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1 Introduction

The Standard Model Effective Field Theory (SMEFT) [1, 2] is about to take on the role of
a Standard Model for New Physics. Its purpose is to reveal or constrain patterns of sub-
tle discrepancies with the Standard Model (SM) in several observables by probing virtual
effects of heavy new physics in effective couplings of known particles. At the LHC, increas-
ingly comprehensive and precise analyses of the parameter space of Wilson coefficients have
been performed with top observables [3–5], with Higgs and electroweak observables [6–8],
as well as with combinations of these sectors [9]. Combined fits of high-energy and flavor
observables are particularly powerful in resolving the SMEFT parameter space [10–17].

One of the biggest challenges in SMEFT analyses is the large number of effective
couplings, which renders a global fit of the full parameter space computationally costly.
The huge number of SMEFT parameters is mostly due to the unknown flavor structure of
the underlying theory. In reality, however, the flavor structure of the Wilson coefficients
is strongly constrained by the observed flavor hierarchies in mass and mixing among the
SM fermions [1, 18]. In addition, in any concrete UV completion of the Standard Model, it
seems likely that particle interactions follow a particular flavor pattern, as for instance in
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models addressing the origin of neutrino masses, the strong CP problem, or baryogenesis.
Pinning down the flavor structure of the Wilson coefficients in SMEFT gives us insight into
what the nature of such new interactions might be.

The flavor problem in SMEFT has been recently addressed by constructing flavor
patterns for the Wilson coefficients that preserve the fermion masses and mixings in the
Standard Model. Viable flavor patterns include Minimal Flavor Violation (MFV) [16,
17, 19, 20], U(2) or U(3) symmetries [21–23], flavor alignment [1, 24], and Froggatt-Nielsen
scenarios including leptoquark couplings [18, 25–27]. Assuming such an underlying pattern
reduces the number of independent flavor parameters in the SMEFT and allows us to
perform a global analysis of phenomenologically viable flavor structures in the first place.

Several analyses have investigated the leading SMEFT effects in the framework of
specific flavor scenarios, see for instance refs. [9, 16, 28]. This approach allows to identify
differences between the various flavor scenarios. However, to resolve the flavor structure of
a given scenario, one has to disentangle flavor-conserving from flavor-breaking contributions
to the Wilson coefficients. Within MFV, this has been demonstrated in ref. [17] with a
joint analysis of top-quark and flavor observables. In general, combined fits of observables
involving up- and down-type quarks are a powerful tool to pin down the flavor structure
of Wilson coefficients in the quark sector, because the effects are related through Cabibbo-
Kobayashi-Maskawa (CKM) mixing. Similarly, the flavor structure of SMEFT coefficients
in the lepton sector can be constrained by exploring correlated effects in processes with
charged leptons and neutrinos.

In this work, we fully resolve the flavor structure of SMEFT coefficients with two and
four left-handed quark doublets within the MFV framework. To this end, we perform a
combined fit of top, flavor, Z−pole and dijet observables to data from the LHC, LEP, and
b factory experiments. We show how to disentangle flavor-conserving and flavor-breaking
contributions and pin down the flavor structure of possible UV completions of the Standard
Model.

This article is organized as follows. In section 2, we parametrize the flavor structure
of Wilson coefficients in MFV and introduce the framework for our analysis. In section 3,
we discuss SMEFT effects in b − s transitions, reviewing the rare decays Bs → µ+µ−

and B → Xsγ used previously in ref. [17] and introducing Bs − B̄s meson mixing. More
details on the flavor observables can be found in appendix A. In section 4, we consider
observables at the weak scale. We review the top observables used in ref. [17] and analyze
in addition the flavor structure in tt̄bb̄ production and in Z−pole observables. In section 5,
we investigate dijet angular distributions at the LHC, which probe SMEFT contributions
at the TeV scale. The results of our global fit are presented in section 6. For the first
time, we constrain the full flavor structure of effective four-quark couplings in MFV. We
conclude in section 7.
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2 Flavor in the SMEFT

Our starting point is the general effective Lagrangian in the SMEFT,

LSMEFT =
∑
a

Ca
Λ2 Oa + . . . (2.1)

It describes low-energy effects of potential new physics above a cutoff scale Λ in terms of
local operators Oa and their Wilson coefficients Ca. The sum runs over all dimension-six
operators that respect the SM gauge symmetries. The dots stand for higher-dimensional
operators, which we do not consider in this work. Hermiticity of the SMEFT Lagrangian
is implied and leads to relations between the Wilson coefficients as discussed below.

We focus on four-quark operators with only left-handed quark fields, which feature
a particularly rich flavor structure. A similar analysis could be conducted for four-quark
operators with only right-handed quarks or mixed chiralities. Since four-quark operators
mix with two-quark operators under the renormalization group (RG), we consider a set
of four-quark and two-quark operators that is closed under the RG evolution to leading-
logarithmic (LL) accuracy [29]. In the Warsaw basis [2], these operators are defined as

O(1),klmn
qq = (QkγµQl)(QmγµQn)

O(3),klmn
qq = (Qkγµτ IQl)(Qmγµτ IQn)

(2.2)

O
(1),kl
φq = (φ†

←→
iDµ φ)(QkγµQl)

O
(3),kl
φq = (φ†

←→
iDI

µ φ)(Qkγµτ IQl) .
(2.3)

Here Q is a weak doublet of left-handed quarks; φ is the Higgs doublet; and τ I are the
generators of weak interactions. The indices {k, l,m, n} ∈ {1, 2, 3} denote the three quark
generations. In what follows, we use w = {1, 3} to denote operators O(w) or their Wilson
coefficients C(w) with either a weak gauge singlet or triplet structure.

The Wilson coefficients C(w)
φq are 3×3 matrices and C(w)

qq are 3×3×3×3 tensors in flavor
space. For the two-quark coefficients, hermiticity of the SMEFT Lagrangian requires that

(C(w)
φq )kl = (C(w)

φq )∗lk . (2.4)

The number of independent real parameters per operator is thus 9. For four-quark
couplings with identical quark fields, the following relations hold [30]

(C(w)
qq )klmn = (C(w)

qq )∗lknm and (C(w)
qq )klmn = (C(w)

qq )mnkl . (2.5)

The number of independent real parameters per operator is thus 45 [31]. In total,
the Wilson coefficients for the operator set from eq. (2.2) and eq. (2.3) introduce 108
independent real parameters.

Besides these theory constraints, some of the directions in flavor space are strongly
constrained by the observation of quark mass hierarchies and CKM mixing. To ensure
that this pattern is reflected in new particle interactions, we apply the principle of Minimal
Flavor Violation to the flavor structure of the Wilson coefficients [19, 20].
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All gauge interactions of quarks in the Standard Model respect the flavor symmetry

GF = U(3)Q ×U(3)U ×U(3)D . (2.6)

This symmetry is broken by the Yukawa couplings, which transform under GF as

YU : (3, 3, 1) , YD : (3, 1, 3) . (2.7)

The MFV framework is based on the idea that the Yukawa couplings are the only sources
of flavor symmetry breaking, in the Standard Model and also in extensions. Under the
assumption of MFV, we can describe the flavor structure of left-handed quark currents
Q . . .Q in terms of a 3× 3 matrix, transforming under GF as

AQ : (3× 3, 1, 1) . (2.8)

Expanding in terms of the Yukawa matrices, we obtain

AQ = a1 + b YUY
†
U + c YDY

†
D + . . . (2.9)

Here we have kept only the leading terms in YU , YD. Higher orders in YU up to the
fourth power are included in our analysis; higher orders in YD are neglected, because they
are suppressed by the small down-quark Yukawa couplings. For two-quark operators, we
obtain the flavor structure in MFV directly from AQ,

(AQ)kl (Q
k
γµQ

l) . (2.10)

For four-quark operators, the flavor structure reads
[
(AQ)kl(AQ)mn + (ÃQ)kn(ÃQ)ml

]
(QkγµQl)(QmγµQn) , (2.11)

where A and Ã refer to two possible flavor contractions (kl)(mn) and (kn)(ml).
The parameters a, b, c in (2.9) are in general complex. If the CKM matrix is the only

source of CP violation, a, b, c can be chosen real if the Wilson coefficients are defined
for operators in the quark mass eigenbasis. We will make this assumption throughout our
analysis. Without losing generality, we work in the Warsaw up mass basis,1 where the gauge
eigenstates of left-handed quarks are aligned with the mass eigenstates of up-type quarks,

Qk =

 ukL

Vkld
l
L

 , (2.12)

where V is the CKM matrix and uL, dL are the mass eigenstates of (left-handed) up- and
down-type quarks. In the up mass basis, the Yukawa matrices are

YU = Yu , YD = V Yd , (2.13)
1See e.g. the definition as part of the WCxf software [32].
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with the physical Yukawa couplings Yu = diag(yu, yc, yt), Yd = diag(yd, ys, yb). Throughout
our analysis, we only consider flavor-breaking terms from the top Yukawa coupling and
neglect subleading contributions of O(yb) and smaller.

In this framework, we write the Wilson coefficients for the two-quark operators in
eq. (2.3) as

(C(w)
φq )kk = a(w) + b(w)y2

t δk3 . (2.14)

For the four-quark operators in eq. (2.2), we parametrize the flavor structure as

(C(w)
qq )kkii = (aa)(w) + (ba)(w)y2

t δk3

(C(w)
qq )kiik = (ãa)(w) + (b̃a)(w)y2

t δk3

(C(w)
qq )3333 = (aa)(w) + 2 (ba)(w)y2

t + (bb)(w)y4
t ,

(2.15)

where i = {1, 2} labels quarks from the first and second generation. Coefficients with other
flavor indices are zero. We have introduced the combinations

(aa)(w) = (aa)(w) + (ãa)(w), (ba)(w) = (ba)(w) + (b̃a)(w), (2.16)

where parameters with and without a tilde originate from ÃQÃQ and AQAQ, see eq. (2.11).
For general flavor structures, there are also two possible flavor contractions (bb)(w) and
(b̃b)(w). In MFV, however, they can only be probed in the combination

(bb)(w) = (bb)(w) + (b̃b)(w). (2.17)

We call this setup the MFV-SMEFT and refer to its parameters as flavor parameters.2 The
MFV assumption with no extra sources of CP violation implies that the SMEFT coefficients
C and the flavor parameters a, b, . . . , (bb) are real-valued. For the Wilson coefficients in
eq. (2.14) and eq. (2.15), the flavor structure is thus described by 2× 2 real parameters for
the two-quark operators {

a(w), b(w)} (2.18)

and 2× 5 real parameters for the four-quark operators{
(aa)(w), (ãa)(w), (ba)(w), (b̃a)(w), (bb)(w)} . (2.19)

In total, in the MFV-SMEFT the set of operators in eq. (2.2) and eq. (2.3) is described
by 14 flavor parameters. Among them, the parameters a(w), (aa)(w) and (ãa)(w) denote
flavor-universal contributions. Flavor breaking in one quark bilinear is encoded in b(w),
(ba)(w) and (b̃a)(w); flavor breaking in both bilinears is parametrized by (bb)(w). For later
convenience, we introduce the combinations

a(+) = a(1) + a(3), a(−) = a(1) − a(3), (2.20)

and analogously for all remaining flavor parameters. At tree level, the combinations (−)
and (+) are probed in weak neutral currents with two up-type quarks and down-type
quarks, respectively. Beyond tree level, small corrections to this assignment occur.

2For earlier approaches to the MFV-SMEFT, see refs. [16, 22].
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In order to probe this 14-dimensional parameter space, observables from different sec-
tors in particle physics need to be combined. For example, several flavor and LHC ob-
servables are sensitive to the four-quark operators from eq. (2.2), but involve quarks with
different charges under the gauge and flavor groups. Electroweak observables are very sensi-
tive to the two-quark operators from eq. (2.3). We resolve the full flavor space by combining
a variety of observables at different energy scales in a global analysis: flavor observables at
the GeV scale, Z−pole and top observables around the weak scale, and dijet production
observables at the TeV scale. This combination requires a consistent treatment of the RG
evolution and mixing of operators across the different scales.3 We report the bounds on the
flavor parameters from eq. (2.18) and eq. (2.19) defined at the scale µ0 = 2.4TeV in units
of TeV2/Λ2. This common reference scale µ0 is motivated by the observables that probe
the highest energies, namely angular distributions of dijets at the LHC (see section 5).4

To prepare for the global analysis, we analyze the SMEFT effects in selected observables
from each sector and determine which directions in flavor space they probe.

3 GeV scale: flavor observables

To describe flavor observables in our analysis, we match the relevant SMEFT amplitudes
onto the Weak Effective Theory (WET). The flavor observables are expressed in terms of
WET coefficients, which are linear combinations of SMEFT coefficients. We combine the
predictions and measurements of several flavor observables in a likelihood function, which
can be evaluated at any point in the parameter space of the SMEFT coefficients from
eq. (2.2) and (2.3). Our treatment of the flavor observables and the RG evolution of the
involved Wilson coefficients closely follows the setup of ref. [17].

The WET is commonly split into so-called sectors of operators, which are distinguished
by the flavor quantum numbers of the involved fields [34, 35]. For this analysis, we use the
sectors sb, sbµµ, and sbsb. The effective Lagrangian for each sector takes the form

LS =
∑
α

CSα OSα + h.c.+ . . . , (3.1)

where OSα are dimension-six WET operators in the sector S = {sb, sbµµ, sbsb}, and the dots
indicate operators of mass dimension larger than six. The Wilson coefficients CSα contain
both SM and SMEFT contributions.

To obtain the SM contribution to the WET coefficients, we match the full amplitude
in the electroweak theory onto the WET amplitude at the scale MZ . We then RG-evolve
the WET coefficients to a low-energy scale of a few GeV, µS . For the RG evolution of the
SM coefficients in the WET, we use at least next-to-leading logarithmic (NLL) accuracy.
Next-to-next-to-leading logarithmic (NNLL) accuracy is used if available.

To obtain the SMEFT contribution to the WET coefficients, we follow a two-step pro-
cedure. First, we perform the SMEFT-to-WET matching at the scale MZ , using matching

3The RG evolution of the flavor structure of SMEFT coefficients has been investigated more generally
in ref. [33].

4Notice that this scale choice differs from ref. [17], where µ0 = mt was used.
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relations at the one-loop level [36, 37]. For SMEFT contributions of O(Λ−2), the matching
conditions are linear in the SMEFT coefficients. We do not consider SMEFT contributions
to WET coefficients beyond O(Λ−2), which in general would require including dimension-
eight SMEFT operators to renormalize. In a second step, we express the SMEFT coeffi-
cients at the scale MZ in terms of SMEFT coefficients at the higher scale µ0 = 2.4TeV.
The RG evolution between MZ and µ0 is done at leading-logarithmic (LL) accuracy [34].
As discussed in ref. [17], this procedure can and should be improved to NLL accuracy as
soon as the two-loop anomalous dimensions for the full basis of WET operators become
available. This would be particularly relevant for some observables in our analysis, for
which we find a strong dependence on the renormalization scale, see section 3.3.

With this procedure, we obtain the WET coefficients at the low scale µS as a linear
combination of the SMEFT coefficients at the high scale µ0,

CSα (µS) = CSα,SM(µS) +
∑
a

Mαa(µS , µ0)Ca(µ0), (3.2)

where CSα,SM is the SM contribution to the WET coefficient and the factors Mαa encode the
running and matching. The SMEFT coefficients Ca are linear combinations of the flavor
parameters from eq. (2.18) and eq. (2.19), defined at µ0 = 2.4TeV. The index a runs over
all relevant SMEFT operators. For the low scale, we use µS = 4.2GeV in all three flavor
sectors.

To leading order in the WET, the decay rates Γ of flavor-changing processes are
sesquilinear polynomials of the dimension-six WET coefficients from eq. (3.2), i.e., linear
in the vector of WET coefficients and its complex conjugate,

Γ =
∑
α,β

CαC∗β Γαβ , (3.3)

where Γαβ are the corresponding contributions to the observable. Contributions of
dimension-four interactions are absent here; they only occur in flavor-conserving processes.
As a consequence, no interference of such amplitudes with dimension-eight operators is
possible, so that dimension-eight operators do not contribute in eq. (3.3).

Inserting the WET coefficients from eq. (3.2) into eq. (3.3), we finally obtain the decay
rates as sesquilinear polynomials in the dimension-six SMEFT coefficients,

Γ = ΓSM +
∑
a

Ca
Λ2 Γaint +

∑
a,b

CaCb
Λ4 ΓabSMEFT. (3.4)

Here ΓSM denotes the decay rate in the Standard Model, and Γaint, ΓabSMEFT are the (normal-
ized) contributions from SM-SMEFT and SMEFT-SMEFT operator interference, respec-
tively. For meson decays, the measurements of partial rates Γi are typically reported as
branching ratios Bi = Γi/Γtot. Since an accurate prediction of the total decay rate Γtot is
impossible due to large hadronic uncertainties, we follow the common procedure to use the
measurement of Γtot to predict Bi. The flavor structure of the branching ratios in SMEFT
is thus the same as for the partial decay rates.
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While some SMEFT analyses of high-energy observables choose to truncate the power
expansion of the observables at O(Λ−2), this is not an option for the meson decays if
we intend to preserve the structure of their descriptions within the WET.5 Removing the
quadratic contributions in the SMEFT coefficients in eq. (3.4) would require to treat the
SM and SMEFT contributions to the WET coefficients in eq. (3.2) differently. This is
inconsistent with the idea of WET as an effective field theory for flavor observables, whose
structure is agnostic of UV completions above the weak scale.

On the technical side, for the RG evolution of the Wilson coefficients in SMEFT and
WET we use the wilson software [38]. The predictions of flavor observables in terms
of WET coefficients are obtained using the EOS software [39]. These predictions involve
hadronic matrix elements that introduce hadronic parametric uncertainties. Unless other-
wise stated, we treat these uncertainties as in ref. [17].

In what follows, we provide details on each of the WET sectors. In particular, we
discuss the relevant operators and their flavor structure, the implementation of the flavor
observables in our analysis, and the likelihood of flavor observables used in the fit.

3.1 The sb sector

The sb sector is comprised of four WET operators with a dipole structure: the electromag-
netic dipole operator Osb7 , its chiral counterpart Osb7′ , the chromomagnetic dipole operator
Osb8 , and its chiral counterpart Osb8′ . In our convention they read

Osb7 = 4GF√
2
VtbV

∗
ts

e

16π2mb (s σµνPRb)Fµν ,

Osb7′ = 4GF√
2
VtbV

∗
ts

e

16π2mb (s σµνPLb)Fµν ,

Osb8 = 4GF√
2
VtbV

∗
ts

gs
16π2mb

(
s σµνTAPRb

)
GAµν ,

Osb8′ = 4GF√
2
VtbV

∗
ts

gs
16π2mb

(
s σµνTAPLb

)
GAµν .

(3.5)

Here, e and gs are the electromagnetic and QCD coupling constants, Fµν and GAµν are the
field strength tensors, TA are the SU(3)C generators, Vij are the CKM matrix elements,
and PL, PR are chiral projectors. For the Fermi constant GF , we use the value extracted
from muon decay. The Wilson coefficients Csbα are renormalized in the MS scheme at the
scale µS = 4.2 GeV.

The inclusive decay B̄ → Xsγ is sensitive to these four operators. The world average
for measurements of its branching fraction is [40–47]

B(B̄ → Xsγ)
∣∣
Eγ≥1.9 GeV = (3.49± 0.19)× 10−4 . (3.6)

5This is of particular importance for future analyses that include flavor observables beyond those included
in this work. We expect that the proliferation of process-specific hadronic nuisance parameters makes it
mandatory to use a likelihood of flavor observables in the WET parameter space, in lieu of a global likelihood
where flavor observables are directly expressed in terms of SMEFT coefficients.
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The branching ratio B(B̄ → Xsγ) is particularly sensitive to Csb7 and Csb7′ , with numerically
sub-leading contributions of Csb8 and Csb8′ . The matching procedure and RG evolution trans-
lates this into a sensitivity to the SMEFT parameters. In the MFV-SMEFT, the branch-
ing ratio is a sesquilinear polynomial in the flavor parameters, following the structure of
eq. (3.4). We find a dominant sensitivity to the interference between the SM contribution
and the parameters b(+) and a(3), with a relative suppression compared to the SM term
by roughly one order of magnitude. Somewhat further suppressed enter the parameters
(ãa)(3), (b̃a)(3), and (bb)(3). In table 2 in the appendix, we give the numerically leading
contributions to this polynomial.6

3.2 The sbµµ sector

In our analysis, we include two operators from the sbµµ sector of the WET,

Osbµµ10 = 4GF√
2
VtbV

∗
ts

e2

16π2

(
s γµPL(R)b

)
(µγµγ5µ) ,

Osbµµ10′ = 4GF√
2
VtbV

∗
ts

e2

16π2

(
s γµPL(R)b

)
(µγµγ5µ) .

(3.7)

We constrain the Wilson coefficients C10(µS), C10′(µS) from measurements of the branching
fraction for B̄s → µ+µ− decays. The world average of measurements [48–51] is given by7

B(B̄s → µ+µ−) =
(
2.69+0.37

−0.35

)
× 10−9 . (3.8)

Other WET coefficients within the sbµµ sector are not relevant to our discussion, since they
either do not contribute to the prediction of B(B̄s → µ+µ−)8 or do not receive contributions
of our set of MFV-SMEFT parameters eq. (2.14) and eq. (2.15) in the SMEFT-to-WET
matching.

The theory expression for the B̄s → µ+µ− branching ratio is a sesquilinear polynomial
in the flavor parameters, see table 3 in the appendix. The sensitivity to b(+) is particularly
strong: quadratic and linear contributions of b(+) are enhanced by factors of about 30 and
10 with respect to the SM contribution, respectively. Interference of b(+) with contributions
of a(3) and various four-quark parameters are also about ten-fold enhanced compared to
the Standard Model.

3.3 The sbsb sector

The sbsb sector of the WET is crucial to describe Bs–Bs meson mixing. Since Bs–Bs

mixing was not included in our previous analysis [17], we discuss this sector in more detail.
For sbsb interactions, we normalize the WET Lagrangian as

Lsbsb = 4GF√
2

(VtbV ∗ts)
2∑
α

Csbsbα Osbsbα + h.c. . (3.9)

6The numerical results differ from the predictions in ref. [17], due to the change of the scale µ0 and due
to including the full contributions of four-quark operators.

7As in ref. [17], we symmetrize the uncertainties around the central value by using the larger uncertainty
in both directions. This is required for compatibility with the treatment of uncertainties in the sfitter
software [52].

8In particular, C9 and four-quark operators do not contribute to B(B̄s → µ+µ−) at leading order in αe.
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We define the operators Osbsbα by closely following the so-called Bern basis,9

Osbsb1(′) =
[
q̄rγµPL(R)br

] [
q̄sγ

µPL(R)bs
]
, Osbsb2(′) =

[
q̄rPL(R)br

] [
q̄sPL(R)bs

]
, (3.10)

Osbsb3(′) =
[
q̄rPL(R)bs

] [
q̄sPL(R)br

]
, Osbsb4 = [q̄rPLbr] [q̄sPRbs] ,

Osbsb5 = [q̄rPLbs] [q̄sPRbr] ,

where {r, s} are color indices in the fundamental representation of SU(3)C .
To constrain the WET coefficients, we use the difference of mass eigenstates in the

Bs–Bs system, ∆ms. The PDG world average of measurements of ∆ms is [47, 53–60]

∆ms = 17.746± 0.029 ps−1 . (3.11)

The prediction of ∆ms involves a number of hadronic matrix elements [61]

R(i)
s ≡

4 〈Bs| Osbsbi |B̄s〉
(fBsMBs)2 , (3.12)

which are normalized to the Bs decay constant, fBs = (230.7 ± 1.3) MeV [62]. For our
analysis, we only need the matrix element R(1)

s that multiplies Csbsb1 , for which we use the
lattice QCD results from ref. [61]. We do not account for the correlation between fBs and
R

(1)
s , since the uncertainty on R

(1)
s induced by fBs is negligible compared to the (still)

sizeable uncertainties on the hadronic matrix elements. The decay constant fBs also enters
the prediction of B(B̄s → µ+µ−), where we include the uncertainty on fBs as the only
hadronic uncertainty.

In the Standard Model, the only Wilson coefficient that contributes to ∆ms is [63]

Csbsb1,SM(4.2GeV) = 1.31× 10−3. (3.13)

In the MFV-SMEFT, the operators from eq. (2.2) and eq. (2.3) contribute to Csbsb1 through
tree-level SMEFT-to-WET matching and through the RG evolution within the SMEFT.10

Contributions to all other WET operators from eq. (3.10) are suppressed by powers of yb
or ys and will not be considered here.

In figure 1, we show examples of SMEFT four-quark operators contributing to Csbsb1 ,
both at tree level (left) and at one-loop level (right). At tree level, only four-quark oper-
ators contribute to ∆ms. The matching condition for the SMEFT coefficients onto Csbsb1
schematically reads

Csbsb1,tree ∼ V ∗k2Vk3V
∗

32V33
(
(C(+)

qq )33kk + (C(+)
qq )3kk3

)
(3.14)

= (V ∗tsVtb)2 (bb)(+)y4
t +O(yb) .

At the one-loop level, Csbsb1 is sensitive to further SMEFT contributions [37], which we in-
clude in our analysis. The four-quark operators O(1)

qq and O(3)
qq , which enter Csbsb1 at tree level

9Compared to the Bern basis [34], we have factored out the CKM matrix elements to be consistent with
the notation used for the other sectors and with the normalisation used in the EOS software.

10For a comprehensive general analysis of SMEFT contributions to meson mixing, see refs. [64, 65].
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b

s̄

s

b̄

(bb)(+)

t

t
W

b

s̄

s

b̄

F
(−)
qq

Figure 1. Illustration of SMEFT operator contributions to Bs mixing observables. Left: tree-level
topology, with insertion of (bb)(+). Right: one-loop topology, involving a charged current with the
insertion of F (−)

qq ; see eq. (3.15). The operator insertion is illustrated by two filled squares, each
indicating a quark bilinear.

in two specific combinations, contribute at one-loop level with different gauge structures.
In the MFV-SMEFT, these two types of structures yield contributions of the form

(s̄γµPLb)(t̄γµPLt) : Csbsb1,loop ∼ V ∗k2Vk3V
∗

32V33 (C(−)
qq )33kk (3.15)

= (V ∗tsVtb)2
(
(ãa)(−) + (b̃a)(−)y2

t + (ba)(−)y2
t + (bb)(−)y4

t

)
≡ (V ∗tsVtb)2F (−)

qq ,

(s̄γµPLt)(t̄γµPLb) : Csbsb1,loop ∼ V ∗k2Vk3V
∗

32V33 (C(3)
qq )3kk3

= (V ∗tsVtb)2
(
(aa)(3) + (ba)(3)y2

t + (ba)(3)y2
t + (bb)(3)y4

t

)
≡ (V ∗tsVtb)2F (3)

qq ,

up to contributions of O(y2
b ) or smaller. The flavor structures F (−)

qq and F (3)
qq appearing in

eq. (3.15) are also probed by Csbµµ10 in B(Bs → µ+µ−) [17], but with different relative con-
tributions. Combining ∆ms and B(Bs → µ+µ−) allows us to distinguish between these two
structures, but not to disentangle the individual flavor parameters within F (−)

qq and F (3)
qq .

Combining tree-level and one-loop contributions, four-quark operators in the MFV-
SMEFT contribute to Csbsb1 as

Csbsb1 ∼ (V ∗tsVtb)2
[
(bb)(+)y4

t + g2

16π2

(
L(−)
qq F

(−)
qq + L(3)

qq F
(3)
qq

) ]
, (3.16)

where L(−)
qq and L(3)

qq are loop functions.
The two-quark operators O(1)

φq and O(3)
φq modify the tsW , tbW and bsZ couplings in one-

loop diagrams with internal electroweak gauge bosons and top quarks. Their contributions
match onto Csbsb1 as

tbW, tsW : Csbsb1,loop ∼ 2V ∗tsVtb
(
V ∗k2V33 (C(3)

φq )k3 + V ∗32Vk3 (C(3)
φq )3k

)
(3.17)

= (V ∗tsVtb)2 4(C(3)
φq )33 = (V ∗tsVtb)24

(
a(3) + b(3)y2

t

)
bsZ : Csbsb1,loop ∼ V ∗tsVtbV ∗k2Vk3(C(+)

φq )kk
= (V ∗tsVtb)2 b(+)y2

t .
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The full contribution of two-quark operators to Csbsb1 in the MFV-SMEFT reads

Csbsb1,loop ∼ (V ∗tsVtb)2 g2

16π2

[
LtbW

(
a(3) + b(3)y2

t

)
+ LbsZ b

(+)y2
t

]
, (3.18)

where LtbW and LbsZ are loop functions.
In contrast to the sb and sbµµ observables, the theory prediction for ∆ms is linear

in the WET coefficients. This difference is due to the fact that the mass difference is
directly sensitive to the amplitude in Bs − Bs mixing, rather than the squared amplitude
as for decay rates. As explained at the beginning of section 3, we do not include SMEFT
contributions to the amplitude beyond O(Λ−2). In particular, we do not consider double
insertions of the two-quark operators O(w)

φq in the matrix element for Bs−Bs mixing, which
would generate a tree-level matching contribution to Csbsb1 of O(Λ−4).

In table 4, we provide our numerical result for ∆ms in terms of the MFV-SMEFT
parameters at the reference scale µ0 = 2.4TeV. The tree-level contribution of the four-
quark combination (bb)(+) = (bb)(1) + (bb)(3) exceeds the loop-induced SM contribution
by about a factor of 10. As expected, ∆ms is indeed a very sensitive probe of double
flavor breaking in four-quark couplings. The (negligibly) small difference between the
contributions of (bb)(1) and (bb)(3) is due to loop contributions in the matching.

Besides the strong sensitivity to double flavor breaking, ∆ms also receives significant
contributions from two-quark operators and other four-quark coefficients. These contribu-
tions consist of two parts: matching at one-loop level, see eq. (3.15) and eq. (3.17); and
RG mixing with the four-quark structure eq. (3.14) that matches onto Csbsb1 at tree level.
Contributions from operator mixing depend strongly on the reference scale µ0. Similar
effects have also been observed in Bs → µ+µ− [17]. The scale dependence is a consequence
of the mismatch between one-loop matching and LL RG evolution. Performing the RG
evolution at NLL would reduce this scale dependence.

4 Weak scale: top and Z−pole observables

Around the weak scale, a large number of collider observables allow us to probe the operator
set from eq. (2.2) and eq. (2.3). In SMEFT, high-energy observables have the same structure
as the flavor observables from eq. (3.4). They are sesquilinear polynomials in the flavor
parameters from eq. (2.18) and eq. (2.19).

We focus on top and Z−pole observables, which probe different directions in flavor
space. This set of observables is sensitive to all flavor parameters in eq. (2.18) and eq. (2.19).
However, it can only probe the combinations (aa) + (ba)y2

t and (ãa) + (b̃a)y2
t , which are

typical for top-quark couplings, but not the individual parameters (aa), (ba) or (ãa), (b̃a).
In section 4.1, we review top observables that are sensitive to the four-quark operators

O
(w),33ii
qq , O

(w),3ii3
qq and two-quark operators O(w),11

φq , O
(w),33
φq from a previous analysis [17],

which builds on a global analysis of the top sector from ref. [5]. We adopt the results of
this analysis for this work. Other global fits of the top sector in SMEFT [3, 4] should
lead to similar results. In section 4.2, we investigate tt̄bb̄ and tt̄tt̄ production at the LHC,
which in addition probe the operators O(w),3333

qq that involve only quarks from the third
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generation. In section 4.3, we explore Z−pole observables as an alternative to probe two-
quark operators and O(w),3333

qq .

4.1 Top-antitop, tt̄Z, tt̄W and single-top production

At the LHC top-quark production has been investigated in various channels and kinematic
distributions. This provides us with a large number of observables, which allow us to probe
many parameter directions in the SMEFT. In general, top observables can be ordered in
two groups: hadronic tt̄ production is sensitive to four-quark operators; electroweak top
production is in addition sensitive to two-quark operators. Observables in these two groups
probe the following flavor parameter combinations in the MFV-SMEFT:

tt̄ production : (aa)(w) + (ba)(w), (ãa)(w) + (b̃a)(w) (4.1)
single-top, tt̄Z, tt̄W : a(w), b(w), (aa)(w) + (ba)(w), (ãa)(w) + (b̃a)(w) .

Altogether, these are 4 + 4 = 8 directions in flavor space. In a previous analysis [17], we
have analyzed the SMEFT contributions to top observables and the impact on global fits
in detail. For our numerical analysis, we will use a large data set from a global fit of the top
sector to LHC data from Run 1 and Run 2 [5]. This set includes the total cross sections for
tt̄, single-top and tt̄Z, tt̄W production, as well as differential distributions and the charge
asymmetry in tt̄ production.

4.2 tt̄bb̄ and tt̄tt̄ production

As we see in section 4.1, tt̄ production resolves the full flavor space of four-quark operators
with two light and two heavy quarks, namely O(w),33ii

qq and O(w),3ii3
qq . To probe operators

O
(w),3333
qq with four third-generation quarks, one has to resort to tt̄tt̄ or tt̄bb̄ production.

These processes are particularly interesting, because they probe double flavor breaking in
the MFV-SMEFT at tree level. Due to the different weak isospin currents of the involved
quarks, tt̄tt̄ or tt̄bb̄ production probe different combinations of the Wilson coefficients,

tt̄tt̄ : (C(1)
qq )3333 + (C(3)

qq )3333 ⊃ (bb)(+), tt̄bb̄ : (C(1)
qq )3333 − (C(3)

qq )3333 ⊃ (bb)(−). (4.2)

In section 3.3, we have shown that Bs–Bs mixing is very sensitive to double flavor breaking,
(bb)(+), in the MFV-SMEFT.We have checked with simulations that existing measurements
of tt̄tt̄ production at the LHC [66–68] are much less sensitive to (bb)(+). This can also be
inferred from a recent detailed analysis of four-top production in SMEFT [69].

On the contrary, tt̄bb̄ production is the main process to probe the orthogonal combi-
nation (bb)(−). We therefore include tt̄bb̄ production in our analysis. Effective couplings of
four heavy quarks can also be probed through loop effects in top-antitop production [70],
but with less sensitivity than in tt̄bb̄ and tt̄tt̄ production.

For tt̄bb̄ production at the 13-TeV LHC, the total cross section in the MFV-SMEFT
reads

σtt̄bb̄ = σSM
tt̄bb̄

+
[
0.029 (bb)(−)

(TeV
Λ

)2
+ 0.067

(
(bb)(−)

)2
(TeV

Λ

)4 ]
pb. (4.3)
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Here and in our numerical analysis we neglect contributions from operators with two
third-generation quarks, which are much more strongly constrained by top-antitop and
electroweak top production, see section 4.1.

Measuring tt̄bb̄ production at the LHC is challenging. The CMS collaboration has
extracted the total tt̄bb̄ cross section from Run 2 data, assuming SM backgrounds [71].
Using this measurement we find a bound on (bb)(−) in a single-parameter fit at ∆χ2 = 3.84,

− 6.5
TeV2 <

(bb)(−)

Λ2 <
6.1

TeV2 . (4.4)

4.3 Z−pole observables

LEP observables at the Z resonance have not only been precisely measured, but are also
very sensitive to modifications of the electroweak fermion couplings in SMEFT [72–74].
Among the operators from eq. (2.2) and eq. (2.3), Z−pole observables probe mostly O(1)

φq

and O(3)
φq at tree level. One-loop corrections are interesting because they probe four-quark

operators with heavy quarks through top loops [75–77]. In particular, modifications of the
Z couplings to bottom quarks are sensitive to the parameter (bb)(−), which is only loosely
constrained by tt̄bb̄ production at the LHC.

Global fits of electroweak observables in SMEFT with a general flavor structure have
been performed at tree level [8, 28, 78] and for flavor-universal couplings also at one-loop
level [79]. We will see that Z−pole observables have a significant impact on our global
fit, even though they are not indispensable to fully resolve the flavor structure in the
MFV-SMEFT.

At leading order, the Lagrangian for Z boson couplings to quarks in the MFV-SMEFT
reads [76]

L = 2MZ(
√

2GF )
1
2Zµ

[(
guL −

v2

2Λ2 (C(−)
φq )kk

)(
ukLγ

µukL

)
(4.5)

+
(
gdL −

v2

2Λ2 (C(+)
φq )kk

)(
d
k
Lγ

µdkL

) ]

= 2MZ(
√

2GF )
1
2Zµ

[(
guL −

v2

2Λ2a
(−)
)∑

k

(
ukLγ

µukL

)
− v2

2Λ2 b
(−)y2

t

(
tLγ

µtL
)

+
(
gdL −

v2

2Λ2a
(+)
)∑

k

(
d
k
Lγ

µdkL

)
− v2

2Λ2 b
(+)y2

t

(
bLγ

µbL
)]
,

choosing the electroweak input parameters as {α,MZ , GF } and neglecting CKM-suppressed
contributions. The SM couplings are guL = 1

2 −
2
3s

2
W and gdL = −1

2 + 1
3s

2
W ; v is the vacuum

expectation value of the Higgs field.
To demonstrate the role of Z−pole observables in probing the flavor structure of Wilson

coefficients, we select two observables that are particularly sensitive to flavor breaking and
extremely well measured: the total width of the Z boson, ΓZ , and the normalized partial
width for Z → bb̄ decays, Rb = Γbb̄/ΓZ . At tree level, the leading contributions to the
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b̄

(C
(−)
qq )3333

Z

t

t
b

b̄

(C
(3)
qq )3333

Figure 2. Illustration of two different insertions of four-quark SMEFT operators in Z → bb̄. Left:
s-channel topology, with insertion of (C(−)

qq )3333. Right: t-channel topology, involving a charged
current with insertion of (C(3)

qq )3333. The operator insertion is illustrated by two filled squares, each
indicating a quark bilinear.

partial and total decay width are (neglecting quark masses)

Γtree
bb̄

= ΓSM
bb̄

+
(
a(+) + b(+)y2

t

) v2

Λ2 δΓ
d
Z (4.6)

Γtree
Z = ΓSM

Z + 2a(−) v
2

Λ2 δΓ
u
Z +

(
3a(+) + b(+)y2

t

) v2

Λ2 δΓ
d
Z .

Here ΓSM
bb̄

and ΓSM
Z are the decay widths in the Standard Model, and δΓuZ and δΓdZ are the

(normalized) contributions from SMEFT operator interference with the SM amplitudes for
Z → uiūi and Z → dkd̄k, respectively. Quadratic contributions in the SMEFT coefficients
of O

(
a2) etc. have been neglected, but are included in our numerical analysis. Among the

three contributing parameters {a(1), a(3), b(+)}, a(3) is constrained at the permille level by
precision tests of CKM unitarity in weak charged currents [80].

Four-quark operators affect Z decays through loop contributions. Here we are partic-
ularly interested in couplings of four heavy quarks, (C(w)

qq )3333, which contribute to Z → bb̄

decays via top-quark loops. In figure 2, we show two possible types of operator insertions.
In the MFV-SMEFT, these two different loop structures contribute as

(b̄γµPLb)(t̄γµPLt) : Γloop
bb̄
∼ |Vk3|2 (C(−)

qq )33kk (4.7)
= (aa)(−) + (ba)(−) + |Vtb|2F (−)

qq

≈ (aa)(−) + 2(ba)(−) + (bb)(−) = (C(−)
qq )3333

(b̄γµPLt)(t̄γµPLb) : Γloop
bb̄
∼ |Vk3|2 (C(3)

qq )3kk3

= (ãa)(3) + (b̃a)(3) + |Vtb|2F (3)
qq

≈ (aa)(3) + 2(ba)(3) + (bb)(3) = (C(3)
qq )3333.

The parameter combinations F (−)
qq and F

(3)
qq are the same as for the loop contributions

to meson mixing, see eq. (3.15), and to Bs → µ+µ− [17]. Compared to down-quark
flavor-changing neutral currents, flavor-conserving currents like Z → bb̄ receive additional
four-quark contributions, see eq. (4.7). As we will see in section 6, global fits are sensitive
to loop-induced four-quark contributions, even though they are numerically much smaller
than tree-level effects from two-quark couplings.
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For the numerical analysis of the Z−pole observables, we use the one-loop predictions
for general flavor structures from ref. [77] and the theory uncertainties from ref. [76]. Using
our MFV parametrization, we compare these predictions to precision measurements at
LEP [81],

ΓZ = 2.4952± 0.0023GeV (4.8)
Rb = 0.21629± 0.00066.

The two observables have been determined by LEP from separate fits to data. Since
potential correlations are unknown to us, we treat ΓZ andRb as uncorrelated in our analysis.
The resulting bounds on the flavor parameters will be discussed in section 6.

5 TeV scale: dijets

As mentioned in section 4, top-quark observables only probe the sum of flavor-universal
and flavor-breaking structures of effective four-quark interactions, parametrized by (aa) +
(ba)y2

t and (ãa) + (b̃a)y2
t . Dijet production at the LHC is an excellent probe of light-

quark couplings, that is, of (aa) and (ãa) individually. In combination, top and dijet
observables can pin down the possible amount of flavor breaking, (ba) and (b̃a), in four-
quark interactions.

Angular correlations of two hard jets produced via pp → jj + X are among the most
precise QCD tests. It is well known that they are also very sensitive to four-quark inter-
actions in extensions of the Standard Model [82–84]. At the Tevatron and the LHC, dijet
angular correlations have been measured in terms of rapidity differences |y1 − y2|, where
y1 and y2 are the rapidities of the two jets with the highest transverse momenta in each
event. The results are reported in bins of the dijet invariant mass, Mjj , normalized to the
cross section in the respective bin, σ(Mjj):

1
σ(Mjj)

dσ(Mjj)
dχ

, χ = exp
(
|y1 − y2|

)
∈ [1,∞]. (5.1)

In QCD, dijet production is dominated by Rutherford scattering, which becomes singular
in the forward region. The variable χ is chosen to subtract the Rutherford singularity, such
that the QCD prediction for eq. (5.1) is mostly flat, (dσ/dχ)QCD ∝ const.

In SMEFT, the four-quark operators O(1)
qq and O(3)

qq modify the dijet distributions, so
that11

dσ

dχ
=
(
dσ

dχ

)
QCD

+
∑

w={1,3}

C
(w)
qq

Λ2

(
dσw
dχ

)
int

+
∑

v,w={1,3}

C
(v)
qq C

(w)
qq

Λ4

(
dσvw
dχ

)
SMEFT

. (5.2)

As in eq. (3.4), the labels ‘int’ and ‘SMEFT’ stand for contributions from SM-SMEFT and
SMEFT-SMEFT amplitude interference. For the dominant partonic amplitude qq → qq,

11The two-quark operators from eq. (2.3) can only contribute to dijet production via Z or W exchange.
We neglect such electroweak contributions.
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Figure 3. Illustration of the two different topologies of SMEFT contributions to dijet production
at the example of ud → ud. Left: t-channel topology with insertion of (aa)(−). Right: u-channel
topology, involving a charged current with insertion of (aa)(3). The insertion of SMEFT operators
is illustrated by two filled squares, each indicating a quark bilinear.

the SM-SMEFT interference scales as [83](
dσw
dχ

)
int

(qq → qq) ∝ − 1
χ

C
(w)
qq

Λ2 . (5.3)

Normalized to the total rate, this results in an enhancement for χ→ 1 relative to the QCD
prediction — or a depletion, depending on the sign of C(w)

qq . For the SMEFT-SMEFT
interference, the effect is even more pronounced.

In terms of the dijet invariant mass, the distributions scale as(
dσ(Mjj)
dχ

)
QCD

∝ 1
M2
jj

,

(
dσ(Mjj)
dχ

)
int
∝ 1

Λ2 ,

(
dσ(Mjj)
dχ

)
SMEFT

∝
M2
jj

Λ4 . (5.4)

As for many high-energy observables, the ‘int’ and ‘SMEFT’ contributions are UV-sensitive
and increase as M2

jj/Λ2 and M4
jj/Λ4 relative to the QCD prediction.

To understand the flavor and gauge structure of the SMEFT contributions, it is in-
structive to look at partonic amplitudes with specific external quarks. Amplitudes with
two quarks (rather than antiquarks) in the initial state, A(qq(′) → qq(′)), dominate due to
the parton distributions inside the protons. Contributions of O(1)

qq and O(3)
qq enter with the

following combinations of flavor parameters:

A(uu→ uu) ∝ (At +Au) (aa)(+) ∝ A(dd→ dd) (5.5)
A(ud→ ud) ∝ At (aa)(−) +Au (aa)(3)

A(ud→ du) ∝ Au (aa)(−) +At (aa)(3).

Here At and Au are (normalized) amplitudes with operator insertions in the t-channel and
u-channel topologies. An example of these insertions is shown in figure 3. The quark-quark
amplitudes allow us to distinguish between the weak isospin structures (aa)(1) and (aa)(3),
but leave blind directions along (aa)(w) = −(ãa)(w). These directions are resolved by adding
SMEFT amplitudes with quark-antiquark initial states, A(qq̄ → q′q̄′), despite the lower
parton luminosity compared to quark-quark initial states. For instance, the amplitudes

A(uū→ cc̄) ∝ (aa)(+), A(uū→ ss̄) ∝ (aa)(−) (5.6)
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Figure 4. Bounds on the flavor structure of the four-quark interactions O(1)
qq and O

(3)
qq from a

4-parameter fit to dijet angular distributions measured at the LHC [85]. We show contours for
∆χ2 = 5.99. The flavor parameters are defined at µ0 = 2.4TeV.

correspond to the s-channel topology and are only sensitive to (aa)(w). The flavor
structure (ãa)(w) would enter via t-channel contributions, but those are CKM and/or
Yukawa-suppressed in the MFV-SMEFT. Taken together, the amplitudes in eq. (5.5)
and eq. (5.6) probe all 4 directions {(aa)(1), (ãa)(1), (aa)(3), (ãa)(3)} in the flavor space of
light-quark couplings.

For our numerical analysis of dijet angular correlations, we use the most recent mea-
surement by the CMS collaboration, based on 35.9 fb−1 of 13-TeV LHC data [85]. We
include only the lowest bin in the dijet invariant mass, 2.4TeV < Mjj < 3TeV, which con-
tains the largest amount of data. As mentioned at the end of in section 2, this motivates
our choice for the reference scale µ0 = 2.4TeV at which we report the bounds on the flavor
parameters.

The angular distributions from eq. (5.1) are reported in terms of 12 χ bins. As some of
the correlations between these bins are unknown to us, we select only every second bin in
the distribution, starting with the second bin, and treat them as uncorrelated. This choice
is motivated by the large uncertainties affecting the first bin around χ = 1.

For the QCD prediction of the distribution dσ/dχ, we use the results of NLO sim-
ulations from ref. [85]. To obtain the ‘int’ and ‘SMEFT’ contributions, see eq. (5.2), we
perform simulations in SMEFT using Madgraph5_aMC@NLO [86] at LO QCD at parton level.
A more detailed analysis should include SMEFT simulations at particle level, where the
measurements are reported. For our proof-of-principle analysis, we confine ourselves to
simulations at parton level.

The results of our 4-parameter fit of dijet angular distributions are shown in figure 4.
The bounds are dominated by contributions from SMEFT-SMEFT interference, which
are enhanced at high energies, see eq. (5.4). As suggested by the flavor structure of the
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SMEFT amplitudes from eq. (5.5), partonic quark-quark contributions are very sensitive
to the combination (aa)(w) = (aa)(w) + (ãa)(w) (left panel). The orthogonal direction
(aa)(w) − (ãa)(w) is probed less, but still bounded due to quark-antiquark contributions,
see eq. (5.6). Weak triplets are more constrained than singlets (right panel). This is due
to the different gauge structure, which leads to several effects in the amplitudes and their
interference. Compared with most other LHC observables, dijet angular distributions are
superior in their sensitivity to SMEFT couplings of four light quarks. They will play a
crucial role in the global analysis of flavor structures, which we present now in section 6.

6 Global analysis of flavor structure

We carry out a global fit of the observables discussed in the previous sections. For conve-
nience, we summarise the observables’ dependence on the flavor parameters at the leading
order in the strong and electroweak gauge couplings:

B(B → Xsγ)× 104 = 3.26 + 0.37 a(3) − 0.72 b(3) (6.1)

B(Bs → µ+µ−)× 109 = 3.57− 39.7 b(+) + 110.4
(
b(+))2

ΓZ = 2.4945 + 0.0615 a(1) + 0.2236 a(3) + 0.0456 b(1) + 0.0499 b(3)

Rb = 0.21586 + 0.01883 a(1) + 0.02053 b(1) + 0.02420 b(3)

dijets : (aa)(w), (ãa)(w)

tt̄ production : (aa)(w) + (ba)(w), (ãa)(w) + (b̃a)(w)

single-top, tt̄Z, tt̄W : a(w), b(w), (aa)(w) + (ba)(w), (ãa)(w) + (b̃a)(w)

∆ms [ps−1] = 17.28 + 156.9 (bb)(+)

σtt̄bb̄ [pb] = 2.4 + 0.029 (bb)(−) + 0.067
(
(bb)(−))2.

The flavor parameters are defined at the scale µ0 = 2.4TeV and are given in units of
TeV2/Λ2. We set yt = 1 for a clearer presentation, but make no such approximation in
the numerical evaluation. For the sake of clarity, for some of the observables we only
show the numerically dominant SMEFT contributions. Sub-dominant linear and quadratic
contributions are included in our numerical analysis. As we will discuss, they are relevant
in a global fit, since they have the power to disentangle degeneracies in the parameter space.

Our analysis extends the study conducted in ref. [17] by the following observables:

• dijet angular distributions at the LHC [85];

• meson mixing in the Bs system, ∆ms [47];

• Z−pole observables ΓZ and Rb [81].

The large data set enables us to constrain a larger set of parameters than in our previous
analysis, namely the full set of two-quark and four-quark parameters. We are now able
to distinguish between flavor-universal, singly flavor-breaking and doubly flavor-breaking
contributions to four-quark operators, parameterized by (aa), (ba) and (bb). In particular,
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we are sensitive to the doubly flavor-breaking parameters (bb)(w), which were not accessible
in ref. [17]. We also gain resolution in probing the flavor structure of two-quark operators,
parameterized by a and b.

On the technical side, our analysis setup is the same as in ref. [17]. The only difference
is the reference scale for the SMEFT coefficients, which was set to µ0 = 1TeV in ref. [17],
but which we set to µ0 = 2.4TeV here to include the dijet angular distributions. To
compare concrete UV models with our fit results, one should match these models onto the
SMEFT amplitudes at this high scale. When presenting our numerical bounds on the flavor
parameters, we set Λ = 1TeV. In this way, the results of our fit are easier to compare with
other SMEFT analyses that report bounds on the Wilson coefficients at Λ = µ0 = 1TeV.
For a precise comparison, one would need to evolve the relevant set of couplings to the
same reference scale, including operator mixing.

We perform three separate maximum-likelihood fits of the flavor parameters from
eq. (2.18) and eq. (2.19), using the sfitter software [87–89]. We find it convenient to
conduct the fit in a different basis, involving linear combinations of the flavor parameters
from eq. (2.18) and eq. (2.19):

a(−) = a(1) − a(3), a(3), b(±) = b(1) ± b(3) (6.2)
(aa)(w) ± (ba)(w), (ãa)(w) ± (b̃a)(w), (bb)(±) = (bb)(1) ± (bb)(3).

These linear combinations are more effectively constrained by our set of observables and
render the evaluation of the likelihood computationally more efficient.

To demonstrate the impact of individual observables in the global analysis, we have
performed separate fits for three data sets:

data set 1 includes all observables in top-antitop production from ref. [5] and the dijet
observables discussed in section 5. For this data set, we only fit the 8 four-quark
parameters {(aa)(w), (ãa)(w), (ba)(w), (b̃a)(w)}. The results we obtain from this fit are
shown in cyan.

data set 2 includes all top observables from ref. [5]; the dijet observables discussed in sec-
tion 5; the cross section for tt̄bb̄ production, see section 4.1; and the flavor observables
B(B → Xsγ), B(Bs → µ+µ−), and ∆ms from section 3. We fit the full set of 14
flavor parameters in the MFV-SMEFT. The corresponding results are colored green.

data set 3 corresponds to data set 2, plus the Z−pole observables ΓZ and Rb. We fit the
full set of 14 flavor parameters in the MFV-SMEFT. The results are colored orange.

The results of our analysis are shown in table 1 and figure 5, figure 6, and figure 7. To obtain
bounds on individual flavor parameters, we profile the full likelihood function with respect
to all other parameters and report intervals at ∆χ2 = 3.84. For the two-parameter plots,
we profile the full likelihood with respect to all remaining parameters and show contours at
∆χ2 = 5.99. In the case of a fully Gaussian likelihood, these bounds would correspond to
95% confidence regions. However, since our global likelihood contains non-Gaussian terms,
the bounds can only be interpreted as approximations of the 95% confidence level.
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fit data set 1 data set 2 data set 3
parameter (top, dijets) (+ flavor) (+ Z−pole)

a(−) [-5.69, 9.75] [-1.04, 0.80]
a(3) [-1.77, 1.27] [-0.08, 0.10]
b(−) [-2.63, 5.61] [-2.50, 2.28]
b(+) [-1.15, 1.38] [-1.00, 1.24]

(aa)(1) + (ba)(1) [-0.33, 0.42] [-0.37, 0.50] [-0.34, 0.43]
(aa)(1) − (ba)(1) [-1.17, 1.03] [-1.19, 1.03] [-1.15, 0.99]
(ãa)(1) + (b̃a)(1) [-0.58, 0.64] [-0.59, 0.48] [-0.59, 0.44]
(ãa)(1) − (b̃a)(1) [-1.47, 1.53] [-1.29, 1.54] [-1.26, 1.49]
(aa)(3) + (ba)(3) [-0.42, 0.37] [-0.42, 0.21] [-0.40, 0.20]
(aa)(3) − (ba)(3) [-0.71, 0.80] [-0.54, 0.74] [-0.51, 0.72]
(ãa)(3) + (b̃a)(3) [-0.48, 0.18] [-0.42, 0.21] [-0.42, 0.20]
(ãa)(3) − (b̃a)(3) [-0.55, 0.92] [-0.53, 0.85] [-0.52, 0.85]

(bb)(+) [-0.12, 0.18] [-0.11, 0.09]
(bb)(−) [-10.33, 7.14] [-9.03, 7.16]

Table 1. Bounds on individual fit parameters from three separate fits of LHC, LEP and flavor
data to 8 parameters (data set 1) and 14 parameters (data sets 2 and 3). The intervals correspond
to ∆χ2 = 3.84, obtained by profiling the global likelihood over all remaining parameters in the fit.
The results are presented in the basis eq. (6.2).

In table 1, we summarize the bounds on individual flavor parameters obtained from
separate fits to the three data sets. Notice that data set 1 contains less parameters than
data set 2 and 3; the bounds should therefore not be directly compared. The bounds on
the various four-quark parameters for flavor-universal and singly flavor-breaking couplings
are comparable in magnitude. The parameter directions (aa)(w) + (ba)(w) are somewhat
more strongly constrained than (aa)(w)− (ba)(w), because the “ + ” combination is directly
aligned with the top observables, while the “− ” combination is only constrained in a joint
fit with dijets (data set 1). Data sets 2 and 3 do not change this behavior, since top and
dijet observables dominate the bounds on these parameters in the global fit.

Double flavor breaking along (bb)(+) is strongly constrained by ∆ms, whereas the
orthogonal direction (bb)(−) is only constrained very loosely from σtt̄bb̄. The sensitivity in
this direction can be improved with future more precise measurements of tt̄bb̄ production.
It might also be indirectly improved through top-loop effects in Z pole observables and
B meson decays in global fits, provided that the bounds on two-quark parameters that
dominate those observables are strengthened.

The biggest impact of Z-pole observables in the global fit can be observed by comparing
the results for the flavor-universal two-quark couplings from data sets 2 and 3. The bounds
on a(−) and in particular on a(3) are drastically strengthened by sizeable contributions to
the precision observables ΓZ and Rb, as well as correlations with B(B → Xsγ), see eq. (6.1).
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Figure 5. Bounds on flavor-universal versus singly flavor-breaking four-quark couplings, (aa)(w)

and (ba)(w), for weak singlets (left) and weak triplets (right). Shown are likelihood contours of
∆χ2 = 5.99 for data set 1 (cyan), set 2 (green) and set 3 (orange). The area inside the contours is
in agreement with the data. The flavor parameters are defined at µ0 = 2.4TeV.

Flavor breaking in four-quark couplings. As discussed in section 4.1 and section 5,
top observables probe interactions of two heavy and two light quarks, (aa)(w) + (ba)(w)

or (ãa)(w) + (b̃a)(w), while dijet distributions are sensitive to interactions of four light
quarks, (aa)(w) or (ãa)(w). In combination, top-antitop production and dijet angular dis-
tributions resolve all 8 directions within the subspace of flavor parameters spanned by
{(aa)(w), (ãa)(w), (ba)(w), (b̃a)(w)}.

In figure 5, we show bounds on two orthogonal combinations of the two four-quark
couplings for weak singlets (left) and triplets (right), as we obtain them from separate fits
to the three data sets introduced above.

To demonstrate the sensitivity of top and dijet observables to single flavor breaking,
we have performed an 8-parameter fit using data set 1 only. The results (in cyan) constrain
single flavor violation in four-quark couplings up to a rhomboid-shaped region. The distance
between the longer parallel sides of this rhomboid corresponds to the bound on (aa)(w) from
dijet observables. The bounds on weak triplet coefficients in this direction are stronger than
for weak singlets. The reason is that in dijet observables weak singlets and triplets probe
partonic contributions with different quark flavors, see eq. (5.5) and eq. (5.6).

When adding flavor observables, single-top processes and σtt̄bb̄, all 14 parameters enter
the observables. The results of this 14-parameter fit are shown in green. Compared to set 1,
we do not observe any significant change for weak singlets (left panel). On the other hand,
the combination of triplet coefficients (aa)(3) + (ba)(3) is now more strongly bounded from
above (right panel). This is due to contributions to single-top production, which dominate
the upper bound on (C(3)

qq )33ii = (aa)(3) +(ba)(3)y2
t [5, 17]. The other sides of the rhomboid

do not change, because dijet observables dominate the bound on (aa)(w) in the global fit.
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Figure 6. Bounds on double flavor breaking in four-quark couplings, (bb)(w). Shown are likelihood
contours of ∆χ2 = 5.99 for data set 2 (top+flavor+dijets, green) and data set 3 (including Z−pole
data, orange). Left: weak gauge structure of (bb). Right: impact of the Z−pole observables ΓZ

and Rb through parameter correlations. The flavor parameters are defined at µ0 = 2.4TeV.

Double flavor breaking. Double flavor breaking in four-quark couplings is probed in
∆ms ((bb)(+)) and σtt̄bb̄ ((bb)(−)) at tree level. To a lesser extent, double flavor breaking
also contributes to B(Bs → µ+µ−) through top loops in the same combinations F (−)

qq and
F

(3)
qq as loop contributions to ∆ms do, see eq. (3.15) and table 3. The partial decay rate of
Z bosons into bottom quarks, Γbb̄, is sensitive to (bb)(−) and (bb)(3) through top loops [77].

In figure 6, we show bounds on the doubly flavor-breaking parameters obtained from
our global analysis with (orange) and without (green) Z−pole observables.

In the left panel, we see that the combination (bb)(+) is more strongly constrained than
the orthogonal direction in weak gauge structures, (bb)(−). The reason is the extremely
high sensitivity of ∆ms to (bb)(+), see eq. (6.1), compared to the lower sensitivity of σtt̄bb̄
to (bb)(−), see eq. (4.4). The correlation between the two parameters is due to the impact
of the B(Bs → µ+µ−) measurement, which slightly prefers a positive contribution to F (3)

qq

and thus to (bb)(3) [17]. In a fit without B(Bs → µ+µ−), no such correlation would occur,
as ∆ms and σtt̄bb̄ probe orthogonal directions in the parameter space.

Including Z−pole observables in the fit (orange) leads to a stronger bound on (bb)(+),
see figure 6, left. At first sight, this seems surprising since ∆ms is much more sensitive
to (bb)(+) than ΓZ and Rb are. However, in our global fit the parameters {a(−), a(+), b(+)}
are strongly constrained by ΓZ and Rb. As a consequence, cancellations between these
parameters and (bb)(+) in ∆ms are no longer possible. We illustrate this effect in figure 6,
right. The strong constraint on a(−) from the global fit (orange) removes a substantial
part of the viable parameter space for (bb)(+) without Z−pole observables (green). The
stronger bound on (bb)(+) in the left panel (orange) is thus due to bounds on correlated
parameters that are profiled over in the two-dimensional projection.
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Figure 7. Bounds on flavor breaking in two-quark couplings, parametrized by b(+), b(−). Shown are
likelihood contours of ∆χ2 = 5.99 for data set 2 (top+flavor+dijets, green) and data set 3 (including
Z−pole data, orange). Left: weak gauge structure of flavor-breaking contributions. Right: flavor-
universal versus flavor-breaking couplings. The flavor parameters are defined at µ0 = 2.4TeV.

Flavor breaking in two-quark couplings. Similar correlation effects occur for two-
quark couplings. In figure 7, left, we show flavor breaking in two-quark couplings,
parametrized by b(+) and b(−).

Adding Z−pole observables to the fit (orange) results in a stronger bound on b(−),
despite the fact that ΓZ and Rb are not sensitive to this parameter at tree level. Again,
the effect is due to correlations with other parameters, as shown in figure 7, right. The
constraint on a(−) from Z−pole observables (orange) removes part of the parameter space
for b(−) that was allowed by B(B → Xsγ), B(Bs → µ+µ−), top and dijet observables
(green). These examples demonstrate the power of global fits, where correlations of SMEFT
effects across different classes of observables lead to much stronger constraints than separate
fits for a sub-set of parameters.

7 Conclusions

We have performed the first combined analysis of flavor, top, Z−pole and dijet observables
in the SMEFT. Our main goal has been to resolve the flavor structure of SMEFT coefficients
in the quark sector, assuming Minimal Flavor Violation. To this end, we have selected a set
of sensitive observables that fully constrain the flavor parameter space of SMEFT operators
with two and four left-handed quark doublets. Compared to our previous analysis in
ref. [17], we have added Bs meson mixing, tt̄bb̄ production, Z−pole and dijet observables
to the data set. For the four-quark operators, all four sectors of observables are needed to
resolve all directions in flavor space.

The observables in our analysis span three orders of magnitude in energy. We have
connected SMEFT contributions at different scales through the renormalization group and
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reported the resulting bounds on the flavor parameters at one common energy scale in the
TeV range. In this way, the results can be compared with bounds obtained from other
analyses and with concrete models that could complete the SMEFT at high energies.

For the first time, we are able to fully resolve all forms of flavor breaking that such
UV completions could imprint on the SMEFT coefficients. The flavor structure of four-
quark operators is particularly rich, including flavor-conserving couplings, as well as flavor
breaking in one or both of the quark-antiquark currents. While single flavor breaking can be
probed with top-quark and/or flavor observables, double flavor breaking requires sensitivity
to interactions of four third-generation quarks. We have found that Bs−B̄s mixing is highly
sensitive to a specific combination of doubly flavor-breaking coefficients with different weak
gauge structures. The orthogonal combination can be probed in tt̄bb̄ production, but
with much less sensitivity. Dijet angular distributions are pure probes of flavor-conserving
SMEFT coefficients. Together with top-quark observables, they distinguish between flavor
universality and single flavor breaking in four-quark couplings.

The Z−pole observables, notably the total Z boson decay width and the partial decay
rate into bottom quarks, play an interesting role in our global analysis. Similarly to the
rare meson decays B → Xsγ and Bs → µ+µ−, these two observables are sensitive to two-
quark couplings at tree level and to couplings with four heavy quarks at loop level. In
the combined fit, these effects are strongly correlated between observables. This leads to
indirect constraints on double flavor breaking through loop-suppressed four-quark operator
contributions, which are stronger than the direct bounds from Bs − B̄s mixing and tt̄bb̄

production. We stress that the potential of probing sub-leading SMEFT contributions
through correlations in global fits is high. It should be further explored to resolve blind or
nearly blind directions in the parameter space of Wilson coefficients.

Our results show that the flavor structure of quark interactions in the MFV-SMEFT
can be fully resolved by combining sensitive observables across the energy scales. It will be
interesting to conduct a similar analysis for SMEFT operators that involve right-handed
quarks and/or leptons. To probe four-quark operators with quarks and leptons, the set of
observables should be extended by, for instance, semi-leptonic meson decays or Drell-Yan
data, which are highly sensitive to such operators. The same strategy can also be applied to
probe other flavor patterns, as predicted for instance in models with U(2) flavor symmetries,
with new flavor-changing neutral currents or with leptoquark couplings. Ultimately, we
learn if possible new physics copies, breaks or extends the flavor symmetries of the Standard
Model. If discrepancies between predictions and data are observed in the future, it will be
exciting to test and compare different flavor hypotheses for their consistency with the data.
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SM a(1) b(1) a(3) b(3) (aa)(1) (ãa)(1) (ba)(1) (b̃a)(1) (bb)(1) (aa)(3) (ãa)(3) (ba)(3) (b̃a)(3) (bb)(3)

SM 3.26 -0.04 -0.01 0.37 -0.72 -0.02 0.04 -0.01 0.05 0.02 0.11 -0.15 0.01 -0.25 -0.20
a(1) 0 0 0 0 0 0 0 0 0 0 0 0 0 0
b(1) 0 0 0 0 0 0 0 0 0 0 0 0 0
a(3) 0.01 -0.04 0 0 0 0 0 0.01 -0.01 0 -0.01 -0.01
b(3) 0.04 0 0 0 -0.01 0 -0.01 0.02 0 0.03 0.02

(aa)(1) 0 0 0 0 0 0 0 0 0 0
(ãa)(1) 0 0 0 0 0 0 0 0 0
(ba)(1) 0 0 0 0 0 0 0 0
(b̃a)(1) 0 0 0 0 0 0 0
(bb)(1) 0 0 0 0 0 0
(aa)(3) 0 0 0 0 0
(ãa)(3) 0 0 0.01 0
(ba)(3) 0 0 0
(b̃a)(3) 0 0.01
(bb)(3) 0

Table 2. Contributions of flavor coefficients to B(B̄s → Xsγ) × 104. The reference scale is set to
µ0 = 2.4 TeV; the cutoff scale is fixed to Λ = 1TeV. The contributions are rounded to two decimal
places.
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A Flavor observables in the MFV-SMEFT

In this appendix, we collect contributions of MFV-SMEFT flavor parameters to the flavor
observables discussed in section 3. The observables are linear (∆ms) or sequilinear (B(Bs →
µ+µ−), B(B → Xsγ)) polynomials in terms of the flavor parameters. Theory predictions
can be obtained as

∆ms = [∆ms]SM +
∑
i

[∆ms]i Fi (A.1)

for the mixing observables, and

B = [B]SM +
∑
i,j≥i

[B]ij FiFi (A.2)

for the B-meson branching ratios B = B(B → Xsγ), B(Bs → µ+µ−). In the equations
above, the Fi represent the (real-valued) flavor parameters {Fi} = {a(1), b(1), . . . , (bb)(3)}.
The coefficients [∆ms]i are listed in table 4. The coefficients [B]i for the two branching
ratios are listed in tables 2 and 3, respectively. The WET coefficients that enter the flavor
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SM a(1) b(1) a(3) b(3) (aa)(1) (ãa)(1) (ba)(1) (b̃a)(1) (bb)(1) (aa)(3) (ãa)(3) (ba)(3) (b̃a)(3) (bb)(3)

SM 3.57 0.32 -36.91 -3.02 -42.45 -0.07 3.06 2.84 5.94 5.75 1.30 -3.35 -0.79 -5.39 -4.11
a(1) 0.01 -1.64 -0.13 -1.88 0 0.14 0.13 0.26 0.25 0.06 -0.15 -0.03 -0.24 -0.18
b(1) 95.51 15.61 219.65 0.34 -15.86 -14.71 -30.73 -29.76 -6.75 17.34 4.07 27.88 21.25
a(3) 0.64 17.95 0.03 -1.30 -1.20 -2.51 -2.43 -0.55 1.42 0.33 2.28 1.74
b(3) 126.29 0.39 -18.24 -16.92 -35.33 -34.22 -7.76 19.94 4.68 32.06 24.43

(aa)(1) 0 -0.03 -0.03 -0.06 -0.05 -0.01 0.03 0.01 0.05 0.04
(ãa)(1) 0.66 1.22 2.55 2.47 0.56 -1.44 -0.34 -2.32 -1.76
(ba)(1) 0.57 2.37 2.29 0.52 -1.34 -0.31 -2.15 -1.64
(b̃a)(1) 2.47 4.79 1.09 -2.79 -0.66 -4.49 -3.42
(bb)(1) 2.32 1.05 -2.70 -0.63 -4.34 -3.31
(aa)(3) 0.12 -0.61 -0.14 -0.99 -0.75
(ãa)(3) 0.79 0.37 2.53 1.93
(ba)(3) 0.04 0.59 0.45
(b̃a)(3) 2.04 3.10
(bb)(3) 1.18

Table 3. Contributions of flavor coefficients to B(B̄s → µ+µ−)× 109. The reference scale is set to
µ0 = 2.4 TeV; the cutoff scale is fixed to Λ = 1TeV. The contributions are rounded to two decimal
places.

SM a(1) b(1) a(3) b(3) (aa)(1) (ãa)(1) (ba)(1) (b̃a)(1) (bb)(1) (aa)(3) (ãa)(3) (ba)(3) (b̃a)(3) (bb)(3)

17.28 0.28 -3.25 -4.60 5.97 0.10 2.09 -3.16 -1.27 133.02 4.01 -1.82 -0.53 -4.51 132.91

Table 4. Contributions of flavor coefficients to ∆ms in units of ps−1. The reference scale is set to
µ0 = 2.4 TeV; the cutoff scale is fixed to Λ = 1TeV. The contributions are rounded to two decimal
places.

observables are defined at the common scale µS = 4.2GeV. The SMEFT coefficients and
the corresponding flavor parameters in the MFV-SMEFT are defined at the reference scale
µ0 = 2.4 TeV. The cutoff scale of the SMEFT is set to Λ = 1 TeV.
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