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'Data Analysis

Extract physics from data
a Measure a quantity 1. Basic concepts

o Search for new particles > Monte Carlo methods
3. Signal
4. Backgrounds
5. Errors
6. Statistics
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What do we measure? , ,
But in reality:

LIGHT UNFLAVORED MESONS  Quark
(8= C= B=0)

content
For I =1(m, b, p, a): ud, (uu—dd)/\/i, du;
for [ =0 (n, 0, h H,w, & f, ) ci(ut+ dd) + c(s3) I|

ELEMENTARY N R
PARTICLES Mass Mean e~ (26035 - 0.0009) €10 3 (5 212

cr = 7.8045 m
7+ — £y~ form factors [

Fy = 0.017 + 0.008
FX = 0.0115 + 0.0005 (S =1.2) Form factor

0.009
R'=0.059"§o50

In principle:

Lifetime

7 modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the appropriate
Search sections (Massive Neutrino Peak Search Test, A0 (axion), and
Other Light Boson (XO) Searches, etc.).

= o\ A :

= p
»t DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
H Decay MOdeS W [b] (99.98770+0.00004) % 30
"“"'“""’ — "“""" 4 . \J g R [e] (200 4025 )x10—4 30
== etw, [b] (1.230 0004 )x10~4 70
L) et v,y [] (161 4023 )x107 70
L& T Branching ety n0 ) (1.036 +£0.006 )x 108 4

etv.ete (32 +05 )x107° 70
II III Fraction etv.vw < 5 % 10~% 90% 70
r h,u Generations of Matter Lepton Family number (LF) or Lepton number (L) violating modes
uto, L [d] < 1.5 % 10~3 90% 30
o ut v, LF  [d] < 80 % 10~3 90% 20
u"etety LF < 16 %1076 90% 30
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Particle Properties

= Properties

a

Mass

= Measure momentum and energy: E? = p? + m?

Mass width — Lifetime

=  Measure momentum and energy or:

= How many particles exist after t seconds

Branching Fraction

m Reconstruct the decays and see how many there are.
Charge

= Direction in a magnetic field

Spin

= Angular distribution of decays

Structure e.g. Proton/Neutron/Nucleus

m Scatter particles off the proton and look at distribution

4th May 2010 Fergus Wilson, RAL



‘ Data FIOW High Signal:Background
Low Signal:Background

Trigger and Event

DAQ selection

Collision ‘ ,| Detector Storage / \ Analysis

4th May 2010 Fergus Wilson, RAL 5



‘ Flements of Analysis

Not only Data but...

| Why the truth is hard to find |

g P T T i Sigaal) » Detector response to signal
2007E E » Background estimates
goas:- E » Errors
0.05E" E o Statistical
- | Mis-Calibration Resolution -] .
004F \ . 0 systematic
0 03:__ | Background+SignaIl g r iR 7
aat= " : = How to solve?
0.02 Background ]
¢ : o Try and evaluate from
LU WA E data
1665574760760 800 830 345360 o Sometimes need more...

®(782) mass (Mev/c?)
> Monte Carlo
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‘ Monte Carlo

1. Generate artificial data
2. Simulate detector response

3. Analyse simulated data as if it were
real

o Response to known input can be
calculated

o Also used in detector design

= Computer intensive
= Must be carefully tuned and checked

4th May 2010 Fergus Wilson, RAL 7



‘ Data and Monte Carlo

Reconstruction
iSi Trigger and ¥
Collision ‘ ,| Detector |—> DAG Slo rage
i.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'_? Event

selection
MC Event —p | Detector Trigger 1
Simulator Simulator % and DAQ
: Analysis
Simulator
MC
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‘ What should we collide?

up top

= Generally want to collide particles and anti-particles: & “
o They annihilate into energy . Tad
o But anti-particles can be expensive to produce. L
= Electron /Positron colliders: @/' \‘@
Point-like with well-known initial energy. 4 aniiiolion Goon -, .4

All the energy goes into the collision.

Lose lots of synchrotron radiation in circular colliders.
Need to have good idea of the mass of the particles you want to produce e.g. e+e- —Z9°

= Proton / Anti-proton colliders:

Composite particles so initial energy not known
Not all the energy goes into the collision so need to accelerate to higher energies ALEPH

[ DELPHI

]}
]}
o All decays have roughly the same cross-section so there are no large backgrounds.
g
g

Heavy so do not lose lots of energy via synchrotron radiation
Useful if you don’t know the mass of the particles you want to produce e.g. gg—H
= Proton / Proton colliders (e.g. LHC)

o Athigh energies, most interactions involve gluons and sea-quarks so little difference in
proton/proton and proton/anti-proton cross-section.

a
a
o Large cross-sections but large QCD backgrounds
a
a

8% 88 90 92 94
E,, [GeV]

m
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A Collider Experiment

=  Combine them to do physics...
o Accelerators and colliders = Example: CDF at the Tevatron

= Sofar:

o Particle interactions
o Types of detectors

1.

2.

3.

4.

Proton-antiproton collisions
Fermilab and the Tevatron
CDF and D@

ldentifying particles
ldentifying physics processes
> Top production

> Higgs Production

4th May 2010
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‘ Cross-Sections

1 b =10>3° cm?
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‘Proton—Antiproton Collisions

= Protons are composite objects: valence & sea guarks;

gluons
= Really parton-parton collisions =

\nder‘lying event

Underlying event:
o Most lost at low angles
o Some in detector

P, unknown
Extra detector hits
Initial partons unknown

Huge total cross section
(10s of mb)

1 mb =10727 ¢cm?

4th May 2010 Fergus Wilson, RAL
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Reconstructing Collisions

What happened here?

——

e extract maximum information from outgoing particles
4th May 2010 Fergus Wilson, RAL 13




Fermilab

= 30 miles west of Chicago
= 10 square miles
= Started operating in 1972

= Major discoveries
o 1977 Bottom quark
o 1995 Top quark
0o 1999 Direct CP Violation
o 2000 Tau Neutrino
a 2006 B, Oscillation
o 2009 Higgs Exclusion Limits

4th May 2010 Fergus Wilson, RAL 14



‘ Fermilab Accelerators

TEVATRON

Collider
Experiments

\

Fixed target beams __

—
MEUTRIND

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

- TARGET HALL
-

- _ ANTIPROTON
: SOURCE

PROTON

Antipreten  Proton
Directi Directl

e

4th May 2010
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‘ The Tevatron Run 11

= Upgraded in 2001
= Vs =1.96 TeV
= proton-antiproton collisions

Collider Run Il Integrated Luminosity

80.00 10000.00

" g8000.00
60.00 ‘ || | ‘l AI"

Run Integrated Luminosity (pb)

Weekly Integrated Luminosity {pb-1)

'\lim 20 bunches
H 4000.00 [ |
ol |||i|| I | o000 = 396 ns bunch crossing
0.00 -m|l|||||.|||||H|HH| H“ [ | L -~ 1032 Cm'ZS'l
2050;5 85 95 125 155 1?:”::‘1:‘::;:5:%:;;13;05 365 395 425 ;55010 4 3 interaCtionS per CrOSSIng

mm Weekly Integrated Luminosity —o— Run Integrated Luminosity |
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‘ The Experiments

D@ - optimised for calorimetry

CDF - optimised for tracking

Plug Calorimeter (E/H)

Forward Mugn

Forward Calorimeter (E)

Central Muon

7 R e, L
- N VR D AR L
,' 1 L s
218\ 49
e -,::51__‘ AL 7 N

o~ ~ A
L

5 i
A
Pl

Luminosity Monitor

7
s

Central Calorimeter (EH)

Wall Calorimeter (H) - \,b .- Solenoid

Time of Flight
entral Quter Tracker
Silicon Vertex Detector
Intermediate Silicon

4th May 2010
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o Higher luminosity
18

o Newer technology

= 2001Upgrade

RAL

b

d
o
=
5
3]
=
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CDF Components

» Muon detectors
““““““ (drift and scintillator)

lron/scintillator CENTRAL PRERADIATOR  CENTRALSHOWERMAX

/:

HAD CENTRAL CALORIMETER
; HADRON
EN CENTRAL CALORIMETER o CAL i

[p%)
[ ]

Lead/scintillator —

l

1.4 T B Field == Z :
i 7 ’ Eu
Very fast scintillator / | TIME OF FLIGHT !",, : g .
1.0 = Y :
: corl” g 3
- /"’ % g
° _- #ff" ~ g g n _ 3
- ”:" "ﬂ-"#' % %
_ ’7— :_ ‘—“-‘_—_FF---- .

8|ayerSOfSI|IC0nA' |w:||||||||||||||||||||||
o L0O0| 5 1.0 15 2.0 2.5 3.0 m

sSVX 1l INTERMEDIATE
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Trigeer and DAQ
o e

A million channels at 2.5 MHz
42*132ns=5544ns
L1 Storage .
DAQ fzi':::j::: L1 trigger 7.6 MHz Synchronous pipeline

Cycles Deep <50 kHz Accept rate

Data AcQuisition

Processing
Storage L2 Buffers: L2 trigger :5({“:'.';};:“ Pipetine
Z: — L1+1 2 rejection: 20,000:1
Keywords: Trigger Inputs: DAQ Buffers
®Pipeline ®Number of tracks
oo rarm 200 kB at 100 Hz
®Latency ®Energy Clusters .
Storage PUW 10728196
®Buffer ®Particle Type -
®Trigger Rate

“The trigger does not tell what is right but what is left.”
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Feynman ILevel

= Hard process with final state X and Y

Directly observe X and Y If:

If not:

Long-lived (>picosecond)

Reconstruct from decay products

Interact with detectors

Reconstructed from “missing”
transverse momentum p;

Not confined (e.g. not a
quark)

11

Produce jets

4th May 2010
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Standard Model Particles

ELEMENTARY
PARTICLE S

Non interacting

il III

of Matte

4th May 2010 Fergus Wilson, RAL

Lifetime ~ ps

Short lived
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‘ Particles Signatures

= Electron, photons, muons and jets

IMLONS

<. elecirons

Hadran
Calorinetor afm

Calaritmg by,

= Tau lepton identification depends on decay mode

4th May 2010 Fergus Wilson, RAL
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Vertex Tagging

b-quark, c-quark, z-lepton will 'Vd' t
travel a few mm then decay 7 cdecay vertex

Vb decay vertex

Fus  ¥ELE4. ErEm BT
IT-AFR-1 980 0803
"

———>

Scurcs! Fus Data Pol: R e +
Trigjer: Eaargy CIC e
En]

Had ro R :
[ETETIFFo T o = ’ 3
o — " y
A - i .
I
II |I
§

rimary vertex

Precise tracking shows
“displaced vertices”

Easiest for b hadrons
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‘ Signatures: Two Electron Event

Small hadronic ‘
energy ~

Large EM energy
i
Il

High momentum _+—
track

= Tracks and energies below a threshold not shown!
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ET J1

| Run 200536, Event 4538872

Two jets

o energy in EM and hadron
a many tracks

AR TMET
g ,4‘\:‘%":. "5
vl". R

4th May 2010

ETJ2=31.8GeV | |

Signatures: Dijet + Missing Energy Trigger

Alternate view of calorimeter

p; not balanced
> undetected particles

Fergus Wilson, RAL 26



‘ Finding Top Quarks

Top quark discovered at CDF and D@ in 1995
= Need to identify top pair production:
pp Sttt Br (t—bW*) ~ 100%
Br (W*—qq) ~ 70%
Br (W*—Fv) ~ 10% per lepton

=  Semileptonic channel
a | is electron or muon
o | easy to identify
o only one neutrino
o qis a “light jet” from a u,d,s quark.
NB may be higher order effects
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‘ Top Pair Production

= Electron or muon 20% of the time

= Signature:
a 2 light quark jets
o 2 bottom jets
o One electron or muon
a

Missing transverse momentum

(because of the neutrino)
= Extras:
o Underlying event
o Higher order processes
o Multiple interactions

4th May 2010
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‘ Top Event

Run 167139 S
Event 1191211
Muon Pt = 31 Ge
Missing Et =0EI%‘¥;
Mumber of Jets = 4
'y ‘{“«-\\H 5
rd .-
i
\ /
3cm

Missing p

b tagged jets

. - .. I::c# . ..III I .J_.-" o
Tagged Jet 1: Et = 62 GeV, Phi= 1% =5mm

Tagged Jet 2: Et = 40 GeV, Phi=291,\L2d\= 2 mm

4th May 2010 Fergus Wilson, RAL
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‘ An example of the top mass

Mass of the Top Quark (*Preliminary)
50 TIme mass 200 | .
lﬂ s e o e || CDF-l di 167.4410.3+4.9
C LR e . *
? - g DO-1 i 168.4+12.3+ 3.6
N ) o . ——
8 - 5+i 5 1, COF-Ildi 1712427429
—data E : ] - S -
7 ’ : +! ER Do-11di 1747429+24
- - ol . ™
6 * fif : . ‘_f] CDF- b 1761451+ 5.3
- - = L ]
A bkgd - 14 DO-1 4 180.143.9+ 36
» - - . o
- . ORI 1721409+ 1.3
1 £ (a) e f (b) - _ -~ oo
‘: ., A TR T T TR TR N TR T S S S ﬁ DO_H'H 1?374__08i 16
7 . CDF-Iall4 186.0410.0+ 5.7
. = . . —_——
- ' %’ A ¢ - COF-Ilall 1748+1.7+1.9
. " A . - . °
1 A4 E DRIk 1753+ 6.2+ 3.0
. 4 A &lala . , ||
{0 L [ R S R 4 | Tevatron March'09 17314 0.6+ 1.1
30 120 160 200 240 280 G Gyt
yeidof = 6.3/10.0 (79%)

¥
Fit top quark mass (GeVic™) | | | |

150 160 170 180 190 200
~1999

Mo (GeV/c?)

2009
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Next Time...

Finding the Higgs and
writing your first paper
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