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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?
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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 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?

"MAT"TEiz FORCE ;

Quarks ~ | GaugeBosons

Leptons |

There are a small number
of fundamental particles.



Smaller than atoms...

tructure withir
the Atom

Quark

Size <107"¥%m

Nucleus Electron
Size = 10~ %m Size <1071%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 kind of particles are there?
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There are a small number And a massive number of composite
of fundamental particles. particles made up of quarks! The
above is nowhere near the full list!



What kind of particles are there?

The monks had their bible...



What kind of particles are there?

The monks had their bible... We have the Particle Listings!

10



What do quarks form?
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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).
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What are some typical particle lifetimes?

Type Name Symbol Energy (MeV) Mean lifetime
Electron / Positron | ¢~ / e’ 0.511 > 4.6 x 10%° vears
Lepton  Muon/Antimuon | i / u’*’ 105.7 22 % 107° seconds
Taulepton/ Antitau =~ 7~ /7 * 1777
Neutral Pion " 135 8.4 x 107'" seconds
Meson . + — —
Charged Pion T/ 139.6 2.6 x 107 seconds
Proton / Antiproton p+ / p_ 938.2
S Neutron / Antineutron| 71 / n 939.6 885.7 seconds
e W boson W™ /W~ 80400 10~* seconds
Z boson it 91,000 10~*° seconds

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



What are some typical particle lifetimes?

Type Name Symbol Energy (MeV) Mean lifetime
Electron/ Positron | ¢~ / e’ 0.511 > 4.6 x 10%° vears
Lepton Muon/Antmuon  p~ /put 1057 292 % 107% seconds
Taulepton/Antitau = 7~ /T * 1777
Neutral Pion " 135 8.4 x 107'" seconds
Meson . + — —
Charged Pion T /w 139.6 2.6 x 107° seconds
Proton / Antiproton p+ / p— 938.2
sanvon Neutron / Antineutron| 71 / n 939.6 8&85.7 seconds
oo W boson W /W™ 80400 102 seconds
Z boson ot 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...
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How do we measure a short lifetime?

As an example, consider a particle which lives 10-12 seconds

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



How do we measure a short lifetime?

As an example, consider a particle which lives 10-12 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... 15



How do we measure a short lifetime?

As an example, consider a particle which lives 10-12 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... 16



How do we measure a short lifetime?

As an example, consider a particle which lives 10-12 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... 17



How do we measure a short lifetime?

As an example, consider a particle which lives 10-12 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-v2/c?)

Typically an LHC particle with a lifetime of 10-!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... 18



So why is the DY special?
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So why is the DY special?
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So why is the DY 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?
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13.7 billion years
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Why does antimatter matter?
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Why does antimatter matter?
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Why does antimatter matter?

Equal
amount of
matter and
antimatter

created

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc. ‘

Inflatior

Dark Energy
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o

1st Stars
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|< 13.7 billion years

So where did all the antimatter go?

Today:
almost no

antimatter
in the
universe
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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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Why the DY and not another particle?

Neutral mesons can oscillate between matter and
anti-matter as they propagate
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Why the DY and not another particle?

Three Generations
of Matter (Fenmons)
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Classic example is the By meson : measurement of
Ba oscillations was an early indication of the
top quark mass

b W Va d
0
B

d

29



Why the DY and not another particle?

Three Genarations
of Matter (Fermions)
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Neutral mesons can oscillate between matter and
anti-matter as they propagate

Classic example is the Bq meson : measurement of

Ba oscillations was an early indication of the
top quark mass
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Oscillations are interesting because they are
sensitive to new particles appearing virtually
inside the box diagram, which can be very much

heavier than directly produced particles 30



Why the DY and not another particle?
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Neutral mesons can oscillate between matter and
anti-matter as they propagate

There are several different “down-type” mesons
which oscillate : (ds) K°, (db) Bg, (sb) Bs

But only one up-type : the (cu) D° meson
The top quark does not form mesons or baryons
This makes the D° a unique laboratory for

studying matter-antimatter symmetry in the up-
type quark sector
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Large hadron collider @ CERN

CERN Accelerators

(not to scale)
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ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster 0.3¢c by here
PS: Proton Synchrotron

LINAC: LINear ACcelerator
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Start the protons out here
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Large hadron collider @ CERN

CERN Accelerators
(not to'scale)
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6 collaborsson with B Destorges, S5 Div, and
0, Manglenki, P§ Div. CERN, 21,0501
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Large hadron collider @ CERN

CERN Accelerators

(not to'scale)
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Large hadron collider @ CERN

CERN Accelerators
(not to'scale)
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Large hadron collider @ CERN

CERN Accelerators

(not to scale)
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ing...

Protons collid
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Protons colliding...
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Protons colliding...
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|HCb @ LHC

Ecar, HCAL »
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pr = Transverse momentum
Er = Transverse energy

Transverse

Beam
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|HCb @ LHC
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|HCb @ LHC
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|HCb @ LHC
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LHCb and CMS geometries compared
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Transverse momentum
Transverse energy
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LHCb performance
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LHCb performance

| X and Y resolution - offline, exactly 1 PV |
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Charm production @ LHC

i

‘ -._:554’;:

& |
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 iIs 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 iIs 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
10000 events
1000000 events

100000000 events

means
means
means
means

10.0% precision
1.00% precision
0.10% precision

0.01% precision <Y cb IS HERE
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How sensitive iIs 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

10000
1000000
100000000

Value (10~1° s)

(41.01 +0.15) x10*
409.6 +1.1 +1.5

events
events
events
events

EVTS

OUR AVERAGE

210k

means
means
means
means

10.0% precision
1.00% precision
0.10% precision

0.01% precision <Y cb IS HERE

Document ID

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 1is 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
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Data for exercise
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Event display

Because LHCb 1is 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.
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The visual analysis framework
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Carefully choose particlesyou ~ ——

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!
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You can hide the geometry to see all the particle tracks.
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An “easy’ event




A “harder” event




An example histogram
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8 00

Fitting the lifetime

Browser Eve ‘Eile Edit View Options Tools

Tools |
— Variable ranges

DO PT: IT:IIW:]

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

Analysis tools
Plot DO mass
Fit mass distribution

Background subtraction

Sig range: | 1845.0 :" 1865.0 :]

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

Plot distributions |

Time Fit
Fit signal decay time [
Fit Result Fit Error
| 04720 | 0.0043

Save results
| Trend vs. max IP ~|

Save result of fit
Plot trend I Clear Trend

Invariant Mass Distrioution (] | Lifetime fit (]

\ LHCb Masterclass : DO lifetime analysis

Help

|

10 MWMﬂ

=~ 1000- T I r -
2 | Total: 53948 i
w0 - Background: 29034 .
S 800" signal: 24914 .
@ [ Mean: 1866.6:0.1 J
3 L o:7.7:0.1 4
T 600f— —
© o —
(&) N i
OO - —
400 —
2001 i e aiiton s 7]
0 ; e A
1820 1840 1860 1880 1900
D’ Invariant Mass (MeV/c?)
= T T r T T
1= 1
5 107% - Background
% = Signal
5
5 10
c
©
o
=

D° Candidate Fraction

D° Candidate Fraction

10%

10?

10*

10"

10?

10°

10

-l
o
o

[T

T .
o Background

« Signal

1 lllld 1 llluld 1 llI""I |

ot

20
D° P, (GeV/c?)

E v v v T T T
3 = Background P

= & “:;3%:‘“}.

[ - Signal £ F ey,

L a: —_¢.- oo ey, "

3 o ) '

- % ++4+ b ¢ %

B ¢ ++ + . O\v

3 HTTi

: L {T&
M#
-4 0

Iogw(D° IP)

Save Canvas

IFllename

Read Instructions

Once you finish looking for the events, you will get a bigger

Reset Exercise I Exit

collection of data to use in order to measure the lifetime.
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Online instructions

N\ LHCb Masterclass : DO lifetime analysis

Browser Eve File Edit Yiew Options Tools Help
Tools | Invariant Mass Distribution |

—Variable ranges

. 20.0
popr: [ 252 2003 ®e00 '\ INSTRUCTIONS

' Enter Slider Min Value|

Welcome to the LHCb masterclass exercise on measuring the lifetime of the DO meson.

| 015 jl 1015 j The goal of this exercise 12 to measure the lifetime of the D0 meson, a fundamental
e T particle made of a charm quark and an up anti-quark. In order to do so, you will
first learn how to separate signal D0 mesons from backgrounds. Finally, you will
compare your results to the values found by the Particle Data Group (http://pdglive.lbl.gow).

I :" j Step-by-step instructicons :

T 1. Plot the D0 mass distribution. The mass of the D0 is a fundamendal variable
which separates signal (the peaking structure in the muddle) from the flat

~ Analysis tools background.
Plot DO mass 2. Read the results of the fit and use them to determine the signal range. The
function being fitted to the signal 18 a Gaussian, whose width, indicated by

the greek letter sigma, 18 related to how far the signal extends from the mean
(or most probable) value. In particular, an interval of +-1 sigma arcund the mean
value contains 68% of the signal, while +-3 sigma contains 99.7% of the signal.
Use the slider to set the signal range to be +-3 sigma arcund the mean value.

Fit mass distrioution

—Background subtraction

3. Plot the variable distributions. You will see three further plots appearing, and

S|g range I 1315 0 jl 1915.0 j in each cne the blue points represent the distributicon of the signal in that variable
while the red points represent the distribution of the background. The plot is logarithmic

in the Y axis, and each point represents the fraction of the total signal in that bin.

rrrrr e Which regicns of each variable contain moostly signal? Which contain mostly background?

Plot distributions | % 4. Fit the lifetime distribution. Save the results
of your fit and compare them to the PDG value. Do they agree?

—Time fit 5. Repeat step 4 but now varying the upper DO log(IP) variable range
-2 i i 7
Fit slgnal decay time I from 1.5 to -2 in steps of 0.2. Do you notice a pattern?

Fit Result Fit Error 6
[ 0.0000 | 0.0000 | [>

Talk to a demonstrator about your results. Does the DO lifetime with an log(IP) cut of
-1.5 agree better or worse with the PDG than the lifetime with an log(IP) cut of 1.57

—Save results
| Trend vs. max IP ~|

Save result and fit
Plottrend | Clear Trend

Save Canvas "Filename

Read Instructions | Reset Exercise | Exit

—

As with the event display, there are online instructions



Fitting the mass

|® O O '\ LHCb Masterclass : DO lifetime analysis
Browser Eve ‘Eile Edit View Opfions Tools Help
Tools I Invariant Mass Distribution
—Variahle ranges
e e T |
—_ 2 Total: 53948 :
A A w0 Background: 29034 -
potau: [ 015 21015 5 S 800 signal: 24914 -
- 2 Mean: 1866.620.1 ]
- - o] 6:7.7:0.1 e
oor: [ 4oefl 153 3 600 -
2 | g -
.................. S i
DQ —~
~ Analysis tools - 400 —
Plot DO mass .
Fit mass distribution 200 NP .:.\_::,.n.
—Background subtraction Gt A A 0 I A
f - - 1 PYREE TR W N TN TN SH NN S TN S S L1 L
sig range: [ 18150 5[ 15750 2] 0820 1840 1860 1880 1900
S D° Invariant Mass (MeV/c?)
Plot distributions | P
~Time fit
Fit signal dacay time I
Fit Result Fit Error i
| 0.0000 | 0.0000 |
—Save resulls
| Trend vs. max IP |
Save result and fit
Plot trend I Clear Trend
Save Canvas Filename
Read Instructions Reset Exercise | Exit |J

[

Your first task is to fit functions to signal and background



Plotting the distributions

| ® O O N\ LHCb Masterclass : DO lifetime analysns
Browser Eve File Edit Yiew Options Tools Help
Tools [ Invariant Mass Distribution
—Variable ranges
DOPT: [ 25 ;]'I 200 j < 1000—T————T————T——————— < ———— .
.................. 2 | Total: 53948 J 'é 10 B = Background
) - Background: 29034 4 © )
Sl [ose] 1015:] S 800 Signal: 24914 . P + Signal
.................. 2 [ Mean: 1866.6:0.1 X 5
s - 6:7.7%0.1 o T 1072
ooe: [ 40l 18 :.| 3 600 - 8
5 L N (&]
.................. S K | N
=) ' i 10
-~ Analysis tools 400 —
Plot DO mass - :
Fit mass distrioution - .
2001 1 ot poitig g i 7 10+
—Background subtraction e M B
1845 0 1885 U 0 1 1 1 1 L 1 1 1 AL 1 1 1
sig range [ 1845.0 = 73650 £ 1820 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 J e & 10 ! ’ L
Fit Result it Error S 10 ; > Background S 0 Background W}M
[ 0.0000 | 0.0000 ’ ‘; = Signal t = Signal :AAH,;P : “%%%
2 = 2 s o PRy,
—Save results g g 10 “ & '*5%
| Trend vs. max IP ~] 2 ° sop % wt
8 8 & i ++++§ H %
Save result and fit > ° 10° 4,»4 A ff‘ll}
Plot trend Clear Trend - + ##{P o,%%
NRTRALS | 3 I\l
| : iy | w ) A AR : 10+ I ﬁ i‘ “ )
I I l " '...'I”V ' ‘lllE‘ I
| ‘” i ‘ AR IRV EATO T
| nl il Jl TN I||||| 10° o
-4 -2 0 o
Iogm(D IP)
Save Canvas "Filename
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 \ LHCb Masterclass : DO lifetime analysis

Browser Eve | Flle Edit View Options Tools Help

—Variable ranges

popT: | 252 2004

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

Tools | Invariant Mass Distribution [ Lifetime fit (x |

Analysis tools
Plot DO mass
Fit mass distribution

—Background subtraction

sig range: | 1645.0 2J[ 18650 2

] |—

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

Plot distributions |

—Time fit
Fit signal decay time |
Fit Resuit Fit Error
[ 04720 0.0043

 Save results
| Trend vs. max IP ~|

Save result and fit
Plot trend | Clear Trend

ch

D° Candidate Fraction

10°

102

-l
(=

:l-l'l'l'ﬂ'll'l lllll'I|'| llllllll'l TTTT

—

——
D’ lifetime 0.4720 = 0.0043 (ps)

Save Canvas Filename

Reset Exercise

Read Instructions

| Exit

[

And fit the lifetime! Does your result

agree with slide 512?
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