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Outline
๏Physics Case for FACET 
๏Conceptual Outline 
๏Fluences and Backgrounds 
๏Physics Sensitivity Studies 
๏Detector Simulation 
๏Next Steps and Conclusions
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Physics Case
๏ As more and more high-energy data are being 

collected and analyzed at the LHC, the high-mass 
reach becomes saturated 

๏ Our best chance to discover new physics is therefore 
in the places that have not been explored before 

๏ This typically means low masses and low couplings 
★ N.B. High masses and low couplings are also possible, but 

are unlikely to be accessible in Run 3 
๏ Low couplings often imply long lifetimes (LLP) 
๏ Low masses typically makes production peaking in the 

forward direction 
๏ Thus, optimally one needs a precision spectrometer in 

the forward region of CMS, far upstream
3
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Physics Case (cont'd)
๏ This, of course, has been realized by the HEP 

community at large and the LHC community in 
particular [cf., e.g., arXiv:1903.04497 White Paper] and 
resulted in a number of approved or proposed 
experiments: 
★ Beam dump experiments (NA62, SHiP, ...) 
★ Central remote detectors (CODEX-B, MATHUSLA, ...) 
★ Forward remote detectors (FASER, FASER-2, ...) 

๏ We propose to significantly enhance the capabilities of 
the CMS experiment for LLP searches by installing 
FACET: Forward-Aperture CMS ExTension, a multi-
particle spectrometer at z ~ +100 m from the IP (on one 
side of CMS) 

๏ If approved, FACET will operate in Run 4 and beyond4

https://arxiv.org/abs/1903.04497
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FACET Advantages
๏ There are several major advantages of FACET w.r.t. the 

competition, most notably approved FASER and proposed 
FASER-2 HL LHC upgrade: 
★ FACET will be fully integrated in CMS and can be used either 

together with the central detector or as a standalone detector 
★ Unlike FASER, FACET is located around the LHC beam pipe, 

allowing to study unique physics processes not accessible to 
FASER, e.g., rare D meson decays 

★ Similar to the original SHiP proposal, FACET will have an LHC-
quality vacuum decay volume ≈15 m long, which allows for an 
essentially background-free environment for the LLP searches 

★ FACET will be built based on the CMS Phase 2 Upgrade concept, 
combining silicon tracker, timing detector, HGCAL-type EM/HAD 
calorimeter, and GEM-type muon system in a compact design 

✤ We are not inventing any new detector concepts or infrastructure, but 
propose to benefit from and help with the present Phase 2 upgrade

5
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Snowmass EoI
๏ Submitted the conceptual design as a Snowmass 

EoI for EF08+09+10 groups
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Abstract

We intend to develop a proposal to search for BSM long-lived particles (LLPs) in the
forward direction of IR5 (CMS), penetrating 35 m – 50 m of steel in the Q1 – Q3 quadrupoles
and D1 dipole, and either decaying in a large vacuum pipe or interacting in an imaging
calorimeter. Neutral LLPs with |⌘| > 8 decaying after 83 m of vacuum pipe may also be
detected if their mass is a few GeV.

BSM long-lived particles with lifetimes c⌧ > 10 m and small pT at the LHC may be detected
with a new spectrometer. A 20 m long section of beam pipe with diameter ⇠ 100 cm with a
thin back window can replace the standard ⇠ 20 cm diameter pipe, providing a large volume of
high vacuum for LLP decays. Azimuthal regions above and below the beams are swept free of
primary charged particles by D1[1] and there is no direct path for primary neutral particles to the
detectors. The number of interaction lengths of steel traversed ranges from 190�INT at the inner
radius to 320�INT at R = 20 cm and 250�INT at R = 50 cm. Precision tracking, timing, imaging
calorimetry and muon detectors between z = 116 m and 126 m can measure �, e±, µ±, h±, ⌧±, cc̄, bb̄
and jets from LLPs decaying in the vacuum. Such a system has sensitivity to LLPs with boosted
lifetimes �c⌧ from tens of meters to many km. In addition the possibility of detecting much longer-
lived, or stable dark matter, particles that interact in the calorimeter will be studied. Background
from high energy (& 100 GeV) hadrons emerging from the steel can be mitigated by precision
time-of-flight for particles with MX & 2 GeV, as well as the depth of first interaction.

We present this as a possible new subsystem for CMS, calling it FMS for Forward Multiparticle
Spectrometer. We intend to design this system to operate at full luminosity in Run 4, with the
new 35 Tm superconducting beam separation dipole D1. Dimensions are provisional and subject
to optimization. Fig. 1 shows a schematic arrangement.

As presently planned the straight beampipe (containing both incoming and outgoing beams) has
a radius increasing from R = 7.5 cm at the exit of D1 (z = 82 m) to R = 12.5 cm at the entrance
to the TAXN (z = 127 m). We propose installing over at least 20 m of this section a larger beam
pipe ⇠ 100 cm in diameter, followed at z = 116 m by a thin perpendicular steel (or beryllium)
window and a spectrometer. The spectrometer should have excellent tracking to reconstruct tracks
from a vertex in the vacuum, imaging electromagnetic and hadronic calorimetry to measure not
only the energy but direction, time and start position of showers, followed by muon chambers with
a steel toroid for momentum measurement. All these detectors can have the same technology as
the planned endcap upgrades for CMS, but over an area only 0.85 m2, of order 3% of the endcap.

The D1 dipole acts as a sweeping magnet, bending charged particles that exit Q1 – Q3 to the
left and right of the outgoing beam. The quadrants up+down above and below the beams are
swept clear of charged particles, and at R > 12.5 cm at z = 116 m are not in a direct line from the

1

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF8_ALBROW-111.pdf

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF8_ALBROW-111.pdf
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HL-LHC Beamline
๏ Here are the schematics of Sectors 5-6, near the 

CMS IP

7

Proposed FACET location

Vincent Baglin
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HL-LHC Beamline
๏ Here are the schematics of Sectors 5-6, near the 

CMS IP

7

Proposed FACET location

Vincent Baglin

This is area now, looking downstream from beam separation dipoles
New S/C dipole D1 (Run 4): Charged particles deflected sideways, none UP & DOWN

April 16+17 General meeting on FMS/Hadrons & FMS/LLP
In common: Larger beam pipe over 20m
https://indico.cern.ch/event/868473/

Hadron spectra L & R:
Different physics
Low luminosity
Different detector config. 
(TRDs for π/K/p ID)FOCUS NOW on LLP & DM search

Search for LLPs in p + p at high luminosity - 3/ab
Decaying with longer lifetimes than with central detectors:  𝛾c휏 up to few km
Steel absorbers and new 35 Tm S/C sweeping magnet (D1) will be there.
Search for semi-strongly interacting (10-4 – 10-2 x 𝜎hadronic) stable particles (DM?)
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Conceptual Design
๏ Take advantage of presently sparsely instrumented gap at 95 < z < 127 

meters on the positive side of CMS 
★ The detector design is evolving; here is the latest snapshot 
★ R = 50 cm beam-pipe idea was run by the LHC accelerator experts and it 

is possible, provided the impedance match via a wire grid

8
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Solid Angle Coverage
๏ The detector will have a radius of ~50 cm, at ~100 m from the 

IP, corresponding to θ < 5 mrad and the pseudorapidity 
coverage between 6 < η < 8 
★ Technically, there is no upper pseudorapidity cutoff for the 

decaying LLP's, beyond the kinematics, but the R = 12.5 cm LHC 
beam pipe at the entrance to the neutral particle absorbers (TAXN), 
effectively limits the acceptance of the LLP decays beyond that, as 
there is no detector coverage possible below this radius 

★ If it's feasible to reduce this aperture, despite beams being 
separated at this point, the acceptance could further increase 

๏ The θ coverage is an order of magnitude better than for FASER 
and is similar to that of the proposed FASER-2 upgrade 

๏ The detector is shielded by about 30-50 m of steel in front of it, 
which corresponds to 190-300 interaction lengths 
★ This is better than FASER that has ~100 m of concrete/rock

9
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Detector Design
๏ Given very low background, the FACET concept is to have a 

multi-particle spectrometer capable of identifying e, μ, τ, ɣ, 
and hadrons from LLP decay 

๏ A 4- or 5-plane 0T silicon strip detector followed by a 
compact, HGCAL-type calorimeter, and ~3 GEM muon 
detector planes inside a toroidal magnetic fieldwould enable 
these capabilities 

๏ An addition of precision MIP timing (either using silicon 
detectors or with a LYSO hodoscope) would allow to further 
suppress the backgrounds and perform the LLP mass 
measurement 

๏ While the detailed design is in progress, we believe that the 
detector cost could be kept at about 5 MCHF, which is about 
twice as expensive as FASER, but some 5 times cheaper 
than FASER-2 upgrade cost

10
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Radiation Environment
๏ Extensive FLUKA simulation of particle fluences expected at 

the FACET location during the HL LHC operations is 
available 
★ The azimuthal asymmetry is because of the dipole bending plane 
★ Typical fluence is 10-2 cm-2 per bunch crossing, which 

corresponds to ~ 1012 n/cm2 in 10 years of the HL LHC 
operations, or about 1 Mrad integrated dose 

★ This is less than the exposure of the outer part of the HGCAL

11

hadron is misidentified as a electron by showering in the EM section of the calorimeter or as a
muon by penetrating 10 �INT without showering. Quantify these probabilities as a function of
momentum. The probability that of such fake e+e�, e±µ±, µ+µ� events is estimated to be XX,
resulting in XX in 3 ab�1; further the “fake mass” distributions are known.

Figure 2: Fluences per bunch crossing of neutrons and K0 with p > 10 GeV at the position of the
calorimeter, z = 122 m. The integrals with p > 10 GeV are XX per bunch crossing. The “hot
spot“ at 4 o’clock comes from the bunch crossing angle.

1.2 Neutrino interactions

The fluxes of high energy neutrinos in the very forward direction are su�ciently high that many
will interact in the HGCAL. While interesting in itself, it would be a background to any search for
interacting (as distinct from decaying) LLP’s. This is the basis for the experiment faser⌫, using
emulsions, see:

Detecting and studying high-energy collider neutrinos with FASER at the LHC, Abreu et al.,
The European Physical Journal C 80

https://arxiv.org/pdf/1908.02310.pdf

That proposal is for a 1.2 ton stack of tungsten plates and emulsions, 25 cm ⇥ 25 cm ⇥ 1.35 m
placed at z = 480 m at ✓ = 0�, and therefore ✓MAX ⇠ 1 mrad. In 150 fb�1, to quote from that
paper:

“Assuming SM cross sections, this implies that 850 ⌫e , 450 ⌫̄e, 14,000 ⌫µ , 6000 ⌫̄µ , 14 ⌫⌧ ,
and 7 ⌫̄⌧ will interact in FASER. Notably, the mean energy of neutrinos that interact in FASER
is between 600 GeV and 1 TeV, depending on the flavor.”

We should do we a proper estimate, meanwhile these are di↵erences:
The mass of the HGCAL in FMS is approximately 6.5 tons (Back of envelope: Area = 0.7 m2,

length 2 m, say 60% Fe with ⇢ = 7.8 tons/m3.) Luminosity: 3 ab�1 is a factor ⇥20. But we are at
✓ = 1 – 4 mrad not < 1 mrad. FMS has more shielding (FASER’s 100 m of rock is equivalent to
20 m of Fe, we have 35 - 50 m of Fe depending on ✓.) But FASER has 140m of meson decay path
in front of the TAN (in Run 3), while FMS will have only about 20 m in front of the our absorbers
(Q1 first). For ⌫⌧ or neutrinos from B decays this is irrelevant, but note that the rate for these is
much higher at a polar angle of a few mrad than at < 1 mrad.

Neutrino interactions would be a background to any search for non-decaying but interacting very
long-lived or stable particles in FMS. But a much higher background will surely be from neutrons
that have scattered or come from interaction in the beam pipe and other material. (So, we may
conclude that searching for new interacting particles is hopeless.)
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Neutrino interactions would be a background to any search for non-decaying but interacting very
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conclude that searching for new interacting particles is hopeless.)

3

Marta Sabaté-Gilarte 
Francesco Cerutti 



G
re

g 
La

nd
sb

er
g 

- F
AC

ET
: F

or
w

ar
d 

C
M

S 
Ex

te
ns

io
n 

- L
PC

 -1
/2

6/
21

 

Exposure Simulations 

12

Internal note Nov2020 M. Sabaté-Gilarte

Internal note Nov2020 M. Sabaté-Gilarte

From -5 to 5 cm in the third coordinate respect to the beam machine axis

Internal note Nov2020 M. Sabaté-Gilarte

Marta Sabaté-Gilarte 
Francesco Cerutti 
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Exposure Simulations 

12

Internal note Nov2020 M. Sabaté-Gilarte

Internal note Nov2020 M. Sabaté-Gilarte

From -5 to 5 cm in the third coordinate respect to the beam machine axis

Internal note Nov2020 M. Sabaté-Gilarte

Internal note Nov2020 M. Sabaté-Gilarte

Height from -5 to 5 cm respect to the beam machine axis

Marta Sabaté-Gilarte 
Francesco Cerutti 



๏ For LLPs decaying within the FACET vacuum volume, 
the figure of merit (e.g., 5 signal events expected) 
depends primarily on ɣcτ 

๏ Here is how FACET compares with FASER and 
FASER-2 

๏ FASER-2 sensitivity is  
expected to be 2 orders  
of magnitude higher, but  
it is still short of that for  
FACET for ɣcτ > 1 km 

๏ Additionally, FACET will  
have a unique coverage  
for ɣcτ < 100 mG
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Physics Reach vs. Lifetime

13

Better than 
FASER-2

Much better 
than FASER-2

Dan Green

FASER-2

FACET

FASER
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FACET Physics Landscape
๏ The main long-lived particle models we can probe are similar to 

those of FASER(-2), but enhanced via accessibility to hadronic 
and tau decay modes 

๏ There are several classes of models we could explore [for more 
details, cf. FASER "Physics Book" arXiv:1811.12522]: 
★ Dark Vectors (Dark Photons and Z' Bosons) 
★ Dark Higgs and Dark Pseudoscalars 
★ Heavy Neutral Leptons 
★ Axion-Like Particles (ALPS) 

๏ In addition, FACET physics program can be enriched via: 
★ Rare D meson decays (e.g., LFV decays) 
★ Strongly Interacting Dark Matter (SIMP) 
★ Standard model physics topics: hadron production in the forward 

region 
★ He and anti-He3,4 production measurement - relevant for astrophysics

14

https://arxiv.org/pdf/1811.12522.pdf
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Indirect LLP Production
๏ Given the η range of FACET, the main production 

mechanisms for light LLPs are expected to be meson decays 
๏ Typical examples: 

★ π0, η → ɣɣD via kinetic mixing parameter ε 
★ For higher masses, decays of J/Ψ → PɣD (where P is a 

pseudoscalar meson) are relevant as well, but unfortunately, 
production cross section is too small to be of interest 

★ b → sφD(φD) for dark Higgs bosons, e.g.,  
B± → K±φD(φD) - depending on the model, the decay with either 
single Higgs boson or a pair of Higgs bosons dominates 

★ D → K𝓁N, D → 𝓁N, and B → D𝓁N for HNLs (depending on the 
mass); also τ decays for HNLs mixed with ντ 

๏ In all these cases, we only care about the LLP part of the 
decay chain and need it to subsequently decay within the 
FACET decay volume to be detectable w/ low background

15
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FIG. 4. Representative Feynman diagrams for the LLP production processes outlined in
this section: dark photon production from pion decay (left), dark photon production via dark
bremsstrahlung (center left), dark photon production in hard scattering (center right), and ALP
production via the Primako↵ process from photons scattering in the TAN (right).

2 will require significant excavation to extend either TI12 or TI18, or to widen the staging
area UJ18 near TI18 or the cavern UJ12 near TI12.

In determining the physics reach for the various models below, we will further assume that
FASER will be able to observe all decays of LLPs into visible final states within FASER’s
decay volume. We require a minimal visible energy of 100 GeV, but note that this is typically
already fulfilled for LLPs traveling close to the beam collision axis and su�ciently boosted to
decay in FASER. Finally, we assume that FASER will be able to reduce possible high-energy
backgrounds to a negligible level.

III. PRODUCTION OF LLPs

Depending on their couplings to the SM, new light particles can typically be produced
at the LHC in several di↵erent processes. These include rare decays of SM hadrons, dark
bremsstrahlung in coherent pp collisions, and direct production in hard scatterings. In
addition, particles produced at the IP may travel 140 m down the beam pipe and hit
the TAN neutral particle absorber, e↵ectively creating a beam dump experiment that may
produce LLPs. In the following, we briefly discuss all of these production mechanisms.

A. Rare Decays of SM Hadrons

If LLPs couple to quarks, their most important production modes are often rare decays
of SM hadrons. In particular, the leading production mechanism is typically the decays of
the lightest mesons that are kinematically allowed to decay to the LLPs.

Reliable estimates of the number of signal events in FASER require accurate modeling
of the SM hadron spectra in the far forward region. This modeling has improved greatly in
recent years, thanks to a number of experiments targeting the large pseudorapidity region of
the LHC. (For a review, see Ref. [41].) We exploit this progress and determine the hadron
spectra for our estimates as follows:

Light Hadrons: We use the Monte-Carlo event generator EPOS-LHC [42], as implemented
in the CRMC simulation package [43], to simulate the kinematic distributions of light
mesons, such as pions and kaons. In particular, we obtain a production cross section in
each hemisphere for neutral pions ⇡

0 and ⌘ mesons of 1.6 ⇥ 1012 pb and 1.7 ⇥ 1011 pb,

11
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Direct LLP Production
๏ In addition to these processes, LLPs can also be produced 

directly in the forward region via the following processes: 
★ Dark bremsstrahlung via coherent emission  

from a proton 

★ Direct dark photon production 

★ Primakoff production  
of ALPs 

★ Drell-Yan production at higher  
masses, although it's hard to  
compete with LHCb and 
ATLAS/CMS central detectors
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produce LLPs. In the following, we briefly discuss all of these production mechanisms.
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of the SM hadron spectra in the far forward region. This modeling has improved greatly in
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the LHC. (For a review, see Ref. [41].) We exploit this progress and determine the hadron
spectra for our estimates as follows:
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in the CRMC simulation package [43], to simulate the kinematic distributions of light
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rally long-lived and travel a macroscopic distance before
decaying. A detector placed in the very forward region
along the beam collision axis may therefore be optimal
to detect these decays. FASER (the ForwArd Search
ExpeRiment) is an experiment designed to take advan-
tage of this opportunity and search for light LLPs in the
very forward region. Previous studies have established
FASER’s potential to discover light new particles [52–55]

As shown in the bottom-right panel of Fig. 2, FASER
would be placed along the beam collision axis, several
hundred meters downstream of the ATLAS or CMS IP
(and after the LHC tunnel begins to curve). A particu-
larly promising location has been identified a few meters
outside of the main LHC tunnel, 480 m downstream from
the ATLAS IP, in the side tunnel TI18. This space was
formerly used to connect the SPS and LEP tunnels but
is currently empty and unused. At this location, the
beam collision axis intersects with TI18 close to where
it merges with the main LHC tunnel at the construction
hall UJ18. For concreteness, we assume that the decay
volume of FASER has a cylindrical shape with a depth
of D = 10 m and a radius of R = 1 m.

Long-lived particles that are produced in the very for-
ward direction and decay in the detector typically have
very large energies on the order of ⇠ TeV. The energetic
decay products lead to a striking signature at FASER
consisting of charged tracks with very high energy, origi-
nating from a vertex inside the detector and with a com-
bined momentum pointing back to the IP. A detector
that aims to make use of kinematic features to distin-
guish signal from background therefore needs to be able
to measure the individual tracks with su�cient resolu-
tion and identify their charges. A tracking-based tech-
nology, supplemented with a magnet and calorimeter to
allow for energy measurements, would make up the key
components of the FASER detector.

The shielding provided by the rock that surrounds
the detector’s location as well as the forward LHC in-
frastructure consisting of magnets and absorbers would
eliminate most potential background processes. The only
known particles that can transport TeV energies through
⇠ 100 m of rock between the IP and FASER are muons
and neutrinos. A detailed analysis using FLUKA, taking
into account the exact layout of the LHC tunnels and
models of radiation-matter interactions, has shown that
the dominant source of background is radiative processes
associated with muons from the pp collision debris [56].
Such backgrounds can be identified by the presence of a
high-energy muon traversing the full detector and can be
suppressed by using a scintillating charged particle veto
layer at the front of the detector. Additional backgrounds
from neutrino interactions with the detector are small
and generally have di↵erent kinematics. The study has
also shown that no high-energy particles are expected to
enter FASER from infrastructure-induced backgrounds,
such as proton showers in the dispersion suppressor or
from beam-gas interactions. In the following, we assume
that backgrounds can be reduced to negligible levels.

�(
pp

�
� 1

� 2
)/�

2
[p
b]

103

106

109

1012

Drell-Yan
Bremsstrahlung

�-Decay
�-Decay

Total �
Forward �

�/
�D

ef
au
lt

0

1

2 Total �

�/
�D

ef
au
lt

10-1 100 101 102
0

1

2 Forward �

mA' [GeV]

FIG. 3. Top panel: Inelastic dark matter production cross
section, �(pp ! �1�2), per ✏2 as a function of the dark pho-
ton mass, mA0 . We show the total cross section (solid) and
the very forward cross section within an angle ✓�2 ' pT /pz <
2 mrad of the beam collision axis (dashed). The correspond-
ing systematic uncertainties are shown as the shaded regions.
The corresponding relative uncertainties with respect to the
central prediction for the total and forward cross section are
shown in the central and bottom panels. Here, we fix the
model parameters to mA0/m1 = 3, � = 0.1, ↵D = 0.1, and
✏ = 10�3. Note that the cross section per ✏2 only depends
mildly on these choices.

In order to reduce the trigger rate at low energies,
FASER requires a large visible energy deposition from
LLP decay products, i.e., Evis & 100 GeV. For many
models, this choice is dictated by the kinematics of the
signal, while for iDM, lower energy thresholds are opti-
mal for small DM mass-splittings. In Appendix A, we
discuss the e↵ect of modifying this threshold on the pro-
jected sensitivity.
In estimating the projected sensitivity of FASER, we

assume a luminosity of L = 3 ab�1. We also require
that the excited iDM state, �2, decays within the detec-
tor volume and that its decay products are su�ciently
energetic,

FASER : r�2 < 1 m

470 m < z�2 < 480 m

Evis > 100 GeV . (21)

VII. PRODUCTION AT THE LHC

At the LHC, the iDM states, �1 and �2, are pair-
produced from the prompt decays of dark photons. In the
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Estimating Physics Reach
๏ Initial studies of the physics reach of FACET for these processes 
๏ Using the same approach as FASER: generating forward meson 

production (EPOS-LHC for light mesons; FONLL for D and B 
mesons), map the mesons in θ and p and use these maps to 
generate decays we are interested in to estimate the acceptance 
★Many thanks to Felix Kling for providing us with the FASER maps for 

initial studies
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FIG. 5. Di↵erential meson production rate in each hemisphere in the (✓, p) plane, where ✓ and p
are the meson’s angle with respect to the beam axis and momentum, respectively. The bin thickness
is 1/10 of a decade along each axis. We show the ⇡0 spectrum (left), obtained via EPOS-LHC [42],
and the B meson spectrum (right), obtained using FONLL with CTEQ6.6 [44]. The diagonal black
dashed lines highlight the characteristic transverse momentum scale pT ⇠ ⇤QCD ⇠ 250 MeV for
pions and pT ⇠ mB for B mesons. The angular acceptances for FASER and FASER 2 are indicated
by the vertical gray dashed lines.

respectively. These particles are highly concentrated in the very forward , as noted pre-
viously in the discussion surrounding Eq. (3). This is illustrated in Fig. 5 (left), where
we show the production rate of neutral pions in the (✓, p) plane, where ✓ and p are the
meson’s angle with respect to the beam axis and momentum, respectively. As noted in
Sec. I, approximately 0.6% (10%) of the pions are produced within 0.2 mrad (2 mrad) of
the beam collision axis, the angular acceptance for FASER (FASER 2). If one focuses on
high energy pions, the fraction that is in the very forward direction is even larger.

Heavy Hadrons: We use the simulation tool FONLL [45, 46] to calculate the di↵eren-
tial cross section for charm and beauty hadrons. In particular, we take into account
non-perturbative fragmentation functions to obtain the hadronic spectra: BCFY [47] for
charmed hadrons and Kartvelishvili et al. [48, 49] with fragmentation parameter ↵ = 24.2
for beauty hadrons. We use the CTEQ6.6 [44] parton distribution functions (PDFs) with
mb = 4.75 GeV and mc = 1.5 GeV, and obtain production cross sections in each hemi-
sphere of D-mesons and B-mesons of 7.4 ⇥ 109 pb and 4.7 ⇥ 108 pb, respectively. The
spectrum for B mesons is illustrated in Fig. 5 (right).

In LHC Run 3 with an expected integrated luminosity of 150 fb�1, we expect about
2.3⇥ 1017 neutral pions, 2.5⇥ 1016 ⌘-mesons, 1.1⇥ 1015 D-mesons, and 7.1⇥ 1013 B-mesons
to be produced in each hemisphere. More details about LLP production in specific hadron
decay channels can be found in Refs. [7, 26, 28].
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Adapted from arXiv:1811.12522

https://arxiv.org/pdf/1811.12522.pdf
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Example of Simulations
๏ So far looked at dark photons and dark Higgs bosons in  

2-body η and B meson decays, respectively

18

Momentum spectrum 
m(A) = 300 MeV

Polar angle within FACET 
m(A) = 300 MeV

Number of events in 3/ab

Number of events in 3/ab
Polar angle within FACET 
m(φ) = 3 GeV

Momentum spectrum 
m(φ) = 3 GeV

Dan Green

3 events (95% CL)

3 events (95% CL)
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Dark Photon Reach
๏ We can translate these numbers in the exclusion plot, a la the ones found in the FASER 

Physics Book 
๏ The branching fraction of the P → ɣA decay is given by [arXiv:1803.05466]: 

★ In the case of η → ɣA, ! = 0.26ε2 for mA = 300 MeV 
๏ The lifetime in this case is cτ ≈ 10-4/ε2 nm = 10-13/ε2 m 
๏ The 3 event 95% CL limits reach is expected at cτ ≈ 1.5 mm and 10 m ⇒ ε ≈ 8 x 10-6 and  

1 x 10-7, beyond FASER-2 for both lower and upper limits
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FIG. 6. Benchmark Model V1. The dark photon decay length (top left panel), its branching
fractions into hadronic and leptonic final states (bottom left panel) and FASER’s reach (right
panel). In the right panel, the gray-shaded regions are excluded by current bounds, and the
projected future sensitivities of other experiments are shown as colored contours. See the text for
details.

A. Benchmark V1: Dark Photons

The dark photon Lagrangian extends the SM Lagrangian with the following terms:

L � �
✏
0

2
Fµ⌫F

0µ⌫ +
1

2
m

02
X

2
, (9)

where Fµ⌫ and F
0
µ⌫ are the field strength tensors for the SM photon and a new gauge boson

X, respectively. After rotating to the mass basis, the dark photon–SM fermion coupling
parameter is given by ✏ = ✏

0 cos ✓W , cf. Eq. (8). (See, e.g., Appendix A of Ref. [30] for
a detailed discussion.) The kinetic mixing parameter is naturally small if it is induced by
loops of new heavy charged particles. After a field re-definition to remove the kinetic mixing
term, the dark photon A

0 emerges as a physical mass eigenstate that couples to the charged
SM fermions proportional to their charges through

L �
1

2
m

2
A0A

02
� ✏ e

X

f

qf f̄ 6A
0
f . (10)

The parameter space of the model is spanned by the dark photon mass mA0 and the kinetic
mixing parameter ✏.

Production: Light dark photons are mainly produced through decays of light mesons,
⇡, ⌘ ! �A

0 and through dark bremsstrahlung. To a good approximation, these processes
are suppressed by ✏

2 relative to their SM counterparts.

Decay and Lifetime: Dark photons can decay into all kinematically accessible light
charged states, but, especially for mA0 below a few hundred MeV, they mainly decay
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๏ We can translate these numbers in the exclusion plot, a la the ones found in the FASER 
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๏ The branching fraction of the P → ɣA decay is given by [arXiv:1803.05466]: 
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A. Benchmark V1: Dark Photons

The dark photon Lagrangian extends the SM Lagrangian with the following terms:
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where Fµ⌫ and F
0
µ⌫ are the field strength tensors for the SM photon and a new gauge boson

X, respectively. After rotating to the mass basis, the dark photon–SM fermion coupling
parameter is given by ✏ = ✏

0 cos ✓W , cf. Eq. (8). (See, e.g., Appendix A of Ref. [30] for
a detailed discussion.) The kinetic mixing parameter is naturally small if it is induced by
loops of new heavy charged particles. After a field re-definition to remove the kinetic mixing
term, the dark photon A

0 emerges as a physical mass eigenstate that couples to the charged
SM fermions proportional to their charges through
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The parameter space of the model is spanned by the dark photon mass mA0 and the kinetic
mixing parameter ✏.

Production: Light dark photons are mainly produced through decays of light mesons,
⇡, ⌘ ! �A

0 and through dark bremsstrahlung. To a good approximation, these processes
are suppressed by ✏

2 relative to their SM counterparts.

Decay and Lifetime: Dark photons can decay into all kinematically accessible light
charged states, but, especially for mA0 below a few hundred MeV, they mainly decay
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Dark Higgs Reach
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FIG. 10. Benchmark Model S1. The decay length (top left panel), decay branching fractions
(bottom left panel), and FASER’s reach (right panel) for the dark Higgs boson with negligible
trilinear coupling to the SM Higgs. The gray shaded regions are excluded, and the colored contours
are the projected sensitivities of other proposed experiments; see text for details.

bosons. For the latter mechanism, SM Higgs bosons can decay through h ! ��, yielding a
signal of invisible Higgs decays that can be discovered at ATLAS or CMS or Higgs bosons
decaying to LLPs, which can be discovered by MATHUSLA, for example. However, the
trilinear coupling also yields a new production mechanism for FASER, namely, rare B

decays to strange hadrons and an o↵-shell Higgs boson, leading to B ! Xsh
⇤
! Xs��.

The corresponding decay branching fraction is given by [72, 73]
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2
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m
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f
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mb

◆
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where C = 4.9⇥ 10�8 GeV�2, and f is given by [26]

f(x) =
1

3

p
1� 4x2(1 + 5x2

� 6x4)� 4x2(1� 2x2 + 2x4) log


1

2x

⇣
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p
1� 4x2
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. (20)

Decay and Lifetime: If ✓ > 0, the dark Higgs can decay into SM fermions, and its decay
width and branching fractions are as discussed in Sec. VA.

Results: The expected reach of FASER 2 for dark Higgs bosons with sizable trilinear cou-
plings is shown in the right panel of Fig. 11. The shaded contours show results, the reach
obtained from the dark Higgs pair production process only, for � = 0.0046, 0.0015 cor-
responding to B(h ! ��) ⇡ 4700�2 = 10%, 1%. The larger value is currently allowed.
The smaller value will be very challenging to probe through invisible Higgs decays even
at the HL-LHC, but could be probed by other future colliders, such as the ILC [74] and
FCC [75].

As can be seen, the additional production mechanism through o↵-shell SM Higgs boson
B ! Xs�� allows FASER to probe parameter space reaching to lower values of the
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bosons. For the latter mechanism, SM Higgs bosons can decay through h ! ��, yielding a
signal of invisible Higgs decays that can be discovered at ATLAS or CMS or Higgs bosons
decaying to LLPs, which can be discovered by MATHUSLA, for example. However, the
trilinear coupling also yields a new production mechanism for FASER, namely, rare B

decays to strange hadrons and an o↵-shell Higgs boson, leading to B ! Xsh
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The corresponding decay branching fraction is given by [72, 73]
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Decay and Lifetime: If ✓ > 0, the dark Higgs can decay into SM fermions, and its decay
width and branching fractions are as discussed in Sec. VA.

Results: The expected reach of FASER 2 for dark Higgs bosons with sizable trilinear cou-
plings is shown in the right panel of Fig. 11. The shaded contours show results, the reach
obtained from the dark Higgs pair production process only, for � = 0.0046, 0.0015 cor-
responding to B(h ! ��) ⇡ 4700�2 = 10%, 1%. The larger value is currently allowed.
The smaller value will be very challenging to probe through invisible Higgs decays even
at the HL-LHC, but could be probed by other future colliders, such as the ILC [74] and
FCC [75].

As can be seen, the additional production mechanism through o↵-shell SM Higgs boson
B ! Xs�� allows FASER to probe parameter space reaching to lower values of the
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๏ Similar exercise can be made for a dark Higgs φ 
๏ The branching fraction of the B → Kφ decay is given by [arXiv:1710.09387]: 

★ Here θ is the φ-H mixing angle 
★ In the case of B → Kφ, ! = 2.1θ2 for mφ = 3 GeV 

๏ The lifetime in this case is cτ ≈ 0.9/θ2 nm = 9 x 10-10/θ2 m 
๏ The 3 event 95% CL limit reach is expected at cτ ≈ 1cm and 40 m ⇒ θ ≈ 3 x 10-4 

and 4 x 10-6, significantly better than FASER-2 for both upper and lower limit

<latexit sha1_base64="FrmQE7KRtqvW+mT72gn5cjh3SV0="></latexit>
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Complete Simulation
๏ First complete simulation starting from scratch (EPOS), with a full 

reach plot for dark photons! 
★ N.B. The plot is done for 300 fb-1 to enable comparison with FASER study; 

the bremsstrahlung production is not included
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Complete Simulation
๏ First complete simulation starting from scratch (EPOS), with a full 

reach plot for dark photons! 
★ N.B. The plot is done for 300 fb-1 to enable comparison with FASER study; 

the bremsstrahlung production is not included
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★And here is a 3 ab-1 sensitivity plot with bremsstrahlung included!

Bora Isildak
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Distribution of the deviation of the reconstructed vertex from the true vertex. 

There is a tail to the reconstructed vertex deviation. It can be removed by cutting on the opening angle of the 
reconstructed tracks as is shown below. Requiring a 10 mrad opening angle will limit the vertex error to 0.2 
m out of a vacuum tank length of 18 m. 

 

 

Vertex resolution as a function of the decay opening angle. 

  

 In order to impose energy conservation, knowledge of the parent and daughter masses is needed. 
However, in the special case where the daughter mass is effectively zero one can find the parent momentum to 
mass ratio po/mo. That fact allows one, even in the absence of any magnetic or calorimetric analysis, to find 
another property of the parent. Specific results are shown below indicate how well po/mo ~ γo can be 
determined on an event-by-event basis.  

 Any specific BSM model  would be able to predict the distribution of that variable and could be 
compared to the data. The BSM model would also predict the CM 2 body decay angular distribution which 
can be reconstructed in 2 body charged decays. 
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 Some plots from the Monte Carlo follow, choosing mo = 4 GeV. This mass is not accessible for any of 
the fixed target experiments or for FASER. Any other mass or a plot of any other variable can be made easily 
as needed. The first plot shows the decay volume and the tracking, along with the reconstructed decay vertex. 

 

 

 The decay volume is (0,18)m followed by 3 m of tracking planes. The hits in the 5 planes are in blue, 
p1, and red, p2. The found vertex is a red * and the dotted red line is the LLP going from the IP at (0,0,-101 
m) to the vertex. All the angles are then “known”. The vertex resolution scales approximately inverse linearly 
in the total tracking length and linearly in the assumed resolution. The number of planes was chosen to be 5 
in order to allow for detector inefficiencies and potential background tracks. The charged pion fluences are 
estimated using FLUKA to be quite localized near the beam pipe boundary and to be no more than a few 
MHz/cm2. The estimated radiation doses are correspondingly quite manageable when using silicon strip 
tracking technology as is proposed for the FSCMS tracking. 
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Reconstructing Events
๏ Typical configuration we would 

like to reconstruct is a pair of 
tracks forming a common 
vertex within the decay volume 

๏ Pointing resolution in z has 
been estimated assuming 5 
tracking planes with 30 μm hit 
resolution each (~100 μm strips)

22

LLP decay 
point

Typical σ ~ 5-10 cm 
can be achieved

 

Distribution of the deviation of the reconstructed vertex from the true vertex. 

There is a tail to the reconstructed vertex deviation. It can be removed by cutting on the opening angle of the 
reconstructed tracks as is shown below. Requiring a 10 mrad opening angle will limit the vertex error to 0.2 
m out of a vacuum tank length of 18 m. 

 

 

Vertex resolution as a function of the decay opening angle. 

  

Dan Green
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Using Calorimetry
๏ For decays into electrons (dark photons, ALPs), we can further get 

E from the calorimetry and the directions of the electrons from the 
tracker, which allows to estimate the LLP ɣ-factor with a precision 
~5 x 10-3 and, hence, the LLP mass, as illustrated for a 300 MeV 
dark photon decaying to e+e- with the mass resolution ~7%

23

  Finally the po/mo of the parent is reasonably well measured, at the ~ 1% level of accuracy, as shown 
below. For any specific BSM model the LLP  γ distribution would be predicted. 

 

Difference of the parent LLP γ factor and the reconstructed value.  

 In order to get an idea of the acceptance in terms of dynamical variables, the detection efficiency as a 
function of transverse momentum, pt ,and rapidity, y ,was determined.  Electrons failed if either one was 
outside the vacuum tank radius of 50 cm at the tracking stations.  If the reconstructed vertex in z was less 
than 1 m from the front of the vacuum tank or the back of the tank the event also failed. If the reconstructed 
parent LLP had a radius outside the vacuum tank radius the event also failed.  

 The p beam has a rapidity of 9.61, whereas aN LLP of mo = 4 GeV has a maximum rapidity of 8.1. 
The main loss of events is due to maximum angle limit on the LLP which is extended somewhat by the 2 body 
decays with a finite opening angle. The LLP is required to have a polar angle approximately less than 5 mrad. 
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The detection efficiency was generated by uniformly populating a region of y and pt . Full efficiency 
corresponds to 1000 events in the (10 x 10) “pixel”. The efficiency is high for rapidity greater than about 5.5. 
At lower rapidity, the transverse momentum is constrained to be small in order that the polar angle be less 
than about 5 mrad. 

Dan Green
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Backgrounds
๏ FASER studies assumed background-free situation, enabled by veto counters 
๏ in FACET we not only have those, but also the vacuum decay volume, which should be extremely 

powerful in reducing backgrounds 
๏ The only ones that originate within the decay volume are decays of K0L and Λ produced not so far 

upstream 
๏ FLUKA simulations show that the K0 flux is ~10-3/event; the Λ flux is ~2 orders of magnitude smaller 

★ ct(Λ) ~ 3 cm; need a ɣ factor ~ 100 to decay within the decay volume - not many will survive 
★ ct(K0L) ~ 16 m; decay within the vacuum volume is uniform; decay into neutrals are most problematic - will be 

a background for, e.g., ALP searches 
๏ The charged decays are easily removable via mass constraints; need to estimate the neutral decay 

contribution, which would require more detailed simulation 
★Mainly affect very low-mass LLP searches < 0.5 GeV, which is not the main goal 

๏ FASER claims that this background is negligible for them; hope to demonstrate this for FACET as well

24

Figure 1: (Top) Energy spectra of neutrons, ⇤
0
and K0

emerging from the Front Toroid, per bunch

crossing (140 interactions). (Bottom) Spatial distribution (x, y) at the front and back of the decay

pipe.

0.1 Study of background - ideas.

Let us consider the simplest case of X ! µ+µ�
. This will be easily adapted to X ! e+e�. No

SM particles can do that in the pipe except K0
and it is a rare mode, but we can check whether

we have a chance to see it.

Fig. 1 shows the spectrum and spatial distribution. Folding the spectrum with the decay lengths

(c⌧ = 2.6844 cm for K0
S and 15.34 m for K0

L) will give the number of decays in the 18 m pipe. The

fluka estimate from Sabate-Gilarte is 2 (7) K0
per bunch crossing (140 interactions) entering

(leaving) the pipe, so in 3/ab which is 2 ⇥ 10
15

BX we expect 5 ⇠ 10
15 K0

entering the decay

volume. Notice that the flux is highest in a small spatial region near x = 10 cm, y = - 10 cm. One

can consider excluding a small region from the search.

I do not know why we have more at the back. They will be a mixture of K0
S and K0

L, since they

will not have penetrated the 200 �int of steel but come from interactions not far in front of the

pipe entrance.

(Furthermore K0
can come from K0

L by regeneration in the steel. (I mention this only because

my Ph.D. experiment used a 14 cm thick iron slab to regenerate K0
S ; the probability was about

10
�3

but the energy was < 5 GeV. The regeneration probability decreases with energy since it is

driven by the di↵erent cross sections on nuclei of K0
and K̄0.)

The 90% CL upper limits on K0
S ! e+e�(µ+µ�

) are (PDG) 9 ⇥ 10
�9

(8 ⇥ 10
�10

) and on

K0
L ! e+e�(µ+µ�

) are 9
+6
�4 ⇥ 10

�12
(6.84± 0.11⇥ 10

�9
) respectively so they are rare modes, but

we can check whether we have a chance to see any. They are interesting as �S = 1 weak neutral

current modes. It seems unlikely that we could compete with dedicated fixed target experiments

with high fluxes, but if it is possible to see such decays (we have the electron energies from the EM

1

Marta Sabaté-Gilarte 
Francesco Cerutti 
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Toward SIMP Detection
๏ Potentially have sensitivity to SIMPs interacting or decaying late (in the 

FACET calorimeter) 
๏ SIMP must NOT interact in the material upstream and instead interact (or 

decay) within the 2 m of the calorimeter volume 
๏ ~1% acceptance can be reached in a large range of SIMP interactions 

lengths (in Fe) between 25 and 200 m, which corresponds to the 
interaction strength between 1% and 1 per mil of the strong interaction

25
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D Meson Rare Decays
๏ The flux of D mesons is very 

large, and much larger than 
in FASER 

๏ Even at high ɣ, they will decay 
very close to the CMS IP 

๏ Can look for the decay  
products that enter the D1 
dipole aperture (~1 mrad)  
and then swept into the 
FACET detector by the dipole  
magnetic field 

๏ Need detailed simulation to estimate the fraction, but expect 
~1012 D meson decays in 3/ab 

๏ An interesting example to study: D(s)+ →μ+μ+π- - the "golden" 
SHiP LFV decay26

FACET

FACET

µ+

µ+

π-

Marta Sabaté-Gilarte 
Francesco Cerutti 

FACET

FASER
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Time-of-Flight
๏ ~20 ps TOF would allow us to estimate the mass from the known 

momentum for ɣ factors of up to ~100 
๏ This also gives an additional handle against backgrounds that often 

do not come following a straight line from the IP

27

Mike Albrow



G
re

g 
La

nd
sb

er
g 

- F
AC

ET
: F

or
w

ar
d 

C
M

S 
Ex

te
ns

io
n 

- L
PC

 -1
/2

6/
21

 

Other Physics Topics
๏ A number of other physics topics should be accessible 

with FACET, perhaps with some detector modifications 
★ Have to be mindful of several hard constraints, such as 

space (prohibits magnetic tracker), cost (limits the number 
of detector planes), beam backgrounds (prohibits neutrino 
physics via emulsions) 

๏ Can explore simultaneous triggering by CMS and 
FACET in low-luminosity environment (e.g., heavy-ion 
running) 

๏ Can look for millicharged particles (cf. FORMOSA, 
arXiv:2010.07941 

๏ Can do some SM physics (forward meson production 
with D1 as a spectrometer, etc.)

28

https://arxiv.org/abs/2010.07941
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Towards Full Simulation
๏ Significant progress has been made on incorporating FACET into GEANT4 
๏ Also working on the DELPHES simulation for optimization and benchmarks

29

Orhan Aydilek 
Suat Ozkorucuklu
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Conclusions
๏ FACET proposal will enhance significantly the capabilities of the 

Phase 2 CMS upgrade in detecting long-lived particles with the 
masses ~1-10 GeV 

๏ FACET is based on the same detector technologies as being pursued 
by CMS as a part of Phase 2 upgrade 

๏ FACET sensitivity rivals that of the proposed FASER-2 upgrade and is 
unprecedented for the lifetimes ɣcτ ~ 100 m 

๏ The detailed detector layout is being worked on, as well as physics 
simulations establishing FACET reach during the HL-LHC running 

๏ We plan to submit an LoI to CMS before summer; if approved, we plan 
to start raising external funding 

๏ We have a core group of ~10 people actively involved in this work now 
and about 30 people who expressed interest to join this project 

๏ We welcome new collaborators to join us in this exciting quest for 
new physics at HL-LHC 

๏ You can join our e-group cms-fms-llp@cern.ch or contact us directly 
at albrow@fnal.gov, dgreen@fnal.gov, and Greg.Landsberg@cern.ch  30
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