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Abstract We present a two-target measurement method to
determine the interaction cross section of hypernuclei with
a target nucleus. The method allows to extract from two
independent measurements the production cross section of
a given hypernucleus as well as its interaction cross section
on a specific target. The latter is then further analyzed to
deduce the matter radius of the hypernucleus. The sensitivity
of the method has been investigated for the specific case of
the lightest hyperhalo candidate hypertriton (i H) produced
from 12C+!2C collisions at 1.9 GeV/nucleon. Furthermore,
its feasibility is demonstrated by detailed simulations for
realistic experimental conditions at GSI/FAIR, using a dedi-
cated HYDRA (HY pernuclei Decay at R*B Apparatus) time-
projection chamber prototype. A precision of 15% or better
in the interaction cross section can be achieved, allowing an
extraction of the unknown f\H matter radius and assessing
its halo or non-halo character.

1 Introduction

Hyperons (A, X, E, ) are baryons with at least one strange
valence quark. The lightest hyperon, A, can only decay into
a pion and a nucleon through the weak interaction, while
the strong interaction conserves strangeness. The very short
lifetime of hyperons (263 ps for the free A [1]) makes it
technically extremely difficult to perform scattering or cap-
ture experiments with hyperon beams to study the hyperon-
nucleon (YN) and hyperon-hyperon (YY) interactions. Few
pA scattering data exist [2] and recent femtoscopy measure-
ments provide new constraints on the bare YN and YY interac-
tions [3,4]. Interestingly, hyperons can form bound systems
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with nucleons and create short-lived hypernuclei [5]. The
extended exploration of the hypernuclear landscape opens
a new area for nuclear structure and many-body baryonic
interaction studies. Thanks to the absence of Pauli blocking
with nucleons, a A hyperon can occupy any orbital inside the
nucleus and can be used as a probe of the inner nuclear den-
sities [6], barely accessible otherwise with the exception of
electromagnetic probes only applicable to stable nuclei. The
measured binding energies and energy differences between
spin doublet states in hypernuclei give precise information
on the YN interaction [7]. Study of YY interactions at satura-
tion density is also expected by measuring the fine structure
of double-A hypernuclei [8].

Hypernuclei presenting a halo have been predicted (see
e.g. [9-12]). A nuclear halo is an intriguing quantum tun-
nelling phenomenon observed in nuclei at the dripline. The
notable feature of halo nuclei is the large nuclear size due
to the extended distribution of the halo nucleon(s) outside
the region authorized by classical mechanics, typically larger
than 50% probability [13]. The hypertriton j\H is an excellent
candidate for a A halo in its ground state since the A is only
bound by 130 & 50(stat.) & 40(sys.) keV [14] to a deuteron,
areference value from emulsion measurements. Meanwhile,
a recent STAR measurement resulted in 410 £ 120(stat.) £+
110(sys.) keV [15], whereas a smaller value of 72 &+ 63(stat.)
4 36(sys.) keV [16] was obtained by the ALICE collabora-
tion. Due to the weak binding, the lifetime of f\H is expected
to be not significantly different from that of the free A which
is still under debate due to the dispersion of different mea-
surements [16-20], although the most recent experimental
value of 253 £ 11(stat.) &£ 6(sys.) ps [16] by the ALICE col-
laboration is compatible with the free A lifetime. Unlike the
halo in exotic nuclei, the spatial extension of hypernuclear
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halos has not been directly studied experimentally so far. It
is expected that the glue-like role of a hyperon can facilitate
the existence of hypernuclear neutron or proton halo state if
the core nucleus is weakly unbound [10]. Two such inter-
esting candidates are ?\He (S, =0.17 MeV) and Z\Be (82 =
0.67 MeV) [10]. Exploring these weakly bound hypernuclear
systems can provide a unique opportunity to study the fun-
damental hyperon-nucleon interactions, which are not well
constrained due to the lack of scattering data. New informa-
tion on exotic hypernuclei would reveal facets of the YN and
YNN interactions and would be an important benchmark for
ab initio theories [21].

Light hypernuclear halos might be a key probe to under-
stand the formation of nuclei in relativistic heavy-ion col-
lisions, as currently performed at LHC with ALICE and at
FAIR with CBM in the future. Indeed, coalescence mod-
els have been extensively used to describe the formation of
composite objects (see e.g. [22-25]). Surprisingly, thermal-
statistical models have been successful in describing the pro-
duction of light (anti-)(hyper-)nuclei across a wide range of
energies in A + A collisions [26,27]. The nucleosynthesis
mechanism in relativistic ion collisions might be revealed by
light halo hypernuclei under the condition that their basic fea-
tures such as size and binding energy are known [28]. Indeed,
thermal + blast-wave and coalescence models give very dif-
ferent predictions for the production of f\H as a function of
the source size in the case iH has an extended wave function.
Therefore, it is essential to determine the hypertriton matter
radius experimentally to be used as an input, and not a free
parameter, in coalescence models. Predictions for the matter
radius of hyperhalo iH vary between 4-10 fm, depending on
the binding energy. The structure of the hypertriton was stud-
ied within the pionless effective field theory (EFT), where a
strong correlation between the binding-energy and its matter
radius was found [29]. Considering the reference separation
energy of 130 keV gives a matter radius of 4.9 fm. Lower
binding-energy leads to higher values of the matter root mean
square (rms) radius that can reach up to 10 fm [28].

Measuring the matter radius of hypernuclei is challeng-
ing for two main reasons: their low production cross section
and their sub-nanosecond lifetime. Although there are dif-
ferent experimental methods to determine the matter radius
of a nucleus, some of them require a high luminosity and are
only applicable to stable nuclei, such as parity-violating elec-
tron scattering [30], or coherent photo-pion production [31].
Proton elastic scattering is in principle applicable to short-
lived nuclei [32] but still requires beam intensities close to or
above 10* particles per second (pps). In the case of very low
intensities, the measurement of interaction or reaction cross
sections of a projectile with an ion target can lead to a quan-
titative assessment on its matter radius. This was historically
pioneered by Tannihata et al. for the two neutron-halo ''Li
[33]. Another observable being sensitive to a halo-like den-
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sity tail of the wavefunction is the electromagnetic response
or Coulomb cross section, as well known from studies of
halo nuclei [34]. A quantitative prediction of the effect for
the case of the hypertriton has been made recently in Ref.
[35].

In the following, we present a method adapting the
interaction-cross section measurement to hypernuclei. We
demonstrate that a reasonable sensitivity to the interaction
cross section can be achieved and give quantitative constraint
on the matter radius of hypertriton.

2 The two-target method
2.1 General description

The method allows to measure the interaction cross sections
of hypernuclei (ﬁX) with a target nucleus and from these
infer their matter radii. Hereby, the term ’interaction cross
section’ refers to all reactions that lead to a final state that is
different from the initial hypernucleus in a bound state.

The population of hypernuclei inside the target region
depends on two main processes: (i) the beam interacts with
the primary target and according to the production cross sec-
tion op of the hypernuclei (unknown, since only few data
with large uncertainties exist) a certain yield of hypernuclei
is produced, (ii) this yield is then attenuated by the interac-
tion with the target nuclei, according to the interaction cross
section o p g of the hypernucleus with the target (unknown) or
decay according to its lifetime 7. To obtain the two unknown
cross sections, it is proposed to perform two separate mea-
surements. In principle, there are several experimental con-
figurations that can be considered to reach this objective. The
first possibility includes a single measurement using two tar-
gets of thicknesses, dj and d», separated by a flight gap L. This
configuration requires less beam time since the measurement
from both targets is done only once. However, distinguish-
ing whether the primary vertex is allocated inside target 1
or 2 is technically challenging, and would require a high-
granularity high-rate tracking detector placed in between the
two targets. The second configuration introduces two inde-
pendent measurements using the same beam and two targets
of the same material but with increasing thickness. Although
it requires a longer beam time, reconstruction of the decay
vertex distribution (DVD) can be obtained with high accu-
racy as it is done with two independent measurements. The
third configuration includes two independent measurements
using the same target but two different beams with differ-
ent hypernuclei production cross-section. It requires a long
beam time and since the hypernuclei production cross section
is low (~ ub) such an option would require a measurement
with a production cross section significantly lower than the
other, i.e., extremely beam-time consuming. For these rea-
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Fig. 1 Yield of hypernucleus ?X along the flight path assuming dif-
ferent interaction cross sections (different curves), and a '2C beam at
1.9 GeV/nucleon with intensity of 10° pps impinging on a carbon target
of thickness d = 5 cm (blue shaded band)

sons, we focus here on a method based on two separate mea-
surements with identical beam and with two different target
thicknesses of the same material, which will allow to access
both o and o5 g. For simplicity, the interaction cross section
of projectile-like hypernucleus (ﬁX) with a target (*Y) can
be expressed by the geometrical cross section

oar = T[R(GX) +RAY)?, (1)

where R(AY) = Ry A% and Ry = 1.25 fm. For the iH, the
interaction cross section will be analysed in Sect. 2.3 within
the eikonal formalism to obtain a microscopic connection to
its matter radius.

Hypernuclei produced will be reconstructed via the
invariant-mass method by measuring the weak decay prod-
ucts in the final state. The observable that will be used to
determine the interaction cross section is the mesonic DVD
along the flight path downstream the target. The sensitivity
of the DVD to o5 g (and consequently to the matter radius)
is demonstrated in Fig. 1 for a generic hypernucleus, assum-
ing: T =200 ps, oo = 1.8 ub (see Sect. 2.3) and different
interaction cross sections cpg =0b, 1 b, 5b. A sudden drop
in the DVD can be seen due to the interaction downstream
the target.

Below, a description of the method is presented, as well
as its sensitivity for the specific case of iH by an estimate of
the uncertainties of its interaction cross section.

2.2 Analytical formulation

In the following, the second experimental configuration will
be analyzed: the first measurement is done using only one
cylinder of thickness d; and a second one with two cylin-
ders of thicknesses, d; and d», separated by a flight gap L.
For L=0, this corresponds to two independent measurements
with a target thickness d; and a target of thickness d| + d>.
Assuming that all particles propagate along the beam axis (z),
the population N (z) of beam particles and N (z) of hyper-

is the reaction cross section of the beam projectiles with the
targets, n the number density of the targets, B the velocity
of the f\X in the laboratory frame, y its Lorentz factor, t its
lifetime and ¢ the speed of light. The boundary conditions
are Npo(0) =0and N(0) = No = I - t, where [ is the beam
intensity and ¢ is the total measurement time.

Once the DVD of ﬁX along the beam axis (z) has been
extracted, it is of particular interest to extrapolate the popu-
lations at the exit of the targets, where the contribution from
their interaction is the largest, this corresponds to Np (dp)
from the first measurement and N (d; + L + d») for the sec-
ond one. These two quantities can be analytically calculated
using the set of equations defined in Eq. 2. By taking the
ratio between the two populations, we eliminate the explicit
dependence on o . Re-arranging the terms one gets the fol-
lowing analytical formulation of the ﬁX interaction cross
section:

Al — e~ Bowdy = (FtBorn )

—Ae BOaR)dr o =Bloar)dr 4 4 _ 1 =, 3)

where, to help the readability of the equation, the following
substitutions have been used

1
B(oAR) = nopAR + —— —nog,
yBct

B N (d1) No.a,
Na(di + L + d2) No,q,

—nog d.
e rRd2

No.q; = -t o is the number of beam projectiles that impinge
on the first target (z = 0) for the first measurement, No 4, =
I -t (1 — &) is that on the second target (z = d; + L) for the
second measurement and « represents the share of the total
beam time among the two measurements, i.e., 0 < o < 1.
Note that the ratio between the two populations is contained
in variable A, while the processes that affect the hypernuclei
populations are contained in the function B(oa g).

In addition, for the case L = 0, Eq. 3 can be re-written as:

e BOaR)di _ p o~Bloap) (ditd) _ 1 L 4 = 0, 4)

Na(d1)No,a,
Na(di + dr)No,qg,

where A = . e MORd2
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2.3 Sensitivity in the case of iH+12C at 1.9 GeV/nucleon

The sensitivity of the method is investigated for the case
of the hypertriton (iH), where the considered production
and decay channels are '>C + 12C — X + iH and iH —
3He + 7~ (branching ratio, BR = 26% [36]), respectively. As
presented in Sect. 1, itis of particular interest to study the size
of f\H, the lightest predicted hyperhalo. In such a case, we
cannot consider here the traditional geometrical interaction
cross section of hypernucleus (Eq. 1), since the hypertriton
is expected to be a dilute object for which the black-disk
limit may not be suited. Instead, the correlation between the
measured interaction cross section and the matter radius of
iH will be analysed with microscopic wave functions and the
eikonal formalism, valid at the considered incident energies,
beyond the simplistic geometrical ansatz.

The required inputs for the calculation are (i) the density
distribution of '2C, (ii) the density distributions of the A and
the deuteron in the center of mass of iH, (iii) proton-neutron
and proton-proton total cross sections, (iv) A-nucleon total
cross sections. Nucleon-nucleon cross sections at energies
of ~ 2 GeV have been measured [37], and the density
distribution of 2C can be considered well known, in par-
ticular, its charge density distribution from precision (e, e)
measurements [38]. The neutron density distribution can
be considered identical, as a good approximation. The A-
nucleon total cross sections have been measured [39,40]
and show a flat behaviour over a large range of energies.
The measured values, fitted over momentum p in GeV/c, of
o(Ap) = (3434 1.5 mb — p~!1(—3.8 4 17.6) mb GeV/c
and o (An) = (34.1£3) mb —p_1(33 +35) mb GeV/c are
close to the nucleon-nucleon total cross sections. Note that
at the energies relevant in this paper, the total cross section
is expected to reflect the size of the colliding baryons, and
show little momentum dependence (less than 1%), consistent
with the above mentioned measurements. The radial density
distributions for the neutron, proton and A in hypertriton are
taken from theory. In the case of the pionless EFT, the rms
radius of iH can be tuned by modifying the A separation
energy, as illustrated in [29]. We provide here the results for
such calculations for hypertriton separation energies of 50
keV (rms radius = 7.9 fm from pionless EFT), 130 keV (rms
radius = 4.9 fm) and 410 keV [15] (rms radius = 2.8 fm).
The obtained cross sections are 1062 mb, 861 mb and 645
mb, respectively. In this section, the different predictions of
the iH matter radius, and consequently interaction cross sec-
tion (oA g), will be analyzed considering detection efficiency
eder = 100% for the weak decay products, where in the next
section realistic conditions are considered.

@ Springer

The statistics of the experiment plays a fundamental role in
the proposed method and determines the choice of the beam
and targets. For the purpose of this sensitivity study, we con-
sider realistic beam conditions at GSI/FAIR [41]: beam inten-
sity I = 10° pps, beam energy Epean = 1.9 GeV/nucleon,
and a total beam time ¢ = 1 day. At this energy the measured
reaction cross section '2C+!2C equals o = 888 £ 19 mb
[42]. The method is general and applicable to other beams
and different energies under the condition that it is above
the A production threshold of 1.6 GeV/nucleon (elementary
process NN — A K N). In terms of the experimental setup,
the parameters taken into consideration are: the target thick-
nesses (d; and d»), the flight gap (L), and the share of total
beam time among the two measurements («). The mean free
path of 12Ciin the target is calculated tobe & = 1/(ogn) = 10
cm. In the case of a pronounced halo, the mean free path of the
hypertriton is expected to be also in the order of 10 cm, which
therefore, limits the maximum target thicknesses to avoid
too many reactions. We analyze the contribution of these
parameters to the uncertainty of the oa g (§oa ) considering
a lifetime 7(3 H)= 223717 ps [43]. The trend of the figures
presented in this section is not affected by the choice of the
lifetime, therefore the conclusions drawn from the method
will remain unchanged. Note that Eq. 3 cannot be solved
analytically, therefore the numerical bisection method [44]
was used.

Figure 2 shows the resulted relative uncertainty of o g
(Soar/oar) as a function of the target thicknesses for dif-
ferent matter radii. In the case of L = 0 and @ = 50% a
minimum is reached, where the lowest values of oo r/oAR
are obtained using a thin target for the first measurement,
dy ~ 3 cm, and a thicker target for the second one, d +dp ~
8 —11 cm. The values of d; = 3 c¢m for the first measurement
and di + dy = 11 cm for the second one will be used in this
section.

The top panel of Fig. 3 shows the dependence of
doar/oar as a function of «, considering L = 0, where
a minimum is reached for 50% < a < 70%. The bottom
panel of Fig. 3 shows the trend of oz g /oA r as a function of
the flight gap (L) for a fixed @ = 50%. The introduction of a
gap between the two targets will only degrade the uncertainty
as the yields of ?\H will be reduced due to its decay.

To conclude, the optimal configuration obtained with the
proposed method is: no gap between the two targets (L = 0),
same boundary conditions of the beam for the two measure-
ments (N(gl) = N(gz)), and a large difference between the two
target thicknesses. Specific values for the last parameters can-
not be given as they strongly depend on the experiment, and
therefore have to be evaluated accordingly.
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Fig. 2 Relative uncertainty of hypertriton interaction cross section (Soaz/oag) with '2C for several matter radii as a function of the target
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Fig. 3 Top: relative uncertainty of hypertriton interaction cross section
(8oar/oAR), considering L = 0,d; =3 cmandd; +d = 11 cm, for
several hypertriton radii for a given amount of total beam time (1 day)
as a function of . Bottom: (§op g/oAR) as a function of the flight gap
L, considering o = 50%

3 Realistic implementation of the method: HYDRA at
R’B

3.1 Proposed experimental setup

The technique of using relativistic heavy-ion collisions to
produce hypernuclei was first introduced in 1973 [45]. Since

then, it has been exploited with light ions at several facilities
[46-48]. The R3B (Reactions with Relativistic Radioactive
Beams) setup at GSI/FAIR has the potential for a world-
unique contribution to the study of A-hypernuclei using rel-
ativistic stable and radioactive beams [49,50]. Radioactive
ion beams with kinetic energy above the production thresh-
old of 1.6 GeV/nucleon can be transmitted by the current
fragment separator FRS (Bpmax = 18 T - m) and the next-
generation fragment separator Super-FRS (B pmax =20 T-m)
in the future. In the example presented in this paper a stable
beam of '>C is considered.

Since light hypernuclei decay via pion (7 ~) emission,
a dedicated setup providing sufficient acceptance and effi-
ciency for low rigidity pions is required. Here, we introduce
such a new experimental approach for kinematic-complete
measurements, based on the detection of 7~ by a dedicated
time-projection chamber (TPC) from the decay of hypernu-
clei produced in heavy-ion collisions on a production tar-
get. The TPC is named HYDRA, standing for HY pernuclei
Decay at R’B Apparatus, where its prototype is shown in the
bottom panel of Fig. 4: it is 1/3 the size of the full detec-
tor, with an active area of 88 x 256 mm? and has a drift
region of 300 mm long. In addition to the TPC, a plastic wall
behind the exit window of the TPC is employed as a start of
the drift time measurement and for triggering. Decayed frag-
ments (*He for iH) can be measured by scintillator fibers
and plastic array (TOFD) in R3B standard setup. The pro-
duction targets, HYDRA prototype TPC and two additional
fiber detectors, to determine the ion residue trajectories fol-
lowing the decay of hypernuclei, will be installed inside the
GLAD magnet [51] of the R3B setup, see Fig. 4 (top) for a
schematic view of the experimental setup at R’B.

The first hypernuclear experiment to be performed at R>°B
focuses on the determination of the interaction cross sec-
tion (and consequently the matter radius) of the hypertriton,
using the two-target method introduced in this paper. The
production and decay channels are the same introduced in

@ Springer
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Fig. 4 Top: schematic of the experimental setup at R3B for invariant-
mass spectroscopy of hypernuclei. Simulated trajectories correspond to
weak decay events of iH into 7~ (green) and *He (blue) after being
produced from '2C+'2C collisions at 1.9 GeV/nucleon. Positions of the
detectors are optimized for the invariant-mass resolution and efficiency.
Bottom: sketch of the HYDRA TPC prototype geometry and the exper-
imental concept. The TPC aims at measuring 7w~ from the mesonic
decay of light hypernuclei. The trajectory of the 7~ is deflected in the
GLAD magnetic field of around 2 T

the previous section, Res2c 5 X+ ZH and iH — 3He +
7, respectively. Realistic experimental conditions impose
several limitations that cannot be neglected and are discussed
in this section. The beam configuration which will be used
is: 12C with I = (1 — 5) - 10° pps (trigger rate limitation,
see below), Epeam = 1.9 GeV/nucleon (maximum energy
accessible currently at GSI), and t = 8 days (to ensure suf-
ficient statistics). Since the production cross section of the
hypertriton is predicted to be very low 1.8 ub [50], high inten-
sity beam, O(10° pps) is necessary. Combined with a thick
target, this will lead to a high production rate of secondary
particles and consequently a high trigger rate. Monte-Carlo
simulations (using INCL++ [52] for fragmentation and the
Dubna cascade model [53] for hypernuclei production) for a
6-cm thick '?C target and beam intensity of 10° pps result
in a trigger rate (coincidence between the trigger wall and
TOFD, see Fig. 4) of 30 kHz. This is at the limit of the possi-
ble accepted rate by the R3B setup, and as a consequence, the
maximum target thickness has to be fixed to d,;,;c = 6 cm.
With this condition, the minimum uncertainty for the inter-
action cross section is obtained using d; = 1 cm and d, =
Scm.
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In the previous section, the detection efficiency has been
neglected, i.e., assuming &4.; = 100%. Here, several factors
have to be taken into account: (i) detection efficiency of the
7~ in the TPC 29%, (ii) detection efficiency of the fragment
in the tracking detectors 60%, (iii) dead time, spill structure
and acceleration duty 40%, (iv) analysis loss 20%.

3.2 Background estimate and measurement sensitivity

The produced hypertritons are tagged and identified by the
invariant mass from their weak decay channel 7 ~+>He.
Howeyver, the interaction of the 12C beam with the two car-
bon targets used for the measurement can produce aw ~ and a
3He ion which do not emerge from the decay of iH, and can
therefore lead to background in the invariant-mass spectrum.
The possible background contributions are: (1) the coinci-
dence of 7~ and 3He both produced from the fragmentation
of 12C, (2) the decay of a heavier hypernucleus which decays
via pion emission together with a multi-ion final state that
includes *He, and (3) a 7~ from the decay of a free A,a K (S)
or a heavier hypernucleus and *He produced in coincidence
from the fragmentation of the '2C projectile. The following
estimate does not take into account the two-step strangeness
production, i.e., the production of hypertriton from fragments
withA>3 and Ey;;, >1.6 GeV/nucleon formed in the primary
collision. The maximal number of f\H produced from such
a two-step process was estimated as 3% of the total amount
of iH produced by the primary interaction and is therefore
neglected. In order to estimate this upper limit the following
assumptions have been made: (i) all fragments are produced
at the entrance of the target, (ii) the fragments with A>5 have
a production cross section of 1 ub, while for A< 5 are esti-
mated from Ref. [50] which gives values smaller than 1 ub.
The background from (1) can be mostly removed by
selecting the decay vertex position upstream the target [50].
The other two sources of background involve a weak decay,
and therefore the pion emission outside the target as in the
case of hypertriton decay. The background from (2) was
quantified assuming a mesonic decay of the heavier hypernu-
cleus, followed by the Fermi breakup of the decayed heavy
residue. The relative kinetic energy between 7~ and *He
from such background will be always few MeV smaller than
43 MeV, that is the Q-value for the decay of iH and therefore
itis well separated from the invariant mass spectrum and the
effect of background (2) can be considered as negligible.
The main source of background in the invariant-mass
spectrum comes from (3). These background events can be
reduced by requiring that (i) the tracks of the detected decay
pion and *He intersect (5-mm minimum distance between the
two tracks), (ii) the obtained decay vertex is outside the target
by more than 10mm, (iii) the distance between the recon-
structed hypertriton track and the beam trajectory is within
Smm, (iv) kinetic energy of the reconstructed hypertriton



Eur. Phys. J. A (2023) 59:139 Page 70of 8 139
2000— [ signal Table 1 Interaction cross sections for }\H with 12C using Eq. 4, assum-
C Background ing two independent measurements with 1-cm and 6-cm thick carbon
— 1500~ targets. Uncertainties from statistics and background subtraction are
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£ 1000F- Radius (rms) [fm] oag [mb] Soar/onr [%]
3 r
° b 2.8 (no halo) 645 £ 106 17
r 4.9 861 £ 129 15
o — 7.9 1062 £ 134 13
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Invariant mass 7+ *He [MeV]

Fig. 5 Simulated invariant-mass spectrum of i\H for 8 days of beam
time on target (see text for details)

should be less than 1.8 GeV/nucleon, determined through a
comparison of the mixed events background and simulated
signal distribution. The above cuts result in a signal over
background of ~3 see simulated spectrum in Fig. 5, while
reducing the statistics of good events by 20%. The primary
factors that contribute to the reduction are (i) and (ii), which
are based on estimation of the vertex reconstruction precision
described below. Yet, to test the sensitivity we varied the val-
ues by a factor of 2, i.e., setting (i) to less than 10 mm and (ii)
to greater than Smm. The resulted signal over background
ratio will decrease by a factor of 2.

In the simulation, we estimate an invariant-mass resolu-
tion of 2 MeV (sigma) based on the momenta of 7~ +3He.In
particular, the pion measurement in the TPC is challenging
and requires a dedicated reconstruction algorithm, suited for
non-homogeneous magnetic field such as that of the GLAD
magnet. Therefore, to be conservative, the simulation results
presented in this section have been obtained assuming a ver-
tex resolution of Smm. A full simulation for precise recon-
struction vertex algorithm is currently under development,
and further details are provided below.

The reconstruction of kinematics from the tracks recorded
by the HYDRA TPC can be realized using a sequential pro-
cess that includes track finding and fitting. Particles travers-
ing the TPC will ionize the gas producing ionization electrons
that are drifted to the segmented TPC pad plane. Using the
pixel (pad) position and the drift velocity of the electrons,
tracks can be reconstructed in three dimensions obtaining a
collection of points in the space representing the track (hit
pattern).

From the Langevin description of the drift, which takes
into account the non-uniformity of the GLAD magnetic field,
the electrons drift velocity and diffusion are calculated and
applied to each electron. The procedure results in a three-
dimensional hit pattern reflecting the pad plane information,
which represents the real trajectories of the particles in TPC.
The fitting of the individual trajectories uses a pattern recog-
nition algorithm based on clusterization that assigns each
particle track a collection of points of the hit pattern. Once

this is achieved, they can be fitted to extract the kinemat-
ics from the track curvature and the energy loss using the
so-called Kalman filter [54].

An example of the application of the filter fitting for
charged particle tracks in the range of momentum of interest
can be found in Ref. [55]. The algorithm provides a resolu-
tion for the transverse momentum of (1-2)% for deuterons
and tritons, close to the limits imposed by the spatial res-
olution and multiple scattering. In addition, a Runge—Kutta
representation of each track can be used to extrapolate the
track back to the target position out of the TPC and recon-
struct the vertex with an intrinsic resolution of about 2 mm
(standard deviation).

The GENFIT package [56], which offers a complete
Kalman filter fitter has been implemented within the analysis
flow for HYDRA. Preliminary results for the reconstruction
of simulated 7 ~’s at 800 MeV/c with a homogeneous mag-
netic field of 2 T yield a momentum resolution of the order
of 0.6%, adequate for inferring the kinematics of the reaction
channel of interest.

Overall, using the HYDRA prototype, a precision of
15% or better for the interaction cross section, in the case
of halo hypertriton, can be reached for d; = 1 cm and
di+d> = 6 cm, within 8 days of beam time at ~ (1 —5)- 100
pps., see Table 1 for details. In the HYDRA pioneering exper-
iment, the main limitation arises from the reduced size of the
TPC prototype. To compensate for this loss in efficiency, all
other experimental conditions are maximized, in the limits of
the experiment feasibility. In the future, more precise mea-
surements can be achieved using the full-size TPC and an
optimize setup accordingly.

4 Conclusions

We presented here an experimental approach to extract the
interaction cross section of hypernuclei with a target nucleus
via a two-target measurement. Performing two separate mea-
surements with both thin and thick targets of the same mate-
rial gives access to the production cross section of hypernu-
clei, poorly known to date, and their unexplored interaction
cross section.

@ Springer



139 Page 8 of 8

Eur. Phys. J. A (2023) 59:139

As aproof-of-principle, we performed a detailed study for
the specific case of the lightest hyperhalo candidate ?\H pro-
duced from '>C+'2C collisions at 1.9 GeV/nucleon. The sen-
sitivity of the method was investigated using a full simulation
of realistic experimental configuration at R’B (GSI/FAIR).
The measurement principle is based on the weak decay chan-
nel of f\H into 7 ~4>He via the invariant mass with high
resolution. For the pioneering experiment foreseen at RB,
we demonstrate that the interaction cross section of a halo
hypertriton can be determined with a precision of 15% or bet-
ter, mainly limited by statistics. When analyzed within the
eikonal formalism, the interaction cross section is linked to
the matter radius, thus allowing to assess the predicted halo
nature of iH
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