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Introduction

Timeline:

Late 60’s and early “70s,
Regge theory, dual resonance models, string theory

70 to “90s
QCD, most of attention to low-lying states,
methods: soft pions, QCD sun rules, lattice simulations

‘80s and early "90s,
Strings as “theory of everything,” not about hadrons

Recent,
String/gauge dualities, application to QCD

B: 07050062 Page 5/30




4
B: 07050062 Page 6/30




(+lozman

(zlozman.

Shifman
Ail_mm
R. L. Jaffe. D. Pirjol and A. Scardiechio

| . n 1 : ] y
O. Cata. M. Golterman and S. Peris.

S. S. Gubser, I. R. Klebanov and A. M. Polvakov

M. Kruezenski, L. A. Pando Zavas, J. Sonnenschein and Diana Vamar

Schreiber
A. Karch, E. Katz, D. T. Son and M. A. Stephanov

T. Sakar and S. Suemmoto

B: 07050062 Page 7/30




B 07050062

Preliminaries

g e iy, SSSell Jlst S5 g ;I
Vit) = |£), Alx)=|F)

=) are the opposite parity states degenerate in masses.

Generically, for the axial current a*

. p
(Ha"|—) = Q(QEHP.L*P—}U(UW—Q q—)

L’

= g(q®) | (pr+p-).

Linear realization (Wigner-Weyl)
ﬂ-ff = M2 ga=g(0)=1

Nonlinear realization (Nambu-Goldstone)
= 2 2 eneralized Goldberger-Treiman
Ori— = frloa(MI—MZ)  SPLE -

No constraints on 94 , the axial charge

A = [d®za® vanishes
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Chiral symmetry restoration (xSR)
Imagine AM. = M, — M_ is small for high excitations,

ANAN 1': < —'I,"'-{E;m.i . Th@ﬂ \

.::'_Eﬂ_{} —.—1} = ':] 2_'1{_ = P
la”l+) = 9lq q — (AMz)

Although it vanishes at ¢ = 0 there is the window

AM; < |§] € Myag
where

(—la®|+) = 2M_g(0) = 2M_ga

Restoration of linear realization in the above window
for high excitations, ga = 1. Hadron has a core of the
size 1/M,.q surrounded by pionic halo of the 1/m- size.
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pbotchiecd chiral svinmetrv restoration

For highly excited states
lII""Ili:l_{_i i J—;’ER £ ﬂ-[r?,--lh s ftf-n.

For linear Regge trajectories M?*(J) = (J — Jo)/e/
aﬂd -—\;‘II Lo -'1[i1.:1d .

Indeed, there is no degeneracy in parity for the leading
trajectories, say, p and a; . Splitting

M? — M? = AJy/a/ ~ A®

| c—
|
|

is of the same order as a gap in M? with states which
are not chiral partners.

Two-dimensional ‘t Hooft model presents a case of
no show restoration.
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Chiral symmetry restoration (xSR)

Imagine AM. = M, — M_ is small for high excitations,
A-‘I“E: < -;1'-{":;-:.14.1 ThEﬂ.

(—|a®|+) = g(q®) 2M_ —

Although it vanishes at ¢ = 0 there is the window

AM; < |G] € Mg
where

(—|a®|+) = 2M_ g(0) = 2M_ g4

Restoration of linear realization in the above window
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Preliminaries
1’F|I‘ = |}, Ay —

are the opposite parity states degenerate in masses.

Generically, for the axial current a*
,ru.r_ q“ q ]
q*

Lt

/ L \ Y (
(+la*|=) = g(a®)(p++P-)u|g

g f;{ql)ll {'p—d'-‘p—J,u_q;,:. -

=

| !"JE—B&IE]

Linear realization (Wigner-Weyl)
M?=M? gs = gii) =1

Nonlinear realization (Nambu-Goldstone)

generalized Goldberger-Treiman

B T2 _ NI2
9r4+— — fﬂ‘ g“‘{ﬂfl- I\I—) relation

No constraints on ga , the axial charge
A = [d®za® vanishes
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Preliminaries
Vit =L}, Alx) = |F)
|+) are the opposite parity states degenerate in masses.
Generically, for the axial current a*
/ L \ 2 ( L q“ th
(+la”|=) = g(@" ) (P++P-)u| 9" — qiz')

q{ql) (P—““P—}p_lh;. >
q

[ M? —M? ]

Linear realization (Wigner-Weyl)
fl.fi = M* ga = i) =1

Nonlinear realization (Nambu-Goldstone)

generalized Goldberger-Treiman

=1 (AA2  AA2
Gri— = [ ga(M: —M?7) relation

No constraints on g4 , the axial charge

A = [d*za® vanishes
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Chiral symmetry restoration (xSR)

Imagine AM. = M, — M_ is small for high excitations,
A-‘*I: < —1"!{;-'.14.1 ThEﬂ.

(—|a®|+) = g(q”) 2M_ — -
I =S G? — (AMy)?

—=2
q

Although it vanishes at ¢ = 0 there is the window

._\ﬂ.[: <4 |t’,’_| < -ﬂ‘”[had
where

(—|a®|+) = 2M_ g(0) = 2M_ g4

Restoration of linear realization in the above window
for high excitations, ga = 1. Hadron has a core of the
size 1/M,.. surrounded by pionic halo of the 1/m- size.
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“Botched” chiral symmetry restoration
For highly excited states
ﬂifh;u.i £ J—,;R £ ﬂ-{rh--nl o ﬂ‘fﬂ

For linear Regge trajectories M?*(J) = (J — Jo)/e’
al“ld -—\LJII o -lfhm:i .

Indeed, there is no degeneracy in parity for the leading
trajectories, say, p and a; . Splitting

M? — M? = AJpg/a’ ~ A?

is of the same order as a gap in M* with states which
are not chiral partners.

Two-dimensional ‘t Hooft model presents a case of
no show restoration.
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M, = 2p + o7r

Quantization

f"‘..d\.

/ p(r)dr = mn p(r) = (M, —or)/2

gives

J\,Ii = 4woen ~ A*n

When L #0

n—n,+ L
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L

Chiral symmetry: linear realization

SU(Ny)z x SU(Nf)n
i r if

9L |, » qdr|;

Symmetry transformations

af — R! g} L,R € SU(N;)

Classically QCD has also U(1), x U(1)r = U(1)s x U(1) 4

invariance

LT)L iR
gr — € qr - dr — € dr

Although U(1). is broken at quantum level large N.
argumentation implies U(V;). x U(N;)gr asymptotic
symmetry.
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Having in mind bilinear in quarks interpolating fields
two types of representations of U(N;). x U(Ny)z

(i) Nonsinglet of U(1)4
M: ~ Grja;
{Ny, N¢} representation contains 2N? real fields.

Reﬂectron of space coordinates, P, transforms
ar to 4re and vice versa, i.e.

PM = M
The Hermitian and anti-Hermitian parts represent N;
fields of the opposite parity.
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(ii) Singlets of U(1)a4

‘F s = |GLlg _qL_f _ lg — i [(IR;JF
L lg

N2 real fields in each. They are related by reflection of

f

space coordinates, P, so the sum and difference are the
fields of opposite parity.

Strictly speaking the trace part can split from the
adjoint but the OZI rule at large N. implies that
this splitting is small.

Thus, the chiral multiplets lead to the 2NZ degeneracy.
Each parity contains one adjoint and one singlet of SU(Ny)y
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Twist of interpolating fields is larger for spin zero:
s Lo o Ly, -
gl [veR) = g P gt )

Twist is 3 and 6 are shown.

For spin | the leading twist is 2

I - ¢

VvV I_.H‘ 4 LI [ 14

— q_qﬁ:"jl. : q-r _?\'Ij-“_,- 1 — q.!.— J;”., e

IE
g .., L d P

For higher spins are similar with extra derivatives.

For baryon of the maximal spin N./2 twist t = N,
"BL -I.fl--nf"u'r: 'l‘:]_f1 i"‘h’.:f.‘\'c

X1 N, - = €i...in.9QLay ** * Loy,
The parity transformation relates it to [Bi...d_v(._jfl'"m'
But to get the chirally invariant mass we need mirror
baryons Bf~ B’ |n terms of interpolating

operators it requests £ = 2N, .
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The rate of chiral symmetry restoration
and OPE

T / d*ze'™ (0|T{jsp(x)is,p(0)}0)

Js =44, Jp = 1q7sq
From OPE (both in 2D and 4D)

g’ {gq)*
Iis — KEp g°(qq)” | .

Q-
In 4D each individual resonance gives
APML . N
Q2 + M3 Q? + M2
and would-be chiral pair (implying local duality)
A2Q? s M? e
(Q* + M?2)? T Mz

B 07050062
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2

"

In 2D by the same token we get dM: ~ A

The heuristic argument: quark helicity is of importance
near the turning point in the string picture, p ~ A .

In momentum space it is the volume ~ AP~ thus
, D—1

_ [ A
0_:1[-” o J.E. [ )

M., .

However, there is no problem to maintain OPE with

different behavior of the splitting once local duality is
abandoned. So above estimates should be viewed as a

kind of lower bound for the splitting.
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AdS/QCD approach

I'll discuss two different calculations: by Sakai & Sugimoto
and by Karch, Katz, Son & Stephanov.

In both the holographic description of hadrons with

the fifth coordinate z is used. =

In the first the authors placed Ny test D8 -- D8 brane
pairs in the background of N. D4 branes compactified
on SUSY breaking S..

In the second, bottom-up approach, the author fix the
metric and dilaton field to get linear dependence of M?
on 1, and L.

§5S — H,/dJ’;rdz Tr [K—/F, [2 K]

K =1+2% s=AN_ /108"
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=

s ' S b il a -
SEKSS /di.rd: t}'g"""\;'g — D.-\!‘—.'5|.‘£|"—4 ;(EFL+FER)

-

.

& — 27 g2 = 1222 /N,

Eigenvalues in QM of the hologhaphic coordinate =z
give M? in 4D. Characteristic 2 grows with mas vn .

Splitting between p and a: states in KKSS is due to X
field containing pion and its scalar partner. The X contri-
bution diminishes with 7 : chiral symmetry restores.

It does not happen in the SS approach where the pion is
built in together with vector and axial fields. No

asymptotic linear realization then.

Phenomenologically it looks better: no convergence for
| __pP and a, leading trajectories is visible.
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Conclusions

In respect to asymptotic linear realization of the chiral
symmetry jury is still out.

However the phenomenological linearity of the Regge
trajectories is an evidence that we do not see the
symmetry restoration in the visible range of high

excitation.
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