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Introduction



How do we understand dilepton’s mass dist?
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My strategy

How can we verify CSR more directly?

Degeneration of chiral partner Signal of this measurement

Chiral transformation A A

H\_ 11 !

Vector ¢ ﬁ Axial-vector

>

In vacuum In dense matter

Chiral transformation Mass dist. is degenerated in dense matter.

Symmetrical: Same mass after xtrans. This is equivalent to partial CSR.
Not symmetrical: Different mass after xtrans.

Btw, Axial-vector can’t decay into di-lepton
directly--- We need “Chiral(V-A) mixing”.

| 2024/09/09

¢ meson's chiral partner: f,(1420)



Chiral mixing in Hot matter

Chiral mixing I1s necessary
to see axial-vector via di-lepton.

Chiral partner’'s degeneration has been tried
to observe but no one has succeeded.

Coupling const. of chiral mixing in hot matter
T /A

A\ : W<ji A /V W<z—

8apn % (qq) = 0

Chiral mixing will be suppressed at Tc.
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Chiral mixing in Dense matter

Chiral mixing in dense matter The lowest term with chiral/parity symmetry, without C-inv
Finite baryon density makes 0
— UUA ) .
w'’s time-part not C inv. L =2ce™™r [aﬂVV A4, + a//tAV Vﬂ]
— 2 —tree level chiral mixing
W) = - Np/m
< O> SoNN * 1B/ 1M, Holographic QCD(Chern-Simons term)
~ Nyt T WZW acti form in leadi d
ga) N Y a),uN — /’tBN N actionfsame form in lea ng.SSsI;ki,ePrr;)ys. Rev. D 106 054034 (2022)

This term change dispersion relation of
transverse Vector and Axial-vector.

Chiral mixing strength ¢
this parameter has model dependence

Holographic QCD: WZW action:

)

¢ = 1.0 Gev) ¢ = 0.1 [GeV]
Po Po

Y 2
Py ~ My 4+

Tyler expansion at small p: ( 402
C
1 £

> 0
my — my;

Coupling constant is proportional
to density. There is ho suppression.

Chiral mixing is enhanced with
high momentum, degeneration of VA
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Spectral Function

Chiral mixing term in dense matter

L=2cc%"t|0,V,- A, +0,A, -V,

change dispersion relation

Spectral function(ImG,) can be calculated like this
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Spectral function is changed
to have 3 structures:

- longitudinal vector

- Transverse

Can we observe this
degeneration experimentally?
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advantage of J-PARCE16

Mixing strength: Spectral function in finite temperature:
Holographic QCD: WZW action: dN( ST ) a’ ImG(py, p; T, pig)
T poap; » Mp) =
4 3 /T _
¢ = 1.0 [GeV) ¢ = 0.1 [GeV] d’p s
£o Lo B-E dist
v Axial vector
More high density: HADES, etc
X A = will be
— also have finite temperature very small
(T~50MeV < m_=no chiral mixing by finite temperature) (Boltzmann suppress)

p+A(E16) is (almost) zero temperature—no Boltzmann suppress

Other advantages:
high statistics / specialized to measure di-electron / Fixed target(no time evolution of density)---etc
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Estimation of ee inv. mass dist




Invariant mass distribution

Invariant mass distribution can be calculated like this using spectral function

dN | dp
dpdpdi 2p,

InvMassDist = J “ImGV(S, D, p) dpdt + JBkg(s, p)dp] g(m — s)ds

Spectral Fx  Kinematic dist Background Detector responce
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Invariant mass distribution

Invariant mass distribution can be defined like this using spectral function

dN dp
InvMassDist = J [ImGV(S, D, PI— P dpdt + JBkg(s, p)dp | g(m — s)ds
/\ dpdpdt 2p,

[ Spectral function of ¢

'Inside nuclei:
- CSR effect on ¢ — £,(1420)

OuvA
L =2cer [d V,-4;+0,A, - V/I] - ¢-N interaction

Current-Current correlation function: as a funct'on of density
G\ (P, P) = P} Gy 4(Po, P) + Py Gy, 4(Pos P) jk

2 2 T 222
L= (38v) =2 gro(8v) ZsDatdcp
4 my | DL v my | DIDT — 4¢2p?
_q |
D‘%Z ZLT
s — My, — Ly
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CSR Effect on f1(1420)’s spectral function

| used following relationship obtained from GHLS(generalized hidden local symmetry).
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¢-N interaction

@ ’s modification by ¢ -N Interaction To estimate &'s width

Normal density

- SU(3) coupled | HLS

channel approach 77 p=0.25p _
: ——- p=0.5p 5
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Phys.Rev:C 95 (2017)
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mass shift is zero or small, but broadened.

'he simplest cause of modification
IN medium IS Interaction

between N and KK loop(¢’s self E)

K _
¢ /%\ ¢ //—\Ig’K
> '\ | > I \
/
S~ 47 ¢ \\ /I ¢
K > - >
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1/2
mi = |mg — agps + (bgpp)’| "~ + bypg

1/2
e = [mIZ{ —appe+ (prB)2] — bepr

| .E

broadened by ¢-N interaction
W.S.Chung, C.M.Ko, G.Q.Li (1998)

K'sS mass In dense matter Kaplan, Nelson (86)

600

500 |

200

| used mean-field approximation.

Li, Lee, Brown (97)
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2V/s
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Invariant mass distribution

dN |dp

dpdpdi|2p,

InvMassDist = J [JIIHGV(S, D, pPl—=

dpdt + JBkg(S, p)dp] g(m — s)ds

Distribution of momentum and density which ¢ meson feels when they decay

Is calculated by PHSD.
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Invariant mass distribution

dp
dpdpdt 2p,

InvMassDist = [ [JImGV(S, D, P) dpdt + JBkg(s, p)dp] g(m — s)ds
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Invariant mass distribution

—>

dpdpdt 2p,

InvMassDist = J [JIIHGV(S, D, P) dpdt JBkg(s, p)dp] g(m — s)ds

convolute with Gaussian

Detector response(mass resolution) effect

o Ar

ldeal inv mass dist Each point will have width  After integrate those red gaussian,
of mass resolution. INnv mass dist with detector response

can be obtalned
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Result with Cu target, ¢=0.1p/po0

Cu target, E16 RunZ2 statistics, 30%CS

R, ho dropping/broadening ¢ by CSR
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Mixing strength has uncertainty

c=().1'0

/ Po

O.1: consistent with WZW action

£;(1420)'s structure Is too small



Result with Cu target, ¢=0.2p/po

Cu target, E16 Run?Z statistics, 30%CSR, no dropping/broadening ¢ by CSR

104 - .. .
; — W/ Chiral Mixing Mixing strength has uncertainty
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| P
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101 - There is possibility that the value is larger.
.
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210 N
= 0.5
0.0

0.75 1.00 125 1.50 1.75 2.00
m[GeV]
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Result with Cu target, ¢c=0.5p/po0

Cu target, E16 Run?Z statistics, 30%CSR, no dropping/broadening ¢ by CSR
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Result with Cu target, ¢=1.0p/po

Cu target, E16 Run?Z statistics, 30%CSR, no dropping/broadening ¢ by CSR
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Result with Pb target, ¢c=0.2p/po

E16 RunZ statistics, 30%CS

R, ho dropping/broadening ¢ by CSR
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Result with Pb target, ¢c=0.4p/po

Pb target, E106
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Run?Z statistics, 30%CSR, no dropping/broadening ¢ by CSR

Mixing strength has uncertainty

c =10.4 £
/! Ao
0.1: WZW action’s expectation
1.0: holographic QCD’s expectation

If the mixing strength is such value,
£,(1420) Is visible with ~2 0 anad

the structure of it is narrow
to discuss mass degeneracy.



momentum region dependence

Heat map of significance of f1. Y-axis: min of momentum range, X-axis: width of momentum range
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The degeneracy of the chiral partner is an ide
1 the

ust 25, 2024)

al signal for the restoration of chiral symmetry’s

spontancously breaking. We have calculated

bservability of ¢ — £1(1420) d in the J-

PARC E16 experiment, which measures di-elect

s which comes from vector meson produced by a

proton beam in a nucleus. This setup achieves a finite baryon density and almost zero temperature,

and V-A mixing, in dense matter, occurs different!
pion field in hot matter. In dense matter, V-A

ly than with conventional diagram induced by the
mixing will be induced by anomaly. The results

show that ¢ — f1(1420) mixing can be observed around 1o with the Run2 statistics planned for the
J-PARC E16 experiment, and the degeneracy of chiral partner is also observable.

I. INTRODUCTION

A large part of hadron masses are explained by spon-
taneous breaking of chiral symmetry. It is expected that
the spontaneously broken chiral symmetry is recovered
in a medium with finite temperature or density, such
as those produced by high-energy heavy-ion collisions or

son in the CBELSA-TAPS experiment, but no significant
change was observed here either[11]. The statistics ob-
tained from the E325 experiment were also not sufficient.
In order to solve these problems, J-PARC will conduct
the E16 experiment[12], which will use the world’s most
intense proton beam at J-PARC to achieve large statis-
tics. ialized for low mass di-elect

are arranged around the collision point.

fixed-target experiments by a lot of theoretical calcula-
tion [1-4]. However, experimental verification has not
vet been successful. Many experiments have measured
the masses of hadrons in such medium to verify it. One
of the most common measurement techniques is the mea-
surement of vector meson masses via di-lepton[5-8] be-
cause leptons do not interact strongly with medium.

In the KEK-PS E325 experiment, is one such exam-
ple, the mass distribution of vector mesons in nuclei was
modified from that in normal vacuum(9].

In the E325 experiment, the ¢ meson showed a mass
shift of 3% with the Cu targets when the slow ¢ meson
was selected. On the other hand, in the CLAS experi-
ment of J-Lab, no significant statistic was obtained and
no similar mass shift was observed[10]. As for p and
w meson, a significant mass shift was observed in the
E325 experiment, whereas no significant mass shift was
reported in the CLAS experiment[10]. Similarly, an at-
tempt was made to measure the mass change of w me-

* ejima@quark hiroshima-u.ac.jp
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The medium will be nuclei, as in the past, but the exper-
iment will be more systematic by using various targets
and changing the size of the medium.

However, even if the experiment shows a change in the
mass distribution, it is not immediately possible to con-
clude from this change that the chiral symmetry has been
restored and the hadron mass has changed. The defor-
mation must take into account not only the change to the
vector meson due to the restoration of chiral symmetry,
but also the interaction between the medium and the vec-
tor meson (such interactions are also depends on chiral
symmetry restoration). As a famous example, the results
of di-electron measurement at NA45[13] can be explained
by not only dropping p due to chiral symmetry restora-
tion but also without chiral symmetry restoration if there
is only collision broadening. There are many models that
discuss the spectral function of a vector meson in a finite
temperature, finite density medium, and most of them
describe that the vector meson interacts with the medium
cause broadening width and/or dropping mass[14-18].
Unlike the hadronic models, the QCD sum rule, which
treats the expectation value of the vacuum condensate,
also treats the interaction of the vector meson with the
medium as an expectation value of a certain condensate.
According to recent QCD sum rule studies, the ¢ meson
is expected to have a positive mass shift in a small re-
gion of the o,y up to the fourth order term, and then a

negative mass shift as the o,y increases[19].

Furthermore, recent measurements of the correlation
function between ¢ meson and protons in the CERN
ALICE experiment have established the existence of an
attractive interaction between ¢ meson and protons[20].
Furthermore, this correlation function is in good agree-
ment with the HAL QCD calculation[21]. This experi-
mental result seems to contradict the prediction of the
QCD sum rule, however, this may suggest the need to
consider even higher order terms. Thus, only recently
have we been able to obtain input from experiments on
the interaction between phi meson and nucleon, and it
is still very difficult to correctly explain the interaction
between phi meson and medium by a model, and it is not
also clear which model best represents reality.

Anyway, as long as the mass of hadrons is measured in
a medium, ion of the mass distribution due to
interaction with the medium is inevitable. To overcome
the difficulty in interpreting the mass distribution due
to the interaction between the medium and hadrons, we
propose to observe the degeneracy of the chiral partner.

If a hadron field has chiral symmetry, then the new
hadron field obtained by applying a chiral transformation
to that hadron field will have the same mass and opposite
parity as the original hadron. If the hadron field thus
obtained is subjected to another chiral transformation,
it returns to the original hadron field. This is synony-
mous with the fact that the field has chiral symmetry,
and such a partner is called a chiral partner. Since chiral
symmetry is broken in a vacuum, the chiral partners have
different masses. However, in finite baryon density, the

broken chiral symmetry is partially recov-
ered, and the mass distribution of the chiral partners is
expected to be closer. Such degeneracy of the chiral part-
ner cannot be explained by interaction with the medium,
but is direct evidence for the restoration of chiral sym-
metry.

The chiral partner of a vector meson is an axial-vector
meson, and the axial-vector meson cannot decay directly
into a di-lepton. Only through the process of V-A mix-
ing, the axial-vector meson can decay into a di-lepton by
changing into a vector meson that inherits the mass of
the axial-vector meson.

The chiral partner of the ¢ meson is f,(1420). How-
ever, f;(1420) is not observed in the di-lepton measure-
ments of many experiments, therefore, degeneracy of chi-
ral partner is not observed. The reason for this is that

directly at finite density[24]. V-A mixing at finite density
does not disappear as it does at finite temperature be-
cause the coupling constant is proportional to the baryon
density[25]. In addition, as we will see later, this mixing
modify the dispersion relation, with V-A mixing being
enhanced at higher momentum and as the chiral part-
ner degenerates. Therefore, by measuring in the high
momentum region, the enhanced V-A mixing can be ob-
served cleanly because the effect of the interaction with
the medium is small. Furthermore, the J-PARC E16 ex-
periment is zero temperature, so there is no need to worry
about the axial-vector meson being drowned out by the
slope of the thermal di-lepton.

In this paper, we calculate the mass distribution ex-
pected at the J-PARC E16 experiment considering V-A
mixing in finite density and discuss whether the degen-
eracy of the chiral partner is observable.

The paper is organized as follows: In section II, we
briefly introduce the chiral effective Lagrangian of V-A
mixing at finite density and its characteristics, and in sec-
tion ITI, we show how to actually calculate an estimation
of the invariant mass distribution of di-electron at the
J-PARC E16 experiment using the effective Lagrangian.
In section IV, we show the results.

II. V-A MIXING IN DENSE MATTER

The following V-A mixing in finite density is based on
the theory of C. Sasaki. For details, please refer to her
paper(25] but here we list its fundamentals and charac-
teristics.

First, consider the Lagrangian of w meson in finite den-
sity as follows.

Lo~ Nyw,N (1)

The time component of this term takes the form up NN,
which explicitly breaks the charge conjugation symme-
try. Therefore, for finite baryon densities, the invari-
ance to charge conjugate is violated. The Lagrangian of
the lowest order term that breaks the charge conjugation
transformation and has chiral and parity symmetry is as
follows

mix = 2667 M1 [0,V) - Ax + 0uAy - V] (2)

many heavy-ion collision experiments are conducted at
very high temperatures, and the coupling constants for
V-A mixing at finite temperatures vanish at the tempera-
ture of the chiral phase transition[22]. Furthermore, even
if f1(1420) is mixing with ¢, the signal of f;(1420), which
is heavier than ¢, is very small due to the strong slope
of the Bose-Einstein distribution created by the thermal
di-lepton([23].

However, unlike V-A mixing induced by pion field
which oceurs at finite temperature, holographic QCD
predicts that vector mesons and axial-vector mesons mix

Here, V, represents the vector meson field, 4,, represents
he axi: tor meson field, and ¢ represents the mixing
strength, not the speed of light.

Thus, at finite density, unlike the mixing induced by
pion fields at finite temperature, vector meson and axial-
vector meson mix directly. This term is the Chern-
Simons term originally obtained in holographic QCD
based by writing the Lagrangian of pion, vector meson,
and axial-vector meson[24]. Also, WZW action has the
same term[26]. The leading order term in WZW ac-
tion has the same shape as the Chern-Simons term. The
higher order terms affect the width of the spectrum due

to the loop diagram, but we will only consider the leading
order in this study. By the way, some of the leading order
terms include interactions with pions, however, they are
eliminated by the € tensor.

The expected strength of mixing, ¢, is ¢ = 1.0 x p/po
for holographic QCD[24] and ¢ = 0.1 x p/po for WZW
action[26]. However, holographic QCD requires infinite
N,, which is unrealistic, and this effect may be responsi-
ble for the too strong mixing strength.

The following dispersion relations of transverse wave
are also obtained from this Lagrangian

1
5= =y [+l — e+ 1607

®)

However, the longitudinal wave remains in its normal dis-
persion relation.
The dispersion relations are illustrated in Figure 1 and

This dispersion relation is Taylor expanded in terms of
momentum as follows.

4
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In this equation, if ¢ = 0, we obtain the usual disper-
sion relation. In other words, this fractional term is the
V-A mixing term. As can be seen here, the effect of
V-A mixing is enhanced as the masses of the vector me-
son and axial-vector meson degenerate. Compared to
the Figure 1, the mass difference is smaller in Figure 2,
and the dispersion relation of the transverse has changed
significantly. However, this expansion does not say that
the dispersion relation diverges when the mass is com-
pletely degencrate, since there are naturally terms of even
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FIC. 1. ¢ meson and f;(1420) meson’s dispersion relation
with the mixing strength ¢ = 1.0 GeV. Transverse of them
are modified by chiral mixing term. my = 1.02GeV and
ma = 1.42GeV (masses in usual vacuum).
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FIG. 2. ¢ meson and f,(1420) meson’s dispersion relation
with the mixing strength ¢ = 1.0 GeV. Transverse of them
are modified by chiral mixing term. Assuming 30% chiral
symmetry restoration(fr = 0.7f2). my and ma is closer
than left figure.

higher order. Therefore, in summary, V-A mixing at fi-
nite density has a coupling constant proportional to the
baryon density, and the effect of mixing is enhanced as
the masses between chiral partners degenerate at higher
momentum.

III. ESTIMATION OF INVARIANT MASS
SPECTRUM AT J-PARC E16 EXPERIMENT

As an example, we discuss how much axial-vector me-
son is visible through chiral mixing and how much is de-
generate to vector meson in the J-PARC E16 experiment,
‘which treats nuclei as finite density medium. In the J-
PARC E16 experiment, a phi meson is produced in nu-
clei by injecting proton beam. This ¢ meson is observed
by reconstructing the invariant mass of the di-electron.
Therefore, we estimate the invariant mass distribution of
di-electrons considering chiral mixing at finite density as
follows.
dN, . dN  dp
= WG Gs ) g dpt ()

N[ B 0

f
am as +
Here, the spectral function ImGy is a function of mo-
mentum, energy, and density, taking into account chi-
ral mixing at fnite density as caleulated above. And
dAN/dpdpdt is the distribution of density felt by ¢ at the
time and point where the ¢ meson decayed and the distri-
bution of the momentum of ¢ at that time, which is used
for weighting in integrating the spectral function. The

invariant mass distribution can be define as convolution
of this and the background by the mass resolution of the
detector. Here g(m) is the Gaussian and represents the
mass resolution of the detector.

A detailed description of each component follows.

A. In-medium Spectral Function

The calculation of the spectral function itself uses
ImGy obtained in section II, but since it is in a medium,
it is necessary to take into account the effect of the ¢ —N'
interaction and the chiral symmetry restoration.

1. The Effect of $ — N Interaction

The main decay channel of the ¢ meson is KK; the
self-energy of the ¢ meson is the sum of loops such as
6 — KK — ¢, which interact with nucleons. In this
paper, we treat the ¢ — N interaction using a mean-field
approximation and estimate the broaden width of ¢ in
the medium.

The masses of the kaon and anti-kaon in a finite density
medium are expressed as [27]

Y vbkps (1)

mi = [mk —agps + (brop)’]* ~bxps ()

myc = [my —axps + (bxpp)?]

where pg is the scalar density. Also, axe = ag = Sxn/f2
and b = 3/(82). Since the Kaon-Nucleon sigma term
has large uncertainty, we instead use ax = 0.22 GeV
and agz = 0.45 GeV from the data of kaon production
in heavy ion collision experiments[28]. This gave my =
510MeV and my = 380MeV at normal nuclear density.
Then, from the mass of the kaon in the medium, we
estimate the width of the ¢ meson in the medium.[29]

2
omea(s) = S8 O ©
T
K6) = gllo—mic + m)(s = (mic —mi )2
w0

Here, the coupling constant is gy i /47 = 1.69. Accord-
ing to a study using the SU(3) coupled channel approach,
¢ has a small mass shift in medium[30]. Therefore, for
simplicity, we will estimate the mass shift as zero this
time. The effective width of ¢ in the medium thus ob-
tained is (s = m3) ~ 40MeV.

2. The Effect of Chiral Symmetry Restoration

Experiments on pionic atoms suggest that chiral sym-
metry is 30% recovered inside the nucleus. Therefore, in
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the following calculations, we assume that f, /£ = 0.7
holds inside the nucleus(31].

When chiral symmetry is restored, there are various
scenarios in which the mass shift, the width broadening,
or both change, but in this case we consider a degenerate
scenario, such as G4 — Gy. In other words, consider a
scenario where the mass and width of f;(1420) are de-
generate to the mass and width of ¢.

First, the following relationship is used for the mass
shift.[32]

m2
mi*"ﬁ/:sﬂmﬁ:ﬁ (1)
This equation is derived from the non-linear chiral La-
grangian based on the generalized hidden local symme-
try (GHLS), and this model describes phenomenologi-
cally the pion and vector meson well[33-35]. Using this
formula, m4 can be treated as a function of f,, and
ma =my when fr =0.
Next, we consider the change in the width of f1(1420)
as the chiral symmetry is restored. For simplicity, we
consider the following model.

fmed 2
)~ (o)
;

The above calculations allowed the introduction of the
effects of the ¢ — N interaction and the restoration of
chiral symmetry in the spectral function in the nucleus.
This results in the ¢ meson function as shown in Fig 3
below. The spectral function has three structures due
to changes in the dispersion relation. From left to right
they are the transverse component of ¢ meson, the lon-
gitudinal component of ¢ meson and the transverse com-
ponent of f,(1420) mixed with the transverse component
of ¢ meson on each spectral function. Also, mixing term
is always contain cp, therefore, there is no V-A mixing
effect on the spectral function at p = 0 GeV.

B. dN/dpdpdt distribution

The dN/dpdpdt distribution is calculated using
Parton-Hadron String Dynamics (PHSD) transport ap-
proach, which solves the equation of motion of the off-
shell ¢ meson to take account for the scattering of the
6 meson inside the nucleus and to calculate momentum
of ¢ and density ¢ feels when the ¢ meson decays. As a
result, the following distributions were obtained.

From this calculation, we can see almost all ¢ meson
decays outside of the nuclei. Inside the nuclei, many ¢
meson feels p = po but some of them feels smaller den-
sity and these ¢ meson seems to decay near the surface
of nuclei. Also, there is a few ¢ meson which feels higher
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FIG. 3. Spectral function of ¢ meson with chiral mixing in nuclear density. Left: No chiral symmetry restoration. The mixing
strength ¢ = 0.1 GeV. Center: 30% chiral symmetry restoration. The mixing strength is the same as left figure. Right: 30%
chiral symmetry restoration and the mixing strength is ¢ = 1.0 GeV. Dispersion relation is modified by mixing term and it
makes 3 peaks on each spectral function. Left peak is transverse component of ¢ meson and center peak around 1.02 GeV is
longitudinal component of it. Right peak is transverse f1(1420) meson’s structure which mixed with transverse ¢ meson.
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FIG. 4. The kinematic distribution of ¢ meson when it decay,
calculated by the PHSD transport approach. Color bar shows
logyoNe. This calculation is for p+Pb 30GeV.

density than pg. At the beginning of the p+A collision,
proton push nuclei then little higher density will be real-
ized.

C. Background and detector’s response

The background was simulated using Monte Carlo
event generator, JAM to simulate p+A 30 GeV collisions
and Geant4 to simulate the interaction with the detector
of the J-PARC E16 experiment. The background pro-
cesses considered in this study are the dalitz decay of
79, the case of mistakenly identifying a charged pion as
an electron, ion, and \bi k d
The background and ¢ meson obtained in this way were
scaled to match the yields estimated from the produc-
tion cross section, various efficiencies of DAQ and de-
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FIG. 5. Density distribution which ¢ meson feels when it
decay.

tectors, and length of the beam-time in Run2 of the J-
PARC E16 experiment. By the way, the phi meson and
its chiral partner are calculated based on the chiral effec-
tive theory, while the other backgrounds are calculated in
a completely independent way, Monte Carlo simulation
and added together as in Equation 6. In reality, how-
ever, various particles interact strongly in nuclear mat-
ter and create many resonances. There is concern that
such a calculation method completely ignores the reso-
nance components of the phi meson and background, but
we have confirmed that the background of the KEK-PS
E325 experiment, the predecessor of J-PARC E16, is ap-
proximately reproduced by such a simulation, we assume
that the shape of the background is not that far from

reality. The mass resolution of GTR, the main tracker of
the di-clectron spectrometer at J-PARC E16, is approx-
imately 0.008 GeV, therefore, convolution integral was
performed with this value to estimate detector response.

IV. RESULT AND DISCUSSION

In this section, we show the results of the calculations
in Section III, which assume the statistics for the run
called Run2 of the J-PARC E16 experiment. Of course
E16 experiment will have also Runl before Run2, how-
ever, as we show later, the statistics is not sufficient even
at Run2. The signal of f1(1420) meson is too small to
discuss with Runl statistics, so results with Run1 statis-
tics was skipped. Since E16 will use Cu and Pb nuclei
as targets(there are other nuclei such as C nuclei, but
they are omitted here), this section shows the invariant
mass distributions at mixing strength based on the WZW
action and Holographic QCD based mixing strength in-
variant mass distributions for the two cases. We then
take further free values of mixing strength to check the

igni of the signal dependence on mixing strength.

Before looking at each result, we list important points
to review about chiral mixing at finite density and the
setup of the J-PARC E16 experiment.

e Chiral mixing in dense matter
— Chiral mixing has cj(mixing strength and 3-
momentum) dependence.
— Dispersion relation is changed largely by large
.

~ Chiral mixing is enhanced also by mass degen-
eracy.

— Mixing strength is proportional to density.

~ Proportional constant of mixing strength is a
free parameter(WZW action ~ 0.1 GeV, holo-
graphic QCD ~ 1.0 GeV).

e J-PARC E16 experiment

— p+A(Fixed target)(C,Cu,Pb,etc...) reaction.

— There is a di-electron spectrometer which is
specialized to measure ¢ meson.

— There is not only ¢ meson which decay inside
nuclei, but also outside nuclei.

— Larger momentum makes difficult to decay in-
side nuclei, though chiral mixing will be en-
hanced by large momentum.

A. Cu target

First of all, we show the calculation results for the
case of a Cu target, which is the main target used in

the E16 experiment(Figure 6). We assume that the chi-
ral symmetry is recovered by 30% in the nuclear density,
which brings f1(1420) close to the phi mass and width.
Also, three types of mixing strength are compared here:
¢=0.1, 0.2, and 1.0 p/po. The coefficient of 0.1 is based
on the WZW action, and the coefficient of 1.0 is based on
Holographic QCD. However, since the coefficient of mix-
ing strength based on the WZW action is an approximate
value using the mean-field approximation, there may be
cases where the mixing strength is a little stronger in
exact QCD. As an example of such a case, we have pre-
pared a case where the coefficient of mixing strength is
0.2. As for the range of momentum, as will be shown
later in Figure 7, which region of f(1420) is easiest to
see depends on the value of mixing strength. For this
reason, the invariant mass distribution shown hereafter
is based on the momentum region where the f;(1420)
signal is most easily seen for each condition.

The upper half of the figure shows the expected in-
variant mass distribution. The purple dotted line shows
the invariant mass distribution without considering chiral
mixing at finite density, and the green solid line shows
the invariant mass distribution with considering chiral
mixing. The lower half of the figure shows the ratio of
the invariant mass distribution with chiral mixing to that
without chiral mixing, where the uncertainty is a statis-
tical error.

For small mixing strengths, as expected by the WZW
action, the f,(1420) signal is almost invisible. On the
other hand, for large mixing strength as expected by
Holograpic QCD, f;(1420) has a broad structure from
1.25 GeV to 1.75 GeV. If we look closely at the case
¢ =0.2p/po, we can faintly see a small structure around
1.25 GeV. However, this is not enough structure to be
easily confirmed by experiment. Even in the case of
¢ = 1.0p/po, though the ratio of the with/without of chi-
ral mixing is large, the statistical uncertainty is so large
that f;(1420) is only visible at about 1 sigma. Further-
more, the structure is broad, and since the structure is
built around 1.42 GeV, the mass of f;(1420) in vacuum,
it is not possible to discuss the degeneracy of the chiral
partner associated with the restoration of chiral symme-
try. The reason for this broad structure is that the mixing
strength is too strong and the dispersion relation changes
so much that the f,(1420) peak for each momentum is
widely scattered. If we choose a narrower and smaller
momentum range, we can expect to see a peak-like struc-
ture below 1.42 GeV, like a spectral function(Figure 3).
However, narrowing the momentum range will increase
the statistical uncertainty, and since chiral mixing always
appears in the equation in the form of cf, the signal will
be smaller in the smaller absolute momentum range. If
we choose a large absolute momentum region, the signal
will be larger, but the density effect cannot be seen be-
cause most of the ¢ meson will decay outside the nucleus.
Therefore, it is necessary to choose the appropriate mo-
mentum width and magnitude for each mixing strength.

Also, due to the change in the dispersion relation of
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FIG. 6. Expected invariant mass spectrum considering V-A mixing with various mixing strength. Left: The mixing strength is
¢ =0.1p/po. The momentum region is from 0.4 GeV to 1.6 GeV. Center: The mixing strength is ¢ = 0.2p/po The momentum
region is from 0.5 GeV to 1.2 GeV. Right: The mixing strength is ¢ = 1.0p/po. The momentum region is from 0.3 GeV to 0.8
GeV. We selected proper momentum region to observe fi(1420) meson with large o in ach case.

the transverse ¢ meson, the transverse ¢ meson make a
tail to left side of the peak while the longitudinal ¢ meson
peaks at 1.02 GeV. In general, such a tail is considered
to be caused by mass shift of the ¢ meson due to par-
tial restoration of chiral symmetry or distortion of the
spectral function of the ¢ meson due to interaction with
the medium, but it is also found that anomaly effects at
finite density can also produce such a tail.
‘We summarize results with Cu target as below.

o The signal of f; (1420) meson is difficult to find with
small mixing strength though the signal is not small
in spectral function (Figure 3).

— Almost all ¢ meson decay outside nuclei.
— Larger nuclei is necessary.
o Large mixing strength makes clear difference, how-
ever, the structure is too broad.
— Too large mixing strength change dispersion
relation too much.
— Each momentum’s f;(1420) meson peak is dis-

tributed widely, as also we can see it at Figure
3.
— Mass degeneracy can not be discussed with
large mixing strength.
* Chiral mixing also have contribution to vector me-

son’s tail on di-lepton invariant mass distribution
due to changing dispersion relation.

B. Pb target

Next, as an option to make the f;(1420) signal more
visible, we will try different target types in the calcula-
tion. Let us choose Pb, which has a larger nuclear radius

than Cu, as the target. The larger the nuclear radius, the
easier it is to decay inside the nucleus, even if the momen-
tum is larger. In chiral mixing at finite density, the larger
the momentum, the larger the signal, so a larger nuclear
radius is advantageous. In addition, the larger the nu-
clear radius, the easier it is to decay inside the nucleus,
even if a wide momentum range is selected, and thus the
statistical uncertainty can be minimized. However, as we
have already confirmed in the case of the Cu target, if the
momentum range is wide and the mixing strength is also
large, the distribution of f;(1420) becomes broad, and
the degeneracy of the chiral partner cannot be discussed.
The calculation results are shown below for a Pb target,
which is basically only a merit (Figure 7).

However, the statistics in this calculation are for a Pb
target with exactly the same length of beamtime as the
beamtime of the Cu target planned for E16 Run2.

The change to a Pb target makes it casier to decay
inside the nucleus than a Cu target, and the f,(1420)
signal is somewhat easier to see for all mixing strengths.
¢ = 0.1p/py does not change much, but for ¢ = 0.2p/po,
the signal is clearly better. Chiral mixing at finite density
has a larger effect with larger momentum. The larger nu-
clear radius causes the ¢ meson with higher momentum
to decay inside the nucleus, resulting in a larger f,(1420)
structure. Furthermore, since the mixing strength is
not strong in this case, the dispersion relation does not
change largely, and the structure of f,(1420) of each mo-
mentum remains in the same mass band to some extent.
The position is about 1.2 GeV, which is closer to the phi
meson than the mass of f(1420) in vacuum, 1.42 GeV.
The chiral symmetry restoration and mass degeneracy
calculations were performed in GHLS as shown in Sec-
tion III, and these results assume a 30% chiral symmetry
restoration at nuclear density. If these scenarios are not
so far from real world, and if the mixing strength is only
slightly larger than expected by the WZW action, it sug-
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FIG. 7. Expected invariant mass spectrum considering V-A mixing with various mixing strength. Left: The mixing strength is

.1p/po. The momentum region is from 0.2 GeV to 1.5 GeV. Center: The mixing strength is ¢ = 0.2p/po The momentum

region is from 0.3 GeV to 1.0 GeV. Right: The mixing strength is ¢ = 1.0p/po. The momentum region is from 0.2 GeV to 0.8

GeV. We selected proper momentum region to observe f1(1420)

gests that if we store enough statistics to make f;(1420)
observable at 5 sigma in this experimental setup, then
6 and f;(1420) are already close enough at the nuclear
density to be able to discuss chiral partner degeneracy.
The itude of the statistical uncertainty in this cal-
culation indicates that f;(1420) is observable at about
1.6 sigma. Since this assumption is not so unrealistic, it
might be a good idea to store more statistics on the Pb
target.

In the case of ¢ = 1.0p/py, it is still difficult to discuss
the degeneracy of the chiral partner because the structure
is still broad, as already confirmed for the Cu target.
However, even in this case, since the ¢ meson that decays
inside the nucleus has increased due to the increase in the
nuclear radius, the f; (1420) signal has also increased, and
£1(1420) can be seen with a higher confidence level than
in the Cu target.

‘We summarize results with Pb target as below.

 Even if the mixing strength is small, larger medium
size makes easier too find f1(1420) meson’s signal
(Center of Figure 7).

— Large medium size increased the number of ¢
meson which decay inside nuclei.

— The dispersion relation does not change too
much when the mixing strength is small, so
the f1(1420) peaks for each momentum are
gathered closely.

—1It can be well argued that the signal of
£1(1420) appears around 1.25 GeV with the
restoration of chiral symmetry of 30% at nu-
clear density, which is starting to degenerate
to phi compared to in vacuum.

o The f,(1420) signal is still broad when the mixing
strength is large.

meson with large o in each case.

C. Mixing strength dependence of
significance of f;(1420)

It is not clear which is more realistic, the WZW mix-
ing strength estimate or the Holographic QCD mixing
strength estimate, but Holographic QCD assumes a large
N.. Holographic QCD predicts that these large color de-
grees of freedom induce vector condensation at nuclear
densities. It predicts similar meson condensation not
only with density, but also with finite isospin and exter-
nal magnetic field, but again the key parameter must be
unrealistically large, around 1 GeV. Therefore, it is diffi-
cult to make a itative using } i
QCD, and mixing strength by the WZW action may b
a more realistic value. Since the coefficient of mixing
strength is a free parameter for now, we tried not only
around 0.1 GeV and 1.0 GeV, but also other coefficients.
Tt was found that the case ¢ = 0.4p/po gave the highest
confidence level for f;(1420) (Figure 8).

This result also shows that the stronger the mixing
strength does not make easier to see f(1420). The rea-
son why the signal of f;(1420) is easiest to see at such an
exquisite value is little complex. As we have seen, a small
mixing strength naturally produces a smaller signal, but
a too large mixing strength causes a large change in the
dispersion relation, so that when integrated with the mo-
mentum, the signal of f;(1420) The signal of f,(1420) is
not integrated in one place, so the structure created by
£1(1420) is small height, and broad. This is what we
have known so far. By the way, we assumed that the
chiral symmetry is restored by 30% at the nuclear den-
sity, but the density is smaller near the surface of the
nucleus, and the degree of chiral symmetry restoration
is also smaller. The degeneracy of phi and f; (1420) be-
comes weaker near the surface of the nucleus, and the
£1(1420) signal is heavier near the surface than near the
center of the nucleus. In particular, the phi meson, which

has a finite density lower than the nuclear density, has
a momentum of around 0.6 GeV according to the PHSD
results (Figure 4). Therefore, such momentum bands cre-
ate a structure that ranges from a mass of f1(1420) at
the nuclear density to a mass of f(1420) at a slightly
lower density. In addition, the phi meson with higher
momentum that decays while feeling the nuclear density
also appears on the heavier side than the one that de-
cays while feeling the nuclear density with lower momen-
tum, because the dispersion relation changes greatly with
higher momentum, but how much it appears on the heav-
ier side depends on the mixing strength. Thus, by choos-
ing the mixing strength that is just right and including
momentum around 0.6 GeV and higher momentum in
the invariant mass distribution, we can obtain two types
of mass distributions: A, which is less degenerate due to
the low density near the nuclear surface, and B, which
is more degenerate due to the nuclear density, but still
appears on the heavier side to some extent due to the
large momentum. Such A and B will be appear at the
same mass region with exquisite mixing strength. Such
mixing strength was ¢ = 0.4p/po in the case of the Pb
nucleus.

Next, we show a heat map representing the o for each
momentum range at each mixing strength(Figure 9). Se-
lecting proper 3-momentum region is very important for
this study because phi meson with too high 3- tum

at most at a small mixing strength such as ¢ = 0.1p/po.
As the mixing strength is gradually increased, f;(1420)
becomes easiest to see at ¢ = 0.4p/po, and can be ob-
served with a signal specificity of about 2 sigma. As the
mixing strength is further increased, f;(1420) becomes
harder and harder to observe.

In this figure, the vertical axis represents the lower
limit of the momentum range of the invariant mass dis-
tribution, and the horizontal axis represents the width of
the momentum range. In each of the mixing strengths,
we can see a rightward sloping structure, and this struc-
ture seems to fade as the width of the momentum range
increases. First of all, this oblique structure seems to
have a slope of -1 per yellow in all cases. Such a line
with a slope of -1 is a line where the sum of the verti-
cal and horizontal axes are equal. Here, the sum of the
vertical and horizontal axes is the upper limit of the mo-
mentum range. This means that if a certain momentum
is set as the upper limit of the momentum range, the
significance will remain the same even if the lower limit
changes to some extent. It means that there is an impor-
tant momentum that decays inside the nucleus up to the
momentum that should be set as the upper limit, which
is about 1 GeV. If the upper limit is raised above that
level and the width of the momentum region is widened,
the percentage of decay outside the nucleus will increase

will decay outside of the nuclei but mixing effect is always
proportional to the multiplication of mixing strength and
3-momentum.

As we have seen in the invariant mass distribution dia-
gram, f1(1420) can be observed with only about 1 sigma
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02 <p<08[GeV]
=042 (Gev]
P

0w

and the signi will deteriorate. If the upper limit
is kept unchanged and the lower limit is brought closer
to the upper limit, the significance falls, as shown in the
upper left side of the diagonal structure of the figure for
¢ = 0.4, 0.5p/po, for example. This is simply due to the
drop in statistics caused by the narrowing of the momen-
tum range.

In any case, the signal of f;(1420) is quite small and
only about 1.6 sigma is visible in the mixing strength
based on the WZW action. The invariant mass distri-
bution shows an almost flat structure, which requires a
precise background estimation.

If we simply subtract the known background, we can-
not dismiss the possibility that such a structure has an
unknown correlated background, and we will have to
prove that our estimate of that known background is also
correct. Therefore, we must consider how to prepare a
line for comparison with the experimental results, with-
out considering chiral mixing, which is depicted by the
purple dotted line in this figure.

In experiments with heavy ion collision, it is com-
mon to discuss the difference with and without QGP by
preparing pp collisions as a comparison to A+A colli-
sions. Therefore, it is necessary to prepare something
like pp collisions even in a fixed target experiment like

o
3
o

w/wo Ratio
SorrNNG
ocwowoun

1.00 125 150 175 2.00
m[GeV]

FIG. 8. Expected invariant mass spectrum considering V-A.
mixing with various mixing strength. The mixing strength is
¢ = 0.4p/po. The momentum region is from 0.2 GeV to 0.8
GeV.

this one. For example, it is necessary to compare the case
with a large nucleus target such as Pb, which has a large
density effect, and the case with a small nucleus target
such as carbon, which has almost no density effect.

If such a precise analysis can be carried out, the present
results indicate that an axial vector meson can be ob-
served from about 1 to 2 sigma at J-PARC E16 Run2.
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FIG. 9. Heatmap of statistical significance observing f1(1420) meson. Mixing strength is different in each panel. Target: Pb,

Statist

E16 Run2.

Furthermore, if an axial vector meson is observed, it sug-
gests that the mass change is sufficiently large to discuss
for degeneracy associated with the restoration of sponta-
neous chiral symmetry breaking.

We summarize results with cach mixing strength.

o The larger the mixing strength, the less likely it is
that the f1(1420) signal will be visible.

© There is a mixing strength where the position where
the f;(1420) signal appears due to chiral mixing
at the nuclear density coincides with the position
where another momentum f1(1420) signal appears
due to chiral mixing at a lower density near the
nuclear surface, and at such a mixing strength, the
signal is most significantly observed.

o The choice of momentum region is also important,
and it is important to precisely slice the momentum
region below 1 GeV.

For an appropriate momentum slice and ideal mix-
ing strength, f1(1420) can be observed at about
2 sigma in the J-PARC E16 Run2 statistics and

Pb target, and the structure of f;(1420) is narrow
enough to discuss degeneracy.
V. SUMMARY

In this paper, we propose a new method to experimen-
tally verify the relationship between spontaneous chiral
symmetry breaking and hadron masses by observing the
degeneracy of the chiral partner through a completely
new V-A mixing induced by finite density, and as an ex-
ample, we calculate the contribution of V-A mixing to
the expected invariant mass distribution in the J-PARC
E16 experiment. As a result, it is still necessary to ana-
lyze the experimental data precisely, but we found that
depending on the mixing strength, the chiral partner of
6 meson, f;(1420), may be observable from about 1 to 2
sigma in the statistics of J-PARC E16 experiment Run2,
and that the chiral partner is starting to degenerate and
it is enough to discuss the relation between chiral sym-
metry and hadron’s mass if there is a further 30% chiral
symmetry restoration inside nuclei.
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Summary

To verify the relationship between chiral symmetry and hadron’s mass,

Chiral transformation Di-lepton is clear probe in quark matter
but axial-vector can't decay into di-lepton directly.

Vector ¢ fi Axial-vector We have to use Chiral Mixing:
L — ZCGO'MM’[I‘ [QMVU . A/l + aﬂAy o Vﬂ]
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Low energy theorem
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Actually this is only able to apply to low energy, not to high energy(T~Tc). M (GeV)
There iIs no mass degeneration.

Chiral mixing will be maximized at Tc?
—When we consider the diagram ot chiral mixing in hot matter, chiral mixing should be disappeared.
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¢-N interaction in QCD sum rule
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LEPS2’s result

250 - Carbon

L

0l P, < 1000 MeV/e

1750

counts/S MeV/c”

o o T

S O S

S S =
+

750

500

- >ﬁ
O 1 | L 11 1 1 IM S | 1 |

| 1 1 1 1
800 850 900 950 1000 ,1050 1100
YY iInvariant mass (MeV/c™)

| 2024/09/09 £16 work shop




breaking of lorenz invariant
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J-PARC E16 Detector
identify electron or hadron

T Fit curvature to decide momentum /\?
—

electron

Intensity

hadron

(Silicon Tracking System)
only decide 1D position

from CBM experiment

HBD

(Hadron Blind Detector)

(GEM Tracker)
measure 2D position

on each plane

only e can (Lead-Glass calorimetor)
emit cherenkov Intensity of EM shower

hadron can't emit IS different between e and hadron
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