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Abstract1

We search for a light Higgs produced in the radiative decay of the2

Υ (2S) and the Υ (3S). The Higgs boson is reconstructed using fully3

inclusive hadronic final states in the mass range 0.29 to 7.1 GeV/c2.4
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0 Changes from previous versions44

0.1 Changes from version 1 to version 245

• Sec. 1: unchanged46

• Sec. 2: minor edits47

• Sec. 3: unchanged48

• Sec. 4: minor edits49

• Sec. 5: minor edits50

• Sec. 6: Largely rewritten. Add fits to Run 7 on peak narrow reso-51

nances. Add additional cross checks. Add table summarizing numbers52

of events. Remove cross check using off peak data.53

• Sec. 7: minor edits54

• Sec. 8: unchanged55

• Sec. 9: Add discussion of fit quality. Add subsection on optimizing56

the number of mass hypotheses. Higher statistics on bias studies.57

• Sec. 10: unchanged58

• Sec. 11: unchanged59

• Sec. 12: Add one line on combining Υ (2S) and Υ (3S) results.60

0.2 Changes from version 2 to version 361

• Sec. 1: Unchanged62

• Sec. 2: Results in journal article will be based on combined data set.63

• Sec. 3: Final luminosities.64

• Sec. 4: Unchanged65

• Sec. 5: Remove cut on highest momentum track. Update plots on66

QED rejection.67

• Sec. 6: Add plots and tables for combined data sets. Improve captions68

and descriptions as per Bryan’s comments.69
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• Sec. 7: Unchanged70

• Sec. 8: Minor edits.71

• Sec. 9: Minor edits, as per Bryan. Add trials penalty studies using72

combined data set.73

• Sec. 10: Unchanged.74

• Sec. 11: Updated table and plots with new efficiencies resulting from75

removal of xp1 cut76

• Sec. 12: Describe how upper limit is found on combined data set. Add77

corresponding plot of expected upper limit.78

0.3 Changes for version 479

Add Section 13, Unblinding strategy.80

0.4 Changes for version 581

Add residual plots from fits in the initial unblinding stage.82

0.5 Changes for version 683

Unblinded results for Run 7 on peak data. Sections on the unblinding pro-84

cedure and test fits to off peak data removed. Sections reordered to match85

the presentation in the journal article.86

1 Introduction87

A light CP-odd Higgs boson is expected in a number of extensions to the88

standard model, including non-minimal Supersymmetry (SUSY) [1]. Light,89

in this context, means a mass less than 2mB . Such a Higgs could be produced90

in radiative decays of the Υ [2], Υ → γA0. BABAR has previously searched91

for this process where the A0 decays to muons [3], taus [4], or invisibly [5, 6].92

CLEO has used Υ (1S) data to search in the muon pair and tau pair final93

state [7].94

The quantum numbers of the A0, JPC = 0−+, are the same as the ηb,95

and could therefore mix with it [8]. There would then be two amplitudes96

that would contribute to the decay of an Υ to a lepton pair: the direct97

decay Υ → ℓ+ℓ−(γ), and the decay through the ηb and the A0: Υ → γηb,98
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ηb → A0 → ℓ+ℓ−. Given the different couplings of the A0 to different lepton99

species, the result would be a violation of lepton universality in Υ decay.100

BABAR has set limits such a violation [9].101

The coupling of the A0 to an up-type fermion pair is mfXd/
√

2ν tan2 β,102

while for a down-type fermion pair it is mfXd/
√

2ν. Xd = cos θA tan β,103

where cos θA gives the doublet component of the A0, and tan β is a standard104

SUSY parameter. For large (or rather, not small) values of tan β, the A0
105

will primarily decay to the heaviest down-type fermion that is kinematically106

available. Figure 1, taken from Ref. [10], summarizes the A0 branching107

fractions as a function of tan β and mass.108

Fig. 2, from the same reference, summarizes the expected Υ → γA0
109

branching fraction for various SUSY model parameters, with the constraint110

that the model not require “fine tuning”. (See Ref. [1] for discussion). The111

BABAR results rule out many, but not all, of the points shown in these plots.112

For example, at tan β = 3, the µ+µ− results rule out approximately 80%113

of the mA0 < 2mτ parameter points. [11] interprets the BABAR and CLEO114

results in terms of limits on Xd. For tan β = 5, these results imply an115

approximate limit of Xd < 0.5 (Fig. 3).116

Hadronic decays become increasingly important at low values of tan β.117

For example, if mA0 = 2GeV/c2, the branching ratio B(A0 → gg)/B(A0 →118

µ+µ−) ∼ 3 for tan β = 3 and ∼ 20 for tan β = 1, while B(A0 → ss̄)/B(A0 →119

µ+µ−) ∼ 9 for both values of tanβ (Fig. 1). At high masses and low tan β,120

the decay to cc̄ becomes dominant.121

This analysis searches for the decay of the A0 to hadronic final states for122

mA0 < 7GeV/c2.123

2 Overview of the analysis124

This analysis looks for narrow resonances in the A0 mass spectrum in fully125

reconstructed Υ → γA0 events. The Higgs decay final state must contain at126

least two charged tracks and must not contain any leptons. Otherwise, no127

restrictions are placed on the final state.128

Kinematic and particle identification cuts eliminate an otherwise large129

background from radiative Bhabha and radiative muon pair events. Addi-130

tional selection criteria ensure that the event is correctly reconstructed, and131

that the radiative photon candidate is not the daughter of a π0 or an η. The132

analysis proceeds with two different hypotheses regarding the nature of the133

A0: that it is CP odd, or else the CP nature is not specified (“CP all”).134

The remaining events are primarily initial state radiation (ISR) contin-135
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Figure 1: Branching fraction of the A0 to different final states as a function
of A0 mass, for different values of tan β. Figures taken from [10].
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Figure 2: Predicted product branching fraction Υ (3S) → γA0, A0 → ℓ+ℓ−

for (top) τ+τ− and (bottom) µ+µ−. These plots, taken from [10], are for
tan β = 3; plots for larger values are in the reference. Blue points are for
mA0 < 2mτ ; red points are 2mτ < mA0 < 7.5GeV/c2; green points are
7.5 < mA0 < 8.8GeV/c2; and black points are 8.8 < mA0 < 2mB . Different
points correspond to different SUSY parameters, as do the left and right
plots.
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Figure 3: Upper limits on Xd from BABAR searches for A0 → µ+µ− and
A0 → τ+τ−, and the CLEO search for A0 → τ+τ−, derived assuming
tan β = 5. The BABAR lepton universality results also provide significant
constraints at higher masses. Figure is copied from [11].
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uum, plus some radiative Υ decays. Of particular note is the ISR production136

of the narrow resonances ω, φ, J/ψ and ψ(2S), since the signature of a signal137

is a narrow resonance in the mass spectrum. The radiative Υ decays can be138

either non-resonant Υ → γgg or resonant Υ → γX. The resonant spectrum139

is not well measured, but the known light mesons are distinguishable from140

a Higgs boson by their significantly greater widths.141

The number of Higgs events at a particular mass is equal to the number142

of events observed within a mass window about that value, less the sum143

of the backgrounds (continuum, non-resonant Υ decays, and resonant Υ144

decays) in that window. 6701 mass hypotheses are considered for the CP145

odd case (1 MeV/c2 steps from 0.3–7 GeV/c2), and 6710 for CP all. The146

significance of an observed peak is degraded by a “trials penalty” of 3.5σ147

due to the number of hypotheses.148

The backgrounds are determined by a fit to the candidate mass spectrum149

that includes three components, continuum, resonant Υ decay, and non-150

resonant Υ decay. The continuum component is a continuum data set (Run151

6 plus Run 7 off peak), whose normalization is allowed to float in the fit.152

Various resonances are included for the resonant component, and a smooth153

curve is used to model the non-resonant component.154

90% CL upper limits on the product branching fraction B(Υ → γA0) ·155

B(A0 → hadrons) are calculated from the combined Υ (2S) and Υ (3S)156

datasets assuming equal matrix elements for the Υ (2S) → γA0 and Υ (3S) →157

γA0 decays. The upper limits include the impact of systematic errors, the158

most important being uncertainties in the A0 decay branching fractions, and159

uncertainty in the normalization of the continuum component in the fit.160

The signal extraction methods have been studied using simulated ex-161

periments. The expected 90% CL upper limits range from 10−6 at mA0 =162

0.3GeV/c2 to 10−4 at mA0 = 7GeV/c2.163

Note that this analysis does not cover the Higgs mass range above164

7 GeV/c2. In this region, significantly better resolution and efficiency are165

obtained by studying the radiative photon energy spectrum instead of the166

hadronic system, as was done in the ηb analysis. An analysis using radiative167

events tagged with the presence of a D0 or D± is in the early stages.168

3 Data sets169

The data used in the analysis are summarized in Table 1, signal MC is170

summarized in Table 2, and background MC in Table 3.171

The continuum data sample used is the sum of Run 6 on peak and off172
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Table 1: Datasets used in the analysis. Runs 1–5 are used only in the
generation of Toy experiments. Values are from BbkLumi after the final
luminosity update [12].

Collection Lum. pb-1  ±   N_Ups (M)  ±   
Run 1 On AllEventsSkim-Run1-OnPeak-R24c 20373 92

Off AllEventsSkim-Run1-OffPeak-R24c 2564 12
Run2 On AllEventsSkim-Run2-OnPeak-R24c 61322 258

Off AllEventsSkim-Run2-OffPeak-R24c 6869 30
Run 3 On AllEventsSkim-Run3-OnPeak-R24c 32279 132

Off AllEventsSkim-Run3-OffPeak-R24c 2444 11
Run 4 On AllEventsSkim-Run4-OnPeak-R24c 99606 418

Off AllEventsSkim-Run4-OffPeak-R24c 10016 43
Run 5 On AllEventsSkim-Run5-OnPeak-R24c 132372 582

Off AllEventsSkim-Run5-OffPeak-R24c 14277 67
Run 6 On AllEventsSkim-Run6-OnPeak-R24c 78308 352

Off AllEventsSkim-Run6-OffPeak-R24c 7753 36
Y3S On AllEventsSkim-Run7-Y3S_OnPeak-R24d-v05 27852 176 121.3 1.2

Test AllEvents-Run7-R24-Y3S-OnPeak-Low 1145 8 5.13 0.05
Off AllEventsSkim-Run7-Y3S_OffPeak-R24d 2602 24

Y2S On AllEventsSkim-Run7-Y2S_OnPeak-R24d-v05 13561 90 98.3 0.9
Off AllEventsSkim-Run7-Y2S_OffPeak-R24d 1419 12

peak, plus Run 7 off peak. Run 6 alone is used among the Υ (4S) data to173

ensure a consistent particle ID system. The luminosity of this continuum174

sample is twice that of the combined Υ (2S) plus Υ (3S) on-peak sample.175

Signal MC uses a P-wave (VSP PWAVE) for the decay of the Υ and176

phase space for the decay of the A0. For each mass hypothesis, two different177

versions of the MC are produced. In the “CP-all” case, all decays are per-178

mitted. In the “CP-odd” case, the Higgs is assumed to have JPC = 0−+,179

and decays violating CP or P are explicitly forbidden. A sample decay file180

is shown in Fig. 4. The biggest difference is at low mass, where the CP-all181

case is 100% π+π−, while the CP-odd case is 100% π+π−π0. In reality the182

CP-odd Higgs could decay to π+π−γ (as do the η and η′, which share the183

same quantum numbers), but existing signal MC does not reflect this.184

SP background modes are all produced in R24. The generic Υ decay185

MC is not particularly useful, as it does not include radiative production186

of resonances Υ → γX. It does include non-resonant Υ → γgg, but only187

for cases where the invariant mass of the hadronic system is greater than188

2GeV/c2. The initial state radiation events are used in the study of the189

continuum normalization.190
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#######################################################
#                                                     #
# Ups(2S) --> Higgs gamma                             # 
# Higgs --> hadrons                                   #
# m_Higgs = 1.5 GeV                                   #
# CP Odd Higgs                                        #
#                                                     #
# Contact: Christopher Hearty                         #
# hearty@physics.ubc.ca                               #
# Created 13-Feb-2008                                 #
#                                                     #
#######################################################
ChangeMassMin Higgs0 1.49
ChangeMassMax Higgs0 1.51
Particle Higgs0 1.5 0.001

Decay  Upsilon(2S)
1.    Higgs0 gamma    VSP_PWAVE;
Enddecay

Decay  Higgs0
0.5   s anti-s JETSET  32;
0.5   g g JETSET  32;

#explicitly forbid decays violating P or CP
0.     pi+   pi- PHSP;
0.     K+  K-  PHSP;
0. pi(2S)+ pi- PHSP;
0. pi(2S)+ pi(2S)- PHSP;
0. K0  anti-K0 PHSP;
0. pi0 pi0   PHSP;
0. pi(2S)0 pi0 PHSP;
0. eta pi0 PHSP;
0. eta(2S) pi0 PHSP;
0. eta(1405) pi0 PHSP;
0. eta(1475) pi0 PHSP;
0. eta'  pi0 PHSP;
0. pi(2S)0 pi(2S)0 PHSP;
0. eta pi(2S)0 PHSP;
0. eta(2S) pi(2S)0 PHSP;
0. eta(1405) pi(2S)0 PHSP;
0. eta(1475) pi(2S)0 PHSP;
0. eta'  pi(2S)0 PHSP;
0. eta eta PHSP;
0. eta(2S) eta PHSP;
0. eta(1405) eta PHSP;
0. eta(1475) eta PHSP;
0. eta'  eta PHSP;
0. eta(2S) eta(2S) PHSP;
0. eta(1405) eta(2S) PHSP;
0. eta(1475) eta(2S) PHSP;
0. eta'  eta(2S) PHSP;
0. eta(1405)  eta(1405) PHSP;
0. eta(1475)  eta(1405) PHSP;
0. eta'   eta(1405) PHSP;
0. eta(1475) eta(1475) PHSP;
0. eta'  eta(1475) PHSP;
0. eta'  eta'  PHSP;
Enddecay

End

Figure 4: Decay file for SP-9024, Υ (2S) → γA0, with the A0 decaying 50%
to ss̄ and 50% to gg, under the CP-odd hypothesis.
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Table 2: Summary of signal MC modes used in the analysis. Top table lists
the mode numbers; bottom table lists the number of generated events.

50% gg + 50% s-sbar gg c-cbar
Y(2S) Y(3S) Y(2S) Y(3S) Y(2S) Y(3S)

Mass CP odd CP all CP odd CP all CP odd CP all CP odd CP all CP odd CP all CP odd CP all
0.35 10197 10196
0.5 9017 9018 8744 8750

1 9022 9023 8828 8751
1.5 9024 9025 8829 8826 10135 10147 10107 10119

2 9026 9027 8830 8752 10136 10148 10108 10120
2.5 9028 9072 8831 8753 10137 10149 10109 10121

3 9073 9030 8832 8754 10138 10150 10110 10122
3.5 9817 9829 9793 9805 10139 10151 10111 10123

4 9818 9830 9794 9806 10140 10152 10112 10124 10375 10389 10369 10382
4.5 9819 9831 9795 9807 10141 10153 10113 10125 10376 10390 10370 10383

5 9820 9832 9796 9808 10142 10154 10114 10126 10377 10391 10371 10384
5.5 9821 9833 9797 9809 10143 10155 10115 10127 10378 10392 10372 10385

6 9822 9834 9798 9810 10144 10156 10116 10128 10379 10393 10368 10386
6.5 9823 9835 9799 9811 10145 10157 10117 10129 10380 10394 10373 10387

7 9824 9836 9800 9812 10146 10158 10118 10130 10381 10395 10374 10388

50% gg + 50% s-sbar gg c-cbar
Y(2S) Y(3S) Y(2S) Y(3S) Y(2S) Y(3S)

Mass CP odd CP all CP odd CP all CP odd CP all CP odd CP all CP odd CP all CP odd CP all
0.35 73,000    172,000  
0.5 145,000  282,000  153,000  200,000  

1 145,000  145,000  172,000  200,000  
1.5 145,000  74,000    172,000  172,000  73,000    73,000    172,000  172,000  

2 145,000  137,000  172,000  200,000  73,000    73,000    172,000  172,000  
2.5 145,000  145,000  172,000  200,000  73,000    73,000    172,000  172,000  

3 145,000  145,000  172,000  200,000  73,000    73,000    172,000  172,000  
3.5 73,000    49,000    124,000  172,000  73,000    73,000    172,000  172,000  

4 73,000    73,000    52,000    172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  
4.5 73,000    73,000    132,000  172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  

5 73,000    57,000    172,000  172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  
5.5 73,000    49,000    164,000  172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  

6 73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  
6.5 73,000    41,000    172,000  172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  

7 73,000    17,000    172,000  172,000  73,000    73,000    172,000  172,000  73,000    73,000    172,000  172,000  

Table 3: Number of events used for each of the background SP modes.
Collection names for the Upsilon datasets are of the form SP-8739-Run7-
Y3S OnPeak-R24. For Run6, they are SP-7957-Run6-R24 for on-peak and
SP-7957-Run6-OffPeak-R24 for off peak.
Description Mode Run 6 On Run 6 Off Y3S On Y3S Off Y2S On Y2S Off
Y3S generic 8739 -           -        198,189,000 -            -              -           
Y2S generic 9016 -           -        -              -            115,664,000 -           
e+e- -> gamma omega 7957 1,947,000 198,000 2,046,000     228,000      1,176,000     123,000    
e+e- -> gamma phi, phi->K+K- 7900 1,552,000 158,000 2,038,000     228,000      957,000        99,000      
ISR psi inclusive 8188 471,000    47,000   8,310,000     1,062,000   12,819,000   1,359,000 
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4 Reconstruction of final state and preliminary se-191

lection192

The initial stage of the analysis is done in BetaMiniUser in analysis-51193

(24.3.6). The following tags are used:194

BetaMiniUser V00-04-05195

BetaPid V00-15-04196

workdir V00-04-21197

The code fully reconstructs the decay Υ → γA0 assuming hadronic de-198

cays of the A0. It applies minimal cuts, and stores the resulting information199

in ntuples. The Higgs candidate is created by sequentially adding BtaCandi-200

dates. A BtaCandidate is added to the list from which the Higgs is composed201

only if it does not overlap with the candidates already on the list. The order202

of the operations is therefore important.203

The basic lists are GoodTracksLoose for charged tracks, and GammaForPi0204

for photons (including those used in making π0 candidates). The photon list205

requires center-of-mass energy greater than 90 MeV, 0 < LAT < 0.8, ≥ 4206

crystals, and Z42 < 0.11.207

The photon selection criteria are based on a study using simulated e+e− →208

γω, ω → π+π−π0 events. Signal MC was not available at the time the study209

was performed. The selection maximizes the number of fully reconstructed210

events in which there are no additional photons. Figure 5 shows the energy211

spectrum of various categories of photons in such events.212

The code starts by selecting the highest energy photon to be the radiative213

decay photon.214

The composition of the Higgs candidate starts by adding Ks candidates215

from the KsTight list.216

All entries on the GoodTracksLoose list (excluding those used to create217

Ks candidates) are then set to be either π±, K±, or p±, and added to the218

Higgs. The order of decisions in assigning the particle type is:219

1. proton: track is on pKMSuperLoose with θlab > 0.45, and there are220

exactly 2 or 4 such protons with zero net charge.221

2. pion: track is on piKMSuperTight.222

3. kaon: track is on KBDTKaonTight.223

4. pion: track is on piKMTight.224
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Figure 5: Center-of-mass energies of different categories of photons in simu-
lated e+e− → γω, ω → π+π−π0 events. (Histograms are incorrectly labeled
as laboratory energies). Upper left: ISR photons (note overflows). Upper
right: Photons from π0 decays. Lower left: hadronic split offs. Lower right:
beam backgrounds. Only photons with energy above 0.09 GeV are used in
the analysis.
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5. kaon: track is on KBDTKaonVeryLoose.225

6. pion: otherwise.226

Note that the code records electron and muon identification information for227

the purpose of rejecting QED events at a subsequent stage of the analysis.228

π0 candidates from the pi0Loose list that do not overlap with the radia-229

tive photon are then added to the Higgs.230

Finally, any unused photons from the GammaForPi0 list are added.231

The Υ candidate is formed from the radiative photon and the Higgs232

candidate, constrained to a common vertex, and with its energy constrained233

to
√

s. TreeFitter is used for the fit. The mass of the Higgs candidate234

resulting from this fit is used in the subsequent analysis.235

The event is stored in the ntuple if there are at least two charged tracks236

with zero net charge (excluding those used to create Ks candidates), and at237

least one photon with a center-of-mass energy greater than 2.5 GeV (Υ (3S))238

or 2.2 GeV (Υ (2S)). The corresponding upper limit on the Higgs mass,239

given that this is a two-body decay, ranges from 7.68 GeV/c2 at
√

s =240

10.58 GeV/c2 to 7.06 GeV/c2 at
√

s = 9.993 GeV/c2 (Υ (2S) off peak).241

5 Final event selection242

The final event selection is performed at the ntuple level in a stand-alone243

ROOT 5.26 installation, as are all subsequent stages of the analysis. The244

final selection includes trigger and filter, cuts to reject QED events, and245

criteria to select correctly reconstructed events.246

5.1 Trigger and Filter247

Events are required to satisfy either L3OutDch or L3OutEmc, and at least248

one physics BGFilter flag. The signal MC efficiency of this requirement249

is effectively 100% for most Higgs masses, and is above 99.5% for all. A250

significant fraction of Run 6 on peak events are Bhabhas that fail this re-251

quirement, although almost all are also rejected by the criteria outlined in252

the next section.253

5.2 Rejection of QED events254

The vast majority of the events written to ntuples are e+e− → e+e−γ or255

e+e− → µ+µ−γ. To suppress this background, an event is rejected if it256

satisfies any of the following kinematic or particle identification criteria:257
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1. Angle between the second-highest momentum track and the radiative258

photon is less than 1 radian.259

2. Either of the two highest momentum tracks satisfy eKMSuperLoose.260

3. Either of the two highest momentum tracks satisfy muBDTVeryLoose.261

Note that many Bhabhas are also eliminated by the requirement that the262

event satisfy a physics BGFilter flag. Together, these requirements reject263

96% of the events in the Run 6 On-peak ntuples, at a cost of 10–20% of signal264

events (Fig. 6–7). The largest source of inefficiency is the muon veto. The265

angular cut costs approximately 8% of the signal at the highest Higgs masses,266

while rejecting 27% of continuum events that satisfy all other requirements.267

An earlier version of the analysis also rejected events in which the center-268

of-mass momentum of the highest momentum track > 0.45 ·
√

s. However,269

more detailed examination of this cut revealed that it rejected approximately270

20% of low-mass CP-all Higgs, while rejecting only 3% of continuum.271

5.3 Selection of correctly reconstructed events272

As part of the event reconstruction, the radiative photon and the Higgs273

candidate are fit to a common vertex and to
√

s. Events in which the274

probability of the χ2 of this fit is low are rejected. The value of this cut is275

a function of mass, and is different for the CP odd and CP all hypotheses.276

The values for this cut were optimized together with the π0 and η vetoes.277

The optimization used Υ (3S) signal MC of various masses decaying 50% to278

two gluons and 50% to ss̄, with an assumed branching fraction of 10−5 for279

Υ → γA0. Run 6 was the background sample. The figure of merit for the280

optimization was the significance of the Higgs signal, where the Higgs signal281

was the number of events in a mass window centered on the true Higgs282

mass after a continuum and a mass sideband subtraction. The width of283

this mass window was selected for each Higgs mass hypothesis as part of284

the optimization procedure. The Higgs mass window is used in the final285

analysis, although the sideband subtraction is not. Note that the optimized286

quantities are taken to be a function of the Higgs mass hypothesis, but not287

the center-of-mass energy of the sample.288

The resulting cuts on the probability χ2 are shown in Fig. 8, while the289

width of the Higgs mass window is shown in Fig. 9.290

A π0 veto is applied for Higgs hypothesis masses above 5 GeV/c2, and291

an η veto is applied above 6 GeV/c2. An event is rejected if the radiative292

photon, when combined with any other photon in the event, forms a π0 or293
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cuts. The five lines from top to bottom are: no QED rejection and no
BGFlag requirement; BGFlag requirement only; BGFlag plus kinematic cut
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η candidate with mass within 50 MeV/c2 of the true value. These criteria294

were optimized at the same time as the probability χ2 cut and the mass295

window. All photons must satisfy the selection criteria listed in Sec. 4. In296

approximately 5% of the remaining events in generic Υ (2S) MC the radiative297

photon is a daughter of π0. Roughly a third of these are merged π0, while298

the remainder are asymmetric decays.299

Simulation indicates that no BB events satisfy the selection criteria,300

which allows us to include the Run 6 on-peak data in the continuum sample.301

Under the CP odd hypothesis, events in which the Higgs decays to π+π−302

or K+K− are rejected.303

6 The Higgs signal304

The number of Higgs events Hi at mass mi is equal to the total number of305

events Ni observed in the Higgs mass window centered on that mass, less306

the total background expected in that window, Bi. Bi is the integral over307

that window of the fit to the candidate mass spectrum, described in Sec. 7.308

The Higgs signal is found in 1 MeV/c2 steps from the lower mass limit309

to 7 GeV/c2. The lower limit is 0.290 GeV/c2 plus one-half the width of310

the Higgs window, 0.300 GeV/c2 for CP odd, and 0.291 GeV/c2 for CP311

all, giving a total of 6701 CP odd mass hypotheses and 6710 CP all mass312

hypotheses.313

The signal is also characterized by its nominal statistical significance,314

Si = Hi/δi, where δi =
√

Ni + f2
L · Ci, Ci is the number of events in the315

continuum data set in that window, and fL is the factor that normalizes316

the continuum data set to the on peak data. The actual significance of an317

observed signal is degraded by the trials penalty resulting from looking for318

a signal at many thousands of different masses: S ′
i =

√

S2
i − t2, where t is319

the trials penalty, which has been calculated using simulated experiments320

(Sec. 8.4).321

A histogram of the 6701 or 6710 values of Si is a useful way to illustrate322

the significance (or not) of an upwards fluctuation at a particular mass.323

Sample signal plots from Toy studies are shown in Sec. 8.324

6.1 Angular distributions325

The underlying angular distributions of the radiative photon in signal events326

and in the ISR background are quite different (Fig. 10). However, the differ-327

ences are rather small for events that satisfy all selection criteria, particularly328
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Figure 10: Generated MC truth generated distribution for cos θ for the
radiative photon in (left) Υ (3S) → γA0 (mA0 = 2GeV/c2) and (right)
e+e− → γJ/ψ (

√
s = 10.355GeV/c2).

the requirement that the event be fully contained (Fig. 11). If we do see a329

significant signal, it will be important to verify that the observed angular330

distribution is consistent with the expected 1 + cos2 θ.331

7 Fit to the candidate mass spectrum332

The candidate mass spectra resulting from the above selection criteria are333

fit to obtain the the number of background events. The fit is a binned334

likelihood fit in 5 MeV/c2 bins ranging from 0.29 to 7.1 GeV/c2 (1362 bins).335

It is performed in ROOT.336

The mass region from 0.28 to 0.29 GeV/c2 is excluded from the fit be-337

cause of an apparent different between Run 6 and Run 7 in the number of338

events at kinematic threshold, which are assumed to be due to conversions339

(Fig. 12). Cutting on helicity does not improve the agreement.340

A fit has three components: continuum, Υ non-resonant, corresponding341

to Υ → γgg, and Υ resonant, corresponding to radiative decay to a light342

resonance X, Υ → γX.343

The continuum component is the continuum data set scaled by a nor-344

malization factor fL, which is a free parameter in the fit. The continuum345

sample contains a number of narrow initial-state-radiation (ISR) produced346

resonances (Fig. 13). We verify that the shapes of these resonances are con-347

sistent between continuum and on-peak data by looking at four samples, all348

of which are subsets of the normal CP all selection:349
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Figure 11: Reconstructed cos θ for the radiative photon in events satisfying
all selection criteria. (left) Υ (3S) → γA0 (mA0 = 2GeV/c2); (right) e+e− →
γJ/ψ .
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• ω → π+π−π0: zero protons, zero kaons, exactly two tracks, and at350

least one π0. Fit range 0.70–0.9GeV/c2; 1MeV/c2 bins.351

• φ → K+K−: exactly two tracks and exactly two kaons. Fit range352

0.99–1.15GeV/c2; 1MeV/c2 bins.353

• J/ψ →≥ 4 tracks: at least four tracks and no π0. Fit range 2.8–354

3.3GeV/c2; 2MeV/c2 bins.355

• J/ψ →≥ 4 tracks 1π0: at least four tracks and exactly 1 π0. Fit range356

2.8–3.3GeV/c2; 2MeV/c2 bins.357

Figures 15–21 compare the four resonances in Run 7 on-peak and con-358

tinuum data. In each case, a linear background is subtracted from the359

distribution, then the continuum is normalized to the same area as the on360

peak data. The plots show good agreement in the shapes of the narrow res-361

onances. Note, however, that there is a systematic error due to the overall362

normalization of the continuum (Sec. 11.1).363

The non-resonant pdf is a 16-knot cubic spline—i.e., the magnitude of the364

spline is specified at 16 different masses: 0.2895, 0.4141, 0.5, 1.0, ..., 4.5, 5.1,365

5.7, 6.3, 6.8, 7.1 GeV/c2. The first two are the lower edge of the fit (≈ 2mπ±)366

and 3mπ respectively. The magnitude at the first knot is fixed to be 0, and367

the magnitude of the last is fixed to be 1. The magnitudes at the other 14368

knots are free parameters in the fit. There is also an overall normalization369

parameter, giving 15 free parameters for the non-resonant component. The370

locations of the last few knots were adjusted after unblinding to better match371

a background in data that rises with mass at high masses. This background372

is presumably due to hadronic Υ decays in which the radiative photon is373

from π0 decay.374

Because the spacing of the knots, typically 0.5 GeV/c2, is large compared375

to the width of a Higgs, the presence of a signal will not significantly distort376

the fit to the underlying non-resonant component (Sec. 8).377

Light meson resonances in the Υ mass spectrum are fit with relativistic
Breit-Wigners:

f(m) ∝
m2

(m2 − M2) + m4 · Γ2/M2
, (1)

where M and Γ are the mass and full width of the resonance respectively.378

The fit nominally includes five resonances for which CLEO has seen some379

evidence [13] (Table 4). This study looked at two-body radiative decays of380

the Υ (1S) in a sample of 21.2± 0.2× 106 Υ (1S). Note that the fit does not381

25



FinalCandMassCPodd
Entries  266881
Mean    2.549
RMS     1.817
Underflow       0
Overflow        0
Integral  2.669e+05

)2Candidate mass (GeV/c
0 1 2 3 4 5 6 7

Ev
en

ts
 p

er
 5

 M
eV

0

500

1000

1500

2000

2500

3000

FinalCandMassCPodd
Entries  266881
Mean    2.549
RMS     1.817
Underflow       0
Overflow        0
Integral  2.669e+05

Final Candidate Mass Plot CP odd

FinalCandMassCPall
Entries  668031
Mean     1.63
RMS     1.563
Underflow       0
Overflow        0
Integral  6.68e+05

)2Candidate mass (GeV/c
0 1 2 3 4 5 6 7

Ev
en

ts
 p

er
 5

 M
eV

0

2000

4000

6000

8000

10000

FinalCandMassCPall
Entries  668031
Mean     1.63
RMS     1.563
Underflow       0
Overflow        0
Integral  6.68e+05

Final Candidate Mass Plot CP all

Figure 13: Candidate mass spectrum in the continuum subtraction data
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all selection criteria.
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)2Candidate mass (GeV/c
0.7 0.75 0.8 0.85 0.9

Ev
en

ts
 p

er
 1

0 
M

eV

-60

-40

-20

0

20

40

60

80

100

Run 7 Onpeak minus continuum OmegaPiPiPi

Figure 15: ω → π+π−π0 in the Run 7 on-peak data minus the continuum
sample. 27



dhist
Entries  45508
Mean    1.027
RMS    0.0181
Underflow      11
Overflow   2.565e+04
Integral  1.772e+04

)2Candidate mass (GeV/c
1 1.02 1.04 1.06 1.08 1.1 1.12 1.14

Ev
en

ts
 p

er
 1

 M
eV

0

500

1000

1500

2000

dhist
Entries  45508
Mean    1.027
RMS    0.0181
Underflow      11
Overflow   2.565e+04
Integral  1.772e+04

chist
Entries  74402
Mean    1.026
RMS    0.01755
Underflow   8.137
Overflow   2.057e+04
Integral  1.772e+04

Phi --> K+K-

Figure 16: φ→ K+K− in the Run 7 on-peak data (black) overlaid with the
continuum sample (red) normalized to the same area.

)2Candidate mass (GeV/c
1 1.02 1.04 1.06 1.08 1.1 1.12 1.14

Ev
en

ts
 p

er
 1

0 
M

eV

-200

-100

0

100

200

300

Run 7 Onpeak minus continuum PhiKK

Figure 17: φ → K+K− in the Run 7 on-peak data minus the continuum
sample. 28



dhist
Entries  128535
Mean    3.072
RMS    0.09345
Underflow  4.502e+04
Overflow   7.08e+04
Integral    2986

)2Candidate mass (GeV/c
2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3

Ev
en

ts
 p

er
 2

 M
eV

0

50

100

150

200

dhist
Entries  128535
Mean    3.072
RMS    0.09345
Underflow  4.502e+04
Overflow   7.08e+04
Integral    2986

chist
Entries  171160
Mean    3.073
RMS    0.08192
Underflow  4.14e+04
Overflow   4.089e+04
Integral    2986

Jpsi --> 4+ tracks no pi0

Figure 18: J/ψ →≥ 4tracks1π0 in the Run 7 on-peak data (black) overlaid
with the continuum sample (red) normalized to the same area.

)2Candidate mass (GeV/c
2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3

Ev
en

ts
 p

er
 1

0 
M

eV

-60

-40

-20

0

20

40

Run 7 Onpeak minus continuum Jpsi4Trk

Figure 19: J/ψ →≥ 4tracks1π0 in the Run 7 on-peak data minus the con-
tinuum sample. 29



dhist
Entries  99919
Mean    3.076
RMS    0.09281
Underflow    9190
Overflow   8.195e+04
Integral    2884

)2Candidate mass (GeV/c
2.8 2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3

Ev
en

ts
 p

er
 2

 M
eV

-20

0

20

40

60

80

100

120

140

160

180

dhist
Entries  99919
Mean    3.076
RMS    0.09281
Underflow    9190
Overflow   8.195e+04
Integral    2884

chist
Entries  115587
Mean    3.077
RMS    0.08707
Underflow    7546
Overflow   4.949e+04
Integral    2884

Jpsi --> 4+ tracks 1 pi0

Figure 20: J/ψ →≥ 4tracks0π0 in the Run 7 on-peak data (black) overlaid
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Table 4: Mass and widths [14] of the light resonances nominally included in
the fit to the Υ spectrum, together with CLEO measurements of product
branching fractions.

M (MeV/c2) Γ (MeV) CLEO measurement BF (10−5)
f0(980) 980 ± 10 70 ± 30 Υ (1S) → γf0 → π+π− 1.8+0.8

−0.7 ± 0.1
f2(1270) 1275.1 ± 1.2 185.1+2.9

−2.1 Υ (1S) → γf2 10.2 ± 0.8 ± 0.7
f ′
2(1525) 1525 ± 5 73+6

−5 Υ (1S) → γf ′
2 3.7+0.9

−0.7 ± 0.8
f0(1710) 1720 ± 6 135 ± 6 Υ (1S) → γf0 → K+K− 0.38 ± 0.16 ± 0.04
f4(2050) 2018 ± 11 237 ± 18 Υ (1S) → γf4 → π+π− 0.37 ± 0.14 ± 0.03

rely on the product branching fractions measured by CLEO. The fit assumes382

no interference between the resonances.383

The shape parameters of the resonances are fixed in the fit; only the384

normalizations are floated.385

There are 11 other established light mesons with total angular momen-386

tum J even, charge conjugation quantum number C = +1, and Isospin387

I = 0, the quantum numbers expected for Υ → γX (Fig. 22). These are388

included in the fit for systematic studies. Belle saw no evidence [15] for389

radiative decays of the Υ (1S) to charmonium states, so we would not expect390

to see these decays.391

8 Toy MC studies392

8.1 Generating a simulated experiment393

Simulated experiments are used to test the signal extraction techniques. An394

experiment consists of a randomly generated on-peak data set (specifically,395

the reconstructed Higgs candidate mass distribution), plus a randomly gen-396

erated continuum sample.397

The on peak data set has four components: signal, continuum, non-398

resonant Υ → γgg, and resonant Υ → γX. The continuum sample has only399

the one component.400

The mean sizes of each component are listed in Table 5. The number of401

Υ decays (resonant plus non-resonant) has been estimated by the number of402

entries in the Y3S-Low mass distribution histograms; the plots themselves403

were blind at the time the studies were done. The split between resonant404
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Figure 22: Meson summary from [14]. The five mesons marked in red are
nominally included in the fit. The eleven others marked in blue are candi-
dates to be included. Mesons marked with a dot are considered established.
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Table 5: Mean number of events of each category used to generate simulated
experiments. The last two rows give are illustrations of the number of signal
events expected for a CP odd Higgs produced with a product branching
fraction of 10−5. The numbers for the combined data set toys are sum of
the Υ (2S) and Υ (3S) numbers. The Run 1–6 continuum sample used to
generate the simulated experiments contains 1.03M CP odd and 2.53M CP
all events.

CP odd CP all
Y3S Y2S Continuum Y3S Y2S Continuum

Continuum 82,737   46,051   260,365 201,654 113,019 639,086 
Ups non res 19,000   19,000   -        19,000   19,000   -        
Ups resonant 1,764     1,764     -        14,378   14,378   -        
A0 2 GeV CP odd 72         60         -        72         60         -        
A0 4 GeV CP odd 14         12         -        14         12         -        

and non-resonant is arbitrary, as is the relative weight of the various reso-405

nances. The continuum numbers are scaled using luminosity from the actual406

continuum sample.407

The non-signal probability distribution functions (pdfs) for the Υ (3S)408

studies are shown in Fig. 23. Υ (2S) and combined data set plots are simi-409

lar. Some examples of signal pdfs are in Fig. 24. The signal shapes are the410

mass distributions reconstructed using signal MC. The continuum pdf con-411

sists of the full Run 1–6 on peak plus off peak data sample. The non-resonant412

Υ shapes are smooth threshold functions convolved with an efficiency that413

drops linearly with mass. The resulting shape is consistent with the distri-414

bution observed above 2 GeV/c2 in generic Υ MC but is essentially arbitrary415

at lower masses. The resonant Υ distribution is a sum of the five included416

resonances (Table 4). Each resonance is a relativistic Breit-Wigner.417

The various components are combined with appropriate weights to give418

the mean number of events expected in each 1 MeV/c2 bin of reconstructed419

candidate mass. The number of events in each bin in a particular simulated420

experiment is taken from a Poisson distribution about this mean.421

8.2 A sample simulated experiment422

An example of a simulated experiment, and an illustration of the steps423

involved in signal extraction, is shown in Fig. 25–30. It represents the Υ (3S)424

data set, with the CP odd hypothesis, and includes a 4 GeV/c2 Higgs. The425

nominal significance of the signal (i.e., the number of events divided by426

statistical error) is 6.2σ. This corresponds to 5.2σ after accounting for the427
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Figure 23: Continuum, Υ non-resonant, Υ resonant, and total contribution
to the mean candidate mass distribution used to generate simulated exper-
iments with no signal. Top set of plots is for Υ (3S) CP odd; bottom set is
for Υ (3S) CP all. The plots are normalized to the Υ (3S) luminosity.
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Figure 24: Examples of mass distributions for signal MC. Top plot is CP
odd; bottom is CP all. In these plots, the 1 GeV/c2 A0 decays to gg, 2
through 4 GeV/c2 decays 50% to gg and 50% to ss̄, and 5 and 6 GeV/c2 to
cc̄. The curve for each decay is normalize to unit area.
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Figure 25: Candidate mass distribution in a simulated Υ (3S) CP odd data
set.

trials penalty, and so would be considered an observation if this were the428

real data.429

8.3 Tests of bias with no signal430

Simulated experiments generated with no included signal are used to esti-431

mate the bias of the of signal extraction procedure in the most likely circum-432

stance, when there is no signal present. In the next section, they are used433

to quantify the probability that a particular apparent signal is the result of434

a statistical fluctuation of the background.435

100,000 experiments are generated for each of the Υ (3S) CP odd and436

CP all cases, and 20,000 for the Υ (2S) and combined studies. The fit the437

Υ spectrum fails (probability χ2 < 10−6) in a small fraction of the cases438

(0.1–0.2%). A typical failure is shown in Fig. 31. In the handful of such439

examples studied, the fit is fine after the initial parameters are manually ad-440

justed. These fits are included in the results presented in this section, which441

considers average quantities, but are excluded from the next section, which442

is considering tails of distributions. There are also a significant number of443

fits to toys that give a good χ2, but in which the error matrix is not positive444
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Figure 26: Candidate mass distribution in the simulated continuum sample
corresponding to the simulated data set in Fig. 25.
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Figure 27: Candidate mass distribution for radiative decays of the simulated
Υ (3S) data set obtained by subtracting the continuum sample in Fig. 26
from the data in Fig. 25. The solid blue line is the fit to the spectrum. Note
the 5 MeV/c2 bins, versus the 1 MeV/c2 bins in the earlier two plots.
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Figure 28: Higgs signal (events) in the simulated sample versus hypothesis
mass.

definite. This is probably due to the large correlations between the resonant445

and non resonant parameters, and among the non resonant parameters.446

Figures 32–37 summarize the results. In all cases, the bias is less than 1.5447

events for all Higgs hypothesis masses, corresponding to less than 0.1σ. The448

histograms of all Higgs measurements in σ (bottom left hand plots) are close449

to being normal distributions of zero mean and unit width, although with450

small low-side tails due to Poisson fluctuations in low statistics bins. The451

fit qualities (probability χ2) are biased low, so it would not be unexpected452

if the fit to actual data is low quality. Since the resonance fits use the same453

pdfs for generation and for fitting, the poor quality is presumably due to454

the cubic spline fit to the Υ spectrum. Note, however, that the fit is good455

enough to not bias the Higgs signal, which is the point of the analysis.456
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Figure 29: Higgs signal significance (S = signal/statistical error) in the
simulated sample versus hypothesis mass. The signal at 4 GeV/c2 is 110±18
events, or 6.2σ nominal, 5.2σ after accounting for trials penalty.
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Figure 30: Histogram of the significance of the 6711 Higgs measurements
in Fig. 29, linear and log versions. The high-side tail extending beyond 6
indicates the presence of a signal.
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Figure 31: A detail of the candidate mass spectrum for the Υ radiative
decays in a simulated experiment. The left plot shows a typical example
of a fit that initially fails. The right plot shows the fit after the initial
parameters are manually adjusted.
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Figure 32: Υ (3S) CP odd toy results. (Upper left) Average Higgs signal in
events as a function of hypothesis mass. (Upper right) Average Higgs signal
in σ as a function of hypothesis mass. (Bottom left) Summary of all Higgs
signals in σ. (Bottom right) Probability χ2 of the fit to the Υ candidate
mass spectrum.
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Figure 33: Υ (3S) CP all toy results. (Upper left) Average Higgs signal in
events as a function of hypothesis mass. (Upper right) Average Higgs signal
in σ as a function of hypothesis mass. (Bottom left) Summary of all Higgs
signals in σ. (Bottom right) Probability χ2 of the fit to the Υ candidate
mass spectrum.
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Figure 34: Υ (2S) CP odd toy results. (Upper left) Average Higgs signal in
events as a function of hypothesis mass. (Upper right) Average Higgs signal
in σ as a function of hypothesis mass. (Bottom left) Summary of all Higgs
signals in σ. (Bottom right) Probability χ2 of the fit to the Υ candidate
mass spectrum.
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Figure 35: Υ (2S) CP all toy results. (Upper left) Average Higgs signal in
events as a function of hypothesis mass. (Upper right) Average Higgs signal
in σ as a function of hypothesis mass. (Bottom left) Summary of all Higgs
signals in σ. (Bottom right) Probability χ2 of the fit to the Υ candidate
mass spectrum.
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Figure 36: Run 7 on peak CP odd toy results. (Upper left) Average Higgs
signal in events as a function of hypothesis mass. (Upper right) Average
Higgs signal in σ as a function of hypothesis mass. (Bottom left) Summary
of all Higgs signals in σ. (Bottom right) Probability χ2 of the fit to the Υ
candidate mass spectrum.
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Figure 37: Run 7 on peak CP all toy results. (Upper left) Average Higgs
signal in events as a function of hypothesis mass. (Upper right) Average
Higgs signal in σ as a function of hypothesis mass. (Bottom left) Summary
of all Higgs signals in σ. (Bottom right) Probability χ2 of the fit to the Υ
candidate mass spectrum.

47



8.4 Significance of signal / trials penalty457

Even if there is no light Higgs, there is a chance of seeing a significant458

upwards fluctuation at one of the ∼ 6700 hypothesis masses. The true sig-459

nificance of an apparent signal, therefore, is not the size of the signal divided460

by its statistical error, but rather by its p-value, the probability of observ-461

ing such a signal or more due to statistical fluctuations of the background.462

This reduction in significance can be characterized by the “trials penalty”463

t. The true significance S ′ is obtained by subtracting t in quadrature from464

the apparent significance, S ′ =
√
S2 − t2, where S is the most significant465

upwards fluctuation among the signals Si ≡ Hi/δi at each mass mi.466

Toy experiments with no signal included are used to calculate the dis-467

tribution of S expected from the statistical fluctuations of the background.468

Figure 38 shows the distribution of S for each of the six different cases (so469

there is one entry in a plot per toy experiment). A statement that an exper-470

iment contains 3σ evidence for a Higgs actually means that the probability471

that the signal is due to a background fluctuation is 0.00135, the area of a472

Normal curve above 3. From the Υ (3S) CP odd plot in Fig. 38, for example,473

we see that 0.135% of experiments have a maximum signal of 4.57σ or more,474

implying a trials penalty t =
√

4.572 − 32 = 3.45. Looking at the all of the475

cases, for 2σ (2.25%) and 3σ fluctuations, the derived trials penalty ranges476

from 3.25 to 3.65 σ, with an average value of 3.5σ. Higher statistics studies477

could be done if the presence of a signal in the actual data demands it.478

Figure 39 shows the opposite quantity, the minimum signal in each toy479

experiment.480

8.4.1 The number of mass hypotheses481

Fewer mass hypotheses would produce a smaller trials penalty, but could482

also produce a smaller signal, if none of the corresponding Higgs mass win-483

dows were centered on the actual signal. To study this tradeoff, 20000 Υ (3S)484

CP odd toys were generated with no signal, and 4000 were generated with485

100 signal events at 4 GeV/c2. The toys were analyzed with the nominal486

1 MeV/c2 steps, and with steps that were a fraction of the Higgs mass win-487

dow full width shown in Fig. 9. The results, shown in Table 6, indicate that488

the 1 MeV/c2 step gives the most significant average signal after subtracting489

the trials penalty.490
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Figure 38: Maximum Higgs signal (σ) in simulated background-only experi-
ments for (top row) Υ (3S), (middle row) Υ (2S), and (bottom row) combined
data. CP odd is on the left, CP all is on the right.

49



MinDev
Entries  99946
Mean   -3.695
RMS    0.3985
Underflow       0
Overflow        0
Integral  9.995e+04

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

1

10

210

310

410

MinDev
Entries  99946
Mean   -3.695
RMS    0.3985
Underflow       0
Overflow        0
Integral  9.995e+04

Y3S CP odd MinDev MinDev
Entries  99784
Mean   -3.734
RMS    0.3901
Underflow       0
Overflow        0
Integral  9.978e+04

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

1

10

210

310

410

MinDev
Entries  99784
Mean   -3.734
RMS    0.3901
Underflow       0
Overflow        0
Integral  9.978e+04

Minimum Higgs signal in sigma per fit

MinDev
Entries  19975
Mean   -3.849
RMS    0.4354
Underflow       0
Overflow        0
Integral  1.998e+04

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

1

10

210

310

MinDev
Entries  19975
Mean   -3.849
RMS    0.4354
Underflow       0
Overflow        0
Integral  1.998e+04

Minimum Higgs signal in sigma per fit MinDev
Entries  19985
Mean   -3.886
RMS    0.4381
Underflow       0
Overflow        0
Integral  1.998e+04

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

1

10

210

310

MinDev
Entries  19985
Mean   -3.886
RMS    0.4381
Underflow       0
Overflow        0
Integral  1.998e+04

Minimum Higgs signal in sigma per fit

g
Entries  19961
Mean   -3.598
RMS    0.3738
Underflow       0
Overflow        0
Integral  1.996e+04

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

1

10

210

310

g
Entries  19961
Mean   -3.598
RMS    0.3738
Underflow       0
Overflow        0
Integral  1.996e+04

Combined CP odd MinDev gg
Entries  19995
Mean   -3.635
RMS    0.3642
Underflow       0
Overflow        0
Integral   2e+04

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

1

10

210

310

gg
Entries  19995
Mean   -3.635
RMS    0.3642
Underflow       0
Overflow        0
Integral   2e+04

Combined CP all MinDev

Figure 39: Minimum Higgs signal (σ) in simulated background-only experi-
ments for (top row) Υ (3S), (middle row) Υ (2S), and (bottom row) combined
data. CP odd is on the left, CP all is on the right.
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Table 6: Average signal (in events and sigma) and trials penalty for various
numbers of mass hypotheses. The first row is for 1 MeV/c2 steps; in the
other rows, the step size is a function of mass, and is calculated as a fraction
of the mass window.

Step size # hypotheses Signal Events Signal Sig Trials penaly Net
none 6711 99.2 5.75 3.45 4.60

0.125 3798 97.6 5.67 3.38 4.55
0.25 1802 96.1 5.59 3.27 4.53
0.5 888 91.8 5.37 3.12 4.37

0.75 591 87.6 5.17 3.02 4.19

8.5 Tests of bias on signal491

The bias on a non-zero Higgs signal is studied by comparing the number of492

signal events reconstructed in simulated experiments to the number known493

to have been included. An example of one such experiment was shown494

in Sec. 8.2, which included 100 4 GeV/c2 Higgs events passing all cuts.495

Figure 40 shows the number of Higgs events measured in an ensemble of496

such simulated experiments. The bias in this case is negligible.497

Note, however, that this plot shows the largest Higgs signal in each498

experiment. Due to fluctuations in the background, the reconstructed mass499

may be slightly different from the true 4 GeV/c2 value. If the reconstructed500

mass is constrained to be 4 GeV/c2, the average number of events is 94.4,501

compared to the true value of 100. This small bias is consistent with the502

non-resonant component of the fit being pulled slightly by the presence of503

the signal.504

This brief study indicates that the signal extraction works reasonably505

well. If necessitated by the presence of a signal in data, additional stud-506

ies could be undertaken. It could also be possible to modify the fitting507

procedure by excluding the narrow mass region of the signal.508

8.6 Fits to known light mesons509

Table 7 summarizes the fit results regarding the light resonances included510

in Υ (3S) simulated experiments, when there is no Higgs signal present. The511

table lists the mean number of each resonance included; the actual number512

in a particular experiment is distributed about this mean, as opposed to513

Sec. 8.5, in which the number of signal events was constrained to be exactly514

100 in all experiments. The fits are not significantly biased with respect to515

the mean, but the mean errors in all cases are significantly low compared516

to the true rms. Because these resonances are broad compared to the Higgs517
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Figure 40: Number of Higgs events reconstructed in simulated Υ (3S) exper-
iments containing 100 4 GeV/c2 CP odd Higgs events passing all cuts.

signal, there are substantial correlations with the non-resonant component.518

It is also worth noting that the systematic error on fL produces a large519

uncertainty in the total number of Υ decays in the sample. An analysis520

looking at particular final states, such as that being done by Rocky So, would521

be a better way of measuring the properties of light resonances produced in522

radiative decays of the Υ .523
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Table 7: Fit results for the light resonances included in simulated experi-
ments of the Υ (3S), for CP odd and CP all hypotheses. No Higgs signal is
included in these studies. Means, biases, and rms are in events; masses and
widths are in MeV/c2.
Y3S CP odd

Mass Width True mean Bias rms(bias) Mean fit error
f0(980) 980 70 82 6 135 32
f2(1270) 1275.1 185.1 930 3 289 86
f'2(1525) 1525 73 337 -4 164 47
f0(1710) 1720 135 139 -6 235 64
f4(2050) 2018 237 277 -2 381 118

Y3S CP all
Mass Width True mean Bias rms(bias) Mean fit error

f0(980) 980 70 1630 30 393 75
f2(1270) 1275.1 185.1 8999 8 604 57
f'2(1525) 1525 73 3264 -12 237 35
f0(1710) 1720 135 282 -16 306 35
f4(2050) 2018 237 203 1 428 158
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9 Fit results for Run 7 on peak data524

A total of 371,740 events in the Run 7 on peak data satisfy the CP all525

selection criteria with candidate mass in the region 0.29–7.1 GeV/c2, with526

171,136 of these in the CP odd subset. Figure 41 shows the candidate mass527

distribution overlaid with the fit and the normalized continuum distribution.528

The fit results are summarized in Table 8.529

Subtracting the normalized continuum from the on peak data and from530

the fit gives the candidate mass spectrum from Υ decay (Fig. 42).531

The number of Higgs events as a function of Higgs mass is shown in532

Fig. 43, and the corresponding statistical significance (signal events divided533

by statistical error) is shown as a function of mass in Fig. 44, and is summa-534

rized in Fig. 45. The largest upwards fluctuations (considering only statisti-535

cal errors) are 3.5σ at 3.107 GeV/c2 for CP-all and 3.2σ at 0.772 GeV/c2 for536

CP-odd. The most negative fluctuations are are −3.6σ at 0.914 GeV/c2 for537

CP-all and −3.9σ at 0.575 GeV/c2 for CP-odd (Table 9). The corresponding538

locations candidate mass distributions are shown in Fig 46–47. The fraction539

of zero-signal Toys with fluctuations at least this large are 33% (CP-all)540

and 63% (CP-odd) for the upwards fluctuations, and 49% (CP-all) and 19%541

(CP-odd) for the downwards fluctuations. Note that the size and location of542

the maximum deviations are changed by the inclusion of systematic errors543

on the background (Sec. 11).544

Although the uncertainties on the yields of the five resonances are not545

reliable, it is nevertheless clear that there are no significant signals present.546

There is fairly large negative fluctuation in the f0(980) in the Run 7 on peak547

CP all fit.548
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Table 8: Results of the fits to the candidate mass spectra for the (top) Run
7 on-peak data, (middle) Υ (3S) data, and (bottom) Υ (2S) data. Numbers
of events are for the fit region, 0.29–7.1 GeV/c2.

Run 7 On Peak CP odd   +/- CP all   +/-
# events on peak 171,136      371,740      
# events continuum 259,794      658,262      
χ^2 / dof 1268 / 1341 1293 / 1341
probability χ^2 0.921 0.824
continuum 130,907      1,085      326,128      1,073      
non-resonant 40,349        1,368      46,643        485         
f0(980) -144 111         -1345 250         
f2(1270) -16 302         189            343         
f2'(1525) 91              172         267            177         
f0(1710) 24              244         -149 240         
f4(2050) -71 435         12              408         

Y3S On Peak CP odd   +/- CP all   +/-
# events on peak 102,796      230,838      
# events continuum 259,794      658,262      
χ^2 / dof 1265 / 1341 1263 / 1341
probability χ^2 0.931          0.936          
continuum 85,548        873         210,557      1,020      
non-resonant 17,483        1,078      21,410        1,220      
f0(980) -156 98          -846 210         
f2(1270) 154 243         32              340         
f2'(1525) 76              137         162            154         
f0(1710) -18 199         -136 219         
f4(2050) -290 357         -341 368         

YSS On Peak CP odd   +/- CP all   +/-
# events on peak 68,340        140,902      
# events continuum 259,794      658,262      
χ^2 / dof 1367 / 1341 1409 / 1341
probability χ^2 0.307          0.095          
continuum 45,258        634         115,557      800         
non-resonant 22,955        817         25,187        1,065      
f0(980) 10 75          -489 154         
f2(1270) -180 181         172            297         
f2'(1525) 14 108         106            130         
f0(1710) 47              156         -4 178         
f4(2050) 236 277         377 287         

56



2
Ev

en
ts

 p
er

 1
0 

M
eV

/c

-200

0

200

400

(a)

)2Candidate mass (GeV/c
0 2 4 6

-100

0

100

200
(b)

Figure 42: A0 candidate mass spectrum after continuum subtraction, over-
laid with fit. (a) CP-all analysis; (b) CP-odd analysis.
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Figure 43: A0 signal in the Run 7 on peak data, in events, as a function of
hypothesis mass, for (a) CP-all analysis, and (b) CP-odd analysis.
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Figure 44: Statistical significance (events divided by statistical error) of the
A0 signal in the Run 7 on peak data as a function of mass, for (a) CP-all
analysis, and (b) CP-odd analysis.
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Table 9: Largest and most-negative fluctuations in A0 statistical significance
in the (top) Run 7 on-peak data, (middle) Υ (3S) data, and (bottom) Υ (2S)
data. The mass is given in GeV/c2. P-values are the fraction of zero-signal
Toy experiments that have fluctuations at least that magnitude.

CP odd  CP all  
Run 7 On Peak Sigma Mass p-value Sigma Mass p-value
Maximum 3.2 0.772 0.63 3.5 3.107 0.33
Minimum -3.9 0.575 0.19 -3.6 0.914 0.49
Y3S On Peak
Maximum 3.1 0.717 0.67 3.1 2.557 0.77
Minimum -4.7 0.572 0.02 -3.9 0.914 0.29
Y2S On Peak
Maximum 3.2 2.300 0.43 4.3 1.477 0.004
Minimum -3.3 3.042 0.93 -3.6 1.889 0.73
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Figure 45: Histogram of the statistical significance of the A0 signal in the
Run 7 on peak data for (a) the 6710 masses considered in the CP-all analysis,
and for (b) the 6701 masses in the CP-odd analysis. The overlaid curve
shows the distribution expected in the absence of signal.
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Figure 46: Locations of (left) maximum and (right) minimum Higgs signals
in the Run 7 on peak CP odd analysis. Black points are data, red line is the
fit. Lower row shows the same distributions after subtracting the continuum
background. The location of the deviation is marked by a dashed line on
the horizontal axis.
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Figure 47: Locations of (left) maximum and (right) minimum Higgs signals
in the Run 7 on peak CP all analysis. Black points are data, red line is the
fit. Lower row shows the same distributions after subtracting the continuum
background. The location of the deviation is marked by a dashed line on
the horizontal axis.
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9.1 Fit results for the Υ (3S) and Υ (2S) samples549

The results of separate fits to the Υ (3S) and Υ (2S) data sets are summarized550

in Table 8, and in Fig. 48–57.551

The most and least significant Higgs signals in these samples are listed in552

Table 9. The largest magnitude deviation among off the fits is the nominal553

4.3σ upwards fluctuation in the Υ (2S) CP all analysis. The corresponding554

p-value of 0.4%, found using Toy experiments, is equivalent to 2.5σ.555
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Figure 48: Υ (3S) candidate mass spectrum in the (a) CP-all and (b) CP-
odd analyses. The top curve in each plot is the on-peak data overlaid (in
red) with the fit described below, while the bottom curve (blue) is the scaled
continuum data.
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Figure 49: Υ (3S) A0 candidate mass spectrum after continuum subtraction,
overlaid with fit. (a) CP-all analysis; (b) CP-odd analysis.
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Figure 50: Υ (3S) A0 signal, in events, as a function of hypothesis mass, for
(a) CP-all analysis, and (b) CP-odd analysis.
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Figure 51: Statistical significance (events divided by statistical error) of
the Υ (3S) A0 signal as a function of mass, for (a) CP-all analysis, and (b)
CP-odd analysis.
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Figure 52: Histogram of the statistical significance of the A0 signals in the
Υ (3S) data set for (a) the 6710 masses considered in the CP-all analysis,
and for (b) the 6701 masses in the CP-odd analysis. The overlaid curve
shows the distribution expected in the absence of signal.
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Figure 53: Υ (2S) candidate mass spectrum in the (a) CP-all and (b) CP-
odd analyses. The top curve in each plot is the on-peak data overlaid (in
red) with the fit described below, while the bottom curve (blue) is the scaled
continuum data.
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Figure 54: Υ (2S) A0 candidate mass spectrum after continuum subtraction,
overlaid with fit. (a) CP-all analysis; (b) CP-odd analysis.
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Figure 55: Υ (2S) A0 signal, in events, as a function of hypothesis mass, for
(a) CP-all analysis, and (b) CP-odd analysis.
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Figure 56: Statistical significance (events divided by statistical error) of
the Υ (2S) A0 signal as a function of mass, for (a) CP-all analysis, and (b)
CP-odd analysis.
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Figure 57: Histogram of the statistical significance of the A0 signals in the
Υ (2S) data set for (a) the 6710 masses considered in the CP-all analysis,
and for (b) the 6701 masses in the CP-odd analysis. The overlaid curve
shows the distribution expected in the absence of signal.

73



10 Efficiency and systematic error on efficiency556

The signal efficiency is calculated at the various masses for which signal MC557

is available. Events are counted towards the efficiency if they satisfy the558

selection criteria and have reconstructed masses in the signal window for559

that Higgs mass.560

Signal MC is available for one, two, or three Higgs decays modes, de-561

pending on its mass: 50% gg and 50% ss̄; 100% gg; and 100% cc̄. There are562

decay mode predictions available in some SUSY models (depending on tan β563

and other parameters), but clearly the actual decay modes are not known.564

The procedure that has been adopted is that at each mass, one combination565

of these three MC samples is taken to be the nominal value of the efficiency.566

A second combination is used to study the systematic error. Since this is567

an important and ill-defined uncertainty, a conservative approach is taken568

in terms of assigning a value.569

For masses less than 3.5GeV/c2 and above ss̄ threshold, the nominal570

combination is 50% ss̄ and 50% gg, and the variation is 100% gg. For masses571

above this, nominal is one-third for each of ss̄, gg, and cc̄ (i.e. two-thirds572

weight for the 50/50 gg/ss̄ sample and one-third weight for the cc̄ sample),573

and the variation is one-half weight each for the 50/50 gg/ss̄ sample and574

the cc̄ sample.575

Among the CP odd samples at low mass, the change in efficiency ranges576

from 1.5% to 8.2%, with the largest change at a mass of 1.5GeV/c2. 8.2% is577

taken as the systematic error for all CP odd samples with mass ≤ 3.5GeV/c2.578

At higher masses, cc̄ has significantly lower efficency, and the change in579

efficiency ranges from 18% to 21%, with 21% taken as the systematic error.580

For CP all at low masses, the efficiency change ranges from less than581

1% to 4.1% in the 2.5–3.5GeV/c2 region, with 4.1% taken as the systematic582

error at low masses. At high masses, there is little difference between the583

CP odd and CP all efficiencies, and the same systematic error is taken for584

both cases.585

Other systematic errors on the efficiency are due to uncertainties in par-586

ticle reconstruction and identification. Each of the items below is evaluated587

separately for each signal MC Higgs mass. The efficiency per particle is re-588

duced by the amount listed, and the reduction in overall efficiency is taken589

as the systematic error.590

1. Tracking: 0.6% per charged track591

2. Photon reconstruction: 1% per photon592
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3. pion identification: 1% per pion593

4. kaon identification: 1% per kaon594

Table 10 summarizes the efficiency and systematic errors for each signal595

MC mass. The upper limit calculations require these quantities for each596

(1 MeV/c2) Higgs mass hypothesis. These are found by fitting a cubic spline597

to the values in the table as a function of mass. The resulting efficiencies598

and systematic errors are plotted in Fig. 58 and Fig. 59.599

As is clear from these figures, the efficiencies and uncertainties are essen-600

tially identical for the Υ (2S) and the Υ (3S). The efficiency for the combined601

sample is the average of the separate efficiencies, and the systematic error602

is the average of the systematic errors.603

11 Systematic error on backgrounds604

The systematic error on the background is found by repeating the fit to605

the candidate mass spectrum with variations in the background modeling.606

The five nominal resonances are removed one at a time, and eleven different607

resonances, marked in blue in Fig. 22, are added one at a time. Finally, fL608

is fixed to the “best estimate” value found in Sec. 11.1. The total system-609

atic error is the sum in quadrature of the changes in the total background610

resulting from each of these variations.611

11.1 Continuum normalization612

The normalization of the continuum sample is floated in the nominal fit, but613

fixed in an alternative fit used to estimate systematic errors. Luminosity614

alone is not sufficient to obtain the normalization parameter fL because615

both the cross section and reconstruction efficiencies of the ISR processes616

vary with
√

s. The value for fL used in the alternative fit is taken to be617

the mid-point of the range of values found using a variety of methods. The618

first two are the values obtained from the nominal fits to the CP odd and619

CP all Run 7 on-peak data (Sec. 7). The normalization parameter is also620

determined from fits to narrow ISR resonances in data (Sec. 11.1.1), and621

from MC calculations of these same ISR resonances (Sec. 11.1.2) . Finally,622

fL can be estimated from the requirement that the number of Υ decays in623

the CP odd sample be less than or equal to the number in the CP all sample624

(Sec. 11.1.3). The results are summarized and combined in Sec. 11.1.4.625
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Table 10: Efficiency and systematic errors on efficiency
Y2S CP Odd Efficiency Systematic errors (%)

Mass Nominal Alternative Decay mode MC statistics Tracking Photon Pion Kaon
Total uncer-

tainty %
0.5 0.1054 0.1054 8.2 0.8 1.2 7.0 3.0 0.0 11.3

1 0.1227 0.1227 8.2 0.7 1.2 7.1 3.0 0.0 11.4
1.5 0.0799 0.0864 8.2 0.9 1.7 5.1 2.0 1.0 10.1

2 0.0611 0.0621 8.2 1.0 2.0 4.9 1.9 1.3 10.1
2.5 0.0451 0.0474 8.2 1.2 2.2 6.1 2.5 1.3 10.9

3 0.0323 0.0333 8.2 1.4 2.4 7.0 2.9 1.4 11.6
3.5 0.0234 0.0238 8.2 2.4 2.7 7.7 3.3 1.4 12.3

4 0.0120 0.0094 21.0 2.7 2.9 8.4 3.6 1.5 23.3
4.5 0.0093 0.0074 21.0 3.1 3.1 9.1 3.9 1.6 23.7

5 0.0066 0.0053 21.0 3.6 3.3 9.6 4.2 1.7 24.0
5.5 0.0045 0.0036 21.0 4.4 3.5 10.4 4.5 1.7 24.6

6 0.0038 0.0031 21.0 4.8 3.5 10.4 4.5 1.9 24.6
6.5 0.0032 0.0027 21.0 5.2 3.8 10.8 4.7 2.1 25.0

7 0.0022 0.0018 21.0 6.2 3.9 11.2 4.9 2.0 25.5

Y2S CP All Efficiency Systematic errors (%)

Mass Nominal Alternative Decay mode MC statistics Tracking Photon Pion Kaon
Total uncer-

tainty %
0.35 0.1736 0.1736 4.1 0.8 1.2 5.0 2.0 0.0 6.9
0.5 0.2166 0.2166 4.1 0.4 1.2 5.0 2.0 0.0 6.9

1 0.1624 0.1624 4.1 0.6 1.2 5.1 2.0 0.1 7.0
1.5 0.1108 0.1166 4.1 1.0 1.4 3.6 1.3 1.1 6.0

2 0.0755 0.0758 4.1 0.9 1.8 3.8 1.4 1.5 6.3
2.5 0.0470 0.0489 4.1 1.2 2.2 6.1 2.5 1.2 8.3

3 0.0340 0.0354 4.1 1.4 2.4 7.0 2.9 1.3 9.2
3.5 0.0247 0.0248 4.1 2.8 2.7 7.9 3.3 1.3 10.3

4 0.0124 0.0100 21.0 2.6 2.9 8.5 3.6 1.5 23.3
4.5 0.0094 0.0076 21.0 3.0 3.1 9.0 3.9 1.5 23.6

5 0.0070 0.0056 21.0 4.0 3.3 9.5 4.1 1.7 24.0
5.5 0.0049 0.0040 21.0 5.1 3.4 10.1 4.3 1.8 24.6

6 0.0043 0.0035 21.0 4.5 3.7 10.7 4.6 1.9 24.8
6.5 0.0038 0.0030 21.0 6.4 3.7 11.2 4.9 1.9 25.5

7 0.0026 0.0020 21.0 12.0 4.0 12.4 5.4 1.9 28.1

Y3S CP Odd Efficiency Systematic errors (%)

Mass Nominal Alternative Decay mode MC statistics Tracking Photon Pion Kaon
Total uncer-

tainty %
0.5 0.0969 0.0969 8.2 0.8 1.2 7.0 3.0 0.0 11.3

1 0.1185 0.1185 8.2 0.7 1.2 7.1 3.0 0.0 11.4
1.5 0.0770 0.0831 8.2 0.8 1.7 5.1 2.0 1.1 10.1

2 0.0593 0.0607 8.2 1.0 2.0 4.9 1.9 1.2 10.1
2.5 0.0446 0.0463 8.2 1.1 2.2 6.2 2.5 1.2 10.9

3 0.0323 0.0331 8.2 1.3 2.4 7.0 2.9 1.3 11.6
3.5 0.0223 0.0230 8.2 1.9 2.7 7.8 3.3 1.4 12.3

4 0.0112 0.0088 21.0 3.3 2.9 8.5 3.6 1.5 23.4
4.5 0.0084 0.0067 21.0 2.4 3.1 9.2 3.9 1.6 23.6

5 0.0063 0.0050 21.0 2.4 3.3 9.7 4.2 1.7 23.9
5.5 0.0043 0.0034 21.0 3.0 3.5 10.3 4.4 1.8 24.3

6 0.0036 0.0029 21.0 3.2 3.7 10.6 4.6 1.9 24.6
6.5 0.0030 0.0025 21.0 3.5 3.8 11.0 4.8 2.0 24.8

7 0.0026 0.0021 21.0 3.8 3.8 11.3 4.9 2.0 25.0

Y3S CP All Efficiency Systematic errors (%)

Mass Nominal Alternative Decay mode MC statistics Tracking Photon Pion Kaon
Total uncer-

tainty %
0.35 0.1627 0.1627 4.1 0.5 1.2 5.0 2.0 0.0 6.9
0.5 0.2085 0.2085 4.1 0.4 1.2 5.0 2.0 0.0 6.9

1 0.1582 0.1582 4.1 0.5 1.2 5.1 2.0 0.1 7.0
1.5 0.1070 0.1129 4.1 0.7 1.4 3.5 1.2 1.1 5.9

2 0.0733 0.0722 4.1 0.8 1.8 3.8 1.3 1.5 6.2
2.5 0.0457 0.0475 4.1 1.0 2.2 6.1 2.5 1.2 8.2

3 0.0333 0.0342 4.1 1.2 2.4 7.0 2.9 1.3 9.2
3.5 0.0235 0.0243 4.1 1.6 2.6 7.7 3.3 1.4 9.9

4 0.0123 0.0099 21.0 1.7 2.9 8.4 3.6 1.5 23.2
4.5 0.0089 0.0072 21.0 2.0 3.1 9.0 3.9 1.6 23.5

5 0.0066 0.0053 21.0 2.4 3.3 9.8 4.2 1.6 24.0
5.5 0.0050 0.0040 21.0 2.7 3.4 9.8 4.2 1.9 24.0

6 0.0039 0.0031 21.0 3.1 3.6 10.5 4.5 1.9 24.5
6.5 0.0031 0.0025 21.0 3.5 3.8 11.1 4.8 1.9 24.8

7 0.0029 0.0024 21.0 3.6 3.8 11.0 4.7 2.1 24.8
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Figure 58: Signal efficiency as a function of mass for the two data set (Υ (2S)
and Υ (3S)) and two CP hypotheses. Efficiency for the combined data set is
the average of the Υ (2S) and Υ (3S) values.
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Table 11: Number of narrow resonance events found in the continuum and
on-peak data samples. The continuum sample is Run 6 plus Run 7 off peak.

Continuum  ±   
Y3S 

onpeak  ±   f_L    ±   
Y2S 

onpeak  ±   f_L    ±   
Run 7 

onpeak  ±   f_L    ±   
omega to pi pi pi 14,258    127 4,968   76    0.348  0.006 2,618  54  0.184 0.004 7,579   93   0.532 0.008 
Phi to K K 32,667    190 11,355 113  0.348  0.004 6,367  83  0.195 0.003 17,721 140 0.542 0.005 
Jpsi to 4 tracks 5,513      116 1,954   71    0.354  0.015 1,041  56  0.189 0.011 2,990   91   0.542 0.020 
Jpsi to 4 tracks 1 pi0 5,249      110 1,918   70    0.366  0.015 968     53  0.184 0.011 2,887   88   0.550 0.020 
average 0.349  0.003 0.191 0.002 0.540 0.004 

11.1.1 Fits to narrow resonances produced in ISR626

The four ISR resonances used for normalization purposes are described in627

Sec. 7. The number of events of each type is found by a fit to the data.628

The pdf for the signal is a mass histogram filled by the appropriate ISR629

MC mode, with a mass offset between data and MC being one of the free630

parameters of the fit. Background is assumed to be linear in mass, giving a631

total of four fit parameters (mass offset, normalization, and two background632

parameters).633

The fits to the continuum, Υ (2S), Υ (3S), and combined Υ (2S) plus634

Υ (3S) data are shown in Fig. 60–91, and are summarized in Table 11.635

The fit does not allow for resolution smearing between MC and data,636

although the J/ψ plots look like such smearing would help the fit. However,637

it does not look like the inclusion of such smearing would noticeably change638

the data/continuum ratio. Also, the final value of fL is only weakly depen-639

dent on the J/ψ fits. For these reasons, it was decided to not pursue more640

complicated fits to the narrow resonances.641
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Figure 60: Fit to ω → π+π−π0 in the continuum sample. Red curve is the
fit, consisting of ISR MC plus linear background.
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Figure 61: Residual of fit to ω → π+π−π0 in the continuum sample.
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Figure 62: Fit to ω → π+π−π0 in the Υ (3S) on peak sample. Red curve is
the fit, consisting of ISR MC plus linear background.

)2Candidate Mass (GeV/c
0.7 0.75 0.8 0.85 0.9

-30

-20

-10

0

10

20

30

Data-Y3S-On ISR-PDFs resid
Entries  220

Mean   0.8011

RMS    0.04856

Underflow       0

Overflow        0

Integral  0.04046

Data-Y3S-On ISR-PDFs

Figure 63: Residual of fit to ω → π+π−π0 in the Υ (3S) on peak sample.
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Figure 64: Fit to ω → π+π−π0 in the Υ (2S) on peak sample. Red curve is
the fit, ISR MC plus linear background.
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Figure 65: Residual of fit to ω → π+π−π0 in the Υ (2S) on peak sample.
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Figure 66: Fit to ω → π+π−π0 in the Run 7 on peak sample. Red curve is
the fit, ISR MC plus linear background.
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Figure 67: Residual of fit to ω → π+π−π0 in the Run 7 on peak sample.
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Figure 68: Fit to φ → K+K− in the continuum sample. Red curve is the
fit, ISR MC plus linear background.
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Figure 69: Residual of fit to φ→ K+K− in the continuum sample.
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Figure 70: Fit to φ → K+K− in the Υ (3S) on peak sample. Red curve is
the fit, ISR MC plus linear background.
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Figure 71: Residual of fit to φ→ K+K− in the Υ (3S) on peak sample.
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Figure 72: Fit to φ → K+K− in the Υ (2S) on peak sample. Red curve is
the fit, ISR MC plus linear background.
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Figure 73: Residual of fit to φ→ K+K− in the Υ (2S) on peak sample.
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Figure 74: Fit to φ → K+K− in the Run 7 on peak sample. Red curve is
the fit, ISR MC plus linear background.
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Figure 75: Residual of fit to φ→ K+K− in the Run 7 on peak sample.
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Figure 76: Fit to J/ψ →≥ 4tracks0π0 in the continuum sample. Red curve
is the fit, ISR MC plus linear background.
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Figure 77: Residual of fit to J/ψ →≥ 4tracks0π0.
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Figure 78: Fit to J/ψ →≥ 4tracks0π0 in the Υ (3S) on peak sample. Red
curve is the fit, ISR MC plus linear background.
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Figure 79: Residual of fit to J/ψ →≥ 4tracks0π0.
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Figure 80: Fit to J/ψ →≥ 4tracks0π0 in the Υ (2S) on peak sample. Red
curve is the fit, ISR MC plus linear background.
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Figure 81: Residual of fit to J/ψ →≥ 4tracks0π0.
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Figure 82: Fit to J/ψ →≥ 4tracks0π0 in the Run 7 on peak sample. Red
curve is the fit, ISR MC plus linear background.
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Figure 83: Residual of fit to J/ψ →≥ 4tracks0π0.
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Figure 84: Fit to J/ψ →≥ 4tracks1π0 in the continuum sample. Red curve
is the fit, ISR MC plus linear background.
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Figure 85: Residual of fit to J/ψ →≥ 4tracks1π0.
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Figure 86: Fit to J/ψ →≥ 4tracks1π0 in the Υ (3S) on peak sample. Red
curve is the fit, ISR MC plus linear background.
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Figure 87: Residual of fit to J/ψ →≥ 4tracks1π0.
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Figure 88: Fit to J/ψ →≥ 4tracks1π0 in the Υ (2S) on peak sample. Red
curve is the fit, ISR MC plus linear background.
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Figure 89: Residual of fit to J/ψ →≥ 4tracks1π0.
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Figure 90: Fit to J/ψ →≥ 4tracks1π0 in the Run 7 on peak sample. Red
curve is the fit, ISR MC plus linear background.
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Figure 91: Residual of fit to J/ψ →≥ 4tracks1π0.
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Table 12: Number of narrow resonance events predicted in the continuum
and on-peak data samples by calculations using ISR cross sections, measured
luminosities, and efficiencies from MC ISR events.

Continuum  ±   
Y3S 

onpeak  ±   f_L    ±   
Y2S 

onpeak  ±   f_L    ±   
Run 7 

onpeak  ±   f_L    ±   
omega to pi pi pi 25,171    159 8,384   68    0.333  0.003 4,571  43  0.182 0.002 12,955 81   0.515 0.005 
Phi to K K 52,678    273 17,561 124  0.333  0.003 9,651  77  0.183 0.002 27,212 146 0.517 0.004 
Jpsi to 4 tracks 8,745      304 2,997   32    0.343  0.012 1,586  15  0.181 0.007 4,583   36   0.524 0.019 
Jpsi to 4 tracks 1 pi0 8,151      293 2,589   29    0.318  0.012 1,404  14  0.172 0.006 3,994   33   0.490 0.018 
average 0.333  0.002 0.182 0.001 0.515 0.003 

11.1.2 Calculating fL using MC ISR samples642

The second method uses MC samples of the same four ISR-produced reso-643

nances, together with calculated cross sections and known luminosities, to644

calculate fL. For each resonance X, the scaling factor fLX is:645

fLX =
L(sΥ ) · σe+e−→γX(sΥ ) · BX · ϵ(sΥ )
∑

i L(si) · σe+e−→γX(si) · BX · ϵ(si)
, (2)

where L(s) is the luminosity for the data recorded at center-of-mass energy646

s, σe+e−→γX is the ISR production cross section for the resonance X, BX is647

the branching fraction for X to decay into the relevant final state, and ϵ is648

the efficiency for reconstructing the decay of X. The index i runs over the649

four center-of-mass energies si that make up the continuum sample, Run 6650

on peak, Run 6 off peak, Υ (3S) off peak, and Υ (2S) off peak.651

The luminosities are nominally final, and are found using BbkLumi. The652

production cross sections are calculated using Ref. [16], and background MC653

samples are used to find the efficiencies.654

The uncertainty on fLX is due to MC statistics and the uncertainty on655

the luminosity. fL for this method is the weighted average of the four fLX .656

Results are summarized in Table 12.657

Note that a comparison between Table 12 and Table 11 indicates that658

the actual number of observed events is approximately 60% of that predicted659

by the calculation. This problem has previously been observed [17].660

The secondary branching fractions are not necessarily correct in DE-661

CAY.DEC for the J/ψ , but they should be correct for the ω and the φ.662

Note that this calculation of fL does not depend on the absolute normaliza-663

tion being correct, but rather only on its variation with
√

s.664
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Table 13: Summary of the different methods used to calculate the continuum
subtraction normalization factor fL. The midpoint of the range is the value
used for fL in systematic error studies.

Y3S  Y2S  Combined  
Fits to narrow resonances 0.349          0.191          0.540          
MC/luminosity 0.333          0.182          0.515          
Fit continuum to CP odd spectrum 0.329          0.174          0.504          
Fit continuum to CP all spectrum 0.320          0.176          0.495          
N_Y(CP all) ≥ N_Y(CP odd) 0.321          0.182          0.503          
Midpoint fL (alternative) 0.334          0.183          0.518          

11.1.3 fL from consistency between CP odd and CP all samples665

The CP odd sample is a strict subset of the CP all sample for each center666

of mass energy. Therefore, the number of CP all Υ decays, after continuum667

subtraction, should be greater than or equal to the number of CP odd:668

NCPall − fL · CCPall ≥ NCPodd − fL · CCPodd, where N is the number of669

events in the CP all or CP odd on peak data sample, and C the number in670

the corresponding continuum sample. The value in Table 13 corresponds to671

setting the number equal in CP odd and CP all.672

11.1.4 Summary of continuum normalization673

The values for fL found by the different methods are summarized in Table 13.674

Note that these are not independent values that be simply averaged. For675

example, as noted in the section above, the CP odd data is a subset of676

the CP all. Instead, they should be considered different plausible ways to677

calculate the same quantity.678

We take the mid point of the resulting spread of values as the value for679

fL in the alternative fits in which it is fixed. It is 2.7% larger than the680

nominal value for CP odd, and 4.5% larger for CP all.681

11.2 Background systematic errors for Run 7 on peak data682

Figure 92 compares the systematic and statistical errors for the Run 7 on-683

peak data set. The systematic errors are smaller than the statistical errors on684

the background except near resonances. The most significant Higgs signals685

including the background systematic errors are 2.9σ at 1.295 GeV/c2 for686

CP-all and 3.1σ at 4.727 GeV/c2 for CP-odd.687

A few of the fit variations are worth looking at in more detail. The688

nominal CP all fit has a large negative f0(980) signal, and one might wonder689
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Figure 92: Statistical error (black) and systematic error (red) in the back-
ground estimate for (top) CP odd and (bottom) CP all Run 7 on peak
data.
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Figure 93: Statistical significance of the Higgs signal in the Run 7 on peak
CP all analysis in the region of the f0(980) when that resonance is not
included in the fit.

if removing that component from the fit would create a large negative Higgs690

signal at that mass. Figure 93 shows the statistical significance of the Higgs691

signal as a function of mass when the f0(980) is removed from the fit. The692

significances are on the order of −2σ or less.693

The most significant additional resonance for the the CP all and CP odd694

fits is the f0(1500), for which the alternative fits find 1805 ± 443 events in695

CP all and 1676 ± 435 in CP odd. The CP odd fit including the f0(1500),696

is shown after continuum subtraction in Fig. 94. Recall, however, that the697

uncertainties on the resonances are not reliable.698

12 Calculation of upper limits699

The upper limit is calculated in terms of the product branching fractions
B3S ≡ B(Υ (3S) → γA0) · B(A0 → hadrons) and B2S ≡ B(Υ (2S) → γA0) ·
B(A0 → hadrons), under the assumption that the decays are described by
the same Lorentz-invariant matrix element M. Because the phase space
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Figure 94: Fit to the Run 7 on peak CP odd candidate spectrum, after
continuum subtraction, including as an extra resonance the f0(1500).

for the Υ (2S) and Υ (3S) decays are slightly different, the partial widths
will also differ slightly. The two-body decay partial width is given by [14]
Eq. 39.17:

dΓ =
1

32π
|M|2

pA0

M2
Υ (nS)

dΩ,

where the A0 momentum pA0 is

pA0 = (M2
Υ (nS) − M2

A0)/2 · MΥ (nS).

In terms of the decay branching fraction,

B(Υ (nS) → γA0) ∝
|M|2 · pA0

ΓnS · M2
Υ (nS)

=
|M|2 · (M2

Υ (nS) − M2
A0)

ΓnS · M3
Υ (nS)

,

where ΓnS is the full width of the Υ (2S) or Υ (3S).700

We can use these formulas to relate the Υ (2S) and Υ (3S) product branch-
ing fractions:

B2S = B3S ·
Γ3S

Γ2S
·
M3

Υ (3S)

M3
Υ (2S)

·
(M2

Υ (2S) − M2
A0)

(M2
Υ (3S) − M2

A0)
.

where the phase space factor

R(MA0) ≡
M3

Υ (3S)

M3
Υ (2S)

·
(M2

Υ (2S) − M2
A0)

(M2
Υ (3S) − M2

A0)
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ranges from 1.033 to 0.975 depending on mass.701

The limits are calculated using the combined Υ (2S) and Υ (3S) data set702

for each Higgs mass hypothesis mi. The minimum mass hypothesis is the703

lower edge of the fit range, 0.290 GeV/c2 plus one-half the width of the704

Higgs window, 0.291 GeV/c2 for CP all and 0.300 GeV/c2 for CP odd. The705

hypotheses extend in 1 MeV/c2 steps to a maximum of 7 GeV/c2.706

The 90% CL upper limit is defined as the value of B3S that contains 90%707

of the area of the likelihood function above zero, where L(B3S) is defined708

as the probability of observed ≤ N events in the mass window, given an709

expected background of B̂ ± δB , an efficiency ϵ ± δϵ, and the number of710

Υ (2S) and Υ (3S) in the data set, N2S ± δ2S and N3S ± δ3S . The expected711

number of events N̂ is712

N̂ = B̂ + N3S · B3S · ϵ+ N2S · B2S · ϵ
= B̂ + N ′

3S · B3S · ϵ, (3)

where N ′
3S ≡ N3S+N2S ·R(MA0)·Γ3S/Γ2S . The likelihood curve is generated713

using a Monte Carlo method that integrates over the uncertainties.714

The expected background is equal to the integral of the fit over the715

window, including continuum and Υ components. The uncertainty on the716

background has both a statistical component, from the continuum statistics,717

and a systematic component, due to uncertainty in the continuum scaling718

and in the inclusion or exclusion of resonances in the fit (Sec. 11). The719

efficiency and its uncertainty are discussed in Sec. 10. The numbers of Υ720

mesons are N2S = 98.3 ± 0.9M and N3S = 121.3 ± 1.2M.721

If desired, the upper limits could be calculated for the Υ (2S) and Υ (3S)722

samples independently, presumably without the assumption that the partial723

decay widths are equal.724

12.1 Expected upper limits725

The expected upper limits are calculated using the average quantities found726

in the MC experiments described in Sec. 8. For each Higgs mass hypothesis,727

the average number of observed events N and the average background B728

and average uncertainty δB are used to find the upper limit for that bin.729

(On average, B = N , since no signal is included in these simulated experi-730

ments). Figures 95–97 show the results for the Υ (3S) and Υ (2S) data sets731

treated independently, and for the combined data set. The Υ (2S) and Υ (3S)732

results have not been updated to reflect the small changes in the analysis733
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(the elimination of the cut on the highest momentum track) introduced in734

version 3 of this note, and they do not include the systematic error on the735

background. The background systematic has been included in the expected736

Run 7 on peak upper limits by using the errors calculated for actual Run 7737

data.738

The impact of the systematic errors is illustrated by the blue line in739

Fig. 97, which shows the expected CP all upper limits without systematic740

errors. The dominant systematic error at high mass is the 21% uncertainty741

on efficiency. The impact of the uncertainty on fL can be seen near reso-742

nances. Note that the uncertainty on the background estimate is partially743

a statistical error, not systematic.744

12.2 Run 7 on peak upper limits745

Figure 98 shows the upper limits calculated for the Run 7 on peak data.746

The values are consistent with those predicted by the Toy studies. The747

systematic errors are noticeable at high masses, and at some of the reso-748

nances at low masses. The upper limits are calculated in terms of the Υ (3S)749

product branching fraction; the right axis gives the corresponding limits750

on the Υ (2S) product branching fraction assuming the phase space factor751

R(MA0) = 1. The error resulting from this assumption is less than 3.5% for752

all masses, and would not be visible on the plot.753

101



)2Higgs Mass (GeV/c
0 1 2 3 4 5 6 7

6
 1

0
×

Pr
od

uc
t b

ra
nc

hi
ng

 fr
ac

tio
n 

1

10

210

Y2S Expected 90% CL UL vs mass

Figure 95: Expected 90% CL upper limit for the Υ (2S) data sample, CP
odd hypothesis (red line) or CP not specified (black line).
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Figure 96: Expected 90% CL upper limit for the Υ (3S) data sample, CP
odd hypothesis (red line) or CP not specified (black line).102
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Figure 97: Expected 90% CL upper limit for the Run 7 on-peak data sample,
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shows the CP all case with systematic errors set to 0.
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