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Precursor of Chiral Symmetry Restoration in the Nuclear Medium
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Spectral enhancement near the, threshold in thel = J = 0 channel in nuclei is shown to be a
distinct signal of the partial restoration of chiral symmetry. The relevance of this phenomenon with
the possible detection df#° and 2y in hadron-nucleus and photon-nucleus reactions is discussed.
[S0031-9007(99)08890-0]
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One of the intriguing phenomena in the physics ofwill also mention the relevance of the softening to the
strong interactions is the dynamical breaking of chiralrecent data on the near-threshatd 77~ production in
symmetry (DBy). This explains the existence of the #*-nucleus reactions by the CHAOS Collaboration [14].
pion and dictates most of the low energy phenomena Before presenting our explicit model calculation, let us
in hadron physics. In the context of quantum chromo-describe the general features of the spectral enhancement
dynamics (QCD), the fundamental theory of strong in-near the two-pion threshold. Consider the propagator of
teractions, DB is associated with the condensation ofthe o meson at rest in the medium;, ' (w) = w? — m2
guark-antiquark pairs in the vacuum. This is analogous te-2,(w; p), wherem,, is the mass ofr in the tree level,
the condensation of Cooper pairs in the theory of supercorand2 , (w; p) is the loop corrections in the vacuum as well
ductivity [1]. Furthermore, as the baryon density and/oras in the medium. The corresponding spectral function
the temperature are raised, the QCD vacuum is supposedg.(w) = —7 ' Im D, (w) reads
undergo a phase transition to the chirally symmetric phase 1 Ims,

[2]. _In partlcular, some theoretical analyses suggest that a p,(w) = 7 (@2 —ml — ReS, ) 1 (Im3, )2
partial restoration of chiral symmetry occurs even at a rela- v
tively low baryon density 4) close to the nuclear matter (1)

density po = 0.17 fm™ [2]. Then, it is of fundamental Near the two-pion threshold, the phase space factor gives
importance to clarify what observables reflect most propims,,, « 6(w — 2m,) /17_ (4mZ/®?) in the one-loop
erly this partial symmetry restoration. The purpose of thlsorder On the other hand, the partial restoration of chiral
Letter is to give a candidate of such observables and tgymmetry indicates thai [the “effective mass” ofr de-
propose experiments to test the idea with nuclear targetsfined through R® @ = m?) = 0] approaches tan,,

The general wisdom of many-body physics [3-5] tellsTherefore, there exists a densjty at which ReD Mo =
us that the fluctuation of the order parameter become@mﬂ) vanishes even before the completer degeneracy
large as the system approaches the critical point of theakes place; namely, R2, ' (v = 2m,) = [w? — m2 —
phase transition. In QCD, this corresponds to a softeninges, ], —om. = 0. At this point, the spectral funcnon is

of a collective excitation having the same quantumsplely dictated by the imaginary part of the self-energy;
number as that of the vacuum, namely, the scalar-isoscalar | o( )
N w — 2my)

(I = J = 0) meson, [6]. The softening (the redshift of p,(w = 2m,) = — . (2
the spectrum) in turn causes the decrease of the decay TImX, 1 — (4mZ/w?)
width of o by the phase-space suppression of the reactiofihis shows that, even if there is no sharp resonance in
o — 2. This leads to a conjecture thatmay appear as the scalar channel in the free space, there arises a mild
a sharp resonance at finite temperatare[6,7], although  (integrable) singularity just above the threshold in the
it can be elusive due to the large width in the freemedium. We emphasize that this is a general phenomenon
space [8,9]. A later analysis d # 0 showed that the correlated with the partial restoration of chiral symmetry.
spectral function in ther channel has a characteristic To make the argument more quantitative, let us evalu-
enhancement just above the two-pion threshold [10]. ate p,(w) in a toy model, namely, the SU(2) linear

In this Letter, we demonstrate, using a toy model, thamodel:

the spectral enhancement near the threshold is a distinct 1

signal of the partial chiral restoration also@at# 0. As L = ztr oMMt — MMt

possible experiments to observe this enhancement, we will

propose to detect the neutral-dipiodn(’) and diphoton 22 MM — h(m + Mt 3
(2y) in reactions with heavy nuclear targets [11]. We 4! ( ) ( N ®

2840 0031-900799/82(14)/2840(4)$15.00 © 1999 The American Physical Society



VOLUME 82, NUMBER 14 PHYSICAL REVIEW LETTERS 5 ARIL 1999

where tr is for the flavor index antf = o + i7 - .  finite T [10]. Let us first consider the chiral condensate

Although the model is not a precise low energy represenin nuclear mattefo) and parametrize it as

tation of QCD [15], it is known to describe the pion dy- _

namics qualitatively well up to 1 GeV as shown by Chan () = a2(p). (5)

and Haymaker [16]. In the linear density approximatio®(p) =1 — Cp/po
The coupling constantg?, A, and 2 have been de- with C = (g,/oom2)po. Instead of usingg,, we use

termined in the vacuum to reproducg, = 93 MeV, & as a basic parameter in the following analysis. The

m, = 140 MeV, as well as the s-waver-7 scattering plausible value ofb(p = pg) is0.7 ~ 0.9 [2].

phase shift in the one-loop order. Resultant parameters The one-loop corrections to the self-energy forcan

in the modified minimal subtractioMS) renormalization be read off from the diagrams in Fig. 13, (w;p) =

scheme are given in [10] and are recapitulated for twas4, . + 28 =+ Syp(p) + Spn(p). 4. (28.) corre-

vac vac

characteristic cases in Table | in whi«iylngeak is defined sponds to Fig. 1a and Fig. 1b, respectively. Only the

as a peak position g, (w). latter hasw dependence and the imaginary part. The
The interaction Lagrangian @ with the nucleon field explicit formula for34."2 renormalized in théS scheme
N with SU(2) chiral symmetry is modeled as is given in Appendix A of [10].
K _ - 2mr(p) corresponds to the mean-field correction in the
Li(N. M) §XNUsN mONUSN’_ ) nuclear matter (Fig. 1c).3,n(p) is a correction from
where we have used a polar representationt- i7 - the nuclear particle-hole excitation. We take only the

7ys = xUs for convenience [17]. The first term in (4) density dependent part in these diagrams and neglect the
with the coupling constan is a standard chiral invariant problematic vacuum loops of the nucleon [18].

coupling in the lineawr model. The second term with a  The leading term in the mean-field part is easily
new parametet,, which is usually not taken into account estimated as

in the literature, is also chiral invariant and nonsingular.

With the dynamical breaking of chiral symmetry 2me(p) = Aoo((o) = a0) = —Aag[l — D(p)]. (6)
(0)vae = o0 # 0), EQ. (4) expanded in terms @f/oo  The leading term in the particle-hole part (Fig. 1d) in
gnde ?T{‘TO readi £1(N’21V{)j _mNNEV];l N(gSfoL terms of kr = (B72p/2)\3 reads Spn(p) = 2 X
18pT 7375)N + 2(mo/og)N7N + 0(6°=" X 7"=),  which starts fromO(p>/3) and is not more than a few
where ¢ = o — 0o, my =mo + goo, & =&, ad  percent of Sye(p) at p = po. This is in contrast to
8p = & + mo/0o. Because ofm, the standard con- o case of the pion, where bofhyr(p) and 2,n(p)
straint g, = g, can be relaxed without conflicting are hroportional tgp and cancel with each other due to
with chzlral symmetry. Also, the term proportional cpira| symmetry. Because of this cancellation, we can
to mom~ appears to preserve chiral symmetryg, peglect the two-loop contribution related to the medium
is constrained by the Goldberger-Treiman relation;,, qification of the low-momentum pions near the:,

& = mN/O'() = mN/fﬂ- = g7N = 13.5. On the other threshold.

hand,g; is mdependgnt of, and can be trea_ted as a free Up to this order, In®,, solely comes from InE5,.,
parameter. With this freedom, one can circumvent thgj,ce there is no Landau damping and scalar-vector
well-known problem thag, = g, combined with Eq. (3) ixing for the o meson at rest in nuclear matter:

does not reproduce the known nuclear matter properties
in the mean-field level [18]. We remark that the dilated
chiral model [19] can also avoigs = g, away from the
“dilaton” limit and has been applied to study the scalar
meson in nuclear matter [20].

In the following, we treat the effect of the meson for2m,; = o = 2m,.
loop as well as the baryon density as a perturbation to Now, let us look at the spectral function defined in
the vacuum quantities. Therefore, our loop expansiorfl). As we have already discussed, the threshold peak is
is valid only at relatively low densities. The full self- prominent when R®.! = w?> — m2 — ReX, = 0. In
consistent treatment of the problem requires a systematitie parametrization given in (5), this condition is rewritten
resummation of loops similar to what was developed at

|n120(w;p)==|ﬁ12€w ==-—§g;:ao 1 — 7;£g
(7)

o,
TABLE I. Parameters fomP*** = 550 and750 MeV. PN f’_’ft Q
1 \
mbeak /_ILLZ /3 __\;.___”__ _J\ /‘_- __(_T.L__- __Q__
(MeV) (MeV) A4 (MeV) (A) (B) (©) (D)
I 550 284 5.81 123
((”)) 750 375 9.71 124 FIG. 1. One-loop self-energy. The dashed line denotes either

o or 7r. The solid line denotes the nucleon.
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as®(p.) = 0.74 [case (1)], andd(p.) = 0.76 [case (II)]. nuclear targets should be most appropriate. Measuring
The numbers on the right hand side are insensitive to thee — 27 — 4y is experimentally feasible [12], and one
parameters in Eq. (3) as far as the physical quantities inan avoid the possible= J = 1 background from the
the vacuum such ag, andm, are fixed. In the linear meson inherent in ther "7~ measurement. Measuring
density formula®(p) = 1 — Cp/po with a reasonable the direct electromagnetic decay— 2y is also impor-
value C = 0.2, we obtainp. = 1.25p, which is not far tant because of the small final state interactions. How-
from the normal nuclear matter density. This implies thatever, the branching ratio is small in this case Br
we could see the threshold enhancement in experiments,—,,/I's—2» = 0(107°) [8]), and one needs to fight
with heavy nuclear targets. with a large background of photons mainly coming from

The spectral functions together with Rg'(w) for  7%s. Nevertheless, if the enhancement is prominent and
two cases (I) and (ll) are shown in Fig. 2 and inchanges rapidly as the mass number of the target nucleus,
Fig. 3, respectively. In both figures, the characteristichere is a chance to find the signal. There is also a pos-
enhancement just above tlen, threshold is seen for sibility that one can detect dileptons through the scalar-
p = p.[21]. vector mixing in mattero — y* — e®e” [13]. In this

We notice that the enhancement is caused by (a) pacase, the dileptons are produced only wleehas a finite
tial restoration of chiral symmetry where approaches three momentum.
toward m, and (b) the cusp structure of BRg '(w) at To enhance the production cross section for the critical
o = 2m,; see the lower panels of Figs. 2 and 3. Al-fluctuation in thel = J = 0 channel, ad,*He) reaction
though the cusp is not prominent at zero density, it evenis useful. The incident kinetic energies of the deuteron
tually hits the real axis ap = p. because R®!(w) in the laboratory systert can be estimated to bel <
increases associated withi;, — 2m,,. This is a general E < 10 GeV, to cover the spectral function in the range
phenomenon for systems where the internal symmetry i8m, < o < 750 MeV [24].
partially restored in the medium [22]. Another impor- Recently the CHAOS Collaboration [14] measured the
tant observation is that, even at densities well below ther * 7= invariant mass distributiom” _- in the reaction
point wherem?. andm, are degenerate, one can expectA(w*, 7" 7*)X with the mass numbed ranging from
the spectral enhancement near 2e, threshold [23]. 2 to 208: They observed that the yield farZ. -

To confirm the threshold enhancement associated withear the2m, threshold is close to zero fot = 2 but
the partial chiral restoration, measuridgr® and2y in  increases dramatically with increasidg They identified
experiments with hadron/photon beams off the heavyhat the#* 7~ pairs in this range of/2. - is in the

I = J = 0 state. Attempts so far in hadronic models
without considering the partial chiral restoration failed to
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reproduce this enhancement [25,26]. On the other hand,
the invariant mass distribution presented in [14] ribar,
threshold for largel has a close resemblance to our model
calculation in Fig. 2, which suggests that this experiment ~ See Letter of Intent by the LEPS Collaboration for the
may already provide a hint about how the chiral symmetry___ laser electron photon project at Spring-8, Japan.

is (partially) restored at finite density. [10] S. Chiku and T. Hatsuda, Phys. Rev53, R6 (1998);58,

In summary, we have shown that the spectral functio 076001 (1998). . '
. ’ 11] The measurement df7° through4y detection was first
in the 7 = J = 0 channel has a large enhanceme_nt neal suggested in [12]. The detection 2 was suggested in
the 2m, threshold even at nuclear matter density due  the |ast reference of [6]. Other possibilities such as the
to the partial chiral restoration. Detection of the dipion lepton pair production through the vector-scalar mixing in
and diphoton spectral distribution in the reactions of nuclear medium has been discussed in [13].
hadroryphoton with heavy nucleus is suitable to confirm[12] H. Shimizu, in Proceedings of the XVth RCNP Os-
the idea of partial chiral restoration in nuclei. aka International Symposium, Nuclear Physics Frontiers
This work was initiated when T.H. and T.K. attended ~ Wwith Electro-weak Probes (FRONTIER 96), Osaka, 1996
the GSI workshop on Hadrons in Matter (July 13, 1998).  (World Scientific, Singapore, 1997), p. 161.
They are grateful to B. Friman, W. Nérenberg, and thel13] T- Kunihiro, Prog. Theor. Phys. Suppl20, 75 (1995),
theory department at GSI for their invitation and warm in which standard nuclear experiments with the beams
hospitality. T.K. thanks H. Pirner, C. Wetterich, and the of protons, light ions, pions, and photons are proposed

. ; . X to produce theo in nuclei for studing partial chiral
members of Institute for Theoretical Physics, Heidelberg restF(’)ration. 7 9P

University for their hospitality. He also thanks DAAD [14] CHAOS Collaboration, F. Bonutét al., Phys. Rev. Lett.
which made his stay in Germany possible. 77, 603 (1996).

Note added—After the completion of this paper, we [15] J. Gasser and H. Leutwyler, Ann. Phys. (N.X58 142
became aware of a very recent study on the CHAOS data (1984).
(R. Rappet al. [27]). They do not address the question of [16] B.W. Lee, Nucl. PhysB9, 649 (1969);Chiral Dynamics
the partial chiral restoration, and the underlying medium  (Gordon and Breach, New York, 1972); L.H. Chan and
effect responsible for the near-threshold enhancement is R-W. Haymaker, Phys. Rev. [, 402 (1973);10, 4170

different from ours. (1974). . -
[17] The leading correction to Eg. (4) from the explicit

symmetry breaking can be absorbed into the couplings
g, my as far as ther-nucleon coupling is concerned.

10 keV [8], a feasible alternative way to study the
properties ofo in the vacuum is to employ the Primakoff
production ofo with a photon beam off the nuclear target.
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