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uncertainties
• any measurement must include uncertainties 

• any report must include a discussion of the uncertainties 

• two types: 

• statistical:  

• uncertainties based on the number of observations  

• uncertainty usually goes like the sqrt(N), these describe 1σ uncertainties 

• systematic: 

• uncertainties inherent in the methods, equipment, stability, external conditions … 

• these are typically more challenging to identify and to quantify 

• focus on the most important sources 

• measurements are often limited by one or the other 

• if your measurement is statistics limited, try to take more data, if you can significantly improve 
uncertainties (doubling data, improves uncertainties by 40%) 

• if your measurement is systematics limited, taking more data won’t help
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importance of uncertainties
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Observation of a New Particle in the Search for the Standard Model Higgs Boson
with the ATLAS Detector at the LHC

The ATLAS Collaboration

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the full impact and
significance of their contributions to the experiment.

Abstract

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 = 8TeV in 2012. Individual searches in the channels H→ZZ(∗)→ 4ℓ,

H→ γγ and H→WW (∗)→ eνµν in the 8 TeV data are combined with previously published results of searches for
H→ZZ(∗), WW (∗), bb̄ and τ+τ− in the 7 TeV data and results from improved analyses of the H→ ZZ(∗)→ 4ℓ and
H→ γγ 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 devia-
tions, corresponding to a background fluctuation probability of 1.7 × 10−9, is compatible with the production and
decay of the Standard Model Higgs boson.

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 interactions. However, the mecha-
nism 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 ele-
mentary particle in the SM that has not yet been ob-
served, is one of the highlights of the Large Hadron Col-
lider [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 precision electroweak results [12].
Direct searches at LEP [13], the Tevatron [14–16] and
the LHC [17, 18] have previously excluded, at 95% CL,
a SMHiggs bosonwith mass below 600GeV, apart from
some mass regions between 116GeV and 127GeV.
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 =

7TeV at the LHC, which were compatible with SM
Higgs boson production and decay in the mass region
124–126GeV, with significances of 2.9 and 3.1 standard

deviations (σ), respectively [17, 18]. The CDF and DØ
experiments at the Tevatron have also recently reported
a broad excess in the mass region 120–135GeV; using
the existing LHC constraints, the observed local signifi-
cances for mH = 125GeV are 2.7σ for CDF [14], 1.1σ
for DØ [15] and 2.8σ for their combination [16].
The previous ATLAS searches in 4.6–4.8 fb−1 of data

at
√
s = 7TeV are combined here with new searches for

H→ ZZ(∗)→ 4ℓ1, H→ γγ and H→WW (∗)→ eνµν in the
5.8–5.9 fb−1 of pp collision data taken at

√
s = 8TeV

between April and June 2012.
The data were recorded with instantaneous luminosi-

ties up to 6.8 × 1033 cm−2s−1; they are therefore af-
fected 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 approximately 20 in the 8 TeV data. The reconstruc-
tion, identification and isolation criteria used for elec-
trons and photons in the 8 TeV data are improved, mak-
ing the H→ZZ(∗)→ 4ℓ and H→ γγ searches more ro-
bust against the increased pile-up. These analyses were
re-optimised with simulation and frozen before looking
at the 8 TeV data.

1The symbol ℓ stands for electron or muon.
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A search for the standard model Higgs boson is performed in the diphoton decay channel. The data used

correspond to an integrated luminosity of 4:9 fb!1 collected with the ATLAS detector at the Large Hadron

Collider in proton-proton collisions at a center-of-mass energy of
ffiffiffi
s

p ¼ 7 TeV. In the diphoton mass

range 110–150 GeV, the largest excess with respect to the background-only hypothesis is observed at

126.5 GeV, with a local significance of 2.8 standard deviations. Taking the look-elsewhere effect into

account in the range 110–150 GeV, this significance becomes 1.5 standard deviations. The standard model

Higgs boson is excluded at 95% confidence level in the mass ranges of 113–115 GeVand 134.5–136 GeV.
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The Higgs mechanism [1] is one of the best-motivated
processes to explain electroweak (EW) symmetry break-
ing. In the standard model (SM), this mechanism explains
the generation of the W and Z boson masses and predicts
the existence of the only elementary scalar in the SM, the
hypothetical Higgs boson. Prior direct searches at LEP,
Tevatron and LHC exclude the SM Higgs boson with a
mass mH < 114:4 GeV and 145< mH < 206 GeV at 95%
confidence level (C.L.) [2–4]. The present search for
H ! !! uses the full 2011 data sample collected by
ATLAS at 7 TeV center-of-mass energy and updates prior
results with 1:08 fb!1 [5].

The ATLAS detector [6] consists of an inner tracking
detector surrounded by a superconducting solenoid provid-
ing a 2 T magnetic field, electromagnetic and hadron
calorimeters, and a muon spectrometer. The main subde-
tectors relevant to the search presented here are the calo-
rimeters, in particular, the electromagnetic section, and the
inner tracking system. The inner detector provides tracking
in the pseudorapidity region j"j< 2:5 and consists of
silicon pixel- and microstrip detectors inside a transition
radiation tracker. The electromagnetic calorimeter, a lead
liquid-argon sampling device, is divided in one barrel
(j"j< 1:475) and two end-cap (1:375< j"j< 3:2)
sections. The barrel (j"j< 0:8) and extended barrel (0:8<
j"j< 1:7) hadron calorimeter sections consist of steel and
scintillating tiles, while the end-cap sections (1:5< j"j<
3:2) are composed of copper and liquid argon.

The data were recorded using a diphoton trigger [7],
each photon having a transverse energy, ET, of at least
20 GeV, seeded by a lower-level trigger that required two

clusters in the electromagnetic calorimeter with ET > 12
or 14 GeV, depending on the data-taking period. The
trigger efficiency for the signal events passing the final
offline selection is 99%. After applying data quality re-
quirements, the total integrated luminosity of the data set
used in this analysis is 4:9# 0:2 fb!1 [8].
Events are required to contain at least one vertex with at

least three associated tracks, where the transverse momen-
tum, pT, of each track is required to be larger than 0.4 GeV,
as well as two photon candidates each seeded by an energy
cluster in the electromagnetic calorimeter with ET >
2:5 GeV. Photons that convert to electron-positron pairs
in the inner detector leave one or two tracks that are
reconstructed and matched to the clusters in the calorime-
ter. The photon energy is calibrated separately for con-
verted and unconverted photon candidates using
Monte Carlo (MC) simulations of the detector [9]. A
correction, depending on pseudorapidity and typically of
the order of #1%, is applied to the calibrated photon
energy as obtained from studies using Z ! ee decays in
data [10]. Photons are reconstructed in the fiducial region
j"j< 2:37, excluding the calorimeter barrel-to-end-cap
transition regions 1:37< j"j< 1:52. The photon candi-
dates are ordered in ET and the leading (subleading) can-
didate is required to have ET > 40 GeV (25 GeV). Both
candidates are required to pass further identification crite-
ria based on shower shapes measured in the electromag-
netic calorimeter and on the energy leakage into the hadron
calorimeter [11]. The photon reconstruction and identifi-
cation efficiency ranges typically from 65% to 95%
for ET in the range 25 to 80 GeV. The two photon candi-
dates are required to be isolated by having at most 5 GeV

energy deposited in the calorimeters in a cone of !R ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð!"Þ2 þ ð!#Þ2

p
¼ 0:4 around the candidate, where # is

the azimuthal angle, after subtracting the energy assigned
to the photon itself. The measured isolation [11] is cor-
rected for lateral shower leakage and ambient energy from

*Full author list given at the end of the article.
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on a smoothly falling background. The residual of the data
with respect to the total background as a function of m!! is
also shown in Fig. 1.

Higgs boson production and decay are simulated with
several MC samples that are passed through a full detector
simulation [15] using GEANT4 [16]. Pileup effects are
simulated by overlaying each MC event with a variable
number of MC inelastic proton-proton collisions [17].
POWHEG [18], interfaced to PYTHIA [19] for showering
and hadronization, is used for generation of gluon-fusion
and VBF production. PYTHIA is used to generate the Higgs
boson production in association with W=Z and t!t.

The Higgs boson production cross sections are com-
puted up to next-to-next-to-leading order (NNLO) [20] in
QCD for the gluon-fusion process. In addition, QCD soft-
gluon resummations up to next-to-next-to-leading log im-
prove the NNLO calculation [21]. The next-to-leading
order (NLO) EW corrections are applied [22]. These re-
sults are compiled in Refs. [23] assuming factorization
between QCD and EW corrections. The cross sections
for the VBF process are calculated with full NLO QCD

and EW corrections [24], and approximate NNLO QCD
corrections are available [25]. The W=ZH processes are
calculated at NLO [26] and at NNLO [27], and NLO EW
radiative corrections [28] are applied. The full NLO QCD
corrections for t!tH are calculated [29]. The Higgs boson
cross sections, branching ratios [30], and their uncertain-
ties are compiled in Ref. [31].
The cross sections multiplied by the branching ratio into

two photons are listed in Table III. The number of signal
events produced by gluon fusion is rescaled to take into
account the expected destructive interference between the
gg ! !! continuum background and the gg ! H ! !!
process [32], leading to a reduction of the production rate
by 2–5% depending on mH and analysis category. The
fractions of gluon fusion, VBF, WH , ZH , and t!tH produc-
tion are approximately 87%, 7%, 3%, 2% and 1%, respec-
tively, for mH ¼ 120 GeV.
The shower shape variables of the simulated samples are

shifted to agree with the corresponding distributions in the
data [11] and the photon energy resolution is broadened to
account for differences observed between Z ! ee data and
MC events. Events generated with POWHEG at NLO have
been reweighted to match the Higgs boson pT distribution
predicted by HQT [33]. The signal yields expected for
4:9 fb"1 and selection efficiencies are given in Table III.
The invariant mass shape of the signal in each category

is modeled by the sum of a Crystal Ball function [34]
describing the core of the distribution with a width "CB,
and a wide Gaussian with a small amplitude describing the
tails of the mass distribution. In Fig. 2, the sum of all signal
processes in all categories is shown for a Higgs boson
with mH ¼ 120 GeV. The expected full-width-at-half-
maximum (FWHM) is 4.1 GeV and "CB is 1.7 GeV. The
resolution varies with category (see Table II). The signal-
to-background ratio (S=B), calculated in a mass window
symmetric about the signal maximum and containing 90%
of the signal, varies from 0.11 to 0.01 depending on the
category and is also shown in Table II.
The background in each category is estimated from the

data by fitting the diphoton mass spectrum in the range
100–160 GeV with an exponential function with free slope
and normalization parameters. The background curve in
Fig. 1 is the sum of these nine contributions. For each
category, a single exponential fit satisfactorily describes
the mass spectrum. This has been checked using large
samples of diphoton events produced by the RESBOS [35]
and DIPHOX [36] MC generators.
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FIG. 1 (color online). Invariant mass distribution for the se-
lected data sample, overlaid with the total background (see text).
The bottom inset displays the residual of the data with respect to
the total background. The Higgs boson expectation for a mass
hypothesis of 120 GeV corresponding to the SM cross section is
also shown.

TABLE III. Higgs boson production cross section multiplied by the branching ratio into two photons, expected number of signal
events summed over all categories for 4:9 fb"1, and selection efficiencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

"# BR [fb] 45 44 43 40 36 32 27 22 16
Signal events 69 72 72 69 65 58 50 41 31
Efficiency [%] 31 33 34 35 37 37 38 38 39
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The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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result of a fit to the data of the sum of a signal component fixed to
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order Bernstein polynomial is superimposed. The residuals of the data
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5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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counting experiments

• random processes follow Poisson distribution 
• nuclear decay is one such process, but this applies to many 

counting experiments 
• asymmetric distribution at small number of counts 

• you can’t observe negative counts 
• becomes Gaussian as rt increases 

• distribution is a probability distribution, not the number of counts 
• σ/μ = 1/√rt  → larger rt, smaller uncertainty on μ
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accuracy and precision

• precision: 
• measurements close together 

• accuracy:  
• measurements that contain the true value inside the uncertainty 

• want to be both accurate and precise! 
• in this class you will try to be accurate, but other measurements will 

typically be more precise than we can do with this equipment
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error propagation

• these formula are true if x and y are independent of each other 

• if you have correlated measurements then you must deal with the covariance 

• many automated programs will do this for you, but you must figure out if you have 
correlated measurements 

• think about a measurement with a lot of background: 

• if Δx & Δy are large then Δz will be large when z = x - y 

• clear why minimizing background is very important for many measurements!
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fitting data

• fitting: 
• you provide the functional form—the fit should be meaningful 
• many implementations of chi2 minimization fitting around 
• need to understand how well the fit describes your data 

• this will only take into account statistical uncertainties, not 
systematics
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thinking about systematics

• stability: 
• if you repeat a measurement, will you get the same answer? 
• how uncertain is your calibration? 

• if you repeated it, would you get the same calibration 
• what happens if you take the same measurement on different 

days?  do you get the same answer?
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data rejection

• omitting data because it doesn’t conform to your expectations isn’t scientific 

• if something looks off, try to understand why 

• what other things can you check? 

• are you getting results consistent with yesterday? is the data overall 
consistent? 

• can you go back to some control measurement where you know the answer? 

• write everything down! 

• if you need to omit data document why 

• be aware of confirmation biases!
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uncertainties

• uncertainties are inherent in all measurements 
• it is typical in experimental physics that the majority of the time is 

spent on uncertainty analysis 
• always question and think about your data 

• think of the questions you would ask if it was someone else’s result 
• use appropriate significant figures! 

• don’t tell me you have measured x  = 3.948532 ± 0.3 
• L = (1.979 ± 0.012)m or L = (1.98 ± 0.8)m 

• the difference being if the first sign. digit of the uncertainty is 
small or large
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summary

• many books written about uncertainty analysis 
• Bevington and Taylor are some of the most popular 

• systematic uncertainties depend on the kind of measurement you are 
doing 

• include in your report a discussion of how you evaluated your 
systematic uncertainties 

• think critically about your data, but do not let your biases dictate which 
data you use 

• write everything down so you know can know if there is something 
going on in your measurement
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