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v Outline LANCASTER )&

) 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:
e Production of Y(2S) in its J/P(>p 'u ) decay mode

« Production of x, in their radiative decay mode J/y+y

 Discovery of the x,,(3P)

11 amon Thu 10 July:
Higgs boson studies in ATLAS —selected topics on its observation and properties

e Four-lepton decay mode Z2Z*
« 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 (Thilisi State University)
PhD in 1979 on heavy quark production and fragmentation (IHEP, Protvino)
Selected old publications --- those | 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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Several topics | cover today: e
* Y(28) - J/pmrmr
y Xc1,2 —J/gy
« Discovery of X,(3P) e
« Search for X,
(if approved on time)

Quarkonium bound states
produce a rich spectroscopy

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

Bottomonium

Thresholds:

1= 0+ 1+ o+ A==



Seemingly a ‘simple’ system: quark and anti-quark of same flavour in a bound state
L ed

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 a, and v

-- many free parameters (LDME)
-- extracted from data

colour-singlet state

P

—>

p

=~

red
colour-octet state A \,

e ﬁ:‘ \)%

Th

ﬁ

3

V Kartvelishvili (Lancaster) — Physics with ATLAS

22 LAquila, Italy ::

9-10 July 2014 ::



“ A slide from G. Bodwin’s talk:

e Conjecture (GTB, Braaten, Lepage): The inclusive cross section for producing quarkonium at
large momentum transfer (p+) can be written as hard-scattering cross section convolved with an
NRQCD matrix element.

T h
o) = 32 228 (00 (4)0).

TE

De

LR EREEEC R R R ELD

G De

e The "short-distance” coefficients F),(A) are essentially the process-dependent partonic cross
sections to make a QQ pair convolved with the parton distributions.

— They have an expansion in powers of a.
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Quarkonium production studies

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 lon physics, B-hadron production
= Backgroundsto many SM/BSM processes

» Test double-parton scattering effects, parton density functions

= Search for rare decays and probes of new physics
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Ever since the November Revolution — discovery of J/p 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?

e+e- ylelds v=p yields
35 = ' i
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Clearly, more precision data on more observables are needed
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pp — JAy + X, helicity frame
* CDFdata: Vs = 1.96 TeV, |y| < 0.6
—— CS+CO, NLO: Gong et al.

pr [GeV]

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...
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The ATLAS detector at LHC

25m

Tile calorimeters

NN

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker
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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 x.
region
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A EXPERIMENT

Run Number: 167680, Event Number: 41471924
Date: 2010-10-26 15:42:54 BST
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Muon and dimuon triggers in ATLAS
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History of 20t century particle physics in one plot My [GeV]
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\, J/Y(—ptu7)mtm candidates

ATLAS Ppreiminary ls=7TeV,J-Ldt=2.1fb‘1
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Use transverse distance (lifetime) [ ™

of the J/yp vertex relative to the primar
to separate:

1. Prompt <production -- from QCD (ershort-lived)
sources, withdifetimes consistent with resolution

Xy

Pr

)
)

2. Non-prompt <production -- from long-lived

sources such ash-hadron decays
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= « = Non Prompt Background
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Lyt "L

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

Two projections shown
for a sample bin
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o
L. Likelihood, PDF and fit quality

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

PDF(m, 1) = th Ji(m) - hi(T) ® G(7)
Say, in Y(2S) = J/P(>p 'u ) n analysis:
Pt e mass m and “vertex lifetime” t

. myps  Beues Fi(m) he() a combination of Gaussian G,

1 S p wG1(m) + (1 — w)Ca(m) 5(7) exponential E and polynomial C
2 S NP wGy(m) + (1 —w)Ga(m) Ex(7)

3 B P C1(m) 8(r) for Prompt and Non-prompt

£ B d Ca(m) pliar] + (L pltalr) signal (S) and background (B)

5 B NP C3(m) Ey(|7)

Likelihood L is the product of the PDF for all selected u*u nt*n candidates
(each with its observed values of m and t plugged in)

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

X? roughly equivalent to -2 log L, one-sigma error contour corresponds to (-2 log L),,i,+1
Fit quality hard to establish: make binned projections of the fits with their pull distributions
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One of the fit parameters is the fraction of
“long-lived” @(2S)

l.e. the fraction of y(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/yp

T ‘ T T T T T T 1T |
o ATLAS\s=7TeV, ly [<0.75
o CMS\s=7TeV, |yJ/w|<1.2
o CDF\'s=1.96 TeV, ly,,|<0-6

Spin-alignment envelope

i
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Measurement with 2.1 fb! of pp data at 7 TeV
Muon p; > 4 GeV, pion candidate tracks p;> 0.5 GeV

and non-prompt production sources

Use unbinned mass-lifetime maximum likelihood fit to separate prompt

Baseline channel for study of X(3872), Extend p; range probed to 100 GeV

T T T T T
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B(y(2S)—Jy(—u'w) m'n)- Po¥@dp_/dy [nb/GeV]

High precision wide reach prompt production cross-section in @¢(2S)—J/g1rm.

= Agreement with NRQCD, possible slight overestimate at highest p;
= k,-factorisation model does not describe data well
= Colour Singlet NNLO* predictions undershoot at highest scales
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Decent agreement with NLO and FONLL predictions at low p;, but some deviations
observed in both at larger p; (more prevalent for NLO, without resummation)

Highest p; sensitive to minor details. Possible modelling issues in high p; B-meson

decays - but let’s wait until final publication from ATLAS.

Non-prompt y(2S) datla: ly|<0.75 I
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Prompt X — J/l.l)v and G(XCZ)/G(Xcl) ratio LANCASTER }\
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Data reasonably consistent with each other, NRQCD yields mixed results

Naively X., should be enhanced at low p; as seenin LHCb data
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compared to predictions
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In a similar way to x, and x_,
states:

Combine dimuons from Y range with
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12 EXPERIMENT

Run Number: 186729, Event Number: 74143967
Date, 2011-08-03 113840 UTC
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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

=109 (Lyitn / Luithout )

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

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

Since then, confirmed by D@ and LHCb,

light blue: statistical,
dark blue statistical+systematic
[No quoted systematic for LHCb observation]

PRL 108 (2012) 152001

S-. 220__| L L L L L L L L L |__
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Xm(3P) mass barycentre measurements and model predictions
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Mews | Sport | Weat]

Home News U.S. Sport TV&Showbiz Femail Health -5 -8 Money RightMi

NEVV S SCIENCE & ENVIRONMENT [ e e e

Home World UK England N.Iireland Scotiand Wales Business Politics Health : Large Had ron COIIider has fi rst
confirmed sighting of new
particle (but it's not the Higgs)

22 December 2011 Last updated at 10:59

LHC reports discovery of its first ne
particle

By Jonathan Amos
Science correspondent, BBC News

The Large Hadron Collider (LHC) on the
Franco-Swiss border has made its first clear
observation of a new particle since opening

MERIR T e REVIEWS PHOTOS VIDEOS  MAGAZINE PODCAST  TOPICS
Itis called Chi_b (3P) and will help scientists .

understand better the forces that hold matter | 5 Technology Culture Science Business Gaming Autopia Geek Dad The Gre:
together. {

Home News Science = LHCs first new particle

Large Hadron Collider discovers a new
particle: the Chi-b(3P)

By Mark Brown | 22 December 11
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. Outline (again) Sy &

) 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:
e Production of Y(2S) in its J/P(>p 'u ) decay mode

« Production of x, in their radiative decay mode J/y+y

 Discovery of the x,,(3P)

11 amon Thu 10 July:
Higgs boson studies in ATLAS —selected topics on its observation and properties

e Four-lepton decay mode Z2Z*
« 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

&N

Does not really need much introduction...

The good news: the walit 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:

e Decay BR
* Production cross sections

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

We knew everything about the SM Higgs —
except one thing: whether it existed or not

events for 10° pb™'




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 4t of July 2012

On the eve of the announcement |
(foolishly) volunteered to translate

sk L dngbob debeBalk 4 joeaddimBag madpmal gubmemape, Eufydomme sferabob Sagé 20D Fymb.

i) iy 'f;':nl: d -:a:ﬁhl:. rjatﬁE'au '33:5-6.3 Jﬁmmbp:ngn hﬂSnEaﬁc_ ﬁnﬂmﬁag a.ﬁg:u_-hnh
Jj'haaﬁﬂﬂgﬁﬁﬂc Fcl‘:ancganﬁr_ inahclb ambmEal Jqﬂ%nl‘, FrbaLFemn ’ﬂapgaa,aam. G,:gl":E'En
3mdniagy dgzbogfigdmek ghoem, bpdoberl semam gegdofiom mgapmygtl spgzbadobab
dzmo goggagbo SbemgEeomb shmdoo JypyebeBo. bglokado slggn papeage
;Gtﬁlﬁag:nﬁh d:g:'cj ﬂﬂggagﬁran Eqﬂggnﬁaﬁa ﬂuﬁagﬂ_‘n aﬁgﬁanaaﬁh ‘gn"onach
Legfemadmiobo gmbggigbiaesby. bepepy pebmmgl poggdde Terlopgibame olbgds
a3 Bgmangdol pidommgee Baproba.

Harh 5333-:':5.} fmd wgaﬁhamsnt d-:-;‘o.: :'L'.::mﬁ -
Fomdedadiagme ojbgdmps” oddmdl sfmpebob
Jognedmdezonb bymddmaebyme gedomms
wabmgn. “figgbl 3mdazg8gdan Bygb gbamegem
mweshgmmglom 126 a3 Sabeb 3jmby sbego
BaFamagol 28 0k bolbgdl, 5
LEgsbpedgmero papehdob pmbghy gb
adepgerggdgene donfaze mowe Japimbyee
Jmgmenpgtich e sfmmabel padgldmeéol
BgbabaBbagn dgdsmdobs me Adtegemo
smednzbol U'Ih:.“?a.}:‘l:-.:ﬁc Aramdol E.}ﬁnﬂna.
ovigdgye 28 sheprn Befopragab omgnlbglsdeb
aedmggergzel padaggioma BmbBapgdgdo me
aaé,n "ﬂﬁi.l?cgg:'a gE‘.:".'i'.‘l("‘l:QJa-\:.”

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

P e ERs AR RR LR RS LR RS RELRN RARRS L
0 C 5=7TeV f Ldt=0.05f" Apr24, 2011 |
2 30 =
Higgs to ZZ* to 4 leptons - : .
a5 ATLAS Preliminary
. - 8 .
Video goes through 2011 SoF 22 -4l channel -
and 2012 data-taking m [ Signal (m =125 GeV) 2
— B Background zz"’ ]
15— B Background Z+jets, tf -
Some peaks are xpected - —— e E
10— —_
The one around 126 GeV 53_ e
is new... . .
n_"u.h"""':'::::""""""'""""_
. . .- g 10+ | | I ] | | | | —
Signal significance g
increases with increasing E o—=
statistics & -10F =
a 50 100 150 200 250 300 350 400 450 _ 500

M, [GeV]
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Higgs signal

> =
& 30r « Data ATLAS Preliminary
. ) .
Higgs to ZZ* to 4 leptons o [ [l Background 2Z H—77")_s4]
g 251 I Background Z-+jets, tt
L

B Signal (m =125 GeV)

- 7
20 7, Syst.Unc. \s=7TeV:|Ldt=4.6fb"
\s = 8 TeV:|Ldt = 20.7 b

2011 and 2012 data
combined

15
Latest static plot

10

IIII|IIII|I[II|IIII

80 100 120 140 160
m,, [GeV]

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-013
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L Short history of the Higgs signal - vy
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: 2500 = =
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults#Animations
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L. Higgs signal - yy \\
= 7000 =

] 8 - Selected diphoton sample =
Higgs to vy % 60005 *  Soetkg ;:th((r)r}fﬂ 26.5 GeV) _§
£ s TR L e Bkg (4th order polynomial) =

2011 and 2012 data-taking combined & swf- b B
Static plot in case video did not work 2000E- (5= 7TV, [Lat= 48 1" =
1000;— \s= 8TeV,_[Ldt =13.0fb" —z

Somebody might have tried to B b =
fit this with a smooth background g = A £
and a Gaussian peak, and if the A T SRR . Y. E
fitted peak height comes up as, ,1oo§+ B { ARSI
say, 60+10, would claim a 6—Sigma '2090% 10 120 130 140 150 Tzeo
signal! e

Right?

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-168/
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\» nggS Slgnal - YY

. E 7000 :_ - Selected diphoton sample _;
nggs to vv E:; 60005 * [S)%thzl?gt; .|I:-i‘-tz((l?r1|H2=1 26.5 GeV) _é
c 5000 S T Bkg (4th order polynomial) =

2011 and 2012 data-taking combined & oof- b B
Static plot in case video did not work 2000E- (5= 7TV, [Lat= 48 1" —
1000;— Is= 8TeV,_[Ldt =13.01b" —z

Somebody might have tried to B b =
fit this with a smooth background g = A E
and a Gaussian peak, and if the A T SRR . 1 B
fitted peak height comes up as, ,1oo§+ B { RSN A
say, 60+10, would claim a 6—Sigma '20?0% 10 120 130 140 150 T:60
signal! 5

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, | 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, p

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

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

2) background + signal -- returns likelihood L(p=p, m)
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a2 Null hypothesis and signal hypothesis &

Let u be a scale factor on the number of events predicted by SM for the Higgs signal
* p=0 corresponds to the background-only hypothesis
* p=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 p= it is found corresponding to that maximum
» Profile likelihood ratio: A(1) = L(n=0, m) / L( p=ii, m)

» Possibly more convenient to consider -2 log A(n) which has a minimum of 0 at p=
and looks roughly like a parabola (similar to x?)

Based on the profile for -2 log A(p), one can calculate
» Probability of null-hypothesis (background-only)
» Probability of signal + background hypothesis
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“ Null hypothesis and its p-value p,

Null hypothesis:.
There is no signal, just the background

Type-1 error: rejecting null-hypothesis, when itis in

fact true = .
B \s=7TeV: Ldt = 4.8 b"

\s=8TeV: ILdt =5.81b"

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

(b) H- vy

Local p

* Null hypothesis: there is no Higgs,
just a background fluctuation.

Type-1 error: claim discovery anyway!
\s=7TeV: JLdt= 48 1b"

\s=8TeV: [Ldt=591b"
Nobody wants to make a type-1 error!

! I 1 Il Il Il !
o I I I I

(©) H>WW" = v 3

Local p

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

10 -=-- 2011 Exp. ----2011-2012Exp. -,

: : il T o LB T oL S SO
NuII_ hypothesis has a problem if — for some mass | S N T
region — p-value is “small enough”: smaller than l, TANEORG, [En ST =58’

. . . 1 1 120 125 130 135 140 145
a pre-determined Significance Level (usually 5%) o ? o [GeV]
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“ Signal strength p and its p-value p,

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 u one can compute p, — probability of observing data
corresponding to this value of p

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

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=p, 7/ (1-py) Exclude the model if Cls<a

This is more stringent than simply rejecting a model if p, < a,
hence avoids rejecting signal models in areas of low sensitivity
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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 p, will be small

Here is the null-hypothesis p, plot for all three

_ O I —————————
decay channels ZZ*, yy, WW"* combined =k ATLAS 2011-2012

8 \s=7TeV: |Ldt = 4.6-4.8 fb” eeee Exp.

- \s=8TeV: [Ldt =5.8-5.9 fb" Ml +ic

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

The “Expected” blue band shows the &=1c range
of these expected p, values, if the SM strength
signal is present at that mass, so the sensitivity
Is there 0 oo
110 115 120 125 130 135 140 145 150

my, [GeV]
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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L Higgs signal significance plots
) Middle plot is a combination of the null-hypothesis p,
plots, for all three decay channels together — just as before
but for a wider mass range

=

E ATLAS 2011-2012  mm:w
[ \s=7TeV: [Ldt=46-48f" [J:%

u B ; _Eq 4 = Observed
[ vs=gTev: fLat=ses0m’ T UeTE

95% CL Limit on

Bottom plot is the signal strength, obtained by fitting the

data for p, in all three decay channels combined, for different
hypothesized Higgs masses. &
For most m,, values the signal strength p is consistent with 0,  §
but deviates significantly away from 0 around 126 GeV B}

CL, Limits _

10' = (a)

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

e avalue of u is excluded at 95% CL when CL; is less than 5%

» myis excluded at 95% CL when p=1 is excluded at that mass 2

e

The dashed line with colour bands shows the expected limits %

on wif there is no signal, just the background. The observed ~ §
limits remain within the colour bands for most masses, apart ~  © —oObserved
from the narrow range around 126 GeV. Fe© it
110 150 200 300 400mH E)g)ev]
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More Higgs combination plots kTR }A\

E ?j ATLAS Preliminary —— Combined (stat+sys)
Combining likelihood profiles for the Higgs mass ™ | tivfazise® = T

extracted from ZZ" and yy final states

One- and two-sigma contours for the two channels
In signal strength vs m, plane

Frrft 1Tl Tttt rrr+1]

= | ATLAs 2011 - 2012 :
5 e . -1 + - _\II\I\IE‘I\\I r\l\":\l (I N N
2 SF 1s=7Tev: [Ldt=47481 _gs.:‘ ?;L . P51 22 123 24 125 126 127 128 129
5] C ys=8TeV: [Ldt=58591" . ] m, [GeV]
-~ " === 95% CL
‘_,_‘-_’ - —H=$7y"
- I N =t W ey — —
O Ml N A E ATLAS Preliminary i my= 1255 GeV
g ] - - W.Z H - bb
; 3 Signal strength in o T e 478" I B
N g \s=8TeV: [Ldt=13fb" 5
: E separate channels H -1 .
N Rseaci . o) \s TTV}Ldt 46" -
: i ! \s = 8TeV: [Ldt 1Sfb i
) i " msypoapodesqn sapa e eyl together Wlth H- WIW 3 Iviv 5
120 125 130 135 140 145 H H \s=8TeV: [Ldt=131b" :
overall combination T
my [GeV] H- vy i
\s=7TeV: [Ldt=481" : °
\s=8TeV: [Ldt 207 1" :
H— ZZ — 4] '
\s=7TeV: [Ldt=461b" —

\s=8TeV: |Ldt=207 b

Fermionic couplings start to show up

. ) . . Combined w=143+0.21
Looks like we are seeing a bit stronger signal than expected &< fuedia -
by SM, that “SM prediction” is not stone-clad either... ——

Signal strength (u)
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For Higgs mass at 125.5 GeV, 95% CL:

ATLAS search for the Higgs decaying into g*u-

Events / 2 GeV

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

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

SM at this mass predicts BR(u*y") just below 10-°
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Other SM processes

Standard Model Total Production Cross Section Measurements

Status: July 2014
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"ATLAS SUSY Searches” - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
miss = «
Model e Ty Jets EX [Laqm) Mass limit Reference
T T T r — T T T — T
MSUGRA/CMSSM 0] 2-6 jets Yes 20.3 4.8 1.7TeV m(g)=m(3) 1405.7875
MSUGRA/CMSSM e 3-Bjets  Yes 20.3 g any m(g) ATLAS-CONF-2013-062
0 MSUGRAICMSSM 0 7-10jets  Yes 20.3 g any m(g) 1308.1841
.r;::': 44, g—qt) I 0 g'g jets  Yes 203 |4 mw'l,z):o GeV, m(1* gen. §)=m(2™ gen. g) 1405.7875
22, 21| 0 Bjets  Yes 203 g 1.33 TeV m(F’)=0 GeV 1405.7875
g 38, 3-qaki —>qgW=i) Tep 3-6jets Yes 203 |Z% m(¥)<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
D gz, doqqlll/iv T, 2ep 0-3 jets : 203 |# m(¥)=0GeV ATLAS-CONF-2013-089
2 GMSB (/ NLSP) 2eu 2-4 jets Yes 4.7 : V tanB<15 1208.4688
‘G GMSB ({ NLSP) 127+0-1¢ 0-2jets Yes 203 |Z 16TeV tanf>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(¥))>50 GeV ATLAS-CONF-2014-001
£  GGM (wino NLSP) lep+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥))>220GeV 1211.1167
GGM (higgsino NLSP 2e.u(Z 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
(higg ) u(2) i (NLSP)
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>10"" eV ATLAS-CONF-2012-147
s E Gbbi) 0 3b Yes 201 |% 1.25 TeV m(¥})<400 GeV 1407.0600
Sg gﬁt!?(“ 0 7-10jets  Yes 203 |Z 1.1TeV m(¥)) <350 GeV 1308.1841
s g—nm 0-1e,p 3b Yes 201 | & 1.34 TeV m(¥))<400GeV 1407.0600
e, F—bik| 0-1e.p 3b Yes 201 |% 1.3 TeV m(¥})<300 GeV 1407.0600
byby, by —.b)(l 0 2b Yes 201 b, 100-620 GeV m(¥})<90 GeV 1308.2631
we  biby, b—tfy 26,4 (SS)  03b Yes 203 b 275-440 GeV m(¥T)=2 m(i]) 1404.2500
.9 fif(light), 7 bt 1-2ep 1-2b Yes 4.7 iy - ] m(¥))=55GeV 1208.4305, 1209.2102
g § 717, (light), i1 » Wbt 2ep 0-2jets  Yes 203 iy 130-210 GeV m¥]) =m(7 )-m(W)-50 GeV, m(7,)<<m(¥}) 1403.4853
T ifi(medium), 7 ¥ 2e,p 2jets  Yes 203 |4 215-530 GeV mE°)=1 GeV 1403.4853
=g fifi(medium), 7 —b¥y 0 2b Yes  20.1 i 150-580 GeV m(¥))<200 GeV, m(T})-m(t})=5 GeV 1308.2631
O+ ifi(heavy), 7 —t¥ lepu 1b Yes 20 iy 210-640 GeV m(¥})=0 GeV 1407.0583
.;’ o i (heavy)hn —k) 0 2b Yes  20.41 Iy 260-640 GeV m(¥))=0 GeV 1406.1122
BT Af, ok 0 mono-jet/c-tag Yes 203 | & 90-240 GeV m(ii)-m(i})<85GeV 1407.0608
7171 (natural GMSB) 2e(2) 1b Yes 203 7 150-580 GeV m(¥))>150GeV 14035222
hi, h—i +Z 3eu(2) 1b Yes 203 i 290-600 GeV m(¥})<200 GeV 1403.5222
irlir, I e 2e.p 0 Yes 203 |7 90-325 GeV m(F))=0 GeV 14035294
,.. X.x}.x. —v(v) 2ep 0 Yes 203 | 140-465 GeV m(¥))=0 GeV, m(7, »)=0.5(m(¥})+m(¥})) 1403.5294
=8 )?.:F' X| —=#v(rv) 27 % Yes 203 | 100-350 GeV m(¥})=0 GeV, m(, #)=0.5(m{¥} }+m(F})) 1407.0350
w % X|X8ﬂf|_v(L((vv) (L) e 0 Yes 203 ,\:fi,,\:; 700 GeV mET)=m(E), m(f(‘f):o_ m(fh?)=0.5(m (FF )+miE) 1402.7029
,v,,y Wi zi 2-3epu 0 Yes 203 | ¥.K 420 GeV m(¥})=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
xﬁ,y,a WY hY) 1Tep 2b Yes 203 ,l:’I,i’z 285 GeV m(F})=m(F2), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
Yok, Xoz —Ixt deqp 0 Yes 203 2 620 GeV m(F2)=m(¥3), m(¥1)=0, m(Z, 7)=0.5(m(¥2)+m(¥})) 1405.5086
S 9 Direct 1% prod., long-lived ¥ ~ Disapp. trk 1 jet Yes 203 | 270 GeV m(F)-miE})=160 MeV, r(¥7)=0.2 ns ATLAS-CONF-2013-069
*rb‘ 5 Stable, stopped g R hadron 0 1-5jets  Yes  27.9 £ 832 GeV m(¥)=100 GeV, 10 us<1(7)<1000 s 1310.6584
©E GMSB, stable 7, 1| 7@, Byte, ) 1-2p - - 15.9 10<tanB<50 ATLAS-CONF-2013-058
5 S GMSB, X1—yG, long-lived ' 2y Yes 4.7 0.4<r(¥])<2 ns 1304.6310
- GG, X\ —qqu (RPV) 1 p, displ. vix & 20.3 1.5 <cr<156 mm, BR(y)=1, m(¥])=108 GeV | ATLAS-CONF-2013-092
LFV pp—=vr + X, r—e +u 2epu = = 4.6 A5,,=0.10, 1,3,=0.05 1212.1272
LFV pp—v. + X, V. —e(u) + T Tepu+rt - = 4.6 A3,,=0.10, 4;(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 2e,u (SS) 0-3b Yes 20.3 q. m(g)=m(g), ctpsp<1 mm 1404.2500
& iR, Ry =W X et enve 4ep - Yes 203 | 750 GeV MEY)>0.2xm(FD), 12120 1405.5086
XXT, X =WH X —srrv, erv,  Bep+t . 7- Yes 203 |& 450 GeV E&ﬁa”é’;"{"gﬁ’)‘ Ajgetd 1405.5086
&—qq9 0 -7 jets - 203 | 916 GeV (=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—it, ij—bs 2e,u(SS) 0-3b Yes 20.3 g 850 GeV 1404.250
o Scalar gluon pair, sgluon—gg 0 4 jets = 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—i 2e,u(SS) 2b Yes 14.3 ATLAS-CONF-2013-051
5 WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
M| L 1 . " PR
‘\r =8TeV 1
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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[)
xotics Searches 5% xclusion
Status: April 2014 [Ldt=(1.0-203)fb +s5=7,8TeV
miss ~ "
Model 6,y Jets ET™ [rdtf) Mass limit Reference
ADD Gk + g/q - 1-2]j Yes 4.7 Mp 4.37 TeV n=2 1210.4491
ADD non-resonant {{/yy 2y or2e, 1 - - 4.7 Mg 4.18 TeV n=3HLZNLO 1211.1150
L | ADD QBH — (g 1ep 1] = 20.3 n=6 1311.2006
'g ADD BH high Ny 24 (SS) = - 203 =6, Mp = 1.5 TeV, non-rot BH 1308.4075
E; ADD BH high ¥ p1 >leu >2] - 20.3 n=6, Mp = 1.5TeV, non-rot BH | ATLAS-CONF-2014-016
g RS1 Gk — €€ 2e,p - - 20.3 k/Mp; = 0.1 ATLAS-CONF-2013-017
5 RS1 Gy — ZZ — tlqq/lLit 2ordepn 2jor- - 1.0 Gk mass 845 GeV k/Mp; = 0.1 1203.0718
8 RS1 Gux = WW - tvey 2epn - Yes 4.7 Gk mass 1.23 TeV k/Mp = 0.1 1208.2880
fﬁ Bulk RS Gky — HH — bbbb - 4Db = 19.5 | Guk mass 590-710 Gev Il k/Mp =1.0 ATLAS-CONF-2014-005
Bulk RS gkk — tt Tepu z1b=1J2) Yes 143 | 8k mass 057 0e V] BR =025 ATLAS-CONF-2013-052
512, ED 2e,p = = 50 |Mgx=R? 4.71 TeV 1209.2535
UED 2y - Yes 4.8 | Compact. scale R~ 1.41 TeV ATLAS-CONF-2012-072
SSM Z' — {C 2ep e - 20.3 ATLAS-CONF-2013-017
g L SSMZ - 7T 27 - - 19.5 ATLAS-CONF-2013-066
2 § SSM W' — oy Ten - Yes 203 ATLAS-CONF-2014-017
S8 MW - wz oo 3ep = Yes 20.3 ATLAS-CONF-2014-015
LRSM Wy, — th iep  2b01j Yes 143 ATLAS-CONF-2013-050
Cl qqqq - 2j - 48 |A 7.6 TeV n=+1 1210.1718
G  Clgglt 2ep - - 50 |A 13.9TeV o =-1 1211.1150
Cl wutt 2e,4u(SS) 21b=21] Yes 143 Icl=1 ATLAS-CONF-2013-051
= EFT D5 operator - 1-2j Yes 10.5 at 90% CL for m(x) < 80 GeV ATLAS-CONF-2012-147
Q EFT D9 operator - 1J,1] Yes 20.3 at 90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 1% gen 2e >2j = 1.0 | LQmass 660 GeV B=1 1112.4828
9, Scalar LQ 2™ gen 2p >2] = 1.0 | LQmass 685 GeV B=1 1203.3172
Scalar LQ 3 gen Teuls 1b1]j - 4.7 | LQmass 534 GeV B=1 1303.0526
* Vector-like quark TT — Ht + X 1eu 22b24] Yes 143 Tin (T,B) doublet ATLAS-CONF-2013-018
%-;Sﬁ Vector-like quark TT = Wb+ X 1epu 21b 23] Yes 14.3 isospin singlet ATLAS-CONF-2013-060
:?:’ ?8_ Vector-like quark BB — Zb+ X 2epu >2b 2 14.3 Bin (B,Y) doublet ATLAS-CONF-2013-056
Vector-like quark BB — Wt + X 2e,u(SS) =21b, 21 Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
w Excitedquark g* — qy 1y 1j - 20.3 only u* andd*, A = m(q") 1309.3230
= ; 1
E .© Excited quark ¢* — qg - 2j - 13.0 only v* and d*, A = m(q") ATLAS-CONF-2012-148
S E Excited quark b* — Wt for2epu1b2jor1] Yes 4.7 left-handed coupling 1301.1583
£ Excited lepton * — ¢y 2ep 1y - - 13.0 A=22TeV 1308.1364
LRSM Majorana v 2epu 2j - 2.1 N° mass 1.5 TeV m(Wg) = 2 TeV, no mixing 1203.5420
L Typell Seesaw 2e.p - - 58 [INSmaszasicavi 1V, |=0.055, |V,,|=0.063, | V;|=0 ATLAS-CONF-2013-019
_°:-’ Higgs triplet H** — ¢ 2e,p(SS) - - 4.7 H** mass 409 GeV DY production, BR(H** — (£)=1 1210.5070
6 Multi-charged particles - - - 4.4 multi-charged particle mass 490 GeV DY production, |q| = 4e 1301.5272
Magnetic monopoles = - = 2.0 monopole mass 862 GeV DY production, [g] = 1gp 1207.6411
[ Ll 1 L PR T A | 1 L P S R | 1 1 PR
vg i Tev - -
10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
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‘Lo Summary and prospects

| 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
o W+I/Y, Z+ W+I/Y, J/P+)/ 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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pe a challenging observable to correctly predict
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&2nching fraction measurement
Using same x. data sample and selections, can extract

measurement of Br(B* — x.,K*)

Use precisely-known B+ — J/WwK* decay as control.

B(B* = XaK*) = Ap -

NY, B(B* > J/yK*)
Njg/w B(Xcl—}J/fw/Y)

T T T | I T T T T

ATLAS S gf‘*a S
/s=7 TeV — Stat. ncertallnty
—— Syst. Uncertainty
f Ldt=4.51b" —e— Other Experiments
— PDG 2012 (4.79 + 0.23) x 10™
L (4.9 = 0.9 (stat.) = 0.6 (syst.) ) x 10
B Belle (4.94 = 0.35) x 10™
—e BaBar (4.50 = 0.32) x 10
CDF (15.5 = 5.75) x 10*
1 1 1 | | 1 1 | 1 1 | 1 1 l 1 | 1 | | 1 1 | 1 1
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