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Possible Dark Sector Particles

Vector Interaction: Dark Photon
Axial: Axions, ALPs
Scalar: “dark Higgs”
Others: Heavy neutral leptons (neutrino)
And other things. . .
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Dark Photon – Introduction

Introduce new Interaction with U(1) gauge symmetry, with
gauge boson: the “dark photon” A′

[P.Fayet, PLB95 (1980) 285; B.Holdom, PLB160 (1986) 196]

Coupling constant and charges generated through kinetic
mixing:

Lmix = − ε
2

F QED
µν Fµν

dark

ε is kinetic mixing strength. The smaller ε, the longer
lifetime of A′.
If A′ is lightest “Dark Sector” particle: Can only decay to
SM particles
If A′ is not lightest: Decays “dark”.
Could explain also other things ((g − 2)µ, . . . )

Jürgen Engelfried Dark Sector non-LHC 5/33
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BABAR: e+e− → γA′, A′ → e+e−, µ+µ−

e+e− → γA′, A′ → e+e−, µ+µ−

No signal observed: ε . 10−3 for
0.02 GeV/c2 . mA′ . 10.2 GeV/c2obtained by combining the signal yields of each data

sample divided by the efficiency and luminosity. The cross
sections as a function of mA0 are shown in Fig. 2; the
distributions of the statistical significances of the fits are
displayed in Fig. 3. The statistical significance of each fit
is taken as S ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 logðL=L0Þ
p

, where L and L0 are the
likelihood values for fits with a free signal and the pure
background hypothesis, respectively. We estimate trial
factors by generating a large sample of MC experiments.
The largest local significance is 3.4σ (2.9σ), observed near
mA0 ¼ 7.02 GeV (6.09 GeV) for the dielectron (dimuon)
final state. Including trial factors, the corresponding p
value is 0.57 (0.94), consistent with the null hypothesis.
We extract the eþe− → γA0 cross section for each final

state using the expected dark photon branching fractions
A0 → lþl− from Ref. [9] and combine the results into a
single measurement. The uncertainties on the dark photon
branching fractions (0.1%–4%), the luminosity (0.6%), and
the limited MC statistics (0.5%–4%) are propagated as
systematic uncertainties. We derive 90% confidence level
(C.L.) Bayesian upper limits on the eþe− → γA0 cross

section, assuming a flat prior for the cross section. The
limits are typically at the level ofOð1–10Þ fb. These results
are finally translated into 90% C.L. upper limits on the
mixing strength between the photon and dark photon as a
function of the dark photon mass [10]. The results are
displayed in Fig. 4. The average correlation between
neighboring points is around 90%. Bounds at the level
of 10−4–10−3 for 0.02 < mA0 < 10.2 GeV are set, signifi-
cantly improving previous constraints derived from beam-
dump experiments [11,12,18], the electron anomalous
magnetic moment [13], KLOE [14,15], WASA-at-COSY
[16], HADES [17], A1 at MAMI [19], and the test run from
APEX [20]. These results also supersede and extend the
constraints based on a search for a light CP-odd Higgs
boson at BABAR [21,22] with a smaller data set. No signal
consistent with the excess reported by the HyperCP experi-
ment close to 214 MeV is observed [38,39]. We further
constrain the range of the parameter space favored by
interpretations of the discrepancy between the calculated
and measured anomalous magnetic moment of the muon
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FIG. 2. The eþe− → γA0, A0 → eþe− (top) and eþe− → γA0,
A0 → μþμ− (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 excluded from
the analysis.
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FIG. 3 (color online). 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).
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FIG. 4 (color online). Upper limit (90% C.L.) on the mixing
strength ϵ 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 [39] are
displayed as a red line.

PRL 113, 201801 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
14 NOVEMBER 2014

201801-6

[Phys. Rev. Lett. 113, 201801 (2014), arXiv:1406.2980]
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NA64: e−Z → e−ZA′, A′ → e+e−

Fixed target experiment, 100 GeV e− beam,
e−Z → e−ZA′, A′ → e+e−

Special consideration for A′ = X with mX = 16.7 MeV/c2

No signal observed: No X , and
ε . 4.2× 10−4 − 1.4× 10−3 for mA′ < 23 MeV/c2

decay photons escaping the dump without interactions and
accompanied by poorly detected secondaries, is another
source of fake signal. To evaluate this background we used
the extrapolation of the charge-exchange cross sections,
σ ∼ Z2=3, measured on different nuclei [65]. The contribution
from the beam kaon decays in flight,K− → e−νπþπ−ðKe4Þ,
and dimuon production in the dump e−Z → e−Zμþμ− with
either πþπ− or μþμ− pairs misidentified as e.m. event in the
ECAL was found to be negligible.
Table I summarizes the conservatively estimated back-

ground inside the signal box, which is expected to be
0.07� 0.034 events per 5.4 × 1010 EOT. The dominant
contribution to background is 0.06 events from the K0

S
decays, with the uncertainty dominated by the statistical
error. In Fig. 2, the final distributions of e.m. neutral events,
which are presumably photons, and signal candidate events
that passed the selection criteria (i)–(iii) and (v)–(vii) are
shown in the (EECAL; EWCAL) plane. No candidates are
found in the signal box. The conclusion that the back-
ground is small is confirmed by the data.
The combined 90% confidence level (C.L.) upper limits

for the mixing strength ϵ were obtained from the corre-
sponding limit for the expected number of signal events,
N90%

A0 , by using the modified frequentist approach, taking
the profile likelihood as a test statistic [66–68]. The NA0

value is given by the sum

NA0 ¼
X2

i¼1

Ni
A0 ¼

X2

i¼1

niEOTϵ
i
totn

i
A0 ðϵ; mA0 Þ; ð2Þ

where ϵitot is the signal efficiency in the run i (30 X0 or 40
X0), and niA0 ðϵ; mA0 Þ is the number of the A0 → eþe− decays
in the decay volume with energy EA0 > 30 GeV per EOT,
calculated under the assumption that this decay mode is
predominant; see, e.g., Eq. (3.7) in Ref. [55]. Each ith entry
in this sum was calculated by simulating signal events for
the corresponding beam running conditions and processing
them through the reconstruction program with the same
selection criteria and efficiency corrections as for the data
sample from the run i. The A0 efficiency and its systematic
error were determined to stem from the overall

normalization, A0 yield, and decay probability, which were
the A0 mass dependent, and also from efficiencies and
their uncertainties in the primary e−ð0.85�0.02Þ,
WCALð0.93�0.05Þ, V2ð0.96�0.03Þ, ECALð0.93�0.05Þ,
V3ð0.95� 0.04Þ, and HCALð0.98� 0.02Þ event detection.
The latter, shown as example values for the 40 X0 run, were
determined from measurements with the e− beam cross-
checked with simulations. A detailed simulation of the e.m.
shower in the dump [63] with A0 cross sections was used to
calculate the A0 yield [64,69,70]. The ≲10% difference
between the calculations in Ref. [64] and Refs. [69,70] was
accounted for as a systematic uncertainty in nA0 ðϵ; mA0 Þ. In
the overall signal efficiency for each run, the acceptance loss
due to pileup (≃7% for 40X0 and≃10% for 30X0 runs) was
taken into account and cross-checked using reconstructed
dimuon events [57]. The dimuon efficiency corrections
(≲20%) were obtained with uncertainty of 10% and 15%,
for the 40 X0 and 30 X0 runs, respectively. The total
systematic uncertainty on NA0 calculated by adding all
errors in quadrature did not exceed 25% for both runs.
The combined 90%C.L. exclusion limits on the mixing ϵ as
a function of the A0 mass is shown in Fig. 3 together with the
current constraints from other experiments. Our results
exclude the X boson as an explanation for the 8Be anomaly
for the X − e− coupling ϵe ≲ 4.2 × 10−4 and mass value of

TABLE I. Expected numbers of background events in the
signal box estimated for 5.4 × 1010 EOT.

Source of background Events

eþe− pair production by punchthrough γ < 0.001
K0

S → 2π0; π0 → γeþe−; γ→ eþe−; K0
S → πþπ− 0.06� 0.034

πN→ ð≥ 1Þπ0þnþ�� �; π0 → γeþe−; γ → eþe− 0.01� 0.004
π− bremsstrahlung in the WCAL, γ → eþe− < 0.0001
π; K → eν, Ke4 decays < 0.001
eZ → eZμþμ−; μ� → e�νν < 0.001
Punchthrough π < 0.003

Total 0.07� 0.035

FIG. 3. The 90% C.L. exclusion areas in the (mX; ϵ) plane from
the NA64 experiment (blue area). For the mass of 16.7 MeV, the
X − e− coupling region excluded by NA64 is 1.3 × 10−4 <
ϵe < 4.2 × 10−4. The allowed range of ϵe explaining the 8Be
anomaly (red area) [2,3], constraints on the mixing ϵ from the
experiments E141 [22], E774 [25], BABAR [40], KLOE [45],
HADES [47], PHENIX [48], NA48 [50], and bounds from the
electron anomalous magnetic moment ðg − 2Þe [71] are also
shown.

PHYSICAL REVIEW LETTERS 120, 231802 (2018)

231802-4

[Phys. Rev. Lett. 120, 231802 (2018), arXiv:1803.07748]
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BABAR: e+e− → γA′, A′ → invisible

e+e− → γA′, A′ → invisible, single photon and large
missing momentum and energy
No signal observed: ε . 10−3 for mA′ < 8 GeV/c2

the simulation estimates of the trigger efficiency, within the
systematic uncertainty of 0.4%.We compare the input BDT
observables in simulation and in a sample of the single-
photon data events, counting the difference as a systematic
uncertainty of the signal selection efficiency. The total
multiplicative error on the signal cross section is 5%, and is
small compared to the statistical uncertainty.
Figure 1 shows the maximum-likelihood estimators

of the A0 mixing strength ε2 for the 166 mA0 hypotheses.
The values of “local” significance of observation S≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðLmax=L0Þ

p
, where Lmax is the maximum value of

the likelihood, and L0 is the value of the likelihood with the
signal yield fixed to zero, are shown in Fig. 2. The most
significant deviation of ϵ2 from zero occurs at mA0 ¼
6.21 GeV and corresponds to S ¼ 3.1. Parametrized sim-
ulations determine that the probability to find such a

deviation in any of the 166 mA0 points in the absence of
any signal is ≈1%, corresponding to a “global” significance
of 2.6σ. A representative fit for mA0 ¼ 6.21 GeV is shown
in Fig. 3.
The 90% confidence level (C.L.) upper limits on ε2 as a

function of mA0 are shown in Fig. 4. We compute both the
Bayesian limits with a uniform prior for ε2 > 0 and the
frequentist profile-likelihood limits [29]. Figure 5 com-
pares our results to other limits on ε in channels where A0
is allowed to decay invisibly, as well as to the region of
parameter space consistent with the ðg − 2Þμ anomaly [5].
At each value of mA0 we compute a limit on ε as a square
root of the Bayesian limit on ε2 from Fig. 4. Our data rule
out the dark-photon coupling as the explanation for the
ðg − 2Þμ anomaly. Our limits place stringent constraints on
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FIG. 2. Signal significance S as a function of the mass mA0 .
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FIG. 3. Bottom: Signal fit for mA0 ¼ 6.21 GeV to a combina-
tion of ϒð2SÞ and ϒð3SÞ data sets, shown for illustration
purposes. The signal peak (red) corresponds to the local signifi-
cance S ¼ 3.1 (global significance of 2.6σ). Blue solid line
shows the full PDF, while the magenta dashed line corresponds to
the background contribution. Top: Distribution of the normalized
fit residuals (pulls).
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FIG. 5. Regions of the A0 parameter space (ε vs mA0 ) excluded
by this work (green area) compared to the previous constraints
[7,18–20] as well as the region preferred by the ðg − 2Þμ
anomaly [5].

PRL 119, 131804 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

29 SEPTEMBER 2017

131804-6

[Phys. Rev. Lett. 119, 131804 (2017), arXiv:1702.03327]
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NA64: e−Z → e−ZA′, A′ → invisible

single electron and large missing energy
e−Z → e−ZA′, A′ → invisible
No signal observed: 10−5 . ε . 10−3 for mA′ < 1 GeV/c2

corresponding mixing strength ϵ were determined from the
90% C.L. upper limit for the expected number of signal
events,N90%

A0 by using the modified frequentist approach for
confidence levels (C.L.), taking the profile likelihood as a
test statistic in the asymptotic approximation [70–72]. The
total number of expected signal events in the signal box was
the sum of expected events from the three runs:

NA0 ¼
X3
i¼1

Ni
A0 ¼

X3
i¼1

niEOTϵ
i
totn

i
A0 ðϵ; mA0 ;ΔEeÞ ð26Þ

where ϵitot is the signal efficiency in the run i given by
Eq. (23), and the niA0 ðϵ; mA0 ;ΔEA0 Þ value is the signal yield
per EOT generated by a single 100 GeV electron in the
ECAL target in the energy range ΔEe. Each ith entry in this
sum was calculated by simulating the signal events for
corresponding beam running conditions and processing
them through the reconstruction program with the same
selection criteria and efficiency corrections as for the data
sample from the run-i. The expected backgrounds and
estimated systematic errors were also taking into account in
the limits calculation. The combined 90% C.L. exclusion
limits on the mixing strength as a function of the A0 mass
can be seen in Fig. 15. In Table V the limits obtained with
the ETL and WW calculations for different mA0 values
are also shown for comparison. One can see that the
corrections are mostly relevant in the higher mass region
mA0 ≳ 100 MeV. The derived bounds are the best for the
mass range 0.001≲mA0 ≲ 0.1 GeV obtained from direct
searches of A0 → invisible decays [15].
The limits were also calculated with a simplified method

by merging all three runs into a single run as described
previously by Eq. (26). The total error for the each Ni

A0

value includes the corresponding systematic uncertainties
calculated by adding contributions from all sources in
quadrature, see Sec. VII. In accordance with the CLs
method [72], for zero number of observed events the
90% C.L. upper limit for the number of signal events is
N90%

A0 ðmA0 Þ ¼ 2.3. Taking this and Eq. (26) into account
and using the relation NA0 ðmA0 Þ < N90%

A0 ðmA0 Þ resulted in
the 90% C.L. limits in the (mA0 ; ϵ) plane which agreed with
the one shown in Fig. 15 within a few %.

X. CONSTRAINTS ON LIGHT THERMAL
DARK MATTER

As discussed previously, the possibility of the existence
of light thermal dark matter (LTDM) has been the subject of

FIG. 14. The sensitivity, defined as an average expected limit,
as a function of the ECAL energy cut for the case of the A0
detection with the mass mA0 ≃ 20 (blue) and 2 (green) MeV.

FIG. 15. The NA64 90% C.L. exclusion region in the (mA0 ; ϵ)
plane. Constraints from the BABAR [39], E787 and E949 experi-
ments [34,35], as well as the muon αμ favored area are also shown.

Here, αμ ¼ gμ−2
2
. For more limits obtained from indirect searches

and planned measurements see e.g., Ref. [13,14].

TABLE V. Comparison of upper bounds on mixing ϵ at
90% CL obtained with WW and ETL calculations for the Pb-
Sc ECAL target for Emiss > 0.5E0 at E0 ¼ 100 GeV.

mA0 ,
MeV

90% C.L. upper limit
on ϵ; 10−4, no k-factors

90% C.L. upper limit
on ϵ; 10−4 with k-factors

1.1 0.22 0.19
2 0.23 0.24
5 0.43 0.49
16.7 1.25 1.33
20 1.29 1.6
100 5.5 8.2
200 13.0 22.6
500 38.7 97.8
950 94.20 362.0

SEARCH FOR VECTOR MEDIATOR OF DARK MATTER … PHYS. REV. D 97, 072002 (2018)

072002-17

[Phys. Rev. D 97, 072002 (2018), arXiv:1710.00971]
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NA62: K + → π+π0, π0 → γA′, A′ → invisible

Accepted in JHEP (2019), arXiv:1903.08767

π0 → γA′, A′ → invisible, π0’s from K + → π+π0 decays

M. Mirra Search for dark photons at NA6225/03/2019 4

Dark photon in 𝝅𝝅𝟎𝟎 decays
 A consequence of this interaction is the transition 𝝅𝝅𝟎𝟎 → 𝜸𝜸𝑨𝑨′ [Batell, Pospelov and Ritz,
PRD 80, 095024 (2009)]:

𝑩𝑩𝑩𝑩 𝝅𝝅𝟎𝟎 → 𝜸𝜸𝑨𝑨′

𝑩𝑩𝑩𝑩 𝝅𝝅𝟎𝟎 → 𝜸𝜸𝜸𝜸 = 𝟐𝟐𝜺𝜺𝟐𝟐 𝟏𝟏 −
𝑴𝑴𝑨𝑨′
𝟐𝟐

𝑴𝑴𝝅𝝅𝟎𝟎
𝟐𝟐

𝟑𝟑

 Identify a solid source of 𝝅𝝅𝟎𝟎:
• @ colliders: 𝒆𝒆+𝒆𝒆− → 𝝆𝝆,𝜼𝜼,𝝓𝝓
• @ fixed target experiments in target production (background from beam-

target interaction)
• @ fixed target experiments using a cascade process, where the 𝝅𝝅𝟎𝟎 is one of the 

products:
𝑲𝑲+ → 𝝅𝝅+𝝅𝝅𝟎𝟎,𝝅𝝅𝟎𝟎 → 𝜸𝜸𝑨𝑨′

A kaon factory with high-frequency tracking of beam particles, redundant PID,
high-efficiency photon vetoes would be suitable for this search.

𝜸𝜸

𝜸𝜸 𝑨𝑨′

𝝅𝝅𝟎𝟎

[Batell, Pospelov, Ritz, PRD80, 095024 (2009)]

Profit from extremly high-efficiency photon vetoes for
K + → π+νν̄.
Using of subsample of 2016 data, corresponding to 1 % of
the statistics collected by NA62 in 2016-2018

Jürgen Engelfried Dark Sector non-LHC 10/33
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NA62: the CERN Kaon Factory

M. Mirra Search for dark photons at NA6225/03/2019 5

NA62: the CERN kaon factory
Kaon physics at CERN: 
 Fixed target experiments at 

CERN SPS
 Kaon decay-in-flight

Currently in NA62: 
~200 participants
29 institutions from 13 countries

NA62

Jürgen Engelfried Dark Sector non-LHC 11/33



Dark Photon
Heavy Neutrino

Stable Six-Quark State
Prospects

NA62 Layout

M. Mirra Search for dark photons at NA6225/03/2019 6

NA62 layout
[NA62 Detector Paper, JINST 12 (2017), P05025]

Jürgen Engelfried Dark Sector non-LHC 12/33
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NA62 Layout

M. Mirra Search for dark photons at NA6225/03/2019 7

NA62 layout

SPS protons: 
400 GeV/c
𝟏𝟏𝟎𝟎𝟏𝟏𝟐𝟐 PoT/sec on spill
4.8 sec spill

[NA62 Detector Paper, JINST 12 (2017), P05025]

p

Jürgen Engelfried Dark Sector non-LHC 13/33
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NA62 Layout

M. Mirra Search for dark photons at NA6225/03/2019 8

NA62 layout

SPS protons: 
400 GeV/c
𝟏𝟏𝟎𝟎𝟏𝟏𝟐𝟐 PoT/sec on spill
4.8 sec spill

Secondary beam:
75 GeV/c, 1% bite
100 μrad
60 × 30 mm2

𝑲𝑲+(6%)/𝝅𝝅+(70%)/p(24%)
750 MHz at GTK3

[NA62 Detector Paper, JINST 12 (2017), P05025]

p 𝑲𝑲+

Jürgen Engelfried Dark Sector non-LHC 14/33
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NA62 Layout

M. Mirra Search for dark photons at NA6225/03/2019 9

NA62 layout

SPS protons: 
400 GeV/c
𝟏𝟏𝟎𝟎𝟏𝟏𝟐𝟐 PoT/sec on spill
4.8 sec spill

Secondary beam:
75 GeV/c, 1% bite
100 μrad
60 × 30 mm2

𝑲𝑲+(6%)/𝝅𝝅+(70%)/p(24%)
750 MHz at GTK3

Kaon decay region:  
60 m
~5 MHz
𝓞𝓞(10-6) mbar

[NA62 Detector Paper, JINST 12 (2017), P05025]

p 𝑲𝑲+ 𝝅𝝅+

𝑨𝑨𝑨

𝜸𝜸

Jürgen Engelfried Dark Sector non-LHC 15/33
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NA62 Layout

M. Mirra Search for dark photons at NA6225/03/2019 10

NA62 layout

Performances
 Excellent time resolution 𝓞𝓞(100 ps) to match beam and daughter particle 

information
 Kinematics: rejection of main 𝑲𝑲 modes 104 via kinematics reconstruction
 PID capability: 𝝁𝝁 vs 𝝅𝝅 rejection of O(107) for 15 < p(𝝅𝝅+) < 35 GeV
 High-efficiency veto: 108 rejection of 𝝅𝝅𝟎𝟎 for E(𝝅𝝅𝟎𝟎) > 40 GeV

[NA62 Detector Paper, JINST 12 (2017), P05025]

p 𝑲𝑲+ 𝝅𝝅+

𝑨𝑨𝑨

𝜸𝜸

Jürgen Engelfried Dark Sector non-LHC 16/33
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Analysis Principle

Invisible decay of massive A′ or long lived massive A′

hypothesis.
Using 2 trigger streams: Signal, Minimum-bias for
background evaluacion and normalization
Most abundant background due to π0 → γγ with one γ not
detected (acceptance, inefficiency, photon conversions)
Background evaluated with data from minimum bias
stream, independent of signal stream
In signal sample: Peak search in
M2

miss = (PK + − Pπ+ − Pγ)2 distribution.
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NA62 Dark Photon Result
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Figure 7: Upper limit at 90% CL from NA62 (red region) in the ε2 vs MA′ plane with A′

decaying into invisible final states. The limits from the BaBar [8] (blue) and NA64 [9] (light grey)
experiments are shown. The green band shows the region of the parameter space corresponding
to an explanation of the discrepancy between the measured and expected values of the anomalous
muon magnetic moment (g − 2)µ [11] in terms of a contribution from the A′ in the quantum
loops [12, 13]. The region above the black line is excluded by the agreement of the anomalous
magnetic moment of the electron (g − 2)e with its expected value [14, 15, 16].

conservative scenario, not shown in Fig. 7, the upper limit from E787-E949 partially overlaps
with the (g − 2)µ band in the mass ranges 83–113 and 176–243 MeV/c2.

Finally, an upper limit has been set for the branching ratio of the decay π0 → γνν̄, BR <
1.9× 10−7 at 90% CL, improving the current limit by more than three orders of magnitude.
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∼ 1 % of full 2016-2018 NA62 data set [arXiv:1903.08767]
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NA62: Search for heavy Neutrinos in Kaon decays

Search for a peak in missing mass in
K + → e+ν K + → µ+ν

[PLB 778, (2018) 137-145, arXiv:1712.00297]
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NA62: Search for heavy Neutrinos in Kaon decays

NA62 2016 data [PLB 778, (2018) 137-145, arXiv:1712.00297]
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More NA62 results from Kaon decays tomorrow
in Poster Session (N.Estrada-Tristan)
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BABAR: Search for Stable Six-Quark State

Completely symmetric six-quark combination uuddss could
be deeply bound: S [Farrar, arXiv:1708.08951]

Jaffe (1977): H Dibaryon with mH ≈ 2150 GeV/c2

mH > mP + me + mΛ = 2055 MeV/c2: typical weak lifetime
If deeply bound (mS < 2055 MeV/c2): Cosmological
lifetime
If mS < 1878 MeV/c2: Stable
Search in Υ→ SΛ̄Λ̄, missing mass recoiling against the Λ̄Λ̄
system
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BABAR: Search for Stable Six-Quark State

No signal observed
B(Υ→ SΛ̄Λ̄) . (1.2− 1.4)× 10−7

@90 % C.L. for mS < 2.05 GeV/c2

candidates, providing a better estimator of the efficiency
near mS ∼ 0 GeV than the recoil mass. The m2

rec distribu-
tion is shown in Fig. 3(a), together with various background
predictions and a simulated signal assuming mS ¼
1.6 GeV and a branching fraction Bðϒ → SΛ̄ Λ̄Þ ¼
1 × 10−7. No events are observed in the signal region,
and the expected background is found to be negligible
as well.
The continuum eþe− → qq̄ (q ¼ u, d, s, c) background

is estimated from the data collected at theϒð4SÞ peak. This
data sample contains contributions from both continuum
and ϒð4SÞ events. The latter is evaluated from the generic
ϒð4SÞ MC sample and found to be negligible, as those
decays tend to have higher multiplicity and are much more
suppressed than continuum production by our selection.
The data collected at the ϒð4SÞ resonance are therefore a
good representation of the continuum background.
The ϒð2S; 3SÞ background components are estimated

from the corresponding MC simulations. The contributions
are normalized using sideband data obtained by applying
all the selection criteria previously described but requiring
Eextra to be greater than 0.5 GeV instead of below that
threshold. The ϒð2S; 3SÞ MC components are found to
underestimate the observed pπ yield, and we adjust their
overall normalizations to improve the agreement with the
data. The resulting correction factors, determined to be
respectively 1.25 and 1.55 for the ϒð2SÞ and ϒð3SÞ
samples, are propagated throughout the analysis.
A data-driven estimate of the background is also derived

from the sideband data. Similarly to signal events, this
sample contains predominantly two real Λ particles with
additional (undetected) particles. Since the difference in
Eextra is essentially due to the interaction of those particles
with the calorimeter, sideband data provide a good approxi-
mation of the expected background in the signal region.

The corresponding recoil mass distribution is displayed in
Fig. 3(b). Similarly to the background estimate previously
described, sideband data predict a negligible level of
background in the signal region.
The efficiency as a function of the Smass is derived from

the corresponding MC sample. For each mass hypothesis,
we define a signal region in the m2

rec distribution as the
symmetric interval around the nominal S mass containing
99% of the reconstructed S candidates. Its typical size is of
the order of 2.5 GeV2. The efficiency varies between 7.2%
near threshold to 8.2% near mS ¼ 2 GeV. It is mainly
driven by the detector acceptance and the Λ → pπ branch-
ing fraction.
The main uncertainties on the efficiency arise from the

modeling of the ϒ → SΛ̄ Λ̄ angular distribution and the
limited knowledge of the S-matter interactions. The former
varies between 4% to 15%, assessed by taking the differ-
ence between the predictions based on the simplified
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FIG. 2. The distribution of the pπ invariant mass, mðpπÞ,
before performing the kinematic fit for the combined ϒð2SÞ and
ϒð3SÞ datasets, together with various background estimates
(stacked histograms). Two entries per event are plotted.
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FIG. 3. The distribution of the recoil mass squared against the
ΛΛ system, m2

rec, after performing the kinematic fit for the
combined ϒð2SÞ and ϒð3SÞ datasets, together with various
background estimates (stacked histograms) and a signal example
for (a) the Eextra < 0.5 GeV signal region and (b) the Eextra >
0.5 GeV sideband data sample.

PHYSICAL REVIEW LETTERS 122, 072002 (2019)

072002-5

[Phys. Rev. Lett. 122, 072002 (2019), arXiv:1810.04724]
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More results to come from existing and new
experiments

PADME: New fixed target experiment at Frascati. Took first
test data
Belle II: Just starting to take data. But well prepared for
analysis with experience from Belle and Babar.
NA64: preparing for muon beam as well
NA62

Analysing the statistics from 2016-2018 data taking
Beam Dump: has O(1016) POT to analyze
Beam Dump: O(1018) POT in 2021-2023 data taking
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PADME Prospects: A′ → invisible

[P.Valente, La Thuile 2019]
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BELLE II Prospects: A′ → invisible

19

Dark photon→ invisible, Belle 2 expected sensitivityDark photon→ invisible, Belle 2 expected sensitivity
 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/03/2019  Gianluca Inguglia

The Belle II Phyiscs book
arXiv:1808.10567
BaBar’s analysis
PRL.119.131804

Why does Belle II perform better than BaBar?
→ no ECL cracks pointing to the interaction regions

53 fb-1

[G.Inguglia, La Thuile 2019]
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BELLE II Prospects: ALP→ γγ

22

Axion Like Particles (ALPs) at Belle IIAxion Like Particles (ALPs) at Belle II
 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/03/2019  Gianluca Inguglia

● Three photons that add up to the beam energy + bump on di-photon mass.
● SM background: e+e- → γγ(γ), e+e-→e+e-(γ), and e+e-→scalar+γ(γ)

LEPb
eam

 d
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ts

astrophysics

JHEP 1712 (2017) 094

[G.Inguglia, La Thuile 2019]
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NA64 Prospects: A′ → invisible

at the CERN SPS [25, 26].

In the A′ models the interaction of dark photon with the leptons and quarks is given

by LA‘ = eεA‘
µJ

µ
SM . Here, JµSM is the electromagnetic current. So, we see that muons

and electrons interact with the dark photon universaly, with the same coupling constant.

Hence, similar to the reaction of Eq.(5), the dark photons will be also produced in the

reaction of Eq.(6) with the same experimental signature of the missing energy. For the A′
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Figure 2: The NA64e 90% C.L. current [20] and expected exclusion bounds obtained with

4.3×1010 EOT and 5 ·1012 EOT, respectively, in the (mA′ , ε) plane. The NA64µ projected

bounds calculated for nMOT = 5 · 1012 and 5 · 1013 are also shown.

mass region mA′ � me, the total cross section of the dark photon electroproduction eZ →

eZA‘ scales as σeA′ ∼ ε2e/m
2
A′ . On the other hand, for the dark photon masses, mA′ . mµ,

the similar µZ → µZA‘ cross section can be approximated in the bremsstrahlung-like

limit as σµA′ ∼ ε2µ/m
2
µ. Let us now compare expected sensitivities of the A′ searches with

NA64e and NA64µ experiments for the same number ' 5 × 1012 particles on target.

Assuming the same signal efficiency the number of A′ produced by the 100 GeV electron

and muon beam can approximated, respectively, as follows

N e
A′ ≈ nEOTL

eσeA′ , Nµ
A′ ≈ nMOTL

µσµA′ , (7)

8
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NA62 Prospects: Beam Dump A′ → e+e−, µ+µ−
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NA62 Prospects: Beam Dump HNL→ visible
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NA62 Prospects: Beam Dump DarkScalar→ visible
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NA62 Prospects: Beam Dump ALP→ γγ
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Summary

Several experiments (in addition to LHC) active in the field
Babar still publishing
NA62, NA64 with first results
New Experiments coming up: Belle II, PADME
NA62, NA62 will continue with increased statistics
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