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Physcis analyses

Measurements Searches

Allow ... For new
Important tests particles.
of the If no signal, set
consistency of limits on some
the theory. model.

Typically If sighal, a
limited by potential discovery!
systematic More data typically
uncertainties. Improve a search.




Physics analyses

Measurements Searches

@ Allow
important testy’ «systematic” uncertainties
of the are introduced by
CONSISIENCH_  methods used to perform
the theory. the measurement.

@ Typically h
limited by ~ : 4l discovery!
systematic © ©) IVIore data typically
uncertainties. Improve a search.




Physics analyses

SIMPLE EXAMPLE:

MEASURING Z° CROSS-SECTION
AT LHC



Measuring Z° cross-section at LHC

© Z° boson decays to lepton or quark pairs
@ We can reconstruct it in the e*e” or u*u- decay modes

et/ ut

Discovery and stucly of the Z° boson was a critical part
unclerstancling the electroweak force.

And now, at the LIHC?
@ Important test of theory: does the measurement agree with the
theoretical prediction at LHC collision energy?
@ A standard candle for studying reconstruction and deriving calibrations.
@ Can be used for luminosity determination!



Physics analyses
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Reconstructing Z9s

How clo we know it's a Z°?

e/

ldentify Z decays using the invariant mass of the 2 leptons
M2 = (L,+L,)? where L, = (E, p,) = 4-vector for lepton i

Under assumption that lepton is massless compared to mass of Z°
=>M?=2E, E, (1-cos3,,) where 3,,= angle between the leptons

@ So need to reconstruct the electron and
muon energy and direction. Then can
calculate the mass.

Events / 1 GeV

Select 7° events with ‘analysis cuts':

@ Events with 2 high momentum electrons
or muons

@ Require the electrons or muons are of
opposite charge

© With di-lepton mass close to the Z°
mass (e.g. 7/0<m,,.<110 GeV)

Very little background in Z° mass region!
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How clo we know it's a Z7°97?

|dentify Z decays using the invariant mass of the 2 leptons
M2 = (L,+L,)? where L, = (E,p,) = 4-vector for lepton i

Under assumption that lepton is massless compared to mass of Z°
=>M?=2E, E, (1-cos3,,) where 3,,= angle between the leptons

@ So need to reconstruct the electron and
muon energy and direction. Then can
calculate the mass.

Select 7° events with ‘analysis cuts':

@ Events with 2 high momentum electrons
or muons

@ Require the electrons or muons are of
opposite charge

@ With di-lepton mass close to the Z°
mass (e.g. 70<m,, <110 GeV)

Very little background in Z° mass region!

Events / 1 GeV
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Number of events / &L GeV

1 1 T
L0
a) First Level Cuts
30 152 Events
20
10
0 N L . Ml
b) Second Level Cuts
6 6 Events
A
2
0 al 'k ]
ol Final Cuts
4 4L Events
0 50 100 150
Uncorrected invariant mass cluster pair (GeV/c?)

A step back in time ...

/->ee 1n UA]

Two EM clusters with
E>25GeV.

As above plus a track with
p>7GeV pointing to the
cluster. Hadronic and track
isolation requirements applied.

A second custer has also an
Isolated track.

http://iww.nobelprize.org/nobel_prizes/physics/laureates/1984/rubbia-lecture pdf 20
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Measuring the Z° cross-section

E L ® ATLAS Z°—1I mmmmmmm T (R
- — D CMS  Et— 1 —_— Z"(pp)
Theoretically = S
Cross-section calculated for: L i: ATLAS
© Specific production mechanism % - ' Deta 2010 {3 =7 TeW)
(pp! pp: e+e-) * m_‘f_ H
© Centre-of-Mass of the collisions FOE Sros
(7, 8,13 TeV at LHC) - N 5 i |
102 68%CL PDF uncertainty 08sp
= L L 1
1 10
\ s [TeV]
Experimentall
P y A Data
® Zup (expected from MC)
S QCD (expected from data)
BR = Number of events | 3
O- ’ — L © : ttbar
-€- B ; Wpv, Diboson
N of events: E ' E .
N of events on data — N of expected background events = i ' |
a — acceptance: ' ; i
fraction of events passing selection requirements W
¢ - effcioncy.

reconstruction efficiency of relevant objects
L — luminosity

di-muon mass
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Measuring the Z° cross-section

E L ® arLas zZi—1 /]
- — ; CMS  Z—I Zi* (pp?
Theoretically | S
Cross-section calculated for: N
@ Specifi ducti hani N [ T ATLAS
pecific production mechanism =T ) Data 2010 (3 27 Tews
(pp: pp: e+e-) X“:- "T'E_ H
@ Centre-of-Mass of the collisions A Sost
(7, 8, 13 TeV at LHC) - S 5 i :
102 68%CL PDF uncertainty 0.95¢
Ea | L L A
1 10
\'S [TeVl
Experimentall
P y A Data
0 Zup (expected from MC)
S QCD (expected from data)
BR = Number of events :
O- * — L © ; ttbar
-€- g ! Wyv, Diboson
N of events: E ' E .
N of events on data— N A\ll numbers carry < ; | i
a — acceptance: tainties — ' ' i
fraction of events passif = o' LONHIES \—I/-\p\
e — efficiency: both “statistical” and ~

1 i ki - 1
reconstruction efficienc systemuf.'lc I

L — luminosity di-muon mass
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Measuring the Z° cross-section

a(pp — Ziy* — ) ATLAS

-~ Theory (NNLO) fL dt = 316-331 nb”

Data 2010 \'s = 7 TeV)
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1
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1
1
1
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1

¥ Muon channel

m Combined

1 11 12 13 14

G, [ND]
Electron and Muon Measurement '
channel agree within consistent with
uncertainties prediction within

uncertainties

13



Measuring the W cross-section
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Measuring the W cross-section

- - Theory (NNLO) ! f L dt = 310-315 nb”
: Data 2010 s =7 TeV)

— . A Electron channel
i
" —t——_ ¥ Muon channel
i
@ m Combined

| | | | | | | | | | | | | | | | | | | | | | | | | | | |
8 l 9 10 11 12 13 14
Electron and Muon Measurement Ow [nb]
channel agree within consistent with
uncertainties prediction within
uncertainties
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|II

,Final” calibration
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Measuring cross-sections ratio
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Analysis flow in Z° cross-section measurement

Detector & Trigger Simulated data

R fruct _| Reconstruct Electron and R fructi
econstruction Muon candidates econstruction
Data Quality -| Apply Good Run List I

Apply event selection:

1. Select events with 2
oppositely charged

Physics Analysis - Electrons/Muons I

Calculate mass

Select events with mass

close to Z mass

Compare theory and experiment

Physics Analysis

2 e
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Analysis flow in Z° cross-section measurement

Detector & Trigger

Reconstruction

Data Quality

Centrally produced by the
collaboration

Simulated data

Reconstruction

Produced by analysis teams, ranging in size (from a couple to many more)

Physics Analysis

Compare theory and experiment

Physics Analysis




2.7 (13 TeV)

0
= 10’ E Trigger paths
8 . - CMS .
= 10" g Preliminary Jhy iy
N - A
— 8 (I} B,
5 10°E ' Y
> . - Y B low mass double muon + track
L 10 :? double muon inclusive
10° Z
10°
10“_5
Discovered: - - - - 1983
E . [ T T I 1 I Lol NS
1 10 _ 102
uw invariant mass [GeV

What’s out there?
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Simple search example

SIMPLE SEARCH EXAMPLE:

SEARCH FOR A HEAVY Z’



Search for a new heavy 7’

@ Like Z->ee but at higher mass.

]
ATLAS Preliminary qzqe

JacDh

J Ldt=167pb’ OdDiboson
I W+Jets
\s=7TeV L
(]Z'(1000 GeV)
[1Z'(1250 GeV)
[JZ'(1500 GeV

Events
—
OU'I

gl IIIIII"I IIIIII||| Ill

| |
80100 200 300 1000 2000

Mo [GeV]
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Search for a new heavy 7’

@ Like Z->ee but at higher mass. Select 2 electron

candidates and plot
their invariant mass for:

w
|5 5 /—ete L e Data 2011 1. Data
o 10 ATLAS Preliminary  —z/y o Simulated
- 10 | J L dt— 167 ob” Elgi{;t?son background
‘ P EW+Jets e}’ents _
3 Ns=7TeV i 3. Simulated signal
e (1Z/(1000 GeV) with different
[1Z'(1250 GeV)

[1Z(1500 GeV masses

Data inconsistent
with a 1TeV 2’

80100 200 300 2000
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Search for a new heavy 7’

@ Like Z->ee but at higher mass.

Select 2 electron
candidates and plot
their invariant mass for:

1 | I
e Data 2011

W
C —ete- imi
3 10° Z—e'e | ATLAS Preliminary Oz
T 1 JQcb
10 J L dt=167 pb_ [C1Diboson
EW+Jets
3 \S = ? TeV .ﬁ
10 (JZ'(1000 GeV)
[1Z'(1250 GeV)
102 (JZ'(1500 GeV
10 ¢
1 ~ e o
10 q
80 100 200 300 10Q0

M, [GeV]

1. Data

2. Simulated
background
events

3. Simulated signal
with different
masses

Cross-section
decreases with
mass

(higher the mass of
the Z’, the more
data needed to
discover it)

000
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Search for a new heavy 7’

@ And similar for muons Select 2 muon

candidates and plot
their invariant mass for:

0 —T T T ' ' L |
12 1. Data
._% 10° Z—W'W | ATLAS Preliminary Iilg/?rl*a 2011 2 Simulated
10 y CJDiboson background
‘ J. L dt = 236 pb — events
10°% \s =7 TeV O W-+Jets 3. Simulated signal
0Jaco with different
5 [JZ'(1000 GeV
10 [1Z/(1250 GeV) masses

10kd 2 [JZ'(1500 GeV

Data inconsistent
with a1TeV Z’

80100 200 300
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A small comparison

o - T T T T T 0 - A -
3 ATLAS Preliminary ropre 20" 5 I ATLAS Preliminary o Data 201 %
L —.Oaco oW Bzv
Ldt=167pb’ Ldt=236pb’ ) ElDiboson 3
@ W+Jets 3 a Wi =
\s=7TeV Wi ‘ 107 \s=7 TeV Bwrets
[(JZ'(1000 GeV) 5 o %gﬁ%m .
0 [(1Z'(1250 GeV) ] 1 171250 GeV)
[12'(1500 GeV

200 300

80100

80100 200 300 W 00

Differences in:

@ Resolution

@ Background composition
@ Dataset
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Evolution...
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Searches

Background

N
el
o
Q
>
Q
+H

Relevant quantity
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A well known bump search

> L L
& 10°= arLas Preliminary =
o * Data 3
o —
o 10° — Background-only fit
= =
1] . . -
b Spin-0 Selection -
10° L
s =13 TeV, 2015, 3.2 fb 3
10 =
1 E
107 =
D g
5 15 —
o -
2 10 =
[=] -
B 5 —
® 0 i =
E -
o —]
T -10 —
D 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 -

200 1000 1500 2000 2500
m,, [GeV]
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A well known bump search

:} T T T I T T T T I T T T T I T T T T
& 10*E ATLAS Preliminary =
o * Data 3
od - —
o 10°E === Background-only fit —
= — —
z - - Spin-0 Selection ]
107 =
= /s=13TeV, 2016, 122" =
10 =
= =
107 =
- -
2 154 E
2 10hm =
L E
2  Of =
E H 3
T -5h =
o - | =
T -10H =
g - n. 1 L L L L | L L L L | L L L L | L L L 3

500 1000 1500 2000 2500

m,, [GeV]
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Typical SUSY searches

® Super-symmetry?
Standard particles SUSY particles

PR NCT

Negpri® i

Higgs

1
[
I
L
[
[
[
I

- [

Juleltiof

) Quarks @ Leotons @ rorce particles Squarks @ sieptons @ ‘%Jrg:socce I T I

: .

® Composite quark and/or leptons? I v m :

® New Heavy bosons? :E T :
@ H ?

Gravitons!? :Any new theory [
® Dark Matter particles? | need to agree :
e I with the SM! I

o I- -l
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Typical SUSY searches

{\ Background Estimated using a
combination of

data-driven and
MC-based
methods.

N
el
o
D
>
D
H

Relevant quantit E.g. MET
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Another search example

SEARCH FOR SUSY IN EVENTS WITH
LARGE JET MULTIPLICITIES

A typical SUSY
decay chain

33



Event selection

b-jets

34



Event selection

b-jets

8 jets, 0 b-jets

9 jets, 22 b-jets

Signal regions can range in jet p; and jet & b-jet multiplicity.
35



Event selection

“fat-jets”

Fat-jets are a key signature in
searches for boosted objects,
e.g. boosted tops.
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Event selection

“fat-jets”

n.J
m; (QCD) < m, (SUSY) M — Z m
Proposed in arxiv:1202.0558 J . Ji
i=1
Signal regions can range in jet multiplicity and M}* cuts. 60

37



Example of search

O L B

D | 850 | 9j50 [210j50] 7j80 | 28j80

Jet |n| <20
Jet p;

Jet count

b-jets
ME/VH,

Jet |n| <28
Jet p; 50 GeV
Jet count

Mrj}: (GeV)

ME./VH,
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ID 8j50 9j50 210j50
b-jets 0 1 >2 0 1 22 0
Expected evts 35+4 | 40410 | 50+£10 | 3.320.7 | 6.1x1.7 | 8.0x2.7 1.37+0.35

% Observed evts 40 44 44 5 8 7 3

g Significance (o 0.7 -0.02 -0.6 0.8 0.6 -0.28 1.11

N

_E ID 7j80 28j80

& [ beets 0 1 >2 0 1 >2
Expected evts 11.0£2.2 176 2510 [ 09406 ] 1.5¢09 | 3.3x2.2
Observed evts 12 17 13 2 1 3
Significance (o 0.05 -0.14 -1.0 0.9 -0.28 -0.06

r fat-jet stream j

Expected evts 75+19 45414 1757 | 1125 [| 32437 || 2220
Observed evts 69 37 13 9 1 1
Significance (o) -0.27 -0.6 -0.6 034 N -0.8 -0.6
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IIIII|T! IIIII|'|'| TTT

ATLAS
[Ldt=20.31fb"
Vs=8TeV

e [Data

1 Multi-jets
C——1f—=qgll

N Single top
N W7 )
W=+ bjets

E W - Iv + light jets
B v+ jets
ITTITIT [ﬁf_l [90(].15(]] [GE.\'I]

=10 jets P > 50 GeV

Total background
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=
T T

Data/P rediction

ATLAS
é_z 1.G jets, P,z 50 GeV
ME > 340 GeV

= [Ldt=203b", \s=8 TeV

L L L B
Data

Total background
[ Multi-jets
[ Jti—qglll
I Single top
e w7
[ W— b + b-jets

I W—s b +light jets
Bl zZ—=vv. ll+jets
[“g;;i:[l’]:[eucu 50] [GeV]

_|_LL|,L|,|,| LIl I E.I I IIIII,I,I,I IIII|,|,|,|_| IIIII,I,IJ IIIII,I,I,I IIIII|,|,|_|_L[

ek
E :1 E

=]
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10 12 14
EM\H, [GeV'?]
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Interpretations

Real or Simplified models
@ Simplified topologies include typically one production and one decay
process. Provide useful information for theorists.

&4, 5 17 midl=>m(@)

3 900F i i
o - ATLAS de’[_I:EO_SftJ_1 ]
D%F 800 ;_ - —— Expecteﬂﬁ!iﬁ?nﬁ&f?i?éiid _%
700 F == Observed limit (=10, ) =
600 - E
500 |- E
400 |- | -
300 |- E‘E E
200 - l'% E
100 P> ’ <--p) } E
T T I N [

0
600 700 800 900 1000 1100 1200 1300
m(d) [GeV]
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Compotents of a physics analysis

Data-set and Monte Carlo samples
Trigger

Object definitions and event selections
Background determination

Systematic uncertainties

Statistical methods

Results

[Interpretations]
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Compotents of a physics analysis

Data-set and Monte Carlo samples

Trigger \
The data and simulation samples used in the

Object definition _
analysis. Data for the measurement / search,
Background detg simulation to compare data to predictions.

Systematic unce| Dpata-set specifics:
C . Data quality = Good run list.
Statistical metho quary

Luminosity.
Results »
Monte carlo sample specifics:

[Interpretations] Generator, tunes.

Statistics. /
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Compotents of a physics analysis

Data-set and Monte Carlo samples
Trigger
Object defi
Background de

The trigger used to collect the data with.

Trigger specifics:
Prescales; typically unprescaled triggers
are used, prescaled triggers for QCD / high
stat measuments.
Trigger (in)efficiencies.

Systematic unce
Statistical metho
Results

[Interpretations]
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Compotents of a physics analysis

Data-set and Monte Carlo samples
Trigger

Object definitions and event selections

K¢” The exact definition of objects (electrons, muon, jets, ...) am
how these are combined in selecting events to be analyzed.

Object definition specifics:
Stat “Flavor” of the identification (loose, medium, tight).

Calibrations.
ResL
Event selection specifics:
[Inte Event cleaning (e.g. from noise and cosmics).

Momentum, geom. acceptance and multiplicity of objects.
Higher level cuts, such as invariant mass.
“Signal regions”.
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Compotents of a physics analysis

Data-set and Monte Carlo samples

Trigger

Events that are imitating the
signal we are searching for or
measuring.

Object definitions and event

Background determination

Background determination

Systematic uncertainties 2
specifics:

Statistical methods Can/must be data-driven or
simulation-based.
Results “Validation regions” and

“‘control regions” required.
These can use different
triggers wrt signal regions.

[Interpretations]
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Compotents of a physics analysis

Data-set and Monte CaI‘lOA”Y ‘intermediate’ measurement
we have performed carries

Trigger uncertainties (statistical and

) o systematic).
Object definitions and eve “Systematic” uncertainties are

introduced by inaccuracies in
the methods used to perform

Systematic uncertainties the measurement.

Efficiencies, acceptance,
Statistical methods number of events, luminosity,
Results

cross sections used in Monte
[Interpretations]

Background determinatiol

Carlo scaling...
Some of them are “centrally”
assessed by the performance
groups of an experiment. Some
of them are analysis-specific.
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Compotents of

Data-set and Monte Carlg
Trigger

Object definitions and eve

a physics analysis

ﬁaaling with large data-sets, we use
statistical methods to make sense of
the numbers we measure.

Typical method:
Do a fit to extract signal from

Background determinati
Systematic uncertaintj
Statistical methods
Results

[Interpretations]

background.

Methodologies can vary a lot, but
nowdays they are pretty unified
within and across experiments.

Neural nets andl other machine
learning methocls are broaclly used,
primarily to improve signal over

background cliscrirmination!
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Compotents of a physics analysis

Data-set and Monte Carlo samples
Trigger

Object definitions and event selections
Background determination

Systematic uncertainties

Statistical methods
Results

Produce the results in tables and plots.
These include detalils of what is found

: in the signal region.
[Interpretations] : :
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Compotents of a physics analysis

Data-set and Monte Carlo samples
Trigger

Object definitions and event selections
Background determination

Systematic uncertainties

Statistical methods

Results Put the results into context: interpret
[Interpretations] them in theoretical models.
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Conclusions

Data Reconstruction

Calibration

Prep

# events

Detector Trigger
Publication _&_

Data analysis

Background

Relevant quantity




