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The Transparent Nucleus: unperturbed inverse kinematics nucleon knockout
measurements with a 48 GeV/c carbon beam
(The BM@N Collaboration)

From superconductors to atomic nuclei, dense =
strongly-interacting many-body systems ares
paramount in physics. Measuring the ground- s
state distribution of particles in such systems is s
a formidable challenge, that is often met by scat- s
tering experiments which reconstruct the initial
distribution of knocked-out particles using energy s
and momentum conservation. However, quan- s
tum mechanics imposes a fundamental limitation s
on interpreting these measurements due to indis- ¢
tinguishable interference of initial- and final-state &
interactions (ISI/FSI) between the incoming and e
scattered particles and the residual system [? ].e
This is a fundamental limitation for probing the g
microscopic structure of atomic nuclei. Here we ¢
study the ground-state distribution of single nu- &
cleons and correlated nucleon pairs in atomic nu- ¢
clei by scattering 48 GeV /c Carbon-12 (}2C) ions
from hydrogen in quasi-free inverse kinematics g
and detecting two protons at large angles in co- ,,
incidence with an intact Boron-11 (}'B) nucleus.
The post-selection of 'B is shown to exclude the ,,
otherwise large ISI/FSI contributions that would .
break the ''B apart. In addition, by detecting .,
residual "B and !°Be nuclei, we identified scat-
tering events from short-range correlated (SRC)
nucleon-nucleon pairs [1, 2], for the first time in ,,
inverse kinematics, and established their factor-
ization [3] from the residual nuclear system. All
measured reactions are well described by theo-
retical calculations that exclude ISI/FSI. Our re-
sults thus showcase a new ability to study the,
short-distance structure of short-lived radioactive ,,
atomic nuclei at the forthcoming FAIR and FRIB ,,
facilities. These studies will be pivotal for devel-
oping a ground-breaking microscopic understand-
ing of nuclei far from stability and of cold dense
nuclear systems such as neutron stars. o8

By turning off the interactions between atoms in s
atomic traps and the trap itself, physicists can measure %
the ground-state properties of strongly interacting atoms o
in ultra-cold gases [? ]. These systems thus allow ex- o
ploring a wide range of fundamental quantum mechan-
ical phenomena, imitating strongly correlated states in
condensed matter and other systems where one cannot o
control the interactions [? |.

Constructing such model systems is extremely chal- o
lenging for atomic nuclei, due to their high-density and os
complex strong interaction. Instead, physicists scatter o
electrons from nuclei, knock out single nucleons, and de- o

tect the electron and the nucleon with high-resolution de-
tectors. Experiments can then select either the state of
the un-detected intact residual nucleus (post-selection) [?
] or the reaction kinematics (pre-selection) to suppress
ISI/FSI effects [1].

While largely limited to stable nuclei, such measure-
ments of atomic nuclei helped establish the nuclear shell
model [4] and the existence of SRC nucleon pairs [1, 2].
SRCs are pairs of strongly interacting nucleons at short
distances. They account for most of the nucleons in
the nucleus with momenta above the Fermi-momentum
(kr) [5]. These independent pairs are the next approx-
imation after the independent-particle shell model and
their study provides insight to properties of dense nu-
clear matter [? ], the strong nuclear interaction at short
distances and high momenta [6], and the role of quarks
and gluons in atomic nuclei [1, 7]. The study of SRC pairs
in atomic nuclei far from stability, using radioactive-ion
beams, is a new frontier of nuclear science.

The fleeting nature of nuclei far from stability requires
inverse kinematics, scattering high-energy nuclei from
stationary targets. The high-cross-section proton probes
have much greater ISI, preventing kinematic pre-selection
to reduce ISI/FSI. Post-selection requires direct detec-
tion of the residual nuclear system, since the missing-
energy resolution is usually insufficient to measure its
state indirectly.

Here we use post-selection in high-energy inverse kine-
matics to probe single-particle states and SRCs in the
well understood '2C nucleus. We selected ''B fragments
after a proton knockout (p,2p) reaction to successfully
study the distribution of protons in the p-shell of 12C. We
show, for the first time, that consistent distributions can
be obtained using both quasielastic (QE) and inelastic
(IE) scattering reactions, which also agree with theoret-
ical calculations. We then use the selection of °B and
10Be fragments to identify, for the first time in inverse
kinematics, the hard breakup of SRC pairs. These post-
selections eliminate most events, but result in an event
sample that is insensitive to ISI/FSI. Thus this opens the
gate for studying the single-particle and short-distance
structure of nuclei far from stability.

EXPERIMENTAL SETUP

The experiment took place in 2018 at the Joint
Institute for Nuclear Research (JINR), using a
4 GeV/c/nucleon ion beam from the Nuclotron accel-
erator, a stationary 30 cm long liquid-hydrogen target,
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Fig. 1. | Experimental Setup and Fragment Identification. (a) Carbon nuclei traveling at 48 GeV/c hit protons in a
liquid hydrogen target, knocking out individual protons from the beam-ion. Position- and time-sensitive detectors (MWPC,
GEM, RPC, Si, and DCH) are used to track the incoming ion beam, knockout protons, and residual nuclear fragments

and determine their momenta.

(b) The bend of the nuclear fragments in the large dipole magnet, combined with charge

measurements with the beam counters (BC) allows identifying the various fragments. In this work we refer to events with

detected !B, 1B, and °Be heavy fragments, see text for details

and a modified BM@N (Baryonic Matter at Nuclotron):z
experimental setup, as shown in Fig. la. 128

The beam was monitored before the target using thiniz
scintillator-based beam counters (BCs) and two multi-1
wire proportional chambers (MWPCs) used for trajec-is
tory and charge identification for each event. The BCiz
closer to the target was also used to define the eventis
start time . 134

A two-arm spectrometer (TAS) was placed down-s
stream of the target to detect the two protons from theiss
(p, 2p) reaction that emerge at 24° — 37°, correspondings
to 90° QE scattering in the two-protons center-of-massiss
(c.m). Each spectrometer arm consisted of scintillatoris
trigger counters (TC), gas electron multiplier (GEM) sta-140
tions, and multi-gap resistive plate chamber (RPC) walls.1a

Proton tracks are formed using their hit location in the2
GEM and RPC walls. We only consider events where thes
interaction vertex of each proton is reconstructed withiniss
the central 26 cm of the target and the distance betweenis
them is smaller than 4 cm (Extended Data Fig. 1). Theus
time difference between the RPC and ¢ty signals definewr
the proton time of flight (TOF) that, combined with theuss
measured track length, is used to determine its momen-i
tum.

The protons of interest for the current analysis have
momentum between ~ 1.5 and 2.5 GeV /c. Thus, eventss
with proton tracks ha ving 5 > 0.96 or < 0.8 were dis-
carded. 151

Signals from the TC were combined with the targetis

upstream BCs to form the main 12C(p, 2p) reaction trig-
ger for the experiment. Additional triggers were set up
for monitoring and calibration purposes, see online sup-
plementary materials for details.

Nuclear fragments following the (p,2p) reaction are
emitted at small angles with respect to the incident beam
with momentum that is similar to the beam momentum.
Three silicon (Si) planes and two MWPCs are placed
in the beam-line downstream the target to measure the
fragment scattering angle. Following the MWPCs the
fragments enter a large acceptance 2.87 T-m dipole mag-
net. Two drift chambers (DCH) are used to measure the
fragment trajectory after the magnet.

The fragment momenta are determined from their
measured bending angle in the magnet. Fragment iden-
tification (nuclear mass and charge) is done using their
bend in the magnetic field and energy deposition in two
scintillator BCs placed between the target and the mag-
net entrance, see Fig. 1b. The latter is proportional to
the sum of all fragment charges squared (Zeg = /Y Z2).

See Methods and online supplementary materials for
additional details on the experimental setup and data
calibration procedures.

SINGLE PROTON KNOCKOUT

We identify exclusive 2C(p, 2p)!'B events by requiring
the detection of a ''B fragment in coincidence with two
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Fig. 2. | Quasi-Free Scattering (QFS) Distributions.
The correlation between the measured missing-energy FEmiss
(Eq. 2) and the two-proton in-plane opening angle for *?(p, 2p)
(a) and *2(p, 2p)''B (b) events. Quasielastic (QE) events are'
seen as a peak around low missing energy and opening angles!®”
of ~ 63°. Inelastic (IE) reactions populate higher missing-19
energy and lower opening angles while ISI/FSI populate bothiss
regions and the ridge between them in the inclusive spectra.

195

6

201

202
charged particle tracks in the TAS. Energy and momen-,

tum conservation for this reaction reads: 200

205

Dr2¢ + Drg = D1 + P2 + Pup, (1),
207
(v/ (P + mb(), 0,0, pr2c) and prg =2
(my,0,0,0) are respectively the incident beam-ion anda
target proton four-momentum vectors. pi, P2, and piig2w0
are the four-momentum vectors of the detected protons2:
and 'B fragment. Assuming QE scattering off a mean-22
field nucleon we can approximate pizqc = p; + piig, where2s
P; is the initial proton four-momentum inside the 12C ion.z#
Substituting into Eq. 1 we obtain: 215

216
(2)217

218
where phiss is the measured missing four-momentum ofao
the reaction and is only equal to p; in the case of unper-o
turbed (no ISI/FSI) QE scattering. m

Figure 2 shows the measured missing energy (Fipiss,2
energy component of Ppiss) vs. the two-proton in-planes
opening angle, 6; + 63, for 2C(p,2p) (left panel) andsx
12C(p,2p)1'B (right panel) events. Both plots show twozs
distinct regions: (A) low missing-energy and large in-»s
plane opening angles that correspond to QE scatteringzr
and (B) high missing energy and small in-plane openingzs
angles that correspond to inelastic (IE) scattering. 229

The inclusive 12C(p, 2p) events are also contaminatedaso
by ISI/FSI backgrounds around and underlying both IEas
and QE regions. This background is not evident in thess
120(p,2p)1'B case. This is our first indication that re-zs
quiring the coincidence detection of ''B fragments selectszss
a unique subset of one-step processes where a single nu-2s
cleon was knocked-out without any further interactionass
with the residual fragment. 237

where pi2¢ =

Pi = Pmiss = P1 + D2 — Dig,

To help establish this observation Fig. 3a compares the
measured missing-momentum distribution for 2C(p, 2p)
QE events with and without 'B tagging. The QE se-
lection was done using the missing-energy and in-plane
opening-angle cuts shown in Fig. 2. From here on all
momenta are shown after being boosted to the incident
12( rest frame. The measured 2C(p, 2p) QE events show
a significant high-momentum tail that extends well be-
yond the nuclear Fermi-momentum (~ 250 MeV/c) and
is characteristic for ISI/FSI [2]. This tail is completely
suppressed by the ''B detection.

Figure 3b focuses on '2C(p,2p)''B events and com-
pares the measured ''B momentum distribution for QE
and IE reactions. The fragment momentum distribution
is equal for both QE and IE events. This shows that the
survival of the fragment selects quasi-free one-step reac-
tions even in the case of inelastic NN scattering and in a
kinematical region which is dominated by FSI events.

In unperturbed 2C(p, 2p)''B QE scattering reactions
the measured missing- and fragment-momenta should
balance each other. Fig. 3c shows the distribution of
the cosine of the opening angle between the missing- and
fragment-momenta. The angle is calculated (only) in the
direction transverse to the incident beam-ion as it is not
sensitive to boost effects and is thus measured with better
resolution. A clear back-to-back correlation is observed,
a distinct signature of QE reactions.

12C(p, 2p)1'B QE events account for (38.3 4 5.6)% of
the total number of 2C(p,2p) QE events. We further
measured 2C(p,2p)'°B and '2C(p,2p)!°Be events that
correspond to QE scattering to an excited ''B state that
de-excites via neutron or proton emission respectively.
These events correspond to (10.5 4 1.8)% (1°B) and <
2% (1°Be) of the total number of 12C(p,2p) QE events.
Therefore, in  ~ 50% of the 2C(p,2p) QE events the
residual nucleus is fragmented to lighter fragments (Z <
4). See methods for detailed on the fragment detection
efficiency and the systematic uncertainties.

The data shown in Fig. 3 are compared to simulated
distributions assuming QE (p, 2p) scattering off a p-shell
nucleon in 2C. The simulation accounts for the experi-
mental acceptance, and detector resolutions and uses the
measured 'H(p,2p) elastic scattering cross section and
does not include ISI/FSI effects. The total simulated
event yield was scaled to match the data. See methods
for details.

The simulation agrees well with both missing- and
fragment-momentum distributions for QE events and
even with the fragment momentum distribution for IE
events. This is a clear indication that the requirement to
detect a bound !B strongly suppresses ISI/FSI and thus
provides access to ground-state properties of the mea-
sured nuclei. Additional data-simulation comparisons are
shown in Extended Data Fig. 2 and 3.

The dominance of contributions from secondary reac-
tions to experimentally extracted distributions has been
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Fig. 3. | Momentum Distributions. (a) Missing-momentum distribution for quasielastic >C/(p, 2p) and 2C(p, 2p)*'B

events. The distributions are normalized to the peak region.
inelastic 12C/(p, 2p)*' B events. The light blue points in (a) and
visibility. (c) Distribution of the cosine of the opening-angle

(b) "' B fragment momentum distribution for quasielastic and
the open symbols in (b) have a small artificial offset for better
between the missing- and fragment-momentum in the plane

transverse to the beam. Solid red line shows the result of our quasielastic reaction simulation. Data error bars show statistical

uncertainties at the 1o confidence level.

a major difficulty in the past even for some reactionss
using electromagnetic probes. The search for SRC nu-ze
cleons in electron scattering, for instance, was hamperedao
for several decades by the fact that F'SI events stemmingen
from the large-cross section knockout of mean-field nu-2
cleons contaminate the high-momentum tail of the ex-ars
tracted nucleon momentum distribution as a backgrounda.
(see Fig. 3a) [87 ? ]. Even in selected kinematical re-,,,
gions in high-resolution experiments, which were able to,,
minimize this contribution [I, 2, 9, 10], the remaining,,,
FSI effect had to be taken into account using theoret-,,
ical estimates. A clear identification of SRC pairs was,,
established only recently by the additional detection of,,
the recoiling partner nucleon [1, 2, 5, 11-14]. 281
At lower beam energies, the method of quasi-free,
proton-induced nucleon knockout in inverse kinematics,
has been developed and applied recently to study the,,
single-particle structure of exotic nuclei [15-17]. Here,
the data analysis and interpretation relies heavily on the
assumption that the extracted particle distributions are
free from FSI contamination. Our experiment clearly,
shows, that ground-state properties of exotic nuclei can,
be extracted quantitatively by the use of fully exclusive
(p,pN) knockout reactions in inverse kinematics at the™

high-energy radioactive beam facilities. .
292

293

294

HARD BREAKUP OF SRC PAIRS 205
296
Next we study SRCs by selecting 2C(p, 2p)'°B andz7
12C(p, 2p)t°Be events. The two-proton selection follows,e
the same vertex and 8 cuts mentioned above. 200

108 and '°Be fragments are produced in SRC breakupso

events when interacting with a proton-neutron (pn) or
proton-proton (pp) pair, respectively. As pn-SRC were
shown to be 20 times more abundant than pp-SRC
pairs [5, 14, 18], we expect to observe 10 times more
0B fragments than '°Be. The latter have 2 times larger
contribution to the cross-section as the reaction can take
place off either proton in the pair.

108 and '°Be fragments can be formed in several ways,
as a result of either single-nucleon excitations or two-
nucleon correlations. Single-nucleon contributions start
with QE single-proton knockout reactions, as discussed
above, that result in an excited ''B fragment that de-
excites via neutron emission. In this case the (p, 2p) part
of the reaction should be identical to the QE ''B process,
except the 1B momenta will not correlate with Pmiss-

An interaction with a nucleon that is part of an SRC
pair will be significantly different. The high relative mo-
mentum of nucleons in SRC pairs leads to a large value of
p: that is largely balanced by a single correlated nucleon,
as oppose to the entire A—1 nucleons system. Therefore,
we require |pmiss| > 350 MeV/c to select SRC breakup
events.

IE events where the high-pmiss is caused by the pro-
duction of additional particles or by QE interaction fol-
lowed by FSI that knock out a neutron from the ''B
fragment will not be suppressed by this requirement. IE
interactions can be suppressed by requiring a large in-
plane opening angle between the protons measured in
the (p, 2p) reaction and restricting the missing-energy of
the reaction (Fig. 2).

To guide these selections we used the Generalized Con-
tact Formalism (GCF) [3] to simulate (p,2p) scatter-
ing off high missing-momentum SRC pairs. The GCF
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level.

predicts an in-plane opening angle larger than 63° andss
—110 < Epniss < 240 MeV (see Methods and Extendedss
Data Fig. 4 for details).

Last we use total-energy and momentum conservationsso
to ensure exclusivity by requiring a missing nucleon masss«
in the entire reaction: Miiss’ oxel. = (Dr2¢ + Dig — D1 —3

339

P2 — Prop(se))? & m3 (see Extended Data Fig. 5). 343

We measured 26 2C(p,2p)1°B and 3 2C(p,2p)'°Be**
events that pass the missing-momentum, missing-energy,**
in-plane opening angle, and total missing mass cuts de-3¢
scribed above. These correspond to < 5% of the num-3+
ber of 2C(p, 2p) events passing these SRC selection cuts.s
Therefore the vast majority of inclusive SRC events re-34
sult in the formation of light fragments. 350

If these events were caused by FSI with a neutron inss
1B, we would expect to also detect °Be fragments duess
to FSI with a proton in 1'B. At the high energies of ourss
measurement these two FSI processes have almost thess
same rescattering cross sections [19]. Our measurementsss
of only 3 '°Be events is consistent with the SRC np-3s
dominance expectation and not with FSI.

Also, as our selection cuts suppress, but do not elimi-3s
nate, QE scattering events off the tail of the mean-fieldss
momentum distribution, some events could result fromseo
de-excitation of high-ppiss ''B fragments. Using the de-s
excitation cross-sections of Ref. [16] and the measuredse
number of 2C(p,2p)''B events that pass our SRC se-ss
lection cuts (except for the exclusive missing-mass cut),sss
we estimate a maximal background of 5 '°B and 2 '°Besss
events due to knockout of mean-field protons and subse-ses
quent de-excitation.

357

367

Figure 4a shows the correlation between the missingss
momentum and missing energy of the measured 1B SRCis
events, compared with their expected correlation basedswo
on the GCF simulation. Overall good agreement is ob-n

served. 372

Due to the high momenta of the nucleons in the pair,
it is beneficial to analyze the missing-momentum dis-
tribution in the relativistic light-cone frame where the
longitudinal missing-momentum component is given by
a = (Emiss — Pligs)/Mp- o = 1 for scattering off standing
nucleons. In the 12C rest frame, o < 1 (> 1) corresponds
to interaction with nucleons that move along (against)
the beam direction and therefore decrease (increase) the
c.m. energy s of the reaction.

Figure 4b shows the «a distribution for the measured
SRC events. We observe that o < 1, as predicted by the
GCF and expected given the strong s-dependence of the
large-angle elementary proton-proton elastic scattering
cross-section.

Next we examine the '°B fragment momentum dis-
tribution in Fig. 4c. For SRC breakup events the frag-
ment is expected to balance the pair c.m. momentum
and therefore be consistent with a mean-field momentum
distribution given by a three-dimensional Gaussian with
width of ~ 150 MeV/c [20]. Indeed the fragment fol-
lows this distribution, again in agreement with the GCF
calculation. Additional data-simulation comparisons are
shown in Extended Data Fig. 6 and 7.

Another important feature of SRC pairs is that they
are expected to be scale-separated from the residual
nuclear system due to their strong two-body interac-
tion [2, 3]. This predicted factorization implies that there
will be no correlation between the pair c.m. and relative
momenta. It is assumed in all theoretical models of SRCs,
but was never proven experimentally.

Figure 4d shows the distribution of the cosine of the
angle between the B fragment momentum and the
missing-momentum. The measured distribution shows
good agreement with the GCF simulation, that assumes
factorization and a lack of angular correlation. This is
even more pronounced in comparison with the equivalent
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distribution for single-nucleon knockout where a strongas
correlation exists (Fig. 3c) and the strong angular corre-+s
lation we observe for SRC events between the measured*?’
missing-momentum and reconstructed correlated recoil”®
neutron (Extended Data Fig. 7). Therefore by reportingzzz
here on the first measurement of SRC pairs with the de-,,,
tection of the residual bound A — 2 nucleons system we,s,
are able to provide first experimental evidence for this.s:s
aspect of the factorization of SRC pairs from the many-4:

body medium. 43
436

437

CONCLUSIONS 38

439

440
Our experimental findings clearly demonstrate the fea-,u

sibility of accessing properties of short-range correlatedss
nucleons in neutron-rich nuclei using high-energy ra-+:
dioactive beams produced at the upcoming accelerator**
facilities such as FRIB and FAIR. With this method, we"*
accomplished a big step towards realizing the goal of such::j
facilities, which is exploring the formation of visible mat-,,,
ter in the universe in the laboratory. Since short-range
correlated nucleons are a consequence of density fluctua-ss
tions in the nucleus, forming locally a high-density envi-t
ronment at zero temperature for a short time, its prop-*2
erties are directly linked to the properties of dense cold
nuclear matter. uss
The experimental method presented here, allows
studying the formation and properties of such pairs®”
in a neutron-rich nuclear environment by the use of*’
neutron-rich radioactive nuclear beams. The presented®®
experimental method thus provides a basis to approxi-*°
mate as closely as possible the dense cold neutron-rich*®
matter in neutron stars in the laboratory. ‘ot
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Methods 635

636
Ion Beam. The primary beam ions were produced ing,,

a Creon source and accelerated in the Nuclotron [? .,
It had an average intensity of 3 x 10° ions/sec, delivered,,,
quasi-continuously in 3 second long pulses with a 7 second |
pause between pulses. o
The beam contained a mixture of Carbon-12, Nitrogen-, ,
14, and Oxygen-16 ions with fractions of 68%, 18%, and,,,
14% respectively. The '?C ions have a beam momentum,,
of 3.98 GeV/c/u at the center of the LHy target. The,,
beam ions are identified on an event-by-event basis using
their energy loss in the BC detectors (BC1, BC2 in front
of the target) that is proportional to their nuclear charge®*
squared Z2. The selection of the incoming nuclear species®”’
is shown in Extended Data Fig. 8. Pile-up events are®®
rejected by checking the multiplicity of the BC2 time®*

signal. 650
651

Target upstream detection. Prior to hitting the tar-es
get the beam was monitored by two thin scintillator-ess
based beam counters (BC1, BC2) and two multi-wiresss
proportional chambers (MWPCs). The MWPCs deter-sss
mined the incident beam ion trajectory for each event.sse
Besides using the energy deposition in the BCs for par-es
ticle identification, the BC closer to the target was read-ess
out by a fast MCP-PMT used to define the event startess
time ty. Beam halo interactions were suppressed usingeeo
a dedicated BC veto counter (BC-VC), consisting of ase
scintillator with a 5 cm diameter hole in its center. 662

663

Liquid-hydrogen target. The target [21] was cryogeni-g,
cally cooled and the hydrogen was recondensated using,,
liquid helium. The liquid hydrogen was held in a 30 cm,_
long and 6 cm diameter aluminized Mylar cylindrical con-,
tainer at 20 Kelvin and 1.1 atmospheres. The container,,
entrance and exit windows were made out of 110 micron__
thick Mylar.

670

Two-arm spectrometer (TAS). A two-arm spectrom-""

eter was placed downstream of the target and was used””
to detect the two protons from the (p,2p) reaction that®”
emerge at 24° —37°. The vertical acceptance of each arm®*
equals +7°. These laboratory scattering angles corre-*°
spond to 90° QE scattering in the two-protons center-of-""°
mass (c.m). Each spectrometer arm consisted of scintilla-*"
tor trigger counters (TC), gas electron multiplier (GEM)*"®
stations, and multi-gap resistive plate chamber (RPC)*”
walls. 080
Proton tracks are formed using their hit location in®*
the GEM and RPC walls. These allow determining the®
scattered protons angles relative to the incident beam®
ion. The vertex resolution along the beam-line direction
is 1.8 cm (1o) and was measured using a triple-foil leadsss
target as detailed in the Online Supplementary Material.ess
The time difference between the RPC and t; signalssss
define the proton time of flight (TOF) that, combinedss

with the measured track length, is used to determine its
momentum. Measurements of gamma rays from interac-
tions with a single-foil lead target were used for absolute
time-of-flight calibration and determine a resolution of
better 100 ps with respect to to.

Signals from the arm-TC counters were combined
with the BC and BC-VC scintillators to form the main
12C(p, 2p) reaction trigger for the experiment. Additional
triggers were set up for monitoring and calibration pur-
poses. More details on the detectors can be found in the
Online Supplementary Material.

Reaction Vertex and Proton Identification. The
z-position of the reaction vertex is reconstructed from
two tracks in the TAS, while the (z,y) position is ob-
tained from the extrapolated MWPC track in front of
the target since this system provides a better position
resolution. Details about the algorithm and performance
can be found in the Online Supplementary Materials.

The reconstructed vertex position along the beam-line
and transverse to it with the liquid-hydrogen target in-
serted is shown in Extended Data Fig. 1. Clearly, the
structure of the target is reconstructed, including the
LH; volume but also scattering from other in-beam ma-
terials such as the target walls, styrofoam cover, and
various isolation foils. The vertex quality is ensured by
requiring that the minimum distance between the two
tracks, which define the vertex, is smaller 4 cm. In ad-
dition, we place a selection on the absolute z-vertex re-
quiring it reconstructs within +£13 cm from the center of
the target.

Scattering at the target vessel that was not rejected by
the veto counter is removed by a cut on the (z,y)-vertex
direction, choosing the strong peak at the entrance of the
target (Extended Data Fig. 1).

Having determined the tracks and the vertex, the mo-
menta of the presuming two protons are calculated with
respect to the incoming beam direction and using the
time-of-flight information between the target and the
RPC.

In order to select QFS (p,2p) events, other particles
that also create a track but originating from e. g. inelastic
reactions like pions need to be rejected. We apply several
criteria, that are further outlined in the next section, but
the basic selection is applied to the velocity correlation
between the two measured particles which is shown in
Supplementary Material Fig. 3a. In the analysis, every
particle must pass the velocity condition 0.8 < 8 < 0.96
that removes fast and slow pions in coincidence with an-
other particle.

Fragment Detection. Nuclear fragments following the
(p, 2p) reaction are emitted at small angles with respect
to the incident beam with momentum that is similar to
the beam momentum. Three silicon (Si) planes and two
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MWPCs are placed in the beam-line downstream the tar-7.
get to measure the fragment scattering angle. Follow-74
ing the MWPCs the fragments enter a large acceptancers
2.87 T-m dipole magnet, and are bent according to theirss
momentum-to-charge ratio (P/Z), i. e. magnetic rigidity.rs
Following the magnet, two drift chambers (DCH) with 8wus
wire-planes each are used to measure the fragment tra-

jectory. 740

The fragment momenta are determined from the mea-7s
surement of their bending angle in the magnet. Fragments
identification (nuclear mass and charge) is done usingzs
their bend in the magnetic field and energy depositionsss
in two scintillator BCs (3,4) placed between the targetsss
and the magnet entrance, see Fig. 1b. The latter is pro-ss
portional to the sum of all fragment charges squared,ss
ZeffE \/ZZQ. 757

758
Fragment Momentum and Identification. We fol-7s
low a simulation-based approach to derive P/Z from amo
multi-dimensional fit (MDF) to the measured fragmentr
trajectories before and after the magnet. The particlere:
trajectory is determined using the MWPC-Si trackingres
system before the magnet, and using the DCHs after thes
magnet. Both tracks serve as input for the P/Z determi-res
nation. 766

The momentum resolution was determined usingzs
empty target measurements of 2C ions and found tores
equal 0.7 GeV/c (1.5%) (Supplementary Fig. 2). Thisze
resolution is consistent with the resolution expected fromro
our simulation (accounting for the incoming beam energym
spread). The achieved momentum accuracy is evaluatedr
to equal 0.2%. 3

The fragment tracking efficiency, including the de-77
tection efficiency of the upstream MWPC-Si, down-7rs
stream DCH detectors, and track reconstruction algo-77
rithm equals ~ 50%. See online Supplementary Materi-7r
als for details on the tracking algorithms and its perfor-rs
mance. 779

Figure 1 illustrates an example of this fragment identi-7e
fication from the experimental data using P/Z obtainedrs
by the MDF vs. total charge measured in the scintilla-7s
tors.

This work focuses only on fragments with nuclearsss
charge of 4 or larger with a single track matched betweenrs
the upstream and downstream tracks, with or without aes
proton signal in the TAS. Therefore, although the chargerss
of the fragments is only measured as integrated signal inzs
BC3 and BC4 counters, the Boron isotopes can be se-7ss
lected unambiguously since no possible combination of7e
fragments could otherwise mimic a signal amplitude pro-7so
portional to Y Z2? = 25. In the case of 1°Be, the onlym:
other fragment of interest here with Z.g = 4, contam-re
ination from within the resolution is excluded by usings
the additional P/Z information. °Be is the only possi-re
ble fragment with P/Z ~ 10 GeV/c in that region and isms
well separated. 796

Besides requesting a good vertex and single global-
track events, we employ Z.g and P/Z selection criteria
to identify 1B, 1B, or 19Be, namely a two-dimensional
charge selection as for the incoming charge but using BC3
and BC4, and additionally a two-dimensional selection in
P/Z vs. Zsg as shown in Fig. 1 with a 20 selection.

Single heavy fragment detection efficiencies. As
discussed above, this work is limited to reactions with a
single heavy (Z > 4) fragment in the final state. The
detection of such a fragments depends on the ability of
the fragment to emerge from the liquid hydrogen target
without re-interacting, our ability to identify its charge in
the two BCs downstream of the target, and reconstruct
its tracks before and after the magnet.

We extract the efficiencies for the charge and track
reconstruction using data collected with a beam and no
target. We assume that within the quoted uncertainties
below, there is no difference between the efficiencies for
detecting Z = 6 and Z = 4 and 5 fragments.

The charge determination efficiency in the BCs down-
stream the target was determined by selecting incident
12C ions based on their energy loss in the BC1 and BC2
counters (see Extended Data Fig 8). We then exam-
ine the fraction of those '2C ions also identified by their
energy loss in BC3 and BC4 downstream the target.
This fraction defines a charge identification efficiency of
€. = (83 = 6)%, where the uncertainty is obtained from
examining different energy-deposition cuts of 2—5¢. The
fraction of such Z;, = Z,,+ = 6 events with a single
reconstructed track and P/Z = 8 GeV/c is equal to
(50£)5%. In case of °Be fragments the tracking effi-
ciency is (50 &+ 15)% due to larger systematic effects.

When the liquid-hydrogen target is in place, fragments
are attenuated due to their interaction in the target af-
ter the fundamental 2C-p interaction. We estimate this
loss assuming a target density of p = 0.07 g/cm® and
a total reaction cross section of oy = 220 & 10 mb.
The overall flux reduction factor was estimated to equal
att = exp(—poiot - (L/2)) = 0.87 £0.01 for L/2 =15 cm
and was corrected for in the data analysis.

Single-Proton Knockout Data-Analysis. The ba-
sic selection criteria for any analysis require an incoming
12, as well as a good reaction vertex, while the particles
in the arms pass the velocity condition. That is called
the inclusive (p,2p) reaction channel which is dominated
by FSI and IE scattering. The exclusive reaction channel
requires the additional detection of a !B fragment, with
a single global-track condition and defines the one-proton
Quasi-Free Scattering (QFS), still being contaminated by
IE scattering.

We select explicitly bound states in ''B where the
3/2~ ground-state is populated with the largest cross
section while bound excited states that de-excite via -
ray emission cannot be distinguished. However, those
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excited states are also populated in a p-shell knockout,ss
but only with a small cross section as found in a previoussss
study [16]. The only two significant 1/2~ and 3/2~ statesss
contribute with 10% and 8% percent to the total crossso
sections, respectively. In order to identify real (p,2p) QEss
events and reject IE events, we chose missing energy andss:
the in-plane opening angle of the two particles measuredsss
in the arms, looking at quantities that are reconstructedsss
from that independent detection system. 855
The missing energy is defined as Emiss = Myp — €miss,s56
where eniss is the energy component of P in the restes:
frame of the '2C nucleus. The boost from the laboratoryess
system into the rest frame is applied along the incoming-sse
beam direction considering the reduced beam energy atsso
the reaction vertex. The selection region for QE events isse
defined in the exclusive channel with fragment selection,se
in a 20 ellipse as indicated in Fig. 2. The IE part is de-ses
fined from the remaining events within the other ellipse.sss
The same criteria are applied in the inclusive channel.sss
Correlations in other kinematical variables are shown insss
Extended Data Fig. 9. 867
The M2, spectrum in Extended Data Fig. 2a showssss
the squared missing mass for the exclusive channel beforesso
and after applying the QE cut, clearly showing that wesw
select background-free QE events from around the protonsn
mass. A lower boundary in the squared missing mass ofs~
M2, > 0.47 GeV?/c* is only applied for sanity. While
we are aware of the fact that the chosen selection crite-sr
ria might influence other kinematical variables of Ppiss,sr
we show the momentum distributions and angular cor-ers
relations with less strict selection in the Extended Datasrs
(Figs. 2, 3) which do not show a different behavior andsr
are also described well by the simulation. 878

Single-Proton Knockout Simulation. We compare
the QFS-elastic *2C(p, 2p''B) data to a MonteCarlo sim-
ulation for the proton quasielastic scattering off a moving
12(C. In the calculation, the '2C system is treated as spec-*
tator plus initial proton, pi2c = piuig + p;. The proton’s
initial momentum distribution in 2C is sampled from a::
theoretical distribution that is calculated from a VVoods—882
Saxon potential for p3/, proton with binding energy of88
Sp =15.96 MeV, not including absorption effects [? ].
We raffle |p;| from the total-momentum distribution
and randomize its direction. The proton’s off-shell mass__

1S
2 9 9 9 5 5 887
Mog = Mizg + Miig — 2Mazg -4/ Mig + Pj. (3)888

The two-body scattering between the proton in '2C and®
the target proton is examined in their c.m. frame. The_
elastic-scattering cross section is parameterized from free891
pp differential cross section data. Following the scatter-
ing process, the two protons and ''B four-momenta are_,
boosted back into the laboratory frame.

The two-arm spectrometer was placed such that it cov-se
ers the symmetric, large-momentum transfer, 90° c.m.sos

3

10

scattering region. Given the large forward momentum,
the detectors cover an angular acceptance of ~ 24° <
6 < 37° in the laboratory system which corresponds to
~ 74° < 0., < 104° in the c.m. frame.

In order to compare the simulated data to the exper-
imental distributions, the simulation is treated and an-
alyzed in the same way as the experimental data. Ex-
perimental acceptances are included. Resolution effects
are convoluted to proton and fragment momenta. The
proton time-of-flight resolution is 0.9% and the angular
resolution 5 mrad, while the fragment momentum res-
olution is 1.5% and the angular resolution 1.1 mrad in
x and y. The angular resolution of the incoming beam
is 1.1 mrad. The beam-momentum uncertainty, exam-
ined as Gaussian profile, does not significantly impact
rest-frame momentum distribution as long as the nomi-
nal beam momentum is the same used for experimental
data and the simulated ion. However, the momentum
distributions are dominated by the width of the input
distribution. When comparing, the simulation is nor-
malized to the integral of the experimental distributions.
We find overall good agreement between experiment and
MonteCarlo simulation showing that the reaction mech-
anism and QE events sample the proton’s initial momen-
tum distribution inside 12C. Additional data-simulation
comparison are shown in Extended Data Fig. 3.

Extracting QE '2C(p, 2pX)/2C(p, 2p) ratios for 1B,
0B, and !°Be. To extract the fraction of (p,2p) events
with a detected heavy fragment from the inclusive (p, 2p)
sample, we need to apply several corrections on the num-
ber of measured events which do not cancel in the ratio
for the exclusive channel:

12C(p, 2p)X R

= 4
12Q(p,2p) €z X €track X att’ (4)

where

e R is the measured ratio based on the number of
QE events for each sample. We added a cut on
low missing momentum, ppiss < 250 MeV /c, in ad-
dition to the missing energy and in-plane opening
angle cuts to clean up the inclusive (p, 2p) sample,
and focusing at the region of small missing momen-
tum.

e ¢z is the outgoing fragment charge efficiency. We
consider a value of ez = (83 £ 6)%, see discussion
above.

® ciack 1s the outgoing fragment tacking efficiency.
We consider a value of € = (50+£5)% for 1110B,
and €yack = (50 £ 15)% for 19Be, see discussion
above.

e att is the attenuation of the outgoing fragment due
to secondary fragmentation in the target. After
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the reaction, the flux of the fragment depends onoe
the distance the fragment needs to travel in theosp
target L — dz, where L is the target length, and dzou
the interaction point at the target (dz = 0 at theos
target entrance). The attenuation is given by thess
reduction of this flux 034

935

(5)s

937
where p is the target density and oy the reaction,,,

cross section. We estimate the overall attenuation
factor by considering a reaction at the center of the
target (L —dz) = 15 cm, and using p = 0.07 g/cm?,
Otot = 220 £ 10 mb (calculated in eikonal theoryos
for 1'B and assumed to be the same for °B,1° Be), o0
such that att = 0.87 £ 0.01. oa1

att = exp(—potor (L — dz)),

From Eq. 4 we see that there are four individ—zzz

ual contributions to the uncertainty in the ratio of944
12C(p, 2pX) /*2C(p, 2p): statistics AR, efficiencies (Aez,,.
and Ae€grqcr) and attenuation (Aatt). In addition we,_
have a systematic uncertainty due to the event selection947
cuts: each event cut was modified over a given o range

and the resulting change in the relative yield was taken"
as the systematic uncertainty. The 2D FE\,ss-angle cut™”
was varied like 20 + /2, and the p;ss < 250 MeV/c

cut by +50 MeV /c. Combining these contributions we™
obtain the following fractions: ot

8

0

952

12C p’ 2p 11B 953
M — (38.3+5.6)%, e
2C(p, 2p)''B "
—— 0 2 (105 + 1.8)%,

IQC(p’ 2p) 957

'2C(p,2p) ' Be >

e = (1.6 + 0.7)%. -

960
Selecting high-momentum SRC events. Weser
study SRC events by focusing on '2C(p,2p)!B andse
120(p, 2p)1°Be events. We start with the two-proton de-ss
tection following the vertex and S cuts mentioned above.ses
The first cut applied to select SRC breakup events is tooes
look at high-missing momentum, ppiss > 350 MeV/c. s
The remaining event selection cuts are chosen follow-se
ing a GCF simulation of the 12C(p, 2p) scattering reactionses
off high missing-momentum SRC pairs. After applyingeso
the high-missing momentum cut, we look at the in-planeswo
opening angle between the protons for different cases:on
(a) inclusive 2C(p, 2p) events, (b) GCF simulated events s
(c) exclusive 2C(p, 2p) 1B events, and (d) 12C(p, 2p)°Besr
events. The GCF predicts relatively large opening an-o
gles that guides our selection of in-plane opening angleors
larger than 63° (that also suppresses contributions from
inelastic reactions that contribute mainly at low in-plane
angles).
Next we apply a missing-energy cut to further exclude
inelastic and FSI contributions that appear at very large

11

missing-energies. To this end we examine the correla-
tion between the missing energy and missing momentum,
after applying the in-plane opening angle cut, for the
full range of the missing momentum (i.e., without the
Pmiss > 350 GeV/c cut), see Extended Data Fig. 4. We
chose to cut on —110 < Fpiss < 240 MeV.

To optimize the selection cuts we use the total energy
and momentum conservation in reactions at which we
identified a fragment (1°B or °Be). We can write the
exclusive missing-momentum in these reactions as

(6)

Neglecting the center-of-mass motion of the SRC pair,
the missing-mass of this 4-vector should be equal to the
nucleon mass m?niss’exd. = m%. The distributions for
120(p,2p)1°B and '2C(p,2p)!°Be events that pass the
missing-momentum, in-plane opening angle, and missing-
energy cuts are shown in Extended Data Fig. 5 together
with the GCF simulation. To avoid background events
with very small values of the missing-mass we choose to
cut on Miiss’exd' > 420 MeV?2/c*. After applying this
cut we are left with 26 12C(p, 2p)!°B and 3 12C(p, 2p)°Be
events that pass all the SRC cuts.

Dmiss,excl. = P12¢ + Ptg — P1 — P2 — ﬁlUB(Be)'

Characterizing the selected '2C(p,2p)!°B events.
The majority of SRC events with a detected fragment
comes with 19B. In the Extended Data we present
some kinematical distributions of these selected events
together with the GCF simulation. Extended Data Fig. 6
shows the total missing-momentum as well as its different
components, and also the same for momentum of the 1B
fragment, which is equivalent for the center-of-mass mo-
tion of the SRC pair. Overall good agreement between
the data and simulation is observed.

For 9B, if the scattering was done off an np SRC
pair, then the exclusive missing-momentum we defined
in Eq. 6 should be equal to the initial momentum of the
undetected neutron Pmiss,excl. 2 Prn. Assuming that the
missing momentum Py,iss i the initial momentum of the
proton inside the carbon nucleus, then for an np SRC
pair with large relative momentum and small center-of-
mass momentum for the two nucleons, the opening angle
between their vector should show a clear back-to-back
correlation, i.e., 180 degrees. This angular distribution
is shown in Extended Data Fig. 7, for the total opening
angle and the one in the transverse direction. A strong
peak can be observed in both distributions, especially in
the transverse distribution due to its better resolution.
The 1D distribution for the missing energy is shown in
Extended Data Fig. 7c.

Extracting SRC '2C(p, 2pX)/2C(p, 2p) ratios for °B
and '°Be. In order to extract these fractions, we consider
SRC events that pass the missing-momentum cut, in-
plane opening angle cut, and missing-energy cut, without



the cut on the exclusive missing mass which requires the
detection of a fragment. The corrections for these ratios
and the contributions to their uncertainties are the same
as discussed for the QE case. For the study of the system-
atic uncertainty due to the event selection cuts, we vary
Pmiss > 350 MeV /¢ by £50 MeV /¢, the in-plane opening
angle > 63° by £1°, and —110 < Ehss < 240 MeV by
+25 MeV. We obtain the following fractions:

12C(p7 2p)10B
12C(p, 2p)

120(p’ 2p)10Be
12C(p, 2p)

=44 +1.1%,

= 1.2+ 0.6%.
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Extended Data Fig. 1. | Reaction Vertex. Reconstructed reaction vertex in the LHy target. The position along the beam
line is shown in (a), scattering off in-beam material is also visible. For comparison, a sketch of the target device is shown in
(b), scattering reactions are matched at the entrance window, the target vessel, styrofoam cover. A selection in z < |13 cm]| is
applied to reject such reactions. The zy position at the reaction vertex is shown in (b), measured with the MWPCs in front
of the target. The dashed line indicates the target cross section. Scattering at the target vessel at around (z = 2cm,y = 2cm)
can be seen which is removed by the selection as indicated by the red circle.
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Extended Data Fig. 2. | Proton-proton Correlations. (a) Proton missing mass for >C(p, 2p)'*B. After the QE selection
in Fniss and in-plane opening angle, the distribution is shown in dark blue dots with artificial offset for better visibility. We
apply an additional missing mass cut M2, > 0.47 GeV? /c4, indicated by the dashed line. (b) Angular correlation between
the two (p, 2p) protons for quasielastic (M2 > 0.55 GeV?/c*) and inelastic (M2, < 0.55 GeV?/c*) reactions only selected
by missing mass. The QE events show a strong correlation with a polar opening angle of ~ 63°. (c) The off-plane opening
angle for M2, > 0.55 GeV2/c4 peaks at 180° as expected. Notice that our experiment has a limited acceptance.
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Extended Data Fig. 3. | Missing and Fragment Momentum. Momentum components for quasielastic *C(p, 2p)*'B
reactions compared to simulation. The proton missing momentum is shown for (a)-(d), while (e)-(h) show the same distributions
but with missing mass cut only (0.55 GeV?/c* < M2, <1.40 GeV?/c*). Agreement with the simulation is found in both
cases. The shift in pmiss,> is associated with a strong pp cross-section scaling with c.m. energy. For the same conditions the
"'B fragment momentum components are shown in (i)-(1), and (m)-(p). The dashed lines in piip , indicate the momentum
acceptance due to the fragment selection in P/Z.
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Extended Data Fig. 4.
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The missing energy vs. missing momentum for (a) GCF simulation, (b)

12C(p, 2p), (c) *2C(p,2p)'°B, and (d) *C(p,2p)'°Be events that pass the in-plane opening angle cut. The selection cuts in

—110 MeV< Eniss < 240 MeV and pmiss > 350 MeV/c are indicated by the dashed lines.
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Extended Data Fig. 5. | SRC Missing Mass. The exclusive missing mass distributions for 12C(p, 2p)10B events and
12C(p, 2p)'°Be events that pass the missing momentum, in-plane opening angle, and missing energy cuts together with the
GCF simulation (orange). The blue line represents the applied cut on the exclusive missing-mass Mfﬂissyexd, > 0.42 GeV?/c*,
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Extended Data Fig. 6. | SRC Missing and Fragment Momentum. The missing momentum distributions (a)—(d) for
the selected 2C(p, 2p)'°B SRC events (black) together with the GCF simulation (orange). Acceptance effects, especially in the
transverse direction are well captured by the simulation. The lower figures (e)—(h) show the fragment momentum distributions
in the rest frame of the nucleus for the same selected '2C(p,2p)'°B SRC events (black) together with the GCF simulation
(orange).
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Extended Data Fig. 7. | SRC Opening Angle. (a) Opening angle between the missing momentum and the neutron
reconstructed momentum for the selected 2C(p, 2p)'°B SRC events (black) together with the GCF simulation (orange). (b)
The transverse opening angle. (c) Missing energy distribution for the selected *C(p, 2p)'°B SRC events (black) together with
the GCF simulation (orange).



17

180
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Extended Data Fig. 8. | Incoming Beam Ions. Charge identification of incoming beam ions measured event-wise using

the two BC counters in front of the target (BC1, BC2). Besides **C, the A/Z = 2 nuclei **N and *°O are mixed in the beam
with less intensity.
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Extended Data Fig. 9. | Kinematical Correlations in single-proton Knockout. Figures (a)-(c) show the inclusive
12C(p, 2p) channel, and (d)-(f) the exclusive channel, i.e. with tagging ''B. In both cases, the quasielastic peak (QE) and
inelastic (IE) events are visible, while ISI/FSI are reduced by the fragment tagging. Eventually, a selection in Emiss and in-

plane opening angle was chosen to select QE events, see Fig. 2. The distributions are not corrected for fragment-identification
efficiency.



978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

18

Supplementary Materials for: Unperturbed inverse kinematics nucleon knockout
measurements with a 48 GeV/c Carbon beam

1. BM@N Detector Configuration. The BM@QN experimental setup at JINR allows to perform fixed-target
experiments with high-energy nuclear beams that are provided by the Nuclotron accelerator [22]. Our experiment was
designed such that in particular protons under large laboratory angles can be measured. That dictated a dedicated
upstream target position and modified setup as used for studies of baryonic matter, but using the same detectors [23].
The setup comprises a variety of detection systems to measure positions, times, and energy losses to eventually obtain
particle identification and determine their momenta. We are using scintillator detectors, multi-wire proportional
chambers, Silicon strip detectors, drift chambers, gas-electron multipliers, and resistive plate chambers as shown in
Fig. 1 and described in the following.

Beam Counters (BC): A set of scintillator counters, installed in the beam-line, based on a scintillator plate with
an air light guide read in by a PMT were used. Two counters (BC1 and BC2) were located before the target: BC1
was located at the beam entrance to the experimental area. It is a 15 cm in diameter and 3 mm thick scintillator
read out by a XP2020 Hamamatsu PMT. BC2 was located right in front of the target and provided the start time #.
This scintillator is of 4 cm x 6 cm x 0.091 cm size, and was tilted by 45° so that its effective area was around 4 cm x
4 cm. It was read out by a Photonis MCP-PMT PP03656. Two counters (BC3 and BC4), each read out by a XP2020
PMT, were located downstream the target to measure the total charge of the fragment particles in each event. BC3
was based on 10 cm x 10 cm x 0.29 cm scintillator, and the BC4 was 7 cm x 7 cm x 0.3 cm. A veto-counter with the
dimensions of 15 cm x 15 cm x 0.3 cm and a hole of 5 cm in diameter was located between BC2 and the target. It
was read out by an XP2020 PMT and was included in the reaction trigger to suppress the beam halo.

Multi-wire proportional chambers (MWPC): We used two pairs of MWPC chambers, one before and one after
the target for in-beam tracking [24]. Each chamber has six planes X, U, V, X’, U’, V'. The X wires are aligned in
y direction, U and V planes are oriented +60° to X. The distance between wires within one plane is 2.5 mm, the
distance between neighboring planes is 1 cm. In total 2304 wires are read out. The active area of each chamber is
500 cm? (22 ¢cm x 22 cm). About 1 m separated the chambers in the first pair upstream the target and 1.5 m between
the chambers in the second pair downstream the target. The polar angle acceptance of the chambers downstream
the target is 1.46°. The efficiency of the MWPC pair in front of the target for particles with the charge of 6 is
(92.240.1)%. The efficiency of the MWPC pair after the target is (88.8+£0.7)% for ions with Z = 6, and (89.1+0.2)%
for ions with Z = 5.

Silicon trackers (Si): As additional tracking system, three Silicon planes [25] were located after the target. In
combination with the MWPCs after the target, an increased tracking efficiency is reached. The first and second Si
planes share the same housing. The first plane consists of four modules, the second plane has two modules, the third
plane has eight modules. Each module has 640 X-strips (vertical) and 640 X’-strips (tilted 2.5° relative to X strips).
The first plane has smaller modules with 614 X’ strips and 640 X strips. The first two planes and the third plane
are separated by 109 cm. The angular acceptance of the Si detector system is 1.58°. The design resolution of 1 mm
for the y-coordinate and 50 pm for the z-coordinate was achieved in the experiment. The efficiency and acceptance
of the Si tracking system, determined for reconstructed MWPC tracks before the target, is (89.1 +0.8)% for outgoing
Z = 6 ions, and (88.8+0.7)% for Z = 5 isotopes.

Combined tracks were reconstructed using information from the MWPC pair after the target and the Si detectors.
The efficiency to find a Si track or a track in the second pair of the MWPC or a combined track, evaluated for events
with reconstructed the track before the target, is (97.7 +0.2)% for Z = 6 ions, and (97.9 + 0.3)% for Z = 5 isotopes.

Drift Chambers (DCH): Two large-area drift chambers, separated by 2 m, are located downstream the bending
magnet. These detectors are used for tracking the charged fragments in the forward direction. Together with the
upstream-tracking information of MWPC and Si in front of the magnet, the bending angle and thus the magnetic
rigidity of the ions is determined. Each chamber consists of eight coordinate planes: X, Y, U, V, where X wires are
parallel to the z-axis, Y wires are at 90° relative to X, and U and V are tilted by +/ — 45°, respectively. The distance
between wires within one plane is 1 cm, in total 12,300 wires are read out. The spatial resolution, given as residual
resolution, for one plane (X, Y, U, or V) is around 200 um (1o). It is obtained by the difference between the measured
hit and the position from the reconstructed track at that plane. The efficiency of around 98% (97%) for each plane
was estimated for the first (second) DCH based on the reconstructed matched track in the second (first) DCH. A
reconstructed track within one DCH chamber has at least 6 points.

Two-Arm Spectrometer (TAS): In order to detect light charged particles from the target, scattered to large lab-
oratory angles, the symmetric two-arm detection system around the beamline was constructed for this experiment.
Each arm, placed horizontally at +/ — 29.5° (center) with respect to the beamline, was configured by the following
detectors along a 5 m flight length: scintillator — scintillator - GEM — RPC. Each arm holds one GEM (Gas-Electron
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Multiplier) station at a distance of 2.3 m from the target. Each GEM station contained two GEM planes with the
dimensions of 66 cm (x) x 40 cm (y) each, placed on top of each other (centered at y = 0) to increase the overall
sensitive area to 66 cm x 80 cm. The spatial resolution of the GEM hit is 300 pum. Each RPC detector station,
located at the end of the two arms at a distance of 5 m from the target, has a sensitive area of 1.1 m x 1.2 m. Each
station consists of two gas boxes next to each other, each holds 5 multi-gap Resistive-Plate Chambers (RPCs) planes
inside [26]. Two neighboring planes within one box overlap by 5 cm in y direction. Each plane has 30 em long 1.2 ecm
wide horizontally aligned readout strips with a pitch of 1.25 cm. The measured x position is obtained by the time
difference measured between the ends of one strip. The resolution is 0.6 cm. Together with the position information
from the GEM, tracks are reconstructed along the arms and the time-of-flight information is taken from the RPC
system. The clustering algorithm was applied to the neighboring strips fired in the same event. In addition, each arm
was equipped with two trigger counters (T'C), scintillator planes close to the target. The X planes consisted of two
scintillators with dimensions of 30 cm x 15 cm x 0.5 cm located vertically side by side and read out by a Hamamatsu
7724 PMT each. The distance between the target center and the X-counters was 42 cm. Each Y plane was a single
scintillator piece of 50 cm x 50 cm x 2 cm, read out by two ET9954KB PMTs. The distance between the target center
and the Y planes was 170 cm. Each arm covers a solid angle of 0.06 sr, limited by the RPC acceptance.

Data Acquisition System (DAQ) and Triggers: The DAQ performs readout of the front-end electronics of the
BMG@N detectors event-by-event based on the information of the trigger system [27]. Timing information were read
out from DCH and RPC (two-edge time stamp) and processed by Time to Digital Converters (TDC) based on
HPTDC chip with typical accuracy of 20 ps for RPC and 60 ps for DCH. The amplitude information were read out
from coordinate detector systems of Si and GEMs and processed by Amplitude to Digital Converters (ADC). The
last 30 ps of waveforms were read back. The clock and time synchronization was performed using White Rabbit
protocol. As mentioned in the main text, the reaction trigger was set up requesting an incoming and outgoing ion
in coincidence with signals in the left and right arm trigger scintillator-counters (TC). Additional triggers are built
from coincident signals in the various scintillator detectors, suited for either calibration purposes or data taking. The
trigger matrix is shown in Table I, creating the so-called Beam trigger, Interaction trigger, and the physics triggers
AndSRC, and OrSRC. The input signals are BC1, BC2, no veto signal (!BC-VC), and a signal in BC3 which does
not exceed a certain upper threshold (ThBC3). The coincidence condition AndXY requires signals in all TCs in the
left and right arm, while OrXY takes the OR between the left and right arm of the spectrometer. The phyiscs data
were taken requesting the AndSRC trigger at a rate of about 100 Hz, allowing a livetime of close to 100%.

Supplementary Table I. | Trigger Matrix. Different coincidence triggers for collecting the data.
Trigger BC1 BC2 IBC-VC 'hBC3 AndXY OrXY

Beam X X X

Interaction x X X X

AndSRC x X X e X

OrSRC X X X X X

2. Fragment Momentum Calculation Trajectories of charged particles are bent in the large analyzer magnet
according to their magnetic rigidity, i.e. momentum-over-charge ratio Bp = P/Q. This allows to determine the
fragment total momenta.

For this purpose, simulations of the fragments, propagating in the magnetic field, were carried out using
the standard field map of the magnet. The corresponding materials of the beam-line detectors were also
implemented in the simulation. The simulated fragments were chosen to have the maximum possible po-
sition, angular and momentum spread to cover the entire geometrical acceptance of the magnet and detec-
tors. The output of the simulation is used afterwards as a training sample for the multidimensional fit (MDF)
algorithm (https://root.cern.ch/doc/master/classTMultiDimFit.html) in the form of n-tuples which hold posi-
tions and angles of the fragment trajectory upstream and downstream of the magnet: (zo,yo, 20, s, ) and
(1,91, 21, Bz, By) respectively. Performing MDEF over the training sample yields an analytical fit function P/zm¥ =
f(xo, Y0, 20, Az, 0y, 1,91, 21, Ba, By), which can be applied to the positions and angles measured in the experiment.

In a similar way, a second MDF function for o, angle was derived as o¥ = g(z9, yo, 20, Quy, 1, Y1, 21, Bz, By). This
function is used for the track-matching condition (a™% — o, )=min, which allows to determine whether the tracks in
upstream and downstream detection systems belong to the same global track through the magnet.

Having determined the two functions, ™% and P/Z™%  experimental data for the reference trajectory of unreacted
12( is used to adjust the input variables’ offsets, which reflect the alignment of the real detectors in the experimental
setup with respect to the magnetic field. This is achieved by variation of the offsets in the experimental input
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Supplementary Fig. 1. | Track Matching. (a) Correlation between a, angle measured upstream of the magnet and the

mdf

o™ reconstructed by the MDF. Dashed lines indicate applied cuts for the track matching condition. (b) Residual distribution
o™ — o, and the applied cuts as in (a).

variables simultaneously for o4 and P/Z™% until the residual between P/Z™% and its reference value is minimal.
The reference value is chosen to be the P/Z of unreacted '2C at the exit of the liquid-hydrogen target. Using
this approach a total-momentum resolution of 0.7 GeV/c for '2C is achieved, as estimated with the empty target
data, consistent with the resolution limits of the detection systems, see Fig. 2. The achieved momentum accuracy is
evaluated to be 0.2%. Fig. 1 shows the performance of the second MDF function for a,. A global track is constructed
when the reconstructed o# falls within the 50 gate indicated in the figure. In the analysis, only events with one
global track, which combines the up- and downstream detectors, are considered (if not stated differently). In case of
1B and '°B only one charged-particle tracks are of interest. At this point we do not fully exploit the multi-track
capability of this approach.

The fragment tracking efficiency is (50 & 5)%, obtained for an empty target run and given with respect to the an
incoming and outgoing Z = 6 ion. This tracking efficiency includes the involved detector efficiencies, as well as the
reconstruction and matching efficiency of good tracks. For the overall fragment identification efficiency an additional
(83 £ 6)% efficiency for the measurement of the outgoing charge needs to be added.

3. Reaction-Vertex Reconstruction The reaction vertex is reconstructed whenever one track is reconstructed in
each arm of the TAS. This requires at least one hit in the GEM and RPC systems to form a linear track in each arm.
We consider only single-track options from the hit combinations. The coincident two tracks that come closest, formed
from all possible hit combinations, determine the vertex position along the beamline in the z direction. Alignment
procedures within the GEM-RPC system, the left and right arm, as well as relative to the incoming beam are applied.
No particular reaction channel for absolute calibration purposes is available, therefore the detector positioning relies on
a laser-based measurement, and the alignment relative to the other detector systems and the beam using experimental
data. The quality of the tracks is selected according to their minimum distance, a selection criteria of better than 4
cm is applied in this analysis. Given the smaller angular coverage of the RPC system compared to the GEMs and
detector inefficiencies, the track reconstruction efficiency is 40%, with an RPC detection efficiency of about 85%. The
position resolution in z was determined by placing three Pb foils separated by 15 cm at the target position. The
reconstructed vertex position is shown in Fig. 3b, clearly three distinct peaks at a distance of 15 cm representing the
PDb foils are reproduced. Given the width of each peak, the z-position resolution from the two-arm spectrometer is on
average 1.8 cm (1o).

Knowing the vertex and the position in the RPC, the flight length is determined. Together with the time-of-flight
that is measured between the start counter BC2 and the RPC, the total momentum is determined. For the proton



1112

1113

1114

1115

1116

21

@ | Mean =47.9 GeV/c
g + Sigma =0.7 GeV/c
=]
3 i
© i
400+
2001 /
i 1
$
¢
B *++ ++++
I D ":” “ﬁ,"
0 N s
44 46 48 50 52

p2-[GeV/c]

Supplementary Fig. 2. | Fragment-Momentum Resolution. Total momentum and its resolution for *>C measured with
empty target.

~
=
~

R

Counts
[\
N
S

200

T
i
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

150
100
50

o b b b b by

LI B L B N B L |

i
—20 0 20
z (cm)

Supplementary Fig. 3. | TAS Results. (a) Basic velocity condition to select protons, the velocity cut in the left and right
arm are indicated by the red lines. (b) z-vertex for 3 Pb foils at the target position to determine the position resolution of the
vertex reconstruction. The position resolution is 1.8 cm (1), the fit is shown by the red line (plus background). The dashed
black lines indicate the absolute position alignment at z = £15 cm and zero.

selection an initial velocity cut is applied, 0.8 < 8 < 0.96, for each particle, see Fig. 3a. The absolute TOF calibration
and internal time alignment for the RPC is done using a Pb target assuming that the signals arrive at the speed of
light. The TOF resolution itself is determined by placing an additional thin Pb wall directly in front of the detector.
Taking the subtracted TOF spectrum with and without the Pb wall, a signal from electron-positron production is
measured. The TOF resolution, including the start timer, is about 175 ps.
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