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The Higgs boson discovery
The Brout-Englert-Higgs mechanism
The search for the Higgs boson
• LEP, Tevatron, early LHC
Discovery at the LHC
• LHC performance
• ATLAS
Individual channels
Combinations
• properties
Future Prospects
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One discovery leads to another...!

I will focus on 
ATLAS results, and 
will include some 

CMS results
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the proton: three 
bound quarks
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Matter and forces

Matter: 
spin 1/2 
fermions

Forces: 
mediated 
by spin 1 
bosons

and 
Antimatter
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Gauge invariance
We wish to generate the EM, weak, and strong forces from 
a gauge invariance of the type
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But ALL masses violate this assumption!

We need a gauge 
invariant mechanism 

to generate mass

MZµZµ m ̄ = m
�
 ̄L R +  ̄R L

�
gauge boson 
mass terms

fermion mass terms 
because of SU(2)L

Standard Model 
gaugeU(1)Y ⇥ SU(2)L ⇥ SU(3)C0
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Higgs mechanism!  
R. Brout, F. Englert, P. Higgs, G.S. 
Guralnik, C.R. Hagen, and T.W.B. Kibble
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Brout-Englert-Higgs mechanism
The Higgs mechanism 
postulates the existence of a 
Higgs field φ
• with its potential, and couplings to 

fermions

The equilibrium state is φ ≠ 0 
and not unique!
• nature makes a choice, partially 

hiding the gauge invariance

• gauge bosons W+,W-, Z acquire 
mass

• all fermions acquire mass
• prediction of one neutral 

scalar Higgs boson particle:
5

V (�) = �µ2�†�+ �
�
�†�

�2
� > 0

F. Englert and P. Higgs at CERN July 4th 2012

Im(φ)
Re(φ)
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The Standard Model
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complex doublet 
scalar Higgs field
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Higgs interactions
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�imf/v 2iM2
Wgµ⌫/v 2iM2

Zg
µ⌫/v

(2)
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Higgs decays
Higgs branching ratios prediction
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Higgs width

4.1 MeV @ 125 GeV
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Higgs boson mass?
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Nucl. Phys. B 106, 292 (1976).
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Higgs boson mass: input from theory
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Higgs search at LEP
The Large Electron-Positron collided 
electrons-positrons
• √s ~ 206 GeV in 2000
Higgs coupling to electron too weak
• dominant production through Z and 

Higgsstrahlung
• search sensitivity up to 
√s - MZ ~ 115 GeV
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Higgs search at LEP

ALEPH reported a small excess at 
~115 GeV
• not confirmed by DELPHI, L3, OPAL

MH > 114.4 GeV at 95% CL
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Higgs production at hadron colliders
Partons carrying only part of the 
energy
• CM energy of hard scatter not 

known a priori event-by-event
• requires good detector coverage 

and missing transverse 
momentum capability

Hadronic environment
• far less clean than at LEP
Higgs production cross section 
is small!
• improves with energy
• but beware of pileup of inelastic 

events
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Proton-(anti)proton collisions

14

M. Dobbs and J.B. Hansen, 
Comp. Phys. Comm. 134 
(2001) 41-46.

“underlying 
event”

p p

Hard scatter

soft scatter
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Higgs production at hadron colliders

Different production channels

15

JHEP 1103 (2011) 055JHEP 1010 (2010) 064

gluon-gluon fusion
ggF

vector boson fusion
VBF

Higgsstrahlung
VH

in association 
with q-qbar

ttH
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Higgs search at the Tevatron
Collided proton-antiproton at 
√s = 1.96 TeV
• stopped on 30 Sep 2011
For MH > 130 GeV, H → W+ W- 
dominates
For lower MH, best option was HW 
and HZ final states
• with leptonic decay of W/Z and 

H → b bbar
Huge effort
• deployment of MVA techniques

Excluded 149 < MH < 182 GeV 
at 95% CL
~3σ excess in 115 < MH < 140 GeV

16

Phys. Rev. D 88, 052014 (2013)

http://prd.aps.org/abstract/PRD/v88/i5/e052014
http://prd.aps.org/abstract/PRD/v88/i5/e052014
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Higgs search at the Tevatron

CDF

17

D0

Phys. Rev. D 88, 052014 (2013)

http://prd.aps.org/abstract/PRD/v88/i5/e052014
http://prd.aps.org/abstract/PRD/v88/i5/e052014
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Precision measurements

114 < MH < 161 GeV  95%CL

Direct 
searches

Indirect: 
precision 

measurements.
Assumes SM

Precise Standard Model measurements put 
constraints on the Higgs mass
• Higgs couples to mass... look at heavy particles!

Higgs mass constraints
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CERN and the LHC

7 to 14 TeV pp collisions
also Pb-Pb and p-Pb

ATLAS

CMS
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Evian March 
1992 with Alan!

ATLAS and Canada
ATLAS celebrated its 22th anniversary on 1 Oct 2014
Over 150 Canadian scientists
ATLAS Canada Collaboration
• Founded in 1992   ML Spokesperson, UVic
• Spokesperson (07-)   Rob McPherson, UVic/IPP
• Deputy      Manuella Vincter, Carleton
• Physics Coordination  Andreas Warburton, McGill
• Computing Coordination Reda Tafirout, TRIUMF
Contributions to the ATLAS detector construction
• Calorimetry, cryogenics, electronics, trigger, radiation
• Now much more: trigger, tracking, muon, beam monitor
Contributions to the LHC construction (TRIUMF)
Many ATLAS roles including now
• ATLAS Deputy Spokesperson  Rob McPherson
• Higgs working group co-convener Pierre Savard
• Top working group co-convener Alison Lister

20

Alberta
Carleton
McGill

Montréal
SFU

Toronto
TRIUMF

UBC
Victoria

York



Michel Lefebvre, University of Victoria                                                         Alan Astbury Memorial Symposium, 27-28 April 2015

Canada and the LHC

21

Canada made important contributions to the 
LHC machine: warm insertions and injector 
upgrades, with TRIUMF engineering

48 + 4 warm 
twin-aperture 
quadrupoles 
for cleaning 
insertions
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The ATLAS detector

22

length ~ 46 m
radius ~ 12 m

weight ~ 7000 tonnes

~ 108 electronic channels
~ 3000 km of cables

Emphasis on hermetic 
acceptance; 
measurements of jets, 
electrons, muons

very large detector... 
to look for very 
small things!
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ATLAS calorimetry

23

Cu-LAr
1.5 < |η| < 3.2

Cu/W-LAr
3.2 < |η| < 4.9

Pb-LAr
|η| < 1.4

Fe-Scintillator
|η| < 1.7 Segmented in depth and 

in pseudorapidity η and 
azimuthal angle ϕ

Pb-LAr
1.375 < |η| < 3.2

• LAr system: 182,468 cells

• Tile system: 10,364 cells

⌘ = � ln

tan

✓
✓

2
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e/γ/jet trigger, 
identification, 

E measurement

�

E
=

10%p
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� 0.7%EM:

Had:
�

E
=

50%p
E[GeV]

� 3%

photon pointing!
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LAr cryogenics feedthrough production at UVic, 2002
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Trigger system
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Three-level trigger system
• designed to reduce the data rate 

from 40 MHz to ~200 Hz
Menu now optimized for 7×1033 
cm-2 s-1

• improvement of object selections 
and trigger algorithms

Good performance in 2012!

Superb performance of 
Canadian Tier1 computing 

centre at TRIUMF

http://www.springerlink.com/content/f5145800834j7877/
http://www.springerlink.com/content/f5145800834j7877/
http://www.springerlink.com/content/f5145800834j7877/
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http://www.springerlink.com/content/f5145800834j7877/
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Particle identification in ATLAS

26
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LHC luminosity, pp collisions

Peak luminosity:   7.73 × 1033 cm-2 s-1

A challenge for the experiments to keep up!

Superb LHC performance!!

27

20M collisions 
per second!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults


Michel Lefebvre, University of Victoria                                                         Alan Astbury Memorial Symposium, 27-28 April 2015

LHC integrated luminosity, pp
Superb LHC performance!!

Z
Ldt

23.3 fb-1  8 TeV

5.6 fb-1  7 TeV

48.9 pb-1  7 TeV

28

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
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Cross sections and event rates

29
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http://www.hep.phy.cam.ac.uk/~wjs/

process σ(nb) R(Hz)

inelastic ~7.5x107 0.53x109

Z ~35 250

ttbar ~0.24 1.7

H(125GeV) ~0.022 0.15

�
tot

⇠ 115 mb ⇠
�
3.4⇥ 10�15 m

�
2

Higgs production is nearly 10 
orders of magnitude less than 
the total cross section!

@ 7 × 1033 cm-2 s-1

~0.5 M in 2012!
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Experimental challenge: Pile-up

30

Z → µ+µ- event with 25 vertices

In-time pile-up
• due to multiple collisions per bunch crossing
• in 2012, up to 40 events per bunch crossing!!
Out-of-time pile-up
• superposition of signal from preceding (and 

following) bunch crossing

~1cm
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SM production cross sections

31
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
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SM challenges... 1987/07/21

32
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SM Higgs production

33

Predicted cross sections for 
MH = 125 GeV @ 8 TeV : 22.3 pb

area of largest 
interest

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGgluon-gluon fusion: ggF

vector boson fusion: VBF

Higgsstrahlung: VH

in association 
with q-qbar : ttH

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
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Standard Model Higgs decays

34

Many possible decay channels of the Higgs 
the cleanest are also the rarest...

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

H ! bb̄

H ! � �

H ! WW(⇤) ! e ⌫ µ ⌫

H ! ZZ(⇤) ! 4`

H ! ⌧ ⌧

58%

0.51%

6.3%

0.23%

0.014%

The most important decays for 
searches, with fractions for 
MH = 125 GeV

e or µ 
pairs

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
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Memorabilia: CAP Congress June 1996

ATLAS and CMS were 
optimized to find the Higgs!
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Higgs searches at 7 TeV

Exclusion for MH > 131 GeV at 95% CL
• Higgs cornered!!
No convincing excess so far, but a few “fluctuations”...

36

ATLAS-CONF-2011-161 ATLAS-CONF-2011-162

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-161/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-161/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-162/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-162/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
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p-values: probability 
that the background 
fluctuates to give an 
excess as large as 
the average signal 
size measured or 
expected for a SM 

Higgs boson

Discovery 4 July 2012

37

https://indico.cern.ch/event/197461/

Driven by high resolution 
channels: γγ and ZZ

https://indico.cern.ch/event/197461/
https://indico.cern.ch/event/197461/
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Look for two isolated high energy photons
• need good photon identification
Large background
• irreducible SM 2-photon production

• fake photons (neutral pions)
• use shower shape in LAr 

calorimeter segmented readout
Reconstruct the 2-photon invariant mass
• look for a signal mass bump over a large background

H → γγ

38

M2
�� = 2E1E2(1� cos↵)

need good photon energy calibration 
use Z → ee and MC extrapolation

opening angle between the two 
photons: need good photon direction

W, t
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H → γγ
• Use 12 categories targeting different production modes

39

ttH

VH

VBF

ggF

• Extract background 
from control regions

• Theory uncertainty

• QCD scale (ggF: ±7%)

• PDF (ggF: ±7%)

• BR: ±5%

• leading uncertainty 
despite NNLO+NNL 
QCD calculations

Phys Rev D 90, 112015 (2014)

http://arxiv.org/abs/1408.7084
http://arxiv.org/abs/1408.7084
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H → γγ

40

Phys Rev D 90, 112015 (2014)

µ = 1.17± 0.27

local p-value of 5.2σ
expected 4.6σ

http://arxiv.org/abs/1408.7084
http://arxiv.org/abs/1408.7084
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H → Z Z* → 4 leptons (e or µ)
• Small signal rate
• clean 4 lepton signature, lepton selection efficiency 

crucial
• Small background rate
• irreducible: ZZ(*) continuum (interference negligible)
• reducible: Z+bb, Z+jets, ttbar
• Use 4 categories: VBF, VH, ggF production modes
• Theory uncertainty dominates
• but jet energy scale systematics important for the VBF 

and VH categories

41

Phys Rev D 91, 012006 (2015)

Phys Rev D 91, 012006 (2015)

http://arxiv.org/abs/1408.5191
http://arxiv.org/abs/1408.5191
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H → Z Z* → 4 leptons (e or µ)

Combined signal strength

42

Phys Rev D 91, 012006 (2015)

local p-value 
of 8.1σ

expected 6.2σ

http://arxiv.org/abs/1408.5191
http://arxiv.org/abs/1408.5191
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H → Z Z* → 4µ candidate (m4µ = 125.1 GeV)

43



Michel Lefebvre, University of Victoria                                                         Alan Astbury Memorial Symposium, 27-28 April 2015

ATLAS Higgs mass combination

Optimize event categories
• converted vs unconverted
• η-regions, pT

44

Phys Rev D 90, 052004 (2014)

2σ compatibility

• 2-D background PDF: m4l, BDT
• Z mass constraint

http://arxiv.org/abs/1406.3827
http://arxiv.org/abs/1406.3827
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               H → WW* →
• Complicated signature: leptons, jets, 

missing transverse momentum
• escaping neutrinos: no mass peak
• Large background rate, complicated 

processes
• WW continuum, top, W+jets, multijets 

(fake leptons)
• Large signal rate
• scalar Higgs transmit some spin 

correlation to W pair leptonic decay: 
discriminant against WW continuum

• enough to separate the VBF and ggF 
production modes

• Event categories
• Njets, same/different flavour leptons
• ggF or VBF enriched: pT of subleading 

lepton, mll

• Fit to 
• mT for ggF mode
• BDT discriminant for VBF mode

45

`⌫`⌫

p⌫⌫T = Emiss
T~p ⌫⌫

T = ~p miss
T

arXiv:1412:2641, accepted in PRD

http://arxiv.org/abs/1412.2641
http://arxiv.org/abs/1412.2641
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local p-value of 6.1σ

               H → WW* →

46

`⌫`⌫

3.2σ evidence for 
VBF production

at MH = 125.36 GeV

arXiv:1412:2641, accepted in PRD

expected 5.8σ

http://arxiv.org/abs/1412.2641
http://arxiv.org/abs/1412.2641
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                VH → V           V = W,Z
• Large branching fraction, dominating the H width
• Three channels: 0, 1, 2 leptons
• Categories
• 2 pT(V) regions
• 4 b-tag regions
• 2 jet bins (2 and 3 jets)
• Large top and Z+heavy flavour background
• For 2 b-tag, use BDT (mbb, pT(V), b-tab discriminant)
• Statistically limited
• Main experimental uncertainties
• jet energy scale
• b-tagging
• background modeling (W+bb, +bl)

47

bb̄
JHEP 01(2015) 069

http://arxiv.org/abs/1409.6212
http://arxiv.org/abs/1409.6212
http://livepage.apple.com/
http://livepage.apple.com/
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                VH → V           V = W,Z

48

bb̄
JHEP 01(2015) 069

S and B taken from BDT output bin 
of each event.  B from global fit.

expected 2.6σ
• Not yet seen any significant signal
• local p-value of 1.4σ 

http://arxiv.org/abs/1409.6212
http://arxiv.org/abs/1409.6212
http://livepage.apple.com/
http://livepage.apple.com/
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H →	
  ττ
• Direct probe of fermionic coupling
• large branching ratio
• complex analysis
• Three channels: taus decay mode
• had-had, lep-lep, had-lep
• Two main categories
• VBF 
• Boosted (~ggH with pT(H) > 100 GeV)
• signal discrimination, mass determination

• BDT with main discriminant the di-tau 
invariant mass (MMC missing mass 
calculator, key to the analysis)
• solving an underconstrained system of 6 to 

8 unknowns related to the neutrinos
• use the measured (pxmiss , pymiss) and visible 

tau-tau mass as constraints
• takes into account the ETmiss resolution and 

tau decay topology

49

H: simulation
Z: embeddings

forward/central 
intercalibration

Ztautau 
and top

            

arXiv:1501.04943, accepted in JHEP

http://arxiv.org/abs/1501.04943
http://arxiv.org/abs/1501.04943
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H →	
  ττ

50

    

S and B 
taken from 

BDT output 
bin of each 

event.  B 
from global 

fit.

4.5σ evidence for the tau Yukawa coupling

arXiv:1501.04943, accepted in JHEP

expected 3.4σ

http://arxiv.org/abs/1501.04943
http://arxiv.org/abs/1501.04943
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ATLAS+CMS Higgs mass combination
Combination of ATLAS+CMS mass measurements: H→γγ, 4l
• 3 signal strengths “profiles” in the fit: gg→H→γγ, VBF H→γγ, H→4l

51

weight ~19%

weight ~40%

weight ~18%

weight ~23%

arXiv:1503:07589, accepted in PRL

http://arxiv.org/abs/1503.07589
http://arxiv.org/abs/1503.07589
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ATLAS+CMS Higgs mass combination
Combining mass measurements very compatible with each other
• tension only within each experiments

52

arXiv:1503:07589, accepted in PRL

http://arxiv.org/abs/1503.07589
http://arxiv.org/abs/1503.07589
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Combo: Signal strength

53

These 5 channels account 
for ~88% of all SM decays

SM predictions for MH = 125.36 GeV
ATLAS-CONF-2015-007

CMS: 1.00 ± 0.14

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
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Combo: Boson vs fermion mediated

54

boson-mediated vs fermion-mediated

SM prediction (1,1) within the 1σ 
contours of most channels

Branching ratios cancel!

ATLAS-CONF-2015-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
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Combo: individual signal strength
• assuming SM values for the branching ratios 
• consistent with the SM... may hope for a ttH excess!

55

ATLAS-CONF-2015-007

Moriond QCD 2015

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
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H* → Z Z, WW
Off-shell Higgs boson coupling
• measure the Higgs boson signal strength for MVV ≫ 2MV

• three channels considered

56

arXiv:1503.01060, submitted to EPJC

0.8

gg → VV only known to LO and 
QCD correction for signal known 
inclusively in jet multiplicity:
→ include all jets
→ try to reduce pTVV dependence

http://arxiv.org/abs/1501.04943
http://arxiv.org/abs/1501.04943
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H* → Z Z, WW
Measurement of an upper limit on the off-shell signal strength

• as a function of the unknown K-factor ratio

57

arXiv:1503.01060, submitted to EPJC

limited statistics: 
neglect s dependence 
for range considered

http://arxiv.org/abs/1501.04943
http://arxiv.org/abs/1501.04943
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Combine with on-shell analysis: sensitivity to the Higgs width

• with current sensitivity, can only get 
an upper limit on the higgs width
• sufficient assumption

• 95% CL upper limit on             is
• 4.5-7.5 (expected 7.1-13.4) 
• Assuming RBH* = 1 obtain an upper limit

on the Higgs boson total width
• 22.7 MeV (expected 33.0 MeV)
• Assuming
• find                                  in 4.7-8.6 (expected 7.1-13.4) 

H* → Z Z, WW

58

arXiv:1503.01060, submitted to EPJC

Independent of Higgs width

Dependent on Higgs width

http://arxiv.org/abs/1501.04943
http://arxiv.org/abs/1501.04943
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Combo: Higgs spin
The SM Higgs boson is predicted to be JCP = 0+

Half integer spin excluded: the Higgs is observed to decay to 
boson pairs
Spin 1 excluded: observation of H → γγ and the Landau-Yang 
theorem
• also experimentally excluded at more than 99% CL in H→VV decays
•  Phys. Lett. B726 (2013) 120–144

Scenarios considered (Λ = 1 TeV)
• spin 2
• inspired by gravitation

59

• 0+ (BSM) or 0- (fixed CP)
• mixture of 0+ and 0- states

CP violation if mixing angle α ≠ 0 and π
WW, ZZ and γγ modes

ATLAS-CONF-2015-008

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
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Combo: Higgs spin
Study of event kinematics
• eg: expected distribution for pTγγ

60

ATLAS-CONF-2015-008

• eg: kinematics 
handle for H→4l

All considered non-SM spin models excluded at more than 99% CL

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
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Combo: Higgs spin
Tensor structure of the HVV interaction in the spin-0 hypothesis
• one BSM tensor coupling investigated at a time (others set to 0)
• observed distributions of                   and                                are 

compatible with SM values

61

ATLAS-CONF-2015-008

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-008/
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And more!
I have not shown (nor read) everything!
• search for rare decays
• Higgs and associated jets (Higgs production kinematics)
• Higgs pT distribution
• κ-framework coupling measurements
...all compatible with THE SM Higgs
• but... ttH production?
• but... CMS excess in H→tau+µ?

62
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Future prospects
Great opportunity to study the new particle

63
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... and Higgs self couplings!

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
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A few concluding words
The study of the mechanism of electroweak symmetry breaking is 
one of the principal goals of the CERN LHC program
• SM: complex doublet scalar field, yielding one Higgs boson
The discovered resonance is consistent with THE SM Higgs boson
• yields, couplings, spin, CP
• Run 1 channel combination measurements have been made 
• extensive search for deviations from the SM prediction
• production and H→VV decay kinematics
• signal strength
• all categories of all observable final states

• couplings
• a fundamental scalar!  But is it?
• many lessons learned from Run 1 analyses... on to Run 2 and beyond!
• many measurement still limited by systematics (theory, background)

Soldiering on to Run 2 and beyond
• first need to “rediscover the Higgs” at 13-14 TeV
• the Higgs may well be the “portal” to new physics!

64
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Thank you Alan 
for your wit, 

strength, energy, 
guidance,

your friendship


