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Nuclear symmetry energy

For finite nucleus

A=16 finite nucleus

From equation of state Lowerenergy  Higher energy

Bethe-Weizsacker formula for liquid-drop model PP
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From rare iso-tope to neutron star core
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(Physics Today November 2008) (PRL 102 (2009) 062502 Z. Xiao et al.)  (Nature 467 (2010) 1081 P. B. Demorest et al.)
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Nuclear symmetry energy

e For continuous (infinite) matter

{

o En(p! IJ

Protons Neutrons

(Asymmetric)

Similarly, from equation of state

E(pn,I - y
e D) — Bpn 1) = Bopon) + Baymlon JI? + O(T*) + -

1 92 _
Esym(pn) = gy Elen. 1) T = (pn — Pp)/ PN

If one assume linear density dependent potential, the
symmetry energy can be easily read off from potential

1

Eoym =17

E.(p,I)— E,(p,I)) —> Linearly dependent on (p, I)

« Quasi-nucleon self-energies

» In continuous matter, nuclear potential can be understood as self-energy of quasi-nucleon

» Energy dispersion relation can be written in terms of self-energies (RMFT)

Gla) = =i [ e (Wo[Tlw(z) O] ¥o) =

1 24+ M 4%,

d— M, —%(q) — (00 = E,) (@0 — Fo) (Near quasi-pole)

= Self-energies can be calculated in QCD sum rules



Nuclear symmetry energy — stiff or soft?
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Nuclear phenomenology (RMFT) (hys. Rept. 410 (2005) 335 V. Baran et al)
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Iso-spin scalar channel (attraction) becomes weaker
at dense matter = stiffly increases

If symmetry energy is stiff, quasi-neutron Fermi sea
will become unstable at dense regime

causes nn — pA- type scattering

Iso-spin becomes symmetric

subsequent changed hadron yield such as
/" from final state will become smaller



Nuclear symmetry energy — stiff or soft?

* Nuclear phenomenology (MDI) ru 102 (2009) 062502 z. Xiao et al)
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x parameter determines density behavior of
symmetry energy

/A

x=-1 corresponds to stiff symmetry energy
x=1 corresponds to soft symmetry energy

Soft symmetry energy is required to keep high
iso-spin density represented as 7/t ratio in
FOPI data



Hyperons and neutron star

Hyperons (S#0) in medium (in vacuum, A ~940 MeV, Mi~1115 MeV, M5~1190 MeV)

N is bounded (V ~ -30 MeV)
—U(r) =56.67f(r) — 30.21f%(r)
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(PRC38 (1988) 2700 D. J. Millener et. al.)
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> potential is repulsive (V ~ +100 MeV)

U(r) =(Vo +iWo) f(r) + Vepin (7, - &) + Vioulomb (7

3-nucleus pot.

Ug* us® - -1
3 3 f(r) =(1+exp[(r —c)/z])
Vo (MeV) 10 c=1L1X{A=1)A
W, (MeV) -15 -10
Vso (MeV) 0 0 At normal density
¢ (fm) 3.3° 3.3°
z (fm) 0.67 0.67

(PRL89 (2002) 072301 H. Noumi et al.)

If hyperon energy becomes lower than nucleon energy? (p>ps 1=1)

New degree of freedom (hyperon) can appear in the nuclear matter
— matter becomes softer — maximum neutron star mass will be bounded near 1.5Mo

2Mo neutron star has been observed (Nature 467 (2010) 1081 P. B. Demorest et al.)

— should we exclude hyperons in neutron star? How such a stiff EOS could be constructed?

— related with density behavior of hyperons and symmetry energy

Hyperon self-energies can be compared with nucleon self-energies
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QCD Sum Rules: Overview

Correlator for baryon current

1(q) = ifd4;l? 1% (Wo| Tn(2)7(0)]|¥o) Correlation of the quantum number contained in n
g stands for external momentum
= T1.(¢%. q-u) + (¢ ¢ - u)d + Ty (¢?. q-uyl  ustands for medium velocity — (1,0) in rest frame

Energy dispersion relation and OPE (in QCD degree of freedom)

1 = AIL(w,
T (qo, |q]) = om7 de + polynomials,
e, o w qo

Phenomenological Ansatz (in hadronic degree of freedom)

(g0, |71) ~ 1 Equating both sides, hadronic quantum number can be
.19 (g" — igf).-l,.# - M;, expressed in QCD degree of freedom

Weighting - Borel transformation

B [[2 10- ¢ = 11m - II@ . 1
0 j ) —qg ,N—00 'n.! 0@8 QO 1
—qg/n:ﬂ'i'2

Pole Continuum excitations



Parton in hadron

Proton is not a point-like particle

Inelastic scattering: ep — e + hadrons Functions on invariant mass W
2.0
Hadrons k'
;:s E=10GeV §=6°
(1.035 2 Q% 20408 GeV?)
(51"12(\’) 2 2
g -q° < 1 GeV
Electron
1.0p
E=135 6=6
(18601 205)
—q
Proton k y f}l:ol‘;l:)l
(M,0) lab. frame ol 3 e
W(GeV)

do do 2, 20 , 2 o '
TdE (ﬁ)u [Qﬁ-l(y: —q“)tan 3 + Wa(v, —q°) 2M v =k'og—kp

In Bjorken limit (large-momentum transferred region), there are no resonances
— the scattering can be approximated by point-like free particles (partons)



Parton in hadron

« Bjorken scaling @t —q2 — o, —q%/@MK’ ,— k)~ € (fixed) limit)

e R '2 T Hadrons
vWa(v, —q°) ~ 2MF(§) 1 Parton k'

04} { 4
HWW; ]

! % J Electron
0.2 Q\ 1 q

L . (at —q2 — o)

0.1f ’.t.)‘,

L \v'v ]

U P . P | Proton k

: (M,0) lab. frame

Behaves as well defined function of &

Point-like particle description leads »Wa(»,—¢*) on function of fixed é= —q/2M(k’,— ko))
— confirmed by experimental observation

OPE (at —q* — o, —q*/(2M (k' ,— ko)) = &) reproduces Bjorken scaling
— quantum number of hadron can be interpolated with explicit quark current in QCD
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Interpolating current for baryons

« To obtain physical information

AN —q2—>oo

s a. Quasi-particle state will be extracted from the overlap
p Physical info. . _ _
from overlap D. We need to construct proper interpolating current which

can be strongly overlapped with object hadron state
nterpolating currentn ¢ Qur object: N, P, A, and X family

AN

Hadron state
(physical)

« Example: constructing proton current

Required quantum number: I =1/2, JF = (1/2)*

Simplest structure: [I = 0,]J = 0 di-quark structure] X [single quark with I = 1/2, J = 1/2]
Di-quark structure:  eape(u] Cysdy), €ape(ul Cdy) wand d flavor in antisymmetric combination
Positive parity matching: 1 = €abe (Ul Cdp)ysue , T2 = €abe (UL Cysdy)ue

loffe’s choice: 7= 2(11 — 112) = €abe(ul Cryup)ysy™d.
— chiral symmetry breaking term appears in leading order

 loffe’s choice for hyperon (A and X+) current
Required quantum number
MA ™~ €abe [('UEC?’#Sb)“.r"a“.r’“d-c - (daTCAﬁ.aSb)A.rSf}#uc] I = 0’ ]P = (1/2)+

ot ~ Eaz,c(-uzC’ﬁf‘#ub)*yg'}-“Sc =1, P =1/2)*

12



loffe’s choice for X

2o interpolating field in general combination

o = eane ([l Csi]sde + [d7 Osilysuc +t ([uf Cssilde + [d Crssiluc))

1+t

1—t ,
= (T) eabe[ud Crudp] sy se + (—4 ) €abe[ul Coydplys0™Y s..

Requirement: (1) spin-0 di-quark structure, (2) total /=0 combination
After Fierz arrangement,

(@ eabe g Crudp] sy se = 2€abe ([uh o Csrpldr e + [dR oCsrplure — (L ¢ R))
(b)  eavelup Copwdy]ysot sc = deabe ([ufy o Csrpldr.c + [df o Cspalur.c — (L 4+ R))
Quark propagation in perturbative regime (separation scale ~ 1 GeV)

< qQ(O) > / (27 mq.- 2?.2 ( ) ['ﬂt‘tﬁ 1 56555'043

Light quark has chiral symmetry — propagation from each helicity state to itself
The symmetry is broken for strange quark (ms#0) — mixed propagation between helicity states

Correlator of each basis can be expressed in diagrammatical way

13



loffe’s choice for X

2o interpolating field (continued)

20 = €abe {[uZCsb]’}sdc + [dzc.sb]’}-5uc +t {[uZC’}-wb]dc + [dzc-’yg..sb]uc))

- I L1+¢ 5
— (T) EabC[HgC'}-ﬂdb]'}s’}ﬂ-‘ Se + (T) €abe [ugcgﬂudb]'ﬁ(f’[ Se.

(a) €abe[ul Cyudp) sy sc = 2€abe ([uh o Csrpldr e + [k o Csrplun.e — (L < R))
(b) Eabc[uzCJ‘wd{,]f}ga“psc = deqbe ([ugﬁaCSR,b}dR,c | [dg__aC‘sR,_b]u.ch — (L + R))

Lowest mass dimensional quark condensate

uy, uy, uy, Uy, Uy, Uy,

Sy, Sy, Sy, v v SR 5y, 5y,

Ug
XQ

U
5L
dg dg M () d; dy &‘

Correlator of basis (a): strange quark condensate (dim-3)
Correlator of basis (b): four-quark condensate (dim-6)

Y

R (b)

Lack of clear information for four-quark condensate — choice of basis (a) can be better
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loffe’s choice for proton

Proton case

Mo(t) = 2€abe ([ul Cdplysuc + tul Cysdplu)

1—1

]_ —"_ t L
- (T> Eabc[ C’?’,uﬂb]’ﬁ’?"‘d +( 4 )Eabc[u Cg’m,ub]’}yﬂ de

Requirement: (1) spin-0 di-quark structure, (2) total /=0 combination
After Fierz arrangement,

(a) Eabc[ugc}hiub]ﬁr-‘iﬁrﬂ dc — 4Eabc ([H'T};,aCdR,b]uL,c - [u{__aCdL,b]uR,c)
(b)  eapelul Copup]yso”Vd. = deape ([uE_QCdR,b]uR,C — [UE,aCdL,b]uL,c)

ur, ur, UL ur, u
ur, uL m m dr__dr
(]_'L dr, (]_,L dp (a) dr, (ZR d;, (b)

Correlator of basis (a): chiral condensate (dim-3)
Correlator of basis (b): six-quark condensate (dim-9) with perturbative gluon attachment

Same reason for six-quark condensate — choice of basis (a) might be better (loffe’s choice)

15



Generalized Interpolating field for A

Special case: A
Possible =0 combination with spin-0 di-quark structure

{eapc[ul Cdplysse, €ape[ul Cysdp)se, €ape ([ul Csplysde — [dE Csplysue) , €ave ([ud Crssplde — [dX Crsspluc) }

3rd and 4t basis can be expressed as
Al 1 1 Bl Al A
€abe ([ug Csplysde. — [dg(.-sbhgu-c) = €abe ([-u.z(.‘db]-}*ssc + [-u.g Cysdpse — [uz C-f}-'g,-“mdb]f}-"u‘sc)
Al hl 1 Al v AJ
€abe ([-qu’;:E,sb]dc — [daT(-q-'Bsb]u.c) = 5 Cabe ([-u.aT(‘db]-}-BSC + [ul Cysdy)s. + [u.gCq.-s-ﬂmdb]qf'”“sc)
— basis set can be reduced to 3-independent bases set
Decomposition of basis

(@) eaveltn Cdy]vss. = €ape ([Uf . Cdrplsp.c — [ug Cdry)sy.c — (L < R))
(b) €abe[tl Cysdp]se = €ape ([ufr.aCdrplsr.c + [uh o Cdrplsy.c — (L < R))
(c) eabc[uzC‘fyg,’ypdb]f}*“sc = 2€abe ([u%aCSR,b]dL__C — [dg,aCsR,b]quc —(L + R))

dL dL dL dL (a)l (b)l (C) ([_'L dL

16



Generalized Interpolating field for A

Special case: A (continued)

Set of basis and lowest mass dimensional quark condensate

(a) Eabc[u Cdb] 58c = €agbc ([HRaCde]SRc_[UEQCfERb] (LH R))
(b) abc[ C""Sdb]s = €abe ([uRaCde]SRc+[uRaC(ERb] (L(—} R))
(C) Eabc[u 57 ;zdb]ﬁ" Se = 2Eabc ([UR CQR b]d[. c [dR:aCSR,b]uL,C - (L s R))

Uy, ur, Uy, ur, Uy, ur,

d_L dL (ZL dL (a), (b), (C) (iL (IL

Correlator of basis (a), (b), (c): strange quark condensate (dim-3)
Cross correlator of basis (b-c): chiral condensate (dim-3)
— the chiral condensate term gives additional strong attraction to scalar self-energy

General form of A interpolating field
UNCO A(&,B)Ea'bc (['“g(?db]’}’ssc + afug Cysdy)se + B[UEC’}B%db]"f’“ 'SC)

Where A determines overall normalization and coupling strength to physical A state

17



QCD Sum Rules: dispersion relation

» Simplest case: Nucleon in vacuum _gms
l(g) =1 [ e ™ O[Tla(e)(0)][0) = I(e*) + y(aH. /e \
- : - 'Re s
« Using Cauchy relation
Hi(qz) = ,i - ds Ani(z) + polynomials /
2mi Jy s—q ~_ ()
All;(¢%) = EE%]_ (1L (¢* + ie) — I1;(¢* — ie€)] Vacuum ¢ integration contour
= (2m)% Y (5( — pa) (O10(0) ) al(0)[0) = (g + pa) O17(0) |} (aln(0) [0) )
) This imaginary part contains all possible hadronic resonance a
« Emphasizing ground state — Borel sum rules
B[ (¢%)] = 1 /w ds e—s/MzAH.(S) The continuum will be suppressed
' 2mi Jq ’ by setting M ~ hadronic mass scale
= gm SO (2 ) =)
T oo n! dg? ' -
—qunz;wz

= The moment (Borel mass —q*/n=0M?) is a fictitious value (non-physical)
In principle, physical values such as mass should not depends on M

»= As OPE is truncated, actually it depends — the value can be read off at plateau of Borel curve

18



QCD SR: operator product expansion

Operator product expansion (Example: 2-quark condensate diagram)

Mi(q®) = Y Crl(q® 1)(On(m)o

4\—\

Short distance g>u

N % ﬁ)& TTOX KOO0

e i x (aq)

X :Ggsggq: X {%Q,U.UGMV:} o

Overlap J !, g Vacuum expectation value of localized operators
Between
7(0) and wi[0) : ‘

Long distance g<u

Separation scale is set to be hadronic scale (£ 1 GeV)

=  Wilson coefficient contains perturbative contribution above separation scale -
short-ranged partonic propagation in hadron

=  Condensate contains non-perturbative contribution below separation scale —
long ranged correlation in low energy part of hadron

»  Quark confinement inside hadron is low energy QCD phenomenon
=  Genuine properties of hadron are reflected in the condensates

19




QCD Sum Rules: in-medium case

Energy dispersion relation with fixed 3-momentum

Imw
1 [  All(w, _
IT;(qo, |4]) = 5 ‘/_CC dww(_—dé[‘:ﬂ) + polynomials, /
—\‘HI(“""q_U Eeﬁ%l_[ni(w""ifs@'l) _Hi(W—iE,|§'|)] _________ ' N ,Recu
* |n-medium hadronic excitation is certainly not symmetric as
in the vacuum case
» Medium reference frame occurs — energy sum rules for ~ (b)

quasi-particle state is proper choice _ . _
In-medium energy integration contour

Energy Borel sum rules

Bl (a0, 1) = 55 [ do W) ATL (e 1)

2mi
: (=g3)"™ (0 \" (0
= _21111iP ?1' 0 IL; (qo, |q]) = IL; (M2, |q]),
—qg5 .00 . 0
—q[%[)[‘:l:;\'f_z
W(w) = (w— By)e™ /M Anti-state is suppressed, only quasi-particle part survives

20



QCD Sum Rules: spectral ansatz

Relativistic mean field theory

) 4+ M 4%,

Glg) = A 3
7 ﬂ_Mn - E(q) ” (go — Eq]((j'[)_E[})

Quasi-hadron propagator in RMFT

Structure of correlator can be assumed according to phenomenological Ansatz
Via Borel transformation, self-energies can be obtained in terms of invariants

*

Mi(qo. 1g]) = =3y Nt Bl,(q2,|q)] = N Mj e~ Fama)/M*
oo V' (qo — E,)(qo — E,) Borel ITs (g0, |q1)] N Mp€
. 1 . e
My(qo, 1G) = =A% __ ...  transf. BIIL, (2, |7)] = Ai2e~(Ea=a")/M*
(QD_EQ)[QO_E(;) N
= pIM - ‘  \s2wh —(E2_&)/M?2
I1,(q0. g = +Ay v B[Hu(qgr 1q1)] = ’\,'\.?ZLE" (Eq—q°)/M

—— +
‘ (QD - Eq Hq‘] - E(;}

Condensates and in-medium properties

l.  In-medium properties are included in low energy scale

3 O 7 (long-ranged)
- k, F ﬁ,*; \»J II.  PCAC (Gellman-Oakes-Renner relation), Chiral
S D perturbation theory, Lattice QCD, DIS experiment can
' be used to obtain in-medium condensates
DIS diagram

21



In-medium condensates

Simplest guess: linear Fermi gas approximation

(0)p.1 = (O)wac + (1| Oln)ps + (P10 )P, [Vacuum condensate] +
= (O)yac + L((n]Oln) + (p|O|p))p [nucleon expectation value] x [density]
+1((nOIn) — (p|O|p)Ip. Iso-spin symmetric and asymmetric part

Example: chiral condensates

. : _ _ ON
Iso-spin symmetric part | (4@)p = (¢@)vac + 5—p
q
Nucleon-pion sigma term
I, o .
on =3 > ((N[Q4,[Q4, Hoopll|N) —(0[[Q4%, [Q4, Hoepl]|0)
a=1

—2m, [ d% ((¥laal¥) - ©Olgal0)) = 2m, (Vlqal)

where, Hyop = /d3x(2mq§q +m.Ss+--+)
With Hellman-Feynman theorem

o d .-
2mq(vlqqlv) = qu@IHQcDM

and linear density approximation & ~ Myp

Sigma term determines dropping rate

1.0
0.8
g
= 0.6
&
g
/UE* 0.4 on=38 MeV
B on=45 MeV
02! on=60 MeV
0.0

05 1.0 15 2.0
p/po

ST
o

22



In-medium condensates

Asymmetric part Lo
From trace anomaly and heavy quark expansion
0.8
T, = m,uu+ mgdd + m.Ss + Z mphh + - - 2
h=c,t,b %—: 06 (Uu)=q -
9&'5 = -~ q —
= - G? + mytu + madd + m.5s + O(p? /4m3) 3. <qq)1_0
8T = 0.4} (dd)
3 I=1
Low-lying baryon octet mass relation ~ 45 MeV
mp,=A+m,B,+myBy+ mgB; 0.21 g‘:l;]eutroi matter
m, =A+m,B;+myB, + mgB; ool . . . .
mg+ =A+muB, +mygBs +msBy 0.0 0.5 1.0 1.5 2.0
mys- =A+myBs +myB, +msBy P/po
mzo = A+ m,Bg + myBs +mgB, 1 B - 1/ (m=o +m=-)— (my+ + my-
N = % ((plaulp) — (olddlp) - 5 (¢ L :
mg- =A+m,B; +myB; +mB, 2 2 2ms — (my + myg)

where A = ((B/4a,)G?),. B, = (au),. B

1l
=
=

Strange contents

<§S)p = <‘§S>Vac + <§S>N,O
B oN y can be determined from direct lattice QCD
= (0-8){79)vac + Yo P — recent lattice results says y should be small
! y~0.05 (PRD87 074503, PRD91 051502, ArXiv:151109089)

We confined y — 0.1

Ratio 0.8 is determined from vacuum sum rule for hyperon

y = (ss)n/{qq)N



4-quark condensates — baryon sum rules

* In 3-quark constituted baryon sum rules

Short distance g>u « There is no loop in leading order diagram
: ‘ — no suppression factor comes from loop diagram

m o « Can be numerically important in sum rules
' ‘ %

« Indeed, 4-quark condensates give non-negligible
contribution to baryon sum rules

. ‘ e For twist-4 condensates, DIS data can be used
Long distance g<u (within linear density approximation)

« Twist-4 ops. in baryon OPE

Operator type v — Y5 — V5 o—0a

-2

A A _ A A 5
"t —t (Gysyt™ g1 gaysyt q2) post. _Tqm (@Yt @yt @) pst. = qlqz (qrot*qrgpot™ qa)p st _Tq,Lqrz
I-1 (G1ys5791G27y5Yq2) post. = quqq (1Yq1327q2)pst. = T‘m2 (G10q1320q2)p.st. = Tflqr,

g1 and @ stand for light quark flavor

1 1 M . .
(p cjll“?glcjgl“fqﬂp}s_t, = (u u' -lg 3) p—= 2” Tgqu Matrix elements can be obtained from DIS
s experiment data
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Borel transformed OPE

Nucleon OPE (neutron)

AT W W 2 ] 2 — 2 _ _
W [ o(a3, 0] = A2Me™Fna=TV/M — BT, (q3,|@)] — En oBITE;, 4(a3, )]

1
= — T2 {ﬂrfz)zEl{ﬁu}ﬁ.fr

Wit [ g(a3,|d)] = A2 Fra@/M® — BIE (g2, 13))] — EnoBMG (a2, |d)]

1 4 1 ('} d
= M*E,L ™5 M2 Z2G? E,L- 3
gor7 M) B LT + a5 < n >p,: ot
1 3 ‘:]: i .I.I _ 4 ‘1: a2 "4: 0 .I._ _4
— Ff‘.«f Eo — !}rrgq {'U- ?,.DD'H-}ij a— 02 M-Eqy— FI‘] {d E-Dud)pj.[z o
1 - 1 - _ 3 _ 5 -
— E{fi".r'tfd'}*ff}u_ ~3 (dysvyddysyd) . + E{-u"ra“rud’:fsr}*d}n. - E{u'}*ud“fd}n.
1

[}

iydd L (s 1 1 ]
(dyddyd)s.e. + §{d’}'5“.-“dff’}-5’}‘ff}s.t_ -3 (Tyudyd)s.e. + E{ﬂ'}'i“f’u dysyd)es.
= 1
T Era [@Mﬂ [{HT”‘}RI + mfd}.o:f] EDL_%].

Wit u(a2, 7)) = X25re Ena DM BTG (g2, |d)] — EnoBIS (a2, ]30)]

n.u

n.u
L -
= 7oz (M)? [T(d )y + (ulu)y ] BrL 3
- [ 4 16
+E,, [gﬂz M (utiDgu), jE,L™7 + o3 M?(d'iDyd), ; EoL~ %

+2 [{Ei’}'dﬂf'}'ff}s_t_ — {EI":S'}TH"B"Id}s_L + {ﬂ'}'ug"f’d}s.t. - {ﬁ-’}'ﬁ'}'uff’"."a’}'d}s.t.] -



Borel transformed OPE

%" hyperon OPEs

T . . —(E2, —g@ymM? - _ _
Witllls+ o(a3, |3])] = A% Mgz e Pt TIME _ B[+ (43, |d])] — Ex+ (B%: (a3, |q])]
m 1
= o a (M) B8 — 5 (MP)PEy (88) 1 + ma (yuiiyu)er, — ma (@5 yuiys Y,
Mg

~ 4
+ Exn+ 4 [2??2 ﬂfz{uTu}p:;E.]L_g — E{s“.s}vac{uf-u}pi} .

- ] - — 2 — £ : 7 = 2 n Z o

W llly+ o(a2,10)] = AZ e Fota DA Z B, (q2.101)] — Exe (B, (a2 d1)]
1 1213 _4 L e/ o _4

= o (M Bl — M2 (26 >p:; By~

4

1 . 1 4 s
— [FMEED — ﬁ@g} (s'iDgs)p L5 — [QHEMEED — W‘ﬂ {(u'iDou)p s L%

o 1, ~ 3, _ 5,
— {@rutnt)u. — S (@ YUBY . + 5 (TN VUSY5YS)er. + 5 (WYUSYS) 1.
1 1 1 1
- g {@yutyu)ss. + 5 (@ys YUY YU)se. — 5 (@uSYS)se. + 5 (WU YS)s.c.

_ 1 4

J— 7 - _(EZ2 — [ i — 2 n 7o 2
W[l u(g3.13)] = A2 5 e Fne o DI BME | (g210)] — Exv 0BG, (¢2.1])]

T

= 5z (M*)(ulu)p 1 By L7

_ 4
+ EE"'.I? |:gﬂ_2

gfz M?*(u'iDgu), 1 EoL™3

M?(s'iDys), 1 BoL ™5 +

+ 2 [(@yutiyu)se. — (UysYudYsVU) s, + (TYUSYS)sr. — (WYsTUSY5YS)s.1.]
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Borel transformed OPE

N\ hyperon OPE with Generalized interpolating field

Wil (g2, |a)] = Ai2MyeFra—T)/M* — BIIg (g2,|q))] — Ea B3 (a2, 0)]

(1— a2 + 2b?) . B
i me(M?) Ea L~ 3
(1—a2+2b2), 50, @b, 00,
(1— a2 —2b?) o /¥ o &
- M <?G' )M EoL—%
1+ a2 + 4b? . 1+ a2 — 4b2 _
(1+ a4+ ]mg{ﬂudd)u_ — (1+ a4 }m.g{ﬁ.“y_:,u.dﬁr_:,d}tr_

_ 72 _ op2 . 1 _ 72 4 o2 B ~2 B
_a {14 2 jms{ﬂ'}-uffﬁrd}t,_ _a a4+ 2b ]mg{-ﬂf}-:,ﬁru.d"m'}-d}u_ _a —;a }-mgﬂﬁ.crudcrd}tr_
(1 —a?+2p? s 2ab B (1 — a2 + 4b? B

- Eﬂ..,q' - 8"]'2 }m'giﬁffZ‘:QTQ}p,fEDL g + T(qTq}p,f (qQ}vac — - 3 ] (QTQ};J,I {Ss}vac

— . I (2 g%y M2 e _ -
Wt [Ta,u (g3, [@))] = AZEge Fre =M — BINY (a3, |a1)] — EaqBM (a3, |a)]

1+ a2+ 1462 . . 2ab B
= { 4872 }[—'ﬁffz}Q{qTQ}.o,fElL 5 ?inﬁ {QTQ};'J,I (55)vac

+ B\, | P (uyudyd)s . — b (aysyudysyd)s . + b2 (aoudod),
.q

N (1+ a2 —2b?)

5 (Tyusys)se + (a+ 52}{-1?7;5 YUEY5YS) st — &E;(-EH-HEUS)S_L] .
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Borel transformed OPE

N hyperon OPE with Generalized interpolating field (continued)

2 _(E2 _g /M2 — 9 _ _ .,
Wi [la 4(a3, |a))] = AiPe™Faa=TVM = BTIY (g3, 1d1)] — EaoBII3 4(a5, a])]
_ (1+a2+4p?)

S (M2)3E3L~5 +

(14 a® + 4b?) 12 <ug
25672 ’
ab s (1+a+4b?)
— gz e M?{qq)p. 1 EoL ™5 + 3972
(1—a%+20%), 1— a2 —2p2 1+a2—u),
- ){'U”-dd;'tr. | 1 ) —( 1 ){-u'}-udﬁr-d}t,_

1+ a2+ b2) . 1—a? .
-— %ﬁﬁ?ﬁ’}'ﬂd’}'a“jd}u_ -— f a ]{Hﬂuiiﬂ'd}tr — (f.b( (jﬂ}tr + bﬁq_“lraqa"m‘_u}tr
2 _10b% i — 3h2) b
3 }{t?':rqs‘".rﬂ}u. + (—4’1 (@7157457578)tr. — -1 (904508,
” b2 B _
—q — (wyudyd)s,. + — T {Tysyudysyd)s T —(woudad), ;.

(L+a—2p?)
g

(14 a2 +2b?)
T | T

r:;?> E L3
m p,f

meM? ﬂ-‘-“_-'-“}ﬂJE[]L_%

(uysudysd)y, +

l+a
L

{a+b?}1 -
1 q—z{q':rs“.r'q.r~=f:r-a“.rﬁ)s.t. +

(q7q578)sr. + —(qoqs0Ys)s s

= | ":“4
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Sum rule result | - nucleons

Neutron sum rules and symmetry energy

Neutron sum rules (/=0) Sym. energy without twist-4 ops. Sym. energy with twist-4 ops.
| 4l n(I=0) (a) (b) (c)
0.10 0.10
T
— Ey/M,
1.0 — E?fl T's included
- Vector, T's included
0.8 > 0.05 - Scalar, T's included > 0.05 — E2y. T's included
' ) O T ——m———————— L - Vector. T's included
"""" My/M, < ~ Scalar, T's included
0.6]. e emememememmmemememe e e e
0.4 0.00 0.00
0.2 ---- I)/M,
0.0% ; ; ; ' -0.05 -0.03
1.20 1.25 1.30 1.35 1.40 1.00 1.05 1.10 1.15 1.20 1.00 1.05 1.10 L.15 1.20
M*(GeV?) M*(GeV?) M (GeV?)

1. The quasi-neutron energy is slightly reduced — represents bounding at p=p
2. Large cancelation mechanism in both of the quasi-neutron and the symmetry energy
3. Twist-4 matrix elements enhance the strength of cancelation mechanism

29



Determination of {d,b} in A sum rules

3D plot with @ and b

. ) T ~r T .. T ) .
Vacuum sum rules with 7.5 = Aap) €abe ([Ha Cdylvsse + alug Cysdy]sc + blu, € ’:fs'“mdb]’}-”bc)

1. Self-energies will be obtained by
taking ratio
My = Bllx.+(q5,19)]/ B[4 (5, 41)]
Ei\ - B[Hﬂt(qg* |§‘|)]/B[HAQ(Q§ kﬂ)]

2. Overall normalization A becomes
meaningless in practical calculation
— free parameter reduces to @ and b

3. Plane {d, b} can be stable or unstable

5

= |offe's choice corresponds to {a.b} = {—1,-1/2} and A _12) = /8/3
2 ! !
NA(—1,—1/2) = \/;eabc {[HEC’};{Sb]’}s'y‘ d. — [dgc’}ﬂsb]’rm‘ uc)

» This linear combination is located on boundary of stable part
— mass can be drastically changed via even small variation of {a, b}
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Determination of {d@,b} in A sum rules

3D plot with @ and b

R . T ~1 T .. T _
In-medium sum rules with a5 = Aa.p)€abe ([ua Cdp|vsse + afug Cysdp]sc + blug C '?"'5“r'udb]’?‘"u3c)

1. The OPE do not contains the derivative
expansion and 5ys dependent Ops.

2. loffe’s choice is located on unstable
point and the quasi-A energy ratio ~ 1.5

3. To control the repulsive tendency of the
quasi-A energy, one can try derivative
expansion

5Yu84q = (57.5qq) + " (57, Dy sqq)

_ _ 1 _ 4 /7 _ 1 _ 1
(Sﬁ."r,uDuSQQ} = ig;wﬂls <SSQQ) + g ((SFI'UDDSQQ> - Eﬂls <SSQQ>) (u.uuf-’ T igﬁ”)

— Trace part can reduce the quasi-A energy but contains large uncertainty
— It is worthwhile to try new linear combination with @ and b
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Stable {@,b} for A sum rules

« Confining stable points on {d, b} plain

Cross section with fixed @ = —2.0 and @ = —4

¥
i
N
f
0.4 | 0.4
0.2 e sy | S 0.2 TAM,,
B S —— B T —
20 =15 -10 =-05—60 05 =20 -15 =-10 =05 00 | 05
b b

As |d@| becomes large, sum rules become stable and weakly depend on b

9 stable points

Sum rules have been obtained by averaging results on following 9 points:

{a,b} = {(-1.80,-0.10), (-1.80,-0.15), (-1.80,-0.30), (-2.00,-0.10), (-2.00,-0.20), (-2.00,-0.30),(-2.20,-0.10),
(-2.20,-0.30), (-2.20,-0.50)}
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Sum rule result Il — A hyperon

N sum rules with new interpolating field

GeV

Constant negative pole

14} AI_

1.2} -

0.8} My

0.6}

0.4}

) CE

Y0005 1o 15 20
P/po

GeV

Density dependent negative pole

14 AI-

1.2} —

Lof T

N M

0.6

0.4}

N, I e

0505 1o 1E 2o
P/ po

The quasi-A energy is slightly reduced — represents bounding at normal nuclear density
Weak attraction and weak repulsion — scalar: Vsa / VsN ~ 0.31 vector: Vva / VuN ~ 0.26
— naive quark counting for determination of N-H force strength may not be good

A sum rules
14} A
1.2}
Lol —  EyM,
o8 MM,
0.6]
0.4
0.2) - ZYM,
0000 15 110 115 120
M?(GeV?)
1.
2.
3.

Constant negative anti-A pole case (2" graph) and density dependent case (3™ graph)

Eq - Ev(Eq‘J -

2+ M*(Ey)?

(anti-A pole)
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Sum rule result Il — density behavior

« Comparison of density behavior (neutron matter)

Constant negative pole Density dependent negative pole  Density dependent negative pole (Z+)
1.4f NA 4 NA b T
1.2 — E\ ] 1.2 — B\ ] 1.2 frt’_'f{E;/
] 1T —— ]
Lo —— ] e — 1.0¢ - Mg T
~'\. — EN ‘."\. _ EN
2 0.8] | Z 08f ™. | 2 08
U K"'\. o ‘IFL'E ,a',’: U \'\, T ‘1'{;{ ] LD
0.6} s, P 0.6 el e 0.6}
0.4} I 04} e 0.4} _
,"' _ \.\‘ﬁ- 1 f”’ _ -M""*-.,_: i Z‘? ,,,,,
02p 7 —--zf e 0.2f -~ -z : 0.2
DD”'/ 00/" et . . ]
00 05 10 15 20 00 05 10 15 20 D’DO.O 05 1.0 15 20
PlpPo PlpPo P/po
1. Constant negative pole case: the quasi energy of A and neutron crosses at p/p0=1.8
2. Density dependent case: never crosses
3. In Z+ sum rules, there is only small difference between constant- and density dependent-case
4. Within new interpolating field for A, the early onset of the hyperon in the dense nuclear

matter is unlikely
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Outline

. Motivations — phenomenology with iso-spin asymmetry

Il.  QCD approaches — QCD sum rules
Symmetry energy
Nucleon and hyperons

lll. QCD approaches — dense QCD in cold limit

. HDL resummation
. 2-color superconductivity

V. Future prospects
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At extremely high density?

QCD phase transition

E~p Hard scale (separation point
T‘ between slow-fast modes)
hea;{_dion
| collider ~ .
B~ gn Soft scale for screening and
damping

E ~ pexp(—1
pexp(=1/g) Gap scale for color

superconductivity

E ~ pexp(—1/g°)

Non-Fermi liquid effect
Fermi surface pr=y > Naco

-—
nuclear neutrc—rh-!';:/ u
superfluid

In g > 17 > Aaco region, QCD can be directly applicable

Static quantities can be obtained from partition function for dense QCD
. = ] - A ; T
Zog=Trexp |-B(H —ji-N)| = [D{-u'-',-?;i-‘, A m)exp [—/ dr [djit’ﬁg (1,9, A, ?;r)]
- . 0 )

Dense QCD Lagrangian (Euclidean)

1 a a 1 r ans —a - ey b nf Ta n Y- | T n '
Lp = ZF,uqu.w + E(du"qu)z +17 (dgéab + gfabcdj.i"q;t)'n + E {L'}C;T?*f + i.ijf(_?'ﬁf di + mf)'t"'f - ,!'.Lft‘}L'f - ghffqt‘f
f

Full QCD and effective approach within scale hierarchy
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Effective approach for cold dense matter

Lagrangian near Fermi surface (analogous with NRQCD)

Dirac equation in dense medium

pot = (A-p—p)t po=FEL=—p+|p|

Subtracting out dense-Fermi momentum and projecting energy eigenstate

. | 1 Y- P
Y(z) = Z e )y (1) + _ ()] Py = Py = = (1 + 2) )

—

T

Matter part can be written as

Equark = J’(T)(]-E) + J’-L}”O}'!’r(-r)
= _[¥+Gr. 00’V - Dy Gp, ) + Y- (r, )y °Qu +1V - D)y (F, x)

uF
+ ¥ (UF., 0)iy| Dury (O, x) + ¥4 (F, x)iy | Dp - (VF, x)]

By using equation of motion, fast mode can be integrated out

; ? | a ; A 1 9
Y= —————=——70 () Lp= f L;ﬂﬂf DY — Y ———— D
2% +iV - D Do P Z 2+ iV - 7t

T

Where D, =+ D, with 7} =7# = and 7 = (v°,7;77-79), V¥ = (L.7), VI =(1,-7)
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Matter loops in HDET

Two matter loops

Lp= ' f:"‘i“.i. VoD (f-"":‘ — ?f-"",) i—,., (i
% l 2#+-3'.V_D17

i

U

1

For soft gluon propagation matter loop correction can be obtained as

o, ﬂ; S W
Hg.w(QNQ'h_?n /4?]_11#}1;)( I Qf;/)

Quark-hole loop (slow mode loop)

dQ)

Hj_iU(QHq-a = ?nf& /E (5#46}14 + Il;j.t-ﬁi:u)

Quark-antiquark loop (slow-fast mode loop)

Double line denotes fast mode (propagating in Dirac sea)

Each quark-hole and quark-antiquark loop correction is not transverse

Sum of these diagrams constitutes transverse gauge-invariant matter loop known as

hard scale loop correction




Hard dense loop

Hard dense loop from full QCD (for soft external momenta)

I
+

Bold Fermion line denotes thermal quark propagator in full QCD

my —P
—(iwn + pp)? + p2 +m3

S_F‘I:le =

Loop integration is dominated by hard scale u

‘K
et 2 gab Tr [y, Sp(K)7y, Sp(K — &k
w (@) =970 | o T Se(K)n Se(K = Q)] TZ/O—SF(Q—K)SF(K)
o " iw - e
= m25*® / — (d 40us + K, K L) dlk? 1 k  k
1 [TESe petras ] ’ —~ - . — ~
J 4w QK /dQ/ (2ﬂ)3ni(k)E1Ez k2 (k — q)? g

1 2
2 — o272 f
m® = 39 T ((—4 +—11f) Qg E

PRD53 (1996) 5866 C. Manuel
PRD48 (1993) 1390 J. P. Blaizot and J. Y. Ollitrault

Relevant in cold limit

2
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Hard dense loop

Gluon propagator is saturated at soft scale (Q~gu)

i O OO

)291[

)ogﬁ(

(9#5 (Qﬁﬂ 9;5}2 " o (gu gﬁt)

In cold dense matter, soft gauge interaction should be resummed
Resummation of matter loop generates iso-spin dependence of interaction

Gluon polarization as a kernel for linear response
JAd(p) = JAO(P) — JA(P)

= 11,5 (P)(AB>(P)),
(A%L(P))y = =i DB (P)J"B(P)

145 (P)

Soft gluon contains collective iso-spin information of the matter

= i[(D7AE(P) — (DB

P)KABY(P))
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Polarization

Projection along polarization

Euclidean propagator
1

D PL 1 pr + ! Q#QV PLT :O‘ij N (}i(jj Pf“; - Pj; =0
* v 9, oTT T ’ MO, oTTT v r
a QQ + ()HL H QQ + OHT H fg Q2 PL _ 5 o Q#QP . PT
HY QQ v
Longitudinal and transverse part
L2 O . In w->0 I|m|t . 5
L 19 f W 1] 2 ,uf
-3 (30%) 5 (- (5) @ (5)) - T
24 27 72) g q g q -

Qo(x) = $In[(x +1)/(x —1)]

Debye mass and effective description

Effective Lagrangian for static limit

1 1
L=—_—F%_ A#( —Q*g"

1 mQP‘L + O(w/q) Pr PEY + )AL

Iso-spin dependence mainly comes from Debye mass of hard (dense) matter loop

41



HDL resummed thermodynamic potential

Qp) =

(H)—fi-(N)

—

1

~ -~ ‘ |
/ \‘] +E§K/B% +ll§© _;_ll go@%
/2% § 22% /7N 237N 7Y
N e ey o N g

Free energy from partition function

Zq ~ exp [Z connected diagrams]

Relevant ring diagrams in HDL resummation

At 7~Q~gu, gluon is saturated
In other region, the integrand
decays fastly

InZq,, =BV | Z ?) |deal quark gas
f=ud
(N2 4
In Zﬂq HDL — _{:\.C 1)31’ / I:(;T’? In[1 +H;—“ (@)D !#(Q ]
_ ”*2 WNe =) gy (111 l1 +5HL{Q)i] +2In [1 +5HT{Q}iD
(?’r Q1 Q?
[l—l—m (I—Eln%w+q) iz] ;
2q iw—gq/gq
d“‘ m? [iw iw\’ iw iw)| 1
ey / [ =(3) [(1 -(3) ) @ (7)+ (?)] @—]
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HDL resummed thermodynamic potential

« After reg

L=(NZ-1)pV

ularization

4

(;ﬁ) éi; (.m:}z l(l _ 111;—:;) a— B+ %a] Longitudinal mode is important

2
2 2
= BV C’L’ig Z Fi_g 1—-In2—1In Z ,u_giz —Ina, |a—7 -| a = 0.321336
T \j=ua ™ fmua " H4

T =(N2-1)8V

finite f = —0.176945

(

1 dQs (m?)? m2\1_ 15 1_
1-1 —a— =B+
om) (27)° 8 Mo ) 30 T3 TR

2
1 T pi o1 1 1. w
3 ’V 2 of _ A I 5 —
= BV [asﬁ (g;d Wg) [(1 In (f;d — ,ug) lnas) 5@ Qﬁh a = 0.142727
finite

5 = —0.200869
Total logarithm

1 13 g 8 4 2) g 2] Quark resummation
mZg=AV|- L l1-4(= S —=
nee=p (4 fg,;,d m? l ( o ) i (3 q" ( U ) (optionally considered)

+022
S

2
2 2 AM=a+ia
Z ,u_j; l1—Ina, —In Z ﬁ—g% Al — Ay —aln?2 ‘:_
fmud " fmua " Ha Ay =5+ 358
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HDL resummed symmetry energy

Thermodynamic quantities can be obtained from Q(x)

. ~ - 1
Qu)=(H)—ji-(N)=- v In Zgo,

(1"1‘) 1 0
(=2 - 2z,
Pili) = 7 = gy g, M Ee

(H) L/o 1. 0
=" (L g L w2,
= =-vas 5" o)

IB:ﬂzgp”_pd

(125m)
pg=p(lx51g
PB Pu T Pd I 3

Quark matter symmetry energy

e(p, Ip) . E(u,1g) _

p(p. IB) Np

Eoym(it) = 5 i E(u,Ip)
sym — " ar 4B
v 2005

= E%0 (u) + ESIPE(u) <0

With gauge interaction, the symmetry energy
becomes even smaller

= B, 1) = E(1) + By (1) + -

~0.2}

-0.8}

Egm()(MeV)

.
."-‘."'c
ey e
T 1Y
RN
- \.~
Sel S
el N
.~ ‘\'
oS
—04F o,
- \~
L) \
a‘\s\’
_0.67 “‘ \s
- \.
NS,
ALY
Idealiquark gas o
HDL involved N
035 040 045 050 055 0.060
u(GeV)
' ' s ]
25: --------- ]
20: ———————————————— ""-":
T e e
_____ ",a-
aaaaa o"'
15F =" ‘o'
-
ol
L -
[ e Ideal quark gas
s HDL (gluon)
il HDL (gluon+quark),
shed e
0,36 038 040 042 044 046 048 050

u(GeV)
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At extremely low temperature

« At T~O0 limit, quark is mainly confined near Fermi sea

s—0 l

E ~ pexp(—1/g)

E ~ pexp(—1/g%)

If one scales longitudinal momentum to near Fermi surface
/d.4p — /dQ/df?s? where 1= (o, (I- 7f)77)

Free fermion part should be invariant under scaling
f Pl s(lo — s,  — v~ s77

Four-quark interaction

General scattering
fH? (dkTdl®), [0 (k)W (k)V (k)T (ky)v(ke)] 8(ky + ko — (ks + ki)

scales as s? : irrelevant in s — 0 scaling

Interaction between opposite velocity (BCS type)

/Hf (dkLdi®), 9" (ka)(k1)V (k)i (—ka)sp(—k1)] 8(11 + T2 — (I3 + 1))

scales as s° : marginal in s — 0 scaling

In QCD, there is no relevant interaction which scales as s™
— BCS type interaction becomes most important at scaling
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Color BCS paired states

4 quark interaction in QCD (Ne=3)

k' -k’

Modification of Fermi-sea

e\ N 5 quarks
[r—— d (blue)
s quarks u-d red green
u (blue) quasi-Fermi sea is

locked

—

Anti-triplet channel is attractive (V<O0)

1 1 oo
rijTht = g (0is0k1 + dadk;) — 3(Ji50k — Sudks)

— BCS condensation in low energy limit

To take entire Fermi surface, spin-0 condensate
is favored — in same helicity (asymmetric in spin)

For asymmetric wave function as for fermion,
flavor should be in asymmetric configuration

In non negligible M;/u, 2SC state is favored

<¢I3C75%/ff> ~ A € Ple + A€%Ple + A3€*Pie

fal L 1 Vo fanT / v A
(\L-L_mf-%-'L.jjg = - (.?-.'«'R_Q;.-C%-'R_jj,' = 5 €ap3tij3

La= —%g’!{ﬁ'ﬂ}le — (L — R)+ h.e.
In 2SC phase, u-d red-green states are trapped
in gap and only s quarks and u-d blue quarks
can be liberated
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Asymmetrization in 2SC phase

* Only Blue state (1/3) can affect iso-spin asymmetry

BCS phase remains in 6u < (1/v2)A ~
= \ 5 ,u.[ S (PRLY (1962) 266 A. M. Clogston)
Only u-d blue states can be asymmetric
3E = 60

The other 4-gapped quasi-states are locked
(Iz =1s/3)

° Symmetry energy in 2SC (only non-perturbative gap is considered)

25C

1 p: Az
~—3 > Z
: 80} ‘
1 1 ,u,?,iz ___.,,-'f_'_f__.:---""-
pilp) = g7z Paill) = go3 +5am S al
) E _.-""-—'..
E,ﬂ(,u'jl - Eunpaired{,{” + Epiil’l’.d(r{-{'} g .--""_':__ -
unpaired 4 9 E 40--- Black solid : & = 200 MeV
_1 > 4 Z l L A } of Black dashed : A= 150 MeV ]
4 = 4 Ideal quark gas  _ _ _...-.
20famemmmememmmr =TT
e(u, Ig) 4 ) oscy 1 9% - ) | | | | | |
e Ig) =Bl Tg) Egym(n) = E@E(”’IB)' 036 038 040 042 044 046 0438 050

p(GeV)
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Quasi-quark states in 2SC phase

2SC description in linear combination of Gellman matrices

Gapped (A=0,1,2,3) and un-gapped (A=4,5) quasi-state

_- ° (M)ai 4 Uy o . )
VUt i = ;—0 =Vt = o + and - represents direction of Fermi velocity
o= N+ 21 Aa = (A=1,2,3); M = ! (As —iXs); As = I(A iA7)

{}_\/ES 3 A— 24\ = 1,4 ] 4_\/{5 4 0 ) J_\I@ 6 AT N

These Hermitian representations (A\a)a: are color(-flavori matrix

Color interaction can mediate transition of quasi-quark state

Adjoint 4,5,6,7,8
Adjoint 1,2,3 Adjoint 4,5,6,7 jomn

A % A A % Blue state (A=4,5)

Gluon in adjoint 1,2,3 is trapped Gluon in adjoint 4,5,6,7 can dissolve
in gapped states gapped state into liberated state Blue state (A=4,5)
(Requires large momentum transf.)

The transition can be determined from factor #a.s = 5TrAamadp] in ¢7. (V- D)iyy
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Gluon polarization from HDET (2SC)

Gluon rest masses from HDET Lagrangian

High density effective Lagrangian in Nambu-Gorkov form

half & -
1 [ iV -0dap  Aap B, . at [ VFEaaB 0 B
L=——F F" 4+ A1 ’ _ +igA%yAT ’
PRz Z Z [X ( Aap iV -86ap X 94X 0 X (

iVt
7y A,B=0 VK an a)

— L 0
+ g  As ASX M ( Q”IHBD i L eds ) P”"XB] + (L = R),
(b)

2py;+iV-D*SAB
I - 1 - ~ 1 - -
Where P =gt — J(VEVY L VYVHE),  Kaep = §Tr[)«_4’ra)«3], ced ) = ETI[)«ATCHAB]

Aap = %Tr[eazeag] (A, B =0,1,2.3, otherwise Ayp = 0)
=Apdap with Ay = (—A, A: ALAL 0, 0)

(a) Shares common iso-spin symmetric Fermi-sea

Only (b) has explicit iso-spin dependence

(a) (b)

From gluon rest masses, effect of gauge interaction can be anticipated
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Gluon rest masses in 2SC phase

« Relevant diagram for iso-spin asymmetry

a,b=1,2,3 a,b=4,567 a.b=8
Paired (A=0,1,2,3) £ = 507 E3a = 307 Eia = 50
Unpaired (A=4,5) b =0 g3p, = 157b €3, = 15°0
a,b=1,2,3 a,b=4,567 a.b=28
158 (0) 0 im2set m25°*
b ~I15(0) 0 120° 27" (03 /m%)6,0%" | 507 70 (w7 /m7)6.,6%
Transverse mode

m® = (g°p* /7°)
« Loop factor ¢i4 and rest masses

= Tadpole can be obtained by calculating &% = %Tr[i_mmigj.

= Total counter term should be 611/2(0) = —4m?8;;6°° (PRD62 (2000) 034007 D. H. Rischke)

= Unbroken gluons in SU(2) (for gapped state) do not have rest masses

=  Only Meissner mass of broken gluon (adjoint 4,5,6,7,8) has iso-spin dependence
= The portion is very small : minimal contribution to static quantities

» For super-soft gluons, transverse mode can become important



T[MeV]

Anticipation for H-Q mixed phase

Iso-spin distillation and = /=" ratio (in agreement with PRD81 (2010) 094024)

(Phys.Rept. 410 (2005) 335 V. Baran et al.)

130f ] ] ] I 1 B a0l
Symmetry Energy at |~ m\ T
hadron phase ~ P
w 60 "
100 -t é --".'-.“:-- -
R < |- Black solid : A= 200 MeV |
sl B =y Black dashed : A= 150 MeV |
e Ideal quark gas  _ _ ___.-
P Pushing neutron 2ol eme T
el . . . . — Evaporation
0 i . . . L L L L L
i e o o s L 036 038 040 042 044 046 048 030
g (im)
p(GeV)
ol Sel T B alomev wan035 GGy, [— ] - Large symmetry energy leads iso-spin evaporation

40

0

20

Eruclear () s Bk (1) (NLpS model and this calculation)
— |so-spin distillation can occur at mixed phase

At 2SC phase the distillation will be reduced
Eventually, 77~ /" ratio will be reduced

Can be an indirect evidence for 2SC phase
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V.

Outline

Motivations — phenomenology with iso-spin asymmetry

QCD approaches — QCD sum rules
Symmetry energy
Nucleon and hyperons

QCD approaches — dense QCD

HDL resummation
2-color superconductivity

Future prospects
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|.

Diquark paring pattern

Naive future plan — diquark

In A structure, scalar (/=0) light diquark structure should be emphasized
TIA = €abe ([-ug(.—-’db]-ﬂy‘_gsc +(a < —2)[-{;50-}-‘5(%] Se+ (b~ —1 / 8_]['Ei.g:Cf"‘y’_a"y’”db]’jr"'”’.SC)

2SC BCS paring at cold dense matter

/o 1l \ — Ny f \ —
(VL,aiCVL85) = — (VRaiCVRS;) =

5 Eaf3tij3

The diquark structure corresponds to the light 4g ops.

Just above QCD scale (g > ~ Macp), diquark may be
weakly bounded state in perturbative interaction

But below the scale (g <y ~ Naco), diquark contribution
may mainly overlapped with four-quark condensates

(10 T qraGor Tgap) =~ (@wf‘ﬁfw Q1an‘2b)

Scalar condensates correspond to ‘good’ diquark (s=0)
correlation
Twist-4 condensates correspond to ‘bad’ diquark (s=1)
correlation
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Naive future plan — similarities

Dense matter and heavy quark system

A A

IC:I@ g

Large gap size can be obtained by solving gap
equation with one gluon exchange

d'k Afk}=fng'7d4q [ N
I (p1,—p2)= Colorf 5 ‘4g2 V(k)y"A(p;+ k) al (2% \ Yo

™)
A/p = (b/g°)exp (—3ﬁ2/\/§g) b = 2567

Singlet state can be obtained by solving
Bethe-Salpeter equation

al

A
521“?]{ Yy

D,,(g—k)

XU (p1+k,—p,+)A(—py+k)y,

In non-relativistic and heavy mass limit

adj. 4,5,6,7
I, (q/2+p,—q/2+p)
fil ) HM:D 14y 5 1=, —— % r
m (p) 2 Vi)
Coulombic bound state Singlet — Octet Gap — Ungapped
d’k i
[8_ %) W(p)= _gnglOFJ' V() s(p+K) External gluon attachment can dissolve the bound state
™ For color BCS state, Meissner mass screens dissociation

of gapped state — requires large momentum transf.
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Naive future plan — effective Lagrangian

Dense matter and heavy quark system

» Wilsonian approach can be tried to describe good "diquark’ quantum number
= As a first step, one can try separation and matching scheme of heavy quark effective
Lagrangian QCD — NRQCD — pNRQCD

In the matching scheme, RG analysis will play important role

» For now, diquark structure is just the candidate based on phenomenology

» The important, relevant operators could be constrained via RG analysis

» The relation between 4-quark condensate in the classical sum rules and the
constituent quark models could be clarified in terms of the relevant degree of
freedom in the effective Lagrangian for intermediate density region

= New constraints for the nuclear matter and the consequence can be checked in the
near future planned experiments such as FAIR, NICA, and RAON

Thanks for participation
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