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The status of theoretical studies dealing with the ϕ meson in nuclear matter is reviewed. Next,
preliminary results of transport simulations of pA reactions measured at the past KEK E325
experiment are discussed. Corresponding di-lepton spectra are presented and compared with the
E325 data.
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1. Introduction

2. Summary of recent theoretical results
With the persisting diﬃculty of lattice QCD to study non-zero density systems, QCD sum rules
remain one of the few available tools to study the behavior of hadrons in nuclear matter directly
from QCD [4]. This method has been further develped in recent years for instance by applying the
maximum entropy method for its numerical analysis [5]. Making use of this approach, the QCD
sum rules for the ϕ meson channel were analyzed in Ref. [6], finding the mass shift of the ϕ meson
in nuclear matter (at rest) to be correlated with the strange sigma term σs N = ms ⟨N | s̄s|N⟩.
To take the eﬀect of the ϕ meson momentum with respect to nuclear matter properly into
account, a more advanced QCD sum rule study becomes necessary, especially by incorporating a
complete set of non-scalar condensates into the analysis [7]. Computing first the Wilson coeﬃcients
of such condensates [8] and employing updated condensate estimates [9], a new analysis was
performed recently [10]. Therein, predictions on the magnitude of the splitting between longitudinal
and trasverse modes were given. This splitting can generally be understood from the breaking of
Lorentz symmetry in nuclear matter and is within the QCD sum rule analysis more specifically
caused by the existence of non-scalar condensates, such as ST ⟨s̄γ µ iDν s⟩ρ , where the operators S
and T make the following structure symmetric and traceless with respect to open Lorentz indices.
As is explained in more detail in Ref. [10], the two (longitudinal and transverse) modes move away
® This behavior can be expressed as
from each other approximately quadratically in momentum | q|.
[
]
( | q|
mϕL/T (ρ)
®2 ) ρ
L/T
−1= a+b
,
(1)
mϕ (0)
1 GeV2 ρ0
where a stands for the zero momentum mass shift. The superscripts L and T represent longitudinal
and transverse modes, respectively. The extracted numerical values for bL/T are
bL = (−4.8 ± 0.8) · 10−3,

(2)

bT = (6.7 ± 3.4) · 10−3 .

(3)

It should be mentioned here that in an experiment, it is not possible to disentangle the longitudinal
and transverse modes without any information about the angular distributions of the di-leptons
originating from the decaying vector mesons. The more easily measurable angular averaged dilepton spectrum will rather correspond to a weighted average of the two modes, somewhat tilted to
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The study of the behavior of vector mesons with a small decay width, such as ω and ϕ, in
nuclear matter has attracted renewed interest recently, as their density-induced modifications are
starting to be measured in several experiments. For recent reviews discussing, among other topics,
the behavior of the ω and ϕ mesons at finite density, see Refs. [1–3].
These proceedings will focus on theoretical issues related to potential modification of the ϕ
meson in nuclear matter. In Section 2, a few recent theoretical findings will be reviewed, after
which first results of numerical transport simulations of the pA reactions studied at the KEK
E325 experiment will be presented and discussed in Section 3. Section 4 contains a summary and
conclusions.
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the side of the transverse mode because there are two of them in contrast to the single longitudinal
one. It will be instersting to see whether the new J-PARC E16 experiment [11] will be able to
observe such a weighted average or even possibly the separate momentum dependences of the
longitudinal and transverse modes.

3. Numerical pA reaction simulations

AV (M, ρ N ) = C

M 2 ΓV∗ (M, ρ N )
2
.
π [M 2 − M0∗2 (ρ N )]2 + M 2 ΓV∗2 (M, ρ N )

(4)

Here, C is a renormalization constant, while the in-medium mass M0∗ (ρ N ) and width ΓV∗ (M, ρ N )
are given as
(
ρN )
M0∗ (ρ N ) = M0 1 − α
(5)
,
ρ0
ρN
(6)
ΓV∗ (M, ρ N ) = ΓV (M) + αcoll
.
ρ0
M0 and ΓV (M) stand for the vacuum mass and width. Generally, M0∗ (ρ N ) and ΓV∗ (M, ρ N ) depend
on the vector meson momentum (see the discussions at the end of Section 2). Such a dependence
is neglected in the simulations discussed in these proceedings, will however be taken into account
in future studies using a further develped HSD code (see, for instance, Ref. [14]).
pA simulations were performed for Cu and C targets and multiple ϕ meson modification
scenarios [i.e. diﬀerent values of α and αcoll in Eqs. (5) and (6)]. Some examples of the simulated
di-lepton spectra in the ϕ meson mass region (for the Cu target) are given in Fig. 1. Note that
these do not include finite resolution or any other experimental eﬀects. Applying such eﬀects (see
Ref. [15]) to the obtained di-lepton spectra, it becomes possible to compare the experimental data
of Ref. [13] with the simulation results. For this purpose we employ the ansatz
ρ(ω) = a + bω + cω2 + dρϕ,HSD (ω),

(7)

in which ρϕ,HSD (ω) is the acceptance and resolution corrected di-lepton spectrum of the ϕ meson,
extracted from our HSD transport simulation. The second order polynomial is intended to approximate the background. Fitting the parameters a, b, c and d to the experimental di-lepton data, and
comparing the χ2 /d.o.f. values for these fits, constraints provided by the data to the various mass
shift and/or broadening scenarios at finite density can be deduced. The result of this procedure is
shown in Fig. 2, with confidence levels of 95 % (pink line), 99 % (blue line) and 99.9 % (green line).
One can conclude from this plot that while the scenario with a negative mass shift of around 34
MeV and no broadening is favored, some larger broadening scenarios cannot be entirely ruled out.
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Let us here discuss some preliminary results obtained using the HSD transport approach [12]
to simulate 12 GeV (lab frame) pA reactions with C and Cu targets, which were measured at the
KEK E325 experiment [13]. HSD is a covariant, microscopic oﬀ-shell transport framework, in
which the vector meson spectral functions and their density dependence can be specified freely. In
our simulations, we use a relativistic Breit-Wigner parametrization, expressed as
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Figure 1: The di-lepton spectra in the ϕ meson mass region for scenarios of several negative mass shift
magnitudes of the ϕ meson at finite density.

0
mass shift [MeV]

-10
-20

Cu target
(all data combined)

99 % C.L.

-30

95 % C.L.

-40
-50
-60

99.9 % C.L.

-70
10

20

30

40 50 60
width [MeV]

70

80

90

Figure 2: χ2 /d.o.f. values for various modification scenarios of the ϕ meson at normal nuclear matter
density, obtained from a fit of the simulated di-lepton spectra to the experimental data of the KEK E325
experiment. The pink, blue and green lines correspond to the bounderies of regions which can be rejected
with confidence levels of 95 %, 99 % and 99.9 %, respectively.

4. Summary and Conclusions
We have reviewed some recent theoretical results related to the behavior of the ϕ meson in
nuclear matter, focusing on QCD sum rule studies, in which the author was involved. In particular,
predictions for a modified dispersion relation in nuclear matter, related to the breaking of Lorentz
symmetry, were highlighted. Furthermore, new results based on numerical simulations of pA
reactions were discussed. By comparing the di-lepton spectra generated from these simulations
with the experimental KEK E325 data, it is tentatively concluded that the data favor a scenario of a
negative mass shift of the ϕ meson in nuclear matter with only small broadening. It remains to be
seen how this conclusion can be reconciled with the predictions of many hadronic models, which
usually favor relatively large broadening scenarios in nuclear matter.
4

PoS(PANIC2021)215

2x10-6

The phi meson in nuclear matter in a transport approach

Philipp Gubler

Acknowledgments
The author thanks HyungJoo Kim, Su Houng Lee, Keisuke Ohtani and Elena Bratkovskaya for
the fruitful collaborations that are mentioned in these proceedings. He is furthermore supported
by KAKENHI under Contract No. JP20K03940 and the Leading Initiative for Excellent Young
Researchers (LEADER) of the Japan Society for the Promotion of Science (JSPS).

References

[2] P. Gubler and D. Satow, Prog. Part. Nucl. Phys. 106, 1-67 (2019) [arXiv:1812.00385 [hep-ph]].
[3] L. Tolos and L. Fabbietti, Prog. Part. Nucl. Phys. 112, 103770 (2020) [arXiv:2002.09223
[nucl-ex]].
[4] T. Hatsuda and S. H. Lee, Phys. Rev. C 46, no.1, R34 (1992).
[5] P. Gubler and M. Oka, Prog. Theor. Phys. 124, 995-1018 (2010) [arXiv:1005.2459 [hep-ph]].
[6] P. Gubler and K. Ohtani, Phys. Rev. D 90, no.9, 094002 (2014) [arXiv:1404.7701 [hep-ph]].
[7] S. H. Lee, Phys. Rev. C 57, 927-930 (1998) [erratum: Phys. Rev. C 58, 3771 (1998)]
[arXiv:nucl-th/9705048 [nucl-th]].
[8] H. Kim, P. Gubler and S. H. Lee, Phys. Lett. B 772, 194-199 (2017) [erratum: Phys. Lett. B
779, 498-498 (2018)] [arXiv:1703.04848 [hep-ph]].
[9] P. Gubler, K. S. Jeong and S. H. Lee, Phys. Rev. D 92, no.1, 014010 (2015) [arXiv:1503.07996
[hep-ph]].
[10] H. Kim and P. Gubler, Phys. Lett. B 805, 135412 (2020) [arXiv:1911.08737 [hep-ph]].
[11] S. Ashikaga, K. Aoki, T. Chujo, H. En’yo, S. Esumi, R. Fujii, H. Hamagaki, R. Honda,
M. Ichikawa and K. Kanno, et al. JPS Conf. Proc. 26, 024005 (2019).
[12] W. Cassing and E. L. Bratkovskaya, Nucl. Phys. A 831, 215-242 (2009) [arXiv:0907.5331
[nucl-th]].
[13] R. Muto et al. [KEK-PS-E325], Phys. Rev. Lett. 98, 042501 (2007) [arXiv:nucl-ex/0511019
[nucl-ex]].
[14] T. Song, L. Tolos, J. Wirth, J. Aichelin and E. Bratkovskaya, Phys. Rev. C 103, no.4, 044901
(2021) [arXiv:2012.05589 [nucl-th]].
[15] T. Tabaru, H. En’yo, R. Muto, M. Naruki, S. Yokkaichi, J. Chiba, M. Ieiri, O. Sasaki,
M. Sekimoto and K. H. Tanaka, et al. Phys. Rev. C 74, 025201 (2006) [arXiv:nucl-ex/0603013
[nucl-ex]].
5

PoS(PANIC2021)215

[1] V. Metag, M. Nanova and E. Y. Paryev, Prog. Part. Nucl. Phys. 97, 199-260 (2017)
[arXiv:1706.09654 [nucl-ex]].

