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What are glueballs

QCD
@ QCD is the theory of interactions between quarks and gluons
@ High energies: asymptotically free

@ Low energies: confining = still no good understanding,
non-perturbative aspects play a role

@ Therefore, study pure gluonic physical particles where confinement
plays an important role:

glueballs = particle composed entirely of gluons
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The experimental status

So far...

@ 20 years of search towards glueball (Crede and Meyer)
@ Many experiments:

o ASTERIX, OBELIX, Crystal barrel at CERN,
e BES-II (Bejing), CLEO (Cornell University), KLOE (DAPHNE,
Italy)

@ no definite answer: “has glueball been observed?”
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The experimental status

The scalar sector: J°¢ =0+
@ The scalar sector is most complex and controversial sector
@ f(1500) is often considered as a candidate for the lightest glueball

@ Many mixing models have been proposed for fp(1370), f5(1500),
fo(1710)

The pseudoscalar sector: JP¢ =0+

@ Very unclear situation

The tensor sector: JP¢ = 2+

@ Evidence for a tensor glueball is non-existent
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The experimental status

Future experiments
@ BES-IIl at BEPCII in Bejing (2008)
@ The COMPASS Experiment at CERN (2002)
@ The GlueX Experiment at Jefferson Laboratory in USA, VA (2014)
@ The PANDA Experiment at GSI (part of FAIR) in Germany
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Lattice QCD

Quenched approximation

@ The fluctuation of a gluon into a quark-antiquark is left out
@ The lightest three states: (Morningstar)

@ scalar (071): 1.710 GeV/c?
@ tensor (211): 2.390 GeV/c?
@ pseudoscalar: (077): 2.560 GeV/c?
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Different theoretical models/methods

Good review by Mathieu, Kochelev and Vento
@ The MIT bag model (Jaffe and Johnson):

@ Many other models/approaches: massive gluons, Effective
hamiltonian, Ads/QCD, QCD sumrules, etc




@ Introduction

e Yang-Mills and the Landau gauge fixing
@ The action
e BRST
@ Physical operator

© The Gribov-Zwanziger action
@ The action
e BRST
@ Physical operator



Introduction GZ action
The action

Faddeev-Popov
@ The partition function:

Zep = / [dA]6(dA) det M2be4 [ AXFiF

with
Mab — _ay (ayéab _ gfabCA;)

@ Equivalently
Zep = [ [dA][de][dc][dble 57

with

1 [ 4 4 — b _b
Srp =4 | A FL+ [dix (670,48 +¢%9,Dibct)
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BRST

BRST invariance

@ The action is invariant under BRST transformation:

SSFP =0 52 =0
with
a 1 _abc b
sAT = — (Duc)” sc? = nga €cPce,
sc? = b7, sh? =0,

@ BRST invariance is at the origin of the Slavnov-Taylor identity,
which allows us to prove the renormalizability

@ The BRST charge allows us to define the sub-space of the physical
states and to establish the unitarity of the S matrix:

sOphys = 0, modolo s-exact parts
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Physical operator

The glueball operator
@ Try to construct a glueball operator which is renormalizable
@ For this we add F = Fﬁ,, coupled to a source g to the action Sgp

@ We renormalize the action

but...

The action Syn + [ d*xq(x)F?(x) will not be renormalizable...
we shall need to add extra operators
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Physical operator

3 different classes of D = 4 operators

@ F : Gauge invariant operators (= BRST closed, but not exact
ones), e.g. F]fv

@ &: Gauge invariant exact operators, e.g. S(E"’BHA;),
with s the BRST variation

® H: “Equation of motion terms”, e.g. Aj 5(2‘3

Mixing
@ These 3 different classes can mix!

@ Mixing happens in a certain way
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Physical operator

3 different classes of D = 4 operators

@ & op. cannot mix with F op:

(€o) = (s(..))=0

(€0) = a{F)+b(E) +c (M)
R

@ H op. cannot mix with F and £ as H will vanish upon using the
equation of motion, while F and £ will not.
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Physical operator

3 different classes of D = 4 operators

This is equivalent with:

Fo Zrr Zrs Zre F
&o = 0 Zee Zew &
Ho 0 0 Zyn H
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Physical operator

Mixing in Yang-Mills
If we couple all the operators to a source

1
f() = ZFHzV
E = S(faayA;)
0Skp
_ a
o = A oAz

and do the renormalization, we find:

Fo Zq_ql —ZJqu_ql —ZJqu_ql F
&o = 0 1 0 &
Ho 0 0 1 H
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Physical operator

Determining the mixing matrix with the help of Green’s
function

@ We start with the following most general (n+ 2m + r)-point

functions:
Grr2mEr = (A(x1) ... A(xn)c(y1) - - c(Ym)E($1)E(Im)b(21) . . . b(z/))
= /[ch]A(xl) Aln)e(y1) - clym)E(31)E(Sm)b(z1) - .. b(z,)e°
@ From
dgn+2m+r B .
T = ... must be finite

we can determine the matrix to all orders!
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Physical operator

Result: the mixing matrix

Fo 1_B/8 2y _ 2y
€ € €

&o = 0 1 0

Ho 0 0 1

GZ action

T ™ W

RGE
From this matrix we can find a RGE

Op

2
hys = R = '[3(;2).7-"—2%5—2%7-(
2
= —ﬁ(ggz)F2+s(...)

=Trace anomaly
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Physical operator

Physical operators
Due to the s-invariance of the action:

(Ophys(x) Ophys(}’)> = (R(X)R(Y)>

Il
N T
i
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The action

@ The Landau gauge is plagued by the existence of the Gribov copies:
0A=0A=0

with Z\y a gauge transformation of Ay

@ We can get rid of part of these copies by restricting the domain of
integration in the Feynman path integral to the Gribov region Q)

Q= {A0A=0,—-9D > 0}
@ The partition function
Zpp = / [dA]5(2A) det M2be~(a | d*xFi Fi+-Si)

with
/ fabcAb ad f-decAe
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The action

@ The local Gribov-Zwanziger action is given by

Sez = Swm+ ng +So0 + 57
————
Sep
with
So = /d4X (azc Mabq)ﬁc _ w;cMabw}l:c)
_ 4
S, = —’)/zg/d4x (fab':((pgc + @A+ : (v -1) 72>

@ The parameter + is called the Gribov parameter, has dimension of a
mass and is not free
or
02

with T the quantum action defined as e™" = [[D®Je~>
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BRST

Breaking of BRST

@ s is given by

1
a __ a a__ — _rabc b _c —a __ ya
sAT = — (Duc)™ . sc = 2gf c?c®, sc?=b?,
a __ a a __ -——d __ —=a
s¢f = wi swi =0, sw; = @7,

@ Sgz is not invariant under the BRST s:

sSaz =5 (Sym+ Sgr +So+Sy) =5(S;) ~ 72 #0

sb? =0,

=0,
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BRST

Breaking of BRST

@ Despite breaking, GZ action is renormalizable, due to rich set of
Ward identities

@ Only two renormalization constants are needed: Z4 and Zg

@ Gluons get confined by the horizon:

k2 kyuk
b __ sab KV
(4iA0), = a <5W - k2>

- complex poles — cannot describe physical exitations
- Fourier transform shows positivity violation




@ How to define physical operators?
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BRST

Restoring the BRST
@ We can embed Sz in “larger” action:

Scz = Sym+ Sgr+ S0+ Sy

)

Gz Sym + ng + So + Ss

whereby
Ss = s(/ d*xf (fields, sources))

@ In f(fields, sources), we have introduced two new doublets: (U, M)
and (V, N)

@ In the end, we set sources to values so that Ss

= We didn’t change the theory

|phys
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Physical operator

The glueball operator
@ Perhaps this breaking is a good thing

@ With gz we can construct a glueball operator which is
renormalizable completely analogous as in the Yang-Mills case

@ We find the following renormalization group invariant

2
Ophys =R = ﬁ(ggz ).7-"—2'765—2%7-[

with € = s(...) + 1?D3b (goﬁa +¢5"”) +d(N? —1)*
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The counterterm

We find

pad

a0Sym + boSym + B, /ddx { [al(K’f +0uTY) A + a2 L7c? + a3 U 0497 + 24 Vjj; 0, @7 + a5 @32 g7
+ag U3 Vi + a7 gF P U3, @f AS + ag gF ¢ Vi @R AT, + 2 gF @7 AT, 9P + 210 £F°P°7 (9uAf ) 9
+ap X'@ FOA7 + app X! awaA"' + a3 X’ (p“ e + apaghopc X' w? wj s + a4 8hape X w3 w,bwj
+a1s X @7b? + a16 X Uf? A7 + a178fap X7 9P BF + a7 8Fabe X @7 9P TF + +al786apc X @7 9P PE

+a188fpc X TITOCE + a10 X X GI@ + alg X X GTW? + apo X' YIDL@h + a1 gFape Y 070} o

+aby &fape Y @I 9 + agy Y @i

+q| b1 (K +0,?) Al + c1T?0u Al + b L?c? + b3 Ujy; 0097 + €30 U197 + ba Vi 047 + cady Vi @,

+b5@79% 97 + 50, @79y 9F + dsd W] ¢F + bg U; V3 + brgf P U, oP AS + bggf P Vi WP AG

+bogf P @] AL 0, pF + cogf @ (0, AS) pF + dogf?P 0, @7 AL @F + bio X @IIAT + c1o X 9w} A7

+d100X @7 AZ + byy X' GIT + broghape X WGP DS + b pghap X wIWPWE + bisX @I b + bya X' U2 AZ
i—a b—c i—a b—c i—a—

+b158Fabc X @7 9P TS + blsefanc X @7 9P TS + blsgfanc X @2 9P TS + bregfanc X @IT cC + b7 X/ X 57

+bi X X G + big X' VW, (@h + biogfape Y "@@? ¢ + bloghae Y @IWE 9f + by Y w?E?
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The counterterm

We find

+17 | eL KFAG + €10y Al + ATy AY + e2L7¢ + e3Ug; 09 + 30, Uy 97 + ea V3, 947 + fa0y Vi @f
+es @297 + fsu @70y 97 + g50°WT 97 + e U2 Vi3, + ergf P US; @f AT + egef V3 WP AS

+eggf PCw? AS 0, 0P + fogf P @? (94 AL) 9P + gogf <0, @7 AS 9P + e X @WFIAS + fio X 9w} AL
+8100X W A2 + en X GFE + e128fap X WIWPWS + el ghap X WIWPWE + er3 X @b + ey X U2 AS
+e158fape X W7 9L PL + elsefanc X W P TS + els8fanc X @ 9P PF + e168fap X @I cE + ey X X p7w?

+el7 X X P@? + e1g X Y@L + er0gfane Y @T@P 9 + elggfabe Y @I@P 9f + 20 Y'wiafa}

i

A\ hgfape X P @P@E + hy ghape X' 97 @P @S + hp XTT@7 + h3wi@w? p? P + (variants of hg)] } .
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The glueball operator

@ D. Zwanziger(1989) has calculated the pole structure of

/d4X <F2 (x) F2(0)> P = Gphys(p) + Gunphys(p)

® Gppys displays a physical cut at p? = —292
© Gypphys displays unphysical cuts at p? = +4iq?

@ The correlator

(Ops()Opms(v)) = (RGOR())
([&r-2ret] 00 | B2 -2ee] )

(5)2 (F()F2(y))

h

has extra parts in comparison with Zwanziger

@ We have to study the pole structure of this object (future
work)
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Conclusion

Yang-Mills: Sgp

@ BRST
@ Physical operator is given by

R= L(g@f)f, 27cE
with

£ = s(cuAl)
@ s-exact part vanishes when
taking expectation value:

®ure) = (5) (Pwrm)

&

Gribov-Zwanziger: Sgz

@ BRST is softly broken — X7

@ Physical operator is given by
2
R=PE)r sy
g
with
E = s(@0uA+0, 9D pbc)

+72 Db (9 +957) +d (N2~ 1) 4*

@ s-exact part does not vanish when
taking expectation value:

®R0) = (&) (Feor00) 21 B (P )

- 21y (80P W)) +42 EEW))
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Conclusion

@ The issue of the Gribov copies leads to a modification of the
Faddeev-Popov formula

@ The BRST invariance of the Faddeev-Popov action turns out to be
softly broken. The understanding of the physical consequences of
this breaking represents a big challenge

@ The possibility that, somehow, such a breaking might be relevant in
order to construct the local physical operators in the presence of the
Gribov horizon looks very attractive

2
Ophys =R = 'B(gi ).7:—2’)’55

@ Also some freedom, £ is also a renormalization group invariant, so

=R+ c&

/
phys
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The End

Thank you for your attention!

Questions?
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