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Parton in hadron

Proton is not a point-like particle
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In Bjorken limit (large-momentum transferred region), there are no resonances
— the scattering can be approximated by point-like free particles (parton)

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




QCD symmetry breaking

« Classical symmetry

Lt = T r[FHYE,,] +Z GiDgi + Lehost + Lt + - U(1) x SU(2) (3)

flavor color

o After quantum correction
1 _ ia? . Left Right
‘QCD _ I T 71 = . » i g [, T 71 I
L3 = TelF Fm,_+Zqipqz+;,gm+,cg__ < [P Fu )0 + Q O -
A i M Gve Q"' -1—- FILH/F ‘ _ ‘ _ EILE.J.’G(S o fd
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Axial charge is not conserved

For v=1 configuration, classical solution (instanton) can be found as

2 Napw [I’ — T[))V
{E‘ — .I'.[].). + ,}hq

A_in:st.a [I} —

M O(4)= SU(2)x SU(2) — trapped color already breaks symmetry

which resides in closed Wilson loop exp ?(dr” A,(z) , F*¥ =0 (zero curvature on the contour)

(Belavin, Polyakov, Schwartz, Tyupkin, PLB59(1975)85)



QCD symmetry breaking

Fermionic zero-modes in v>0 configuration
f‘ﬂim—:t.q =0 / [f'ﬂinst.}zq =0
[iﬂil‘lﬁt-}zq =0 |eadS (_Dﬁmt. + ég;wFﬁivt ) qr. = =0 and Dm st.4R = 0 ( -Dl,_-, I 0 )

different topological configuration measures different axial charge

@ vacuum

Zp= Ze p [ /dﬁ EEE[“] — all possible topological configuration contributes

helicity bases can be correlated via Instantons

4qL qr.

v<0i pinst.’i‘ v>0 = (qq) #0 gé@@w . '%?7?% él@@( m%%

FFL! ILI.!;"#D

qRr

For a given gauge configuration (gg) # 0 breaks chiral symmetry
Uy (1) x E xSU(2)y x sHH

hadron property can be described via the symmetry breaking pattern

+ xSU(3) flavor color
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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
(g% q-u)+1,(¢% q-u)d + T (¢*.q-upl  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)

1
I(qo, |q) ~ - S
(g0, |a1) (g — St )y, — M5,

Mean-field type pole structure is adopted

Weighting - Borel transformation

Bllli(qo.|q))] = lim |
—qp,N—+00 1.
—q5/n=M?

(—q5)"" ( 0

Pole Continuum excitations



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



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, Z, and A resonances

AN

Hadron state
(physical)

« Constructing proton current

Required quantum number: 1=1/2, J? = (1/2)*

Simplest structure: [I = 0, = 0 di-quark structure] X [single quark with I = 1/2, ] = 1/2]
Di-quark structure: eape(ul Cysds) , €abe(ul Cds) wand d flavor in antisymmetric combination
Positive parity matching: 1 = €abe(us Cdp)ysuc, 12 = €ave(uy Cysdy)ue

Mp(t) = 2€abe ([uf@db]?‘5-uc + t[uzC*‘}-‘aa’.b]uc}

11—t 1+t
= (T) €abe[ud Cypup]ysy"de + (—1_ ) €abe[ul Copup)yso d,

loffe’s choice (t=-1) — chiral order parameter (gq) # 0 appears in the leading order of OPE



Interpolating current for baryons

Current for A resonances

Requirement: spin-3/2, isospin-3/2 configuration

(3) (o] - [E9)o O] 5[ ()] [(o-3) s

For GO) &) (O ) representation n%, = (u! Co*Pu)o,z0,,u

S

e =
— chiral condensate appears as (os)"* correction in OPE

1 (2
For (5, 1) S5 (1 ) representation 7" = (u' Co*u)aapyu =47 = 4(u’ Cyuu)u

— chiral condensate appears as the leading order in OPE

A in Rarita-Schwinger field description (¢¢{”(9) =0. () (q) =0)
1 1 2y H
Slf:: 2[@} = g(_ MA (g;_w - §ﬂ.".|tt Yo — % - E{Q‘A}';t Gy + E};:”_r'le,ﬁ) = q‘_ y. }i ma — 5, Guv +

quasiparticle pole extracted from g,, dependent term

s=3/2, /=3/2 configuration can couple to m-N system

the continuum contribution is subtracted by using J*, (z) = e#“*#~.4,8, U, (z)ds7(x)
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Interpolating current for baryons

> interpolating current
50 = €abe ([uZCsb]f}sdc + [dECsb]f}guC +t [[ung;»ssb]dc + [dg:C’}-wb]uC))

1+t

1—-t¢
= (T) €abe[tl Cyudp]ysyse + (—4 ) eapelul Copndplyso se.

Two possible diquark (I = 1) structure

eabc[tt.ZC'y“db]’}*a’y“ Se = 2€abe ([ug__aCsR,b]dLC + [dgaCsR,b}uL,C — (L + R))
€abeltts Copudp) 50" s = 4eabe ([uh o CsrbldR.c + [JEEQCSR,b]uR,C — (L & R))
Special case N

Possible I = 0 combination in terms of spin-0 diquark structure

{€abe [ug(? dy Vs8¢, Ea_bc[u.gC'q-'_5db]£c. €abe ([ug('-'sb]’}fadc — [dngb]-}Buc) . €abe (['u.g("%sb]dc - [dngf-g,sb]-u.c)}

4% basis can be expressed in terms of the first two and 3™ basis
— basis set can be reduced to 3 independent bases set

General form of A interpolating field
lIAa,b) = A{é,fv) €abe (['“'ECCZI?]’}B& + &[“-g Cysdp|sc + B[UEC’}B% db]’?"’usc)

d~—0.2 and b~ — 0.2 is determined by requiring stable Borel behavior
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In-medium condensates

Simplest guess: linear Fermi gas approximation

(0)p.1 = (O)uc + (n|On)p, + (p1O|p)p, [Vacuum condensate] +
= (O)yac + L((n]Oln) + (p|O|p))p [nucleon expectation value] x [density]
+%({H|@|}z} —(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(2-mq§g +m.Ss+--+)
With Hellman-Feynman theorem

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

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
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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 MoV
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

B B B Ratio 0.8 is determined from vacuum sum rule for hyperon
(55)p = (85)vac + (S5)

ox y can be determined from direct lattice QCD
= (0.8)(qq)vac + y5—

—p — recent lattice results says y should be small
2mq y~0.05 (PRD87 074503, PRD91 051502, PRD94 054503)

y = (ss)n/{qa)n We confined y — 0.1




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
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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
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Density dependent negative pole

14 AI-

1.2} —

Lof T

N M

0.6

0.4}

N, I e

0505 1o 1E 2o
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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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Sum rule result IV — A resonance

« A" in neutron matter (considering -/ continuum)

Vacuum mass Quasiparticle energy (/=0) Quasiparticle energy (/=17
L P AT ¥ - 5 R AP S VT3 AT, S O] Mo omm0s =1 (<)
1.2} o s - 1.2} 1.10 Gev 1 12t 108 Gev
1.0t - 1,0 omrmemomrms e ] 1.0 1
121 GeV 1 i i
= 0.8} 41 > 0.8} — Ea {1 > 08} — B
8 Bt mp g = mp 8 = iy
0861 ] 0.6_— ----- bx) 1 0.5: ----- I
0.4} - 0.4} ] 0.4}
0.2} . 0.2f ] 0.2}
0'01 4 1.6 1.8 2.0 2.2 0'01 4 1.6 1.8 2.0 2.2 0'01 4 1.6 1.8 2.0 22
M2(GeV) M?(GeV) M2(GeV)

1. Negative mass shift in 100 MeV order (120 MeV in sym. matter, 150 MeV in neutron matter)
2. Current in G 1) @D (1%) representation does not strongly couple with r-N continuum

3. Weak isospin dependence — comparing with quasi-neutron case, x, = g,4/9,y~0.13
— it is very likely for early appearance of A resonances (PRC92.105802 (B. J. Cai et al.))
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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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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

. }k ot 4 -,-':1 . . . .

Vi i = E ( A/l tf X = ( .f,_,t ) + and — represents direction of Fermi velocity
- 4D V2 CoZ

Ro = —Ne + 2T Ay = A (4—1-33)-,2—1{,\ -i)\)'i—lf). iA7)

{}_ﬁﬁ 3 y N4 — A4 A= 1,4 ? 4_\/§ -4 5/ o_b@ 6 AT s

These Hermitian representations (\,),; 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

A é 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.)

Paring pattern is quite similar with the chiral breaking via instantons
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T[MeV]

Some phenomenological anticipation

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

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

] ] 1 1 1
150 - gt

Symmetry Energy at Nlpﬁ\ P
hadron phase

Black solid : A= 200 MeV
Black dashed : A= 150 MeV |
|deal quark gas

401

Egym(p)(MeV)

-_.-_‘._._.--

T {1 Pushing neutron
L — Evaporation

Py ! ! 036 038 040 042 044 046 048 030
pGev)

Large symmetry energy leads iso-spin evaporation

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

60
40

20

0

Further understanding and
experimental observation is needed
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