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Electroweak physics for color superconductivity
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We construct the effective theories describing the electroweak interactions for the low-energy excitations
associated with the color superconductive phases of QCD at high matter density. The main result for the 3
flavor case is that the quasiparticle Goldstone bos®mlecay into two physical massless photons is identical
to the zero density case once we use the new Goldstone decay constant and the modified electree charge
=e cos6, with tand= 2e//3g, andg, the strong coupling constant. For 2 flavors we find that the coupling of
the quarks to the neutral vector bosthis modified with respect to the zero density case. We finally point out
possible applications of our result to the physics of compact objects.
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I. INTRODUCTION gies, such as ther or the vectorp, and new effective
Recently quark matter at very high density has attracted aagrangians of the type described in Rgf] are needed.
great flurry of interesf1-7]. In this limit, quark matter is Another set of relevant constraints is provided by 't Hooft

expected to behave as a color superconddt@. Possible  anomaly matching condition$10]. In Ref. [11], it was
phenomenological applications are associated with the deshown that the low-energy spectrum, at finite density, dis-
scription of neutron star interiors, neutron star collisions, anglays the correct quantum numbers to saturate the 't Hooft
the physics near the core of collapsing stars. global anomalies. It was also observed that QCD at finite
In a superconductive phase, the color symmetry is spondensity can be envisioned, from a global symmetry and
taneously broken and a hierarchy of scales, for given chemianomaly point of view, as a chiral gauge the¢iy,13. In
cal potential, is generated. Indicating wih, the underlying  Ref.[14] it was demonstrated, using a variety of field theo-
coupling constant, the relevant scales are the chemical poteretical tools, that 't Hooft anomaly matching conditions must
tial w itself, the dynamically generated gluon masg.,, hold for any cold but dense gauge theory.
~gsu and the Gap paramete:r~(,u/gg)e*”"gS with « a In this paper we construct the electroweak interactions to
calculable constant. Since for high the coupling constant complete the low energy effective theory describing quantum
gs (evaluated at the fixed scale) is <1, we have chromodynamics with two and three flavors at high density.
This work can be considered as the first step for properly
describing the phenomenology associated with electroweak
processes stemming, for example, from the core of some
neutron stars which may be dense enough to be in a two,
Massless excitations dominate physical processes at very lothiree, or both flavor superconductive phagks).
energy with respect to the energy gay)( Their spectrum is Some possible implications of electroweak interactions in
intimately related to the underlying global symmetries andcompact objects for 3 flavors QCD at high matter density has
the way they are realized at low energies. They also obepeen also partially investigated in RE€16]. The low-energy
low energy theorems governing their interactions which cartheory for two flavors without considering electroweak inter-
be usefully encoded in effective low-energy Lagrangiansactions is provided in Ref.17] while the one for three fla-
(such as for cold and dilute QCIB]). It is possible to order vors has been developed in REE8]. We use the nonlinear
the effective Lagrangian terms describing the Golstone boframework[19] to construct the low-energy theories.
son self-interactions in number of derivatives. The resulting First for the three flavor case, we include the QED inter-
theory for dilute QCD is named chiral perturbation theoryactions and complete the low-energy theory by implementing
[8]. Unfortunately this well defined scheme is not sufficientthe global anomalies via the Wess-Zumino-Witten term. This
for a complete description of hadron dynamics since newopological term is essential when describing the time hon-
massive hadronic resonances appear at relatively low enesred 7°— yy process at finite densitj20].
By considering in detail the axial anomaly at the funda-
mental level and by comparing it with the gauged version of

A<mg|uon<,u,. (11)

*Email address: roberto.casalbuoni@fi.infn.it the Wess-Zumino term we demonstrate that the coefficient of
"Email address: zhiyong.duan@yale.edu the topological term is the same as zero density. The only
*Email address: francesco.sannino@nbi.dk place where the finite density effects enters are in the redefi-
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nition of the electric charge which is now given eycos hibits the further breaking of the remaining vectorlike sym-

with tand=2e/\/3gs and in the high density value of the Metries such abl,(1).

Goldstone bosons decay constant. Our result stems directly Turning on low baryon density we expect the theory to

from the nature of the Higgs mechanism of the color Superremain in the confined phase with the same number of Gold-

conductive phase and it is at variance with the result prestone bosong.e., 8. Evidently the 't Hooft anomaly condi-

sented in Ref[20]. We briefly comment on the nature of the tions are still satisfied. At very high density, dynamical com-

discrepancy. putations suggest[3] that the preferred phase is a
In addition to the importance of the®— yy process per superconductive one and the following ansatz for a quark-

se and its phenomenological consequences when investigdtuark type of condensate is energetically favored:

ing possible quark-type stars featuring a color flavor locking s

(CFL) core, the topological coefficient term is also critical € <CILa;a,iqLﬂ;b,J>~k15ai5bj+k25aj Sbi » 2.1

when considering the solitoniSkyrme solutions of the ef- e ) . )

fective Lagrangian. In fact now we have the same windingand a similar expression holds for the right transforming

number as for ordinary QCD and hence we get massive eields. The Greek indices represent s@indb denote color

citations, which after collective quantization, describe spinVhile i and j indicate flavor. The condensate breaks the

half particles with quantum numbers identical to the ordinaryd@uge group completely while locking the left-right transfor-
baryons. This is the actual realization of the quark-hadrofations with color. The final global symmetry group is
continuity [6] advocated for the baryon-type sector of theSYe+L+r(3), and thelow-energy spectrum consists of 9
color-superconductive phase. We then introduce the elede0ldstone bosons. Before constructing the Lagrangian for
troweak interactions for 3 flavors. the true massless Goldstones it is instructive to introduce the
Next we generalize the effective Lagrangian theory for 2/€ft and right transforming fieldgl8]
flavors presented in Refl17] to describe electroweak inter-
actions. We observe that the Lagrangian not only reproduces L—9iLge, R—grRY, (2.2)
the physical eigenstates for the photon and the eighth gluon . .
[4] but also predicts a modified coupling of the quarks to the}[’;’]here L/R parame;nfr(]as the dGoIdstoile boson; dnduged by
neutral vector bosod® with respect to the zero density case. ﬁ.l appeasrzange (]2 Ie (':I'?wn ens@e ). 3'—’36 ; '-(’jR( )'b
The physical effect, which is our main result for the 2 flavor W€ ?CE d( I) of color. The covariant derivative describ-
case, is not suppressed with respect to the zero density wed}@ color and electromagnetic interactions is
processes. On general grounds we expect this result to affect

the quark stargwith a 2SC componejtcooling processes

[21] via neutrino emission. In particular we have in mind the . . .
neutrino transparency question directly related to the mea‘rq”th (n%—dlag (2/3-1/3,-1/3) the prdlnary quark_ charges,
gndT the generators for color which, for convenience, are

free path of a neutrino in a compact star. This question ha

already attracted some interg2®]. Indeed for ordinary neu- defined such thaT®=(\/3/2)Q and T3=diag(03,-3). Like-

tron starg21] the mean free path is significantly affected by wise for theR field. HereA denotes the standard photon field

the neutronw scattering reaction due to the presence of neuwhile G™ are the gluon fields. The vacuum expectation value

tral currents. In a 2SC star we then expect the quascat- (VEV) in Eq. (2.1) (corresponding td = d;;) locks together

tering to play an equally important role. flavor and color and the Higgs mechanism sets in providing
In Sec. Il we study the anomalous proces$—yy at masses for all but one linear combination of the gl@h

high matter density, complete the effective Lagrangian forand photorA. The massive eigenstate can be easily identified

the quasiparticle Goldstone bosons by adding the Wesdy investigating the kinetic term

Zumino term, and comment on related issues. In Sec. Ill we

gauge the weak sector for the three flavor case. In Sec. IV we TID,LTDAL] (2.9

briefly review the 2 flavor case while the generalization to

include the electroweak processes is done in Sec. V. Finallj/hich leads to a mass term of the type

in Sec. VI we summarize and conclude.

D,L=d,L—ieA, QL—igsGILT™, (2.3

N| =

3 2
g2 e A+ \/7_9568) . (25

7
> GM+TiQ?]
Il. QED FOR THE 3 FLAVOR CASE: THE @y—vyy m=1
PROCESS
where for simplicity we have suppressed the Lorentz indices.
Let us start with the case ®{;=3 light flavors. At zero  \ye can now identify the massiv&® and the orthogonal
density only the confined Goldstone phase is allowed and the . ~
resulting symmetry group iSU,(3)XxUy(1). Indeed there Mmassless eigenstafevia

is no solution for the 't Hooft anomaly conditions with mass-

~8_ 8 H
less composite fermions leaving intact the flavor group. In G"=cos#G"+sin oA, (2.6
this case the topological Wess-Zumino term for the Gold- 5
stone bosons is needed to implement the global anomalies of A= —sin9G8+ cosHA, (2.7

the underlying theory at the effective Lagrangian level. The
Vafa-Witten theorenf23], valid for vectorlike theories, pro- with
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transforming linearly under the left-right flavor rotations

Os : e
C0SOH=\3———, Sinf=2———=. (2.8
\/—\/Sg§+ 4¢? V3gZ+4e? @9 U—g. Ugf, (2.14
Ais reinterpreted as the physical photon. with g, ;re SU, ;r(N¢). In our notationU is the transpose of
The same covariant derivative for the underlying quark® defined in Ref[18]. U satisfies the nonlinear realization
fields can be compactly written as constraintUUT=1. We also require déi=1. In this way
we avoid discussing the axibl (1) anomaly at the effective
D,=d,~ie A,QX1-igsGJIXT™ (2.9  Lagrangian level[See Ref[24] for a general discussion of

. o _ ~ trace andJ (1) anomaly] We have
The first 3x 3 matrix is in flavor space while the second is in

color. This notation is also convenient when investigating the U= ei§ 2.19
global anomalies at the fundamental fermion level. The un- ' '

broken generator associated with the new photois, in  with ® = 2022 representing the 8 Goldstone bosot.

flavorx color space are the standard generators 8U(3) [i.e., t*=diag(,
~ —1.0)], with a=1,...,8 and Tit?"]=216%". F is the
Q=0Qx1-1XQ. (2.10 Goldstone bosons decay constant at finite density. Clegly

It is easy to check that all quarks, in medium, have inte e}S associated with”.
! y qu | ium, have integ Recently it has been shown in R¢fl1] that all of the

charges ire units' and the condensat@.1) is indeed neutral  interesting superconductive phases do respect, as for general

underQ. chiral gauge theories at zero density, global anomaly match-
The relevant terms in the covariant derivative can be reing conditions in the manner of 't Hooft. In Rdf14] it has

written as been shown that anomaly matching conditions are unmodi-

fied with respect to the zero density case provided that one

s s =3 \/§~8 V3 correctly implements the group theoretical structure of the

9sG” IXT +eA QX 1=9,G"| 5-T"— —-Q cog20) global anomalies. At high density, in the 3 flavor case, using
the fact[11,14] that the anomalous coefficient is unmodified

+eAQ, (2.11) by density effects, we have that the anomalous variation of

B the axial curreni 53 associated withr? is given by
wheree=e cosf andg.=gs/cosé. The second term corre-
sponds to the unbrokeb (1) gauge symmetry which we

identify as the new QED with coupling T8 is the generator
orthogonal toQ, normalized according to TTéT%]=3/2

2

(S5
3= — —— € PHF oF ,, TH (X 1)(QX 1)?]
167

2

and is given by _ 16772 eaﬁwFaﬁFW TH3Q?]
~, \6 243 \/6
T8=—4 Q><1+Tl><T8 = (QX1+1xQ). o2
(2.12 T 302 €“PIF P o (2.16

It is well known that anomalies play an important role for
describing phenomenological processes suclr@s yy in ~ _ ~5 ) ~
cold and dilute matter. But before discussing the anomaly «s~ 9as— dpAa=COSO Faptsing G,z with Fup
equation we should understand how the physical Goldstone d,Az—dgA, and G§B=8QG2—(9BG§. This leads to the
bosons emerge. At high density, in the 3 flavor case, théollowing expression in terms of the physical vector eigen-
symmetry grouS U, (3) X SUR(3) X SU,(3) breaks sponta- states:
neously toSU; | ; r(3) leaving behind 16 Goldston bosons.

where N.=3 comes from the trace over color space and

However, beingSU,(3) a gauge group 8 Goldstone bosons 3 e? aBuv
are absorbed in the longitudinal components of the massiv€uls =~ 3072 € FagF uv
gluons. So we are left with 8, not colored, physical massless
Goldstone bosons. They can be encoded in the unitary matrix e2
_ aBuv - T i = ~8

[18] L Prv(cos OF ,5F ., + 2 sind cosOF , 4G,

U=LR", (2.13 e~

+sin? 0G5 4G5 ). (2.17

In Fig. 1 we graphically represent EQq(2.17
IClearly with respect to the new photon fiekdthe new charge via Feynman diagrams. We DanS:(zﬁls)(e/sm 9)

units ise cos¢ and the ratio between the quark and electron charg@d €=€cosd.  For each A we associate the
is integer. generator Q=Qx1—(23/3)1xT® and for G® the
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a=(3,U)U tdx*=(dU)u~!, B=U"'dUu=U 'aU,

€ AA End end N
5 A\ 5 . e 5
Wy g e e which transform, respectively, under the left and
€ & s

right SU(N;) flavor group. The Wess-Zumino effective

FIG. 1. Triangle anomaly for three flavors QCD at high density. action is

generator ([212)T8— (\/3/4)Q cos (¥)=cos #1x T8 F'wzU]=C JMSTY[GS]- (2.20
+(/3/2)sirf 6Qx1 as prescribed by the covariant deriva-

tive. Clearly the f|rst diagram, in the right hand side, The price to pay in order to make the action local is to
corresponds ter®—yy in the superconducting phase where augment by one the space dimensions. Hence the integral
'y indicates the physical massless pho#nWe conclude must be performed over a five-dimensional manifold whose
that the anomalous electromagnetic properties of the supeboundary M%) is the ordinary Minkowski space. We now
conductive state are identical to the ones of ordinary QCBshow that the constan is the same as the one at zero
provided that we replace the electric charge with density, i.e.,

‘e=ecosé.

We are now ready to review the low energy effective
theory for the 3 flavor case at high matter density. The ef- _ Nc (2.21)
fective Lagrangian at low energi¢$8] for the true massless 24072’ '

Goldstone bosons is similar to the ordinary effective La-
grangian for QCD at zero density except for an extra Gold-
stone boson associated with the spontaneously brokém)
symmetry which we will not consider for the moment.

The effective Lagrangian globally invariant under chiral
rotations is(up to two derivatives and countin as a
dimensionless field

‘whereN_. is the number of coloréfixed to be 3 in this case
This is a consequence of E@2.17. More specifically
we now compare the current algebra prediction for the time

honored process®— 2y with the amplitude predicted using
Eqg. (2.20 by gauging the electromagnetic secf@6,27] of

the Wess-Zumino term. Before gauging the Wess-Zumino
term we need to stress that in the presence of a Higgs mecha-

F2 nism phenomenon gauge symmetry is clearly not lost and
L= ?Tr[ﬁﬂu U™, (2.18 one isalwaysentitled to work with the unrotated gauge fields
and to rotate them to the mass engenstates only in the very
end.
The Wess-Zumino terni25] can be compactly written by In order to better understand the anomalies we recall that
using the language of differential forms. It is useful to intro-the fully gauged Wess-Zumino term under the
duce the algebra valued Maurer-Cartan one forms SU_(N¢) X SUR(Ns) chiral symmetry group is

FWZ[U’AL'AR]:FWiU]_I_SCIf 4Tr[ALa3+AR[)’3]—5Cj 4Tr[(dALA|_+A|_dA|_)a'+(dARAR-I-ARdAR),B]
M M
+scf 4Tr[dA,_dUARU‘1—dARdU‘lALU]—I-SCj 4Tr[ARU‘1A|_UB2—A,_UARU‘1a2]
M M
5C .
+7f 4Tr[(A,_a)2—(ARB)2]+5C|f 4Tr[A a+tA ,8]+5C|f T (dARAR+ArdAg)
M M M

XU "A U—(dA A +A_dA )UARU 1]+5Ci f TITALUARU 1A a+AgU A UARS]
M

1
+5C fM4Tr Agu—lALU—AEUARU-1+E(UARu—lAL)Z}—mrfM4Tr[FLUFRU—1], (2.22
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with the two-formsF, andFg defined ag, =dA, —iAZand  consisteritanomalies.
Fr=dAg—iAj and the one-formh_r=A{"rdX, . I is a real This procedure seems to be the one adopted in [R6f.
arbitrary parameter. The previous Lagrangian, when identiHowever in Ref[20] the anomaly coefficiertwhich should
fying the vector fields with true gauge vectors, correctlybe the same for all of the currents, left and rigtitfers from
saturates the underlying global anomaligg]. our canonical one by a factor 3. The reason is that the physi-
The last term in Eq(2.22 is a gauge covariant term. cal pions(i.e., quasiparticleare colorless and hence a factor
However it is not invariant under parftyand so the param- 3 (due to the color factorshould appear in the anomalous
eterr must vanish. All the other terms are related by gauge:oefficient.
invariance. More specifically, it seems to us, that in R¢RO] the
We can now restrict the attention to the electromagnetignomalous equation for the left transforming curretsich
interaptions by constraining the vector fields to satisfy thesgn pe easily connected to ounsvolving directly the physi-
equation cal photon field is not properly implemented. Indeed, as we
have shown in Eq2.17) at the fundamental quark level, we
A =Ar=QA=e QA dx*, (2.23 can simply relate the axial anomaly between the physical
photonA and A. This is due to the fact that we have a
breaking of the gauge symmetries through the Higgs mecha-
nism.
The consequences of our result are two-fold. The first is

_ i 34 3 that the rate of ther’— 77y is augmented by an order of
Fwz U AI=Twz U]+ 5eCi JM4A TQ(a™+ A7) magnitude (\Ig) with respect to Ref[20]. This fact can be
relevant for the physics of quark-type stars featuring a CFL
—10e2Cf AdATr[QZ(a-FB) core.
M4 The second is related to the solitoriskyrme solutions

1 of the effective Lagrangian. In fact now we have the same
+—(QU‘1QdU—QUQdU‘1)} (2.249  winding number as for ordinary QCD and hence we get mas-
2 sive excitations, which after collective quantization, describe
spin half particles with the same quantum numbers of ordi-
nary baryons. This is the actual realization of the Quark-

Hadron continuity[6] advocated for the baryon-type sector

30, .o, V2 vpe of the Color-superconductive phase.
'Cﬂoﬁw_ B Ze CiTrt" Q] m = FuFoo To the previous Lagrangian one can still add the extra
(2.25  Goldstone boson associated to thg(1) symmetry breaking
without altering the previous discussi@ee Ref[18]). One
and 7°=®>. The last ingredient is the axial vector current can check that the global anomalies are correctly imple-
(expanded up to the first derivativexpressed as function of mented by carefully gauging the Wess-Zumino t¢@8,27]
the Goldstone bosons: with respect to the flavor symmetries. Hence for the 3 flavor
case too, the 't Hooft global anomalies are matched at finite
E (low and high density.
jEi=— —ord (2.26 In writing the Goldstone Lagrangian we have not yet con-
\/E sidered the breaking of Lorentz invariance at finite density.

. . ) Following Ref.[18] we note that the Goldstone bosons obey,
One pole saturation of the 3 point function anomalous am-

plitude[28], when compared with the underlying anomalous

variation in Eq.(2.17) leads straightforwardly to the result

for Cin Eq. (2.21). 3We differentiate here consistent anomaly from the covariant
One can also fix the Wess-Zumino coefficient by match-2nomaly[29]. The two anomalies are related. In order to compare

ing at the effective Lagrangian level the anomalous variatiorfirectly the axial anomalous variation without using pole saturation

for the left or right currents associated with the non-AbeIianit is convenient to consider the anomalies in Bardeen’s form. This is
achieved by subtracting from the Wess Zumino displayed in Eq.

(2.22 the actionT'.=T'yy,JU=1;A, ,Agr] [27]. The new action
) term (which clearly does not change the€— yy process reads
t Fo; the t(eaders convenience we provide the rules for parity To UA A=Twd VA Al -Twd LA Adl.
ranstormation, _ . _ _ If we restrict to the electromagnetic variations one ¢
ALRX)=ARL(—X),  UX)—=U™H(—x), 30, [ e o s
a——pB, ded, (measurg— —(measurg Alw) =~ eCi M4€5Tr[t Q71e""?F 1iF po
as well as for charge conjugation:

with A , the ordinary photon field. The Wess-Zumino term
collapses to the followin27] form:

The last term leads to the following,— yy Lagrangian:

AT T T =—| €a,jtd,
A r=—AgL, U=UY, aspl. M4
which leads again to the result f@ obtained in the main text.
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in medium, a linear dispersion relation of the tylpe=v|p], 0 1 0 0 0O
where E and|5| are, respectively, the energy and the mo- =10 0 0|, - =(1 0 0f,
mentum of the Goldstone bosons. We can simply include the 00 0 00 0
Lorentz breaking by generalizing the effective Lagrangian
(2.18 in the following way: . 1 0 0
L= Ut —ezgu-Fut 2.2 1 R 332
=7 vIVU-VUT] @27 0 0 -1
Clearly by rescaling the vector coordinatessx/v we can The last two terms in Eq3.1) describe the, non anoma-
recast the previous Lagrangian in the E2.18 form. lous, interaction of the Goldstone bosons with, respectively,
An important feature is thak, being a differential form, the physical massless photon and the physical massive gluon.
is unaffected by coordinate rescaliigctually topological In the present framework th8U,_(2) subgroup of the

terms being independent on the metric are unaffected by me2YL(3) flavor group is completed gauged. At the quark level
dium effects, and hence the Wess-Zumino term is not modi-this allows us to describe the weak interactions for the up
fied at finite matter density. Because of the breaking of thé"d down quarks in medium. Indeed it is easy to recognize
baryon number the final global symmetry group in the SlJloerIhat the upper bidimensional sub-blocks of the matrices

conductive phase differs from the ordinary Goldstone phaseliven in Eq.(3.2 are the standar§U, (2) generators. For
the strange quark we considered just the diagonal interac-

tions, conveniently encoded in the last line of the matrix
This is because the charm quark is not included in the low

energy Lagrangian we are considering. Cle@dye cosé is
Next we extend the previous effective Lagrangian by in-the finite density new electric charge.
corporating the electroweak intermediate vector mesons as As for dilute QCD, whenU is evaluated on the vev we
external fields. We adopt a standard procedure which hasave a contribution to the masses of iWeandZ that we do
been often employed in literature. An example is the effecnot conside{31]. We also expect a nonzero mixing among
tive Lagrangian theories used to describe a strong eledhe gluons and the weak gauge bosons, which will be ex-
troweak sector (technicolorlike theorigs [30]. A more  plored in more detail for the 2 flavor case and that will be
closely related example is the description of radiative andghown to be small. One can study this mixing, in more detail,
weak processes for low energy QCD at zero temperature arfdr the 3 flavor case by generalizing the covariant derivative
matter density in the framework of chiral perturbation theoryin Eq. (2.3) for the L/R fields.
[31]. For the massive quark case, we have to include the
According to this procedure we need to partially gaugeCabibbo-Kobayashi-Maskawa mixing angles. However it is
the flavor subgroup by generalizing the effective Lagrangiarstraightforward to generalize the previous expression to con-
in the following way: tain the mixing angles.
We finally observe that the electroweak physics for 3 fla-
vors at high matter density is similar to the zero density QCD

Ill. ELECTROWEAK FOR 3 FLAVORS
AT HIGH MATTER DENSITY

. g - : . -
DU=9dU—i T[W+ AW U cosd z° except for a new photon electric chargd] and the explicit
2 w presence of a massive gluon. The latter couples to the Gold-
X [7°U—sir? 6,[Q,U]]-ieA[Q,U] stone bosons via the standard charge opef@tor
.0 - o .0 0 IV. REVIEW OF THE 2 FLAVOR LOW ENERGY
=&U—IE[W W T ]U—lcosawZ EFFECTIVE THEORY

QCD with 2 flavors has gauge symmet8U,(3) and

x[7U —sir? 6,{Q,U]]-ie’A[Q,U] global symmetry

—ietandG®[Q,U], (3. SUL(2)X SUr(2)X Uy(1). @.1)

where 6,y is the electroweak angle and At very low baryon density it is reasonable to expect that the
confined Goldstone phase persists. However at very high

4A word of caution is needed when describing nonleptonic weak
decays. In this case we expect, as for the zero density case, that théFor exampler™ now becomes
strong interactions may affect the electroweak processes. Now one 0 Vi Vi
can first integrate out the heavy electroweak intermediate vector

meson fields by constructing a nefweak effective Lagrangian =|0 0 0 33
[31]. The price to pay for this way is the proliferation of unknown 0O 0 O
coefficients. with V mixing angles(see Ref[31]).
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ordinary Goldstone phase is no longer favored compared f=—i=1,234, &=
with a superconductive one associated with the following
type of diquark condensates:

density, it is seen, via dynamical calculatidds2], that the K s
= (4.8

via IT describe the Goldstone bosons. The VE\t\df are

(LT ~(e"% IJququCj a)s expected, when considering asymptotically high densities
[7], to be proportional tqu.
(RT®)~ — (e3Pl gy, . qR ), 4.2 Y transforms nonlinearly:
o cj .
. . ;
Oicia O are, respectively, the two component left and V&) —uy gU&)h'(€,9,u)hg(€,9,u), (4.9

right spinors.a,a=1,2 are spin indice;=1,2,3 stands for with
color whilei=1,2 represents the flavor. If parity is not bro-
ken spontaneously, we have uyeUy(1l), geSU,(3), h(&,g,u)eSU(2),

(La)=(Ray)=f53, (4.3 hy(£,g,u) e Uy(1). (4.10

where we choose the condensate to be in the 3rd direction of The linear realizations are related Vib7]

color. The order parameters are singlets under the

SU (2)XSUg(2) flavor transformations while possessing L,+R, 157 13

baryon charge;. The VEV leaves invariant the following VfT: J2feny a (4.11
symmetry group: 2

The V, field explicitly describes the VEV properties and, as
expected, transforms under the underlying gauge transforma-

. tions as a diquark.
where[SU(2)] is the unbroken part of the gauge group. i is convenient to define the Hermitigalgebra valued

The Uy(1) generatoB is the following linear combination Maurer-Cartan one-form

of the previousU,(1) generatorB=%diag(1,1,1) and the

broken diagonal generator of tt&U.(3) gauge groupT® a)M:iVTD#V with D, V=(4d,—igsG,)V, (4.12
=(1/2y3) diag(1,1- 2):

[SUL(2)]1XSU(2) X SUR(2) X Uy(1), 4.9

with gluon fieldsG , = GITTm while g is the strong coupling
2\3 constantw transforms as

B=B- —T¢&. (4.5
w,—h(£,09,ue,h'(£g,u)+ih(£g,u)d,h'(&g,u)

3

The quarks with color 1 and 2 are neutral un8eand con- +i h;,(g,g,u)auh%(g,g,u). (4.13
sequently the condensate tb@he superconductive phase
for Ny=2 possesses the same global symmetry group of thEollowing Ref.[17] we decompose, into
confined Wigner-Weyl phadd.1]. . .

The dynamics of the Goldstone bosons can be efficiently ” =28Tr[Sw,] and wi=2X' TMX'w,], (4.14
encoded in a nonlinear realization framework as presented in
Ref.[17]. In this framework the relevant coset spac&itd ~ Where S* are the unbroken generators &f with S"*3

with G=SU,(3)XUy(1) and H=SU(2)xUy(1) is pa- =T"*3 S'=B/\2. Summation over repeated indices is as-

rametrized by[17] sumed.
. The most generic two derivative kinetic Lagrangian is
V=expié'X'), (4.6 [17]
where{X'} i=1, ... 5belong to the coset spa&/H and L=f?a, T w, 0" ]+ f?a, Tr{ o, T o ],
are taken to be&i=Ti*3 for i=1,...,4while (4.19
\/— 11 The presence of a double trace term is due to the absence of
X°=B+ — 3 dmg{z > o) (4.7 the traceless condition for the broken generaXdrand it

emerges naturally in the nonlinear realization framework at
the same ordefin derivative expansionwith respect to the
single trace term. This is not the case for the linearly realized
effective Lagrangian32,33.
We now introduce thén medium fermionsFollowing
5Nota Bene: for two flavors we keep the standard definition for theRef. [17] we define
color generators.

B is 25 of Ref.[17]. b=V, (4.19

T2 are the standard generators®#)(3). Thecoordinates
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transforming asjy— hy(£,9,u)h(£,0,u)% and ¢ possesses While 7 labels theSUg(2) generators. Quarks and leptons
an ordinary quark transformation@s Dirac spinor This  have standard charges, in particua+ 1/3 for quf;ilfks-
construction mimics the heavy quark effective formalism We need to generalize the one for@),=iV'D,V by

[34]. introducing the new covariant derivative
The whole[17] nonlinearly realized effective Lagrangian . N
describing in medium fermions, gluons, and their self inter- D,V=(d,~i9sG,—ig'Y B))V

actions, up to two derivatives is ( B
_ =|d,—igsG —ig’—By)V. (5.2
£=12a, T w0t 1+ 28, Tl o’ 1TH @ 1+ by i y* " FT 2k
NI = L ~C. 5T\ i BY is the standard hypercharge gauge field. Neglecting, for
X (01w, gt byt gt mu gy (iIT5) ge thlé moment, the breaking of Lorentz invariance and substi-
+H.c., (4.17  tuting Eq.(5.1) in Eq. (4.15 we have the following quadratic
terms:

wherey=iy%y*, i,j=1,2 are flavor indices and

f2 7 f2 g g/ 2
o s
1{02 0 algﬁfz G'#G'”Jr(a1+2a2)§ —Gi+ ?Bi
T?==3 . (4.18 =4 V3
2\0 0 (5.2
a,, a,, by, andb, are real coefficients whilen,, is com- We now rewrite the previous terms using the electroweak
plex. For later convenience, it is convenient, to express theigenstates associated with the photon figjdand the neu-
third and fourth terms as tral massive vector bosoﬁﬂ.
by Y4(3,~10,) i+ (bp=by) Yy B, = COSOwA,, ~SinfwZ, (5.3

=b, i y*D ¢+(b2—b1)iy“aﬁ~p. (4.19  With 6y the standard electroweak angle. Focusing only on
. . the second term in Eq5.2) one has
From the last two terms, representing a Majorana mass

term for the quarks, we deduce that the massless degrees of 2] gs g, © 2 0

freedom are they,_3; which possess the correct quantum (a+2az)% EG +3A| ~zetandnl

numbers to match the 't Hooft anomaly conditididd]. To

the previous general effective Lagrangian we should also add Js e e?

the SU(2) gluon kinetic term. x| —G8&+ 3A +tar? 6\,\,3202], (5.4)
Following Ref.[18] the breaking of Lorentz invariance to V3

the O(3) subgroup can easily be taken into account by pro-

viding different coefficients to the temporal and spatial indi-Where €=g'cosé is the standard electric charge and for
ces of the Lagrangian: i.e., simplicity we have dropped the Lorentz indices. To this term

we have to add the electroweak quadratic mass ternz%or
L£="f2a; TI wgws— a1 o 1+ 2a,[T ws 1T wg ]

— Emzzoz. (5.5
—a, T 0 Tt @* 11+ by i [ Y2(do—i w) 27
+B1y- (V—io) g+ sz[ Ywb+ By ot 9 The new massless eigenstate is interpreted as the, in me-
- dium, photon and is given by
+my gy (iTA)P+H.c, (4.20 - . .
A, =C0s0pA,—sindyG,, (5.6)
where the new coefficientas andBs encode the effective
breaking of Lorentz invariance and the flavor indices arewith
omitted.
COSOn= ﬁL SiNfg=—— (5.7
V. ELECTROWEAK INTERACTIONS IN MATTER Q 3g2+e?’ O J3gZ+e?

To construct the low-energy effective theory for the elec- _
troweak sector we need to gauge the weak isospin as well d1e massive state orthogonal Ag, is
the hypercharge sector and finally identify the correct mass- _
less as well massive eigenstates. We identify g (2) GP =c0s0oGS +sinbA,, . (5.9
generators| = o /2 with i=1,2,3 ando' the standard Pau-
li's matrices as the weak generators. The hypercharge is, idsing the new base, the complete tree level quadratic term
full generality, Y =73+ (B—L)/2 with L the lepton number involving G® andz° is

114026-8
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f2 - ~
(a,+ 2a2)l—8{(3g§+ e2)G82-2 etan 6, 2°G8\/3gZ +€?

2

e=ecosbg, (5.16

andQ is the new electric charge operator associated with the

m 4 R
+tarf 6y e*Z2°% + 72202, (5.9 fieldA,:
. . . . = 3 B_L 1 8
By diagonalizing the previous matrix we have the new mas- Q=7mX1+ — = QX1——1XT°®. (5.17
sive eigenstates El

The quarks that acquires a mass tdjim., the ones in the
color direction one and twdhave half integer charges under

~ Q while the massless quarkthe ones in direction three of

G? =costy G5 +sinouZ),

0_ 0 : —~8
Z,=C0s0uZ,~sinOuG,,, (310 colon have the ordinary proton and neutron charges in units
with ofe. o
To leading order the term containing', in Eq. (5.12,
212 tan6yy (a, +2a,) W does not involve any electric interaction but it does affect the

tan 26y, = neutral weak currents. Expanding arouvd 1 one gets

(a;+2a,) ftarf 6ye’— (3g2+e?)]+9m32

7
— Os =g
2f2tané (b,—b )t//)/"(g > MM ———G8X5
~ 9—2W(a1+ 2a,)+/3g2+€?, (5.12) 2 = K V3cosfy “
mz
g Sinfy .
where in the last step we have considered the physical limit 3 Costyt Yt (5.18

m2>f2. In the same limit, as expecte@® and Z° do not

mix much and we can use them as physical eigenstates. where the ellipses stand for terms involving higher terms in
Having identified the correct physical eigenvalues andhe expansion ob. The neutral weak current is directly af-
eigenvectors we are now ready to consider the Lagrangiafected by finite density effects even when neglecting the

for the quarks. The relevant Lagrangian terms are small physical mixing between the eighth gluGf and z°.
_ = - We also observe that the modified electroweak coupling only

byhi y*D i+ (b= by) hy @, i, (5.12  emerges for quarks with color indices 1 and 2, since
) ] o ] =1diag(1,1,0). The new term does not affect the light
where we generalize the covariant derivative to describe thauarks with color index 3. In particular this effect depends

weak interactions in the following way: crucially upon the unknown ratidsg—b;)/b;, and depends
on w. The full modified quark coupling to the neutral weak

B . 9 - - . 0 current is now
D,=d,~i E[W#TL X1+W, 7 X 1] =i cosﬁwzﬂ
0. 3_cinp2 bp—by ,
8 b, Z,py*| TL—sin6yQ— Sin Oy,
3 2 . ig.S Gn COSbyy 3b;
X[ 7 X 1—-sin6y,Q X 1]—|eA/LQ><1—|gSm=1 G,1
X(B+Q—-0) |4, 5.1
We adopted a notation similar to the one used in the 3 flavowhere we used Eq5.17 andX°=B+Q—0Q.
case; i.e., flavoy,, X colorzy ;. We also have The modification of the neutral current coupling to the
quarks at high matter density constitutes our main result for
0=+ B-L (5.14) the 2 flavor case. We can point immediately to relevant phe-
-7 2 ' nomenological consequences of our result. The cooling his-

tory of compact objects, like for instance the ones generated
with 7= 7+ 75. Considering the gluon-photon mixing we as remnant(proto-staj of a Supernova explosiof1], is
have heavily related to the neutrino physics. The neutrino trans-
parency of a given staf21] can significantly modify the
cooling history and is associated with the mean free path of
a neutrino in the star. Indeed for ordinary neutron sfadg
the mean free path is strongly affected by the neur@aat-
+ \/§sinOéQ>< 1], (5.19  tering reaction due to the presence of neutral currents. In a
2SC star we then expect the quarkscattering to play an
where the ellipses represent the terms unchanged in Egqually important role and its modification with respect to
(5.13. e is the new electric charge the zero density case to be dictated by the new weak cou-

B ~~ ~ . O =8 2 8
D,u,_ e _IeAMQ_I mG#[COSGleT
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pling of Eqg. (5.19. Finally, on general grounds, we have covered that our Lagrangian not only correctly yields the
shown that a direct phenomenological evidence for color suphysical eigenstates for the photon and the eight gluon but
perconductivity can be, in principle, found by studying thealso predicts thaZ® has a modified coupling to the quarks
neutral weak interactions associated with a given high matte(in the direction 1 and 2 of colpmwith respect to the zero
density physical system. density case. The physical effect is not suppressed with re-
spect to zero density weak processes. The effect, which is
our main result for the 2 flavor case, is not suppressed with
i ) i _ respect to the zero density weak processes. On general
We investigated the electroweak interactions for the relyrounds we expect this result to affect the quark staith a
evant color superconductivity phases. More specifically We&sc componentcooling processef21] via neutrino emis-
included the QED interactions at the effective Lagrangiarsion, The neutrino transparency question is indeed directly
level for the three flavor case at high density developed inejated to the mean free path of a neutrino in a compact star.
Ref.[18]. We identified the physical photon and provided the|n neytron stard21] the mean free path is known to be
Wess-Zumino term needed for describing tfe— yy inter-  sjgnificantly affected by the neutron-scattering reaction
action in medium. _due to neutral currents. Likewise in a 2SC star the quark-
We found, as main result for the 3 flavor case, that at highscattering will play a relevant role with the new weak cou-
matter density the quasiparticle Goldstone bosdndecay pling displayed in Eq(5.19. Clearly a dynamical computa-
into two physical massless photons is identical to the zergion of the quantity b,—b,)/b,, although beyond the goal
density case once we replace the electric charge with thgs this paper, might be very interesting.
modified chargee= e cosé and also use the new decay con-
stant. This result is consistent with the underlying global
anomaly constraints at finite densfti1,14. However it dif-
fers from the conclusions drawn in RdR20]. We finally It is a pleasure for us to thank J. Schechter for interesting
extended the effective Lagrangian to include the weak interdiscussions and a careful reading of the manuscript. We also
actions. thank P. Hoyer, J. Lenaghan, and R. Ouyed for helpful dis-
For the 2 flavor case we constructed the effective La-cussions and a careful reading of the manuscript. The work
grangian theory containing the proper electroweak theoryof Z.D. is partially supported by the U.S. DOE under Con-
We, first, identified the physical photon. We have also distract No. DE-FG-02-92ER-40704.

VI. CONCLUSIONS
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