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From Maxwell to Higgs

 Historically:

 Inevitably:
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A Golden Century
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The Standard Model?

 Modern viewpoint: Most general Lagrangian compatible with 

given field content and symmetries 
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The Standard Model?

 The SM is not the starting point… Consider only fields 

experimentally discovered
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The Standard Model?

 A priori many ways to break electroweak symmetry!

Simplicity Naturalness

• Technicolor

• Fundamental 

Scalar (SM Higgs)

• Higgs + SUSY

• Composite Higgs

• NMSSM

• Little Higgs

• Composite 2HDM

• Walking 

Technicolor

• Extra 

Dimensions

• 2HDM

 Scalars could be something other than a Higgs e.g. radion/dilaton
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What do we really know 

experimentally?

 1930s-1970s: Beta decay, muon decay etc. -> Fermi theory

 Experimental data -> V-A structure

 Pions -> Chiral perturbation theory (non-linear effective 

Lagrangian)
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What do we really know 

experimentally?

 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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What do we really know 

experimentally?

 2012: Discovery of a scalar -> Non-linear electroweak 

Lagrangian with general couplings to singlet scalar
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March 2012 pre-discovery 
J. Ellis and T.Y.  [arXiv:1204.0464]

 Could have had very different coupling patterns than SM!
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What do we really know 

experimentally?



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

What do we really know 

experimentally?



 Could have had very different coupling patterns than SM!
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July 2012 post-discovery
J. Ellis and T.Y.  [arXiv:1207.1693]

What do we really know 

experimentally?



 ATLAS+CMS+Tevatron signal strengths
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J. Ellis and T.Y.  [arXiv:1207.1693]

What do we really know 

experimentally?



CMS+ATLAS official combination



 New physics could (always) be around the corner

 Refinements of simple BSM models in the face of new data not necessarily 
desperate model-building: The SM is not the simplest thing you could write 
down, it is itself a desperate attempt to save non-Abelian QFT’s!  

ILC Physics WG, ‘15
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What do we really know 

experimentally?



Next step: SM EFT
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Assuming a SM Higgs, the SM EFT is the next phenomenological framework 

Markus Luty PASCOS 2015 slide



Dimension-6 Operators

 First classified systematically by Buchmuller and Wyler (Nucl. Phys. B 268 (1986) 

621)

 59 dim-6 CP-even operators in a non-redundant basis, assuming no flavor structure 

(Gradkowski et al [arXiv:1008.4884])

Basis adopted from Pomarol and Riva 

1308.1426

(SILH basis Giudice et al. hep-

ph/0703164) 
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Modifications of EWPO from dim-6 Operators

 (Pseudo-)Observables

 Depends on

 Dim-6 operators can modify observables directly through Zff couplings 

contributions or indirectly through redefinitions of input observables
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SM EFT Present Constraints

 Marginalized constraints on a complete non-redundant basis of 

dim-6 operators affecting EWPTs

 S,T parameter corresponds to (𝑐𝑊+𝑐𝐵), 𝑐𝑇 subset 

Ellis, Sanz and T.Y. 1410.7703
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For S,T relation to SM EFT see also: J. Wells and Z. Zhang 1510.08462



Higgs constraints on dim-6 operators

 Operators affect Higgs signal strength measurements, differential distributions
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Ellis, Sanz and T.Y. 1410.7703



 Validity of EFT depends on interpretation

Englert and Spannowsky [arXiv:1408.5147]

Higgs constraints on dim-6 operators

See e.g. 

-Contino, Falkowski, Goertz, Grojean, Riva 1604.06444

-Da Liu, Pomarol, Rattazzi, Riva 1603.03064

See also v-improved matching: Brehmer, Freitas, Lopez-Val, Plehn

1510.03443



SM EFT Present Constraints

 Constraints from LHC triple-gauge coupling measurements and 

Higgs physics

Ellis, Sanz and T.Y. 1410.7703

x 10 TeV
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Translating EFT Constraints to MSSM Stops

Drozd, Ellis, Quevillon and T.Y. 

1504.02409
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 Operators > dim-6 become important when EFT cut-off/stop mass is too low

 Compare EFT dim-6 vs full MSSM amplitude

EFT Validity for Stops
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FCC-ee EWPT Constraints

LEP
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FCC-ee EWPT Constraints

LEP
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FCC-ee EWPT Constraints

-Dark green: One-by-one (exp. 

uncertainty only)

-Light green: One-by-one (exp + 

TH uncertainty)

-Red: Marginalised (exp. 

uncertainty only)

-Orange: Marginalised (exp + TH 

uncertainty

LEP

FCC-ee
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J. Ellis and T.Y.  [arXiv:1510:04561]



Future Higgs Constraints

ILC FCC-ee
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Future e+e- Constraints
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J. Ellis and T.Y.  [arXiv:1510:04561]

-Hartmann, Trott 1507.03568

-Gauld, Pecjak, Scott 1512.02508, 1607.06354

-Maltoni, Vryonidou, Zhang 1607.0533

 Future precision sensitive to TeV scale, even for loop-induced operators

 SM EFT matching at one-loop simplified by the Universal One-Loop Effective 

Action

 Need calculations of higher-order corrections to SM EFT at NLO 

-Drozd, Ellis, Quevillon, TY 1512.03003

-Ellis, Quevillon, TY, Zhang 1604.02445 See also 

- Henning, Lu & Murayama 1412.1837, 1604.01019

- Fuentes-Martin, Portoles, Ruiz-Femenia 1607.02142 



Future Constraints to MSSM Stops

Drozd, Ellis, Quevillon and T.Y. 

1504.02409
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Beyond the Standard Model?

 What if the 750 GeV is real? New physics at TeV scale - must be somehow 
related to theory that resolves naturalness

 If large decay width, could point towards strongly-coupled new physics

 Simplest extension of minimal composite Higgs model

 PNGB singlet and Higgs potential generated by explicit breaking of SM 
coupling to strong sector operators

 Partial compositeness mechanism keeps flavour under control if singlet 
couples flavour-universally

 Anomaly structure encapsulates UV information

B. Gripaios, M. Nardecchia, TY 

(1605.09647)
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Beyond the Standard Model?

 What if the 750 GeV is a background fluctuation?

 Maybe Nature is trying to tell us we are missing something in the way we 

think about the hierarchy problem

http://resonaances.blogspot.com.es/2016/01/do-or-die-year.html
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Cosmological Relaxation

 Natural solution with a high cut-off scale

 Originally proposed in the context of cosmological constant

 Axion-like field a with shift symmetry and periodic potential, softly broken

 Effective Higgs mass scanned by slow-rolling a during inflation

 Bonus: Minimal SUSY-breaking mechanism

L. F. Abbott, Phys. Lett. B 

150 (1985) 427

P. W. Graham, D. E. Kaplan and S. Rajendran, 

Phys. Rev. Lett. 115 (2015) 22, 221801 

[arXiv:1507.07551]

Higgs mass at cut-off scale  

potential barrier height 

proportional to <h>

potential slope gives slow-roll

B. Batell, G. F. Giudice and M. McCullough, 

JHEP 1512 (2015) 162 [arXiv:1509.00834]

Tevong You



Minimal QCD relaxion model

 Attractive possibility: G=SU(3)_c

 Slow-roll scanning stops when barrier 

height slope = soft-breaking slope

 Strong-CP problem, effective Θ-angle 

of O(1)

technically natural 

protected parameter  
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 Instanton effects suppressed at finite temperature 

 Minimal QCD relaxion is still viable provided 
inflation occurs with T ~ 2 GeV

 Warm relaxation resolves both the hierarchy and 
strong-CP problems simultaneously using only a 
single field

 Relaxion trapped with suppressed barrier 

height

 After universe cools, new minimum              

Warm Relaxation

Calculated using O. Wantz and E. P. S. Shellard, 

Phys. Rev. D 82 (2010) 123508 [arXiv:0910.1066]
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M. McCullough and TY – work in progress



Conclusion
 No direct observations of BSM resonances or clear hints of NP so 

far

 Assuming SM Higgs, SM EFT is a systematic approach to decoupled 
new physics

 Job is now to classify phenomenology, from bottom-up and top-
down

 Higgs as a precision observable in the future, sensitive to indirect 
BSM

 Lack of new TeV-scale physics could become a famous null-result!

Free yourself 

from 

negative 

emotions 

with EFT

Find peace 

with high 

energies

MSSM, 

NMSSM, 

DiracNMSSM

, Non-SSM...

experimentalist
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-Mixed Heavy-Light Matching in the Universal One-Loop Effective Action,

Sebastian A.R. Ellis, Jeremie Quevillon, TY, and Zhengkang Zhang

PLB accepted [arXiv:1604.02445]

-The Universal One-Loop Effective Action,

Aleksandra Drozd, John Ellis, Jeremie Quevillon and TY,

JHEP 03 (2016) 180 [arXiv:1512.03003]

-Sensitivities of Prospective Future e+e− Colliders to Decoupled New Physics,

John Ellis and TY

JHEP 03 (2016 089 [arXiv:1510.04561]

-Comparing EFT and Exact One-Loop Analyses of Non-Degenerate Stops,

Aleksandra Drozd, John Ellis, Jeremie Quevillon and TY

JHEP 06 (2015) 028 [arXiv:1504.02409]

-The Effective Standard Model after LHC Run I, 

John Ellis, Veronica Sanz and TY

JHEP 29 (2015) 007 [arXiv:1410.7703]
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