )]
i

d>4

where A is the scale of new physics, and the Cl.(d) are the WC associated with the dimension-d
operators Ol.(d) . In particular, we adopt the Warsaw basis [5] and limit our analysis to dimension-six
operators', and will suppress the d = 6 label in the following. For this study, we do not consider
CP-violating interactions, and also omit the Oy = (¢ ¢)3 operator (where ¢ is the scalar SU(2),,
doublet of the SM) since it does not enter at leading order in any of the observables considered in
this study.

We calculate theoretical predictions at linear order in the SMEFT WC and consider the effect of
the WC leading-order RGE from a generic UV scale A to the electroweak scale ugw, as calculated
in Ref. [6-8] and implemented in RGEsolver [9]%. To calculate flavour observables, we match
the SMEFT to the LEFT at the electroweak scale [10] and then use the LEFT RGE to evolve the
corresponding WC from ugw to the relevant low-energy scale. Predictions include state-of-the-art
SM results and the interference between SM and SMEFT contributions consistently computed in
terms of leading-logarithm WC and lowest-order matrix elements. In order to assess the impact of
leading-order RGE in constraining the SMEFT interactions, we consider two UV scales, A = 3 and
10 TeV, and also a scenario where the effects of RGE are neglected.

To explore the role played by flavour observables in the fit, we consider two possible scenarios
in which the SMEFT coefficients inherit a U(3)> or U(2)> flavour symmetry from the parent UV
theory. More specifically:

e In the U(3)> scenario new physics is assumed to be flavour blind, such that the basis of
SMEFT operators reduces to 41 effective interactions (40 if we do not consider O 4).

« In the U(2)’ scenario new physics is assumed to couple differently to the third generation of
fermions, such that the basis of SMEFT operators reduces to 124 effective interactions (123 in

I'See Ref. [4] for a complete list of the operators considered.
ZFor the purpose of this study we take gy = My for all non-flavour observables.
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our case, as explained above). Furthermore, one needs to specify a direction in flavour space
that identifies the third family. We consider the two possibilities in which the third family is
defined in the basis of diagonal up-type quark or down-type quark Yukawa couplings at the
scale A, since this is the scale where the flavour structure of new physics is transfered to the
SMEFT. We label these two situations as UP basis and DOWN basis, although this is not
just a choice of basis but rather denotes a different assumption on the flavour structure of the
underlying UV theory. Notice that such flavour misalignment only arises for the left-handed
quark fields.

On the experimental side, we consider a broad spectrum of existing data including (i) elec-
troweak precision observables from LEP/SLD, Tevatron, and LHC measurements; (ii) LEP2 mea-
surements of fermion-pair production and e*te™ — W*W~; (iii) LHC measurements of Drell-Yan
production at high energy; (iv) Higgs-boson signal strengths and simplified template cross sections
(STXS) data from the LHC experiments; (v) measurements of top-quark pair production and asso-
ciated production at the LHC; and (vi) AF = 1 and AF = 2 flavour observables used to constrain
the CKM unitarity triangle and flavour-changing interactions. For a detailed list of all the data that
were considered in the fit and their sources we refer to Ref. [4].

Given the theoretical and experimental inputs briefly described in this section, we fit the
values of the SMEFT coeflicients at the scale A together with the SM parameters and the relevant
hadronic inputs to flavour observables, using the Bayesian-based [11] open-source HEP£fit fitting
framework [12]. Floating SM parameters together with SMEFT coefficients is indeed a distinctive
aspect of our analysis, particularly in the flavour sector where the parametrization of hadronic matrix
elements and of the Cabibbo-Kobayashi-Maskawa (CKM) matrix are a major source of theoretical
uncertainty. We assume uniform priors for the SMEFT coefficients in the [—4n, 47| range, and
Gaussian priors for the most precisely measured SM parameters while quark masses and CKM
parameters are taken with uniform prior (see [4] for details). The results of the fit are given as
highest posterior density intervals (HPDI). In Section 3 we present a selection of both individual
(when a single SMEFT coefficient at a time is activated at the scale A) and global fits from Ref. [4].

3. Results

In this section we present a selection of results from individual and global fits aimed at
illustrating the bounds that can be placed on SMEFT coeficients, and indirectly on the scale of new
physics A, using available data. By performing fits that do not consider specific sets of data (Higgs,
top, flavour, etc.) we are able to identify the specific role played by different classes of observables.
In particular, analyzing the two different UV flavour scenarios, U(3)° and U(2)> symmetric, we can
assess the sensitivity of SMEFT fits to new flavour dynamics that could become a discriminating
factor in pinpointing extensions of the SM favored by data. Furthermore, the results of the fits
presented in this section also provide information on the role played by the interplay of different
operators through renormalization, as will be displayed by comparing results with and without RGE
and with RGE for different values of A.

Fig. 2 and Fig. 3 show the result of individual fits to the corresponding non-zero WC, involving
operators of purely bosonic nature, operators containing one fermionic current, and four-fermion
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Figure 2: Summary of constraints from individual fits in the U(3)> symmetric case. The lower panel shows
the results of the fit for each C;(A)/A? in terms of the corresponding uncertainty (absolute value of), while
the upper panel illustrates the corresponding lower bounds on A/+/|C;(A)|. Different colors illustrate the
impact of removing the most constraining dataset for each coefficient. The bars marked with red are those
whose 95% HPDI reaches the extremes of the priors. See text for further details.

operators without/with flavour indices depending on the chosen UV symmetry. In fact, in Fig. 3
we only show a subset of operators for illustration purposes. For each WC C;(A), the bottom half
of each plot displays the half width of the 95% probability range of C;/A?, therefore giving at a
glance a quantitative measure of the residual uncertainty with which a given WC can be constrained.
The corresponding upper half of each plot translates that into a lower bound on A/ \/@ ,l.e. on
the scale A itself normalized by the square root of the maximum 95% HPDI for |C;|. Notice that,
since for all WC the corresponding 95% HPDI are still compatible with zero, we cannot put an
upper bound on the scale A, since that would require to have a non-zero minimum for the HPDI
of |C;|. Furthermore, the horizontal lines indicate the maximum/minimum value allowed for each
coeflicient/scale, corresponding to the limit of the priors for each WC (see Section 2). Finally, the
cases in which the 95% HPDI interval touches the prior’s edges are hatched with red diagonal lines
while, when the posterior distribution of a coefficient is completely flat, the 95% HPDI interval is
hatched with diagonal white lines. For each WC Figs. 2 and 3 show three bars of different shades
of blue representing results obtained without RGE (lighter blue), with RGE from a scale A = 3 TeV
(medium blue), and with RGE from a scale A = 10 TeV (darker blue). At the same time, bounds
obtained excluding one set of observables at a time are displayed using different colors, as explained
in the legend of Figs. 2 and 3. On the other hand, Fig. 4 compares the results of individual and
global fit, in which all WC are active at the scale A, for the U(3)> symmetric case. In each case the
RGE and no-RGE cases are also illustrated.

From the results shown in Figs. 2-4 we can draw several conclusions. First, fitting to a larger
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Figure 3: Same as Fig. 2 but in the U(2)’ flavour symmetric case, limited to the bosonic and two-fermion
operators. Results are shown in the UP basis.
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Figure 4: Comparison of individual and global (marginalized) constraints in the U(3)> scenario, for a
reference scale A = 3 TeV, wuth and without RGE effects.

number of observables increases the constraining power of the fit, as demonstrated by the larger
number of WC that can be constrained by going beyond purely electroweak observables as well as
by the weaker bounds obtained by removing sets of observables from the full fit. For instance, one
can clearly see the role played by Higgs-boson observables in constraining bosonic and Yukawa-
type operators or the impact of top-quark observables in giving first bounds on third-generation
four-quark operators. Furthermore, the comparison between the U(3)> and U(2)° symmetric cases
clearly shows the crucial role played by flavour observables in constraining operators involving
quark currents as well as dipole operators.

Second, including the RGE of the WC can substantially affect the resulting bounds. This is
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for instance the case of Ow, which mixes under renormalization with O gp, O 4w, and O swp.
As a consequence, the bounds on Cy (A) go from being dominated by electroweak observables
(LEP2 diboson production in particular) in the no-RGE case to being completely determined by
Higgs-boson observables in the RGE case. By comparing the RGE case with A = 3 and 10 TeV one
can also observe how bounds get weaker for the higher scale choice, since C;/A? becomes too small
to be constrained by the fit given current experimental and theoretical accuracies. When posterior
distributions are broad we know that increased accuracy will lead to better constraints. On the other
hand, if the posterior of a given WC is completely undetermined further information is needed to
constrain that WC.

Furthermore, comparing individual fits to global fits in the U(3)> symmetric case, we notice
how bounds get considerably weaker due to the complexity of the fit and the interplay between
different observables that induce correlation among WC. When they exist, the corresponding bounds
on A are lower and this can be important in favoring models of new physics where such correlations
patterns are realized. At the same time the stronger lower bounds obtained in individual fits, up to
scales of tens of TeV, can highlight those interactions that would be already excluded if new physics
had to be discovered at lower energies or that needs to be avoided in theories that can be tested in
the foreseeable future.

4. Conclusions

Precision fits of the SMEFT provide a valuable, systematic framework for placing constraints on
new physics independently of specific models. In this talk, we have presented results from multiple
fits of the SMEFT broadly based on electroweak, di-boson, Drell-Yan, Higgs-boson, top-quark, and
flavour observables, assuming either a U(3)° or a U(2)> symmetric UV theory. Expanding the
analysis beyond purely electroweak observables, and considering the full leading-order RGE of the
SMEFT WC, generally improves the constraining power of the fit and in the case of U(2)> also
highlights the importance of flavor physics.

Individual fits of the corresponding SMEFT WC can already set multi-TeV lower bounds
on the scale of new physics A while more global fits provide interesting information of possible
correlations that can reduce such lower bounds. Looking ahead, reducing theoretical uncertainties
in the underlying SM and SMEFT predictions will be essential to fully unlock the constraining
power of global fits and enable the discovery reach of the high-luminosity LHC and future colliders.
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