Eur. Phys. J. C (2025) 85:258
https://doi.org/10.1140/epjc/s10052-024-13739-w

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Collider-flavour complementarity from the bottom to the top

Oliver Atkinson'(®, Christoph Englert"2@®, Matthew Kirk>’®, Gilberto Tetlalmatzi-Xolocotzi***<

! School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, UK
2 Institute for Particle Physics Phenomenology, Durham University, Durham DH1 3LE, UK
3 Physik Department, Universitit Siegen, Walter-Flex-Str. 3, 57068 Siegen, Germany

4 Universite Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France

Received: 14 November 2024 / Accepted: 20 December 2024
© The Author(s) 2025

Abstract Motivated by recently observed anomalies in the
flavour sector, we analyse the potential of measurements of
top quarks at the Large Hadron Collider (LHC) to provide
complementary constraints on interactions that shape low-
energy precision investigations in the B sector. The measure-
ment of top quark properties, such as the top width and the
abundant top pair production channels, are already reach-
ing the percent level at this relatively early stage of the
LHC phenomenology program. A focused analysis of four-
fermion interactions, employing effective field theory with-
out flavour structure assumptions and incorporating renor-
malization group evolution effects, bridges B meson scale
phenomena with key top quark measurements. We demon-
strate that the LHC is increasingly competitive with, and
complementary to, flavour physics constraints. Our results,
which include a first comprehensive analysis of non-leptonic
B decays in this context, suggest that the LHC’s top physics
program could serve as a valuable, complementary tool in
the search for physics beyond the Standard Model within the
flavour sector.

1 Introduction

Some ten years after the Higgs boson discovery, beyond
the Standard Model (BSM) physics remains elusive in the
high-energy collisions observed at the Large Hadron Col-
lider (LHC). While measurements since 2013 have, on the
one hand, consolidated the Standard Model (SM) as a sur-
prisingly accurate description of the weak gauge-Higgs sec-
tor, a range of flavour physics measurements call the SM
into question. These anomalies, chiefly parametrized using
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the language of effective field theory (EFT) [1] are based on
measurements of the bottom sector and have triggered arange
of theoretical investigations into the potential UV origins of
the observed deviations.

EFT s an established tool to investigate the (dis)agreement
of theoretical predictions with experimental findings in
flavour physics. Its application to the multi-scale processes
in the LHC environment, however, is relatively recent. Moti-
vated by the, so far, unsuccessful searches for concrete and
motivated BSM extensions, EFT methods are increasingly
becoming a new standard for communicating results. Owing
to the electroweak precision constraints from the LEP era and
the broadly observed consistency of Higgs interactions with
the SM-predicted patterns, a typical focus of these investiga-
tions is Standard Model effective field theory (SMEFT) [2].
SMEFT is based on the gauge symmetry and field content
of the SM and describes the leading deformations of the
SM interactions. The Lagrangian in this approximation is
schematically given as

C;
Lsm =£SM+ZFQ1" (D
;

and is characterized by a cut-off suppression ~ A~2. The
scale and scheme-dependent Wilson coefficients C; can be
related to concrete UV scenarios through matching calcula-
tions, which have received substantial attention recently [3—
5]. Efforts to holistically constrain SMEFT at the LHC are
well underway; proof-of-principle investigations in a range
of phenomenological arenas have been provided in Refs. [6—
14]. SMEFT deformations at different scales are dominantly
related by renormalization group running effects which have
been detailed in Refs. [15-19] (see also [20]).

In this work, we consider the recently arising puzzle in the
context of the annihilation-free non-leptonic B meson decays
into heavy-light final states [21] (see in particular the very
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recent global analysis of [22]) from a perspective of flavour-
collider complementarity. This also offers an ideal context
for drawing broader conclusions about the opportunities that
come to light from comparing and combining high-precision
flavour measurements with high-energy collider experiments
(see in particular Refs. [23-35]).

We start by providing a brief description of the non-
leptonic puzzle. A well-established technique for the calcu-
lation of non-leptonic B meson decays is QCD-factorization
(QCDF) [36-40], which has been developed up to next-
to-next-to leading order (NNLO) in the oy expansion [41-
48]. Unfortunately, most non-leptonic B meson decays suf-
fer from large uncertainties due to the presence of non-
factorizable contributions. However, there are a subset of
decays into heavy-light final states B — D™ L (which fea-
ture a light L = m, K meson in addition to the D [40])
for which it is possible to identify specific processes where
non-factorizable contributions due to annihilation topolo-
gies are absent. Phenomenologically important examples are
B® — D*K®= and B® — D7~ Interestingly, recent
updates in the determination of different observables for these
decays have revealed considerable tension between theory
and experiment [21]. In light of the absence of the hadronic
uncertainties that affect most of the two body non-leptonic
B meson decays, these deviations are particularly inviting.

There are two possible explanations. The first one is that
our understanding of the dynamics of hadronic effects is less
robust than expected, as our theoretical tools fail to provide
a fair description of the experimental results in the cleanest
category of non-leptonic B meson decays. The second alter-
native is that these deviations may, indeed, indicate the pres-
ence of new physics (NP). This possibility singles out a well-
defined subset of BSM four-quark operators, which can be
matched onto SMEFT operators. We target these directions
in the EFT parameter space with an analysis that employs a
multi-scale approach across the naive flavour-collider divide.

The focus of our collider investigation will be top quarks.
These are immediately motivated final states, given their
weak left-chiral relation with the bottom sector, since in the
SMEFT the relevant degrees of freedom are left-chiral weak
doublets.! In addition, their phenomenology enables us to
illustrate how the high precision that is achieved in LHC mea-
surements is already now becoming competitive with con-
straints arising from flavour physics measurements at lower
energy. In contrast to many earlier analyses, we make no
assumptions about the flavour structure in the SMEFT. Con-
necting the different energy scales probed in top quark and B
physics analyses under well-defined assumptions is then crit-

' Counter examples to this motivation can be constructed, and the right-
handed sector can be more easily modified in reflection of that. Nonethe-
less, many motivated UV extensions of the SM feature the left-handed
doublet character to scales above the TeV scale.
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ical to further or relieve the observed tension of the different
data sets synergetically.

We organize this work as follows. Section 2 details our
flavour physics analysis: we summarize the basic formal-
ism in QCDEF, which is relevant to this project, before dis-
cussing relevant flavour observables and their implementa-
tion into our limit setting. Then, in Sect. 3, we discuss how to
connect our low energy B physics with LHC measurements
and present representative top-quark measurements from the
LHC. In Sect. 4, we then move to comparing flavour and
collider phenomenology results, highlighting points of com-
plementarity between the two measurement realms. We con-
clude in Sect. 5.

2 Flavour physics constraints
2.1 Non-leptonic B decay analysis
Annihilation-free non-leptonic channels

Non-leptonic processes suffer, in general, from significant
theoretical uncertainties. For example, within the frame-
work of QCDF, a first-principle determination of annihilation
topologies (which are crucial to most two-body decay chan-
nels) is not feasible, see [49] for an alternative procedure on
the calculation of non-leptonic B meson decays. This is due
to multiple sources of infrared divergences that arise partic-
ularly in transitions involving light meson pairs in the final
state, suchas B — nwr, B - K and B — KK among
others. However, such sources of uncertainty are absent in
some heavy-light two-body decays such as B — DT K )~
and B° — DTz [21].

The QCDF computations follow an effective theory
approach; the set of four-quark operators that are relevant for
the scope of our work are of the form Q = (cI'b)(¢gT"u) [50,
51] where there are two potential colour contractions, the
Dirac structures are of the form y,, PL®y* P, v, PLY" Pr,
PL®Pp, PL® Pr,oroy,, PL®c"" P (plus chirality flipped
conjugates), and g = {d, s}, leading to a total of 40 opera-
tors, of which only the y, P1, ® y" Pr structure is present in
the SM.

Within the formalism of QCDF, the matrix elements
of these operators obey the following generic decomposi-
tion [37]

— B,— DS !
(DL B =3 FT (Mi)X/O duTj )@ )
A
+O<@), )

where T;; are the hard scattering kernels which can be com-
puted perturbatively. ® refers to the light-cone distribution
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Dy

. B
amplitude for the meson L, and F ; a7 are the relevant

form factors to describe the transitions Bq — D,(,*). For the
computation of the matrix elements, we use the calculations
provided in Ref. [52] after independent cross checks. The
physical amplitudes can be written as

A = DL = A, [a01]

where the prefactor A collects the relevant CKM

O+ -
D(S) L

FB—)D(*)
J

structure, the form factor for the transition B —

D™ and the decay constant f7 of the light meson L, while
ay represents the perturbative calculation in terms of EFT
Wilson coefficients. The SM part of a; (D((:)) +L‘) has been
calculated up to NNLO in the «y expansion employing QCDF
in Ref. [40]. In [52], the perturbative kernels corresponding
to the BSM contributions have been determined up to NLO

within QCDF; we deploy these results for our analysis.
B-physics observables

Central to our study are the constructed observables [53]

20 9+ -
R® B = Dy " L7)

dr(BY, — D) €700/da> | oy @

= 677 |Vig* f2 lar (DG LR X, -
This construction ensures that the V,;, dependence vanishes
(which is helpful in light of ongoing tensions between inclu-
sive and exclusive determinations, see the PDG review [54,
55] for a summary), as well reducing the form-factor depen-
dence, since the X factors are ratios of the required form
factors (the general definition can be found in [56] for pseu-
doscalar and vector mesons D). Numerically we evalu-
ate these form-factor ratios using the software EOS [57],
which enables us to incorporate state-of-the-art results while
accounting for correlations, which leads to low total uncer-
tainties for the different quantities X\* (following Ref. [56]
we consider Xg+ = 1):

X, = 1.0012000(1), X5z = 1.00111(8),

5
% = 0.944(5), 5w = 0.945(8). ©)

These precise results mean the ratios R((:)) . show very low

sensitivity to hadronic uncertainties arising from the form
factors. Thus in view of the high precision of the CKM
elements V,,, the leading uncertainties in the theoretical
determination of Ré:))L stem from the decay constant f7

and the renormalization scale uncertainty which affects

a (DT L7).

Table 1 Experimental values for the non-leptonic B decays used in our
analysis, taken from the PDG [54]

Observable Experimental value

Br(B® - DTK™)
Br(B; — Dfn™)

Br(BY - DTK*)
Br(B® - D*tK™)
Br(B, — Di*n™)

(2.05 £ 0.08) x 1074
(2.98 £0.14) x 1073
4540.7) x 107
(2.16 £0.08) x 10~
(1.970%) x 1073

Table 2 Observables used in our low energy B-physics analysis, and
the discrepancy between SM and experiment

Channel Experiment SM Pull
Rk BY— DK~ 0.058709% 0.0827000r  ~5.60
Rye By — Dfm=  0.71£0.06 1067903 ~ S0
Rg+ B — DTK*  0.136+0.023 0.147001 ~0.160
Ry  BY— D**K~  0.064£0.003 00767000 ~3.60
R, By— D**z— 0521018 105700 ~3.0

We update the experimental values for the ratios in
Eq. (4) relative to the numbers presented in [52], using the
most recent measurements of the corresponding numerators
(shown in Table 2). These are estimated based on the branch-
ing fractions listed in Table 1, which are taken from the lat-
est Particle Data Group reference [54] and thus include new
results from Belle [58,59] and LHCD [60]. Overall this leads
to slightly reduced experimental uncertainties compared to
those detailed in [52] and hence increases the tension with
the SM predictions.

2.2 Statistical analysis

To characterize the phenomenological imprint of new physics,
we construct a x2 function

2 T
Xnon-leptonic = Z AR" -M- AR, (6)
J

where AR is a vector containing the difference between the
theoretical and experimental values of the ratios appearing
in Table 2. The matrix M accounts for correlations between
the different observables. It is calculated out of the experi-
mental uncertainties and the inverse of the covariance matrix
containing a sampling of the different theory computations
per observable. In practice we estimate our theoretical val-
ues using Monte-Carlo sampling for each input using around
2000 evaluations per NP space point.

@ Springer
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When comparing the current status of SM theoretical
predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

2
XSM, non-leptonic = 65.5. )
This shows a clear tension between the SM and current exper-
imental flavour results.

2.3 Additional flavour constraints
B meson lifetimes

Previous studies [61] have highlighted the critical role that B-
meson lifetime measurements can play in constraining four-
quark operators involved in non-leptonic decay calculations.
The ratio 7(B™)/t(B;) has been measured with a preci-
sion at the sub-percent level [62,63], while Standard Model
predictions currently show uncertainties of around 2%. In
contrast, individual B-meson lifetime predictions exhibit
significantly larger uncertainties, typically of the order of
20% [64]. The NP contributions from b — cc(d, s) [65,66]
and b — cu(d,s) [61] operators are well-established?2;
these contributions form the second component of the total
X2 statistic we construct in Eq. (7). These operators also
enter the prediction of the By lifetime, which, whilst equally
well-measured, is currently plagued by systematic differ-
ences related to non-perturbative input parameters as well
as their dependence on SU (3) flavour-breaking effects [64].
Therefore, there is no clear avenue currently to precisely test
the SM prediction against data in this observable.

Later, we will see that, in contrast to the results of [61], we
find the lifetime ratio to not be of major importance for our
overall picture. This is due to the flavour assumptions made
in [52] and followed by [61], which we do not employ — this
point will be discussed more in Sect.3.1.

smelli likelihood

A final group of additional flavour physics constraints on
our new physics coefficients are obtained with smelli
v2.4.2 [67], which uses flavio v2.6.1 [68] to cal-
culate the BSM contributions to more than 500 observables
(in the quark sector and also including Higgs physics and
electroweak precision measurements amongst others) using
the EFT framework. These calculations are then combined
with experimental data by sme111 to provide a “global” x2,

2 For convenience, we have implemented these results in Python and
aim to integrate them into the public version of flavio in the near
future.

@ Springer

which can be used to place constraints on a wide range of
new physics. This forms the third part of our total 2.

3 Flavour-relevant LHC constraints from the top sector

Having established the flavour constraints, we now turn to the
inclusion of representative measurements of the top sector
at the LHC. However, we first comment on how the flavour
measurement scales need to be related to the relevant scales of
the LHC collider physics to achieve a consistent combination
of the data sets (see also [69]).

3.1 Connecting high and low energy physics

To study the interplay of our main low energy physics observ-
ables (the non-leptonic decays) with those from the high
energy top sector, we use Renormalization Group Evolution
(RGE) methods to connect the SMEFT coefficients (in the
Warsaw basis [2]) at a high scale to the coefficients of the
weak effective theory at the low energy scale u ~ my. Since
our top constraints arise from top pair production, we choose
= 325GeV ~ 2m, as our high scale, turning on SMEFT
coefficients at this scale.

Firstly, we use the RGE equations for the SMEFT, which
are known at leading order [15-17] to run down from our
choice of high scale to the Z mass. At this point, we match
from the SMEFT to the low energy or weak effective theory
(LEFT or WET), where the matching equations between the
SMEFT Warsaw basis and the so-called “JMS” basis [70] of
the weak effective theory are known at both tree level [70]
and one-loop [71]. Finally, we RG-evolve again from the Z
mass to the B scale, using the complete leading order RGE
equations [72,73]. This procedure is fully implemented in the
software packages wilson v2.4 [74] and DSixTools
v2 .1 [75], which we use in our study.

We note that our choices differ from other works in the
literature in ways relating to both the low-energy and high-
energy flavour assumptions. Firstly, for us the » — cud and
b — cus sectors have no specific or fixed relation between
them, in contrast to the flavour assumptions made in [52]
(and followed by [61] in their comparison). Secondly, by
turning on single SMEFT coefficients with specific flavour
indices (see further comments in Sec. 4 below), we differ in
our analysis from other studies of LHC data using SMEFT,
such as SMEFIT [12,76] or Fitmaker [11], where they have
followed some of the flavour assumptions defined by the LHC
EFT working group in Ref. [77].

3.2 Top pair production at the LHC

The high-energy program at the LHC has made significant
progress in honing the sensitivity to the SM production of
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top quarks. With a pair production cross section of around
900 pb (depending on the centre-of-mass energy of the proton
collisions) at the LHC, top quarks are abundantly produced
at hadron colliders, which was a key motivation to consider
them in the context of EFT with very early LHC data [6,
7]. These efforts have intensified over the years [8,9], see
especially the recent [78].

Owing to its large cross section, top pair production has
recently been determined by the ATLAS collaboration at 68 %
confidence level [79]

o = 829 £ 1 (stat) = 13 (syst)

£8 (lumi) £ 2 (beam) pb, )
for a luminosity of 140 fb—! at 13 TeV. This is a 1.8% accu-
racy validation of the SM expectation. In parallel, the top
quark decay has been measured with an accuracy of around
10% [54].> We will take both these constraints as proxies to
gauge the level of complementarity between investigations
of the (comparably less precise) high energy frontier with
the (comparably less energetic) precision frontier offered by
flavour physics.*

Top pair production is impacted by a range of four-fermion
interactions, that are connected via the SMEFT to those
we have considered in the previous section. We perform
a leading order investigation of the linearized dimension-
six effects of the relevant four-fermion interactions, which
serves the purpose of providing a conservative estimate of
the dimension-six effects for the inclusive observables in
the top sector. It is well-known that squared dimension-
six effects (formally these are dimension-eight) sculpt the
momentum-dependent distributions and can lead to overly
tight constraints (see e.g. [6,8,83]). To obtain cross section
and decay width estimates, we employ SMEFTsim [84,85]
and MadGraph5_aMCE@NLO [86,87] as linear functions of
the involved WCs. These results act as templates for the inclu-
sion in a top-specific Xt%p test statistic that we tune to repro-
duce the top constraints of [54,79]. Employing this X[%p, we
can analyse flavour-collider complementarity in the next sec-
tion after including RGE running effects.

Already now, the experimental measurement is more
precise than the precision with which we can simulate
the inclusive cross section at the LHC [88]. Whilst the
results of [79] include modelling uncertainties from the
Monte Carlo toolchain, these uncertainties are not actively
included in the extraction of the top production cross sec-
tion. Such uncertainties indeed play a role in extracting new

3 The dominant systematic uncertainties are a function of the size of the
data set, and they will likely be further reduced in the near future [80].

4 In fact, the constraints we will obtain quantitatively reproduce the
more comprehensive analysis of Ref. [81] which employed the differ-
ential cross section measurements by CMS [82].

physics parameters. As we are predominantly interested in
four-fermion interactions, however, in the light of expected
shape changes [6—12, 14] these uncertainties play a subdom-
inant role, see also [89]. Therefore, for the purpose of this
exploratory study, we consider the cross section measure-
ment uncertainty as provided by ATLAS and contrast it with
the new physics simulation to leading order in the QCD-EFT
double-series expansion and leave a more detailed differen-
tial analysis for future work.

4 Flavour-collider complementarity

With everything in place, we can now turn to the interplay of
high-scale new physics and measurements at both low and
high energy.

Our top sector analysis constrains 24 SMEFT coefficients,
which shows that the top sector constraints are highly flavour-
dependent. Without a definite UV model, there is no reason to
prefer any particular relation between coefficients. However,
a single measurement is not capable of lifting degeneracies
in the BSM-extended coupling space. Hence, to highlight the
qualitative interplay of the LHC and flavour measurements in
this proof-of-principle analysis, we consider the WCs with-
out marginalization. Given blind directions in the flavour
and top quark EFT space (see the discussion in Refs. [7,90],
marginalization would not lead to illuminating results.®

With this in mind, in Fig. 1 we compare the naive NP
scale A implied by the current top pair production measure-
ments to those from the smel1li global fit, in the following
way: Using our two x? expressions from smel1i and top
physics, we can produce a 20 range for each of the WCs,
centred around the minimum of the x2. In cases where no
NP is favoured by the data, Xr%lin occurs at Csperr = 0 and
the 20 range has the form —x < C < y (x, y both posi-
tive), which we convert to a naive lower bound on the NP
scale as Anp = 1TeV //max(x, y). We use ‘max’ to give a
more conservative lower bound on the scale. In cases where
NP is favoured by the data at more than 2o significance, the
20 range instead has the form x < C < y (x, y both pos-
itive or both negative), and in this case we interpret this as

a naive range for the NP scale as 17eV //max(|x][, |y]) <

ANp < 1TeV //min(|x], |y|). This second case appears in
our smelli analysis given the various anomalies present

in the flavour data (primarily from b — s£€£ transitions, see
e.g. [91] for a summary of the current status). From the fig-

> We note that previous work [24] has shown the importance of includ-
ing experimental correlations when perform more complicated analyses
using multiple experimental observables.

6 Realistic UV scenarios do typically not populate the Wilson coeffi-
cient parameter space democratically, and fully marginalized results can
provide an overly pessimistic view towards realistic UV completions as
a consequence.

@ Springer
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Fig. 1 The lower bound on the naive NP scale corresponding to the
constraints from top pair production (red) or the smel1li global analy-
sis (blue) on operators that enter our top analysis — where the smel1li

data instead favours NP, this is instead shown as a range of NP scales
(blue, hashed). See main text for more details

Table 3 The best-fit point for various SMEFT coefficients from our combined x2 analysis, along with the breakdown of the total x> change in

terms of our different contributions

Coefficient Best-fit point (TeV~2) Non-leptonic A x2 Top Ax? smelli Ay? lifetime A 2 global Ax?2
e8] ~0.01 0.4 0 ~0.9 0 ~0.5
94 11332
] 0.01 ~12 0 0.9 0 —03
1332
[e] 0.41 11 0.5 ~113 0 —218
2332
(1)
[, —0.51 —34 0.8 —0.1 0 —333
)
[t ~121 ~32.1 44 0 0.1 —276
(®)
(oo, —1.54 —28.9 7.1 0 0 —2138
0] 0.16 —28.6 - 0.3 0 —28.9
94 11231
)
(o], s ~0.12 —21.4 - 0.2 0.5 —207
(1)
(a1 0.09 ~26.9 - ~0.1 —02 —272
(1
[, e —0.02 —332 - —0.1 0 —333
)] 0.49 —6.4 - 0 1.2 -52
1231
)] ~0.87 ~19.1 - ~0.1 5.0 —14
1232

ure we see that, while flavour measurements more strongly
constrain the majority of four fermion interactions, there is
a subset of interactions for which inclusive LHC top observ-
ables provide the most competitive bounds. This sensitivity
pattern arises from the distinct contributions of the opera-
tors to top pair production. The significant rates with which
the tops are pair-produced at the LHC, also for the compara-
bly smaller parton luminosities of the second generation of
quarks, render the LHC constraints competitive, especially
for operators that mix the first two generations. Beyond this,
the constraints from the top sector are relatively flavour blind,
owing to the inclusive nature of the observables we consider

@ Springer

in this work (however, flavour tagging in the busy LHC envi-
ronment is mainly limited to third-generation quarks).

How does the inclusion of top pair production impact
the tensions observed in the flavour sector? By combining
non-leptonic decays, top pair production, B-meson lifetime
ratios, and global constraints from smelli, we have iden-
tified a number of single SMEFT coefficients, which can
result in a large improvement of the fit of theoretical predic-
tions to data. Our results are collected in Table 3 as well as
Figs. 2 and 3. This clearly demonstrates the merit of look-
ing at flavour and top data sets in tandem. We see that for
the [Q;ld’g)h 332 and [QS 412332 operators (in the language of
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Fig. 2 x? change for SMEFT coefficients constrained by our top analysis
/ 0=
01 ' 01
710<
~ —101 ~ ™
= = =
< A —1071 a
—9201 —201
—201
—30= " " . " -30
0.0 0.2 0.4 —0.2 0.0 0.0
(8) -2 ( 2 -2
[qu } 1231 [ TeV [Cq“qd} 1123 [ TeV” C’f“’fd] 2113 / TeV
0 — T
non-leptonic
01 01
101 smelli
- o ~ lifetime ratio
= 5 5 combined
T 90/ T 10
—301 0]
. . . —920 . . . . . . ;
—0.04  —0.02 0.00 —10 =5 0 5
( 2 (1) -2 (1) -2
[C‘I“qd} 2123 / Tev™ [C”d] 1231 [ TeV [Cud } 1232 [ TeV

Fig. 3 x?2 change for other SMEFT coefficients (not constrained by our top analysis)

@ Springer
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Ref. [2]), the flavour data favours a non-zero value at sev-
eral standard deviations, which we wish to briefly discuss.
This result is driven primarily by the ongoing discrepancies
in bs€{ observables, combined with their strong theoretical
correlation with AF = 2 observables. The effect in semi-
leptonic decays, starting from our four-quark operators, can
be understood after examining the RG mixing — our SMEFT
WCs mix into the [Qpggl23 coefficient. After electroweak
symmetric breaking, this gives rise to a right-handed Z-s-b
coupling, and so upon integrating out the Z we are left with
an effect in the bsf¢ sector.

Looking at the bottom row of Fig. 2, we see those coeffi-
cients where the pre-existing flavour constraints are weaker
than our top results. On the other hand, the top x2 contribu-
tion is orthogonal to the non-leptonic pull. For the last two
BSM coefficients considered, the current results from top
measurements reduce significantly the global 2.

Finally, we come to our results shown in Fig. 3, where
we find more coefficients which can improve the agree-
ment with data for the non-leptonic observables (by more
than 50 in some cases). These coefficients are, for the most
part, currently unbounded by flavour physics (except for
[C;Z)]ly 1.1232 where the lifetime ratio is strong). Top pair
production is not relevant at all here, as these coefficients
correspond to operators where either only a single top quark
is present (and so only contribute to top decay, which is not
as precise currently as pair production and so alone produces
weak bounds), or the two top contribution is highly CKM
suppressed, which again weakens the constraints. This moti-
vates further study of top decay or other top observables in
order to gain access to the full sensitivity potential of the
LHC.

5 Conclusions and outlook

As the LHC enters a phase of increased data-taking, the com-
bination of high-precision low-energy measurements with
statistically large datasets obtained from collisions at the
highest obtainable energies will become an increasingly vital
avenue to detect or exclude the presence of beyond the
Standard Model physics. This, of course, is not new. In a
concrete BSM extension, the inclusion of low-energy con-
straints is a canonical standard, and many tools that facil-
itate such comparisons are available. The combination of
high-energy and high-precision frontiers, when approached
through the agnostic lens of SMEFT, needs clarification. This
work has started [24-26,34]. We have shown here that the
LHC is becoming increasingly competitive, particularly for
high statistics channels such as top pair production, where
we can expect much-increased sensitivity in the near future.
In parallel, we have contextualized this sensitivity with non-
leptonic B decay analyses (as well as more global flavour
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results provided through sme111i in passing) and shown how
the LHC measurements constrain arbitrary flavour structures.
Obviously, within the high-dimensional space of EFT defor-
mations of the SM, there will remain operator directions, for
which either experimental setting will possess unchallenged
sensitivity. However, with interactions that enable a direct
combination of sensitivity across a range of energy scales,
high energy physics will enter new territory of BSM explo-
ration (see also [28,78]).

Using the proxy LHC results linked to the top decay width
and inclusive pair production cross section alongside its sen-
sitivity to dimension-six effects, we have demonstrated how
constraints interact and compare with similar analyses of the
B meson sector. To this end, we have shown that for a handful
of SMEFT coefficients (specifically of the type Q;lu’s;), our
LHC results are currently the most constraining bounds avail-
able. We have further shown that these results work against
the non-leptonic observables, reducing the agreement with
data at the best-fit points for new physics in our considered
BSM coefficients. This highlights the importance of com-
bining all available data when trying to identify potential
directions for BSM.

Overall, our results motivate a more fine-grained anal-
ysis of the top sector, to fully monetize the increasing
amount of differential information that will become available
over the following years alongside similar improvements of
flavour physics measurements and their interpretation. Par-
ticularly motivated observables here are the top quark trans-
verse momentum and the invariant top pair mass as they
directly access a potential kinematic enhancement due to
four-fermion interactions. These observables will be crucial
in breaking degeneracies in the SMEFT parameter space [7].
Additional processes, such as single-top [7,92] our four-top
production [13,93,94] provide another arena where rare SM
processes are becoming under statistical control at the LHC
with high BSM potential (a qualitative overview of expected
improvements at the HL-LHC have been presented recently
in [80]). Future colliders such as a FCC-hh, on the one hand,
only further highlight this sensitivity potential due to a cross
section increase of all a priori sensitive SM processes when
considering 100 TeV collisions. Furthermore, highly sensi-
tive exclusive phase space regions (e.g. large invariant top
pair masses) are probed in more detail. On the other hand,
the precision frontier at a lepton machine such as FCC-ee can
probe flavour physics aspects indirectly through an upgraded
Z pole programme [95]. However, this is subject to assump-
tions that always underpin indirect physics analyses. There-
fore, a robust improvement of the top quark programme at
such a machine will crucially depend on a dedicated top quark
programme at such a machine.
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