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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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http://opendata.cern.ch/visualise/events/cms

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

» measure signal yields by performing a likelihood fit

» inspect statistical and systematic errors

» (extra) perform a differential measurement
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Detector & Event Reconstruction & Visualisation
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HCAL ECAL Tracking detector Muon detectors
calorimeters: trackers: muons:
measure particle's detect trajectory detected in outer

energy by absorbing it of charged particles detector layers



Hermetic (|n|<5.2)
Hadron Calorimeter (HCAL)
[scintillators & brass]|

\ 13 |

\

Redundant Muon System
(RPCs, Drift Tubes,
Cathode Strip Chambers)
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Key:

Muon

Electron

== Charged Hadron (e.g.Pion)

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

= = = = = Photon
7%

4T ‘%

=
Silicon $‘
Tracker &S
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Electromagnetic
i! 'l Calorimeter Il
Hadron Superconducting Hott
Calorimeter Solencid
IR A
lron return yoke interspersed |
Transverse slice with Muon chambers

through CMS
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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 \\
1 i "" ,,‘ul '
—t,‘ N
& s “‘.I,, ‘ b2 ' ’ '
L nN N /e
- ,_’.‘ s-‘_.‘. & <«
. Zc‘*; % 7
., \Q zZ7
ity Wstey 7
, & D AU
- &
CWTS\ ‘ P | ¢
\\
-— \ \

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 [ % B
”/ \\
Electron 0, // \
pt = 1256.20
eta =-0.239 Electron 1,
phi = -2.741 { y pt = 1278.63
\ ‘ j eta = -1.312
\ / phi = 0.420




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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https://cds.cern.ch/record/2114779

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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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

LIP Internship Program 2022 — nuno@cern.ch 12
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a di-muon event
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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
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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]

16


mailto:nuno@cern.ch

=4 NEwW

10 = PARTICLES
4l

10°E ﬁ/

10° . Y

utu invariant mass [GeV]

ogivect
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from detector to physics ...

Events / GeV

1 10 102
Dimuon mass (GeV/c?)

IP Internship I rogram 2022, nuno@cern.ch — 18



mailto:nuno@cern.ch

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
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: 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
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what’s the physics process ?

LIP Internship Program 2022, nuno@cern.ch — 22
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what are the peaks?

-1
0.9 fb™ (13 TeV, 2016) - «10° 0.9 fb” (13 TeV) - 0.9 fb” (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 -
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B 60_— N
20000F SS - . 6000E
B 40— cc C
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: 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— L
%22000:— CMS O i jL dt=35pb" ]
= 50000F o o ~ | ]
o = Preliminary -~ N —- data .
N18000F Y 0 30001 ] Z5upu -
B - S e i i
£16000F n S 1 ZO
©14000F > - 1
L E — B T
12000F- "5 2000} =
10000 bb 5 i ]
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6000 E_ g 1000} ]
4000~ i ]
2000 _ i
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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GAUGE AND HIGGS BOSONS INSPIRE search

Z i
C I(JP)=0(1/2%)

See related reviews:

Charge= 2 ¢  Charm = +1

Z Boson m

Anomalous ZZy , Zyy , and ZZV Couplings  PDF |

Anomalous W/ Z Quartic Couplings (QGCs) 23
c-QUARK MASS 1.27 £ 0.02 GeV

» Expand all sections
ZMASS 91.1876 + 0.0021 GeV m./ms MASS RATIO 11.760-%

mp/m. MASS RATIO 4.58 £+ 0.01

1 55. Z Boson
myp — m, QUARK MASS DIFFERENCE 3.45 £+ 0.05 GeV

55. Z Boson

¢ ¢ MESONS INSPIRE search

(including possibly non- ¢ 7 states)

Revised August 2018 by M. Griinewald (University Coll. Dublin) and A. Gurtu (CERN; TIFR
Mumbeai).

Precision measurements at the Z-boson resonance using electron—positron colliding beams began J / 'QL‘( 1 S ) I6(JF%) =0(17)
in 1989 at the SLC and at LEP. During 1989-95, the four LEP experiments (ALEPH, DELPHI,
L3, OPAL) made high-statistics studies of the production and decay properties of the Z. Although
the SLD experiment at the SLC collected much lower statistics, it was able to match the precision
of LEP experiments in determining the effective electroweak mixing angle sin?fy;, and the rates of J/1(15) MASS 3096.900 - 0.006 MeV
Z decay to b- and c-quarks, owing to availability of polarized electron beams, small beam size, and

stable beam SpOt. J/'t/)(lS) WIDTH 92.6 +1.7keV (S=1.1)
The Z-boson properties reported in this section may broadly be categorized as:
J/4%(15) Decay Modes » Expand all decays
e The standard ‘lineshape’ parameters of the Z consisting of its mass, Mz, its total width, Iz,
and its partial decay widths, I"(hadrons), and I'(#£) where £ = e, u, 7, v; . Scale Factor/  PIMeV/e)
e 7 asymmetries in leptonic decays and extraction of Z couplings to charged and neutral Mode Fraction (T; /T) Conf. Level
leptOIls; Fl hodrons (87.7 + 0.5)%
e The b- and c-quark-related partial widths and charge asymmetries which require special tech- I virtual y — hadrons (13.50 £ 0.30)%
niques;
o . . . T's 999 (64.1£1.0)%
e Determination of Z decay modes and the search for modes that violate known conservation
e Average particle multiplicities in hadronic Z decay; Ts ete (5.971+0.032)% 1548
e Z anomalous couplings. Ty o [ (88+1.4)x10° 1548
The effective vgctoi and a,x1al-v.ef:tor coupling constants describing the Z—to—fermlon. coupling r, i (5.961 - 0.033)% 1545
are also measured in pp and ep collisions at the Tevatron and at HERA. The corresponding cross-
section formulae are given in Section 39 (Cross-section formulae for specific processes) and Section » Decays involving hadronic resonances

16 (Structure Functions) in this Review. In this minireview, we concentrate on the measurements
in e"e” collisions at LEP and SLC.

The standard ‘lineshape’ parameters of the Z are determined from an analysis of the production » Radiative decays
cross sections of these final states in e e collisions. The Z — vv(y) state is identified directly
by detecting single photon production and indirectly by subtracting the visible partial widths
from the total width. Inclusion in this analysis of the forward-backward asymmetry of charged » Weak decays
leptons, Aﬁ’p, of the 7 polarization, P(7), and its forward-backward asymmetry, P(T)f b enables
the separate determination of the effective vector (gy/) and axial vector (g,) couplings of the Z
to these lentons and the ratio (a../ad .) which is related to the effective electroweak mixine ancle N (O b e

» Decays into stable hadrons

» Dalitz decays

» Charge conjugation (C), Parity (P), Lepton Family number (LF) violating modes
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Efficiency

0.¢

0.8
0.75f
0.7}
0.65[
0.6}
0.55F*"

0.5
0.45
04
0.35

Y(18) Iyl

25

0 45 50
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B (05 e u+u‘) =
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;

81 O JWMCT&P

T

+ CMS, /s =7TeV, L =3pb~" 1

® JNdata T&P

A Y MC truth
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—

0.9

0.7

. | L . L L | L L L . | L L L .
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|

o JW¥ MC T&P
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©  J/¥ MC Truth

5 10 15 20
Probe P; GeV/c
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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
§300 with: 34.067 £ 0.344 Mevic2 ¥ ' \ | — Global Fit

o v

L I.i"l' P il e e W
8.9 2.95 3 3.05 3.1 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

25
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(extra) statistics
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measurement: a lifetime example

1
N
PDFT

normalization

signal model g L(t|oy, 7)

1
-

—e~ 7 6(t)

f

theory
model

time —»
L M M
By p Pr

L» Lorentz boost factor

Secondary vertex Secondary vertex
B? decay B? decay
Primary vertex

® G(t;oy) | - E(T)
1 1

t-acceptance

+ L(Background)

t-resolution _
function function
— experiment ===
f - Data
: Signal
1024 - Bkg
] — Signal+Bkg
* ct=477.6+24.2 um
10_ * .""-,
1
: . ", \\
.................. 311 AN
-2000 -1000 0 1000 2000 3000 4000

Proper Decay Length (um)
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statistics

1

* consider lifetime (or decay rate) distribution F(t; 1) = —e T
T
* suppose we have n data points (measurements) t1,...,0n
. . . n 1 —t-/T maximum
* likelihood function L(7)= ][] —e™ " likelihood
i—=1 T method

* value of T for which L(T) is maximum = maximizes log-likelihood

nL(r) =S Infltir) =Y (ml—ﬁ)
1 =1

i—=1 T T

1 n

. . olnL ~ __ .

e can find its maximum as 5 (7) —0 — T= - E 1: t;
T =

(@ 1 . 00 ‘
* mean: Eft] = / t—e™/Tdt=7  variance: V(] = / (t—7)* e t/"dt =1
0 0

. Y [ R e o
 for ML estimator E[f]=E 5;&] —E;E[tz]—r — > b=E[f]-7=0

A 1 1 o 72 r
Vi =V E;ti]_n—Q;V[ti]_T—l — o=

IP Internship I rogram 2022, nuno@cern.ch
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maximum likelihood

» expand In L (0) about its maximum
021In L

In L(6) = In L(§)+[8g‘9L] 69— (9_§)+21! [ 992

] (0—0)°+. .
6=0

* first term is In Lmax , second term is zero, third term approximate

In L(@) ~ In Lmax —
202§

* error estimate: change § away from §
until In L decreases by 1/2

log /(1)

* |0 (68.3% CL) confidence interval

In L(6) = In L(0) — % - [é — 04, 0 + Ué]

IP Internship Frogram 2022, nuno@cern.ch — \9\

4.5

-5

)2 R
O=9"  nL@+5;) ~1n Limax — »

vl :_< 562

from information inequality:

921n L>_1

-~

0=0
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systematic uncertainties

* statistical uncertainty on T is obtained from the maximum
likelihood fit to the data
1 1 _.

L(t|loy, 7) = N | ;e—?e(t) R G(t;04) |- E(t) + L(Background)

* systematic uncertainty quantifies any uncertainty in the procedure
going from the raw data to a published result

10+

. Data Sources of systematic error:
Signal - resolution calibration ot
1071 - Bkg - resolution function, G(t)
: ., — Signal+Bkg - t-efficiency e(t)
: e amres2e2,m - background model
|

Inputs from Simulation and Data-driven

e = 477.6 £ 24.2 (stat.) = 17.6(syst.) pm

|||||||||||||||||||||||||||||

2000 -1000 0 1000 2000 3000 4000
Proper Decay Length (um)
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(extra) ingredients of a physics measurement
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

S,
|||||,u|] ||||u||| ||||uu|_|_

Events per 10 MeV
2 3

-
(=]
w

—
(=
N

10

10"

trigger paths

|y

W Jy
B,

|y

B low P, double muon
high P double muon

Z

1]

nuno@cern.ch

I
02

dimuon mass [GeV]

Needles in haystack |

33

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

Q HLT Bs—pp

# |eading and sub-leading p pr>3,4
(4,4) GeV |nyu[<1.8 (1.8<|nyul<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

3: -
© 0.3

: analysis procedure and event selection
H 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,
78~ 7 .

S : at final analysis stages

. rare peaking BG
W rare 51 BG |

2z 7z T
5 52 54 56 58 6
m,, [GeV]

0.1

nuno@cern.ch Needles in haystack | 34
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background discriminating

signal

ng for an altha-rare decay: B

1. ONLINE SELECTION (TRIGGER) signal background
2. BLIND THE DATA (AvOID BIAS)

3. MULTIVARIATE SELECTION

1
CMS  L=20fb"(/s=8TeV) CMS  L=201b"(s=8TeV) CMS  L=201fb"(Is=8TeV)
6000\ Dimuon 500 Dimuon 4500 Dimuon )
. ® data sidebands ® data sidebands 4000 o data sl?el?ands M B I N E
5000} NIBs = wrw 4001 (B, > w NIBs = ut A H
e 3500

40001 3000 /

300 2500 @
30001, B "

2000

LEARNING

200 4 & W,
st 0 T eTs,
2000f e N " 1500
_ ; e\ ALGORITHM
1000 100| T e oo
% 500
0 50 100 0 0.05 0.1 0 5 10
Ianl G(ISD) Qgp Il(:se
CMS L=201fb"(/s=8TeV) CMS L=20fb"(/s=8TeV) CMS L=20fb"(/s=8TeV)
1000F 70007
Dimuon Dimuon Dimuon
1000 ® data sidebands ® data sidebands 6000 ® data sidebands
B —»wrw 800 B~ wrw
% 8001 5000
600, E
— 600l » 4000
O * 3000-°
.
I 200) . 400
% 2000 - -
- — ” a .
c - -, & ACCEPTED
. ‘ N . a o
;\ ' osagney mﬁ\ n ~—b
> 0 0.005 0.01 0.015 0 1 2 3 4 0 005 01 015 02"
by o bfole,) &, om] REJECTED F\
CcMS L=201b" (/s=8TeV) 000CMS L=201b"(fs=8TeV) CcMS L=201b"(/s=8TeV)
2000F s 6000~
1800 Dimuon Dimuon Dimuon
K ® data sidebands | ® data sidebands L ® data sidebands
1600 By =t 4000 (0B, = w 5000 SN[ W
. L
30008 4000
i 3000 .
2000
2000 @
% \
1000 1000F
0 1 2 3 4 0 0.5 1
x?/dof m1 isolation
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

. BLIND THE DATA (AVOID BIAS)

12 el TR Y
. MULTIVARIATE SELECTION . ZIZZII‘;Z?E;'SEEETS'&Z"’
----- peaking bkg

. FIT THE DATA (LIKELIHOOD)

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

—
=N

—4— data
— full PDF

B opp

[o2]

[22]

B

Fit the data accounting for the various
signal and background components

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

1
%\ + H

\ o
|

NN

\\A‘.

KG =~ 3 54 55 56 57 58 5.9
NiC B -
EEM\\_EF‘TD I m,,. (GeV)
CMS  L=20fb"(/s=8TeV) - §
> 22 L CMS  L=20fb"(/s=8TeV)
& 20. Barrel CMS simulation 4&F > O o | &
0 1g []B° = Kourw O] - Barrel CMS simulation e /
g W iy 0 025/ e ko S ' SIGNAL 1:
Q- 16 I8 — o i B - K @Q Q
0 14 []B° - wutv 4 0.2 (B - ntw O —)
o . | 4
T 12 BB - Kutv _'g)_.; i b 8 - K'K 00 | 'Y B =] MM
2 B~ W'y Y o 1 8 — oK f @
-8 10 W5 — K O 0.15¢ . Vs o
S ° T 5 S &3
6 B puw S o g ] e /C SIGNAL 2:
4 i ° 4N 4
o 0.05- 2 Q/‘/ BO— MM
05 52 54 56 éav ot s = - ' T
m e . . . .
wu [GeV] m, , [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

—
=N

—4— data

— full PDF

Bl

B spw

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

. BLIND THE DATA (AVOID BIAS)

—
N

- MULTIVARIATE SELECTION

—
o

2
3
4. FIT THE DATA (LIKELIHOOD)
S

[22]

« STATISTICAL SIGNIFICANCE

B

(o]
IIII|II|I|III|III|III|III|I

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

N

I3 B L
Sﬂ.
w.
o
B
o
o B
: ||
o
(o)}
o
~
o
[0 0]
o
[{e}

m,, (GeV)

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