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Introduction

* In the previous seminar by Ludovico, you have seen how a
detector (let’s pick a random one: ATLAS @ LHC ) has

been:
* Designed
e Built
» Calibrated
* These are of course the first fundamental steps

» Today we’ll see the following steps that lead to the Higgs
boson discovery:

» Design the analysis, collect the data and look for a signal
* Did we really do a discovery ?

= And, we’ll briefly see how some of the properties of the new
resonance have been measured
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Designing an analysis

= What signal am | looking for ?

« Define the signature in terms of the final state properties
» |s my trigger able to store the results ?

 Particular important at high-luminosity colliders like LHC
» What are the backgrounds ?

» Are there already known processes, that produce a signature
exactly like the one | am looking for

* What are the handles | can use to reject the backgrounds

* Can | use Monte-Carlo (MC) or do | need to estimate the
backgrounds from the data

= How much data do | need, to be able to say something ?
= How can | measure the properties of a possible discovery ?
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Outline

= A Dbrief introduction on the SM Higgs search at LHC
* Production mechanisms and decay channels
« Description of main search channels and their characteristics

« Assuming you already know the basics of Higgs Physics and its
motivations

» The H>ZZ*->4-lepton channel (lepton = electron or muon)
» Leptons reconstruction in brief
 Signal signature and backgrounds
» Event selection
« Exclusion limits and signal significance
« Measurement of the signal properties

* |n the end, you should be able to see how the main results of
the Higgs search at LHC Run 1 were derived at ATLAS
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Section 1

INTRODUCTION




Standard Model Higgs Boson @ LHC

Production Feynman diagrams for a Higgs Boson at a p-p collider

t - ———

q

Gluon-gluon fusion: " Vector Boson Fusion

~87% (VBF):

" Calculated with ~10% 7%
uncertainty . , Calculated with ~3%
(PDF and QCD scales) uncertainty

Associated production (WH, ZH):
~5% Calculated with ~3%
uncertainty

tt-Higgs:
~1% Calculated with ~12%
uncertainty
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Mass dependence of the cross sections
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Decay branching ratios
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4-lepton decay channel 10500 1850 200 550
is a fundamental one:
. : M, [GeV]
- Clean signature with low background
- Final state is fully reconstructed allowing the best measurement
of the properties (mass, spin/parity, cross sections )
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Higgs width

= 10°F" 13 .
8 : 1¢ In the low-mass region,
TR § s I.e. below ~200 GeV:
= T 13
ok 1 natural width of the
resonance negligible
- - w.r.t. the typical
1 S - esolutions of the
- - “pbest” channels
10—1 S E
- i > H->yy and H>ZZ*>4l
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Event rates

Number of signal events in 20 fb-! at 8 TeV center of mass energy
Standard Model Higgs with M, = 125 GeV
Expected events before any selection

H->vy 1000
H2>WW-=2Inln 1200
H—>Z7Z*->4l (Inclusive) 60
H>ZZ*>4| (VBF) 3
H>ZZ*>4l (VH) 2
H>1t 30000

But, not only the signal rate is important of course.
What are the backgrounds ? What’s their size with respect to the signal ?
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Some remarks on the plots

= When looking at histograms of any distribution for different physics
processes, one can usually use two approaches:

= Normalize each histo to given integral (usually 1) in order to look in
detail at shape differences

* l.e. to normalize to 1, weight each event with the factor:

where N, is the total number of events you have in your MC for the
process |

* You will not see the actual number of expected events in the histo, but
will be able to compare the shapes

= Normalize each histogram based on the cross section and a given
integrated luminosity

» This means to weight each event of the process i with a factor:

where L is the integrated luminosity you want to normalize to, o; is the
cross section of the process, and N is the tot number of MC events

= |n the following you will see plots normalized in both ways
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Section 2

THE ATLAS EXPERIMENT AND
THE LHC RUN-1 DATASET




The ATLAS detector

44m
H "—F/\ R
| Magnets
Tracking
EM calo
25m !
HAD calo
Tile calorimeters
oot calomacePard Muon

| Pixel detector

\ Toroid magnets | \ LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

ATLAS p-p run: April-Sept. 2012
Inner Tracker Calorimeters Muon Spectrometer Magnets

Pixel ~SCT TRT  LAr Tile MDT RPC CSC TGC Solenoid Toroid

100 993 995 970 996 999 998 999 99.9 99.7 99.2

All good for physics: 93.7%

Luminosity weighted relative detector uptime and good quality data delivery during 2012 stable beams in pp collisions at
Vs=8 TeV between April 4" and September 17" (in %) — corresponding to 14.0 fb! of recorded data. The inefficiencies in the LAr
calorimeter will partially be recovered in the future.

| Central Solenoid (2 T)

+ 3 air-core toroids

Silicont+Transition radiation
tracker

Sampling LAr calo
Plastic scintillator (barrel)

LAr technology (endcap)

Reco and trigger
Standalone reco capabilities

You have seen all
the details in the
seminar by Ludovico

2012 data
- 10 PB of data !
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The Run-1 LHC dataset

p-p center of mass energy at 7 TeV in 2011 ( integrated luminosity
/£=5.08 fb') and 8 TeV in 2012 (£=20.8 fb")
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Peak instantaneous lumi was 7.7°10% cm=s'in 2012
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Pileup

That’s how a typical event at 8 TeV looks like, in the region around the
primary vertex

10 cm
The o of the interaction point along the beam axis (z axis) is ~5 cm,
while the reconstruction resolution is ~90 um
- The z IP is used to associate the tracks to each primary vertex

While on the x and y planes (transversal to the beam) the resolution is
comparable to the spread of the interaction point (~15 um)
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Section 3

SELECTION OF H>ZZ* EVENTS,
IN THE 4-LEPTON CHANNEL




Steps for building an event selection - 1

= When you think about an event selection, the first
fundamental step is:

= Define the reconstructed “objects” that you will use in the
analysis:
« E.g. in the case of the H>ZZ*—>4l search the relevant objects
are muons and electrons
= Check the reconstruction performance

 The MC models a perfect detector, in the best possible ways,
some corrections might be needed

» Which methods can be used to determine them
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|dentification and reconstruction

MuDET

LR
......
.......
.....

A
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Muon identification and reconstruction

1ne

= Muons are identified by: Tagged muon

« Tracks in the Muon Spectrometer
« Segments of tracks in the inne m }
station of the muon spectrometer

( low-pT muons not reaching all 3 O O
stations) Iiylll

S tagged muon ;1 Combined muon
= Tracks in the MS are back-
extrapolated to the ID, correcting

for energy losses in the calo O \ O

« Look for a matching ID track IE=I

. n " H
—combined muo See the last seminar by Ludovico

out-extrapolated In the case of on the performance !
tagged mons
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Electron identification and reconstruction

= Look for an ID track pointing to a cluster in the
electromagnetic calorimeter

= |dentification criteria must provide good separation with
respect to jets faking electrons
= Some examples of general discriminating variables are:
« Hadronic leakage:
» ratio of energy in hadronic calorimeter / EM cluster energy (Rhad)
« Shower shape variables
» Ratio of inner cluster cells/total cluster (R,)
» Ratio of last sampling / first samplings
« Track / cluster matching:
» An, A¢ btw track and cluster
» Ratio of cluster energy / track momentum
« Afew more ATLAS-specific variables (like hits in the TRT etc. )

= FEither cut-based selection, or multi-variate
« We’'ll discuss the difference in more detail later
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Electron discriminating variables — 1
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Electron discriminating variables - 2

An between track and cluster Cluster energy / track momentum
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Steps for building an event selection - 2

* |n particular for searches, it is important to define the event
selection without looking at the data (blind analysis)

 Avoid biases in the definition of cuts: looking at the data one
can pick excess regions and artificially enhance a significance

» This should be avoided by all means
= So in general all the selection steps are defined using MC

only
» Data can also be used for some purposes, but in regions where
the signal is not expected, the so-called control regions, or
sidebands
= Once the selection is fully defined on MC:

* Look at the data applying the cuts that you have defined
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Basic signal kinematics

» The Higgs decays to a pair of
Z bosons

* For M,<~180 GeV (smaller
than twice the Z mass)
 One Zis on-shell, the other

Is off-shell at lower masses p;’s from ~5 to 100 GeV
= For MH>~180 GeV ‘2045"_
* Both Z’s are on-shell § 0-451 _t:m; E
2 0.355 —
= Here we’ll focus on the = oaff e
search in the low-mass 0.25 E
region i pr’s of the four =
» Where the Higgs was ot | decay leptons 1
| 0.05+ for M=125 GeV 3
actually found ! - -
o- et ' ' 1

80100 120 140 160 180 200
eptonp[GeV]
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w 10

The Trlgger % : ATLAS Trigger Operations
= The trigger setup is the result of a @ 8_ TEEIRIERI ]
compromise: - s e o ]
- Keep the rate of accepted events at a level e e
that can be sustained by the system: et e ]

> Raise the thresholds oo MO
+ Keep high efficiencies for relevant Physics % R
signals s TS
» Lower the thresholds 3 13.151 A 45 é 15.151 é 6l5 l 71715
= Data Acquisition (DAQ) limits: Inst. Lum. [10% cm2s]
+ L1:65-70 Hz g 80T
. _ % 20 ATLAS Trigger Operations E
léiigOHIZ—Iz 5 g0 Daa202 1s=8Tev .t N
= Many signatures have to be combined in a 0 T ;
menu, keeping the total rate within the DAQ e T aeeet
limits i R N
= |epton thresholds always below 25 GeV 20 oo

during Run-1 (or 12-15 GeV for di-lepton) 1O aarzaanzaaaiiiiiloiiles

* Not a problem for the 4l-channel N OO NI NN Wer AT

NETE FTETE FETHE FETRE STUTE FYPTE PR AT SveT e
3 35 4 45 5 55 6 65 7 75

Inst. Lumi. [10** cm2s)

= Efficiency is important - more later
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Backgrounds

When looking for a signal, most important thing is... the
background

Think of all possible processes that can give the same
signature of your signal
Can these events be rejected (fully or partially) ?

+ |dentify any property of the background events, different from
those of the signal - “reducible” background
 If it can’t be fully rejected, it will have to be taken into account
in all following measures
If instead the background signature is in everything identical
to the signal, its events can’t be rejected and will have to be
taken into account later in the analysis

 In this case - “irreducible” background
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Irreducible background

= The process qq>ZZ(")>4l has the '7
same final state of the signal

= Only difference is the mass
distribution

* There are a couple of more subtle
ones to which we’ll come back later ;

R e 1

1.8— -

- ZZ background 3

Onset of two on-shell 1.6/ =
Z’s production from 2 M, 145 =
i.e. from about 180 GeV 1.2 E
1= =

Events are normalized to 08 E
20 fb' and based on each 06 E
process cross section g:" -
0:| PO (TN TN T N T W T N TN T T T N T T T T [N T WO TN M N TN TN TN W I T M I'E

150 200 250 300 350 400 450 500
4-lepton invariant mass [GeV]
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Irreducible background

= The process qq>ZZ(")>4l has the '7
same final state of the signal

= Only difference is the mass
distribution

* There are a couple of more subtle
ones to which we’ll come back later ;

ZZ background

With the signal (@125 GeV) B Hiogs signal 125 Gev

superimposed

Events are normalized to
20 fb!' and based on each
process cross section

o
n

150 200 250 300 350 400 450 500
4-lepton invariant mass [GeV]
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Irreducible background

= The process qq>ZZ(")>4l has the '7
same final state of the signal

= Only difference is the mass
distribution

* There are a couple of more subtle
ones to which we’ll come back later .

T I T T T T I ] 1 T T I T 1 T L] I ] T T L] I T T T T

. . 22; ZZ background E
With the signal (@125 GeV) ra = pr——
superimposed 1.6F- 3

1.4F- =

Events are normalized to 3 E
20 fb! and based on each 0.8E- 3
process cross section 0.6 E
0.4F- =

Zoom in the low-mass region 2> 2 =

1 L L I 1 1 L 1 l 1 1 L 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
910 120 130 140 150 160 170
4-lepton invariant mass [GeV]

January 2015 Stefano Rosati



First steps of the selection

= Require 4 reconstructed leptons (e or u) coming from the same
primary vertex

« Some basic quality cuts are applied besides the standard
identification:

» Number of hits used for the reconstruction in each detector
= The composition of the quartet defines the decay channel

* 4u, 4e, 2e2u
= Apply the first cuts on the Soan T
lepton p;’s: 9 0,451 —Lepton1 | -
 p>6 (7 fore), 10, 15,20 GeV o35} e
= Cut a little higher on | —Leptons |
electrons due 0ot E
to performance corrections 015} H E
( more details later ) 0.1@{1&& =
0.05F -
o, b N

o —— ' n
20 40 60 80 100 120 140 160 180 200
Lepton P, [GeV]
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Other kinematic cuts

Off-shell Z

On-shell Z
0.5
i C — H 125 GeV
c - I 74
<1>)0_45 — ---- ZJets
()] -
C 0.06
2 04[
IS -
K= -
20.35 0.05
o) C
1) -
N 0.3 0.04
© L
g0 25:
> - 0.03
0.2
C 0.02
0.15
- 0.01
0.1F
- : 0
0.05—
- Ll |--l_-_r J.--I-"IT | 1"'| | peen o1 Ix10
%O 40 60 80 100 120 140

m GeV
12

Bkgnd 120-140  Signal 125 GeV

Entries B 81429
Mean 22.19
RMS 7.435

\ /.
V

lllIIllI/ I l l I

1 L1 L1l Ll I L1l L1 1 Ll I Ll I L1l
o 5 Ji0 15 20 25 30 3 40 45 50
M34 [GeV]

Bkgnd 140-160

Leptons are paired according to type and charge, then for low-mass H search,
the paired closer to the Z mass is called Z1 (on-shell Z), the other Z2 (off
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Significance

= When doing a search, the optimization of the cuts is driven
by the maximization of the signal significance

= During the optimization, if the systematics are small one
can normally use the simple expression you have seen in
the lectures for the significance (n. of std. deviations):

S
vS+ B

* QOr, in case of low statistics, using the likelihood ratio as test
statistics:

\/Q(S—i—B)ln (1+%) — 25
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Optimizing the cuts vs the significance

b T L L L L L L T T 1 T T L T T T T T T
2.64:—' AR R ' ] 264l —
2.62 :— ¢ * * —: 2 62— ]
2.6 :— —: 2 6l _
258 - 258 . .
: Significance (Mz2 Fixed) : i Significance (M21 Fixed)
- - @ _ m
2.56__ —o— Mz2=12 GeV ~ 2‘56_— _:— ::j:Ge: B
i —e— Mz2-15 GeV - —— Mz1=45 GoV i
2.541- . 2,54_— * Mz1=50 GeV -
i o M22:17.5 GeV ] Mz1=55 Gev
- \ ] - o Mz160 GeV ]
2.52 i \ i 2.521 Mz1=65 GeV
2.5 - 2.5 -
l 11 1 1 1 L1 1 1 l 11 1 1 l 11 1 1 I 11 1 1 l 11 1 1 l = : l 1 1 1 1 I 1 1 1 1 | 1 1 l 1 I 1 1 1 1 I 1 1 1 1 l 1 1 :
35 40 45 50 55 60 65 12 13 14 15 16 17
Mz, [GeV] Mz, [GeV]

Significance vs the cuts on MZ1 and MZ2
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Reducible backgrounds

* In this case, the final state is not exactly as your signal, but it has
characteristics that can fake the signal final state

* In the 4-lepton example the main example of such background is the Z
+jets process
= Cuts on the 39 and 4t leading leptons are used for the rejection of these
backgrounds
« Z+light jets: the additional jets can fake electrons
» Main handle to reject is an optimal electron identification
« Z+bb: b leptonic decays produce leptons in the final state

» Main rejection handle are the characteristics of Ieptons in jets from heavy
quarks with long lifetime

— Isolation '
— High impact parameter %
» Processes with very large o

w.r.t. the signal, but easier to discriminate

« E.g. Zinclusive o is ~1 nb, i.e. ~2*10° times the /\’
signal cross section !
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Lepton isolation

= Two possible ways of calculating it:

« Sum of the tracks pT in a cone around the
lepton track ( track isolation )

« Sum of the calorimeter cells energy in a cone
around the lepton track

= The two variables are correlated but can be
used in a complementary way

= The cone is defined as:
AR =J(An) +(Ap)* <0.2

* The size is optimized on the basis of
efficiency and rejection

* An important component is the
impact of pileup events
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Lepton isolation

* In both cases the isolation is normalized to the lepton p+

Track isolation Calorimeter isolation
% 1 I; "_".22125 GeV % 1 §_
- A -
3 - © 3 B
©
| 10’
.%10" = [} -
= E|- g [
= -2
g0 Fo’e
W, a2 © -
gl0 E [
<Z> = 2.~3|
- Z107E
10-3 3 N
- 10°E -
« C |
10 = ‘|06 = :
I:l 11 I L1 1 l L1 1 l 11 I 11 l 11 I 11 l L 11 I ll-l-: I 11 '-:-I El |E 1 I | 1 1 | I | 1 1 | I | | | | I | | | 1
0 02 04 06 0.8 1 12 14 16 18 2 -05 0 05 1 1.5 2
Normalized Track Isolation \ Normalized Calo Isolation

Noise subtraction
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Lepton isolation

* In both cases the isolation is normalized to the lepton p+

Track isolation Calorimeter isolation
% 1 l; :;212568\, % 1 E_ ?H 125 GeV
3 F e 3
©
.%10-15— [} -
= E g [
B e | B -2_ ------
I S o B,
®a2l L] L ; = E
gl0 E [
o - o a3l
z Z107
10-35— N
- 1045—
Ra -
. -
10 §_ 1055_
:llllllllllllllllIlllllllllllllllll-l-:llll II-:-I [I | | 1 1 l | | | | l | | | 1
0 02 04 06 08 1 12 14 16 18 2 0 0.5 1 15 2

Normalized Track Isolation Normalized Calo Isolation

Noise subtraction
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Impact Parameter: muons Track

—— H 125 GeV

——Zz
oo Zlets

-
[
]

LI Ill!_l_[l_

Normalized weighted events

Long B mesons lifetime t~1.5 ps,
l.e. ~750 um at 10 GeV p;

'S

-y
o

Transverse IP is used because
of the much better resolution

1 1 1 I | - 1 I 1 1 1

2 4 6 8 10
Impact parameter significance Large IP of the sub-leading leptons
can be used as a discriminating

IP significance = d/oy variable

—
o
n
O-PI- T T TTTT]
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Impact Parameter: muons Track

& : —— H125GeV
g 't <« T Tt
3 F
L -
D o
%10'25— S d ~ X
s
£t _ .
$ : . .
Z10°L * Long B mesons lifetime t~1.5 ps,
: i.e. ~750 um at 10 GeV p;
F Transverse IP is used because
- of the much better resolution
10-5*_ 1 | 1 I 1 | | 1 1 1 I | | 1 I | 1 1 .
0 2 4 ® 8 9 Large IP of the sub-leading leptons
Impact parameter significance . .. .
can be used as a discriminating
IP significance = d/oy variable
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Impact parameter: electrons

- — H 126 GaV
ol T T Because of the
— bremsstrahlung, the

performance on IP
reconstruction is much
worse for electrons

Normalized weighted events

It can still be used, but

the cut has to be re-tuned

to a looser value

-> keep a high enough
efficiency

10

-

.
=

< 6 8 10
Impact parameter significance

O':Fhl
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Derive backgrounds from data

* |n some cases, the cross section of a background is so large, that is
not possible to generate enough MC events to determine its

characteristics precisely
= E.g. for Z+jets one would need ~2*10° the signal statistics

» To derive signal normalization and/or shapes, and in general to
cross check all backgrounds, the so-called Control Regions (CR)
are built, by removing, or reverting some of the selection cuts

« Create background-enhanced CRs
* The MC can then be used to extrapolate from the CR to the
Signal Region (SR) via some transfer factors or functions

» But in some cases just the data are used, and also the transfer
functions are derived from the data

* Various methods that we’ll not have time to cover in detalil
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Example of a background CR

AL N FLELALIL BLILALLE ILELILALE BUAE
= (Obtained by removing/reverting 60_E ATLAS Preliminary 4u
[ (s=8TeV: [Ldt=20.71b"

the cuts on isolation and IP

» Signal and irreducible
background are in this way 40
completely removed

= An almost pure Z+jets + ttbar
(another irreducible background 20
that we didn’t cover here) 10
sample is obtained

S0

Events/4 GeV

* Data _
— Z+jets and tt fit

— it
1

30 mmZ+jets

llll']'llll]'llll']’llll'l’l

By fitting the data with two template functions:

—>Breit-Wigner + Gaussian ( Z-peak from the Z+jets)

—->Polynomial (~flat ttbar component)

The two contributions can be disentangled and each MC separately
rescaled to the data
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@ATLAS
EXPERIMENT

http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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A 4e signal candidate

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST
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Another view

Run Nurg BEg20E6

January 2015
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Modeling of the detector performance

= The MC models the detector performance with great accuracy

= Still some effects might not be perfectly modeled and will need
some data-driven tuning

« Need to make sure that the MC models data correctly, before
claiming that any difference comes from new physics

= Fine-tuning of small local effects, or time-dependent detector
ISSues:

« E.g. if one part of the detector becomes inefficient for a limited data
taking interval

= Typical effects to take into account are:
 Trigger and reconstruction efficiencies
« Momentum and energy resolutions
« Momentum and energy scales
= This is a very important ingredient in all Physics analyses and
implies:
» Develop methods to measure data-driven performances
« Apply corrections to the MC or to the data
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Efficiencies

= Use known process/resonances
decaying to electrons or muons

« Z=2Il (pT>~10 GeV) and
JIW2I ( pT<~10 GeV)

= Look for a reconstructed muon,
which also provided the trigger
(tag muon)
» Look for a track in the Inner
Detector (probe):
« Same vertex as the tag
 Isolated (reject tracks in jets)
* M(tag,probe) close to M, or M,
= Check if the probe ID track matches a reconstructed muon (or
a muon trigger element)
* The efficiency is given by N ,iching/Niotar Probes

= Same method used also for electrons (look for matching
tracks/calo clusters)

Probe Muon
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Efficiency

Data / MC

Some example results for muons

Efficiencies vs n for various types Efficiencies vs p; for combined
of reconstructed muons muons
1 g’"'E ' im ' """ = glw-!-'-g """" T '!'tmﬁggglg'*' """ A W """ E '%"" r——— 1 1 1 "~ " T T T T T ]
0.95 g_:“ 092 Q@ ®e T® QQ Jo! 29 _g § 15 =
= . 3 'g O'QBZ%Q”W%;ﬁj—%—;_:
0.9E = £ 0.964% 4. =
0.85F ATLAS = ooalr  * ATLAS ]
085 CB,MC —— CB, Data R E pE | . ©ZMC +JyMC -
075C. ° CB+ST.MC —--CB4ST.Data  * 3 092 — 7" < ZData + Jjy Data ]
" “E 4 CaloTag, MC —+ CaloTag, Data = 0.95- 05 \s = 8 TeV =
0'75_ | . E 0.88F- = Chain 1 CB Muons -
0.65F 's=8 TeV_ = Chain 1 Muons _; - L =203 fo -
085 N2 R e e | bispises”
RRERRARIRN e e e A A AR ] O IR R R R |
1.02 ﬁ» jg ﬂﬁw— . i E 1.02 *
1 —g—g_%_$a_$_.bﬂu .;u..q,_ig._%% _(} 4._3_;3_1&;:; e Q‘MM_“&# S 1_#AA*+_.+_ +.. OSSO - SO o . . ° —
0.98 - —— —— e . o —— e —— _ 8 0.98 _+ ......................... e — e — —
25 2 15 1 -05 0 05 1 15 2 25 20 40 60 80 100 120
n p, [GeV]

Local Efficiencies are calculated for single muons in bins of p, 1, ¢,
chosen with the proper granularity, depending on detector structure,
or known inefficiency regions
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Efficiencies corrections for electrons

81'05:1'11[1]“[" IITIII LI I]T LI} LI TII LIS IITTII IL 81.051 LB ] II.IITT:TT ]

3 - ATLAS Preliminary - 3 C ATLAS Prellmmary ;

T c .

§ L Mﬂ. § :f § & o ¢ ¢ ¢ ¢ * ]
o) " "o...p' "ii'iiiiii o) N

§ ‘i‘ ‘mﬂ i;'r (:) 0-95:_— k 'S ) —‘:

= 0.95- ; : 5 b i ]

uJ - ﬁ ii g} R uJ ™~ } —

0.9{; E,: 15-50 GeV ;1 - nlc247 ]

. 20Mdatais=7TeV | Ldt=47" 2 0.85- . 2011datais=7 TeVILdt=4.7 o'

E . so11MC 3 T & 2011MC ]

035? e 2012data\s=8TeV |Ldt=20.7f" ) i e 2012data\s=8TeV | Ldt=207f0"

0.8 |

L o 2012MC - i o 2012 MC ]

0.8—11111111‘111 NI FET NI NN FRE NI FRRTE AN T I 1: 0.75’-1 1 PO T T T A T T W W W W U TN A 1 11-‘

2-15-1-050 05 115 2 20 30 40 50 60 70 80
M E; [GeV]

Also in this case, the efficiencies are calculated in bins of the phase-space
Large improvement in 2012 reconstruction
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Efficiency reweighting

= Efficiency is corrected by giving to each event a weight
» Get for each bin:

« gdaa: efficiency in data

« ¢MC: efficiency in MC
* |n 4-lepton events:

Reconstruction efficiency £ DATA
» Reweight each MC event according to: " -1 1 MC

i=l,n i

* Where the product runs over all reconstructed leptons entering
In the analysis

Trigger efficiency: just need at least one lepton triggering
» Reweight each MC event according to:

-] [a-&"™ Ratio of the probabilities that

i=1,N

W= 1_1_[(1_3?”") at least one lepton is passing the trigger

January 2015 Stefano Rosati



Momentum scales and resolutions

> 1

= Scales of momentum and energy are R

determined by comparing to the MC P R

distributions of known resonances oot g

« ZJW, Y -

= The very well known masses and T E

widths allow the precise determination Q S

of momentum and energy scales B B R+ I )

+ Same method used for muons and ™™

electrons gmoo_—’f:j’;iev E E

+ Just the level of backgrounds is different g """ [} DR

= Scales are determined in bins of pr,m, & - i

= Systematic uncertainties on scales are ;

a fundamental ingredient in the mass - E
measurement I
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Section 4

ANALYSIS RESULTS




Results of July 2012 — the discovery !

Number of events in a mass >

window 120-130 GeV o5

around the signal peak E’
220

/ Theory error on the o

15

Signal ZZ™ Z + jets, tf Observed
4y 209:030 1122005 013004 6
Dedu/2u2e 229:033 080:005 127019 5 10
de 090:014 044z004 109020 2
Total expected signal: 5.3 events

Total expected background: 4.9 events

Total observed events in data: 13 !

- . Background zz"

E B Background Z+jets, tt
- |:| Signal (mH=125 GeV)

" 7% Syst.Unc.
((s=7TeV:[Ldt=4.8fb"
[Vs=8TeV:[Ldt=5.8fb"

e Data

T | T T T T
ATLAS
H—->zZ" -4

100 150

200

250
my, [GeV]

Already a simple calculation shows you something: probability to observe 13
events when you expect 4.9 is 0.17 % ( of course no errors no syst here )

January 2015

Stefano Rosati



S|gn|f|cance of the first observation

= Test of the background only hypothesis
using the test statistics
that you’ve seen the lectures:

10°E {s=7TeV: [Ldt=481" ™

’~~~~ . A

‘\“ ~~~”~~~~--. p;
10'7 {s=8TeV: [Ldt=5.8fb" 0 L(O, Q)
., S

0

Local p

= The pO0 is the probability that a
background fluctuation is more

Z peeva-en. 3 signal-like than expected for the signal
: (or than the data for the observed)
= ) H—>WwW" = iv
L _
D ———— -3 " The expected curves correspond
P TR to the p0 vs mass in case of a
10°F ——20110bs, —2orm2or20s g :
e 20125pr7Tev fldt=a7! " 50 SM Slgnal
0 —20I120bs (s=8Tev: fLdt=58f" ™
110 115 120 125 130 135 140 rn;l-|4[5(3|ev]

January 2015 Stefano Rosati



Combined limits and significance

s 10— -
s [ ATLAS 2011 - 2012 -+10 5
T F (s=7Tev: JLdt=4.6-481b" E];?’ ; -
= - _ ) Cra 4  — Observe -
- s=8TeV: [Ldt=585.91 Bl Expected 4
(@)
X 1
To)
o
10 CL, Limits _|
o + + =
Q
8 107
LTy - s p
(O ] il il ) éo
oty
10°m b s Sig. Expected 4o
e b . T Observed . R
107 \ ; 50
10° i
10°% = --t-ber e ‘6
] o
___ 10" () L
S 2F =
e E .
e o —]
()] - 7
c F 3
() e 7
= C 3
" o5 i
o g 4 v ~— E
D o5k 3
- — Observed =
-1 (©) -2 In A(u)<d -
110 150 200 300 400 500
m,, [GeV]

January 2015

Combined p, in the low-mass region

Q_O ET T T T T T T T TT T T [T T T T [T T T T [T T T T[T 17T TT T TR
= ATLAS 2011 - 2012 O
§ Vs=7TeV: [Ldt=4.6-4.8 fbo - Exp.
{s=8TeV: [Ldt=5.8-5.9 fb” [D=1o
1 e - - - A D LD LTI LI ITIITIITIIII I TIITIIIIIIIZIZIIT = Oo
S0 =ittt W <t e 1o
R e 20
10-3 e illTiaacs . - ------------------------------------------------- 30
10% - S Y
10° to
0% AN ol
107 . 50
10 “
1070 - mmerm oo N e e oo 60
107°
10-11 v v b b e Py le v v v 1 S
110 115 120 125 130 135 140 145 150
m,, [GeV]
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The new resonance, with the full run1 dataset

« At the end of the run-1 data
taking (end of 2012)
« 45fbTat7 TeV and
20.3 fb'at 8 TeV
* Inthe 120-130 GeV mass
window:
37 observed events with
10.4 expected from background
only ( well above
5-sigma significance )
« Light excess w.r.t. expected

Events / 2.5 GeV

_| TTT | TTTT | TTTT TTTT | TTTT | TTTT | TTTT | TTTT | TTT |_
35F ATLAS ¢ Daa =
L H s 77% s 4] [ ] sinal(m, = 1245Gev = 1.66) -

30 [ 7w det: ssp' R eeoorondzz —
N (5 =8 TeV J-Ldt 203 b - Background Z+jets, tt i

- S = ev: = . ) ]

25 - %//% Systematic uncertainty -]
20 - &
15 =
10 &
5F H i

: 0
SM signal 80 90 100 110 120 130 140 150 160 170
Signal 120-130 ZZ background Reducible bkngs my, [GeV]
Total signal Vs =7 TeVand 5= 8TeV

4u 6.80 + 0.67 6.20+0.61 282+0.14 079+0.13 17 9.81+0.64 14
2e2u 4.58 + 0.45 404+040 1.99+0.10 069+0.11 15 6.72+0.42 9
2i2e 3.56 + 0.36 3.15+032 1.38+008 072+0.12 1.5 524+0.35 6

4e 3.25 +0.34 277+029 1.22+008 076+0.11 14 475+0.32 8
Total 18.2+ 1.8 162+1.6 741+040 295+033 1.6 265+17 37
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Mass resolution

> 0_1:||||||||||||||||||||||||||||||||: >0_09:|||IIII|IIII|IIII|||||||||||||||:
G 0.09; ATLAS Preliminary £ o 0.08l. ATLAS Preliminary E
L0 - Simulation : w  F Simulation E
2 0'08;_ o m,=125GeV E ©0.07F e m,=125GeV =
S 0.07F Gaussian fit - 5 s Gaussian fit ]
© - ] S 0.06:— E
0.05F (Is=8TeV) E U3 .
F m=(123.90 + 0.03) GeV : 0.04F m = (123.17 = 0.06) GeV =
0.04F 5 = (226 0.03) Gev E - = (2.73+0.05) GeV -
0.03[ fraction outside = 2: 19% = 0.03[- fraction outside + 20: 19% =
- ® ] - ]
0.02 d = 0.02 =
C . . [} ] B 1
0.01- without 2 mass constraint 4 = 0_013_ without Z mass constraint g _f
OM.I.... ; - ol .

80 90 100 110 120 130 140 0 80" "00 100 110 120 130 140

m2u26/262u, [GeV]

m,, [GeV]

Natural width @ 125 GeV is 4 MeV

- The reconstructed peak width is completely determined by the
experimental resolution

—> It’s important to reduce it as much as possible (mass mesurement)
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Z mass constraint

= The resolution can be improved by applying the so-called
Z mass constraint

* The signal decay must have the two leading leptons having an
invariant mass close to an on-shell Z

» Rescale the lepton momenta so that the invariant mass of the leading
lepton pair corresponds to the Z mass

= Simplest way is to rescale the momenta minimizing a chi-sq and
Imposing a constraint to the Z mass
M: = pl-p2-(1-cosB,,)
| Or, a more complex
2 2 y
M, =klpl-k2p2-(1-cost,,) =M, Constrained kinematic fit,
taking into account also the

5 5 Z natural width
kl-k2 =M, /M”

kipl-pl)’ (k2p2-p2)’
X2=( p 2p) L K2p 2p)
O'p1 O'p2
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Signal mass resolution with mass constraint
For M =125 GeV

> _II|IIII|IIII|llll||||||||"|""' >0_09||||||||||||||||||||||||||||||
& 0.12- ATLAS Preliminary ' & o.0ar. ATLAS Preliminary
10 - Simulation 0 Simulation
S o1 e my=125GeV S 0.07- e m,=125GeV
S — Gaussian fit = — Gaussian fit
@ < 0.06
0.08
H—ZZ*—4u (Vs = 8 TeV) 0.05F H—=ZZ*—4e (s =8 TeV)

0.06

m = (124.88 = 0.02) GeV 0.04 m=(123.71+ 0.05) GeV
o =(1.62+ 0.02) GeV 0 =(2.40+0.04) GeV
0.04|- fraction outside + 20: 16% 0.03L fraction outside = 20: 21%
0.02
0.02 with Z mass constraint s 0.01 with Z mass constraint ¢’
[ [} )
W S L
0 80 90 100 110 120 130 140 0 80 90 100 110 120 130 140
m,, [GeV] m,, [GeV]

The Higgs mass is a free parameter of the theory - its precise
measurement it’s fundamental
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Mass measurement

Template fit: buld a MC mode of the signal mass distribution
Continuos variation of the distribution vs M,; and o, via a morphing
function (basically an interpolation among the fixed points)

1.af ATLAS Internal E 45 ATLAS Internal 3
123_ Category: incl_4e | ‘ 4e _f 35;— Category: incl_4mu | “,‘ “ 4“ —;
. /| ] 3 [\ =
Uy 1] . - [MYR L .
[ INA : 255 A =
0.8r- ) | ] : VIVY L :
- AN | . 2E (VAR E
04:— (/ | \ _: 1:_ \ -
0.2F ] 0.5 0, =
AT NN S22 \\\\\W\\\\.

P10 115 120 125 130 135 140 PO 315 120 125 130 135 440
/ m,, [GeV] m,, [GeV]

Of course, only the signal depends on M, O,Signal NSignal
. _ M — Observed — Observed
In the same fit, both mass and “signal strength” extracted: Signal Signal
Oy N SM
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Systematics

Systematics on the energy scales
are:
= 0.04% - 1% for electrons

£ 1.004F ATLAS 7 = - 0.07% - 0.2% for muons
~ C CB muons .
§ 5 1.002— —
E - -
099;;’ st tanaletanigpaty ottty *; Thanks to the large stat of the
YO \s=8 TeV ® Corrected MC = :
0.996 L=20.3fb" O Uncorrected MC resonance and the extensive
E— - - ——— work on calibrations
E_ _E % 0-02 :l T I T TTT I 1T | T TTT | 1T I T l_l;l_l :j/;pl I T TTT I T TT I LI
— - S - —~e'e E
; ; (2 0.015 5_ Electrons, nl<0.60 7o _E
— —] 0.01F Calibration uncertainty_:
= | | | E R -
% % : T T ' ' T T T ' ' T T } T T T T T T T ' T T T ' : E + E
S 1.004:— J/\|j E O':-" """""""" L S =
g5 1.002F 1 -0.005F =
E 1F WW-’.’—‘O“!O...—. - - =
C OOBOOOOoooooooOoOooOo 7 -0.01 ]
0.998F ¢ o200 P O E o :
F e Correction uncertainty % ] 20.015F i
0.996 - ¢QO ¢O - : - ATLAS Vs=8 TeV,det:QO.S fb 1
T T S LA :.ulu..||....I....||||.I|...I....I....I....I....'—I
-2 -1 0 1 2 002590720 30 40 50 60 70 80 90 100
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Statistical and systematic errors

= The error on a measurement has:

A statistical component, i.e. depending only on the number of events
entering in the measurement

« A systematic component, i.e. connected to the methods and
assumptions used in the measurement (e.g. the energy scales, the
errors on the background knowlegde)

* Due to the limited statistics the H->ZZ*->4l channel is not
strongly affected by systematics
» Mass measurementmain errors:
 Momentum and energy scales
» Background shapes
= Signal strenght measurement:

« Backgrounds normalizations (and shape)
« Theoretical error on the SM signal cross section
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Mass fit results

E ilAleAéllllllllllll IIIILI4IeI|IIII FTTT IIIE MH=124.51i0.52 (Stat)io.G (Syst)
Al 14_ —4u i
' T H—>ZZ" — 4] —2e2u ] _
1o s 7Tov: [La—asi 2n2e 1 The impact of the scale syst.
105 \s =8 TeV: J-Ldt=20.3 fo! D:slfa(;r\r/\]/i::)i?systematics E on the Mmass IS neg“glble
85— ': _ Signal strength compatible
- with the SM:
6| u=1.44 +0.40/-0.33
4:_ _____________________________________________________________ 20 :
: In the case of m the impact of the
ol systematics is larger mainly due to
I W D 4 o the theory uncertainties on the
Qe L o5 127 129 signal cross section

m,, [GeV]

January 2015 Stefano Rosati



Improving the mass fit

= The fit of the mass peak that we just saw, is model-independent, i.e. does not
make assumptions on the spin/parity quantum numbers of the resonance

» The fit can be improved by assuming SM hypothesis
JP=0* for the decaying resonance

» This hypothesis has been verified on data (see in the following)
= While, the ZZ background has a different composition of Z’s polarization
states (total J not forced to be 0)

» This feature can be used to build a discriminant variable between the signal and
the irreducible background, and include it as additional dimension in the fit

30-12 T I] T7T I T T l' YTI TTT I -
S ATLAS Simulation 52 1oF (0125 6o 3 ATLAS
5 - = 3 HsZZ*—4 ¢ o= —0.1
% 0.1 nterna = ] N G-7Tev,fLm-A.5lb" -Slml(m_:124.5(iﬂu=1w
Oiii H—-ZZ"—-4] — [ Ee8Tev fLm-zo:Hb" Dw@rmma'.z.m
i , N {0.08
Q0.08 E;ﬂev:juufb @ i niameg. )
g i I | i “um -:ai: T N o
s=8TeV:| L=20231b 1 “gum .-
o L = | I Ld ssnpl 4 . o | _O 06
— 05 N Y ] M 7] -
=008 . ¥ .
: . ‘ .::. . . ® LI O 04
0.04] of o 'Z':":Z.. e 11"
‘ [ ® .. P :::’ ° ]
05F SiERe el 1 40.02
0.02 i I == = - |
. LI ) : . J
= = - -II Illlllll‘llblll.llllll.llllll.l- _O
0= ‘ e St e ?10 115 120 125 130 135 140
-1 08 06 04 02 0 02 04 06 08 1
BDT,,. output m,, [GeV]
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Section 5

MULTI-VARIATE ANALYSES




Multivariate Analyses

» |tis not always possible to place a cut on a discriminating
variable
* The level of discrimination doesn’t always allow to remove the
background keeping a high efficiency
* In some cases, the discrimination is just in tiny shape
differences, or even in the correlation among various
variables
* More sophisticated methods have to be applied
« Multi-Variate Analyses are very powerful in this cases

« We’'ll see here just an example (the Boosted Decision Tree) of
many different methods available
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Measurement the spin and parity quantum
numbers

= The H>ZZ*->4| channel allows
the full reconstruction of the
final state

* It's one of the most important
channels for the measurement
of the resonance properties

= Spin and parity of the decaying
resonance affect the polarization
of the two Z’s in the final state

* Angular distributions can be used to test spin and parity
quantum numbers of the decaying resonance
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Example of sensitive variables

Decay angle of the first I*I- pair

u) IIIIIIIIII||||II|I|||III|III|III|III w |||III||||III||||III|III|III|III|III

= Background ZZ”  ATLAS Preliminary - = Background ZZ”  ATLAS Preliminary
£ 10 B Background Z+jets, tt Slm(glatlon i 5 10— B Background Z+jets, tt Simulation
i Signal (m =125 GeV) H—ZZ '—4] - I Signal (m_ =125 GeV) H-zZ"—al
8- —JF=0 Vs=7 TeV:[Ldt=4.6 fb" gl — =2, Vs=7 TeV:[Ldt=4.6 fo' ]
[ =0 /s=8 TeV:[Ldt =20.7 fb™' e P2 Vs=8 TeV:Ldt =20.7 fb™' -
6:— —: 6__ ]
4 i I S S 1

0 0

-1 -0.8-0.6-0.4-0.2 0 0.204 0.6 0.8 1 -1 -0.8-0.6-04-0.2 0 0.204 0.6 0.8 1
cos(0,) cos(6%)

- The variables are discriminant, but not enough to be able to just place a cut.
- Any cut would not remove much more background than signal
- Need a so-called multi-variate analysis (MVA)

January 2015 Stefano Rosati



Building a Boosted Decision Tree (BDT)

= ABDT is a sequence of binary cuts
on one the selection variables

= At each step, the variable
providing the best S/ B - S = o

separation, and the optimal cut g
IS chosen @ @ Q @

= At each S/B split the procedure is (> cd) (k<4
repeated for each of the e
two subsets obtained

= The procedure stops when the subsets become so small, that
the statistical fluctuations are larger than any improvement in
separation

= The nodes of the final level (“leaves”) are classified as S or B
according to the class the majority of the events belongs to.
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Examples of MVA: BDT

Boost: optimize the sensitivity
» Use multiple trees:

« Each can be trained with the same dataset, but reweighted in
order to optimize the sensitivity
= An example (Adaptive Boost)

 Train the first tree with the original weights (e.g. with the cross
sections)

* The subsequent tree is trained reweighting the previously
misclassified events with a weight a=(1-err)/err, where err is
the mis-classification rate

= The number of trees and their depth, must be chosen
according to the available MC training statistics
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More on MVA analyses

» The “training” of the method is usually performed on MC events

= To correctly evaluate the separation, divide the sample in two
sub-sets: training and test samples

= This is also done in order to avoid the over-training
« The MVA might “learn” the fluctuations of your training sample

TMVA overtraining check for classifier: BDTG

TMVA

.. 1’:‘ 16 ’sdm'll (te'st'suim'pl'e)I s o'éig'nil (trﬁir'\iﬂg'sﬂm'plb)' i '_t

ThIS IS an example Of % ’ Background (test sample) =« Background (training sample)

a ||g ht Overtra|n|ng 2 1.4 —Kolmogorov-Smirnov test: slgnal (background) ;:obabllity 0.0244 (0.0251) —
—>the separation between the <= 4,

training samples is slightly
better than for the test
samples

In this case one should increase 04
the MC stat, or decrease the 0.2
number of trees

o

(=]
]IIIIIIIIIIIIIIII
IIIlIlIlIlIIlIIIlII

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

o
b 71
®
=3
o
&
'S
=3
N
o

0.2 0.4 0.6 0.8
BDTG response
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Discriminant distribution and hypothesis test

- Log-likelihood ratio as test statistics

u) 25 T T1 | T TT | T T1 | T T1 | T TT | T 17T | T TT | T 17T | T T1 | T T1 - Generate pseudo-experiments
2 [ ° Data ATLAS Preliminary _ -
£ [ mBackground 22" ¥ 1 assuming each of the two hypotheses
" o El Background Z+ets, i H—-zz"—-4l | - Median of 0* > SM expected p0
- Signal (m_ =125 GeV) 4 - Data value - Observed p0
: _JP=O+ vg=7 TeV:det=4-6 fb-1 : (,) T T 17T ‘ T T T ‘ L ‘ T T 7 ‘ T T 7 ‘ 17 17T T
o P_0 - . _ -1 Q B .
15 Y (s=8 TeV:fLdt=20710" | = | ATLAS Prelminay —pata -
. | W . H-— ZZ( ) 4] Signal hypothesis -
i i 0 2:— s=7TeV: [Ldt=4.6fo" (M =125 GeV) -
10 ¢ — "I Vs=8TeV: [Ldt=20.7 fb" _JIF_>| — 0" |
I 1  BDT analysis © ]
I 1 o015 N - Jn =0
5__ | i ."rl | :: \ | ]
- i 0.1 AN -
i 1 : R E
o I 0.05F I N I .
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 : A AN :
BDT Discriminant Olae T L DN N
5 10 5 0 5 10 15

log(L(H )/L(H))

January 2015 Stefano Rosati



Final results on spin and parity

s=7TeV (ldt=46"
Vs=8TeV (Ldt=207 "

H —= WW* — evuv/uvev
Vs=8TeV [Ldt=207 fo’

ATLAS
H— vy e Data
VS =8TeV [Ldt=20.7 o
v CL, expected
H—ZZ" - 4|

assuming J"=0*

O+1c
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CONCLUSIONS




Conclusions

* This was an attempt to consider one real example of an
analysis and follow all the aspects of its development

* Initial thoughts
* Designing the analysis
* Applying it to the data - the discovery
« Measurements of the new resonance properties
= Due to lack of time, | couldn’t give you many details, and a

real summary of the results, but in case you would like to
discuss more please do not hesitate to contact me:

« Mail: stefano.rosati@cern.ch
« Office: Building Marconi, 2" floor, 229-b
= And in general if you are interested in having a thesis with

the ATLAS group, many topics available both on data
analysis and detector development
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