Introduction to the LHCb
masterclass exercise
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Introduction

You will all have received a printout with instructions for the
workshop. Here I will

Briefly motivate why these exercises are interesting
Explain what the LHCb detector 1is
Explain the data format

Give you some starting point for performing the exercises



What will you be measuring today?’



What will you be measuring today?’

The object of this exercise is for you to measure the
lifetime of a certain kind of particle found in nature



What will you be measuring today?
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The object of this exercise is for you to measure the
lifetime of a certain kind of particle found in nature



What kind of particles are there?
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There are a small number
of fundamental particles.



Smaller than

atoms...

tructure withi
the Atom

Quark

Size <107"¥m

Nucleus Electron
Size =107 m Size < 10~"®m

S

\ Neutron

and
— Proton
Size = 1071°

Size = 107"%m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
antire atom would be about 10 km across




What do quarks form?

Two different kinds of combinations : quark-antiquark, or three (anti)quarks.

Antiparticles have opposite charges to the corresponding particles, but are
otherwise supposed to interact in the same way. Most particles have a

corresponding antiparticle (but sometimes a particle is its own antiparticle).



What are some typical particle lifetimes?

Type Name Symbol Energy (MeV) Mean lifetime
Electron / Positron | ¢ / et 0.511 > 4.6 x 10%° Vears
Lepton  Muon/Antimuon | 1 /”’*' 105.7 V) x 10—6 seconds
Tau lepton / Antitau | 7~ / T 1777 2.9 x 1072 seconds
Neutral Pion " 135 8.4 x 107" seconds
Meson _ i — ]
Charged Pion 71 /71 1396 2.6 x 107" seconds
Proton / Antiproton p+ / P 938.2 > 10%° vears
Baryon _ ‘
Neutron / Antineutron 710 / T 939.6 8&85.7 seconds
i W boson W /W™ 80400 10~% seconds
oson
Z boson it 91,000 10~* seconds

A huge range of different lifetimes : you will be measuring a pretty short one...

Wikipedia : can’t live with it, can’t live without it... 9



How do we measure a short lifetime?

As an example, consider a particle which lives 1072 seconds

Wikipedia : can’'t live with it, can’t live without it... 10



How do we measure a short lifetime?

As an example, consider a particle which lives 1072 seconds

How far will it travel, on average, if it travels at the speed of light?

Wikipedia : can’t live with it, can’t live without it... 1]



How do we measure a short lifetime?

As an example, consider a particle which lives 1072 seconds

How far will it travel, on average, if it travels at the speed of light?
c = 3*10% m/s

So it travels 3*10 % meters, or 0.3 mm

Wikipedia : can’t live with it, can’t live without it... 12



How do we measure a short lifetime?

As an example, consider a particle which lives 1072 seconds
How far will it travel, on average, if it travels at the speed of light?
c = 3*10% m/s

So it travels 3*10 % meters, or 0.3 mm

This is not very long! Luckily the calculation is wrong -- we forgot special
relativity, which tells us that the particle lives longer because of time
dilation

Wikipedia : can’t live with it, can’t live without it... 13



How do we measure a short lifetime?

As an example, consider a particle which lives 1072 seconds
How far will it travel, on average, if it travels at the speed of light?
c = 3*10% m/s

So it travels 3*10 % meters, or 0.3 mm

This is not very long! Luckily the calculation is wrong -- we forgot special
relativity, which tells us that the particle lives longer because of time
dilation

t’ = t/V(1-v?/c?)

Typically an LHC particle with a lifetime of 107!?2 seconds will fly 1 cm...
that is long enough that we can measure it!

Wikipedia : can’t live with it, can’t live without it... 14



So why is the D special?
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So why is the D special?
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So why is the D special?
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It oscillates!
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The D° is a neutral particle : it can oscillate
between matter and antimatter before decaying!
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Why does antimatter matter?

Afterglow Light
Pattern Dark Ages Development of

400,000 yrs.

Inflatic

Galaxies, Planets, etc.

Dark Energy
Accelerated Expansion

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

WMAP
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Why does antimatter matter?
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Why does antimatter matter?
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Why does antimatter matter?
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It oscillates!
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The D° is a neutral particle : it can oscillate
between matter and antimatter before decaying!

Such particles can give us insight into small
differences between matter and antimatter.
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Large hadron collider @ CERN

CERN Accelerators

(not to scale)

0.999999c by here

— PEOADNG
— AORProlons
— Y8

reuarnos 1o Gran Sasso () | A\ 0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster 0_3C by here
PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

Kudolf LEY, S Diviscn, CERN, O2 09 96

Revised s sdapted by Astonells Del Rowwo, ETT i,
6 collaborsson with B Destonges, 3L Div, aad

0, Manglenki, P§ Div. CERN, 23,0501

Start the protons out here
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Large hadron collider @ CERN

CERN Accelerators

(not to scale)
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reusrios 1 Gran Sasso (1) A\ 0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster 0.3c by here
PS: Proton Synchrotron
LINAC: LINear ACcelerator
LEIR: Low Encrgy Ion Ring Kudolf LEY, 'S Divisce, CEXN, 02109 96

. . - Revise! wnd adupted by Astonelle Dl Roww, ETT Div,
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Start the protons out here
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Protons colliding...




Protons colliding...

Proton

Proton
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Protons colliding...




Protons colliding...




LHCb @ LHC

Magnet

gcar, HCAL
SPD/PS M3

RICH2 M) M2

M4 M>

Transverse momentum
Transverse energy

Transverse

Beam
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LHCb @ LHC

- ELECTRONS
= PHOTONS
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pr = Transverse momentum
Er = Transverse energy



LHCb @ LHC

—d ELECTRONS
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Transverse

Beam
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LHCb @ LHC

- ELECTRONS
= PHOTONS
= HADRONS
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Transverse momentum
Transverse energy
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Beam
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LHCb performance

| X and Y resolution - offline, exactly 1 PV |

—~ 0.05 . .
- x| ndf 59.8 / 33
£0.045— Prob 0.002913
‘:’ - X - Const 0.1061+ 0.009001
o 0.04 Power 0.6605 + 0.0661
- - Epsilon  0.0004835 + 0.001658
= -
Eo 0355 ¥2 / ndf 43.56 / 33
o 0.03F Prob 0.1034
c 8 Y - Const 0.1164 + 0.0121
0.025F Power 0.7626 + 0.07157
- Epsilon 0.002562 + 0.00129
0.021— LHCb VELO Preliminary
0.015 = \'s = 7 TeV 2011 Data
E .3 3 i
0.01 = T
0.005}-
0:i|||||||||||||||||||||||||:||||||||||||||l \'(‘ng‘.‘
5 10 15 20 25 30 35 40 Locator”
nTracks E_ =
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e can measure lifetimes down to
few times ~10-!% seconds...
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Charm production @ LHC

| -._:ifl‘f--;

10% of LHC interactions produce a charm hadron : LHCb has
already collected more than 1 billion signal charm decays!
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How sensitive is my measurement?

This is not an absolute rule but...

If you have no background and you have collected N signal events, then
you can measure properties related to the signal production and decay
(this includes the lifetime) with a relative precision of (100/VN)%

100 events means 10.0% precision
10000 events means 1.00% precision
1000000 events means 0.10% precision

100000000 events means 0.01% precision



How sensitive is my measurement?

This is not an absolute rule but...

If you have no background and you have collected N signal events, then
you can measure properties related to the signal production and decay
lifetime) with a relative precision of (100/vVN)%

(this includes the

100

10000
1000000
100000000

events
events
events
events

means
means
means
means

10.0%
1.00%
0.10%
0.01%

precision
precision
precision
precision

-~ P 1S HERE
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How sensitive is my measurement?

This is not an absolute rule but...

If you have no background and you have collected N signal events, then
you can measure properties related to the signal production and decay
lifetime) with a relative precision of (100/vVN)%

(this includes the

100

10000
1000000
100000000

Value (101 s)

events
events
events
events

(41.01 +0.15) x10?

409.6 +£1.1 £1.5

means
means
means
means

EVTS

10.0%
1.00%
0.10%
0.01%

precision
precision
precision

precision < ""CP 1S HERE

Document ID

OUR AVERAGE

210k

LINK

WORLD PRECISION IS 0.35%

So we can’'t give you the full dataset to use!
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The object of the exercise

The purpose of this exercise is to
Give you a look at the data coming out of the LHC
Teach you about selecting particles in the LHC data

Teach you about fitting functions to the data in order to measure the
signal properties

Teach you about systematic uncertainties in measurements

39



Data for exercise
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Use DY°-Km events from 2012 datataking, starting mass distribution above.
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Event display

Because LHCb is a forward spectrometer with a dipole magnet, it is hard
to do visual exercises looking at the full detector. Hence we zoom in
around the interaction region for you to find displaced vertices.

41



The visual analysis framework

—My Particles

Calculate | Delete

Mass |

— Histogram

st | o |

Save -i|~",|‘u]f’«“\ |

~Legend
—

K+ S—
pi- E—
pi+ —
—

want to save, because out of them
you get a new mass which might
not be right!

Add and Draw your results on
histogram. Don’t forget to save
histogram when you finish!

— Histogram
Save Histogram |

Browser Eve ‘
Event Control | Viewer 1 Help (3|
Stant H
el
IComblnalionl I Valldate | p
Help | Exit | Zoom gives you closer look at collision ~I Visw
View [ p | ::c ' L Fullscreen shows the full view of LHCb detector and particle tr3
p | J:t '.,  Hide Geometry Hint showes you the hidden DD and its children
\ ‘ I~ Transparency ||
" Hide Geometry ’ 1 Evert -
W Transparency |
, Event numper: 3 | |
Event manager I 9 | P | |
Event number: 7 l\ ’\\
| e | . - - |
-
Click on the track to find out about ____ " e " ) |
Particie Info particle properties ass  [13057 e I
E [c198.92 MaV
Name I 7
Mass | VieV/c~z / S
ass evicte / hi2 ICSO_
E | MeV ’ /
/S L |-12511 Mavic L ) )
. —— = - - em [ kTrampa‘chmt acks g"'ﬁ&'miﬁc'f?e' Y hide th Il the particle tracks
chi2 = o o [mese | Meve ook at particle tracks and the etector ‘ou can hide the geometry to see all the particle tracks.
o Mevic L~ e & o
" Save Paricle |
py I MeV/c > e
pz [ MeVv/c ~ My Partcles
2ve Paricie | Carefully choose particles you ~— —— m :::g:: o
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An “easy” event




A “harder” event




An example histogram

hnew
3— _ Entries 20
- Mean 1867
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2 ~
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Fitting the mass

(© 0 6

Browser Eve ‘Eile Edit View Options Tools

N\ LHCb Masterclass : DO lifetime analysis

Help

Tools |
—Variahle ranges

popT: | 252 2002

~ Analysis tools
Plot DO mass

Fit mass distribution

—Background subtraction

Sig range: [ 1515.0 2{[ 75150 2

Plot distributions

~Time fit
Fit signal dacay time
Fit Result Fit Error
| 0.0000 | 0.0000

—Save resulls

Save result and fit

| Trend vs. max IP ~|

Plot trend I Clear Trend

Invariant Mass Distribution

5 1000—T————T——— T . . .
2 | Total: 53948 4
0 - Background: 29034 -
S 800[~ signal: 24914 .
E | Mean: 1866.6z0.1 ]
3 L 6:7.7+0.1 ]
© 600 _
c - -

3]
&) B <
2 B -
S 400 3
200 [ a2 oo GOV -:-"fl?l” -y

G ' A A A A i A
1820 1840 1860

1880 1900
D° Invariant Mass (MeV/c?)

Save Canvas

Filename

Read Instructions

Reset Exercise |

Exit

[

Your first task is to fit

functions to signal

and background
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Fitting the lifetime

e 00 \ LHCb Masterclass : DO lifetime analysis
Browser Eve |File Edit View Options Tools Help
Tools | Invariant Mass Distrioution (3 | Lifetime fit (|
—Variable ranges
o [ 2.5.;” .Z.O.O.j s 100711 T T 5 T T T —
.................. 2 [ Total: 53048 ] T o = Background 4
[ [ B2 - Background: 29034 4 o 2 )
DOTAU “ O‘Sﬂ 10.‘.5.-‘;7' S 800 [ Signal: 24914 — L; s « Signal 3
] u ' . o L T 4
------------------ % . Mean: 1866.620.1 - =} )
- o b - = ) %
onr: [ (2 sof 3 T TN 3
. < [&] - ¥ 3
.................. S N T A - ® &é& ]
2 f : E Ty e ‘
Analysis tools = 400 - 10° ?'#ﬂl'ﬁ' # f#}ﬁ‘ .|
Plot DD mass B ] - 1 m ]f'l, + ' 3
Fit mass distribution L . - 1H‘u'll T + + + .
Y P R - 7] 10* ‘ Lt J |
Background subtraction ST Y E ‘ ’w ’ I ‘ f lH l } 3
Sig range: I 18450 jl 1885.0 j 0 " M PR Y " L 1 M L L ‘ M N Il \ n l 1
------------- et 1820 1840 1860 1880 1900 5 10 15 20
""""""""" D° Invariant Mass (MeV/c?) D° P, (GeV/c?)
Plot distributions | |k
Time Fit
Fit signal decay time I c - c 10" T - - T - T
o o
Fit Result Fit Error = 10" - Backaround = - Backaround e
| 04720 | 0.0043 § : ) 9 § ) 9 &
2 ‘ Slgnal 9 ¢ SIgnal nnPo n::'ﬁ: ao -‘::J'-: ey
Save results < I 102 & S 3 o
| Trend vs. max IP | % 10° 5 % $ *a
: - o Wiyt %
Save result of fit O S ++ + ]LJ[. + &
Plottrend | Clear Trend B a 107 i T b
107 i %
4 . ‘ L v 5 g 4 g
10 Al T ; .
lH'lii" ik :
I irhL |||[| IIIII ‘|n| [T 10 . .
-4 0 ,
Iogw(D IP)
Save Canvas IFuename
Read Instructions Reset Exercise I Exit

Once you finish looking for the events, you will get a bigger
collection of data to use in order to measure the lifetime.



Plotting the distributions

| ©® 0 0 . \ LHCb Masterclass : DO Ilfenme analysis
Browser Eve File Edit ¥iew Options Tools Help
Tools [ Invariant Mass Distribution
—Variable ranges
popt: [ 25 %[ 200 j s 1000—T————T————T T . < —— —
.................. 2 L Total: 53948 - g 10k > Background ;
[o1s [} - Background: 29034 - T . & 3
Sl o1 &l 30.1.5.j. S 800[— Signal: 24914 ] r Signal 3
.................. 8 [ Mean: 1866.620.1 i k| :
5| L 6:7.7:0.1 g T 102 =
ok, J0HL T S ool - 5 E
o] B h ° -
""""""""" o - - (=) s # -
=) o -1 -3 —
-~ Analysis tools e 400 -] 10 ' &ﬁf E|
Plot DO mass - ] i t d
Fit mass distrioution B ] | | 1
—Background subtraction > B ‘ H
l e s A l i A e l A A A l A e s l A A A l
sig range [ 16450 & 15850 ¢ 0820 1840 1860 1880 1900 5 10 15 20
..... R DY Invariant Mass (MeV/c?) D’ P, (GeV/c?)
Plot distributions [ P
—Time fit
Fit signal decay time | S N L L & 10 j ! ’ ) ! -
Fit Resul Fit Error g 107 > Background S Background wj‘;g,%r 3
[ 0.0000 | 0.0000 > t; s Signal w s Signal A&* rd qa_'_} ]
2 2 & 0 s amy
—Save results S 3 1 02 & o & ”"tqﬁ =
o - & : % -
| Trend vs. max IP ~| 2 g P M} PR ]
3 S £ ‘H‘” / ]
Save result and fit o o s N + H‘H &
o) o 10 0 f y 3
Plot trend Clear Trend {‘ # 1‘,1‘{.’ o+ 3
4 | ‘lil I\ ? 3
[ 0y l n
\ !....' 4 HY "IA. ‘ "T ‘I '.I"v': ‘ . . . 10 J . “ ) E-
| | : SRR LR |||E 3
| ‘” ‘ “ BRI VAT .
1 il i || ||“ 10° .1
4 6 8 10 -4 -2 0 o
D° 1 (ps) log, (D" IP)
Save Canvas IFiIename
Read Instructions Reset Exercise | Exit

[
Now use that fit to plot the distributions of background and
signal events in the other physical parameters



Plotting the distributions

® 00 N\ LHCb Masterclass : DO lifetime analysis

Browser Eve |File Edit View Options Tools
Tools | Invariant Mass Distibution [/ Lifetime fit (3 |
—Variable ranges

Help

popr: [ zs& 2003 c ——
---------------- 8 D lifetime 0.4720 + 0.0043 (ps)
oorau: [ oS los el 111 % 100

& B ©

------------------ E

=

DO IP [ -dﬂﬂl 15§| 5 102

| O

.................. -
Analysis tools 10

Plot DO mass
Fit mass distribution

—Background subtraction

sig range: | 1645.0 2J[ 13650 2

------------------

3 |—
Plot distributions | >
—Time fit
Fit signal decay time |
Fit Result Fit Error
[ 04720 0.0043 >

Save results
| Trend vs. max IP ~|

Save result and fit
Plot trend | Clear Trend

ch

Save Canvas Filename

Read Instructions Reset Exercise

| Exit

And fit the lifetime! Does your result agree with slide 38?



