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Outline

Top and Higgs from the EFT perspective. With a focus on:


Their interplays at the LHC


New theory ideas/tools


Global approach


Will not cover the BSM perspective (see talk by Jia Liu) and the SM 
theory progresses (see talk by Jian Wang)

�2



Talk by Hideki Okawa
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The top is special

It is rich. It is the elementary particle with the largest mass so far. 

It is strong. 

It is naked.  
 

It is popular. σ(tt)~1nb @ LHC13 

It goes beyond (the SM).
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The top is special
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The Top-Higgs coupling in SM

Mass generation with gauge invariance 
Top is a window to EWSB: enhanced couplings to Goldstone. Higher-dim terms give effects growing with energy.

[ATLAS 2007.07830]
[CMS-PAS-HIG-19-006]
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The Top-Higgs coupling beyond SM

SM at dim-4:

SM at dim-6, SMEFT:
<latexit sha1_base64="MkCNzaSGtDu6rBZnf8rE+GuZPwk="></latexit>

Ldim�4 +
Ct�

⇤2
(Q̄t)(�†�)�̃

<latexit sha1_base64="IZHp+jFXD73CbNo8seO/gsqcYtM=">AAACGnicdVDJSgNBEO2JW4xb1KOXxiB4CjNB0YsQzMWDhwhmgUwcenp6kiY9i901gTDMd3jxV7x4UMSbePFv7CxC3B4UPN6rqu56biy4AtP8MHILi0vLK/nVwtr6xuZWcXunqaJEUtagkYhk2yWKCR6yBnAQrB1LRgJXsJY7qI391pBJxaPwGkYx6wakF3KfUwJacoqW7TEBBI8cOLN9SWhac1Kw4z7PhjeVLLXVrYS0ktmXeqdHtOQUS1bZnACbv8iXVUIz1J3im+1FNAlYCFQQpTqWGUM3JRI4FSwr2IliMaED0mMdTUMSMNVNJ6dl+EArHvYjqSsEPFHnJ1ISKDUKXN0ZEOirn95Y/MvrJOCfdlMexgmwkE4f8hOBIcLjnLDHJaMgRpoQKrn+K6Z9ogMCnWZhPoT/SbNSto7L5tVRqXo+iyOP9tA+OkQWOkFVdIHqqIEoukMP6Ak9G/fGo/FivE5bc8ZsZhd9g/H+CXNWob8=</latexit>

�yt =
Ct�v2p
2⇤2
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[Ren, Wu, Yang, ’19] [Cao, Xie, Zhang, Zhang, ’20]See
for CP test in ttH

Minimal deviation from SM, with: 

• Mass generation with gauge invariance 

• Unitarity (up to a predefined scale Ʌ) 

• Perturbativity/renormalizability



Ideally:
<latexit sha1_base64="MkCNzaSGtDu6rBZnf8rE+GuZPwk="></latexit>

Ldim�4 +
Ct�

⇤2
(Q̄t)(�†�)�̃ pp → ttH

gg → H

gg → Hj

gg → HH

gg → HZ

gg → ZZ
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Global SMEFT approach
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ATLAS-CONF-2020-053



Global SMEFT approach

A global SMEFT allows to:


Maximize the information from measurements, and at the same time 
keep some model-independence.


Investigate the interplay between different measurements (from 
different SM sectors, e.g. Higgs and Top).

Dim-6 operators are present in different sectors: 
Higgs, Top, Electroweak, Flavor…
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In reality:
<latexit sha1_base64="MkCNzaSGtDu6rBZnf8rE+GuZPwk="></latexit>

Ldim�4 +
Ct�

⇤2
(Q̄t)(�†�)�̃ pp → ttH

gg → H

gg → Hj

gg → HH

gg → HZ

gg → ZZ

O
(3)
'Q = i

1

2
y2t

⇣
'† !D I

µ'
⌘
(Q̄�µ⌧ IQ)

OtW = ytgw(Q̄�µ⌫⌧ It)'̃W I
µ⌫

O'' = iy2t
�
'†Dµ'̃

�
(b̄�µt)

ObW = ytgw(Q̄�µ⌫⌧ Ib)'W I
µ⌫

Top-EW

OtG = ytgs(Q̄�µ⌫TAt)'̃GA
µ⌫

OG = gsf
ABCGA⌫

µ GB⇢
⌫ GCµ

⇢

QCD

<latexit sha1_base64="fnkuWO7tD/b011EIvHOcC/Vj4d4="></latexit>

O�G = y2t (�
†�)GA

µ⌫G
Aµ⌫

O
(1)
'Q = i

1

2
y2t

⇣
'† !D µ'

⌘
(Q̄�µQ)

O't = i
1

2
y2t

⇣
'† !D µ'

⌘
(t̄�µt)

OtB = ytgY (Q̄�µ⌫t)'̃Bµ⌫

More operators More measurements
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Start from two interactions

Use with multiple channels to 
break degeneracy, and extract 
maximal information from 
measurements

pp → ttH gg → H gg → Hj

[C. Grojean et al., 1312.3317] [M. Buschmann et al., 1410.5806]
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Differential information
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[Vryonidou, Maltoni, CZ, 1607.05330]



More possibilities

Sensitive to ttH (ttHH contact term)
[Goertz, Papaefstathiou, Yang, Zurita, 1410.3471]

Insensitive to ggH (and dipole); 
Probe ttZ with energy enhancement

Probe ttZ (and ggH) with  
less (more) energy enhancement

Other gg-initiated channels that resolve the loop / break degeneracy

[A. Azatovet al., 1608.00977]

HH

HZ

ZZ

�14

(See talk by Bin Yan)



More possibilities

Sensitive to ttH (ttHH contact term)
[Goertz, Papaefstathiou, Yang, Zurita, 1410.3471]

Insensitive to ggH (and dipole); 
Probe ttZ with energy enhancement

Probe ttZ (and ggH) with  
less (more) energy enhancement

Other gg-initiated channels that resolve the loop / break degeneracy

[A. Azatovet al., 1608.00977]

HH

HZ

ZZ

t̄�µtH
† !D µH

<latexit sha1_base64="/eB7AfpfaR6FxIwgo3KmkHZII2Y=">AAACIHicbVBNSyNBFOxx1dX4FfXopTEInsKMCnoU3UOOEUwUMjG86byZNHZPD91vVkLwp+xl/8pePKyI3vTX2Ik5+FXQUFTV4/WrpFDSURg+BzM/Zufmfy4sVpaWV1bXqusbbWdKK7AljDL2MgGHSubYIkkKLwuLoBOFF8n16di/+I3WSZOf07DAroYsl6kUQF7qVQ/jBCynOAOtoRfrkhNvXMV9yDK0sfGjClOyMhsQWGtu+K9JqNGr1sJ6OAH/SqIpqbEpmr3qU9w3otSYk1DgXCcKC+qOwJIUCm8rcemwAHENGXY8zUGj644mB97yHa/0eWqsfznxifp+YgTauaFOfFIDDdxnbyx+53VKSo+6I5kXJWEu3halpeJk+Lgt3pcWBamhJyCs9H/lYgAWBPlOK76E6PPJX0l7rx7t18Ozg9rxybSOBbbFttkui9ghO2YN1mQtJtgf9o/9Z/fB3+AueAge36IzwXRmk31A8PIKFdqjiQ==</latexit>

ttZ vertex
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(See talk by Bin Yan)



Connecting top, Higgs, and EW in SMEFT

SM Lagrangian is the most general renormalizable one. Couplings are all fixed by a few 
input parameters (GF, mW, mZ, aS…)


To deviate from SM couplings, need the Higgs vev to reduce dim-6 terms down 
to dim-4 SM-like couplings.


Vev <-> H <-> Goldstone <-> Longitudinal modes of massive boson.


Non-Higgs measurements (through vev) are connected to Higgs couplings.


Higgs can be used as a tool to probe EW/top sectors.


Activating vev -> H/Goldstone gives rise to energy-enhanced sensitivity. v2 -> E2


Top has a strong coupling to Goldstones and is a window to EWSB.


More interplay in loops.
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Higgs as a probe of EW sector

Constrained in EWPO, by H ! v/
p
2

<latexit sha1_base64="1z8LewOfYpknhcavy9WpxA2ybEQ=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVJKCBGMFS8ci0YfURJXjOK1Vxwm2U6mKMrDwKywMIMTKR7DxN7hpBmg5kqWjc+69vvd4MaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujBKBSQdHLBJ9D0nCKCcdRRUj/VgQFHqM9LzJ7dzvTYmQNOL3ahYTN0QjTgOKkdLS0Kw6+YxUED9rQUdFcHruyAeh0kY2NGtW3coBV4ldkBoo0B6aX44f4SQkXGGGpBzYVqzcFAlFMSNZxUkkiRGeoBEZaMpRSKSb5gtk8FQrPgwioR9XMFd/d6QolHIWeroyRGosl725+J83SFRw7aaUx4kiHC8+ChIG9a3zRKBPBcGKzTRBWFC9K8RjJBBWOreKDsFePnmVdBt1+6Ju3V3WmjdFHGVQBSfgDNjgCjRBC7RBB2DwCJ7BK3gznowX4934WJSWjKLnGPyB8fkDvsOYJQ==</latexit>

<latexit sha1_base64="UmNOvPSdAFvCe9dVf1EfCKunJ9c="></latexit>

Ou = (iH† !DµH)(ū�µu)

What if H is active, by H ! h/
p
2 ?

<latexit sha1_base64="TSD3I0kQjhHByRqvgr2JCBBPTKY=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmkhQk2Khg6Vgk+pCaqHIcp7VqJ8F2EFWUP2DhV1gYQIiVlY2/wU0zQMuRLB2dc+/1vceLGZXKsr6NhcWl5ZXV0lp5fWNza9vc2W3LKBGYtHDEItH1kCSMhqSlqGKkGwuCuMdIxxtdT/zOPRGSRuGtGsfE5WgQ0oBipLTUN4+cfEYqiJ81oKMiODxx5J1QaS2DDnS4Fz2kl1nfrFhVKwecJ3ZBKqBAs29+OX6EE05ChRmSsmdbsXJTJBTFjGRlJ5EkRniEBqSnaYg4kW6a75LBQ634MIiEfqGCufq7I0VcyjH3dCVHaihnvYn4n9dLVHDhpjSME0VCPP0oSBjUZ0/CgT4VBCs21gRhQfWuEA+RQFjpCMs6BHv25HnSrlXt06p1c1apXxVxlMA+OADHwAbnoA4aoAlaAINH8AxewZvxZLwY78bHtHTBKHr2wB8Ynz+tKZxq</latexit>

qqZ

<latexit sha1_base64="eoBdVi8UOJXVk+LwERFlPLy8V68=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSFF0W3bhwUcE+oIllMp20QyeTMDMplFDwV9y4UMSt3+HOv3HaZqGtBwYO59zDvXOChDOlHefbKqysrq1vFDdLW9s7u3v2/kFTxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HwZuq3RlQqFosHPU6oH+G+YCEjWBupax95ocQkGz1WJ5l3Z3I9bGjXLjsVZwa0TNyclCFHvWt/eb2YpBEVmnCsVMd1Eu1nWGpGOJ2UvFTRBJMh7tOOoQJHVPnZ7PwJOjVKD4WxNE9oNFN/JzIcKTWOAjMZYT1Qi95U/M/rpDq88jMmklRTQeaLwpQjHaNpF6jHJCWajw3BRDJzKyIDbPrQprGSKcFd/PIyaVYr7kXFuT8v167zOopwDCdwBi5cQg1uoQ4NIJDBM7zCm/VkvVjv1sd8tGDlmUP4A+vzByn5lZw=</latexit>

v2

⇤2

<latexit sha1_base64="byZ3aGwknvKC0sjixOLsJg7oMKY=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KklRdFl048JFBfuAJpbJZNIOnTyYmQghxF9x40IRt36IO//GaZuFth4YOJxzD/fO8RLOpLKsb2NldW19Y7OyVd3e2d3bNw8OuzJOBaEdEvNY9D0sKWcR7SimOO0nguLQ47TnTa6nfu+RCsni6F5lCXVDPIpYwAhWWhqaNScQmOSyyJ1bnfLxQ7MYmnWrYc2AloldkjqUaA/NL8ePSRrSSBGOpRzYVqLcHAvFCKdF1UklTTCZ4BEdaBrhkEo3nx1foBOt+CiIhX6RQjP1dyLHoZRZ6OnJEKuxXPSm4n/eIFXBpZuzKEkVjch8UZBypGI0bQL5TFCieKYJJoLpWxEZY92G0n1VdQn24peXSbfZsM8b1t1ZvXVV1lGBIziGU7DhAlpwA23oAIEMnuEV3own48V4Nz7moytGmanBHxifP/OrlPU=</latexit> s

⇤2 [R. Franceschini et al. 1712.01310]
[S. Banerjee et al. 1807.01796]
[C. Grojean et al. 1810.05149]
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ttZ vs ttWj
t̄�µtH

† !D µH
<latexit sha1_base64="/eB7AfpfaR6FxIwgo3KmkHZII2Y=">AAACIHicbVBNSyNBFOxx1dX4FfXopTEInsKMCnoU3UOOEUwUMjG86byZNHZPD91vVkLwp+xl/8pePKyI3vTX2Ik5+FXQUFTV4/WrpFDSURg+BzM/Zufmfy4sVpaWV1bXqusbbWdKK7AljDL2MgGHSubYIkkKLwuLoBOFF8n16di/+I3WSZOf07DAroYsl6kUQF7qVQ/jBCynOAOtoRfrkhNvXMV9yDK0sfGjClOyMhsQWGtu+K9JqNGr1sJ6OAH/SqIpqbEpmr3qU9w3otSYk1DgXCcKC+qOwJIUCm8rcemwAHENGXY8zUGj644mB97yHa/0eWqsfznxifp+YgTauaFOfFIDDdxnbyx+53VKSo+6I5kXJWEu3halpeJk+Lgt3pcWBamhJyCs9H/lYgAWBPlOK76E6PPJX0l7rx7t18Ozg9rxybSOBbbFttkui9ghO2YN1mQtJtgf9o/9Z/fB3+AueAge36IzwXRmk31A8PIKFdqjiQ==</latexit>

i.e. tW>tW scattering?

H -> vev H -> Goldstone
ttZ coupling 

from tt+Z production

� ⇠ E2

⇤2
<latexit sha1_base64="vK0iSu59dDW3ISF39mvnh9aWnxY=">AAACCHicbZDLSgMxFIYzXmu9jbp0YbAIrspMFXRZFMGFiwr2Ap1aMplMG5rJDMkZoQxduvFV3LhQxK2P4M63MW1noa0/BD7+c06S8/uJ4Boc59taWFxaXlktrBXXNza3tu2d3YaOU0VZncYiVi2faCa4ZHXgIFgrUYxEvmBNf3A5rjcfmNI8lncwTFgnIj3JQ04JGKtrH3gBE0A8zSMvVIRmV/eVUebdmBsCYrBrl5yyMxGeBzeHEspV69pfXhDTNGISqCBat10ngU5GFHAq2KjopZolhA5Ij7UNShIx3ckmi4zwkXECHMbKHAl44v6eyEik9TDyTWdEoK9na2Pzv1o7hfC8k3GZpMAknT4UpgJDjMep4IArRkEMDRCquPkrpn1i8gCTXdGE4M6uPA+NStk9KTu3p6XqRR5HAe2jQ3SMXHSGquga1VAdUfSIntErerOerBfr3fqYti5Y+cwe+iPr8wfYNZnY</latexit>

�17

<latexit sha1_base64="JkTF6MiWHKRo+iMIAAkX1CeRWUE=">AAACCHicbZC7TsMwFIYdrqXcAowMRFRITFVSgWCsYGFgKBK9SE2pThyntWo7ke1UqqKOLLwKCwMIsfIIbLwNbpsBWn7J0qf/nGP7/EHCqNKu+20tLa+srq0XNoqbW9s7u/befkPFqcSkjmMWy1YAijAqSF1TzUgrkQR4wEgzGFxP6s0hkYrG4l6PEtLh0BM0ohi0sbr2kR8SpsFXlPuRBJwNHyrjzL81N4RgsGuX3LI7lbMIXg4llKvWtb/8MMYpJ0JjBkq1PTfRnQykppiRcdFPFUkAD6BH2gYFcKI62XSRsXNinNCJYmmO0M7U/T2RAVdqxAPTyUH31XxtYv5Xa6c6uuxkVCSpJgLPHopS5ujYmaTihFQSrNnIAGBJzV8d3AeThzbZFU0I3vzKi9ColL3zsnt3Vqpe5XEU0CE6RqfIQxeoim5QDdURRo/oGb2iN+vJerHerY9Z65KVzxygP7I+fwAl3poL</latexit>

� ⇠ v2

⇤2



ttZ vs ttWj
t̄�µtH

† !D µH
<latexit sha1_base64="/eB7AfpfaR6FxIwgo3KmkHZII2Y=">AAACIHicbVBNSyNBFOxx1dX4FfXopTEInsKMCnoU3UOOEUwUMjG86byZNHZPD91vVkLwp+xl/8pePKyI3vTX2Ik5+FXQUFTV4/WrpFDSURg+BzM/Zufmfy4sVpaWV1bXqusbbWdKK7AljDL2MgGHSubYIkkKLwuLoBOFF8n16di/+I3WSZOf07DAroYsl6kUQF7qVQ/jBCynOAOtoRfrkhNvXMV9yDK0sfGjClOyMhsQWGtu+K9JqNGr1sJ6OAH/SqIpqbEpmr3qU9w3otSYk1DgXCcKC+qOwJIUCm8rcemwAHENGXY8zUGj644mB97yHa/0eWqsfznxifp+YgTauaFOfFIDDdxnbyx+53VKSo+6I5kXJWEu3halpeJk+Lgt3pcWBamhJyCs9H/lYgAWBPlOK76E6PPJX0l7rx7t18Ozg9rxybSOBbbFttkui9ghO2YN1mQtJtgf9o/9Z/fB3+AueAge36IzwXRmk31A8PIKFdqjiQ==</latexit>

[CMS JHEP03(2020)056]

i.e. tW>tW scattering?

H -> vev H -> Goldstone
ttZ coupling 

from tt+Z production

� ⇠ E2

⇤2
<latexit sha1_base64="vK0iSu59dDW3ISF39mvnh9aWnxY=">AAACCHicbZDLSgMxFIYzXmu9jbp0YbAIrspMFXRZFMGFiwr2Ap1aMplMG5rJDMkZoQxduvFV3LhQxK2P4M63MW1noa0/BD7+c06S8/uJ4Boc59taWFxaXlktrBXXNza3tu2d3YaOU0VZncYiVi2faCa4ZHXgIFgrUYxEvmBNf3A5rjcfmNI8lncwTFgnIj3JQ04JGKtrH3gBE0A8zSMvVIRmV/eVUebdmBsCYrBrl5yyMxGeBzeHEspV69pfXhDTNGISqCBat10ngU5GFHAq2KjopZolhA5Ij7UNShIx3ckmi4zwkXECHMbKHAl44v6eyEik9TDyTWdEoK9na2Pzv1o7hfC8k3GZpMAknT4UpgJDjMep4IArRkEMDRCquPkrpn1i8gCTXdGE4M6uPA+NStk9KTu3p6XqRR5HAe2jQ3SMXHSGquga1VAdUfSIntErerOerBfr3fqYti5Y+cwe+iPr8wfYNZnY</latexit>
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<latexit sha1_base64="JkTF6MiWHKRo+iMIAAkX1CeRWUE=">AAACCHicbZC7TsMwFIYdrqXcAowMRFRITFVSgWCsYGFgKBK9SE2pThyntWo7ke1UqqKOLLwKCwMIsfIIbLwNbpsBWn7J0qf/nGP7/EHCqNKu+20tLa+srq0XNoqbW9s7u/befkPFqcSkjmMWy1YAijAqSF1TzUgrkQR4wEgzGFxP6s0hkYrG4l6PEtLh0BM0ohi0sbr2kR8SpsFXlPuRBJwNHyrjzL81N4RgsGuX3LI7lbMIXg4llKvWtb/8MMYpJ0JjBkq1PTfRnQykppiRcdFPFUkAD6BH2gYFcKI62XSRsXNinNCJYmmO0M7U/T2RAVdqxAPTyUH31XxtYv5Xa6c6uuxkVCSpJgLPHopS5ujYmaTihFQSrNnIAGBJzV8d3AeThzbZFU0I3vzKi9ColL3zsnt3Vqpe5XEU0CE6RqfIQxeoim5QDdURRo/oGb2iN+vJerHerY9Z65KVzxygP7I+fwAl3poL</latexit>

� ⇠ v2

⇤2



ttZ vs ttWj
t̄�µtH

† !D µH
<latexit sha1_base64="/eB7AfpfaR6FxIwgo3KmkHZII2Y=">AAACIHicbVBNSyNBFOxx1dX4FfXopTEInsKMCnoU3UOOEUwUMjG86byZNHZPD91vVkLwp+xl/8pePKyI3vTX2Ik5+FXQUFTV4/WrpFDSURg+BzM/Zufmfy4sVpaWV1bXqusbbWdKK7AljDL2MgGHSubYIkkKLwuLoBOFF8n16di/+I3WSZOf07DAroYsl6kUQF7qVQ/jBCynOAOtoRfrkhNvXMV9yDK0sfGjClOyMhsQWGtu+K9JqNGr1sJ6OAH/SqIpqbEpmr3qU9w3otSYk1DgXCcKC+qOwJIUCm8rcemwAHENGXY8zUGj644mB97yHa/0eWqsfznxifp+YgTauaFOfFIDDdxnbyx+53VKSo+6I5kXJWEu3halpeJk+Lgt3pcWBamhJyCs9H/lYgAWBPlOK76E6PPJX0l7rx7t18Ozg9rxybSOBbbFttkui9ghO2YN1mQtJtgf9o/9Z/fB3+AueAge36IzwXRmk31A8PIKFdqjiQ==</latexit>

[CMS JHEP03(2020)056]

i.e. tW>tW scattering?

H -> vev H -> Goldstone
ttZ coupling 

from tt+Z production

� ⇠ E2

⇤2
<latexit sha1_base64="vK0iSu59dDW3ISF39mvnh9aWnxY=">AAACCHicbZDLSgMxFIYzXmu9jbp0YbAIrspMFXRZFMGFiwr2Ap1aMplMG5rJDMkZoQxduvFV3LhQxK2P4M63MW1noa0/BD7+c06S8/uJ4Boc59taWFxaXlktrBXXNza3tu2d3YaOU0VZncYiVi2faCa4ZHXgIFgrUYxEvmBNf3A5rjcfmNI8lncwTFgnIj3JQ04JGKtrH3gBE0A8zSMvVIRmV/eVUebdmBsCYrBrl5yyMxGeBzeHEspV69pfXhDTNGISqCBat10ngU5GFHAq2KjopZolhA5Ij7UNShIx3ckmi4zwkXECHMbKHAl44v6eyEik9TDyTWdEoK9na2Pzv1o7hfC8k3GZpMAknT4UpgJDjMep4IArRkEMDRCquPkrpn1i8gCTXdGE4M6uPA+NStk9KTu3p6XqRR5HAe2jQ3SMXHSGquga1VAdUfSIntErerOerBfr3fqYti5Y+cwe+iPr8wfYNZnY</latexit>
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<latexit sha1_base64="JkTF6MiWHKRo+iMIAAkX1CeRWUE=">AAACCHicbZC7TsMwFIYdrqXcAowMRFRITFVSgWCsYGFgKBK9SE2pThyntWo7ke1UqqKOLLwKCwMIsfIIbLwNbpsBWn7J0qf/nGP7/EHCqNKu+20tLa+srq0XNoqbW9s7u/befkPFqcSkjmMWy1YAijAqSF1TzUgrkQR4wEgzGFxP6s0hkYrG4l6PEtLh0BM0ohi0sbr2kR8SpsFXlPuRBJwNHyrjzL81N4RgsGuX3LI7lbMIXg4llKvWtb/8MMYpJ0JjBkq1PTfRnQykppiRcdFPFUkAD6BH2gYFcKI62XSRsXNinNCJYmmO0M7U/T2RAVdqxAPTyUH31XxtYv5Xa6c6uuxkVCSpJgLPHopS5ujYmaTihFQSrNnIAGBJzV8d3AeThzbZFU0I3vzKi9ColL3zsnt3Vqpe5XEU0CE6RqfIQxeoim5QDdURRo/oGb2iN+vJerHerY9Z65KVzxygP7I+fwAl3poL</latexit>
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ttZ vs ttWj
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[CMS JHEP03(2020)056]

i.e. tW>tW scattering?

[J. Dror et al., 1511.03674]

H -> vev H -> Goldstone
ttZ coupling 

from tt+Z production
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More high energy tops

[Maltoni, Mantani, Mimasu, 1904.05637]

Helicity amplitudes computed, and energy-growing 
channels identified

Mantani, talk at EPSHEP 2019
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Single top+Higgs/Z: helicity amplitudes
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tHj 2>2 sub-amplitude: bW>tH
[Degrande et al.; JHEP 1810 (2018) 005]



Single top+Higgs/Z: helicity amplitudes
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tZj 2>2 sub-amplitude: bW>tZ [Degrande et al.; JHEP 1810 (2018) 005]



Single top+Higgs/Z: helicity amplitudes
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NLO matters



More high energy tops (t+2V!)
[Tommy Tschida]
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Higgs at off-shell

[Henning, Lombardo, Riembau, Riva 1812.09299] 

(See talk by Junmou Chen)

�23

|H|2 ! vh
<latexit sha1_base64="OXyG9aj+U15SKz6Ndre/D5hziw0=">AAACAHicbVC7TsMwFHXKq4RXgIGBxaJCYqqSggRjBUvHItGH1IbKcZzWquNEtlOpSrPwKywMIMTKZ7DxN7hpBmg5kqWjc+7D93gxo1LZ9rdRWlvf2Nwqb5s7u3v7B9bhUVtGicCkhSMWia6HJGGUk5aiipFuLAgKPUY63vhu7ncmREga8Qc1jYkboiGnAcVIaWlgnfTzGakgfmbOGrPHWl9FcDIaWBW7aueAq8QpSAUUaA6sr74f4SQkXGGGpOw5dqzcFAlFMSOZ2U8kiREeoyHpacpRSKSb5sszeK4VHwaR0I8rmKu/O1IUSjkNPV0ZIjWSy95c/M/rJSq4cVPK40QRjheLgoRBfeM8DehTQbBiU00QFlT/FeIREggrnZmpQ3CWT14l7VrVuaza91eV+m0RRxmcgjNwARxwDeqgAZqgBTDIwDN4BW/Gk/FivBsfi9KSUfQcgz8wPn8Ahp+WWA==</latexit>

|H|2 ! �+�� ?
<latexit sha1_base64="wFGVkoycmVMl+/z/a+y2cGrECsc=">AAACFHicbVC7TsMwFHV4lvIKMLJYVEhIFVVSkGCjgqVjkehDatLKcZzWqvOQ7SCqNB/Bwq+wMIAQKwMbf4ObZoCWI9k6Oude+97jRIwKaRjf2tLyyuraemGjuLm1vbOr7+23RBhzTJo4ZCHvOEgQRgPSlFQy0ok4Qb7DSNsZ3Uz99j3hgobBnRxHxPbRIKAexUgqqa+XreyNhBM3ndQnvaolQ2hFQ9orZ/cptKDlO+FDcpX29ZJRMTLARWLmpARyNPr6l+WGOPZJIDFDQnRNI5J2grikmJG0aMWCRAiP0IB0FQ2QT4SdZAOl8FgpLvRCrk4gYab+7kiQL8TYd1Slj+RQzHtT8T+vG0vv0k5oEMWSBHj2kRczqBafJgRdygmWbKwIwpyqWSEeIo6wVDkWVQjm/MqLpFWtmGcV4/a8VLvO4yiAQ3AEToAJLkAN1EEDNAEGj+AZvII37Ul70d61j1npkpb3HIA/0D5/AHbanms=</latexit>



Top loops
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Instead of embedding in pp>ttWj, could also use loops:

[Azatov, Grojean, Paul, Salvioni ’16] 
[Englert, Rosenfeld, Spannowsky, Tonero ’16]
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ttZ @ HL-LHC:Recall the ttɸɸ term from opening the ttZ operator:

ZZ

HZ



Top loops
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Instead of embedding in pp>ttWj, could also use loops:

Recall the ttɸɸ term from opening the ttZ operator:

Using Z boson polarization to identify the Goldstone modes

See also
[He, Wan, Wang ’19] 
Constraining HZZ couplings

[Lee, Park, Qian ’18] 
Other BSM scenarios in VLVL mode

[Cao, Yan, Yuan, Zhang ’20]
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ttZ @ HL-LHC:

(See talk by Bin Yan)



Top loops: EW
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1) Indirectly constraint top couplings

2) Degrading the Higgs precision (within current limits)

Most Higgs channels involve top 
couplings through loops, and some top-
EW couplings are not well constrained.

[Vryonidou, CZ ’18]
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[Vryonidou, Gu, Vryonidou, CZ, ’18] [Jung, Lee, Perello, Tian, Vos, ’20]See also
for future CEPC and ILC cases



“Higgs loop”: The trilinear Higgs coupling

[G. Degrassi et al., ’16] [Gorbahn&Haisch, ’16] [M. McCullough, ’13] [S. D. Vita et al., ’17] 

Using EWPO at 2 loop

[Degrassi, Fedele, Giardino 1702.01737]
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At the ee colliders At the LHC

 [J. Nakamura & A. Shivaji 1812.01576]

“Loop-exclusive observables"
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The way ahead

Pattern of deformations 
enter many observables 
in a correlated way.


Global fit is the only way 
to capture all info and at 
the same time providing 
truly model-independent 
interpretation.


Will need precise 
prediction for a wide 
range of channels.


Which incorporate 
predictions in SM (for 
reach) and in SMEFT (for 
interpretation and loop-
induced channels).

�28



The way ahead

�29See also talk by Xuyang Gao and many others
CMS PAS TOP-19-001 ATLAS-CONF-2020-053



The way ahead

V. Miralles, Poster at TOP2020
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Pattern of deformations 
enter many observables 
in a correlated way.


Global fit is the only way 
to capture all info and at 
the same time providing 
truly model-independent 
interpretation.


Will need precise 
prediction for a wide 
range of channels.


Which incorporate 
predictions in SM (for 
reach) and in SMEFT (for 
interpretation and loop-
induced channels).



Precision in SM

NNLO spin correlation [Czakon, Mitov, Poncelet ’20]


ttbar coulomb corrections in [L.-L. Yang et al. ’20]


NLO ttW [G. Bevilacqua et al. ’20] [Denner & Pelliccioli ’20]


NLO tt+gamma [G. Bevilacqua et al. ’20]


Higgs 3 loop finite mass [Czakon, Niggetiedt ’20] [Praise, Usovitsch ’20]


Higgs 4 loop large mass expansion [J. Davies et al. ’19]


……


Talks by Jian Wang, Tao Liu, Yang Zhang, Xiao Liu, …
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Precision in SMEFT: automatic NLO
Automatic NLO+PS for all processes/operators
MG5_aMC>import model SMEFT  

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

MG5_aMC>output 

MG5_aMC>launch 
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tt̄�/tt̄Z

Applying SM K factor  
to dim-6 may not be enough.

tt̄H
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Non-universal K-factors 
in rates and distributions

�33

[Bylund et al.; JHEP 1605 (2016) 052]

[Maltoni, Vryonidou, CZ; JHEP 1610 (2016) 123]

Rates
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ttbar: loop sensitivity to four-top-quark operators

SM = 13.9 fbLHC 13

pp -> 4 top 4.3 sigma evidence, ATLAS-CONF-2020-013

LHC 13, SM(NLO) = 744, [x]: EW interference

[Degrande et al., 2008.11743]

qqtt (2 light 2 heavy) operators, tree

tttt (4 heavy) operators, loop



loop-sensitivity, gg -> H/Hj/HH

gg -> H/HH/HHH

�35

[Maltoni, Vryonidou, CZ; JHEP 1610 (2016) 123]

[Degrande et al., 2008.11743]
The projected FCC-hh reach: 1%, 5% and 50% on H, HH and HHH



0.0

0.5

1.0

1.5

2.0

2.5
K/10

Multi-boson K-factors, LHC 13 TeV

O
�
⇤�2

�

O'W O'B O'WB OW O'D O'⇤ O(�)
'qi O(3)

'qi O'u O'd

0.0

0.5

1.0

1.5

2.0

2.5
O

�
⇤�4

�

WWW

WWZ

ZZW

ZZZ

WW

WZ

ZZ SM

K < 0

0

0.002

0.004

0.006

0.008

0.01

0.012
SM/100 LO SM/100 NLO

dim6 LO dim6 NLO

dim6^2 LO dim6^2 NLO

0.8
1

1.2
1.4
1.6

LO dim6 NLO dim6

0.8
1

1.2
1.4
1.6

LO dim6^2 NLO dim6^2

100 150 200 250 300 350 400 450 500
2−10

1−10

1
10

dim6/SM dim6^2/SM

pT(W) [GeV]

M
ad

G
ra

ph
5_

aM
C

@
N

LO

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035
SM/500 LO SM/500 NLO

dim6 LO dim6 NLO

dim6^2 LO dim6^2 NLO

0.8
1

1.2
1.4
1.6

LO dim6 NLO dim6

0.8
1

1.2
1.4
1.6

LO dim6^2 NLO dim6^2

200 300 400 500 600 700
3−10

2−10

1−10
1

dim6/SM dim6^2/SM

m(WW) [GeV]

M
ad

G
ra

ph
5_

aM
C

@
N

LO

D6 squares

Interference

K-factor for interference

K-factor for D6 squared

BSM/SM

Diboson, TGC/qqV

�36

Diboson + multiboson: WW/WZ/ZZ/WWW/WWZ/ZZW/ZZZ
Loop-induced 

gg channel
Loop-induced 
qqtt operators Triboson/QGC

[Degrande et al., 2008.11743]

[R. Franceschini et al. 1712.01310]

[S. Banerjee et al. 1807.01796]

[C. Grojean et al. 1810.05149]

5.7σ from CMS; talk by Zhĳun Liang



Towards global SMEFT fit @ NLO

Global fit in the top-quark 
sector: SMEFiT


Exactly where 
automation is crucial


Now being extended to add 
Higgs/diboson data

[Hartland et al. ’19]

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, Vryonidou and CZ in progress
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Summary

With Run II finished, and Run III, HL/HE-LHC, future CC/LC waiting ahead, we are entering a phase 
where we can better see how top and Higgs are connected with each other and with the rest of the 
SM, even in the context of searching for BSM.


New ideas to benefit from these connections, including but not limited to:


Exploring the E2/Λ2 effects by activating H/Goldstone fields, and embedding the core process in 
multi particle production.


Loop-induced channels further open up new possibilities.


SMEFT framework well understood, (NLO) tools are available, with which many new ideas/
observables/calculations have been proposed and investigated, in case studies, with certain TH 
assumptions or restrictions, to demonstrate that how and what we can learn by connecting different 
sectors in the SMEFT.


Yet, we should keep in mind that a global perspective is very important in such a situation, and we 
need it to quantify the actual benefit, to answer more realistic questions, and to provide useful 
inputs for future strategies.
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Thank you



Talk by M. Riembau
�40
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More standard 
channels, e.g. Z-pole, 
Higgs/top on-shell 
couplings…

• Big statistics

• Good precision

• Less sensitive to BSM

• Limited by 

systematics
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More standard 
channels, e.g. Z-pole, 
Higgs/top on-shell 
couplings…

• Big statistics

• Good precision

• Less sensitive to BSM

• Limited by 

systematics

• Small statistics

• Bad precision

• More sensitive to BSM

• Less limited by syst.

• Important to identify 

the right channel which 
has the energy-growth 
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30% in ��, at 1 TeV,

) 0.3% in couplings
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Talk by M. Riembau



SMEFT

Pattern of SM 
deviations enter many 
observables in a 
correlated way. 


To be identified with 
global fit methods
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SMEFT

Pattern of SM 
deviations enter many 
observables in a 
correlated way. 


To be identified with 
global fit methods

Sensitivity: 
Most precise/accurate 
experimental measurements 
with uncertainties and 
correlations.

Most precise SM predictions 
for observables: NLO, NNLO, 
N3LO...
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SMEFT

Pattern of SM 
deviations enter many 
observables in a 
correlated way. 


To be identified with 
global fit methods

Sensitivity: 
Most precise/accurate 
experimental measurements 
with uncertainties and 
correlations.

Most precise SM predictions 
for observables: NLO, NNLO, 
N3LO...

Interpretation:  
relies on sizes/
correlations of the c(6)’s. 
Their determination 
requires the most precise 
SMEFT predictions.

�42



SMEFT at higher order

Higher orders in SMEFT allows


Accuracy


In case of no deviation found:

LEP ILC GigaZ [1908.11299]

EWPO fit 
[Dawson, Giardino ’19] Even EW corrections lead to ~20% difference
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SMEFT at higher order

Higher orders in SMEFT allows


Accuracy


In case of a deviation, changes our interpretation of the nature of BSM
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QCD corrections to shapes can lead to 
bias in fitting results.


E.g. in single top, in case of 15% 
(hypothetical) deviations observed in 
future, LO/NLO lead to a different 
direction of deviation from SM.
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SMEFT at higher order

Higher orders in SMEFT allows


Accuracy


Precision: scale uncertainty improved order by order.


Only if all operators along with their mixing/running taken into account.
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[Vryonidou, Maltoni, CZ, ’16] CtG = 1, Ct' = C'G = 0 at mt
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Contribution from one 
operator may become 
the contribution from a 
different operator, as 
the scale changes.


Only a global (fitting) 
approach could make 
sense.
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SMEFT at higher order

Higher orders in SMEFT allows


Accuracy


Precision: scale uncertainty improved order by order.


Only if all operators along with their mixing/running taken into account.

LO +
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NLO *
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[Deutschmann, Duhr, Maltoni, Vryonidou, ’17] 

SMEFT prediction can be 
improved order by order, 
provided that all relevant 

operators are summed up.
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SMEFT at higher order

Higher orders in SMEFT allows


Accuracy


Precision


Improved sensitivity


Accurate knowledge of the deviations (shapes, correlation between 
observables, etc.) can be the key to disentangle the (SMEFT type) 
indirect BSM effects from SM. 


Multi-variable analyses always benefit from accurate knowledge of 
the signal.


Loop-induced new sensitivity.
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Loop-induced sensitivity, e.g. to trilinear H coupling

[G. Degrassi et al., ’16] [Gorbahn&Haisch, ’16] 

[M. McCullough, ’13] [S. D. Vita et al., ’17] 

At the LHC:

At the ee colliders: Using EWPO at 2 loop:

[Degrassi, Fedele, Giardino 1702.01737]

Some times operators could first show 
up at 1-loop.


This could imply new chances to 
measure certain coefs. that are difficult 
at LO.


The trilinear Higgs coupling,      , 
is a well-known example.

�
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Aren’t these “indirect”?
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[M. McCullough; 1312.3322]

Two “solutions”. 
global fit.

[S. Di Vita et al. 1711.03978]

Loop-induced sensitivity: from indirect to direct

�49

~20% sensitivity

or clever observables

If T (or equally CP) is 
conserved, T-odd observables 

are proportional to the 
absorptive part 

 [J. Nakamura & A. Shivaji 1812.01576]

Heavy NP particles / tree level 
EFT operators are filtered out

(partially NLO) global fit 
to include H loops



More loop-induced sensitivities

[Azatov, Grojean, Paul, Salvioni ’16]  [Q.-H. Cao et al. ’20]

[Durieux, Gu, Vryonidou, CZ ’18]

[T. Martini and M. Schulze’19]

Diboson sensitivity to top couplings

ttbar sensitivity to EW top couplings (via EW loops)

Higgs/EW sensitivity 
to top couplings (EW loops)

Top decay sensitivity 
to four-fermion interactions

And many more… [Boughezal et al.; 1907.00997]
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Single top+Higgs/Z

The tXj channels access the 2 → 2 sub-amplitudes, probe the energy 
dependence due to unitarity cancellation spoiled by BSM effects, and reveal 
the rich interplay between EFT operators from different sectors. 


See also [Maltoni,Paul,Stelzer,Willenbrock,’01] [Biswas,Gabrielli,Mele,12] 
[Farina,Grojean,Maltoni,Salvioni,Thamm,’12][Demartin,Maltoni,Mawatari,Zaro,’15] 
[Dror,Farina,Salvioni,Serra,’16]
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