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|. Introduction

e QCD is believed to be the theory of strong interaction.
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e Solving QCD is hard, since it'strongly coupleé@nd has no expansio
parameter.

e Lattice (ICHEPOG)
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e Recentdiscovery oAdS/CFT correspondengaovides a new scheme
to solve strongly coupled gauge theories.

—— Holographic QCD or AdS/QCD5D gravity dual to QCD

e There are several models on holographic QCD, top-down doimat
up, as good as other models 0% ~ 1/N,.).

e But, what’s more important igs model-independent featuraasen-
sitive to1/N, corrections, in contrast with other models:

— Low energy parameters are related to each other and we have jhe
sum rules; - -

gA ~ Han, ,ngn + ,ngn =0 (% 0-12,LLN),
dp +dn =0 (= 0.026 — 0.0210 e - fm, Shintani et al 07), - - -

— Baryons are instantonic solitons in 5D and have specific loogs
with vectors, thus have interesting features in form factor



Il. Baryons as AdS Instantons
If you look at vector mesons,

w(782),  wM(1420), w®(1650),--- . (3)

They might be obtained by KK reduction from a 5D vector field,

an A (@), Dafa(z) = —mafa(z).  (4)

If you think of them as a single 5D field, the couplings of eaehtor
mesons are constrained to relate to each otlmeripgraphic QCD

One of the conseqguences of holographic QCD is vector mesom dd
nance, where whole tower of vectors contribute: New VMD.




e If this new VMD is verified experimentally, it will indicatet®ngly
that QCD has a hidden symmetry, which is best described inea §v
dimensional spacetime with a warped factor.

e The VMD will be prominent in the EW form factors.



A, ~ A, + 0,A, since the vector mesons coupling to (conservegd)
vector currents4,, J#.

Mesons are described by a 300 N ) gauge theory (HLS by Bando
et al), endowed with a CS term

Ne

S —
OS5 T opn2

1 1
W5(A), Wy = TI' (AF2 — §A3F —I— EA5> (5)

What are baryons in AdS/QCO#must be solitons.
In AdSs x S°, D5 brane wrapping® is the baryon vertex (Witten).
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e Topological currents in a 5D gauge theory

1
VIt = 5" T FyaFpo

e The topological charge is nothing but th® instanton number,
| o
/ d*xr dz\/gjs = 2 / TrFF = % / dz Tr (h—ldh)S. (7)
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e The instanton number is the Skyrme number, if we interpeettiison
line as a pion field (Atiyah-Manton),

Y(z) = Pexp (i/dzAz(a:,z)) : (8)




e Atlow energy the baryons are described as bulk spinors.

e In the SS model the DBI action tends to shrink the baryons it
Coulomb repulsion stabilizes them and the radius of baryons
(Rho+Yee+Yi+DKH, Hata+Sakai+Sugimoto+Yamato)
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e The effective Lagrangian becomes in conformal coordinates

p
/d4xdw —iBY"D,,,B — imy(w)BB + g5 (w) p;;gf;)n By"™F,,.B
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e The spinor sources YM fields
VZAgn — 295(O)pbaryonnmna 5(4)( )
whose solution goes as

A0 — _g (O)pbaryonna P 1
" or2  mnTn2 2

to compare with the 't Hooft ansatz

p’ 2 1
A?)’L _77777,71a Iog( 2) = —=p ﬁgnna 2 (13)
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¢ Including the quantum fluctuations to match the long-ramgéanton
tale (Adkins+Nappi+Witten),

(14)




The Lagrangian isiniqueup to operators with two derivatives in the
large N, and large\ = g2 N, and valid forEl < M.

Though the coefficient of the Pauli term might be model depahd
the fact that it contains only the nonabelian part of the filayonmetry
IS model-independeht

— TheU (1) coupling does not have the Pauli term.

One immediate consequence of this is that the Pauli fornoifact

F3(q*) = —F3'(¢"). (15)

Especially for instancg?  + ur., = 0, which is very close to the ex-
perimental value(ul, + (14, )exp = 179N — 1.91uny = —0.12puN




Ill. Phenomenology: Static properties of baryons

e Once you are given the holographic action, you can get varooul-
plings of baryons after KK reduction.

e \ector couplings of baryons,

gm = / dw |f1(w)] o ()

wmam

o = 20 du (IR 11y ) D ().

(0) Uk xk Mk i
(16)
e For SS model in the larg®..,

6 AN,
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For bottom-up(' can be fixed by the anomalous magnetic moment

C = (Praryon ME i )* ~ 0.18N... (17)




e The axial coupling for the SS model wiV, = 50
ga ~ 130 — 1.31, ¢;* =1.2670 £ 0.0035 (18)

e The pNN and wN N coupling constants:
1. Inthe largeX limit

9wt N | 2 Ne X |9p<k>NN| (19)

2. For\N. = 50 in the SS model the couplings get corrections fro
the subleading Pauli term

Thus the relation (19) is modified to

(21)

g A 4.2 6.5, Ra~1.1—15. (22)




e Magnetic moments:

Hroton _ 018N, Hneutron U (23)
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e With the shiftN, — N, + 2 andmp ~ Mgk
Ne+2 N, +2
ty =1+ 1.08 < ;_ ) ~ 2.8, by = —1.08 < 3+ ) ~ —1.8

The experimental valueg,, = 2.79ux andyu,, = —1.91uxy.




e Form factors:
' J*(z) Ip) = 7" u(p’)

OF = AH [;FS( )+F1“(q2)7a] +

2m
(25)

e \ector meson dominance as a direct consequence of AAS/CFT
Fuin(@®) = [ 1f1()” Alg,2(w). (26)

Fimae(¢?) ~ 2 x 0.18N, / ()| 0 A(q, 2(w))

where f1, r(z) are the left(right)-handed normalizable modes, cqr-
responding to the nucleon state aAds dual to the external curren
as

Aufw2) = [ o)Al ) e @7)

q



e The Pauli form factor is given as

4mB

0.18N, / £ () fr(w) Alg.w)  (28)
KK w

~ 0 (29)




e Sachs form factors
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Figure 1: The Sachs form factors: B%,, C=G%., D=G%,, and E€'},




e To see how well our form factors fit the experimental data (RMalker
et al. (1994)), we plot the ratio with the dipole form fact@,, =
1/(1+ ¢?/0.71)%: (Rho+Yee+Yi+DKH, To appear)
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V. Conclusion and Outlook

Baryons are realized asstanton solitiontn holographic QCD, which

uniquely determines itshiral Lagrangian up to the Pauli term

New VMD is a key feature of holgraphic QCD: Form factors,.

As a model to QCD, holographic QCD is as good as other modg¢ls,
~ 1/N.: Mass spectrum, magnetic moments of barygns various
couplings with vector mesons,- .

But it hasmodel-independent predictigriasensitive tal /N, corr.
1. various sum rules due to the instanton nature of baryons:

F2(¢®) + F(¢®) =0, d,+d,=0. (36)

2. Low energy parameters of hadrons are unified into a fewnpewa
tersin 5D:gAN,uan, ngN%NcgpNNa"'-

Extension to finite density and temperature is under pregres



