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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 12GeV proton beam was irradiated
onto carbon and copper targets with the aim of collecting vector meson e+e−

decay events inside nuclei. In past analyses focusing particularly on the ϕ
meson, the reconstructed invariant-mass spectra were divided according to
the target nucleus and meson velocity. Since most of the ϕ 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 ϕ 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 ϕ-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
ϕ 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 µ = 2GeV are 2.16MeV/c2,
4.70MeV/c2, and 93.5MeV/c2, 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 uud, is 938MeV/c2, which is more
than one hundred times larger than the sum of its constituent quark masses
(9.02MeV/c2). 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
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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]:

L =
∑

q

(q̄Li /DqL + q̄Ri /DqR)−
1

4
Gα

µνG
µν
α +

∑

q

(q̄LmqqR + q̄RmqqL) , (1.1)

where Gα
µν is the field strength tensor of the gluon defined as Gα

µν = ∂µAα
ν −

∂νAα
µ − gfαβγAβ

µAγ
ν , where Aα

µ is the color-octet gluon field and g is the

strong-coupling constant, and /D denotes the covariant derivative defined as
/D = γµDµ and Dµ ≡ ∂µ + igtαCAα

µ, where γµ is the Dirac matrix and tαC
is the color SU(3) generator. For a quark field q, its left- and right-handed
components are defined as

qL ≡ 1− γ5

2
q, qR ≡ 1 + γ5

2
q (q = qL + qR), (1.2)

with
γ5 ≡ iγ0γ1γ2γ3. (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(iαaT a), (1.4)

and the axial transformation

exp(iγ5αaT a), (1.5)

where T a is τa/2 (τa is the Pauli matrix) for flavor SU(2) and λa/2 (λa 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
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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 ρ meson (775.26MeV/c2) and the
a1 meson (1230MeV/c2), 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 Q is a generator of a symmetry group and an operator Φ satisfies

⟨[iQ,Φ]⟩0(≡ ⟨0|[iQ,Φ]|0⟩) ̸= 0, (1.6)

its expectation value is called the order parameter, which characterizes the
degree of symmetry breaking [2].

For SU(2)A, the Noether current is

Aa
µ = q̄γµγ5

τa

2
q, (1.7)

and the corresponding generator is

Qa
5 ≡

∫
Aa

0d
3x. (1.8)

Choosing the operator
P a = q̄iγ5τ

aq, (1.9)

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

11
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Figure 1: Effective potentials. (a) No spontaneous breaking of symmetry. (b) Spontaneous
breaking of symmetry.

15

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:

⟨q̄q⟩ρ = ⟨q̄q⟩0 + ⟨N |q̄q|N⟩ρ+O(ρ4/3). (1.10)

The part of the nucleon mass originating from ⟨q̄q⟩, called the pion-nucleon
sigma term σπN , can be written using the explicit chiral symmetry breaking
Hamiltonian HXχSB as

σπN = ⟨N |HXχSB|N⟩. (1.11)

For the QCD Lagrangian,

HXχSB = −mq q̄q, (1.12)

which leads to
σπN = mq⟨N |q̄q|N⟩. (1.13)

Using the Gell-Mann–Oakes–Renner (GOR) relation [4],

f 2
πm

2
π = −2mq⟨q̄q⟩0, (1.14)
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one obtains

⟨q̄q⟩ρ =
(
1− σπN

m2
πf

2
π

ρ+O(ρ4/3)

)
⟨q̄q⟩0, (1.15)

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 [5–9]. Experimentally, from measurements of the pion optical
potential by pionic atoms, combined with the in-medium Glashow–Weinberg
relation [6],

⟨q̄q⟩ρ
⟨q̄q⟩0

≃
√

b1(0)

b1(ρ)

(
1− γ

ρ

ρ0

)
, (1.16)

it has been evaluated that at the nuclear surface density ρ = 0.098 fm−3, 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 Tc ∼
160MeV [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 ,

Π(q2) = i

∫
d4x eiqx⟨0|T [J(x)J†(0)]|0⟩, (1.17)

to a sum of perturbatively calculable Wilson coefficients Cd(q
2) and non-

perturbative vacuum expectation values,

Π(q2) =
∑

d

Cd(q
2)⟨0|Od|0⟩. (1.18)

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.
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+ 1+ 8(u —So), (6)

with R =4m (Sm) for the P meson (p and co mesons) and
p„denotes the contribution of the Landau damping on
the hadronic side [4]. Matching the left- and right-hand
sides of Eq. (5) in the asymptotic region tu ~—ao by the
method of Borel sum rule (BSR) [5] or the finite energy
sum rule (FESR) [21], one can relate the resonance pa-
rameters to the p-dependent condensates. Here, for the
qualitative argument, we will write down the FESR for
the p (co) meson in the chiral limit:

a,F—S 1+ =—2~ M~ p2 —1

So cz,
Fm — 1+

2 7T

=—Q —2~2"+M p

So n,3

Fm — 1+
3 7T

=—Q — m A"+M p
10

the scattering term, the resonance, and the continuum
[20]

R ImIIL(u )=5(u )p„+F6(u —m )

fore, we take 0 &p & 2po as an optimistic validity range of
our analysis. More systematic analysis of the higher or-
der terms will be given in Ref. [10].
The numerical calculations for the density dependent

masses shown in Fig. 2 have been done by using the BSR.
We took one of the canonical procedures to determine
the resonance parameters: First So is determined to make
the meson mass m least sensitive to the Borel mass M in
the region M~;„&M&M,„determined by the 30%%uo cri-
terion. Then the minimum of m(M) is adopted as the
physical mass. We have also checked that the FESR has
the same qualitative result with BSR. Since we are only
interested in the medium modifications of the resonances,
the same Uacuum parameters with those in Ref. [22] are
adopted without any fine tuning [23]; for instance,
Q4 =0.05 GeV, Q6 =0.06 GeV, m, (ss )o=—(210
MeV), etc. As for the parameters in Eq. (3), the central
values are taken to calculate the curves in Fig. 2. The
masses of p, co, and P mesons decrease almost linearly in
density. (The deviation from the linearity above po in the
p-co channel should be regarded as an uncertainty of our
procedure of the Borel analysis [24].)
From Fig. 2, one can make a linear fit of m (p) using

1.50

where Q4 and Qs are m /3((a, /n)G ) .and
—,9,'n. (Qa, qq ), respectively, taken up to linearity in p.
The first sum rule (the local duality relation) essentially
identifies the pole residue with the threshold parameter.
The rhs of the first equation, which is a contribution from
the hadronic scattering term p„, is negligible at low den-
sity. In the second sum rule, the twist-two quark conden-
sate (the second term in the rhs with A 2+ ——0.90 at 1

GeV) plays a significant role: its magnitude becomes
comparable to the uacuum gluon condensate with the
same sign, which makes the vector meson mass smaller in
the medium. (Remember that the gluon condensate con-
tributes to the mass negatively. ) The four-quark conden-
sate in the third sum rule decreases by the medium effect
according to Eq. (3), which also makes the vector meson
mass smaller. (Remember that the four-quark conden-
sate contributes to the mass positively. ) Contribution of
the twist-two condensate in the third sum rule is small
because it corresponds to the higher moment of the struc-
ture function (34+ =0.12 at 1 GeV).
One can also write down similar sum rules for the P

meson. In this case, because of the OZI suppression, the
contributions of twist-two operators are rather small
(A2 —-0.05 and 34=0.002 at 1 GeV). However, still a
small mass shift occurs mainly due to the decrease
m, (ss ) which is the main term in OPE for the P meson.
To find the validity range of the linear p approximation

for (8„),we have estimated some of the p" ' terms in
the quark condensates. They include the p term and
the p term in (qq ) due to the Fermi motion of nucleons
and the two-body nucleon-nucleon interactions respec-
tively, and also the p terms that appear in the four-quark
condensates ((qq) ) and ((q q) ) . They affect at most
15% (30%) of the linear terms in p at p =po (2po). There-
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FIG. 2. (a) The p-co meson mass m and the continuum
threshold So ' as a function of p/po. (b) The same figure for the
P-meson mass with two typical values of y (the strangeness con-
tent in the nucleon). Dashed lines indicate the K E and
K+K threshold at p=0 which are the main decay modes of P.

Figure 1.2: Density dependence of the ρ–ω,and ϕ meson masses calculated
using QCD sum rules. The momentum of mesons is zero. The upper panel
shows the ρ–ω mesons, while the lower panel shows the ϕ meson. In the
upper panel, the upper solid line represents the lower bound of the en-
ergy calculated by perturbative QCD (S

1/2
0 ) 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⟨s̄s⟩N/(⟨ūu⟩N + ⟨d̄d⟩N)) 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 ϕ meson, namely K+K− and K0K̄0. 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 (⟨(q̄q)2⟩) and twisted-two
condensates (⟨q̄γµDνq⟩) 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 ϕ 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 ρ,
ω, and ϕ. The ρ meson has a large decay width of 147.4M/c2, making it less
sensitive to spectral modifications. The ω meson has a mass close to that of
the ρ meson, which makes it difficult to distinguish their spectra. Moreover,
for both ρ and ω, higher-order contributions in QCD sum rules calclations,
such as ⟨(q̄q)2⟩ are considered to be significant in their spectra [14].

In contrast, the ϕ meson, although its e+e− branching ratio is as small
as 3.0 × 10−4, has no nearby resonance states and a narrow decay width of
4.249MeV/c2, and its spectral properties are believed to be dominated by
the ⟨s̄s⟩ condensate [14].

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

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

1.2.1 Theoretical Calculations

The properties of the ϕ 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 10MeV/c2 and a
substantial broadening of the width of about 50MeV/c2. Some calculations,
however, predict a mass reduction as large as 35MeV/c2. Furthermore, lat-
tice QCD has calculated the quantity σsN , 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 ϕ meson spectral function to vacuum expecta-
tion values [13–16, 21–27]. Ref. [25] calculated the mass dependence on σsN

and the density dependence of the mass using lattice QCD inputs for σsN .
Ref. [26] 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 ϕ 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, 12GeV proton beam was incident on C and
Cu targets, and the ϕ → e+e− and ϕ → K+K− decays were measured [28,
29]. From the e+e− decay channel, a significant modification of the ϕ meson
spectrum was observed. A comparison with simulations indicated that at
normal nuclear density the resonance mass decreases by 3.4+0.6

−0.7%, while the
width increases by a factor of 3.6+1.8

−1.2. Details will be discussed in Chapter 2.
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Since the Q value of the ϕ → K+K− decay is small, a mass reduction of
the ϕ 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 2.83GeV proton beam was incident on C,
Cu, Ag, and Au targets, and the ϕ → K+K− decay was measured [30]. The
momentum range of the measured ϕ mesons was 0.6GeV/c to 1.6GeV/c.
From transparency ratios between C and heavier targets, the momentum
dependence of the ϕ 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, γ beams up to 4GeV were incident on 2H, C,
Ti, Fe, and Pb targets, and the ϕ → e+e− decay was measured [31]. The
measured momentum of the ϕ mesons was above 0.8GeV/c, with an average
of 2GeV/c. From transparency ratios, the ϕ meson width at ρ = 0.08 fm−3

was concluded to be 23–100 MeV/c2.
In the LEPS experiment, γ beams of 1.5–2.4 GeV were incident on Li, C,

Al, and Cu targets, and the ϕ → K+K− decay was measured [32]. The mea-
sured ϕ momentum range was 1.0–2.2 GeV/c, with an average of 1.8GeV/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 ϕ–nucleon cross section was estimated as 35+17

−12 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 ϕ meson.

In the HADES experiment, a 1.7GeV/c π− beam was incident on C and
W targets, and the ϕ → K+K− decay was measured [33]. Although the
transparency ratio of the ϕ 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. [34] used

Γ(p) = βσ∗
ϕNρ0 (1.19)

to estimate the ϕ meson width at normal nuclear density as 45–200 MeV/c2

from CLAS, 97+47
−31 MeV/c2 from LEPS, and 36–51 MeV/c2 from HADES.
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For high-temperature environments, the NA60 experiment at CERN SPS
measured ϕ → µ+µ− in 158 AGeV In-In collisions [35]. No significant spectral
modification was observed. The fraction of ϕ mesons affected by the medium
was found to be consistent with 0%, with an upper limit of 8%. Thus, it
was inconclusive whether the ϕ meson undergoes spectral modifications in
the medium or whether too few in-medium ϕ mesons were observed.

As described above, numerous experiments have studied the properties of
the ϕ meson at high temperature and finite density. In high-temperature ex-
periments, uncertainties arise from the fraction of ϕ 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 ϕ 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 ϕ
mesons in nuclear matter using the 12GeV 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,
∆ resonances, and light mesons such as pions; at higher energies, hadrons
containing strange quarks such as kaons and ϕ 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 ϕmeson by employing a T -matrix coupled-channel approach based on the
extended SU(6) chiral effective Lagrangian to PHSD. By incorporating newly
calculated ϕ-meson production channels and the collisional broadening of the
ϕmeson, this approach naturally reproduced the experimentally observed en-
hancement of ϕ-meson production near the threshold. Ref. [39] studied the
production position, production momentum, and production spectrum of ϕ
mesons generated in the 12GeV 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 ϕ → e+e− 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 [40].

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 ϕ-meson
spectral modification, which was not addressed in Ref. [28].

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 ρ, ω, and ϕ
into e+e− or K+K− were measured using 12GeV pC and pCu reactions [28,
29, 41–43]. The experimental data used in the present analysis, such as the
invariant mass spectra of e+e− pairs and the momentum distributions, were
not newly analyzed in this study, but were already analyzed in Refs. [28, 44].
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 12GeV 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 × 108

per spill (with one spill lasting 2 s) 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 − V0), where V is the voltage of the B22 magnet shown in
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Figure 2.3: Schematic view of EP1B beam line.

3V was used to remove beam halo. The beam was transferred by the “DQQ” (B21, Q22, and Q23) complex to the

first focusing point where the collimator 4H and 5V were located and again the beam halo was removed. Passing

through the other beam focusing complex “QQDQQ” (Q24, Q25, B22, Q26, and Q27), the beam was delivered to

the final focusing point at the center of the spectrometer magnet. At the target we obtained the size of the beam

spot of 0.83 mm as the one standard deviation (see Sec. 2.3.1). At the end of the EP1-B beam line, the intensity

of beam protons was monitored with 10% accuracy using two ionization chambers [27]. The beam was extracted

for 1.8 s with a repetition period of 4 s.

In prior to the experimental data accumulation, the aperture of the collimators were tuned to reduce the beam

halo. It turned out that the adjustment of the collimators was effective to reduce the random trigger rate, so that

the adjustment was done to minimize the interaction trigger rate with keeping the transmission of beam particle

constant. The scanning of the magnetic field strengths of B21 and B22 was also effective to reduce the beam halo,

by controlling the beam trajectory and minimize the interference of the beam halo with the beam pipe. We chose

the setting where the least trigger rate was realized. These tunings were done at every experimental cycle of about

two weeks long, because the extraction status of a beam from the accelerator differed in each beam time, but quite

stable within a beam time. The collimator settings in 2002 are listed in Table 2.1. The collimator 3V and 4H were

fully opened, because they were not effective to reduce the halo.

Table 2.1: The collimator width setting in 2002.
1V 2H 3V 4V 5H
8.0 mm 2.7 mm - - 15.0 mm

2.3 Spectrometer magnet

The spectrometer magnet was a dipole type with the overall weight of 300 t. The dimension was 5655 mm in

width, 3980 mm in height and 2120 mm in depth. To ensure the maximum vertical acceptance for electrons (−23◦

to 23◦), the pole piece was made of two layers of cylinder with the diameters of 1760 mm and 2120 mm as shown

in Fig.2.4. The gap between the poles was 907 mm. Other dimensions can be seen in Fig.2.4.

The magnetic field at the center of the pole piece was adjusted at 0.71 T to supply the integrated magnetic

10
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Figure 2.1: Top view of the KEK-PS EP1-B beam line. Figure is adapted
from Ref. [44].

16 CHAPTER 2. EXPERIMENTAL PROCEDURE

0

1000

2000

3000

4000

5000

6000

-4 -3 -2 -1 0 1 2 3 4
beam center in y-axis [mm]

E
1s

tR
eq

ue
st

Figure 2.6: Interaction rate as a function of the beam position. The beam position
was obtained from the voltage of B22 using Eq.(2.1). The solid line represents the fit
result with the quadrate target profile convoluted with Gaußian.

2.4 The spectrometer magnet

The spectrometer magnet was a dipole type with the overall weight of 300 ton. The
dimension was 5655 mm in width, 3980 mm in height and 2120 mm in depth. To ensure
the maximum vertical acceptance for electrons (±23 degrees), the pole piece was made
of two layers of cylinder with the diameters of 1760 mm and 2120 mm as shown in
Figure 2.7. The gap between the poles was 907 mm. Other dimensions can be seen
in Figure 2.7. The coil had 168 turns in each pole piece, and the normal operation
current was 1560 A.

The magnetic field at the center of the pole piece was adjusted at 0.71 T to supply
the integrated magnetic-field

∫
B · dl of 0.81 T·m from the targets to the radius of

1680 mm where the barrel drift chambers (BDC) were located.

Field Mapping and Calculation

It is important to know the precise magnetic field-strength everywhere in the accep-
tance since the amplitude of the

∫
B · dl is proportional to the rigidity of tracks. The

magnetic field map were obtained by the calculation and compared to the hall-probe
measurements. The magnet itself was symmetrically build from left to right and up-
stream to downstream, and top to down. The actual field, however, was distorted
due to other magnetic materials which were the iron plate on the floor to support
the magnet weight and the magnetic shield placed just front of the photomultiplier
tubes of the aerogel Čerenkov counter. We calculated the magnetic field map using

- 285 / 668 -

beam center of x-axis [mm]

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 (1mm). Figure is
adapted from Ref. [44].

Fig. 2.1. The standard deviation of the horizontal beam profile was 1.59mm
in the 2001 run and 0.83mm 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 γ 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 x-axis.

In the e+e− 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 < pT < 1 GeV/c, 0.5 < y < 2.0, and 0.5 < βγ < 3.5 for ϕ 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 [mg cm−2] 92 2× 73 184 4× 73

Interaction length [%] 0.11 2× 0.054 0.21 4× 0.054

Radiation length [%] 0.21 2× 0.57 0.43 4× 0.57
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2.3. TARGETS AND BEAM PROFILE 15

Figure 2.5: Schematic view of targets and their supports in the year 2002.

Behind the exit of VTC, the beam line was followed by a helium-filled beam pipe, as
shown as “He Bag” in Figure 2.4. A helium gas was flowed at a rate of 1000 cc per
minute. The ion chamber was located at the end of the He Bag to measure the beam
intensity. Between the ion chamber and the beam dump, a vacuum beam pipe was
located.

Beam Profile

Figure 2.6 shows the beam profile at the target position which was measured as follows.
The center target, carbon, whose thickness was 1 mm in the year 2002, worked as the
1mm-wide probe when the target holder was rotated by 90− around the z axis. The
horizontal beam position can be moved with the bending magnet B22, located most
downstream the EP1-B beamline (see Figure 2.3). The beam profile in the horizontal
direction can be measured by counting the interaction rate by changing the beam
position. The rates as a function of the beam position are plotted in Figure 2.6. Here,
the relation (2.1) is used to obtain the horizontal beam position at the center of the
pole piece from the voltage (V) of the B22 power supply;

y = 0.109 → (V ≃ V0)(2.1)

The offset was optimally obtained with the measured beam profile. The one stan-
dard deviation of the beam spot sizes in the horizontal direction were estimated to be
1.59 mm for 2001 and 0.83 mm for 2002 by subtracting the effective thickness of the
carbon target.
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Figure 2.3: Schematic view of the targets and jigs (2002 configuration). Fig-
ure is adapted from Ref. [44].

was installed in the innermost layer and also served as a tracking detector, it
was not used in the analysis in Ref. [44] because it significantly affected the
measurable e+e− 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 380mm 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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2.2. ACCELERATOR FACILITY AND BEAM LINE 11
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Figure 2.1: Schematic view of the E325 spectrometer, the top view.
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Figure 2.4: Top view of the spectrometer. Figure is adapted from Ref. [44].

Other detectors not described here were used for K+K− 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 σ1 as the

Table 2.2: Acceptance of the electron identification detectors.

Layer Detector Horizontal Acceptance [◦] Vertical Acceptance [◦]

1 FGC ±12–±90 ±23

2 RGC ±12–±54 ±6

2 RLG ±12–±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. [44].

main component, σ2 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/pc.
For the performance evaluation, electron samples originating from γ conver-
sions and π0 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 1680mm, was 0.81Tm.

The magnetic field used in the analysis of Ref. [44] was derived from
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a combination of measurements taken in a limited spatial region and field
calculations using TOSCA [45]; 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 σ2 and ratio are common in the same super layer.

Super layer Layer σ1 [mm] σ2 [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

V 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 1.8× 10−6 9.3

RLG 0.921 9.9× 10−6 8.2

SLG 0.882 1.7× 10−4 6.8

FLG 0.913 1.2× 10−6 10.0
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Figure 2.15: The cell structures of CDC.

vided the support to the feedthroughs and electrical connections.

The read-out electronics of CDC consisted of Amplifier-Shaper-Discriminator (ASD)
ICs on a print circuit board mounted on CDC (ASD board), a LVDS-ECL converter
and a time to digital converter (TDC). The ASD IC is developed for the Thin Gap
Chambers in the forward muon trigger system of the LHC ATLAS experiment [29].
The block diagram of the ASD chip is shown in Figure 2.21. The measured (speci-
fication) gain of the pre-amplifier of the ASD is 360 (800) mV/pC, and the gain of
the main amp is 4 (7). The output signal of the ASD board was sent to LVDS-ECL
converter board via 10 m-long twisted-pair cables. From the LVDS-ECL converter, the
signal was transfered to the counting house with 35 m-long twisted-pair cables.

When a minimum ionizing particle passed through one drift cell of CDC, it gener-
ated about a hundred ionizing electrons. The electric field around the wire amplified
these electrons by 1.6→104. Through the ASD, the pulse height of the signals before
the discriminator was typically 240 mV for minimum ionizing particles. The threshold
voltage of the discriminator was set from 5 to 18 mV for various CDC super-layers. 2
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Super Layer Inner Middle Outer
Layer 1 2 3 4 5 6 7 8 9 10

Wire Direction X X− U V V− X X− U X X−

Radial Location 445 455 475 602.5 612.5 632.5 642.5 800 820 830

of Sense Wires [mm]

Wire Length [mm] 441 441 - - - 565 565 - 713 713

Cell Width [degree] 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Cell Width [mm] 11.65 11.91 12.43 15.77 16.04 16.55 16.82 20.94 21.47 21.73

Tilt Angle [rad] 0 0 ⟨0.1127 0.1116 0.1135 0 0 ⟨0.1174 0 0

Number of Sense Wires 81 81 77 76/77† 77/76† 81 81 77 82 82

†left arm/right arm.

Table 2.4: The wire configuration of CDC.
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Figure 2.6: Schematic view and cell structures of CDC. Figure is adapted
from Ref. [44].

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

• 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 0.5GeV/c to 2.0GeV/c 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
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2.5.2 Barrel-shaped drift chambers (BDC)

The structure of Barrel-shaped Drift Chambers (BDC) consisted of 90-degrees arc-
shaped end plates at the top and the bottom which were supported by three aluminum
bars as shown in Figure 2.22. The inner radius was 1570 mm, the outer radius was
1680 mm and the height was 1420 mm. The acceptance of BDC is the same as CDC
for the vertical coverage but with a smaller horizontal coverage from ±7.5− to ±94.5−.
The BDC’s have 4 layers of drift cells with an XX⟨UV configuration, located at r=1600
to 1650 mm. In the X and X⟨ layers the direction of wires was vertical and in the U
and V layers the wires were tilted by about ± 0.1 radian. Argon-ethane mixed gas of
50% and 50% was used at 1 atm as same as CDC.

The structure of the drift cells is shown in Figure 2.23. All the drift cells of BDC
had the same horizontal angular coverage of 0.75 degrees with respect to the target
position. The size of the drift cells of BDC was the same as that of the outer super layer
of CDC. The high voltage of -0.7 kV was applied to the potential wires, of +0.1 kV to
the guard wires and of +1.5 kV to the sense wires. Details of the wire arrangements
are shown in Table 2.5.

Guard Wire Sense Wire Potential Wire

10.41 mm

U- layer

X- layer

V- layer

X’-layerR=1600

Figure 2.23: The cell structure of BDC.

The read-out electronics of BDC were the same as that of CDC and the threshold
voltage of the discriminator was set at 13→15 mV.

Materials in the spectrometer and momentum resolution

The materials through the flight path of particles from the target to BDC are sum-
marized in Table 2.6. By the detector simulation described in Sec. 4.2.4, which takes
into account the position resolution of the chambers and the experimental effects, the

2The threshold voltage is magnified 20 times compared to the pulse height before the discriminator,
the actual set up values were from 100 to 350 mV.
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Figure 2.22: Schematic view of BDC.
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Figure 2.7: Schematic view and cell structures of BDC. Figure is adapted
from Ref. [44].

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± 0.03%. This discrepancy was used as a scaling factor for
the magnetic field in the analysis of Ref. [44].

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
0.4GeV/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 e+e− pairs generated on the targets.

2.2 Previous Analysis

In the previous analysis, the e+e− invariant mass distribution was used to
discuss the presence or absence of the in-medium modification of the ϕ-meson
spectrum, and the density dependence of the modification was evaluated from
its magnitude. The vacuum width of the ϕ meson is 4.249MeV/c2 [1], and
assuming βγ = 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 ϕ 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 ϕ-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 βγ: βγ < 1.25,
1.25 ≤ βγ < 1.75, and βγ ≥ 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 e+e− pairs
are described in Appendix B. The spectra are categorized into six groups
according to the target nucleus (C or Cu) and the βγ of the parent particle:
βγ < 1.25, 1.25 ≤ βγ < 1.75, and βγ ≥ 1.75. The bin width is set to
1/150 GeV/c2 (∼6.7MeV/c2).

To interpret these spectra, we performed a detector simulation using
Geant4 [46–48], 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. [49] was also taken into account in
the di-electron decay of ϕ meson. The detail of these effects is explained in
Sect. 4.3.2 and 4.3.3. As a mass distribution of ϕ 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: e+e− invariant mass spectra obtained in the experiment. The
classification of spectra is described in the main text. The bin width is
1/150 GeV/c2.
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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) =
1

2π

Γϕ

(m−mϕ)2 + (
Γϕ

2
)2
, (2.1)

where Γϕ is the width of ϕ meson and mϕ is the resonance mass of ϕ meson.
The in-medium spectral modifications were parameterized by introducing

a density dependence to both the resonance mass mϕ and the total width Γϕ,
with parameters k1 and k2 as follows:

mϕ(ρ) = (1− k1
ρ

ρ0
)m0, (2.2)

Γϕ(ρ) = (1 + k2
ρ

ρ0
)Γ0, (2.3)

where ρ is the baryon density, ρ0 is the normal nuclear density, andm0 and Γ0

are the pole mass and the width of ϕ 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 e+e− 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 ϕmeson 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 e+e− decay is determined by
the overlap of the s and s̄ 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 e+e− partial
width:

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

Γee
ϕ (ρ) = (1 + k2

ρ

ρ0
)Γee

0 , (2.4)
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Figure 4.15: The prediction for the in-medium width broadening of the φ meson by
Oset and Ramos [9]. The points represent the predicted values. The solid line is the
best-fit result: fftot

φ (β)/fftot
φ (0) = 1 + 4.4(β/β0).

dependence of the total width broadening, we assumed fftot
φ (β)/fftot

φ (0) = 1+ktot
2 (β/β0).

Although there are no theoretical foundation for such a linear formula on the width
broadening, it is numerically consistent with the prediction by Oset and Ramos [9] for
the φ meson width broadening in the nucleus. If we take their prediction, we obtain
ktot

2 = 4.4 ± 0.2 as shown in Figure 4.15.

For ffee
φ , partial decay width to e+e−, we also assumed ffee

φ (β)/ffee
φ (0) = 1+kee

2 (β/β0),
and examined following two cases: (i) the branching ratio ffee

φ / fftot
φ remains unchanged

in the medium, i.e. kee
2 = ktot

2 , and (ii) ffee
φ doesn’t increase in the medium, i.e. kee

2 = 0.
Although it is desirable to determine the parameter ktot

2 and kee
2 independently, the

statistics of the present data is insuΓcient to do so. In vacuum the partial decay widths
are determined with the decay Q values and the overlap of the wave functions of s and
s̄-quark. The total decay width fftot

φ is as narrow as 4.26 MeV/c2 simply because the
decay Q value to the main mode, KK̄, is small (32 MeV/c2 for K+K− and 24 MeV/c2

for K0K̄0). Thus there is no reason to believe ffee
φ / fftot

φ to be constant even in nuclear
medium. On the other hand, there also is no reason to believe ffee

φ (β) =ffee
φ (0) since the

wave function of the φ meson can easily be modified if the chiral symmetry is partially
restored. Thus the above two assumptions, (i) and (ii) should be considered as two
extreme cases. Please note that the two assumptions have a common parameter space
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Figure 2.9: Width of the ϕ 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
Γϕ(ρ)/Γϕ(0) = 1 + 4.4(ρ/ρ0) Figure is adapted from Ref. [44].

where Γee
0 is the ϕ → e+e− partial decay width in vacuum and the value

of k2 is common with Eq. (2.3).

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

2.2.2 Generation of ϕ Meson Mass and Momentum at
Decay

The production and decay of ϕ mesons were simulated as follows. First,
the production position of a ϕ 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 ϕ meson production cross section in the
E325 experiment, which follows σ ∝ A1 [43]. The nuclear density distribution
was modeled using the Woods–Saxon form:

ρ(r) =
N

1 + exp(
r −R

τ
)
ρ0, (2.5)
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where N is normalization factor, R is half density radius of the nucleus, and
τ 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 = 1.02A1/3 and τ = 2.5/4.4. N was
determined such that the integral of ρ(r) matched the number of nucleons,
given the values of ρ0, R, and τ . The momentum distribution of ϕ meson
is taken from JAM 1 1.01.00 [52], a hadronic cascade model, at the decay
of phi meson in the code. The distribution is consistent with the observed
ϕ → e+e− events.

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

• Assuming that the momentum of the ϕ meson remains unchanged and
its mass varies according to Eq. (2.2), the velocity calculated from these
values is used to propagate the ϕ 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 e+e−

final state.

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

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

If the flight distance exceeded 100 fm without decay, the ϕ 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 ρ0 [fm−3] R [fm] τ [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 ϕ 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:

• The e+e− invariant mass region from 0.95GeV/c2 to 1.05GeV/c2 was
defined as the ϕ mass region, which contains both signal and back-
ground. The sideband regions were defined as 0.85GeV/c2 to 0.95GeV/c2

and 1.05GeV/c2 to 1.15GeV/c2, which are assumed to contain only
background.

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

• 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 ϕ mass region and
subtracted from the total momentum distribution in that region.

To fit the experimental invariant mass spectra, the simulated ϕ → e+e−

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 ϕ meson signal treated
as free parameters. The fit was carried out over the range 0.847GeV/c2 to
1.207GeV/c2, 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 βγ among
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Figure 4.7: Kinematical distributions of e+e− pairs in the φ mass region from 0.95
to 1.05GeV/c2, as functions of (a) βγ , (b) rapidity, (c) transverse momentum, and
(d) transverse momentum versus rapidity. The closed circles represent the real data
and the histograms represent the simulation results obtained by using JAM and the
detector simulation.
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Figure 2.10: Momentum distributions of ϕ mesons, as functions of (a) βγ,
(b) rapidity, (c) transverse momentum, and (d) transverse momentum versus
βγ. Circles with error bars represent the real data and lines represent the
simulation of Ref. [28]. Figure is adapted from Ref. [44].

the Cu targets, the fit yielded a χ2/dof = 83/50, which was rejected at a
99% confidence level.

Assuming that the discrepancy originates from the region 0.947GeV/c2

to 1.007GeV/c2, the amount of excess in this region was estimated as follows:

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

• The number of ϕ mesons Nϕ excluding the excess was determined from
the scale parameter of the signal component in the fit.

• The number of excess events Nex was calculated by subtracting the fit
function from the experimental data in the excess region.
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Figure 4.11: The e+e− invariant mass distributions for three φβ regions and for the
carbon and the copper targets. The closed circles with error bars represent the data.
The solid lines represent the fit results with the expected γ → e+e− shape over a
quadratic background. The dashed lines represent the backgrounds.
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Figure 2.11: Fit result from Ref. [44] 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. [44].

The target nucleus and βγ dependence of the excess ratio (Nex/(Nϕ +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 βγ.

Next, spectral modifications were introduced to the simulated spectra
assuming the forms given in Eqs. (2.2) and (2.3). Fits were performed for
various combinations of k1 and k2, using the same values across all six spectra.
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4.4. EVALUATION OF THE NUMBER OF THE EXCESS 95

Nex Nφ Nex/(Nex+Nφ)
φβ< 1.25 6 ± 17+7

−6 257 ± 26+6
−7 0.02 ± 0.06+0.02

−0.01

C 1.25 <φβ< 1.75 →4 ± 26+10
−12 547 ± 41+13

−15 →0.01 ± 0.05+0.02
−0.01

1.75 <φβ 39 ± 42+22
−25 1076 ± 64+12

−15 0.04 ± 0.04+0.02
−0.01

φβ< 1.25 133 ± 28+5
−12 464 ± 38+6

−5 0.22 ± 0.04+0.01
−0.01

Cu 1.25 <φβ< 1.75 35 ± 33+9
−12 588 ± 47+14

−8 0.06 ± 0.05+0.01
−0.01

1.75 <φβ 21 ± 48+25
−29 1367 ± 72+24

−27 0.02 ± 0.03+0.02
−0.01

Table 4.3: Numbers of γ meson [Nφ] and excess [Nex] evaluated by the fits excluding
the excess region (see text). Error values are statistical (first) and systematic (second).
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Figure 4.13: The φβ dependence of Nex/(Nφ + Nex). Points represent the data de-
scribed in Section 4.4. The brackets indicate the systematic errors evaluated in the
Section 4.4.1. The vertical error bars indicate the statistical errors and horizontal error
bars indicate the standard deviations of the φβ distribution in each φβ bin.
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Figure 2.12: Dependence of the excess ratio on target nucleus and βγ. Ver-
tical error bars indicate statistical uncertainties, while brackets represent
systematic uncertainties. Horizontal error bars show the standard deviation
of βγ for each spectrum. Figure is adapted from Ref. [44].

Figure 2.13 shows the dependence of the total χ2 from all six spectra on the
parameters k1 and k2 obtained in Ref. [28]. The best-fit values of k1 and
k2 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 k1 and k2 values
in each case.

In both cases, k1 ∼ 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 χ2 is decreased by 4.4 compared to the constant partial
width case.

Table 2.6: Best-fit values of k1 and k2 and χ2/dof obtained in Ref. [28].

Partial width k1 k2 χ2/dof

Density dependent 0.034+0.006
−0.007 2.6+1.8

−1.2 316.4/298

Constant 0.033+0.011
−0.008 0+5.6 320.8/298
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4.5. THEORETICAL INTERPRETATION 103
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Figure 4.19: Confidence ellipsoids for the modification parameters k1 and ktot
2 . The

upper and lower panel corresponds to the case (i): kee
2 = ktot

2 and (ii): kee
2 = 0,

respectively. In each panel, the ffφ2s denote diΓerences from the minimum φ2 in the
case (i), whose location is shown by the cross in the panel (a). The best fit point in
case (ii) is shown by the closed circle in the panel (b), and it is also plotted in (a) since
the parameter spaces in both ordinates are common to both figures, i.e. kee

2 = ktot
2 =

0.
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Figure 2.13: χ2 dependence on k1 and k2 for the combined fit of all six spec-
tra (Ref. [28]). Top: assuming density-dependent partial width (Eq. (2.4)).
Bottom: assuming constant partial width. The cross and black dot indicate
the best-fit points in each case. Contour lines represent constant ∆χ2 values
from the minimum. Figure is adapted from Ref. [44].
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4.6. COMPARISON WITH φ AND β MESONS 105
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Figure 4.20: The same invariant mass spectra of e+e− pairs as Figure 4.11, with the
best fit results for the case (i) (kee

2 = ktot
2 , red line) and (ii) (kee

2 = 0, black line).
The solid lines represent the fit results with the modified mass shape and a quadratic
background. The dashed lines represent the background curve. The shift parameter
k1 and broadening parameters ktot

2 and kee
2 are common to the six spectra in each case.

The values of γ2’s shown in each panel are the sum of the squares of the deviations
over 54 data points for the case (i) and (ii) in each spectrum.

- 374 / 668 -

Figure 2.14: Fit results with spectral modification of Ref. [28]. Blue points
represent the experimental data. Red solid and dashed curves correspond
to the fit result and background component, respectively, for the density-
dependent partial width (Eq. (2.4)). Black solid and dashed curves corre-
spond to the same for the fixed partial width case. Figure is adapted from
Ref. [44].
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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 ϕ meson was
taken to be proportional to this density distribution. However, in reality,
the production position of ϕ 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 [28] Present analysis

Experimental spectra Common

Production position
(not used directory)

Proportional to Woods–Saxon Output of PHSD

Momentum
Initial momentum of JAM.

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 12GeV 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 12GeV pC and pCu reactions.

3.2 Procedure

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

• 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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• 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 e+e− 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 (12C)
and on the Woods–Saxon distribution for heavier nucleons (64Cu), as follows:

ρ(r) =





4

(a
√
π)3

(1 +
A− 4

6
(
r

a
)2) exp(−(

r

a
)2) if A ≤ 16,

Nρ0

1 + exp(
r −R

τ
)

(Nρ0 =
3A

4πR3(1 +
πτ

R
)2
) if A > 16,

(3.1)

R =

{
2.3 if A = 12,

1.123A1/3 − 0.941A−1/3 if A > 16,
(3.2)

where R [fm] is nuclear radius (half-density radius), A is mass number of
nuclei, a is related to nuclear size and 1.64 fm for 12C, τ [fm] is surface
thickness, and N is a normalization factor. The spatial density distribution
of 12C and 64Cu 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 12C and 64Cu. Black (red) lines
are about 12C (64Cu). 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 64Cu, the central distances corresponding to this density are 4.304 fm
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 xy-plane
(perpendicular to the beam axis), whose radius is given by adding 2 fm 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).

pFermi(ρ) = h̄c(
3

2
π2ρ)1/3. (3.3)

A random momentum vector with a magnitude less than or equal to the
pFermi is 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 12GeV 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 (2.6A

1/3
tgt /γ +3) fm to avoid the overlap of

nuclei at the beginning of the simulation, where Atgt is the mass number of
target nucleus and γ 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 ±30∆x,
±30∆y, ±38∆z, where ∆x, ∆y, and ∆z are lattice sizes mainly used for
density calculations. The values of ∆x and ∆y are fixed to 1 fm, while ∆z
evolves with time to cover an increasingly wider range in the longitudinal
direction. At 49 fm/c, which is close to the upper time limit of the current
simulation, the fraction of hadrons with |x| > 30 fm is only 0.03%, indicating
that the spatial volume is sufficiently large.
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Initially, ∆z is set to 1/γ, where γ is the Lorentz factor, and remains so
until a certain time tz, which satisfies the following condition:

(tz − tcoli)β +
12

γ
>

iz
γ
, (3.4)

where β is the velocity of the center-of-mass frame, iz = 38 is half the num-
ber of lattice cells along the z-axis, and tcoli = z0/β 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
tz fm/c, the second term corresponds to the Lorentz-contracted nuclear ra-
dius, assuming a maximum rest-frame radius of 12 fm, 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 tz, ∆z is updated dynamically accord-
ing to:

∆z =
(t− tcoli)β + 12/γ

iz − 2
, (3.5)

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 ∆z is shown in Fig. 3.3.

The time step ∆t is determined based on the updated ∆z, and is given
by ∆t = 0.5∆z. 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.
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Figure 3.2: Schematic illustration of the concept represented by Eq. (3.4).
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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:

ρ′B =
(NB +NB̄)

√
1− β̄2

NTP∆V
,

ρ′NB =
(NB −NB̄)

√
1− β̄2

NTP∆V
,

(3.6)

where NB and NB̄ denote the number of baryons and anti-baryons within the
lattice cell, respectively, β̄ is the average velocity of the baryons in the cell,
NTP is the number of test particles, and ∆V is the volume of the lattice cell.
The factor

√
1− β̄2 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 × 3 × 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 [36].
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 Us and the time component
of the vector potential Uv are given by Eqs. (3.7) and (3.8), respectively:

Us = gsσ, (3.7)

U0
v = gvω

0, (3.8)
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where gs and gv are the scalar and vector coupling constant, respectively.
Here, σ denotes the scalar meson field, and ω0 denotes the time component
of the vector meson field. The values of σ and ω0 are obtained by solving
Eqs. (3.9) and (3.10), respectively.

m2
σσ + bσ2 + cσ3 = gsρs, (3.9)

m2
ωω

0 = gvρNB, (3.10)

where mσ and mω are the masses of the σ and ω mesons, b and c are coef-
ficients representing higher-order contributions, ρs is the scalar density, and
ρNB is the net baryon density. The values of gs, gv, b, and c used in this anal-
ysis are those of NL1 listed in Table 1 of Ref. [57]. NL1 is an abbreviation for
the nonlinear σ–ω 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)

ρs =
1

NTP∆V

∑ m∗

E∗ , (3.11)

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∗.

m∗ =
m∗

N

mN

m, (3.12)

where mN is the nucleon mass in vacuum, and m∗
N = mN −Us is the nucleon

mass modified by the scalar potential. By solving Eq. (3.9) numerically via
iteration, Us 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(x⃗) = U0
v (x⃗) +

√
(m+ Us(x⃗))2 + (p⃗− U⃗v(x⃗)), (3.13)

where (U0
v , U⃗v) denotes the vector potential Lorentz-boosted to the local rest

frame of the lattice cell, and m and p⃗ 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 dx/dt = ∂H/∂px:

px → px +∆t
H(x+∆x)−H(x−∆x)

2∆x
,

py → py +∆t
H(y +∆y)−H(y −∆y)

2∆y
,

pz → pz +
∆t

γCM

H(z +∆z)−H(z −∆z)

2∆z
.

(3.14)

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:

x → x+∆t
H(px +∆px)−H(px −∆px)

2∆p
,

y → y +∆t
H(py +∆py)−H(py −∆py)

2∆p
,

z → z +∆tβz.

(3.15)

The evolution of x and y is approximated by the relation dpx/dt = −∂H/∂x.
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 3GeV.

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 (

√
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
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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 ≥ 2.65GeV, low-energy reaction dominates for√

s ≤ 2.152GeV, and both processes are considered in the intermediate
region. For meson-baryon interactions, the threshold is 2.4GeV, and for
meson-meson interactions, it is 1.3GeV.

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 ϕ meson production, LUND model and the experimental data of the
following channels are used for parameter decision: pp → ϕpp, pp → ϕX,
π+n → ϕp, and π+p → ϕX.

3.8 ϕ meson

3.8.1 Production

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

• baryon-baryon (BB)-string fragmentation

• meson-baryon (mB)-string fragmentation

• NN → ϕNN

• KK̄ → ϕ

• πN → ϕN

• KK̄ → ϕm
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• annihilation (for example, NN̄ → ϕm, Y Ȳ → ϕm)

The difference in various physical quantities of the produced ϕ 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 ϕ meson is calculated from the following relativistic
Breit–Wigner distribution.

A(m) =
2

π

m2Γϕ(ρ)

(m2 −mϕ(ρ)2)2 +m2Γϕ(ρ)2
, (3.16)

where mϕ is the in-medium resonance mass and Γϕ is the in-medium width.
The density dependence of the ϕ meson resonance mass and width in PHSD
is parameterized as follows:

mϕ(ρ) =
1

1 +
k1

1− k1

ρ

ρ0

m0, (3.17)

Γϕ(ρ) = (1 + k2
ρ

ρ0
)Γ0, (3.18)

where m0 is the vacuum mass, ρ is the baryon density, ρ0 is the normal
nuclear density, Γ0 is the vacuum decay width, and k1 and k2 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 ϕ 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 ϕ 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.
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In addition, PHSD employs the shining method for simulating the di-
electron decay of the ϕ meson. At each time step, the ϕ 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 ϕ → 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):

W =





Γee(m,mϕ(ρ))
∆t

h̄cγ
if t < tF ,

Γee(m,mϕ(ρ))

Γ(ρ)
exp(−Γ(ρ)tF

h̄cγ
) if t ≥ tF ,

(3.19)

Here, Γee is the partial width for ϕ → e+e−, which is evaluated from vector
meson dominance as Γee = Cϕ→e+e−(mϕ(ρ)

4/m3). The exponential term in
the case of the time upper limit is believed to represent the survival prob-
ability up to time tF ; however, this factor should already be accounted for
through the absorption and decay processes of the ϕ 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 ϕ meson in PHSD.

• 3-body interaction

– ϕBB → BB

• 2-body interaction

– mB string (ϕB → X)

– ϕN → πN

– ϕN → 2KN, 3πN

– ϕN → N

• decay
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– ϕ → K+K−

– ϕ → K0K0

– ϕ → 3π

Three-body reactions can occur when a ϕ 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 2.4GeV, string fragmentation is calculated, otherwise,
a low-energy reaction is considered. In PHSD, ϕN low-energy reactions are
only allowed when the center-of-mass energy satisfies

√
s > MN + 3Mπ,

where MN is the nucleon mass and Mπ is the pion mass and these values
are constant. If the mass of the ϕ meson exceeds the pion mass, processes
such as ϕN → πN or ϕN → 2KN, 3πN may occur. Conversely, if the ϕ
meson mass falls below the pion mass, the decay ϕN → 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 Π as

m∗
K+ =

√
m2

K± +Re(ΠK+), (3.20)

Re(Π) = 0.05ρNBmK± , (3.21)

wheremK± is the kaon mass in vacuum and ρNB 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 ϕ meson and the in-medium kaon. The spectral function is
given by:

A(m) =
1

π

Im(ΠK−)

(m2 −m2
K − Re(ΠK−))2 + Im(ΠK−)

. (3.22)

The in-medium mass of the anti-kaon, unlike that of the kaon, is dominated
by its coupling to baryon resonances such as the Λ(1405), making the situa-
tion more complicated, therefore, we do not go into detail here. The actual
PHSD output is presented in Sect. 4.
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Chapter 4

Analysis

4.1 Output of PHSD

Table 4.1 summarizes the relative contributions of different ϕ meson produc-
tion channels in 12GeV pC and pCu reactions, as calculated with PHSD,
along with the initial production cross sections for each channel before ab-
sorption. 78% of the ϕmesons are created via string fragmentation. Table 4.2
shows the ratios of ϕ-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 ϕ-meson creation channels.

Creation channel pC pCu

Ratio [%] σinit [mb] Ratio [%] σinit [mb]

BB-string 55 0.15 39 0.50

mB-string 23 0.061 39 0.51

NN → ϕNN 18 0.047 15 0.19

KK̄ → ϕ 2.3 6.1× 10−3 2.7 0.034

πB → ϕB 1.8 4.8× 10−3 3.6 0.047

KK̄ → ϕm 0.094 2.5× 10−4 0.17 2.2× 10−3

Annihilation 0.025 6.7× 10−5 0.030 3.9× 10−4

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 σinit can be calculated using:

σinit =
πr2Y

NTP

, (4.1)

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 µm. 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 12GeV 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. zlab = 0 and tlab = 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 ϕ mesons
created in the 12GeV pCu reaction. Channels with contributions below 0.1%
are omitted.

Absorption and decay channel Ratio [%]

ϕB-string (ϕB → X) 32.9

ϕ → K+K− 25.9

ϕ → K0K̄0 17.9

ϕ → 3π 13.4

ϕN → 2K/3πN 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 ϕ mesons produced via the KK̄ → ϕ
process are generated farther downstream relative to the initial position of the
target nucleus compared to other channels. The ϕ mesons produced via KK̄
channels, particularly KK̄ → ϕ, 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 KK̄ → ϕ and KK̄ → ϕm 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 ϕ-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 ϕ 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 ϕ 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. [44] due to obtaining positions
of ϕ meson generation.

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

Experiment/Calculation σpC [mb] σpCu [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 ϕ-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.
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Figure 4.3: Distribution of the distance of the ϕ-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, τ 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 ϕ-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, ϕ mesons produced through KK̄ → ϕ are more frequently
generated at later times compared to other channels.

The distribution of baryon densities at the ϕ-meson production points is
shown in Fig. 4.5. As suggested in Fig. 4.2, ϕ-meson production via KK̄
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/c2 to 2GeV/c2 and
0.9GeV/c2 to 1.1GeV/c2, respectively. The lower-mass threshold for
KK̄ → ϕ 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 → ϕNN and πN → ϕN , as well as the
peak around 0.4GeV and the narrow peak of KK̄ → ϕm, 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. [44].

C Cu

R [fm] τ [fm] R [fm] τ [fm]

Ref. [44] 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 ϕ-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 ϕ mesons at the time of production (0GeV/c2 to
2GeV/c2). 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 ϕ mesons at the time of production (0.9GeV/c2

to 1.1GeV/c2). 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 4.8: Distribution of momentum of ϕ meson at production. 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
ϕ 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
ϕ meson mass, but it does not directly affect the meson’s lifetime. Since
PHSD includes reaction channels in which the ϕ meson disappears due to
interactions with other hadrons, the lifetime of the ϕ 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 ϕ meson lifetime
remains nearly unchanged. As a result, when using PHSD outputs without
modification, the in-medium decay fraction of ϕ 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 γ, 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 ϕ
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 ϕ 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 ϕ 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 ϕ 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 ϕ mesons are as-
signed modified masses even in low-density regions. Moreover, this issue
predominantly affects ϕ mesons with small momenta, as their energy mar-
gins are limited.

Figure 4.9 shows the CM-frame momentum distribution of ϕ mesons ob-
tained from PHSD integrated over each time step. For the shift and broaden-
ing parameters input to PHSD, we used k1 = 0.034 and k2 = 2.6, as obtained
in Ref. [28]. A narrow, unnatural peak can be seen around 0.1GeV/c to
0.2GeV/c. This unphysical structure arises from ϕ mesons whose momenta
were no longer updated due to the bugs discussed above.

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

Furthermore, as discussed in Sect. 4.1, the initial mass assignment of
ϕ mesons in PHSD also involves some complications. For example, in the
KK̄ → ϕm 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 → ϕNN and πN → ϕN processes, the mass of the ϕ meson
is determined as follows. First, a mass is randomly chosen in the range from
0GeV/c2 to 2GeV/c2 (trial mass). Then, using the trial mass and the CM
energy, the probability of producing a ϕ meson with that mass is calculated.
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Figure 4.9: CM-frame momentum distribution of ϕ 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 πN → ϕN case, the upper edge of this flat
component is limited to around 1.45GeV by the upper limit of CM energy
allowed for low-energy interactions.

Lastly, the appearance of a peak near 3Mπ, where Mπ 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 3Mπ.

To address these issues, the present analysis does not use the mass values
output by PHSD directly. Instead, the ϕ meson mass is recalculated after
the PHSD simulation using the local baryon density. This procedure removes
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Figure 4.10: Mass distribution of ϕ mesons with βγ > 2.5. Black line rep-
resents those with CM-frame momentum above 0.2GeV/c, while red line
corresponds to the rest. The counts are scaled so that the maximum value
becomes 1, and no weighting is applied.

the correlation between the momentum and the mass of the ϕ meson, in the
sense of where it lies within the Breit–Wigner distribution. Here, the term
”mass” refers to the position of the ϕmeson on the Breit–Wigner distribution.
As an extreme example, if the ϕ meson is produced at a fixed energy, its
momentum and mass are completely correlated. However, since the natural
width of the ϕ 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 ϕ 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 βγ < 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 χ2 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 χ2 values (i.e., the difference between maximum and minimum)
across the five histograms. For instance, achieving ∆χ2 < 0.2 requires ap-
proximately five million events.

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

Reaction Time per ensemble [sec] Time per ϕ meson [sec]

pC 1.7× 102 7.2× 102

pCu 1.6× 102 1.6× 102
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Because PHSD employs the shining method for the di-electron decay of
the ϕ meson, multiple data points can be obtained from a single ϕ meson
event. However, if there is no change in local density or interaction with
other hadrons, the mass and momentum of the ϕ meson remain constant
throughout its evolution. The average number of steps per ϕ meson is 47
for pC and 63 for pCu. However, this estimate is likely an overestimation,
since the ϕ 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
ϕ → e+e− decays is 1.5%. However, among the undetected ϕ mesons, some
can be detected if their kinematics are rotated around the beam axis. As-
suming that the spectrometer covers ±0.7 rad on each side and that e+ and
e− are emitted back-to-back in the xy plane, the above fraction is estimated
to increase by a factor of about π/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 βγ of ϕ 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 ϕ mesons in the lowest-statistics βγ region to those in the
total βγ 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 × 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 ϕ 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 ϕ meson is small, the influence of
mass variations on momentum is expected to be negligible. Moreover, since
the dominant production mechanism of ϕ 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 ϕ meson for subsequent processing.
This makes the statistical weights of individual ϕ-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 12GeV 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:

• 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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• 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, τ .

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 12C target, and the lower four
panes to the 64Cu target. The top-left, top-right, and bottom-left panels
show N , R, and τ 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 τ 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 τ agrees with that of the corresponding nucleus, using
A =

∫∞
0

4πr2ρ(r)dr ≃ (4π/3)Nρ0(R
3 + π2τ 2R).
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4.3 Present Analysis

The objective of the present analysis is to incorporate the effects of hadron
transport in 12GeV pA reactions and quantitatively determine the in-medium
spectral modification of the ϕ 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 k1 and the broadening parameter k2, as expressed in
Eqs. (2.2) and (2.3).

The parameter k2, 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, k2 was treated as a free pa-
rameter in this analysis.

For the partial width of the e+e− decay, it would ideally be parameterized
with a separate kee

2 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 e+e− invariant-mass spectra obtained from pC and pCu
reactions were categorized into three βγ regions, slow (βγ < 1.25), middle
(1.25 ≤ βγ < 1.75), and fast (βγ ≥ 1.75), yielding a total of six spectra.
For the two scenarios of the partial width, ϕ-meson spectra were simulated
for various combinations of k1 and k2, which were fitted to the experimental
data to determine the best-fit parameters.

The background events were determined by fitting the region outside
the ϕ-meson signal window (0.95GeV/c2 to 1.05GeV/c2) within the fitting
range using an exponential function, A exp(−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 ϕ-Meson Sample Generation

As described above, in this analysis we did not directly use the ϕ 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
e+e− pair, which is expressed using the baryon density ρ, the time-step width
∆t, and the Lorentz factor γ of the ϕ meson as:

wϕ→e+e−(ρ, γ,∆t) = 1− exp(−
Γee
ϕ (ρ)∆t

h̄γ
), (4.2)

where Γee
ϕ (ρ) is given by Eq. (2.4) for the density-dependent partial-width

scenario, while for the constant-width scenario, the vacuum partial width of
ϕ → e+e− is used.

The second weight accounts for the true survival probability of the ϕ
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

wcorr.(ρ, γ,∆t) =
∏ pdecay(ρ, γ,∆t)

pdecay,PHSD(ρ, γ,∆t, )

=
∏

exp(
(ΓPHSD

ϕ (ρ)− Γϕ(ρ))∆t

h̄γ
)

=
∏

exp(

(kPHSD
2 − k2)

ρ

ρ0
Γ0∆t

h̄γ
),

(4.3)

Here, pdecay and pdecay,PHSD represent the decay probabilities of the ϕ meson
for a given density, Lorentz factor, and time step, corresponding to the desired
k2 and the kPHSD

2 , respectively.
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Here, the density dependence of the width obtained from the lifetime of
ϕ mesons in PHSD is parameterized as:

ΓPHSD
ϕ (ρ) = (1 + kPHSD

2

ρ

ρ0
)Γ0. (4.4)

To determine the kPHSD
2 , we first calculated the survival probability of the ϕ

meson for each density and Lorentz factor from the PHSD data. Since the
survival probability of a ϕ meson with Lorentz factor γ and decay width Γ
over a time step ∆t is given by

p(Γ,∆t, γ) = exp(−Γ∆t

h̄γ
), (4.5)

we applied Eq. (4.4) to Γ in Eq. (4.5) and fitted the data with kPHSD
2 as a free

parameter. As a result, the value of kPHSD
2 was found to be 7.18. Figure 4.13

shows an example of the fit, and Fig. 4.14 displays the density dependence
of kPHSD

2 .
If the absorption probability is proportional to the number (or density)

of surrounding hadrons, kPHSD
2 should remain constant. However, as seen in

Fig. 4.14, it increases up to 0.25 fm−3 and then decreases. To investigate this
behavior, we performed the following analysis for the 12GeV 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 kPHSD

2 (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 kPHSD

2 = 7.18, which exhibits a significant deviation above 0.16 fm−3.
It is clear that the ϕB-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 ϕ meson in ϕB 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 ϕ meson.
In this case, the baryon number appears almost proportional to the density.
Therefore, the density dependence of kPHSD

2 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 ϕ mesons for
several values of Lorentz factor (γ) 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 kPHSD

2 = 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 kPHSD

2 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 0.01 fm−3 for density, 0.2GeV/c for
longitudinal momentum, and 0.05GeV/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

82



0 0.1 0.2 0.3
]3 [/fmρ

0

5

10PH
SD

2k

Figure 4.14: Density dependence of kPHSD
2 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
ρ = 0 is significantly larger than at other densities, a separate momentum
distribution was prepared for ρ = 0 in the analysis.

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

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

2. If ρ ̸= 0, sample a value of ρ 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 ϕ-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
kPHSD
2 = 7.18 is substituted into Eq. (4.4). Red, green, blue, yellow, and

purple lines represent ϕB-string, ϕ → K+K−, ϕ → K0K̄0, ϕ → 3π/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 ϕ → e+e−, 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
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Figure 4.16: Density dependence of the number of baryons capable of un-
dergoing ϕB 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 ϕ meson. It can be seen that the
IRC increases the event counts over a wide range, from around 0.95GeV/c2

up to the resonance mass region, highlighting the importance of incorporating
this contribution correctly.

4.3.3 Experimental Effects

Electrons and positrons originating from ϕ-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 ϕB reactions. The baryon number is counted only in events containing
the ϕ 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. [44]).
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 Λ and K0

S.
The e+e− pairs, generated from the ϕ 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 ϕ 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 ≤ ρ < 0.01 fm−3, while dashed lines indicate 0.1 ≤ ρ < 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 σ,
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. [44].

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

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. [44].

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. [44] 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:

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

• 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 ϕ
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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 ϕ meson [1],
while the red line shows the result after applying internal bremsstrahlung.
The right panel shows the mass shifts of individual ϕ mesons due to internal
bremsstrahlung.

mesons was counted for each category. The background was determined by
fitting a quadratic function to the mass regions (0.85GeV/c2 to 1.15GeV/c2)
outside the expected signal region (0.95GeV/c2 to 1.05GeV/c2). 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 (N2001) and 2002
(N2002) is shown in Table 4.6.

Due to the limited total statistics, further subdivision by βγ or by each
copper target was not feasible. The number of ϕ 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.

90



0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1
]2m [GeV/c

0

20

40

60

80

100

120

310×

0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2
]2 m [GeV/c∆

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

Figure 4.22: Impact of experimental effects on the mass spectrum. Black line
in the left panel represents the spectrum of ϕ 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 ϕ mesons into e+e− pairs, with additional effects
of energy loss, hit-position smearing, and tracking applied. ϕ 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 ϕ
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 (= NLR/NRL), 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. [44], 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 Λ → pπ− and KS → π+π− have relatively small
Q-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, ϕ → e+e− 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 ϕmesons with βγ > 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 N2001/N2002

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 NLR/NRL

Experiment Sum of all targets 2.5± 0.1

Simulation 1 2.2± 0.0

2 2.1± 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. [44] is summarized in Table 4.8, indicating that the obtained parameter
values are consistent with those reported in Ref. [44] 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. [44], since the same
experimental data and method were used.

4.3.6 Summary of Present Analysis Flow

The analysis flow is summarized as follows:

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

• 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. [44] are statistical (first) and systematic
(second) uncertainties. Uncertainties of present analysis are not evaluated.

Year Arm pair Present analysis Ref. [44]

Offset [MeV/c2] 2001 LR 0.70 0.7± 0.9+0.0
−0.6

RL 1.62 0.6± 2.8+0.5
−0.7

2002 LR −0.88 −0.7± 0.6+0.0
−0.4

RL 4.59 4.2± 1.3+0.1
−0.2

Smear [MeV/c2] - - 3.89 3.6± 1.3+1.2
−0.0
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• The simulated data were combined so that their yields matched the
relative ratios of data-taking years and LR/RL arm pairs.

• 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. [44]. 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 ϕmesons 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. [44]. However, in the present analysis the density distributions and
their correlations with momentum, which are required to compute mϕ and
Γϕ, were obtained using PHSD.

4.3.7 Comparison of Momentum Distribution

Figure 4.23 shows the comparison between various momentum distributions
of the ϕ 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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Figure 4.23: Momentum distributions obtained from the experiment and the
present simulation. The panels show the βγ distribution (upper left), rapidity
(upper right), transverse momentum (lower left), and the correlation between
rapidity and transverse momentum (lower right). Black points represent the
experimental data, while red lines represent the simulation. The simulation
is fitted to the experimental data with the vertical-axis scale treated as a free
parameter.
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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:

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

• Model B: The shift and broadening parameters are common across all
momentum (βγ) regions. This is the same model as used in Ref. [28].

• 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 βγ region, but
different βγ 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 ϕ
mesons with larger βγ. Next, following Ref. [28], we performed fits applying
common shift and broadening parameters to all βγ 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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26] 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 e+e−

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 ϕ meson. While the spectra in the fastest
βγ regions are well reproduced, the spectrum with the slowest βγ regions
in the pCu reaction yields χ2/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 k1 and k2 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: χ2/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.

βγ χ2/dof (pC) χ2/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 βγ of the parent particle, along with the fit results assuming no
spectral modification of the ϕ 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 χ2 values for the various parameters. As described
in Sect. 2.2.4, the shift and broadening parameters were expressed in the
forms of Eqs. (2.2) and (2.3), respectively. The partial decay width to e+e−

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 ϕmeson, while the resonance mass and total width
modify the Breit–Wigner distribution at each density.

Figure 5.2 shows the χ2 dependence on the shift and broadening param-
eters when fitting the six spectra. Table 5.3 summarizes the minimum χ2
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Figure 5.2: χ2 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
χ2. Three contour lines correspond to differences from the minimum χ2 by
1σ (∆χ2 = 2.30), 2σ (∆χ2 = 6.18), and 3σ (∆χ2 = 11.83), respectively. The
position and value of the minimum χ2 were determined by fitting the points
with low χ2 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
χ2 values were determined via a paraboloid fit. Figure 5.3 presents the best-
fit results for Models B-1 and B-2. The minimum χ2/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 ϕ
meson spectrum in the pCu reaction, which could not be reproduced in Model
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A, the χ2 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 βγ 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 βγ region for both pC and pCu reactions, and search
for the parameters that minimize the sum of their χ2 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
χ2 on the shift and broadening parameters when fitting the spectra in each
βγ region. In the slowest βγ region of Model C-2, we performed simulations
up to k1 = 0.5 and k2 = 100, but could not find the minimum χ2. Since
k1 > 0.5 and k2 > 100 are considered outside the physically meaningful

Table 5.3: Minimum χ2 values, best-fit shift and broadening parameters, and
contributions from each spectrum for the case with momentum-independent
parameters. The minimum χ2 values were obtained as described in the cap-
tion of Fig. 5.2.

Model k1 k2 βγ χ2 (C) χ2 (Cu) χ2/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 57

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 χ2 were not simulated. Instead, the closest
simulated parameter sets were used: (k1, 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 χ2 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 βγ region of the pCu reaction are reproduced well. The spectra
in the corresponding βγ 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 χ2 on the shift and broadening param-
eters for each βγ 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 χ2. The
definitions of the contour lines, the evaluation method of the minimum χ2,
and the interpolation method are the same as in Figure 5.2. For the slowest
βγ region in Model C-2, no minimum χ2 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 βγ region for the pCu reaction, with a
χ2/dof = 93/53, which is rejected at the 99% confidence level. Furthermore,
in Model C-2, the shift and broadening parameters for the slowest βγ 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

102



C-1 are 8 and 12, respectively, and their total χ2 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 χ2 + 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-1 is 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 χ2 and the corresponding shift and broadening param-
eters obtained for each βγ region. The slowest βγ region for Model C-2 is
excluded, because no minimum χ2 was found within the physically reason-
able parameter range.

Model βγ k1 k2 χ2 (C) χ2 (Cu) χ2/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., (k1, k2) =
(0.03, 8), (−0.02, 0), (0.007, 0) for Model C-1 (slow, middle, and fast βγ re-
gion, respectively) and (−0.02, 0), (0.01, 0) for Model C-2 (middle and fast
βγ region, respectively).

5.2 Estimation of Systematic Uncertainties

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

• Those arising from the instability of the target nucleus in PHSD,

• Those originating from the intrinsic k2 in PHSD,

• Those due to the shape of the background contribution.

104



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 [66].

When simulating pA reactions with PHSD, the baryon density distribu-
tion at the time of ϕ 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 χ2 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 ϕ meson decay were obtained
as follows:

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

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

• At each time step, the baryon density at the ϕ meson position was
calculated assuming either a static or time-evolving Woods–Saxon dis-
tribution. The ϕ 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 χ2 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 χ2 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 kPHSD
2

As discussed in Sect. 4.2.1, the density dependence of the absorption and
decay processes of ϕ mesons simulated within PHSD is characterized by an
effective parameter kPHSD

2 . In this analysis, we adopted kPHSD
2 = 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, kPHSD
2 arises within the range of 0–10 depending

on the density. Therefore, we re-generated the ϕ meson generator assuming
kPHSD
2 = 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 kPHSD

2 .

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

The background shape was determined by fitting an exponential function
a exp(−b(m− c)) to the mass region outside the signal region (0.953GeV/c2

to 1.106GeV/c2), within the fitting range of 0.847GeV/c2 to 1.207GeV/c2.
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 ∆χ2. The corresponding (k1, k2) values
are those given in Tables 5.3 and 5.4.

Partial decay width Slow Middle Fast All βγ

Density dependent 0.55 0.06 0.37 0.86

Constant - 0.11 0.30 0.25
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• Case (0): Original signal region (0.953GeV/c2 to 1.106GeV/c2) with
exponential background

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

• Case (2): Modified signal region (0.9GeV/c2 to 1.1GeV/c2) 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 ϕ 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 βγ regions. Nev-

Table 5.6: Changes in the shift and broadening parameters when the PHSD
intrinsic k2 is assumed to be 0 or 10.

Slow Middle Fast All βγ

Γee kPHSD
2 k1 k2 k1 k2 k1 k2 k1 k2

ρ dep. 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 8.9 –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 βγ

Γee Case k1 k2 k1 k2 k1 k2 k1 k2

ρ dep. (0) 0.026 7.9 –0.019 0.2 0.008 0.0 0.000 2.2

(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 17.1
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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 ∆χ2 = 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.

Γee βγ k1 k2

ρ dep. Slow 0.026+0.021+0.015+0.003
−0.021−0.015−0.008 7.9± 3.9+2.9+3.8

−2.9−3.2

Middle −0.019+0.016+0.006+0.002
−0.014−0.004−0.002 ≤ 4.8 (0.2+2.8+0.7+0.0

−0.2−0.2−0.2)

Fast 0.008+0.016+0.010+0.000
−0.017−0.010−0.006 ≤ 2.6 (0.0+1.6+1.0+0.0)

All βγ 0.000+0.010+0.009+0.000
−0.010−0.009−0.007 ≤ 6.8 (2.2+2.8+2.6+1.2

−2.2−2.2−2.2)

Ref. [28] 0.034+0.006
−0.007 2.6+1.8

−1.2

Const. Slow - -

Middle −0.018+0.022+0.008+0.000
−0.023−0.008−0.004 ≤ 32.2 (0.0+19.5+6.5+9.0)

Fast 0.006+0.017+0.009+0.000
−0.017−0.009−0.007 ≤ 6.8 (0.0+4.1+2.3+0.0)

All βγ 0.008+0.018+0.009+0.004
−0.018−0.009−0.013 11.0± 8.7+4.3+6.8

−4.3−11.0

Ref. [28] 0.033+0.011
−0.008 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, 26]
and lattice QCD [19], while the broadening parameter is compared with
calculations based on the nuclear dependence of the ϕmeson production cross
section measured via ϕ → K+K− 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. [26]), the momentum de-
pendence of the ϕ meson mass at normal nuclear density can be expressed
as:

mϕ(ρ = ρ0, p)−mϕ(ρ = 0, p = 0) = a+ bp2, (5.1)

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

a = b0 − b1σsN , (5.2)

where σsN is the strangeness sigma term, defined as σsN = ms⟨N |s̄s|N⟩.
Here, ms is the strange quark mass, and ⟨N |s̄s|N⟩ is the nucleon matrix
element of the s̄s operator. The value of σsN was taken from lattice QCD
calculations, using the average of Eqs. (449) and (450) in Ref. [20], which
represent recent results for Nf = 3 and Nf = 4 simulations, where Nf 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 βγ 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, ϕ mesons with momenta of 0.6GeV/c
to 1.6GeV/c were measured using ϕ → K+K− decays with a 2.83GeV 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 βγ 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-

112



posite. In contrast, the absolute value in the slowest βγ 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 βγ dependence of the ϕmeson decay-time density distribution. Figure 5.8
shows the dependence of the average decay-time density on the broadening
parameter for each βγ 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 βγ region, the
average density is smaller in the present analysis in the slowest βγ region,
while in the fastest βγ 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 βγ region. Since little spectral
modification is observed in the fastest βγ 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 βγ, where a pronounced spectral mod-
ification was observed, the results of Ref. [44] and the present analysis are
consistent, as shown in Table 5.9.
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Figure 5.8: Dependence of the average decay-time density on the broadening
parameter for each βγ region for pCu reaction. The values are obtained using
the density-dependent partial width model. Black points and lines represent
the results from the present analysis, while red points and lines are from
Ref. [44]. The effects of spectrometer acceptance and detection efficiency are
taken into account.

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

k1 k2 χ2/dof

present analysis 0.034± 0.012 8.5± 3.3 74/51

Ref. [44] 0.031+0.05
−0.03 6.1+2.3

−1.5 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 ϕ 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 ϕ meson produced in 12GeV
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 ϕmesons 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-βγ ϕ 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 ϕ 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.
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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 [36].

A.1 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:

ϕi(r⃗i; t) =
1

(2π(∆x)2)3/4
exp(−(r⃗i − R⃗i(t))

2

4(∆x)2
) exp(

i

h̄
P⃗i(t)(r⃗i − R⃗i)), (A.1)

Ψ(r⃗1, · · · , r⃗A; t) =
A∏

i=1

ϕi(r⃗i; t). (A.2)

Here, ϕi is the single-particle wave function, R⃗i and P⃗i denote the centroid
coordinate and momentum of the packet, respectively, and Ψ is the total
wave function. The parameter ∆x 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:

dR⃗i

dt
= ∇Pi

⟨H⟩, (A.3)
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dP⃗i

dt
= ∇Ri

⟨H⟩. (A.4)

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].

A.2 BUU-type

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

(
∂

∂t
+∇pϵ∇r −∇rϵ∇p)fa(r⃗, p⃗; t) = Icoll[fa(r⃗, p⃗; t)]. (A.5)

Here, ϵ[f ] is the single-particle energy including mean-field effects, and Icoll
denotes the two-body collision integral:

Icoll[fa] =
∑

b

gb
(2πh̄)3

∫
d3pbdΩ

′ vab
dσmed

ab

dΩ′

[
(1−fa)(1−fb)f

′
af

′
b−fafb(1−f ′

a)(1−f ′
b)
]
,

(A.6)
where b denotes the collision partner species, gb is the spin degeneracy factor,
vab is the relative velocity, and σmed

ab 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 Φ and a vector
potential V µ, the effective mass and four-momentum are defined as

m∗ = M − Φ, (A.7)

p⃗∗ = p⃗− V⃗ , (A.8)

E∗ = p∗0 =
√

p⃗∗2 +m∗2. (A.9)

The scalar potential is calculated using the scalar density

ρS = g

∫
d3p∗

(2πh̄)3
m∗

E∗ f(r⃗, p⃗
∗; t), (A.10)

120



while the vector potential is obtained from the baryon current

jµ = g

∫
d3p∗

(2πh̄)3
p∗µ

E∗ f(r⃗, p⃗
∗; t). (A.11)

Different approximations, such as using non-relativistic reductions, consider-
ing only j0, or including/excluding momentum dependence, distinguish each
BUU model.

A.2.1 Test-Particle Method

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

fa(r⃗, p⃗; t) =
1

gaNTP

(
2π

h̄

)3 NaNTP∑

i=1

G(r⃗ − R⃗i(t)) G̃(p⃗− P⃗i(t)). (A.12)

Here, Na is the number of particles of species a, NTP is the number of test
particles per real particle, and R⃗i, P⃗i are the coordinates and momenta of
each test particle. The profile functions G and G̃ 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

e+e− Pair Reconstruction

The e+e− pair reconstruction from the experimental data was performed
through the following procedure:

• 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.

• Target selection

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

• Electron/positron identification

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

• Other event selection

– Events in which multiple e+e− pairs could be formed were ex-
cluded, since they are likely to contain contributions from γ con-
versions or π0 Dalitz decays.

123



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 50mm, 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 100mm 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;

S =
1

3Nt − 4

Nt∑

j=1

((
djx
σx

)2 + (
djy
σy

)2 + (
djz
σz

)2), (B.1)

whereNt is the number of tracks in an event, d⃗j is the distance vector between
the vertex point and the j-th track, and σi is the error of the vertex determi-
nation in each axis and was determined as σx = 1.80mm, σy = 7.15mm, and
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σz = 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,
χ2
Ti

was calculated for each target as follows,

χ2
Ti
=

∑

j=x,y,z

(
dj − cij
σij

)2, (B.2)

where d⃗ is the reconstructed vertex position, c⃗i is the center of beam image
for target i, and σ⃗i 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. x and y correspond to the center of beam image
for each target.

Year Target x y z σx σy σz

[mm] [mm] [mm] [mm] [mm] [mm]

2001 Cu-1 3.13 0.61 -47.04 3.24 3.68 3.73

C 4.03 0.62 -0.14 3.74 3.70 3.48

Cu-2 4.91 0.67 45.46 2.42 3.14 2.71

2002 Cu-1 0.89 0.55 -48.03 1.98 4.33 3.21

Cu-2 1.31 0.54 -23.41 2.27 4.54 3.35

C 1.72 0.52 0.17 1.97 3.85 3.20

Cu-4 2.22 0.54 24.60 2.94 3.98 1.98

Cu-5 2.57 0.57 44.21 2.61 3.74 2.01
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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:

χ2
C =

∑

s=±1

∑

l

(
hs
l − esl
σl

)2 +
∑

j=x,y

(
vj − cj
σ′
j

)2, (B.3)

where hs
l and esl are the hit position and the track position, respectively, with

a charge s on the drift chamber layer l, σl is the position resolution of layer
l, v⃗ is the vertex point on the reaction target, c⃗ is the beam center position
on the reaction target, and σ′

j 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 χ2

C/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 ±0.45 rad at the FGC and within
±0.15 rad at the RGC were selected. In order to avoid misidentification of
pions in the Gas Cherenkov counters, tracks with momenta above 2.7GeV/c
were excluded.
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