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Search for Higgs at LHC  

 
 
 

 Higgs Boson Fermionic Properties at CMS:  M. Vazquez Acosta!  CERN-LHC Seminar,  03/12,/2013 -  2 

Search for the Higgs @ the LHC 

It’s not that difficult! 
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Outline  

 
 
   Highlights of CMS results on search for SM Higgs boson: 
 
* CERN, July 4, 2012  
   ICHEP, Melbourne 
 
* Recent updates of CMS results   
   on search for SM Higgs boson: 
 
  - EPS Conference, Stockholm, July 2013 
 
  - LPCC, CERN, December, 2013 
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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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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 V�
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 V�
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, WW, ZZ, 

JJ 
• Low mass region really reach 

and challenging:  
• Main identifiable decay 

modes, bb and WW hard to 
identify in a huge 
background  

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

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

Many other channels also analyzed 
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H -> γγ @CMS   

26"

RaCo$of$the$producCon$cross$secCon$Cmes$the$relevant$branching$
fracCons$over$the$SM$expectaCon:$'/'SM$=$0.78$±$0.27$$(mH$=$125$GeV)$
$

Signal$strength$for$MVA$analysis $

MVA"analysis"

Significances$(')$for$mH$=$125$GeV:$
•  MVA: $ $observed$3.2,$expected$4.2$
•  Cut;based: $observed$3.9,$expected$3.5$

profile$
likelihood$
raCo$
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H -> 4l @CMS   

4ℓ$mass$distribuCon$

31"

Four;lepton$reconstructed$mass$for$the$sum$of$the$4e,$4μ,$and$2e2μ$channels.$
$

Mass$resoluCon$measured$from$data.$ZZ$background$well$under$control.$

mass$of$the$candidates$

ZZ$�$4ℓ$

X$�$ZZ$�$4ℓ$
Z$�$4ℓ$
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H -> 4l @CMS   

Significance$of$the$local$excess$

33"

3D$fit$to$m4ℓ,$KD$and$(for$jet$categories)$pT(4ℓ)/m4ℓ$or$linear$discriminant$(VBF).$$

#mH$=$125.8$±$0.5$(stat.)$±$0.2$(sys.)$GeV$Significance$(')$for$mH$=$125.8$GeV:$
observed$6.7,$expected$7.2$
'/'SM$=$0.91$ +$0.30$–$0.24$

5'$

7'$

Data$compaCble$with$a$narrow;width$
resonance:$*H$$<$3.4$GeV$(at$95%$CL),$
expected$2.8$GeV.$
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Mass of the state H -> γγ and µZZ @CMS   Mass$of$the$observed$state$

42"

#mx$=$125.7$±$0.3$(stat.)$±$0.3$(sys.)$GeV$
$=$125.7$±$0.4$GeV$
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Spin-parity study: test for 0-  Results of 0� test!

49"Higgs'at'CMS,''''Jose'Benitez"

•  Good'compatibility'with'SM"
•  Only'0.16%'compatibility'0<''#'3'sigma'exclusion"

Toy'experiments"
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Search for SM Higgs: signal strength  Summary of signal strengths!

44"Higgs'at'CMS,''''Jose'Benitez"

•  Average:"
σ/σSM'='0.80'+<'0.14"

•  Good'consistency'
with'the'SM'Higgs"

new'H"ττ'result'not'yet'included"



HEPD Council Session, PNPI, Dec. 24, 2013          “CMS Higgs boson search at LHC”      Victor T. Kim     

Direct measurement of  
Higgs Boson Fermionic Properties  

at CMS  
Mónica Vázquez Acosta 

(on behalf of the CMS Collaboration) 

CERN-LHC Seminar 
03/12/2013 

14	



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 < m4ℓ < 130.5 GeV).

Channel 4e 4µ 2e2µ 4ℓ

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 < m4ℓ < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4ℓ < 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 → 4ℓ candidate events in the mass
range 110 < m4ℓ < 160 GeV, in each of the three final states, is
given in Table 3, where m4ℓ 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 m4ℓ distribution is shown in Fig. 4. There is a
clear peak at the Z boson mass where the decay Z → 4ℓ 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 mℓℓ > 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 → 4ℓ 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 m4ℓ . 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 → 4ℓ 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 m4ℓ 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 m4ℓ > 100 GeV.

Fig. 5 (upper) shows the distribution of K D versus m4ℓ for
events selected in the 4ℓ 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 m4ℓ 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 m4ℓ 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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H->ττ: CMS update Dec. 2013  
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 at 8 TeV-1 at 7 TeV, 19.7 fb-1, 4.9 fbττ→CMS Preliminary, H

Results':'Evidence'for'a'Higgs'bosonJ

•  Observed'significance'at'125'GeV'='3.38'σ J
•  Observed'significance'at'115'GeV'='3.59'σ J
•  Excess#>#3#σ#for#110#<#MH#<#130#GeV.0

I. N. Naranjo Fong-HEP in the LHC Era 2013 19/12/13 17 

HIGB13B004J
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H->(ττ+bb): CMS update Dec. 2013  
 
   

Combination'with'H!bb'at'mH'='125'GeVJ

•  H!bb'observed'(expected)'significance'at'125'GeV'='2.1'(2.3)'σJ
•  H!ττ'observed'(expected)'significance'at'125'GeV'='3.4'(3.6)'σ 
•  Combination#observed'(expected)'significance'at'125'GeV'='3.9'(4.3)'σ 

I. N. Naranjo Fong-HEP in the LHC Era 2013 19/12/13 20 
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H->(ττ+bb): CMS update Dec. 2013  
 
   

Results':'signal'strength'modifier'J

•  Best'fit'g'='σ/σSM'='0.87'±'0.29'J
•  Compatible'with'the'SM'Higgs'boson'(125'GeV)'

prediction.J
I. N. Naranjo Fong-HEP in the LHC Era 2013 19/12/13 18 

SMσ/σBest Fit for 
0 2 4

0.29±0.87
ττ→H

0.41±0.93
2-jet (VBF tag)

0.47±1.06
1-jet

1.13±0.40
0-jet

 = 125 GeVHm

 at 8 TeV-1 at 7 TeV, 19.7 fb-1CMS Preliminary, 4.9 fb

SMσ/σBest Fit for 
0 2 4

0.29±0.87
ττ→H
0.42±1.04

h
τµ

0.62±0.30
hτe

0.72±1.31
hτhτ

1.03±0.90
µe

1.38±-0.54
µµ

1.60±0.05
ee = 125 GeVHm

 at 8 TeV-1 at 7 TeV, 19.7 fb-1CMS Preliminary, 4.9 fb

HIGB13B004J
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H->µµ: CMS update Dec. 2013  
 
   

 Higgs Boson Fermionic Properties at CMS:  M. Vazquez Acosta!  CERN-LHC Seminar,  03/12,/2013 -  41 

H→µµ search 
Very small branching fraction: BR(H →µµ) = 2.2 x 10-4 at mH = 125 GeV, but 
expected narrow peak on top of steep falling background from Z/γ*→µµ"
Improve sensitivity: Different categories based on ηµ, pt(µµ), jet multiplicity 

σ(Mµµ):  1.6 GeV (both µ: ηµ <0.8)  
               2.5 GeV (both µ: 1.6<ηµ <2.1) "

Observed limit:  7.4   
Expected limit:   5.1  

95% CL exclusion 
at mH= 125 GeV: 

HIG-13-007 

20x 125 GeV signal 7 + 8 TeV 

 Higgs Boson Fermionic Properties at CMS:  M. Vazquez Acosta!  CERN-LHC Seminar,  03/12,/2013 -  41 
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H->ee: CMS update Dec. 2013  
 
   

 Higgs Boson Fermionic Properties at CMS:  M. Vazquez Acosta!  CERN-LHC Seminar,  03/12,/2013 -  42 

H→ee search 
Very rare process: BR(H →ee)  ~ 2x10-5 *BR(H →µµ) 
Improve sensitivity: Different categories based on ηe and di-jet tag   

BR(H→ee) <0.0017   

H→ee:  0.038 pb   
H→µµ:  0.034 pb  95% CL observed upper limit σ*BR at mH= 125 GeV: 

H →ee H →µµ 

HIG-13-007 

Evidence for flavour non-universality 

8 TeV only 
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H→ee search 
Very rare process: BR(H →ee)  ~ 2x10-5 *BR(H →µµ) 
Improve sensitivity: Different categories based on ηe and di-jet tag   

BR(H→ee) <0.0017   

H→ee:  0.038 pb   
H→µµ:  0.034 pb  95% CL observed upper limit σ*BR at mH= 125 GeV: 

H →ee H →µµ 

HIG-13-007 

Evidence for flavour non-universality 

8 TeV only 



HEPD Council Session, PNPI, Dec. 24, 2013          “CMS Higgs boson search at LHC”      Victor T. Kim     

Direct measurement of  
Higgs Boson Fermionic Properties  

at CMS  
Mónica Vázquez Acosta 

(on behalf of the CMS Collaboration) 

CERN-LHC Seminar 
03/12/2013 

20	



H->µµ: CMS projection @14 ТэВ  
 
   

 Higgs Boson Fermionic Properties at CMS:  M. Vazquez Acosta!  CERN-LHC Seminar,  03/12,/2013 -  43 

H→µµ search: projections @14 TeV 
Looking ahead … 
5 σ discovery with ~ 1200 fb-1 @ 14 TeV 
Measure muon coupling with 8% precision with ~3 ab-1 @14 TeV  

HIG-13-007 
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CMS search for SM Higgs boson: Summary 
 

 
-  CMS: 7σ  Higgs boson 125.7 ± 0.4 GeV 
     
∗ 0- excluded at 3.0σ 
  
    December 2013, CERN: 
-  Clear evidence for flavour non-universality 
    from H ->ee, H->µµ, H -> ττ  
 
-  Direct evidence for Higgs boson decays to  
    3rdgen bottom-type fermions: 
          H -> ττ        3.2σ (3.6σ expected)  µ=0.87±0.29 
                  bb       2.1σ (2.1σ expected)   µ=1.0±0.5 
                  ττ+bb  4.0σ (4.2σ expected)   µ=0.89±0.26 

Higgs searches at CMS!
Jose Benitez  !
for the CMS collaboration!
!
Miami 2013: Topical Conference!
Fort Lauderdale, Florida!
December 12-18, 2013!
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SM Higgs boson:  
Discussion 
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SM problems:  
Naturalness, fine tuning, ierarchy 

 ∗ Non-naturalness of scalar fields 
 

Fermions: Chiral symmetry  m2=m0
2 +C Log[Λ2] 

K. Wilson (1970)  
Susskind (1979), ‘t Hooft (1979)    
  
Scalar: mass divergence: m2 ~ m0

2 + Λ2 

Higgs mass ~ Λ2 

in SM strong EW interaction at 2-4 TeV 
 
* Naturalness in SM extends up to 6-10 TeV 
   G. Pivovarov & V. Kim (2009) 
 
If no quadratic divergences -> SM with Higgs boson 125 GeV  
                            validity extends up to to Planck mass scale 
                            (stable vacuum … )  
M. Shaposhnikov et al 
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Search for SUSY @CMS 
 
 

20"
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

$$$With$simplified$models$space$we$can$interpret$results$directly$on$simplified$sparCcle$spectra$for$specific$$$$$$$
$$$topologies$of$interest$–$building$$blocks$that$can$be$used$to$generalize$to$a$more$complete$‘model’;space$$
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Search for BSM: CMS 
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