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The dark sector

• Considerable interest in models with new particles and 
interactions at low masses that interact minimally with the 
Standard Model. Explain dark matter, possible other 
phenomena (e.g., muon g-2).  
  - various “portals”: dark photons, scalars, neutrinos.
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Limits on an invisibly decaying dark photon
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Non-LHC accelerator-based experiments

• Different experimental approaches, but common features 
enable searches for low-mass, weakly coupled new 
particles:  
  - low particle multiplicity; 
  - well defined initial state 
      - single electron, single meson, e+e- annihilation; 
  - good acceptance ⇒ sensitive to small missing 
masses. 

• Signatures: bumps in invariant mass or missing mass; 
displaced vertices. 
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Belle II 

• Located at the SuperKEKB e+e- collider in Japan. 
Operates at √s = 10.58 GeV (Y(4S)).  

• Collecting data since 2019. Luminosity goal is 50 ab-1 
(50x Belle), but only 0.2 ab-1 so far.  
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positron

electron

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 

Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 

Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals 

waveform sampling (energy, time, pulse-shape)

Vertex detectors (VXD): 
2 layer DEPFET pixel detectors (PXD) 

4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  

fast electronics

Magnet: 
1.5 T superconducting

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz

Belle
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Belle II: Search for an invisibly decaying Z′ 

• New vector boson Z′ with SM couplings  
only to μ, τ, νμ, and ντ. Could explain  
muon-related deviations from SM.   

• Signature: pair of muons with peak in missing mass 
distributions.  

• Backgrounds: e+e- → μ+μ-γ at low mass,  
e+e- → τ+τ-, with τ → μ ν ν̄ otherwise.     
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BaBar & CMS looked 
for Z′ → μ+μ-  

Phys. Rev. Lett. 124 (2020) 141801

missed
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observed events are consistent with 
expected tau pair background
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data from commissioning 
run only
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Belle II: Search for axion-like particles

• Pseudoscalar, with couplings to  
gauge bosons. Photons, in this case. 

• 3γ adding up to full center-of-mass energy; 
2 of which add up to axion-like-particle mass. Large 
background from e+e- → γγγ, but no 2γ peak. 
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M. Dolan et al, JHEP 12 (2017), 094

Phys. Rev. Lett. 125 (2020) 161806
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• Exclusion limits are complementary to those from 
NA64 (later)
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Belle II limits using 
1/10,000th of 
final data set
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NA64 — electron beam fixed target  
experiment

• Searches for new light particles produced in electron 
interactions in an active target.  

• 100 GeV or 150 GeV e- beam, CERN SPS; two detector 
configurations.  

• Earlier results include unique limits on dark photons: 
  - invisible decays  
  - decays to e+e-,  
      - relevant for ATOMKI anomaly (peak in e+e- 
spectrum in decays of 8Be* nuclei).
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PRL 123, 121801 (2019)

PRD 101, 071101R (2020)
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NA64: Search for axion-like particle (ALP)  
decaying to two photons

• 2.84 × 1011 100 GeV e- on target, 2016–2018. 
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Phys. Rev. Lett. 125, 081801 (2020)

“invisible mode” 
detector configuration

ALP produced in 
EM calorimeter 

γ

Z

γ

e−e− e−

γ

Z

γ

γ a a

γ

No signal in first 
hadronic calorimeter

ALP → γγ here 
OR 

decays beyond detector

• Expect <1 event from K0 decays to π0 in HCAL; no 
events seen. See earlier Belle II plot for limits. 
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NA64: Search for an axion-like particle  
decaying to e+e- 

• ATOMKI signal could also be due to an ALP with electron 
rather than photon couplings. Two approaches: 
  - reinterpret ALP → γγ data 
  - use “visible mode” detector configuration.
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• Limits approaching ATOMKI 
region. 

• Variety of improvements after LS2: 
  - 200 GeV beam to increase 
boost, so that dark photon decays 
occur beyond the target; 
  - thinner WCAL; 
  - dipole magnet to separate e+e- 
decay products; 
  - test running with muon beam.
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NA62

• Located in the CERN SPS; studies the ultra-rare decay 
, but good sensitivity to new particles 

produced in decays of kaons or pions. 
K+ → π+νν̄
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NA62: , invisible  
scalar/pseudoscalar

K+ → π+X X →

• Single π+ (just like ), but monoenergetic in K+ 
rest frame ⇒ peak in .  
  - largest background is .  
  - 2.7 × 1012 K+ in fiducial volume.

K+ → π+νν̄
m2

miss
K+ → π+νν̄
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NA62: ,  invisible, or 
           ,  invisible

K+ → π+π0 π0 →
K+ → π+X X →

• 2017 data; 4 × 109 π0  tagged using π+ momentum.  

• Excellent hermeticity: expect  events where the 
π0 decay is missed for  GeV/c; observe 12 
    ⇒ .

10+22
−8 π+π0

25 < pπ+ < 40
B(π0 → invisible) < 4.4 × 10−9

15

JHEP 02 (2021) 201
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NA62:  K+ → μ+ invisible

• 2016–2018 data set, prescaled trigger: 1.1 x 1010 K+.  
•                       

         
K+ → μ+νμ K+ → μ+N
K+ → μ+νμνν̄ K+ → μ+νμX

16

Phys. Lett. B 816 (2021) 136259
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BaBar

• Recorded 514 fb-1 of data 1999–2008 at the PEP-II e+e- 
collider. Mostly Υ(4S), also Υ(2S) and Υ(3S).  

• Still producing interesting and unique physics results. 
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BaBar: Search for a dark leptophilic scalar

• Dark scalar mixes with Higgs ⇒ couplings depend on 
mass. Suppress couplings to quarks to evade limits from 
flavour-changing neutral current processes B → K X. 
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BaBar preliminary: search for darkonium  
in e+e- collisions

• Dark Dirac fermion χ couples to dark photon 
A′. Sufficiently low mA′ and large enough  
coupling ⇒ χχ̄ bound states ηD and ΥD.    

 e+e− → γΥD, ΥD → A′ A′ A′ , A′ → e+e−, μ+μ−, π+π−

19

may or may not be reconstructed

direction of the recoiling particle to better than 0.1 rad.95

To improve the signal purity, we train three multivari-96

ate classifiers consisting of logistic regressions stacked on97

top of Random Forest (RF) classifiers [25]. The following98

13 variables are used as inputs to the RF: the �2 of the99

constrained fit to the ⌥D candidate; particle identifica-100

tion information of the six tracks; the maximum mass101

di↵erence between any pair of A0 candidates; the po-102

lar angle and the invariant mass of the particle recoiling103

against the reconstructed ⌥D candidate; a categorical fea-104

ture indicating whether the recoiling particle is emitted105

inside the calorimeter acceptance and if a corresponding106

ISR photon candidate is found; the sum of neutral energy107

deposited in the electromagnetic calorimeter, excluding108

the ISR photon candidate; the average of the three dark109

photon helicity angles [26]; the average of the angles be-110

tween pairs of dark photons in the ⌥D rest frame; the111

average of the dihedral angles between pairs of dark pho-112

tons; the average of the three helicity angles of the tracks113

produced in the A0 decays; the average of the dark pho-114

ton decay lengths, defined as the distances between the115

primary interaction point and the A0 decay vertices; and116

the maximum mass di↵erence between same-sign pairs.117

To improve the robustness of the predictions of the118

classifiers, we group the final states into three categories119

based on the number of pion pairs: zero (C0), one (C1),120

or two (C2) pion pairs. A classifier is trained for each cat-121

egory with a sample of simulated events for di↵erent ⌥D122

and A0 masses and a fraction of the optimization sam-123

ple to describe the background. The classifier outputs124

are then transformed into classifier scores using a logit125

function [27], with higher scores indicating greater prob-126

abilities of being signal events. The distribution of the127

classifier scores for each category are shown in Fig. 1. The128

optimal selection criteria are determined by maximizing129

a figure of merit averaged over a wide ranges of ⌥D and130

A0 masses. We adopt a conservative approach and treat131

observed events as signal candidates for the purposes of132

calculating the figure of merit. If multiple ⌥D candidates133

are selected in an event, a single one is chosen based on134

its final state according to the following sequence of hy-135

potheses: 6e, 4e2µ, 2e4µ, 6µ, 4e2⇡, 2e2µ2⇡, 4µ2⇡, 2e4⇡,136

2µ4⇡.137

A total of 69 events pass all the selection criteria. The138

corresponding (m⌥D ,mA0) distribution is shown in Fig. 2.139

The events near m⌥D ⇠ 0.1GeV and mA0 ⇠ 0.05GeV140

arise from e+e� ! ��� events in which all three photons141

convert to e+e� pairs.142

The signal is extracted by combining all event cate-143

gories into a single sample, and scanning the (m⌥D ,mA0)144

plane in steps of the signal resolution. The signal re-145

gion for a given mass hypothesis is defined as the interval146

[m⌥D � 4�m⌥D
;m⌥D + 4�m⌥D

] and [mA0 � 4�mA0 ;mA0 +147

4�mA0 ], where �m⌥D
(�mA0 ) denotes the corresponding148

⌥D (A0) mass resolution. The resolutions are determined149

by fitting the di↵erent signal Monte Carlo (MC) sam-150

FIG. 1: The distribution of the classifier scores for each event
category for the data (markers) and signal Monte Carlo (solid
lines) samples. The MC simulations are arbitrarily normal-
ized.
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FIG. 2: The (m⌥D ,mA0) distribution for events passing all
selection criteria for prompt dark photon decays.

ples with a Crystal Ball function [28] and interpolating 151

the results throughout the full mass range. The ⌥D (A0) 152

mass resolution varies between 5 � 40MeV (1 � 8MeV); 153

the detailed results are available in the Supplemental 154

Material [29]. The number of observed background 155

events is estimated by averaging two neighboring regions 156

along the m⌥D axis: [m⌥D � 8�m⌥D
;m⌥D � 4�m⌥D

] and 157

[m⌥D + 4�m⌥D
;m⌥D + 8�m⌥D

]. This choice is motivated 158

by the potential background contribution due to hadronic 159

resonances or photon conversions, which would be con- 160

centrated at similar values of dark photon masses. The 161

signal significance is assessed from MC samples, using 162

sideband data from the classifier score distribution to 163

model the (m⌥D ,mA0) distribution of the background. 164

The most significant measurement contains two events 165

in the signal window, corresponding to a p-value of 30%, 166

which is compatible with the null hypothesis. 167

In the absence of signal, we derive 90% confidence level 168

4

Signal peaks in both mA′ and mΥD 

0, 1, or 2 π+π-  

αD = 0.5
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BaBar preliminary

BaBar preliminary

Bertrand Echenard          - Pheno 2021  - May 2021         - p.11

Self-interacting dark matter

Search for darkonium
• Dark sector with a dark (anti-)fermion coupling to the dark photon 

• For sufficiently large values of the dark fermion-dark photon coupling constant αD, a 
dark fermion – anti-fermion pair could form a bound state → darkonium

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

• Can be produced via e+e- → A’ ηD, ηD → A’ A’ and e+e-→ γYD, YD → A’ A’ A’

Search for YD in e+e-→ γYD, YD → A’ A’ A’, A’ → X+X- (X=e,µ,π)

• Dark photon subsequently into pairs of leptons or hadrons

• Dark photon lifetime can be large for small values of the 
kinetic mixing ε and mass → prompt and displaced vertex 
analyses

H. An et al., PRL 116 (1026) 151801

An et al., PRL 116 (1026) 151801 



Summary

• Very active and wide-ranging program of searches for 
feebly interacting particles at non-LHC experiments. 
  - the nine papers I presented today are a subset of the 
results from the past year. 

• These experiments are sensitive to regions of parameter 
space that would explain dark matter or other SM 
anomalies. Many new results over the next few years.
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If you would like to talk during the upcoming coffee break: 
https://ubc.zoom.us/j/62966284139?pwd=Wjd5OWgxTkkvdlpTUlZLbkpiaUJXdz09 

Meeting ID: 629 6628 4139 
Passcode: 671914 


