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2010 

pp PbPb 
L  ~ 35 pb-1 / exp. 

√s = 7 TeV 

 ~ 7.3 µb-1/exp.  
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Re-discovery of the Standard Model 
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2011 

pp PbPb 
L  ~ 5 fb-1 / exp. 

√s = 7 TeV 

 ~ 150 µb-1/exp.  

√snn = 2.76 TeV  

LHC 
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Weak Boson Production 
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2012 LHC 

p p 

√s = 8 TeV 

εCMS = 92.6 % 

 
 *** CMS Hypernews 
       Discussion title: CMS Commissioning 
 
 Jun 11, 2012, 
 
 Dear All, 
 
 We just crossed the 5/fb recorded. 
 
 We would like to invite you for a drink TODAY at      
 12:00 at P5 as an appreciation of the data taking  
 so far and in anticipation of a whole lot more.   
 
 Maria / Greg/  Christophe 
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CMS Operational Status* 

* As of April 15th  2012 
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2012 LHC 

p p 

εCMS = 92.8 % 

√s = 8 TeV 2011 → 2012 

7 TeV → 8 TeV 
Increased production 
σ for new physics 

β* 
1 m → 0.6 m 
Increased dL/dt 
Increased PU 

50ns bunch spacing 
max.: 1318 bunches 

dL/dt (x 1033 cm-2s-1) 
3.5 → 7.0 (goal) 

 
CMS Daily Run Meeting  
Minutes - June 3rd 2012 
 
•  1 fill in the past 24hr (2692) 
 
 + Total Delivered: 246.3 pb-1 (RECORD!)   
 + Total Recorded: 238.9 pb-1 (RECORD!) 
 + Total Efficiency: 97.0% 
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Living with High Pileup 

Raw ΣET ~ 2 TeV 
14 jets with ET > 40 
Estimated  PU ~ 50 
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•  New CMSSW software (5.X) 
    Gain of x 2.5 in speed (~15 s/evt ) 
    Reduction of > 33% of memory 
    → Avoids limitation our data-taking  
        rate from Prompt Reco at Tier-0 

Data Taking Rates 
Physics performance  
unchanged ! 
(or even improved) 
See J. Varela,  
109th LHCC – 21 Mars 2012  

•  Rates and CPU times on the HLT Farm: 

PU ~19!

PU ~29!

PU ~32!

Peak rate: ~440 Hz @ 5x1033cm-2s-1 
Average :  ~350 Hz 

Right on the target of <rate> 
Now running the 7E33 menu  
with many improvements  
 

100 ms per event was close to  
our limit but we upgraded the  
HLT farm CPU’s by 50% in May 

•  ~ 300 Hz of additional « parked » data collected 
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5 x 1033 cm-2s-1   

L1 Trigger Menu  
V1 deployed 

Max. Inst. L = 6.64 x 1033 cm-2s-1 

7 x 1033 cm-2s-1   

L1 Trigger Menu  
V2 deployed 
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HLT Trigger Menu for 6 x 1033 cm-2s-1 
Highlights 

(Unprescaled) Object! Trigger Threshold (GeV) @ 6E33!
Single Muon 40  

Single Isolated muon 24  (|eta| < 2.1) 

Double muon (17, 8) [13, 8 for parked data] 

Single Electron 80 

Single Isolated Electron 27 

Double Electron  (17, 8) 

Single Photon 150 

Double Photon  (36, 22) 

Muon + Ele x-trigger (17, 8), (5, 5, 8), (8, 8, 8) 

Single PFJet 320 

QuadJet 80 [50 for parked data] 

Six Jet (6 x 45), (4 x 60, 2 x 20) 

MET 120 

HT 750 

H → γγ  
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HLT Trigger Menu for 6 x 1033 cm-2s-1 
Highlights 

(Unprescaled) Object! Trigger Threshold (GeV) @ 6E33!
Single Muon 40  

Single Isolated muon 24  (|eta| < 2.1) 

Double muon (17, 8) [13, 8 for parked data] 

Single Electron 80 

Single Isolated Electron 27 

Double Electron  (17, 8) 

Single Photon 150 

Double Photon  (36, 22) 

Muon + Ele x-trigger (17, 8), (5, 5, 8), (8, 8, 8) 

Single PFJet 320 

QuadJet 80 [50 for parked data] 

Six Jet (6 x 45), (4 x 60, 2 x 20) 

MET 120 

HT 750 

H → ZZ* → 4 l  
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•  Increase of <PU> less important than for Chamonix estimations 
    <PU>2012 ~ 13 compare to <PU>2011B ~ 9 and <PU>2011A ~5  
   
•  Meanwhile: continue deployment of PU mitigation techniques  
    for physics analysis and evolve to less sensitive observables 
    → event-by-event corrections based on mean jet energy density  
         and/or local track matching at primary vertex 
     → rely on « Particle Flow » reconstruction techniques (jets, lepton isolation, etc …)  
          putting more emphasis on « good tracks » which are not affected 
     → deployment of MVA techniques validated on SM candles 
         and adjusted on PU-reweighted MC for photon and lepton ID, etc. 
         (e.g. “BDT” now used for photons and electrons in Higgs analyses) 

Living with Pile-UP 

After all the hard work the mean pile-up effects on the physics relying on 
isolated l’s and γ’s [e.g. EWK and main Higgs boson decay channels]  
or high PT jets [e.g. Top physics and BSM at the TeV scale] is well under  
control (small effects on PU corrected observables or final sensitivity) 
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130 CMS Physics Papers Published 
Expect ~100 more on full 2011 dataset 

Exotica 

QCD 

SUSY 
HI 

FWD 

TOP 

Higgs 

b 
EWK 

Moriond 2012 

This talk 
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New Particle Discovery 
garnered a lot of media attention!

Ξb
0 (5945 MEV) → Ξb

-π+→Ξ-J/ψ π+→ Λπ-µ+µ�π+→ p+π-π-µ+µ�π+ 

Candidate  
event display 

Λ0 

π from Λ0 

proton 

π from Ξ− 

muons 

π from PV 

16 CMS-BPH-12-001  arXiv:1204.5955    

Likely the JP=3/2+!

companion of the 
Ξb baryon 
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Figure 8: The Drell-Yan invariant mass spectrum, normalized to the Z resonance region,
r = (1/�lld�/dM), as measured and as predicted by NNLO calculations, for the full phase
space. The vertical error bar indicates the experimental (statistical and systematic) uncertain-
ties summed in quadrature with the theory uncertainty resulting from the model-dependent
kinematic distributions inside each bin in the dimuon channel (top) and the dielectron channel
(bottom).
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Figure 8: The Drell-Yan invariant mass spectrum, normalized to the Z resonance region,
r = (1/�lld�/dM), as measured and as predicted by NNLO calculations, for the full phase
space. The vertical error bar indicates the experimental (statistical and systematic) uncertain-
ties summed in quadrature with the theory uncertainty resulting from the model-dependent
kinematic distributions inside each bin in the dimuon channel (top) and the dielectron channel
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Measurement of Drell-Yan dσ/dM and d2σ/dMdY   

EWK-11-007 

2 2 Phenomenology of the Drell–Yan Process at the LHC

in Ref. [15], we use a formalism based on an analytical description of the elementary interaction
(Section 2). The method is applied to a sample of proton-proton collisions at a center-of-mass
energy

�
s = 7 TeV, corresponding to an integrated luminosity of 1.1 fb�1 recorded by the CMS

experiment (Section 3). We include a description of detector effects in the analytical likelihood
model (Section 4) and pay particular attention to systematic effects (Section 5). The result is
consistent with measurements in other processes, as expected within the SM (Section 6).
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Figure 1: Left: diagram describing the SM process qq ⌅ ⇤⇤/Z ⌅ ���+. Right: definition of the
angle ⇧⇤ in the production and decay of an intermediate state X, such as gg or qq ⌅ X ⌅ ���+.

2 Phenomenology of the Drell–Yan Process at the LHC
The philosophy of the multivariate likelihood analysis is to first produce a phenomenological
model of the process and then introduce detector effects into the model. The parameters of
the model may either be fixed to the best known values or left free in the fit, to be determined
from data. These parameters may include the physical quantities of interest, such as sin2 ⇧W,
or a description of detector effects, such as a correction for the momentum scale in the track
reconstruction. Therefore, we start with a discussion of a phenomenological model, and then
proceed to detector-specific effects in the application of the analysis to CMS data.

The tree-level coupling of a spin-one gauge boson to fermions is described by

⇥µu f ⇤µe (⌃V � ⌃A⇤5) v f , (1)

where v f and u f are the Dirac spinors of the fermion ( f ) and antifermion ( f ), ⇥µ is the polar-
ization vector of the spin-one boson, and ⌃V and ⌃A are the vector and axial-vector couplings.
The couplings of the SM gauge bosons ⇤ and Z are given in Table 1. In the limit of negligible
fermion masses, which is a good approximation for both quarks and leptons in the Drell–Yan
process near the Z-boson mass, only two helicity states of the fermions are possible. They
correspond to amplitudes A⇧⌃ ⇥ (⌃V � ⌃A) and A⌃⇧ ⇥ �(⌃V + ⌃A).

The parton-level cross section for the Drell–Yan process can be expressed with the help of the
Wigner dJ

m,m⌥ matrix, assuming the spin J = 1 intermediate states ⇤⇤, Z, and possible new
unknown contributions (indicated by an ellipsis below), as

⌥̂qq(ŝ, cos ⇧⇤; ⇧W) ⇥
1
ŝ ⇤

�1,�2,⌅1,⌅2=⇧,⌃
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⇥
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�1��2,⌅1�⌅2
(⇧⇤)

⇤2

⇥
�����A

qq⌅⇤
�1,�2 A⇤⌅��

⌅1,⌅2
+ Aqq⌅Z

�1,�2 (⇧W)AZ⌅��
⌅1,⌅2

(⇧W)⇥ ŝ
(ŝ � m2

Z) + imZ�Z
+ . . .

�����

2

, (2)
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compared to simulation with the ideal geometry model. We also observe a bias in the value
of sin2 ⇥eff that is twice as large when an additional systematic distortion is introduced in the
realistic simulation, resulting in the slope of the average m value versus cos ⇥⇥ dependence also
becoming twice as large. From these studies, we assign a correction of +0.0007 to the fit value
of sin2 ⇥eff due to alignment effects and a systematic uncertainty of ±0.0013 to cover the range
of possible deviations observed. In order to minimize the uncertainties from the energy scale
bias in the track reconstruction, the shift of the Z mass in the resolution function R(x) is left
free in the fit, effectively allowing the energy scale to be determined from the fit to the data.
Consistency between the fit value from the data and the expectation from the MC simulation is
found to be within 0.1 GeV.

We find very weak sensitivity to the efficiency parameterization G(Y, ŝ, cos ⇥⇥) across the ac-
ceptance range because the efficiency is symmetric in cos ⇥⇥. This leads to negligible effects
on the odd terms in the angular distribution that are sensitive to sin2 ⇥eff. The sign of Y is de-
fined by the dimuon system direction along the counterclockwise beam and has no preferred
direction. The sign of cos ⇥⇥ is defined by the charge of the “forward” lepton. The cylindri-
cal symmetry of CMS, combined with the random nature of the “forward” direction, leads to
a symmetry in the efficiency function. This has been verified with a detailed GEANT4–based
simulation of the CMS detector, including calibration and alignment effects. Even in the ex-
treme case of G(Y, ŝ, cos ⇥⇥) being flat across the acceptance range, negligible changes in the fit
results are observed with simulated samples. We also allow parameters of the model to be free
in the fit to data. We assign a systematic uncertainty of 0.0003 due to efficiency and acceptance
parameterization, which is the level of consistency of results from these studies.

The number of background events nbkg is fixed to the expected value and is varied according
to its associated uncertainties. We assign a 50% uncertainty to the QCD rate, based on studies
with wrong-sign lepton pairs. The relative size of the sum of the EWK background processes
is expected to be reproduced by simulation to a precision of better than 20%. However, in the
mass range 80 < m < 100 GeV, the fraction of background is only 0.05%, and the fit results
are insensitive to the exact treatment of the background. The measured sin2 ⇥eff value remains
stable within 0.0001, even when the background is removed from the model.

6 Results and Discussion
We have presented a likelihood method to analyze the Drell–Yan process at the LHC. The pro-
cess is described by the correlated dilepton rapidity, invariant mass, and decay angle distribu-
tions. The quark direction in the elementary parton collisions, which is not directly accessible in
the proton-proton collisions at the LHC, is modeled statistically using correlations between the
observables. The result of the analysis, which includes systematic uncertainties and corrections
from Table 2, is

sin2 ⇥eff = 0.2287 ± 0.0020 (stat.)± 0.0025 (syst.) .

This measurement of the effective weak mixing angle in the predominantly uu, dd ⇤ �⇥/Z ⇤
µ�µ+ processes in proton-proton collisions is consistent with measurements in other processes
[5, 7–11], as expected within the standard model.

The dominant systematic uncertainties in the measurement include modeling of the PDFs, FSR,
effects beyond the leading order in QCD, as well as detector uncertainties primarily due to
tracker alignment. With increased statistics of the Drell–Yan process at the LHC, a further
reduction of the systematic uncertainties will become critical. Understanding the tracker align-

2 2 Phenomenology of the Drell–Yan Process at the LHC

in Ref. [15], we use a formalism based on an analytical description of the elementary interaction
(Section 2). The method is applied to a sample of proton-proton collisions at a center-of-mass
energy

�
s = 7 TeV, corresponding to an integrated luminosity of 1.1 fb�1 recorded by the CMS

experiment (Section 3). We include a description of detector effects in the analytical likelihood
model (Section 4) and pay particular attention to systematic effects (Section 5). The result is
consistent with measurements in other processes, as expected within the SM (Section 6).

X

�,W, Z, g

�,W, Z, g

X

f

f̄

�⇥/Z

q̄

q

⇥+

⇥�

3

⇥�

�⇥q(g) X

q̄(g)

⇥+

Figure 1: Left: diagram describing the SM process qq ⌅ ⇤⇤/Z ⌅ ���+. Right: definition of the
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2 Phenomenology of the Drell–Yan Process at the LHC
The philosophy of the multivariate likelihood analysis is to first produce a phenomenological
model of the process and then introduce detector effects into the model. The parameters of
the model may either be fixed to the best known values or left free in the fit, to be determined
from data. These parameters may include the physical quantities of interest, such as sin2 ⇧W,
or a description of detector effects, such as a correction for the momentum scale in the track
reconstruction. Therefore, we start with a discussion of a phenomenological model, and then
proceed to detector-specific effects in the application of the analysis to CMS data.

The tree-level coupling of a spin-one gauge boson to fermions is described by

⇥µu f ⇤µe (⌃V � ⌃A⇤5) v f , (1)

where v f and u f are the Dirac spinors of the fermion ( f ) and antifermion ( f ), ⇥µ is the polar-
ization vector of the spin-one boson, and ⌃V and ⌃A are the vector and axial-vector couplings.
The couplings of the SM gauge bosons ⇤ and Z are given in Table 1. In the limit of negligible
fermion masses, which is a good approximation for both quarks and leptons in the Drell–Yan
process near the Z-boson mass, only two helicity states of the fermions are possible. They
correspond to amplitudes A⇧⌃ ⇥ (⌃V � ⌃A) and A⌃⇧ ⇥ �(⌃V + ⌃A).

The parton-level cross section for the Drell–Yan process can be expressed with the help of the
Wigner dJ

m,m⌥ matrix, assuming the spin J = 1 intermediate states ⇤⇤, Z, and possible new
unknown contributions (indicated by an ellipsis below), as

⌥̂qq(ŝ, cos ⇧⇤; ⇧W) ⇥
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FIG. 2: The dijet invariant mass distribution for the sum of electron and muon events is shown after subtraction of fitted
background components with the exception of resonant contribution to Mjj including WW and WZ production and the
hypothesized narrow Gaussian contribution (a). With respect to Figure 1, the subtracted background components are chosen
as the systematic combination that best fit data (see text). The fit �2/ndf is 62.0/81. (b) �Rjj distribution for events with
Mjj < 115 and Mjj > 175 GeV/c2 of the data compared to the background estimation that corresponds to the same systematic
combination of (a). The uncertainty band corresponds to background statistical uncertainty.

tion is strongly correlated to Mjj and the control regions
both have significantly di⇥erent distributions of �Rjj .
Reweighting our W+jets sample to correct for the dif-
ferences observed in �Rjj in the control samples may
be indicative of the e⇥ect of correcting �Rjj mismod-
eling or may introduce bias in the Mjj distribution. In
addition, the �Rjj distribution is consistent within the
one sigma variation of the systematic uncertainties for
events outside the excess mass region as shown in Fig. 2
(b). The data-background comparison of the �Rjj dis-
tribution has ⇤2/ndf of 26.7/18 and a KS probability
of 0.022 when compared with best-fit systematic model.
For these reasons, we present these studies as cross checks
and quote the significance in the unweighted sample as
our primary result.

We look for evidence in favor or against the hypothe-
sis that the excess in the 120-160 GeV/c2 mass range is
from a new (non-SM) physics source. Since non-SM par-
ticles may in general couple to both massive electroweak
gauge bosons we have investigated the shape of the dijet
mass distribution in Z+jets events. In this sample the
number of events in the data is approximately a factor 15
less than in the W+jets sample and no statistically sig-
nificant deviation from the SM expectation is observed.
We increase the jet ET threshold in steps of 5 GeV and
check the fraction of excess events that are selected as
a function of the jet ET . The result is compatible with
expectation from a Monte Carlo simulation of a W boson
plus a particle with a mass of 150 GeV/c2 and decaying
into two jets [14]. In this model, we estimate a cross
section times the particle branching ratio into dijets of

the order of 4 pb. The cross section of the observed ex-
cess is not compatible with SM WH production whose
⇥ ·BR(H ⇥ bb̄) is about 12 fb formH = 150 GeV/c2 [20].
To check the flavor content with this selection, we iden-
tify jets originating from a b-quark by requesting a dis-
placed secondary vertex for tracks within the jet cone.
We compare the fraction of events with at least one b-
jet in the excess region (120-160 GeV/c2) to that in the
sideband regions (100-120 and 160-180 GeV/c2), and find
them to be compatible with each other. Dedicated CDF
searches for WH ⇥ l�bb̄ using events with reconstructed
displaced vertices from b hadron decay, and looser selec-
tion criteria, have not found any significant excesses us-
ing final analysis discriminants trained to identify Higgs
bosons in the mass range 100-150 GeV/c2 [19].
Finally, to investigate the possibilities of a parent res-

onance or other quasi-resonant behavior, we consider the
M(lepton,�,jj) and the M(lepton,�,jj) � Mjj [21] distribu-
tions for events with Mjj in the range 120-160 GeV/c2

and, to investigate the Dalitz structure of the excess
events, the distribution of M(lepton,�,jj) � Mjj , in bins
of Mjj . The distributions are compatible in shape with
the background-only hypothesis in all cases.
In conclusion, we study the invariant mass distribu-

tion of jet pairs produced in association with a W boson.
The best fit to the observed dijet mass distribution using
known components, and modeling the dominant W+jets
background using Alpgen+Pythia Monte Carlo, shows
a statistically significant disagreement. One possible way
to interpret this disagreement is as an excess in the 120-
160 GeV/c2 mass range. If we model the excess as a

18 

Di-jet Invariant mass in W + jets events  

5

(a) (b) (c)

Figure 1: (a) Distribution of the invariant mass spectrum of the leading two jets observed in
data including all four categories combined (muon plus 2 jets, muon plus 3 jets, electron plus
2 jets, and electron plus 3 jets). Overlaid are the template distributions used in the likelihood
fit to the measured mjj distibution, with their relative normalization as obtained in the fit. The
region between the vertical dotted lines is excluded in the fit. Depicted is the number of events
per GeV, i.e., the raw event count can be obtained by multiplying with the bin width. (b)
The same distribution after subtraction of all SM components except the electroweak diboson
WW/WZ. Error bars correspond to the statistical uncertainty. The band represents the system-
atic uncertainty in the sum of the SM components. (c) The normalized residual: [data - fit] / fit
uncertainty.

electroweak diboson WW/WZ events. Except for a peak near 80 GeV from diboson events no
other peak is visible in the entire spectrum. Figure 1c shows the normalized residual, i.e., pull
distribution defined as [data - fit]/ fit uncertainty, where the uncertainty is the combined statis-
tical and systematic one. Table 3 presents the yields of various SM components obtained from
the fit. The sum of all the contributions is compared with the number of observed data events.
All numbers but those in the last two rows are for the mjj range [40, 400] GeV. The last two rows
compare the observed and fitted contributions in the mjj range [123, 186] GeV that is excluded
in the fit. The data agree with the SM expectation throughout, and we find no significant excess
in the test region.

6 Fit validation and systematic error estimate
We validate the fit procedure by performing pseudo-experiments. In each experiment, we gen-
erate the mjj distribution of the SM processes of the sample size observed in data, taking into
account the correlation among the yields. We then repeat the fit on each sample. The resulting
yields and pull distributions indicate that the bias on the total yield is below 0.2% and that the
fit understimates the yield uncertainty slightly. These effects are corrected for in the final re-
sult. Uncertainties in the jet energy scale (JES) are estimated in a sample of W bosons decaying
hadronically in a highly pure sample of semileptonic tt̄ events. The mean and resolution of
the reconstructed dijet (i.e., W) mass distribution in data agree within 0.6% with the expecta-
tion from simulation, for the same level of the statistical accuracy as the measurement. This
good agreement is further confirmed by including an additional free parameter in the fit to
allow for shifts of the JES between data and simulation. A small difference in E/T resolution [8]
between data and simulation affects the signal acceptance for the new physics models under
consideration at the 0.5% level. Further systematic uncertainties are due to the uncertainty of
the trigger efficiency estimates in data, which is 1%, and the estimate of lepton reconstruction
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Figure 1: (a) Distribution of the invariant mass spectrum of the leading two jets observed in
data including all four categories combined (muon plus 2 jets, muon plus 3 jets, electron plus
2 jets, and electron plus 3 jets). Overlaid are the template distributions used in the likelihood
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per GeV, i.e., the raw event count can be obtained by multiplying with the bin width. (b)
The same distribution after subtraction of all SM components except the electroweak diboson
WW/WZ. Error bars correspond to the statistical uncertainty. The band represents the system-
atic uncertainty in the sum of the SM components. (c) The normalized residual: [data - fit] / fit
uncertainty.

electroweak diboson WW/WZ events. Except for a peak near 80 GeV from diboson events no
other peak is visible in the entire spectrum. Figure 1c shows the normalized residual, i.e., pull
distribution defined as [data - fit]/ fit uncertainty, where the uncertainty is the combined statis-
tical and systematic one. Table 3 presents the yields of various SM components obtained from
the fit. The sum of all the contributions is compared with the number of observed data events.
All numbers but those in the last two rows are for the mjj range [40, 400] GeV. The last two rows
compare the observed and fitted contributions in the mjj range [123, 186] GeV that is excluded
in the fit. The data agree with the SM expectation throughout, and we find no significant excess
in the test region.

6 Fit validation and systematic error estimate
We validate the fit procedure by performing pseudo-experiments. In each experiment, we gen-
erate the mjj distribution of the SM processes of the sample size observed in data, taking into
account the correlation among the yields. We then repeat the fit on each sample. The resulting
yields and pull distributions indicate that the bias on the total yield is below 0.2% and that the
fit understimates the yield uncertainty slightly. These effects are corrected for in the final re-
sult. Uncertainties in the jet energy scale (JES) are estimated in a sample of W bosons decaying
hadronically in a highly pure sample of semileptonic tt̄ events. The mean and resolution of
the reconstructed dijet (i.e., W) mass distribution in data agree within 0.6% with the expecta-
tion from simulation, for the same level of the statistical accuracy as the measurement. This
good agreement is further confirmed by including an additional free parameter in the fit to
allow for shifts of the JES between data and simulation. A small difference in E/T resolution [8]
between data and simulation affects the signal acceptance for the new physics models under
consideration at the 0.5% level. Further systematic uncertainties are due to the uncertainty of
the trigger efficiency estimates in data, which is 1%, and the estimate of lepton reconstruction

•  Important background for Higgs and BSM  
•  Extented phase space for hard recoiling jets  
•  Excess observed by CDF at the Tevatron  
     (not confirmed by D0) 

CDF, PRL 2011 
Look for a high PT,l + ET

miss + 2 or 3 jets   

No evidence for a resonance enhancement around Mjj ~150 GeV  
EWK-11-017 
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Top quark Mass Measurements 

Moriond 2012 

CMS mt measurements from top 
quark decays in both di-lepton  
and ℓ+jets'channel are competitive 
with corresponding Tevatron 
measurements 
 
The combination is dominated by 
the ℓ+jets'channel 

TOP-11-008  

 [GeV]topm
160 165 170 175 180 185

-0.5

5.8

CMS combination  1.2± 0.4 ±172.6 
-1up to L= 4.7 fb  syst.)± stat. ±(val. 

CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

CMS 2010 l+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

+jetsµCMS 2011  1.3± 0.4 ±172.6 
)-1PAS-TOP-11-015 (L=4.7 fb  syst.)± stat. ±(val. 

CMS 2011 dilepton  2.5± 1.2 ±173.3 
)-1PAS-TOP-11-016 (L=2.2 fb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, 
=7 TeVsCMS Preliminary, 



20 

Δ Mt = Mtop – Mtop 

6 6 The Ideogram method
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Figure 2: Panels (a) and (b) show the distributions in fitted top-quark mass for the smallest fit-
�2 values, which are given in (c) and (d), for the kinematic fits for �++jets and ��+jets events,
respectively. The simulation is normalized to the number of events observed in data. The last
bins include the contributions from overflow. The ratio of the number of observed events in
data to the number of events expected from simulation is shown at the bottom. The error band
corresponds to the systematic uncertainties related to jet energy scale, jet energy resolution,
background estimation and modeling of pileup.

probability that a jet combination has a wrong jet-to-quark assignment, which, summed over
all possibilities i in each event, yields:

Ptt(xmass; y | mt) =
12

⇥
i=1

wi

�
fgc

⇤
dm⇥G(mi | m⇥, ⇥i)B(m⇥ | mt, �t) + (1 � fgc)W(mi | mt)

⇥
. (4)

The parameter fgc reflects the probability that the jet combination with highest weight wi (de-
fined below) corresponds to the correct jet-parton matching, as obtained from tt simulation,
separately for events with nb = 0, 1, and > 1. The probability for the correct jet combination
is defined by the convolution in Eq. (4) of a Gaussian resolution function G(mi | m⇥, ⇥i) and
a relativistic Breit-Wigner distribution B(m⇥ | mt, �t). The width of the top quark �t is fixed
to 2 GeV. The Gaussian function describes the mass resolution for each jet combination. It is
centered at the Breit-Wigner-distributed value of the top-quark mass (m⇥) and has a standard
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Figure 2: Panels (a) and (b) show the distributions in fitted top-quark mass for the smallest fit-
�2 values, which are given in (c) and (d), for the kinematic fits for �++jets and ��+jets events,
respectively. The simulation is normalized to the number of events observed in data. The last
bins include the contributions from overflow. The ratio of the number of observed events in
data to the number of events expected from simulation is shown at the bottom. The error band
corresponds to the systematic uncertainties related to jet energy scale, jet energy resolution,
background estimation and modeling of pileup.

probability that a jet combination has a wrong jet-to-quark assignment, which, summed over
all possibilities i in each event, yields:

Ptt(xmass; y | mt) =
12

⇥
i=1

wi

�
fgc

⇤
dm⇥G(mi | m⇥, ⇥i)B(m⇥ | mt, �t) + (1 � fgc)W(mi | mt)

⇥
. (4)

The parameter fgc reflects the probability that the jet combination with highest weight wi (de-
fined below) corresponds to the correct jet-parton matching, as obtained from tt simulation,
separately for events with nb = 0, 1, and > 1. The probability for the correct jet combination
is defined by the convolution in Eq. (4) of a Gaussian resolution function G(mi | m⇥, ⇥i) and
a relativistic Breit-Wigner distribution B(m⇥ | mt, �t). The width of the top quark �t is fixed
to 2 GeV. The Gaussian function describes the mass resolution for each jet combination. It is
centered at the Breit-Wigner-distributed value of the top-quark mass (m⇥) and has a standard

Test CPT invariance in the top sector 

•  Reconstruction of the hadronic side: 
    compare ℓ++jets and ℓ-+jets events 
•  Use kinematic fit, and event-per-event 
     likelihood for ℓ- and ℓ+ separately 

Most systematic effects cancel out ! 
→ the measurement is stat. limited 

World’s best so far 
 
Consistent with SM,  
Consistent between e and µ!

TOP-11-019 



21 

Top Charge Asymmetry Measurements 

•  Anomalous charge asymmetries observed at 
the Tevatron   CDF PRD83 (2011); D0 PRD84 (2011) 

•  Different definition possible a the LHC 
    (asymmetry partly diluted) : 

AC = 

New CMS Measurement: 
AC = 0.004 ± 0.010 (stat.) ± 0.012 (syst.) 

Theory Prediction (SM):   
AC = 0.0115 ± 0.0006 
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Figure 3: Unfolded inclusive �|y| distribution (upper left), corrected asymmetry as a function
of |ytt̄| (upper right), pT,tt̄ (lower left), and mtt̄ (lower right). The measured values are compared
to NLO calculations for the SM [15] and to predictions of an effective field theory (EFT) [17].
The error bars on the differential asymmetry values indicate the statistical and systematic un-
certainties.

7 Conclusion
An inclusive and three differential measurements of the charge asymmetry in tt production
using data corresponding to an integrated luminosity of 4.7 fb�1 have been reported. Events
with top-quark pairs decaying in the lepton+jets channel were selected and a full tt event re-
construction was performed to determine the four-momenta of the top quarks and antiquarks.
The measured distributions of the sensitive observable were then corrected for acceptance and
reconstruction effects. The measured value for the inclusive asymmetry as well as the mea-
sured asymmetry as a function of three differentiating variables, the rapidity, the transverse
momentum, and the invariant mass of the tt̄ pair is in agreement with the predictions and no
hints for contributions from physics beyond the standard model have been found.
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•  No dependence on phase space within uncertainties: 

TOP-11-014 
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Top Decays: Search for t → H+b  

HIG-11-019 

e.g. diagram 

Improves by an previous Tevatron limits on B ( t → H+ b) by ~ O(10) 
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CMS « Higgs » Papers      Full Datasets at √s = 7 TeV     L ~ 4.7 - 5 fb-1 

H → 2γ ! ! !! HIG-11-033 PLB    arXiv:1202.1487v1  Feb. 2012 
H → ZZ → 4l HIG-11-025 PRL    arXiv:1202.1997v1 Feb. 2012 
H → ZZ → 2l 2τ! HIG-11-028 JHEP  arXiv:1202.3617v1 Feb. 2012 
H → ZZ → 2l 2ν! HIG-11-026 JHEP  arXiv:1202.3478v1 Feb. 2012 
H → ZZ → 2l 2q HIG-11-027 JHEP  arXiv:1202.1416v1 Feb. 2012 
H → WW → 2l 2ν  HIG-11-024 PLB    arXiv:1202.1489v1 Feb. 2012 
H → 2τ HIG-11-029 PLB    arXiv:1202.4083v1 Feb. 2012 
H → 2b HIG-11-031 PLB    arXiv:1202.4195v1 Feb. 2012 
H Combination HIG-11-032 PLB    arXiv:1202.1488v1 Feb. 2012 
MSSM H± HIG-11-019* JHEP  arXiv:1205.5736v2 May 2012 

CMS Physics Analysis Summaries (PAS)!
H → 2γ   ”MVA” HIG-12-001 Mar. 2012 

H Fermiophobic HIG-12-002 Mar. 2012 

H Combination HIG-12-008 Mar. 2012 

WH → lν τlτh HIG-12-006 Mar. 2012 

H → 2τµ  HIG-12-007 Mar. 2012 

CMS Physics Analysis Summaries (PAS)!
MSSM Φ → 2µ HIG-12-011 Jun. 2012 

H → WW → lν2q  HIG-12-003 May 2012 

VH; H → 2l 2ν  HIG-12-014 Jun. 2012 

H±± HIG-12-005 Mar. 2012 

* L ~ 2 fb-1 
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SM Higgs Boson Searches in CMS!Summary 
Moriond 2012 

Signal MC: POWHEG, reweighted at NNLO  Background: PYTHIA, MadGraph, etc reweighted at NLO 
LLR-seminar, 23rd January 2012  Roberto Salerno

Channel mH Range Lumi
Sub-

Channels
mH

Resolution Main Background
Expected 
sensitivity

Number 
of signal 
events 

after cuts

H→!! 110-150 4.7 4 1-3% !! !j jj 1.5-2 ~70

H→"" 110-145 4.6 9 20% Z→"" W+jet QCD 2-3 40-90

H→bb 110-135 4.7 5 10% V+jet Vbb tt 3-6 0.5-2

H→WW→l#l# 110-600 4.6 5 20% WW DY tt 0.7-7 25-180

H→ZZ→llll 110-600 4.7 3 1-2% ZZ Z+jets tt Zbb 0.5-10 1.-16

H→ZZ→ll"" 190-600 4.7 8 10-15% ZZ Z+jets tt 3-12 0.5-2

H→ZZ→ll## 250-600 4.6 2 7% ZZ WZ Z+jets 0.6-2 3-20

H→ZZ→llqq 130-164
200-600

4.6 6 3% Z+jets tt 5-15
1-5

~15
17-70

Background derived from Data

4.8 5 
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Higgs boson mass (GeV)
100 200 300 400 500 600

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

-110

1

10 Observed
Expected (68%)
Expected (95%)

LEP excluded
Tevatron excluded

Observed
Expected (68%)
Expected (95%)

LEP excluded
Tevatron excluded

-1L = 4.6-4.8 fb
 = 7 TeVsCMS,  Observed

Expected (68%)
Expected (95%)

LEP excluded
Tevatron excluded

-1L = 4.6-4.8 fb
 = 7 TeVsCMS,  

Exclusion Limits: Combined Results 

Higgs boson mass (GeV)
100 200 300 400 500 600

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

-110

1

10 Observed
Expected (68%)
Expected (95%)
LEP excluded
Tevatron excluded
CMS excluded

Observed
Expected (68%)
Expected (95%)
LEP excluded
Tevatron excluded
CMS excluded

-1L = 4.6-4.8 fb
 = 7 TeVsCMS,  Observed

Expected (68%)
Expected (95%)
LEP excluded
Tevatron excluded
CMS excluded

-1L = 4.6-4.8 fb
 = 7 TeVsCMS,  

114,4 – 127,0 GeV/c2 

Allowed MH range for 
the SM Higgs Boson 
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H → ZZ → 4l! Low Masses 

Baseline Selection 
50 < MZ1 < 120 GeV/c2 

12 < MZ2 < 120 GeV/c2 

Event Yields: 

100 < M4l  <  160 GeV/c2   Observed: 13    Expected: 9.5 ± 1.3 events       100 110 120 130 140 150 160

0.99750.9980.99850.9990.99951
1.00051.001
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!for PRL

ε(MH~120) ~ 20% (4e),  40% (4µ), 25% (2e2µ) 

ε(MH~160) ~ 42% (4e),  75% (4µ), 55% (2e2µ) 
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Figure 1: a) Distribution of the four-lepton reconstructed mass for the sum of the 4e, 4µ, and
2e2µ channels. b) Expansion of the low mass range with existing exclusion limits at 95% CL;
also shown are the central values and individual candidate mass measurement uncertainties.
Points represent the data, shaded histograms represent the background and unshaded his-
togram the signal expectations.

The reducible and instrumental background rates are small. These rates have been obtained
from data and the corresponding m4! distributions are obtained from MC samples.

The measured distribution is compatible with the expectation from SM direct production of
ZZ pairs. We observe 72 candidates, 12 in 4e, 23 in 4µ, and 37 in 2e2µ, while 67.1 ± 6.0 events
are expected from standard model background processes. No hard photon (pγ

T > 5 GeV) was
found, outside the isolation veto cone that surrounds each lepton, that could be unambiguously
identified as FSR. Thirteen candidates are observed within 100 < m4! < 160 GeV while 9.5± 1.3
background events are expected. We observe 53 candidates for the high-mass selection com-
pared to an expectation of 51.3 ± 4.6 events from background. This high-mass event selection
is used to provide a measurement of the total cross section σ(pp → ZZ + X)× B(ZZ → 4!) =
28.1+4.6

−4.0(stat.)± 1.2(syst.)± 1.3(lumi.) fb. The measurement agrees with the SM prediction at
NLO [47] of 27.9 ± 1.9 fb. The local p-values, representing the significance of local excesses
relative to the standard model expectation, are shown as a function of mH in Fig. 2a, obtained
either taking into account or not the individual candidate mass measurement uncertainties,

Table 1: The number of candidates observed, compared to background and signal rates for
each final state for 100 < m4! < 600 GeV for the baseline selection. For the Z+X background,
the estimations are based on data

Channel 4e 4µ 2e2µ
ZZ background 12.27 ± 1.16 19.11 ± 1.75 30.25 ± 2.78
Z+X 1.67 ± 0.55 1.13 ± 0.55 2.71 ± 0.96
All background 13.94 ± 1.28 20.24 ± 1.83 32.96 ± 2.94
mH = 120 GeV 0.25 0.62 0.68
mH = 140 GeV 1.32 2.48 3.37
mH = 350 GeV 1.95 2.61 4.64
Observed 12 23 37
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Mass Measurement Uncertainties 
Event-by-event 

ΓΗ!

Experimental resolution  
dominates 

Intrinsic width ΓH 
dominates 
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Mass Measurement Uncertainties 
Event-by-event 
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H → γγ Candidate in Dijet-Tag Class 
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Low Mass Excess: Anatomy 

Broad excess at ~ 1σ level from H → bb, ττ, ww complemented  
by localized excesses from H → 4l and H → γγ!

Local Significance 
 

Pmin = 0.001 
Zmax= 3.1σ!

Global Significance 
Full range 
110-600 GeV/c2 
 

Zmax= 1.5σ!
!
Restricted range 
110-145 GeV/c2 
 

Zmax= 2.1σ!

Within 1σ of unity 
in the mass range 
117-126 GeV ! 

Local p-value = probability of a background fluctuation resembling a signal-like excess for a given value of mH 
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Figure 6: The observed and expected 95% CL upper limits on the signal strength parameter
µ = �/�SM as a function of the Higgs boson mass in the range 110–600 GeV (left) and 110–
145 GeV (right) for the five explored Higgs boson decay modes and their combination.

statistical compatibility between the channels contributing to the combination.

The minimum local p-value pmin = 0.003 at mH ⇥ 125 GeV corresponds to a local significance
Zmax of 2.8�. The global significance of the observed excess for the entire search range of 110–
600 GeV is estimated directly from the data following the method described in Ref. [83] and
corresponds to about 0.8�. For a restricted range of interest, the global p-value is evaluated
using pseudo-datasets. For the mass range 110–145 GeV, it yields a significance of 2.1�.

The p-value characterises the probability of background producing an observed excess of events,
but it does not give information about the compatibility of an excess with an expected signal.
The latter is provided by the best fit µ̂ value, shown in Fig. 7 (right). In this fit the constraint
µ̂ � 0 is not applied, so that a negative value of µ̂ indicates an observation below the expec-
tation from the background-only hypothesis. The band corresponds to the ±1� uncertainty
(statistical+systematic) on the value of µ̂ obtained from a change in qµ by one unit (�qµ = 1),
after removing the µ̂ constraint in Eq. (6). The observed µ̂ values are within 1� of unity in the
mass range from 121–126 GeV.

Higgs boson mass (GeV)
110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

-610

-510

-410

-310

-210

-110

1
σ1

σ2

σ3

σ4
Combined obs.
Exp. for SM Higgs

)-1 bb   (4.7 fb→H 
)-1    (4.6 fbττ →H 
)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Global significance
 in range 110-600 GeVσ0.8
 in range 110-145 GeVσ2.1

-1L = 4.6-4.8 fb
 = 7 TeVsCMS Preliminary,  

32 

Low Mass Excess: Anatomy 

Using new 
H → γγ « MVA » 

CMS PAS-HIG-12-001 + PAS-HIG-12-008  
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Reminder: CMS Input for Chamonix 

You are 
HERE ? 

Note: Very roughly, for MH ~125 GeV, one expects 3 to 4 signal 
         events per 5 fb-1 in H → 4l for a S/B of ~ 2 

⇒  Requires about 20 fb-1 for 5σ in stand-alone 
⇒  We should see something starting to build-up already now 
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Barbara Mele Roma,   23  Sept  2011

for MH < 120 GeV, 

excess over SM 

in all decay channels 

WW, ZZ, !!, !Z
( larger BRFP compensates

!!for lower x-sections !)

VBF kinematics easier to 

distinguish from bckgr

7

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/Fermiophobic

Fermiophobic Higgs Model 
! " Assume Yukawa coupling off and SM like HVV coupling. 

! " For Higgs production cross sections, NNLO VBF, WH/ZH numbers can be used. 

! " EW radiative corrections are unknown in fermiophobic scenario, assign ±5%. 

Aug. 29, 2011! LHC Higgs Cross Section Working Group! !"!
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How Higgses are born – SM 

Sep 1, 2011 - LHC implications André David (LIP) 
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13

of diphoton momentum over invariant mass ⇥��
T , were used for the four inclusive classes de-

fined by diphoton properties. The statistical approach considered in evaluating the limit is the
asymptotic CLs [32] approach using profile likelihood ratio as a test statistic, as documented
elsewhere [33]. Given the narrowness of the Higgs mass peak which has a resolution approach-
ing 1 GeV in the classes with the best resolution, the search is carried out with steps of 0.5 GeV
in the signal hypothesis mass.

All known sources of systematic uncertainties described in previous sections are included in
the likelihood model which is used for the limit setting. Systematic errors which are correlated
between event classes (theory, luminosity, photon and trigger efficiency, etc) are included as
common nuisance parameters in the likelihood model.

In the fermiophobic scenario the Higgs boson production is restricted to vector boson fusion
and associated production with vector bosons. The limit setting has been run for a signal model
including only boson coupling mechanisms and enhanced branching ratios as described in
Section 1.

Figure 4 shows the limit relative to the FP model expectation, where the systematic uncer-
tainties on the expected cross section and branching fraction are included in the limit setting
procedure. The contribution to the expected limit of the dijet and lepton tagged classes as
well as other four classes are shown separately. The expected exclusion limit at 95% CL covers
the mass range between 110-136 GeV, while the data excludes ranges from 110-124 GeV and
128-136 GeV. The excess of events around 126 GeV has been investigated in detail.
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CMS Preliminary
-1 = 7 TeV, L = 4.8 fbs

Figure 4: The measured signal cross section times the branching ratio to photon pairs excluded
at 95% CL over expected by the FP model as a function of the Higgs boson mass for combina-
tion of inclusive and exclusive analyses. The green (yellow) band corresponds to the expected
exclusion in the case of 1⇤ (2⇤) fluctuation of the background-only distribution of the test statis-
tic. The Asymptotic CLs method was used. Individual contributions to the expected limit are
shown for each of the channels (dotted lines).

Figure 5 shows the local p-value calculated, using the asymptotic approximation [33], at 1 GeV

Search for a Fermiophobic Higgs Boson 

CMS PAG HIG-12-002 
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Luminosity ~      1033 2×1033 3×1033      cm-2s-1 
ECAL Barrel:  
  crystals qualified for  
 <6% loss under 0.15 Gy/h  

ECAL Endcap:  
higher radiation level 

   

•  Damage and recovery  
     during LHC  cycles 
•  Steady recovery during  
     Heavy Ion run (low  
     luminosity) and in periods  
     without beam  

Monitoring of ECAL Response Variations 

•  Monitoring data: 1 point/channel/40 min  
–  Corrections ready for reconstruction in less than 48 h! 
–  A few iterations with data reprocessing required in 2011 

•  New diode pumped laser installed in 2012 
–  Less maintenance intensive ! reduced medium term instabilities 

T. Tabarelli de Fatis, CALOR 2012 



Stability of Response for Electrons: W → e ν!

•  Stable energy scale after 
monitoring corrections 

–  Barrel:  
•  <signal loss> ~ 2.5%,  
•  RMS stability ~0.12% 

–  Endcap:   
•  <signal loss> ~10%,  
•  RMS stability ~0.45% 

•  Corrections include:  
–  Barrel :      �   = 1.52 
–  Endcap:  <�> ~ 1.28  

•  Current loss-dependent 
optimization for this region 

•  Further tuning of the corrections 
in progress: 

–  Time-invariance of energy flow: 
signal loss vs transmission loss 
at the single crystal level  

!  In situ measurement of � 

(S/S0) = (R/R0)α  
(S/S0) = relative response to e’s 
(R/R0) = relative resp. to laser light 
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Stability of the Energy Resolution: Z → e e!

•  ECAL resolution (from Z!ee peak width) stability before and after the  
     application of Laser Monitoring corrections (LM): 

•  ECAL Barrel: resolution stable within errors 
•  ECAL Endcap: resolution worsens by ~1.5% in quadrature 

! Requires further tuning of corrections and/or pile-up effects  
(e.g. in situ measurement of the �effective �� at single crystal level) 



39 

Response dependence on Pile-up!
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Dependence E reco. on Nvtx  

Data (open dots) and MC (full dots) are compared for the default reconstruction (red 
dots) and after MC-driven corrections to the energy based on a multivariate analysis of 
the energy response including pileup sensitive global event variables 

!  Pileup-resilient clustering algorithms are under study 

T. Tabarelli de Fatis, CALOR 2012 
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•  July 2012 
(ICHEP) 

Progress in Understanding …!

•  July 2011 (EPS): 
–  FWHM = 4.23 GeV 

Improved single crystal  
and cluster corrections 

•  March 2012 (Moriond) 
–  FWHM = 3.29 GeV 
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Search for SM Higgs: 2011+2012 Data 

CMS is blinded 
 
Analysis improvements: 
 

use MC for optimisation + 
use DATA only in background  
and SM candles phase space       

110 115 120 125 130        

√s = 7 TeV, L = 5.05 fb-1 

√s = 8 TeV, L = X.YZ fb-1 

 E
ve

nt
s 

/ 
G

eV
 

Both 2011 and 2012 data have been  
blinded for the analysis improvements  

What do we see in the low mass range ? 
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CMS « SUSY » Papers      Full Datasets at √s = 7 TeV     L ~ 4.7 - 5 fb-1 

Z + jets + ET
miss !! SUS-11-021 PLB    arXiv:1204.3774v1  Apr. 2012 

Multileptons SUS-11-013 JHEP   arXiv:1202.5341v1 Apr. 2012 

CMS Physics Analysis Summaries (PAS) 

CMSSM l + jets + ET
miss  (Templates) SUS-11-027 May 2012 

CMSSM = l + jets + ET
miss SUS-12-010 May 2012 

SUSY l + b-jets + ET
miss SUS-11-028 May 2012 

SUSY Fully hadronic states SUS-12-002 May 2012 

Simplified Models SUS-11-016 May 2012 

CMSSM l + jets + ET
miss  (NN) SUS-11-026 Apr. 2012 

GMSB  γ’s + ET
miss SUS-12-001 Apr. 2012 

CMSSM « Razor inclusive » SUS-12-005* Mar. 2012 

l±l± b-jets + ET
miss SUS-11-020 Mar. 2012 

L+l�  jets + Et
miss (NN) SUS-11-018* Mar. 2012 

* L ~ 2.2 fb-1 * L ~ 4.4 fb-1 
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Supersymmetry: Constrained Models 

Minimal Models (e.g. cMSSM) under pressure … 

Explore general mass spectra (e.g. « simplified models ») or  
exceptional (e.g. multileptons, mono-photons) topologies ! 

SUSY is not dead yet 
115-130 GeV Higgs  
tailor made for SUSY 
 
More complicated  
(and interesting)  
“natural” SUSY  
models still  
plentiful  

Limits > 1 TeV 
on squarks and  
gluinos 
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Supersymmetry: Simplified Models 
10 5 MET Search
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Figure 3: The observed Emiss
T distribution for events with Njets � 2 (left) and Njets � 3 (right)

for data (black points), predicted OF background from simulation normalized to the eµ yield
in data (solid dark purple histogram), WZ + ZZ background (solid light green histogram), and
total background including the Z + jets predicted from � + jets (red line) and QCD (blue line)
Emiss

T templates. The ratio of the observed and total predicted yields (data/pred) is indicated in
the bottom plots using the � + jets (left) and average of the � + jets and QCD (right) methods.
The error bars indicate the statistical uncertainties in data only.

Table 3: Summary of results in the regions Emiss
T > 30, 60, 100, 200, and 300 GeV for Njets � 2.

The total predicted background (total bkg) is the sum of the Z + jets background predicted
from the �+ jets Emiss

T template method (Z bkg), the background predicted from OF events (OF
bkg), and the WZ + ZZ background predicted from simulation (VZ bkg). The uncertainties
include both the statistical and systematic contributions. For the observed yield (data), the first
(second) number in parentheses is the yield in the ee (µµ) final state. The 95% CL observed and
expected upper limits (UL) on the non-SM yield are indicated. The expected NLO yields for the
LM4 and LM8 benchmark SUSY scenarios are also given, including the systematic uncertainties
and the correction for the impact of signal contamination indicated in the text.

Emiss
T > 30 GeV Emiss

T > 60 GeV Emiss
T > 100 GeV Emiss

T > 200 GeV Emiss
T > 300 GeV

Z bkg 15070 ± 4825 484 ± 156 36 ± 12 2.4 ± 0.9 0.4 ± 0.3
OF bkg 1116 ± 101 680 ± 62 227 ± 21 11 ± 3.2 1.6 ± 0.6
VZ bkg 269 ± 135 84 ± 42 35 ± 17 5.3 ± 2.7 1.2 ± 0.7
Total bkg 16455 ± 4828 1249 ± 174 297 ± 30 19 ± 4.3 3.2 ± 1.0
Data 16483 (8243,8240) 1169 (615,554) 290 (142,148) 14 (8,6) 0
Observed UL 9504 300 57 8.3 3.0
Expected UL 9478 349 60 11 4.6
LM4 120 ± 7.0 108 ± 6.7 93 ± 6.6 53 ± 7.3 24 ± 6.2
LM8 52 ± 3.2 46 ± 3.0 37 ± 2.8 21 ± 2.8 9.1 ± 2.3

3.1 SMS Construction 5

the neutralino would then subsequently decay into a gauge boson and ��0 or undergo a 3-body
decay including the LSP.

The SMS with cascade decays are interesting to study, since the amount of energy available for
the LSP is reduced, for a fixed mother mass, as when there is a direct decay. When gluinos
undergo cascade decays, the number of jets per event is expected to be greater than for direct
decays, and the spectrum of jet energies will depend on the ratio of gaugino masses. The
presence of cascade decays may be a benefit or detriment, depending on the analysis.
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The mass of the intermediate particle for cascade decays is specified by the formula [21]

m��0
2
|m��± = x · m�g + (1 � x) · m��0 , (1)

with x = 1
4 , 1

2 , and 3
4 , chosen to yield different kinematics for the intermediate particle, and

avoid the region where the intermediate particle is effectively the mother (x = 1) or the LSP
(x = 0).

In the T3lh and T5lnu SMS, the neutralino or chargino, respectively, undergoes a 3-body decay
to leptons and the LSP. The intermediate particle mass is fixed at x = 1

2 . T3lh is characterized
by the OS lepton edge,2 while T5lnu produces SS lepton pairs and OS lepton pairs with equal
probability. The leptons are produced democratically in the three families (e,µ,⇥).

The SMS T3w includes one gluino decaying directly to the LSP, and the other decaying to an
intermediate chargino, with ��± ⇥ W± ��0. In T5zz, the intermediate neutralino subsequently
decays to a Z boson and the LSP, yielding a final state with two Z bosons. In case Eq. 1 does
not allow for the decay to an on-shell Z boson, the intermediate particle mass is shifted to

2In the 3-body decay �g ⇥ f f̄ ��0, the invariant mass of the f f̄ is bounded by m�g � m��0
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The SMS T3w includes one gluino decaying directly to the LSP, and the other decaying to an
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Search for BSM  
events with  
Z (→ ll) + jets + ET

miss   

CMS performed a comprehensive search with “Simplified Models” 

4 3 Simplified Model Spectra

LSPs, which is modeled with gluino pair production, followed by the decay �g � tt̄��0, but could
also be modeled by �g � �tt̄,�t � t��0. Generator level studies indicate that the top quarks are
produced with only a small correlation to their mother’s direction, and not with large boosts,
in either scenario. Full simulation studies support this result [13].

Each SMS is labeled using the mnemonic TNx. “T” is universal, and refers to a topology. “N” is
a number ranging from 1 to 6. Odd N refers to gluino pair production, in the QCD limit (with
the squark decoupled), while even N refers to squark anti-squark production, in the QCD limit
(with the gluino decoupled). N refers to different hierarchies of decays for the two produced
mothers: N=1(2) for direct decays, N=3(4) for one direct decay, one cascade decay, and N=5(6)
for two cascade decays, for gluino (squark) production. “x” is a string that describes the final
state when necessary. The mnemonic has been adapted to the production of charginos and
neutralinos by replacing “TN” with “TChi”.

The simplest SMSes that cover the hadronic jets + ⇥ET analyses are gluino pair production with
the direct decay �g � qq̄��0 (T1), and squark-antisquark production with the direct decay �q �
q��0 (T2), illustrated in Figure 1. The free parameters of T1 (T2) are the gluino (squark) and
the ��0 masses. For b-enriched SMS, gluino pair production with the direct decay �g � bb̄��0

(T1bbbb) has been considered. The corresponding SMS with the direct decay �g � tt̄��0 (T1tttt)
has also been considered. These are illustrated in Figure 2. 1
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Figure 1: Diagrams of the hadronic models: gluino pair production (T1,left) and squark anti-
squark production (T2,right).
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Figure 2: Diagrams of the heavy flavor models: T1bbbb (left), T1tttt (right).

Additional models are constructed by adding an intermediate particle in the decay chain, so
that the gluino can undergo a direct three-body decay into jets and a chargino or a neutralino
that is heavier than the LSP. Such SMS are illustrated in Figures 3 and 4. Both the chargino and

1The sbottom antisbottom direct production with direct decay to b and ��0 will be referred to as T2bb.

+ CMS-SUS-11-016 
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Table 1: Number of observed events summed over electron and muon flavors compared with
expectations from simulated and data-driven backgrounds. The labels in the first column refer
to whether or not there are OSSF (no-OSSF) pairs, whether Z ⇥ �+�� is excluded (no-Z),
and the HT and Emiss

T requirements. Labels along the top of the table give the number of �h
candidates, 0, 1, or 2. All channels are mutually exclusive.

Selection N(�h)=0 N(�h)=1 N(�h)=2
obs expected obs expected obs expected

4 Lepton results
4� Emiss

T >50, HT >200, no Z 0 0.018 ± 0.005 0 0.09 ± 0.06 0 0.7 ± 0.7
4� Emiss

T >50, HT > 200, Z 0 0.22 ± 0.05 0 0.27 ± 0.11 0 0.8 ± 1.2
4� Emiss

T >50, HT <200, no Z 1 0.20 ± 0.07 3 0.59 ± 0.17 1 1.5 ± 0.6
4� Emiss

T >50, HT <200, Z 1 0.79 ± 0.21 4 2.3 ± 0.7 0 1.1 ± 0.7
4� Emiss

T <50, HT >200, no Z 0 0.006 ± 0.001 0 0.14 ± 0.08 0 0.25 ± 0.07
4� Emiss

T <50, HT >200, Z 1 0.83 ± 0.33 0 0.55 ± 0.21 0 1.14 ± 0.42
4� Emiss

T <50, HT <200, no Z 1 2.6 ± 1.1 5 3.9 ± 1.2 17 10.6 ± 3.2
4� Emiss

T <50, HT <200, Z 33 37 ± 15 20 17.0 ± 5.2 62 43 ± 16
3 Lepton results

3� Emiss
T >50, HT >200, no-OSSF 2 1.5 ± 0.5 33 30.4 ± 9.7 15 13.5 ± 2.6

3� Emiss
T >50, HT <200, no-OSSF 7 6.6 ± 2.3 159 143 ± 37 82 106 ± 16

3� Emiss
T <50, HT >200, no-OSSF 1 1.2 ± 0.7 16 16.9 ± 4.5 18 31.9 ± 4.8

3� Emiss
T <50, HT <200, no-OSSF 14 11.7 ± 3.6 446 356 ± 55 1006 1026 ± 171

3� Emiss
T >50, HT >200, no Z 8 5.0 ± 1.3 16 31.7 ± 9.6 – –

3� Emiss
T >50, HT >200, Z 20 18.9 ± 6.4 13 24.4 ± 5.1 – –

3� Emiss
T >50, HT <200, no Z 30 27.0 ± 7.6 114 107 ± 27 – –

3� Emiss
T >50, HT <200, Z 141 134 ± 50 107 114 ± 16 – –

3� Emiss
T <50, HT >200, no Z 11 4.5 ± 1.5 45 51.9 ± 6.2 – –

3� Emiss
T <50, HT >200, Z 15 19.2 ± 4.8 166 244 ± 24 – –

3� Emiss
T <50, HT <200, no Z 123 144 ± 36 3721 2907 ± 412 – –

3� Emiss
T <50, HT <200, Z 657 764 ± 183 17857 15519 ± 2421 – –

Total 4� 37 42 ± 15 32.0 24.9 ± 5.4 80 59 ± 16
Total 3� 1029 1138 ± 193 22693 19545 ± 2457 1121 1177 ± 172

Total 1066 1180 ± 194 22725 19570 ± 2457 1201 1236 ± 173
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Figure 3: We show the Emiss
T distribution for the three lepton, no-�h, no-Z, HT < 200 GeV

channel (left) and the ST distribution for the same set of events (right). Comparison between
the observed events (dots) and expected SM background (histograms) is shown. The hashed
bands represent the uncertainty on the SM contribution.
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Figure 4: Excluded region in the gluino mass versus wino-chargino mass plane for the slepton
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CL. For comparison, the expected limits are shown as well. The deviation of the observed
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channel, in which we observed a slightly larger number of events than the expectation.
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Figure 5: The 95% CL exclusion regions in the squark and gluino mass plane for the model
with the RPV coupling �eµ⇥ (left) and the H-RPV scenario (right). The observed limits, along
with limits expected in the absence of signal, are shown along with the uncertainty in the
expectation. The regions to the left of the curves are excluded.

CMS-SUS-11-013 

Search for Anomalous Production of Multilepton Events 
Supersymmetry  

Search for anomalous production of  
events with 3 or 4 isolated leptons 
(e, mu, or tau) 
 
cMSSM with neutralino or gravitino LSP 
 
SUSY with R-parity violating couplings 
 
GMSB in the so-called  
         "slepton co-NLSP" scenario  
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CMS « Exotica » Papers     Full Datasets at √s = 7 TeV    L ~ 4.7 - 5 fb-1 

X → l+ l�! EXO-11-019 PLB    arXiv:submit/0490787 Jun. 2012 
Long lived Q± !! EXO-11-022 PLB    arXiv:1205.0272v1  May 2012 
W’ → l ν! EXO-11-024 JHEP  arXiv:1204.4764v1 Apr. 2012 
Z’ → t anti-t EXO-11-006 JHEP  arXiv:1204.2488v1 Apr. 2012 
Heavy b’ EXO-11-036 JHEP  arXiv:1204.1088v1 Apr. 2012 
Heavy t’ (pair prod.) EXO-11-050 PLB    arXiv:1203.5410v1  Mar. 2012 
DM and extra-dim. EXO-11-096 PRL    arXiv:1204.0821v1 Apr. 2012 
Large extra-dim. EXO-11-087* PLB    arXiv:1202.3827v Feb. 2012 
µ - Black holes EXO-11-071 JHEP  arXiv:1202.6396v1 Mar. 2012 
q* EXO-11-017* JHEP  arXiv:1202.5535v1 Feb. 2012 

* L ~ 2 fb-1 

CMS Physics Analysis Summaries (PAS)!
X → t anti-t EXO-11-093 Jun. 2012 

X → Z Z → 4µ EXO-11-025 May 2012 

X → V Z  EXO-11-081 May 2012 

G* → ZZ →2l2q EXO-11-102 May 2012 

Contact Int. EXO-11-009 May 2012 

CMS Physics Analysis Summaries (PAS)!
W’ → t b EXO-12-001 Apr. 2012 

W’ → t d EXO-11-056 May 2012 
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Search for Dark Matter 

•  Look for « nothing » + monophoton or monojet 
•  Probe the same effective operators as in  
    direct detection 
•  High sensitivity to spin dependent couplings 
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Spin-independent couplings 
Extend limits to low masses where nuclear recoil 
imposes a threshold for direct detection 

Spin-dependent Couplings 
Limits beyond Direct searches 
Assume heavy mediator (simple CI assumtion) 
Limits weakened for light mediators 

EXO-11-096 

See J. Varela,  
109th LHCC – 21 Mars 2012  
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Search for a Heavy Z’ Boson 

EXO-11-019 

6 7 Statistical analysis and results

opening angle and in the other sample the requirements on muon impact parameter and on
the existence of a good quality primary vertex were not applied. The efficiencies of the remain-
ing cuts were estimated using these samples and treated as uncorrelated in order to determine
the final total efficiency. This background was found to be less than 0.2 events.

6 Dilepton invariant mass spectra
Figure 2 shows a comparison of data and expected backgrounds in both dimuon (left) and di-
electron (right) mass spectra. The illustrated “jets” contribution includes events where at least
one jet has been misreconstructed as a lepton. The component from events where two jets are
misreconstructed as electrons was obtained from data. Contributions from W ⇤ e⇥ + jet and
� + jet events were estimated from MC simulations, as were all other backgrounds illustrated.
The relative fractions of backgrounds derived from simulation are determined using theoreti-
cal cross sections. Overall, these backgrounds are normalized to the data using the ratio of the
number of observed to expected events within a window of 60–120 GeV, which includes the
Z resonance peak. Figure 3 shows the corresponding cumulative distributions of the spectra
for the dimuon (left) and dielectron (right) samples. The expected yields in the control region
(120–200 GeV) and in the high invariant mass region (>200 GeV) are listed in Table 1. The ob-
served data agree with the expectations. (It should be noted that such agreement is not critical
to the shaped-based analysis discussed below.)
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Figure 2: The invariant mass spectrum of µ+µ� (left) and ee (right) events. The points with er-
ror bars represent data. The uncertainties in the data points are statistical only. The histograms
represent the expectations from SM processes: Z/�⇥, tt and other sources of prompt leptons
(tW, diboson production, Z ⇤ ⇤⇤), and the multijet backgrounds. Multijet backgrounds con-
tain at least one jet that has been misreconstructed as a lepton.

The cross check procedures and the event scrutiny described in Ref. [9] were performed for all
events with an invariant mass above 800 GeV. No anomalies were found.

7 Statistical analysis and results
The observed invariant mass spectra agree with expectations based on standard model pro-
cesses. Limits are set on the possible contributions from narrow heavy resonances as follows.

Z’ → l+l�!

10 4 Systematic uncertainties
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Figure 3: Results for (a) 1+1 and (b) 1+2 event selections and background estimates. The yellow
(light) histograms are the non-top multijet (NTMJ) estimates from data, as described in the
text, and the red (dark) histograms are the MC estimates from SM tt production. The black
points are the data. The hatched gray boxes combine the statistical and systematic uncertainties
on the total background. For comparison, expectations for some Z� hypotheses are shown
for the assumption of 1% resonance width, with cross sections taken from the expected limits
discussed in Sec. 5.1.

Topcolor Z’ 
Mass range 1-1.6 TeV  
excluded for σZ’/mZ’ = 3%  

Z’SSM > 2330 GeV 
Z’ψ     > 2000 GeV 
 

GKK   > 2140 GeV (k/MPl = 0.1) 
       > 1810 GeV (k/MPl = 0.05) 

Most stringent constraints to date  
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Search for New Heavy Quarks 

1

1 Introduction
The total number of fermion generations is assumed to be three in the standard model (SM),
though the model does not provide an explanation of why this should be the case. Thus the
possible existence of a fourth generation remains an important subject for experimental inves-
tigation. Adding a fourth generation of massive fermions to the model may strongly affect the
Higgs and flavour sectors [1–5]. A fourth generation of heavy quarks would enhance the pro-
duction of Higgs bosons [6], while the indirect bound from electroweak precision data on the
Higgs mass would be relaxed [7, 8]. Additional massive quarks may provide a key to under-
standing the matter-antimatter asymmetry in the universe [9].

Various searches for fourth-generation fermions have already been reported. Experiments have
shown that the number of light neutrino flavours is equal to three [10–13], but the possibility
of additional heavier neutrinos has not been excluded. A search for pair-produced bottom-like
quarks (b⇤) by the ATLAS collaboration excludes a b⇤-quark mass of less than 480 GeV/c2 [14].
Earlier studies setting mass limits on possible fourth-generation quarks, from experiments at
the Tevatron and the Large Hadron Collider (LHC), can be found in Ref. [15–21].

Using the Compact Muon Solenoid (CMS) detector, we have searched for a heavy b⇤ quark that
is pair-produced in pp collisions at a centre-of-mass energy of 7 TeV at the LHC. We assume
that the mass of the b⇤ quark (Mb⇤) is larger than the sum of the top quark and the W-boson
masses. If the b⇤ quark couples principally to the top quark, the decay chain b⇤b⇤ ⇥ tW�tW+ ⇥
bW+W�bW�W+ will dominate [22]. Given the 11% branching fraction for a W-boson to each
lepton, distinctive signatures of b⇤b⇤ production are expected, specifically those of two isolated
leptons with the same charge (“same-charge dileptons”) or three isolated leptons (“trileptons”).
Although occurring very rarely in the standard model, these two signatures may be present in
7.3% of the b⇤b⇤ events. An earlier search by CMS [17] in the same-charge dilepton and the
trilepton channels, utilizing a data set corresponding to an integrated luminosity of 34 pb�1,
set a lower limit on the mass of the b⇤ quark of 361 GeV/c2 at the 95% confidence level (CL).
Here we present an update of this search using a much larger data set, corresponding to an
integrated luminosity of 4.9 fb�1.

2 CMS detector and trigger
This analysis is based on the data recorded by the CMS experiment in 2011. The central feature
of the CMS detector is a superconducting solenoid, 13 m in length and 6 m in diameter, which
provides an axial magnetic field of 3.8 T. Charged-particle trajectories are determined using
silicon pixel and silicon strip tracker measurements. A crystal electromagnetic calorimeter, in-
cluding lead-silicon preshower detectors in the forward directions, together with a surround-
ing brass/scintillator hadronic calorimeter, encloses the tracking volume and provides energy
measurements of electrons and hadronic jets. Muons are identified and measured in the tracker
and in gas-ionization detectors embedded in the steel return yoke outside the solenoid. The de-
tector is nearly hermetic, providing measurements of any imbalance of momentum in the plane
transverse to the beam direction. A more detailed description of the CMS detector can be found
in Ref. [23].

A two-level trigger system [24] selects events for further analysis. The events analyzed in this
search are collected with the requirement that the trigger system detects at least two lepton
candidates. Efficiencies for these dilepton triggers are determined using events that pass a jet
trigger, have two reconstructed electrons or muons, and that also pass the full selection criteria
described in the next section. For these selected events, the dilepton trigger efficiencies are

1

1 Introduction
The total number of fermion generations is assumed to be three in the standard model (SM),
though the model does not provide an explanation of why this should be the case. Thus the
possible existence of a fourth generation remains an important subject for experimental inves-
tigation. Adding a fourth generation of massive fermions to the model may strongly affect the
Higgs and flavour sectors [1–5]. A fourth generation of heavy quarks would enhance the pro-
duction of Higgs bosons [6], while the indirect bound from electroweak precision data on the
Higgs mass would be relaxed [7, 8]. Additional massive quarks may provide a key to under-
standing the matter-antimatter asymmetry in the universe [9].

Various searches for fourth-generation fermions have already been reported. Experiments have
shown that the number of light neutrino flavours is equal to three [10–13], but the possibility
of additional heavier neutrinos has not been excluded. A search for pair-produced bottom-like
quarks (b⇤) by the ATLAS collaboration excludes a b⇤-quark mass of less than 480 GeV/c2 [14].
Earlier studies setting mass limits on possible fourth-generation quarks, from experiments at
the Tevatron and the Large Hadron Collider (LHC), can be found in Ref. [15–21].

Using the Compact Muon Solenoid (CMS) detector, we have searched for a heavy b⇤ quark that
is pair-produced in pp collisions at a centre-of-mass energy of 7 TeV at the LHC. We assume
that the mass of the b⇤ quark (Mb⇤) is larger than the sum of the top quark and the W-boson
masses. If the b⇤ quark couples principally to the top quark, the decay chain b⇤b⇤ ⇥ tW�tW+ ⇥
bW+W�bW�W+ will dominate [22]. Given the 11% branching fraction for a W-boson to each
lepton, distinctive signatures of b⇤b⇤ production are expected, specifically those of two isolated
leptons with the same charge (“same-charge dileptons”) or three isolated leptons (“trileptons”).
Although occurring very rarely in the standard model, these two signatures may be present in
7.3% of the b⇤b⇤ events. An earlier search by CMS [17] in the same-charge dilepton and the
trilepton channels, utilizing a data set corresponding to an integrated luminosity of 34 pb�1,
set a lower limit on the mass of the b⇤ quark of 361 GeV/c2 at the 95% confidence level (CL).
Here we present an update of this search using a much larger data set, corresponding to an
integrated luminosity of 4.9 fb�1.

2 CMS detector and trigger
This analysis is based on the data recorded by the CMS experiment in 2011. The central feature
of the CMS detector is a superconducting solenoid, 13 m in length and 6 m in diameter, which
provides an axial magnetic field of 3.8 T. Charged-particle trajectories are determined using
silicon pixel and silicon strip tracker measurements. A crystal electromagnetic calorimeter, in-
cluding lead-silicon preshower detectors in the forward directions, together with a surround-
ing brass/scintillator hadronic calorimeter, encloses the tracking volume and provides energy
measurements of electrons and hadronic jets. Muons are identified and measured in the tracker
and in gas-ionization detectors embedded in the steel return yoke outside the solenoid. The de-
tector is nearly hermetic, providing measurements of any imbalance of momentum in the plane
transverse to the beam direction. A more detailed description of the CMS detector can be found
in Ref. [23].

A two-level trigger system [24] selects events for further analysis. The events analyzed in this
search are collected with the requirement that the trigger system detects at least two lepton
candidates. Efficiencies for these dilepton triggers are determined using events that pass a jet
trigger, have two reconstructed electrons or muons, and that also pass the full selection criteria
described in the next section. For these selected events, the dilepton trigger efficiencies are

e.g. 

4 4 Background estimation

JetsN
0 2 4 6 8 10

Ev
en
ts

-110

1

10

210

310 data 2 500 GeV/cb'M
tt +W(Z)tt

W/Z/VV/Single Top
CMS  = 7 TeVs at  -1L=4.9 fb
Same-charge dilepton events

JetsN
0 2 4 6 8 10

Ev
en
ts

-110

1

10

210

data 2 500 GeV/cb'M
tt +W(Z)tt

W/Z/VV/Single Top
CMS  = 7 TeVs at  -1L=4.9 fb
Trilepton events

Figure 1: Jet multiplicity distributions for the same-charge dilepton channel (left), and the
trilepton channel (right). The open histogram shows the contribution expected from a b� hav-
ing Mb� = 500 GeV/c2. The contributions from standard model processes are normalized to the
total estimated background. All selection criteria are applied except the one corresponding to
the plotted variable. The vertical dotted lines indicate the minimum number of jets required in
events selected for each of the channels.
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Figure 2: Distributions in ST, the scalar sum of the transverse momenta of objects, in the same-
charge dilepton channel (left), and the trilepton channel (right). The open histogram is the
contribution expected from a b� having Mb� = 500 GeV/c2. The histograms for standard model
processes are normalized to the total expected background. All selection criteria are applied
except the one corresponding to the plotted variable. The vertical dotted line indicates the
lower bound on ST used in the analysis.
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EXO-11-036 + arXiv:1203.5410 

b' -> tW- :     b’ with masses below 611 GeV/c2 excluded at 95% CL 
t' -> W+ b :   t’ with masses below 557 GeV/c2 excluded at 95% CL 
SM-Higgs of the SM4 is excluded now by CMS in the range 120-600 GeV 
 
Have to explore Heavy Q in the context of BSM Physics ! 
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Heavy Ions and the QGP in CMS  
15 published papers and a wealth of remarkable results ! 
quarkonia suppression, jet quenching, azimuthal and elliptic  anisotropy 

EPJC  arXiv:1202.2554 

Recall (J. Varela, 99th LHCC):  
PLB  arXiv:1201.3093 

Hadrons up to pT ~ 100 GeV/c are suppressed …  γ’s up to ET 80 GeV are not  

RAA =  (yield in PbPb) / ( N equivalent pp collisions × yield in pp ) 
RAA < 1 → suppression 
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Jet Quenching Using Isolated γ + jet 

Very recent : use isolated γ as a « tag » to probe high pT quark  
production and characterize its propagation in hot-dense medium  

3.4 Systematic uncertainties 9
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Figure 3: Ratio of pT between the photon (p⇥
T > 60 GeV/c) and jet (pJet

T > 30 GeV/c, ��J⇥ >
7
8 ⌅) after subtracting background. The area of each distribution is normalised to unity. All
panels show PbPb data (filled circles) compared to pp data at 2.76 TeV (filled squares), and
to the PYTHIA + HYDJET MC simulation (shaded histogram) in bins of increasing centrality
left to right. The error bars on the points represent the statistical uncertainty. See text for an
explanation of the open and shaded red systematic uncertainty boxes.

the observables related to momentum asymmetry, ⇥xJ⇥⇤ and RJ⇥. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of ⇧(��), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum as a
function of Npart. The empty box at the far right indicates the correlated systematic uncertainty.
(b) Average fraction of isolated photons with an associated jet above 30 GeV/c as a function of
Npart. In both panels, the yellow boxes indicate point-to-point systematic uncertainties and the
error bars denote the statistical uncertainty.

The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |⇤Jet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence of
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to the PYTHIA + HYDJET MC simulation (shaded histogram) in bins of increasing centrality
left to right. The error bars on the points represent the statistical uncertainty. See text for an
explanation of the open and shaded red systematic uncertainty boxes.

the observables related to momentum asymmetry, ⇥xJ⇥⇤ and RJ⇥. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of ⇧(��), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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Figure 4: (a) Average ratio of jet transverse momentum to photon transverse momentum as a
function of Npart. The empty box at the far right indicates the correlated systematic uncertainty.
(b) Average fraction of isolated photons with an associated jet above 30 GeV/c as a function of
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The uncertainty in the relative photon+jet energy scale consists of four main contributions. The
first one comes from the 2% relative uncertainty of the jet energy scale in the barrel for 30 <
pJet

T < 200 GeV/c, when compared with the ECAL energy scale [30]. The second contribution
is the residual data-to-MC energy scale difference in pp collisions, which is not corrected for in
this analysis, for which we quote the 2% maximum relative uncertainty which applies in the
range |⇤Jet| < 1.6. Thirdly, the additional uncertainty for the jet energy scale in the presence of
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Tables 3, 4, and 5 summarise the relative systematic uncertainties for ⌅(��), ⇥xJ⇥⇤, and RJ⇥,
respectively, for the pp data and for each of the PbPb centrality bins used in the analysis. For
⇥xJ⇥⇤, the uncertainties are separated into a correlated component that is common to all cen-
trality bins and a component that represents the point-to-point systematic uncertainty. The
common correlated uncertainty is obtained by combining the pp jet energy scale uncertainty
with the photon purity uncertainty. This absolute uncertainty of 3.6% was used as the corre-
lated uncertainty for all PbPb centrality bins.

4 Conclusions
The first study of isolated-photon+jet correlations in PbPb collisions at

⌅
sNN = 2.76 TeV has

been performed as a function of collision centrality using a dataset corresponding to an inte-
grated luminosity of 150 µb�1. Isolated photons with p⇥

T > 60 GeV/c were correlated with jets
with pJet

T > 30 GeV/c to determine the width of the angular correlation function, ⌅(��J⇥), the
jet/photon transverse momentum ratio, xJ⇥ = pJet

T /p⇥
T, and the fraction of photons with an

associated jet, RJ⇥. The PbPb data were compared to both pp data and a PYTHIA + HYDJET
MC reference which included the effect of the underlying PbPb event but no parton energy
loss. No angular broadening was observed beyond that seen in the pp data and MC refer-
ence at all centralities. The average transverse momentum ratio for the most central events
was found to be ⇥xJ⇥⇤0�10% = 0.73 ± 0.02(stat.) ± 0.04(syst.). This is lower than the value of
0.86 seen in the pp data and predicted by PYTHIA + HYDJET at the same centrality. In addi-
tion to the shift in momentum balance, it was found that, in central PbPb data, only a fraction
equal to RJ⇥ = 0.49 ± 0.03 (stat.) ± 0.02 (syst.) of photons are matched with an associated jet at
��J⇥ > 7

8 ⇤, compared to a value of 0.69 seen in PYTHIA + HYDJET simulation. Due to the hot
and dense medium created in central PbPb collisions, the energy loss of the associated parton
causes the corresponding reconstructed jet to fall below the pJet

T > 30 GeV/c threshold for an
additional 20% of the selected photons.

In summary, isolated photons have been used as an unbiased probe of the partonic energy at
production, allowing for a characterisation of the in-medium parton propagation. For central
PbPb collisions, a decrease in the jet-to-photon momentum ratio has been observed, providing
a direct quantitative measure of parton energy loss in the medium.
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the observables related to momentum asymmetry, ⇥xJ⇥⇤ and RJ⇥. Additionally, the momentum
asymmetry observables are also influenced by the relative photon and jet energy calibrations.
For the measurement of ⇧(��), the uncertainty due to the photon angular resolution is negli-
gible, less than 10�5.
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loss. No angular broadening was observed beyond that seen in the pp data and MC refer-
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0.86 seen in the pp data and predicted by PYTHIA + HYDJET at the same centrality. In addi-
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and dense medium created in central PbPb collisions, the energy loss of the associated parton
causes the corresponding reconstructed jet to fall below the pJet

T > 30 GeV/c threshold for an
additional 20% of the selected photons.

In summary, isolated photons have been used as an unbiased probe of the partonic energy at
production, allowing for a characterisation of the in-medium parton propagation. For central
PbPb collisions, a decrease in the jet-to-photon momentum ratio has been observed, providing
a direct quantitative measure of parton energy loss in the medium.
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1 Introduction
Parton scatterings with large momentum transfer produce energetic particles which can be
used as “probes” to study the strongly interacting medium created in high-energy heavy ion
collisions [1, 2]. The production of high transverse momentum (pT) partons and photons in
“hard” processes occurs over very short time scales, ⇧ ⇥ 1/pT � 0.1 fm/c, and thus their
yields can be potentially modified by final-state interactions occurring while they traverse the
medium. Since the production cross sections of these energetic particles are calculable using
perturbative quantum chromodynamics, they have long been recognised as particularly useful
“tomographic” probes of this medium [3–9].

In the first PbPb collisions at the Large Hadron Collider (LHC), the effects of the produced
medium were studied using back-to-back dijets which were observed to be significantly un-
balanced in their transverse momenta [10–12]. The advantage of the large yield of dijets (as
compared to photon+jet pairs) is, however, offset by a loss of information about the initial
properties of the probes, i.e. prior to their interactions with the medium. Correlating two
probes that both undergo energy loss also induces a selection bias towards scatterings occur-
ring at, and oriented tangential to, the surface of the medium. At leading order (LO), pho-
tons are produced back-to-back with an associated parton (jet) having close to the same trans-
verse momentum. Furthermore, these photons do not strongly interact with the medium. The
yields of isolated photons in PbPb collisions were found to match the expectation based on
pp data and the number of nucleon-nucleon collisions, with a modification factor of RAA =
0.99 ± 0.31(stat.) ± 0.26(syst.) [13]. Therefore, photon+jet production has been hailed as the
“golden channel” to investigate energy loss of partons in the medium [14, 15].

“Prompt photons” are photons produced directly in the hard sub-processes. Experimentally,
events with enriched production of prompt photons are selected using an isolation require-
ment, namely that the additional energy in a cone of fixed radius around the direction of the
reconstructed photon be less than a specified value [13]. This restriction yields “isolated pho-
tons” (⇥), which consist mostly of prompt photons produced directly in the initial hard scat-
tering. Background photons from the decays of neutral mesons, such as ⌅0, ⇤, and ⌃, are
suppressed by this isolation requirement, as they are predominantly produced via jet fragmen-
tation.

This Letter describes the first study of the jet energy loss using isolated-photon+jet pairs from
PbPb data at a nucleon-nucleon centre-of-mass energy

⇤
sNN = 2.76 TeV. An integrated PbPb

luminosity of
�
Ldt = 150 µb�1 was collected by the Compact Muon Solenoid (CMS) ex-

periment during the 2011 running of the LHC. For comparison, a pp reference dataset with�
Ldt ⇥ 200 nb�1 at

⇤
s = 2.76 TeV was obtained in 2011.

The goal of this analysis is to characterise possible modifications of jet properties as a function
of centrality using isolated-photon+jet events in PbPb collisions. The properties of isolated-
photon+jet pairs are studied via the azimuthal angular correlation in ��J⇥ = |�Jet � �⇥| and
the transverse momentum ratio given by xJ⇥ = pJet

T /p⇥
T. Photons with transverse momentum

of p⇥
T > 60 GeV/c are selected in a pseudorapidity range of |⇤⇥| < 1.44, using isolation criteria

detailed in Sections 2.2 and 2.3. These photons are then correlated with jets having pJet
T >

30 GeV/c and |⇤Jet| < 1.6. Parton energy loss due to induced gluon radiation can lead to a
shift of the xJ⇥ distribution towards lower values. In addition, parton energy loss can cause
reconstructed jets to fall below the pJet

T > 30 GeV/c threshold, leading to a reduction of the
fraction of photons with an associated jet.

Section 2 of this Letter begins with a description of the experimental setup as well as the event

= fraction of isolated photons that  
   have an associated jet passing the  
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Conclusions 

•  The CMS experiment experiment is operating at full regime and very  
     high efficiency to collect large amount of data at √s = 8 TeV 
     > 2 x L2011 already collected ! 
 
•  The discovery (or exclusion) of the SM Higgs boson is in sight  
     … the analysis have been improved and re-deployed under a  
     strict blinding policy  
     Opening of the « box » this week ! 
 
•  High precision measurement of SM candles have been performed 
    … and stringent constraints on BSM models have been established 
    BSM Physics remains out of reach for the moment !  
    (better hopes for √s = 13 TeV ?) 

And to conclude … 
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Figure 6. Dimuon invariant-mass distributions in the barrel (left) and endcap (right) channels.
The signal windows for B0

s and B0 are indicated by horizontal lines.

Variable B0 ⇥ µ+µ� Barrel B0
s ⇥ µ+µ� Barrel B0 ⇥ µ+µ� Endcap B0

s ⇥ µ+µ�Endcap

�tot 0.0029± 0.0002 0.0029± 0.0002 0.0016± 0.0002 0.0016± 0.0002

N exp
signal 0.24± 0.02 2.70± 0.41 0.10± 0.01 1.23± 0.18

N exp
peak 0.33± 0.07 0.18± 0.06 0.15± 0.03 0.08± 0.02

N exp
comb 0.40± 0.34 0.59± 0.50 0.76± 0.35 1.14± 0.53

N exp
total 0.97± 0.35 3.47± 0.65 1.01± 0.35 2.45± 0.56

Nobs 2 2 0 4

Table 2. The event selection e�ciency for signal events �tot, the SM-predicted number of signal
events N exp

signal, the expected number of peaking background events N exp
peak and combinatorial back-

ground events N exp
comb, and the number of observed events Nobs in the barrel and endcap channels for

B0
s ⇥ µ+µ� and B0 ⇥ µ+µ�. The quoted errors include both, the statistical and the systematic

uncertainties.

1.8�10�9 (1.4�10�9) at 95% (90%) CL. The median expected upper limits at 95% CL are

8.4�10�9 (1.6�10�9) for B0
s ⇥ µ+µ�(B0 ⇥ µ+µ�), where the number of expected signal

events is based on the SM value. Including cross-feed between the B0 and B0
s decays, the

background-only p value is 0.11 (0.24) for B0
s ⇥ µ+µ�(B0 ⇥ µ+µ�), corresponding to 1.2

(0.7) standard deviations. The p value for the background plus SM signal hypotheses is

0.71 (0.86) for B0
s ⇥ µ+µ�(B0 ⇥ µ+µ�).

7 Summary

An analysis searching for the rare decays B0
s ⇥ µ+µ� and B0 ⇥ µ+µ� has been per-

formed in pp collisions at
⇤
s = 7TeV. A data sample corresponding to an integrated

luminosity of 5 fb�1 has been used. This result supersedes our previous measurement [9].
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comb, and the number of observed events Nobs in the barrel and endcap channels for

B0
s ⇥ µ+µ� and B0 ⇥ µ+µ�. The quoted errors include both, the statistical and the systematic

uncertainties.

1.8�10�9 (1.4�10�9) at 95% (90%) CL. The median expected upper limits at 95% CL are

8.4�10�9 (1.6�10�9) for B0
s ⇥ µ+µ�(B0 ⇥ µ+µ�), where the number of expected signal

events is based on the SM value. Including cross-feed between the B0 and B0
s decays, the

background-only p value is 0.11 (0.24) for B0
s ⇥ µ+µ�(B0 ⇥ µ+µ�), corresponding to 1.2

(0.7) standard deviations. The p value for the background plus SM signal hypotheses is

0.71 (0.86) for B0
s ⇥ µ+µ�(B0 ⇥ µ+µ�).

7 Summary

An analysis searching for the rare decays B0
s ⇥ µ+µ� and B0 ⇥ µ+µ� has been per-

formed in pp collisions at
⇤
s = 7TeV. A data sample corresponding to an integrated

luminosity of 5 fb�1 has been used. This result supersedes our previous measurement [9].

– 15 –

Conclusions

Year
1999 2002 2005 2008 2011 2014

Up
pe

r l
im

it (
95

%
)

-1010

-910

-810

-710

-610

-µ+µ ! 0
dSM: B

CDF D0

LHCb

CMS

LHC-µ+µ ! 0
sSM: B

CLEO
Belle

BABAR

• Search for B0
s � µ+µ�

and B0 � µ+µ�
in 2011 dataset

upper limit (95%CL) observed expected

B(B0
s ⇤ µ+µ�

) 7.7 ⇥ 10�9 8.4 ⇥ 10�9

B(B0 ⇤ µ+µ�
) 1.8 ⇥ 10�9 1.6 ⇥ 10�9

• Significant improvement

� EPS 2011: B(B0
s ⇤ µ+µ�) < 1.9 ⇥ 10�8

� more/changed variables,

e.g., better B vertex isolation

� improved sensitivity

� higher signal:background ratio

• Upper limit now approaching

factor 2 of SM expectation

• Looking forward to 2012 dataset.

Well prepared for

high instantaneous lumi (trigger)

high pileup (tracking and vertexing)

Urs Langenegger Search for B0
s ⇤ µ+µ� and B0 ⇤ µ+µ� in CMS (2012/02/28) 37

JHEP04 (2012) 033 

Search for BS
0 → µ+µ� and B0 → µ+µ� decays   
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