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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

Sl
id

e 
4 

Ø  These projections were made as part of the ESPG 
report, CMS Note 2012-006


Ø  They are based 
on extrapolation 
of the existing 
analyses to the 
conditions  
expected up to  
the HL-LHC 
operation period


Ø  These studies are 
being repeated 
with more realistic 
detector simulation and will be updated ~ next Fall


From LHC 14 to HL-LHC 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 S
tu

di
es

 w
/ t

he
 C

M
S

 U
pg

ra
de

 - 
La

Th
ui

le
'1

3 



2

 (GeV)l4m
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30

 (GeV)l4m
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30
Observed
Z+X

*, ZZ�Z
=126 GeVHm

CMS -1 = 7 (8) TeV, L = 5.1 (12.2) fbs

a)

 (GeV)l4m
120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0
1
2
3
4
5
6
7
8

 (GeV)l4m
120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0
1
2
3
4
5
6
7
8

 DK  > 0.5

 (GeV)Hm
123 124 125 126 127 128 129

L
ln

 
�

-2

0

1

2

3

4

5

6

7

8

9

10

with syst.

no syst.

CMS -1 = 7 (8) TeV, L = 5.1 (12.2) fbs

b)
 ZZ�H 

Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  Typical uncertainty: 25% (κV) – 50% (κF)

Ø  Crucial to improve this precision to ~5% level or better 


q  Many BSM Higgs scenarios predict coupling modification at 
that level
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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2 3 Exotica 30 fb�1 Projections

Figure 1: Projection of the expected 95% CL exclusion limit (left) in the decay channel into
t-leptons and (right) in the decay channel into b-quarks. The limits are shown as function of
the tested Higgs Boson mass, on a dataset of 30 fb�1 at 8 TeV. Also shown is the expected and
observed limit from the observation paper [1].

Figure 2: Projection (left) of the expected significance and (right) the expected uncertainty on
the signal strength µ, for a SM Higgs boson at 125 GeV on a dataset of 30 fb�1 at 8 TeV, in all
decay channels that have been presented at ICHEP 2012 and for the combination of all decay
channels. Also shown is the expected significance from the observation paper [1].

3.2 Search for W0 3

Figure 3: Projection of the expected uncertainty ellipse for the coupling strengths of a SM Higgs
Boson, separated into a common scaling factor for the coupling to vector bosons (CV) and
a common scaling factor for the coupling to fermions (Cf ), on a dataset of 30 fb�1 at 8 TeV.
The solid line corresponds to the 68% CL uncertainty contour, the dashed line to the 95% CL
uncertainty contour.

times the expected Z0 mass resolution, which approximates the sensitivity of a more sophisti-
cated shape analysis used in previous publications [4, 5].

Muons and electrons are treated as separate channels and their likelihoods are combined. Input
parameters are taken from the CMS ICHEP 2012 Z0 preliminary result [6], with the luminosity
scaled to 30 fb�1. It is assumed all backgrounds scale linearly with luminosity and that the
same acceptance times efficiency is maintained. Only 8 TeV data is used; it is not combined
with the 7 TeV data. Model expectations are obtained using PYTHIA with a flat K-factor of 1.2
applied to account for higher-order QCD corrections. Limits are set on the ratio of the Z0 cross
section times branching fraction to dileptons to the Z cross section times branching fraction to
dileptons. The mass window for the Z0 cross-section is 40% of the resonance mass and the mass
window for the Z is 60-120 GeV. The Z cross section in that range is 1117 pb at next-to-next-to-
leading order (NNLO).

A 95% CL limit on the cross section ratio of 6.6 ⇥ 10�8 is expected at high mass where back-
ground is small and no events are expected to be observed in the absence of signal. This corre-
sponds to the cross section limit of 7.3 ⇥ 10�5 pb and leads to a Z0

SSM exclusion below masses
of 3.16 TeV while the Z0

y is excluded for masses below 2.60 TeV. This is approximately a 0.5 TeV
and 0.4 TeV increase in the CMS ICHEP 2012 exclusion limits for the Z0

SSM and Z0
y, respectively.

3.2 Search for W
0

Similar to the Z0 bosons, heavy cousins of W bosons, W0 , are predicted by various SM exten-
sions. In the SSM [7], the W0 boson is considered to be a heavy analogue of the W and as
such manifests itself as a Jacobian peak. The key analyses search for an excess of events with
a charged lepton (an electron or muon) and a neutrino in the final state, with 8% branching
fraction for either channel (for the W0 mass above the tb decay threshold).

Candidate events with at least one high-transverse-momentum (pT) lepton and large miss-
ing transverse energy (Emiss

T ). After additional selections, the average W0 signal efficiency for
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  Projections up to ~300/fb (~2022) are reasonably 
straightforward


Ø  Two scenarios:

q  Scenario 1: same systematics as in 2012 - pessimistic

q  Scenario 2: theory systematics are halved;  

the rest scale as 1/√L – somewhat optimistic

Ø  Couplings to muons have not been studied recently in 

CMS, but ~25% precision should be achievable
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  Projections further out are subject of large uncertainties

q  The exact detector configuration & even technology are not quite 

known yet

q  The running conditions have not been defined completely yet

q  Theoretical progress in the next decade is hard to gauge


Ø  Still, in the more realistic “Scenario 2” the HL-LHC would allow 
to do precision Higgs physics with individual couplings 
measured up to 1-3% precision


Ø  Searches for exotic/invisible Higgs decay as a window on new 
physics
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  There are other unique 
measurements, which 
require to go far beyond 
300/fb:

q  Establishing H(µµ) decay 

at >5σ significance and 
measurement of the Hµµ 
coupling to ~10% level


q  Measurement of the 
Higgs self-coupling 
(cross section for HH 
production is 33fb @ 14 
TeV)


q  Observing how VV 
scattering amplitudes 
unitarize in the presence 
of H(125)

u  Are there other s-channel 

resonances involved?


Ø  Higgs is not the only 
case for the HL-LHC

q  Answering the major 

question if we have 
entered the “desert” 
and there are no new 
weakly or strongly 
interacting states 
below a few TeV


q  Finding massive new 
physics or ruling out 
broad class of 
“natural” new physics 
model and 
demonstrating that SM 
is fine tuned


q  Probing higher energy 
scales via precision 
measurements


Strong Case for HL-LHC 
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  If we find new physics 
(e.g., SUSY at the 
LHC-14, we will need to 
measure masses and 
decays precisely to 
shed light on:

q  Gaugino mass unification

q  Squark/slepton 

unification

q  SUSY flavor and CP 

violation

q  Baryogenesis 

q  Neutrinos and 

leptogenesis

q  String compactifications

q  … 


Ø  If SUSY is not found at 
LHC 14, how far should 
we push?

q  Important to test 

naturalness to a limit

q  Certainly to ~1 TeV on 

the sbottom/stop

q  But also on χ2

0 and χ±





q  The latter is impossible 
at any foreseen e+e- 
collider
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22!Joseph Lykken!

HL-LHC for heavy stuff:!
ultimate squark-gluino reach!

•  Note also that production cross section for 3 TeV gluinos alone is only 4 ab!

CMS Physics Week, CERN  20-2-13!
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  “Prediction is very difficult, especially about the 
future” – Niels Bohr


Ø  Yet, we have learned a lot about high-pileup running 
last year and we adjusted our requirements to the 
upgraded detectors to match current performance


Ø  When challenged by real data, experimenters tend to 
work much harder than when making projections


Ø  Do not understand our theory friends – there has 
been tremendous progress on the precision 
calculations over the past decade


Ø  So, let’s look at the past…


How Reliable are They? 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 S
tu

di
es

 w
/ t

he
 C

M
S

 U
pg

ra
de

 - 
La

Th
ui

le
'1

3 



2

 (GeV)l4m
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30

 (GeV)l4m
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30
Observed
Z+X

*, ZZ�Z
=126 GeVHm

CMS -1 = 7 (8) TeV, L = 5.1 (12.2) fbs

a)

 (GeV)l4m
120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0
1
2
3
4
5
6
7
8

 (GeV)l4m
120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0
1
2
3
4
5
6
7
8

 DK  > 0.5

 (GeV)Hm
123 124 125 126 127 128 129

L
ln

 
�

-2

0

1

2

3

4

5

6

7

8

9

10

with syst.

no syst.

CMS -1 = 7 (8) TeV, L = 5.1 (12.2) fbs

b)
 ZZ�H 

Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  Twelve years of hard work allowed us to 
beat even rosiest of the projections!


Ø  CDF 2012: 


W-Mass Projections 
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•  From TeV2000 report Ch.4 
–  http://theory.fnal.gov/TeV2000/

chapter4_IVB.ps  

–  Attempted to project from 20 /pb 
per experiment to 100 /fb 

–  In addition to simple scaling 1/
√N included several models 
Concluded that with 10/fb per 
experiment could reach 
±30MeV on combination 

•  Moriond 2012 
1) CDF Talk on 2.2 /fb 

2) DZero Talk on 4.4 /fb 
–  Uncertainty achieved ±15 MeV 

✜ CDF, DZero 
2012 
(point added by hand by JI) 

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)
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jjSapienza Università di Roma, I-00185 Roma, Italy
48Rutgers University, Piscataway, New Jersey 08855, USA

49Texas A&M University, College Station, Texas 77843, USA
50Istituto Nazionale di Fisica Nucleare Trieste/Udine,

I-34100 Trieste, kkUniversity of Udine, I-33100 Udine, Italy
51University of Tsukuba, Tsukuba, Ibaraki 305, Japan

52Tufts University, Medford, Massachusetts 02155, USA
53University of Virginia, Charlottesville, Virginia 22906, USA

54Waseda University, Tokyo 169, Japan
55Wayne State University, Detroit, Michigan 48201, USA

56University of Wisconsin, Madison, Wisconsin 53706, USA
57Yale University, New Haven, Connecticut 06520, USA

We have measured the W -boson mass MW using data corresponding to 2.2 fb−1 of integrated
luminosity collected in pp̄ collisions at

√
s = 1.96 TeV with the CDF II detector at the Fermilab

Tevatron collider. Samples consisting of 470 126 W → eν candidates and 624 708 W → µν
candidates yield the measurement MW = 80 387 ± 12stat ± 15syst = 80 387 ± 19 MeV/c2. This is
the most precise measurement of the W -boson mass to date and significantly exceeds the precision
of all previous measurements combined.

PACS numbers: 13.38.Be, 14.70.Fm, 12.15.Ji, 13.85.Qk

The mass of the W boson, MW , is an important pa-
rameter of the standard model (SM) of particle physics.
Precise measurements of MW and of other electroweak
observables significantly constrain the mass of the as-
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yet unobserved Higgs boson, which is predicted by the
electroweak symmetry-breaking mechanism in the SM.
Previous measurements [1–4] yield a world average value
of MW = 80 399 ± 23 MeV [5, 6] and, in conjunction
with other electroweak data, determine the Higgs boson
mass to be MH = 89+35

−26 GeV [7]. If the Higgs boson is
observed, the comparison of its directly-measured mass
with the SM prediction will be a powerful test of the
model. An exclusion of the Higgs boson in the predicted
mass range by direct searches would decisively point to
new physics beyond the SM, for example radiative cor-
rections from supersymmetric particles to MW [8].

The production of W bosons at
√
s = 1.96 TeV at

the Fermilab Tevatron pp̄ collider is dominated by the
annihilation process q′q̄ → W + X where X is initial-
state QCD radiation. Leptonic decays of the W boson,
W → !ν! (! = e, µ), provide high-purity samples that
allow a precise measurement of MW .

In this Letter we report a measurement of MW us-
ing fits to three kinematic distributions in W → µν and
W → eν decays. This measurement uses data corre-
sponding to an integrated luminosity of 2.2 fb−1 of pp̄ col-
lisions collected by the CDF II detector between 2002 and
2007, and supersedes an earlier result obtained in a subset
of these data [3, 4]. The CDF II detector [4] is a general-
purpose apparatus designed to study pp̄ collisions at the
Tevatron. In this analysis, charged-particle trajectories
(tracks) are reconstructed and measured using a drift
chamber (COT) [9] immersed in a 1.4 T solenoidal mag-
netic field. Electromagnetic (EM) and hadronic calorime-
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.

ηΔ-4
-2

0
2

4

φΔ 0
2

4

φ
Δ

 dη
Δd

pa
ir

N2 d
 

tri
g

N1 0.16
0.18
0.20

 < 35trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(a)

ηΔ-4
-2

0
2

4

φΔ 0
2

4

φ
Δ

 dη
Δd

pa
ir

N2 d  
tri

g
N1 1.6

1.7
1.8

 110≥ trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(b)

Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  98-99 projections were bang-on with 
the 2012 results, despite a lot of early 
criticism that they are overoptimistic!
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of our searches to Higgs bosons are smooth functions of the Higgs boson mass and depend most strongly on the
predicted cross sections and the decay branching ratios (the decay H → W+W− is the dominant decay for the region
of highest sensitivity). We therefore use the linear interpolations to extend the results from the 5 GeV/c2 mass
points investigated to the intervals in between. The regions of Higgs boson masses excluded at the 95% C.L. thus
obtained are 100 < mH < 103 GeV/c2 and 147 < mH < 180 GeV/c2. The expected exclusion regions are, given the
current sensitivity, 100 < mH < 120 GeV/c2 and 139 < mH < 184 GeV/c2. Higgs boson masses below 100 GeV/c2

were not studied. We also show in Figure 11, and list in Table VIII, the observed values of 1-CLs and their expected
distributions for the background-only hypothesis as functions of the Higgs boson mass. The excluded regions obtained
by finding the intersections of the linear interpolations of the observed 1 − CLs curve are nearly identical to those
obtained with the Bayesian calculation.
Figure 12 shows the p-value CLs+b as a function of mH as well as the expected distributions in the absence of a

Higgs boson signal. Figure 13 shows the p-value 1-CLb as a function of mH , i.e., the probability that an upward
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FIG. 10: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the
SM cross section, as functions of the Higgs boson mass for the combined CDF and D0 analyses. The limits are expressed
as a multiple of the SM prediction for test masses (every 5 GeV/c2) for which both experiments have performed dedicated
searches in different channels. The points are joined by straight lines for better readability. The bands indicate the 68% and
95% probability regions where the limits can fluctuate, in the absence of signal. The limits displayed in this figure are obtained
with the Bayesian calculation.
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  …and the top mass projections were 
beaten several times by the Tevatron


Ø  So, if history is a lesson, we will 
overdeliver again!
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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LS1                                     LS2                                     LS3              

LS1 Projects: 
• Completes muon coverage (ME4) 
• Improve muon trigger (ME1), DT electronics 
• Replace HCAL photo-detectors in Forward (new PMTs) and Outer (HPD → SiPM) 

Phase 1 Upgrades:  
•  New Pixels, HCAL SiPMs and  electronics, 

and L1-Trigger 
•  Preparatory work during LS1: 

•  new beam pipe 
•  test slices of new systems 

Phase 2 Upgrades: scope to be 
defined in Technical Proposal (2014) 

•  Tracker Replacement 
•  Forward Calorimetry and Muons 
•  Further Trigger upgrade: Track Trigger 
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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LS1 and Phase 1 
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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CMS Pixel Upgrade 

Upgraded Pixel Detector 
•  4 layers: improved tracking efficiency (and lowers fake rate) 
•  Less material, better radial distribution  
•  New readout chip recovers inefficiency at high pileup 
 
•  Baseline L = 2x1034 cm-2sec-1 & 25ns " 50 pileup   
•  Tolerate  L = 2x1034 cm-2sec-1 & 50ns " 100 pileup 
•  Survive Integrated Luminosity of 500fb-1    (Layer 1  2x 250fb-1) 

•  To be installed in Year End Technical Stop 2016-17 

16 

CMS HCAL Upgrade 

18 

Long. segmentation 
#  HB 3 segments 
#  HE 5 segments 

•  Upgraded HCAL  
–  New photodetectors 
–  New electronics (frontend, backend) 
–  Longitudinal segmentation 
–  Improved background rejection, 

Missing ET resolution and Particle Flow 
reconstruction 

$  Hadronic showers spread out 
with increasing depth 

Present  
(25 and 50 ns) 

Upgrade 

Barrel 

Hadronic cluster width 
50 pileup events 

 

CMS L1 Trigger Upgrade 

•  New system allows low trigger thresholds 
–  FPGAs and 10 Gb/s Optical links in µTCA standard for 

•  Higher calorimeter granularity and improved algorithms 
•  Better muon reconstruction 
•  Global trigger with more inputs and algorithms for correlated 

quantities (e.g. invariant mass) 
–  Expected to be operational after 2015-16 Year End Tech Stop 

19 

New calorimeter/muon/global trigger 

New Pixel Detector 

New HCAL readout & improved  
longitudinal segmentation 
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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Ø  Aiming to operate at 5x design luminosity 
of the LHC with ~125 pileup interactions 
per bunch crossing


Ø  Adding fast L1 track trigger

Ø  Replacement of the entire silicon tracker

Ø  Replacement of endcap and forward 

calorimeters (designed to take ~500/fb)

Ø  New forward calorimetery and tracking 

with the focus on VBF physics (VV 
scattering, VBF production of Higgs and 
new physics)


Ø  Possibly ultra-fast timing for pileup 
mitigation


Phase 2 CMS Upgrade Goals 
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