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Motivations

The motivations for this work are

❖ Top-quark EW interactions are not very precisely measured. 

❖ Anomalous interactions lead to anomalous energy growth in amplitudes. 

❖ Understand how to constrain couplings in order to detect hint of New 

Physics at LHC. 

❖ Assess sensitivity to NP in the EW top quark sector in present colliders 

experiments and future ones.
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Why the top quark?

The top quark is special.

❖ The top couples to the Higgs strongly. 

❖ It’s the heaviest particle in the SM. 

❖ Couples to W boson through its decay, before hadronisation (neutral 

gauge couplings less known).
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The LHC is a top factory109 top pairs

108 single top

107 tt+W/Z/𝛾

106 ttH 104 tttt
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SM symmetries

All key players are in the game now.

t

W, Z h
EWSB

LHC = the machine that can lead us to the precise  
measurement of the EW interactions.
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SM symmetries

All key players are in the game now.

t

W, Z h
EWSB

LHC = the machine that can lead us to the precise  
measurement of the EW interactions.

SM = Spontaneously broken Gauge Yukawa theory.

Symmetries

Mass - Higgs coupling

Gauge self-interactions - Current interactions

The structure of the SM safeguards the Unitarity of the theory.
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Unitarity violation

The most well-known example is longitudinal W-boson scattering

WLWL ! WLWL
<latexit sha1_base64="T9YHkhJ0SDzbuzMjjJIW7ZMnHjo=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBIV9Fj04sFDBfsBbQib7aZdutmE3Y0QQv0rXjwo4tUf4s1/46bNQVsfDDzem2FmXpBwprTjfFsrq2vrG5uVrer2zu7evn1w2FFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLkp/O4jlYrF4kFnCfUiPBIsZARrI/l2revfoaIGOkYl9+2603BmQMvELUkdSrR8+2swjEkaUaEJx0r1XSfRXo6lZoTTaXWQKppgMsEj2jdU4IgqL58dP0UnRhmiMJamhEYz9fdEjiOlsigwnRHWY7XoFeJ/Xj/V4ZWXM5GkmgoyXxSmHJlHiyTQkElKNM8MwUQycysiYywx0SavqgnBXXx5mXTOGu55w72/qDevyzgqcATHcAouXEITbqEFbSCQwTO8wpv1ZL1Y79bHvHXFKmdq8AfW5w85KJMz</latexit>
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<latexit sha1_base64="Sjwo7jEypYGi9ggYFk6aEaG4IVk=">AAACDHicbVDLSgMxFM34rPVVdekm2ApuLDNV0GVRBJcV7APasWTSTBuaSWKSEYahv+DWrf6DO3HrP/gLfoVpOwvbeuDC4Zx7ufeeQDKqjet+O0vLK6tr67mN/ObW9s5uYW+/oUWsMKljwYRqBUgTRjmpG2oYaUlFUBQw0gyG12O/+USUpoLfm0QSP0J9TkOKkbGSX+pIJaQR8ObhvNQtFN2yOwFcJF5GiiBDrVv46fQEjiPCDWZI67bnSuOnSBmKGRnlO7EmEuEh6pO2pRxFRPvp5OgRPLZKD4ZC2eIGTtS/EymKtE6iwHZGyAz0vDcW//PasQkv/ZRyGRvC8XRRGDNovxwnAHtUEWxYYgnCitpbIR4ghbCxOc1sCUnCI3mKYiNGNhxvPopF0qiUvbOyd1cpVq+ymHLgEByBE+CBC1AFt6AG6gCDR/ACXsGb8+y8Ox/O57R1yclmDsAMnK9f/LWbrg==</latexit>
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/ E2
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Unitarity violation

The most well-known example is longitudinal W-boson scattering

WLWL ! WLWL
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The quest for New Physics

Direct search (Bumps)

E > ELHCE

SM

Indirect (scouting tails)

⇒ New physics is heavy

Framework to describe both precision physics and Heavy New Physics.

Standard Model Effective Field Theory (SMEFT)
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The framework: SMEFT

❖ Higher dimensional operators preserve SM symmetries. 

❖ Mappable to a large class of BSM models. 

❖ Warsaw basis truncated at dim 6. 

❖ Flavour symmetry according to LHC TOP WG. 

❖ Keep only operators affecting top EW interactions.

L = LSM +
P

i
1
⇤O

5
i +

P
i

1
⇤2O

6
i + ...

<latexit sha1_base64="VCL3Z4QDx2R/VIbcAI14Mnfgpks="></latexit>
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2 to 2 scatterings

We consider generic 2 to 2 processes fB ! f 0B0
<latexit sha1_base64="qibl4uIOjuR343FxlWQFxfL44Bc=">AAACEHicbVC7TgJBFJ3FF+KDVUubiWCwkexioSXBxhITeSSwIbPDLEyYx2Zm1oRs+AlbW/0HO2PrH/gLfoUDbCHoSW5ycs69ufeeMGZUG8/7cnIbm1vbO/ndwt7+wWHRPTpua5koTFpYMqm6IdKEUUFahhpGurEiiIeMdMLJ7dzvPBKlqRQPZhqTgKORoBHFyFhp4BbLEWzAvpEwqsBGpTxwS17VWwD+JX5GSiBDc+B+94cSJ5wIgxnSuud7sQlSpAzFjMwK/USTGOEJGpGepQJxooN0cfgMnltlCCOpbAkDF+rviRRxrac8tJ0cmbFe9+bif14vMdFNkFIRJ4YIvFwUJQzaP+cpwCFVBBs2tQRhRe2tEI+RQtjYrFa2RGQqeHyJEiNnNhx/PYq/pF2r+ldV/75WqjeymPLgFJyBC+CDa1AHd6AJWgCDBDyDF/DqPDlvzrvzsWzNOdnMCViB8/kDyPqbWQ==</latexit>

We study the processes in the high energy limit (s >> -t >> v2) for each 
helicity configuration, including the effects of the dim 6 operators. 
As expected the maximum degree of growth of each amplitude is E2, while 
for the SM they are at most constant in energy.
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Helicity table example: bwth

bW
+ ! tH

<latexit sha1_base64="HHUoUf0TIppOpAusO7ahw35VVhI=">AAACFnicbVDLTgIxFO3gC/GFGlduGsHERCUzuNAl0Q1LTOSRMEg6pQMNnc6kvWNCJvyHW7f6D+6MW7f+gl9hgVkIeJIm555zb+7t8SLBNdj2t5VZWV1b38hu5ra2d3b38vsHDR3GirI6DUWoWh7RTHDJ6sBBsFakGAk8wZre8G7iN5+Y0jyUDzCKWCcgfcl9TgkYqZs/KnrYvcDNx3PsQohhUlSL3XzBLtlT4GXipKSAUtS6+R+3F9I4YBKoIFq3HTuCTkIUcCrYOOfGmkWEDkmftQ2VJGC6k0zPH+NTo/SwHyrzJOCp+nciIYHWo8AznQGBgV70JuJ/XjsG/6aTcBnFwCSdLfJjgScfNVngHleMghgZQqji5lZMB0QRCiaxuS0+G8kguiQxhGMTjrMYxTJplEvOVcm5Lxcqt2lMWXSMTtAZctA1qqAqqqE6oihBL+gVvVnP1rv1YX3OWjNWOnOI5mB9/QJ6rp1F</latexit>
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Helicity table example: bwth

bW
+ ! tH

<latexit sha1_base64="HHUoUf0TIppOpAusO7ahw35VVhI=">AAACFnicbVDLTgIxFO3gC/GFGlduGsHERCUzuNAl0Q1LTOSRMEg6pQMNnc6kvWNCJvyHW7f6D+6MW7f+gl9hgVkIeJIm555zb+7t8SLBNdj2t5VZWV1b38hu5ra2d3b38vsHDR3GirI6DUWoWh7RTHDJ6sBBsFakGAk8wZre8G7iN5+Y0jyUDzCKWCcgfcl9TgkYqZs/KnrYvcDNx3PsQohhUlSL3XzBLtlT4GXipKSAUtS6+R+3F9I4YBKoIFq3HTuCTkIUcCrYOOfGmkWEDkmftQ2VJGC6k0zPH+NTo/SwHyrzJOCp+nciIYHWo8AznQGBgV70JuJ/XjsG/6aTcBnFwCSdLfJjgScfNVngHleMghgZQqji5lZMB0QRCiaxuS0+G8kguiQxhGMTjrMYxTJplEvOVcm5Lxcqt2lMWXSMTtAZctA1qqAqqqE6oihBL+gVvVnP1rv1YX3OWjNWOnOI5mB9/QJ6rp1F</latexit>
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Energy growth and contact terms

The maximum energy growth of an amplitude can be guessed from the contact 
term generated by higher dimension operators.

Let’s consider a 2 to N scattering amplitude (mass dim 2-N):

L �
1

⇤K�4OK
<latexit sha1_base64="IgWQaurWZfhY+FFAXQ+J8JkoZUc="></latexit>

M / 1
⇤K�4EK�N�2

<latexit sha1_base64="PEBlfyVAPV70LELcDUaG67LP+Xo="></latexit>
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<latexit sha1_base64="pyYicN8SwkQgdwEW7i59nPuBEfY=">AAACAnicbVC7TgJBFL3rE/GFWtpsBBMbyS4WWhJtLDHKI4ENmR1mYcI8NjOzJGRDZ2ur/2BnbP0Rf8GvcIAtBDzJTU7OuTf33hPGjGrjed/O2vrG5tZ2bie/u7d/cFg4Om5omShM6lgyqVoh0oRRQeqGGkZasSKIh4w0w+Hd1G+OiNJUiiczjknAUV/QiGJkrPRYGpW6haJX9mZwV4mfkSJkqHULP52exAknwmCGtG77XmyCFClDMSOTfCfRJEZ4iPqkbalAnOggnZ06cc+t0nMjqWwJ487UvxMp4lqPeWg7OTIDvexNxf+8dmKimyClIk4MEXi+KEqYa6Q7/dvtUUWwYWNLEFbU3uriAVIIG5vOwpaIjAWPL1Fi5MSG4y9HsUoalbJ/VfYfKsXqbRZTDk7hDC7Ah2uowj3UoA4Y+vACr/DmPDvvzofzOW9dc7KZE1iA8/ULy2SXyQ==</latexit>
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<latexit sha1_base64="3wwJqZV4Hc0/QXrCXCfeffHq1H0=">AAACHXicbZC7TsMwFIadcivlVmCEwaJFYqFKygBjBQMsSEWiF6mpIsd1Wqu2E9kOUhRl4UVYWeEd2BAr4hV4Cpy2Ay0cydKv/z/Hx/78iFGlbfvLKiwtr6yuFddLG5tb2zvl3b22CmOJSQuHLJRdHynCqCAtTTUj3UgSxH1GOv74Ks87D0QqGop7nUSkz9FQ0IBipI3llQ+rbiARTt0ISU0R81wew+ssvfXaWdUrV+yaPSn4VzgzUQGzanrlb3cQ4pgToTFDSvUcO9L9NL8aM5KV3FiRCOExGpKekQJxovrp5BcZPDbOAAahNEdoOHF/T6SIK5Vw33RypEdqMcvN/7JerIOLfkpFFGsi8HRREDOoQ5gjgQMqCdYsMQJhSc1bIR4hQ0UbcHNbApIIHp2iWIeZgeMsovgr2vWac1Zz7uqVxuUMUxEcgCNwAhxwDhrgBjRBC2DwCJ7BC3i1nqw36936mLYWrNnMPpgr6/MHKbuitQ==</latexit>

VL
<latexit sha1_base64="gFQr9icnytqTGKzFCxGTTeDOOPk=">AAACBHicbVC7TgJBFJ3FF+ILtbSZCCY2kl0stCTaWFhg4gIJbMjsMAsT5rGZmTXZbGhtbfUf7Iyt/+Ev+BUOsIWAJ7nJyTn35t57wphRbVz32ymsrW9sbhW3Szu7e/sH5cOjlpaJwsTHkknVCZEmjAriG2oY6cSKIB4y0g7Ht1O//USUplI8mjQmAUdDQSOKkbGSX23176v9csWtuTPAVeLlpAJyNPvln95A4oQTYTBDWnc9NzZBhpShmJFJqZdoEiM8RkPStVQgTnSQzY6dwDOrDGAklS1h4Ez9O5EhrnXKQ9vJkRnpZW8q/ud1ExNdBxkVcWKIwPNFUcKgkXD6ORxQRbBhqSUIK2pvhXiEFMLG5rOwJSKp4PEFSoyc2HC85ShWSate8y5r3kO90rjJYyqCE3AKzoEHrkAD3IEm8AEGFLyAV/DmPDvvzofzOW8tOPnMMViA8/UL9weYaA==</latexit>
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Contact term: an example
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Contact term: an example

We indeed observe a E2 growth in the (-,0,-) amplitude.
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How to access the high energy behaviour of the 2 to 2 scatterings?
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Physical processes

b

q

t

H

q
0

<latexit sha1_base64="fttqNod6sRFkKepjjJzEW+BYbME="></latexit>

LHC collides protons

Embed the 2 to 2 scattering

How to access the high energy behaviour of the 2 to 2 scatterings?
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Going to 2 to n

How does the 2 to 2 behaviour translates to 2 to n? 
We can have an analytical insight with EWA (P. Borel et al. arxiv:1202.1904)
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Going to 2 to n

How does the 2 to 2 behaviour translates to 2 to n? 
We can have an analytical insight with EWA (P. Borel et al. arxiv:1202.1904)
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Example: thj

E = 2 TeV 

b

q

t

H

q
0

<latexit sha1_base64="fttqNod6sRFkKepjjJzEW+BYbME="></latexit>
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E = 2 TeV 
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Analysis of collider processes

We turn to study how the energy growing behaviour can be probed by physical 
processes at colliders.

❖ 2 to 3 and 2 to 4 scattering processes. 

❖ Assess the sensitivity to the Wilson coefficients. 

❖ We considered pp collider at 13 and 27 TeV as well as ee collider operating 

at 380, 1500 and 3000 GeV.
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Blueprint of the analysis

❖ Computation performed with MG5 and SMEFT UFO, in 5 flavour scheme. 

❖ We compute the interference and square contribution for each operator 

relative to the EW SM cross section for p p (e e) collisions. (ri, ri,i) 

❖ The relative impact is computed for each operator with Wilson coefficient 

set to 1 TeV-2 and saturating limits from the table. 

❖ Compute both inclusive and high-energy restricted cross section. 

❖ QCD background. 

� = �SM +
c

⇤2
�i +

c2

⇤4
�ii

<latexit sha1_base64="syKE1nmGov20SQpIOcbgg0VfZ4U="></latexit>
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Studied processes
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tZj

CMS collaboration arXiv:1812.05900
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An interesting process: tZW
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Summary plot
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Summary

❖ tZW and tZj optimal to access b W to t Z. 

❖ tHW and tHj optimal for b W to t H. 

❖ ttX processes are challenging because suppressed by s-channel 

propagator. 

❖ Adding a jet increase the sensitivity (J. A. Dror et al. arXiv:1511.03674). 

❖ ttXY and VBF-tt are promising but rate-limited (e+ e- collider for VBF). 

❖ t Z to t H and t H to t H are the most difficult (future colliders).

In summary, we found that:
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Conclusions and outlook

❖ Comprehensive study of energy growing effects in top quark EW sector.  

❖ Almost all of the operators lead to maximal energy growth E2 in 2 to 2 

amplitudes. 

❖ Energy growing interference is rare (A. Azatov et al. arXiv:1607.05236). 

❖ Identified interesting processes to probe each of the 2 to 2 amplitudes. 

❖ Interesting processes need further phenomenological study (QCD 

background, reconstruction efficiencies).
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Conclusions and outlook

❖ Comprehensive study of energy growing effects in top quark EW sector.  

❖ Almost all of the operators lead to maximal energy growth E2 in 2 to 2 

amplitudes. 

❖ Energy growing interference is rare (A. Azatov et al. arXiv:1607.05236). 

❖ Identified interesting processes to probe each of the 2 to 2 amplitudes. 

❖ Interesting processes need further phenomenological study (QCD 

background, reconstruction efficiencies).

THANKS!
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Back-up slides
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New Physics

The SM does not explain everything.

v masses

Dark MatterGravity

Baryon asymmetry

We look for New Physics or BSM to explain the deficiencies.

So far, the SM is undefeated: not been able to discover new particles at the LHC.

Where do we go from here?
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Summary plot
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Radar plot
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The Standard Model

Theories and discoveries in particle physics in the last century lead us to have a 
deep insight into the structure and behaviour of matter.

Standard Model = fundamental constituents + 3 fundamental interactions

Overtime the SM has explained a wide  
variety of experiments and phenomena.
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The LHC has found a scalar particle that behaves like the SM Higgs.
It couples to masses.
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The state of the art

The LHC has found a scalar particle that behaves like the SM Higgs.
It couples to masses.

H trilinear coupling missingh

Still some improvements to be 
made regarding precision

The priority mission of the LHC is to 
characterise the EWSB sector.
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Existing constraints

The existing constraints on the set of operators we study are:
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SMEFT vs Anomalous couplings

Anomalous coupling Lagrangian

Mapping to SMEFT not always obvious

❖ New Lorentz structure 

❖ 4-point interactions 

❖ SMEFT modifies multiple interactions at once, predicts correlations
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Energy growth and gauge invariance

While SMEFT respects SSB, the Anomalous Coupling framework does not 
automatically. 

AC parametrisation can lead to stronger energy growth. 
The weak dipole operator in addition to modifications to tbW and ttZ 
interactions generate corresponding contact terms:

OtW = i
�
Q̄�µ⌫ ⌧I t

�
�̃W I

µ⌫+h.c. ! gv t̄L�µ⌫tR W+
µ W�

⌫ , gv b̄L�µ⌫tR ZµW�
⌫

<latexit sha1_base64="Q3JtZ8l69+6A4vUsgt7VFzYHXsg="></latexit>

These terms generate a E3 energy growth which is exactly canceled by other 
contributions due to SU(2) gauge invariance. 
On the other hand in the AC framework, including dipole-like interaction

Ldip. � � gp
2
b̄�µ⌫ (gLPL + gRPR) t @µ W⌫

<latexit sha1_base64="q+TWMAOaToUQq+s2uaJ8QuHxuQE="></latexit>

Top decay is fine, tZj would be described differently.
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Effective Field Theory

L = �1

4
Fµ⌫F

µ⌫ + i ̄�µDµ + Yij ̄i j�+Dµ�D
µ�� V (�)

<latexit sha1_base64="YV+O5Zhj4q/YVuJhHjG6PfnxQMM="></latexit>
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4
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µ�� V (�)

<latexit sha1_base64="YV+O5Zhj4q/YVuJhHjG6PfnxQMM="></latexit>

+
1

2
Dµ⌘D

µ⌘ � 1

2
M2⌘2 + V (⌘, SM)

<latexit sha1_base64="nOSnHWNqaN7EYllkYAxPZCLnTHo="></latexit>
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Effective Field Theory
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Effective Field Theory
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