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Where do we stand?

• SU(3)c x SU(2)L x U(1)Y gauge symmetries.

• Matter is organised in chiral multiplets of the fund. representation.

• The SU(2) x U(1)  symmetry is spontaneously broken to U(1)EM. 

• Yukawa interactions lead to fermion masses, mixing and CP violation.

• Matter+gauge group => Anomaly free 

• Renormalisable = valid to “arbitrary” high scales. 

• A number of accidental global symmetries seen in Nature.   
• Neutrino masses can be accommodated in two distinct ways. 

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)
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R + h . c.) + |Dμϕ |2 − V(ϕ)

[Andreassen et al. 1707.08124]

SM

Simple and powerful 

yet unnatural, incomplete…  
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Where do we stand?
• Ta n g i b l e r e s u l t s o f a n a m a z i n g 

experimental effort over a 10+ year span, 
accessing a wide range of final states, 
each with very different challenges. 

• Theory predictions seem adeguate. (The 
key role of MCs is hidden in this plot). 
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experimental effort over a 10+ year span, 
accessing a wide range of final states, 
each with very different challenges. 

• Theory predictions seem adeguate. (The 
key role of MCs is hidden in this plot). 

• Comparison with SM predictions shows 
that we have the necessary theoretical  
and experimental control to move onto  the 
next phase. 

note: Eiffel Tower was meant to last for 20 years max
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Whatever New Physics might exist to address 
the SM theoretical shortcomings, its effects 
must be “smal l ” so that have gone  
undetected so far. 

The main path ahead is twofold


1] Explore the unexplored 


2] Increase the precision of TH and EXP to 
identify  possible deviations.

Theory vs exp

Precision observables do not point to any 
clear deviation either. 


The most puzzling experimental “issue” of the 
SM is that we don’t really understand why it 
works so well…

Where do we stand?
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must be “smal l ” so that have gone  
undetected so far. 

The main path ahead is twofold


1] Explore the unexplored 


2] Increase the precision of TH and EXP to 
identify  possible deviations.

[Courtesy of De Blas et al., work in progress]

Theory vs exp

Precision observables do not point to any 
clear deviation either. 


The most puzzling experimental “issue” of the 
SM is that we don’t really understand why it 
works so well…
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Higgs
[ATLAS 2020]

Unique mass generation mechanism 
for fermions and vectors.

Constrained system.

Where do we stand?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
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[ATLAS 2020]

Unique mass generation mechanism 
for fermions and vectors.

2  [ATLAS, 2020]σ
3   [CMS, 2020]σ

Constrained system.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
http://cds.cern.ch/record/2725423
https://arxiv.org/abs/2007.07830
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H

Higgs self interactions
Where do we stand?
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Where do we stand?

[ATLAS, 2020]

One of the flagship measurements foreseen for the HL-LHC. [Di Micco et al., 1910.00012 ]

8

Higgs self interactions

https://cds.cern.ch/record/2693958
https://arxiv.org/abs/1910.00012
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Now
[ATLAS, 2020]

HL-LHC projections
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Higgs self interactions

https://cds.cern.ch/record/2693958
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Now
[ATLAS, 2020]

HL-LHC projections

[De Blas et al., 2020]

Currently limits on  from H and HH are comparable and will stay so at the HL-LHC.

Borderline sensitivity to say something about EW baryogenesis… 

kλ

Future

9

Higgs self interactions

https://cds.cern.ch/record/2693958
https://arxiv.org/abs/1905.03764
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Precision physics at the HL-LHC
The main questions

1. What is the precision goal for TH predictions?


2. How to frame and interpret our results so to maximally exploit the LHC data?


Given the statistics increase of a factor ~20 with respect to what we currently have and the expected 
experimental precision on key EW/top/Higgs measurements:

10
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HL-LHC projections
Higgs couplings

10-20%
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HL-LHC projections
Higgs couplings

[De Blas et al., 2020]

    →          2-4%10-20%

11

https://arxiv.org/abs/1905.03764
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Fixed Order 
LO, NLO,…


QCD EW

Resummation 
LL, NLL,… 


Parton Showers

PDF’s 
LO,NLO,..Evolution


Fits

Precision 
@ LHC

Precision physics at the LHC
Moving towards the “1% goal”
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Precision physics at the LHC
Moving towards the “1% goal”

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits

• Very fast progress in conceptual 
as well as technical aspects. 


• Tight and consolidated 
community, with high 
momentum. 


• Considering the status of 20 
years ago seems clear that 
NNLO will be completed and  
N3LO will start to become 
available for 2→2 (see 3-loop 

 results)


• Mixed QCD-EW being included. 

qq̄ → γγ

Doric Ionic Corinthian
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https://arxiv.org/abs/2011.13946
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qq̄ → γγ

• A variety of approaches 
available, both analytical and 
numerical. 


• Analytically historically 
matching the FO accuracy. 


• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
seen. 


• Not clear  whether one can 
reach 1%. 

Doric Ionic Corinthian
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• A variety of approaches 
available, both analytical and 
numerical. 


• Analytically historically 
matching the FO accuracy. 


• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
seen. 


• Not clear  whether one can 
reach 1%. 

• Complete N3LO PDF’s 
evolution not available yet. 


• PDF determination from fitting 
large set of data. Final quality 
depends on measurements. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice.

Doric Ionic Corinthian
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The way of SMEFT
Going beyond the SM

 Three key properties of the SM:


• Mass generation with gauge invariance 


• Unitarity (up to a predefined )


• Perturbativity/renormalizability

Λ

15
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• Perturbativity/renormalizability

Λ

Is it possible to "minimally" deform the SM in a way to encompass “all” New 
Physics and without losing any of the  above?

SM EFT UV
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1
Λ
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Unlocking at dim=8

dim=6 : 3-point  4-point  ⇒

V BSM(�) = �µ2(�†�) + �(�†�)2 +
X

n

c2n
⇤2n�4

(�†�� v2

2
)n

n = 3 (dim = 6) ⇒

n = 4 (dim = 8) ⇒ kλ3
and kλ4

independent

JorgeDeBlas®

h h

h v

h h

h h

dim=8 : 3-point and 4-point independent (cfr HEFT)  
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One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

A simple approach

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

Two main strategies for searching new physics 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

The way of SMEFT
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ℒSMEFT = ℒ(4)
SM +

1
Λ2

N6

∑
i

ci𝒪(6)
i +

1
Λ4

N8

∑
j

cj𝒪(8)
j + …

http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1610.05771
https://arxiv.org/abs/1709.08649
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ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

a(6)
n,i (μ) c(6)

i (μ) + 𝒪 ( 1
Λ4 )

The master equation of an EFT approach has three key elements:

The way of SMEFT
A simple approach

19
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UV
EFT
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1.6�
1.6�
1.6�2

⌅ < 1.1⇥ 10�2(TeV2)
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E F T b o u n d s t r a n s l a t e t o 
constraints on parameters of UV 
models


S i m p l e s t c a s e : s i n g l e - fi e l d 
extensions of the SM

[Ellis et al. 2012.02779]

The way of SMEFT
A simple approach
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1. Operators run and mix under RGE

Running means that the Wilson coefficients depend on the scale 
where they are measured (as the couplings in the SM). Note that this 
introduces also an additional uncertainty in the perturbative 
computations.

Mixing means that in general the Wilson coefficients at low scale 
(=where the measurements happen) are related. One immediate 
consequence is that assumptions about some coefficients being zero 
at low scales are in general not valid (and in any case have to be 
consistent with the RGEs). Note also that operator mixing is not 
symmetric: Op1 can mix into Op2, but not viceversa.

Need for NLO
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Scale corresponds to the change from mt to 2 TeV.

At  = 1 TeV: CtG = 1, Ctφ = 0; 


At  = 173 GeV: CtG = 0.98, Ctφ= 0.45

1. Operators run and mix under RGE

Need for NLO
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Need for NLO

2. EFT scale dependence [Deutschmann, Duhr, FM, Vryonidou, 17]

By including the mixing, the overall scale dependence at LO, is very much reduced 
with respect to the single ones. A global point of view is required: contribution from 
each coupling may not make sense; only their sum is meaningful.
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pp → H LHC13
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Need for NLO

[FM, Vryonidou, Zhang, 16] • pp → ttH

3. Genuine NLO corrections (finite terms) are important

• EFT scale uncertainties are very 
much reduced at NLO.


• RG are sometimes thought to be 
an approximation for full NLO, 
but it is often not the case.

24
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[Hartmann and Trott,  15]
[Ghezzi, Gomez-Ambrosio, Passarino, Uccirati, 15a]

New operators can arise at one-loop or 
via real corrections. 


• At variance with the SM, loop-induced 
processes might not be finite.


• Including the full set of operators at a 
given order implies that no extra UV 
divergences appear (closure check).


• Use tree-level, loop-level, hierarchy but 
not gauge couplings. 

4. New operators arise
[Ghezzi, Gomez-Ambrosio, Passarino, Uccirati, 15b]
[Dawson, Giardino, 2018]
[Dedes et al, 2018]
[Vryonidou and Zhang, 2018]

Need for NLO

[Dawson, Giardino, 2018]
[Vryonidou and Zhang, 2018]
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4. New operators arise

Need for NLO

[Vryonidou and Zhang, 2018]

Possible deviations using current constraints on the relevant operators 
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Progress in SMEFT at 1-loop level
1-loop accuracy allows:


• Unveil the SMEFT structure (mixing)


• K-factors (accuracy)


• Scale uncertainties (precision)


• Exploit loop sensitivity:

“same strategy” as in SM@dim4

Accurate SMEFT

27
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Progress in SMEFT at 1-loop level
RGE
· Anomalous dimension  matrix  [Jenkins, Manohar and Trott, 2013,2014,2014]

Production
· pp jj (4F) [Gao, Li, Wang, Zhu, Yuan, 2011]
· pp tt (4F) [Shao, Li, Wang, Gao, Zhang, Zhu, 2011]
· pp VV [Dixon, Kunszt, Signer ,1999] [Melia, Nason, Röntsch, Zanderighi ,2011] 
[Baglio, Dawson, Lewis ,2017,2018,2019][Chiesa et al., 2018]
· top FCNCs  [Degrande, FM, Wang, Zhang ,2014] [Durieux, FM, Zhang ,2014]
· pp tt (chromo) [Franzosi, Zhang ,2015]
· pp tj [Zhang ,2016] [de Beurs, Laenen, Vreeswijk, Vryonidou ,2018]
· pp  ttZ [Rontsch and Schulze,2015] [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]
· pp  ttH [FM, Vryonidou, Zhang ,2016]
· pp  HV,Hjj [Greljo, Isidori, Lindert, Marzocca, 2015][Degrande, Fuks, Mawatari, Mimasu, 
Sanz ,2016], [Alioli, Dekens, Girard, Mereghetti ,2018]
· pp H [Grazzini, Ilnicka, Spira, Wiesemann ,2016] [Deutschmann, Duhr, FM, Vryonidou ,2017]
· pp  tZj,tHj [Degrande, FM, Mimasu, Vryonidou, Zhang ,2018]
· pp  jets [Hirschi, FM, Tsinikos, Vryonidou ,2018]
· pp  VVV [Degrande, Durieux, FM, Mimasu, Vryonidou, Zhang, 20xx]
· gg  ZH,Hj,HH [Bylund, FM, Tsinikos, Vryonidou, Zhang ,2016]
· Higgs self-couplings  [McCullough, 2014][Degrassi, Giardino, FM, Pagani, Shivaji, Zhao, 
2016-2018][Borowka et al. 2019][FM,Pagani, Zhao, 2019]
· EW  loops in tt [Kuhn et al.,1305.5773], [Martini 1911.11244]
· EW top loops in Higgs & EW [Vryonidou, Zhang ,2018][Durieux, Gu, Vryonidou, Zhang ,2018]
[Boselli et al. 2019]
· Drell-Yan (EW corrections)  [Dawson and Giardino, 2021]

Decay
· Top [Zhang ,2014] [Boughezal, Chen, Petriello, Wiegand ,2019]
· h  VV [Hartmann, Trott ,2015] [Ghezzi, Gomez-Ambrosio, Passarino, Uccirati ,2015, 2015]
[Dawson, Giardino ,2018,2018][Dedes, et al. ,2018] [Dedes, Suxho, Trifyllis ,2019]
· h  ff [Gauld, Pecjak, Scott ,2016] [Cullen, Pecjak, Scott ,2019][Cullen, Pecjak, ,2020]
· Z,W [Hartmann, Shepherd, Trott ,2016] [Dawson, Ismail, Giardino ,2018,2018,2019]

EWPO
 · EWPO [Zhang, Greiner, Willenbrock ’12] [Dawson, Giardino ,2020]

→
→
→

→
→
→
→

→

→
→
→
→
→

→

→

1-loop accuracy allows:


• Unveil the SMEFT structure (mixing)


• K-factors (accuracy)


• Scale uncertainties (precision)


• Exploit loop sensitivity:

“same strategy” as in SM@dim4

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

[Degrande, et al. arXiv:2008.11743]

SMEFT@NLO
Accurate SMEFT

28
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What’s in the box?

Warsaw basis operators

Flavour assumption: 




Includes Higgs, top, gauge boson interactions

Conventions matching LHC Top WG ones

CP & Flavour conserving

SMEFT@NLO
Accurate SMEFT

Developments

CP-violation

RGE

29



 Fabio Maltoni Gargnano - 6 September 2021 - In person!   

Octets Singlets
Different chiralities and colour structures

14 4-fermion operators

Interesting interference patterns

SMEFT@NLO

[Degrande, et al. arXiv:2008.11743]

q̄

q t

t̄ q̄

q

t̄

t

Accurate SMEFT
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4-heavy operators in top pair production

𝒪8
QQ = (Q̄γμTAQ)(Q̄γμTAQ)

𝒪1
QQ = (Q̄γμQ)(Q̄γμQ)

𝒪8
Qt = (Q̄γμTAQ)(t̄γμTAt)

𝒪1
Qt = (Q̄γμQ)(t̄γμt)

𝒪1
tt = (t̄γμt)(t̄γμt)

tt

t t

tb

b t

Loop-induced sensitivity 
Complementary information to ttbb and 4top production

SMEFT@NLO 

LO NLO LO NLO

Accurate SMEFT

31
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


[Galler, ICHEP2020]

32
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, 
Higgs, EW,…)


Analysis ggH

Higgs group

Analysis VBF

Higgs group

Analysis ttH

Top group

Analysis WW

EW group

DAQ

Calibration

Reconstruction

Selection

BKG and Signal  
simulations

Uncertainties

Result

DAQ

Calibration

Reconstruction

Selection

BKG and Signal  
simulations

Uncertainties

Result

DAQ

Calibration

Reconstruction

Selection

BKG and Signal  
simulations

Uncertainties

Result

DAQ

Calibration

Reconstruction

Selection

BKG and Signal  
simulations

Uncertainties

Result

Naive TH view
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, 
Higgs, EW,…)


Analysis ggH

Higgs group

Analysis VBF

Higgs group

Analysis ttH

Top group

Analysis WW

EW group

DAQ

Calibration

Reconstruction

Result Result Result Result

Naive TH view

Selection

BKG and Signal studies

Uncertainties
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, 
Higgs, EW,…)


Analysis ggH

Higgs group

Analysis VBF

Higgs group

Analysis ttH

Top group

Analysis WW

EW group

DAQ

Calibration

Reconstruction

Selection

BKG and Signal studies

Result Result

Uncertainties

Result Result

Naive TH view

A new paradigm: shifting value from "the best single 
measurement” to “the best combinable measurement”!
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, Higgs, 
EW,…)


Needs coordinated work between theorists and 
exper imenta l is ts (model dependence, va l id i ty, 
interpretations, matching to the UV).


A LHC EFT WG  is working hard to move things forward in 
a joint TH/EXP effort (thanks to all contributing!!)

37

https://lpcc.web.cern.ch/lhc-eft-wg


 Fabio Maltoni Gargnano - 6 September 2021 - In person!   

Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, Higgs, 
EW,…)


Needs coordinated work between theorists and 
exper imenta l is ts (model dependence, va l id i ty, 
interpretations, matching to the UV).


A LHC EFT WG  is working hard to move things forward in 
a joint TH/EXP effort (thanks to all contributing!!)

EFT Predictions

Data Analysis

Exp fit on Ci 

Top-down
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, Higgs, 
EW,…)


Needs coordinated work between theorists and 
exper imenta l is ts (model dependence, va l id i ty, 
interpretations, matching to the UV).


A LHC EFT WG  is working hard to move things forward in 
a joint TH/EXP effort (thanks to all contributing!!)

EFT Predictions

Data Analysis

Exp fit on Ci 

Top-down

SM Data Analysis

EFT 
Predictions+Fit

Observable

Bottom-up
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Is this easy?
A powerful approach

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, Higgs, 
EW,…)


Needs coordinated work between theorists and 
exper imenta l is ts (model dependence, va l id i ty, 
interpretations, matching to the UV).


A LHC EFT WG  is working hard to move things forward in 
a joint TH/EXP effort (thanks to all contributing!!)

EFT Predictions

Data Analysis

Exp fit on Ci 

Top-down

SM Data Analysis

EFT 
Predictions+Fit

Observable

Bottom-up

Complementary!
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First explorations: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there is 
considerable information that can be used to set limits:


•Fitmaker [J. Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You  2012.02779]

•SMEFiT  [J. Either,  G. Magni, F. M., L. Mantani, E. Nocera, J. Rojo, E. Slade, E. Vryonidou, C. Zhang, 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [I. Brivio, S. Bruggisser, F. M., R. Moutafis, T. Plehn, E. Vryonidou, S. 
Westhoff, C. Zhang, 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at LHC, 
WW at LEP and EWPO. [Ellis et al. 2012.02779]
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https://arxiv.org/abs/2012.02779
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Workflow
Theory

(N)NLO QCD for SM 
NLO QCD for SMEFT 

State-of-the-art PDFs without top data

Data
317 data points: Top: ttbar, single-top, associated top 

production, distributions.  
Higgs production and decay, differential distributions, STXS. 

Diboson production, distributions

Global EW/Top/Higgs  
SMEFT fit

Fit results can be used to bound 
specific UV complete models 

New data can be straightforwardly added

Faithful uncertainty estimate 
Avoid under- and over-fitting 

Validated on pseudo-data (closure test)

Methodology Output

Global fits
El

en
iV

ry
on

id
ou

®
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ZH

ggZH VBF

ggH

Global fits
Operators vs processes

Lu
ca

 M
an

ta
ni

®
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Examples
Global EW(PO)+H+Top

[Ellis et al. 2012.02779]

34 operators,  


EWPO fitted, 341 data points

SU(2)2 × SU(3)3 36 operators,  


 EWPO fixed, 317 data points 

SU(2)2 × SU(3)3

[Either et al. (SMEFiT) 2105.00006]

41
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Examples
Global EW(PO)+H+Top

[Ellis et al. 2012.02779]

34 operators,  


EWPO fitted, 341 data points

SU(2)2 × SU(3)3 36 operators,  


 EWPO fixed, 317 data points 

SU(2)2 × SU(3)3

[Either et al. (SMEFiT) 2105.00006]
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Posterior distributions Significant impact for most operators

in particular 4-fermion operators
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Posterior distributions for Wilson coefficients Significant impact of NLO for some operators


NLO resolves non-interference problem for colour singlet 4F operators
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Posterior distributions Significant impact of NLO for some operators
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Restrictions

The limited role of the high energy tails (so far) Top-Philic scenario (14  5 dof in the 2Q2q)→

Data restriction Theory restriction 

Global EW(PO)+H+Top
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Figure 5.8. Representative results for two-parameter fits carried out at linear order in the EFT. We
display the 95% CL ellipses obtained for di�erent data subsets and for the complete dataset, labelled
as “All Data (2D)”. For reference, we also show the marginalised bounds obtained in the global fit.
The black square in the center of the plot indicates the SM value.

such two-parameter fits, Fig. 5.8 displays representative results for fits performed at linear
order. We display the 95% CL ellipses obtained when di�erent subsets of data are used as
input, as well as for the complete dataset, labelled as “All Data (2D)”. For reference, we also
show here the marginalised 2D bounds obtained in the global fit.

To begin with, the upper panels of Fig. 5.8 display two-parameter fits for the three possible
pair-wise combinations of the ctÏ, ctG, and cÏG coe�cients, which connect Higgs production in
gluon fusion with top quark pair production, see also the Fisher information table of Fig. 3.1.
Theses comparison illustrate the relative impact of the various dataset in constraining each
coe�cient. For example, from the (ctÏ, ctG) fit we see that the sensitivity of ctG is driven by tt̄
data, while the Higgs measurements have a flat direction resulting in a elongated ellipse. When
top and Higgs data are combined, the resulting 95% CL ellipse is much smaller as compared
to the results obtained separately from the two groups of processes. Note that, as in the case
of the individual fits reported in Fig. 5.7, also for two-parameter fits the obtained bounds are
more stringent as compared to the global marginalised results. Similar considerations apply
to the (cÏG, ctG) fit, while from the (cÏG, ctÏ) one learns that the sensitivity is still dominated
by the Higgs signal strengths rather than by the di�erential cross-section measurements.

Then the bottom panels of Fig. 5.8 display two-parameter fits involving the two-light-
two-heavy coe�cients c1,8

Qq
, c3,8

Qq
, c8

tu, c8
td

, and c8
tq, all of which are constrained mostly from top

quark pair di�erential distributions as indicated by the Fisher information matrix. Here the
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Figure 8. Constraints on the indicated pairs of operator coefficients at the 95% confidence level,
setting the other operator coefficients to zero. The shaded regions correspond to linear fits to Higgs
signal strengths and 0 jet STXS bins (blue), tt̄H signal strengths (mauve), � 1 jet STXS bins
(orange) tt̄ data (green), tt̄V data (red) and their combination (grey). The dashed ellipses show the
constraints obtained by marginalising over the remaining Wilson coefficients of the full fit.

6.3.2 Sensitivities in ‘Higgs-only’ operator planes

In order to assess the potential impact of the interplay between top and Higgs data, we
may consider the following subset of ‘Higgs-only’ operators:

{CH⇤, CHG, CHW , CHB, CtH , CbH , C⌧H , CµH} (6.1)

together with CG and CtG, which do not modify Higgs interactions directly but can impact
gluon fusion. Performing a fit to this subset, Fig. 7 displays the result for the 95% CL
constraints when top data are combined with Higgs data in planes showing different pairs
of the operator coefficients CHG, CtG, CtH and CG, marginalised over the other coefficients
in (6.1). This is the relevant set of operators in which the interplay between Higgs and top
physics is most evident, taking place in the gluon fusion and tt̄ associated Higgs production
processes. It is well known that there is a degeneracy in gluon fusion between CHG and
CtH that prevents it from being used as a robust indirect constraint on the top Yukawa
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Top measurements break the degeneracy between Higgs operators
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Figure 5.8. Representative results for two-parameter fits carried out at linear order in the EFT. We
display the 95% CL ellipses obtained for di�erent data subsets and for the complete dataset, labelled
as “All Data (2D)”. For reference, we also show the marginalised bounds obtained in the global fit.
The black square in the center of the plot indicates the SM value.

such two-parameter fits, Fig. 5.8 displays representative results for fits performed at linear
order. We display the 95% CL ellipses obtained when di�erent subsets of data are used as
input, as well as for the complete dataset, labelled as “All Data (2D)”. For reference, we also
show here the marginalised 2D bounds obtained in the global fit.

To begin with, the upper panels of Fig. 5.8 display two-parameter fits for the three possible
pair-wise combinations of the ctÏ, ctG, and cÏG coe�cients, which connect Higgs production in
gluon fusion with top quark pair production, see also the Fisher information table of Fig. 3.1.
Theses comparison illustrate the relative impact of the various dataset in constraining each
coe�cient. For example, from the (ctÏ, ctG) fit we see that the sensitivity of ctG is driven by tt̄
data, while the Higgs measurements have a flat direction resulting in a elongated ellipse. When
top and Higgs data are combined, the resulting 95% CL ellipse is much smaller as compared
to the results obtained separately from the two groups of processes. Note that, as in the case
of the individual fits reported in Fig. 5.7, also for two-parameter fits the obtained bounds are
more stringent as compared to the global marginalised results. Similar considerations apply
to the (cÏG, ctG) fit, while from the (cÏG, ctÏ) one learns that the sensitivity is still dominated
by the Higgs signal strengths rather than by the di�erential cross-section measurements.
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Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.

7

Operator Coe�cient Definition

3rd generation quarks

O
(1)
ÏQ c(1)

ÏQ
(*) i

!
Ï†

¡

Dµ Ï
"!

Q̄ “µ Q
"

O
(3)
ÏQ c(3)

ÏQ
i
!
Ï†

¡

Dµ ·IÏ
"!

Q̄ “µ · IQ
"

OÏt cÏt i
!
Ï†

¡

Dµ Ï
"!

t̄ “µ t
"

OtW ctW i
!
Q̄·µ‹ ·I t

"
Ï̃ W I

µ‹ + h.c.

OtB ctB (*) i
!
Q̄·µ‹ t

"
Ï̃ Bµ‹ + h.c.

OtG ctG igS

!
Q̄·µ‹ TA t

"
Ï̃ GA

µ‹ + h.c.

OtÏ ctÏ

1
Ï†Ï

2
Q̄ t Ï̃ + h.c.

ObÏ cbÏ

1
Ï†Ï

2
Q̄ b Ï + h.c.

1st, 2nd generation quarks

O
(1)
Ïq c(1)

Ïq (*)
q

i=1,2

i
!
Ï†

¡

Dµ Ï
"!

q̄i “µ qi

"

O
(3)
Ïq c(3)

Ïq

q
i=1,2

i
!
Ï†

¡

Dµ ·IÏ
"!

q̄i “µ · Iqi

"

OÏu cÏu

q
i=1,2

i
!
Ï†

¡

Dµ Ï
"!
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OcÏ ccÏ

1
Ï†Ï

2
q̄2 c Ï̃ + h.c.

two-leptons

O
(1)
Ï¸i

c(1)
Ï¸i

i
!
Ï†

¡

Dµ Ï
"!¯̧

i “µ ¸i

"

O
(3)
Ï¸i

c(3)
Ï¸i

i
!
Ï†

¡

Dµ ·IÏ
"!¯̧

i “µ · I¸i

"

OÏe cÏe i
!
Ï†

¡

Dµ Ï
"!

ē “µ e
"

OÏµ cÏµ i
!
Ï†

¡

Dµ Ï
"!

µ̄ “µ µ
"

OÏ· cÏ· i
!
Ï†

¡

Dµ Ï
"!

·̄ “µ ·
"

O·Ï c·Ï

1
Ï†Ï

2
¯̧3 · Ï + h.c.

four-lepton

O¸¸ c¸¸

1
¯̧1“µ¸2

21
¯̧2“µ¸1

2

Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.
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Operator Coe�cient Definition

OÏG cÏG

1
Ï†Ï

2
Gµ‹

A GA
µ‹

OÏB cÏB

1
Ï†Ï

2
Bµ‹ Bµ‹

OÏW cÏW

1
Ï†Ï

2
W µ‹

I W I
µ‹

OÏW B cÏW B (Ï†·IÏ) Bµ‹W I
µ‹

OÏd cÏd ˆµ(Ï†Ï)ˆµ(Ï†Ï)

OÏD cÏD (Ï†DµÏ)†(Ï†DµÏ)

OW cW W W ‘IJKW I
µ‹W J,‹flW K,µ

fl

Table 2.1. Purely bosonic dimension-six operators that modify the production and decay of Higgs
bosons and the interactions of the electroweak gauge bosons. For each operator, we indicate its
definition in terms of the SM fields, and the notational conventions that will be used both for the
operator and for the Wilson coe�cient. The operators OÏW B and OÏD are severely constrained by
the EWPOs together with several of the two-fermion operators from Table 2.2.

OÏW and OÏB modify the interaction between Higgs bosons and electroweak gauge bosons.
At the LHC, they can be probed for example by means of the Higgs decays into weak vector
bosons, h æ ZZú and h æ W +W ≠, as well as in the vector-boson-fusion (VBF) process and
in associated production with vector bosons, hW and hZ. In addition, the OÏG operator is
similar but introduces a direct coupling between the Higgs boson and gluons. It therefore
enters the Higgs total width and branching ratios, the production cross section in gluon fusion
channel, as well as the associated production channel tt̄h. Finally, the OÏd operator generates
a wavefunction correction to the Higgs boson, which rescales all the Higgs boson couplings in
a universal manner.

Two-fermion operators. Table 2.2 collects, using the same format as in Table 2.1, the
relevant Warsaw-basis operators that contain two fermion fields, either quarks or leptons,
plus a single four-lepton operator. From top to bottom, we list the two-fermion operators
involving 3rd generation quarks, those involving 1st and 2nd generation quarks, and operators
containing two leptonic fields (of any generation). We also include in this list the four-lepton
operator O¸¸.

The operators that involve a top-quark field, either Q (left-handed doublet) or t (right-
handed singlet), are crucial for the interpretation of LHC top-quark measurements. Inter-
estingly, all of them involve at least one Higgs-boson field, which introduces an interplay
between the top and Higgs sectors of the SMEFT. For example, the chromo-magnetic dipole
operator OtG and the dimension-six Yukawa operator OtÏ are constrained by both top quark
measurements, such as tt̄h associated production, as well as Higgs measurements, such as
Higgs production through gluon fusion. Furthermore, the electroweak-dipole operators, OtW
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ū
i
“

µ
u

i

"

O
Ï

d
c Ï

d

q
i=

1
,2

,3

i! Ï
†

¡ D
µ

Ï
"!

d̄ i
“

µ
d i

"

O
c
Ï

c c
Ï

1 Ï
†
Ï

2 q̄ 2
c

Ï̃
+

h.
c.

tw
o-

le
pt

on
s

O
(1

)
Ï

¸ i
c(1

)
Ï

¸
i

i! Ï
†

¡ D
µ

Ï
"!

¯̧ i
“

µ
¸ i

"

O
(3

)
Ï

¸ i
c(3

)
Ï

¸
i

i! Ï
†

¡ D
µ

· I
Ï

"!
¯̧ i

“
µ

·
I
¸ i

"

O
Ï

e
c Ï

e
i! Ï

†
¡ D

µ
Ï

"!
ē
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Operator Coe�cient Definition

3rd generation quarks

O
(1)
ÏQ c(1)

ÏQ
(*) i

!
Ï†

¡

Dµ Ï
"!

Q̄ “µ Q
"

O
(3)
ÏQ c(3)

ÏQ
i
!
Ï†

¡

Dµ ·IÏ
"!

Q̄ “µ · IQ
"

OÏt cÏt i
!
Ï†

¡

Dµ Ï
"!

t̄ “µ t
"

OtW ctW i
!
Q̄·µ‹ ·I t

"
Ï̃ W I

µ‹ + h.c.

OtB ctB (*) i
!
Q̄·µ‹ t

"
Ï̃ Bµ‹ + h.c.

OtG ctG igS

!
Q̄·µ‹ TA t

"
Ï̃ GA

µ‹ + h.c.

OtÏ ctÏ

1
Ï†Ï

2
Q̄ t Ï̃ + h.c.

ObÏ cbÏ

1
Ï†Ï

2
Q̄ b Ï + h.c.

1st, 2nd generation quarks

O
(1)
Ïq c(1)

Ïq (*)
q

i=1,2

i
!
Ï†

¡

Dµ Ï
"!

q̄i “µ qi
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O
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Ïq

q
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i
!
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Dµ ·IÏ
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q̄i “µ · Iqi
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OÏu cÏu

q
i=1,2

i
!
Ï†
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Dµ Ï
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ūi “µ ui
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OÏd cÏd

q
i=1,2,3

i
!
Ï†

¡

Dµ Ï
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d̄i “µ di

"

OcÏ ccÏ
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Ï†Ï

2
q̄2 c Ï̃ + h.c.

two-leptons

O
(1)
Ï¸i

c(1)
Ï¸i

i
!
Ï†

¡

Dµ Ï
"!¯̧

i “µ ¸i

"

O
(3)
Ï¸i

c(3)
Ï¸i

i
!
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¡

Dµ ·IÏ
"!¯̧
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OÏe cÏe i
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¡

Dµ Ï
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ē “µ e
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OÏµ cÏµ i
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Dµ Ï
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µ̄ “µ µ
"

OÏ· cÏ· i
!
Ï†

¡

Dµ Ï
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·̄ “µ ·
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O·Ï c·Ï

1
Ï†Ï

2
¯̧3 · Ï + h.c.

four-lepton

O¸¸ c¸¸

1
¯̧1“µ¸2

21
¯̧2“µ¸1

2

Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.
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Operator Coe�cient Definition

3rd generation quarks

O
(1)
ÏQ c(1)

ÏQ
(*) i

!
Ï†

¡

Dµ Ï
"!

Q̄ “µ Q
"

O
(3)
ÏQ c(3)

ÏQ
i
!
Ï†

¡

Dµ ·IÏ
"!

Q̄ “µ · IQ
"

OÏt cÏt i
!
Ï†

¡

Dµ Ï
"!

t̄ “µ t
"

OtW ctW i
!
Q̄·µ‹ ·I t

"
Ï̃ W I

µ‹ + h.c.

OtB ctB (*) i
!
Q̄·µ‹ t

"
Ï̃ Bµ‹ + h.c.

OtG ctG igS

!
Q̄·µ‹ TA t

"
Ï̃ GA

µ‹ + h.c.

OtÏ ctÏ

1
Ï†Ï

2
Q̄ t Ï̃ + h.c.

ObÏ cbÏ

1
Ï†Ï

2
Q̄ b Ï + h.c.

1st, 2nd generation quarks

O
(1)
Ïq c(1)

Ïq (*)
q

i=1,2

i
!
Ï†

¡

Dµ Ï
"!

q̄i “µ qi

"

O
(3)
Ïq c(3)

Ïq

q
i=1,2

i
!
Ï†

¡

Dµ ·IÏ
"!

q̄i “µ · Iqi

"

OÏu cÏu

q
i=1,2

i
!
Ï†

¡

Dµ Ï
"!

ūi “µ ui

"

OÏd cÏd

q
i=1,2,3

i
!
Ï†

¡

Dµ Ï
"!

d̄i “µ di

"

OcÏ ccÏ

1
Ï†Ï

2
q̄2 c Ï̃ + h.c.
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Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.
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Figure 5.14. Same as Fig. 5.8 for the two-parameter quadratic fits of (cÏt, ctZ) (upper) and (cÏt, cÏW )
(lower panels) comparing the results of the LO EFT fit (left) with its NLO counterpart (right panels)

Interestingly, for specific operators such as the two-light-two-heavy coe�cients and the
triple gauge operator cW , neglecting NLO corrections leads to both a shift in best-fit values
but also to somewhat reduced 95% CL intervals, which is the opposite behaviour as that
found for the linear fits. Such behaviour may arise when NLO contributions to the quadratic
EFT cross-sections introduce novel new directions in the parameter space, for example with
coe�cients that are absent at the LO level. Nevertheless, the same caveat as in the linear
case applies: only once all sources of theory uncertainty (and in particular MHOUs) are
included, it will be possible to ascertain in an unambiguous manner whether or not NLO
QCD corrections lead to more precise (in addition to more accurate) global EFT analyses.

Another remarkable e�ect of the NLO QCD corrections to the EFT cross-sections can be
observed in the modified correlation patterns. Fig. 5.15 displays the same correlations maps
as in Fig. 5.6 now for global fits based on LO EFT calculations at the linear and quadratic
level. Specially for the linear fits, we observe that correlations become more sizable in general
in the LO case, while these are reduced once NLO corrections are accounted for. This feature
demonstrates how NLO QCD e�ects reduce parameter correlations by introducing additional
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SMEFTatNLO UFO model

Operator definition & normalisation

The table below defines the list of SMEFT operators from the Warsaw basis [1] consistent with a

U(2)q ⇥ U(2)u ⇥ U(2)d ⇥ [U(1)l ⇥ U(1)e]
3

flavor symmetry in the fermion sector. Coe�cient names in the model are given in the UFO column.

Grey cells denote operators not consistent with the restricted,

U(2)q ⇥ U(2)u ⇥ U(3)d ⇥ [U(1)l ⇥ U(1)e]
3

flavor symmetry assumed in basic implementation, SMEFTatNLO_U2_2_U3_3_cG_4F_LO_UFO. Their Wilson

coe�cients are set to the corresponding, light-generation fermion flavor component, e.g., cpb!cpd if

present, otherwise they are set to zero.

See [2] for more details on conventions and the flavor symmetry implementation. The model contains a

general cuto↵ parameter, ⇤ (Lambda), which normalises all operators in the Lagrangian as
ci
⇤2Oi.
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Operator definition & normalisation
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Top and Higgs
Global EW(PO)+H+Top

NLO

NLO

LO

LO
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3 points to take home
Global EW(PO)+H+Top

1. Current fits are at an exploratory state, yet prove feasibility. 

2. Dedicated EFT studies/observables needed to improve sensitivity.

3. Shift towards combinable measurements is needed. 
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Work in progress
Global EW(PO)+H+Top

1.  RGE effects 

2. Complete-LO

3. Comparisons with UV models 
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EFT and PDF fits
Theory trends

[Greljo et al. 2104.02723]
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TH trends
What’s next

Many directions of development and improvements in the fits are being pursued in TH:


• [Global] Extension to data sets from other (lower-energy) experiments. 


• [NLO] Improvement at NLO (QCD+EW) in the SMEFT on-going. RGE at two loops needed to 
maintain NLO accuracy at different scales. Inclusion of theory uncertainties.


• [Unlocking] Effects and constraints at dim=8 or HEFT. 


• [UV] Constraints from and to UV models, systematic studies of applicability/validity. Mixing.


• [PDF] Evaluation of the theory uncertainties to interplay with the PDF fits.


• [MaxSensitivity] Optimal observables, “energy helps accuracy”, “X without the X”….


• [QFT] General QFT arguments: resummation of higher-order terms, basis independent 
formulations (e.g. amplitudes), positivity/convexity. 
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10 questions you always wanted to know about  
the SMEFT and never dared to ask

 TRUE or FALSE?

[Contino et al. , 1604.06444] [Aguilar-Saavedra ,1802.07237] [Many discussions…]
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Higgs coupling proportional to mass

• tree-level HV V (V = vector boson) coupling requires VEV!

Normal scalar couplings give Φ†ΦV or Φ†ΦV V couplings only.
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So (4 pi) v is the upper bound on the scale of New Physics. If the theory is weakly interacting 
the first massive state will have mass of the order g v << v. If the theory is strongly interacting, 
g ~4 pi, (4 pi) v will coincide with the scale of NP.
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Λ is the scale of New Physics
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• the photon stays massless

• HWW and HZZ couplings from 2H/v term (and HHWW and HHZZ couplings from

H2/v2 term)
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Higgs coupling proportional to mass

• tree-level HV V (V = vector boson) coupling requires VEV!

Normal scalar couplings give Φ†ΦV or Φ†ΦV V couplings only.
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So (4 pi) v is the upper bound on the scale of New Physics. If the theory is weakly interacting 
the first massive state will have mass of the order g v << v. If the theory is strongly interacting, 
g ~4 pi, (4 pi) v will coincide with the scale of NP.
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Note: Reinstating dimensions
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The SMEFT is model independent

2

The aim of an EFT is to reproduce the IR behaviour of (a possibly) 
wide set of UV theories. However, it always relies on (generic) 
assumptions on the UV dynamics. The SMEFT@dim6, for 
examples, assumes: 

1. The upper bound on the scale of new physics is Λ.
2. The SU(2)xU(1) symmetry is linearly realised. 
3. The expansion in 1/Λ is well-behaved, i.e. effects of 

dimension-8 operators are parametrically suppressed with 
respect to the dimension-6.
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In the SMEFT, the operator normalisation is meaningful  

3

Associating a “natural" normalisation to (class of) operators 
implies a UV bias, either some scaling rules and/or already an 
interpretation in mind. This is certainly legitimate, yet not 
necessary at the data analysis stage, if maximal flexibility/
generality is desired.  

At the SMEFT@dim6 one can work leaving the normalisation 
arbitrary (i.e. fixing the simplest convention) and just using data to 
constrain the coefficients. At the end only relations between 
observables as implied by the model are physically meaningful. 
And these do not depend on the normalisation.  
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The SMEFT is a non-renormalizable QFT and  
therefore it has no predictive power
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Order by order in the 1/Λ expansion, the SMEFT is 
renormalisable, i.e. higher-order contributions can be computed as 
perturbative series in the gauge couplings. For example., 
amplitudes with one operator insertion (at order 1/Λ2) can be 
renormalised using a finite number of counter-terms at all order in 
PT. 
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Truncating the SMEFT at the dim=6 is always correct

5

The usefulness of the up to 1/Λ2 approximation will depend: 

1. On the assumptions (explicit and implicit) on the UV model. 

2. On the specific observables/interactions which might not be 
sensitive to dim=6 effects. For example a ZZZ vertex appears 
only at dim=8: 

Z

Z

Z[Degrande, 1308.6323]
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The question on the validity/perturbativity of an 
EFT is moot

* Provide information on the energy scales probed by the process * 

A necessary condition for the  EFT to be consistent is the E<Λ. However, predictions depend on ci/Λ2 . 

6
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 Squared terms are not uniquely defined and  should 
not be employed in pheno analyses

7

At the amplitude level:

At 1/Λ2  level, the dim=6 term is uniquely defined. One can change the basis, perform field 
redifinitions, use the EOM, yet the full blue sum remains the same, generating however, 
corrections of order 1/Λ4, feeding into the red term . This means that 

A = ASM +
X

i

c̃6iA
6
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X

k

c̃8kA
8
k + . . .
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is parametrisation invariant. The last term is order 1/Λ4 , yet uniquely defined. 
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This amplitude will need max 
dim=6 operators for renormalisation

This amplitude will generically need 
dim=8 operators for renormalisation
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 Squared terms are not uniquely defined and  should 
not be employed in pheno analyses

7

In many cases the squared term should be included and in any case can be included: 

1) If the interference term is highly suppressed because of symmetries (such as absence of 
FCNC at the tree-level in the SM) or selection rules (helicity selection for VV productions, 
i.e. the GGG operator in gg→gg), the squared term is always the dominant contribution. 

2) There are UV models, for which the squared terms are foreseen to be the dominant 1/Λ4 
contributions: 

EFT condition satisfied but O(1/Λ4) large for large operator coefficients 
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*Provide constraints using i) linear and ii) linear+squared terms*

At the fitting level the squared can have an important effect, as there are no flat directions in 
the fit with the squares: 

In general without knowing the effect of the squares one is left in the dark about the meaning/
reliabilty of the fit.

[Brivio et al. , 1910.03606]

 Squared terms are not uniquely defined and  should 
not be employed in pheno analyses

7
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If a light resonance is found, the EFT approach is of no use

There are at least two cases where this will not be the case: 

1. The new resonance is quite heavy with respect to the collider 
energy and no other states are found !" it could be the first of 
particle of a new heavy sector. EFT can include it and search for 
indirect effects of other states/phenomena.  

2. The new resonance is light and very weakly interacting (like an 
axion) so that it does not impact collider phenomenology.  

 Ex. by Manohar
8
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A fit based on a single or a subset of parameters does 
not bring any useful information

9  * Provide individual  (also by process) and global constraints * 

It is true that the SMEFT approach is global in nature. This is due to RGE, reparametrisation 
invariance, and so on. However, individual constraints and constraints on subsets are 
extremely useful. For example: 

1. To understand which process is the most constraining one (comparing the impact of an 
operator on different processes is normalisation independent)  SENSITIVITY. 

2. Using pairs or triplets to understand the correlations and the flat directions and how to break 
them. 

3.Technically, it might be complicated to include all operators in an analysis. However, having 
previous knowledge about where the sensitivity of an operator comes from, bounds from 
other processes/experiments, RGE information and, if desired, also UV model dependent 
information, one can establish a hierarchy and make maximal use of experimental 
information.  
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NLO EFT is a necessary step

10

Understanding and quantifying the higher order effects in the SMEFT is needed because of 
many reasons: 

1. The structure of the theory manifests itself when quantum corrections are known, such as 
for example mixing/running and relations between operators at different scales. 

2.NLO brings more accurate central values (k-factors) and reduction of the uncertainties 
(which can be gauged with the scale dependence, including EFT. 

3.NLO QCD effects are important at the LHC, due to the nature of the collision. Not only rates 
can be greatly affected but also distributions. 

4.At NLO genuine new effects can come in, such as the appearance of other operators due to 
loops or real radiation.  

5.NLO can reduce the impact of flat directions. 
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The way of SMEFT

• LHC precision physics programme has set clear and very challenging goals for the next years. 


• A universal and very powerful approach to the interpretation of precision measurements is that of 
the SMEFT.  


• The SMEFT provides challenges that force all of us go out of our confort zone, beyond our current 
TH/EXP workflows and value system. 


• First explorations of the constraining power of present data in a global EW(PO)+Higgs+Top fit 
have appeared. 


• A wonderful realm of opportunities and large room for improvement  many ways to contribute 
and learn about SM(EFT) physics. 


⇒

Top

Higgs

EW

Conclusions
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Some extra material
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The square story 

𝒜SMEFT = 𝒜SM+
1

Λ2 ∑
i

c(6)
i 𝒜(6)

i +
1

Λ4 [∑
kl

c(6)
k c(6)

l 𝒜(6x6)
kl + ∑

n

c(8)
n 𝒜(8)

n ]+…

Field transformation/basis change (keeping all terms up to 1/ )   Λ2 ⇒

𝒜 = a scattering amplitude (on shell external states). It’s a complex number, gauge invariant and physical. 

𝒜′ SMEFT = 𝒜SM +
1

Λ2 ∑
j

c′ j𝒜′ 
(6)
j

Now  order by order in 1/     𝒜′ SMEFT = 𝒜SMEFT Λ2 ⇒

|𝒜SMEFT |2 = |𝒜SM |2 +
2

Λ2
Re[∑

i

ci𝒜(6)
i 𝒜*SM] +

1
Λ4

|∑
i

ci𝒜(6)
i |2 +

2
Λ4

Re [[…]𝒜*SM]

∑
i

ci𝒜(6)
i = ∑

j

c′ j𝒜′ 
(6)
j

The expansion is well defined (gauge invariant and reparametrization invariant) up to any given order. 
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EW+Higgs+EWPO
FutureNow

[Courtesy of De Blas et al., work in progress] [De Blas et al., 2020]

Expected more than 1 order of magnitude improvements

Global fits: now vs Future

72

https://arxiv.org/abs/1905.03764
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Theory trends
|

Disentagle SMEFT from HEFT!

[Henning et al. 1812.09299] 


Higgs without the Higgs
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https://arxiv.org/abs/1812.09299
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The impact of multiple measurements
Example in the top sector

[Brivio et al., 1910.03606]
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https://arxiv.org/abs/1910.03606
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Impact of quadratic terms in top production
Example in the top sector

[Brivio et al., 1910.03606]
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https://arxiv.org/abs/1910.03606
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