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N E U T R I N O S  A N D  D A R K  S E C T O R  AT  T H E  L H C
M O T I VAT I O N

N E U T R I N O S 


• Collisions at the LHC produce high 
fluxes of  in previously unexplored 
energies  GeV


• In the forward region, neutrinos are 
produced mainly in decays of hadrons


➡ Probe heavy flavour production at the 
LHC

ν
Eν ∈ [102,103]

D A R K  S E C T O R 


• Light dark sector particles 
could be produced in 
decays of SM hadrons


• At the LHC, these particles 
would be predominantly 
produced close to the 
beam direction

Even a small detector near an LHC interaction point, placed close to the beam axis, can 
study neutrinos of all flavours, and have sensitivity to long-lived dark sector particles

[PRL 122 (2019) 041101]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.041101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.041101


‣The LHC provides a unique possibility to measure neutrino production at the TeV scale 
‣SND@LHC and FASERv cover a unique physics program covering LHC Run 3 
(2022-2025) to study all three neutrino flavors  
‣Both detectors currently taking data! The neutrino era at the LHC has begun! 
‣Future projects (FPF) at the HL-LHC are under study

S N D @ L H C  A N D  FA S E R
T W O  C O M P L E M E N TA R Y  E X P E R I M E N T S

Acceptance Target Physics Detector

SND@LHC
 Off-Axis:

800 kg of 
tungsten

• Detect & identify all neutrino flavours

• Probe QCD with neutrinos from charm

• Search for dark sector particle scattering

• Emulsion vertex detector

• ECAL & HCAL

FASER

 On-Axis:

1100 kg of 
tungsten

• Detect & identify all neutrino flavours

• High energy & statistics for neutrinos

• Probe QCD with neutrinos from charm

• Search for dark sector particle decay

• Emulsion vertex detector

• Spectrometer & ECAL

7.2 < η < 8.4

η > 8.8

3



S N D @ L H C  D E T E C T O R

VERTEX DETECTOR AND 
ELECTROMAGNETIC 

CALORIMETER

HADRONIC 
CALORIMETER AND 

MUON SYSTEM

VETO 
SYSTEM

VETO PLANE:  
tag penetrating muons  

TARGET REGION + ECAL:  
- Emulsion cloud chambers 

(Emulsion+Tungsten) for neutrino 
interaction detection  

- Scintillating fibers for timing 
information and energy measurement  

MUON SYSTEM + HCAL:  
iron walls interleaved with plastic 
scintillator planes for fast time 
resolution and energy measurement 

Hybrid detector optimised for the identification of three neutrino 
flavours and for the detection of feebly interacting particles  
 

V E T O 


• Three planes of 
scintillating bars


• Tags charged 
particles as they 
enter the detector

TA R G E T  A N D  V E RT E X  D E T E C T O R 


• Emulsion cloud chambers (ECC) with tungsten 
for  identification via precise vertexing


• Scintillating fibre (SciFi) planes provide timing 
and calorimetric information

ν

M U O N  S Y S T E M  A N D  
H C A L 


• Scintillating bars 
interleaved with iron 
walls, sampling 
every 


• Timing, muon ID 
and energy 
measurement


• Higher granularity in 
downstream stations 
for muon tracking

λ

[JINST:19.P05067]

To ATLAS IP1
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V E T O  S Y S T E M • Tags charged particles entering the detector


• Three (Two until 2024) planes with 7 scintillating bars in each, read out 
by SiPMs


• The planes cover the target surface area, and are staggered to mitigate 
dead zones between bars

S N D @ L H C

6 cm

1 cm

42 cm

6 x 6 mm  
SiPMs

2

I N E F F I C I E N C Y 


• Total veto ineff.  
with two planes


• Evaluation with three 
planes in progress

∼ 9 × 10−8
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E M U L S I O N  TA R G E T

• Five ECC walls used as a 
vertex detector


• 0.31 mm emulsion films 
interleaved with 1 mm 
tungsten plates


• Total target mass: 830 kg


• Emulsions changed every 
< 20 fb−1

S N D @ L H C

38.4 cm

38
.4

 c
m

17 X0

ECC target data is extracted by developing and 
scanning the emulsion films with microscopes

T R A C K I N G  R E S O L U T I O N 


•  m


•

σx,y ∼ 0.7 μ

σtan(x,y) ∼ 10−6
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S C I N T I L L AT I N G  F I B R E  T R A C K E R

• Five SciFi stations interleaved with ECC walls, each with two 
perpendicular planes


• Provides timing and electromagnetic calorimetry together with the 
emulsions

S N D @ L H C

Gaps in detector 
active area

Figure 42: Track-cluster residuals along the G-axis (left) and H-axis (right). The standard deviation
of the fitted gaussian distribution is the spatial resolution of SciFi.

Figure 43: E�ciency of the x layer of the third SciFi module. The dips in e�ciency are caused by
the gaps between SiPM arrays. The black dashed lines indicate the edges of the layer.

between two fibre layers, correcting for the light propagation delay in the fibres. The results are
shown in Figure 44: each fibre layer has a time resolution of ⇠330 ps, which translates in ⇠230 ps
per plane or ⇠100 ps for the whole target tracker

8.2.3 Commissioning of the target structure

In order to perform the commissioning of the target mechanical structure, the upstream section of
the floor in H6 was inclined by 4° to reproduce the floor inclination in the TI18 tunnel. The whole
structure was assembled and installed on the three alignment feet, as shown in Figure 45.

A test of the transportation along the slope of the wall box with the trolley, of the insertion
and extraction of the wall box inside the structure, as well as of the fixation of the SciFi plane was

– 41 –
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SciFi coincidence time resolution

Figure 44: Distribution of the timestamp di�erence recorded between two layers of the second
SciFi module. The CTR is obtained by fitting the data with a Gaussian curve. The single layer time
resolution is obtained dividing the standard deviation by

p
2, in the assumption that the timestamps

recorded by each layer are independent.

successfully performed.

Figure 45: Commissioning of the target mechanical structure in H6.

8.3 Target wall commissioning

The commissioning of the target wall was performed in November 2021 at the Emulsion Facility at
CERN. A test with a first batch of 192 ⇥ 192 mm2 emulsion films was conducted in order to test the

– 42 –

E F F I C I E N C Y 


• Evaluated in TI18 data


• ~98% in each plane


• ~99% in the active area / plane

T I M E  R E S O L U T I O N 


• Evaluated in TI18 data


•  ps in a layer


•  ps in a plane


•  ps in full SciFi

∼ 320

∼ 230

∼ 100S PAT I A L  R E S O L U T I O N 


• Evaluated in muon 
testbeam data


•  mσX,Y ∼ 100 μ
7



M U O N  S Y S T E M  A N D  H C A L

• 8 stations of scintillating 
bars, interleaved with 
20 cm iron slabs (1 slab 

 )


• Five upstream 
stations - hadronic 
calorimetry


• Three downstream 
stations - muon 
identification

∼ λint

S N D @ L H C

10  bars, (1 x 6 x 81 cm ) 3 60 horizontal bars (1 x 1 x 81 cm ) 
60 vertical bars (1 x 1 x 60 cm )

3

3

6  large (6 x 6 
mm ) SiPMs 
each side +


2 small (3 x 3 
mm ) SiPMs 
each side

2

2

1  large SiPM 
each side 
(horizontal)


1 large SiPM 
on top 
(vertical)

σE

E
=

a

E
⊕ c

Energy calibration with 100-300 GeV pion testbeam


 Energy resolution of 14% for 300 GeV pions→
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O P E R AT I O N

• The electronic data acquisition is 
done triggerlessly - all hits 
passing a threshold are sent to 
the server for event building


• The detector has been operated 
with high efficiency, collecting


• 95% of the delivered luminosity 
in 2022


• 99.7% of the delivered 
luminosity in 2023

S N D @ L H C
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Figure 1: The FASER location: TI12 tunnel, 480 m downstream of the ATLAS interaction point.
The detector is located along the beam collision axis line-of-sight.

Tracking spectrometer stations

Electromagnetic 
Calorimeter

Trigger / pre-shower 
scintillator system

Trigger / timing 
scintillator station

Scintillator 
veto system

To ATLAS IP

Magnets

FASERn emulsion 
detector

y 

z 
x 

Interface 
Tracker (IFT)

Decay volume

Front Scintillator 
veto system

Figure 2: A sketch of the FASER detector, showing the di�erent sub-detector systems. The FASER
coordinate system is also shown.

(starting in Run 4). Since the LHC components and the experiments have not yet been upgraded to
be able to run at luminosities higher than 2 ⇥ 1034 cm�2 s�1, the luminosity will be levelled at this
value. This luminosity corresponds to about 55 interactions per bunch crossing (pileup), however
given the large amount of shielding in front of the detector, FASER is not expected to observe
signals from multiple simultaneous interactions.

The main LHC configuration parameters which can e�ect physics at FASER are the direction
and magnitude of the beam crossing angle at IP1, since this moves the LOS compared to its nominal
position assuming no-crossing angle (\cross = 0) at IP1. In Run 3 the crossing plane in IP1 will be
vertical, but the direction (if the beams will be pointing up or down) will be changed during the
run in order to distribute the radiation more evenly over the LHC magnets. The LOS at FASER
moves by 480 m ⇥ sin(\cross/2). In Run 3 the half crossing angle during the physics fills will be in

– 3 –

FA S E R  D E T E C T O R

E C A L 


• Plastic scintillator 
interleaved with 
lead


• Measures the total 
electromagnetic 
energy

D E C AY  V O L U M E  &  T R A C K I N G  S P E C T R O M E T E R 


• Dipole magnets separate collimated opposite charged 
particles and measure the charge of  from  interactions


• Silicon strip trackers to measure position, charge & 
momentum of charged particles

μ ν

FA S E R  E M U L S I O N  D E T E C T O R 


• Emulsion cloud chambers with tungsten 
for  identification via precise vertexing


• IFT tracking station for matching of 
emulsion tracks with electronic detector 
information

ν

ν

S C I N T I L L AT O R S 


• Scintillator 
counters for 
veto, trigger, 
and timing

[arXiv:2207.11427]
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S C I N T I L L AT O R  S Y S T E M
FA S E R

• Four scintillator stations made of multiple layers of plastic scintillator


• Veto stations before and after FASER  to tag charged particles entering the detector


• A trigger and timing station before first tracker


• A pre-shower station before the ECAL for additional trigger and distinguishing 
neutrino DIS in the ECAL


• Read-out by photomultiplier tubes (PMTs)

ν

(a) First veto station. (b) Second veto station.

(c) Timing station. (d) Preshower station.

Figure 13: Drawings of the di�erent scintillator stations. The PMTs are located at top and shown
in grey (red for the first veto station) except for the timing station. The first station uses WLS rods
shown in green to transport the light to the PMTs, while the others use triangular light-guides. For
the second veto station and the preshower station, the absorbers are included in the drawings as the
grey and red blocks, respectively.

station. To suppress background related to muons from the interaction point, each pair of modules
is required to detect more than 99.99% of the incoming muons. This is achieved by having a
large scintillation signal and e�cient light collection as well as a large coverage with respect to the
detector aperture. Each module therefore consists of a 2 cm-thick, 30 cm ⇥ 30 cm scintillator layer.
The light guide and PMT are oriented vertically above the scintillator to minimize the transverse

– 23 –
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30 cm
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m

30 cm

10 cm lead 
to absorb 
brem.-γ

30 cm

3 mm 
tungsten+ 
5cm 
graphite

40 cm

20 cm

2.5 X0

V E T O  I N E F F I C I E N C Y 


• Evaluated in TI12 data


•  in each veto scintillator


•  total veto inefficiency

< 10−6

< 10−20

T I M E  R E S O L U T I O N 


• Evaluated in TI12 data


•  ps in each 
timing&trigger scintillator
∼ 420
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FA S E Rν • Emulsion cloud chamber with tungsten for neutrino detection and 
identification via precise vertexing


• 0.34 mm thick 20 x 30 cm emulsion films interleaved with 1.1 mm 
tungsten plates (730 plates total)


• Mechanical support with a presser ensures sub-micrometric 
alignment of the emulsion modules


• Total target mass: 1100 kg


• Emulsions changed every 10-30 fb−1

FA S E R

T R A C K I N G  
R E S O L U T I O N 


•  mσx,y ∼ 0.3 μ

65 mμ

65 mμ

210 mμ

200  
2.7 

X0
λ

[a
rX

iv
:2

40
3.

12
52

0]
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T R A C K I N G  S P E C T R O M E T E R

• Separates opposite charged particles 
produced in the decay of a long-lived 
particle


• Measures the position and momentum of 
charged particles


• Three stations separated by two 
permanent 0.57 T dipole magnets


• Each station consists of silicon double 
strip modules that were spares of the 
ATLAS SCT barrel detector


• Separate interface tracker (IFT) station 
allows for matching of  neutrino 
interaction tracks to spectrometer tracks

FA S E R

E F F I C I E N C Y 


• Evaluated in dedicated TI12 runs


•  % hit efficiency∼ 99.6

Magnet 
aperture

S PAT I A L  R E S O L U T I O N 


•  m


• Good alignment demonstrated 
in TI12 data

∼ 30 μ

80 m strip 
pitch


40 mrad 
stereo angle

μ[NIMA:2022.166825]
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E C A L
• Measures the total 

electromagnetic energy of 
events


• Four LHCb outer ECAL 
modules in a 2x2 
configuration

25 X0

66 layers of 
lead and plastic 
scintillator

12 cm

12 cm

Energy calibration with electrons and muons at SPS testbeam

E N E R G Y  R E S O L U T I O N 


• Evaluated with high 
energy electrons at SPS 
testbeam (up to 300 GeV)


• ΔE/E ∼ 1 %

Calorimeter energy scale uncertainty (data or MC) < 6%, 
validated with photon conversion events in situ

Wavelength shifting fibre to 
bring the light to the PMT

14

FA S E R



T R I G G E R  &  O P E R AT I O N

• The physics coincidence trigger selects events with 
coincident signal in a front veto scintillator station and 
the preshower scintillator station


• Coincidence trigger rate factor 4 smaller than 
individual trigger rate  dominant triggered 
background from particles triggering individual 
stations rather than energetic muons

→

FA S E R

Coincidence trigger deadtime  %∼ 2

[JINST:16.P12028]
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Operations, May 2024
13.6 TeV p-p collisions
IP1 Instantaneous Luminosity and FASER Trigger Rates 

(~97 %)

https://iopscience.iop.org/article/10.1088/1748-0221/16/12/P12028


C O N C L U S I O N

• The LHC provides a unique environment for 
neutrino physics and long-lived dark sector 
particle searches


• Two complementary experiments, SND@LHC 
and FASER are currently in operation, located 
symmetrically on both sides of the ATLAS IP1


• Detector performance of both experiments is 
well understood, with more studies currently 
ongoing

See also dedicated talks on SND@LHC and FASER physics results! [1,2,3]
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B A C K U P
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 E N E R G Y  R E C O N S T R U C T I O Nνμ
S N D @ L H C

Energy calibration applied to 32  candidates 
from 2022-2023 data


 Good agreement with Monte Carlo predictions

νμ

→

[M
o

rio
nd

2024.Q
D

C
]
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E N E R G Y  &  M O M E N T U M  R E C O N S T R U C T I O N
FA S E R

Reconstructed vs true electron energy 
in simulated  charged current eventsνe

Reconstructed vs true muon momentum in 
simulated muon tracks with a flat momentum 
distribution of [1-2000] GeV
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E V E N T  D I S P L AY

Event display of a muon traversing FASER recorded on 21 April 2023 with 
6.8 TeV stable beams

Run 10417
Event 12340
2023-04-21 19:44:55
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H C A L  T E S T B E A M
S N D @ L H C

• Testbeam setup:


• 4 SciFi modules interleaved with 0.5  iron blocks


• 5 upstream (US) modules with horizontal bars & 1 downstream (DS) module with horizontal 
and vertical bars interleaved with 1  iron blocks


• [100, 140, 180, 240, 300] GeV pion beam


• Shower containment 95%

λint

λint

Energy calibration with 
non-homogeneous 
calorimeter model


Eshower = k × QDCSciFi + α × QDCHCAL

Notes:


• MIP response agrees with SND@LHC data


• QDC distributions change depending on which 
SciFi wall the shower originates from


• Saturation in US observed - cause confirmed in 
the lab to be the electronics rather than SiPMs

QDC = digitised 
measure of 
charge deposit

For more details, see 
Calor2024 talk by G.Vasquez
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https://indico.cern.ch/event/1339557/contributions/5898537/attachments/2863069/5009669/CALOR2024_SND@LHC_GVasquez.pdf


D ATA  A C Q U I S I T I O N

• All electronic detectors are read out by TOFPET2-based front-end 
boards


• Low signal threshold


• Good timing: 40 ps binning


• 128 channels

S N D @ L H C

DAQ board

TOFPET2 frontend

• DAQ boards based on Cyclone V FPGA.


• Runs at 160 MHz, aligned with the LHC 
clock


• Collects data from four front-end 
boards (4x128=512 channels)


• Gets clock from LHC via optical fibre


• Triggerless DAQ: all hits above 
threshold sent to server over ethernet.


• DAQ server


• Receives hits from DAQ boards, 17k 
channels in total


• Runs timestamp-based event-building 
code


• Applies online noise filter


• Saves data to disk in ROOT format
22


