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85" TRACKING DETECTORS

Lecture 1
Basics: propagation of particles in media and measurements

Lecture 2
Main tracking detector concepts and examples of their use

Lecture 3
Overview of muons systems at collider experiments
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8997~ TRACKING DETECTORS

Lecture 1

Which particles do tracking detectors “track” and what for?

Basics of detection:
. Trail left behind by charged particles in matter
. Transport of ionization to sensors

Basics of measurements:
. overall pattern recognition
. momentum
. direction
. impact parameter
. ancillary: dE/dx, Cherenkov light, transition radiation, ...

Historical preamble for next lecture: legacy of the first half of 20t
century

August 6, 2012
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< What do we “track”?

Merriam-Webster: frack (v) — to follow the tracks or traces of.
So what do we track?

Hard collision gives rise to elementary particles:
— leptons, quarks, gauge bosons
— majority of which quickly decay/hadronize

Only long-lived particles actually enter the detector
(typically, ~cm away from the primary collisions)

— 5 charged (electrons, muons, 1*, K*, p) do leave behind
repetitious subtle ionization tracks in the detector volume

— neutral (photons, n, KO) interact catastrophically
— neutrinos are not detectable

August 6, 2012
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Tracking in a typical collider experiment

Om

Key:
Muon
Electro

Charge@ Hadron (e.g. Pion)
— — — - Neutraladron (e.g. Neutron)

----- Photon
)

aT

AR
@’711'"'1

. Electromagnetic
)j’ )' Calorimeter
r

Hadron Superconducting
Calorimeter Solenoid

ERN, Febrigy 2004

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

 —
[;
1 D.Bamaey, ¢
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%~ Tracking detector purpose

Resolve multiple charged particles (pattern recognition)

Measure their
— charge and momentum (radius of track’s curvature R = p / qB)
— direction
— origin (which helps identify presence of b/c/T in an event)
— dE/dx (which gives info on velocity and charge: dE/dx ~ g?%/v?)
— sometimes Cherenkov light (B), transition radiation (y)

|dentify, often in concert with other detectors

August 6, 2012 Andrey Korytov (UF)



A% < Basics of detection

Demystifying physics of
charged particle propagation through matter...

August 6, 2012 Andrey Korytov (UF) 7



55 Propagation of charged particles through
G2a el Matter

Charged particle leaves behind in matter:
— lonization:
 average ionization density (dE/dx)
« fluctuation in ionization density (Landau fluctuations)

— light, when conditions are right:
* scintillation
« Cherenkov radiation
 transition radiation

Charged particle itself is affected by matter too:
— multiple scattering
— bremsstrahlung (catastrophic energy loss)

August 6, 2012 Andrey Korytov (UF) 8



= Average ionization

10;5._ I]I‘\.IIIIII| T T TTTTTT T | O T 4 FELL T T IIIE
dE . 2o’ Zp 1. 2m BT 5 °C I
—— —A4r p | e max __ 2 _ Y 65 E
2 2 & 6E AR
dx B Am,m |2 1 2 HosE iE
w4l -
m,, my, o—universal constants: = .
electron and nucleon masses; fine structure constant; S 3F Tl
-g L C =
-~ L -Al:_f——f—ﬂjf
z, B, y—incoming particle parameters: 8 a2 B e sasaatt
charge in units of e, velocity B=v/c, gamma factor) L
ZI AI pl |_media propertie5: 1— L1 ||||||| L1 lllllll 11 lIllllI i | 1111||| I T
charge and atomic number, density, average ionization potential 0.1 1.0 10 100 1000 10000
py=p/Mc
H 1 1 lIIIIlI 1 | IIIIII| 1 1 IIIlII| 1 | lIII]II 1 | IIIlII|
T,..x — Maximum energy that can be transferred 0.1 10 10 100 1000
from an incoming particle of mass m to an electron Muon momentum (GeV/e)
2m 2 2 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IllIII|
L= LSy : 0.1 1.0 10 100 1000
1+2y(m, [ m)+(m, [ m) Pion momentum (GeV/c)

I 1 1 llllllI 1 1 Illllll 1 11 llllll 1 1 lllllll 1 L EEERE
d—small correction due to media polarization 0.1 1.0 10 100 1000  1000C
(for gasses, it is negligibly small) Proton momentum (GeV/c)
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Deriving the main part of the BB formula

2 .2 2 2 ZT
_d_E=47;2025 2P lln mBy max_ﬁz_é
dx B Am m |2 2
Momentum transfer per electron:
)
2
2
qu=det:FZ@= ze dx a

v 4r(x’ +a2)7\/x2 +4>
After integration:
g=22
ay
Energy transferred to an electron
(and, hence, lost by incoming particle):

2,2
r=24 :22052%
2me my” a

Summing up over all electrons in media

dx

A nax ZZaZ a
dE = J T2ran, dadx=4r n dxln| 22

2 e
mev amin

Din
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Deriving the main part of the BB formula

2 .2 2 2 ZT
_d_E=4n.Z az Zp lln meﬁ 1/ max _ﬁZ _é
dx B Am m |2 1 2
Momentum transfer per electron: Cut-off distance a,,,: T is smaller than
7 ionization potential | (no ionization possible)
at o’ 1
dx ze’ dx a [=2- 5
qu:F;dt:F;—: mev amax

v 4r(x’ +a2)7\/x2 +4>
After integration:
g=22
ay

Energy transferred to an electron
(and, hence, lost by incoming particle):

:222062 i

2 2
my a
e

Summing up over all electrons in media

dx

ke o’ a
dE = J T2man dadx =4m n dxln| —max
i ) m€V2 ’ amin

Effective cut-off distance a,,;,: T = T, .«
Z2o® 1
T =2
e mev2 ai -

Density of electrons:
P

n,=27—
AmN

Finally putting all together:

2,2
_d_E:47Z'Z v Zp lln h
dx g> Am,m |2 I
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Deriving the main part of the BB formula

2 .2 2 2 ZT
_d_E=4n.Z az Zp lln meﬁ 1/ max_ﬁZ_é
dx B Am m |2 1 2
Momentum transfer per electron: Cut-off distance a,,,: T is smaller than
7 ionization potential | (no ionization possible)
at o’ 1
dx ze’ dx a [=2- 5
qu:F;dt:F;—: mev amax

v 4r(x’ +a2)7\/x2 +4>
After integration:

g=2="

ay
Energy transferred to an electron
(and, hence, lost by incoming particle):

2o’ 1

q
T= =2
2me mev2 a’

Summing up over all electrons in media

dx

ke o’ a
dE = J T2man dadx =4m n dxln| —max
i ) m€V2 ’ amin

Effective cut-off distance a,,;,: T = T, .«

2.2
zZaw 1
Tmax = 2 2 2
my a .
e min

Density of electrons:

0wz P
AmN

Finally putting all together:
2,2
—d—E=47tza Zp lln N
dx g> Am,m |2 I

The extra term 2m °y* /I under the log
in the BB formula is the relativistic rise:

at relativistic velocities: a,,,,, becomes larger
due to squeezing of electric field

August 6, 2012
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= Average ionization

Bethe-Bloch formula: O TR — R s
1dE _4no’ 2 Z| 1 n 2m By T, o O ° _
pdx mm (*A|2 r 2 :

Dependence on media is very weak:
— Z/A~1/2 , except for hydrogen (=1)
— log of ionization

—dE /dx (MeV g lcm?)
w

T T T T I T T T 7T I TTT lI|IIIIII|III|IIIHIIIIIHIH]I

Main dependence on incoming particle

properties via its charge and velocity: z2/32 1 L
py=p/Mc
1 1 ||||||| 1 1 ||||||| 1 |||||||| 1 |||||||| 1 1 |||l|||
Charged particle with 3~1 0.1 " L0 IOG v 100 1000
is called minimum ionizing particle (mip) o Muonmomentum @V T
0.1 1.0 10 100 1000

Pion momentum (GeV/c)

aII Charged reIatiViStiC partiCIGS IOOk alike! I 1 lIllllI 1 Il IIIlIII 11 ]lllllI 1 1 lIllIlI 1 IS o I I Y
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/e)

Rule of thumb: AE = (2 MeV)xp[g/cm3] per cm
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dE/dx fluctuations

Charged particle leaves behind

electrons of the primary ionization,

which can produce their own mini-tracks...
(particularly energetic primary electrons are called d-electrons)

8 0.2 1 )
L : S 5 - L(A) = exp{——(ﬂe‘l)}
... resulting in the final total ionization. 2 r Var L 2
2015
A - L E-E,
Clusters of primary ionization are spaced according - ¢
to Poisson distribution with nirary oL |-
Total energy loss distribution in thin layers of media 00s
have long tails due to d-electrons. -
In thick layers, the distribution becomes Gaussian according to the B x(_,_,_._,.
central limit theorem. P A I O I
0 5 L0 L5 20
ev/pair nprimary ntotal & (arbltrary stale)
co 33 34 per 1 91 per 1 . . .
2 per-am periem | 4 | typical electronic noise >1000 e
Si 3.6 30,000 / 300 um € (gaseous detectors need additional amplification somewhere)

O-electron

August 6, 2012 Andrey Korytov (UF)
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= Scintillation

Scintillation in noble gases

Charged particle leaves a wake of excited molecules (note original excitation/ionization energy is much

higher than the energy of scintillation light photons)
de-excitation and

excited dissociation
Certain type of media can release some of this excitation  extation _,% . (») M
energy in a form of low energy photons (visible light, UV) ®/ colisior \ @ 130nm (A7)
for which media can be fairly transparent \m atoms ol

ionized /
molecule : recombination

e

Energy carried away by scintillation is small
<1% X (dE/dx)

up to 104 photons per MeV of dE/dx <£‘ many; can be used instead of ionization

Light emission decay time:
~10 Ps in noble gases
10 — 1000 ns in inorganic materials (10 ns in PbWO,)

~ 2 ns in fast organic scintillators <# fast

August 6, 2012 Andrey Korytov (UF) 15



= Cherenkov radiation

Charged particle leaves a wake of polarized media

O
O
As molecules/atoms depolarize, they emit radiation in O
all directions O

in media, the depolarization radiation interferes
constructively and builds up a shock wave emitted at
the “classic” shock wave angle:

O
If particle travels with speed greater than speed of light O
O

_ Vlight _ 1
cosf,. = = can be used to measure B
vparticle l’lﬁ l“"N (

Energy carried away by Cherenkov radiation is tiny
— ~104X (dE/dx)
— about 100 vis. light photons per MeV of dE/dx few

August 6, 2012 Andrey Korytov (UF) 16



%% < Transition radiation

Classical EM point of view: Boundary between two media
— Static point charge: with different dielectric constants

* induces dipole-like electric field
— Moving charged particle:

« changing dipole field

 this must give rise to radiation

Probability of emitting a photon |
per one boundary transition: p=oa = 37 <:< very few

. _ 1
Typical energy of a photon: E = pry

where w, = \/(Neez )/(8Ome) (=20 eV for plastics )

Very boosted charged particles can produce distinct localized
clusters of large ionization induced by X-ray photons, e.qg.:

— 20-GeV electrons = 200 keV :
— while 20-GeV pions 2> 1 keV

can be used to help identify electrons

August 6, 2012 Andrey Korytov (UF) 17



= Multiple Coulomb scattering

Rutherford scattering formula: 2
. do 1| zZo 1
projectile: q=ze, p, B — = i L
target: Q=Ze dQ 4\ Bp ) sin*(6/2) < >
Displacement in a random walk (N steps of size d) —
has a Gaussian distribution of width D D~~Nd-N %
. . Oplane
After many scatterings, expect the following -7
dependence for deflection angle: 0, ~ E L-n,
Actual formulae:

o = (14MeV)ﬁi,/L / X,
p

P4 5
Sl'”»-.’(()v‘,
r;’ms = Llle}"ﬂ’ls & 3)
J3
where radiation length X, is a characteristic of media 0 0p|are
0.5

LzZ(ZH)-B-ln(ZSWZ 2)

X, A (716 glem )
August 6, 2012 Andrey Korytov (UF)
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Bremsstrahlung (“breaking”) radiation

Charged particle undergoing a Coulomb scattering
experience acceleration and must radiate

Once in a while radiation can be very catastrophic taking
away a large fraction of particle’s energy

Average energy losses are proportional to particle’s
energy (unlike ionization energy losses)

For electrons: —d—E = i

dc X

0

Contemporary trackers are fairly dense

(e.g. ATLAS and CMS tracker ~ 1 X, thick):
electrons require dedicated track reconstruction
taking into account

substantial progressive losses of energy

Critical energy:
bremsstrahlung dE/dx = ionization dE/dx

For electrons: 20 MeV in iron (7 MeV in lead)

August 6, 2012 Andrey Korytov (UF) 19



< Bremsstrahlung (“breaking”) radiation

Charged particle undergoing a Coulomb scattering
experience acceleration and must radiate

away a large fraction of particle’s energy

Average energy losses are proportional to particle’s
energy (unlike ionization energy losses)

For electrons: —d—E = i

dc X

0

Contemporary trackers are fairly dense
(e.g. ATLAS and CMS tracker ~ 1 X, thick):

Once in a while radiation can be very catastrophic taking

electrons require dedicated track reconstruction
algorithms taking into account the substantial
progressive losses of energy

Critical energy:
bremsstrahlung dE/dx = ionization dE/dx

For electrons: 20 MeV in iron (7 MeV in lead)

How about muons?

Scattering depends on particle’s momentum (Rutherford

formula) and does NOT depend on its mass: electrons
and muons experience the same kicks in momentum

Radiation is proportional to acceleration squared;
acceleration ~ 1/m. Hence:

muons will radiate (m,/m )2~ 1:40,000 less intensely

Critical energy for muons: ~1 TeV in iron

August 6, 2012 Andrey Korytov (UF)
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S~ Transport of ionization to sensors

Drift in electric field

Drift in electric and magnetic fields
Diffusion

Losses

August 6, 2012 Andrey Korytov (UF) 21



%< Transport: drift in E

Both electrons and ions left behind in

media after passing of a charged particle E 100 ns/ ]
: er - : : ns/cm| « «
will drift in presence of E-field 10 _ CH,
_ 2 8r ’
Drift velocity: v, =u-E £ /
.‘::. 6 . y > ArICH4
: ™~
mobility p ;>’ s/ o . e =
— depends on electric field strength: s ] "
proportional to E for small fields, but often NS Ry
saturates at 1-10 cm/us for high field 3 AT
— in gasses, depends on E/p (p=pressure) 0 T 1" 1T°*1 ] 1 |

0 02 04 06 08 10 12 14 16

electric field yolts/em torr
pressure

— 1000 times smaller for ions

August 6, 2012 Andrey Korytov (UF) 22



f Transport: drift in E and B

Between collisions, motion of electrons in electric and magnetic
fields is driven by the Coulomb (qE) and Lorentz (qvB) forces.

Electrons drift in a direction not parallel to E: Lorentz angle

Simplified back-of-envelope considerations:

F.=¢eE
dx:l i 2:1@ > =d, E -
m < §
?
1 eE )
F)=e{(v ) B=|——7 |-eB
(F)=e(v)p=(3 2] 3
1 eE N
d ~<a>2:(——2’£ eB) 7’ 8
y y 2m g
d
tano = - ~ SB-T ~ B d
d m E

Expect: Lorenz angle ~ B and 1/sqrt(E)

August 6, 2012 Andrey Korytov (UF) 23



f Transport: diffusion

Both electrons and ions diffuse in space as

they drift in the field

Diffusion: random walk driven by:

— thermal motion

— and re-scattering on media molecules/atoms

Diffusion: o, =+2Dt = /ZDL
vdrift

Diffusion coefficient D

depends on re-scattering cross section

density of media

DIFFUSION rms (1im)

800

700 |
600 |
500 |
400 |
300 |

200 |

100 pm in 1 cm \’:>’°" Vs~
,4'-' 4
N

diffusion after 1 cm drift

-1 cm NTP
- Ar-CHd 90-10

Ar-CH, 90-104T

0o 1m0 20
E (V/cm)

3000

August 6, 2012
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%= Basics of measurements

Overall pattern of charged particles in an event

For each track:
— momentum
— direction
— displacement w.r.t. the primary collision
— dE/dx (velocity, charge)
— Cherenkov light, transition radiation

Two-particle invariant mass (derived from above —
for discussion section)

August 6, 2012 Andrey Korytov (UF) 25



Basics of measurements:
pattern recognition

g Data recorded: ThurApr 505:47:32-2012 GEST
. /Run/Event: 190401 N254507@

Lum« section: |76 {

Orbn%Cr ssmg 194$58 11347

CMS Exﬁeriment\ﬁu"c “CERN. E o

Need good multi-track resolution (high segmentation




e = Basics of measurements: momentum

Momentum can be derived from measuring sagitta:

_P

6> L/p) 1gBI2
p_zp( p) _lg

A

Y

8 8 8 p,

August 6, 2012
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;220 < Basics of measurements: momentum

Momentum can be derived from measuring sagitta:

_Pr
=
2 L 2 )
S:p(l—cosg)ng_zp( /,0) :quL
2 8 8 8 p,
1 gBL’
pT:_q
8 s

Error in measuring sagitta = error in measuring p;
op; _ﬁ

Pr s
0, _o,
Pr S

A

Y

August 6, 2012 Andrey Korytov (UF)
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: AP < Basics of measurements: momentum

Assume three measurements only: X4, X, X5

Instrumental errors in measuring x:

s=x, X, + X,
2
1
0s =0x, —55x1 —l5x3
3
o,=,|-0,
‘ 2

A

Y

s fio. o errors grow with p
_Pr 5 =\/9_6E'pr < Iarge field helpS as l/B

large volume helps as 1/L2

August 6, 2012 Andrey Korytov (UF)
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= Basics of measurements: momentum

Assume three measurements only: X4, X, X5

Instrumental errors in measuring x:

s=x, X, + X,
2
1
0s =0x, —55)61 —l5x3
3
o,=,|-0,
‘ 2

A

Y

errors grow with p

o, 3o, 0,
p_l;z > _\/9_6E-pT < large field helps as 1/B

large volume helps as 1/L2

For a large number N of measurements
along the track:

o, / 720 o,
! —— —sz
Dr N +4 gBL

August 6, 2012 Andrey Korytov (UF)
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¥ < Basics of measurements: momentum

Assume three measurements only: X4, X, X5

Instrumental errors in measuring x:

s=x, X, + X,
2
1
0s =0x, —55)61 —l5x3
3
o,=,|-0,
‘ 2

Multiple scattering:

A

Y

errors grow with p
large field helps as 1/B
large volume helps as 1/L2

q |L ,
" ﬁpT\/i
?ﬁ(@

errors are p; independent
large field helps as 1/B
large volume helps as 1/L (for a fixed L/X,)

August 6, 2012
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= Basics of measurements: momentum

2 2E
8 — v Wire resolution and autocalibration
= 10 = @ Chamber alignment
% = _ O Multiple scattering
@ = O Energy loss fluctuations
~ 8 E A Total
o =
5 6 E_ In|<1.5
3 E
Ee) —
= =
o *E
O E
2 E-
o E
2 3
10 10 10
Py (GeV)
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=A% < Basics of measurements: invariant mass

Measurement of invariant mass of two particles
depends on measurements of

— their momenta

— and their directions (opening angle)

Topic for the discussion session today:
What is driving the two-particle mass resolution?

August 6, 2012 Andrey Korytov (UF) 33



9P | Basics of measurements: impact
>4 Parameter (inner layer meas. errors)

1

!
/
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9P | Basics of measurements: impact
>4 parameter (outer layer meas. errors)

August 6, 2012 Andrey Korytov (UF) 35



9P | Basics of measurements: impact
>4 | parameter (multiple scattering)

14 MeV | L
p X,

GIP:’/i.HMS: h

August 6, 2012 Andrey Korytov (UF) 36



ax9p | Basics of measurements: impact
SACEA . | parameter (putting all together)

i 10 1 |
7, o, @ 1’1'14 MeV | L
r, h—h p X,

Desired detector properties

— 0, small

— 1, close
— multiple scattering low (improves as 1/p)

37
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- A3%% < Historic preamble

The age of photographing events:
— Cloud chamber
— Emulsion
— Bubble chamber

August 6, 2012 Andrey Korytov (UF) 38



= Cloud chamber

Invented by Charles Wilson in 1899. Nobel prize in 1927
“for his method of charged particles detection”

Used through mid-1950s

Principle:
— chamber with oversaturated vapor
— oversaturation is set by fast expansion of the volume

— ionization clusters left behind by a charged particle
become centers of condensation

— droplets can be photographed

Basic performance parameters:
— moderate spatial resolution (mm)
— small/moderate volume (up to ~1 m)
— slow (a few pictures per min)
— measure _
» p from curvature of track in magnetic field: R ~ 1/p t atmosphere & o
« v from ionization density: dE/dx ~ 1/v?

August 6, 2012 Andrey Korytov (UF) 39



Cloud chamber

Invented by Charles Wilson in 1899. Nobel prize in 1927
“for his method of charged particles detection”

Used through mid-1950s

Principle:
— chamber with oversaturated vapor
— oversaturation is set by fast expansion of the volume

— ionization clusters left behind by a charged particle
become centers of condensation

— droplets can be photographed

Basic performance parameters:
— moderate spatial resolution (mm)
— small/moderate volume (up to ~1 m)
— slow (a few pictures per min)
— measure
« p from curvature of track in magnetic field:
« v from ionization density: dE/dx ~ 1/v?
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= Discovery of positron in cloud chamber

Carl Anderson discovered positron in 1932.

Nobel prize in 1936 “for his discovery of antimatter when he
observed positrons in a cloud chamber”

Photograph shows:
a single track crosses the lead plate in the middle

— the track is bent by a magnetic field pointing into the
picture

— curvature of the track is higher in the upper portion, which
means momentum is smaller there

— hence, particles goes upward and its charge is positive

— proton, the only known positively charged particle at that
time, with the measured momentum would
* have very low velocity
« produce much higher ionization density along the track (1/v2)
* lose much more energy in the lead plate

— the only possible explanation: particle’s mass must be
much smaller than proton’s and comparable to
electron’s mass

August 6, 2012 Andrey Korytov (UF) 41



< Emulsion

Developed by C. F. Powell in mid-1940. Nobel prize in 1950
“for his development of the photographic method of studying
nuclear processes and his discoveries regarding mesons made
with this method ”

Still used in some very specialized experiments

Principle:
— afew mm thick emulsion with AgBr molecules
— ionization breaks up these molecules

— in process of developing, released silver is locked in
the emulsion, while the remainder is washed out

— silver grains, half-a-micron in size, can be seen in
microscope and photographed

Basic performance parameters:
— unsurpassed spatial resolution (0.2 ym)
— very small volume
— continuously records everything passing through
— painstaking analysis of the record
— measure
* p from multiple scattering: d6 ~ 1/p
v from ionization density: dE/dx ~ 1/v?

August 6, 2012 Andrey Korytov (UF)
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- Discovery of pion

In 1947 using emulsions, Powell’s team observes a new
TT-meson that

* decays to y-meson (discovered by Anderson in 1937
using a cloud chamber): T =»u + neutral

* can be born in nuclear disintegration and can lead to
nuclear disintegration

Left photograph shows:

Meson 1 enters from left, slows down (grain
count: 1/vZ; multiple scatterlng 1/p), and stops

— at the stop point, a new fast meson y appears
(grain count; multiple scattering) travels upward,
slows down, and exits emulsion just before
stopping

— . # &
g ey 2ottt M
—/

0 p o Ly

- €

1

nght photograph shows:

Meson enters from above (left), slows down,
disintegrates nucleus

— afew high velocity mesons emerge

— one of them moves up-right, slows down, stops,
and disintegrates another nucleus

— yet another high velocity meson appears and
moves upward, slows down, and exits emulsion

RS el g

SCIENCEphOtOLIBRARY
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\ = 18

A

superconducting _ {  “camera

mignec Ly gy

Bubble chambers

Invented by Donald Glaser in 1952. Nobel prize in 1960
“for the invention of the bubble chamber”

Used till 1980s,
still used in very specialized experiments (e.g. COUPP)

Principle:

— pressurized liquid (e.g. liquid hydrogen at 5 atm)
Just below the boiling point
— overheated state is set by a fast drop of pressure

— ionization clusters left behind by a charged particle
become centers of bubble formation (boiling)

— bubbles are photographed
— pressure is applied to prevent real boiling

i & o ~
LU THT Y
o Wi 5o
T iston

* ; l./rE -‘/ Eydraulics
i | el
| {

Basic performance parameters:
— good spatial resolution (100 pm)
— moderate/large volume (up to a few m?3)
— slow (tens of pictures per second)
— measure
« p from curvature of track in magnetic field
« v from ionization density

August 6, 2012 Andrey Korytov (UF)



Discovery of Q-

In 1962, Gell-Mann and Ne’eman predict Q- (last particle in
the J=3/2 decuplet of baryons) with well specified

properties:
« mass ~ 1680 MeV
* spin=3/2

* isospin=0

» strangeness = -3

« lifetime ~10-1%s

« main decay modes: =% T and =~ m°

In 1964, Q- is discovered in a bubble chamber photograph
of a Kp interaction event at AGS accelerator in Brookhave

_K'+ p — Q + K_++ K_0

us uud SSS us ds
Q — =04+
SSS uss ud
EO_’ :'\O + T[O
uss uds
AD — p + T e
uds uud ud

10 cm
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= Summary

We track 5 charged particles: e, y, m, K, p

Tracking is made possible thanks to: ionization trail (sometimes we also use light)

The ionization trail itself: all high energy particles look alike! (mip)

We reconstruct (with errors!):

overall pattern of charged particles in an event

momentum of particles

origin of particles (looking for displaced tracks — telltale signs of b/c/T)
sometimes subtle signs helping to distinguish e/u/t/K/p: dE/dx, extra photons

August 6, 2012
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