" THRIIRY
Operations and Performance of the
CMS DT and-RPC muon systems




ol The CMS detector

G. Pugliese P Muon
| R — Spectrometer
Silicon pixel &

strip tracker

Electromagnetic

calorimeter _
(Scintillating PbWO4
crystals)

Hadron calorimeter
Plastic scintillator/brass

Weight: 12000 t
Length: 21.6 m
Diameter: 15 m

| Magnetic field: 3.8 T
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iy The muon spectrometer
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Robust, efficient and redundant muon system

- :‘- ey ; A Jf'”é“?z: = =pc s Planar endcap region:
= e (Wi e * 4 planar stations interleaved with
wE ] -@-‘-@ L e ERTY the iron return yoke plates (the 4th
» --@_ﬂ 32 7 _ will be installed in 2013-14).
W — —— IT | R  Cathode Strips Chambers and
F | : ,ff”‘;“jl' Resistive Plate Chambers
T 14
E 77777222 e — -
i Requirement of p system:
5|I|-::on — &= . .- .
= s e S RS SSRSS | * Identification of muons
Z (em) )
 measurement of their
Cylindrical barrel region: transverse momentum
4 coaxial stations interleaved with the iron * bunch crossing (BX)
return yoke plates. The stations are grouped assignment

into 5 wheels around the beam line
« Drift Tube and Resistive Plate Chambers




&Q Drift Tube Chambers

G. Pugliese DT chamber ICHEP 2012
> covers 0<|n|<1.2 '

» 250 chambers

» 3 Super Layer/chamber: 2 SL to measure
the r — ¢ coordinates and 1 SL the r —z (except
for MB4)

> 4 layers/super layer
» 42 mm x 13 mm cells for a total of 172000
» Gas mixture: Ar + CO, (85 % -15%)

==

m-

Spatial resolution per wire = 250 um
Maximum drift time ~ 400 ns
Almost linear space-time relationship ~ 55 um/ns



&Q Resistive Plate Chambers

G. Pugliese

» covers0<|n|<16

» 912 chambers (480 in barrel and 432 in endcap)

» Double gaps gas chamber: 2 mm gas width

» 110000 electronic channels and 3500 m? of active area

> Bakelite bulk resistivity: p =2-5x1019Qcm

» Strip width: 2 +4 cm.
» Gas mixture: C,H,F, +isoC,H,;+ SF; (40% of H)
95.2% 4.5% 0.3%

» Operated in avalanche mode

Spatial resolution = 1 cm
(depending on strip width)

Time resolution = 2 ns
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e CMS trigger system
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Two level trigger system filters out “interesting” = - L1 Muon Trigger
events: ;
Level 1 trigger (made by custom electronic): - -l
40 MHz > 100 kHz : \ 4 -
latency < 3.2 us : Local Local
. - . I trigger trigger
High Level trigger (made by a processor farm): : E— e
300- HZ _ ' Pattern
decision made in 1s : Comparator = Track

: finder finder
L1 Calorimeter Trigger “\A n 1 u /

Global Calorimeter
Trigger

[ Global Muon Trigger ]

/’.
=== z=zz2z2z:22z22z:2z:22z25z:2z:23z25z:z:3z2z:z% -

ely, J, Eq, E;miss

DT local trigger: provide trigger segments (in ¢ and 6 view)
for each chamber. Each trigger segment has to be associated to
the BX at which the u candidate was produced.

Global Trigger

RPC trigger: the RPC hits are compared with predefined sets
of patterns. A u candidate is produced if the hits fit a pattern
and are in the same BX. L1 trigger < 100kHz
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Total Integrated Luminosity (fb "}
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X 1 B LHC Delivered: 0.04 fb” 0.05
w1 [ CMS Recorded: 0.04 fb™!

CMSTotaII ntegrated Luminosity, 2010, p-p, Vs =7 TeV CMSTotaII : g nedL mi Ity zn11 pp r 7'rv

1 ‘ LHC Delivered: 6.10 15"
"_ [ cMS Recorded: 5.56 fb™'

* CMS efficiency
13 = 91%
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CMS efficiency

Total Integrated Luminosity (fb ™)
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CMS In operation

Iﬂ'rm 13:5°
1 ‘ LHC Delivered: 565fb
7= ) [ CMS Recorded: 6.15 fb"

cmsr : || tsgratedL mI ny 2012 p-p,
B8 110

CMS efficiency
- =~ 92.5%
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Date

Very high CMS efficiency in 2010 and 2011. Even better in 2012.

Very low contribution of DT
and RPC systems to the CMS
downtime: less than 1.5 %.

ERPC downtime

E DT downtime
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INFN CMS active channels
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CMS Preliminary || pecember 2010
. September 2011

. June 2012

Subsystem

HCAL Outer =

R
s
HCAL Barrel : : : 3 3 3 3 3 3

P

ECAL Endcaps

ECAL Barrel
Strip tracker

Pixel tracker e ———
0.9 0.910.920.930.940.950.960.970.980.99 1
Active Fraction

Fraction of active channels:

» larger then 98% for RPC. Stable
IN time.

» above 99 % for DT.

Key of success: clear procedures for
a prompt intervention during all
beam-off and Technical Access time

RPC and DT inactive channels are mainly caused by failure of the

electronics located near or inside the chambers. Not accessibly since 2009.
They will be recovered during long shutdown 2013 -14. I
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RPC working point calibration

ICHEP 2012

At the beginning of 2011 and 2012, an HV scan was done in order to study the
chambers’ Working Point and to monitor in time the performance. The luminosity
lost because of the RPC calibration was very low 3.3 pband 6.2 pb, in 2011 and

~ 100G : 5
X g . 0 =
= 901" —=— 2012 Barrel ' E
k5 80" . 2012 EndCap ¢ =
& 70 . =
] 60 - —* 2011 Barrel o E
~ 2011 EndCap 3
S0E =
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107 =
E 1 : . 1 E ] 1 ; 1 ¢ 1 | 1 1 1 1 1 1 1 ‘ 1 1 i

%00 " 8600 8300 9000 9200 _ 9400 9600 9800
Effective High Voltage(V)

Average efficiency vs HV for all RPCs.

The different WP for Barrel and Endcap chambers
depends on different construction techniques used.

HV distribution for all RPCs as measured at

Number of Chambers

120

100

80

60

40

20

the 50 % of the efficiency

——— 2012 Barrel Mean=8.9(kV)

. 2012 EndCap Mean 9.19 (kV)
—— 2011 Barrel Mean 8.9 (kV)

2011 EndCap Mean 9.18 (kV)

3 94 95 96
HV 50(kV)

87 88 89 9 91 92
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From July 2011 on, the WP is automatically
corrected taking into account atmospheric
pressure variations. The system is now running
more stable.

CMS 2011 Preliminary
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Barrel average efficiency history

RPC performance stability
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2D Efficiency map

3D efficiency view of one of the barrel
wheels

80 60 40 20 0 20 40 T .‘ g <‘t* ; Ao g 50
CMS 2011 Preliminary Vs =7 TeV o

Muon Radiography: the chamber efficiency
can be studied in details, with a resolution of
~ 1cm?. Spacers, border effects can be easily
spotted. For few chambers, the stability in
time of inefficient zones is under observation.
No degradation observed up to now.
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Single hit resolution:
from the distribution of hit residuals with respect to
the reconstructed segment.

r-¢ view: = 200-350 pm

= get better at large n due to longer trajectory of
particles at large angles of incidence

= worse in MB4 due to missing r-z super-layer

r—z view = 250-750 um

= get worse at large n due to larger angle of
incidence on crossing particles (deviations from
linearity)

r A

W-2 W-1 W0 W+1
—_—

Resolution [um]

Resolution [um]
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INFN DT Spatial resolution
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| cMS 2010 Preliminary Vs = 7 TeV |
= Data
e MCSTARTUPi
r—d¢ view
Py
: ! t $ 4 ' [ H ot
r 0 + 8 .
i MB1 MB2 MB3 MB4
o o o o 0 P,
I_ } CIMS|201I0 F;relilminéry I\fs=l7'll'evl ]
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L_ocal reconstruction efficiency: Logal Reconstruction Efﬁ‘jf""y
CMS 2011 Prelimi / =7 TeV
Tag (a global muon) & Probe (a tracker — wa_wes SRR 100
. . Wh2_MB3
track) method applied to di-muons from  wn2ve 99
Wh2_MB1
Z° decays. Whi1 MB4 08
Wh1_MB3
Wh1_MB2 97
.. Whi_MB1 196
Efficiency for all chambers > 97% Who B4
Wh0_MB3
Wh0_MB2 95
Wh1 B4 94
Wh-1_MB3
CMS 2011 Preliminary Ns=7TeV _._ mc: All MB2 Wh-1 MB2 93
—e— Data: All MB2 Wh-1_MB1
a L B L L L B L LI RN Wh-2:MB4 92
_é 1:_ UWWMMMIM' i a::g:mgg 91
=R B Wh-2_MB1 ) =,
. 2 4 6 8 10 12 D
S oer i sector
2
% 0.4r * “
$ - view : Segment reconstruction efficiency in all station 2
gt ] chambers in r — ¢ view.
S _\F‘-‘...\..‘.\.H.|.H.\.‘..\.‘?\._ i I I
S 0ea g e e sg ion o ©00d agreement with Monte Carlo simulation.

X (cm)
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» DT local trigger efficiency: the presence of a
trigger segment when there is a reconstructed
track segment in the same chamber.

= the drop in MB4 is due to two known
problematic chambers.

» System synchronization

g 1.segments CMS 2010 Preliminary
T ¢ Vs =7TeV
3

-

10

107

Design exp ~98%
| I I

0 1
DT Local Trigger BX

Time distribution for DT: 98 % of highest

quality DT trigger segments are in the correct
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Average trigger efficiency: 93.5 %
in 2011 and 93.7 % in 2012
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=" RPC Trigger performance
G. Pugliese ICHEP 2012
» RPC trigger efficiency: Tag &Probe method - CMS Preliminary Vs =7TeV
On di_muons from J/Y and Z resonanceS. 8 -1__ ............................................................................................................................................. —
@ L v 3 TTIREEERE R X 3 : B
Tag is a global muon which triggers the S oel ul VRN ORI OO NN O O OO N
event. o UL i
Probe is a tracker track (identified as a E_) - " ]
muon by the two-muon invariant-massm E 06?7- .................................................................................................................................... -
constraint). The efficiency is measured for -l - 5

= RPC Trigger efficiency, |n|<0.8
0.4 i .  nopcut ]
B v p, =5 GeVic

the probe muon.

i e = P, =10 GeVic il
> SyStem SynChr0n|Zat|0n 0_2__ ............................................................. . :rizz:&: —
B * e pIzSDGe\ﬂc n
_ CMS 2011 Preliminary Vs =7 TeV ol %% N N R RN
5 4 O 10 20 30 40 50 60 70 80 90 100
PR Barrel: Endap : probe p_ [GeV/c]
= e . '
107 o probe with p; > 20 GeV/c from Z’s
probe with p; <20 GeV/c from J/y ’s
10°
i ] L1 RPC efficiency above 90% in the barrel
100} : region.

NN f
; \5\\1\\0\\1\\§§\ E Time distribution for RPC: 99.89 % of RPC

Leading RPC chamber hitwrt Lia[Bx] | NItS are in the correct BX.
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' LummOSIty - 10% Hziem? Higher rate in:
i = external wheels W+2 and W-2.

&
10

: = outermost stations affected by slow neutron gas
- = |nnermost stations affected by Hcal particle leakage
! - MB4 = Top — bottom asymmetry due to wheels’ supports and
ey — R steel flooring
CMS Preliminary 2011

&
10 0.35

©

At luminosity of 10%*cm=st: max rate < 5 Hz /ecm?

8
7 0.25
6

5 0.15
; . M B3 &'\ 1 - rrrr|rrrryjrrrryrrrr|rrrrr|rrrrrprrrrrord |:
i E0oF CMS Preliminary 2012 z
—_— Sosk \'s = 8 TeV .
eel - a0 : - e
CMS Preliminary 2011 508 E- YB-2 S e =
512 = =
o £07F E
0.6} =
0.5 -
: MB2 0.4F =
2 ¥ 0 ! 5\Iheel 0.3 :_ _::«
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i 0.2f =
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Inst. Luminosity (10°"cm2s™
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CMS Preliminary 2011

Background rate vs P E ot

instantaneous luminosity 2 ¥ wee  Barrel |

g T wezRes “;-‘“‘,é.“f“:
= Barrel region: same background 18l B e
pattern as measured by DT. r Lt

- s

= Endcap region: higher rate in external e a@% P
= £t O EEETRECO OGO AT O PSR SRR |

disks and inner ringS (RE+2 and RE+3 O 000 1500 2000 2500 3000 3500

R 2) Instantaneous Luminosity (10% cm? 1)

20 Hz/cm? (Endcap) | :

-.h—'l -

2t ‘&“{f‘@ =2 ﬁﬁﬁﬁ&ﬁ%&ﬁ!& sHgEsne

E E —— RE +2R2
No significant issues with increases of 3 orewm Endcap
- luminosity up to 10%*cm=2s? : F? — Rrewws L
> max rate of 10 Hz/cm? (Barrel) o= e

> Average rate = 3 Hz/cm? (Barrel)
~ 6 Hz/cm?2 (Endcap) O e e
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The CMS DT and RPC systems are operating extremely well delivering good
triggers and data for physics:

» the contribution to the CMS downtime is very low: less then 1.5 %
» the fraction of active channels is very high and stable: more then 98%.

After 3 years of LHC running with increasing instantaneous luminosity and 6

years from the end of construction, the detector performance is within

specifications both as triggering and as reconstruction system:

» The RPC performance is stable with no degradation observed. Efficiency
more then 95 %.

» DT local reconstruction efficiency more then 97 %.

» Excellent synchronization and efficiency of the trigger system.

» Background measurements are within expectation. No significant issues for
l running at nominal luminosity.




THANKS!
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Backup slides
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Large Hadron Collider is a proton-proton collider, with centre of mass collision
energies of up to 14 TeV. Installed 100 m underground in a tunnel 27 km long. Two
high luminosity experiments, ATLAS and CMS, aiming at a peak luminosity of 1034
cm=2s1,

Lumi Recorded 43.17 pb! 5.561 fb! 6.15 fb!
Max lumi 2 x1032 Hz/cm? 3.5x1033 Hz/cm? 6.64x1033Hz/cm?
s 7 7 8

Bunches spacing 75 ns 50 ns 50 ns
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Impressive di-u spectrum!!!

trigger paths
Jiy my
i J/y
Bs — u'w
|y
i low p_double muon
high p double muon

10° ; 2011 Run, L = 1.1 fb
CMS \s=7 TeV

05

2
IIIII|_||] IIII|,|,||I 1111

Events per 10 MeV
—

—
(=]
(X

z
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o
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s
I_LLLI.I.I.II |IIII.lI.I| IIIII.lI.II IIIII.I.I.I| L1

—

-
(=]
LN

I
1 10 10°
dimuon mass [GeV]

Dimuon mass distribution obtained from overlapping several trigger paths.
Dimuon triggers fundamental for searches but used also for calibrations
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| || 1 1 1 1 1 1
Key: Oom m m m il (T11]
Muon
Electron
Charged Hadron (e.g, Pion) 111
= = = - Neutral Hadron (e.g. Neutron) T
""" Photon 1 Ir :'
Tracker track L TN
reconstruction ; ‘ ‘
'*"’% I I
\ Electromagnetic | -“_—_’ ‘ I -; ;
)\ Calorimeter
l]“ Hadron Superconducting i ‘\. g
- /| ot \
Standalone Muon Muon Detectors Local
reconstruction reconstruction
Performed using DT/CSC Performed within
segments & RPC hits single chamber

Global muon reconstruction (out side —in): a standalone muon is propagated to match a tracker
track. If matching is positive a global fitting is performed.

Tracker Muon (inside — outside): a tracker track is propagated to muon system and qualified as
muon if matching with standalone or one segment.

E—
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Barrel and Endcap chambers have different geometries and have been built in
different sites with different construction techniques.

» Gaps: in Italy for the Barrel and Korea for Endcap
» Chambers: Bulgaria and Italy for Barrel and China, Pakistan and Cern for
endcap.
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™ RPC In the muon reconstruction

G. Pugliese ICHEP 2012

Example of a track (in red, 1 DT segment + 2 RPC hits)
that will fail in reconstruction if the RPC hits are
removed in the track fitting

tag-and-probe method using J/'¥ resonance
Probes: Muons reconstructed with RPC hits
Passing Probes: Muons reconstructed without RPC hits

Passing probes

efficiency=
Probes
=, 1.05 E‘? 1.05
L]
= 1 g 'H'| = 1 | S '*'Il-'t _'.‘_-"4*_ --a g
S Sl 297y whE, 450 - 8 e e ey :
& 085 . o B £ 095
Y oe o - Y
+. -

0.85 o n 0.85

0.8 0.8

.75 3.5 GeV <pT <7 GeV ek 7 GeV < pT < 20 GeV

07 - 0.7 -

0.65/CMS Prelimina - Data 065,CMS Preliminary —+ D

ry
08795 0 0.5 1 T8 06755 0 0.5 1 5

RPC hit contribution is more evident for pT < 7 GeV and in the crack
regions between adjacent wheels
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&m RPC trigger algorithm:

oo Pattern Comparator (PAC) pom——
The RPC hits are compared with the A muon candidate is produced even
predefined set of patterns. though not all layers have hits.

Each pattern has assigned a transverse
momentum (p;) and sign (depending on the
track banding by the magnetic filed).

The minimum required number of
fired layers is 3 (out of 3, 4, 5 or 6 layers
available, depending on a detector

Muon candidate is recognized if RPC hits fit to the region).
pattern and are in the same 25 ns clock period In this way the trigger efficiency does not
(BX) suffer from the limited geometrical acceptance

and inefficiency of the chambers.

™ The number of fired planes defines the

= ===« RPC layers candidate quality.
__. y ./ The quality is used for the candidates
strips sorting and “ghost busting” (cancellation

of duplicated candidates).

A pattern is a set of AND gates
connected to selected strips
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CMS Preliminary Vs = 7TeV

The efficiency of RPC PAC trigger for

identifying muons is a convolution of:
Eacceptance — JEOMEtrical acceptance of
the RPC detector (fraction of muons

fraction of events
(-]
Qo

crossing at least 3 chambers),

€.hambers — Chambers intrinsic -

efficiency, 0.6 0 e K 5

Enatterns — Patterns efficiency i.e. - -

probability that the chamber hits of a 04 N ]

“triggerable” muon fit to any L ——— detector acceptance B

pattern; : ——=—— hit coincidence (triggerable event) :

02k RPC PAC trigger efficiengy |
“triggerable” muon — hits in at least 3 i i
RPC layers inside the eta-phi cone oL Da20mB) ]
covered by one PAC unit and in the same 15 -1 -05 0 05 1 15
BX muon pseudorapidity
Striggerable muon — ‘(;acceptance ® €chambers
Endcap Barrel Endcap

Good quality offline muons compatible with vertex, with pr > 10GeV/c,
matching the RPC candidate. Minium-bias dataset.
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Segment extrapolation method: a DT/CSC segment of high quality,
associated to a stand-alone muon track, is extrapolated to RPC strip plane.
For each extrapolated impact point, the RPC efficiency is computed looking
at RPC Hits in a range of +/- 2 strips from the extrapolated point

acceptance region to find clusters
- -

cluster
-

residual

RPC strip plane
cluster center extrapolated impact point

local track segment

CSC / DT chamber
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- - "l Barrel: from ¢ = 0.81 cm in the
mi - i inner, to o = 1.32 cm in the outer
NP S N 1 station.

T T T T T

EERTRIREE
NEEEEEEE

Strip widths range from 2.28 cm to
4.10 cm

|||||
44444444

Endcap: o = 0.86 cm iIn the inner,
to o = 1.28 cm in the outer ring.
- Average strip widths range from

g 8§ 8§
Trer ey

R T N I R S I ]

...,g. ||JI?I
§ §

nnnnnnnnnnnnnnnn

I EEEEEEN|
Trrofrevfrespersfroe froefer

- ™ S R R |
residuals RE172B{cm)
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Average CLS

Cluster Size EndCap(strips)

3\|\|

Cluster size .vs. HV
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| TRl o | | I L | | ] L B
E b I Eniies 10081 — % 180 Eniries 1133
2 160 arre v el 60 endcap Vews sosses|
= E 14[] AMS D138 _:
o 140 CMS preliminary 2011 =] CMS preliminary 2011 ]
B 120 B 120
e 1 B
= 100 3 100
80 : 80
60 = 60
40 = 40
20 ] 20 ]
% 02040608 1 1214 16 1.8 2 % 02 0406 08 1 12 14 16 18 2
Barrel Noise(Hz/cm?) EndCap Noise(Hz/cm?)

Noise distribution for all barrel and encap chambers at WP
operation. The average value is ~ 0.08 Hz/cm?

-
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HV working point is calculated taking into account the pressure variations
HV _effective =HV - Po/P - T/To

Po =965 mbar, To =293 K

~1% P variation =~ 100 V difference

CMS Cavern Atmospheric Pressure
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In addition to the measurement of the track position and direction, DT provides a measurement of
the arrival time of the track to the chamber.
The arrival time of a track in each DT chamber is reconstructed allowing a common displacement
of the hits from the wire position to be a free parameter in the segment fit.

AsS

14000

uming Vi constant  => common displacement = shift in the time of the track

time { all segments})

time { segments after quality cut )

CMS 2010, sqrt(s) =7 Tev

Mean 0.3919 [ns |

RMS 2.628[ns]

o (T T N T T I T T T T N S T T |
-20 -15 -10 -5 o

10 I‘ISI = IZG
local time [ns ]

Measured local time distribution for all
chambers for all stations.

The black distribution shows a clear tail
due to the presence of 6-rays.

The red distribution shows the local time
for segments passing a y? quality cut.
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The DT Local Trigger is implemented using
dedicated electronics located both on the chambers
(minicrates) and on the balconies surrounding the
detector, the Sector Collector (SC).

TRIGGER SERVER

Replacement of theta TRB (Trigger boards): Minicrates contain TDCs and BTI (ASIC wire
bond) which are obsolete, no more ASICs can be produced, and sensitive to thermal stress
during switch on/off. Current stock of spares is a potential issue. Plan: replace theta TRB (in
MB1 and 2 in W+2/-2 ) with the new boards based on FPGA. Cannibalize BTIM from replaced
boards to enlarge number of TRB ¢ and 6 spares.

Relocation of Sector Collector from the cavern (UXC) to the counting room (USC): the flow
of Minicrate data goes through the Sector Collectors (one per wheel) in the detector towers. This
can constitute a potential single failure points, given the limited access to UXC. All Minicrates
will be connected to USC with optical fibers.
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1. The DT Local Trigger is implemented using
dedicated electronics located both on the chambers
(minicrates) and on the balconies surrounding the
detector, the Sector Collector (SC).

BTls: the signals coming from single wires are
initially processed by Bunch and Track identifiers
(BTIs) that operate rough track fitting within a single
SL and perform BX assignment.

TRIGGER SERVER

TRACOs: the Track Correlators (TRACOSs) is devoted to match the information coming from the
two - SLs and improve the parameter measurements.

TS: the Trigger Server (TS) performs a quality based selection on the segments coming from
different TRACOs.

SC: information from chambers of a single sector is forwarded, on the balconies surrounding the
detector, to the Sector Collector (SC) that has to further refine the sorting, perform synchronization
on data coming with different latencies, and send the signal to the DT Regional Trigger.

2. The DT Regional Trigger performs correlation between the track segment received by the SC
boards in order to build full muon tracks. Best track candidates are selected by the Muon Sorter
and (up to) four candidates per BX are send to the Global Muon Trigger.



