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Outline  
 
 
•  Highlights of CMS & ATLAS results  
   on search for SM Higgs boson: 
 
   CERN, July 4, 2012  
   ICHEP, Melbourne 
 
 
•  Recent updates of CMS & ATLAS results  
   on search for SM Higgs boson: 
 
   Hadron Collider Physics Symposium (HCP-2012),  
   November 15, 2012, Kyoto 
 
 
    Summary 
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Search for SM Higgs boson at LHC :  
new particle at ATLAS & CMS (July4)! 

   Evidence for a new state: 
 
-  Excesses in both 7 (5 Fb-1) and 8 TeV (5.3 Fb-1) data 
    ATLAS: local significance: 5.9σ      global: 5.1σ 
    CMS:     local significance: 5.0σ      global: 4.6σ 
   
-  Signal strength  
    ATLAS:   (1.4 ± 0.3) x σSMH 
    CMS:     (0.87 ± 0.23) x σSMH 
 
 
-  Mass 
    ATLAS: M = 126.0 ± 0.4 (stat.) ± 0.4 (syst.) GeV 
     CMS:    M = 125.3 ± 0.4 (stat.) ± 0.5 (syst.) GeV 
 
- Compatible within limited precision with 
  SM Higgs boson 
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CMS data taking 2011-2012: integrated luminosity  

CMS @ LHC 
 
2011: March 14 – October 30          5.3 Fb-1     7 TeV 
2012: April 4 -  present                  20.3 Fb-1     8 TeV 
 
July 4, 2012 (CERN-ICHEP):  
2011 data                            5.1 Fb-1  
2012 data until July            5.3 Fb-1  
 
November 15, 2012 (HCP):  
2011 data                             5.1 Fb-1  
2012 data until October   ~12.3 Fb-1  
 
 
----------------------------------------------------------------------------------------- 
             Peak luminosity:            Averaged pile-up: 
2011     3.5 x 1033 cm-2 c-1             10 
2012     7.5 x 1033 cm-2 c-1              21       
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CMS data taking 2012: integrated luminosity  
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CMS data taking 2012: luminosity per day  
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2012 challenges at 8 TeV: high pile-up!  
Overlapping pp-collisions per bunch crosssing The challenge of 2012: 8 TeV and high pile-up.  

PPC 2012 - KIAS - Nov 5th Javier Cuevas, University of Oviedo 9 
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2012 challenges at 8 TeV: high pile-up!  
Reconstructed 78-vertices dimuon event at CMS 

HEPD Seminar, PNPI NRC KI, Gatchina, October 9, 2012         Victor T. Kim             

HS’11, Tatranska Strba, June 30, 2011  !

LHC high-luminosity: high pile-up! 

Experimental challenges: low pileup is needed  
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Reconstructed(event(w/largest(pileup:(((
78(reconstructed(vertices(

Run 198609 event 3565522 
LS 56 

André Holzner (UCSD) 

Tracking 
worked 

Lots and lots 
of low energy 

deposits 

78 (!) 
vertices 

2 muons 
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SM resonances: dimuons  

CMS: a superb muon detector 
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EW highlights: vector boson production  

Electroweak physics 
Single and multi-boson measurements 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 21 

observation of ZZ→4l 

CMS-SMP-12-009!
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EW highlights: rare processes  

Electroweak physics 
Single and multi-boson measurements 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 21 

observation of ZZ→4l 

CMS-SMP-12-009!

Z  4l 
BR = 4.4x10-6 

σ ≈ 125 ± 26 Fb 
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Electroweak&Highlights&
Z→&4l&decay&&
8.9&σ&observation&&&

SMP?12?009&

17 

•  Standard&candle&
•  H&→ZZ→&4l&
•  10x&more&events&

•  Current&statistics&
±0.5%&on&m4l&scale&
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Search for SM Higgs boson  
                        The last “brick” of SM building 
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Search for SM Higgs boson: cross sections  
53

Physics processes
● production relative to σ

tot
:

─bb at 10-3,

─W→ℓν at 10-6 and

─Higgs (m=110 GeV) at ~10-11

● 32 MHz beam crossing, only 
about 300 Hz tape writing: 1/105

● fast and sophisticated selection 
process essential: trigger

Trigger
● trigger has to work: otherwise no 

useful data registered
● already in first data taking: rate 

enormous and trigger important
● core trigger organization: use 

electron, muon, jet and energy 
signatures

Higgs Hunting Basics
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Search for SM Higgs boson: production  Higgs Boson Production 

Javier Cuevas, University of Oviedo 
26 

 
 
 

• Dominant production mode:  gluon-‐gluon fusion followed 
by Vector Boson Fusion (VBF) 

• All production modes exploited (gg, VBF, VH, ttH) 
– Latter 3 have smaller σ but better S/B in many cases 

~25-30% higher 
than at 7 TeV at 
low mH 

Higgs Boson Production 

Javier Cuevas, University of Oviedo 
26 

 
 
 

• Dominant production mode:  gluon-‐gluon fusion followed 
by Vector Boson Fusion (VBF) 

• All production modes exploited (gg, VBF, VH, ttH) 
– Latter 3 have smaller σ but better S/B in many cases 

~25-30% higher 
than at 7 TeV at 
low mH 
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Search for SM Higgs boson: decay modes  

 * SM Higgs decay modes 
    - high mass: WW-, ZZ- 
    - low mass:  γγ-, ττ-, bb-,  
                        ZZ*-, WW*-  
 
 * Low mass challenges: 
    ττ-, bb-   huge background 
 
 * High resolution mass (~1%): 
    ZZ->4l and γγ- modes 
 
 * ZZ->4l   low background 

Higgs Decays 

Javier Cuevas, University of Oviedo 
27 

 
 
 

• Five important decay modes: 
• High mass: WW, ZZ 
• Low mass bb, , WW, ZZ, 

 
• Low mass region really reach 

and challenging:  
• Main identifiable decay 

modes, bb and  hard to 
identify in a huge 
background  

• Two high resolution mass (~ 
1%)  decay modes: H →  and 
H → ZZ → 4l 

• H → ZZ → 4l  has in addition 
very low background 

Many other channels also analyzed 
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Search for SM Higgs boson: 5 main channels  

The other channels: only 0.1σ improvement 

ICHEP, July 4:   ~5 Fb-1 (7 TeV, 2011) +  ~ 5 Fb-1 (8 TeV) 
  

32 CMS Collaboration / Physics Letters B 716 (2012) 30–61

3. Event reconstruction

The CMS “particle-flow” event description algorithm [35,36] is
used to reconstruct and identify each single particle with an opti-
mized combination of all subdetector information. In this process,
the identification of the particle (photon, electron, muon, charged
hadron, neutral hadron) plays an important role in the determi-
nation of the particle momentum. The reconstructed particles are
henceforth referred to as objects.

Jets are reconstructed by clustering the particle-flow objects
with the anti-kT algorithm [37] using a distance parameter of 0.5.
Additional selection criteria are applied to each event to remove
spurious features originating from isolated noise patterns in cer-
tain HCAL regions, and from anomalous signals caused by particles
depositing energy in the silicon avalanche photodiodes used in the
ECAL barrel region. The average number of pp interactions per LHC
bunch crossing is estimated to be about 9 and 19 in the 7 TeV
(2011) and 8 TeV (2012) data sets, respectively. Energy from over-
lapping pp interactions (“pileup”), and from the underlying event,
is subtracted using the FastJet technique [38–40], which is based
on the calculation of the η-dependent transverse momentum den-
sity, evaluated on an event-by-event basis.

The jet momentum is determined as the vector sum of all par-
ticle momenta in the jet. Jet energy corrections are derived from
simulation studies and from in situ measurements using the en-
ergy balance of dijet and Z/γ + jet events [41]. These corrections
are between 5% and 10% of the true momentum over the entire
pT spectrum and detector acceptance. The jet momentum resolu-
tion achieved is σ (pT)/pT = 85%/

√
pT/GeV ⊕ 4% for central jets.

A selection is applied to separate jets originating in the primary in-
teraction from those due to energy deposits associated with pileup.
The discrimination is based on the differences in the jet shapes,
in the relative multiplicity of charged and neutral components,
and in the fraction of transverse momentum carried by the hard-
est components. Within the tracker acceptance the jet tracks are
also required to be consistent with originating at the primary ver-
tex.

The missing transverse energy vector is taken as the negative
vector sum of all particle transverse momenta, and its magnitude
is referred to as Emiss

T . The typical missing transverse energy res-
olution is around 0.5

√∑
ET GeV [42], where

∑
ET is the scalar

sum of all particle transverse momenta in GeV.
The energy deposited in the ECAL is clustered both with gen-

eral clustering algorithms [43] and with algorithms that constrain
the clusters in η and φ to the shapes expected from electrons and
photons with high pT [44]. These specialised algorithms are used
to cluster electromagnetic showers without any hypothesis regard-
ing whether the particle originating from the interaction point was
a photon or an electron; doing this for electrons from Z → ee
events provides a measurement of the photon trigger, reconstruc-
tion, and identification efficiencies, as well as of the photon energy
scale and resolution. The width of the reconstructed Z resonance
is used to quantify the performance of the ECAL, using decays to
two electrons whose energies are measured using the ECAL alone,
with only their directions being determined from the tracks. In
the 7 TeV data set, the dielectron mass resolution at the Z bo-
son mass is 1.56 GeV in the barrel and 2.57 GeV in the endcaps,
while in the 8 TeV sample, reconstructed with preliminary cali-
bration constants, the corresponding values are 1.61 and 3.75 GeV.
For electrons, the reconstruction combines the clusters in the ECAL
and the trajectory in the silicon tracker [45]. Trajectories in the
tracker volume are reconstructed using a model of electron energy
loss and fitted with a Gaussian sum filter [46]. The electron mo-
mentum is determined from the combination of ECAL and tracker
measurements.

Table 1
Summary of the subchannels, or categories, used in the analysis of each decay
mode.

Decay
mode

Production
tagging

No. of
subchannels

mH range
(GeV)

Int. Lum. (fb−1)

7 TeV 8 TeV

γ γ untagged 4 110–150 5.1 5.3
dijet (VBF) 1 or 2

ZZ untagged 3 110–160 5.1 5.3
WW untagged 4 110–160 4.9 5.1

dijet (VBF) 1 or 2
ττ untagged 16 110–145 4.9 5.1

dijet (VBF) 4
bb lepton, Emiss

T (VH) 10 110–135 5.0 5.1

Muon candidates are reconstructed with two algorithms, one in
which the tracks in the silicon detector are matched to segments
in the muon chambers, and another in which a combined fit is per-
formed to the signals found in both the silicon tracker and muon
systems [43]. The efficiency to reconstruct a muon of pT > 5 GeV
is larger than 95%, while the probability to misidentify a hadron as
a muon is below 0.1%. For pT > 200 GeV the precision of the mo-
mentum measurement improves when the silicon tracker signals
are complemented with the information from the muon chambers.

Selection based on isolation of lepton and photon objects is
used extensively. A requirement is placed on the scalar sum of the
transverse momenta of the particles reconstructed within a dis-
tance &Rmax of the object, sometimes normalised to the pT of
the object. The distance &R is defined as &R =

√
(&η)2 + (&φ)2,

where &η and &φ are the pseudorapidity and azimuthal angle
differences between the particle direction and the object direction.
Typically &Rmax is chosen to be 0.3 or 0.4.

The measurement of the integrated luminosity in CMS is based
on a pixel cluster counting method, which exploits the large num-
ber of silicon pixels, and hence their low occupancy in a pp
collision [47]. The cross section normalisation is derived from
van der Meer scans [48]. The uncertainties in the luminosity mea-
surements are 2.2% and 4.4% for the 7 TeV and 8 TeV data sets,
respectively.

4. Searches for the standard model Higgs boson

Initial phenomenological discussions of Higgs boson produc-
tion and decay can be found in Refs. [49–56]. Four main mecha-
nisms are predicted for Higgs boson production in pp collisions:
the gluon–gluon fusion mechanism, which has the largest cross
section, followed in turn by vector-boson fusion (VBF), associated
WH and ZH production (VH), and production in association with
top quarks (tt̄H). The cross sections for the individual production
mechanisms and the decay branching fractions, together with their
uncertainties, have been computed following Refs. [57–101] and
are compiled in Refs. [23,102].

The particular set of sensitive decay modes of the SM Higgs bo-
son depends strongly on mH. The results presented in this Letter
are based on the five most sensitive decay modes in the low-mass
region: H → γ γ ; H → ZZ followed by ZZ decays to 4'; H → WW
followed by decays to 2'2ν; H → ττ followed by at least one lep-
tonic τ decay; and H → bb followed by b-quark fragmentation into
jets. This list is presented in Table 1 and comprises the full set of
decay modes and subchannels, or categories, for which both the
7 and 8 TeV data sets have been analysed. Other lower sensitivity
subchannels (tt̄H, H → bb; W/ZH, H → ττ ; W/ZH, H → WW →
2'2ν; H → ZZ → 2'2q) have also been studied, so far only in the
7 TeV data, and are not included here. Adding these analyses in
the combination results in an improvement of 0.1σ in the overall
expected local significance at mH = 125 GeV.
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Search for SM Higgs boson: recent update  

Current Luminocity Projection:  
both CMS & ATLAS  ~25 Fb-1 at 8 TeV before Xmas 

 
CERN-ICHEP, Melbourne, July 4, 2012:    
CMS: ~5 Fb-1 (7 TeV, 2011) +  ~ 5 Fb-1 (8 TeV) 
ATLAS ~ CMS 
 
New particle ~125 GeV! 
  

Hadron Collider Physics (HCP-2012) November 15, 2012:  
CMS update: ~5 Fb-1 (7 TeV, 2011) + ~12 Fb-1 (8 TeV) 
 
ATLAS presented only update on three channels 
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Search for SM Higgs: expected performance  

Sensitivity at 125 GeV: 
  - ICHEP -> 5.8σ 
  -    HCP -> 7.8σ 

Combined results 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 39 

Excess at 125 GeV: 
– in 7 TeV data: 3.0 σ'
– in 8 TeV data: 3.8 σ'

High sensitivity channels: γγ, 4l 

14

Expected Performance – The big five

Performance increase
 sensitivity up from 5.8 to 7.8

 two photon analysis as ICHEP
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Search for SM Higgs boson: γγ-decay mode  

 High resolution mass mode (~1%) 

H → 

PPC 2012 - KIAS - Nov 5th Javier Cuevas, University of Oviedo 28 

5 fb/1  at 7 TeV (2011) + 5 fb/1 at 8 TeV (2012) 

High mass resolution decay mode 
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Search for SM Higgs boson: γγ events     
Categorized into non-overlapping event samples H → γγ: mass dstributions 

PPC 2012 - KIAS - Nov 5th Javier Cuevas, University of Oviedo 33 
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γγ-mode: weighted mass distribution   

Sum of each  
event category  
with weight S/(S+B) 

S/(S+B) weighted mass distribution 

• S and B are the 
number of signal and 
background events 
calculated from the 
simultaneous fit to all 
categories 

• Summed plot for 
illustration, results 
obtained with 
simultaneous ML fit 
to all categories 

PPC 2012 - KIAS - Nov 5th Javier Cuevas, University of Oviedo 34 

As suggested in R. J. Barlow,  
“Event  classification  using  Weighting   
Methods”  ,  J.  Comp.  Phys.  72  (1982)  202 
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Search for SM Higgs boson: γγ-excess   
CMS evidence for a new state (July 4, 2012):  
excess in γγ-mass in both 7 and 8 TeV data 
local significance: 4.1σ         signal strength: (1.6 ± 0.4) x σSMH 

H → γγ results 
Excess of events observed for diphoton masses 
around 125 GeV, consistently in 7 and 8 TeV data 
Local significance 4.1σ. Signal strength 1.6 ± 0.4 × σSMH 

Javier Cuevas, University of Oviedo 35 PPC 2012 - KIAS - Nov 5th 

Evidence for a new state 
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Search for SM Higgs boson: 4 lepton mass  
High resolution mass mode (~1-4%) H → ZZ → 4l 

PPC 2012 - KIAS - Nov 5th Javier Cuevas, University of Oviedo 36 

5 fb/1  at 7 TeV (2011) + 5 fb/1 at 8 TeV (2012) 

High mass resolution decay mode 
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Search for SM Higgs boson: 4 lepton mass  

Localized excess at ~126 GeV (July 4, 2012) 
Local significance: 3.2σ         
SM expectation: 3.8 σ 
                

36 CMS Collaboration / Physics Letters B 716 (2012) 30–61

Table 3
The number of selected events, compared to the expected background yields and expected number of signal
events (mH = 125 GeV) for each final state in the H → ZZ analysis. The estimates of the Z + X background
are based on data. These results are given for the mass range from 110 to 160 GeV. The total background
and the observed numbers of events are also shown for the three bins (“signal region”) of Fig. 4 where an
excess is seen (121.5 < m4! < 130.5 GeV).

Channel 4e 4µ 2e2µ 4!

ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

−0.8 0.9+0.7
−0.6 2.3+1.8

−1.4 4.4+2.2
−1.7

All backgrounds (110 < m4! < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4! < 160 GeV) 6 6 9 21

Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78

All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9

and the other pair is required to have a mass in the range
12–120 GeV. The ZZ background is evaluated from MC simula-
tion studies. Two different approaches are employed to estimate
the reducible and instrumental backgrounds from data. Both start
by selecting events in a background control region, well separated
from the signal region, by relaxing the isolation and identification
criteria for two same-flavour reconstructed leptons. In the first ap-
proach, the additional pair of leptons is required to have the same
charge (to avoid signal contamination) while in the second, two
opposite-charge leptons failing the isolation and identification cri-
teria are required. In addition, a control region with three passing
leptons and one failing lepton is used to estimate contributions
from backgrounds with three prompt leptons and one misidenti-
fied lepton. The event rates measured in the background control
region are extrapolated to the signal region using the measured
probability for a reconstructed lepton to pass the isolation and
identification requirements. This probability is measured in an in-
dependent sample. Within uncertainties, comparable background
counts in the signal region are estimated by both methods.

The number of selected ZZ → 4! candidate events in the mass
range 110 < m4! < 160 GeV, in each of the three final states, is
given in Table 3, where m4! is the four-lepton invariant mass. The
number of predicted background events, in each of the three fi-
nal states, and their uncertainties are also given, together with
the number of signal events expected from a SM Higgs boson of
mH = 125 GeV. The m4! distribution is shown in Fig. 4. There is a
clear peak at the Z boson mass where the decay Z → 4! is re-
constructed. This feature of the data is well reproduced by the
background estimation. The figure also shows an excess of events
above the expected background around 125 GeV. The total back-
ground and the numbers of events observed in the three bins
where an excess is seen are also shown in Table 3. The combined
signal reconstruction and selection efficiency, with respect to the
mH = 125 GeV generated signal with m!! > 1 GeV as the only cut,
is 18% for the 4e channel, 40% for the 4µ channel, and 27% for the
2e2µ channel.

The kinematics of the H → ZZ → 4! process in its centre-of-
mass frame, for a given invariant mass of the four-lepton system,
is fully described by five angles and the invariant masses of the
two lepton pairs [123–125]. These seven variables provide signif-
icant discriminating power between signal and background. The
momentum of the ZZ system may further differentiate signal from
background, but would introduce dependence on the production
mechanism, and on the modelling of the QCD effects, and is there-
fore not considered here. A kinematic discriminant is constructed
based on the probability ratio of the signal and background hy-
potheses, K D = Psig/(Psig + Pbkg), as described in Ref. [126]. The
likelihood ratio is defined for each value of m4! . For the signal, the
phase-space and Z propagator terms [127] are included in a fully
analytic parameterization [124], while the background probability

Fig. 4. Distribution of the four-lepton invariant mass for the ZZ → 4! analysis.
The points represent the data, the filled histograms represent the background,
and the open histogram shows the signal expectation for a Higgs boson of mass
mH = 125 GeV, added to the background expectation. The inset shows the m4! dis-
tribution after selection of events with K D > 0.5, as described in the text.

is tabulated using a simulation of the qq → ZZ/Zγ process. The
statistical analysis only includes events with m4! > 100 GeV.

Fig. 5 (upper) shows the distribution of K D versus m4! for
events selected in the 4! subchannels. The colour-coded regions
show the expected background. Fig. 5 (lower) shows the same two-
dimensional distribution of events, but this time superimposed
on the expected event density from a SM Higgs boson (mH =
125 GeV). A clustering of events is observed around 125 GeV with
a large value of K D , where the background expectation is low and
the signal expectation is high, corresponding to the excess seen
in the one-dimensional mass distribution. The m4! distribution of
events satisfying K D > 0.5 is shown in the inset in Fig. 4.

There are three final states and two data sets (7 and 8 TeV),
and thus the statistical treatment requires six simultaneous two-
dimensional maximum-likelihood fits for each value of mH, in the
variables m4! and K D . Systematic uncertainties are evaluated from
data for the trigger efficiency and for the combined lepton re-
construction, identification, and isolation efficiencies, as described
in [128]. Systematic uncertainties in the energy/momentum cal-
ibration and in the energy resolution are estimated from data.
Additional systematic uncertainties arise from limited statistical
precision in the reducible background control regions.

The expected 95% CL upper limit on the signal strength σ /σSM,
in the background-only hypothesis, for the combined 7 and 8 TeV

H→ZZ→4l 

Mass distribution 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 36 

Significance slightly smaller 
than expectations 
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SM Higgs boson->4leptons: the golden mode  
Localized excess at ~126 GeV got more significant 
                                July 4      Nov. 15 
Local significance:   3.2σ  ->   4.4σ 
    SM expectation:   3.8σ  ->   5.0σ 
                

36 CMS Collaboration / Physics Letters B 716 (2012) 30–61

Table 3
The number of selected events, compared to the expected background yields and expected number of signal
events (mH = 125 GeV) for each final state in the H → ZZ analysis. The estimates of the Z + X background
are based on data. These results are given for the mass range from 110 to 160 GeV. The total background
and the observed numbers of events are also shown for the three bins (“signal region”) of Fig. 4 where an
excess is seen (121.5 < m4! < 130.5 GeV).

Channel 4e 4µ 2e2µ 4!

ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

−0.8 0.9+0.7
−0.6 2.3+1.8

−1.4 4.4+2.2
−1.7

All backgrounds (110 < m4! < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4! < 160 GeV) 6 6 9 21

Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78

All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9

and the other pair is required to have a mass in the range
12–120 GeV. The ZZ background is evaluated from MC simula-
tion studies. Two different approaches are employed to estimate
the reducible and instrumental backgrounds from data. Both start
by selecting events in a background control region, well separated
from the signal region, by relaxing the isolation and identification
criteria for two same-flavour reconstructed leptons. In the first ap-
proach, the additional pair of leptons is required to have the same
charge (to avoid signal contamination) while in the second, two
opposite-charge leptons failing the isolation and identification cri-
teria are required. In addition, a control region with three passing
leptons and one failing lepton is used to estimate contributions
from backgrounds with three prompt leptons and one misidenti-
fied lepton. The event rates measured in the background control
region are extrapolated to the signal region using the measured
probability for a reconstructed lepton to pass the isolation and
identification requirements. This probability is measured in an in-
dependent sample. Within uncertainties, comparable background
counts in the signal region are estimated by both methods.

The number of selected ZZ → 4! candidate events in the mass
range 110 < m4! < 160 GeV, in each of the three final states, is
given in Table 3, where m4! is the four-lepton invariant mass. The
number of predicted background events, in each of the three fi-
nal states, and their uncertainties are also given, together with
the number of signal events expected from a SM Higgs boson of
mH = 125 GeV. The m4! distribution is shown in Fig. 4. There is a
clear peak at the Z boson mass where the decay Z → 4! is re-
constructed. This feature of the data is well reproduced by the
background estimation. The figure also shows an excess of events
above the expected background around 125 GeV. The total back-
ground and the numbers of events observed in the three bins
where an excess is seen are also shown in Table 3. The combined
signal reconstruction and selection efficiency, with respect to the
mH = 125 GeV generated signal with m!! > 1 GeV as the only cut,
is 18% for the 4e channel, 40% for the 4µ channel, and 27% for the
2e2µ channel.

The kinematics of the H → ZZ → 4! process in its centre-of-
mass frame, for a given invariant mass of the four-lepton system,
is fully described by five angles and the invariant masses of the
two lepton pairs [123–125]. These seven variables provide signif-
icant discriminating power between signal and background. The
momentum of the ZZ system may further differentiate signal from
background, but would introduce dependence on the production
mechanism, and on the modelling of the QCD effects, and is there-
fore not considered here. A kinematic discriminant is constructed
based on the probability ratio of the signal and background hy-
potheses, K D = Psig/(Psig + Pbkg), as described in Ref. [126]. The
likelihood ratio is defined for each value of m4! . For the signal, the
phase-space and Z propagator terms [127] are included in a fully
analytic parameterization [124], while the background probability

Fig. 4. Distribution of the four-lepton invariant mass for the ZZ → 4! analysis.
The points represent the data, the filled histograms represent the background,
and the open histogram shows the signal expectation for a Higgs boson of mass
mH = 125 GeV, added to the background expectation. The inset shows the m4! dis-
tribution after selection of events with K D > 0.5, as described in the text.

is tabulated using a simulation of the qq → ZZ/Zγ process. The
statistical analysis only includes events with m4! > 100 GeV.

Fig. 5 (upper) shows the distribution of K D versus m4! for
events selected in the 4! subchannels. The colour-coded regions
show the expected background. Fig. 5 (lower) shows the same two-
dimensional distribution of events, but this time superimposed
on the expected event density from a SM Higgs boson (mH =
125 GeV). A clustering of events is observed around 125 GeV with
a large value of K D , where the background expectation is low and
the signal expectation is high, corresponding to the excess seen
in the one-dimensional mass distribution. The m4! distribution of
events satisfying K D > 0.5 is shown in the inset in Fig. 4.

There are three final states and two data sets (7 and 8 TeV),
and thus the statistical treatment requires six simultaneous two-
dimensional maximum-likelihood fits for each value of mH, in the
variables m4! and K D . Systematic uncertainties are evaluated from
data for the trigger efficiency and for the combined lepton re-
construction, identification, and isolation efficiencies, as described
in [128]. Systematic uncertainties in the energy/momentum cal-
ibration and in the energy resolution are estimated from data.
Additional systematic uncertainties arise from limited statistical
precision in the reducible background control regions.

The expected 95% CL upper limit on the signal strength σ /σSM,
in the background-only hypothesis, for the combined 7 and 8 TeV

19

The Golden Mode: H → ZZ → 4l

Peak around 125 GeV got more significant
● m(Z

1
) versus m(Z

2
) distribution looks as expected
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Search for SM Higgs boson:  
low resolution mass channels   Low mass resolution channels 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 37 

H→ττ! H→bb !H→WW!
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Search for SM Higgs boson: ττ-mode  

 - No excess observed so far, reached sensitivity 1xσSM already 
 - Bad luck? or non-SM Higgs boson? 
  

H → ττ 
• Combination of three production mechanisms 

• Search is performed in eh, h, e,  decay modes 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

PPC 2012 - KIAS - Nov 5th Javier Cuevas, University of Oviedo 59 

• Characteristics: 
– High σ x BR at low mass 
– Sensitive to all production 

modes 
– Probes coupling to 

leptons 
– Enhanced σx BR in MSSM 
– Challenging large 

backgrounds: 
• DY→ττ, W+Jets, QCD 

 

H → ττ: results 

• Sensitivity of new analysis very close to 1×σSMH 

• No excess seen. Just bad luck or non-SM Higgs? 

Javier Cuevas, University of Oviedo 64 PPC 2012 - KIAS - Nov 5th 
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Search for SM Higgs boson: bb-mode  
- At present only 2011 data analyzed 
- No excess observed so far, but not sensitive to 1xσSM yet 
  

ttH, H → bb: results 

• Only 2011 data analyzed at the moment.  

No evidence of excess, but not yet sensitive to a 

1×σ
SMH

 signal anyway.  

• ttH cross section grows 

very  quickly  with  √s. 
(x1.5 from 7 to 8 TeV, 

  x5 from 8 to 14 TeV!) 

• If  scaling  as  √(σ×L) could  

have Δσ/σ
SMH

 ~1 already 

with L ~20 fb-1 at 8 TeV. 

 Javier Cuevas, University of Oviedo 58 PPC 2012 - KIAS - Nov 5th 
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Search for SM Higgs: combined channels  

Excess at 125 GeV: 
 
  - 7 TeV data 3.2σ 
  - 8 TeV data 3.8σ 
 
 Most sensitive channels: 
    - γγ  
    - 4l 

Combined results 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 39 

Excess at 125 GeV: 
– in 7 TeV data: 3.0 σ'
– in 8 TeV data: 3.8 σ'

High sensitivity channels: γγ, 4l 

Combined results 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 39 

Excess at 125 GeV: 
– in 7 TeV data: 3.0 σ'
– in 8 TeV data: 3.8 σ'

High sensitivity channels: γγ, 4l 
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Search for SM Higgs: combined channels (July4)  

CMS excess: ~ 125 GeV Evidence for a new state (July 4) 
Exceses in both 7 and 8 TeV data 
local significance: 5.0σ      global: 4.6σ  
 signal strength: (0.87 ± 0.23) x σSMH 
 

Combined: SM Higgs limits 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 38 
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Search for SM Higgs: combined channels  

Overall strength: σ/σSM = 0.87 ± 0.23 
 
  

  

Combined results 

Overall strength: σ/σSM=0.87±0.23 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 40 

Combined results 

Overall strength: σ/σSM=0.87±0.23 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 40 
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CMS search for SM Higgs boson:  
new particle mass (July 4, 2012) 

   Evidence for a new state: boson (because of γγ-decay) 
 
new particle mass at CMS (July 4, 2012): 
M = 125.3 ± 0.4 (stat.) ± 0.5 (syst.) GeV 
M = 125.3 ± 0.6 GeV    

Mass measurement 

• Systematical 
uncertainty on the 
mass driven by energy 
scale uncertainty in γγ: 
now conservative 
estimate ~0.5%, will 
improve in the future. 
M = 125.3 ± 0.4 (stat.)  

 ± 0.5 (syst.) 
 = 125.3 ± 0.6 GeV 

 

Javier Cuevas, University of Oviedo 73 PPC 2012 - KIAS - Nov 5th 
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Search for SM Higgs:  
new state evidence update at CMS!  

 
 
HCP-2012, Kyoto, Japan, November 15, 2012 
 
CMS: 
Excess: ~ 125 GeV: Evidence update for a new state!  
Exceses in both 7 (5.1 Fb-1) and 8 TeV (5.3 -> 12.3 Fb-1) data 
local significance: 4.9σ      expected: 5.8σ   CERN, July 4  
local significance: 6.9σ      expected: 7.8σ   HCP, Nov. 15  
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Search for SM Higgs boson: couplings  
The CMC data: updated Nov. 15, 2012  

  

4.4 Compatibility of the observed state with the SM Higgs boson hypothesis 21

SMσ/σBest fit 
-2 0 2 4

 ZZ→H 

 WW (VH tag)→H 

 WW (VBF tag)→H 

 WW (0/1 jet)→H 

 (VBF tag)γγ →H 

 (untagged)γγ →H 

 (VH tag)ττ →H 

 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 

 bb (ttH tag)→H 

 bb (VH tag)→H 

-1 = 8 TeV, L = 12.2 fbs  -1 = 7 TeV, L =   5.1 fbs

CMS Preliminary  = 125.8 GeVH m

SMσ/σBest fit 
0 0.5 1 1.5 2 2.5

 ZZ→H 

 WW→H 

γγ →H 

ττ →H 

 bb→H 

-1 = 8 TeV, L = 12.2 fbs  -1 = 7 TeV, L =   5.1 fbs

CMS Preliminary  = 125.8 GeVH m

SMσ/σBest fit 
-2 0 2

ttH tagged

VH tagged

VBF tagged

Untagged

-1 = 8 TeV, L = 12.2 fbs  -1 = 7 TeV, L =   5.1 fbs

CMS Preliminary  = 125.8 GeVH m

Figure 10: Values of s/sSM for the combination (solid vertical line), for individual decay modes
(point) or sub-combinations of decay modes. The vertical band shows the overal s/sSM uncer-
tainty. The symbol s/sSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The horizontal bars indicate the ±1 standard devia-
tion uncertainties in the s/sSM values for the individual modes; they include both statistical
and systematic uncertainty. (Top) Sub-combinations by decay mode and by additional tags
targeting a particular production mechanism. (Bottom-left) Sub-combinations by decay mode.
(Bottom-right) Sub-combinations by targeted production mechanism.
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Search for SM Higgs boson: couplings  
The CMC data: updated Nov. 15, 2012  

  

48

Combination of Higgs Results

Mass measurement and production strength

– m
X
 = 125.8 ± 0.4(stat) ± 0.4 (syst) GeV

– Signal strengths consistent with each other and with SM 
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Search for SM Higgs:  
CMS signal strength update (Nov. 15)  

ICHEP: σ/σSM = 0.87 ± 0.23 
   HCP: σ/σSM = 0.88 ± 0.21 
 
    

4.4 Compatibility of the observed state with the SM Higgs boson hypothesis 21

SMσ/σBest fit 
-2 0 2 4

 ZZ→H 

 WW (VH tag)→H 

 WW (VBF tag)→H 

 WW (0/1 jet)→H 

 (VBF tag)γγ →H 

 (untagged)γγ →H 

 (VH tag)ττ →H 

 (VBF tag)ττ →H 

 (0/1 jet)ττ →H 

 bb (ttH tag)→H 

 bb (VH tag)→H 

-1 = 8 TeV, L = 12.2 fbs  -1 = 7 TeV, L =   5.1 fbs

CMS Preliminary  = 125.8 GeVH m
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Figure 10: Values of s/sSM for the combination (solid vertical line), for individual decay modes
(point) or sub-combinations of decay modes. The vertical band shows the overal s/sSM uncer-
tainty. The symbol s/sSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The horizontal bars indicate the ±1 standard devia-
tion uncertainties in the s/sSM values for the individual modes; they include both statistical
and systematic uncertainty. (Top) Sub-combinations by decay mode and by additional tags
targeting a particular production mechanism. (Bottom-left) Sub-combinations by decay mode.
(Bottom-right) Sub-combinations by targeted production mechanism.

Combined results 

Overall strength: σ/σSM=0.87±0.23 

Michele Gallinaro - "Highlights from recent CMS results" - Charged 2012, Uppsala - Oct. 8, 2012 40 
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Search for SM Higgs boson: mass resolution  

The CMC detector: a superb lepton and photon detector!  

  

13

Overview – The big five

Channel data set Data used

resolution

110-150 2011+12 1-2%

2)  H → tau tau 110-145 2011+12 15%

110-135 2011+12 10%

110-600 2011+12 20%

110-1000 2011+12 1-2%

mH range mH

[GeV/c2] [fb-1] CMS [fb-1]

1)  H → γγ 5+5/fb

5+12/fb

3)  H → bb 5+12/fb

4)  H → WW → lνlν 5+12/fb

5)  H → ZZ → 4l 5+12/fb
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Search for SM Higgs boson: mass  
The CMC data: updated Nov. 15, 2012  

  48

Combination of Higgs Results

Mass measurement and production strength

– m
X
 = 125.8 ± 0.4(stat) ± 0.4 (syst) GeV

– Signal strengths consistent with each other and with SM 

Mass: 125.8 ± 0.4 (stat.) ± 0.4 (syst.) GeV 	
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Search for SM Higgs:  
new state evidence update at CMS!  

Excess update: ~ 125.8 ± 0.4 (stat.) ± 0.4 (syst.) GeV !  
Exceses in both 7 and 8 TeV data 
local significance: 4.9σ      expected: 5.8σ   CERN, July 4  
local significance: 6.9σ      expected: 7.8σ   HCP, Nov. 15  
 

47

Combination of Higgs Results

Overall significance and signal strength
– observed:  6.9;  expected: 7.8     [ signal strength: 0.88 ± 0.21 ]

Combined results: all channels 
Local significance of 
excess: 4.9 σ 
Expected for SM Higgs 
signal: 5.8 σ 
 
Global significance > 4σ 
 
We interpret this excess 
as the observation of a 
new boson with mass 
around 125 GeV. 

Javier Cuevas, University of Oviedo 
69 

PPC 2012 - KIAS - Nov 5th 
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ATLAS: 3 channels update (Nov. 15) 
WW*-mode 

 
     
     
    WW* 
    observed: 2.6σ  
    expected: 1.9σ 
 
 
   HCP: σ/σSM = 1.5 ± 0.6 
 
  

  

H -> WW(*) Results 
• Fit mT distribution in 5 (3) bins for 0-jet (1-jet) categories. Note fit model 

includes roughly 50 nuisance parameters to be understood ! 
• Left is fitted signal strength (P) versus mH, red line for 125 GeV SM Higgs.  
• Right is background-only p0 , solid line = data, dashed line expected mH = 

125 GeV. Significance is 2.6V for mH = 125 GeV, expect 1.9V for SM Higgs. 
• Best fit P = 1.5 ± 0.6 for mH = 125 GeV.  
• Precise uncertainty analysis gives P and SigmaBR for mH = 125 GeV as: 

 
 

11 
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ATLAS: 3 channels update (Nov. 15) 
ττ-mode  

     
     
     
    

H -> WW Results�
• Using large number of categories, it is possible (although there is no strong 

evidence for a signal) to divide into VBF and non-VBF categories and compute 
separate limits. Almost equal sensitivity is achieved in two groups of categories. 

• A signal strength analysis, assessing the best fit P value for VBF+VH couplings 
versus that for ggF couplings, has been performed. Once again, the results are 
consistent with both the background-only hypothesis or the SM Higgs hypothesis 
(modest excess is in non-VBF categories). 

• Because of the large VBF sensitivity in this analysis, the upper bounds on VBF 
couplings are more stringent than those from the JJ or WW channels individually. 
 

21 

VBF categories Non-VBF categories 
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ATLAS: 3 channels update (Nov. 15) 
bb-mode  

     
     
     
    

VH with H -> bb Results�
• Cross-check from fitting process: find expected di-boson peak in Z -> bb from WZ 

and ZZ processes. Plot below sums over all 16 categories. Significance of peak is 
roughly 4 sigma. 

27 

• Fitted “P” for SM di-bosons is 1.05 ± 0.32 
 

• For 2011/2012 rate plot, observed P limit 
at 125 GeV is 1.8 and expected limit is 1.9. 

• The observed p0 is 0.64 while the expected 
p0 is 0.15. 

• The best-fit P is -0.4 ± 0.7 (stat) ± 0.8 (syst) 
at mH=125 GeV 

 

   bb-mode 
    observed limit: 1.9σ  
    expected limit: 1.8σ 
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Search for SM Higgs:  
ATLAS signal strength update (Nov. 15) 

ICHEP: σ/σSM = 1.4 ± 0.3 
   HCP: σ/σSM = 1.3 ± 0.3 
 
  

  

SM Higgs Couplings�
• Simplest analysis is to compute the combined signal strength P, based on 

all available inputs.  
• ATLAS has updated this combination using the three new results shown in 

this talk: 
 

30 

ATLAS-CONF-2012-162 

• Previous result in July paper, using 
2011 analyses of WW and bb, July 
analyses for JJ, 4-lepton, and WW, 
gave P = 1.4 ± 0.3  
 

• New result is P = 1.3 ± 0.3 
 

• Assuming a common P for all 
measurements, compatibility is 36%. 

• Compatibility with SM P=1 with 
observed measurement is 23%. 
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Is it SM Higgs boson?   
 
H->ZZ->4 leptons: golden mode 
CMS: Expected separation 0+ and 0- with 17 Fb-1:  ~2σ  
0+: CMS data consistent within 0.6σ  
0- :  CMS data different by 2.5σ 
                

21

The Golden Mode: H → ZZ → 4l

– significance now 4.6 standard deviations
– expected separation between 0+ and 0-: 2 standard deviations
– Scalar (0+): data consistent (0.6 standard deviations)
– pseudo scalar (0-): data different by 2.5 standard deviations
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New particle:  SM Higgs boson? 
   Expectation: ~ 3σ separation between scalar 

and pseudoscalar with full 2011-2012 data set 
    
 

Projections for JPC measurements 

Javier Cuevas, University of Oviedo 84 

CMS Simulation  L = 30 fb−1 ,  √s  =  8 TeV 

Expect  ~3σ  separation  between  
scalar and pseudoscalar in 2012 

JHU Generator level L = 10 fb−1 ,  √s  =  8  TeV 

H → WW → 2l2ν  H → ZZ → 4l  

Expect  ~3σ  separation  between  
spin 0, 2  with 10 fb−1 but assuming 
no systematics and WW as only 
background http://indico.cern.ch/contributionDisplay.py?c

ontribId=473&sessionId=53&confId=181298 

PPC 2012 - KIAS - Nov 5th 

 Similarly for H èWW è 2l 2ν 
for 3σ separation between 
spin 0 and 2  
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Search Update for SM Higgs boson at LHC :  
new particle at ATLAS & CMS (Nov.15, 2012) 

   Evidence for a new state: 
 
-  Excesses at 7 (5 Fb-1) and 8 TeV (5.3 Fb-1 & 12Fb-1)  
    ATLAS: local significance: 5.9σ      
    CMS:     local significance: 6.9σ     
   
-  Signal strength  
    ATLAS:   (1.3 ± 0.3) x σSMH 
    CMS:     (0.88 ± 0.21) x σSMH 
 
 
-  Mass 
    ATLAS: M = 126.0 ± 0.4 (stat.) ± 0.4 (syst.) GeV 
     CMS:    M = 125.8 ± 0.4 (stat.) ± 0.4 (syst.) GeV 
 
- Compatible within limited precision with 
  SM Higgs boson 
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Updated Search for SM Higgs boson:  
Conclusions 

 
 
∗ within limited precision: compatible with SM Higgs boson 
 
  
∗ Is the new particle the SM Higgs boson?  
   - more data needed: spin-parity properties and couplings  
 
     
∗ Upcoming major update:  
- March 2013, Moriond (full 2011+2012 dataset) 
 


