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The quest for a dark sector
´ DM could be just one of the many new particles belonging 

to a ‘hidden’ dark sector (DS)

´ The mechanism of portals as the lowest canonical-
dimension operators that mix new dark-sector states with 
gauge-invariant combinations of SM fields is often 
considered, with 4 notable examples: 

´ The resulting new particles could be Long-Lived (LLP)

´ Targeted searches for these BSM models have been 
identified as a priority by the European Strategy Updated 
and the Snowmass process 
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

2

e�

e+

�

�

�̄
A0(⇤)

FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)
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In most of the parameter space only restricted combi-
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duction in e+e� collisions; we describe this in more detail
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be taken to represent any hidden-sector state that couples
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lar, it does not have to be a (dominant) component of
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of a broken Abelian gauge group, U(1)0, in the hidden
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with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
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constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
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ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
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very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.
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Portal 

8.6. FEEBLY-INTERACTING PARTICLES 133

of the efforts have so far concentrated on the search for new particles with sizeable couplings1

to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,2

is that particles responsible for the still unexplained phenomena are below the EW scale and3

have not been detected because they interact too feebly with SM particles. These particles4

would belong to an entirely new sector, the so-called hidden or dark sector. While masses and5

interactions of particles in the dark sector are largely unknown, the mass range between the6

MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,7

and is the subject of this section.8

An important motivation for new physics in this mass range is DM (see Chapter 9), which9

could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-10

mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe11

and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-12

dance [484–489]. These mediators, which must be singlets under the SM gauge symmetry, can13

lead to couplings of feebly-interacting particles to the SM through portal operators.14

8.6.1 The formalism of portals15

Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-16

invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely17

the scheme used in the Physics Beyond Colliders study [354], four types of portal are consid-18

ered:19

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

20

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field21

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;22

and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three23

cases are the only possible renormalisable portal interactions. While many new operators can24

be written at the non-renormalisable level, a particularly important example is provided by the25

axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.26

8.6.2 Experimental sensitivities27

The portal framework is used to define some benchmark cases, for which sensitivities of dif-28

ferent experimental proposals are evaluated and compared with each other. Unless otherwise29

stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-30

ature has been using this standard.31

Vector portal32

New light vector particles mixed with the photon are not uncommon in BSM models containing33

hidden sectors, possibly related to the DM problem. The parameters describing this class of34

models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary35

photon; aD = g2
D/4p is the coupling strength of the dark photon with DM; and mA0 and mc36

are the dark photon and DM particle mass, respectively. The study of experimental sensitivities37

FASER/FASER2 coverage

Monica DOnofrio, IPA2022



FASER and the DS: Motivation
´ ATLAS, CMS (GPDs) and LHCb devote considerable efforts to searches for LLPs 

´ Still, dedicated experiments might complement them in terms of targeted phase space and mitigate issues – notably, 
large background rates and difficulties in triggering   

´ Idea of FASER: a Forward Detector for low-mass LLPs  
´ Background mitigated by rock/shielding 

´ Simpler / no triggering needed 
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FIG. 3. Layout of the FASER detector. LLPs enter from the left and the entire length of the
detector is roughly 5 m. The detector components include scintillators (gray), dipole magnets
(red), tracking stations (blue), a calorimeter (dark purple), and support structures (green).

collision axis, tend to have very high energies E ⇠ TeV, as can be inferred from

✓ ' tan ✓ =
pT

p
⇠

m

E
⌧ 1 , (3)

where for the lightest mesons the relevant mass scale m can be replaced with ⇤QCD.
The characteristic signal events at FASER are, then,

pp ! LLP +X, LLP travels ⇠ 480 m, LLP ! e
+
e
�
, µ

+
µ
�
, ⇡

+
⇡
�
, ��, . . . , (4)

where the LLP decay products have ⇠ TeV energies. The target signals at FASER are
therefore striking: two oppositely charged tracks or two photons with ⇠ TeV energies that
emanate from a common vertex inside the detector and have a combined momentum that
points back through 100 m of concrete and rock to the IP.

The decay products of such light and highly boosted particles are extremely collimated,
with a typical opening angle ✓ ⇠ m/E. For example, for an LLP with mass m ⇠ 100 MeV
and energy E ⇠ 1 TeV, the typical opening angle is ✓ ⇠ m/E ⇠ 100 µrad, implying a
separation of only ⇠ 100 µm after traveling through 1 m in the detector. To resolve the two
charged tracks produced by a decaying LLP, FASER must include a magnetic field to split
the oppositely-charged tracks.

C. Detector Layout

To be sensitive to the many possible forms of light, weakly-interacting particles, and to
di↵erentiate signal from background, the FASER detector has several major components.
These components and the detector layout are shown in Fig. 3.
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FASER location 

´ FASER is located at ~ 480 m downstream of the ATLAS 
interaction point (IP) in the TI12 – an unused SPS 
maintenance tunnel intersecting collision axis 

´ The beam is highly collimated (mrad diameter) → only a  
small detector needed, with a magnet aperture of 20cm 
diameter

´ Infrastructure & rock catches most collision products 

Monica DOnofrio, IPA20224

● TI12 - unused SPS maintenance tunnel intersecting 
collision axis

● ~480m from IP
● Highly Collimated beam  (mrad diameter) → only small 

detector needed 
○ Magnet aperture 20cm diameter

● Infrastructure & rock catches most collision products
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FASER(n) Physics reach 
´ Designed for events of the kind   

´ Probes large range of BSM models in regions 
favoured according to muon g-2, DM hypotheses and 
anomalies 

´ Dark photons, as well as ALPS, HNL, B-L 

´ Also sensitive to high-energy neutrinos 
produced along beamline 

´ A dedicated component, FASERn, added in 2020 

5

pp à LLP, LLP travels ~480m, LLP à ee, γγ, µµ, …

Monica DOnofrio, IPA2022

Sensitivity to 
dark g already 
with few fb-1
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6

N(ντ + ντ) ~ 20
_

N(νe + νe) ~ 1.2κ
_

N(νµ + νµ) ~ 20κ
_

ØCross-section measurements possible 
for all neutrino flavours in E 
range from ~ 100 GeV to ~1 TeV
Ø Unconstrained region of phase space

Sensitivity to 
dark g already 
with few fb-1
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• 10 cm radius
• 7 m long, 1.5 m decay volume

Monica DOnofrio, IPA2022
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ℓ-

ℓ+

A’
Calorimeter

● Donated by LHCb
● Measures total energy 

of Ɣ, e±

FASER𝜈
● Emulsion detector for v’s
● ~750 layers of emulsion films
● Tungsten plates

Tracking Stations
● 4 Stations, 3 planes each
● 8 SCT modules per plane
● SCTs donated by ATLAS

Scintillators
● Veto - rejects muon background
● Trigger/timing - arrival time
● Preshower - veto & 2-Ɣ signal

Magnets
● 0.57T Dipole
●  Charge separation

towards IP

Physics Signal
● Dark photons (LLP) and neutrinos 

from meson decay

pp→LLP + X , LLP→e+e−,μ+μ−...

Geometry
● 7m length
● 20cm aperture
● 1.5m decay volume
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INSTALLED March 2021

Detector paper: https://arxiv.org/abs/2207.11427

Angular acceptance |q| < 0.21 mrad region, h > 9.2
FASERv extends |q| to 0.41 mrad and h ~ 8.5

FASER Trigger rate: 650 Hz expected (dominated by 
muons produced close to the IP) 2021 JINST 16 P12028 

Very low radiation levels 

https://arxiv.org/abs/2207.11427
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Monica DOnofrio, IPA2022

FASER signatures for LLPs:
Light, very high momentum, highly collimated decay products

Scintillator vetoDecay volumeTrackingEnergy measurement   
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Figure 3: Sketch showing the detector signature of a dark photon (�0) decaying to an electron-
positron pair inside the decay volume of the FASER experiment. The �

0 enters the detector from
the right.

During the Run 3 of the LHC aroundO(1014
) c

0s are expected to be produced within the FASER227

angular acceptance. Hence a significant number of signal events can be detected in FASER, even228

taking into account the large suppression due to the c
0
! �

0 branching fraction (O(10�12
) to229

O(10�8
)) and the requirement that the �

0 to decay inside the FASER detector volume. Figure 4230

shows the expected FASER sensitivity to dark photons for di�erent integrated luminosity scenarios.231

Here the curves are defined as regions where at least three signal events appear inside the FASER232

decay volume. The curves assume 100% e�ciency and zero background. It has been shown [2] that233

a reduction of the assumed e�ciency does not a�ect the sensitivity curves substantially, due to the234

fact that the number of signal events falls o� very rapidly at the edge of the sensitivity boundaries.235

The boundaries of the signal sensitivity contours are set primarily by the production rate falling o�236

at too-small couplings and the �
0s being too short-lived to decay in FASER at too-large couplings.237

More details on the theoretical aspects of the dark photon model, as well as the FASER sensitivity238

in other dark-sector models are discussed in Ref. [7].239

1.3 Neutrino physics programme240

A huge number of neutrinos are produced in LHC collisions via hadron decays, and their flux is241

collimated along the beam collision axis. Table 1 summarizes the number of neutrinos expected to242

traverse, and under-go charged-current (CC) interactions in, the FASERa emulsion detector (with a243

target mass of 1.1 tonnes), assuming a 150 fb�1 dataset for the LHC Run 3, as well as the expected244

average neutrino energy. The table includes all three neutrino flavours (summing a and a) and245

also shows the dominant production process. The numbers shown in the table are obtained using246

the SIBYLL 2.3d [8] generator to simulate hadron production and the fast neutrino flux simulation247

introduced in Ref. [9] to propagate the SM hadrons through the LHC beam pipe and magnets and248

to simulate their decays into neutrinos. There are currently large theoretical uncertainties related to249

very forward hadron production, which translate into large uncertainties on the neutrino flux. As250

discussed in Refs. [9–11], varying the generator or theoretical modelling can lead to changes of the251

order of 100% (a4), 30% (a`) and 100% (ag). FASER neutrino measurements as a function of252

energy and rapidity can therefore be used to constrain forward hadron production models.253

Taking advantage of the huge neutrino flux, FASERa will measure the neutrino CC interaction254

cross sections for all three neutrino flavours in an uncovered energy regime. Projections of the255

expected measurement precision are shown in Figure 5. Here, the expected statistical uncertainty256

and the uncertainty related to the neutrino flux, estimated by comparing the SIBYLL 2.3d and257

DPMJET 3.2017 [12, 13] generators, are shown separately. Note, a number of di�erent generators258

– 5 –

• 10 cm radius
• 7 m long, 1.5 m decay volume
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FASERn signatures for high 
energy neutrinos:

Emulsion 
film

Tungsten
plate

• 10 cm radius
• 7 m long, 1.5 m decay volume

FASERν detector (IFT & Veto)
4

• Silicon strip tracker (IFT: InterFace Tracker) is used as the interface for 
tracking with FASER spectrometer behind it.

➢ Charge identification of muons is possible with three 0.55 T dipole 
magnets in the spectrometer (3.5 m length in total).

• Veto scintillator system at the most front part of FASERν rejects 
charged particles coming from the upstream.

➢ Allows matching of the signal muon tracks in IFT and spectrometer.

ντ
νμ

μ
Emulsion IFT
FASERν

0.55 T 0.55 T 0.55 T

Spectrometer

Charge ID

Veto 
system

ν𝑒



FASER Tracking: components and layout
Composed two distinct parts: the tracking spectrometer (3 tracking stations) and the Interface 
Tracker (1 tracking station), placed after the FASERv emulsion detector   

Monica DOnofrio, IPA202210

Hybrid assembly

Silicon sensors

Washers

BeO facings

ABCD3T ASIC

Figure 6: Photograph of a SCT barrel strip module.

coordinate. The flex hybrid with six ABCD3TA chips per side is bridged over the sensors via a522

carbon-carbon substrate. The hybrid is attached to beryllia (BeO) facing plates located on the two523

ends of the baseboard made of Thermal Pyrolytic Graphite (TPG) with an excellent in-plane thermal524

conductivity and low radiation length, which provides the mechanical support to the sensors and525

allows for the heat generated by the ABCD3TA chips to be dissipated.526

The strip modules used for the FASER tracker have been selected among the existing spares527

of the SCT barrel modules. Since completion of the production in 2014, the modules were stored528

in individual sealed bags. Electrical tests were performed to select the modules to be used in the529

FASER tracker. The modules were selected based on the behaviour of the leakage current as a530

function of bias voltage (High Voltage, HV) applied to the sensor, and to minimise the number of531

strips with large noise, low e�ciency and cross-talk. In total, 96 modules are used for the four532

tracker stations.533

2.2 Tracker plane534

Figure 7 shows a schematic view of the tracker plane. Each plane consists of eight SCT barrel535

modules within an AW-5083 aluminium frame. Four modules are located on each side (front and536

back) of the frame as shown in Fig. 8. The distance between closest sensors in the modules along537

the out-of-plane direction is 2.4 mm, and the active area overlap along the strip-length is 2 mm. A538

flexible printed circuit board (called the "pigtail") is attached to each module and routes the electric539

lines to the outside of the frame. Four pigtails (one per module) on each side of the tracker plane540

are connected to a single patch panel. The patch-panel is used as the interface between the DAQ541
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Figure 7: Schematic view of the tracker plane. The pigtail is connected to each hybrid on the
SCT module. Note that adjacent SCT modules are mounted on di�erent side of FASER module
frame. The four pigtails in one side are connected to one patch panel. The circle represents the
200 mm-diameter magnet aperture.

and powering systems.542

Figure 8: Photograph of a tracker plane with all eight SCT modules installed. The beam axis is
perpendicular to the plane.

The aluminium frames were produced with CNC (Computer Numerical Control) machining.543

The size of the frame is 320 mm ⇥ 320 mm ⇥ 31.5 mm. The frame is cut out for most of the544

active area within the acceptance of the magnet aperture to minimize the material (Fig. 7). An inner545
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Figure 9: (left) Exploded CAD view of a tracker station and (right) photograph of a fully assembled
station. The black cover on top of the station is a carbon-fibre plate. The cooling loops of each
plane are connected together, so that per station there is only one inlet and one outlet for the cooling
fluid.

cooling channel with 5 mm diameter was integrated into the frame for the water cooling which546

extracts heat generated by the ABCD3TA chips on the modules. Details of the water cooling system547

are described in Section 6.2. A heat conducting thermal paste (Electrolube HTCP-20S) is used at548

the contact surface between the BeO facing plates of the SCT modules and the aluminium frame549

for a good thermal contact. An inlet for dry-air is also included in the frame to keep a low relative550

humidity inside.551

2.3 Tracker stations552

The tracker station is an assembly of three planes as shown in the computer-aided drawing (CAD)553

view and picture of Fig. 9. The distance between the sensor cut edge and the sensitive region is554

1 mm. For an individual plane, this results in a dead region of about 2 mm in between modules555

along the vertical direction. To overcome this, the three planes are staggered along the vertical556

direction with a relative shift of the middle (last) plane of +5 mm (�5 mm) with respect to the first557

plane. This ensures that there are at least two 3D reconstructed hit points for a track crossing the558

station. An additional dead region corresponds to the vertical slice in the centre of each module.559

This represents 1.6% of the active area, and is accounted for in the detector description in the560

simulation and reconstruction.561

Each station volume is closed by two end-covers made of carbon-fibre plates with 400 `m562

thickness (standard T300 fibres). To prevent corrosion by the corona discharge processes that563

might occur after putting the frames in contact during the station assembly, a post-treatment with564

a SURTEC-650 was performed for all aluminium parts. In addition, an O-ring sealing joint was565

attached between the frames for a good tightness and to keep the humidity inside the station as low566

as possible (typically ⇠ 1%). The total weight of one station is about 15 kg without cables.567

The thermal performance was investigated with various Finite Element Analyses (FEA) sim-568

ulations. The temperature measured with a thermistor on the flex hybrid of the SCT module is569

required to be less than 35 �C, which corresponds to the glass transition of the epoxy glue used570

for the module assembly. Keeping the coolant temperature at 15 �C, a water flow of 3 ✓/min571
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Basic component: SCT Module 
à Strip detector, pitch 80um and 
stereo-angle of 40mrad.
à 8 modules per tracker plane 

3 Tracker planes per station (12 total)

Low material central region: 2.1% radiation length  

Tracker Plane 

Tracking 
Station 

(considering a heat transfer coe�cient for water of 500 W/m2), and the outside air convection at572

23 �C, the FEA gives a maximum temperature on the ABCD3TA chips of ⇠ 28 �C, neglecting the573

temperature rise within the water channel due to the heat load. The latter is estimated to be +0.6 �C574

for 3 ✓/min. These results are in good agreement, within 2-3 �C, with measurements taken during575

commissioning, hence validating the simulation. The FEA simulation was then used to estimate the576

temperatures on the silicon sensors and predicted 21-23 �C, which is well within the specifications577

for the epoxy glue.578

Table 2 summarizes the material budget in a tracker station. The central region with the least579

amount of material in the station, i.e., six silicon sensors and two carbon-fibre covers, accounts for580

a total of 2.1% radiation length (X0). The worst case is when the particle penetrates the edge region581

that consists of six SCT modules including sensors, TPG baseboard, flex hybrid with carbon-carbon582

bridge and ABCD3TA chips as well as the aluminium frames and station covers. In such a case,583

the material budget becomes 21.5% X0.584

Simulation results based on a dark photon benchmark model with m�0 = 100 MeV and n =585

10�5 show that 70% of the dark photons are contained within the low-material central region of the586

tracker. Finally, given the high-momentum spectrum expected for the signals of interest the e�ect587

of multiple scattering from the traversed material will be negligible.588

Component Material Number -0 (%)
/ station Central region Edge region

Silicon sensor Si 6 1.8% 1.8%
Station Covers CFRP 2 0.3% 0.3%
SCT module support TPG 3 - 0.6%
C-C Hybrid C (based) 3 - 2.2%
ABCD chips Si 3 - 6.5%
Layer frame Al 3 - 10.1%
Total / station - - 2.1% 21.5%

Table 2: Amount of material in -0 in the active area of a tracking station for three regions: i) the
central region with only the silicon sensor material and ii) the edge region. Details of the material
in the SCT module are given in Table 8 of Ref. [23]. The numbers are calculated directly from the
CAD description of the tracking station.

The three spectrometer tracker stations are mounted into the FASER detector with an AW-5083589

aluminium structure (called the "backbone") whilst the IFT is fixed on an independent support590

structure. The details are described in Section 8.591

2.4 Alignment and metrology592

Metrology was performed for all assembled planes and stations at the University of Geneva using a593

Mitutoyo CRYSTA-Apex S CNC coordinate-measuring machine with an automatic probe changer594

(Fig. 10). Measurements were performed with a mechanical touch-probe and an optical camera.595

There are four stainless steel targets on each frame (one in each corner) to define the plane596

reference coordinate system. The targets are visible from both sides, allowing measurements done597

on each side of the plane separately to be correlated. The silicon sensors of the SCT modules have598
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FASER Tracking: tests and performance 
Extensive tests have been carried out to evaluate 
performance, standalone and after installation:

´ long-term stability and control checks (temperature, 
humidity, electronics)

´ Quantification of noisy/dead strips

´ Alignment and metrology of tracker planes 

Commissioning with cosmic rays and LHC pilot run 

Monica DOnofrio, IPA202211
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Figure 12: (top) EC50 as a function of the injected charge, (bottom left) measured ENC of all strips
in the four tracking stations, (bottom right) and the noise occupancy scan results for an example
module.
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Figure 11: Thermal test results of the first station during surface commissioning. Temperature
values of the SCT module NTCs for power-o� (green), after powering the modules (orange) and
after powering and configuring (blue).

The results shown in this Section are obtained considering all four tracking stations (tracking627

spectrometer and IFT) after installation in TI12 and setting the temperature to 15�C.628

The hit occupancy, defined as the fraction of injected charge above threshold, is computed for629

each readout channel at various threshold points. Since the signal amplitude is convoluted with630

Gaussian electronics noise, the hit occupancy does not follow an ideal step-function but is smeared631

to give rise to the so-called B-curve. The threshold at which the hit occupancy is 50% is called the632

EC50 point and corresponds to the amplitude of the test pulse.633

Figure 12 (top) shows the typical curve of the EC50 as a function of the injected charge. The634

gain of the amplifier (typically 50 mV/fC) is derived by fitting the EC50 values at three di�erent635

charges (1.5, 2.0 and 2.5 fC) with a linear function. Then, the Equivalent Noise Charge (ENC) is636

calculated by dividing the standard deviation of the B-curve, extracted in a threshold scan with 2 fC637

injected charge, by the gain as shown in Fig. 12 (bottom left). The average ENC (Equivalent Noise638

Charge) was evaluated to be 1522 electrons across all strips in the tracker. The noise hit occupancy639

at 1 fC threshold was measured to be 2.3 ⇥ 10�5 (Fig. 12 (bottom right)) which is well below the640

specification requirement of < 5 ⇥ 10�4.641

Finally, a hit e�ciency above 99.8% was confirmed in the 2021 testbeam which took place at642

the H2 beamline at the CERN-SPS (Super Proton Synchrotron) [37].643
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assumed to propagate to TI12 following the model from Ref. [70], taking into account the detector1650

geometry, including the scintillator counters used for triggering. A comparison of the observed and1651

measured rates is shown in Table 10: no track passing through all three stations has been observed,1652

in agreement with the very low probability expected from simulation.1653

Figure 68 shows a simplified event display of a cosmic-ray muon traversing the middle and1654

back tracking stations, and also leaving signals in the pre-shower scintillator station and in one of the1655

calorimeter modules. Over the period April - September 2021 (with the detector turned o� for most1656

of August due to magnet training in the LHC close to FASER) around YY of such "two-station"1657

events were recorded.1658

Event type Observed Rate Expected Rate
Track in 1 tracker station 0.016 Hz 0.011 Hz
Track in 2 tracker station 1/(28.6 ± 2.5) hrs�1 1/28 hrs�1

Track in 3 tracker station Not yet observed 1/82 days�1

Table 10: Summary of the observed and expected rate of tracks traversing di�erent numbers of
tracking stations during cosmic-rays running of the full detector in TI12. No event has been yet
seen with a cosmic ray traversing the three tracker stations.

The cosmic-ray data taking was used by the di�erent detector systems for various commission-1659

ing and performance studies, as briefly detailed below.1660
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Figure 68: An event display of a cosmic-ray muon traversing part of the detector. The view is shown
both from the top (top row) and the side (bottom row). Non-triggered and triggered scintillator
counters (calorimeter modules) are shown in grey (light-blue) and red respectively. Tracker stations
are shown in green, while 3D tracker hits are shown as black dots. The dark blue areas are the
magnet material.
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scintillator and the timing station trigger signals are delayed by a 1/2 clock cycle, equivalent to a1749

1/2 bunch-crossing.1750

Events triggering the coincidence trigger occurred in specific BC IDs with a consistent o�set1751

to the BC ID of filled proton bunches in the beam approaching FASER from the direction of IP1.1752

The beam events with a single particle passing through the FASER spectrometer can be used1753

for a first, in situ measurement of the timing resolution of the timing scintillator station. Figure 731754

shows the time distribution measured in the top and bottom timing scintillator layers. The hit time1755

is calculated as the average time in the two PMTs attached to each layer with respect to the start of1756

the beam bunch crossing. A fixed o�set is subtracted. A resolution of just over 400 ps is obtained,1757

which is worse than the 250 ps expected in Section 3.4.2, but still well below the requirement for1758

background suppression. The overall time resolution of the veto and pre-shower scintillator stations1759

are worse than 400 ps due to the intrinsic time walk. However, selecting events with a reconstructed1760

track pointing to the bottom quarter of the scintillator station, where the time walk variation is the1761

smallest, a spread of around 250 ps is measured.1762

Figure 71: An event display of a charged particle traversing the full detector during an LHC stable
beam run of two 450 GeV colliding beams. The layout of the display and the sub-detector systems
are the same as those in Figure 68. The purple line is a combined track fit to the hits in the tracking
stations.
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purple line: combined track fit to the hits in the 
tracking stations during 900 GeV pilot beam

NIMA 166825 (2022)
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FASER calorimeter, pre-shower and scintillator systems 
´ Four scintillator stations with multiple scintillator layers in each 

station 
´ (a) FASER𝜈 Veto, (b) Interface Veto, (c) Timing, & (d) Preshower

´ >99.98% efficiency, sufficient to veto all incoming muons  

´ photo-multiplier tubes to detect the scintillation signals. 

´ Electromagnetic calorimeter made of spare LHCb modules 
´ 66 layers of lead-scintillator plates read by 2x2 array of PMTs

´ calorimeter readout optimised to measure multi-TeV deposits w/o saturation
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LHCb
(3x3 version)
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Calorimeter & Scintillators
● 4 Scintillator stations commissioned & installed, including for FASER𝜈

○ (a) FASER𝜈 Veto, (b) Interface Veto, (c) Timing,  & (d) Preshower
○ >99.98% efficiency, sufficient to veto all incoming muons
○ Installed mu-metal shield to reduce noise, light leaks, and discharge

● 4 LHCb ECAL modules selected & tested
○ Energy resolution of ~1%, dependent on calibration

● Both tested with light and cosmic sources; acceptable, expected rates 
found
○ To be detailed in upcoming detector paper
○ All channels working well

● SPS Test beam - Summer 2021
○ Along with tracker (see previous slide for setup)
○ Analysis nearing completion
○ Few-% energy resolution confirmed

9

a)                          b)

c)                                  d)

Preshower scintillator to be replaced by silicon pixel detector (tech. 

proposal) To detect 2-photon axion-like particle signals

PMT
754 mm 15.25 mm

121.20 mm
WLS fibre: Ø 1.2 mmQuantity: 1 + 64Bundle: Ø 10.8 mm

Figure 14: Design of a FASER (LHCb outer) calorimeter module.

Figure 15: Design of a FASER PMT assembly with voltage divider and optical filter holder.

plates and 64 wavelength shifting fibers penetrating through the whole module and delivering the732

scintillation light to a single PMT situated in a steel tube at the centre of the calorimeter’s modules.733

A single clear fiber penetrates through the middle of the calorimeter in order to provide a light734

path for the LED calibration system, see Section 3.3. The modules are 754 mm long, including the735

PMT, and have transverse dimensions of 121.2 mm ⇥ 121.2 mm. Each module has a total depth of736

25 radiation lengths and consists of 66 layers of 2 mm lead and 4 mm plastic scintillator, and 120737

mm-thick Tyvek reflective paper.738

The light from a calorimeter module is measured using the same Hamamatsu R7899-20739

PMT [42] type as used by LHCb. This is a ten dynode-stage head-on PMT with a cathode diameter740

of 22 mm and a typical gain of up to 2⇥ 106. The voltage divider for the PMT was custom-built for741

FASER following the Hamamatsu recommendations for a tapered voltage-divider circuit in order742

to maintain good linearity for large pulses. The PMT and the voltage divider are situated inside the743

steel tube as illustrated in Fig. 15. The PMT is in addition surrounded by a permalloy protection744

tube to reduce the impact of magnetic fields. In front of that is a 32 mm long, 8 mm wide rectangular745

polystyrene light mixer to reduce the non-uniformity of the PMT response. An absorptive neutral746

density filter with 10 % transmission e�ciency can be installed in the PMT assembly in front of the747

light mixer. This allows the PMT to be operated at higher gain where the non-linearity is small, see748

Section 3.4.1, without saturating the readout electronics for energy deposits up to 4 TeV.749

The full FASER acceptance is covered by four calorimeter modules in a 2⇥2 configuration. To750

avoid insensitive regions along the scintillating fibers and the gaps between modules, the modules751

are tilted horizontally and vertically by 50 mrad with respect to the LOS. To avoid light ingress into752

the calorimeter modules, all sides of the calorimeter are covered in 0.5 mm thick aluminium plates753

and gaps between the modules at the end are covered in aluminium tape as shown in Figure 16.754

After installation in TI12, it was found that a measurable amount of electronics noise was picked up755
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Note: Preshower scintillator to be replaced by silicon pixel detector (tech. 
proposal) in 2023/2024 To detect 2-photon axion-like particle signals 

https://cds.cern.ch/record/2803084/files/LHCC-P-023.pdf
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Calorimeter & Scintillators
● 4 Scintillator stations commissioned & installed, including for FASER𝜈

○ (a) FASER𝜈 Veto, (b) Interface Veto, (c) Timing,  & (d) Preshower
○ >99.98% efficiency, sufficient to veto all incoming muons
○ Installed mu-metal shield to reduce noise, light leaks, and discharge

● 4 LHCb ECAL modules selected & tested
○ Energy resolution of ~1%, dependent on calibration

● Both tested with light and cosmic sources; acceptable, expected rates 
found
○ To be detailed in upcoming detector paper
○ All channels working well

● SPS Test beam - Summer 2021
○ Along with tracker (see previous slide for setup)
○ Analysis nearing completion
○ Few-% energy resolution confirmed
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´ Four scintillator stations with multiple scintillator layers in each 
station 
´ (a) FASER𝜈 Veto, (b) Interface Veto, (c) Timing, & (d) Preshower

´ >99.98% efficiency, sufficient to veto all incoming muons  

´ photo-multiplier tubes to detect the scintillation signals. 

´ Electromagnetic calorimeter made of spare LHCb modules 
´ 66 layers of lead-scintillator plates read by 2x2 array of PMTs

´ calorimeter readout optimised to measure multi-TeV deposits w/o saturation
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a)                          b)

c)                                  d)

Preshower scintillator to be replaced by silicon pixel detector (tech. 

proposal) To detect 2-photon axion-like particle signals

Figure 17: FASER calorimeter electron energy resolution from simulation as a function of electron
energy compared to LHCb measurements (solid green line) and extrapolations (dashed green line).
The FASER simulation does not include contributions from electronic noise.

addition there will be a significant systematic uncertainty on the overall energy scale as there are772

no high-energy electromagnetic signals in-situ which can be used for an absolute scale calibration.773

3.3 Calibration system774

A common practice for calibrating the energy response of calorimeters is using energy deposits775

from known processes e.g. / ! 4
+
4
� in ATLAS [43]. The calorimeter of the FASER experiment776

does not have this possibility with the only charged particles crossing the detector at high rates being777

muons. However, as they are minimum ionizing, the signal from muons is quite low and can not778

be detected at the low gains the PMT will be operated at. The only way to use muons to calibrate779

the energy is to run at higher gains and then extrapolate down to the nominal operating range. The780

accuracy of this extrapolation is ensured by injecting a known amount of light into the module while781

lowering the PMT bias voltage in discrete steps and tracking the change in amplitude. To realize782

this, a dedicated LED-based calibration system was constructed. It is connected to the calibration783

port in the front of the calorimeter modules as can be seen in Fig. 14. The calibration system is also784

connected to all scintillator counter PMTs where it will be used to generate test pulses and monitor785

long-term stability through regular dedicated calibration runs when there is no beam in the LHC.786

In order to produce short light pulses, blue LEDs 5 are driven by a commonly used circuit787

originally proposed by J.S. Kapustinsky [44]. The circuit works by quickly discharging a capacitor788

through the LED resulting in a short flash of light. To reduce the duration of the pulse, an inductor789

is put in parallel with the LED, producing a current opposite to the current from the discharging790

capacitor. The capacitor and inductance values are chosen such that the pulses have su�cient791

amplitudes to feed all four modules using a single LED. The values chosen are 10 nF and 220 nH.792

The calibration system features two independent LEDs with one channel used to drive the793

calorimeter and the second channel used for the scintillator counters. To ensure good light yield,794

5MULTICOMP PRO OVL-5523
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Figure 16: Assembled FASER calorimeter.

in the PMT assemblies from a nearby 4G GSM antenna which is part of the tunnel safety system. A756

Faraday-cage made from aluminium plates and connected to the detector ground plane was therefore757

constructed and installed around the calorimeter PMTs.758

From previous LHCb measurements, simulation studies and measurements of cosmic rays,759

about 2500 photo-electrons (250 when the neutral-density filter is installed) are expected per GeV760

of electron or photon energy. Figure 17 shows the predicted energy resolution estimated from761

simulation. Corrections for energy deposits in the extra material from the preshower station in front762

of the FASER calorimeter are also taken into account. The simulation results are compared to those763

from LHCb, where the solid line indicates the energy range probed by real measurements and the764

dashed line extrapolates the behaviour to higher energy. The predicted FASER energy resolution is765

given by766

f⇢

⇢

=
9.2%
p
⇢

� 0.2% (3.1)

The simulation does not fully capture the expected 1% constant term and does not include con-767

tributions from electronics noise, which will partially depend on the energy range the system is768

operated over. The resolution degrades at energies above 1 TeV due to leakage out the back of the769

calorimeter. At 1 TeV, about 1.6% of electrons are expected to leak more than 3% of their energy,770

while for 5 TeV electrons 6.5% of them will lose more than 3% of the energy out the back. In771
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At 1 TeV, about 1.6% of electrons are expected to leak more than 3% 
of their energy 

+ expected 1% constant term 

´ Four scintillator stations with multiple scintillator layers in each 
station 
´ (a) FASER𝜈 Veto, (b) Interface Veto, (c) Timing, & (d) Preshower

´ >99.98% efficiency, sufficient to veto all incoming muons  

´ photo-multiplier tubes to detect the scintillation signals. 

´ Electromagnetic calorimeter made of spare LHCb modules 
´ 66 layers of lead-scintillator plates read by 2x2 array of PMTs

´ calorimeter readout optimised to measure multi-TeV deposits w/o saturation

Note: Preshower scintillator to be replaced by silicon pixel detector (tech. 
proposal) in 2023/2024 To detect 2-photon axion-like particle signals 

https://cds.cern.ch/record/2803084/files/LHCC-P-023.pdf


FASERν detector 
´ 700 layers of an emulsion film and 1.1 mm tungsten 

plate: 25 cm×30 cm×1.1 m, 1.1 tons, 220 𝑋0 

´ Pilot detector (30 kg) exposed in FASER location for 1 
month

´ Observed (2.7σ) first collider ν candidates!

´ FASERn will be exchanged frequently during Run 3

´ First full detector (TS1): 26th July – 13th Sept

´ Second detector (TS2): 13th Sept – 8th Nov

´ Frequently exchanged (~ every 3 months) to keep a 
manageable detector occupancy. Procedure:

15

Emulsion Film 
Production

Detector 
Assembly Exposure Development Full Area 

Readout Reconstruction

Ship to 
CERN

DisassembleInstall 
in Ti12

Ship to 
Japan

Monica DOnofrio, IPA2022
Replacements: ~ 3 times/yr in technical 
stops, every 30-50 fb-1

Phys. ReV. D 1004, L091101

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101


FASER Test Beam 
´ TB @ CERN H2 beam (summer ‘21)

´ Electrons (5-300 GeV), muons 
(200 GeV) and pions (200 GeV)

´ 6 ECAL modules (inc. spares)

´ Along with IFT and preshower

´ Also used for tracking performance 
studies
´ Tracker cluster efficiency measured: 

99.86 ± 0.04 % , agreeing well with 
MC and ATLAS (99.74±0.04 %) 
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Test Beam (Summer 2021)
● Goals:

○  Calibrate preshower & calorimeter modules

○ Develop and validate calibration procedure for TI12

○ Operation and performance measurements of IFT tracker station 

and scintillators in actual beam conditions

● Different beams, at various energies
○ Electrons: 5-300 GeV;  Muons: 150 GeV; Pions: 200 GeV

○ Now we could practice particle identification → 

● Tracker cluster efficiency measured: 99.86 ± 0.04 % , agreeing 

well with MC and ATLAS (99.74±0.04 %)

● Correction to gains  improves calorimeter resolution by 

accounting for charges lost to preshower scintillator 

● Calorimeter response uniform within a few percent across 

different beam positions

Deion Fellers, 2022 12

Paper in progress!

Paper in progress! 



FASERν detector commissioning 
´ ~30% of the full emulsion for commissioning

´ MIP efficiency of the veto system was also measured in the test beam

´ Better performance than the requirement (>99.98%) obtained. 

Monica DOnofrio, IPA202217

FASERν construction (2)
11

Emulsion detector

• The first emulsion detector was prepared in March 2022.
➢ 22 emulsion modules were housed in the emulsion box with tungsten 

plates for the remaining volume.
➢ This is ~30% of the full emulsion for commissioning, and it will be 

replaced with a full detector for the first physics at the end of July.

• IFT was built with spare ATLAS SCT modules with the same design as 
FASER main tracker, and the assembly was finished in July 2021.

IFT



FASER Detector (2)
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Full detector installed 
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Monica DOnofrio, IPA2022

After further 
commissioning tests, the 
detector was ready to see 
first data on July 5th! 



First data ! 
´ Thousands of events were already collected with 

charged particle tracks traversing the detector even 
prior to official start on 5th of July 

´ Great for performance studies, optimizing operation 
procedures, & commissioning reconstruction software. 

´ With 13.6 TeV beams, good events seen in the 
detector consistent with coming from collisions. 

Monica DOnofrio, IPA202219

Run 3 Officially Begins!

15T. Böckh, D. Casper 2022

Fresh event displays from first collisions after 
official high energy beams this week

One of first event displays from collisions

Lessons learned from first 10 fb-1 of data taken
• trigger rate broadly consistent with expectation 
• beam background level low and easy to remove with timing
• detector working beautifully, no operational issues to date

Top-view - Run 7733, Event 228814 at 16:48:37 2022-07-05

3000− 2000− 1000− 0 1000 2000 3000
z [mm]

250−
200−
150−
100−
50−
0

50
100
150
200
250

x 
[m

m
]

mµSagitta = 281.8 FASER
Top-view - Run 7733, Event 228814 at 16:48:37 2022-07-05

Side-view - Run 7733, Event 228814 at 16:48:37 2022-07-05
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First data ! 
´ Thousands of events were already collected with 

charged particle tracks traversing the detector prior 
to official start 

´ Great for performance studies, optimizing operation 
procedures, & commissioning reconstruction software. 

Monica DOnofrio, IPA202220

Tracks from the first 
FASERn emulsion films



Data analysis readiness
´ On-going tests on full production chain from generation all the way through to analysis 

´ Representative background and signal processes have been produced 

´ Full FASER detector geometry implemented and validated in offline software 

´ Calypso software package based on ATLAS framework (Gaudi and Athena) 

´ Genie & FLUKA used for neutrinos studies and muon-induced background 

21 Monica DOnofrio, IPA2022
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Good tests for track 
reconstruction methods, 
momentum resolution and 
calorimeter deposits 
measurements



Data analysis readiness
´ On-going tests on full production chain from generation all the way through to analysis 

´ Representative background and signal processes have been produced 

´ Full FASER detector geometry implemented and validated in offline software 

´ Calypso software package based on ATLAS framework (Gaudi and Athena) 

´ Genie & FLUKA used for neutrinos studies and muon-induced background 
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Neutrino events simulation also 
fully ready 

Simulated neutrino events in FASERν
14

FASERn Simulation



The forward future: FASER(n)2
´ We might not see LLPs or NP in Run 3: 

´ Extended coverage needs a bigger detector

´ Thinking ahead: a scaled-up version 
of FASER with ~100 x active area
´ Magnets: Superconducting w/ B = 1 T
´ Tracker: much larger using e.g. SiFI/SiPM
´ Calo/Muon: enhanced PID & position resol.

23 Monica DOnofrio, IPA2022

FASERν2
~20t emulsion + tungsten detector

Focus on ντ

Probing up to higher mass

Substantial increase in sensitivity for LLPs from B, D hadrons decays (e.g. Dark 
Higgs) thanks to larger radius,  Broader scope including QCD physics 



Where: the Forward Physics Facility (FPF)
´ Proposal to build a new dedicated forward physics facility 

´ Hosting a suite of far-forward experiments at the HL-LHC

24

Current planned detectors

• FASER2
• FASER scaled to r=1m
• Light dark sector parts.

• FASERn2
• ~20t emulsion + tungsten  

detector
• Mainly ντ

• AdvSND
• Off axis ν detector
• Fwd charm + low-x gluon

• FORMOSA
• Scintillating bars 
• Millicharged particles

• FLArE
• ~10t LAr TPC
• DM + ν physics

Detailed (429pp) paper submitted as part of Snowmass: https://arxiv.org/abs/2203.05090
Monica DOnofrio, IPA2022

https://arxiv.org/abs/2203.05090


Summary
´ FASER gives access to light, weakly-interacting particles with significant lifetime,  

providing sensitivity to a wide range of BSM physics models (dark γ, ALPS and more) 
complementary to GPDs; FASERn can measure high energy neutrinos in a previously 
unconstrained region of phase space   

´ FASER and FASER𝜈 are now installed and fully operational 
´ Test beam results show excellent tracker cluster efficiency and uniform calorimeter response within a 

few percent across different beam positions 

´ Data collection has started with Run 3! More than 10/fb of data collected so far… 

´ detector working beautifully, no operational issues to date

´ Development of analysis and software tools ongoing 
´ First results expected for Spring 2023 – stay tuned!

´ A forward look: proposal for FPF, a dedicated forward physics facility @ CERN, to take 
advantage of HL-LHC and build a FASER2 
´ Would give a rich and broad physics programme

25 Monica DOnofrio, IPA2022



Trigger and DAQ

´ PMTs from scintillators and calorimeter 
provide trigger signals 

´ Trigger system run synchronously to the 
40.08 MHz LHC clock 

´ Data Acquisition (DAQ): Configuration & 
readout 

´ Monitoring: checking data flow, detector 
conditions, and data quality to spot/resolve 
problems 

Monica DOnofrio, IPA202226

Trigger & Data Acquisition

● PMTs from scintillators and calorimeter 
provide trigger signals
○ Trigger system run  synchronously to  the  

40.08  MHz  LHC clock

● Data Acquisition (DAQ): Configuration & 
readout

● Data Control & Safety (DCS): powers 
detector and protects it from unusual 
conditions

● Monitoring: checking data flow, detector 
conditions, and data quality to spot/resolve 
problems

● FASER Trigger rate: 650 Hz expected 
(dominated by muons)

● Paper published: 2021 JINST 16 P12028

10

FASER Trigger rate: 650 Hz expected (dominated by muons) 

Data Control & Safety (DCS): powers detector and 
protects it from unusual conditions 

2021 JINST 16 P12028 



FASERn and SND@LHC
´ Comparison of neutrino rates 

Monica DOnofrio, IPA202227


