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The standard model (SM) in the 80’s!
At the end of the years 1980 the UA1+UA2 community was prepared to jump 
to the next hadron collider to be installed in the existing LEP tunnel.!
The SM was comforted by UA experiments:!

• QCD : Jets abundantly produced and studied in gluon-gluon collisions!
• EWK theory: W and Z discovered and properties studied.!

Two fundamental pieces were missing:!
•  The Top:!

!mt < 200 GeV (indirect LEP 1) ; mt > 77 GeV (CDF) !
•  The Higgs:!

!mH > 44 GeV (LEP 1);  mH < 1 TeV (Theory : WW scattering unitarity)!
No lose theorem: A machine able to probe WW scattering up to 1 TeV 
will either find the Higgs or discover new strong forces beyond the SM.!
• The LHC project (16 GeV pp in LEP tunnel) was launched in the Aachen 
workshop in 1990  (Rubbia, Brianti). To compete with the SSC (40 TeV pp in 
Texas, USA) a very high luminosity (1034 cm-2s-1) was mandatory.!
•  First ideas on detectors able to work at 1034 were discussed in the Aachen 
workshop.!
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Lessons from UA1!
• Discovering W→ eν  at UA1 (1981) was relatively easy: !

Electron: electromagnetic calorimeter + magnetic tracking!
Missing transverse energy: Hermetic Calorimeter!

!
Electron ET= 24 GeV  well 
measured in em 
calorimeter + no visible jet 
on the away side (hadron 
calorimeter)!
!

• Demonstrating W→ µν  was a lot more difficult!!
High pT muons suffer from poor momentum resolution: B=0.7T (dipole)!
π → µν decays can fake high pT muons and induce fake missing transverse energy.!
Low pT muons on the other hand have an advantage over electrons. They can be 
detected inside jets: B physics at hadron collider was pioneered by UA1.!

First ideas for an LHC detector: !
•  A robust and redundant muon detector is a priority.!
•  Muon detection is guaranteed at any luminosity (Iron Ball). !
•  Need a strong magnetic field (momentum resolution).!
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Design Criteria for the CMS Experiment!

•  Very good muon identification 
and momentum measurement.!
    H→ ZZ,  with Z→µµ!
!
•  Most precise photon detector.!
    H→γγ!
!
•  Powerful inner tracking systems 
for electron identification.!
    H→ZZ, with Z→ee!
!
•  Hermetic calorimetry for missing 
ET signatures.!
    H→WW, with W→ µν or eν !

First conceptual design of a “Compact Muon Solenoid” (CMS) was 
presented in Aachen (1990) based on a 4 Tesla solenoid.!
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Strong Field 4T!
Compact design!

Solenoid for Muon Pt 
trigger in transverse plane!

Redundancy: 4 muon 
stations with 32 r-phi 
measurements!

ΔPt/Pt ~ 5% @1TeV for 
reasonable space 
resolution of muon 
chambers (200µm)!

Precise and Redundant Muon Detector!
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Precise Photon Detector: PbWO4 Crystal Calorimeter!

Radiation Hard: !
105 Gy (10 Mrad).!
Photodetector: APD 
works in B = 4T!

61200 barrel crystals! 14648 
endcap 
crystals!

Material! PbWO4! Pb! Fe!
Density (g/cm3)! 8.3! 11.3! 7.9!
X0 (mm)! 8.9! 5.6! 17.6!
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Tracking at LHC?!
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78 reconstructed vertices !

66 million silicon pixels:  100 × 150 µm2  !
9.3 million silicon microstrips:   80µm - 180µm. !
~200 m2 of active silicon area  (cf ~ 2m2 in LEP detectors)!
~13 precise position measurements (15 µm ) per track.!
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Modular Design of CMS (A. Hervé)!

Minus Side	
Plus Side	


CMS is sectionned in 5 barrel wheels, 6 endcap disks and 2 forward 
calorimeters: 13 pieces!
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Assembly in the surface hall!
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Waiting for the cavern to be ready!
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Empty Cavern ready: Feb 2005!
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Descent of the endcaps !
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Descent of the central wheel (2000 tons)!
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From Concept to Data Taking: 18 years!

CMS cut in mid-plane!

Letter of Intent (1992)!
Technical Proposal (1995)!
10 Technical Design Reports (1997-2006)!
3000 scientists from 40 countries!

Silicon Tracker!

Scintillating 
Crystals!

Hermetic Hadron 
Calorimeter: Brass 
plastic scintillator!

Muon 
Chambers!
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Electrons and Muons!
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Dimuon mass resolution!
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Dielectron mass resolution!
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Better resolution achieved with 
muons!
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Searching for the Higgs in the four leptons final state!

For a low mass Higgs 
the fourth lepton is soft.!
Selection cuts:!
Electrons   pT > 7 GeV!
Muons       pT > 5 GeV!
40 GeV < m12 < 120 GeV!
                m34 > 12 GeV!

6.1 Event selection and kinematics 31
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Figure 16: Distribution of the transverse momentum p�T for each of the four leptons (ordered
in for p�T) for a Higgs boson of mass mH = 125 GeV in the 4e (top left), 4µ (top right), and
2e2µ (bottom left) channels. The Monte Carlo distributions are shown for all events with the
leptons within the geometrical acceptance (open histograms) and for selected events (shaded
histograms). The efficiencies for the final selections in the three final states are plotted as a
functon of mH (bottom right). FIXME: 4e and 4µ plots to be re-done at 125 GeV
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H→ZZ→ 4 leptons!
6.1 Mass measurement 11

Figure 4: Observed and expected 95% CL upper limit (left) on the ratio of the production cross
section to the SM expectation, in the low-mass region. The 68% and 95% ranges of expectation
for the background-only model are also shown with green and yellow bands, respectively. Sig-
nificance of the local excess (right) with respect to the standard model background expectation
as a function of the Higgs boson mass. The results are shown for the full data sample in the
low-mass region only.

6.1 Mass measurement

The mass measurement of the new resonance is performed with a three-dimensional fit us-
ing for each event the four-lepton invariant mass, the associated per-event mass error, and the
kinematic discriminant. Per-event errors on the 4-lepton invariant mass are calculated from
the individual lepton momentum errors. Individual lepton momentum errors are computed
for muons using the full error matrix, as obtained from the muon track fit, and for electrons
using the estimated momentum error, as obtained from the combination of the ECAL and
tracker measurements. The shape of the per-event error distributions for the signal and the
ZZ background are extracted from the MC simulation and are cross-checked with data in the
control region for the ZZ background. The corresponding shape for the reducible background
is extracted from the control regions in data. The correlation between per-event errors and the
kinematical discriminant can be neglected, as was verified with MC simulation. The systematic
uncertainties are evaluated by making comparisons between data and MC samples of Z � ee
and Z � µµ, and using simulated signal samples. Uncertainty of 20% are assumed on the mass
resolution for all channels. Uncertainties of 0.1%, 0.2%, and 0.2% are assumed on the mass scale
for the 4µ, 2e2µ, and 4e channels respectively.

Figure 7 shows the two-dimensional 68% CL regions for the signal strength µ, relative to the
expectation for the Standard Model Higgs boson, versus mH. A simultaneous fit of the mass
and of signal strength gives mH = 126.2 ± 0.6 (stat) ±0.2 (syst) GeV.

Significance   4.5 σ	

Mass    126.2 ± 0.6 (stat) ± 0.2 (syst) GeV!
0- excluded to > 95% CL !
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Search for the SM Higgs boson in the γγ channel!

σm/m = 0.5 [σE1/E1 ⊕ σE2/E2 ⊕ cot(θ/2)Δθ]!

H → γγ   Simulation (100 fb-1)!

€ 

σ
E

=
3%
E
⊕ 0.39%⊕

129MeV
E

PbWO4 crystals!
Test Beam 
October 2003!

Target for the intercalibration < 0.5%!
Michel Della Negra/Karlsruhe, Feb 1 2013!

Mass resolution is the key for Higgs discovery in this channel!
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Energy Resolution dominated by calibrations!!
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Calibration of the crystals:!
• Crystal transparency 
correction (Laser monitoring)!
• inter-crystal calibration: π0, η	


Energy scale stability !
(after response correction)!

• Barrel: 0.12% (2.5% loss)!
• Endcap: 0.45% (10% loss)!
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Mass resolution of γγ system: Find the right vertex!
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• Algorithm to find the right vertex based on ΣpT
2 of tracks and pT

γγ balance.!
• Tested on Z→µµ events!
• Overall efficiency to find the right vertex for Higgs (m = 120 GeV) integrated 
over pT spectrum: ~ 80%!

γ1	


γ2	


σm/m = 0.5 [σE1/E1 ⊕ σE2/E2 ⊕ cot(θ/2)Δθ]!
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Diphoton Candidate!
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γ1	


γ2	


γ1

γ2
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Search in γγ channel: event classification!
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Table 2: Expected numbers of SM Higgs boson events (mH = 125 GeV) and estimated back-
ground (at m�� = 125 GeV) for all event categories of the 7 and 8 TeV data sets. There are
two dijet-tagged categories for the 8 TeV data as described in the text, and for both data sets
the remaining untagged events are separated into four categories labelled here BDT 0–3, BDT
0 having the largest expected signal-to-background ratio. The composition of the SM Higgs
boson signal in terms of the production processes, and its mass resolution, are also given.

Event
categories

SM Higgs boson expected signal (mH = 125 GeV) Background
m�� = 125 GeV
(events/GeV)Events ggH VBF VH ttH

⇥eff
(GeV)

FWHM/2.35
(GeV)

7
Te

V
,5

.1
fb

�
1 BDT 0 3.2 61% 17% 19% 3% 1.21 1.14 3.3± 0.4

BDT 1 16.3 88% 6% 6% – 1.26 1.08 37.5± 1.3
BDT 2 21.5 92% 4% 4% – 1.59 1.32 74.8± 1.9
BDT 3 32.8 92% 4% 4% – 2.47 2.07 193.6± 3.0

Dijet tag 2.9 27% 72% 1% – 1.73 1.37 1.7± 0.2

8
Te

V
,5

.3
fb

�
1 BDT 0 6.1 68% 12% 16% 4% 1.38 1.23 7.4± 0.6

BDT 1 21.0 87% 6% 6% 1% 1.53 1.31 54.7± 1.5
BDT 2 30.2 92% 4% 4% – 1.94 1.55 115.2± 2.3
BDT 3 40.0 92% 4% 4% – 2.86 2.35 256.5± 3.4

Dijet tight 2.6 23% 77% – – 2.06 1.57 1.3± 0.2
Dijet loose 3.0 53% 45% 2% – 1.95 1.48 3.7± 0.4

function used to model the background and of the fit range are made based on a study of the
possible bias on the measured signal strength. Polynomial functions are used. The degree is
chosen by requiring that the potential bias be at least a factor of 5 smaller than the statistical
accuracy of the fit prediction. The required polynomial degree ranges from 3 to 5.

A further independent analysis (referred to as the sideband background model) is performed
using a different approach to the background modelling. Its sensitivity is very similar to that of
the standard analysis. It employs a fit to the output of an additional BDT that takes as input the
diphoton invariant mass and the diphoton BDT output, and uses a background model derived
from the sidebands of the invariant-mass distribution. A fit to the diphoton invariant-mass
distribution is used to obtain the background normalisation. This fit is of a power law and
excludes a window of width ±2%⇥mH around the mass hypothesis. The methodology allows
a systematic uncertainty to be assigned to the fit shape.

The expected 95% CL upper limit on the signal strength ⇥/⇥SM, in the background-only hy-
pothesis, for the combined 7 and 8 TeV data, is less than 1.0 in the range 110 < mH < 140 GeV,
with a value of 0.76 at mH = 125 GeV. The observed limit indicates the presence of a significant
excess at mH = 125 GeV in both the 7 and 8 TeV data. The features of the observed limit are
confirmed by the independent sideband-background-model and cross-check analyses.

The local p-value is shown as a function of mH in Fig. 2 for the 7 and 8 TeV data, and for their
combination. The expected significance of the local p-value for a SM Higgs boson of mass
125 GeV is 2.8 ⇥. The minimum local p-value corresponding to the upward fluctuation of the
observed limit at 125 GeV corresponds to 4.1 ⇥. The significances of the corresponding mini-
mum local p-values seen with the sideband-background-model and the cross-check analysis
are 4.6 ⇥ at mH = 125 GeV and 3.7 ⇥ at mH = 124 GeV, respectively. The best-fit signal strength
for a SM Higgs boson mass hypothesis of 125 GeV is ⇥/⇥SM = 1.6 ± 0.4.

In order to illustrate, in the m�� distribution, the significance given by the statistical methods,
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Diphoton events are separated into categories of different expected 
S/B ratios, based on properties of the reconstructed photons and the 
presence of jets. Likelihood fits are performed separately for each 
category and combined.!
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γγ Mass Distribution!

Michel Della Negra/Karlsruhe, Feb 1 2013!

Background is estimated from the data by a polynomial fit.!
An excess is observed consistent with a narrow resonance around 
125 GeV mass at 4.1 σ	


24!



Mass measurement!

•  Combine information from the high resolution channels 
measurements, H→ZZ and H→γγ !
•  Signal cross section for the channels left floating independently 
in the fit!

M=125.8 ±0.4 (stat) ± 0.4 (syst) GeV!
!
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Other Channels!
•  Search for the Higgs in other decay modes : WW, bb and ττ has 
been performed.!
•  Combined significance at MH=125.8 GeV: 6.9 σ	

•  Overall satisfactory level of compatibility of the individual channels to 
the SM cross section. !
•  Combined σ/σSM=0.88±0.21!
!
! MH=125.8 

GeV!
Expected 

(σ)!
Observed 

(σ)!
ZZ! 5.0! 4.5!

γγ	
 2.8! 4.1!

WW! 4.3! 3.0!

bb! 2.2! 1.8!

ττ	
 2.5! 1.5!

Combination! 7.8! 6.9!
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Thank you!!
•  KIT and Thomas Müller for the 2013 Julius Wess Award.!
• Peter Jenni for the friendly competition with ATLAS.!
• The CMS construction team:!
• Alain Hervé!
• Jim Virdee!
• Sergio Cittolin!
• Peter Sharp†!

• All Project Managers and Coordinators:!
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Tracker: !Rino Castaldi, Gigi Rolandi, Roland Horisberger, !
! !Thomas Müller, Stefan Schael, Geoff Hall!

ECAL: ! !Hans Hofer, Jean-Louis Faure, Philippe Bloch, Paul Lecoq!
HCAL: ! !Dan Green, Igor Golutvin!
Muons:! !Fabrizio Gasparini, Hans Reithler, Guenakh Mitselmakher, 

! !Pino Iaselli!
Physics: !Daniel Denegri, Paris Sphicas!


