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We’ve always been doing EFT

• QED EFT = QED + Euler-Heisenberg + Fermi theory

• EFT fits to experimental data established V-A structure

• (Light-by-light scattering observed 80 years later)

Euler-
Heisenberg 
(1936)

Fermi theory 
(1933)

D’Enterria, Silveira 1305.7142
ATLAS 1702.01625
CMS 1810.04602
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EFT including weak gauge bosons

• 1980s-2012: Discovery of weak bosons. Non-linear effective Lagrangian for 
spontaneously-broken global symmetry (breaking mechanism unknown!)

• Global symmetry-breaking pattern gives low-energy effective theory regardless of 
UV mechanism responsible for it
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[EWSB mechanism?]

 A priori many ways to break electroweak symmetry!

 New scalars could also be something other than a Higgs

Simplicity Naturalness

• Technicolor

• Fundamental Scalar 
(SM Higgs)

• Higgs + SUSY

• Composite Higgs

• NMSSM

• Little Higgs

• Composite 2HDM

• Walking 
Technicolor

• Extra 
Dimensions

• 2HDM
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EFT for weak bosons + scalar

• 2012: Non-linear electroweak Lagrangian + general couplings to 
singlet scalar

• (c.f. HEFT)

Tevong You



• Could have had very different coupling patterns to SM!

March 2012 pre-discovery 
J. Ellis and T.Y.  [arXiv:1204.0464]
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July 2012 post-discovery
J. Ellis and T.Y.  [arXiv:1207.1693]

• Could have had very different coupling patterns to SM!
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Moriond 2013
J. Ellis and T.Y.  [arXiv:1303.1879]

• Could have had very different coupling patterns to SM!
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ATLAS+CMS Run 1 combination  
[arXiv:1606.02266]

• Could have had very different coupling patterns to SM!
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The Standard Model
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SM to SMEFT framework
• New physics appear to be decoupled at higher energies

• Given particle content, write down all terms allowed by symmetries…

• …Including higher-dimensional operators!

• Generated by new physics at scale Λ ≫ 𝑣
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Operators
• Lagrangian dim-6 operator coefficient normalization:

• Warsaw basis
[1008.4884 Grzadkowski et al]

Input scheme: 
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Operators

• 20 operators relevant for Higgs, 
diboson, and EWPO: 
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Linear fit



Measurements

• Higgs, diboson, EWPO:

• + Top
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Measurements
• Top:
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Measurements

• EWPO:
Revised QCD uncertainties on 

𝐴𝐹𝐵
𝑏 not included: 

[2011.00530 d’Enterria & Yan]
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Measurements

• Diboson:

• Conservative approach to unknown bin correlations at LEP: fit to subset of angular 
distribution bins

• LHC WW suppressed linear term 

• Zjj recovers interference:

1606.06693 Berthier, Bjorn, Trott

2006.15458 ATLAS

Tevong You
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Measurements

• Higgs:

To be added: 2009.04363 CMS 3𝜎 evidence for 𝐻 → 𝜇𝜇−



Measurements

• Top:
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SMEFT fit
• Combine Top, Higgs, diboson, and electroweak data

• Simultaneous linear fit at leading order to 34 operators

• Matched to simplified models at tree-level and one-loop stop 
example

• Analytical Hessian method and numerical MCMC algorithm

• Easily extendable database and modular capabilities

• Fitmaker public python code to be released

Tevong You
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SMEFT fit
• Fitmaker: modular library of observables and theories
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SMEFT fit
• Fitmaker: modular library of observables and theories
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Map operators to observables

• Keep only linear coefficient dependence

• (For each observable 𝑋, normalised such that largest 𝑎𝑖
𝑋 = 1)

• EWPO:

Log scale:
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Map operators to observables

• Diboson

Log scale:
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Map operators to observables

• Higgs signal strengths

Log scale:
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Map operators to observables

• Higgs STXS

Log scale:
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Map operators to observables

• Higgs STXS

Log scale:
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Impact of measurements
• Individual 95% CL bounds switching on one operator at a time

• Which observables constrain which operators the most?
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Impact of measurements
• Individual 95% CL bounds switching on one operator at a time

• Which observables constrain which operators the most?

Log scale:
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Impact of measurements
• Individual 95% CL bounds switching on one operator at a time

• Individual bounds hardly affected by STXS

• Impact on marginalised constraints
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Impact of measurements
• Marginalised 95% CL bounds allowing all 20 operators to vary
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Impact of measurements
• Marginalised 95% CL bounds allowing all 34 operators to vary

• Which observables constrain which directions in marginalised fit?
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Impact of measurements
• Which observables constrain which directions 

in marginalised fit? 

• Principal component analysis: eigenvectors of 
covariance matrix
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Impact of measurements
• Which observables constrain which directions 

in marginalised fit? 

• Principal component analysis: eigenvectors of 
covariance matrix

18 correlations 
> 20% 
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Impact of measurements
• Higgs and Top complementarity:

• Fit to • 2-D fits and marginalised over full fit
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SMEFT fit to models
Tevong You

De Blas, Criado, Perez-Victoria, 
Santiago [1711.10391]

• Simplified models: renormalisable SM extensions

• Classification and tree-level matching dictionary



• Streamlines process of interpreting limits on BSM parameter space

SMEFT fit to models
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• Streamlines process of interpreting limits on BSM parameter space

SMEFT fit to models
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• Systematic search for pulls in all N parameter combinations of operators

SMEFT fit to models
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• Are we seeing the appearance of non-zero Wilson coefficients in 
SMEFT four-fermion operators?



What are the B anomalies?

• Anomalies in charged (B→ 𝐷(∗)𝜇𝜈) and neutral (B→
𝐾(∗)𝜇+𝜇−) current B decays

• Focus on neutral current B decays

53
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• Anomalies in processes involving b → 𝑠 𝜇+𝜇− transitions:

• LHCb 3.4 σ in P5’ angular distribution of B → 𝐾∗ 𝜇+𝜇− (2 σ for Belle)

• Various other kinematic observables in b → 𝑠 𝜇+𝜇−

• 3.2 σ in 𝐵𝑠 → 𝜑 𝜇+𝜇−

• ⇒~4 σ non-zero Wilson coefficient in global fit to these “messy” 
observables

• 2.5 σ in “clean” observable 𝑅𝐾
• 2.5 σ in “clean” observable 𝑅𝐾

∗

• ⇒ ~4 σ non-zero Wilson coefficient in combined fit to just these 
two clean observables 

• Consistency of all these various anomalies is non-trivial

55
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• Points towards new physics parametrised by a four-
fermion effective operator 

What are the B anomalies?

56
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Historical Aside

• Fermi theory of radioactive beta decay:

• Underlying new physics ⇒ electroweak gauge bosons

57
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New physics behind B anomalies?

• Z’ or leptoquarks (at tree-level)

• What are the prospects 
for exploring directly this 
new sector?

58
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• Can we definitely discover directly the source of the 
anomalies at higher energies? 

• Consider sensitivity to most pessimistic scenario: only 
include minimal couplings required to explain 𝑏 →
𝑠𝜇+𝜇− anomalies

• More realistic models will typically be easier to discover

Motivation for future colliders

(Di Luzio, Nardecchia [1706.01868])80 TeV unitarity limit = no general no-lose theorem at FCC-hh

59
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Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• Actual limits depend on Z’ couplings in signal x-section

60

Allanach, Gripaios, TY [1710.06363]
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Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• Actual limits depend on Z’ couplings in signal x-section

61

1.5 TeV

Allanach, Gripaios, TY [1710.06363]
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Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• Actual limits depend on Z’ couplings in signal x-section

Excluded 
by Bs
mixing

Extrapolated 
95% CL lim.

Fat width

b-anomaly 
compatible

62

Tevong You



Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• Actual limits depend on Z’ couplings in signal x-section

Excluded 
by Bs
mixing

Extrapolated 
95% CL lim.

Fat width

b-anomaly 
compatible

Summary of 
Z’ coverage: 
For each MZ’, 
plot vertically 
the anomaly-
compatible 
region

63
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Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• 100 TeV can cover almost all (narrow width) parameter 
space of most pessimistic scenario

65
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Z’ Sensitivity 
• Extrapolate current 13 TeV di-muon search:

• 100 TeV can cover almost all (narrow width) parameter 
space of most pessimistic scenario

66

Narrow width 
approximation no 
longer valid!

Necessarily have 
additional flavour 
structure…
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Z’ Sensitivity 
• Improved MC study including large widths and two 

benchmark flavour scenarios:

Tevong You 67

Allanach, Corbett, Dolan, TY [1810.02166]
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Leptoquark Sensitivity

• Extrapolate current 8 TeV LQ di-muon+di-jet search:

• Pair production for scalar LQ depends only on QCD 
coupling

• Upper limit from Bs mixing constraint 
68

NLO LQ pair prod. code from 
Kramer et al [0411038]
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Leptoquark Sensitivity

• Extrapolate current 8 TeV LQ di-muon+di-jet search:

• Pair production for scalar LQ depends only on QCD 
coupling

• Upper limit from Bs mixing constraint 

Extrapolated 
95% CL lim.

Excluded 
by Bs
mixing

b-anomaly 
compatible

Max

69

See also Hiller 
& Nisandzic, 
1704.05444
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Leptoquark single production

70
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Take-home message

• First studies of direct search potential for source of B 
anomalies at future colliders

• Points to accessible scale of new physics

• Await LHCb Run 2 update and Belle II…

• Even if anomalies vanish, motivates interplay between 
direct discovery potential of future hadron colliders and 
indirect sensitivity from precision physics

71
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Conclusion

• QED+Fermi theory → chiral electroweak+pion EFT

• Chiral electroweak EFT+Higgs → SM

• SM → SMEFT

• SMEFT → ?

• More data needed
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• “What would be the use of such extreme refinement in the science of 
measurement? […] The more important fundamental laws and facts of physical 
science have all been discovered, and these are so firmly established that the 
possibility of their ever being supplanted in consequence of new discoveries is 
exceedingly remote. […]” 

–A. Michelson 1903

Conclusion
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• “What would be the use of such extreme refinement in the science of 
measurement? Very briefly and in general terms the answer would be that in 
this direction the greater part of all future discovery must lie. The more 
important fundamental laws and facts of physical science have all been 
discovered, and these are so firmly established that the possibility of their ever 
being supplanted in consequence of new discoveries is exceedingly remote.
Nevertheless, it has been found that there are apparent exceptions to most of 
these laws, and this is particularly true when the observations are pushed to a 
limit, i.e., whenever the circumstances of experiment are such that extreme 
cases can be examined.” 

–A. Michelson 1903

• Keep pushing to examine extreme cases across all frontiers of 
fundamental physics

Conclusion
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