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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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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 detector/trigger effects

* extract physics parameters from data

v

measure signal yields by performing a likelihood fits

v

inspect statistical and systematic errors

v

perform a differential measurement

v

(bonus) explore (more) advanced fitting techniques
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Detector & Event Reconstruction & Visualisation




Hermetic (|n[<5.2) :
Hadron Calorimeter (HCAL)

[scintillators & brass]|
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Redundant Muon System
(RPCs, Drift Tubes,
Cathode Strip Chambers)
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particle identification

Om Im m im 4am 5m 6m /m

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

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

Electromagnetic
X -
} ‘ " Calorimeter
d v

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

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

vvvv
“““““

tracker

CMS-PHO-EVENTS-2015-007

© NS94 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-27.11:51:17.472320 GMT
Run / Event / LS: 260023,/ 994481840 / 754

m» ~ 800 GeV
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CMS CMS Expeﬁmqn at the LHC, CERN
Data recorded: 2015-Sep-11 22:46:54.589056 GMT

Run / Event / LS: 256353 / 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

CMS Experiment at LHC, CERN

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

Lumi section: 846
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CMS,

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

CMS Experiment at LHC, CERN

Data recorded: Mon Oct 12 2015 EEST

Run/Event: 258749 / 549864773

Lumi section: 355

Dijet Mass: 6.14 TeV

LIP Internship Program 2020

Jet 1,
pt=2.88 TeV
eta =-0.364

phi=1.915

nuno@cern.ch

Dijet Mass = 6.14 TeV

Jet 1,

pt = 2.88 TeV
eta = -0.364
phi=1.915

pt = 3.04 TeV
eta = 0.059
phi =-1.235
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a di-muon event

L
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a pruete” event

Run 251244 Event 204117665

VS =13 TeV ‘,

pr= 63.3 GeV
n=12

H1
pr= 58.7 GeV

n=1.38

pp — ZZ — 2e2p
m,,= 91.1 GeV

m,. = 88.2 GeV

m,, = 208.9 GeV

s P ———

H2
pr= 36.1 GeV

n = 0.98 pr= 25.5 GeV

n = 0.20

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



ingredients of a physics measurement







deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

—
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Events per 10 MeV
—
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10"

trigger paths
mv
Jy
B,
|y
B low P, double muon
high P double muon

Y4

ILI

nuno@cern.ch

I
02

dimuon mass [GeV]

Needles in haystack

16

Dimuon Trigger
@ L1 Hardware Trigger
B pr>3 GeV (few kHz)
@ HLT Full tracking and vertexing
Q HLT Bs—pp

B |eading and sub-leading p pr>3,4
(4,4) GeV |nuyl<1.8 (1.8<|nyl<2.2)

& pr(pp)>5 (4.8-6) GeV
B 4.8 <m(up)< 6.0 GeV
B P(x%dof) >0.5%
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

2. BLIND THE DATA (AVOID BIAS)

SIGNAL
REGION
BLINDED

=
0.3
analysis procedure and event selection

& developed without inspecting the data

0.2 in region where signal is expected

@ Toy Data (sideband)
O Toy Data (vinded) 1 “box opening” only later,
B2~ 7] .
N : at final analysis stages
. rare peakingBG |
I rare 51 BG

77z 7z T
5 52 54 56 5.8 6
m,, [GeV]

0.1

nuno@cern.ch Needles in haystack 17
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background discriminating

signal

for an altra-rare decay: B

1. ONLINE SELECTION (TRIGGER)

2. BLIND THE DATA (AVvOID BIAS)

3. MULTIVARIATE
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SELECTION

Needles in haystack

signal background
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

141
. BLIND THE DATA (AVOID BIAS) i i por
- Bg_)u,p.
s ol b
. MULTIVARIATE SELECTION o 1Y % sem;!;ptg:i'cbkgg
i T AL Y peaking bkg
. FIT THE DATA (LIKELIHOOD) 8_ A

CMS-L=5fb "Ys=7TeV,L=20fb ' Ys=8TeV

[=2]

I
T

Fit the data accounting for the various
signal and background components

S/(S+B) Weighted Events / ( 0.04 GeV)
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

CMS-L=5fb "Ys=7TeV,L=20fb ' Ys=8TeV

—
i =N

IIIIIIIIIIIIIIIII
+

—4— data

— full PDF

Blopp

B o

------ combinatorial bkg
------ semileptonic bkg
----- peaking bkg

. BLIND THE DATA (AVOID BIAS)

—
N

- MULTIVARIATE SELECTION

—
(=]

2]

2
3
4. FIT THE DATA (LIKELIHOOD)
S

[=2]

« STATISTICAL SIGNIFICANCE

S/(S+B) Weighted Events / ( 0.04 GeV)
'

N

1-,-.-,-1-,-:,-,- \Qi '

x

ok -
49 5 51 52 53 54 55 56 57 58 59
m,, (GeV)

201
=

is the observed excess a genuine signal,
or just a fluctuation of the background?

< ef
16;‘
o BPPMM
12F

10F

- 2.00

SM

'
o NS o o]
T T T

0 02 04 06 08 1
' BF(B°—u*w)
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deanching for an wltra-rare decay: B\

ONLINE SELECTION (TRIGGER)
BLIND THE DATA (AVvOID BIAS)
MULTIVARIATE SELECTION

FIT THE DATA (LIKELIHOOD)
STATISTICAL SIGNIFICANCE

EXTRAGCT MEASUREMENT

nuno@cern.ch Needles in haystack

CMS-L=5fb "Ys=7TeV,L=20fb ' Ys=8TeV

—
i =N

—4— data

— full PDF

Biouw

B o

------ combinatorial bkg
------ semileptonic bkg
..... peaking bkg

—
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___________ IR

o N o '.Zﬂ{\"iﬁ&lzh -\&“L |
5 51 52 53 54 55 56 57 58 59
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I

[0 2]
IIIIIIIIIIIIIII[IIIIIIIIIII

S/(S+B) Weighted Events / ( 0.04 GeV)
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o
I3 B L

"4 -5 0 02 04 06 08 |
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BR(B; — pp) =(3.0%3 (stat)’0$ (syst))x10°
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deanctiing for an wltra-rare decay: B

. ONLINE SELECTION (TRIGGER)

THE SM.II

{5=7 TeV, L=5fb™! s=8 TeV, L=20 fb"'

BF(B"—u'w)
®

e o 9 9 =2
[T S - N - NS - R SR - )
T

o

b b NG e e A b L L Ix10°

1 2 383 4 5 6 7 8 9 10
BF(B)—~w'w)

10° x BR(By — ptu~)

. COMPARE TO THEORY

AND BEYOND

10° x BR(B, — utu~)

nuno@cern.ch |

. BLIND THE DATA (AVvOID BIAS)
. MULTIVARIATE SELECTION

FIT THE DATA (LIKELIHOOD)

. STATISTICAL SIGNIFICANCE

« EXTRAGCT MEASUREMENT

Needles in haystack ‘

CMS-L=5fb "Ys=7TeV,L=20fb ' ys=8TeV

—
H

—4— data

— full PDF

Bl
B

------ combinatorial bkg
------ semileptonic bkg
..... peaking bkg

—
N

—
(=]

(o2}

I

[0 2]
IIIIIII|I|III|III|III|III|

S/(S+B) Weighted Events / ( 0.04 GeV)

\S)

T

m,, (GeV)
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the di-muon analysis




the di- mauon Spectiam (x —up/

50 years of particle physies tn one plot!

— —
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500
jrmﬂTI IIIIIIIII Illlllllrl

ll_l_ll_ | | LlllLll | 1 lllllll

1 W _ 10°
utu invariant mass [GeV]
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NEW
PARTICLES

utu invariant mass [GeV]

ogirect
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from detector to p

vud

hysics ...

Events / GeV

IllIlII

3
~ e ¥ P Z P2 / .
X \ N ?. > ik 1
- W 2 3 7
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10?
Dimuon mass (GeV/c?)

10
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di-muon ‘Invariant mass’ ?

particle identification
- signal in muon chambers

- — it’s a muon!
i' * - m = m(Md) ~ 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: Py =(E,px,py,pz)
m that of the di-muon pair Pyu=Ppui1+Pu2=Px-uy
- invariant mass PupPup=Muu? = (Mx)?

27
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the reconstructed di-muon spectrum
v

—
o
o

Events / GeV

—
o
)

—
o
N

—
O&)
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—
o
o

—
o

2
L 10 T invari1aont mass [GeV]

—

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

=400

= Dimuon Spectrum J| —4- Data

3350 resonance: J/y J| Background fit
P mass: 3.093 + 0.000 GeV/c’ J|‘.l‘ JJ — Signal fit
300" with: 34.067 +0.3aa Mevic® ' | | — Giobal Fit

L )

250

200

150

100

50

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

I I| L li",' L o
315 32 325 3.3
uy 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

29
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what’s the physics process ?

production: strong force

LIP Internship Program 2021, nuno@cern.ch — 30
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what are the peaks?

-1
0.9 b (13 TeV, 2016) x10° 0.9 fb' (13 TeV) S 0.9fb™ (13 TeV, 2016)
= 50000 = [ @) " CMS
27 cms 2 [cMms 2 [ CMS
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"o 40000 " - = C
g [ S g0l j / g 1o
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0_ I — I TR T S E T 1 oot Sty el iet el skl e d =] O: v by by by b
09 095 oo 105 14 115 P95 3 305 31 315 32 825 33 35 36 37 38 3.9
w*uw invariant mass [GeV] w*w’ invariant mass [GeV] u*u invariant mass [GeV]
CMS preliminary 2010 \'s =7 TeV
T |l T I T 1 T I T 1 T
_ 0.9 o (13 TeV) %, 4000 n
%22000:— CMS O i jL dt=35pb" ]
= 20000F o, p o N I ]
o = Preliminary - . - data i
N18000F Y S ﬂ 3000+ ] Zsu*'p
D - c = i O
£16000F n 3 i ] Z
L%’ 14000 D i ]
12000 520001 -
10000 ;— b b cT) i ]
8000 ;— _CE2 L |
6000} 510001 N
4000 < i ]
2000 L i
O E PR I T T R PR R T T NN R S PR R T T T B _ 7
9 9.5 10 10.5 11 %0 80 — 100 ‘1‘20

u*u invariant mass [GeV]

M(uw) [GeV]

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

0.¢

production cross section

“N=L.0”

40

45 50
Y P, (GeV/c)

N:i:(QQ) \
L -A-e-ApT-Ay

————

+ E ® JMWdataT&P
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In"1<04 o jwmCtruth

l_"l""l""l""l
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e 1 T "—_Ia J
2 3
= | :
i
09 CMS,\'s =7 TeV ]
det =3.1pb™”
® JMY Data T&P
0.8 |- ) -
- O JY¥W MC T&P
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- 2 JY MC Truth B
0.7 .
L | L N s : | L L s : | . L L L

5 10 15 20
Probe P; GeV/c

LIP Internship Program 2021, nuno@cern.ch —

an effective area of interaction
unit: barn, 1b = 10-28 m2 = 100fm?2

o
o

‘o

2 o !

= Dimuon Spectrum | -4~ Data

3350 resonance: J/y + Background fit
@ mass: 3.093 + 0.000 GeV/c? Ji JJ — Signal fit
3001 with: 3.067 +0.3aa Mevrc®  dF | — Global Fit

L .

250

200

150

100

50

| B ‘1 L li"l' P il i L
3.15 3.2 3.25 3.3
u*u 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

32


mailto:nuno@cern.ch

towards the exercise




setting up

* get the tutorial materials

* start root

root -1

root []

* check, load

root [4] .!pwd

/Users/nuno/datatutorial

root [5] .!ls
Skim4 .root dimuon.h

dimuons.C

root [6] .!mkdir plots

root [7] .!ls
Skim4.root dimuon.h

dimuons.C plots

34
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the code

* main methods
» GetSpectrum(): create the dimuon spectrum from the raw dataset
» Cut(): allows to place selection cuts
» SelectPeak(): allows to select one of the signals in the spectrum

» FitPeak(): fits the data and extracts signal parameters

emacs dimuons.C &
root -1 -b -q dimuons.C++

1s plots

35
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the ‘raw’ spectrum

SBvents / BRV
S
o

o
-
o

15000

10000

5000

O?—‘—t—d—glllj_/l\L|||||1111|||||||||1

50 100 150 200 250 300
uu invariant mass [GeV]
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dimuon_p4.M()

3
160512 —htemp
= Entries 998881
1 Mean 41.77
14017 Std Dev 38.25
120+
100+
80+
60 :._
40k
20(+
0 B L1 1 I L1 1 I L1 1 L1 1 | L1 1 ! l | I L1 1 I L1 1 | L1 1 | L1
0 20 40 60 80 100 120 140 160 180 200

dimuon_p4.M()

hptz

i Entries 331994
800f— Mean 20.28

I i Std Dev 19.18
700[—
600 f—
500 {— {

» !
400 —
300—
200[—
100—

O: IIII|IIII|IIIIIIIIIIIIII|II [ Yo g ol Lol
0 10 20 30 40 50 60 70 80 90 100
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Check the exercise instructions

Tutorial on data analysis and fitting with ROOT for the LIP Internship Program



https://github.com/aboletti/LIP-analysis-tutorial

