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We present the measurement of the energy spectrum of the boron flux in cosmic rays based on the
data collected by the CALorimetric Electron Telescope (CALET) during 7.25 years of operation
on the International Space Station. The energy spectrum is measured from 8.4 GeV /n to 3.8 TeV/n
with an all calorimetric instrument with a total thickness corresponding to 1.3 nuclear interaction
length and equipped with charge detectors capable of single element resolution. The observed
boron flux shows a spectral hardening at the same transition energy Ey ~ 200 GeV /n of the carbon
and oxygen spectra, though B flux has a different energy dependence with respect to C and O.
Within the limitations of our data’s present statistical significance, the boron spectral index change
is found to be slightly larger than that of carbon and oxygen, which are similar. A corresponding
break in the energy dependence of the B/C and B/O flux ratios also supports the idea that the
secondary cosmic rays exhibit a stronger hardening than primary ones. Moreover, interpreting our
data with a Leaky Box model, we argue that the trend of the energy dependence of the B/C and
B/O ratios in the TeV/n region could suggest a possible presence of a residual propagation path
length, compatible with the hypothesis that a fraction of secondary B nuclei can be produced near

the cosmic-ray source.
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1. Introduction

Secondary cosmic-ray (CR) nuclei, such as Li, Be, B, are produced by the spallation reactions of
primary CR, injected and accelerated in astrophysical sources, with nuclei of the interstellar medium
(ISM). Measurements of the secondary-to-primary abundance ratios (as B/C or B/O) make it
possible to probe galactic propagation models and constrain their parameters, since they are expected
to be proportional at high energy to the average amount of material A traversed by CR in the Galaxy,
which in turn is inversely proportional to the CR diffusion coefficient D. Earlier measurements
[1-5] indicate that A decreases as a power-law of the energy per nucleon A o« E~%, where § is
the diffusion spectral index. The recently observed hardening in the spectrum of CR of different
nuclear species [6—11] can be explained as due to subtle effects of CR transport including: an
energy-dependent diffusion coefficient [12—14]; the possible re-acceleration of secondary particles
crossing a supernova shock during propagation [15]; and/or the production of a small fraction of
secondaries by interactions of primary nuclei with matter (source grammage) inside the acceleration
region [16—18]. To study these phenomena, a precise determination of the energy dependence of A
is necessary, which can be obtained by extending the measurements of secondary CR in the TeV/n
region with high statistics and low systematic uncertainties.

New direct measurements of the energy spectrum of boron and its flux ratio to carbon and oxygen
in the energy range from 8.4 GeV /n to 3.8 TeV /n are presented here, based on the data collected by
CALET [19, 20] from Oct. 13,2015 to Dec. 31, 2022 aboard the International Space Station (ISS).

2. Detector

The CALET instrument comprises a CHarge Detector (CHD), a finely segmented pre-shower
IMaging Calorimeter (IMC), and a Total AbSorption Calorimeter (TASC).
The IMC consists of 7 tungsten plates interspaced with eight double layers of scintillating fibers,
arranged along orthogonal directions. Fiber signals are used to reconstruct the CR arrival direction
by applying a combinatorial Kalman filter [21]. The estimated error for light nuclei is ~ 0.1°, while
the spatial resolution of the impact point on the CHD is ~220 um.
The CHD, located above the IMC, is comprised of two hodoscopes (CHDX, CHDY) made of 14
plastic scintillator paddles each, arranged perpendicularly to each other. The particle identification
is based on the charge values reconstructed, on an event-by-event basis, from the measured energy
deposit in each CHD layer (Zcuapx, Zcapy) and the average of the dE /dx samples along the track
in the top half of IMC layers (Zimc) [7]. The CHD can resolve individual chemical elements from
Z = 1t0 40, while the saturation of the fiber signals limits the IMC charge measurement to Z < 14.
The charge resolution is ~ 0.15 e for CHD (0.24 e for IMC) in the elemental range from B to O.
The TASC is made of 12 layers of lead-tungstate bars, each read out by photosensors and a front-end
electronics spanning a dynamic range > 10°. The total thickness of the instrument is equivalent to
30 radiation lengths and 1.3 proton nuclear interaction lengths.
A long campaign of beam tests were carried out at the CERN-SPS to calibrate the detector with
protons, electrons and ion fragments [7, 22]. Detailed Monte Carlo (MC) simulations of the
instrument have been performed, based on the EPICS package [23]. Independent simulations based
on Geant4 10.5 [24] are used to assess the systematic uncertainties.
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Figure 1: (@) Zcyp (mean value of Zeppy and Zeypy) distribution measured in FD in the energy interval 158 < Easc/GeV <251,
compared with MC simulations. (b) Track width (TW) of B events selected in the same energy bin by means of CHD only, with
superimposed the MC distributions of B and background nuclei (mainly proton, He, C).

3. Data analysis

We have analyzed flight data (FD) collected in 2554 days of CALET operation aboard the ISS.
Raw data are corrected for non-uniformity in light output, time and temperature dependence, and
gain differences among the channels by using penetrating protons and He particles selected by a
dedicated trigger mode [25].

B, C and O candidates are searched for among events selected by the onboard high-energy (HE)
shower trigger, which requires the coincidence of the summed signals of the last two IMC double
layers and the top TASC layer. The total observation live time for the HE trigger is T = 5.28 x 10*
hours, corresponding to 86% of the total observation time. The reconstructed events are required
to traverse the whole detector (i.e., from CHD top to TASC bottom, with 2 cm clearance from the
edges of the TASC top layer) and be contained inside a fiducial region, with a geometric factor
SQ ~510 cm?sr. Events entering the instrument from lateral sides and erroneously reconstructed
inside the fiducial acceptance are rejected, with very high efficiency, by means of topological cuts
based on the the shape of the longitudinal and lateral shower profiles.

B, C and O candidates are identified by applying window charge cuts of half-width 0.45 e to the
charge peaks in the Zcyp distribution (Fig. 1(a)), obtained after requiring that the three independent
charge measurements Zcypx, Zcupy and Zpyc are compatible with each other. An additional cut
on the track width! (TW < 0.2) is applied to reject particles undergoing a charge-changing nuclear
interaction in the upper part of the instrument, as shown in Fig. 1(b). A fraction (~ 8%) of events in
the final candidate samples are discarded in the analysis, since they have reconstructed trajectories
pointing to obstacles (e.g. ISS solar panels, robotic arms) partially shielding the field-of-view of
CALET (at angles > 45°).

With this selection procedure about 2.3x10% B, 1.1x10° C and 2x10° O nuclei are identified. The
energy spectrum for each species is obtained from the distribution of the TASC energy deposit sum

!defined as the difference, normalized to the particle charge, between the total energy deposited in the clusters of
nearby fibers crossed by the reconstructed track and the sum of the fiber signals in the cluster cores.
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(Etasc) as follows:

_ N(E)
B(E) = AE ¢(E) SQT )
N(E) = U [Nops(Erasc) — Npg(Etasc)| (2)

where: AFE is the energy bin width; E the kinetic energy per nucleon calculated as the geometric
mean of the lower and upper bounds of the bin; N(E) the bin content in the unfolded distribution;
&(E) the total selection efficiency [7, 26]; U() the iterative unfolding procedure [27] which is applied
to correct the Easc distribution for significant bin-to-bin migration effects (due to the limited TASC
energy resolution, ~ 30%) and infer the primary particle energy; N,ps(ETasc) the bin content of the
observed energy distribution (including background); Np(Etasc) the bin content of background
events in the observed energy distribution. The total background contamination of B is ~ 1% for
Etasc < 10? GeV and grows logarithmically with Etasc above 10% GeV, approaching ~ 7% at
1.5 TeV. The background contamination is < 1% in C and O spectra. The isotopic composition of
boron is assumed as ''B/(!°B +'!B) = 0.7 for all energies.

Several sources of systematic uncertainties were investigated, including trigger efficiency, charge
identification, energy scale correction, unfolding procedure, MC simulations, B isotopic composi-
tion, and background subtraction. The main contribution comes from the different MC simulations
(EPICS vs. Geant4) used in the analysis, which produce similar selection efficiencies but energy
response matrices that differ significantly in the low- and high-energy regions. The resulting fluxes
for B (C, O) show discrepancies not exceeding 6% (10%, 4.5%) below 20 GeV /n and 12% (10%,
12%) above 300 GeV /n, respectively. Breakdown of systematic errors can be found in [26].

4. Results

The energy spectra of B, C and O and their flux ratios measured with CALET are shown
in Fig. 2 and compared with earlier results from space-based [1, 2, 5, 6, 11] and balloon-borne
[3, 4, 28, 29] experiments. The B spectrum is consistent with that of PAMELA [5] and most of the
earlier experiments but the absolute normalization is in tension with that of AMS-02, as already
pointed out by our previous measurements of the C, O and Fe fluxes [7, 30]. However we notice
that the B/C and B/O ratios are consistent with the ones measured by AMS-02. The C and O spectra
shown here are based on a larger dataset but they are consistent with our earlier result [7, 26] and
includes an improved assessment of systematic errors.

Figure 3 shows the fits to CALET B and the combined C and O data with a double power-law
function (DPL)

C(G_EV))/ E < Ey
O(E) = 3
& (E) o ¥

where c¢ is a normalization factor, y the spectral index, and Ay the spectral index change above
the transition energy Ey. A single power-law function (SPL) is also shown for comparison, where
Ay = 0 is fixed in Eq. (3) and the fit is limited to data points with 25 < E < 200 GeV/n and
extrapolated above. The simultaneous DPL fit to the C and O spectra (with common parameters,
except normalizazion) in the energy range [25, 3800] GeV/n yields yco = —2.66 £ 0.02, Ayco =
0.19 + 0.04, and Ey = (260 + 50) GeV /n confirming our first results reported in Ref. [7]. Fitting
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Figure 2: CALET (a) boron, (b) carbon and (c) oxygen flux (multiplied by E 2.7y and ratio of (d) boron to carbon, (¢) boron to
oxygen, and (f) carbon to oxygen as a function of kinetic energy per nucleon E. Error bars of CALET data (red) represent the statistical
uncertainty only, while the yellow band indicates the quadratic sum of statistical and systematic errors. Also plotted are other direct

measurements [1-6, 11, 28, 29].
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Figure 3: CALET B (red dots), C (black dots) and O (blue open squares) energy spectra are fitted with DPL functions (magenta line
for the fit to the combined C and O data, blue line for B). The B spectrum is multiplied by a factor 5 to overlap the low-energy region
of the C and O spectra. Error bars represent the statistical uncertainty only, while the yellow (green for O) bands indicate the quadratic
sum of statistical and systematic errors. The dashed lines represent the extrapolation of a SPL function fitted to data in the energy range
[25, 200] GeV /n. The magenta (blue) cross-shaded area shows the +10- error interval of Ay from the fit to C and O (B) data. The fitted
value of the transition energy E is represented by the vertical cyan dashed line, while the the cyan band shows its +10- error interval.

the B flux with EF fixed to Eo, yields yz = —3.03 £ 0.03 and Ay = 0.32 + 0.14 with y?/d.o.f.
= 5.2/11. The energy spectra are clearly different as expected for primary and secondary CR, and
the fit results seem to indicate, albeit with low statistical significance, that the flux hardens more
for B than for C and O above 200 GeV/n. A similar indication also comes from the simultaneous
fit to the B/C and B/O flux ratios (Fig. 4(a)). Fitting with SPL functions in the energy range [25,
3800] GeV/n, yields a mean spectral index I' = —0.376 + 0.014 (y?/d.o.f. = 19/27). However a
DPL functions provide a better fit suggesting a trend of the data towards a flattening of the B/C and
B/O ratios at high energy, with a spectral index change AT = 0.22 +0.10 (y2/d.o.f. = 15/26) above
Ey, which is left as a fixed parameter in the fit. This result is consistent with that of AMS-02 [6],
and supports the hypothesis that secondary B exhibits a stronger hardening than primaries C and
O, although no definitive conclusion can be drawn due to the large uncertainty in AI" given by our
present statistics.

Within the "leaky-box" (LB) approximate modeling of the particle transport in the Galaxy [4], the
B/C and B/O flux ratios can be expressed as

Op(E)  AE)Ap
Oc(E)  AE)+ Ap
Op(E)  A(E)Ap
Oo(E)  AE)+ g

1 N Do(E) 1
Ac—sp  Dc(E) lo-s
1 N Oc(E) 1
do-p Po(E) Ac-B
where Ap is the interaction length of B nuclei with matter of the ISM and Ac—p (lo—p) is the

average path length for a nucleus C (O) to spall into B. The spallation path lengths are calculated
using the parametrization of the total and partial charge changing cross sections provided in Ref. [31],

“)

assuming that they are constant above a few GeV /n, and an ISM composition of 90% hydrogen and
10% helium. The small contribution to the B flux due to the spallation of heavier primary nuclei
(Ne, Mg, Si, Fe) is neglected. The LB model describes the diffusion of CR in the Galaxy with
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Figure 4: Simultaneous fit of the CALET B/C and B/O flux ratios with: (a) SPL (dashed lines) and DPL (solid lines) functions; (b)
a leaky-box model (Eq. (4)) leaving the 1y parameter free to vary (solid line) or fixing it at zero (dashed line), respectively. The error
bars are the quadratic sum of the statistical and systematic uncertainties.

a mean escape path length A(E) which, according to presently available direct measurements, is
parametrized as a power-law function of kinetic energy E as follows:

AE)=kE™° + A (5)

where ¢ is the diffusion coefficient spectral index. A residual path length Ay is included in the
asymptotic behavior of A, which can be interpreted as the amount of matter traversed by CR
inside the acceleration region (source grammage). Fitting simultaneously our B/C and B/O data
to Eq. (4) (Fig. 4(b)) using our measurement for ®c(E)/DPo(E), the best fit values without the
source grammage term (g = 0) are: k = 13.1 £ 0.2 g/lcm?, § = 0.61 £ 0.01 (y*/d.o.f. = 58.3/38).
Leaving instead Ay free to vary in the LB fit, we obtain: k = 13.0 + 0.3 g/cm?, § = 0.81 + 0.04,
Ao =1.17£0.16 g/cm2 ( /\(2 /d.o.f. = 17.9/37). The significance of a non-null value of 1y exceeds
the 5o level, suggesting that the residual path length could be the cause of the apparent flattening
of the B/C and B/O ratios at high energy. The best fit values of ¢ and A are compatible with the
ones obtained from a combined analysis of the B/C data from earlier experiments [4], and with the
predictions of some recent theoretical works [15, 18].

5. Conclusion

The CR boron spectrum has been measured by CALET up to 3.8 TeV /n using 87 months of data
collected aboard the ISS. Our observations show that, despite their different energy dependence,
the boron flux exhibits spectral hardening occurring at approximately the same energy as that of
carbon and oxygen. Within the limitations of our data’s present statistical significance, the boron
spectral index change is found to be slightly larger than that of carbon and oxygen. This trend
seems to corroborate the hypothesis that secondary CR harden more than the primaries, as recently
reported by AMS-02 [6]. Interpreting our data with a LB model, we argue that the trend of the
energy dependence of the B/C and B/O ratio in the TeV/n region could suggest a possible presence
of a residual propagation path length, compatible with the hypothesis that a fraction of secondary
B nuclei can be produced near the CR source.
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