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The Perfect Detector ?

e Momentum p

- magnetic field x length: Bxdl

- high-pt = large Bxdl = small prt tracks curl up

- low-pt = small Bxdl = high pr tracks care straight (pr res. lost)
e Particle ID

- v, € = hadron blind, little material

- hadrons = PID through interaction with material
e Acceptance

- large acceptance = lots of data = slow

- small acceptance = few data = fast

* Energy
- v, € = E.M. Calorimeter
- hadrons = Hadronic Calorimeter

e Heavy flavor ID
- secondary vertices = high precision Si detectors = material
- semileptonic decays (¢, b — e + X, B — Jp (— e e) + X) = hadron blind,
little material



Particle identification — long lifetime (>5 ns)

Examples: m, K, v, p, n, ...
Charge (if any!) and 4-momentum needed for PID

4-momentum from at least two of these quantities:

energy

1

calorimetry

1

Fully stop the particle

Convert its energy to
- light, charge...

Collect and read out

Electromagnetic showers
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3-momentum velocity
tracking time-of-flight + pathlength
| or Cherenkov-effect
Follow path of charged
particles in magnetic Time of flight
i S g
field — get momentum / t
from curvature
\ S/(tl-t())

pr = (g/c)xBxR to

/ " Cherenkov
) = n

\ R, / cos(a) = 1/pn




Particle identification — short lifetime (< 5 ns)

Examples: °, ¢, A, ...
Have to be reconstructed from their more stable decay products

Assume you want to measure
the @ meson via its p—KK decay
by measuring both kaons and
reconstructing its invariant mass

But what if there are more than 2 kaons
in the event? Or you take a pion for a
kaon? Which two go together? m? = (p;+ p,)?

Decay Vertex

S = Total - Background
Background could be like-sign pairs or pairs
from different events



Particle identification — short lifetime (< 5 ns)

Examples: °, ¢, A, ...

Have to be reconstructed from their more stable decay products

Assume you want to measure

the @ meson via its p—KK decay

by measuring both kaons and

reconstructing its invariant mass

But what if there are more than 2 kaons
in the event? Or you take a pion for a

kaon? Which two go together?

S = Total - Background

Entries/2MeV

Background could be like-sign pairs or pairs

from different events
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Particle identification — short lifetime (< 5 ns)

Different topologies
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Note weak decaying particle (like A, Q,
K%) decay cm away from the interaction
vertex - cm are easy to deal with

What if ct ~fm ?
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Works as well but usually
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Particle identification — very short lifetime in <1 mm

Here D°— K nt (ct = 123 um)

e Brute force method

- select K and 1T tracks
- combine all pairs from same events = signal+background

- combine all pairs from different events = background
- subtract background from signal+background = signal
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Particle identification — very short lifetime in <1 mm

Here D°— K nt (ct = 123 um)

e Brute force method

- select K and 1T tracks
- combine all pairs from same events = signal+background

- combine all pairs from different events = background
- subtract background from signal+background = signal
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BRAHMS
RHoBCS

2

PHENIX

Here

RHIC experiments in a nutshell

small experiment - 2 spectrometer arms
tiny acceptance A¢, An, measures pr, has PID
movable arms = large An coverage

small experiment - “tabletop”
(i) huge acceptance A¢, An, no pr info, no PID
(i1) small acceptance = very low - low pt, moderate PID

large experiment - 2 central arms + 2 muon arms
moderate acceptance central arms: A¢p = xt, An =+ 0.35

leptons (muons in forward arms), photons, hadrons

large experiment
acceptance central arms: A¢ = 2w, An = = 1 + forward
hadrons, jets, leptons, photons



RHIC experiments in a nutshell

e Q\\ small experiment - 2 spectrometer arms

BW tlny acceptance A¢, An, measures pr, has PID
0@ movable arms = large An coverage
Q% /Q’g_\\
gﬁ\ “ small experiment - “tabletop”

Prf@@y (i) huge acceptance A¢, An, no pr info, no PID
00(\ (i) small acceptance = very low - low prt, moderate PID
Q% ,

S large experiment - 2 central arms + 2 muon arms
PH:--ENIX moderate acceptance central arms: A¢ =, An =+ 0.35
leptons (muons in forward arms), photons, hadrons

large experiment
*QR acceptance central arms: A¢ = 2x, A = = 1 + forward
hadrons, jets, leptons, photons



RC - Relativistic Heavy-lon Collider
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RC - Relativistic Heavy-lon Collider
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STAR - Solenoidal Tracker At RHIC

® STAR is a large volume (big as a 2 storey house) detector
= comprises multiple detector systems

= solenoidal magnetic field

Silicon Vertex
er

Coils Magnet

Forward Time Projection Chamber
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STAR Components

FMS
- ZDC /DC——>
[ ;: I 1 Z
PMD
Charged Particle Particle 1D:
Tracking: e Full Barrel ToF
e Main TPC Calorimetry:
e Forward TPC (FTPC) e Photon Multiplicity
e SSD + Intermediate Detector (PMD)
e Barrel EMC

Tracker + Active Pixel

Detector = HFT(was SSD o _
+SVT) Event Characterization & Trigger:
e Forward GEM Tracker e Beam-Beam Counter (BBC)

e Zero Degree Calorimeter (ZDC)
BROOKHIAEN e Forward Pion Detectors (FPD)

NATIONAL LABORATORY

e Endcap EMC
e Forward Meson
Spectrometer
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STAR Components - TPC
TN NS

< 4m >
I ‘% TPC E m

H “
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® TPC - Time Projection Chamber

= A 3-dimensional tracking device for charged hadrons

= By utilising the solenoidal magnetic field, we can identify the
particles in the detector (1T,k,p)
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Drift chamber in a nutshell
Multi Wire Proportional Chamber

G.Charpak 1968 ,nobel prize 1992
cathode

£ Typical parameters: L=5~8 mm,
® / . . > . - d=2mm, @Wire =20 IJm

anode wires cathode

T | o "V—DELATH |

it IR scintillator ' Stop|
e Eleld Lines) | o s
‘ It | lf:';' It ‘|:" ll' Rl !;-:ﬁ.l" | X
it "1;.”' " x" :|'.',i" :-. 11.'.:‘. l" _" ,§:|“"'I'; f‘.,.Il :"a"'?!,:':"l“ + »
L % i

»* * Measure arrival time of
‘ dnift anode| electrons at sense wire

TR PR _/ relative to a time t,

+ ! »—> P jx-D(r)dr
low field region lugh field region

— drift — gas amphfication

o Address of fired wire(s) give one dimensional information = ox=d/V12

e Improve using drift length time information: typical ~200 um

e Resolution.limits: drift and diffusion effects driven by E x B effects
BROOKHFIAUVEN
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Time Projection Chamber (TPC)

Error of momentum measurement: o(pr) ~ o(x) - pr
pr B-L?

=> L has to be large = detector has to be wide

(small Rin, large Rout)

Want large n coverage = z dimension has to be

large = detector has to be long

Cannot achieve this with drift chambers:
ethousands of wires

elong wires

ecomplex construction (dead zones)

Solution: let the electrons drift over long distances
= TPC.: essentially a huge gas filled box

Think of a TPC as a 3D CCD camera

13



The basic concept of a TPC

Magnetic Field
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The basic concept of a TPC

Magnetic Field
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The basic concept of a TPC

Magnetic Field
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The basic concept of a TPC

Magnetic Field
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The basic concept of a TPC

Magnetic Field
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The basic concept of a TPC

Magnetic Field



The basic concept of a TPC

Magnetic Field

The time to reach the end of the TPC determines the
distance drifted in the gas.
A 3-D camera to measure particle positions.
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TPC Detalls

Sector
Support—Wheel —

STAR TPC

140,000 electronics channels
(pads)

e 512 time bins
* 140,000 x 512 = 72 million pixel

e \With new electronics can run at
1000 Hz

Central Membrane (=)

+/
L+ 4

_ |- - T slow ions remain
¥ => space charge

4
|\+
+

1\T
\
\
\

¢ Gating Grid

= shutter for e-
= stops ions

_ TN

Pads = cathode (=)

Anode Wires (+)

): 1 pad samples 512 time bins

Gating Grid:

e Designed to reduce charge
Injection into amplifiers

Slow ions left in volume:

e accumulate, create space charge

e space charge creates distortions



TPC Detalls

Central Membrane (=)

Ouwt
&
Inner
- Field
Cage
Space ®

charge Gating Grid
I = shutter for e-

I ey

covton LRy charge Anode Wires (+)
Support—Wheel — pa—— ) ® () ® o
I I I S N N N I I
Pads = cathode (=): 1 pad samples 512 time bins
STAR TPC Gating Grid
. atin rid:
e 140,000 electronics channels g
(pads) e Designed to reduce charge
. . injection in mplifier
e 512 time bins jection into amplifiers

+ 140,000 x 512 = 72 million pixel O 'ons leftin volume:
. . e accumulate, create space charge
* With new electronics can run at

1000 Hz e space charge creates distortions



TPC Detalls

6.2 mm x 195 mm
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The STAR TPC

Simulation and animation by Gene Van Buren, movie by Jeff Mitchell.
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The STAR TPC

t= 0.0 microsec STAR TPC Side View t= 0.0 microsec STAR TPC End View
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Simulation and animation by Gene Van Buren, movie by Jeff Mitchell.
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STAR TPC: from West to East Coast

US Air Force

- ~ . .

Long Island NY
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Particle Identification by dE/dx in STAR’'s TPC

e Elementary calculation of energy loss:
- Charged particles traversing material give impulse to atomic

: 2
electrons: o . e/Ey(t)dt ~ e/Ey(t)%x _ 2;;
P 2
_ - _ (pS) 1
e - b X = Bt Energy transfer = Y X —
- > 2me 3
I _ .
e | __e<dE/dx> ~ 1/p% region

. _MIP py=3-4

B/ Bethe-Bloch Radiative ] L . .

S [/ Angerson | srelativistic rise  <dE/

: [2: dx> ~ Iny2f32

gﬂ 10 E_E 7 Radiative fative =

& F ontyation  reach 7 =

5 owe N\ | T Y S

~ - == , Without 8§
JRANERE e Bethe-Bloch Formula
0.001 0.01 0.1 1 10 BY 100 1000 10 10 10
' ' ' ' ' ' ' dE 5Z 1 [1. 2mec?6272T . o0 O(537)
0.1 1 10 100 1 10 100 ML rero T A R € | na 2 et
| [MeV/c] | Ml Gevie | dr e AB2 |2 L I2 2 2




Particle Identification by dE/dx in STAR's TPC

p=mv=myPyc

Simultaneous measurement of p and dE/dx defines

dE. 1 5 5 mass mgy = particle ID
o« —In(p~y~)
dx B
—~ 10
E
g o '
> !
] K B \d
*F =x b
5 ;
5
5 -.- \:,: :\;&4_
4 3 e
3 U
_ %} . = : 5 i
N . . e O T
1 —_—
10" 1

Real detector (limited granularity) can not
measure <dE/dx>!

It measures the energy AE deposited in a
layer of finite thickness Ox.

For thin layers or low density materials:
— Few collisions, some with high energy
transfer.

Energy loss distributions show large
fluctuations towards high losses: "Landau
tails”

A

STAR:

1 track has
~40 hits =40
dE/dx values

AE
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STAR Components - FTPC
ENEEENEEENIE

! o

. FTPC T —— — | FTPCI _

s pa sy 111111]1]
H “

i-l---- ----l-i

® FTPC - Forward Time Projection Chamber

= A 3-dimensional tracking device for charged hadrons

= Chambers are at small angles - different areas of rapidity
compared to the main TPC

BROOKHIAEN 24
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The Forward TPCs

inner radius 7.73 cm STAR - FTPC
outer radius 30.05 cm
120 cm
chamber length (12 = 150 — 270 cm)
acceptance N=2.5-4.0 (9=2°-9°)

Field properties

drift cathode voltage

10-15 kV

drift electrical field

240-1400 V/em
(radial, L beam)

Solenoid magnetic field

gas mixture

0.5 T (]| beam)

Gas properties

A1(50%)-CO,(50%)

drift velocity

0.3-2.0 cm/Ms

trans. Diffusion DT

100-130 * mMem

long. Diffusion DL

100-130 * mMem

Lorentz angle

4 deg.

2 FTPCs

25<|| <4.0
6 azimuthal sectors (~ 60 deg) with 10 rows in z-direction
electron drift radial and perpendicular to magnetic field
spatial resolution: ~ 200-300 microns

2-track resolution: 2-2.5 mm

BROOKHFIVEN
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AL STRUCTURE

FRONTEND
ELECTRONIC

HV ELECTRODE
PAD READOUT

T FIELD CAGE

FOIL WINDOW
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Au+Au dN/dn distribution
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500/ ':‘ﬂ 'T: PHOBOS and STAR-FTPC
{ measurements
400/ . EEL . SRLR li
3005 0 AT T T T I e, ) e  Au+Au data are not
- 17T g 11 corrected for background
- \ f \ Bt s
200 [ :..[_,;_
100 T e a, Tl
: : STAR preliminary I«‘%"
0"“ | IR R R | gy e i | R T T | R
6 -4 -2 0 2 4 6
N
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STAR Components - TOF
ENEEEEAREEIE

TOF

—_— ———
] ‘% TPC E
FTPC T — T FTPC
= [ F  —__uuupm e
]

i-l--------l-i

® TOF - Time Of Flight
= A “barrel” detector which goes outside the TPC

= Allows us to identify particles up to higher momentum than the
dE/dx in the TPC itself

BROOKHFIVEN 27
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How a TOF works

CONYENTIONAL WIDE GAP RPC

Cathode (-15 kV)

Promary jonvisation produced in the
1.5 mm closes! to the cathod
generates deectable avalanches

; :"hck-;p sirips (O V)

MULTI-GAP RPC

Gas gap (59 mm)

l

Cathode (-15 V)

"L v ] : 1RO Mot AP IONRASIASACONSAN NN SNSRI SN, ( IO kvl
(melamme rtsxsmt plales 0.8 mm thick) 3
{laKes vollage due 1o elecIrostmics) .
) (-SkV)
~.\\
) Y
Primary tonisation produced in the Pyck-up sirps {0 V)
0.5 mm closest 1o the cathode
generates detectable avalanches

Fig. 1. Schematic diagram and principle of operation of multi-gap RPC
compared to a conventional 9 mm single gap RPC.
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1
o
M =

Need a trigger detector to
determine the “start time” of an
event

Need a final detector to measure
the “end time” of an event

A Multi-Gap Resistive Plate

Chamber is used in STAR to
measure the time-of-flight

= Just like a TPC, a particle
crosses the gas detector and
ionises the gas

= cAt/s

1 2
G-



STAR TOF Design

Honey comb length = 20.8 cm
electrode length = 20.2 cm
pad width = 3.15cm

o4 pad interval =0.3cm ) )
T O O R T e e e e g honey comb thickness = 4mm

e e e e e e e e e e e e e

_—~(not shown: mylar 0.35mm)

jouter glass thickness = 1.1mm
mner glass thickness = 0.34mm
gas gap = 220micron

-— PC Board thickness = 1.5 mm

inner glass length = 20.0 cm
| outer glass length = 20.6 cm

PC board length =21.0 cm

——[=1 honey comb

—[ PCboard
— [ pad
" EEE clectrode (graphite)
HH i 1 i "
0 0544413 74 84489 94 Posmon(am
038|1.1 86
1.0

Figure 23: Two side views of the structure of an MRPC module. The upper(lower) view shows the long(short) edge. The
two views are not shown at the same scale.
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STAR TOF pictures
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STAR TOF pictures
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STAR TOF pictures

\
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STAR TOF Performance

s : @9500f x
: . c400:" ~~ |
SRR | Sinl || aeriacave EE STAR Preliminary
RN T B 200 % E dE/dx vs p from TPC
- Sk 100:. Ap - :
0o—"" =3 E
14 -0.5 0 0.5 1 1.5 xX L
Mass®(GeV/c?)® O, s
TR '
1.2b_— u : X ,_;_." . .
i a ‘ | 3 el
B R N MW 5 Te e 19 e = LR
11— p: Z“. ' = . : s \ o>
B 2 . ; :
'; .f'c,. '/' ' S y N S PRI | N P | P L
0B it o’ _ —  dE/dx after TOFr PID Cut 10}
- 'STAR Collaboration, nucl-ex/0309012 é B 2 0
-'1‘1, | I N 11 & 1 P B B I NN 1111[1 R -
%% 05 ; 15 ) 25 ; 3.5 g |1/[3 1 |<0'03 § 10
p (GeV/c) = Ty
E i:‘-e_t : e : dzEsn'dx ?KeVi;:sm) )
4:__ G g N e N, e - . i
TOF PID: (r, K) ~ 1.6, p ~ 3 GeVic E [ S .
STAR Collaboration, PLB616(2005)8 SE
_ 2F Colldboration, nucl-ex/0:
Clean electron PID can be obtained up to Py e T TR R
< 3 GeV/c. 2> measure the semileptonic p (GeV/c)
decay of open charm. (STAR Collaboration,
PRL94(2005)062301)
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STAR Components -
Electromagnetic Calorimetry

FMS

PMD

BROOKHFIAVEN
NATIONAL LABORATORY
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EM Calorimeters in STAR

Barrel EMC TPC Star
magnet

-
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EM Calorimeters in STAR

TPC Star Endcap EMC
magnet

Star

Barrel EMC poletip
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Endcap ElectroMagnetic Calorimeter

1.086

- - . -~ — "
=iy
-

-

tie-rods

\/bo ‘ B oS bl §
bﬁ// z. § SS
\ n s back
pre-/ § plate
" L3 11.086 e /
6° 12 SMD AN
Megatile segmentation Pb/SS <
. . post-
Sobme(t:hanlcal plastic  shower
Subseclors scintillator
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depth
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-
SS hub

Pb Scint sampling calorimeter

2| radiation lengths

720 projective towers

Depth Segmentation
2 preshower layers, e/h %y disc.
High position resol. SMD nt/y disc.
Postshower layer e/h discc.

LO trigger- high tower, jet patches

Simulated EM Shower
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Shower Maximum
Detector EEMC

30° | 5
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3cm . y
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= W 2 R - /i
: 8- SMD | .1 7/
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* ~7000 individually read out scintillating
Strips

*U andV plane in each 30°sector

* Essentially_no coverage gaps
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Detector Readout and Trigger
Light carried out of magnet on fibre optics
Photomultiplier tubes for all signals
Digitized every beam crossing (|10 ns)
Stored in pipeline for transfer on trigger
Tower energy can generate level O trigger

Highest tower

Total energy

Jet patch (1/6* in ) summed energy
Coincidences between jet patches and other

PMTs and electronics on back detectors
of poletip 16 ch MAPMT and
- | miniturized
electronics

For SMDs and
Pre/Post Shower

Tower Energy signal PMT Box



STAR Components - FMS

FMS

]
PMD

® FMS - Forward Meson Spectrometer
= A calorimeter at very forward angles

= Can probe initial state effects in nuclei
BROOKHAVEN

NATIONAL LABORATORY
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The STAR Forward 0 Detector
0 > VY ’

{

FPD North or South

Rebecca Lamb, RPI| undergraduate
(BNL/SULI program 1/03 — 5/03) Pre-Shower Detector -+

7 vertical lead-glass crystals [T},
with PMT+base. r\ =

Il / %
Lead-glass detectors -
built by IHEP, Protvin® TT/ ‘
group for FNAL /
experiment.
ower Maximum Detector

Horizontal and Vertical Planes

Each made of 48 strips of plastic scintillator

with a wavelength shifting optical fiber through

mﬁlﬁzgézreoli&a%h Lead Glass Calorimeter

/x7 matrix of 3.8cm x 3.8cm lead-glass crystal

with PMT+base. 18



From FPD to FMS

Momentum measuring subsystems

+7

-
-3 -3 -2 -1

+1 +2 +3 4

n
*  Full azimuth spanned with nearly contiguous
electromagnetic calorimetry from -1<n<4 =

approaching full acceptance detector

BWEN
NATIO LL LABORATORY
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From FPD to FMS

148X 3.8=cm cells, 0 X5.8=-cm cells

E100 |-
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25 [ / Pl e
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From FPD to FMS

476X 3.8~cm cells, 7BB X 5.8~cm cells
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* 50x larger acceptance than run-3 FPD west-south
module used for dAu

BROOKHFIVEN
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What comes next for
STAR?

BROOKHFIAVEN
NATIONAL LABORATORY



Heavy-Flavour Tracker

STAR Tracking Upgrade to identify mid-rapidity Charm and
Bottom hadrons through direct reconstruction and measurement
of the displaced vertex

PXL at 2.5and 8 cm
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Silicon detectors in a nutshell

Basic motivation: charged particle position measurement
Use ionisation signal left behind by charged particle passage
— lonisation produces electron-ion pairs, use an electric field to drift the electrons and ions to the
oppositely charged electrodes.
—In a solid semiconductor, ionisation produces electron-hole pairs. For Si need 3.6 €V to
produce one e-h pair. In pure Si, e-h pairs quickly recombine = n-doped (e carriers/donors)

and p-doped (holes are carriers) silicon = p/n junction creates potential that prevents
migration of charge carriers

BROOKHFIVEN
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Types of silicon detectors

e Strip devices
e High precision (< 5um) |D coordinate
measurement

e |arge active area (up to 10cm x 10cm from 6”
wafers)

e Single-sided devices

e 2" coordinate possible (double-sided devices)

* Most widely used silicon detector in HEP
* Pixel devices
e True 2D measurement (20-400um pixel size)

e Small areas but best for high track density Vo

environment
* Pad devices (“'big pixels or wide strips”)
¢ Pre-shower and calorimeters
e Multiplicity detectors
* Drift devices

BROOKHFIVEN

NATIONAL LABORATORY
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H FT AN SSD R=23cm
Technology 7 Q QQ /

N
Y
5

/

BN

[IST R=14cm 5@5

New beam pipe

Technology Hit resolution R-¢  Radiation Length
(um - ym)
SSD double sided strips 30 - 857 1% X
- ST Silicon Strip Pad sensors 170 -1700 1.2% X,
PIXEL Active Pixels 8.6-8.6 0.3% X,

BROOKHIr A
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STAR Components

FMS
-y ZDC ZDC——>
[ ;: I 1 Z
PMD
Charged Particle Particle ID:
Tracking: e Full Barrel ToF
e Main TPC Calorimetry:
e Forward TPC (FTPC) e Photon Multiplicity
e SSD + Intermediate Detector (PMD)
Tracker + Active Pixel * Barrel EMC
Detector = HFT(was SSD o _ * Endcap EMC
+SVT) Event Characterization & Trigger: ¢ Forward Meson
e Forward GEM Tracker * Beam-Beam Counter (BBC) Spectrometer

e Zero Degree Calorimeter (ZDC)
BROOKHIAEN e Forward Pion Detectors (FPD)

NATIONAL LABORATORY



Summary

e Four RHIC experiments
-large: PHENIX, STAR (upgrade in progress)
-small: BRAHMS, PHOBOS (now decomissioned)

e STAR and PHENIX have considerable overlap
- cross-checks

* No such thing as a perfect detector

-STAR and PHENIX had to make compromises but still
capture the majority of probes and signatures

- hardly any detector concept that is not used at RHIC

» TPC, Cherenkov, EM-Calorimeters, Driftchambers, muon
chambers, Si-Pad/Strip/Drift, scintillator counters

- Both experiments are being continuously improved
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