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Meson Summary Table

Baryon Summary Table

See also the table of suggested g quark model assignments in the Quark Model section.
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Confinement for all values of the coupling in four-dimensional
SU(2) gauge theory
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Abstract

A derivation is given from first principles of the fact that the SU(2) gauge theory is in a
confining phase for all values of the coupling 0 < g < oo defined at lattice spacing (UV
regulator) a, and space-time dimension d < 4. The strategy is to employ approximate RG
decimation transformations of the potential moving type which give both upper and lower
bounds on the partition function at each successive decimation step. By interpolation between
these bounds an exact representation of the partition function is obtained on progressively
coarser lattices. In the same manner, one obtains a representation of the partition function
in the presence of external center flux. Under successive decimations the flow of the effective
action in these representations is constrained by that in the upper and lower bounds which are
easily explicitly computable. Confining behavior for the vortex free energy order parameter
(ratio of partition functions with and without external flux), hence ‘area law’ for the Wilson
loop, is the result for any initial coupling. Keeping the string tension fixed determines the

dependence g(a), which is such that g(a) — 0 for a — 0. 1¥_ - mm S
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FIG. 16 (color online). The mass spectrum of glueballs in the

N;= 2+1, staggered sea-quarks, 163x48, 203x64, 283x96 pure SU/(3) gauge theory. The masses are given both in terms of
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Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. I*

Y. Nampeu awp G, Joma-Lasiniof
The Enrico Fermi Imsiitute for Nuclear Siudies and the Departmeni of Physics, The University of Chicago, Chicage, Illinois
{Received October 27, 1960)

Tt is suggested that the nucleon mass arises largely as a self-energy of some primary fermion field through
the same mechanism as the appearance of energy gap in the theory of superconductivity, The idea can be put
into a mathematical formulation utilizing a generalized Hartree-Fock approximation which regards real
nucleons as quasi-particle excitations. We consider a simplified model of nonlinear four-fermion interaction
which allows a ys-gauge group. An interesting consequence of the symmetry is that there arise automatically
peeudoscalar zero-mass bound states of nucleon-antinucleon pair which may be regarded as an idealized pion,
In addition, massive bound states of nucleon number zero and two are predicted in a simple approximation,

The theory contains two parameters which can be explicitly related to observed nucleon mass and the

pion-nucleon coupling conztant. Some paradoxical aspects of the theory in connection with the 45 trans-
formation are dizcussed in detail.

IS —ERfE T, 2008/ —RN )LYIBFESE




QCDIZHITBHAZIL I FRE

1 — .
Loco™— ;tr (G, G*) +q (iy,DF¥—m) q

BREERL Lo, 13, KEHEHASILER [SHLTFE
U(Ng) X U(N)r =SU(Ng); X SU(Npg X U(1)y X U(1)

SU(N,), X SU(N))x T T
. exact IZ3L HF—Ttgécoupled
{ Or — eXp(!eR T%)0R ~HF—HBBRE| | TS0
q. — exp(iB *T*)q, path integral measure
(Ta: IL—"—SUN)DERF) [CKYEEDICHNS
~UQQ), P/Y—

RGRILBEDOSUN,), [CTETEHERMIZHENS j
[

TL—/\—% Tt

— S A
Witten-Veneziano &zt m’, = 2N, x
MROSHIVBESE 0 DEE

% my, my =2~6MeV < Agcp = 200~300MeV [
u,d 74—ZIZBELTIEACZILFREIX R LY




NAZILRFRED B FERIBEN

Wigner-Weyl #8 I Nambu-Goldstone #H

HAT LR L BT RN T
|
!

T : /8
/ | %/
Y
Hadrons

N)T12EIR

ELTHE ' ; %383
FIE 0
o, 7T <|: 7 (140)

N)T42EIE
DFEBIEITS

m.m, =2~6Mev Quarks M _300-~ 400

u,d DALV A—IEE (T8 MeV

(qq) =~ O

MeV

u, d 2x—20FDEEIL 300MeV EEE

(qq) # 0O




QCDMDIEEERIIRR : hA T IL TR ED B FEIE
EIRILX—EETOMESH

!
FEEBMNERER EREEBEARE~EEZNEE
DA ZILXFRED B FBRITEN ~ <qu>=—(250MeV)3

ocp @
.
O
QCD [ZEh B
FVTZo0 U=
PRRERNY | qconsmmmmmtn
EEH—ERTO HASILHFRED B RGO
Evd RIBEDEE{ER NFOVEBRT STV T Ty
[T&YELS HA—HO DB EIX350MeVIEE

(F—025—FZR<E) COHRADERBD KA E QCODAEERIZEYELTINS




NAZILRFRED B RN IR DR

EIRILTF—FHE

* WL ILRFED B RMBh SRR KRS T /AL
Y EIRILF—TDHBIL

* NGRYVICEETSHMEEDH

ALV REE (PCAC) ¢ _
-Goldberger-Treiman B{%& =X I Tz =My G4
-Gell-Mann-Oaks-Renner B8{&= m:f’=-2m (qq)

BROARBETHYQCDTIHFSTHMIL

|

HASILIEEEE Gasser-Leutwyler
Ye“chiral sym.+ 5 B & &LT- systematic 7ZRBEAE
* IBEIRILF—TEHE® (p| € 4nf,~1GeV)

Yo BRI (BROD/ISA—2EEH, TAOITRERMIZRDH D)

-HIRORKETHYQCD TR THMIL
‘QCDDEEI(L, “HIMD/NFA—EDIE" LWV THRENICRBRENS



AAZILRAFED B RN ICEWN=F%

HAZILBENIEE

EER- 3T A (NJL) =2
HRBYIERR LD <R R
-Hidden-Local-Symmetry {&Z!
HATIL Iy T FERY
NAZI D= — AVRZURY
" AF VLT oER — Large Nc
AAZIL-ZR LITHEE -

-QCDAVEFTHIIZIX AR (7L L E, Chid
AR E AW =RMEEE 2 AR DTG
IXH R AETHS. (80FEHK. B MHESHSEER]
BL. CNoDENER (ZQCDM LITLLRIIZ Tb%Hj'C%’CEL\
P> T, EROQCDED A E M XA BARE,

(cf. QCDED X LA BAMEZRAY 5749 QCDIX B B R

FHF1QCDIZB LN THASIL A TRt A
HEMICHEN S EFEHTRIIZIXEERA TETULVELY

&




Unbroken Symmetry [2DLVT
RORLVE O FRME . UNDTL—/ N\ —X TR & B R ZBEN AR

BERE: NIRBEOIA—IVDEENKE MO HERLTLS
BEaEE A5,

HL. SUNNTL—/N\—HFREDN B FHMIZHENSE BER-T—ILK
A—2DERBICKY . B=FO0RY UHNLARIZEENS,

LML, INnlE. REGEEDIVF—IX M5
“COBEsOFRERE"NECDHIEITERY ., MEAIZIEE Z (2L
~ B EEHSEH (persistent mass condition)

(ERBEEMICX T HEENSD LY EEZF LA (Vafa-Witten)

BHFEMIZIENFADIEZUNIADASILTFREDER D D H
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Banks-Casher B8{& =
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o(1) =<Z(1—ﬂ«)> :QCD Dirac operator DEHESEE

Dirac operator®+¥0
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SHEFEE = W45 5
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M(p?) M(g?) (p.q)

a4 H—FAIFER -
HA—HBEBEH M2 FIZHTHIERROES HEX
X EBEOEILFESFER = EEIX truncate LTHEK

S™H(p) = S5t + Cpyg /

YuS (@) Dy (p — )T v (p, q)

(2 )4

94— DI
S(p) Z(pZ) M(p2): 74—V B =R
p) =

v, +M(p?)  Z(0?): OA—BEBARICH T AU CHRTF




d(p,q) M(q) a(p,q)

M(p?)
QCDMD#&Y A HE¥%Z E L T1=Schwinger-Dyson eq. (5>4-5—)

— JA— VB EBY M(P) I T HEBFTHIETE
— DA—VEEDERI&E R M(p2~0) ~ 300MeV
HAZIVEHE: <qg>=—-(250MeV)3

DA—-TJ )L

—FUBAITHTH, FUBBLEERNIETH

ﬁ*%o)ﬁu:% R. Alkofer and L. von Smekal, Phys. Rept. 353, 281 (2001).
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Leinweber et al.
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Lattice QCD with exact chiral symmetry

B ZE#F E(Z (massless M) Chiral Fermion 2%+ 4C
Cld. [REMICEELL ~ doubler @ H IR/
< Nielsen-Ninomiya’s No Go Theorem (1981)

-Wilson fermions
-staggered fermions

HASIABIR: m, ~ 0 (HEDEEE O RS

B, LBMAES 4 —oE B m CORFQCDHH
EITLINZINMET S
45 I)LS & m, — 0

INDWKREGRMREZELSESD

Dirac operator I& chiral symmetry 4%

H. Fukaya et al. PRL98 (2007) 172001.
Overlap fermion [2& 5D ZILIERIZELMEFQCDETE




Lattice QCD with exact chiral symmetry

Overlap fermion ~ Neuberger (1998)
Neuberger’s overlap Dirac operator

D = mq (1—|—'y5

Hyy (mo)

\/Hlfv(mo)Q

) , Hy = v5(Dw — mg) Dy : Wilson Dirac operator

Ginsparg-Wilson relation (1982): vsD + Dvs(1 — D/mg) = 0

— Overlap fermion action; Sp =Y _¢D
€T

~ invariant under ‘modified’ exact chiral symmetry on the lattice
Luescher (1998)

Y — 59, p — Pe'®5, 45 = y5(1 — D/my).

Overlap Dirac op. D (& D,y Z 100X EEF TREZEHLTHHE
— —4)L T Wilson fermion N 10002 EDStE =~ IR !




Lattice QCD with exact chiral symmetry
H. Fukaya et al. PRL98 (2007) 172001.

2-flavor QCD, Q=0 topological sector
lwasaki (beta=2.3,2.35) al = 1.6-1.8GeV, 163 x 32 (L ~ 1.8-2fm)
Quark masses : ma = 0.002(3MeV) - 0.1

Overlap fermion with quark mass m down to ~3MeV
(cf. BE D Wilson fermion R UL\-#&FQCD#ZE Tl m >50MeV)

Sexton-Weingarten method [Sexton & Weingarten 1992, Hasenbusch, 2001]
Overlap fermion determinant Z#&H+1k

2
det(D + m)Nf=2 = det(D + m’)? det [(D +m) ]

(D + m')?

m’: heavy mass

A& MDdeterminant (X finer hybrid Monte Carlo step T

% & Mdeterminant (X coarse hybrid Monte Carlo step TitEZE1T
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H. Fukaya et al. PRL98 (2007) 172001.
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240 |

Overlap fermion TOEFQCDEHE
— NAZIBREEDREHFATOOASIVEEHE
> = |<gq>|=[240(2)(6) MeV]® at m,=3MeV (Eucl, lattice bare value)

YCHEREHEL THLMNAMS scheme THEHEIE:
>MS(2GeV) = (251 £ 7+ 11MeV)3.
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A /RO OREEENM) &
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b T,: Hagedron O FRBEE
T,=160MeV
20/ L me Hagedron (1968)

800 1600 2400 (MeV)
MNumber of hadronic states as function of mass S =
NFOVE=m

Patel(1984):5%T T, Z & BA
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Quark-antiquark static potential from Wilson Loop

quark anti-quark

Waosd = | DUW,se"° r
Qe Qo

=) Cpe 0T T
" t

— Gﬂ. E’_LG@[TTJT
T = oo T

1

Wilson loop

The quark-antiquark potential can
be obtained from the Wilson Loop.
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Quark-antiquark static potential in Lattice QCD

Vaa(r) [Gev] M.Creutz (1979,80)
- ' ' quark anti-quark

1 Summarized lattice QCD data
G.S.Bali (2001)
Takahashi, H.S. et al. (2002)
JLQCD (2003)

Cornell

2
V(r) = — 3g7r % +0r
0.I5 I’I[fm] ‘; | 1.5

The quark-antiquark potential V(r) is well described by
Coulomb + Linear Potential. o= 0.89 GeV/fm
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Quark-antiquark static potential in Lattice QCD

Vaa(r) [GeV]

quark anti-quark

Cornell

M

At the long distances, the
Q-Q potential behaves as
\ a linear arising potential

1 like_a “condenser”, which

Indicates one-dimensional

squeezing of the
color-electric flux between
guark and antiquark.

anti-qum I [fm] 1

1.5

At the short distances, the Q—a potential behaves as
9 the Coulomb-type potential, which is expected from
the one-gluon-exchange (OGE) process.



Quark-antiquark static potential in Lattice QCD
Vaa(r) [Gev] M.Creutz (1979,80)

12 : : . . quark anti-quark
Cornell C @
08T 1 Summarized lattice QCD data
04l ] G.S.Bali (2001)
' Takahashi, H.S. et al. (2002)
o | i JLQCD (2003)
| r |
0.4} ] | I
t
-0.8 F -
2 1
P
12 | V()= — J +or . T
37T r
-1.6 | ] ] ] | 1
0.5 1 1.5
quark  anti-quark I [fm] Wilson loop
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Flux tube formation for QC_Q-system
In Lattice QCD

Coulomb energy around quarks

IEE iR CTQED LRk

G. S. Bali Color electric Flux tube
EIEF R TQCDIZYEE
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)anti-quark
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=9+—9DEHALCAD
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ZREIMICALCAH LN TS
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Dynamical quark O3t &£ MR HIH5E D
DA—OBRTUIYILDOEE (1&FQCD)

BIE I+ — DR ERIZLD
HA—4 RO+ —4 String Breaking
M =

o

©
N
|

DA—VRET RKE{THE
String Breaking M5

o
N
T

@®©
"
I
&
(QV
=
—
>

O
(o]
T

J
fl 0.5fm | 1fm , | 1.5fm

2 4 6 8 10 12 14 16 18
T/a

Full QCD:dynamical quark & ®1-5t&
N;= 2, Wilson sea-quarks, 243x40

a=0.083 fm, L=2fm, m,/m,=0.704

SESAM Coll., Phys.Rev.D71 (2005) 114513
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Relativistic Heavy lon Collider (RHIC)
TOHQGPALE R EER
BEIRIILE—EAF U EHEER

(FZFH1-1200GeV Au+Au )

Y 9r—5-FIL—F>-T5X<(QGP) H:
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% QCDHHE® : FHREDRZHER
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Kaczmarek Zantow
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quark

® \What Shape of Color Flux?
Confining Force?

\ ® quark /
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3V =0 RTIoIvIILDHE
1D —IMBELBRTFU v IL)

T.T.Takahashi, H.S. et al., PRL86 (2001); PRD65 (2002);
PRL 90 (2003); PRD70 (2004); PRD72 (2005)
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34— -4 I—T - 3HF—-FRTFoIvIL
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rl 4 r3
'y I,
L~
A “

o 1 ! bb! !
T Wsq = ﬁeabcea’b’ U Uy” Us©

L Uy, = Pexplig i, dz,Af(z)}
c

Vao(r) = —lim % IN<Wao>-

T—e
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T.T.Takahashi, H.S. et al., PRL86 (2001) 18; PRDG65 (2002) 1145009;
PRL 90 (2003) ; PRD70 (2004) 074506; PRD72 (2005) 014505

300 L EDELS 30—V RDELIZCHLTEREDIEFQCD
STEZEITHEWLQCDMNGI 34— - FRTo v )L DR 125 5E

_ g ¢ TR
Vaol) = 755 |Z<| : f_-I + 0oL
1T N—F TR EDI—AVBRTUIvIL EEERICERED
(consistent with P-QCD) FACASHRTUIvIL
L 13200+ — 0% ESBREOAN) T DREDOH quark
N RO IA—TDEFELCAD 7
[CBET 58 EE: 00w=030 N—BR

NrFOVITx T SRR TD
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- H. Ichie et al., Nucl. Phys. A721, 899 (2003)
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Tetra-Quark Z(4430) from KEK press release

The charged charmonium Z+*(4430)
IS a manifest Tetra-Quark hadron
composed by ccud.

3.8 4.05 4.3 4.55 4.8
HE (GeV)
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4 quark system ’?
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What Shape of Color Flux?
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5 quark system
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F. Okiharu, H.S. et al. PRL 94 (2005) 192001; PRD72 (2005) 014505
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F.Okiharu, H.S. et al. PRL 94 (2005) 192001; PRD72 (2005) 014505
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Gluonic Excitation in QO System

K.J. Juge, J. Kuti, C. Morningstar,
Phys. Rev. Lett. 90, 161601 (2003),
“Fine structure of the QCD string spectrum”
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r,(V[r] — V[2r,])
N
excited states

CE—FDIZE (#&FQCD)

Gluonic Excitation in 30 System

quark

T.T.Takahashi and H.S., -
Phys. Rev. Lett. 90, 182001 (2003), *
Phys. Rev. D70, 074506 (2004)
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Lattice Study for Gluonic Excitation
and Success of Quark Model
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= hybrid hadrons: 1GeVIEE D fh2 ik RE
Y(3940) = 1.5GeV X 2 + 1GeV.
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T. Kugo, I. Ojima, Prog. Theor. Phys. Suppl. 66, 1 (1979).
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qzt 0:IRDIRSHFL
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(23 :gluon wave-function renormalization factor
Z 1

1 4+u(0)= E—; =5 Z, :gluon vertex renormalization factor
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\Z~3 :ghost wave-function renormalization factor )
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S. Furui, H. Nakajima, PRD 69, 074505 (2004).

u(0) ~ 0.8 (FEFQCDDFHER)
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Lattice studies for Gluon Propagator in Landau gauge

J.E. Mandula, M. Ogilvie, Phys. Lett. B185, 127 (1987).

“The gluon is massive: a lattice calculation of the gluon propagator in Landau gauge”

R. Gupta et al., Phys. Rev. D36, 2813 (1987).“The hadron spectrum on a 183 x 42 |attice”

C. W. Bernard, C. Parrinello, A. Soni, Phys. Rev. D49,1585 (1994).

“A lattice study of the gluon propagator in momentum space”

P. Marenzoni et al., PLB318, 511 (1993); NPB455, 339 (1995).

“High statistics study of the gluon propagator in the Landau gauge at = 6.0”

A. Cucchieri, Nucl. Phys. B508, 353 (1997); Nucl. Phys. B521, 365 (1998).

“Gribov copies in the minimal Landau gauge: The influence on gluon and ghost propagators”
UKQCD, PRD58, 031501 (1998); PRD60, 094507 (1999).“Gluon propagator in the IR region”
F.D.R. Bonnet et al., Phys. Rev. D62, 051501 (2000); PRD64, 034501 (2001). studles
“Infrared behavior of the gluon propagator on a large volume lattice” are SO man the List.-
K. Langfeld, H. Reinhardt, J. Gattnar, NPB621, 131 (2002). TI’Iere Iy a pa of
“Gluon propagators and quark confinement” This is on y
S. Furui, H. Nakajima, PRD69, 074505 (2004).“Infrared features of the Landau gauge QCD”
P.O. Bowman et al.,, PRD70, 034509 (2004).“Unquenched gluon propagator in Landau gauge”

A. Sternbeck, E.-M. ligenfritz, M. Mueller-Preussker, A. Schiller, PRD72, 014507 (2005).
“Towards the infrared limit in SU(3) Landau gauge lattice gluodynamics”

P. J. Silva and O. Oliveira, Phys. Rev. D 74, 034513 (2006).

“IR gluon propagator from lattice QCD: results from large asymmetric lattices”

A. Cucchieri, T. Mendes, O. Oliveira, P.J. Silva, PRD76, 114507 (2007).

“Just how different are SU(2) & SU(3) Landau propagators in the IR regime?"

A. Cucchieri and T. Mendes, Phys. Rev. Lett. 100, 241601 (2008).

“Constraints on the IR behavior of the gluon propagator in YM theories”

l. L. Bogolubsky, E.-M. ligenfritz, M. Mueller-Preussker, A. Sternbeck, PLB 676, 69 (2009).
“Lattice gluodynamics computation of Landau gauge Green's functions in the deep infrared”



Gluon/Ghost Propagator in Landau Gauge in Lattice QCD
|.L. Bogolubsky et al. PLB676, 69 (2009)
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Figure 4: Bare ghost dressing function .J(g2) versus g for L = 64, 80

Fi 2: The bare lattice gl tor D(g 2 f
gure e bare lattice gluon propagator D(q) versus g for at 3 = 5.70. Errors are not shown at the two lowest g2 (squares).

3 = 5.70 and various lattice sizes. We also show data on D(0) (left).
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Deep-IR {BIE TO S IL—F 20T —A DIRZDE UL IEALA S S 1EIZESE
HRIZDO) 22940 H—F A4V AR D decoupling solution Z7RME
R. Alkofer and L. von Smekal, Phys. Rept. 353, 281 (2001).

K.-l. Kondo, Phys. Lett. B678, 322 (2009).




Gluon Propagator M Ei%i#2 (Landau Gauge, #&+QCD)

(A2 (x).A%(0)) T. Iritani, H.S., PRD80 (2009) 114505
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FIG. 7: The Yukawa-type function Dyukawa(r) = Ame™ ™" /r
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JIL—74 2 DEEE: Landau gauge TOHFQCDEE
T. Iritani, H.S., PRD80 (2009)
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= #&FQCD [ K5 TFE =TT
A. Yamamoto and H. S,

“Lattice Analysis for the Energy Scale of QCD Phenomena”, PRL (2008).
“Relevant Energy Scale of Color Confinement from Lattice QCD”, PRD (2009):

JIL—AIZ IRIUV cut ZialL=ZEDI+r— oA Too %Il
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R i . 22 a4 7 | :
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9—O UBHIEHEYEIELLLY, BACIADH AIEHEYEIELZLY,
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A. Yamamoto and H. S,

“Lattice Analysis for the Energy Scale of QCD Phenomena”, PRL (2008).

“Relevant Energy Scale of Color Confinement from Lattice QCD”, PRD (2009).
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Confinement & Chiral Symmetry Breaking 0485
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W& 2B X RN H DD XA H
~Deconfinement & Chiral Symmetry Restoration ) —%
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QCDﬁiﬁF&mF (Deconfinement & Chiral Restoration) ) — 24
~BACIAD ENATILRFREDEN EDBEEEZRIZ

%?QCDEI'EUDM F. Karsch, Lect. Notes Phys. (2002)

u:u-- --:" -------- 0
.4 5.

,-ku—‘v:u? )b—7°<P> bt—b;ﬁ%ﬁ<qq>
92—V DEHCIASH DT IV TR

Fig. 2. Deconfinement and chiral symmetry restoration m 2-favour QCD: Shown
1= (L) (left), which 15 the order parameter for deconfinement m the pure gauge
limit (mg — o), and (1) (right), which is the order parameter for chiral sym-
metry breaking m the chiral it (m; — 0). Also shown are the corresponding
susceptibilities as a function of the coupling 3 = 6/g°.




2x—2VBALCAH D order parameter

2x— DEALCIAS D order parameter :
A7 IL—TDEEHFE<P>
SVF—IDIRFERIRILT—E,
<P>-~exp(-E4T)

X g X FE o A—Z 3 E Z,CSU(3)
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Polyakov Loop <P > : scatter plot
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HAZILXFRED order parameter

HAZILHIRED BN D order parameter :
NAZIVEkHE (D 4—0 &k fE) <qq>

DA—VDEEMNODIFEIEL. DAL well-defined T,
<QqQ> ENATIILAIMED N DB FRS OK

DA—VIZBENHLEEIX. VF—VDEEEDAIC
AAZILRFMEE BEHIZE N . well-defined TIXZELY,
<gq>%t well-defined % order parameter TlX4i{% 5,
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1 2~ 175 MeV

F. Karsch, Lect. Notes Phys. (2002)
3-flavour phase diagram
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Fig. 1. The QCD phase diagram of 3-flavour QCD with degenerate (u,d)-quark
masses and a strange quark mass m.,.
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QCDDAT—HK AR E M ~ Savvidy vacuum
G.K.Savvidy (1977):
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QCDDAT—HBIALE ™ ~ Copenhagen vacuum

Ambjorn-Olesen NPB170 (1980)

Ambjorn-Olesen solution: QCD®M 1 loop-level effective action® %
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color-magnetic fields



TI—F 2 EEEQCDEEDNDHFT—HIFREM

Large positive gluon condensate in the Minkowski space

.

% (6t Grr) = 2a

uv=a

*(HZ-E?)=(200-300MeV)* >0

7T 7T

= QCD vacuum is filled with the color-magnetic field,
which is considered to be highly random at the infrared scale.
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Dual Ginzburg-Landau Theory

*MA gauge TOQCDM A #hE ik
-BACADENATILXFRED R RFIZHRZ S

Dual London BN ERIL:

“Abelian Dominance and Quark Confinement in Yang-Mills Theories”,
Z.F. Ezawa, A. lwazaki, Phys. Rev. D25, 2681 (1982).

Dual Ginzburg-Landau (DGL) BN EXL:
“An Infrared Effective Theory of Quark Confinement Based on

Monopole Condensation”,
S. Maedan and T. Suzuki, Prog. Theor. Phys.81, 229-240 (1989).

DGL EiRTOFALASH EAhMFILHTHRMED B RN DR :

“Color Confinement, Quark Pair Creation and Dynamical
Chiral-Symmetry Breaking in the Dual Ginzburg-Landau Theory”,

H. Suganuma, S. Sasaki, H. Toki, Nucl. Phys. B435, 207-240 (1995).




Dual Ginzburg-Landau Theory T®
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“Color Confinement, Quark Pair Creation and Dynamical
Chiral-Symmetry Breaking in the Dual Ginzburg-Landau Theory”,
H. S., S. Sasaki, H. Toki, Nucl. Phys. B435, 207-240 (1995).
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“Color Confinement, Quark Pair Creation and Dynamical
Chiral-Symmetry Breaking in the Dual Ginzburg-Landau Theory”,
H. S., S. Sasaki, H. Toki, Nucl. Phys. B435, 207-240 (1995).
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Quark Confinement Mechanism with
Dual Superconductor Theory

19744, ME-FIT—Th T TILRALIL,
NROUITH T EHRAMNI VT HEE (T IR-Fa—THER) &
F2RERBCERIZETE77)aY I -RILTYIREDT O —
[CEDWNWTOA—I7FALAHIZx T A BInEIE R EIRIE

But ! There are Two large gaps between
QCD and dual superconductor picture

(1) The dual superconducting theory is based on the abelian gauge theory
subject to the Maxwell-type equations, where electro-magnetic duality is
manifest, while QCD is a nonabelian gauge theory.

(2) The dual superconducting theory requires condensation of color-magnetic
monopoles as a key concept, while QCD does not have such a monopole
as the elementary degrees of freedom.




Quark Confinement Mechanism with
Dual Superconductor Theory
In 1981, 't Hooft gave a possible mathematical foundation of
this picture by way of Abelian Gauge Fixing in QCD,
which is a partial gauge fixing on SU(N)/U(1)N-,
similar to Non-Abelian Higgs theory.

From 1987, Lattice QCD studies with Maximally Abelian gauge have
presented evidences for Dual Superconductor picture in QCD.



Maximally Abelian (MA) Gauge
In lattice formalism, MA gauge is defined by maximizing Abelian part of link-variables
with SU(N) gauge transformation,

ReZTr( AU, (Q)H)

ENT

In continuum QCD, MA gauge is defined by minimizing off-diagonal part of gluon field,

Rog[A, ()] = /d4:17 tr{[f)#, I;T][IADPH ﬁ]f} oc /d’ixzﬂ: | AS ()]

Local condition of MA gauge : [H,[D,,[D,, H]]] = 0

BENBEE

MA gauge is a partial gauge fixing on SU(N)/U(1)N-1,
there remains Abelian gauge symmetry U(1)N-1,

W 2LDTIL—TFRIBERDT LT ),
0 ETFQCDHT, COHBRTORALAHBBEHR

Kronfeld-Laursen-Schierholz-Wiese, Suzuki-Yotsuyanagi,
Stack-Neiman-Wensley, Miyamura-Hioki, Suganuma-Ilchie-Amemiya,
Polikarpov, Muller-Preussker, Woloshyn, A.Nakamura, Kondo...
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infrared quantities such as
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FIG. 3. The logarithmic plot of .1'3“‘2{?3%{?) and }*3'i26i]f(r) as
the function of the distance » i the MA gauge with the U(1l);
Landau gauge fixing. using the SU(2) lattice QCD with 123 <24
22=8=24). 16* and 20* (2.3=8=2.4). The off-diagonal gluon

: . rac : AU : off ..

propagator behalm-g; as the Yukaw a-f}pe fuucfmu G u(7)
~[exp(—M ) |/7”"° with M g=1 GeV for »=0.2 fin. Therefore,
the off-diagonal gluon seems to have a large mass M g=1 GeV n

the MA gauge.



Monopole appearance in QCD in MA gauge

In Maximally Abelian (MA) Gauge, QCD is reduced into
an Abelian gauge theory with magnetic monopoles. ['t Hooft, NPB190(1981)]

1. Non-Abelian gauge symmetry SU(3) is reduced into Abelian gauge
symmetry U(1)?, i.e., SU(3) — U(1)?. (maximal torus subgroup of SU(3))

2. There appear magnetic monopoles from Hedgehog singularity,

corresponding to the Nontrivial Homotopy Group T1, (SU(3)/U(1)?)=Z7,
similar to the appearance of 't Hooft-Polyakov or GUT monopoles.

Monopoles appear around hedgehog
singularities of gluons in MA gauge.
SU(2) Lattice QCD

[H.Ichie and H.S., NPB (1998).]



Monopole Current appearing in MA gauge in SU(2) Lattice QCD

- Kronfeld, Schierholz et al. (1987):

Monopole Current appearing in MA gauge in SU(2) lattice QCD
- Stack-Neiman-Wensley (1994).

Large Monopole Clustering — Monopole condensation % £ 8!

-H.S., Amemiya, Ichie, NPA (2000): dual Wilson loop D&%
Magnetic Screening M#&5E — Monopole condensation Z &




In Maximally Abelian (MA) Gauge, QCD is reduced into
an Abelian gauge theory with magnetic monopoles. ['t Hooft, NPB190(1981)]

1. Non-Abelian gauge symmetry SU(3) is reduced into Abelian gauge
symmetry U(1)?, i.e., SU(3) — U(1)?. (maximal torus subgroup of SU(3))

2. There appear magnetic monopoles from Hedgehog singularity,

corresponding to the Nontrivial Homotopy Group T1, (SU(3)/U(1)?)=Z7,
similar to the appearance of 't Hooft-Polyakov or GUT monopoles.

3. Off diagonal gruons behave as massive vector fields with the mass of
about 1GeV. — Infrared Abelian Dominance [Amemiya, H.S., PDR60 (1999)]

For infrared properties, QCD is approximated to MA projected QCD,
which includes both electric currentj“ and magnetic current k“.

MA projected QCD : k“ #0 #0

.y
Using Hodge decomposition, magnetic and electric currents (ku j“)

can be separated. [Stack-Neiman-Wensley PRD (1994)]
— Monopole part: kp #0, j,=0

Photon part: j“ 70, k“lJ =0



Stack-Neiman-Wensley PRD (1994)

Hodge Decomposition in Maximally Abelian Gauge
— Monopole part: Linear Confinement potential
Photon part: Coulomb potential

SU(3) Lattice QCD®M & & Al (B=6.0, 164)
VQé(r) 0.6

05 Quark-antiquark potential
Abelian part (k,, j,)

H.S, N. Sakumichi et al. (2008)

04

03 Photon part (j,only)
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HAZILRAFRED BERIENET/AR—ILOFEE (3EFQCD)

H.S. etal.,, NPB (1995) : BaFo VT IT -5 58 HBMIZKY
LS FEEE/R—ILOTEEZE T
— O. Miyamura, PLB (1995) : #FQCDTl& DR &R ET

Polyakov loop DA—D MG |<TrG(0,0)5]
1 I ] g | I 0-6 {a} I I g -II_ |
- © . Ds SU(2)
- DS — B { OU1 ]
) F:h ] 0.4r I ggﬁ
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N ﬁ - SU(E)_ i 3 ﬁ i
B ] x ‘ . ! &l
8 $ ° ! | Dz_u__._m_n._u_a_h_‘.i_-u_
Y
Cocand? 5 2dmunm MURASH 5 EECA®E

Fig. 3. Polyakov loop in the SU(2) field (cross), in the U( 1) field Fig. 4. (a) |{TIG(D.G)}| for ma = 0.005 in the SU(2) field

(open circle), its singular (filled circle) and regular (triangle) (cross), in the U(1) field (open circle), its singular (filled circle)

components on a 16° x 4 Jattice. and regular (triangle) components on a 16° x 4 lattice. (b) Same
for ma=10.01.

Monopole part : A/ SR FHEN B RMICHEA TS
Photon part : A4 2L IFEA TG (BBETEZEES)



Monopole/Photon projection and Monopole Dominance

QCDIL. ZDEZETIF FALAHEFIC
BELEHAENRHHMHELIZKL Monopole

Monopole part

/ projection
MA gauge fixing @

monopole MDA T FALAH A

HAZILXFRED B TN A

ARV B
Monopole Dominance

)
QCD in %

QLD MA gauge Photon
projection
DS R3—RRIHE ST
monopole DHFERHH IR Photon part
CHOEHEMNNPQCDIZEE monopole ZE YKL E

QEDLRHRICEBAGEZR




FEH

QCDIIXZHLEYWBIRZDEETHY. “DF—FALAH O
“DAZILXIRED BFRMBEN "G EDIEESRIEE (X
BRI, KRR DEEZXZ<{EA TS,

EF . BRFQCDOEHEFELWLVERIZKY.,

JEIE S QCDDYIEN BRI KEGEHDDOH D
Féﬁl:iM)-7343)1/&#%1&0)6&%-3H>H<EJJE’~JQCDE§0)'I‘$E-
DA—DX0T )L—F 2 DEE - -

- BENTRYE AR &4 FQCD 'ntﬂ) R [E]
BRI RN EBENFONDILT !

=

el

R kY.

el




