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What do we want to measure? ... “stable”
decays! particles!

074: Brookhaven & SLAC ' w70 DESY

hadron
jets

1947: Manchester University

s interaction
modes!?

invisible
in particle
detectors at
accelerators

interaction Z H
modes!? [’l T
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J Leckure 1

Uniks and kinematics

Cross section & Luminosity

et—e~ vs hadronie colliders
How do we “see” parﬁdes?

u




Measuring particles

® Particles are characterized by

v’ Mass Unit: eV/c? or eV] Particle identification via
v' Charge Unit: e] measurement of:
v Energy Unit: eV]
v Momentum Unit: eV/c or eV] e.g.(Ep,Q)or(pB Q)
v (+ spin, lifetime, ...) (.M, Q) ...
® ... and move at relativistic speed (here in “natural” unit: h = c = [)
v 1
_ — 2 —5 2
f=- 7= E* = m
C \/ 1 — 32 p T .
Lo E=my p=myp
(= — length contraption =
R B—’ _ P
t = tof'y time dilatation - E

Marco Delmastro (experimental) LHC physics



Center of mass energy

® |n the center of mass frame the total momentum is O

® In laboratory frame center of mass energy can be computed as:

2

Ecm:\/gz ZE’L 2_ Zﬁz

Hint: it can be computed as the “length” of the total four-momentum, that is invariant:

p=(E,p) VP D

What is the “length” of a the four-momentum of a particle!?

Marco Delmastro Experimental Particle Physics



Invariant mass
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Fixed target vs. collider

mi mo
- ®
P1 p2 =0
mi mo
- —~
/ I A
P1 P> = —P1

How much energy should a fixed

target experiment have to equal E
the center of mass energy of fix
two colliding beam!?

arco Delmastro Experimental Particle Physics




Interaction cross section

1 dN = |
Flux, P = : [L2¢'] CB_——) N l;‘
S dt |

area obscured by target particle

Reactions dNreac

4 \
Rer unit of p— (I)ONtarget dZE [t']
tme dt [L2e'] 21 L' [L

Reaction rate |
W, f = bg [

per target particle

Cross section [ [ Zf

per target 0 — [L’] = reaction rate per unit of flux

particle @

Ib = 1022 m? (roughly the area of a nucleus with A = 100)

Marco Delmastro (experimental) LHC physics
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Cross-sections at LHC

Marco Delmastro

c (nb)

proton - (anti)proton cross sections
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|08 events/s

~|O|O

|02 events/s ~

|0 events/min
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Why accelerating and colliding particles!?

Aren’t natural radioactive processes enough? What about cosmic rays?

High energy Large number of collisions

E:mCQ N:£O-

® Probe smaller scale ® Detect rare processes

® Produce heavier particles ® Precision measurements

Marco Delmastro (experimental) LHC physics 12



Luminosity

(4 AR AR AR RS AR RS AR RRRES
g |
Number of events 3 oL i
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About the inner life of a proton

* protons have substructures
v partons = quarks & gluons
v" 3 valence (colored) quarks bound by gluons O
v" Gluons (colored) have self-interactions
v Virtual quark pairs can pop-up (sea-quark)
v" p momentum shared among constituents

* described by p structure functions

* Parton energy not ‘monochromatic’

v Parton Distribution Function
* PDF = q(x,Q?, q = uds,.g

fin
- Pe 1o} e 108 T
Pe [ Q = 100GeV
109 | -
2= (p i fin)2 3 3
Q= (Pem' Pe m) g S
* Kinematic variables E [ T 3 -
v" Bjorken-x: fraction of the proton
momentum carried by struck parton 2 _1 \ N Y
1072 | ! L LRNNY \ 3
* X= Pparton/ Pproton L] : \E
v" Q?: 4-momentum? transfer T e S T T
X X

Marco Delmastro (experimental) LHC physics 14



e"-e" vs. hadron collider

faralxa, Q2) Parton distributions
A . measured in DIS

Counts 7 Sec. 7 a Hard scatering
I T
1020 L=10"cm sec

Beam parton subprocess
particles G(ab —= X)l
\ ~
i b 5= XaXpS
B { Beam fragments/
~— » spectator jets
10~ fors(Xp, Q2)
\/_ \/ LaqlpS
& 10733
5 = dzod ’ %)
= g = Lg xbfa(x: Q )fb(x: Q )Uab(xaa xb)
'Z; a,b
= ~ 4
® s 9\ CTEQAM (Q*=10" GeV?)
BOR R e gluon/10 to produce a particle with
S 7, VR T e iz mass M = |00 GeV
upbar
..... d?wnbor
i range
10-37 O . TR PO charm Vs 100 GeV
I Vs = 14 TeV 2> X =
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1073° ! L : L . | R Vs=5TeV 2 x=0.36
10 ‘ 10 10 10 10 0 _41 Ll Lt L1 P17y e
2E,(GeV) 1

3 “cad -1
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Marco Delmastro
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et-e- collider

Marco Delmastro

no internal structure
E =2E

Pros

collision beam

Probe precise mass

Precision measurements

Clean!

Cons

Only one E at a time

collision
limited by synchrotron
radiation

(experimental) LHC physics

Hadronic collider
quarks + gluons (PDF)
E <2E

Pros

collision beam

Scan different masses

Discovery machine

Cons
E

Dirty! several collisions on
top of interesting one

(pileup)

coliision NOt known



ALEPH @ LEP ATLAS @ LHC

Marco Delmastro (experimental) LHC physics



Z->pu event with 25 reconstructed vertices
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Collider experiment coordinates

Marco Delmastro (experimental) LHC physics 19



Electron energy loss

from I I\\I III:II| I [ IIIII| I I
PDG 2010 [ -
B Positrons Lead (Z=82)
_Electrons -
= 1.0— —0.15 ~
Moller ><;O Bremsstrahlung i o0
~ N
e e — E
SES 1 8
g —0.10
_________________ ' 0.5 .
e S i
/ —0.05
e* et _
_______________________ :Positron 5> -
"""""""" ) ann%hillatilorll e -
) ° v 10 100 1000
e E (MeV)
Bhabha
o y Fractional energy loss per radiation length in lead
Annihilation as a function of electron or positron energy
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Muon energy loss
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Q\ | — 'S
8100 - L —="\ o 10
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o < S /
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Muon momentum

(experimental) LHC physics
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Interaction of photons with matter

1 kb

Cross section (barns/atom)

scattering

lOmbL | )/

Rayleigh

/
/

‘\

/

/ GCompton \
| | I\

] T |
S — AN
I Mb _% 0 Carbon (Z = 6) | \%J%o
E 1 Mb CoR
B é % Photo effect N
- Gp.e.% ] ]

1 kb

Cross section (barns/atom)

10eV

Marco Delmastro

1 MeV
Photon Energy

1 keV

1 MeV

1©23: Washington University”

Pair -
. production

lb— !
/ GCompton
"t I 10 mb / | |
1 GeV 100 GeV 10eV 1 keV

Pair Production
Compton scattering

Experimental Particle Physics

1 MeV
Photon Energy

1 GeV 100 GeV
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Interaction mode recap

©23: Washington University”

Marco Delmastro

electrically charged
ionization (dE/dx)

electromagnetic
shower...

electrically neutral

pair production
v E>| MeV

electromagnetic
shower...

(experimental) LHC physics

electrically charged
ionization (dE/dx)

can emit photons

V" electromagnetic
shower induced by
emitted photon...

but it’s rare...

produce hadron(s)
jets via QCD
hadronization
process

For now, let’s just
think about
hadrons...

v ionization

v" hadronic shower...

23



Magnetic spectrometer for ionizing particles

® A system to measure (charged) particle momentum

® Tracking device + magnetic field

- . ke e
£ 7 2770 TR APl NN
e * A\ el SNV
/ /::::\ \ [ -
FANFPAENS SR S ISR
( ‘ / \ \ ( r ~ A\ \ \
( ‘ ‘7 \\\\ \ | ( / 00,° \\\\ \ |
ERER NN R W
I
: I { I\i\\\ ,lll" I I : ‘ I Y |\ll\ /lll: I 1 *
\ \ \\\\\ AL / / l \k \\\\\ 0, g |
NN SSEEs e, \A\ sz /)
\ oy - - J d AN canu, /
NN s / \ ~ - //
NN ~——" .7~ > < -
N O P \\\\M——////
SN’ \\__—//

plGeV] = 0.3B[T|p|m|]
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Calorimeters for showering particles

® Electromagnetic shower
v" Photons: pair production
 Until below e*e threshold

v Electrons: bremsstrahlung

*  Until brem cross-section smaller then

ionization
dE dE
—(E)| = ——=(E)
ax Brems dx lon
ABSORBER )
<
. M
’V\/\MP\
e'\.ﬁ__ . I\I\N\r\'
e \\// -
N T
0

Marco Delmastro (experimental) LHC physics

® Hadronic showers

v Inelastic scattering w/ nucleai

* Further inelastic scattering until
below pion production threshold

v" Sequential decays
- vy

— Fission fragment: B-decay, Y-decay

— Neutron capture, spallation, ...




Hadronic vs. EM showers

20

-
(6)]

-
o

altitude above sea level [km]

Marco Delmastro

250 GeV
proton

250 GeV
photon

lateral shower width [km]

+5 5 0
lateral shower width [km]

(experimental) LHC physics
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How do we “see” particles!?

Tracking Electromagnetic Hadron hMuon
chamber calorimeter calorimeter chamber
photons é‘g
—
'
et
—>
muons
-
+
n= P
—

> <

Innermost Layer... P ... Outermost Layer

Marco Delmastro (experimental) LHC physics 27



How do we “see” particles!?

Bearn Fipe
(center)

] Tracking
Chamber

. I'\f'lagnet (il :"-]Eﬂ_ltl'it

W E-M

Calorimeter

[] Hadron T=MEROtOn
Calorimeter

[ Magnetized

[ron

Muon
— Charnbers

Marco Delmastro (experimental) LHC physics

Ehatan

)4

Electron

28



Particle identification with tracker and EM calo

Electromagnetic
Calorimeter |
~Solenoid magnet R \
Transition : Secseal
Radiation - :
Tracking Tracker ATI- AS
Pixel/SCT ¥
detector L2 EXPERIMENT

http://atlas.ch

Marco Delmastro (experimental) LHC physics 29



Particle identification with EM and HAD calos

Muon
Spectrometer
Hadronic
Calorimeter
The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter !
4 1 :g 34
Solenoid magnet tf eescssstss: se soesrsssss:
ransition i Rt
Radiation 45# y Saeliasng
Tracking € Tracker iy T
Pixel/SCT
iy EXPERIMENT

hnp //utlns ch

Marco Delmastro (experimental) LHC physics



A few words on QCD

® QCD (strong) interactions are carried out by
massless spin-| particles called gluons

v" Gluons are massless

* Long range interaction
v" Gluons couple to color charges

v" Gluons have color themselves

* They can couple to other gluons

® Principle of asymptotic freedom

: : : uark-quark effective potential
v" At short distances strong interactions are weak T T P

* Quarks and gluons are essentially free particles 4
Perturbati i lculate! As
erturbative regime (can calculate!) ‘/ts = —— — + k‘/ro
v" At large distances, higher-order diagrams dominate 3T
* Interaction is very strong —
* Perturbative regime fails, have to resort to effective single gluon confinement

models exchange

Marco Delmastro (experimental) LHC physics 31



Confinement, hadronization, jets

Marco Delmastro (experimental) LHC physics

- 4
v D
U
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— B5ET (GeV)

1A EXPERIMENT

Run Number: 166466, Event Number: 78756195

Date: 2010-10-08 08:05:57 CEST

Marco Delmastro (experimental) LHC physics 33



Neutrino (and other invisible particles) at colliders

® Interaction length A, . = A /(p 0 N,)

® Cross section 0 ~ 10-3® cm? x E [GeV]

v" This means 10 GeV neutrino can pass through more
then a million km of rock

® Neutrinos are usually detected in HEP experiments through
missing (transverse) energy

® Missing energy resolution depends on
v" Detector acceptance

v" Detector noise and resolution (e.g. calorimeters)

Marco Delmastro (experimental) LHC physics 34



B-taggin
5!NS Displaced
cks

1977: Fermilab

Secondary
Vertex

®  When a b quark is produced, the &’
associated jet will very likely contain o
at least one B meson or hadron ]
B mesons/hadrons have relatively
long lifetime

v~ 1.6 ps

v" They will travel away form collision
point before decaying

Vertex

|dentifying a secondary decay vertex
in a jet allow to tag its quark content

Similar procedure for c quark...

Marco Delmastro (experimental) LHC physics 35



All jets 44%

top quark

1995: Fermilab ® Mean lifetime ~ 5x107'3 ps | coits 6%
v Shorter than time scale at which QCD acts: no e
time to hadronize! 3o
v ltdecaysas £ — Wb “5{2%1 pets 15%
® Events with top quarks are very rich in (b) jets... oviets 15%

@ muon q {
Jet l(b)a o :

‘ V,
% H neutrino

q

b

'

>&V¢<
antiproton beam proton beam q q
"t LHC is a "top factory™!

- , * 5 millions of tt pairs w
K7 « ~100000 in Tevatron in ¢

. Ve o 20 years b

neutrino ©° o &

€ ) o g =

Jet 2 (B)

Marco Delmastro (experimental) LHC physics 36



Tau

® Tau are heavy enough
that they can decay in
several final states

v Several of them with
hadrons

v" Sometimes neutral
hadrons

® Mean lifetime ~ 0.29 ps

v

|0 GeV tau flies ~ 0.5 mm

v" Too short to be directly seen in the

detectors

® Tau needs to be identifies by their decay
products

® Accurate vertex detectors can detect
that they do not come exactly from the
interaction point

Marco Delmastro
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Quantity
length
charge
energy
mass

h = h/2
C

hc

HEP units S| units

| fm 10> m

e 1.602- 101" C

| GeV .602 x 1010

| GeV/c? 1.78 x 10?7 kg

6.588 x 10> GeV s 1.055 x 1034 s
2.988 x 1023 fm/s 2.988 x 108 m/s
197 MeV fm

“natural” units (h=c=1)
| GeV

| GeV! =0.1973 fm

| GeV'!' =659 x 102 s

(experimental) LHC physics
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Relativistic kinematics in a nutshell

E* =p" +m”
g o E =mry
Y -
t = toy p=myp



Cross section: magnitude and units

Standard
cross section unit: [0] =mb with 1 mb = 1027 cm?
orin
natural units: [0] = GeV? with 1 GeV2=0.389 mb
1 mb =2.57 GeV~?
o using: hc =0.1973 GeV fm
Estimating the

2 -
proton-proton cross section: (hc)> =0.389 GeV? mb

Proton radius: R = 0.8 fm
----------------------- Strong interactions happens up to b = 2R

o =T1(2R)?2 = - 1.62 fm?
=T1-1.6%2 1026 cm?

Effective =1-1.6°10mb
Cross section =80 mb

Marco Delmastro (experimental) LHC physics 43



Proton-proton scattering cross-section

-
(=]
N

Cross section (mb)

10 | tginA ) :
B ;-w-cs

.....................................................................................................................................................................

o S R SR S S o - Rlab GeV/c

1 llllllll 1 Illlllll | llllllll | IllIllII 1 llllllll | llIllllI | llllIllI 1 llllllll | IIlllll|

Ll L L LLLL

/nob|q1Bpdy/:dny

107 1 10 10° 10° 10° 10° 10° 10" 10°

\s GeV — T T TTTTT T T TTTTTI T T T TTTTI T T T TTTTI T 1

1.9 2 10 10° 10° 10*
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Syncrotron radiation

C— S — A Ay
™ —
—

acceleration

—— —— d—
e
—

7
to observer

Marco Delmastro

energy lost per revolution

3 3.4
AE:47T 1 e’ 37y
3 4meg R

electrons vs. protons

AFE, My,

Y

AE, Me

4

It’s easier to accelerate protons to
higher energies, but protons are
fundamentals...

(experimental) LHC physics 45



CERN accelerator complex

CMS
+_ —+
LHC

<"« North Area

LHCb

ALICE

SPS

9

K’
ATLAS CNGS \|

2006 Gran Sasso

HiRadMat
I

AD
T2 BOOSTER
@ PR » 1SOLDE
b — East Area.

n-ToF

LINAC 4

PD -
1959 (628 m)
() CTF3
O %

Leir

neutrons

LINAC 3
lons
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Magnetic spectrometer

d -
Charged particle in p _Q 3

magnetic field dt T Q6 X B

If the field is constant and we neglect presence of matter, momentum
magnitude is constant with time, trajectory is helical

p|GeV] = 0.3B|T|p|/m]

Actual trajectory differ from exact helix because of:
* magnetic field inhomogeneity

* particle energy loss (ionization, multiple scattering)

Marco Delmastro (experimental) LHC physics
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Momentum measurement

S = sagitta N 12 —OSBZQ
T8 N P78 P78

| = chord

p p P = radius 6p — 58

smaller for larger number of points  measurement error (RMS)

4
Momentum resolution due 5]9 € p
to measurement error — N
D L20.3B
H_I
Momentum resolution gets projected track length resolution is improved faster

worse for larger momenta in magnetic field by increasing L then B
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Electromagnetic showers —
&
Dominant processes . /%
at high energies ... Pron { N A
Photons : Pair production Lo N M<
Electrons :  Bremsstrahlung = o* g
Electron / Photon 0
Pair production:
o " (g o272y 183 Bremsstrahlung:
p 9 e Z%
dE 7?2 183
T A ot — =4aN —r - E In =
E— [Xo: radiation length] A 1
9 NaXp ’ in cm or g/cm?] dx A Zs X
peseptn - B = By
B  Na T p After passage of one Xo electron
H=no =p A Opair = 9 Yo has only (1/e)th of its primary energy ...
[i.e. 37%]
Critical energy: d—E( E,.) = dE(E )
dx Brems dx lon
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Hadronic showers

Shower development:

1. p + Nucleus > Pions + N* + ...

2. Secondary particles ...

undergo further inelastic collisions until they
fall below pion production threshold

3. Sequential decays ...

o > Yy: Yields electromagnetic shower
Fission fragments > B-decay, y-decay

Mean number of
secondaries: ~ In E

Typical transverse

Neutron capture > fission

Spallation ...

Substantial
electromagnetic fraction

fem ~INE

[variations significant]

1'1dl CO wellidasu o

momentum: pt ~ 350 MeV/c

Cascade energy distribution:
[Example: 5 GeV proton in lead-scintillator calorimeter]

lonization energy of charged particles (p,TT,u)
Electromagnetic shower (11°,n°,e)

Neutrons

Photons from nuclear de-excitation
Non-detectable energy (nuclear binding, neutrinos)

.....

\EXPENCIdl) L prysicy

1980 MeV [40%]

760 MeV [15%]
520 MeV [10%]
310 MeV [ 6%]
1430 MeV [29%]

5000 MeV [29%]



Homogeneous calorimeters

* In a homogeneous calorimeter the whole detector volume is filled by a

high-density material which simultaneously serves as absorber as well
as as active medium ...

Signal Material
Scintillation light BGO, BaF, CeFs. ...
Cherenkov light Lead Glass
lonization signal Liquid nobel gases (Ar, Kr, Xe)

*  Advantage: homogenous calorimeters provide optimal energy resolution

* Disadvantage: very expensive

* Homogenous calorimeters are exclusively used for electromagnetic
calorimeter, i.e. energy measurement of electrons and photons
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Sampling calorimeters

Scheme of a
sandwich calorimeter

Principle: passive absorber

Alternating layers of absorber and l ) l _ shower (cascade of secondaries)

active material [sandwich calorimeter]

, incoming particle
Absorber materials: 0

[high density]
lron (Fe) (] {1 | () |
Lead (PDb) P
Uranium (U) active layers

[For compensation ...]
Active materials:

Plastic scintillator

Silicon detectors

Liquid ionization chamber
Gas detectors

Electromagnetic shower
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A typical HEP calorimetry system

Typical Calorimeter: two components ...

Electromagnetic (EM) +
Hadronic section (Had) ...

Different setups chosen for
optimal energy resolution ...

But:

Hadronic energy measured in
both parts of calorimeter ...

Needs careful consideration of
different response ...

Marco Delmastro

Electrons
Photons

Taus
Hadrons

Jets

(experimental) LHC physics

Schematic of a
typical HEP calorimeter

EM

:

Had

Had
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Energy resolution in calorimeters

Energy resolution: e.g. inhomogeneities

shower leakage e.g. electronic noise

' sampling fraction variations

Fluctuations: ,
Sampling fluctuations ’ Typical'
Leakage fluctuations '
Fluctuations of electromagnetic A: 0.5-1.0 [Record:0.35]
fraction B O 03 _ O 05
Nuclear excitations, fission, B o '
binding energy fluctuations ... C: few %

Heavily ionizing particles
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Resolution: EM vs. HAD

100
B A protons
B O pions
i ® clectrons
50 , Alut
— measured resolution
- A\ --- sampling fluctuations

S A
o I \D\A"k
= A0 A1
£ Had resolution
'c_'é IOE— \A“ﬂ_\\
L e A
T b
s 7
s B \\‘
EM resolution
- [dominated by sampling fluctuations]
[AFM Collaboration] T S
0 5 10

Available energy (GeV)
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Sampling
fluctuations
only minor
contribution to
hadronic
energy
resolution
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