
Searches for Light Higgs 
Bosons in Radiative ϒ Decays 

at BABAR

Yury Kolomensky
LBNL/UC Berkeley
For the BABAR Collaboration
ICHEP 2012, Melbourne
July 6, 2012



ICHEP 2012 Yury Kolomensky,Light Higgs @ BaBar

2

Motivation

Non-singlet fraction (cosθA)

mA0<2mτ

2mτ<mA0<7.5 GeV
7.5 GeV<mA0<8.8 GeV
8.8 GeV<mA0<9.2 GeV

R.Dermisek et al
PRD76, 051105 (2007)
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• Higgs seems to be at hand -- but the fun 
is just beginning...
 Is this a Higgs ? Or THE Higgs ? 
Need guidance from both low and 

high energies
• E.g. NMSSM models with light CP-odd 

Higgs
 Solve fine-tuning problems in MSSM
 CP-odd Higgs, A0, below 2mb is not 

constrained by LEP 
Observable BF for ϒγA0 possible in 

10–7–10–4 range
• Accessible at B-Factories in e+e– 

annihilation or bottomonium decays
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Upsilon Resonances
• Electron-Positron collider:  e+e- → γ* → ϒ(nS)

For any bottomonium process BFnS=ΓnS/Γtot >> BF4S, n=1,2,3
Significantly better sensitivity to direct production of light degrees of 
freedom @ narrow resonances

Γ1S,2S,3S ~ 20–50 keV

Beam energy spread ~ 5 MeV
Large natural width
Γ4S ~ 20 MeV
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Low-Mass Higgs Decays
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BF(A0→µµ)

BF(A0→ττ)

BR(A0→ccbar)

BF(A0→gg)

BF(A0→cc)
_

BF(A0→ss)
_

• Pattern of decays depends on A0 
mass and couplings (tanβ)
 Dermisek & Gunion, PRD 81, 075003 (2010)

• Comprehensive search in a 
variety of final states
 Leptonic and hadronic 
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Radiative Decays of ϒ(nS)
Signature: monochromatic 
photon

 ✔ A0µ+µ−, PRL103, 081803 (2009)
 ✔ A0τ+τ−,  PRL103, 181801 (2009)
 ✔ A0hadrons,  PRL107, 221803 (2011)
                           (this talk)

Additional constraints: ϒ(1S) 
from ϒ(2S,3S)→π+π-ϒ(1S) 
transitions
Signature: two low-momentum 
pions, recoiling against ϒ(1S)
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 ✔ A0µ+µ−, NEW ! this talk
 ✔ A0τ+τ−,  NEW ! this talk
 ✔ A0invisible (light dark    
     matter), PRL107, 021804 (2011)
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ϒ(2S,3S)→γA0, A0→hadrons
• 45 fb–1 collected on ϒ(2S,

3S) resonances in 2008
• Fully contained final state 

(no missing energy)
• Beam energy constraint 

improves resolution
• Select: at least two hadrons 

and photon with Eγ>0.2 GeV
• Fully inclusive (CP-all) and 

final state enhanced in CP-
odd (>2 mesons)

• Look for peaks in spectrum 
away from known 
resonances

6

No significant peaks found: set 
upper limits on branching fraction 
as a function of A0 mass

Inclusive

4

at the PEP-II asymmetric-energy e+e− collider at the
SLAC National Accelerator Laboratory. They consist
of 27.9 fb−1 at the center of mass (c.m.) energy of
the Υ (3S) and 13.6 fb−1 at the Υ (2S), correspond-
ing to N3S = (121.3 ± 1.2) × 106 Υ (3S) and N2S =
(98.3 ± 0.9) × 106 Υ (2S) mesons. We also use a con-
tinuum (i.e., non-Υ (nS)) background sample consisting
of 78.3 fb−1 of data collected at the c.m. energy of the
Υ (4S), plus 11.8 fb−1 of data recorded 30–40 MeV be-
low the Υ (2S), Υ (3S), or Υ (4S) c.m. energies. All of the
data used here were recorded after the installation of an
upgraded muon identification system [13].

Simulated signal events with various A0 masses are
used in the analysis. The EvtGen event generator [14]
is used to simulate particle decays. The A0 is simulated
as a spin-0 particle, with equal branching fractions to
whichever of gg, ss, and cc are kinematically available.
Simulated events are produced both with and without
the assumption that the A0 is CP-odd. JETSET [15] is
used to hadronize the partons, and Geant4 [16] is used
to simulate the detector response.

The search for the A0 uses hadronic events in which
the full event energy is reconstructed. The selection cri-
teria were optimized using simulated signal events and
the continuum data set. The highest energy photon in
each event is taken to be the radiative photon from the
Υ (nS) decay. The A0 candidate is constructed by adding
the four-momenta of the remaining particles in the fol-
lowing order. The first added are K0

S
→ π+π− candi-

dates that have mass within 25 MeV/c2 of the true mass
[17], and whose reconstructed vertices are separated from
the interaction point by at least three times the uncer-
tainty on the vertex location. Charged hadron identifica-
tion is then used to assign the proton, K±, or π± mass
to charged tracks. Tracks are labeled protons only if
they are in the angular acceptance of the DIRC hadron
identification system [12], and if there is another track
identified as an anti-proton. Neutral pion candidates
are formed from pairs of photons, requiring the invari-
ant mass of the photon pair to be between 100 MeV/c2

and 160 MeV/c2, and to have a π0 energy greater than
200 MeV. Finally, any remaining unused photons are
added. Photons, including those used to reconstruct
π0 mesons, are required to have a minimum energy of
90 MeV. All energies and momenta are in the c.m. frame.

Events are required to have a radiative photon energy
greater than 2.5 GeV (Υ (3S)) or 2.2 GeV (Υ (2S)) and
to have at least two charged tracks among the A0 decay
products. The A0 mass resolution is improved by con-
straining the radiative photon and all A0 decay products
to come from a common vertex, and the sum of the pho-
ton and A0 four-momenta to be that of the c.m. system.
To ensure that the full event energy is correctly recon-
structed, the probability of the χ2 of the constrained fit
is required to be greater than a value that ranges from
0 at low A0 mass to 0.01 at mA0 = 7 GeV/c2. Events
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FIG. 1: 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 background fit described in the
text, while the bottom curve (blue) is the scaled continuum
data. The prominent initial state radiation resonances are
labeled.

in which mA0 > 5 GeV/c2 are rejected if the radiative
photon, when combined with any other photon in the
event, forms an invariant mass within 50 MeV/c2 of the
π0 mass, or, for mA0 > 6 GeV/c2, within 50 MeV/c2 of
the η mass.

Additional criteria are used to reject radiative Bhabha
events, e+e− → γe+e−, or radiative muon pairs, e+e− →

γµ+µ−. An event is rejected if it was identified as a
Bhabha at the trigger level, if either of the two highest-
momentum tracks is identified as an electron or a muon,
or if the angle between the radiative photon and the
second-highest momentum track is less than 1 radian.
These criteria reject 96% of the continuum sample at a
cost of 10–20% in signal efficiency, and, according to sim-
ulation, reduce these backgrounds to negligible levels.

The analysis proceeds along two parallel paths labeled
“CP-all”, in which no assumption is made on the CP
nature of the A0, and “CP-odd”, in which it is assumed
to be CP-odd. Events in which the A0 decays to π+π−

or K+K− are excluded from the CP-odd analysis.
The analysis selects 371,740 events (CP-all) or 171,136

events (CP-odd) in the combined Υ (2S) and Υ (3S) (“on-
peak”) data set with 0.29 < mA0 < 7.1 GeV/c2 (Fig. 1).

An A0 signal would appear as a narrow peak in the can-
didate mass spectrum. The number of signal events at
a particular hypothesis mass is computed as the number
of events in a mass range (“window”) centered on that
value, less the number of background events in the win-

On-peak Data
Background fit
Off-peak data

All modes

CP-odd enhanced
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ϒ(2S) and ϒ(3S) data combined assuming equal couplings to A0. 
First broad-band search of this kind ! PRL107, 221803 (2011)

Distribution of local 
significance consistent with null 
hypothesis (approximately 
Gaussian for 6701 points)
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FIG. 3: Statistical significance (events divided by statistical
error) of the A0 signal as a function of mass, for (a) CP-all
analysis, and (b) CP-odd analysis.

-5 0 5

En
tr

ie
s 

pe
r 0

.1

1

10

210

(a)

 significance0A
-5 0 5

1

10

210

(b)

FIG. 4: Histogram of the statistical significance of the A0

signal for (a) the 6710 masses considered in the CP-all analy-
sis, and for (b) the 6701 masses in the CP-odd analysis. The
overlaid curve shows the distribution expected in the absence
of signal.

located near the J/ψ and ρ resonances respectively, are
reduced to 2.8σ and 2.2σ. The largest remaining fluctu-
ations are 2.9σ at 1.295 GeV/c2 for CP-all and 3.1σ at
4.727 GeV/c2 for CP-odd. Figure 4 histograms the sta-
tistical significance of the signal measured at each mass,
overlaid with the distribution expected in the absence of
a signal.

The signal extraction technique is studied using many
simulated experiments. Each experiment consists of two
candidate mass distributions, one for on-peak data, and

the other for continuum. The continuum event distribu-
tions are obtained from the full Υ (4S) data, which is 11
times larger than the on-peak data set. The non-resonant
Υ (nS) events are generated from a smooth threshold
curve, and the resonant events are generated from rel-
ativistic Breit-Wigner functions. The full signal extrac-
tion is then performed. The average bias on the A0 signal
yield is less than 1.5 events for all masses when there is
no signal.

These studies are also used to calculate the expected
distribution of statistical significance in the absence of
signal (Fig. 4) and to evaluate the significance of the
largest apparent A0 signals. The fraction of background-
only CP-all simulated experiments that contain a fluctu-
ation of nominal statistical significance ≥ 3.5σ is 33%.
The fraction of CP-odd simulated experiments that con-
tain a fluctuation ≥ 3.2σ is 63%. We therefore see no
evidence of signal. The studies further indicate that
large correlations between the resonant and non-resonant
Υ (nS) components make the uncertainties on the yields
of the resonances unreliable.

In the absence of a significant signal, we calculate a
90% confidence level (CL) upper limit for each hypoth-
esis mass on the product branching fractions B3S ≡

B(Υ (3S) → γA0) · B(A0 → hadrons) and B2S ≡

B(Υ (2S) → γA0) · B(A0 → hadrons), assuming that the
Υ (3S) and Υ (2S) decays are described by the same ma-
trix element. This implies that B2S = B3S · Γ3S/Γ2S ·

R(mA0), where Γ3S and Γ2S are the full widths of the
Υ (3S) and Υ (2S) respectively, and R accounts for the
difference in phase space. R is within a few percent of
unity for all A0 masses.

The calculation uses the relationship N̂ = B̂ + N ′
3S ·

B3S · ε, where N̂ is the expected number of observed
events for the given value of B3S , B̂ is the expected
background, N ′

3S ≡ N3S + N2S · Γ3S/Γ2S · R(mA0),
and ε is the signal efficiency. We calculate a likelihood
L(B3S), defined as the probability of observing N or
fewer events given that value of B3S, where N is the
number actually observed. L(B3S) is obtained by inte-
grating over the uncertainties in B̂, N2S , N3S , and ε,
which are assumed to be Gaussian. The 90% CL upper
limit B90 is calculated assuming a uniform prior above 0:∫ B90

0
L(B3S)dB3S = 0.90

∫ ∞

0
L(B3S)dB3S .

The efficiency is calculated using simulated events.
The efficiency for the CP-all analysis ranges from a peak
of 22% near mA0 = 0.6 GeV/c2 to less than 1% at high
masses, while for the CP-odd analysis it ranges from 12%
near 0.9 GeV/c2 to less than 1% at high masses.

The uncertainty on the efficiency is typically 11% (CP-
all) or 7% (CP-odd) below the cc threshold, and 25%
above. This includes contributions from uncertainty in
tracking (1.5–3.5% depending on mass), photon and π0

reconstruction (5–10%), and particle identification (3–
5%), but the dominant contribution is due to the A0

CP-odd enhanced

7

)
-6

(3
S)

 p
ro

du
ct

 B
F 

(1
0

!

1

10

210 (a)

)
-6

(2
S)

 p
ro

du
ct

 B
F 

(1
0

!

1

10

)2 hypothesis mass (GeV/c0A
0 2 4 6

1

10

210 (b)

1

10

FIG. 5: 90% CL upper limits on product branching fractions
(BF) (left axis) B(Υ (3S) → γA0) · B(A0

→ hadrons) and
(right axis) B(Υ (2S) → γA0) · B(A0

→ hadrons), for (a) CP-
all analysis, and (b) CP-odd analysis. The overlaid curves in
red are the limits expected from simulated experiments, while
the blue curves are the limits from statistical errors only. The
Υ (2S) limits do not include the phase space factor, which is
at most a 3.5% correction.

decay branching fractions. This uncertainty is evaluated
by varying the assumed branching fractions from 50%
ss and 50% gg to 100% gg below the cc threshold, and
from one-third each gg, ss, and cc to 50% cc and 25%
each of gg and ss above the cc threshold. The resulting
systematic errors are 8% for CP-all or 4% for CP-odd
below the cc threshold, and 21% above. The resulting
90% CL upper limits are shown in Fig. 5.

In conclusion, we have searched for hadronic final
states of a light Higgs boson produced in radiative de-
cays of the Υ (2S) or Υ (3S) and find no evidence of a
signal. Upper limits on the product branching fraction
B(Υ (nS) → γA0) ·B(A0 → hadrons) range from 1×10−6

at 0.3 GeV/c2 to 8 × 10−5 at 7 GeV/c2 at the 90% CL.
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ϒ(1S)→γA0, A0→μ+μ– 
• Clean data sample with            
ϒ(2,3S)→π+π-ϒ(1S) transitions

 100M ϒ(2S) and 120M ϒ(3S) 
decays 

• Tag ϒ(1S) production by 
reconstructing mass recoiling 
against 2 pions

• Select events with 2 muons and 
photon with Eγ>0.2 GeV

• Beam energy constraint 
improves resolution

• Look for peaks in reduced mass 
spectrum

8

mred =
�

m2
A0 − 4m2

µ

NEW
 !
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ϒ(1S)→γA0, A0→μ+μ– : Results
9

4885 ML fits in small steps of assumed A0 mass
All observed deviations consistent with background fluctuations

Significance distribution: consistent 
with unit-width Gaussian for 4885 trials

J/ψ excluded
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ϒ(1S)→γA0, A0→μ+μ– : Results
10

Some of the most 
sensitive 
constraints on CP-
odd Higgs to date 
at low A0 mass

J/ψ region
excluded

B(Υ(nS)→ γA0)× B(A0 → µ+µ−)Set 90% C.L. ULs on product
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FIG. 4: The 90% CL upper limits on the product of branch-
ing fractions B(Υ (1S) → γA0) × B(A0 → µ+µ−) for (a) the
Υ (2S) dataset, (b) the Υ (3S) dataset and (c) the combined
Υ (2S, 3S) dataset.

Council (United Kingdom). Individuals have received270

support from the Marie-Curie IEF program (European271

Union) and the A. P. Sloan Foundation.272

[1] U. Ellwanger, C. Hugonie and A.M. Teixeira, Phys. Re-
ports 496 1-77 (2010); G. Hiller, Phys. Rev. D 70,
034018 (2004); R. Dermisek and J.F. Gunion, Phys. Rev.
Lett. 95, 041801 (2005).

[2] I.JR Aitchison, arxiv:0505105 (2005); H.E. Haber and
G.L. Kane, Phys. Rep. 117, 75 (1985).

[3] J.E. Kim and H.P. Niles, Phys. Lett. B 138 (1984) 150.
[4] F. Wilzek, Phys. Rev. Lett. 39, 1304 (1977).
[5] R. Dermisek, J.F. Gunion and B. McElrath, Phys. Rev.

D 76, 051105 (2007);
[6] B. Aubert et al. [BABAR Collaboration], Phys. Rev.

Lett. 103, 081803 (2009).
[7] B. Aubert et al. [BABAR Collaboration], Phys. Rev.

Lett. 103, 181801 (2009).
[8] P. del Amo Sanchez et al. [BABAR Collaboration], Phys.

Rev. Lett. 107, 021804 (2011).
[9] J. P. Lees et al. [BABAR Collaboration], Phys. Rev. Lett.

107, 221803 (2011).
[10] W. Love et al. [CLEO Collaboration], Phys. Rev. Lett.

101, 151802 (2008).
[11] M. Ablikim et al. [BESIII collaboration], arXiv:1111.2112

(2011).
[12] R. Dermisek and J.F. Gunion, Phys. Rev. D 81, 075003

(2010); F. Domingo, JHEP 1104, 016 (2011).
[13] E. Fullana and M.A. Sanchis-Lozano, Phys. Lett. B 653,

67 (2007).
[14] B. Aubert et al. [BABAR Collaboration], Nucl. Instrum.

Methods Phys. Res., Sect. A 479, 1 (2002).
[15] M. Andreotti et al. [BABAR Collaboration], SLAC-PUB-

12205 (2005).
[16] D.J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001).
[17] S. Jadach, W. Placzek, B.F.L. Ward, Phys. Lett. B 390

(1997) 298.
[18] B.F.L. Ward, S. Jadach and Z. Was, Nucl. Phys. Proc.

Suppl. 116, 73 (2003).
[19] S. Agostinelli et al. [GEANT4 Collaboration], Nucl. In-

strum. Methods Phys. Res., Sect. A 506 250 (2003).
[20] D. Cronin-Hennessy et al. [CLEO Collaboration], Phys.

Rev. D 76 072001 (2007).
[21] L. Breiman, Machine Learning 45 5-32 (2001).
[22] G. Punzi, arXiv:physics/0308063 (2003).
[23] M. J. Oreglia, Ph.D Thesis, report SLAC-236 (1980); J.E.

Gaiser, Ph.D Thesis, report SLAC-255 (1982); T. Skwar-
nicki, Ph.D Thesis, report DESY F31-86-02 (1986).

[24] B. Aubert et al. [BABAR Collaboration], Phys. Rev.
Lett. 88, 24 (2002).

[25] K. Nakamura et al. [Particle Data Group], Journal of
Phys. G 37, 075021 (2010).

BF(ϒ(1S)→γA0)*BF(A0→µµ) < (0.3–10)*10–6  for 0.2<mA0<9.2 GeV

Preliminary: to be submitted to PRD-RC



ICHEP 2012 Yury Kolomensky,Light Higgs @ BaBar

ϒ(1S)→γA0, A0→τ+τ– 
• Select clean data sample with          

ϒ(2S)→π+π-ϒ(1S) transitions 
 100M ϒ(2S) decays

• Look for one-prong τ decays; 
identify τ+τ– with at least one lepton 
in the final state 
 5 decay channels in total:                

(ee, μμ, eμ, eπ, μπ) 
• Two neural net discriminants: dipion 

transitions and A0→ττ decays
 Signal efficiency 1-4.5% 

• Look for peaks in photon energy 
spectrum (mass recoiling against 
photon)

11

Simulated event ϒ(2S)→ππϒ(1S),       
ϒ(1S)→γA0,  A0→ττ, ττ→πe(+3ν)

π

π

π

e

γ

NEW
 !



ICHEP 2012 Yury Kolomensky,Light Higgs @ BaBar

ϒ(1S)→γA0, A0→τ+τ– : ML Fits
12

ML fits to data distributions: signal peak + smooth background
Look for significant excess of signal events over background as a 
function of assumed A0 mass
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FIG. 3: Fits to M2
X distribution in (a) L and (b) H ranges for

the two particular mA0 points that return the largest upward

fluctuations: (a) mA0 = 6.36 GeV and (b) mA0 = 8.93 GeV.

The red solid line shows the signal PDF, the green dot-dashed

line is the background contribution, and the blue solid line

shows the total PDF. The top plot shows the fit residuals

normalized by the error (pulls). The signal peak corresponds

to statistical significance of (a) 2.7σ and (b) 3.0σ.

Υ (nS) [25]. To first order in αS , the corrections range431

from 0 to 30% [24] but have large uncertainties [26].432

We combine our data on Υ (1S)→ γA0 with the BABAR433

results of Ref. [9] using the full likelihood functions for g2
b434

at each mA0 point from this analysis, and a Gaussian ap-435

proximation for the g2
b likelihood from Ref. [9]. The com-436

bined upper limits on the product g2
b × B(A0 → τ+τ−)437

as a function of mA0 are shown in Fig. 5. They rule438

out much of the parameter space preferred by NMSSM439

gb = tan β cos θ > 1, where tanβ is the ratio of the Higgs440

vacuum expectation values and cos θ is the fraction of the441

non-singlet component in the CP-odd A0 [5].442

In summary, we find no evidence for the single-photon443
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FIG. 5: 90% C.L. upper limits for Yukawa coupling g2
b ×

B(A0 → τ+τ−). Shown are combined BABAR results (red

solid line), results from this analysis only (dashed green line),

previous BABAR measurement [9] (dotted blue line), and re-

sults from the CLEO experiment [12] (dot-dashed black line).

The shaded vertical bar shows the region around χb(2P ) mass

excluded from Ref. [9].

decays Υ (1S) → γA0 in which A0 decays into a pair of 444

tau leptons, and set 90% C.L. upper limits on B(Υ (1S)→ 445

γA0)× B(A0 → τ+τ−) in the range (0.1− 2)× 10−4 for 446

3.6 ≤ mA0 ≤ 8.0 GeV and (1 − 20) × 10−4 for 8.0 ≤ 447

mA0 ≤ 9.2 GeV. We also set 90% C.L. upper limits on 448

the product g2
b×B(A0 → τ+τ−) in the range 0.09−1.9 for 449

mA0 ≤ 9.2 GeV. Our limits place significant constraints 450

on NMSSM parameter space. 451

We are grateful for the excellent luminosity and ma- 452

chine conditions provided by our PEP-II colleagues, and 453
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fluctuations: (a) mA0 = 6.36 GeV and (b) mA0 = 8.93 GeV.

The red solid line shows the signal PDF, the green dot-dashed

line is the background contribution, and the blue solid line

shows the total PDF. The top plot shows the fit residuals

normalized by the error (pulls). The signal peak corresponds

to statistical significance of (a) 2.7σ and (b) 3.0σ.

Υ (nS) [25]. To first order in αS , the corrections range431

from 0 to 30% [24] but have large uncertainties [26].432

We combine our data on Υ (1S)→ γA0 with the BABAR433

results of Ref. [9] using the full likelihood functions for g2
b434

at each mA0 point from this analysis, and a Gaussian ap-435

proximation for the g2
b likelihood from Ref. [9]. The com-436

bined upper limits on the product g2
b × B(A0 → τ+τ−)437

as a function of mA0 are shown in Fig. 5. They rule438

out much of the parameter space preferred by NMSSM439

gb = tan β cos θ > 1, where tanβ is the ratio of the Higgs440

vacuum expectation values and cos θ is the fraction of the441

non-singlet component in the CP-odd A0 [5].442

In summary, we find no evidence for the single-photon443
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the product g2
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ϒ(1S)→γA0, A0→τ+τ– : Results
13

201 trials in steps of A0 mass
All observed deviations consistent with background fluctuations
Set 90% C.L. upper limits on

6

• Multiplicative errors: uncertainties that scale with355

the number of reconstructed signal events. This in-356

clude uncertainties on the reconstruction efficiency,357

ML fit bias which scales with the true number of358

signal events, uncertainty in the number of pro-359

duced Υ (2S) mesons, and the uncertainty in the360

branching fraction of Υ (2S)→ π+π−Υ (1S).361

We compute the average bias of the ML fit for a set362

of generated Nsig values using a large ensemble of sim-363

ulated pseudo-experiments. In each pseudo-experiment,364

the signal events are fully simulated, and the background365

events are sampled from their PDFs. We determine the366

fit bias that is independent of Nsig and is part of the addi-367

tive uncertainties, as well as the bias which scales linearly368

with Nsig, and can be thought of as a “fit inefficiency”,369

i.e. a relative correction to the signal reconstruction ef-370

ficiency. The bias arises from imperfections in modeling371

of the signal PDFs, events in which signal candidates372

are misreconstructed, and low-statistics properties of the373

ML estimators. We see that a correction of 3.1±1.1% (L374

range) and 7.6 ± 1.4% (H range) has to be applied. The375

additive parts of the fit bias are small.376

The signal efficiencies determined in MC simulations377

are corrected by several multiplicative effects:378

• Tracking and dipion selection efficiency. These cor-379

rections and their uncertainties have been deter-380

mined [10] using a clean 4-track final state Υ (2S)→381

π+π−Υ (1S), Υ (1S)→ µ+µ−. The data/MC ratio382

of Rtrk = 0.97±0.02 includes the uncertainties due383

to the number of produced Υ (2S) events, dipion384

branching ratio Υ (2S) → π+π−Υ (1S), dipion re-385

construction efficiency, efficiency of reconstructing386

two additional (energetic) charged tracks, trigger387

uncertainties, and, finally, selection efficiency for388

the pion discriminant Nπ. The uncertainty is dom-389

inated by the error on Υ (1S) → µ+µ− branching390

ratio [22].391

• Photon selection efficiency. The correction of392

0.967 ± 0.017 and its uncertainty are determined393

from a high-statistics e+e− → γγ sample, in which394

one of the photons converts in the inner detector395

material to produce a detectable e+e− pair [10].396

• Neural Network selection efficiency. We evalu-397

ate the systematic uncertainty due to possible398

data/MC differences in the distributions of the399

NN discriminant Nτ using an inclusive background400

sample. We select signal-like events that pass the401

final selection with relaxed cuts Nτ > 0 and com-402

pute the ratio of partial selection efficiencies for the403

data and the background.404

The total correction to the efficiency is a product of all405

corrections discussed above: 406

εdata/εMC = 0.943± 0.031 (L range)
εdata/εMC = 0.859± 0.033 (H range)

We compute the statistical significance of a particular 407

fit which returns the likelihood L as S =
�

2 log(L/L0), 408

where L0 is the value of the likelihood for Nsig = 0. 409

The distribution of signed values sign(Nsig)×S is shown 410

in Fig. 2, and is consistent with the standard normal 411

distribution for 201 trials. The most significant upward 412

fluctuations occur at mA0 = 6.36 GeV with S = 2.7σ 413

(Fig. 3a) and mA0 = 8.93 GeV with S = 3.0σ (Fig. 3b). 414

Therefore, we conclude that no significant A0 signal is 415

found. 416
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FIG. 2: Distribution of the signed signal significance from fits
to 201 mA0 hypotheses (histogram), overlaid with a standard
normal distribution.

Since we do not observe a significant excess of events 417

above the background, we set 90% confidence level (C.L.) 418

Bayesian upper limits on the product B(Υ (1S)→ γA0)× 419

B(A0 → τ+τ−), computed with a uniform prior for 420

Nsig > 0 (Fig. 4). 421

We combine our results with the previous limits on the 422

branching ratios B(Υ (3S) → γA0) × B(A0 → τ+τ−) [9] 423

to set a limit on the Yukawa coupling g2
b of the b-quark 424

to the A0. The branching fractions B(Υ (nS)→ γA0) are 425

related to gb through [6, 23, 24]: 426

B(Υ (nS)→ γA0)
B(Υ (nS)→ l+l−)

=
g2

bGF m2
b√

2πα
FQCD

�
1−

m2
A0

m2
Υ (nS)

�

(4)
where l ≡ e or µ and α is a fine structure con- 427

stant computed at the scale mΥ (nS), and FQCD in- 428

cludes the mA0-dependent QCD and relativistic correc- 429

tions to B(Υ (nS)→ γA0) [24] and the leptonic width of 430

Distribution of significance 
consistent with unit-width Gaussian

BF(ϒ(1S)→γA0)*BF(A0→ττ) 
 < (0.9–13)*10–5  for 3.6<mA0<9.2 GeV

B(Υ(1S)→ γA0)× B(A0 → τ+τ−)
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• Multiplicative errors: uncertainties that scale with355

the number of reconstructed signal events. This in-356

clude uncertainties on the reconstruction efficiency,357

ML fit bias which scales with the true number of358

signal events, uncertainty in the number of pro-359

duced Υ (2S) mesons, and the uncertainty in the360

branching fraction of Υ (2S)→ π+π−Υ (1S).361

We compute the average bias of the ML fit for a set362

of generated Nsig values using a large ensemble of sim-363

ulated pseudo-experiments. In each pseudo-experiment,364

the signal events are fully simulated, and the background365

events are sampled from their PDFs. We determine the366

fit bias that is independent of Nsig and is part of the addi-367

tive uncertainties, as well as the bias which scales linearly368

with Nsig, and can be thought of as a “fit inefficiency”,369

i.e. a relative correction to the signal reconstruction ef-370

ficiency. The bias arises from imperfections in modeling371

of the signal PDFs, events in which signal candidates372

are misreconstructed, and low-statistics properties of the373

ML estimators. We see that a correction of 3.1±1.1% (L374

range) and 7.6 ± 1.4% (H range) has to be applied. The375

additive parts of the fit bias are small.376

The signal efficiencies determined in MC simulations377

are corrected by several multiplicative effects:378

• Tracking and dipion selection efficiency. These cor-379

rections and their uncertainties have been deter-380

mined [10] using a clean 4-track final state Υ (2S)→381

π+π−Υ (1S), Υ (1S)→ µ+µ−. The data/MC ratio382

of Rtrk = 0.97±0.02 includes the uncertainties due383

to the number of produced Υ (2S) events, dipion384

branching ratio Υ (2S) → π+π−Υ (1S), dipion re-385

construction efficiency, efficiency of reconstructing386

two additional (energetic) charged tracks, trigger387

uncertainties, and, finally, selection efficiency for388

the pion discriminant Nπ. The uncertainty is dom-389

inated by the error on Υ (1S) → µ+µ− branching390

ratio [22].391

• Photon selection efficiency. The correction of392

0.967 ± 0.017 and its uncertainty are determined393

from a high-statistics e+e− → γγ sample, in which394

one of the photons converts in the inner detector395

material to produce a detectable e+e− pair [10].396

• Neural Network selection efficiency. We evalu-397

ate the systematic uncertainty due to possible398

data/MC differences in the distributions of the399

NN discriminant Nτ using an inclusive background400

sample. We select signal-like events that pass the401

final selection with relaxed cuts Nτ > 0 and com-402

pute the ratio of partial selection efficiencies for the403

data and the background.404

The total correction to the efficiency is a product of all405

corrections discussed above: 406

εdata/εMC = 0.943± 0.031 (L range)
εdata/εMC = 0.859± 0.033 (H range)

We compute the statistical significance of a particular 407

fit which returns the likelihood L as S =
�

2 log(L/L0), 408

where L0 is the value of the likelihood for Nsig = 0. 409

The distribution of signed values sign(Nsig)×S is shown 410

in Fig. 2, and is consistent with the standard normal 411

distribution for 201 trials. The most significant upward 412

fluctuations occur at mA0 = 6.36 GeV with S = 2.7σ 413

(Fig. 3a) and mA0 = 8.93 GeV with S = 3.0σ (Fig. 3b). 414

Therefore, we conclude that no significant A0 signal is 415

found. 416
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FIG. 2: Distribution of the signed signal significance from fits
to 201 mA0 hypotheses (histogram), overlaid with a standard
normal distribution.

Since we do not observe a significant excess of events 417

above the background, we set 90% confidence level (C.L.) 418

Bayesian upper limits on the product B(Υ (1S)→ γA0)× 419

B(A0 → τ+τ−), computed with a uniform prior for 420

Nsig > 0 (Fig. 4). 421

We combine our results with the previous limits on the 422

branching ratios B(Υ (3S) → γA0) × B(A0 → τ+τ−) [9] 423

to set a limit on the Yukawa coupling g2
b of the b-quark 424

to the A0. The branching fractions B(Υ (nS)→ γA0) are 425

related to gb through [6, 23, 24]: 426

B(Υ (nS)→ γA0)
B(Υ (nS)→ l+l−)

=
g2

bGF m2
b√

2πα
FQCD

�
1−

m2
A0

m2
Υ (nS)

�

(4)
where l ≡ e or µ and α is a fine structure con- 427

stant computed at the scale mΥ (nS), and FQCD in- 428

cludes the mA0-dependent QCD and relativistic correc- 429

tions to B(Υ (nS)→ γA0) [24] and the leptonic width of 430

Preferred by NMSSM
Combine results 
with previous 
BaBar search, limit 
A0 couplings over 
broad range of mass

Preliminary: to be 
submitted to PRD-RC

ϒ(nS)→γA0, A0→τ+τ– : Summary

χb(2P)



Generally preferred by NMSSM
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BABAR Higgs Coupling Limits

In NMSSM: gb = tan β cos θA
Comprehensive limits on low-mass (NMSSM etc.) Higgs
Also place significant constraints on other models, e.g. axion-like states, dark 
photons
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Summary
• B Factories continue to provide significant constraints on 

new physics models
 Direct searches: unique sensitivity to low-mass new physics in 

high-statistics datasets
• New results on low-mass CP-odd Higgs 

mA0<9.2 GeV range 
• Super B Factories will increase statistics by ~100

 Combined with LHC discoveries, these measurements  provide 
unique information on the dynamics and flavor structure of new 
physics
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ϒ(1S)→γA0, A0→μ+μ– : ML Fits
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ML fits to data distributions: signal peak + smooth background
Look for significant excess of signal events over background as a 
function of assumed A0 mass

Local significance = 3.6σ
Global significance ≈ 1σ 


