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New physics at a distance
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Focus on effective interactions with top quarks.
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Effective top interactions
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X
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�ij
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U(2)q ⇥ U(2)u ⇥ U(2)d

O(20) dim-6 operators with tops
flavor symmetry

observables computed at NLO QCD:

gauge bosons

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the

– 4 –

t

t

Z
<latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="mSPD2A2fSR/yQjpgzABzBVD1lvs="></latexit><latexit sha1_base64="nK2kQk2wOP36Gq+dCUIbpIPubUY="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit><latexit sha1_base64="SCFa2scgzzQUyf6/GSmBFrT3gl8="></latexit>

t

b
<latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="NnLcrY5AJ3C11KhsAqdcGQ9Jx+Y="></latexit><latexit sha1_base64="9XVdpWeVHG/6C0l2qo6vbRhok5w="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit><latexit sha1_base64="1cgNFaRGMPV9QzunKV1qeCA6UTU="></latexit>

W
<latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="+vTG1+0slT+0HIS675LMFxks908="></latexit><latexit sha1_base64="bTsg7Ccmqk69iTzdEtyOMjjp/6w="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit><latexit sha1_base64="O36PvztrIKXayPa+92/rpddJylk="></latexit>

CtW
<latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+ped5PBwrGLHKkFSRN9Wxrdwgu8="></latexit><latexit sha1_base64="+ped5PBwrGLHKkFSRN9Wxrdwgu8="></latexit><latexit sha1_base64="FQ2dSrstvUMLr/lfs+7D/KzUEzc="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit>

CtW
<latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="+ped5PBwrGLHKkFSRN9Wxrdwgu8="></latexit><latexit sha1_base64="+ped5PBwrGLHKkFSRN9Wxrdwgu8="></latexit><latexit sha1_base64="FQ2dSrstvUMLr/lfs+7D/KzUEzc="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit><latexit sha1_base64="kbpjpsdumO6lS8rvD7G5p4GN6hI="></latexit>

Higgs

t h

t C�t
<latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="thnTsWUUaqjYcicjOKXxAbfUBiY="></latexit><latexit sha1_base64="thnTsWUUaqjYcicjOKXxAbfUBiY="></latexit><latexit sha1_base64="VvAYYmFJHkTmv3D+JSGW0b/82ns="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit><latexit sha1_base64="6uyWwdii/na8u/RHdHXPr642TD4="></latexit>

Ot� = (Qt e�)(�†
�)

<latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="SueWRMawaBf/1FWoDsKyG0KU1BE="></latexit><latexit sha1_base64="SueWRMawaBf/1FWoDsKyG0KU1BE="></latexit><latexit sha1_base64="fS81Cp3xJzMJxs+ucTTBfxde8QQ="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit><latexit sha1_base64="sR+rJZZ0TVKSZ/qmECGSiP5jNUY="></latexit>

light quarks

t

t u
<latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FIq/RKzqrdVMielGOnGxLiWkX48="></latexit><latexit sha1_base64="FIq/RKzqrdVMielGOnGxLiWkX48="></latexit><latexit sha1_base64="OjTrQmKhIIrhQwaWY66igV2629g="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit>

u
<latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="FIq/RKzqrdVMielGOnGxLiWkX48="></latexit><latexit sha1_base64="FIq/RKzqrdVMielGOnGxLiWkX48="></latexit><latexit sha1_base64="OjTrQmKhIIrhQwaWY66igV2629g="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit><latexit sha1_base64="QvGXbvDEwOA+IcAic9YrKTwKwys="></latexit>

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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 3analysis framework (LHC Top WG): Aguilar Saavedra et al. 2018

Top sector of Standard Model Effective Field Theory:



Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production mea-
surements (blue), single top (green) and to the full data set from Tabs. 5 and6 (red).
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Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production mea-
surements (blue), single top (green) and to the full data set from Tabs. 5 and6 (red).
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Figure 6. Chirality e↵ects of four-quark operators from LO two-parameter fits to order ⇤�2. Red
lines use charge-symmetric observables (set M of Tab 5) while black lines use asymmetries AC .
The shaded areas show the combined fit. Solid and dashed lines mark the Gaussian equivalent of
��2 = 1, 4.

Here �SM is the SM tt̄ rate, �V V and �AA denote the contributions proportional to 4CV V

and 4CAA (see Eq. (2.12)), and the sum over all qq̄ parton contributions is implicit. This

expression is easily inferred from Eq. (2.12), observing that the charge asymmetry probes

the linear terms in ct in the partonic cross section. From the definition of CAA in Eq. (2.10),

we also see that AC is sensitive to (LL�RL)+(RR�LR), thereby distinguishing between

left- and right-handed top quarks.

For the operator pair we have chosen, charge-symmetric observables probe the (1, 1)

direction in (C1,8
Qq , C

8
tq), which corresponds to a vector-like top coupling. The charge asym-

metry is sensitive to the (1,�1) direction, which corresponds to an axial-vector-like top

coupling. The corresponding flat directions can be seen in the left panel of Fig. 6, where

we show bounds on the Wilson coe�cients (C1,8
Qq , C

8
tq) from a fit to measurements of total

cross sections and mtt̄ distributions labelled ‘M’ in Tab. 5 (red lines) and of the charge

asymmetries AC (black lines). The shaded blue region shows the combined fit with both

datasets, which probes both vector and axial-vector currents with top quarks and breaks

the respective blind direction in � or AC .

The same behavior applies to operators with right-handed initial quarks, like O8
tu and

O8
Qu. As shown in Fig. 6, right, their e↵ects on � and AC at order ⇤�2 are the same as in

Eq. (4.14), just replacing C1,8
Qq ! C8

tu, C
8
tq ! C8

Qu.
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charge asymmetry:

top-antitop cross section:

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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Figure 9. Impact of the squared dimension-6 contribution on the fit result originally shown for
the isospin distinction in Fig. 5 (right) and for the chirality distinction in Fig. 6 (left). The lines
are based on the same tt̄ data set as before, but the predictions now include SMEFT contributions
to order ⇤�4 for tt̄ (red), tt̄Z (orange) and tt̄W (blue). The black lines show the fit for symmetric
observables in the boosted regime (left) and for the asymmetries AC (right) to order ⇤�4. Shaded
areas show the combined fit to order ⇤�4. Solid and dashed lines mark the Gaussian equivalent of
��2 = 1, 4.

pair production already at order ⇤�2. Quadratic terms from associated production (orange

and blue ellipses) do not alter the fit results by much, since the combined fit result (blue

area) is dominated by the quadratic contributions in boosted tt̄ observables (black ellipse).

This illustrates nicely the interplay of linear and quadratic contributions in a global fit.

The bound on individual Wilson coe�cients can be set either by quadratic terms in the

dominant observable (for limited sensitivity) or by the interplay of linear terms in several

observables that probe di↵erent directions of the parameter space (for high sensitivity).

Which e↵ect dominates depends on the overall sensitivity of the observables to operator

contributions and on the precision of their measurement.

Beyond rates, quadratic terms do not necessarily lead to ellipses in a fit. The charge

asymmetry in tt̄ production is an example where quadratic terms modify the topology

of the flat direction, but do not allow to set bounds in all directions of the parameter

space. The reason is that AC is not defined to be positive, and therefore negative squared

contributions can generally appear. For the chiral operators O1,8
Qq and O8

tq, the cross section

and the asymmetry read
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• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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Figure 6. Expected bounds on Wilson coe�cients from two-parameter fits of the energy asymmetry
A

opt
E in all three ✓j bins (red) and the cross section �tt̄j in the boosted regime (black) to LHC

Run-2 data. For comparison, we show existing bounds from the latest Run-2 measurement of the
rapidity asymmetry A|y| in tt̄ production [29] (blue). Solid and dashed lines mark the 68% and 95%
confidence levels for each observable. Green and yellow regions show the 68% and 95% CL limits
of a combined fit to all five observables.

asymmetry A|y| constrains the parameter space in the form of a hyperbola. This confirms

our analytic discussion from Section 3.2, where we identified a blind direction along |C1,1
Qq | =

|C
1
tq|. For the combination of energy asymmetries A

1�3
E , we do not encounter such a

– 21 –

Basan, Berta, Masetti (ATLAS), Vryonidou, Westhoff 2020

energy asymmetry

rapidity asymmetry A|y| (tt̄)
<latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="t2DKzNRuuWKAHGKTHIwelUvZsaU="></latexit><latexit sha1_base64="t2DKzNRuuWKAHGKTHIwelUvZsaU="></latexit><latexit sha1_base64="K5Hq68Y5vW75yz0czZdtV4oGrss="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit><latexit sha1_base64="epCsItOzcndha9xYtgeDmPwGu6o="></latexit>

AE (tt̄j)
<latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="6mg2cBjcNrcCham2Ltqtdg+aMh0="></latexit><latexit sha1_base64="6mg2cBjcNrcCham2Ltqtdg+aMh0="></latexit><latexit sha1_base64="7uhYu0YPjDFK7I95XLdkoT+0ub0="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit><latexit sha1_base64="BtTiXoxHA1gXWQE3ZvdHw94IeaA="></latexit>

measurement in progress

bounds from LHC Run-2 data

measured:

projected:

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
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The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)
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,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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Figure 5. Up-type versus down-type (left) and weak isospin (right) e↵ects of four-quark operators
from LO two-parameter fits to order ⇤�2. Solid and dashed lines mark the Gaussian equivalent
of ��2 = 1, 4 from fits to: set M of tt̄ observables (red, see Tab. 5), highest-energy bins of a tt̄
distribution in the boosted regime, tt̄Z rates (orange), tt̄W rates (blue). The shaded areas show
the combined fit.

on the combination of Wilson coe�cients

r C8
tu + C8

td ⇡ 2C8
tu + C8

td . (4.8)

If the initial quarks are left-handed, their nature is only distinguished by a singlet versus

triplet SU(2) structure, as in O1,8
Qq and O3,8

Qq . In this case the typical combination is

�
r + 1

�
C1,8
Qq +

�
r � 1

�
C3,8
Qq ⇡ 3C1,8

Qq + C3,8
Qq . (4.9)

The numerical estimate r ⇡ 2 holds for the bulk of the phase space in top pair production.

On the other hand, measurements that select highly boosted tops can probe higher parton

momentum fractions x and larger ratios r, thus constraining di↵erent directions in the EFT

space.

To illustrate this e↵ect, Figure 5 shows bounds on these two pairs of operators obtained

from two-dimensional likelihood fit of top–anti-top observables to LHC data.

The red contours use set ’M’ of Table 5, that contains rates and normalized mtt̄ distri-

butions. These observables are most sensitive to quark-antiquark contributions around the

maximum of the parton distributions in x, where r ⇡ 2. They leave the directions (1,�2)

for (C8
tu, C

8
td) and (1,�3) for (C1,8

Qq , C
3,8
Qq ) essentially unbounded, as is expected from the

relations in Eqs. (4.8) and (4.9).

Boosted top pair production [20] probes larger momentum fractions x and hence larger

ratios r. The black contours in Fig. 5 show the likelihood obtained by fitting the last bins

of a pT,t distribution in the boosted regime, pT,t > 500 GeV. The blind directions of this fit

– 22 –

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
µTAui) O1

tu = (t̄�µt)(ūi�
µui)

O8
td = (t̄�µTAt)(d̄i�µT

Adi) O1
td = (t̄�µt)(d̄i�µdi) ; (2.3)

• 6 four-quark operators with LR and RL chiral structure

O8
Qu = (Q̄�µTAQ)(ūi�µT

Aui) O1
Qu = (Q̄�µQ)(ūi�µui)

O8
Qd = (Q̄�µTAQ)(d̄i�µT

Adi) O1
Qd = (Q̄�µQ)(d̄i�µdi)

O8
tq = (q̄i�

µTAqi)(t̄�µT
At) O1

tq = (q̄i�
µqi)(t̄�µt) ; (2.4)

• 8 operators with two heavy quarks and bosons [40]

O1
�Q = (�† i

 !
Dµ �)(Q̄�µQ) ‡OtB = (Q̄�µ⌫t) e�Bµ⌫

O3
�Q = (�† i

 !
DI

µ �)(Q̄�µ⌧ IQ) ‡OtW = (Q̄�µ⌫t) ⌧ I e�W I
µ⌫

O�t = (�† i
 !
Dµ �)(t̄�µt) ‡ObW = (Q̄�µ⌫b) ⌧ I�W I

µ⌫

‡O�tb = (e�†iDµ�)(t̄�
µb) ‡OtG = (Q̄�µ⌫TAt) e�GA

µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the

– 4 –
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µTAui) O1

tu = (t̄�µt)(ūi�
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measurements the likelihood recovers a fairly symmetric form, but with a distinct shift of

the minimum towards small positive values of CtG.

For comparison, the asymptotic behavior in the linear fit is not observed for an inter-

fering four-quark operator like C8
tu, because it induces a significantly di↵erent shape in the

kinematic distributions compared to the SM, scaling as s/⇤2. Large values of the Wilson

coe�cients are therefore strongly disfavored by at least one of the bin measurements that

drive the log-likelikood towards zero. In the right panel of Fig. 4, we show that C8
tu is well

constrained by measurements of normalized distributions. Total rates have little impact

on the fit results.

4.2 Incoming up versus down quarks

The set of four-quark operators laid out in Eq. (2.3) and Eq. (2.4) span all possible assign-

ments of the quark fields to representations the SM symmetry groups:

1. chirality of the light quark and top quark currents;

2. left-handed currents: singlet or triplet under SU(2)L;

3. right-handed currents: up- or down-type light quarks;

4. singlet or octet color contraction of the currents.

Top pair production through strong interactions is not sensitive at parton level to the

nature of the incoming quarks, i.e. , questions 2 and 3. However, up-type and down-type

quarks in the initial state are distinguished by the parton densities. The relative uū and

dd̄ contributions to the tt̄ final state are determined by

r(x) =
fu(x)fū(s/(xS))

fd(x)fd̄(s/(xS))
. (4.6)

Here fp(x, s) denotes the usual parton distribution of parton p with momentum fraction x

of the energy
p
s/2 in the proton.

p
S is the hadronic CM energy, and we suppressed the

factorization scale choice. Around the valence quark maximum x ⇡ 0.1 the ratio becomes

r ⇡ 2. For most observables used in our analysis, the ratio integrated over the relevant

phase-space region varies roughly in the range

1.5 . r . 3 . (4.7)

In what follows we refer to r as (roughly) the relative contribution up partonic up- and

down-quark contributions to an observable. In what follows we discuss how the isospin

of the incoming quarks can be disentangled in a minimal EFT analysis of tt̄ production,

neglecting quadratic EFT contributions and NLO QCD corrections.

Let us consider pairs of four-quark operators that are only distinguished by the nature

of initial quarks: if the latter are right-handed, as in O8
tu and O8

td, tt̄ observables depend

– 21 –

�tt̄W ⇠ C1,8
Qq (�uu + �dd) + C3,8
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top-antitop cross section:

ttW associated production:

Key: up vs. down in proton
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Figure 9. Impact of the squared dimension-6 contribution on the fit result originally shown for
the isospin distinction in Fig. 5 (right) and for the chirality distinction in Fig. 6 (left). The lines
are based on the same tt̄ data set as before, but the predictions now include SMEFT contributions
to order ⇤�4 for tt̄ (red), tt̄Z (orange) and tt̄W (blue). The black lines show the fit for symmetric
observables in the boosted regime (left) and for the asymmetries AC (right) to order ⇤�4. Shaded
areas show the combined fit to order ⇤�4. Solid and dashed lines mark the Gaussian equivalent of
��2 = 1, 4.

pair production already at order ⇤�2. Quadratic terms from associated production (orange

and blue ellipses) do not alter the fit results by much, since the combined fit result (blue

area) is dominated by the quadratic contributions in boosted tt̄ observables (black ellipse).

This illustrates nicely the interplay of linear and quadratic contributions in a global fit.

The bound on individual Wilson coe�cients can be set either by quadratic terms in the

dominant observable (for limited sensitivity) or by the interplay of linear terms in several

observables that probe di↵erent directions of the parameter space (for high sensitivity).

Which e↵ect dominates depends on the overall sensitivity of the observables to operator

contributions and on the precision of their measurement.

Beyond rates, quadratic terms do not necessarily lead to ellipses in a fit. The charge

asymmetry in tt̄ production is an example where quadratic terms modify the topology

of the flat direction, but do not allow to set bounds in all directions of the parameter

space. The reason is that AC is not defined to be positive, and therefore negative squared

contributions can generally appear. For the chiral operators O1,8
Qq and O8

tq, the cross section

and the asymmetry read

�tt̄ = �SM + �V V
�
C1,8
Qq + C8

tq

�
+ �V+A

�
|C1,8

Qq |
2 + |C8

tq|
2
�
+ �V�AC1,8

QqC
8
tq ,

AC =
�A
SM + �AA

�
C1,8
Qq � C8

tq

�
+ �V V AA

�
|C1,8

Qq |
2
� |C8

tq|
2
�

�tt̄
. (4.18)

– 29 –

All Wilson coefficients bounded. 
Remaining blind directions in fit.

Brivio et al. 2019

quadratic Wilson contributions O(C2
/⇤4)

<latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="LIlQ05y8M0/6guNO4odO7EXVxzc="></latexit><latexit sha1_base64="LIlQ05y8M0/6guNO4odO7EXVxzc="></latexit><latexit sha1_base64="h7+6pQmma5iFeUlPcETraDLJxVs="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit><latexit sha1_base64="Uk9OTPWcPNrvJaOTHL0TqE7xCmQ="></latexit>

• 8 four-quark operators with LL and RR chiral structure

O1,8
Qq = (Q̄�µT

AQ)(q̄i�
µTAqi) O1,1

Qq = (Q̄�µQ)(q̄i�
µqi)

O3,8
Qq = (Q̄�µT

A⌧ IQ)(q̄i�
µTA⌧ Iqi) O3,1

Qq = (Q̄�µ⌧
IQ)(q̄i�

µ⌧ Iqi)

O8
tu = (t̄�µT

At)(ūi�
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Aui) O1
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• 8 operators with two heavy quarks and bosons [40]
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�Q = (�† i
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DI
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µ⌫ . (2.5)

The di↵erent color structures of the operators will eventually lead to di↵erent color factors

in the LHC observables and di↵erent limits on the Wilson coe�cients, as we will see later.

In Appendix A, we list the relations between these operators and the operators in the

Warsaw basis [41]. Gauge invariance imposes relations between e↵ective top couplings to

gauge bosons. We define

C��Q ⌘ C1
�Q � C3

�Q CtZ ⌘ �swCtB + cwCtW (2.6)

C+
�Q ⌘ C1

�Q + C3
�Q = C��Q + 2C3

�Q CtA ⌘ cwCtB + swCtW =
1

sw

�
CtW � cwCtZ

�
,

We choose C3
�Q, C

�
�Q and CtW , CtZ as degrees of freedom in our analysis. With this choice,

C��Q and CtZ modify the tt̄Z coupling, CtW modifies the tbW vertex, while C3
�Q a↵ects

both.

The Wilson coe�cients of the operators in Eqs. (2.3), (2.4), and (2.5) define the 22

parameters in our global analysis. Further operators either do not leave visible e↵ects in

the observables we have selected (like operators with four heavy quarks) or are strongly

constrained by more sensitive observables (like the Yukawa operator at dimension six, which

is constrained by Higgs measurements). We therefore do not include them in our analysis,

but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-

duction at the LHC. These processes are precisely predicted and measured, both at the
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Gauge structure: weak isospin
Key: up vs. down in proton

measurements the likelihood recovers a fairly symmetric form, but with a distinct shift of

the minimum towards small positive values of CtG.

For comparison, the asymptotic behavior in the linear fit is not observed for an inter-

fering four-quark operator like C8
tu, because it induces a significantly di↵erent shape in the

kinematic distributions compared to the SM, scaling as s/⇤2. Large values of the Wilson

coe�cients are therefore strongly disfavored by at least one of the bin measurements that

drive the log-likelikood towards zero. In the right panel of Fig. 4, we show that C8
tu is well

constrained by measurements of normalized distributions. Total rates have little impact

on the fit results.

4.2 Incoming up versus down quarks

The set of four-quark operators laid out in Eq. (2.3) and Eq. (2.4) span all possible assign-

ments of the quark fields to representations the SM symmetry groups:

1. chirality of the light quark and top quark currents;

2. left-handed currents: singlet or triplet under SU(2)L;

3. right-handed currents: up- or down-type light quarks;

4. singlet or octet color contraction of the currents.

Top pair production through strong interactions is not sensitive at parton level to the

nature of the incoming quarks, i.e. , questions 2 and 3. However, up-type and down-type

quarks in the initial state are distinguished by the parton densities. The relative uū and

dd̄ contributions to the tt̄ final state are determined by

r(x) =
fu(x)fū(s/(xS))

fd(x)fd̄(s/(xS))
. (4.6)

Here fp(x, s) denotes the usual parton distribution of parton p with momentum fraction x

of the energy
p
s/2 in the proton.

p
S is the hadronic CM energy, and we suppressed the

factorization scale choice. Around the valence quark maximum x ⇡ 0.1 the ratio becomes

r ⇡ 2. For most observables used in our analysis, the ratio integrated over the relevant

phase-space region varies roughly in the range

1.5 . r . 3 . (4.7)

In what follows we refer to r as (roughly) the relative contribution up partonic up- and

down-quark contributions to an observable. In what follows we discuss how the isospin

of the incoming quarks can be disentangled in a minimal EFT analysis of tt̄ production,

neglecting quadratic EFT contributions and NLO QCD corrections.

Let us consider pairs of four-quark operators that are only distinguished by the nature

of initial quarks: if the latter are right-handed, as in O8
tu and O8

td, tt̄ observables depend

– 21 –
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flavor structure

Bissmann et al. 2019; Aoude et al. 2020

flavor-sensitive

work in progress with Bruggisser, Cata, van Dyk, Schaefer
Brod et al. 2014; Cirigliano et al. 2016
Hewett, Rizzo 1993; Grzadkowski, Misiak 2008; Fox et al. 2008
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Search for heavy new physics with top-quarks:

Probe indirect effects with precise observables.

Combine top and flavor for new insights. 

Thank you!
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New observables resolve blind directions.

Use kinematics to decipher gauge and chiral structure.
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level of total rates and kinematic distributions. We also include top pair production in

association with a W - or Z-boson, which is more sensitive to certain operators than top

pair or single top production and help distinguishing between operators. Table 1 shows

our set of Wilson coe�cients and their contributions to the various processes.

parameter tt̄ single t tW tZ t decay tt̄Z tt̄W

C1,8
Qq ⇤�2 – – – – ⇤�2 ⇤�2

C3,8
Qq ⇤�2 ⇤�4 [⇤�2] – ⇤�4 [⇤�2] ⇤�4 [⇤�2] ⇤�2 ⇤�2

C8
tu, C

8
td ⇤�2 – – – – ⇤�2 –

C1,1
Qq ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] ⇤�4 [⇤�2]

C3,1
Qq ⇤�4 [⇤�2] ⇤�2 – ⇤�2 ⇤�2 ⇤�4 [⇤�2] ⇤�4 [⇤�2]

C1
tu, C

1
td ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] –

C8
Qu, C

8
Qd ⇤�2 – – – – ⇤�2 –

C8
tq ⇤�2 – – – – ⇤�2 ⇤�2

C1
Qu, C

1
Qd ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] –

C1
tq ⇤�4 [⇤�2] – – – – ⇤�4 [⇤�2] ⇤�4 [⇤�2]

C�
�Q – – – ⇤�2 – ⇤�2 –

C3
�Q – ⇤�2 ⇤�2 ⇤�2 ⇤�2 – –

C�t – – – ⇤�2 – ⇤�2 –

C�tb – ⇤�4 ⇤�4 ⇤�4 ⇤�4 – –

CtZ – – – ⇤�2 – ⇤�2 –

CtW – ⇤�2 ⇤�2 ⇤�2 ⇤�2 – –

CbW – ⇤�4 ⇤�4 ⇤�4 ⇤�4 – –

CtG ⇤�2 [⇤�2] ⇤�2 – [⇤�2] ⇤�2 ⇤�2

Table 1. Wilson coe�cients in our analysis and their contributions to top-quark observables via
SM-interference (⇤�2) and via dimension-6 squared terms only (⇤�4). A square bracket indicates
that the Wilson coe�cient contributes via SM-interference at NLO QCD. All quark masses except
mt are assumed to be zero. ‘Single t’ stands for s� and t�channel electroweak top production.

In what follows, we describe in detail how the 22 top operators a↵ect these processes.

We pay special attention to contributions of the dimension-6 squared terms, which will

be crucial for our global fit. Another important aspect in our discussion is the energy

dependence of operator contributions, which changes the top kinematics in distributions.

For top pair production, we present complete analytic expressions for four-quark operator

contributions at LO, including both SM-interference and dimension-6 squared terms. We

also derive the structure of operator contributions at NLO QCD.

– 5 –

Brivio, Bruggisser, Maltoni, Moutafis, Plehn, Vryonidou, Westhoff, Zhang 2019
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