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Why CP-Odd Low-Mass Higgs
2

• 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	


! Also help explain some astro-particle 

observations	


" INTEGRAL x-rays, Fermi and PAMELA 

excesses,  direct DM claims, …

Possibility'of'a'CPKodd'light'Higgs'A0'

•  NextKtoKMinimal'Supersymmetric'
Standard'Model'predicts'7'Higgs'bosons'
–  A0,'A1,'H0,'H1,'H2,'H+,'HK'
–  R.'Dermisek'and'J.'F.'Gunion,'“New'

constraints'on'a'light'CP−odd'Higgs'boson'
and'related'NMSSM'ideal'Higgs'scenarios”,'
Phys.'Rev.'D'81,'075003'(2010).'

•  The'lightest'Higgs'(A0)'in'NMSSM'can'be'
lighter'than'2'bo]om'quarks'

•  The'Higgs'discovered'at'the'LHC'can'be'
one'of'the'heavier'Higgs'bosons'' T.'Rizzo'(SLAC'Summer'Ins8tute'2012)'

NMSSM'

PASCOS2014' 2'Rocky'So'
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CP-Odd Low-Mass Higgs

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)

BF
(ϒ
!
γA

0 )

• NMSSM parameter space	


! 7 scalar fields 	


" 6 MSSM fields plus singlet AS	



" Visible CP-odd component:	


!
!
!

• CP-odd Higgs, A0, below 2mb is not 
constrained by LEP 	



• Observable Branching Fraction (BF) for   
ϒ→ γA0 possible in 10–7–10–4 range 	



• Accessible at B-Factories in e+e– 
annihilations or bottomonium decays	


! Subject of a comprehensive campaign of 

searches in BABAR since 2008

NMSSM'
Parameter'Space'

•  BF(ϒ'�'γ'A0)'depends'
on'parameters'such'as'
the'nonKsinglet'frac8on'

•  High'mass'Higgs'very'
difficult'to'exclude'

PASCOS2014' 3'Rocky'So'
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Low-Mass Higgs Decays
4

• 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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Upsilon Resonances
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• Electron-Positron collider:  e+e- → γ* → ϒ(nS)
CESR 
CLEO

Γ1S,2S,3S ~ 20–50 keV	



Beam energy spread ~ 5 MeV
Large natural width	


Γ4S ~ 20 MeV

CESR 
CUSB
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Upsilon Resonances
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• Electron-Positron collider:  e+e- → γ* → ϒ(nS)
CESR 
CLEO

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. Focus of BaBar’s Run7 (2008)

Γ1S,2S,3S ~ 20–50 keV	



Beam energy spread ~ 5 MeV
Large natural width	


Γ4S ~ 20 MeV

CESR 
CUSB
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BABAR Experiment: 1999-2008
6
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BaBar dataset: 531 fb-1 total recorded luminosity 
~470M ϒ(4S) decays 
~120M ϒ(3S) decays 
~100M ϒ(2S) decays
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Searches for a Light Higgs in BABAR
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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)	


 ✔ A0!invisible, arXiv:0808.0017 

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−, PRD 87, 031102 (2013)	


 ✔ A0!τ+τ−,  PRD 88, 071102  (2013) 	


 ✔ A0!hadrons, PRD 82, 0317019R (2013)	


 ✔ A0!invisible (light dark    	


     matter), PRL107, 021804 (2011) 
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Dipion'tagging:'ϒ(2,3S)'→'π+πKϒ(1S)''
•  Removes'con8nuum'background'and'a'clean'
ϒ(1S)'sample'remains'

•  Select'on'recoil'mass'

€ 

Mrecoil
2 = MΥ(2S )

2 + Mππ
2 − 2MΥ(2S )Eππ

Gaussian'with'
long'tail'on'both'
sides'

PASCOS2014' 15'Rocky'So'
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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)

8

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

π

π

π

e

γ



      Bertrand Echenard – Caltech                    LLWI – February 2014                                                             p. 10  

Upper limits (90% CL) in the range  
������mA0 �������GeV 
 
 ĺ J A0 ,A0 ĺ�W+W- ) < (0.9 – 13) x 10-5 (�6�ט�%

 
Factor 2-3 improvement in the low mass range 
with respect to measurement in Y(3S) 
 
 
 
Combination with the results from Y(2S,3S) 
decays to extract a limit on the Yukawa 
coupling (gb) between A0 – b-quark*: 
 
 
 
 
 
 

g2
b  x B(A0 ĺ�W+W- ) = 0.1 – 1.9  @ 90% CL 

 

PRL103 (2009) 181801 
PRD 88 (2013) 071102 

Search for A0 in ט��6��ĺ J A0, A0 ĺ�W+W-  

 

BABAR 

BABAR 

* F. Wilczek, Phys. Rev. Lett. 39, 1304 (1977). 
M. L. Mangano and P. Nason, Mod. Phys. Lett. A22, 1373 (2007). 
P. Nason, Phys. Lett. B175, 223 (1986). 

Protvino, June 2014 Yury Kolomensky,Light Higgs & Dark Photon

9

Preferred by NMSSM

Limit A0 couplings 
over broad range of 
mass 
!

ϒ(nS)→γA0, A0→τ+τ– : Results

χb(2P)

      Bertrand Echenard – Caltech                    LLWI – February 2014                                                             p. 10  

Upper limits (90% CL) in the range  
������mA0 �������GeV 
 
 ĺ J A0 ,A0 ĺ�W+W- ) < (0.9 – 13) x 10-5 (�6�ט�%

 
Factor 2-3 improvement in the low mass range 
with respect to measurement in Y(3S) 
 
 
 
Combination with the results from Y(2S,3S) 
decays to extract a limit on the Yukawa 
coupling (gb) between A0 – b-quark*: 
 
 
 
 
 
 

g2
b  x B(A0 ĺ�W+W- ) = 0.1 – 1.9  @ 90% CL 

 

PRL103 (2009) 181801 
PRD 88 (2013) 071102 

Search for A0 in ט��6��ĺ J A0, A0 ĺ�W+W-  

 

BABAR 

BABAR 

* F. Wilczek, Phys. Rev. Lett. 39, 1304 (1977). 
M. L. Mangano and P. Nason, Mod. Phys. Lett. A22, 1373 (2007). 
P. Nason, Phys. Lett. B175, 223 (1986). 
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• Multiplicative errors: uncertainties that scale with355

the number of reconstructed signal events. This in-356

clude uncertainties on the reconstruction e⌅ciency,357

ML fit bias which scales with the true number of358

signal events, uncertainty in the number of pro-359

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

branching fraction of � (2S)⌃ ⇧+⇧�� (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 ine⌅ciency”,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 e⌅ciencies determined in MC simulations377

are corrected by several multiplicative e�ects:378

• Tracking and dipion selection e�ciency. These cor-379

rections and their uncertainties have been deter-380

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

⇧+⇧�� (1S), � (1S)⌃ µ+µ�. The data/MC ratio382

of Rtrk = 0.97±0.02 includes the uncertainties due383

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

branching ratio � (2S) ⌃ ⇧+⇧�� (1S), dipion re-385

construction e⌅ciency, e⌅ciency of reconstructing386

two additional (energetic) charged tracks, trigger387

uncertainties, and, finally, selection e⌅ciency for388

the pion discriminant N⇥. The uncertainty is dom-389

inated by the error on � (1S) ⌃ µ+µ� branching390

ratio [22].391

• Photon selection e�ciency. The correction of392

0.967 ± 0.017 and its uncertainty are determined393

from a high-statistics e+e� ⌃ ⇤⇤ 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 e�ciency. We evalu-397

ate the systematic uncertainty due to possible398

data/MC di�erences in the distributions of the399

NN discriminant N⇤ using an inclusive background400

sample. We select signal-like events that pass the401

final selection with relaxed cuts N⇤ > 0 and com-402

pute the ratio of partial selection e⌅ciencies for the403

data and the background.404

The total correction to the e⌅ciency is a product of all405

corrections discussed above: 406

�data/�MC = 0.943± 0.031 (L range)
�data/�MC = 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 = 2.7⌃ 413

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

Therefore, we conclude that no significant A0 signal is 415

found. 416

)0/Lmax2Log(Lsign(N) 
-4 -3 -2 -1 0 1 2 3 40

5

10

15

20

25

30

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(� (1S)⌃ ⇤A0)⇥ 419

B(A0 ⌃ ⌥+⌥�), 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(� (3S) ⌃ ⇤A0) ⇥ B(A0 ⌃ ⌥+⌥�) [9] 423

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

to the A0. The branching fractions B(� (nS)⌃ ⇤A0) are 425

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

B(� (nS)⌃ ⇤A0)
B(� (nS)⌃ l+l�)

=
g2

bGF m2
b�

2⇧⇥
FQCD

�
1�

m2
A0

m2
� (nS)

⇥

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

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

cludes the mA0-dependent QCD and relativistic correc- 429

tions to B(� (nS)⌃ ⇤A0) [24] and the leptonic width of 430

gb = tan � cos �A
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ϒ(1S)→γA0, A0→hadrons
10

      Bertrand Echenard – Caltech                    LLWI – February 2014                                                             p. 12  

Selection 

 
• Exclusive reconstruction of A0 in 26 /14 

different channels for gg/ss final state. 
Two body decays excluded as CP-odd 
Higgs can not decay into two pseudo-
scalars 

• Beam-energy constraints to improve A0 
mass resolution 
 

Main background 
  

• Y(1S) ĺ Jgg (low masses) 
• Y(1S) ĺ ggg (high masses) 

 
 

Extract yield from mass spectrum in the range 
0.5 < mA < 9 GeV, use cut and count method 
with bkg estimated from sidebands. 
 
Large systematic uncertainty from 
hadronization (~50%) 
 

Search for A0 in ט��6��ĺ J A0, A0 ĺ�gg,ss 

 

BABAR 

PRD 88 031701R (2013)
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ϒ(1S)→γA0, A0→hadrons
11

      Bertrand Echenard – Caltech                    LLWI – February 2014                                                             p. 13  

Most significant signals 
 

• gg: 2.7ı�#�8.1 GeV  
• ss: 2.9ı�@ 8.6 GeV 

 
Toy Monte Carlo studies shows that the 
probability to see a significance as large 
as the observed one is 
 

• gg: 86%  
• ss: 59% 

 
 
      No significant signal is observed 
 
 
Bayesian upper limits (90% CL) in the 
range ������mA0 ��9.0 GeV 
 
 ĺ J A0 ,A0 ĺ�gg)  < 10-6  - 10-2 (�6�ט�%

 �ĺ J A0 ,A0 ĺ�ss)  < 10-5  - 10-3��6�ט�%

 
Low mass region excluded 

Brown line = approximate predictions 

PRD 88 (2013) 031701R 

Search for A0 in ט��6��ĺ J A0, A0 ĺ�gg,ss 

 

BABAR 
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Frac8on'

Upper'Limits'

Our'limits'excludes'some'
NMSSM'parameters'space'
for'A0'mass'less'than'τ+τK'

Scan'in'5MeV/c2'steps'

PASCOS2014' 19'Rocky'So'

NMSSM preferred range excluded at low mass 
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Generally preferred by NMSSM

BABAR Higgs Coupling Limits
12

In NMSSM: gb = tan � cos ⇥A
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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Gauge Bosons in the “Dark Sector”
13
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Dark matter particles in ~TeV range, but 
new gauge bosons in ~GeV range	


Coupling to leptons due to small mixing 
between SM and DS 	


New gauge bosons decay to lepton pairs, 
anti-proton production forbidden by 
kinematics or suppressed → explains 
PAMELA etc features	


Search for low-mass states in e+e– 
annihilation @ B-Factories

N. Arkani-Hamed et al 
PRD 79, 015014 (2009)

      Bertrand Echenard – Caltech               Benasque – April 2014                                                                p. 21  

Dark sector in a nutshell 
 

• In this framework, wimp-like TeV-scale dark matter particles can annihilate into 
pairs of dark photons, which subsequently decay to SM fermions.  
 

• If dark photon is light, can only decay to light states. Could explain the recent 
observations in cosmic rays (electron excess but no antiprotons) and by ground 
experiments. 
 

• Other explanations of these anomalies have been proposed, but the possibility of a 
hidden MeV/GeV-scale sector is poorly constrained and really worth exploring.  

[PAMELA] 

[AMS-02] 

[FERMI] 

[Finkbeiner Dobler et al., ] 

gD 

H=e 

[Slatyer, 
Schuster&Toro,…] 

And many others….  
 

Would require another talk to 
discuss them all… 

CDMS, arXiv:1304.4279 
[CDMS] 

      Bertrand Echenard – Caltech                    LLWI – February 2014                                                             p. 18  

Models introducing a new ‘dark’ force mediated by a new gauge boson with a mass 
around a GeV have been proposed to explain various anomalies recently observed. 
 
Wimp-like TeV-scale dark matter particles can annihilate into pairs of dark bosons, 
which subsequently decay to lepton pairs (protons are kinematically forbidden). 
 
Other explanations of these anomalies have been proposed, but it made us realize the 
amazing possibilities at the GeV-scale that could be probed in laboratory! 

[AMS-02] [PAMELA] 
[CDMS] 

[FERMI] 
DD 

He 

[Slatyer,Schuster&Toro,…] 

Dark sector in a nutshell 
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. (left) Resonant �(3S) production, followed
by decay to � + ⇥⇥ through an on- or o⇥-shell mediator.
(right) The focus of this paper: non-resonant � + ⇥⇥ pro-
duction in e+e� collisions, through an on- or o⇥-shell light
mediator A⇤(⇥). (Note that in this paper, the symbol A⇤ is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course
of data taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [19], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix shows the constraints on invisibly decaying hid-
den photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [20–39] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [40, 41], or in alle-
viating possible problems with small-scale structure in
⇥CDM cosmology [42], and appears naturally in many
UV-motivated models.

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su⌃cient
to characterize it by a simple model with just two parti-
cles, the DM particle ⌅ and the mediator A⇥ (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In fact, in most of the parameter space only restricted
combinations of these four parameters are relevant for ⌅⌅
production in e+e� collisions; we describe this in more
detail in Sec. III. The spin and CP properties of the me-
diator and DM particles also have a (very) limited e⌅ect
on their production rates, but will have a more significant
e⌅ect on comparisons to other experimental constraints,
as will the couplings of the mediator to other SM parti-
cles. For the rest of the paper, the “dark matter” particle,
⌅, can be taken to represent any hidden-sector state that
couples to the mediator and is invisible in detectors; in
particular, it does not have to be a (dominant) compo-
nent of the DM.
The simplest example of such a setup is DM that does

not interact through the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A⇥ is the massive mediator of
a broken Abelian gauge group, U(1)⇥, in the hidden sec-
tor, and has a small kinetic mixing, ⇧/ cos ⇥W , with SM
hypercharge, U(1)Y [22–24, 26, 40, 43, 44]. SM fermions
with charge qi couple to the A⇥ with coupling strength
ge = ⇧ e qi. The variables ⇧, g�, m�, and mA0 are the free
parameters of the model. We restrict the size of g� to be
less than

⌅
4⇤ in order to guarantee calculability of the

model. Such a constraint is also equivalent to imposing
�A0/mA0 . 1 which is necessary for the A⇥ to have a par-
ticle description. We will refer in the following to this
restriction as the “perturbativity” constraint.
In this paper, we discuss this prototype model as well

as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge ⇤ ye ⇥ 3 � 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.
For simplicity we consider only fermionic LDM, as the

di⌅erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
of a heavy meson such as ⇤(3S), followed by its decay to

Coupling to SM particles 
proportional to 𝜀2𝛼 
Search for direct resonance 
production in e+e- annihilation. 
Multi-lepton final states, or radiative  
processes e+e- → 𝛾e+e-, 𝛾𝜇+𝜇-. 
Very large datasets (>500 fb-1 in 
BaBar and ~1000 fb-1 in Belle) 
allows for high-statistics searches

      Bertrand Echenard – Caltech               Benasque – April 2014                                                                p. 22  

Particle physics implications 

 

Particle physics implications 
 

• Can produce dark photons. In fact, photons 
in any process can be replaced by a dark 
photon (with an extra factor of H).  

• 'HFD\V�EDFN�WR�OHSWRQ�TXDUN�SDLUV�ĺ�
search for resonances 

• Dark photon decay can be prompt or 
displaced (long-lived) 

• Current bounds on the mixing parameter H 
are shown as a function of the dark photon 
mass.  

• Constraints from electron/muon g-2, beam 
dump and fixed target experiments and e+e- 
colliders (some constraints reinterpreted 
from limits of other measurements by 
theorists, e.g. BABAR) 

[Essig ‘13] 

Constraints on H vs. m$·  

Pospelov; 
Bjorken, Essig, Schuster, Toro 
Andreas, Niebuhr, Ringwald 
Batell, Pospelov, Ritz; 
Essig, Harnik, Kaplan, Toro 
Blumlein, Brunner; 

Dent, Ferrer, Krauss 
Essig Schuster, Toro, Wojtsekhowski 
KLOE, APEX, MAMI/A1 Collab. 
Davoudiasl, Lee, Marciano; 
Endo, Hamaguchi, Mishima 

“g-2” favored 

Low-energy high-luminosity e+e- colliders offer a low-background environment to search for 
MeV/GeV-scale hidden sector (in particular high masses) and probe their structure 

Essig et al. 
arXiv:1309.5084
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Invisible Dark Photon: e+e-→𝛾+invisible
• 𝛶(3S)→𝛾+invisible        

(arXiv:0808.0017)	


• Require a single photon with 

E*
γ>2.2 GeV	



• No charged tracks	


• No additional energy in EMC 

above 100 MeV 	


• Missing momentum points to 

EMC	


• No activity in IFR aligning 

with missing momentum	


• No signal found: limits on 𝜀 of 

order O(10-3-10-2)

Dominant background from e+e−!γγ, 
with one of the photons missing the EM 
calorimeter. Veto such events by detecting 
activity in the muon detector (IFR). 

15

γ

pmiss
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e+e-→𝛾A’, A’→e+e-, 𝜇+𝜇-
• Dark photon can be produced in e+e-

→𝛾A', A'→e+e-, 𝜇+𝜇-	


• So far similar search has been done in 
𝛶(3S) and 𝛶(2S) decays: extend to 
full dataset NEW ! arXiv:1406.2980	



• Measure the cross section for             
e+e-→γ A', A' → e+e-, μ+μ- from      
20 MeV to 10.2 GeV	



• Look for a narrow peak in invariant 
mass	



• Full BaBar data sample: 514 fb-1 

16
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Direct dark photon production 

 

A dark photon can be produced in 
    

e+e- ĺ J A’, A’ ĺ e+e-, P+P- 
 

 
So far, only one measurement of this final 
state at BABAR from light CP-odd Higgs  
VHDUFK�LQࢢ���6��6��GHFD\V 
 

e+e- ĺ�J A0, A0 ĺ�P+P- 
 
 

 
 

Typical event 

Tracks 
Photon 
Signal in muon/hadron detector 

e+ 

e- 

J�

A’ l+ 

l- He 

BABAR 

BABAR  

mr = (m2
A0- 4m2

P)1/2  

 ��6�ࢢ

No significant signal ! 

PRL 103 (2009) 081803 

J/\�
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Event Selection
• Clean selection: high energy photon 

and a pair of oppositely-charged, well-
identified e+e- or μ+μ-	


! The dielectron channel is tuned to provide 

the best results for mA < 215 MeV	


! Reject photon conversion events in          

A' → e+e- using a multivariate discriminant	


!  A' → 𝜇+𝜇- most sensitive above mA’>2m𝜇 	



"  High-efficiency selection; background 
dominated by QED processes	



• No significant excess found: set limit 
on cross section and dark photon 
coupling 𝜀 
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ing a structure function technique [29, 30]. The detector
acceptance and reconstruction e�ciencies are determined
using a Monte Carlo (MC) simulation based on GEANT4
[31].

We select events containing two oppositely charged
tracks and a single photon having a center-of-mass (CM)
energy greater than 0.2GeV. Additional low-energy pho-
tons are allowed if their energies measured in the labo-
ratory frame do not exceed 0.2GeV. At least one track
is required to be identified as an electron, or both tracks
as muons, by particle identification algorithms. The co-
sine of the muon helicity angle, defined as the angle be-
tween the muon and the CM frame in the A0 rest frame,
must be less than 0.95. To further suppress radiative
Bhabha events, we also require the cosine of the polar
angle (the angle with respect to the electron beam axis)
of the positron in the CM frame to be larger than �0.5,
and that of the electron to be less than 0.5. The �l+l�

system is then fit, constraining the center-of-mass energy
of the candidate to be within the beam energy spread
and requiring the tracks to originate from the interac-
tion point to within its spread. Finally, we require the
�2 of the fit to be less than 30 (for 8 d.o.f). These crite-
ria are chosen to maximize the signal significance over a
broad mass range.

A large contribution from converted photons produced
in e+e� ! ��, � ! e+e� events is still present at low
e+e� invariant mass. A neural network is trained to fur-
ther reduce this background using the following variables:
the flight length of the e+e� pair in the plane transverse
to the beam, and the corresponding flight significance,
the electron helicity angle, the polar angle of the e+e�

system, and the angle between the photon and the plane
formed by the two tracks. We apply a requirement on the
neural network output that selects approximately 70% of
the signal in the low-mass region, and rejects more than
99.7% of the photon conversions. The uncertainty as-
sociated with this selection criterion, estimated from a
sample of ⇡0 ! �e+e� decays, is at the level of 2% at
mA0 ⇠ 20MeV, and decreases rapidly to negligible levels
above mA0 ⇠ 50MeV.

The resulting dielectron and reduced dimuon mass dis-
tributions are displayed in Fig. 1, together with the pre-
dictions of various simulated SM processes. The reduced

dimuon mass, mR =
q

m2
µµ � 4m2

µ, is easier to model

near threshold than the dimuon mass. The dielectron
(reduced dimuon) mass spectrum is dominated by radia-
tive Bhabha (dimuon) production, with smaller peaking
contributions from ISR production of J/ , (2S), ⌥ (1S),
and ⌥ (2S) resonances. The mass distributions are gen-
erally well described by the simulation, except in the low
e+e� mass region, where BHWIDE fails to reproduce
events where the two leptons are separated by a small
angle. Since the analysis procedure does not depend on
the background predictions, this disagreement has no im-
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FIG. 1: Distribution of the final dielectron (top) and reduced
dimuon invariant masses (bottom), together with the predic-
tions of various simulated SM processes. The contributions
from several resonances are too small to be visible.

pact on the search.
The selection e�ciency is determined from Monte

Carlo simulation and is typically at the level of 15%
(35%) for the dielectron (dimuon) channel. The di↵er-
ence is essentially due to trigger e�ciencies, lower for the
electrons to limit the rate of radiative Bhabha events.
Correction factors to the e�ciency accounting for the ef-
fects of trigger, charged and neutral particle reconstruc-
tion, and selection criteria, are assessed by comparing the
measured and simulated di↵erential mass distributions.
These factors are measured in the high mass region for
the dielectron channel, where the simulation is expected
to provide reliable predictions, and are extrapolated to
the low-mass region. The entire mass range is used for
the dimuon final state. The corrections vary between
0.5% to 3%, with a systematic uncertainty of 0.3% to
1.5%.
The signal yield as a function of mA0 is extracted by

performing a series of fits to the dielectron and the re-
duced dimuon mass spectra for each beam energy. The

4

BABAR Preliminary

BABAR Preliminary

arXiv:1406.2980
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e+e-→𝛾A’, A’→e+e-, 𝜇+𝜇-: Results
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Largest local significances:	


 3.4σ for electrons @ 7.02 GeV  	


    → 0.6σ with trial factors	


2.9σ for muons @ 6.09 GeV 	


    → 0.1σ with trial factors

arXiv:1406.2980
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FIG. 2: The e+e� ! �A0, A0 ! e+e� (top) and e+e� !
�A0, A0 ! µ+µ� (bottom) cross-sections together with their
respective statistical significance (SS) as a function of the
dark photon mass. The gray bands indicate the mass regions
that are not included in the analysis.

of 10�4 � 10�3 for 0.02GeV < mA0 < 10.2GeV are
set, significantly improving previous constraints derived
from beam-dump experiments [10], the electron anoma-
lous magnetic moment [11], KLOE [12, 13], WASA-at-
COSY [14], HADES [15], A1 at MAMI [16], and the test
run from APEX [17]. These results also supersede and
extend the constraints based on a search for a light CP -
odd Higgs boson at BABAR [18, 19] with a smaller dataset.
No signal consistent with the excess reported by the Hy-
perCP experiment close to 214MeV is observed [34, 35].
We further constrain the range of the parameter space fa-
vored by interpretations of the discrepancy between the
calculated and measured anomalous magnetic moment of
the muon [35]. The remaining mass region of allowed pa-
rameters, 15MeV <⇠ mA0 <⇠ 30MeV will be probed by
several planned experiments in the near future (see for
example ref. [4] for a discussion).

In conclusion, we have performed a search for dark
photon production in the range 0.02GeV < mA0 <
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FIG. 3: Distribution of the statistical significance (SS) from
the fits to the dielectron (left) and dimuon (right) final states,
together with the expected distribution for the null hypothesis
(dashed line).

FIG. 4: Upper limit (90% CL) on the mixing strength ✏ as
a function of the dark photon mass. The values required to
explain the discrepancy between the calculated and measured
anomalous magnetic moment of the muon [35] are displayed
as a red line.

10.2GeV. No significant signal has been observed and
upper limits on the mixing strength ✏ at the level of
10�4 � 10�3 have been set. These bounds significantly
improve the current constraints, and exclude almost all
of the remaining region of the parameter space favored
by the discrepancy between the calculated and measured
anomalous magnetic moment of the muon.
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run from APEX [17]. These results also supersede and
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odd Higgs boson at BABAR [18, 19] with a smaller dataset.
No signal consistent with the excess reported by the Hy-
perCP experiment close to 214MeV is observed [34, 35].
We further constrain the range of the parameter space fa-
vored by interpretations of the discrepancy between the
calculated and measured anomalous magnetic moment of
the muon [35]. The remaining mass region of allowed pa-
rameters, 15MeV <⇠ mA0 <⇠ 30MeV will be probed by
several planned experiments in the near future (see for
example ref. [4] for a discussion).

In conclusion, we have performed a search for dark
photon production in the range 0.02GeV < mA0 <
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10.2GeV. No significant signal has been observed and
upper limits on the mixing strength ✏ at the level of
10�4 � 10�3 have been set. These bounds significantly
improve the current constraints, and exclude almost all
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by the discrepancy between the calculated and measured
anomalous magnetic moment of the muon.
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Results: Dark Sector Mixing
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90% CL upper limits on ε2 = α'/α

Limits at the level of O(10-7 – 10-6)
Moving average to guide the eye

BABAR Preliminary BABAR Preliminary

arXiv:1406.2980
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Results: Dark Sector Mixing
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Further exclude the region favored by the muon g-2 anomaly and 
improve the existing constraints over a wide range of masses. 

BABAR Preliminary
arXiv:1406.2980
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Search for Dark Higgs
• Extension of the dark sector 

models: dark Higgs	


! Mass generation in dark sector	


! Mass can be low	


! Detect by Higgs-strahlung 

process e+e–→ A'h'	


! Decays to A' pairs	


" Multi-particle (multi-lepton) 

final state	


" Clean detection, virtually no 

QED background
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Dark Higgs Search
22
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Focus on direct decay topology: e+e–→A'h'; h'→ A'A' 
Look for A' decays to a pair of oppositely-charged tracks, or to 
invisible final state (A'→e+e–, µ+µ–, π+π–, X)

Require same mass for  
each pair 
!
6 events selected  
(18 combinations) 
!
Consistent with  
background estimates
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Dark Higgs Limits
23
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Substantial improvement over previous 
limits. Constrain model space

PRL 108, 211801 (2012)
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Summary and Outlook
• B Factories provide significant constraints on new 

physics models with low-mass degrees of freedom	


! Direct searches: unique sensitivity to low-mass new physics 

in high-statistics datasets	


• Belle-II will increase statistics by ~100	



! Combined with LHC and direct detection dark matter 
searches, these measurements will provide unique 
information on the dynamics and flavor structure of new 
physics
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Backup
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ϒ(1S)→γA0, A0→τ+τ– : ML Fits
26

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) 2.7⇤ and (b) 3.0⇤.

� (nS) [25]. To first order in ⇥S , the corrections range431

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

We combine our data on � (1S)⌅ ⌅A0 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 ⌅ ⌃+⌃�)437

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

out much of the parameter space preferred by NMSSM439

gb = tan ⇤ cos ⇧ > 1, where tan⇤ is the ratio of the Higgs440

vacuum expectation values and cos ⇧ 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 ⇥ ⌅+⌅�). 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 ⇧b(2P ) mass
excluded from Ref. [9].

decays � (1S) ⌅ ⌅A0 in which A0 decays into a pair of 444

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

⌅A0)⇥ B(A0 ⌅ ⌃+⌃�) 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 ⌅ ⌃+⌃�) 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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mA0=8.93 GeV, Local significance=3.0σ 
Global significance = 1.4σ

mA0=6.36 GeV, Local significance=2.7σ

Low mass region 
3.6<mA0<8 GeV High mass region 

8<mA0<9.2 GeV
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Direct Search for Dark Sector 
27
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Look for e+e–→l+l–l+l– final states (4e, 2e2μ,4μ) as a function of two-
lepton mass	


Full BaBar dataset (~540 fb–1)

Some of the smallest cross section ULs measured @ B-Factories

arXiv:0908.2821
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Invisible Dark Photon: e+e-→𝛾+invisible
28

      Bertrand Echenard – Caltech               Benasque – April 2014                                                                p. 29  

Dark force searches - summary 

 

[Essig] 

$¶�ĺ�YLVLEOH $¶�ĺ�LQYLVLEOH 

Essig et al., arXiv:1309.5084 

Dark Higgs 

BABAR 

Start excluding some parameter space, but still 
a large fraction of uncovered territory! 
 
Several new initiatives will further probe this 
region. 


