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Key questions
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… predictions of LHC observables?

… global analyses across energy scales?

1.

2.

How does the flavor structure of SMEFT operators impact…
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Flavor breaking in SMEFT:

specify a reference direction (up or down mass basis).
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Example: ttZ production
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qq contributions probe flavor universality.

A = a+ b y2t
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in SMEFT. The circles indicate operator insertions in the amplitude.

flavor-diagonal couplings, the leading contributions to electroweak top production are

single top : C(3),11
�q , C(3),33

�q (4.2)

tt̄W : C(3),11
�q ,

h
C(3),33
�q , C(1),11

�q ± C(3),11
�q , C(1),33

�q � C(3),33
�q

i

tW : C(3),33
�q

tt̄Z : C(1),11
�q ± C(3),11

�q , C(1),33
�q � C(3),33

�q

tZ : C(1),11
�q ± C(3),11

�q , C(1),33
�q � C(3),33

�q , C(3),11
�q , C(3),33
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In the Standard Model, tt̄Z and tt̄W production are dominated by QCD-induced processes

like qq̄ ! g⇤ ! tt̄Z or qq̄0 ! g⇤W ! tt̄W . In SMEFT, electroweak contributions from

partonic processes like qq̄ ! Z⇤
! tt̄Z or qq̄0 ! W ⇤

! tt̄W are important, see Fig. 3.

In tt̄W production they even dominate the sensitivity to O(3)
�q . In Eq. (4.2) we show in

brackets the extra electroweak contributions that can be probed in tt̄W production. In

Sec. 5, we will analyze them numerically.

The various coe�cients in Eq. (4.2) are distinguished by the gauge and flavor structures

of the Wilson coe�cients. Regarding the gauge structure, single top, tW and tt̄W

production probe C(3)
�q through the qq̄0W coupling. Associated tt̄Z production is sensitive

to C(1)
�q � C(3)

�q and C(1)
�q + C(3)

�q through the uūZ and dd̄Z couplings, and tZ production

probes all three directions in SMEFT space [70]. As in flavor observables, Eq. (3.12), we

choose C(�)
�q = C(1)

�q � C(3)
�q and C(3)

�q as independent degrees of freedom. In Sec. 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
�q and C(w),33

�q — and

accordingly a(w)
�q and A(w)

�q 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 a↵ects 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.
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Electroweak contributions are sensitive to flavor assumption.

Bruggisser, Schäfer, van Dyk, Westhoff 2021
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Figure 3: Examples of Feynman diagrams for electroweak contributions to tt̄Z production

in SMEFT. The circles indicate operator insertions in the amplitude.

flavor-diagonal couplings, the leading contributions to electroweak top production are

single top : C(3),11
�q , C(3),33

�q (4.2)

tt̄W : C(3),11
�q ,

h
C(3),33
�q , C(1),11

�q ± C(3),11
�q , C(1),33

�q � C(3),33
�q

i

tW : C(3),33
�q

tt̄Z : C(1),11
�q ± C(3),11

�q , C(1),33
�q � C(3),33

�q

tZ : C(1),11
�q ± C(3),11

�q , C(1),33
�q � C(3),33

�q , C(3),11
�q , C(3),33
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In the Standard Model, tt̄Z and tt̄W production are dominated by QCD-induced processes

like qq̄ ! g⇤ ! tt̄Z or qq̄0 ! g⇤W ! tt̄W . In SMEFT, electroweak contributions from

partonic processes like qq̄ ! Z⇤
! tt̄Z or qq̄0 ! W ⇤

! tt̄W are important, see Fig. 3.

In tt̄W production they even dominate the sensitivity to O(3)
�q . In Eq. (4.2) we show in

brackets the extra electroweak contributions that can be probed in tt̄W production. In

Sec. 5, we will analyze them numerically.

The various coe�cients in Eq. (4.2) are distinguished by the gauge and flavor structures

of the Wilson coe�cients. Regarding the gauge structure, single top, tW and tt̄W

production probe C(3)
�q through the qq̄0W coupling. Associated tt̄Z production is sensitive

to C(1)
�q � C(3)

�q and C(1)
�q + C(3)

�q through the uūZ and dd̄Z couplings, and tZ production

probes all three directions in SMEFT space [70]. As in flavor observables, Eq. (3.12), we

choose C(�)
�q = C(1)

�q � C(3)
�q and C(3)

�q as independent degrees of freedom. In Sec. 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
�q and C(w),33

�q — and

accordingly a(w)
�q and A(w)

�q 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 a↵ects 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.
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flavor-diagonal couplings, the leading contributions to electroweak top production are

single top : C(3),11
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In the Standard Model, tt̄Z and tt̄W production are dominated by QCD-induced processes

like qq̄ ! g⇤ ! tt̄Z or qq̄0 ! g⇤W ! tt̄W . In SMEFT, electroweak contributions from

partonic processes like qq̄ ! Z⇤
! tt̄Z or qq̄0 ! W ⇤

! tt̄W are important, see Fig. 3.

In tt̄W production they even dominate the sensitivity to O(3)
�q . In Eq. (4.2) we show in

brackets the extra electroweak contributions that can be probed in tt̄W production. In

Sec. 5, we will analyze them numerically.

The various coe�cients in Eq. (4.2) are distinguished by the gauge and flavor structures

of the Wilson coe�cients. Regarding the gauge structure, single top, tW and tt̄W

production probe C(3)
�q through the qq̄0W coupling. Associated tt̄Z production is sensitive

to C(1)
�q � C(3)

�q and C(1)
�q + C(3)

�q through the uūZ and dd̄Z couplings, and tZ production

probes all three directions in SMEFT space [70]. As in flavor observables, Eq. (3.12), we

choose C(�)
�q = C(1)

�q � C(3)
�q and C(3)

�q as independent degrees of freedom. In Sec. 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
�q and C(w),33

�q — and

accordingly a(w)
�q and A(w)

�q 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 a↵ects 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.
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The TeV-GeV connection
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loop (a) and a sZ or bZ loop (b). Here X is either an on-shell photon or gluon (C7, C8),
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Contributions to C9 and C10 are due to F (�)
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a series of examples.

The SMEFT dipole operators with right-handed down quarks, OdX , match onto the

WET operators O7(0) and O8(0) at tree level and at one-loop level. Compared to the SM

contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 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 e↵ect of CdX in C7 and C8. Thanks to the

chiral enhancement, b ! s observables are sensitive to yb-suppressed flavor structures at

tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in

C70 and C80 in MFV are suppressed by ys, and we neglect them in our analysis. In Tab. 10

in App. 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)
�q and O(3)

�q , match onto O9 and O10 at tree level and

onto O7�10 at one-loop level. The corresponding Wilson coe�cients modify the neutral

and charged weak currents with left-handed quarks as
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contribution, e↵ects of these operators on C7 and C8 are chirally enhanced by mW /mb.

This enhancement makes C7 and C8 and in general also C70 and C80 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 e↵ect of CdX in C7 and C8. Thanks to the
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tree level, unlike top observables, where no such enhancement occurs. E↵ects of CdX in
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uLūLZ : C(1)
�q � C(3)

�q , dLd̄LZ : C(1)
�q + C(3)

�q , qLq̄
0
LW : C(3)

�q . (3.10)

The various contributions of C(1)
�q and C(3)

�q to C9 and C10 are

tree level : C(1),kk
�q + C(3),kk

�q (3.11)

tW loop : C(1),33
�q � C(3),33

�q , C(3),3k
�q

bZ, sZ loop : C(1),kk
�q + C(3),kk

�q ,

– 16 –

�⇤, Z⇤
<latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="puZnW5ASS35eCWmr5zL0wdwii8o="></latexit><latexit sha1_base64="puZnW5ASS35eCWmr5zL0wdwii8o="></latexit><latexit sha1_base64="LVFXg+VBVDvaHIx9Aj37zia1Erc="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit><latexit sha1_base64="qvZbyAszzet/E4TPZ3IOEcPzUXs="></latexit>

�
<latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="XKMTKfSxP08TJzSWMgpyk9lDmrY="></latexit><latexit sha1_base64="A8SZPnLdlou8X3HfuRNx6Z3h9tU="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit><latexit sha1_base64="yK7uXkQDYqI372+FMHTMZ7tly9I="></latexit>

b(3)�q
<latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Kstz/4nIv0cXpp8ODStPux5rAgk="></latexit><latexit sha1_base64="Kstz/4nIv0cXpp8ODStPux5rAgk="></latexit><latexit sha1_base64="ybts0NrcckR9asTP5UUqqOtt8W8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit><latexit sha1_base64="Kfj+20xb6t2tCt1OniukdMUJEz8="></latexit>

a(3)�q + b(3)�q y
2
t
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Loop level: flavor-diagonal & flavor-breaking

contour plots. The contour lines correspond to ��2 = 2.30 and ��2 = 5.99 for the profiled

likelihoods, 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.

Two-quark operators In MFV the Wilson coe�cients C(1)
�q and C(3)

�q are determined by

the four flavor parameters

a(�)
�q , b(�)

�q , a(3)�q , b(3)�q . (5.4)

Electroweak processes are sensitive to either all or a subset of these parameters. The

relevant top observables at the LHC with 13 TeV collision energy can be written as

�t [pb] = 126 + 15.1
⇥
a(3)�q +A(3)

�q

⇤
+ 0.5

⇥
a(3)�q +A(3)

�q

⇤2
(5.5)

�tW [pb] = 75.3 + 9.1A(3)
�q + 0.27

�
A(3)

�q

�2

�tZ [pb] = 0.78 + 0.17
⇥
a(3)�q +A(3)

�q

⇤
+ 0.01a(�)

�q + 0.10
�
a(3)�q

�2
+ 0.02

�
A(3)

�q

�2

�tt̄Z [pb] = 0.679 + 0.023a(3)�q � 0.070A(�)
�q + 0.008

�
a(�)
�q

�2
+ 0.004

⇥
2a(3)�q + a(�)

�q

⇤2

�tt̄W [pb] = 0.446 + (0.054 + 0.008)a(3)�q + 0.062
�
a(3)�q

�2
,

and the flavor observables are given by

B(B ! Xs�) ⇥ 104 = 3.26 + 0.36 a(3)�q � 0.76 b(3)�q (5.6)

B(Bs ! µ+µ�) ⇥ 109 = 3.57 � 41.0
⇥
2b(3)�q + b(�)

�q

⇤
+ 117.8

⇥
2b(3)�q + b(�)

�q

⇤2
,

up to percent corrections or less for a, b ⇠ 1. In Tab. 9 in App. A, we list the full numerical

expressions, including electroweak corrections to tt̄Z and tt̄W production. Contributions of

a(3)�q , a
(�)
�q and A(3)

�q , A
(�)
�q are due to light-quark and top-quark couplings, respectively. While

top observables probe flavor-violating e↵ects in the combination A = a+by2t , B ! Xs� and

Bs ! µ+µ� involve the flavor-breaking parameter b alone. In Eq. (5.5) we have highlighted

sizeable electroweak contributions in boldface.

In Fig. 4 we display the results of a four-parameter fit to the top and flavor observables

described in Sec. 5.1: top observables (blue), top & Bs ! µ+µ� (green), and top &

Bs ! µ+µ� & B ! Xs� (orange). Shown are the ��2 = 2.30 (solid) and ��2 = 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

directions of the parameter space spanned by Eq. (5.4). Including B ! Xs� 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)
�q . In a flavor-universal

UV theory, b(3)�q = 0 and all SMEFT contributions lie along the horizontal line (a(3)�q , 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)�q )
2 and (A(3)

�q )
2 in tZ, tW and tt̄W
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Flavor breaking in MFV

10

Combined fit to top data &                           & B(B ! Xs�)
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top processes

Q
CD
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<latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mOXKjvGg17jJj+/N2Gc78hmImak="></latexit><latexit sha1_base64="mOXKjvGg17jJj+/N2Gc78hmImak="></latexit><latexit sha1_base64="b9hu7YpA2vzzkZjo3pePmvukOz0="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit><latexit sha1_base64="IhEz2A4UQB+VtQWD5SE6tmMMQtI="></latexit>

pp ! tj, tZj
<latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="Hq+v6EGm4rs7594e7afK6BExvrs="></latexit><latexit sha1_base64="Hq+v6EGm4rs7594e7afK6BExvrs="></latexit><latexit sha1_base64="UxSd+nGeuBRPMxPH0kmDFPoOnaY="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit><latexit sha1_base64="Vpbg+FUSCbiaz2AenbCmJ8pfRqA="></latexit>

t ! bW
<latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mg7GwLqWQHOE97QC6T18OcpjeB8="></latexit><latexit sha1_base64="mg7GwLqWQHOE97QC6T18OcpjeB8="></latexit><latexit sha1_base64="iXsfU3R8NfaDi0jjhmVgg9QkG5o="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit><latexit sha1_base64="3B7C1HRiMgXVFRVRKOUEljjAFXE="></latexit>

TeV-GeV connection resolves flavor structure.

Bruggisser, Schäfer, van Dyk, Westhoff 2021



Thoughts about flavor assumptions
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Organize effects of

flavor breaking (light versus heavy quarks) 

flavor alignment (up-type versus down-type quarks)

CKM mixing

induces non-trivial effects at one-loop (rare B decays)

needed for global analysis of top and bottom observables

 is often sub-leading in LHC observables


