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Effects of meson mixing on dilepton spectra
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The effect of scalar and vector meson mixing on the dilepton radiation from hot and dense hadronic matter
is estimated in different isospin channels. In particular, we study the effeat®fand p-a; mixing and
calculate the corresponding rates. Effects are found to be significant compared to standaadd K-K
annihilations. While the mixing in the isoscalar channel mostly gives a contribution in the invariant mass range
between the two-pion threshold and thepeak, the isovector channel mixing induces an additional peak just
below that of theg. Experimentally, the dilepton signals froma, mixing seem to be more tractable than
those fromo-w mixing.
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I. INTRODUCTION For the understanding of the data in these experiments it

is important to uncover the various processes which might

There exist physical processes which are forbidden in fre¢ead to the production of dileptons and to estimate their rela-

space but can take place in matter. Those are basically reve contribution to the total production rate. Some effort has

lated to medium-induced symmetry breaking effects. The inalready been put into obtaining some “standard” sources

teraction respects the symmetry, but the ground state breakgjated to the decay channels of various light mesons and
it [1-3]. For instance, in matter, Lorentz symmetry is 10stprocesses liker-7 or K-K annihilation [15-17. But the

which leads to the mixing of different spin states even whenypening up of new channels related to scalar-vector mixing,

the interaction Lagrangian respects all the required symmetrynich constitutes the material to be presented in this paper,

properties. A WeII-known example of this is-w mixing_ in has only been addressed recently.
nuclear matter as was first shown by Chéf or p-a, mixing The mixing of mesons considered here includes both the

as pomted'out In F\.’e(.5].. In addmgn there mlght be mixing isoscalar and isovector channels. To be more specific, we
between different isospin states in asymmetric nuclear mat-

. . gstimate the rate of dilepton production fraraw and p-a,
ter. Thep-w mixing provides one such example as suggested . . : .
in [1]. mixing. Even though some attention was paid to the former

Our goal here is to identify the effects of scalar and vector"! the context of heavy-ion co|||5|or[38,_19:|, the importance
meson mixing on dilepton production rates, which could in®f the latter was shown only recently in a zero temperature
turn be observed in high energy heavy ion experiments. It §Stimate of the dilepton production cross sectish The
well known that the electromagnetic radiation provides aStudies of the effects of mixing made so far were limited to
penetrating probe to study various in-medium properties of@lculations of cross sections.
vector mesons. Stimulated by the idea that in nuclear matter | MiS Paper reports on calculations of the thermal produc-
the vector meson properties might be modified from theiftion rates of d|_Ieptons induced by scalar-vector mixing in the
vacuum values as a precursor phenomenon to chiral Symm;es_oscalar and isovector channe_ls. Those results are then com-
try restoration, much effort has been directed toward underpared against standare-7, K-K annihilations, at different
standing their properties in hot and/or dense nuclear mattéemperatures and chemical potentials. Note that processes
[6,7]. Several experiments have measured, or are planning tovolving mixing of different G-parity states likeo-w or
measure, dilepton pair production in nucleus-nucleus collip-ao are allowed only in matter which is not invariant under
sions. Such measurements have been carried out by tlebarge conjugation. Therefore;,+7—e*e™ through their
dilepton spectrometgDLS) at Lawrence Berkeley National coupling to nucleons via andw or 7w+ n—e*e™ mediated
Laboratory [8], and by HELIOS[9] and CERES[10] at by p-ay mixing can take place, as will become clear later,
CERN. The NA50 Collaboration also measures dileptononly in matter with finite nucleon chemical potential. Hence
yields in the light vector meson mass rarffidd]. Two new  a natural place to look for such density-driven effects is ex-
initiatives to be mentioned in this context are PHENR?] periments involving relatively low energy, where one ex-
at the Relativistic Heavy lon CollidéRHIC) at Brookhaven pects to have a relatively large chemical potential.

National Laboratory and HADES at the Gesellschaft fu = The model used here is Walecka-like with the inclusion of
SchwerionenforschundGSl) [13]. Density-dependent ef- theay meson and its mixing with the meson. The role of
fects can also be found in experiments at the Thomas Jeffeg, in the context of nuclear matter calculation has also been
son National Accelerator Facilityl4]. As the effects to be discussed in Ref$5,20—23. To keep the calculation simple
discussed here are mostly density driven, the latter two fawe take nuclear matter to be symmetric ungesn but this
cilities represent the energy regime and physical conditionsan be easily generalized to the case where nuclear matter
perhaps more relevant for the present study. However, thkas a different number of protons and neutrons.

physics discussed here could also be useful for an eventual In Sec. Il we discuss the general outline of the formalism.
low-energy RHIC run. Next in Sec. Il we discuss-w andp-a, mixing. In Sec. IV
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we present our results for various physical cases. We sum-

i d(ko—E d(kotE
marize and conclude in Sec. IV. Gr(k)=(k+m}) m| 2o~ B (ko B

Ek eﬁ(E: —) +1

Y

ePEFI 1]

_ _ _ ~ whereEj =K+ m*? and v=pu—(g2pg/m?) is the effec-
The nucleon-meson interaction Lagrangian can be writtemive chemical potential. In Eq(5), the subscriptd= and T
as

II. FORMALISM

refer to the free and temperature-dependent part of the propa-
o o o gator.Gg is the free Dirac propagator with the nucleon mass
Lint=0, 0P+ gaolﬂ%o,aTalﬂJr Jonn Y ot (1) replaced by its effective value while the second tei@y)X
includes the Fermi distribution of the nucleon assuming ther-
o 0 mal equilibrium at temperaturé The delta function guaran-
+0,| Yy, T Y+ ﬁz/m“vr“&” ph, (2)  teesthat on-mass-shell levels are occupied by the appropriate
n

distribution functions.m; denotes the effective nucleon
wherey, ¢, . bays P ande correspond to nucleons, a,, mass evaluated at the mean field Ie\&]. Its value is given

' _ . by the equation
p, andw fields, and7’s are Pauli matrices. The values used
for the coupling parameters are obtained from Ref].

gZ m* .
From now on we uses andv to denote scalar and vector m*=m.— - Y 3 —”[n (T)+n(T)]
: . n n 2 3 2 px2 120 K k '
mesons, i.e.s=0,a, andv=w,p. It is understood thak,, mg (2m) (k*+mg <)
=0.0. ()
The polarization vector through which the scalar meson
couples to the vector meson via then loop is given by where
) T)= n(T
I1,(do.| ) =2ig.g, J SO,k W= Za o ™D

T AE T

)

are the nucleon and antinucleon thermal distributions.
where 2 is an isospin factor and the vertexdenn coupling

It
is

should be mentioned that in asymmetric nuclear matter the

mean field generated by th®, meson would modify the

neutron and proton mass differently. In the present case this
K effect vanishes.

v
r#: f)/

v om Tuwd” (4) In this notation the nucleon density is written as
n

G(k) is the in-medium nucleon propagator given [{2¢]

’y R
PB:(2 )sf d*k[ni(T) = ny(T)1. (€)
an
G(k)=Gg(k) +Gr(k) 5
_ Now we have a set of two coupled equations, Eg$.and
with (9) and two unknowns: the effective nucleon mass and
Kt it the effective chemical potential. One looks for the self-
Ge(k) = (k+my) 6) consistent solutions of these two coupled equations in order
kK2—m*2+ie to find m} and v. The results are shown in Fig. 1 for two
and

different nuclear densities. At a fixed density the effective
nucleon mass increases and then again drops with tempera-
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ture T. This is consistent with Ref.24]. It might be men-
tioned here that we do not include resonances in the present
work.

Even though Eq(3) involves Green’s functions having
both vacuum and temperature dependent parts the vacuum
piece forll ,, as expected, vanishes because of Lorentz sym- _ .
metry. Hence only the thermal part contributes to the mixed- F!G- 2. The Feynman diagram for the process m—e
polarization function and it has a natural cutoff provided byJre .
the thermal distribution functions. So, interestingly, the dia- . . L .
grams involving mixing of different spin states in matter is N°ring small mixing withp induced by the quark mass dif-
free from ultraviolet divergences. It should also be noted thaference and electromagnetic effdts free space cannot de-
the argument ofl , involves g, and|q| indicating Lorentz &Y Into two pions, in a thermal bath through its coupling
symmetry breaking in matter. In general, it could be a func-with nucleon-antinucleofor holg excitation, can decay into

tion of g but for an isotropic medium it can only depend on a pion pair with intermediate: meson(18]. The same argu-

the magnitude of the three momentum. [T)aant holds true fop which in matter can decay inte-7

Returning to Eq(3), after the evaluation of the trace and
a little algebrall,, could be cast into a suggestive form:

Note that the mixing amplitude vanishegaf=0. Physi-
cally this corresponds to the situation when there is no way
=43k for the vector particle to distinguish between longitudinal
f and transverse direction and therefore rotational invariance

o Ey forces them to be degenerate, forbidding mixing of different
spin states in this limit. On the other hand, it has also been
observed that at very high momenith, falls off. This cor-

99, o . K9
I1.(q0.lah=="3"2q (Zmn T

q
kﬂ—q—g(k-Q)

1 responds to the situation when collective effects, which ba-
X 2 7 e st sically related to the long wave length oscillations, die off
k=2g; 9 —4(k-q)° eFFxTsonto+] with high momenta. This is a well-known phenomenon in
(10 many-body physics.
This immediately leads to two conclusions. First, it respects A. Isoscalar channel: o-w mixing

the current conservation conditiog*Il,=0=1II,q". Sec- As has been mentioned before;w mixing has been
_ond, the_zre are only two components which survive after thestudied previously in the context of dilepton production for
integration over the azimuthal angle. In fact this guarantee%_w annihilation in theswave channel in Ref§18,19. The
that it is only the longitudinal component of the meson o

hermal production rates of the dilepton from this channel,

which | h lar m n while the transverse m .
ch couples to the scalar meso e the tra SVerse mo eowever, had not been estimated before. In order to calculate
remains intact. Furthermore, current conservation implie

that out of the two nonzero componentsldf . only one is the rate of dilepton production, we first calculate the cross
ind " dent Avf\t/ fc . tﬁ: IL’ int Y tE[I section for the process+ m— o—w—e" +e~. The Feyn-
lcgkggeiﬂeefgr-m' €r periorming the anguiar integratlidy - 5 diagram for the relevant process is shown in Fig. 2.

' The interaction Lagrangian for thew# vertex is given
ka dk by

= L=3G0raMrbobr br. (12

(0°+2K|q))*—4Ef*Ey?
(9°—2K|q))* - 4E{ °E”

1o

__99, (2m:— qu)
87q| 2m,

The cross section can be easily evaluated to be

X [ 2E; In
2% (GomaMa)® Fu(M?)G,(M?)

- Lete-= II,|?,
| q*—4(EXE; —4k|q])? T T gt g2 Ko o
~Qo !N 4 * % S5\ 2
q*— 4(E} Eg +4klal) wherell, is given by Eq.(11) and
1 1
FE-N11 eFE 1] D Fo(M?)= :
€ © ¢ (M2—m?)2+m2r2’
From Eq.(11) it is clear that the mixing amplitude van-
ishes for chemical potential=0. This is expected, as such ) 1
mixing betweeno and w (or p-ay) opens up new channels Gs(M%)= (M2—m2)2+ m2I2(M)
which violate G-parity conservation. This can only happen o oo
when the ground state is not invariant under charge conjuga- 5 5
tion as is the case of nuclear matter with finite nucleon K = V(M™—4m?)
chemical potential. In fact, isospin eigenstate which (ig- 7 2
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and the decay widths of they, andp mesons:

2 2 2\ 2
v faom M3, — M5\ “Ka,
R I Ve
FIG. 3. The Feynman diagram for the process p—e”* M 2 3/2
+e . 2 (— - mi)
r (M)_ gp7T7T 4
For w we used a constant width of 9.5 MeV and for the P 6w M?2 ’
sigma meson we adopt the same mass and width a$ F&f.
Recent discussion on this issue may also be found in Refs. JMZ=(m_+m )2 (M2=(m.—m,)?)
[25,26]. We also have investigated the effects of form factors Kap= T M e

by considering the same form as in REf8]: those are nor-

malized to one for on-shell particles. Effects found are small
as far as the dilepton yields are concerned. As was the case for the, we choose the mass of tleg

according to Ref[28].

B. Isovector channel: p-a, mixing

. - .. .. I1l. DILEPTON PRODUCTION RATES
Quite similar too-w mixing p-a, Mixing opens up a new

channel for dilepton production vizm+7—e"+e” in Once we know the relevant cross section for the dilepton
dense nuclear matter throughn excitations. The Feynman channel, the thermal production rate of the lepton pairs
. . e .
diagram of the process is shown in Fig. 3. (number of reactions per unit time, per unit volurRg, ®
To describe theray7 vertex we use =dNg+e-pais/d“X) can be estimated in the independent par-
m2 — m2 ticle approximation of kinetic theorj15]:
g 7 - N
‘Caoﬂ'r]: faoﬂ'r]m— ¢7]¢17' d’ao- (13) d ote d3k
™ 12 1
. . : e =f S sk
For later convenience we definega ,= fa =,(M3, (2m)
- m2)/m7, . 3 ete”
7 . . L d°k, do?,
We should mention here that there is an uncertainty in- 3f2(k2) (s,;M?) v, (14
volved with the coupling parameteft, ., as discussed in (2m) dm?

Refs.[27,28. This arises from the fact that, lies close to o ]
the opening of th& K channel leading to a cusp-like behav- wheref,,f, are the thermal distributions of the 1,2 species
ior in the resonant amplitude, therefore a naive Breit-Wignetand
form for the decay width is inadequate. Furthermore, as men-
tioned before, there is also uncertainty involved with the
agNN coupling which renders the precise extraction of
ao-m-7 coupling even more difficulf27]. We takef, ,.
=0.44[5], which givesl', _...,(M,)=59 MeV, while the ~ With M(X,y,2) =x*+y?+2—2xy—2xz-2yzis the triangle
experimental vacuum width of, is between 50 and 100 function. This could be cast into the form

NY2(s,m2,m3) s
2E,E,

Urel=

MeV [28]. L
As before, the cross section involving mixing in the drRS,®  A(MZ,m3,m3)
isovector channel can be written in terms of momentum and dM? - 2 ®(s), (19
temperature dependent mixing amplitude:
3
_ 2ma? ggo”” FP(MZ)Gao(MZ) 2 (I)(S):J L'EE')
Onp—sete” 3q§M 9;2) kao |TLo|%, i=12 (2m)°E;
.
where X 8[s=(p1+p2)°los,® (ELE2M?), (1)
m? wheref;(E;)=1/(e”Fi+ 1) are the distribution functions for
FP(MZ)Z 5 L o 7~ and » mesons assuming thermal equilibrium. A departure
(M?=m2)2+m2T2(M) from the standard notation should be noticed here. Usually,
d(s) represents only the phase space faf281. In our case
1 the invariant mass cross-section depends also on energies
Gay(M?)= throughll,, we include that in the definition ab(s).

2_ 2121 2 T2
M mao) +ma0FaO(M) After performing the angular integrations we get
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o for o and o. In Ref. [18] it is argued thato-w mixing
P(s)= 4J dE; f1(Ey) broadens the decay width substantially in nuclear matter at
(2m)*Jmy . . o0
high density. This is understandable as nawthorough
nucleon-antinucleorthole) excitations can decay into pion
pairs as opposed to vacuum becaus&gfarity violation in
matter. Therefore, in matter this decay channel enjoys a
larger phase space and becomes as broadaasits vacuum
mass is almost degenerate with thatpofmeson. But at the
one loop level the diagonal elements of the mixed propagator
would also reduce its massff-diagonal elements have little
A. Rates with - mixing effect on the effective massNow if one considers the
First we concentrate on the isoscalar channel or in othebroadening induced by the off-diagonal element of the
words the effect ofr-w mixing on the dilepton production dressed propagator of themeson, then to be consistent one
rate. As the mixing amplitude now involves thepropagator  should also take the medium modified mass forahaeson.
we observe a sharp peak in the vicinity of themass. Ob- It is well known that in the Walecka modal meson mass
viously this mixing amplitude depends on the density and thealso dropg30] which would again reduce the phase space.
temperature. The effects are more pronounced in Fig. #hese two competing effects are not expected therefore to
where we have higher density. No such peak is observed fathange the in-medium width ef significantly. However, we
the ¢ meson which is sufficiently broad. We also plot the adopt a different point of view. Our focus here is to see the
rates form-7 andK-K annihilation for comparison. The left effect of mixing on the dilepton production and how it com-
panel shows the results afpy=1.5 and the right panel pares withm-7 annihilation. It should be noted that the con-
shows the same fgs/pg=2.5. tribution from o-w mixing does not change the resultant
Figure 5 shows the results for the isoscalar channel at apectra much except for a small peak representingathe
higher temperature. It is evident that at higher density thaneson pole in the transition amplitude. However, we expect
effect of mixing is also high. It should be noted that to cal-an o peak in the dilepton spectra even in the absence of
culate the dilepton rate we have used tree level propagatoneson mixing. The situation, as we shall see, is different for

X fE,ZdEz fz(Ez)Uizei(ElyEZ,Mz), (17)
E

2

where E; =(1/2m2)[E;(s—mi—m3)+ p A Y4 s,m?,m3)].
®(s) is then calculated numerically.

10° F 3 10° F 3
& &
| L . \ | i
= E 3 = E 3
S S
' w0t L 1 v w0 L y
g @ FIG. 5. Same as Fig. 4 but for
% 3 3 % 3 3 T=75 MeV.
~ ~
© E s < 21 E . |
o f—— — mmop-ete” NS o f—— — mmp-ete” AN
- - - - 'k +k%kBgoe’e L W\ [ - - - k'k +k%kSgoete” ERANR
ot . N = N N\
oo Tr-+>e+NN-w-e'e” 3 oo nm+c-+NN-w-e*e” NN
F sum ) b F sum L]
1078 L I I I I ) 107 1 ! 1 1 IS
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the isovector mode. There the dominant contributions arénuch of the phase space decaying intop. It does seem
distributed near the tail of ther-r annihilation spectrad  reasonable to conclude thata, mixing provides a more
spectral function On the other hand ip spectral function promising kinematical window in the invariant mass spectra
becomes sufficiently broadened this effect might becoméo study exclusive in-medium effects.

more visible near the peak region where additional contri-

butions would come from the mixing. C. Rates with mixing both in isoscalar and isovector channels

] o We show in Figs. 8 and 9 the total dilepton yield with the
B. Rates with p-a, mixing combined effects of mixing in both the isoscalar and isovec-
Next we discuss the effect of mixing in the isovector tor channels. It is important to see that rates induced by
channel which involveg-a, mixing in Fig. 6, Eq.(7) for mixing are significant in certain windows of density and tem-
T=50 MeV (75 MeV). This induces am, bump just below ~Perature. For completeness we also evaluate the contribution
the ¢ peak.p-a, channel seems to be more interesting as it77’\'—""_’\'h—>Ne e.ltis _founglto be negligible, in agree-
induces additional contribution beyond the tailobpectral  MeNt with a previous estimaf81]. . .
function. One can easily observe from Fig. 6 that even at As has been mentioned before, there is experimental un-

. = o - . certainity in the determination of thaym» coupling con-
density p/po=1.5 the contribution of the mixing wins over . “The measured value is in the range of 50—-100 MeV
the 7r- annihilation rate in the vicinity oM=1.0 GeV.

; - . ; 28]. One could argue that the calculation of R&f7] puts a
Naturally at h|gher density this goes up as evident from th ias toward the smaller side of this range. In any case, Fig.
right panel_ of Fig. 6. ) ) , 10 shows the dependence of the dilepton productions on this
Interestingly enough the dilepton yield induced by the,.ameter against the background contribution. It is observed
mixing in the isovector channel at higher temperature alsQnat the signal with mixing ranges from visible peaks to a
seems to be S|gn|f|cant as ewdentlfror.n Fig. 7. . strong enhancement in the region betweendhand thed.
Note that, unlikew, the broadening induced by the mix-

ing onp decay width has been found to be marginal. One can
understand this physically. Mixing opens up a new channel
for p to decay intor-7. Becausey is quite heavy only the To conclude and summarize, we have estimated the dilep-
tail part of thep can contribute. Therefore, it does not enjoy ton production rates arising from scalar and vector meson

IV. SUMMARY AND CONCLUSION

T T T T T F T T T T T
(a) _ 5 (b) _
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§ E e E
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&) [
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£ o=l £ =L FIG. 7. Same as Fig. 6 but for
% % T=75 MeV.
o o
~ L ~ |
a1 E o E
d E o E
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107® 1 SuIIn 1 1 L 107 1 surln 1 1 1
04 0.6 0.8 1.0 1.2 04 0.6 0.8 1.0 12
M (GeV) M (GeV)
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mixing in different isospin channels involving nucleon-hole temperaturél =60-90 MeV[32]. Referencd33] also indi-
(or antinucleon excitations as intermediate states. The rategates a similar range of densities and temperatures at SIS/
have been compared against thew annihilation in the  Gs| energies. Those observations have guided our choice of
p-wave channelg-channel andK-K annihilation. A higher the temperatures and densities used in this study.
yield of dileptons in the invariant mass region betweenghe  The calculations performed here can and will be improved
and the¢ peaks is expected. The mixing in the isoscalarupon. It is important to proceed cautiously. As a next step, it
channel contributes mostly between the two-pion thresholgyould be necessary to address this problem with the full
and thew peak but is small compared to thew annihila-  machinery of finite temperature many-body theory. This
tion contribution. On the other hand, the isovector channefeans, among other things, the dressing of the propagators
seems to provide a better probe as it contributes near the tgjhd the consistent inclusion of baryonic resonances. Also,
region of the two-pion annihilation contribution. It should be the interaction zone in a heavy collision is but a transient
stressed here that broadening or droppingneson mass medium and the dynamics will contribute to mask our signal
would even favor our observation. In that case her back-  to some extent. However, owing to the nature of the electro-
ground would be pushed more toward the lower invariantnagnetic signal, radiation from the dense regions will
mass region bringing the, peak into a clearer relief. Fi- emerge. In our approach those dynamics would impact on
nally, it is important to realize that mixing effects only ap- the height of thea, peak. Similarly, a realistic assessment of
pear in the longitudinal part of the vector meson spectrathe initial states of the dilepton-producing channels should
function and therefore there should be no effect of the mixinyolve a realistic simulation. A transport treatment can
ing on the photon spectra, which involves the transverse patherefore address the concerns raised above. Such investiga-
of the vector meson polarization tensor. tions are in progress.

The effects studied here are density driven and can there-
fore be observed in environments where one has high bary-
onic chemical potential and comparatively lower tempera- ACKNOWLEDGMENTS
ture. The most relevant experiments to observe this kind of
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