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Abstract

This report summarizes the first glance at the physics analysis aiming at studying
of events containing hard quasielastic knockout of Short-Range Correlated pairs
of nucleons from the carbon-12 nucleus in the reaction 2C(p, 2p)° B /'Y Be under
conditions, when the knocked-out and scattered protons are detected at 30 degrees
with respect to the beam direction. The carbon-12 beam was produced and acceler-
ated in Booster and Nuclotron of the NICA mega-science facility and scattered on

a liquid hydrogen target at the modified BM@N experimental setup.
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1 Introduction

The BM@N experiment is the first fixed-target experiment at the NICA acceler-
ator megascience complex under construction at JINR (Dubna, Russia). The ex-
periment investigates dense baryonic matter using heavy-ion beams. In 2017, the
physics program of BM@N was expanded to study short-range correlations (SRC)
in carbon nuclei in the reaction 2C(p, 2p) X, where X = B, B, ?Be. SRC
are short-lived fluctuations of strongly interacting nucleon pairs in which the nu-
cleons are separated by distances comparable to the radius of a single nucleon and
carry momenta exceeding those of nucleons in the shell model of the nucleus. The
theoretical framework on SRC is currently developed well enough to allow quanti-
tative comparisons between calculations and experiment. The quantity and quality
of available experimental data make it possible to obtain numerical estimates of the
parameters entering theoretical calculations.

The first BM@N experiment in 2018 showed [1] that when the 'B nucleus is
detected, the nucleon knockout proceeds through a “transparent” carbon nucleus,
implying suppression of interactions in the initial and final states. Twenty-five
events of SRC-pair knockout were recorded, with properties consistent with re-
sults obtained on electron beams. In 2022, the experiments continued with an im-
proved detector system that included a hadron calorimeter to better separate proton
signals from background pions, as well as upgraded scintillation counters. The in-
troduction of a laser system made it possible to calibrate all scintillation detectors
simultaneously in the absence of beam. The improved data-acquisition and analy-
sis methods, together with a larger event sample than in the 2018 run, expand the
capability to detect SRC pairs.



2 Experimental Setup
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Figure 1: Schematic of the experimental setup. Not to scale.

Figure 2: A model view of the experimental setup.

The first and second JINR SRC measurement in inverse kinematics were
performed at the BM@N spectrometer with a 48 GeV/c and 44.4 GeV/c momen-
tum carbon beam from the Nuclotron accelerator incident on a proton target [2]
in 2018 and 2022, respectively. The baseline configuration of the BM@N setup
was modified with the two-arm spectrometer for registration of the scattered and

knocked-out protons at an angle of 30° with respect to the beam, which corresponds

to back-to-back elastic (pp, pp) scattering in the center-of-mass system. The auto-

model behavior [3] of the elastic (pp, pp) cross section near 90° was used to increase
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the probability of interactions with high-momentum nuclear protons. The details
and the results of the 2018 pilot measurement can be found in [1]. Inspired by
the first successful measurement, which served as a proof of concept and allowed
accessing ground state properties of 1?C in a quasi-free unperturbed single-step re-
action 2C (p, 2p) !'B as well as measuring properties of SRC pairs, the second
measurement was conducted in 2022. It aimed at measuring the absolute cross
sections, quenching, and attenuation at high momentum transfer for the cases of
quasi-elastic single proton knockout reaction. And for the SRC studies the main
objectives were to achieve higher statistics, detect the recoil partner, and perform
multi-fragment reconstruction with the idea to study fragmentation patterns and get
a clue on the production mechanism of SRC pairs.

To achieve these goals, several aspects of the experimental setup were im-
proved compared to 2018. The schematic view and 3D model of the experimental
setup in 2022 are shown in Fig. 1 and 2 correspondingly. Two new start time
scintillator beam counters and three scintillator counters for charge measurements
were designed and produced to achieve a better time and amplitude resolutions.
Each counter was read out by two PMTs, and the light signal was transported from
the scintillator to the PMT window by a Plexiglas light guide (compared to a single
PMT for each counter and air light guides in 2018). The new compact cryogenic lig-
uid hydrogen target [4] was designed, developed, and manufactured at JINR. Two
pairs of double-sided Si detectors, where each second detector was rotated by 90
degrees with respect to the beam direction, were used for coordinate measurements
of the fragments downstream the target. The two-arm spectrometer was improved
with new detectors compared to 2018. Each arm contained a GEM (Gas Electron
Multiplier) [5] and a CSC (Cathode-Strip Chamber) coordinate planes as well as a
time-of-flight TOF400 detector based on MRPC (Multi-gap Resistive Plate Cham-
bers) technology. The new large-area Tof-Calorimeter with the width of 1.5 m and
height of 2 m was assembled at JINR and located at each arm. Tof-Calorimeter
consisted of a scintillator array providing timing information and three layers of
LAND [6] modules providing statistical proton/pion separation. Downstream the

analyzing magnet a CSC was added for tracking of light fragments with large turn-
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ing angles. The scintillator wall provided charge information for each fragment
in the final state. A new laser calibration system with optical fibers going to all
scintillator detectors was used to perform time calibration without beam. The main
physics trigger was formed based on the signals from the scintillator beam counters

and the scintillator layer of the Tof-Calorimeter on both arms.

3 SRC analysis

Before detailing the SRC selections, we summarize the reconstruction and prese-
lection applied to the data. A full analysis of all individual detector subsystems
was performed, tracks of the two-arm spectrometer were formed, and the interac-
tion vertex was determined in each event. The track of the ion entering the target
and the tracks of forward fragments along the beam were reconstructed, and par-
ticle identification together with momentum measurement was carried out using
straight track segments of the fragments before and after the analyzing magnet.
From the entire collected data set, events were retained in which the residue frag-
ment is identified as a '°B, “Be, or ''B ion.

The analysis presented here is carried out on a subset of events that satisfy
the following criteria: one track reconstructed with the silicon tracking detectors
and the MWPC detectors; the condition on particle 3 in the range 0 < § < 1.5;
and exactly one track in each arm of the two-arm detector.

Subsequent selection was performed on a data tree named:

PhysicsTree 7 7 3500 4999 HeavyFrag RotLeft0 2deg JuneFilesFrag.root.

3.1 Single proton knockout

We identify exclusive 12C(p, 2p)''B events by requiring the detection of a !'B frag-
ment in coincidence with two charged-particle tracks. Energy and momentum con-

servation for this reaction reads:

Di2c + Ptg = p1 + P2 + D11B, (1)
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where piac = (v/Piac + Miac, 0, 0, prac) and pyy = (my, 0,0, 0) are respectively
the incident beam-ion and target proton four-momentum vectors. pi, ps, and pi1p
are the four-momentum vectors of the detected protons and ''B fragment. Assum-
ing QE scattering off a nucleon which is moving in a mean-field potential, we can
approximate pioc = p; + p118, Where p; is the initial proton four-momentum inside

the '2C ion. Substituting into Eq. (1) we obtain:
ﬁz’ ~ ﬁmiss = ]51 + ]32 - ﬁtga (2)

where ppss 1S the measured missing four-momentum of the reaction 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 2C rest frame.
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Figure 3: Quasi-Free Scattering distribution. The correlation between the mea-
sured missing-mass and the measured lab-frame two-proton in-plane opening an-
gle (61 + 0y). Distributions are shown for exclusive 2C/(p, 2p)'' B events.The QE
events were selected according to an elliptical cut shown in red. The inelastic (IE)
peak region is also marked.The selection criteria include beta cut for the two pro-
tons in the arms, the vertex cut in X,Y,Z axes, and the minimal |t,u| cut (see Adden-
dum).



Figure 3 shows correlation between the measured missing mass squared it
is the square of four vectors of pmiss in the 12C rest frame) and the lab-frame two-
proton in-plane opening angle, 0; + 65, for exclusive 2C(p, 2p)''B events. The
distribution shows two distinct regions: (A) low missing energy and large in-plane
opening angles that correspond to QE (quasi-elastic area) scattering, and (B) high
missing energy and small in-plane opening angles that correspond to IE scattering
(inelastic area).

To suppress the contribution of quasi-elastic (QE) events in the selection of

2
miss

SRC pairs, we introduce on the (6; + 02, m. ) plane an elliptical veto region

defined by (see Fig. 2, red contour)
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where the ellipse center is § = 65.6°, m2 = 0.896 GeV?/c*. The angular semi-axis

is taken as ay = ng oy with oy = 2.22°, ny = 2, hence ay = 4.44°. The m?

miss
semi-axis is taken as a,,2 = n,,2 0,2 with 0,2 = 0.232 GeV? /ct, ny2 = 1.1, hence
a2 = 0.255 GeV?/ct,

3.2 Selecting high-momentum SRC events

We study SRC events by focusing on 2C(p, 2p)!°B and 2C(p, 2p)'"Be events.
Most of the selection is based on establishing cut-offs for momenta and missing
masses for nucleons flying out of the nucleus on collision with a proton. The four

momenta of these particles are determined by the formulas, see also Fig. 4:

DPmiss = P1 + P2 — Prg (3)

Prec = P12¢ + Prg — P1 — P2 — DA—2 4)

We start with the two-proton detection imposing the vertex, S and min(|t|,|u|)



Figure 4: The diagram of the hard quasi-free knockout of an SRC pair out of 12-C
nucleus.

cuts, see Addendum. Furthermore, to limit the influence of inelastic scattering, we

impose a restriction on the missing mass in the square 0.5 GeV?/c* < M2 = <

miss
1.5 GeV?/c* in the reaction '2C(p, 2p)''B , as shown in Fig. 5, where M2, =
2 2

Emiss ~ Phmiss
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Figure 5: Distribution of events in the pmiss_Mr%liss plane. The quasi-elastic (QE)
events are concentrated around M2, = ~ 1 GeV?/c*, while inelastic (IE) contri-
butions dominate at lower M2, . To suppress inelastic scattering and background

events, the cut 0.5 < M2, < 1.5 GeV?/c* (red lines) is applied.

At the moment, for the current analysis, we do not have a simulation, but
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Figure 6: Missing momentum distributions for 2C(p, 2p)!'B (with QE cut) in light
blue and ?C(p, 2p)'"B in dark blue events (Ieft), 12C(p, 2p)'°Be events in light blue
(right). The vertical red line at |pniss] = 400 MeV /c indicates the applied cut used
to suppress the mean-field contributions.

we can assume that the QE region can be described by a mean-field potential and
compare the QE behavior to the potential SRC behavior based on data only. We
show distributions normalized to the same number of events for SRC selection.

While 1B and '°Be fragments can be produced in SRC breakup reaction, they
can also be produced following (p, 2p) interactions involving mean-field nucleons.
~ 10% of the measured inclusive mean-field 2C(p, 2p) QE events produce excited
1B fragment that decay to B and '’Be via nucleon emission. These processes can
be suppressed by requiring |pmiss| > 400 MeV /¢, which selects protons with initial
momenta that is well above the nuclear Fermi level where SRCs predominate over
mean-field nucleons [7], see Fig. 6.

To suppress the remaining contribution from nucleons described by the mean
field, a cutoff must be imposed on M2: 0 < M2, < 1.1 GeV?/c*, where M2, =

rec: rec

EZ. — p2.. Figure 7 shows that this condition suppresses almost all events from
mean field nucleons.
For additional comparison, Fig. 8 and 9 show graphs depicting the results

of SRC pair selection in the >C(p, 2p)!°B and 2C(p, 2p)!’Be reactions and nu-
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Figure 7: Distributions of M2 for 2C(p, 2p)1°B (left) and 2C(p, 2p)!°Be (right)

rec

events in light blue compared with 12C(p, 2p)' B events in dark blue (with QE cut).
The applied cut 0 < M2, < 1.1 GeV?/c* suppresses almost all contributions the
mean-field nucleons.

cleons described by the mean field in the 2C(p, 2p)!'B with the addition of a QE
cut. These distributions allow us to check how strongly the applied constraints
suppress the contribution of the quasi-elastic background and to compare the kine-
matic observables. In particular, the variables vy, = (€miss — Pmiss.z)/Mns M2,
FEiss = MmNy — emiss and the opening angle 0, + 6,,, where o, is the light cone
variable, e,,;ss 1S the energy component of the four momentum p,,;ss, my 1s the
nucleon mass.

Furthermore, the observed distributions suggest that an additional selection
criterion av,, < 0.85 can be introduced, which is shown by the red line in the distri-
bution graphs for alpha in Figures 8 and 9. This requirement provides additional
suppression of residual quasi-elastic events that may pass through the selection de-
scribed above, thereby ensuring that genuine SRC pairs, rather than mean field

contributions, predominate in the selected sample.
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Figure 8: Distributions of a,,, M?

3.3 Results

In the current work the first glance at the selection of SRC events from the 2022
data was done, showing that a set of cuts can be elaborated in order to cleanly
separate SRC events from QE events. The preliminary selection of events can be
seen in Table 1 .

After applying a sequence of cuts based on the reaction vertex position, (3
M2

iss» Mie., missing momentum, and alpha cuts, we obtain a

selection, min(t],u]), M2
sample of SRC candidate events. As shown in Table 1, the number of selected pn-

knockout pairs in the reaction 12C(p, 2p)!°B is approximately 92, while the number
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Figure 9: Distributions of o, M?2

of pp-knockout pairs in the reaction 12C(p, 2p)'°Be is about 14.

Next we examine the angular correlations between the nucleons in the pair
and between the pair and the B and 'Be fragment. Figures 10a and 10c show
the distribution of the cosine of the angle between the missing momentum and the
reconstructed undetected recoil neutron momentum for the reactions ?C(p, 2p)!'B
and 2C(p, 2p)'"Be, respectively. A clear back-to-back correlation is observed, as
expected for strongly-correlated nucleon pairs.

Finally, we consider the factorization of measured SRC pairs from the resid-

ual nuclear system. The strong two-body interaction between nucleons in a pair
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Selection step 2C(p, 2p)'"B | 2C(p, 2p)'"Be
(pn knockout) | (pp knockout)
(p,2p) tagging, by gy < 0.98,
vertex cut 34575 6039
min(|[t|,|u|) > 1.0 GeV? 16184 3027
0< M2, <1.1GeV?/c! 3916 789
0.5 < M2, < 1.5GeV?/c! 1756 299
[Pmiss| > 0.4 GeV/c 495 101
< 0.85 92 14

Table 1: Table of sequential cuts for selecting SRC pn and pp pairs in the reactions
2C(p, 2p)1'B and 2C(p, 2p)!"Be.

was predicted [8, 9, 10] to allow its distribution to be assumed as independent
functions of the relative and central motion of the pair, without correlation between
them. Such factorization greatly simplifies SRC calculations and should be evident
experimentally by the absence of correlation between the relative and central mo-
menta of the pair, which has been verified, see Figures 10b and 10d, where the

relative momentum was calculated using the formula p,.; = (Piss — Prec) /2

4 Conclusion

In this preliminary analysis we identified about 92 pn and 14 pp SRC candidate
pairs. The observed angular correlations confirm the expected SRC signatures,
indicating that the applied selection criteria are reliable. Further studies and simu-
lations are required for final quantitative conclusions.

In the next phase of the project, I will continue working with the group on
SRC analysis. Planned steps include developing a theoretical event generator for
SRC processes, conducting special simulations, and applying them for more ac-
curate event selection. At the same time, I am working on the time correction of
scintillation counters located along the beam to the target. These tasks will be a

continuation of the current work after the completion of the START program.
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5 Addendum

Vertex cut For the reconstructed interaction vertex we required the condition
—589.2 < Vert Z < —559.2,

which corresponds to a 30 cm interval along the beam axis, matching the full length
of the hydrogen target. Additionally, the transverse coordinates of the vertex were

required to satisfy the elliptical condition
(Vert X —0.5)% 4 (Vert_Y)* <9,

with the further constraint |Vert X| > 0 and |Vert_Y| > 0. These requirements

are illustrated in Fig. 11.

Selection of (p,2p) quasi—free—scattering events. To isolate (p, 2p) events from
quasi—free scattering, we reject other tracks originating from inelastic reactions,
predominantly pions. The basic selection is a cut on the velocities of the two mea-
sured particles. In the analysis, each of the two particles registered in the arm de-
tectors is required to satisfy 3 < 0.98 and min(|¢|, [u|) > 1 (where ¢ and u are the
Mandelstam invariants, in GeV?); these two requirements suppress fast and slow
pions, respectively. In Fig. 12a, the cut 5 < 0.98 is indicated by the red lines; the
suppression of small 3 is implemented via min(|¢], |u|) > 1, which corresponds to
the lower boundaries in 37 and 5, in the same panel. The threshold on min(|¢|, u))

was chosen to exclude most of the inelastic—scattering region; see Fig. 12b.
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Figure 10: Angular correlations in SRC decay events. Distributions of the cosine
of the angle between (a), (c¢) the recoil nucleon and the missing momentum and (b),
(d) the 10B and 10Be fragments and the pair of relative momenta. (a), (b) corre-
spond to reaction 12C(p, 2p)!°B, and (c), (d) correspond to reaction 2C(p, 2p)1°Be.
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Figure 12: Event-—selection cuts in the (p,2p) analysis: (a) upper cut on particle
velocities; (b) down cut on particle velocities using the Mandelstam—invariants t,
u.
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