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Without the Higgs Boson the SM is Incomplete 
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in the SM the  
complete profile 
of the Higgs is known 
if we specify its mass 

the Higgs boson mass 
is the last unknown  
parameter of the SM 

whether a Higgs  
boson is realised in 
nature is unclear 
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Knowledge About the Higgs Boson Mass Before LHC  

the Standard Model prefers a light Higgs boson 

Restauration 
of Unitarity 

Pertubation theory valid 
up to MPlanck (1TeV) 

Electroweak Precision 
Measurements (>161 GeV excl.) 

Direct Searches at  
LEP and Tevatron 



Higgs Boson Decay: Branching Ratios 

4 

MH Decay THU PU Total 

120 
GeV 

Hàγγ ±2.9% ±2.5% ±5.4% 

Hàbb ±1.3% ±1.5% ±2.8% 

Hàττ ±3.6% ±2.5% ±6.1% 

150 
GeV 

HàWW ±0.3% ±0.6% ±0.9% 

HàZZ ±0.3% ±0.6% ±0.9% 
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huge common effort by theorists and 
experimentalists to compile and agree 
on central values and uncertainties 
(LHC Higgs Cross Section WG) 

4.5 Fermion masses
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Fig. 14: Fermionic coupling of the Higgs boson.

A fermionic mass term Lm = −mψψ = −m
(
ψLψR + ψRψL

)
is not allowed, because it breaks

the gauge symmetry. However, since we have introduced an additional scalar doublet into the model, we
can write the following gauge-invariant fermion-scalar coupling:

LY = −c1
(
ū, d̄
)
L

(
φ(+)

φ(0)

)
dR − c2

(
ū, d̄
)
L

(
φ(0)∗

−φ(−)

)
uR − c3 (ν̄e, ē)L

(
φ(+)

φ(0)

)
eR + h.c. ,

(4.25)
where the second term involves the C-conjugate scalar field φc ≡ iσ2 φ∗. In the unitary gauge (after
SSB), this Yukawa-type Lagrangian takes the simpler form

LY = −
1√
2

(v + H)
{
c1 d̄d + c2 ūu + c3 ēe

}
. (4.26)

Therefore, the SSB mechanism generates also fermion masses:

md = c1
v√
2

, mu = c2
v√
2

, me = c3
v√
2

. (4.27)

Since we do not know the parameters ci, the values of the fermion masses are arbitrary. Note,
however, that all Yukawa couplings are fixed in terms of the masses (Fig. 14):

LY = −
(

1 +
H

v

) {
md d̄d + mu ūu + me ēe

}
. (4.28)

5 Electroweak Phenomenology
In the gauge and scalar sectors, the SM Lagrangian contains only four parameters: g, g ′, µ2 and h. One
could trade them by α, θW ,MW andMH . Alternatively, we can choose as free parameters:

GF = (1.166 371 ± 0.000 006) · 10−5 GeV−2 [31] ,
α−1 = 137.035 999 710 ± 0.000 000 096 [15] , (5.1)
MZ = (91.1875 ± 0.0021)GeV [29, 30]

and the Higgs mass MH . This has the advantage of using the three most precise experimental determi-
nations to fix the interaction. The relations

sin2 θW = 1 −
M2

W

M2
Z

, M2
W sin2 θW =

πα√
2 GF

(5.2)

determine then sin2 θW = 0.212 and MW = 80.94 GeV. The predicted MW is in good agreement
with the measured value in (4.13).

19

Dµ = @µ � i
gp
2
(W+

µ t+ + W�
µ t�)� i

1p
g2 + g02

Zµ(g2t3 � g02Y )� i
gg0p

g2 + g02
Aµ(t3 + Y )

The SM, the Higgs potential and gauge boson masses

� =
✓ 0

v+hp
2

◆

= ig mW gµ⌫ = ig mZ gµ⌫=

mW

c

o

s

✓w

=
gv

2

LHiggs � Dµ�†Dµ� =
1
2
@µh @µh +


m2

W W+ µW�
µ +

1
2
m2

ZZµZµ

�
·
✓

1 +
h

v

◆2

W+ µ

W� ⌫

h h

Zµ

Z⌫

h h

hh

W+ µ

W� ⌫

Zµ

Z⌫

=
i

2
g2

=

i

2

g2

cos

2 ✓w

12

1.1.3 The SM Higgs particle and the Goldstone bosons

The Higgs particle in the SM

Let us finally come to the Higgs boson itself. The kinetic part of the Higgs field, 1
2(∂µH)2,

comes from the term involving the covariant derivative |DµΦ|2, while the mass and self–

interaction parts, come from the scalar potential V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2

V =
µ2

2
(0, v + H)

(
0

v + H

)
+
λ

4

∣∣∣∣(0, v + H)

(
0

v + H

) ∣∣∣∣
2

(1.41)

Using the relation v2 = −µ2/λ, one obtains

V = −
1

2
λv2 (v + H)2 +

1

4
λ(v + H)4 (1.42)

and finds that the Lagrangian containing the Higgs field H is given by

LH =
1

2
(∂µH)(∂µH) − V

=
1

2
(∂µH)2 − λv2 H2 − λv H3 −

λ

4
H4 (1.43)

From this Lagrangian, one can see that the Higgs boson mass simply reads

M2
H = 2λv2 = −2µ2 (1.44)

and the Feynman rules7 for the Higgs self–interaction vertices are given by

gH3 = (3!)iλv = 3i
M2

H

v
, gH4 = (4!)i

λ

4
= 3i

M2
H

v2
(1.45)

As for the Higgs boson couplings to gauge bosons and fermions, they were almost derived

previously, when the masses of these particles were calculated. Indeed, from the Lagrangian

describing the gauge boson and fermion masses

LMV
∼ M2

V

(
1 +

H

v

)2

, Lmf
∼ −mf

(
1 +

H

v

)
(1.46)

one obtains also the Higgs boson couplings to gauge bosons and fermions

gHff = i
mf

v
, gHV V = −2i

M2
V

v
, gHHV V = −2i

M2
V

v2
(1.47)

This form of the Higgs couplings ensures the unitarity of the theory [7] as will be seen later.

The vacuum expectation value v is fixed in terms of the W boson mass MW or the Fermi

constant Gµ determined from muon decay [see next section]

MW =
1

2
g2v =

(√
2g2

8Gµ

)1/2

⇒ v =
1

(
√

2Gµ)1/2
% 246 GeV (1.48)

7The Feynman rule for these vertices are obtained by multiplying the term involving the interaction by
a factor −i. One includes also a factor n! where n is the number of identical particles in the vertex.
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KNNLO/NLO 
(KNLO/LO) 

 

Scale PDF 
+αS 
 

Total  
error 

ggF +25% 
(+100%) 

+12% 
-7% 

±8% +20 
-15% 

VBF <1% 
(+5-10%) 

±1% ±4% ±5% 

WH/
ZH 

+2-6% 
(+30%) 

±1% ±4% ±5% 

ttH - 
(+5-20%) 

+4% 
-10% 

±8% +12 
-18% 

Higgs Boson Production at LHC  

5 

ggF: NNLO+NNLL QCD+NLO EW 
 
 
 
 
 
 
qqH:  NNLO QCD + NLO EW 

WH:   NNLO QCD + NLO EW 
ZH:     NNLO QCD + NLO EW 

ttH:    NLO QCD 
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trigger issues and overhelming backgrounds 
forbid to search in highest rate channels 
ggf and VBF with Hàbb and  HàVVà4q 
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SM = 7TeVs

µl = e, 
oi,µi,ei = i

q = udscb
bbi± lAWH 

bb-l+ lAZH 

-o+o AVBF H 

-o+o AH 

aa

qqi± lAWW 

i
-li+ lAWW 

qq-l+ lAZZ 

ii
-l+ lAZZ 

-l+l-l+ lAZZ 

Signal Rates in Accessible Channels 
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multijet  background: 
estimation from data 
and/or found to be negligible 

Reminder of the Challenge and Tasks 

choose production times decay, which  
can be triggered and has sufficient rate  
 
suppress reducible backgrounds 
à  identification and reconstruction 
    of physics objects in final state 

suppress irreducible backgrounds 
à find discriminating variables 
     e.g. topological cuts, mass of H candidate 
 
evaluate backgrounds  
    if possible with as less input from  
    simulation as possible à data-driven 
 
investigate systematic uncertainties 
 
look at findings and interprete results 
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20 vertices 

Luminosity and Pile-up 

V.Sharma 

Eilam Gross, WIS, Freiburg Jan 2012

The new thumb rule: 
~500 pb-1/week 

DATA taking efficiency ~ 93.5%

2011 - Oh What a Year 

22

Data taking 
efficiency = 
(recording 

luminosity)/
(delivered 
luminosity)

EPS, July
~ 1.2 fb-1

LP, end 
August
~ 2.5 fb-1

the price to pay:  up to 25 overlayed minimum bias interactions  

excellent performance of LHC  
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Event Selection: 1st Step is the Trigger 

9 

reduce collision rate of 20 MHz 

to recording rate of few 100 Hz 

Higgs searches mostly rely 
on lepton and photon triggers 

 
increase in peak luminosity 
à  increase in trigger rate 
à  increase in pt thresholds 
     and use di-object triggers 
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20 vertices 

The Challenge of Pile-Up 

V.Sharma detoriates in principle: 
- identification(ID)    
  efficiencies 
- isolation efficiencies 
- jet energy and missing  
  transverse energy MET 
  resolutions 
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tools to recover: 
- develop robust ID 
   algorithms 
- assign tracks and jets 
   to primary vertex 
- correct for pile-up    
   contribution on event   
   by event basis 



Rediscovery of the SM in 2010 

11 M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      



Understanding of Detector: Example Muons 
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select samples with one tight muon and one track 

Z and J/Ψ àµtight µcandidate   („tag“&“probe“) 

à determine efficiencies in data and simulation 

scale factor = data/simulation 
- correct simulation  
- use uncertainty to derive  
  systematic uncertainty on event yield 
 
same procedure for electron, taus, 
flavour tagging, .... 
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Understanding of Detector: Example Muons (2) 
momentum scale and resolution from Z à µµ  peak position and width 

13 
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correct simulation for difference         
use uncertainty of correction to determine uncertainty on event yield 

in similar way  
for electron,  
tau leptons, jets,  
b-jets,  
missing trans. energy 



Understanding the Background Processes 

14 

Excellent agreement between theory prediction and measurement due to  
very precise calculations and good understanding of detector performance 
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In ~ 5 fb-1 after selection cuts: ~30M  Wà µ(e)ν, ~3M Z à µµ,ee, ~60k top pairs 



Estimating the Background 
a) from simulation only  ΝΒ

  =  ε reco,ID,isolation,cuts * Α * σtheo*L 
 
    ε     = efficiency (reco., ID, isolation, topological cuts)  
    A     = acceptance (phase space cuts)   
    σtheo= inclusive cross section, mostly from theory 
    L     = integrated luminosity  
 
    uncertainties:    detector performance related  ε reco,ID,isolation    

                                          vary efficiency scale factor, E resolutions and scales 
 
                            acceptance A: compare event generators, choice of αs,    
                            renormalisation µr and factorisation µr scales PDF sets 
 
                            σtheo: evaluate uncertainty from µf, µr, αs, PDF sets 
              
                            L:  ~ 4% 
 
for signal process: only way to estimate uncertainties on expected event yield  
                              and shape of final discriminating observable 
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Estimating the Background (2) 
b) almost completely data driven   
     - use parametric model for description of mass distribution, fixed in side band 
       uncertainties from model choice, statistics in sidebands, … 
 
     - select signal free control sample in data to obtain shape and to large  
       extend also normalisation from data 
       uncertainties from selection of control sample, pollution of other processes, 
       agreement of shape in signal and control region, … 
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var X < k    

var Y < l       var Y > l 

var X > k   

A 

B D 

C 

“ABCD-method” assumptions:  
- observables X and Y uncorrelated 
- control regions B,C,D dominated by  
  background to be estimated 
- shape of obervable of interest same in 
   A and B or A and C or all regions  

prediction in signal region A:   nA(m) = B/D nC(m) 



NB
signal region =  kExtrapolation * NB

control region  
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c) normalisation from control region in data (inversion of some selection criteria)  
    ratio of signal/control region and shape of observable from simulation  

uncertainties:  
pollution of control region 
with other processes 
 
knowledge of kExtrapolation 
- theory uncertainties 
  (µf,µr,αs,PDF, …) 
- detector performance 
  (identification, resolution,…) 
 

Estimating the Background (3) 

most common method, called “data-driven” but still … input from simulation 



Sensitive Search Channels in Different Mass Ranges 

3

t leptons of the same momenta. The reducible backgrounds (W + jets, multijet production,
Z ! ee) are also evaluated from control samples in data.
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Figure 1: The median expected 95% CL upper limits on the cross section ratio s/sSM as a
function of the SM Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right),
for the eight Higgs boson decay channels. Here sSM denotes the cross section predicted for the
SM Higgs boson. A channel showing values below unity (dotted red line) would be expected
to be able to exclude a Higgs boson of that mass at 95% CL. The jagged structure in the limits
for some channels results from the different event selection criteria employed in those channels
for different Higgs boson mass sub-ranges.

The H ! bb search [62] concentrates on Higgs boson production in association with W or Z
bosons, in which the focus is on the following decay modes: W ! en/µn and Z ! ee/µµ/nn.
The Z ! nn decay is identified by requiring a large missing transverse energy Emiss

T , defined
as the negative of the vector sum of the transverse momenta of all reconstructed objects in the
volume of the detector (leptons, photons, and charged/neutral hadrons). The dijet system, with
both jets tagged as b-quark jets, is also required to have a large transverse momentum, which
helps to reduce backgrounds and improves the dijet mass resolution. We use a multivariate
analysis (MVA) technique, in which a classifier is trained on simulated signal and background
events for a number of Higgs boson masses, and the events above an MVA output threshold
are counted as signal-like. The rates of the main backgrounds, consisting of W/Z + jets and
top-quark events, are derived from control samples in data. The WZ and ZZ backgrounds with
a Z boson decaying to a pair of b-quarks, as well as the single-top background, are estimated
from simulation.

The H ! WW(⇤) ! 2`2n analysis [63] searches for an excess of events with two leptons of
opposite charge, large Emiss

T , and up to two jets. Events are divided into five categories, with
different background compositions and signal-to-background ratios. For events with no jets,
the main background stems from non-resonant WW production; for events with one jet, the
dominant backgrounds are from WW and top-quark production. The events with no jets and
one jet are split into same-flavour and opposite-flavour dilepton sub-channels, since the back-
ground from Drell–Yan production is much larger for the same-flavour dilepton events. The
two-jet category is optimized to take advantage of the VBF production signature. The main
background in this channel is from top-quark production. To improve the separation of sig-
nal from backgrounds, MVA classifiers are trained for a number of Higgs boson masses, and
a search is made for an excess of events in the output distributions of the classifiers. All back-

3

t leptons of the same momenta. The reducible backgrounds (W + jets, multijet production,
Z ! ee) are also evaluated from control samples in data.
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Figure 1: The median expected 95% CL upper limits on the cross section ratio s/sSM as a
function of the SM Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right),
for the eight Higgs boson decay channels. Here sSM denotes the cross section predicted for the
SM Higgs boson. A channel showing values below unity (dotted red line) would be expected
to be able to exclude a Higgs boson of that mass at 95% CL. The jagged structure in the limits
for some channels results from the different event selection criteria employed in those channels
for different Higgs boson mass sub-ranges.

The H ! bb search [62] concentrates on Higgs boson production in association with W or Z
bosons, in which the focus is on the following decay modes: W ! en/µn and Z ! ee/µµ/nn.
The Z ! nn decay is identified by requiring a large missing transverse energy Emiss

T , defined
as the negative of the vector sum of the transverse momenta of all reconstructed objects in the
volume of the detector (leptons, photons, and charged/neutral hadrons). The dijet system, with
both jets tagged as b-quark jets, is also required to have a large transverse momentum, which
helps to reduce backgrounds and improves the dijet mass resolution. We use a multivariate
analysis (MVA) technique, in which a classifier is trained on simulated signal and background
events for a number of Higgs boson masses, and the events above an MVA output threshold
are counted as signal-like. The rates of the main backgrounds, consisting of W/Z + jets and
top-quark events, are derived from control samples in data. The WZ and ZZ backgrounds with
a Z boson decaying to a pair of b-quarks, as well as the single-top background, are estimated
from simulation.

The H ! WW(⇤) ! 2`2n analysis [63] searches for an excess of events with two leptons of
opposite charge, large Emiss

T , and up to two jets. Events are divided into five categories, with
different background compositions and signal-to-background ratios. For events with no jets,
the main background stems from non-resonant WW production; for events with one jet, the
dominant backgrounds are from WW and top-quark production. The events with no jets and
one jet are split into same-flavour and opposite-flavour dilepton sub-channels, since the back-
ground from Drell–Yan production is much larger for the same-flavour dilepton events. The
two-jet category is optimized to take advantage of the VBF production signature. The main
background in this channel is from top-quark production. To improve the separation of sig-
nal from backgrounds, MVA classifiers are trained for a number of Higgs boson masses, and
a search is made for an excess of events in the output distributions of the classifiers. All back-

mH < 120/125 GeV: 
H à 2γγ  
Hà WW*àlνlν	

H à ττ   (VBF)  
H à bb in VH  

125 < mH < 200 GeV 
H à WW->2l2ν	

H à ZZ->4l  

mH> 200 GeV 
H à ZZ à 4l, llνν, lljj 
H àWW->lνlν, lνjj 
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Higgs Boson Search Channels 
ATLAS CMS 

channel Lumi Mass Range Sub 
chan. 

Lumi Mass range Sub 
chan. 

Hàγγ	
 4.9 110-150     9 4.8 110-150  5 
Hàττ	
 1.1 100-150 4 4.6 110-145  9 
Hàbb 1.1  110-130    4 4.7 110-135  5 
HàWWàlνlν	
 2.1 110-300     6 4.6 110-600  5 
HàWWàlνqq 1.1 240-600     2 --- ---------- - 
HàZZà4l 4.8 110-600     3 4.7 110-600  3 
HàZZà2l2τ	
 ---- --------- 4.7 190-600  8 
HàZZà2l2ν	
 2.1 200-600     2 4.6 250-600  2 
HàZZà2l2q 2.1 200-600 4 4.6 130-164 

225-600  
6 

CMS:    42     subchannels,  all published with full 2011 data set	

ATLAS: 34+n subchannels,  hopefully all finalized for Moriond 2012 
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rule of thumb: 
you need to  
expect 3 signal events 
after full selection 
to exclude such a 
hypothesis 
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SM = 7TeVs

µl = e, 
oi,µi,ei = i

q = udscb
bbi± lAWH 

bb-l+ lAZH 

-o+o AVBF H 

-o+o AH 

aa

qqi± lAWW 

i
-li+ lAWW 

qq-l+ lAZZ 

ii
-l+ lAZZ 

-l+l-l+ lAZZ 

High Signal Rates à Early Sensitivity 
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HàWWàlνlν  second highest rate for MH>150 GeV, earliest sensitivity at LHC 
 
HàWWàlνqq suffers from large W+jets background 
                        ony considered for MH>240 GeV in ATLAS 



No mass reconstruction 
à signal extraction from event counting 

Signature: (ee, eµ,µµ considered)  
- 2 isolated, high pT leptons  
   with small opening angle Δφ	

 
 
 
 
- Large Missing Transverse Energy MET 

 
Analysis optimized for 3 exclusive jet 
multiplicities (0,1,2 jets) and  
for different Higgs mass hypotheses  
- pT

l, Mll, MT, Δφ discriminating variables 
- VBF selections for the 2-jet case 
For 0,1 jet bin: also multivariate technique 

CMS: H à WWàlνlν	
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Search for the Standard Model Higgs Boson in              
     H → WW → lν lν  at the ATLAS experiment  

  Evelyn Schmidt

DPG Frühjahrstagung 2012, Göttingen



WW à lν lν Preselection 

µ+  22.7 GeV 

µ-  21.1 GeV 

MET                     

 6.9 GeV 

Simulation 

Drell-Yan 

veto on Z:  |Mll-MZ|>30 GeV  
MET requirement 

µ+                     

39 GeV 
MET                     

 88 GeV 

Jet                     

 56 GeV Jet                     

 42 GeV 

µ-                     

35 GeV 

Simulation 

Top pairs 

apply top-tagger (soft muon, etc.) 
veto tagged events 

against WZ,ZZ backgrounds:   veto 3rd lepton 
 
at this stage 1359/909/703 events in 0,1,2 jet topologies 
signal efficiency (MH=130 GeV) = 5.5% 

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      



23 

ET
miss 

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      

4 4 H ! W+W�
search strategy

electron, is reduced by more than 90% in the dielectron final state by g conversion rejection
requirements.

After applying all selection criteria described in this section, which is referred to as the “W+W�

selection”, 1359, 909, and 703 events are obtained in data in the 0-jet, 1-jet, and 2-jet categories
respectively. This sample is dominated by non-resonant W+W� events. The efficiency at this
stage for a Higgs boson with mH = 130 GeV is about 5.5%. Figure 1 shows the distributions
of the azimuthal angle difference (Df``) between the two selected leptons after the W+W�

selection, for a SM Higgs boson with mH = 130 GeV and for backgrounds in the 0- and 1-jet
categories. The scale of the figures allows for comparing the background contributions between
the 0-jet and the 1-jet channels.
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Figure 1: Azimuthal angle difference between the two selected leptons in the 0-jet (left) and
1-jet (right) categories, for a mH = 130 GeV SM Higgs boson and for the main backgrounds at
the W+W� selection level.

4 H ! W+W�
search strategy

To enhance the sensitivity to a Higgs boson signal, two different analyses are performed in
the 0-jet and 1-jet categories, the first utilizing a cut-based approach and the second using a
multivariate technique. Both cover a large range of Higgs boson masses. As the kinematics of
signal events change as a function of the Higgs mass, separate optimizations are performed for
different mH hypotheses. Only the cut-based approach is applied to the 2-jet category, as its
relative impact on the sensitivity is limited with the current integrated luminosity.

In the cut-based approach extra requirements, designed to optimize the sensitivity for a SM
Higgs boson, are placed on p`,max

T , p`,min
T , m``, Df`` and the transverse mass mT, defined asq

2p``T Emiss
T (1 � cos DfEmiss

T ``), where DfEmiss
T `` is the angle in the transverse plane between Emiss

T

and the transverse momentum of the dilepton system. The cut values, which are the same in
both the 0- and 1-jet categories, are summarized in Table 1. The m`` distribution of the two
selected leptons in the 0-jet and 1-jet categories, for a mH = 130 GeV SM Higgs hypothesis and

5

for the main backgrounds, are shown in Fig. 2.

Table 1: Final event selection requirements for the cut-based analysis in the 0-jet and 1-jet bins.
The values of p`,min

T in parentheses at low Higgs masses correspond to the requirements on the
trailing lepton for the same-flavour final states.

mH p`,max
T p`,min

T m`` Df`` mT
[GeV] [GeV] [GeV] [GeV] [�] [GeV]

> > < < [,]
120 20 10 (15) 40 115 [80,120]
130 25 10 (15) 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 [120,200]
250 55 25 150 140 [120,250]
300 70 25 200 175 [120,300]
400 90 25 300 175 [120,400]
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Figure 2: Dilepton mass in the 0-jet (left) and 1-jet (right) categories, for a mH = 130 GeV SM
Higgs boson and for the main backgrounds. The cut-based H ! W+W� selection, except for
the requirement on the dilepton mass itself, is applied.

In the multivariate approach a boosted decision tree (BDT) is trained for each Higgs boson
mass hypothesis [38] and jet category to discriminate signal from background. In addition to
the W+W� selection, loose mH dependent requirements on m`` and mT are applied to enhance
the signal-to-background ratio.

The multivariate technique uses the following observables in addition to those used in the
cut-based analysis: DR`` ⌘

p
(Dh``)2 + (Df``)2 between the leptons, the transverse mass of

both lepton-Emiss
T pairs, and finally the lepton flavours. The BDT training is performed using

H ! W+W� as signal and non-resonant W+W� as background. Exhaustive studies demon-
strate that the inclusion of other processes does not improve the performance, because the
kinematic variables within the jet category and phase-space region are quite similar among

After WWàlνlν Preselection 
large ΔΦll 

2010 Data 

background dominated by WWàlνlν	

 
further jet topology dependent selection 
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5

for the main backgrounds, are shown in Fig. 2.

Table 1: Final event selection requirements for the cut-based analysis in the 0-jet and 1-jet bins.
The values of p`,min

T in parentheses at low Higgs masses correspond to the requirements on the
trailing lepton for the same-flavour final states.

mH p`,max
T p`,min

T m`` Df`` mT
[GeV] [GeV] [GeV] [GeV] [�] [GeV]

> > < < [,]
120 20 10 (15) 40 115 [80,120]
130 25 10 (15) 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 [120,200]
250 55 25 150 140 [120,250]
300 70 25 200 175 [120,300]
400 90 25 300 175 [120,400]
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Figure 2: Dilepton mass in the 0-jet (left) and 1-jet (right) categories, for a mH = 130 GeV SM
Higgs boson and for the main backgrounds. The cut-based H ! W+W� selection, except for
the requirement on the dilepton mass itself, is applied.

In the multivariate approach a boosted decision tree (BDT) is trained for each Higgs boson
mass hypothesis [38] and jet category to discriminate signal from background. In addition to
the W+W� selection, loose mH dependent requirements on m`` and mT are applied to enhance
the signal-to-background ratio.

The multivariate technique uses the following observables in addition to those used in the
cut-based analysis: DR`` ⌘

p
(Dh``)2 + (Df``)2 between the leptons, the transverse mass of

both lepton-Emiss
T pairs, and finally the lepton flavours. The BDT training is performed using

H ! W+W� as signal and non-resonant W+W� as background. Exhaustive studies demon-
strate that the inclusion of other processes does not improve the performance, because the
kinematic variables within the jet category and phase-space region are quite similar among

Final selection for H à WWàlνlν	
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Table 2: Observed number of events and background estimates for an integrated luminosity of
4.6 fb�1 after applying the W+W� selection requirements. Only statistical uncertainties on each
estimate are reported. The Z/g⇤ ! `+`� process corresponds to the dimuon and dielectron
final states.

data all bkg. qq ! W+W� gg ! W+W� tt + tW W + jets
0-jet 1359 1364.8 ± 9.3 980.6 ± 5.2 58.8 ± 0.7 147.3 ± 2.5 99.3 ± 5.0
1-jet 909 951.4 ± 9.8 416.8 ± 3.6 23.8 ± 0.5 334.8 ± 3.0 74.3 ± 4.6
2-jet 703 714.8 ± 13.5 154.7 ± 2.2 5.1 ± 0.2 413.5 ± 2.7 37.9 ± 3.6

WZ/ZZ Z/g⇤ ! `+`� Wg(⇤) Z/g⇤ ! t+t�

0-jet 33.0 ± 0.5 16.6 ± 4.0 26.8 ± 3.5 2.4 ± 0.5
1-jet 28.7 ± 0.5 39.4 ± 6.4 13.0 ± 2.6 20.6 ± 0.4
2-jet 15.1 ± 0.3 56.1 ± 11.7 10.8 ± 3.6 21.6 ± 2.1

Table 3: Observed number of events, background estimates and signal predictions for an in-
tegrated luminosity of 4.6 fb�1 after applying the H ! W+W� cut-based selection require-
ments. The combined statistical and experimental systematic uncertainties on the processes
are reported. Theoretical systematic uncertainties are not quoted. The Z/g⇤ ! `+`� process
corresponds to the dimuon, dielectron and ditau final state.

mH data all bkg. pp! W+W� top W + jets WZ + ZZ + Wg(⇤) Z/g⇤ ! `+`� H ! W+W�

0-jet category
120 136 136.7 ± 12.7 100.3 ± 7.2 6.7 ± 1.0 14.7 ± 4.7 6.1 ± 1.5 8.8 ± 9.2 15.7 ± 0.8
130 193 191.5 ± 14.0 142.2 ± 10.0 10.6 ± 1.6 17.6 ± 5.5 7.4 ± 1.6 13.7 ± 7.8 45.2 ± 2.1
160 111 101.7 ± 6.8 82.6 ± 5.4 10.5 ± 1.4 3.0 ± 1.5 2.2 ± 0.4 3.4 ± 3.4 122.9 ± 5.6
200 159 140.8 ± 6.8 108.2 ± 4.5 23.3 ± 3.1 3.4 ± 1.5 3.2 ± 0.3 2.7 ± 3.7 48.8 ± 2.2
400 109 110.8 ± 5.8 59.8 ± 2.7 35.9 ± 4.7 5.5 ± 1.8 9.3 ± 1.1 0.2 ± 0.2 17.5 ± 0.8

1-jet category
120 72 59.5 ± 5.9 27.0 ± 4.7 17.2 ± 1.0 5.4 ± 2.4 3.2 ± 0.6 6.6 ± 2.3 6.5 ± 0.3
130 105 79.9 ± 7.7 38.5 ± 6.6 25.6 ± 1.4 6.5 ± 2.5 4.0 ± 0.6 5.3 ± 2.5 17.6 ± 0.8
160 86 70.8 ± 6.0 33.7 ± 5.5 27.9 ± 1.4 3.2 ± 1.4 1.9 ± 0.3 4.2 ± 1.4 60.2 ± 2.6
200 111 130.8 ± 6.7 49.3 ± 2.2 59.4 ± 2.8 5.2 ± 1.8 2.2 ± 0.1 14.6 ± 5.3 25.8 ± 1.1
400 128 123.6 ± 5.3 44.6 ± 2.2 60.6 ± 2.9 6.2 ± 2.1 3.9 ± 0.5 8.3 ± 3.2 12.2 ± 0.5

2-jet category
120 8 11.3 ± 3.6 1.3 ± 0.2 5.5 ± 2.8 0.7 ± 0.6 1.8 ± 1.5 1.9 ± 1.4 1.1 ± 0.1
130 10 13.3 ± 4.0 1.6 ± 0.2 6.5 ± 3.2 0.7 ± 0.6 1.8 ± 1.5 2.7 ± 1.9 2.7 ± 0.2
160 12 15.9 ± 4.6 1.9 ± 0.2 8.4 ± 3.9 1.2 ± 0.8 1.8 ± 1.5 2.7 ± 1.9 12.2 ± 0.7
200 13 17.8 ± 5.0 2.2 ± 0.2 9.4 ± 4.2 1.2 ± 0.8 1.8 ± 1.5 3.2 ± 2.1 8.4 ± 0.5
400 20 23.8 ± 6.4 3.5 ± 0.3 14.1 ± 5.8 1.1 ± 0.8 1.9 ± 1.5 3.3 ± 2.1 2.5 ± 0.1
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for the main backgrounds, are shown in Fig. 2.

Table 1: Final event selection requirements for the cut-based analysis in the 0-jet and 1-jet bins.
The values of p`,min

T in parentheses at low Higgs masses correspond to the requirements on the
trailing lepton for the same-flavour final states.

mH p`,max
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T m`` Df`` mT
[GeV] [GeV] [GeV] [GeV] [�] [GeV]

> > < < [,]
120 20 10 (15) 40 115 [80,120]
130 25 10 (15) 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 [120,200]
250 55 25 150 140 [120,250]
300 70 25 200 175 [120,300]
400 90 25 300 175 [120,400]
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Figure 2: Dilepton mass in the 0-jet (left) and 1-jet (right) categories, for a mH = 130 GeV SM
Higgs boson and for the main backgrounds. The cut-based H ! W+W� selection, except for
the requirement on the dilepton mass itself, is applied.

In the multivariate approach a boosted decision tree (BDT) is trained for each Higgs boson
mass hypothesis [38] and jet category to discriminate signal from background. In addition to
the W+W� selection, loose mH dependent requirements on m`` and mT are applied to enhance
the signal-to-background ratio.

The multivariate technique uses the following observables in addition to those used in the
cut-based analysis: DR`` ⌘

p
(Dh``)2 + (Df``)2 between the leptons, the transverse mass of

both lepton-Emiss
T pairs, and finally the lepton flavours. The BDT training is performed using

H ! W+W� as signal and non-resonant W+W� as background. Exhaustive studies demon-
strate that the inclusion of other processes does not improve the performance, because the
kinematic variables within the jet category and phase-space region are quite similar among
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Table 1: Final event selection requirements for the cut-based analysis in the 0-jet and 1-jet bins.
The values of p`,min

T in parentheses at low Higgs masses correspond to the requirements on the
trailing lepton for the same-flavour final states.
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Figure 2: Dilepton mass in the 0-jet (left) and 1-jet (right) categories, for a mH = 130 GeV SM
Higgs boson and for the main backgrounds. The cut-based H ! W+W� selection, except for
the requirement on the dilepton mass itself, is applied.

In the multivariate approach a boosted decision tree (BDT) is trained for each Higgs boson
mass hypothesis [38] and jet category to discriminate signal from background. In addition to
the W+W� selection, loose mH dependent requirements on m`` and mT are applied to enhance
the signal-to-background ratio.

The multivariate technique uses the following observables in addition to those used in the
cut-based analysis: DR`` ⌘

p
(Dh``)2 + (Df``)2 between the leptons, the transverse mass of

both lepton-Emiss
T pairs, and finally the lepton flavours. The BDT training is performed using

H ! W+W� as signal and non-resonant W+W� as background. Exhaustive studies demon-
strate that the inclusion of other processes does not improve the performance, because the
kinematic variables within the jet category and phase-space region are quite similar among
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H à WWàlνlν: Boosted Decision Tree Analysis 

7
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Figure 3: BDT classifier distributions for signal and background events for a mH = 130 GeV
SM Higgs boson and for the main backgrounds at the W+W� selection level: (upper-left) 0-jet
bin same-flavour final state, (upper-right) 1-jet bin same-flavour final state, (lower-left) 0-jet bin
opposite-flavour final state, (lower-right) 1-jet bin opposite-flavour final state.

no significnt deviation 
from background  
expectation observed 
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HàWWàlνlν Background Estimation 
signal region (SR): 2 tight leptons, small mll, veto on top-tagged events 
 
W+jets and multijet  with „fake“ leptons: ΔBG~35% 
define control region (CR) with 1 tight (t)  and 1 loose (l)  lepton 
determine  εlàt  from independent sample with non-prompt lepton 
weight events in CR by εlàt   / (1- εlàt ) 
 
top quark production:ΔBG~10 to 25% 
CR=  top-tagged events   determine εtop-tag from top enriched b-tagged sample  
SR= CR x (1-εtop-tag) /ε top-tag  
 
WW production (for MH<200 GeV, otherwise from simulation only):ΔBG~10% 
CR= mll>100 GeV     SR= kMC CR 
 
Drell-Yan: ΔBG~50% 
CR = |mll-MZ|<7.5 GeV   subtract non Z background  
SR = kMC CR                   from eµ sample 
 
other backgrounds (WZ,ZZ, Wγ) from simulation 

5

for the main backgrounds, are shown in Fig. 2.

Table 1: Final event selection requirements for the cut-based analysis in the 0-jet and 1-jet bins.
The values of p`,min

T in parentheses at low Higgs masses correspond to the requirements on the
trailing lepton for the same-flavour final states.
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> > < < [,]
120 20 10 (15) 40 115 [80,120]
130 25 10 (15) 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 [120,200]
250 55 25 150 140 [120,250]
300 70 25 200 175 [120,300]
400 90 25 300 175 [120,400]
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Figure 2: Dilepton mass in the 0-jet (left) and 1-jet (right) categories, for a mH = 130 GeV SM
Higgs boson and for the main backgrounds. The cut-based H ! W+W� selection, except for
the requirement on the dilepton mass itself, is applied.

In the multivariate approach a boosted decision tree (BDT) is trained for each Higgs boson
mass hypothesis [38] and jet category to discriminate signal from background. In addition to
the W+W� selection, loose mH dependent requirements on m`` and mT are applied to enhance
the signal-to-background ratio.

The multivariate technique uses the following observables in addition to those used in the
cut-based analysis: DR`` ⌘

p
(Dh``)2 + (Df``)2 between the leptons, the transverse mass of

both lepton-Emiss
T pairs, and finally the lepton flavours. The BDT training is performed using

H ! W+W� as signal and non-resonant W+W� as background. Exhaustive studies demon-
strate that the inclusion of other processes does not improve the performance, because the
kinematic variables within the jet category and phase-space region are quite similar among



Theoretically best computation for incl. σtotal, σ≥1, σ≥2  
 à σ0=σtotal-σ≥1 , σ1=σ≥1- σ≥2, σ≥2 


à  correlated uncertainties on jet bin cross sections  
    with size between 10 and 30%  

δσ≥0 +12-7% 

δσ≥1  ±20% 

δσ≥2 ±30% 
(NLO) 
±70% 
(LO) 

WW + 0 jet:   Veto jet of pT>30 GeV 
WW + 1 jet:   1 jet of pT>30 GeV 
WW + 2 jet:   2 jet of pT>30 GeV  - VBF like 

background yield: 15% (stat. uncertainty in CRs, dominated by WW) 
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HàWWàlνlν Uncertainties 

signal efficiency:  20% dominated by theory uncertainties 



Still the golden channel: H à ZZ(*) à 4l 

1/9/12 28 

Very tiny cross section à 
 thus high efficiency must be conserved 
 
Very clean final state:  
4 high pt leptons, isolated from primary vertex 
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Eilam Gross, WIS, Freiburg Jan 2012

Higgs Decay Modes
Once the Z and W channels are opening (mH>120) it decays 
to ZZ* and WW*

The Higgs decay modes are classified according to the decays 
of the daughter bosons, thus the main decay modes are

the golden channel 4l=4 leptons

and other WW or ZZ channels

28

pT (µ-, µ+, µ+, µ-)= 61.2, 33.1, 17.8, 11.6 GeV        
m12= 89.7 GeV,     m34= 24.6 GeV 

m 4μ= 124.6 GeV 



MZ1 versus MZ2  and Lepton pt-spectra 
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lowering the pt-thresholds increases 
signifcantly the sensitivity to low mass 
Higgs boson 

challenge: lower the pt-threshold as much 
as possible but retain good separation and 
understanding 

Trigger: 2e 12 GeV or 1e 20 to 22 GeV or 2µ 10 GeV or 1 µ 18 GeV 
Offline:  4 l pt>7 GeV,  2 l with pt > 20 GeV  
             Z1: |M12-MZ| < 15 GeV  
             Z2:  Mmin < M34 < 115 GeV 
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Table 1: Higgs boson production cross sections for gluon fusion, vector-boson fusion and associated production with a W or Z
boson in pp collisions at

√
s = 7 TeV [34]. The quoted uncertainties correspond to the total theoretical systematic uncertainty.

The production cross section for associated production with a W or Z boson is negligibly small for mH > 300 GeV. The decay
branching ratio for H → 4!, with ! = e or µ, is reported in the last column [34].

mH σ (gg → H) σ (qq′ → Hqq′) σ (qq̄ → WH) σ (qq̄ → ZH) BR
`

H → ZZ(∗) → 4!
´

[GeV] [pb] [pb] [pb] [pb] [10−3]

130 14.1+2.7
−2.1 1.154+0.032

−0.027 0.501 ± 0.020 0.278 ± 0.014 0.19

150 10.5+2.0
−1.6 0.962+0.028

−0.021 0.300 ± 0.012 0.171 ± 0.009 0.38

200 5.2+0.9
−0.8 0.637+0.022

−0.015 0.103 ± 0.005 0.061 ± 0.004 1.15

400 2.0 ± 0.3 0.162+0.010
−0.005 − − 1.21

600 0.33 ± 0.06 0.058+0.005
−0.002 − − 1.23

Table 2: Lower thresholds applied to m34 for reference values of m4!. For m4! values between these reference values the
selection requirement is obtained via linear interpolation.

m4! (GeV) ≤120 130 140 150 160 165 180 190 ≥200

m34 threshold (GeV) 15 20 25 30 30 35 40 50 60
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Figure 1: Invariant mass distributions for simulated (a) H → ZZ(∗) → 4µ and (b) H → ZZ(∗) → 4e events for mH = 130 GeV.
The fitted range for the Gaussian is chosen to be : −2 σ to 2 σ (−1.5 σ to 2.5 σ) for the 4µ (4e) channel. The reduced mean
value of the reconstructed invariant mass in the 4e channel arises from energy losses due to bremsstrahlung [76]. The fraction
of events outside the ±2σ region is found to be 15% for 4µ and 18% for 4e.

to be separated from each other by ∆R > 0.1.
The invariant mass of the lepton pair closest to
the Z boson mass (mZ) is denoted by m12 and
|mZ − m12| < 15 GeV is required. The invariant
mass of the remaining lepton pair, m34, is required
to be in the range mmin < m34 < 115 GeV, where
mmin depends on the reconstructed four-lepton in-

variant mass, m4!, as shown in Table 2.

The Z +jets and tt̄ background contributions are
further reduced by applying track- and calorimeter-
based isolation and impact parameter requirements
on the leptons. For a lepton to be isolated, the sum
of the pT of tracks within ∆R < 0.2 of the lep-
ton divided by the lepton pT is required to be less

4



Irreducible Background processes 

1/9/12 30 

Irreducible background: qqàZZ(*) à4l  ggàZZ(*) à4l 

estimate from MC  simulation  (uncertainties as for signal): 

precise reconstruction 
of MZ and M4l 

crosscheck: normalisation to Zàll rate in data 

luminosity uncert.  cancel in the ratio the 
TH uncertainties ~ 10%  
(PDF4LHC prescription + QCD scales)) 

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      



Reducible Background Processes 

1/9/12 

Reducible background:    Zbb/Zcc,  and tt pair production. 
 i.e. semileptonic B(D) decays 
Leptons inside jets, from secondary vertex 

Instrumental background: 
QCD and Z/W+light jets. Events with jets faking leptons (mostly electrons) 

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      
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Figure 8: Invariant mass distributions (a) m12 and (b) m34 for the selected candidates. The data (dots) are compared to the
background expectations from the dominant ZZ(∗) process and the sum of tt̄, Zbb̄ and Z+light processes. Error bars represent
68.3% central confidence intervals.
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Figure 9: m4! distribution of the selected candidates, compared to the background expecation. Error bars represent 68.3%
central confidence intervals. The signal expectation for several mH hypotheses is also shown. The resolution of the reconstructed
Higgs mass is dominated by detector resolution at low mH values and by the Higgs boson width at high mH .
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Signal: Mass Resolution and Efficiencies 

32 M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      

Signal:  
Efficiency: 4e/4µ/2e2µ   14/27/18% at 130 GeV    (45/60/52% at 360 GeV)  
Mass resolution:  2.5/2.0/2.2 GeV for 4e/4µ/2e2µ at 130 geV  
For MH>350 width dominated by natural width of Higgs boson 
 
Systematic uncertainties: 
µ efficiency: 0.2%   e efficiency: 2 to 8% 
e energy resolution: 0.6% on M4l in 4e channel 
+ theory uncertainties from total σ and modeling of signal in simulation 
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Figure 14: Invariant mass distributions for simulated (a) H → ZZ(∗) → 2e2µ for mH = 130 GeV. The fraction of events
outside the ±2σ region is found to be 17%.
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Table 2: Lower thresholds applied to m34 for reference values of m4!. For m4! values between 120 and 200 GeV the selection
requirement is obtained via linear interpolation.

m4!
(GeV) ≤120 130 140 150 160 165 180 190 ≥200

m34 threshold (GeV) 15 20 25 30 30 35 40 50 60
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Figure 1: Invariant mass distributions for simulated (a) H → ZZ(∗) → 4µ (b) H → ZZ(∗) → 4e for mH = 130 GeV. The
fitted range for the gaussian is choose to be : −1.5 to 2.5 σ (−2 to 2 σ) for the 4e (4µ) channel. The tail of the electron
resolution after calibration [69] coming from the energy losses due to bremsstrahlung result to a reduced mean value of the
reconstructed invariant mass. The fraction of events outside the ±2σ region is found to be 15% for 4µ and 18% for 4e.
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Table 2: Lower thresholds applied to m34 for reference values of m4!. For m4! values between 120 and 200 GeV the selection
requirement is obtained via linear interpolation.
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Figure 1: Invariant mass distributions for simulated (a) H → ZZ(∗) → 4µ (b) H → ZZ(∗) → 4e for mH = 130 GeV. The
fitted range for the gaussian is choose to be : −1.5 to 2.5 σ (−2 to 2 σ) for the 4e (4µ) channel. The tail of the electron
resolution after calibration [69] coming from the energy losses due to bremsstrahlung result to a reduced mean value of the
reconstructed invariant mass. The fraction of events outside the ±2σ region is found to be 15% for 4µ and 18% for 4e.
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Estimation of Reducible Backgrounds 
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Z+jets control sample: full selection w/o isolation and impact parameter    
                                     requirements on leptons building m34 pair 
 
Z+µµ: dominated by Zbb and Zcc (subtract Z+light jets by applying fake rate)   
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Figure 12: Multiplicity of additional muons with pT > 7 GeV in events with a reconstructed Z → !! decay before and after the
subtraction of muons originating from light quarks and ZZ, WZ and tt̄ decays. For the cases with two additional muons, their
invariant mass is required to be less than 72 GeV. The MC expectation for the heavy flavour component, Q, is also presented.
The uncertainties shown include both statistical and systematic effects.
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Figure 13: (a) pT distribution and (b) η distribution for the leptons of the 71 candidates surviving the selection criteria. The
expected background distributions are also shown. Error bars represent 68.3% central confidence intervals.
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Figure 7: Invariant mass distribution of the first lepton pair: (a) µµ and (b) ee, and the second lepton pair:(c) µµ and (d) ee.
The kinematic selections of the analysis have been applied. Isolation requirements have been applied on the first lepton pair.
No charge requirements were applied to the second lepton pair.
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Z+ee: dominated by Z+ light jets 
 
for both extrapolate from CR to SR 
uncertainty 45 and 40% 
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Figure 7: Invariant mass distribution of the first lepton pair: (a) µµ and (b) ee, and the second lepton pair:(c) µµ and (d) ee.
The kinematic selections of the analysis have been applied. Isolation requirements have been applied on the first lepton pair.
No charge requirements were applied to the second lepton pair.
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top pairs: control region M12 from eµ + M34 from same flavour  
                confirms normalisation from simulation 



Results: HàZZà4l 

34 

Data:  71 observed    
4µ/2e2µ/4e: 24,30,17 

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      
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Figure 8: Invariant mass distributions (a) m12 and (b) m34 for the selected candidates. The data (dots) are compared to the
background expectations from the dominant ZZ(∗) process and the sum of tt̄, Zbb̄ and Z+light processes. Error bars represent
68.3% central confidence intervals.
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Figure 9: m4! distribution of the selected candidates, compared to the background expecation. Error bars represent 68.3%
central confidence intervals. The signal expectation for several mH hypotheses is also shown. The resolution of the reconstructed
Higgs mass is dominated by detector resolution at low mH values and by the Higgs boson width at high mH .
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Table 3: The expected numbers of background events, with their systematic uncertainty, separated into “Low-m4!” (m4! <
180 GeV) and “High-m4!” (m4! ≥ 180 GeV) regions, compared to the observed numbers of events. The expectations for a
Higgs boson signal for five different mH values are also given.

µ+µ−µ+µ− e+e−µ+µ− e+e−e+e−

Low-m4! High-m4! Low-m4! High-m4! Low-m4! High-m4!

Int. Luminosity 4.8 fb−1 4.8 fb−1 4.9 fb−1

ZZ(∗) 2.1 ± 0.3 16.3 ± 2.4 2.8 ± 0.6 25.2 ± 3.8 1.2 ± 0.3 10.4 ± 1.5

Z + jets and tt̄ 0.16 ± 0.06 0.02 ± 0.01 1.4 ± 0.5 0.17 ± 0.08 1.6 ± 0.7 0.18 ± 0.08
Total Background 2.2 ± 0.3 16.3 ± 2.4 4.3 ± 0.8 25.4 ± 3.8 2.8 ± 0.8 10.6 ± 1.5

Data 3 21 3 27 2 15
mH = 130 GeV 1.00 ± 0.17 1.22 ± 0.21 0.43 ± 0.08
mH = 150 GeV 2.1 ± 0.4 2.9 ± 0.4 1.12 ± 0.18
mH = 200 GeV 4.9 ± 0.7 7.7 ± 1.0 3.1 ± 0.4
mH = 400 GeV 2.0 ± 0.3 3.3 ± 0.5 1.49 ± 0.21
mH = 600 GeV 0.34 ± 0.04 0.62 ± 0.10 0.30 ± 0.06
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Figure 3: Invariant mass distributions (a) m12 and (b) m34 for the selected candidates. The data (dots) are compared to the
background expectations from the dominant ZZ(∗) process and the sum of tt̄, Zbb̄ and Z + light jets processes. Error bars
represent 68.3% central confidence intervals.

eral, estimated to be small with respect to the other
systematic uncertainties. An exception is found in
the case of isolated electrons with ET < 15 GeV,
where due to the small number of Z → e+e−

events and the substantial QCD backgrounds an
additional uncertainty of 5% is added.

An additional uncertainty in the signal selection
efficiency is added due to the modelling of the signal
kinematics. This is evaluated by varying the Higgs
boson pT spectrum in the gluon fusion process ac-

cording to the PDF and QCD scale uncertainties.

The Z +light jets and Zbb̄ backgrounds are eval-
uated using data. Systematic uncertainties of 45%
and 40%, respectively, are assigned to their nor-
malization to account for the statistical uncertainty
in the yield of the control sample, the uncertainty
in the composition of the control sample, and the
uncertainty in the MC-based extrapolation to the
signal region.

The overall uncertainty in the integrated lumi-
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Background exp: 
62 ± 9 
 
4µ:       19±3	

2µ/2e: 30±5 
4e:      13±2 

M4l<190 GeV 
obs.: 8 exp 9.4  
 
M4l>190 GeV  
obs: 63  exp: 52.3  
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Figure 13: Event display of a candidate diphoton event where both photon candidates are uncon-

verted. The event number is 86694500 and it was recorded during run 191426. The leading photon

has ET=64.2 GeV and η=-0.34. The subleading photon has ET=61.4 GeV and η=-0.61. The measured
diphoton mass is 126.6 GeV. The pT and pTt of the diphoton are 6.1 GeV and 5.4 GeV, respectively.

Only reconstructed tracks with pT > 1 GeV, hits in the pixel and SCT layers and TRT hits with a high
threshold are shown.
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Hà 2 Photons (MH from 110 to 150 GeV) 
signal topology: 2 isolated photons 

ATLAS 
 
Trigger: 
2 γ ET>20 GeV 
 
Offline: 
ET(1)> 40GeV 
ET(2)> 25 GeV 
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Hà 2 Photons: Background Suppression 

q 
q 

γ 
γ 

irreducible: γγ 

à excellent  reconstruction of Mγγ	


q 
g 

γ 
γ π0 q 
γ reducible: γ-jet , 2jet-jet    

H à γγ 

jj 

γj 

Datat 

η-strips 

à discriminate photon from  jet 

ID efficiency = 65 to 95%  

                          (ET 25 to 80 GeV) 

rejection of jets R ~ O(8000) 

isolation: E< 5 GeV in ΔR=0.3  

               ε2 = 87% 
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Hà 2 γ: Mass Reconstruction m2
γγ= 2 E1 E2 (1-cosα) 

  

from Z, J/ψ à ee, Wà eν data +MC: 
- energy scale at mZ known to ~ 0.5% 
- linearity better than 1%  
- “uniformity” (constant term of resolution) 
  1% (barrel) -1.7 % (end-cap) 

energy E 

opening angle α	


ϑ 

select primary vertex (~10/BX in 6 cm ) via 
a) non  converted photons: 
    intersect of photon direction from  
    1st and 2nd sampling with beam line 
b) converted photons:  
    impact in calo. and conversion vertex 
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Hà 2 γ: Mass Reconstruction m2
γγ= 2 E1 E2 (1-cosα) 

  
robust against pileup 

Appendix: Auxiliary public plots
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Figure 9: The reconstructed diphoton mass in simulated H → γγ events using the fit with the sum of
a Crystal Ball function plus a Gaussian for the inclusive event selection. In the left plot, the method

explained in Section 2.1 (“Calo/Conv pointing”) is used to determine the vertex position. Four different

results are shown corresponding to four different pile-up conditions. The number of average interac-

tions per bunch crossing is denoted by µ . On the right, the fit results using the vertex determined with
“Calo/Conv pointing” method is compared to two other methods to deduce the angle between the pho-

tons. The truth vertex gives the best possible result by using MC truth information to deduce the correct

primary vertex. In the Σp2T method the primary vertex is chosen as the one with the largest sum of the p
2
T

of the tracks associated to it. The improvement of the mass resolution by using the “Calo/Conv pointing”

method instead of the Σp2T method amounts to 5 – 20%, depending on the pile-up conditions.
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contribution to resolution  
 from α negligible 

mass resolution 1.7 GeV   
80% in +-1.4σ window 

generate the associated Higgs boson production modes (WH, ZH and tt̄H). Pileup effects are simulated

by overlaying each MC event with a variable number of MC inelastic proton-proton collisions [19],

taking into account both in-time and out-of-time pileup and the LHC bunch train structure. The predicted

signal is normalised using NNLO cross section predictions for the gluon fusion [20–23], VBF [24] and

W/Z associated production [25]. The cross section of the tt̄H process is known at NLO [26]. The

branching ratio of a Higgs boson decaying to two photons is taken from Refs. [27, 28].

Signal samples are produced in 5 GeV steps of Higgs boson mass between 110 GeV and 150 GeV,

and the following corrections are applied to these samples to match, as closely as possible, the conditions

found in the data:

• The shower shape variables used in the photon identification are shifted to better resemble the cor-
responding distributions in the data [10]. The photon identification efficiency was cross-checked

in data measurements using electrons in Z→ ee and photons in Z→ !!γ (! = e,µ). Where simple
shifts of the shower shape variables are insufficient to reproduce the data results, additional MC

reweighing is used.

• The photon energy is smeared to account for small differences in resolution between data and
simulation observed in studies of data Z→ ee events [7];

• The MC samples are reweighted to reproduce the average number of interactions per bunch cross-
ing observed in the data. The average number is approximately 6 until the end of August and then

approximately 12 until the end of the proton-proton collision data-taking in 2011;

• The signal samples were produced with a longitudinal beam spot distribution corresponding to a
Gaussian with width σz ∼ 7.5 cm, which is larger than that observed in the data (σz ∼ 6 cm). The
MC samples are therefore reweighted to correct for this difference;

• The MC signal yields are rescaled by the data-to-MC ratio for the isolation cut efficiency, as
determined from Z → ee events. The shift evaluated from the isolation distribution of electrons
between data and MC simulation is applied to the isolation variable of photons in the Higgs boson

signal MC samples. This gives a 4.4% reduction in the expected signal yield;

• The MC samples for the gluon fusion process are reweighted to take into account the expected
destructive interference between the gg→ γγ continuum background and the gg→ H→ γγ pro-
cess [29]. The correction depends on the Higgs mass and the η of the photons and is in the range
2−5%;

• Events from the gluon fusion process are reweighted so that the distribution of the Higgs boson pT
matches that obtained from the HqT calculation [30].

The expected number of signal events for any given value ofmH is obtained by a 3rd order polynomial

fit to the signal yields extracted from the simulated samples. The number of expected signal events in

each category is given in Table 3. The signal shapes as a function of mγγ in each category are obtained

from a simultaneous fit to the mγγ distributions for all the generated Higgs boson mass points using the

sum of a Crystal Ball (CB) function [31] and a wide but small amplitude Gaussian component describing

the tails. The CB function is defined as:

N ·

{
e−t

2/2 if t > −αCB,
( nCBαCB

)nCB · e−α2CB/2 · ( nCBαCB
−αCB− t)−nCB otherwise

where t = (mγγ −mH − δmH)/σCB, N is a normalization parameter, δmH is a category dependent offset,
σCB represents the diphoton invariant mass resolution, and nCB and αCB parametrize the non-Gaussian
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FIG. 1. Invariant mass distribution for the selected data sam-
ple, overlaid with the total background (see text). The bot-
tom inset displays the residual of the data with respect to the
total background. The Higgs boson expectation for a mass
hypothesis of 120 GeV corresponding to the SM cross section
is also shown.

boson cross sections, branching ratios [30] and their un-
certainties are compiled in Ref. [31].2

The cross sections multiplied by the branching ratio
into two photons are listed in Table III. The number4

of signal events produced by gluon fusion is rescaled to
take into account the expected destructive interference6

between the gg → γγ continuum background and the
gg → H → γγ process [32], leading to a reduction of the8

production rate by 2−5% depending on mH and analysis
category. The fractions of gluon-fusion, VBF, WH, ZH10

and tt̄H production are approximately 87%, 7%, 3%, 2%
and 1%, respectively, for mH = 120 GeV.12

The shower shape variables of the simulated samples
are shifted to agree with the corresponding distributions14

in the data [11] and the photon energy resolution is
broadened to account for differences observed between16

Z → ee data and MC events. Powheg NLO MC has
been reweighted to match the Higgs boson pT distribu-18

tion predicted by HqT [33]. The signal yields expected
for 4.9 fb−1 and selection efficiencies are given in Ta-20

ble III.

The invariant mass shape of the signal in each category22

is modeled by the sum of a Crystal Ball function [34] de-
scribing the core of the distribution with a width σCB ,24

and a wide Gaussian with a small amplitude describing
the tails of the mass distribution. In Fig. 2 the sum of26

all signal processes in all categories is shown for a Higgs
boson with mH = 120 GeV. The expected full-width-at-28

half-maximum (FWHM) is 4.1 GeV and σCB is 1.7 GeV.
The resolution varies with category (see Table II). The30

signal-to-background ratio (S/B), calculated in a mass

window symmetric about the signal maximum and con-32

taining 90% of the signal, varies from 0.11 to 0.01 de-
pending on the category and is also shown in Table II.34

The background in each category is estimated from the
data by fitting the diphoton mass spectrum in the range36

100−160 GeV with an exponential function with free
slope and normalization parameters. The background38

curve in Fig. 1 is the sum of these nine contributions.
For each category, a single exponential fit satisfactorily40

describes the mass spectrum. This has been checked us-
ing large samples of diphoton events produced by the42

Resbos [35] and Diphox [36] MC generators.
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FIG. 2. Reconstructed invariant mass distribution for a sim-
ulated signal of mH = 120 GeV summed over all categories,
superimposed with the fit to the signal model.

To account for a possible difference between the expo-44

nential function and the true background shape, a term
is included into the likelihood function (described below)46

that allows for a signal-like component still consistent
with the background uncertainty. For each category this48

uncertainty is estimated from MC by the difference be-
tween the mass distribution of diphoton events gener-50

ated with Resbos and the result of the exponential fit
to this distribution. Photon reconstruction and identifi-52

cation efficiencies are taken into account. The MC events
are scaled to correspond to 4.9 fb−1 of data. The uncer-54

tainty is then the maximal difference between the MC
shape and the model integrated in a sliding mass win-56

dow of 4 GeV, the approximate FWHM of the expected
signal. The uncertainties obtained are ±(0.1−7.9) events58

depending on the category. Pseudo experiments are used
to check that the sum of γγ, γj and jj events can also60

be described well by the exponential model. The back-
ground uncertainties are further validated by fitting the62

data with functions that have more degrees of freedom
than the single exponential, and comparing the residuals64

to those obtained with the exponential fit.
The dominant experimental uncertainty on the signal66

yield is the photon reconstruction and identification ef-
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Hà 2 Photons: Inclusive Mass Spectrum 

inclusive mass spectrum (εSignal~35%)    22489 events  

background shape described by a single exponential (no simulation used) 
(checked with double exponential and 2nd order Bernstein polynom) 

syst. uncertainty: difference in 4 GeV window between exp. and MC prediction 
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TABLE III. Higgs boson production cross section multiplied
by the branching ratio into two photons, expected number
of signal events summed over all categories for 4.9 fb−1 and
selection efficiencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

σ ×BR [fb] 45 44 43 40 36 32 27 22 16

Signal events 69 72 72 69 65 58 50 41 31

Efficiency [%] 31 33 34 35 37 37 38 38 39

ficiency (±11%), which is estimated with data by using
electrons from Z and W decays and photons selected2

from Z → !!γ (! = e, µ) events. Pileup also affects
the identification efficiency and contributes to the uncer-4

tainty (±4%). Further uncertainties on the signal yield
are related to the trigger (±1%), Higgs boson pT model-6

ing (±1%), isolation (±5%) and luminosity (±3.9%). Un-
certainties on the predicted cross sections are due to un-8

certainties on the QCD renormalization and factorization
scales (+12

−8 %) and on the parton density functions (PDF,10

[37] and references therein) and αs (±8%). The total
uncertainty on the signal yield is +20

−17%. The total uncer-12

tainty on the mass resolution is ±14%, dominated by the
uncertainty on the energy resolution of the calorimeter,14

determined from Z → ee events (±12%). Further uncer-
tainties on the mass resolution result from an imperfect16

knowledge of material in front of the calorimeter affect-
ing the extrapolation from electron to photon calibration18

(±6%), the impact of pileup (±3%) estimated from ran-
domly triggered events, and the photon angle measure-20

ment (±1%) estimated using Z → ee events. The uncer-
tainty on the knowledge of the material in front of the22

calorimeter is used to derive the amount of event migra-
tion between the converted and unconverted categories24

(±4.5%). Different PDFs and scale variations in HqT

calculations are used to derive possible event migration26

between high and low pTt categories (±8%).

A modified frequentist approach (CLS) [38] for set-28

ting limits and a frequentist approach to calculate the p0
value are used [39]. The p0 is the probability that the30

background fluctuates to the observed number of events
or higher. The combined likelihood, which is a function32

of the ratio of the measured cross-section relative to that
of the SM prediction, is constructed from the unbinned34

likelihood functions of the nine categories. Systematic
uncertainties are incorporated by introducing nuisance36

parameters with constraints. Asymptotic formulae [40]
are used to derive the limits and p0 values, which are38

refined with pseudo experiments [41], as functions of the
hypothetical Higgs boson mass.40

The observed and expected local p0 values and the
95% CL limits on the Higgs boson production in units42

of the SM cross section are displayed in Figs. 3 and 4.

Before considering the uncertainty on the signal mass po-44

sition, the largest excess with respect to the background-
only hypothesis in the mass range 110-150 GeV is ob-46

served at 126.5 GeV with a local significance of 2.9 stan-
dard deviations. The uncertainty on the mass position48

(±0.7 GeV) due to the imperfect knowledge of the pho-
ton energy scale has a small effect on the significance.50

When this uncertainty is taken into account using pseudo
experiments, the significance is 2.8 standard deviations;52

this becomes 1.5 standard deviations when the look else-
where effect [42] for the mass range 110-150 GeV is in-54

cluded. The median expected upper limits of the cross
section in the absence of a true signal, at the 95% CL,56

vary between 1.6 and 1.7 times the SM cross section in
the mass range 115−130 GeV, and between 1.6 and 2.758

in the mass range 110−150 GeV. The observed 95% CL
upper limit of the cross section relative to the SM cross60

section is between 0.83 and 3.6 over the full mass range.
A SM Higgs boson is excluded at 95% CL in the mass62

ranges of 113−115 GeV and 134.5−136 GeV.
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FIG. 3. The observed local p0, the probability that the back-
ground fluctuates to the observed number of events or higher
(solid line). The open points indicate the observed local p0
value when energy scale uncertainties are taken into account.
The dotted line shows the expected median local p0 for the
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64

66

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions68

without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;70

YerPhI, Armenia; ARC, Australia; BMWF, Austria;
ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP,72

Brazil; NSERC, NRC and CFI, Canada; CERN; CONI-
CYT, Chile; CAS, MOST and NSFC, China; COLCIEN-74

CIAS, Colombia; MSMT CR, MPO CR and VSC CR,
Czech Republic; DNRF, DNSRC and Lundbeck Founda-76

tion, Denmark; ARTEMIS and ERC, European Union;
IN2P3-CNRS, CEA-DSM/IRFU, France; GNAS, Geor-78

gia; BMBF, DFG, HGF, MPG and AvH Foundation,
Germany; GSRT, Greece; ISF, MINERVA, GIF, DIP and80

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

3

 [GeV]γγm

100 110 120 130 140 150 160

D
a
ta

 -
 B

kg
 

-100

-50

0

50

100
100 110 120 130 140 150 160

E
ve

n
ts

 /
 G

e
V

0

100

200

300

400

500

600

700

800

900

Data 2011

Background model

 = 120 GeV (MC)
H

SM Higgs boson m

Selected diphoton sample

-1
 Ldt = 4.9 fb∫ = 7 TeV, s

ATLAS

FIG. 1. Invariant mass distribution for the selected data sam-
ple, overlaid with the total background (see text). The bot-
tom inset displays the residual of the data with respect to the
total background. The Higgs boson expectation for a mass
hypothesis of 120 GeV corresponding to the SM cross section
is also shown.

boson cross sections, branching ratios [30] and their un-
certainties are compiled in Ref. [31].2

The cross sections multiplied by the branching ratio
into two photons are listed in Table III. The number4

of signal events produced by gluon fusion is rescaled to
take into account the expected destructive interference6

between the gg → γγ continuum background and the
gg → H → γγ process [32], leading to a reduction of the8

production rate by 2−5% depending on mH and analysis
category. The fractions of gluon-fusion, VBF, WH, ZH10

and tt̄H production are approximately 87%, 7%, 3%, 2%
and 1%, respectively, for mH = 120 GeV.12

The shower shape variables of the simulated samples
are shifted to agree with the corresponding distributions14

in the data [11] and the photon energy resolution is
broadened to account for differences observed between16

Z → ee data and MC events. Powheg NLO MC has
been reweighted to match the Higgs boson pT distribu-18

tion predicted by HqT [33]. The signal yields expected
for 4.9 fb−1 and selection efficiencies are given in Ta-20

ble III.

The invariant mass shape of the signal in each category22

is modeled by the sum of a Crystal Ball function [34] de-
scribing the core of the distribution with a width σCB ,24

and a wide Gaussian with a small amplitude describing
the tails of the mass distribution. In Fig. 2 the sum of26

all signal processes in all categories is shown for a Higgs
boson with mH = 120 GeV. The expected full-width-at-28

half-maximum (FWHM) is 4.1 GeV and σCB is 1.7 GeV.
The resolution varies with category (see Table II). The30

signal-to-background ratio (S/B), calculated in a mass

window symmetric about the signal maximum and con-32

taining 90% of the signal, varies from 0.11 to 0.01 de-
pending on the category and is also shown in Table II.34

The background in each category is estimated from the
data by fitting the diphoton mass spectrum in the range36

100−160 GeV with an exponential function with free
slope and normalization parameters. The background38

curve in Fig. 1 is the sum of these nine contributions.
For each category, a single exponential fit satisfactorily40

describes the mass spectrum. This has been checked us-
ing large samples of diphoton events produced by the42

Resbos [35] and Diphox [36] MC generators.

 [GeV]γγm

100 105 110 115 120 125 130 135 140

 /
 0

.5
 G

e
V

γγ
1

/N
 d

N
/d

m

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

ATLAS

(Simulation)

γγ→H
 = 120 GeVHm

 = 1.7 GeVCBσ

FWHM = 4.1 GeV

FIG. 2. Reconstructed invariant mass distribution for a sim-
ulated signal of mH = 120 GeV summed over all categories,
superimposed with the fit to the signal model.

To account for a possible difference between the expo-44

nential function and the true background shape, a term
is included into the likelihood function (described below)46

that allows for a signal-like component still consistent
with the background uncertainty. For each category this48

uncertainty is estimated from MC by the difference be-
tween the mass distribution of diphoton events gener-50

ated with Resbos and the result of the exponential fit
to this distribution. Photon reconstruction and identifi-52

cation efficiencies are taken into account. The MC events
are scaled to correspond to 4.9 fb−1 of data. The uncer-54

tainty is then the maximal difference between the MC
shape and the model integrated in a sliding mass win-56

dow of 4 GeV, the approximate FWHM of the expected
signal. The uncertainties obtained are ±(0.1−7.9) events58

depending on the category. Pseudo experiments are used
to check that the sum of γγ, γj and jj events can also60

be described well by the exponential model. The back-
ground uncertainties are further validated by fitting the62

data with functions that have more degrees of freedom
than the single exponential, and comparing the residuals64

to those obtained with the exponential fit.
The dominant experimental uncertainty on the signal66

yield is the photon reconstruction and identification ef-
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Figure 10: Background components in the inclusive analysis extracted by the double two-dimensional

sideband method for two data taking periods. The first period taken with LHC beam optics parame-

ter β ∗ = 1.5 m corresponds to an integrated luminosity of 2.1 fb−1 and on average 6 interactions per
bunch crossing. The later period taken with β ∗ = 1.0 m corresponds to 2.8 fb−1 and 12 interactions per
bunch crossing on average. The statistical uncertainty is negligible small comparing to the systematic

uncertainty.
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andMC simulation to the results of the data-driven data decomposition using the double two-dimensional
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[1] The ATLAS Collaboration, Search for the Higgs boson in the Diphoton Channel with the ATLAS

Detector using 209 pb−1 of 7 TeV Data taken in 2011, ATLAS-CONF-2011-085 (2011).
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• Unconverted central: both photons are unconverted and located in the central part of the barrel
calorimeter (|η | <0.75). This is the category with the best invariant mass resolution;

• Unconverted rest: both photons are unconverted and at least one photon does not lie in the central
part of the barrel calorimeter;

• Converted central: at least one photon is converted and both photons are found in the central part
of the barrel calorimeter;

• Converted transition: at least one photon is converted and at least one photon is located near the
transition between barrel and endcap calorimeter (1.3< |η | <1.75). Given the larger amount of
material in this region, the energy resolution, in particular for converted photons, can be signifi-

cantly degraded;

• Converted rest: all other events with at least one converted photon.

With the increased data set corresponding to 4.9 fb−1 it is possible to further split some of the cate-
gories to optimize the sensitivity to a potential Higgs boson signal. This analysis therefore introduces a

new diphoton observable, pTt, which is defined as the component of !p
γγ
T transverse to the diphoton thrust

axis [13, 14], as shown in Figure 3.
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Figure 3: Sketch of the pTt definition.
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termined from the barycenters of the showers in the first
and second layers of the calorimeter. The extrapolation2

of the trajectories as well as the average beam spot po-
sition are used to determine the origin of the photons4

along the beam line, z. The resolution of the z vertex
coordinate is ∼ 6mm on average for two converted pho-6

tons with reconstructed tracks, and ∼ 15mm otherwise.
The contribution of the resulting angular resolution to8

the mass resolution is negligible in comparison to that of
the energy resolution.10

In total 22489 events pass the selection in the dipho-
ton mass range 100−160 GeV. To confirm the dominance12

of the diphoton processes (γγ) over backgrounds with
one or two misidentified jets (γj, jj), the composition of14

the selected sample is estimated using the data. A side-
band technique [5] is used to estimate the numbers of16

γγ, γj or jj events. The fraction of true diphoton events
is estimated to be (71± 5)%. The amount of Drell-Yan18

background is estimated by selecting Z → ee decays in
data where either one or both electrons pass the photon20

selection. The measured composition is summarized in
Table I and is compatible with MC expectations. This22

decomposition is not directly used in the signal search;
however, it is used to validate the parametrization of the24

background fit (see below).

TABLE I. Composition of the selected sample as obtained
from the data in the mass window of 100−160 GeV. A sum
in quadrature of statistical and systematic uncertainties is
quoted.

γγ γj jj Drell-Yan

Events 16000± 1100 5230± 890 1130± 600 165± 8

Fraction (71± 5)% (23± 4)% (5± 3)% (0.7± 0.1)%
26

The events are separated into nine mutually exclusive28

categories with different mass resolutions and signal-to-
background ratios, to increase the sensitivity to a pos-30

sible Higgs boson signal. Categories are defined by the
conversion status and η of the selected photons, and the32

diphoton transverse momentum orthogonal to the dipho-
ton thrust axis in the transverse plane, pTt [13], as pro-34

posed in Ref. [14]. Events with two unconverted photons
are separated into unconverted central (|η| < 0.75 for36

both candidates) and unconverted rest (all other events).
Events with at least one converted photon are sepa-38

rated into converted central (|η| < 0.75 for both can-
didates), converted transition (at least one photon with40

1.3 < |η| < 1.75) and converted rest (all other events).
Excepting the converted transition category, each cate-42

gory is further divided by a cut at pTt=40 GeV into two
categories, low pTt and high pTt. MC studies show that44

signal events produced in vector-boson fusion (VBF) or
in associated production (W/ZH and tt̄H), have on av-46

erage larger pTt than background events. The number of
data events in each category is given in Table II.48

TABLE II. Mass resolution (σCB and FWHM, both in GeV),
expected number of signal events (NS) for mH = 120 GeV
and number of events in the data (ND) in each category for
4.9 fb−1. NS and ND are for the mass range 100−160 GeV.
The signal-to-background ratios (S/B) are given in a mass
window containing 90% of the signal for mH = 120 GeV.

Category σCB FWHM NS ND S/B

Unconverted central, low pTt 1.4 3.4 9.1 1763 0.05

Unconverted central, high pTt 1.4 3.3 2.6 235 0.11

Unconverted rest, low pTt 1.7 4.0 17.7 6234 0.02

Unconverted rest, high pTt 1.6 3.9 4.7 1006 0.04

Converted central, low pTt 1.6 3.9 6.0 1318 0.03

Converted central, high pTt 1.5 3.6 1.7 184 0.08

Converted rest, low pTt 2.0 4.7 17.0 7311 0.01

Converted rest, high pTt 1.9 4.5 4.8 1072 0.03

Converted transition 2.3 5.9 8.5 3366 0.01

All categories 1.7 4.1 72.1 22489 0.02

The distribution of the invariant mass of the dipho-50

ton events, mγγ , summed over all categories, is shown in
Fig. 1. The sum of the background-only fits (described52

below) to the invariant mass in each of the categories is
superimposed. The signal expectation for a SM Higgs54

boson with mH = 120 GeV is also shown. The presence
of the Higgs boson will appear as a narrow resonance in56

the invariant mass of the selected photon pairs superim-
posed on a smoothly falling background. The residual58

of the data with respect to the total background as a
function of mγγ is also shown in Fig. 1.60

Higgs boson production and decay are simulated with62

several MC samples that are passed through a full de-
tector simulation [15] using Geant4 [16]. Pileup effects64

are simulated by overlaying each MC event with a vari-
able number of MC inelastic proton-proton collisions [17].66

Powheg [18], interfaced to Pythia [19] for showering
and hadronization, is used for generation of gluon fusion68

and VBF production. Pythia is used to generate the
Higgs boson production in association with W/Z and tt̄.70

The Higgs boson production cross sections are com-
puted up to next-to-next-to-leading order (NNLO) [20] in72

QCD for the gluon fusion process. In addition, QCD soft-
gluon resummations up to next-to-next-to-leading log74

(NNLL) improve the NNLO calculation [21]. The next-
to-leading order (NLO) EW corrections are applied [22].76

These results are compiled in Refs. [23] assuming fac-
torisation between QCD and EW corrections. The cross78

sections for the VBF process are calculated with full NLO
QCD and EW corrections [24], and approximate NNLO80

QCD corrections are available [25]. TheW/ZH processes
are calculated at NLO [26] and at NNLO [27], and NLO82

EW radiative corrections [28] are applied. The full NLO
QCD corrections for tt̄H are calculated [29]. The Higgs84
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termined from the barycenters of the showers in the first
and second layers of the calorimeter. The extrapolation2

of the trajectories as well as the average beam spot po-
sition are used to determine the origin of the photons4

along the beam line, z. The resolution of the z vertex
coordinate is ∼ 6mm on average for two converted pho-6

tons with reconstructed tracks, and ∼ 15mm otherwise.
The contribution of the resulting angular resolution to8

the mass resolution is negligible in comparison to that of
the energy resolution.10

In total 22489 events pass the selection in the dipho-
ton mass range 100−160 GeV. To confirm the dominance12

of the diphoton processes (γγ) over backgrounds with
one or two misidentified jets (γj, jj), the composition of14

the selected sample is estimated using the data. A side-
band technique [5] is used to estimate the numbers of16

γγ, γj or jj events. The fraction of true diphoton events
is estimated to be (71± 5)%. The amount of Drell-Yan18

background is estimated by selecting Z → ee decays in
data where either one or both electrons pass the photon20

selection. The measured composition is summarized in
Table I and is compatible with MC expectations. This22

decomposition is not directly used in the signal search;
however, it is used to validate the parametrization of the24

background fit (see below).

TABLE I. Composition of the selected sample as obtained
from the data in the mass window of 100−160 GeV. A sum
in quadrature of statistical and systematic uncertainties is
quoted.

γγ γj jj Drell-Yan

Events 16000± 1100 5230± 890 1130± 600 165± 8

Fraction (71± 5)% (23± 4)% (5± 3)% (0.7± 0.1)%
26

The events are separated into nine mutually exclusive28

categories with different mass resolutions and signal-to-
background ratios, to increase the sensitivity to a pos-30

sible Higgs boson signal. Categories are defined by the
conversion status and η of the selected photons, and the32

diphoton transverse momentum orthogonal to the dipho-
ton thrust axis in the transverse plane, pTt [13], as pro-34

posed in Ref. [14]. Events with two unconverted photons
are separated into unconverted central (|η| < 0.75 for36

both candidates) and unconverted rest (all other events).
Events with at least one converted photon are sepa-38

rated into converted central (|η| < 0.75 for both can-
didates), converted transition (at least one photon with40

1.3 < |η| < 1.75) and converted rest (all other events).
Excepting the converted transition category, each cate-42

gory is further divided by a cut at pTt=40 GeV into two
categories, low pTt and high pTt. MC studies show that44

signal events produced in vector-boson fusion (VBF) or
in associated production (W/ZH and tt̄H), have on av-46

erage larger pTt than background events. The number of
data events in each category is given in Table II.48

TABLE II. Mass resolution (σCB and FWHM, both in GeV),
expected number of signal events (NS) for mH = 120 GeV
and number of events in the data (ND) in each category for
4.9 fb−1. NS and ND are for the mass range 100−160 GeV.
The signal-to-background ratios (S/B) are given in a mass
window containing 90% of the signal for mH = 120 GeV.

Category σCB FWHM NS ND S/B

Unconverted central, low pTt 1.4 3.4 9.1 1763 0.05

Unconverted central, high pTt 1.4 3.3 2.6 235 0.11

Unconverted rest, low pTt 1.7 4.0 17.7 6234 0.02

Unconverted rest, high pTt 1.6 3.9 4.7 1006 0.04

Converted central, low pTt 1.6 3.9 6.0 1318 0.03

Converted central, high pTt 1.5 3.6 1.7 184 0.08

Converted rest, low pTt 2.0 4.7 17.0 7311 0.01

Converted rest, high pTt 1.9 4.5 4.8 1072 0.03

Converted transition 2.3 5.9 8.5 3366 0.01

All categories 1.7 4.1 72.1 22489 0.02

The distribution of the invariant mass of the dipho-50

ton events, mγγ , summed over all categories, is shown in
Fig. 1. The sum of the background-only fits (described52

below) to the invariant mass in each of the categories is
superimposed. The signal expectation for a SM Higgs54

boson with mH = 120 GeV is also shown. The presence
of the Higgs boson will appear as a narrow resonance in56

the invariant mass of the selected photon pairs superim-
posed on a smoothly falling background. The residual58

of the data with respect to the total background as a
function of mγγ is also shown in Fig. 1.60

Higgs boson production and decay are simulated with62

several MC samples that are passed through a full de-
tector simulation [15] using Geant4 [16]. Pileup effects64

are simulated by overlaying each MC event with a vari-
able number of MC inelastic proton-proton collisions [17].66

Powheg [18], interfaced to Pythia [19] for showering
and hadronization, is used for generation of gluon fusion68

and VBF production. Pythia is used to generate the
Higgs boson production in association with W/Z and tt̄.70

The Higgs boson production cross sections are com-
puted up to next-to-next-to-leading order (NNLO) [20] in72

QCD for the gluon fusion process. In addition, QCD soft-
gluon resummations up to next-to-next-to-leading log74

(NNLL) improve the NNLO calculation [21]. The next-
to-leading order (NLO) EW corrections are applied [22].76

These results are compiled in Refs. [23] assuming fac-
torisation between QCD and EW corrections. The cross78

sections for the VBF process are calculated with full NLO
QCD and EW corrections [24], and approximate NNLO80

QCD corrections are available [25]. TheW/ZH processes
are calculated at NLO [26] and at NNLO [27], and NLO82

EW radiative corrections [28] are applied. The full NLO
QCD corrections for tt̄H are calculated [29]. The Higgs84

ATLAS: Hà 2 Photons - Analysis Optimisation 

enhance signal/background ratio  
and mass resolution by splitting  
in 9 categories: 
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Figure 2: Composition of the inclusive data sample as a function of mγγ , extracted from the double two-

dimensional sideband method after the inclusive event selection. The various components are stacked on

top of each other. The error bars correspond to the statistical uncertainties on each component separately.

The gray bands show the overall uncertainty on each component.

• Unconverted central: both photons are unconverted and located in the central part of the barrel
calorimeter (|η | <0.75). This is the category with the best invariant mass resolution;

• Unconverted rest: both photons are unconverted and at least one photon does not lie in the central
part of the barrel calorimeter;

• Converted central: at least one photon is converted and both photons are found in the central part
of the barrel calorimeter;

• Converted transition: at least one photon is converted and at least one photon is located near the
transition between barrel and endcap calorimeter (1.3< |η | <1.75). Given the larger amount of
material in this region, the energy resolution, in particular for converted photons, can be signifi-

cantly degraded;

• Converted rest: all other events with at least one converted photon.

With the increased data set corresponding to 4.9 fb−1 it is possible to further split some of the cate-
gories to optimize the sensitivity to a potential Higgs boson signal. This analysis therefore introduces a

new diphoton observable, pTt, which is defined as the component of !p
γγ
T transverse to the diphoton thrust

axis [13, 14], as shown in Figure 3.
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Figure 3: Sketch of the pTt definition.
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Additional Plots and Tables

TABLE IV. Summary of systematic uncertainties on the ex-
pected signal and the background. The relative variations of
the signal yield, mass resolution, mass position and amount
of signal events in the categories for various sources of un-
certainties are shown. The background uncertainty depends
on the analysis category and is given as a number of events
corresponding to 4.9 fb−1 integrated luminosity.

Signal event yield

Photon reconstruction and identification ±11%
Effect of pileup on photon identification ±4%
Isolation cut efficiency ±5%
Trigger efficiency ±1%
Higgs boson cross section (scales) +12

−8 %
Higgs boson cross section (PDF+αs) ±8%
Higgs boson pT modeling ±1%
Luminosity ±3.9%

Signal mass resolution

Calorimeter energy resolution ±12%
Photon energy calibration ±6%
Effect of pileup on energy resolution ±3%
Photon angular resolution ±1%

Signal mass position

Photon energy scale ±0.7 GeV

Signal category migration

Higgs boson pT modeling ±8%
Conversion rate ±4.5%

Background model ± (0.1− 7.9) events

TABLE V. Systematic uncertainty (the number of events for
data of 4.9 fb−1) on the background model in the nine cate-
gories.

Category Events

Unconverted central, low pTt ±2.8

Unconverted central, high pTt ±0.1

Unconverted rest, low pTt ±5.9

Unconverted rest, high pTt ±0.7

Converted central, low pTt ±1.8

Converted central, high pTt ±0.1

Converted rest, low pTt ±7.9

Converted rest, high pTt ±0.8

Converted transition ±1.7
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FIG. 5. The observed diphoton mass distribution in the cat-
egory unconverted central low pTt.

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

n
ts

 /
 4

 G
e
V

0

10

20

30

40

50

60

Data 2011

Exponential fit

Tt
Unconverted central, high p

-1
 Ldt = 4.9 fb∫ = 7 TeV, s

ATLAS

FIG. 6. The observed diphoton mass distribution in the cat-
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CMS: SM Hàττ with 4.6 fb-1 (110-145 GeV) 

44 

three combinations of  
decay modes considered 

 Markus Klute - MIT LHC New Physics Forum  - 12/20/2011 14

φ→ττ

φ φb

b

b

● Di-Tau selection: µ-τ, e-τ, e-µ

● Standard Model (110-145 GeV): 3 channels

● MSSM (90-1000 GeV): 2 channels

Inclusive VBF Boosted

w/o b-tag w/ b-tag

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011            21

Low Mass Higgs Search : H ττ

µ P
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Jet2 ET
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Δη (jj) = 3.5 

Missing ET = 97 GeV 

Jet1 ET
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τ  → π+π0 ν

τ P
T

vis = 70 GeV 

•   ττ selection: μ+τhad , μ+τhad , μ+e

•  SM-Boosted mode added 
•  VBF mode cleanest, most sensitive

0 or 1 JET
0 jets>30GeV or 1jet<150GeV

BOOSTED
One jet PT>150GeV

VBF
>= 2jets >30GeV
Δη>4, Mjj>400GeV
No additional jets with PT>30GeV
In the rapidity gap
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•   ττ selection: μ+τhad , μ+τhad , μ+e

•  SM-Boosted mode added 
•  VBF mode cleanest, most sensitive

0 or 1 JET
0 jets>30GeV or 1jet<150GeV

BOOSTED
One jet PT>150GeV

VBF
>= 2jets >30GeV
Δη>4, Mjj>400GeV
No additional jets with PT>30GeV
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τàeνν     18 % 
τàµνν     17 % 
τàτhad ν  65 % 
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CMS: SM Hàττ with 4.6 fb-1 (110-145GeV) 
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2Stan Lai
Detector Performance for Tau Identification

22 July 2011

Tau Lepton Properties

Tau Lepton Properties
● mτ = 1.78 GeV
● cτ = 87 μm
● BR(τ→lνν) = 35.2%
● BR(τ→hadrons) = 64.8%

Typical detector signature
● one or three charged tracks
● collimated calorimeter energy deposits
● large leading track momentum fraction
● possible secondary vertex reconstruction

ATLAS Tau Physics Program
● Standard Model cross section measurements
● Higgs searches (SM and beyond)
● Searches for SUSY and exotica

  

backgrounds:      reducible ---------------------------------------------à irreducible 
vor VBF 

kinematics, colour flow,… mass reconstruction 

500xsignal                   10000xsignal                17xsignal    

select τ decay products 

  - τhad energy scale Δ=3% 

  - τhad efficiency      Δ= 6% 
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CMS: SM Hàττ examples of topological cuts 
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FIG. 3: Illustration of the definition of parameters used in the ≥ cut.

The first is the sum of the projection of both visible tau p
T

onto the bisection vector ( pvis

≥

= ~pvis

ø1
· ≥̂ + ~pvis

ø2
· ≥̂ ).

The second is the sum of pvis

≥

and the projection of the /E
T

onto the bisection vector (p
≥

= pvis

≥

+ /E
T

· ≥̂). Figure 4
shows the separation between signal and W plus jet(s) background in the pvis

≥

, p
≥

plane.
The electron candidate is required to have E

T

> 10 GeV and p
T

> 8 GeV/c. The ratio of the hadronic calorimeter
to electromagnetic calorimeter deposit has to be less than 0.055 + 0.00045£E. Additional requirements on E/p,
calorimeter isolation, CES energy deposit, and track quality improve the purity of the electron sample.

The muons are required to have p
T

> 10 GeV/c, and matched to a stub in the appropriate muon detectors. The
energy deposited in the calorimeter is required to be small, consistent with a minimum ionizing track plus accidental
activity.

Events consistent with Z ! e+e° and Z ! µ+µ° are suppressed by requiring that the invariant mass calculated
using an e+e° or µ+µ° assumption be outside a 25 GeV/c2 window of the Z boson mass.

Finally, we require the tau candidate to have either one or three tracks, and opposite charge from the e or µ.
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e(µ) τhad channels: 
MT(l,MET) < 40 GeV 
à suppress W backgrounds 

2 3 Trigger and Event Selection

2 CMS Detector

The central feature of the CMS apparatus [12] is a superconducting solenoid, of 6 m internal
diameter, providing a field of 3.8 T. Within the field volume are the silicon pixel and strip
tracker, the crystal electromagnetic calorimeter and the brass/scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel return yoke. In addition
to the barrel and endcap detectors, CMS has extensive forward calorimetry.

3 Trigger and Event Selection

The triggers used to select the events for this analysis are based on the presence of electron
and/or muon trigger objects [13, 14], and calorimeter deposits consistent with those expected
from hadronic tau decays. As the LHC instantaneous luminosity increased, the thresholds on
the pT of the leptons and tau decay candidate increased to keep rates under control [15].

The analysis presented here makes use of particle flow techniques which combine the informa-
tion from all CMS sub-detectors to identify and reconstruct individual particles in the event,
namely muons, electrons, photons, and charged and neutral hadrons. The detailed description
of the algorithm and its commissioning can be found elsewhere [16, 17]. The particle list is
given as input to the jet, tau, and missing transverse energy (“ET/ “) reconstruction. Hadroni-
cally decaying taus are reconstructed using the “HPS” algorithm [18]. Hadronic jets are recon-
structed with the anti-kT jet algorithm [19] with a cone of DR = 0.5. The analysis here follows
the same techniques as used in the earlier measurement of the production cross section for
Z ! tt [20].

For the µth and eth final states, we select events with an isolated muon with pT > 15 GeV or
electron with pT > 20 GeV and |h| < 2.1, and an oppositely charged th with pT > 20 GeV and
|h| < 2.3. For the eµ final state, we select events with an isolated electron with |h| < 2.5 and an
oppositely charged isolated muon with |h| < 2.1, with pT > 20 GeV for the leading lepton and
pT > 10 GeV for next-to-leading lepton. We reject events in which there are more than one e or
µ.

In tau decays, due to the small invariant mass of the tau lepton, the neutrinos tend to be pro-
duced near the visible products. For W+jets decays, one of the main expected backgrounds,
due the high mass of the W the neutrino should be approximately opposite the lepton and the
jet misidentified as a tau, in the transverse plane. In the et and µt channels of the SM search,
which focuses on lower-mass Higgs bosons (less than about 140 GeV), we require the transverse
mass of the lepton and ET/ to be less than 40 GeV in order to discriminate against the W+jets
background. In the MSSM search channels, and the eµ SM search channel, we use a discrim-
inator, formed by considering the bisector of the directions of the visible tau decay products
transverse to the beam direction, denoted the z axis [21, 22]. From the projection of the visible
decay product momenta and the ET/ vector onto the z axis, two values are calculated:

Pz = pT,1 · z + pT,2 · z + ET/ · z, (1)

Pvis
z = pT,1 · z + pT,2 · z (2)

For the eth and µth channels we require Pz � 0.5Pvis
z > �20 GeV and for the eµ channel we

require Pz � 0.85Pvis
z > �25 GeV.

To further enhance the sensitivity of the search for Higgs bosons both in the SM and in the
MSSM we split the sample of selected events in several categories based on the number of
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eµ channel: 
projection on bisector of tau decays 
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CMS: SM Hàττ  categories 
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optimize sensitivity by splitting in jet/topology categories 
à past has shown: VBF has highest sensitivity 
     but all production modes considered:  ggàH, VBF, W(Z)H, ttH 

VBF Boosted 0/1 Jet 
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0/1 Jet  
at most 1 jet  with PT>30 GeV 
if 1 jet, then PT<150 GeV 
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CMS: SM Hàττ VBF selection 
EW QCD 

exploit different colour flow 

veto on 3rd jet btw. tagging jets  

D. Zeppenfeld et al., Phys.Rev.D54:6680 (1996)  
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Mass Reconstruction: Missing Mass Calculator 

idea: also fully reconstruct τ 4-vectors à invariant di-tau mass 
assumption: MET only from neutrinos 
 
ττàhad had 2ν:  6 unknowns  2x (px,py,pz) 
ττàlep had  3ν:  7 unknowns: 2 x(Px,Py,Pz) +mνν	


ττàlep lep   4ν:  8 unknowns: 2 x(Px,Py,Pz) + 2x mνν	


 

 

Elagin, Murat, Pranko, Safonov, Nucl.Instrum.Meth. A654 (2011) 481 

four kinematic constraints (non linear equations) 

2 METx/y  from νs only                 2 mτ constraints 

à  need to assume 2 to 4 values for neutrino momenta to solve equations 

scan phase space  and solve equations for each point 
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Missing Mass Calculator 
calculate probability for each phase- 
space point to stem from 2 tau decays 

phase space weight =  

scan phase space   
solve equations for each point 
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Figure 2: Example of the probability distribution functions P(∆R, pτ ) for a particular
value of the original τ lepton momentum (pτ ). These functions are used in the calculation
of the likelihood L for three cases: 1-prong τ (left plot), 3-prong τ (middle plot), and
leptonic decays (right plot) of τ leptons. These distributions depend only on the decay
type and initial momentum of the τ lepton.

We first describe the method for the better constrained case, where both
τ ’s decay hadronically, and then we explain how the machinery is adjusted
for the case of leptonic decays. When both τ ’s decay hadronically, the sys-
tem of Eqs. 3 can be solved exactly for any point in, for example, the (φmis1 ,
φmis2) parameter space. For each point in that grid, the vectors pmis1,2 are
fully defined and, therefore, one can calculate the distance ∆R1,2 between
the vector pvis1,2 and the current assumed direction of pmis1,2 . To evaluate
the probability of such decay topology, we use ∆R distributions similar
to those shown in Fig. 2, but we take into account the dependence of the
distribution on the momentum of the initial τ lepton. If the τ lepton polar-
ization is neglected, the ∆R distribution depends only on the τ momentum
and decay type, but not on the source of τ ’s. Therefore, we use simu-
lated Z/γ∗→ττ events to obtain ∆R distributions for small bins (5 GeV/c)
in the initial τ momentum, p, in the range 10 GeV/c<p<100 GeV/c (the
range can be extended to both smaller and larger values). Events are sim-
ulated using Pythia [5] supplemented with the TAUOLA package [6] for τ
decays. To simplify the calculations further, we parametrize the ∆R distri-
butions by fitting them with a linear combination of Gaussian and Landau
functions. Examples of such fits are shown as solid lines in Fig. 2. The
pτ -dependence of the mean, width and relative normalization of the Gaus-
sian and Landau is then parametrized as p0/(x + p1x2) + p2 + p3x + p4x2,
yielding fully parametrized distributions P(∆R, p), which can be used to
evaluate the probability of a particular τ decay topology. To incorporate
this information as an additional constraint, we define the logarithm of the

7

includes weight for MET resolution 
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Missing Mass Calculator 
distribution of weighted mass  
 solutions for one event  

event probability (or likelihood) as follows:

L = − log (P(∆R1, pτ1)× P(∆R2, pτ1)), (4)

where functions P are chosen according to one of the decay types. To
determine the best estimate for the ττ invariant mass in a given event, we
produce an Mττ distribution for all scanned points in the (φmis1 , φmis2) grid
weighed by a corresponding probability, P(∆R1, pτ1) × P(∆R2, pτ1). The
most probable value of the Mττ distribution is used as the final estimator
of Mττ for a given event. An example of a such Mττ histogram for typical
H→ττ events of each category is shown in Fig. 3. A similar procedure can
also be used to build estimators for other kinematic variables, if desired.

)2 (GeV/cττM
90 100 110 120 130 140 150

A
rb

it
ra

ry
 u

n
it

s

0

0.05

0.1

0.15

0.2

0.25 had-had channel
lep-had channel
lep-lep channel

Ideal resolution, 1 event
2=115 GeV/cH, Mττ→H

>10 GeVTE>10 GeV/c, vis
Tp

)2 (GeV/cττM
60 70 80 90 100 110 120 130 140 150

A
rb

it
ra

ry
 u

n
it

s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16 had-had channel
lep-had channel
lep-lep channel

Realistic resolution, 1 event
2=115 GeV/cH, Mττ→H

>10 GeVTE>10 GeV/c, vis
Tp

Figure 3: Example of the Mττ distribution filled for all grid points in one of the H→ττ
events for each of the three decay modes. An entry for each point is weighted by its L.
Plot on the left shows Mττ for the case of the ideal detector resolution and plot on the
right demonstrates Mττ for the same three events in the case of the realistic detector
resolution. All distributions are normalized to a unit area.

For events where one or both τ leptons decay leptonically, the above
procedure is adjusted to account for the unknown value of mmis of the
two neutrinos in each of the leptonically decaying τ ’s in the event. In
this case, the scan is performed in a phase space of higher dimensional-
ity: (φmis1,φmis2 ,mmis1), if only one of the two τ ’s decay leptonically; or
(φmis1 ,φmis2 ,mmis1 ,mmis2), if both decay τ ’s decay to leptons. As in the fully
hadronic mode, one can unambiguously reconstruct the 4-momenta of both
τ leptons for each point on the grid and calculate the event probability
according to Eq. 4. For simplicity, we scan uniformly in the entire range
of kinematically allowed values of mmis, but a scan performed according to
the mmis probability distribution function obtained from simulation may
improve the algorithm performance.

8

choose the mass bin with  
highest weight sum 

ATLAS and CMS are using a similar method    CMS: σM/M ~21% 

no detailed comparison for VBF topology btw. collinear mass and MMC 
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CMS: SM Hàττ  Mass Distributions and Event Yields 
VBF Boosted 0/1 Jet 

largest background Zàττ       à estimate from “embedding”  
W+jets, multijet  with fake τs  à use events with same charge sign  

Sig/BG 1/24 1/75 1/460 
Signal 6±1 14±2 180±20 
Background 140±10 1050±170 83000±4000 
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Figure 2: Distribution of the tau-pair invariant mass, mtt, in the SM Higgs boson search cat-
egories: 0/1 Jet (top row, linear and log vertical scale), VBF (lower left), and Boosted (lower
right).

7.1 Limits on MSSM Higgs boson production 9

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

0

200

400

600

800

1000

1200

1400
CMS, -1 = 7 TeV, L = 4.6 fbs

0/1-Jet Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

1

10

210

310

CMS, -1 = 7 TeV, L = 4.6 fbs

0/1-Jet Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

0.0

0.5

1.0

1.5

2.0

2.5 CMS, -1 = 7 TeV, L = 4.6 fbs

VBF Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

0
2
4
6
8

10
12
14
16
18
20 CMS, -1 = 7 TeV, L = 4.6 fbs

Boosted Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

Figure 2: Distribution of the tau-pair invariant mass, mtt, in the SM Higgs boson search cat-
egories: 0/1 Jet (top row, linear and log vertical scale), VBF (lower left), and Boosted (lower
right).

7.1 Limits on MSSM Higgs boson production 9

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

0

200

400

600

800

1000

1200

1400
CMS, -1 = 7 TeV, L = 4.6 fbs

0/1-Jet Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

1

10

210

310

CMS, -1 = 7 TeV, L = 4.6 fbs

0/1-Jet Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

0.0

0.5

1.0

1.5

2.0

2.5 CMS, -1 = 7 TeV, L = 4.6 fbs

VBF Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

 [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
dN

/d
m

0
2
4
6
8

10
12
14
16
18
20 CMS, -1 = 7 TeV, L = 4.6 fbs

Boosted Category

All channels

=120Hmττ→) H×(5
observed

ττ→Z
tt

electroweak
multijets

=120Hm

Figure 2: Distribution of the tau-pair invariant mass, mtt, in the SM Higgs boson search cat-
egories: 0/1 Jet (top row, linear and log vertical scale), VBF (lower left), and Boosted (lower
right).

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      



u  Zàττ: Zàµµ  same topology in collinear approximation  
               apart from energy deposits of myon and tau lepton decay products 
               BR(Hàµµ) negligible à signal free 

 Estimation of Zà ττ via „Embedding“ 

u    select Zàµµ  in data 

u   replace µ in data with τ decay from simulation 

u   re-reconstruct  event  (e.g. MET)  
 

Advantage:   
- underlying event         - pile up  
- detector noise             -  fake MET 
from data itself 
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128 Estimation of background processes

Figure 9.2.: Stylised event display: Rectangular areas represent the calorimeter in the η-φ plane.
Filled circles depict energy depositions, where the colour coding stands for an increas-
ing amount of deposited energy from blue to red.

make use of all the track segments and leftover segments may lead to the reconstruction of
additional muons by MuTag (cf. 3.4.3).

Calorimeter embedding is done in the third step. See Figure 9.2 for an example. The
original method described in [74] works but introduces small biases. A more sophisticated
method (cf. [75]) is used instead. To remove the energy the original muon deposited in the
calorimeter all depositions in within a small cone (Cin) around that muon are removed. In a
larger cone (Cout) around the muon all cell entries in the simulated ττ decay are added to those
of the original event.

9.1.4. Re-reconstruction

The new hybrid event now consists of tracks and calorimeter cell information. To obtain
higher level objects all available standard reconstruction algorithms are run on the event. This
slightly limits the method: Reconstruction on ESDs is in principle foreseen in the ATLAS
software but has to be run mostly manually. Thus, only muons from the STACO algorithm
are available. Fortunately, this is irrelevant for many use cases. In the context of this analysis
muons are defined as being reconstructed by STACO and also /ET makes use of STACO muons.

ATLAS: „Embedding“ Works Well 
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CMS: SM Hàττ Expected Sensitivity 

µτhad  > eτ  had > eµ	

0/1-jet+VBF~0/1Jet+Boost 

significant improvement  
over inclusive analysis 

BR(Hàlτhad) ~ 3.5 x BR(Hàeµ)	


lower PT threshold and fake rate  
for µ w.r.t e 

beware:  December expected limits, now ~15% worse (source unknown) 
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CMS: Hàbb with 4.7 fb-1 (110 - 135 GeV) 
gluon fusion and VBF not usable, overwhelmed by backgrounds 
à associated production with weak gauge boson 

use topologies with large boost of Higgs (100 to 160 GeV on PT
H/V) 

      à better signal-to-background ratio by supression of top backgrounds 
mass resolution ~10% 
5 subchannels: WHàlν bb   ZHàll bb  ZHàνν bb  (l=e,µ) 

2 b-tagged 
jets 
 
l+MET 
ll 
MET  
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CMS: Hàbb with 4.7 fb-1 (100 – 160 GeV) 

backgrounds from various control regions: uncertainty 10 to 35% 

boosted decision tree analysis 
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Figure 1: Distributions of the BDT output, for mH=115 GeV, for each mode after all selection
criteria are applied. The solid histograms for the backgrounds and the signal are summed cu-
mulatively. The line histogram for signal is also shown superimposed. The data is represented
by points with error bars.

9

BDT output
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Ev
en

ts
/0

.0
8

-110

1

10

210

310

410 CMS
-1 = 7 TeV, L = 4.7 fbs

)b)H(bνµW(

BDT output
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

Ev
en

ts
/0

.0
8

-110

1

10

210

310

410 CMS
-1 = 7 TeV, L = 4.7 fbs

)b)H(bνW(e

BDT output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

Ev
en

ts
 / 

0.
10

 

-110

1

10

210

310

410 CMS
-1 = 7 TeV, L = 4.7 fbs

)b)H(b+µ-µZ(

BDT output
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
1

-110

1

10

210

310

410 CMS
-1 = 7 TeV, L = 4.7 fbs

)b)H(b+e-Z(e

BDT output
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

Ev
en

ts
 / 

0.
1

-110

1

10

210

310

410 CMS
-1 = 7 TeV, L = 4.7 fbs

)b)H(bννZ(

Data

)bVH(b

)bVH(b

bZ + b
Z + udscg

bW + b
W + udscg

tt
Single top

VV

MC uncert. (stat.)

Figure 1: Distributions of the BDT output, for mH=115 GeV, for each mode after all selection
criteria are applied. The solid histograms for the backgrounds and the signal are summed cu-
mulatively. The line histogram for signal is also shown superimposed. The data is represented
by points with error bars.
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Figure 2: Dijet invariant mass distribution, combined for all channels, for events that pass the
m(jj) analysis selection. The solid histograms for the backgrounds and the signal are summed
cumulatively. The line histogram for signal and for VV backgrounds are also shown superim-
posed. The data is represented by points with error bars.

Table 4: Expected and observed 95% CL upper limits on the product of the VH production
cross section times the H ! bb branching ratio, with respect to the expectations for a standard
model Higgs boson. The primary results are those from the BDT analysis, the m(jj) analysis is
presented as a cross check.

mH( GeV) 110 115 120 125 130 135
BDT Exp. 2.74 3.12 3.56 4.27 5.28 6.74
BDT Obs. 3.14 5.18 4.38 5.72 9.00 7.53
m(jj) Exp. 3.05 3.21 4.14 4.74 6.42 7.67
m(jj) Obs. 3.44 5.56 6.07 6.31 10.5 8.92

mbb analyis 

no siginficant excess 
signal/background ~1/10 
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ZZàllqq   ZZàllνν   ZZàllττ  WWàlνqq 
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Additional high mass channels 
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HàZZàll νν and Z à ll qq 

59 

Mll= MZ ± 15 GeV PT
ll > 55 GeV 

MET, b-veto, veto 3rd lepton 

final discriminant: transverse mass 

3

muons (electrons). To correct for the contribution to the isolation sum from pile-up interactions
(overlapping minimum-bias events from other concurrent proton-proton collisions), a median
energy density (r) is determined event by event [51]. Then the pile-up contribution to the
isolation sum is estimated as the product of r and the area of the cone in which the isolation
sum is computed, and it is subtracted from the isolation sum to make it largely insensitive to
pile-up. The combined reconstruction, identification and isolation efficiency is measured in
data by using Z decays and ranges between 90% and 97% for muons, and between 70% and
90% for electrons, depending on the pT and h of the leptons.

The high instantaneous luminosity delivered by the LHC provides an average of about 10 pile-
up interactions per bunch crossing, leading to events with several possible primary vertices.
The vertex with largest value of Â p2

T for the associated tracks is chosen to be the reference ver-
tex. According to simulation, this requirement provides the correct assignment for the primary
vertex in more than 99% of both signal and background events.

The presence of a large imbalance in transverse momentum in an event (Emiss
T ) is a fundamen-

tal feature of the signal. The value of Emiss
T is the modulus of the ~Emiss

T vector computed as
the negative of the vector sum of the transverse momenta of all reconstructed objects identi-
fied through the particle-flow algorithm, which aims to reconstruct all particles produced in
a collision event by combining information from all sub-detectors [52]. A large Emiss

T thresh-
old is imposed to suppress the bulk of the Z+jets background, which contains little genuine
Emiss

T . The region of large Emiss
T is populated by Z+jets events in which the Emiss

T is largely
due to jet mismeasurement. To suppress the background with Emiss

T arising from mismeasure-
ment of jets, events are removed if the angle in the azimuthal plane between the Emiss

T and the
closest jet with transverse energy ET > 30 GeV is smaller than 0.5 radians. For events having
no jets with ET > 30 GeV, this requirement is imposed between Emiss

T and the closest jet with
ET > 15 GeV. Jets are reconstructed from particle-flow candidates [52, 53] by using the anti-kT
clustering algorithm [54] with a distance parameter R of 0.5, as implemented in the FASTJET
package [55, 56].

Top-quark decays are characterized by the presence of jets originating from b quarks (bjets),
which are tagged on the basis of impact parameters of tracks in a jet, relative to the primary
vertex [57, 58]. The top-quark background is suppressed by applying a veto on events having
a b tagged jet with transverse energy greater than 30 GeV that lies within the tracker volume
(|h| < 2.4). To further suppress the top-quark background, a veto is applied on events con-
taining a “soft muon” with pT > 3 GeV, which is typically produced in the leptonic decay of
a b quark. The soft-muon veto along with the b-jet veto reduces the top-quark background by
a factor of six. To reduce the WZ background in which both bosons decay leptonically, any
event with a third lepton (e or µ) with pT > 10 GeV and passing the identification and isolation
requirements is rejected.

4 Analysis Strategy

The search for the SM Higgs boson is performed by using a transverse mass (MT) variable as
the final discriminant in searching for an excess of events from the presence of the signal. The
transverse mass is defined as follows:

M2
T =

✓q
pT(``)

2 + M(``)2 +
q

Emiss
T

2
+ M(``)2

◆2
� (~pT(``) + ~Emiss

T )2.

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      

e: 177 GeV 

Jet: 207 GeV 

e: 114 GeV 

M2l2j = 580 GeV 

Jet: 114 GeV 

one or two Z candidates, no MET 
separate in 0,1,2 bjets,  
 
final discriminat M2l2j 

mass resolution~10GeV  
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8 3 Event Analysis
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Figure 3: The mZZ invariant mass distribution after final selection in three categories: 0 b-
tag (top), 1 b-tag (middle), and 2 b-tag (bottom). The low-mass range 120 < mZZ < 170 GeV is
shown on the left and the high-mass range 183 < mZZ < 800 GeV is shown on the right. Points
with error bars show distributions of data and solid curved lines show the prediction of back-
ground from the sideband extrapolation procedure. In the low-mass range, the background
is estimated from the mZZ sideband for each Higgs mass hypothesis and the average expecta-
tion is shown. Solid histograms depicting the background expectation from simulated events
for the different components are shown. Also shown is the SM Higgs boson signal with the
mass of 150 (400) GeV and cross section 5 (2) times that of the SM Higgs boson, which roughly
corresponds to expected exclusion limits in each category.

8 8 Summary

Table 3: Background estimates, signal predictions, and observed number of events for an inte-
grated luminosity of 4.6 fb�1 after the cut-based selection. The uncertainties include the statisti-
cal and systematic components (in that order). The results for signal contain only the systematic
uncertainties as the statistical uncertainties are negligible. For the non-resonant background,
the 68% upper limit is quoted in the case where the background prediction is zero.

mH ZZ WZ Top/WW/ Z+Jets Total Expected Data
(GeV) W+jets/Z! tt Background Signal
250 36.0 ± 0.2 ± 2.6 24.0 ± 0.3 ± 2.0 65.0 ± 3.8 ± 5.8 15.0 ± 15.0 140.0 ± 3.8 ± 16.0 22.0 ± 2.2 142
300 23.0 ± 0.2 ± 1.7 13.0 ± 0.2 ± 1.1 18.0 ± 1.1 ± 3.0 6.3 ± 6.3 60.0 ± 1.1 ± 7.3 21.0 ± 2.1 64
350 16.0 ± 0.1 ± 1.1 7.0 ± 0.2 ± 0.6 2.0 ± 0.1 ± 1.0 4.1 ± 4.1 29.0 ± 0.3 ± 4.4 21.0 ± 2.5 26
400 12.0 ± 0.1 ± 0.9 4.6 ± 0.1 ± 0.4 < 1.1 2.7 ± 2.7 19.0 ± 0.2 ± 2.9 17.0 ± 2.0 18
500 7.5 ± 0.1 ± 0.5 2.0 ± 0.1 ± 0.2 < 1.1 1.4 ± 1.4 11.0 ± 0.1 ± 1.5 7.4 ± 1.3 14
600 3.9 ± 0.1 ± 0.3 0.8 ± 0.1 ± 0.1 < 1.1 0.6 ± 0.6 5.3 ± 0.1 ± 0.7 2.9 ± 0.7 5
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Figure 2: The MT distribution for events passing mH selections for 300 GeV (left) and 400 GeV
(right). The dielectron and dimuon channels are combined.

Higgs boson is excluded in the mass range 270–440 GeV at 95% confidence level while the
expected exclusion limit for the background-only hypothesis is 290–490 GeV.

8 Summary

A search for the standard model Higgs boson has been performed in the decay channel H !
ZZ ! 2`2n in pp collisions at

p
s = 7 TeV, using a data sample corresponding to an integrated

luminosity of 4.6 fb�1. No significant excess is found above the background expectation. The
presence of the SM Higgs boson is excluded for 270 GeV < mH < 440 GeV at 95% CL.
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the 68% upper limit is quoted in the case where the background prediction is zero.

mH ZZ WZ Top/WW/ Z+Jets Total Expected Data
(GeV) W+jets/Z! tt Background Signal
250 36.0 ± 0.2 ± 2.6 24.0 ± 0.3 ± 2.0 65.0 ± 3.8 ± 5.8 15.0 ± 15.0 140.0 ± 3.8 ± 16.0 22.0 ± 2.2 142
300 23.0 ± 0.2 ± 1.7 13.0 ± 0.2 ± 1.1 18.0 ± 1.1 ± 3.0 6.3 ± 6.3 60.0 ± 1.1 ± 7.3 21.0 ± 2.1 64
350 16.0 ± 0.1 ± 1.1 7.0 ± 0.2 ± 0.6 2.0 ± 0.1 ± 1.0 4.1 ± 4.1 29.0 ± 0.3 ± 4.4 21.0 ± 2.5 26
400 12.0 ± 0.1 ± 0.9 4.6 ± 0.1 ± 0.4 < 1.1 2.7 ± 2.7 19.0 ± 0.2 ± 2.9 17.0 ± 2.0 18
500 7.5 ± 0.1 ± 0.5 2.0 ± 0.1 ± 0.2 < 1.1 1.4 ± 1.4 11.0 ± 0.1 ± 1.5 7.4 ± 1.3 14
600 3.9 ± 0.1 ± 0.3 0.8 ± 0.1 ± 0.1 < 1.1 0.6 ± 0.6 5.3 ± 0.1 ± 0.7 2.9 ± 0.7 5

 (GeV)TM
260 280 300 320 340

Ev
en

ts
 / 

10
 G

eV

5

10

15

20

25
=300 GeV)

H
Higgs (m

Z+Jets
Top/WW
WZ
ZZ
Data

-1 = 7 TeV, L = 4.6 fbsCMS, 

 (GeV)TM
250 300 350 400 450

Ev
en

ts
 / 

20
 G

eV

10

20

30

40

50

=400 GeV)
H

Higgs (m
Z+Jets
Top/WW
WZ
ZZ
Data

-1 = 7 TeV, L = 4.6 fbsCMS, 

Figure 2: The MT distribution for events passing mH selections for 300 GeV (left) and 400 GeV
(right). The dielectron and dimuon channels are combined.

Higgs boson is excluded in the mass range 270–440 GeV at 95% confidence level while the
expected exclusion limit for the background-only hypothesis is 290–490 GeV.

8 Summary

A search for the standard model Higgs boson has been performed in the decay channel H !
ZZ ! 2`2n in pp collisions at

p
s = 7 TeV, using a data sample corresponding to an integrated

luminosity of 4.6 fb�1. No significant excess is found above the background expectation. The
presence of the SM Higgs boson is excluded for 270 GeV < mH < 440 GeV at 95% CL.
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Table 1: Summary of kinematic and topological selection requirements. Numbers in parenthe-
ses indicate additional selection requirements in the mZZ range [125, 170] GeV, where angular
and quark-gluon likelihood discriminant requirements are not used.

preselection
pT(`±) leading pT > 40(20)GeV, subleading pT > 20(10)GeV
pT(jets) > 30 GeV
|h|(`±) < 2.5 (e±), < 2.4 (µ±)
|h|(jets) < 2.4

final selection
0 b-tag 1 b-tag 2 b-tag

b-tag none one loose medium & loose
angular LD > 0.55 + 0.00025 mZZ > 0.302 + 0.000656 mZZ > 0.5
quark-gluon LD > 0.10 none none
Emiss

T requirements none none 2 ln l(Emiss
T ) < 10

(Emiss
T < 50 GeV)

mjj 2 [75, 105] GeV
m`` 2 [70, 110] (<80) GeV
mZZ 2 [183, 800] (2 [125, 170]) GeV

Table 2: Observed and expected event yields for 4.6 fb�1 of data. The yields are quoted in the
range 125 < mZZ < 170 GeV or 183 < mZZ < 800 GeV, depending on the Higgs boson mass
hypothesis. The expected background is quoted from the mjj sideband procedure and from
simulation (MC). In the low-mass range, the background is estimated from the mZZ sideband
for each Higgs mass hypothesis and is not quoted in the table. The errors on the expected
background from simulation include only statistical uncertainties.

0 b-tag 1 b-tag 2 b-tag
mZZ 2 [125, 170]

observed yield 1087 360 30
expected background (mjj sideband) 1050 ± 54 324 ± 28 19 ± 5

expected background (MC) 1089 ± 39 313 ± 20 24 ± 4
mZZ 2 [183, 800]

observed yield 3036 3454 285
expected background (mjj sideband) 3041 ± 54 3470 ± 59 258 ± 17

expected background (MC) 3105 ± 39 3420 ± 41 255 ± 11
signal expectation (MC)

mH=150 GeV 10.1 ± 1.5 4.1 ± 0.6 1.6 ± 0.3
mH=250 GeV 24.5 ± 3.5 21.7 ± 3.0 8.1 ± 1.7
mH=350 GeV 29.6 ± 4.3 26.0 ± 3.7 11.8 ± 2.5
mH=450 GeV 16.5 ± 2.4 15.8 ± 2.2 7.9 ± 1.7
mH=550 GeV 6.5 ± 1.0 6.5 ± 0.9 3.6 ± 0.8

8 8 Summary

Table 3: Background estimates, signal predictions, and observed number of events for an inte-
grated luminosity of 4.6 fb�1 after the cut-based selection. The uncertainties include the statisti-
cal and systematic components (in that order). The results for signal contain only the systematic
uncertainties as the statistical uncertainties are negligible. For the non-resonant background,
the 68% upper limit is quoted in the case where the background prediction is zero.

mH ZZ WZ Top/WW/ Z+Jets Total Expected Data
(GeV) W+jets/Z! tt Background Signal
250 36.0 ± 0.2 ± 2.6 24.0 ± 0.3 ± 2.0 65.0 ± 3.8 ± 5.8 15.0 ± 15.0 140.0 ± 3.8 ± 16.0 22.0 ± 2.2 142
300 23.0 ± 0.2 ± 1.7 13.0 ± 0.2 ± 1.1 18.0 ± 1.1 ± 3.0 6.3 ± 6.3 60.0 ± 1.1 ± 7.3 21.0 ± 2.1 64
350 16.0 ± 0.1 ± 1.1 7.0 ± 0.2 ± 0.6 2.0 ± 0.1 ± 1.0 4.1 ± 4.1 29.0 ± 0.3 ± 4.4 21.0 ± 2.5 26
400 12.0 ± 0.1 ± 0.9 4.6 ± 0.1 ± 0.4 < 1.1 2.7 ± 2.7 19.0 ± 0.2 ± 2.9 17.0 ± 2.0 18
500 7.5 ± 0.1 ± 0.5 2.0 ± 0.1 ± 0.2 < 1.1 1.4 ± 1.4 11.0 ± 0.1 ± 1.5 7.4 ± 1.3 14
600 3.9 ± 0.1 ± 0.3 0.8 ± 0.1 ± 0.1 < 1.1 0.6 ± 0.6 5.3 ± 0.1 ± 0.7 2.9 ± 0.7 5
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Figure 2: The MT distribution for events passing mH selections for 300 GeV (left) and 400 GeV
(right). The dielectron and dimuon channels are combined.

Higgs boson is excluded in the mass range 270–440 GeV at 95% confidence level while the
expected exclusion limit for the background-only hypothesis is 290–490 GeV.

8 Summary

A search for the standard model Higgs boson has been performed in the decay channel H !
ZZ ! 2`2n in pp collisions at

p
s = 7 TeV, using a data sample corresponding to an integrated

luminosity of 4.6 fb�1. No significant excess is found above the background expectation. The
presence of the SM Higgs boson is excluded for 270 GeV < mH < 440 GeV at 95% CL.
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Basics of Hypothesis Testing  
Specify what are you looking for: obervation or exclusion of signal  
 
Phrase null hypothesis H0 as opposite to what you are interested in  
as you can only falsify/reject hypothesis but not approve them 
 
Observation of Higgs à H0: no Higgs, only SM background processes 
Exclusion of Higgs     à H0: Higgs and SM background processes 
 
Quantify agreement with H0  
by choosing a test statistic t 
(any function of your data)  
at LHC: perfect agreement t=0  
             deviation t>0 
 
Get probability densitiy function for  
t=q0 and calculate p-value 

22 

p-value for discovery 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

Large q0 means increasing incompatibility between the data 
and hypothesis, therefore p-value for an observed q0,obs is 

will get formula for this later 

From p-value get  
equivalent significance, 

22 

p-value for discovery 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

Large q0 means increasing incompatibility between the data 
and hypothesis, therefore p-value for an observed q0,obs is 

will get formula for this later 

From p-value get  
equivalent significance, 
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P-Value, Significance and Confidence Level 
if p-Value < predefined value (signifcance level, error of first kind)  
then reject null hypothesis 
convention: for discovery require p-value (BG only)      < 2.87x10-7 

                   for  exclusion require p-value (Higgs+BG)  < 0.05                      

22 

p-value for discovery 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

Large q0 means increasing incompatibility between the data 
and hypothesis, therefore p-value for an observed q0,obs is 

will get formula for this later 

From p-value get  
equivalent significance, 

p-value can be translated in significance via Standard Gauss pdf. 
a significance of 5 (1.64) corresponds to P= 2.87x10-7  (0.05) 

if p-Value is x then one says „this hypothesis is  
excluded with a confidence level of CL=1-x“  
the frequency of false exclusion (error of 1st kind) is x. 
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24 

Expected (or median) significance / sensitivity 

When planning the experiment, we want to quantify how sensitive 
we are to a potential discovery, e.g., by given median significance 
assuming some nonzero strength parameter µ ′. 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

So for p-value, need f(q0|0), for sensitivity, will need f(q0|µ ′),  

Choices to take and optimal test 
Decisions to take: 
i)   test statistics t à ratio of (profiled) likelihoods 
ii)  how to deal with syst. uncertainties à nuisance parameters + profiling 
iii) derivation of pdfs for t under hypotheses à often asymptotics usable  

fixing the significance level α for H0 
i.e. for p-value < α reject H0 
 
best test maximizes power of H0 
w.r.t. alternative hypothesis H1 

without systematics best test is given by the Neyman-Pearson-Lemma: 
best test statistic = ratio of likelihoods under simple hypothesis H1 and H0 

 
tNP = L(data | signal+background) / L(data | background)  
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Test Statistic at LHC: Ratio of Profiled Likelihood  
signal yield and shape of final discriminant 

20 

The profile likelihood ratio 
Base significance test on the profile likelihood ratio: 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

maximizes L for 
Specified µ%

maximize L%

The likelihood ratio of point hypotheses gives optimum test   
(Neyman-Pearson lemma). 

 The profile LR hould be near-optimal in present analysis  
 with variable µ and nuisance parameters θ. 

Fix µ only under null hypothesis H0 and  estimate it from data via 
maximum likelihood method under alternative hypothesis H1  
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The profile likelihood ratio 
Base significance test on the profile likelihood ratio: 
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Specified µ%

maximize L%
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(Neyman-Pearson lemma). 
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 with variable µ and nuisance parameters θ. 
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The profile likelihood ratio 
Base significance test on the profile likelihood ratio: 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

maximizes L for 
Specified µ%

maximize L%

The likelihood ratio of point hypotheses gives optimum test   
(Neyman-Pearson lemma). 

 The profile LR hould be near-optimal in present analysis  
 with variable µ and nuisance parameters θ. 

fixed under H0 

maximum likelihood estimate under H0 

20 

The profile likelihood ratio 
Base significance test on the profile likelihood ratio: 

G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 2 

maximizes L for 
Specified µ%

maximize L%

The likelihood ratio of point hypotheses gives optimum test   
(Neyman-Pearson lemma). 

 The profile LR hould be near-optimal in present analysis  
 with variable µ and nuisance parameters θ. 

maximum likelihood estimates under H1 
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3.1 General framework 5

backgrounds in control regions or selection efficiencies obtained using simulated events. Sys-
tematic uncertainties can affect either the shape of distributions, or event yields, or both.

The combination is repeated for 183 Higgs boson mass hypotheses in the range 110–600 GeV.
The choice of the step size in this scan is determined by the Higgs boson mass resolution. At
lower masses, the step size is 0.5 GeV corresponding to the mass resolution of the gg and 4`
channels. For large masses, the intrinsic Higgs boson width is the limiting factor; therefore, a
step size of 20 GeV is adequate.

3.1 General framework

The overall statistical methodology used in this combination was developed by the CMS and
ATLAS collaborations in the context of the LHC Higgs Combination Group. The detailed de-
scription of the methodology can be found in Ref. [68]. Below we outline the basic steps in the
combination procedure.

Firstly, a signal strength modifier µ is introduced that multiplies the expected SM Higgs boson
cross section such that s = µ · sSM.

Secondly, each independent source of systematic uncertainty is assigned a nuisance parameter
qi. The expected Higgs boson and background yields are functions of these nuisance parame-
ters, and are written as µ · s(q) and b(q), respectively. Most nuisance parameters are constrained
by other measurements. They are encoded in the probability density functions pi(q̃i|qi) describ-
ing the probability to measure a value q̃i of the i-th nuisance parameter, given its true value qi.

Next, we define the likelihood L, given the data and the measurements q̃:

L(data | µ·s(q) + b(q)) = P(data | µ·s(q) + b(q)) · p(q̃|q) , (1)

where P(data | µ·s(q) + b(q)) is a product of probabilities over all bins of discriminant variable
distributions in all channels (or over all events for sub-channels with unbinned distributions),
and p(q̃|q) is the probability density function for all nuisance parameter measurements.

In order to test a Higgs boson production hypothesis for a given mass, we construct an ap-
propriate test statistic. The test statistic is a single number encompassing information on the
observed data, expected signal, expected background, and all uncertainties associated with
these expectations. It allows one to rank all possible experimental observations according to
whether they are more consistent with the background-only or with the signal+background
hypotheses.

Finally, in order to infer the presence or absence of a signal in the data, we compare the ob-
served value of the test statistic with its distribution expected under the background-only
and under the signal+background hypotheses. The expected distributions are obtained by
generating pseudo-datasets from the probability density functions P (data | µ · s(q) + b(q) )
and p(q̃|q). The values of the nuisance parameters q used for generating pseudo-datasets
are obtained by maximizing the likelihood L under the background-only or under the sig-
nal+background hypotheses.

3.2 Quantifying an excess

In order to quantify the statistical significance of an excess over the background-only expecta-
tion, we define a test statistic q0 as:

q0 = �2 ln
L(data | b(q̂0) )

L(data | µ̂·s(q̂) + b(q̂) )
, µ̂ � 0, (2)
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estimate for nuisance parameters θ	

à parametrize systematic uncertainties on yields and shapes from 	

  e.g. efficiencies, theo.σ, extrapolation from control to signal  region 
  contrained from data via auxilary measurements 

background yield and shape of final discriminant 



Ratio of Profiled Likelihoods: Simple Example  
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Assume: simple counting experiment in signal region SR with unknown   
               background expecation b  (b is nuisance parameter) 
 
               Control region CR for background e.g sideband 
               yields in SR and CR related via  SR =1/ τ CR 
               (τ known, uncertainty would give additional nuisance parameter)  

Common likelihood function: 
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Gamma prior for b 
What is in fact our prior information about b?  It may be that  
we estimated b using a separate measurement (e.g., background  
control sample) with 

        m ~ Poisson(τb)              (τ = scale factor, here assume known) 

Having made the control measurement we can use Bayes’ theorem 
to get the probability for b given m, 

If we take the “original” prior π0(b) to be to be constant for b ≥ 0, 
then the posterior π(b|m), which becomes the subsequent prior  
when we measure n and infer s, is a Gamma distribution with: 

 mean =  (m + 1) /τ)
 standard dev. = √(m + 1) /τ 
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Frequentist approach to same problem 

In the frequentist approach we would regard both variables 

 n ~ Poisson(s+b) 
 m ~ Poisson(τb) 

as constituting the data, and thus the full likelihood function is 

Use this to construct test of s with e.g. profile likelihood ratio 

Note here that the likelihood refers to both n and m, whereas 
the likelihood used in the Bayesian calculation only modeled n. 
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Frequentist approach to same problem 

In the frequentist approach we would regard both variables 

 n ~ Poisson(s+b) 
 m ~ Poisson(τb) 

as constituting the data, and thus the full likelihood function is 

Use this to construct test of s with e.g. profile likelihood ratio 

Note here that the likelihood refers to both n and m, whereas 
the likelihood used in the Bayesian calculation only modeled n. 

Test statistic = ratio of profiled likelihoods: 
 
(in nominator s is fixed under H0 
  s=0 for discovery,  
  s= nominal signal value for exclusion) 
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Frequentist approach to same problem 

In the frequentist approach we would regard both variables 

 n ~ Poisson(s+b) 
 m ~ Poisson(τb) 

as constituting the data, and thus the full likelihood function is 

Use this to construct test of s with e.g. profile likelihood ratio 

Note here that the likelihood refers to both n and m, whereas 
the likelihood used in the Bayesian calculation only modeled n. 

Observation gives:  n events in SR       m events in CR 

Each follow Poisson distribution: 



Profiled Likelihood Test Statistic for Discovery  
H0: only background à µ=0       H1: signal and background,  
µ parametrises strength w.r.t. SM Higgs predicton 

one sided test, only positive signal strength considered as deviation from H0 

22 

p-value for discovery 
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Large q0 means increasing incompatibility between the data 
and hypothesis, therefore p-value for an observed q0,obs is 

will get formula for this later 

From p-value get  
equivalent significance, 
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p-value for discovery 
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Large q0 means increasing incompatibility between the data 
and hypothesis, therefore p-value for an observed q0,obs is 

will get formula for this later 

From p-value get  
equivalent significance, 

λ(0)  btw.  0: H1 like   and  1:H0 like 
 
à  q0 between 0 and infinifity 
     0: H0 like        >> 0 H1-like 
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Test statistic for discovery 
Try to reject background-only (µ = 0) hypothesis using 
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i.e. here only regard upward fluctuation of data as evidence  
against the background-only hypothesis. 

Note that even though here physically µ ≥ 0, we allow  
to be negative.  In large sample limit its distribution becomes 
Gaussian, and this will allow us to write down simple  
expressions for distributions of our test statistics. 

µ̂

test statistic q0: 
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Figure 7: local p-value scan vs mH . This plot does not correspond to any MC or data
analysis. To help guide the eye, the n-sigma significance levels are highlighted with colour
bands.
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 The „Look Elsewhere Effect“ (LEE) 
So far: local p-value/ significance = prob. to see such an excess at fixed MH       
            as we specified MH in the alternative hypothesis H1 
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p-value for fixed mass 
First, suppose the mass m0 of the peak was specified a priori. 

Test consistency of bump with the no-signal (µ = 0) hypothesis  
with e.g. likelihood ratio  

where “fix” indicates that the mass of the peak is fixed to m0. 

The resulting p-value  

gives the probability to find a value of tfix at least as great as 
observed at the specific mass m0. 

Eilam Gross and Ofer Vitells, arXiv:1005.1891 (→EPJC) 
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p-value for floating mass 
But suppose we did not know where in the distribution to 
expect a peak. 

What we want is the probability to find a peak at least as  
significant as the one observed anywhere in the distribution. 

Include the mass as an adjustable parameter in the fit, test  
significance of peak using 

(Note m does not appear 
in the µ = 0 model.) 

Eilam Gross and Ofer Vitells, arXiv:1005.1891 (→EPJC) 
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Trials factor 
We would like to be able to relate the p-values for the fixed and 
floating mass analyses (at least approximately). 

Gross and Vitells show that the “trials factor” can be  
approximated by 

where ‹N› = average number of “upcrossings” of �2lnL in fit range  
and 

is the significance for the fixed mass case. 

So we can either carry out the full floating-mass analysis (e.g. use  
MC to get p-value), or do fixed mass analysis and apply a  
correction factor (much faster than MC). 

Eilam Gross and Ofer Vitells, arXiv:1005.1891 (→EPJC) 

now ask:  prob. to see such an excess anywhere in given mass range 
                 à let mass be a nuisance parameter in fit of new test statistic  

pfloat  also called global p-value. calculation very cumbersome. lot of MC experiments 
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Trials factor 
We would like to be able to relate the p-values for the fixed and 
floating mass analyses (at least approximately). 

Gross and Vitells show that the “trials factor” can be  
approximated by 

where ‹N› = average number of “upcrossings” of �2lnL in fit range  
and 

is the significance for the fixed mass case. 

So we can either carry out the full floating-mass analysis (e.g. use  
MC to get p-value), or do fixed mass analysis and apply a  
correction factor (much faster than MC). 

Eilam Gross and Ofer Vitells, arXiv:1005.1891 (→EPJC) 

trial factor ~ number of independent search regions  
                    in considered mass range. 
can be calculated approximately with little MC simulation 
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Profiled Likelihood Test Statistic for Exclusion  
H0: signal+background à µ=1       H1: background only 
µ parametrises strength w.r.t. SM Higgs predicton 

test statistic qµ: 

for negative signal strength set it to 0 and determine then nuisance pars. 
one sided test, only signal strength< µ considered as inconsistent with H0 
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Alternative test statistic for upper limits 
Assume physical signal model has µ > 0, therefore if estimator 
for µ comes out negative, the closest physical model has µ = 0. 

Therefore could also measure level of discrepancy between data  
and hypothesized µ with 
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Performance not identical to but very close to qµ (of previous slide). 
qµ  is simpler in important ways:  asymptotic distribution is  
independent of nuisance parameters. different test statistic then for discovery 

  
here values ~0 are signal+background  
like observations 
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p-value for discovery 
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Large q0 means increasing incompatibility between the data 
and hypothesis, therefore p-value for an observed q0,obs is 

will get formula for this later 

From p-value get  
equivalent significance, 
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The „Problem“ with the Pure Frequentist Method 

Pure frequentist would stop and say:  „signal+background“ hypothesis 
is exlcuded with a confidence level CLS+B of 1- pµ	


In the latter equation, fs(x) and fb(x) are pdfs of signal and background of some73

observable(s) x, while S and B are total event rates expected for signal and back-74

grounds.75

2. To compare the compatibility of the data with the background-only and signal+background76

hypotheses, where the signal is allowed to be scaled by some factor µ, we construct77

the test statistic q̃µ [11] based on the profile likelihood ratio:78

q̃µ = �2 ln
L(data|µ, ✓̂µ)
L(data|µ̂, ✓̂) , with a constraint 0  µ̂  µ (5)

where ✓̂µ refers to the conditional maximum likelihood estimators of ✓, given the79

signal strength parameter µ and “data” that, as before, may refer to the actual80

experimental observation or pseudo-data (toys). The pair of parameter estimators81

µ̂ and ✓̂ correspond to the global maximum of the likelihood.82

The lower constraint 0  µ̂ is dictated by physics (signal rate is positive), while83

the upper constraint µ̂  µ is imposed by hand in order to guarantee a one-sided84

(not detached from zero) confidence interval. Physics-wise, this means that upward85

fluctuations of the data such that µ̂ > µ are not considered as evidence against the86

signal hypothesis, namely a signal with strength µ.87

Note that this definition of the test statistic di↵ers from what has been used at88

LEP (where “profiling” of systematic errors was not used) and at Tevatron (where89

systematic errors were profiled, but µ in the denominator was fixed at zero). See90

Appendix A for details.91

3. Find the observed value of the test statistic q̃obsµ for the given signal strength modifier92

µ under test.93

4. Find values of the nuisance parameters ✓̂obs
0

and ✓̂obsµ best describing the experi-94

mentally observed data (i.e. maximising the likelihood as given in Eq. 2), for the95

background-only and signal+background hypotheses, respectively.96

5. Generate toy Monte Carlo pseudo-data to construct pdf s f(q̃µ|µ, ✓̂obsµ ) and f(q̃µ|0, ✓̂obs
0

)97

assuming a signal with strength µ in the signal+background hypothesis and for the98

background-only hypothesis (µ = 0). These distributions are shown in Fig. 1. Note,99

that for the purposes of generating a pseudo-dataset, the nuisance parameters are100

fixed to the values ✓̂obsµ or ✓̂obs
0

obtained by fitting the observed data, but are allowed101

to float in fits needed to evaluate the test statistic. This way, in which the nuisance102

parameters are fixed to their maximum likelihood estimates, has good coverage103

properties [12].104

6. Having constructed f(q̃µ|µ, ✓̂obsµ ) and f(q̃µ|0, ✓̂obs
0

) distributions, we define two p-105

values to be associated with the actual observation for the signal+background and106

background-only hypotheses, pµ and pb:107

pµ = P ( q̃µ � q̃obsµ | signal+background) =

Z 1

q̃obsµ

f(q̃µ|µ, ✓̂obsµ ) dq̃µ , (6)

5

„Problem“: Spurious exclusion of signals with no sensitivity (s<<b) 

by construction: probabilty to reject µ if µ is true is α	

probability to reject µ if µ=0 is only slighty greater than α for s<<b. 
à probability to exlcude hypotheses with zero signal ~α „spurios exclusion“ G. Cowan  Statistical methods for HEP / Freiburg 27-29 June 2011 / Lecture 3 31 

Having sufficient sensitivity 
In contrast, having sensitivity to µ means that the distributions 
f(qµ|µ) and f(qµ|0)  are more separated:  

That is, the power (probability to reject µ if µ = 0) is substantially  
higher than α.  We use this power as a measure of the sensitivity. 
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Low sensitivity to µ 
It can be that the effect of a given hypothesized µ is very small 
relative to the background-only (µ = 0) prediction. 

This means that the distributions f(qµ|µ) and f(qµ|0) will be 
almost the same: 

s<<b 

signal+BG-like ß  à BG only like, even less than exp. from BG only 

large s 
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A Solution: the CLS Method 
Spurious exclusion caused by downwards fluctuation of background 
à penalize such outcomes in an „ad hoc“ way 
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Figure 1: Test statistic distributions for ensembles of pseudo-data generated for sig-
nal+background and background-only hypotheses. See the text for definitions of the test
statistic and methodology of generating pseudo-data.
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1� pb = P ( q̃µ � q̃obsµ | background-only) =

Z 1

qobs
0

f(q̃µ|0, ✓̂obs
0

) dq̃µ , (7)

and calculate CL
s

(µ) as a ratio of these two probabilities 1

109

CLs(µ) =
pµ

1� pb
(8)

7. If, for µ = 1, CL
s

 ↵, we would state that the SM Higgs boson is excluded110

with (1 � ↵) CL
s

confidence level (C.L.). It is known that the CL
s

method gives111

conservative limits, i.e. the actual confidence level is higher than (1 � ↵). See112

Appendix A for more details.113

8. To quote the 95% Confidence Level upper limit on µ, to be further denoted as114

µ95%CL, we adjust µ until we reach CL
s

= 0.05.115

2.2 Expected limits116

The most straightforward way for defining the expected median upper-limit and ±1� and117

±2� bands for the background-only hypothesis is to generate a large set of background-118

1Note that we define p
b

as p
b

= P ( q̃
µ

< q̃obs
µ

| background-only), excluding the point q̃
µ

= q̃obs
µ

. With
these definitions one can identify p

µ

with CL
s+b

and p
b

with 1� CL
b

.
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pµ - reject s+b hypothesis (exclude) 

● A small                               rejects the 
signal+background hypothesis

●                             - penalty to      for lucky b-fluct.

●                 !!

p0pμ

1− pb=CLb

Kyle Cranmer, PhyStat 2011

AndreY Korytov (UF) - EPS 2001

pμ= pμ+b=CLs+b

CLs= pμ/(1− pb) pμ

pb≠ p0

29.07.2011 18

pµ - reject s+b hypothesis (exclude) 

● A small                               rejects the 
signal+background hypothesis

●                             - penalty to      for lucky b-fluct.

●                 !!

p0pμ

1− pb=CLb

Kyle Cranmer, PhyStat 2011

AndreY Korytov (UF) - EPS 2001

pμ= pμ+b=CLs+b

CLs= pμ/(1− pb) pμ

pb≠ p0

if CLS<5% we call a µ hypothesis excluded at 95% CL (but true coverage larger) 
 
upper limit on µ: adjust/find smalles value of µ to value for which CLS ≤ 5% 

Caveat: pb ist not equal p0 
different test statistic 
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Comparison of Different Limit Derivations at 95% CL 
simple counting experiment with a background expectation of 7 events  

if CLS<5% we call a µ hypothesis excluded at 95% CL (true coverage larger) 
CLS and Bayesian limit with flat prior in signal rate mathematically identical  
in praxis also very similar results for test statistics used at LHC (Tevatron, LEP) 
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Not a Neyman construction… Bayesian integral with flat prior !

O’ Helene 

M. Kado 
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Typical Exclusion Plot Looks Like This ... 

expected limit: median value of µ which will be excluded under H1 BG-only 
green and yellow bands are 68% (95%) confidence ntervals around this 

E. Gross 
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Interpretation of Results is Threefold 

signal +background hypothesis exclusion: 
for each hypothetical signal mass 
determine minimum signal strength µ 
which can be excluded at 95% CL  

background hypothesis compability: 
evaluate p-value for each hypothetical 
signal mass à local p-value 
+ global p-value from trials factor  

compability with SM Higgs boson hypothesis:  
estimate best signal strength compatible  
with observation 
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Table 1: Summary information on the analyses included in the combination (` = e, µ).

Channel Experiment mH range Lumi Number of Type Reference
(GeV/c2) (fb�1) sub-channels of analysis

H ! ��
ATLAS 110–150 1.1 5 mass shape (unbinned) [82]
CMS 110–150 1.7 8 mass shape (unbinned) [91]

H ! ⌧⌧
ATLAS 110–150 1.1 5 mass shape (binned) [83,84]
CMS 110–140 1.6 6 mass shape (binned) [14]

H ! bb
ATLAS 110–130 1.0 2 mass shape (binned) [85]
CMS 110–135 1.1 5 cutting and counting [92]

H !WW ! `⌫`⌫
ATLAS 110–300 1.7 6 cutting and counting [86]
CMS 110–600 1.5 4 cutting and counting [93]

H ! ZZ ! ````
ATLAS 110–600 2.0-2.3 3 mass shape (binned) [88]
CMS 110–600 1.7 3 mass shape (unbinned) [94]

H ! ZZ ! 2`2⌧ CMS 180–600 1.1 8 mass shape (unbinned) [95]

H ! ZZ ! 2`2⌫
ATLAS 200–600 2.0 2 mT shape (binned) [15,89]
CMS 250–600 1.6 2 cut&count [96]

H ! ZZ ! 2`2q
ATLAS 200-600 1.0 2 mass shape (binned) [90]
CMS 225–600 1.6 6 mass shape (unbinned) [97]

13

First Combination of ATLAS and CMS on 18.11.2011 
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/experiment-1 = 1.0-2.3 fbintL
 = 7 TeVsATLAS + CMS Preliminary,  Observed

σ 1±Expected 
σ 2±Expected 
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/experiment-1 = 1.0-2.3 fbintL
 = 7 TeVsATLAS + CMS Preliminary,  

Figure 13: The combined 95% C.L. upper limits on the signal strength modifier µ =
�/�SM , obtained with the CL

s

method, as a function of the SM Higgs boson mass in the
range 110-600 GeV/c2. The observed limits are shown by solid symbols. The dashed line
indicates the median expected µ95% value for the background-only hypothesis, while the
green (yellow) bands indicate the ranges expected to contain 68% (95%) of all observed
limit excursions from the median. The SM Higgs boson mass ranges excluded by LEP,
by the Tevatron and by this combination are shown as hatched areas.

41

CMS PAS HIG-11-023,  
ATL-CONF-201-157 

LEP (95%CL) 
mH < 114.4 GeV 

Tevatron (95%CL) 
100 < mH < 109 GeV 
156 < mH < 177 GeV 

75 

Excluded 95% CL  : 141-476 GeV                               ( exp 124 - 520 GeV )   
ATLAS  alone:         146-230, 256-282, 296-459         ( exp 131 – 450 GeV )  
CMS     alone:         145-216, 226-288, 310-400         ( exp 130 -  440 GeV ) 
max deviation with local significance of  3σ (mH~144 GeV)  

based on data   
recorded until  
end of August 2011 
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76 

Combination of Higgs Boson Searches 

CMS 42 channels + 156 to 222 θ           ATLAS 26 channels in combination  
correlation of uncertainties taken into account:  
eg. luminosity, identification efficiencies, E scale and resolution, PDF, ....  

ATLAS CMS 
channel Lumi Mass Range Sub 

chan. 
Lumi Mass range Sub 

chan. 
Hàγγ	
 4.9 110-150     9 4.8 110-150  5 
Hàττ	
 1.1 not incl. 4 4.6 110-145  9 
Hàbb 1.1  not incl.     4 4.7 110-135  5 
HàWWàlνlν	
 2.1 110-300     6 4.6 110-600  5 
HàWWàlνqq 1.1 240-600 2 --- ---------- - 
HàZZà4l 4.8 110-600     3 4.7 110-600  3 
HàZZà2l2τ	
 ---- --------- 4.7 190-600  8 
HàZZà2l2ν	
 2.1 200-600     2 4.6 250-600  2 
HàZZà2l2q 2.1 200-600 4.6 130-164 

225-600  
6 
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ATLAS: Exclusion limits for HàZZà4l 

77 

Data:  71 Observed    
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Figure 8: Invariant mass distributions (a) m12 and (b) m34 for the selected candidates. The data (dots) are compared to the
background expectations from the dominant ZZ(∗) process and the sum of tt̄, Zbb̄ and Z+light processes. Error bars represent
68.3% central confidence intervals.
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Figure 9: m4! distribution of the selected candidates, compared to the background expecation. Error bars represent 68.3%
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results — within 0.2 standard deviations — in the
entire mass range.

The quoted values do not account for the so-
called look-elsewhere effect, which takes into ac-
count that such an excess (or a larger one) can ap-
pear anywhere in the search range as a result of
an upward fluctuation of the background. When
considering the complete mass range of this search,
using the method of Ref. [80], the global p0-value
for each of the three excesses becomes of O(50%).
Thus, once the look-elsewhere effect is considered,
none of the observed local excesses are significant.

8. Summary

A search for the SM Higgs boson in the decay
channel H → ZZ(∗) → 4! based on 4.8 fb−1 of data
recorded by the ATLAS detector at

√
s = 7 TeV

during the 2011 run has been presented. The SM
Higgs boson is excluded at 95% CL in the mass
ranges 134−156 GeV, 182−233 GeV, 256−265 GeV
and 266−415 GeV. The largest upward deviations
from the background-only hypothesis are observed
for mH = 125 GeV, 244 GeV and 500 GeV with lo-
cal significances of 2.1, 2.2 and 2.1 standard devi-
ations, respectively. Once the look-elsewhere effect
is considered, none of these excesses are significant.
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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 (pg

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 s(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

78 

M4l>100 GeV:            
Data:      72  
BG Exp.: 67 ± 6 
100<M4l<160 GeV     
Data:     13 
BG Exp.:9.5 ± 1.3 
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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 (pg

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 s(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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for the combination of the three channels. Excesses are observed for masses near 119 GeV and
320 GeV. The small ⇡2s excess near 320 GeV includes three events with p4`

T > 50 GeV. The
most significant excess near 119 GeV corresponds to about 2.5s significance. The significance
is less than 1.0s (about 1.6s) 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 2.7s around 119 GeV and reaching 1.5s 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 s(pp ! H+ X)⇥B(ZZ ! 4`), normalized to the standard model cross section values sSM,
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 s(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 sSM, using
the modified frequentist method CLs [64, 65]. The bands represent the 1s and 2s 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

CMS excluded: 134 to 158 GeV 
                         180 to 305 GeV 
                         340 to 465 GeV 

CMS: Exclusion limits for HàZZà4l 

ATLAS excluded: 134 to 156 GeV 
                            182 to  233 GeV 
                             256 to 265 GeV 
                             266 to 415 GeV 
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for the combination of the three channels. Excesses are observed for masses near 119 GeV and
320 GeV. The small ⇡2s excess near 320 GeV includes three events with p4`

T > 50 GeV. The
most significant excess near 119 GeV corresponds to about 2.5s significance. The significance
is less than 1.0s (about 1.6s) 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 2.7s around 119 GeV and reaching 1.5s 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 s(pp ! H+ X)⇥B(ZZ ! 4`), normalized to the standard model cross section values sSM,
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 s(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 sSM, using
the modified frequentist method CLs [64, 65]. The bands represent the 1s and 2s 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
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local:     2.5 σ  at 119 GeV 
global:   <1σ for M<600 GeV  
              1.5  for M<160 GeV 
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results — within 0.2 standard deviations — in the
entire mass range.

The quoted values do not account for the so-
called look-elsewhere effect, which takes into ac-
count that such an excess (or a larger one) can ap-
pear anywhere in the search range as a result of
an upward fluctuation of the background. When
considering the complete mass range of this search,
using the method of Ref. [80], the global p0-value
for each of the three excesses becomes of O(50%).
Thus, once the look-elsewhere effect is considered,
none of the observed local excesses are significant.

8. Summary

A search for the SM Higgs boson in the decay
channel H → ZZ(∗) → 4! based on 4.8 fb−1 of data
recorded by the ATLAS detector at

√
s = 7 TeV

during the 2011 run has been presented. The SM
Higgs boson is excluded at 95% CL in the mass
ranges 134−156 GeV, 182−233 GeV, 256−265 GeV
and 266−415 GeV. The largest upward deviations
from the background-only hypothesis are observed
for mH = 125 GeV, 244 GeV and 500 GeV with lo-
cal significances of 2.1, 2.2 and 2.1 standard devi-
ations, respectively. Once the look-elsewhere effect
is considered, none of these excesses are significant.
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FIG. 1. Invariant mass distribution for the selected data sam-
ple, overlaid with the total background (see text). The bot-
tom inset displays the residual of the data with respect to the
total background. The Higgs boson expectation for a mass
hypothesis of 120 GeV corresponding to the SM cross section
is also shown.

boson cross sections, branching ratios [30] and their un-
certainties are compiled in Ref. [31].2

The cross sections multiplied by the branching ratio
into two photons are listed in Table III. The number4

of signal events produced by gluon fusion is rescaled to
take into account the expected destructive interference6

between the gg → γγ continuum background and the
gg → H → γγ process [32], leading to a reduction of the8

production rate by 2−5% depending on mH and analysis
category. The fractions of gluon-fusion, VBF, WH, ZH10

and tt̄H production are approximately 87%, 7%, 3%, 2%
and 1%, respectively, for mH = 120 GeV.12

The shower shape variables of the simulated samples
are shifted to agree with the corresponding distributions14

in the data [11] and the photon energy resolution is
broadened to account for differences observed between16

Z → ee data and MC events. Powheg NLO MC has
been reweighted to match the Higgs boson pT distribu-18

tion predicted by HqT [33]. The signal yields expected
for 4.9 fb−1 and selection efficiencies are given in Ta-20

ble III.

The invariant mass shape of the signal in each category22

is modeled by the sum of a Crystal Ball function [34] de-
scribing the core of the distribution with a width σCB ,24

and a wide Gaussian with a small amplitude describing
the tails of the mass distribution. In Fig. 2 the sum of26

all signal processes in all categories is shown for a Higgs
boson with mH = 120 GeV. The expected full-width-at-28

half-maximum (FWHM) is 4.1 GeV and σCB is 1.7 GeV.
The resolution varies with category (see Table II). The30

signal-to-background ratio (S/B), calculated in a mass

window symmetric about the signal maximum and con-32

taining 90% of the signal, varies from 0.11 to 0.01 de-
pending on the category and is also shown in Table II.34

The background in each category is estimated from the
data by fitting the diphoton mass spectrum in the range36

100−160 GeV with an exponential function with free
slope and normalization parameters. The background38

curve in Fig. 1 is the sum of these nine contributions.
For each category, a single exponential fit satisfactorily40

describes the mass spectrum. This has been checked us-
ing large samples of diphoton events produced by the42

Resbos [35] and Diphox [36] MC generators.
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FIG. 2. Reconstructed invariant mass distribution for a sim-
ulated signal of mH = 120 GeV summed over all categories,
superimposed with the fit to the signal model.

To account for a possible difference between the expo-44

nential function and the true background shape, a term
is included into the likelihood function (described below)46

that allows for a signal-like component still consistent
with the background uncertainty. For each category this48

uncertainty is estimated from MC by the difference be-
tween the mass distribution of diphoton events gener-50

ated with Resbos and the result of the exponential fit
to this distribution. Photon reconstruction and identifi-52

cation efficiencies are taken into account. The MC events
are scaled to correspond to 4.9 fb−1 of data. The uncer-54

tainty is then the maximal difference between the MC
shape and the model integrated in a sliding mass win-56

dow of 4 GeV, the approximate FWHM of the expected
signal. The uncertainties obtained are ±(0.1−7.9) events58

depending on the category. Pseudo experiments are used
to check that the sum of γγ, γj and jj events can also60

be described well by the exponential model. The back-
ground uncertainties are further validated by fitting the62

data with functions that have more degrees of freedom
than the single exponential, and comparing the residuals64

to those obtained with the exponential fit.
The dominant experimental uncertainty on the signal66

yield is the photon reconstruction and identification ef-
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Figure 1: Background model fit to the mgg distribution for the five event classes, together with
a simulated signal (mH=120 GeV). The magnitude of the simulated signal is what would be ex-
pected if its cross section were twice the SM expectation. The sum of the event classes together
with the sum of the five fits is also shown. a) The sum of the five event classes. b) the dijet-
tagged class, c) both photons in the barrel, Rmin

9 > 0.94, d) both photons in the barrel, Rmin
9 <

0.94, e) at least one photon in the endcaps, Rmin
9 > 0.94, f) at least one photon in the endcaps,

Rmin
9 < 0.94.
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TABLE III. Higgs boson production cross section multiplied
by the branching ratio into two photons, expected number
of signal events summed over all categories for 4.9 fb−1 and
selection efficiencies for various Higgs boson masses.

mH [GeV] 110 115 120 125 130 135 140 145 150

σ ×BR [fb] 45 44 43 40 36 32 27 22 16

Signal events 69 72 72 69 65 58 50 41 31

Efficiency [%] 31 33 34 35 37 37 38 38 39

ficiency (±11%), which is estimated with data by using
electrons from Z and W decays and photons selected2

from Z → !!γ (! = e, µ) events. Pileup also affects
the identification efficiency and contributes to the uncer-4

tainty (±4%). Further uncertainties on the signal yield
are related to the trigger (±1%), Higgs boson pT model-6

ing (±1%), isolation (±5%) and luminosity (±3.9%). Un-
certainties on the predicted cross sections are due to un-8

certainties on the QCD renormalization and factorization
scales (+12

−8 %) and on the parton density functions (PDF,10

[37] and references therein) and αs (±8%). The total
uncertainty on the signal yield is +20

−17%. The total uncer-12

tainty on the mass resolution is ±14%, dominated by the
uncertainty on the energy resolution of the calorimeter,14

determined from Z → ee events (±12%). Further uncer-
tainties on the mass resolution result from an imperfect16

knowledge of material in front of the calorimeter affect-
ing the extrapolation from electron to photon calibration18

(±6%), the impact of pileup (±3%) estimated from ran-
domly triggered events, and the photon angle measure-20

ment (±1%) estimated using Z → ee events. The uncer-
tainty on the knowledge of the material in front of the22

calorimeter is used to derive the amount of event migra-
tion between the converted and unconverted categories24

(±4.5%). Different PDFs and scale variations in HqT

calculations are used to derive possible event migration26

between high and low pTt categories (±8%).

A modified frequentist approach (CLS) [38] for set-28

ting limits and a frequentist approach to calculate the p0
value are used [39]. The p0 is the probability that the30

background fluctuates to the observed number of events
or higher. The combined likelihood, which is a function32

of the ratio of the measured cross-section relative to that
of the SM prediction, is constructed from the unbinned34

likelihood functions of the nine categories. Systematic
uncertainties are incorporated by introducing nuisance36

parameters with constraints. Asymptotic formulae [40]
are used to derive the limits and p0 values, which are38

refined with pseudo experiments [41], as functions of the
hypothetical Higgs boson mass.40

The observed and expected local p0 values and the
95% CL limits on the Higgs boson production in units42

of the SM cross section are displayed in Figs. 3 and 4.

Before considering the uncertainty on the signal mass po-44

sition, the largest excess with respect to the background-
only hypothesis in the mass range 110-150 GeV is ob-46

served at 126.5 GeV with a local significance of 2.9 stan-
dard deviations. The uncertainty on the mass position48

(±0.7 GeV) due to the imperfect knowledge of the pho-
ton energy scale has a small effect on the significance.50

When this uncertainty is taken into account using pseudo
experiments, the significance is 2.8 standard deviations;52

this becomes 1.5 standard deviations when the look else-
where effect [42] for the mass range 110-150 GeV is in-54

cluded. The median expected upper limits of the cross
section in the absence of a true signal, at the 95% CL,56

vary between 1.6 and 1.7 times the SM cross section in
the mass range 115−130 GeV, and between 1.6 and 2.758

in the mass range 110−150 GeV. The observed 95% CL
upper limit of the cross section relative to the SM cross60

section is between 0.83 and 3.6 over the full mass range.
A SM Higgs boson is excluded at 95% CL in the mass62

ranges of 113−115 GeV and 134.5−136 GeV.
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max. deviation at mH~126.5±0.9 GeV: 
local p0-value:   0.27% (2.9 σ)       
global p0-value: ~7% (1.5σ) 
expected from SM Higgs: ~ 1.4σ   
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Figure 3: The local p-value as a function of Higgs boson mass, calculated in the asymptotic
approximation. The point at 124 GeV shows the value obtained with a pseudo-data ensemble.

boson. The local p-value corresponding to the largest upwards fluctuation of the observed
limit, at 124 GeV, has been computed to be 9.2⇥10�4 (3.1 s) in the asymptotic approximation,
and 1.5±0.4⇥10�3 (3.0 s) when the calculation uses pseudo-data (the value for the pseudo-data
ensemble at 124 GeV is shown in Fig. 3). The combined best fit signal strength, for a SM Higgs
boson mass hypothesis of 124 GeV, is 2.1±0.6 times the SM Higgs boson cross section. In Fig. 4
this combined best fit signal strength is compared to the best fit signal strengths in each of the
event classes. Since a fluctuation of the background could occur at any point in the mass range
there is a look-elsewhere effect [68]. When this is taken into account the probability, under the
background only hypothesis, of observing a similar or larger excess in the full analysis mass
range (110 < mH < 150 GeV) is 3.9⇥10�2, corresponding to a global significance of 1.8 s.

9 Conclusions

A search has been performed for the standard model Higgs boson decaying into two photons
using data obtained from pp collisions at

p
s = 7 TeV corresponding to an integrated lumi-

nosity of 4.8 fb�1. The selected events are subdivided into classes according to indicators of
mass resolution and signal-to-background ratio, and the results of a search in each class are
combined. The expected exclusion limit at 95% confidence level is between 1.4 and 2.4 times
the standard model cross section in the mass range between 110 and 150 GeV. The analysis
of the data excludes at 95% confidence level the standard model Higgs boson decaying into
two photons in the mass range 128 to 132 GeV. The largest excess of events above the expected
standard model background is observed for a Higgs boson mass hypothesis of 124 GeV with
a local significance of 3.1 s. The global significance of observing an excess with a local signifi-
cance �3.1 s anywhere in the search range 110–150 GeV is estimated to be 1.8 s. More data are
required to ascertain the origin of this excess.

max. deviation at mH = 124 GeV: 
local p0-value: 0.09% (3.1σ)    
global p0-value: 3.9% (1.8σ) 
fitted signal strength:  2.1±0.6 x SM  
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Figure 1: Background model fit to the mgg distribution for the five event classes, together with
a simulated signal (mH=120 GeV). The magnitude of the simulated signal is what would be ex-
pected if its cross section were twice the SM expectation. The sum of the event classes together
with the sum of the five fits is also shown. a) The sum of the five event classes. b) the dijet-
tagged class, c) both photons in the barrel, Rmin

9 > 0.94, d) both photons in the barrel, Rmin
9 <

0.94, e) at least one photon in the endcaps, Rmin
9 > 0.94, f) at least one photon in the endcaps,

Rmin
9 < 0.94.
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boson. The local p-value corresponding to the largest upwards fluctuation of the observed
limit, at 124 GeV, has been computed to be 9.2⇥10�4 (3.1 s) in the asymptotic approximation,
and 1.5±0.4⇥10�3 (3.0 s) when the calculation uses pseudo-data (the value for the pseudo-data
ensemble at 124 GeV is shown in Fig. 3). The combined best fit signal strength, for a SM Higgs
boson mass hypothesis of 124 GeV, is 2.1±0.6 times the SM Higgs boson cross section. In Fig. 4
this combined best fit signal strength is compared to the best fit signal strengths in each of the
event classes. Since a fluctuation of the background could occur at any point in the mass range
there is a look-elsewhere effect [68]. When this is taken into account the probability, under the
background only hypothesis, of observing a similar or larger excess in the full analysis mass
range (110 < mH < 150 GeV) is 3.9⇥10�2, corresponding to a global significance of 1.8 s.

9 Conclusions

A search has been performed for the standard model Higgs boson decaying into two photons
using data obtained from pp collisions at

p
s = 7 TeV corresponding to an integrated lumi-

nosity of 4.8 fb�1. The selected events are subdivided into classes according to indicators of
mass resolution and signal-to-background ratio, and the results of a search in each class are
combined. The expected exclusion limit at 95% confidence level is between 1.4 and 2.4 times
the standard model cross section in the mass range between 110 and 150 GeV. The analysis
of the data excludes at 95% confidence level the standard model Higgs boson decaying into
two photons in the mass range 128 to 132 GeV. The largest excess of events above the expected
standard model background is observed for a Higgs boson mass hypothesis of 124 GeV with
a local significance of 3.1 s. The global significance of observing an excess with a local signifi-
cance �3.1 s anywhere in the search range 110–150 GeV is estimated to be 1.8 s. More data are
required to ascertain the origin of this excess.

10 9 Summary

approximation, and 10.5⇥10�3 (2.31s) when the calculation uses pseudo-data (the pseudo-data
value is shown as a blue point in Fig. 4). Since a fluctuation of the background could occur at
any point in the mass range there is a look-elsewhere effect. When this is taken into account
the probability, under the background only hypothesis, of observing a similar or larger excess
in the full range is 0.21±0.01 (0.79s). Three of the 4 event classes contribute to the excess at
123.5 GeV/c2, and overall the fitted signal strength is 1.7±0.8 times the Standard Model cross
section.
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Figure 4: The p-value, which measures the probability that the observed events are compatible
with a background only hypothesis.

9 Summary

A search has been made for a Higgs boson decaying into two photons in the CMS detector.
The analysis uses reconstruction and selection techniques that take account of the multiple
interactions occurring in each bunch crossing in the current LHC operating conditions, which
affect isolation and identification of the interaction vertex. The selected events are subdivided
into classes according to indicators of mass resolution and signal to background ratio, and
the results of a search in each class are combined. The expected exclusion limit at 95% CL is
between 1.5 and 2.0 times the Standard Model cross section in the mass range between 110
and 140 GeV/c2, and the observed limit disfavours at 95% CL a Standard Model Higgs boson
decaying into two photons in the mass range 127 to 131 GeV/c2.
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Figure 1: Background model fit to the mgg distribution for the five event classes, together with
a simulated signal (mH=120 GeV). The magnitude of the simulated signal is what would be ex-
pected if its cross section were twice the SM expectation. The sum of the event classes together
with the sum of the five fits is also shown. a) The sum of the five event classes. b) the dijet-
tagged class, c) both photons in the barrel, Rmin

9 > 0.94, d) both photons in the barrel, Rmin
9 <

0.94, e) at least one photon in the endcaps, Rmin
9 > 0.94, f) at least one photon in the endcaps,

Rmin
9 < 0.94. Dec. 2011: mH = 123.5 GeV: 

local p0-value: 0.96% (2.34σ)    
global p0-value ~21% (0.8σ) 

Feb. 2012:mH = 124 GeV: 
local p0-value: 0.09% (3.1σ)    
global p0-value: 3.9% (1.8σ) 
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CMS: Exclusion by Individual Channels 
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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 ! gg channel. The observed limits presented in Fig. 4 can be compared to the expected
ones shown in Fig. 1. The results shown in both Figures are calculated using the asymptotic
formula for the CLs method.
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Figure 4: The observed 95% CL upper limits on the signal strength parameter µ = s/sSM as a
function of the Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right) for
the eight Higgs boson decay channels and their combination.

Figure 5 shows two separate combinations in the low mass range: one for the gg and ZZ ! 4`
channels, which have good mass resolution, and another for the three channels with poor mass
resolution (bb, tt, WW). The expected sensitivities of these two combinations are very similar.
Both indicate an excess of events: the excess in the bb+ tt +WW combination has, as expected,
little mass dependence in this range, while the excess in the gg and ZZ ! 4` combination is
clearly more localized. The results shown in Fig. 5 are calculated using the asymptotic formula.

To quantify the consistency of the observed excesses with the background-only hypothesis,
we show in Fig. 6 (left) a scan of the combined local p-value p0 in the low-mass region. A
broad offset of about one standard deviation, caused by excesses in the channels with poor
mass resolution (bb, tt, WW), is complemented by localized excesses observed in the ZZ ! 4`
and gg channels. This causes a decrease in the p-values for 118 < mH < 126 GeV, with two
narrow features: one at 119.5 GeV, associated with three ZZ ! 4` events, and the other at
124 GeV, arising mostly from the observed excess in the gg channel. The p-values shown in
Fig. 6 are obtained with the asymptotic formula and were validated by generating ensembles
of background-only pseudo-datasets.

The minimum local p-value pmin = 0.001 at mH ' 124 GeV corresponds to a local significance
Zmax of 3.1s. 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. [68] and
corresponds to 1.5s. 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 2.1s.

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. 6 (right). In this fit the constraint
µ̂ � 0 is not applied, so that a negative value of µ̂ indicates an observation below the expec-
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Figure 4: The observed 95% CL upper limits on the signal strength parameter µ = s/sSM as a
function of the Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right) for
the eight Higgs boson decay channels and their combination.

Figure 5 shows two separate combinations in the low mass range: one for the gg and ZZ ! 4`
channels, which have good mass resolution, and another for the three channels with poor mass
resolution (bb, tt, WW). The expected sensitivities of these two combinations are very similar.
Both indicate an excess of events: the excess in the bb+ tt +WW combination has, as expected,
little mass dependence in this range, while the excess in the gg and ZZ ! 4` combination is
clearly more localized. The results shown in Fig. 5 are calculated using the asymptotic formula.

To quantify the consistency of the observed excesses with the background-only hypothesis,
we show in Fig. 6 (left) a scan of the combined local p-value p0 in the low-mass region. A
broad offset of about one standard deviation, caused by excesses in the channels with poor
mass resolution (bb, tt, WW), is complemented by localized excesses observed in the ZZ ! 4`
and gg channels. This causes a decrease in the p-values for 118 < mH < 126 GeV, with two
narrow features: one at 119.5 GeV, associated with three ZZ ! 4` events, and the other at
124 GeV, arising mostly from the observed excess in the gg channel. The p-values shown in
Fig. 6 are obtained with the asymptotic formula and were validated by generating ensembles
of background-only pseudo-datasets.

The minimum local p-value pmin = 0.001 at mH ' 124 GeV corresponds to a local significance
Zmax of 3.1s. 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. [68] and
corresponds to 1.5s. 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 2.1s.

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. 6 (right). In this fit the constraint
µ̂ � 0 is not applied, so that a negative value of µ̂ indicates an observation below the expec-
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Combined Exclusion Limits  

Observed at 95% CL:  
112.9 < mH < 115.5, 131<mH<231, 251- 466 GeV 

Expected at 95% CL:   124 < MH < 519 GeV 

Observed at 99% CL:  
133 <mH < 230 GeV, 260< mH <437 GeV    

118 < mH < 543 GeV 

127 < mH < 600GeV 

129 < mH< 525 GeV 
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Figure 2: The CLs values 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). The observed values are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively. The
three horizontal lines on the CLs plot show confidence levels of 90%, 95%, and 99%, defined as
(1 � CLs).
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Figure 3: The 95% CL upper limits on the signal strength parameter µ = s/sSM 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). The observed values as a function of mass are shown by the solid line.
The dashed line indicates the expected median of results for the background-only hypothesis,
while the green (dark) and yellow (light) bands indicate the ranges that are expected to contain
68% and 95% of all observed excursions from the median, respectively.

ATLAS: 2.5 σ deficit w.r.t BG only at 300 to 400 GeV,  global probability 30% 
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Combined Exclusion Limit: Low Mass Range 

Observed at 95% CL:  
112.9< mH<115.5 GeV 131< mH < 150++ 

Expected at 95% CL:  
          124 < MH < 519 GeV 

118 < mH < 534 GeV 

127 < mH < 600GeV 

in both experiments observed exclusion weaker than expected  
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Figure 2: The CLs values 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). The observed values are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively. The
three horizontal lines on the CLs plot show confidence levels of 90%, 95%, and 99%, defined as
(1 � CLs).
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Figure 3: The 95% CL upper limits on the signal strength parameter µ = s/sSM 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). The observed values as a function of mass are shown by the solid line.
The dashed line indicates the expected median of results for the background-only hypothesis,
while the green (dark) and yellow (light) bands indicate the ranges that are expected to contain
68% and 95% of all observed excursions from the median, respectively.
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Consistency with Background-Only Hypothesis 

Maximum deviation from background-only 
 expectation observed for mH~126 GeV 
 
244   GeV: HàZZ à4l 
>460 GeV: several channels 

119 GeV: 3 Hà4l events 
124 GeV:    Hà2γ events  
325 GeV: 9 Hà4l events  

Max. deviation from background-only 
observed for mH~119 and 124 GeV 
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Consistency with BG-Only: Low Mass 

Maximum deviation for mH~126 GeV 

Local p0-value: 1.9x10-4  = 3.6σ   
(~2.8σ Hà γγ, 2.1σ Hà 4l, 1.4σ Hà lνlν) 

Global p0-value:  
0.6% ( 2.5σ)  mass range 110 to 146 GeV 
1.4%  (2.2σ)  mass range 110 to 600 GeV 

Expected for MH=126 GeV: 2.5σ   
(~ 1.4σ per channel) 
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Figure 5: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of mH, separately for the combination of the ZZ + gg
(left) and bb+ tt +WW (right) searches. The observed values as a function of mass are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively.
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Figure 6: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of the
SM Higgs boson mass in the range 110–145 GeV. The global significance of the observed maxi-
mum excess (minimum local p-value) in this mass range is about 2.1s, estimated using pseudo-
experiments. The dashed line on the left plot shows the expected local p-values p0(mH), should
a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1s uncer-
tainties on the µ̂ values.

Max. deviation for mH~ 124 GeV 
 
Minimal local p-value 0.001 = 3.1σ 
 
 
 
Global p-value  
2.1σ mass range 110 to 145 GeV 
1.6s mass range  110 to 600 GeV 
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Best Fit for Signal Strength w.r.t. SM Rate 

Mass values with highest signal strength parameter slightly different 
But not an inconsistent picture 

10 4 Results
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Figure 5: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of mH, separately for the combination of the ZZ + gg
(left) and bb+ tt +WW (right) searches. The observed values as a function of mass are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively.
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Figure 6: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of the
SM Higgs boson mass in the range 110–145 GeV. The global significance of the observed maxi-
mum excess (minimum local p-value) in this mass range is about 2.1s, estimated using pseudo-
experiments. The dashed line on the left plot shows the expected local p-values p0(mH), should
a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1s uncer-
tainties on the µ̂ values.
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tation from the background-only hypothesis. The band corresponds to the ±1s uncertainty
(statistical+systematic) on the value of µ̂ obtained from a change in qµ by one unit (Dqµ = 1),
after removing the µ  µ̂ constraint. The observed µ̂ values are within 1s of unity in the mass
range from 117–126 GeV.

Figure 7 shows the interplay of contributing channels for the two Higgs boson mass hypothe-
ses mH = 119.5 and 124 GeV. The choice of these mass points is motivated by the features
seen in Fig. 6 (left). The plots show the level of statistical compatibility between the channels
contributing to the combination.
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Figure 7: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contributing
channels (points) for two hypothesized Higgs boson masses. The band corresponds to ±1s
uncertainties on the overall µ̂ value. The horizontal bars indicate ±1s uncertainties on the µ̂
values for individual channels.

5 Conclusions

Combined results are reported from searches for the SM Higgs boson in proton-proton colli-
sions at

p
s = 7 TeV in five Higgs boson decay modes: gg, bb, tt, WW, and ZZ. The explored

Higgs boson mass range is 110–600 GeV. The analysed data correspond to an integrated lumi-
nosity of 4.6–4.8 fb�1. The expected excluded mass range in the absence of the standard model
Higgs boson is 118–543 GeV at 95% CL. The observed results exclude the standard model Higgs
boson in the mass range 127–600 GeV at 95% CL, and in the mass range 129–525 GeV at 99% CL.
An excess of events above the expected standard model background is observed at the low end
of the explored mass range making the observed limits weaker than expected in the absence of
a signal. The largest excess, with a local significance of 3.1s, is observed for a Higgs boson mass
hypothesis of 124 GeV. The global significance of observing an excess with a local significance
�3.1s anywhere in the search range 110–600 (110–145) GeV is estimated to be 1.5s (2.1s). More
data are required to ascertain the origin of the observed excess.
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Figure 7: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contributing
channels (points) for two hypothesized Higgs boson masses. The band corresponds to ±1s
uncertainties on the overall µ̂ value. The horizontal bars indicate ±1s uncertainties on the µ̂
values for individual channels.
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Current Knowledge about the Higgs boson mass  

the Standard Model still prefers a light Higgs boson 
only MH= 115.5 to 127 GeV not excluded 

only more data can tell whether excesses are hint for a new particle 
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Prospects 

       MORE DATA à 2012 run:   (Fabiola Gianotti, Dec 13th)  
~ 20 fb-1 of delivered luminosity needed to: 
q achieve 5σ evidence at mH~ 125 GeV with ~ 3σ per channel (ATLAS alone) 
q achieve 5σ evidence down to ~ 116 GeV (ATLAS+CMS combined) 
q exclude mH ~ 125 GeV if the excess is due to a fluctuation 
“Contingency”: analysis improvements;  √s=8 TeV (~ 10% sensitivity gain) 
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Figure 14: Combined sensitivity for di↵erent centre-of-mass energies. The top two plots compare the
evolution at 1 and 2 fb�1. The top right also shows the impact of an aggressive analysis strategy explained
in the text. Bottom plot shows the 1 fb�1 result over the full mass range. Public results from LEP [39]
and the Tevatron [38] are shown for comparison.
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Higgs production at low MH  increased by 20% to 30% from 7 to 8 TeV center-of-mass 
rough estimate: 0.8 fb-1@ 8 TeV  äquivalent to 1.0 fb-1 at 7 TeV 
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2012: the year of the Higgs boson (or not) … 

CERN  
Courier 

To R.-D.  Heuer  
from ATLAS&CMS 
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                Exclusion limit for H àWWàlνlν	
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Number of events… exp and measu. 

11

To compute the upper limits the modified frequentist construction CLs [73–75] is used. The
likelihood function from the expected number of observed events is modeled as a Poisson ran-
dom variable, whose mean value is the sum of the contributions from signal and background
processes. All the sources of systematic uncertainties are also considered. The 95% CL observed
and expected median upper limits are shown in Fig. 4. Results are reported for both the cut-
based and the BDT approaches. The bands represent the 1s and 2s probability intervals around
the expected limit. The a posteriori probability intervals on the cross section are constrained by
the assumption that the signal and background cross sections are positive definite.

The cut-based analysis excludes the presence of a Higgs boson with mass in the range 132–
238 GeV at 95% CL, while the expected exclusion limit in the hypothesis of background only
is 129–236 GeV. With the multivariate analysis, a Higgs boson with mass in the range 129–
270 GeV is excluded at 95% CL, while the expected exclusion limit for the background only
hypothesis is in the range 127–270 GeV. The observed (expected) upper limits are about 0.9
(0.7) times the SM expectation for mH = 130 GeV.
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Figure 4: Expected and observed 95% CL upper limits on the cross section times branching
fraction, sH ⇥ BR(H ! W+W�), relative to the SM Higgs expectation, using cut-based (left)
and multivariate BDT (right) event selections. Results are obtained using the CLs approach.

8 Summary

A search for the SM Higgs boson decaying to W+W� in pp collisions at
p

s = 7 TeV is per-
formed by the CMS experiment using a data sample corresponding to an integrated luminos-
ity of 4.6 fb�1. No significant excess of events above the SM background expectation is found.
Limits on the Higgs boson production cross section relative to the SM Higgs expectation are
derived, excluding the presence of the SM Higgs boson with a mass in the range 129–270 GeV
at 95% CL.
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Observed exclusion:  129 to 270 GeV              145 to 206 GeV            
Expected exclusion : 127 to 270 GeV               134 to 200 GeV 

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      

Eilam Gross, WIS, Freiburg Jan 2012

Higgs Decay Modes
Once the Z and W channels are opening (mH>120) it decays 
to ZZ* and WW*

The Higgs decay modes are classified according to the decays 
of the daughter bosons, thus the main decay modes are

the golden channel 4l=4 leptons

and other WW or ZZ channels
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CMS: SM Hàττ  and Hàbb Exclusion Limits 

12 8 Summary
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Figure 4: Observed (solid) and expected (dashed) 95% CL upper limit on the ratio of the pro-
duction cross section to the SM expectation for the Higgs boson obtained using the CLs tech-
nique. The 68% (1s) and 95% (2s) ranges of expectation for the background-only model are
also shown with green (darker) and yellow (lighter) bands, respectively. The solid line at 1
indicates the SM expectation. Left: low-mass range, right: high-mass range.
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Figure 5: Observed (dashed) and expected (solid) 95% CL upper limit on the product of the
production cross section and branching fraction for H ! ZZ obtained with the CLs tech-
nique. The 68% (1s) and 95% (2s) ranges of expectation for the background-only model are
also shown with green (darker) and yellow (lighter) bands, respectively. The expected product
of the SM Higgs production cross section and the branching fraction is shown as a red solid
curve with a band indicating theoretical uncertainties at 68% CL. The same expectation in the
fourth-generation model is shown with a red dashed curve with a band indicating theoretical
uncertainties. Left: low-mass range, right: high-mass range.
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ATLAS: Limits for High Mass Channels 
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ATLAS: H à ττ and Hàbb with 1.1 fb-1 

ττàll4ν	


1 jet  pT>40 GeV 

ττàlτhad3ν	


inclusive Wàlν Zàll 
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CMS: LEE from Local to Global P-values 

22 5 Summary

Look-elsewhere effect in the full mass range

The look-elsewhere effect in this search is not negligible. For the full search region, 110-600 GeV/c2,
it can be approximately assessed by counting the number of deficit-to-excess fluctuations N0
across the entire search mass range as described in Ref [23]. The µ̂ scan vs. Higgs boson mass
(Fig. 12) shows 8 such upcrossings, where the µ̂(mH) curve crosses µ̂ = 0 in a negative to posi-
tive direction. The global p-value to observe an excess with a local significance Zmax =2.6 is

pglobal = pmin + N0 e�Z2
max/2 ⇠ 0.28,

which corresponds to a global significance of 0.6s.

Look-elsewhere effect in the restricted mass range

Since the low-mass range is of particular interest in the SM Higgs boson search, we evaluate
a look-elsewhere effect in the restricted mass range, chosen, by way of illustration, to be 110-
145 GeV/c2. To evaluate the global p-value in this mass range, we generate 500 pseudo-data sets
for the background-only hypothesis and scan them for the minimum local p-value. The gg,
ZZ ! 4`, and tt pseudo-events are generated according to the relevant background models
which are independent of the mass of the Higgs boson.

This cannot be done for the WW and bb analyses which use mass-dependent MVA-based tech-
niques, preventing us from being able to build the necessary correlation models to correctly
distribute pseudo-data events between MVAs trained for different mass points. However, by
considering a narrow mass range, as we have done, we can take advantage of the fact that
the WW and bb analyses have nearly no mass sensitivity. Therefore, for these channels we
produce pseudo-data based on the background model obtained for a Higgs with mass, m̃H,
approximately at the mid-point of the restricted range. Signal models for other Higgs boson
mass hypotheses are approximated by the model for m̃H, with the total event yields adjusted
according to the expected sensitivities obtained in the full analyses. By construction, the LEE
trials factor for these channels becomes one, which is very close to the truth for so narrow a
mass range.

Figure 16 shows the probability of observing a minimum local p-value equal or smaller than
some predefined threshold. This probability is the global p-value. One can see that the global
p-value corresponding to the observed pmin =0.005 is 0.026, which implies a global significance
of 1.9s. An example of a p-value scan obtained in one of the 500 pseudo-data sets is shown in
Fig. 17.
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Look-elsewhere effect in the full mass range

The look-elsewhere effect in this search is not negligible. For the full search region, 110-600 GeV/c2,
it can be approximately assessed by counting the number of deficit-to-excess fluctuations N0
across the entire search mass range as described in Ref [23]. The µ̂ scan vs. Higgs boson mass
(Fig. 12) shows 8 such upcrossings, where the µ̂(mH) curve crosses µ̂ = 0 in a negative to posi-
tive direction. The global p-value to observe an excess with a local significance Zmax =2.6 is

pglobal = pmin + N0 e�Z2
max/2 ⇠ 0.28,

which corresponds to a global significance of 0.6s.

Look-elsewhere effect in the restricted mass range

Since the low-mass range is of particular interest in the SM Higgs boson search, we evaluate
a look-elsewhere effect in the restricted mass range, chosen, by way of illustration, to be 110-
145 GeV/c2. To evaluate the global p-value in this mass range, we generate 500 pseudo-data sets
for the background-only hypothesis and scan them for the minimum local p-value. The gg,
ZZ ! 4`, and tt pseudo-events are generated according to the relevant background models
which are independent of the mass of the Higgs boson.

This cannot be done for the WW and bb analyses which use mass-dependent MVA-based tech-
niques, preventing us from being able to build the necessary correlation models to correctly
distribute pseudo-data events between MVAs trained for different mass points. However, by
considering a narrow mass range, as we have done, we can take advantage of the fact that
the WW and bb analyses have nearly no mass sensitivity. Therefore, for these channels we
produce pseudo-data based on the background model obtained for a Higgs with mass, m̃H,
approximately at the mid-point of the restricted range. Signal models for other Higgs boson
mass hypotheses are approximated by the model for m̃H, with the total event yields adjusted
according to the expected sensitivities obtained in the full analyses. By construction, the LEE
trials factor for these channels becomes one, which is very close to the truth for so narrow a
mass range.

Figure 16 shows the probability of observing a minimum local p-value equal or smaller than
some predefined threshold. This probability is the global p-value. One can see that the global
p-value corresponding to the observed pmin =0.005 is 0.026, which implies a global significance
of 1.9s. An example of a p-value scan obtained in one of the 500 pseudo-data sets is shown in
Fig. 17.
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max. deviation from BG at mH = 123.5 GeV: 
local p0-value: 0.96% or 2.34σ    
global p0-value (includes LEE) ~21% (0.8σ) 
fitted signal strength: ~ 1.7 ±0.8 x SM  

excluded: 127 ≤ mH ≤ 131 GeV,   
                (exp: 1.5 to 2.0 x σSM) 
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Figure 1: Background model fit to the mgg distribution for the combined data in all 4 event
classes, together with a simulated signal (mH=120 GeV/c2). The magnitude of the signal is what
would be expected if its cross section were 5 times the SM expectation.

Given the narrowness of the Higgs mass peak which has a resolution approaching 1 GeV/c2 in
the classes with best resolution, the search is carried out in steps of 0.5 GeV/c2.

Table 3 lists the sources of systematic uncertainty that have been taken into account in the
evaluation of the limits, together with the magnitude of the variation of the source that has
been applied.

The limit set on the cross section of a Higgs boson decaying to two photons using the frequen-
tist CLS computation and an unbinned evaluation of the likelihood, is shown in Fig. 2. Figure 3
shows the limit relative to the SM expectation, where the theoretical uncertainties on the ex-
pected cross sections from the different production mechanisms are individually included as
systematic uncertainties in the limit setting procedure. The fluctuations of the observed limit
about the expected limit are consistent with statistical fluctuations to be expected in scanning
the mass range. It has also been verified that the shape of the observed limit obtained is un-
changed if the choice of background model fitting function is changed over a wide range of
functional forms, although the expected limit improves by as much as 10% if functions with
less free parameters than the 5th order polynomial are used.

The results obtained from the binned evaluation of the likelihood are in excellent agreement
with the results shown in Figs. 2 and 3.

Figure 4 shows the local p-value calculated, using the asymptotic approximation, at 0.5 GeV/c2

intervals in the mass range 110< mH < 150 GeV/c2. The local p-value quantifies the proba-
bility for the background to produce a fluctuation as large as observed, and assumes that the
relative signal strength between the event classes follows the Monte Carlo signal model for the
Standard Model. The local p-value corresponding to the largest upwards fluctuation of the
observed limit, at 123.5 GeV/c2, has been computed to be 9.6⇥10�3 (2.34s) in the asymptotic
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Figure 2: Exclusion limit on the cross section of a SM Higgs boson decaying into two photons
as a function of the boson mass.
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Figure 3: Exclusion limit on cross section of a SM Higgs boson decaying into two photons
relative to the SM cross section, as a function of the boson mass.

10 9 Summary

approximation, and 10.5⇥10�3 (2.31s) when the calculation uses pseudo-data (the pseudo-data
value is shown as a blue point in Fig. 4). Since a fluctuation of the background could occur at
any point in the mass range there is a look-elsewhere effect. When this is taken into account
the probability, under the background only hypothesis, of observing a similar or larger excess
in the full range is 0.21±0.01 (0.79s). Three of the 4 event classes contribute to the excess at
123.5 GeV/c2, and overall the fitted signal strength is 1.7±0.8 times the Standard Model cross
section.
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Figure 4: The p-value, which measures the probability that the observed events are compatible
with a background only hypothesis.

9 Summary

A search has been made for a Higgs boson decaying into two photons in the CMS detector.
The analysis uses reconstruction and selection techniques that take account of the multiple
interactions occurring in each bunch crossing in the current LHC operating conditions, which
affect isolation and identification of the interaction vertex. The selected events are subdivided
into classes according to indicators of mass resolution and signal to background ratio, and
the results of a search in each class are combined. The expected exclusion limit at 95% CL is
between 1.5 and 2.0 times the Standard Model cross section in the mass range between 110
and 140 GeV/c2, and the observed limit disfavours at 95% CL a Standard Model Higgs boson
decaying into two photons in the mass range 127 to 131 GeV/c2.
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CMS: Hà γγ - Analysis Optimisation 

enhance signal/background ratio and mass resolution by splitting in 5 categories: 

converted/ non converted (R9
min</>.94)  and barrel/endcap (ηmax)  à 4 classes 

 
5th class new since December 2011: VBF topology (2 jets, mjj, Δηjj,,...) 
improves sensitivity by 10% 

6 6 Event classes

Candidate diphoton events for the dijet-tagged class have the same selection requirements im-
posed on the photons as for the other classes with the exception of the pT thresholds, which are
modified to increase signal acceptance. The threshold requirements for this class are pg

T(1) >
55 ⇥ mgg/120, and pg

T(2) > 25 GeV.

The selection variables for the jets use the two highest transverse energy (ET) jets in the event
with pseudorapidity |h| < 4.7. The pseudorapidity restriction with respect to the full calorime-
ter acceptance (|h| <5), avoids the use of jets for which the energy corrections are less reliable
and is found to have only a small effect (<2% change) on the signal efficiency. The following
selection requirements have been optimized using simulated events, of VBF signal and dipho-
ton background, to improve the expected limit at 95% CL on the VBF signal cross section, using
this class of events alone. The ET thresholds for the two jets are 30 and 20 GeV, and the pseu-
dorapidity separation between them is required to be greater than 3.5. Their invariant mass is
required to be greater than 350 GeV. Two additional selection criteria, relating the dijet to the
diphoton system, have been applied: the difference between the average pseudorapidity of the
two jets and the pseudorapidity of the diphoton system is required to be less than 2.5 [44], and
the difference in azimuthal angle between the diphoton system and the dijet system is required
to be greater than 2.6 radians (⇡150�).

For a Higgs boson having a mass, mH, of 120 GeV the overall acceptance times selection effi-
ciency of the dijet tag for Higgs boson events is 15% (0.5%) for those produced by VBF (gluon-
gluon fusion). This corresponds to about 2.01 (0.76) expected events. Events passing this tag
are excluded from the four classes defined by R9 and pseudorapidity, but enter the fifth class.
About 3% of Higgs boson signal events are expected to be removed from the four classes de-
fined by diphoton properties. In the mass range 100 < mgg < 180 GeV the fractions of diphoton
events in the selected data, which pass the dijet VBF tag and enter the fifth class, and which
would otherwise have entered one of the four classes defined in Table 2, are 0.8%, 0.5%, 0.3%
and 0.4%, respectively.

Table 2: Number of selected events in different event classes, for a SM Higgs boson signal
(mH = 120 GeV), and for data at 120 GeV. The value given for data, expressed as events/GeV,
is obtained by dividing the number of events in a bin of ± 10 GeV, centred at 120 GeV, by
20 GeV. The mass resolution for a SM Higgs boson signal in each event class, is also given.

Both photons in barrel One or both in endcap Dijet
Rmin

9 >0.94 Rmin
9 <0.94 Rmin

9 >0.94 Rmin
9 <0.94 tag

SM signal expected 25.2 (33.5%) 26.6 (35.3%) 9.5 (12.6%) 11.4 (14.9%) 2.8 (3.7%)
Data (events/GeV) 97.5 (22.8%) 143.4 (33.6%) 76.7 (17.9%) 107.4 (25.1%) 2.3 (0.5%)
seff (GeV) 1.39 1.84 2.76 3.19 1.71
FWHM/2.35 (GeV) 1.19 1.53 2.81 3.18 1.37

The number of events in each of the five classes is shown in Table 2, for signal events from
all Higgs boson production processes (as predicted by MC simulation), and for data. A Higgs
boson with mH=120 GeV is chosen for the signal, and the data are counted in a bin (± 10 GeV)
centred at 120 GeV. The table also shows the mass resolution, parameterized both as seff, half-
the-width of the narrowest window containing 68.3% of the distribution, and as the full width
at half maximum (FWHM) of the invariant mass distribution divided by 2.35. The resolution
in the endcaps is noticeably worse than in the barrel due to several factors, which include the
amount of material in front of the calorimeter and less precise single channel calibration.

Significant systematic uncertainties on the efficiency of dijet tagging of signal events arise from
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Figure 1: Background model fit to the mgg distribution for the five event classes, together with
a simulated signal (mH=120 GeV). The magnitude of the simulated signal is what would be ex-
pected if its cross section were twice the SM expectation. The sum of the event classes together
with the sum of the five fits is also shown. a) The sum of the five event classes. b) the dijet-
tagged class, c) both photons in the barrel, Rmin

9 > 0.94, d) both photons in the barrel, Rmin
9 <

0.94, e) at least one photon in the endcaps, Rmin
9 > 0.94, f) at least one photon in the endcaps,

Rmin
9 < 0.94.
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Figure 1: Background model fit to the mgg distribution for the five event classes, together with
a simulated signal (mH=120 GeV). The magnitude of the simulated signal is what would be ex-
pected if its cross section were twice the SM expectation. The sum of the event classes together
with the sum of the five fits is also shown. a) The sum of the five event classes. b) the dijet-
tagged class, c) both photons in the barrel, Rmin

9 > 0.94, d) both photons in the barrel, Rmin
9 <

0.94, e) at least one photon in the endcaps, Rmin
9 > 0.94, f) at least one photon in the endcaps,
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a simulated signal (mH=120 GeV). The magnitude of the simulated signal is what would be ex-
pected if its cross section were twice the SM expectation. The sum of the event classes together
with the sum of the five fits is also shown. a) The sum of the five event classes. b) the dijet-
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6 6 Event classes

Candidate diphoton events for the dijet-tagged class have the same selection requirements im-
posed on the photons as for the other classes with the exception of the pT thresholds, which are
modified to increase signal acceptance. The threshold requirements for this class are pg

T(1) >
55 ⇥ mgg/120, and pg

T(2) > 25 GeV.

The selection variables for the jets use the two highest transverse energy (ET) jets in the event
with pseudorapidity |h| < 4.7. The pseudorapidity restriction with respect to the full calorime-
ter acceptance (|h| <5), avoids the use of jets for which the energy corrections are less reliable
and is found to have only a small effect (<2% change) on the signal efficiency. The following
selection requirements have been optimized using simulated events, of VBF signal and dipho-
ton background, to improve the expected limit at 95% CL on the VBF signal cross section, using
this class of events alone. The ET thresholds for the two jets are 30 and 20 GeV, and the pseu-
dorapidity separation between them is required to be greater than 3.5. Their invariant mass is
required to be greater than 350 GeV. Two additional selection criteria, relating the dijet to the
diphoton system, have been applied: the difference between the average pseudorapidity of the
two jets and the pseudorapidity of the diphoton system is required to be less than 2.5 [44], and
the difference in azimuthal angle between the diphoton system and the dijet system is required
to be greater than 2.6 radians (⇡150�).

For a Higgs boson having a mass, mH, of 120 GeV the overall acceptance times selection effi-
ciency of the dijet tag for Higgs boson events is 15% (0.5%) for those produced by VBF (gluon-
gluon fusion). This corresponds to about 2.01 (0.76) expected events. Events passing this tag
are excluded from the four classes defined by R9 and pseudorapidity, but enter the fifth class.
About 3% of Higgs boson signal events are expected to be removed from the four classes de-
fined by diphoton properties. In the mass range 100 < mgg < 180 GeV the fractions of diphoton
events in the selected data, which pass the dijet VBF tag and enter the fifth class, and which
would otherwise have entered one of the four classes defined in Table 2, are 0.8%, 0.5%, 0.3%
and 0.4%, respectively.

Table 2: Number of selected events in different event classes, for a SM Higgs boson signal
(mH = 120 GeV), and for data at 120 GeV. The value given for data, expressed as events/GeV,
is obtained by dividing the number of events in a bin of ± 10 GeV, centred at 120 GeV, by
20 GeV. The mass resolution for a SM Higgs boson signal in each event class, is also given.

Both photons in barrel One or both in endcap Dijet
Rmin

9 >0.94 Rmin
9 <0.94 Rmin

9 >0.94 Rmin
9 <0.94 tag

SM signal expected 25.2 (33.5%) 26.6 (35.3%) 9.5 (12.6%) 11.4 (14.9%) 2.8 (3.7%)
Data (events/GeV) 97.5 (22.8%) 143.4 (33.6%) 76.7 (17.9%) 107.4 (25.1%) 2.3 (0.5%)
seff (GeV) 1.39 1.84 2.76 3.19 1.71
FWHM/2.35 (GeV) 1.19 1.53 2.81 3.18 1.37

The number of events in each of the five classes is shown in Table 2, for signal events from
all Higgs boson production processes (as predicted by MC simulation), and for data. A Higgs
boson with mH=120 GeV is chosen for the signal, and the data are counted in a bin (± 10 GeV)
centred at 120 GeV. The table also shows the mass resolution, parameterized both as seff, half-
the-width of the narrowest window containing 68.3% of the distribution, and as the full width
at half maximum (FWHM) of the invariant mass distribution divided by 2.35. The resolution
in the endcaps is noticeably worse than in the barrel due to several factors, which include the
amount of material in front of the calorimeter and less precise single channel calibration.

Significant systematic uncertainties on the efficiency of dijet tagging of signal events arise from

M. Schumacher                              Search for SM Higgs Boson at LHC               Neckarzimmern, 22 February 2012      



Dec: 2011 Consistency with BG-Only: Low Mass 

Maximum deviation for mH~126 GeV 

Local p0-value: 1.9x10-4  = 3.6σ   
(~2.8σ Hà γγ, 2.1σ Hà 4l, 1.4σ Hà lνlν) 

Global p0-value:  
0.6% ( 2.5σ)  mass range 110 to 146 GeV 
1.4%  (2.2σ)  mass range 110 to 600 GeV 

Expected for MH=126 GeV: ~ 2.4σ   
(~ 1.4σ per channel) 

Max. deviation for mH~119 and 124 GeV 
 
Minimal local p-value:  0.5% (2.6σ) 
 
 
 
Global p-value  
2.6% (1.9σ) mass range 110 to 145 GeV 
38%  (0.6σ) mass range 110 to 600 GeV 
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ATLAS: Best Fit for Signal Strength in Hà 2 Photons 
N

o
t

r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

13

 [GeV]Hm

110 115 120 125 130 135 140 145 150

µ

-3

-2

-1

0

1

2

3 Best fit

σ 1± ATLAS

γγ →H 

 = 7 TeVsData 2011,  
-1

Ldt = 4.9 fb∫

FIG. 26. The best-fit signal strength µ = σ/σSM as a function
of mH . The µ value indicates by what factor the SM Higgs
boson cross-section would have to be scaled to best match the
observed data. The light-blue band shows the approximate
±1σ range.
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FIG. 27. The best-fit signal strength µ = σ/σSM as a function
of mH in the nine categories. The µ value indicates by what
factor the SM Higgs boson cross section would have to be
scaled to best match the observed data. The best-fit signal
strength when combining all categories is also shown.
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factor the SM Higgs boson cross section would have to be
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strength when combining all categories is also shown.
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