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Nonperturbative Phenomena
and Phases of QCD
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e — Introduction. Theory of chiral symmetry
breaking, from Nambu-Jona-Lasinio model
to instantons.

e —The QCD correlation functions and hadronic
structure;

e — The QCD phase diagram. Finite tem-
perature transition. Properties of Quark-
Gluon PLasma.

e — QCD at finite density, Color supercon-
ducting phases.

e — Overview of what we have learned about
hadronic matter and its properties from
heavy ion collisions, mostly at CERN SPS
and BNL RHIC. Quenk - 6Cuon Plasma

’ . /
¢ - Tnctautou /sphaleroy mechauigm hh
onwd AA colitions

1



A Small wmap gefore we Star? ...

/95D’S /9—7015 U 5 D 20.;.;
' 1

(QED e @ =[50, E fgeyoud the SN/

< =2 Whateven o way be
T
ok‘ho'l‘ a weak coa/ul.‘~5 /'»l&m’&u‘
D nouperturfative " oun
7Zm are 2 meam?«ﬂ o /'A:.f fersg

fv)
@ 1 d[afqawu S ot euoufs = 'ZCSa.uqma.f('a:aa are weedsd

(Ia ths eau[uqie the H atom s abro hoa-/ﬂ’/.
Singe fv(uihf fcbud.'nf;’ g?n. c':&u"UMMQf;O“

@ PILQIAOWLQVIQ whf&L caunct be széafd gy
P@M@a}"ve diapramas at all

® (.3. t'n:*uu*out (?‘umw/.'«v fo Quotlar il bmsein )

. ok
~ QXP( f_:“_:f) —y caumo? le cx/)autcd ta j

, . "W 1980-19905
(Hhat wouted Be My Wben ¥of¢¢') ~ &f uf,{o“‘;" correlatess

® COhfc;MMu‘f - PO wet wusterstood , mep is it
| wodellsst Wel ...
@) Stromgty interacting theories , Cika OO (s SUEY
aualogs ehe) way have many oliferent phases
Which are 10!0\2{"'@1‘\/&[9 4,‘ #grg‘\f




Q‘C D Phases

(Gnuthar swmell wap... )

@ m @C_D vacuuuq QJ&QCD 970««4:},*\

(or “hadronic phage "we live in)

e Chiral condoucate 4527-7’50
® (oufinewent @
T\/@ - 3\!/L3

(+¢M,\Mql-w\,p) (deasity)

Coeor S ertond.
@d rk -6&0” WQS‘MQ l Cl,;ij> Zo glaé?%“:f

3329 s
no other ondenSORS | | 150 5 sy pr o

WROPWA

I

—,

A

—)). Makes “wautrou stars”
Heavy Iow Sl evew wor t'hW")"/"‘(f
SPS ai CERN |

RHIC ot Rnookhaveu

l'; dst qunu tn Summer 2000
eafg pf uucx/ucklf PM“OM

@ —

| The Litibe Bacg )




Overview: scales and approximations

It is assumed that some basic facts about
perturbative QCD are known
(®» Asymptotic freedom - the charge is running
2T

2
Q) = - =5 log(Q/Agcp)

The 1st coeff. of Gell-Mann-Léw function
is b= (11/3)Ne — (2/3)Ny
as(@Q) is small at @ >> Agop
® The Landau pole prevents us from going to

infrared ¢ dg2oo as @ Ay

@ “Dimensional transmutation” - running rharcre
defines a dimensional scale Agop ~ 200M el
(exact number depend on exact def.)

@ Is Agop really the scale at which one has
to abandon pQCD?
No! It is actually around Ay ~ 1 GeV
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The barriers still exist between description of perturbative and
§non-perturbative effects:

e — One barrier is the famous “1 GeV scale”, which is simulta-

‘neously the lower boundary of pQCD and the upper bound of
say chiral Lagrangians.

hadrowie Siyes 5"0"\'\\3 “hord \

\é” ey tomions Ql
o eV V  10GeV  100GeV -
Effective theories perturbative domain, parton description
chiral Lagrangians, NJL

Simiamns

instanton liquid model

(Fhe ransition
in pQCD it is not seen: all logs are limited by AQCD instead

e — The so called “chiral scale” is glven by instanton-induced

effects here My}!g Ly (PO prlauna
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Very amusing correspondence between N=2 SUSY (Seiberg-

Witten Theory) and QCD in IMPLICATION OF EXACT
SUSY GAUGE COUPLINGS FOR QCD. By L. Randall, R.
Rattazm E. Shuryak Phys. Rev.D59: 035005,1999 e-Print Archive:
hep-ph/9803258)
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Two major pictures of the QCD vacuum ‘\

1

7
2
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The “instanton liquid”
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quafk condensate < Y1) ># 0

SU(Ny) chiral symmetry

is spontaneously brokep

Ga(1) is dynamically brgken

Important for 7,7, N etc
SRy

Rather complicated
statistical mechanics

2 %Y,@

The “dual suEercondnctor”
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¥, 94
string tension o # 0
color confinement

Important for T, J/1 etc
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Rather complicated objects and
unclear quantum mechanics
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However, both pictures are probably much simpler

than the original Quantum Field Theory language
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Semi-classical approximation,
instantons and anomalies

e Overview: scales and approximations
— o Going from Minkowski to Euclidean space

— o Tunneling in quantum mechanics: first in-
stantons

¢ Instantons in Yang-Mills theories

e Fermionic zero modes and the chiral anomaly

e U(1) Chiral symmetry breaking in 1-flavor
theory
@ Instantons in electroweak sector, and in SUSY

theories
o SW(Ng) Chiral s',wmc,'l'r\, Brealling
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Tunneling in general

e — Who was the first to discover 'tunneling’ phenomena in quantum
mechanics, and in what context it was first done?

It was George Gamow, in late 20’s, and the context was alpha-decay
of nuclei. He explained the mgtery of radioactivity: why nuclei
should wait sometimes for billion years to decay, in spite of the fact
that typical nuclear time scale is about 10~?2sec. 'Tunneling’ means
going through the mountain (the repulsive potential) AS IF there is
a tunnel in it.

VA

pocesee ——&""5'” d
4

atomic v c"4

-(30:35)

Probability ~ exp(— ""L(ze;)zsz 2)“’) - 10

T - s —

Note: v is our small parameter: the a particle velocity, which is
v small comparea to atomic one. Numerical factor 27 is important!

G [ .l e — How one can use classical mechanics for description of classically
L SRR

forbidden phenomena?

topul
oM} ¢ - Hint. In quantum mechanics energy is conserved, and Schreodinger
eq. also can be understood as

<p*>
2m
In classically allowed region, p? > 0 and the wave function is a wave

Y ~ exp(ipz) with real p. However, if we arem classically forbidden
regmn E <V, we must have § ega we ] tmaginary p.

E =

+<V(@)> {m o ]

11



Then ¢ ~ exp(—|p|z), and one understands why tunneling is a very
rare event, etc.

o — Trick: if p is un:gmary, why do not try to interpret it as motion
Jn_imgginary timel

Changing t to 7 = it we have new classical equation of motion*,
- L
d’z d(<=V)
M == = —
dr? dz

It is the same as flipping the potential upside down! Then
classical paths certan-ﬂy exist.

Fq,,;fia’g eﬂ(‘au—\lg\j}& : ::.Ml rﬁ

: aul
Wz way o wl ~/w& @u—[ “‘"' Wion

Using Feynman path mtegral one can go to imaginary time easily
(in fact, this is what he did to get correct continuation to real time)
“ The weight of any path is exp(-S[x(7)]), and this essentially gives

the tunneling probablity.

. '

= ck“'qw’“ Q

‘. = M\‘*N ve
\ .
- axist for av
Castaut?
't Hooft
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° 'Topology and classical vacua

Tunneling and instantons -« 30".4 tosories

Polyaktov ¢t el 76
t Hooft 36, Jatkiw

Oross 38

Ra®: ; Caftau Dnshav

Vacuum (classical) = configuration, minimizing the
potential energy. (”configuration” is time-independent,
no kinetic energy)

The gauge Ay = 0. Then E; = §yA; and its value
squared is kinetic energy, while the (still non-linear)
magnetic part is the potential ene.

Minimum is at zero magnetic field G7; = 0, so vector
potential should be "pure gauge” P trons

~ (2i/9)58,5* .1.,/\/‘\/”&‘s

We have to classify gauge matrices S(r): they project
3-dim space to the group. SU(2) group has 3 pa-
rameters.

S = exp(if(r)rera/T)

Such prejections have the integer number n (called
the winding numbgr) which counts how many times
the group manifold is covered.

n = e7%(1/24n%) [ Bz Tr|(S*0;S)(ST9;S)(S*S)] = =
For the particular example above

= (1/2m)[f(0) — f(o0) — sin(2£(0))/2 + sin(2f(c0))/2]

So matrices with di logi _caf-

ferent and one cannot obtain one from another by
means of CONTINUOUS gauge transformation.

1

13



The instanton is the path configuration with Q=1

A) = @/ Dawe @+ NS

where eta is the so called 't Hooft symbol. It is
€ if all indices are not equal to 4, ¢,, if v =4 and
—04 if p = 4. There is also symbol 7,,,, in which
last two statements (with delta) has the opposite
sign.

But A is not yet physical quantity, the action den-
sity:

(G5)? = 1920 /(z* + p*)*

is finite everywhere, and concentrated in spot of
the radius 2 the so called instanton radius.

Integral overs small fluctuations around it leads to
instanton density generalized to SU{N,)

dn,  .466exp(—1.679N,)
diz (N, — DN, —2)!

Now, the (one-loop)asymptotic freedom formula

81”/g*(p) = blog(1/pA),b = (11/3)N. — (2/3)N;

leads to

d”+ _d_P_ b
iz j[ ( A)

1s 4 couverged s*lmp g-, Yer

\olku! VoW ?

you w.u m ‘L Sl unluowm

872/ 4*(p))*" expl-87"/g*(p]}dp/ p°
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Main qum o
.'Ius:'l'o.».'!'eu e;qufd i

In 1981 I cdme up with the so called 'Instanton Liquid Model’, start-
ing from the following question: -

° - What‘l the typical instanton sxze? Q el '%M au.d

From several arguments (especxa.lly the magnitude of the'quark con-

densate < g >) I have concluded th
T i fm E——"

JERE—
2 pew 1/3fm = (600MeV)™! (Negete 6 a£93 ) %
] t
If so, some important cosequences follow: ‘ff: *] .035 ;: /./...

¢ - DILUTENESS. R= 6.9 fw

p/R~1/3
L] - .
where R is the typical distance between the pseudoparticles. It is
not very small ratio, but in 4-dim space it enters in 4-th power, so

only few per cent of the space-tige is occupied by strong field.

o - SEMICLASSICAL FORMULAE ARE APPLICABLE. (S/R) ~1p
The action is large enough ’\

So=8n%/g(p)’ ~ 10> 1
Quantum corrections go as 1/S, and are presumably small enough.wwyg

o - INTERACTION DOES NOT DESTROY INSTANTONS.

¢

Estimated by the dipole formula, interaction was found to be typi- | ’3
cally -
o ~LIQUID, NOT GAS. é"‘ Q)

of bifﬁf% “é’ € “*
IR~ R AT
How, olibufeness wols!
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Low-lying Fermion Modes, Topology and Light Hadrons in Quenched QCD

Thomas DeGrand, Anna Hasenfratz
Department of Physics, University of Colorado, Boulder, CO 80309 USA
(February 21, 2001)

We explore the properties of low lying eigenmodes of fermions in the quenched approximation of
lattice QCD. The fermion action is a recently proposed overlap action and has exact chiral symmetry.
We find that chiral zero-eigenvalue modes are localized in space and their positions correlate strongly
with the locations (as defined through the density of pure gauge observables) of instantons of the
appropriate charge. Nonchiral modes are also localized with peaks which are strongly correlated
with the positions of both charges of instantons. These correlations slowly die away as the fermion
eigenvalue rises. Correlators made of quark propagators restricted to these modes closely reproduce
ordinary hadron correlators at small quark mass in many channels. Our results are in qualitative
agreement with the expectations of instanton liquid models.

I. INTRODUCTION

Is there a particular physical mechanism in QCD which is responsible for chiral symmetry breaking? If so, what
other qualitative or quantitative features of QCD depend on this mechanism? The leading candidate for the source of
chiral symmetry breaking is topological (instanton) excitation of the gauge field, which couples to the quarks through
the associated fermion zero modes (or near-zero modes, after mixing) leading to chiral symmetry breaking via the
Banks-Casher [1] relation. An elaborate phenomenology built on the interactions of fermions with instantons is said
to account for many of the low energy properties of QCD (for a review, see Ref. [2,3]).

Lattice simulations can in principle address this issue, and indeed this is a large and active area of research. However,
nearly all results, be they from pure gauge operators or from fermions, are contaminated by one kind of lattice artifact
or another, which cloud the picture.

The problem is, that typically, pure gauge topological observables depend on the operator used. The dominant
features of the QCD vacuum seen 1n any lattice simulation are just ultraviolet fluctuations, as they would be for any
quantum field theory. To search for instantons (or other objects), one must invent operators which filter out long |
distance structure from this uninteresting noise. Some quantities (like the topological susceptibility in SU(3) gauge
theory) are less sensitive to filtering, but some (like the size distribution of topological objects) are more so, and most
results are controversial (see Ref. [4] for a recent summary).

Perfect action topological operators 1R A1 ~#-- :
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FIG. 5. The same quantities as in Fig. 4, but for non-zero mode eigenvectors and again for the
Iwasaki action. The double-peak structure is a feature expected in instanton-dominated models of
the QCD vacuum.
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Chiral Random Matrix Thn.orj ( Joc Verboar schot )

® Theory for fluctuotions of QCD Divac rigenvaluss
m the extreme mfrored dowmain

®* This part of the spackrum plays an essantial vole im
the mechanism of chiral symmetry breaking and its
restoration wm the quark %\uoh phase

® Chiral Random Matrix T‘\aory partition function
( * -NE* T\-WW
Z'CHRMT ,'Sd"w dat ;\«I m/ R chiral condensate
N XCN V) matrix  (Shuryak-IV, NPA 33)
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TILM ~» %w

claticdical wechanies Vu Yo

The partition function of the instanton liquid

The main assumption underlying the instanton model is that the full
partition function can be approximated by relevant gauge configurations,
which are superpositions of instantons and a,nti-instantons.
7 Suw of all

[T a0 dioy)] ex- mmdet(mmf) vocuim manh

E—— 1 »’7 iy ;.v--

Here dQ; = dU;d*z; dp; is the measure in the space of collective coordi-  ~~.
“ » . - . -
nates, color orientation, position and size. For the gauge group SU(3) “Z
there is a total of 12 collective coordinates per instanton.
Fluctuations around the multi-instanton configuration are included in QWQK
gaussian approximation for the individual instantons (’t Hooft 76). To
two loop accuracy it reads

Z =

N+'N !

d(p) = O™ 015" exp (~81(o) + (2. = ) 1og(010)

Ov — 4.6 exp(—1.86N,)
Ne ™ 72(N, - 1)I(IV, — 2)!

where (31(p) and B3,(p) are the one and two loop beta functions

Bulp) = ~blog(ph),  Falp) = Bule) + o loB (2B ),

11 2 34 13 N
b=--N,— 2N b ="N?- ZN,N;+ -2
3 ¢ 3 3 3 YN
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In principle, there is wide selection of pos-
sibilities, e.g.

mThe ordered system, or ”instantonic crys-

tal”. (never occured)

"

T21Disordered ”liquid”: provides chiral sym- ‘3
metry breaking as needed "

TB\Nearly ideal ”gas” of instanton-anti-instanton

pairs ("molecules” ): this is what happens in ’;{.‘\
QUark Gluon Plasma phase.

'@Long polymer chains of alternating I and 'i‘—‘
I or diquark condensates” those are color
superconductor phases at high density }

[ But the main point now is that we cannot Y
just select the phase we prefer. It is re-
ally impossible to say what phase is actually
the case under before calculations are made.
Chiral symmetry has been found to be bro-
ken for Ny < Nﬁv”tical = 5. (T.Schafer,ES,J. Ver]
1995.) |
We tan do caleulations To all orders.
- ITLM

11
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Lecture 1: Conclusions

¢ The so called “chiral scale” Ay ~ 1 GeV
separates pQCD and effective theories: we
will try to describe both

¢ Tunneling between topologically non-equivalent
classical vacua is described by instantons

e Instantons form a relatively dilute ensem-
ble: (p/R)* ~ (1/3)*

e Fermionic zero modes chiral anomaly
are explained by “infinite hotel story”: the
level movement during tunneling

e New interaction - the 't Hooft Lagrangian,
with 2N ¢ legs, provides explicit U(1) Chi-
ral symmetry breaking

e However SU(Ny) Chiral symmetry break-
ing is more complicated: i is spontaneous.
one, which exists only in thermodynamic
limit and only as multi-instanton effect
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lecture 2

Corretlators and Hadronie
Mructure
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B.Shoysn LMP 65 (1832) 4







Hadronic Structure
and the QCD correlation functions.

e Correlators as a bridge between hadronic
and partonic worlds

e Example: vectors and axial correlators
e Other mesonic channels
e Baryonic correlators and Diquarks.

e Hadronic structure and the lowest Dirac
elgenvectors

3lcap2
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Hadronic properties/models of light and heavy
quark hadrons are quite different

e — Useful approximations are opposite: for
u,d s it is the chiral limit m — 0, for c,b,t

it 1s the heavy quark symmetry limit, with
§ Lol e
Wlﬂ(ﬁ \/\,Q.QV(Q quen K &M&g‘:’&ng ml(\‘:a\g f
e — Heavy quark hadrons are remarkably in- it
sensitive to chiral symmetry breaking, pi- 1
ons and sigmas, instantons and all that.

Example 1. Compare ¢/ — J/ ¢7ﬁrea,nd
o — pﬁ? Same quantum numbers (77 in
0% or g state), about the same energy re-
leased. If SU(4) symmetry be true, should
have the same width: the difference in fact
is about a factor of 1000, 100 MeV vs 100

keV.

Example 2.Instantons dominate light quark
physics, but (their strong fields notwith-
standing) they contribute to the static quark
potential only few percents of their value, at
large distances giving only oM =~ 50MeV

4
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e — Light quark hadrons are remarkably in-
sensifive to confinement.
Example 1.In spectroscopic calculations with
quark model, string tension should be re-
duced to a fraction of §= 1GeviFu  Why !

9

Example 2.Complete correlation functions/wave
functions at all distances are calculated in
the instanton model, without confinement.

Example 3. Cooling the lattice configura-

tion one is killing confinement, but hadronic
correlation functions/wave functions change
very little.

ki
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; Kiu&M&#it 3 ! 0‘[ conelad Jou
"PMC“‘;OMS

One can classify correlation functions considering quark paths, recog-

nising two different types of diagrams:
< :.}- e.q. d\u

(i)the one-loop ones,

and (ii) the two-loop diagrams < O eg ¢ G Fu S

i U},

The main portion of lattice work deal with one-loop diagrams, and
therefore with the I=1 channels (the reason is technical, and can actually
be overcomed). For those one can make some general statements.

First of all, following Weingarten,one may use the following relation
for the propagator in backward direction

5(z,y) = —15* (v, z)7s

Second, one can decompose it into Dirac matrices o Rl
— oy w4 O, % Rl
L> S = Za;T; "‘;’!@,’.?i” ang ’%, d,’l@u'

where
Li = 1,95, Y 176 Tmth, i Yw 01t # V)
Third step: one can consider all diagonal one-loop correlators of the type

I =Tr(S(z,y)T:S(y, z)I;)

, and pérform the traces. ‘
For pseudoscalar (pion) correlator one has a sum of all coefficients
squared:

Ops/TES = (la1f + lasl® + la,? + laysl + lawl?)/laol*  ( @'éé + |
while e.g. the scalar one is o(},o we !{

Os/IE™ = (~la1f* = lasl® + laul® + lausl® = lol?)/laof?

. vl DD T
——— R [P [ R _/./_)
= —— _ - - {@&J ¥ * _
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As a ;;ult Weingerten inequality follows: the pseudoscalar correla-
tor should exceed the scalar one at all distances.

o e A s =2 PS¢ g?(-m fyﬂ“’f

The non-trivial thing is that physical pion is very light, while scalars
are heavy, and therefore for z > .5 fin the scalar correlator is practically
zero. It means there is a very delicate cancellation between differ-
ent components of the propagator!

Similar relations for vector (p) and axial (A,) channels:
Iy /I = (2larf® - 2lasl® + laul — |aus|)/laol?
ILy/I5™ = (=2laif* + 2las]* + |aul* - laus|?)/laof?
and Verbaarschot inequalities follow:
Wps/THRGS > (V2) Ty /TRG™ &1, I

nPs/nfrec > (1/4)(11‘,/1—1{;« _ HA/H{{“)

( Witten has found another interesting inequality between vector and
axial correlators, but this holds in momentum representation, and there-
fore we do not discuss it here.)

As these inequalities are identities, they are satisfied for any con-
figuration of the gauge field, and therefore theoretically are not very
restrictive. However, they can be used to check consistency of experi-
mental data, as discussed below.

On the other hand, the (diagonal) correlators themselves are positive V

monotonously decrcasing functions, as is clear from the spectral
decomposition.

It is trivial experimentally, but produce the non-trivial limitations for
the ensemble of vacuum fields. Some configurations do produce negative
correlators, especially the scalar ones: as a result, their weight in ﬁfe

ensemble of vacuum fields should not be too large. [

- .7‘:‘;

o — ) IMSfQu‘}OM VA i u;f

10 ST 5@ 7‘0@

)

T
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---------------------------------------------------------------------

+ a, [
. ALEPH | i ALEPH
4 25
7 : . . T (VA DY,
= T VARV, 1 2 — parton model/perturbative QCD
2 ------ parton meodel prediction 1 r
: —— perturbative QCD (massless) s, °
sk . . 1E . B
: Cainn s et S SR :
e s T Fo- . b
[ e o~ 1 r o 4 ]
1 0 a2t Py 4 +
: ] : . o o
os| - r + ]
F 05 |- “ o
F o,
.......... 1 had i i, ] A 1 3 L L A ) P | I L ] i 2]
05 1 15 2 25 3 35 0o 05 1 L5 2 2S5 3 335
_
Mass” (GeV/ic') Mass” (GeVre))

Figure 1: Spectral functions 'u(s) + a(s) = 47%(pv(s) + pa(s)) extracted by the ALEPH
collaboration.

Recent example of VA from 7 decays

ST b o AT “g’“*.p?g__g' S 0t N YV Y %‘* SIS VRVa VoY
(Data - ALEPH Theory - T .Schater ES, 2000)

The correlation functions are calculated from
the spectral representation

My, a(z) = [ ds py,a(s)D(Vs, 7)

where D(m, z) = m/(4n%z) K1(mz) is the
Euclidean coordinate space propagator of
a scalar particle with mass m. The lLhs.
was calculated in the random ensemble of
instantons with standard n, p. The agree-
ment is stunning: it is there for ALL dis-

12
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tances (including 10% pert.correction 1 +
Cl45/71'-) Ove cau 5&6 how Tho KLW’{»? 2hnd .,
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Figure 2: Euclidean coordinate space correlation functions IIy(z) + I14(z) normalized to
free field behavior. The solid lines show the correlation functions reconstructed from the
ALEPH spectral functions and the dotted lines are the corresponding error band. The

squares show the result of a random instanton liquid model and the diamonds the OPE
fit described in the text.
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FIG. 10. Comparison of the difference point-to-point vector and axial vector correlators from the overlap action {octagons)
7 and with the instanton model of Ref. [39] (fancy crosses) and ALEPH r—lepton decay, as extracted by Ref. [39] (lines). (a)
:l-}j amg =.0.01 (n/p =~ 0.34); (b) amg = 0.02 (7/p = 0.50); (c) amq = 0.04 (w/p =~ 0.61); (d) amq = 0.06 (7/p ~ 0.64).
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efecks of 11 correlelion

one geeu,
= Rowdow) [ imosky 5%
streamline quenched ratio ansatz' RILM -

m, (measeted) [GeV] | 0.265 0.268 0.128 0.284

my (extr.) [GeV] 0.117 0.126 0.067 0.155
] — —

Ar [GeV?] 0.214 0.268 0.156 0.369

fx [GeV] 0.071 0.091 0.183 0.091
— ——

m, [GeV) 0.795 0.951 0.654 1.000
————— LY

9p 6.491 6.006 5.827 6.130

Mg, [GeV] 1.265 1.479 1.624 1.353
’ — ——

G, 7.582 6.908 6.668 7.816

My [GeV] 0.579 0.631 0.450 0.865
R ’

ms [GeV] 2.049 3.353 1.110 4.032
— P

Mo, (GeV] 1.570 3.195 0.520 3.683
. o o

TABLE 1I1. Meson parameters in the different instanton ensembles. All quantities are given in
units of GeV. The current quark mass is m, = my = 0.1A. Except for the pion mass, no attempt

has been made to extrapolate the parameters to physical values of the quark mass.

streamline quenched ratio ansatz RILM
my [GeV] 1.019 1.013 0.983 1.040
AN [GeV?) 0.026 0.029 0.021 0.037
A% [GeV? 0.061 0.074 0.048 0.093
my . [GeV] 1.428 1.628 1.372 1.584
Aa [GeV?] 0.027 0.040 0.026 0.036.

TABLE IV. Baryon parameters in the different instanton ensembles. All quantities are given

in units of GeV. The current quark mass is m, = mg = 0.1A. ,‘

N-A sphitting

Const S
nat wn w&.

33
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TABLES

streamline quenched ratio ansatz RILM

n 0.174A1 0.303A* 0.659A* | 1.0 fm?

p 0.64A! ‘ 0.58A! 0.66A"! 0.33 fm
(0.42 fm) (0.43 fm) (0.59 fm)

pin 0.029 0.034 0.125 o 0.012

< §g > 0.359A3 0.825A3 0.882A3 (264 MeV)3
(219 MeV)? (253 MeV)3 (213 MeV)?

A 306 MeV 270 MeV 222 MeV B

TABLE 1. Bulk parameters of the different instanton ensembles.

channel current matrix element experimental value
7 j¢ = gysT?q " ¢ < 0527t >= §°0A, Ar = (480 MeV)?
3% = @rurs 5 q < 0ljgsln® >= 8 g fa - =93 MeV

) Jj§ = qrq ‘ < 0]58]8° >= 6% 75

g Jo =49 < 0Jolo >= Ao
Tns Tnns = 4759 < Ol >= Ay,

p it = a1.5q < 0l58lpb >= 5“”@%} . g, =53

a1 Jts = drarsed <Oljislal >= 8%, 2% g, = 0.1

N o m o= e (utCyub)ysy,de < 0m|N(p,s) >= M u(p, s)

N Ny = e“bc(u“Cauuub)75&uudc < OlmN (p,s) >= z\é\'u(p, s)

A N, = € (utCy ub)uc < 0. N(p, s) >= A2u,(p, s)

TABLE II. Definition of various currents and matrix elements used in this work.
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T. Schéfer et al. / Baryonic correlators in insianton vacuum 153
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Fig. 2. Correlation functions for A-type diquarks (a-b) and Z-type diquarks (c-d). The diquark
chanuels are labeled by the I" matrix defining the non relativistic current. The solid lines correspond
to the heavy-light parametrization discussed in section 3.

150 T. Schifer et al. / Baryonic correlators in instanton vacuum

TABLE |

Numerical results from fitting the diquark correlation functions in the RILM with a *diquark
resonance plus continuum” model. The parameters are defined in section 2 of the text.

This work Other information Comment
mg 420 + 30 MeV 234 MeV NIL model [27]
may 940 + 20 MeV 824 MeV NJL model {27]
my 570+ 20 MeV
gs 0.225 + 0.011 GeV? 0.135 4 0.025 GeV2 QCD sum rules [28]
gayv 0.244 + 0.010 GeV?
2T 0.134 + 0.004 GeV?

dodng (el quenll ~ h@eﬁwyj S 0wt ivha}t

Tl uce A Qﬂé ¢t

[ e
gﬁ,\(_zc\]wml//\c)r; s00 Mey odky
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Shiffers £.5,

sity-density correlation functions for the pion, p, and nucleon

The solid circles denote the correlation functions calculated
with uncooled QCD, the open circles with error bars show the
results for 25 cooling steps, and the crosses denote the results
for 50 cooling steps The p and pion results are compared for
M.} = 016 GeV? and the nucleon results are compared for
M2 = 36 GeV? Asm Figs 8 and 9, the separation is shown
in physical umts using values of a from Table I All correla-
tion functions are normalized to 1 at the ongm, except for
the cooled pion correlation functions, wh ch are normalized
to have the same volume ntegral as the uncooled pion result

Errors for the uncooled results and for 50 steps, which have
been suppressed for clarity, are comparable to those shown
for 25 steps
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relaxation steps. x = 0.1600 on both graphs and large negative values on the lower graph indicated

that . for this configuration is much lower (= 0.125).

61

52cap2



(- Z % /") ¥, f.o/ Using W*gg fowgs;{’ wioets

r w
Total # of
NO‘(_Q ' e : . » Ful, uncooied, kappe = 0.1610, Pssudoscalar mr— wodes ~ {0
KD% ' e ouly (b= 123
Vorrest are
r),Qo& used
-
W |
X) ]
ﬂ&u&
<y 1l ] correct
V1T mageibade

t£4+M 12 16

Figure 5-18: Normalized correlation functions for full QCD configuration, &, = 0.1610, mra =
— R
0.2823(4), mqa = 0.0351 Q> o1 7&%

2 S500 MeV
I WO R ,{ﬂ ?[‘/; 3?6&“ ‘9

67

0‘_‘;9}

53 cap 2



Conclusions

e — The non-perturbative QCD bounds the
applicability of pQCD at rather large scale,
ranging from about 1 GeV in many cases,
to 3-4 GeV in the glueball world.  Still,
in some cases (V+A) all non~pertuxbative
effects cancel to few percent level... Abgo Twis?

e — This scale determines surprisingly small
size of constituent quarks and flux tubes,
the main element of our main tool, THE

QUARK MODEL.

e — Understanding of what exactly happens
at this scale is the top priority issue. JLAB+
and new lattice projects are going to ad-
dress it.

e — The best model which works quantita-
tively for light quark problems is the jn-
stanton liquid model, with many elements
verified on the lattice. It also quantitatively
explains OZI rule violation, etc.
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QCD at finite T and density

T
e The phases of QCD at the¥ Phase Diagram

e Color Superconductivity, forces etc
e Color-Flavor locking phase, new pions etc

e Asimptotically large densities and pQCD
superconductivity

e More exotic phases (crystalline ones, the
pion or kaon condesates)
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Instantons and triality

There are three attractive channels,
which compete

e instanton-induced attraction in gg
channel leads to y-symmetry break-
ing, cse 4 wess = U() protlem

¢ instanton-induced attraction in qq
,1» leads to color superconductivity, It

: T 1 M22
decreases with N, as 1/(N,—1) ]f/fw ;wc
A e

e light-quark-induced attraction of I7
leads to pairing of instantons into
=@ ‘“molecules”. effect increases with
= = ; CPe
Nf-9 ne €997 for hp > A:} ' !

o e o ) ] R e T n.:;u
‘f ﬁ) wﬁ{ 1,&. . { L ,i& J LD If'} ALl { - - e QP""X (X 1]
l"\.;;w:” ) '-‘
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QCD at finite T

e Quark-Gluon Plasma: screening vs anti-
screening

e Lattice results about Phase diagram and
the OrhidEquation of State

e Chiral symmetry restoration and I'T molecules
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and a heavier (strange) quark. For ny # 0 calculations have been performed on a N, = 4
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CHIRAL SYMMETRY RESTORATION

(based on T.Schaefer, E. Shuryak and J. Verbaarschot, The chi-
- ral phase transitions and the Instanton Molecules; SUNY-NTG-94-

24,Stony Brook.) R “QQ\

e — At growing T, quark motion becomes anisotropic
Example: zero mode of the “caloron” (T # 0 instanton)

Y(7,7) ~ |sin(nT'7)/ cosh(nTr)|

oscillatory in time, exponentially decaying in space.

e — A “pairing” of instantons (leading to formation of II molecules y
even at T=0) becomes much stronger, if I and I are at the same <@
point « -

detD ~ |sin(xT7)/ cosh(xTr)|*"

e — Rapid “polarization” of even one molecule was found at T = T,
( which allows one to identify T, as approximately the size of the
“Matsubara box”, such that exactly one molecule fits into it).

AT = 5—1,; half box

Ar = 0 same pouint
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[ j S5 RCS..
‘ Cgﬂog‘ gupzlrcwd: Brief history ;; 3‘; g?:{:;ﬁ
o -

70-80’s: Quarks of different col-
ors are attracted perturbatively: :

C. Frautschi {Ericel978;.F. Barrois, Nucl. Phys. B129, 350 (1577, D.
Bailin and A. Love, Phys. Rep. 107, 325 (1984). A\ ~{ MeV
Only...

® - T Schaefer, E.S.J Verbaarschot Nucl. Phys. B412, 143 (1594)%
ud scalar diquarks are very deeply
bound in the instanton model, be-
ing a very robust element of Nucle-
ons (octet) baryons, as opposed to
A (decuplet) ones. Ssomy: too many phenomeno-

~ logical hints to mention here: weak decays, formfactors, fluctuations

of the N cross section...

e - First attempts to study instan-
= tons at finite density numerically

? 2050
{1 U3 pofmers”

4+ L. Schifer, Phys. Rev D57 (1998)
.. diquarks persist, even at high
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Why transition from particle-hole
to particle-particle pairing ?

——————— - = - mm aes W s me wm e - e e

particles  -. /-
’ (\ ewsy Je
gQ«'MCf for

{ Y ZZQO{ &U@&

— o o w wme G m— — e - — —

holes

- = e s oay

vacuum superconductor

- Energy Versurﬁ,,mOmenta:’“ the blue
dashed line show the dispersion curves
for vacuum and dense matter. It has
discontinuity at two different places,
the surface of the Dirac sea and Fermi
sphere.
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Why instantons?

e - It is the strongest non—perturbative
effect generally -. (., w6« @anicil 39

e - Explanes quantitatively chiral sym-
metry breaking in vacuum. Gap is
large: (Mmconstituent = 330 — 400MeV)

- Anomaly is not eliminated by

adding pv; to the Dirac operator!

e
.

AW AW é/‘\
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quantt, Lokt gefm aad afiee

e - But at very high density instanton
effect are suppressed by the Debye
screening (E.S.1982)

dn(p, p) = dn(p, p = 0)ezp(—N;p*u?)

1 In random matrix modeis people have used a simple-minded approach:
adding uy4 to the Dirac operator represented as a random matrix with some
density of zero modes (leading to quark condensate). If p is sufficiently
large, eigenvalues move away from zero and chiral symmetry gets restored.
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Two colors: a very special theory

o - The opposite to the large N, limit:
Baryons are degenerate with mesons:
Pauli-Gursey symmetry ( Unlike SUSY

different number)

e - symmetry breaking is SU (2N £) =
Sp(ZNf) For Nf — 2 the coset K =
SU(4)/Sp(4) = SO(6)/SO(5) = S° 5
massless modes: pions plus scalar

diquark S and its anti-particle S
T —

e- RSSV1: finite 1 breakes rotates
the 5-dim sphere. Scalar diquark
(not sigma meson) becomes mas-

sive. more in: Kogut, Stephanov
and Toublan hep-ph/9906348

e - Fermionic determinant is real: lat-

V¥RV f tice simulations possible. Results

by Karsh, Dagotto et al of mid-
80’s make sense! See recent work
by S.Hands et al.
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how the calculations are done:
the mean field way

A The mass operator include two types of di-
/ N . . al { F - ey .
= agrams: total energy of Fermi gas (“kinetic
. energy” is calcualated with it Npfe !
1‘:1ass operator ‘ anomalous Gorkov operator @ py e ¢ S -}-C S are watricls a C /,L‘

P BN
N

The (“potential energy”) operator also two
types of diagrams: For instantons and
Ny = 3 it looks like this, where green area
are < Jg > and magenta < gq > or its

Then one minimizes the sum and get
gap equations There are many because
all masses/condensates are color-flavor-
matrices.

Approximations: (i) The coupling
constant G is treated as constant.

(ii) No clustering included. $o far
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In early simplified studies (ARW1
and RSSV1) the possible interme-
diate phase (between vacuum and
CSC2) - Fermi gas of constituent

quarks, where both M, A # 0 - was

unstable.
0.002 —— T T ~0.0002 e e
b —— phase 1 ] L e Dphase 1 4
f ?\ - N
v - PV Fmm~~a_ - —— phase 2 | EoS —~-——— phase 2 4
3 - N
~ N
L S~ . phase 3 | L N e .. phase 8 |
~ ~
. N ~
¢ § N ~
; i O ~ - -0.0004
e 2y . ——— L
. - | S ] -
3 i\\\ 2
R .
~ N ~
QQ>¢'D 2 = LAY s \"\:\
) : T
. o 02 ¢ J -0.0008 Y
Y s ., N e
RrrRa 3 . YA L s T
» N \\
A
0004 bt o Vo L b ~0.0008 Ll a .
0 (¢} 200 300 400 250 260 270 260 280
15 (MeV) (MeV)

In our latest study

(RSSV hep-ph/9904353) , includ-
ing formfactors coming from instan-
ton zero modes we found that it
survives...

PLWMC 3 (Suhtrcowd, of
:S /39 %@0@! wn QPP’?QX, '}’@ MUG@?&"
Matler o5  wmeaw Liedd caw proyiole
(hmdmhs gyist o&éﬁ;@b} MF, even i thout cof Tnemddt

tousd quanlts 7
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The “continuity” issue (#}:3)

T.Schafer and F.Wilczek (98) pointed
out that CSC3 phase has not only
the same (?) symmetries as hadronic
matter, but also very similar exci-
tations:

The condensates conveniently mix
color with flavor

quark language hadronic language |comment 1

8 gluons s 8 massive vect. mes. | Meissner eff.

3*3 quarks ... |8+41 “baryons” ' A(1405)?

'8 massless pions : | remain ! if < gg >#0

7y is combined with | massless “Yinsige like yZ in SM |
| “hypercharge” g | |

- Singlet scalar U(l) +H condensate 7?7

But: It is still not transparent for

Youtside (SOmething Weinberg/Salam
should not have warried about) so
it will levitate in an ordinary mag-
net, or reflect light from the sur-
face...

Is it the correct condensation pat-

“tern of NV f =3 nuclear matter?
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The one-gluon exchange

The operator (7,t%)(y,t%): no chiral-
ity flip b T
Strength depends on momentum trans-
fer Q (it is after all the Rutherford-
like scattering) |
Electric exchanges are Debye screened
at () ~ gu (like instantons)

Magnetic ones got no screening at T—=0,
only Landau damping et
(One has also to take care of time
delay effects, since we now speak of
relativistic bound state bound by ex-

changes of propagating quanta... Eliash-

berg eqn.)

T.D.Son, hep-ph/ ‘9812287 therefore found

a “double log” in the gap equation

' one fog > BCS
1 = const 92 long Heo i?w (4
17

2

thus unusual answer: A ~ pe:[;p(—f’/—%g e

77 cap 3



0.01

t lll1llll
0"

] Illlll

[

T

100 1000 10*

108

108

107

i

108 10°
p[Mev]

(0 GeV

1030 {ou

10 101

ot i tayul

ol

llll

10" 101

78 cap 3



SUMMARY

@ - Finite density QCD is very rich,
displaying a Higgs-like CSC2 phase
(< ud >3# 0) or a combination
of that with chirally asymmetric
CSC3 phase (< qq ># 0,< qq >+#
0), with 1st order transition be-
tween them

¢ - Instantons dominate at inter-
mediate u ~ 400M eV, but become
Debye screened away at high u
Triality of channels (gg, qqand] Iis
‘the key to interplay of 3 major
phases, hadronic, color supercon-
duction and QGP.

® - Magnetic gluons overtake elec-
tric ones at large 11, and the abso-
lute Value of the condensate grows

e o b WA o
WI‘,h ‘t Y ORI RC N BT
oo G
N g S e s

AE
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