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Abstract

Chirality lies at the heart of low-energy QCD, governing the symmetry structure that
shapes hadron masses and strong interaction dynamics. Among the most compelling open
questions tied to chiral dynamics is the longstanding A polarization puzzle, in which A hy-
perons produced in unpolarized hadronic collisions exhibit a surprisingly large transverse
polarization that remains theoretically unexplained. This whitepaper presents the proposal
for the Hyperon—Nucleon Spectrometer (H-NS) at the High-Intensity heavy-ion Accelerator
Facility (HIAF). Leveraging the high energy and high intensity of HIAF’s proton and heavy-
ion beams, the H-NS experiment will perform systematic studies of hyperon polarization
phenomena and their underlying mechanisms in proton—proton (pp), proton—nucleus (pA),
and nucleus—nucleus (AA) collisions in the fixed target mode. A wide-range beam energy
scan, including proton beams from 3 GeV up to 32 GeV, will be conducted to examine the
dependence of polarization on collision energy. The spectrometer is designed with special-
ized detectors capable of high-precision reconstruction of final-state baryon polarizations.
By simultaneously measuring hyperon and proton spin observables, H-NS will explore the
polarization mechanism in hadronic interactions and the spin structure of baryons—the fun-
damental constituents of visible matter. Furthermore, the use of pA and AA collisions will
enable detailed investigations of cold and hot nuclear matter effects on spin polarization.
The H-NS program is set to provide unprecedented experimental constraints on the dynam-
ics of spin in strongly interacting matter under extreme conditions, offering new insights
into non-perturbative QCD. Its physics program and detector development will significantly
benefit the future Electron-ion Collider in China. This document outlines the key physics

objectives and the conceptual design of the H-NS spectrometer.
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Chapter 1
Physics

Understanding the fundamental building blocks of matter and the forces that bind them is a central
pursuit of modern physics. The nucleon (protons and neutrons), a primary constituent of atomic nuclei,
accounts for most of the visible mass in the universe. Yet, despite a century of study [1, 2], the complete
description of its internal structure remains a profound challenge, particularly concerning the origin of
its spin and mass. The simple picture of a proton as a composite of three valence quarks (two up and
one down) is insufficient. We now know the proton’s interior is a dynamic and complex environment
governed by Quantum Chromodynamics (QCD) [3], teeming with a “sea” of virtual quark-antiquark
pairs and the gluons that mediate the strong force.

Concerning strange quarks, this is where hyperons become invaluable probes. Produced in high-
energy collisions, such as those at the Large Hadron Collider (LHC) [4] or the Relativistic Heavy Ion
Collider (RHIC) [5-8], hyperons act as messengers of the spin from the collision. Crucially, hyperons are
“spin-self-analyzing” as will be explained later , offering a direct window into spin dynamics. Studying
hyperon polarization provides a unique and stringent test of QCD.

A general spin state for an ensemble is not described by a state vector, but by a 2 X 2 density matrix,
p. The spin density matrix is Hermitian (p = p"), positive semidefinite, and normalized (Trp = 1) [9, 10].
For the spin-1/2 system, it can be expanded in terms of the identity matrix (I) and the Pauli matrices &

as [9, 10]
1

sz(H+

P ).
Here, P is the polarization vector, which fully characterizes the spin state of the ensemble. Its magnitude
satisfies |P| < 1. An unpolarized ensemble corresponds to Pl =0, yielding the maximally mixed state
p= %]I. A fully polarized ensemble corresponds to |P| = 1, which represents a pure state.

From this definition, the polarization vector is equivalent to the expectation value of the Pauli spin
operator for the ensemble P= Tr(p &). Choosing a quantization axis (e.g., the z-axis), the longitudinal
polarization P, describes the population imbalance between spin-up (Ny) and spin-down () states:

Ny -N,
N+ N

Hyperons, and the A baryon in particular, serve as a uniquely effective probe for polarization because
their weak decays provide a built-in spin analyzer. This capability stems from the fact that the A decays
almost exclusively (BR =~ 64.1%) via the parity-violating weak interaction as A — pn~. Due to the
non-conservation of parity in the weak interaction, the decay is anisotropic. The daughter proton (p)
is preferentially emitted along the direction of the parent A’s spin vector. By defining ¢, as the angle
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between the proton’s momentum and the polarization axis of A in the rest frame of A, the distribution
can be simplified to [11]:

dN y
— o< 1 + ap P cos Qp.

dcos o,

Here, P5 = |Pal is the magnitude of the polarization vector. a is the weak decay asymmetry parameter.
Since a, is well measured and sizable [12], this provides a direct, sensitive measurement of the hyperon
polarization Pj.

The polarization of A hyperons was first observed at Fermilab in an experiment using a 300 GeV
proton beam on a beryllium (Be) target in the 1970s [13], as shown in Fig. 1.1. In that experiment,
polarization was measured along the direction normal to the A production plane. The results showed
that the A polarization increases with the hyperon transverse momentum (pr). At the largest measured
p1, the polarization reached several tens of percent, even though both the beam and the target were
unpolarized. This surprising result—a produced particle “self-polarizing” even with unpolarized beams
and targets—revealed a profound spin effect in hadronic reactions.

2 0.2r pBe - AX
L
e
]
N
E {
g 0.1} 3 {
s ¢
§ i 1 1 1 1
0.0 0.4 0.8 1.2 1.6

pr [GeV]

Figure 1.1: The first observable of the “self-polarizing” phenomenon of A at Fermilab [13]. The po-
larization was measured along the direction normal to the A production plane :—pPpeam X Pa, Which is
opposite to the current convention: Fpeam X Pa.

Following the Fermilab discovery, numerous experiments at various laboratories confirmed A polar-
ization across different energies and beam/target combinations [14-22], as illustrated in Fig. 1.2. These
experiments consistently found that A hyperons produced in unpolarized proton-proton (and proton-
nucleus) collisions have a polarization whose magnitude grows with increasing transverse momentum pt
of the A. Moreover, to compare data across different collision energies, A polarization was studied ver-
sus the Feynman-xp (a variable related to the fraction of the available longitudinal momentum carried by
the A). These studies showed that A polarization also increases with xg—hyperons carrying a larger frac-
tion of the beam momentum tend to be more polarized. In particular, at moderate energies, A produced
very forward (high xg) can reach polarization on the order of 30-40% in magnitude. Despite decades of
study [35—41], the underlying mechanism for this self-generated polarization remains an open puzzle —
a long-standing question in non-perturbative QCD. In addition to the transverse polarization in nucleon-
nucleon or nucleon-nuclei events, A hyperons in non-central heavy-ion collisions exhibit a distinct but
related phenomenon known as global polarization relative to the reaction plane [42—44]. Interestingly,
the magnitude of A global polarization is found to increase as the collision energy decreases [45-51].
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Figure 1.2: A polarization in the p(p/A) — AX process. (a) A polarization as a function of xg, with data
taken from Refs. [14—19]; (b) A polarization as a function of pr, with data from Refs. [15, 18, 20-22].
Overall, the A polarization shows a rising trend with increasing xg and pr.

The High Intensity Heavy-Ion Accelerator Facility (HIAF) [52], hosted by the Institute of Modern
Physics, will provide a next-generation platform to investigate hyperon polarization. HIAF will deliver
high-intensity beams of protons and heavy ions onto fixed targets with kinetic energies up to 9.3 GeV
for proton beam, and an upgraded stage (HIAF-U) will extend this to 32 GeV. This corresponds to
nucleon-nucleon center-of-mass energies from just above the A production threshold (/s ~ 2.6 GeV
for pp — pK*A) up to about Vs ~ 8 GeV. The HIAF energy range thus bridges the low-energy
threshold region to the higher “intermediate” energies, creating ideal conditions for systematic studies
of A production and polarization [53, 54]. It is important to distinguish two regimes of nucleon-nucleon
interactions relevant to hyperon production:

1. Near-Threshold Hadronic Regime: As the collision energy approaches the threshold for A produc-
tion, the reaction dynamics are dominated not by perturbative quark-gluon processes but by hadronic
degrees of freedom and resonance excitations. In this low-energy regime, specific exclusive channels
like pp — pK*A become increasingly important, as shown in Fig. 1.3. The production of a A here
can be described by hadronic interactions (effective field theories at the nucleon level) rather than par-
tonic scatterings. For example, theoretical models based on meson exchange model [55, 56] have had
success in explaining the cross-section for pp — pK* A near threshold [57-62]. Recent experiments
at facilities like DISTO and COSY have indeed observed significant A polarization in pp — pK*A
process [63, 64], further validating the presence of hyperon polarization even in the threshold energy
domain.

2. High-Energy QCD-Dominated Regime: At center-of-mass energies far above the A threshold, hy-
peron production is governed by quark-gluon (partonic) interactions as described by perturbative or
high-energy QCD. In this regime, inclusive A production can reveal information about the quark and
gluon distributions inside nucleons.

Moreover, at lower collision energies, the production of additional particles is limited by kinematics,
meaning event final states are relatively simple (low multiplicity). This makes it easier for produced
A hyperons to carry a large fraction of the available momentum (high xp). The advantage at HIAF
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Figure 1.3: Cross sections for exclusive and inclusive A production in pp collisions. Blue open symbols
represent the exclusive process pp — pK*A, with data taken from Refs. [23-34]; the blue dashed curve
shows a fit to these data points. Black filled symbols represent the inclusive process pp — AX, with data
from Refs. [23, 34]; the black solid curve corresponds to a fit to these points.

is that high-xg A production will be abundant, and as noted, these hyperons are expected to exhibit
large polarization. Therefore, experiments at HIAF can exploit this feature — we anticipate strong A
polarization signals with high statistics, which will facilitate precision measurements of the phenomenon.
The phase space coverage at HIAF in terms of pt VS xp is shown in Fig. 1.4.

The proposed Hyperon-Nucleon Spectrometer (H-NS) at HIAF is designed to investigate the
polarization of A hyperons and protons—both spin-1/2 baryons—in pp, pA and AA collisions, with
a particular emphasis on the high xr region. The H-NS program establishes its uniqueness through
a comprehensive, multi-beam, energy-scanning approach to spin dynamics in non-perturbative QCD.
While complementary facilities target specific regimes—such as NICA at JINR focusing on moderate-
energy AA collisions to search for possible signs of the mixed phase and critical endpoint [65, 66] with
potential upgrade for nucleon spin structure study, J-PARC utilizing high-intensity primary proton beams
for hyperon spectroscopy and hadron structure [67], and the CBM experiment at FAIR aiming at discov-
ering fundamental properties of QCD matter: the phase structure at large baryon-chemical potentials,
effects of chiral symmetry, and the equation-of-state [68]. H-NS’s defining strength is the systematic
fixed-target study of polarization phenomena across pp, pA, and AA collisions with a beam energy scan
from 3 to 32 GeV, a range that bridges the transition from maximal polarization signals observed at
lower energies to the high-density regime. This allows H-NS to disentangle the fundamental hyperon
polarization mechanism in elementary pp reactions from the subsequent modification by cold and hot
nuclear matter effects in pA and AA collisions, all within a single experimental setup. By performing
high-precision, simultaneous measurements of hyperon and nucleon spin observables over this broad
energy landscape, H-NS will provide unprecedented, consistent data to constrain the dynamics of spin
phenomena in strongly interacting systems that is inaccessible to any existing or currently approved
facility.

In the following sections, we will have further brief discussions on relevant physics issues.
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Figure 1.4: Phase space coverage in the center-of-mass-energy frame at HIAF for three beam energy
configurations. In principle, xg is a value from -1 to 1 in the center-of-mass-energy frame, here we show
the distribution of its absolute value.

1.1 Baryon spectrum and structure

Hyperon polarization has been shown to be a very sensitive probe of the nucleon excitation spectrum in
exclusive photon-nucleon, electron-nucleon and pion-nucleon collisions [69—74], providing insights into
the internal structure of the nucleon [75]. The pp — pK* A is a key channel for exploring the production
mechanisms and polarization phenomena of strange quarks in nucleon-nucleon collisions, particularly
in the energy regime of several GeV [57-62]. At this energy scale, it is generally understood that quark
and gluon degrees of freedom inside nucleons are “frozen”, and nucleons as a whole participate in the
interaction [3]. Phenomenological models based on meson exchange interactions [55, 56] have achieved
significant success in explaining the production cross-sections, deepening the understanding of the cou-
pling of nucleon resonances to associate strangeness channels [57-62]. Since the final states K*A from
nucleon resonances have large s§ components, the reaction is of the merit that it is potential to investi-
gate those nucleon resonances contain ss components. The high energy proton beam can also explore
the nucleon resonances of mass bigger than 2.0 GeV [76], a transition domain from non-perturbative to
perturbative QCD.

Recently, COSY, DISTO, and HADES collaborations have provided more detailed measurements
of the differential cross-sections [24-34, 77, 78] and polarization [63, 64] of the produced A hyperons.
The polarization of A hyperons produced in this specific process shows a pronounced energy-dependent
behavior, as shown in Fig. 1.5. The A hyperon polarization close-to-threshold undergoes a reversal, most
noticeable in the relatively narrow energy range of a few hundred MeV. This phenomenon highlights the
complicated production mechanisms and polarization origin involved, and would be used to extract the
accurate properties of nucleon excitation in the second resonance region and hyperon-nucleon scattering
through final state interaction.
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On the other hand, the X hyperon production is another golden channel for studying A resonances. For
instance, the final state nK*X* couples exclusively to isospin-3/2 resonances [79-83]. New experimental
data on this reaction would therefore offer detailed insights and help obtain the spectrum of A resonances
with large 5§ components.

However, the measurements of A hyperon polarization in the pp — pK*A process are currently
limited to only a few discrete energy points. The situation is even more problematic for the pp — nK*X*
reaction, where recent experimental results of the production cross section differ by several orders of
magnitude [23, 32, 84, 85]. Moreover, the polarization of X hyperon in this reaction has never been
measured.

To fully understand the underlying production mechanisms and the spontaneous polarization of hy-
perons in this energy range, it is essential to conduct a detailed energy scan that covers the full energy
spectrum, particularly starting from the production threshold. Equally important are complete measure-
ments of the four-momentum distributions of all final-state particles over the full 4z solid angle, including
Dalitz plots, various invariant mass spectra, and angular distributions. Such observables are crucial for
disentangling the reaction mechanism, and when combined with polarization data, they can precisely
reconstruct the reaction amplitude.

\
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Figure 1.5: A polarization in the pp — pK* A process. (a) A polarization as a function of xg, with data
taken from Refs. [63, 64]; (b) A polarization as a function of pr, with data taken from Refs. [63, 64, 86].
A reversal in the sign of polarization is observed with varying center-of-energy in (a), even across energy
differences of just a few hundred MeV. In (b), the polarization not only varies with center-of-energy but
also shows a sign flip as pr increases.These trends highlight the complex production dynamics of A
hyperons in associated strangeness production.

1.2 Hyperon-nucleon interactions

The hyperon-nucleon interaction is of wide interest and plays an important role in nuclear physics, pro-
viding essential inputs into calculations of a variety of nuclear physics phenomena, from the structure
of hypernuclei to the properties of neutron stars [§7-90]. There have been recent measurements on the
AN and XN interactions by the CLAS experiment [91] and the E40 experiment at the Japan Proton
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Accelerator Research Complex (J-PARC) [92-94] (for a review, see Ref. [95]). There have also been
measurements at the BESIII experiment at the Beijing Electron Positron Collider II (BEPC II) [96-98]
using the method proposed in Ref. [99, 100]. However, the experimental information is still very limited,
leaving parameters in theoretical frameworks for hyperon-nucleon interactions poorly constrained [101].
Investigations of processes with one or more A hyperons in the final state provide good opportunities to
constrain the hyperon-nucleon interaction through final-state interactions (FSI).

It has been proposed in Refs. [102, 103] that the S-wave AN scattering length can be extracted from
the pp — pK™ A with a systematic uncertainty of 0.3 fm or even smaller. If the energy of the incoming
proton is high enough such that the kaon quickly flies away from the Ap pair, kinematical regions can
be selected such that the Ap distribution receives little impact from resonances that can decay into K* p
or KTA. In that case, one can focus on the AN final state interaction [61]. The method is based on the
Omnes dispersive representation for two-body final state interaction in the elastic regime, and thus can
only be applied for a single partial wave. Polarization information is required to separate the two possible
spin (0 or 1) states of AN [102].

One can also make use of the threshold cusp effect to extract S -wave two-body scattering lengths [104—
106] (for a review, see Ref. [107]). To have the threshold cusp visible, one needs to study a coupled-
channel system such that the behavior of the line shape around the higher threshold is seen in the energy
distribution of the lighter channel. As for the AN, the threshold of the next coupled channel is N, which
is more than 70 MeV above. Such a separation necessitates the inclusion of pion exchanges in a full the-
oretical description of the coupled-channel system, which complicates the analysis. Nevertheless, two
remarkable structures have been indeed observed in the pA invariant mass distribution as shown in Fig.
1.6 (a). The first one is the threshold enhancement in the pA invariant masses, arising from the pA FSL
The second structure stretched in the vertical direction in Fig. 1.6 is located at the NX threshold. After
reasonably incorporating the contribution of nucleon resonances, the pA-pA and pA-NZ interactions
could be subsequently extracted [61, 62, 78].

The measurement of the beam analyzing power through the asymmetry of the produced kaon using
a polarized proton beam at COSY enables the extraction of the spin-triplet scattering length of pA [78].
Significant A polarization is observed near the pA threshold, as shown in Fig. 1.6 (b), but it has not
yet been used to investigate pA FSI. The present sensitivity and resolution are insufficient to draw any
definite conclusions about whether there is a cusp structure at the NX threshold, which deserves future
experimental investigation.

Moreover, this approach could yield valuable insights into strangeness S = -2 baryon-baryon
systems, particularly regarding the coupling between AA and NE channels through reactions such as
pp — K'K*AA and pp —» K*K*NE. The AA and NE thresholds are located at approximately
2231 MeV and 2260 MeV, respectively, where the ZN threshold further splits into nZ° and p=~ chan-
nels with a separation of roughly 5 MeV. It is worth noting that theoretical investigations of the AA—EN
coupled-channel systems predict a prominent cusp structure [108, 109]. It is important to note that a
comprehensive analysis necessitates high-precision measurements of both AA and EN final states. The
self-analyzing polarization properties of hyperon decays or a polarized target may be used to separate
the spin-triplet and spin-singlet contributions.
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Figure 1.6: (a) The pA invariant mass distribution m,a in the pp — pKA reaction after dividing by
the Monte Carlo phase-space simulation [77]. (b) The A polarization as a function of m,a at s = 2.67
GeV (red triangles down) and 2.75 GeV (blue triangles up) [64]. The NX threshold is marked with the
vertical black line.

1.3 Energy dependence of hyperon polarization

In early measurements of hyperon polarization, such as those performed by the R608 collaboration at
CERN [110], the polarization for inclusive A production was studied in proton-proton collisions as a
function of center-of-mass energy (+/s) with fixed Feynman xg and transverse momentum (pt). As
shown in Fig 1.7, the data suggested that A hyperon polarization exhibits a scaling behavior, appearing
to be independent of the center-of-mass energy. However, this observation appears to contradict expecta-
tions from QCD. In the high-energy region, the A polarization can arise from a twist-three fragmentation
function, which contributes to the cross section as a power-suppressed term. Consequently, the A po-
larization is expected to decrease with increasing center-of-mass energy. This creates a clear tension
between the existing experimental data and the theoretical prediction that warrants further investigation.

The initial measurements were limited by both the precision of the data and the relatively narrow
range of center-of-mass energies explored. Furthermore, the lower-energy region remains essentially
uncharted in experimental studies, where non-perturbative effects are expected to play a significant role,
making predictions for the energy dependence even more challenging. It would be interesting to resolve
the apparent conflict between existing measurements and QCD predictions by examining the “scaling”
behavior across a broad energy range and elucidating the fundamental physics principles underlying this
phenomenon.
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Figure 1.7: Polarization of A as function of +/s at fixed pt and xg in pp — AX process [110].

1.4 Emergence of baryon spin from QCD dynamics

A primary motivation for the study of hyperon polarization is its unique sensitivity to the non-perturbative
spin dynamics of QCD hadronization. The field emerged from the seminal 1976 observation that A
hyperons produced in unpolarized p + Be collisions exhibited significant transverse polarization (up to
20-30%) [13]. This result presented a profound puzzle, as leading-order perturbative QCD calculations
predicted negligible spin effects due to the chiral nature of the interaction [111]. The observation of such
large polarization implies that the spin alignment is generated not in the hard scattering, but through
spin-momentum correlations during the fragmentation process.

In the framework of transverse momentum dependent (TMD) factorization, which is valid for pro-
cesses sensitive to small transverse momenta (pr < @), this mechanism is encoded in the polarizing
fragmentation function (PFF), denoted as D]L,’Fh/ Uz, p%). This function describes the probability for an
unpolarized quark (g) to fragment into a transversely polarized hyperon with momentum fraction z and
transverse momentum pr relative to the quark [112]. The PFF is a chiral-odd and naive time-reversal-odd
(T-odd) function, making it a fundamental probe of the hadronization mechanism.

Complementary to the TMD framework, the collinear twist-3 factorization formalism is essential for
describing spin asymmetries in single-inclusive processes where only one hard scale exists (pr ~ Q),
such as inclusive proton-proton collisions (pp — ATX). In this framework, the polarization arises from
quark-gluon-quark correlations encoded in the twist-3 fragmentation function, Dr(z) [113]. Crucially,
the two formalisms provide a unified picture: in the intermediate transverse momentum region, the twist-
3 function is related to the pr-moment of the TMD polarizing fragmentation function [114].

Therefore, a global analysis of A polarization across complementary processes is essential. Such a
program allows for the extraction of both TMD and twist-3 functions, testing the universality of spin-
dependent fragmentation and mapping the 3D spin structure of hadrons in momentum space.

Beyond A hyperons, the production and polarization of other hyperons, such as the Sigma (X) and Xi
(E) hyperons, have also garnered significant experimental interest, as shown in Fig. 1.8. Experimental
studies have found that the polarization of A and E hyperons tends to have the same sign, while the
polarization of X hyperons behaves oppositely.

The naive quark model suggests that both A and X hyperons are composed of the same quark con-
stituents—specifically, one strange quark (s) and two non-strange quarks (# and d). However, the key
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difference between A and X hyperons lies in the quark configuration. A hyperons and X hyperons are both
in a spin-1/2 state as well, but with a different symmetry due to their specific quark wavefunctions. This
difference is reflected in the polarization directions of these particles, with A and £ hyperons showing op-
posite polarization signs in reactions involving strange quark production. The study of this polarization
difference between various hyperons, therefore, provides essential information about the internal quark
dynamics and the spin distributions of quarks within hadrons.
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Figure 1.8: Comparison of production cross sections for A and X and polarizations for different octuplet
hyperons in pp collisions. (a) Differences in the polarization of A [115], £ [116-118] and E [119, 120]
in the inclusive process pp — A/X/EX; (b) Differences in the production cross sections of A [23-34]
and X [23, 26, 27, 31, 121] in the exclusive process pp — pK*A/X°.

1.5 Parity violation, CP violation and rare processes

The study of fundamental discrete symmetries—Charge (C), Parity (P), and Time (T)—and their viola-
tion remains a cornerstone of high-energy physics.

Within the Standard Model, parity violation (PV) in hadronic interactions arises from the exchange
of weak gauge bosons (W*, Z%) [122-125]. The primary experimental signature is an asymmetry in the
scattering cross-section for longitudinally polarized beams, defined as:

" _
ALg = ‘Z;“_ (1.1)
ot +o

where o and o~ denote cross-sections for positive (right-handed) and negative (left-handed) beam he-
licities, respectively, or hyperon helicities in the final states, such as pN — A + X. A non-zero AyR is a
direct signal of PV. In proton—proton and proton—nucleus collisions at center-of-mass energies of a few
GeV, PV effects induced by W* and Z° exchange are strongly suppressed by the large W/Z masses. As a
result, PV observables in this energy range can be particularly sensitive to physics beyond the SM, and
they have attracted broad theoretical and experimental interest, see Refs. [126—141] for review articles.

Within the Standard Model, CP violation is governed by two main parameters: the complex phase
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [142, 143], which influences weak interactions, and
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the QCD angle # [144], which relates to CP violation in strong interactions. CP violation has been
established in the meson sector [145-148] and very recently in the baryonic decay A, — pK ntn~
[149]. While experimental research on CP violation has aligned with the predictions of the Standard
Model, the observed degree of CP violation is insufficient to fully account for the matter-antimatter
asymmetry in the universe [150, 151].

Rare production and decay processes of hadrons provide powerful and complementary probes to
search for new sources of CP violation and for physics beyond the Standard Model. Here a few rare
processes are listed, including strangeness-changing processes with |AS = 1|, Lepton-Number-Violating
processes (0vfBB-like processes):

e |AS = 1| processes: pp — Apr* (pn* could be from A** decay), pp — X*p, pp — ppKs or
ppK~n*. Processes involving parity-violating nucleon-nucleon interactions are currently the only
experimental avenue for probing hadronic weak interactions that conserve strangeness. Within the
Standard Model, the contributions of flavor-changing charge currents in hadronic weak interac-
tions involving changes in strangeness or charm are heavily suppressed and are rarely accessible
experimentally. On the other hand, strangeness-changing hadronic weak processes can be severely
limited by statistics and significantly obscured by purely strong-interaction backgrounds, making
them challenging to isolate and study. Therefore, further experimental and theoretical investiga-
tions are critically needed. Anyway, observation of the |AS = 1| processes is a direct signature of
hadronic weak interactions;

e Lepton-Number-Violating processes: pp — nnu*u*, N*N*u*u* (N* — pr~),and pp — AAu*u*
(OvBB-like processes). Although proton-proton scattering experiments cannot reach the sensitivity
of nuclear decays, they provide access to decay modes with muons in the final states, which are
forbidden in nuclear environments due to limited phase space. Furthermore, it could be theoreti-
cally easier to determine the proton-proton scattering amplitude than the nuclear matrix element.
Therefore, these neutrinoless double S-like processes constitute an ideal and complementary probe
in the broader search for Lepton-Number-Violating signal.

As a high-luminosity accelerator facility, HIAF will produce large samples of nucleons and strange
hadrons in its energy regime. This provides an important experimental platform to study parity-violating
and (CP)-violating effects, and on possible signatures of physics beyond the Standard Model.

1.6 Global polarization of hyperon

The mechanism for the polarization of A hyperons in relativistic nucleus-nucleus collisions is different
from the one discussed above. In nucleon-nucleon collisions the hyperon’s polarization arises from a
non-perturbative vacuum effect, while it is a medium effect in nucleus-nucleus collisions involving the
collective motion of many particles. Another difference is that the polarization in nucleon-nucleon colli-
sions is normally with respect to the production plane formed by the beam and the hyperon’s momenta
which is different for different hyperons even in one event, while in nucleus-nucleus collisions the so-
called global polarization is with respect to the reaction plane formed by the beam direction and the
impact parameter which is the same for all particles in one event.

The global polarization of hyperons was first predicted by Liang and Wang two decades ago [42] as
a spin-orbit coupling effect in the scattering of quarks by a static potential. The potential scatterings of
quarks can be generalized to more realistic quark-quark [44] and parton-parton scatterings [152], and the
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spin-orbit coupling can turn into the spin-vorticity coupling [153—155] when taking ensemble average
over all incident momenta [152].

The STAR collaboration measured the global polarization of A and A hyperons in 2017 and global
vector spin alignment in 2023 [46, 156]. In statistical quantum field theories, the global polarization of
A and A hyperons, P A/A> €an be estimated as [157],

w upB

+ DAZ (1.2)

PaR=a7 %77

where w is the vorticity of the strong interaction matter produced in nucleus-nucleus collisions, and B is
the magnetic field generated in collisions. From STAR’s data, one can estimate that the average vorticity
of the strong interaction matter is as large as (9 + 1) x 10%! per second, the largest one in any system
in nature. Therefore, the measurement of the global polarization of A hyperons reveals that the quark-
gluon plasma produced in relativistic nucleus-nucleus collisions is the most vortical fluid that has ever
been observed.

In principle, Py — P could provide further information about the average magnetic fields. However,
later measurements by the STAR collaboration found no significant splitting between Px and Pz [49].
These results set upper limits on the average magnetic fields, which are 9.4 x 10'> T at /syy = 19.6
GeV and 1.4 x 1013 T at vsnn =27 GeV in Au + Au collisions at a 95% confidence level.

The global polarization in high-energy collisions can be well described by relativistic hydrodynam-
ics, kinetic theories, and statistical quantum field theories, see recent reviews [158—162] and references
therein for more details.

Recently, the HADES [51] and STAR [48] collaborations reported measurements of the global po-
larization of A hyperons in low-energy nucleus-nucleus collisions. These results are shown in Fig. 1.9.
One can see that the magnitude of A’s global polarization continues to increase as the collision energy
decreases, even to the production threshold for A hyperons. The elliptic flow measurements of identified
particles at RHIC show that the onset of deconfinement of hadrons is around 4.5 GeV [163, 164], which
indicates the system produced at 3 GeV is dominated by hadron gas. This raises two natural questions:
How can we understand the global polarization of A hyperons at such low energies? Is the physical
interpretation of vorticity-induced polarization still valid in this regime? To address these questions
and better understand the spin dynamics in heavy-ion collisions across different regions of QCD phase
diagram, systematic experimental and theoretical studies in low-energy nucleus-nucleus collisions are
necessary.
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Figure 1.9: Global polarization of A hyperon and A hyperon in non-central heavy-ion collisions at
different center-of-mass energies [164].
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Chapter 2

Hyperon-nucleon spectrometer at HIAF

2.1 The physics requirements

To address the physics goals of hyperon production and polarization measurements — spanning proton-
proton, proton-nucleus, and nucleus-nucleus collisions across beam energies from 3 to 25 GeV — the
Hyperon-Nucleon Spectrometer (H-NS) at HIAF demands stringent detector performance. High mo-
mentum resolution (~2% @ 1 GeV/c) is required for precise kinematic reconstruction, especially for
low-transverse-momentum tracks in weak decay topologies. Excellent vertex resolution (< 500 um) is
critical to suppress combinatorial backgrounds and reconstruct A decay vertices unambiguously, with
material budget kept below 0.5% X/Xo per layer to minimize multiple scattering. Particle identification
(PID) must achieve 30 separation between pions and kaons up to 2 GeV/c, and between protons and
kaons up to 5 GeV/c, enabled by LGAD sensors with 20-30 ps time resolution. The detector acceptance
must cover polar angles from 5° to 100° to capture the full angular distribution essential for polarization
analysis. To handle event rates up to 1 MHz, the readout must be fast and radiation-hard, particularly for
the calorimeters and silicon trackers operating near the target. A compact, low-material silicon trackers
and forward calorimeters with excellent spatial (~3 mm) and energy resolution (3%/ \/E) are crucial to
efficiently reconstruct multiple hyperons in the final state. Finally, the inclusion of a baryon polarimeter
using a thin carbon foil enables direct measurement of proton polarization via elastic scattering, adding
a unique capability to the spectrometer. Table 2.1 summarizes the primary requirements in H-NS.

Table 2.1: Physics Requirements for the Hyperon-Nucleon Spectrometer (H-NS)

Subsystem / Category Parameter Design Requirement

Momentum resolution (Ap/p) ~2% @ 1 GeV/c
Tracker & Vertex Vertex resolution (o-yix) < 500 pm
Material budget (per layer) <0.5% X/ Xo

n/ K separation 30 upto?2 GeV/c
PID Detector p/K separation 30 upto5 GeV/e
ECal Spatial resolutllon ~3 mm
Energy resolution 3%/ VE
Polar angle acceptance (6) 5° to 100°
Others Event rate capability Up to 1 MHz (fast, radiation-hard readout)

Baryon polarimeter target Thin carbon foil (for proton elastic scattering)
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2.2 The conceptual design of H-NS detector

The H-NS spectrometer, as shown in Fig. 2.1, integrates a cylindrical tracking system and axial magnetic
field for precision hyperon studies. The vertex detector employs five concentric Monolithic Active Pixel
Sensor (MAPS) layers spaced from 5 cm to 35 cm radius with 30 um pixels and 0.4 % radiation length per
layer, supplemented by five forward disks positioned at 40 cm to 100 cm along the beam axis. A 1 mm
carbon target between the third and fourth layers contributes 10% of the tracking material budget for
final-state proton polarization measurements. Particle identification combines a barrel-mounted LGAD
layer at 45 cm radius with around 100 um spatial and 30 ps timing resolution and a forward TOF disk
at 115 cm providing additional tracking with around 100 pm spatial and 30 ps timing capabilities. The
superconducting solenoid (1.5 T, 160 cm length) ensures homogeneous axial field coverage up to 60 cm
radius. Tracking terminates at a downstream PbWOQy calorimeter positioned at 125 cm with 20 mm
to 22 mm crystal modules, achieving oz/E = 3%/ VE energy resolution for neutral particles. This
integrated design optimizes hyperon decay reconstruction while minimizing material in critical tracking
regions. Geometry parameters are listed in Tab. 2.2.

Nucleon Polarimeter| | Pixel tracker | | Calorimeter

AC-LGAD TOF

Figure 2.1: Concept of H-NS detector.

2.2.1 Magnet

The superconducting solenoid magnet is a constituent part of the H-NS detector. It is designed to pro-
vide a 1.5 Tesla magnetic field within an aperture that has a diameter of 1.2 m and a length of 1.6 m.
The design can benefit directly from the technical solutions pioneered by large detector superconducting
solenoids, such as the Collider Detector Facility (CDF) and the Compact Muon Solenoid (CMS) project.
The key technology is the aluminum-stabilized superconductor which is characterized by good mechan-
ical properties and low electrical resistivity [165]. The coil fabrication technology is also important and
it has advanced along with the conductor technology, such as the inner coil winding technique, indirect
cooling, quench protection scheme and so on.
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Table 2.2: H-NS detector geometry parameters.

Component Parameter Specification
Barrel(Forward) layers 5(5)
Barrel radial coverage Scmto 35 cm
Forward disks position 40cm to 100 cm
Vertex/Tracker (MAPS) 1 coverage 02 t04.0
Pixel size 30 um
Material budget per layer 0.4% X/Xo
Barrel(Forward) layers 1(1)
Barrel radial coverage 45 cm
Forward disk position 115cm
PID System (LGAD) 77 coverage -0.2t0 4.0
Pixel size 300 pm
Material budget per layer 2% X/ Xo
Timing resolution (per track) 30ps
Material PbWOQ4/Lead-Glass
Front-end position 125cm
ECAL Crystal size 20 ~22 mm
Crystal length 20cm
1 coverage 1.75to 4
Configuration Solenoid
Magnet Field strength 15T

Radial coverage

Ocm to 60 cm

Z coverage —30cm to 130 cm

The main components of the superconducting solenoid include the superconducting coil system,
cryogenic system, quench protection, vacuum tank, power supply and the return yoke. The coil and yoke
interact to form the desired magnetic field. Fig. 2.2 shows the magnetic field distribution, simulated
by the software of COMSOL Multiphysics, resulting from a single-layer winding and the return yoke.
The magnetic field in the flux return yoke is 1.28 T for the central magnetic field of 1.5 T. The coil is
internally wound in an aluminum alloy cylinder to support the magnetic hoop stresses. The technology
of internal winding of aluminum stabilized conductor has been chosen and successfully tested for many
spectrometer solenoids from CELLO in the early 80s to ATLAS and CMS at LHC today [166]. The
solenoid cold mass is cooled by helium in tubes attached to the coil support cylinder. Indirect cooling
simplifies the cryostat design and reduces the quantity of liquid helium it contains, effectively eliminating
the overpressure hazard associated with the cryostat.

Aluminum stabilized conductor gives high stability against quenches due to the large electrical con-
ductivity of aluminum at low temperature. It is able to withstand large thermal perturbations before a
normal conducting zone starts to spread. The quench protection system is designed to dissipate stored
energy by means of an external dump resistor. In addition, aluminum strips are glued inside the coil
surface to increase the quench propagation. The hot spot temperature shall be limited to 100 K for safety
reasons.

Stainless steel is selected for the vacuum vessel of the cryostat to ensure mechanical stability. The coil
is suspended from the outer vacuum vessel by the radial and axial ties. A radiation shield is positioned
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Figure 2.2: Calculated magnetic field distribution within and surrounding the solenoid.

between the coil and the cryostat outer vessel, which is cooled by helium gas at temperatures ranging
from 50 K to 80 K. To compensate the cryogenic losses of the solenoid, a refrigeration power is required.
A closed loop helium satellite refrigerator supplies adequate refrigeration power at both 50 K for the
intermediate temperature shields and at 4.5 K for the forced flow refrigeration of the coil cold mass.

2.2.2 Targets

Unpolarized targets—In the first stage, the H-NS will operate with unpolarized targets. As shown in
Fig. 2.3-(a), heavy-ion targets will be made of foils of materials containing carbon, calcium or titanium,
attached to a movable insert. A liquid hydrogen (LH2) target (Fig. 2.3-(b)) with the required geometry
to fit with the pixel silicon tracker will be developed. The typical density of the LH2 is 75 mg/cm? at
16 K. The LH2 target system consists of four parts: 1) the target cell, 2) the cryostat, 3) the hydrogen
gas circuit, and 4) the control-command section. The circulation of the hydrogen would be driven by the
thermosiphon principle, similar to the STRASSE LH?2 target [167]. The cryostat and the LH2 target cell
located in the experimental area, as shown in Fig. 2.3-(b), will be operated in a vacuum.

Polarized targets—Following the successful implementation of the unpolarized targets, further devel-
opment will focus on polarized target systems. A polarized *He gas target will be realized using the
metastability-exchange optical pumping (MEOP) technique [168]. In particular, recent advances in high-
field MEOP [169] will enable *He polarization within the 1.5 T magnetic field of the H-NS. The target
will employ a double-cell design [170] compatible with the existing LH2 cryogenic modules. Solid
polarized proton (deuteron) targets will be developed using the dynamic nuclear polarization (DNP)
technique [171]. The target sample is made of solid beads of proton-rich (or deuteron-rich) materials
(e.g. butanol, lithium or ammonia) doped with paramagnetic impurities. Radical electrons are first po-
larized in a strong polarizing magnet at very low temperature (5 T@1 K or 2.5 T@0.5 K). Spin flips
induced by resonant microwaves continuously transfer the electron polarization to the proton (deuteron).
To avoid particle blocking caused by the polarizing magnet, the target is envisioned to operate in the
frozen spin mode [172-174]. That is, after the polarization build-up, the polarizing magnet is moved
away from the target sample, and a holding magnetic field, produced by coils close to the target sample,
is switched on for data taking. To maintain the polarization, the target sample is placed in a cryostat



2.2. THE CONCEPTUAL DESIGN OF H-NS DETECTOR

21

: TARGET
I

(a) (b)

Figure 2.3: Supporting frame of the heavy-ion targets (a) and the liquid hydrogen target (b).
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cooled to 20 mK using a customized dilution refrigerator. It is envisaged that the auxiliary components
of the liquid hydrogen target, such as the supporting platform and the rail system, can be extended to
accommodate polarized targets in the future.

2.2.3 The Monolithic Active Pixel Sensors based tracker
Introduction of MAPS

The MAPS technology provides high granularity, low power consumption, and consequently low ma-
terial budget, as well as fast readout speed in one device. Therefore, it is considered the best detector
technology to satisfy the requirements of the H-NS vertex and the tracking detectors. In addition, the
integration of charge collection and readout capabilities into one silicon substrate is well-suited for the
required level of integration and acceptance coverage of the H-NS. The MAPS detector has been de-
veloped for several generations. The first generation was deployed in the STAR Heavy Flavor Tracker
(HFT) [175], which is the first application of MAPS in high energy physics experiment, and the mate-
rial budget is about 0.4% X /Xy per layer. Then, the ALICE ITS2 [176] used the ALPIDE sensor [177],
which is fabricated in a commercial 180 nm Complementary Metal Oxide Semiconductor (CMOS) imag-
ing process provided by Tower Jazz. It provides better charge collection properties, radiation hardness
and signal processing capabilities compared to traditional MAPS, and the material budget is about 0.4%
X/Xo per layer for both the inner and outer barrels, respectively.

Collection Collection
__electrode electrode
&= o |

Depletion area Depletion area

Fully high-resistivity substrate

Figure 2.4: Schematics cross-section of a MAPS pixel in the 130 nm imaging CMOS with the deep
p-well feature.

MAPS development for H-NS

The 130 nm CMOS technology by the GSMC has been selected for the implementation of the Pixel Chip
(MIC6-v4, the fourth generation of MAPS chip developed by CCNU) for the H-NS tracking detectors.
Fig. 2.4 shows a schematic cross section of a pixel in this technology. The pixel chip consists of a sin-
gle silicon die of about 15 mm X 30 mm, which incorporates a high-resistivity silicon substrate (sensor
active volume), a matrix of charge collection diodes (pixels) with a pitch of the order of 30 um, and the
electronics that perform signal amplification, digitisation and zero-suppression. Only the information
on whether or not a particle was crossing a pixel is read out, and the power consumption is expected to
achieve less than 40 mW/cm?. To the design of the MIC6-v4 chip, the high resistive p-type substrate
material is selected to grow on top of a low-resistivity silicon wafer used for standard CMOS manufac-
turing. When a charged particle passes through the silicon sensor’s active volume, it liberates charge
carriers (electrons and holes) in the semiconductor material. The released charge is then collected by
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the sensors’ electrodes, which can be speeded up by allowing a reverse bias on the substrate to form a
depletion area.

The geometry and requirements of the H-NS pixel tracker provide a natural grouping of five barrel
layers in barrel region and five disc layers in forward region. The barrel layers are in two separate barrels
(Inner Barrel and Outer Barrel), each with different specifications. The Inner Barrel (IB) of the H-NS
tracker consists of the three innermost layers, also referred to as Inner Layers (Layers O to 2), while its
Outer Barrel (OB) contains the two outermost layers, also referred as Outer Layers (Layers 3 to 4). The
barrel layers are azimuthally segmented in units named Staves, which are mechanically independent.
Staves are fixed to a support structure, half-wheel shaped, to form the Half-Layers. The term Stave will
be used to refer to the complete detector element. The forward layers are designed in five disc layers, and
each layer is azimuthally segmented in units named ladder, which consists of different number of pixel
chips. Fig. 2.5 shows the geometry layout of MAPS-based tracking detector for the H-NS.

Figure 2.5: Conceptual design of MAPS-based tracking detector for the H-NS.

On the basis of the above design and considerations, broad coverage of 4.0 pseduo-rapidity unit from
middle- to forward-rapidity. The total MAPS area is around 5.2 m?, consisting of 2.9 m? for barrel region
and 2.3 m? for forward region. The geometrical and technical parameters are listed in Tab. 2.3.

2.2.4 The Low Gain Avalanche Diode based time-of-flight detector

The Low Gain Avalanche Diode (LGAD) is a novel detector technology developed by the RD50 collab-
oration to address the need for radiation-tolerant high precision timing detector by the HL-LHC [178].
After a decade of extensive research and development of the community, the technology is now con-
sidered mature and adopted by both the ATLAS and CMS experiments to construct the timing detector
for their phase 2 upgrade [179, 180]. With highly resistive (> 1000 Q-cm) 50 um thick epitaxial silicon
wafers, excellent time resolution of about 30 ps per hit has been achieved for minimum ionising particles.
The working principle of the LGAD sensor is illustrated in Fig. 2.6a. A p* doped layer (commonly called
gain layer) is implanted near the PN junction, which provides a high electric field when sufficient bias
voltage is supplied. The performances of the gain layer can deteriorate with irradiations. The radiation
hardness can be improved by co-implanting Carbon in the gain layer. The carbonated LGAD designed
and fabricated by a few vendors can achieve a time resolution better than 70 ps after having received a
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Table 2.3: Geometrical parameters of the H-NS MAPS tracker.

Barrel Forward
LO L1 L2 L3 L4 DO D1 D2 D3 D4
Radius / 5 11 17 29 35 |40 55 70 85 100
Z position (cm)
Active area (cm?) 1310 3058 4368 7426 9173 4009
Nﬁ' staves / 12 14 20 34 42 114
adders
Nr. MAPS chips 336 784 1120 1904 2352 1028
Length / inner
outer radius (cm) 42 2/38
MAPS chip
dimensions (mm?) 15 %30
MAPS chip
thickness (um) 50 or 100
Pixel size (um?) 30 x27
Nr. Pixels per
chip (r X 2) 497 x980
Material budget (X/Xp) <0.4%
fluence of 2.5 x 10'° cm =2 neq [181, 182].
DC contact
AC pad #1 AC pad #2 AC pad #3

»>_coupling
oxide
resistive n* pt-gai

p-type Bulk

p-Si
Anode \p+ +

(a) LGAD (b) AC-LGAD

Figure 2.6: Schematics cross-section of LGAD and AC-LGAD structures (size and position).

The granularity of the LGAD is achieved by segmenting the gain layers, which can cause a non-
negligible fraction of detector region without gain when the segmentation is too fine. For example,
the fill factor is about 95% for a granularity of 1.3 mm X 1.3 mm. This limitation is solved by the
invention of AC-LGAD. As illustrated in Fig. 2.6b, in AC-LGAD design, the gain layer is not segmented
and a dielectric layer is deposited between the gain layer and segmented electrodes, enabling capacitive
readout. The AC-LGAD technology is adopted by the next generation of collider experiments such as
the EIC to construct Time-of-Flight detector. AC-LGAD offers great flexibility in the sensor design to
achieve simultaneously good spatial and temporal resolutions, and is becoming a viable solution for 4D
tracking. Using pixelated electrodes and epitaxial wafers of reduced thickness, a time resolution of 20
ps and a spatial resolution of about 20 um has been achieved [183].
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1350

Figure 2.7: Illustration of the TOF concept.

The AC-LGAD is clearly an attractive option for the H-NS TOF. The TOF concept is illustrated in
Fig. 2.7. Detector layers are constructed with AC-LGAD as a cylinder in the barrel region and a disk in
the end-cap region. Geometrical parameters of the H-NS TOF are summarized in Tab. 2.4.

Table 2.4: Geometrical parameters of the H-NS TOF.

Barrel Forward

Radius / Z position (cm) 45 115
Active area (cm?) 37520 5888
Nr. LGAD chips 9380 1472
Length / inner outer radius (cm) 136 2/45
LGAD chip dimensions (mm?) 400
LGAD chip thickness (um) 300
Pixel size (mm?) 1.3x1.3
Nr. Pixels per chip 225

Material budget (X/X,) < 50%
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polarized protons
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Figure 2.8: Principle of proton polarimeter.

2.2.5 Nucleon polarimeter

A measurement of the proton polarization usually utilizes the spin-dependent cross section for the
proton—proton (pp) or proton—carbon (pC) elastic scattering given their large analyzing powers. In the
case of an unpolarized target, the differential cross section is expressed as [184, 185]:

do 1 doy

dgdcos®  2m dcos0 [1+P,AN6) cos o] 2.1)

Here, o represents the unpolarized cross section, 6 and ¢ denote the polar and azimuthal angle of the
scattered proton in the center of mass frame of the scattering. Figure 2.8(a) shows an illustration of
the pC scattering. #, corresponds to the transverse proton polarization to be determined. Ay(6) is the
scattering angle-dependent analyzing power, which has been measured extensively [186—196].

Proton polarimeters that use pp or pC scattering have been widely used, primarily as dedicated
detectors to measure the polarization of the proton beam in the initial state or the polarization of the
final state protons within a limited acceptance. For a large-acceptance general purpose spectrometer, a
novel technique to measure the final-state proton polarization has been proposed [197]. For H-NS, the
tracking detector is composed of five layers of pixel tracker and one layer of LGAD which provides time
and spatial measurements. This is ideal for integrating the nucleon polarimeter function, as illustrated in
Fig. 2.8(b). In the design, a thin carbon (or polyethylene) layer is placed between the tracking detectors
as a secondary target. The elastic scattering processes take place at the target, and the tracking detectors
measure the momenta of the incident proton and scattered/recoil particles.

2.2.6 Calorimeter

The calorimeter system is placed at the endcap of H-NS, is designed for the detection of neutral particles
including photons, neutral pions, and neutrons, and for distinguishing between neutrons and photons.
The ECAL employs two different technologies to meet various detection requirements: the central re-
gion uses PbWOy crystals that provide superior energy and position resolutions, while the outer region
uses lead-glass modules, offering a cost-effective solution. A dual-readout scheme combining lead glass
and plastic scintillator is also under consideration as an outer region solution to further improve en-
ergy reconstruction performance. A Spaghetti-type Calorimeter (SPACAL) design [198] is utilized and
optimized as a HCAL for neutron detection.
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Figure 2.9: The design of the lead-tungstate ECAL for 5 physics at Jefferson Lab.

The ECAL is designed to provide ultra-high-precision measurements of the energetic y-rays and to
identify neutrons with moderate energy resolution. The design ECAL is similar to the design of the
calorimeter [199] for the Eta Factory in Hall-D at Jefferson Lab (JLab) [200] where PbWQO, crystals
are placed at the center surrounding by lead-glass blocks, as shown in Fig. 2.9. The inner region of
the ECAL consists of an array of PbWO, crystals with area of tentatively 70 x 70 cm?, while a hole
of 4 x 4 cm? at the center allows the beam passing through. Such type of hybrid ECAL have been
successfully constructed and applied in several experiments at JLab, such as the HyCAL [201] used in
the PrimEx [202] and PRAD [203] experiments which reached the energy resolution of 2%/ VE (GeV).

PbWO, crystals are widely used in modern ECALS that require both high energy resolution and fine
granularity, thanks to its small Moliere radius (2.19 cm) and short radiation length (0.89 cm). A typical
PbWO, module has the block size of 2.05 x 2.05 x 20 cm® which can cover the electromagnetic showers
generated by electrons and photons in a wide energy range of 0.1 to 10 GeV [204]. A total of 1225
PbWO,4 modules will be used to form a 35 x 35 array, and each crystal will be directly attached to a 3/4-
inch PMT. As an alternative, SiPM arrays may be used if the magnetic field of the H-NS spectrometer
is too strong, which could degrade the PMT performance. The crystal array aims to achieve a high-
precision energy resolution of 2-3%/+/E (GeV), along with excellent position and timing accuracy for
photon detection. In addition, the compact shower profile and superior position resolution of PbWQ, are
particularly beneficial for reconstructing high-momentum 7° mesons, which are predominantly produced
at small angles.

The outer region of ECAL is designed based on a lead-glass material, primarily motivated by cost
considerations. Lead glass generates Cherenkov radiation, providing a fast timing response while effec-
tively suppressing neutron-induced backgrounds. Furthermore, increasing the longitudinal granularity
of the modules significantly improves photon collection efficiency by reducing light attenuation. This
enhancement also enables accurate three-dimensional reconstruction of electromagnetic showers, which
is crucial for particle-flow algorithms. dule to increase the effective photon collection area and improve
the signal quality. As a hybrid alternative, plastic scintillator layers can be inserted between lead-glass
segments to enable the simultaneous readout of both Cherenkov and scintillation light. This dual-readout
configuration enhances particle identification for electromagnetic showers. To compensate for the rela-
tively low Cherenkov light yield, the photon readout via SiPMs employs a parallel connection of multi-
ple devices within a single module, thereby increasing the effective collection area and improving signal
quality.

The HCAL will employ a dual-readout design to measure Cherenkov and scintillation light simulta-
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Figure 2.10: The schematic configuration of the SPACAL design.

neously. Simulation studies show that for incident neutrons below 10 GeV, the energy resolution is highly
sensitive to the longitudinal sampling ratio and its uniformity. To ensure a uniform and stable response,
the baseline design will implements a SPACAL configuration, as shown in Fig. 2.10. In this design,
optical and scintillating fibers embedded in a tungsten-powder/epoxy-resin composite absorber generate
the Cherenkov and scintillation light, respectively. Copper meshes provide precise fiber alignment. This
structure delivers fine sampling, excellent uniformity, and superior compensation for hadronic shower
fluctuations.

2.2.7 Electronics and DAQ

The block diagram of the readout electronics and the DAQ system for H-NS is shown in Fig. 2.11.
Each detector is equipped with dedicated front-end electronics to perform high-precision time, energy,
or position measurements. After digitization, the data are preprocessed, buffered, packaged, and fed
into the high-speed data interface, which are further sent to the DAQ system via optical fibers over long
distance. At the same time, the readout electronics receive timing, control, and configuration information
via shared optical link between the electronics and the DAQ. This timing information contains two types:
one is the global system clock that all the front-end electronics are synchronized with, and the other one
is the synchronization command, which is used to simultaneously reset the timestamp counters of all the
front-end electronics nodes. Considering that high-precision time measurement is required for the AC-
LGAD detector, this global clock features low jitter. The monitoring functionality is also essential for
the readout electronics, including temperature, humidity, and current, which are gathered and transferred
via the DAQ to the detector control system.

For the MAPS-based tracker, the front-end measurement circuits are directly integrated with the
sensors into one identical chip. MAPS chips are assembled into staves. The MAPS chips on these staves
residing in different layers would exhibit two different data output modes: one is that each MAPS chip
would output an individual serial data stream, and the other is that multiple MAPS chips on the same
stave will be linked together and output one common serial data stream. Therefore, as for the readout
electronics, these two modes are accommodated, to achieve which programmable flexible data routing
is integrated in the front end. After this routing, the input data are further preprocessed, packaged,
buffered, and finally fed into the data interface. To validate the functionality of the MAPS chips, a
series of registers should be configured properly according to the configuration data received through
the aforementioned downstream link. The electronics also provide the power supply to the staves, with
functionality of automatic overcurrent protection and abnormal status monitoring.

For the LGAD based TOF detector, the sensor and the readout ASIC are bump bonded together, and
mounted on the front-end modules. To achieve high-resolution time measurement of the weak signals
generated by LGAD sensors, the first stage of the readout ASIC is a low-noise preamplifier, followed



2.2. THE CONCEPTUAL DESIGN OF H-NS DETECTOR

29

AC-LGAD

Bump Bonding

A 4
@onﬁgurarion) (Pre-processing)
]

Optical Fibers

4—Clock & Control €———

ECAL ]

—_— Data

Power

Amplification

Waveform sampling
Data processing

Packaging v

Powering

Pre-processing, Packaging,

(conﬁguratio@ (

Buffering )

@de“’dmg g +
Buff 5

wrenng E Buffering ... C decoding )( Packaging )

I L 2 t ¥ L) v
=]

[Bi—dircctional data transmission] A [Bi—directional data transmission] [Bi—dircctional data transmission]

__ 3 JJ 3 3 J
C C C

(___Data Accumulation ) (___Data Accumulation

Data Accumulation

D) C

Buffering

Buffering

D) C

[
C Buffering ) C
4 v

(___Optical transceiver

Optical transceiver )

D) C

(___Optical transceiver )

+ Trigger System 54.....
........ o (T- e (_ Data Processing (& Fanout) )
! iming ontrol Distribution o
y < > (& Monitoring) J ( Data Filtering & Aggregation ) Data Fll.t e.r!ng
imi & Acquisition
Global Timing [y ¥
& Control DMA Interface to Network )
7'y

| Computer Farm |

| High Performance Network |

| Detector Control System

Figure 2.11: Block diagram of the readout electronics system.
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by a high-speed discriminator that generates a digital pulse — its leading edge represents the time of
arrival (TOA) and its width (time-over-threshold, TOT) corresponds to the input charge. With this TOT,
time-walk correction can be performed to improve the time resolution. The time information is finally
digitized by a time-to-digital converter (TDC) and output through a serial interface to the readout modules
nearby the detector. In this readout ASIC, the preamplification, discrimination, and TDC stages feature
low power performance. Besides, the readout modules also feature high density and are responsible for
preprocessing, packaging, and buffering the data streams from multiple ASICs before forwarding them
to the DAQ. To ensure overall time measurement performance, a low-jitter reference clock is recovered
from the downstream coming from the DAQ.

For the calorimeter detector, the detector signals from PbWO;, crystals are captured by PMTs and
then fed to the readout electronics. Waveform digitization is required on the electronics. Preampli-
fiers are used to adjust the input signal amplitudes to match the input dynamic range of the subsequent
digitization circuits. To guarantee the measurement performance, high-resolution analog-to-digital con-
version circuits with enough sampling speed are employed. As for the output of the readout electronics,
two types of data are considered: one is the full digitized waveform of the signal and the other is the real-
time charge and time extracted by on-board algorithms. The final choice would depend on the demand
of the experiment. To reduce the system complexity and to enhance the system stability, the common
functional circuits in the readout electronics, such as preprocessing, routing, buffering, controlling, and
high speed data transfer interface, are considered to be integrated in customized ASICs.

As for the DAQ, Fig. 2.11 illustrates the implementation of bidirectional communication with the
readout electronics, facilitated by fiber optic links through the Data Filtering & Acquisition (DFA) sys-
tem. The DFA serves as both a hardware-based data filter and a custom hardware interface for the DAQ
software. Incoming upstream data are first aligned and submitted to processing, which may include
operations like data summation to reduce granularity for potential hardware-based trigger functionality,
as indicated by the dashed line. In a trigger-based readout configuration, the Global Timing & Control
(GTC) system issues a trigger signal for trigger match. The selected data are then aggregated and trans-
ferred over a high-performance network to the computer farm, utilizing direct memory access (DMA)
via PCle or remote DMA (RDMA) over Ethernet. The DFA hardware may be implemented in PCle or
MicroTCA platform [205, 206]. The final choice of the system architecture depends on factors such as
the presence of a trigger system.

The system clock and the synchronization signals come from the GTC and are fed to the DFA, and
further fanned out to all the front ends. Additionally, the DFA also functions as a bridge between part
of the DCS and the readout electronics, enabling electronics control and monitoring. The DFA firmware
therefore supports dedicated communication streams for these control functions.

2.2.8 Detector control system

The Detector Control System (DCS) is a critical component that ensures the safe and stable operation
of large-scale experimental detectors. It provides real-time monitoring and precise control of essential
physical parameters that influence detector performance and status, such as high-voltage and low-voltage
power supplies, gas system flow rates, and environmental temperatures [207]. The DCS is designed to
guarantee operational safety and equipment protection through automated control and safety interlock
mechanisms, thereby preventing potential damage resulting from parameter anomalies. High scalability
is essential when designing this system to accommodate possible phased detector upgrades, a distributed
architecture to eliminate single points of failure, and an intuitive user interface that promptly notifies
control room operators of any issues [208, 209].



2.3. HIAF COMPLEX 31

To achieve these objectives, the DCS will use the Experimental Physics and Industrial Control Sys-
tem (EPICS 7) software framework, a widely used open-source platform for the distributed control of
large scientific instruments. EPICS was chosen as the foundation of the system, valued for its scalability,
a strong and active community, and a commitment to continuous maintenance '. Building on EPICS, the
system employs a hybrid data storage architecture that combines a relational database (such as MySQL or
PostgreSQL) for structured data, including system configuration and calibration parameters, with a time-
series database for real-time equipment monitoring data > [210]. For user interaction, the system offers
client applications based on Phoebus (a graphical platform for control system users) and lightweight web
interfaces, providing flexible, convenient, and powerful access for operators and equipment experts[1].
Moreover, combining JSROOT with the web-based platform, this system enables real-time online anal-
ysis of scientific data. The architectural framework for the H-NS detector control system is illustrated in
Fig. 2.12.

Management System

Equipment
Management
System

Monitoring
System

Data
Visualization
System

)
interface interface & CA interface

& &
Message Queue Control System Message Queue

Scientific
equipment

interface interface

Logs System Storage System

Electronic Log Alarm Log CPVDQ‘EDC Files )( Logs )

System System interface
&
Message Queve |y ey ()
Run Log " ~— Data
System DataBase DataBase Warehouse

Figure 2.12: Architectural framework for the H-NS detector control system.

2.3 HIAF complex

The HIAF represents a next-generation platform well suited to unravel the A polarization mystery. Its
unique capability to deliver high-intensity proton beams with kinetic energies up to 9.3 GeV (and up to
32 GeV with the HIAF-Upgrade) covers a crucial and relatively unexplored region of nucleon-nucleon
center-of-mass energy (from near-threshold, /s =~ 2.6 GeV, up to /s =~ 8 GeV). This energy range
bridges two fundamental regimes of hyperon production: Near-threshold hadronic regime where dynam-
ics are dominated by hadronic degrees of freedom and resonance excitations, and intermediate-energy
QCD regime where quark-gluon interactions become increasingly important. A key advantage of the
HIAF energy domain is the prolific production of A hyperons with high xg, a kinematic region where the
polarization effect is known to be most pronounced, often reaching 30-40%.

'https://epics-controls.org/
https://www.mysgl.com/, https://www.postgresql.org/
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HIAF project is managed by Institute of Modern Physics, Chinese Academy of Sciences, and the
construction was started on December, 2018 in Huizhou City of Guangdong Province. The main feature
of this facility is to provide high intensity heavy ion beam pulse for various experiments. It is designed
to provide intense primary heavy ion beams for nuclear and atomic physics, as well as other application
fields. As shown in Fig. 2.13, the accelerator mainly consists of a superconducting electron-cyclotron-
resonance (SECR) ion source, a continuous wave (CW) superconducting ion linac (iLinac), a booster
synchrotron (BRing) and a high precision spectrometer ring (SRing). A fragment separator (HFRS)
is also applied as the beam line to connect BRing and SRing. Typical beam parameters of HIAF are
presented in Tab. 2.5. To mitigate space-charge and dynamic vacuum effects, stored ions are rapidly
accelerated to high energies using fast-ramping operation at a repetition rate of 3 Hz. With both fast and
slow extraction modes available in the BRing, beams can be delivered to various experimental terminals
to meet different requirements, such as H-NS in the High Energy Multi-disciplinary Terminal. In August
2025, construction and installation of the accelerator facility were fully completed. On 28 October
2025, the beam was successfully delivered to the experimental terminals, marking the first complete and
successful beam commissioning of the facility.

High Energy Terminal  m—)p

Hyperon-Nucleon Spectrometer HERS: Fragment Separator

Length: 192 m r External Target Terminal

SRing: Spectrometer ring
%‘ Circumference: 277.3m

jﬁyf Rigidity: 13-15Tm

BRing: Booster ring
Circumference: 569.1 m
Rigidity: 34 Tm

HIAF layout

iLinac: Super-conducting linac SECR: Super-conducting ECR ion source
Length: 100 m Energy: 14 keV/u
Energy: 17 MeV/u(U3%+), 48 MeV/u(H5) RF frequency: 45 GHz

Figure 2.13: Layout of HIAF complex.

Ion species | Kinetic Energy (GeV/u) | Beam intensity (ppp)
p 9.3 2.0 x 10"
1806+ 2.6 6.0 x 10!
K1 1.7 3.0x 10"
20931+ 0.85 1.2x 10"
2By 0.835 1.0 x 10"
2BBYTE 2.6 1.0 x 10'°

Table 2.5: Typical beam parameters from BRing.
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Simulation

3.1 The H-NS software framework: HnsRoot

HnsRoot is an object-oriented software framework developed specifically for the simulation, reconstruc-
tion, and data analysis of the H-NS detector. Built upon the FairRoot framework [211] — which provides
a general-purpose foundation for detector simulations — HnsRoot incorporates specialized components
tailored to the H-NS experimental program. At its core, the Run Manager orchestrates simulation ini-
tialization, event processing loops, and I/O operations via the IO Manager, using a runtime database for
efficient parameter handling. Base classes are provided for key functionalities including detector geom-
etry, magnetic field configuration, event generation, and analysis tasks, enabling modularity and exten-
sibility for physics-specific implementations. The framework supports comprehensive detector simula-
tion through two complementary approaches: a full GEANT4-based [212] simulation modeling detailed
particle interactions with materials and magnetic fields, where detector geometry is defined in ROOT
or GDML [213] formats; and a fast simulation package based on parameterizations derived from full
simulations, offering significant speed-up for large-scale studies while preserving reasonable accuracy.
For physics performance evaluation, HnsRoot integrates multiple event generators: the PLuto genera-
tor [214] simulates pp — pK* A process targeting A production and polarization studies; GIBUU [215]
and JAM2 [216] handle general hadronic production in pp — X reactions; and JAM2 also supports
heavy-ion collisions (AA — X) to investigate A global polarization and vector meson spin alignment.

3.2 The detector geometry and optimization

The H-NS spectrometer employs a cylindrical tracking system with five concentric MAPS layers, com-
plemented by five forward disks along the beam axis for comprehensive vertex detection. Particle identi-
fication is achieved through a barrel LGAD layer and a forward TOF disk, both providing 100 um spatial
and 30 ps timing resolution. This integrated design optimizes hyperon decay reconstruction with min-
imal material budget in critical tracking regions. The detector geometry of the H-NS has undergone
systematic optimization to maximize physics performance while maintaining technical feasibility and
cost-effectiveness.

3.2.1 The strategy of optimization

This optimization process focused on critical parameters that directly impact tracking efficiency, particle
identification (PID) capabilities, and vertex resolution—all essential for achieving the primary physics
objectives of measuring nucleon polarization through nucleon-nucleon elastic scattering and hyperon
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polarization via weak decay angular distribution analysis. The comprehensive study balanced competing
requirements across the entire beam energy range from 3.5 GeV to 9.3 GeV to identify the optimal
configuration.

3.2.2 Fixed geometry parameters and layer specification

Several detector parameters were predetermined based on fundamental physics requirements and techni-
cal constraints. The tracking system comprises five concentric layers of MAPS for precise vertexing and
tracking, followed by one layer of LGAD for precise timing and PID. All detection layers were uniformly
distributed to ensure optimal accuracy for proton polarization measurements. The innermost layer radius
was established at 5 cm from the beam axis to maximize vertex resolution capabilities, providing a solid
foundation for the subsequent optimization of variable parameters.

3.2.3 Optimization parameters and methodology

The profile of H-NS detector is shown in the Fig. 3.1. The optimization study investigated four primary
geometric parameters: the outer radius of the barrel LGAD detector (R,) varied from 30 cm to 70 cm, the
total detector length (L) calculated as three times R, (ranging from 90 cm to 210 cm), the ratio of barrel
length to total detector length (R},) tested at values of 0.2, 0.33, 0.4, and 0.5, and magnet configuration
comparing solenoid (B, = 1.5 T) versus dipole (B, = 1.5 T) options. A comprehensive simulation cam-
paign encompassed 20 distinct detector configurations for both magnet types, generating 40 simulated
samples with 2 million single tracks each. Performance evaluation utilized PLUTO-generated samples of
pp — pK*A(— pn~) events at beam energies of 3.5 GeV and 9.3 GeV to ensure representative physics
coverage.
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Figure 3.1: The profile of H-NS detector.

3.2.4 Performance evaluation with different geometrical parameters

Tracking efficiency demonstrated a significant dependence on both beam energy and geometrical con-
figuration as shown in Fig.3.2. At 3.5 GeV, efficiency increased with larger Ry, values due to improved
geometric acceptance but decreased with larger R, values as low-momentum tracks failed to penetrate
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sufficient detection layers, reaching maximum efficiency of approximately 80% for optimal configura-
tions. At 9.3 GeV, efficiency increased with both larger Ry, and R, values, with larger R, providing better
coverage for tracks exhibiting longer A decay lengths, showing distinctly different behavior from the
3.5 GeV case due to altered kinematic conditions. PID efficiency exhibited contrasting trends, showing
negative correlation with R, due to increased material budget degrading momentum resolution, while
the correlation with R, was energy-dependent—decreasing at 3.5 GeV as low-momentum tracks failed
to reach timing detectors but increasing at 9.3 GeV due to improved momentum resolution and longer
flight paths.

Barrel L/detector L (R) [%]
Barrel L/detector L (R) [%]
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Figure 3.2: Detection efficiency as functions of geometrical parameters. Left: Efficiencies from beam
energy of 3.5 GeV. Right: Efficiencies from beam energy of 9.3 GeV.

As demonstrated in the Fig.3.3, the A mass reconstruction quality consistently worsened with larger
Ry, values owing to increased multiple scattering from additional material, while improving with larger
R, values benefiting from the longer lever arm for enhanced track reconstruction precision, typically
achieving resolutions between 1-4 MeV across configurations and beam energies.
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Figure 3.3: A mass resolution as functions of geometrical parameters. Left: resolutions from beam
energy of 3.5 GeV. Right: resolutions from beam energy of 9.3 GeV.

3.2.5 Magnet configuration analysis

The comparison between solenoid and dipole magnet configurations revealed distinct trade-offs, as de-
tailed in Tab. 3.1. Solenoid magnets offer axial symmetry (¢-symmetric), moderately higher tracking
efficiency, and better technical feasibility, while also featuring simplified mechanical design and fabrica-
tion. However, they demonstrate inferior A mass resolution for small-angle tracks compared to dipoles.
Dipole magnets provide superior A mass resolution for small-angle tracks by a factor of two improve-
ment but suffer from ¢-asymmetry, reduced efficiency for low-P, tracks, and more complex engineering
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design challenges. The symmetry properties of the solenoid configuration better align with the physics
processes under investigation, while the dipole alternative presents specific performance advantages off-
set by significant technical complications.

Table 3.1: Comparison of solenoid and dipole magnet configurations

Solenoid Configuration Dipole Configuration

Superior mass resolution for small-angle

Axial symmetry (¢-symmetric) tracks (a factor of two improvement )

Ady. Moderately higher tracking efficiency -
Simplified mechanical design and fabrication —
Inferior mass resolution for small-angle ..
. Asymmetric in ¢
. tracks (vs. dipole)
Disadv.

- Reduced efficiency for low-P, tracks

- Complex engineering design challenges

3.2.6 Optimized geometry selection

Based on a comprehensive optimization, the selected geometry — inner radius R; = 5 cm, outer radius
R, = 50cm, length L = 150 cm, and barrel ratio R, = 0.33 — optimally balances tracking efficiency
over the beam energy range, PID performance, mass resolution, and technical feasibility. R, = 50 cm
balances transverse momentum acceptance for low-energy beams against A decay length constraints at
high energies; Ry, = 33% trades off tracking efficiency (favors larger R},) against momentum resolution
(favors smaller Ry). Performance strongly depends on beam energy, and the chosen solenoid configura-
tion — despite slightly worse small-angle A mass resolution than a dipole — is preferred for its axial
symmetry and engineering simplicity, matching the symmetry of target physics processes. These results
form a robust foundation for H-NS detector design with well-characterized performance.

3.3 The performance study for the H-NS detector

The performance studies were carried out within the HnsRoot software framework. The geometry was
implemented in Geant4 [212] and the charged particles (e.g. pions, kaons and protons) are generated
from nominal IP and cover the entire detector acceptance by multiple generators provided by the Hn-
sRoot. The magnetic field is produced by a superconducting solenoid. The interaction between the
generated particles and the detector is handled by Geant4, in which the multiple-scattering effect and
energy loss of the track are taken into account. A hit is defined as the position where the particle enters
the active area of the detector. Then, these hit positions are smeared according to the detector resolution.
All the hits belonging to one track are selected according to the truth-track information and used for track
fitting algorithm with the Kalman filtering method [217].

3.3.1 The momentum resolution

After the tracking fitting, the standard deviation of the dp/p = (I?tmthl - I?recol) / Ifa)mnhl can be measured
and defined as the momentum resolution, where mtruthl and |—p)reco| are the generated and reconstructed
absolute values of the particle momentum, respectively. Fig. 3.4 (left) shows the momentum resolution
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as a function of momentum for charged pions, kaons, and protons in the pseudorapidity range 0.0 <
n < 0.5. The multiple-scattering effect is more pronounced for protons and kaons below 2 GeV/c,
therefore, worsening the resolution significantly. With the increase of the momentum, the dp/p rises
almost linearly. This phenomenon is understandable because the measured sagitta will be decreased for
the stiffer tracks (due to the higher momentum). Fig. 3.4 (right) shows the momentum-resolution results
as a function of pseudorapidity in the momentum range p = 1 GeV/c. The momentum resolution is
approximately constant when 1 < 2, and then it rises quickly. Overall, the performance is very similar
for all kinds of particles.
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Figure 3.4: Momentum resolution for different particles in the 1.5 T magnetic field. Left: dp/p as a
function of momentum in the 0 < n < 0.5 range. Right: dp/p as a function of pseudorapidity in the
p =1 GeV/crange.

3.3.2 The vertex and angular resolution

The tracking system is designed not only to measure the momentum of the charged particles but also to
determine the primary vertex for an event as well as the secondary vertex for the long-life particles decay.
This capability is crucial for background suppression and therefore improves the sensitivity significantly
for the process with long-life particles. The spatial resolution can be studied by measuring the Distance
of the Closest Approach (DCA), which is defined as the spatial separation between the primary vertex and
the reconstructed track projected to the z-axis (DCA;) or to the xy-plane (DCA,4). The DCA resolutions
are shown in Fig. 3.5.

n€l0,0.5] n€0,0.5]

- 40 -
120 K K
- P 120 4P
100
— — 100
g 80 g
E _é 80
O 60 5
Q Q 60
40
N 40 \
20 .
20 —& *

8 10 2

4 6 4 6
P [GeV/c] P [GeV/c]

Figure 3.5: Vertex resolution for different particles. Left: DCA; as a function of momentum in the
0 <75 < 0.5 range. Right: DCA, as a function of momentum.
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The polar and azimuthal angular resolutions are quantified by the standard deviations derived from
normal distributions fitted to the differences A8 (defined as Oy — Oreco) and A¢ (defined as Pyt — Preco)s
respectively. These differences represent the deviations between the true angles, as generated in the
simulation, and the reconstructed angles, as determined by the tracking system. The angular resolutions
are critical for accurately determining particle trajectories and interaction vertices. The polar angle 6 is
particularly important for understanding the event geometry in the context of the detector’s longitudinal
axis, while the azimuthal angle ¢ provides information about the particle’s trajectory in the transverse
plane.
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Figure 3.6: Angular resolution as a function of momentum in different 1 ranges. Left: 6 resolution as a
function of momentum. Right: ¢ resolution as a function of momentum.

3.3.3 The tracking and PID efficiency

Tracking efficiency is the ratio of correctly reconstructed particle tracks to the total number of tracks
that should have been found. As a key indicator of a detector’s precision and reliability, achieving high
tracking efficiency is vital for ensuring the quality of experimental data derived from particle interactions.
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Figure 3.7: The 2D tracking efficiency.

Fig. 3.7 shows the charged pion tracking efficiency at different 7 and momentum regions. It is impor-
tant to note that pattern recognition efficiency is not included in this study. The efficiency loss observed
is primarily due to the detector acceptance and the quality of track fitting. To successfully reconstruct
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a track, we require that at least three hits be found. Consequently, in the central part of the detector
(Inl < 1), the efficiency at low p is worse than in the forward/backward regions. This is related to the
minimum pr threshold needed for a track to reach the outer layer of the detector.

For the |g| > 1 region, the loss of efficiency at higher pt is attributed to the lower acceptance at
the edge of the barrel-to-endcap transition region. These regions present geometric challenges that can
impede the successful reconstruction of tracks, particularly those with higher transverse momentum.

In the H-NS, PID efficiency is evaluated through a joint calculation of the measured mass and its
uncertainty, incorporating both the time-of-flight (TOF) resolution o(f) and momentum resolution o (p).
The squared mass is given by m? = p? ( ﬁlz - 1), and its uncertainty o2 is derived via error propagation.
Figure 3.8 shows the distribution of the squared mass of particles versus the product of particle charge g
and momentum p, based on a inclusive MC sample pp — X with beam kinetic energy of 9.3 GeV. The
distributions for each type of particle are clearly visible and well distinguished. For each particle hypoth-
esis (e.g., m, K, p), the likelihood is computed under the assumption of a Gaussian probability density
function G(m, op,,). The particle is assigned to the species yielding the highest likelihood. Notably, PID
efficiency is not solely determined by the TOF system (o(#)) but is equally and critically influenced by
the tracker system (o (p)), with both systems jointly dictating the final identification performance.
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Figure 3.8: The distribution of particle’s squared mass versus the product of charge and momentum.

3.4 Physics projection

3.4.1 A polarization in pp(A)

In order to evaluate and optimize the performance of the A polarization measurement at the H-NS de-
tector, a full-process simulation, including event generation, GEanT4 [212] simulation, tracking recon-
struction, PID, signal events selection, and polarization extraction, is performed. The A hyperon is re-
constructed from its decay products, proton (p) and pion (7~). For the exclusive channel, pp — pK*A,
each particle among the four final-state particles is required to register more than three hits in the detec-
tor. Except for the bachelor proton, all other particles are required to pass the PID selection criterion.
For the inclusive channel, pp — XA, it is sufficient to find p and 7~ in the final state that satisfy the
hits and PID criteria, and then combine them to form the A hyperon. Furthermore, by using kinematic
variables related to the A decay, the background can be effectively suppressed and a clean signal can be
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Figure 3.9: The A — pn invariant mass distributions from pp — XA channel after applying all
selection criteria. Left: beam kinetic energy of 3.5 GeV. Right: beam kinetic energy of 9.3 GeV.

selected, including the minimum distance between the trajectories of p and 7~ (DCA(p,n~) < 0.4 cm),
the angle between the direction of the combined momentum and the vertex direction (A6 < 0.1 rad), and
the difference of the combined A mass and world average A mass from PDG (|m .- — mf’\dgl < 0.04 GeV).

Using 20 million pp events generated at the beam kinetic energy of 3.5 GeV and 9.3 GeV, re-
spectively, and after applying the selection criteria described above, the A mass distributions from the
pp — XA channel are shown in the Fig. 3.9. The total number of reconstructed A events has increased
dramatically and the A mass resolution gets worse with higher beam kinetic energy, as expected. To
estimate and extract the uncertainty of the A polarization, the two-dimensional distribution of pt versus
xr is divided into 20 x 20 bins, where pr is the transverse momentum of the A and xr is the Feynman
scaling variable. The polarization extraction leverages polar asymmetry (Ag = P ap), with $, deter-
mined from fits to N(6) = %(l + Pyap cos 0), where Nops is the reconstructed A events, P, is the A
polarization, and @y is the asymmetric parameter of A — pn~ decay. For H-NS’s 1 MHz luminosity,
statistical uncertainties are negligible (AP, /P, ~ V3/Nops/ (Pyap)), making systematic control of ax
the dominant precision factor.

Fig. 3.10 shows, for beam kinetic energies of 3.5 GeV and 9.3 GeV, the uncertainty of A polarization
as a function of the two-dimensional prt versus x distribution after scaling the simulated 20 million pp
events up to a total of 10'3 events (i.e., Ngps is enlarged proportionally), running and collecting data at
H-NS for a few months. It can be seen that, when H-NS detector collects on the order of 10'3 pp events,
the estimated uncertainty of the A polarization measurement can reach the level of 0.002%. Fig. 3.11
shows the uncertainty of A polarization using 10° pp — pK*A events, running and collecting data at
H-NS for approximately half a month, the estimated uncertainty of the A polarization measurement can
reach the level of 0.06%.

3.4.2 Proton polarization in pp(A)

The H-NS detector incorporates a novel integrated polarimeter through the addition of thin carbon scat-
tering targets (1 mm, <1% X/Xo) within its tracker system, enabling precision nucleon polarization mea-
surements without compromising conventional detector performance. Extensive simulations validated
minimal impact on momentum resolution (~0.1% deterioration) and tracking efficiency. Final-state pro-
ton polarization is extracted via pC elastic scattering analysis, where a comprehensive event selection
strategy combines thrk > 100 cut, 65 > 5° angular filter, and vertex reconstruction (og,, = 0.29 cm) to
achieve 70% signal efficiency with 4 x 107 background survival rate. Critical resolutions include Ap/p



3.4. PHYSICS PROJECTION 41

T

p_ (GeVic)
-

p_ (GeVic)

10

10®

0.5 1

Xg Xg

Figure 3.10: The 2D uncertainty of A polarization of pp — XA channel using 10'* pp events. Left:
beam kinetic energy of 3.5 GeV. Right: beam kinetic energy of 9.3 GeV.
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Figure 3.11: The 2D uncertainty of A polarization using 10° simulated pp — pK*A events. Left: beam
kinetic energy of 3.5 GeV. Right: beam kinetic energy of 9.3 GeV.

momentum resolution and milliradian-level angular precision, o, 0, as shown in Fig. 3.12, vital for
polarization analysis.
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Figure 3.12: Momentum (left), 8 (middle) and ¢ (right) resolutions of the scattered proton reconstructed
with the outer three tracking layers as a function of polar angle for incident proton with momentum of 1
GeV/c, 3 GeV/c and 5 GeV/c, respectively.

Polarization extraction leverages pC elastic scattering azimuthal asymmetry (A4 = $,AT), with P,
determined from fits to N(¢) = %(1 + P,ATC cos ¢). For H-NS’s 1 MHz luminosity, statistical uncer-
tainties are negligible (AP, /P, ~ V2/Niot/(PyAY*)), making systematic control of A}/® the dominant
precision factor. Fig. 3.13 shows, for beam kinetic energies of 3.5 GeV and 9.3 GeV, the uncertainty
of proton polarization as a function of the two-dimensional pt versus xg distribution after scaling the
simulated 20 million pp events up to a total of 10'3 events (i.e., Nops is enlarged proportionally). It can

be seen that, when H-NS detector collects on the order of 10! pp events, the estimated uncertainty of
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the proton polarization measurement can reach the level of 0.02%. This adaptable design allows target
optimization (thickness/material) and establishes a paradigm for future polarization studies at facilities
like EIC, CEPC, and EicC, enabling unprecedented probes of strange quark contributions to hyperon
polarization through comparative A-proton spin measurements. Further, if the spin of proton can be
measured via the polarimeter, one can select the spin state of 2~ + p and A + p+ 7~ system, which allows
us to search for the so-called the H-dibaryon [218] (J/ = Q) stateviaH - EZ~ + por H > A+ p+ 71~
channel by reconstructing the invariant mass and/or femtoscopy measurements.

T
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Xp Xe

Figure 3.13: The 2D uncertainty of proton polarization from pp — Xp channel using 10'* pp events.
Left: beam kinetic energy of 3.5 GeV. Right: beam kinetic energy of 9.3 GeV.

3.4.3 A global polarization in AA

The global polarization of A hyperon can be determined from the angular distribution of hyperon decay
products in A’s rest frame with respect to the system orbital angular momenta (OAM)[46]:

Py = i% (sin(¥1 - ¢})), (3.1)

T REP

where ap = 0.732 £ 0.014 is the A decay parameter; ¢), is the azimuthal angle of the daughter proton
momentum in the A rest frame; ¥; is the first-order event plane angle and the RlliP is the first-order
event plane resolution. In this chapter, the first-order event plane is reconstructed with forward MAPS
tracker, a typical resolution in mid-central Au+Au collision is ~ 75%. The A candidates, shown in left
panel of Fig. 3.14, are reconstructed using barrel MAPS tracker to avoid self-correlation. To extract A
polarization signal, the invariant-mass method is used[47, 48], in which the <sin(‘I’| - ¢;‘,)> is a function
of invariant mass which have contributions from both signal and background:

(sin(®1 = 93))"" = (1 = /2 (Min)) (sin - 6))™ + /P2 Min) (i - 6))F. (32)

An example of polarization signal extraction is shown in the right panel of Fig. 3.14.

Fig. 3.15 presents the estimated A polarization uncertainty, w.r.t. event plane (left) and production
plane (right), as a function of the two-dimensional pt versus y.ns distribution at the beam kinetic energy
of 2.8 GeV/u. By scaling the simulated 20 million Au+Au events up to a total of 10'! events, the
estimated uncertainty of the A polarization measurement can reach the level of 0.1%, which takes a few
weeks of H-NS running time.
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Figure 3.14: The A — pz~ invariant mass distributions from Au+Au events at beam kinetic energy
of 2.8 GeV/u after applying all selection criteria. Left: A signal extraction. Right: example of global
polarization signal extraction w.r.t. event plane.
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Figure 3.15: The 2D uncertainty of A polarization using 10'" Au+Au events at beam kinetic energy of

2.8 GeV/u. Left: A polarization uncertainty w.r.t event plane. Right: A polarization uncertainty w.r.t
production plane.
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Chapter 4

Summary

In summary, we propose the construction of the Hyperon-Nucleon Spectrometer at HIAF. The spectrom-
eter is specifically designed to investigate the polarization of both Lambda hyperons and protons in pp,
PA and AA collisions, with a particular emphasis on the high-xp region. The H-NS will perform system-
atic and precise multi-dimensional measurements of polarization as a function of pr, xg, and collision
energy across the HIAF coverage, with proton beam energy from 3 GeV up to 32 GeV. The results from
the H-NS program will provide unprecedented data to constrain and validate the nonperturbative dynam-
ics of QCD. By systematically mapping hyperon polarization from the hadronic to partonic regime, the
experiment will address fundamental questions, directly shedding light on the origin of proton spin and,
by extension, the inner structure of the visible matter in the universe.

In addition, The H-NS will be a state-of-the-art spectrometer, leveraging cutting-edge detector tech-
nologies. A key feature of its design is the extensive use of advanced silicon detectors. Monolithic Active
Pixel Sensors will provide high-resolution vertexing capabilities essential for the precise reconstruction
of secondary decay vertices, a prerequisite for analyzing the weak decays of hyperons. Furthermore, the
incorporation of Low-Gain Avalanche Diodes will deliver excellent timing resolution, enabling precise
event reconstruction and background suppression in the high-rate environment of HIAF.

Both the physics program and the detector technology are highly compelling. The H-NS collabo-
ration already comprises over 15 institutes from China and several international partners. Most of the
detector technologies have completed the R&D phase, making the project schedule primarily funding-
driven. Furthermore, H-NS will ensure a sustainable and smooth transition from HIAF to the upgraded
HIAF-U and the complex of the Electron-ion collider in China (EicC) [219]. In many ways, H-NS effec-
tively serves as the prototype for an electron-ion collider. The success of the H-NS is strategically vital,
extending beyond its core physics program. The expertise developed for H-NS will provide invaluable
contributions to the future EicC in both physics program as well as the detector technology.
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