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Introduction

CMS experiment at CERN: ambitious physics program, 
from the measurement of Standard Model (SM) parameters 
to the discovery of new physics beyond the SM.

Potential of CMS to cover this physics programme: 
established by detailed studies based on simulated events 
(latest calculations, state-of-the-art Monte Carlo programs).

Since 2006, CMS has collected large amounts of data from 
cosmic ray muons, whose analysis has allowed for 
commissioning both the CMS detector and the 
reconstruction and analysis software.
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Introduction II

Measurement of the ratio of positive- to negative-
charge cosmic muons, charge asymmetry, as a function of 
the muon momentum, using the data collected by CMS. 

The analysis of cosmic muons is not part of the physics 
programme of CMS: it provides high quality  
measurements that probe the capabilities of our 
detector and reconstruction algorithms.

This is the first measurement of a physical parameter 
performed by the CMS experiment.
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Setting the scene...

CERN site  

CMS   

SPS   LHC   

pp collisions at √s=14 TeV
peak luminosity 1034 cm-2s-1
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Large Hadron Collider
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Connection of dipoles

A delicate step !!   



Compact Muon 
Solenoid

• CMS is a huge 80 Mpixel 
“3D” (2x2D) digital camera 
(not impressive), spread over a 
3700 m3 volume, weighing   
12500 Ton.

• Operating at B = 3.8 T, supplied 
by a super-conducting magnet 
(impressive).

• Very high precision in the pixel 
positions: from 20 to 200 μm.

• This camera works at 40 Mhz 
(this IS impressive too).
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Minus SidePlus Side

Schematic view of CMS



Data acquisition and trigger
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16 Million channels

100 kHz
LEVEL-1 TRIGGER

1 Megabyte EVENT DATA

200 Gigabyte BUFFERS
500 Readout memories

3 Gigacell buffers

500 Gigabit/s

Gigabit/s SERVICE LAN Petabyte  ARCHIVE

Energy Tracks

Networks

1 Terabit/s
(50000 DATA CHANNELS)

5 TeraIPS

EVENT BUILDER. A large switching
network (512+512 ports) with a total throughput of
approximately 500 Gbit/s forms the interconnection
between the sources (Readout Dual Port Memory)
and the destinations (switch to Farm Interface). The
Event Manager collects the status and request of
event filters and distributes event building commands
(read/clear) to RDPMs

EVENT FILTER. It consists of a set of high
performance commercial processors organized into many
farms convenient for on-line and off-line applications.
The farm architecture is such that a single CPU
processes one event

40 MHz
COLLISION RATE

Charge Time Pattern

Detectors

Computing services

• Neither all the 80 Mpixel 
nor at 40 MHz go to “tape”:            
3 PB/s (Petabytes per 
second !!!)

• The trigger selects few 
hundred Hz of 1.5 MByte 
events, throughput ≈ 1 GB/s.

• At high luminosity, around     
10 PB/year !!

• The trigger system is the 
alma mater of the 
experiment.
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Contribution of CIEMAT
30% DT chambers (mechanics, electronics, alignment),
computing (Monte Carlo production, development), 
Grid (T2 and T1/PIC), muon reconstruction software,
physics analysis (Higgs, electroweak, cosmics).



Cosmic rays

Cosmic rays from 
outer space routinely 
bombard the earth 
and its atmosphere 
with energies up to 
1020 eV.



Atmospheric Muons

Stem from cosmic ray showers, 
produced via interactions of 
high-energy cosmic-ray particles 
(nuclei), entering the upper 
layers of the atmosphere, with 
air nuclei:

(p, He, ..., Fe) → hadrons, e±γ

(π±, K±) → μ± νμ (νμ̅) and

μ± → e± νe νμ̅ (ν̅e̅ νμ)

Long-lived muons cross the 
overburden and reach CMS.



• Muon energy spectrum underground (vertical muons, cosθ=1):

• Both π and K contribute, ε is the energy where the probability of meson 
interaction and decay are equal: επ = 115 GeV and εK = 850 GeV.

• Generalizing for μ+ and μ-, the measured charge ratio on surface is:

• From L3+C, fπ = 0.555(2) and fK = 0.667(7). These values imply the 
muon charge asymmetry induced by π and K is

Cosmic muon charge ratio

rπ = fπ / (1-fπ) = 1.25    and    rK = fK / (1-fK) = 2 
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• In 2006, CMS is closed for the first time, on the surface hall.

• A major test of the magnet at 4 T is performed, the Magnet Test 
and Cosmic Challenge (MTCC):

• testing and commissioning the superconducting magnet, 
measuring the magnetic field map,

• data from cosmic muons are collected to test the whole 
system: detector, DAQ, alignment, event filtering and processing;

• combined test of the sub-detectors available: 30º slice of CMS !!

• Use CMS data collected at the MTCC to perform a physics 
measurement: the cosmic muon charge asymmetry.

Measurement of the charge ratio in CMS
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HCAL

Magnet

Tracker

Muon chambers

ECAL

2006  

Experimental setup at MTCC
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Schematic setup at MTCC
CMS detector on surface: high μ rate

25 Mevents on DTs, 15 M at B≥3.8 T

Sector 10 (sector 11 not used), in two 
out of five wheels (YB+1 and YB+2) of 
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L1 muon trigger: DTTF
DT L1 muon trigger:  creates good 
muon tracks from DT hits, sets muon 
trigger flag.

DTTF (DT track finder):  sophisticated 
electronic system, finely segmented, 
creates muon tracks  from DT 
segments (groups of hits) and assigns 
them physical parameters (pT, ϕ, η).
Best 4 tracks → Global Muon Trigger 
for further processing.

Designed, built and installed by the UAM group,
the DTTF played a crucial role in the MTTC.

Performance: very high efficiency demonstrated at MTTC and CRAFT.
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Data samples

Five runs with similar trigger conditions, ~ 9 M events.
Run at B=0 used for cross checks.

The DT trigger rate is normalized to the global trigger rate.
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Symmetric fiducial geometry
Detector geometry asymmetric for μ+ and μ-: LR symmetry enforced
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Event selection
Distribution of hits, global XY coordinate, after selection cuts 

(3 or 4 DT stations, sector 10, same wheel, pT>3 GeV/c):
illumination of DTs is LR symmetric
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Selection efficiencies

PRESELECTION

Preselection, track quality 
criteria:

one muon track with ≥10 
hits in DTs, 
at least 6 in MB2 and MB3.

SELECTION

Selection, unbiased sample, high 
quality muons:

pT>3 GeV/c,
3 or 4 segments in DTs, sector 10,
LR-symmetric fiducial region.
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Distributions after selection

Track momentum and ϕ, after selection cuts are applied, 
for three data runs and for simulated events (very few).
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Detector performance
LR symmetry of the performance key of the analysis.

Distribution of hits in the fiducial geometry for one SL.
Data collected at B=0, independent of muon charge.
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Consistency of the measurements

Measurements are consistent among runs and for 
different track qualities (number of 4D segments) 
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Misalignment induces bias

Deviation of the position of 
the chambers from their 
ideal position introduces a 
momentum-dependent bias 
in the momentum (charge) 
determination, 
antisymmetric for μ+ and μ-.

Most important systematic 
uncertainty, in particular at 
hight pT.

B

+µ -µ

 track
T

High p
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Alignment corrections

Alignment corrections from survey: large discrepancy between 
two wheels. Consistent with accuracy of parameters: toy MC.

p  [GeV]
1 10 210 310

]-
µ/+

µ
Ch

ar
ge

 ra
tio

 [

0.5

1

1.5

2
 Combined
 Wheel YB+1
 Wheel YB+2

Non-aligned geometry

p  [GeV]
1 10 210 310

]-
µ/+

µ
Ch

ar
ge

 ra
tio

 [

0.5

1

1.5

2
 Combined
 Wheel YB+1
 Wheel YB+2

Aligned geometry



29

Charge misidentification
Limited detector resolution yields a momentum-dependent 
charge misidentification probability:
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Systematic uncertainties
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R/2 in two wheels! 

Systematic uncertainties 
significantly increase at pT    
above 100 GeV/c.

This is consistent with the 
resolution of the DT chambers, 
without the vertex constraint 
(unlike for pp collision data).

During normal operation of 
CMS, muon tracks are 
reconstructed with much higher 
accuracy and precision: tracker, 
vertex.
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Measurement of Rº
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• The CMS result 
compares to results 
from other experiments.

• Large systematic 
uncertainties at high 
momentum.

• Ph.D. thesis of M. Aldaya, 
CMS NOTE 2008/016.



CMS today

beam pipe  

our DTs !

CSC 

interaction point

solenoid

Detector complete and installed in the P5 experimental area 
since Aug. ‘08



First LHC beams on Sep. 10

colimator events



First LHC beams on Sep. 10

halo muons



Incident at the LHC
Sep. 19: “faulty electrical connection between two of the accelerator’s 
magnets. This resulted in mechanical damage and release of helium from the 
magnet cold mass into the tunnel”.



Repair work ongoing
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New plans of CMS

• LHC will restart on fall 2009...

• CMS closed and ready for beam September ’09.

• In the mean time, keep CMS alive, up and running:

• commissioning of magnet, hardware (DAQ, L1, 
DQM) and software (HLT, reconstruction),

• conditions workflows → alignment and calibration.

• Cosmic muon runs, with full detector operational.
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Cosmics run at 4 T

Oct. 13 Nov. 8

~ 300 M

CRAFT
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Cosmic muon events

tracker muon chambers
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muon chamber
hits and tracks

tracker
hits and tracks

calorimetric
clusters

B

pp-like muon event
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Conclusions from CRAFT

Useful lessons learned from CRAFT (can’t make them 
public yet     ). Publications (JINST) on detector 
performance and analysis expected end of summer.

Cosmic Muon Analysis group aims to publish the first 
CMS physics paper(s):

“measurement of the cosmic muon charge asymmetry”            

(“measurement of the absolute muon flux”)



Current analyses of cosmic ray muons confirm 
the readiness of CMS for pp collision data, from 
data acquisition (DAQ) to end-user analysis. In 
particular, it endorses the capability of CMS to 
successfully covering its physics program.

Eagerly waiting for LHC to delliver pp collisions.

Conclusions
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