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EW and Higgs sectors in the SM effective field theory (SMEFT)


Selection of topics focusing on the connection between the Higgs and 
other parts of the SM, and guided by the following questions (and 
personal taste…)


What can be learnt on the Higgs from measurements in other sectors?


What can be learnt on the other sectors from Higgs measurements?


Current (and future?) topics of interest in EFT?


Apologies in advance for not being able to include all relevant works.



Global SMEFT fit

Global SMEFT fit is useful in several ways


Testing the SM → need a framework for deviations from the SM.


Quantify the constraining power of different future colliders and scenarios, 
HL/HE-LHC, ILC, FCC, CEPC/SppC…


Investigate the interplay between different measurements.

Operators conveniently organized into different sectors: 
Higgs, Top, Electroweak, Flavor…
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EW Precision Observables

Z pole: partial widths (ratios), FB/LR asymmetries


W pole: width/BR


Masses: top, W/Z, H


Low energy: APV, Qweak, eDIS,…


Off-pole: ee>ff, WW
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PDG, Electroweak Model and Constraints on New Physics, ’18

~ 0.1%



EWPO constraining new physics

BSM only modifies EW 
boson self-energies

Oblique assumption
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PDG ’18



EWPO constraining new physics

BSM only modifies EW 
boson self-energies

Oblique assumption
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PDG ’18

Including all relevant 
dim-6 effective operators

[J. de Blas et al. 1710.05402]

SMEFT

[Han and Skiba, hep-ph/0412166] [Efrati, Falkowski, Soreq,1503.07872]
[Falkowski, Gonzalez-Alonso, Mimouni, 1706.03783][Brivio and Trott 1701.06424]

See also



Adding the Higgs
Assuming U(3)5 symmetry, a simplified picture for classifying Higgs/EW operators:
1. EW 
8 ops are tightly constrained 
by Z-pole data

2. TGC 
have to access by WW 
production

3. Higgs 
accessed only by 
producing the H
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New directions with H!|H|2 = v2/2 + vh+ · · ·

<latexit sha1_base64="dx8vcbHiHHtzSd9/Pt7wskE4xrQ=">AAACD3icbVDJSgNBEO1xjXGLevQyGBQhEGeioBch6CXHCGaBbPT0VJImPQvdNcEwyR948Ve8eFDEq1dv/o2d5aCJDwoe71V1dT0nFFyhZX0bS8srq2vriY3k5tb2zm5qb7+sgkgyKLFABLLqUAWC+1BCjgKqoQTqOQIqTu927Ff6IBUP/HschNDwaMfnbc4oaqmVOhkWhs3cdb+ZO8tl6ggPOHkzluCO4n53lKkzN0DVSqWtrDWBuUjsGUmTGYqt1FfdDVjkgY9MUKVqthViI6YSORMwStYjBSFlPdqBmqY+9UA14snukXmsFddsB1KXj+ZE/T0RU0+pgefoTo9iV817Y/E/rxZh+6oRcz+MEHw2XdSOhImBOQ7HdLkEhmKgCWWS67+arEslZagjTOoQ7PmTF0k5l7XPs9bdRTp/M4sjQQ7JETklNrkkeVIgRVIijDySZ/JK3own48V4Nz6mrUvGbOaA/IHx+QMSxZy1</latexit>



Adding the Higgs
Assuming U(3)5 symmetry, a simplified picture for classifying Higgs/EW operators:
1. EW 
8 ops are tightly constrained 
by Z-pole data

2. TGC 
have to access by WW 
production

3. Higgs 
accessed only by 
producing the H

The precision of class 1 OPs was such that they can be ignored when determining 
Ops of the other classes -> no longer holds for WW at LHC! neither for future colliders
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Adding the Higgs
Assuming U(3)5 symmetry, a simplified picture for classifying Higgs/EW operators:
1. EW 
8 ops are tightly constrained 
by Z-pole data

2. TGC 
have to access by WW 
production

3. Higgs 
accessed only by 
producing the H

The precision of class 1 OPs was such that they can be ignored when determining 
Ops of the other classes -> no longer holds for WW at LHC! neither for future colliders
Almost all operators involve some H field: nontrivial interplay between EW/H. 
e.g. WW and H processes share two common operators.
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Joint Higgs and EW fit

In the past, the precision of the electroweak Z-
pole data has been such that the coefficients of 
the operators affecting them could initially be 
considered independently of those entering into 
other observables. However, such a segregated 
approach is theoretically unsatisfactory, with 
some bases being more correlated across 
measurements than others, and is becoming 
obsolescent with the advent of more precise LHC 
data on Higgs production and diboson production 
where the latter, in particular, can no longer be 
interpreted solely as a measurement of 
anomalous triple-gauge couplings [50, 51].
50 [Z. Zhang 1610.01618]
51 [Baglio, Dawson, Lewis 1708.03332]

[J. Ellis et al. 1803.03252]

LHC run-1: H signal strength

LHC run-2: H STXS and WW

+LEP: Z pole, WW

See also Biekotter, Corbett, Plehn ’18,  
J. de Blas et al. ’16, and many other Higgs fitters.
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Top & Higgs sectors
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[Maltoni, Vryonidou, CZ ’16] [A. Azatov et al., 1608.00977]

There are also important interplays between H and top



Top fit: decoupled from EW/H, to the leading order…

Fitting approach 
based on NNPDF: MC 
replicas + cross 
validation and closure 
test

Theory predictions 
from 
MG5_aMC@NLO, i.e. 
operator contributions 
are at NLO in QCD

Parametrization & 
operator basis etc. are 
consistent with TOP 
working group EFT 
recommendation

[Hartland, Maltoni, Nocera, Rojo, Slade, Vryonidou, CZ 19]

See also TopFitter, A. Buckley et al. ’15
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Higgs signal strength, 
STXS, distributions…

ttbar, single top, 
ttV, tttt, ttbb…

LEP Z pole, mW, 
Low energy EWPO 

WW/TGC ttH/ggH

Z>bb

Higgs

EW Top
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Higgs signal strength, 
STXS, distributions…

ttbar, single top, 
ttV, tttt, ttbb…

LEP Z pole, mW, 
Low energy EWPO 

WW/TGC ttH/ggH

Z>bb

or, is this oversimplified?

Higgs

EW Top
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SM Lagrangian is the most general renormalizable one given the SM fields and 
symmetries. The couplings are completely fixed by a few input parameters 
(GF, mW, mZ, aS…)


To deviate from SM (on the existing Lorentz structure), we need the 
Higgs vev to reduce dim-6 terms down to dim-4 SM-like couplings.


So, by precisely measuring the SM, we have been already learning about the 
H, without producing it. E.g. from EWPO. There are more ways to do it…


It also means that H can be used as a tool to access physics which we used 
to think of as “non-H”.
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Constrained in EWPO, by
What if H is active, by

H ! v/
p
2

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

H ! h/
p
2 ?

<latexit sha1_base64="TSD3I0kQjhHByRqvgr2JCBBPTKY=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmkhQk2Khg6Vgk+pCaqHIcp7VqJ8F2EFWUP2DhV1gYQIiVlY2/wU0zQMuRLB2dc+/1vceLGZXKsr6NhcWl5ZXV0lp5fWNza9vc2W3LKBGYtHDEItH1kCSMhqSlqGKkGwuCuMdIxxtdT/zOPRGSRuGtGsfE5WgQ0oBipLTUN4+cfEYqiJ81oKMiODxx5J1QaS2DDnS4Fz2kl1nfrFhVKwecJ3ZBKqBAs29+OX6EE05ChRmSsmdbsXJTJBTFjGRlJ5EkRniEBqSnaYg4kW6a75LBQ634MIiEfqGCufq7I0VcyjH3dCVHaihnvYn4n9dLVHDhpjSME0VCPP0oSBjUZ0/CgT4VBCs21gRhQfWuEA+RQFjpCMs6BHv25HnSrlXt06p1c1apXxVxlMA+OADHwAbnoA4aoAlaAINH8AxewZvxZLwY78bHtHTBKHr2wB8Ynz+tKZxq</latexit>
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Constrained in H couplings, by |H|2 ! vh
<latexit sha1_base64="OXyG9aj+U15SKz6Ndre/D5hziw0=">AAACAHicbVC7TsMwFHXKq4RXgIGBxaJCYqqSggRjBUvHItGH1IbKcZzWquNEtlOpSrPwKywMIMTKZ7DxN7hpBmg5kqWjc+7D93gxo1LZ9rdRWlvf2Nwqb5s7u3v7B9bhUVtGicCkhSMWia6HJGGUk5aiipFuLAgKPUY63vhu7ncmREga8Qc1jYkboiGnAcVIaWlgnfTzGakgfmbOGrPHWl9FcDIaWBW7aueAq8QpSAUUaA6sr74f4SQkXGGGpOw5dqzcFAlFMSOZ2U8kiREeoyHpacpRSKSb5sszeK4VHwaR0I8rmKu/O1IUSjkNPV0ZIjWSy95c/M/rJSq4cVPK40QRjheLgoRBfeM8DehTQbBiU00QFlT/FeIREggrnZmpQ3CWT14l7VrVuaza91eV+m0RRxmcgjNwARxwDeqgAZqgBTDIwDN4BW/Gk/FivBsfi9KSUfQcgz8wPn8Ahp+WWA==</latexit>

What if no H but Goldstone is used, |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>
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<latexit sha1_base64="1z8LewOfYpknhcavy9WpxA2ybEQ=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVJKCBGMFS8ci0YfURJXjOK1Vxwm2U6mKMrDwKywMIMTKR7DxN7hpBmg5kqWjc+69vvd4MaNSWda3UVpb39jcKm9Xdnb39g/Mw6OujBKBSQdHLBJ9D0nCKCcdRRUj/VgQFHqM9LzJ7dzvTYmQNOL3ahYTN0QjTgOKkdLS0Kw6+YxUED9rQUdFcHruyAeh0kY2NGtW3coBV4ldkBoo0B6aX44f4SQkXGGGpBzYVqzcFAlFMSNZxUkkiRGeoBEZaMpRSKSb5gtk8FQrPgwioR9XMFd/d6QolHIWeroyRGosl725+J83SFRw7aaUx4kiHC8+ChIG9a3zRKBPBcGKzTRBWFC9K8RjJBBWOreKDsFePnmVdBt1+6Ju3V3WmjdFHGVQBSfgDNjgCjRBC7RBB2DwCJ7BK3gznowX4934WJSWjKLnGPyB8fkDvsOYJQ==</latexit>
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In addition, loops will 
mix different kinds of OPs



Example: TGC & H

gV1 = V = 1
<latexit sha1_base64="5QhyDFvYEuy/RkPBRDPFkortifQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQq6KVQ9OKxgk0LbQyT7aZdutksu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXiQYVdp1v63S2vrG5lZ5u7Kzu7d/YB8e+SrNJCYtnLJUdiJQhFFOWppqRjpCEkgiRtrR6G7mt8dEKpryRz0RJEhgwGlMMWgjhbY9CL0nv94bgRAQ+nUvtKtuzZ3DWSVeQaqoQDO0v3r9FGcJ4RozUKrruUIHOUhNMSPTSi9TRAAewYB0DeWQEBXk88unzplR+k6cSlNcO3P190QOiVKTJDKdCeihWvZm4n9eN9PxTZBTLjJNOF4sijPm6NSZxeD0qSRYs4khgCU1tzp4CBKwNmFVTAje8surxL+oeZc19+Gq2rgt4iijE3SKzpGHrlED3aMmaiGMxugZvaI3K7derHfrY9FasoqZY/QH1ucPQUOSwQ==</latexit>

fixed by SM
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is needed for deviation: g�1 = 0
<latexit sha1_base64="vlJ0gdmZeC1LUeVTls+T+MDmSRI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxgv2AJpbNdpMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6acaeO6305pZXVtfaO8Wdna3tndq+4ftHWSKUJbJOGJ6oZYU84kbRlmOO2mimIRctoJR7dTv/NElWaJfDDjlAYCx5JFjGBjJT/ue49+jIXA126/WnPr7gxomXgFqUGBZr/65Q8SkgkqDeFY657npibIsTKMcDqp+JmmKSYjHNOepRILqoN8dvMEnVhlgKJE2ZIGzdTfEzkWWo9FaDsFNkO96E3F/7xeZqKrIGcyzQyVZL4oyjgyCZoGgAZMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+6zundfd+4ta46aIowxHcAyn4MElNOAOmtACAik8wyu8OZnz4rw7H/PWklPMHMIfOJ8/IVKRFQ==</latexit>H ! v/

p
2

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



Example: TGC & H

gV1 = V = 1
<latexit sha1_base64="5QhyDFvYEuy/RkPBRDPFkortifQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQq6KVQ9OKxgk0LbQyT7aZdutksu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXiQYVdp1v63S2vrG5lZ5u7Kzu7d/YB8e+SrNJCYtnLJUdiJQhFFOWppqRjpCEkgiRtrR6G7mt8dEKpryRz0RJEhgwGlMMWgjhbY9CL0nv94bgRAQ+nUvtKtuzZ3DWSVeQaqoQDO0v3r9FGcJ4RozUKrruUIHOUhNMSPTSi9TRAAewYB0DeWQEBXk88unzplR+k6cSlNcO3P190QOiVKTJDKdCeihWvZm4n9eN9PxTZBTLjJNOF4sijPm6NSZxeD0qSRYs4khgCU1tzp4CBKwNmFVTAje8surxL+oeZc19+Gq2rgt4iijE3SKzpGHrlED3aMmaiGMxugZvaI3K7derHfrY9FasoqZY/QH1ucPQUOSwQ==</latexit>

fixed by SM

�12

is needed for deviation: g�1 = 0
<latexit sha1_base64="vlJ0gdmZeC1LUeVTls+T+MDmSRI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxgv2AJpbNdpMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6acaeO6305pZXVtfaO8Wdna3tndq+4ftHWSKUJbJOGJ6oZYU84kbRlmOO2mimIRctoJR7dTv/NElWaJfDDjlAYCx5JFjGBjJT/ue49+jIXA126/WnPr7gxomXgFqUGBZr/65Q8SkgkqDeFY657npibIsTKMcDqp+JmmKSYjHNOepRILqoN8dvMEnVhlgKJE2ZIGzdTfEzkWWo9FaDsFNkO96E3F/7xeZqKrIGcyzQyVZL4oyjgyCZoGgAZMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+6zundfd+4ta46aIowxHcAyn4MElNOAOmtACAik8wyu8OZnz4rw7H/PWklPMHMIfOJ8/IVKRFQ==</latexit>H ! v/

p
2

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

leads to deviation in H couplings:

[Higgs Basis, A. Falkowski]

H ! h/
p
2

<latexit sha1_base64="nfXLXL/9n9PJ532uAVKmbZgToMI=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlKQYKxg6Vgk+pCaqHKcm9aq88B2kKqoAwu/wsIAQqx8BBt/g5tmgJYjWTo6597re4+XcCaVZX0bK6tr6xubpa3y9s7u3r55cNiRcSootGnMY9HziATOImgrpjj0EgEk9Dh0vfHNzO8+gJAsju7UJAE3JMOIBYwSpaWBWXHyGZkAf9rEjorx6MyR90Jl9enArFo1KwdeJnZBqqhAa2B+OX5M0xAiRTmRsm9biXIzIhSjHKZlJ5WQEDomQ+hrGpEQpJvlC0zxiVZ8HMRCv0jhXP3dkZFQykno6cqQqJFc9Gbif14/VcGVm7EoSRVEdP5RkHKsb50lgn0mgCo+0YRQwfSumI6IIFTp3Mo6BHvx5GXSqdfs85p1e1FtXBdxlFAFHaNTZKNL1EBN1EJtRNEjekav6M14Ml6Md+NjXrpiFD1H6A+Mzx+pDZgX</latexit>



Example: TGC & H

gV1 = V = 1
<latexit sha1_base64="5QhyDFvYEuy/RkPBRDPFkortifQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQq6KVQ9OKxgk0LbQyT7aZdutksu5tCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXiQYVdp1v63S2vrG5lZ5u7Kzu7d/YB8e+SrNJCYtnLJUdiJQhFFOWppqRjpCEkgiRtrR6G7mt8dEKpryRz0RJEhgwGlMMWgjhbY9CL0nv94bgRAQ+nUvtKtuzZ3DWSVeQaqoQDO0v3r9FGcJ4RozUKrruUIHOUhNMSPTSi9TRAAewYB0DeWQEBXk88unzplR+k6cSlNcO3P190QOiVKTJDKdCeihWvZm4n9eN9PxTZBTLjJNOF4sijPm6NSZxeD0qSRYs4khgCU1tzp4CBKwNmFVTAje8surxL+oeZc19+Gq2rgt4iijE3SKzpGHrlED3aMmaiGMxugZvaI3K7derHfrY9FasoqZY/QH1ucPQUOSwQ==</latexit>

fixed by SM

�12

is needed for deviation: g�1 = 0
<latexit sha1_base64="vlJ0gdmZeC1LUeVTls+T+MDmSRI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxgv2AJpbNdpMu3d2E3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6acaeO6305pZXVtfaO8Wdna3tndq+4ftHWSKUJbJOGJ6oZYU84kbRlmOO2mimIRctoJR7dTv/NElWaJfDDjlAYCx5JFjGBjJT/ue49+jIXA126/WnPr7gxomXgFqUGBZr/65Q8SkgkqDeFY657npibIsTKMcDqp+JmmKSYjHNOepRILqoN8dvMEnVhlgKJE2ZIGzdTfEzkWWo9FaDsFNkO96E3F/7xeZqKrIGcyzQyVZL4oyjgyCZoGgAZMUWL42BJMFLO3IjLEChNjY6rYELzFl5dJ+6zundfd+4ta46aIowxHcAyn4MElNOAOmtACAik8wyu8OZnz4rw7H/PWklPMHMIfOJ8/IVKRFQ==</latexit>H ! v/

p
2

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

leads to deviation in H couplings:

[Higgs Basis, A. Falkowski]

H ! h/
p
2

<latexit sha1_base64="nfXLXL/9n9PJ532uAVKmbZgToMI=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlKQYKxg6Vgk+pCaqHKcm9aq88B2kKqoAwu/wsIAQqx8BBt/g5tmgJYjWTo6597re4+XcCaVZX0bK6tr6xubpa3y9s7u3r55cNiRcSootGnMY9HziATOImgrpjj0EgEk9Dh0vfHNzO8+gJAsju7UJAE3JMOIBYwSpaWBWXHyGZkAf9rEjorx6MyR90Jl9enArFo1KwdeJnZBqqhAa2B+OX5M0xAiRTmRsm9biXIzIhSjHKZlJ5WQEDomQ+hrGpEQpJvlC0zxiVZ8HMRCv0jhXP3dkZFQykno6cqQqJFc9Gbif14/VcGVm7EoSRVEdP5RkHKsb50lgn0mgCo+0YRQwfSumI6IIFTp3Mo6BHvx5GXSqdfs85p1e1FtXBdxlFAFHaNTZKNL1EBN1EJtRNEjekav6M14Ml6Md+NjXrpiFD1H6A+Mzx+pDZgX</latexit>

Significant improvements 
by combining Higgs and EW

[A. Falkowski et al. ’16]



With more and more precise LHC measurements and future collider programs, start to 
see clearly the connections between different sectors.  It is then useful to think what we 
can learn from them.


Outline:


Will discuss two kinds of ideas seem to be interesting and promising


A. When large energy is accessible, we identify the specific channels in which the 
amplitude grows with energy.  i.e. trading high energy for precision.


Validity and dim-8 uncertainties.


B. When high precision can be reached, we use loop effects to open up more 
opportunities in our measurements.


Recent NLO developments, for the investigation of loops.


Will also emphasize global fits, which are become more important due to the 
connection between H/EW/top sectors.

�13



Energy for precision
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Diboson at the LHC

TGC dominant assumption: the quark couplings are well constrained.  Lets focus on TGC…


But the LEP constraints on        are not strong enough to make them negligible… 

In fact, in the future, WW/WZ/WH/ZH will give the best bounds on 

[Z. Zhang 1610.01618]

�15



Diboson at the LHC
qqZ / qq’W couplings in SM are simply gauge couplings

To deviate from SM, we need:

�16



Diboson at the LHC
qqZ / qq’W couplings in SM are simply gauge couplings

To deviate from SM, we need:

H -> vev

W/Z pole measurements 
at LEP/SLD/Tevatron

� ⇠ v2

⇤2
<latexit sha1_base64="ecdMbyNIiCWXmT/KHUfLsB7gtsA=">AAACCHicbZC7TsMwFIYdrqXcAowMRFRITFVSkGCsYGFgKBK9SE2pThyntWo7ke1UqqKOLLwKCwMIsfIIbLwNbpsBWn7J0qf/nGP7/EHCqNKu+20tLa+srq0XNoqbW9s7u/befkPFqcSkjmMWy1YAijAqSF1TzUgrkQR4wEgzGFxP6s0hkYrG4l6PEtLh0BM0ohi0sbr2kR8SpsFXlPuRBJwNHyrjzL81N4RgsGuX3LI7lbMIXg4llKvWtb/8MMYpJ0JjBkq1PTfRnQykppiRcdFPFUkAD6BH2gYFcKI62XSRsXNinNCJYmmO0M7U/T2RAVdqxAPTyUH31XxtYv5Xa6c6uuxkVCSpJgLPHopS5ujYmaTihFQSrNnIAGBJzV8d3AeThzbZFU0I3vzKi9ColL2zsnt3Xqpe5XEU0CE6RqfIQxeoim5QDdURRo/oGb2iN+vJerHerY9Z65KVzxygP7I+fwAlNpoJ</latexit>
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Diboson at the LHC
qqZ / qq’W couplings in SM are simply gauge couplings

To deviate from SM, we need:

H -> vev

W/Z pole measurements 
at LEP/SLD/Tevatron

� ⇠ v2

⇤2
<latexit sha1_base64="ecdMbyNIiCWXmT/KHUfLsB7gtsA=">AAACCHicbZC7TsMwFIYdrqXcAowMRFRITFVSkGCsYGFgKBK9SE2pThyntWo7ke1UqqKOLLwKCwMIsfIIbLwNbpsBWn7J0qf/nGP7/EHCqNKu+20tLa+srq0XNoqbW9s7u/befkPFqcSkjmMWy1YAijAqSF1TzUgrkQR4wEgzGFxP6s0hkYrG4l6PEtLh0BM0ohi0sbr2kR8SpsFXlPuRBJwNHyrjzL81N4RgsGuX3LI7lbMIXg4llKvWtb/8MMYpJ0JjBkq1PTfRnQykppiRcdFPFUkAD6BH2gYFcKI62XSRsXNinNCJYmmO0M7U/T2RAVdqxAPTyUH31XxtYv5Xa6c6uuxkVCSpJgLPHopS5ujYmaTihFQSrNnIAGBJzV8d3AeThzbZFU0I3vzKi9ColL2zsnt3Xqpe5XEU0CE6RqfIQxeoim5QDdURRo/oGb2iN+vJerHerY9Z65KVzxygP7I+fwAlNpoJ</latexit>

H -> h or Goldstone

Diboson / VH at LHC

� ⇠ E2

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

30% in �� ) 0.3% in couplings

<latexit sha1_base64="Xnmtn9cYr68HjNlxdu8PS9HWCls=">AAACLnicbVDJSgNBEO1xN25Rj14ag+ApzBhBj6IIHqMYFTIh1HQ6k8Zehu4aNYR8kRd/RQ+Cinj1M+wsB7cHDa9fVVH1XpJJ4TAMX4KJyanpmdm5+cLC4tLySnF17cKZ3DJeY0Yae5WA41JoXkOBkl9lloNKJL9Mro8G9csbbp0w+hy7GW8oSLVoCwbopWbxuBLGWzGNVWLuekL3PW1xiRA7kSrwvzORdhCsNbeFsFz53kuZyf2JOnX9ZrEUlsMh6F8SjUmJjFFtFp/ilmG54hqZBOfqUZhhowcWBZO8X4hzxzNg15DyuqcaFHeN3tBun255pUXbxvqnkQ7V7xM9UM51VeI7FWDH/a4NxP9q9Rzb+w3vLMuRazZa1M4lRUMH2dGWsJyh7HoCzAp/K2UdsMDQJ1zwIUS/Lf8lFzvlqFIOT3dLB4fjOObIBtkk2yQie+SAnJAqqRFG7skjeSVvwUPwHLwHH6PWiWA8s05+IPj8AqtHqF0=</latexit>
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Diboson at the LHC
qqZ / qq’W couplings in SM are simply gauge couplings

To deviate from SM, we need:

H -> vev

W/Z pole measurements 
at LEP/SLD/Tevatron

� ⇠ v2

⇤2
<latexit sha1_base64="ecdMbyNIiCWXmT/KHUfLsB7gtsA=">AAACCHicbZC7TsMwFIYdrqXcAowMRFRITFVSkGCsYGFgKBK9SE2pThyntWo7ke1UqqKOLLwKCwMIsfIIbLwNbpsBWn7J0qf/nGP7/EHCqNKu+20tLa+srq0XNoqbW9s7u/befkPFqcSkjmMWy1YAijAqSF1TzUgrkQR4wEgzGFxP6s0hkYrG4l6PEtLh0BM0ohi0sbr2kR8SpsFXlPuRBJwNHyrjzL81N4RgsGuX3LI7lbMIXg4llKvWtb/8MMYpJ0JjBkq1PTfRnQykppiRcdFPFUkAD6BH2gYFcKI62XSRsXNinNCJYmmO0M7U/T2RAVdqxAPTyUH31XxtYv5Xa6c6uuxkVCSpJgLPHopS5ujYmaTihFQSrNnIAGBJzV8d3AeThzbZFU0I3vzKi9ColL2zsnt3Xqpe5XEU0CE6RqfIQxeoim5QDdURRo/oGb2iN+vJerHerY9Z65KVzxygP7I+fwAlNpoJ</latexit>

H -> h or Goldstone

Diboson / VH at LHC

� ⇠ E2

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

[R. Franceschini et al. 1712.01310]
“High energy primaries”

(with the caveat of “interference resurrection”, see [G. Panico, F. Riva, A. Wulzer 1708.07823 ]) �16



“High Energy Primaries”
[R. Franceschini et al. 1712.01310]

Leptonic WZ and Zh(->bb),   W,Y<<1

[S. Banerjee et al. 1807.01796] [Grojean, Montull, Riembau 1810.05149]
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“High Energy Primaries”
[R. Franceschini et al. 1712.01310]

Leptonic WZ and Zh(->bb),   W,Y<<1

[S. Banerjee et al. 1807.01796] [Grojean, Montull, Riembau 1810.05149]

High energy diboson and VH becoming 
new tools in precision EW physics

�17



Higgs at high energy: off shell measurements

�18
[Henning, Lombardo, Riembau, Riva 1812.09299] 

On shell Higgs measurements 
will be saturated by systematics. 
 
Will not benefit from either 
1) higher luminosity

2) higher energy

Off shell Higgs measurements are the 
opposite:


1) limited by statistics

2) benefit from higher-energy 

colliders, HE-LHC/CLIC/SppC



The same logic that applied to diboson also applies here

�19

[Henning, Lombardo, Riembau, Riva 1812.09299] 
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Talk by M. Riembau



Talk by M. Riembau
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Talk by M. Riembau
�21

Goldstone equivalence theorem implies 
connections between Higgs and EW, 

which can be used to improve H precision



What about top?
Similar for top EW (e.g. ttZ) coupling 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?

�22

H -> vev H -> Goldstone
ttZ coupling 

from tt+Z production

� ⇠ E2

⇤2
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i.e. tW>tW scattering?
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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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Validity and dim-8

�24



Beyond dim-6

By using energy growing effect, we are pushing the EFT over its edge.  
Should be careful about higher order dim-8 effects.
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Beyond dim-6

By using energy growing effect, we are pushing the EFT over its edge.  
Should be careful about higher order dim-8 effects.

Assessing EFT validity?


Conservative limits obtained by imposing cuts, depending on the 
expected scale Lambda.

�25

[Contino, Falkowski, Goertz, Grojean, Riva ’16]

[A. Falkowski et al. 1609.06312]



Beyond dim-6

By using energy growing effect, we are pushing the EFT over its edge.  
Should be careful about higher order dim-8 effects.

Assessing EFT validity?


Conservative limits obtained by imposing cuts, depending on the 
expected scale Lambda.

or, explicit study of TH uncertainties, requires knowledge of dim-8 EFT
[L. Lehman, A. Marin, ’15] [B. Henning et al., ’15] 

[B. Gripaios, D. Sutherland ’18]
DEFT

Talk by D. Sutherland, SMEFT tools workshop
�25
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Dim-8 in high energy: case study

without dim-8

maximal dim-8

55% difference in scale

[Hays, Martin, Sanz, Setford, ’18]
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without dim-8

maximal dim-8

Maximal energy growth



Dim-8: be careful about signs

�27

Not every EFT can be UV completed!


For SMEFT @ dim-8, the fundamental QFT principles of the UV completion fixes 
the sign of dim-8 coefficients (or their combinations), i.e. positivity bounds


Important consequence, e.g. for the usual aQGC measurements:

Allowed

More generally, 98% 
of the dim-8 QGC 
parameters being 
used currently is 

“redundant”.

[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi, JHEP 06]

[Q. Bi, CZ, S.-Y. Zhou, JHEP 19]



Precision with loops
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Top loops at LHC

�29

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>

Recall the ttɸɸ term from opening the ttZ operator:



Top loops at LHC

�29

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>

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

Recall the ttɸɸ term from opening the ttZ operator:



Top loops at LHC

�29

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>

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:



Direct LHC Indirect EW
[CZ, Greiner, Willenbrock 1201.6670] [SMEFiT 1901.05965]

Interplay of Top & EW sectors 
due to precision loop effects

Top operators 1 sigma limits

Top loops in EWPO
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Top loops at future H factory

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.

Once above 350: top Yukawa ~ 30% marginalized.

�31

Alternatively

Leads to complication in future H measurements

[Durieux, Gu, Vryonidou, CZ ’18]



EW fit: going to two loop
H couplings at one-loop are less interesting [Chen, Dawson, CZ '13]

But: Higgs trilinear coupling 

Direct probe via di-Higgs at LHC

One loop effect with single Higgs

Two loop effects in EWPO: through W/Z self energies

[Degrassi, Fedele, Giardino 1702.01737]

Currently O(10) bound.

~10 improvement with 

future CC
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[M. McCullough 1312.3322]

Problem: loop probes are 
“indirect”, i.e. rely on 
assumptions that other 
BSM effects are not 
present.

�33

Loop measurement: from indirect to direct?



[M. McCullough 1312.3322]

Problem: loop probes are 
“indirect”, i.e. rely on 
assumptions that other 
BSM effects are not 
present.

➡ The standard solution: 
will have to use global fit to 
determine all couplings in a 
model-independent way
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[M. McCullough 1312.3322]

Problem: loop probes are 
“indirect”, i.e. rely on 
assumptions that other 
BSM effects are not 
present.

➡ The standard solution: 
will have to use global fit to 
determine all couplings in a 
model-independent way

[S. Di Vita et al. 1711.03978]
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New idea: choose the “right” observable (naive time-reversal odd) and turn the 
loop effects into “direct” measurement.

 [J. Nakamura & A. Shivaji 1812.01576]

If T (or equally CP) is conserved, T-odd observables 
are proportional to the absorptive part 

Heavy NP particles / tree level EFT 
operators will never contribute!

�34

Loop measurement: from indirect to direct?



Consider Z(->ll) + H

Difficult method, but


Useful method to directly constrain HHH below 340


Provide additional observable to isolate HHH from other couplings, 
should be added to a global H/EW fit


�35

Loop measurement: from indirect to direct?
 [J. Nakamura & A. Shivaji 1812.01576]



SMEFT @ NLO?
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Status of NLO
Some recent progresses (past two years):


Higgs decay: γγ [A. Dedes et al. ’18], γZ [Dedes, Suxho, Trifyllis ’19],  
ZZ [Dawson, Giardino ’18], WW [Dawson, Giardino ’18], bb [Cullen, Pecjak, Scott ’19]

HZ production (QCD): vh@nnlo [R. Harlander et al. ’18]

WW production: [Balio, Dawson, Lewis ’19]

gg to H, two loop: [Deutschmann, Duhr, Maltoni, Vryonidou ’18]

Top production NLO+PS, automated with MadGraph5_aMC@NLO: 
[Degrande, Maltoni, Mimasu, Vryonidou, CZ ’18]

Loop induced HH/Hj/HZ/… based on same framework: 
[Bylund, Maltoni, Tsinikos, Vryonidou, CZ ’16], [Maltoni, Vryonidou, CZ ’16],

Single top, fNLO QCD production+decay, off shell: [Neumann, Sullivan, ’19] 

Top decay @ NLO, including 4-fermion OPs: [Boughezal, Chen, Petriello, Wiegand ’19] 

EW: H trilinear couplings in single Higgs: [Maltoni, Pagani, Shivaji, Zhao, ’17]

EW: top loops in Higgs processes: [Vryonidou, CZ ’18] �37
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Diagrams made by MadGraph5
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Top/H/EW operators implemented (Degrande, Maltoni, Mimasu, Vryonidou, CZ ’18)

single top + H/Z studied. Working on four fermion operators… 

 
Full SMEFT@NLO on the way
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Automatic EW NLO based on reweighting

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsSelfCoupling
 [Maltoni, Pagani, Shivaji, Zhao 1709.08649]H trilinear coupling at one loop:

�40

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


Automatic EW NLO based on reweighting

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

�41

Automated with 
MG5_aMC@NLO

All dim-6 top loop 
contributions in Higgs

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


Global Fits
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Need for global analysis

I’ve showed that the underlying connection behind the H/EW/Top 
sectors provide new opportunities to improve our precision.


Ideas have been explored, but often with limited channels, physical 
cases, theory assumptions, etc.


The ultimate consequence will always need be quantified with global 
fits.


In particular, given that more and more connections between 
different types of measurements are becoming relevant, it’s 
important to always keep a global perspective.
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Future lepton collider: H/EW interplay

What’s the deterioration in Higgs coupling determinations incurred from EW 
uncertainties? 

How important are Z-pole and WW-threshold runs for Higgs physics? 

Can Higgs measurements help constraining EW parameters?

[de Blas, Durieux, Grojean, Gu, Paul, ’19] 
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Future lepton collider: H/EW interplay
[de Blas, Durieux, Grojean, Gu, Paul, ’19] 
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Future lepton collider: H/EW interplay

Z-pole run has a big impact

[de Blas, Durieux, Grojean, Gu, Paul, ’19] 
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Future lepton collider: H/EW interplay

Z-pole run has a big impact
New electroweak measurement help (e.g. ALR in radiative Z-pole return)

[de Blas, Durieux, Grojean, Gu, Paul, ’19] 
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Future lepton collider: H/EW interplay

Z-pole run has a big impact
New electroweak measurement help (e.g. ALR in radiative Z-pole return)
Higher energy runs help (in specific directions)  

[de Blas, Durieux, Grojean, Gu, Paul, ’19] 
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Future lepton collider: H/EW interplay
[de Blas, Durieux, Grojean, Gu, Paul, ’19] 
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Future lepton collider: H/EW interplay
[de Blas, Durieux, Grojean, Gu, Paul, ’19] 

Higgs measurements could help constraining Zee at linear colliders
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Future lepton collider: H/top interplay
[Durieux, Gu, Vryonidou, CZ ’18]

How does the top-coupling uncertainties downgrade the H precision at future CC?

Global H + top loop fit, with TH results based on [Vryonidou, CZ ’18]

�47



Summary
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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 the H is connected with the rest of the SM, even in the 
context of searching for BSM.


High energy and high precision allow us to benefit from making use of 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 and/or loop induced process.


Loop corrections in precision machines open up new possibilities.


Be aware of the truncated dim-8 effects.


TH framework well understood, tools being developed, with which many new ideas/observables/
calculations have been proposed and investigated, in case studies, with 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 for your attention!
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Backups
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[Han and Skiba, hep-ph/0412166]

[Efrati, Falkowski, Soreq,1503.07872]

[Falkowski, Gonzalez-Alonso, Mimouni, 1706.03783]

First SMEFT EW fit, assuming U(3)5 flavor symmetry 
(21 coefs)


“Flavorful” version, flavor assumption removed. W/Z-pole 
(52 coefs)


Change of input scheme (mZ, mW, GF), careful treatment of 
ee→WW→4f


Flavorful, all 2f, 2l2q, and 4l operators, adding low-energy 
measurements (61 coef combinations)

[Brivio and Trott 1701.06424]
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DY at the LHC

Drell-Yan ~5% precision, the quark couplings cannot compete with LEP 

However, at the LHC we play with 
the energy lever arm:

Talk by Martín González-Alonso, Moriond 18
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E2 growth

30% in �� ) 0.3% in couplings

<latexit sha1_base64="Xnmtn9cYr68HjNlxdu8PS9HWCls=">AAACLnicbVDJSgNBEO1xN25Rj14ag+ApzBhBj6IIHqMYFTIh1HQ6k8Zehu4aNYR8kRd/RQ+Cinj1M+wsB7cHDa9fVVH1XpJJ4TAMX4KJyanpmdm5+cLC4tLySnF17cKZ3DJeY0Yae5WA41JoXkOBkl9lloNKJL9Mro8G9csbbp0w+hy7GW8oSLVoCwbopWbxuBLGWzGNVWLuekL3PW1xiRA7kSrwvzORdhCsNbeFsFz53kuZyf2JOnX9ZrEUlsMh6F8SjUmJjFFtFp/ilmG54hqZBOfqUZhhowcWBZO8X4hzxzNg15DyuqcaFHeN3tBun255pUXbxvqnkQ7V7xM9UM51VeI7FWDH/a4NxP9q9Rzb+w3vLMuRazZa1M4lRUMH2dGWsJyh7HoCzAp/K2UdsMDQJ1zwIUS/Lf8lFzvlqFIOT3dLB4fjOObIBtkk2yQie+SAnJAqqRFG7skjeSVvwUPwHLwHH6PWiWA8s05+IPj8AqtHqF0=</latexit>



Interference resurrection

Interfering the V with different helicities 
will recover the E2 energy growth

[G. Panico, F. Riva, A. Wulzer 1708.07823 ]
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DY at the LHC: LHC is now competing with PEWO

[Falkowski, González-Alonso, Mimouni 1706.03783]

[M. Farina et al. 1609.08157]
[S. Alioli et al., 1712.02347]

Z’ model

SMEFT 4-f operators

Oblique parameters W and Y

DY at LHC is now competing with PEWO 
for certain operators (4f and W/Y, not qqV)
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Talk by M. Riembau �56



A different off-shell perspective: 
the oblique H parameter

[Englert, Giudice, Greljo, McCullough 1903.07725] 

O(q4)
<latexit sha1_base64="sUcC0bdUjJmfepFtmR4fipkSx1I=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiRa0GXRjTsr2Ae0sUymk3boZBJnJoUS+iduXCji1j9x5984abPQ1gMDh3Pu5Z45fsyZ0o7zba2srq1vbBa2its7u3v79sFhU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6CbzW2MqFYvEg57E1AvxQLCAEayN1LPtboj1kGCe3k3LT4/Vs55dcirODGiZuDkpQY56z/7q9iOShFRowrFSHdeJtZdiqRnhdFrsJorGmIzwgHYMFTikyktnyafo1Ch9FETSPKHRTP29keJQqUnom8ksp1r0MvE/r5Po4MpLmYgTTQWZHwoSjnSEshpQn0lKNJ8YgolkJisiQywx0aasoinBXfzyMmmeV9yLinNfLdWu8zoKcAwnUAYXLqEGt1CHBhAYwzO8wpuVWi/Wu/UxH12x8p0j+APr8wfTz5Me</latexit>

terms in EW boson self-energy can be parametrized byIn universal theories, the

it is not possible to unambiguously determine H hat by combining on-
shell Higgs coupling measurements and a measurement of the trilinear 
coupling. -> Need off shell probe


Best off-shell turns out to be four top

�57

Top measurements revealing the 
off-shell propagation of the H



Top loops at CEPC

�58

This is useful for CEPC because

The 240 GeV run cannot access top couplings (except for FCNC couplings)

A single 350 GeV run only adds 2 additional DoFs and is not enough to disentangle 
10 operators:

[G. Durieux, M. Perello, M. Vos, CZ ’18]

FCC-ee

CLIC



Top loops at CEPC [Durieux, Gu, Vryonidou, CZ ’18]
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Probing the tops below ttbar threshold:

Important information to add 
in a global top & Higgs fit 

for future colliders

Talk by G. Durieux at HC2018
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4 fermion operator
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Vertex operator

EW fit: top couplings enter through loops

Loop effects lead to unique 
energy-dependent “form 
factors”. 

Precision EW 
measurements coming 
from very different energy 
scales provide a handle.
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