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“Two waiters serve two 
steel workers lunch, on a 
girder high above New 
York City, 1930. (Photo 
by Keystone/Getty 
Images)” 
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Need to 
extend 

kappas to 
something 

between the 
other two. 

Fiducial cross-
sections are a lot 

of bins. 

Kappas cannot 
describe many 

SM deformations. 
Wilson 

coefficients 
deeply rooted in 

TH. 
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The fate/character of the Universe 
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 Standard Theory seems self-consistent up to large scales. 
 …though the Universe might decay. 

[ JHEP 1208 (2012) 098 ] 8 
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But: dark matter, matter-antimatter, etc. 

Valid up to ~Planck scale ? 
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The Next Standard Model 
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Standard 
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Something 
else 



H(125) – looking for “something else”  
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 Mass 
 Exp. Uncertainties 
 SM consistency: (mH, mW, mtop) 

 Spin 
 J=0 ok for everyone? 

 Charge 
 Zero. (That was easy.) 

 Parity 
 Amplitude decomposition → EFT 

 Scalar couplings 
 κ→ κ(q) → f(q) → EFT 
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Kappas: scalar coupling deviations 

Moriond EW - 2015 a.david@cern.ch 

[ arXiv:1307.1347 ] 

 Single state, spin 0, and CP-even.  
 Narrow-width approximation: (σ×BR) =σ⋅Γ/ΓH 
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Kappas do not change shapes 
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 Scaling the SM line 
would not capture 

vertex effects: 

[ Spannowsky et al. arXiv:1405.4295 ] 



Deviations are on a diet 
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 SUSY (tanβ=5): 
 

 Composite scalar: 
 

 Top partners: 

[ arXiv:1306.6352 ] 22 



Effective field theory (EFT): the idea 
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 Experimentally-driven set of parameters 
vs. basis of QFT operators that may be 
better aligned with the Next SM features. 
 

 EFT allows to perform accurate calculations: 
 NLO EWK effects, etc. 
 More sensitive interpretation. 
 

 >59 dim-6 operators already mapped out 
in 1986. 
 Which operators to keep ? 
 What about dim-8 ? 
 What about loop processes ? 

[ NPB 268 (1986) 621 ] [ JHEP 10 (2010) 085 ] 
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 Experimentally-driven set of parameters vs. 
basis of QFT operators that may be better 
aligned with the Next SM features. 
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LHC Higgs Cross Section WG 
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 Experimentalists and theorists 
joined to produce the best pieces 
for a common puzzle. ⬊ 

 
 This talk draws heavily from 

discussions in and around WG2. 
 Special thanks to G. Passarino, G. 

Isidori, A.  Falkowski, M. Duehrssen, 
M. Trott, F. Riva, F. Maltoni, and C. 
Grojean. 

 Inaccuracies are still my own. 

[ http://xkcd.com/888/ ] 25 



Supplementing the Standard Theory 

 SUSY: MSSM, NMSSM, 
etc. 

 Possibly: 
 Light new physics. 
 Other states. 
 Non-decoupled. 

 Specific benchmarks. 
 LHC HXSWG WG3. 

 Add higher-dimensional 
operators. 

 Assumes: 
 Heavy new physics. 
 Indirect effects, loops.  
 Decoupled. 

 Generic interpretation. 
 LHC HXSWG WG2. 

Moriond EW - 2015 
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Concrete BSM EFT expansion 



Not all EFT are born the same 

 Full theory known: 
 Matching conditions 

bridge EFT and full 
theory. 

Moriond EW - 2015 

29 

a.david@cern.ch 

Top-down EFT Bottom-up EFT 

 Full theory unknown: 
 Add operators as 

theory can calculate 
and data can discern. 

 

[ http://cern.ch/go/L98Q ] 
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Top-down EFT Bottom-up EFT 

 Full theory unknown: 
 Add operators as 

theory can calculate 
and data can discern. 

 

[ http://cern.ch/go/L98Q ] 



A taxonomy of dim-6 operators 
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EFT questions 

Moriond EW - 2015 a.david@cern.ch 

 From 2499 dim-6 operators to ~60 operators. 
 Symmetries guide the culling: 
 Flavour, ~custodial, CP. 
 Each assumption needs testing measurements/observables. 

 
 But to go down from ~60: 

 Guidance from experimental sensitivity. 
 Use complementary information: 
 LEP, Tevatron, etc experimental constraints. 
 aTGC/aQGC, top quark, EDM searches, etc. 
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Working out the details 
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“A construction worker crouches over the end of 
a girder high above the streets of New York. 
(Photo by General Photographic Agency/Getty 
Images). Circa 1930” 



EFT challenges 
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 |dim-4 + dim-6 + dim-8 + …|2 = 
= d42 + d4×d6 (+ d62  + d4×d8) (+ d6×d8 + d82 ) + … 

 Weeding of the negligible, keeping of the sizable. 
 

 Delicate choices because of: 
 Tails of large Q2 values where dim-8 may not be so small. 
 Where there is no dim-6 tree contribution, dim-8 is leading. 
 

 And let’s not forget interferences. 
 Signals and backgrounds are physics processes all alike. 

35 



Delicate choices 
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 |dim-4 + dim-6 + dim-8 + …|2 = 
= d42 + d4×d6 (+ d62  + d4×d8) (+ d6×d8 + d82 ) + … 

36 [ Passarino http://cern.ch/go/nT7n ] 

1 Λ-2 Λ-4 Λ-6 Λ-8 

LO: gd4 
NLO: gd4

3 
NNLO: gd4

5 
… 

Λ-4 

If Λ < 3 TeV, dim-8 should not be 
neglected w.r.t. dim-6. 
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= d42 + d4×d6 (+ d62  + d4×d8) (+ d6×d8 + d82 ) + … 

37 [ Passarino http://cern.ch/go/nT7n ] 

1 

LO: gd4 
NLO: gd4

3 
NNLO: gd4

5 
… If Λ > 5 TeV, SM NNLO should not 

be neglected w.r.t. dim-6. 

Λ-4 Λ-2 Λ-6 Λ-8 Λ-4 
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 |dim-4 + dim-6 + dim-8 + …|2 = 
= d42 + d4×d6 (+ d62  + d4×d8) (+ d6×d8 + d82 ) + … 

38 [ http://cern.ch/go/Ks9T ] 

1 Λ-4 

LO: gd4 
NLO: gd4

3 
NNLO: gd4

5 
… 

VH, VBF, Hjj can probe very large Q2, 
where d4 ~ 0. 
Work in progress. 
Many ideas. 

Λ-2 Λ-6 Λ-8 Λ-4 



Towards a conventional basis 
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 Effort in the LHC HXSWG WG2 to standardize the 
dim-6 operator language. 
 Incorporate constraints from LEP precision data. 
 Link to aTGC/aQGC LHC EWWG. 
 Basically, any data fit using dim-6 EFT can be 

“rotated in”. 

 Design choice: align tree-level dim-6 effect with 
straightforward H(125) experimental observables. 
 Beyond tree-level, not that simple. 

 

[ LHCHXSWG-INT-2015-001 ] [ Falkowski http://cern.ch/go/Ks9T ] 



NLO EFT meets kappas 
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LHC season 2 premieres next week 
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‘We want to find the Next SM’ 



Still SM ? 
Beyond SM ? 

The future is in precision and accuracy 
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Accelerator physicists 
More collisions 

Experimentalists 
Better detectors & analyses 

Theorists 
Better predictions 

Present 

Future 
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EFT cuts across 
colliders (ee, eh), 

sectors (multi-bosons, top), 
and searches (LFV, EDM)… 



Looking for the middle way 
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“The eleventh most dangerous 
occupation in America is that of the 
rivet tosser. Insurance companies will 
not issue life or accident insurance 
cover to these people. (Photo by 
Evans/Three Lions/Getty Images). 
Circa 1950” 
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 EFT is all-encompassing, calculable, and evolving. 
 But too costly to redo all analyses if/when higher order 

calculations become available. 

 Fiducial cross-section could be produced differentially 
for many quantities. 
 But no physical interpretation of every single bin by itself. 

 
 The middle way: pseudo-observables (PO). 

 LEP-inspired scheme where theory and experiment intersect 
at clearly-defined points. 



With some LEP inspiration 
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Pseudo-
observables 

Experimental 
measurements 

Fiducial 
measurements 

Theory 
coefficients 

EXP unfolding 

PDF, radiative corrections, 
etc. 

Resolution, etc. 
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Theory 
coefficients 

Fiducial 
measurements 

Discussion on TH-EXP 
information exchange. 

Pseudo-
observables 

Experimental 
measurements 

EXP unfolding 
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Experimental 
measurements 

Fiducial 
measurements 

EXP unfolding 

Discussion on EFT. Pseudo-
observables 

Theory 
coefficients 



With some LEP inspiration 

Moriond EW - 2015 a.david@cern.ch 

53 

Experimental 
measurements 

Fiducial 
measurements 

Theory 
coefficients 

EXP unfolding 

Pseudo-
observables 

Discussion on extending 
the kappa framework. 



From kappas that fit little stuff… 
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Kappa 



…to kappas that fit more stuff. 
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Kappa 

Extended kappa 



POs 

Kappas might have been our first POs 
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 Kappas must be extended to: 
 Differential quantities. 
 Remove some assumptions. 
 Cover smooth deviations from the SM. 

 

 With better/more POs, kappas may remain as part 
of the PO framework: 

Theory 

POs closer to TH 
(…) 

POs closer to EXP 
(kappas) 

Experiment 

SM 

BSM 

EFT Fid. Xsec. 

Asymmetry 



POs 

Inspiration for building PO 
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 If we assume that: 
Next SM ~|dim-4 + dim-6 + dim-8 + …|2 
 

 Then POs can be motivated to parametrize: 
δ(POi) ~ (Data – d42) = d4×d6 + d62 + d4×d8 + 
… 

 

Theory 

POs closer to TH 
(…) 

POs closer to EXP 
(kappas) 

Experiment 

SM 

BSM 

EFT Fid. Xsec. 

Asymmetry 
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 Many practical issues to be 
solved. 

 Many conceptual issues to be 
tackled. 

 Many discussions to be held. 

Theory 

POs closer to TH 
(…) 

POs closer to EXP 
(kappas) 

Experiment 

SM 

BSM 

EFT Fid. Xsec. 

Asymmetry 

Vector boson fusion 

Decay to 4f 
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Experimental 
measurements 

Fiducial 
measurements 

Theory 
coefficients 

EXP unfolding 

Pseudo-
observables 
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Experimental 
measurements 

Fiducial 
measurements 

Theory 
coefficients 

EXP unfolding 

Pseudo-
observables 

Theorists refine calculations and 
interpret against PO. 
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Experimental 
measurements 

Fiducial 
measurements 

Theory 
coefficients 

EXP unfolding 

Pseudo-
observables 

If SM predictions improve, 
experiments may redo PO. 
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Experimentalists Theorists 
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Experimentalists Theorists 

Accelerator 
physicists 
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 Standard Theory is complete and remarkably self-consistent. 
 But challenged to describe reality. 
 Challenge: deviations are not expected to be large. 
 

 Bottom-up EFT tackles heavy new physics in general way. 
 Applies to other colliders & other physics sectors. 
 Can affect any physics process: signal or background. 
 

 PO: a middle way between Experiment and Theory. 
 Crafting of useful and meaningful PO on-going. 
 Up and coming discussions: 
 March 27 “Pseudo-Observables in Higgs decays” http://cern.ch/go/9Pw7 

 April 9-10 “Pseudo-observables: from LEP to LHC” http://cern.ch/go/77HM 
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5 steps for 4ℓ addicts aficionados 
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A possible roadmap 
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κ 
• NWA 
• 0+ 

• Single state 
• 1 d.o.f./SM 

particle 

κ∞ 
• Short-distance 

contribution to loops. 
• Appears in at least 

pT(H) and mVV. 
• Just one more d.o.f. 

κ(q) 
• q = pT(H), m34, 

mVV, mZH, … 
• “differential μ” 
• 1 d.o.f./bin 

f(q) × 
Lorentz 
structures 
• f = f0 + λq 
• As done in 

flavour physics? 
• 2 

d.o.f./observa
ble 

Full EFT 
• Wilson coefficients ci. 
• Which ones? 
• Which sets? 
• Which assumptions? 

72 



The many facets of HVV 

Decay γ γ*/Z* Z 

γ ✓ ✓ ✓ 

γ*/Z* ? (VBF) ✓(VH) 

Z ✓ (H*) 

Moriond EW - 2015 
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Vector boson fusion 

Decay to 4f 



PO at LEP: the AFB example 
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PO at LEP: the AFB example 
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75 [ hep-ph/9902452 ] [ hep-ex/0509008 ] 

Small remnants (imaginary parts), no problems. 
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 Scaling the SM line 
would not capture 
other spin-0 
angular correlations 
in VBF. 

[ Maltoni et al. http://cern.ch/go/8cPB ] 



Taxonomy of dim-6 operators 
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77 [ Trott et al. JHEP 04 (2014) 159 ] 



First steps in YR3 
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78 [arXiv:1307.1347] 



Tools 

Simplified models 

59-dim 
representations 

A Rosetta stone for HEFT 
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Experiments  Theories 
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 LHC Run 2: 
 more exclusive. 
 more differential. 
 more off-shell. 
 more Yukawas. 
 Discover ttH ! 

 more HVV. 

Falsify = Progress Assorted topics for discussion 

Precision (uncertainties) 
vs. accuracy (higher orders). 

Tools: calculators 
vs. generators. 

 EFT: 
 Devise tests for every assumption. 
 Which loops to keep? 
 Even-higher-dimensional niches? 

 Observables vs. “inferrables”. 
Global fit of EWPD, a{T,Q}GC, 
scalars. 

 Some physics processes not more 
equal than others. 
 EFT vs. “backgrounds”, SMH as a 

background,… 

 HVV systematization: 
 γγ, γγ*, Zγ*, ZZ. 

 Plus the W… 
 The VBF, VH, HVV triangle. 

Experiment-Theory information interchange interface. 



Anatomy of deviations 
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 Deviations are searched relative to SM expectation. 
 Conclusions are only as good 

as the accuracy and precision 
of the numerator and denominator. 
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Anatomy of deviations 

Moriond EW - 2015 a.david@cern.ch 

 Deviations are searched relative to SM expectation. 
 Conclusions are only as good 

as the accuracy and precision 
of the numerator and denominator. 

Standard Model 

Data 
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The anatomy of deviations 
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 μ = 1 means that the data match the SM. 
 Uncertainty on μ quantifies the compatibility with the SM: 
 μ = 1.3 ±1.2 is inconclusive and “more data is needed”, but 
 μ = 2.0 ±0.2 could mean New Physics (or a systematic effect).   

 

μ μ = 1 
(SM)  

Imprecise measurement compatible with 0 and 1. 
Inconclusive, “more data needed”. 

μ = 0 
(No scalar)  
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The anatomy of deviations 
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 μ = 1 means that the data match the SM. 
 Uncertainty on μ quantifies the compatibility with the SM: 
 μ = 3 ±5 usually means “more data needed”, but 
 μ = 2.0 ±0.2 could mean New Physics (or a systematic effect). 

μ = 1 
(SM)  

μ 

Precise measurement compatible with the SM. 
Large deviations excluded! 

Precise measurement incompatible with the SM! 
Evidence of a deviation. 

Imprecise measurement compatible with anything. 
Inconclusive, “more data needed”. 

“New Physics ⇒ Deviation” but “Deviation ⇏ New Physics” 
See, e.g., http://cern.ch/go/W8wW μ = 0 

(No scalar)  
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Precise measurement compatible with the SM. 
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Precise measurement incompatible with the SM! 
Evidence of a deviation or exp./theory bias. 
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Inconclusive, “more data or better theory needed”. 

“New Physics ⇒ Deviation” but “Deviation ⇏ New Physics” 
See, e.g., http://cern.ch/go/W8wW μ = 0 

(No scalar)  
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Differential distributions 
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 Differential picture directly touches fundamental aspects: 
 The loop structure where new particles may be running (pT shape). 
 The QCD structure of the calculations (Njets). 

 ATLAS H→γγ and ZZ results and the adventure of unfolding. 
 Illustrates the power of having more statistics (signal-like excess). 

[ arXiv:1407.4222 ][ arXiv:1408.3226 ] 
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 Differential picture directly touches fundamental aspects: 
 The loop structure where new particles may be running (pT shape). 
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For discussion 
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Higgs in CMS – ca. 2008 

Moriond EW - 2015 a.david@cern.ch 

[ http://cern.ch/go/dJf7 ][ http://cern.ch/go/Sx8m ] 

• Mass mechanism – the mexican hat field, first published by Brout and Englert (1964). 
• Higgs boson – the field’s massive radial excitation, tacit to Brout and Englert, massless 

via approximations in Guralnik et al., and explicitly mentioned by Higgs (1964). 
• Viability – photons and massive weak bosons can coexist was shown by Kibble (1967). 
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From the other side of the pond 

Moriond EW - 2015 a.david@cern.ch 

 Combination of Tevatron VH⟶bb̅ searches, in July 2012: 
 2.8σ local significance at mH=125 GeV. 

[ arXiv:1207.6436 ] 96 



Looking up to a new boson 

Moriond EW - 2015 a.david@cern.ch 

[ http://cern.ch/go/q8jx ] 97 



A 2012 hit 

Moriond EW - 2015 a.david@cern.ch 

[ http://goo.gl/49c0c ][ http://goo.gl/suJzZ ][ http://goo.gl/ShJJG ] 98 



More on scalar couplings 

Moriond EW - 2015 a.david@cern.ch 
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Scalar coupling deviations framework 

Moriond EW - 2015 a.david@cern.ch 

[ arXiv:1307.1347 ] 

 Single state, spin 0, and CP-even.  
 Narrow-width approximation: (σ×BR) =σ⋅Γ/ΓH 
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Scalar coupling deviations framework 

Moriond EW - 2015 a.david@cern.ch 

[ arXiv:1307.1347 ] 

 Loops resolved at NLO QCD and LO EWK accuracy. 
 Peg the as-of-yet unmeasured to “closest of kin”. 
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Scalar coupling deviations framework 

Moriond EW - 2015 a.david@cern.ch 

 Total width as dependent function of all κi. 
 Total width scaled as free parameter: κH.

[ arXiv:1307.1347 ] 102 



Weak bosons and fermions 

Moriond EW - 2015 a.david@cern.ch 

H→γγ resolved into top-
loop, b-loop, τ-loop, and 

W-loop. 

[ arXiv:1307.1347 ] 103 



Weak bosons and fermions 

Moriond EW - 2015 a.david@cern.ch 

Tevatron ATLAS CMS 

p(SM) - 10% < 1σ 

[ arXiv:1303.6346 ][ ATLAS-CONF-2014-009 ][ CMS-PAS-HIG-14-009 ] 104 



Weak bosons and fermions 

Moriond EW - 2015 a.david@cern.ch 

ATLAS CMS 

P(SM) 10% < 1σ 

[ ATLAS-CONF-2014-009 ][ CMS-PAS-HIG-14-009 ] 105 



Testing for a composite scalar 

Moriond EW - 2015 a.david@cern.ch 

 Example of one BSM alternative being directly 
tested on the outcome of these fits. 

[ ATLAS-CONF-NOTE-2014-010 ] 106 



Odds and ends 

Moriond EW - 2015 a.david@cern.ch 
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Signal 

Backgrounds 

Strong interference 
 

NNLO/LO k-factors depend on mZZ 
[ G. Passarino, arXiv:1312.2397 ]  

Use the same k-factors for 
signal and gg continuum 

[ M. Bonvini et al., PRD 88 2013 ] 

Off-shell – involved processes 

Moriond EW - 2015 a.david@cern.ch 
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H∗ – off-shell 

Moriond EW - 2015 a.david@cern.ch 

 Define 
 On-mass-shell we have 

 
 

 Off-mass-shell there is no r: 
 

 
 Can make inference on r from on- 

and off-shell assuming: 
 μon-shell = μoff-shell 
 Only SM processes → ZZ: 
 gg→H∗ 

 gg = |gg→H∗ + gg→non-H|2 
 |gg→H∗|2 + |gg→non-H|2 
 Total = gg + qq ̅ 

[PLB 736 (2014) 64 ][ JHEP 08 (2012) 116 ][ PRD 88 2013 ][ arXiv:1311.3589 ] 109 



A 2012 hit 

Moriond EW - 2015 a.david@cern.ch 

[ http://goo.gl/ShJJG ] 110 



Delayed unitarization: until when? 

Moriond EW - 2015 a.david@cern.ch 

 Assume that WW 
scattering is δ-1/2 that 
of SM. 
 

 Things can look like 
the SM for a long 
time. 
 Time ~ Energy. 

[ http://cern.ch/go/q8Gq ] 111 


	middle way
	Lunch – Waldorf-Astoria style
	4-box summary
	Standard Model of Particle Physics
	Slide Number 5
	Slide Number 6
	Standard Theory of Particle Physics
	The fate/character of the Universe
	Standard Theory of Particle Physics
	Standard Theory of Particle Physics
	The Next Standard Model
	The Next Standard Model
	H(125) – looking for “something else” 
	Handles on deviations
	Handles on deviations
	Handles on deviations
	Handles on deviations
	Handles on deviations
	Kappas: scalar coupling deviations
	Kappas: scalar coupling deviations
	Kappas do not change shapes
	Deviations are on a diet
	Effective field theory (EFT): the idea
	Effective field theory (EFT): the idea
	LHC Higgs Cross Section WG
	Supplementing the Standard Theory
	Supplementing the Standard Theory
	Supplementing the Standard Theory
	Not all EFT are born the same
	Not all EFT are born the same
	Not all EFT are born the same
	A taxonomy of dim-6 operators
	EFT questions
	Working out the details
	EFT challenges
	Delicate choices
	Delicate choices
	Delicate choices
	Towards a conventional basis
	NLO EFT meets kappas
	NLO EFT meets kappas
	NLO EFT meets kappas
	NLO EFT meets kappas
	LHC season 2 premieres next week
	LHC season 2 premieres next week
	The future is in precision and accuracy
	The future is in precision and accuracy
	Looking for the middle way
	The need for the middle way
	With some LEP inspiration
	With some LEP inspiration
	With some LEP inspiration
	With some LEP inspiration
	From kappas that fit little stuff…
	…to kappas that fit more stuff.
	Kappas might have been our first POs
	Inspiration for building PO
	Inspiration for building PO
	The middle way in action
	The middle way in action
	The middle way in action
	POs are served in style
	POs are served in style
	POs are served in style
	Reaching new heights
	Reaching new heights
	Slide Number 67
	References
	“…and references therein.”
	Slide Number 70
	5 steps for 4ℓ addicts aficionados
	A possible roadmap
	The many facets of HVV
	PO at LEP: the AFB example
	PO at LEP: the AFB example
	Kappas do not change shapes
	Taxonomy of dim-6 operators
	First steps in YR3
	A Rosetta stone for HEFT
	Experiments Falsify Theories
	Anatomy of deviations
	Anatomy of deviations
	Anatomy of deviations
	Anatomy of deviations
	The anatomy of deviations
	The anatomy of deviations
	The anatomy of deviations
	The anatomy of deviations
	The anatomy of deviations
	Differential distributions
	Differential distributions
	Differential distributions
	Differential distributions
	For discussion
	Higgs in CMS – ca. 2008
	From the other side of the pond
	Looking up to a new boson
	A 2012 hit
	More on scalar couplings
	Scalar coupling deviations framework
	Scalar coupling deviations framework
	Scalar coupling deviations framework
	Weak bosons and fermions
	Weak bosons and fermions
	Weak bosons and fermions
	Testing for a composite scalar
	Odds and ends
	Off-shell – involved processes
	H∗ – off-shell
	A 2012 hit
	Delayed unitarization: until when?

