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Motivation 1 — KoRIA plan

« Rare Isotope Accelerator Plan

rp-process in
x-ray bursts

Number Z of protons

Mass number 195

(Quoted from Physics Today November 2008)

Nuclear Symmetry Energy plays key role in Rare Isotope
and Neutron Star study
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Motivation 2 — RMFT vs QCD SR

« Dirac phenomenology of nucleon scattering on nuclear
target suggests nucleon potential to consist of strong
vector repulsion and scalar attraction

« This tendency also comes naturally in RMFT
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« For symmetric nuclear matter,
it is confirmed that this result
can be justified with QCD, by
Thomas Cohen et al. (1992)

« Motivated by these, we
applied QCD Sum Rule to
asymmetric nuclear matter
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Early attempt for finite nuclei

Liquid drop model

Mot = Ny +Zmy — EBfCZ

Ep =avA—asAT —ac(Z(Z —1))A~
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(Symmetic) (Asymmetric)

 Total shifted energy

apl’A = (%Iﬂ) - (En(p.I) — Eo(p, 1))
” Total shifted state number
1 1
- (374) - 5(Enlo.) - Exlp.1)
A
) Nuclear Symmetry Energy
1
ay = E(Eﬂ(p1f) _EP(JO!I}}
This simple concept can be
generalized to infinite matter

case
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For infinite nuclear matter

« Energy per a nucleon

e N 7 Nuclear Symmetry Energy
= — + —
AT ATE l/—,
— l = il 1 = T Y — 2 1
- E(En + Ep) + EI{En o Ep) - E(p) + E.sym(p 17+ {]“r )

 Single nucleon energy
En:'mﬂ‘i_ﬁpp+bpn+'“

1 1
=mg+ —pla+b)+ -Ipb—a)+---

2 2
| 1 1
Epz-mg+§p(a+b)—Efp(b—a)—i—---

« Averaged single nucleon energy

1

_ , _ 1 |
_ a 9.
E_Idjkn{fjﬁ:p /d knd ’E“PE(Pmﬂp) — (ﬂlu + ip{ﬂ—l—b] + Epf[b—a}) + ...
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Mean field approximation

* Quasi-particle on the  Nucleon propagator in
Fermi sea nuclear medium
| En(p, 1) Glq) = —*'[ddlil"eiq’”"(‘I’DIT[w(r)-ﬁ(ﬂ)]I‘I’n)
R )
o4+ M 4%,
7 @0 — Eq)(q0 — Eo)
Eplp, D) « How we can get nucleon self
energies in the fundamental
.
Protons Neutrons prl nel ple .
B 1 (Asvmmetrc) « QCD Sum Rule is a well
E = [ B R /dzkndzkplE[pn;Pp) established method for
R investigating quasi-particle
=EBoym = 57+ (En — Ej) state in medium

(Up to linear density order) 6/30



QCD Sum Rule

« Correlation function

I(q) = i/d‘i;?:emm{111[]|'T'[?}(:11)ﬁ[0j]|1IJ'[]} Contains all possible resonance states

n(z) = eapelul (2)Crypun(z)] 757" do () loffe’s interpolating field for proton

« Vacuum sum rule for nucleon

II,-j{q}szd“x e'(0| T [n;(x)7,;(0)1/0)

E[Ig{qllﬁl.j—i-"q(ql}éu - \ JL JL /

Anti-nucleon Muclean

* In-medium sum rule for quasi-nucleon

Quasi-nucleon

H(q) = ]:L5 (qgf q . -u:] -+ ]__[q (qgt q . T_t:](j + Hu (qgt q - 'H,jl,'i. with self energies

In-medium vector part
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QCD Sum Rule

« Phenomenological ansatz
M3

1 IL(qo,|q]) = —A32 N =
T — (o 1a1) N(qo — E,4)(q0 — Ey)
(g" — %)y — My, 1

(qo, |q]) ~

T, (g0, 7)) = —A32 e
Q(ml.|{ﬂ} N (QD_Eq}{Q'U _Eq)

by

One can find self energies near pole L (g0.1q]) = A% .
(g0, 1q]) = +AN = T
N (90— Eg)(q0 — Ey)

Kinetic part is excluded

« At short distance, Wilson coefficient can be obtained
by perturbative calculation

(g, q0) = >

T

. v
Cr(q%,40)[On) p.1 Not be dependent on external momentum

For example,

Z’ x (qq) x (39509 q) x (226G, GM)
(These figures are quoted from Ph.D. thesis of Thomas Hilger)
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Iso-spin relation for 2-quark condensates

* In-medium condensate in asymmetric nuclear matter

) X ) ) can be estimated with nucleon
(O)p.1 =(O)vac + (n|O|n)pn + (p|O|p)pp, expectation value and each
nucleon density

 |so-scalar/vector operators in light quark flavor

Can be related with ratio factor

fj;j = ({’ju —+ éd) (jl =

(0" — 0%

2| =
B2 | =t

Well known from many previous studies

e 2-quark condensates

— gab ]‘ ny=-myn /= iy L
(Q’i(i’)qg (0)},0,».; = ——12 E E [T #Q’D Q’} PN 5&.5 —+ T { "}'“D q}PN "‘Ir‘;ﬁ]
n=0 |

\
Each 2 type of condensate|need different ratio factor
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Iso-spin relation for condensates

Ratio factor for (¢7.D"q), type
(u'D"q)p  (plu'ulp) ; 1

. —L =2 'D"ql;), = = {[¢' D"
In medium rest frame
Ratio factor for (gp~q), type
- R_(mg) , . . This relation can be estimated from
([gD"al1)p = R+(mz) (gD d)o)» lower lying baryon octet mass relation

)

Lower lying baryon octet mass relation comes from
baryon expectation value of energy-momentum tensor

Tondy ! . .o
mypy = < 9* 1\> Phenomenological description for nucleon mass term
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Mass terms

Trace part of QCD energy momentum tensor

o, = m,uu + mgdd + m §s + Z my,hh

2 _ -
= _4-‘1“5 (9 — %nh) (;—;) G2+ myau + mgdd + m 5s + Z mphh

2 g

—5 5 G” + O [4m3) + -

With renormalizing scheme (Trace anomaly)

0 o

Heavy quark expansion

= ———SQB + myuu + mgdd + m,Ss
4 2
For proton
T 9 /% 9 e 17 e
myi = =7 (52G%) + mu (plaulp) + ma (plddlp) +m (plsslp)

(M.A.Shifman, Physics Letters B 78B, 443 (1978))
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Ratio factor from baryon octet

« Lower lying Baryon octet mass relation

_ 0 o
My = — < ngg> + my, (pluu|p) + mq (p|dd|p) + ms (p|5s|p)
_— 9 /ag _ _
Mmp) = ~1 < )Hg > + mgq (plau|p) + my, <p|dd\p> + ms (p|5s|p)
_ 9
Mg+t = ~7 <;jg2> + my, (plau|p) + mg (p|dd|p) + ma (p|3s|p)
- 9
My 1) = -7 < jg2> + mq (plaulp) + ms (p| dd\p) + my, (p|3s|p)
_ 9
m=o) = -3 < jg2> + ms (pluulp) + my (p|dd|p) + ma (p|5s|p)
— 9 5
mz-1 = — < g > + m (pluulp) + ma (p|dd|p) + mu (p|5s|p)
(S.H.Choi, Master thesis, Yonsei University. (1991)) With this relation...
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Ratio factor from baryon octet

 Iso-vector part, (7)» can be written as,
(m=o +m=-) — (mg+ —mx-)
2ms — 2m,

(plau|p) — (p|dd|p) =

m=o = 1315 MeV., m=- = 1321 MeV
ms+ = 1190 MeV, my- = 1197 MeV Strange quark mass = 150 MeV

My = E{mu +1mg).

 |so-scalar part, ([74)0), comes from pion-nucleon sigma

term ) oy
(pluu|p) + (p|dd|p) = 2([gq]o), = —

« Ratio factor for (gD"q), type
(plau|p) £ (p|dd|p) |

45 MeV 4 249 MeV
300 MeV -2 _ _
Mg © 300 MeV—2m,
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4-quark Operator Product Expansion

So far, there was no systematic description for four-quark
condensates in the nucleon sum rule

b uC ) a zdy e by
',-'3>P~I (u'}-'uﬁfﬂj — <ﬂ'cxu|§f:5‘~f<u'}* Ug)p,I s
b

3

u, E’EC_.d_g>pJ i (’u. _!. >,Chf (dcgg\)

Simple factorization scheme was used as in the vacuum saturation hypothesis

To express four-quark condensates in terms of linear combination
of independent operators, one can use Fierz rearrangement
1

—a b=c _d\
( 16

@ 4a:a))p = T U5TR((@ o) (@ Tma?))p
Constraint from "Zero Identity’ for pure quark flavor case which
comes from forbidden di-quark structure of quark model for

hadron
T —T =
Eabcfa’b’c(ua CHI",H’-:"-'} “'bj (“'b”-}’:u AI"Eh(—’?ua’) =0

And with assumed P T symmetry of medium ground state...
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4-quark Operator Product Expansion

« 4-qgaurk OPE of the nucleon sum rule can be expressed with only
few condensates as below

(01914292) 71 = 92 Q1 F 2
(@57 a5 ) (@377 a5 ))pls.c (@5 a} ) (@5 ) pls,e
Twist 4

(Dimension 6 spin2)

((@'1’? ”J’af_i.’l )(fi’z, rofI’;;' ))Plsi
(4 independent Ops.)

((91’?‘ ’I’afh )(fi'z; mfi'z ))Plsi
(4 independent Ops.)

Dimension 6 scalar

(@7 et ) BVad3 ))p

(@7 et ) BVad3 ))p

Can be combined into scala

r and vector condensates

Dimension 6 vector

5 )

((a1q} )(Qz i

v

« Among these, except for ((@y*u)(dy’d)), , ((av*

su)(dy7ys5d))

all twist 4 operators can be estimated from experiment (DIS)
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Twist 4 operator from DIS data

Twist-4 matrix elements of the nucleon from recent DIS data
at CERN and SLAC

S. Choi® T. Hatsuda®, Y. Koike® and Su H. Lee P (SHL et al.,, Physics Letter B 312 (1993) 351-357)

& Physics Department, Yorsel University, Seow! 120-749, Korea
B Physics Department, FM-15, University of Washingron, Seatile, WA 95195, US4
¢ Narional Superconduciing Cyvelorron Laboratory, Michigan Srate University, East Lansing, MT 45824-1321, 54

1 1 -
sMn (uaus = 790K ol = {(@7a757 ) (@ra Y57 w))p + {(@ya 15T ) (dyar57d))p
1 1 =
oM (vaus — S 9as K ol =| {(@yaTw) (@yaTw))p + ((@7aTw)(dyad))p

Where, Ky, Kd are

K K; K Kl Ki Ki

Kl /B =-0173 0.203 -0.238 ~K}, =0.083 -0.181 —0.494
Kl B+ 1)/28 = -0.112 0.110 -0.300 K18+ 1)/28 = 0.112 -0.225 -(.523
K, = —0.083 0.066 -0.329 —K}./B=0173 -0.318 -0.585

From these result...
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Twist 4 operator from DIS data

 Table for twist 4 matrix elements for the nucleon SR

First set AL, AL, AZL AL, AL A3, AL, AL, AL, A%,

Kl!=K!;/8 -0.132 -0.041 0.154 0.048 -0.017 -0.005 0.143 0.045 -0.042 0.049

Ki =KL Bt) 0071 -0.012 0.070 0.012 0.000 0.000 0.075 0.012 -0.042 0.041

K!=K! -0.042 0.002 0.033 -0.002 0.007 0.000 0.038 -0.002 -0.042 0.031
Second set Auw  MNgg ANy Agg A Mg N ANag A wd

K,=-K}, 0.215 0.124 -0.388 -0.221 0.130 0.073 -0.302 -0.173 -0.042 0.070

Ky =—-K3Z 0154 0.095 -0.310 -0.192 0.117 0.073 -0.232 -0.144 -0.042 0.085

K, = —Kéd‘;’,ﬁ 0.125 0.081 -0.271 -0.176 0.110 0.071 -0.198 -0.129 -0.042 0.090

xr -1 i _— |
ﬂudfz — ‘hd

— o — o 1 ?."f-" 0 X 1 el ]
(@ 15t q1) (@Y 15t 42))pl st = — (u Ty )lﬁ;m

drev, 2

=

_ 1 My [ . :
— & A Y | N 0o e 2
(@7t )@ " @))plst = -5 (“ u® =19 )'ﬁqiqg

(@ ) (@Y 159))pls.t = (@Y )@V q)) p|s .2

1 My _ 1 -
— ! L e s 1 1.-13 ‘
ira, 2 (‘” 17 ) 2

First set and second set give different contribution to Nuclear Symmetry Energy
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DIS data will be sharpened

« Table for twist 4 matrix elements has some ambiguity

New Look « Jefferson Lab has a plan
for accelerator upgrade

Jefferson Lab has taken on a different look as
construction of some new facilities has been

completed. Soon, the [ab will shut down its : :
Continuous Electron Beam Accelerator Facility ° ThIS plan WI” |ead to more

SO that WOrK can pegin on ennancements as preCise structure fu nctions

part of the ongoing 12 GeV Upgrade project. . .
The accelerator is expected to be down for fOI’ twist 4 matrix elements

SO that work can begin on enhancements as
part of the ongoing 12 GeV Upgrade project.
The accelerator is expected to be down for

mrra than 2 vaar ae naw amnninmant 1o

et more precise
ntributions to the
ymmetry energy

<<< Jefferson Lab's campus from overhead.
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Borel transformation

« Borel transformation to exclude quasi-hole and
continuum excitation

 Differential operator for OPE side

e 2 — - (=a@)"* O\, o 2 | > 2
b[f(qn, |*ﬂ:'] = —q:‘?ll?llllk-"sc: ol t)q{% f(ifﬂs@} I1; (QD: QD = B[Hi("i‘m fﬂ)]
— q["-%if-n:_-'l-.i" 2

« Weight function for phenomenological side

With weight function

JL\ . e
st — _
e W (w) =(w— E

el ) .
/ torbnugm excitation

a a
—t I."'.'lluJ.r_

mass
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Self energies with OPEs
 Self energies can be obtained by taking ratio

. 9 «2 3 r+ —(E2—q%)/M?
B[HS(Q[]J |ﬂ)] — A-'""\"r JIPE’ ! _ '.'LE'H:

3 = o _(ez—gyaz  “¥p o treat self energies in terms of
M4 (a0, 141)] Ave _ density order and asymmetric factor,
Bl (¢2,|q)]  A2spe (Fa—a)/M® - self energies need re-arrangement
Bl (a3, 2]~ age B3P

« New symbols for self energies

N™P(p) =B (g3, |q])] + B[P (g5,1q])]  Numerator of total self energy
:-’h‘v'm 5) 10) _ﬁ'r?:j};[:-];ﬂ [ 'rﬂip P:I ;

(p.T)
D™*(p) =B (g5, |q])] Denominator of total self energy
_D?p[?,,f[}] D p[;.],r:: [Dz;ﬂ)p]L

Power of P in the first index represents the density power order
Power of | in the second index represents the iso-spin order
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QCD sum rule Formula

« General expression

, 11 1 . 1
1V 171 1 2 171 ) 3 171 .
Esym(p) T9 [EP‘ (E{p,fj - E(pp,f}) 3!3 (E(pﬂ,fj - Efpz__fj) 41'9 {E{pw) - Efps,fj) + ]

]

111 2 171 :
+ = lgp . (E{pzkfﬂ} + EP

1 Tt
2 (o) + 307 (B +E?pﬂhrz})+"l |

« Expression up to linear density order

BV ()_1 [ 1 IRV A.rg;“a} [—2p? ]]
sym — 4;0 I‘D?p[j 0) “ Y pd) (pi{ﬂp[uﬂ))z (p.d)

« We need both sum rule

In medium condensates are

(O)p.1 =(O)vac + (n|Oln)on + (plOIP) Ay estimated up to linear order

General expression which contains up to 2" order density is needed to

check higher density behavior of Nuclear Symmetry Energy
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Sum Rule analysis up to dimension 5

Borel window

e e -
/;L"L‘mﬂ.ti.mu m excitation
——

Mass

To make pole contribution be
more than 50% and

Highest mass dim condensate
contribution be less than 50%,

We will see our sum rule in

1.0 GeV? < M2 < 1.2 GeV?

(B.L.Ioffe and A.V.Smilga, NPB232 (1984),109)

* Nuclear Symmetry Energy

Egym(GeV)

o.2p—mm—m——m——mm—m——————

0.101 — wy=2GeV- (Linear p)
I —— wy=2.25GeV? (Linear p)

0.08F N =
i == wWe=2.5GeV~- (Linear p)

0.06F —

004 .

0.02f I
I po = 0.16 tm—

0.00 | L L 1 L | 1 L L 1 | L 1 L L | -I L L L |
1.0 1.05 1.10 1.15 1.20

Borel mass(GeV?)

Nuclear Symmetry Energy is ~40 MeV
This result shows consistency with
previous Nuclear Symmetry Energy study

in order of magnitude
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Esym(Ge V)

Sum Rule analysis up to dimension 5

* Main ingredient?

012 Fr—r——
olok we=2GeV~ (Linear p)
- wp=2.25GeV? (Linear p)
0.08f o §
— wp=2.5GeV~- (Linear p)
0.06F -
004f Tt
I po = 0.16 fm—3
0.02F -
000 N T T N A TN T T Y B N |

00 01 02 03 04 05
[71(GeV)

0.6

* Nuclear Symmetry Energy do
not strongly depend on quasi
nucleon three-momentum
In0 < q < 0.5 GeV

e QOur sum rule result mainly
consists of “Potential like" part

« Kinetic part of Nuclear
Symmetry Energy is known as
-E:fﬁi:r — J% — L‘§1 ~
| 6 \/k2 + M;?
in mean field type calculation
(S.Kubis et al., Physics Letters B 399 (1997) 191-195)
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Eqym(GeV)

Comparison to RMFT

Scalar/Vector self energy
contribution

0.12 — T — T
ool 7 B[I1,(q)] contribution (Linear p)
-~ B[I1,(q)] contribution (Linear p)
0087 Total E.ym (Linear p) ]
0.06 K
pop = 0.16 fm—3 ;
o4t——— —— i
0.02F L .
0.[}0_' I I I I | 1 I I I | I I I 1 | 1 1 I I I_
1.00 1.05 1.10 1.15 1.20
Borel mass( GeVz)

e RMFT result

_ k] g (m ’
sym = ¢ EEF- 2 p 5 E;* PB
LB
6 E7 EF

Vector meson exchange -> Repulsive
Scalar meson exchange -> Attractive

(V.Baran, et al. Physics Reports 410 (2005) 335-466)

* In our result, both self energies
give positive contribution

- Which part gives
reducing contribution
in our sum rule?
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Nuclear Symmetry Energy with twist 4 op.

« Contribution from first set « Contribution from second set
o an
0.14} First set Auw  Aga Adw AZg Aaw AGy Auw Adg Mg Alg
| K!=K!,/8 -0.132 -0.041 0.154 0.048 -0.017 -0.005 0.143 0.045 -0.042 0.049
012 Kl=KLZH 0071 -0.012 0.070 0.012 0.000 0.000 0.075 0.012 -0.042 0.041 1/8) i
K!=K!, -0.042 0.002 0.033 -0.002 0.007 0.000 0.038 -0.002 -0.042 0.031 .
0.10f _ Secondset Ay, Az AL, Adg AL Adg Al Adg Aug Al |
Kl=—K!, 0215 0124 -0.388 -0.221 0.130 0.073 -0.302 -0.173 -0.042 0.070
0.08- Ki=—K;ZY 0154 0.095 -0.310 -0.192 0.117 0.073 -0.232 -0.144 -0.042 0.085
K!=—K!;/8 0.125 0.081 -0.271 -0.176 0.110 0.071 -0.198 -0.129 -0.042 0.090 m "
006 Kua/2=Aug
[ Ky =AM+ A ]

Most wanted value for the potential
part of the nuclear symmetry energy

N 0.02 -
UUZT PO — O.I0 M - B ]
U.GO-I P S TR S IR T T SN RN TR S TR TR E S TR SR I- 0.00_| ] PR T NN TR T S S N 1 ]
1.0 1.05 1.10 1.15 1.20 1.00 1.05 1.10 1.15 1.20
l) |
Borel mass(GeV~) Borel mass(GeV?)

20 MeV~40 MeV enhanced

20 MeV~30 MeV reduced
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Nuclear Symmetry Energy with twist 4 op.

e In-medium nucleon sum rule
with twist 4 condensates

1.07

-
mmmsmem s LT NI D LRI S AT S
e e e ——
T Ll -i_-'-_.._-.-—-" ..................
- - mmsm
- L — Lk
- Pl
=

-
--------

0.8 soweee™™

0.6} Scalar self energy

0.4}

Borel mass(GeV?)

Thick black lines are total
quasi-nucleon self energy

The first set gives quasi-
nucleon energy over than the
nucleon mass in vacuum

But the second set gives
plausible quasi-nucleon
energy, slightly smaller than
the nucleon mass in vacuum

So hereafter we conclude
that the second set may be
more plausible choice
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Nuclear Symmetry Energy with twist 4 op.

« Density dependence with
twist-4 contribution

0.15

/

: --- Twist4 included (K}=K,)

: — Up to dim5

0.05

0.00

!

F

__ --- Twist4 included (K:=KL-(8+1)/B) 7" |

The result with the first set
gives strong enhancement
and second set gives strong
reduction as nuclear matter
becomes higher density

In dense matter, twist-4
condensates determine
higher density behavior of
the Nuclear Symmetry Energy

Multi-quark operators may
determine the asymmetric
nuclear bulk properties in
dense condition
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Eqym(GeV)

Nuclear Symmetry Energy <-> DIS

Contributions of 2-quark
dimension 5 operators

0.15 ————
| (@DuDydy= 0 GeV?
-~ (gDyDy,q)n=—1 GeV*

0.10 - — UptodmS

0.00

Esym(p)

Our sum rule shows that
precise measurement of
Nuclear Symmetry Energy can
give us a meaningful constraint
to unknown higher twist
operators

From these facts, we can re-

write effective expression for

Nuclear Symmetry Energy in

our sum rule context

1 kg
6 B

— _(--'r.Tu.'z'.wifllr\f)} T Ct,2q ff-"’-“c‘"'[’”f}]

- [E:'.w.-i:q]'r;} (p) + (--'-.!'.{f,rﬂ'f,r:j:-{f-"]j:

Scalar-Vector Cond.=> Enhancing
Pure Tensor Cond. => Reducing
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At Extremely high density?

 Model prediction with Vin = —j—imﬁ(n-msu
effective nucleon-nucleon- 1 1 1 \
tensor potential R i we b SO0
100 ————T——T— Spp = 3w _ (02-02)
: « At high density, phase of
) nuclear matter may become to
= quark phase, and mean distance
2 _ between quarks will be
T3 ‘ . shortened
=~ | J
- «  We may make naive guess that
100 ) this kind of prediction for
dense condition might be
e TEETEEY justified by QCD via studying
r /fm twist 4 of multi quark
(Bao An Li: arXiv:1107.0496v1) condensates at high density
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Conclusion

We have successfully reproduced numerical value of the Nuclear
Symmetry Energy of previous studies and found exact
contribution of twist 4 matrix elements to the nucleon sum rule

Twist 4 matrix elements give non-negligible contribution to
Nuclear Symmetry Energy. Reducing contribution may be more
plausible

Nuclear Symmetry Energy can be understood via QCD, and also
constraints for twist-n and multi-quark condensates can be
studied from Nuclear Symmetry Energy

Extremely high density behavior remains unclear, but this also
might be understood via QCD
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Back up slides



4 quark Operator Product Expansion

« So far, there was no systematic description for four-quark
condensates in the nucleon sum rule

{uiﬂ?uiﬁg)p r = {ul T.g}phf(uiﬂg}pi — (’U-gﬂ-g}p.f{tt-.‘:},ﬂ%}phf,
(us _%didg)p ;= (ul _!.-'53}.'13 (d{"—;‘_dg)P !

Simple factorization scheme was used as in the vacuum saturation hypothesis

« To express four-quark condensates in terms of linear combination
of independent operators, one can use Fierz rearrangement

€apc€arye(ul Cyaup) (g4 Cliar ) (For pure quark flavor case)

1
= €abc€a'b'c E (ﬂa’]-_‘aua)(ﬂb*’rkub) - Tr [*‘;r-ﬁlﬂ;;fu(?rg(?]

€avc€arver YV Y dedtAY Y (ul Crudry, Clia) (For mixed quark flavor case)
1 5 Y 7 -t
= €abe€a’be’ 16 (Af- 1“'#]-_11‘:7”’\.’: )(ua’raua)(dc’rkdc) -Tr [F;".Hqufu {:]-—‘GC]
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4 quark Operator Product Expansion

« And one may use ‘zero identity’ for pure quark flavor case which
comes from forbidden di-quark structure of quark model for

hadron - . )
Eabcfa’b’c(ua Cﬁﬂ_af?ﬁub) (u'b*’h.’:u Hfircua’) =0

 Finally, with this constraint, one can find that it needs only for
2type of twist-4 condensates and their trace part to express the
4q OPE of the nucleon sum rule (for pure flavor case)

€abc€a’'b'c (UEG"}’;a “'b) (ﬂ{r Yo Cﬂa’ )

1 T = L - = Lt
= €EgbcCa’bc E {8S;mua A ((ua ﬁraﬂ-ﬂ)('ub ";f'ﬂub) . (,u_a ’“,r"ﬂ’a'ua)(ub ,.?_cx,.}ﬁub))

+ 16i€avs (a-“’w-f‘*uﬂ)(ﬂb’mﬁub)|JL:

Will be dropped with assumed P, T symmetry of nuclear medium
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4 quark Operator Product Expansion

« For mixed quark flavor case, with assumed P, T symmetry of
nuclear medium ground state, the OPE can be simplified as

€abc€a’be! "}“’E"?’#dc&g}?u HI’E ('ugc"}“ﬁdﬁuc‘ﬂa’)
1, - - - )
= €abc€a’be’ E(H.ffﬂ’.}"ﬂ]-_‘k’-}“'ph.’:u)(Ua’raua)(d'c" de‘c) T ["}'Hd"u{'_fFGC]

1 — o 7 — o 7] A0
= €abc€a’be’ E{ - 8@'&-(“&’? u'ﬂ)(dc’d‘c) T 8(@’&’!’& + ga&d)(“a’ﬁf ua)(dc”-}“' dc)

T 8(@‘& Ya — gnc‘rd) ('ﬂa’ ’.}"a’.}"ﬁ LI'*r:r,) (GT'C; f:r-ﬂ', 6dc} } !

« So now we have got exact four-quark OPE for the nucleon sum
rule with loffe current

« These four-quark OPE gives important contribution to nucleon in
the symmetric/asymmetric nuclear matter
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