Transport-Model Analysis of the ¢-Meson
Spectrum Produced in 12 GeV pA Reactions

Masaya Ichikawa

October 15, 2025



Abstract

The masses of hadrons, particularly those of light hadrons, are significantly
larger than the masses of the quarks that constitute them. Theoretically, it is
considered that quarks acquire large constituent quark masses through their
interactions with the non-trivial vacuum of the strong interaction, specifi-
cally, the quark condensate. The quark condensate is an order parameter
of the spontaneously broken chiral symmetry of Quantum Chromodynam-
ics (QCD). On the other hand, the spontaneous breaking of chiral symme-
try is predicted to be partially restored at finite density or high tempera-
ture. Therefore, measuring the hadron mass spectrum under such conditions
is crucial for understanding the mechanism of mass generation of hadrons.
Various experimental measurements and theoretical calculations have been
carried out to investigate the properties of hadrons at high temperatures or
finite densities.

In the KEK-PS E325 experiment, a 12 GeV proton beam was irradiated
onto carbon and copper targets with the aim of collecting vector meson ete™
decay events inside nuclei. In past analyses focusing particularly on the ¢
meson, the reconstructed invariant-mass spectra were divided according to
the target nucleus and meson velocity. Since most of the ¢ mesons produced
in this setup are expected to decay outside the nucleus, this division was per-
formed to separate spectra with higher nuclear decay probability from those
with lower probability. As a result, significant modifications were observed
in part of the spectra, and the density dependence of such modifications was
evaluated.

The space-time evolution of nucleons inside the target nucleus after the
pA reaction is not trivial. Meanwhile, since the decay length of the ¢ meson
is large compared to the nuclear size, it decays in environments of various
densities, such as inside the nucleus, near the nuclear surface, or in vacuum.
Thus, the spatial distribution of nucleons after the pA reaction is important
for discussing spectral modifications. While past analyses assumed a Woods—
Saxon distribution for this spatial distribution, in this study, a more realistic
simulation was performed using the Parton-Hadron-String Dynamics (PHSD)
transport approach, and the spectral modification was reanalyzed.

In the present analysis, we employed PHSD to simulate the ¢-meson
spectra expected in the experiment and compared them with the measured



data. First, using the simulated spectrum without assuming any in-medium
modification, we demonstrated that a significant spectral modification ap-
pears in the spectrum that is expected to contain the largest fraction of
¢ mesons decaying inside the nucleus. Next, we examined the spectrum
under the assumption of a density dependence that is common across all
momentum regions. However, this assumption again failed to reproduce the
experimental spectrum. Finally, by introducing a momentum-dependent and
density-dependent spectral modification, as suggested by theoretical studies,
we succeeded in reproducing the experimental spectrum.

As a result, significant spectral modifications were again observed, similar
to previous analysis. However, the density dependence of the modification
was found to be smaller than that reported previously, showing better con-
sistency with the latest theoretical predictions.
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Chapter 1

Introduction

1.1 Physics Background

1.1.1 Hadron Mass

Hadrons consist of quarks and gluons. Their fundamental interaction is de-
scribed by Quantum Chromodynamics (QCD), an SU(3) color gauge theory,
which introduces an internal degree of freedom called color with three states.
In QCD, observable states must be gauge invariant, and thus the directly
observable states are restricted to color-singlet combinations such as mesons
and baryons.

In the Standard Model, which unifies QCD with the electroweak the-
ory, the current quark masses are generated through the Higgs field. The
quark masses themselves are external parameters in QCD, determined by
lattice QCD calculations based on hadron properties measured in experi-
ments. For example, the Modified Minimal Subtraction scheme (MS) masses
of the up, down, and strange quarks at the scale u = 2 GeV are 2.16 MeV /¢?,
4.70MeV/c?, and 93.5MeV /2, respectively [1]. In contrast, the masses of
hadrons formed from two or three quarks are much larger than the sum of
the masses of their constituent quarks. For instance, the mass of the pro-
ton, the lightest baryon consisting of wud, is 938 MeV/c?, which is more
than one hundred times larger than the sum of its constituent quark masses
(9.02MeV/c?). We have been engaged in research on the origin of this hadron
mass.

As described in the following sections, QCD in the vacuum is predicted
to exhibit spontaneous breaking of an approximate chiral symmetry. This



spontaneous breaking of chiral symmetry is believed to provide additional
mass to quarks in the vacuum.

1.1.2 Spontaneous Breaking of Chiral Symmetry

In QCD, which describes the strong interaction, the Lagrangian can be writ-
ten as follows [2]:

: iy Lo o _ _
L= (qilPqr + drilPar) — -G, G + > (Gumqgn + drmqqs) ,  (1.1)
q q

4+

where G, is the field strength tensor of the gluon defined as Gf,, = 9,A7 —
oA, — g famAﬁAZ, where A7 is the color-octet gluon field and g is the
strong-coupling constant, and /) denotes the covariant derivative defined as
D =+*D, and D, = 9, + igta A, where 4 is the Dirac matrix and ¢
is the color SU(3) generator. For a quark field ¢, its left- and right-handed
components are defined as

1 — 75 1 + 75
qr = 5 q, qr = 5 q (¢ =qr+qr), (1.2)
with
7’ =iy (1.3)

A chiral transformation is defined as an independent flavor rotation of
the left- and right-handed components. It can be expressed as a combination
of the vector transformation

exp(ia®T?), (1.4)
and the axial transformation
exp(iv°a®T*), (1.5)

where T is 7%/2 (7% is the Pauli matrix) for flavor SU(2) and A*/2 (A is
the Gell-Mann matrix) for flavor SU(3).

The Lagrangian (Eq. (1.1)) is invariant under vector transformations,
and invariant under axial transformations except for the mass term. For up
and down quarks, the mass term can be almost neglected, and hence the
Lagrangian approximately has chiral symmetry. The strange quark, while

10



heavier than the up and down quarks, is also frequently treated as massless
in many theoretical contexts.

Moreover, hadrons that are mixed under a chiral transformation are re-
ferred to as chiral partners, and in the presence of chiral symmetry, these
states become degenerate. However, there exists a large mass difference be-
tween one such pair of chiral partners, the p meson (775.26 MeV/c?) and the
a; meson (1230 MeV/¢?), indicating that chiral symmetry is broken in real-

ity [1]. This indicates that chiral symmetry is in fact broken. The concept
that consistently explains this discrepancy is the spontaneous breaking of
symmetry.

Spontaneous breaking of symmetry means that the corresponding sym-
metry of the Lagrangian is not realized in the ground state. Figure 1.1
illustrates an example of a potential with spontaneously broken symmetry.
Although the potential itself has rotational symmetry, the ground states form
a continuous set of degenerate minima. Choosing one of them clearly breaks
the symmetry.

Quark Condensate

In general, if () is a generator of a symmetry group and an operator ® satisfies

([iQ, ®])o(= (0[[iQ, @]]0)) # O, (1.6)

its expectation value is called the order parameter, which characterizes the
degree of symmetry breaking [2].
For SU(2) 4, the Noether current is

A= 56 (1.7)

and the corresponding generator is

Q= / AsdPz. (1.8)
Choosing the operator
P* = qivs7q, (1.9)

and making use of the appropriate communication relations of the quark
fields, one finds that (Gq) serves as the order parameter of the axial transfor-
mation. This expectation value is called the quark condensate.

11



Figure 1.1: Example of the potential which cause spontaneous break of sym-
metry. Figure is adapted from Ref. [3].

1.1.3 Quark Condensate at Finite Density and High
Temperature
The expectation value of the quark condensate is modified in nuclear matter

due to the presence of nucleons. At low densities, it can be expressed as a
linear sum of contributions from individual nucleons:

(aa)y = (@ao + (Nlga|N)p + O(p"). (1.10)

The part of the nucleon mass originating from (gq), called the pion-nucleon
sigma term o,y, can be written using the explicit chiral symmetry breaking
Hamiltonian Hx,sp as

OxrN = <N|HXXsB|N>- (111)
For the QCD Lagrangian,
HXxSB = _mq(jq? (112)
which leads to
O = g (NIl ). (1.13)
Using the Gell-Mann-Oakes—Renner (GOR) relation [1],
famz = —2mq(Ga)o, (1.14)

12



one obtains

(qq), = (1 — U;NQp + O(p4/3)> (q@q)o, (1.15)
mﬂ' fﬂ'
indicating that the quark condensate decreases approximately linearly with
density in the low-density limit.
More detailed calculations have been carried out using chiral perturba-
tion theory [5-0]. Experimentally, from measurements of the pion optical
potential by pionic atoms, combined with the in-medium Glashow-Weinberg

relation [0],
ad, _ [00) [ _p
(@0 \ bi(p) (1 Pypo) , (116)

it has been evaluated that at the nuclear surface density p = 0.098 fm ™, the
quark condensate decreases to (77 £ 2)% of its vacuum value [10].

As for the temperature dependence, lattice QCD studies have shown
that the condensate rapidly decreases near the critical temperature T, ~
160 MeV [11].

1.1.4 Relation between Quark Condensate and Hadron
Mass

The quark condensate is related to hadron masses via QCD sum rule. QCD
sum rule connects the correlation function of an operator J,

(¢*) =i / d*z e (0|T[J(x)JT(0)]]0), (1.17)

to a sum of perturbatively calculable Wilson coefficients Cy(¢?) and non-
perturbative vacuum expectation values,

(q®) =Y _ Cal(g*){0/04]0). (1.18)
q

This can further be related to the spectral function of the corresponding
hadron, thereby connecting hadron spectral properties with vacuum conden-
sates [12]. Although QCD sum rule relies on certain approximations and
assumptions, limiting their precision to about 10-20%, they do not require
large-scale computations unlike lattice QCD, and can also be applied at finite
density.

13
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Figure 1.2: Density dependence of the p—w,and ¢ meson masses calculated
using QCD sum rules. The momentum of mesons is zero. The upper panel
shows the p—w mesons, while the lower panel shows the ¢ meson. In the
upper panel, the upper solid line represents the lower bound of the en-
ergy calculated by perturbative QCD (Sé/ ®) in the QCD sum rule analy-
sis. In the lower panel, the two solid lines correspond to the cases where
the ratio of the strangeness content to the quark content in the nucleon
(y = 2(5s) n/((uu)x + (dd) x)) is 0.12 and 0.22, respectively. The dashed line
in the lower panel indicates the sum of the vacuum masses of the main decay
products of the ¢ meson, namely K* K~ and K°K°. Figure is adapted from

Ref. [13].
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The density dependence of vector meson masses was first calculated in
Ref. [13] (Fig. 1.2). In addition to the quark and gluon condensates as vac-
uum expectation values, four-quark condensates ({(7q)?)) and twisted-two
condensates ((gv,D,q)) were also taken into account. It was concluded that
these light vector meson masses decrease approximately linearly with density
up to normal nuclear density.

As described above, spontaneous breaking of chiral symmetry plays a
crucial role in determining the properties of hadrons. To deepen our under-
standing of this relation, it is essential to study hadron properties in different
environments such as high-temperature or finite-density environments, both
theoretically and experimentally.

1.2 ¢ Meson Mass at Finite Density or High
Temperature

When hadrons are measured in environments with surrounding hadrons, such
as finite density or high temperature, distortions of the mass spectrum due
to interactions between decay products and the surrounding hadrons be-
come problematic. Vector mesons are advantageous for such studies because
they can decay into lepton pairs, which avoid strong interactions with the
surrounding hadrons, thus allowing a more direct discussion of the spectral
shape.

Among the vector mesons composed of u, d, and s quarks, there are the p,
w, and ¢. The p meson has a large decay width of 147.4 M/¢?, making it less
sensitive to spectral modifications. The w meson has a mass close to that of
the p meson, which makes it difficult to distinguish their spectra. Moreover,
for both p and w, higher-order contributions in QCD sum rules calclations,
such as {(qq)?) are considered to be significant in their spectra [14].

In contrast, the ¢ meson, although its e*e™ branching ratio is as small
as 3.0 x 107*, has no nearby resonance states and a narrow decay width of
4.249MeV /%, and its spectral properties are believed to be dominated by
the (5s) condensate [11].

Experimentally, high-temperature environments are realized in high-energy
heavy-ion collisions, while finite-density environments are realized in nuclear
targets. Thus, the size of the medium created in such experiments is on the
order of nuclei. If the decay width is too narrow, the meson may escape

15



the medium before decaying. However, the typical mean free path of the ¢
meson is about 50 fm for fy(= p/m) = 1, meaning that a part of them can
decay inside the medium.

Therefore, the ¢ meson serves as an excellent probe for studying hadron
spectral modifications in different vacuums.

1.2.1 Theoretical Calculations

The properties of the ¢ meson at normal nuclear density have been studied
using various approaches, such as vector meson dominance, hidden local sym-
metry, and chiral effective theories based on SU(3) and SU(6) [15-19]. Many
of these studies predict a small mass reduction of about 10 MeV/¢* and a
substantial broadening of the width of about 50 MeV/c?. Some calculations,
however, predict a mass reduction as large as 35 MeV /¢?. Furthermore, lat-
tice QCD has calculated the quantity oy, which represents the contribution
of the strange quark condensate to the nucleon mass [20].

In parallel, QCD sum rule calculations introduced in Sect. 1.1.4 have
been developed to relate the ¢ meson spectral function to vacuum expecta-
tion values [13-16, 21-27]. Ref. [25] calculated the mass dependence on o,y
and the density dependence of the mass using lattice QCD inputs for ogy.
Ref. [20] studied the momentum dependence of the mass for the transverse
and longitudinal modes separately. These results will be compared with the
present study in Sect. 5.3.

1.2.2 Experiments

Various measurements of the ¢ meson spectra and transparency ratios in
finite-density and high-temperature environments have been carried out.

KEK-PS E325 Experiment

In the KEK-PS E325 experiment, 12 GeV proton beam was incident on C and
Cu targets, and the ¢ — ete™ and ¢ — KTK~ decays were measured [283,

]. From the eTe™ decay channel, a significant modification of the ¢ meson
spectrum was observed. A comparison with simulations indicated that at
normal nuclear density the resonance mass decreases by 3.4418:?%, while the

width increases by a factor of 3.6115. Details will be discussed in Chapter 2.
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Since the ) value of the ¢ — K™K~ decay is small, a mass reduction of
the ¢ meson is expected to affect its branching ratio. However, in this exper-
iment no significant density dependence of the branching ratio was observed.

Other Experiments

In the COSY-ANKE experiment, a 2.83 GeV proton beam was incident on C,
Cu, Ag, and Au targets, and the ¢ — KK~ decay was measured [30]. The
momentum range of the measured ¢ mesons was 0.6 GeV/c to 1.6 GeV/c.
From transparency ratios between C and heavier targets, the momentum
dependence of the ¢ meson width at normal nuclear density was extracted
using model calculations, showing both an increase from the vacuum value
and a rising trend with momentum.

In the CLAS experiment, v beams up to 4 GeV were incident on ?H, C,
Ti, Fe, and Pb targets, and the ¢ — ete™ decay was measured [31]. The
measured momentum of the ¢ mesons was above 0.8 GeV /¢, with an average
of 2GeV/c. From transparency ratios, the ¢ meson width at p = 0.08 fm™
was concluded to be 23-100 MeV/ 2.

In the LEPS experiment, v beams of 1.5-2.4 GeV were incident on Li, C,
Al and Cu targets, and the ¢ — K™K~ decay was measured [32]. The mea-
sured ¢ momentum range was 1.0-2.2 GeV /¢, with an average of 1.8 GeV/c.
No significant modification of the resonance mass or width was observed in
the spectra. However, from the A-dependence of the production cross sec-
tion, the ¢nucleon cross section was estimated as 35715 mb, much larger
than the free-space value of 7.7-8.7 mb. This was interpreted as possible
evidence for medium modifications of the ¢ meson.

In the HADES experiment, a 1.7 GeV/c 7~ beam was incident on C and
W targets, and the ¢ — K™K~ decay was measured [33]. Although the
transparency ratio of the ¢ meson was evaluated, no quantitative values for
its width in finite-density nuclear matter were extracted in Ref. [33].

It should be noted that the conversion from cross section to width is not
always claimed by the experimental groups themselves, and different values
can be deduced from the same data. For example, Ref. [31] used

I'(p) = Bognpo (1.19)

to estimate the ¢ meson width at normal nuclear density as 45-200 MeV /¢?
from CLAS, 97737 MeV/¢? from LEPS, and 36-51 MeV/c? from HADES.

17



For high-temperature environments, the NA60 experiment at CERN SPS
measured ¢ — ptp in 158 AGeV In-In collisions [35]. No significant spectral
modification was observed. The fraction of ¢ mesons affected by the medium
was found to be consistent with 0%, with an upper limit of 8%. Thus, it
was inconclusive whether the ¢ meson undergoes spectral modifications in
the medium or whether too few in-medium ¢ mesons were observed.

As described above, numerous experiments have studied the properties of
the ¢ meson at high temperature and finite density. In high-temperature ex-
periments, uncertainties arise from the fraction of ¢ mesons actually affected
by the medium due to its instability. Discussions based on transparency ra-
tios are highly model dependent, and direct evidence for mass modifications
is difficult to obtain. By measuring the dilepton decay of ¢ mesons produced
in the relatively static environment of nuclei, direct investigation of spec-
tral modifications becomes possible, overcoming these difficulties. Since the
dilepton branching ratio is small, hadron beams are more suitable for such
studies. The E325 experiment demonstrated the spectral modification of ¢
mesons in nuclear matter using the 12 GeV pA reaction and evaluated both
the mass reduction and width broadening. However, even in this reaction,
it is not self-evident that changes in the spatial distribution of the target
nucleus are sufficiently small to have no impact on the results. To address
such issues, transport calculations are useful.

1.3 Transport Calculations

Transport calculations are numerical approaches that solve the time evolution
of many-body systems in which particles interact with each other, such as in
nuclear collisions. Various transport models have been developed to describe
nuclear collisions over a wide range of eV to TeV energies [36]. The relevant
degrees of freedom depend on the energy: at low energies, they are nucleons,
A resonances, and light mesons such as pions; at higher energies, hadrons
containing strange quarks such as kaons and ¢ mesons are included; and
at even higher energies, partonic degrees of freedom such as quarks and
gluons are employed. The classification of transport approaches and the
fundamental equations are described in Appendix. A.

In the present analysis, we employed a transport approach called Parton-
Hadron-String Dynamics (PHSD). PHSD has successfully reproduced and
interpreted a wide range of experimental data from heavy-ion collision ex-
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periments. In particular, for di-leptons, the model has demonstrated good
agreement with the invariant mass spectra measured in pp, pA, and AA
collisions over a broad range of center-of-mass energies, from a few GeV to
several TeV, at experiments such as HADES experiment, STAR experiment,
and those at the LHC [37]. Ref. [38] investigated the production and decay of
the ¢ meson by employing a T-matrix coupled-channel approach based on the
extended SU(6) chiral effective Lagrangian to PHSD. By incorporating newly
calculated ¢-meson production channels and the collisional broadening of the
¢ meson, this approach naturally reproduced the experimentally observed en-
hancement of ¢-meson production near the threshold. Ref. [39] studied the
production position, production momentum, and production spectrum of ¢
mesons generated in the 12 GeV pC and pCu reactions, which are the same
reactions as in the KEK-PS E325 experiment.

1.4 Aim of Present Work

In this thesis, I report on a reanalysis of the ¢ — ete™ spectra obtained
in the KEK-PS E325 experiment, as presented in Ref. [28]. In the present
analysis, we employ the experimental spectra from Ref. [28] but adopt a
different fitting function [10].

To incorporate effects not considered in the original analysis of Ref. [28],
such as the influence of the pA reaction on the target nucleus, we calculate the
time evolution of the spatial density distribution using a BUU-type transport
approach called Parton-Hadron-String Dynamics (PHSD). Furthermore, we
perform an analysis including the momentum dependence of the ¢-meson
spectral modification, which was not addressed in Ref. [25].

This thesis consists of six chapters. In Chapter 1, we introduce the physics
background of the experiment and general aspects of transport calculations.
Chapter 2 describes the setup of the KEK-PS E325 experiment the analysis
carried out in Ref. [28], focusing on the parts relevant to the present study.
In Chapter 3, we present details of the initialization and time evolution in
the PHSD transport calculations used in this work. Chapter 4 discusses the
issues encountered when implementing PHSD into the analysis of the exper-
imental data, as well as the treatment of experimental effects and spectral
modifications. In Chapter 5, we show the results obtained from the fits to
the experimental spectra and compare them with theoretical calculations,
other experiments, and previous analyses. Finally, Chapter 6 summarizes
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the conclusions drawn from the present analysis.
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Chapter 2

KEK-PS E325 Experiment

In the KEK-PS E325 experiment, the decays of vector mesons p, w, and ¢
into ete” or K™K~ were measured using 12 GeV pC and pCu reactions [28,

, 11-13]. The experimental data used in the present analysis, such as the
invariant mass spectra of ete™ pairs and the momentum distributions, were
not newly analyzed in this study, but were already analyzed in Refs. [258, 14].
In this chapter, we summarize the experimental setup and analysis described
in those references, focusing on the aspects relevant to the present study.

2.1 Experimental Setup

2.1.1 Accelerator Facility and Beam Line

The experiment was conducted in two separate periods, in 2001 and 2002,
at the EP1-B beam line of the 12 GeV Proton Synchrotron (PS) at KEK. A
top view of the beam line is shown in Fig. 2.1.

2.1.2 Beam

Proton beam with kinetic energy of 12GeV and an intensity of 6-9 x 108
per spill (with one spill lasting 2s) was used. The horizontal beam profile is
shown in Fig. 2.2. This profile was measured from the interaction rate while
the carbon target (described later) was rotated by 90° with respect to the
vertical axis to serve as a narrow target in the horizontal direction, and the
beam was swept horizontally. The horizontal beam position was calculated
as x = 0.109(V — V4), where V is the voltage of the B22 magnet shown in
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Figure 2.1: Top view of the KEK-PS EP1-B beam line. Figure is adapted
from Ref. [11].
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Figure 2.2: Beam-position dependence of the interaction rate in the horizon-
tal direction. Circles represent the measured data. Solid curve shows the
result of a Gaussian fit convoluted with the target width (1 mm). Figure is
adapted from Ref. [11].

Fig. 2.1. The standard deviation of the horizontal beam profile was 1.59 mm
in the 2001 run and 0.83 mm in the 2002 run.
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2.1.3 Targets

Carbon (C) and copper (Cu) targets were installed in a comb-like configura-
tion along the beam axis, as shown in Fig. 2.3. In the 2001 run, one carbon
target and two copper targets were installed. In the 2002 run, one carbon
target with twice the thickness and four copper targets (twice the number)
were used. To suppress v conversions in the targets, the radiation length of
each target was limited to approximately 0.5% at most. The details of the
targets are summarized in Table 2.7.

2.1.4 Detectors

Top and side views of the spectrometer are shown in Figs. 2.4 and 2.5, respec-
tively. Hereafter, the beam direction is taken as the z-axis, the vertically
upward direction as the y-axis, and the remaining axis as the z-axis.

In the ete™ measurement described in Ref. [28], two types of tracking
detectors and a two- or three-stage electron identification system were em-
ployed. The spectrometer covered an acceptance of £12° to +90° in the
horizontal direction and £22° in the vertical direction, corresponding to
0<pr<1GeV/e 0.5 <y <2.0,and 0.5 < v < 3.5 for ¢ mesons.

The tracking detectors consisted of the cylindrical drift chamber (CDC)
and the barrel drift chambers (BDC). Although a vertex drift chamber (VDC)

Table 2.1: Detail of the targets. The values of z position are the design
values.

Year 2001 2002

Material C Cu C Cu
Quantity 1 2 1 4

z position [mm] 0 +48 0 —43, —23, 24, 48
Width [mm] 25 25 10 10
Height [mm] 25 25 25 25
Thickness [mgcm 2] 92 2x73 | 184 4 %73
Interaction length [%] 0.11 2 x 0.054 | 0.21 4 x 0.054
Radiation length [%] 0.21 2 x0.57 | 0.43 4 x 0.57
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polyethylene stay

beam

Figure 2.3: Schematic view of the targets and jigs (2002 configuration). Fig-
ure is adapted from Ref. [11].

was installed in the innermost layer and also served as a tracking detector, it
was not used in the analysis in Ref. [11] because it significantly affected the
measurable ete™ invariant mass range depending on the target.

For electron and positron identification, two types of gas Cherenkov coun-
ters, the front gas Cherenkov counters (FGC) and the rear gas Cherenkov
counters (RGC), as well as three types of lead-glass calorimeters, the rear
lead-glass calorimeter (RLG), the side lead-glass calorimeter (SLG), and the
forward lead-glass calorimeter (FLG), were used. Since the acceptance of
each detector differs, as summarized in Table 2.2, electron identification was
performed using a combination of two or three of these detectors.

The start timing counters (STC), a scintillator located 380 mm from the
center of the spectrometer in the horizontal plane, covered an acceptance of
+12° to £60° in the horizontal direction and +23° in the vertical direction.
While the STC was originally used to detect the track timing for kaon iden-
tification via the time-of-flight (TOF) method, it also served as one of the
trigger components for the e™e~ measurement.
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Figure 2.4: Top view of the spectrometer. Figure is adapted from Ref. [11].

Other detectors not described here were used for KK~ measurements
and are omitted in this thesis.

The position resolution and the efficiency of the tracking detectors were
evaluated as summarized in Table 2.3. The CDC consisted of 10 layers as
shown in Fig. 2.6, while the BDC consisted of four layers as shown in Fig. 2.7.

The position resolution was modeled as a double Gaussian, with o; as the

Table 2.2: Acceptance of the electron identification detectors.

Layer Detector Horizontal Acceptance [°] Vertical Acceptance [°]

1 FGC £12-490 +23
2 RGC +12-+54 +6
2 RLG +12-1+54 +9-£23
2 SLG £57-£90 +23
3 FLG —40-—12, 12-54 +7
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Figure 2.5: Side view of the spectrometer. Figure is adapted from Ref. [11].

main component, oy as the secondary component, and the ratio defined as
the secondary-to-main component.

The momentum dependence of the detection efficiency for the electron
identification detectors was evaluated using the function: f(p) = a — b/p°.
For the performance evaluation, electron samples originating from ~ conver-
sions and 7° Dalitz decays, with the trigger bias removed, were used. The
parameters obtained from the fit are summarized in Table 2.4.

2.1.5 Spectrometer Magnet

The spectrometer magnet, as shown in Figs. 2.4 and 2.5, was a dipole-type
magnet with a maximum field strength of 0.71T. The integrated magnetic
field from the center to the radius of the Barrel Drift Chamber (BDC), located
at 1680 mm, was 0.81 T'm.

The magnetic field used in the analysis of Ref. [11] was derived from
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a combination of measurements taken in a limited spatial region and field
calculations using TOSCA [15]; a software package which solves non-linear
magnetostatic or electrostatic field and current flow problems in three di-
mensions. The procedure was as follows:

Table 2.3: Position resolution and detection efficiency of tracking detectors.
The values of g9 and ratio are common in the same super layer.

Super layer — Layer o7 [mm] oy [mm] Ratio Efficiency [%]

CDC inner X 0.197 0.595  0.436 96.1
X 0.203 96.8
U 0.286 90.2
CDC middle V 0.238 0.644  0.367 94.6
V’ 0.217 95.7
X 0.183 94.6
X’ 0.181 93.1
CDC outer U 0.285 0.718  0.395 97.2
X 0.212 95.7
X’ 0.261 94.2
BDC X 0.292 0.661  0.488 99.0
X 0.289 99.1
U 0.340 99.0
\Y 0.261 96.8

Table 2.4: Efficiency parameters for electron identification counters.

Detector a b c

FGC 0.867 0.207 0.76
RGC 0.623 1.8x107% 9.3
RLG 0.921 99x107% 82
SLG 0.882 1.7x107* 6.8
FLG 0913 1.2x107% 10.0
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Figure 2.6: Schematic view and cell structures of CDC. Figure is adapted
from Ref. [11].

e Simulate the trajectories of charged particles using the measured mag-
netic field to determine hit positions in the drift chambers.

e Reconstruct the momentum by applying the Runge-Kutta method to
the calculated hit positions in conjunction with the computed magnetic
field.

Using this method, the inconsistency in reconstructed momenta for charged
particles in the range of 0.5 GeV/c to 2.0 GeV /¢ was found to be 0.2 +0.3%.
The calculated magnetic field was scaled accordingly and used in the analysis.

During both the 2001 and 2002 runs, some of the electromagnetic coils
were malfunctioning. The magnet was equipped with seven coils each on
the upper and lower sides. Prior to the 2001 run, two coils on the upper
side failed and became unusable. To maintain vertical symmetry, two coils

28



wire region

Top
View >< Guard Wire

O

Sense Wire + Potential Wire
90 degree

S
=
5
5

X
x
X
x

N
Ej e V- layer

X X X X

N
N n ]/— Ej o= U- layer

‘ X X X X

. +
Side  Rel600 L i o Xlayer

1420 View

N BT S ST

X X X X

; )

¢ kb

Figure 2.7: Schematic view and cell structures of BDC. Figure is adapted
from Ref. [11].

on the lower side were also turned off, and the current was increased to
14/10 of the normal value for operation. Furthermore, partway through
the 2001 run, one additional upper coil failed. To preserve the integrated
magnetic field strength, all coils on the lower side were turned back on,
resulting in a configuration with four active coils on the upper side and seven
on the lower side. In this asymmetric configuration, the current was adjusted
to 14/11 of the standard value. The magnetic field in this non-symmetric
condition was recalculated using TOSCA. To validate this asymmetric field
configuration, the absolute magnetic field was measured at several heights
around the spectrometer center. The deviation from the calculated field was
found to be 0.49 4 0.03%. This discrepancy was used as a scaling factor for
the magnetic field in the analysis of Ref. [11].

2.1.6 Trigger

In the trigger system, track candidates were selected based on the horizon-
tal hit patterns in Layer 1 (FGC) and Layer 2 (SLG, RLG, SGC). The
hit patterns were designed to select particles with momentum greater than
0.4 GeV/c. Due to the high hit rate, the most forward segment of the FGC
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(each segment covering 6°) was excluded from the trigger logic.

A trigger was generated when at least one track candidate was found in
each of the left and right arms, and both arms of the STC registered hits.
The STC was used to select the eTe™ pairs generated on the targets.

2.2 Previous Analysis

In the previous analysis, the eTe™ invariant mass distribution was used to
discuss the presence or absence of the in-medium modification of the ¢-meson
spectrum, and the density dependence of the modification was evaluated from
its magnitude. The vacuum width of the ¢ meson is 4.249 MeV/c* [1], and
assuming (v = 2, it typically travels about 92 fm before decaying. Since the
radii of C and Cu nuclei are less than 10 fm, the majority of the ¢ mesons
observed in this experiment are considered to have decayed in vacuum. In
simple terms, the probability of in-medium decay increases as the nuclear
radius becomes larger and the ¢-meson velocity becomes smaller. Therefore,
in the previous analysis, the spectra obtained for each target nucleus were
classified into three categories using the parent particle fv: By < 1.25,
1.25 < By < 1.75, and B~y > 1.75, and the analysis was performed for
each category. The experimentally obtained e*e™ invariant mass spectra
are shown in Fig. 2.8. The detail of the analysis concerning the ete™ pairs
are described in Appendix B. The spectra are categorized into six groups
according to the target nucleus (C or Cu) and the v of the parent particle:
By < 1.25, 1.25 < v < 1.75, and By > 1.75. The bin width is set to
1/150 GeV/c* (~6.7MeV/c?).

To interpret these spectra, we performed a detector simulation using
Geant4 [16—18], a Monte Carlo simulator for particle transport in matter,
to include the experimental effects including the detector resolution. Inter-
nal radiative correction according to Ref. [19] was also taken into account in
the di-electron decay of ¢ meson. The detail of these effects is explained in
Sect. 4.3.2 and 4.3.3. As a mass distribution of ¢ mesons, the Breit—Wigner
form and also a simple spectral-modification model were used as described
in following section. Then, the simulated mass shapes were compared to the
data.
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Figure 2.8: eTe™ invariant mass spectra obtained in the experiment. The
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1/150 GeV/c?.
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2.2.1 Parameterization of Spectral Modification

The spectral function was assumed to follow a non-relativistic Breit—-Wigner
distribution, expressed as:

A(m) = L Lo - (2.1)
(m —mgy)* + (7‘?)2

where I'y is the width of ¢ meson and my is the resonance mass of ¢ meson.

The in-medium spectral modifications were parameterized by introducing
a density dependence to both the resonance mass m, and the total width I'y,
with parameters k1 and ko as follows:

mg(p) = (1 — /ﬁ%)mo, (2.2)
Ly(p) = (1+ k2£)roy (2.3)

where p is the baryon density, pg is the normal nuclear density, and my and I'y
are the pole mass and the width of ¢ meson in vacuum. Regarding Eq. (2.2),
calculations based on QCD sum rules [13] have shown that the dependence
is approximately linear up to normal nuclear density. Although there is no
theoretical foundation for Eq. (2.3), the values calculated in Ref. [50] were
found to be well fitted by a linear function as shown in Fig. 2.9.

Ideally, the partial width for the ee™ decay channel should also be pa-
rameterized independently. However, due to the limited statistics of the
experimental data to increase the free parameters, this was not done. In the
nuclear medium, the total width of the ¢ meson is expected to change from its
vacuum value due to modifications in the kaon and anti kaon masses, which
are the primary decay products, and interactions with surrounding nucleons.
On the other hand, the partial width for the ete™ decay is determined by
the overlap of the s and § quark wave functions. There is little theoretical
basis to expect the partial width to vary in the same way as the total width,
but it is also unlikely that it remains completely unchanged. Therefore, we

considered two extreme cases for the density dependence of the ete™ partial
width:

1. A case in which it changes proportionally with the total width, following
the same density dependence as Eq. (2.4).

rs(p) = (1+ ka%)rse, (2.4)
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Figure 2.9: Width of the ¢ meson in nuclear matter calculated in Ref. [50].
Points represent the calculated values, taken from Fig. 4 of Ref. [50]. Line

shows the result of a linear fit that passes through the width at vacuum, with
Ly(p)/T4(0) =1+ 4.4(p/po) Figure is adapted from Ref. [11].

where I'§¢ is the ¢ — e*e™ partial decay width in vacuum and the value
of ko is common with Eq. (2.3).

2. A case in which it remains unchanged from the vacuum value.

2.2.2 Generation of » Meson Mass and Momentum at
Decay

The production and decay of ¢ mesons were simulated as follows. First,
the production position of a ¢ meson was assumed to follow the spatial
distribution of the nuclear density in the target. This assumption is based
on the observed A-dependence of the ¢ meson production cross section in the

E325 experiment, which follows o oc A [13]. The nuclear density distribution
was modeled using the Woods—Saxon form:
N
p(,r) = r— R PO; (25)
1+ exp(T)
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where N is normalization factor, R is half density radius of the nucleus, and
7 is the surface diffuseness. The parameters are shown in Table 4.4. The
parameters for Cu were obtained from pA scattering experiments [51], while
those for C were calculated using R = 1.024Y% and 7 = 2.5/4.4. N was
determined such that the integral of p(r) matched the number of nucleons,
given the values of py, R, and 7. The momentum distribution of ¢ meson
is taken from JAM ! 1.01.00 [52], a hadronic cascade model, at the decay
of phi meson in the code. The distribution is consistent with the observed
¢ — ete” events.

The momentum and mass at the decay point were simulated as follows:

Assuming that the momentum of the ¢ meson remains unchanged and
its mass varies according to Eq. (2.2), the velocity calculated from these
values is used to propagate the ¢ meson from its production point in
steps of 0.1 fm. Density dependent pole mass is used in the propagation.

The local density at the middle point of the step is used to calculate
the decay probability in the step through the density dependent mass
and width.

With a probability proportional to the partial width divided by the
total width, it was determined whether the decay resulted in an ete™
final state.

The decaying mass was randomly selected according to the density-
dependent Breit-Wigner shape, namely, Egs. (2.1) (2.2), and (2.3).

Given the decay density, a mass was randomly selected according to
Egs. (2.1), (2.2), and (2.3).

If the flight distance exceeded 100 fm without decay, the ¢ meson was forced
to decay at that point.

1Jet AA Microscopic transport model

Table 2.5: Parameters of Eq. (2.5) used in Ref. [28].

Nucleus po [fm™] R [fm] 7 [fm] N
Carbon 0.17 2.3 0.57 0.9
Copper 4.1 0.50 1.2
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Corrections for experimental effects that influence the observed invariant
mass spectrum, such as detector acceptance and resolution, are shared with
those in the present analysis and are described in Sect. 4.

2.2.3 Fitting to Experimental Data

The simulated momentum distribution of ¢ mesons was found to be in
good agreement with the experimentally obtained distribution, as shown in
Fig. 2.10. The experimental momentum distribution was extracted through
the following procedure:

e The eTe™ invariant mass region from 0.95GeV/c? to 1.05GeV/c? was
defined as the ¢ mass region, which contains both signal and back-
ground. The sideband regions were defined as 0.85 GeV/¢* t0 0.95 GeV/ ¢?
and 1.05GeV/c? to 1.15GeV/c?, which are assumed to contain only
background.

e The invariant mass distribution in the sideband regions was fitted with
a quadratic polynomial to estimate the background contribution in the
¢ mass region.

e The momentum distribution of events in the sidebands was then used
as the background momentum distribution. It was normalized using
the number of background events estimated in the ¢ mass region and
subtracted from the total momentum distribution in that region.

To fit the experimental invariant mass spectra, the simulated ¢ — ete™
mass distribution was combined with a background component modeled by a
quadratic function. Fit was then performed to the data, with the three coef-
ficients of the quadratic function and the yield of the ¢ meson signal treated
as free parameters. The fit was carried out over the range 0.847 GeV/c? to
1.207 GeV /%, divided into 54 bins.

2.2.4 Previous Results

In Ref. [28], the simulation described above was first performed without
assuming any spectral modifications. The result of the fit to the experimental
data under this assumption is shown in Fig. 2.11. Out of the six spectra, five
were well reproduced. However, for the spectrum with the lowest §v among
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B~. Circles with error bars represent the real data and lines represent the
simulation of Ref. [28]. Figure is adapted from Ref. [11].

the Cu targets, the fit yielded a x?/dof = 83/50, which was rejected at a
99% confidence level.

Assuming that the discrepancy originates from the region 0.947 GeV/c?
to 1.007 GeV/¢?, the amount of excess in this region was estimated as follows:

e A fit was performed in the same manner as above, excluding the excess
region.

e The number of ¢ mesons Ny excluding the excess was determined from
the scale parameter of the signal component in the fit.

e The number of excess events N, was calculated by subtracting the fit
function from the experimental data in the excess region.
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Figure 2.11: Fit result from Ref. [11] without assuming spectral modifica-

tions. Data points with error bars represent the experimental data, and the
solid curve shows the fit result. Figure is adapted from Ref. [11].

The target nucleus and S dependence of the excess ratio (Nex/(Ng + Nex)),
including systematic uncertainties, are shown in Fig. 2.12. As shown, a
statistically significant excess was observed in the Cu target data with the
lowest (7.

Next, spectral modifications were introduced to the simulated spectra
assuming the forms given in Eqgs. (2.2) and (2.3). Fits were performed for
various combinations of k£ and k5, using the same values across all six spectra.
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Figure 2.12: Dependence of the excess ratio on target nucleus and . Ver-
tical error bars indicate statistical uncertainties, while brackets represent
systematic uncertainties. Horizontal error bars show the standard deviation
of 87 for each spectrum. Figure is adapted from Ref. [14].

Figure 2.13 shows the dependence of the total x? from all six spectra on the
parameters k; and ko obtained in Ref. [28]. The best-fit values of k; and
ko for each case of the assumption of the partial width are summarized in
Table 2.6. Figure 2.14 shows the fit results for the best-fit k; and ko values
in each case.

In both cases, k; ~ 0.034, indicating a significant shift in the resonance
mass. Furthermore, the case where the partial width follows Eq. (2.4) is
favored, as the total y? is decreased by 4.4 compared to the constant partial
width case.

Table 2.6: Best-fit values of k; and ke and x?/dof obtained in Ref. [25].

Partial width ky ko x?/dof
Density dependent 0.0341000% 2.671% 316.4/298
Constant 0.0331005% 0756 320.8/298
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2.3 Improvements in Present Analysis

As described in Sect. 2.2.2, in the simulation of Ref. [28], the spatial distri-
bution of baryon density was assumed to follow a Woods—Saxon distribution
without time evolution, and the production position of the ¢ meson was
taken to be proportional to this density distribution. However, in reality,
the production position of ¢ mesons is not necessarily proportional to the
density, and in pA reactions the target nucleus may undergo some space-
time evolution. Therefore, in the present analysis, we newly employed the
PHSD transport approach in order to perform a more realistic simulation
that accounts for these effects and to reanalyze the experimentally obtained
spectra.

Table 2.7: Comparison of the use of transport calculations in previous analy-
ses and in the present analysis. The details of their application in the present
analysis will be described later in Chapter 4.

Previous analysis [25] Present analysis

Experimental spectra Common
Production position

(not used directory) Proportional to Woods—Saxon Output of PHSD

Initial momentum of JAM.

Momentum Not changed. Based on PHSD
Density Woods—Saxon Based on PHSD
Decay Calculated from Eq. (2.3) Based on PHSD
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Chapter 3

PHSD Transport Approach

3.1 Features of PHSD

The PHSD model is a type of BUU-based transport approach, but instead of
using the BUU equation (Eq. (A.5)), it is based on the Cassing—Juchem for-
mulation of the Kadanoff-Baym equations, which allow for the treatment of
off-shell particles [53-56]. The Kadanoff-Baym equations provide a quantum-
theoretical description of transport phenomena, but their direct solution re-
quires an impractically large computational effort. Therefore, practical ap-
proximations are employed, among which the Cassing—Juchem approach is
one of those.

Although not directly relevant to the 12 GeV pA reactions studied in this
work, a notable feature of PHSD is its capability to describe not only hadronic
matter but also non-equilibrium partonic phases such as the quark-gluon
plasma (QGP).

In the following sections, we explain the specific procedure of the calcu-
lation. This analysis focuses solely on 12 GeV pC and pCu reactions.

3.2 Procedure

The general procedure of the simulations performed in PHSD is as follows:

e Initialization: The initial positions and momenta of the nucleons con-
stituting the target and projectile (or pions in the case of a pion beam)
are determined.
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e Time evolution: At each time step, the following procedures are carried
out:

— Density calculation: The density used for the calculation of the
potentials is evaluated.

— Collisions: Collisions among baryons, between mesons and baryons,
and among mesons are computed.

— Propagation: The positions and momenta of hadrons are updated
using the potentials.

— Virtual eTe™ decays: The probabilities of Dalitz or di-lepton de-
cays of mesons are calculated. The usage of this procedure is
explained in Sect. 3.7.2.

Since the procedures related to partons are not relevant to the present anal-
ysis, they are omitted.

3.3 Initialization

The initial positions and momenta of the nucleons in the target and projec-
tile nuclei are first determined in the laboratory frame. The spatial density
distribution and nuclear radius are used to determine the initial state. The
spatial density distribution is based on a shell model for light nucleons (*2C)
and on the Woods—Saxon distribution for heavier nucleons (4*Cu), as follows:

4 A—4 r r .
(a 7_‘,_)3(1 + 6 (5)2) exp(—(a)Z) if A <16,
= N 3A
v p;“)—R (Npo = ) if A>16, (3:-1)
1+ exp( ) AT R3(1 4+ —)?
2.3 if A =12
= ’ 3.2
{1.123A1/3 —0.941A7Y3 if A > 16, (32)

where R [fm] is nuclear radius (half-density radius), A is mass number of
nuclei, a is related to nuclear size and 1.64fm for ?C, 7 [fm] is surface
thickness, and N is a normalization factor. The spatial density distribution
of 2C and ®*Cu is shown in Fig. 3.1.

In the present analysis, the initial position and momentum of the projec-
tile proton were set to be identical across all events within the same ensemble.
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Figure 3.1: Spatial density distribution of ?C and ®*Cu. Black (red) lines
are about 2C (54Cu). Dashed lines represent the radius at which the density
is 1% of the maximum density of the nuclei.

3.3.1 Position

For the target nuclei (C, Cu), nucleons are randomly placed one by one
within a sphere whose radius is given by adding 2 fm to the radius calculated
with Eq. (3.2), with a probability proportional to the density distribution
calculated with Eq. (3.1). If the density at the selected position is less than
1 % of the maximum density, the nucleon is repositioned. In the cases of 12C
and %Cu, the central distances corresponding to this density are 4.304fm
and 7.004 fm, respectively. Additionally, if a nucleon comes within 0.8 fm
of another nucleon within the same event during the placement process, it
is also repositioned randomly. After the placement is completed, the entire
nucleus system within each event is shifted so that the average position of
all nucleons in the same event becomes zero.
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The projectile proton is randomly placed within a circle on the zy-plane
(perpendicular to the beam axis), whose radius is given by adding 2fm to
the target radius calculated with Eq. (3.2). In the present analysis, while the
positions of the projectile protons were varied between parallel ensembles,
they were fixed within the events belonging to the same parallel ensemble.

3.3.2 Momentum

For the target nuclei (C, Cu), the Fermi momentum for each nucleon is
calculated according to its local density obtained by Eq. (3.1) using Eq. (3.3).

3
pFermi(p) = hC(§7T2p)1/3- (33)

A random momentum vector with a magnitude less than or equal to the
Prermi 1S assigned to each nucleon. Then, the total momentum of all nucleons
within each event is shifted so that the average momentum becomes zero.

The projectile proton is given a kinetic energy of 12 GeV in the direction
of the beam axis.

3.3.3 Lorentz Boost

Both the target and the projectile are Lorentz-boosted into the center-of-
mass (CM) frame of the projectile proton and a stationary nucleon. The
distance between the projectile proton and the center of the target nucleus
in the CM frame is determined by (2.6At1g/3/7 + 3) fm to avoid the overlap of
nuclei at the beginning of the simulation, where A,y is the mass number of
target nucleus and v is the Lorentz factor of the system.

3.4 Space and Time Step Sizes

In PHSD, the simulation is performed in a spatial domain defined as +30Ax,
+30Ay, £38Az, where Az, Ay, and Az are lattice sizes mainly used for
density calculations. The values of Az and Ay are fixed to 1fm, while Az
evolves with time to cover an increasingly wider range in the longitudinal
direction. At 49fm/c, which is close to the upper time limit of the current
simulation, the fraction of hadrons with |z| > 30 fm is only 0.03%, indicating
that the spatial volume is sufficiently large.
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Initially, Az is set to 1/, where 7 is the Lorentz factor, and remains so

until a certain time t,, which satisfies the following condition:
12 4,

(tz tcoh)ﬂ‘i‘ ~ > ’}/’ (34)
where (3 is the velocity of the center-of-mass frame, 7, = 38 is half the num-
ber of lattice cells along the z-axis, and t..; = 20/0 represents the time at
which the center of the target nucleus nucleus reaches z = 0 simultaneously
with the projectile, assuming initial momentum conservation. In this ex-
pression, the first term on the left-hand side represents the absolute value
of the z-coordinate of the center of the target and projectile nucleus at time
t,fm/c, the second term corresponds to the Lorentz-contracted nuclear ra-
dius, assuming a maximum rest-frame radius of 12fm, and the right-hand
side indicates the maximum z-range of the simulation domain after Lorentz
contraction (Fig. 3.2). This condition ensures that the simulation volume is
expanded only after the colliding nuclei begin to approach the boundaries of
the simulation region. After the time ¢,, Az is updated dynamically accord-
ing to:

(t - tcoli)ﬁ + 12/’)/
i, — 2
where the numerator represents the outermost z-position of a non-interacting
target and projectile nucleus with a 12 fm radius, propagating under momen-

tum conservation. The time dependence of Az is shown in Fig. 3.3.

The time step At is determined based on the updated Az, and is given
by At = 0.5Az. The simulation was carried out up to 50 fm/c in the present
analysis. However, at the beginning of the simulation, the earliest time at
which any target nucleon and any projectile nucleon in any event of the
ensemble come within a distance of 1.6 fm is determined. From that time, the
system is evolved backward by three time steps, and time evolution proceeds
with a step size of one time unit thereafter.

Az = : (3.5)
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3.5 Baryon Density

In PHSD, the baryon density and net baryon density (baryon density with
the contribution of antibaryons taken as negative) are evaluated at each time
step for each lattice cell using the following expressions:

(Np + Np)/1— 3?2

A

B = NepAV ’ (36
. (Ns—Ng)y/1— P

PNB NepAV )

where Ng and Nz denote the number of baryons and anti-baryons within the
lattice cell, respectively, 3 is the average velocity of the baryons in the cell,
Nrp is the number of test particles, and AV is the volume of the lattice cell.
The factor \/1 — /32 is introduced to evaluate the density in the rest frame of
the lattice. To suppress density fluctuations, PHSD takes the average of the
above quantities over 27 (3 x 3 x 3) neighboring cells, including the central
cell and those within £1 cell along each of the x, y, and z directions. These
averaged values are then baryon and net baryon densities.

3.6 Baryon Propagation

In the initial time steps described in Sect. 3.4, the momenta and the x and
y positions of all nucleons are kept fixed. During this period, the relative
positions of nucleons within the target and projectile nuclei are preserved, and
only the z positions evolve according to the collective longitudinal momentum
of the respective nuclei. After this time, the propagation is calculated based
on the relativistic mean-field theory of the nonlinear Walecka model [30].
Here, the scalar potential corresponds to the effective mass, while the vector
potential corresponds to the energy and momentum.

3.6.1 Potentials

At each spatial lattice point, the scalar potential Uy and the time component
of the vector potential U, are given by Egs. (3.7) and (3.8), respectively:

U, = gs0, (3.7)
Uq? = ngoa (38)
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where gs and g, are the scalar and vector coupling constant, respectively.
Here, o denotes the scalar meson field, and w® denotes the time component
of the vector meson field. The values of o and w° are obtained by solving
Egs. (3.9) and (3.10), respectively.

mZo + bo? + co® = gsps, (3.9)

mw’ = gupn B, (3.10)

where m, and m,, are the masses of the o and w mesons, b and ¢ are coef-
ficients representing higher-order contributions, p, is the scalar density, and
pnp is the net baryon density. The values of g5, g,, b, and ¢ used in this anal-
ysis are those of NL1 listed in Table 1 of Ref. [57]. NL1 is an abbreviation for
the nonlinear o—w model, which is one of the models used for the parameter
calculation in Ref. [57]. These values are determined so as to reproduce the
nuclear saturation density and the effective nucleon mass. The scalar density
depends on the scalar potential and is calculated using Eq. (3.11)

1 m*
=5 11
Ps = NepAV 2% (8:11)

where m* is the baryon mass modified by the scalar potential, as defined in
Eq. (3.12), and E* is the baryon energy calculated using m*.
_ My

* = 3.12
m = T, (312)

where my is the nucleon mass in vacuum, and my = my — Us is the nucleon
mass modified by the scalar potential. By solving Eq. (3.9) numerically via
iteration, U, can be determined.

3.6.2 Momentum Update

For each baryon, the Hamiltonian at positions shifted by one lattice unit in
the x, y, and z directions is calculated using Eq. (3.13).

H(#) = US@) + 1/ (m + U(@)2 + (7 — U(7), (3.13)

where (U2, (ZJ) denotes the vector potential Lorentz-boosted to the local rest
frame of the lattice cell, and m and p'represent the baryon mass and momen-
tum, respectively. Using this Hamiltonian, each component of the momentum
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is updated using a finite-difference approximation to dz/dt = 0H /0p,:
H(z + Az) — H(z — Ax)

At
H(y+Ay) — H(y — Ay)
py — py + At 7hy : (3.14)
At H(z+ Az)— H(z — Az)
D = P+ .
Yom 2Az

3.6.3 Position Update

To update the position of each baryon, the Hamiltonian is calculated with
small variations in momentum using Eq. (3.13), and the positions are updated
as follows:

H(p, + Ap,) — H(p, — Ap,)

r— x+ At 2Ap 7

H Ap,) — H(p, — A
gy APt py)mp (b, — Ap,). (3.15)
z— 2+ AtS,.

The evolution of z and y is approximated by the relation dp,. /dt = —0H/0x.
In contrast, for the z-axis, which corresponds to the beam axis and is sub-
ject to a strong Lorentz boost, the Hamiltonian has negligible influence.
Therefore, a simplified expression is adopted to reduce computational cost.
This propagation method explained here is applied when the beam energy is
greater than 3 GeV.

3.7 Hadronic Interactions

At each time step, all possible hadron pairs within the same event are con-
sidered for reaction simulation. Nucleons that initially belonged to the same
target nucleus are not allowed to react with each other unless at least one of
them has already undergone a prior reaction.

First, for each hadron pair, the reaction threshold distance is determined
based on the hadron spicies and their center-of-mass energy (1/s). The min-
imum distance between the two hadrons is then calculated from their posi-
tions and momenta. A reaction is considered possible if their momenta are

51



not parallel and the minimum distance is reached within the current time
step.

Next, depending on the value of /s of the two hadrons, the reaction is
classified as either a string formation (high-energy reaction) or a low-energy
reaction. For baryon-baryon interactions, the threshold are as follows: string
fragmentation occurs for /s > 2.65 GeV, low-energy reaction dominates for
Vs < 2.152GeV, and both processes are considered in the intermediate
region. For meson-baryon interactions, the threshold is 2.4 GeV, and for
meson-meson interactions, it is 1.3 GeV.

Subsequently, based on the hadron types and the reaction channel, a cross
section is assigned, and a Monte Carlo method is used to determine whether
an elastic scattering, inelastic scattering, or no reaction occurs.

In string fragmentation, hadronization is performed using PYTHIA 6.4
[58-63], which is based on the Lund string model. For low-energy reactions,
baryon-baryon interactions are modeled using the One-Boson Exchange model,
meson-baryon interactions, are treated with a resonance model [64], and
meson-meson interactions follow the Breit—Wigner resonance scheme. The
model parameters are turned to reproduce the available experimental data.
For ¢ meson production, LUND model and the experimental data of the
following channels are used for parameter decision: pp — ¢pp, pp — ¢ X,
7tn — ¢p, and 77p — ¢ X.

3.8 ¢ meson

3.8.1 Production

The following processes are considered as possible production mechanisms of
the ¢ meson in PHSD.

e baryon-baryon (BB)-string fragmentation
e meson-baryon (mB)-string fragmentation
e NN — ¢NN

e KK — ¢

e TN — ¢N

o KK — ¢m
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e annihilation (for example, NN — ¢m, YY — ¢m)

The difference in various physical quantities of the produced ¢ mesons de-
pending on the type of reaction are discussed in Sect. 4.1. In this thesis, B
and m in the reaction channels represent a baryon and a meson, respectively.

3.8.2 Density-Dependent Spectral Modification

In PHSD, the mass of the ¢ meson is calculated from the following relativistic
Breit—Wigner distribution.

) = 2 m?T'y(p)
AT = 2 g (D2 + T () (3.16)

where my is the in-medium resonance mass and I'y is the in-medium width.
The density dependence of the ¢ meson resonance mass and width in PHSD
is parameterized as follows:

1
mg(p) = —klpmm (3.17)
1+ .
1 — k1 po
Ly(p) = (1+ kzﬁ)Fo, (3.18)

where mg is the vacuum mass, p is the baryon density, py is the normal
nuclear density, Iy is the vacuum decay width, and k; and k5 are the shift and
broadening parameter, respectively, explained in Sect. 2.2.4. The expression
for the resonance mass is a modified version of Eq. (2.2) used in Ref. [28],
such that it does not take negative values even at high densities, while it
remains almost identical at normal nuclear densities.

3.8.3 Time Evolution

In PHSD, the range from zero to three times normal nuclear density is divided
into 50 bins. For each density bin, the mass spectrum and the corresponding
cumulative distribution function (CDF), defined by a modified relativistic
Breit—Wigner distribution (Eq. (3.16)), are precomputed.

The ¢ meson propagates by updating its position at each time step. If the
local density changes, the meson’s mass is updated accordingly by conserving
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Figure 3.4: Conceptual diagram of mass updating. The upper panel shows
the spectrum calculated using the density at the position before time evolu-
tion, while the lower panel shows the spectrum calculated using the density
at the position after time evolution. The arrows indicate the correspondence
between the mass before and after time evolution. Since the update is per-
formed so as to conserve the cumulative probability, masses smaller than the
peak remain below the peak, whereas masses larger than the peak remain
above the peak after updating.

the cumulative probability on the CDF corresponding to the new density, as
shown in Fig. 3.4.

Since the ¢ meson evolves with energy conservation, issues arise if the
updated mass exceeds the local energy. The details of this treatment are
discussed in Sect. 4.2.2.

o4



In addition, PHSD employs the shining method for simulating the di-
electron decay of the ¢ meson. At each time step, the ¢ meson is kept
in the system, while a virtual di-electron decay is simulated. The decay
probability is calculated from the local density and momentum, and is used as
a statistical weight. This method is justified by the extremely small branching
ratio of the ¢ — e*e™ decay and allows for enhanced statistical precision in
the analysis of di-electron observables. In PHSD, the weight W considered
at each step is calculated using Eq. (3.19):

At .
Pee(m7m¢(p)>ﬁ if t < tF’ ( )
W— 3.19
Leemmo(p) o DlOMEy 4y oy

L(p)

Here, T, is the partial width for ¢ — eTe™, which is evaluated from vector
meson dominance as Iee = Cysete- (my(p)*/m?). The exponential term in
the case of the time upper limit is believed to represent the survival prob-
ability up to time tp; however, this factor should already be accounted for
through the absorption and decay processes of the ¢ meson during the PHSD
time evolution. In the present analysis, we redefined this weighting scheme
ourselves. The details are described in Sect. 4.3.1.

3.8.4 Decay and Absorption

The following processes are considered as possible decay or absorption mech-
anisms of the ¢ meson in PHSD.

e 3-body interaction
— ¢BB — BB
e 2-body interaction

— mB string (¢pB — X)
~ 6N = N

~ $N — 2KN, 37N
4N = N

e decay
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— ¢ — K°K°
— ¢ — 3w

Three-body reactions can occur when a ¢ meson and two baryons are located
within the same spatial cell and their total center-of-mass energy is below
5GeV.

In the case of two-body reactions, the procedure described in Sect. 3.7 is
first applied to determine whether a reaction can take place. If the center-of-
mass energy exceeds 2.4 GeV, string fragmentation is calculated, otherwise,
a low-energy reaction is considered. In PHSD, ¢ N low-energy reactions are
only allowed when the center-of-mass energy satisfies /s > My + 3M,,
where My is the nucleon mass and M, is the pion mass and these values
are constant. If the mass of the ¢ meson exceeds the pion mass, processes
such as N — 7N or ¢N — 2K N,3wN may occur. Conversely, if the ¢
meson mass falls below the pion mass, the decay ¢ N — N may take place.
However, in the present simulation, the latter case hardly occurs.

The probability of each decay channel is calculated taking into account
the in-medium mass modification of the kaon and anti-kaon. The in-medium
mass of the kaon is calculated using its self energy II as

M+ = \/m%(i + Re(Tlg+), (3.20)

Re(IT) = 0.05pxpm g+, (3.21)

where mg+ is the kaon mass in vacuum and png is the net-baryon density. For
anti-kaons, their mass is randomly determined from the spectral function and
available phase space, with an upper limit set by the mass difference between
the in-medium ¢ meson and the in-medium kaon. The spectral function is
given by:

1 Im(ITx-)

7 (m? —m% — Re(llg-))? + Im(Ix-)
The in-medium mass of the anti-kaon, unlike that of the kaon, is dominated
by its coupling to baryon resonances such as the A(1405), making the situa-
tion more complicated, therefore, we do not go into detail here. The actual
PHSD output is presented in Sect. 4.

A(m) =

(3.22)
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Chapter 4

Analysis

4.1 Output of PHSD

Table 4.1 summarizes the relative contributions of different ¢ meson produc-
tion channels in 12 GeV pC and pCu reactions, as calculated with PHSD,
along with the initial production cross sections for each channel before ab-
sorption. 78% of the ¢ mesons are created via string fragmentation. Table 4.2
shows the ratios of ¢-meson absorption and decay channels for pCu reaction.
The output function for the absorption and decay processes was added in

Table 4.1: Breakdown of ¢-meson creation channels.

Creation channel pC pCu

Ratio [%]  oue [mb]  Ratio [%]  oinie [mb]
B B-string 55 0.15 39 0.50
mB-string 23 0.061 39 0.51
NN — ¢NN 18 0.047 15 0.19
KK — ¢ 2.3 6.1 x 1073 2.7 0.034
m™B — ¢B 1.8 4.8 x 1073 3.6 0.047
KK — ¢m 0.094  2.5x10™* 0.17 2.2x 1073
Annihilation 0.025 6.7 x 1075 0.030 3.9 x 1074
Total - 0.27 - 1.3
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PHSD after large-scale data generation for the main analysis, therefore, the
same value for the pC reaction was omitted.
The initial cross section oy, can be calculated using:

Y

init = 7 4.1
T Nap b

where Y is the yield, Ntp is the number of test particles, and r is the max-
imum impact parameter used in the simulation. In this context, r must be
large enough so that no nucleons of the target nucleus exist beyond this ra-
dius, and small enough so that the projectile does not approach multiple
target nuclei within r. As shown in Fig. 3.1, there are almost no target
nucleons located beyond r, and for the latter condition, there is a margin
of several orders of magnitude when assuming a target thickness of approx-
imately several hundred pm. Therefore, the chosen value of r is considered
appropriate.

Using the values of the initial cross section and decay ratio listed in
Tables 4.1 and 4.2, the measurable production cross section excluding ab-
sorption is found to be 0.74mb for the 12 GeV pCu reaction by the PHSD
simulation as shown in Table 4.3. The output function for the absorption
and decay processes was not yet implemented in PHSD during large-scale
data generation for the main analysis, therefore, the same value for the pC
reaction was omitted (Table 4.3).

The distribution of production points along the z-axis (beam axis) in the
laboratory frame is shown in Fig. 4.1. 2z, = 0 and t,, = 0 are chosen as
the reference position and time, corresponding to the situation where the

Table 4.2: Fraction of the various absorption and decay channels of ¢ mesons
created in the 12 GeV pCu reaction. Channels with contributions below 0.1%
are omitted.

Absorption and decay channel Ratio [%)]

¢B-string (¢B — X) 32.9
¢ KtK- 25.9
¢ — K°KO 17.9
¢ — 3w 13.4
oN — 2K /31N 9.88
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Figure 4.1: Distribution of the z-coordinates of the production points in the
lab frame. The upper eight panes show the results for the pC reaction, and
the lower eight panes show those for the pCu reaction. The line colors and
styles correspond to the production processes as indicated in the legend.
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centers of the target nucleus and the projectile coincide without undergoing
any interaction. It is evident that ¢ mesons produced via the KK — ¢
process are generated farther downstream relative to the initial position of the
target nucleus compared to other channels. The ¢ mesons produced via KK
channels, particularly KK — ¢, are preferentially generated in the forward
direction along the z axis relative to those originating from other processes.
This is likely because this process does not require baryons, unlike the other
production mechanisms. The difference between KK — ¢ and KK — ¢m is
attributed to the fact that the former is calculated in a density-independent
manner, whereas the latter accounts for the self-energies of kaon and anti-
kaon, which depend on local density and other factors. However, as these
channels represent only a small fraction of the total ¢-meson production, we
do not discuss them in further detail.

Figure 4.2 shows the distribution of the radial distance from the center of
the target nucleus to the production points in the laboratory frame for each
production channel. This is compared with the case where the production is
assumed to occur in proportion to the Woods—Saxon distribution, as shown in
Fig. 4.3. Figure 4.3 presents the distribution of the distance from the target
center for all processes combined, fitted with a function given by the Woods—
Saxon distribution multiplied by the surface area, which was employed in
Ref. [28]. For both pC and pCu reactions, it is found that ¢ mesons are more
likely to be produced outside the distribution predicted by the static density
profile, and that the deviation is larger for pCu. This suggests that many of
the ¢ mesons are produced in secondary or later collisions. The difference
of the parameters in Eq. 2.5 are shown in Table 4.4. Table 4.4 presents
a comparison between the Woods—Saxon distribution parameters obtained
from the fit in Fig. 4.3 and those used in Ref. [11] due to obtaining positions
of ¢ meson generation.

Table 4.3: Production cross section of ¢ mesons in 12 GeV pA reactions, as
obtained from experiment and transport calculations.

Experiment /Calculation opc [mb]  opcy [mb]
KEK-PS E325 0.33 1.56
JAM 0.30 2.21
Present analysis (based on PHSD) - 0.74
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Figure 4.2: Radial distance of ¢-meson production points from the center
of the target nucleus for each production channel. The upper eight panes
show the results for the pC reaction, and the lower eight panes show those
for the pCu reaction. The line colors and styles correspond to the production
processes as indicated in the legend.

61



PC [ Joe

Woods-Saxon (parameters from previous analysis)

400 N
fj Woods-Saxon (fitted to PHSD)
300 \]

P :
F

100

X
=)
%

»

TR
{4

\\\\‘\\\\

T
A
g
[
{

T T—

2 4 6 8 10
r [fm]
10° pCU |:| Frsp
X
B /\ Woods-Saxon (parameters from previous analysis)
Woods-Saxon (fitted to PHSD)
\_1;
s s SO
6 8 10
r [fm]

Figure 4.3: Distribution of the distance of the ¢-meson production points
from the target center, together with the fit based on the Woods-Saxon
distribution. Red lines represent the fitted function, with only the scale
being a free parameter. Green dashed lines represent the fitted function,
with the R, 7 in Eq. 2.5, and scale being free parameters. The upper panel
shows the results for the pC reaction, and the lower panel shows those for
the pCu reaction.

The distribution of production times is presented in Fig. 4.4. Here, t = 0
corresponds to the time at which the centers of the projectile proton and the
target nucleus would overlap if no interaction occurred. As expected from
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Figure 4.4: Distribution of ¢-meson production times in the laboratory frame.
The upper eight panes show the results for the pC reaction, and the lower
eight panes show those for the pCu reaction. The line colors and styles
correspond to the production processes as indicated in the legend.
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Figs. 4.1 and 4.2, ¢ mesons produced through KK — ¢ are more frequently
generated at later times compared to other channels.

The distribution of baryon densities at the ¢-meson production points is
shown in Fig. 4.5. As suggested in Fig. 4.2, ¢-meson production via KK
occurs predominantly in low-density regions.

The mass spectra at the production time are shown in Figs. 4.6 and 4.7.
The mass ranges of Fig. 4.6 and Fig. 4.7 are 0GeV/c? to 2GeV/c* and
0.9GeV/c? to 1.1GeV/c?, respectively. The lower-mass threshold for
KK — ¢ is, in reality, determined by the sum of the in-medium masses
of the kaon and anti-kaon. However, in PHSD it is fixed at twice the vac-
uum kaon mass, independent of the density. The increase in yield toward
the lower limit is considered to be dominated not by the Breit—Wigner effect,
but rather by the change in the upper mass limit allowed by the momentum.
The flat components observed in NN — ¢ NN and 71N — ¢ N, as well as the
peak around 0.4 GeV and the narrow peak of KK — ¢m, are due to specific
implementations in PHSD, which will be discussed in detail in Sect. 4.2.2.

The momentum distributions at production are presented in Fig. 4.8. The
comparison with the experimental data is discussed in Sect. 4.3.7.

Table 4.4: Comparison of the Woods—Saxon distribution parameters obtained
from the fit of generation position in Fig. 4.3 with those used in Ref. [11].

C Cu
R [fm] 7 [fm] R [fm] 7 [fm]
Ref. [14] 2.3 0.57 4.1 0.5
Present analysis 2.0 0.71 4.5 0.69
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Figure 4.5: Distribution of baryon density at the ¢-meson production points.
The upper eight panes show the results for the pC reaction, and the lower
eight panes show those for the pCu reaction. The line colors and styles
correspond to the production processes as indicated in the legend.
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Figure 4.6: Mass spectra of ¢ mesons at the time of production (0 GeV/c? to
2GeV/c?). The upper eight panes show the results for the pC reaction, and
the lower eight panes show those for the pCu reaction. The line colors and
styles correspond to the production processes as indicated in the legend.
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Figure 4.7: Mass spectra of ¢ mesons at the time of production (0.9 GeV/c?
to 1.1GeV/c?). The upper eight panes show the results for the pC reaction,
and the lower eight panes show those for the pCu reaction. The line colors
and styles correspond to the production processes as indicated in the legend.
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4.2 Issues in PHSD and Countermeasures

As described in Sect. 3.8.2, PHSD allows users to manually set the shift and
broadening parameters that characterize the in-medium modification of the
¢ meson mass spectrum. In principle, these parameters can be determined
by performing PHSD simulations with various input values, generating mass,
momentum, and decay probability data, applying experimental effects, and
fitting the results to experimental data. However, this approach poses several
problems as outlined below.

4.2.1 Relation between Width and Lifetime

As mentioned earlier, the broadening parameter can be provided as an input
to PHSD. This parameter is used in calculating the spectral width of the
¢ meson mass, but it does not directly affect the meson’s lifetime. Since
PHSD includes reaction channels in which the ¢ meson disappears due to
interactions with other hadrons, the lifetime of the ¢ meson exhibits some
density dependence. However, this dependence is not directly linked to the
input broadening parameter. Consequently, even when a large broadening
parameter is specified as an input to PHSD, the resulting ¢ meson lifetime
remains nearly unchanged. As a result, when using PHSD outputs without
modification, the in-medium decay fraction of ¢ mesons becomes effectively
independent of the broadening parameter.

This behavior significantly affects any discussion of in-medium spectral
modifications. Therefore, in the present analysis, we incorporated the influ-
ence of the broadening parameter on the lifetime by recalculating the decay
probability at each time step using the local density, time step, Lorentz fac-
tor 7, and broadening parameter. The accumulated decay probability was
then applied as a weight to each time step.

It is necessary to account for the intrinsic density dependence of the ¢
meson lifetime in PHSD, as mentioned earlier. The details of this procedure
are described in Sect. 4.3.1.

4.2.2 Treatment of Unphysical Mass Increase beyond
CM Energy

As mentioned in Sect. 3.8.2, there is an implementation issue in PHSD re-
garding the in-medium mass modification of ¢ mesons in response to changes
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in baryon density. If the updated mass calculated at a new density exceeds
the total energy of the ¢ meson, PHSD attempts to resolve this by reducing
the displacement per time step, first to half, then to a quarter of its original
value, so that the ¢ meson moves to a neighboring spatial cell with poten-
tially different baryon density. If the recalculated mass at the new position
becomes physically allowed, i.e., below the energy, the simulation proceeds
with updated values.

However, if the baryon density of the original cell changes, resulting in a
mass exceeding the energy even at zero displacement, this method fails. In
such cases, PHSD then reduces the change in density itself, again to half,
then a quarter, until a mass lower than the energy is obtained, after which
the momentum is recalculated.

This procedure can cause unphysical situations where ¢ mesons are as-
signed modified masses even in low-density regions. Moreover, this issue
predominantly affects ¢ mesons with small momenta, as their energy mar-
gins are limited.

Figure 4.9 shows the CM-frame momentum distribution of ¢ mesons ob-
tained from PHSD integrated over each time step. For the shift and broaden-
ing parameters input to PHSD, we used k; = 0.034 and ko = 2.6, as obtained
in Ref. [28]. A narrow, unnatural peak can be seen around 0.1 GeV/c to
0.2 GeV/c. This unphysical structure arises from ¢ mesons whose momenta
were no longer updated due to the bugs discussed above.

Figure 4.10 shows the simulated mass spectra of ¢ mesons with Sy >
2.5, separated into those with CM momenta above and below 0.2 GeV/c.
Due to this bug, a mass shift occurs in the high [y region, where mass
modification is originally expected to be negligible. Since vy ~ 2.5 falls
within the experimental acceptance, it is not possible to simply exclude this
B~ region when applying the results to experiments.

Furthermore, as discussed in Sect. 4.1, the initial mass assignment of
¢ mesons in PHSD also involves some complications. For example, in the
KK — ¢m process, the spectrum is unnaturally narrow because the mass is
fixed during generation. Minor broadening arises from the fact that PHSD
does not store meson masses directly but instead calculates them from energy
and momentum.

For the NN — ¢ NN and 7N — ¢N processes, the mass of the ¢ meson
is determined as follows. First, a mass is randomly chosen in the range from
0GeV/c? to 2GeV/c? (trial mass). Then, using the trial mass and the CM
energy, the probability of producing a ¢ meson with that mass is calculated.
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Figure 4.9: CM-frame momentum distribution of ¢ mesons obtained from
PHSD. The momentum over all time steps is filled, without any weighting
applied.

If a random number generated between 0 and 1 falls below this probability,
the mass is accepted, otherwise, the trial mass selection is repeated until
the condition is satisfied. If the trial fails, the process is repeated up to a
predefined maximum number of iterations. If no mass is accepted by that
point, the final trial mass is used. Flat components in the resulting spectra
stem from this truncation. In the 7N — ¢N case, the upper edge of this flat
component is limited to around 1.45 GeV by the upper limit of CM energy
allowed for low-energy interactions.

Lastly, the appearance of a peak near 3M,, where M, is the pion mass
in the vacuum, is due to the implementation of the Breit—-Wigner cumulative
distribution, which is only defined above that threshold. Therefore, tran-
sitions between density-dependent Breit—Wigner distributions are bounded
from below at 3M,.

To address these issues, the present analysis does not use the mass values
output by PHSD directly. Instead, the ¢ meson mass is recalculated after
the PHSD simulation using the local baryon density. This procedure removes
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the correlation between the momentum and the mass of the ¢ meson, in the
sense of where it lies within the Breit-Wigner distribution. Here, the term
"mass” refers to the position of the ¢ meson on the Breit—Wigner distribution.
As an extreme example, if the ¢ meson is produced at a fixed energy, its
momentum and mass are completely correlated. However, since the natural
width of the ¢ meson is small, the impact on the momentum is expected
to be negligible. Moreover, because the dominant production mechanism
is string fragmentation, a high-energy process, the effect of the correlation
between mass and momentum begin lost is small, since it occurs well above
the kinematic threshold.

4.2.3 Required Statistics

The present analysis was performed using the KEK Central Computing Sys-
tem (KEKCC) [65]. The CPU used was an AMD EPYC 9654 96-Core Pro-
cessor. Table 4.5 summarizes the CPU time required per ensemble and per
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generated ¢ meson under this environment.

At KEKCC, batch jobs can be submitted via IBM’s Platform Load Shar-
ing Facility (LSF). Depending on the system load, up to 1,200 parallel jobs
can be executed per user.

To estimate the number of events required for this analysis, the following
procedure was employed:

1. A mass spectrum suitable for comparison with experimental data (specif-
ically, Cu and fv < 1.25) was generated by applying experimental ef-
fects, explained in Sect. 4.3, to the PHSD output produced with a given
set of shift and broadening parameters.

2. The corresponding decay probability distribution was also generated.
3. Multiple empty histograms (five in this estimate) were prepared.

4. Values of mass and decay probability were randomly sampled from the
distributions in Steps 1 and 2, and filled into the histograms to create
mass spectra.

5. After a certain number of iterations of Step 4, each histogram (with a
quadratic background added) was fitted to the experimental spectrum.
The resulting x? values were compared each other to determine how
many iterations were required for convergence.

When weights are assigned to each data point, the statistical uncertainty
becomes larger than in the unweighted case, requiring a larger number of
events.

Figure 4.11 shows the relation between the number of iterations and the
range of x? values (i.e., the difference between maximum and minimum)
across the five histograms. For instance, achieving Ax? < 0.2 requires ap-
proximately five million events.

Table 4.5: CPU time required per ensemble and per created ¢ meson. The
computational environment is described in the main text.

Reaction Time per ensemble [sec] Time per ¢ meson [sec]
pC 1.7 % 102 7.2 x 102
pCu 1.6 x 102 1.6 x 10
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Figure 4.11: Dependence of x? for each histogram, and the difference between
the maximum and minimum x? values, on the number of iterations. In the
upper panel, each color represents the x? of each histogram. The lower eight
panes show the difference between the maximum and minimum x? values.
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Because PHSD employs the shining method for the di-electron decay of
the ¢ meson, multiple data points can be obtained from a single ¢ meson
event. However, if there is no change in local density or interaction with
other hadrons, the mass and momentum of the ¢ meson remain constant
throughout its evolution. The average number of steps per ¢ meson is 47
for pC and 63 for pCu. However, this estimate is likely an overestimation,
since the ¢ meson mass does not change unless the baryon density varies
beyond a certain threshold, and its momentum remains unchanged unless
there is a mass change or interaction with other hadrons. Consequently,
the actual number of effective steps contributing to the relevant observables
is smaller, and the computational time required to achieve the necessary
statistics increases accordingly.

Taking into account the spectrometer acceptance, the fraction of detected
¢ — eTe decays is 1.5%. However, among the undetected ¢ mesons, some
can be detected if their kinematics are rotated around the beam axis. As-
suming that the spectrometer covers +0.7rad on each side and that et and
e~ are emitted back-to-back in the xy plane, the above fraction is estimated
to increase by a factor of about 7/0.7 ~ 5, depending on the way of rotation.

Additionally, the experimental data to be fitted are divided into six cat-
egories based on the target nuclei and the S of ¢ meson in Ref. [28]. To
perform a similar division in the simulation, the simulation data must also
be divided into six subsets, and the subset with the smallest statistics must
still exceed the required event count. From Table 2 of Ref. [28], the ratios
of the number of ¢ mesons in the lowest-statistics v region to those in the
total 87 region are found to be 14% for pC and 19% for pCu.

Taking all of these factors into account, the estimated time required to
obtain sufficient statistics for scanning a single parameter point, i.e., one pair
of shift and broadening parameters, with LSF is 8 x 10 days. Performing
such a scan across multiple parameter sets is therefore impractical with this
method.

To address these issues, two countermeasures were implemented. The first
measure was to set the shift and broadening parameters in PHSD to zero.
This approach eliminates the in-medium mass modification within PHSD,
thereby avoiding the bug described in Sect. 4.2.2. The mass is randomly
determined using a Breit—Wigner distribution constructed from the baryon
density output by PHSD together with the simulated shift and broadening
parameters. It also removes the need to rerun PHSD multiple times with
different combinations of shift and broadening parameters. Furthermore, as
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discussed in Sect. 4.2.1, the lifetime of the ¢ meson in PHSD is independent
of the input broadening parameter, meaning that no information is lost by
setting the broadening parameter to zero. This procedure, however, breaks
the correlation between momentum and mass (in terms of the position within
the Breit—Wigner distribution rather than in-medium modification). Never-
theless, because the natural width of the ¢ meson is small, the influence of
mass variations on momentum is expected to be negligible. Moreover, since
the dominant production mechanism of ¢ mesons is string fragmentation,
a high-energy process that occurs far from threshold energies where mass
effects are significant, the impact is expected to be even smaller.

The second measure was to use PHSD not as a direct provider of final
observables, but as a generator that outputs correlated sets of longitudi-
nal momentum, transverse momentum, and baryon density. In practice,
the transverse/longitudinal momentum and density information output by
PHSD at each time step is weighted by the decay probability to generate a
three-dimensional distribution. From this distribution, a combination of lon-
gitudinal momentum, transverse momentum, and density is randomly sam-
pled, and this set is treated as a single ¢ meson for subsequent processing.
This makes the statistical weights of individual ¢-meson data uniform, sim-
plifies the analysis and the estimation of required statistics, and ensures that
the statistics obtained after PHSD are no longer limited by the statistics of
PHSD itself.

4.2.4 Instability of Nucleons in Target Nucleus

It is generally difficult in transport calculations to maintain the spatial dis-
tribution of nucleons within a nucleus using physically realistic bounds [66].
To investigate this effect in PHSD, we examined the behavior of the target
nucleus in 12 GeV pA collisions by analyzing events in which no interaction
occurred between the projectile and the target.

For both pC and pCu reactions, we evaluated the spatial distribution of
nucleons in the target nucleus using the following procedure:

e At each time step, the transverse radius distribution of nucleons belong-
ing to the target nucleus was constructed. Since the transverse plane
is invariant under Lorentz boosts between the CM and lab frames, rel-
ativistic effects can be neglected.
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e Assuming a Woods—Saxon distribution (Eq. (2.5)), the number of nu-
cleons at each transverse radius was calculated and fitted using the
parameters N, R, T.

The results are shown in Fig. 4.12. This effect was treated as a source of
systematic uncertainty, and the evaluation method is described in Sect. 5.

As described in Sect. 3.6, the mean field is calculated from all events in
the ensemble. Therefore, ideally, the above analysis should be performed
using only those events in which no interaction occurred between the tar-
get and the projectile within the ensemble. However, constructing such an
ensemble is not practical, and instead, events without any reactions were
used. Compared to the case where no reactions occur in any of the events,
the present situation weakens the mean field, and thus the evaluation of the
uncertainty is conservative.
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Figure 4.12: Results of fitting the nucleon distributions in the target nucleus
at each time step in PHSD with the Woods—Saxon distribution (Eq. (2.5)).
The upper four panes correspond to the '2C target, and the lower four
panes to the %4Cu target. The top-left, top-right, and bottom-left panels
show N, R, and 7 of Eq. (2.5), respectively, while the bottom-right panel
shows the ratio of the nucleon number calculated from these parameters
to the original nucleon number. For the carbon target, PHSD employs
the shell model for initialization, however, since the model contains only
a small number of parameters and cannot describe the time evolution well,
the Woods—Saxon distribution was used for the evaluation. Red lines rep-
resent the parameters used for initialization in PHSD. Red line values of R
and 7 for the carbon target were obtained by fitting the initial distribution
in Fig. 3.1 with the Woods—Saxon distribution. Red line values of N for each
target were determined such that the number of nucleons calculated with
the obtained R and 7 agrees with that of the corresponding nucleus, using
A= [74xr?p(r)dr ~ (47 /3)N po(R?® + 7°7>R).
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4.3 Present Analysis

The objective of the present analysis is to incorporate the effects of hadron
transport in 12 GeV pA reactions and quantitatively determine the in-medium
spectral modification of the ¢ meson from the spectra measured in the KEK-
PS E325 experiment. The spectral modification is modeled as changes in
the resonance mass and width within a Breit-Wigner distribution. The
density dependence of the resonance mass and width is parameterized by
the shift parameter k; and the broadening parameter ko, as expressed in
Egs. (2.2) and (2.3).

The parameter ky, which represents the density dependence of the life-
time, can in principle be obtained directly from the PHSD results, as dis-
cussed later. However, in order to account for possible processes not included
in PHSD and to minimize model dependence, ky was treated as a free pa-
rameter in this analysis.

For the partial width of the eTe™ decay, it would ideally be parameterized
with a separate k5° in the same manner as the total width. Due to limited
experimental statistics, however, only two extreme cases were considered in
this study:

1. a case where the partial width has the same density dependence as the
total width, as expressed in Eq. (2.4)

2. The partial width is independent of the density.

Although the partial width, unlike the total width, does not directly modify
the spectral shape, it indirectly affects the spectrum by altering the distri-
bution of baryon densities at the time of decay.

In this analysis, the division of the spectra follows the same procedure
as in Ref. [28]. The eTe™ invariant-mass spectra obtained from pC and pCu
reactions were categorized into three Jv regions, slow (8vy < 1.25), middle
(1.25 < By < 1.75), and fast (By > 1.75), yielding a total of six spectra.
For the two scenarios of the partial width, ¢-meson spectra were simulated
for various combinations of k; and ky, which were fitted to the experimental
data to determine the best-fit parameters.

The background events were determined by fitting the region outside
the ¢-meson signal window (0.95GeV/c? to 1.05GeV/c?) within the fitting
range using an exponential function, Aexp(—B(m — C)). The values of
the background parameters are fixed regardless of the shift and broadening
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parameters. The uncertainties arising from the choice of this functional form
and the definition of the signal region are discussed in Sect. 5.2.3.

4.3.1 ¢-Meson Sample Generation

As described above, in this analysis we did not directly use the ¢ meson
output from PHSD. Instead, we first constructed the correlated distributions
of baryon density, longitudinal momentum, and transverse momentum. To
avoid the bug related to the time evolution of the mass, the shift and broad-
ening parameters input to PHSD were set to zero.

When building these distributions, two types of weights were applied to
each data point. The first weight is based on the decay probability into an
ete™ pair, which is expressed using the baryon density p, the time-step width
At, and the Lorentz factor v of the ¢ meson as:

_ ce(p)At
where (p,v, At) =1— exp(——¢ ;L[’)y)

), (4.2)
where I'¢°(p) is given by Eq. (2.4) for the density-dependent partial-width
scenario, while for the constant-width scenario, the vacuum partial width of
¢ — ete is used.

The second weight accounts for the true survival probability of the ¢
meson at a given time step, derived from the difference between the intrinsic
broadening parameter of PHSD and the broadening parameter used in this
analysis, and is expressed as

decay
CorT. _ p (p7 Y5 At)
W (p, 7, A = ] pAecaPHSD ()~ “AF)

IPHSD(5) T, () At
e (p)hv o)) (4.3)

(REISD — k) Lo A
— Po
= [ exnc W ),

Here, pie® and pdecanPHSD represent the decay probabilities of the ¢ meson
for a given density, Lorentz factor, and time step, corresponding to the desired
ko and the kYHSP | respectively.
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Here, the density dependence of the width obtained from the lifetime of
¢ mesons in PHSD is parameterized as:

p
TP (p) = (1 4 k5 "SP-2)T, (4.4)

Po
To determine the £Y™SP | we first calculated the survival probability of the ¢

meson for each density and Lorentz factor from the PHSD data. Since the
survival probability of a ¢ meson with Lorentz factor v and decay width I
over a time step At is given by

LAt

p(F,At,’y) = eXp(_H)v (45>

we applied Eq. (4.4) to T in Eq. (4.5) and fitted the data with k15D as a free
parameter. As a result, the value of k¥™5P was found to be 7.18. Figure 4.13
shows an example of the fit, and Fig. 4.14 displays the density dependence
of kFHSD,

If the absorption probability is proportional to the number (or density)
of surrounding hadrons, kY™5P should remain constant. However, as seen in
Fig. 4.14, it increases up to 0.25 fm > and then decreases. To investigate this
behavior, we performed the following analysis for the 12 GeV pCu reactions.

Figure 4.15 shows the density dependence of the total width calculated in
PHSD, along with the contributions of each absorption and decay channel.
The total width is derived from k¥™SP (Fig. 4.14), and the contribution of
each channel is calculated by multiplying the total width by the correspond-
ing fraction at each density. The black dashed line shows the total width
using kySP = 7.18, which exhibits a significant deviation above 0.16 fm >,
It is clear that the ¢ B-string channel is dominant and shapes this behavior.

Figure 4.16 shows the density dependence of the number of baryons that
can react with the ¢ meson in ¢B interactions, as explained in Sect. 3. This
shape closely resembles that of the total width in Fig. 4.16, suggesting that
the correlation between baryon number and density governs the observed be-
havior. The density in these calculations follows the PHSD prescription, i.e.,
averaged over all events in the ensemble. Figure 4.17 shows the results when
the density is computed only from baryons in the same event as the ¢ meson.
In this case, the baryon number appears almost proportional to the density.
Therefore, the density dependence of kY™P is caused by defining the density
across all events in the ensemble, while the actual reacting baryons belong
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Figure 4.13: Density dependence of the survival probability of ¢ mesons for
several values of Lorentz factor () obtained from PHSD. Black points with
red error bars represent the data points. Green line shows the density de-
pendence of the survival probability with kYH5P = 7.18. Blue line represents
the fit results using only the data in each panel.

only to the same event. Although this treatment is somewhat problematic,
the influence of kY™SP on the present analysis is minor, and we proceed with
this definition.

Using the above procedure, we generated the density distribution and the
two-dimensional distribution of transverse and longitudinal momenta for each
density bin. The bin widths are set to 0.01fm ™ for density, 0.2 GeV/c for
longitudinal momentum, and 0.05 GeV/c for transverse momentum. These
values were confirmed to be sufficient since the distributions are either flat
or insensitive to variations within each bin.

Figure 4.18 shows the distributions of the density, transverse momentum,
and longitudinal momentum for each target and density region with the
broadening parameter set to zero. Figure 4.19 represents the correlation
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Figure 4.14: Density dependence of kY™5P obtained from PHSD. Black points
with red error bars represent the data points.

between transverse and longitudinal momentum for each target and density
region with the broadening parameter set to zero. Since the population at
p = 0 is significantly larger than at other densities, a separate momentum
distribution was prepared for p = 0 in the analysis.

The generation of mass and momentum of ¢ mesons at their decay pro-
ceeds as follows:

1. Determine whether p = 0 or p # 0 based on a random sampling using
their relative probabilities.

2. If p # 0, sample a value of p from the density distribution.

3. Sample the momentum from the longitudinal-transverse momentum
distribution corresponding to the chosen density.

4. Generate a Breit—Wigner distribution using the chosen density, shift
parameter, broadening parameter, and partial-width scenario, and ran-
domly sample the mass.
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Figure 4.15: Density dependence of the ¢-meson decay width contributions
from each absorption and decay channel, calculated with PHSD. Black points
represent the total width. Black dashed line corresponds to the case where
EYHSD — 718 is substituted into Eq. (4.4). Red, green, blue, yellow, and
purple lines represent ¢B-string, ¢ — K*K~, ¢ — K°K° ¢ — 37/2KN,
respectively. Uncertainties are omitted for each individual absorption and
decay channel, and processes with negligible contributions are omitted.

4.3.2 Internal Radiative Correction

In measurements of electromagnetic decays such as ¢ — eTe™, it is essential
to apply internal radiative corrections (IRC) to account for various electro-
magnetic processes occurring during the actual decay. Typical processes con-
sidered in this correction include internal bremsstrahlung, vertex correction,
and vacuum polarization (Fig. 4.20). Among these, internal bremsstrahlung
has the most significant impact and, in particular, produces a tail structure
on the low-mass side of the spectrum, making it especially important. In the

84



IZm 0.3

0.25
0.2
0.15
0.1

0.05

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
p [/fm’]

Figure 4.16: Density dependence of the number of baryons capable of un-
dergoing ¢B reactions. The baryon number is averaged over all events in
the ensemble. Black points represent the data, and red line shows the fit
assuming a proportional relation.

present analysis, the correction was performed using PHOTOS 3.64 [67], a
software package that simulates internal bremsstrahlung via the Monte Carlo
method. Figure 4.21 shows the result of applying the IRC to a spectrum
based on the Breit-Wigner shape of the ¢ meson. It can be seen that the
IRC increases the event counts over a wide range, from around 0.95 GeV/¢?
up to the resonance mass region, highlighting the importance of incorporating
this contribution correctly.

4.3.3 Experimental Effects

Electrons and positrons originating from ¢-meson decays lose energy while
passing through materials such as the target, detectors, and support struc-
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Figure 4.17: Density dependence of the number of baryons capable of under-
going ¢B reactions. The baryon number is counted only in events containing
the ¢ meson, not averaged over the ensemble. Black points represent the
data, and red line shows the fit assuming a proportional relation.

tures, due to the Bethe-Bloch energy loss and external radiative corrections.
To account for these effects and to simulate the trajectories of these particles
and obtain their hit positions on the detectors, we employed Geant4.

The detector geometry and magnetic field used in the simulation were
identical to those employed in the analysis of the experimental data (Ref. [11]).
The geometry was calibrated using data taken without a magnetic field.
The magnetic field map was derived by comparing the field calculated with
TOSCA to the measured field. The validity of these settings was confirmed
using the spectra of A and K¥.

The ete™ pairs, generated from the ¢ mesons including the effects of
IRC described in Sect. 4.3.2, were assumed to decay isotropically in the
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Figure 4.18: Density distribution at the ¢ meson position (upper left), trans-
verse momentum distribution (upper right), and longitudinal momentum dis-
tribution (lower left). The distributions are normalized to unity. Black lines
correspond to pC reactions, and red lines to pCu reactions. Solid lines indi-
cate 0 < p < 0.01 fm_g, while dashed lines indicate 0.1 < p < 0.11 fm 3.

center-of-mass frame and then injected into Geant4 simulations with the
defined target geometry to obtain the detector hit positions. The hit positions
were smeared using a Gaussian distribution with the standard deviation o,
which corresponds to the detector resolution described in Sect. 2.1.4, and
the momenta at the decay point were reconstructed using a Runge-Kutta
fitting method. The Geant4 version, setup, position smearing, tracking codes,
magnetic field map, and geometry files were all identical to those employed
in Ref. [11].

Finally, we applied the same event-selection cuts as used in the experi-
mental data analysis and weighted the data by the detector efficiency.

Figure 4.22 compares the ¢-meson spectrum before the Geant4 simulation
with that reconstructed from the tracked eTe™ pairs using the invariant mass
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Figure 4.19: Samples of correlation between the transverse and longitudinal
momenta of ¢ mesons. The upper panels correspond to pC reactions, while
the lower panels correspond to pCu reactions. The left panels show 0 < p <
0.01fm™3, whereas the right panels show 0.1 < p < 0.11 fm .

method. As a result of the energy loss and detector resolution, the mass
slightly decreases while the width becomes broader.

4.3.4 Statistics for Each Data Set

When comparing the simulated spectra with the experimental data, it is
necessary to classify the data according to the factors that produce different
distributions and then sum them accordingly. In the present analysis, the
data were classified by the year of data acquisition, the target material, and
the arm pair (the combination of spectrometer arms in which the electron
and positron were detected).

The experimental data were collected during two separate runs in 2001
and 2002. Since the target configuration and the spectrometer magnets dif-
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Figure 4.20: Feynman diagrams of internal bremsstrahlung, vertex correc-
tion, and vacuum polarization. Figure is adapted from Ref. [14].

fered between these runs, some aspects of the analysis must be treated differ-
ently. For the targets, one carbon target and two copper targets were used in
2001, whereas two additional copper targets were added in 2002 (Table 2.7).
Moreover, part of the spectrometer magnet was damaged between 2001 and
2002. Although Ref. [11] addressed this by modifying the magnetic field
map used for the analysis, an incomplete correction could lead to shifts in
the mass spectrum (offsets) or changes in resolution. This correction will be
discussed in Sect. 4.3.5.

Additionally, the data consists of events where the electron and positron
were detected in the left and right spectrometer arms, respectively, resulting
in two possible patterns:

e the positron detected on the left arm and the electron on the right (LR)
e the positron detected on the right arm and the electron on the left (RL)

Since the momentum distributions and, consequently, the mass resolutions
differ significantly between these two patterns, they must be handled sepa-
rately.

From the experimental data, the invariant-mass spectra were classified
by the target nucleus, data-taking year, and arm pair, and the number of ¢
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Figure 4.21: Effect of internal bremsstrahlung on the mass spectrum. In the
left panel, the black line represents masses randomly sampled from a Breit—
Wigner distribution using the resonance mass and width of the ¢ meson [1],
while the red line shows the result after applying internal bremsstrahlung.
The right panel shows the mass shifts of individual ¢ mesons due to internal
bremsstrahlung.

mesons was counted for each category. The background was determined by
fitting a quadratic function to the mass regions (0.85 GeV/c? to 1.15GeV /%)
outside the expected signal region (0.95GeV/c? to 1.05GeV/c?). The signal
yield was then obtained by subtracting the fitted background from the counts
in the signal region. The ratio of the yields obtained in 2001 (Nagp1) and 2002
(N2go2) is shown in Table 4.6.

Due to the limited total statistics, further subdivision by (v or by each
copper target was not feasible. The number of ¢ mesons produced for each
Cu target is determined by the beam intensity and the target thickness.
In the runs conducted in the same year, the beam intensity was identical,
and, as shown in Table 2.7, the target thicknesses were also nearly the same.
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Figure 4.22: Impact of experimental effects on the mass spectrum. Black line
in the left panel represents the spectrum of ¢ mesons with IRC, generated
using the method described up to Sect. 4.3.2. Red line is obtained from
the decay of the black-line ¢ mesons into eTe™ pairs, with additional effects
of energy loss, hit-position smearing, and tracking applied. ¢ mesons that
were not detected due to tracking inefficiencies have been excluded from the
black line. Neither the black nor the red line includes the effects of cut
conditions or efficiency. Furthermore, the corrections discussed in Sect. 4.3.4
and Sect. 4.3.5 have not been applied. The right panel shows the difference
in mass before and after the application of experimental effects for each ¢
meson.

Therefore, the production yields were almost equal. Thus, to obtain the ratio
of statistics among the targets, we considered only the effects of detector
acceptance, detection efficiency, and selection cuts.

Regarding the LR/RL ratio (= Npr/Ngry), although the simulation is
expected to reproduce the experimental data, it failed to do so, as shown
in Table 4.7. The same issue was reported in Ref. [11], and we therefore
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adjusted the LR/RL ratio to match the experimental data, as was done in
that reference.

4.3.5 Additional Corrections

The decay products from A — pr~ and Kg — 777~ have relatively small
@-values, and thus their hit positions on the detector are close to each other,
making the impact of detector geometry misalignment minimal. On the
other hand, ¢ — eTe™ has a large Q-value, and the experiment recorded
only those events where one track was detected on each side of the beam
axis. As a result, residual detector geometry misalignments, which cannot
be fully corrected by the aforementioned method, are expected to remain.
To address this, we used the experimental data of ¢ mesons with Sy > 1.5,

Table 4.6: Ratio of the yields in 2001 and 2002 for each target nucleus and
arm pair. Error values are statistical uncertainties. Since the C target was
placed at the same position in both 2001 and 2002, the ratio for the C target
was not used in the analysis.

Target nuclei  Arm pair  Nagg1/Nogoo

C LR 0.53 £0.03
RL 0.59 £ 0.06
Cu LR 0.52 +£0.03
RL 0.59 +0.05

Table 4.7: Ratio of the yields in LR-pair and RL-pair for each target. Error
values are statistical uncertainties.

Target ID Nir/NgL

Experiment Sum of all targets 2.54+0.1
Simulation 1 22400
2 2.14+0.0

3 2.3+0.0

4 1.8£0.0

5 1.7£0.0
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which are assumed to decay in vacuum and are unaffected by nuclear medium
effects, to correct the mass spectrum. Two types of correction parameters
were introduced: mass offsets and a Gaussian smearing. First, the exper-
imental data were divided into four subsets based on the data acquisition
year and the arm pair, and separate offset parameters were determined for
each subset. In this process, contributions from one carbon target and two
or four copper targets had to be combined. The smearing parameter was
taken to be common across all data. The results and the comparison with
Ref. [11] is summarized in Table 4.8, indicating that the obtained parameter
values are consistent with those reported in Ref. [11] within uncertainties.
Although the uncertainties were not evaluated in the present analysis, they
are expected to be of the same order as those in Ref. [11], since the same
experimental data and method were used.

4.3.6 Summary of Present Analysis Flow

The analysis flow is summarized as follows:

e Based on the PHSD output, the correlation among the density, longi-
tudinal momentum, and transverse momentum at the time of ¢-meson
decay was constructed, from which mass—-momentum pairs were sam-
pled.

e Spectra were generated by applying the IRC, experimental effects, and
analysis cuts, and the entire spectrum was further shifted and smeared.

Table 4.8: Values of the offset and additional Gaussian smearing applied to
the mass spectra. Error values of Ref. [11] are statistical (first) and systematic
(second) uncertainties. Uncertainties of present analysis are not evaluated.

Year Arm pair Present analysis Ref. [11]
Offset [MeV/c? 2001 LR 0.70 0.74+0.9758
RL 1.62 0.6 £ 2.870>
2002 LR —0.88 —0.74+0.6709
RL 4.59 4.2 4+1.3%5;5
Smear [MeV/c?] - - 3.89 3.6+ 1.3
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e The simulated data were combined so that their yields matched the
relative ratios of data-taking years and LR/RL arm pairs.

e Background events were added, and the result was compared with the
experimental data.

In this analysis, the experimental data, the parameterization of spectral
modifications (Eqs. (2.2) and (2.3)), the IRC, the experimental effects, and
the analysis cuts were taken from Ref. [11]. The global shift and smearing of
the spectrum were recalculated because they depend on the simulated data.
The relative ratios of data-taking years and LR/RL arm pairs were newly
recalculated in a way independent of the simulated data. The density and mo-
mentum of the ¢ mesons produced in pA reactions at their decay were entirely
recalculated. The masses were calculated using Eqs. (2.1), (2.2), and (2.3),
as in Ref. [11]. However, in the present analysis the density distributions and
their correlations with momentum, which are required to compute mg and
I'y, were obtained using PHSD.

4.3.7 Comparison of Momentum Distribution

Figure 4.23 shows the comparison between various momentum distributions
of the ¢ mesons obtained using the methods described so far and the experi-
mental data. A good agreement between the simulation and the experimental
results is observed.
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Chapter 5

Result and Discussion

5.1 Fit Results

In the present analysis, three models for the spectral modification were as-
sumed and used in the fitting procedure:

e Model A: No spectral modification. This is equivalent to setting both
the shift and broadening parameters to zero.

e Model B: The shift and broadening parameters are common across all
momentum (f7) regions. This is the same model as used in Ref. [25].

e Model C: Momentum dependence is introduced to the shift and broad-
ening parameters. In this case, the same shift and broadening param-
eters are used for the pC and pCu spectra within each S region, but
different v regions are allowed to have different parameter values.

First, in order to demonstrate the presence of significant in-medium modifi-
cation, we employed Model A. In this case, it is expected that the spectrum
without assuming any modification was able to reproduce the shape in the
spectrum expected to be less affected by density, while it failed to reproduce
the shape in the spectrum expected to be more strongly affected by density.
The density effect is considered to be smaller for smaller nuclei and for ¢
mesons with larger f. Next, following Ref. [28], we performed fits applying
common shift and broadening parameters to all 57 regions (Model B). Fur-
thermore, using Model C, which incorporates the momentum dependence of
the in-medium resonance mass and width as predicted by QCD sum rules [23,
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] and chiral effective theory [19], we carried out additional fits. For Models
B and C, two cases for the density dependence of the partial width for eTe™
decay are considered: Model B-1 and C-1 assume a density-dependent partial
width as described by Eq. (2.4), while Model B-2 and C-2 assume a constant
partial width (Table 5.1).

5.1.1 Model without Spectral Modification (Model A)

Figure 5.1 and Table 5.2 show the fit results under the assumption that there
is no spectral modification of the ¢ meson. While the spectra in the fastest
[~ regions are well reproduced, the spectrum with the slowest [~ regions
in the pCu reaction yields x?/dof = 93/53, which is rejected at the 99%
confidence level.

Table 5.1: Spectral modification models considered in the present analysis.

Momentum dependence of k; and ks Partial width
Model A No modification
Model B-1 No Density dependent
Model B-2 No Constant
Model C-1 Yes Density dependent
Model C-2 Yes Constant

Table 5.2: x?/dof (degree of freedom) for each of the six fits shown in Fig. 5.1.
The number of bins used for the fit is 54, and the only fit parameter is the
scale factor of the signal spectra generated with PHSD.

By x?/dof (pC)  x*/dof (pCu)

Slow 38,/53 93/53
Middle  68/53 47/53
Fast 46/53 54/53
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Figure 5.1: Invariant mass distributions of e*e™ pairs classified by target nu-
cleus and the 8 of the parent particle, along with the fit results assuming no
spectral modification of the ¢ meson. Black points with error bars represent
the experimental data. Red lines indicate the fit functions.

5.1.2 Model without Momentum-Dependent Shift and
Broadening Parameters (Model B-1, B-2)

Next, we introduced common shift and broadening parameters across all
spectra and calculated the y? values for the various parameters. As described
in Sect. 2.2.4, the shift and broadening parameters were expressed in the
forms of Eqgs. (2.2) and (2.3), respectively. The partial decay width to eTe™
was either density-dependent as in Eq. (2.4) or fixed at a constant value
depending on the model type. The total and partial widths affect the decay
density distribution of the ¢ meson, while the resonance mass and total width
modify the Breit-Wigner distribution at each density.

Figure 5.2 shows the y? dependence on the shift and broadening param-
eters when fitting the six spectra. Table 5.3 summarizes the minimum y?
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Figure 5.2: x? dependence on the shift and broadening parameters for the
fit to all six spectra. Left panel shows Model B-1 and the right panel shows
Model B-2. Black points indicate the parameter set yielding the minimum
x2. Three contour lines correspond to differences from the minimum y? by
lo (Ax? =2.30), 20 (Ax? = 6.18), and 30 (Ax? = 11.83), respectively. The
position and value of the minimum y? were determined by fitting the points
with low x? using a paraboloid. The contour map was interpolated from
simulated points.

values, the corresponding parameters, and each spectrum’s contribution for
both Models B-1 and B-2. The best-fit parameters and their corresponding
x? values were determined via a paraboloid fit. Figure 5.3 presents the best-
fit results for Models B-1 and B-2. The minimum y?/dof for Models B-1 and
B-2 are 343/316 and 342/316, corresponding to p-values of 14% and 15%,
respectively.

Since common parameters are used for all spectra, we cannot discuss
the fit quality for each spectrum individually. However, for the slowest ¢
meson spectrum in the pCu reaction, which could not be reproduced in Model
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A, the x? values for Models B-1 and B-2 are 89 and 86 (with 54 bins),
respectively. As seen in the lower-left panel of Fig. 5.3, the fit still does not
adequately reproduce the experimental data. Therefore, in this analysis, we
newly allowed the shift and broadening parameters to depend on momentum,
enabling different parameters for spectra with different v ranges.

5.1.3 Model with Momentum-Dependent Shift and Broad-
ening Parameters (Model C-1, C-2)

In this model, we apply the same shift and broadening parameters to only to
two spectra in the same (37 region for both pC and pCu reactions, and search
for the parameters that minimize the sum of their x? values. As mentioned
at the beginning of this chapter, the momentum dependence of the shift
and broadening parameters has been pointed out by theoretical calculations.
However, since there is no reason for them to depend on the target nucleus,
we treated them in this manner. Figure 5.4 shows the dependence of the total
x? on the shift and broadening parameters when fitting the spectra in each
B region. In the slowest g7 region of Model C-2, we performed simulations
up to k; = 0.5 and ky, = 100, but could not find the minimum y2. Since
ki > 0.5 and ks > 100 are considered outside the physically meaningful

Table 5.3: Minimum Y? values, best-fit shift and broadening parameters, and
contributions from each spectrum for the case with momentum-independent
parameters. The minimum y? values were obtained as described in the cap-
tion of Fig. 5.2.

Model K ko By X2 (C) x*(Cu) x?/dof (total)

B-1 0.000 2.2 Slow 38 89

Middle 68 46

Fast 46 56

Total 343/316
B-2  0.008 11.0 Slow 38 86

Middle 69 46

Fast 47 o7

Total 342/316
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Figure 5.3: Fit results for the momentum-independent case. Black points
and error bars indicate experimental data, red solid lines represent Model B-
1, and green dashed lines represent Model B-2. The exact parameter values
corresponding to the minimum x? were not simulated. Instead, the closest
simulated parameter sets were used: (ky,k2) = (0,2) for Model B-1 and
(0.01,10) for Model B-2.

range, no further simulations were conducted.

Table 5.4 shows the minimum y? values for Models C-1 and C-2 along
with the corresponding shift and broadening parameters.

Figure 5.5 shows the best-fit results for Models C-1 and C-2. The spectra
in the slowest 3 region of the pCu reaction are reproduced well. The spectra

in the corresponding [v region for the pC reaction, which use the same
parameters, are also well reproduced.
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Figure 5.4: Dependence of the total x? on the shift and broadening param-
eters for each (v region. Upper panels correspond to Model C-1 and lower
panels to Model C-2, arranged from left to right as slow, middle, and fast
regions. Black points indicate the parameters giving the minimum x2. The
definitions of the contour lines, the evaluation method of the minimum Y2,
and the interpolation method are the same as in Figure 5.2. For the slowest
B~ region in Model C-2, no minimum x? was found within the physically
reasonable parameter range, so it is omitted.

5.1.4 Comparison of Models

The different models are compared in this section. First, Model A yields a
poor fit to the data in the slowest v region for the pCu reaction, with a
x?/dof = 93/53, which is rejected at the 99% confidence level. Furthermore,
in Model C-2, the shift and broadening parameters for the slowest 3v region
fall into an unphysical range, indicating that this model cannot reproduce the
experimental data. Model B-1 is a subset of Model C-1, allowing a likelihood
ratio test to be performed. The number of parameters for Models B-1 and
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C-1 are 8 and 12, respectively, and their total y? values are 343 and 327.
Based on these values, Model B-1 is rejected at the 99% confidence level.

Although Models B-2 and C-1 are not in an inclusive relation, they can
be compared using the Akaike Information Criterion (AIC), which is given
by x? + 2k (where k is the number of parameters or degrees of freedom).
While AIC does not allow for model rejection, it enables relative comparison
between models. Using AIC, we find that the AIC value of Model B-2 is 974
and the AIC value of Model C-1is 951. Even after accounting for the increase
in the number of parameters, Model C-1 reproduces the experimental data
more accurately. This result is also consistent with the visual impression
from Figures 5.3 and 5.5.

Table 5.4: Minimum x? and the corresponding shift and broadening param-
eters obtained for each v region. The slowest (v region for Model C-2 is
excluded, because no minimum y? was found within the physically reason-
able parameter range.

Model By ky ks x? (C) x? (Cu) x?/ndf (total)

C-1 Slow 0.026 7.9 42 73 115/104
Middle -0.019 0.2 66 47 112/104
Fast 0.008 0.0 45 55 100/104

C-2 Slow - - - - -
Middle -0.018 0.0 66 46 112/104
Fast 0.006 0.0 45 55 100/104
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Figure 5.5: Fit results with momentum-dependent shift and broaden-
ing parameters. Black points and error bars represent the experimental
data; red solid lines represent Model C-1, and green dashed lines repre-
sent Model C-2. The shift and broadening parameters used correspond
to those simulated parameters closest to the best-fit ones, i.e., (ki,ks) =
(0.03,8),(—0.02,0), (0.007,0) for Model C-1 (slow, middle, and fast S re-
gion, respectively) and (—0.02,0), (0.01,0) for Model C-2 (middle and fast
B~ region, respectively).

5.2 Estimation of Systematic Uncertainties

In the present analysis, three types of systematic uncertainties were esti-
mated:

e Those arising from the instability of the target nucleus in PHSD,
e Those originating from the intrinsic k5 in PHSD,

e Those due to the shape of the background contribution.
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The first two sources stem from the PHSD model, while the third originates
from the modeling of background events.

5.2.1 Systematic Uncertainty Due to the Instability of
the Target Nucleus in PHSD

As described in Sect. 4.2.4, nucleons in the target nucleus gradually spread
out in PHSD, even in the absence of any collisions. This is considered to
originate from the inaccuracy of baryon propagation discussed in Sect. 3.6,
and it is difficult to properly incorporate this effect into the analysis [60].

When simulating pA reactions with PHSD, the baryon density distribu-
tion at the time of ¢ meson decay includes both the following effects: (i)
deformation of the target nucleus due to the interaction with the projectile
(the intended effect), (ii) instability of the target nucleus in the simulation
(the unwanted effect). Since it is not possible to isolate Effect (i) from the
combined outcome, we estimate the impact of Effect (ii) using the method
below.

In Sect. 4.2.4, Effect (ii) was evaluated in terms of time evolution of the
Woods—Saxon distribution parameters. We calculated x? values using either
a static or a time-evolving Woods—Saxon distribution as the spatial density
distribution, based on the best-fit parameters of Model B and Model C. The
momentum and baryon density at the time of ¢ meson decay were obtained
as follows:

e From the PHSD output, the production time, position, and initial mo-
mentum of the ¢ meson were obtained. The initial position was taken
in the lab frame with the target nucleus center as the origin.

e Assuming the momentum remains constant, the spatial position was
propagated forward in time.

e At each time step, the baryon density at the ¢ meson position was
calculated assuming either a static or time-evolving Woods—Saxon dis-
tribution. The ¢ meson was assumed to decay with a probability corre-
sponding to the local baryon density, and the decay-time baryon density
and momentum distributions were obtained using the shining method.

The difference in x? between the two distributions was regarded as the
systematic uncertainty caused by Effect (ii). The region in the parameter
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space corresponding to a contour shifted by this x? difference from the best-
fit value was taken as the systematic uncertainty range. The results are
summarized in Table 5.5.

5.2.2 Systematic uncertainty Due to £YHSP

As discussed in Sect. 4.2.1, the density dependence of the absorption and
decay processes of ¢ mesons simulated within PHSD is characterized by an
effective parameter k5SP . In this analysis, we adopted kY™SP = 7.18, but as
shown in Fig. 4.14, this value varies depending on the baryon density. In this
section, we estimate the effect of this variation on the shift and broadening
parameters.

As shown in Fig. 4.14, kYHSD arises within the range of 0-10 depending
on the density. Therefore, we re-generated the ¢ meson generator assuming
EYHSD — (0 and 10, respectively, and scanned the shift and broadening pa-
rameters for each case. The result of the best fit parameters is represented in
Table 5.6. The shift and broadening parameters obtained here are regarded
as the systematic uncertainty originating from kFH5P.

5.2.3 Systematic Uncertainty Due to the Shape of Back-
ground Events

The background shape was determined by fitting an exponential function
aexp(—b(m — ¢)) to the mass region outside the signal region (0.953 GeV/c?
to 1.106 GeV/¢?), within the fitting range of 0.847 GeV/c* to 1.207 GeV/ 2.

To estimate the systematic uncertainty due to the arbitrariness of this
background determination method, we varied both the signal region and the
fitting function, and repeated the scan of the shift and broadening parame-
ters. Specifically, three combinations were tested:

Table 5.5: Value of the systematic uncertainty due to the instability of the
target nucleus in PHSD, evaluated as Ax?. The corresponding (k1, ko) values
are those given in Tables 5.3 and 5.4.

Partial decay width Slow Middle Fast All gy
Density dependent  0.55 0.06 0.37 0.86
Constant - 0.11 030 0.25
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e Case (0): Original signal region (0.953 GeV/c? to 1.106 GeV/¢?) with
exponential background

e Case (1): Original signal region with quadratic background

e Case (2): Modified signal region (0.9GeV/c* to 1.1GeV/c?) with

exponential background

As described in Sect. 4.3.5, in the present analysis, a mass offset and Gaussian
smearing were added to the simulated ¢ spectrum in order to incorporate
residual effects of the magnetic field and geometry that could not be fully
corrected. Since these values depend on the shape of the background, they
were recalculated for each case.

The resulting shift and broadening parameters under each background
condition are summarized in Table 5.7. The shift and broadening parameters
obtained here are regarded as the systematic uncertainty originating from
shape of background events.

5.2.4 Results Including Systematic Uncertainties

Table 5.8 summarizes the shift and broadening parameters including the sys-
tematic uncertainties discussed in this section. For model C-1, most strongly
supported in the present analysis, signs of deviations of the shift and broad-
ening parameters from zero appear in the slow and middle S~ regions. Nev-

Table 5.6: Changes in the shift and broadening parameters when the PHSD
intrinsic ko is assumed to be 0 or 10.
Slow Middle Fast All B
ree  gPHSD g ko k1 ko k1 ko Ky ko
pdep. 7.18 0.026 7.9 -0.019 0.2 0.008 0.0 0.000 2.2
0 0.026 6.8 -0.013 0.0 0.008 0.0 —-0.002 1.6
10 0.021 89 -0.017 0.0 0.008 0.0 -0.001 2.0

Const.  7.18 - - -0.018 0.0 0.006 0.0 0.008 11.0
0 - - -0.017 0.0 0.006 0.0 0.005 9.8
10 - - -0.020 0.1 0.008 0.0 0.003 8.7
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ertheless, due to the magnitude of the uncertainties, these signs cannot be
regarded as conclusive evidence for significant deviations.

Table 5.7: Shift and broadening parameters obtained under different back-

ground modeling conditions.

Slow Middle Fast All B
re<  Case Ik ko k1 ko k1 ks k1 ko
pdep. (0) 0.026 79 -0.019 0.2 0.008 0.0 0.000 22
(1) 0.029 4.7 -0.017 0.0 0.003 0.0 -0.007 0.0
(2) 0.017 11.7 -0.021 0.0 0.007 0.0 -0.001 3.4
Const.  (0) - - -0.018 0.0 0.006 0.0 0.008 11.0
(1) - - -0.020 0.0 -0.001 0.0 -0.006 0.0
(2) - - -0.024 10.0 0.004 0.0 0.011 171
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Table 5.8: Shift and broadening parameters including uncertainties. The
three uncertainties listed are: statistical (first), systematic from PHSD (sec-
ond), and systematic from background modeling (third). The statistical
uncertainties correspond to the bounds at Ax? = 1. For the two systematic
uncertainties originating from PHSD, only the larger deviation (either posi-
tive or negative) from the central value was quoted. If the lower limit of the
broadening parameter including statistical uncertainties became negative,
only the 90% confidence level upper limit was quoted, with the conventional
value given in parentheses. The calculation of the 90% confidence level in-
cludes the contribution from the negative region as well.

Tee 5 " N
pdep.  Slow  0.0267505 5013 0 008 7.9 4+ 3.9729+38
Middle  —0.019%00:5 0005 0000 < 4.8 (0.2533705702)
Fast 000876017 0010 0005 < 2.6 (0.0710+10700)
All By 0.00045610 0005 000y < 6.8 (2.2135755757)
Ref. [25] 0.03479:006 2.611%
Const. Slow - )
Middle  —0.01870035 0008 0001 < 32.2 (0.07195%6:59.0)
Fast  0.0067 0011 0000 000 < 6.8 (0.0741+23+0.0)
All By 0.0087001570:000- 0013 11.0 & 8.7+4:3+68
Ref. [25] 0.03370-55% (0+5.6
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5.3 Comparison with Theoretical Calculations
and Other Experiments

Among the results obtained in the present analysis, the shift parameter is
compared with theoretical calculations based on the QCD sum rule [23, 20]
and lattice QCD [19], while the broadening parameter is compared with
calculations based on the nuclear dependence of the ¢ meson production cross
section measured via ¢ — KTK~ decays in the COSY-ANKE experiment.

Figures 5.6 and 5.7 show the momentum dependence of the differences in
resonance mass and decay width between normal nuclear density and vac-
uum, as calculated from the shift and broadening parameters listed in Ta-
ble 5.8. In the present analysis, the model with density-dependent partial
width and momentum-dependent shift and broadening parameters (Model C-
1), represented as black points in Fig. 5.6, is most strongly supported. How-
ever, the uncertainties of the parameters of each momentum region are large,
and no definite conclusion can be drawn regarding the trend. The shift pa-
rameter shows values comparable to or smaller than those of Ref. [28] across
the entire momentum region.

The theoretical curve shown in the figures was obtained as follows. Ac-
cording to the QCD sum rule (Eq. (50) of Ref. [20]), the momentum de-
pendence of the ¢ meson mass at normal nuclear density can be expressed
as:

where the parameter b differs depending on whether the ¢ meson is in a trans-
verse or longitudinal polarization state (b7 and bY). Here, we approximate
b = (2bT 4 b*)/3 using the values b’ and b* from Ref. [26]. The parameter
a, the mass shift at zero momentum, is evaluated using Eq. (13) in Ref. [25]:

a = bg — b105N7 (52)

where o,y is the strangeness sigma term, defined as o, = ms(N|Ss|N).
Here, my is the strange quark mass, and (N|Ss|N) is the nucleon matrix
element of the §s operator. The value of o,y was taken from lattice QCD
calculations, using the average of Eqgs. (449) and (450) in Ref. [20], which
represent recent results for Ny = 3 and Ny = 4 simulations, where Ny stands
for the number of active flavors in the lattice QCD calculations, for which
quark loops are taken into account.
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Figure 5.6: Momentum dependence of the difference in resonance mass and
decay width between normal nuclear density and vacuum in Models B-
1 and C-1. Left (right) panel shows the result for the resonance mass (width).
Black, red, and green points correspond to Model C, Model B, and the values
from Ref. [28], respectively. Vertical error bars represent statistical uncer-
tainties (lines), systematic uncertainties due to PHSD (squares), and those
due to background modeling (brackets). Horizontal error bars represent the
RMS of the momentum distributions in each g7 region. Blue solid line in
the left panel is the theoretical prediction from the QCD sum rule and lattice
QCD, and the dashed line represents its uncertainty band. Blue points in
the right panel are the results of COSY-ANKE experiment extracted from
Fig. 4(a) of Ref. [30], using different theoretical models (indicated by differ-
ent markers) as described in Ref. [68-70]. To improve visual clarity, certain
error bars are displayed at an angle.

Comparing these theoretical results with the present analysis, the results
from Ref. [28] fall outside the theoretical band, while the present results
lie within the uncertainty range. However, the present results do not show
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Figure 5.7: Momentum dependence of the difference in resonance mass and
decay width between normal nuclear density and vacuum in Models B-
2 and C-2. Definitions of the symbols are the same as in Fig. 5.6.

a monotonic momentum dependence; the direction of the shift appears to
change. This is considered to be due to the large uncertainties, especially
the statistical ones, which make it difficult to draw firm conclusions about
the momentum dependence.

In the COSY-ANKE experiment, ¢ mesons with momenta of 0.6 GeV/¢
to 1.6 GeV /¢ were measured using ¢ — KTK~ decays with a 2.83 GeV pro-
ton beam incident on C, Cu, Ag, and Au targets. The nuclear dependence
of the double-differential cross sections was used, along with multiple the-
oretical models, to estimate the in-medium decay width at normal nuclear
density. The COSY-ANKE data cover only the slow and middle gy mo-
mentum regions of the present analysis. In the middle region, the present
results deviate from the COSY-ANKE data beyond the uncertainty bounds
and show an opposite trend: the present results indicate a decrease in width
with increasing momentum, while the COSY-ANKE data suggest the op-
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posite. In contrast, the absolute value in the slowest (v region is in good
agreement.

5.4 Comparison with Previous Results

A comparison of the present results with previous results under the assump-
tion of momentum-independent spectral modification shows that the shift pa-
rameter in the density-dependent partial width model is significantly smaller
in the present analysis beyond uncertainties. This is considered to be due to
the By dependence of the ¢ meson decay-time density distribution. Figure 5.8
shows the dependence of the average decay-time density on the broadening
parameter for each (7 region, obtained in both Ref. [muto] and the present
analysis. As mentioned earlier, a larger broadening parameter increases the
probability of in-medium decay, and thereby increases the average decay-time
density. Comparing Ref. [28] and the present analysis for each 8 region, the
average density is smaller in the present analysis in the slowest [y region,
while in the fastest fv region it is higher.

A higher average density makes the spectrum more sensitive to the shift
and broadening effects. Therefore, this tendency implies that the present
analysis is more influenced by the fastest v region. Since little spectral
modification is observed in the fastest S region, this leads to a suppression
of the parameters in the momentum-independent model.

In the momentum-independent model, the results of Ref. [28] and those
of the present analysis were inconsistent. However, the present analysis sug-
gests a momentum-dependent model in the case of density-dependent partial
width, as discussed in Sect. 5.1.4. When the fit is performed only for the
Cu target spectrum with the slowest 37, where a pronounced spectral mod-
ification was observed, the results of Ref. [11] and the present analysis are
consistent, as shown in Table 5.9.
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Ref. |

taken into account.

]. The effects of spectrometer acceptance and detection efficiency are

Table 5.9: Best-fit modification parameters for the Cu target spectrum with
the slowest 57 in the case of density-dependent partial width. Only statistical
uncertainties are considered.

k1 x?2/dof
present analysis 0.034 +0.012 85+3.3 74/51
Ref. [14] 0.031%9% 6.173%  63.4/48
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Chapter 6

Summary

The masses of light hadrons are significantly larger than the bare masses
of their constituent quarks. Theoretically, it is considered that the major
part of the hadron mass is generated through the phenomenon known as
spontaneous chiral symmetry breaking. On the other hand, this symmetry is
expected to be partially restored at finite density or high temperature, and
several experiments have been performed to measure hadron masses under
such conditions. The measured hadron masses are related to spontaneous
chiral symmetry breaking via methods such as QCD sum rules.

The ¢ meson is regarded as a good probe for studying the hadron mass
generation mechanism, both experimentally and theoretically. In the KEK-
PS E325 experiment, the mass spectrum of the ¢ meson produced in 12 GeV
pA reactions was measured, and a significant spectral modification at finite
density was observed [28]. Furthermore, the degree of spectral modification
allowed for a quantitative discussion of its density dependence.

The spectra obtained in this experiment include ¢ mesons decaying at var-
ious densities, ranging from around normal nuclear density down to the vac-
uum. Meanwhile, the spatial distribution of the target nucleus may change
after the pA reaction, but this effect was not considered in the previous anal-
ysis. In the present study, we employed the Parton-Hadron-String Dynamics
(PHSD) transport calculation to perform a more realistic simulation of the
spatial distribution of nucleons after the pA reaction.

In the analysis, three types of fits were performed: one without spec-
tral modification, one with momentum-independent spectral modification,
and one with momentum-dependent spectral modification. The fit without
modification was rejected at the 99% confidence level, confirming significant
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spectral modification consistent with Ref. [28]. Although smaller modifica-
tion parameters were obtained in the momentum-independent case compared
to Ref. [28], the experimental data were not well reproduced. In contrast,
the fit assuming momentum-dependent spectral modification, as predicted
by theory, successfully reproduced the experimental spectra, suggesting the
existence of such momentum dependence. The obtained momentum depen-
dence does not contradict predictions from lattice QCD and QCD sum rule
calculations. For the most pronounced case of spectral modification, namely
the slowest-3v ¢ mesons in the Cu target, the results of the present analysis
and the previous one were consistent.

Although the present analysis indicated a momentum dependence of the
spectral modification, the trend could not be discussed in detail due to large
statistical uncertainties. To resolve this issue, the J-PARC E16 experiment,
which employs a 30 GeV proton beam, is currently underway [71, 72]. This
experiment will provide statistics two orders of magnitude higher than the
previous one, enabling a more precise study of the in-medium properties of
the ¢ meson and their momentum dependence. Regarding transport cal-
culations, fundamental issues such as the treatment of mass modifications
and the stability of the target nucleus need to be addressed. Comparisons
across different transport models are also expected to lead to more reliable
analyses.

116



Acknowledgements

In the course of conducting the research presented in this thesis and through-
out my doctoral studies, I have been fortunate to receive the guidance, advice,
and support of many people.

[ am deeply grateful to Dr. Satoshi Yokkaichi of RIKEN for his invaluable
guidance and comments during our meetings, as well as for providing the
data from the KEK-PS E325 experiment and the codes used in previous
analyses. He has supported me in many aspects of the analysis and taught
me numerous practical skills and perspectives. As the spokesperson of the J-
PARC E16 experiment, which I mainly worked on during my doctoral course,
he also gave me essential guidance on how to carry out the experiment from
the very beginning. I am sincerely thankful to Dr. Philipp Gubler of JAEA
for introducing me to the PHSD model, serving as a bridge to the PHSD
developers, and for his theoretical advice and continuous support. I also
express my deepest gratitude to Prof. Megumi Naruki of Kyoto University
for attending my analysis meetings, proofreading my thesis, and serving as
the chief examiner of my doctoral dissertation.

I would like to thank all collaborators of the KEK-PS E325 experiment.
In particular, I am grateful to Prof. Hideto En’yo of RIKEN, the spokesper-
son of the experiment, for his helpful suggestions and encouragement when
preparing the analysis results for publication.

My sincere thanks also go to the PHSD development group. I am es-
pecially indebted to Prof. Elena Bratkovskaya and Dr. Taesoo Song of GSI
for their valuable discussions and advice on various issues encountered while
using PHSD.

I am also grateful to Prof. Natsuki Tomida of Kyoto University for proof-
reading this thesis and providing many constructive comments during the
writing process.

I sincerely thank all the staff members of KEK, including the PS accelera-

117



tor division, online group, electronics group, PS floor group, and in particular
the PS beam channel group, for their kind technical support. I also wish to
express my gratitude to the staff members of RIKEN-CCJ, RIKEN RSCC,
RIKEN Hokusai, and KEKCC for their assistance with data analysis, data
archiving, and large-scale simulations.

Although the results of the J-PARC E16 experiment, which I worked on
during my doctoral course, are not included in this thesis, I would like to
express my heartfelt appreciation to all the collaborators of the experiment
for their help and encouragement.

I would like to thank Dr. Tomonori Takahashi of RCNP for his continuous
guidance in the development of the trigger system, which I had been engaged
in since my master’s course. I am also grateful to Prof. Kyoichiro Ozawa,
Prof. Kazuya Aoki, and Prof. Yuhei Morino of KEK, as well as Dr. Koki
Kanno and Mr. Wataru Nakai of the University of Tokyo, for their valuable
advice in experimental preparation and data analysis.

I would also like to express my gratitude to my colleagues, Ms. Sakiko
Ashikaga, Dr. Kazuki Suzuki, Mr. Tomoki Murakami, Mr. Ryohei Fujii, Ms.
Satomi Nakasuga, Mr. Yudai Takaura, Mr. Takehito Kondo, Mr. Daichi
Arimizu, Mr. Naoki Ogata, Ms. Kanako Yamaguchi, Mr. Shunnosuke Na-
gafusa, Mr. Shuta Ochiai, Mr. Ren Ejima, Mr. Rento Yamada, Mr. Jo Kaku-
naga, Mr. Shogo Yanai, and Mr. Shunji Hashimoto, from Kyoto University,
the University of Tokyo, and Hiroshima University, for their collaboration in
experimental studies and for their constant support and encouragement, in-
cluding many discussions and personal conversations that helped me greatly
during my research life.

During my stay in Tokai Village, where J-PARC is located, I was sup-
ported by many people. In particular, I would like to express my gratitude
to Prof. Mifuyu Ukai of KEK and Dr. Takeshi Yamamoto of JAEA for their
kindness and help in my daily life.

I also wish to thank the members of the Nuclear and Hadron Physics
Laboratory at Kyoto University, the Meson Science Laboratory at RIKEN,
the Research Group for Hadron Nuclear Physics at JAEA, and the Hadron
Group at the Institute of Particle and Nuclear Studies, KEK, as well as
the members of the KEK e-sys group for providing development space and
valuable support.

Finally, I would like to express my heartfelt gratitude to my family for
giving me life, nurturing me, and always supporting me throughout these
years.

118



Appendix A

Transport Approaches in
General

Transport approaches describing heavy-ion collisions in terms of hadronic
degrees of freedom can be broadly categorized into two types: QMD-type
and BUU-type calculations [30].

A1l QMD-type

In QMD-type transport calculations, the single-particle wave function is rep-
resented by a Gaussian wave packet, and the total wave function is given as
the product of all such packets:

0720 = G-z (- e A - ), (A

St

A
U, t) = [ [ e ). (A.2)
=1

Here, ¢; is the single-particle wave function, ﬁl and 151 denote the centroid
coordinate and momentum of the packet, respectively, and ¥ is the total
wave function. The parameter Az represents the width of the packet.

Applying the time-dependent variational principle to this form yields
equations of motion analogous to classical Hamilton’s equations:

dR;
= (H), (A.3)
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dp,
dt
The implementation of the potential term in the Hamiltonian depends on
the specific QMD model, while the collision term is introduced separately in
a stochastic manner.
JAM, a QMD-type transport calculation was used in Ref. [28].

— Vi (H). (A4)

A.2 BUU-type

In BUU-type transport approaches, the time evolution of the one-body phase-
space distribution f,(7, p;t) for particle species a is governed by

0 L L
Here, €[f] is the single-particle energy including mean-field effects, and I.
denotes the two-body collision integral:

9b 3 / daﬁed[ 1 gl ’ ’
Lonlfa] = ——— [ d’ppdY v, 1—f)(1— —fafo(I=f)(1=f) 1,
il =3 gt [ Am e G (0= )0 B 2505005
(A.6)
where b denotes the collision partner species, g, is the spin degeneracy factor,

vap is the relative velocity, and 03¢ is the in-medium cross section. f’ repre-

sents post-collision states, where the first term in the brackets [| represents
the gain term and the second term represents the loss term. Equation (A.5)
is called the BUU equation.

The characteristics of each BUU calculation depend largely on the treat-
ment of the mean-field potential. With a scalar potential ® and a vector
potential V#, the effective mass and four-momentum are defined as

m* =M — ®, (A.7)
pr=p-V, (A.8)

p
E* = p* = \/p*2 + m*2. (A.9)

The scalar potential is calculated using the scalar density

d3p* m*
= —_— rpt Al
ps =9 | G g ), (A.10)
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while the vector potential is obtained from the baryon current

- d3p* p*u L
= g/ 2nh) B f(7p%t). (A.11)

Different approximations, such as using non-relativistic reductions, consider-
ing only j°, or including/excluding momentum dependence, distinguish each
BUU model.

A.2.1 Test-Particle Method

Since the BUU equation cannot be solved analytically, f, is represented nu-
merically by an ensemble of so-called test particles:

e =—— () X 6 RO)I6G- By (a1

 gaNTP 1

Here, N, is the number of particles of species a, Ntp is the number of test
particles per real particle, and ﬁi, P, are the coordinates and momenta of
each test particle. The profile functions G and G may be chosen as delta
functions, Gaussians, or triangular functions.

A.3 Lattice Hamiltonian Method

Since Ntp is finite in practice, artificial fluctuations appear in the particle
distributions. To suppress these unphysical effects, the lattice Hamiltonian
method is employed. In this approach, space is discretized into cells, and den-
sities and energies are defined on the lattice. The subsequent time evolution
of particles within each cell is computed accordingly. This coarse-graining
procedure effectively reduces numerical fluctuations. The method is also
applicable to QMD calculations.

A.4 Collision Term

The occurrence of a collision is typically determined by the Bertsch criterion,
which requires that during a given time step:

1. the particles reach their minimum distance of approach, and
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2. this distance is smaller than the interaction radius derived from the
cross section.

The post-collision states are assigned probabilistically under energy—momentum
conservation, while Pauli blocking is enforced within each spatial cell.

A.5 Comparison between QMD and BUU

The interpretation of collisions differs significantly between QMD and BUU
approaches. In QMD, a single collision corresponds directly to a binary
nucleon—nucleon interaction. In BUU, however, a collision occurs between
two test particles, which represent only fractions of physical particles. Thus,
post-collision states may differ for each test particle even if the precollision
states are nearly identical. As a result, phenomena such as multi-particle cor-
relations and cluster formation naturally emerge in QMD but require special
prescriptions in BUU. On the other hand, the propagation of mean-field dy-
namics is more straightforward in BUU.

Moreover, QMD calculations are less suited for implementing off-shell
dynamics, whereas BUU approaches can more easily incorporate them. Fur-
thermore, while BUU can be formulated in a covariant manner, QMD is fun-
damentally non-covariant. Consequently, QMD is advantageous when many-
body correlations or clusterization are important, while BUU is preferable
when off-shell dynamics play a dominant role. As described in Chapter 3,
PHSD is advertised as an advanced BUU-type model that is both covariant
and capable of treating off-shell dynamics.
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Appendix B

eTe” Pair Reconstruction

The ete™ pair reconstruction from the experimental data was performed
through the following procedure:

e Track selection

— Candidate hit combinations in the CDC and BDC were selected
using computationally inexpensive methods such as straight-line
or quadratic fits.

— The selected hit combinations were then subjected to a full Runge—
Kutta tracking.

e Target selection

— Using multiple tracks from the same event, the reaction target was
determined.

e Electron/positron identification

— Electrons and positrons were identified using dedicated electron
identification counters.

e Other event selection

— Events in which multiple ete™ pairs could be formed were ex-
cluded, since they are likely to contain contributions from ~+ con-
versions or 7¥ Dalitz decays.
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For this analysis, the events obtained by the trigger described in Sect. 2.1.6
were used, that is, events in which each of the two layers of the electron
identification counters in both arms had position-correlated hits and hits
were also recorded in the STC of both arms. Conditions such as coarse track
selections prior to the Runge-Kutta tracking or signal threshold are omitted
in this thesis.

B.1 Single Track Fit

The CDC consists of three super layers, each with a horizontal layer (XX")
and either one or two tilt layers (one or two among UVV’). For the horizontal
layers, hits were required in all super layers, and for the tilt layers, hits were
required in at least two super layers. For the BDC, hits were required in at
least three of the four layers.

The tracking was performed using the Runge-Kutta method. The step
size was typically 50 mm, and reduced to 1mm near the drift chambers.
The initial position was defined as the intersection point between the track
obtained from coarse tracking and a cylindrical surface of 100 mm diameter,
placed vertically at the center of the magnet.

The coarse tracking used only the CDC data. A quadratic function was
assumed for the horizontal plane and a straight line for the vertical plane.
The initial momentum was obtained from a circular fit in the horizontal
plane.

B.2 Target Selection

First, the vertex was determined without imposing any target constraint by
minimizing the value of S based on the tracks in the same event. S was
calculated as follows;

1 = d‘zjr 2 dljl 2 d‘; 2
S = 3N, 4 Zl((a—z) + (a_y) + (U_z) ); (B.1)

where NV, is the number of tracks in an event, i is the distance vector between
the vertex point and the j-th track, and o; is the error of the vertex determi-
nation in each axis and was determined as 0, = 1.80 mm, o, = 7.15 mm, and
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0, = 1.44mm. The reference vertex position and resolution were obtained
from the vertex distributions and summarized in Table B.1.

Events satisfying S < 5 and lying within 3.5 standard deviations from
the center of any target were selected. To determine the reaction target,
X% was calculated for each target as follows,

Go= (B (B.)

J=T,y,2 K

where d is the reconstructed vertex position, ¢; is the center of beam image
for target i, and ¢; is the vertex resolution around target i. The one with
the smallest value was assigned as the reaction target.

Table B.1: Vertex distribution in the double-arm events. z corresponds the
z position of each target. z and y correspond to the center of beam image
for each target.

Year Target x Y z Oy oy o,
n) fmm]  frn)  fmm] [mm) )

2001 Cu-1 3.13  0.61 -47.04 324 3.68 3.73
C 4.03 0.62 -0.14 374 3.70 348
Cu-2 491 0.67 4546 242 314 271

2002 Cu-1 0.89 0.55 -48.03 198 433 3.21
Cu-2 1.31  0.54 -23.41 227 454 3.35

C 1.72 052 017 197 3.8 3.20
Cu-4 222 054 2460 294 398 1.98
Cu-5 2,57 057 4421 261 3774  2.01




B.3 Pair Track Fit

With the z-coordinate fixed to the value of the reaction target determined
above, a pair track fit was performed by minimizing the following quantity
under the constraint that both tracks share a common vertex:

=3 Sy B (B3

s==£1 1 Jj=zy

where hj and e} are the hit position and the track position, respectively, with
a charge s on the drift chamber layer [, o; is the position resolution of layer
[, ¥ is the vertex point on the reaction target, ¢ is the beam center position
on the reaction target, and o7 is the beam size for each axis. The beam size
in the x-direction was taken from Sect. 2.1.2, and the same value was used
for the y-direction. For each pair, the two tracks were required to belong to
different arms. Pairs with % /dof < 5 were accepted as final track pairs.

B.4 Electron Identification

Due to the limited vertical acceptance of the gas Cherenkov counters, only
tracks with vertical incident angles within +0.45rad at the FGC and within
+0.15rad at the RGC were selected. In order to avoid misidentification of
pions in the Gas Cherenkov counters, tracks with momenta above 2.7 GeV/¢
were excluded.
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