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• Original title: Theory prediction for ttbar in SMEFT 

• but it might be interesting to cover something more relevant for a CEPC 
workshop… So
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SMEFT
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SMEFT

Identify SM deviations through 
precise measurements
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2t: ttZ, ttγ, and ttee
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Top pair production
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Top EW couplings
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Top EW couplings
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Optimal observable
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FCC-ee

200 fb-1 at 350

1.5 ab-1 at 365

No polarization

ILC

500 fb-1 at 500

1.0 ab-1 at 1000

(-.3,+.8)&(+.3,-.8) 
equally shared

CLIC

500 fb-1 at 380

1.5 ab-1 at 1400

3.0 ab-1 at 3000

(0,+.8)&(0,-.8) 
equally shared
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SMEFT prediction at NLO for
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e+e� ! tt̄
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SMEFT prediction at NLO for
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

(missing 4F and 3G operators)
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The SMEFT @ NLO UFO

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO


http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

(missing 4F and 3G operators)

MG5_aMC>import model SMEFTatNLO_U2_2_U3_3_cG_4F_LO_UFO-NLO 

MG5_aMC>generate p p > t t H∼ QCD=2 QED=1 NP=2 [QCD]  

MG5_aMC>output 

MG5_aMC>launch 

�14

The SMEFT @ NLO UFO
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1t: top FCNC
(not this)
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Top FCNC

Neutral couplings that  
involve one top quark  
and one light quark. 

Forbidden in the SM (by GIM mechanism) 
Definite sign of BSM. 

A complete and systematic description of FCNC interactions 
based on SMEFT. 

Leading dim-6 FCNC operators are classified in the TOP WG EFT 
notes. [Aguilar-Saavedra et al. ’18]
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Top FCNC
Warsaw basis operators

[B. Grzadkowski et al. 10]

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]
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Top FCNC
Warsaw basis operators

28 DoFs relevant for ee->tj
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Top FCNC
Warsaw basis operators

28 DoFs relevant for ee->tj

Left-handed q

Right-handed q

CP even

CP odd
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Relevant D.o.F for tops
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[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]
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Top FCNC
Warsaw basis operators

28 DoFs relevant for ee->tj

Left-handed q

Right-handed q

CP even

CP odd

Sufficient to focus on 
7 parameters at a time

[B. Grzadkowski et al. 10]
Relevant D.o.F for tops

[Aguilar-Saavedra et al. ’18]

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]
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Top FCNC
Warsaw basis operators

28 DoFs relevant for ee->tj

Left-handed q

Right-handed q

CP even

CP odd

Sufficient to focus on 
7 parameters at a time

[B. Grzadkowski et al. 10]
Relevant D.o.F for tops

[Aguilar-Saavedra et al. ’18]

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

a=1: tuV/tull 
a=2: tcV/tcll
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Top FCNC: 2-fermion and 4-fermion operators
28 DoFs relevant for ee
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Top FCNC: 2-fermion and 4-fermion operators
28 DoFs relevant for ee

2-fermion FCNC

�19



Top FCNC: 2-fermion and 4-fermion operators
28 DoFs relevant for ee

2-fermion FCNC

[DELPHI, CERN–PH–EP/2010–056]

[Bar-Shalom, Wudka ’99]

4-fermion

FCNC
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HL-LHC
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See Liaoshan’s poster for more results and details
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(+shapes & c-tagging) 
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Theory prediction
NLO QCD for FCNC operators, consistent with LHC TOP WG. Based on 
[Degrande, Maltoni, Wang, CZ ’14]. Four-fermion operators added.


Extending to other ee colliders, FCCee, ILC, … 

ISR and beamstrahlung will be taken care of by a new MG branch 
(in development)

(Extremely) preliminary

MadGraph

Whizard
HELAC-Onia

Total rates agree 
at per mile level

e+e� ! tt̄
<latexit sha1_base64="84MfHdxFMZ33hb3mYMqmcJRu3o0=">AAAB+nicbVDLSgNBEJz1GeMr0aOXwSAIYthVQY9BLx4jmAdkN2F20kmGzD6Y6VXCmk/x4kERr36JN//GSbIHTSxoKKq66e7yYyk02va3tbS8srq2ntvIb25t7+wWint1HSWKQ41HMlJNn2mQIoQaCpTQjBWwwJfQ8Ic3E7/xAEqLKLzHUQxewPqh6AnO0EidQhHaJ9A+dTGi6PpMUewUSnbZnoIuEicjJZKh2il8ud2IJwGEyCXTuuXYMXopUyi4hHHeTTTEjA9ZH1qGhiwA7aXT08f0yChd2ouUqRDpVP09kbJA61Hgm86A4UDPexPxP6+VYO/KS0UYJwghny3qJZJOHjU50K5QwFGODGFcCXMr5QOmGEeTVt6E4My/vEjqZ2XnvGzfXZQq11kcOXJADskxccglqZBbUiU1wskjeSav5M16sl6sd+tj1rpkZTP75A+szx/+/pMt</latexit>
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With Gauthier Durieux, Benjamin Fuks, Hua-Sheng Shao, Liaoshan Shi

Theory prediction
NLO QCD for FCNC operators, consistent with LHC TOP WG. Based on 
[Degrande, Maltoni, Wang, CZ ’14]. Four-fermion operators added.


Extending to other ee colliders, FCCee, ILC, … 

ISR and beamstrahlung will be taken care of by a new MG branch 
(in development)

(Extremely) preliminary

MadGraph

Whizard
HELAC-Onia

Total rates agree 
at per mile level

e+e� ! tt̄
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by Stefano Frixione, Marco Zaro,  Xiaoran Zhao
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0t: tops below 350 GeV
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Top loops

Higgs/diboson channels can reach ~1% or even better precision with future lepton 
collider.  When this happens, we want to be able to disentangle 

H coupling tree level and

Top coupling loop level?


At future CC even below ttbar threshold, it’s possible to probe top EW couplings 
with good precision (better than HL-LHC).

Strong correlation between top/H couplings -> top uncertainty will downgrade 
precision on H couplings.

Top operators entering at one loop lead to complication in future precision 
Higgs measurements.
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Automatic EW NLO based on reweighting

 
Top coupling at one loop: [Vryonidou, CZ ’18]

All dim-6 top loop 
contributions in Higgs

�24

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling


RG mixing

[R. Alonso et al., ’13,’14] agrees with
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e+e- → W+W-

e+e- → W+W-: Dim-6 contribution to γWW leads 
to anomaly. 

In our scheme (KKS) this is reflected by the R2 
dependence on the “reading point” when 
tracing the top loop. E.g.  
 
 
 
 

This is fixed by adding a Wess-Zumino-Witten 
term.
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Global fit

Below tt threshold: CEPC 240 GeV 5 ab-1 


Above tt threshold: FCC-ee 350 GeV 0.2 ab-1, and 365 GeV 1.5 ab-1 
 

Higgs ZH, WW fusion, all decay channels. 
Based on [Durieux, Grojean, Gu, Wang, ’17]


Diboson Angular distributions.


Precision tests Assuming oblique new physics and a factor of 5 improvements.


Top ttbar with statistical optimal observable. 
Based on [Durieux, Perello, Vos, CZ, ’18] 
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[Durieux, Gu, Vryonidou, CZ ’18]



Global fit at future ee collider: H/top interplay
How does the top-coupling uncertainties downgrade the H precision at future CC?

Global H + top loop fit
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Global fit at future ee collider: H/top interplay
How does the top-coupling uncertainties downgrade the H precision at future CC?

Global H + top loop fit
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Global fit at future ee collider: indirect top limits

HL-LHC gives the blue limits.


A global fit of Higgs data in CC, 
at LO, will give the orange 
contours, vertical direction.


A global fit of Higgs data in CC, 
at NLO including top loops, will 
also constrain top couplings, 
giving the green contours, 
both vertical and horizontal.


Constraining power ~ a factor 
of 3, reflected by the individual 
case (dashed line).
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Conclusion

Clean and global EFT analyses for top couplings are feasible at future lepton 
colliders, leading to direct or indirect constraints, with limited model dependence. 


ttbar production: statistically optimal observables are theoretically well-
motivated and experimentally amenable. Lepton colliders would cover orders of 
magnitude of unexplored top-quark EFT parameter space. 


Single top FCNC: ee colliders are ideal for testing top-quark flavor-changing 
interactions. In particular it explores the parameter space that will be left 
uncovered by the HL/HE-LHC.


Virtual tops: Top-couplings can be probed indirectly at e+e− colliders, even 
below tt threshold. Individual reach is better than HL-LHC. Strong correlation 
between Top- and Higgs-couplings is however present, downgrading 
precisions on both sectors.


Fully automated tools are available for SMEFT (also other BSM models), including 
NLO QCD prediction, EW loop corrections, and (on-going) ISR+ beamstrahlung.


Accurate TH predictions for not only SM background but also BSM signals can be 
obtained, with no almost cost from the user side.
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Thank you
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Backups

�32



Top FCNC: 2-fermion and 4-fermion operators

Currently no dedicated search for 4f eetq couplings at the LHC/Tevatron


Recasting existing bound from t>qZ (->ee) suffer from the Mee mass 
window cut.


Best official bounds are from LEP2


Recast limits from LHC:

[Chala, Santiago, Spannowsky ’18]
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[Durieux, Kitahara, CZ ’18]

[HL/HE-LHC yellow report]

Top FCNC: current limits
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[Durieux, Kitahara, CZ ’18]

[HL/HE-LHC yellow report]

Top FCNC: current limits

4-fermion 4-fermion

2-fermion 2-fermion

LEP2

LHC
HL-LHC

LEP2
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LHC ee collider

2-fermion OP

4-fermion OP

E4/mZ4 scaling 
enhancement

Phase space 
suppression

2f: 8.1e-5 GeV
2f: 1.8 fb

4f: 120 fb4f: 3.2e-6 GeV

Taking  
C=1, Λ=1 TeV:
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LHC ee collider

2-fermion OP

4-fermion OP

E4/mZ4 scaling 
enhancement

Phase space 
suppression

2f: 8.1e-5 GeV
2f: 1.8 fb

4f: 120 fb4f: 3.2e-6 GeV

0.04 ～70

Taking  
C=1, Λ=1 TeV:

�35



Top FCNC: MC tool

Leading order, MadGraph+UFO


One model for all top operators: dim6top  
https://feynrules.irmp.ucl.ac.be/wiki/dim6top [Durieux, CZ ’19]
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Top FCNC: MC tool

Leading order, MadGraph+UFO


One model for all top operators: dim6top  

QCD corrections: FCNC specific UFO.  Need 4f implementation

https://feynrules.irmp.ucl.ac.be/wiki/dim6top

http://feynrules.irmp.ucl.ac.be/wiki/TopFCNC

MG5_aMC>import model TopFCNC 
MG5_aMC>generate e- e+ > t j NP=2 [QCD] 
MG5_aMC>output 
MG5_aMC>launch

[Degrande, Maltoni, Wang, CZ ’14]

[Durieux, CZ ’19]
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CEPC scenario, 240 GeV, 5.6 ab-1


Signal and backgrounds both 
simulated at LO+PS, with 
MadGraph5 and Pythia8


FCNC implementation: dim6top


Detector effects: Delphes with CEPC 
card


Signal:

m
top,rec

⇡ 172.5 GeV

E
j,rec

⇡ s�m2
t

2
p
s

⇡ 58 GeV
<latexit sha1_base64="thfkn1duf5SFI2n7JpQ5dzkkodc="></latexit>

Background: Wjj dominant

mjj ⇡ 80.4 GeV
<latexit sha1_base64="kog/CdW8vgaijtHXKxWSneCk6OM=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwFRIt2GXRhS4r2Ac0IUym03bamSTMTMQSsnXjr7hxoYhb/8Cdf+OkzUJbD1w4nHMv994TxIxKZdvfRmlldW19o7xZ2dre2d0z9w/aMkoEJi0csUh0AyQJoyFpKaoY6caCIB4w0gkmV7nfuSdC0ii8U9OYeBwNQzqgGCkt+SbkfjoeZy6KYxE9wLpt1VzocqRGgqfXpJ35ZtW27BngMnEKUgUFmr755fYjnHASKsyQlD3HjpWXIqEoZiSruIkkMcITNCQ9TUPEifTS2ScZPNFKHw4ioStUcKb+nkgRl3LKA92Z3ygXvVz8z+slalD3UhrGiSIhni8aJAyqCOaxwD4VBCs21QRhQfWtEI+QQFjp8Co6BGfx5WXSPrOcc8u+rVUbl0UcZXAEjsEpcMAFaIAb0AQtgMEjeAav4M14Ml6Md+Nj3loyiplD8AfG5w/NC5nA</latexit>
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Angular distribution
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Template fit:
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1400 events at 5.6 ab-1 
95% CL limit on xsec: 0.0134 fb 

Baseline:

Exactly 1 b-tagged jet
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Xsec dependence from simulation of 28 sampling points in the space of C’s

Convert into 95% 7-D bound in the dim-6 parameter space (0.0134 fb)

cfq
-H3+aL cuA

Ha3L cuZ
Ha3L clq

-H1,3+aL ceqH1,3+aL clequ
S H1,a3L clequ

T H1,a3L
0.0

0.5

1.0

1.5 Individual limits
L=1 TeV

LHC+LEP u
LHC+LEP c
HL-LHC+LEP u
HL-LHC+LEP c
FCC-ee u&c
CEPC baseline
CEPC template fit

FCC-ee: 4f operator limits are not available; 2f slightly better

CLIC: 380 GeV run + polarization, 3~4 times better on 4f

          Larger energy -> better limits 
LHeC: similar limits

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

[H. Khanpour et al. ’14]

[W. Liu, H. Sun 1906.04884]
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Xsec dependence from simulation of 28 sampling points in the space of C’s

Convert into 95% 7-D bound in the dim-6 parameter space (0.0134 fb)

2f OPs: 
about same reach as  
HL-LHC, but a useful 
validation from an 
independent channel
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FCC-ee: 4f operator limits are not available; 2f slightly better

CLIC: 380 GeV run + polarization, 3~4 times better on 4f

          Larger energy -> better limits 
LHeC: similar limits

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

[H. Khanpour et al. ’14]

[W. Liu, H. Sun 1906.04884]
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Xsec dependence from simulation of 28 sampling points in the space of C’s

Convert into 95% 7-D bound in the dim-6 parameter space (0.0134 fb)

2f OPs: 
about same reach as  
HL-LHC, but a useful 
validation from an 
independent channel

4f OPs: 
1~2 orders 
of magnitude 
improvement
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FCC-ee: 4f operator limits are not available; 2f slightly better

CLIC: 380 GeV run + polarization, 3~4 times better on 4f

          Larger energy -> better limits 
LHeC: similar limits

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

[H. Khanpour et al. ’14]

[W. Liu, H. Sun 1906.04884]
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Improvement from c-jet tagging
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If no signal is observed
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Discriminating between operators

Using angular observable Using c-tagging

tcee

tuee

In contrast with LHC: 
No such info from top decay
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Lorentz structures
V, A

Dipole

V,A - V,A

S-S, T-T
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Lorentz structures
V, A

Dipole

V,A - V,A

S-S, T-T

e-e+

t

u,c

θ
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Lorentz structures
V, A

Dipole

V,A - V,A

S-S, T-T

e-e+

t

u,c

θ

Discrimination power 
from distribution.

A second energy, or ttbar 
with FCNC decay will help.
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ttbar uncertainties
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Sensitivities
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TH robustness
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Optimization
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