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Photon and dilepton emission rates from high density quark matter
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We compute the rates of real and virtual photdilepton emission from dense QCD matter in the color-
flavor locked(CFL) phase, focusing on results at moderate dengitigee to five times the nuclear saturation
density and temperatureb=80 MeV. We pursue two approaches to evaluate the electromagnetic response of
the CFL ground state(i) a direct evaluation of the photon self-energy using quark particle/hole degrees of
freedom andii) a hidden local symmetry framework based on generalized mesonic excitations, where the
meson is introduced as a gauge boson of a local3gtolor-flavor group. Thep coupling to generalized
two-pion states induces a finite width and allows us to address the issue of vector meson dominance in the CFL
phase. We compare the calculated emissivitdilepton rates to those arising from standard hadronic ap-
proaches including in-medium effects. For rather large superconductindggyesal tens of MeV at moderate
densitie$, as suggested by both perturbative and nonperturbative estimates, the dilepton rates from CFL quark
matter turn out to be very similar to those obtained in hadronic many-body calculations, especially for invariant
masses abov®l=0.3 GeV. A similar observation holds fdrea) photon production.
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I. INTRODUCTION ronic matter incorporating medium effedtd—14] (see Ref.
[15] for a recent reviewas well as for quark-gluon plasma
Recent extensive studies of QCD at finite quark chemicalQGP using perturbativg16—20 and nonperturbativi21—

potential 1, have established that the ground state at large3) approaches. It has been pointed out that perturbatiye
densities and zero temperature is a color superconductor withhnihilation rates in a QGP at comparable temperatures and
large pairing gaps of the order of 100 Mesee, e.g., Refl]  gensities are suggestive of a “quark-hadron duality,” i.e., the

and references therginSpecifically, for three flavors of dilepton signature for an interacting confined phase with bro-

mg;slgss_ quarks, general arguments based on freg ENCIBh chiral symmetry resembles that of a QGP with chiral
minimization and maximal symmetry favor the formation of

: . . symmetry restored. This has been found for both the low-
a condensate that effectively locks rotations in color and fla- . ) . .

L . mass pl/w) region[24] and the intermediate-mass region
vor space[2,3]. Among the intriguing implications of this

color-flavor locking(CFL) are the modifications of photon [25_’2@ (between the¢ and J/¥). Could such a dual sce-
propagation in such matter, e.g., true electromagnetism bei rio hold for the dense phase of conden_sed dlquarks_ at finite
a combined rotation of the standdﬂdl)gm andU(1)y color temperature as well? In this paper, we will address this ques-

hypercharge. The color-flavor locked medium is thus transtiO" Py making perturbative estimates of the photon and

parent to this rotated photdd]. More recent studies have di_Iepton emissivities from dense superconducting _matter
addressed the question of reflection and refraction at the if¥ith three flavors of massless quarkise CFL phase While

terface of normalpairing-freé and CFL medid5]. Given a such perturbative calculations are strictly valid only at para-
finite (smal) temperature, a natural question would be to asknetrically large chemical potential, it is intriguing to ex-
for the blackbody radiation of the system, i.e., how much drapolate down to densities that are a few times that of nor-
block of CFL matter shines via emission of real photons ormal nuclear matter r(,b=0.16 fm ). In this way, our
dileptons(virtual photons. For photons, the answer is perti- approach attacks the finite density problem from the side of
nent to their propagation in the cores of neutron stars, whickarge baryon density and serves to complement studies of
may be sufficiently dense for formation of color supercon-emission rates from the low densithadronig side, ex-
ducting quark matter. A study of the temperature dependendended to include medium effects. Significantly, our calcula-
of the photon emissivities and mean free paths in the CFltion at finite density allows for finite temperature effects that
phase can determine how transparent this phase is at varioase possibly as large as the gaps in the CFL phase, conjec-
temperatures. tured to be several tens of MeV a;= 300-500 MeV.

Apart from consequences for specific physical systems Another issue we have sought to address in our analysis
like neutron stars, one ought to address the issue of photauf the dilepton emission rates is the viability of vector meson
and dilepton emission at varying temperature and baryodominanceVMD) at high density. Along the lines of Refs.
density as a general means to investigate different regions ¢27,28 we have included excitations describing fheneson
the QCD phase diagram, especially in colder and denser réa the CFL phase via an effective theory based on hidden
gions. The latter may be accessible to the HADES experilocal symmetry. Based on weak coupling analyses upto lead-
ment at GSI[6]. Small final state interactions make photon ing logarithm accuracy, effective Lagrangian approaches to
and dilepton probes important long lived signatures of theQCD in the CFL phase have proven to be useful with appli-
states of strongly interacting matter. Corresponding produceations to color-flavor anomalies, hidden local symmetry,
tion rates have been extensively studied for both hot hadand meson propertid27,29,30. Here, we use the effective
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Lagrangian to obtain the coupling of the meson to the where tard, = 2e//3g, ande andg denote the gauge cou-
rotated photon in the CFL phase and model its width in theplings of A, andG,,, respectively. The CFL quarks couple
dense phase via a Breit-Wigner resonance through its coyg the in-medium photo , with strengthe=e cosfeq, via
pling to two generalized pions. In this way, we recover VMD ihe vertex .

and show that the meson makes an important contribution

to the dilepton emission rate, much like in low density had- o 1 - -

ronic frameworks. (F“)gb:(Q)ng“:ﬁ[(KS)” Sab— 8" (Ng)anl ¥, (4

e2

K
H‘“’(K)IETrk’SVC'f’NG r#s k+ > s , (5

The organization of this paper is as follows. In Sec. I, we
compute the photon polarization tensor from the quark loop .
in the CFL phaseindependently confirming the result first SiNceQ=Q®1+1®Y, whereY represents the hypercharge
obtained in Ref[31]), and present numerical estimates for OPerator. In Eq(4), {i,j} and{a,b} denote flavor and color
corresponding dilepton and photon rates at finite temperatur@dices, respectively. The self-energy then takes the form
and for baryon densities down tg;=(3-5)n,. In Sec. Il

we derive the effective Lagrangian for the CFL phase, which K E)
incorporates hidden local symmetry, and show how the gen- 2

eralizedp meson arises as a dynamical gauge boson of this . .

symmetry. In particular, we address the fate of vector mesoMhere the traces are to be carried out over internal four-
dominance in this model, thereby determining the couplingnomentum k), spin (s), color (c), flavor (f), and Nambu-

of the generalized vector mode to the photon. Again, weGorkov (NG) indices. The NG trace is easily performed in
present the associated contribution to the dilepton productiodiew of Eq. (1), whereas the color-flavor locked structure of
rate. In Sec. IV we confront the combined emissivities fromthe condensate is conveniently unraveled using the projectors
CFL matter with prior estimates from in-medium hadronic asl34]

well as perturbative QGP calculations. We summarize and 1 1

conclude in Sec. V. C;'QE?;I&(SJ , Cézl'l')E E(gabgj_ Soy,

Il. CFL PHASE AND ELECTROMAGNETIC CURRENT gi_ L g i
CORRELATOR |: WEAK COUPLING Cap=75(0apd" + 30,) ~C3p - ©®

A. One-I hot If- . . - . .
NEe-I00p photon sefi-energy These projectors may be identified with the single{) and

The photon polarization tensor in color-flavor locked octet (Pg) ones[35] according to
guark matter to one-loop order was first derived by Litim and
Manuel[31]. For the sake of completeness, and as an inde- P,=C! Pg=C2+C8. (7)
pendent confirmation of their result, we provide here a cal- ) _
culation using a different quark basis than in R&f1]. In  Using the following trace relations:
what follows we adopt the notation of R¢B2]. We assume -~ e
all quarks to be massless. The self-energy receives contribu- e[ QP1QP1]=0=Tr; ([ QP;QPg]
tions from the diagonaldressed quasiparticlesand off- ~ ~
diagonal(diquark components of the Nambu-Gorkov propa- =Tre{Q(C*~C*QTP,],

, which dg33 A A C C
gator, which read§33] Tr, [OPOPg]=4=—Tr. [Q(C2—C3HBT(C?— C¥)],
G*(K) E(K)) @ ®

S(K):(EWK) G (K)

the self-energy of the CFL photon can be expressed in a
compact form as

where G*) !=G;-3*, I *=dTGJd*, with &

v — R[S MY = uv
~(het), ®~(Pdc), and Gp) HK)=K*uq¥o. e PO =2et GO =510 ©
denotes the charge conjugate partneryofThe off-diagonal  with
components of the matrix in E¢l) areE"=—-Gy P G~
With the convenient choice of SU(3) generatoF§=\g/2 v ol K e, K
~(\3/2Q  (Q=diag2/3~1/3~1/3) and T3 GEa(K)= 2 Tris| v*G7| kt 5| y'G k=53] |,

=diag{0,1/2,~1/2}, the mixing of the photon with the eighth (10
gluon can be described by the linear combinatif8tg

= uv —e K v —e K
5 . B (K)= 2 Tred Bkt 5|y E 7 k=3] |
A =A,cosbce — G, sinfce, (2 - (11)
~g ) 8 This result forlT#” explicitly agrees with that quoted in Ref.
G,=A.sinOcp t+ G, cosOck, (3 [31], cf. EQ.(27) therein. The subscript 88 indicates that only
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AZ
2

e ky-ko—1
. . . . . (ret)u _ 1" "2
passes the contributions of particles ) and antiparticles  ImII¥™) P > _—

the octet projection contributes. The sum oger+ encom- =2
3
T~ e1,6ep=% J

){5(%_ €1

(). As the antigap dependent pieces aris©t., %) only €1€2

[28], we neglect pairing effects for antiquarks in our calcu- —€,) (1= N;—Ny) +[8(qo— €1+ €,) — (o
lation of emission rates. Moreover, the antigap is gauge de-
pendent even for forward scattering of antiquaf86]. We

keep, however, the contribution from free antiquarks. This, in
particular, has the advantage of naturally recovering the

dilepton rate from the perturbati\xqaa annihilation process _Nz)( 1— @
for vanishing quark gaps, which is our baseline for assessing €16

+e1—€) (N1~ Nz)} _{5(%_ €1—€7) (1—N;

+[0(do— €1t €2) — (ot €1

the effects of pairing. The Dirac spin traces may be per-
formed explicitly using Eqs(45) and (95) of Ref.[32]. The —€,)](N;—N,)| 1+ @) ] (14)
four-momentum trace ovérinvolves a three-momentum in- €162

tegration as well as a summation over Matsubara frequenci§snere  the quasiparticle energies are denoted &y
in the energy componemd, within the imaginary time for- 72 K2 i > >
malism to igZorporgte firr:?(t)e temperature egffectz. This allows,, & +A-2 Wl-th fi=eiki—uq, arF]d ki=[K, ka=[a K| are
i o , , he quasiparticle momentdl;=f"(¢;;T) =1[exp(/T)+1]
to obtain explicit expressions for the various components 0L q the usual Fermi distribution functions, which becatne
I1#*(K) (see Ref[31] for detaild, which in the following  fynctions in theT=0 limit. The summation over all combi-
section will be employed to compute photon and dileptonnations ofe;=+ ande,=* generates a total of four con-
emission rates. tributions enclosed in curly brackets. However, since we ap-
proximate antiparticles as fre@ngappeyl the A2 term is
zero except fore;=e,=+. The physical interpretation of
B. Photon and dilepton rates the various terms is encoded in thdunctions, which deter-
. S . mine the on-shell kinematics of the procéssEq. (14), we
s s oot O tams nohing unctons of e o
> +e,t¢€,), as they do not contribute to the production of
sor, which in turn can be related to electromagn€ié!) 4 _sheli photons or lepton pajrdet us focus on the contri-
emissivitied 16,7]. The thermal emission rate of real photons p tion of the particles to Ifi. At zero temperature, Pauli

reads blocking enforces the distribution functions to vanish identi-
dR 1 cally, i.e., N;=N,=0. Thus the only contribution to the
Y _ _ . imaginary part arises from thé(qo—e;—€,) terms. For
Ty ImITe%(q.=q) fB . (12 ginary p Jo— €17 €
9o d3q (2m)° W(Go=0) T3(doiT), (12) vanishing gaffree quark gas energy-momentum conserva-

tion in the particle-hole excitation implieldl 2= — 2k, k,(1
+cod) [6=2(Ky,k,)], i.e., the response is strictly space-
while that for dileptongvirtual photons is given by like, which corresponds to standard Landau dampgiids
obviously remains true folf >0). For a finite gap, the re-
sponse sets in afy,>2A, the breakup of a Cooper pair act-

dRee ing as the threshold for excitations, as expected. More im-
=~ T IMI®%(q0,a)f%(qo;T), (13 portantly, the response extends into the timelike region as
d"q 127°M well, which again follows from energy-momentum conserva-

tion: choosing, e.g., cad=—1 (which is the optimal con-

5 _ figuration for a timelike respongeone findsM?=2(A?
where f (ZqO;T)fll[exp(qO/U—l] is the thermal Bose fac- ¢ ¢,— ¢ &) to be positive, thus allowing for photon and
tor, a=¢ /‘;77_ with e the usual electromagnetic charge, andgjiepton emission. These features are confirmed in Fig. 1,
M?=qp—q° is the invariant mass of the lepton pair. The \yhere Ini1(q,,q,A;T=0) is plotted versus energy at fixed
factor of o |mp||eS that we choose the prOjeCtion along thethree_momentunq:60 MeV and for various values of the
ordinary photon that couples to the dileptons. The imaginaryjap parameter.
part of the retarded photon self-energy, T4V =ImII" At finite temperatureN; ,N,+ 0 and thes functions with
+2ImIIT, is the weighted sum of its transverse and longitu-energy argumentg, ;= €, also contribute. The resulting
dinal projections(at the photon point, i.e., for vanishing in- response function as shown in Fig. 2 indicates a significant
variant mas?=q3—q?, I1- vanishes It is obtained from  relocation of strength from the spacelike to the timelike re-
[1#7(K) by performing the appropriate analytic continuation gion. Such a feature was also found in R&8], where neu-
to arbitrary complex values of the external frequeny’  trino scattering in the color superconductor has been studied.
=(,. The one-loop result for positivg,>0 then reads The 6 functions with opposing signs on the quasiparticle

energies are restricted to spacelid&, and are relevant for

the scattering of CFL photons off quarisandau damping in
e refer here to thémasslessrotated photon in the CFL phase the CFL phase In our context of photon and dilepton emis-
[37], which plays the role of true electromagnetism. sion, whereM?=0, these terms are of no direct concern.
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FIG. 3. Dilepton rates at finite gap and finite temperaiuvith
particles only. The rate vanishes as the gap goes to zero. The solid
line is theO(ag) estimate of the freeﬁ annihilation rate at the
same temperature and density.

However, we may note that the shifting of the responseial of u,=350 MeV (corresponding to a baryon density
strength from the spacelike to the timelike region implies theng=5.4n,, including massless strange quarkassuming a
suppression of scattering as compared to the free Fermi gasmperature dependence of the gap as inferred from BCS

[38].

theory,

To display the associated dilepton emission rates, it is

common to focus on the three-momentum integrated quan-

tity, which produces the invariant-mass spectrum

dRee _
dM?

J

d°q dRee
200 d‘q

(19

T 2

T (16)

The rather large variation in the considered gap values
(10-70 MeV) is motivated by the sharp curvature of the
above relation neaf .. For definiteness, using.=0.56\
with A;=150 MeV atu,=350 MeV (as suggested by both

The pertinent numerical results for the CFL phase based OBerturbative[39] and nonperturbativE3] estimate the gap

the one-loop photon self-energy, Ed4), are displayed in

increases from a few to several tens of MeV over a small

Fig. 3, where only the particle contributions are retained toange of temperature aroufic=80 MeV. The CFL rates are
highlight the impact of Cooper pairing on the emission rate'compared to free quark-antiquark annihilation at oralin
The curves have been evaluated for a quark chemical poten- baryon-rich QGP first computed in RéL7]
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FIG. 2. Imll at finite temperatureT=50 MeV, three-

momentung=60 MeV forA=0 MeV (solid), A=10 MeV (dot-
ted, A=30 MeV (dashedi andA=50 MeV (dash dottedd The
relocation of strength from the spacelike to the timelike region is(17) in the low-mass regionMl <1 GeV) [40]. Qualitatively, such
evident. This signals the possibility of dilepton emission.

dRqEﬂee
d*q
T
=——— fB(qy:T e2
4744 (% )q:;,d,s q

ot X~ (Aot 1) I TIX, +XH — prq I T))
X+ exi — (Aot ) [TIC+exid — 11 T])°
with a=e?/47 andx.. =exf —(qu*=q)/2T].? As characteris-

tic for soft emission rates generated from in-medium effects,
the gap-induced processes exhibit a much steeper slope than

the perturbativaqaannihilation, exceeding the latter towards

17

20One should note that perturbative corrections arising from new
processes allowed in a QGP at finite baryon density can give sub-
stantial enhancement over the Iowest-ort@(ag)] result of Eq.

corrections have a shape similar to those induced by finite gaps.
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FIG. 4. Dilepton emission rate including the antiparticle contri-  FIG. 6. Direct photon emission rates from gapped quarks in the
bution. (For A=0 MeV, the perturbativeyq annihilation rate is CFL phase at pairing gaps of 10 and 70 MgMI and dotted lines,
recovered. respectively.

small masses. It is straightforward to incorporate the leading=80 MeV) is plotted in Fig. 6 for different choices of the
(free) antiparticle contribution within the CFL one-loop re- gap value. In the following sections, we will compare these
sults by retaining the antiparticle projectors in the diagonarates to that from a hot hadron gas with in-medium effects
parts of the Nambu-Gorkov propagator. included.

Upon doing so we recover the limit of perturbatiq(eT
annihilation as the gap goes to zero, cf. Fig. 4, where also the!ll- CFL PHASE AND EM CURRENT CORRELATOR II:
additional processes due to finite pairing gaps have been in- HIDDEN LOCAL SYMMETRY
cluded. Whereas the gap acts as a threshold enajgy ( A. Generalized mesons and effective Lagrangian
=2A) in the response function, E@14), this is not so for

the invariant-mass spectrum, as there is no constraint on thﬁ Bey_ond the f‘)”e"ooP rbesultdfrom th_e pr:ecedlng segtlon, |
three-momentum transfer Nevertheless, the energy thresh- (€ existence of mesonic bound states in the vector and axia

old leaves its traces also in the invariant-mass spectra. ector channel In high denfslty _QCﬂ28] is expected to fur-
illustrate this point, we have magnified in Fig. 5 the region of "er affect the dilepton emissivity from dense low tempera-
very low massedV<0.2 GeV. An inflection point of the ture matter. The knowledge of the coupling of these modes to
rate is discernible aM=2A, below which a finite three- the electromagne_ztlc current afforo_ls us the opportunity to
momentum transfer is required, entailing a suppression cﬁomple.ment ;tudles ofd||_ept9n emission fr?m hot and dense
dilepton production. In fact, the rate with the smaller pairinghadronlc environments with “hadronic-type” rates from the

; : igh density side. Starting from a suggestion made in Ref.
I[gjgi[;;ven exceeds that with the more tightly bound Coop 28], we will here adopt the hidden local symmetiyLS)

The photon emission rate, Ed.2), from the CFL phase at app_roac,h to construct the coupling of these so-called “gen-
the same density and temperaturg. €350 MeV, T irahzed vector mesons in the CFL phase to the photon field.
s an effective low energy theory, the HLS framework de-
. — — T LA B B , — termines the couplings between generalized vector and pseu-
i 1 doscalar mesons, the latter being the Goldstone modes of
" A=40 MeV i chiral symmetry breaking in the CFL phase. This feature also
- A=70 MeV E provides the answer to the question of whether dilepton pro-
N ] duction through the generalized vector mesons overlaps with
RN 1 the quark one-loop description of the preceding section. It
> E turns out that the quark-basédeak coupling analysis, car-
R ] ried out to leading logarithm accuracy, does not support a
SRR 1 coupling to the generalized pseudoscalar statesugh it
| may be finite at next-to-leading ordeand, moreover, the
3 coupling of the vector excitation to the physical vector cur-
] rent is zero[28]. Therefore, the decay of the generalized
vector mesongor, equivalently, the annihilation of general-
10" o o o T 1213 16 15 2 22  ized pseudoscalar mesomsids to the dilepton rate, indepen-
dent of the one-loop result of the preceding section. The HLS
framework allows us to determine the coupling of the gen-
FIG. 5. Dilepton emission rate in the very low mass region. Aeralized vector mesons to the electromagnetic current, and
smooth turning over seems to occurhMt=2A. hence the contribution to the dilepton rate.
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The idea of interpreting low-lying vectdand axial vec- symmetry-breaking pattern implies the emergence of eight
tor) mesons in free space as dynamical gauge bosons of @oldstone bosons corresponding to SU(3)valued con-
hidden local symmetry originated in Refdl2—-45. densate rotations of the form &59"™ with associated

A particular advantage of this framework becomes apparyroup generatorg” (A=1,...,8). Inwhat follows, we will
ent in the conventionglSU(2). ® SU(2)r]giobal NONliN€aro  assume the CFL ground state to be invariant under the parity
model, where the electromagnetic interaction can be implegansformation. We introduce unitary fields corresponding to

mented as a global gauge symmetry, coupling to global isoshe individual left- and right-handed rotations, characterized
pin charge, distinct from thénidden) local SU(2), charge to by expectation values

which the p meson couples. This separation of the photon

source from the meson allows for a natural explanation of (Prai)= —(Prai) = %ai. (19

several phenomenological fagsich agp meson dominance S ) i

of the vector coupling to pions, KSRF relations, and univer-Which implies ;= —«, in Eq. (18), and fixes the overall

sality of the p meson coupling at the cost of fixing one U(1) phases in

parameterthe universal vector coupling constant —2idLR
In weak coupling, thécomposit¢ generalized vector me- b p=¢ ULr(X) 20

sons in the CFL phase are distinct from the screened ang} e.g.(#.)=0 and(¢g)=m/2.* The generalized left- and

Higgsed gluon$28]. Could they be the realization of a hid- right-handed SU(3) fields can be parametrized by
den local symmetry, besides the explicit local color symme-

try? If the Cooper pairs have finite size, there is, strictly UL(X):eZiwL(x)/FTr’ (21)
speaking, no hidden local invariance in the order parameter
apart from explicit color symmetry. However, we will work
in the zero-size approximation, in which case the condensate
does indeed exhibit a hidden local symmetry correspondin
to the unbroken color-flavor SB8) group? Just like thep

U R(X) — eZi WR(X)/Fﬂ.’ (22)

gvherew,_,R= w’,_*'RTA, and the SU(3) generators are normal-
meson in case of hidden local symmetry at zero deduy; ized as TrT"T?) = 5*%/2. At this point we have doubled the
the vector mesons of the CFL phase are composite an|aumber of colored(generalizegl Goldstone bosons repre-
heavy. In this respect, our hidden gauge approach is differerg€nted by the SU(3) pilasesirtd)[ andUg. ;I'he I?tter trans-
from Ref. [29], wherein the local SU(3)was the hidden form underG asU, —gc U, g a”dUR_fch_JRgR’ respec-
(colon gauge. In the following, we construct an effective tively. The following further decomposition:

Lagrangian for the Nambu-Goldstone bosons arising from

_ T
the spontaneous symmetry breaking, with the vector mesons UL() =& ()€(x), (23
introduced as gauge particles of the unbroken local symme- T
try. As in the vacuum case, they are rendered physical de- Ur(X) = £c(X)€r(X), (24)

grees of freedom by postulating a kinetic tetassumed to
be generated at the quantum lgyathich does not affect the
low energy dynamics of the theory.

To start the derivation of the HLS Lagrangian in the CFL

then makes explicit the additional invariance under the hid-
den local symmetmh e [ SU(3)c. | +rliocals

T T 1
ground state, we recall that, formally, a nonlineamodel £e(X)— £ () (%), 29
based on the coset manifold/H is gauge equivalent to
another model WithGgopa® Higcat Symmetry, and that the €LROO=h0OOEL R(X). (26)

gauge bosons corresponding to the hidden local symmetry
Hioca are composite fields. For the CFL phas§
=[SU(3)c®SU(3).® SU(3)r]giopal and H
=[SU(3)c+| +rlioca- In terms of (right-handed quark
fields, the explicit form of the order parameter reads

e will fix the local SU(3)., . +r gauge by choosing
gI(x)=§,_,R(x)E§(x). It follows that 77 = 7wg, so that we
recover the expected number of Goldstone bos@igh?).
This simply means that color locks to the flavor diagonal so
that left- and right-handed “pions” are the same. In this way,
o 1 o o we implement the description ofgeneralizeyl pions as
<qg|’aqg]ﬁ>:E(CT)/5PR)&,3(K15aI5b]+Kzﬁa]b‘b'), phases of thecolored diquark condensate, and avoid an
explicit appearance of the gluon fields in our effective
(18) theory® With this realization, one introduces a vector gauge

where {a,b}, {i,j}, and {a,B8} denote color, flavor, and

spinor indices, respectivelyC, charge conjugation matrix;  4e will not include in our low energy description the breaking of
Pr, right-handed chiral projectbrAn equivalent form ap- (1), z, associated with baryon superfluiditid (meson or the
plies to the left-handed fields. Following Ref27,28, this  anomalousU 5(1) current ¢;' meson, as they are not relevant to
the problem at hand.
5In other works, it was the fieldl = UIUR that mapped the meson

3A similar caveat holds for effective field descriptions of hadronsoctet, with gluons acquiring a mass via the gauge fixing of color as
in the nonperturbative vacuum; it may be overcome by higher-ordethe hidden local symmetry. This integrating out of gluons led to an
terms in the chiral perturbation series. identification with the effective chiral Lagrangian at zero density.
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field V,, that transforms inhomogeneously under the hidden 1 5 -
local symmetry parametrized y(x). Since the gauge fields Qvymm= 5 10T, Mr=argy Fr. (31)
may be viewed as connections in the coset manifold, we can
define the gauge covariant derivative as 1
2 2 2
— : =-a , Mmg=a Fs. 32
D, &(X)=3,E(x) —iV ,&(X). 27) Qvmn= 5 8s Us s=as 9s Fs (32

The effective Lagrangian for the CFL pions is now as-

; - We note that, apart from Lorentz symmetry breaking, the
;e[néﬂc(a‘g)iciTRl]?o\g;a(rF\)tjri?yr)](,jer SU@)SUE)eSUR)k effective Lagrangian, Eq30), is formally identical to that

X obtained at zero density with hidden local symmetry for the

T chiral SU(2), subgroup. For the numerical calculations pre-
Lets=— 7 TH(Do"- €~ Doé- £)? i

4 sented below, the value gf will be taken to be that of ..
in vacuum® We will show later that the four-dimensional
transversality of the photon self-energy requiggs=gr.
Both the mass of the vector field and its coupling to two
generalized pions depend on the parametgrand ag. A
suggestive choice will emerge when we introduce electro-
magnetism into our effective theory. This is our next step so
as to assess the coupling of the generaligeslitra) vector
mesons to thgmodified photons with application to EM
spectra.
The true electromagnetic gauge boson in the CFL medium

Fz
— 4 TH(DiE" 6D ¢)

F2 |
—ay TH(Dog"- £+ Dok £~ 2iV,)?

F2
—asZSTf(DifT- E+Dig €T -2iV)P+ - (29

where the breaking of Lorentz invariance of the finite density, n ~ . o L~
ground state is reflected by individual temporal and spatial® e modified photonA&,,), with a modified couplinge to
constantst; and Fg, respectively. The first two terms of ~charged degrees of freedof, is the gauge field associated
Eq. (28) reproduce the kinetic term for the pions, while the with local U(1)s phase transformations on th# r fields.
other two(proportional toa andag) vanish identically uti-  Noting that this is equivalent to a simultaneous transforma-

lizing the equation of motion for th¥, field, tion &— & Q% ¢ —¢e9YSN we see thatU g
a ) a + + transform as
Ve =—iTr{T%(d,£"+a,676). (29) ) )
As in the zero-density case, the vector field propagates by UL r—€°0U ge*C, (33

postulating a kinetic term assumed to arise from interactions o

on the microscopic QCD level. This does not affect the limitWhere we have useQ= —Y for multiplication from the left.

of low energy dynamics that the effective Lagrangian is aim-1hus, the covariant gauging with electromagnetism can be
ing to describe. The ellipsis in E@R8) denotes higher-order achieved via

and possible mass terms of heavier excitations consistent

EM ZEA
with the CFL symmetries, which we ignore. With the addi- D, ér=0d,ué1T1e6AQ, (34)
tion of the gauge kinetic term, and expanding upQitp?) Eu -
(p, momentum of the pion fieldwe have D, ¢ =d,é Tie&t AQ (35
1 v? ar a - —
_= 24 T 2y ST L 95y, (the superscript * denotes complex conjugatiohhus the
Lei=5 (dom™+ 5 (Gm)"+ 5 Vo mX dom ZSV' 7 effective Lagrangian, Eq30), with electromagnetism incor-

porated becomes
] E 2\\/2 l N 32
Xdimt 5 (arFp)Vot s (asFg Vit 22 (Foi)

2 1 2emi . 2emi __
T ﬁgf'\?:ﬁeff_z(lzﬁy)z_ TVng_ _SViS i
L V3gr V3gs
——(F2+..., (30 22 2,2
Zgé ij +£4e mTNo 346 m5~|2
where we define the standard field strength tenSgy, 2 3¢} 2 393
=¢9MVV—<9VVM+VM><VV.7 Upon rescaling the vector fields,
Vo— g1V, Vi—gsV;, we identify (aT—Z Rt A
| 7= | €AalaBsT o
V3
50ne hasFg/Fr=v,.=1/\/3, wherev . is the velocity of the )
Goldstone modeg30]. To leading logarithm accuracy, the pion de- _ as— E‘AifABsﬂ'A&i Bt (36)
cay constanf =,/ [28,30,35,4% J3

"Here, boldface notation indicates an eight-component vector in
flavor space with the cross and dot products to be readVas (
XV)a=fapcVBVC and V- V=VAVA with f,gc the antisymmetric  SAnother estimate oy may be obtained by a study of the four-
structure constant of the SU(3) group. pion vertex by integrating out the fields in the infinite mass limit.
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It obviously exhibits generalize@®-y mixing (V& is as- with a=e?%4x, f” the thermal Bose-Einstein occupation

signed the generalized neutgameson. Vector meson domi-  factor, andD*" the in-medium propagator of the generalized

nance(VMD), i.e., the absence of a direatry vertex, is p meson, which is summed over its longitudinal and trans-
recovered fomy=ag=2, in analogy to free space, where it verse polarizations to obtain the rate. The form of this propa-
successfully reproduces the empirigaldominance of the gator follows from inverting the equations of motion for the

electromagnetic pion form factor. Such a parameter choicepatial and temporal components of the figlg,

thus seems natural on account of the formal resemblance of

the CFL and vacuum case at the level of the bare effective Pr” P g“q”

Lagrangian. On the other hand, it has recently been arguedDW: > 2T 2 2 2 2 o

N - M?—m q g°  m7do—msq
[47], based on a one-loop renormalization group equation S Mz—m§—0+m-2r— THo s
(RGE) analysis, that VMD(for N;=3) is only accidentally M? M?

realized in the chirally broken phase at zero density, and that (41
it does not hold towards the phase boundary of chiral resto- o
ration. The CFL phase, however, aspriori of a rather dif- Here,P, andP are the standard longitudinal and transverse
ferent nature(i.e., its symmetries and physical excitatipns Projectors for photons in matt¢48]. We note that fomy
so that VMD cannot be precluded by the perturbative argu=Ms=M,, this propagator reduces to that for the massive
ments invoked in Refl47], spin-1 field in the covariantLanday gauge,

With VMD enforced, the mass eigenstates of the photon

. . . Y7
anq thg vector meson fields follow from E@6) via diago- DHr— _ghry a7q _ 42)
nalization, M2— mg‘ mg‘
—-1/2
4. ~ 2~ Though we have made a particular fixing, th
| q2a 2 =8 g particular gauge g, the gauge
B.,=|9°* 3¢ 9AL+ 3 eVl (870 harameter would appear only in tia#q” term of Eq,(41).
and, therefore, not contribute to the rate by transversality of
4 1/2 2 the photon. The rate is a gauge invariéoibservablg quan-
Wﬁ= 9+ §§2 gvi_ —eAl |, (39 tity, driven by the imaginary parts of the longitudinal and
V3 transverse modes, i.e., spectral functions. The transverse
propagator has a pole &l =mg, while the longitudinal
> 2 _ ol 2, G2 propagator admits two positive definite solutions. These are
mg=0, mys=aF g+ 3 e ) (39 given by
whereg=gr,F=F for u=0 andg=gsg, F=Fgfor u=i. m3 m2—m3
2 mixi mi=—|1=\/1-4q? : (43)
We see that p-y mixing spontaneously breaks £7 m?
S

[SU(3)]hidden® U(l)Q down to U(l)EM .

We have thus shown that the HLS framework, which hasy g m;>ms (cf. footnote 6, there exists a limiting three-

proven successful in the chirally broken vacuum state, can bl%omentum : _ 2 — .
; . . = . ) given bya= mS/(Zx/mT2 mzs) beyond which
implemented into théchirally broken,Ny=3) high density the longitudinal mode is damped. The lower mode, corre-

color superconducting ground state as well. Tgeneral- sponding to the choice of the negative sign in the above

ized p meson emerges as a resonance of generalized twQ: - . _ )
pion states, with its mass and width determined by the effec%quat'on’ vanishes af=0, where it has zero strength, and

tive Lagrangian equatiof36). We are now in position to only the upper mode persists, becoming degenerate with the

evaluate its contribution to the dilepton emission rate intransverse part, as it must in the rest frame.
P We may view the longitudinal mode as having an energy-
dense CFL matter.

momentum dependent self-energy by decomposing the in-

verse propagator as
B. Dilepton and photon rates

. . . 2 2
Adopting the VMD hypothesis for the coupling ¢feal > 2 I RS
and virtua) CFL photons to the generalized isovector me- M _mSW+mTW=M —ms—2.(M.q), (44
sonic current(as motivated in the preceding sectiptthe
electromagnetic correlation function can be saturated by the o
0 . .
p° meson. The pertinent dilepton rate, E¢3), then takes EL(M,q)=—(m$—m§)—2. (45)
the form M
dRee a o~ (mp)4 00, We impose retarded boundary conditions by continuing the
2~ =3 @A) —5 9o IMD™(M,q) 1/M?2 factor asgy—qo—ie. To illustrate the above features,
d*q 3mM o7 . 0 . .
we insert a smallfinite) imaginary part into the self-energy
(mg)* and display the real and imaginary parts of the longitudinal

(40)  propagator in Figs. 7 and 8, respectively, for fixed values of
the massesnis=500 MeV andm;= \3my).

+———g; ImD'(M,q)
Os
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We can go beyond the mean field results, &), by
including loop corrections from the coupling of theto two
pions. In that case, the imaginary parts of ftheelf-energy
diagram(decay width are ascribed to thgmr interaction,
which we evaluate according to therm matrix element
determined by Eq(30). The self-energy is generated to one-
loop order from the squared matrix element integrated over
available phase space and summed over final states,

1
_|m2mr(%aQ):§zf f dHf (T*)a (48)

with the reduced matrix elemeft=ig, €, (29+K),, €,
the p polarization vector, and,,,=dr,s for =0, respec-

tively. Focusing on the decay of thé® component %),
which alone couples to the photon, the only nonzero anti-

FIG. 7. The real part of the longitudinal propagator as a func-
tion of frequency for different three-momergaat fixed massemg
andm; . The upper and lower modes are degenerate=ad,,,,, and
separate with decreasimg

symmetric structure constants &® and 48 representing
two independent decay channels, which must be added inco-
herently. The imaginary part of the components of the self-
energy as computed from EG8) are then

For g approaching.x (=176.5 MeV with our choice of
massekp the two modes merge, while for smallgthey are
distinct. Forq=0, only the mode degenerate with the trans-
verse part survives. The retarded boundary condition renders

IS 2. (M)=Im. (M) (PP+PP),

Ims% (M)=ImsE_(M)Im=T_(M)(PY+PY),

the spectral function Im2!_(M)=ImsT_(M)(P] +P}) (49)
A (0)==2 ImD () (46)  With
g2 M2
a positive definite quantitywhich directly figures into the |m27Lm(M)= _ 2T ,
EM rates, even though the lower<) mode has a negative 32m
discontinuity. We have checked that the spectral sum rule for 2 12
the two longitudinal modes ImsT (M)=— 9s (50
w 32
= d
f z—wa)A,_(w)=1 (47)  We now see that the self-energy is not transveigg>("”
e #0) unlessgs=gs. This observation enforces the equality
_ of the two couplinggdenoted henceforth byg), and there-
holds for independent values of; andms. fore the equality of the self-energiésenceforth denoted by
3, .- The self-energies are resummed through a Schwinger-
0-0008 ' ' T Dyson equation, yielding longitudinal and transverge
i [ q=175 propagators of the form
E q=150
0.0006 — q=75 . 1
- [ o= D.(M,q)= 5 . '
o 1 MZ-m2 0 2 T Res iy
Z 00004 j'\ - SMm?2 M2 i i
Q_] ,'\.,'I l| (51)
£ oot
! '
0.0002 |- ! : . 1
: » D+(M,q)= . 52
. M= e e e 2
1 P H
0 e L \hd s L}’ZLI“' P R

FIG. 8. The imaginary part of the longitudinalpropagator for
fixed mg, my, and various values for the three-momentgnThe
upper (+) mode is dominant except whenis very close toqax

=176.5 MeV.

q, MeV)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

The real parts of the self-energy are more involved and could
be obtained from subtracted dispersion relations. We will as-
sume that they do not significantly alter the pole structure.
Combining Eqgs(40), (51), and(52) provides an expression
for the thermal emission ratéas a function of the four-
momentumg*) from the p contribution. Numerical integra-
tion over three-momentum yields the ratB/dM? as a func-
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FIG. 9. Invariant-mass spectrum from the longitudif@dshed FIG. 10. Dilepton ratédashed lingincluding the peak from the
and transversgdotted modes of propagation of the meson in the  generalizedp meson for u,=350 MeV, T=80 MeV, and A
CFL phase (pion massm,=10 MeV) for uq=350 MeV, T =10 MeV. The solid line represents the freg annihilation rate at

=80 MeV, andg,,, set to the vacuum value of 6.0. The broad order o2 at that temperature and density. Thepeak enhances
peaks of the longitudinal and transverse mode are distinct and dissignificantly the rate from the paired quarks.
cernible around 475 MeV.

IV. COMPARISON TO LOW-DENSITY APPROACHES
tion of invariant mass, cf. Fig. 9, where we also included a

finite pion mass. The pion mass arises from a nonvanishing The evaluation of the electromagnetic emissivities in the

current quark mass matrix and has been estimated at arouR¢€vious two sections applies to densities large enough to

m,~10 MeV to leading log accuracy within a Bethe- SUPPOrt the formation of superconducting quark matter. More
m .pr ..

Salpeter approach for the pionic bound state eng2gy. It specifically, we assumed the Cooper pairing to follow the

simply introduces an extra phase space factor of (1symmetry patte.rn of color-flavor Iocking.' Towards Iqwer
—4m2/M?)32 into the imaginary part of the self-energy, chemical potentials the color superconducting matter will un-

which leads to a notable suppression of the rate only fopergo a(pOSSibly first-order transit_ion_ into ordinary had-
invariant masse8 <50 MeV. Beyond that, th12 depen- ronic matter® which, nevertheless, is likely to occur at den-

dence of the(imaginary part of the self-energy causes a sities well above that of normal nuclear matter where
. ginary p gy ; hadronic medium effects will be substantial. A natural ques-
slight downward shift of the transverge peak below its

. - _ ; _ tion to ask then is, how the CFL emissivities compare to
nominal mass al =ms (this feature might not persist upon eqits from dense hadronic phases at low temperatures,

inclusion of corrections to the real part Bf). A close in-  \hich should be thought of as an extrapolation from the
spection of the denominator in the longitudinal propagatoligyy.-density side. Similar comparisons have been discussed
reveals that it also peaks somewhat belbv=ms in the  pefore for both photon and dilepton rates at large tempera-
invariant-mass spectrum. For very lary((>1 GeV), the  tyres (T=150-200 MeV) with [24,49 and without
ratio of the rategtransverse to longitudinalapproaches a [41 25 2§ the inclusion of baryon density effects. The low
constant value of 2, as expected. Numerical valuesigr  temperature and high density dilepton castor T
andmy follow from Eqgs.(31) and(32) with VMD enforced  _gg MevV andng=3.5n, corresponding to a quark chemi-
(ar=as=2), andF given to leading logarithm accuracy by ca| potential ofuq=290 MeV) is exemplified in Fig. 11,
[28] where the CFL ratesthe combined contribution from the
previous two sectionsare confronted with in-medium had-
ronic calculations based on Refg4,50, as well as the per-
e w? 8x3+ m[1—exp(— 2xo)] 372

~ s X:—
T2 4XS+772 0 \/Eg

. (53

%For realistic values of the strange quark mass)s
=100-150 MeV, the CFL phase might well turn into the two-

. . L . flavor superconductof2SO before hadronic matter is recovered;
The magnitude of the generalizgdmeson contribution is the one-loop photon self-energy for the 2SC state could be calcu-

compared to the perturbative quark rate in Fig. 10. Thateq along similar lines as done in Sec. Il, whereas the HLS con-
former dominates over the latter in the invariant-mass regioRrction of Sec. Il does not apply due to the absence of chiral
up to about 0.7 GeV, emphasizing the role of composi€e,  symmetry breaking. On the other hand, if the 2SC window on the
generalized mesonidegrees of freedom. Even the one-loop uq axis does not exist, the possibility for a continuous transition

CFL corrections to the quark rate as calculated in Sec. Il cafrom CFL to hadronic matter has been raised. Such a scenario

compete with the effective theory results only for sufficiently would in fact corroborate the evidence for duality, which we are
large pairing gaps, cf. Figs. 3 and 5. about to discuss in terms of the electromagnetic response.
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FIG. 11. Comparison of dilepton rates in the in-medium had-  FIG. 12. Photon rates from CFL quark matter and a dense had-
ronic and high density approaches, suggestive of a quark-hadromnic environment at equivalent densities.
duality picture holding in dense matter.
difference in spectral strengths for vector and axial vector

tinent lowest-order results, i.e., perturbati@s(ag) qa as correlators,

well as freer™ 7~ annihilation. The latter two are obviously de@ 1
very different in shape, but upon the inclusion of interac- fsz_J’_O = [ImITy(qo) — IMITA(Qo)] (54)
tions, it appears intriguing that the rates from the two, in T o

rinciple, very different ground states exhibit a remarkable . .
!coenderr)wcy to goincide wi?hin a factor of @omewhat more and has been shown to hold in the_megilum as ). .A
towards very low masses below 300 MeV oj.sbhis agree- near degeneracy OT IH\/ and Intl, implies a small pion
ment opens the possibility that the dilepton signal from thed€cay constant. This discrepancy has been resolved in Ref.
baryon-dense hadronic phase smoothly matches the descr -4]'_ being .assomat(.ad with genuine two—‘loop dlagrams n-
tion within the plasma phase, i.e., the “bottom-up” and “top- VOIV"lg an.mtermedlate' gluon propagatlbldumbbell ,d'a'
down” extrapolations support the emergence of duality, ~ 9ram’). Naively, these diagrams are of higher ordegjbut

Another important issue in this context is the one of chira/@? infraréd singularity in the gluon propagator, being regu-
symmetry restoration. This obviously requires an evaluatiof2t€d Upon resummation by the standard Debye Meissner
of the axial vector current correlation function. Although chi- MaSSes, turns them in@(g") contributions. This lifts the/-
ral symmetry in the CFL phase is broken, it has been found* degeneracy and restores the sum rule (B4). _
in Ref. [28] that, to leading logarithm accuracy, the masses Finally, tuming to thermal photon production, Fig. 12
of the generalized vector and axial vector mesons are degeRONTONts rates from the CFL phase with in-medium hadronic
erate,My=M ,=2A(1—e /92 with C=(3— y3)72\6. results[24]. He_re, too, the ‘emission pattern from_ the dens_e
This is possible due to the more involved symmetry breakin uark system Is quite similar to that computed in hadronic
pattern(as compared to the usual vacuum gasich, e.g., cenarios.
does not require a finite value for the two-quark condensate,
but only a nonzero chiral four-quark condensate. In the lead-
ing logarithm approximationp-a, degeneracy is also con- | this paper we have investigated the electromagnetic
sistent with our earlier statement that to this accuracy, thergasponse of color superconducting quark matter for three
is no coupling of the vector current to two-pion states. Al-massless flavors in the so-called CFL realization. Two ap-
though the simplest version of the HLS approdel con-  proaches were pursued to calculate the EM current cor-
structed in Sec. I)ldoes not incorporate explicit axial vector rg|ator.
degrees of freedom, it can be accordingly extenfiztl, The first one consisted of a perturbative one-loop calcu-
which will not be attempted here. We, furthermore, note thaiation in terms of the appropriate quaffkole) quasiparticles.
model calculation$2,3] indicate certain chiral breaking ef- |y contrast to the free Fermi gas case, where imaginary parts
_fects in the CFL ground state to be sut_)stantially weaker thaarising from Landau damping are purely spacelike, the pres-
in the vacuum. For example, “constituent” quark massesence of finite quark gaps induces a nonvanishing strength
turn out to be about an order of magnitude smaller than th?imaginary paitin the timelike region, thus opening up the
pairing gapsA=100 MeV. On the other hand, the pion de- possibility for dilepton production. More quantitatively, tak-
cay constant, which also constitutes an order parameter Qg as a baseline the free quark-antiquark annihilation pro-
spontaneous chiral breaking, is parametrically large? ( cess, quark gaps on the order of 50 MeV lead to appreciable
=3 Fi=uilm?), ie., ofO(g°ud). Thus the question arises contributions in the three-momentum integrated dilepton rate
how this can be reconciled with the Weinberg sum r{ie. up to invariant masses as large as 400 MeV.

One of them relates the pion decay constant to the integrated The second approach was based on effective field meth-

V. CONCLUSIONS
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ods utilizing the notion of spontaneous chiral symmetrybody excitations, andi) a rather structureless “continuum”
breaking in the CFL ground state. After identifying the suit- beyond invariant masses of about 0.5 GeV. This extends the
able set of eight generalized Goldstone bosons, a chiral Lazotion of “quark-hadron duality” into the baryon-dense re-
grangian has been constructed with massive vector mesogsme at low temperatures, similar to what has been suggested
introduced using the hidden local symmetry technique. Vechefore for the high temperature case. Our analysis can and
tor meson dominance arises as a natural parameter choiggould be extended to the 2SC phase, as well as the crystal-
within this framework. The resulting dilepton rates, corre-jine phases of dense QCD at low temperati®,56. The
sponding to the annihilation of generalized pions via generresylts should prove useful for a way to probe and discrimi-
alized p mesons, receive contributions from both the spin-nate the features of the QCD phase diagram at low tempera-
transverse and -longitudinal modes, the former beingyre and moderate densities in a way that complements de-
dominant at all invariant masses. Both modes have a typicahjled hadronic calculations. Optimistically, one may even
mass around 500 MeV. hope to use electromagnetic signals in future heavy-ion ex-

Furthermore, we argued that the absence of a pion coyseriments for a potential access to the high density regime at
pling to the vector current in the leading logarithm approxi-moderate temperatures.

mation implies that both perturbative and effective Lagrang-

ian contribution add to the EM correlator. Extrapolating the

obtained dilepton rates dqwn to moderate densities, we find ACKNOWLEDGMENTS

them to be comparabléwithin a factor of 2 or sp with
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