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1 Introduction

In times of abundant data from collider experiments, precision measurements guide our
search for physics beyond the Standard Model (BSM). If new particles exist at energies
above the TeV scale, we expect to detect their virtual effects in observables at the LHC and
at low-energy experiments, provided that these new particles couple sufficiently strongly
to the Standard Model (SM). In general, any such UV completion of the Standard Model
should manifest itself as a pattern of effects in several observables. To analyze these effects
in a model-independent and gauge-invariant way, we consider the Standard Model as an
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Effective Field Theory (SMEFT) below the TeV scale and parametrize BSM effects as a
series of local operators [1, 2] (see ref. [3] for a review). Global fits of the corresponding
Wilson coefficients to data allow us to exploit the correlations of BSM effects that are
characteristic of a specific UV theory.

Recent analyses aim at interpreting global SMEFT fits in terms of concrete UV exten-
sions of the Standard Model [4–8] or classify UV completions by exploiting the symmetries
of the effective theory [9, 10]. Whatever the approach, the key question is: what can we
learn from data about the possible structure of UV physics? By resolving the parame-
ter space of SMEFT Wilson coefficients, we strive to pin down features of a UV theory
that are in overall agreement with data. Such features are, for instance, the charges of
SM particles under a new force, the Lorentz and gauge structure of new interactions, or
global symmetries. In this work we focus on the flavor structure. We want to establish
whether new interactions must be flavor-universal or might introduce new sources of flavor
symmetry breaking.

What do SMEFT fits tell us about the flavor structure of a UV theory?
In the Standard Model the main source of flavor symmetry breaking is the top Yukawa

coupling. CKM mixing in weak interactions is physical because the top Yukawa coupling
sets a reference direction in flavor space [11]. Phenomenologically, the top quark has played
a crucial role in pinning down the flavor structure of the Standard Model: flavor-changing
neutral currents among down quarks are driven by virtual effects of the top quark in loops;
they have been studied in great detail in rare meson decays [12]. Flavor-changing neutral
currents among up quarks are suppressed by the small flavor breaking in the down-quark
sector [13, 14]; the non-observation of exotic top decays at the LHC is in agreement with
this prediction. The apparent absence of additional flavor violation has led to the concept
of Minimal Flavor Violation (MFV) [15, 16], which extrapolates the flavor structure of the
Standard Model to new interactions. Alternative scenarios postulate flavor universality
among all three quark generations or among light quarks [6, 17–20].

To pin down the flavor structure of Wilson coefficients in the SMEFT, we rely on
observations of flavor violation among SM particles. Flavor-changing rare meson decays
or meson mixing are extremely sensitive to BSM effects [21–28] and measured with high
precision. Although such observables tell us much about flavor in BSM physics, they
often probe combinations of several Wilson coefficients. This leaves blind directions in
the SMEFT parameter space, which can be resolved by connecting flavor observables with
high-energy observables at the LHC, Tevatron or LEP [18, 29–36].

In our analysis we exploit the connection between rare B decays and top-quark produc-
tion at the LHC in SMEFT. This choice is motivated by the high experimental precision in
both sectors, as well as the key role of the top in probing quark flavor transitions. Moreover,
top production at the LHC provides us with a plethora of observables [23, 37–41], which
are known to effectively explore the SMEFT parameter space [42–45]. The connection
between top and bottom observables is established by matching the SMEFT coefficients
onto the Weak Effective Theory (WET) [46–50] and evolving the WET coefficients to the
scale of B physics using the Renormalization Group (RG) [51, 52]. In this framework the
relative BSM effects in bottom and top observables strongly depend on the flavor structure
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of the SMEFT coefficients. This renders the top-bottom connection highly sensitive to the
flavor structure of the underlying UV theory. In this work we will assume Minimal Flavor
Violation for the SMEFT coefficients, but our strategy could equally well be applied to
other scenarios of flavor breaking.

The goal of our work is to pin down the flavor structure of the SMEFT coefficients
in MFV in a combined fit of top and bottom observables. In section 2, we introduce the
relevant set of SMEFT operators and expand the Wilson coefficients in MFV in terms
of spurions. In section 3, we propagate the flavor structure to the WET coefficients and
perform a detailed analysis of SMEFT effects in b → s transitions. In particular, we
study the interplay of tree-level and one-loop effects in rare meson decays. In section 4,
we analyze the flavor structure of SMEFT contributions in top observables and find an
unexpectedly good sensitivity to flavor breaking in electroweak top processes. Section 5
is devoted to our statistical analysis of SMEFT coefficients in a combined top-flavor fit.
We show that the combination of top and bottom observables strongly constrains flavor
breaking in BSM interactions and how their interplay resolves otherwise blind directions in
flavor space. We conclude in section 6 with an outlook to future research directions opened
up by our analysis strategy.

2 Effective operators and their flavor structure

In theories where the mass scale Λ of BSM physics lies above the reach of current particle
physics experiments, we can describe observable effects of such BSM effects by an effective
quantum field theory with Standard Model particles as dynamical degrees of freedom. In
our work, we use two kinds of effective theories: at energy scales above the weak scale
µ = mZ , relevant for top and Higgs processes, we work with the Standard Model Effective
Field Theory (SMEFT) [1]. At the weak scale, we match the SMEFT onto the Weak
Effective Theory (WET) [47, 51], which is the appropriate framework to describe new
physics effects in flavor observables at low scales µ = mb.

In the SMEFT the effective Lagrangian reads

LSMEFT =
∑
a

Ca
Λ2 Oa +

∑
b

(
Cb
Λ2
‡Ob + h.c.

)
+ . . . , (2.1)

where the sum is over all dimension-six operators with external quark fields. The dots
denote higher dimensional operators, which we do not consider in our analysis. We also
do not include operators with leptons, assuming that new physics couples dominantly to
quarks. All operators are defined in the Warsaw basis [2]. Here and below in eqs. (2.2)
and (2.3) non-hermitian operators are marked as ‡O.

2.1 SMEFT operators

In our analysis we focus on 23 operators that capture all effects of effective quark inter-
actions in the top and bottom observables we consider. Our set of operators includes 11

– 3 –



J
H
E
P
0
5
(
2
0
2
1
)
2
5
7

operators with two quark fields

O
(1),kl
φq = (φ†

←→
iDµ φ)(QkγµQl) ‡OkluB = (QkσµνU l) φ̃ Bµν (2.2)

O
(3),kl
φq = (φ†

←→
iDI

µ φ)(Qkγµτ IQl) ‡OkluW = (QkσµνU l) τ I φ̃W I
µν

Oklφu = (φ†
←→
iDµ φ)(UkγµU l) ‡OkluG = (QkσµνTAU l) φ̃ GAµν

Oklφd = (φ†
←→
iDµ φ)(Dk

γµDl) ‡OkldB = (QkσµνDl)φBµν
‡Oklφud = (φ̃†

←→
iDµ φ)(UkγµDl) ‡OkldW = (QkσµνDl) τ IφW I

µν

‡OkldG = (QkσµνTADl)φGAµν

and 12 operators with four quark fields

O(1),klmn
qq = (QkγµQl)(QmγµQn) Oklmnuu = (UkγµU l)(UmγµUn) (2.3)

O(3),klmn
qq = (Qkγµτ IQl)(Qmγµτ IQn) Oklmndd = (Dk

γµDl)(Dm
γµD

n)

O(1),klmn
qu = (QkγµQl)(UmγµUn) O

(1),klmn
ud = (UkγµU l)(Dm

γµD
n)

O(8),klmn
qu = (QkγµTAQl)(UmγµTAUn) O

(8),klmn
ud = (UkγµTAU l)(Dm

γµT
ADn)

O
(1),klmn
qd = (QkγµQl)(Dm

γµD
n) ‡O

(1),klmn
quqd = (QkI U l) εIJ (QmJ Dn)

O
(8),klmn
qd = (QkγµTAQl)(Dm

γµT
ADn) ‡O

(8),klmn
quqd = (QkI TAU l) εIJ (QmJ TADn) .

The generators of weak and strong interactions are denoted as τ I and TA. The quark fields
are interaction eigenstates of left-handed quark doublets Qk, right-handed up-type quarks
Uk, and right-handed down-type quarks Dk. The indices k, l,m, n ∈ {1, 2, 3} denote the
three quark generations.

In the Lagrangian in eq. (2.1) the sum over all three generations is implicit. However,
not all of the Wilson coefficients Ckl, Cklmn of the operators Okl, Oklmn are independent
parameters (see refs. [19, 53]). Depending on the involved quark currents, the number of
degrees of freedom can be reduced due to symmetries. In particular, the Wilson coefficients
O

(1)
φq , O

(3)
φq , Oφu and Oφd, fulfill the relations

C lk = (Ckl)∗ (hermiticity) −→ 9 d.o.f. (2.4)

The Wilson coefficients of O(1)
qu , O(8)

qu , O(1)
qd , O

(8)
qd , O

(1)
ud and O(8)

ud satisfy

C lknm = (Cklmn)∗ (hermiticity) −→ 81 d.o.f. (2.5)

The Wilson coefficients of O(1)
qq , O(3)

qq , O(1)
uu and O(1)

dd fulfill

Cmnkl = Cklmn (identical currents) (2.6)
C lknm = (Cklmn)∗ (hermiticity) −→ 45 d.o.f.

The Wilson coefficients of O(1)
quqd and O(8)

quqd are all independent, corresponding to 162 real
degrees of freedom.
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In the effective Lagrangian, we only include the independent degrees of freedom, for
instance, for O(1)

qq and O(3)
qq we keep Cklmn but discard Cmnkl in the sum over flavor indices.

We further assume that the only source of CP violation is the CKM phase. In the context
of Minimal Flavor Violation, this implies that all coefficients in the MFV expansion are
real, see section 2.2.

In a concrete extension of the Standard Model the flavor structure of the Wilson
coefficients is determined by the fundamental interactions of the new particles. By flavor
structure we mean a specific pattern of the Wilson coefficients in flavor space, i.e., the form
of the 3 × 3 matrix Ckl or the 3 × 3 × 3 × 3 tensor Cklmn. Any concrete flavor structure
leads to a certain pattern of effects in low-energy observables. One of our main goals is
to analyze these effects in top and bottom observables and to deduce the possible flavor
structures of a UV theory by comparing the predictions to data.

For concreteness, we consider the scenario of Minimal Flavor Violation, which is phe-
nomenologically motivated by the strong constraints from existing measurements. Mini-
mal Flavor Violation is based on the assumption that the Yukawa couplings are the only
sources of flavor symmetry breaking in and beyond the Standard Model. Scenarios with
extra sources of flavor breaking can lead to a different phenomenology; we comment on
such scenarios in the course of our analysis. In the remainder of this section, we briefly
review the main concept of MFV and derive the resulting flavor degrees of freedom in the
effective Lagrangian.

2.2 Minimal flavor violation

In the Standard Model, the gauge interactions of quarks respect the flavor symmetry

GF = U(3)Q ×U(3)U ×U(3)D , (2.7)

which, however, is broken by the Yukawa couplings YU , YD. Under the assumption of MFV,
the Yukawa couplings are also the only sources of flavor symmetry breaking in extensions
of the Standard Model [15, 16]. By treating them as spurions, i.e., as fictitious fields
transforming under GF as

YU : (3, 3, 1) , YD : (3, 1, 3) , (2.8)

we can build flavor structures for quark bilinears that are GF singlets. We define the flavor
structure

AQ : (3× 3, 1, 1), (2.9)

which governs currents with left-handed quarks. Expanded in terms of the spurions and
using 3× 3 = 1 + 8, it reads

AQ = a1 + b YUY
†
U + c YDY

†
D + . . . , (2.10)

where we have kept only the leading terms in YU , YD. Throughout this work, we assume
that the CKM phase is the only source of CP violation. This implies that a, b, c are free
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real parameters for each of the spurion combinations. We can construct similar structures
for the right-handed quark currents,

AU : (1, 3× 3, 1), AD : (1, 1, 3× 3). (2.11)

These can be expressed in terms of AQ, YU and YD as

AU = a1 + Y †UAQYU = a1 + b Y †UYU + c Y †UYDY
†
DYU + . . . (2.12)

AD = a1 + Y †DAQYD = a1 + b Y †DYUY
†
UYD + c Y †DYD + . . .

Here we have renamed the prefactors in such a way that a always belongs to the unit
matrix, b belongs to the term with the lowest number of up-type Yukawa matrices, and c
to the term with the fewest down-type Yukawa matrices, etc.

The flavor structures of all relevant quark bilinears can now be expressed as

(AQ)kl (QkγµQl) (a1 + Y †UAQYU )kl (Ukγµ U l) (2.13)

(AQYU )kl (QkσµνU l) (a1 + Y †DAQYD)kl (Dk
γµD

l)

(AQYD)kl (QkσµνDl) (Y †UAQYD)kl (UkγµDl) .

The Yukawa couplings are diagonalized by unitary matrices UR,L and DR,L, so that

YU = ULYu U†R , YD = DLYdD†R , V = U†LDL . (2.14)

Here Yu = diag(yu, yc, yt), Yd = diag(yd, ys, yb) are the physical Yukawa couplings, and V is
the CKM matrix. Without losing generality, we work in the up mass basis where the gauge
eigenstates of left-handed quarks are aligned with the mass eigenstates of up-type quarks,

Qk =

 ukL

Vkld
l
L

 , Uk = ukR , Dk = dkR . (2.15)

Here uk and dk are the mass eigenstates. For the Yukawa matrices this implies

YU = Yu , YD = V Yd . (2.16)

We will refer to this setup as up-alignment. Notice that the choice of alignment does not
affect observables as long as YU and YD are the only sources of flavor breaking. Working
in the down mass basis and aligning the Wilson coefficients with the down-type Yukawa
couplings would lead to the same physical effects.

For operators with two quark fields, we can directly infer the flavor structure of the
Wilson coefficients from eq. (2.13). For instance, for the coefficient of Oklφu the most general
flavor structure in MFV is

Cklφu = aφu δkl + bφu (Y †uYu)kl + cφu (Y †uV Yd(V Yd)†Yu)kl + . . . (2.17)
= aφu δkl + bφu y

2
t δk3 δl3 + cφuy

2
t y

2
bVtbV

∗
tbδk3δl3 +O(y2

c )
= aφu δkl + bφu y

2
t δk3 δl3 +O(y2

b ) .

– 6 –
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C
(1)
φq C

(3)
φq Cφu Cφd Cφud CuX CdX

ii a a a a 0 0 0

33 a+ by2
t a+ by2

t a+ by2
t a (a+ by2

t )ybytVtb (a+ by2
t )yt (a+ by2

t )ybVtb
ki cy2

bVkbV
∗
ib cy2

bVkbV
∗
ib 0 0 0 0 0

i3 cy2
bVibV

∗
tb cy2

bVibV
∗
tb 0 0 0 cy2

bytVibV
∗
tb aybVib

# 3 3 2 1 1 2 2

Table 1. Wilson coefficients of two-quark SMEFT operators in MFV with up-alignment. The flavor
indices are i ∈ {1, 2} and k ∈ {1, 2, 3} with k 6= i, and X = B,W,G denotes the respective gauge
field. Subleading contributions in yb and contributions of O(yc) or smaller have been neglected.
The last line shows the number of independent degrees of freedom in this expansion of the flavor
structures.

In the second line, we have assumed up-alignment and have only kept the leading con-
tributions in the top and bottom Yukawa couplings and neglected the Yukawa couplings
of light quarks. In the third line, we have also neglected the contribution y2

t y
2
b to the

Wilson coefficient C33
φu, which does not introduce a new flavor pattern, but merely adds a

correction to the leading y2
t term. We will use this approximation throughout this work.

In table 1, we show the Wilson coefficients of all two-quark operators from eq. (2.2) in
MFV with up-alignment. Notice that the flavor parameters a, b, c are defined specifically
for each operator, i.e., a denotes a(1)

φq , a
(3)
φq etc., respectively.

Due to the large top Yukawa coupling, contributions of O(ynt ) can be sizeable. However,
in two-quark operators they do not lead to new degrees of freedom in the observables we
consider: either the flavor structure is identical to the leading contribution in yt, or it is
suppressed by light-quark Yukawa couplings and its effect in the observables we consider
is negligible. We do not include these higher powers of yt explicitly, but they could be
restored in reinterpretations of our numerical results.1

The requirement of MFV imprints itself as a pattern on the Wilson coefficients in
flavor space. For operators with a single right-handed down-type quark, the effective
coupling is suppressed by the small bottom Yukawa coupling. Flavor-changing neutral
currents (FCNCs) are suppressed by CKM mixing. At tree level, FCNCs among left-
handed down-type quarks are proportional to y2

t , while FCNCs among up-type quarks are
further suppressed by y2

b . As a result of this expansion, each Wilson coefficient Ckl in MFV
can be parametrized by at most 3 parameters, as we show in the last line of table 1.

For operators Oklmn with four quark fields, the flavor structure factorizes into two
quark-antiquark bilinears. In general there are two ways to form these bilinears, namely
(kl)(mn) and (kn)(ml). Using eqs. (2.13) and (2.11), we obtain the flavor structures

[
(AQ)kl(AQ)mn + (ÃQ)kn(ÃQ)ml

]
(QkγµQl)(QmγµQn) (2.18)[

(AU )kl(AU )mn + (ÃU )kn(ÃU )ml
]

(Ukγµ U l)(Umγµ Un)

1For a systematic treatment of O(yn
t ) contributions, see refs. [11, 54].
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[
(AD)kl(AD)mn + (ÃD)kn(ÃD)ml

]
(Dk

γµDl)(Dm
γµD

n)[
(AQ)kl(AU )mn + (ÃQYU )kn(Y †U Ã

†
Q)ml

]
(QkγµQl)(Umγµ Un)[

(AQ)kl(AD)mn + (ÃQYD)kn(Y †DÃ
†
Q)ml

]
(QkγµQl)(Dm

γµD
n)[

(AU )kl(AD)mn + (Y †U ÃQYD)kn(Y †DÃ
†
QYU )ml

]
(Ukγµ U l)(Dm

γµD
n)[

(AQYU )kl(AQYD)mn + (ÃQYD)kn(ÃQYU )ml
]

(Qk U l)(QmDn) ,

where we have denoted the two flavor contractions (kl)(mn) and (kn)(ml) by A and Ã and
suppressed the gauge structure of the operators. Using eq. (2.18) and the expansions of
quark bilinears from table 1, we determine the flavor structure of the four-quark coefficients
Cklmn. We define the corresponding flavor parameters (aa), (ãa) etc. by expanding the
spurions as

(AQ)kl(AQ)mn = (aa)δklδmn + (ba)y2
t δk3δl3δmn + (ab)y2

t δklδm3δn3 + . . . (2.19)
(ÃQ)kn(ÃQ)ml = (ãa)δknδml + (b̃a)y2

t δk3δn3δml + (ãb)y2
t δknδm3δl3 + . . . ,

and similarly for the remaining flavor structures. In table 2, we show the Wilson coefficients
of all four-quark operators from eq. (2.3) in MFV.

We show only the leading combinations of flavor parameters, as they appear in the
Lagrangian of eq. (2.1). Higher powers of yt are included in those Wilson coefficients where
they change the flavor structure compared to the leading contribution in yt. Compared
to the two-quark operators in table 1, the flavor structure of four-quark coefficients in
MFV is much richer, with up to 9 independent flavor degrees of freedom. As for two-
quark operators, FCNC interactions of left-handed up-type quarks (ca), (c̃a), (cb), (c̃b) are
suppressed by y2

b and CKM elements. All interactions with right-handed down quarks are
proportional to yb.

3 Flavor effects in bottom observables

The main goal of our analysis is to combine top-quark observables at the LHC with flavor
observables in SMEFT, to decipher possible flavor structures of the underlying UV theory
and to resolve existing blind directions in top fits. In the top sector, we build on the
results from a recent global analysis of LHC observables [43]. On the flavor side, we do
not aim at a comprehensive analysis, but rather select a small set of observables that
probe new directions in the SMEFT parameter space. We focus on b → s decays, which
are loop-suppressed in the Standard Model and thus particularly sensitive to new physics.
The dominant top-quark loop allows us to probe top interactions through virtual effects in
b → s transitions. Later in section 5, we combine the results with tree-level effects in top
production at the LHC. For the purpose of this analysis, we do not yet include constraints
from B̄q–Bq mixing. However, we anticipate to include them in future works.

We begin this section by discussing the Weak Effective Theory for b → sγ and
b → s`+`− decays at the parton level. In section 3.2 we discuss WET effects in b → s

observables as they arise from a general SM-invariant UV completion. In section 3.3, we
describe the matching of SMEFT to WET, focusing on the flavor structure of the Wilson
coefficients in WET.
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C
(1)
qq , C

(3)
qq Cuu Cdd

iiii (aa) + (ãa) (aa) + (ãa) (aa) + (ãa)

iijj (aa) (aa) (aa)

ijji (ãa) (ãa) (ãa)

33ii (aa) + (ba)y2
t (aa) + (ba)y2

t (aa)

3ii3 (ãa) + (b̃a)y2
t (ãa) + (b̃a)y2

t (ãa)

3333 (aa) + (ãa) + 2((ba) + (b̃a))y2
t +O(y4

t ) (aa) + (ãa) + 2((ba) + (b̃a))y2
t +O(y4

t ) (aa) + (ãa)

iikl (ac)y2
bVkbV

∗
lb 0 0

ilki (ãc)y2
bVkbV

∗
lb 0 0

33kl ((ac) + (bc)y2
t )y2

bVkbV
∗
lb 0 0

3lk3 ((ãc) + (b̃c)y2
t )y2

bVkbV
∗
lb 0 0

# 9 5 2

C
(1)
qu , C

(8)
qu C

(1)
qd , C

(8)
qd C

(1)
ud , C

(8)
ud C

(1)
quqd, C

(8)
quqd

iiii (aa) (aa) (aa) 0

iijj (aa) (aa) (aa) 0

ii33 (aa) + (ab)y2
t (aa) (aa) 0

33ii (aa) + (ba)y2
t (aa) + (ba)y2

t (aa) + (ba)y2
t 0

3333 (aa)

+((ab) + (ba) + (ãa))y2
t

+O(y4
t )

(aa) + (ba)y2
t (aa) + (ba)y2

t

(
(aa) + (ãa) + (ab)y2

t

+((ba) + (ãb) + (b̃a))y2
t

)
×ybytVtb +O(y4

t )

klii (ca)y2
bVkbV

∗
lb (ca)y2

bVkbV
∗
lb 0 0

ij33 ((ca) + (cb)y2
t )y2

bVibV
∗
jb ((ca) + (ãa))y2

bVibV
∗
jb 0 0

i333
(
(ca) + ((cb) + (c̃a))y2

t

)
×y2

bVibV
∗
tb +O(y4

t )

(
(ca) + (ãa) + (ãb)y2

t

)
×y2

bVibV
∗
tb

0 ((ãa) + (ãb)y2
t )ybytVib

3i33
(
(ca) + ((cb) + (ãc))y2

t

)
×y2

bVtbV
∗
ib +O(y4

t )

(
(ca) + (ãa) + (b̃a)y2

t

)
×y2

bVtbV
∗
ib

0 0

33i3 0 0 0 ((aa) + (ba)y2
t )ybytVib

# 8 6 2 3

Table 2. Wilson coefficients of four-quark SMEFT operators in MFV with up-alignment. The flavor
indices are i, j ∈ {1, 2} with i 6= j and k, l ∈ {1, 2, 3} with k 6= l 6= i. Subleading contributions in yb
and contributions of O(yc) or smaller have been neglected. Terms of O(y4

t ) are indicated where they
introduce additional flavor parameters. The last line of each table shows the number of independent
flavor degrees of freedom in the Wilson coefficients up to O(y2

b ). The Wilson coefficients for all other
combinations of flavor indices vanish in our expansion.

– 9 –



J
H
E
P
0
5
(
2
0
2
1
)
2
5
7

3.1 Weak effective theory of b to s transitions

At low energies E � mZ , parton-level interactions of the five light quarks u, d, s, c, b,
photons and gluons are described by the Lagrangian

L = LQED + LQCD + LWET . (3.1)

Here LQED and LQCD describe electromagnetic and strong interactions in the Standard
Model, while LWET describes the effective theory of weak interactions at low energies,
both within and beyond the Standard Model. The WET Lagrangian reads

LWET =
∑
a

CaOa + h.c.+ . . . (3.2)

with {Oa} representing a complete basis of operators at mass dimension six, as for instance
in ref. [52]. In our analysis we use the EOS software [55] to compute the flavor observables, so
we define the relevant WET operators in the EOS notation [56]. The translation into other
WET bases is possible by means of the Wilson Coefficients eXchange Format [56].
Higher-dimensional operators, denoted by dots, will be neglected because the effects in
b→ s observables are typically suppressed as mb/mW or stronger.

The Wilson coefficients C = C(mb) and the hadronic matrix elements of the operators
are evaluated at the mass scale of the bottom quark, unless stated otherwise. They encode
the sum of SM contributions and potential new physics effects.

The FCNC processes b → sγ, b → sg and b → s`+`− are described by the WET
operators

O7(′) = 4GF√
2
VtbV

∗
ts

e

16π2mb

(
s σµνPR(L)b

)
Fµν (3.3)

O8(′) = 4GF√
2
VtbV

∗
ts

gs
16π2mb

(
s σµνTAPR(L)b

)
GAµν

O9(′) = 4GF√
2
VtbV

∗
ts

e2

16π2

(
s γµPL(R)b

)
(µγµµ)

O10(′) = 4GF√
2
VtbV

∗
ts

e2

16π2

(
s γµPL(R)b

)
(µγµγ5µ) .

In the Standard Model, the operators O7 and O8 dominate b → sγ and b → sg, while
O9 and O10 dominate in the branching ratios of b → s`` processes. Numerically the SM
Wilson coefficients of these operators are [55]

CSM7 ∼ −0.3 , CSM8 ∼ −0.2 , CSM9 ∼ +4.2 , CSM10 ∼ −4.3 . (3.4)

The operators Oa′ involve quarks with different chiralities compared to the SM operators.
In the Standard Model, the Wilson coefficients C7′ and C8′ are suppressed by ms/mb com-
pared to C7 and C8. The operators O9′ and O10′ are absent because weak interactions are
left-chiral. In the SMEFT context, the WET operators in eq. (3.3) are generated from
tree-level or one-loop matching of the SMEFT operators listed in eqs. (2.2) and (2.3). The
prefactors in eq. (3.3) are part of the operator definition; they ensure that the Wilson
coefficients are dimensionless and normalized to the loop-induced SM contribution.
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Beyond the dipole operators and semileptonic operators discussed above, two four-
quark operators in the WET can contribute to b → s transitions both in the Standard
Model and beyond:

O1(′) = 4GF√
2
VtbV

∗
ts

(
cγµPL(R)T

Ab
) (
sγµPLT

Ac
)

(3.5)

O2(′) = 4GF√
2
VtbV

∗
ts

(
cγµPL(R)b

)
(sγµPLc) .

In the Standard Model both operators are generated by a W boson exchange at tree-level
and their Wilson coefficients are sizeable,

CSM2 ∼ 1 , CSM1 ∼ −0.3 . (3.6)

The two four-quark operators contribute to b → sγ and b → s`` processes through two
mechanisms: mixing with other WET operators under the renormalization group, and
non-local contributions to the observables.

Operator mixing. Interpreting b → s observables in terms of SMEFT coefficients re-
quires the evolution of the WET coefficients from the matching scale µ ∼ mZ down to the
bottom mass scale µ ∼ mb by means of the renormalization group in QCD. Under the RG
evolution, the four-quark operators O1 and O2 mix into the dipole operators O7 and O8
and the semileptonic operator O9 and similarly O1′ and O2′ mix into O7′ , O8′ and O9′ .
The operators O10 and O10′ do not receive mixing contributions from four-quark operators,
due to the axial-vector nature of their lepton currents.

The operator mixing in WET has a significant effect on the phenomenology of b→ s``

processes. In the Standard Model, mixing generates approximately 50% of C9(mb), about
10% of C7(mb), and about 3% of C8(mb). Mixing effects in BSM contributions will be
discussed in section 3.3.

Non-local operator contributions. In observables, we cannot distinguish between
b→ s{γ, `+`−} and b → s

[
cc̄→ {γ, `+`−}

]
decay amplitudes. In WET the former are

local interactions captured by the operators from eq. (3.3). The latter correspond to non-
local operator contributions, arising from the time-ordered product of the electromagnetic
Lagrangian and the WET Lagrangian, see e.g. ref. [57]. The numerical effect of non-local
contributions on observables strongly depends on the invariant mass (squared) of the di-
lepton system, q2. In particular, if q2 is close to the masses of hadronic cc̄ bound states
like J/ψ and ψ(2S), non-local contributions are resonantly enhanced. This enhancement
readily dominates over the rare and genuinely short-distance process. For instance, in
B → Kµ+µ− decays the branching ratio B(B → J/ψK) exceeds the off-resonance bin
1 GeV2 ≤ q2 ≤ 6 GeV2 by a factor of ∼ 3 · 103 [58]. Moreover, the fall-off of the reso-
nance tails can significantly distort the q2 dependence of the short-distance contribution to
B → Kµ+µ−. The shape description of these resonances introduces presently the largest
systematic theory uncertainty in exclusive b → s`+`− decays and is a subject of active
research [59–66]. A pictorial representation of the effect is shown in figure 1.

Non-local contributions to b → s transitions can be described to leading order in the
electromagnetic coupling αe by two process-dependent effects:
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cc̄

γ∗

q̄

b

q̄

s

¯̀

`

B̄q

{ }
Mq

J/ψ

γ∗

q̄

b

q̄

s

¯̀

`

B̄q

{ }
Mq

DD̄

γ∗

q̄

b

q̄

s

¯̀

`

B̄q

{ }
Mq

Figure 1. Sketch of the pollution of b → s`` processes by hadronic intermediate states. Here
Mq = K̄(∗), φ, . . . denotes a meson with quark content q̄s. On the left we show the partonic
representation; in the middle and on the right we show possible hadronisations of the partonic
picture. The unfilled circle represents an insertion of an (s̄c)(c̄b) WET operator.

1. constant shifts ∆C: C7(′) → Ceff7(′) = C7(′) + ∆C7(′)

2. momentum-dependent shifts ∆C(q2): C9(′) → Ceff9(′) = C9(′) + ∆C9(′)(q2).

The non-local contributions feature an explicit dependence on the renormalization scale
µ, which largely compensates the scale dependence due to local operator mixing. It is
common to consider the “effective” Wilson coefficients Ceff, which are more stable under
the RG evolution than the individual non-local contributions ∆C.

Several of the four-quark SMEFT operators in eq. (2.3) match onto the WET operators
O1 and O2 and thus affect the processes b → sγ and b → s`+`− through operator mixing
and non-local contributions. Moreover, there exist 18 further (s̄c)(c̄b) four-quark operators
and many more operators with other flavor structures in the WET. In general, all of them
can contribute to b → sγ and b → s`+`− through a similar mechanism as O1 and O2.
The non-local contributions of these operators, notably the momentum-dependent shifts
∆C9(′)(q2), complicate the interpretation of flavor data within the SMEFT. For our analysis,
we therefore choose observables that are largely unaffected by non-local contributions of
four-quark WET operators.

Besides these four-quark operators, there are six additional b→ s`+`− operators with
(pseudo-)scalar and tensor structure. Scalar and pseudo-scalar b → s`+`− interactions
(similar to Higgs penguin contributions in the Standard Model) arise only from semileptonic
SMEFT operators, even at the one-loop level. Since SMEFT operators with leptons are
not part of our set of interest (see eqs. (2.2) and (2.3)), (pseudo-)scalar WET operators do
not occur in our analysis. WET operators with a tensor structure are only induced from
the matching of SMEFT operators of mass dimension larger than six [67, 68]. Since we
confine our analysis to dimension-six operators, tensor operators in WET are also absent
in our analysis. Finally, under the assumption of MFV, one finds that BSM constributions
to the WET operators discussed are limited to the SM-like operators:

O1, O2, O7(′) , O8(′) , O9, O10.

The remaining operators have vanishing Wilson coefficients. In the following, we work with
this limited set of WET operators.

3.2 Observables in B meson decays

For our statistical analysis, we select flavor observables that are sensitive to the WET
coefficients in eq. (3.3). Natural candidates are the FCNC decays Bs → µ+µ−, B → Xsγ,
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and B → K(∗)µ+µ−. In this section, we provide a comprehensive discussion of SMEFT
contributions to these rare B decays. In our numerical analysis we work with Bs → µ+µ−

and B → Xsγ.
Within the WET, the branching ratio for Bs → µ+µ− is given by

B(Bs → µ+µ−)× 109 =
[
3.57− 1.71 C10 + 0.21 C2

10

]
×
(
1± 1.2%

∣∣
fBs
± 1.5%

∣∣
CKM

)
, (3.7)

where we have absorbed the SM contributions CSMa into the constant term. We have
produced this expression using the EOS software [55]. Details and a discussion of the
theory uncertainties are relegated to appendix A. Non-local contributions to Bs → µ+µ−

from WET four-quark operators are absent at the leading order in αe. B(Bs → µ+µ−) is
precisely predicted in and beyond the Standard Model, and it is therefore a clean probe of
SMEFT contributions to C10(′) .

Within the WET, the branching ratio of B → Xsγ is given by [55]

B(B → Xsγ)× 104 =
[
3.26− 15.17 C7 − 0.77 C8 + 1.66 C7C8 + 1.36 C7′C8′ (3.8)

+ 18.03 (C2
7 + C2

7′) + 0.20 C2
8 + 0.09 C2

8′

]
×
(
1± 5%

)
,

where again we have absorbed the SM contributions CSMa into the constant term. In general,
the BSM contributions of O7 and O7′ can be particularly large due to a chiral enhancement
of mW /mb compared to the SM contributions. The chiral enhancement of O7(′) is also at
work in the interference terms C7C8 and C7′C8′ and can affect the sensitivity to C8(′) . In
MFV, however, the Wilson coefficients C7(′) and C8(′) are proportional to mb/mW . This
scaling lifts the chiral enhancement of the operator contributions to B → Xsγ and yields
relatively smaller effects, see section 3.3.

Unlike in the Standard Model, quadratic operator contributions to the observables are
numerically relevant and can even dominate over linear new physics effects. Taking them
into account is indispensable for a reliable interpretation of B → Xsγ in SMEFT.

Contributions to B(B → Xsγ) arising from the full basis of WET four-quark opera-
tors are presently unknown. However, they can be accounted for by reinterpreting the
constraints on C7(′) . For details we refer the reader to appendix A.

Within the WET, observables arising in B → K(∗)µ+µ− decays are sensitive to O7,
O9 and O10 in the Standard Model and in addition to O7′ , O9′ and O10′ in the SMEFT.
Together with Bs → µ+µ− and B → Xsγ, they would allow us to probe the complete set
of b→ s operators. However, as discussed in section 3.1, non-local operator contributions
to B → K(∗)µ+µ− decays introduce momentum-dependent shifts ∆C9(′)(q2), which make
it difficult to extract new physics contributions to C9(′) in a model-independent manner.
We therefore do not include B → K(∗)µ+µ− observables in our analysis.

For our combined statistical analysis of top and bottom observables it is important
that the theory predictions of the flavor observables are uncorrelated and introduce only
few hadronic quantities that can be treated as nuisance parameters. The branching ratios
of Bs → µ+µ− and B → Xsγ fulfill both requirements. Due to their dependence on C10
and C7(′) , C8(′) , respectively, they probe different directions in the SMEFT parameter space.
This makes them good candidates to break blind directions in a global fit.
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C7 C8 C9 C10

C
(1)
φq − − b

(1)
φq y

2
t b

(1)
φq y

2
t

C
(3)
φq − − b

(3)
φq y

2
t b

(3)
φq y

2
t

CdB bdB y
2
t − − −

CdW bdW y2
t − − −

CdG − bdG y
2
t − −

Table 3. Tree-level SMEFT-to-WET matching relations in MFV with up-alignment. Shown are
the flavor structures of the SMEFT contributions C(mZ) to the WET coefficients C(mZ). Effects
of O(ms/mb) or smaller have been neglected, including contributions to Ca′ , which first appear at
O(ys/yb).

Including further flavor observables quickly enlarges the complexity of a global analysis.
In this pilot study we confine ourselves to Bs → µ+µ− andB → Xsγ, keeping in mind that a
more comprehensive analysis of flavor observables will yield valuable additional information
on the SMEFT parameter space.

In combined fits of flavor and high-energy data, nuisance parameters from hadronic
uncertainties in flavor observables are a serious limiting factor. Ultimately, it would be
very helpful if the likelihood function of WET coefficients from existing global analyses of
flavor data became available. Working directly with likelihood functions would make the
combined analysis of different low-energy data sets more robust and efficient. It would also
allow us to include more flavor observables, thus greatly contributing to fully resolving the
SMEFT parameter space.

3.3 SMEFT-to-WET matching in minimal flavor violation

To understand how the flavor structure of a UV completion imprints itself onto B physics
observables, we investigate how the flavor pattern in SMEFT coefficients translates to WET
coefficients. In what follows we discuss the flavor structure of SMEFT-to-WET matching at
NLO [48] in detail for MFV. Our approach is equally applicable to any other flavor pattern.

For two-quark operators, the relevant flavor structures in MFV are presented in table 3
for tree-level matching and in table 4 for one-loop matching. Contributions C33 from the
third generation always scale as

Axy = axy + bxyy
2
t . (3.9)

For four-quark operators, we present the flavor structures in one-loop matching in
eqs. (3.16) and (3.17). We focus on the dominant terms in the MFV expansion.2

In MFV, all SMEFT contributions to LWET are proportional to the CKM elements3
V ∗tsVtb, which has been absorbed into the WET operator definitions in eq. (3.3). As a

2The one-loop matching conditions of ref. [48] exclude terms with a relative suppression of O(ms/mb)
and smaller, so we do not include these contributions in our numerical analysis.

3The CKM elements and their extraction from low-energy observables are also susceptible to BSM
contributions, which are not considered here. A global analysis of bottom observables will inevitably need
to take them into account, and a promising solution has been put forward in ref. [69].

– 14 –



J
H
E
P
0
5
(
2
0
2
1
)
2
5
7

C7 C8 C9 C10

C
(1)
φq (A(1)

φq , b
(1)
φq y

2
t ) (−, b(1)

φq y
2
t ) (A(1)

φq , b
(1)
φq y

2
t ) (A(1)

φq , b
(1)
φq y

2
t )

C
(3)
φq (A(3)

φq , b
(3)
φq y

2
t ) (A(3)

φq , b
(3)
φq y

2
t ) (A(3)

φq , b
(3)
φq y

2
t ) (A(3)

φq , b
(3)
φq y

2
t )

Cφu − − (Aφu, −) (Aφu, −)

Cφd − − − −

Cφud (Aφud yt, −) (Aφud yt, −) − −

CuB (AuB yt, −) − (AuB yt, −) (AuB yt, −)

CuW (AuW yt, −) (AuW yt, −) (AuW yt, −) (AuW yt, −)

CuG − (AuG yt, −) − −

CdB (−, bdB y2
t ) (−, bdB y2

t ) − −

CdW (AdW , bdW y2
t ) (AdW , bdW y2

t ) − −

CdG − (bdG y2
t , −) − −

Table 4. One-loop SMEFT-to-WET matching relations in MFV with up-alignment for operators
with two quarks. Shown are the flavor structures of the SMEFT contributions C(mZ) to the WET
coefficients C(mZ). In each entry (x, y), x is the tW loop contribution, and y is from a sZ or bZ
loop (see text). Effects of O(ms/mb) or smaller have been neglected, in particular, contributions
to Ca′ .

consequence, the matching conditions do not involve CKM elements. The V ∗tsVtb scaling
can have three origins: for operators with left-handed down quarks in a basis with up-
alignment, CKM elements occur in the rotation of down-quark interaction eigenstates in
SMEFT to mass eigenstates in WET. For operators with right-handed down-quark FCNCs,
the CKM elements are part of the flavor structure in MFV, see table 1. Finally, in one-loop
matching the CKM dependence can also be due to the SM weak charged currents.

Two-quark operator contributions. Two-quark SMEFT operators contribute to the
matching already at tree level. To determine the matching contribution of each SMEFT
coefficient Ckl, we have summed over all flavor indices k, l and used the flavor structures
shown in table 1. At tree level, only operators with unsuppressed bs couplings contribute.
At one-loop level, matching contributions of two-quark operators can arise from two dif-
ferent sources: operator insertions in a tW loop as shown in figure 2(a), and operator
insertions in an sZ or bZ loop as shown in figure 2(b).

In the tW loop, the b → s flavor change is due to the CKM structure of the weak
charged current and only SMEFT coefficients C33 contribute. In the sZ loop, the b → s

flavor change is caused by the SMEFT operator, and all three generations of left-handed
quarks contribute. We show this in table 4, where each entry (x, y) contains the flavor
structure from the tW loop (x) and from the sZ and bZ loops (y). The complete matching
condition involves a linear combination of these two flavor structures.

Depending on the flavor, gauge, and chiral structure, the various SMEFT contributions
can be enhanced or suppressed compared to the SM contribution. In some cases they can
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b

t

W
s

t

X

(a)

b

b, s

Z
s

b, s

X

(b)

b s

t t

γ∗, Z∗

(c)

b

t

s

t

γ∗, Z∗

(d)

Figure 2. Feynman diagrams for SMEFT-to-WET matching in b→ s transitions at one-loop level.
On the left we show possible two-quark operator insertions (circles) in a tW loop (a) and a sZ or
bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8), or an off-shell photon or Z boson
coupling to a muon pair (C9, C10). On the right we show possible four-quark operator insertions.
The two circles specify the quark currents. Contributions to C9 and C10 are due to F (−)

qq and F (1)
qu

(c), as well as F (3)
qq (d).

even be absent due to CKM unitarity. Here we discuss the underlying mechanisms through
a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the
WET operators O7(′) and O8(′) at tree level and at one-loop level. Compared to the SM
contribution, effects of these operators on C7 and C8 are chirally enhanced by mW /mb.
This enhancement makes C7 and C8 and in general also C7′ and C8′ very sensitive probes
of SMEFT dipole operators. In MFV all operator contributions with right-handed bottom
quarks are suppressed by yb. This suppression lifts the chiral enhancement in the matching
relation, but still leaves a sizeable effect of CdX in C7 and C8. Thanks to the chiral en-
hancement, b→ s observables are sensitive to yb-suppressed flavor structures at tree level,
unlike top observables, where no such enhancement occurs. Effects of CdX in C7′ and C8′ in
MFV are suppressed by ys, and we neglect them in our analysis. In table 10 in appendix B,
we list all SMEFT-to-WET matching relations with a non-trivial dependence on the quark
masses and Yukawa couplings.

Operators with right-handed up-type quarks only appear in the SMEFT-to-WET
matching at the one-loop level.

Operators with left-handed quarks, O(1)
φq and O

(3)
φq , match onto O9 and O10 at tree

level and onto O7−10 at one-loop level. The corresponding Wilson coefficients modify the
neutral and charged weak currents with left-handed quarks as

uLūLZ : C
(1)
φq − C

(3)
φq , dLd̄LZ : C

(1)
φq + C

(3)
φq , qLq̄

′
LW : C

(3)
φq . (3.10)

The various contributions of C(1)
φq and C(3)

φq to C9 and C10 are

tree level : C
(1),kk
φq + C

(3),kk
φq (3.11)

tW loop : C
(1),33
φq − C(3),33

φq , C
(3),3k
φq

bZ, sZ loop : C
(1),kk
φq + C

(3),kk
φq ,

where the sum over k ∈ {1, 2, 3} is implicit. In C7 and C8, C(1)
φq and C(3)

φq contribute only at
loop level. In eq. (3.11) only two of the combinations are independent. In our numerical
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analysis we choose C(−)
φq = C

(1)
φq − C

(3)
φq and C

(3)
φq as degrees of freedom. Accordingly, we

define the relevant parameter combinations in MFV as

A
(−)
φq = A

(1)
φq −A

(3)
φq , a

(−)
φq = a

(1)
φq − a

(3)
φq , b

(−)
φq = b

(1)
φq − b

(3)
φq . (3.12)

In MFV, O(1)
φq and O(3)

φq contribute to tree-level and one-loop matching with different flavor
structures. For illustration we expand the SMEFT Lagrangian for O(3)

φq in terms of the
relevant quark mass eigenstates

L = C
(3),kl
φq O

(3),kl
φq (3.13)

⊃ ev2

2swcw
Zµ
(
−C(3),kl

φq V ∗ksVlb(sLγµbL) + C
(3),kk
φq (ukLγµukL)

)
+ ev2
√

2sw
W+
µ C

(3),3k
φq Vkl(tLγµdlL) + h.c.

= ev2

2swcw
Zµ
(
−b(3)

φq y
2
t VtbV

∗
ts(sLγµbL) + a

(3)
φq (ukLγµukL) + b

(3)
φq y

2
t (tLγµtL)

)
+ ev2
√

2sw
W+
µ (a(3)

φq + b
(3)
φq y

2
t ) (Vtb(tLγµbL) + Vts(tLγµsL)) + h.c.+O(y2

b ) ,

where the sum over k, l is implicit. In the last equation, the first term contributes to C9
and C10 at tree level directly through the flavor-breaking coupling b(3)

φq . The second and
third terms modify the coupling of up-type quarks to the Z boson; they contribute to
C7−10 indirectly at one-loop level. Similarly, the couplings in the last line modify the weak
charged currents with top quarks and enter b→ s transitions at one-loop level.

In eq. (3.13), the flavor-universal coupling a(3)
φq contributes only to flavor-diagonal neu-

tral currents and to charged currents. At tree level, it cannot induce b→ s FCNCs because
of CKM unitarity. At one-loop level, flavor-universal contributions are subject to a partial
GIM cancellation in the sum over u, c, t loops. Therefore b→ s processes are most sensitive
to b(3)

φq , while a
(3)
φq enters only in the combination A(3)

φq = a
(3)
φq +b

(3)
φq y

2
t through GIM-breaking

contributions from top loops.

Four-quark operator contributions. Four-quark operators contribute to the matching
at the one-loop level. In general, O(1)

qq and O
(3)
qq contribute to interactions with up- and

down-type quarks in one of three types:

(ūLuL)(ūLuL), (d̄LdL)(d̄LdL) : C(1)
qq + C(3)

qq (3.14)
(ūLuL)(d̄LdL) : C(1)

qq − C(3)
qq

(ūLdL)(d̄LuL) : C(3)
qq .

The one-loop matching contributions of SMEFT operators with left-handed tops to b→ s

WET coefficients only involve the latter two types of insertions. For convenience, we define
the combinations of MFV parameters (w = 1, 3)

A(w)
qq = (aa)(w)

qq + (ba)(w)
qq y

2
t , A(−)

qq = A(1)
qq −A(3)

qq (3.15)
Ã(w)
qq = (ãa)(w)

qq + (b̃a)(w)
qq y

2
t , Ã(−)

qq = Ã(1)
qq − Ã(3)

qq

B(w)
qq = (ba)(w)

qq + (b̃a)(w)
qq , B(−)

qq = B(1)
qq −B(3)

qq .
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The WET coefficients C9 and C10 are sensitive to O(1)
qq , O(3)

qq and O(1)
qu via

F (−)
qq ≡ Ã(−)

qq +B(−)
qq y

2
t = (VtbV ∗ts)−1∑

k

(
C(1),33kk
qq − C(3),33kk

qq

)
V ∗ksVkb (3.16)

F (3)
qq ≡ A(3)

qq +B(3)
qq y

2
t = (VtbV ∗ts)−1∑

k

C(3),3kk3
qq V ∗ksVkb

F (1)
qu ≡

(
(ãa)(1)

qu + (ba)(1)
qu

)
y2
t = (VtbV ∗ts)−1∑

k

C(1),kk33
qu V ∗ksVkb ,

up to corrections of O(y4
t , y

2
b ). The corresponding Feynman diagrams for these three con-

tributions are shown in figures 2(c) and 2(d). We have only considered contributions of
the top loop. Up and charm contributions can affect the relative impact of flavor-universal
coefficients (aa), (ãa) compared to flavor-breaking coefficients (ba), (b̃a) in F (−)

qq and F (3)
qq ,

but rely on so-far unknown QCD effects. In our numerical analysis, we include only the
top contributions and neglect up and charm contributions.

The WET coefficients C7 and C8 receive contributions from O
(1)
quqd and O(8)

quqd via

C7 :
(
F

(1)
quqd + 4

3F
(8)
quqd

)
ybyt = (VtbV ∗ts)−1∑

k

(
C

(1),k333
quqd + 4

3C
(8),k333
quqd

)
V ∗ksVkb (3.17)

C8 :
(
F

(1)
quqd −

1
6F

(8)
quqd

)
ybyt = (VtbV ∗ts)−1∑

k

(
C

(1),k333
quqd − 1

6C
(8),k333
quqd

)
V ∗ksVkb ,

where the relevant directions in flavor space are (c = 1, 8)

F
(c)
quqd ≡ (aa)(c)

quqd +
(
(ab)(c)

quqd + (ba)(c)
quqd + (b̃a)(c)

quqd

)
y2
t , (3.18)

up to corrections of O(y4
t , y

2
b ). Shown are only contributions from the top loop; light-quark

contributions are Yukawa-suppressed. Both operator contributions are chirally enhanced
over the Standard Model, see table 10 in appendix B. As for two-quark operators, the
yb suppression in MFV lifts the chiral enhancement, but still allows for sizeable effects of
four-quark operators in b→ s transitions.

Some of the one-loop matching relations for two- and four-quark operators are UV-
sensitive, that is, the matching conditions depend logarithmically on the matching scale µ.
In table 11 in appendix B, we summarize all matching conditions that feature this loga-
rithmic dependence. In our numerical analysis, we use µ = mZ , so that the log(mt,W /mZ)
dependence is mild.

For our predictions of B(B → Xsγ) and B(Bs → µ+µ−), we run the set of SMEFT
Wilson coefficients of the operators defined in eqs. (2.2) and (2.3) from the scale µ = mt to
the scale µ = mZ , where we match them onto the WET operators in eq. (3.3). Some of the
operators mix strongly under the RG evolution, and this mixing can induce large effects
in the SMEFT-to-WET matching. These effects are most relevant for SMEFT operators
that match onto WET operators at one-loop level, but mix into operators that match onto
WET at tree level. Notably the four-quark operators O(1/3)

qq and O
(1)
qu mix into O

(1/3)
φq ,

and the latter induce b → s transitions at tree level. In section 5.2 and appendix A we
discuss the effects of operator mixing numerically. Operator mixing can also generate new
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SMEFT Wilson coefficients outside of the set of operators we consider. We include these
contributions in the SMEFT-to-WET matching, but have checked that they have a small
effect on C7−10.

Below µ = mZ , we evolve the Wilson coefficients in the WET down to the bottom mass
scale µ = mb via the WET renormalization group. For the entire procedure, we use the
wilson software [70], which provides a numerical implementation of the relevant one-loop
matching and running in SMEFT and WET.4

In the Standard Model, the matching conditions of the SM interactions onto O7, O8
and O10 are known to NNLO in αs and partially to NLO in αe [71–74]. The anoma-
lous dimensions that drive the RG evolution are known to three loops [73]. With this
information, the SM values of the Wilson coefficients at the bottom scale are known to
next-to-next-to-leading-logarithmic (NNLL) accuracy in QCD.

Beyond the Standard Model, first steps toward a complete set of SMEFT-to-WET
matching conditions at dimension six were taken in refs. [51, 52], which discuss matching
at tree level and partially at loop level. The one-loop matching of SMEFT onto the full
basis of dimension-six WET operators was recently published [48] and is the basis for the
matching implemented in wilson. The RG evolution of the BSM contributions relies on the
anomalous dimensions of the full basis of BSM WET operators at dimension six, presently
only known at the one-loop level. This restricts the RG evolution to leading-logarithmic
(LL) accuracy in QCD.

In our analysis, we adopt a hybrid approach that implements the best available accu-
racy. We use the SM results to NNLL accuracy and include the BSM terms at LL accuracy.
This approach can and should be revisited, once the full set of anomalous dimensions of
dimension-six WET operators becomes available at the two-loop level.

Our numerical results for the SMEFT-to-WET matching relations in MFV are com-
piled in table 5.

At the matching scale µ = mZ , we find a high sensitivity of C9 and C10 to the flavor
parameters b(−)

φq and b(3)
φq , which contribute at tree level, see eq. (3.13). The coefficient C9

is also sensitive to loop-induced contributions of a(3)
φq , AuB and AuW , as well as F (−)

qq and
F

(3)
qq , but roughly one order of magnitude less than to b(−)

φq and b(3)
φq . At a similar level, C10

is sensitive to a(3)
φq , AuW , F (−)

qq , F (3)
qq and F (1)

qu , roughly two orders of magnitude less than
to b(−)

φq and b
(3)
φq . The electromagnetic WET coefficient C7 is dominantly sensitive to bdB

and bdW , due to chiral enhancements, and receives contributions from AuB that are smaller
by two orders of magnitude. Similarly, the chromomagnetic WET coefficient C8 is mostly
sensitive to bdG, again due to chiral enhancement, and sensitive to adW by two orders of
magnitude less.

The relation between the Wilson coefficients in flavor and top observables can be
affected significantly by the RG evolution from the matching scale mZ down to mb, where
the WET coefficients enter the flavor observables. For the dominant contributions to

4We use wilson version 2.1, which includes a bug fix to the one-loop matching conditions for the photon
and gluon b→ s dipole operators.
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C7 C8 C9 C10

SM −0.337 −0.183 4.27 −4.17

(a(−)
φq , b

(−)
φq ) (0,−0.008) (0, 0.025) (−0.01,−2.07) (0.1, 24.73)

(a(3)
φq , b

(3)
φq ) (−0.034, 0.061) (−0.017, 0.091) (0.25,−4.18) (−0.82, 48.67)

(aφu, bφu) (0, 0) (0, 0) (0.01, 0.01) (−0.1,−0.1)

Aφud −0.033 −0.015 0 0

AuB −0.188 0 0.148 0

AuW 0 0.024 0.115 −0.440

AuG 0 −0.055 0 0

(adB , bdB) (−0.056, 19.814) (0,−0.005) (0, 0) (0, 0)

(adW , bdW ) (0.059,−10.796) (0.118, 0.064) (0, 0) (0, 0)

(adG, bdG) (0, 0) (−0.016, 5.816) (0, 0) (0, 0)

F
(−)
qq 0 0 −0.1 0.59

F
(3)
qq 0 0 −0.12 0.7

F
(1)
qu 0 0 −0.01 −0.59

F
(1)
quqd −0.019 −0.028 0 0

F
(8)
quqd −0.025 0.005 0 0

Table 5. Matching contributions of SMEFT coefficients C(mZ) to the real part of the WET
coefficients C(mZ) in MFV with up-alignment at one-loop level in the electroweak theory. The
scale of new physics has been set to Λ = 1 TeV. Contributions to C9′ and C10′ are not generated by
the operators considered in this work.

Bs → µ+µ− and B → Xsγ, however, we find only moderate RG effects. For details we
refer the interested reader to appendix A.

In summary, we find that Bs → µ+µ− and B → Xsγ are very sensitive to the flavor
parameters

b
(−)
φq , b

(3)
φq , bdB, bdW and bdG ,

which contribute to b→ s transitions at tree level. We find a smaller sensitivity to

a
(−)
φq , a

(3)
φq , AuW , AuB, F

(−)
qq , F (3)

qq , and F (1)
qu ,

which first contribute at the one-loop level.

4 Flavor effects in top observables

Top quark physics at the LHC provide a perfect environment for precision probes of SMEFT
couplings involving third-generation quarks. Precise predictions and measurements of cross
sections and kinematic distributions allow us to probe SMEFT couplings in detail. In
this work we build on a recent global analysis of top data from the LHC Runs I and
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II [43]. This analysis was aimed at identifying the gauge structure and quark chirality
of effective operators. Here we use the same dataset and observables, but focus on the
flavor structure of operators in top observables. In section 5 we combine top and flavor
observables in parameter fits that connect SMEFT effects at the electroweak scale and the
bottom mass scale.

In top physics, as for most LHC observables, cross sections and event bins in kinematic
distributions depend on the SMEFT coefficients as

σ = σSM +
∑
a

Ca
Λ2 σa +

∑
a,b

CaCb
Λ4 σab . (4.1)

Here σSM is the SM prediction, σa denote contributions from one operator insertion, and
σab are contributions from two interfering amplitudes with one operator insertion each.
The sum is over all relevant operators from eqs. (2.2) and (2.3). Below we summarize the
main SMEFT contributions to top-antitop production and electroweak top processes. For
details, we refer the reader to ref. [43].

The focus of our analysis is on the flavor pattern of operator contributions to top
observables. In general, the flavor structure of a UV theory is characterized by two
key features:

1) flavor universality;

2) flavor alignment, i.e., the orientation of flavor breaking sources in flavor space.

In top observables, the flavor universality of effective interactions can be tested by combin-
ing observables that involve either light-quark couplings or top-quark couplings or both of
them. If a theory features new sources of flavor breaking, their alignment with the Yukawa
couplings can be probed in FCNCs with top quarks [75, 76]. In this work we focus on tests
of flavor universality within MFV and leave flavor alignment for future work.

In MFV, flavor universality is strongly broken by the top Yukawa coupling, with signif-
icant effects in top and bottom observables. As the Yukawa couplings are the only source of
flavor symmetry breaking, our choice of up-alignment is not physical and leads to the same
effects as down-alignment. Moreover, in MFV FCNCs are suppressed by small Yukawa
couplings and do not lead to sizeable effects in top or bottom observables. In our discus-
sion we neglect contributions to observables that are suppressed by small quark masses or
by CKM mixing. We also do not discuss SMEFT effects at NLO in QCD, but include them
in our predictions of top-antitop and single top production in our numerical analysis.

4.1 Two-quark operators

Most SMEFT operators with two quarks are best probed in electroweak top processes.
One exception is OuG, which modifies the top-gluon coupling in hadronic tt̄ production. In
table 6 we summarize the contributions of two-quark operators to top processes at the LHC.
Shown are the flavor structures of the Wilson coefficients in MFV with up-alignment, which
can be probed by the various channels. All operator contributions interfere with the SM

– 21 –



J
H
E
P
0
5
(
2
0
2
1
)
2
5
7

tt̄ single top tW tZ tt̄Z tt̄W #

C
(1)
φq − − − a

(1)
φq , A

(1)
φq a

(1)
φq , A

(1)
φq − 2

C
(3)
φq − a

(3)
φq , A

(3)
φq A

(3)
φq a

(3)
φq , A

(3)
φq a

(3)
φq , A

(3)
φq a

(3)
φq 2

Cφu − − − Aφu aφu, Aφu − 2

Cφd − − − − aφd − 1

CuB − − − AuB yt AuB yt − 1

CuW − AuW yt AuW yt AuW yt AuW yt − 1

CuG AuG yt − AuG yt − AuG yt AuG yt 1

Table 6. Two-quark operator contributions to top-quark production in MFV. Shown are the flavor
structures for all SMEFT contributions that interfere with the SM amplitude at LO QCD (tt̄, tt̄Z,
tt̄W ) and at LO EW (single top, tW , tZ). Contributions to observables of O(y2

b ) or smaller and
CKM-suppressed contributions are neglected. In the last column we count the number of flavor
degrees of freedom that can be probed.

amplitude at tree level. Contributions of OdX and Oφud to top observables are suppressed
by m2

b/m
2
W and cannot be probed.

In MFV, top observables probe the combination of flavor parameters A = a + by2
t

through the top coupling, see eq. (3.9). For O(1)
φq , O

(3)
φq and Oφu, most electroweak top

observables also probe the flavor-universal parameter a alone through modifications of
light-quark couplings. The sensitivity to both a and A is important, because it allows us
to test the degree of flavor universality in a UV theory with top observables alone.

For concreteness, we focus on O(1)
φq and O(3)

φq , which affect the neutral and charged weak
currents with left-handed quarks, see eq. (3.10). In MFV and other scenarios with mostly
flavor-diagonal couplings, the leading contributions to electroweak top production are

single top : C
(3),11
φq , C

(3),33
φq (4.2)

tt̄W : C
(3),11
φq ,

[
C

(3),33
φq , C

(1),11
φq ± C(3),11

φq , C
(1),33
φq − C(3),33

φq

]
tW : C

(3),33
φq

tt̄Z : C
(1),11
φq ± C(3),11

φq , C
(1),33
φq − C(3),33

φq

tZ : C
(1),11
φq ± C(3),11

φq , C
(1),33
φq − C(3),33

φq , C
(3),11
φq , C

(3),33
φq .

In the Standard Model, tt̄Z and tt̄W production are dominated by QCD-induced processes
like qq̄ → g∗ → tt̄Z or qq̄′ → g∗W → tt̄W . In SMEFT, electroweak contributions from
partonic processes like qq̄ → Z∗ → tt̄Z or qq̄′ → W ∗ → tt̄W are important, see figure 3.
In tt̄W production they even dominate the sensitivity to O

(3)
φq . In eq. (4.2) we show in

brackets the extra electroweak contributions that can be probed in tt̄W production. In
section 5, we will analyze them numerically.

The various coefficients in eq. (4.2) are distinguished by the gauge and flavor struc-
tures of the Wilson coefficients. Regarding the gauge structure, single top, tW and tt̄W
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Z∗

q̄

q

t̄

tZ

Z∗

q̄

q

t̄

tZ

Z∗

q̄

q

t̄

tZ

Figure 3. Examples of Feynman diagrams for electroweak contributions to tt̄Z production in
SMEFT. The circles indicate operator insertions in the amplitude.

production probe C(3)
φq through the qq̄′W coupling. Associated tt̄Z production is sensitive

to C(1)
φq − C

(3)
φq and C

(1)
φq + C

(3)
φq through the uūZ and dd̄Z couplings, and tZ production

probes all three directions in SMEFT space [77]. As in flavor observables, eq. (3.12), we
choose C(−)

φq = C
(1)
φq − C

(3)
φq and C

(3)
φq as independent degrees of freedom. In section 5, we

will show how to resolve them in a combined analysis of top and top+flavor observables.
Regarding flavor, single top, tZ and tt̄Z production probe both C

(w),11
φq and C

(w),33
φq

— and accordingly a
(w)
φq and A

(w)
φq in MFV — through couplings with light quarks and

top quarks. These contributions shift the weak gauge couplings of left-handed quarks
by a flavor-dependent constant. This not only affects the total cross section, but also
the final-state kinematics. Flavor universality can thus be tested in a combined analysis of
electroweak top observables, including both total cross sections and kinematic distributions
for an optimal sensitivity. The top polarization in electroweak top production is also
sensitive to flavor universality breaking, because SMEFT contributions change the chirality
of the top quarks in the final state.

In section 5, we will explore the sensitivity of electroweak top processes to the flavor
structure of C(1)

φq and C(3)
φq numerically. A similar analysis can be carried out for Oφu, which

modifies the Z couplings to right-handed up-type quarks.

4.2 Four-quark operators

In top-antitop production, the relevant contributions of four-quark operators can be ex-
pressed in terms of vector and axial-vector interactions of two light quarks and two
heavy quarks

C
(1),qi

V V

(
t̄γµt

)(
q̄iγµqi

)
C

(8),qi

V V

(
t̄γµTAt

)(
q̄iγµT

Aqi
)

(4.3)

C
(1),qi

AA

(
t̄γµγ5t

)(
q̄iγµγ5qi

)
C

(8),qi

AA

(
t̄γµγ5T

At
)(
q̄iγµγ5T

Aqi
)

C
(1),qi

AV

(
t̄γµγ5t

)(
q̄iγµqi

)
C

(8),qi

AV

(
t̄γµγ5T

At
)(
q̄iγµT

Aqi
)

C
(1),qi

V A

(
t̄γµt

)(
q̄iγµγ5qi

)
C

(8),qi

V A

(
t̄γµTAt

)(
q̄iγµγ5T

Aqi
)
,

where qi = ui, di with i ∈ {1, 2} are quark mass eigenstates of the incoming partons. These
coefficients are linear combinations of C33ii and C3ii3 from various operators in the Warsaw
basis. In appendix C, we list these combinations explicitly. Here we focus on the operators
O

(1)
qq and O

(3)
qq , which generate interesting effects in both top and flavor observables. A

– 23 –



J
H
E
P
0
5
(
2
0
2
1
)
2
5
7

similar analysis can be performed for operators with right-handed quarks, namely O
(1)
qu ,

O
(8)
qu , O(1)

qd , O
(8)
qd , O

(1)
ud , O

(8)
ud and Ouu.

In MFV the color-singlet and color-octet contributions of O(1)
qq and O(3)

qq to top-antitop
production are (cf. eq. (3.15))

C
(1),u
V V = C

(1),u
AA = −C(1),u

AV = −C(1),u
V A = 1

4
(
A(−)
qq + 2A(3)

qq

)
+ 1

12
(
Ã(−)
qq + 2Ã(3)

qq

)
(4.4)

C
(8),u
V V = C

(8),u
AA = −C(8),u

AV = −C(8),u
V A = 1

2
(
Ã(−)
qq + 2Ã(3)

qq

)
C

(1),d
V V = C

(1),d
AA = −C(1),d

AV = −C(1),d
V A = 1

4A
(−)
qq + 1

6Ã
(3)
qq

C
(8),d
V V = C

(8),d
AA = −C(8),d

AV = −C(8),d
V A = Ã(3)

qq .

We distinguish between contributions from up and down partons, labelled as u and d,
respectively. We have neglected contributions of O(y2

b ) and CKM- or parton-luminosity-
suppressed contributions, which only give tiny effects in top-antitop production. Color-
singlet coefficients are sensitive to both flavor contractions A and Ã, corresponding to
C33ii and C3ii3. Color-octet coefficients are only sensitive to Ã via C3ii3.

Operator contributions with up and down quarks contribute according to the corre-
sponding parton luminosity. At low energies, top-antitop production effectively probes the
distribution of valence quarks inside the protons and is thus sensitive to the combinations

C
(8),eff
V V = 2C(8),u

V V + C
(8),d
V V = Ã(−)

qq + 3Ã(3)
qq (4.5)

C
(1),eff
V V = 2C(1),u

V V + C
(1),d
V V = 1

6
(
Ã(−)
qq + 3Ã(3)

qq

)
+ 3

4A
(−)
qq +A(3)

qq ,

and similarly for CAA, CV A, CAV , see eq. (4.4). Top-antitop symmetric observables probe
C

(8),eff
V V through interference with the QCD amplitude, while C(1),eff

V V only contributes at
O(Λ−4). This allows us to distinguish between the two flavor contractions A and Ã by
combining symmetric and antisymmetric top-antitop observables [43, 78]. Kinematic dis-
tributions with boosted tops and/or an additional jet in the final state are also sensitive
to the relative impact of color-singlet and color-octet coefficients [43, 79, 80].

Associated tt̄Z production is sensitive to the same four-quark operators as tt̄ produc-
tion. However, due to the emission of the Z boson their relative impact on tt̄Z observables
is different from tt̄ observables. This allows us to probe the structure of four-quark coeffi-
cients in new directions, thus further resolving the parameter space.

Associated tt̄W production probes only four-quark operators with at least one left-
handed quark, which couples to the W boson. For a detailed analysis of four-quark con-
tributions to tt̄Z and tt̄W production in SMEFT, we refer the reader to ref. [43].

In single top and tZ production, the dominant partonic processes are bū→ td̄(Z) and
bd̄ → tū(Z). Only four-quark interactions with a weak triplet configuration contribute.
We distinguish between the color-singlet and color-octet contributions

C
(3,1)
Qq

(
Q̄3γµτ

IQ3
)(
Q̄iγ

µτ IQi
)
, C

(3,8)
Qq

(
Q̄3γµτ

ITAQ3
)(
Q̄iγ

µτ ITAQi
)
, (4.6)
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with i ∈ {1, 2}. As in top-antitop production, we have neglected CKM-suppressed con-
tributions from other quark flavors. The color-singlet interaction contributes at O(Λ−2)
through interference with the SM amplitude; the color-octet interaction enters at O(Λ−4).

In MFV, the two combinations read [19]

C
(3,1)
Qq = 1

6
(
C(1),3ii3
qq − C(3),3ii3

qq

)
+ C(3),33ii

qq = 1
6Ã

(−)
qq +A(3)

qq (4.7)

C
(3,8)
Qq = C(1),3ii3

qq − C(3),3ii3
qq = Ã(−)

qq .

By comparing with eq. (4.5), we see that electroweak top production and top-antitop
production probe complementary directions of C(1)

qq and C(3)
qq in flavor space.

The combinations from eq. (4.7) also contribute to single top and tZ production via
diū→ td̄(Z) processes with light quarks in the initial state. Compared with bū → td̄(Z),
they are enhanced by the down-quark parton luminosity as diū/bū. However, in MFV
the Wilson coefficients are suppressed by |Vti|2/|Vtb|2, which cannot be compensated by
the partonic enhancement. We therefore neglect these contributions in our analysis. In
s-channel single top production, dū → td̄ is the dominant partonic process, both in the
Standard Model and in SMEFT.

Previous SMEFT analyses of LHC observables in the top sector have assumed a U(2)q×
U(2)u × U(2)d flavor symmetry among quarks of the first two generations, as outlined in
ref. [19]. The underlying assumption is that top observables are blind to the flavor of light
quarks which share the same gauge quantum numbers. In MFV, the leading contributions
to top observables are the same as in a U(2)-symmetric scenario, assuming that the only
sources of flavor breaking are yt and yb.

5 Flavor tests with top and bottom observables

Equipped with our analytical results for the top and bottom observables in MFV and their
connection within the SMEFT, we carry out a joint fit to data from the LHC and b-factory
experiments. In section 5.1 we describe the fitting framework and the relevant inputs.
In section 5.2 we present the fit results for our selection of top and bottom observables,
which showcase a path towards resolving the flavor structure of the SMEFT coefficients.
We consider our analysis as a proof of concept. Using our framework, future analyses can
— and should — be extended by further observables to gain a more complete picture of
possible structures of UV physics.

5.1 Statistical analysis

For our numerical analysis we use the statistics tool sfitter [81–83], which was mainly
developed to perform global fits in high-energy physics, including the Higgs sector [32, 84–
86] and the top sector [43]. In our fit we build on the global top fit [43] and include
the flavor observables B(Bs → µ+µ−) and B(B → Xsγ) without modifications to the sta-
tistical treatment in the sfitter setup. Including further flavor observables, chiefly in
B → K(∗)µ+µ−, would require substantial modifications to account for the large number
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of hadronic nuisance parameters in bottom observables. To overcome this technical bot-
tleneck, in future fits the WET Wilson coefficients should be used as the direct interface
between SMEFT fits of high-energy observables and the bounds obtained from low-energy
observables. We advocate for the flavor community to provide a global likelihood of the
WET Wilson coefficients from low-energy observables that takes into account all relevant
hadronic nuisance parameters through marginalization or profiling.

In our statistical analysis each term in the likelihood function follows the Rfit
scheme [87], which treats theoretical uncertainties of observables and systematic uncer-
tainties of measurements that are not data-driven as a flat “core” around the central value
of a fit parameter. At the edges of the core two half-gaussian “tails” attach, whose fall-off
is governed by the experimental statistical and data-driven systematic uncertainties. Cor-
relations between experimental systematic uncertainties in the top sector are taken into
account as in ref. [43].

In the following we briefly discuss the construction of the individual terms of the
likelihood.

Flavor observables. The likelihood for the Bs → µ+µ− branching ratio comprises mea-
surements by the ATLAS [88], CMS [89] and LHCb collaborations [90]. Each of the three
measurements arises from a combined analyses of the branching fractions of Bs → µ+µ−

and Bd → µ+µ− decays, the latter being irrelevant to our analysis. We use the average
of the three two-dimensional likelihoods published in ref. [91], which accounts for corre-
lated systematic uncertainties shared among the three analyses. By marginalizing over
Bd → µ+µ−, we project onto the Bs → µ+µ− branching fraction and symmetrize the un-
certainties around the central value, using the larger of the two uncertainties. In this way
we obtain

B(Bs → µ+µ−)exp = (2.69± 0.37)× 10−9 . (5.1)

The experimental uncertainty governs the tails of the Rfit-scheme likelihood, while the core
is spanned by two sources of theory uncertainty around the experimental central value: the
CKM matrix elements (±1.5%) and the Bs decay constant (±1.2%), which are added
linearly.

The likelihood for the B → Xsγ branching ratio is based on the measurements at the
BaBar [92–94], Belle [95, 96] and CLEO-2 [97] experiments. It represents the branching
ratio of an admixture of the two B-meson isospin modes produced on the Υ(4S) reso-
nance at the b factory experiments. The individual measurements of B(B → Xsγ) are
carried out for a variety of cuts Eγ ≥ Eγ,min on the photon energy in the B-meson rest
frame. We use the world average that encompasses each measurement extrapolated to a
cut Eγ,min = 1.9 GeV [58, 98],

B(B → Xsγ)exp = (3.49± 0.19)× 10−4 . (5.2)

The experimental uncertainty governs the tails of the Rfit-scheme likelihood. The core
is spanned by several sources of theory uncertainties around the experimental central
value. We use a theory uncertainty of ±5%, which corresponds to the uncertainty ob-
tained in ref. [99].
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Top observables. Our selection of top observables is — up to a few modifications that we
point out below— identical to the set in ref. [43]. The predictions for top-antitop and single-
top production are calculated in SMEFT at NLO QCD using the SMEFT@NLO model [100]
within the aMC@NLO framework [101]. The likelihood for the top sector comprises a large
set of observables:

• the tt̄ production cross section in 87 measurements and the tt̄ production charge
asymmetry in five measurements;

• the tt̄Z and tt̄W production cross section in four measurements in total;

• the t-channel and s-channel single top production cross sections in 13 measurements;

• the tZ and tW production cross section in seven measurements in total;

• and the W helicity fractions in top decay in eight measurements.

Uncertainties in the predictions and measurements of these observables are treated with
care. Theory uncertainties such as the renormalization and factorization scale dependence,
as well as most systematic uncertainties in the measurements are taken into account as flat
uncertainties. Statistical uncertainties are treated as Gaussian. For more details on the
treatment and the numerical impact of uncertainties we refer the reader to ref. [43].

Recent global top fits focus on SMEFT operators with top couplings and discard op-
erator contributions with light quarks only [43, 44]. Unlike these analyses, our fit accounts
for light-quark couplings where they are numerically relevant. In particular, we include
contributions of C(3),ii

φq with i ∈ {1, 2} in single top production and of C(−),ii
φq , C(3),ii

φq with
i ∈ {1, 2} in tZ, tt̄Z, and tt̄W production. In these cases our theory prediction of the
SMEFT effects is at LO in QCD.

We also include LO electroweak SMEFT contributions to tt̄Z and tt̄W production
observables, which had not been considered in previous analyses. We find that electroweak
SMEFT contributions are numerically relevant. This is evident from eq. (5.5), where we
highlight the electroweak contributions in boldface. Our fits show that electroweak SMEFT
contributions are crucial for an accurate interpretation of the data, see figure 5.

5.2 Fit results and discussion

Based on our analysis of SMEFT effects in bottom and top observables in sections 3 and 4,
we now compare these predictions with data and derive bounds on the flavor structure of
a UV theory in Minimal Flavor Violation.

We classify the top and bottom observables included in our analysis according to their
sensitivity to the SMEFT operators listed in eqs. (2.2) and (2.3):

bottom: Oφd, Oφud, OdB, OdW , OdG (5.3)

top: Oφu, OuB, OuW , OuG, Ouu, O
(8)
qu , O

(1)
qd , O

(8)
qd , O

(1)
ud , O

(8)
ud

top & bottom: O
(1)
φq , O

(3)
φq , O

(1)
qq , O

(3)
qq , O

(1)
qu .
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The operators O(1)
quqd, O

(8)
quqd and Odd are not probed by any of the observables we consider.

The operators in the first row are probed in bottom observables only. These are all op-
erators with scalar or tensor currents with right-handed down quarks. Their contributions
to top observables are suppressed by the bottom quark mass or by yb in MFV.

The operators in the second row are best probed in top observables. Two-quark
operators with right-handed tops also contribute to flavor observables, but with a loop
suppression.

The operators in the third row are equally well probed by both top and bottom ob-
servables. All of these operators involve weak doublets of left-handed up and down quarks.
Due to the built-in SU(2)L invariance in SMEFT, effective top and bottom couplings are
related through weak interactions. This relation leads to non-trivial correlations of SMEFT
effects in top and bottom observables. In our numerical analysis we will therefore focus on
these five operators.

In what follows we show that by combining top and bottom observables we gain in-
formation about the flavor structure of SMEFT coefficients that cannot be obtained from
either top or bottom observables in isolation. To this end, we perform dedicated tests of
flavor universality for the Wilson coefficients C(1)

φq , C
(3)
φq and C(1)

qq , C
(3)
qq in MFV. All SMEFT

coefficients and flavor parameters are defined at the reference scale µ0 = mt. By default we
present our numerical bounds on the SMEFT flavor parameters in two-dimensional contour
plots. The contour lines correspond to ∆χ2 = 2.30 and ∆χ2 = 5.99 for the profiled like-
lihoods, i.e., the projections of the full n-dimensional likelihoods onto a two-dimensional
surface by means of profiling. In a fully Gaussian case, these contours correspond to the
68% and 95% confidence levels. We stress, however, that in our case the likelihood is not
Gaussian and hence these contours are indicative only.

Two-quark operators. In MFV the Wilson coefficients C(1)
φq and C

(3)
φq are determined

by the four flavor parameters

a
(−)
φq , b

(−)
φq , a

(3)
φq , b

(3)
φq . (5.4)

Electroweak processes are sensitive to either all or a subset of these parameters. The
relevant top observables at the LHC with 13TeV collision energy can be written as

σt [pb] = 126 + 15.1
[
a

(3)
φq +A

(3)
φq

]
+ 0.5

[
a

(3)
φq +A

(3)
φq

]2 (5.5)

σtW [pb] = 75.3 + 9.1A(3)
φq + 0.27

(
A

(3)
φq

)2
σtZ [pb] = 0.78 + 0.17

[
a

(3)
φq +A

(3)
φq

]
+ 0.01a(−)

φq + 0.10
(
a

(3)
φq

)2 + 0.02
(
A

(3)
φq

)2
σtt̄Z [pb] = 0.679 + 0.023a(3)

φq − 0.070A(−)
φq + 0.008

(
a

(−)
φq

)2 + 0.004
[
2a(3)

φq + a
(−)
φq

]2
σtt̄W [pb] = 0.446 + (0.054 + 0.008)a(3)

φq + 0.062
(
a

(3)
φq

)2
,

and the bottom observables are given by

B(B → Xsγ)× 104 = 3.26 + 0.36 a(3)
φq − 0.76 b(3)

φq (5.6)

B(Bs → µ+µ−)× 109 = 3.57− 41.0
[
2b(3)
φq + b

(−)
φq

]
+ 117.8

[
2b(3)
φq + b

(−)
φq

]2
,
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up to percent corrections or less for a, b ∼ 1. In table 9 in appendix A, we list the
full numerical expressions, including electroweak corrections to tt̄Z and tt̄W production.
Contributions of a(3)

φq , a
(−)
φq and A(3)

φq , A
(−)
φq are due to light-quark and top-quark couplings,

respectively. While top observables probe flavor-violating effects in the combination A =
a+ by2

t , B → Xsγ and Bs → µ+µ− also involve the flavor-breaking parameter b alone. In
eq. (5.5) we have highlighted sizeable electroweak contributions in boldface.

In figure 4 we display the results of a four-parameter fit to the top and flavor observ-
ables described in section 5.1: top observables (blue), top & Bs → µ+µ− (green), and top
& Bs → µ+µ− & B → Xsγ (orange). Shown are the ∆χ2 = 2.30 (solid) and ∆χ2 = 5.99
(dashed) contours for selected pairs of flavor parameters, obtained by profiling over the
remaining two parameters. A global fit of electroweak top observables sets bounds in all di-
rections of the parameter space spanned by eq. (5.4). Including B → Xsγ and Bs → µ+µ−

in the fit significantly enhances the resolution of the gauge and flavor structure for the
considered operators.

The left panel shows bounds on flavor universality breaking for C(3)
φq . In a flavor-

universal UV theory, b(3)
φq = 0 and all SMEFT contributions lie along the horizontal line

(a(3)
φq , 0). Single top production constrains the direction (2, 1), cf. eq. (5.5). The orthogonal

direction (1,−2) is bounded by contributions of (a(3)
φq )2 and (A(3)

φq )2 in tZ, tW and tt̄W

production. In combination, these top observables (blue) are sensitive to flavor universality
breaking through the interplay of effective couplings with light quarks and top quarks.
Adding Bs → µ+µ− to the fit (green) does not add further bounds on b

(3)
φq , because b

(−)
φq

is only loosely bounded by σtt̄Z and compensates b(3)
φq contributions in a combined fit.

Measurements of B(B → Xsγ) probe the direction (1,−2.1), cf. eq. (5.6), which accidentally
is almost aligned with the least bounded direction in top observables. Adding B → Xsγ

to the fit (orange) results in a much stronger bound on flavor universality breaking than
from top observables alone. Remarkably, the bound from B → Xsγ is due to a one-loop
effect, as C(1)

φq and C(3)
φq do not contribute to C7 and C8 at tree level, see table 4.

In the central panel, we illustrate how to distinguish between flavor universality break-
ing in charged and neutral weak currents. Among the various top processes, only tt̄Z

production is sensitive to flavor breaking in neutral currents through A
(−)
φq , see eq. (5.5).

The bounds in the (b(3)
φq , b

(−)
φq ) plane arise from a non-trivial interplay of different top ob-

servables, because the two parameters can only be probed together with a
(3)
φq and a

(−)
φq .

Resolving the (b(3)
φq , b

(−)
φq ) parameter space is only possible in a combined analysis of at least

four electroweak top processes. Among the flavor observables, B(Bs → µ+µ−) plays a big
role in pinning down the amount of flavor breaking in the electroweak sector. The process
is highly sensitive to the direction (2, 1), because the flavor breaking induces down-quark
FCNCs at tree level, see eq. (5.6). The two narrow ellipses (green) are due to the shift
of the quadratic contributions (2b(3)

φq + b
(−)
φq )2 in Bs → µ+µ− by a linear term 2b(3)

φq + b
(−)
φq ,

which leads to two distinct maxima in the likelihood function. Moreover, when including
Bs → µ+µ− the fit disfavors the Standard Model (0, 0) at the 95% CL, due to the current
discrepancy in B(Bs → µ+µ−). Adding B → Xsγ (orange) sets an additional bound on
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Figure 4. Flavor structure of two-quark Wilson coefficients C(−)
φq (mt) = C

(1)
φq −C

(3)
φq and C(3)

φq (mt)
in MFV. Shown are the ∆χ2 = 2.30 (solid) and ∆χ2 = 5.99 (dashed) contours obtained from a
four-parameter fit of {a(−)

φq , b
(−)
φq , a

(3)
φq , b

(3)
φq } to top (blue), top & Bs → µ+µ− (green), and top &

Bs → µ+µ− & B → Xsγ (orange) data. Left: flavor universality test of weak triplet interactions
a

(3)
φq , b

(3)
φq . Center: flavor breaking in charged currents (b(3)

φq ) versus neutral up-quark currents (b(−)
φq ).

Right: interplay of charged currents (a(3)
φq ) and neutral up-quark currents (b(−)

φq ).

b
(3)
φq . The combined analysis leaves room for new physics in the direction (1,−2). This
includes the possibility of simultaneous flavor universality breaking in charged currents
(b(3)
φq ) and neutral currents among up-type quarks (b(−)

φq ).
In the right panel of figure 4, we focus on the interplay of charged currents a(3)

φq and
neutral flavor-breaking currents b(−)

φq in top and flavor observables. Both parameters enter
the observables in combination with b(3)

φq and/or a(−)
φq , see eqs. (5.5) and (5.6). To resolve

the (a(3)
φq , b

(−)
φq ) parameter space, a combined analysis of top and flavor data is therefore

indispensable. Top observables alone (blue) only set a loose bound on b
(−)
φq through tt̄Z

production. Adding Bs → µ+µ− to the fit (green) enhances the sensitivity to b
(−)
φq and

introduces a correlation with a
(3)
φq , which is bound in top observables. Finally, adding

B → Xsγ (orange) leads to an even stronger bound on b(−)
φq , even though B → Xsγ is not

directly sensitive to neutral vector currents. The enhanced sensitivity to a(3)
φq and b(−)

φq in
the four-parameter fit when including flavor observables is largely due to the interplay of
B → Xsγ, Bs → µ+µ− and top observables. This example illustrates that in a combined
fit flavor-universal effects can have an impact on the sensitivity to flavor-breaking effects
— and vice versa.

We close our discussion with an important comment on the impact of electroweak
contributions in tt̄Z production, which so far have not been considered in the literature.
Partonic processes like qq̄ → Z∗ → tt̄Z affect the sensitivity to a(3)

φq and a(−)
φq , see eq. (5.5).

While a(3)
φq by itself is well constrained by σt, σtW and σtt̄, the bound on a(−)

φq relies signifi-
cantly on parameter correlations in σtt̄Z , B → Xsγ and Bs → µ+µ−. In figure 5, we show
the bounds on C(1)

φq and C(3)
φq in MFV, as obtained from a combined top-flavor fit including

(orange) and discarding (purple) electroweak contributions to tt̄Z and tt̄W production.
From eq. (5.6) it is apparent that Bs → µ+µ− favors 2b(3)

φq + b
(−)
φq 6= 0 to account for the
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Figure 5. Impact of electroweak contributions of C(−)
φq (mt) = C

(1)
φq − C

(3)
φq and C

(3)
φq (mt) to tt̄Z

and tt̄W production in MFV. Shown are the ∆χ2 = 2.30 (solid) and ∆χ2 = 5.99 (dashed) contours
obtained from four-parameter fits of {a(−)

φq , b
(−)
φq , a

(3)
φq , b

(3)
φq } to top observables with (orange) and

without (purple) electroweak contributions. Bs → µ+µ− and B → Xsγ are also included in the
fits. Left: flavor universality test of weak neutral currents with up-quarks (a(−)

φq , b
(−)
φq ). Right:

flavor-universal neutral currents (a(−)
φq ) versus charged currents (a(3)

φq ).

large deviation from the SM prediction in this measurement. In a combined fit, a sizeable
contribution b

(−)
φq > 0 to σtt̄Z entails an upper bound on a

(−)
φq , due to the negative inter-

ference of A(−)
φq = a

(−)
φq + b

(−)
φq y

2
t (purple contours). This bound is relaxed by electroweak

contributions, which re-open the parameter space for a(−)
φq > 0 (orange contours) through

an interplay of (negative) linear and (positive) quadratic contributions of a(−)
φq to σtt̄Z . As

tt̄Z production plays a key role to determine the flavor structure of effective operators with
weak gauge bosons, electroweak contributions should be included in SMEFT parameter fits.

Four-quark operators. Besides the two-quark operators O(1)
φq and O(3)

φq , three four-quark
operators O(1)

qq , O(3)
qq and O(1)

qu contribute to both top observables and Bs → µ+µ−. Notice
that B → Xsγ is not sensitive to any of these parameters and does not play a role in our
analysis here. In our attempt to pin down the flavor structure of SMEFT coefficients, we
focus mostly on O(1)

qq , O(3)
qq , i.e., on operators with left-handed quarks only. In MFV, the

relevant degrees of freedom that can be probed in top observables are (see eq. (3.15))

A(−)
qq , Ã

(−)
qq , A

(3)
qq , Ã

(3)
qq . (5.7)

These four parameters can be resolved in a combined fit of top-antitop production and
electroweak top production, cf. eqs. (4.5) and (4.7). In addition, Bs → µ+µ− is sensitive
to the combination

Bqq = sin θ B(−)
qq (mt) + cos θ B(3)

qq (mt), sin θ = 0.09 (5.8)

through the Wilson coefficient (see eq. (3.16))

C10(mb) = 0.29
(
A(3)
qq (mt) +B(3)

qq (mt)y2
t

)
+ 0.03

(
Ã(−)
qq (mt) +B(−)

qq (mt)y2
t

)
. (5.9)
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Figure 6. Bounds on the four-quark Wilson coefficients C(−)
qq (mt) = C

(1)
qq − C(3)

qq , C(3)
qq (mt), and

C
(1)
qu (mt) in MFV. Shown are the results from one-parameter fits of Ã(−)

qq , A(3)
qq and (ba)(1)

qu , see
eqs. (3.15) and (3.16), to top observables (blue) and top & Bs → µ+µ− (orange) at 68% (dark
shade) and 95% CL (light shade).

As mentioned in section 3.3, the sensitivity of C10 to F (3)
qq (µ) = A

(3)
qq (µ) + B

(3)
qq (µ)y2

t and
F

(−)
qq (µ) = Ã

(−)
qq (µ) + B

(−)
qq (µ)y2

t depends on the choice of the scale µ, due to operator
mixing in the SMEFT RG evolution. By comparing the matching relations in table 5 with
tables 7 and 8, we see that C10 has a good sensitivity to F (3)

qq (mZ) and F (−)
qq (mZ), while the

sensitivity to F (3)
qq (mt) and F (−)

qq (mt) is much lower. As a consequence, the relative impact
of top and flavor observables in the SMEFT fit is sensitive to the energy scale probed in
top observables.

Before analyzing the flavor structure of the four-quark coefficients, it is interesting to
compare the sensitivity of top and flavor observables to individual flavor parameters. To
this end, we have performed separate fits to Ã(−)

qq , A(3)
qq and (ba)(1)

qu , i.e., to those parameters
that contribute to both top observables and Bs → µ+µ−. In figure 6, we show the bounds
obtained from one-parameter fits of top observables (blue) and top & Bs → µ+µ− (orange).
Top observables are sensitive to all three parameters through top-antitop production (see
eq. (4.5)) and single top production (see eq. (4.7)). Adding Bs → µ+µ− does add sensitivity
through loop-induced effects in C10, see eq. (5.9), but has only a mild impact on the bounds
obtained in a combined fit. Notice, however, that the impact of Bs → µ+µ− depends on
the assumed scale µ = mt for the Wilson coefficients, due to SMEFT operator mixing.

While the magnitude and gauge structure of four-quark operator coefficients are well
constrained by top observables alone [43], a combined analysis with flavor observables
like Bs → µ+µ− is indispensable to disentangle the flavor structure of these coefficients.
In what follows we will test the flavor structure of C(−)

qq and C
(3)
qq with respect to flavor

universality and flavor contractions A versus Ã.

Flavor universality. In MFV, top observables always probe the combinations Aqq =
(aa) + (ba)y2

t and Ãqq = (ãa) + (b̃a)y2
t through couplings with two light quarks and two

third-generation quarks, see eq. (3.15). As the contributions (aa) and (ba) cannot be
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Figure 7. Flavor universality test of the four-quark Wilson coefficients C(−)
qq (mt) = C

(1)
qq − C(3)

qq and
C

(3)
qq (mt) in MFV. Shown are the bounds obtained from a three-parameter fit of {A(3)

qq , Ã
(−)
qq , Bqq}

to top (blue) and top & Bs → µ+µ− (orange) data at ∆χ2 = 2.30 (solid) and ∆χ2 = 5.99 (dashed).

distinguished, top observables alone are not effective in probing flavor universality. In
turn, Bs → µ+µ− is sensitive to the flavor-breaking combination Bqq from eq. (5.9), calling
for a combined fit of top & Bs → µ+µ− to test flavor universality in four-quark coefficients.

In figure 7, we show the bounds obtained from a three-parameter fit of {A(3)
qq , Ã

(−)
qq , Bqq}

to top observables alone (blue) and top & Bs → µ+µ− (orange). As suggested by the single-
parameter fits, the parameter space of flavor-universal contributions A(3)

qq and Ã(−)
qq (shown

in the left panel) is well constrained by top observables alone. Moreover, Bs → µ+µ− does
not contribute to the bounds, due to its additional sensitivity to Bqq. When projecting the
likelihood onto the (A(3)

qq , Ã
(−)
qq ) plane, the profiling over Bqq compensates any effect of A(3)

qq

and Ã(−)
qq in Bs → µ+µ−.

The impact of flavor universality breaking is apparent in the (A(3)
qq , Bqq) and (Bqq, Ã(−)

qq )
planes (central and right panels). Top observables alone leave a blind direction along
Bqq (blue). When adding Bs → µ+µ− (orange), the fact that A(3)

qq and Ã
(−)
qq are already

constrained from top measurements leads to a bound on Bqq, thus breaking the blind
direction. Notice that the currently observed discrepancy in B(Bs → µ+µ−) pulls the best-
fit region towards positive Bqq. This means that an explanation of the discrepancy in terms
of four-quark operator contributions requires flavor universality breaking in the underlying
UV theory.

Probing flavor universality breaking at the LHC requires adding observables that probe
four-quark operators through light quarks or through top quarks only. For instance, adding
four-top production [102, 103] and/or dijet production [104] to the top fit would allow us to
distinguish between flavor-universal and flavor-breaking four-quark interactions. These are
interesting directions for future work, especially in the context of the current discrepancies
in b→ s`+`− observables.

Flavor contractions. As we discussed in section 2.2, four-quark operators allow for two
possible contractions of the flavor indices, indicated by A and Ã. The Wilson coefficients of
color-singlet operators (QkγµQl)(QlγµQk) with a flavor structure (ÃQ)kk(ÃQ)ll are related
to the coefficients of color-octet operators (QkγµTAQk)(QlγµTAQl) with flavor structure
(AQ)kk(AQ)ll through a Fierz transformation, see appendix C and ref. [19]. Probing for
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Figure 8. Flavor contractions in the four-quark coefficients C
(−)
qq (mt) = C

(1)
qq − C

(3)
qq (left)

and C
(3)
qq (mt) (right) in MFV. Shown are the bounds obtained from a four-parameter fit of

{A(−)
qq , Ã

(−)
qq , A

(3)
qq , Ã

(3)
qq } to top (blue) and top & Bs → µ+µ− (orange) data at ∆χ2 = 2.30 (solid)

and ∆χ2 = 5.99 (dashed).

flavor contractions of Wilson coefficients in the Warsaw basis thus means resolving the
color structure of four-quark interactions.

Top-antitop production is sensitive to both color-singlet and color-octet four-quark
couplings through a variety of kinematic distributions and charge asymmetry observables.
In MFV, this translates to a sensitivity to both flavor contractions A(3)

qq and Ã(3)
qq , as well

as A(−)
qq and Ã(−)

qq , see section 4.2. In turn, electroweak top production and Bs → µ+µ− are
only sensitive to A(3)

qq and Ã(−)
qq . As we will see, a combined fit allows us to resolve all four

directions and to pin down the flavor contractions A and Ã.
In figure 8, we show the bounds on flavor contractions obtained from a four-parameter

fit of {A(−)
qq , Ã

(−)
qq , A

(3)
qq , Ã

(3)
qq } to top versus top & Bs → µ+µ− observables. As expected,

top observables alone (blue) constrain the two flavor contractions A and Ã in both C
(−)
qq

(left panel) and C(3)
qq (right panel). A slight correlation is apparent, disfavoring flavor con-

tractions of opposite sign. Unlike in the three-parameter fit, adding Bs → µ+µ− (orange)
does modify these results, because all four parameters are bounded in top observables,
leaving no blind direction in the fit. As before, the impact of Bs → µ+µ− in the fit is very
moderate, due to the relatively low sensitivity of C10 to loop contributions of C(−)

qq (mt)
and C(3)

qq (mt).
We conclude our analysis with a few comments on possible extensions. To make the

interplay of operator contributions to top and flavor observables apparent, we have limited
ourselves to a small set of flavor parameters in each fit. When including more operators,
and accordingly more parameters, blind directions generally occur in the global fit, even if
they don’t necessarily manifest themselves in single parameter fits. Such blind directions
can be resolved by adding observables to the fit that are sensitive to these directions and
do not introduce new parameters.

In the low-energy sector, adding b→ s`+`− observables introduces a sensitivity to C9.
This would allow us to probe all directions in WET that are relevant in b→ s transitions
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in MFV, see table 5. Another interesting addition would be Bs meson mixing [28], which is
sensitive to flavor structures with only third-generation quarks. Due to the strong correla-
tion of the hadronic inputs for Bs → µ+µ− and ∆ms, adding Bs mixing require a combined
analysis with Bs → µ+µ−. Once more, we stress that a global analysis of SMEFT coef-
ficients in flavor data and the availability of a ‘flavor likelihood function’ would be very
valuable in combined fits with high-energy data. We envisage this likelihood to be imple-
mented within the smelli software [26].

At high energies, Higgs and electroweak physics are widely considered as probes of
electroweak symmetry breaking, not as flavor tests. However, the sensitivity of Higgs and
electroweak observables to the third quark generation [32, 105] makes them valuable con-
stituents in combined fit with top and flavor observables. Indeed, recent analyses including
Higgs and electroweak data show a different sensitivity to SMEFT operators in MFV and
flavor-universal scenarios [6, 35]. This suggests that Higgs and electroweak observables add
valuable information on flavor symmetry breaking to a combined fit.

Throughout our analysis, we have assumed Minimal Flavor Violation as the flavor
structure of the Wilson coefficients. Other phenomenologically viable scenarios are flavor
universality among the first and second generations, corresponding to a U(2)3 flavor sym-
metry; and flavor universality, corresponding to a U(3)3 symmetry in the quark sector.
Imposing a U(3)3 symmetry reduces MFV to the subset of flavor-universal interactions of
the form (QQ), (UU) and (DD). The absence of flavor violation eliminates all effects of b,
(ab), (ba) etc. in flavor observables. In top observables, light-quark couplings a and top cou-
plings A are identical and effects of OuX are absent. Relaxing the symmetry to U(2)3 leaves
the top sector essentially unchanged compared to MFV, but eliminates chirally enhanced
effects of Oi3dX in flavor observables. The different flavor scenarios can thus be distinguished
by probing for these effects. Yukawa misalignment is best probed with FCNCs, which are
strongly suppressed in MFV and absent in U(2)3- or U(3)3-symmetric scenarios.

6 Conclusions and outlook

In this work we have explored what we can learn about the flavor structure of a UV
theory with a combined fit of top and bottom observables in the SMEFT-WET framework.
Assuming that new physics couples to quarks, we have classified all contributing SMEFT
operators by their flavor structure in Minimal Flavor Violation. Assuming instead a U(2)3

flavor symmetry among quarks of the first and second generation would lead to similar
results; a U(3)3 symmetry means flavor universality and corresponds to a subset of the
degrees of freedom in MFV.

In our analysis we have combined the flavor observables Bs → µ+µ− and B → Xsγ

with top observables at the LHC, including a large set of observables in top-antitop pro-
duction, electroweak top production and tt̄Z, tt̄W production. The flavor observables are
uncorrelated and sensitive to different directions in SMEFT space. Including more bottom
observables in the fit is complicated by correlations and by hadronic uncertainties, which
introduce many nuisance parameters. A global statistical analysis of flavor observables,
presented in terms of a likelihood function of WET coefficients, would greatly improve the
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sensitivity in combined fits with high-energy observables. In this respect, meson mixing and
b→ s`+`− observables are particularly interesting to probe new directions in the SMEFT
space. The existing smelli software [26], which can presently compute this likelihood but
not store and distribute it numerically, is a promising step in that direction. We aim at
contributing a modification to smelli for this purpose.

Among the flavor observables, B → Xsγ is very sensitive to SMEFT dipole operators
with right-handed bottom quarks, due to a chiral enhancement in C7 compared to the SM
contribution. In turn, Bs → µ+µ− is very sensitive to flavor breaking in operators with
left-chiral quark currents through tree-level contributions to C10. Four-quark operators
enter B → Xsγ and Bs → µ+µ− only in loops through local top-quark contributions and
non-local charm contributions. For a reliable interpretation of the fit results, the full
set of non-local hadronic form factors is needed, but currently only known for the SM
contributions.

Top observables probe dipole operators with right-handed top quarks and the large set
of four-quark operators with tops. In combining top with bottom observables, we observe
a large impact of tt̄Z production. In particular, electroweak SMEFT contributions to the
total cross section are sizeable for two-quark operators and induce sensitivity to directions
in the parameter space that can otherwise only be probed in bottom observables. We have
computed and analyzed electroweak SMEFT contributions to tt̄Z and tt̄W production for
the first time.

The combination of top and bottom observables proves most powerful for operators
with left-chiral quark currents, which contribute to both sectors. Top observables alone
have a moderate sensitivity to the flavor structure of SMEFT coefficients through the
interplay of light-quark and top-quark couplings. Adding bottom observables to the fit
not only improves the resolution of the SMEFT parameter space, but also allows to detect
potential new sources of flavor violation through correlations with top observables. In
MFV the combined top-bottom fit strongly constrains flavor breaking among left-handed
quarks, suggesting that UV physics that modifies electroweak interactions should couple
mostly flavor-universally. This important result largely relies on a non-trivial interplay of
flavor-universal and flavor-breaking effects in B → Xsγ.

Four-quark operators are well constrained by top observables. However, flavor univer-
sality violation cannot be tested in top observables alone, because hadronic top production
probes only operators with two light quarks and two top quarks. In turn, observables in
Bs → µ+µ−, b→ s`+`−, meson mixing, dijet production and/or four-top production probe
different quark flavors and resolve the flavor structure in a combined analysis with top ob-
servables. In particular, we find that a combined fit of top and Bs → µ+µ− observables
shows a good sensitivity to flavor breaking in MFV. However, the sensitivity of b → s

observables to four-quark operators is affected by the strong operator mixing under the
renormalization group and should be interpreted with care.

In the course of our work, we became aware of many new research topics that will
improve combined SMEFT fits with low- and high-energy observables. The most notable
topics are a reliable description of non-local effects in rare B decay observables within the
SMEFT framework, the connection of SMEFT effects in observables at different energy
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scales through the renormalization group, and the use of Higgs and electroweak observables
in the flavor context. The flavor universality tests presented here give just a glimpse of
possible UV physics; much more can be learned in combining observables across the scales.
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A Predictions of top and bottom observables

In this appendix we provide details about the top and bottom observables within the WET
& the SMEFT as included in our fit.

A.1 Bottom observables and hadronic uncertainties

Bs → µ+µ−: in the Standard Model, the branching ratio of Bs → µ+µ− is dominated
by O10 [74]. The SM Wilson coefficient CSM10 has been calculated to NNLO in αs [106] and
to NLO in the electroweak coupling [107]. In eq. (3.7) we have inserted CSM10 explicitly,
so that C10 parametrizes only genuine BSM contributions. The constant term therefore
corresponds to the SM prediction and is compatible with the results of ref. [74] within
uncertainties.

Within the WET, the decay is fully described by a single hadronic matrix element,
parametrized in terms of the Bs decay constant fBs . Lattice QCD calculations of fBs have
a total uncertainty of 0.6% [108]. A further source of uncertainty for B(Bs → µ+µ−) is
the CKM element Vts, which is obtained from a recent update of a global CKM fit [109].5
Altogether, B(Bs → µ+µ−) is precisely predicted in and beyond the Standard Model, and
it is therefore a clean probe of SMEFT contributions to C10(′) .

B → Xsγ: in the Standard Model, the branching ratio of B → Xsγ is dominated by
O7 [110]. Further SM contributions arise from O8 and the four-quark operators O1 and
O2 through NLO QCD corrections and operator mixing under the renormalization group
evolution.

The hadronic uncertainty in B(B → Xsγ) is governed by a series of hadronic matrix
elements from both local and non-local contributions. In the Standard Model, these are

5The numerical value is taken from the summer 2018 update, available online.
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extracted from moments of the kinematic distribution of B → Xc,u`ν̄ decays and the isospin
asymmetry of B → Xsγ decays, see refs. [99, 111] for a recent reanalysis. In our analysis,
we assume that the hadronic uncertainties for the BSM contributions are comparable to
the SM uncertainty and assign an overall uncertainty to the branching ratio predictions.
Ideally, this setup should be replaced with a comprehensive multivariate statistical analysis
of flavor observables for the full basis of WET operators.

Non-local contributions from four-quark operators induce constant shifts to C7, as
discussed in section 3.1. We include the known shift induced by SM contributions of O1
and O2, as defined for instance in ref. [63]. However, we neglect CKM-suppressed shifts
within the Standard Model and BSM shifts due to four-quark WET operators; calculating
the latter would take us far beyond the scope of this analysis. Due to the non-local nature,
the shifts of C7 and C7′ by four-quark operators are process-dependent. However, they can
always be expressed as a sum of four-quark coefficients, weighted with the respective non-
local hadronic matrix elements at q2 = 0. Currently only the matrix elements for the SM
contributions are known. Once a complete BSM analysis becomes available, our fit results
can be reinterpreted to include BSM contributions from four-quark operators by shifting
C7 and C7′ accordingly.

B → K(∗)µ+µ−: in the Standard Model, the branching ratios and the full angular dis-
tributions are dominated by the semileptonic operators O9 and O10. However, this picture
is strongly dependent on the dilepton mass square q2, and other operators dominate in
parts of the spectrum. For q2 ' 0, the so-called photon pole dominates in B → K∗µ+µ−

decays. For q2 close to the mass squared of either of the J/ψ or ψ(2S) resonance, the
non-local contributions of the four-quark operators dominate. The latter effect has been
investigated within the scope of the SM in refs. [57, 63, 65, 112–116]. However, hadronic
matrix elements of BSM four-quark operators are still unknown. We therefore see no way
to include B → K(∗)µ+µ− decays or observables that are dominated by O9(′) in our anal-
ysis in a consistent manner, since, unlike for C7(′) , we would not be able to reinterpret our
fit results for C9(′) due to the momentum dependence of the non-local shifts. We empha-
size that this problem is not specific to our analysis, but also affects all other SMEFT
analyses in which BSM effects potentially enter the WET four-quark operators. Hence,
a complete analysis of all non-local hadronic matrix elements for b → s transitions that
arise in SMEFT is highly requested, especially in light of the currently observed tensions
in B → K(∗)µ+µ− observables. We discuss the potential impact of including C9 in a global
SMEFT analysis in section 5.

A.2 Connection between bottom and top observables

Matching and running. We provide some details on the matching and running of the
SMEFT and WET Wilson coefficients, as outlined in section 3.3. The RG evolution of the
SMEFT coefficients from the high scale µ0 to the WET matching scale induces operators
beyond the set considered in this work. In the SMEFT-to-WET matching, we include
these RG-induced operators. Exploiting the linear relation between the WET coefficients
at µ = mb and the SMEFT coefficients at µ0 = mt, we express the WET coefficients as
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Figure 9. SMEFT contributions of four-quark coefficients Fi(µ0) in MFV to C10(mZ) as a function
of the high scale µ0. The MFV parameters have been set to Fi(µ0) = 1, evolved down to µ = mZ ,
and matched onto C10. The cancellation of F (−)

qq and F
(1)
qu contributions close to µ0 = mt is

accidental.

polynomials of SMEFT coefficients,

Ca(mb) =
(
RWET(mb,mZ)

)
ab

(
M(mZ)

)
bc

(
RSMEFT(mZ ,mt)

)
cd
Cd(mt), (A.1)

where the sum over repeated indices is implied. The RG evolution in WET and in SMEFT
is contained in the matrices RWET and RSMEFT, andM comprises the SMEFT-to-WET
matching relations. The full evolution RWETMRSMEFT, which is used in our numerical
analysis, is displayed for MFV parameters in table 7. For completeness, we also display
the WET running plus matching RWETM in table 8 and the matchingM(mZ) in table 5.
We only display the submatrices pertinent to the set of operators in eqs. (2.2) and (2.3).

This approach allows us to consistently combine flavor observables with global top
fits, where the Wilson coefficients in the fit are defined at µ0 = mt. However, it makes
the interpretation of the fit results in terms of a UV theory more difficult, since the set of
SMEFT Wilson coefficients in top observables is not self-contained under the RG evolution.
To match the fit results to a UV completion at a scale Λ > mt, the full set of SMEFT
coefficients Ca(mt) has to be RG-evolved up to the BSM scale Λ.

Sensitivity to SMEFT parameters. Based on table 5, table 7, and table 8, we can
assess the sensitivity of the individual WET coefficients to the flavor parameters in MFV.
It is useful to compare the matching relations from table 5 with the WET running plus
matching in table 8: the RG evolution in WET enhances the sensitivity to some coefficients
compared to the matching relations. However, we emphasize that the effects described be-
low are based on the WET RG evolution to LL accuracy and one-loop matching conditions
in MS renormalization with naive dimensional regularization.6 This leads to presently un-

6A recent work [50] provides matching conditions in on-shell renormalization scheme, however, only for
a subset of WET operators. It would be useful to extend that analysis to the full basis of WET operators,
which would enable an analysis of the renormalization scheme dependence.
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C7 C8 C9 C10

SM −0.3373 −0.1829 4.2734 −4.1661

(a(−)
φq , b

(−)
φq ) (0.001,−0.002) (0, 0.016) (−0.19,−1.98) (0, 23.94)

(a(3)
φq , b

(3)
φq ) (−0.023, 0.047) (−0.011, 0.061) (0.01,−3.91) (−0.26, 48.08)

(aφu, bφu) (0, 0) (0, 0) (0, 0) (0, 0)

Aφud −0.022 −0.010 0 0

AuB −0.082 0 0.14 0

AuW −0.015 0.016 0.111 −0.423

AuG −0.003 −0.027 −0.002 0.004

(adB , bdB) (−0.036, 12.273) (0, 0.070) (0, 0) (0, 0)

(adW , bdW ) (0.163,−6.617) (0.079,−0.069) (0, 0) (0, 0)

(adG, bdG) (−0.002, 0.663) (−0.009, 4.024) (0, 0) (0, 0)

F
(−)
qq 0 0 −0.04 0.03

F
(3)
qq 0 0 −0.13 0.29

F
(1)
qu 0 0 0.05 −0.03

F
(1)
quqd 0 −0.002 0 0

F
(8)
quqd −0.001 0 0 0

Table 7. Contributions of SMEFT coefficients C(mt) to the real part of the WET coefficients
C(mb) in MFV with up-alignment. The SMEFT coefficients are matched onto WET at µ = mZ at
one-loop level in the electroweak theory and then RG-evolved down to µ = mb at LO in QCD. The
scale of new physics has been set to Λ = 1 TeV. Contributions to C9′ and C10′ are not generated by
the operators considered in this work.

quantifiable uncertainties for the sensitivity to SMEFT Wilson coefficients that first enter
at one-loop accuracy. Hence, our results should be revisited once the NLL evolution or
matching calculations in other renormalization schemes become available. Compared to
C10(mZ), we find the sensitivity of C10(mb) to the flavor parameters to be largely unchanged.
The sensitivity of C9(mb) is also very similar compared to C9(mZ); only the sensitivity to
b
(−)
φq and b(3)

φq is reduced by about 10%. The largest effect occurs in the dipole coefficients
C7(mb) and C8(mb), where the running of the b-quark mass reduces the sensitivity to the
chirally-enhanced SMEFT coefficients. An additional effect arises due to operator mixing:
the coefficient C7(mb) develops a sizeable sensitivity to bdG, due to the mixing of C8 into C7.
A counter effect is the suppression or outright cancellation of SMEFT contributions by the
WET running. We observe such an effect in the contribution of F (1)

quqd and F
(8)
quqd to C7(mb),

which reduces the sensitivity by more than one order of magnitude and renders C7(mb)
essentially insensitive to these SMEFT coefficients. We conclude that the RG evolution in
the WET does not overly affect the dominant contributions to Bs → µ+µ− and B → Xsγ.

On the contrary, operator mixing in the SMEFT RG evolution can have sizeable effects.
We find that the mixing renders the contributions of the four-quark coefficients F (−)

qq , F (3)
qq
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C7 C8 C9 C10

SM −0.337 −0.183 4.27 −4.17

(a(−)
φq , b

(−)
φq ) (0,−0.003) (0, 0.017) (−0.01,−1.86) (0.1, 24.72)

(a(3)
φq , b

(3)
φq ) (−0.024, 0.048) (−0.012, 0.061) (0.25,−3.76) (−0.82, 48.64)

(aφu, bφu) (0, 0) (0, 0) (0.01, 0.01) (−0.1,−0.1)

Aφud −0.023 −0.010 0 0

AuB −0.120 −0.001 0.15 0

AuW 0.002 0.016 0.11 −0.44

AuG −0.005 −0.037 0 0

(adB , bdB) (−0.035, 12.595) (0, 0.068) (0, 0) (0, 0)

(adW , bdW ) (0.049,−6.856) (0.080, 0.004) (0, 0) (0, 0)

(adG, bdG) (−0.002, 0.571) (−0.011, 3.918) (0, 0) (0, 0)

F
(−)
qq 0 0 −0.09 0.58

F
(3)
qq 0 0 −0.11 0.69

F
(1)
qu 0 0 −0.01 −0.59

F
(1)
quqd −0.015 −0.019 0 0

F
(8)
quqd −0.015 0.003 0 0

Table 8. Contributions of SMEFT coefficients C(mZ) to the real part of the WET coefficients
C(mb) in MFV with up-alignment. The SMEFT coefficients are matched onto WET at µ = mZ at
one-loop level in the electroweak theory and then RG-evolved down to µ = mb at LO in QCD. The
scale of new physics has been set to Λ = 1 TeV. Contributions to C9′ and C10′ are not generated by
the operators considered in this work.

and F
(1)
qu to C10 especially sensitive to the scale µ0. This effect is illustrated in figure 9,

where we show the contributions of the four-quark flavor parameters Fi(µ0) to C10(mZ) as
a function of µ0.

The surprisingly strong variation with µ0 is due to the mixing of O(1)
qq , O(1)

qu and O(3)
qq

into O(1)
φq and O(3)

φq which match onto C10 at tree level.
The following numerical example illustrates the importance of this effect: starting with

F
(−)
qq (µ0 = 200GeV) = 1, we compare three cases:

• We match F (−)
qq (mZ) onto C10(mZ) and find C10(mZ) = 0.57.

• We match F (−)
qq (mZ), C(1),33

φq (mZ) and C(3),33
φq (mZ) and find C10(mZ) = −0.11.

• We match the full SMEFT and find C10(mZ) = −0.09.

We conclude that the sensitivity of C10 to the scale µ0 indeed arises from the mixing of
the four-quark coefficients into C(1)

φq and C(3)
φq . Notice, however, that the relation between

C(mZ) and C(µ0) relies on the SMEFT RG evolution at leading order. At the next order,
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σtt̄Z [pb] σtt̄W [pb] σtZ [pb] σtW [pb] σt [pb] B(Bs → µ+µ−) B(B → Xsγ)

QCD EW QCD EW [10−9] [10−4]

SM 0.669 0.011 0.443 0.004 0.782 75.3 126 3.57 3.26

a
(3)
φq 0.022 x 0.054 0.008 0.308 9.2 31 0.45 0.36

b
(3)
φq x x — x 0.169 9.0 15 −82.32 −0.76

a
(−)
φq −0.069 x — x 0.014 — — x x

b
(−)
φq −0.070 x — x 0.017 — — 41.0 x(
a

(3)
φq

)2 x 0.016 x 0.062 0.123 0.3 2 x x(
b
(3)
φq

)2 x x — x 0.021 0.3 x 475.03 0.04(
a

(−)
φq

)2 x 0.012 — x x — — x x(
b
(−)
φq

)2 x x — x x — — 117.82 x

a
(3)
φq b

(3)
φq x x — x 0.048 0.5 2 −5.15 −0.04

a
(3)
φq b

(−)
φq x x — x x — — −2.57 x

a
(3)
φq a

(−)
φq x 0.016 — x x — — x x

b
(3)
φq b

(−)
φq x x — x x — — 473.15 x

Table 9. SMEFT contributions to top and flavor observables in MFV. The top observables are
predictions for the LHC at 13TeV. Contributions to σtt̄Z , σtt̄W , σtZ and t-channel single top
production σt are given at LO QCD / EW; contributions to σtW are given at NLO QCD. The
SMEFT contributions to the flavor observables rely on one-loop SMEFT-to-WET matching in the
electroweak theory and RG evolution at LO in QCD. The symbol x stands for contributions of less
than 1% of the SM prediction and the symbol — stands for no contribution.

the RG evolution will presumably stabilize and might modify the relation between the
coefficients in WET and in SMEFT.

A.3 Top observables

In table 9, we summarize the contributions of the SMEFT coefficients C(−)
φq and C

(3)
φq to

selected top observables, as well as Bs → µ+µ− and B → Xsγ. Shown are the contributions
of each flavor parameter in MFV at O(Λ−2) and all numerically relevant combinations of
parameters at O(Λ−4).

B UV sensitivity and chiral enhancement

In this appendix we list all contributions of SMEFT operators that are chirally enhanced
or UV sensitive when matched onto WET. In table 10 we show the scaling of the SMEFT
coefficients with the relevant quark masses and the corresponding flavor structure in MFV.
In table 11 we list all one-loop matching relations that are logarithmically sensitive to the
matching scale µ.
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C7 C7′ C8 C8′ MFV

C
(1),ΣΣ
φq , C

(3),3Σ/Σ3/ΣΣ
φq 1 ms

mb
1 ms

mb
1

C32
φd 1 1 ybys

C23
φd

ms

mb

ms

mb
ybys

C32
φud, C

32
dW

mW

mb

mW

mb
ys

C33
φud, C

23
dW

mW

mb

mW

mb
yb

C
33/Σ3
uB , C33

uW 1 ms

mb
1

C32
dB

mW

mb
ys

C33
dB

mW

mb
yb

CΣ2
dB , C

Σ2
dW

mW
mb

mW

mb
ys

CΣ3
dB , C

Σ3
dW

mW
mb

mW

mb
yb

CΣ3
uW 1 ms

mb
1 ms

mb
1

C
33/Σ3
uG 1 ms

mb
1

C32
dG

mW

mb
ys

C33
dG

mW

mb
yb

CΣ2
dG

mW
mb

ys

CΣ3
dG

mW
mb

yb

C
(1),Σ332
quqd , C

(8),Σ332
quqd

mW

mb

mW

mb
ys

C
(1),Σ333
quqd , C

(8),Σ333
quqd

mW

mb

mW

mb
yb

Table 10. Scaling of SMEFT coefficients with the external quark masses in SMEFT-to-WET
matching at one-loop level, relative to the SM contribution. Tree-level contributions with chiral
enhancement are written in boldface. Sub-dominant contributions in the quark masses have been
neglected. In matching contributions with left-handed quarks the sum over flavor indices k ∈
{1, 2, 3} is denoted as

∑
. Contributions to C9, C9′ , C10 and C10′ do not feature a chiral enhancement.

In the last column we show the scaling of the flavor structure of SMEFT coefficients with the Yukawa
couplings in MFV.
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ln = ln(mt,W /µ) C7 C7′ C8 C8′ C9 C9′ C10 C10′

C
(1),3Σ/Σ3
φq ln ln

C
(1),ΣΣ
φq x x x x ln ln

C
(3),3Σ/Σ3/ΣΣ
φq x x x x ln ln

C33
φu ln ln

C23
φd x x ln ln

CΣ3
uB ln x x

C32
dB ln

C33
dB ln

CΣ2
dB , C

Σ2
dW ln ln

CΣ3
dB , C

Σ3
dW ln ln

CΣ3
uW ln x x x x x

C32
dW ln x

C33
dW ln x

CΣ3
uG ln x

C32
dG, C

Σ2
dG ln

C33
dG, C

Σ3
dG ln

C
(1),ΣΣ33
qq , C

(3),ΣΣ33/Σ33Σ
qq ln ln

C
(1),ΣΣ33
qu ln ln

C
(1),3323
qd ln ln

C
(1),3323
ud ln ln

C
(1),Σ332
quqd , C

(8),Σ332
quqd ln ln

C
(1),Σ333
quqd , C

(8),Σ333
quqd ln ln

Table 11. UV sensitivity in SMEFT-to-WET matching relations at one-loop level, resulting in a
logarithmic dependence on the matching scale µ. The symbol x stands for finite matching rela-
tions, ln stands for a UV-sensitive matching relation, and

∑
denotes the sum over flavor indices

k ∈ {1, 2, 3}. SMEFT coefficients with finite matching relations to all eight WET coefficients are
not shown.

– 44 –



J
H
E
P
0
5
(
2
0
2
1
)
2
5
7

C Four-quark operators in top-antitop production

The contributions of four-quark SMEFT coefficients in the Warsaw basis [2] can be classified
according to their color and chiral structure. Color-singlet interactions for up-quarks are
expressed as [19, 43]

4C(1),ui

V V = C(1),33ii
qq + C(3),33ii

qq + 1
3
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ C33ii

uu + 1
3C

3ii3
uu (C.1)

+ C(1),ii33
qu + C(1),33ii

qu

4C(1),ui

AA = C(1),33ii
qq + C(3),33ii

qq + 1
3
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ C33ii

uu + 1
3C

3ii3
uu

− C(1),ii33
qu − C(1),33ii

qu

4C(1),ui

AV = −C(1),33ii
qq − C(3),33ii

qq − 1
3
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ C33ii

uu + 1
3C

3ii3
uu

+ C(1),ii33
qu − C(1),33ii

qu

4C(1),ui

V A = −C(1),33ii
qq − C(3),33ii

qq − 1
3
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ C33ii

uu + 1
3C

3ii3
uu

− C(1),ii33
qu + C(1),33ii

qu

and for down-quarks as

4C(1),di

V V = C(1),33ii
qq − C(3),33ii

qq + 2
3C

(3),3ii3
qq + C

(1),33ii
ud + C(1),ii33

qu + C
(1),33ii
qd (C.2)

4C(1),di

AA = C(1),33ii
qq − C(3),33ii

qq + 2
3C

(3),3ii3
qq + C

(1),33ii
ud − C(1),ii33

qu − C(1),33ii
qd

4C(1),di

AV = −C(1),33ii
qq + C(3),33ii

qq − 2
3C

(3),3ii3
qq + C

(1),33ii
ud + C(1),ii33

qu − C(1),33ii
qd

4C(1),di

V A = −C(1),33ii
qq + C(3),33ii

qq − 2
3C

(3),3ii3
qq + C

(1),33ii
ud − C(1),ii33

qu + C
(1),33ii
qd .

Color-octet interactions are given for up-quarks by

4C(8),ui

V V = 2
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ 2C3ii3

uu + C(8),ii33
qu + C(8),33ii

qu (C.3)

4C(8),ui

AA = 2
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ 2C3ii3

uu − C(8),ii33
qu − C(8),33ii

qu

4C(8),ui

AV = −2
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ 2C3ii3

uu + C(8),ii33
qu − C(8),33ii

qu

4C(8),ui

V A = −2
(
C(1),3ii3
qq + C(3),3ii3

qq

)
+ 2C3ii3

uu − C(8),ii33
qu + C(8),33ii

qu

and for down-quarks by

4C(8),di

V V = 4C(3),3ii3
qq + C

(8),33ii
ud + C(8),ii33

qu + C
(8),33ii
qd (C.4)

4C(8),di

AA = 4C(3),3ii3
qq + C

(8),33ii
ud − C(8),ii33

qu − C(8),33ii
qd

4C(8),di

AV = −4C(3),3ii3
qq + C

(8),33ii
ud + C(8),ii33

qu − C(8),33ii
qd

4C(8),di

V A = −4C(3),3ii3
qq + C

(8),33ii
ud − C(8),ii33

qu + C
(8),33ii
qd .

We have neglected contributions of C3333 and other flavor combinations, because they are
suppressed by CKM elements or by b-quark parton distributions.
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