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Still elusive: Gluonia (Glueballs)
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Interactions of glueballs still unclear:
@ Are glueballs broad or narrow? (' o< 1/N?)
@ Do they mix with ¢q strongly or weakly? (mixing 1/N. suppressed)
— no conclusive identification of any glueball in meson spectrum

most discussed lowest 0 candidates:

narrow fo(1500) or fo(1710) vs. broad background (*“red dragon”)
tensor candidates: broad f2(1950) or very narrow (unconfirmed) f;(2220)
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Interactions of glueballs still unclear:
@ Are glueballs broad or narrow? (' o< 1/N?)
@ Do they mix with ¢q strongly or weakly? (mixing 1/N. suppressed)
— no conclusive identification of any glueball in meson spectrum

most discussed lowest 0 candidates:

narrow fo(1500) or fo(1710) vs. broad background (*“red dragon”)
tensor candidates: broad f2(1950) or very narrow (unconfirmed) f;(2220)
Gauge/gravity duality a new tool to study glueball properties from first principles
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Holographic QCD

Celebrated AdS/CFT duality relates strongly coupled large-N. supersymmetric
Yang-Mills theories to supergravity on anti-de Sitter space in 5 dimensions (AdSsxS”)

Holographic QCD: generalization to nonconformal nonsupersymmetric case
Options:

@ Bottom-up: breaking of conformal invariance (necessary for confinement) by hand
and matching to QCD with holographic dictionary, e.g.
hard-wall model (Erlich-Katz-Son-Stephanov 2005)
soft-wall model (Karch-Katz-Son-Stephanov 2006)

@ Top-down: first-principles constructions from superstring theory
with nonconformal D-branes

o here: Witten[1998]-Sakai-Sugimoto[2004] model

Both approaches surprisingly successful quantitative description of low-energy QCD with
minimal set of parameters

WSS model: almost parameter-free (1 coupling at a certain mass scale)!

New results on: U

@ Glueball decay pattern [arXiv:1501.07906, with F. Briinner & D. Parganlija]
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Witten model: Holographic nonsupersymmetric QCD

D4-branes

E. Witten, Adv. Theor. Math. Phys. 2, 505 (1998): gm
Type-llA string theory with N, — oo D4 branes

dual to 4 + 1-dimensional super-Yang-Mills theory
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Witten model: Holographic nonsupersymmetric QCD

D4-branes
E. Witten, Adv. Theor. Math. Phys. 2, 505 (1998): gm
Type-llA string theory with N, — oo D4 branes
dual to 4 + 1-dimensional super-Yang-Mills theory

supersymmetry completely broken by compactification
on “thermal-like" circle x4 = x4 + 27/ Mkk (Kaluza—Kiein)

e antisymmetric b.c. for adjoint fermions: masses ~ Mgk
e adjoint scalars not protected by gauge symmetry: also masses ~ Mkk

— dual to pure-glue YM theory
3+1-dimensional at scales < Mkk

but supergravity approximation needs weak curvature,
cannot take limit Mk — oo
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Deconfinement phase transition

Thermal circle in Euclidean time 7 in addition to compactified x4
Hawking-Page transition when 27T = Mkk (thus ~ 1 GeV 7)

Confined phase

Deconfined phase

5 w\%/? 5 2 2 u\3/2 2 2 2
ds® = (R) [dr7 4 dx” + f(u)dzy] ds® = 7 [f(u)dr™ + 8i5dx™ + dj]
3/2 2 R\3/2 [ du?
+ <R> du 2402 + ( ) L utdo?
u f(u) u Lf(u)
. venn I/MKK 1@2rT) 1/MKK
j - | f L - |
3 u1/2 u3 1/2 3
Mgk = KK fluy=1- L;( _ 3 up FooN — ur
2R/ u _ER3/2 f(u):lfﬁ
Cigar topology in x4-u subspace —

Cigar in 7-u = Euclidean black hole
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Glueballs in confined phase

3 scalar and tensor glueballs corresponding to 5D dilaton ® and graviton G;
Csaki, Ooguri, Oz & Terning 1999
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Glueballs in confined phase

3 scalar and tensor glueballs corresponding to 5D dilaton ® and graviton G;
Csaki, Ooguri, Oz & Terning 1999

Type-llA supergravity compactified on x4-circle many more modes:

Constable & Myers 1999; Brower, Mathur & Tan 2000

Mode S4 T4 V4 N4 M4 L4
Sugra fields G44 ‘I>, Gij Cl Bij Ci]'4 Gg
Jjkc o++ 0++/2++ 0o—+ 1+= 1— ot++
n=0 7.30835 22.0966 31.9853 53.3758 83.0449 115.002
n=1 46.9855 55.5833 72.4793 109.446 143.581 189.632
n=2 94.4816 102.452 126.144 177.231 217.397 277.283
n=3 154.963 162.699 193.133 257.959 304.531 378.099
n=4 228.709 236.328 273.482 351.895 405.011 492.171

Lowest mode not from dilaton, but from “exotic polarization”

72 r2 |1 1 3RC
0g4a = — ﬁf H(r)G(z), 0guw = Iz ZH(T)U%“’ “\a + 5
2 L2 _ 3R6H(7‘)G(T‘)
dg11,11 :§4H( r)G(z), bgrr = -y 1W’
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Lattice glueballs vs. supergravity glueballs

Morningstar & Peardon hep-lat/9901004: Brower, Mathur & Tan 2000:
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(mass scales matched on 271) — seemingly good qualitative agreement!
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Sakai-Sugimoto model: Adding chiral quarks

T. Sakai, S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005)
add Ny D8- and D8-branes, separated in x4, Ny < N, (probe branes)

| [oft]2[]3[4]5[]6[7]8]89]

D4 X X X X X
D8/D8 X X X X X X X X X
DS D8 4-8, 4-8 strings

— fundamental, massless
chiral fermions

flavor symmetry
U(N¢)L x U(Ny)r
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Sakai-Sugimoto model: Adding chiral quarks

T. Sakai, S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005)
add Ny D8- and D8-branes, separated in x4, Ny < N, (probe branes)

l [o[1[2]3]4[5[6[7[8]59]

D4 X X X X X
D8/D8 X X X X X X X X X
X4 4-8, 4-8 strings
— fundamental, massless
u chiral fermions
SUN P .r flavor symmetry

U(N¢)L x U(Ng)r

spontaneously broken because D8-D8 have
to join in cigar-shaped topology

for now: maximal separation in z4 (antipodal on x4 circle): L = /Mg
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Quantitative predictions

Matching

Q m, ~ 776 MeV fixes | My = 949 MeV | (= Tuceons = 151 MeV)

@ matching f2 = ;‘T%(MI%K gives ‘ X\ = g% Ne ~ 16.63 | [Sakai&Sugimoto 2005-7]
- N, latti . ~ 12,
(matching instead large-N. lattice result [Bali et al. 2013] for m,/+/c gives A ~ 12.55)
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Quantitative predictions

Matching

Q m, ~ 776 MeV fixes | My = 949 MeV | (= Tuceons = 151 MeV)

@ matching f2 = ;‘T%(MI%K gives ‘ A = g2y Ne ~ 16.63 ‘ [Sakai&Sugimoto 2005-7]
(matching instead large-N. lattice result [Bali et al. 2013] for m,/+/c gives A ~ 12.55)

yields (for N = 3 and A = 16.63...12.55):
@ m., /m; ~ 2.4 (versus 2.5 from experiment!)
@ nonzero 7' mass from anomaly inflow: Witten-Veneziano formula with
iy = VoL \ My ~ 967....730 MeV for Ny =3 (exp.: 958 MeV 1)
@ decay rate of p meson
Tpon/m, = 0.1535...0.2034 (exp.: 0.191(1))

@ decay rate for w — 37 (from Chern-Simons part of D8 action)
Tw—3x/me = 0.0033...0.0102 (exp.: 0.0097(1))
@ gluon condensate [Kanitscheider, Skenderis & Taylor JHEP 0809]
4
= <? 2y = T 2 NeA? Mg >~ 0.0126...0.0072 GeV*
classical SVZ value: 0.012 GeV* (lattice higher but with large subtraction ambiguities)
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Lattice vs. supergravity glueballs

seemingly good qualitative agreement by matchup up 27
(but AdS spectrum somewhat stretched. . .)

Morningstar & Peardon hep-lat/9901004: Brower, Mathur & Tan 2000:
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Lattice vs. supergravity glueballs in Sakai-Sugimoto model

Sakai-Sugimoto model: glueball masses oc Mkk = 949 MeV fixed by m,
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Lattice vs. supergravity glueballs in Sakai-Sugimoto model

Sakai-Sugimoto model: glueball masses x Mxk = 949 MeV fixed by m,
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Lattice vs. supergravity glueballs in Sakai-Sugimoto model

Sakai-Sugimoto model: glueball masses x Mxk = 949 MeV fixed by m,

12
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m; (GeV)

s
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Lattice vs. supergravity glueballs in Sakai-Sugimoto model

Should exotic polarization (§G44 with z4 the compactified direction of SYMy41) be
excluded as lowest glueball mode?

@ possibly not part of spectrum of holographic QCD in limit Mxx — co, A = 0
(already asked by Constable & Myers)

@ simpler bottom-up AdS/QCD have dilaton mode as dual for lowest glueball
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Lattice vs. supergravity glueballs in Sakai-Sugimoto model

Should exotic polarization (§G44 with z4 the compactified direction of SYMy41) be
excluded as lowest glueball mode?

@ possibly not part of spectrum of holographic QCD in limit Mxx — co, A = 0
(already asked by Constable & Myers)

@ simpler bottom-up AdS/QCD have dilaton mode as dual for lowest glueball

@ next lowest scalar mode ~ 1487 MeV is (predominantly) dilaton mode
(induces metric perturbations other than 6Gaa)

A. Rebhan March 2, 2015 12 /17



Glueball-gg couplings in Sakai-Sugimoto model

Gravitational modes stable in confined background, but
can calculate effective action for glueball-Gq interactions

done for lowest (exotic) mode by
Hashimoto, Tan & Terashima, Phys.Rev. D77 (2008) 086001, arXiv:0709.2208

revisited, corrected, and extended to other modes by
Briinner, Parganlija & AR, arXiv:1501.07906

For example: Vertices of one glueball and two (massless) pions
for “exotic” mode:

o Qv
Scpnr = Tr/d‘*x%aﬂram (éln“” - 8M82 ) Gg

for “predominantly dilatonic” mode:

nav
Scpar = Tr/d‘%%@,ﬂr&,ﬂ' ¢1 (77‘“’ — (3\482 ) Gp

with {c1,&,é} = {62.66,16.39,17.23} x A\~ 2N Mt
and many more: Sgpp & A™Y2NY Spnn o ATINSB2
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Glueball decay rates in Sakai-Sugimoto model

Results for decay into two pions:

13.79
~0.092...0.122 (Mg =~ M
N2 0.09 0 (Mg ~ 855MeV)

1.359
AN? ~ 0.009...0.012 (Mp =~ 1487MeV)

Exotic mode: I'cp—nr /Mg &

Dilaton mode: I'p_yrx/Mp =
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Glueball decay rates in Sakai-Sugimoto model

Results for decay into two pions:

13.
Exotic mode: I'cp—nr /Mg & )\3]\;9 ~0.092...0.122 (Mg =~ 855MeV)
. 1.359
Dilaton mode: I'p_yxx/Mp =~ N2 ~ 0.009...0.012 (Mp =~ 1487MeV)

Most likely experimental candidates for meson with dominant scalar glueball content:
Jo(1500) or fo(1710) (the latter favored by Janowski et al. arXiv:1408.4921)

9 (f5(1500) — 77)/(1505MeV) = 0.025(3)

T (fo(1710) — ) /(1722MeV) = {8:8;;((;1)) (W(EE)SZ))
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Glueball decay rates in Sakai-Sugimoto model

Results for decay into two pions:

13.
Exotic mode: I'cp—nr /Mg & )\3]\;9 ~0.092...0.122 (Mg =~ 855MeV)
. 1.359
Dilaton mode: I'p_yrx/Mp = N2 ~ 0.009...0.012 (Mp =~ 1487MeV)

Most likely experimental candidates for meson with dominant scalar glueball content:
Jo(1500) or fo(1710) (the latter favored by Janowski et al. arXiv:1408.4921)

9 (f5(1500) — 77)/(1505MeV) = 0.025(3)

T (fo(1710) — ) /(1722MeV) = {8:8;;((;1)) (W(EE)SZ))

NB: relative width of lowest (exotic) scalar mode much larger than next ones!?

@ another hint that Gg should be discarded?
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Glueball decay rates in Sakai-Sugimoto model

Results for decay into two pions:

13.
Exotic mode: I'cp—nr /Mg & )\3]\;9 ~0.092...0.122 (Mg =~ 855MeV)
. 1.359
Dilaton mode: I'p_yrx/Mp = N2 ~ 0.009...0.012 (Mp =~ 1487MeV)

Most likely experimental candidates for meson with dominant scalar glueball content:
Jo(1500) or fo(1710) (the latter favored by Janowski et al. arXiv:1408.4921)

T (f5(1500) — 77)/(1505MeV) = 0.025(3)

T (fo(1710) — ) /(1722MeV) = {8:8(1);((;1)) (W(fllzii

NB: relative width of lowest (exotic) scalar mode much larger than next ones!?
@ another hint that Gg should be discarded?

@ or could it perhaps correspond to broad glueball component of o-meson a la
Narison 1998: QCD sum rules need very broad glueball around 1 GeV plus narrow
glueball around 1.5 GeV
(cp.: Janowski et al. 1408.4921: eLSM fit of fy(1710) as predominantly glue, but
only with extremely large gluon condensate)

A. Rebhan
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Glueball decay rates in Sakai-Sugimoto model (cont'd)

Full decay pattern:

decay Gp — 47 suppressed (below 2p threshold): I'c_ax/T'a—2pi ~ ATINTY

while fo(1500) — 47 dominant:

decay I'/M (PDG) I'/M|Gp]
Fo(1500) (total) 0.072(5) 0.027...0.037
fo(1500) — 47 0.036(3)  0.003...0.005
£0(1500) — 2 0.025(2)  0.009...0.012
£o(1500) — 2K 0.006(1) 0.012...0.016
£o(1500) — 27 0.004(1)  0.003...0.004

=: fo(1500) seemingly disfavored

A. Rebhan
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Glueball decay rates in Sakai-Sugimoto model (cont'd)

Full decay pattern:

decay Gp — 47 suppressed (below 2p threshold): I'c_ax/T'a—2pi ~ AN

while fo(1500) — 47 dominant:

decay I'/M (PDG) I'/M|Gp]
Fo(1500) (total) 0.072(5) 0.027...0.037
fo(1500) — 47 0.036(3)  0.003...0.005
£0(1500) — 2 0.025(2)  0.009...0.012
£o(1500) — 2K 0.006(1) 0.012...0.016
£o(1500) — 27 0.004(1)  0.003...0.004

=: fo(1500) seemingly disfavored

fo(1710) — = OK,

but fo(1710) decays predominantly into 2K!

— not reproduced by (chiral) WSS model,
but might be different in mass-deformed WSS (under investigation)

cf. mechanism of “chiral suppression of scalar glueball decay” (Chanowitz 2005)
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Glueball decay rates in Sakai-Sugimoto model (cont'd)

Tensor glueball in WSS and extrapolated to higher mass:

decay M I'/M[T(M)]
T —2m 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—4m | 2000 0.135...0.178
T — 2w — 67 | 2000 0.045...0.059
T — 2w 2000 0.014...0.018
T —2K 2000 0.010...0.013
T — 2n 2000 | 0.0018...0.0024
T (total) 2000 ~0.16...0.21

With a mass of 2 GeV, the relative width turns out to be comparable with that of the
comparatively broad tensor meson f2(1950), which has I'/M = 0.24(1).

Very narrow (unconfirmed) candidate f;(2220) not compatible with WSS

A. Rebhan
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Summary — Glueballs in Witten-Sakai-Sugimoto model

After fitting just m, to fix Mxk = 949 MeV

@ good prediction of higher vector and axial vector mesons masses,
@ good prediction of deconfinement/chiral transition temperature,

@ good prediction of glueball masses if “exotic mode” discarded (or identified with
Narison's og)

after fitting f» or m,/+/c to also fix 't Hooft coupling at A = 16.63...12.55
@ good prediction of p and w decay rates

1
@ good prediction of anomalous m;, < N. 2 AMkk

@ narrow partial width Gp — 7,
quite compatible with experimental data for fo(1710)

Warrants further studies!
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Summary — Glueballs in Witten-Sakai-Sugimoto model

After fitting just m, to fix Mxk = 949 MeV

@ good prediction of higher vector and axial vector mesons masses,
@ good prediction of deconfinement/chiral transition temperature,

@ good prediction of glueball masses if “exotic mode” discarded (or identified with
Narison's og)

after fitting f» or m,/+/c to also fix 't Hooft coupling at A = 16.63...12.55
@ good prediction of p and w decay rates

1
@ good prediction of anomalous m;, < N. 2 AMkk

@ narrow partial width Gp — 7,
quite compatible with experimental data for fo(1710)

Warrants further studies!
Plans:

@ inclusion of nonzero mass for strange quark

_1
@ mixing with quarkonia (suppressed by N. ?)
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