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3



Why are we here?

Gravity
Big Bang/
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Standard
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Why are we here?

Our theories of nature are inconsistent with each other => new physics!

Gravity
Big Bang/
Inflation

Standard
Model

Dark Matter, 
Dark Energy

Matter/antimatter 
asymmetry

And the really big bad 
ghoul… nonlocality. But 

let’s not go there.
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Why long lived particle searches?
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Long-lived particles are generic

A very wide range of BSM models introduce long-lived particles

R-parity violation 
Gauge mediation 
(mini-)split SUSY 
stealth SUSY

Asymmetric Dark Matter 
Freeze-in 
composite Dark Matter 
…

Baryogenesis 
Neutrino masses 
Neutral Naturalness 
Hidden Valleys

Other
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LLP mass vs lifetime vs production

The bigger the mass, the smaller the required coupling to get a long lifetime 

Production & decay heavily depend on the LLP and the portal used to access it. 9
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So how do we search for them?

No theory guidance on lifetime → large detectors 

Many possible decay modes → hermeticity, particle ID 

Small coupling and production rate → zero background 

Small coupling and production rate → huge integrated lumi

Very hard for any single detector to meet all these criteria! 11



Collider vs. fixed target mode
Fixed target Collider

Advantages

Disadvantages
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Collider vs. fixed target mode
Fixed target Collider

Advantages

Disadvantages

Production rate 
Collimated 
production & decay

No access to very 
heavy LLPs 
Big shielding 
required for bkg

Access to higher 
mass LLPs via e.g. 
Higgs portal

Uncollimated 
production 
Hard to instrument 
Hard to shield
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Collider vs. fixed target mode
To put the production argument in some context,  
consider the SPS vs. HL-LHC, each over 5 years 

Charm Hadrons @ SPS : O(1018) 
Charm Hadrons @ HL-LHC : O(1016) 

Beauty Hadrons @ SPS : O(1014) 
Beauty Hadrons @ HL-LHC : O(1015) 

This is why SHIP is so great at LLPs produced in 
charm decays, while HL-LHC can compete for 
beauty and dominates for anything heavier 17



Distance versus solid angle coverage
Fixed target : collimated production

Collimated production & decay mean that solid angle coverage is ~independent 
of optimal decay volume. Geometry is dominated by the required size of shield.18



Distance versus solid angle coverage

Uncollimated production means that (unless you go very forward)  the size of 
your detector goes quadratically with distance from collision.

Collider mode : solid angle is critical!

19



Distance versus lifetime coverage

Being far isn’t really helpful for probing longer lifetimes, since for very long 
lifetimes the exponential is anyway flat.  
What really matters is your volume/lumi. If you see a signal, you’ll need a deep 
detector or precise timing to measure its properties… 

10 m from IP 50 m from IP

ετ(10m) = 0.4% 

ετ(100m) = 5.8% 

ετ(1000m) = 1.0%

10m

ετ(10m) = 23% 

ετ(100m) = 8.6% 

ετ(1000m) = 1.0%
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Side effects of that kind of size

This also has an interesting impact on vertex resolution: prepare to have 
distances of closest approach O(cm) for your signal products… 

Huge distance to first measured 
point inside tracker!

21



A kingdom for a magnet
Collider mode : good luck… 

The other problem with uncollimated production is that unless you do something 
wild with permanent magnets, you can’t really install one to cover the volume 22



A kingdom for a magnet

In fixed target mode, even if distance to the first measured point is large, all 
decay products go in a small cone, so quite possible to add a magnet

Fixed target : easy!

23



The quest for zero background

Considerations : size of shield, active layer for in-shield secondary production, 
vacuum decay vessel or neutrino-like detector, magnet or timing/calorimetry? 24
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LHC coverage

(ATLAS, CMS, LHCb)

Forward
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NA62, . . . )

Transverse
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SCHEMATIC

FIG. 1: Complementarity of di↵erent experiments searching
for LLPs [4].

many decay widths are suppressed by the mW � ⇤QCD

hierarchy, loop and phase-space suppressions, and/or the
smallness of one or more CKMmatrix elements. TheK0

L,
⇡
±, neutron and muon are the most spectacular examples

of microscopic particles naturally acquiring a very long
decay length. Such LLPs are also ubiquitous in BSM
scenarios featuring e.g. Dark Matter, Baryogenesis, Su-
persymmetry or Neutral Naturalness.

The program to search for LLPs at ATLAS, CMS and
LHCb is vibrant and draws on the expertise of both anal-
ysis and detector specialists, as well as theorists [1]. The
sensitivity of both ATLAS and CMS to the decay-in-
flight of LLPs is greatest when they are relatively heavy
(m & 10 GeV), though there are some important excep-
tions (e.g. [2, 3]). The reason for this is that backgrounds
and trigger challenges can strongly limit the reach for
light LLPs in the complicated environment inherent to a
high-energy, high-intensity hadron collider. These di�-
culties are o↵set to a large degree by LHCb and FASER,
thanks to, in the former case, its high-precision VEr-
tex LOcator (VELO) and, in the latter case, its large
amount of shielding. Because of their locations and ge-
ometry, their sensitivity is restricted to relatively short
lifetimes and production at low center-of-mass energies,
and their sensitivity to LLPs produced in, e.g., exotic
Higgs or B decays can be quite limited, especially for
c⌧ & 1m. To achieve comprehensive coverage of the
full LLP parametric landscape, one or more high vol-
ume, transverse LLP detectors are therefore needed (see
Fig. 1). CODEX-b (“COmpact Detector for EXotics at
LHCb”) is a low cost option, which makes use of existing
technology and infrastructure.

The CODEX-b experiment is a special-purpose detec-
tor proposed to be installed near the LHCb interaction
point to search for displaced decays-in-flight of exotic
LLPs [4–6]. A recent Expression of Interest (EoI) pre-
sented the physics case and extensive experimental and
simulation studies for the proposal [4]. The core advan-

tages of CODEX-b are

a) its competitive sensitivity to a wide range of BSM
LLP scenarios, exceeding or complementing the
sensitivity of existing or proposed detectors;

b) a zero background environment, as well as an acces-
sible experimental location with many of the nec-
essary services already in place;

c) its ability to tag events of interest within the exist-
ing LHCb detector, independently from the LHCb
physics program;

d) its compact size and consequently modest cost,
with the realistic possibility to extend detector ca-
pabilities for neutral particles in the final state.

CODEX-b will provide competitive sensitivity over a
large range of di↵erent LLP production and decay mech-
anisms; extensive studies of this can be found in the ex-
pression of interest [4] and are outlined in brief below.
The proposed CODEX-b detector would be located

roughly 25 meters from the LHCb interaction point (IP8)
and have a nominal fiducial volume of 10 ⇥ 10 ⇥ 10m3

(see Fig. 2). The location roughly corresponds to the
pseudorapidity range 0.13 < ⌘ < 0.54. Backgrounds are
controlled by passive shielding provided by the existing
concrete UXA radiation wall, combined with an array of
active vetos and passive shielding to be installed adjacent
to IP8.
A smaller proof-of-concept demonstrator detector,

CODEX-�, will be operated during Run 3 of the LHC,
with installation planned for the winter of 2022–2023.
This detector will be placed in the proposed location of
CODEX-b, shielded only by the existing, concrete UXA
wall.
The remainder of this white paper is structured as fol-

lows. We review the motivation and physics reach for
CODEX-b in Sec. II. The optimization of the detector
geometry and the status of the background simulations
are discussed in Secs. III and IV, while Sec. V describes
the status of the CODEX-� demonstrator detector. We
conclude in Sec. VI.

II. PHYSICS CASE

Discussed in extensive detail in Ref. [4], the physics
case for CODEX-b is principally motivated by the very
broad class of models that may be explored through LLP
signatures: almost any model with either a hierarchy of
mass scales, loop suppressions and/or small couplings
may feature an LLP in its spectrum. The Standard
Model (SM) is the most famous and obvious example
of such a theory, which has all three of these features,
and many extensions of the SM exhibit at least one. The
broad array of possibilities raises the problem of how to
achieve comprehensive coverage of the theory landscape,
something which can only be accomplished with a set

Summary of coverage

No single “golden” experiment — need complementary capabilities!

ANUBIS

25
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CODEX-b: a minimal 
extension to LHCb 
for LLP searches
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Location
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Why CODEX-b? One slide sales pitch

28

1. Shielded & convenient location “for free” 

2. Modest size hence low cost (<10 M$) 

3. Trivial integration with LHCb DAQ, no trigger needed 

4. Access both forward and transverse physics



Baseline detector technology

29

10

FIG. 11: Top: Diagram of a CODEX-� module, including
the RPC triplet (red) support frame (green) and service boxes
(gray). Bottom: Schematic of the structure of a singlet RPC.

tures is support carts which will be used to move the
modules to the frame. The final two modules will re-
main in the rolling carts and allow internal access to the
detector.

The RPCs are read out on both sides by two panels
of orthogonal strips, with strip pitches of 20–25mm, pro-
viding pseudorapidity (⌘) and azimuth (�) coordinates.
The two service boxes for these readouts are illustrated
by the gray boxes in the top diagram of Fig. 11. The de-
tector’s Faraday-cage design, suitable for low-threshold
operation, has been developed to allow a better shielding
of the more sensitive front-end electronics.

The chamber is designed as a modular structure, where
the base element is the singlet RPC, composed of the gas
gap sandwiched between the ⌘ and � readout strip panels
containing the front-end electronics. Figure 11 shows a
schematic of the singlet RPC design. The fully assem-
bled chamber is composed of three independent singlets,
comprising a triplet, which are able to provide a three-
points track and to work in a self-trigger mode, avoiding
any external reference system for muon detection.

The resistive electrodes consist of two sheets of phe-
nolic high pressure laminate (HPL), with resistivity ⇢

between 1010 and 1011⌦ cm. The electrode thickness
is ⇡ 1.2mm. A matrix of polycarbonate spacers, of
⇡ 10mm diameter each, guarantees the uniformity of
the gas-gap thickness for the entire detector area. The
spacer matrix causes an intrinsic ine�ciency of the detec-
tor which must be taken into account. The spacer lattice
has a step of 7 cm, causing a geometric ine�ciency of
⇡ 1%.

The external surface of the electrodes is covered with

FIG. 12: Schematic of a face of CODEX-�, comprising two
RPC chambers and their support frames. (“PHI” ⌘ � and
“ETA” ⌘ ⌘.) Each of the two modules includes a support

frame.

a paint of graphite with a superficial resistivity ⇢ of ⇡
500k⌦/⇤, which allows a uniform distribution of the high
voltage and at the same time allows the inductive pick-up
of the charge created within the gas. The inner surfaces
of the electrodes are covered with a very thin layer of
linseed oil to avoid the spike e↵ect which creates electrical
field inhomogeneity and the increasing of the detector
noise. This is a fundamental component for the detector
to work properly.
Each module shown in Fig. 10 comprises a support

structure around an RPC chamber and the chamber com-
prises a stacked triplet of RPC singlets, each with an area
of 2⇥ 1m2. The long and short sides of the chamber are
referred to as the � and ⌘ sides, respectively, as in Fig. 12.
Note that here, the full mechanical frame for each mod-
ule is not shown. One � side and one ⌘ side of each
module contain readouts for the perpendicular readout
strips of the RPCs. In order to form a full 2⇥ 2m2 face
of the CODEX-� cube, two modules are placed side-by-
side along their � sides such that the readouts are on
the opposite outer-edges of the module, as in Fig. 12.
This maintains the hermiticity of the detector. For the
full CODEX-b design, the readouts may be moved to the
center of the module face to allow for sequential position-
ing of more than two modules.

C. Timeline

An initial, detailed timeline, subject to significant
change and requiring approval by relevant parties, is
given in Fig. 13 in Appendix B, where each block corre-
sponds to a specific task. The initial primary focus is the
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a paint of graphite with a superficial resistivity ⇢ of ⇡
500k⌦/⇤, which allows a uniform distribution of the high
voltage and at the same time allows the inductive pick-up
of the charge created within the gas. The inner surfaces
of the electrodes are covered with a very thin layer of
linseed oil to avoid the spike e↵ect which creates electrical
field inhomogeneity and the increasing of the detector
noise. This is a fundamental component for the detector
to work properly.
Each module shown in Fig. 10 comprises a support

structure around an RPC chamber and the chamber com-
prises a stacked triplet of RPC singlets, each with an area
of 2⇥ 1m2. The long and short sides of the chamber are
referred to as the � and ⌘ sides, respectively, as in Fig. 12.
Note that here, the full mechanical frame for each mod-
ule is not shown. One � side and one ⌘ side of each
module contain readouts for the perpendicular readout
strips of the RPCs. In order to form a full 2⇥ 2m2 face
of the CODEX-� cube, two modules are placed side-by-
side along their � sides such that the readouts are on
the opposite outer-edges of the module, as in Fig. 12.
This maintains the hermiticity of the detector. For the
full CODEX-b design, the readouts may be moved to the
center of the module face to allow for sequential position-
ing of more than two modules.

C. Timeline

An initial, detailed timeline, subject to significant
change and requiring approval by relevant parties, is
given in Fig. 13 in Appendix B, where each block corre-
sponds to a specific task. The initial primary focus is the

Based on RPCs for the ATLAS upgrade 

Cheap, fast to read out, with the spatial 
granularity we need and with the possibility of 
sufficient timing precision further down the line 

Same technology as ANUBIS demonstrator



Preliminary results in Snowmass contribution. Full manuscript in prep!!
Rules:

● Finite element is 2x2 sq m RPC triplet
● Nominal full configuration:

○ 4 external sextet faces
○ 2 external triplet faces
○ 4 internal triplets uniformly spaced (2m 

apart) in x (transverse)
○ 4 internal triplets uniformly spaced (2m 

apart) in z (beam line)
● 450 total panels (vs 400 for the baseline)
● Require 6 hits per track, 2cm separation, p > 600 

MeV

Baseline config.
Demonstrated O(1) reco 
effs. Limited by 

● angular separation
● Momentum 

thresholds

Nominal full config.
Can it do better 
with less? 

Minimal proof-of-concept geometry

10x10x10 metre box, with 6 RPC layers on each box face. Add 5 other RPC triplet layers equally 
spaced to minimize the distance to the first measured point for the decay vertex determination. 30



Optimized geometry

Recent studies show that we can optimize the layout reducing the number of RPC layers but almost a 
factor two while maintaining most of our sensitivity for many benchmarks — work ongoing
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FIG. 5: Preliminary from Ref. [58]. Top: Schematic of
the baseline detector geometry, decomposed into 2⇥2m2 RPC
sextets on the six external faces (green squares) and 2⇥ 2m2

RPC triplets at four internal stations (blue squares), for a
total of 400 triplet panels. Bottom: An estimator-optimized
configuration with only 150 panels (excluding the x = 26m
sextet for background rejection), that achieves ⇠ 50–90% rel-
ative e�ciency compared to the baseline, depending on the

LLP benchmark.

IV. BACKGROUND AND SIMULATIONS

A. Background Analyses and Shielding
Optimization

The LHCb interaction point produces a large flux of
background primary hadrons and leptons. Of these,
primary neutral long-lived particles—e.g. (anti)neutrons
and K

0
L’s—can enter the detector and decay or scatter

into tracks resembling a signal decay. Suppression of
these primary hadron fluxes can be achieved with a suf-
ficient amount of passive shielding material: for a shield
of thickness L, the background flux suppression ⇠ e

�L/�

where � is the material nuclear interaction length. In
the baseline CODEX-b design, the 3m of concrete in the
UXA radiation wall, corresponding to 7� of shielding, is
supplemented with an additional 4.5m of Pb shield, as
shown in Fig. 7, corresponding to an additional 25�.

However, this large amount of shielding material may
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FIG. 6: Preliminary from Ref. [58]. Relative vertex re-
construction e�ciencies (1� CL bands) as a function of num-
ber of panels, as determined by a hit density estimator aver-
aged over an array of dark Higgs and Abelian hidden-sector

benchmarks. All uncertainties are from MC statistics.
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FIG. 7: Cross-section of the shielding configuration of the
Pb shield, active shield veto (gold), and concrete UXA wall
with respect to IP8 and the detector volume. Also shown are
typical topologies for production of secondary backgrounds,
that are suppressed by shielding or rejected by the veto [4].

act in turn as a source of neutral LLP secondaries, pro-
duced mainly by muons or neutrinos that stream through
the shielding material and scatter. The most concerning
neutral secondaries are produced < 1m from the back
of the shield by muons that slow down and stop before
reaching the detector. Such muons are therefore invisi-
ble to the detector, while their neutral secondaries, such
as K0

L’s, may reach the detector volume. An example is
shown in Fig. 7.
Refs. [4, 5] have shown that this problem may be solved

with the incorporation of an active veto layer in the shield
itself—the gold layer in Fig. 7—placed at an optimized
location to veto most muons that produce secondaries,
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act in turn as a source of neutral LLP secondaries, pro-
duced mainly by muons or neutrinos that stream through
the shielding material and scatter. The most concerning
neutral secondaries are produced < 1m from the back
of the shield by muons that slow down and stop before
reaching the detector. Such muons are therefore invisi-
ble to the detector, while their neutral secondaries, such
as K0

L’s, may reach the detector volume. An example is
shown in Fig. 7.
Refs. [4, 5] have shown that this problem may be solved

with the incorporation of an active veto layer in the shield
itself—the gold layer in Fig. 7—placed at an optimized
location to veto most muons that produce secondaries,

Road ahead for CODEX-b 
Snowmass 2021 LOI 
https://inspirehep.net/literature/2051244

31

https://inspirehep.net/literature/2051244
https://inspirehep.net/literature/2051244


Minimal shield & veto design

First part of the shield attenuates muon & neutral hadron backgrounds which could 
enter the detector volume and scatter or decay within it. A thin active veto layer 
eliminates secondary production of backgrounds within the shield itself.
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and K

0
L’s—can enter the detector and decay or scatter

into tracks resembling a signal decay. Suppression of
these primary hadron fluxes can be achieved with a suf-
ficient amount of passive shielding material: for a shield
of thickness L, the background flux suppression ⇠ e

�L/�

where � is the material nuclear interaction length. In
the baseline CODEX-b design, the 3m of concrete in the
UXA radiation wall, corresponding to 7� of shielding, is
supplemented with an additional 4.5m of Pb shield, as
shown in Fig. 7, corresponding to an additional 25�.

However, this large amount of shielding material may
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FIG. 6: Preliminary from Ref. [58]. Relative vertex re-
construction e�ciencies (1� CL bands) as a function of num-
ber of panels, as determined by a hit density estimator aver-
aged over an array of dark Higgs and Abelian hidden-sector

benchmarks. All uncertainties are from MC statistics.
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FIG. 7: Cross-section of the shielding configuration of the
Pb shield, active shield veto (gold), and concrete UXA wall
with respect to IP8 and the detector volume. Also shown are
typical topologies for production of secondary backgrounds,
that are suppressed by shielding or rejected by the veto [4].

act in turn as a source of neutral LLP secondaries, pro-
duced mainly by muons or neutrinos that stream through
the shielding material and scatter. The most concerning
neutral secondaries are produced < 1m from the back
of the shield by muons that slow down and stop before
reaching the detector. Such muons are therefore invisi-
ble to the detector, while their neutral secondaries, such
as K0

L’s, may reach the detector volume. An example is
shown in Fig. 7.
Refs. [4, 5] have shown that this problem may be solved

with the incorporation of an active veto layer in the shield
itself—the gold layer in Fig. 7—placed at an optimized
location to veto most muons that produce secondaries,
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Basic GEANT background estimate

Simulate initial background flux with Pythia 8, propagate through 
shield, air, and detector using GEANT4. A few things to note : 

— Nominally largest background is neutrons entering the box 
— Muon-air interactions can be vetoed using front detector faces 
— Neutrino backgrounds are entirely negligible. 

No attempt yet to use any properties of reconstructed backgrounds 
to reject them, but timing + spatial information should help there.
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Energy spectrum of backgrounds

These are the numbers of unvetoable particles entering the box, the 
estimated number of scatters in box is <1 for all particle species! 

Also notice the energy spectrum of these particles : most of them, 
especially the neutrons, are very soft!
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Backgrounds from data
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Placement of scintillators in cavern
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Results

Implies an O(100)Hz hit rate over the whole front face of the detector with only the concrete wall 
shielding. Better than expected from simulation because of additional structures in cavern!
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FIG. 8: Example simulated spectrum of secondary K0
L back-

grounds, compared to primary flux (green: ⇥10�12) and the
flux vetoed by the active shield (red: ⇥10�4) [4].

but not so close to the IP that all events are vetoed.
Detailed simulations of the setup involve careful treat-
ment of the primary background fluxes at the interaction
point, folded into a special Geant4 simulation of shield-
ing sub elements—usually ⇠ 1m thick slices of shielding
material—that encode the propagation and secondary
production of dozens of di↵erent background particles
species, over a large range of energies. An example of
the simulated K

0
L flux is shown in Fig. 8.

The baseline simulation makes a series of conservative
assumptions:

• Angular distribution of particle scattering is not
exploited; all particles scattered within 23� of the
forward direction are retained.

• Detector response to neutral secondary particles is
assumed to be 100%.

• Longer path lengths from non-zero angles of inci-
dence on the shield wall are not included.

• The active veto is implemented in a single layer,
and does not use tracking information.

Relaxation of these simulation assumptions would allow
for the study of segmented veto layers that are able to
exploit directionality to more e�ciently veto background
fluxes. Further, simulation of the detector response to
background fluxes can further improve understanding
of likely background-rejection e�ciencies. Both aspects
may be studied with the tools already being developed
for the optimization studies in Sec. III B, with the goal
of reducing, possibly substantially, the required amount
of lead shielding.

B. Full LHCb-CODEX-b simulation framework

As mentioned earlier, a salient feature of the CODEX-b
proposal is to trigger on events with “interesting” pattern
of hits in both CODEX-b and the main LHCb detector.

FIG. 9: Comparison of the charged muon flux behind the
concrete shield wall, for Run 2 conditions. In red are the
FLUKA results from the CERN radiation group, while the blue
point and the inset are from simulations using the LHCb
framework. Also marked are the preliminary background

measurement data in Ref. [6].

In addition, details of the cavern infrastructure geom-
etry and the LHCb magnetic field have to be included
in the simulation. Backgrounds due to processes other
than proton-proton collisions at the LHCb interaction
point, known as the LHC machine induced background
(MIB), also occur. To accommodate these, a full sim-
ulation, including LHCb, CODEX-b/CODEX-�, cavern
infrastructure, and MIB is being developed. A prelim-
inary setup for Run 1/2 was described in Ref. [6] and
is summarized in Fig. 9. This is now being extended
to Run 3 data-taking conditions, ATLAS RPCs and the
CODEX-� geometry (see Sec. V). The work in Ref. [6] re-
tained only the so-called MCHits in the sensitive elements
from Geant: This is being extended to include digitiza-
tion and construction of high-level reconstructed objects
(clusters and tracks).

C. Further background measurements

The CERN radiation group will be placing a “Bat-
Mon” (battery operated radiation monitor) unit in the
UX85A-D barrack region for Run 3 data taking. This
will specifically cater to CODEX-b, since all the exist-
ing monitors are in the main LHCb cavern and close to
the LHCb detector. The BatMon unit will complement
the charged background flux measurements in Ref. [6], or
those that will be measured by CODEX-� (see Sec. V),
since the former is sensitive to thermal neutrons that are
di�cult to simulate.

V. CODEX-�

A. Goals

The CODEX-� detector is a small-scale demonstra-
tor for the full-scale CODEX-b detector. The primary
design goal of CODEX-� is therefore to validate the
key concepts which justify the building and operation
of CODEX-b. Specifically:
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CODEX-b signal 
reach & ID
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Example model 1 — b→sX

searching for long-lived particles beyond the standard model at the large hadron
collider 153
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Figure 5.53: Projected FASER exclusion reach for benchmark new-
physics scenarios containing dark photons (top left), ALPs with
dominantly photon couplings (top right), dark Higgs bosons (bot-
tom left), and HNLs with dominantly t-mixing (bottom right)
in the corresponding coupling vs. mass planes. The gray shaded
regions are excluded by current experimental bounds, and the
colored contours represent projected future sensitivities of other
proposed experiments that search for LLPs. See Ref. [460] for de-
tails.

were installed in both TI12 and TI18 during Technical Stops in 2018.
The results from these in situ measurements have validated the es-
timates of the FLUKA simulation, confirming that the high-energy
particle background is highly suppressed and radiation levels are
also very low and not expected to be problematic for detector elec-
tronics. Additional work is ongoing to refine background estimates,
evaluate signal efficiencies, and optimize the detector.

In its first stage, FASER is an extremely compact detector, sen-
sitive to decays in a cylindrical region of radius R = 10 cm and
length L = 1.5 m. FASER is planned to be constructed and installed
in Long Shutdown 2 and will collect data during Run 3 of the 14
TeV LHC (2021-23). After FASER’s successful operation, FASER 2, a
much larger successor with roughly R ⇠ 1 m and L ⇠ 5 m, could
be constructed in Long Shutdown 3 and collect data during the
HL-LHC era (2026-35). More details on the FASER timeline can be
found in the Letter of Intent [459] and Technical Proposal [461].

2019 LLP White Paper 
https://inspirehep.net/literature/1724682
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Example model 2 — H→φφ 4
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FIG. 3: Top: Reach of CODEX-b for h ! A0A0 for two di↵erent values of the A0 mass, along with the exclusion limit in Ref. [3]
(red shading); the blue and green shaded bands are expected limits for searches with the ATLAS muon systems, extrapolated to
the HL-LHC [5]. Upper Middle: Projected exclusion power in the dark Higgs simplified model, for the nominal CODEX-b
volume with 300 fb�1. The mixed quartic with the SM Higgs was chosen such that Br[h ! SS] = 0 (Br[h ! SS] = 0.01) in
the left (right) panel [4]. Lower Middle: Reach of CODEX-b for fermion-coupled (left) and gluon-coupled (right) ALPs.
See [4] for more details. Bottom: Projected sensitivity of CODEX-b to Dirac heavy neutral leptons coupled to µ (left) and

⌧ (right) flavored neutrinos, versus current constraints (gray) and other proposed experiments. See [4] for more details.
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Example model 3 — HNL

4
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FIG. 3: Top: Reach of CODEX-b for h ! A0A0 for two di↵erent values of the A0 mass, along with the exclusion limit in Ref. [3]
(red shading); the blue and green shaded bands are expected limits for searches with the ATLAS muon systems, extrapolated to
the HL-LHC [5]. Upper Middle: Projected exclusion power in the dark Higgs simplified model, for the nominal CODEX-b
volume with 300 fb�1. The mixed quartic with the SM Higgs was chosen such that Br[h ! SS] = 0 (Br[h ! SS] = 0.01) in
the left (right) panel [4]. Lower Middle: Reach of CODEX-b for fermion-coupled (left) and gluon-coupled (right) ALPs.
See [4] for more details. Bottom: Projected sensitivity of CODEX-b to Dirac heavy neutral leptons coupled to µ (left) and

⌧ (right) flavored neutrinos, versus current constraints (gray) and other proposed experiments. See [4] for more details.
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Example model 4 — ALP

4
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FIG. 3: Top: Reach of CODEX-b for h ! A0A0 for two di↵erent values of the A0 mass, along with the exclusion limit in Ref. [3]
(red shading); the blue and green shaded bands are expected limits for searches with the ATLAS muon systems, extrapolated to
the HL-LHC [5]. Upper Middle: Projected exclusion power in the dark Higgs simplified model, for the nominal CODEX-b
volume with 300 fb�1. The mixed quartic with the SM Higgs was chosen such that Br[h ! SS] = 0 (Br[h ! SS] = 0.01) in
the left (right) panel [4]. Lower Middle: Reach of CODEX-b for fermion-coupled (left) and gluon-coupled (right) ALPs.
See [4] for more details. Bottom: Projected sensitivity of CODEX-b to Dirac heavy neutral leptons coupled to µ (left) and

⌧ (right) flavored neutrinos, versus current constraints (gray) and other proposed experiments. See [4] for more details.
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Boost reconstruction

Different intial states give different boost distributions; we have some 
discriminating power between even the B!KX scenarios!

B→Xsφ H→φφ
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Mass reconstruction using time-of-flight

Now assume 100/50 ps time resolution (per hit) in the tracking stations. The 
B!KX signals are actually slow enough that we can reconstruct the X mass… 

100 ps 50 ps
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Reconstructing X→𝝉𝝉→6𝛑2𝛎

R. Quessard – M2 Internship report 2019

1cm2 granularity. Then we find the point that minimizes the sum of the distances to those 6
lines. This point will be our estimate for the decay point of the LLP.

Supposing that the LLP was produced close enough to the interaction point, we are
therefore able to reconstruct the 6 pion directions and the LLP direction. From those we
extract 6 angles : the angles between each pion and the LLP.

In order to get as much information as possible we will also try to reconstruct an estimate
for the intermediate ⌧ -lepton directions. Indeed, if we could precisely get them, then the
problem would be the same as in the previous section and we could get the boost of the LLP
with a subpercent precision. Nevertheless we can only use an approximate technique in order
to get the boost directions.

The technique we use consists in first clustering the pion tracks into 2 sets of 3 pions. To
do so, we find among the 10 combinations of 2 sets of 3 pions the one that maximizes the sum
of the scalar products between pions of the same set.

{ ~pa, ~pb, ~pc}, {~pd, ~pe, ~pf} = arg max
sets=S1,S2

X

S=S1,S2

X

i,j2S
(~pi.~pj) (3.2)

Then, we find the direction that maximizes the sum of the scalar products of the 3 clustered
pions with this direction [10].

~p⌧ = argmax
~p

(~p.( ~pa + ~pb + ~pc)) (3.3)

This maximization is done using a Nelder-Mead algorithm that is fast enough and precise
enough to be applied to a large set of events[11].

Therefore we have 8 features to feed into our neural network corresponding to the angles
that the LLP makes with the 6 pions and the 2 ⌧ -leptons.

The structure of the neural network we now use is an input layer of 8 units, then a series
of fully connected layers of respectly 200, 50 and 50 units. The ouput layer still has only one
unit since it corresponds to the value of the boost of the LLP.

Figure 13: Scatter plot of the true boost of the LLP and the estimated boost by the neural
network. The mass is 20GeV on the left and 5GeV on the right.
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First, we can note that for data generated with a Monte-Carlo algortithm as in Part 2,
with a LLP of mass m�d = 20GeV , the pions are clustered in sets of pions actually coming
from the same ⌧ -lepton in 98% cases and the decay point of the LLP is reconstructed with
an error of 3cm in average.

In this case, since the data is generated from Monte-Carlo, we only have ⇠ 10.000 events to
train and ⇠ 1.000 events to test the neural network. Nevertheless, we get an average relative
error of 7.8% when the mass is 20GeV and 12.6% when the mass is 5GeV (Figure 13).

3.3 Mass dependence

What has been occulted in all the above is that in order to train the neural network with
Monte-Carlo generated data and then use the neural network on real data obtained by
CODEXb, the neural network has to know the mass of the LLP beforehand.

We can therefore try to train a neural network on some data where the LLP has a certain
mass m1 and then test some data where the LLP has a mass m2 on this neural network to
see if it can give a good estimate of the boost or if the neural network loses its power when
the mass is changed.

First, we can note that for a network trained on a certain mass and then tested on the
same mass, the average relative error on the boost decreases as the mass of the LLP gets
greater. Indeed, if we make a toy model of the 6-body decay �d ! 6⇡ where the boost of �d
is randomly distributed between 5 and 50 and we train it for a certain mass and then test it
on the same mass we get this result :

Mass(GeV) 5 10 50
Boost relative error 14% 7.5% 3%

Table 3: Relative error on the boost estimated by a neural network trained and tested on
certain masses.

Also, we recall that for Monte-Carlo generated data, the error was 12.6% for a LLP of
5GeV and 7.8% for a LLP of 20GeV .

Figure 14: Error as a function of the mass (in GeV) for a network trained at 10GeV
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No analytic solution but can train neutral network to reconstruct the boost!
Surprisingly reasonable boost resolutions achievable depending on the mass. 45
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CODEX-b timeline 
and installation
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To be installed in the old LHCb HLT server room, 2x2x2 metre cube

The CODEX-𝛃 demonstrator
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Integration with LHCb DAQ

48

What is better than a smart solution? Not having a problem 

LHCb operates a triggerless DAQ 

CODEX-b can plug into this exactly the same way as our muon 
chambers (it is almost the same distance from the interaction point) 

One FPGA readout board can handle the whole demonstrator, 
scales by construction without extra work for full CODEX-b 

Extra data rate is tiny compared to LHCb — total non-issue



The best laid plans… 
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Fig. 1 Schematic summary of reach and coverage of current, planned or proposed experiments in terms of the LLP mass, lifetime and the required
parton center-of-mass energy,
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Fig. 2 Approximate production, installation and data-taking timelines for demonstrator (CODEX-β) and full (CODEX-b) detectors. (Updated
according to COVID constraints.)

matter, the detailed dynamics of the weak scale, the mecha-139

nism of baryogenesis, among many others. However, in the140

absence of clear experimental NP hints, the solutions to these141

puzzles remain largely mysterious. Combined with increas-142

ing tensions from current collider data on the most popular143

BSM extensions, it has become increasingly imperative to144

consider whether the quest for NP requires new and innova-145

tive strategies: A means to diversify LHC search programs146

with a minimum of theoretical prejudice, and to seek sig-147

natures for which the current experiments are trigger and/or148

background limited.149

A central component of this program will be the ability150

to probe ‘dark’ or ‘hidden’ sectors, comprised of degrees of151

freedom that are ‘sterile’ under the SM gauge interactions.152

Hidden sectors are ubiquitous in many BSM scenarios, and153

typically may feature either suppressed renormalizable cou-154

plings, heavy mediator exchanges with SM states, or both.1155

1 This heavy mediator may itself be an exotic state or part of the SM
electroweak sector, such as the Higgs. The possibility of exploring
the ‘Higgs portal’ is particularly compelling, because our theoretical

The sheer breadth of possibilities for these hidden sectors 156

mandates search strategies that are as model-independent as 157

possible. 158

Suppressed dark–SM couplings or heavy dark–SM medi- 159

ators may in turn give rise to relatively long lifetimes for 160

light degrees of freedom in the hidden spectrum, by inducing 161

suppressions of their total widths via either small couplings, 162

the mediator mass, loops and/or phase space. This scenario 163

is very common in many models featuring e.g. Dark Mat- 164

ter (Sects. 2.4.4, 2.4.5, 2.4.6, 2.4.7 and 2.4.8), Baryogenesis 165

(Sect. 2.4.9), Supersymmetry (Sect. 2.4.1) or Neutral Natu- 166

ralness (Sect. 2.4.3). The canonical examples in the SM are 167

the long lifetimes of the K 0
L , π±, neutron and muon, whose 168

Footnote 1 continued
understanding of Higgs interactions is likely incomplete, and new states
might interact with it. In addition, the Higgs itself may have a sizable
branching ratio to exotic states since its SM partial width is suppressed
by the b-quark Yukawa coupling. Experiments capable of leveraging
large samples of Higgs bosons are then natural laboratories to search
for NP. Understanding the properties of the Higgs sector will be central
to ongoing and future particle physics programs.
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The best laid plans… shifted by a year
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Fig. 1 Schematic summary of reach and coverage of current, planned or proposed experiments in terms of the LLP mass, lifetime and the required
parton center-of-mass energy,
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matter, the detailed dynamics of the weak scale, the mecha-139

nism of baryogenesis, among many others. However, in the140
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Footnote 1 continued
understanding of Higgs interactions is likely incomplete, and new states
might interact with it. In addition, the Higgs itself may have a sizable
branching ratio to exotic states since its SM partial width is suppressed
by the b-quark Yukawa coupling. Experiments capable of leveraging
large samples of Higgs bosons are then natural laboratories to search
for NP. Understanding the properties of the Higgs sector will be central
to ongoing and future particle physics programs.
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9

Tracks Total K
0
L contribution

1 (3.87± 0.11)⇥ 108 (2.94± 0.07)⇥ 108

2 (4.09± 0.13)⇥ 107 (3.74± 0.13)⇥ 107

3 (5.96± 1.01)⇥ 105 (2.92± 0.45)⇥ 105

4+ (9.34± 2.10)⇥ 104 (7.03± 1.91)⇥ 104

TABLE I: Total neutral and K0
L multitrack production dur-

ing Run 3 in the CODEX-� volume for total luminosity
L = 15fb�1, requiring Ekin > 0.4GeV per track [4].

1. Validate the preliminary background estimates
from the CODEX-b proposal and the 2018 back-
ground measurement campaign [6], demonstrat-
ing that CODEX-b can be operated as a zero-
background experiment (see Sec. IV).

2. Demonstrate the seamless integration of the detec-
tor with the LHCb readout, so that candidate LLP
events in CODEX-b can be tagged with the cor-
responding LHCb detector information to aid in
their interpretation. This is a feature unique to
CODEX-b because LLP detectors linked to ATLAS
or CMS must, by necessity, implement hardware
triggers.

3. Demonstrate the suitability of Resistive Plate
Chambers (RPCs) as a baseline tracking technol-
ogy for CODEX-b in terms of spatial granularity,
hermeticity, and timing resolution.

4. Demonstrate an ability to reconstruct known SM
backgrounds expected to decay inside UX-85A (the
proposed location for CODEX-b and CODEX-�)
and validate a full simulation of the LHCb detec-
tor and cavern environment with these measured
backgrounds.

5. Demonstrate the suitability of the mechanical sup-
port required for these RPCs and its scalability to
the full CODEX-b detector.

In particular, observing long-lived SM particles decay-
ing inside the detector acceptance will allow us to cal-
ibrate the detector reconstruction and the RPC timing
resolution. The most natural candidates are K0

L mesons.
Tab. I summarizes the expected multitrack production
from decay or scattering on air-by-neutral fluxes enter-
ing CODEX-�, as well as the contribution from just K0

L
mesons entering the detector. Approximately a few⇥107

K
0
L decays to two or more tracks are expected in the

CODEX-� volume per nominal year of data taking in
Run 3, so that CODEX-� will have the opportunity to
reconstruct a variety of K0

L decays. Measurement of the
decay vertex and decay product trajectories will allow the
boost of the LLP to be reconstructed independently from
the time-of-flight information. Moreover, measurement
of the distribution of K0

L decay vertices can be compared
to expectations from the background simulation of the
expected K

0
L boost distribution folded against the K

0
L

lifetime, allowing calibration and validation of our detec-
tor simulation and reconstruction. Conversely, one may
combine the predicted boost distribution and measured
vertex distribution to extract the K

0
L lifetime itself.

FIG. 10: Top: Sketch of CODEX-� showing the mechanical
framework for the RPC modules; the arrow indicates the di-
rection of incoming particles;the lower left module which will
also be on a rolling cart, is not shown for clarity. Bottom:
Diagram of CODEX-� (green, red, gray) located between the

server racks (yellow, gray).

B. Design

As shown in the top of Fig. 10, CODEX-� will com-
prise a 2⇥2⇥2m3 cube with an additional face spanning
the interior. Each face will contain two modules, which
will each house a stacked triplet of 2 ⇥ 1m2 RPCs in-
tegrated into a self-contained mechanical frame, named
CX1, requiring a total of (6 + 1) ⇥ 2 ⇥ 3 = 42 RPC
singlets integrated into a total of 14 modules. The me-
chanical frame is shown in the top diagram of Fig. 11,
and is specifically designed to withstand the stresses of
handling and mounting.
Installation of CODEX-� will be challenging as the

detector location is within a very confined space, shown
in the bottom diagram of Fig. 10. Consequently, the
CODEX-� frame has been designed to be highly modu-
lar, and can be assembled with only fastening hardware
and no welding required. One of the key installation fea-

But we keep going
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Road ahead for CODEX-b 
Snowmass 2021 LOI 
https://inspirehep.net/literature/2051244

1. Demonstrator location secured 
2. Funding to build RPC chambers secured 
3. Mechanical design done 
4. Everything in place to integrate with LHCb DAQ 
5. Plan to produce modules 2nd half this year, then install 
6. CERN-based team secured to commission demonstrator

https://inspirehep.net/literature/2051244
https://inspirehep.net/literature/2051244


Conclusion
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Conclusion
Interest in direct LLP searches is a natural consequence of  

1. Almost any BSM physics generates some such particles 
2. No direct signs of short-lived particles beyond the SM 
3. Plausible LLPs have been missed in current detectors 

A wide range of complementary experiments are being 
proposed, to see which get built. I’ve tried to convince 
you why CODEX-b deserves to be among the built ones. 

Thank you to the organisers for the invite!
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Backups
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Tracker efficiency estimate

Dominated by assumption that we don’t 
track below 600 MeV of momentum, 
conservative since clearly we won’t just fall 
off a cliff, but needs proper simulation

Dominated by partial overlap 
of decay products due to 
small opening angle, can be 
optimized using station 
spacing and granularity

Bottom line : these are O(1) numbers, not O(%), can be optimized further 55



Boost reconstruction

Reconstruct parent boost from the measured decay vertex (no timing!), assuming 
relativistic decay products. The resolution is  < 1% (entirely dominated by 
distance to first measured point, not detector granularity) so the boost 
distribution is dominated by the generated spread of boosts, not resolution. 56



Machine backgrounds

Note that current geometry is actually a silicon detector for simplicity, we 
are working to implement a realistic RPC based geometry and simulate signal. 57



Minbias

Note that current geometry is actually a silicon detector for simplicity, we 
are working to implement a realistic RPC based geometry and simulate signal.

Minbias with only the concrete wall gives an occupancy of around 6 hits in the 
whole of CODEX-b per LHC bunch crossing — very low, as expected.

Work ongoing to understand 
agreement with data 
measurements 

Next: generate signal with 
realistic RPC geometry, 
measure resolutions and hit 
efficiencies, validate tracking 
efficiency estimates
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LHCb already complements ATLAS/CMS

Many thanks to Xabier for the slide from our recent HL-LHC discussions! 59



Fixed target case 
study : SHIP
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Detector design
Key points :  

Active shield and vacuum decay 
volume to minimize backgrounds 

Sub percent momentum resolution, 
particle ID, mm vertex resolution in 
the transverse plane 

Timing coincidence (a la NA62) 
used to suppress backgrounds 

Exploits boost of produced heavy 
flavour to improve acceptance for 
LLPs, particularly shorter lived ones
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Reach estimates for HNLs
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Reach estimates for HNLs
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Reach estimates for b→sX
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Collider case 
study : MATHUSLA
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Detector design

Key points :  

Access full HL-LHC luminosity 

“Natural” shielding from LHC 
backgrounds, active vetoes on 
sides for cosmics and similar 

Enormous size : several tracking 
layers of 200x200 m2 each
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Reach estimates for Higgs portal
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Reach estimates for b→sX
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Collider case 
study : FASER
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Detector design

Very forward, exploits tail of the boost distribution 70



Reach estimates for dark photons

Production of proton brems (!) highlights unique forward regime71


