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Dark sectors: high intensity and LHC experiments
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Landscape today / 1

• The Intensity frontier is a broad and diverse, yet connected, set of science opportunities: heavy 
quarks, charged leptons, hidden sectors, neutrinos, nucleons and atoms, proton decay, etc... 

• In this talk, I will concentrate on dark sectors and lepton flavour violation in τ. 
• Landscape: LHC results in brief: 

• Direct searches for NP by ATLAS and CMS have not been successful so far  
• Parameter space for popular BSM models is decreasing rapidly, but only < 5% of the 

complete HL-LHC data set has been delivered so far 
• NP discovery still may happen! 

• LHCb reported intriguing hints for the violation of lepton flavour universality 
• In b→cμν / b→cτν, and in b→se+e- / b→sμ+μ− decays  
• Clear evidence of BSM physics if substantiated with further studies (possibly by BELLE II)
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Landscape today / 3

• Therefore, from LHC hints, strong motivation to search for 
• Light Dark Matter (LDM) 

Portals to Hidden Sector (HS) (dark photons, dark scalars) 
Axion Like Particles (ALP) 
Heavy Neutral Leptons (HNL) 
LFV τ decays 

• Many theoretical models (portal models) predict new light particles which can be tested 
experimentally  
• SHiP Physics Paper: Rep.Progr.Phys.79(2016) 12420 – arXiv:1504.04855,  

SLAC Dark Sector Workshop 2016: Community Report – arXiv:1608.08632,  
Maryland Dark Sector Workshop 2017: Cosmic Visions – arXiv:1707.04591  

• Already active (and continuously growing) set of experiments at intensity 
frontier at CERN (NA62, NA64, and ~SHiP),in Japan (BELLE-2) and in US (LDMX, APEX, 
SeaQuest, MiniBoone, HPS, ...)
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Exploring the dark sector / 1

• In the dark sector: L = LSM + Lmediator +LHS 
• HS production and decay rates are strongly suppressed relative to SM 

Production branching ratios O(10-10) 
Long-lived objects 
Interact very weakly with matter 

• Experimental challenge is background suppression 
• Two strategies of searching for mediators at accelerators: 
• Decaying in the detector 

• Reconstruction of decay vertex 
• Not decaying in the detector 

• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM... 
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Exploring the dark sector / 2

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM...
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Exploring the dark sector / 3

• Decaying in the detector 
• Reconstruction of decay vertex 

• Not decaying in the detector 
• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM  
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Decaying dark sector candidates / 1

• Experimental requirements: 
• Particle beam with maximal intensity 
• Search for HS particles in Heavy Flavour decays 

• Charm (and beauty) cross-sections strongly dependent on  
the beam energy. 

• At CERN SPS:  
σ(pp→ssbar X)/σ(pp→X) ~ 0.15 
σ(pp→ccbar X)/σ(pp→X) ~ 2.0 x 10-3 
σ(pp→bbbar X)/σ(pp→X) ~ 1.6 x 10-7 

• HS produced in charm and beauty decays have significant pT 
• Detector must be placed close to the target to maximise geometrical acceptance.  

Effective (and “short”) muon shield is the key element to reduce muon-induced backgrounds 
• Long decay volume and large geometrical acceptance of the spectrometer are essential to 

maximise detection efficiency... 
!9
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –

Decaying dark sector candidates / 2

• Detector must be placed close to the target to maximise geometrical acceptance.  
Effective (and “short”) muon shield is the key element to reduce muon-induced backgrounds 

• Long decay volume and large geometrical acceptance of the spectrometer are essential to 
maximise detection efficiency  

!10
Target

p-beam

μ-shield HS vacuum vessel Spectrometer

µ
Ds

N

✓2µ⌫µ
N ⌫µ ⇡±

µ⌥✓2µ

Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
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SHiP Beam Dump Facility at SPS / CERN 

• Numbers: 
>1018 D,   
>1016 τ, 
>1020 γ  
for 2×1020 pot (in 5 years) 

• "Zero background" experiment 
Heavy target 
Muon shield  
Surrounding Veto detectors  
Timing and PID detectors, etc. 

• Multipurpose layout: near and far 
detector (new)

!11

~ 150 m long

arXiv:1504.04956 
arXiv:1504.04855

Search for decaying 
HS particles.  
Decay vertex in the 
decay volume

Search for HS (scattering on atoms) and ν physics. Specific 
event topology in emulsion. Background reducible to a 
manageable level

https://lphe-web.epfl.ch
https://arxiv.org/abs/1504.04956
https://arxiv.org/abs/1504.04855


Federico Leo Redi | École polytechnique fédérale de Lausanne |

NA62+

• NA62 currently collecting data at SPS to study kaon physics (K+→π+νν) 
• Will start exploring a part of SHiP physics programme in 2020 

• NA62+ will run in a beam dump mode at the beam intensity ~1e12 POT/sec on spill 
• ~1e18  POT/nominal year ∼80 days 
• while the large majority (∼85%) of the beam time will be dedicated to kaon physics 

• No muon shield and consequently high combinatorial muon background 
• But very precise detector may reach interesting sensitivity in exclusive decay channels

!12
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MATHUSLA experiment

Figure 1: MATHUSLA experiment (given from [1705.06327])

CMS (or ATLAS) experiment as source of weakly interacting particles
Decay area with total volume V ⇠ 20 m · 100 m · 100 m ' 2 · 105 m3

The rock as passive wall
Multi-layer tracker at the roof

MATHUSLA: the sensitivity to HNL March 16, 2018 2 / 9

MATHUSLA

• Large area, surface detector, above and displaced an LHC pp IP (either ATLAS or CMS) 
• Dedicated to detection of ultra long-lived particles 
• Decay area with total volume V ∼ 20 m·100 m·100 m ≃ 2x1e5 m3  

• The rock as passive wall + multi-layer tracker at the roof  
• N(B)SHiP ~ 6e13; N(B)MATHUSLA ~ 6e12 
• N(D)SHiP ~ 6e17; N(D)MATHUSLA ~ 5e14 
• pseudo-rapidity coverage must be 

carefully taken into account 
• Similarly must be performed for  

background estimation 
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[1705.06327] 

Thanks to: Kyrylo Bondarenko, 
Maksym Ovchynnikov, Alexey 

Boyarsky (Leiden) Oleg 
Ruchayskiy (NBI)  
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CODEX-b

• Complementary to other detectors

!14

[1708.0939] V. Gligorov, S. Knapen, M. Papucci, & D. Robinson

LHCb Cavern
Pre-Run 3 (2020): Data AcQuistion will be moved to surface

x

'

SM

SM

CODEX-b box

UXA shield

shield veto

IP8Pb shield

DELPHI

General strategy: Look for decays-in-flight of LLPs from IP8

Dean Robinson dean.robinson@uc.edu CODEX-b 5 | 19

b æ sÏ: Higgs-scalar mixing
Single parameter portal: Higgs-scalar mixing angle, ◊,
controls production rate and lifetime
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• Large theory uncertainties for mÏ & 1 GeV! (cf. Evans 1708.08503)
• Blue dashed includes tracking sim; dot-dashed for L = 1/ab
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Neutrino portal / kinematic

• HNL can be produced in decays of heavy flavours to  
ordinary neutrinos through kinetic mixing, ~ U2 

• Then HNL decay again to SM particles through mixing (~U2)  
with a SM neutrino. This (now massive) neutrino can decay  
to a large amount of final states:

!15
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Neutrino portal / sensitivities

• M(HNL)< M(b):  
LHCb, Belle2 
• SHiP will have much better sensitivity 

• M(b)<M(HNL)<M(Z):  
FCC in e+e- mode 
• (improvements are also expected from 

ATLAS / CMS)  
• M(HNL)>M(Z): 

Prerogative of ATLAS/CMS @ HL LHC  
• SHiP sensitivity covers large area of 

parameter space below B mass moving 
down towards ultimate see-saw limit

!16

PBC BSM physics group
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Scalar portal / sensitivities

• Dark Scalar particles can couple to the Higgs in FCNC 
transition in K and B decays: 

• Issue with simulation: 
• Scalar has been implemented in full simulation but 

uncertainty on hadronic BR(𝑆→𝜋 𝜋 ,𝐾𝐾)  
• Lowest order calculation used in many works Difference 

may be a factor 50x

PBC BSM physics group
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Vector portal / sensitivities

• Production 
• Mesons decay, e.g. π0→γ V(~ε2) 
• p bremsstrahlung on target nuclei, 

pp→ppV 
• largest MV  in direct QCD production but 

large theoretical uncertainties. 
• Decay 

• into a pair of SM particles:  e+e-, μ+μ−, 
π+π+, KK, ηη, ττ, DD, … 

• EM showers are not taken into account as 
source of DP 

• LHCb also has leading role... 
• At low m(A'), more coming in the next slides 

from NA64...

!18

PBC BSM physics group

Decay before  
reaching detector 
N ~ exp(-𝛜2 m2/p)

Kinematic limit

Lifetime too large: 
N≈ (𝛜)4
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Vector portal / sensitivities
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PBC BSM physics group

Decay before  
reaching detector 
N ~ exp(-𝛜2 m2/p)

Kinematic limit

Lifetime too large: 
N≈ (𝛜)4

Future Dark Photon Searches
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LHCb Run 3 (di-muon)
Phys. Rev. Lett. 116 (2016)

LHCb Run 3 (di-electron)
Phys. Rev. D 92 (2015)

expected
LHCb 2016 (di-muon)?

Ilten Dark Photons at LHCb May 12, 2017 24 / 27

Philip Ilten  MIT

• Production 
• Mesons decay, e.g. π0→γ V(~ε2) 
• p bremsstrahlung on target nuclei, 

pp→ppV 
• largest MV  in direct QCD production but 

large theoretical uncertainties. 
• Decay 

• into a pair of SM particles:  e+e-, μ+μ−, 
π+π+, KK, ηη, ττ, DD, … 

• EM showers are not taken into account as 
source of DP 

• LHCb also has leading role... 
• At low m(A'), more coming in the next slides 

from NA64
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• 47 researchers from 12 Institutes (Swiss participation 15%, ETHZ), proposed in 2014, first test beam in 2015 
(2 weeks). Proposal (P348) was approved by CERN SPSC in March 2016 → NA64. In 2016 two runs of 2 and 
3 weeks. In 2017 one run of 4 weeks. For 2018, 6 weeks are foreseen (~ 4e10 EOT/week) 

• Key features  
• SPS 100 GeV electron beam  
• Magnetic spectrometer (trackers (ETHZ) + bending dipole)→momentum reconstruction of primary particle    
• Synchrotron radiation detector (ETHZ) → primary electron identification  
• Electromagnetic calorimeter (active beam dump) 
• Hadronic calorimeter (hermeticity) !20

Not decaying dark sector candidates / NA64 / 1

~ 30 m long

E. Depero (ETHZ) et al., NIMA866 (2017) 196-201 (Synchrotron radiation detector)  

D. Banerjee (ETHZ) et al., NIMA881 (2018) 72-81  (Multiplexed micromegas tracker) 
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Not decaying dark sector candidates / NA64 / 2

• Dark photon production and decay: through kinetic 
mixing of a Bremsstrahlung photon in the ECAL 

• The Dark photon would escape then the setup 
undetected through a new vector boson (dark 
photon) A’  

• Dark Photon signature: 
Tagged 100 GeV electron  
Missing energy in the ECAL (threshold<50 GeV)  
no activity in VETO and HCAL  

• Similar idea exploited by LDMX at SLAC 
• Deep highly segmented CALO rejects events  

with visible particles

!21

3

large missing energy, carried away by the energetic A
0

produced in the interactions of high-energy electrons in
the active beam dump target, see also [17]. The advan-
tage of this type of experiments is that their sensitivity is
proportional to the mixing strength squared, ✏2, associ-
ated with the A

0 production in the primary reaction and
its subsequent prompt invisible decay, while in the former
case it is proportional to ✏

4
↵D, with ✏

2 associated with
the A

0 production in the beam dump and ✏
2
↵D coming

from the � particle interactions in the detector.

In this work we report new results on the search for the
A

0 and light DM in the fixed-target experiment NA64 at
the CERN SPS. The experimental signature of events
from the A

0 ! invisible decays is clean and they can
be selected with small background due to the excellent
capability of NA64 for the precise identification and mea-
surements of the initial electron state.

The rest of the paper is organised as follows. Section
II outlines the method of search and theoretical setup for
the A

0 production in an electron- nuclei scattering, and
the signal simulation. Here, we mainly focus on the ex-
perimental signature of the A0 ! invisible decays and A

0

production rate. We also attempt to provide an estimate
of the experimental uncertainties associated with the A

0

cross sections calculation required for the sensitivity es-
timate. We revisit here the calculations of Refs.[37–39]
and clarify the apparent disagreements in the numerical
factors in the cross sections for the A

0 production in the
Weizsäcker-Williams framework and exact computations
at tree level. We also discuss additional experimental in-
puts that would be useful to improve the reliability of the
calculated sensitivity of the NA64 experiment. The H4
beam line and experimental set-up is presented in Sec.
III, followed by a description of the event reconstruction
and analysis in Sec. IV. The results on the benchmark
process of dimuon production are presented in Sec.V. In
Sec. VI and VII the signal e�ciency and background
sources are discussed. The final results on the searches
for invisible decays of dark photons and light thermal
DM are reported in Sec. VIII and IX, respectively. We
present our conclusions in Sec. X.

II. METHOD OF SEARCH AND THE A0

PRODUCTION

As follows from the Lagrangian (1)), any source of pho-
tons will produce all kinematically possible massive A

0

states according to the appropriate mixing strength. If
the coupling strength ↵D and A

0 masses are as discussed
above, the A

0 will decay predominantly invisibly.

The method of the search for the A0 ! invisible decay
is as follows [37, 38]. If the A

0 exists it could be pro-
duced via the kinetic mixing with bremsstrahlung pho-
tons in the reaction of high-energy electrons absorbed in
an active beam dump (target) followed by the prompt
A

0 ! invisible decay into DM particles in a hermetic

e− A’

γ

Z

e− Dark 
Sector 

FIG. 1: Diagram contributing to the A0 production in the
reaction e�Z ! e�ZA0, A0 ! dark sector. The produced A0

decays invisibly into dark sector particles.

detector:

e
�
Z ! e

�
ZA

0; A
0 ! ��, (7)

see Fig.1. A fraction f of the primary beam energy
EA0 = fE0 is carried away by � particles, which pen-
etrate the target and detector without interactions re-
sulting in zero-energy deposition. The remaining part
of the beam energy Ee = (1 � f)E0 is deposited in the
target by the scattered electron. The occurrence of the
A

0 production via the reaction (7) would appear as an
excess of events with a signature of a single isolated elec-
tromagnetic (e-m) shower in the dump with energy Ee

accompanied by a missing energy Emiss = EA0 = E0�Ee

above those expected from backgrounds. Here we as-
sume that in order to give a missing energy signature the
�s have to traverse the detector without decaying visi-
bly. No other assumptions are made on the nature of
the A

0 ! invisible decay . In previous work [31, 39],
the di↵erential cross-section A

0-production from reaction
(1) was calculated with the Weizsäcker-Williams (WW)
approximation, see [40, 41]. The cross-sections were im-
plemented a Geant4 [42, 43] based simulations, and the
total number nA0 of the produced A

0 per single electron
on target (EOT), depends in particular on ✏, mA0 , E0

and was calculated as

nA0(✏, mA0 , E0) =
⇢NA

APb

X

i

n(E0, Ee, s)�
A0

WW (Ee)�si

(8)
where ⇢ is density of Pb target, NA is the Avogadro’s
number, APb is the Pb atomic mass, n(E0, Ee, s) is the
number of e± with the energy Ee in the e-m shower at
the depth s (in radiation lengths) within the target of
total thickness T , and �(Ee) is the cross section of the
A

0 production in the kinematically allowed region up to
EA0 ' Ee by an electron with the energy Ee in the el-
ementary reaction (7). The energy distribution �nA0

�EA0
of

the A
0s was calculated by taking into account that the

di↵erential cross-section d�(Ee,EA0 )
dEA0

is sharply peaked at

EA0/Ee ' 1 [40], as shown in Fig.2.
The numerical summation in Eq. (8) was performed

with the detailed simulation of e-m showers done by
Geant4 over the missing energy spectrum in the target,
see Fig.3. According to the simplified WW approxima-
tion [40] the e

�
N scattering total rate can be written

!21

https://lphe-web.epfl.ch


| Federico Leo Redi | École polytechnique fédérale de Lausanne�22

Not decaying dark sector candidates / NA64 / 3

and estimating background levels, we examined the events
in the signal box and found no candidates, as shown in
Fig. 2. The conclusion that the background is small is
confirmed by the data.
The mA0-dependent upper limit on the mixing ϵ is

calculated as follows. For a given number nEOT and the
mass mA0 , the number of signal events NA0 expected from
the reaction (1) in the signal box is given by

NA0 ¼ nEOTnA0ðϵ; mA0 ;ΔEA0ÞϵA0ðmA0 ;ΔEA0Þ; ð2Þ

wherenA0ðϵ; mA0 ;ΔEA0Þ is the yield of A0s with the coupling
ϵ, mass mA0 , and energy in the range ΔEA0 , 0.5E0 <
EA0 < E0, per EM shower generated by a single
100 GeV electron in the ECAL [55]. These events corre-
spond to the missing energy 0.5E0 < Emiss < E0. The
overall signal efficiency ϵA0 is slightly mA0, EA0 dependent
and is given by the product of efficiencies accounting for
the NA64 geometrical acceptance (0.97), the analysis
efficiency (≃0.8), veto V2 (0.96), and HCAL signal
efficiency (0.94) and the acceptance loss due to pileup
(≃8% for BGO and ≃7% for PbSc runs). The number of
collected nEOT ¼ 2.75 × 109 EOT was obtained from the
recorded number of reference events from the EM e−Z
interactions in the target by taking into account the trigger
suppression factor (≳102) and dead time (0.93). The e−

beam loss due to interactions with the beam line materials
was found to be small. The trigger (SRD) efficiency
obtained by using unbiased random samples of events that
bypass selection criteria was found to be 0.95 (0.97) with a
small uncertainty 2% (2%). The A0 acceptance was evalu-
ated by taking into account the selection efficiency for
the lateral and longitudinal shape of EM showers in the
ECAL from signal events [55]. The A0 yield calculated as
described in Ref. [55] was cross-checked with calculations
of Ref. [56]. The ≃10% discrepancy between these two
calculations was accounted for as systematic uncertainty in
nA0ðϵ; mA0 ;ΔEA0Þ due to a possible difference in treatment
of the EM shower development. To estimate additional
uncertainty in the A0 yield prediction, the cross-check
between a clean sample of ≃5 × 103 observed and MC
predicted μþ μ− events with EECAL ≲ 60 GeV was made,
resulting in ≃15% difference in the dimuon yield. The
number of A0 and dimuon events are both proportional to
the square of the Pb nuclear form factor Fðq2Þ and are
sensitive to its shape. As the mass ðmA0 ≃mμÞ and q2ðq≃
m2

A0=EA0 ≃m2
μ=EμÞ ranges for both reactions are similar,

the observed difference can be interpreted as due to the
accuracy of the dimuon yield calculation for heavy nuclei
and, thus, can be conservatively accounted for as additional
systematic uncertainty in nA0ðϵ; mA0 ;ΔEA0Þ. The V2 and
HCAL signal efficiency was defined as a fraction of events
below the corresponding zero-energy thresholds. The shape
of the energy distributions in these detectors from the leak
of the signal shower energy in the ECAL was simulated for

different A0 masses [55] and cross-checked with measure-
ments at the e− beam. The uncertainty in the V2and HCAL
efficiency for the signal events, dominated mostly by the
pile-up effect from penetrating hadrons in the high intensity
PbSc run, was estimated to be ≃3%. Finally, the dominant
source of systematic uncertainties on the expected number
of signal events comes from the uncertainty in the estimate
of the yield nA0ðϵ; mA0 ;ΔEA0Þ (19%). The overall signal
efficiency ϵA0 varied from 0.69 % 0.09 to 0.55 % 0.07
decreasing for the higher A0 masses.
In accordance with the CLs method [57], for zero

observed events the 90% C.L. upper limit for the number
of signal events isN90%

A0 ðmA0Þ ¼ 2.3. Taking this and Eq. (2)
into account and using the relation NA0ðmA0Þ < N90%

A0 ðmA0Þ
results in the 90% C.L. exclusion area in the (mA0 ; ϵ) plane
shown in Fig. 3. These results exclude the invisible A0 as an
explanation of the muon gμ −2anomaly for the masses
mA0 ≲ 100 MeV. The further improvement in sensitivity
on ϵ for the background-free case scales as 1=

ffiffiffiffiffiffiffiffiffiffi
nEOT

p
.

Moreover, the results obtained also allow us to restrict other
models with light scalars interacting with electrons and
decaying predominantly to invisible modes.
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FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ϵ)
plane. Constraints from the BABAR [48,56], and E787 þ E949
experiments [47,58], as well as the muon αμ favored area are also
shown. Here, αμ ¼ ðgμ −2Þ=2. For more limits obtained from
indirect searches and planned measurements see, e.g., Ref. [5].

PRL 118, 011802 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

6 JANUARY 2017

011802-5

module was ≃40 radiation lengths. Downstream of the
ECAL the detector was equipped with a high-efficiency
veto counter V2, and a massive, hermetic hadronic
calorimeter (HCAL) of ≃30 nuclear interaction lengths.
The HCAL served as an efficient veto to detect muons
or hadronic secondaries produced in the e−A interactions
in the target. The HCAL energy resolution was
δEHCAL=EHCAL ≃ 0.6=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
EHCAL

p
. Four muon plane coun-

ters, MU1-MU4, located between the HCAL modules were
used for the muon identification in the final state. The
events were collected with the hardware trigger requiring
an in-time cluster in the ECAL with the energy
EECAL ≲ 80 GeV. The results reported here came mostly
from a set of data in which nEOT ¼ 1.88 × 109 of electrons
on target (EOT) were collected with the beam intensity
≃1.4 × 106 e− per spill with the PbSc calorimeter. A
smaller sample of nEOT ¼ 0.87 × 109 and an intensity Ie ¼
0.3 × 106 e− was also recorded with the BGO detector.
Data of these two runs (hereafter called the BGO and PbSc
run) were analyzed with similar selection criteria and
finally summed up, taking into account the corresponding
normalization factors.
In order to avoid biases in the determination of selection

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy in the range 50 < Emiss < 100 GeV, which was
selected based on the calculations of the energy spectrum of
A0s emitted in the reaction (1) by e" from the EM shower
generated by the beam e−s in the target [55]. The HCAL
zero-energy threshold was selected to be EHCAL ¼ 1 GeV,
and was determined mostly by the noise of the read-out
electronics. Events from a signal box (EECAL < 50 GeV;
EHCAL < 1 GeV) were excluded from the analysis of the
data until the validity of the background estimate in this

region was established. For the selection criteria optimi-
zation, 10% of the data were used, while the full sample
was used for the background estimate. The number of
signal candidate events were counted after unblinding. A
detailed GEANT4 based Monte Carlo (MC) simulation was
used to study the detector performance and acceptance, to
simulate background sources, and to select cuts and
estimate the reconstruction efficiency.
The left panel in Fig. 2 shows the distribution of

≃5 × 104 events from the reaction e−Z → anything in the
(EECAL;EHCAL) planemeasuredwith 2.75 × 109 EOT.Here,
EHCAL is the sum of the energy deposited in the first two
HCAL modules. Only the presence of a beam e− identified
with the SR tagwas required. Events from the area I in Fig. 2
originate from the QED dimuon production, dominated by
the reaction e−Z → e−Zγ; γ → μþμ− of the muon pair
photoproduction by a hard bremsstrahlung photon conver-
sion on a target nucleus and characterized by the energy of
≃10 GeV deposited by the dimuon pair in the HCAL. This
rare process was used as a benchmark allowing us to verify
the reliability of the MC simulation, estimate the signal
reconstruction efficiency, and cross-check systematic uncer-
tainties. The dimuon productionwas also used as a reference
for the background prediction. The region II shows the SM
events from the hadron electroproduction in the target which
satisfy the energy conservation EECAL þ EHCAL ≃
100 GeV within the energy resolution of the detectors.
The leak of these events to the signal box due to the energy
resolution was found to be negligible. The events from
region III, whose fraction is a few 10−2, are mostly due to
pileup of e− and beam hadrons.
The candidate events were selected with the criteria

chosen to maximize the acceptance for MC signal events
and to minimize the numbers of background events,
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FIG. 2. The left panel shows the measured distribution of events in the (EECAL; EHCAL) plane from the combined BGO and PbSc run
data at the earlier phase of the analysis. Another plot shows the same distribution after applying all selection criteria. The dashed area is
the signal box region which is open. The side bands A and C are the ones used for the background estimate inside the signal box. For
illustration purposes the size of the signal box along the EHCAL axis is increased by a factor of 5.
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• 2016 beam time (2 weeks in July 2016 !):  
• 2.75 x 1e9 electrons on target with beam intensity of 1.4 x 

1e6 e- / 4.8 s spill with a 1.5 cm (FWHM) diameter beam  
(Compared to LDMX: Multi GeV ultra low (1-5/bunch) e- 
beam 1-200 MHz bunch spacing) 

• No event observed in the signal region: 
• exclusion of most of the g-2 muon favoured region 

• Signal region: EECAL< 50 GeV and EHCAL< 1 GeV  
• Neat result in PRL:  

NA64 collaboration, Phys. Rev. Lett. 118, 011802 (2017) 
(now g-2 fully excluded by BaBar) 

• And prospects... down to the relic
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• No event observed in the signal region: 
• exclusion of most of the g-2 muon favoured region 

• Signal region: EECAL< 50 GeV and EHCAL< 1 GeV  
• Neat result in PRL:  

NA64 collaboration, Phys. Rev. Lett. 118, 011802 (2017) 
(now g-2 fully excluded by BaBar) 

• And prospects... down to the relic

and estimating background levels, we examined the events
in the signal box and found no candidates, as shown in
Fig. 2. The conclusion that the background is small is
confirmed by the data.
The mA0-dependent upper limit on the mixing ϵ is

calculated as follows. For a given number nEOT and the
mass mA0 , the number of signal events NA0 expected from
the reaction (1) in the signal box is given by

NA0 ¼ nEOTnA0ðϵ; mA0 ;ΔEA0ÞϵA0ðmA0 ;ΔEA0Þ; ð2Þ

wherenA0ðϵ; mA0 ;ΔEA0Þ is the yield of A0s with the coupling
ϵ, mass mA0 , and energy in the range ΔEA0 , 0.5E0 <
EA0 < E0, per EM shower generated by a single
100 GeV electron in the ECAL [55]. These events corre-
spond to the missing energy 0.5E0 < Emiss < E0. The
overall signal efficiency ϵA0 is slightly mA0, EA0 dependent
and is given by the product of efficiencies accounting for
the NA64 geometrical acceptance (0.97), the analysis
efficiency (≃0.8), veto V2 (0.96), and HCAL signal
efficiency (0.94) and the acceptance loss due to pileup
(≃8% for BGO and ≃7% for PbSc runs). The number of
collected nEOT ¼ 2.75 × 109 EOT was obtained from the
recorded number of reference events from the EM e−Z
interactions in the target by taking into account the trigger
suppression factor (≳102) and dead time (0.93). The e−

beam loss due to interactions with the beam line materials
was found to be small. The trigger (SRD) efficiency
obtained by using unbiased random samples of events that
bypass selection criteria was found to be 0.95 (0.97) with a
small uncertainty 2% (2%). The A0 acceptance was evalu-
ated by taking into account the selection efficiency for
the lateral and longitudinal shape of EM showers in the
ECAL from signal events [55]. The A0 yield calculated as
described in Ref. [55] was cross-checked with calculations
of Ref. [56]. The ≃10% discrepancy between these two
calculations was accounted for as systematic uncertainty in
nA0ðϵ; mA0 ;ΔEA0Þ due to a possible difference in treatment
of the EM shower development. To estimate additional
uncertainty in the A0 yield prediction, the cross-check
between a clean sample of ≃5 × 103 observed and MC
predicted μþ μ− events with EECAL ≲ 60 GeV was made,
resulting in ≃15% difference in the dimuon yield. The
number of A0 and dimuon events are both proportional to
the square of the Pb nuclear form factor Fðq2Þ and are
sensitive to its shape. As the mass ðmA0 ≃mμÞ and q2ðq≃
m2

A0=EA0 ≃m2
μ=EμÞ ranges for both reactions are similar,

the observed difference can be interpreted as due to the
accuracy of the dimuon yield calculation for heavy nuclei
and, thus, can be conservatively accounted for as additional
systematic uncertainty in nA0ðϵ; mA0 ;ΔEA0Þ. The V2 and
HCAL signal efficiency was defined as a fraction of events
below the corresponding zero-energy thresholds. The shape
of the energy distributions in these detectors from the leak
of the signal shower energy in the ECAL was simulated for

different A0 masses [55] and cross-checked with measure-
ments at the e− beam. The uncertainty in the V2and HCAL
efficiency for the signal events, dominated mostly by the
pile-up effect from penetrating hadrons in the high intensity
PbSc run, was estimated to be ≃3%. Finally, the dominant
source of systematic uncertainties on the expected number
of signal events comes from the uncertainty in the estimate
of the yield nA0ðϵ; mA0 ;ΔEA0Þ (19%). The overall signal
efficiency ϵA0 varied from 0.69 % 0.09 to 0.55 % 0.07
decreasing for the higher A0 masses.
In accordance with the CLs method [57], for zero

observed events the 90% C.L. upper limit for the number
of signal events isN90%

A0 ðmA0Þ ¼ 2.3. Taking this and Eq. (2)
into account and using the relation NA0ðmA0Þ < N90%

A0 ðmA0Þ
results in the 90% C.L. exclusion area in the (mA0 ; ϵ) plane
shown in Fig. 3. These results exclude the invisible A0 as an
explanation of the muon gμ −2anomaly for the masses
mA0 ≲ 100 MeV. The further improvement in sensitivity
on ϵ for the background-free case scales as 1=

ffiffiffiffiffiffiffiffiffiffi
nEOT

p
.

Moreover, the results obtained also allow us to restrict other
models with light scalars interacting with electrons and
decaying predominantly to invisible modes.
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FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ϵ)
plane. Constraints from the BABAR [48,56], and E787 þ E949
experiments [47,58], as well as the muon αμ favored area are also
shown. Here, αμ ¼ ðgμ −2Þ=2. For more limits obtained from
indirect searches and planned measurements see, e.g., Ref. [5].
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module was ≃40 radiation lengths. Downstream of the
ECAL the detector was equipped with a high-efficiency
veto counter V2, and a massive, hermetic hadronic
calorimeter (HCAL) of ≃30 nuclear interaction lengths.
The HCAL served as an efficient veto to detect muons
or hadronic secondaries produced in the e−A interactions
in the target. The HCAL energy resolution was
δEHCAL=EHCAL ≃ 0.6=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
EHCAL

p
. Four muon plane coun-

ters, MU1-MU4, located between the HCAL modules were
used for the muon identification in the final state. The
events were collected with the hardware trigger requiring
an in-time cluster in the ECAL with the energy
EECAL ≲ 80 GeV. The results reported here came mostly
from a set of data in which nEOT ¼ 1.88 × 109 of electrons
on target (EOT) were collected with the beam intensity
≃1.4 × 106 e− per spill with the PbSc calorimeter. A
smaller sample of nEOT ¼ 0.87 × 109 and an intensity Ie ¼
0.3 × 106 e− was also recorded with the BGO detector.
Data of these two runs (hereafter called the BGO and PbSc
run) were analyzed with similar selection criteria and
finally summed up, taking into account the corresponding
normalization factors.
In order to avoid biases in the determination of selection

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy in the range 50 < Emiss < 100 GeV, which was
selected based on the calculations of the energy spectrum of
A0s emitted in the reaction (1) by e" from the EM shower
generated by the beam e−s in the target [55]. The HCAL
zero-energy threshold was selected to be EHCAL ¼ 1 GeV,
and was determined mostly by the noise of the read-out
electronics. Events from a signal box (EECAL < 50 GeV;
EHCAL < 1 GeV) were excluded from the analysis of the
data until the validity of the background estimate in this

region was established. For the selection criteria optimi-
zation, 10% of the data were used, while the full sample
was used for the background estimate. The number of
signal candidate events were counted after unblinding. A
detailed GEANT4 based Monte Carlo (MC) simulation was
used to study the detector performance and acceptance, to
simulate background sources, and to select cuts and
estimate the reconstruction efficiency.
The left panel in Fig. 2 shows the distribution of

≃5 × 104 events from the reaction e−Z → anything in the
(EECAL;EHCAL) planemeasuredwith 2.75 × 109 EOT.Here,
EHCAL is the sum of the energy deposited in the first two
HCAL modules. Only the presence of a beam e− identified
with the SR tagwas required. Events from the area I in Fig. 2
originate from the QED dimuon production, dominated by
the reaction e−Z → e−Zγ; γ → μþμ− of the muon pair
photoproduction by a hard bremsstrahlung photon conver-
sion on a target nucleus and characterized by the energy of
≃10 GeV deposited by the dimuon pair in the HCAL. This
rare process was used as a benchmark allowing us to verify
the reliability of the MC simulation, estimate the signal
reconstruction efficiency, and cross-check systematic uncer-
tainties. The dimuon productionwas also used as a reference
for the background prediction. The region II shows the SM
events from the hadron electroproduction in the target which
satisfy the energy conservation EECAL þ EHCAL ≃
100 GeV within the energy resolution of the detectors.
The leak of these events to the signal box due to the energy
resolution was found to be negligible. The events from
region III, whose fraction is a few 10−2, are mostly due to
pileup of e− and beam hadrons.
The candidate events were selected with the criteria

chosen to maximize the acceptance for MC signal events
and to minimize the numbers of background events,
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FIG. 2. The left panel shows the measured distribution of events in the (EECAL; EHCAL) plane from the combined BGO and PbSc run
data at the earlier phase of the analysis. Another plot shows the same distribution after applying all selection criteria. The dashed area is
the signal box region which is open. The side bands A and C are the ones used for the background estimate inside the signal box. For
illustration purposes the size of the signal box along the EHCAL axis is increased by a factor of 5.
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NA64 - obtained limits and expected sensitivity 

Paolo Crivelli

2016 October Run (3 weeks): Good performance at 5x106  e-/spill, 4x1010 eot collected. 

Data analysis in progress. Short (1 day) test of visible mode. 

2017 September run (5 weeks): Test upgrades of subdetectors for more efficient operation at

 high intensity, better e- ID, improved tracker.

- Goal: collect: >1011 eot for invisible mode (3 weeks)

- Switch to visible mode to collect few 1010 eot (1 week) → confront 8Be decay anomaly which 

could be explained by 17 MeV gauge boson.
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NA64 / Bonus [arXiv:1803.07748]

• NA64 also capable of direct searches of dark sector 
candidates. 

• Letter submitted, first results from the NA64 experiment 
specifically designed for a direct search of the e+e- decays 
of new short-lived particles at the CERN SPS in the sub-GeV 
mass range. 

• The reaction is 
• 2.4×1e10 EOT and 3×1e10 EOT were collected with two 

different targets. 
• Anomalous bump in                        could be a DP candidate 

(emission of a light neutral vector boson, then decaying into 
an e+e− pair) 

• First world limits on its coupling to electrons!

3

large missing energy, carried away by the energetic A
0

produced in the interactions of high-energy electrons in
the active beam dump target, see also [17]. The advan-
tage of this type of experiments is that their sensitivity is
proportional to the mixing strength squared, ✏2, associ-
ated with the A

0 production in the primary reaction and
its subsequent prompt invisible decay, while in the former
case it is proportional to ✏

4
↵D, with ✏

2 associated with
the A

0 production in the beam dump and ✏
2
↵D coming

from the � particle interactions in the detector.

In this work we report new results on the search for the
A

0 and light DM in the fixed-target experiment NA64 at
the CERN SPS. The experimental signature of events
from the A

0 ! invisible decays is clean and they can
be selected with small background due to the excellent
capability of NA64 for the precise identification and mea-
surements of the initial electron state.

The rest of the paper is organised as follows. Section
II outlines the method of search and theoretical setup for
the A

0 production in an electron- nuclei scattering, and
the signal simulation. Here, we mainly focus on the ex-
perimental signature of the A0 ! invisible decays and A

0

production rate. We also attempt to provide an estimate
of the experimental uncertainties associated with the A

0

cross sections calculation required for the sensitivity es-
timate. We revisit here the calculations of Refs.[37–39]
and clarify the apparent disagreements in the numerical
factors in the cross sections for the A

0 production in the
Weizsäcker-Williams framework and exact computations
at tree level. We also discuss additional experimental in-
puts that would be useful to improve the reliability of the
calculated sensitivity of the NA64 experiment. The H4
beam line and experimental set-up is presented in Sec.
III, followed by a description of the event reconstruction
and analysis in Sec. IV. The results on the benchmark
process of dimuon production are presented in Sec.V. In
Sec. VI and VII the signal e�ciency and background
sources are discussed. The final results on the searches
for invisible decays of dark photons and light thermal
DM are reported in Sec. VIII and IX, respectively. We
present our conclusions in Sec. X.

II. METHOD OF SEARCH AND THE A0

PRODUCTION

As follows from the Lagrangian (1)), any source of pho-
tons will produce all kinematically possible massive A

0

states according to the appropriate mixing strength. If
the coupling strength ↵D and A

0 masses are as discussed
above, the A

0 will decay predominantly invisibly.

The method of the search for the A0 ! invisible decay
is as follows [37, 38]. If the A

0 exists it could be pro-
duced via the kinetic mixing with bremsstrahlung pho-
tons in the reaction of high-energy electrons absorbed in
an active beam dump (target) followed by the prompt
A

0 ! invisible decay into DM particles in a hermetic

e− A’

γ

Z

e− Dark 
Sector 

FIG. 1: Diagram contributing to the A0 production in the
reaction e�Z ! e�ZA0, A0 ! dark sector. The produced A0

decays invisibly into dark sector particles.

detector:

e
�
Z ! e

�
ZA

0; A
0 ! ��, (7)

see Fig.1. A fraction f of the primary beam energy
EA0 = fE0 is carried away by � particles, which pen-
etrate the target and detector without interactions re-
sulting in zero-energy deposition. The remaining part
of the beam energy Ee = (1 � f)E0 is deposited in the
target by the scattered electron. The occurrence of the
A

0 production via the reaction (7) would appear as an
excess of events with a signature of a single isolated elec-
tromagnetic (e-m) shower in the dump with energy Ee

accompanied by a missing energy Emiss = EA0 = E0�Ee

above those expected from backgrounds. Here we as-
sume that in order to give a missing energy signature the
�s have to traverse the detector without decaying visi-
bly. No other assumptions are made on the nature of
the A

0 ! invisible decay . In previous work [31, 39],
the di↵erential cross-section A

0-production from reaction
(1) was calculated with the Weizsäcker-Williams (WW)
approximation, see [40, 41]. The cross-sections were im-
plemented a Geant4 [42, 43] based simulations, and the
total number nA0 of the produced A

0 per single electron
on target (EOT), depends in particular on ✏, mA0 , E0

and was calculated as

nA0(✏, mA0 , E0) =
⇢NA

APb

X

i

n(E0, Ee, s)�
A0

WW (Ee)�si

(8)
where ⇢ is density of Pb target, NA is the Avogadro’s
number, APb is the Pb atomic mass, n(E0, Ee, s) is the
number of e± with the energy Ee in the e-m shower at
the depth s (in radiation lengths) within the target of
total thickness T , and �(Ee) is the cross section of the
A

0 production in the kinematically allowed region up to
EA0 ' Ee by an electron with the energy Ee in the el-
ementary reaction (7). The energy distribution �nA0

�EA0
of

the A
0s was calculated by taking into account that the

di↵erential cross-section d�(Ee,EA0 )
dEA0

is sharply peaked at

EA0/Ee ' 1 [40], as shown in Fig.2.
The numerical summation in Eq. (8) was performed

with the detailed simulation of e-m showers done by
Geant4 over the missing energy spectrum in the target,
see Fig.3. According to the simplified WW approxima-
tion [40] the e

�
N scattering total rate can be written

e-
e+

2

FIG. 1: Schematic illustration of the setup to search for A0, X ! e+e� decays of the bremsstrahlung A0, X produced in the
reaction eZ ! eZA0(X) of 100 GeV e� incident on the active WCAL target.

ter space region favored by the gµ�2 anomaly. However,
a large range of mixing strengths 10�4 . ✏ . 10�3 cor-
responding to a short-lived A0 still remains unexplored.
These values of ✏ could naturally be obtained from the
loop e↵ects of particles charged under both the dark
and SM U(1) interactions with a typical 1-loop value
✏ = egD/16⇡2 [16], where gD is the coupling constant
of the U(1)D gauge interactions. In this Letter we report
the first results from the NA64 experiment specifically
designed for a direct search of the e+e� decays of new
short-lived particles at the CERN SPS in the sub-GeV
mass range [52–55].

The experiment employs the optimized 100 GeV elec-
tron beam from the H4 beam line in the North Area
(NA) of the CERN SPS. The beam delivers ' 5⇥106 e�

per SPS spill of 4.8 s produced by the primary 400 GeV
proton beam with an intensity of a few 1012 protons on
target. The NA64 setup designed for the searches of X
bosons and A0 is schematically shown in Fig. 1. Two
scintillation counters, S1 and S2 were used for the beam
definition, while the other two, S3 and S4, were used to
detect the e+e� pairs. The detector is equipped with a
magnetic spectrometer consisting of two MPBL magnets
and a low material budget tracker. The tracker was a
set of four upstream Micromegas (MM) chambers (T1,
T2) for the incoming e� angle selection and two sets
of downstream MM, GEM stations and scintillator ho-
doscopes (T3, T4) allowing the measurement of the out-
going tracks [56, 57]. To enhance the electron identifica-
tion the synchrotron radiation (SR) emitted by electrons
was used for their e�cient tagging and for additional sup-
pression of the initial hadron contamination in the beam
⇡/e� ' 10�2 down to the level ' 10�6 [55, 58]. The use
of SR detectors (SRD) is a key point for the hadron back-
ground suppression and improvement of the sensitivity
compared to the previous electron beam dump searches
[23, 24]. The dump is a compact electromagnetic (e-m)
calorimeter WCALmade as short as possible to maximize
the sensitivity to short lifetimes while keeping the leakage
of particles at a small level. It is followed by another e-m
calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-

type modules [55]. The WCAL(ECAL) was assembled
from the tungsten(lead) and plastic scintillator plates
with wave lengths shifting fiber read-out. The ECAL has
' 40 radiation lengths (X0) and is located at a distance
' 3.5 m from the WCAL. Downstream the ECAL the de-
tector was equipped with a high-e�ciency veto counter,
V3, and a massive, hermetic hadron calorimeter (HCAL)
[55] used as a hadron veto and muon identificator.
The method of the search for A0 ! e+e� decays is

described in [52, 53]. The application of all further con-
siderations to the case of theX ! e+e� decay is straight-
forward. If the A0 exists, it could be produced via the
coupling to electrons wherein high-energy electrons scat-
ter o↵ a nuclei of the active WCAL dump target, followed
by the decay into e+e� pairs:

e� + Z ! e� + Z +A0(X); A0(X) ! e+e� (1)

The reaction (1) typically occurs within the first few
radiation lengths (X0) of the WCAL. The downstream
part of the WCAL served as a dump to absorb completely
the e-m shower tail. The bremsstrahlung A0 would pene-
trate the rest of the dump and the veto counter V2 with-
out interactions and decay in flight into an e+e� pair
in the decay volume downstream the WCAL. A frac-
tion (f) of the primary beam energy E1 = fE0 is de-
posited in the WCAL by the recoil electron from the
reaction (1). The remaining part of the primary elec-
tron energy E2 = (1 � f)E0 is transmitted through the
dump by the A0, and deposited in the second down-
stream calorimeter ECAL via the A0(X) ! e+e� de-
cay in flight, as shown in Fig. 1. For the mass range
1  mA0  25 MeV and energy EA0 & 20 GeV, the
opening angle ⇥e+e� ' 2mA0/EA0 . 2 mrad of the de-
cay e+e� pair is too small to be resolved in the tracker
T3-T4, and the pairs are mostly detected as a single-track
e-m shower in the ECAL. The occurrence of A0 ! e+e�

decays produced in e�Z interactions would appear as an
excess of events with two e-m-like showers in the detector:
one shower in the WCAL, and another one in the ECAL
with the total energy Etot = EWCAL + EECAL equal to

4

K0 in the WCAL. According to simulations, . 10% of
them were predicted to be other neutral hadrons, i.e.
⇤ and K0, that were also included in the data sample.
The conservative assumption that ' 100 K0 were pro-
duced allows us to calculate the number of K0

S
from the

dump and simulate the corresponding background from
the K0

S
! ⇡+⇡� and K0

S
! ⇡0⇡0;⇡0 ! �e+e� decay

chain, which was found to be . 0.04 events per 5.4⇥1010

EOT. To cross-check this result another estimate of this
background was used. The true neutral e-m events were
selected with requirements of no signals in V2 and S4
counters plus a single e-m like shower in the ECAL. Three
such events were found in the signal box as shown in Fig.
2. Using simulations we calculated that there were ' 150
leading K0

S
produced in the dump. This number is in a

reasonable agreement with the previous estimate. We
used the most pessimistic estimate from these two for
the K0

S
background: 0.06 events.

TABLE I: Expected numbers of background events in the
signal box that passed the selection criteria (i)-(vi) estimated
for 5.4⇥ 1010 EOT.

Source of background Events
e+e� pair production by punchthrough � < 0.001
K0

S ! 2⇡0;⇡0 ! �e+e� or � ! e+e�; K0
S ! ⇡+⇡� 0.06± 0.034

⇡N ! (� 1)⇡0 + n+ ...;⇡0 ! �e+e� or � ! e+e� 0.01± 0.004
⇡� hard bremsstrahlung in the WCAL , � ! e+e� < 0.0001
⇡,K ! e⌫, Ke4 decays < 0.001
eZ ! eZµ+µ�;µ± ! e±⌫⌫ < 0.001
punchthrough ⇡ < 0.003
Total 0.07± 0.035

The mistakenly tagged µ, ⇡ and K could also inter-
act in the dump though the µZ ! µZ� or ⇡,K charge-
exchange reactions, accompanied by the poorly detected
scattered µ, or secondary hadrons. This misidentification
is caused by knocking electrons o↵ the downstream win-
dow of the vacuum vessel when a particle passes through
it [58]. These electrons then hit the SRD creating a
fake tag of a 100 GeV e�. The misidentified pion could
mimic the signal either directly (small fraction of show-
ers that look like an e-m one) or by emitting a hard
bremsstrahlung photon in the last layer of the dump,
which then produces an e-m- shower in the ECAL, ac-
companied by the scattered pion track. Another back-
ground can appear from the beam ⇡ ! e⌫ decays down-
stream the WCAL. The latter two backgrounds can only
pass the selection due to the V2 ine�ciency (' 10�4),
which makes them negligible.

The charge-exchange reaction ⇡�p ! (� 1)⇡0 +n+ ...
which can occur in the last layers of the WCAL with
decay photons escaping the dump without interactions
and accompanied by poorly detected secondaries is an-
other source of fake signal. To evaluate this back-
ground we used the extrapolation of the charge-exchange
cross sections, � ⇠ Z2/3, measured on di↵erent nuclei

[61]. Taking into account the beam pion flux suppres-
sion by the SRD tagging, the estimation is 0.015 events.
The contribution from the beam kaon decays in-flight
K� ! e�⌫⇡+⇡�(Ke4) and dimuon production in the
dump e�Z ! e�Zµ+µ� with either ⇡+⇡� or µ+µ� pairs
misidentified as e-m event in the ECAL was found to be
negligible.
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FIG. 3: The 90% C.L. exclusion areas in the (mX ; ✏) 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 < ✏e < 4.2 ⇥ 10�4. The full allowed range of ✏e ex-
plaining the 8Be* anomaly, 2.0⇥10�4 . ✏e . 1.4⇥10�3 [2, 3],
is also shown (red area). The constraints on the mixing ✏ from
the experiments E774 [24], E141 [21], BaBar [39], KLOE [44],
HADES [46], PHENIX [47], NA48 [49], and bounds from the
electron anomalous magnetic moment (g � 2)e [67] are also
shown.

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. The main uncertainty of this number is from
the statistical error of the 3 observed e-m neutral events.
The systematic error includes also the uncertainty in the
cross sections of the ⇡,K charge-exchange reactions on
lead (30%).
After determining and optimizing the selection cri-

teria and estimating the background levels, we exam-
ined the entire signal box and found no candidates. In
Fig. 2 the final distribution of neutral and signal candi-
date events from the reaction e�Z ! anything in the
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Not decaying dark sector candidates / iSHiP / 1

• Not decaying dark sector candidates can scatter on atoms of the dense material of the SHiP 
emulsion detector (iSHiP) giving detection signature: EM shower (or nuclei recoil) 
• Reconstruction of the EM showers in emulsion demonstrated with OPERA data  
• Complement emulsion detector with fast electronic Target Tracker to improve electron 

reconstruction  (SciFi ? -> SPS test beam July 2018)...

!25
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Not decaying dark sector candidates / iSHiP / 2

• Complement emulsion detector with fast electronic Target Tracker to improve electron reconstruction  
(SciFi ? → SPS test beam July 2018) 

• Under study: Elimination of the neutrino background by ToF operating with the SPS bunched beam: 
4σ /spacing = 1.5ns / 25ns & ~40 m distance from the target  

• Requires 0.5 ns time resolution of the Target Tracker 

!26!26
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Light dark matter limits / e.g. scalar

• Missing mass/energy technique  
(applicable only for the models with dark photon 
mediator) 
• Belle II with 50 ab-1 provided that low energy 

mono-photon trigger works  
• LDMX (under discussion at SLAC) has the best 

prospects for Mχ < 100 MeV 
• Detection via scattering 

• SHiP has the best sensitivity in 20 – 200 MeV 
• Optimisation is ongoing 
• COHERENT, BDX and SBN in US 

• An interplay between the sensitivity, the mass of the 
vWIMP target and the distance from the dump
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the parameter y for scalar elastic, scalar inelastic, Majorana and pseudo-Dirac DM. The prescrip-
tion mA0 = 3m� and ↵D = 0.5 is adopted where applicable. For larger ratios or smaller values of
↵D, the accelerator-based experimental curves shift downward, but the thermal relic target remains
invariant. See section V for sensitivity estimates for direct detection experiments. Courtesy G.
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τ neutrinos   

• τ neutrinos are the less known particles in the SM 
• Large charged-current cross section uncertainty due to lack of data on Ds differential production CS 
•                   studies τ neutrino production at SPS: 

• Directly measuring Ds→τ→X decays will provide an inclusive measurement of the Ds production 
rate and the decay branching ratio to τ 

• Use of emulsion technology → iSHiP 
• Status is positive, beam time (2021) recommended by SPSC 
• Complementarity with SHiP, expected performance in relative 

uncertainty for τ neutrino charged-current cross section 
• 2018: down to 30 % → re-evaluate DONUT result 
• 2021: down to 10 % → important input for future experiments

!28
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Conclusions

• The days of guaranteed discoveries are gone, but the big questions remain 
• Physics case to search for Dark Sectors particles is indeed very timely 

• No NP finding at LHC so far, but many experiments offer alternative routes 
• Great examples as NA64 where great results can be obtained with a relatively small investment 

• CERN is ideal place to search for Dark Sector at high energy and high intensity 
• SPS beams: two complementary strategies are being explored: 

• Direct observation of the decay vertex and indirect detection via scattering on atoms 
• Switzerland is ideally placed to pursue these searches but should fight to maintain its lead

!29
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BKUP / MATHUSLA / expected sensitivities 

!31 9/9

Recent paper [1803.02212]: HNL sensitivity @ MATHUSLA

Figure 5: Sensitivity to HNL of different

experiments computed in [1803.02212]

Numbers of B and D mesons were
calculated by simulating the pp ! bb̄,
pp ! cc̄ at LHC using MadGraph 5
and high luminosity Lh = 3000 fb�1.
The results are compared with
production cross-sections at LHCb
(2 < ⌘ < 5) and then extrapolated to
rapidities in interesting range using
FONLL
The number of B and D mesons,
obtained in this way is significantly
higher than the one, obtained from the
direct measurements of CMS and
ATLAS at rapidities |⌘| ⇠ 1

MATHUSLA: the sensitivity to HNL March 16, 2018 9 / 9

[1803.02212] 

• LEFT: Constraints on light 
Higgs- mixed scalars 

• RIGHT: Sensitivities to HNL of 
different experiments 

• Number of B and D is inferred 
for 3 invab of L collected, 
using eta of LHCb 

• But number of B and D 
mesons, obtained in this way 
is wrong: overestimated! 

• Assumed with a background 
free experiment 

• But this must be backed up 
by robust simulation

3

FIG. 2: Scalar branching ratios in the light hadron region
used in this work. For masses below ⇠ 1.4 GeV, we use the
results of [29]. We use a smooth extrapolation up to 2mD.
The muon branching ratio is shown with the green, dashed
curve.

A. Light Scalars in Meson Decays

Higgs-mixed scalars can be emitted in decays of B-
mesons (D-mesons and kaons have much smaller branch-
ing ratios into a Higgs-mixed scalar and will be ne-
glected here). Top-loop contributions dominate the par-
tial width, which yield a branching ratio of [24, 30]

BR(B ! sXs)
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=
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where � ⇡ 0.5 [31] is a phase space factor for the semi-
leptonic decay. This inclusive branching fraction is inac-
curate near ms ⇠ mB �mK due to the small number of
kinematically available exclusive final states.

B. Light Scalars in Higgs Decays

The Lagrangian in Eq. 1 will also induce an h ! ss

decay [18, 32], however, this decay depends on an ad-
ditional free parameter from Eq. 1 beyond sin ✓ or ms,
expressed below by �s. The partial width for h ! ss is
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As �s gets very small (equivalently, as vs gets much larger
than ms), this branching ratio can grow arbitrarily small.
However, demanding a perturbative �s (< 16⇡2) enforces
a maximum branching ratio for h ! ss, as a function of
sin ✓ and ms, of

BR(h ! ss) <
⇡ sin2 ✓m3

h

3m2
s�h,tot

✓
1 + 2

m
2
s

m
2
h

◆2
s

1� 4
m2

s

m
2
h

. (8)
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FIG. 3: Current and projected constraints on light Higgs-
mixed scalars. The projected limits from B-meson decays at
MATHUSLA are shown by the solid red curve assuming the
experiment is background-free. The projected limits from the
SHiP experiment [22] are shown by the orange, dashed line.
Other current limits [36–41] are described in the text.

IV. LIGHT SCALARS AT MATHUSLA

Light scalars produced in the rare decays of B-mesons
at the 14 TeV LHC could decay within the MATHUSLA
detector volume [33, 34]. We follow the procedure used
in section II to derive constraints on scalars produced in
the decays of B-mesons, but consider the full range of
hidden scalar masses and mixing angles. We require that
the scalars decaying within MATHUSLA have Es > 2
GeV, which is consistent with the energy thresholds pro-
posed in [35]. Contributions from energetic kaons that
decay before reaching the calorimeter contribute only a
small correction to the number of scalars delivered, and
require more aggressive assumptions about the low en-
ergy thresholds of MATHUSLA.
In Fig. 3, we illustrate by the solid red contour the re-

gion of parameter space where four scalars with Es > 2
GeV decay within the MATHUSLA volume. If the exper-
iment is relatively background-free and possesses a sig-
nal e�ciency of 0.75, this would correspond to roughly
the 95% confidence level exclusion in the absence of new
physics. Alongside this potential reach, we show cur-
rent constraints on the parameter space from LEP Higgs
searched (light red) [36, 37], the CHARM beam dump
(gold) [38], rare B decays at LHCb (light green and
brown) [39, 40], and K

±
! ⇡

± + invisible at E949 &
E787 (light blue) [41]. We also show the projected sensi-
tivity at the proposed SHiP experiment [22, 42] in dashed

[1708.08503] 
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SHiP so far

!32

Physics Beyond Collider Workshop, CERN, 21 – 22 November 2017 R. JacobssonR. Jacobsson 2

• Detailed engineering studies going on in most subsystems
• Most effort invested in background optimization in a realistic design

Î SHiP is aiming at exploiting maximum yield and acceptance at the proton beam dump in 
virtually 0-background conditions, it is not optimized for a single or sub-set of simplified models
• Models evolve quickly

Milestone chart for CDS Q1 Q2 Q3 Q4 Q1 Q3 Q4 Q1 Q4

Int. Ext..

Testing and updated performance

Write-up (CDS, supporting documents)

2016 2017 2018

Iteration 1: Global re-optimization with "current detectors"

Design and prototyping

Design, performance, cost review

Iteration 2: Optimization with refined detectors

Q2Q2

Test beam to measure muon spectra, scharm test, etc

Q3

Input to PBC (sensitivity/background)

#10 #11 #12 #13
March

#14
June

#15
November

SHiP Collaboration meetings

SU
B

M
IS

SI
O

N

Simulation
campaign

• Developing all physics objectives of SHiP in parallel
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SHiP / a realistic magnetic field
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SHiP / Last step, back in our simulation!

!34
Fedor.Ratnikov@cern.ch Magnetic Shield

Implementation in FairShip
◊ First implementation is done 

◊ takes 2.7 Gb  

◊ NB  210 Mb of zipped text source 

◊ Work on reducing memory footprint 

◊ optimising internal memory 
representation 

◊ optimising grid in different regions 

◊ NB: only ∼10cm near edges has 
essentially non-uniform field 
(possibly) requiring fine 
granularity  

◊ share constants between different 
FairShip processes on the same 
multi-core host 

12

• Using a 2.5 cm map grid (positive quadrant) 

• Field map is pretty close to the ideal presentation and 
edge effects are on distances < ~10 cm

Work of F. Ratnikov (YANDEX)
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SHiP / Muon shield optimisation

• The problem is extremely complex: 
1. Magnet shield optimisation per se 
2. Magnet design construction and properties  

(plus production) 
3. Magnet shield implementation in our simulation 

• ∼50 D optimisation problem of a 2.7 Gb object  
• Our Ultimate goal  

• Optimal configuration at new boundary conditions within a week 
• Get performance of the given configuration within a day
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Connections

4

Magnets Design, 
Construction and 

Properties

Magnet Shield 
Optimisation

Magnet Shield 
Implementation in 

FairShip

Magnets 
Production
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