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Outline
Thanks for the invitation, glad to be here!

Request: give an overview of some measurements made by ATLAS collaboration at CERN,
including various technical details of statistical methods used

11 am on Wed 9 July:
Quarkonium studies in ATLAS -- selected topics covering recent  measurements:
• Production of ψ(2S) in its J/ψ(→μ+μ−)π+π− decay mode
• Production of χc in their radiative decay mode J/ψ+γ
• Discovery of the χb(3P) 

11 am on Thu 10 July:
Higgs boson studies in ATLAS –selected topics on its observation and properties
• Four-lepton decay mode ZZ*

• Di-photon decay mode 
• Significance and mass determination

Both topics are HUGE, each worth a series of lectures --
will not attempt to be comprehensive, just a few highlights in some detail…
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About myself

A theorist by education (Tbilisi State University)

PhD in 1979 on heavy quark production and fragmentation (IHEP, Protvino)

Selected old publications --- those I am especially proud of:

• On the fragmentation function of heavy quarks…   PLB78 (1978) 615
• Hadronic resonances from pion sum rules                PLB287 (1992) 159
• SVD approach to data unfolding                                 NIM A372 (1996) 469

In the 90s, slowly migrated towards experimental particle physics

1995-2001: Member of OPAL collaboration at LEP  (from Manchester Univ., UK)

2001- now: Member of ATLAS collaboration at LHC  (from Lancaster Univ., UK)

Lead the Quarkonium physics subgroup in ATLAS since its inception in 2006

Lead or significantly contributed to the essence of  ~30 publications in OPAL and ATLAS 
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The quarkonium family now

Quarkonium bound states 
produce a rich spectroscopy

Complex “ecosystem” –
understanding quarkonium
requires careful study of many 
transitions and decay channels

Several topics I cover today:

• ψ(2S) → J/ψ π+ π−

• Χc1,2 → J/ψ γ
• Discovery of χb(3P)
• Search for Xb

(if approved on time)
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Seemingly a ‘simple’ system: quark and anti-quark of same flavour in a bound state

Two dominant approaches:

Colour Singlet Mechanism: 

-- no free parameters
apart from usual QCD scales

-- C-even states enhanced

Non-Relativistic QCD (NRQCD)

‘Colour Octet’ calculations:

-- double-expansion in αs and v
-- many free parameters (LDME)
-- extracted from data

Quarkonium production
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A slide from G. Bodwin’s talk:
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So why do we want to study quarkonia at LHC?

Plenty of reasons, in no particular order:

 Tests of QCD calculations at the perturbative/non-perturbative boundary

 New inputs  – new constraints on theories

 Exceptionally useful for detector performance studies

 Standard candles for Heavy Ion physics, B-hadron production

 Backgrounds to many SM/BSM processes

 Test double-parton scattering effects, parton density functions

 Search for rare decays and probes of new physics

 Because it’s interesting?

Quarkonium production studies
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Quarkonium production

Ever since the November Revolution – discovery of J/ψ in 1974 – quarkonium
provides valuable insights into QCD dynamics, as well as endless new puzzles 

One would think that by now theory describes the experiment perfectly well, right?

Clearly, more precision data on more observables are needed

Trying to provide just that, but it takes a lot of time – so far, the huge sample collected 
in 2012  is virtually untapped for quarkonium studies, only published analyses using 
2011 data so far…

Taken from slides by Mathias
Butenscho ̈n, CHARM2013
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Quarkonium spectroscopy and feeddown

Rich spectrum of states with a 
variety of quantum numbers

Complicated pattern of 
electromagnetic and hadronic

transitions 

Need to study feeddown in 
hadronic production  
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The ATLAS detector at LHC
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ATLAS event display: χc → J/ψ(μ+μ−) γ candidate

Cross section views 
perpendicular and 
parallel to the beam 
line

Two muon tracks 
spanning the 
Inner Detector and the
Muon System

A photon tower in 
Eclectromagnetic
Calorimeter

Invariant mass in the χc
region
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Muon and dimuon triggers in ATLAS

History of 20th century particle physics in one plot
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J/ψ(→μ+μ−)π+π− candidates

Resolution in μ+μ−π+π− mass is greatly 
improved by a kinematic fit 
constraining μ+μ−  to J/ψ mass and all 
four tracks to the same vertex 

Scatter plot in pT - rapidity space 
of J/ψ(→μ+μ−)π+π− candidates in 
the vicinity of ψ(2S) mass
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Prompt and Non-Prompt contributions

2D mass vs lifetime 
unbinned maximum-
likelihood fit is done to 
extract Prompt and 
Non-prompt yields in 
each pT – rapidity bin 

Two projections shown 
for a sample bin 

Use transverse distance (lifetime)

of the J/ψ vertex relative to the primary vertex
to separate:

1. Prompt   production -- from QCD (or short-lived) 
sources, with lifetimes consistent with resolution 

2. Non-prompt production -- from long-lived
sources such as b-hadron decays  
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Likelihood, PDF and fit quality
These days, more often than not, unbinned maximum-likelihood fit is used:

A probability density function PDF (of 1,2 or more variables) is defined, which contains as 
many parameters as needed

Say, in ψ(2S) → J/ψ(→μ+μ−)π+π− analysis:
μ+μ−π+π− mass m and “vertex lifetime” τ

a combination of Gaussian G, 
exponential E and polynomial C

for Prompt and Non-prompt
signal (S) and background (B)

Likelihood L is  the product of the PDF for all selected μ+μ−π+π candidates 
(each with its observed values of m and τ plugged in)

For best fit, maximize Likelihood L ( or minimize -2 log L ) with respect to fit parameters

Χ2 roughly equivalent to -2 log L, one-sigma error contour corresponds to (-2 log L)min+1
Fit quality hard to establish: make binned projections of the fits with their pull distributions
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Non-prompt fraction of ψ(2S)

One of the fit parameters is the fraction of 
“long-lived” ψ(2S)

I.e. the fraction of ψ(2S) produced from b-
hadron decays

Can be measured with good precision as 
many systematic effects largely cancel out 

Fraction increases with transverse momentum, 
but to a lesser extent than J/ψ
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ψ(2S) → J/ψ(→μ+μ−)π+π− production
Measurement with 2.1 fb-1 of pp data at 7 TeV
Muon pT > 4 GeV,  pion candidate tracks pT> 0.5 GeV

 Use unbinned mass-lifetime maximum likelihood fit to separate prompt 
and non-prompt production sources

 Baseline channel for study of X(3872), Extend pT range probed to 100 GeV
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High precision wide reach prompt production cross-section in ψ(2S)→J/ψππ.

 Agreement with NRQCD, possible slight overestimate at highest pT
 kT-factorisation model does not describe data well
 Colour Singlet NNLO* predictions undershoot at highest scales

Prompt ψ(2S) → J/ψ π π production
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Non-prompt ψ(2S) → J/ψ π π production

Decent agreement with NLO and FONLL predictions at low pT, but some deviations 
observed in both at larger pT (more prevalent for NLO, without resummation)

 Highest pT sensitive to minor details. Possible modelling issues in high pT B-meson 
decays – but let’s wait until final publication from ATLAS. 
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χc → J/ψ(→μμ)γ
P-wave charmonium production theoretically 

and experimentally tricky to handle

Important to understand this production channel to 
get a complete picture of quarkonium production.

Experimentally challenging:
 low pT muons
 precise reconstruction of soft (pT>1 GeV) photon 

through conversions 
– low efficiencies

Perform unbinned maximum likelihood fit on 
acceptance- and efficiency-corrected mass and 
lifetime.

Extract prompt and non-prompt production of 
various χc states

Submitted to JHEP 
arXiv:1404.7035 
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Prompt χc → J/ψγ and σ(χc2)/σ(χc1) ratio

Fraction of prompt J/ψ produced in 
χc feed-down (right)

Data show that between 20–30% of
prompt J/ψ are produced in χc
decays

Prompt χc cross-section ratio  (left) 

Data show more χc1 than χc2

Ratio sensitive to possible presence of 
colour octet contributions in NRQCD
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Comparison of relative χc rates 

Data reasonably consistent with each other, NRQCD yields mixed results

Naively χc2 should be enhanced at low pT , as seen in LHCb data 
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Absolute χc production rates

First absolute prompt (right) and 
non-prompt (below) χc1 and χc2
differential cross sections, 
compared to predictions

NRQCD / FONLL able to describe the 
data, but some hints at high-pT
excess in the latter?
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In a similar way to χc1 and χc2 
states:

Combine dimuons from ϒ range with 
photons

search for peaks in the μμγ system to 
observe various χb states

Observation of the χb states
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Significance of the new peak calculated through the difference of log-likelihoods with 
and without the peak in the fit:       D = log (Lwith / Lwithout )

With moderately large numbers involved, -2D is distributed as  Δχ2

The “with” hypothesis won, with significance in excess of 6σ

Since then, confirmed by DØ and LHCb, 
light blue: statistical, 
dark blue statistical+systematic
[No quoted systematic for LHCb observation]

First observation of the χbJ(3P) state

PRL 108 (2012) 152001
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Observation of the χbJ(3P) state (media)Phys.Rev.Lett. 108 (2012) 152001
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Outline (again)
Thanks for the invitation, glad to be here!

Request: give an overview of some measurements made by ATLAS collaboration at CERN,
including various technical details of statistical methods used

11 am on Wed 9 July:
Quarkonium studies in ATLAS -- selected topics covering recent  measurements:
• Production of ψ(2S) in its J/ψ(→μ+μ−)π+π− decay mode
• Production of χc in their radiative decay mode J/ψ+γ
• Discovery of the χb(3P) 

11 am on Thu 10 July:
Higgs boson studies in ATLAS –selected topics on its observation and properties
• Four-lepton decay mode ZZ*

• Di-photon decay mode 
• Significance and mass determination

Both topics are HUGE, each worth a series of lectures --
will not attempt to be comprehensive, just a few highlights in some detail…
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Introduction to Higgs

Does not really need much introduction…

The good news: the wait is over

We now have something which very much looks like a Higgs boson

So far, no indication that it is not THE Standard Model Higgs boson

We had almost 50 years to calculate everything there is to calculate about 
the SM Higgs:

• Decay BR

• Production cross sections

• Radiative corrections
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We knew everything about the SM Higgs –
except one thing: whether it existed or not

It was found at the mass where up to 8 
decay modes can be accessible, 
allowing us to study various couplings in 
some detail

SM Higgs – production and decay
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Higgs boson announcement

On the eve of the announcement I 
(foolishly) volunteered to translate 
official ATLAS press release into 
Georgian

Did not know it was 5 pages long

Spent all night translating – and 
happily overslept through the 
announcement seminar…

On the bright side: the Georgian 
version went on-line 
simultaneously with all others on 
the 4th of July 2012

http://www.atlas.ch/news/2012/latest-results-from-higgs-search.html
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Short history of the Higgs signal  - ZZ*

Higgs to ZZ* to 4 leptons

Video goes through 2011 
and 2012 data-taking

Some peaks are xpected

The one around 126 GeV
is new…

Signal significance 
increases with increasing 
statistics
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Higgs signal  - ZZ*

Higgs to ZZ* to 4 leptons

2011 and 2012 data 
combined

Latest static plot

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-013
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Short history of the Higgs signal  - γγ

Higgs to gamma-gamma

Video goes through 2011 
and 2012 data-taking

Blue line: 
Background-only fit

Red line: 
Signal+background fit

Signal significance 
increases with increasing 
statistics

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations
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Higgs signal  - γγ

Higgs to γγ

2011 and 2012 data-taking combined

Static plot in case video did not work

Somebody might have tried to 
fit this with a smooth background 
and a Gaussian peak, and if the
fitted peak height comes up as, 
say, 60±10, would claim a 6-sigma 
signal!

Right?

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-168/
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Higgs signal  - γγ

Higgs to γγ

2011 and 2012 data-taking combined

Static plot in case video did not work

Somebody might have tried to 
fit this with a smooth background 
and a Gaussian peak, and if the
fitted peak height comes up as, 
say, 60±10, would claim a 6-sigma 
signal!

Right?     WRONG!!!

Certainly wrong if you are an ATLAS physicist trying to discover the Higgs Boson…

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-168/
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Disclaimer (almost serious)
There are quite a few experts in statistical methods, at CERN in general and 
in ATLAS in particular

They often come up with quite sophisticated statistical tools and methods for all kinds of 
things people do in particle physics, even when well-tested, simple and familiar tools exist

Why? Well, maybe they need to justify their existence?
More likely: when you spend billions to satisfy your curiosity, you better make sure your 
output is rock-solid!

In any case, I am NOT one of those experts. My explanations below are based on my 
understanding of these methods,  through my own background and experience. 

However, these things are notoriously prone to misinterpretations, misunderstandings and  
misleading wordings. Although I tried hard to avoid these,  believe me at your own risk!

Or, better still, look into the “Statistics” chapter in the PDG book (if you have not done so 
already), and let me know if you find anything wrong with my explanations!

http://pdg.lbl.gov/2013/reviews/rpp2013-rev-statistics.pdf
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Background and Signal fits

Background fit has as many parameters as needed, but it has to be smooth

• Example: for diphoton invariant mass -- fourth order polynomial 

Signal peak fit may have three parameters

• Width (resolution) – determine in advance

• Mass (peak position) – scan in small steps

• Height (peak intensity) – the only parameter for signal, μ

With resolution pre-determined, for each value of hypothesized signal mass m, do:

1) background-only fit   -- returns likelihood L(μ=0, m)

2)  background + signal   -- returns likelihood L(μ=ෝૄ, m)
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Null hypothesis and signal hypothesis

Let  μ be a scale factor on the number of events predicted by SM for the Higgs signal
• μ=0 corresponds to the background-only hypothesis 
• μ=1 corresponds to the SM Higgs boson signal in addition to the background 

(assuming that the SM prediction can be calculated precisely and reliably) 

So, for each hypothesized mass of Higgs, m, a Maximum Likelihood fit is done 
(on, say, diphoton mass) and a value μ= ෝૄ is found corresponding to that maximum
• Profile likelihood ratio: λ(μ) = L(μ=0, m) / L( μ=ෝૄ, m) 
• Possibly more convenient to consider -2 log λ(μ) which has a minimum of 0 at μ= ෝૄ

and looks roughly like a parabola  (similar to χ2 )

Based on the profile for -2 log λ(μ), one can calculate
• Probability of null-hypothesis (background-only) 
• Probability of signal + background hypothesis 
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Null hypothesis and its p-value p0

Null hypothesis: 
There is no signal, just the background

Type-1 error: rejecting null-hypothesis, when it is in 
fact true

• Null hypothesis: the man is innocent. 
Type-1 error: send him to prison!

• Null hypothesis: there is no Higgs, 
just a background fluctuation.                        
Type-1 error: claim discovery anyway!

Nobody wants to make a type-1 error!

p-value p0: probability of observing data at least as 
extreme as that observed, given that the null 
hypothesis is true

Null hypothesis has a problem if – for some mass 
region – p-value is “small enough”: smaller than 
a pre-determined Significance Level  (usually 5%)
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Signal strength μ and its p-value pμ

In general, null-hypothesis being in trouble does NOT necessarily mean the
presence of the right kind of signal   (or any signal at all!)               

For each hypothesized value of μ one can compute pμ – probability of observing data 
corresponding to this value of μ

Those μ for which pμ is smaller than some pre-determined value α (say, 5%) are rejected. 
Those μ which are not rejected constitute a confidence interval with confidence level 1- α

Low sensitivity: signal model almost indistinguishable from background-only model 

You do NOT want to exclude a signal model simply because you are not sensitive to it…

Introduce          CLS = pμ / (1-p0)           Exclude the model if         CLS < α

This is more stringent than simply rejecting  a model if pμ < α, 
hence avoids rejecting signal models in areas of low sensitivity 
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Null-hypothesis -- combined
Now, if there IS a signal at a particular mass,  with strength as predicted by the SM, 

AND  if the experiment is sensitive to that signal at that mass

then the null-hypothesis will be in trouble at that mass – local p0 will be small

Here is the null-hypothesis p0 plot for all three 
decay channels ZZ*, γγ, WW* combined

Null-hypothesis (background-only) clearly has a
problem around 126 GeV

The “Expected” blue band shows the ±1σ range 
of these expected p0 values, if the SM strength 
signal  is present at that mass, so the sensitivity 
is there

The further down the blue band goes, the bigger is the potential trouble for the null-
hypothesis,  hence the higher is the sensitivity to the signal at that mass
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Higgs signal significance plots
Middle plot is a combination of the null-hypothesis p0

plots, for all three decay channels together – just as before
but for a wider mass range

Bottom plot is the signal strength, obtained by fitting the 
data for μ, in all three decay channels combined,  for different 
hypothesized Higgs masses.
For most mH values the signal strength μ is consistent with 0, 
but deviates significantly away from 0 around 126 GeV

Top plot shows CLS limits for signal strength in this mass range

• a value of μ is excluded at 95% CL when CLs is less than 5%
• mH is excluded at 95% CL when μ=1 is excluded at that mass

The dashed line with colour bands shows the expected limits 
on μ if there is no signal, just the background. The observed 
limits remain within the colour bands for most masses, apart 
from the narrow range around 126 GeV.
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More Higgs combination plots
Combining likelihood profiles for the Higgs mass

extracted from ZZ* and γγ final states

One- and two-sigma contours for the two channels
in signal strength vs mH plane

Signal strength in                                        
separate channels
together with 
overall combination

Fermionic couplings start to show up
Looks like we are seeing a bit stronger signal than expected
by SM, that “SM prediction” is not stone-clad either…
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Higgs decay to muon pair 
ATLAS search for the Higgs decaying into μ+μ-

For Higgs mass at 125.5 GeV, 95% CL:

Observed upper limit on signal strength is μS = 7.0
Expected upper limit on signal strength is μS = 7.2 

i.e.  “not seen at level ~7 times the SM prediction”

SM at this mass predicts BR(μ+μ-) just below 10-5

arXiv:1406.7663
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Other SM processes
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Supersymmetry searches
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Exotics searches
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Summary and prospects
I sincerely hope that my overview of 

• recent ATLAS results on quarkonium physics (yesterday), and
• the Higgs boson observation by ATLAS (today) 

has been interesting and/or useful for at least some people in the audience

The prospects are bright: on quarkonium front:

• More production cross sections for individual states, in ever wider kinematic ranges
• W+J/ψ, Z+ W+J/ψ, J/ψ+J/ψ production
• Searches for exotic quarkonium-like states

On the Higgs boson front:

• Cross section evolution with energy
• Time for precision BR measurements, searches for deviations from SM predictions
• Searches for more Higgs-like states

Will keep many ATLAS members busy for the foreseeable future…

For public results from ATLAS see              https://twiki.cern.ch/twiki/bin/view/AtlasPublic

THANKS FOR LISTENING!
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BACKUP SLIDES
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Spin-alignment measurements

Measurement of spin-alignment (or ‘polarisation’) of quarkonia has historically proven 
to be a challenging observable to correctly predict
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Branching fraction measurement
Using same χc data sample and selections, can extract 
measurement of Br(B± → χc1K±)

Use precisely-known B± → J/ψK± decay as control.

Hadron collider measurement not far from best 
B-factory results; prospects for improvements!

Measurement of Br(B± → χc1K±)


