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Main achievements

Extension of Hidden local symmetry

(Son & Stephanov '03)
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Main achievements

Large N and continuum limit

@ When K — oo,

Z
U(x*) = Pexp {i ’ Az(x“,z’)dz’} ,

-z

The relation is first proposed by Atiyah and Manton ('89), to connect Skyrmions
and instanton solutions.
@ 5D Yang-Mills action:

1
= — { Pxtr | —p2 2 2 |
Sym /d Xtr |: (Z)]:zu + 292(2)]:‘_“,]

@ The topological 5d Chern-Simons term provides a natural mechanism for U(1) 4
symmetry broken and other anomalous processes:

i 1 N,
Sec — — 2, s oys — e
CS H/tl‘ |:A.F +2A-F 10A ) 247]_2
@ Baryon number
Q = 32 = / dz d®x QM AP TEF,, Fap
= o 2/d3Xe’/kTr[(U BU)U~ GU)U B, U)].
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Main achievements

String construction: Sakai-Sugimoto model

D-branes configuration (Sakai & Sugimoto '04):

0[1[2 3[4 |5]|6[7[8]9
D4 | X[X[X[X[ X
D8D8 | X | X | X |X X[ X[X[X|X

D4

@ YM+CS action from the low energy action on the D8 branes.

@ Baryons from D4 branes wrapping around S*, and can be realized as the
instanton configuration on the D8 brane.
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Introduction of the model
Main achievements

Order O(p?) and O(p*) chiral Lagrangian

@ Even parity (Sakai & Sugimoto '04, Hirn & Sanz ’05):
f2
Symv D /d4X |:Z7r < UHU” >

Ly < uput >2 4Ly < uply >< U > +Lg < uputuL U >

L
—ilg < fypputu” > +% < i Y

— o >
+% < 7 4+ o Y > } ,
U=1? UM—I{UT(a —ir)u—u(dy — i, uT}
@ Odd parity (Sakai & Sugimoto '05):
Scs D Swzw = 4{:3\/7(: / AN MRS 2:‘_0(; /M4><R tr(gdg™")°.

9 '(x,2) = Pexp {/’/O dz’ Az(x, z’)} .

Epuy(X) = g7 (x, £00), Er(x) = &(X) =
Alternative derivation with chirally delocalized quarks (Hill '06)
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Introduction of the model
Main achievements

Low energy constants up to O(p*)

S D SXx] + S [n,

1
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f2(2)
1 1 1 [ (1—9§)?
Li=-lp=——_lg=— Y%
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6 W @
Z )2 Z 2
Lg:7L10=1 ° 1 wodz, H1=71 01+w0 Z.
4z 9%(2) 8./ -z 9%(2)
"]
flat Cosh hard-wall Sakai-Sugimoto xPT
103 L, 0.5 0.5 0.5 0.5 0.9+0.3
10% Ly 1.0 1.0 1.0 1.0 1.7+£0.7
108 L3 —-3.1 -3.2 —-3.1 —-3.1 —44+25
103 Lg 5.2 6.3 6.8 7.7 7.44+0.7
103 Lyg -5.2 —6.3 —6.8 —7.7 —6.0£0.7
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Main achievements

Skyrme model and Skyrme parameter

@ Skyrme model (Skyrme '61 & '62)

.
4 ¢ 1
S= /d < (U au) + 52"

S

[U*18MU, U1ayu]2> ,

1 — 2(2))2
es? = 32l =16l,=2f, :/dz%.
3 %?(2)
@ Skyrme parameter:
i Goren _ 1 i e 1
= M 3 = mh,  4esft’

p-dominiance valid at about 2% level, so
€% ~ 3 /A2 ~ 7.72

to compare with w7 scattering results(~ 7.42), and the value used in Skyrme
model calculation (5.452, Adkins, Nappi and Witten '83).
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Anomaly matching

@ VVA correlator (one vector current carries a soft momentum)

i / dx &% (12 (x)j52(0)) = 802

e = (1/2u(011%, ), Pt =1 — aud /7, Pil = ug” /.

0Pe [PE-wr(q®) + P wi()] capon PP

("] = 0 (Adler, Bardeen '69; 't Hooft '80; Witten '83):
2N,
w (Q?) = ch'
@ mgy # 0, OPE gives
2N, 167m2xmg(g 1
w(@p) = 2Te - TOTXaldD) | o 1,

magnetic susceptibility (go,.. q) g = x(E;q)lA-'W.
@ Extrapolation of pion pole term (Vainshtein '02):

2N, 2Ne  2Nem?2 1
> - c 7 c M,
W@ e @ e o)
Nc 2
= X = f@ ~ —9 GeV
@ SUM RULE, VMD (P. Ball '02) X ~ —3 GeV—2.
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Introduction of the model
Main achievements

Anomaly matching
@ mg =0, to all orders in as (Vainshtein 02, Knecht, Peris, Perrottet, de Rafael '03)

w (@) N

wr(QP) = 2 T2

Non-perturbative power corrections at large Q?:

w (@)  NZ—116r%as _ 1
= O(==
°
N @? 1 as(GuwG") 14 N2 —1 nag(gq)2
v _ _ Cc =~ o S i 7 C S
(@) = —54,.2'09 (;@) Yo @ s N2 @
N, Q? 1 as(GuG') 22 N2 —1 ras(qq)?
2 _ _ c >~ o S n ce C S
Ma(@) = —54z9 <u2> tour o s N @ "
°
N2 —1 4ras 1
My(Q%) — Na(@®) = ——€ (@9)* + O(=5)-
N2 Qf ez
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Introduction of the model

Main achievements

Anomaly matching

@ Holographic relation (Son & Yamamoto '10):
w (@?) )

wr(Q?) = 5 [r| (Q7) — NMa(CP)]
N, 20 2N,
wr(Q®) = 0—2/720 dz A(Q,2)9:V(Q,z), w(Q?) = Q—;,
ny(@®) = —fz(z) V(Q,2)0:V(Q,2)|5272,
Na(Q%) = —fz(z)A(Q 2)0:A(Q, 2)[;272.
@ Extrapolating to large Q2 = X=—12%s.
@ Atlow energy, it gives (Knecht et. al '11)
w_ _ Ne
Cx = “3am2f2 Lio.

O% = B uy {Vrfiyu, frap)), Oto =< fru i — f " >

Ne
~3om 2f2L10~67 1073 GeV 2.
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O(pe) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Resonance Lagrangian

o
1 1
4 n n\2 2 n2 n n\2 2 .n2
Sw| = /d (=5 (V] = VoV + mnvi® = 2(V,d] = Vo) + mind)f),
4 ff” n n i n n
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~ (G (T = e = (1 ]~ s D0 1)
fHv ;
— v n n ! n n b
+( T (Vypa, — Vua#)aAan - 5([”/,“ vl —[uw, V;L])(aVv"' - v"-;nr) Y
_ 4 Ne prap n Ne pnraf n
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iN,
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o Anomaly matching for resonance couplings:

2
Man
Cyn = Gyhan = 2;2 bynzr s Can = 9gnp3 = 73;2 ban 3 s
E i
2
d - Myn  [+20 Yap_1(1 — V)g)dz
NPT 2
b K] 9%(2)
Culexp ~ 5.80 , Jprmlexp ~ 5.99
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O(pe) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Vector meson dominance

Flat Cosh Hard-wall Sakai-Sugimoto
VV-AA correlator
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O(pe) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

O(p®) low energy constants: derivation

o
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s\/1r4 - Z m2n = g ;bvﬂm : (Cv” - dv”) = 151‘72‘_ .

n=1 1%

’ - ! g 1 7 7 7
60:2,2) = 3 PMOUE) _ (1 ()t + ooz — 2 + (@ o 2]
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O(pe) chiral Lagrangian
Some generalizations

Relations between form factors and scattering amplitudes

Holographic baryons:large-distance behavior and instanton size
O(p°) low energy constants: a few results
@ 7 scattering

1

|
=5zl=—¢ls Ci +4C3 = 3C3 + Ca.
@ 71 — luydecay: Ga(g?) =0 =

Ly

Lo+ Lip=0,

2073 — 4Cg7 =+ ng =0.
@ ~y — mw scattering

all = 2567* fg (8Cs3 + 8Cs5 + Cs6 + Cs57 + 2Cs9)
b = —1287* f2 (Csg + Cs7 + 2Csg),

aj~ = 256m* f2 (8Csz — 8Css5 + Csg + Cs7 — 2Csg + 4Crg + 8Cg7 — 4Cgg) ,

bt~ = —1287x* f2 (Csg + Cs7 — 2Csg — 4C7g) .
Holo. DSE Reso. Lagr. | ENJL
aY | N2 [ 379 13+£33 | 140
b | N2/ | 1.66 341 1.66
a; 0 —098 | 0.75+065 | 6.7
bt— 0 —0.23 | 0.454+0.15 | 0.38
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Some generalizations

v* — mm vs. 70 — y~* form factor

O(p®) chiral Lagrangian
Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Fal@) = =

Zo /
7 /7 P(2)V(Q, 2w (2)%dz.

20
N,

Foym(@®) =
= (Q7) o

Ne 5
Fr(QP).
12721, (@)

-F'yﬂ'(oz) =

o Previously found in hard wall model
(Grigoryan & Radyushkin *08) and
Sakai-Sugimoto model (Stoffers & Zahed
11).

@ Low energy limit:

w_ Ne |
2~ 3pq2p2 0

CW ~ (6—8)-10"% GeV 2,

32m2f2

o [* vz
e )

0 (GeV?)

2 Q2
o %}iﬂ (@?) (circles) and

@? F(Q?) (squares) versus @2, figure
taken from (Stoffers & Zahed ’11) .

N
C g ~8.310"3GeV 2.




O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

v* — mm vs. 70 — y~* form factor

Q°F (@) (GeV") *F_.(Q%0) (GeV)
094 . .

0.30 4
0.254
0.20
0.15 - :‘.

0.1047
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O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Ultraviolet classification and constraint

@ Special coordinate:

2z A
y = 7/JO(Z):EW/O mdz7

. 2
Py = 5
. _ 2 R(ay)
92(}’) = Em7

@ Characteristic index in the ultraviolet (y — £1) :
Gy ~ (1 =y

@ flat model: « =0
@ asymptotic anti-de Sitter background ( “cosh” and hard-wall model): « = 1
@ Sakai-Sugimoto model: o = 4/3

@ Ultraviolet constraint (Lq,- -, L1g < oo, Hy — 00)

1<a<2

Hadron Properties in a class of holographic models



O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Low energy = and photon scattering

@ ntr— — 7070 process
(t+2s)

A(s, t,u) = 2 h(—t) + (t+u).
@ v — 7979 process
’Y'Y*>7l'07r0 _ a _(S — 41) f2h —t t :|
As, t, u) @t 8 (=) + (teu)],
pontn® b [Span t }
B(s,t,u) Gy [ B+ (e w).
@ ~ — ntr— 0 process
2r
F¥(0,81) = FIox T | h(=s) + h(=1) + h(—u)] .
o
2 % % 2.,
@) = / dz dz' (z2)vp(2') G(Q; 2, 2'),
—2 —2

N S
m2, + Q? Q2

n
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O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes

Holographic baryons:large-distance behavior and instanton size

Asymptotic instanton solutions at large distance

@ Skyrmion (hedgehog):

U(R) = expli7 - FF(r)), F(r)~ 2 A

2 216’
@ Holographic instanton:
@ Cylindrical ansatz (Witten '79):
a2 dp 1 ¢ XX
A7 = ZTg,akxk + 731[%’2 — XiXa) + A,’r—;7

- )(a a
B=A— h=s

@ Asymptotic solutions with special coordinate y (f2(y) = 2/2):

3 2 _ 204 _ 2
6y~ EYOE =) 4 0=

3ré ’ b2~ 2r4
BB -9
A2 o Ar~ O,
s BP0 -5)
f2 rd '
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O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Large-distance behavior of baryon form factors

@ Electromagnetic form factors:

. 3 3 B 3
G;_::O(f)—> 3 1 (QJ) l7 G;;O(r)—> Si l(i) l

21075 3 \ £, ) r° 21075 8 \ £, ) 17’
i A (ga\2 1 e 1 /ga\% 1
=1 =1
05 (7) w0 W0 ama (7)o
GI=0G/=1
lim r?=E —E_ —18.
@ Goldberger-Treiman relation:
9rnN _ 9A
My fr
@ Axial form factor: 3
P 3 1 aa 1
Ga(r — (=) =.
AN = 7563t (fﬂ) I

Q@ (r2)g =1, (r®)m,i=1 linearly divergent, (r2)g 1o, (r?)m, o finite, (r?)4
quadratically divergent.
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O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Instanton size: suppressed in Sakai-Sugimoto model

@ Sakai-Sugimoto model

Syn = _r / Fxtr [@fﬁy - k(z)f?u] :

_ ANg _ 2y—1/3 _ 2
= 216,3" h(z)=(1+2°) , k(z)=1+25,
N¢ 1
Scs = tr | AF? A3 —Aﬂ .
CS = T o4n2 /r[ + 10
@ (Hashimoto, Sakai & Sugimoto '08)
2 N2 1
U(p) = 8r2k(1 + 2 c
(p) ””(+6)+4o7rn2+

@ Insanton size

> _ Ne \/§
P = gr2x\ 5
M/:3 — M—y ~ 569 MeV, ga >~ 0.73
(Ma — My)]exp ~ 290 MeV,  Galexp =~ 1.27

Hadron Properties in a class of holographic models



O(ps) chiral Lagrangian
Some generalizations Relations between form factors and scattering amplitudes
Holographic baryons:large-distance behavior and instanton size

Instanton size: an estimate using the Skyrme model

i : RIPERE
Quantity | By | ga | My | Ma |gann |50 00 20] #e | #n |gana|ina

Skyrmion | 0.83 | 0.31 | 1.11 | 2.23 | 3.88 | 0.31 0.48 0.58 [-0.41| 5.82 |0.70
Instanton-1| 0.84 | 047 | 1.05 | 1.89 | 5.62 | 0.32 0.57 0.87 [—0.36| 8.43 |0.87
Instanton-2| 0.94 |input| 1.00 | 1.23 | 14.5| 0.52 0.94 2.32 (—-1.96| 21.8 | 3.0

Experiment| — | 1270939 | 1.23 | 13.5| 081 0.84 279 (-1.91]20.3 | 3.3

@ f, =87MeV, e=7.70.

@ Skyrmion: numerical Skyrmion solution (Adkins, Nappi & Witten '83)

@ ‘“Instanton-1": (Atiyah and Manton ’89) small instanton configuration with
0% =2.11/(€12);

@ “Instanton-2": large instanton configuration with p? = 5.72/(&?f2).
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Summary and open problems

Summary

@ Previous holographic derivation of the xPT lagrangian is extended from O(p*) to
O(p®). Numerical predictions for the LECs in different models are given.
Model-independent relations among LECs are found.

@ Some of these LEC relations are shown to follow from relations between different
correlation functions, form factors or scattering amplitudes.

@ Different models are classified according to the different behavior of form factors
at large momentum region.

@ The asymptotic instanton solutions at large distance are derived, from which the
asymptotic from of various baryonic form factors are given.

@ Using the Skyrme model as an approximation, large-size instanton configuration
is suggested to describe the baryon properties.
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Summary and open problems

Open questions

@ The mass pattern is wrong, m, o ninstead of m, oc \/n.

@ While leading power behavior in the ultraviolet is obtained in asymptotic AdS
backgrounds, high power terms need to be included.

@ Introduce quark mass.

@ Construction of instanton solutions in curved spacetime and in presence of the
Chern-Simons term with arbitrary instanton number.
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Summary and open problems

Skyrmions for1 < B <8

0 © X

1: 03) 2:02)
-
-
‘e
5.' Dzd 6.' D4d 7.' Yh 8.' D6d
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