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DI2016 Dark Sector in e+e- collisions

Outline
• KLOE results

! A’→ e+e-, 𝜋+𝜋-, 𝜇+𝜇- 

• New BaBar results 
! Muonic dark force
! Preview of things to come

• Near future prospects (Belle-II)
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• 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- → 𝛾
+visible, 𝛾+invisible 

• Very large datasets allow for high-
statistics searches

      Bertrand Echenard – Caltech               Benasque – April 2014                                                                p. 22  
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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. 
JHEP 1311, 167 (2013) 
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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 !2" 

• Search for direct resonance 
production in e+e- annihilation. 

• Multi-lepton final states, or 
radiative processes e+e- → #e+e-, 
#$+$-. 

• Very large datasets allow for high-
statistics searches
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Analysis strategy and selection 

Analysis strategy 
 
               e+e- → µ+µ- Z’, Z’ → µ+µ- 

 
 
Selection: 
 

• Exactly 4 tracks  
• Extra neutral energy < 200 MeV 
• PID identification*: 2 same-sign tracks identified as muBDTLooseFakeRate  
• Four-muon invariant mass within 500 MeV of nominal CM-energy 
• Veto events with a dimuon candidate within 10 MeV of the ϒ(1S) mass for 

the ϒ(2S) and ϒ(3S) dataset to reject ϒ(2S,3S) → ππ ϒ(1S), ϒ(1S) → µµ 

• Kinematic fit imposing beam-energy constraint is finally performed, but no 
constraints on the χ2 are applied. 

 
 
 

* We tried several PID selections, 2 same-sign is one of the most efficient, and is 
well reproduced by the MC in the low mass region. The difference with other 
efficient PID selections is small. 
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Active Field
4

C. Hearty | Light Higgs, Dark Sector | FPCP2016
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Grey: searches for 
displaced vertices 
(beam dumps)

Colored: searches for 
narrow peaks on large 
prompt-decay backgrounds

This range of parameters 
would explain the muon 
g-2 anomaly 

λ ~ 1mm for BaBar

λ ~ 10mm

PRL 113, 201801 
(2014), 514 fb-1

assuming A′ decays to SM particles
Status of the field as of 2015 Assume decays of A’ to SM 

only (no invisible modes)  

C. Hearty, FPCP-2016
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Dark Photon Branching Ratios
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C. Hearty | Light Higgs, Dark Sector | FPCP2016

• A′ branching fractions to SM are the same as a virtual 
photon of mass mA′ (i.e.                            )  
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Figure 1: Dark photon branching fraction to specific final states as a function of the dark
photon mass.

1.1 Searches at BABAR

A dark photon can be readily produced in the reaction e+e− → γA′, and decay sub-
sequently into SM leptons via kinetic mixing. This signature is similar to that of light
CP-odd Higgs (A0) production in e+e− → γA0, A0 → ℓ+ℓ−. Searches for narrow dimuon
and ditau resonances in Υ (3S) and Υ (2S) decays [9] have been reinterpreted as constraints
on the coupling α′ = αϵ2 between the dark photon and SM fermions [10]. Upper limits
on the square of the mixing parameter ϵ2 = α′/α of the order of 10−5 have been set,
as shown in Fig. 2. These limits must however be taken with caution; they are derived
from a measurement where the efficiency is determined assuming a scalar resonance, not
a vector one. Constraints derived from other experiments are also shown. They include
results derived from beam-dump experiments [11], the electron anomalous magnetic mo-
ment [12], KLOE [14, 15], WASA-at-COSY [16], HADES [17], A1 at MAMI [18] and the
test run from APEX [19]. The red line shows the value of the coupling required to explain
the discrepancy between the calculated and measured anomalous magnetic moment of the
muon [13].

The decay A′ → invisible can be probed through the e+e− → γ + invisible reaction,
scanning the photon energy spectrum (or, alternatively, the recoiling mass against the
photon) for a peak. BABAR has collected about 50 fb−1 of data with a single photon
trigger, and an analysis of this channel is currently performed. Preliminary estimates
indicate that values of ϵ2 down to 10−6 could be reached, substantially improving the
existing limits (see for example [20]).

Extensions of dark sectors to a non-Abelian groups introduce additional dark gauge

4

Bertrand Echenard

• In these simplest cases, only two parameters, ε and mA′

Same BRs as for virtual photon of mass mA’ 
Assumes no invisible degrees of freedom 
Lepton modes are simplest, but important to cover all bases

B. Echenard
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KLOE: A’→e+e- 
• Fully-reconstructed final state

! e+e-→𝛾A’, A’→e+e-     
! 1.54 fb-1 collected at Ecm=1.019 GeV (phi peak)
! Select fully-reconstructed events with e+, e-, 𝛾 at wide angles 

to suppress bhabha backgrounds
• Look for narrow peak in e+e- mass spectrum

! 5 MeV < mA’ < 500 MeV

6

C. Hearty | Light Higgs, Dark Sector | FPCP2016

Limit on the production of a low-mass vector boson 
in e+e- → A′γ, A′ → e+e- with the KLOE experiment 

• Look for a narrow peak in e+e- mass spectrum,  
5–500 MeV/c2. 1.54 fb-1 collected at 1.019 GeV (φ peak).  

• photon, e+, e- all required to be at wide angles to help 
suppress large radiative Bhabha background. 

12

Phys. Lett. B 750, 633 (2015)
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KLOE: A’→𝜋+𝜋- 
• Partially-reconstructed final state

! e+e-→𝛾A’, A’→𝜋+𝜋-     
! 1.93 fb-1 collected at Ecm=1.019 GeV (phi peak)
! Select events with ISR kinematics, 𝜋+, 𝜋- at wide angles, 

undetected 𝛾 
• Look for narrow peak in 𝜋+𝜋- mass spectrum around 𝜌 

and 𝜔 resonances
! Backgrounds dominated by hadronic events:  e+e-→𝜋+𝜋-𝛾 

and phi decays 
! Look for narrow peak above smooth background, except for 
𝜌/𝜔 interference region where background needs to be 
modeled carefully (PHOKARA)

7

Phys. Lett. B757, 656 (2016)
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KLOE: A’→𝜋+𝜋- 
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Figure 1: Example of Mtrk distributions for the M⇡⇡ = 820 � 840 MeV bin.
Measured data are represented in black, simulated ⇡+⇡�� and µ+µ�� in red.
Simulated µ+µ�� + ⇡+⇡�� in blue. Events at the left of the vertical line are
rejected.

A particle ID estimator (PID), L±, defined for each track with
associated energy released in EMC and based on a pseudo-
likelihood function, uses calorimeter information (size and
shape of the energy depositions and time of flight) to suppress
radiative Bhabha scattering events [29–31].
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Figure 2: Fractional backgrounds, normalized to the ⇡+⇡�� contribution, from
the ⇡+⇡�⇡0, e+e��, and µ+µ�� channels after all selection criteria.

Electrons deposit their energy mainly at the entrance of the
calorimeter while muons and pions tend to have a deeper pen-
etration in the EMC. Events with both tracks having L± < 0
are identified as e+e�� events and rejected. The e�ciency of
this selection is larger than 99.95% as evaluated using measured
data and simulated ⇡+⇡�� samples.

After these selections, about 2.8 ⇥ 107 events are left in the
measured data sample. We then applied the same analysis chain
to the Monte Carlo simulated data: most of the selected sam-
ple consists of ⇡+⇡�� events, with residual ISR `+`��, ` = e,µ

and �! ⇡+⇡�⇡0. Figure 2 shows the fractional components of
the residual background, FBG, individually for each contribut-
ing channel and their sum. The residual background rises up
to about 6% at low invariant masses and to 5% above 0.9 GeV,
decreasing to less than 1% in the resonance region.
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Figure 3: Comparison of measured data (blue squares) and simulation per-
formed with the Gounaris-Sakurai |F⇡ |2 parametrization (red open squares) for
the M⇡⇡ invariant mass spectrum. The figure insert shows in detail the agree-
ment achieved in the ⇢ � ! mixing region (779–791 MeV).

A very good description of the ⇢�! interference region (see
the insert of Fig. 3) was achieved by producing a dedicated
sample using PHOKHARA as event generator with the Gounaris-
Sakhurai (GS) pion form factor parametrization [32]. The gen-
eration process used properly smeared distributions in order to
account for the dipion invariant mass resolution (1.4–1.8 MeV).
In Fig. 3 the measured data spectrum is compared with the
results of this simulation process, which includes the residual
background.

4. Irreducible background parametrization and estimate

Except for the ⇢ � ! region, we estimated the irreducible
background directly from data. For each U mass hypothesis the
data are fitted in a M⇡⇡ interval centred at MU and 18-20 times
wider than the M⇡⇡ resolution �M⇡⇡ . The background is mod-
elled by a monotonic function using Chebyshev polinomials up
to the sixth order and is estimated using the sideband technique,
by excluding from the fit the data in the region ±3�M⇡⇡ around
MU [20]. The procedure is repeated in steps of 2 MeV in MU.

Fits with the best reduced �2 are selected as histograms rep-
resenting the background. For all used mass intervals, the dis-
tributions were found to be smooth, with no “wiggles” in any
mass sub-range. An example of the fit procedure is reported in
Fig. 4. Figure 5 shows the distribution of the di↵erences (pulls)
between data and the fitted background normalized to the data
statistical error. Also shown is a Gaussian fit of this distribu-
tion. The mean and width parameters of the Gaussian fit are
around zero and one, respectively.
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Figure 5: Distribution of the di↵erences (pulls) data-background normalized to
the data statistical error (blue points) and relative Gaussian fit (red curve).

The region of ⇢�! interference is not smooth (see Fig. 3) and
then not easy to be fitted with the sideband technique. We thus
estimated the background in this region by using the PHOKHARA
generator with smeared distributions, as explained in Section 3
and shown in Fig. 3 for the 779–791 MeV mass range.

5. Systematic errors and e�ciencies

The main systematic uncertainties a↵ecting this analysis are
related to the evaluation of the irreducible background. As two
di↵erent procedures were used in di↵erent mass ranges, the es-
timate of the systematic error accounted for two independent
sources:

• systematic uncertainties due to the sideband fitting proce-
dure;

• systematic uncertainties due to the evaluation of the back-
ground with the PHOKHARA generator and to the smearing
procedure in the 779-791 MeV mass range.
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Figure 6: Fractional systematic error on the estimated background. Blue
points: errors from the sideband fit procedure; black points: errors estimated
from the PHOKHARAMonte Carlo simulation for the ⇢ � ! interference region.

The evaluation of the systematic uncertainties on the fitted
background was performed by adding in quadrature, bin by bin,
the contributions due to the errors of the fit and a systematic er-
ror due to the fit procedure. The first is obtained by propagating,
for each fit interval, the corresponding errors of the fit parame-
ters. The second is evaluated by varying the fit parameters by
±1� and computing the maximum di↵erence between the stan-
dard fit and the fit derived by using the modified parameters.
The systematic error is less than 1% in most of the mass range.

In the ⇢ � ! region the systematic error is computed by
adding in quadrature the contributions due to the theoretical
uncertainty of the Monte Carlo generator (0.5% [26]), the sys-
tematic error due to the residual background evaluation (0.3 %,
computed by changing the analysis cuts within the correspond-
ing experimental resolutions), the contribution of the smear-
ing procedure (0.8%, obtained by varying the applied smear-
ing of ±1�), and the systematic uncertainty on the luminosity
(0.3 % [26]). The resulting total systematic error is about 1%.

The total systematic uncertainty due to the background eval-
uation is shown in Figure 6. The full list of the systematic ef-
fects taken into account is summarized in Table 1. They do
not a↵ect the irreducible background estimate performed with
the sideband fitting technique, but partially contribute to the
background estimate in the ⇢ � ! region (see above) and en-
ter in the determination of the selection e�ciency and the lu-
minosity measurement. Finally, in Fig. 7 we show the global
analysis e�ciency as estimated with the full ⇡+⇡�� simulation
(PHOKHARA generator + GEANFI [28]). This includes contri-
butions from kinematic cuts, trigger, tracking, acceptance and
PID-likelihood e↵ects. The total systematic error on the global
analysis e�ciency ranges between 0.7% and 0.4% as M⇡⇡ in-
creases.

4

Count events over interpolated background 
No significant excess above 2𝜎 local significance

KLOE 2016

KLOE 2016
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DI2016 Dark Sector in e+e- collisions

KLOE Results
9

C. Hearty, FPCP-2016

Significant improvement by KLOE at 
low mA’ and in resonance region 

Most (g-2)𝜇 parameter space excluded 
by e+e- data
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KLOE: A’→𝜇+𝜇- with Missing Energy 
• Partially-reconstructed final state

! Higgsstrahlung e+e-→h’A’, A’→𝜇+𝜇-  and long-lived h’
! 1.86 fb-1 collected at or below phi peak
! Select events with reconstructed 𝜇+, 𝜇- and missing 

momentum pointing to the calorimeter  
• Look for narrow peak in 𝜇+𝜇- mass in bins of M𝜇𝜇 and 

Mmiss

10

Phys. Lett. B747, 365 (2015)

C. Hearty | Light Higgs, Dark Sector | FPCP2016

• Characterize event by Mµµ and Mmiss. Bin size such 
that signal is mostly contained in 1 bin. 

20

368 KLOE-2 Collaboration / Physics Letters B 747 (2015) 365–372

Fig. 2. Results for on-peak sample (left plot, 1.65 fb−1 integrated luminosity) and off-peak sample (right plot, 0.206 fb−1 integrated luminosity).

Fig. 3. Data–Monte Carlo comparison for the on-peak sample (top plots) and off-peak sample (bottom plots). Projections along the Mµµ axis (left plots); projections along 
the Mmiss axis (right plots). Also shown are the various contributing backgrounds.

In the distribution in the right plot of Fig. 2 (off-peak sample) 
all the backgrounds from the φ decays are strongly suppressed and 
only those in the continuum remain visible.

Monte Carlo generators fully interfaced with the KLOE detec-
tor simulation program were available for all the background pro-
cesses but for the e+e− → e+e−µ+µ− and e+e− → e+e−π+π− . 
For these two processes the Courau generator program [48] was 

used and the results smeared to keep into account the detector 
effects (fast simulation, see Section 5).

As most of the signal is expected to populate a single bin of 
the mass distributions, a 5 × 5 bin matrix in the Mµµ–Mmiss plane 
was built and moved sliding all along the vast majority of the dis-
tributions of Fig. 2 both on data and Monte Carlo. In the peripheric 
regions, for a two bin wide contour, the matrix was reduced to a 

φ → K+K- → µ+µ-νν  
suppressed by cut on 

lifetime (λ~90 cm)

e+e- → e+e-µ+µ- 

e+e- → e+e-π+π-

φ → π+π-π0

e+e- → π+π-γ
e+e- → µ+µ-γ

Phys. Lett. B 747, 365 (2015)

KLOE 2015 KLOE 2015
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KLOE: A’→𝜇+𝜇- with Missing Energy 
• Cut-n-count analysis 

! Use events in sideband bins to predict the bin of interest
• First constraints for mh'<mA’ 

11

Phys. Lett. B747, 365 (2015)

C. Hearty | Light Higgs, Dark Sector | FPCP2016

• Use 5x5 bin method to predict background in each 
bin. Scale factor from MC. 

• Limits on αDε2 range from 10-9—10-8. First limits for  
mh′ < mA′. 
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BaBar Search for Muonic Dark Force
• Dark Z’ that couples to 2nd (and 3rd) 

generations
! Avoids constraints from previous multi-lepton 

searches
! Could potentially explain (g-2)𝜇 

• Fully reconstructed 4𝜇 final state (2 identified 
muons)
! Full 514 fb-1 dataset

12

Bertrand Echenard    -   BABAR Jamboree  - Mar 2016    -    p.3  

Analysis strategy and selection 

Analysis strategy 
 
               e+e- → µ+µ- Z’, Z’ → µ+µ- 

 
 
Selection: 
 

• Exactly 4 tracks  
• Extra neutral energy < 200 MeV 
• PID identification*: 2 same-sign tracks identified as muBDTLooseFakeRate  
• Four-muon invariant mass within 500 MeV of nominal CM-energy 
• Veto events with a dimuon candidate within 10 MeV of the ϒ(1S) mass for 

the ϒ(2S) and ϒ(3S) dataset to reject ϒ(2S,3S) → ππ ϒ(1S), ϒ(1S) → µµ 

• Kinematic fit imposing beam-energy constraint is finally performed, but no 
constraints on the χ2 are applied. 

 
 
 

* We tried several PID selections, 2 same-sign is one of the most efficient, and is 
well reproduced by the MC in the low mass region. The difference with other 
efficient PID selections is small. 

Phys.Rev. D94, 011102 (2016)
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BaBar Search for Muonic Dark Force
13

Bertrand Echenard    -   BABAR Jamboree  - Mar 2016    -    p.5  

Four-muon invariant mass 

• Assuming efficiency / detector response is independent of the 4µ mass in the vicinity of 
10 GeV, we convolve the mass spectrum from Diag36 (properly shifted) with the QED 
radiator to obtain a “ISR corrected e+e- → 4µ prediction”.  
 

• Decent job for a simple approximation 

QED radiator  
(ISR emission probability) 

Fun exercise* : a crude approximation of ISR corrections 

KK2f MC 
Bonneau et al. 

Data 
e+e- → µ+µ-µ+µ- 

e+e- → τ+τ- 

uds 
ϒ(3S) 
ϒ(2S) 
ψ(2S)→ π+π- J/ψ 

* Your definition of fun might be different of mine… 

Bertrand Echenard    -   BABAR Jamboree  - Mar 2016    -    p.7  

Efficiency corrections 

Use data/MC ratio to correct for the discrepancies in PID, tracking and neutral efficiencies 
and ISR corrections.  
 
We fit the ratio in the range 1-9 GeV with a constant, excluding the J/ψ region. Use the 
fitted value of 0.82 to correct the whole range. Include 5% systematic uncertainty. 

ρ 

J/ψ 

mR = (mµµ
2 – 4 mµ

2)1/2  Data 
e+e- → µ+µ-µ+µ- 

e+e- → τ+τ- 

uds 
ϒ(3S) 
ϒ(2S) 
ψ(2S)→ π+π- J/ψ 

Accept events within 500 MeV of Ecm 
ISR tail added to simulation reproduces 
data reasonably well

MC efficiency corrected for data/
MC (dis)agreement 
Look for narrow peaks in 𝜇𝜇 
invariant mass, avoiding known 
resonances

BABAR 2016

BABAR 2016
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BaBar Search for Muonic Dark Force
14

Bertrand Echenard    -   BABAR Jamboree  - Mar 2016    -    p.13  

Examples of fit 

Force the pdf to be everywhere non-
negative if it runs towards –infinity (this 
happens if there are no events in the 
signal region). 
 

Bertrand Echenard    -   BABAR Jamboree  - Mar 2016    -    p.15  

Scan results – Combined dataset 

Datasets are fit separately and combined – see BAD 2675 for the individual results 
 
Largest significance: 4.3σ at mR= 0.79 GeV. With trial factors, this dilutes the  
significance to 1.6σ. 
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(g-2)𝜇 region disfavored

reduced mass has a smoother behavior near threshold
and is easier to model than the dimuon mass. The
spectrum is dominated by e

+
e

� ! µ

+
µ

�

µ

+
µ

� pro-
duction, with additional contributions from e

+
e

� !
⇡

+
⇡

�

⇢, ⇢ ! ⇡

+
⇡

�, e

+
e

� ! µ

+
µ

�

⇢, ⇢ ! ⇡

+
⇡

�, and
e

+
e

� ! ⇡

+
⇡

�

J/ , J/ ! µ

+
µ

� events, where one or
several pions are misidentified as muons. A peak cor-
responding to the ⇢ meson is visible at low mass; the
second Z

0 candidate reconstructed in these events gen-
erates the enhancement near 9.5GeV. Other than the
J/ , no significant signal of other narrow resonances is
observed.
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FIG. 1: The distribution of the four-muon invariant mass,
m(4µ), for data taken at the ⌥ (4S) peak together with Monte
Carlo predictions of various processes normalized to data lu-
minosity. The e+e� ! µ+µ�µ+µ� Monte Carlo does not
include ISR corrections.

The signal e�ciency rises from ⇠ 35% at low masses to
⇠ 50% around mR = 6 � 7GeV, before dropping again
at higher masses. The signal e�ciencies include a cor-
rection factor of 0.82, which primarily accounts for the
impact of ISR not included in the simulation, as well
as di↵erences between data and simulation in trigger ef-
ficiency, charged particle identification, and track and
photon reconstruction e�ciencies. This correction fac-
tor is derived from the ratio of the mR distribution in
simulated e

+
e

� ! µ

+
µ

�

µ

+
µ

� events to the observed
distribution in the mass region 1–9 GeV, excluding the
J/ region (light blue line in Fig. 2). An uncertainty of
5% is propagated as a systematic uncertainty, covering
the small variations between data-taking periods and the
uncertainties on the e

+
e

� ! µ

+
µ

�

µ

+
µ

� cross-section.
We extract the signal yield as a function of mZ0 by

performing a series of unbinned maximum likelihood fits
to the reduced dimuon mass spectrum, covering the mass
range mR < 10GeV for the data taken near the ⌥ (4S)
resonance, and up to 9GeV for the datasets collected
near the ⌥ (2S) and ⌥ (3S) resonances. The search is
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FIG. 2: The distribution of the reduced dimuon mass, mR,
together with Monte Carlo predictions of various processes
normalized to data luminosity. Four combinations per event
are included. The fit of the ratio between reconstructed and
simulated events is shown as a light blue dashed line. The
e+e� ! µ+µ�µ+µ� Monte Carlo does not include ISR or
other e�ciency corrections (see text).

conducted in varying mass steps that correspond to the
dark boson mass resolution. Each fit is performed over
an interval 50 times broader than the signal resolution
at that mass for mR > 0.2GeV, or over a fixed interval
0 � 0.3GeV for mR < 0.2GeV. We estimate the signal
resolution by Gaussian fits to several simulated Z

0 sam-
ples for the purpose of determining the scan steps, and
interpolate the results to all other masses. The resolution
varies between 1�9MeV, dominated by experimental ef-
fects. We probe a total of 2219 mass hypotheses. The
bias in the fitted values, estimated from a large ensemble
of pseudo-experiments, is negligible.

The likelihood function, described below, contains
components from signal, continuum background, and
peaking background where appropriate. The signal prob-
ability density function (pdf) is modeled directly from
the signal Monte Carlo mass distribution using a non-
parametric kernel density function. The pdf is interpo-
lated between the known simulated masses using an algo-
rithm based on the cumulative density function [27]. An
uncertainty of 0.1 � 3.2 events associated to this proce-
dure is estimated by taking the next-to-closest mass point
in place of the closest simulated mass point to interpolate
the signal shape. The agreement between the simulated
signal resolution and the data is assessed by fitting the
full-energy peak of the four-muon invariant mass spec-
trum in the range 10.3 � 10.7GeV with a Crystal Ball
function [28]. The ratio of simulated and reconstructed
peak widths is 1.01±0.04, consistent with unity. The im-
pact of ISR emission on the peak widths are expected to
be small in that mass range. Similarly, the decay width

4

region excluded

Distribution of local significance
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BaBar Invisible Dark Photon Search
• 𝛶(3S)→𝛾+invisible        

(arXiv:0808.0017)
• Require a single photon with 

E*
γ>2.2 GeV

• No charged tracks, small 
excess calorimeter energy 

• Missing momentum points to 
calorimeter

• No activity in IFR aligning 
with missing momentum

• No signal found: limits on 𝜀 of 
order O(10-3-10-2)

• Updated analysis in progress
Peaking 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



DI2016 Dark Sector in e+e- collisions

Invisible Dark Photon: Limits
16

      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. 
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Invisible Dark Photon: Limits
16

      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. 

10-3 should be  
possible with 
updated 
analysis
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Implications for Belle-II
• Low-multiplicity triggers are key
• Single-photon triggers implemented in BaBar in 

2007-2008:
! Level-1 trigger: E𝛾>0.8 GeV

"  300-400 Hz @ 1034 cm-2s-1 luminosity (~40 nb cross section) 
! Level-3 trigger and offline filter

" ~100 Hz rate
• High rate: early (low-lumi) analyses. May need to 

tighten selection at high luminosity
• Better (non-projective) calorimeter for invisible 

analysis 
• For visible analyses, mass resolution may improve 

(larger drift chamber)

17
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Belle-II Sensitivity: Visible Modes
18

C. Hearty | Light Higgs, Dark Sector | FPCP2016
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Belle-II Sensitivity: Invisible Mode
19

C. Hearty | Light Higgs, Dark Sector | FPCP2016

Projected Belle II sensitivity for invisible A′ decays

• Extrapolating BaBar preliminary result, with corrections.  

• Competitive measurement may be possible with Phase 2 
commissioning data, maybe 20 fb-1.

30
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E787, E949

28 fb-1 sample
massless χ

limit on ε improves  
as !0.25

Possible results as early as 2017-2018 ?

Conservative
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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 orders of 

magnitude
! Combined with LHC and direct detection dark matter 

searches, these measurements will provide unique 
information on the dynamics and flavor structure of new 
physics

20
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Backup
21
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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
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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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Substantial improvement over previous 
limits. Constrain model space

PRL 108, 211801 (2012)
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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
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