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QCD and Its Degrees of
Freedom



Quantum Chromodynamics

QCD Lagrangian'
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Strong Coupling
. . Energy-Dependent!
\-\(or\\\“m Hadrons Emerge

Half-Integer Spin Integer Spln at Small Energies
Baryons Mesons

Gluons are self-interacting %
Gluon bound states: Glueballs! m:¢§§ f
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The Importance of Glueballs

Mass of, e.g., nucleons is generated by
1. Higgs mechanism (subdominant)
2. Strong interaction (predominant)

Glueball mass is generated only by the strong interaction

Glueballsmust have integer spin Y
Meson spectrum is incomplete without glueballs

Glueballs couple to quarkoniai n v a ¢ u(imdirecy)
Influence on chiral restoration

Relevant for PANDA @ FAIR
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Experimental Candidates



Scalar Glueball Candidates

Five states up to 1.8 GeV (isoscalars)

State Mass [MeV] | Width [MeV]
f,(500) 400 - 550 400 - 700
f,(980) 990 N 20 40 - 100
f,(1370) 1200 - 1500 | 200 - 500
f,(1500) 1505 N6 109 N7
f,(1710) 17227 135 N7

Absent from 2 2
f0(1500) [ALEPH; L3]
f,(1710) [ALEPH]
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Can theory help?



Theoretical Input
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AdS/CFT Correspondence

N=4 S dupersymmetric and conformal Yang-

Mills theory in 4 dim. Strongly Coupled
Z

A string theory in a 5-dim. curved (anti-de-Sitter)
space (XS"5) [Maldacena 1998]  \Weakly Coupled
However: QCD is l
neither supersymmetric Low-energy limit:

nor conformal supersymmetric gravity

Problem resolution: AdS7 x S*4 with a
compactifiedd i me n s i umwmant¥d symmetries
b ro ke N [Witten 1998]

Glueballs emerge from graviton modes
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Morningstar & Peardon hep-lat/9901004:
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However:

1. No decay widths were calculated

Brower, Mathur & Tan 2000:
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2. Scale matching was perfomed for the 2** state Y
differ for another choice of the scale-fixing observable
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Sakail-Sugimoto Model

A holographic framework first applied for systems
with chiral quarks; it can be used for glueballs as
well (see later)

AX5_9 . add N, probe Dg — and Dg — branes (N; < N,)

,/ (branes are separated in x,)

X ’
0-3 / 0 1 2 3 4 5 6 7 8 9
// D4 X X X X X
X4 D8/D3
- / X X X X X X X X X

Strings between D, and Dg/Dg <
< massless chiral fundamental fermions

The point where D, and lj4 branesend _ _ _ _ _

The point where Dg and Dg branes merge

Radial coordinate transverse to D, branes— _ _ _ _
Chiral U(Nf)Lx U(Nf)R symmetry

. ; Denis Parganlija (Vienna UT)
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Sakail-Sugimoto Model

Calculations are performed using DBI (Dirac-Born-Infeld)

action for D8 branes: radial coordinate
|
2 A2 v
_gym Ve 4 1 2\ —1/3 2 2\ 2
—————— " A
field strength for A, (z#,z) = > fL )(x“)¢n(z) _ '
with the interpretations: n2l field strength for
: By — (n) (1t
B,Sl) ~ p mMeson B,SZ) ~ a1 meson
Determining the scale and one free parameter:
m, =~ 776 MeV - Mgy = 949 MeV
_ AN _ 2 ~
. . . 2 2 ~ L PTTT ~
This implies e.g. m; /m3;~24 T,/m,= T 0.15
(PDG: 2.5) (PDG data; 0.19)
Denis Parganlija (Vienna UT) [T. Sakai and S. Sugimoto,

Holographic Scalar and Tensor Glueballs Prog. Theor. Phys. 113, 843 (2005);
114, 1083 (2006)]



Glueballs in Sakail-Sugimoto Model

Scale fixed by the rho mass
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Scalar Glueball
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Non-Extrapolated Results

-

Two-Pion Decay ——’

1.359
U'cporr/Mp = W2 0.009

I'cy—nr = 13 MeV|; mGD — 1487 MeV
Four-Pion Decay { T

FGD—>47T/MD ~ 2.44 x 10~ 3
Lcyoar = 4 MeV Quite narrow!

Data:
L'to(1500)—smr = (38+5) MeV; I'f0(1500)s4m = (54+5) MeV

Ff0(1710)_>ﬂ-71- — (29 7) MeV I‘fo(1710)_>ﬂ-ﬂ- = (16::4) MeV]

Denis Parganlija (Vienna UT) D. Parganlija, arXiv:1208.0204
[D. Parganlija, arXiv:1208.0204 Holographic Scalar and Tensor Glueballs ENAlOZgCoIIJaboratlon (1999),

BES Collaboration (2006), arXiv: hep-ex/0603048] arXiv: hep-ex/9907055]




Extrapolated Results

decay M [T/M (exp)[T/M[G o (M)
fo(1500) (total) 1505]  0.072(5)|  0.027...0.037
fo(1500) — 4 1505|  0.036(3)|  0.003...0.005
fo(1500) — 2 1505|  0.025(2)|  0.009...0.012
fo(1500) — 2K 1505|  0.006(1)|  0.012...0.016
£o(1500) — 27 1505|  0.004(1)|  0.003...0.004
fo(1710) (total) 1722]  0.078(4)|  0.059...0.076
fo(1710) — 2K 1722+ {00UEY | 0.012...0.016
Fo(1710) — 27 1722+ {002009) | 0.003...0.004
fo(1710) — 27 1722 * {0000t} | 0.009...0.012
fo(1710) — 47 1722 ) 0.024...0.030
fo(1710) — 2w — 67| 1722 seen| 0.011...0.014

Denis Parganlija (Vienna UT)

Holographic Scalar and Tensor Glueballs [F' Brunner, D. Parganllja and
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Scalar Ambiguities

How many scalar states exist between
1.7 GeV and 1.8 GeV?

l 'H"H I TTT7IT THY Wr "HErDT;
M. Ablikim et al. (BES Il Collaboration),
WI— O L+ L WI— O (DZ+Z [Phys. I_Ie'I[TBeG%&(BB (20021)6;n%ra o
Phys. Lett. B 607, 243 (2005)]
br o g b*t Ly 0o yz*z

. Rl < el e
O ogpe = + E'W, O = *OE'H,

"BAE = + 'E'H = *OE'H
Can theyrepresent the sameresonance?
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Scalar Ambiguities

Assume that they are the same
resonance §

"B o
B°zz _
'.OEIL

Yr 0 o E*E L 0 0z*Z
fr Oy EFC Wy 0 yZ7Z

~ — [M. Ablikim et al. (BES Il Collaboration),
I 07Z Phys. Lett. B 603, 138 (2004) and
= + Phys. Lett. B 607, 243 (2005)]
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Tensor Glueball
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Tensor Decays

decay M L'/M[T(M)]
T — 27 1487 0.013...0.018
T — 2K 1487 0.004...0.006
T — 2n 1487(0.0005. . .0.0007

T (total) 1487 ~0.02...0.03

T — 2p — 47 [2000] 0.135...0.178

T — 2w — 672000 0.045...0.059

T — 2 2000 0.014...0.018 Heavy tensor glueball
T - 2K 2000{ 0.010...0.013 i3 quite broad:

T — 2 2000(0.0018. . . 0.0024

T (total)  |2000] ~0.16...021 U, ., ~ 370 MeV

T — 2p — 472400 0.159...0.211

T — 2w — 67(2400|  0.053...0.070

T — 2¢ 2400 0.053...0.070
T — 27 2400 0.014...0.019
T — 2K 2400 0.012...0.016
T — 2n 2400(0.0025. . .0.0034
T (total)  |2400] ~0.29...039 U,y ~ 820 MeV
Note #1: there may be penis Parganiia (viemnaum)  NOte #2: 4 the strongest

Holographic Scalar and Tensor Glueballs

gquarkonium admixtures channel for the tensor



Summary

A holographic top-down approach to QCD
(Sakai-Sugimoto Model)

Glueball phenomenology considered

Indication is that f,(1710) is more likely

than f,(1500) to have a noticeable glueball
component

Pure tensor glueball very broad: ~ (400-
800) MeV

More data is needed to identify glueballs!
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Spare Slides
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How closeis N.=3toN. = D

[G. Bali et al. (2013)]
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C

[B. Lucini and M. Teper (2001)]
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