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Abstract
The high-intensity heavy-ion accelerator facility (HIAF), currently under construction in Huizhou, Guangdong Province, 
China, is expected to be completed by 2025. This facility will be capable of delivering proton and heavy-ion beams with 
energies of up to several GeV, thereby providing a versatile platform for advanced fundamental physics research. Key scien-
tific objectives include exploring physics beyond the standard model through the search for new particles and interactions, 
testing fundamental symmetries, investigating exotic hadronic states such as dibaryons, pentaquark states, and multi-strange 
hypernuclei, conducting precise measurements of hadron and hypernucleus properties, and probing the phase boundary and 
the critical point of nuclear matter. To facilitate these investigations, we propose the construction of a dedicated experimen-
tal apparatus at HIAF—the Huizhou Hadron Spectrometer (HHaS). This paper presents the conceptual design of HHaS, 
which comprises a solenoid magnet, a five-dimensional silicon pixel tracker, a Low-Gain Avalanche Detector (LGAD) for 
time-of-flight measurements, and a Cherenkov–scintillation dual-readout electromagnetic calorimeter. The design targets 
an unprecedented event rate of 1–100 MHz, extensive particle acceptance, a track momentum resolution at the 1% level, an 
electromagnetic energy resolution of ∼3% at 1 GeV, and broad particle-identification capability. Such capabilities position 
HHaS as a powerful instrument for high-precision experimental studies in particle and nuclear physics. The successful realiza-
tion of HHaS is expected to strongly promote the development of medium- and high-energy physics research within China.

Keywords  High-intensity heavy-ion accelerator facility · Physics beyond the standard model · � meson physics · Light 
hadron physics

1  Introduction

The high-intensity heavy-ion accelerator facility (HIAF) [1, 
2], one of China’s major national scientific and technological 
facilities, is currently under construction in Huizhou, Guang-
dong Province, with completion expected by 2025. Designed 

to deliver state-of-the-art beam performance, HIAF will pro-
vide intense proton (p) and heavy-ion (e.g., uranium) beams 
with energies up to 9.3 GeV and 2.45 GeV/u, respectively, 
at its high-energy terminal. Following a planned upgrade, 
the facility will further extend its capability, enabling the 
acceleration of uranium beams to energies as high as 9.1 
GeV/u. Secondary � , K beams, as well as a polarized p beam 
can also be provided with future upgrades. This state-of-
the-art facility, which will serve as a major nuclear-physics 
research center, offers exceptional opportunities to explore 
the fundamental properties of matter and the dynamics of 
strong interactions [3].
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The high-intensity p, � and K beams will produce vast 
quantities of light hadrons, composed of u, d, and s quarks, 
enabling detailed studies of their decay patterns, mass spec-
tra, and internal structures, thereby shedding light on quark 
confinement, a defining feature of the strong interaction. 
It will also provide a powerful platform to search for new 
particles and interactions beyond the standard model (SM) 
[4–11], to test fundamental symmetries such as CP symme-
try [12–15], as well as to search for new exotic hadron states 
[16–20] and dibaryons [21, 22]. On the other hand, heavy-
ion beams at HIAF can be used to search for and locate the 
first-order phase boundary and the critical point, which are 
predicted to separate the hadron-gas and quark-gluon-plasma 
phases at high baryon density. Hypernuclei, a strongly inter-
acting many-body system composed of nucleons and hyper-
ons, can also be produced and studied in detail with the 
heavy-ion beams, shedding light on the hyperon-nucleon and 
hyperon--hyperon interactions, which are crucial for under-
standing the internal structure of neutron stars.

To explore these hadron-related physics topics with 
unparalleled precision, we propose a new experimental 
setup, Huizhou Hadron Spectrometer (HHaS), at the high-
energy station of HIAF. Envisioned as a light hadron fac-
tory, HHaS aims to substantially improve the statistical reach 
of particle- and nuclear-physics measurements, potentially 
by about two orders of magnitude, compared to existing 
experimental setups (e.g., KLOE-2 [23], BESIII [24]). The 
successful construction and operation of HHaS will signifi-
cantly promote a broad range of sub-atomic physics research 
and advance our understanding of the nature of matter.

The following sections of this paper describe the potential 
physics research directions, the performance requirements, 
the conceptual design, and the expected performance of 
HHaS.

2 � Physics

While the SM has been extremely successful in the past sev-
eral decades in describing the most basic building blocks 
in our Universe and the interactions among them, there are 
several phenomena that point to new physics beyond the SM 
[25, 26]. For example, the small but finite neutrino masses 
[27], the existence of dark matter [28, 29], and the mat-
ter–antimatter asymmetry in the Universe [27] all point to 
the need for new theories. Thus, the search for beyond-the-
standard model (BSM) physics is one of the most exciting 
frontiers of particle physics [27]. The � meson, a pseudo-
scalar meson with all-zero discrete quantum numbers, i.e., 
Q = I = J = S = B = L = 0 , is an excellent probe of BSM 
physics [30]. All of its possible strong decays are forbidden 
in the leading order by P, CP, charge, isospin, and G-parity 
conservation. Its electromagnetic decays are forbidden in the 

leading order by C invariance and angular momentum con-
servation. As a result, BSM decay branching fractions of the 
� meson are enhanced, offering potential avenues to search 
for dark portal particles like dark photons, dark Higgs, and 
axion-like particles [4–11, 30–33]. Additionally, the detailed 
analysis of � meson decays can help test fundamental sym-
metries, such as C and CP symmetries [12–15] and lepton 
flavor conservation [34]. The decays of the � meson have 
been studied in various experiments in e+e− , e−p , and pp 
collisions [12, 35–40]. The REDTOP collaboration [41] pro-
poses an � factory experiment using pA or �+A collisions 
with a fixed nuclear target to conduct the measurements of 
the � meson decays with a new level of precision. With the 
high-intensity proton and �+ beams available at HIAF, HHaS 
can also function as an � factory. The large � production 
cross section in hadronic collisions, combined with the high 
luminosity easily obtained in fixed-target experiments, offers 
great potential for producing � samples with orders of mag-
nitude higher statistics than the current data [42].

Due to the non-perturbative nature of quantum chromo-
dynamics (QCD) at low energies, our quantitative under-
standing of the strong interaction is still limited. Under-
standing how quarks are confined in hadrons remains 
one of the central challenges in modern physics. Hadron 
spectroscopy, the study of hadronic excitation spectra, has 
become a focal point for shedding light on the interaction 
and dynamics between constituent quarks, spurring major 
experimental efforts at facilities such as ELSA, CEBAF, 
ESRF, SPring-8, BEPCII, SuperKEKB, J-PARC, GSI, 
COSY, SPS, and LHC [43–46]. The proton beam and the 
secondary � and K meson beams at HIAF are expected to 
provide a wealth of experimental data for studying light 
hadron spectroscopy and related dynamics. First, the high-
luminosity proton beam can be used to study baryon exci-
tations, hyperons, and dibaryon states [21, 22, 47] by bom-
barding proton or nuclear targets. In particular, as partner 
states of the Pc pentaquark states, the Ps states with a hid-
den-strangeness quark pair can also be searched for in the 
final state p� in pp collisions [16, 17]. Additionally, the 
hyperon polarization in unpolarized hadronic collisions 
remains a long-standing question in hyperon production. 
The study of the KΛN  final state offers a unique opportu-
nity to investigate this issue and shed light on the internal 
structure of the Λ hyperon. Second, the secondary � beam 
can provide more precise �N scattering data, especially for 
final states such as �N → KΛ , KΣ , and �N  [48–50]. The 
uncertainties in the differential cross sections of these two-
body final states remain relatively large, and theoretical 
models have not yet reached a consensus [50, 51]. Conse-
quently, the extracted parameters for N∗ and Δ∗ resonances 
vary significantly. Therefore, more precise experimental 
data are urgently needed. Exotic hadron states, like the 
pentaquark state mentioned above, may also be searched 
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for in � p scattering [16, 19, 20]. Finally, the K beam, 
which is expected to exceed the energy range and lumi-
nosity of the J-PARC [52] and JLab [53] experiments, will 
provide an important platform for studying hyperon excita-
tions [54, 55]. Notably, the number of Ξ excitations listed 
by the PDG is currently below 10 [27], which is far fewer 
than the predictions of the quark model. At HIAF, more Ξ 
excitations can be discovered through the KN → K̄Ξ∗ reac-
tion [56, 57]. For most of the above-mentioned studies, 
polarization observables measured with polarized targets 
and/or beams provide valuable constraints on partial wave 
analysis in disentangling overlapping baryon resonances 
[58, 59].

After the quark-gluon plasma (QGP) has been created 
and studied in relativistic heavy-ion collisions for two dec-
ades [60–63], a new frontier in high-energy nuclear phys-
ics is searching for the predicted first-order phase transi-
tion and the associated critical point between the QGP and 
hadronic phases in the high baryon density region of the 
QCD phase diagram [64]. Experimentally, this requires 
lower collision energies than the top RHIC and LHC ener-
gies [65]. A beam energy scan program has been carried 
out at RHIC, and new facilities like NICA [66], FAIR [67], 
and HIAF are being constructed to study heavy-ion col-
lisions with center-of-mass energies of several GeV for 
this purpose. The CSR external-target experiment (CEE) 
is being constructed at the Cooling Storage Ring of the 
Heavy-Ion Research Facility in Lanzhou (HIRFL-CSR). 
Heavy-ion collisions can be conducted at CEE with a 
maximum beam kinetic energy around 1.1 GeV/u and a 
maximum event rate of around 10 kHz. The higher-order 
moments of net-proton multiplicity and the light nucleus 
production yield ratios are considered to be sensitive 
observables for locating the critical point [68, 69]. With 
the wide detector acceptance and strong particle-identi-
fication capability of charged particles and light nuclei, 
HHaS can contribute to the global effort of mapping out 
the QCD phase diagram.

Hypernuclei allow the study of hyperon-nucleon inter-
actions, providing key insights into the strong interaction 
and strange quark behavior in nuclear environments, which 
is crucial for the understanding of neutron star interiors 
where hyperons may exist [70, 71]. Heavy-ion collisions 
at the HIAF energy can produce abundant hyperons, which 
may coalesce with nucleons in the collision system and 
form hypernuclei [72]. The exotic hypernuclei with mul-
tistrangeness might be produced in heavy-ion collisions at 
HIAF energies with the production cross sections above 1 
μ b [73]. With the intense heavy-ion beam at HIAF, various 
properties of hypernuclei can be measured with high preci-
sion and new (multi-strange) hypernuclei may be discovered 
at HHaS. The hyperon--nucleon interaction in dense matter 
can also be studied via the collective flow and phase-space 

distribution of hypersons in heavy-ion collisions at HIAF 
energies [74, 75].

3 � Requirements

To achieve the wide range of physics goals mentioned above, 
the following key requirements are imposed on the design 
of HHaS.

First, it is required to record the data of interaction events 
with a rate far beyond existing similar experiments. His-
tory has repeatedly demonstrated that new discoveries and 
understanding may be achieved with increased data statistics 
and improved precision. Taking advantage of the high beam 
intensity of HIAF, the capability to operate at an ultra-high 
event rate could be a key strong point of HHaS. HIAF can 
accelerate 2 × 1012 protons within 0.3 s, which can be slowly 
extracted to the experimental terminals. Assuming 1 % of 
the beam particles interact with the target, a collision rate 
of ∼ 10 GHz can be reached, which is far beyond the event 
rate of all the currently running experiments. The bottleneck 
for acquiring high-statistics data is not the beam intensity of 
HIAF, but the capability of the detector setup to record the 
events with a high collision rate. Even the secondary � (K) 
beam can reach the intensity of the order of 108 ( 106)/s, lead-
ing to the collision rate of ∼ 1 MHz ( ∼ 10 kHz) if the same 
thickness of a target is assumed. Unlike very high-energy 
experiments, the triggers using some specific characteristics 
(e.g., a pair of leptons, a high-energy gamma or jet), which 
can be easily picked up by a fast detector, cannot cover all 
the events that contain the broad interesting physics topics 
of HHaS described in Sect. 2. Thus, it is necessary as a good 
strategy to require all the detectors of HHaS to record signals 
from all collisions with a high event rate, and then recon-
struct, select and analyze the events for interesting phys-
ics subjects afterward. For proton beam, HHaS targets at a 
maximum event rate of about 100 MHz. This is achievable 
with the state-of-the-art detector technologies, as described 
in Sect. 4 and 5. With beam intensity fluctuations and time 
structures, the average event rate will be slightly lower, by a 
factor of 3 as a conservative estimation.

Second, HHaS needs to have a large angular, momentum 
and energy acceptance because it attempts to cover a very 
wide range of physics studies. Many physics topics require 
the reconstruction of a particle with many daughters, or the 
exclusive measurement of a process with many final parti-
cles. Thus large acceptance is essential for HHaS, in order 
to carry out the targeted measurements efficiently.

Third, HHaS is required to have good momentum, energy 
and track-pointing resolutions. A percent-level track momen-
tum resolution and several-percent-level electromagnetic 
energy resolution should be achieved, in order to obtain a 
good invariant mass resolution for decayed hadron states. 



	 X.-R. Chen et al.156  Page 4 of 14

This is critical to distinguish signals from different light 
hadron states, which can be closely distributed in mass, and 
observe a weak exotic signal with a low production rate. A 
good track-pointing resolution enables HHaS to reconstruct 
secondary decay vertices precisely, for example, in order to 
distinguish strange particles and hypernuclei, which usu-
ally decay several centimeters away from the collision point, 
from backgrounds formed by the random combination of 
final-state particles.

Fourth, HHaS should be able to identify many types of 
final-state particles from the collisions, including e± , � , �± , 
K± , p, p̄ , deuteron (d), triton (t), 3He, and 4He. The e± and 
� are important final particles for many physics studies. For 
example, they are among the daughter particles for almost 
all the � meson decay channels to be studied at HHaS. Yet, 
in the hadronic collision environment, their production yield 
is orders of magnitude lower than hadrons. Thus, very clean 
identification of e± and � are critical for HHaS to work as an 
� factory experiment. The light nuclei, i.e., d, t, 3 He and 4He, 
which play an important role in the study of nuclear matter 
phase transition and hypernuclei, also need to be identified 
clearly from other particles at HHaS.

Finally, as an advanced next-generation spectrometer, 
HHaS is required to have a high single-track efficiency. A 
minor efficiency loss for each particle could cause a large 
loss in efficiency for the final measurement which involves 
numerous particles. Furthermore, the systematic uncertain-
ties associated with single-track efficiencies will also accu-
mulate, leading to a large total systematic uncertainty on 
the physics measurement. This can be a critical challenge 
for HHaS, which targets a new level of precision for a wide 
range of physics measurements. Thus a high track efficiency 
at the 99% level is essential.

In general, HHaS aims to have a large acceptance, good 
momentum and energy resolutions, good particle-identifi-
cation capabilities and a high tracking efficiency, which are 
at least comparable with current experiments. At the same 
time, HHaS is required to have an event recording rate that is 
orders of magnitude higher than current experiments, which 
will be its key advantage to achieve high-precision measure-
ments and to make new discoveries.

4 � Conceptual design

The detector system of HHaS comprises a solenoidal mag-
net, a pixel tracker, a time-of-flight (TOF) detector, and an 
electromagnetic calorimeter (EMC) that operate in concert 
to meet the above-mentioned requirements, as shown in 
Fig. 1.

A solenoidal magnet that provides a 1.5–4 T magnetic 
field forms the backbone of the spectrometer, enabling 
the precise momentum measurement of charged particles. 

Depending on the physics requirements, the magnetic 
field can be lowered to detect particles with low transverse 
momentum ( pT ), or increased to achieve better momentum 
resolutions.

The core tracking detector utilizes the advanced Mono-
lithic Active Pixel Sensors (MAPS) technology [76–81], 
which provides excellent position resolution, fast readout, 
and a moderate material budget [82–84]. The pixel sen-
sors are arranged in cylindrical barrel layers surrounding 
the target, together with disks covering the forward regions, 
enabling the detection of particles across a wide range of 
polar angle from 10 to 100 degrees with full azimuthal 
coverage. Unlike traditional MAPS sensors, which detect 
only whether a pixel is hit, the MAPS sensors developed for 
HHaS are designed to simultaneously measure both time 
information and the magnitude of ionization charge for each 
pixel. This design allows the HHaS pixel tracker to function 
as an innovative five-dimensional tracking device, capable 
of synchronously acquiring three-dimensional spatial coor-
dinates, hit timings, and deposited ionization charge. The 
time measurement with a resolution of approximately 10 ns 
enables distinguishing hits from different collisions when 
HHaS operates at an ultra-high event rate. The ionization 
charge measurement helps distinguish different nuclei with 
identical charge-to-mass ratios (e.g., d, 4He, and 6Li) based 
on the differences in their energy deposition. This capabil-
ity is crucial for studying hypernuclei and nuclear matter 
at high baryon densities. To accommodate the increased 
power consumption and technical challenges posed by time 
and ionization charge measurements, the MAPS sensors for 
HHaS have a moderate pixel pitch of approximately 100 
μ m, larger than the pixel pitches of MAPS sensors used in 
higher energy experiments focusing on heavy-flavor decay 
measurements [85, 86]. By using the ionization charge as 
a weight to calculate the charge-weighted centroid of each 
hit cluster, a hit position resolution of 30 μ m or better can 
be achieved, which meets the requirements of HHaS, as 

Fig. 1   (Color online) HHaS conceptual design
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demonstrated in Sect. 5. With the excellent position resolu-
tion of the pixel tracker and the relatively strong magnet 
field, HHaS can reconstruct and measure charged particles 
with short track lengths. Thus, HHaS is designed as a very 
compact and cost-effective spectrometer, as presented in 
Fig. 1. Considering a typical sensor detection efficiency of 
99% and a dead area of ∼ 1% between neighboring sensors, 
the hit efficiency per layer should be about 98% . A track 
efficiency over 99% can be achieved by allowing at most one 
missed hit across all layers that a track penetrates. Thanks to 
the high granularity of the pixel detector, the hit and track 
efficiency losses due to the detector unit occupancy caused 
by a high particle multiplicity or a high event rate are lim-
ited, as discussed in Sect. 5. With a carbon-fiber support 
structure, flexible PCB cables and air cooling, the material 
budget can be constrained down to X∕X0 ∼ 0.3% per layer, 
so that the multiple Coulomb scattering effect of particles is 
at an acceptable level.

The five-dimensional pixel tracker is the most challeng-
ing detector of HHaS. Currently, several types of four-
dimensional (three-dimensional position + time) and five-
dimensional pixel sensors are being developed worldwide 
for various experiments. For example, the MIMOSIS sen-
sor has been developed for the CBM experiment [87, 88]. 
HV-MAPS have been prototyped for experiments such as 
Mu3e [89], ATLAS [90, 91], and CLIC [92]. They provide 
fast time stamping, and the ionization charge information 
is derived from the time-over-threshold measurement [93]. 
These representative chips are each continuously optimized 
for their specific physics objectives, pushing against techni-
cal limits. Similarly, significant R&D efforts are focused on 
developing the Nupix-H [94], a series of MAPS chips tai-
lored for HHaS applications. Currently, the small-array pro-
totype MAPS chips under development integrate fully digital 
circuitry to enhance data transmission rates. A global times-
tamp distribution mechanism achieves a time resolution of 
10 ns. Time-over-threshold measurements are used to derive 
energy information. An event-driven readout architecture 
implements zero suppression, and a dual-column readout 
structure coupled with multi-layer arbitration integrates and 
transfers data. This readout architecture enables a readout 
dead time of approximately 10 μ s, supporting an event rate 
of 100 MHz while maintaining acceptable occupancy. A 5 
Gbps serializer transforms parallel data into a stable serial 
stream and drives it off-chip.

Inside and outside the pixel tracking detector, the 
capacitively-coupled (AC) low-gain avalanche detectors 
(LGAD) [95, 96] are placed for TOF measurements. The 
average radii for the inner and outer barrel layers are 10 
and 30 cm, respectively. A disk layer is placed to cover the 
forward direction. The outer layers measure the flight end 
time of each charged particle, while the collision time, i.e., 
the common start time of all primary particles, is measured 

by the inner LGAD layer using all charged particles that 
are detected there. A time resolution of about 30 ps can be 
achieved with the state-of-the-art LGAD technology, which 
helps both the identification of various charged particles and 
the separation of tracks from different collisions. The AC-
LGAD strips are read out by fast front-end amplifiers and 
time-to-digital converters (TDCs) with a shaping time of 
1 ns and per hit dead time of about 2 μ s. Thanks to the strip 
pitch of ∼ 100 μm in the r × � direction, a charge-weighted 
hit position resolution below 30 μ m can be obtained in the 
r × � direction, so that the LGAD TOF provides another 1 
or 2 precise hits in addition to the pixel tracker and a longer 
track length for momentum reconstruction. The z strip pitch 
is much larger at cm scale in order to have acceptable chan-
nel density, total layer material thickness and power con-
sumption. With this design, a material budget of X∕X0 ∼ 3% 
per layer is expected. Unlike Direct-coupled (DC) LGAD, 
the AC-LGAD has no dead area surrounding each pixel or 
strip, thus achieving a high hit efficiency above 98% . The 
efficiency loss induced by the detector unit occupancy is 
also very small as described in Sect. 5. Currently, AC-
LGAD chips with 7-mm-long strips have been made, with 
a time and position resolution close to the requirements of 
HHaS [96]. AC-LGAD with longer strips will be developed 
in order to decrease the overall material budget and power 
consumption of the detector. The readout ASIC is also being 
developed in parallel. Full-size LGAD sensor chips and pro-
totype detectors will be manufactured in the future.

The dual-readout EMC will be installed outside the 
LGAD TOF detector. As shown in Fig. 1, layers of lead 
glass and plastic scintillator are assembled in an alternat-
ing sequence, forming towers pointing to the target area, 
with a total thickness of X∕X0 ∼ 14. Silicon photomulti-
pliers (SiPMs) are coupled directly to the lead glass and 
plastic scintillator tiles to readout Cherenkov and scintilla-
tion light, respectively, thereby enabling effective separa-
tion between electromagnetic and hadronic showers. This 
separation is possible because (1) most particles in a had-
ronic shower with an energy around 1 GeV lack sufficient 
velocity to produce Cherenkov radiation and (2) electrons 
in an electromagnetic shower can easily produce Cherenkov 
light due to their sub-MeV/c2 mass [97, 98]. This type of 
dual-readout EMC, which is named ADRIANO-II, has also 
been adopted by the REDTOP collaboration [41, 99]. Tests 
by the REDTOP collaboration show that ADRIANO-II can 
achieve an energy resolution of approximately 3% at 1 GeV. 
Our simulations indicate performance comparable to those 
test results (see Sect. 5). A time resolution of approximately 
200 ps facilitates the separation of signals from different 
events. The module dead time must be at the microsecond 
level so that the data acquisition efficiency should be reason-
ably high when HHaS operates at high event rates. In the 
current design, the SiPM signals are shaped and integrated 
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over windows of 100 ns and then digitized with a per-tower 
dead time of about 1 μ s. The combination of a short tower 
dead time and streaming readout allows the EMC to operate 
at a high event rate without introducing significant efficiency 
loss due to occupancy.

Depending on the physics topics to be studied, a multi-
layer solid nuclear target, a liquid hydrogen target, or a 
polarized 3 He target may be placed in the center of HHaS 
along the beamline. The polarized 3 He target can effectively 
serve as a polarized neutron target after subtracting the con-
tribution from the beam colliding with the protons in it. With 
the innermost LGAD layer 10 cm from the beamline, enough 
space is left to accommodate the usage of all these types of 
targets, especially the liquid hydrogen and polarized 3 He 
targets, which have a dewar to work at a low temperature.

To cope with the targeted interaction rate of up to 100 
MHz in proton beam operation, all detector subsystems are 
designed to operate in a triggerless, streaming readout mode. 
The front-end ASICs provide local buffering and zero-
suppressed transmission of the hit information, such that 
only time-stamped signals above the thresholds are sent off-
detector. Together with the fine segmentation of the pixel, 
LGAD, and EMC systems, which keeps the average hit rate 
per channel sufficiently low, the system with this design can 
handle the ultra-high event rate without much efficiency loss 
due to the channel digitization time per hit.

Table 1 summarizes the key parameters of the design and 
requirements of the detectors described above.

5 � Expected performance

The capability to sustain an ultra-high event rate is an advan-
tage that sets HHaS apart from many existing experimental 
setups. For low-multiplicity collisions with a proton beam, 
HHaS can operate at an interaction rate of 100 MHz. Due 
to the choice of fast detector technologies for all the three 
detectors, HHaS runs without triggers and reads out all sig-
nals that the detectors receive. Then, using the measured 
time information, signals can be assigned to different inter-
actions. With an event rate of 100 MHz, there are only 10 
collision events on average in a ±5� ( ∼100 ns) time window 
of the pixel tracker. The total number of charged tracks is 
less than 100 from these ∼ 10 events when using a proton 
beam, which can be well handled by the track-finding algo-
rithm. After that, tracks from the ∼ 10 different collisions 
are further separated using the time information of the 1 or 
2 LGAD hits in each track. As the 30-ps time resolution of 
LGAD is much more precise compared to the average col-
lision time interval of 10 ns, tracks from different collisions 
can be separated unambiguously. The EMC time resolution 
of about 200 ps also allows clear separation of signals from 
different collisions.

Another challenge associated with the ultra-high event 
rate is the occupancy of detector units. In the triggerless 
streaming scheme, each pixel, strip, or tower behaves as 
an independent channel with local buffering, so that dead 
time losses are driven by the local hit rate rather than by the 
global interaction rate. For example, when one pixel is hit, it 
takes about 10 μ s to readout the time and charge of this hit. 
This pixel is dead during this time, but other pixels remain 
ready to detect signals from other particles. The detector 
occupancy, i.e., the fraction of inactive channels during data 
taking, is proportional to the unit dead time, particle mul-
tiplicity of a collision event and event rate, and is inversely 
proportional to the granularity of the detector. Consider-
ing that a typical p + 7 Li collision at 1.8 GeV generates 4 
charged particles and 0.4 � , with the pixel, LGAD strip, and 
EMC tower front-end readout dead time of 10, 2 and 1 μ s, 
respectively, the average occupancies of the innermost pixel 

Table 1   Key parameters of the design and requirements of the detec-
tors

Parameters Value

B field strength (T) 1.5–4
Pixel tracker

   Number of barrel layers ∼4
   Number of forward disks ∼6
   Pixel pitch ( μm) ∼100
   Position resolution ( μm) ∼30
   Time resolution (ns) ∼10
   Pixel dead time ( μs) ∼10
   Sensor hit efficiency ∼99%
   X∕X

0
∼0.3%

LGAD TOF
   Inner barrel radius (cm) ∼10
   Outer barrel radius (cm) ∼30
   Inner barrel length (cm) ∼40
   Outer barrel length (cm) ∼100
   Strip pitch in r × � ( μm) ∼100
   Strip pitch in z (cm) 1–2
   Position resolution in r × � ( μm) ∼30
   Position resolution in z (mm) 3–6
   Time resolution (ps) ∼30
   Strip dead time ( μs) ∼2
   Hit efficiency ∼98%
   X∕X

0
∼3%

EMC
   Number of modules ∼2000
   Number of layers 4–10
   X∕X

0
∼14

   Energy resolution ∼ 3% @ 1 GeV
   Time resolution (ps) ∼200
   Module dead time ( μs) ∼1
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layer, the outer LGAD layer and the EMC are estimated to 
be 0.02% , 0.1% and 7 % , respectively, with an event rate of 
100 MHz. Together with precise time stamping, this strategy 
provides a robust way of handling ∼100 MHz interaction 
rates while keeping inefficiencies from the electronics at an 
acceptable level. For collisions with heavy-ion beams, hun-
dreds of particles per event can be generated, thus HHaS 
runs at a lower event rate around 1 MHz in order to avoid a 
high detector occupancy and a large efficiency loss.

The total data rate of HHaS is estimated to be about 40 
GB/s with an event rate of 100 MHz using proton beam. This 
will impose some challenges on the data acquisition system, 
storage system as well as data processing, but should still be 
manageable. A parallelized four-dimensional track-recon-
struction algorithm based on GPUs needs to be developed, in 
order to conduct the data processing with an acceptable cost.

The radiation dose and 1 MeV neutron equivalent fluence 
for various materials and components of HHaS have been 
simulated with the FLUKA software [100]. The results show 
that most detector components can sustain the radiation for 1 
year of accumulated running time. However, the innermost 
lead glass tiles of the EMC will receive a radiation dose up 
to 500 Gy. There are only a limited number of references 
about radiation hardness for the broad range of existing lead 
glass types. Thus, detailed measurements need to be carried 
out to select a lead glass type that can sustain such a high 
radiation dose.

With the 1–100 MHz event rate, HHaS is several orders 
of magnitude faster than most of the existing high-energy 
particle and nuclear-physics experiments, granting HHaS a 
great potential for discoveries and precision measurements. 
The event rates with secondary � and K beams are at 1 MHz 
and 10 kHz levels, respectively, which are limited by the 
beam intensities as mentioned in Sect. 3.

HHaS accepts charged particles with the pT above 50 
MeV/c (in case of the magnetic field of 1.5 T) and � with 
the energy above 50 MeV across a wide angular range from 
10 to 100 degrees in the polar angle ( � ) with the full azi-
muthal coverage. Some low-pT tracks may not be able to 
reach the outer barrel LGAD layer, but can swirl in-and-out 
several loops until hitting the endcap LGAD disk. A suc-
cessful momentum reconstruction and TOF measurement 
can still be achieved for these low-pT tracks, at least in low-
multiplicity events using p, � and K beams. This pT , energy 
and angle acceptance is very large for particles produced by 
a multi-GeV beam bombarding a fixed target, making HHaS 
a very efficient experiment for exclusive reaction-channel 
measurements and for the reconstruction of particles that 
decay into multiple daughters.

The hit position resolution of the pixel tracker and the 
LGAD TOF (in the r×� direction) is around or below 30 
μ m. Thanks to the good hit precision, HHaS can reconstruct 
charged-particle tracks with good momentum resolutions, 

even though the radius of the outer LGAD TOF layer is 
only 30 cm. Figure 2 shows the estimated momentum resolu-
tion as a function of pT for �± and protons at different polar 
angles, assuming a 30-� m hit position resolution and a pixel 
detector thickness of X∕X0 = 0.3% per layer.

For particles with the pT below 1 GeV/c, the dominant 
contribution of the momentum resolution is the multiple 
Coulomb scattering effect, which decreases with increasing 
pT . The hit resolution contribution, shown by the dash dot-
ted line, increases linearly with pT and becomes important 
only at a very large pT , where the particle production yield is 
very low. There is a kink structure with pT = 68 (180) MeV 
for the B = 1.5 (4) T case, because that’s the point where the 
tracks are barely able to reach the outer barrel LGAD layer. 
Below this pT , as the transverse track length increases with 
increasing pT , the momentum resolution also improves rap-
idly. Above this pT , the track becomes straighter and shorter 
as pT increases, and the momentum resolution degrades 
slightly with increasing pT , until the decrease in the multiple 
Coulomb scattering effect becomes dominant.

For most charged particles, a momentum resolution of 
around 1 % can be achieved with a magnetic field of 4 T, 

Fig. 2   (Color online) Estimated momentum resolution as a function 
of transverse momentum for �± and protons at different polar angles, 
with 1.5 T (a) and 4 T (b) magnetic fields. The momentum resolution 
from hit position resolution alone is shown by the dashdotted line
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except for very forward particles (e.g., � = 10◦ ) with a lim-
ited transverse track length or very low momentum parti-
cles which suffer from a large multiple Coulomb scatter-
ing effect. The use of a lower magnetic field strength of 1.5 
T degrades the momentum resolution to a level of 3 % but 
improves the acceptance for low pT particles.

Once the momenta are measured, charged particles are 
mainly identified by the measured TOF. Assuming an LGAD 
TOF time resolution of �t = 30 ps, the separation ability 
for various charged particles at different polar angles ( � ) 
is shown in Fig. 3. It can be seen that the e-� separation is 
the most difficult with TOF. Due to their small masses, e± 
with pT above ∼200 MeV cannot be identified clearly from 
�± with TOF measurements. Their identification must be 
achieved using the dual-readout EMC, which will be dis-
cussed later.

In Fig. 4, the pT for 4-� and 6-� �-K and K-p separation 
is plotted as a function of � on top of the produced �± , K± 
and (anti-)proton distributions for the cases of top-energy 
proton (9.3 GeV) and uranium (2.45 GeV/u) beams at HIAF 
from GiBUU [101] simulation. It can be seen that the major-
ity of the produced charged particles lie below the �-K and 
K-p separation lines, meaning that they can be well sepa-
rated with the TOF measurements. It should also be noted 
that the top-energy collisions are the most difficult cases 
for charged-particle identification. With lower beam ener-
gies, the produced particles will be distributed at larger � , 
and the mean pT will decrease slightly, making the particle 
identification easier.

For the search and measurement of decayed particles, the 
daughter particles tend to have lower pT ’s than primary par-
ticles, which dominate the distributions in Fig. 4. Figure 5 
shows the pT vs. � for the �± mesons from the � → �+�−�0 
decay in the case that the � meson is produced by a proton 
beam with a kinetic energy of 1.8 GeV bombarding a 7 Li 

target. As shown in the plot, the 4-� and 6-� �-K separation 
curves are well above the �± distribution, meaning that all 
the �± from the � decay can be well identified.

The response of the dual-readout EMC to electrons 
and � is simulated using the Geant4 package [102–104]. 
The resulting electromagnetic energy ( EEM ) resolution is 
shown in Fig. 6. An energy resolution of ∼3% @ 1 GeV can 

Fig. 3   (Color online) n� separation as a function of transverse 
momentum for various charged particles at different polar angles 
using TOF measurements

Fig. 4   (Color online) p
T
 vs. � distributions for �± , K± and protons 

produced with top-energy proton and uranium beams at HIAF from 
GiBUU [101] simulation, comparing with the p

T
 for 4-� and 6-� �-K 

and K-p separation

Fig. 5   (Color online) p
T
 vs. � distribution for �± from � → �+�−�0 

decay, for the � meson produced by a proton beam with a kinetic 
energy of 1.8 GeV bombarding a 7 Li target, comparing with the p

T
 

for 4-� and 6-� �-K separation
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be obtained. For the ADRIANO-II type calorimeter, most 
of the energy loss happens in the denser and thicker lead 
glass, where only Cherenkov light is generated. The num-
ber of Cherenkov photons generated per unit energy loss 
is orders of magnitude lower than that of scintillation pho-
tons. Thus, the total number of generated Cherenkov plus 
scintillation photons in the ADRIANO-II EMC is much 
less than that in a traditional EMC by inorganic scintilla-
tors [105]. However, due to small tile sizes, the photons 
can hit the SiPMs before traveling a very large distance. 
This helps the ADRIANO-II EMC to gain a better photon 
collection efficiency and obtain an energy resolution close 
to the expensive scintillating crystal calorimeters.

The Cherenkov-scintillation dual-readout EMC has a very 
good ability to separate electromagnetic shower signals from 
the backgrounds generated by hadrons. Figure 7 illustrates 
how electrons with selected momenta can be identified 
clearly from other charged particles using the number of 
scintillation photons vs. Cherenkov photons measured by the 
EMC. A linear cut, shown by the solid line in each panel, is 
applied to separate electrons from other charged particles. 
With this selection, the electron identification efficiency 
remains above 99% across all four momenta, while the pion 
rejection efficiency stays above 98%. Other charged hadrons, 
such as kaons and protons, can be identified from electrons 
clearly with the TOF measurements thanks to their larger 
masses, as discussed before. In contrast to the identification 
of electrons from charged hadrons, the separation of neutral 
� rays and neutrons is more challenging, because without the 
particle momentum measurement from the tracker, a � with 
a certain energy can be contaminated by a higher energy 
neutron, which leaves a part of its energy in the calorimeter 
[106–108]. Figure 8 shows the numbers of scintillation vs. 
Cherenkov photons detected by the SiPMs in the dual-read-
out EMC for � ’s and neutrons from MC simulations. The � 
sample used here comes from the � → �+�−�0

→ �+�−�� 
decay with a 1.8 GeV proton beam bombarding a 7 Li target, 
simulated with the GiBUU model [101]. The background 
neutron sample is generated for the same collision system 
using GiBUU simulation. Good � -n separation is achieved 
except for very low-energy � ’s distributed at the bottom-left 
corner of the plot. Using a boosted decision tree algorithm, 
a 98% � identification efficiency can be achieved while the 

Fig. 6   (Color online) Energy resolution as a function of energy for 
electrons and � from MC simulations

Fig. 7   (Color online) Numbers 
of scintillation vs. Cherenkov 
photons detected by the SiPMs 
in the dual-readout EMC for 
various charged particles with 
certain momenta from Geant4 
simulations. The dashed and 
solid lines show the center 
of electron distributions and 
selection cuts for electrons, 
respectively
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neutrons are rejected with 98% efficiency. Considering the 
relatively good energy resolution, the excellent electromag-
netic-hadronic shower separation ability and the very low 
cost of lead glass and plastic scintillator, ADRIANO-II is a 
very suitable and cost-effective EMC for HHaS.

With the advantage of the good hit resolution of the pixel 
tracker, HHaS is expected to have a good track-pointing res-
olution around the collision point. The dominant contribu-
tion to the track-pointing resolution is the multiple Coulomb 
scattering effect. Figure 9 shows the estimated track-pointing 
resolution as a function of pT for �± and protons at different 
polar angles. The pointing resolution for tracks with a polar 
angle of 10 degrees is better than others because they do not 
penetrate the inner LGAD barrel, which is much thicker than 
the pixel layers. For protons with a typical pT of 500 MeV/c, 

the pointing resolution is around 0.9 mm. For �± with a pT of 
200 MeV/c, the pointing resolution is about 1.5 mm. These 
mm level pointing resolutions allow HHaS to reconstruct 
secondary decay vertices precisely, so that particles with 
strangeness and hypernuclei, which have a typical decay c� 
of several cm, can be clearly identified from combinatorial 
backgrounds.

Table 2 summarizes the expected performance of HHaS, 
which is described above.

Preliminary simulations for the � meson physics to be 
conducted at HHaS are given in Ref. [42]. With a running 
time of only one month, HHaS is capable of taking a sample 
of 5.9×1011 � mesons, which is three orders of magnitude 
larger than the total � samples recorded globally to date. 
One to two orders of magnitude higher sensitivities than the 
current results can be achieved in the search for dark photon 
and dark Higgs, and the tests of C and CP symmetries. This 
demonstrates the great advantage from the outstanding event 
rate and the comprehensive capabilities of HHaS. Detailed 
simulation studies will be carried out for more potential 
physics measurements at HHaS.

6 � Summary

In summary, we propose a new experimental setup, named 
HHaS, at the HIAF high-energy station. This setup consists 
of a solenoidal magnet, a 5-dimensional pixel tracking detec-
tor employing MAPS technology, a LGAD TOF detector and 
a Cherenkov--scintillation dual-readout EMC. HHaS has a 
large particle acceptance, a typical momentum resolution of 

Fig. 8   (Color online) Numbers of scintillation vs. Cherenkov photons 
detected by the SiPMs in the dual-readout EMC for � and neutrons 
from Geant4 simulations

Fig. 9   (Color online) Estimated track-pointing resolution around the 
collision point as a function of p

T
 for �± and protons at different polar 

angles

Table 2   Summary of the performance expected for HHaS

Event rate ∼100 MHz (p beam)
∼ 1 MHz (heavy-ion beam)
∼ 1 MHz ( � beam)
∼ 10 kHz (K beam)

Angular acceptance 10◦ < � < 100◦

0 < � < 2 �
p
T
 range > 50 MeV/c (B = 1.5 T)

> 130 MeV/c (B = 4 T)
E
EM

 range > 50 MeV
Track efficiency ∼99%
TOF efficiency ∼98%
Typical momentum resolution ∼ 3% (B = 1.5 T)

∼ 1% (B = 4 T)
E
EM

 resolution ∼ 3% @ 1 GeV
Track-pointing resolution ∼0.9 mm (p@ 500 MeV/c)

∼1.5 mm ( �± @ 200 MeV/c)
Identified particles e± , � , �± , K± , p, p̄,

d, t, 3He, 4He
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∼ 1% for charged particles, an electromagnetic energy reso-
lution of ∼ 3% @ 1 GeV and a track-pointing resolution at 
the millimeter level. It can clearly identify and measure e± , 
� , �± , K± , p, p̄ , d, t, 3 He and 4He. Most impressively, the 
system can sustain interaction rates of ∼100 MHz and ∼ 1 
MHz for proton and heavy-ion beam experiments, respec-
tively. This capability sets HHaS apart from many existing 
experimental setups, making it a very versatile and competi-
tive spectrometer to search for BSM physics, to test funda-
mental symmetries, to study light hadron spectroscopy and 
related dynamics, to measure the properties of hypernuclei 
and probe hyperon--nucleon interactions, to discover exotic 
hadron states and multi-strange hypernuclei, as well as to 
map the QCD phase diagram.
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