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ARTICLE INFO ABSTRACT

Keywords: ALADDIN is a proposed fixed-target experiment at the LHC for the direct measurement of charm baryon dipole
Silicon detectors moments. The detector features a spectrometer and a Cherenkov detector, while the experimental technique is
Cherenkov detectors based on the phenomena of particle channelling and spin precession in bent crystals. TWOCRYST, a proof-of-
LHC

principle test at the LHC for the proposed experiment, is planned during the LHC Run 3. Recent channelling
efficiency measurements performed at the CERN SPS of bent crystals developed at INFN are presented, marking
significant progress towards its realisation. The silicon pixel detector for TWOCRYST is under construction.
It will work in the secondary vacuum of a Roman Pot positioned inside the LHC beam pipe. The design,
construction and integration of the pixel detector inside the Roman Pot will be discussed, along with the
design and perspectives for the proposed ALADDIN experiment.

Roman Pot

* Corresponding author at: Universita degli Studi di Milano and INFN, Sezione di Milano, Via Celoria 16, 20133, Milan, Italy.
E-mail address: nicola.neri@mi.infn.it (N. Neri).

1 On behalf of the TWOCRYST collaboration and ALADDIN proto-collaboration.

2 Now at EPFL, Lausanne, Switzerland.

https://doi.org/10.1016/j.nima.2024.169875

Received 4 July 2024; Received in revised form 2 September 2024; Accepted 9 September 2024

Available online 12 September 2024

0168-9002/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/nima
https://www.elsevier.com/locate/nima
https://orcid.org/0000-0002-6106-3756
mailto:nicola.neri@mi.infn.it
https://doi.org/10.1016/j.nima.2024.169875
https://doi.org/10.1016/j.nima.2024.169875
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2024.169875&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Neri et al.
1. Introduction

First direct measurements of A7 and Z! charm baryon dipole
moments have been proposed to be performed at the Large Hadron
Collider (LHC) [1-7]. In the quark model A} = [ud]c and =} = [us]c,
where the light quarks are in antisymmetric flavour functions, the
magnetic dipole moment (MDM) of the baryons are the same as for the
charm quark, p,+ = p, and p-+ = p.. An experimental confirmation of
this relation playcs an importantc role to test the quark model description.
Theories beyond the quark model, such as heavy quark field theories,
have provided predictions for magnetic dipole moments of the A} and
the =F baryons that could be tested with a measurement with 10%
relative precision [8]. On the other hand, searches for electric dipole
moments (EDM) of charm baryons would allow to probe for physics
beyond the Standard Model (SM) [9]. According to simulations studies,
first measurements of charm baryon dipole moments are possible in
two years of data taking assuming a proton on target of 10° p/s on
2.0 cm thick W target, and non-negligible A} (=) polarisation of
about 0.25. A sensitivity on charm baryon MDM of 2 - 10724, and on
EDM of 3-107'% e cm with 1.4-10'3 protons on target is expected, where
Uy = eh/2m, is the nuclear magneton. The program of measurements
include an exploration of the g — 2 anomalous magnetic moment of
the = [10,11], and additional physics topics such as the measurement
of charm hadron cross-sections and J /y photo-production in the very
forward region at pseudorapidity 5 < 5 < 9. This program of mea-
surements and the machine layout have been studied within the Physic
Beyond Collider working group at CERN [12].

2. Experimental technique

The charm baryon lifetimes are very short ¢ ~ 2 — 4 x 10713 s,

therefore it is experimentally challenging to induce spin precession
before their decay. The proposed experimental technique is based on a
fixed-target experiment at the LHC, where 7 TeV protons impinge on a
tungsten (W) target, at a centre-of-mass energy /s ~ 110 GeV. The idea
is to exploit the phenomenon of channelling in bent crystals [13], for
which positively charged particles entering the crystals with their mo-
mentum aligned with the atomic planes of the crystal gets trapped, and
their transverse motion is confined by the crystal lattice potential well,
corresponding to an interplanar electric field in silicon (Si) of about 6
GV/cm. Highly boosted charm baryons produced in pW collisions have
an average Lorentz factor y ~ 900, hence their flight length is relatively
large, fyct ~ 5-10 cm. Channelled charm baryons travelling along
the entire bent crystal are deflected along the direction defined by the
crystal bending angle, 6,, inside the detector acceptance. In addition,
channelled baryons experience spin precession due to the interaction
of their MDM/EDM with the intense electromagnetic field inside the
crystal. The spin precession angle @ is related to the gyromagnetic
factor g, while the spin polarisation vector component perpendicular
to the bending plane after the crystal, s, is related to the gyroelectric
factor d according to Eq. (1),
The initial polarisation vector, s,, is perpendicular to the production
plane, defined by the incoming proton and the outgoing A} baryon
momenta, for parity conservation in strong interactions. The final
polarisation s’ can be determined by an angular analysis of charm
baryon decay products [7,14], where |s'| = |sy| since depolarisation
in the bent crystal is negligible for channelled particles.

The signal event topology has two peculiar features: (i) the average
momentum of the channelled charm baryons is very high, i.e. about 1.8
TeV/c for AT baryons for a bending angle ., = 7 mrad; (ii) the direction
in the bending plane of the channelled baryons is determined by the
crystal bending angle. As a consequence, the momentum distribution of
the decay products reaches 1.0 TeV/c and the angular distance between

d
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the charm baryon and the daughter particle momenta is 1/y ~ 1 mrad.

The proposed fixed-target experiment at LHC is based on a double-
crystal setup designed and simulated by our machine colleagues [15].
The first crystal, the target collimator crystal for splitting (TCCS), has a
bending angle of 50 prad and is used to deflect protons from the beam
halo towards a solid W target positioned about 100 m downstream of
the TCCS. A second crystal, the target collimator crystal for precession
(TCCP), with a bending angle of 7.0 mrad is positioned right after the
W target. It induces spin precession to channelled charm baryons and
deflects their trajectory within the acceptance of a forward detector to
perform the reconstruction of signal decays. The proposed operational
scenario is transparent to LHC high-intensity proton operations. A
proof-of-principle (PoP) test at the LHC, the TWOCRYST project (see
Fig. 1), has been approved for data taking in 2025 with the following
objectives: (i) demonstrate the feasibility of the machine operations;
(ii) confirm the achievable proton rate on target; (iii) measure the
channelling efficiency at TeV energy using LHC protons; (iv) perform
the necessary background studies to validate the simulations and the
detector optimisation.

TCCS and TCCP bent crystals have been produced at INFN Ferrara
according to the required specifications. They have been characterised
on beam at the CERN H8 SPS in August 2023 using a 180 GeV/c
positive hadron beam. The INFN tracking telescope features silicon
strip sensors with 50 pm pitch to measure with 3.5 prad accuracy the
incoming angle of the hadrons impinging on the crystal. The silicon
strip sensor positioned downstream of the crystal have 50 pm and
242 pm pitch to achieve an angular resolution of about 7.2 prad on the
outgoing angle of the tracks. A goniometer with 1 prad accuracy for
precision crystal alignment is used to achieve the conditions for chan-
nelling. Preliminary results report about 60% channelling efficiency for
the TCCS and about 16% for the TCCP crystals. The offline analysis
takes into account a potential mechanical torsion of the bent crystal
that was measured to be about 20 prad/mm. A detailed report of the
testbeam results is currently in preparation [16].

3. The ALADDIN proposed experiment

The proposed experiment at LHC comprises two alternative sce-
narios: (i) a dedicated experiment at the insertion region 3 (IR3),
the baseline scenario; (ii) the use of the LHCb detector at the inter-
action point 8 (IP8), kept as fallback option. The nominal solution
at IR3, referred in the following with the acronym ALADDIN, “An
Lhc Apparatus for Direct Dipole moments INvestigation”, offers the
advantage of an optimal detector design and particle identification
information (PID) in the range of momenta up to 1 TeV/c. On the
other hand, the construction of a new detector to be installed along
the LHC tunnel will require significant resources and time for the
design, construction, installation and commissioning. The LHCb based
solution has the advantage of using an existing tracking detector and
infrastructure, located in a equipped experimental area. On the other
hand, the LHCb detector has no PID information for momenta greater
than 100 GeV/c and the project could have potential interference
with the LHCb core program and data taking. A tentative timeline of
ALADDIN is the following: (i) proof-of-principle test during Run 3; (ii)
construction and installation during the LHC Long Shutdown 3 (LS3);
(iii) commissioning and data taking during Run 4. The region for the
TWOCRYST PoP at IR3 has been identified and is being instrumented
for operations in 2025. The same region is considered also suitable for
the proposed ALADDIN experiment.

4. Detector developments
The detector layout for ALADDIN consists of a spectrometer and a

Ring Imaging Cherenkov (RICH) detector (see Fig. 2). The spectrometer
features pixel detectors positioned inside four Roman Pot (RP) stations,
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Fig. 1. Sketch of the TWOCRYST proof-of-principle test. LHC protons are deflected by the TCCS crystal towards the TCCP crystal and subsequently detected in the pixel detector

housed in a Roman Pot to measure the channelling efficiency of the TCCP.
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Fig. 2. ALADDIN detector side view. The spectrometer is on the left side and the RICH detector on the right.

and the Helium gas RICH detector is read out by a SiPM photosensor
array. The length of the detector is approximately 10 m, with the
spectrometer measuring around 4.4 m and the RICH measuring 5.0 m.
The transverse dimension of the detector is confined within 1.0 m to
fit into the available space along the LHC tunnel. The spectrometer
features a warm dipole magnet, MCBWV.4L3.B2, available in situ, with
a magnetic field of 1.1 T and an effective magnetic length of 1.7 m.
The specifications for the tracking detectors positioned upstream
and downstream of the dipole magnet are reported in Table 1. The
hit rates are estimated using full simulations. The hit rates on the
RICH photosensors are expected to be relatively small since they are
positioned 10 cm away from the beam and are outside of the detector
acceptance. As alternative to the Si pixel sensors, Si strip sensors
could be used for the downstream tracking stations but with reduced
performance. The spectrometer is composed of four tracking stations,
two upstream and two downstream of the dipole magnet, and has an
acceptance in the very forward region, at pseudorapidity 5 < n < 9.
To achieve this, Si pixel sensors are housed inside RP stations and
positioned inside the LHC beampipe. The spectrometer performance
has been studied using full simulations based on DD4hep [17] for
the description of the detector geometry and GEANT4 [18] for the
simulation of the interaction of particles with the material. Physics
collision events are generated using the PYTHIA8 Angantyr [19] model
to account for pW interactions. The resolution for a charged particle

. _ . . % ., 2 _
with momentum p = 500 GeV/c is estimated to be >~ 538D%x = 2%,

where BL = 1.9 Tm is the magnet bending power, D = 1.0 m is the
distance between two tracking stations, as shown in Fig. 2, and o, =
10 pm is the spatial resolution of the Si pixel sensors. The corresponding
track angle resolution is estimated to be 64 ~ \/Eax /D = 14 prad, which
is relevant to select channelled charm baryons exiting the crystal with
the momentum direction determined by the crystal bending angle. The
resolution on the impact parameter in the transverse plane is expected
to be about 20 pm for high-momentum tracks. The acceptance for signal
AY - pK~z* decays is studied as a function of the distance D between
the tracking stations. The acceptance decreases when the distance D
increases due to particles that are hitting the beampipe and exiting the
detector acceptance. On the other hand, a large value of D ~ 1.0 m is

beneficial for the momentum and track angle resolution. According to
simulations, a resolution of 25 MeV/c? on the reconstructed invariant
mass m(pK ) is achievable for signal A} decays. An acceptance of about
70% or larger is achievable by enlarging the radius of the beampipe in
the tracking volume and modifying the geometry of the present RPs.
A potential future upgrade of the spectrometer considers the use of
a compact dipole magnet in 20 K high-temperature superconducting
(HTS) technology, with magnetic field B = 4 T and effective length L =
1 m. In this case, improvements in signal acceptance, reaching 90%,
and in momentum resolution, about a factor of two, would become
available.

4.1. Pixel sensor modules

The pixel detector of the spectrometer is based on the LHCb VELO
pixel sensors and VeloPix ASIC [20]. The Si sensor is 200 pm thick and
it is built in n-in-p technology. The pixel size is 55 pm and the sensor
is organised in tiles with an area of 15 x 43 mm?2. Each sensor tile
is readout by three VeloPix ASICs, connected to the sensor via bump-
bonding. The VeloPix ASIC consists in a matrix of 256 x 256 pixels and
is built in TSMC 130 nm CMOS technology, with radiation hardness
greater than 4 MGy and tolerance to single-event upset. The maximum
peak rate per pixel is 50 kHz and the data rate per ASIC is 20.48 Gbit/s,
with an associated power consumption of about 1.2 W. The design
of the pixel sensor module is shown in Fig. 3, which comprises the
sensor tile, the data flex, and the GBTx chip, a bidirectional 4.8 Gb/s
link between the radiation hard on-detector custom electronics and
the off-detector systems. The aluminium base plate has good thermal
conductivity and is connected to a cooling system based on a Peltier
device positioned inside the RP to evacuate the power dissipated by
the front-end electronics. The Peltier itself is connected to an external
water circuit to exchange heat with a source external to the RP box. For
the TWOCRYST detector, three pixel modules will be installed inside a
RP station. The cooling sytem is designed to cope with 45 W power
dissipation and guarantee a temperature of 20 °C for the sensors.
A vacuum-feed-through board and a rigid-flex data cable have been
designed to accommodate control and data lines inside the RP station
and to connect with the optical and power board (OPB), whose main
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Specifications required for the tracking detectors positioned upstream and downstream of the spectrometer dipole magnet.

Pitch (pm) Hit rate (MHz/cm?) Dluence (ncq/cmz) Area (cm?) Tech. solution
Upstream 55 250 35x 101 10 Si pixel
Downstream 100 30 9.0x 10" 30 Si pixel/strip

Fig. 3. Pixel sensor module developed for the TWOCRYST project. The dimensions
reported in the sketch are in mm.

function is the optical-electrical conversion of the high-speed data and
control signals that are sent to and from the detector module. An
ATLAS-ALFA RP station has been extracted from the LHC tunnel and is
made available to house the TWOCRYST pixel detector. The rectangular
section of the pot is 128 x 60 x 46 mm? (width x height x thickness).
The RP also requires cooling due to the heating caused by the proton
bunches passing in the cavity around the RP. A copper layer inside the
box is used to bring the heat outside the RP.

4.2. RICH detector

A RICH detector is designed to identify protons, kaons and pions
up to momenta of 1 TeV/c. The choice of helium radiator gas with
refractive index n = 1.000035 and the length of the gas vessel of
5.0 m guarantee good separation power between the different particles
at high momenta, and also provide a sufficient number of detected
Cherenkov photons per track, N, ~ 12. The design takes inspiration
from the NA62 RICH detector, based on 17 m long vessel filled with
neon as radiator gas and readout by traditional photomultipliers (PMT).
In this case, modern photosensors are considered with improved photon
detection efficiency and finer granularity, e.g. silicon photomultipliers
(SiPM) or micro channel plate PMT (MCP-PMT). The estimated angu-
lar resolution per photon on the Cherenkov angle is about 42 prad,
with contributions from chromatic dispersion (32 prad), emission point
uncertainty (6 prad), and limited pixel granularity of the photosensor
(30 prad). The last contribution assumes a pixel size for SiPM of

0.5 x 0.5 mm?, which requires some R&D in order to be used in the
experiment. The photosensor area is relatively small, about 100 cm?,
keeping the transverse dimensions of the vessel limited to about 15 cm.

The pattern recognition of Cherenkov rings is relatively easy given
the low occupancy of the photosensor detector, about 0.1%, with 38k
channels. The upper limit for 3¢ K-z and p-z separation is 610 GeV/c
and 1.2 TeV/c, respectively. The PID performance has been studied
with (without) the RICH using a simulated sample of AY — pK~z*
decays for signal, and D* — K~ z*z*, D} — K*K~z* decays for
background, achieving 90% signal retention for 95% (50%) background
rejection.

5. Summary

Advancements in the experimental techniques for the measurement
of charm baryon dipole moments have been presented. They include
progress on machine aspects, construction and test of bent crystals,
developments of detector and experimental techniques to perform the
dipole moment measurements. A proof-of-principle test at LHC, the
TWOCRYST project, has been approved for data taking in 2025 to
demonstrate the feasibility of the future experiment. ALADDIN, is the
proposed fixed-target experiment at LHC IR3 designed to perform the
first direct measurements of charm baryon dipole moments. It features
a spectrometer with pixel detectors housed in Roman Pots and a RICH
detector for particle identification. A Letter of Intent is in preparation,
aiming for data taking during LHC Run 4. *
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