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2011: nothing else in the horizon 
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¨  We first saw that we could not exclude a narrow 
range. 

[“Lawrence of Arabia” idea from C. Grojean] 
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¨  We first saw that we could not exclude a narrow 
range. 

[“Lawrence of Arabia” idea from C. Grojean] 
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2012: a rider!  
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¨  We then discovered the peak rising from the 
background. 

[“Lawrence of Arabia” idea from C. Grojean] 
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2013: a rider with a gun 
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¨  By early 2013 a clear Higgs-like picture emerged. 

[“Lawrence of Arabia” idea from C. Grojean] 



(self-inflicted) Mission: impossible 

GDR Terascale@Annecy 2013 a.david@cern.ch 

¨  Present a coherent view of present-day results of Higgs 
properties from the LHC and Tevatron experiments. 
¤ Any omission or mistake are the speaker’s fault. 
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Where we stand today 
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¨  Combined p-values <10-20 are telling us to make 
measurements… 

Significance 
 

Obs. 
(pre-fit exp.) 

H⟶ZZ H⟶γγ H⟶WW H⟶bb̅ H⟶ττ 

ATLAS 
6.6σ 
(4.4σ) 

7.4σ 
(4.3σ) 

3.8σ 
(3.8σ) 

0.4σ 
(1.6σ) 

1.1σ 
(1.7σ) 

124.3 GeV 126.5 GeV 125.5 GeV 125 GeV 

CMS 
6.7σ 
(7.1σ) 

3.9σ 
(4.2σ) 

3.9σ 
(5.6σ) 

2.1σ 
(2.1σ) 

2.8σ 
(2.7σ) 

125.7 GeV 



Measuring the mass 
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ATLAS CMS 

mX 125.5 ±0.2 (stat.) +0.5
-0.6 (syst.) GeV 125.7 ±0.3 (stat.) ±0.3 (syst.) GeV 

Naïve average: 125.6 ±0.4 GeV 



Where we stand today – with cookery 
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¨  Combined p-values <10-20 are telling us to make 
measurements… 

Significance 
 

Obs. 
(pre-fit exp.) 

H⟶ZZ H⟶γγ H⟶WW H⟶bb̅ H⟶ττ 

ATLAS 

μ=1.43+0.40
-0.35 

≳4.1σ 
(≳2.8σ) 

μ=1.55+0.33
-0.28 

~5.5σ 
(~3.6σ) 

μ=0.99+0.31
-0.28 

3.8σ 
(3.8σ) 

0.4σ 
(1.6σ) 

1.1σ 
(1.7σ) 

125.5 GeV 125 GeV 

CMS 
6.7σ 
(7.1σ) 

3.9σ 
(4.2σ) 

3.9σ 
(5.6σ) 

2.1σ 
(2.1σ) 

2.8σ 
(2.7σ) 

125.7 GeV 



Relative signal strengths 
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Tevatron ATLAS CMS 
mH 125 GeV 125.5 GeV 125.7 GeV 

μ = 
σ/σSM	
   

1.44 +0.59
-0.56 1.30 ±0.20 0.80 ±0.14 

Naïve average: 0.98 ±0.11 

[arXiv:1303.6346] [ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 



Production mechanisms 
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¨  Scale fermion-mediated (ggH & ttH) and 
vector-boson-mediated (VBF & VH) together. 

[ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 



Scalar coupling structure 
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Down type 

Yukawa 
sector 

Gauge sector 

Quark loop 

Up type 

Loops (γ, g) are 
sensitive to BSM 
contributions. 
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Couplings deviations 
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¨  Narrow-width approximation: (σ×BR) =σ⋅Γ/ΓH  



Couplings deviations 
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¨  Contributions resolved at NLO QCD and LO EWK. 
¨  Peg the unmeasured to “closest of kin”. 

[arXiv:1209.0040] 



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

and W-loop. 



Weak bosons and fermions 
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Tevatron ATLAS CMS 

P(SM) - 8% < 1σ 

[arXiv:1303.6346] [ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 



Composite (R.Contino) 
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The deviations that we do not see 
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Spin is so much more than a number 
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¨  The spin-2 amplitude has many (higher-order) terms: 

[arXiv:1208.4018] 



Spin is so much more than a number 
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¨  The spin-2 amplitude has many (higher-order) terms: 

¨  Keep only dim-4 terms (g1 = g5 ≠ 0): 
¤ Graviton-like “couplings” (2+

m). 

[arXiv:1208.4018] 



JP: a simplified picture 
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¨  Until there is enough data, perform pairwise hypothesis 
tests against SMH (0+). 

¨  Select models using simplifying assumptions on amplitudes: 
¤  0- (parity) “from” ZZ. 
¤  2+

m (graviton-like minimal couplings) also “from” WW and γγ. 

[arXiv:1208.4018] 



ATLAS CMS 

CLS 0.37% 0.16% 
P(obs.|0+) 0.40 -0.5σ 

P(obs.|0-) 0.0022 3.3σ 

Parity: H⟶ZZ⟶4ℓ 
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¨  Discriminants built from decay 
angles and invariant masses. 

¨  Profiled likelihood ratio test 
statistic. 
¤  CLS criterion protects against 

fluctuations from null 
hypothesis.  

[ATLAS-CONF-2013-013] [CMS-PAS-HIG-13-003] 



Other JP in H⟶ZZ⟶4ℓ 
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ATLAS CMS 

CLS for J≠0 < 18.2% < 1.5% 



ATLAS: focus on 2+
m 
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¨  Combined H⟶ZZ, 
WW, and γγ. 

¨  Scan for fraction of 
(gg/qq̅)⟶2+

m: 
¤ CLS < 0.06% ∀ fqq̅. 

[arXiv:1307.1432] 
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Entry in the PDG 
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NB: the mass measurement alone “cleared up” 
a huge chunk of BSM space. 



2013: “killer” news 
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¨  SM-like: the Swedish academy shot the prize to 
Englert and Higgs. 

[“Lawrence of Arabia” idea from C. Grojean] 



A very long way to go… 
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The future 
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¨  We must examine it to the fullest extent ! 
¤  It may be the only clue to leave the SM oasis and cross the desert. 

[“Lawrence of Arabia” idea from C. Grojean] 



The future in a nutshell 
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¨  Boson “solo gigs”: 
¤  Beyond spin hypotheses tests. 
¤  Theory uncertainties and ratios. 
¤  The adventure of unfolding: going differential. 
¤  Statistics-limited: ttH, tH, invisible. 
¤  Total width interferometry. 
¤  Loops and rare decays: Zγ, γγ, full Dalitz, μμ. 
¤  Weird decays: vector mesons, t→cH FCNC, etc. 

¨  Boson & friends: 
¤  Small deviations: from the κ-framework to Wilson coefficients. 
¤  Global electroweak picture: EWPD, Higgs, and aTGCs. 

¨  Caveats: 
¤  Not directly discussing beyond-one-doublet alternatives: 

extra singlet, MSSM, 2HDM, nMSSM, triplet and double charged, etc. 
n  They need searching as well ! 

¤  Not discussing parity, which is a definitely not a closed case. 



A way out the spin quandary? 
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¨  It’s not easy to kill all 
possible non-spin-0 
alternatives. 

¨  gg→H→γγ holds 
promise: 
¤ J≠0 allowed areas do 

not contain J=0 point. 
¤ But gluons and photons 

must be real… 

[arXiv:1307.7121] 



Theory uncertainties 
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¨  PDFs not dominating μ. 
¤ ggH vs VBF+VH. 
¤ PDF4LHC prescription too 

conservative? 
¤ PDG σ(αs) too aggressive? 

¨  NNLO+NNLL not enough to 
tame large QCD corrections 
in gluon-fusion? 

[arXiv:1307.1427] 



Theory uncertainties: MHOU 

GDR Terascale@Annecy 2013 a.david@cern.ch 

39 

¨  Scale variations are not 
theory uncertainties. 

¨  The uncertainty is due to 
missing higher orders. 

¨  Take gluon-gluon fusion: 
¤ All series terms are 

positive. 
¤  It’s better to try and 

complete the series 
instead of always being 
off. 

[arXiv:1307.1843] [http://cern.ch/go/V8xJ] 



Theory uncertainties: a tale of PDFs 
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¨  Long-standing difference in d/u 
ratio between MSTW and others. 

¨  Neatly resolved by CMS W 
asymmetry measurements. 

¨  MSWT made parameterization 
more flexible: case closed. 

[http://cern.ch/go/V8xJ] 



Theory uncertainties 
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¨  Bottom-line for Run2: 
¤ Consider measurements that constrain PDF fits. 
¤ For higher orders, more than precision, also a matter of 

accuracy. 
n Need to work with theorists to get these right, also 

differentially. 

¨  Or you can try to dodge them with ratios… 



Ratios 
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¨  Total width not accessible at 
the LHC 
¤  More on that later. 

¨  Idea: take ratios and cancel 
out the TH uncertainties. 

¨  But this is naïve: 
¤  THU only cancel if the 

phase-space probed is 
exactly the same. 

¤  More statistics allows for 
exactly matched 
kinematics. 

[arXiv:1303.6591] [http://cern.ch/go/gLP9] 



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 result and the adventure of unfolding. 
¤  Illustrates the power of having more statistics (signal-like excess). 

[ATLAS-CONF-2013-072] 



Boosted Higgs + Ratios 
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¨  pT(H) sensitive to the loop 
particle masses. 
¤ mb intrinsically not well-

defined. 

¨  Idea: check pT(H) in H+j 
and use THU “cancelling”: 

¤ But it’s a 3000/fb venture. 

[arXiv:1306.4581] [http://cern.ch/go/lqB8] 

Inclusive 
(without R) 



Oversimplified big picture 
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¨  Still much to explore on the rarer ends. 
(to the right and to the bottom) 

★
 “

se
en

” 
☆

 “
tri

ed
” 

- 
“i

m
po

ss
ib

le
” 

H⟶bb̅ H⟶ττ H⟶WW H⟶ZZ H⟶γγ H⟶Zγ H⟶inv. H⟶μμ 
H⟶cc̅ 
H⟶HH 

T A C T A C T A C T A C T A C T A C T A C T A C T A C 

ggH - - - ☆ ☆ ★ ☆ ★ ★ ☆ ★ ★ ☆ ★ ★ - ☆ ☆ - - - - ☆ ☆ - 

VBF ☆ ☆ ☆ ★ ★ ★ ★ ☆ ★ ☆ - ☆ ☆ - ☆ - 

VH ★ ☆ ★ ☆ ☆ ☆ ☆ ☆ ☆ ☆ ☆ - ☆ ☆ - - 

ttH ☆ ☆ ☆ ☆ ☆ ☆ ☆ ☆ ☆ - - - 

T – Tevatron; A – ATLAS; C – CMS; recent results in red. 



☆ VBF, H⟶bb̅ 
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¨  Neural network event 
classifier. 

¨  Simultaneous mbb̅ fits 
to 4 ANN categories. 

¨  At mH=125 GeV, 
μ < 3.6 (3.0) 
(95%CL), obs.(exp.) or 
μ = 0.7 ±1.4. 

 

[CMS-PAS-HIG-13-011] 



☆ H⟶μμ 
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¨  Probe coupling 
to second-
generation 
fermions. 

¨  Very clean final 
state. 
¤ CMS also uses 

dijet category. 
¨  BR < 10-4 in the 

search range. 

[ATLAS-CONF-2013-010] [CMS-PAS-HIG-13-007] 

Obs. (exp.) ATLAS CMS 

μat 125 GeV (95% CL) < 9.8 (8.2) < 7.5 (5.1) 



☆ ttH, H⟶γγ 
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¨  Tagging of 
leptonic and 
hadronic W 
decays from top 
(anti-)quarks. 

¨  Direct access to 
the top-Higgs 
coupling. 

[ATLAS-CONF-NOTE-2013-080] [CMS-PAS-HIG-13-015] 

Obs. (exp.) ATLAS CMS 

μat 125 GeV (95% CL) < 5.3 (6.4) < 5.4 (5.3) 



☆ ttH, H⟶bb̅ or ττ 
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¨  Three channels: 
¤  Lepton+jets: tt → ℓ±ν qq bb̅, H → bb̅. 
¤  Dilepton: tt → ℓ+ν ℓ-ν bb̅, H → bb̅. 
¤  Hadronic tau: tt → ℓ±ν qq bb̅, H → τ+τ-. 

¨  Categories on number of number of jets and b-tags. 
¤  Fit to BDT classifier. 

¨  At mH=125 GeV, 
μ < 5.2 (4.1) (95%CL), obs.(exp.) or 
μ = 0.85 ±2.5. 

 

[CMS-PAS-HIG-13-019] 



☆ ttH, H⟶multi-leptons 
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¨  4ℓ, 3ℓ, and same-sign 2ℓ. 
¤  BDT discriminant. 

¨  At mH=125.7 GeV, 
μ < 6.6 (2.4) (95%CL), obs.(exp.) or 
μ = 3.7 ±1.6. 
¤ One excess out of how many 

measurement? 

[CMS-PAS-HIG-13-020] 



☆ CMS ttH combination 
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¨  Combine all the channels: γγ, bb̅, ττ, 
and multi-leptons. 

¨  At mH=125.7 GeV, 
μ < 4.3 (1.8) (95%CL), obs.(exp.) or 
μ = 2.5 +1.1

-1.0. 
¤  (κV,κf) compatible with SMH. 

 

[http://cern.ch/go/vf8d] 



Statistics-limited: tH 
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¨  Interesting added value 
to the couplings fit. 
¤ Esp. in the presence of a 

diphoton excess. 

¨  At the top-Higgs 
border. 
¤ TH projection for 14 TeV 

and 50/fb looked 
promising. 

[arXiv:1211.3736] 



☆ ZH⟶ℓℓ+invisible 
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¨  What if? 
¨  Disentanlges invisible 

from undetectable. 
¨  Cosmic connection via 

limits on Dark Matter. 
¨  Also VBF and Z→bb̅) 

in CMS. 

[ATLAS-CONF-2013-011] [CMS-PAS-HIG-13-018] 

Obs. (exp.) ATLAS CMS 

BRinv. at 125 GeV (95% CL) < 0.65 (0.84) < 0.75 (0.91) 



☆ VBF, H⟶invisible 
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¨  At mH=125 GeV, 
BRinv. < 0.69 (0.53) (95%CL), obs.(exp.). 

[CMS-PAS-HIG-13-013] 



Statistics-limited: invisible 
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¨  Cosmic connection at the HL-LHC. 
¤ Direct bounds for massive dark particles with mχ < mH/2. 

[ATL-PHYS-PUB-2013-015] 



Statistics-limited: HH and self-coupling 
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¨  Among main objectives for HL-LHC. 
¤ Tiny cross-section. 

n Problematic even in e+e-. 

¤ Diagrams interfere destructively… 
n mHH sensitive to ctt/bb. 

¨  Experimental projections not 
finalized. 

[http://cern.ch/go/7smd] [http://cern.ch/go/P8dG] 

Estimated yields for 
3000/fb 

bb̅WW 30’000 

bb̅ττ 9’000 

WWWW 6’000 

γγbb̅ 320 

γγγγ 1 



Total width: interferometry 
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¨  H＊ interference with 
backgrounds. 

¨  Kauer-Passarino note that σ 
above ZZ threshold is independent 
of total width. 

¨  Caola-Melnikov propose analysis 
in ZZ→4ℓ. 
¤  TH analysis: ΓH<90 MeV today. 

¨  Dixon-Siu show how total width 
affects signal-background 
interference in γγ. 
¤  ATLAS HL-LHC projection: 
ΓH<100 MeV. 

[arXiv:1206.4803] [arXiv:1211.3736] [arXiv:1305.3854] [ATL-PHYS-PUB-2013-014] 



☆ H⟶Zγ⟶ℓℓγ 
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¨  Loop-mediated 
decay: sensitive 
to BSM. 

¨  Both analyses on 
full 7 and 8 TeV 
data sets. 

[ATLAS-CONF-2013-009] [CMS-PAS-HIG-13-006] 

Obs. (exp.) ATLAS CMS 

μat 125 GeV (95% CL) < 18.2 (13.5) < 9 (12) 



Rare decays: full Dalitz analysis 
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¨ γγ and Zγ loops 
sensitive to different 
physics because of V-A 
structure for Z. 

¨  More information from 
full mℓℓ spectrum. 
¤ Need to clearly define 

the phase-space used in 
analysis. 

[arXiv:1308.0422] 



Weird decays: H→QQ̅+γ 
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¨  Complementary way to 
get to the bottom. 

¨  A way to get to charm? 

[arXiv:1306.5770] 



Weird decays: H→VP 
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¨  Accessible due to small mH. 
¨  Relatively clean. 
¨  Can bear O(1) BSM changes. 

[http://cern.ch/go/8gXr] 



Weird form factors: H→Zℓℓ 

GDR Terascale@Annecy 2013 a.david@cern.ch 

62 

¨  Analogous to the 
LHCb analysis of 
B→K＊ℓℓ. 

¨  Can be done in 
the 4ℓ channel. 

¨  Complementary to 
spin-CP analyses. 

[http://cern.ch/go/8gXr] 



Weird decays: t→cH FCNC 
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¨  Tree-level in BSM. 
¨  ATLAS analysis of 

t→cH, H→γγ. 
¤  SMH now part of the 

background. 

[ATLAS-CONF-2013-081] 



From deviations to EFTs 
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¨  Today we talk about deviations from 
the SMH. 
¤  arXiv:1209.0040 or equivalent. 
¤  Draw/exclude your own theory. è 

¨  One (single) nice feature: κ=1 
recovers best SMH calculations. 
¤  But that’s it: we can find deviations, but 

only roughly fathom their meaning. 

[http://cern.ch/go/W96V] 



And deviations are on a diet 
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¨  SUSY (tanβ=5): 

¨  Composite Higgs: 

¨  Top partners: 

[arXiv:1306.6352] 



Effective field theory (EFT): the idea 
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¨  Instead of an experimentally-driven 
basis of parameters use a basis of 
QFT operators that may be more 
aligned with the BSM physics. 

¨  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] 



EFT: one possible basis 
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¨  Multiple sectors 
affected: 
¤ Electroweak 

precision data. 
¤ Anomalous 

triple gauge 
couplings. 

¨  Global fit should 
be possible. 

[http://cern.ch/go/lgT8] 



Delayed unitarization: until when? 
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¨  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] 



Summary 

¨  LHC13: last chance before a “BSM desert”. 
¤  Tevatron: Run I → top discovery, Run II → SM 

precision. 
¤  LHC 2010: early SUSY and EXO exclusions. 

¨  Higgs, one way out of the “SM oasis”: 
¤  From O(10%) to differential. 
¤  From “seen” to O(%) measurements. 
¤  From limits on rare things to observations. 
¤  From conjectures on weird things, to putting limits 

on them. 
¤  From ad-hoc κ fits to global EWK EFT fits. 

¨  We have a long way to go. 
All it takes is  deviation. 
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The beautiful boring 2013 Universe 

¨  Up above: “Simple six-
parameter ΛCDM”. 

¨  Down below: (Not-as-simple) 
~20-parameter Standard Model 
of Particle Physics. 

GDR Terascale@Annecy 2013 
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[arXiv:1303.5062] 

Looking forward to LHC combination and surprises at 
higher energy: PeV neutrinos, LHC 13 TeV, … 
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¨  ATLAS: http://cern.ch/go/7lDT 
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¨  Higgs Couplings 2013: http://cern.ch/go/THp9 
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For discussion 
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Higgs in CMS – ca. 2008 
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[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). 

74 



A tribute to those doing SM calculations 
75 
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“Yesterday’s discovery is today’s calibration, and tomorrow’s background.” – V. L. Telegdi 



How SM Higgses are born 
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¨  Gluon 
fusion 

¨  VBF 

¨  VH 

¨  ttH 

Total SM Higgs cross sections at the LHC
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How SM Higgses die 
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¨  Coupling and kinematics 
drive BR (bb̅, WW, 
ττ, ZZ). 
¤ Decays with photons 

(γγ, Zγ) only through 
loops. 

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

Near to maximal ΠBRi ⟶ 
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From the other side of the pond 
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¨  Combination of Tevatron VH⟶bb̅ searches, in July 2012: 
¤ 2.8σ local significance at mH=125 GeV. 

[arXiv:1207.6436] 



Looking up to a new boson 
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Higgsdependence day recap 
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¨  Both experiments at 5.0σ. 
¤  One above expectations… 

σATLAS/σSM	
  =	
  1.2 ±0.3 (at 126.5 GeV). 
¤  …the other one below. 

σCMS/σSM	
  =	
  0.80 ±0.20 (at 125 GeV). 
¨  Mass 

¤  ATLAS: min. p-value at 126.5 GeV. 
¤  CMS: mX = 125.3 ±0.6 GeV. 

¨  “Proto-couplings” compatible with SM. 
¨  “More data needed…”	
  

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



A 2012 hit 
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The build up of a signal 
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¨  Thanks to the excellent 
performance of the LHC ! 
¤ >15 fb-1 delivered after July 2012. 



Timeline of the results 
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2012 
•  ICHEP 

• 5σ per LHC 
experiment. 

• HCP 
• First properties. 

2013 
• Moriond 

• Some full LHC dataset 
updates. 

• More properties 
measurements. 

• LHCP 
• More full dataset 

analyses. 

Today 



The Future 
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Looking well ahead 
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¨  300/fb at 14 TeV: 
¤ Vast improvement 

over present datasets. 
¤ Room for theory 

improvements.  

¨  For (HL-LHC) 3 ab-1: 
¤  self-coupling seems 

feasible with 
λHH ~ 3σ/expt. 

[http://cern.ch/go/P8Tn] [http://cern.ch/go/l7RZ] 



More on mass 
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Measuring the mass 
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¨  Combinations of the high-resolution channels. 



More on ATLAS mass 
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¨  Slight difference in ATLAS results: 
¤  Δm = 2.3 +0.6

-0.7(stat.) ±0.6(syst.) GeV 
¤  2.4σ (p=1.5%) 

¨  Using more conservative energy scale 
uncertainties: 1.8σ (p=8%). 



More on mass 
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One measurement, three masses? 
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¨  Green rectangle? 
¨  There are correlations ! 

¤ mW: leptons, MET. 
¤ mt: MET, b-tag, leptons. 
¤ mH: leptons, photons. 
¤ Theory. 

¨  But what do the mX 
mean? 



More on spin 2 
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CMS: 2+
m combination 
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¨  Combination of 
H⟶ZZ, WW: 
¤ p(obs.|0+) = 

-0.34σ 
¤ p(obs.|2+

m(gg)) 
= 2.84σ 

¤ CLS = 0.6% 



Miscellaneous 
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Statistics interlude 
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¨  LEP: nuisances parameters (θ) kept at nominal values (~). 
¨  Tevatron: maximise likelihood against nuisances (^). 

¤  Denominator considers background-only hypothesis (μ=0). 
¨  LHC: frequentist profiled likelihood. 

¤  Denominator considers global best-fit likelihood with floating signal strength. 
¤  Nice asymptotic properties, savings in computational power. 

[ATL-PHYS-PUB-2011-11,  CMS NOTE-2011/005] 



More on theory 
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MSSM (R.Contino) 
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MSSM (R.Contino) 
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MSSM (R.Contino) 
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MSSM (R.Contino) 
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99 [http://cern.ch/go/W96V] 



The case for the SMH (R.Contino) 
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As a function of masses 
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Resolving SM contributions 

¨  Individual coupling 
scaling factors: 
¤  κW, κZ, κb, κt, κτ. 
¤  All loops resolved: 

n  κγ(κW, κt) 
n  κg(κt, κb) 

¤  SMH width scaled. 

¨  P(SM)=0.52. 
¨  “Reduced” couplings as 

function of “mass”: 
¤  λf = κf (mf/vev) 
¤  (gV

/2vev)1/2 = κV
1/2 

(mV/vev) 

GDR Terascale@Annecy 2013 a.david@cern.ch 
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“C6” vs “resolved C6” 

¨  Assume custodial 
symmetry (κV=κW= 
κZ). 

¨  Loops  treated 
effectively (κγ, κg). 

¨  Option to allow BSM 
decays, forcing κV ≤ 1. 

¨  Keep W and Z 
separate. 

¨  Loops assuming SM 
structure: 
¤  κg (κb, κt). 
¤  κγ (κW, κb, κt, 
κτ). 

¨  Only SM-like decays. 

GDR Terascale@Annecy 2013 

Generic coupling fit Resolved coupling fit 

a.david@cern.ch 
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“C6” vs “resolved C6” 
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H→γγ evolution 
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Interesting H→γγ comparisons 
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¨  VI Workshop Italiano sulla Fisica p-p a LHC 

[http://cern.ch/go/lc9j] 



Interesting H→γγ comparisons 
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¨  VI Workshop Italiano sulla Fisica p-p a LHC 

[http://cern.ch/go/lc9j] 



More on scalar couplings 
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Oversimplified big picture 
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¨  Still much to explore on the rarer ends. 
(to the right and to the bottom) 

★
 “
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” 
☆

 “
tri
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” 

- 
“i

m
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ss
ib

le
” 

H⟶bb̅ H⟶ττ H⟶WW H⟶ZZ H⟶γγ H⟶Zγ H⟶inv. H⟶μμ 
H⟶cc̅ 
H⟶HH 

T A C T A C T A C T A C T A C T A C T A C T A C T A C 

ggH - - - ☆ ☆ ★ ☆ ★ ★ ☆ ★ ★ ☆ ★ ★ - ☆ ☆ - ☆ ☆ - 

VBF ☆ ☆ ☆ ★ ★ ★ ★ ☆ ★ ☆ - ☆ ☆ - ☆ - 

VH ★ ☆ ★ ☆ ☆ ☆ ☆ ☆ ☆ ☆ ☆ - ☆ ☆ - - 

ttH ☆ ☆ ☆ ☆ ☆ ☆ - - - 

T – Tevatron; A – ATLAS; C – CMS; combination drivers in red. 



CMS: channel compatibility 
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Production mechanisms 
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¨  Ratio of production scaling factors does not depend on 
decay mode. 
¤  Combined > 3σ evidence for μVBF,VH /μggH,ttH > 0. 

[ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 



Scalar coupling structure 
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Yukawa 
sector 

Gauge sector 

Quark loop 

Up type 

Loops (γ, g) are 
sensitive to BSM 
contributions. 
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Interim scalar coupling deviations 
framework 
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[arXiv:1209.0040] 113 

¨  Narrow-width approximation: (σ×BR) =σ⋅Γ/ΓH  



Interim scalar coupling deviations 
framework 
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¨  Contributions resolved at NLO QCD and LO EWK. 
¨  Peg the unmeasured to “closest of kin”. 

[arXiv:1209.0040] 



Probing custodial symmetry 
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Probing custodial symmetry 
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Tevatron 
[κW, κZ, κf] 

ATLAS 
[λWZ, λFZ, κZZ] 

CMS 
[λWZ, κZ, κf] 

λWZ 1.24+2.34
-0.42 [0.64, 0.87] 0.86 ±0.13 

[arXiv:1303.6346] [ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 

tan-1(κZ/κW) =  



Weak bosons and fermions 
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ATLAS CMS 

P(SM) 8% < 1σ 

[ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 



Looking for new particles 
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Looking for new particles in loops 
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ATLAS CMS 

κγ 1.23 +0.16
-0.13 0.97 ±0.18  

κg 1.08 ±0.14 0.83 ±0.11 

[ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 



A further take on loops 
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¨  Resolve the H⟶γγ, 
H⟶Zγ, and ggH 
loops. 

[CMS-PAS-HIG-13-005] 



Looking for new particles 
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ATLAS CMS 

BRBSM < 0.6 (95% CL) < 0.52 (95% CL) 

[ATLAS-CONF-2013-034] [CMS-PAS-HIG-13-005] 
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Probing the fermion sector 

GDR Terascale@Annecy 2013 a.david@cern.ch 

[arXiv:1209.0040] 122 

SM-like 



Probing the fermion sector 
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λdu λlq 

CMS [0.74, 1.95] (95% CL) [0.57, 2.05] (95% CL) 

[CMS-PAS-HIG-13-005] 



Probing possible 2HDM 
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λdu λlq 

CMS [0.74, 1.95] (95% CL) [0.57, 2.05] (95% CL) 

[CMS-PAS-HIG-13-005] 



Summary of scalar couplings tests 
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