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Introduction

* this week you’ve seen already many nice physics results in the
form of plenty of colourful looking plots

* you've seen how (stable) particles are detected and their
trajectories (and kinematics) measured and used to reconstruct
our (unstable) particles of interest

* on the last two afternoons you’ve had an introduction to HEP’s
baseline programming environment and tools, Linux, C++, ROOT

* now we'll try to connect the dots by performing a data analysis
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goals

perform a simple data analysis

e visualise the data

* manipulate data ntuples

* produce, process, and display data histograms

» select different physics signals
» plot kinematic distributions
» inspect trigger effects

» selection criteria and efficiency

* extract physics parameters from data

» by performing a likelihood fit

» statistical errors

* systematic errors !
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LHC Open Data

the LHC collaborations make good
chunks of their data publicly available

» http://opendata.cern.ch/

along with tools & software & examples
for data visualisation and analysis

from event reconstruction algorithms to
machine learning challenges

via virtual machines (with no need to
install different software packages)

few pointers

you're invited to explore the LHC
data also on your own leisure
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Detector & Event Reconstruction & Visualisation
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particle identification

Oom Im 2m im am 5m 6m /m

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

- = == = Neutral Hadron (e.g. Neutron)
""" Photon

Electromagnetic
,’ " Calorimeter
s

Superconducting
Calorimeter Solencid

lron return yoke interspersed
Transverse slice with Muon chambers
through CMS

o [higher order corrections| objects are finally reconstructed

using information from different detector subsystems

combined in a particle flow algorithm

» electrons radiate via bremsstrahlung

» photons may convert to e*e- pairs in the tracker

> jet (q,g) energy is formed of charged/neutral hadrons (65%/10%)
and photons (25%): calorimeter and tracker info exploited

» missing Et requires ‘full event’ reconstruction



di-photons

veriment at the LHC, CERN
orded: 2015-Nov-02 21:34:00.662277 GMT,
ent / LS: 260627 / 854678036 / 477

tracker

CMS-PHO-EVENTS-2015-007

"9 CMS Experiment at the LHC, CERN
Data recorded: 2015-Nov-02 21:34:00.662277 GMT

Run /Event / LS: 260627 / 854678036 / 477
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CMS CMS Experiment,at the LHC, CERN
Data recorded: 2015-Oct-27 1:51 :17.472320 GMT ]
Run / Event / LS: 260023,/ 994481840/ 754

m» ~ 800 GeV

CMS,

CMS CMS Expefiment at the LHC, CERN
Data recorded: 2015-Sep-11 22:46:54.589056 GMT

Run/Event/LS: 25’6353 /437637379 / 244
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a di-electron event

| CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

& u
2 T ‘ ',
Electron 1, N a 2 W 'o
pt = 1278.63 - s 3 '\."I'?
ta=-1.312 N\ S
o = 0.420 = /g &y ”“, 5
.' ¢4 \\
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Electron 0,
pt = 1256.20
eta =-0.239

phi = -2.741

CMS Experiment at LHC, CERN

Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Lumi section: 846

2 1 % Bl
”/ \\
Electron 0, // \
pt = 1256.20
eta =-0.239 Electron 1,
phi = -2.741 { ) pt = 1278.63
\ eta=-1.312

/  phi=0.420

1




CMS |

Dijet Mass = 6.14 TeV

Jet 1,
pt=2.88 TeV
Jet 1
ta = -0.364 .
ghﬁ i gﬁ - pt = 2.88 TeV
: eta = -0.364
phi=1.915

Jet 0,
pt=3.04 TeV
eta = 0.059
phi =-1.235

pt = 3.04 TeV
eta = 0.059

phi=-1.235
CMS Experiment at LHC, CERN CMS /
Data recorded: Mon Oct 12 2015 EEST . A
Run/Event: 258749 / 549864773 p gy
Lumi section: 355 %
Dijet Mass: 6.14 TeV 1
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a di-muon event

.‘.”.
i

..-NW.. v b‘\sw.

‘-o ?

LR ..
-.. "
K ’

\ N

A

R
A _ -
o ..s. »% \ N\.

§

+

\

X753
1=
|
T
G =
< . )
> NN
NS
' - v
>

,
£
:

=]

=

[ == S
m

-

nuno@cern.ch

rogram 2020

IP Internship


mailto:nuno@cern.ch

a ptuete  evenf

Run 251244 Event 204117665

Vs =13 TeV e,
pr= 63.3 GeV

, n=1.2
pr= 58.7 GeV
n=1.8

pp — ZZ — 2e2p

m,,= 91.1 GeV

m,, = 88.2 GeV

m,, = 208.9 GeV

H2
pr= 36.1 GeV

n = 0.98 pr= 25.5 GeV

n=0.20

= processes are explored with many (more) final state particles



the di-muon analysis




the dc- muon Spectiam (x —up/

50 years of particle physies tn one plot!
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1 W _ 10°
u*u” invariant mass [GeV]
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NEwW
PARTIGCLES

- u*u invariant mass [GeV]
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from detector to physics ...

Events / GeV

1 10 102
Dimuon mass (GeV/c?)
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di-muon ‘Invariant mass’ ?

particle identification
- signal in muon chambers

- — it’'s a muon!
f' ¢ b m =m(H) ~ 106MeV/c?
) &
Aﬁ - . .
\ particle trajectory

the silicon tracker
% [inear momentum, p=(px,Py,pPz)

% - muon chambers but especially

m form 4-momentum of each muon: Pu=(E,px,py,pz)
> that of the di-muon pair Pup=Pui1+Pu2=Px-up
- invariant mass Pup.Pup=Muu?2 = (Mx)?2

19
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the reconstructed di-muon spectrum
_— i

/
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o
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Events / GeV
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o
N
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—
o

2
L 10 T invari1a0nt mass [GeV]

—

: variable bin widths, resolution-dependent, properly normalized, doubly-log scales
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fit the data

=400 |
— —  Dimuon Spectrum i —4-Data
3‘350 [ resonance: J/y J| Background fit
E; E mass: 3.093 + 0.000 GeV/c’ 'llJ JJ — Signal fit
300 with: 34.067 +0.34 Mevic®  uF | — Global Fit
(] L .

250 —

200

150—

100—

50 —
[ Ty . ,
A A T T T U MO A S R AT 5. ik e o
8.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3

W invariant mass [GeV/c?]

* inspect quality of fit
» can model be improved!?

» hint; final state radiation
(KL 1Y) may distort shape

establish a fit model

» signal; Gaussian

» background: polynominal
extract signal parameters
» yield (N £ ON), mass (M+0n)
estimate systematic errors

» does the choice of fit model
affect the measured results ?

» quantify the systematic variations
by employing different models

quote final measurements

* N + Ostat £ Osyst

21


mailto:nuno@cern.ch

what’s the physics process ?

—\J
h1 A c
o
o
O
<" O0000C
&
AW c
h2

production: strong force NAEEaAYIEIECEEOWEARIOREE
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what are the peaks?

-1
0.9 b (13 TeV, 2016) - «10° 0.9 b (13 TeV) - 0.9fb” (13 TeV, 2016)
= 50000 B C
2 - CMS 2 - CMS = 120001 S“ﬂs-
10 [ Preliminary ~ 19 prejiminary e L rreiminary
2 400001 2 - @ 10000
E C qu: 80~ j/ c u
> L C o -
LW 30000~ i - @ 8000
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20000F SS - . 6000E
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S SUUUUUOUPBO A SR . - -
: 20— 2000p=- -
0_I S S S S S A L f 1 A S TR e wh el Al e et el e d ! O:I Lo b v by oy by by by
09 085 v 15 1 115 P95 3 805 31 315 32 325 83 35 3.6 37 3.8 3.9
w*w invariant mass [GeV] wru invariant mass [GeV] u*u” invariant mass [GeV]
CMS preliminary 2010 \'s =7 TeV
_ 0.9 b (13 TeV) %4000— ]
%22000:— CMS O i jL dt=35pb" ]
= 50000F o o ~ | ]
o = Preliminary -~ N —- data .
N18000F Y 0 30001 ] Z5upu -
B - S e i i
£16000- n g | 1 ZO
L?>j14000:— o i ]
12000F- "5 2000} =
10000 bb 5 i ]
8000F £ ]
6000 E_ g 1000} ]
4000} i ]
2000F _ ]
O: 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 B .
9 9.5 10 10.5 11 %O 80 — 100 120

u*u invariant mass [GeV] M) [GeV]

Check their measured properties from: http://pdglive.lbl.gov
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Efficiency

0.¢

production cross section

“N=L.0”

1?0(QQ) g
dprdy
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an effective area of interaction
unit: barn, 1b = 10-28 m2 = 100fm?2

400 |

= Dimuon Spectrum | ~+-Data

3_350 resonance: J/y J| Background fit
Py mass: 3.093 + 0.000 GeV/c? Ji Ji — Signal fit
§3°° with: 34.067 £ 0.344 Mevic2 ¥ ' \ | — Global Fit

o v

L I.i"l' P il e e W
3.15 3.2 3.25 3.3
ptu invariant mass [GeV/c?]

* N: fitted signal yield

* A:detector acceptance from
simulation

* & detector reconstruction
and trigger efficiencies
(simulation or data-driven)

* L:integrated sample luminosity

24
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overview of your analysis exercise

|. Pick a peak check exercise
* you have several to choose from ;)

2. Place selection cuts
* inspect the muon kinematic distributions

instructions !

* let’s require a pt threshold on each muon at 10 GeV/c

* how are the signal yields affected? what’s the selection efficiency?
3. Extract the fit result

* signal yield, signal mass

* statistical uncertainties included
4. Systematic effects

* implement different models for signal and background

* repeat the fit and extract the systematic uncertainties
5. extra: perform a differential measurement

* produce yield plot as a function of pt and rapidity

fz congratulations: you've grasped the ingredients of a physics measurement,
the production cross-section of your chosen particle!
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