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HIDDEN SECTORS @ B-FACTORIES

• B-factories designed 
to study b quarks at

<latexit sha1_base64="owWmlt6Rz1k47tdYQxh3KyPvlbg="></latexit>p
s = 10.58 GeV

• High luminosity, low 
background compared 
to hadron colliders

• For viable thermal dark matter at the GeV scale, need new 
mediators between DM and SM

• Phenomena of hidden sectors can be much richer than WIMP models!

(Lee, Weinberg 1977)



33

DARK LEPTOPHILIC SCALAR
• Strong constraints on dark photons and dark Higgs bosons motivates 

searches for non-minimal mediator couplings

• Dark leptophilic scalar: scalar with mass-proportional coupling to 
leptons, suppressed coupling to quarks. Muon g-2 still viable!

Batell et al., 1606.04943 [PRD]
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• Scalar produced in association 
with taus, decays to heaviest 
accessible lepton

• We reconstruct dilepton resonance in association with two single-
track tau decays, train BDTs to separate signal from background



Recent Dark Sector searches AT BABAR 
Omega sector - quadrant 12 

Bertrand echenard - caltech 

Motivation 

x Many BSM models predict the existence of an extended Higgs sector with new light scalars mixing with the Higgs boson 

x Strong experimental constraints on this scenario, unless the new scalar interacts predominantly with leptons rather than quarks 

x A leptophilic scalar could explain the g-2 anomaly (1605.04612) and the KOTO excess (2001.06522) 

Search for a leptophilic dark scalar IL in  e+e- o W+W- IL, IL o l+l- (l=e,P) 

x Consider all 1-prong decays of the tau 

x Train BDTs to increase signal purity  

x Optimize analysis for each final state and decay type (prompt or long-lived) 

Signal extraction 

x Extract signal as a function of dark scalar mass with fits over sliding intervals 

x Consider prompt and displaced decays for cWI = 1,10,100 mm 

x No significant signal, results consistent with null hypothesis 

Results 

x Extract limits on the cross-section and lepton-IL coupling constant [  

x Significant improvements over previous bounds, exclude almost all g-2 favored 
region below the di-tau mass 

Limits on the lepton-IL coupling constant [ 

leptophilic dark scalar  

Motivation 

x Dark sector with a dark (anti-)fermion coupling to the dark photon  

x For sufficiently large values of the dark fermion-dark photon coupling constant (DD), a bound state could be formed  o darkonium  

x The two lowest energy bound states are denoted KD (JPC = 0++) and YD (JPC = 1--), in analogy with the SM 

Search for e+e- o JYD, YD o A’ A’ A’, A’ o X+X- (X=e,P,S) 

x Three dark photons have similar masses and two or more electrons or muons 

x Recoil mass against YD compatible with the ISR photon hypothesis 

x Do not require presence of ISR photon, but energy/angles must be compatible with 
signal hypothesis if emitted in calorimeter  

x Train MVAs to further improve signal purity for different final states 

Signal Extraction 

x Scan the YD – A’ mass plane in steps of half the resolution  

x Estimate background with neighboring bin  

x No significant signal, results compatible with null hypothesis 

SELF INTERACTING DARK MATTER 

Results 

x Extract limit on the kinetic mixing parameter H for different values of DD 

x Improve current constraints for large DD values and YD masses 

Constraints on kinetic mixing H for DD = 0.5 

Final YD candidate sample 

BABAR collected ~500 fb-1 around the  
ϒ(4S), ϒ(3S) and ϒ(2S) resonances  

between 1998—2008 

BABAR EXPERIMENT 

! 
Anomaly 

detected 

Motivation 

x Axions are pseudo-goldstone bosons ubiquitous in BSM physics, coupling predominantly to pair of bosons with non-
renormalizable coupling constant fa suppressed by some heavy scale 

x Most searches focus on photon or gluon couplings at low energies (W± coupling are suppressed by GF
2) 

x FCNC are very suppressed in the SM o perfect testbed to search for ALP emission by W± boson.  

x Search for ALP in B o Ka decays, exploiting b o s transition 

Search for axion in B o Ka, a o JJ decays 

x Combine well-identified K with two photons to form B candidate 

x Apply kinematic fit to improve axion mass resolution 

x Train BDTs to separate signal from e+e- | qq (q=u,d,s,c) and  
e+e- o BB backgounds 

Signal Extraction 

x Extract signal as a function of axion mass with fits over sliding intervals 

x Consider prompt and displaced decays for cWa = 1,10,100 mm 

x No significant signal, results consistent with null hypothesis 

Search for axion in B decays 

Results 

x Extract limits on the cross-section and axion coupling constant gaW  

x Improvements up to a factor x100 over previous constraints 

Final mJJ mass distribution 

Limits on the axion coupling gaW 

STARDATE 24.05.4021 VI SYSTEM — V13.2.4 

Station ds-9 

 NCC-1701 

NX-74205 

scanning 

mA’ (GeV) 

H 

Dimuon mass distribution 

Status: preliminary 
Status: preliminary 

Status: published PRL 125 (2018) 181801 

DARK SECTORs 

What are dark sectors / hidden sectors 

x New particle(s) that don’t couple directly to the SM 

x Theoretically motivated: many BSM scenarios and 
string theory include dark sectors 

x Could have rich structure (SM structure is non-trivial) 

x Dark matter could reside inside dark sector 
 

Interaction with the SM through “portals” 

Portals connect the SM to the dark sector via indirect inte-
ractions. The lowest order portals are: 

x Vector  –  H FPQA’PQ 

x Scalar –  H2 (PS + OS2) 

x Neutrino –  yHLN 

x Axion  –  1/fa(c1tr(GG) + c2FF + c3dPjP) a 

Status: unknown 
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DARK LEPTOPHILIC SCALAR
• Do fits with narrow signal resonance template and continuum 

background (and, where relevant, peaks for                           )  

• No significant signal, we set 90% CL limits on the cross section and 
leptophilic scalar coupling constant

<latexit sha1_base64="+kQMhsdfla2tbzxP+UWbP/aJJa4="></latexit>

⇡0, J/ ,  (2S)

• Significantly improve on existing limits, close almost all remaining 
muon g-2 parameter space at low mass

Recent Dark Sector searches AT BABAR 
Omega sector - quadrant 12 

Bertrand echenard - caltech 

Motivation 

x Many BSM models predict the existence of an extended Higgs sector with new light scalars mixing with the Higgs boson 

x Strong experimental constraints on this scenario, unless the new scalar interacts predominantly with leptons rather than quarks 

x A leptophilic scalar could explain the g-2 anomaly (1605.04612) and the KOTO excess (2001.06522) 

Search for a leptophilic dark scalar IL in  e+e- o W+W- IL, IL o l+l- (l=e,P) 

x Consider all 1-prong decays of the tau 

x Train BDTs to increase signal purity  

x Optimize analysis for each final state and decay type (prompt or long-lived) 

Signal extraction 

x Extract signal as a function of dark scalar mass with fits over sliding intervals 

x Consider prompt and displaced decays for cWI = 1,10,100 mm 

x No significant signal, results consistent with null hypothesis 

Results 

x Extract limits on the cross-section and lepton-IL coupling constant [  

x Significant improvements over previous bounds, exclude almost all g-2 favored 
region below the di-tau mass 

Limits on the lepton-IL coupling constant [ 

leptophilic dark scalar  

Motivation 

x Dark sector with a dark (anti-)fermion coupling to the dark photon  

x For sufficiently large values of the dark fermion-dark photon coupling constant (DD), a bound state could be formed  o darkonium  

x The two lowest energy bound states are denoted KD (JPC = 0++) and YD (JPC = 1--), in analogy with the SM 

Search for e+e- o JYD, YD o A’ A’ A’, A’ o X+X- (X=e,P,S) 

x Three dark photons have similar masses and two or more electrons or muons 

x Recoil mass against YD compatible with the ISR photon hypothesis 

x Do not require presence of ISR photon, but energy/angles must be compatible with 
signal hypothesis if emitted in calorimeter  

x Train MVAs to further improve signal purity for different final states 

Signal Extraction 

x Scan the YD – A’ mass plane in steps of half the resolution  

x Estimate background with neighboring bin  

x No significant signal, results compatible with null hypothesis 

SELF INTERACTING DARK MATTER 

Results 

x Extract limit on the kinetic mixing parameter H for different values of DD 

x Improve current constraints for large DD values and YD masses 

Constraints on kinetic mixing H for DD = 0.5 

Final YD candidate sample 

BABAR collected ~500 fb-1 around the  
ϒ(4S), ϒ(3S) and ϒ(2S) resonances  

between 1998—2008 

BABAR EXPERIMENT 

! 
Anomaly 

detected 

Motivation 

x Axions are pseudo-goldstone bosons ubiquitous in BSM physics, coupling predominantly to pair of bosons with non-
renormalizable coupling constant fa suppressed by some heavy scale 

x Most searches focus on photon or gluon couplings at low energies (W± coupling are suppressed by GF
2) 

x FCNC are very suppressed in the SM o perfect testbed to search for ALP emission by W± boson.  

x Search for ALP in B o Ka decays, exploiting b o s transition 

Search for axion in B o Ka, a o JJ decays 

x Combine well-identified K with two photons to form B candidate 

x Apply kinematic fit to improve axion mass resolution 

x Train BDTs to separate signal from e+e- | qq (q=u,d,s,c) and  
e+e- o BB backgounds 

Signal Extraction 

x Extract signal as a function of axion mass with fits over sliding intervals 

x Consider prompt and displaced decays for cWa = 1,10,100 mm 

x No significant signal, results consistent with null hypothesis 

Search for axion in B decays 

Results 

x Extract limits on the cross-section and axion coupling constant gaW  

x Improvements up to a factor x100 over previous constraints 

Final mJJ mass distribution 

Limits on the axion coupling gaW 

STARDATE 24.05.4021 VI SYSTEM — V13.2.4 

Station ds-9 

 NCC-1701 

NX-74205 

scanning 

mA’ (GeV) 

H 

Dimuon mass distribution 

Status: preliminary 
Status: preliminary 

Status: published PRL 125 (2018) 181801 

DARK SECTORs 

What are dark sectors / hidden sectors 

x New particle(s) that don’t couple directly to the SM 

x Theoretically motivated: many BSM scenarios and 
string theory include dark sectors 

x Could have rich structure (SM structure is non-trivial) 

x Dark matter could reside inside dark sector 
 

Interaction with the SM through “portals” 

Portals connect the SM to the dark sector via indirect inte-
ractions. The lowest order portals are: 

x Vector  –  H FPQA’PQ 

x Scalar –  H2 (PS + OS2) 

x Neutrino –  yHLN 

x Axion  –  1/fa(c1tr(GG) + c2FF + c3dPjP) a 

Status: unknown 

BABAR, 2005.01885 [PRL]
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DM BOUND STATE: DARKONIUM
• Consider a DM coupled to dark photon: if coupling in hidden sector 

is large, can form DM bound states (darkonia)!

2

asymmetry in the dark sector. (Other well-motivated re-
alizations of self-interacting dark matter based on a new
strongly interacting sector would also typically require
the existence of dark photons [31].)

As discussed in the introduction, sufficiently strong
dark interaction strength and light dark photon will re-
sult in the formation of dark matter particles (��̄). The
two lowest (1S) bound states, 1

S0 (JPC = 0�+) and 3
S1

(JPC = 1��), will be called ⌘D and ⌥D, respectively.
The condition for their existence has been determined nu-
merically [29] 2, 1.68mV < ↵Dm�, with ↵D = g

2
D/(4⇡).

Their quantum numbers suggest the following production
mechanisms at colliders:

e
+
e
� ! ⌘D+V ; e

+
e
� ! ⌥D+�; p+p ! ⌥D+X (2)

The last process represents the direct production of ⌥D

from qq̄ fusion. All production processes are mediated by
a mixed � � V propagator, as shown in Fig. 1.

FIG. 1. Diagram for ⌘D and ⌥D production and decay at
B-factories.

In order to obtain the rate for the first process in (2),
we calculate the amplitude of e

+
e
� ! ��̄V with �, �̄

having the same four momentum p (with p
2 = m

2
�), and

apply the projection operator,

⇧⌘ =

s
1

32⇡m3
�

R⌘D (0)( 6p+m�)�5( 6p�m�) , (3)

to select the ⌘D bound state [32]. We find a leading-order
differential cross section:

d�e+e�!⌘DV

d cos ✓
=

4⇡↵↵2
D

2[R⌘D (0)]
2(1 + cos2 ✓)

m�s
3/2(s� 4m2

� +m2
V )

2
|p|3 , (4)

where ✓ is the angle between ⌘D and the ini-
tial e

� in the center-of-mass (CM) frame, and
|p| is the spatial momentum of ⌘D, |p| =p

[s� (2m� +mV )2][s� (2m� �mV )2]/(2
p
s). We

neglect the binding energy for ⌘D, and set m⌘D ' 2m�.
The value of R⌘D (0) can be analytically estimated us-

ing the Hulthén potential V (r) = �↵D�e
��r

/(1� e
��r)

with � = (⇡2
/6)mV , known as a good approximation

of the Yukawa potential V (r) = �↵De
�mV r

/r [33]. In

2
It is known that too large ↵D would run to the Landau pole very

quickly at higher scale [30]. Hereafter, we focus on ↵D  0.5,
and work with leading-order results in ↵D.

that case, R⌘D (0) = (4 � �
2
a
2
0)

1/2
a
�3/2
0 , where a0 =

2/(↵Dm�).
The scalar bound state ⌘D dominantly decays into two

dark photons, each subsequently decaying into a pair of
SM particles via kinetic mixing. These decays are all
prompt for the relevant region of parameter space. The
above decay chain eventually results in the final states
containing six charged tracks, which can be electrons,
muons or pions, depending on the dark photon mass.

We turn to the calculation of ⌥D production via ini-
tial state radiation (Fig. 1). In the ⌥D rest frame, the
non-relativistic expansion can be used, taking the dark
matter field in the form: � = e

im�t [⇠,� · p/(2m�)⇠]
T +

e
�im�t [� · p/(2m�)⇣, ⇣]

T , where ⇠, ⇣ are the 2-spinor an-
nihilation (creation) operators for particle (antiparticle).
We use the relation between matrix element and wave
function [34],

h0|⇣†�µ
⇠|⌥Di =

r
1

2⇡
R⌥D (0) "

µ
⌥D

, (5)

where "µ⌥D
is the polarization vector of ⌥D and R⌥D (0) '

R⌘D (0) is the radial wave function at origin. Taking into
account the kinetic mixing between dark photon and the
photon, we derive the effective kinetic mixing term be-
tween ⌥D and the photon,

Le↵ = �1

2
DFµ⌫⌥

µ⌫
D , D =

r
↵D

2m3
�

R⌥D (0) . (6)

In the limit mV ⌧ ↵Dm�, the term D reduces to D =
↵
2
D/2. We obtain a differential cross section:

d�e+e�!�⌥D

d cos ✓
' 2⇡↵2


2

2
D

s

 
1�

4m2
�

s

!

⇥
"

8s2(s2 + 16m4
�) sin

2
✓

(s� 4m�)2 (s+ 4m2
e � (s� 4m2

e) cos 2✓)
2 � 1

#
, (7)

where ✓ is the the angle between � and the initial e� in
the CM frame. In the denominator, the electron mass
must be retained in order to regularize the ✓ integral, as
for me = 0 the cross section is divergent in the forward
direction [35].

Compared to the e
+
e
� ! ⌘DV process, the e

+
e
� !

�⌥D cross section is suppressed by a factor ↵/↵D, al-
though the latter contains a logarithmic enhancement
from the angular integral. Moreover, the cross-section
e
+
e
� ! ⌘DV contains an additional m2

�/s factor, which
brings additional suppression of lighter dark matter. For
↵D & 0.1 and m� ⇠

p
s, the two processes have similar

cross-sections, and we will combine them to set the limit
on this model.

The ⌥D particle will subsequently decay into three
dark photons. Similarly to derivation of Eq. (4), we cal-
culate the differential decay rate of ⌥D into three massive

• We search for the lightest vector 
darkonium,      , which decays into 3 
dark photons,  
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⌥D

• We reconstruct dark photon decays into electron, muon, or pion 
pairs of similar mass, with at least one lepton pair

• Reconstructed         must be consistent with recoil off massless 
photon, should see photon if emitted in detector acceptance
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⌥D

• Train MVAs to further improve signal purity for different final states

H. An et al., 1510.05020 [PRL]
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DARKONIUM RESULTS
• Consider window around each 

mass in the                plane, 
estimate background from 
adjacent windows
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x Optimize analysis for each final state and decay type (prompt or long-lived) 

Signal extraction 

x Extract signal as a function of dark scalar mass with fits over sliding intervals 

x Consider prompt and displaced decays for cWI = 1,10,100 mm 

x No significant signal, results consistent with null hypothesis 

Results 

x Extract limits on the cross-section and lepton-IL coupling constant [  

x Significant improvements over previous bounds, exclude almost all g-2 favored 
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Limits on the lepton-IL coupling constant [ 

leptophilic dark scalar  
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x Dark sector with a dark (anti-)fermion coupling to the dark photon  

x For sufficiently large values of the dark fermion-dark photon coupling constant (DD), a bound state could be formed  o darkonium  

x The two lowest energy bound states are denoted KD (JPC = 0++) and YD (JPC = 1--), in analogy with the SM 

Search for e+e- o JYD, YD o A’ A’ A’, A’ o X+X- (X=e,P,S) 

x Three dark photons have similar masses and two or more electrons or muons 

x Recoil mass against YD compatible with the ISR photon hypothesis 

x Do not require presence of ISR photon, but energy/angles must be compatible with 
signal hypothesis if emitted in calorimeter  

x Train MVAs to further improve signal purity for different final states 

Signal Extraction 

x Scan the YD – A’ mass plane in steps of half the resolution  

x Estimate background with neighboring bin  

x No significant signal, results compatible with null hypothesis 

SELF INTERACTING DARK MATTER 

Results 

x Extract limit on the kinetic mixing parameter H for different values of DD 

x Improve current constraints for large DD values and YD masses 

Constraints on kinetic mixing H for DD = 0.5 

Final YD candidate sample 

BABAR collected ~500 fb-1 around the  
ϒ(4S), ϒ(3S) and ϒ(2S) resonances  

between 1998—2008 
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DARK SECTORs 

What are dark sectors / hidden sectors 

x New particle(s) that don’t couple directly to the SM 

x Theoretically motivated: many BSM scenarios and 
string theory include dark sectors 

x Could have rich structure (SM structure is non-trivial) 

x Dark matter could reside inside dark sector 
 

Interaction with the SM through “portals” 

Portals connect the SM to the dark sector via indirect inte-
ractions. The lowest order portals are: 

x Vector  –  H FPQA’PQ 

x Scalar –  H2 (PS + OS2) 

x Neutrino –  yHLN 

x Axion  –  1/fa(c1tr(GG) + c2FF + c3dPjP) a 

Status: unknown 

• No significant signal, set 90% 
CL limit on kinetic mixing     as 
function of DM coupling

• Improve on current constraints!

BABAR 
preliminary
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Leptophilic dark scalar

Extract limit on the production cross-section and the coupling parameter ξ

Probe φL lifetime cτ ∼10 cm below dimuon mass

Significant improvement over previous bounds

The g-2 region is clearly excluded for almost all 
masses below the ditau threshold!

Belle II should be able to further improve

Phys. Rev. Lett. 125, 181801

BABAR

88

LEPTOPHILIC SCALAR LIMITS
BABAR, 2005.01885 [PRL]
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Leptophilic dark scalar
Extract signal as a function of dark scalar mass with fits over sliding intervals 

(background MC independent) 

No significant signal, consistent with null hypothesis

Signal yield and significance

prompt

mee (GeV)

mµµ (GeV)

dimuon

dielectron
BABARBABAR

BABAR

99

LEPTOPHILIC SCALAR
• Use MC-independent model for background, look for narrow peak

BABAR, 2005.01885 [PRL]

Bertrand Echenard              - LDW 2020                - p.29

Leptophilic dark scalar

Analysis overview

• Consider all 1-prong decays of the tau

• Train BDT to increase signal purity (see 
backup slide)

• Optimize analysis for each final state and 
prompt or long-lived φL

• Data/MC discrepancy due to non-modelled 
MC components (two-photon, ISR,...) but 
this discrepancy has very limited impact on 
the results

Search for leptophilic dark scalar (φL) 
radiated off a tau lepton

e+e- → τ+τ- φL, φL → l+l- (l=e,µ)

Dielectron BDT (prompt)

Dimuon BDT (prompt)
BABAR

BABAR
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Leptophilic dark scalar

Analysis overview

• Consider all 1-prong decays of the tau

• Train BDT to increase signal purity (see 
backup slide)

• Optimize analysis for each final state and 
prompt or long-lived φL

• Data/MC discrepancy due to non-modelled 
MC components (two-photon, ISR,...) but 
this discrepancy has very limited impact on 
the results
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Leptophilic dark scalar
Extract signal as a function of dark scalar mass with fits over sliding intervals 

(background MC independent) 

No significant signal, consistent with null hypothesis

Signal yield and significance

prompt

mee (GeV)

mµµ (GeV)

dimuon

dielectron
BABARBABAR

BABAR
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Leptophilic dark scalar
Extract signal as a function of dark scalar mass with fits over sliding intervals 

(background MC independent) 

No significant signal, consistent with null hypothesis

Signal yield and significance
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dimuon
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DARK LEPTOPHILIC SCALAR
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• Signal extraction
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• BDT inputs:

Bertrand Echenard              - LDW 2020                - p.49

Leptophilic dark scalar

BDT input variables

Bertrand Echenard              - LDW 2020                - p.49

Leptophilic dark scalar

BDT input variables
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• Signal efficiency validation & correction:

Bertrand Echenard              - LDW 2020                - p.50

Leptophilic dark scalar

Validate efficiency with control samples and derive corresponding corrections

Dielectron

Sample of Ks → π+π- in τ decays 
obtained with a similar selection 
procedure

Dimuon

BDT response for data with recoil 
pT > 2 GeV to suppress non-modelled 
components

Data globally well reproduced by MC predictions, corrections between 2-7%
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Leptophilic dark scalar

Validate efficiency with control samples and derive corresponding corrections

Dielectron

Sample of Ks → π+π- in τ decays 
obtained with a similar selection 
procedure

Dimuon

BDT response for data with recoil 
pT > 2 GeV to suppress non-modelled 
components

Data globally well reproduced by MC predictions, corrections between 2-7%
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• Invariant mass distributions:

Bertrand Echenard              - LDW 2020                - p.51

Leptophilic dark scalar

Final mass spectra for each final state and lifetime

Dimuon (prompt)Dielectron (prompt)

Dielectron (displaced)
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• Invariant mass distributions:
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Leptophilic dark scalar

Final mass spectra for each final state and lifetime

Dimuon (prompt)Dielectron (prompt)

Dielectron (displaced)
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Analysis performance

Figure: Analysis performance for prompt dark photon decays. Left: MVA score distribution.

Right: mass distribution of observed events passing all selection criteria.

Figure: Analysis performance for displaced dark photon decays. Left: MVA score distribution.

Right: mass distribution of observed events passing all selection criteria.
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Cross section limits for displaced A0
decays

Figure: The 90% CL upper limits on the e+e� ! �⌥D cross-section for dark photon lifetimes

corresponding to (top left) c⌧A0 = 0.1mm, (top right) c⌧A0 = 1mm, and (bottom)

c⌧A0 = 10mm.
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