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The Higgs could be the portal to Dark Matter.

If a Hidden Valley (+ friends), Higgs could be bridge to BSM.

Higgs → MET
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Fin.

The Higgs could be the portal to Dark Matter.

If a Hidden Valley (+ friends), Higgs could be bridge to BSM.

Higgs → MET

Higgs → MET/displaced

LHC may be the the only source of 

Higgs (+W/Z/top) in a long time 

… are we going to catch all LLP decays?
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inside the detector chamber,
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where P [(�̃0

1

)i in d.r.] is the probability for a given gen-
erated neutralino to decay in the “detectable region”,
“d.r.”. Dividing by the total number of simulated neu-
tralinos produced, NMC

�̃0
1

, gives the average. We explain

how to calculate hP [�̃0

1

in d.r.]i for each detector in detail
below.

Since it is di�cult to experimentally reconstruct the
trajectory of the neutral final-state particles of the neu-
tralino decays, we consider only charged decay products
to be detectable. (See Ref. [31] for a discussion of the
potential influence of decays to K0’s.) The final number
of observed neutralino decays is expressed as

Nobs

�̃0
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= Nprod

� · hP [�̃0

1

in d.r.]i · BR(�̃0

1

! char.).(15)

We use Pythia 8.205 [59, 60] to perform the MC sim-
ulation in order to calculate hP [�̃0

1

in d.r.]i in Eq. (14).
We use two matrix element calculators of Pythia, namely
HardQCD:hardccbar and HardQCD:hardbbbar, to gener-
ate initial D- and B-mesons, respectively. We simulate
20,000 events for each benchmark scenario and extract
the kinematical information of each neutralino (�̃0

1

)i from
Pythia: (Ei, p

z
i , ✓i,�i). Here the z-direction is along

the beam pipe, pzi is the component of the 3-momentum
along the z-axis, Ei is the total energy of the neutralino,
and ✓i, �i are the polar and azimuthal angles, respec-
tively. With this kinematical information we derive the
relativistic quantities as follows:
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where �
tot
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) is the total decay width of �̃0

1

and can
be calculated with formulas given in Ref. [31], �i is the
decay length of (�̃0

1

)i along the direction of its movement
in the lab frame and �z

i is the z-component of �i. These
quantities are used to calculate P [(�̃0

1

)i in d.r.] for each
detector. We now discuss the detectors in turn.

A. CODEX-b

CODEX-b (“Compact detector for Exotics at LHCb”)
[33] was proposed as a cubic detector with dimension

Ld

IP

L

✓i

FIG. 1. Side-view sketch of the CODEX-b detector with def-

inition of distances and angles used in text. IP denotes the

interaction point in LHCb. The dashed line describes an ex-

ample LLP track.

103 m3, sitting inside an underground cavity at a dis-
tance L = 25 m from the LHCb IP. The di↵erential pro-
duction distribution is flat in the azimuthal angle and the
azimuthal coverage of the detector is about 0.4/2⇡ ⇡ 6%.
The polar angle range of the CODEX-b experiment at
the appropriate azimuthal angle is between 11.4� and
32.5�. This corresponds to the pseudo-rapidity range
⌘ 2 [0.2, 0.6]. For this narrow range, and at the precision
of this analysis, we also treat the polar angle di↵erential
production distribution as flat. As we mentioned earlier,
LHCb is expected to have a total integrated luminosity of
300/fb, smaller by one order of magnitude than ATLAS

or CMS. We calculate P [(�̃0

1

)i in d.r.] with the following
expression:
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0, else,

(21)

where we approximately treat the box detector as a
spherical shell segment with the volume length Ld =
10m. ⌘i is the pseudorapidity of (�̃0

1

)i and ⌘i =
� ln[tan ✓i/2]. A brief sketch of the setup of CODEX-b

is shown in Fig. 1.

B. FASER

FASER (“ForwArd Search ExpeRiment”) [34] proposes
to build a small cylindrical detector placed a few hundred
meters downstream of the ATLAS or CMS IP in the very
forward region. In a series of papers [34, 37–39] several
di↵erent variants of FASER have been proposed. In this

5
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FIG. 2. Side-view sketch of the FASER detector with definition

of distances and angles used in text. The dashed line describes

an example LLP track.

paper, we focus on a recent setup, which would sit at a
particularly promising location in the side tunnel TI18
[39]. We denote the distance from the IP to the near end
of the detector as L = 470m, the radius of FASER as R =
1m, and the detector length as Ld = 10m. Following is
the expression for calculating the probability for a given
neutralino to decay inside FASER:
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(23)

There is no azimuthal angle suppression because the
FASER detector is cylindrical. Here the three cases cor-
respond respectively to 1) the extended potential neu-
tralino trajectory misses the decay chamber, 2) the ex-
tended potential neutralino trajectory passes through
the entire length of the detector, and 3) the extended
neutralino trajectory exits through the side of the de-
tector. In practice, we treat the third case as negligi-
ble. It corresponds to the very narrow angular range
✓i 2 [0.1194�, 0.1219�]. And furthermore the decay prod-
ucts of the neutralinos may exit through the side and may
thus miss the detector. These neutralinos hence would
not be detected. A sketch of the geometric configuration
of FASER is shown in Fig. 2.

C. MATHUSLA

In Ref. [35] it has been proposed to construct a sur-
face detector 100m above the ATLAS IP called MATHUSLA

(“MAssive Timing Hodoscope for Ultra Stable neutraL
pArticles”). The detector should be horizontally o↵set
by 100m from the ATLAS IP and with a massive dimen-
sion of 200m⇥200m⇥20m, MATHUSLA is expected to have
excellent sensitivity for detecting LLPs. Below we show

Lh
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Ld

H

✓i
IP

FIG. 3. Side-view sketch of the MATHUSLA detector with defi-

nition of distances and angles used in text. The dashed line

describes an example LLP track.

the formulæ for calculating P [(�̃0
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)i in d.r.] in MATHUSLA:

P [(�̃0

1

)i in d.r.] =
1

4

1� e
�

L0
i

�z
i

e
Li
�z
i

, (24)

Li = min

✓
max

✓
Lh,

Lv

tan ✓i

◆
, Lh + Ld

◆
, (25)

L0

i = min

✓
max

✓
Lh,

Lv +H

tan ✓i

◆
, Lh + Ld

◆
� Li . (26)

Here, Lh and Lv are the horizontal and vertical dis-
tance from the IP to the near end of MATHUSLA, and
they both equal 100m. Ld = 200m is the horizontal
length of MATHUSLA and H = 20m is its height. The fac-
tor 1/4 comes from the azimuthal angel coverage. Both
MATHUSLA and FASER expect to have 3/ab luminosity of
data by ⇠ 2035. We show the schematic plot of MATHUSLA
in Fig. 3.

IV. RESULTS

We present our numerical results in this section. In
Ref. [31] a series of benchmark scenarios representative
of LQD̄ couplings were investigated. In these scenar-
ios, both the light lepton flavor (electron/muon) and the
heavy tau flavor are considered, as the ⌧ lepton leads to
large phase space suppression e↵ects. Also, di↵erent neu-
tral or charged D- and B-mesons which would decay to
the neutralino are considered; this is important because
the cross sections of producing these mesons substan-
tially di↵er, cf. Eqs. (9)-(12). In the present study, as a
follow-up work to Ref. [31], we choose to focus only on
one key benchmark scenario which features the important
characteristics for a comparison of the proposed LHC(b)
detectors’ sensitivities, while only briefly discussing the
other scenarios. We first consider the explicit RPV model
and then also discuss the model-independent case.
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There is no azimuthal angle suppression because the
FASER detector is cylindrical. Here the three cases cor-
respond respectively to 1) the extended potential neu-
tralino trajectory misses the decay chamber, 2) the ex-
tended potential neutralino trajectory passes through
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neutralino trajectory exits through the side of the de-
tector. In practice, we treat the third case as negligi-
ble. It corresponds to the very narrow angular range
✓i 2 [0.1194�, 0.1219�]. And furthermore the decay prod-
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by 100m from the ATLAS IP and with a massive dimen-
sion of 200m⇥200m⇥20m, MATHUSLA is expected to have
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the formulæ for calculating P [(�̃0
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Here, Lh and Lv are the horizontal and vertical dis-
tance from the IP to the near end of MATHUSLA, and
they both equal 100m. Ld = 200m is the horizontal
length of MATHUSLA and H = 20m is its height. The fac-
tor 1/4 comes from the azimuthal angel coverage. Both
MATHUSLA and FASER expect to have 3/ab luminosity of
data by ⇠ 2035. We show the schematic plot of MATHUSLA
in Fig. 3.

IV. RESULTS

We present our numerical results in this section. In
Ref. [31] a series of benchmark scenarios representative
of LQD̄ couplings were investigated. In these scenar-
ios, both the light lepton flavor (electron/muon) and the
heavy tau flavor are considered, as the ⌧ lepton leads to
large phase space suppression e↵ects. Also, di↵erent neu-
tral or charged D- and B-mesons which would decay to
the neutralino are considered; this is important because
the cross sections of producing these mesons substan-
tially di↵er, cf. Eqs. (9)-(12). In the present study, as a
follow-up work to Ref. [31], we choose to focus only on
one key benchmark scenario which features the important
characteristics for a comparison of the proposed LHC(b)
detectors’ sensitivities, while only briefly discussing the
other scenarios. We first consider the explicit RPV model
and then also discuss the model-independent case.

nice pictures are from D. Dercks et al., 1810.03617

There is a landscape of ideas for new detectors.

Have we thought of all the (at least somewhat) sensible ideas?
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per Proton Synchrotron (SPS), the LLPs are necessarily
fairly boosted no matter the portal, requiring a long fidu-
cial decay volume. MATHUSLA would be located ⇠ 150
m from the IP due to space restrictions, and thus requires
a very large detector volume to ensure good geometric
coverage. Consequently, it is not feasible to instrument
MATHUSLA with precision tracking or calorimetry, nor
is a magnetic field possible. A similarly ambitious detec-
tor, like AL3X, installed near an LHC interaction point,
could have the best of both worlds: That is, moderately
boosted LLPs and access to high center of mass energy –
e.g. for Higgs portal production – but with good geomet-
ric coverage in a relatively small fiducial volume. Such a
more modest volume might be instrumented with a dedi-
cated TPC and potentially a calorimeter, and in the case
of IP2, make use of an already existing magnet.1

The configuration in Fig. 1 is informed by consider-
ations of both signal acceptance as well as the need to
control backgrounds, that is, to look for LLP decays-in-
flight in a heavily shielded environment. The proposed
11.25 m shift of IP2 from the center of the L3 magnet
provides 4.25 m of remaining space that can be used for
shielding the IP: the L3 magnet half length comprises
6 m plus a set of 1 m thick solid iron doors, that serve
as a return yoke for the magnet. As we show in the
next section, approximately 40� of shielding su�ces to
suppress the primary hadron and lepton backgrounds to
acceptable levels, where � is a nuclear interaction length.
Although the iron doors provide some shielding already,
for the sake of simplicity we will model the shield by 40�

of tungsten, corresponding to 4 m of material. We leave a
further optimization of the shield configuration for future
work.2 To veto backgrounds from secondaries produced
in the shield itself, an active shield veto is included, em-
bedded inside the shield volume, discussed below.

The nominal detector geometry is a 12 m long cylinder,
with inner radius 0.85 m and outer radius 5 m centered
on the beamline, leaving ⇠ 1 m between the inner (outer)
cylindrical detector surface and the beamline (L3 mag-
net). (This extra space is included to allow for support
structures and trigger layers, as well as to mitigate some
of the forward backgrounds.) The detector geometry cor-
responds to a pseudorapidity acceptance 0.9  ⌘  3.7.

With appropriate shielding of the IP, the occupancy of
the detector is expected to be relatively low, even with
40 MHz collisions. A gas TPC could therefore be a plau-
sible choice for the detector technology because of its ex-

1 If IP2 continues to be used for heavy ion physics after Run 4, it
may be that the old ALEPH (IP4) or OPAL (IP6) caverns could
be used for a proposal similar to what is described in this paper.

2 A more realistic and a↵ordable configuration would make use of
a tungsten and steel or lead hybrid shield: In addition to the
shielding already provided by the 1 m (6�) thick iron doors, one
could consider 2.5 m (25�) of tungsten next to the IP, followed
by 1.5 m (9�) of additional steel or lead. One could also move the
IP a further 3.75 m away at a mild cost in geometric acceptance,
providing enough space for a solely lead or steel shield.

cellent tracking resolution, and the possibility of reusing
the existing ALICE TPC. In our NP sensitivity estimates
below, we will consider the reach for the ALICE TPC as
well as for a larger TPC filling the entire detector volume.
In a realistic design, the size and shape of the volume
needed to be instrumented can likely be optimized to an
interpolation between these two configurations; we leave
this for future studies.

A ‘time stamp’ to enable calibration of the TPC drift
time can be achieved by including a trigger layer on the
outer surface (D

4

) and back face (D
2

) of the cylindrical
detector volume, as shown by the light green strips in
Fig. 1. This trigger layer could, e.g., be composed of a
scintillator. The flux of charged tracks, mostly muons,
originating from the beamline and the shield is expected
to be large. In order to suppress the triggering rate to
manageable levels for a TPC readout (1-10 kHz), veto
layers on the front (D

1

) and inner surface (D
3

) of the de-
tector complement the outer trigger layers, as discussed
below in Sec. IV.

Before elaborating on the background estimates of this
hypothetical detector, it is worth briefly estimating its
fiducial e�ciency, as it compares to other proposals. Con-
cretely, in the limit where ��c⌧ is much larger than the
distance of the detector from the IP, the probability for a
particle to decay in the detector volume is approximately

✏

fid

' ��

2⇡

Z ⌘1

⌘0

d⌘ d� f(⌘, �)
`

��c⌧

(1)

with �� the azimuthal angular coverage of the detector,
⌘

0

(⌘
1

) the lower (upper) end of the pseudorapidity cover-
age of the detector, f(⌘, �) the distribution of the signal
as a function of boost, �, and pseudorapidity, ⌘, and ` the
typical path-length of the LLP in the detector. As an ex-
ample, we compute f(⌘, �) with Pythia 8.2 [28, 29] for
an LLP with mass 1 GeV produced in an exotic Higgs
decay (see Sec. V), such that � ⇠ O(100). This results
in the following comparison

AL3X: 0.9 < ⌘ < 3.7;
��

2⇡

= 1; ✏

fid

=
3.2 ⇥ 10�2

c⌧/m
,

MATHUSLA: 0.9 < ⌘ < 1.4;
��

2⇡

= 0.15; ✏

fid

=
6.9 ⇥ 10�3

c⌧/m
,

CODEX-b: 0.2 < ⌘ < 0.6;
��

2⇡

= 0.06; ✏

fid

=
1.1 ⇥ 10�3

c⌧/m
.

Being the closest the IP, AL3X has the largest angu-
lar coverage o↵ all proposals, though the typical path-
length of an LLP is a factor of ⇠ 2 less than in MATH-
USLA (⇠ 12 m vs ⇠ 25 m). Since AL3X is more for-
ward than MATHUSLA and CODEX-b, the LLPs tend
to be a bit more boosted as well. In the long-lifetime
limit, AL3X ends up having somewhat larger fiducial ef-
ficiency than MATHUSLA, for which we have assumed
the 100 m ⇥ 100 m configuration [19]. The e�ciency for
MATHUSLA’s 200 m ⇥ 200 m configuration is roughly
a factor of 3 larger, and similar to that of AL3X. The
relative sensitivity between both detector concepts will
therefore largely be driven by the luminosity that could
be delivered to IP2 in Run 5.

In the long lifetime limit,

geometry

physics

Want a big geometric volume and to have rapidity coverage 
where there is plenty of (boost-integrated) signal. 

Also, would be great to have high energy (to produce H, 
etc.), lots of data, and wouldn’t it be nice to have PID?
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…however, there is a great magnet & a TPC waiting for LLPs !

There is no official physics program in the 
ALICE/L3 cavern (IP2) during Run 5.
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FIG. 1. Schematic representation of the proposed detector layout. Cavern layout information is from Ref. [1, 27]; cavern
diagram is reproduced from Ref. [27]. The current L3 magnet is shown in dashed red for reference. The four surfaces bounding
the detector volume are labelled D1...4 (see Sec. III for details).

point, with a considerable geometric acceptance, permits
sensitivity not only to LLPs generated by high center of
mass energy portals such as the Higgs invisible width,
but also from low scale vector, scalar or fermion mix-
ing portals, thereby covering all possible renormalizable
couplings of the SM to exotic sectors in one detector
concept. In this proof-of-concept study, we examine the
AL3X reach for an LLP produced in an exotic Higgs or
B decay as well as for the production of a kinetically
mixed dark photon. For an integrated luminosity of or-
der 100 fb�1, we find that the AL3X reach meets, exceeds
or complements the combined reach of other LLP pro-
posals. Much of our discussion will be informed by those
applicable to the MATHUSLA [18] and CODEX-b [22]
proposals, though the challenges from backgrounds will
be significantly di↵erent from the former, and somewhat
di↵erent from the latter.

II. UPGRADING IP2

Before further motivating and elaborating on the de-
tector concept, we discuss up front some of the potential
challenges as they relate to delivering O(100) fb�1 lumi-
nosity to IP2 in the AL3X configuration. There are at
least four main concerns: (i) moving the IP, (ii) beam
quality, (iii) luminosity sharing, and (iv) cost.

For LHC collisions at 40MHz, an IP can only be moved
by multiples of 12.5 ns ⇥ c ' 3.75 m. For this reason
we envision moving the IP by 11.25 m from its current
location at the center of the magnet, which should pro-
vide su�cient room for shielding the detector from the
IP. However, moving this distance with a reasonably low
�

⇤ would require changing the layout of the quadrupole
magnets in addition to general modifications to the op-
tics. The fact that the injection of one of the proton
beams is located near IP2 is a possible additional com-
plication. The current luminosity delivered to IP2 is also

so low that it has little impact on the beam quality and
lifetime. Increasing the instantaneous luminosity to be
a non-negligible fraction of the ATLAS and CMS colli-
sion rate would make beam preservation more challeng-
ing. Another consequence of the higher luminosity is
that the magnets (triplets and probably also the beam
separator magnets) would need additional shielding from
forward going radiation. In addition to adding absorbers
in front of the magnets, one may need to cool the ab-
sorbers. The final concern is the cost. It is too early to
give a reliable price tag of configuring IP2 for AL3X, but
given the known feasibility for a similar upgrade at IP8
for LHCb, the cost may not be prohibitive at this time,
especially in the context of other ambitious proposals for
LLP detectors at CERN.

At this stage, none of these issues appear to preclude
an e�cient, robust and cost e↵ective implementation of
AL3X, but further engineering studies are required to es-
tablish a realistic configuration of the ALICE cavern and
the surrounding LHC tunnel and beamline. We further
emphasize that the 100 fb�1 target is somewhat arbi-
trary, and is chosen to roughly balance the physics reach
against the challenges mentioned above and anticipated
limitations from backgrounds. To give the reader a sense
of how the various projections scale with the luminosity,
we will therefore also show 250 fb�1 projections. With
the above caveats in mind, we now proceed to present
the nominal detector concept.

III. DETECTOR CONCEPT

For LLPs with relatively long lifetimes, the reach of any
particular detector scales with the angular coverage and
the size of the detector. This is the main reason for the
rather large size of the two proposed experiments with
the highest sensitivity: SHiP and MATHUSLA. Since
SHiP would operate in beam dump mode o↵ the Su-

(called “AL3X” and pronounced “Alex”)

Move IP, add absorber, increase lumi.   
See what comes out the back!Will come back 

to these soon

40l
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In the short life-time regime, this scaling does not ap-
ply and instead the main driver of the sensitivity is the
distance of the IP to the detector, in the frame of the
LLP. As we will see in Sec. VC, for a kinetically mixed
dark photon, an experiment like AL3X could be compet-
itive with SeaQuest, FASER and SHiP in this regime,
despite the lower number of collisions. The reason is
the relatively short baseline of AL3X, as compared to
FASER, and its access to very highly boosted LLPs, as
compared to SeaQuest and SHiP.

IV. BACKGROUNDS AND SHIELDING

There are two classes of backgrounds for AL3X: Those
which are attenuated by the shield and those that are not.
We discuss both in turn, as well as the necessary speci-
fications for the shield to achieve the desired low back-
ground regime. The shielding analysis is similar in spirit
to the CODEX-b proposal [22], though the background
analysis and shield design for AL3X is complicated by
the detector surrounding the beamline itself.

A. Shield configuration

The proof-of-concept background shield configuration
is taken to be a 40� (4 m) spherical shell segment of tung-
sten, centered on the IP with an inner and outer radius
of 0.25 m and 4.25 m respectively, covering an pseudora-
pidity range 0.8 < ⌘ < 4.3, as shown in Fig. 2. As for the
CODEX-b shield, the prompt primary background fluxes
pass through the S

1

surface and are then attenuated by
the shield. The primary fluxes, in particular muons, may
produce secondary backgrounds via scattering inside the
shield. These secondary backgrounds can be reduced by
a judiciously located active veto inside the shield itself.
However, the extremely large forward production of pi-
ons near to the beamline means that the cavity around
the beamline itself can also be a source of a large flux of
daughter muons, that instead transect the S

3

inner sur-
face – ‘shield-clipping’ muons – producing copious sec-
ondary neutrons and kaons, or miss the shield entirely
– ‘shield-evading’ muons. To control these backgrounds,
the shield coverage is extended beyond the angular accep-
tance of the detector, and an additional, radially oriented
active veto is included, as shown in Fig. 2. Except when
explicitly stated below, e↵ects of shield-clipping muons
are found to always be highly subleading compared to the
background fluxes from muons traversing the full shield,
and are therefore hereafter neglected.

Control of the background processes in AL3X are de-
termined by detector and signal-specific interplay be-
tween three di↵erent rates:

(i) the detector trigger rate;

(ii) the shield veto rate;

(iii) and the ‘potentially irreducible’ background rate.

IP

to scale
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D1

D4

D2

D3
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S3 S1

zoom of 
shield veto
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FIG. 2. Configuration of the shield, to scale.

The first of these is limited by the capabilities of the
TPC readout, while being driven by the total charged
flux through the detector, that can be large. An appro-
priate triggering strategy will reduce this rate to accept-
able levels.

The shield veto rate is driven by the requirement that
neutral secondary backgrounds produced downstream in
the shield – mainly muoproduction of KL’s and neutrons
– can be vetoed down to acceptable levels by tagging
the primary muons. This veto rate must not be so large
that a significant fraction of all events are vetoed. The
trigger rate sets an upper bound for the rate at which
the shield veto needs to be read out, so that a fast shield
veto readout need not be required.

Finally, the irreducible background rate sets the sensi-
tivity to low rate signals. These backgrounds may arise
mainly from the abovementioned secondary KL’s and
neutrons or primary neutrinos. The extent of the detec-
tor’s ability to reduce these backgrounds is both detector
technology and LLP signal dependent: signals with no
missing energy will be easier to distinguish from these
backgrounds than missing energy LLP decay signatures,
since one can require the vertex to point back to the IP.
(This will be the case for all signal benchmarks we con-
sider in Sec. V.) It is likely that signals and backgrounds
can be somewhat well-characterized and separated by us-
ing the TPC and B-field of the L3 magnet, though a full
examination of these capabilities is beyond the scope of
this proof-of-concept study. We therefore refer to the re-
maining backgrounds as ‘potentially irreducible’ rather
than irreducible. To eliminate some of the backgrounds
which are soft and more di�cult to estimate, we will
hereafter impose a 3 GeV cut on the scalar sum of the
momenta of the tracks of a candidate vertex. The ef-
fect of this cut on the signal e�ciency for the benchmark
models considered in Sec. V is 10% or less.

B. Shield-attenuated backgrounds

To estimate the backgrounds, we simulate minimum
bias production of pion, kaon, muon, neutron, proton
and neutrino fluxes with Pythia 8 [28, 29]. Leptons pro-
duced from pion decay vertices at ⌘ < 0.8 and r > 0.75 m
are neglected, under the assumption that their parent
pions can be suppressed with a moderate amount addi-
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Assuming we can set up the detector, 
 there are at least three challenges:

(i) Detector Trigger Rate

(ii) Shield Veto Rate

(iii) Potentially ‘irreducible’  
background rate

Using a TPC, need trigger 
rate to be O(1-10) kHz

This reduces our effective 
lumi, better be < O(1) MHz

Ideally we won’t rely much on 
reco to veto backgrounds  

(though we have a B-field 
 and a great detector)
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FIG. 7. The outgoing particle spectrum after 5� of W for an incoming µ� (top row), K0
L (middle row), and neutrons (bottom row) at various energies. These are a

selection of 15 grids from a total of 18 ⇥ 20: 18 species, logarithmically spaced in energy from 50 MeV to 300 GeV in 20 bins.

We ran extensive Geant4 simulations of 
particles entering the absorber.

Higher energy

(this is just a sample - many particles / energies not shown)
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e.g. ~0.2% of K 
longs punch through 
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In the short life-time regime, this scaling does not ap-
ply and instead the main driver of the sensitivity is the
distance of the IP to the detector, in the frame of the
LLP. As we will see in Sec. VC, for a kinetically mixed
dark photon, an experiment like AL3X could be compet-
itive with SeaQuest, FASER and SHiP in this regime,
despite the lower number of collisions. The reason is
the relatively short baseline of AL3X, as compared to
FASER, and its access to very highly boosted LLPs, as
compared to SeaQuest and SHiP.

IV. BACKGROUNDS AND SHIELDING

There are two classes of backgrounds for AL3X: Those
which are attenuated by the shield and those that are not.
We discuss both in turn, as well as the necessary speci-
fications for the shield to achieve the desired low back-
ground regime. The shielding analysis is similar in spirit
to the CODEX-b proposal [22], though the background
analysis and shield design for AL3X is complicated by
the detector surrounding the beamline itself.

A. Shield configuration

The proof-of-concept background shield configuration
is taken to be a 40� (4 m) spherical shell segment of tung-
sten, centered on the IP with an inner and outer radius
of 0.25 m and 4.25 m respectively, covering an pseudora-
pidity range 0.8 < ⌘ < 4.3, as shown in Fig. 2. As for the
CODEX-b shield, the prompt primary background fluxes
pass through the S

1

surface and are then attenuated by
the shield. The primary fluxes, in particular muons, may
produce secondary backgrounds via scattering inside the
shield. These secondary backgrounds can be reduced by
a judiciously located active veto inside the shield itself.
However, the extremely large forward production of pi-
ons near to the beamline means that the cavity around
the beamline itself can also be a source of a large flux of
daughter muons, that instead transect the S

3

inner sur-
face – ‘shield-clipping’ muons – producing copious sec-
ondary neutrons and kaons, or miss the shield entirely
– ‘shield-evading’ muons. To control these backgrounds,
the shield coverage is extended beyond the angular accep-
tance of the detector, and an additional, radially oriented
active veto is included, as shown in Fig. 2. Except when
explicitly stated below, e↵ects of shield-clipping muons
are found to always be highly subleading compared to the
background fluxes from muons traversing the full shield,
and are therefore hereafter neglected.

Control of the background processes in AL3X are de-
termined by detector and signal-specific interplay be-
tween three di↵erent rates:

(i) the detector trigger rate;

(ii) the shield veto rate;

(iii) and the ‘potentially irreducible’ background rate.

IP
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zoom of 
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not to 
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beamline

FIG. 2. Configuration of the shield, to scale.

The first of these is limited by the capabilities of the
TPC readout, while being driven by the total charged
flux through the detector, that can be large. An appro-
priate triggering strategy will reduce this rate to accept-
able levels.

The shield veto rate is driven by the requirement that
neutral secondary backgrounds produced downstream in
the shield – mainly muoproduction of KL’s and neutrons
– can be vetoed down to acceptable levels by tagging
the primary muons. This veto rate must not be so large
that a significant fraction of all events are vetoed. The
trigger rate sets an upper bound for the rate at which
the shield veto needs to be read out, so that a fast shield
veto readout need not be required.

Finally, the irreducible background rate sets the sensi-
tivity to low rate signals. These backgrounds may arise
mainly from the abovementioned secondary KL’s and
neutrons or primary neutrinos. The extent of the detec-
tor’s ability to reduce these backgrounds is both detector
technology and LLP signal dependent: signals with no
missing energy will be easier to distinguish from these
backgrounds than missing energy LLP decay signatures,
since one can require the vertex to point back to the IP.
(This will be the case for all signal benchmarks we con-
sider in Sec. V.) It is likely that signals and backgrounds
can be somewhat well-characterized and separated by us-
ing the TPC and B-field of the L3 magnet, though a full
examination of these capabilities is beyond the scope of
this proof-of-concept study. We therefore refer to the re-
maining backgrounds as ‘potentially irreducible’ rather
than irreducible. To eliminate some of the backgrounds
which are soft and more di�cult to estimate, we will
hereafter impose a 3 GeV cut on the scalar sum of the
momenta of the tracks of a candidate vertex. The ef-
fect of this cut on the signal e�ciency for the benchmark
models considered in Sec. V is 10% or less.

B. Shield-attenuated backgrounds

To estimate the backgrounds, we simulate minimum
bias production of pion, kaon, muon, neutron, proton
and neutrino fluxes with Pythia 8 [28, 29]. Leptons pro-
duced from pion decay vertices at ⌘ < 0.8 and r > 0.75 m
are neglected, under the assumption that their parent
pions can be suppressed with a moderate amount addi-

Can use coincidences in the trigger (light green) to mitigate 
the large rate from prompt and shield-initiated muons.
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In the short life-time regime, this scaling does not ap-
ply and instead the main driver of the sensitivity is the
distance of the IP to the detector, in the frame of the
LLP. As we will see in Sec. VC, for a kinetically mixed
dark photon, an experiment like AL3X could be compet-
itive with SeaQuest, FASER and SHiP in this regime,
despite the lower number of collisions. The reason is
the relatively short baseline of AL3X, as compared to
FASER, and its access to very highly boosted LLPs, as
compared to SeaQuest and SHiP.

IV. BACKGROUNDS AND SHIELDING

There are two classes of backgrounds for AL3X: Those
which are attenuated by the shield and those that are not.
We discuss both in turn, as well as the necessary speci-
fications for the shield to achieve the desired low back-
ground regime. The shielding analysis is similar in spirit
to the CODEX-b proposal [22], though the background
analysis and shield design for AL3X is complicated by
the detector surrounding the beamline itself.

A. Shield configuration

The proof-of-concept background shield configuration
is taken to be a 40� (4 m) spherical shell segment of tung-
sten, centered on the IP with an inner and outer radius
of 0.25 m and 4.25 m respectively, covering an pseudora-
pidity range 0.8 < ⌘ < 4.3, as shown in Fig. 2. As for the
CODEX-b shield, the prompt primary background fluxes
pass through the S

1

surface and are then attenuated by
the shield. The primary fluxes, in particular muons, may
produce secondary backgrounds via scattering inside the
shield. These secondary backgrounds can be reduced by
a judiciously located active veto inside the shield itself.
However, the extremely large forward production of pi-
ons near to the beamline means that the cavity around
the beamline itself can also be a source of a large flux of
daughter muons, that instead transect the S

3

inner sur-
face – ‘shield-clipping’ muons – producing copious sec-
ondary neutrons and kaons, or miss the shield entirely
– ‘shield-evading’ muons. To control these backgrounds,
the shield coverage is extended beyond the angular accep-
tance of the detector, and an additional, radially oriented
active veto is included, as shown in Fig. 2. Except when
explicitly stated below, e↵ects of shield-clipping muons
are found to always be highly subleading compared to the
background fluxes from muons traversing the full shield,
and are therefore hereafter neglected.

Control of the background processes in AL3X are de-
termined by detector and signal-specific interplay be-
tween three di↵erent rates:

(i) the detector trigger rate;

(ii) the shield veto rate;

(iii) and the ‘potentially irreducible’ background rate.
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FIG. 2. Configuration of the shield, to scale.

The first of these is limited by the capabilities of the
TPC readout, while being driven by the total charged
flux through the detector, that can be large. An appro-
priate triggering strategy will reduce this rate to accept-
able levels.

The shield veto rate is driven by the requirement that
neutral secondary backgrounds produced downstream in
the shield – mainly muoproduction of KL’s and neutrons
– can be vetoed down to acceptable levels by tagging
the primary muons. This veto rate must not be so large
that a significant fraction of all events are vetoed. The
trigger rate sets an upper bound for the rate at which
the shield veto needs to be read out, so that a fast shield
veto readout need not be required.

Finally, the irreducible background rate sets the sensi-
tivity to low rate signals. These backgrounds may arise
mainly from the abovementioned secondary KL’s and
neutrons or primary neutrinos. The extent of the detec-
tor’s ability to reduce these backgrounds is both detector
technology and LLP signal dependent: signals with no
missing energy will be easier to distinguish from these
backgrounds than missing energy LLP decay signatures,
since one can require the vertex to point back to the IP.
(This will be the case for all signal benchmarks we con-
sider in Sec. V.) It is likely that signals and backgrounds
can be somewhat well-characterized and separated by us-
ing the TPC and B-field of the L3 magnet, though a full
examination of these capabilities is beyond the scope of
this proof-of-concept study. We therefore refer to the re-
maining backgrounds as ‘potentially irreducible’ rather
than irreducible. To eliminate some of the backgrounds
which are soft and more di�cult to estimate, we will
hereafter impose a 3 GeV cut on the scalar sum of the
momenta of the tracks of a candidate vertex. The ef-
fect of this cut on the signal e�ciency for the benchmark
models considered in Sec. V is 10% or less.

B. Shield-attenuated backgrounds

To estimate the backgrounds, we simulate minimum
bias production of pion, kaon, muon, neutron, proton
and neutrino fluxes with Pythia 8 [28, 29]. Leptons pro-
duced from pion decay vertices at ⌘ < 0.8 and r > 0.75 m
are neglected, under the assumption that their parent
pions can be suppressed with a moderate amount addi-

Placement of veto chosen to reduce its rate (move back) but 
stop most charged-particle initiated showers (move forward) 
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BG species

Full shield (S1–S2) Evade shield Net BG flux/pp
into detector

(no cuts)

BG rate
per 100 fb�1

shield veto rate BG flux/pp BG flux/pp

n + n̄ (> 3 GeV) — 4.⇥ 10�16 — 3.⇥ 10�6 . 0.2

p + p̄ 2.⇥ 10�6 1.⇥ 10�14 — 5.⇥ 10�7 —

µ 0.006 3.⇥ 10�11 0.007 0.01 —

e 5.⇥ 10�7 3.⇥ 10�15 — 3.⇥ 10�7 —

K0
L — 1.⇥ 10�15 — 6.⇥ 10�8 . 1

K0
S — 4.⇥ 10�16 — 3.⇥ 10�8 ⌧ 1

� — 1.⇥ 10�15 — 1.⇥ 10�7 —

⇡± 2.⇥ 10�6 5.⇥ 10�15 — 4.⇥ 10�7 —

K± 2.⇥ 10�7 9.⇥ 10�16 — 8.⇥ 10�8 —

⌫ + ⌫̄ (> 3 GeV) — 0.01 3.⇥ 10�4 0.2 . 10

TABLE I. Results from the preliminary Geant4 background simulation for (20 + 20)�W shield, i.e. with an active shield veto
at 20�, applying a veto e�ciency of ✏ = 10�8. For outgoing neutrons and neutrinos a cut on their kinetic energy was applied,
as indicated in the first column. Background (BG) fluxes per pp collision (pp) are shown for fluxes entering the detector by
traversing the full shield (S1–S2) or by missing the shield entirely (Evade), together with veto rate for charged BG fluxes passing
through the veto itself. Also shown are (upper bounds for) the net background fluxes that enter the detector, i.e. without the
application of the veto rejection factor, relevant for the trigger veto rate. Actual potential background rates for 100/fb, shown
in the final column, are obtained from the BG fluxes/pp, by folding in the decay or scattering probabilities, which are detector
dependent, and assuming a minimum bias cross-section of 100 mb (see text for details).

tional shielding close to the IP, external to the geometric
acceptance of the primary shield.

The propagation of primary backgrounds and produc-
tion of secondary backgrounds inside tungsten is simu-
lated with Geant4 10.3 with the Shielding 2.1 physics
list for which high energy interactions are modeled with
the FTFP BERT physics list based on the Fritiof [30–33]
and Bertini intra-nuclear cascade [34–36] models and the
standard electromagnetic physics package [37]. Propa-
gating a large amount of events though the full shield is
computationally prohibitive, so we instead use a “particle
gun”, binned in energy and particle species, applied to
a 5� shield subelement (see App. A). The resulting map
between the incoming and outgoing fluxes is then ap-
plied recursively to obtain the attenuation and response
of the full 40� shield. Neutrino production of neutral
hadrons occurs at a prohibitively small rate and is not
included in this analysis; these backgrounds are discussed
in Sec. IVC below.

An active veto layer is located at a depth of 20� inside
the shield, with a rejection factor ✏ = 10�8, achievable
e.g. with several redundant layers of scintillator. The
purpose of this ‘shield veto’ is to detect charged tracks
that may produce neutral secondary fluxes – KL’s or neu-
trons – downstream in the shield itself, that may then en-
ter the detector and produce an LLP-like event by decay
or scattering. The location of the veto is determined by a
balance between detecting charged particles before they
create secondaries, not having too large a shield veto rate,
and having su�cient material downstream of the veto to
suppress neutral primary or secondary fluxes through the
veto. The expected correlation between primary charged

fluxes and neutral secondary fluxes within the shield –
when a charged particle produces a secondary, it is typ-
ically not fully stopped – in principle permits vetoing
some of these neutral secondaries produced upstream of
the veto layer, so that the veto might be located deeper
in the shield with a correspondingly lower shield veto
rate. To be conservative, we have assumed the charged
and neutral fluxes are instead fully decorrelated. The
corresponding shield veto rate derived from this analy-
sis, as well as the amount of shielding material required,
is therefore expected to be an overestimate.

In Table I we show the e�ciencies (background flux/pp
collision) for each relevant primary and secondary back-
ground entering the detector volume after propagation
through the shield and application of the shield veto, in-
tegrated over energy above a minimal threshold. Also
shown are the ‘shield veto rates’, corresponding to the
flux of charged particles through the veto itself, relevant
for an estimate of the event rejection rate by the shield
veto. We divide the background fluxes, as appropriate,
into those that transit the full shield, i.e. S

1

–S
2

, and
those that are produced by shield-evading muons. Ef-
fects of shield clipping muons are negligible for all back-
grounds, with the exception of the muon rate itself, for
which they comprise approximately 50% of the S

1

–S
2

rate, i.e. a flux/pp collision of 0.3%. We also pro-
vide, for the purpose of estimating the maximum required
detector-trigger rate, the net background flux into the de-
tector volume after propagation through the shield, but
without application of the shield veto, in the second-to-
last column. In order to characterize the sensitivity of
the background rates to the 3GeV cut, in Fig. 3 we show

for neutrons and neutrinos, very 
conservative since we don’t simulate 

the reaction product kinematics

Background already ~0 
without exploiting the tracker!

(we leave reco for future studies)
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Move IP, add absorber, increase lumi.  
See what comes out the back!

from earlier…

Has to be moved in multiples of 12.5 ns x c. In principle, moving 
11.25 m is possible, though would require adjusting magnets.

Our simplest model would require a lot of W.   However, it 
is easy to save money with a Pb/Steel/W hybrid 

(and using the 1m of solid Fe door on the L3 magnet)

In terms of total lumi., we would need a tiny fraction of ATLAS and 
CMS.  Bigger challenge is beam stability and modifying IP2 optics.  

We suspect this would be the biggest driver in cost / effort.
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cay of h ! XX, with X a long lived particle decaying
to two or more charged SM particles. X could for in-
stance be a kinetically mixed dark photon (e.g. [45–48])
or another (pseudo-)scalar of an extended Higgs sector
(e.g. [49]).

We estimate the fiducial e�ciency for this benchmark
with Pythia 8, and show the resulting reach for 95%
exclusion in Fig. 4, assuming negligible irreducible back-
grounds. We see that AL3X can reach h ! XX branch-
ing ratios as low as ⇠ 5 ⇥ 10�6, which is close to the
best reach that is achievable with a 100 fb�1 data sample,
corresponding to 6 ⇥ 106 Higgs bosons. In the large life-
time limit, the AL3X reach falls in between the reach for
CODEX-b and MATHUSLA. For comparison, we also
show the (optimistic) reach for 250 fb�1 and the reach as-
suming only the existing ALICE TPC for 100 fb�1. Nat-
urally, AL3X would have much better reach at low c⌧
regardless of the delivered luminosity, since it is much
closer to the IP.

The projected ATLAS reach for a Higgs decay to a pair
of displaced dijets is also included in Fig. 4: the shaded
bands attempt to indicate the uncertainty on these pro-
jections. For ATLAS and CMS, the mass of the LLP
is a crucial parameter, as the number of tracks associ-
ated with the vertex is a key discriminant between sig-
nal and background. This is why the ATLAS reach for
the 0.5 GeV benchmark [50] in Fig. 4 is substantially less
than for the 10 GeV mass benchmark [51, 52]: The lower
edge of the green ATLAS band is obtained by rescaling
the current expected limit in [50], assuming that the sys-
tematic uncertainties could be lowered with a factor of
five (For more details, see Sec. III of Ref. [22] and see
[53, 54] for the analogous searches by CMS.) To further
reduce the backgrounds, ATLAS and CMS often require
two displaced vertices, as indicated by the “2DV” label in
Fig. 4, as compared to higher background searches with a
single displaced vertex (“1DV”). In the latter case, both
the current and future limits are merely projections [52],
and it is conceivable that innovations in future analy-
ses may substantially improve on this. For these rea-
sons, largest increase in sensitivity from proposals such
as AL3X, CODEX-b and MATHUSLA over ATLAS or
CMS will be for LLP’s with mass . 10 GeV, though there
is gain for higher mass LLPs as well. Especially for low
mass LLP’s, the reach on the Higgs branching ratio can
be improved by several orders of magnitude.

B. Exotic B decays

A new scalar state ', lighter than the B meson, can
also be produced in a neutral current B ! Xs' decay,
even if the coupling of ' to the SM satisfies the ansatz
of minimal flavor violation. A canonical example is the
case where ' mixes with the SM Higgs, and thus obtains a
coupling to the SM fermions proportional to their masses.

FIG. 4. Projected reach for AL3X, CODEX-b, MATHUSLA
and ATLAS (see text) for h ! XX. For MATHUSLA, the
100 m ⇥ 100 m configuration was assumed [19]. The reach for
h ! invisibles is also shown (horizontal gray dashed) [55].

The inclusive branching ratio for this process is [56–58]
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and s✓ ⌘ sin ✓ parametrizes the Higgs-' mixing.

The ' must decay back to the SM through its induced
Yukawa couplings with the SM fermions. Its lifetime is
therefore also determined by s

2

✓, but is a↵ected substan-
tially by hadronic resonances for m' & 1 GeV, as well
as threshold e↵ects. The theory uncertainties in this
region are rather large, and we make use of the data-
driven result from Refs [59, 60]. (This result is in good
agreement with another, more recent calculation of the
lifetime [61].) For our estimates we assume a bb̄ produc-
tion cross-section of 500 µb and compute the boost and
pseudo-rapidity distributions with Pythia 8.

Fig. 5 shows the reach in the Higgs mixing por-
tal s

2

✓–m' parameter space, assuming 95%CL exclusion
and negligible expected backgrounds. The existing con-
straints are from CHARM [62] and LHCb [12]; we also
show the projected reach for LHCb, SHiP [63], MATH-
USLA [64], CODEX-b [22] and FASER [24] for compar-
ison. The LHCb reach was estimated by rescaling the
B ! K(' ! µµ) limit [12], optimistically assuming zero
background. When needed, the reach of other proposals
was recasted to match the assumptions for the lifetime
of ' in Refs [59, 60].
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The remaining solid (dashed) curves indicate the various existing (projected) constraints from the various existing, past or
proposed experiments, as described in the text.

C. Exotic ⇡0 and ⌘ decays

The final LLP production scenario we consider is via
exotic decays of unflavored mesons. A popular bench-
mark for this type of process is a light U(1) gauge boson
that kinetically mixes with the SM photon through the
operator ✏/2 F

µ⌫
F

0
µ⌫ . The ⇡

0 and ⌘ branching ratios are
[65]
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0

A

0 processes may be also
considered, but we have verified that do not contribute
substantially to the sensitivity. The A

0 width is given by
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Br(A0 ! e
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where we take the branching ratio to electrons from
Ref. [66]. The lifetime of the dark photon is therefore
only prolonged by the smallness of the mixing parameter
(✏ ⌧ 1). The long lifetime regime is therefore only acces-
sible at the LHC because of the huge numbers of ⇡

0 and
⌘ mesons that are produced with a relatively high boost.

Searches for a kinematically-mixed dark photon have
been conducted for several decades, leading to a consid-
erable list of existing constraints from a variety of probes.
In the high ✏, short lifetime regime, the dominant con-
straints come from high intensity lepton colliders and B-
factories: A1 [67], APEX [68], BaBar [69], KLOE [70–73]
LHCb [74]. (Several of the existing constraints were com-
puted with the DarkCast package [75]). The low ✏, high

c⌧ , part of the dark photon parameter space has been
probed by a range of beam dump and neutrino exper-
iments: LSND [65, 76, 77], CHARM [78], SLAC beam
dumps [79–81], KEK [82], NA48 [83], NA64 [84], NO-
MAD [85], ⌫CAL[86, 87] and ORSAY [88]. Finally, the
very low ✏ regime is constrained by limits on the anoma-
lous cooling of supernova SN1987a [89].

We compute the boost distribution of the A

0 and the
geometric acceptance of AL3X, using a minimum bias
sample generated with Pythia 8, using the measured in-
elastic cross section of 68 mb [90]. To model the tail of the
A

0 boost distribution, we also include several weighted di-
jet samples with increasingly stringent cuts on the parton
level process. Specifically, we demand that at least one
hard parton satisfies ⌘ < 4 and pT > 30 GeV, as well as
a lower bound on its energy, where the latter is varied
over di↵erent samples. The Pythia level cross sections
are corrected with a -factor of 1.1, by comparing with
the corresponding measurements [91]. To compute the
detector e�ciency, we add the e�ciencies obtained from
each of these samples, weighted by the appropriate fidu-
cial cross section. The resulting reach is shown in Fig. 6.
Also shown are the aforementioned existing constraints
as well as the projected limits from planned or proposed
experiments like SeaQuest [92, 93], LHCb [94, 95], SHiP
[96], HPS [97] and FASER [23].

We find that for exotic ⇡

0 and ⌘ decays, AL3X can
probe new parameter space in the high ✏, low c⌧ , regime,
but does not exceed the reach of dedicated forward ex-
periments like FASER, SHiP and SeaQuest. This can
be understood as follows: Though AL3X would likely
have much less proton collisions than FASER, SeaQuest
and SHiP, it would have the shortest e↵ective baseline.
In other words, since AL3X is somewhat forward from
the IP, the tail of the kinetic energy distribution of the
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hard parton satisfies ⌘ < 4 and pT > 30 GeV, as well as
a lower bound on its energy, where the latter is varied
over di↵erent samples. The Pythia level cross sections
are corrected with a -factor of 1.1, by comparing with
the corresponding measurements [91]. To compute the
detector e�ciency, we add the e�ciencies obtained from
each of these samples, weighted by the appropriate fidu-
cial cross section. The resulting reach is shown in Fig. 6.
Also shown are the aforementioned existing constraints
as well as the projected limits from planned or proposed
experiments like SeaQuest [92, 93], LHCb [94, 95], SHiP
[96], HPS [97] and FASER [23].

We find that for exotic ⇡

0 and ⌘ decays, AL3X can
probe new parameter space in the high ✏, low c⌧ , regime,
but does not exceed the reach of dedicated forward ex-
periments like FASER, SHiP and SeaQuest. This can
be understood as follows: Though AL3X would likely
have much less proton collisions than FASER, SeaQuest
and SHiP, it would have the shortest e↵ective baseline.
In other words, since AL3X is somewhat forward from
the IP, the tail of the kinetic energy distribution of the

Using existing TPC Fill space with TPC

Also some sensitivity to dark photons (not shown - see paper for details)
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Moving forward


• Seek feedback from ALICE / community (you!)


• Study impact of reco. with possibility to reduce absorber


• Optimize absorber configuration to minimize cost
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Higgs 
decay

B-meson 
decay

π,𝜂-decay 
(dark photon) Progress Cost

FASER ✔ ✔ Collaboration formed $

CODEX-b ✔ ✔ sub-collaboration formed $

SeaQuest ✔ experiment exists $

AL3X ✔ ✔ ✔ Proof of concept $$

MATHUSLA ✔ ✔ Letter of intent $$

SHiP ✔ ✔ Technical design report $$$

MOEDAL: monopoles, already running


MiliQan: milicharged particles, phase 1 detector in place
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�19Conclusions and Outlook

We have proposed a new idea to build a 
dedicated LLP detector at one of the IPs. 

IP2 in Run 5 may be a good match and would 
allow for an extensive physics program due 

excellent tracking capabilities.

Happy to hear 
your feedback!
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FIG. 1. Schematic representation of the proposed detector layout. Cavern layout information is from Ref. [1, 27]; cavern
diagram is reproduced from Ref. [27]. The current L3 magnet is shown in dashed red for reference. The four surfaces bounding
the detector volume are labelled D1...4 (see Sec. III for details).

point, with a considerable geometric acceptance, permits
sensitivity not only to LLPs generated by high center of
mass energy portals such as the Higgs invisible width,
but also from low scale vector, scalar or fermion mix-
ing portals, thereby covering all possible renormalizable
couplings of the SM to exotic sectors in one detector
concept. In this proof-of-concept study, we examine the
AL3X reach for an LLP produced in an exotic Higgs or
B decay as well as for the production of a kinetically
mixed dark photon. For an integrated luminosity of or-
der 100 fb�1, we find that the AL3X reach meets, exceeds
or complements the combined reach of other LLP pro-
posals. Much of our discussion will be informed by those
applicable to the MATHUSLA [18] and CODEX-b [22]
proposals, though the challenges from backgrounds will
be significantly di↵erent from the former, and somewhat
di↵erent from the latter.

II. UPGRADING IP2

Before further motivating and elaborating on the de-
tector concept, we discuss up front some of the potential
challenges as they relate to delivering O(100) fb�1 lumi-
nosity to IP2 in the AL3X configuration. There are at
least four main concerns: (i) moving the IP, (ii) beam
quality, (iii) luminosity sharing, and (iv) cost.

For LHC collisions at 40MHz, an IP can only be moved
by multiples of 12.5 ns ⇥ c ' 3.75 m. For this reason
we envision moving the IP by 11.25 m from its current
location at the center of the magnet, which should pro-
vide su�cient room for shielding the detector from the
IP. However, moving this distance with a reasonably low
�

⇤ would require changing the layout of the quadrupole
magnets in addition to general modifications to the op-
tics. The fact that the injection of one of the proton
beams is located near IP2 is a possible additional com-
plication. The current luminosity delivered to IP2 is also

so low that it has little impact on the beam quality and
lifetime. Increasing the instantaneous luminosity to be
a non-negligible fraction of the ATLAS and CMS colli-
sion rate would make beam preservation more challeng-
ing. Another consequence of the higher luminosity is
that the magnets (triplets and probably also the beam
separator magnets) would need additional shielding from
forward going radiation. In addition to adding absorbers
in front of the magnets, one may need to cool the ab-
sorbers. The final concern is the cost. It is too early to
give a reliable price tag of configuring IP2 for AL3X, but
given the known feasibility for a similar upgrade at IP8
for LHCb, the cost may not be prohibitive at this time,
especially in the context of other ambitious proposals for
LLP detectors at CERN.

At this stage, none of these issues appear to preclude
an e�cient, robust and cost e↵ective implementation of
AL3X, but further engineering studies are required to es-
tablish a realistic configuration of the ALICE cavern and
the surrounding LHC tunnel and beamline. We further
emphasize that the 100 fb�1 target is somewhat arbi-
trary, and is chosen to roughly balance the physics reach
against the challenges mentioned above and anticipated
limitations from backgrounds. To give the reader a sense
of how the various projections scale with the luminosity,
we will therefore also show 250 fb�1 projections. With
the above caveats in mind, we now proceed to present
the nominal detector concept.

III. DETECTOR CONCEPT

For LLPs with relatively long lifetimes, the reach of any
particular detector scales with the angular coverage and
the size of the detector. This is the main reason for the
rather large size of the two proposed experiments with
the highest sensitivity: SHiP and MATHUSLA. Since
SHiP would operate in beam dump mode o↵ the Su-
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FIG. 3. Kinetic energy spectra of outgoing neutrons, KL’s and neutrinos (blue), compared to their fluxes from the IP (green).
For the sake of visual clarity, both the neutron and KL fluxes from the IP are scaled by a factor of 10�10.

scatters can be vetoed e↵ectively by tagging the asso-
ciated muon, but we do not exploit this here. Since
the neutrino-nucleon cross section is expected to rise lin-
early with energy, we weight the MINERvA result with
E⌫/3.5 GeV and fold this against the neutrino spectrum
obtained from Pythia 8 (described above). As a result
we find O(3) KL’s which are produced in the last inter-
action length of the shield. These residual KL should be
further attenuated by an O(1) number under propaga-
tion through the last interaction length. Since they are
expected to be soft, they are further likely reducible by
a cut on track momenta and/or a requirement that the
tracks point to the IP.

Using the total inelastic cross section [41], we bound
the amount of neutrons produced in the last interaction
length of the shield to be less than O(300). With a ⇠ 5%
scattering probability in the TPC gas (see previous sec-
tion), this implies an upper bound of O(15) events. This
number is conservative in several ways: (i) The produced
neutrons should substantially lower energy than the in-
coming neutrino, further softening the spectrum and (ii)
in the majority of the events one or more charged states
will be created along with the neutron. These charged
states are likely to reach the detector as well and can
therefore be used to veto the event. A full simulation, in-
cluding a realistic detector response, is beyond the scope
of this work, but for the time being it appears plausi-
ble that these handful of background events can be fully
reduced by the kinematic cuts described above.

Finally, there are additional sources of background,
such as cavern backgrounds, beam-gas backgrounds, hot-
shield-induced backgrounds. We expect that none of
these are a major source of background, but they would
need to be carefully considered, possibly with in-situ
studies, should the AL3X proposal move forward. The
cavern and hot-shield-induced backgrounds are likely
eliminated by the cuts on the track momenta, but are
expected to contribute to the noise levels in the detector.
Beam gas events can produce neutral hadrons which may
bypass the shield. These events are very boosted in the
lab frame, and for the tracks to hit the TPC, the beam-
gas vertex must be either be located far behind the IP,
in which case the hadrons would pass through the full

shield, or in the far forward region of the beamline well
beyond the detector volume. In the latter case, any ver-
tex made in the detector would generate tracks pointing
towards, rather than from, the IP, which will not occur
for an LLP vertex. A hadron from a beam gas event
could in principle also deflect o↵ the beam pipe or cre-
ate more secondaries, and for a realistic design it may be
therefore be adviseable to clad the beampipe with a layer
of tungsten, as is the case for the current forward muon
detector of ALICE [1]. The beam-induced backgrounds
have been measured in the hotter ATLAS cavern and
were found to be small (⌧ 40 MHz) [44], and should not
a↵ect the trigger strategy laid out in the previous section.

In summary, our baseline configuration has a trigger
rate, veto rate, and irreducible background rate that are
compatible with a close to zero background search for
100 fb�1 of luminosity. A trigger rate well-below the TPC
bandwidth can be achieved with a relatively simple algo-
rithm using the T trigger variable, while the fraction of
events vetoed by the shield is ⇠ 1%⇥pile-up. This veto
can be applied o✏ine, as the detector trigger rate is suf-
ficiently slow.

V. REACH

In this section we present three example benchmark
models, representing high, medium and low mass por-
tals. For our reach estimates we require three signal
events, which roughly corresponds to a 95%CL exclusion,
assuming zero background.

A. Exotic Higgs decays

Searching for exotic Higgs decays are a top priority for
the HL-LHC program. The small width of the SM Higgs
means that relatively small couplings to exotic states,
with mass < mh/2, can lead to an appreciable Higgs ex-
otic branching ratio. Combined with the large sample
of Higgs bosons expected from HL-LHC – approximately
108 Higgs – this leads to a powerful portal for probing
new physics. As a benchmark, we consider an exotic de-


