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Unperturbed inverse kinematics nucleon knockout
measurements with a carbon beam
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Particle knockout scattering experiments'? are fundamen-
tal for mapping the structure of atomic nuclei*, but their
interpretation is often complicated by initial- and final-state
interactions of the incoming and scattered particles*’°, Such
interactions lead to reduction in the scattered particle flux
and distort their kinematics. Here we overcome this limitation
by measuring the quasi-free scattering of 48 GeV ¢ 2C ions
from hydrogen. The distribution of single protons is studied
by detecting two protons at large angles in coincidence with
an intact "B nucleus. The "B detection suppresses the oth-
erwise large distortions of reconstructed single-proton dis-
tributions induced by initial- and final-state interactions. By
further detecting residual °B and °Be nuclei, we also identi-
fied short-range correlated nucleon-nucleon pairs®"* and pro-
vide direct experimental evidence for separation of the pair
wavefunction from that of the residual many-body nuclear
system®'“. All measured reactions are well described by theo-
retical calculations that include no distortions from the initial-
and final-state interactions. Our results showcase the ability
to study the short-distance structure of short-lived radioac-
tive nuclei at the forthcoming Facility for Antiproton and lon
Research (FAIR)" and Facility for Rare Isotope Beams (FRIB)™
facilities, which is relevant for understanding the structure
and properties of nuclei far from stability and the formation of
visible matter in the Universe.

Strongly interacting systems are difficult to study. In the special
case of strongly interacting quantum gases, ground-state properties
can be directly measured using ultracold atomic traps, where one
can instantaneously turn off both the interactions between the atoms
and the trap itself””. This allows the exploration of a wide range of
fundamental quantum mechanical phenomena and the imitation of
strongly correlated states in condensed matter systems where simi-
lar control over interparticle interactions cannot be obtained'®.

Due to their high density and complex strong interaction,
constructing such model systems for atomic nuclei is extremely
challenging. Instead, the distribution of nucleons in the nuclei is
traditionally studied using high-energy electron scattering experi-
ments that detect the scattered electron and knockout nucleon
with high-resolution spectrometers’. The initial-state interaction
and final-state interaction (ISI/FSI) lead to multistep processes
that—depending on their kinematics—lead to a reduction in the
quasi-elastic (QE) cross-section (attenuation) or kinematical dis-
tortion of the reconstructed single-nucleon ground-state properties.
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At high energies, Glauber approximation calculations allow to
estimate the total contribution of multistep ISI/FSI processes, while
the relative contributions of distortion and attenuation are chal-
lenging to model. The pre-selection of the reaction kinematics or
post-selection of the residual nucleus can suppress ISI/FSI distor-
tions, which allow the use of energy and momentum conservation
to reconstruct the distribution of nucleons in the nucleus. For these
cases, the remaining attenuation effects can be estimated using
Glauber approximation calculations®”'>'*%,

Although largely limited to stable nuclei, such experiments have
helped establish the nuclear shell model* and the existence and
dynamics of short-range correlated (SRC) nucleon pairs®'*'>*? that
constitute the next substantial approximation to the nuclear struc-
ture after the shell model>*".

Extending these studies to radioactive nuclei far from nuclear
stability is a growing frontier of nuclear science’. Such studies
require performing scattering experiments in inverse kinematics,
where low-luminosity high-energy beams of radioactive nuclei are
scattered from protons in hydrogen targets”. The cross-section
for such reactions is much higher than that for electron scatter-
ing, but it comes at the price of large ISI that prevents kinematical
pre-selection. Additionally, since there is rarely sufficient energy
resolution to determine the residual nuclear state from the measured
momenta of the knocked-out nucleons, post-selection requires the
direct detection of the residual nuclear system®.

Here we use post-selection in high-energy inverse kinematics
(p,2p) scattering to probe single-particle states and SRCs in the
well-understood '*C nucleus. By detecting a bound nuclear frag-
ment, we select the transparent part of the scattering reaction,
where the measured events are predominantly due to single-step
scattering reactions. Thus, multiple scattering ISI/FSI events, which
would normally induce both attenuation and distortion, only lead
to enhanced attenuation allowing for unperturbed reconstruction
of particle distributions.

By identifying the "'B fragment, we successfully study the distri-
bution of protons in the p shell of *C, where we obtain consistent
distributions for both QE and inelastic (IE) scattering reactions.
Selecting B and '"B fragments, we further identify the hard
breakup of SRC pairs. We directly measure the pair motion in the
nucleus and establish the separation of the strong interpair interac-
tion from the residual nuclear system. The latter is a key feature
of modern theoretical SRC models”'"'>'**, which has not been
experimentally confirmed.
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Fig. 1| Experimental setup and fragment identification. a, Carbon nuclei travelling at 48 GeV ¢™ hit protons in a liquid-hydrogen target, knocking out
individual protons from the beam ion. Position- and time-sensitive detectors, including MWPC, GEM, RPC, Si trackers and DCH, are used to track the
incoming ion beam, knockout protons and residual nuclear fragments, as well as determine their momenta. Signals from scintillator-based TCs and BCs
are used to identify an interaction and record the detector data. b, The bend of the nuclear fragments in the large dipole magnet indicates the fragment
magnetic rigidity P/Z, which—combined with the effective charge Z,; measured by the BCs—allows identification of the various fragments. In this work,
we refer to events with the detected "B, '°B and '°Be heavy fragments; see the text for details.

The experiment took place at the Joint Institute for Nuclear
Research (JINR) using a 4GeV ¢! per nucleon ion beam from the
Nuclotron accelerator, a stationary liquid-hydrogen target, and a
modified Baryonic Matter at Nuclotron (BM@N) experimental
setup, as shown in Fig. la.

The beam was monitored upstream of the target using thin
scintillator-based beam counters (BCs) used for charge identifica-
tion (Extended Data Fig. 1), a veto BC for beam-halo rejection and
two multiwire proportional chambers (MWPCs) for event-by-event
beam tracking. The BC closer to the target was also used to define
the event start time ¢,

A two-arm spectrometer (TAS) was placed downstream of
the target to detect the two protons from the (p,2p) reaction that
emerge between 24° and 37°, corresponding to 90° QE scattering
in the two-protons centre-of-mass (c.m.) frame. Each spectrometer
arm consisted of two scintillator trigger counters (TCs), a gas elec-
tron multiplier (GEM) station and a multigap resistive plate cham-
ber (RPC) wall.

Proton tracks were reconstructed using their hit location in the
GEM and RPC walls. We only consider events where the distance
of closest approach between the proton tracks is smaller than 4cm
and the interaction vertex of each proton is reconstructed within
the central 26 cm of the target (Extended Data Fig. 2). The time dif-
ference between the RPC and ¢, signals define the proton time of
flight (TOF), which is used to determine its momentum from the
measured track length, assuming a proton mass.

As the protons of interest for our analysis have momenta between
1.5and 2.5GeV ¢! (0.85 < < 0.935), we conservatively reject events
with proton tracks having 5> 0.96 or $<0.8.

Signals from the TC were combined with the BCs upstream of
the target to form the main “C(p, 2p) reaction trigger for the experi-
ment. Additional triggers were set up for monitoring and calibra-
tion purposes. See Supplementary Information for details.

Nuclear fragments following the (p,2p) reaction are emitted
with momentum similar to the nuclear beam momentum and at
small angles with respect to the incident beam. Three silicon (Si)
planes and two MWPCs were placed in the beamline downstream
of the target to measure the fragment scattering angle. Following the
MWPCs, the fragments enter a dipole magnet with a large accep-
tance of 2.87 T - m. Two drift chambers (DCHs) are used to measure
the fragment trajectory after the magnet.

The fragment momenta are determined from their measured
trajectories through the dipole magnet. Fragments are identified

from the combination of their rigidity (P/Z) in the magnet and
energy deposition in the two scintillator-based BCs placed between
the target and magnet entrance (Fig. 1b). The latter is proportional

to the sum of all fragment charges squared (Zeg = /> Z?).

Supplementary Information provides additional details on the
experimental setup and data analysis procedures.

We identify exclusive 2C(p,2p)"'B events by requiring the detec-
tion of a !B fragment in coincidence with two charged particle
tracks in the TAS. Energy and momentum conservation for this
reaction can be expressed as

Prc + Py =P1 + P2+ Ppup (1)

where Prc = (\/ (lezc + mzlzc)’ 0, O’P“C) and Py = (mp, 0,0, 0)
are the incident beam ion and target proton four-momentum vec-
tors, respectively. Here p;, p2 and pup are the four-momentum
vectors of the detected protons and "B fragment. Assuming QE
scattering off a nucleon moving in a mean-field potential, we
can approximate puc = p; + pup, where p; is the initial proton
four-momentum inside the '*C jon. Substituting this into equation
(1), we obtain

Pi = Pmiss = P1 + P2 — I_’tg; (2)

where Piss is the measured missing four-momentum of the reac-
tion and is only equal to p; in the case of unperturbed (no ISI/FSI)
QE scattering. Throughout the text, the missing-momentum vector
is shown and discussed after being boosted from the lab frame to
the incident ?C-ion rest frame.

Figure 2 shows the measured missing-energy distribution,
E, s =m,— ey, (Where e, is the energy component of Puiss in the
12C rest frame), and its correlation with the lab-frame two-proton
in-plane opening angle, 6, +0,, for inclusive 2C(p,2p) (left) and
exclusive 2C(p,2p)"'B (right) events. Both distributions show two
distinct regions: (1) low missing energy and large in-plane open-
ing angles that correspond to QE scattering and (2) high miss-
ing energy and small in-plane opening angles that correspond to
IE scattering.

As seen in the E, ;; projections, the inclusive *C(p, 2p) events are
contaminated by ISI/FSI backgrounds around and underlying both
IE and QE regions that distort their distribution. This background is
not evident in the *C(p, 2p)"'B case, which is the first indication that
requiring the coincidence detection of "B fragments selects a unique
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Fig. 2 | Quasi-free scattering distributions. a,b, Correlation between the measured missing energy (E,,

calculated in the 2C rest frame) and lab-frame

iss/

two-proton in-plane opening angle (6,,+6,,). Distributions are shown for inclusive ?C(p, 2p) events (a) and exclusive ?C(p, 2p)"B events (b).

c,d, One-dimensional projections of the missing-energy distributions. Blue triangles show inclusive events in ¢ and teal triangles show exclusive events in d
(see Extended Data Fig. 4a for opening-angle projections). Data error bars show statistical uncertainties of the data at the 16 confidence level. The solid
red and dashed black lines show the results of a fit to the measured QE and IE peaks, respectively, using the same functional form for the distributions of
both inclusive and exclusive events. The inclusive distribution requires an additional fit component—associated with ISI/FSI distortions (fine dashed green
line)—to fully describe the data. QE events can be seen as a peak around the low missing energy and opening angles of ~63°. IE reactions populate the
higher missing energy and lower opening angles, while ISI/FSI populate both regions and the ridge between them in the inclusive spectra.

subset of one-step processes where a single nucleon is knocked out
without any further interaction with the residual fragment. We note
that while the bound excited states cannot be separated from the
ground state in 2C(p,2p)"'B events, their contribution is small**
and should not impact the measured momentum distribution. See
Supplementary Information for details.

Figure 3a shows further evidence for ISI/FSI distortion suppres-
sion by comparing the measured missing-momentum distribution
for C(p, 2p) QE events with and without 'B tagging. The QE selec-
tion was done using the missing energy and in-plane opening-angle
cuts depicted in Fig. 2 following a 26 selection (see Supplementary
Materials for details and Extended Data Fig. 3). The measured
2C(p,2p) QE events show a notable high-momentum tail that
extends well beyond the nuclear Fermi momentum (~250 MeV ¢)
and is a characteristic of ISI/FSI°. This tail is completely suppressed
by !'B detection.

Figure 3b compares the measured "B momentum distribution
in the ?C rest frame for both QE and IE "*C(p,2p)"'B events. The
fragment momentum distribution is equal for both reactions. This
shows that the observation of a bound fragment selects quasi-free
unperturbed single-step reactions, even in the case of hard IE
nucleon—-nucleon scattering and in a kinematical region that is oth-
erwise dominated by FSI events.

In true unperturbed single-step >C(p,2p)"'B QE scattering, the
measured missing and fragment momenta should balance each
other. Figure 3¢ shows the distribution of the cosine of the opening
angle y between the missing and fragment momenta in the plane
transverse to the incident ion beam (which is insensitive to boost
effects and is measured with better resolution). While broadened
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due to detector resolutions, a clear back-to-back correlation is
observed, which is a distinct signature of QE reactions.

The data shown in Fig. 3 are compared to the theoretical cal-
culations of QE (p,2p) scattering off a p-shell nucleon in C. The
calculation is implemented via a simulation that accounts for the
experimental acceptance and detector resolutions, uses measured
"H(p, 2p) elastic scattering cross-section and does not include ISI/
ESI effects. The total simulated event yield was scaled to match the
data. See Supplementary Information for details. The calculation
agrees well with all the measured *C(p, 2p)"'B distributions, includ-
ing the fragment momentum distribution for IE events and the dis-
tribution of the angle between the missing and fragment momenta
(including its tail induced by the detector resolution).

Additional data-theory comparisons are shown in Extended
Data Figs. 4 and 5, which are in good agreement. This is a clear
indication that ''B detection strongly suppresses ISI/FSI kinematical
distortions, providing access to the ground-state properties of *C.

We thus conclude that the “C(p,2p)"'B QE reaction predomi-
nantly includes contributions from the single-step scattering off
the p-shell protons. This is in contrast to the measured >C(p,2p)
QE reaction that includes contributions from both single-step (off
p- and s-shell protons) and multistep scattering. The latter cre-
ate ‘QE-like’ multistep scattering events that pass the QE selec-
tion, but lead to notable kinematical distortion as seen by the high
missing-momentum tail (Fig. 3a). Other multistep scattering events
that do not pass the QE selection lead to flux reduction.

To estimate the fractional contribution of such QE-like multiple
scattering processes to the total ?C(p, 2p) QE reaction cross-section,
we employ a Glauber approximation calculation of the fraction
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Fig. 3 | Momentum distributions and angular correlation. a, Missing-momentum (p,....) distribution in the ™2C rest frame for QE C(p, 2p) and >C(p, 2p)"B
events. b, "B fragment momentum distribution (p 1) in the 2C rest frame for QE and IE ?C(p, 2p)"'B events. The light blue points in a and the open symbols
in b have a small artificial offset of 9 and 12 MeV ¢, respectively, in the positive x-axis direction for better visibility. ¢, Distribution of the cosine of the
opening angle between the missing and fragment momentum in the plane transverse to the beam, namely, cos(y). The solid red lines show the result of
our QE reaction simulation. Data error bars show statistical uncertainties at the 1o confidence level. The y axis shows the counts for the QE distribution.
The IE distributions are normalized to the peak region of the QE distribution. All the variables are shown in the ™C rest frame.

of single-step scattering reactions®. Extended Data Fig. 6 shows
that the Glauber calculation effectively reproduces the measured
2C(p,2p)"'B QE reaction missing-momentum distribution, but fails
to do the same for the measured inclusive C(p,2p) QE reaction
composed of QE-like multistep processes that are highly model
dependent and are not included in the calculation. The Glauber
calculation follow the procedure mentioned in ref. **. They predict
a negligible fraction of second-order multiple scattering processes
(<1%) and a cross-section ratio of >C(p, 2p)"'B/">C(p, 2p) single-step
processes of 0.7. This calculated ratio is ~1.6times higher than the
measured ratio of (43.7 2.4 (stat)f‘éjz (sys))%. This difference
implies that the QE-like multistep processes, which are in the data
but not included in the calculation, account for 37.6 +8.4% of the
measured inclusive 2C(p, 2p) cross-section. Most of this strength is
in the observed 31% enhancement in the measured “C(p,2p) QE
event distribution at high missing momentum beyond the Glauber
calculation. See Supplementary Information for details.

Thus we conclude that the "B post-selection selects single-step
scattering processes, which suppresses ISI/FSI distortions that
account for a large fraction of the measured *C(p,2p) QE reac-
tion and are highly challenging to model. This provides access to
ground-state distributions, at the price of enhanced attenuation. At
high energies of the current measurement setup, this attenuation
can be well modelled using Glauber calculations™.

Next we study SRCs by measuring the C(p,2p)"’B and
2C(p,2p)''Be reactions. SRC breakup reactions produce B and
"Be fragments when interacting with a proton-neutron (pn) or
proton—proton (pp) pair, respectively. While pair breakup processes
are more complex than single nucleon removal, fragment selection
also helps reduce contributions by secondary scattering processes
and restricts the excitation energy of the residual A-2 system to
below its nucleon separation energy. Furthermore, fragment detec-
tion offers a direct experimental probe for the interaction between
the SRC pair nucleons and the residual A — 2 nucleons.

While B and “Be fragments can be produced in the SRC
breakup reaction, they can also be produced following the (p,2p)
interactions involving the mean-field nucleons. As discussed
above, ~10% of the measured inclusive mean-field “C(p,2p) QE
events produce excited "B fragments that decay into °B and *Be
via nucleon emission. These processes can be suppressed by requir-
ing |Puiss| > 350 MeV ¢!, which selects protons with initial momenta
that are well above the nuclear Fermi level where SRCs predomi-
nate over mean-field nucleons”. See Supplementary Information
for details.

High p,...'*C(p,2p)'°B and "*C(p,2p)'"Be events can also result
from IE interactions that produce additional particles. Such reactions
can involve mean-field nucleons and will not be suppressed by the
high p, .., requirement. However, as shown in Fig. 2, they can be sup-
pressed by restricting the missing energy of the reaction and requiring
a large in-plane opening angle between the measured (p, 2p) protons.

To guide this selection, we used the generalized contact for-
malism (GCF)" to simulate (p,2p) scattering events off the SRC
pairs (see Supplementary Information for details). Following these
calculations, we select SRC breakup reactions by requiring an
in-plane opening angle larger than ~63° and —110 < E,_;, <240 MeV
(Extended Data Fig. 7). We further use the total energy and momen-
tum conservation to ensure exclusivity and suppress the IE contri-
butions by requiring a missing nucleon mass in the entire reaction:
aniss,excl. = (I3 e + Istg - 131 - 132 - IT“OB(Be))2 ~ mIZ\I where My is
the nucleon mass and M, .. is the exclusive reaction missing mass
(Extended Data Fig. 8).

Applying these selection cuts, we measured twenty-three
2C(p,2p)"*B and two *C(p,2p)'°Be events. The large °B/'*Be event
yield ratio is generally consistent with the previously observed pre-
dominance of pn over pp SRC pairs'®'>'****’, This measured ratio
of 11.5+2.5 is in full agreement with the GCF-calculated '°B/"*Be
yield ratio of 12.1, obtained using input from ab initio many-body
calculations'. The observed "B dominance also contradicts an
expectation of similar '’B and '°Be yields if the measured reactions
were dominated by mean-field QE scattering followed by FSI with a
single nucleon in "'B.

Figure 4a—c shows the missing-energy and missing-momentum
distributions of the selected SRC *C(p, 2p)'°B events. The measured
distributions show good agreement with the GCF predictions.
Additional kinematical distributions are shown and compared with
the GCF in Extended Data Figs. 9 and 10. We specifically note that
the distributions of the z component of the missing momentum is
not centred around zero and is shifted towards the incident-beam
direction (Extended Data Fig. 9c). This is expected because of the
strong s dependence of the large-angle elementary pp elastic scat-
tering cross-section. See discussion in Supplementary Information.

Next we examine the angular correlations between the nucle-
ons in the pair and between the pair and the '°B fragment. Figure
4d shows the distribution of the cosine of the angle between the
missing momentum (equation (2)) and the reconstructed unde-
tected recoil neutron momentum. A clear back-to-back correla-
tion is observed, as expected for strongly correlated nucleon pairs.
The width of the distribution is driven by the pair c.m. motion and
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Fig. 4 | Selection of SRC breakup events and angular correlations. a, Correlation between the missing energy E,.. and missing momentum p,.. for the
measured C(p, 2p)'°B (upwards-facing purple triangles) and >C(p, 2p)'°Be (downwards-facing brown triangles) SRC events, on top of the GCF simulation
(the colour scale is only relative as the absolute scale is set by the simulation statistics). The vertical white dashed line shows our event-selection cut of
Priss > 350 MeV ¢”'. b-e, One-dimensional distributions of the measured (black points) and GCF-simulated (orange line) 2C(p, 2p)'°B events as a function
of the missing energy (b), missing momentum (c), cosine of the angle between the recoil nucleon and missing momentum cos(8p_.. »,) (d) and angle
between the °B fragment and pair relative momentum cos(Gme,p,e,) (e). The width of the orange bands and the data error bars show the systematic
uncertainties of the model and the data statistical uncertainties, respectively, each at the 1o confidence level.

detection resolutions. It shows good agreement with the GCF pre-
diction that assumes a three-dimensional Gaussian c.m. momen-
tum distribution'**.

An independent determination of the SRC pair c.m. momentum
distribution can be obtained from the B momentum distribution
that is measured here (Extended Data Fig. 9e-h). From these data,
we extract an SRC pair c.m. momentum distribution with a Gaussian
width of o, =(156+27) MeV ¢! (see Supplementary Information
for extraction details), which is in agreement with previous electron
scattering measurements™.

Last, we examine the factorization of the measured SRC pairs
from the residual nuclear system. The strong two-body interaction
between the nucleons in the pair was predicted”'** to allow model-
ling its distribution as independent functions of the pair relative and
c.m. motion, with no correlation between them. Such factorization
dramatically simplifies the SRC calculations and should be evident
experimentally by a lack of correlation between the pair c.m. and
relative momenta.

Figure 4e shows the distribution of the cosine of the angle
between the '°B fragment momentum (that is, pair c.m. momen-
tum) and the pair relative momentum given by p.,=(Ppis — Pu)/2>
where p, is the reconstructed recoil neutron momenta. The GCF
assumes the above-mentioned factorization and therefore predicts
a flat distribution, which is slightly shaped by the acceptance of our
detectors. These data are in full agreement with this assumption.

Therefore, by investigating SRC pairs with the detection of the
residual-bound A — 2 nucleons system, we are able to provide direct
experimental evidence for the factorization of SRC pairs from the
many-body nuclear medium.

The dominant contributions of ISI/FSI to nucleon knockout
scattering measurements have been a major difficulty for experi-
mentally extracting nucleon distributions in the nuclei”'*>*=*\. Even
in high-energy electron scattering at selected kinematics that mini-
mize their contributions, the remaining FSI effects lead to attenu-
ation, which is effectively modelled theoretically*, and distortions
whose modelling is more challenging and introduce an interpreta-
tion uncertainty to the obtained results, especially at large missing
momentum®'**"*2,

Atlower beam energies, the method of quasi-free proton-induced
nucleon knockout in inverse kinematics has been recently
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developed and applied to study the single-particle structure of
exotic nuclei*>*»*. The data analysis and interpretation of these
results heavily relies on the assumption that the extracted particle
distributions are free from FSI distortions, for both QE and IE reac-
tions, which has not been experimentally proven to date.

Our findings, however, clearly demonstrate the feasibility of
accessing properties of single nucleons and SRC nucleon pairs
in short-lived nuclei, particularly neutron-rich nuclei, using
high-energy radioactive beams, produced at upcoming accelerator
facilities such as Facility for Rare Isotope Beams (FRIB) and Facility
for Antiproton and Ion Research (FAIR). With this method, we
accomplished a big step towards realizing the goal of such facilities,
which is exploring the formation of visible matter in the Universe in
the laboratory. The presented experimental method thus provides
a basis to approximate—as closely as possible—the dense, cold
neutron-rich matter in neutron stars in the laboratory.
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Methods

Ion beam. The primary beam ions were produced in a KRION source and
accelerated in the Nuclotron®, quasi-continuously delivering pulses for 2 s followed
by 85 pauses between spills. Each pulse delivered 2.5 10°ions on average.

The beam contained a mixture of '>C, "N and 'O ions with average fractions
of 68%, 18% and 14%, respectively. The ?C ions have a beam momentum of
3.98GeV c'u! (where u stands for nucleon number) at the centre of the LH,
target. They are focused on the target with a beam diameter of about 4cm
(Extended Data Fig. 2c).

The beam ions are identified on an event-by-event basis using their energy
loss in the scintillator-based BCs (BC1 and BC2 upstream of the target), which
is proportional to the square of their nuclear charge, Z% The selection of the
incoming nuclear species is shown in Extended Data Fig. 1. Pile-up events are
rejected by checking the multiplicity of the BC2 time signal.

Detectors upstream of the target. Before hitting the target, the beam was
monitored by the two thin scintillator-based BCs (namely, BC1 and BC2) and

two MWPCs mentioned above. The MWPCs determined the incident-beam-ion
trajectory for each event. Besides using the energy deposition in the BCs for
beam-ion identification, the BC closer to the target was read by a fast microchannel
plates photomultiplier tube used to define the event start time f,. Beam-halo
interactions were suppressed using a dedicated BC veto counter consisting of a
scintillator with a hole of 5 cm diameter at its centre.

Liquid-hydrogen target. The target” was cryogenically cooled and the hydrogen
was recondensated using liquid helium. The liquid hydrogen was held at 20K and
1.1atm in a 30-cm-long 6-cm-diameter aluminized Mylar cylindrical container.
The container entrance and exit windows were made out of 110-pm-thick Mylar.
The target constitutes a 14% interaction length for '>C. A sketch of the target cell is
shown in Extended Data Fig. 2.

TAS. A TAS was placed downstream of the target and was used to detect the two
protons from the (p, 2p) reaction that emerge between 24° and 37°. The vertical
acceptance of each arm is +7°. These laboratory scattering angles correspond to
~90° (75-101°) QE scattering in the two-proton c.m. frame. Each spectrometer
arm consisted of scintillator TCs, GEM stations and multigap RPC walls.

The proton tracks are formed using their hit locations in the GEM and RPC
walls. The vertex resolution along the beamline direction is 1.8 cm (1) and was
measured using a triple lead foil target, as detailed in the Supplementary Information.

The time difference between the RPC and ¢, signals defines the proton TOE.
The TOF—combined with the measured track length (accounting for the exact
interaction vertex in the target)—is used to determine its momentum. The
measurements of gamma rays from the interactions with a single lead foil target
were used for absolute TOF calibration. An absolute TOF resolution of 175 ps
was extracted, which dominates the momentum resolution (see Supplementary
Information for details).

Reaction vertex and proton identification. The z position (along the beamline)
of the reaction vertex is reconstructed from two tracks in the TAS, while the (x, y)
position is obtained from the extrapolated MWPC track in front of the target (the
latter provides a better transverse position resolution). Details about the algorithm
and performance can be found in the Supplementary Information.

The reconstructed vertex position along the beamline and transverse to it with
the inserted liquid-hydrogen target is shown in Extended Data Fig. 2. The structure
of the target—the LH, volume and other in-beam materials, such as the target
walls, styrofoam cover and various isolation foils—is well reconstructed. The vertex
quality is ensured by requiring that the minimum distance between the two tracks,
which define the vertex, is smaller than 4 cm. In addition, we place a selection
on the absolute z vertex, requiring it to be reconstructed within +13 cm from the
centre of the target.

Scattering from the target vessel that was not rejected by the veto counter is
removed by a cut on the (x, y)-vertex direction. This removes a strong peak due to
the styrofoam cover over the target (Extended Data Fig. 2c).

After determining the tracks and the vertex, the momentum of each proton
is calculated with respect to the incoming-beam direction by using the TOF
information between the target and the RPC.

To select (p,2p) events from quasi-free scattering, other particles that also
create a track but originate from IE reactions (mostly pions) need to be rejected.
We apply several criteria (outlined in the next section), but the basic selection is
a cut to the velocity of the two measured particles, as shown in Supplementary
Fig. 4b. In the analysis, both particles detected in the TAS must pass the velocity
condition of 0.80 < /< 0.96, removing fast and slow pions.

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. To measure the fragment scattering angle, three Si planes
and two MWPCs are placed in the beamline downstream of the target. Following
the MWPCs, the fragments enter a dipole magnet with a large acceptance of
2.87T-m, and they are bent according to their momentum-to-charge ratio (P/Z),
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namely, the magnetic rigidity. Two large-acceptance DCHs with eight wire planes
each are used to measure the fragment trajectory after the magnet.

The fragment momenta are determined from the measurement of their
bending angle in the magnet. Fragment identification (nuclear mass and charge)
is done using their bend in the magnetic field and energy deposition in two
scintillator-based BCs (BC3 and BC4) placed between the target and magnet
entrance (Fig. 1b). The latter is proportional to the sum of all the squared fragment

charges, namely, Zs = /> Z2.

Fragment momentum and identification. We follow a simulation-based approach
to derive P/Z from a multidimensional fit to the measured fragment trajectories
before and after the magnet. The particle trajectory is determined using the
MWPC-Si track before the magnet and the DCH track after the magnet. Both
tracks serve as input for the P/Z determination.

The momentum resolution was determined using unreacted '*C beam
ions (from empty-target runs) and found to be equal to 0.78 GeV ¢! (1.6%)
(Supplementary Fig. 2). This resolution is consistent with the resolution expected
from events obtained with simulation that accounts for the incoming-beam energy
spread. Using beam-trigger events (Supplementary Information), we verified that
the momentum reconstruction resolution is the same when '2C ions go through a
full liquid-hydrogen target. The achieved momentum accuracy is evaluated from
simulation to be equal to 0.2%.

The fragment-tracking efficiency, including the detection efficiency of the
upstream MWPC-Si, downstream DCH detectors, and track reconstruction and
selection algorithm, equals ~40%. See Supplementary Information for details on
the tracking algorithms and its performance.

Figure 1b illustrates an example of this fragment identification from the
experimental data using P/Z obtained by the multidimensional fit versus the total
charge measured in the scintillators.

This work only focuses on fragments with a nuclear charge of 4 or larger, with a
single track matched between the upstream and downstream tracks. Although the
charge of the fragments is only measured as an integrated signal in BC3 and BC4,
the boron isotopes can be unambiguously selected since no possible combination
of fragments could otherwise mimic a signal amplitude proportional to )"Z*=25.
In the case of '°Be, the only other fragment of interest here with Z =4 is
contamination from within the resolution and it is excluded by using the additional
P/Z information. Further, '°Be is the only possible fragment with P/Z~10GeV ¢!
in this region and is well separated.

Besides requiring a good vertex and single global-track events, we employ Z
and P/Z selection criteria to identify ''B, 1B or Be. A two-dimensional charge
selection—as for the incoming charge—was applied here for BC3 and BC4. Even
for the selection in P/Z versus Z.g, a two-dimensional cut was applied, as indicated
in Fig. 1b, with a~ 20 selection in P/Z.

Detection efficiencies of single heavy fragments. 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 fragment depends on the ability of the fragment to emerge from
the liquid-hydrogen target without re-interacting, as well as 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 the
beam-only data (that is, no target vessel in the beamline). We assume that within
the quoted uncertainties below, there is no difference between the efficiencies for
detecting Z=6 and Z=5 and 4 fragments.

To determine the efficiency for ascertaining the fragment’s charge in the BCs
downstream of the target, we first select the incident '>C ions based on their energy
loss in BC1 and BC2 (Extended Data Fig. 1). We then examine the fraction of
those 2C ions also identified by their energy loss in BC3 and BC4 downstream of
the target. This fraction defines a charge identification efficiency €, = (83 +6)%,
where the uncertainty is obtained from examining the different energy-deposition
cuts between 2 — 3¢ on the Gaussian distribution in BC3 and BC4. The standard
deviation in efficiency from this cut variation relative to the mean value defines the
uncertainty. The fraction of such Z,,=Z,, =6 events with a single reconstructed
track and P/Z=8GeV ¢! is equal to (39,54:;-_2)%, determined in a +2.200 range
with the +0.45¢6 range to account for this uncertainty. In the case of ’Be fragments,
the tracking efficiency is (39.51>1)% due to larger systematic effects. The
larger asymmetry towards smaller efficiency arises from a possible background
contribution in the reconstructed P/Z that is taken into account. More details are
given in the next section and in the Supplementary Information, particularly about
single-track identification and its efficiency.

Extracting QE >C(p, 2pX)/">C(p, 2p) ratios for ''B, '’B and *Be. To extract the
fraction of (p,2p) events with a detected heavy fragment, we need to apply several
corrections to the number of measured events that do not cancel in the ratio.

The ratio of the exclusive cross-section with a detected fragment to the inclusive
cross-section is given by

“C(p,2p)X R

_ ) 3
BC(p2p) €1 X eunar X alt ®
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where X stands for the detected fragment and

o Ris the measured ratio based on the number of QE events for each sample. We
added a cut on the low missing momentum, p,,, <250 MeV ¢!, in addition to
the missing energy and in-plane opening-angle cuts to clean up the inclusive
(p»2p) sample, and focusing on the region of the small missing momentum.

e €,is the outgoing fragment charge efficiency. We consider a value of
€,=(83+6)% (see discussion above).

o €. IS the outgoing fragment-tracking efficiency with all the selection cuts
applied in a +2.26P/Z range. We consider a value of €cc = (39.53‘_2)%
for "B and €pacc = (39‘51':—;;)% for 1°Be (see discussion above).

o attis the attenuation of the outgoing fragment due to secondary fragmenta-
tion in the target. After the reaction, the flux of the fragment depends on the
remaining distance that the fragment needs to travel in the target. The attenua-
tion is given by the reduction of this flux

att = exp(—poo2), (4)

where p is the target density and o, is the total reaction cross-section. We
evaluate the attenuation factor by taking an average over the 30 cm target
length using 6,,, =220+ 10 mb (assumed to be the same for '°B and ’Be within
uncertainty), such that att =0.87 +0.01. Additional breakup reactions due to
the material in the beamline downstream of the target were estimated (and
scaled) based on the total cross-section on carbon. The contribution to the
secondary reaction probability is comparably small, particularly reactions
from "B to B or '°Be are negligible.

The total reaction cross-section o, is calculated in eikonal reaction theory*
using the ''B harmonic-oscillator-like density distribution and the nucleon-
nucleon cross-section at 4 GeV ¢! u™! as the input. In a benchmark test, it
reproduces the measured cross-section for ''B 4 '>C at kinetic energy of

950 MeV u! (ref. *°), while the beam energy only has a very small impact.
We consider the ~5% systematic overestimate of the eikonal cross-sections
compared with measurements as uncertainty.

From equation (3), we see that there are four individual contributions to the
uncertainty in the ratio of '*C(p, 2pX)/"*C(p, 2p): statistics AR, efficiencies (Ae,
and Ae,,) and attenuation (Aatt). In addition, we have a systematic uncertainty
due to the event-selection cuts. Each event cut was modified over a given &
range and the resulting change in the relative yield was taken as the systematic
uncertainty. The 2D E, -angle cuts were varied as (2 + 1/2)0, where both these
quantities are described by a Gaussian. The cut in the missing momentum was
varied according to the missing-momentum resolution like p,;, <250 +50 MeV ¢
These uncertainties are quoted as symmetric uncertainties since in the
simulation we did not observe a notable asymmetry in the measured quantities.
Besides that, we also consider a possible background contribution in the P/Z
determination as additional asymmetric systematic uncertainty. It is determined
for each charge selection separately with a fit in the shape of a second-order
polynomial to the P/Z distribution under QE conditions. Since the fits with and
without background contribution result in very similar goodness, we chose to
adapt the possible background as 2¢ uncertainty. Combining these contributions,
we obtain the following fractions given with statistical (stat) and systematic (sys)
uncertainties:

lZC ,2 HB X
LR = (437 + 2.4 (stat) TE (sys))%,
|ZC ,2 \OB 5
BV = (7.8 4 1.0 (stat) T} (sys) %,
2C(p,2p) "B .
% = (0.9 & 0.4 (stat) T3 (sys)) %.
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Data availability

Source data are provided with this paper. All other data that support the
plots within this paper and other findings of this study are available from the
corresponding author upon reasonable request.
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Extended Data Fig. 1| Incoming beam ions. Charge identification of incoming beam ions measured event-wise using the two beam counters (BC1, BC2) in
front of the target. 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. 2 | Reaction vertex. Reconstructed reaction vertex in the LH, 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 second beam
counter (BC2), entrance window, the target vessel, styrofoam cover. A selection in z < |13 cm| is applied to reject such reactions. The xy position at the
reaction vertex is shown in (c), measured with the MWPCs in front of the target. The dashed line indicates the target cross section. Scattering at the target
vessel at around (x =2 cm, y = 2 cm) can be seen which is removed by the selection as indicated by the red circle.
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tagging. Eventually, a selection in E,,., and in- plane opening angle was chosen to select QE events, see Fig. 2. The distributions are not corrected for
fragment-identification efficiency.
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Extended Data Fig. 4 | Single-proton knockout signatures. a, Projection for in-plane opening angle (6,,+6,,) of Fig. 2, comparing the inclusive reaction
2C(p,2p) and tagged events with "B coincidence. The inclusive distribution is area normalized to the tagged one. The fragment selection clearly suppresses
FSI, and the QE signal separates from IE. b, Proton missing mass (Miss2) for tagged 2C(p,2p)"B events. After the QE selection in E,... and in-plane opening
angle, the distribution is shown in dark blue dots with artificial offset of 24 MeV/c in the positive x-axis direction for better visibility. We apply an additional
missing mass cut Mmiss2 > 0.47 GeV2/c%, indicated by the dashed line. ¢, Angular correlation between the two (p,2p) protons for quasielastic (M? >

0.55 GeV2/c4, filled circles) and inelastic (Mmiss? < 0.55 GeV2/c%, open squares) reactions only selected by missing mass. The QE events show a strong
correlation with a polar opening angle of ~63°. d, The off-plane opening angle \,, peaks at 180 as expected, shown for M? > 0.55 GeV?/c*. The width of this
distribution is narrower than that dictated by the TAS acceptance. Data error bars show the statistical uncertainties of the data at the 1o confidence level.
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Extended Data Fig. 5 | 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 GeV2/c* < Mpmiss> <1.40
GeV?/c*). Agreement with the simulation is found in both cases. The shift in p,.,, 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)-(I), and (m)-(p). The dashed lines in pyy,, indicate the momentum
acceptance due to the fragment selection in P/Z. Data error bars show the statistical uncertainties of the data at the 1o confidence level.
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in Fig. 3 of the main text. The data are compared with p-shell proton knockout simulation based on pwia (red line) and single-step scattering Glauber
approximation calculation (blue line). Both calculations are normalized to the integral of the data. b, same as (a) only for inclusive quasielastic ?C(p,2p)
events. The data are compared with a single-step scattering Glauber approximation calculation including scattering off both p- and s-shell protons. The
calculation is normalized to the data at low missing-momentum (below 250 MeV/c). Data error bars show the statistical uncertainties of the data at the 1o
confidence level.
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opening angle cut to be applied is indicated by the dashed line: (a) GCF simulation, (b) ?C(p,2p) data, (¢) ?C(p,2p)'°B/Be data on top of simulation, and
(d) the same as (¢) but with additional E, cut. The missing energy (E,....) vs. missing momentum (p,....) is shown in (e)-(h): for (e) GCF simulation, (f)
2C(p,2p), (g) ?C(p,2p)™®B, and (h) ?C(p,2p)'°Be events that pass the in-plane opening angle cut. The selection cuts in -110 MeV < E,... < 240 MeV and
Pumiss > 350 MeV/c are indicated by the dashed lines.
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Extended Data Fig. 8 | SRC missing mass and momentum transfer. a, The exclusive missing mass (Mmiss,excl.z) distributions for 2C(p,2p)'°B and >C(p,
2p)'°Be events that pass the missing momentum, in-plane opening angle, and missing energy cuts together with the GCF simulation (orange). The vertical
dashed blue line represents the applied cut on the exclusive missing-mass Mmiss,excl_z > 0.42 GeV?/c* b, and (c) represent the Mandelstam variables for
the same cases, '°B and °Be, (d) shows the two-dimensional momentum-transfer plot for °B. The width of the bands and the data error bars show the
systematic uncertainties of the model and the statistical uncertainties of the data, respectively, each at the 1o confidence level.
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Extended Data Fig. 9 | SRC missing and fragment momentum. The missing momentum distributions (a)-(d) for the selected >C(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 ?C(p,2p)™°B SRC events (black)
together with the GCF simulation (orange). The width of the bands and the data error bars show the systematic uncertainties of the model and the
statistical uncertainties of the data, respectively, each at the 1o confidence level.
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Extended Data Fig. 10 | SRC quantities. Selected ?C(p,2p)'°B SRC events (black) together with the GCF simulation (orange). a, Light-cone momentum
distribution @ = (Emiss — P*miss/Mp). b, Cosine of the opening angle between the missing momentum and the neutron reconstructed momentum in

the transverse direction, cos( pj_m“SSIpJ_n). ¢, Cosine of the angle between the '°B fragment and missing-momentum, cos( DWOB,pms). The width of the
bands and the data error bars show the systematic uncertainties of the model and the statistical uncertainties of the data, respectively, each at the 1o
confidence level.
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