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- 89~ Recent colliders
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Colliders
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20+ collider detectors...

Calorimeter
Ring Imaging Cherenkov
Detector
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= Generic collider detector layout

Muon System

MUON SYSTEM

CALORIMETER

Hadron
Calorimeter

Electromagnetic
Calorimeter

Tracker
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,, " 20+ collider experiments...
24 .| but only 3 distinct muon system concepts

MUON SYSTEM MUON SYSTEM MUON SYSTEM

CALORIMET CALORIMET CALORIMET

IRON-CORE
PECTROMETER

AIR-CORE
PECTROMETER

MUON ID ONLY
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%%~ Muon Systems at Colliders

- , Air-core
Muon ID only |\
spectrometer| spectrometer
few-10 GeV BaBar|| Belle
CLEO || BES || KEDR
ee | 100GeV (LEP) | |ALEPH|DELPHI|OPAL L3
1000 GeV (ILC) LDC | GLD || SiD 4th
0.5 TeV (SppS) UA1
PP | 2TeV (Tevatron) CDF DO
10 TeV (LHC) LHCb CMS ATLAS
ep | 300 GeV (HERA) H1 |[ZEUS




¥¥% = Requirements and basic parameters

— Large area (cost)
« from 1000 m? to above 10,000 m? (hectares)

— Low rates, relatively low that is...
 from cosmic rates (0.01 Hz/cm?) to 1 kHz/cm?

— Precision requirements
« from~1cmto <100 um

— Number of readout channels
e from 1K to 1M

— Trigger

« from NO to YES with a few ns accuracy and <0.5 us latency
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u} 7: .
o= Detector technologies MWPC

Scint

DETECTORS

READOUT

Tubes

yes/no

drift time

wire charge division
induced cathode charge

MWPC

yes/no
drift time
induced cathode charge

RPC

yes/no

Scintillators

yes/no




B < Muon Systems at Colliders [ Mwee | scnt

- Iron-core | Air-core
Muon ID only |\
spectrometer| spectrometer
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= Muon Systems at Colliders [ Mvwec | scint
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= Muon Systems at Colliders [ Mvwec | scint

. Iron-core Air-core
Muon ID only |\
spectrometer| spectrometer
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9%~ Muon Systems at Colliders Lvwee | scn

‘ Air-core
Muon ID only
spectrometer
few-10 GeV BaBar|| Belle
CLEO || BES || KEDR
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= Muon Systems at Colliders LMwec | sant

® Air-core
Muon ID only
spectrometer
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9%~ Muon Systems at Colliders LMwec | sant

‘ Air-core
Muon ID only
spectrometer
few-10 GeV BaBar|| Belle
CLEO || BES | KEDR
ee | 100GeV (LEP) | |ALEPH|DELPHI|OPAL ==
1000 GeV (ILC) LDC | GLD |||_SiD 4th
0.5 TeV (SppS) UA1
PP | 2TeV (Tevatron) CDE DO
10 TeV (LHC) LHCb @ CMS ATLAS
ep | 300 GeV (HERA) H1 ||ZEUS




Tubes RPC

?f Muon Systems at CO"“ MWPC | Scint

Iron-core |~ Air-core

Muon ID only |\ =
spectrometer| spectrometer
few-10 GeV BaBar|| Belle
CLEO || BES || KEDR
ee | 100GeV (LEP) | |ALEPH/DELPHI|OPAL 3
1000 GeV (ILC) LDC | GLD |||_SiD 4th




ELECTROMAGNETIC «

CALORIMETERS

HADRON
CALORIMETERS ~,

FORWARD
DETECTOR -

Barrel:
30 cm Drift Tubes

Endcaps:
larocci Tubes

-MUON CHAMBERS

- TIME OF FUGHT
AND PRESAMPLER
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OPAL: barrel muon chambers

ELECTROMAGNETIC. ~MUON CHAMBERS .
cuomeres 30 cm Drift Tubes
TIME OF FLIGHT
HADRON 1 AND PRESAMPLER . . .
cromueTS : = (inspired by design of chambers for JADE)
~_ A ——Z CHAMBERS
FORWARD iz
DETECTOR
= l:/, < - JET cHAMBER °
LA 1.5 cm! |
| 8
i —~ | VERTEX CHAMBER
|~ = p : A \ 3 | - < >
| | 210 60 cm
L 1y
. N Pad (short, upper, inner l\ Pad {short, upper, outer)
- N Drift Electrodes
A ]
croewon G UTI TT DT \ e
\ 1
‘i\\ 74 A
. 1{//\/'\/ PC Boards
o 60 X 1 -5 sz Cel IS’ 30 Cm d rlft P"."d(lnng tower, nner} Pad ilong, lower, outer}

e field-shaping electrodes (25% of insulator is exposed—takes a few hrs to charge up)
e only ~“1K readout channels
e resolution

~1 mm coordinate resolution from drift time

~2 mm along wires (charge division, vernier pads)

DELPHI used conceptually similar design (10 cm drift) for its entire muon system
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OPAL: endcap muon chambers

larocci Tubes

e 1x1cm?cells
e 1 cm wide strips on both sides (across and along wires)
e 42K readout channels
e resolution:
~1 mm coordinate resolution along wires (induced charge on 1 cm strips)

~3 mm across wires (yes/no from 1 cm strips)

ALEPH, CLEO used larocci tubes throughout their whole muon systems
ZEUS, H1 used larocci tubes for most of their muon systems

August 8, 2012 Andrey Korytov (UF) 18



¥%-< L3 Detector

RPC

TRACKER

AIR-CORE
PECTROMETER

Magnet Pole

L3

. Magnet Yoke

'w — Magnet Coil

Barrel
e Air-core spectrometer

e Multi Wire Drift Chambers
e Drift Tubes

Endcap upgrade for LEP-2 (not shown)

* Iron-core spectrometer
e Multi Wire Cell Chambers
® RPCs

August 8, 2012
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%< L3: barrel muon chambers
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B=5.1k Gauss
E=1200 V/cm
a=19°
Gain=5x10*

Argon: Ethane
62:38%

SIGNAL WIRES
W 304um dia, 130¢

FIELD WIRES
Cu Be 75um dia,385g

9mm Spacing

X
S0mm

z-chambers (2 planes) z-chamber cell

e precision chambers: Multi Wire Drift Chambers I
e z-chambers: Drift Tubes + GND
e 250K wires

wire: + 2 kV

e 24K readout channels I-beams: - 2 kV

¢ resolution:

~200 um ro-resolution per wire (drift time) = ~30um alignment is needed
~500 um z-resolution per wire (drift time)
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L3: 30-mm alignment of chambers

End bridge

4-quadrant
photodiode

e passive alignment:
5-um accurate bridges for wires

e active alignment:
wire straightness monitor within a chamber
r@-alignment of three chambers
laser beacon to monitor torsion

e validation:
radial laser beam (equivalent of a straight track)
cosmic ray muons (B=0)

l QUAD. DIODE
| /—

The UV laser system.

August 8, 2012 Andrey Korytov (UF)
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= L3: forward muon chambers

Yy

A
» o _
di s AR s 1 Toroid Coll
o e ¢ Solenoid SR vz
= I MO |
upgrade ,
| -
4—L MM - __fﬁ i H A
121 ’
e
== 2 =— T/
24 FlL FM | FO
_: RPC
!L’/T L B T T T ¢?
0 2 4 6 8 m

e endcaps of magnet yoke are magnetized

e 3 layer of precision chambers: Multi Wire Cell Chambers (3 layers each)
e resolution: ~¥250 um resolution per wire (drift time)

e 2 layers of RPCs for trigger (first use of RPCs in collider experiments)
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Classical muon ID-only

Endcap
18 RPC layers
60cm of iron

e RPCs in iron muon filter
(although there is B, no
momentum measurement is
intended and strips are
made very wide)

RPC section , e Momentum is from central tracker

"Barrel
19 RPC layers o P

65¢m of iron _:1310_3 p C-D 00045
P
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BaBar: RPCs

T Bakelite 2 mm

~—Aluminum
X X stri
oam 7 strips
Hv.

1 1T T T | /Insulator (Mylar)
' '<—fGraphite

Bakelite 2 nzm
] B
-] (ias | \ 2 mm

§
}

{
~— (Graphite

ﬂlﬂsula’m (Mylar)

800 single-gap chambers
2300 m? area
53K channels

Readout from both sides (x,y)

Spacers (G-10 and Lexan)

e Y sirips

Aluminum
rd
1 mm

0

lcm
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BaBar: RPC (Lesson 1)

Average RPC LEfficiency

1 :
-Barrel
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Replacement of 2000:

1/3 linseed oil, problem remains

. 5 I vs V newRPC - inner layers
A “beam tree” around the button on the anode
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% Three of 4 ILC Detector Concept

8.0

4.5
10
3.5+
2.
2.0 .
0.45-
2.32.8 4.25
[ ] Main Tracker Bl Iron Yoke
B EM Calorimeter [ ] Muon Detector
[ ] Hadron Calorimeter 1 Endcap Tracker

B Cryostat

LDC, GLD, SiD

Muon ID only:

RPC is a favorite choice
~1 cm resolution (3 cm strips)
~4,000 m? area

~100K readout channels

Momentum measurement from
a main tracker (TPC or Si):

August 8, 2012 Andrey Korytov (UF)
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AIR-CORE
PECTROMETER

"< The 4th ILC Detector Concept

1009- Muon air-core spectrometer:

« Dual solenoid and end coils

= form “two co-axial fields”
w- coil | '. *  Muon system rgsides In the
—— outer annulus field
. ——— = " l | * Precision cylindrical drift
)1 | tubes (ATLAS design):
— / i ~80 um resolution
200- q
B P ! Momentum measurement:
5 260 a2 6t st i OP ~10™ p

P
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=8P < Momentum Resolution comparison

100%

BaBar — ALEPH — GLD
Belle/Kedr — OPAL —LDC
— BESIII — DELPHI —SiD
-- - CLEO —13 — 4th
10% - |
S
£ d /
S
° /
N / /
0% . . : , ; : ;
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100 1000
p(GeV) p(GeV) p(GeV)
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Tubes RPC

?f Muon Systems at 0|||d MWPC | Scint

. , Air-core
Muon ID only |\
spectrometer spectrometer
few-10 GeV
ee | 100 GeV (LEP)
1000 GeV (ILC)
0.5 TeV (SppS) UA1
PP | 2TeV (Tevatron) CDE DO
10 TeV (LHC) LHCb @ CMS ATLAS
ep | 300 GeV (HERA)




Z'< UA1 at SppS

Muon System: ID only

5 sides of 6 are covered with
two 4-layer Drift Tubes

Momentum measurement

i I comes from the tracker:
; — = g 8 L = p -3
}, N = o= a T\\\{ _:5’10 p
[‘ ] \: : -=- | p
I | sy /, el BE % fil
[ i ‘ | Il
g i ' ;ii
fitk e |
B o: * e T ° : | AL =
X —— : 2 = p
wk.QQOO.'Q..TQQQ —— S =,
ooy >SS eags - =
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UA1 Muon Chambers

high
voltage
cathodes

e 149.2 -

NN NN

60 centimetres

—

A A AR RN

AN aS.

! 70mm |
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% CDF-l at Tevatron Run 1

FORWARD MAGNETIZED
STEEL TOROIDS

CENTRAL MUON

\— FORWARD ELECTROMAGNET AND
HADRONIC CALORIMETERS

CENTRAL MUON
muon id only
Drift Tubes

FORWARD MUON
muon iron-core spectrometer
Electrodeless Drift Tubes

CENTRAL UPGRADE+EXTENSION
muon id only
Drift Tubes

August 8, 2012
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7 CDF-I: Central Muon System

Muon track ‘-‘,\ Radial centerline

CENTRAL MUON UPGRADE :
= ‘ - :
\ .
CENTRAL MUON EXTENSION \ .
L— — L\ — — —
—— — —\ : [ S—— [ — ——
FORWARD MAGNETIZED \ ' 55 mm
STEEL TOROIDS '
[ — \ | [ ) — — L —
— > > -
\t,!
\2} i
\
| I —_— ! —T —_— — —_— —
X
— — \ — — — —
\— FORWARD ELECTROMAGNET AND o\
HADRONIC CALORIMETERS '\
— —— — A — — — — —

CENTRAL MUON
(right after calorimeters, only 5.41)

e Single Wire Cell Chambers
e dx ~ 250 um (from drift time)
e dz~ 1.2 mm (from charge division)

@=2-10-3p

Momentum resolution from the tracker: p
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CDF-I: Central Muon Upgrade (Lesson 2)

CENTRAL MUON UPGRADE
e after magnet return yoke (60 cm, +3.5A)

e direct ™ punchthrough probability ~10
e 4 layers of Drift Tubes

CENTRAL MUON UPGRADE

; r AP
CENTRAL MUON EXTENSION \

FORWARD MAGNETIZED v{:’]

Gas Inlet/Outlet E“d{lfte Wire Feedthrough
STEEL TOROIDS

Grid HV
Gold-plated Cu/Be < Mg
Contact Pins ~

\ 4

Field Shaping Pads

\ N
‘— FORWARD ELECTROMAGNET AND

— — Aluminum Chamber
HADRONIC CALORIMETERS .

%i‘j)@)(ydo\é@:{)vi\-j;? = PVC Wire Support
CENTRAL MUON |

S / Grid HV N
e right after calorimeters, only 5.4\ croeres ) ""”Q\ gt cun
e direct ® punchthrough probability ~0.5% ST o ™ oo
Gold Plated

Tungsten Wire

CENTRAL MUON EXTENSION

e extends n-coverage

e same detector technology

e sandwiched between scintillator counters
Andrey Korytov (UF)
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CDF-I: Forward Muon System (Lesson 3)

CENTRAL MUON UPGRADE —\ //\ o , \ N | FORWARD MUON
—— A \ || e use magnetized iron toroids to measure muon p

FORWARD MAGNETIZED
STEEL TOROIDS

e rely on field shaping made by charged up

large area of an insulator (recent idea of electrodeless
\ drift chambers from Manchester: NIM 201 (1982) 341)
e used by JADE/OPAL in a limited extent

\— FORWARD ELECTROMAGNET AND
HADRONIC CALORIMETERS

ZTT I IZZTILTTLE sy g”llfll’ﬂli T 2T T TIITT I
+ + + ¥V Y 3 T3 TTFFTITIFIFSTT ¥+ 77 hd 1‘
-

e Proved to be unreliable in environment of high and variable rates
(difficult to maintain gas gain and efficiency equilibrium across the system and in time)

¢ Discarded for Run Il

August 8, 2012 Andrey Korytov (UF) 35



" CDF-Il at Tevatron Run Il

CENTRAL MUON UPGRADE

CENTRAL MUON EXTENSION \
A

FORWARD MAGNETIZED l,'h]
STEEL TOROIDS :

— FORWARD ELECTROMAGNET AND
HADRONIC CALORIMETERS

Discard Forward Muon System
Double n-coverage of the central region
Same technology as already used in CDF-I:

¢ Drift Tubes
e Scintillators

August 8, 2012
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Scint

TRACKER

IRON-CORE
PECTROMETER

DO-l at Tevatron Run |

SAMUS PDT WIDE ANGLE PDT (CM) WIDE ANGLE PDT (EM)
A STATION A LAYER A LAYER B LAYER — C LAYER

K L II‘\\\

B STATION B LAYER
C STATION \ C LAYER — 90°  80* 70" | 60" 50| 45+ 40° 35
l/ /\ 7 /(

: CF 1
EF R | $ L
\C R A A\\\] r/ V. . A - XA ol 10°
§ /§ \/ /h\ R 5
T - - CENTRAL ! QUAD — 0
, = S J—‘ DETECTOR || \ S S ,
1 N % 1 N
g. N NN /,|/CAL<£/|R]AET'ER 7 NSl
RN
5 {1 1l a
” / TOROID [ CF H
— ) =I i=1 —

J PLATFORM &
SAMUS TOROID ELEC. RACKS Lo liiaal (reet)
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' DO-I: Proportional Drift Tubes

SAMUS PDT WIDE ANGLE PDT (CM) WIDE ANGLE PDT (EM)
A STATION A LAYER A LAYER B LAYER C LAYER .
B LAYER —
B STATION w0 s 70 | s s es s0r/ | 35 =
C STATION C LAYER —\ / / a ;
30° 1
: = ] = &S 7 ol '_‘J i
25° ! ; fJ
I I ;
20° J |
i A N PANA NI PN P Cl] £ )
CF < e el £
I 33 EF |
Z 10° VERNIER PAOS SIGNAL WIRE
u C
Vi o § \ /
QUAD CENTRAL ) o S1GuAL
Z DETECTOR WIRE
v JJV AN \ N v
N
N //{ CALORINETER /] .
AN {
i 5cm
3 x
:‘;’A’L’L' XX] - C
oAt & [en———— |
SAMUS TOROID ELEC. IRACKS e e U 0))
: |
L1
R 10 cm

IRON-CORE SPECTROMETER

e WIDE ANGLE PDTs - proportional drift tubes of rectangular shape
e precise coordinate from drift time

e induced charge from Vernier pads on Glasteel substrate for hit coordinate along the wire

e SMALL ANGLE PDTs — classical round proportional drift tubes

August 8, 2012 Andrey Korytov (UF) 38



DO-I: Proportional Drift Tubes (Lesson 4)

(these aged wire images are for illustration
purposes only, they are not from DO)

10 cm

Fast aging observed:
e crud formed on wires (traced to outgassing from Glasteel)

zapping wires with “just right” discharge allowed to save barrel chambers
- too low charge would solidify the crud on wires

- too high charge would melt gold on wires
- “just right” discharge would evaporate the crude

August 8, 2012 Andrey Korytov (UF) 39



DO-I: Forward Drift Tubes (Lesson 5)

DO Top View 11-NOV-1992 18:44 | Run 52622 Event 1421]22—SEP—1992 12421
Max ET= 34.7 GeV Y el
CAEH ET SUM= 268.6 GeV Fédl w.l
VTX in Z= 21.1 (cm) / B 1<E< 2

[‘ [ e — | ) = ] 124_1. 2 Fl 3

;
B

RS T
j 1

'
8
= <
ﬂ/

=55
El[‘é@

T TS
JE==————
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o
o
<
e s A Ee Y|
]
(93 )
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[ I * [ ]
J =
’\ 4
/ — ]
= ——————— [—— —— — —— — IMUOI
J / | ELEC
et 77741:#‘ —0 - — | [ TAUS
/‘ VEES
* = 8 G OTHER
[P B '

| |

Backgrounds at small polar angles are very high
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"< DO-I at Tevatron Run Il

Scint

TRACKER

IRON-CORE
PECTROMETER

AT T T ST TR A T A AT AT SRS H A T

NORTH WUGN_TAROCC]

e "““’\ F’o'{.‘?’.‘n

el ; : —
LU YT

Forward ] !
. . >

trigger: scint ~—]

counters ;

(m) o —

| Shielding | [F<:

Forward
tracker: mini-
drift tubes

(m)
Andrey Korytov (UF)

RAUBUSL O, LULZL

e Small angle muon system
is replaced with shielding

eForward muon chambers
are replaced with Aluminum

larrocci Drift Tubes
(mini-drift tubes)

Envelope Comb Cover Wire Spncer

41



= DO-1l at Tevatron Run I ()

IRON-CORE
PECTROMETER

LA T TR T S TR T AT SR B AP ONTE O

NORTH MUGN TAROCC]

w| I e r*%"-‘n

Scintillator counters

Forward =
trigger: scint
counters

(m) 0

Shielding |’

Forward
tracker: mini-
drift tubes

(m)

AUBUSL ©, ZULZ Andrey Korytov (UF) 42



< CMs

IRON-CORE
PECTROMETER

CMS
A Compact Solenoidal Detector for LHC
(}F&m@ TDE i uuoncrﬁ uaﬁﬁ TRA?KEH ] cms:T_AL ECAL

[AIR PADS

I3 -

/ 7

Total weight : /
weig| 12,5001, ;
Overall dameter : 1500m SUPERCONDUCTING

Overalllangth  © 21.60m Tl [rETURN YOKE]

Mhgretic feld  : 4Teda

Muon System: iron-core spectrometer

Barrel:  Drift Tubes
+ RPCs

Endcap: Cathode Strip Chambers

+ RPCs

R(cm&

700

600

500

400
300 F
200 L

100
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CMS: Drift Tubes (barrel)

Insulator strips
Anode wire Electrode strips

1800V

13 mm

=¥ 4 Cathode strip

a4 4

/

(.
¥y V27

Iron-core spectrometer

e 250 chambers, 12 layers each

e 200K channels

e 250 um resolution (drift time)

e self-triggering using mean-timers (high p;)

RPCs help trigger at lower p; and add redundancy

August 8, 2012 Andrey Korytov (UF)
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.' CMS: Cathode Strip Chambers (endcaps)

wire plane (a few wires shown)

4 cathode plane with strips
] [ muon A
E cathode
E 1 cm I ......... / eeeeeeee wires
] 1 cathode
; 3.3 m
—- Nge
] — — — cathode with strips
] 4 avalanche wires
] v
E plane cathode

0 1 1 1 1 1

Iron-core spectrometer

e CSCs — first time at this scale

e 540 chambers, 6 layers each

® 500K channels

* 6,000 m?Z sensitive area

e ~300 um resolution (induced charge)
e self-triggering

RPCs add redundancy Andrey Kory: AT g L



CMS: RPCs (barrel and endcap)

.
strips

HV) Gas 2 mm
Bakelite

e e ——— |
1»
Bakelite

RPCs
a la BaBar design, but: double gap and operate in prop mode

extensive aging studies show no aging
1000 chambers
150K readout channels

Used mostly for redundancy: trigger and pattern recognition

August 8, 2012 Andrey Korytov (UF) 46



AIR-CORE

PECTROMETER

MDT chambers 12'm
Resistive plate chambers
10
Barrel toroid coil
L 8
Thin gap L 6
chambers
___________ ) 4
End-cap
toroid
2
Cathode strip |
chambers )
f = f == — — f —" 0
12 10 8 6 4 2m

Muon System:
e air-core spectrometer

Barrel:
e Monitored Drift Tubes
® RPCs

Endcap:
e Monitored Drift Tubes
e MWPC (Thin Gap Chambers)

Very Forward:
e Cathode Strip Chambers

August 8, 2012 Andrey Korytov (UF)
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Cross plaie

Multifayer
In-plane alignment
Longitudinal beam

T T I
20 18 16

Air-core spectrometer

* 3 cm pressurized tubes— basic element
e 80 um resolution per tube

e 1200 chambers, 6 layers each
® 400K 3-cm tubes
e 5,500 m? active area
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"< ATLAS: 20-mm MDT alignment

¢ In-plane alignment for chamber
deformations (calibrated)

¢ Projective alignment for relative
positions of ‘triplets’ (20 um)

e Axial alignment to limit number
of projective rays (20 um)

+ Proximity sensors to couple
between adjacent structures
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ATLAS: Thin Gap Chambers

Barrel toroid coil
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toroid
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Cathode strip
chambers
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Trigger Detector

¢ 6,600 m? of single plane area
(two planes per chamber)

e 440K readout channels

* 5 mm granularity
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= ATLAS: RPCs

MDT chambers 12m

Resistive plate chambers
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Trigger Detector

* a la BaBar design, but in proportional mode

¢ 7,200 m? of single plane area
(two planes with two-side readout per chamber)

e 355K readout channels (3 cm strips)

Bakelite Plates

X readout /\
HV strips
¥
\

Gas
Grounded
planes

Y readout strips

Polycarbonate

spacers Graphite

electrodes

Ionizing particle
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Momentum Resolution comparison

CMS ATLAS
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e v
MUON-ID ONLY
e 1,368 MWPCs (total sensitive area 435 m?), 80 kHz/cm?
e 24 Triple-GEM detectors (each 24x20 cm?), 500 kH/cm?
e 120K readout channels
e self-triggering system

e — v
Multi-Wﬁ?e Prop Chambers
(wire, strip, pad readout)

\‘l

Triple-GEM chambers
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9%~ Muon Systems at Colliders LMwec | sant
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o= Summary
Muon systems allow for
— sensitive area: 10,000 m?
— muon identification: a must
— measuring its parameters: none, crude, precise
— Triggering: yes or no

Most popular recent technological choices
— drift tubes (in various reincarnations)

— multi-wire proportional chambers (with strip readout)
— RPCs

A few lessons learned hard way...
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