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Motivation and plan

e

Large N.:

» planar diagrams dominate
# resonances are infinitely narrow

k

® Effective theory in terms of resonances is weakly coupled?

® What is this effective theory?

® String theory explicit examples suggest it is a 5d effective theory.

®» QCD/phenomenclogy hint: p. p’. p”. ... — resonant modes in a cavity (KK)?
® Bottom-up approach (AdS from QCD vs QCD from AdS).

A holographic model: Erlich, Katz, Son and MS: Da Rold., Pomarol

$» ABC of AdS/CFT (holography)

» A simple model — generic features:
# chiral symmetry breaking
® quark-hadron duality, sum rules
& VMD, etc.

® Excited meson spectrum: m? ~n + S

This talk:
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Holographic correspondence: formulation

Begin with S4[G.q] = [d ' L]G.q] .
Generating functional for correlators of an operator @ (examples of O:
GG g e ) X

Zsloo(x)] = f‘D[G- q] exp {:’54 + i--[z* &"}e@} .

EyEz, 3. Fy

5d bulk metric: / |
ds® = 272 (—dz* + nu.dx"dx").

Ny = diag(+1, —1,—1, —1). it e
(Note: ™ — Az™). e | z=€—0
AdS “slice” “IR” “bulk” “UV™ boundary
Zs|oo(x)] = f Digle* =¥
o({x.€)—=ap(x)
Zy = Zs
(Generating functnl) [4d sources oo(x)] = (Effective action) [fields ¢o(x)].

AAS/QCD —p
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Example: conserved current

® Let O be a current: J¥* = g+*t%¢q.
@o: source for J*“ is a vector potential V;*“. lLe.,
S

Z4[V] =f'D[G.q] exp{m +-i/;4 Vo - J}.

» We shall look at
f 2= (P (@) @) = 6" " — ) H(—d?).

In QCD, scale invariance in the UV means II(Q?) ~ In{Q?).

B 5d action for V. ? Let us take

Ss = / LY s, e

-195

® Attree level, we need to minimize S5 wrt V' with the b.c. V(z,¢) = Vo(x).
Then take 2 variational derivatives wrt Vi (z) and Vi (y) to find (J(x)J(y)).
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R  — —  —  — —  — —— — ——— N N  —  — — —  ———  ————— ———  —— —  —  — e — —— — NNy — ———— —— ————— .

Example: current (contd)

® 5 = 0 gauge: linearize: Fourier * — ¢*; ¢, V} = 0:

Hliq}
Vi(g.z)

2 R —
o (L) + £v =0 —

—

® Action to quadratic order in V', on egs. of motion (int. by parts):

55=—L d'l_‘r—Tfraa._

‘)95 =

=€

» Let V(q.z) be a solution with V(g.¢) = 1. We need V. (¢.2) = Vol(q)V(q. 2).

1 1 9:V(q.=z)

Sy = 2 Q? z z=e (@ =—a)
QE 2
Vig,z) = (Qz)K1(Qz) =1+ In(Qz) + O(z7)
Thus
(Q>) = _;—ng + contact terms
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5d coupling and V.
In QCD “QW

»
2 —r +WT:: ]
ey ) = T InQ" + ...
In AdSs:
MQ?) = —— Q> +
293
Thus
- :|.2‘J|T2
gs — N,
Large N. = small coupling
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Example: current (endnotes)

® The role of 5d gauge inv:

I 555.4:{1“ &
il —aV ] =0 = - —1 corresponds to
( z ") a(Vo)y -

» logQ?in UV — scale inv. of the 5d theory near z = 0.

"] = =1 [gmn] =[] =2:

o m gl [ g vz
495 . —
0 0

lgs] =0
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Dictionary

4d 5d

generating func. W, — eff. ac{_inn S5 eff
operator O(x) (¢o —source) «— field &(x. z) (¢e — boundary value)
scale invariance (log(@?) < scale invariance
d,J" =0 < gauge invariance
large N. — small g5
large @ — small =z
dimensionof O — massof ¢
| Pisa 07050077 Page 9130
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Dimension of 4d operator and 5d mass

1 TILTL ; 2 40
e — E\/E(g 8m$3;1$ — m5 @3)

z — 0 (at fixed q. i.e., gz < 1) extremum satisfies
8-(z"28.0) — 2 °m36 =0
b ~ z=¢  with (A — 4)As — m2 =0.

—
@z ¢ — const = ¢g — the source for O

[¢] =0 — [#a] = +As ([£] = —1)
Thus [O] =4 — Ay = Ao and m: = Ao(Ao — 4)

® For example,

T,
J#

r 2 &
—4 Yy - ms — —3;

3

Gt TN

=(A—-3)(A—-1)=0  — protected.

3

Pirsa: 07050077 Page 10/30

AAS/QCD —p 323




Pirsa: 07050077

Apdi: ads-shdes pdf

Spontaneous symmetry breaking

Ss = %/fr\/ﬁgmna;“man@_!_--'

with b.c. at = = 0: 02 =+ = &¢. The extremum is a linear combination:

@501=@02A° -1—:12110 Do+ Do = 4).
® Vary the source: oo — @ + dop: Freedman et al. Klebanov-Witten
5552/(141:1_3563_1@’ ﬂ+...=(Ac}—A¢)fd415¢{1A

®» Compare to Wy:
Wy = / d*z 8o (O)

Therefore
1

A= —
20 — 4

(O)
A - 0as o9 — 0: spontaneous symmetry breaking

Page 11/30
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The model

4D: O(x) 5D: ¢(z. =) P A

¥ ) (?L#T“ tﬂqL -'Ll?_'.p 1 3 0
qrY"“t"qr AR, 1 . 0
g fa Lal
T34 2/2)X*% 0 3 -3

S— f &z /g Te {|DX|? + 31X - 4%(1?5 +F3)}
o *4=

Symmetries: X — LXR', Fr — LF.L", Fr — RFrR'.

Boundary conditions at z = z,,: F., = 0.

» Chiral symmetry breaking:
1 : -
z) =——MN —
Xo(z) 5 Iz + 2ZZ

Matching to QCD: =7 = (§"¢”). Wetake M =m,1 and X = ol.

» Four free parameters: mg,, o, z,» and gs.
Compared to three in QCD: m,, Aqcp and N..
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Hadrons and QCD sum rule

Now consider ¢° > 0:

d- (%azv;) ‘3'2"VL = 0.

Normalizable modes: wv,(e) =0, @:vp(zm) =0, [(dz/2)¥.(2)* =
Exist only for discrete values of ¢ = m?> > 0,
where the V (g, €) = 1 solution is thus not unique.

Expanding V (g, z) = Zp ap(q)¥,s(z),

2 1 1 azv(q_.z) [, (e) /e
My (—q°) = — = -
v(=4) g2 Q> z 2 Z (g — mZ)mj "‘
i
/
Decay constants: F, = imb {E} /
gs € ,f
Automatically satisfy QCD sum rule: e
1 -*’!
M (Q°)=—smQ*+... —~

2g2

Page 13/30
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The model

4D: O(x) 5D: ¢(x, z) p —
o TrPar AL, 1 3 0

GrY"t"qr AR, 1 > 0

—Tg 33 x

drdr 7 0 3 ="

Zm 2 2 1 2 3
g— f d’z /g Tr {[DX| + 3| X" — —(FL + FR)}
o 495

Symmetries: X — LXR', Fr — LF.L", Fr — RFrR'.

Boundary conditions at = = z,,: F-, = 0.
» Chiral symmetry breaking:
- 1 1
Xo(z) = Eﬂfz + 5233-

Matching to QCD: ©=°7 = (3"¢”). Wetake M =m,1 and X =ol.

®» Four free parameters: mg, o, z,» and gs.
Compared to three in QCD: m,, Aqcp and N..
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Hadrons and QCD sum rule

® Now consider ¢g° > 0:

b

d. (latn) g *3';"‘11«7l —

Normalizable modes: w,(€) =0, 9:vp(zm) =0, [(dz/z)¥.(2)* = 1.
Exist only for discrete values of g = m? > 0,
where the V(q. ) = 1 solution is thus not unique.

®» Expanding V(q.z) = Zp as(q)v,(2),

1 1 9:Vi(q.2) 1 [, (€)/€]®
Mv(—¢") = ——=—= - = —— _
| g5 Q? z z=e g3 ; (g2 — m2)m?2 "i‘
i
LY I
Decay constants: sz_lwwp(e} , /
g5 € f!
® Automatically satisfy QCD sum rule: =
1 -*’f
M(Q*)=—s=mhQ’+... -~

2g3
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Chiral symmetry breaking and pion mass

mafz = 2mgao + C?(m:ﬁ)

B with A= (AL — AR)/2. A.=A, +3up, (z) =mgz + 023

A, : . (z7'8:A,) +z"q°A, — z 3gév*A, =0;

2 9 | _
Ha(—q) . fwz. As for V: A(q.€) = 1.  ea—— 12 &4 =)
—q g: z =«
B with X = Xg exp{i2a®t®)
SAy: 8. (27'0.9) + 2 3g2v (m — @) = O; T?Q:
dA. : — qzﬂza,-‘: — z‘zggvzﬂzn' == | 1 X / - NI‘““-E‘H
o f < ‘ Sl
Forg — 0: ¢{(z) = A(0.2) -1, =(z)=—1. L — = T _ "
o(0) = 0, but #(0) = 0 requires g # 0 and
, - z’ :3 1 o 1
wlz ) =¢ f dz —-——00.-A(0,z) = —q" fZ- =—1 oF z ymy/o-
0 v(z)° gs52 2mgo
e 07050077 (ONtinues to hold for A, # 3, or deformed AdS.) e 15T
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Meson wavefunctions and VMD

Couplings:

2 2 Ly 2
o v (m — o)
Gpm= =gafdz Up(2) (gzz 32 — ) :

5 ]
Ny -
Sy

Ipion|2 «— no nodes

Isospin sum rule for = formfactor:

F, Qomw
— etc. G(g° =0) = Z —Pm% =1
o

Pirsa: 07050077 Page 17/30
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Chiral symmetry breaking and pion mass

ma fz = 2mgo + O(mﬁ)

B with A= (AL — AR)/2, A=A, +8up, “(2) = mgz + 023

SAL:  OL(xt0.AL) + 2R AL — Rt AL = O;
2
_"ﬂ' Fo - . 1 814‘1 {}-.. zZ
HA(“QE} — fz. As for V': i{(q.e):l_ fi: = ( a ) )
—4 gs = z=—¢€
B with X = Xg exp(i2a®i®)
iy AETRGeTR e | e
- xf"a_ hx“‘-——-_._
Forg — 0: ¢(2) = A(0,2) -1, =(z)= -1 v e .

#(0) = 0, but =(0) = 0 requires ¢ # 0 and

r

z 3
z — 1
wfz) = 92/ dz —-——0.A(0.2) = —a 1 =—1 o z3> ymyje.
0 v(z)° g5z 2mgo
s 07050077 LONtinues to hold for A, # 3, or deformed AdS.) e 1
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Meson wavefunctions and VMD

.
=F —m

cjfl U2 T — @}2
e a0 (e P59
gﬁ = -

™ -

Couplings:

Sy

|pion|2 «— no nodes

Isospin sum rule for = formfactor:

F, Gomw
etc. Gl@®=0)=)_ —"f'm% =1
o
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Comparison with experiment

Observable Measured Model | Units
max 139.6+0.0004 | 139.6" MeV
m, 775.8+0.5 "775.8" MeV
Ma, 1230+40 1363 MeV
j = 92.4+0.35 92.4~ MeV
i 345+8 329 MeV
o 433+13 486 MeV

B 6.03+0.07 4.48 —
m, 1465125 1450 MeV

* fitted

B N, = gs=+/12x2/N.=2x.
D m,=2405/zm => zm =(323MeV) .
® f.andm. = o =(327MeV)?andm, = 2.29 MeV.

Pirsa: 07050077 Page 20/30
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Linear confinement: m> ~ n

Problem for high n: m?2 ~ n”.

L

High » mesons arelarge = |[IRregime. Thus highn <« large =.

3
- I = f &’z /ge L. A. Karch et al.
Instead of hard cutoff at =,.. — $ — =z* atlarge =
» Mode equation
az (E_Ba::vn) - mif‘ﬂun — D-. lt—_E I_g

B=®(z) — A(z), with e =:"1' from ds®>=e**(dz dz— dz?).
Substitute v, = e/ ?v,

'l 1 y r ]- r
— Y 4+ V(2)¥n = mathn, V(z) = 3(B ¥ — Ejl_ze*' ;
» With® =2*: V =2:*+ 2 — 2d harmonic oscillator (radial egn., m = 1).

m3 = 4(n + 1)

Pirsa: 07050077 Page 21/30
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Comparison with experiment

$ N, = gs=+/12a2/N.=2x.

B m,— 2405/, =
-.' f'.rr End My

Pirsa: 07050077

zm = (323 MeV) .

Observable Measured Model | Units
M 139.6+0.0004 | 139.67 MeV
m, 775.8+0.5 "775.8" MeV
Ma, 123040 1363 | MeVv
j = 92.4+0.35 92.4* MeV
o~ 345+8 329 MeV
= 433+13 486 MeV
Gomm 6.03+0.07 4.48 —
m 1465125 1450 MeV
* fitted

= o = (327 MeV)® and m, = 2.29 MeV.
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Linear confinement: m> ~ n

Problem for high n: m?2 ~ n”.
High n mesons arelarge = |[IRregime. Thus highn < large =.

X
o f d’z /ge * L. A. Karch et al.
Instead of hard cutoff at z,, - ® — z* atlarge =
Mode equation
O- (E_B'ﬁ‘:vn) +m2e Pu, =0, llr—E I—g

B = ®(z) — A(z), with e** =:"1' from ds® =e**(dx-dzx — dz?).
Substitute v, = e®/%v,

i F ]- i
— Yl + V(2)¥n = Matn, Viz) = E(B - S -
With ® = z*: V =2+ 2> — 2d harmonic oscillator (radial egn., m = 1).

ma = 4(n + 1)

Page 23/30
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Higher spins

1 - i i ; | | -
= g_/-dﬁl' vae {VNCDMI--_,H:_-V‘ﬂlfl""u*’ = M (2)¢ar, . @ M 4 }

Gauge inv.: ddar, ...ar. = Viar, ar,. arg)-

Inthe axialgauge ¢... =0: 8¢.. =V.E +V(E . =& —2S—1)A¢C_=0.
and there is residual gauge inv.: £(z.z) = XS DA £ ()

under which arescaled field o —e 25 Y44 justshifts: do. = 9 €

Thus residual shift requires

1 a3 — — — T £ v
Izgfda;re AE @{64{5 1L4LE 2‘4{1+5}3ﬁ"¢-‘p1...pngd)Hl---PS}'

whichmeans B=®— (25— 1)4 and V =:>+3-/% 95 _1) and

m2 — -l(ﬂ -+ S:]'

Pirsa: 07050077
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—

Linear confinement: m> ~ n

® Problem for high n: m?2 ~ n”.
®» Highn mesonsarelarge = IRregime. Thus highn <« large =.
>
> I :fd5;r ‘/Ee_(b L. A. Karch et al.
Instead of hard cutoff at z,, — ® — z° atlarge =

®» Mode equation

L]

O- (E_Biﬂ:vn) +mie Pv, =0, [—E I—g

B=®(z)— A(z), with e*® =2:"1 from ds®>=e*4(dz-dz— dz?).
Substitute v, = e®/%v,,

i - E__ 5
— U + V(2)¥n = matin, V(z) = ;(B 5 — =
® With® =2*: V =:*+ % — 2d harmonic oscillator (radial egn., m = 1).

ma = 4(n + 1)

Pirsa: 07050077

Page 25/30
BASOCD — o 1623

E



Apdi: ads-shdes pdf

Higher spins

1 5 e F | | |
&= §fd z/ge * {Vm‘r_&an.--.-v.fSV"'mM""“S N M*(2)on, . m ™M 4 }

Gauge inv.: ddar, .. s = Viar, Ean. arg)-

Inthe axialgauge ¢.... = 0: d¢.. =V.£ +V(E y.=& —2(S—1)A¢C_=0.
and there is residual gauge inv.: £(z,z) . = 25— DA £ (1)

under which arescaled field o —e 25" Y44 justshifts: do_ = 9 £

Thus residual shift requires

]_ 5 — E = = = - e £ -
= E/ds;re A, -1-{6413 D4 2‘4{1'S}dm*@pl..-pstﬁbFl---PS}'

whichmeans B=®—(2S—1)A4 and V =:>+ 314 95 _1) and

m? = 4(n + S).

Pirsa: 07050077
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Higher spins (contd.)

m> = 4(n + S).
»

> >

(Classical) Nambu-Gotto string also predicts: 22— — <z,

Note: B=® — (2§ —1)A = noz shouldbein A, orelse m, ~nS
Since ¢... — const at boundary isa soluton = [@ ] =4—[o._]
Since [¢0. ] =[¢..] —2(S—1) =2 — S we find

O 1=2+S

i.e., twist = 2.

Pirsa: 07050077

B350

Page 27/30
b —o 123

S —




Lpdi: ads-shdes pdi

Higher spins

1 _ — — | )
= §fd5$ vae ® {Vﬁmah.-_.HSV”"E:”""MS ¥ M (2)onr, . om0 M 1 }

Gauge inv.: ddar, .. ams = Viar, Ea,. mg)-
Inthe axialgauge ¢.... = 0: d¢.. = V.E +V(E ). =& —2(S—1)Ac._=0.
and there is residual gauge inv.: £(z,z)_ = 25— DAGI £ ()

—2(S5—1)A

under which arescaled field o — e 6. justshifts: do. = 9 E

Thus residual shift requires

1 1 — — — 7 £ T
Fe E/dsxe AE @{E4{S 1}AE 2‘4{14'5}&*t;'Jpl...png‘i’m---#s} .

whichmeans B=® - (2S—-1)A and V =2+ f—::!y—“ +2(S—-1) and

m? = 4(n + S).

Pirsa: 07050077
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Higher spins (contd.)

m> = 4(n + S).
k

p

(Classical) Nambu-Gotto string also predicts: 22— — <z,

Note: B=® — (2§ —1)A = noz°shouldbein A, orelse m, ~nS
Since ¢. .. — const at boundary is a soluton = [O ] =4—[o._]
Since [¢. ] =[¢..] —2(S — 1) =2 — S we find

O 1=24+ 8

i.e., twist = 2.

Pirsa: 07050077 Page 29/30
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Outlook

e

Baryons x

» Dirac fields {(Teramond-Brodsky. Hong-Inami-Yee)
» Skyrmions/instantons (Hong-Rho-Yee-Yi. Hata-Sugimoto-Yamata)
# finite density (Domokos-Harvey)

chiral anomaly (WZW) (Hill-Zachos. Sakai-Sugimoto)

strange mesons (Shock-Wu)

(scalar) glueball spectrum (Polchinski-Strassler, Boschi-Filho-Braga)
higher order chiral Lagrangian (DaRold-Pomarol, Hirn-Sanz)
running of a«. — log corrections to warp factor in UV

power corrections to OPE — higher order terms in 5d

® o b b b b b

Structure functions

e

thermodynamics, transport ... (Herzog, Kajantie-Tahkokallio-Yee,

Pirsa: 07050077

Chiral symmetry and high resonances (restoration? Weinberg's “mended”)

Nakano-Teraguchi-Wen)
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