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Le Higgs dans ATLAS, 
derniers résultats

Elisabeth Petit
pour le groupe ATLAS du LAPP

séminaire LAPP
10 of Juillet 2012

π0→γγphoton
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Introduction

Nous sommes le 4 juillet 2012 après Jésus-Christ ; tout le Modèle Standard a été 
découvert...
Tout ? Non ! Car une particule résiste encore et toujours à l'envahisseur. 
Et la vie n'est pas facile pour les garnisons de physiciens des camps retranchés 
de ALICE, ATLAS, CMS et LHCb. 

http://indico.cern.ch/getFile.py/access?contribId=4&resId=0&materialId=slides&confId=166231
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Le 4 juillet : 'Higgstérie' au CERN

Fin du seminaire
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Plan

Le boson de Higgs : quoi, pourquoi, comment ?

Le boson de Higgs au LAPP

Recherche du boson de Higgs dans le canal H→γγ

Recherche du boson de Higgs dans le canal H→4�

Combinaison des résultats
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Le boson de Higgs
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Le Modèle Standard

12 particules élementaires 4 interactions fondamentales

– électromagnétisme

– interaction faible

– interaction forte

– gravitation

+ boson de Higgs ?
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Pourquoi le boson de Higgs

Mécanisme de Higgs:

(ou de Englert-Brout-Higgs-Guralnik-Hagen-Kibble)

– postulé en 1964

– donne masse bosons W et Z, et aux fermions (quarks, électrons, etc)

– prévoit existence d'un nouveau boson

Analogie : le cocktail
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Recherche suivant masse

Boson de Higgs donne la masse aux particules mais on ne peut pas 
prévoir la sienne !

Recherche pour masses entre 100 GeV et 1 TeV

Masses exclues avant le 4 juillet 2012 :
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Production au LHC (1)

Section efficace ⇔ taux de production
Actuellement :

~1 boson de Higgs toutes 
les 10 s

50 bosons W /s

1 million di-jet /s

ggF
87.5% VBF

6.7%

ZH, WH
5.3%

ttH
0.5%

σ(m
H
 = 125 GeV, √s = 7 TeV) = 17.5 pb

σ(m
H
 = 125 GeV, √s = 8 TeV) = 22.3 pb



02/23/12        10

Production au LHC (2)

On n'observe pas directement le boson de Higgs, mais ses produits de 
désintégration

Rapport d'embranchement = fraction d'événements dans un état final 

Actuellement :

1 Higgs toutes les 10 s

1 H→γγ toutes les 1.5 h

1 H →ZZ toutes les 10 minutes

– 1 H →4� toutes les 3 heures

γγ :  2‰

ZZ : 1%

WW : 
10%
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Comment on le recherche (1)

m
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ts

H→ ZZ

ZZ

Z + jets

tt

excès d'événements 
= signal ?

bruit de fond moyen

Exemple : signal = H→ ZZ → �+�-�+�- 

Autres particules qui vont avoir état final semblable 
= bruit de fond

– irréductible : production de 2 bosons Z

– réductible : Z + jets, tt, etc

A partir des 4 leptons, on calcule m
4�, et on remplit l'histogramme
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Comment on le cherche (2)

Les histogrammes en vrai:

H →ZZ → 4�:

Très peu d'événements attendus

H→γγ:

Très petit signal par rapport au 
bruit de fond
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lappwiki.in2p3.fr/twiki/bin/view/AtlasLapp/LeGroupe

ATLAS et boson de Higgs au LAPP (1)

━ physique
━ mécanique
━ électronique
━ informatique
━ administration
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ATLAS et boson de Higgs au LAPP (2)

Thèses au LAPP:

lappwiki.in2p3.fr/twiki/bin/view/AtlasLapp/LeGroupe
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Comment chercher le H→γγ
avec ATLAS
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The ATLAS experiment

> 96% operating channels
> 90% of data used for physics

Very good behaviour of all sub-detector

Muon spectrometer (0.5 T)
|η| < 2.7
gas chamber in toroidal magnetic field
 air-cores toroids with gas-based chambers

tracks, trigger
σ/p

T
 < 10% up to 1 TeV

Hadronic calorimeter
|η| < 4.9
Fe/Tile (central)
Cu/W + LAr (forward)
jets, E

T
miss, trigger

σ/E ~ 50%/√E (GeV) ⊕ 3%

Inner detector (2 T)
|η| < 2.5
Si Pixel et SCT, TRT
tracks, vertex
σ/p

T
 ~ 0.05% p

T
 (GeV) ⊕ 1%

Electromagnetic calorimeter
|η| < 3.2
Pb + LAr
electrons, photons, trigger
σ/E ~ 10%/√E (GeV) ⊕ 0.7%

η = +∞

η = 0y

z

x

φ

38 countries
~ 3000 members

=−ln  tan


2
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Calorimeter constraints for H→γγ search

Invariant mass: m
γγ

2 = 2 E
1
 E

2
 (1-cosΔφ(γ

1
;γ

2
))

Energy: 1% precision needed 
⇒ EM calo resolution cst term < 1%

Angular separation: better than 5 mrad 
⇒ vertex precision < 1.5 cm

Good photon identification and large jet rejection

ΔE/E = 2%  0.5%⊕

ΔE/E = 7%  1.0%⊕ 10 pile-up events

σ
vtx

 = 5.5 cm

Large Hadron Collider Workshop, Aachen, Germany, 1990
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EM calorimeter

Expected resolution: 

η = 0

η ~1.5

η = 3.2

 EM barrel

 EM endcap

π0→γγphoton
main energy 
deposit

γ-π0 
separation

high energy tails

pointing

Sampling calorimeter: Pb-LAr with accordion geometry
– fast read-out
– hermiticity in φ
– high granularity (~160000 cells)
– segmented laterally and longitudinally

σE

E
=

10%
√E

⊕0.7 %
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Le revers de la médaille...

Pliage des électrodes : machine du LAPP

Assemblage des modules

– ~1/3 assemblés et testés au LAPP

Cablâge
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Reconstruction de l'énergie dans le calorimètre

Cartes calibration, ROD

Soft acquisition et contrôle des cartes + code DSP

Front-end electronic Back-end electronic

test cartes 
calibration

ROD

Carte ROD

particule
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H→γγ
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Luminosity & pile-up

Total luminosity 2011 + 2012: 10.7 fb-1

4.8 fb-1

5.9 fb-1

Z→μμ + 20 pile-up events
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m
γγ

2 = 2 E
1
 E

2
 (1-cosΔφ(γ

1
;γ

2
))

Photons: energy

S
2

S
1

PS

S
3

η

φ

Δη = 0.1

Δ
φ

 =
 0

.1

PSPS

S1S1

S2S2

S3S3

Cluster reconstruction

– ΔηxΔφ = 0.075x0.175 = 3x5/3x7 cells, in the barrel
– ΔηxΔφ = 0.125x0.125 = 5x5 cells, in the end-caps

– E
amas

 ≈ E
PS

+E
1
+E

2
+E

3

Energy resolution

– measured from  Z→ee peak resolution

c = 1% barrel

c = 1.2-2.5% endcap

⇒12% uncertainty on m
γγ

 resolution

Electron energy scale extrapolated to photon with MC

⇒6% uncertainty on m
γγ

 resolution

σE

E
=

a

√E
⊕c
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 Photon: tracking and pointing

~ half of photons converted before calo

– stable with pile-up

Unconverted photons

– photon direction from calorimeter 
longitudinal segmentation

Converted photons

– position of conversion vertex (Si hits)

Primary vertex measured to ~1.5 cm

 Insensitive to pile-up

m
γγ

2 = 2 E
1
 E

2
 (1-cosΔφ(γ

1
;γ

2
))

photon

z
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Photons: identification

shower shape (10)track quality (8) hadronic leakage
          (1)

cluster-track (4)

Identification : info from calo + tracks

Two methods used:
– √s = 7 TeV: Neural-network

uncertainty: ~4%/photon ⇒ 8.4%/event

– √s = 8 TeV: rectanguler cuts, optimised against pile-up
uncertainty: 5/7% barrel/end-cap ⇒ 10.8%/event

efficiency: 85% to >95%
– rejection ~5000

j j

γj

γγ

H→γγ

~ 500 μb

~ 200 nb

~ 30 pb

~ 40 fb
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 Photon: isolation

Computed from positive-energy topological 
clusters in calorimeter with ∆R < 0.4

Corrected for pileup and underlying event by 
subtracting ambient energy density event-by-event

Good stability with position of colliding bunches in train → robust with pileup

Uncertainty on signal yied: 0.4-0.5%

old isolation new isolation
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Event selection (1)

Cuts

– 2 photons with |η| <2.37, not in crack

– p
T

leading > 40 GeV, p
T

subleading > 30 GeV

– tight identification

– isolated

– 100 < m
γγ

 < 160 GeV

Acceptance on signal:
– 30-40%

Expected and selected events:

VBF WH ZH total data
√s = 7 TeV 70.9 5.8 2.4 1.3 0.3 80.8 23788
√s = 8 TeV 100.3 8.3 3.2 1.8 0.5 113.1 35271

ggF ttH



02/23/12        29

Event selection (2)

Background decomposition

– irreducible: γγ from QCD processes

– reducible: γj or jj with mis-identified jet

Data-driven decomposition

– 2x2D side-band method

● generalisation of ABCD method for two candidates

– check performance of photon 
identification

– validation of description of 
background modelling

Results:

A

tight non-tight

B D

C

is
ol

.
no

n-
is

ol
√s = 7 TeV 80% 19% 1.8%
√s = 8 TeV 75% 22% 2.6%

γγ γj jj
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Study in categories (1)

To enhance sensitivity: data sample split in categories, with different m
γγ

 
resolutions and different S/B

10 categories:
– converted/unconverted photons
– 3 eta regions

– p
T
thrust (60 GeV cut)

– 2-jet



η(γ1)

η(
γ2

)

0.75

0.
75

2 unconv:

η(γ1)

η(
γ2

)

0.75

0.
75

≥1 conv:

t̂=
p⃗T
γ1− p⃗T

γ2

∥p⃗T
γ1
− p⃗T

γ2
∥

+15%

+5-10%

+2-3%
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Study in categories (2)

Category for enriched VBF signature:

– 2 jets with p
T
 > (30)25 GeV and |η| < 4.5

– |Δη| > 2.8

– m
jj
 > 400 GeV

– |Δφ(γγ:jj)| > 2.6

29%/24% efficiency on VBF Higgs boson at √s = 7/8 TeV 

– ~70% VBF, 30% ggF
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  S / B   
(GeV)

inclusive 1.63 0,030

1.45 0,060
1.57 0,025
1.67 0,042
1.93 0,018
2.65 0,014
1.37 0,164
1.51 0,071
1.50 0,150
1.68 0,057

2-jets 1.57 0,217

resolution

low pTt
unconv

low eta
high eta

conv
low eta
high eta

conv crack eta

high pTt
unconv

low eta
high eta

conv
low eta
high eta

Study in categories (3)

Resolution and S/B in window that would contain 90% of the signal:
– √s = 8 TeV, m

H
 = 126.5 GeV    

η(γ1)

η(
γ2

)

0.75

0.
75

≥1 conv:
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arXiv:1001.4495 [hepph]

Systematic errors related to jets (1)

Introduction of 2-jet category ⇒ new systematics uncertainties

QCD scale uncertainty

– baseline: "Handbook of LHC Higgs Cross Sections"

– ggF: computed at NNLO ⇒ 1st jet at NLO ⇒ 2nd  jets at LO ⇒ 70% error

– use of MCFM: γγ+2 jets at NLO ⇒ 25% error for 2-jet bin

Underlying Event modelling

– comparison of 2 two pythia tunes: 
AUET2B and Perugia2011

– different description of forward jets

– example: Measurement of inclusive jet and dijet production 
in pp collisions at s√ = 7 TeV using the ATLAS detector

– 30% uncertainty for ggF

– 6% uncertainty for VBF

+11.9% +7.8%
-7.9% -7.2%

m
H
 = 120 GeV QCD scale PDF + α

S

ggF

CERNPHEP2011192
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Systematic errors related to jets (2)

2% 5%

Central Forward

Jet Energy Resolution: negligible

Jet Energy Scale uncertainties

– varying JES by its uncertainty

– uncertainties separated for 

● low pTt, high pTt and 2-jet categories
● ggF, VBF, others

– up to 19% in 2-jet bin, <5% in other categories
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Summary of systematic errors 

Systematic uncertainties /category and /production process

Largest systematic errors:
7 TeV 8 TeV

Signal photon ID 8.4% 10.8%

6-30%

migration
12%
6%

event theory gg → H + 2jets up to 25%
yield Underlying Event (2-jet)
Category

Jet energy scale
ggF:19%
VBF : 8%

Mass calo energy resolution
Resolution photon energy calibration
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Background fits (1)

Bkgd parametrized by analytic function for each category

– exponential

– 4th order Bernstein polynomial

– exp(a*x+b*x2)

Bias checked with Bkgd MC Sherpa (cross-checks Resbos, diphox)

– bias = number of event when fitting 'bkgd+signal' fit on bkgd only MC

MC bkgd shapes compared to data-driven decomposition in each category

Uncertainty on signal normalisation

– inclusive: 7.3 events at √s = 7 TeV, 10.6 events at √s = 8 TeV

harder to 
discover

harder to 
exclude
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Background fit (2)

Examples:

expected signal: 190.9
bias uncertainty: 17.9

expected signal: 31.4
bias uncertainty: 3.3

expected signal:2.7
bias uncertainty: 0.5
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Results (1)

3.6 σ

Exclusion @95% CL:

– expected: 0.8 to 1.6 SM

– excluded: (112-122.5) and (132-143) GeV

p
0
 = compatibility of selected events with bkgd-only hypothesis
– min: 2.10-6 at 126.5 GeV

3.5 σ

4.5 σ
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Results (2)

Max significance :

– 4.5 σ (local)

– expected: 2.5 σ

– 3.6 σ (global)

– CMS: 4.1σ (local)

Fitted signal strength:

–

– μ = 1.9 ± 0.5 at 126.5 GeV

– CMS: μ = 1.6 ± 0.4 at 125 GeV

μ=
σ

σSM Higgs
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H → ZZ → ����
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Event selection

Two same-flavor opposite-sign di-leptons (e/μ)

p
T

1,2,3,4 > 20, 15, 10, 7 GeV (6 GeV for μ)

50 GeV < m
12

 < 106 GeV

17.5 - 50 <m
34

<115 GeV

– all same-flavor opposite-sign pairs m
ll
>5 GeV

– ∆R(l,l′) > 0.10(0.20) for all same(different)-flavor

Number of events in 80 < m
4l
 < 600 GeV:

√s = 7 TeV √s = 8 TeV
88 142

71 ± 5 109 ± 7
obs
exp
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H→4 leptons

Invariant mass:

ZZ bkgd shape from MC, 
norm. with data

Z+jets, Zbb, tt : data-driven

Events in m
4� region 125 ± 5 GeV:

Expected S/B at 125 GeV:

– 4μ ~ 1.6

– 2e2μ ~ 1.0

– 4e ~ 0.8

√s = 7 TeV √s = 8 TeV total
2.1 ± 0.3 2.9 ± 0.4 5.1 ± 0.8
2.0 ± 0.3 3.3 ± 0.5 5.3 ± 0.8

4 9 13

exp. bkgd
exp. signal
observed
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Results

p
0
 value:

– 3.4 σ (local)

– expected: 2.6 σ

– 2.5 σ (global)

– CMS: 3.2σ (local)

Fitted signal strength:
– μ = 1.3 ± 0.6 at 125 GeV

– CMS: μ = 0.7 ± 0.4 at 125.6 GeV

data

signal injection
m

H
 = 125 GeV
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Combinaison of results
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Results (1)

H→ γγ, Η → 4� : 2011 + 2012 datasets (10.7 fb-1) 

full 2011 dataset (up to 4.9 fb-1)
– H→ WW(*)→ lνlν, H→ WW→ lνqq
– H→ZZ → llνν, H→ ZZ → llqq
– H→ ττ
– WH→ lνbb, ZH→ llbb, ZH→ ννbb 

Exclusion at 95% CL:

– 110-122.6 GeV

– 129.7-558 GeV

Significance:

– max at 126.5 GeV: 5σ

(expected: 4.6σ)

– CMS: 4.9σ ~ 125 GeV, 
expected 5.9σ
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Results (2)

Fitted signal strength:
– μ = 1.2 ± 0.3 at 126.5 GeV

– in agreement with SM Higgs 
boson within stat. uncertainties

– CMS: μ = 0.8 ± 0.2 ~ 125 GeV

68%

95%

Likelihood contour

– 2D likelihood fit to signal mass 
and strength



02/23/12        47

TDR (1999):
√s = 14 TeV

Conclusion

up to 10.7 fb-1 of data analysed, √s = 7, 8 TeV

Observation of a new particle compatible 
with a Higgs boson

Local combined significance: 5.0 σ

– expected: 4.6 σ 

– H→ γγ: 4.5 σ 

– Η → 4�: 3.4 σ

Fitted signal strength: 
μ = 1.2 ± 0.3 at 126.5 GeV



02/23/12        48

Is this the end?

No ! This is just the beginning

Need to check:

– if spin 0

– if Higgs boson

– if SM Higgs boson

Properties measurements

– cross-sections

– branching ratios

– couplings

– ... 

need of high 
luminosity and 
high statistics
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Back-up slides
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Le LHC 

Paramètres :

Large Hadron Collider
– accélérateur de protons de 27 km
– 1232 aimants supraconducteurs
– 4 expériences principales

Histoire :
– approuvé en 1994
– installation démarrée en 2000
– premiers faisceaux en 2008
– premières collisions fin 2009

36 pb-1

2009 2010 2011 nominal
√s (TeV) 0.9-2.4 7 7 14

-L
max

 (cm2.s-1) 2.1032 3.1033 1034

L
int

 /an 12 μb-1 45 pb-1 3 fb-1 100 fb-1

315 nb-1

3 fb-1

23/09/11
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First months of LHC running at 7 TeV

pile-up

W 

Z
top

τSM discovery:

– electron: 1897

– muon: 1936

– ν
μ
: ~1950

– ν
e
: 1956

– quarks: 1968-1995

– tau: 1975

– W,Z : 1983-1984

– ν
τ
: 2000

– Higgs: 2012

4.5 months

~1
00

 y
ea

rs
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Higgs sensitivity with ATLAS

95% exclusion with 1 fb-1: 130-460 GeV

3σ discovery with 5 fb-1: 120-500 GeV

June 
2011

Dec 
2011
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Le calorimètre à argon liquide: premières idées

Rapide

hermétique

segmenté



premier papier de D. Fournier, 1990
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ATLAS et boson de Higgs au LAPP (2)

lappwiki.in2p3.fr/twiki/bin/view/AtlasLapp/LeGroupe

― physique
― mécanique
― électronique
― informatique
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Tests à froid

Fabrication des modules en série

2000-2003

 Tests à froid de 28 modules tonneau

Quatre iront en tests en faisceau

 Suivi de la production

1996
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Insertion de la roue dans le cryostat

sf
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Electronique

xv

test cartes 
calibration

Carte 
calibration

Carte ROD-PU

Carte ROD Carte injecteur
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Force électrofaible

Interaction faible

– désintégrations nucléaires

– fusion (ex : soleil)

Exemple:   14C → 14N + e- + ν
e

                     n →    p  + e- + ν
e

                  udd→ uud + e- + ν
e

2 bosons de jauge massifs : W et Z

fin années 60 : force électro-faible

– unification forces électromagnétique et faible

– problème : les bosons W et Z ont une masse 
nulle dans cette théorie!

interaction forte

interaction faible

électromagnétisme

gravitation

électrofaible



02/23/12        59

Computing

ATLAS jobs on world-wide Grid
– MC production
– user and group analysis 
– at CERN, 10 Tier1-s, ~ 70 Tier-2

One Tier-2 at LAPP

– ~600 jobs /sem

– ~half Monte-Carlo production, half user analysis 

GRIF

CC

CC-T2

CPPM

LAPP

LPC
LPSC other
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H→γγ, signal strengh

Compute μ / category:
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H→γγ, local significance

weights w
i
: expected contribution from each individual category for a SM 

Higgs boson

– w
i
 = σ2/σ

i
2, σ

i
, σ = expected statistical 

uncertainties on the signal strength per 
category i and for the combined analysis

– weighted significances Z'
i
 = sqrt(w

i
)Z

i
.
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H→γγ, m
γγ

 /category (1)
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H→γγ, m
γγ

 /category (2)
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H→γγ, m
γγ

 /category (3)
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H→γγ, m
γγ

 /category (4)
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H→γγ, m
γγ

 /category (5)
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CMS, H->γγ

For the mass fit MVA and combined datasets, result of summing the data and 
the signal plus background fits weighted by the ratio of signal to background in 
each event class

Best signal fit: μ = 1.6 ± 0.3

Significance:

– local: 4.1σ

– global: 3.2σ
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CMS, H->4l

Invariant mass m
4l

– in [100-800] GeV:

– 164 events expected

– 172 events observed

Best signal fit: μ = 0.7 ± 0.4

Significance:

– local: 3.2σ

– global: ??
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CMS: combinaison

Best signal fit: μ = 0.8 ± 0.2

Significance:

– local: 4.9σ

– global: 4.0σ
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hep-ph on arXiv since 4th of July
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zv
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