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Introduction

CSC: from weak to strong couplings
Boson-fermion model for BCS-BEC crossover
Baryon formation in quark-diquark model

* Discussions and outlooks
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Where does QGP meet cold atoms

Nucleon pairings in BCS pairings in
nuclear shell structure = Superconductivity

Feschbach resonance Feschbach resonance
In baryon resonances ~ In cold atom system

QGP cold atoms
Strongly coupled many body Yes Yes
system Relativistic | Non-relativistic
Collective flow Yes Yes
[Thomas’ talk, Schaefer’s talk]
AdS/CFT [Schaefer’s talk] Maybe Maybe
BCS pairing/BEC Yes Yes
[this talk, Grimm’s talk]
Three particle bound state Yes, Yes, trimer
[this talk, also posters: Johim, Floerchinger] | baryon b




Phase diagram of
Strongly interacting Quark Gluon Plasma

See e.g.

* Braun-Munzinger,
Wambach, 2008 (review)

* Ruester,Werth,Buballa,
Shovkovy,Rischke,2005

*Fukushima, Kouvaris,
Rajagopal, 2005

Blaschke, Fredriksson,
Grigorian, Oztas,
Sandin, 2005
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Freezeout temperature and chemical
potential in Heavy lon Collisions
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Color superconductivity In
neutron stars

uark—hybrid traditional neutron star
ar i —

hyperon

star neutron star with

pion condensate

- | o
color—superconductin ) 3
strange c‘qjuark matter 4 10 gicm
(u,d,s quarks) 11 3
10 g/icm
CFL
25C i 10" giom 2
CFL-K
25C+s 0
arLeh 0 ~=-_ Hydrogen/He
CFL-7 atmosphere
strange star
nucleon star Webber, astro-

R~10Kkm
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Why color superconductivity

Also see talks: Huang, Shovkovy
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1/ « . A
( it9jj0 + Oidg5) = 30030150 = 00

Anti-symmetric channel:
attractive interaction

Energy gap in quasi-particle excitation

No gap: ¢ = |k —p|;
With gap: ¢, = \,..-’"I(L- — )%+ 92




Color superconductivity - weak coupling

Weak coupling gap equation (DS equation) in asymptotically high density

H,b 511
221 — 221

poa (8%, + ¥op)?

Nambu-Gorkov matrix
4 = diag(y*Ta, —v*T)

a1 (K) hJ\.
_ 92?2 (K — Q) [F“Ezbzl(ﬁr})rblll
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Weak coupling solution to gap equation

[Son 1999; Schafer,Wilczek 2000; Hong et al. 2000; Pisarski,Rischke 2000; Brown
et al 2000; Wang,Rischke 2002; Schmitt,Wang,Rischke 2003]

b=256m"
Schematical 5
| o = gPpolcIn? (L) +5In (L) + ]
gap equation 4 9-@0 i/ i + / 4 +
(1 _.-"r,-i”,/—_ (1 /g)—subleading

non-static magnetic
static electric
quark-selfenergy

leading
static magnetic



Gauge parameter dependence

e The gap is NOT invariant to subleading order in covariant gauge,
ID.K. Hong, V.A. Miransky, LA. Shovkovy, L.C.R. Wijewardhana, Phys. Rev. D61, 056001(2000)]

From 1-loop contribution to
® = EB/Q&QbO the gap eqn. at subleading order

e Hint to solution of the problem: Impose on-shell condition!

Gerhold, Rebhan, 2003
Hou, QW, Rischke, 2004




Generalised Ward identity with condensate
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It can be proved that the contribution is of subsubleading order

if all excitations are gapped

H.J.Xu and QW, in preparation 10



Pairings within the same flavor

Az Az o Polar phase, Ny =1, spin-1 gap
# * SU(3)e x SO(3) 7 — SU((2). xU(1);
] ; [T. Schafer, Phys. Rev. D62, 094007(2000)]
: . — — o Color spin locking, CSI
4z 4z .o, Ny=1, spin-1 gap
? * , ,‘ Q@  0G).x5003);— 503).4;
. ) I ¢ [D. Bailin, A. Love, Phys. Rep. 107, 325(1984),
‘ " T.Schafer, Phys. Rev. D62, 094007(2000)]

Schmitt, QW, Rischke, Phys.Rev.Lett.91, 242301(2003)
Schmitt, Phys.Rev.D71, 054016(2005)
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Meissner effects in weak coupling
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Son, Stephanov, Phys.Rev.D61,074012(2000);

Schmitt, QW, Rischke, Phys. Rev. D69, 094017(2004);

Phys. Rev. Lett.91, 242301(2003)

diagonalize
(9.9) matrix

]—[ﬂ b
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Meissner effects in weak coupling: results

e /ero-temperature rotated Debye masses

m'%,aa m%.'.' 1 cos” bp Unit = .-“‘«rjr,i.tzfﬁ’-’-'
25C 3g° 2¢e” 1 ¢ = (21-8In2)/54
CFL (4e+3g°)( 0 39 /(39" + 4e°) a = (34+4In2)/27
polar 3g° 18 g7~ 1 i = (6-4In2)/9
CSL 305 g2 18 e 1

e /ero-temperature rotated Meissner masses  Schmitt,

ey My COs~ Oy QW, Rischke,
S LI : 2003, 2004
25C z9° + z€° 0 39°/(3g° + ) ’
CFL (32 +47) ¢ 0 39%/(39° + 4€?)
polar =g + 4 g”e” 0 g° /(g% + 12¢%e%)
CSL Bg° 6 goe” 1

B Rotated photon in CSL phase has a non-vanishing mass: Electromagnetic

Meissner effect.
B Although rotated photon in polar phase has a zero mass but a system with
2 or 3 favors still exhibits Electromagnetic Meissner effect because of different

chemical potential or no single mixing angle for all favors. 13



= Controlled calculation in QCD

= gu=> o

= physics dominated by strip
close to Fermi surface

— separation of scales
and need for EFT

Hong, 2000
Schaefer, 2002, 2003
Reuter, QW, Rischke,

2004
14




Buballa, 2005; (Review)

NJL model Ruester, Werth, Buballa, Shovkovy, Rischke, 2005;
Fukushima, Kouvaris, Rajagopal, 2005;
Blaschke, Fredriksson, Grigorian, Oztas, Sandin, 2005

230 500 Fe0 1000 1230 1500 1750 2000

Baryon chemical patertial [MeV] 5



Color superconductivity
— Intermediate coupling (DS)

DS a roach Nickel, Wambach, Alkofer, 2006 (2SC,CFL)
PP Marhauser, Nickel, Buballa, Wambach, 2007 (CSL)

See Fischer’s talk Nickel, Wambach, Alkofer, 2008 (CFL+neutrality)
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Color superconductivity
— Intermediate coupling (DS)

Nickel, Wambach, Alkofer, 2006 (2SC,CFL)
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An opposite guestion: What happens to matter, as you
Increase interactions stronger and stronger?

What happens to quark-quark pairings: do they survive
stronger and stronger interactions?

Answer: unclear
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BCS-BEC Crossover

Tango or twist? In a magnetic field, atoms in different spin states can form molecules
(left). Vary the field, and they might also form loose-knit Cooper pairs.

Science

19



Relativistic BCS-BEC crossover

Recent works by other group:

 Nishida & Abuki, PRD 2007 -- NJL approach
— Abuki’s Talk
 Abuki, NPA 2007 — Static and Dynamic properties
e Sun, He & Zhuang, PRD 2007 — NJL approach
e He & Zhuang, PRD 2007 — Beyond mean field
 Kitazawa, Rischke & Shovkovy, arXiv:0709.2235v1 —
NJL+phase diagram
— Kitazawa’s Talk
 Brauner, arXiv:0803.2422 — Collective excitations
— Brauner’s Talk
 Chatterjee, Mishra, Mishra, arXiv:0804.1051 -- Variational
approach

20



Relativistic boson-fermion
model (MFA)

With bosonic and fermionic degrees of freedom and their
coupling, but neglect the coupling of thermal bosons and

fermions as Mean Field Approximation Friedberg-Lee model, 1989

1— _ ..
LOW) = —ZUSTIV + (0, — inbdo)* — m|of
]. f— —_— J .
+5 (oTUTY — VT ) d=o+p
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i P,y* + uyy — m 2igy50*
LS 1 — H | -- .
(P) ( 2f§-ﬁ}5{-’:} ‘w
W — ( i.' ) U — (e_ "-'_C) zero mode of boson
ve 3. Deng, A. Schmitt, QW, Phys.Rev.D76:034013-2007



Thermodynamic potetial

__ 1/T
Z = /[(ﬂW][dW][d-@] [dp™] exp [[3 drd>z ﬁ}
g = /(eko —en)® + A2
€0 — m
L (mmR o
wg = V4 k2 +~ m3 — eyip

4g2
_;/ (jj;a {Fz +2TIn [1—|—E:x:|j (—?‘f)”
xSl H)
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Density and gap equations

OQ e, A)

oJl
O, A)
[SJAN

‘ Pk [ 1
—x = EE: /1 — ( tanh
E::I:" (2.’1)3 2

n = nNg—+nNg

e
€k

Crossover parameter

) | (11, A)

x<0, BCS regime
x>0, BEC regime
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At zero T or critical T
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Dispersion relation

In BCS regime, fermions are slightly gapped, anti-fermions

3.0
2.5

2.0f
wl.5}
1.0}
0.5 feenreerr

are strongly gapped.
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In BEC regime, both are strongly gapped, indicating the
formation of bound states with large binding energy
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Finite T

0.257 ——— .
RERETTEE R b e x/x0 = -0.1
0.20}
0.15}
:- L
T o.10f A
0.05F} h
|
x/x0 = -0.1 1
__Pe-Pp _|

BCS regime:
Melting condensation
of fermion pairs

x/x0 = 0.2

BEC regime:
Melting condensation of
bosons
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Pairing with imbalance population

» Alford, Berges & Rajagopal, PRL 2000; Alford, Kouvaris & Rajagopal, PRL 04,
PRD 05 -- Gapless and crystalline color superconductivity (LOFF)

 Huang, Shovkovy, PLB 2003 and NPA 2003; PRD 04; PRD 04 -- Gapless color
superconductivity in 2SC, instablility in Meissner masses

 Many others ......

---- see Mei Huang’s talk
28
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Homogeneous solution

3.“_----|-|- L I B I AR I 1.0_&."‘"|'|"|'|'I"'l"|"|""“‘I,.'-I-"'
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[ I . o
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[ l | I ‘1.-' I
Q [ N I I
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[ . I | I | e
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Miiried 71| Y PSS Ry SR SRR Y AU Y L 0 (= r=ram
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The fermion-boson mixture in BCS-BEC regime has been found
In cold atomic system. Stable gapless phase in strong coupling
(see also Kitazawa,Rischke, Shovkovy, 2006)

[ Realization of a strongly interacting Bose-Fermi mixture from a
two-component Fermi gas, MIT group, arXiv:0805.0623 ] 30



Phase diagram

0.6 | sFy\ Phase separation

Non-relativistic

én/n

o

-0

.5

X/Xq

relativistic

0.0

0.5

Shaded area: unstable, with negative susceptibility
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Beyond mean-field aproximation

1— .
f,(':b WJ = —EWSU_IW T |(U:_; — ffi.b(ﬁr_;{])djﬁ — *‘rﬂ%|':t:"|2

+% (G)WFW _ dﬁ"ﬁw)

J. Deng, J.-C. Wang, QW,

1 . Phys.Rev.D78:034014,2008
®=—=(¢r +ipr)+ ¢o o
vV 2
1 [z — m2
C(A. o V) = —ZPsly b bIAI2

1 o f ¢ 1 (T
—5 (¥R @)D ( K ) + 5(¢Rr. 1)V ( - ) v
1 2 r;

32



Lagrangian in Higgs and
Goldstone fields

5_1 L ( "::-'ILLP'M T ffﬂD — m -‘ﬁE&U )
— . ~ #* -~ (L e
Propagator 58 IHP o i
inverse N P PH + i3 — m? 2/1pIPg
—2,”1;..",[30 PIL.LP'LL + J”Z.f; o mg

Global U(1) symmetry, Higgs and Goldstone fields | = V%(-;; -+ ?;D)Ezm

2 2
[, —m 1.,
b4gz PN > (D) + (g — mp)°]
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The fluctuation of condensate
CJT formalism

h
%
L]
I

—_—— 1 —_ —_
r((ADS) = —I(A)+ 5 {Trln’D ' (DD — 1)

Gasenzer ‘s talk

~TrInS ' — Te(S7IS — 1) — 2Map (D. a)}

- < 1 ™ r o rFr ©
rgp;('D.-b) i~ —ETI'{D;{le‘ [r}(&xvrvéyx}}
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Dyson-Schwinger equations

or
Taking derivatives of the — = 0
effective potential 0D | p=p3F=s5
with respect to propagator 5T
Dyson-Schwinger eqs — — 0
f\}vcf; ﬁ:D,EZS




Gap & Density equations

oQ mp = 1, Z[ dBkB tanh[e /(2T)] T:)rzp; TN
e==+ (2?() 2FE 'r')(‘&z)

N d3k e&f
o g2 i (2m)3 2¢

d3k b Al opy
+2) / (27)3 efp(Ei — epp) + BN

[fr(eg) — fr(—eg)l
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At small T
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Q(Aa)-Q(0)

1st order phase transition from
fluctuations: fixed b
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Introduction of A3 term in Q(ﬁ) ;

B.l.Halperin, T.C.Lubensky and S. Ma 1974 (magnetic field fluctuations)
I. Giannakis, D. f. Hou, H. c. Ren and D. H. Rischke, 2004

(Gauge Field Fluctuations)
Sasaki, Friman, Redlich, 2007

(baryon number fluctuation in 1st chiral phase transition)
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First order phase transition with
fixed particle number

.'.
a"'
s o ...-."'..."'-.
o .__...t' ®
.,. X ¢ @
..- ."*
o i
o “a
.'.. ...t
"
my, T
o)l
s=— L=Tqs1 — s>
aT E( )

41



Diguarks In baryons

(9991 = %[(RB | BR)G - (BG=IGB i GB)R + (GR=RG I RG)B

Diquark models: + o
Anselmino, et al., 1993 © |rudr’s >,- l
Abu-Raddad,Hosaka,Ebert,Toki, 2002 /NN |[ud] ay
Many other papers...... @——a N |[ud IIsul 5
|[ud][su] a>
.I_!: o ﬁ_ ¥
Quarks, diquarks and pentaquarks, x._,‘_):5| [su]°5 )
Jaffe, Wilczek, 2004 o ® @ "‘-=+
[Diquarks as building blocks of S, _ N
|ids]"u > |lus)’d )

exotic hadrons]
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Diguarks In baryons

Diquark configuration in proton:
positive magnetic moments
from strange quarks

Zou, Riska, 2005

|proton); = |uud)
+21 |[ud][ud]d )
+e2 |[ud][us]s) Diquark-cluster Meson Cloud
4.
N*(1535), J° = L uud ) _y + < ||ud][us[s) g
Diquark configuration: inverse ! 9 =17~ ! ground
mass order in resonances 1+ B
Zou, 2007 V(10 S = 2 )+ [ud][ud]d>£_1+m
-
P \ . —\
A(1405), J© = > uds) g + & |[ 0| [US[T) grgypg T+



Quark-baryonic matter crossover Iin
N_f=3 dense matter

B Continuity of quark and hadron matter, Schafer, Wilczek, 2000
[ CFL-hadronic matter: a weak coupling realization of confinement and chiral

symmetry breaking in idealization of QCD ]
BCS-BEC crossover ‘ crossover of
with boson-fermion model quark-baryonic matter

B New critical point induced by the axial anomaly in dense QCD, Hatsuda,
Tachibana, Yamamoto, Baym, 2006

B N_f=3, there is a new critical point near

Ts ; ) : :
. chemical potential axis due to coupling of
NOR chiral and diquark condensate: quark-nuclear
AN matter crossover
NG ::‘;::_x - :
A B N_f=2, no critical point: quark-nuclear
COE (T COE matter transition
(MG-like (CSCHika)
K 44




Baryonic pole structure in quark and
nuclear matter: guark-diguark model

Two flavor case diquark condensate chiral condensate
L o ——‘LIJ'E hy -~ AL — Gg u::r + o2
" Gy 2 1BaF = Gs(eF +73)
1 1 -
—_ ﬁ —1 I‘:F.ER — Wi~ .
J._—C. Wang,e_:t al, 2["?‘*3’?.‘5“31’}"9 ( Dal ) + Ew?aaraaw
In preparation L Relativistic
_G_EEE + Brawa.-;m- + .;a‘-luar‘“éia, version of trimer
. i . I
/ .p = 7gﬁr-5TgJan“'G. a1 = —=g75724; Tﬁ"'“;_.
B = (B,B)7 ‘vf 1 V2
B = {E E.;} FBR = —1nG. rgf = _T?G.
v 2 \ 2
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Baryonic pole structure in quark and
nuclear matter

Sg SBo ;:::—E;:::::
= — + > ‘ | ==
a-____%____--’
_ 1 —
S8 =36, * T S3'(P) = Sgi(PYuh,

1 1
Sga(P) = ETTKE“E E*E‘)ﬂgp ]

Re[Sg(w+i-.p=0)] =0 — baryonic pole

I111[58_;{w' +i—,p=0)]F— pole width
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Baryonic pole structure in quark and
nuclear matter: phase diagram

--------------------
0.15 D _
Baryon Diss. 1
B 0.10 | -
_ XSB ~-~~ _
g

- |
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Baryon ]
0.05 .—
B :
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....................

0.1 0.2 0.3 0.4
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BaSy:, Im

Analytic property of baryonic pole
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Baryonic pole and width

1.0 SEEY. BT R STRN CORN ST YN ST ST SO TN ST TR YR S VI VO VI S

T=0.06 {a=0)

] 0.8 [
] I
i [
1 [
H 0.5 [
| % [
a [

0.4 [

] o.z F




Summary

CSC in weak and intermediate couplings has been
extensively studied.

Relativistic BCS-BEC crossover can be well described in
boson-fermion model within or beyond MFA.

With chemical potential mismatch, part of gapless
solutions are stable in strong couplings.

[Recent experiments in cold atom system]
Fluctuation effects lead to first order transition.

Baryon formation is controlled by chiral symmetry and
can be described by quark-diquark model in dense
matter. [99% of nucleon mass from y-symmetry, see Stachel’s talk]
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Outlook

Our model can be extended to discuss
quarkoynic continuity with finite chemical
potential where the confinement and chiral
symmetry breaking do not coincide (L.
Mclerran and R. D. Pisarski ).

Quark-baryonic matter crossover for three
flavor case In guark-diqguark picture.
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