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• SRPLDU HQHUJLL
—NDORU\PHWU

• SRPLDU SÌGX
—]DNU]\ZLHQLH WRUX Z SROX PDJQHW\F]Q\P

• LGHQW\ILNDFMD F]�VWHN
—UÕ¡QH RG]LD�\ZDQLH ] PDWHUL�

'HWHNWRU\�XQLZHUVDOQH



CERN Academic Training 97/98
Particle Detectors

Christian Joram I/12

Momentum measurement
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Momentum measurement

Momentum measurement

the sagitta s is determined by 3 measurements with
error σ(x):

for N equidistant measurements, one obtains
(R.L. Gluckstern, NIM 24 (1963) 381)

ex: pT=1GeV/c, L=1m, B=1T, σ(x)=200µm, N=10
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Multiple Scattering

Scattering

An incoming particle with charge z interacts with a
target of nuclear charge Z. The cross-section for this
e.m. process is

Average scattering angle 
Cross-section for              infnite !

Multiple Scattering
Sufficiently thick material layer → the particle will
undergo multiple scattering.
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Multiple Scattering

Approximation

X0 is radiation length of the medium
(accuracy ≤ 11% for 10-3 < L/X0 < 100)

The lateral displacement can also be approximated by
a Gaussian distribution with width
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Momentum measurement

Back to momentum measurements:
contribution from multiple scattering

ex: Ar (X0=110m), L=1m, B=1T

0

0

0

1
045.0

3.0

0136.0
)(

1
0136.0sin

LXBBL

X

L

p

p

p

p

X

L

p
ppp

T

MSMS

T

plane
RMS

MS

nn
o

o

p

qrst

u

v

w (p)/p

w (p)/p

w (p)/p

p

MS

meas.total error

independent
of p !

%5.0
)( x

MS

Tp

py



CERN Academic Training 97/98
Particle Detectors

Christian Joram I/17

Momentum Measurement

Momentum measurement in experiments with
solenoid magnet:

polar angle has to be determined from a straight line
fit x=x(z).

N equidistant points with error σ(z)

+ multiple scattering contribution….

In practical cases:

In summary:
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A Toroidal LHC ApparatuSATLAS

Compact Muon SolenoidCMS

µ

µ

:\EÕU NRQILJXUDFML SROD PDJQHW\F]QHJR GHF\GXMH
R VSHF\ILFH FD�HJR HNVSHU\PHQWX�

HNVSHU\PHQW NRV]W PDJQHV NRV]W

$7/$6 ��� 0 &+) WRURLG ��� 0 &+)

&06 ��� 0 &+) VROHQRLG ��� 0 &+)

0DJQHV



5HNRQVWUXNFMD�]GDU]HQLD



'R ODW ���W\FK F]�VWNL HOHPHQWDUQH EDGDQR J�ÕZQLH
UHMHVWUXM�F LFK RG]LD�\ZDQLD Z HPXOVMDFK L QD NOLV]DFK
IRWRJUDILF]Q\FK� $QDOL]D WDNLHJR ]GMÌFLD Z\PDJD�D
UÌF]QHJR SRPLDUX ZVSÕ�U]ÌGQ\FK ZLHOX SXNWÕZ QD WRU]H
ND¡GHM F]�VWNL� *LJDQW\F]Q\P QDN�DGHP SUDF\ PR¡QD
E\�R SU]HDQDOL]RZDÈ a�� ��� ]GMÌÈ ] WUZDM�FHJR NLOND ODW
HNVSHU\PHQWX�

3U]H�RPRZ\P PRPHQWHP E\�R Z\QDOH]LHQLH Z ���� U�
NRPRU\ ZLHORGUXWRZHM�
'HWHNWRU WHQ SR]ZROL� QD FD�NRZLFLH DXWRPDW\F]Q��
HOHNWURQLF]Q� UHMHVWUDFMÌ RG]LD�\ZDÓ F]�VWHN�
3R]ZROL�R WR QD SH�Q�� NRPSXWHURZ� LFK DQDOL]Ì�
FR GD�R PR¡OLZR�È SU]HEDGDQLD PLOLRQÕZ LQWHUHVXM�F\FK
SU]\SDGNÕZ ] MHGQHJR HNVSHU\PHQWX�

*HRUJHV &KDUSDN� 3RODN ] SRFKRG]HQLD� XU� Z ���� U�
Z '�EURZLF\� 8NRÓF]\� VWXGLD QD &ROOHJH GH )UDQFH
Z 3DU\¡X� 2G ����U SUDFXMH Z &(51LH� : ���� U� ]RVWD�
XKRQRURZDQ\ QDJURG� 1REOD ]D SUDFH QDG GHWHNWRUDPL
F]�VWHN HOHPHQWDUQ\FK� D Z V]F]HJÕOQR�FL
]D Z\QDOH]LHQLH NRPRU\ ZLHORGUXWRZHM�

1REHO�GOD�&KDUSDND

&(51 SKRWR ����

&(51 SKRWR ����



&]�VWND SU]HFKRG]�FD SU]H] SÕ�SU]HZRGQLN WZRU]\ SDU\
HOHNWURQ�G]LXUD� 3RZRGXMH WR SU]HS�\Z UHMHVWURZDOQHJR
SU�GX�

'HWHNWRU\ PLNURSDVNRZH

3R�R¡HQLH F]�VWNL RNUH�ORQH MHVW SU]H] HOHNWURGÌ
RGF]\WRZ� Z NV]WD�FLH SDVND R V]HURNR�FL U]ÌGX ���µP
L G�XJR�FL U]ÌGX ��FP�

'HWHNWRU\ PR]DLNRZH �SL[HO GHWHFWRUV�

3R�R¡HQLH F]�VWNL RNUH�ORQH MHVW SU]H] HOHNWURGÌ
RGF]\WRZ� Z NV]WD�FLH SURVWRN�WD R ERNDFK U]ÌGX ��µP�

'HWHNWRU\�SÍ�SU]HZRGQLNRZH

&(51 SKRWR



'HWHNWRU\ SÕ�SU]HZRGQLNRZH
�PLNURSDVNRZH� PR]DLNRZH�

• EDUG]R Z\VRND SUHF\]MD� a�����µP

• QLH]E\W GX¡H SRZLHU]FKQLH� a����P�

'HWHNWRU\ JD]RZH �NRPRU\ GUXWRZH�

• EDUG]R GX¡H SRZLHU]FKQLH� a��������P�

• XPLDUNRZDQD SUHF\]MD� a�������µP

1RZH WUHQG\

'HWHNWRU\ PLNUR�JD]RZH
�06*&� 0*&� *(0� 0LFURPHJDV�

• GR�È GX¡H SRZLHU]FKQLH� a������P�

• GREUD SUHF\]MD� a�����µP

3RPLDU�WRUX
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Micro gaseous detectors

Faster and more precision ? → smaller structures

D Microstrip gas chambers

80 E m 10 E m 100 E m

3 
m

m

backplane

drift electrode (ca. -3.5 kV)

AC (-700V) substrate

30
0 

F m

gas volume

ions
A C

geometry and typical dimensions
(CMS standard)

(A. Oed, NIM A 263 (1988) 352)

Glass DESAG AF45 + S8900
semiconducting glass coating,

ρ=1016 Ω/ G

Gold strips
+ Cr underlayer

Field geometry

Fast ion evacuation → high rate capability
≈ 106 /(mm2⋅s)

Gas: Ar-DME, Ne-DME (1:2), Lorentz angle 14º at 4T. 
Gain  ≤104

Passivation: non-conductive protection of cathode edges
Resolution: ≈ 30..40 µm
Aging: Seems to be under control. 
           10 years LHC operation ≈ 100 mC/cm

CMS
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Micro gaseous detectors

Micro gap chambers

2-
6

 m
m

100 H m

51 

9
metal 1
(cathode)

metal 2
(anode)

insulator

60

50

40

30

20

10

0

µm

µm
-20            0               20

F. Angelini, NIM A 335 (1993) 69

2-dimensional
readout with
MGC (Bellazini)

20
0 I

m
cathode pad

anode

glass substrate

10 J m

drift electrode

INFN Pisa
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Micro gaseous detectors

K Micro Gap Wire Chamber

K MICROMEGAS

100 L m

3 
m

m

HV 1

HV 2 

conversion gap

amplification gap
micro grid

copper strips
on kapton foil

317 
L m

70 
L m

(G. Charpak et al., CERN-LHC/97-08)

E ≈ kV/cm

E ≈ 45 kV/cm

Gas: Ar-DME (≈80:20)

High rate capability (109 /(mm2⋅s), prototype in test beam

(E. Christophel et al., NIM A 398 (1997) 195)

gold cathode on ceramic substrate

5 µm wire on 40 µm wide polyimide strips 

Gain > 105  (prototype 2.6 x 2.6 cm2) 
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Micro gaseous detectors

M
   GEM: The Gas Electron Multiplier

(R. Bouclier et al., NIM A 396 (1997) 50) 

N O P Q R P P S
m

T P Q N R P S
m

T P S
m Kapton 

+ 2 x 5-18 
S
m Copper
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Micro gaseous detectors
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Gas Detector Simulation

Electron driftlines through
a GEM like structure

the same for
MICROMEGAS



: SUDNW\FH EH]SR�UHGQLHM GHWHNFML SRGOHJDM� MHG\QLH

γ��H±��S±��Q��µ±��π±��.±��.�
/�

,QQH F]�VWNL EDGDP\ REVHUZXM�F SURGXNW\ LFK UR]SDGX�

F]�VWND F]DV ¡\FLD τ F ⋅ τ
IRWRQ γ ∞ ∞
HOHNWURQ H− ∞ ∞

QHXWULQR ν ∞ ∞
SURWRQ S+ >1.6 ⋅1033 lat ∞

QHXWURQ Q 887 s 2.7 ⋅108 km

PLRQ µ− 2.2 ⋅10−6 s 659 m

SLRQ π� 2.6 ⋅10−8 s 7.8 m

NDRQ .� 1.2 ⋅10−8 V 3.7 m

NDRQ .�
/ 5.2 ⋅10−8 s 15.5 m

NDRQ .�6 0.9 ⋅10−10 s 2.7 cm

Λ0 Σ+ Ξ0− Ω− ... ~ 10−10 s ~ 3 cm

'0+ %0+ ΛF
� ΛE

� ~ 10−12 s ~ 300 µm

SLRQ π� 8.4 ⋅10−17 s 25 nm

η,ψ, UH]RQDQVH <10−19 s —

&]�VWNL�G�XJR¡\FLRZH



&]�VWNL G�XJR¡\FLRZH LGHQW\ILNXMHP\ REVHUZXM�F MDN
RG]LD�\ZXM� ] PDWHUL��

• F]�VWND QD�DGRZDQD y �ODG
• HOHNWURQ� IRWRQ y NDVNDGD HOHNWURPDJQHW\F]QD
• KDGURQ �S� Q� π� .� y NDVNDGD KDGURQRZD

'HWHNWRU XQLZHUVDOQ\ VN�DGD VLÌ ZLÌF ]Z\NOH ] � F]Ì�FL�

• ZHZQÌWU]Q\ GHWHNWRU �ODGRZ\ �uWUDNHUv�
• NDORU\PHWU HOHNWURPDJQHW\F]Q\
• NDORU\PHWU KDGURQRZ\
• ]HZQHWU]Q\ GHWHNWRU �ODGRZ\ �GHW� PLRQRZ\�

2EHFQR�È QHXWULQD PR¡QD UR]SR]QDÈ MHG\QLH SR
uEUDNXM�FHM HQHUJLLv y SR]RUQ\P ]�DPDQLX ]DVDG\
]DFKRZDQLD�

3URWRQ� NDRQ L SLRQ PR¡QD RGUÕ¡QLÈ Z\]QDF]DM�F PDVÌ
F]�VWNL� ]PLHU]\ZV]\ XSU]HGQLR MHM HQHUJLÌ L SÌG�

P�  (��F� − S��F�

γ H ν S�π�. Q µ
WUDNHU − + − + − +
NDORU\PHWU HOHNWURPDJ� + + − − − −
NDORU\PHWU KDGURQRZ\ − − − + + −
GHWHNWRU PLRQRZ\ − − − − − +

,GHQW\ILNDFMD�F]�VWHN



,GHQW\ILNDFMD�F]�VWHN
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traker kalorymetr
elektromag.

kalorymetr
hadronowy

detektor
mionowy



S. Cittolin CERN/ECP CMS-TriDas. CERN School  of Computing, Egmond aan Zee/NL.96

The Compact Muon Solenoid CMS experiment at
CERN Large Hadron Collider LHC

19

The CMS detector will be built around a high-field superconducting solenoid (4 T) leading to a compact design for the muon 
spectrometer, hence the name Compact Muon Solenoid (CMS). In order to detect signatures of new physics efficiently, 
identification and precise measurement of muons, photons, and electrons have been emphasized in the design considerations of 
CMS. 
The long solenoid allows efficient measurement of forward muons. Muons see the full bending power of the solenoid up to a rapidity 
of 1.5. For the rapidity range 1.5 <|h|< 2.5 they are still measured in the inner tracker and in the four forward muon stations (MF1 to 
MF4). There is enough bending power to maintain good resolution up to a rapidity of 2.5. The muon rate in the forward region is 
dominated by low pt muons from p/K decays in the inner tracking volume. The forward muon trigger system consists of small pads 
designed to reduce effectively the high rate of low pt muons. 
The combined muon momentum resolution is better than 3% at 0.4 TeV in the central rapidity region |h| < 2.5, degrading to 5% at 2 
TeV. Low-momentum ( p < 100 GeV) muons are measured before the absorber with a precision of about 1% up to a rapidity of 2.5.

5 10 15m0-5-10-15



&RPSDFW�0XRQ�6ROHQRLG���WR�GHWHNWRU�SU]H]QDF]RQ\�GR�
EDGDQLD�]GHU]H��SURWRQ�SURWRQ�Z�DNFHOHUDWRU]H�/+&�

3RGVWDZRZH�]DáR*HQLD�SURMHNWRZH�

�� %DUG]R�GREU\�V\VWHP�PLRQRZ\
—SUHF\]MD�SRPLDUX��KHUPHW\F]QR�ü��UHGXQGDQFMD

�� 1DMOHSV]\�PR*OLZ\�NDORU\PHWU�HOHNWURPDJQHW\F]Q\
—]GROQR�ü�UR]G]LHOF]D��MHGQRURGQR�ü��JUDQXODUQR�ü

�� :\VRNLHM�MDNR�FL�GHWHNWRU�FHQWUDOQ\
—J
VWR�ü�SUyENRZDQLD��SUHF\]MD�SRPLDUX

�� +HUPHW\F]Q\�NDORU\PHWU�KDGURQRZ\

(NVSHU\PHQW�&06
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