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Phenomenological profile in 1976
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[ NPB 106 (1976) 292 ] 

= 100 GeV
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A longstanding learning process
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1990
mtop unknown
ggH ~ 25 pb

[ 10.5170/CERN-1990-010-V-2 ]6
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A longstanding learning process

GRC Particle Physics 2017enjoying.higgs@cern.ch

1990
mtop unknown
ggH ~ 25 pb

[ 10.5170/CERN-1990-010-V-2 ][ arXiv:1610.07922 ]

2016
mtop = 172.5 ± 1.0 GeV

ggH (N3LO+N3LL) ~ 50 pb
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LHC – the lord of the rings
[ http://natronics.github.io/science-hack-day-2014/lhc-map/ ]
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How SM Higgses are born
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¨ Gluon 
fusion

¨ VBF

¨ WH, ZH

¨ bbH,
ttH

Total SM Higgs cross sections at the LHC
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See talk by K. Melnikov.



How SM Higgses die
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¨ Couplings and 
kinematics drive BR (bb,̅ 
WW, ττ, ZZ).
¤ Decays with photons (γγ, 

Zγ) through loops.

[ http://cern.ch/go/qkh6 ][ arXiv:1208.1993 ][ arXiv:1408.0827 ]

Near to maximal ΠBRi ⟶
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July 4, 2012: looking up to a new boson
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[ http://cern.ch/go/q8jx ]13
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Standard Model of Particle Physics
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Standard Theory of Particle Physics
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Standard Theory of Particle Physics
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[ http://cern.ch/go/dW6z ]

One missing parameter: mH

18



Mass peaks: mass measurements
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Mass peaks: mass measurements
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Combined LHC mass measurement
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[ arXiv:1503.07589 ]21



Run 1 in two plots
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Run 1 in two plots

GRC Particle Physics 2017enjoying.higgs@cern.ch

[ JHEP 08 (2016) 045 ]23



Run 1 in one word
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[ JHEP 08 (2016) 045 ]24



The Higgs Union spectrum after Run 1
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Precision
• Mass
• Spin-parity
• Cross-sections

Discovery
• Couplings to 

fermions

Known 
unknowns
• Rare decays
• Self-coupling
• Off-shell 

production

Unknown 
unknowns
• BSM decays
• Anomalous 

couplings

Other 
scalars
• Charged
• Heavy
• Light
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LHC in Run 2: 2016
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LHC nominal luminosity rate

1.5× nominal

NB: this was with 80% 
proton bunch occupancy
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A large crop of data
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A fast crop of data
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2010 = 10×🐌.
2011 =🏃#🏅.
2012 = 🏇.
2015 = 🏃#🏅 again.
2016 = 🚄 !
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An excellent crop on all fronts
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8 TeVσ/13 TeVσ
1 10
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Run 2 – one year of Higgs results
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[ http://cern.ch/go/6qmZ ]31



More luminosity benefits the lowest BR
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H⟶ZZ*⟶4ℓ

H⟶ɣɣ

H⟶μμ

32



H⟶ZZ*⟶4ℓ
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[ CMS-PAS-HIG-16-041 ]33



H⟶ZZ*⟶4ℓ mass
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¨ m4l’: Z1 mass likelihood based on 
Higgs signal shape.

¨ D’mass: Per-event estimated mass 
resolution.

¨ Dkin
bkg: Background discriminant.

[ CMS-PAS-HIG-16-041 ]34



H⟶ZZ*⟶4ℓ mass
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¨ Very precise:
¤ NB: 49 MeV (~20%) better than 

expected.
¤ ~10% better than ATLAS+CMS 

Run 1 combination, by chance.

[ CMS-PAS-HIG-16-041 ]35



H⟶ZZ*⟶4ℓ production tags
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¨ Split events using 
production-specific 
discriminators.

[ CMS-PAS-HIG-16-041 ]36



H⟶ZZ*⟶4ℓ production tags
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¨ Categorization provides 
some discrimination 
between production 
processes, but:
¤ ggH still pervasive.
¤ Statistics low in most 

exclusive categories.

[ CMS-PAS-HIG-16-041 ]37



H⟶ZZ*⟶4ℓ production tags
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¨ Most exclusive 
categories have low 
statistics.
¤ Useful in combinations.
¤ Set limits on specific 

processes.

[ CMS-PAS-HIG-16-041 ]38



H⟶ZZ*⟶4ℓ template cross-sections
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¨ Excess in untagged 
category reduces 
associated 
production 
processes.

[ CMS-PAS-HIG-16-041 ]39



H⟶ZZ*⟶4ℓ fiducial integral
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[ CMS-PAS-HIG-16-041 ]

“finally an excess”
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H⟶ZZ*⟶4ℓ fiducial differential
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¨ No particular deviation, cf. some Run 1 fluctuations.

[ CMS-PAS-HIG-16-041 ]41



H⟶ZZ*⟶4ℓ
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[ ATLAS-CONF-2017-032 ]42



H⟶ZZ*⟶4ℓ fiducial integral
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43

¨ Cross-sections per 
decay mode.

[ ATLAS-CONF-2017-032 ]



H⟶ZZ*⟶4ℓ fiducial differential
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[ ATLAS-CONF-2017-032 ]44

¨ No particular deviation, cf. some Run 1 fluctuations.



H⟶ɣɣ fiducial
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¨ 3 event categories based on relative mass 
resolution.

[ CMS-PAS-HIG-17-015 ]45



H⟶ɣɣ fiducial integral
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¨ Fiducial volume
¤ pT

1(2)/mɣɣ > 1/3 (1/4)
¤ |ηɣ1,2| < 2.5
¤ Eiso < 10 GeV within ΔR < 0.3

[ CMS-PAS-HIG-17-015 ]46



H⟶ɣɣ fiducial differential

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ Unfolding performed by including response matrices in 
likelihood.

¨ Nearly no smearing across pT bins, 10% in Njet.

[ CMS-PAS-HIG-17-015 ]47



H⟶ɣɣ fiducial differential

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ Unfolding performed by including response matrices in 
likelihood.

¨ Nearly no smearing across pT bins, 10% in Njet.

[ CMS-PAS-HIG-17-015 ]

Top
and
BSM

48



H⟶ɣɣ fiducial differential

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ Unfolding performed by including response matrices in 
likelihood.

¨ Nearly no smearing across pT bins, 10% in Njet.

[ CMS-PAS-HIG-17-015 ]

Charm
and
Bottom

Top
and
BSM
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Even more boosted – inclusive H⟶bb
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50

¨ “Mission: 
Impossible”
¤ Jet substructure

identification.
¤ Decorrelation of jet 

mass and 
substructure 
variables.

¤ Double-b tagging in 
merged jets.

¤ Challenging 
theoretical 
accuracy for high-pT
gluon-fusion 

¨ First applied to low 
mass Z’ searches.

[ arXiv:1609.07483 ]
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Even more boosted – inclusive H⟶bb
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¨ “Mission: 
Impossible”
¤ Jet substructure

identification.
¤ Decorrelation of jet 

mass and 
substructure 
variables.

¤ Double-b tagging in 
merged jets.

¤ Challenging 
theoretical 
accuracy for high-pT
gluon-fusion 

¨ First applied to low 
mass Z’ searches.

[ CMS-PAS-BTV-16-002 ]



Even more boosted – inclusive H⟶bb
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¨ “Mission: 
Impossible”
¤ Jet substructure

identification.
¤ Decorrelation of jet 

mass and 
substructure 
variables.

¤ Double-b tagging in 
merged jets.

¤ Challenging 
theoretical 
accuracy for high-pT
gluon-fusion.

¨ First applied to low 
mass Z’ searches.

[ CMS-PAS-EXO-17-001 ]



Even more boosted – inclusive H⟶bb
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54 [ CMS-PAS-HIG-17-010 ]

Anti
double-b tagged

W dominates



Even more boosted – inclusive H⟶bb
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¨ Z: 5.1σ (5.8 σ expected)
¨ H: 1.5σ (0.7 σ expected)

[ CMS-PAS-HIG-17-010 ]

Anti
double-b tagged

Double-b 
tagged

W dominates Z dominates
H peeking out



Even more boosted – inclusive H⟶bb
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56 [ CMS-PAS-HIG-17-010 ]

Exploring
brand new 
regime:
pT(H) > 450 GeV



The paths to the top-Higgs coupling
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Loop-
induced
• ggH: 44 pb

Direct
• ttH: 0.5 pb

Interference
• tH: 0.08 pb

√s = 13 TeV
mH = 125 GeV

57



Paths to ttH: 中道
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H⟶bb̅ H⟶(WW,ττ) 
multileptons H⟶(4ℓ,ɣɣ)

[ Middle Path ]



Paths to ttH: 中道

GRC Particle Physics 2017enjoying.higgs@cern.ch

59

H⟶bb̅ H⟶(WW,ττ) 
multileptons H⟶(4ℓ,ɣɣ)

Large yield Low yield

[ Middle Path ]



Paths to ttH: 中道
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H⟶bb̅ H⟶(WW,ττ) 
multileptons H⟶(4ℓ,ɣɣ)

Low signal/background Clear peak

Large yield Low yield

Theory systematics Simple background

[ Middle Path ]



Paths to ttH: 中道
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H⟶bb̅

tt+HF
background 
predictions

H⟶(WW,ττ) 
multileptons

Reducible 
background 
from non-

prompt leptons

H⟶(4ℓ,ɣɣ)

Clean bump 
hunt

Low signal/background Clear peak

Large yield Low yield

Theory systematics Simple background

[ Middle Path ]



Looking for ttH – bb̅
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¨ Large multiplicity of b-
tagged jets.

¨ Complex assignment of jets.

[ CMS-PAS-HIG-16-038 ]62



Looking for ttH – bb̅
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¨ Complex assignment of jets:
¤ BDT good with missing objects.
¤ MEM good with all objects present.

[ CMS-PAS-HIG-16-038 ]63



Looking for ttH – bb̅
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[ CMS-PAS-HIG-16-038 ]

¨ Complex assignment of jets:
¤ BDT good with missing objects.
¤ MEM good with all objects present.
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Looking for ttH – multileptons
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¨ Categorisation on:
¤ Number of leptons: 2SS, 3, 4.
¤ Lepton charge
¤ Lepton flavor
¤ B-tagging

¨ Main backgrounds:
¤ tt+W (and tt+Z)
¤ tt+qq

[ CMS-PAS-HIG-17-004 ]65



Looking for ttH – multileptons

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ Categorisation on:
¤ Number of leptons (2SS, 3, 4).
¤ Lepton charge (ttW asymmetry).
¤ Lepton flavor (misid. lepton bkg.)
¤ B-tagging (loose, tight).

[ CMS-PAS-HIG-17-004 ]66



Looking for ttH – multileptons
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¨ Two MVAs training ttH against tt+qq and tt+V.
¨ 2D joint MVA distribution reduced by merging bins of 

2D space.

[ CMS-PAS-HIG-17-004 ]67



Looking for ttH – multileptons
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¨ Clear excess over background-only hypothesis:
¤ Significance: 3.3σ obs. (2.5σ exp.)

[ CMS-PAS-HIG-17-004 ]68



Looking for ttH – tau leptons
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¨ Very similar analysis, with different background 
from misidentified hadronic tau lepton decays.

[ CMS-PAS-HIG-17-003 ]69



Looking for ttH
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¨ top-Higgs coupling under tight scrutiny.
¤ Intriguing excess in Run 1.
¤ Signal becoming clearer in Run 2.

70
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¨ top-Higgs coupling under tight scrutiny.
¤ Intriguing excess in Run 1.
¤ Signal becoming clearer in Run 2.
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Looking for tH – bb̅
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¨ Large enhancement expected for opposite-sign 
couplings to W and top.

¨ MVA trained for correct forward jet assignment.

[ CMS-PAS-HIG-16-019 ]

σ(κV = -κt = 1) ~ 14 
σ(κV = κt = 1)

72



Looking for tH – bb̅
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¨ Categories in number of b-tags.
¨ Final observable trained against tt+X production.

[ CMS-PAS-HIG-16-019 ]73



Looking for tH – bb̅
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[ CMS-PAS-HIG-16-019 ]

σ/σSM < 114 (99) obs. (exp.) 

σ/σ(κV = -κt = 1) < 6.0 (6.4) 

Analysis performed separately 
for 3x17 (κV, κt) hypotheses
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HH searches
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SM λHHH

• Destructive 
interference

BSM 
couplings
• Effective 

Lagrangian

Resonant 
production
• spin-0 radion
• spin-2 graviton
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Speaking of λHHH
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Looking for SM HH
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[ T. Du Pree at SM@LHC 2017 ]77



Looking for HH – bbτ̅τ
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¨ Multiple b-jet multiplicity categories (2b0j, 1b1j) 
and tau decay modes (τeτh, τhτh, τµτh).
¤ mHH kinematic fit used for resonant search.
¤ MT2 used for non-resonant search.

[ CMS-PAS-HIG-17-002 ]78



Looking for HH – bbτ̅τ
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¨ Upper limit of ~30x SM expectation.

[ CMS-PAS-HIG-17-002 ]79



Looking for HH – bbτ̅τ
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¨ Limits on heavy scalar and and hMSSM pseudo-
scalar.

[ CMS-PAS-HIG-17-002 ]80



Looking for HH – bbW̅W

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ DNN trained for non-resonant and resonant signals.
¨ Simultaneous fit to DNN in mjj bins (sidebands and 

signal region).

[ CMS-PAS-HIG-17-006 ]81



Looking HH – bbW̅W
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¨ Upper limit of ~80x SM expectation.

[ CMS-PAS-HIG-17-006 ]82



Looking HH – bbW̅W
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¨ Limits on radion and graviton scenarios.

[ CMS-PAS-HIG-17-006 ]83



Looking for SM HH

GRC Particle Physics 2017enjoying.higgs@cern.ch

[ T. Du Pree at SM@LHC 2017 ][ L. Cadamuro @ Moriond 2017 ]

79 (89)
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LHCP 2017 results ~1 month ago
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H⟶ɣɣ production tags
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[ CMS-PAS-HIG-16-040 ]86



H⟶ɣɣ production tags
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[ CMS-PAS-HIG-16-040 ]87



H⟶ɣɣ production tags
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¨ Template cross sections factorize theory uncertainty.

[ CMS-PAS-HIG-16-040 ]88



Observation of H⟶ττ
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¨ Exploits 4 final states (eμ, μτh, eτh, τhτh) and 3 categories (0-jet, 
boosted, and VBF)

[ CMS-PAS-HIG-16-043 ]89



Observation of H⟶ττ
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¨ Exploits 4 final states (eμ, μτh, eτh, τhτh) and 3 categories (0-jet, 
boosted, and VBF)

[ CMS-PAS-HIG-16-043 ]90



Observation of H⟶ττ

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ At the 5σ level. (4.9σ obs, 4.7σ exp.)

[ CMS-PAS-HIG-16-043 ]91



Reaching for the 2nd generation
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¨ H⟶μμ
¨ Peak over 

smooth 
background.

¨ Very small 
S/B.

[ arXiv:1705.04582 ]



H⟶μμ
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¨ Multivariate dimuon+dijet
discriminant for higher-S/B 
topology selection.

¨ σ/σSM < 2.8 (2.9) obs. (exp.)

[ arXiv:1705.04582 ]



A Run 1 (flavour) puzzle
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¨ Run1: 2σ “hint” in CMS
¤ Not disproven by ATLAS 

data.

¨ Run2: CMS first result 
negative but
inconclusive.

[ CMS-PAS-HIG-17-001 ]

?
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Search for LFV decays
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¨ BDT extraction and collinear mass cross-check.

[ CMS-PAS-HIG-17-001 ]95



Search for LFV decays
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¨ BDT extraction and collinear mass cross-check.

[ CMS-PAS-HIG-17-001 ]96



A Run 1 (flavour) puzzle
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¨ Null result.
¨ SM wins again.

[ CMS-PAS-HIG-17-001 ]97



Standard Theory of Particle Physics
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[ http://cern.ch/go/dW6z ]98



Standard Theory of Particle Physics
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[ http://cern.ch/go/dW6z ]

Valid up to ~Planck scale ?
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Standard Theory of Particle Physics

GRC Particle Physics 2017enjoying.higgs@cern.ch

[ http://cern.ch/go/dW6z ]

But: dark matter, matter-antimatter, etc.

Valid up to ~Planck scale ?
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Standard 
Theory

The Next Standard Model
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[ http://cern.ch/go/dW6z ]101



Standard 
Theory

The Next Standard Model
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[ http://cern.ch/go/dW6z ]

Something 
else
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Ways to find 
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Ways to find
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Ways to find
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Ways to find

GRC Particle Physics 2017enjoying.higgs@cern.ch

will be presented later by 
J.-B. de Vivie
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Ways to find
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H(125) – looking for “something else” 

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ Mass
¤ Exp. Uncertainties
¤ SM consistency: (mH, mW, mtop)

¨ Spin
¤ J=1 and J=2 disfavored.

¨ Charge
¤ Zero. (That was easy.)

¨ Parity
¤ Amplitude decomposition → EFT

¨ Scalar couplings
¤ κ→ κ(q) → f(q) → EFT

109



Handles on deviations
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Deviations are on a diet
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¨ Even more precision needed !

¤ SUSY (tanβ=5):

¤ Composite Higgs:

¤ Top partners:

[ arXiv:1306.6352 ]115



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.

GRC Particle Physics 2017enjoying.higgs@cern.ch

Concrete BSM SM-EFT extension
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Concrete BSM SM-EFT extension
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Not all EFT are born the same

¨ Full theory known:
¤ Matching conditions 

bridge EFT and full 
theory.
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Top-down EFT Bottom-up EFT

¨ Full theory unknown:
¤ Add operators as 

theory can calculate 
and data can discern.
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A taxonomy of dim-6 SMEFT operators
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[ Trott et al. JHEP 04 (2014) 159 ]122



SM-EFT questions
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¨ From 2499 dim-6 operators to ~60 operators.
¤ Symmetries guide the culling:

n Flavour, ~custodial, CP.
n Each assumption needs testing measurements/observables.

¨ But to go down from ~60:
¤ Guidance from experimental sensitivity.
¤ Use complementary information:

n LEP, Tevatron, etc experimental constraints.
n aTGC/aQGC, top quark, EDM searches, etc.
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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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The easy PO – on-shell h(125)⟶4ℓ
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[ https://goo.gl/JcWEuc ][ arXiv:1504.04018 ]126
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The easy PO – on-shell h(125)⟶4ℓ
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Double Z-pole Single Z-pole

[ https://goo.gl/JcWEuc ][ arXiv:1504.04018 ]128



The easy PO – on-shell h(125)⟶4ℓ
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[ ATLAS-CONF-2017-032 ]129



And for 2017…
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LHC nominal luminosity rate

2016:
1.5× nominal

2017:
2× nominal
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It is not like a new detector,
it is a new detector.
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2017 data-taking is in full swing
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On the shoulders of giants
detector makers & theory calculators
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“Yesterday’s discovery is today’s calibration, and tomorrow’s background.” – V. L. Telegdi [ http://cern.ch/go/lf9C ][ http://cern.ch/go/KD8D ]

W, Z, and γ bosons

Inelastic collisions: ~7×1010

Top quark

HiggsEight 
orders of 

magnitude
of EWK, 
top, and 
Higgs 
Physics
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Deeper into the rabbit hole

GRC Particle Physics 2017enjoying.higgs@cern.ch

134



Deeper into the rabbit hole
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H⟶µµ

H⟶HH

H⟶Zɣ

pp⟶H

H⟶ττ
H⟶bb

mH

Boson JCP

dσ/dx

d2σ/dx2

Fermion JCP

d3σ/dx3

High-Q2
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Summary
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Summary
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The obvious paths 
are closing up…

…but Standard Theory 
is clearly incomplete.

…to get to the Next Standard Model.

We must look farther 
and in more detail…



The beautiful boring Universe today

¨ Up above:
(Simple) 6-parameter 
ΛCDM.

¨ Down below:
(Not-as-simple) ~20-parameter Standard 
Model of Particle Physics.
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[ arXiv:1303.5062 ][ JHEP 08 (2016) 045 ]

Looking forward to surprises at higher energy: PeV
neutrinos, more data at LHC 13 TeV, …
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“…and references therein.”
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¨ Experiments’ pages on Higgs results:
¤ ATLAS: http://cern.ch/go/7lDT
¤ CMS: http://cern.ch/go/6qmZ
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Three pillars
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The good, the bad, and the ugly
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New poles
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The good, the bad, and the ugly
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Old poles New poles Tails

Precision measurements Searches

Q2 ~ mX
2 Q2 ~ s2
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The good, the bad, and the ugly
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Old poles Tails

Precision measurements Searches

Q2 ~ mX
2 Q2 ~ s2

Measurements
Of what?

Parameterized how?
Interpreted how?

By who?
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Deviations
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¨ Not hard to look for:
¤ Kappa-framework (“old” 125 GeV pole).
¤ Effective Lagrangian for tails (e.g. mVH).
¤ <insert here your favorite parametrization of obs.>
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¨ And don’t tell me that “Yo no creo in desviaciones,
pero que las hay, las hay.”
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We must 
measure and 
interpret them.

Deviations
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Deviations are on a diet

GRC Particle Physics 2017enjoying.higgs@cern.ch

¨ Even more precision needed !

¤ SUSY (tanβ=5):

¤ Composite Higgs:

¤ Top partners:

[ arXiv:1306.6352 ]158
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[ arXiv:1306.6352 ]

Director’s take in English
175



mH combination
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Combined LHC mass measurement
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Combined LHC mass measurement
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[ arXiv:1503.07589 ]

Stat. uncertainty 
dominates overall.
Energy scale syst. can 
be improved.

Run 2 will reduce 
uncertainty !
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ATLAS+CMS mH in PRL
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¨ First ATLAS+CMS 
publication.
¤ 0.2% precision.

¨ PRL Viewpoint by Chris 
Quigg: “With LHC Run 2 
[we] can look forward to a 
new round of exploration, 
searches for new phenomena, 
and refined measurements. 
Combined analyses […], such 
as the measurement of the 
Higgs boson mass discussed 
here, will help make the most 
of the data. We still have 
much to learn about the Higgs 
boson, the electroweak 
theory, and beyond.”

[ PRL 114 (2015) 191803 ][ http://physics.aps.org/articles/v8/45 ]182
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For the record
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¨ ~5 kiloauthors.
¨ Found that there are two:

¤ Archana Sharma
(both in CMS)

¤ Andrea Bocci
¤ Muhammad Ahmad
¤ F. M. Giorgi

(one in CMS, one in ATLAS)
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Pseudo-observables

GRC Particle Physics 2017enjoying.higgs@cern.ch

185



The need for the middle way
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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.
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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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With some LEP inspiration
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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
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With some LEP inspiration
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Experimental 
measurements

Fiducial
measurements

Theory 
coefficients

EXP unfolding

Pseudo-
observables

Discussion on extending 
the kappa framework.
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From kappas that fit little stuff…
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Kappa
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…to kappas that fit more stuff.
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Kappa

Extended kappa
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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
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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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POs

Inspiration for building PO
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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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The middle way in action
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Experimental 
measurements

Fiducial
measurements

Theory 
coefficients

EXP unfolding

Pseudo-
observables
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The middle way in action
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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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The middle way in action
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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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Do not open unless you take bets.

Nobel expectations
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Let’s go back a few years
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[ http://lhc2008.web.cern.ch/LHC2008/nobel/index.html ]200



2008 Nobel expectations for the LHC
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David Gross: "a super world"
I expect new discoveries that will give us clues about the 
unification of the forces, and maybe solve some of the many 
mysteries that the Standard Model (SM) leaves open.
I personally expect supersymmetry to be 
discovered at the LHC; and that enormous discovery, if 
it happens, will open up a new world – a super world.

[ http://lhc2008.web.cern.ch/LHC2008/nobel/index.html ]201



2008 Nobel expectations for the LHC
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George Smoot: "the nature of dark matter”
I am looking forward to hearing about the Higgs, because 
I’d like to see the Standard Model completed and 
understood. I’m also hoping that the LHC will begin to 
unveil extra dimensions, and that will have huge 
applications across the board.
But what I am really looking forward to is 
supersymmetry or something that shows what 
dark matter is made of, so I have really high hopes, 
perhaps too high hopes.

[ http://lhc2008.web.cern.ch/LHC2008/nobel/index.html ]202



2008 Nobel expectations for the LHC
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MartinusVeltman: "the unexpected”
What I expect from the LHC? That’s a big problem.
What I would like to see is the unexpected. If it gives 
me what the Standard Model predicted flat out – the Higgs 
with a low mass – that would be dull. I would like 
something more exciting than that.

[ http://lhc2008.web.cern.ch/LHC2008/nobel/index.html ]203



2008 Nobel expectations for the LHC
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Gerardus ’t Hooft: "a Higgs, or more”
The first thing we expect – we hope to see – is the Higgs. I am practically 
certain that the Higgs exists. My friends here say it is almost certain that if it 
exists, the LHC will find it.
So we’re all prepared and we’re very curious because there’s little known 
about the Higgs except some interaction signs.
There could be more than one Higgs, several Higgs, and there could 
be a composite Higgs, but most of us think it should be an elementary 
particle…
My real dream is that the Higgs comes up with a set of particles that nobody 
has yet predicted and doesn’t look in any way like the particles that all of us 
expect today. That would be the nicest of all possibilities. We would then really 
have work to do to figure out how to interpret those results.

[ http://lhc2008.web.cern.ch/LHC2008/nobel/index.html ]

See also arXiv:1609.01725
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2008 Nobel expectations for the LHC
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Carlo Rubbia: "Nature will tell”
I think Nature is smarter than physicists. We should have the 
courage to say: "Let Nature tell us what is going on.”
Our experience of the past has demonstrated that in the world 
of the infinitely small, it is extremely silly to make predictions as 
to where the next physics discovery will come from and what it 
will be.
In a variety of ways, this world will always surprise us all. The 
next breakthrough might come from beta decay, or 
from underground experiments, or from accelerators.
We have to leave all this spectrum of possibilities open and just 
enjoy this extremely fascinating science.

[ http://lhc2008.web.cern.ch/LHC2008/nobel/index.html ]205



The LEP era – lower limit
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[ arXiv:1705.04951 ] 

“I am very sorry, I said, your interpretation may well be right, 
but the evidence is not conclusive. This is not a golden event 
with neutrinos, because of the lack of missing 
momentum. It would be different if you could increase 
LEP energy by say 30 GeV. In that case you would 
produce the Higgs and the Z0 with some momentum 
and neutrinos could be identified by missing 
momentum in addition to missing energy. In the present 
conditions, neutrinos can be identified only statistically, but in 
one year of running you will not be able to go from a suggestion 
to discovery. The significance of the event as Higgs production 
was slightly below 3σ, but to go 5σ, the discovery limit, would 
require running for four to five years, or something like that.”
Luciano Maiani
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