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Translation into english prose : S. H. BUTCHER, M.A. and A. LA NG, M.A, Project Gutenberg 1999 .

OAY22EIA

Avbpa pol Evvene, MoDoa, MOADTPOMOV, OC HAAA TTOAAQ
nAayxon, énel Tpoilng lepov nToAlebpov Enepoe:
MOAAQVY &' avBpwnwv (6ev dotea Kal voov Eyvw,
MoAAQ &' O y' €v MovTw ndbev dAysa Ov KaTd Buodv,
APVOHEVOG AV TE YUXAV KAl VOCTOV £TA(PWV.
AN 008" WG ETApouC épploaTo, ENEVOC Mep:
ALTWV Yap CQETEPNOLY ATacBaAlnaly dAovTo,
vAmoL, ot kata Bodg Yneplovog HeAlolo
RoBlov: abTap 6 Tolow dpe{AeTo VOOTIHOY AHAP.
Homer’s Odyssey : the beginning in original greek .

Tell me, Muse, of that man, so ready at need, who wandered

far and wide, after he had sacked the sacred citadel of

Troy, and many were the men whose towns he saw and whose

mind he learnt, yea, and many the woes he suffered in his

heart upon the deep, striving to win his own life and the

return of his company. Nay, but even so he saved not his

company, though he desired it sore. For through the

blindness of their own hearts they perished, fools, who

devoured the oxen of Helios Hyperion:

but the god took from them their day of returning.

Of these things,goddess,daughter of Zeus, whencesoever th ou hast heard thereof,
declare thou even unto us.
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Sage mir Muse die Taten des vielgewanderten Mannes,
Welcher so weit geirrt, nach der heiligen Troia Zerst  6rung,
Vieler Menschen St adte gesehn und Sitte gelernt hat,

Und auf dem Meer so viel unnennbare Leiden erduldet,
Seine Seele zu retten und seiner Freunde Zurtckkunft.

Aber die Freunde rettet’ er nicht, wie eifrig er strebte;

Denn sie bereiteten selbst durch Missetat ihr Verderben;

Toren! welche die Rinder des hohen Sonnenbeherrschers
Schlachteten; siehe, der Gott nahm ihnen den Tag der Zurtick kunft.

Sage hievon auch uns ein weniges, Tochter Kronions.

Translation into german by Johann Heinrich Voss , Birkh auser Verlag, Basel 1781 .
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1-1 QCD - the two central anomalies : scale and chiral Ul

Premises

We face the theoretical abstraction of QCD with N fl = 6 , representing strong interactions —

adaptable to two or three light flavors (u, d, s) of quarks and a ntiquarks. —

quarks . coloris countedin 79 — vy

spin and flavor are clearly seenin  gq and 3q , 3q spectroscopy.

_ ;= -
75 2 On O vH g
B f A 1>\A BA*TAS
[ — _,U/L (5 )c/é
- m qc" _qc
R f A f A f A

(1)

— o FHAFRS + AL

quarks : ¢, c=1,2,3color , f = 1,---,6 flavor

B, A = 1,---,4spin, m s mass
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gauge bosons :

A

Flfy — 9, v — Ouviy — fabcwv

7

2 A,B,C =1,---,dim (G = SU3.) = 8
Lie algebra labels ,[%)\A, %)\B} = ifABC%)\C

perturbative rescaling :

A _ A A _ A
U _gvupev"t’Fuv = g

Degrees of freedom are seen in jets , in (e.g.) the energy mome  ntum sum rule in deep inelastic scattering

but not clearly in spectroscopy.
Completing A L in Fermi gauges

1 AN 2

T ong?2 (Opvh)
AL = ;7 : gauge parameter

- +oHreA(D,c)A
ghost fermion fields: ¢, ¢ ; (DMC)A = (9MCA — fABD’UECD

gauge fixing constraint: C 4 = 9 pvH A
-
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Gauge boson binary bilocal and adjoint string operators

One goal is, to identify — not just some candidate resonance — gluonic mesons, binary and higher modes,
and to relate them to the base quantities within QCD.

Blpyyvi], [pave] (Z1,22) =
(4) = Py (z1; A)U(z1, As22, B)F 0, (225 B)

A, B,--- =1,---,8 ; noflavor but spin

F, . (z; A) denote the color octet of field strengths.
The quantity U ( x,A;y, B ) in eq. (4) denotes the octet string operator, i. e. the path or dered

exponential over a straight line patn  C from y to x

U(:c,A;y,B)zPexp(/ dz“%vu(z,D)}"D>

(5) vic AB
(Fp)ap =tfAaDB

with the local limit —

o |
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- A (2)0) .

B[M1V1],[M2V2](x1 = T2 =) = (:)F[ﬁlyl](az)F[

v’
(6)
no flavor but spin
The same procedure involving a triplet string applies to q g bilinears
q _ =cC1 . : c
B[Afl,BfQ](ml’“) =3, (z1)U(z1,c1522,¢2)95, (22)

(7) U(CBl,Cl;mQ,ég):Pexp</

dz“%vu(z,D)%)\D>
y

C

c1C2

flavor and spin
with the local limit
8 BY. . xr1 =xz20 =z) = (:)g¢ . (z)q¢ x) (:
® ls iy aga(F1 =22 =2) = (05, (#)ag;, (2)0)
The symbols () in egs. 6 and 8 should indicate that normal ordering of regula ting the local limits is
required and further that such normal ordering is not unique , and dependent on quark masses in the
case of the ¢ q bilinears . —

o |
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The Ul-axial central anomaly involves the local chiral curr ent projections from B, . (ac) in
[Bf2,Af1]
eq. 8
== q 1
= BZ.. = -+ :
(]'u)féfl () [Bf2,«4f1]($) (W’J’Q(ﬂ 75>)B.A
— ¢ +

©) = (7 viwag, (2)()

1 + 1
Y5 = Ys5R = 7Y0Y1Y2Y3 5 Yu = Yuiz (T E£75)
The equations of motion for the fermion fields are and superficially imply (upon f1 < f2 )
c _ 1 cé! cé! c’
@chQ — Z(¢ + 0 mfg)Qf2

— /

‘ . . ‘ ;' No sums over fl,fg e
6;1 P = aJ";17(_?GCC_(Sccmfl>

or (j/jf)f'lf2 B % ((me _mfl)Sf1f2 F (mys +mf1)Pf1f2)

(10‘)Sf1f2 =Oa% a5, Pyop, =075 75 a5,0)

Ineq. 10 m f denotes the real, nonnegative quark mass for flavor f. —

o |

-p.10
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hrom eq. 10 the relations for vector and axial vector current s superficially follow —‘
(j“)f1f2 - (j’j—)flfg * (j;>f1f2

(Ga) 5, = (j:)f'lfQ N (j;)flfQ

or (ju)f'lfg = % (me - mfl) Sf1f2

o (3p) s, ;.= (myy+myg JiPy o

As it follows from the original derivation by Adler and Bell a nd Jackiw [1-1-1969] in QED, the vecor
current Ward identities in eg. 11 can be implemented also in Q CD, leaving the axial current ones reduced

to the flavor non-singlet case , leaving the U1 axial current d ivergent anomalous

(11)

ok (j“)flfQ - % (mf2 _mf1)5f1f2 v

(12) 5 NS 5 5
J i B J i 1 s Z J i
o p Nyg " f1f2 f
f1fe f1fa ff

-p. 11



and similarly
. S .

5% 5%
J J
(13) T -y, p
P . P :
f1f2 fr
Quark masses and splittings:  m yf and Am f = m s — (m)

In the subtitle above  ( m ) stands for the mean quark mass
_ _1
(14) <m>—N—ﬂmef

The identities for vector currents in eqgs. 11 and 12 can be ext ended separating the conributions

proportionalto A m s and (m)

. 1
OF (Ju) i,y =7 (Amyg, —Amy,) Siifa V

. NS .
s (32)j1f2: (Amfz—l—Amfl)szc.Vle2 v
(15) . S .
ot (ip)s, 4, =2(m)iP®% J[— +05]
_ 1 A puv A .. A _ 1 v A
05 = (2Nfl) 32m 2 FMVFM |—>7’en.g’r‘.’énv ’ F“V o §€/JJVUTFM
* —
a d 5 was — as far as | know — introduced by Murray Gell-Mann in lectu res ~ 1970 in Hawaii .

—-p. 12
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The singlet axial current anomaly

We shall return to the question of how the local operator cha (F) = 327T 5 (1) F A FHrYvA(Y s
to be normalized and rendered renormalization group invari ant [1-2-1991] . Here we jUSt assume this to

have been achieved and denote the Ul-axial anomaly, the first of the central two, in its general form

(eq.15)
{ov (55)° =2(m)iPS + 65} (o)

(16) -
65 = (2Np1) gt (), Frvaq]
32m —Ten.gr.inv
From here it is conceptually clear how the scale- (or trace-) anomaly arises but strictly within QCD . The
renormalizability of a field theory in the limit of uncurved s pace-time gives rise to a local , symmetric and

conserved energy momentum tensor , implying exact Poincar € invariance

1Wuv =Vvuj(z)

17)
a v 19 o v — O
In connection with the normal ordering questions it is impor tant to admit in the precise form of the
energy momentum tensor a nontrivial vacuum expected value , which —

o |

-p. 13
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in view of exact Poincar é invariance must be of the form

(QIpv(2) Q) =gnuwT

Nupv = diag (1, -1, =1, —1)
independentof x ——

-
(18)
|
A (2) = 0 (2) = (R Duu () Q) X
or [€Q) (]
with OV AV, (x) =05 (Q| AV, (z)|Q2) =0
In eq. 18 /ﬂT denotes the unit operator in the entire Hilbert space of stat ~ es,while Pg = |Q) (Q|

stands for the projector on the ground state .
Furthermore from the two local,  conserved tensors in eq. 18 only A 9 wv ( x ) with vanishing vacuum

expected value is acceptable as representing the conserved 4 momentum operators in the integral form

(19) 13M=/ d3x A, o(t,T)
t

—

o |

-p. 14
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ill these arguments notwithstanding to subtract any eventual vacuum expected values of local ope rators , —‘
often put forward as mathematical prerequisites , it is wise not to do so in the presence of spontaneous
parameters , the dynamical origin of spontaneous symmetry b reaking, e.g. chiral symmetries in the limit
or neihbourhood of some  m f — 0 .

Using the (classical) equations of motion pertaining to the Lagrangeanineqgs. 1-3 |
(Dy Fr )% =jmA(g,q) 5 F — Fpere
(Do FrY)A = 9o FHVA — fagpvB FprvD
(20) jﬁl(@Q):gai\f(Vu)AB%()‘A)cé/qif
i(’YMDuCI>f4f :qufAf and ¢ — ¢

/

(Dpa)Sy = [0udeer +igv? 5 (A7) 0] ab;

the associated form of the energy momentum becomes —

o |

-p.15
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F/fl@FQ;/4 — iNuv FaaFeod4

l
@1) o) =~
35 |9 Yug Pvaytpeov

and using once more the fermion part of the equations of motio n the trace of the classical energy
momentum tensor becomes

e
Sfl fa = (:)6?1 qJCvz ()
The scale- or trace- anomaly
From the classical soft fermionic contribution to the trace of the energy momentum tensor there is a

clear conjecture , also by Murray Gell-Mann , of the anomalou s contribution , which subsequently

became the scale- or trace- anomaly within QCD
L — :

“3) 3 1 A A
6o = (=2B(9)/9%) [-zOF, Frva()]

— ren.gr.inv

o |

-p. 16
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The two central anomalies alongside : scale- or trace- and Ul -axial anomaly

We collect the two anomalous identities in eqs. 23 and 16 | |

— Ten.gr.inv

(24)

—Tren.gr.inv

~B8/9% = g bo + O(Y) ; Y = g2 /(167

B(g) : Callan-Symanzik rescaling function in QCD

The qualification 'central’ for the anomalies in eq. 24 stand s for the property that in rendering the square

coupling constant and the associated 1 — parameter in the gauge boson renormalized Lagrangean

density x dependent

o Lon = P EOFAFIAG £ 0

maintains perturbative renormalizability and acts togeth er with suitable boundary conditions

() F i, Frva —

.

-p. 17
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as external sources for the scalar and pseudoscalar local fie ld strength bilinears

1 /. A A (. 1 /. A A
(26) Z(')F,uVF'uy () ) Z(')FMI/FMV
We will use the following definitions relative to the rescali ng function [3

—B/g9g=XB(X); B(X)=0boA(X)
B(X)~>X>Xbpn X", A(X)~> X anX"
kK =g2/(167?2) generic X,Y

(27) bo =% (33 —=2Ny) , ao =1, an =bn/bo
b1 = 2 (153 — 19N ;)
bo = & (77139 — 15009 N 51 + 325 N 3, )

bs ~ 29243 — 6946.3 N s, + 405. 089N ; + 1.49931 Nfl

-p.18
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2-1  Consolidation and development of (new) methods adapted to the

perturbatively accessible region — in a nutshell &

Three figures subsumming the work of many authors including t hose quoted below shall be  shortly

discussed —

see the talks at this conference by D. Gross, J. Stirling, S. F rixione, W. Vogelsang, S. Bethke,
N. Glover, J. Vermaseren, J. Kuhn, K. Chetyrkin, S.-O. Moch , M. Steinhauser, M. Czakon,

P. Uwer, Z. Bern, L. Dixon, T. Gehrmann and M. Neubert .

—p.19

a



A2-44a

0.5

Q)

July 2009

s 4 Deep Inelastic Scattering

04| oe e'e Annihilation
0® Heavy Quarkonia

0.3 +
0.2 -
0.1}
= 0QCD o3(Mz)=0.1184 +£0.0007
1 10 100
Q [GeV]
FigA2l: as(Q) = 4m kg = ¢ fromref [A215-2009] .
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e I
L S
0.18
0.1754
0.17
0.165
0.16
0.155
0.15
0.145
0.14
0.135
0.13
0.125
0.12
0.115
0.11

0.105 : : : : : : : : : : : : : : : : : : D
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Scale Q[ GeV]

FigA22: as(Q) = 4m Ky =g compared with Fig. A21 .

I alplha(x)I — )

=5

alpha_s ( Q) running QCD coupling constant with N_fl

-p.21
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o T S . ——-—————————— L i i, Mre‘sc(l.‘zs,x)‘ -
H H H H H H H H H H H H H Mresc(l'oYX)

013 N\ Mrese(0.750) ——

0.125 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0.12
0.115
0.11
0.105
0.1
0.095
0.09
0.085
0.08
0.075
0.07

[m_qg (Q)/ m~*}] with arbitrary reference scale m"{*}

0.065

ooss L i
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Scale Q[ GeV]

FigA23: m 4 (Q )/ m™ with fixed ratio of rescaled quark masses

mu:%(md+mu):md:3:4:5

-p. 22
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To Fig A21 : In the four loop evaluation of the running couplin g constant in ref. [A215-2009] the
renormalization group invariant quantity is obtained in th e M S renormalization scheme

AW =213 £ 9Mev «— as(myz) = 0.1184 + 0.0007

(28) ALY = 296 Mev

AW = 213 Mev —
° A — 338 Mev
) —

The matching between N fp = 5 — 4 — 3 inref. [A215-2009] involves the modeling of the
b- and c-flavor associated thresholds through the perturbat ively assigned b- and c-quark pole-
masses mp = 4.7GeV, m . = 1.5 GeV . Thisis a nonuniversal way to rescale quark
masses , and thus does not follow the strict quark mass rescal ing at zero quark mass , used here .
As a comparison in determining up and down quark masses at an M S scale of 2 GeV :
Dominguez, Nasrallah, R 6ntsch and Schilcher [A223-2008] use

(29) A =381 + 16Mev > as(m,) = 0.344 + 0.009
and adopting the scheme of quark mass rescaling at zero mass o btain for the u,d,s quark mass
ratios
| . .
m 4 : §(md—|—mu) : m g : m o
(30)

29 £ 0.2 4.1 £ 0.2 : 53 £ 05 : 102 £ 8
N

-p.23
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To Fig A22 : The following value was used : as(Mz) = 0.184 corresponding — for the two loop

running—to A éQ) ~ 408 MeV . The so determined running coupling constant is compare d
with the 1 - o limits of the same quantity as determined in 4 loop order in re f. [A215-2009]
confirming the validity of the two loop approximation in the r ange 10Gev < @ < 200 GeV
within the accuracy claimed in ref. [A215-2009] .

To Fig A23 : Here the strength and weakness of the mass rescali ng at zero mass within the
perturbatively accessible region is illustrated using as a guide only the ratio of u,d quark masses
My %(md—i—mu) C Mg
(31)
3 . 4 : 5
It seems appropriate to me to refer to the  in principle approach of rescaling in a universal way the
coupling constant and quark masses initially restricting all analysis to the perturbatively
accessible region , citing (adapting) the pertinent commen t by Murray Gell-Mann :
'Rising when last (first) seen
On the other hand the progress achieved in transgressing the perturbatively accessible region ,
using universal mass rescaling , in refs. [A223-2008] , [A22 1-2006] and references cited therein, is

significant, based on improved treatment of finite energy sum rules pioneered by Shifman ,

Vainshtain and Zakharov [A224-1979] . —

—-p. 24
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To Fig A23 continued : It is worth noting that the value of the gauge boson condensa te, found in ref.
[A223-2008] , approximated as

(32) (Q|%:F:‘VF“”/A:|Q>—>O.OGGeV4

Is 5 times larger , than its original estimate in ref. [A224-1 979] .

The basics of chiral expansions in assessing ratios of the u, d,s quark masses continue to provide
additional benchmarks at low hadron energies [A225-2001] a nd references cited therein, while fine
details of these ratios can be subject to improvement . Final ly the validity of chiral expansions as

guidelines for lattice calculations present another strategy in principle [A226-2008] .

We add here a few representative determination of as(myz)

as(myz) processes source authors
(33) 0.1176 £+ 0.0020 average [A227-2008] PDG

0.1172 4 0.0022 thrust distributions at LEP ~ [A228-2008]  Becher , Schwartz

0.1184 + 0.0007 average [A215-2009] Bethke

o |

-p.25
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2-2  The Cartan subalgebra injection and vacuum condensates

The two representative Regge trajectories and their challe nge

<rho5 +->

J (spin)

0 1 2 3 4 5 6 7
M2} Gev(2} ]
Fig R22 : The two representative Regge trajectories : o— f/a; JJFC (1,3,5) ~ and
JPC (2,4)+F togetherwith A; JF (1,5,2) T ana JP (2,7) 7

.

—p. 26
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The challenge has been met and invokes the search for ’harmon ic analysis’ in the framework of QCD and
pertainingto q q and 3 g configurations . These configurations shall con-form with th e (apparently)
universal spectrospic relation as shown in figure R22 and ide alized to

A(s)=As+ Ag — s=(A) 1 [A(s) — Ag]
3) A(s)=J — m2=(A)"'"JT+m3; =M2J 4+ m?

M?2 = (A’)_1 ~ 1.12Gev? for q1goandq1qg2qgs3 m, — O configurations

Fig 3 : 'the Pythagoreans’

—p.27
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Let me repeat the central anomalies here ( eq. 24)) and transfo  rm to euclidean space time
{79Mu =mef5ff+50}(w)
{ov (G2)" =2(m)iPS + 65} (x)
_ 3 1 /. A A (.
50__(_26(-9)/9 ) [Z(')F/JVFMU (')]—w"en.gr.inv
2 2
1 /. A A — 1 /. 3 A = A .
a [FOFPRFPAOT i =30 [(B4) + (£4)7 | 0]
euc
L FA FrrA ] = () |[BAEA] ()
—ren.gr.inv eucl
(B’A ; g‘A) , : euclidean magnetic- and electric field strengths
euc
(:) ), euel . to be suppressed in the following

This brings up the question — for me long 'undecidable’ until

and Zakharov [A224-1979] induced a new try
whether the positive parity operator

the seminal work of Shifman, Vainshtein

to the affirmative [ in refs. [2-21-1978] and [2-22-1980] | —
% F/f,/ F # v A4 could develop a vacuum expected value . —

o |

-p.28
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Indeed )
B+ (Q 1 FAFrYA1Q)g. =p=(B*)? >0

(36) B* = 1M?2 ~ m?2 ~ 0.60 + 0.007 GeV 2 =
p=21M?*~mi ~ 036 £0.01Gev*

The estimate from charmonium sum rules ( ref. [A224-1979])w as p ~ 0.12 GeV 4 while in a recent
evaluation of the u-d flavor currents and (pseudo-) scalar de nsities S F1 fo and Pf- L fo by
Dominguez, Nasrallah, R dntsch and Schilcher in ref. [A223-2008] approximated as (e . 32)

(37) (Q|%:FfVF“VA:|Q>:W%p—>O.O6GeV4

yields p ~ 0.59 GeV %, (almost) 5 times larger than the original estimate .

The fields (V) (¥} ), in €q. (1) are extrema of the classical action subject to
the constraint

f[%V“;V" —p] d*x = finite,

e’ pp

p = constant = 4(R_)*. (4)

The constant p in eq. (4) with the dimension of pressure [i.e., (mass)®] is related
to the gluon pairing strength-—a spontaneous parameter of the ground state:

(QI(: VECIVE(x) )|} = 38u0{ [ Bucon ~ Bupoal 3P ~ Curapsa) - ()

Fig 4 : boundary conditions are important ( from ref. [2-22-1 980] with V' ; ab _, R ; A,B

and gauge group SU2 . —

-p.29
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Consequences from the gauge boson bilinear vacuum expected value (eq. 86)
@3 e (Q §FAFroa|Q)p. =p=(B")? >0

1) p > 0 ineq. 38 represents a local , gauge invariant Bose  field pair- condensation , coupled with
the full Poincar € invariance pertaining to the ground state.
2) single field quantum- Bose condensation is forbidden by exact gauge invariance.

3) the symmetries including C , P, T of the ground state in 1) an d 2) enforce the spin structure
1 1
B*(Q 3 FAL FoT4|Q)g. = X7 =2 (6567 —6765) p
0

—

YUZXO'Q:(STp,Z:Y/f:L_Lp,q:
)

o _ o l o l o
ﬁu (ﬁu«_Z(Su«ﬁg)—}_Z uﬁg
B+ (Q99 — 26598 1Q)g. =0
(39) o l ¢o 1 b o 1 A afB A

pfory = v = 1,2,3

—-p. 30
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3) (continued) — the last two relations in eq. 39 [constitute a cosmological term with  positive pressure and—‘
negative energy density , defying a response from gravity , whence restricted to four space-ti me
dimensions , yet consistent with the ground state belonging to the minimum of energy density .

4) the embedding of chiral symmetry depends in a nontrivial w ay on the strength of the field pair- Bose
condensate (in eq. 39 ) as does the phase structure of QCD and the excitation of binary and
higher gauge boson compounds ( 'glueballs’ ) . The experimen tal verification of their spectral

properties however is reminiscent of the 'odyssey’ — and thu s shall be continued in due time .

—  Thank you —

-p.31
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