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The path to the Standard Model Higgs search
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Standard model processes have been the first 
benchmark for the preparation of Higgs searches
→cross sections are orders of magnitude larger than 
the SM Higgs ones

Assess detector performance, refine calibrations, 
correct MC, constrain PDFs 

SM processes are also backgrounds to Higgs searches:
→measured as precisely as possible with 2010/2011 
data 
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SM physics 
NEW results recently published or submitted to conferences 

•  EW results 

•  WW cross section ~5fb-1 

•  ZZ cross section ~5fb-1 

•  Wγ, Zγ cross sections 

•  Triple gauge coupling limits 

•  Tau polarization 

•  W polarization 

•  QCD measurements 

•  Jets cross section 

•  Di-jet cross section ~5fb-1  

•  Z+jets 

•  Subjet structure 

•  D* in jets 

•  Rapidity gaps 

•  Charged particle production (correlations, azimuthal ordering) 

F. Cerutti - LNF-INFN 13/29 



Standard Model Higgs @ LHC
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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dominant production processes at LHC
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cross sections (ggF, VBF) ∼ 15 times

higher (@ mH = 100 GeV)

combined effort by ATLAS, CMS and

theorists:

”Handbook of LHC Higgs Cross
Sections: 1. Inclusive Observables.”

arXiv:1101.0593 [hep-ph]
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- Common effort (ATLAS, CMS, Theorists)   
for cross sections determination
(Yellow Report CERN-2011-002)

- Backgrounds mostly determined from 
data
→ use N(N)LO signal cross sections for 
exclusion

Gluon fusion: known at NNLO 
with large uncertainty ~15-20%  
on gluon processes

Vector Boson Fusion:
Known at NNLO QCD+NLO EW, 
uncertainty ~ 5%

Associated production
with W / Z:
Known at NNLO
uncertainty ~5%

Associated production
with ttbar:
Known at NLO
uncertainty ~15%



Higgs decay channels
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• H→γγ: small BR, but most important for 
the low mass region

• H→ττ:

• low mass region, good signal/background, 
use VBF signature

• H→bb:

• associated production, low mass region

• H→WW:

• WW→lνlν: intermediate mass range

• WW→lνqq: high BR, difficult at low-masses, 
becomes relevant at high masses

• H→ZZ(*):

• ZZ(*)→4l (l=e,μ): small BR but very clear 
signature

• ZZ(*)→llνν: relevant at high mass

• ZZ(*)→llqq: also relevant at high mass, higher 
background

• ZZ→llττ: new, can help at high mass 

mH, GeV WWlνlν ZZ4l γγ

120 127 1.5 43
150 390 4.6 16
300 89 3.8 0.04

Signal events expected in 1 exp. for 1 fb-1

Dataset analysed 4.7 - 4.9 fb-1



ATLAS and CMS detectors
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ATLAS and CMS @ LHC
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ATLAS

CMS

LHC

ALICE

LHCb

⇒ General purpose detectors at the LHC ! different design choices

⇒ Technological/design diversity for the harsh LHC environment

ATLAS CMS
Magnets 2T solenoid 

3 air-core toroids
3.8T solenoid

iron return
Tracking silicon + transition 

radiation tracker
all silicon

EM Calorimetry sampling 
LAr technology

homogeneous 
scintillating crystals

Hadron 
Calorimetry

plastic scintillator (barrel) 
LAr technology (endcap)

plastic scintillator

Muon independent system
with trigger capabilities

muon id and trigger

Magnets
1 Central Solenoid (2 T)

+ 3 air-core toroids

Tracking
Silicon+Transition radiation

tracker

EM calo Sampling LAr calo

HAD calo
Plastic scintillator (barrel)
LAr technology (endcap)

Muon
Reco and trigger

Standalone reco capabilities

Magnets
3.8 T Solenoid

Iron return

Tracking Silicon trackers

EM calo
Homogeneous scintillating 

crystals

HAD calo Plastic scintillator

Muon Reco and trigger detectors

CMS

ATLAS



Data taking in 2011
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Increased pileup is a challenge:
50 ns bunch trains for ~all 2011 data

Impact on trigger and reconstructed objects,
in particular MET, Jets, Leptons isolation...

A precise modeling in simulation
of both in-time and out-of-time pileup effects 
is very important

Peak lumi  3.6⋅1033 cm-2s-1  
Detectors delivering good quality data
for 90% or more of the 
(good quality choices depend on the
analysis)

Total int. luminosity delivered: 5.61 fb-1
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ATLAS data taking in 2011  

•  Excellent LHC performance in 2011 
      (far beyond expectations)  

•  Peak luminosity seen by ATLAS:  
     3.6 1033 cm-2 s-1 

 
•  1 fb-1 line passed in June 2011         
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•  Excellent performance of ATLAS 

•  Small fraction of non-working detector 
     channels (few per mille ! 3.5%)   
 
•  Data taking efficiency is high:  ~93.5% 

•  High fraction (90-96%) used for analysis 
     (good quality, depends on analysis)   

Total delivered luminosity in 2011 
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Pileup
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ATLAS running conditions in 2011  
•  High peak luminosity and 50 ns bunch  
     spacing   !  high pile-up 
     
•  Two running periods with different  
     machine settings 
 
     (period A (Mar  - July): µ =   6.3,   
      period B (Aug. - Oct):  µ = 11.6,  
       with tails beyond 20 interactions /  
       beam crossing,   ~ design luminosity) 
 
•  Very challenging for trigger, computing, 
     reconstruction of physics objects,… 

Mean Number of Interactions per Crossing
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(error ellipses are scaled up  
 by a factor of 20 for visibility   
 reasons)  
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ATLAS running conditions in 2011  
•  High peak luminosity and 50 ns bunch  
     spacing   !  high pile-up 
     
•  Two running periods with different  
     machine settings 
 
     (period A (Mar  - July): µ =   6.3,   
      period B (Aug. - Oct):  µ = 11.6,  
       with tails beyond 20 interactions /  
       beam crossing,   ~ design luminosity) 
 
•  Very challenging for trigger, computing, 
     reconstruction of physics objects,… 
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Dataset and reconstruction 
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- 50 ns bunch spacing: high pileup

- Two running periods with 
different settings

- Many effects have been deeply 
studied (e.g. pileup time profile due
to the bunch-train structure)

Example Z→μμ event with 20 vertices (errors x20) 



Electron reconstruction performance
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- Electron ID efficiency measured
  with Z→ee, J/ψ→ee events using
  tag-and-probe methods

-  Systematics on efficiencies <3%

- Energy scale and resolution at MZ at 
~0.5% level
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Crucial to understand low-pT electrons  

(affected by material) with data  

Variation of electron efficiency with  

pile-up (cuts not re-tuned yet) well modeled by 

simulation: from Z! ee data and MC samples   

ATLAS: Electron performance 

Systematic uncertainty: 
6%    (pT~7 GeV)   
< 2 % (pT~50 GeV)  

 [GeV]eeeem

80 90 100 110 120 130 140 150

a
rb

it
ra

ry
 u

n
it
s
 /

 0
.5

 G
e

V

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

ATLAS Simulation

4e!
(*)

ZZ!H

 0.06 GeV! = 2.53 "

: 18%" 2!fraction outside 

 = 130 GeVHm

Gaussian fit

!"#$%&'((#)*#+",(*-'.,*#

H! 4e mass resolution: 2.5 GeV 

Event fraction in ±2!: ~ 82% 

!'&

Efficiency vs number of vertices (cuts now retuned)
Very good data/MC agreement



Muon reconstruction performance
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MC (perfect):               2.31 ± 0.01 GeV 
 
Data Spring 2011 :      2.89 ± 0.01  GeV 
 
Data Summer 2011:    2.45 ± 0.01  GeV 

A  few performance figures:  (ii) muons     

Improved Z ! µµ mass resolution  
via improved alignment  

Muon isolation efficiency (in calorimeter),  
measured from Z ! µµ events in data  
and Monte Carlo simulation   
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MC (perfect):               2.31 ± 0.01 GeV 
 
Data Spring 2011 :      2.89 ± 0.01  GeV 
 
Data Summer 2011:    2.45 ± 0.01  GeV 

A  few performance figures:  (ii) muons     

Improved Z ! µµ mass resolution  
via improved alignment  

Muon isolation efficiency (in calorimeter),  
measured from Z ! µµ events in data  
and Monte Carlo simulation   



High mass region: H→ZZ→llνν
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Most powerful channel in the high-mass region (MH>200 GeV)
Common selection with llqq:  start from Z→ll events

- llνν requires additionally high Missing transverse energy  (H mass dependent cut) 
- Main backgrounds are QCD , W/Z+jets, top (reducible) ,  di-boson (irreducible)
- Discriminating variable is the transverse mass:
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High mass region: H→ZZ→llqq (llbb)
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Higher BR than llνν but also higher background
Still quite helpful in the high mass region

Common selection with llνν:  start from Z→ll events

- Require two jets in the final state: 
      - e.g. for ATLAS: ≥2 Jets, pT> 20 GeV ,  mass cut  70<mjj<105 GeV 
- Main backgrounds are Z+jets and QCD: both determined from data 
using distributions in control regions
      - ttbar removed by cut on MET
- Discriminating variable is the lljj mass
- CMS: likelihood discriminant using 5 angles (scalar Higgs)
- CMS: extended analysis to the low-mass region
- characterize events according to b-tagged jets

    [GeV]lljj m
200 300 400 500 600 700 800

 E
nt

rie
s 

/ 2
0 

G
eV

0
20
40
60
80

100
120
140
160
180
200
220
240

data
 5×Signal 

=400 GeV)
H

(m
Total BG
Z + jets
Top
Diboson

ATLAS Preliminary
 = 7 TeVs,  -1 L dt=4.71 fb

data
 5×Signal 

=400 GeV)
H

(m
Total BG
Z + jets
Top
Diboson

 [GeV]ZZm
200 300 400 500 600 700 800

Ev
en

ts
 / 

(2
0 

G
eV

)

0

100

200

300

400

500

600

700

800
 = 7 TeVs at  -1CMS, L = 4.6 fb 

1 b-tag category
Data
Expected background

 2×H(400 GeV) 
Z + jets
ZZ/WZ/WW

/tWtt

 [GeV]ZZm
200 300 400 500 600 700 800

Ev
en

ts
 / 

(2
0 

G
eV

)

0

10

20

30

40

50

60
 = 7 TeVs at  -1CMS, L = 4.6 fb 

2 b-tag category
Data
Expected background

 2×H(400 GeV) 
Z + jets
ZZ/WZ/WW

/tWtt



Limits from ZZ in the high mass region
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Figure 3: The median expected and observed 95% CL upper limits on the cross section σ ×
BR(H → ZZ → 2�2ν) for the Higgs boson masses in the range 250 − 600 GeV for the cut-based
(left) and shape-based (right) analyses.
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The H→ZZ(*)→4l (e,μ) channel
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• Small cross section·BR  ( 2-5 fb ), but among the most important channels over 
the whole mass range

• Mass peak can be fully reconstructed

• Very good Signal/Background ratio ( ~1 at low mass)

• Main backgrounds are:

• Reducible, in the low-mass region: Zbb, ttbar, Z+jets

• Irreducible: ZZ(*) 

• Event selection:

• 4-leptons with pT> 20,20,7,7 GeV (ATLAS), pT> 20, 10, 7 (5) (CMS)

• 2 di-lepton pairs with |M1-MZ|<15 GeV , M1>50 (CMS) , M2>12-60 GeV

• Lepton isolation and impact parameter cuts to reject reducible backgrounds     

• Crucial for this analysis are:

• High reconstruction efficiencies for electrons and muons

• 4-lepton mass resolution

• Control regions for reducible backgrounds



H→ZZ(*)→4l events

15

 [GeV]µµµµm
80 90 100 110 120 130 140 150

ar
bi

tra
ry

 u
ni

ts
 / 

0.
5 

G
eV

0

0.02

0.04

0.06

0.08

0.1 ATLAS Simulation

µ4(*)ZZH

 0.03 GeV± = 1.98 
: 15% 2±fraction outside 

 = 130 GeVHm
Gaussian fit

 [GeV]eeeem
80 90 100 110 120 130 140 150

ar
bi

tra
ry

 u
ni

ts
 / 

0.
5 

G
eV

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
ATLAS Simulation

4e(*)ZZH

 0.06 GeV± = 2.53 
: 18% 2±fraction outside 

 = 130 GeVHm
Gaussian fit

H mass resolution 
(no Z mass constraint)
85% and 82% of events
within ±2σ
for 4mu and 4e channel

.

HLT

Z
1

Z
1+l

Best “4l”

Isolation

SIP
3D

Baseline

Interm
ediate-m

ass
High-m

ass (ZZ)

Ev
en

ts

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbsCMS L = 4.7 fb-1

.

HLT

Z
1

Z
1+l

Best “4l”

Isolation

SIP
3D

Baseline

Interm
ediate-m

ass
High-m

ass (ZZ)

Ev
en

ts

CMS L = 4.7 fb-1

]2 [GeV/c4lM
100 200 300 400 500 600

2
Ev

en
ts

/1
0 

G
eV

/c

0

2

4

6

8

10

12

14

16

18
DATA

Z+X

ZZ
2=350 GeV/cHm
2=200 GeV/cHm
2=140 GeV/cHm

CMS Preliminary 2011 -1 = 7 TeV  L = 4.71 fbs

Signal acceptance⋅eff
is ~15% at ~125 GeV



H→ZZ(*)→4l: background control regions

• Build background-enriched control regions 
for the reducible backgrounds:

• Z+jets control region (mainly to 4e, 2μ2e):

• Invert electron selection criteria (shower 
shape) 

• Z+bb control region:

• Invert lepton isolation and impact 
parameter cuts

• Check data/MC background in the control 
regions, extrapolate to the signal region using 
MC efficiencies  

• ZZ irreducible background from MC
(Pythia / MCFM / PowHeg) 

• CMS: cross check of the normalization with 
inclusive single-Z rate. use MC ratio Z/ZZ 
to get expected ZZ rate (correct for lepton 
efficiencies) 
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A 2e2μ candidate
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A 4e candidate
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H→ZZ(*)→4l: ATLAS results
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H→ZZ(*)→4l: CMS results
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H!ZZ(*)! 4l: excess analysis 

•! The significance of an excess is 
given by the probability, p0, that a 
background-only experiment is 
more signal-like than that observed. 

•! The most significant upward 
deviations from the background-
only hypothesis are observed for  

1.! mH = 125 GeV with a local p-value 
of 1.6% (2.1 !; expected 1.3 !),  

2.! mH = 244 GeV with a local p-value  
of 1.3% (2.2 !. expected 3.0  !) 
and  

3.! mH = 500 GeV with a local p-value  
of 1.8% (2.1 !, expected 1.5 !). 

•! When 

•! Considering the look elsewhere 
effect in the complete mass range of 
this search, for each of the three 
excesses becomes of O(50%). Thus,  
none of the observed local 
excesses are significant.  
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- Local p0 : probability to have an experiment 
more signal-like than observed, when only background
is expected

- Three main upward deviations:
1) 125 GeV:  p0 = 1.6% (2.1 σ, expected 1.3 σ)
2) 244 GeV:  p0 = 1.3% (2.2 σ, expected 3.0 σ)
3) 500 GeV:  p0 = 1.8% (2.1 σ, expected 1.5 σ)

- Taking into account the look-elsewhere-effect, the 
global p0 of each of these deviations becomes O(50%)
→ None of the observed local excesses is significant
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6

for the combination of the three channels. Excesses are observed for masses near 119 GeV and

320 GeV. The small ≈2σ excess near 320 GeV includes three events with p4�
T

> 50 GeV. The

most significant excess near 119 GeV corresponds to about 2.5σ significance. The significance

is less than 1.0σ (about 1.6σ) when the look-elsewhere effect [62] is accounted for over the full

mass range (for the low-mass range 100 < m4� < 160 GeV). The local significances change

only slightly when including candidate mass uncertainties, instead of using the average mass

resolution, e.g. rising to 2.7σ around 119 GeV and reaching 1.5σ around 126 GeV.
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Figure 2: a) The significance of the local excesses with respect to the standard model expectation

as a function of the Higgs boson mass, without (blue) or with (red) individual candidate mass

measurement uncertainties. b) The observed and the median expected upper limits at 95% CL

on σ(pp → H+ X)×B(ZZ → 4�), normalized to the standard model cross section values σSM,

for a Higgs boson in the mass range 110–600 GeV, using the CLs approach. The insets expand

the low mass range.

In absence of a significant clustering of candidates at any given mass, we derive exclusion lim-

its. The exclusion limits for a SM-like Higgs boson are computed for a large number of mass

points in the mass range 110–600 GeV, using the predicted signal and background mass distri-

bution shapes. The choice of the step size in the scan between Higgs mass hypotheses is driven

by either detector resolution, or the natural width of the Higgs boson. The signal mass distri-

butions shapes are determined using simulated samples for 27 values of mH covering the full

mass range. The shapes are fit using a function obtained from a convolution of a Breit-Wigner

probability density function to describe the theoretical resonance line shape and a Crystal Ball

function to account for the detector effects. The parameters of the Crystal Ball function are

interpolated for the mH points where there is no simulated sample available. The shapes of

the background mass distributions are determined by fits to the simulated sample of events,

while the normalization is taken from estimates of overall event yields as described above. For

each mass hypothesis, we perform an unbinned likelihood fit using the statistical approach

discussed in Ref. [63]. We account for systematic uncertainties in the form of nuisance parame-

ters with a log-normal probability density function. The observed and median expected upper

limits on σ(pp → H + X)× B(H → ZZ)× B(ZZ → 4�) at 95% CL are shown in Fig. 2b. The

limits are calculated relative to the expected SM Higgs boson cross section values σSM, using

the modified frequentist method CLs [64, 65]. The bands represent the 1σ and 2σ probabil-

ity intervals around the expected limit. These upper limits exclude the standard model Higgs

boson at 95% CL in the mH ranges 134–158 GeV, 180–305 GeV and 340–465 GeV. The limits re-

flect the dependence of the branching ratio B(H → ZZ) on mH. The worsening of the limits

at high mass arises from the decreasing cross section for the H → 4� signal. By virtue of the

Excluded @95% CL:
134 < MH < 158 GeV
180 < MH < 305 GeV
340 < MH < 465 GeV

Most significant upward deviations 
are observed for masses near 119 GeV 
and 320 GeV, with significances 
respectively 2.5 σ and ~2.0 σ

The 119 GeV significance becomes 1.0 σ 
(1.6) when taking into account the 
look elsewhere effect over the whole mass
range (or low-mass range)
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More details on the combinations will be given in the last talk today 
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Figure 5: The observed and expected 95% CL upper limits on the signal strength parameter

µ = σ/σSM for the SM Higgs boson hypothesis as a function of the Higgs boson mass in the

range 110–600 GeV (left) and 110–145 GeV (right).

Higgs boson cross section that is excluded at 95% CL, expressed as a multiple of the SM Higgs

boson cross section.

The median expected exclusion range of mH at 95% CL in the absence of a signal is 114.5–

543 GeV. The differences between the observed and expected limits are consistent with statisti-

cal fluctuations since the observed limits are generally within the green (68%) or yellow (95%)

bands of the expected limit values. For the largest values of mH, we observe fewer events than

the median expected number for the background-only hypothesis, which makes the observed

limits in that range stronger than expected. However, at small mH we observe an excess of

events. This makes the observed limits weaker than expected in the absence of a SM Higgs

boson.

Figure 6 shows the observed/expected limits for the five individual decay channels studied,

and their combination. For masses beyond 200 GeV, the limits are driven mostly by the H → ZZ

decay channels, while in the range 125–200 GeV, the limits are largely defined by the H → WW

decay mode. For the mass range below 120 GeV, the dominant contributor to the sensitivity is

the H → γγ channel. The results shown are calculated using the asymptotic formula for the

CLs method.

To quantify the consistency of the observed excesses with the background-only hypothesis, we

show in Fig. 7 (left) a scan of the combined local p-value p0 in the low-mass region. The local

p-values shown in Fig. 7 are obtained with the asymptotic formula (lines) and validated by

generating ensembles of background-only pseudo-datasets (points).

A broad offset of about one standard deviation, caused by excesses in the channels with poor

mass resolution (bb, ττ, WW), is complemented by localized excesses observed in the ZZ →
4� and γγ channels. The largest excess in the combination is at 125 GeV and arises mostly

from the observed excess in the γγ channel. The narrow feature in the H → ZZ
(∗) → 4�

channel at 119.5 GeV, associated with three ZZ → 4� events, is considerably reduced in the

combination, mostly by the H → γγ channel that has a better sensitivity and actually shows

a deficit of events for that mass. Figure 8 shows the interplay of contributing channels for

the two Higgs boson mass hypotheses mH = 119.5 and 125 GeV. The plots show the level of
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Figure 6: The observed and expected 95% CL upper limits on the signal strength parameter

µ = σ/σSM 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 2.8σ. 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 0.8σ. 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 2.1σ.

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 ±1σ 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 1σ of unity in the

mass range from 121–126 GeV.
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• 2011 has been a great year for LHC, that has performed in many cases beyond 
design parameters

• ATLAS and CMS detector performance in high pileup conditions has been 
understood and optimized

• Performances very close to design in many areas !

• With ~4.8 fb-1 of good quality data collected by each experiment, ATLAS and 
CMS have studied in detail the search for a Brout/Englert/Higgs Boson(see 
Moriond 2012) in the ZZ(*) channel 

• The H→ZZ(*) channel alone, including the llνν, llqq and llll signatures, allows to 
exclude a wide range of mass values, and has great relevance in the combination

• No significant excess observed yet in this channel alone

• The range of allowed values for a Brout/Englert/Higgs Boson has become very 
narrow - see last talk today for each experiment combinations results - 

• The 2012 run will give us the answer ! 


