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A search for the Standard Model Higgs boson in proton–proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb!1

collected at
"

s = 7 TeV in 2011 and 5.8 fb!1 at
"

s = 8 TeV in 2012. Individual searches in the channels
H # Z Z ($) # 4", H # # # and H # W W ($) # e$µ$ in the 8 TeV data are combined with previously
published results of searches for H # Z Z ($) , W W ($), bb̄ and %+%! in the 7 TeV data and results from
improved analyses of the H # Z Z ($) # 4" and H # # # channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.0±0.4 (stat)±0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7 % 10!9, is compatible with the production and decay of the Standard Model
Higgs boson.

! 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1–4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5–10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of mH < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14–16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton–proton (pp) collisions at
centre-of-mass energy

"
s = 7 TeV at the LHC, which were compat-

ible with SM Higgs boson production and decay in the mass region
124–126 GeV, with significances of 2.9 and 3.1 standard deviations
(& ), respectively [17,18]. The CDF and DØ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

! © CERN for the benefit of the ATLAS Collaboration.
! E-mail address: atlas.publications@cern.ch.

120–135 GeV; using the existing LHC constraints, the observed lo-
cal significances for mH = 125 GeV are 2.7& for CDF [14], 1.1& for
DØ [15] and 2.8& for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb!1 of data at
"

s =
7 TeV are combined here with new searches for H # Z Z ($) # 4",1

H # # # and H # W W ($) # e$µ$ in the 5.8–5.9 fb!1 of pp col-
lision data taken at

"
s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 % 1033 cm!2 s!1; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H # Z Z ($) # 4" and H # # #
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H # W W ($) # "$"$ channel, the increased pile-up de-
teriorates the event missing transverse momentum, Emiss

T , resolu-
tion, which results in significantly larger Drell–Yan background in
the same-flavour final states. Since the eµ channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol " stands for electron or muon.
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Results are presented from searches for the standard model Higgs boson in proton–proton collisions
at

!
s = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb"1 at 7 TeV and 5.3 fb"1 at 8 TeV. The search
is performed in five decay modes: " " , ZZ, W+W", #+#", and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, " " and ZZ; a fit to these signals gives a mass of 125.3 ± 0.4(stat.)± 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

! 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7–9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass mH of the SM Higgs boson is not predicted
by theory. However, general considerations [10–13] suggest that

! © CERN for the benefit of the CMS Collaboration.
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mH should be smaller than #1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb"1 collected at a centre-of-mass energy

!
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb"1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at

!
s = 7 and 8 TeV. The search is performed in

0370-2693/ ! 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.021



 „ad hoc“ mass terms destroy: 

- renormalizibility à no precision predictions  
- probability interpetation of cross sections   
   e.g. unitaritaty violation in WLWL scattering 

Interactions described via local gauge theories  
gauge groups of  SM forbid masses for  
-  weak gauge bosons: W and Z  
-  fermions  ( l= doublet, r = singlet) 

The Problem with Elementary Particle Masses 
Experiment: all particles massive  
                    except gluon and photon 	




Violation of Unitarity in WWàWW 

SM w/o Higgs boson violates unitarity at energies ~1.2 TeV 
Scalar boson H restores unitarity, if gHPP~mP and mH not too large 

Implications of the Higgs mechanism: theoretical bounds

cross section � ⇠ |M|2

E2
c.m.

6

C. Englert 

massive     gauge boson:  1 longitudinal +  2 transversal degrees of freedom (d.o.f.) 
massless    gauge boson:                   only  2 transversal degrees of freedom (d.o.f.) 



Mass Description and Higgs-(EBHGHK)-Mechanism 
effective mass through interaction with 
omnipresent condensate of scalar field 

 mass of particles = coupling x vev 

value of condensate strength 
(vacuum expactation value vev ) 
known from  GF 

economical solution in SM:  4 scalar d.o.f 
with gauge-invariant, renormalizable potential  

minimum of  V not at  φ=0  
à spontaneous symmetry breaking à vev 
3 massless excitations à 3 long. d.o.f for  W+-, Z 
1 massive excitation à physical Higgs-Boson 

Higgs field has two components: 
- homogenous  condensate vev= 247 GeV               
- Higgs-Boson H with unknown mass MH 



Without the Higgs Boson the SM is Not Complete 

in SM the profile of the 
Higgs boson is fixed 
once we assume MH 

MH is the last unknown 
parameter of the SM 

whether a Higgs 
boson is realized in 
nature is unclear  

consistent description  
of massive particles  
in gauge theories by  
Englert,Brout,Higgs, 
Guralnik,Hagen,Kibble  
in 1964 



Knowledge about MH in SM before LHC 

the Standard Model prefers a light Higgs boson 

LHC and its experiments designed to probe the full mass range from LEP limit to 1 TeV 

Restore  

Unitarity 

Pertubation Theory Valid  
up to MPlanck (1TeV) 

Electroweak Precision Measurements 
(>161 (now 152) GeV excluded) 

Direct Searches at   
LEP and Tevatron 



LHC, ATLAS and CMS 

4 WELTMASCHINE LHC

Dipolmagnete stehen auf dem CERN-Gelände für ihren Einsatz im LHC-Tunnel bereit.

DIE DETEKTORZWIEBEL

Die hausgroßen und mit modernster Technik gespickten Detektoren am LHC bestehen aus mehreren 
Komponenten, die wie die Schalen einer Zwiebel um den Kollisionspunkt der Teilchen herum 
angeordnet sind.

•  Im Innern befinden sich die Spurdetektoren. Sie messen die Spuren, die elektrisch geladene 
Teilchen hinterlassen. Ein Magnetfeld krümmt die Bahnen der gela denen Teilchen, sodass sich 
ihr Impuls bestimmen lässt.

•   Bei einigen Detektoren gibt es in der nächsten Lage Komponenten, die die Art der durch-
fliegenden Teilchen bestimmen.

•   Kalorimeter bestimmen die Energie, die Art und die Flugrichtung der Teilchen.

• 
 

Die äußerste Schicht weist Myonen nach. Myonen gleichen den Elektronen bis auf ihre deutlich 
höhere Masse. Sie durchdringen als einzige geladene Teilchen alle anderen Detektorschichten.

Die vier Detektoren am LHC heißen ATLAS, CMS, LHCb und ALICE.

Im LHC kreisen zwei Teilchenstrahlen in gegenläufiger Richtung bei nahezu Lichtgeschwindigkeit und prallen an vier Stellen aufeinander.
Um die Spuren dieser Zusammenstöße zu analysieren, haben Wissenschaftler Messgeräte entwickelt: die Detektoren ATLAS, CMS, LHCb und ALICE.

CMS

ATLAS

LHCb ALICE

Genf

Frankreich

CERN

Genfer See

Schweiz
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The CMS Detector          Compact Muon Solenoid

22 m

14m

12000 tons
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The ATLAS-Detector                 

25m

44m

7000 Tons
Electromagnetic

Calorimeter

Solenoid

Inner Tracking
Detector

Toroids

Muon-
Detectors

Hadron Calorimeter

A Toroidal LHC ApparatuS

CMS ATLAS 
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ATLAS and CMS in Berlin
The success of 4th July 2012 is due  
to the excellent work of more than 
10000 people over several decades   
in designing, building, commissioning 
and operating LHC and its pre-
accelerators, CMS and ATLAS.  

and due to excellent calculations by 
and cooperation with our friends  
from the theory community.  



SM Higgs Boson Production and Decay 

Hà 2 photons loop induced  

Hà ZZà4 leptons (l=e,µ)  
BR (125 GeV) = 0.013 % 

BR (125 GeV) 
 = 0.2 % 

 [GeV] HM
100 150 200 250 300

 H
+X

) [
pb

]   
 

A
(p

p 
m

-210

-110

1

10

210
= 8 TeVs

LH
C 

HI
GG

S 
XS

 W
G 

20
12

 H (NNLO+NNLL QCD + NLO EW)

App 

 qqH (NNLO QCD + NLO EW)

App 
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App 

 ZH (NNLO QCD +NLO EW)

App 

 ttH (NLO QCD)

App 

8 to 7 TeV: ~30% larger σprod at 125 GeV 

ECM σ incl. GGF	
 VBF 
7 TeV 17.5 pb 15.3 pb 1.2 pb 
8 TeV 22.3 pb 19.5 pb 1.6 pb 
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criteria:  
- sufficient signal rate  
- „triggerable“ à e,µ,γ,(τ)	

- background reducible  
- good mass resolution 

Production Rates in Detectable Final States 
rule of thumb: 
need ~3 signal events  
after selecton to exclude 
hypothesis  
(for background =0) 
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µl = e, 
τν,µν,eν = ν

q = udscb

bbν± l→WH 

bb-l+ l→ZH 
b ttb→ttH 

-τ+τ →VBF H 

-τ+τ

γγ

qqν± l→WW 

ν
-lν+ l→WW 

qq-l+ l→ZZ 

νν
-l+ l→ZZ 

-l+l-l+ l→ZZ 

no fully hadronic final states, not ggàH with Hàbb,àZZ(WW)à4quarks 
Hàbb only in W(Z)H with  Wàlν oder Zàll 
for small MH  not HàZZàllqq und HàWWàlν qq 

Mass of decay products 



The Challenge  
collision rate: 20 MHz 
à three staged trigger system 
recording rate:  o(200) HZ 
à still: 3 PetaByte/Year 

analysed data ~10 to 11 fb-1  

(   ~50% at 7 TeV in 2011 
 + ~50% at 8TeV in 2012) 
 
this corresponds to: 
~  1015      collisions 
~  200000 produced Higgs   
                 bosons (125 GeV) 
 
but only 
~400 decaying via  Hàγγ	


  ~30 decaying via  HàZZà4l 



Excellent Performance of the LHC  
Luminosity delivered to ATLAS since the beginning 

2012:
6.6 fb-1 

at 8 TeV
2011

5.6 fb-1 

at 7 TeV

2010
0.05 fb-1 

at 7 TeV

Bodes well for the future!

ATLAS: Status of SM Higgs searches, 4/7/2012

The BIG challenge in 2012: PILE-UP

Z" μμ

10

Experiment’s 
design value 
(expected to be
reached at L=1034 !) 

Z" μμ event from 2012 data with 25 reconstructed vertices

LHC exceeds all expectations the price to pay: „Pile up“ 

design value 



Understanding the Background Processes 

13 

Excellent agreement  between theory prediction and measurement due to 
very precise calculations and good understanding of detector performance 

total Higgs 



Expected Exclusion Sensitivity with 2011 Data  

3

t leptons of the same momenta. The reducible backgrounds (W + jets, multijet production,
Z ! ee) are also evaluated from control samples in data.
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Figure 1: The median expected 95% CL upper limits on the cross section ratio s/sSM as a
function of the SM Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right),
for the eight Higgs boson decay channels. Here sSM denotes the cross section predicted for the
SM Higgs boson. A channel showing values below unity (dotted red line) would be expected
to be able to exclude a Higgs boson of that mass at 95% CL. The jagged structure in the limits
for some channels results from the different event selection criteria employed in those channels
for different Higgs boson mass sub-ranges.

The H ! bb search [62] concentrates on Higgs boson production in association with W or Z
bosons, in which the focus is on the following decay modes: W ! en/µn and Z ! ee/µµ/nn.
The Z ! nn decay is identified by requiring a large missing transverse energy Emiss

T , defined
as the negative of the vector sum of the transverse momenta of all reconstructed objects in the
volume of the detector (leptons, photons, and charged/neutral hadrons). The dijet system, with
both jets tagged as b-quark jets, is also required to have a large transverse momentum, which
helps to reduce backgrounds and improves the dijet mass resolution. We use a multivariate
analysis (MVA) technique, in which a classifier is trained on simulated signal and background
events for a number of Higgs boson masses, and the events above an MVA output threshold
are counted as signal-like. The rates of the main backgrounds, consisting of W/Z + jets and
top-quark events, are derived from control samples in data. The WZ and ZZ backgrounds with
a Z boson decaying to a pair of b-quarks, as well as the single-top background, are estimated
from simulation.

The H ! WW(⇤) ! 2`2n analysis [63] searches for an excess of events with two leptons of
opposite charge, large Emiss

T , and up to two jets. Events are divided into five categories, with
different background compositions and signal-to-background ratios. For events with no jets,
the main background stems from non-resonant WW production; for events with one jet, the
dominant backgrounds are from WW and top-quark production. The events with no jets and
one jet are split into same-flavour and opposite-flavour dilepton sub-channels, since the back-
ground from Drell–Yan production is much larger for the same-flavour dilepton events. The
two-jet category is optimized to take advantage of the VBF production signature. The main
background in this channel is from top-quark production. To improve the separation of sig-
nal from backgrounds, MVA classifiers are trained for a number of Higgs boson masses, and
a search is made for an excess of events in the output distributions of the classifiers. All back-

mH < 150 GeV: H à 2γγ , HàZZ*à4l,Hà WW*àlνlν, H à ττ, H à bb in VH  

150 < mH < 200 GeV: H à WW(*)->2l2ν, H à ZZ*->4l, (HàZZ*à2l2q)  

mH> 200 GeV: H à ZZ à 4l, llνν, lljj  H àWW->lνlν, lνjj 

σm /m~1– 2%, σm/m~10-20%, no mass reconstruction 



Status after Analysis of 2011 Data 

only small MH window left  
                        
from 117.5 to  118.4 GeV   
and  122.7 to 127.5 GeV 
 
excess at  MH~125 GeV 
of ~3σ per experiment 
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concentrate on small MH in  2012 
- good mass resolution, small rate  
   Hàγγ HàZZ*à4l  (ATLAS+CMS) 
- no mass reconstruction, high rate   
   HàWW*àlνlν       (ATLAS+CMS) 
- limited mass resolution: 
   Hàττ, Hàbb    (so far only CMS) 
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For a given value of mH, the search sensitivity depends on the
production cross section, the decay branching fraction into the
chosen final state, the signal selection e!ciency, the mass reso-
lution, and the level of background from identical or similar final-
state topologies.

Samples of MC events used to represent signal and background
are fully simulated using geant4 [103]. The simulations include
pileup interactions matching the distribution of the number of
such interactions observed in data. The description of the Higgs
boson signal is obtained from MC simulation using, for most of
the decay modes and production processes, the next-to-leading-
order (NLO) matrix-element generator powheg [104,105], inter-
faced with pythia 6.4 [106]. For the dominant gluon–gluon fu-
sion process, the transverse momentum spectrum of the Higgs
boson in the 7 TeV MC samples is reweighted to the next-to-
next-to-leading-logarithmic (NNLL) + NLO distribution computed
with hqt [71,72,107] and FeHiPro [108,109], except in the H ! ZZ
analysis, where the effect is marginal. The agreement of the pT
spectrum in the simulation at 8 TeV with the NNLL + NLO distri-
bution makes reweighting unnecessary. The improved agreement
is due to a modification in the powheg setup recommended in
Ref. [102]. The simulation of associated-production signal sam-
ples uses pythia and all signal samples for H ! bb are made
using powheg interfaced to herwig++ [110]. Samples used for
background studies are generated with pythia, powheg, and Mad-
Graph [111], and the normalisations are obtained from the best
available NNLO or NLO calculations. The uncertainty in the signal
cross section related to the choice of parton distribution functions
is determined with the PDF4LHC prescription [96–100].

The overall statistical methodology [112] used in this Letter was
developed by the CMS and ATLAS Collaborations in the context of
the LHC Higgs Combination Group. A more concise summary of
CMS usage in the search for a Higgs boson is given in Ref. [21].
The modified frequentist criterion CLs [113,114] is used for the
calculation of exclusion limits. Systematic uncertainties are incor-
porated as nuisance parameters and are treated according to the
frequentist paradigm. The combination of searches requires simul-
taneous analysis of the data selected by all individual analyses,
accounting for all statistical and systematic uncertainties and their
correlations. The probability for a background fluctuation to be at
least as large as the observed maximum excess is termed the lo-
cal p-value, and that for an excess anywhere in a specified mass
range the global p-value. This probability can be evaluated by
generating sets of simulated data incorporating all correlations be-
tween analyses optimized for different Higgs boson masses. The
global p-value (for the specified region) is greater than the local
p-value, and this fact is often referred to as the look-elsewhere
effect (LEE) [115]. Both the local and global p-values can be ex-
pressed as a corresponding number of standard deviations using
the one-sided Gaussian tail convention. The magnitude of a pos-
sible Higgs boson signal is characterised by the production cross
section times the relevant branching fractions, relative to the SM
expectation, denoted ! /!SM and referred to as the signal strength.
The results presented in this Letter are obtained using asymp-
totic formulae [116], including updates recently introduced in the
RooStats package [117].

Fig. 1 shows the expected local p-values in the mass range 110–
145 GeV for the five decay modes reported here. The expected
significance of a SM Higgs boson signal at mH = 125 GeV when
the five decay modes are combined is 5.6! . The highest sensitivity
in this mass range is achieved in the ZZ, " " , and WW channels.
Because of the excellent mass resolution (1–2 GeV) achieved in the
" " and ZZ channels, they play a special role in the low-mass re-
gion, where the natural width of the SM Higgs boson is predicted
to be less than 100 MeV. The expected signature in these channels

Fig. 1. Expected local p-values for a SM Higgs boson as a function of mH, for the
decay modes " " , ZZ, WW, ## , and bb and their combination.

is therefore a narrow resonance above background, with a width
consistent with the detector resolution.

5. Decay modes with high mass resolution

5.1. H ! " "

In the H ! " " analysis a search is made for a narrow peak
in the diphoton invariant mass distribution in the range 110–
150 GeV, on a large irreducible background from QCD production
of two photons. There is also a reducible background where one
or more of the reconstructed photon candidates originate from
misidentification of jet fragments. Early detailed studies indicated
this to be one of the most promising channels in the search for
a SM Higgs boson in the low-mass range [118].

To enhance the sensitivity of the analysis, candidate diphoton
events are separated into mutually exclusive categories of differ-
ent expected signal-to-background ratios, based on the properties
of the reconstructed photons and on the presence of two jets sat-
isfying criteria aimed at selecting events in which a Higgs boson
is produced through the VBF process. The analysis uses multivari-
ate techniques for the selection and classification of the events. As
an independent cross-check, an analysis is also performed that is
almost identical to the one described in Ref. [24], using simpler
criteria based on the properties of the reconstructed photons to
select and classify events. The multivariate analysis achieves 15%
higher sensitivity than the cross-check analysis.

The reconstructed primary vertex that most probably corre-
sponds to the interaction vertex of the diphoton candidate is iden-
tified using the kinematic properties of the tracks associated with
that vertex and their correlation with the diphoton kinematics. In
addition, if either of the photons converts and the tracks from
the conversion are reconstructed and identified, the direction of
the converted photon contributes to the identification of the hard-
scattering vertex. More details can be found in Ref. [24].

The event selection requires two photon candidates satisfy-
ing pT requirements and “loose” photon identification criteria.
These photons must be reconstructed within the fiducial region,
|$| < 2.5, excluding the barrel–endcap transition region, 1.44 <
|$| < 1.57. A pT threshold of m" " /3 (m" " /4) is applied to the
photon leading (subleading) in pT, where m" " is the diphoton
invariant mass. Scaling the pT thresholds in this way avoids dis-
tortion of the shape of the m" " distribution. In the case of events
passing the dijet selection, the requirement on the leading photon
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Higgs Decay Modes
Once the Z and W channels are opening (mH>120) it decays 
to ZZ* and WW*

The Higgs decay modes are classified according to the decays 
of the daughter bosons, thus the main decay modes are

the golden channel 4l=4 leptons

and other WW or ZZ channels
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signature:  4 isolated leptons,  2 consistent with decay Zà2 l 
challenge: lepton reconstruction and identification 
                 reconstruction of M4l  



CMS: HàZZ(*)à 4 l      Angular Correlations 

Matrix Element Likelihood Analysis 
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final 2-dim. 
discriminant  
„M4l-vs-KD“ 

Background Signal (M=125 GeV) 

Table 3: The number of selected events, compared to the expected background yields and expected number of signal events (mH = 125 GeV) for
each final state in the H! ZZ analysis. The estimates of the Z + X background are based on data. These results are given for the mass range from
110 to 160 GeV. The total background and the observed numbers of events are also shown for the three bins (“signal region”) of Fig. 4 where an
excess is seen (121.5 < m4! < 130.5 GeV).

Channel 4e 4µ 2e2µ 4!
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

"0.8 0.9+0.7
"0.6 2.3+1.8

"1.4 4.4+2.2
"1.7

All backgrounds (110 < m4! < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4! < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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Figure 4: Distribution of the four-lepton invariant mass for the
ZZ! 4! analysis. The points represent the data, the filled histograms
represent the background, and the open histogram shows the signal
expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4! distribution after
selection of events with KD > 0.5, as described in the text.

ing power between signal and background. The mo-
mentum of the ZZ system may further di!erentiate sig-
nal from background, but would introduce dependence
on the production mechanism, and on the modelling
of the QCD e!ects, and is therefore not considered
here. A kinematic discriminant is constructed based
on the probability ratio of the signal and background
hypotheses, KD = Psig/(Psig + Pbkg), as described in
Ref. [126]. The likelihood ratio is defined for each value
of m4!. For the signal, the phase-space and Z propaga-
tor terms [127] are included in a fully analytic param-
eterization [124], while the background probability is
tabulated using a simulation of the qq ! ZZ/Z" pro-
cess. The statistical analysis only includes events with
m4! > 100 GeV.

Figure 5 (upper) shows the distribution of KD ver-
sus m4! for events selected in the 4! subchannels. The
colour-coded regions show the expected background.
Figure 5 (lower) shows the same two-dimensional dis-
tribution of events, but this time superimposed on the
expected event density from a SM Higgs boson (mH =
125 GeV). A clustering of events is observed around
125 GeV with a large value of KD, where the back-
ground expectation is low and the signal expectation
is high, corresponding to the excess seen in the one-
dimensional mass distribution. The m4! distribution of
events satisfying KD > 0.5 is shown in the inset in
Fig. 4.

There are three final states and two data sets (7 and
8 TeV), and thus the statistical treatment requires six si-
multaneous two-dimensional maximum-likelihood fits
for each value of mH, in the variables m4! and KD. Sys-
tematic uncertainties are evaluated from data for the
trigger e"ciency and for the combined lepton recon-
struction, identification, and isolation e"ciencies, as de-
scribed in [128]. Systematic uncertainties in the en-

10

Exploit different angular correlations  
for signal and irreducible ZZ background 



CMS: HàZZ(*) à 4l -  Results 

ATLAS: Status of SM Higgs searches, 4/7/2012 

H 4l mass spectrum after all selections: 2011+2012 data 

32 

Enhanced by relaxing cuts on  
m12, m34 and pT(μ4) 

Peak at m(4l) ~ 90 GeV from 
single-resonant Z 4l production 

Observed: 57 events 
Expected: 65 ± 5 

event yields in mass window  
from 121.5 to 130.5 GeV 

significant excess at  M4l = 125.6 GeV  

signal strength 0.7±0.35 x SM  

Channel 4 e 4 µ	
 2 e2 µ	
 4 l 
Bckgr. 0.7 1.3 1.9 3.8 
Signal(125) 1.4 2.7 3.4 7.5 
Data 1 3 5 9 

a standard „candle“ 

dominant ZZà4l background 
estimated from theory + simulation 
(var. theo. uncertainties considered) 
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events in ±5 GeV mass window at 125 GeV significant excess at  M4l = 125 GeV  
signal strength 1.4±0.6 x SM  
 
mild excess for M4l > 180 GeV 
consistent with σZZ  measurement    
no influence on findings for low mass 

Channel 4 e 4 µ	
 2 e2 µ	
 4 l 
Bckgr. 1.6 1.3 2.2 5.1 
Signal(125) 0.9 2.1 2.3 5.3 
Data 2 6 5 13 

leading lepton pair are removed, is presented in Fig. 1.
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Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of a Z boson candidate and
an additional same-flavour electron or muon pair, for the combination
of
!

s = 7 TeV and
!

s = 8 TeV data in the entire phase-space of the
analysis after the kinematic selections described in the text. Isolation
and transverse impact parameter significance requirements are applied
to the leading lepton pair only. The MC is normalised to the data-
driven background estimations. The relativelly small contribution of
a SM Higgs with mH = 125 GeV in this sample is also shown.

4.3. Systematic uncertainties
The uncertainties on the integrated luminosities are

determined to be 1.8% for the 7 TeV data and 3.6%
for the 8 TeV data using the techniques described in
Ref. [92].

The uncertainties on the lepton reconstruction and
identification e!ciencies and on the momentum scale
and resolution are determined using samples of W,
Z and J/! decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification e!ciency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4" = 600 GeV and increases to ±0.9%
(±0.8%/±0.5%) for m4" = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation e!ciency is ±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel for m4" = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4" = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of ±0.7% (±0.5%/±0.2%) on the mass scale
of the m4" distribution for the 4e (2e2µ/2µ2e) channel.
The impact of the uncertainties on the electron energy

resolution and on the muon momentum resolution and
scale are found to be negligible.

The theoretical uncertainties associated with the sig-
nal are described in detail in Section 8. For the SM
ZZ(") background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is ±5%, while the e"ect of the PDF
and #s uncertainties is ±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served for m4l > 160 GeV, the measured ZZ(") # 4"
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on the ZZ(") yield on the search for a Higgs
boson with mH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg # ZZ(") background is small and becomes negligi-
ble for mH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4", for
the selected candidates, compared to the background expectation in
the 80–250 GeV mass range, for the combination of the

!
s = 7 TeV

and
!

s = 8 TeV data. The signal expectation for a SM Higgs with
mH = 125 GeV is also shown.

4.4. Results

The expected distributions of m4" for the background
and for a Higgs boson signal with mH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of ±5 GeV
around mH = 125 GeV are presented for the combined

6

7 TeV and 8 TeV data in Table 3. The distribution of
the m34 versus m12 invariant mass is shown in Fig. 3.
The statistical interpretation of the excess of events near
m4! = 125 GeV in Fig. 2 is presented in Section 9.

Table 3: The numbers of expected signal (mH = 125 GeV) and back-
ground events, together with the numbers of observed events in the
data, in a window of size ±5 GeV around 125 GeV, for the combined!

s = 7 TeV and
!

s = 8 TeV data.

Signal ZZ(") Z + jets, tt̄ Observed
4µ 2.09±0.30 1.12±0.05 0.13±0.04 6

2e2µ/2µ2e 2.29± 0.33 0.80±0.05 1.27±0.19 5
4e 0.90±0.14 0.44±0.04 1.09±0.20 2

 [GeV]12m
50 60 70 80 90 100

 [G
eV

]
34

m

20

30

40

50

60

70

80
=125 GeVHm

<130 GeV)
4l

Bkg (120<m
<130 GeV)

4l
Data (120<m

ATLAS

4l!(*)
ZZ!H

-1Ldt = 4.8 fb" = 7 TeV: s
-1Ldt = 5.8 fb" = 8 TeV: s

Figure 3: Distribution of the m34 versus the m12 invariant mass, be-
fore the application of the Z-mass constrained kinematic fit, for the
selected candidates in the m4! range 120–130 GeV. The expected
distributions for a SM Higgs with mH = 125 GeV (the sizes of the
boxes indicate the relative density) and for the total background (the
intensity of the shading indicates the relative density) are also shown.

5. H! !! channel

The search for the SM Higgs boson through the de-
cay H# "" is performed in the mass range between
110 GeV and 150 GeV. The dominant background is
SM diphoton production (""); contributions also come
from "+jet and jet+jet production with one or two jets
mis-identified as photons (" j and j j) and from the Drell-
Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data.
Among other changes to the analysis, a new category
of events with two jets is introduced, which enhances

the sensitivity to the VBF process. Higgs boson events
produced by the VBF process have two forward jets,
originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sen-
sitivity of the analysis has been improved by about 20%
with respect to that described in Ref. [95].

5.1. Event selection
The data used in this channel are selected using

a diphoton trigger [96], which requires two clusters
formed from energy depositions in the electromagnetic
calorimeter. An ET threshold of 20 GeV is applied to
each cluster for the 7 TeV data, while for the 8 TeV
data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-
leading (the next-highest ET) cluster. In addition, loose
criteria are applied to the shapes of the clusters to match
the expectations for electromagnetic showers initiated
by photons. The e!ciency of the trigger is greater than
99% for events passing the final event selection.

Events are required to contain at least one recon-
structed vertex with at least two associated tracks with
pT > 0.4 GeV, as well as two photon candidates. Pho-
ton candidates are reconstructed in the fiducial region
|#| < 2.37, excluding the calorimeter barrel/end-cap
transition region 1.37 $ |#| < 1.52. Photons that convert
to electron-positron pairs in the ID material can have
one or two reconstructed tracks matched to the clusters
in the calorimeter. The photon reconstruction e!ciency
is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the
calorimeter and energy leakage outside of the cluster,
MC simulation results are used to calibrate the energies
of the photon candidates; there are separate calibrations
for unconverted and converted candidates. The calibra-
tion is refined by applying #-dependent correction fac-
tors, which are of the order of ±1%, determined from
measured Z# e+e% events. The leading (sub-leading)
photon candidate is required to have ET > 40 GeV
(30 GeV).

Photon candidates are required to pass identification
criteria based on shower shapes in the electromagnetic
calorimeter and on energy leakage into the hadronic
calorimeter [97]. For the 7 TeV data, this information is
combined in a neural network, tuned to achieve a sim-
ilar jet rejection as the cut-based selection described in
Ref. [95], but with higher photon e!ciency. For the
8 TeV data, cut-based criteria are used to ensure reliable
photon performance for recently-recorded data. This
cut-based selection has been tuned to be robust against
pile-up by relaxing requirements on shower shape cri-
teria more susceptible to pile-up, and tightening others.

7



H à 2 Photons 

challenges: - identification of hight pT photons with high purity 
                   - reconstruction of invariant di-photon mass 
                     (in both experiments contribution from angle btw. photons negligible) 
 
enhance sensitivity by splitting in analysis categories 

Figure 34: Event display of a diphoton with two jets event candidate where both photon candidates are

converted. The event number is 24947130 and it was recorded during run 204769 at
!

s = 8 TeV. The

leading photon has ET=80.1 GeV and ! =1.01. The subleading photon has ET=36.2 GeV and ! = "0.17.

The measured diphoton mass is 126.9 GeV. The pT and pTt of the diphoton are 44.3 GeV and 6.2 GeV,

respectively. The leading jet has ET=120 GeV and ! = "2.9. The subleading jet has ET=81 GeV and

! =2.7. The measured two-jets mass is 1.6 TeV. The !" between the diphoton system and the system of

the two-jets is 2.9. Only reconstructed tracks with pT>1 GeV, hits in the pixel and SCT layers and TRT

hits with a high threshold are shown.

48

Figure 32: Event display of a diphoton event candidate where both photon candidates are unconverted.

The event number is 56662314 and it was recorded during run 203779 at
!

s = 8 TeV. The leading

photon has ET=62.2 GeV and ! =0.39. The subleading photon has ET=55.5 GeV and ! =1.18. The

measured diphoton mass is 126.9 GeV. The pT and pTt of the diphoton are 9.3 GeV and 6.5 GeV,

respectively. Only reconstructed tracks with pT>1 GeV, hits in the pixel and SCT layers and TRT hits

with a high threshold are shown.
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Eilam Gross, WIS, Freiburg Jan 2012

Higgs Decay Modes
The Higgs Boson decays to the heaviest 
kinematically available particles pair

A light Higgs (mH<130) decays to tau 
tau and mainly to bb

But H->bb is hard to detect or trigger 
on unless produced in assosiation with 
a W or a Z

Leptons (electrons or muons) and 
photons are easy to trigger on and 
detect. 
Though BR(H->gamma gamma)~10-3, 
H->gamma gamma is a favorite channel 
for a Higgs with mH~110-120

27
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Hà 2 Photons: Background suppression 

q 
q 

γ 
γ 

irreducible background: 

excellent reconstruction  
of di-photon mass Mγγ	


robust against „pile-up“ 

q 
g 

γ 
γ π0 q 
γ 

reducible background:  γ-jet , jet-jet    

H à γγ 

jj 

γj 

Datat 

η-strips 

discriminate γ and jet (π0)  

A l e x  R e a d ,  AT L A S  H i g g s  S t a t u s L H C 2 T S P,  1 3  J u l y ,  2 0 1 2

Needs a powerful γ/jet separation to suppress 
γj and jj background
 with jet -> π0 faking single γ

The fine longitudinal and lateral segmentation and pointing 
geometry of the ATLAS EM calorimeter enable good γγ 
angular separation and better Z-vertex determination.
This is crucial in  high pile up environment and 
in identifying fake photons from pions

 

H->γγ   Experimental Aspects
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H ! γγ 

jj 

γj 

~ 500 μb 

~ 200 nb 

~ 30 pb 

~ 40 fb 

mγ 1γ 2

2 = 2Eγ 1
Eγ 2

1− cos(γ 1,γ 2 )( )

Present understanding of 
calorimeter 
E response (from 
tag&probe Z->ee, 
J/ψ ->ee, W->eν data and 
MC)->
Excellent mass resolution

η-strips

ET~ 21 GeVET~ 32 GeV

Mass resolution not 
affected by pile-up



ATLAS: Hàγγ Mass Spectrum + Categories 

significant excess at  Mγγ= 126.5 GeV 
signal strength 1.8±0.5 x SM 

VBF + 9 inclusive categories 
         (un-)converted, central/forward,… 

category Signal/Bckg σM  (Gev) 
inclusive 1 / 36 1.63  
best 1 / 6 1.37 
worst 1 / 75 2.65 
VBF 1 / 4.5 1.57 

category weight = ln ( 1+ s/b) 
s/b evaluated in mass window 
containing 90% of signal yield 

analytic model for signal a. background 



CMS: Hà 2 Photons Mass Spectrum 

5 (6) categories:   
2 (1) VBF   (in 2011)  
+ 4 inclusive based on 
   „Boosted Decision  
    Tree“-output 

significant excess at 125 GeV                           
 
signal strength: 1.6±0.4 x SM 

category weight = s/(s+b) 
in 2 σM mass window   



CLs method: 
 
 
“ad-hoc” correction to avoid exclusion  
w/o sensitivity due to downwards  
fluctuation of background 

Test of Signal+BG-Hypothesis à Exclusion 
test statistic used at LHC: ratio of “profiled likelihoods” 
 
L = likelihood to observe data for signal strength µ  
 
(µ = σsignal/σSM-H , θ = systematic uncertainties) 

127 < mH < 600GeV 

Signal hypothesis  µ excluded at 95% CL, if CLs ≤ α = 5% holds 

Sven Kreiss

One Slide on Statistics

17
Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

ATLAS Open Reading, June 15, 2012
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Follow LHC-HCG Combination Procedures
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8 3 Combination methodology

3 Combination methodology
The combination of the Higgs boson searches requires simultaneous analysis of the data se-
lected by all individual analyses, accounting for all statistical and systematic uncertainties and
their correlations. The overall statistical methodology used in this combination was developed
by the ATLAS and CMS Collaborations in the context of the LHC Higgs Combination Group.
The description of the general methodology can be found in Refs. [14, 89]. Below we give
concise definitions of statistical quantities we use for characterizing the outcome of the search.
Results presented in this note are obtained using asymptotic formulae [90], including a few
updates recently introduced in the RooStats package [91].

3.1 Characterising the absence of a signal: limits

For calculations of exclusion limits, we adopt the modified frequentist criterion CLs [92, 93].
The chosen test statistic q, used to determine how signal- or background-like the data are, is
based on the profile likelihood ratio. Systematic uncertainties are incorporated in the analysis
via nuisance parameters and are treated according to the frequentist paradigm. The profile
likelihood ratio is defined as

qµ = �2 ln
L(obs | µ · s + b, q̂µ)

L(obs | µ̂ · s + b, q̂)
, (1)

where s stands for the signal expected under the SM Higgs hypothesis, µ is a signal strength
modifier introduced to accommodate deviations from SM Higgs predictions, b stands for back-
grounds, and q are nuisance parameters describing systematic uncertainties (q̂µ maximizes the
likelihood in the numerator for a given µ, while µ̂ and q̂ define the point at which the likelihood
reaches its global maximum).

The ratio of probabilities to observe a value of the test statistic at least as large as the one ob-
served in data, qobs

µ , under the signal+background (s+b) and background-only (b) hypotheses,

CLs =
P(qµ � qobs

µ | µ · s + b)
P(qµ � qobs

µ | b)
 a, (2)

is used as the criterion for excluding the signal at the 1 � a confidence level.

3.2 Characterising an excess of events: p-values and significance

To quantify the presence of an excess of events over what is expected for the background, we
use the test statistic where the likelihood appearing in the numerator is for the background-
only hypothesis:

q0 = �2 ln
L(obs | b, q̂0)

L(obs | µ̂ · s + b, q̂)
, (3)

The statistical significance Z of a signal-like excess is computed from the probability p0

p0 = P(q0 � qobs
0 | b), (4)

henceforth referred to as the p-value, using the one-sided Gaussian tail convention.

29.07.2011 18

pµ - reject s+b hypothesis (exclude) 

● A small                               rejects the 
signal+background hypothesis

●                             - penalty to      for lucky b-fluct.

●                 !!

p0pμ

1− pb=CLb

Kyle Cranmer, PhyStat 2011

AndreY Korytov (UF) - EPS 2001

pμ= pμ+b=CLs+b

CLs= pμ/(1− pb) pμ

pb≠ p0

p-value quantifies consistency with null hypothesis (here signal+background)  

In the latter equation, fs(x) and fb(x) are pdfs of signal and background of some73

observable(s) x, while S and B are total event rates expected for signal and back-74

grounds.75

2. To compare the compatibility of the data with the background-only and signal+background76

hypotheses, where the signal is allowed to be scaled by some factor µ, we construct77

the test statistic q̃µ [11] based on the profile likelihood ratio:78

q̃µ = �2 ln
L(data|µ, ✓̂µ)
L(data|µ̂, ✓̂) , with a constraint 0  µ̂  µ (5)

where ✓̂µ refers to the conditional maximum likelihood estimators of ✓, given the79

signal strength parameter µ and “data” that, as before, may refer to the actual80

experimental observation or pseudo-data (toys). The pair of parameter estimators81

µ̂ and ✓̂ correspond to the global maximum of the likelihood.82

The lower constraint 0  µ̂ is dictated by physics (signal rate is positive), while83

the upper constraint µ̂  µ is imposed by hand in order to guarantee a one-sided84

(not detached from zero) confidence interval. Physics-wise, this means that upward85

fluctuations of the data such that µ̂ > µ are not considered as evidence against the86

signal hypothesis, namely a signal with strength µ.87

Note that this definition of the test statistic di↵ers from what has been used at88

LEP (where “profiling” of systematic errors was not used) and at Tevatron (where89

systematic errors were profiled, but µ in the denominator was fixed at zero). See90

Appendix A for details.91

3. Find the observed value of the test statistic q̃obsµ for the given signal strength modifier92

µ under test.93

4. Find values of the nuisance parameters ✓̂obs
0

and ✓̂obsµ best describing the experi-94

mentally observed data (i.e. maximising the likelihood as given in Eq. 2), for the95

background-only and signal+background hypotheses, respectively.96

5. Generate toy Monte Carlo pseudo-data to construct pdf s f(q̃µ|µ, ✓̂obsµ ) and f(q̃µ|0, ✓̂obs
0

)97

assuming a signal with strength µ in the signal+background hypothesis and for the98

background-only hypothesis (µ = 0). These distributions are shown in Fig. 1. Note,99

that for the purposes of generating a pseudo-dataset, the nuisance parameters are100

fixed to the values ✓̂obsµ or ✓̂obs
0

obtained by fitting the observed data, but are allowed101

to float in fits needed to evaluate the test statistic. This way, in which the nuisance102

parameters are fixed to their maximum likelihood estimates, has good coverage103

properties [12].104

6. Having constructed f(q̃µ|µ, ✓̂obsµ ) and f(q̃µ|0, ✓̂obs
0

) distributions, we define two p-105

values to be associated with the actual observation for the signal+background and106

background-only hypotheses, pµ and pb:107

pµ = P ( q̃µ � q̃obsµ | signal+background) =

Z 1

q̃obsµ

f(q̃µ|µ, ✓̂obsµ ) dq̃µ , (6)

5



         Understanding the “Brazil” Figures  



Combined Exclusion Limits (95% CL) 

Observed :  111  < MH < 122 GeV  
            and  131 < MH <  559 GeV 

Expected:   110 < MH < 582 GeV 110 < MH < 600 GeV 

       110 < MH < 121.5 GeV 
and 128 < MH < 600 GeV 

in both experiments exclusion is weaker than expected 
 

in significant mass range ~ 0.2 σSM excluded  
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Figure 13: The CLs values for the SM Higgs boson hypothesis
as a function of the Higgs boson mass in the range 110–145 GeV.
The background-only expectations are represented by their median
(dashed line) and by the 68% and 95% CL bands.

proximately 125 GeV. In the overall combination the
significance is 5.0! for mH = 125.5 GeV. Figure 15
gives the local p-value for the five decay modes individ-
ually and displays the expected overall p-value.

The largest contributors to the overall excess in the
combination are the "" and ZZ decay modes. They
both have very good mass resolution, allowing good lo-
calization of the invariant mass of a putative resonance
responsible for the excess. Their combined significance
reaches 5.0! (Fig. 16). The WW decay mode has an
exclusion sensitivity comparable to the "" and ZZ de-
cay modes but does not have a good mass resolution.
It has an excess with local significance 1.6! for mH !
125 GeV. When added to the "" and ZZ decay modes,
the combined significance becomes 5.1!. Adding the
## and bb channels in the combination, the final signifi-
cance becomes 5.0!. Table 6 summarises the expected
and observed local p-values for a SM Higgs boson mass
hypothesis of 125.5 GeV for the various combinations of
channels.

The global p-value for the search range 115–130
(110–145) GeV is calculated using the method sug-
gested in Ref. [115], and corresponds to 4.6! (4.5!).
These results confirm the very low probability for an
excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The ex-
cess constitutes the observation of a new particle with a
mass near 125 GeV, manifesting itself in decays to two
photons or to ZZ. These two decay modes indicate that
the new particle is a boson; the two-photon decay im-
plies that its spin is di!erent from one [135, 136].

Table 6: The expected and observed local p-values, expressed as the
corresponding number of standard deviations of the observed excess
from the background-only hypothesis, for mH = 125.5 GeV, for vari-
ous combinations of decay modes.

Decay mode/combination Expected (!) Observed (!)
"" 2.8 4.1
ZZ 3.8 3.2
## + bb 2.4 0.5
"" + ZZ 4.7 5.0
"" + ZZ +WW 5.2 5.1
"" + ZZ +WW + ## + bb 5.8 5.0
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“Look Elsewhere Effect” (LEE) 

so far:  deviation from “background-only” for fixed MH           à local p-value  
now:    what is probability to observe an excess at least as  
            large as observed one anywhere in spectrum?          à global p-value 

8 3 Combination methodology

3 Combination methodology
The combination of the Higgs boson searches requires simultaneous analysis of the data se-
lected by all individual analyses, accounting for all statistical and systematic uncertainties and
their correlations. The overall statistical methodology used in this combination was developed
by the ATLAS and CMS Collaborations in the context of the LHC Higgs Combination Group.
The description of the general methodology can be found in Refs. [14, 89]. Below we give
concise definitions of statistical quantities we use for characterizing the outcome of the search.
Results presented in this note are obtained using asymptotic formulae [90], including a few
updates recently introduced in the RooStats package [91].

3.1 Characterising the absence of a signal: limits

For calculations of exclusion limits, we adopt the modified frequentist criterion CLs [92, 93].
The chosen test statistic q, used to determine how signal- or background-like the data are, is
based on the profile likelihood ratio. Systematic uncertainties are incorporated in the analysis
via nuisance parameters and are treated according to the frequentist paradigm. The profile
likelihood ratio is defined as

qµ = �2 ln
L(obs | µ · s + b, q̂µ)

L(obs | µ̂ · s + b, q̂)
, (1)

where s stands for the signal expected under the SM Higgs hypothesis, µ is a signal strength
modifier introduced to accommodate deviations from SM Higgs predictions, b stands for back-
grounds, and q are nuisance parameters describing systematic uncertainties (q̂µ maximizes the
likelihood in the numerator for a given µ, while µ̂ and q̂ define the point at which the likelihood
reaches its global maximum).

The ratio of probabilities to observe a value of the test statistic at least as large as the one ob-
served in data, qobs

µ , under the signal+background (s+b) and background-only (b) hypotheses,

CLs =
P(qµ � qobs

µ | µ · s + b)
P(qµ � qobs

µ | b)
 a, (2)

is used as the criterion for excluding the signal at the 1 � a confidence level.

3.2 Characterising an excess of events: p-values and significance

To quantify the presence of an excess of events over what is expected for the background, we
use the test statistic where the likelihood appearing in the numerator is for the background-
only hypothesis:

q0 = �2 ln
L(obs | b, q̂0)

L(obs | µ̂ · s + b, q̂)
, (3)

The statistical significance Z of a signal-like excess is computed from the probability p0

p0 = P(q0 � qobs
0 | b), (4)

henceforth referred to as the p-value, using the one-sided Gaussian tail convention.
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3.3 Extracting signal model parameters 9

p0 =
Z +•

Z

1p
2p

exp(�x2/2) dx. (5)

In the Higgs boson search, we scan over Higgs boson mass hypotheses and look for the one
giving the minimum local p-value pmin

local, which describes the probability of a background fluc-
tuation for that particular Higgs boson mass hypothesis. The probability to find a fluctuation
with a local p-value lower or equal to the observed pmin

local anywhere in the explored mass range
is referred to as the global p-value, pglobal:

pglobal = P(p0  pmin
local | b), (6)

The fact that the global p-value can be significantly larger than pmin
local is often referred to as

the look-elsewhere effect (LEE). The global significance (and global p-value) of the observed
excess can be evaluated in this case by generating pseudo-datasets, which, however, becomes
too CPU-intensive and not practical for very small p-values. Therefore, we use the method
suggested in Ref. [94]. The relationship between global and local p-values is given by:

pglobal = pmin
local + C · e�Z2

local/2 (7)

The constant C is found by generating a relatively small set of pseudo-data and then is used to
evaluate the global p-value corresponding to pmin

local observed in the experiment.

For a very wide mass range, the constant C can be evaluated directly from data [89] by counting
upcrossings Nup of µ̂(mH) with the line µ = 0 and setting C = Nup.

3.3 Extracting signal model parameters

Signal model parameters a (signal strength modifier µ can be one of them) are evaluated from
a scan of the profile likelihood ratio q(a):

q(a) = �2 ln
L(obs | s(a) + b, q̂a)

L(obs | s(â) + b, q̂)
, (8)

Parameters â and q̂ that maximize the likelihood, L(obs | s(â) + b, q̂) = Lmax, are called the
best-fit set. The 68% (95%) CL on a given parameter of interest ai is evaluated from q(ai) =
1 (3.84) with all other unconstrained model parameters treated in the same way as the nuisance
parameters. The 2D 68% (95%) CL contours for pairs of parameters are derived from q(ai, aj) =
2.3 (6). One should keep in mind that boundaries of 2D confidence regions projected on either
parameter axis are not identical to the 1D confidence interval for that parameter.

Sven Kreiss

One Slide on Statistics
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Follow LHC-HCG Combination Procedures
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Test of Background-Only-Hypothesis à Discovery 

Significance Z  from standard Gauss 

different test statistic, as µ=0 under 
background-only hypothesis  

discovery: p0 ≤ 2.85x10-7 

                 significance Z ≥ 5 



Discovery of a New Particle  
open presentation on 4th July  

in special CERN seminar:  

CMS   4.9 σ    (all channels)  

ATLAS 5.0 σ   (only àZZà4l ,àγγ)  

2012 Physics Coordination May 27th , E. Gross and S. Kortner  
1 

Sandra Kortner , 
 Eilam Gross  

& Marumi Kado 

Higgs Meeting 
 PP week 
 August 2012 

submission to PLB on 31st July  

CMS    5.0 σ    (all channels)  

ATLAS 5.9 σ   (àWWàeµνν,   

                            àZZà4l,àγγ)  



Discovery of a New Particle  
for mH~126.5 GeV 

w/ LEE: 5.1(5.3)σ in 110<MH<600(150) GeV   

5.9 σ	
 5.0 σ	


4.6(4.5) σ in 110 < MH <130 (145) GeV   

for mH~125.5 GeV 

Channel Significa
nce(exp) 

Mass with 
mininmal p0 

HàZZà4l 3.4 (2.7) 125.0 GeV 
Hàγγ	
 4.5 (2.5) 126.5 GeV 
HàWWàeνµν	
 2.8 (2.3) 125.0 GeV 
Combined 5.9 (4.9) 126.5 GeV 

Channel Significa
nce(exp) 

Mass with 
minimal p0 

HàZZà4l 3.2 (3.8) 125.6 GeV 
Hàγγ	
 4.1 (2.8) 125 GeV 
HàWWàlνlν	
 1.6 (2.4) -- 
Hàbb + ττ	
 0.4 (2.4) -- 
Combined 5.0 (5.8) 125.5 GeV 



Anatomy of the New Particle: Overall Signal Strength 

largest signal strength at mH= 126.0 GeV 

                         µ  = 1.4 ± 0.3 

largest signal strength at mH= 125.5 GeV 

µ  = 0.87 ± 0.23 

consistent with expectation in Standard Model   

Determination of the “best” signal strength  µ = σobs/σSM  for each hypothetical MH 

assumption: ratio of production cross-sections and BRs as predicted in SM 



Signal Rate in Various Decay Modes  
Assumption: ratio of production cross-section as predicted by SM  

Signal strengths in individual decay modes consistent with SM prediction 
(Some people like to see already here a tension esp.  in Hàγγ)	

 
Tevatron observes a ~3σ excess in Hàbb search.  
Factor of 2.5 high w.r.t to SM at 125 GeV, but consistent within 2 standard deviations 



Mass and Signal Strength 
in each final state: assumes SM ratio for different production mechanisms contributing  

ATLAS: probability to observe a difference or larger as seen in Hàγγ and Hà4l is 8% 
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Figure 11: Confidence intervals in the (µ,mH) plane for the
H!ZZ(")! 4!, H! "", and H!WW(")! !#!# channels, including
all systematic uncertainties. The markers indicate the maximum like-
lihood estimates (µ̂, m̂H ) in the corresponding channels (the maximum
likelihood estimates for H!ZZ(")! 4! and H!WW(")! !#!# coin-
cide).

plane of µggF+t  tH #B/BSM and µVBF+VH #B/BSM, where
B is the branching ratio for H! "", can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5$ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in the H! ZZ(")! 4!, H! "" and
H!WW (")! e#µ# channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb$1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb$1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for the H! ZZ(")! 4!
and H! "" channels, which have been updated with the
improved analyses presented here.

The Standard Model Higgs boson is excluded at
95% CL in the mass range 111–559 GeV, except for
the narrow region 122–131 GeV. In this region, an ex-
cess of events with significance 5.9$, corresponding
to p0 = 1.7 # 10$9, is observed. The excess is driven
by the two channels with the highest mass resolution,
H!ZZ(")! 4! and H! "", and the equally sensitive
but low-resolution H!WW (")! !#!# channel. Taking
into account the entire mass range of the search, 110–
600 GeV, the global significance of the excess is 5.1$,
which corresponds to p0 = 1.7 # 10$7.
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Figure 12: Likelihood contours for the H! "" channel in the
(µggF+t  tH , µVBF+VH ) plane including the branching ratio factor
B/BSM. The quantity µggF+t  tH (µVBF+VH) is a common scale factor
for the ggF and t  tH (VBF and VH) production cross sections. The
best fit to the data (+) and 68% (full) and 95% (dashed) CL contours
are also indicated, as well as the SM expectation (#).

These results provide conclusive evidence
for the discovery of a new particle with mass
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV. The signal
strength parameter µ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesis µ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [140, 141]. Although these results are compatible
with the hypothesis that the new particle is the Standard
Model Higgs boson, more data are needed to assess its
nature in detail.
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CMS: combined fit assumes SM ratio of different final states  

dominant sys. uncertainty from e/γ energy scale 

CMS:   Mnew= 125.3 ± 0.4(stat) ± 0.5(sys) GeV 

ATLAS: Mnew= 126.0 ± 0.4(stat) ±0.4 (sys) GeV 
                        from Hàγγ and HàZZà4l 
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Figure 7: The observed local p-value p0 as a function of mH, separately for searches with the 7
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should a SM Higgs boson with a mass mH exist.
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Figure 8: (Left) 2D 68% CL contours for a hypothesised Higgs boson mass mH and µ = s/sSM H
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strengths for the untagged gg, VBF-tagged gg, and 4` final states are not constrained to the
SM expectation.

µs for each final state are nuisance parameters 



Rates in Different Production Modes 
analysis split up in jet categories à different contributions from gluon fusion and VBF 

ratio of signal strengt between  
gluon fusion and VBF  
consistent with SM 
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Figure 2: Likelihood contours for the H! !! and H!WW(")! "#"# channels in the (µggF+tt̄H , µVBF+VH)

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+VH) is a common scale

factor for the ggF and tt̄H (VBF and VH) production cross sections (the µ f parameters in Equation 1 are

fixed). The best fit to the data (#) and 68% (full) and 95% (dashed) CL contours are also indicated, as

well as the SM expectation (+).

tent parametrization of both production and decay mode modifications caused by potential beyond-SM

e!ects.

In the SM, the production cross sections are completely fixed once mH is specified. However, the

best fit value for the global signal strength factor µ does not give any direct information on the relative

contributions from di!erent production modes. Furthermore, fixing the ratios of the production cross

sections to the ratios predicted by the SM may conceal tension between the data and the SM.

In order to address any tension between the data and the ratios of production cross sections predicted

in the SM, the individual channels must separate the signal contribution from various production modes.

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-

plings between the Higgs and other particles a!ect both the production and the decay. Furthermore,

parametrization of these e!ects is subject to a number of assumptions on the presence or absence of new

particle states in loop-induced couplings and unobserved decay modes a!ecting the total width of the

Higgs boson.

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-

sional plots require either some µi to be fixed or several µi to be related. No direct ttH production has

been observed yet, hence µttH and µggH have been grouped together as they scale dominantly with the

ttH coupling in the SM and are denoted by the common parameter µggF+ttH . Similarly, µVBF and µVH

have been grouped together as they scale with the WH/ZH gauge coupling in the SM and are denoted by

the common parameter µVBF+VH . The resulting contours for the H! !! and H!WW(")! "#"# chan-

nels at mH=126 GeV are shown in Fig. 2. Technically, these contours are derived varying only the µi

parameters of Equation 1 and the µ f parameters are fixed to unity. For the H!ZZ(")! 4" channel only

the inclusive analysis has been performed due to the limited statistical power of this channel. It should be

noted that the factors µ f in di!erent decay modes could have di!erent values, hence a direct comparison

of the results among di!erent final states is not possible. Such comparisons need consistent coupling

modifications in the initial state the and final state, as discussed in the next section. It is nevertheless

possible using their ratio to eliminate the dependence on the branching fraction and illustrate the relative

discriminating power between ggH + ttH and VBF + VH , as well as the compatibility of the measure-

ments in each channel. The likelihood as a function of the ratio µVBF+VH/µggF+tt̄H for the H! !! and

H!WW(")! "#"# channels and their combination is shown in Fig. 3.
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6 Coupling Properties Measurements

Following the framework and benchmarks as recommended by Ref. [25], measurements of coupling

scale factors are implemented using a lowest-order-motivated framework. This framework makes the

following assumptions:

• Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into

account: the observed state is assumed to be a CP-even scalar as in the SM.

• The signals observed in the di!erent search channels originate from a single narrow resonance

with a mass of 126 GeV. The case of several, possibly overlapping, resonances in this mass region

is not considered.

• The width of the Higgs boson with a mass of 126 GeV is assumed to be negligible. Hence the

product $ # BR(ii! H ! ! ) can be decomposed in the following way for all channels:

$ # BR(ii! H ! ! ) =
$ii · "!
"H

(3)

where $ii is the production cross section through the initial state ii, "! the partial decay width into

the final state ! and "H the total width of the Higgs boson.

The LO motivated scale factors &i are defined in such a way that the cross sections $ii and the

partial decay widths "ii associated with the SM particle i scale with the factor &2
i when compared to the

corresponding SM prediction. Table 3 lists all relevant cases. Taking the process gg ! H ! $$ as an

example, one would use as cross section:

($ · BR) (gg ! H ! $$) = $SM(gg ! H) · BRSM(H ! $$) ·
&2

g · &2
$

&2
H

(4)

where the values and uncertainties for both $SM(gg ! H) and BRSM(H ! $$) are taken from Refs. [23,

24, 26] for a given Higgs boson mass hypothesis.

The simplest model assumes that all couplings are modified by a single scaling parameter &. In this

case the fit to the data yields a value of

& = 1.19 ± 0.11 (stat) ± 0.03 (syst) ± 0.06 (theory)
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6.1.2 Relaxing the assumption on the total width

Without the assumption on the total width, only ratios of coupling scale factors can be measured. Hence

there are now the following free parameters:

!FV = "F/"V (28)

"VV = "V · "V/"H (29)

!FV is the ratio of the fermion and vector coupling scale factors, and "VV an overall scale that includes

the total width and applies to all rates. Figure 4(b) shows the results of this fit. The 68% confidence

interval of !FV when profiling over "VV yields:

!FV ! ["1.1,"0.7] # [0.6, 1.1] (30)

(31)

The 95% confidence intervals are:

!FV ! ["1.8,"0.5] # [0.5, 1.5] (32)

(33)

The confidence interval on !FV is reduced by approximately 10% when removing all theoretical system-

atic uncertainties and further reduced by 10% when removing the experimental systematic uncertainties

on the signal. The (2D) compatibility of the SM hypothesis with the best fit point is 21%. It should

be noted that the assumption on the total width gives a strong constraint on the fermion coupling scale

factor "F , since it is dominated in the SM by the b-decay width. The measurement of "VV , profiling the

!FV parameter yields: "VV = 1.2+0.3
"0.6

.

6.1.3 Conclusions

The non vanishing value of the fitted coupling of the new particle to gauge bosons "V is both directly

and indirectly constrained by several channels. The coupling to fermions can be directly observed in the

H $ !+!" and H $ bb̄ channels, but since these have been limited to the 2011 data and are less sensitive,

the direct constraint is very weak and no significant deviation from SM expectations is observed in these

channels. A value of "F significantly deviating from zero is indirectly observed through the constraints

from both the channels which are dominated by the main production gg $ H process and those aimed

at selecting the VBF production process.

6.2 Probing the Structure of Fermion and Vector Couplings

Both previous benchmarks assume that the coupling scale factors for the W- and Z-boson are identical

("V = "W = "Z) and that the scale factors for all fermions are identical ("F = "t = "b = "#). In the

following subsections both assumptions are relaxed and tested. Since this test is focused on coupling

ratios the assumption on the total width has been relaxed.

6.2.1 Probing the custodial symmetry of the W and Z coupling

Identical coupling scale factors for the W- and Z-boson are required within tight bounds by SU(2)V

custodial symmetry and the " parameter measurements at LEP [27]. To test this directly in the Higgs
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Figure 4: Fits for 2-parameter benchmark models probing di!erent coupling strength scale factors for

fermions and vector bosons: (a) Correlation of the coupling scale factors !F and !V , assuming no non-

SM contribution to the total width; (b) Correlation of the coupling scale factors $FV = !F/!V and

!VV = !V · !V/!H without assumptions on the total width.
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Figure 6: Fits for benchmark models probing for deviations within the vector or fermion sector: (a) prob-

ing the ratio !WZ = $W/$Z; (b) probing the ratio !du = $d/$u; (c) probing the ratio !lq = $l/$q

.

sector, the ratio !WZ = $W/$Z is probed. Otherwise the same assumptions as in Section 6.1.2 on $F are

made ($F = $t = $b = $%). The free parameters are:

$ZZ = $Z · $Z/$H (34)

!WZ = $W/$Z (35)

!FZ = $F/$Z (36)

Figure 6(a) shows the likelihood distribution for the interesting ratio !WZ = $W/$Z. The measurement

of !WZ, when profiling the $ZZ and !FZ observables is:

!WZ = 1.07+0.35
!0.27 (37)

In the measurement of the ratio !WZ the theoretical and experimental systematic uncertainties have a

very small e!ect. The (3D) compatibility of the SM hypothesis with the best fit point is 33%. Fits to

the two additional parameters of the model yields $ZZ = 1.3+0.9
!0.6

and !FZ " [!1.1,!0.5] # [0.6, 1.2] at

68% CL.

6.2.2 Probing the up- and down-type fermion symmetry

In many extensions of the SM the couplings of the light Higgs boson to up-type and down-type fermions

di!er. The ratio !d/!u between down- and up-type fermions is probed with the same assumptions as in
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custodial symmetry and the " parameter measurements at LEP [27]. To test this directly in the Higgs
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Figure 6: Fits for benchmark models probing for deviations within the vector or fermion sector: (a) prob-

ing the ratio !WZ = $W/$Z; (b) probing the ratio !du = $d/$u; (c) probing the ratio !lq = $l/$q

.

sector, the ratio !WZ = $W/$Z is probed. Otherwise the same assumptions as in Section 6.1.2 on $F are

made ($F = $t = $b = $%). The free parameters are:

$ZZ = $Z · $Z/$H (34)

!WZ = $W/$Z (35)

!FZ = $F/$Z (36)

Figure 6(a) shows the likelihood distribution for the interesting ratio !WZ = $W/$Z. The measurement

of !WZ, when profiling the $ZZ and !FZ observables is:

!WZ = 1.07+0.35
!0.27 (37)

In the measurement of the ratio !WZ the theoretical and experimental systematic uncertainties have a

very small e!ect. The (3D) compatibility of the SM hypothesis with the best fit point is 33%. Fits to

the two additional parameters of the model yields $ZZ = 1.3+0.9
!0.6

and !FZ " [!1.1,!0.5] # [0.6, 1.2] at

68% CL.

6.2.2 Probing the up- and down-type fermion symmetry

In many extensions of the SM the couplings of the light Higgs boson to up-type and down-type fermions

di!er. The ratio !d/!u between down- and up-type fermions is probed with the same assumptions as in
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W/Z coupling Section 6.1.2 on !V (!V = !W = !Z); then !u = !t and !d = !b = !". The free parameters are:

!uu = !u · !u/!H (38)

#du = !d/!u (39)

#Vu = !V/!u (40)

Figure 6(b) shows the likelihood distribution for the ratio #du = !d/!u. The 68% CL interval of #du when

profiling the !uu and #Vu observables is:

#du ! ["1.2, 1.2] (41)

at 68% CL. The 95% confidence interval is

#du ! ["2.0, 1.8] (42)

The range in the measurement of #du is dominated by the low sensitivity in the H # !+!" and H # bb̄

channels, therefore removing the theoretical and experimental systematic uncertainties has a very small

e!ect. The (3D) compatibility of the SM hypothesis with the best fit point is 33%. Fits to the additional

parameters yield !uu = 1.0+0.4
"0.3

and #Vu ! ["1.3,"1.1] $ [0.8, 1.6] at 68% CL.

6.2.3 Probing the quark and lepton symmetry

Here the ratio "l/"q between leptons and quarks is probed. The same assumptions as in Section 6.1.2 are

made on !V (!V = !W = !Z); then !l = !" and !q = !b = !t. The free parameters are:

!qq = !q · !q/!H (43)

#lq = !l/!q (44)

#Vq = !V/!q (45)

Figure 6(c) shows the likelihood distribution for the ratio #lq = !l/!q. The 68% CL interval of #lq when

profiling the !qq and #Vq observables is:

#lq ! ["1.3, 1.3] (46)

at 68% CL. The 95% confidence intervals is

#lq ! ["2.1, 2.1] (47)

The range in #lq is dominated by the low sensitivity in the H # !+!" channel, therefore removing the

theoretical and experimental systematic uncertainties has a very small e!ect. The (3D) compatibility of

the SM hypothesis with the best fit point is 31%. Fits to the additional parameters yield: !qq = 1.0+0.5
"0.4

and #Vq = 1.1+0.6
"0.3

.

6.2.4 Conclusions

The ratio #WZ probes the custodial symmetry through the relative coupling of the new particle to the W

and Z bosons. The fit of #WZ is in part directly constrained by the direct decays in the H#WW(%)# #$#$
and H#ZZ(%)# 4# channels. The !W part is also indirectly constrained by the H# %% channel since the

decay branching ratio gets a dominant contribution from !W . The measured value of #WZ is in agreement,

within the uncertainties (which are at present dominated by statistical uncertainties) with the custodial

symmetry, as expected for a SM Higgs boson.

The uncertainty on the measurement of relative strength of the coupling of the observed state to the

up- and down-type fermions is dominated by the measurement of its decay in the H # !+!" and H # bb̄

channels. The ratio (#du) is therefore only weakly constrained by the current data. Similarly the #lq ratio

mainly relies on the H # !+!" channel and therefore is only weakly constrained.
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no deviation from prediction for a SM Higgs boson 



mass: 126.0 ± 0.4 ±  0.4 GeV (ATLAS)     
           125.3 ± 0.4 ± 0.5 GeV (CMS)      

consistent with preferred range in SM 
 
 
decays into 2 particles with identical spin  
                                    and charge sum=0  

à discovery of a neutral boson  

spin=1 hypothesis very unlikely  

decay in two massless vector bosons (Hàγγ)  
excludes spin=1 (Landau-Yang theorem) 
(could be YàXX, Xà2γ, but disfavoured by specific ATLAS analysis) 
 
overall signal strength and strength in individual decay modes  
consistent with SM prediction within still large uncertainties 
 
selection strategy makes use of predictions for spin=0 and CP = + particle 
e.g. CMS kD discrimant in ZZ*à4l	


Status of Knowledge about New Particle  



Is it a Higgs Boson and if yes which one? 
next steps with more data: 
 
verify that it is a scalar boson and hence  
can be companion of the condensate 
excude spin 2 (and 1) by end of year 
from angular correlations in production 
and decay  
 
CP nature, pure state, mixed state? 
determine dominant component until end of year   
CP admixtures need more data and studies  
CP-odd Higgs boson only couples to gauge  
bosons at loop level 
àneed observation of fermion coupling  
 
continue to measure partial width and couplings  
(w/ „mild“ theory assumptions)  
 
search for additional Higgs bosons  
other masses, decay and production modes 

? 



Few Final Words 

Observation of a Higgs-like particle  
marks NOT the end of particle physics  
BUT just the entrance to a new, fascinating era! 
 
Hopefully many further (unexpected?) discoveries 
waiting for us at the LHC! 

A new neutral boson with mass ~126 GeV 
has been discovered by ATLAS and CMS.  
This is a milestone in physics! 
 
So far observed properties consistent with 
predictions for SM Higgs Boson, 
but also a plentitude of extended models  
can accomodate the findings 
 
Still many open questions in particle physics, e.g.: 
- nature of dark matter 
- unification of forces 
- flavour/generation problem 
- ... 



ATLAS Significance: Evolution with Time 
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Figure 5: In addition to the previous Figure, the local probability p0 (uncapped) for a background-only

experiment to be more signal-like than the observation as a function of mH reported in Phys. Lett. B 716

(2012) 1-29, (a) in the low mass range and (b) in the full search domain. The dashed curve shows the

median expected local p0 under the hypothesis of a Standard Model Higgs boson production signal at

that mass. The horizontal dashed lines indicate the p-values corresponding to significances of 1! to 6!.
6



CMS Hà ττ, àbb and àWWàlνlν	

Hàττ	
 VH, Hàbb	
 HàWWàlνlν	


limit:              1.1 (1.3 exp)  
significance:  0    (1.4 exp)                          

limit:             2.1 (1.6 exp)  
significance: 0.7 (1.9 exp)                          significance: 1.6 (2.4 exp)                          

observed (expected) sensitivities at MH=125 GeV 



ATLAS: Hà WWàeνµν in 2012 

significant excess observed (1.9±0.7 x SM in 2012) 
 
final discriminant:  transverse mass   (5 (3,1) bins in 0 (1,2) jet category 

analysis include those associated with interference ef-
fects between tt̄ and single top, initial state an final state
radiation, b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on the W!
background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and ±50% for the 1-jet bin. For
W!! with m"" < 7 GeV, a k-factor of 1.3±0.3 is applied
to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for
W!!/WZ(!) with m"" > 7 GeV is 1.5 ± 0.5. These un-
certainties a!ect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75 mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. The eµ and µe chan-
nels are combined. The uncertainties shown are the combination of
the statistical and all systematic uncertainties, taking into account the
constraints from control samples. For the 2-jet analysis, backgrounds
with fewer than 0.01 expected events are marked with ‘-’.

0-jet 1-jet 2-jet
Signal 20± 4 5± 2 0.34± 0.07
WW 101± 13 12± 5 0.10± 0.14
WZ(!)/ZZ/W!(!) 12± 3 1.9± 1.1 0.10± 0.10
tt̄ 8± 2 6± 2 0.15± 0.10
tW/tb/tqb 3.4± 1.5 3.7± 1.6 -
Z/!! + jets 1.9± 1.3 0.10± 0.10 -
W + jets 15± 7 2± 1 -
Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and
1-jet analyses with both eµ and µe channels combined, for events sat-
isfying all selection criteria. The expected signal for mH = 125 GeV is
shown stacked on top of the background prediction. The W+jets back-
ground is estimated from data, and WW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT

are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic #(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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Total Background 142± 16 26± 6 0.35± 0.18
Observed 185 38 0

6.4. Results
Table 5 shows the numbers of events expected from

a SM Higgs boson with mH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut on mT of 0.75 mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-jet and 1-jet channels
combined, and for both lepton channels together.

The statistical analysis of the data employs a binned
likelihood function constructed as the product of Pois-
son probability terms for the eµ channel and the µe
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Figure 6: Distribution of the transverse mass, mT, in the 0-jet and
1-jet analyses with both eµ and µe channels combined, for events sat-
isfying all selection criteria. The expected signal for mH = 125 GeV is
shown stacked on top of the background prediction. The W+jets back-
ground is estimated from data, and WW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts on mT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three) mT bins. For the
2-jet signal region, only the results integrated over mT

are used, due to the small number of events in the final
sample. The statistical interpretation of the observed
excess of events is presented in Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factor µ, which acts as
a scale factor on the total number of events predicted by
the Standard Model for the Higgs boson signal. This
factor is defined such that µ = 0 corresponds to the
background-only hypothesis and µ = 1 corresponds
to the SM Higgs boson signal in addition to the back-
ground. Hypothesized values of µ are tested with a
statistic #(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescrip-
tion [123]; a value of µ is regarded as excluded at
95% CL when CLs is less than 5%. A SM Higgs bo-
son with mass mH is considered excluded at 95% confi-
dence level (CL) when µ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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only eµ final state in 2012 due to pile-up 
selection exploits spin=0 nature of Higgs boson 
(idea by Dittmar and Dreiner) 


