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NJL model and hadronization

* Eguchi [PRD(1976)] showed that we can
get the sigma model chiral Lagrangian by
bosonization

* NJL model with Polyakov line generates a
good thermodynamical property

* \We want to derive meson-baryon dynamics
and matter property from quarks (QCD)

* We derive here hadron physics from NJL
Lagrangian with N =2
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Bosonization and baryonization

NJL Lagrangian | Eguchi PRD(1976)
L = iy, "% + —-[(¥9)° + (PivsT)’]
Auxiliary fields
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Expand the Tr-log term (mean field)
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NJL bosonization-2
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NJL bosonization-3

. d*p . p? + m?
1O = %giTrey [ oo / P e (2)5(2)

j> Mass
Kinetic energy

= (g2, — 2m*g¢l,) /d4:1:s

T = %g%/d%@,,s(z)c‘?"s(l‘)lo

n=3, 4
] , 1 1 1
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NJL bosonization-4

Pion part
: o 1 1
U@ — 2'n /d4', R it
= 5T [ d'atel o (9677) (577 o)
. 8i g dp P> —m?
UISZ) - gggT'rc/ddfm'z(x)/ (2m)4 (p2 — m2)2
= gSIQ/d4x7?2(x)
We can work out other pion terms in the similar way as sigma.
sigma-+pion
1 ;
L = —35#.3(02+7‘r’2)—|—290m123(;) —golo(a s(z)0"s(z) + 0,7 (x)0"7(x))
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NJL bosonization-5

Renormalization

1
5 _ = ~1/2
ik o, B = Zy'w
0% = 7 B _1/2
; . A v = Zy'"v
—5/-1’0 e 21290 = 0 e Z)‘_IZJQW)\()

Ls = 5((0usr)” + (0uTr)*) — %/\1’28% — Mv(s% + 7%)sk — ix(s’; +72)?2

1 | S ;
Lp = 3((3u0R)2 + (0u7R)") — 1/\(‘7%2 + T — v*)’

We can obtain sigma model Lagrangian by bosonization of
the NJL model written in quarks.
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NJL+diquark baryonization

Diquark Lagrangian Ebert, Nagata, Hosaka
Ly =d'A™'d+ Gd'dy

7 = / DY Dy DdDd' exp(i / ddil‘[LN gL+ Lg)) =N / Dy Dy Do D7

, 1 ‘ ‘ i a . —y f
X expli / d*z(— ‘)C(O'z 4+ 7)) + Y(i0,4"* — mp — 0 — iy TT)Y))

% M / DdDd'DBDB expli / d“;zr(—éBB +¢d' B + Bdy + d'A™'d)]

Quark integral
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Diquark integral
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DNJL baryonization-2
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B(y) = B(z) + (y — 2),0*B(z) + 5(y — 2)u(y - 0),0"9 B(x) +
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DNJL baryonization-3

: d’p 4 1 4., i(p—p')z 1 p ’Yup,” +m
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1
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i%B(.’E)B(I)
Bgr(in*0, — Mp — g(sr + i7sTrT))Br M4 i—)ZB
75 G
1 L
N By hadronization of quark model, we can
_ z;1p derive sigma-model Lagrangian.
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Polyakov line potential

4th gluon component Fukushima, Weise, Sasaki, Arriola, ..

3 . G T\ T _ap x 8 *
LPNJL = u’(l’}uD# — 7720)'1;'/’ - ;[(Q’w)z — (U'Z";gTL’)Z] — U((I)[A], b [A], T)
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3
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d* = (T'T’CLT)/JVC T\‘
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( 2 ) _ —5a(T)®*® +b(T) Inf1 — 63°® + 4(9% + B°) — 3(2°®)?
Thermo dynamical potential (Haar measure)

* T d3p T ) 02
Q=U(®,9"T)~ 5 ) / Emp LT RIS (W Pl + 55



Polyakov-2

~1(; _ [ Town — P —m+ ok — i4y) 0
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2 & Imaginary time formalism
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3
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Colored objects are removed by @® =0 in confined region.

Meson part contributes

d3' ]. w
Q, = /(9W1;33(§E§+T111(1—6_E"/T))to thermodynamics.

d3' 1 s _ 8
0. = / = (§Ep+Tln(1—e Ep/TY)
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PNJL results Kuti, Rosner, Weise
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1. T.and T, coincide at one temperature.
2. Meson contributes to EOS of quark-hadron matter.
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PNJL with baryons

* Diquark quark model was used.

* There are several difficulties (diquark is
boson) to go to finite temperature.

* Diquark auxiliary field method was
developed for strong coupling QCD.

(Kawamoto et al., Azcoiti et al.)
* We move to SU(2) PNJL

10.7.20 toki@trento
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SU2-lattice data

Ratti, Weise, Kogut
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Lattice calculation by S. Hands et al, Eur.Phys.J.C22(2001)451

SU2 PNJL is interesting, since there exist lattice data
particularly at finite densityg.addition to finite temperatyse.



SU(2). PNJL

NJL Lagrangian with diquark correlation

2 Go

o s Hyoocoo Wy .
L = P(iu0" — mo)¥ + —-[(¥%)* + (PirsTy)’] + TO[('.L’-"'l"/"s/\zT‘zCL"-’T)('l.i-’TC?"z"a/\‘z?‘z'lﬁ-’)]

Go = Hy for SU(2). and Hy = 3G for SU3).. @Ay )’
Path integral with auxiliary fields Pauli-Guersey sym.
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SU(2). PNJL-3

Pfaffian form (Nambu-Gorkov)
Lig ve) ( S7w)  gamsheml ) ( B ) 1
I —gaA* s Aoy ST (—p) Cy NG

S p) = iy —mo+Yop — go(o + TiysT)
S7TH—p) = 0 —mo—Yop — go(o — TWiysT)
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1
—iiT'r[ln S‘l(,u.) + In S"l(—u) + In(1 + S(—p)gaA 5 A2 S (1) gays AT A)]

A B _
Det(c D ) = DetA - Det(D — CA™'B)
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SU(2), PNJL-4

Meson part

Z = | DoDwexp(i [ d'z —15u2 o) —ailrnS
9 0

—iTrinS—!' = —iTr ln(SO_1 — go(s + 1757T))

Sy = 1Y, 0 —m + Y
Expansion of log term o5
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n=1
_2

1 mn
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U® = g%%T'r/d‘ia:(aﬂ (s + iys7T)|x)
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SU(2). PNJL-5

Mass and kinetic energy part
U = g [ dz [ diyir.y - 2)s)s(@) + Toly - 27 0)F(a)

T(y—1z) = 2iTrey / d'p [ P ipptyg-a)__(Pot+ 1)(Po + 1) — PP +m?
(2m)t J (2m)* (o + 1)* — EZ)((po + 1) E"’)
d4 dd' f / ol — 2
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Low momentum expansion . |
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SU(2). PNJL-6

KG-equation
U® = gg/d“a:[(lg —2m?1)s(x)s(x) — é[o(aué?“s(:c))s(at)
+ L7(z)7(x) — %10(8#8“7?(:1;))7?(17)]

_(aﬂﬁﬁ’)‘ - _AIZRﬁZR

: Lo o 1
Lyg = 5((7#5&')2 =5 517\"'-[32125%2 + 5

11182}2 — (L — 2[2 + 4m2]0)/10

M2, = (& —25)/1o
o d'p  (pot+u+w)(po+n) - E
B =5 =2 | i o+ 1+ 0 = B (o + 17 — E)
dp 1

Io((,u‘) = —QiTT(Cf) / (27()4 ((pO +p+ (.U)2 o= Eg)((po + ,L[.)Q e Eg)

We can take higher order terms for the non-linear couplings.

10.7.20 toki@trento 20



SU(2). PNJL-7

Finite temperature

(iwp, + p + w)(iw, + p) — E?
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1
—w + 2E,
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SU(2). PNJL-8

Diquark boson
| ;
Ly = —Z—T"’S(-H)gdA Vs A2T2S () gays AaTo A

4 /
Lqa = 22T7‘cf9d/d4 /d4 / /d et (P—p')(y—2)

Po — ll (po + 1) — Ep E’ ¥
(po— — E2)((pp + 1)? EZ)A W)A)

= gd/d“ /d4yFA — z)A%(y)A(z)

adg) = /d4ze MEDA(2) = QZTrCf/ ((21734
(po — p+w)(po+ 1) — (P+ Q)P —
((po — 1 +w)% — E2

p+q)(( Po +/-L) Ef})
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SU(2), PNJL-9

Diquark boson has fermi energy

]- = * * #
Lp = 5[(MQ 20712 — (211)° 97 10) A A + iggaplo(8°A™)A +9c21]0(f72A )A]
1 : .
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1 .
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=S ) 2m)t (B2 — m?) (R — m?)
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Figures(SU2_)-2
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SU(2), PNJL-10

Mean field approximation (BCS)
O=0,+s A=Ay+d AN=A,+d
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SU(2), PNJL-11

_§t1'1115’ . ——lndets_
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Figures(SU2 )-3
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Figures(SU2 )-4

Lattice calculation
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Conclusion

By path integration method, we get sigma-
model hadron Lagrangian.

We work out SU2_ Lagrangian for mesons
and diquark bosons.

We work out the thermodynamics with the
Polyakov line.

We see the property of diquark condensation
at finite density.

We want to work out baryon for SU3 case.
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