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Complex poles of the unitarized-7 scattering amplitude in nuclear matter are studied. Partial restoration
of chiral symmetry is modeled by the decrease of in-medium pion decay cofitafor large chiral resto-
ration (f*/f_<1), second sheet poles in the scalai) @nd the vector §) mesons are both dictated by the
LambertW function and show universal softening &5 decreases. In-medium- cross section receives
substantial contribution from the soft mode and exhibits a large enhancement in low-energy region. Fate of this
universality for small chiral restoratiorf{/f,.~1) is also discussed.
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An analogy between in-medium hadrons in QCD and col- Model C The “degeneratep-c model” [16] where 7,
lective modes in condensed matters suggests that hadrorarep, and bares are all basic degrees of freedom.
spectral functions and complex hadronic-poles have impor- Model D The leading order chiral lagrangia,, by
tant information on chiral structure of hot/dense mafdr  which theo pole is generated dynamically while the physical
In particular, the light vector mesong,,¢) [2] and the p is not[21].
light scalar mesond) [3] have been proposed to be possible  To incorporate the effect of chiral symmetry restoration in
probes of partial restoration of chiral symmetry. Properties othese models, we replace the pion decay constarity an
in-medium vector mesons may be extracted through dileptoi-medium decay constarfit. which is expected to decrease
emission from hot and/or dense matter. In fact, relativisticin nuclear mattef3]. In the o models, this replacement is
heavy ion experiments in SPS at CERN indicate some spegpproximately justified in the mean-field level where the ef-
tral broadening and/or shift of the [4,5]. Dileptons ob- fect of the Fermi-sea is absorbed in the redefinitionf pf
served in proton-nucleus reactions at KEK also suggest p14]. In general, there arise two decay constants in the me-
low-mass spectral enhancement in the vector chaiiel  dium: f* , which is related to the temporal component of the

_Theo meson, on the other hand, has been thought to be gyia| current, and* , which is related to the spatial compo-
direct but difficult probe of chiral restoration because of itSnant of the axial current. In the qualitative study given below,

obscure _n?turet in the v;';\cuum. tN%\a/’grthelesls, therett arisgse will not consider this complication. For more discussions
rowing interest in recent years to tleein nuclear matter
g g y on f* , see recent papef&2].

inspired by new experimental data of tlrerr invariant mass As for the parameters such as the masses of paad

distribution in (,77) [7-9] and (y,ww) [10] reactions ; . L

with nuclear targetd11,12. They suggest some spectral baree and their coupllngs_ tor, we keep them o_lensﬁy 'r_'de

change of the two-pion final states in the J=0 channel ( pendent, partly be(_:ause Itis a simplest p_053|ble choice and
mpartly because their density dependence is not known. Nev-

and J being the total isospin and total angular momentum, !
respectively. Theoretically, thes pole located deep in the ertheless, we shall show that, in all the above models, there

complex energy plane may move toward the real E3jsand arise simultanequgsoftening ofo anql p _dri\{en by the de-
behave as an important precursory mode if the partia' Chiri;ﬂ:rease Oﬂ:; . ThIS IS the fII‘St Strong |nd|Cat|0n that bOth the
restoration occurl2—14. scalar and vector mesons serve as chiral soft modes. To ex-
The main aim of this Rapid Communication is to investi- tract essential physics of the soft modes without complica-
gate a common mechanism d|ctat|ng the behavior of lboth tion due to the finite pion mass, we will work in the chiral
and p when the partial chiral restoration takes place inlimit below.
nuclear matter. For this purpose, we study complex poles of The m-m scattering amplitude and associate phase shift in
the 7r-7 scattering amplitude in nuclear matter calculated inthe vacuum {;=93 MeV) in Model Chas been studied in
unitarized chiral models. To make reliable unitarization and16] by using theN/D method. We briefly recapitulate its
analytic continuation of the scattering amplitude to complexéssential parts which are necessary for the analyses in this
energies, we adopt tHé/D method[15—17 which respects Paper. The invariant amplitude for the elastic process
the analyticity and approximately satisfies the crossing sym+ m°— 7+ 7% is written as Mapcd(S,t) =A(S,t) SapSeqt
metry. As for the chiral models to be unitarized, we adopt(Crossing terms wherea,b, . .. denote isospin indices and
four complementary models shown below. They are useful t&,t are the Mandelstam variables. The tree-level amplitude
check the model dependence of the final results. A"qs,t) is parametrized by the contaet-m interaction
Model A The “p model” [18,19 wheres and bares are  from £, together with the exchange of basein the s chan-
the basic degrees of freedom. The physicals generated nel and the bare-exchange irt,u channeld16]. Then the

dynamically in this model. partial wave amplitudcaIJ has a general form

Model B The “o model”[19,20 wheres and bares are
the basic de_gree_s of freedom. The physigak generated a™s)=b s+ 2 b’ fa(S/Hi)' (1)
dynamically in this model. 1 R R
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Herem,, is the mass of the bare-(-p). The first term in
the right-hand side of Eq(l) is a model-independemnpart

where bIJ is the low energy constant solely determined by

chiral symmetry,

1 1 1

=——, by=———, by=—. (2
16mf2’ % 32xf2’ M g6rf2 @

bOO

The second term in Eq1) is amodel-dependermart where
the coefficientb’ is proportional tog? with g, being a
strength of the coupling ofr with two pions.fa(slﬁi) be-
haves asO(s?) for s—0. We takem,== (Model A, m,
= (Model B, andm,, ,= in Model D. For Model C we
take the same constraints as Rdf6], namely,g,=g, and
m,=m,.
In the N/D-method, the full amplitude is written

a = ] ()

13 DIJ’
whereN,; (D,;) has a left<(right-) hand cut in the complex
s plane. The elastic unitarity implies En;(s>0)=—N,;.
For the numerator function, we takid,;(s) =af;‘*’(s) to-
gether withD;(0)= 1, which are consistent with the bound-
ary Conditionalj(5—>0)—> bus obtained from chiral symme-

try. Then the dispersion relation f@;(s) reads

1= —ars’)
Diy(s)= ;fo ds’m + (subtraction.

(4)

Sinceafgee(s—wo)ocs, two subtractions are necessary to make
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TABLE I. The bare massn, and di, extracted from the global
fit of the phase shift in thé=J=1 channel up to 1 GeY24]. For
Model D, we useL(u)=0.4x10"% and Ly(u)=1.4x103 [26]
to extractd’ at u=0.77 GeV. d(, obtained fromdj, is also

1J
shown.

Model m, (GeV) di; (Gev?) dgo (GeVv?)
A Ep:o_774 —0.385 0.171
B m,=0.838 1.66 —-3.04
C Ep ,=0.778 —0.342 —0.0855
D - 0.277 2.19
spl(2)=Sp(z)+27i-Ln(2), (6)

wherez is located in the lower half plane and L2)&In|Z
+i6 (—m7<6<m). The superscript (Il) indicates the first
(secondl sheet23].

Here we mention briefly the determination of the un-
known parametersi( , g, andm,) in each model. IiMod-

els A, B andC, g, is fixed to begi/47-r:2.72 for reproduc-
ing the p width. In Model BandC, g,, is assumed to be the
same agy, following Ref. [16]. Remaining parameteis; ;
andﬁa are adjusted by making a global fit to the experimen-
tal phase shift in thd =J=1 channel up to 1 Ge\24].
Then,dg, andd;, are determined uniquely from;, by the
constraints obtained from the matching to ¢ép*) chiral
Lagrangian for smals [16,25. For Model D, d; is directly
extracted from the coefficients) (u) in the O(p*) chiral
Lagrangian. Thd =J=1 phase shift is not reproduced in
Model D, since onlyZ, is considered21]. The results are

D;(s) finite. Namely, two unknown parameters appear. ON§isteq in Table | for each model. We take the standard choice

of them can be fixed by,;(0)=1 mentioned above. An-
other one, which is written aSI’J(,u) below, should be de-

termined empirically at some energy scaleThus the final
form of the denominator function reads

Dyy(s)=1—d/ (u)s

1 -s .
’ 2
+ p bIJ sln—lu2 —a:%p bau d.(s/m%)|. (5

Hered,(x) is obtained by the dispersion integralff(x) in
Eq. (1). Note thatD,;(s) is u independent as a whole.
For our purpose, we nee() to find complex poles of
a (s) [or equivalently the complex zeros 8f;(s)] in the
second Riemann sheet of teglane, andii) to find trajec-
tories of those poles as a function éf. In Eq. (5),
log(—2 andd,(z) have multivalued structured (z) con-
tains both Int2z2) and the Spence function SPE
— [§dyIn(1—y)ly [16]. The former(latten has a branch cut
along the real axis for Re=0 (Rez=1). Then the analytic

pn=0.77 GeV in determining the parameters. We have
checked that the experimental phase shift in thel)(
=(0,0) and (,J)=(2,0) channels is reproduced quite well
within the experimental error bars Models Band C below
0.9 GeV.Models AandD also show a qualitatively reason-
able fit in the above channels at low energies. However,
Model Aunderestimates attraction far,{) = (0,0) above 0.6
GeV. Also, Model D overestimates the attraction and repul-
sion above 0.4 GeV forl(J)=(0,0) and (,J)=(2,0), re-
spectively.

Before making numerical analysis @&f,;(s)=0, let us
first discuss its solution for small values sfvhere Eq.(5)
may be approximated as

D,J(s):1+(bIJ/w)sIn(—s/Mz), (7)

in all four models. Here we have neglecteqs"~?) terms
and M is a pu-independent scale defined aM?

= 1269 (W7D Then a solution on the second Riemann sheet

continuation of the Spence function to the second sheet reads (I,J)=(0,0),(1,1) channels reads
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FIG. 1. The shift of the pole position in the=J=1 channel FIG. 3. The in-mediumr-7r cross section in the=J=1 chan-

associated with the decreasefdf. Two kinds of flows exist: one nel for Model B The upper(lower) panel shows the case for
toward the origin and the other towand, on the real axis. Crosses 0.5f ,<fr<f_(0.1f ,<fX<0.5f,).
are the pole positions in the vacuum.

plicitly shows that resonance poles appear both inptlaad

s,=—(mlb )-[W- 1(77/leM2)]’1 (8)  the o channels, and are softenedtandemas f} decreases
in nuclear medium.
_p#2 For f*~f ., the smalls approximation cannot be justified
- 13 ' (9) and more complicated behavior of the poles arises. To keep
Ln[— (FI*JZ/MZ)/Ln(FI*Jz/MZ)]— i track of the trajectory of the poles for wide rangefdf, we

show numerical solutions of E¢5) for thel =J=1 channel

whereW_,(z) is the (— 1)th branch of the Lambew/ func-  (Fig. 1 and for thel =J=0 channel(Fig. 2. In these fig-

tion [27]. From Eq. (8) to Eq. (9), we have used an ures, the crosses indicate the position of the poles in the

asymptotic expansion af/_,(z) valid for small and positive vacuum ¢ =f ). A common feature iModels A, BandC

z [28]. Also, F§O:4Wf’; and FLZ \/EF:;O_ Equation(9) ex-  in the vacuum is that there always exists a narmi)vq\/s;p
=769-76 MeV) and a broad/low-massr, no matter

whether bare resonances are introduced or not. This is a kind

of bootstrap situation discussed[it9]. Note also that, when
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FIG. 2. The shift of the pole position in the=J=0 channel 600 800 1000
associated with the decreasefdf. Two kinds of flows exist: one 31/2 (MeV)
toward the origin and the other towand], on the real axis. Crosses
are the pole positions in the vacuum. FIG. 4. Same as Fig. 3 for tHe=J=0 channel foModel B
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the bare resonance is introduced, two complex poles appeahange can be seen for theresonance at the same value of
as a result of an interplay between the bare resonance and thg.

dynamically generated one. This can be seen in Fig. 1 for The lower panel of Fig. 3Fig. 4) represents the in-
Models AandC, and in Fig. 2 fotModels BandC. In Model =~ medium cross section iModel Bfor 0.1f ,.<f%<0.5f , in

D where bare resonances are not introduced, a broad ai@e |=J=1 (I=J=0) channel. We find that sharp peaks

low-massc is dynamically generated while narrowdoes ~ develop in both channels 45— 0. They are the direct con-
not appear. sequence of the soft modes located near the origin for small

As f* decreases from its vacuum value, we find two types = In Figs. 1 and 2. Namely, both=J=1 and|=J=0
channels are good probes of chiral restoration in the medium

of trajectories in Figs. 1 and 2; those moving toward the, . S -
o . = } if the chiral restoration is substantial. Although we have
origin and those moving towanh,,) on the real axis. The taken Model B as an example in Figs. 3 and 4, we have
former trajectories inl=J=1 and I=J=0 channels are checked that qualitative conclusions are the same for other
model independent and correspond to the universal softeningodels.
evaluated in Eq(9). Since thew-7 scattering amplitude is In summary, we have studied complex poles of the in-
mainly affected by the poles close to the real axis, such sofinedium -7 scattering amplitude in the=J=0 andl=J
mode gives a dominant contribution to the low-energy am-=1 channels to explore possible relations betweeand p
plitude for f*/f_<1. in nuclear matter. Th&l/D method is applied to four types
T é)f chiral models and the chiral restoration is modeled by the
decrease of ¥ . We have found universal complex poles in

both channels moving in tandem toward the origirf’if is

On the other hand, when the system is close to th
vacuum statef(:/f.~1), the above universality between

and o breaks down. lln fac;[j, |n.thdat=\]|= ! c;ann?(lj, ;he sufficiently small. On the other hand, if, is not far from its
harrowp resonance plays a dominant role and would-be soff, ;.\, ;m value, interesting nonuniversal behavior arises and

mode is far away from the real axis. In the J=0 channel, e two resonances act rather differently.

on the contrary, the broad and low-masskeeps playing a Inclusion of the finite pion mass, the medium effect be-

role of the soft mode all the time. yond the mean-field approximatigsuch as the coupling to
The similarity and difference between the two channelghe particle-hole excitations of the Fermi-sea and the differ-

for different values of * can be seen also by comparing the ence off’, . andf’ . mentioned beforeare future problems

in-medium 77 cross section calculated frOH?J(S). to be examined. Possible connection to other theoretical ap-

The upper panel of Fig. 3Fig. 4) represents the in- proacheg29] should be also studied.

medium cross section iModel Bfor 0.5f ,<f7 <f . in the This work was partially supported by the Grant-in-Aid of
I=J=1 (1=J=0) channel. We find that there is a moder- the Japanese Ministry of Education, Science and Culture
ate softening-broadening of thep resonance atf* (Nos. 12640263 and 12640296\.H. was supported finan-
=0.7f ., which is itself an interesting behavior in relation to cially by the JSPS Research Fellowship Foundation for
the dilepton data if4,6]. However, even more significant Young Scientists.
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