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1) Introduction

@ Chiral symmetry breaking in QCD

U1 iy il a=1,2,---,N, color
quark: Y = bR VLo 'd’Rffg i,i =1,2,---, Ny flavor

a,a=1,2 TLorentz

U(Ng) x U(Ng)p ==> U(Ny)y

l
(PRS2 = bl (c 7 0)

@ Chiral symmetry breaking in holographic QCD

(wait for the explanation)
D8 277 D8
) —
D8 =
D4

U(Ng) x U(Ng)gp == U(Nyf)y
Geometric realization of the chiral sym breaking !



To gain more insight, gauige group
consider the cases with G- O(Nc), USp(Nc)

@ G=0(N¢) quark: ?,Da flavor sym: U(Ny)
(P Saaig) = c8”
0O 1
@ G=USp(Ne) ={ge UN)|gJg" =T} J= ( 10 )
quark: ’I,Dg?’ flavor sym: U(N f) (Nc and Nfshould be even)
(P Ty} = I

Question:
Can we obtain these results from String theory?
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2 D-branes and Orientifolds

@ D-brane and Gauge theory

open string

Dp—brane
%_{‘*")\ “< ad>>p,  => (A% etc.

{l,bzl""-’Nc

V)

U(N,.) gauge field
= (p+1) dim U(N,.) gauge theory

@ Orientifold (space-time/z,)

Z- 2o
<> lated by Z
< 14074 070
O O AN s~ <a A A'UI N AM
. ) orientation b % 2 consistent choices
SHINg /  is flipped SV
Op-plane Op~ @ Ap Al —> O(Ne)

((p+1) dim fixed plane) Opt: Ay=—J A,:';J 1 USp(N.)



@ More on Orientifold planes

Dp\) _ T
Dp” ? OP+- A= gL USp(Ne)
More generally,
Dp_, A K
oy Jra D= Smin2)
m L =# intersecting directions
\ . CAu(z, z) = —AE(:B, —2)
Dint = 0,38 { _,,,,(ajgzﬂ = —.]AE(.TL‘, —z)J1

{ Az, z) = —JA:‘LZ;(CIJ,—Z)J_]'
- Op"‘ A,u(az z) = —AT(ac —2)

— & Dp-brane with
Dint = 2,6 =% Dp-brane (_) Dp—brane opposite orientation

Dint =



3) Holographic QCD
% Gauge/String duality

AdS/CFT [Maldacena 1997]

N=4 Super Yang-Mills
D3-brane < D dual
String theory in AdSg x S°

Note: SUSY, conformal sym are not essential in this idea

holographic QCD

QCD
? )dual
> | <

== “holographic QCD”

Some brane config.
String theory in some curved b.g.



% Brane configuration

p=0n~3 [Witten 1998]
® D4-brane x N. on St with  w(a, 7 4 2e ML) = — (k)
fermion l
Ay, Ar, ¢ X5, x4 SUsY
l ) acq?ﬁre massJ ~ Mkk

4 dim U(Nc) pure Yang-Mills | (at low energy)

® To add quarks, we add D8-D8 pairs x N [Sakai-S.S. 2004]

DA xN,, OO O OO - - - - _
OO0OO0OO0 - 00000

D4 D8 D8

U(Nc) |UNf), UNg)R

Ay ) A, | adjoint 1 1

¢L N¢ Nf 1

VR Ne¢ 1 Nf

4dim U(Nc) QCD with Nf massless quarks



% G=0(N:) , USp(Nc) cases

ﬁ?o .'1‘.'1 I2 fEB T IE fEs IT 5"'_.8 iEg
D4 xN. O O O OO - - - - —
D8-D8 xN; O O O O — O O O O O D4vsO6: Djpt =4
O OO0 - 000 - —| D8vsO6: Djpt = 2
06" —» O(Nc) QCD
O6 =» USp(Nc) QCD
i L2
quark: ¢; «<— v, = Nf Weyl fermions
flavor sym: U(Ng), x U(Nf)r  => U(Nf) flavor sym
A A as desired !

7o



% holographic description of YM ... s

DAb o1 the corresponding SUGRA solution
-Drane on
~ R1’3 X R2 X S4 (topologically)

( with v*, 7+ 27) = — (¥, 1) ) T \

angular directions

b4 in "~
LG ——
— > U ~—y

(radial direction in 2 ~9)

4 dim pure Yang-Mills =) String theory
(at low energy) dual in this background



% Adding quarks

® Here we assume Nc > Nt and use “probe approximation”.
[Karch-Katz 2002]

{ @ D4-branes are replaced with the corresponding background.
e D8-D8 pairs are treated as probes.

String theory in
mm=) | the D4 background

+ Ny D8-branes
L) ———
- «l
D8 Y——

D4 D8

1 dual

QCD with Ny massless quarks | ¢ jow energy)

D4-brane on S*
+ N; D8-D8 pairs



4) Holographic Symmetry Breaking
% Chiral symmetry breaking for U(Nc) QCD

[Sakai-S.S. 2004]
We replace D4 with the corresponding SUGRA sol.

D8 =7 7 D8
“C ) — =)

D8 ¥=——
D4

D8 and D8 must be smoothly
connected in the D4 background

==) interpreted as the chiral symmetry breaking !

UNg)p xUNg)r =—> U(Nyg)y
$ $ $

D8 3 connected D8



* G=0(Nc) , USp(Nc) cases . -

N 1
+ Z
o * - o ¥

R13 x (5! x R®)/Z, ~RY3 x (R? x §%)/Z,

D8: RS2 x (R x5%/Z-

06%: R3 xR x 57
(Dint = 4)

(3341 1:81 :1,:9) — (_:*’“4:' _1:81 _339)

Unbroken global gauge symmetry on D8-brane
06" =» O(Nr) 06 = USp(Nr)

U(Ny)

!

!
D8 DS with 06+ as expected !

{ O(Ny) for O(Nc) QCD

USp(Ny¢)  for USp(Nc) QCD




5) Baryons
% Quark model : Q‘frk

a a a
Baryon ~ €ajar---an.9 1g™2 ... q"Ne

° G = O(Nc)

Eala’Q"'a’NﬂEblbz"'ch ~ t‘5;"11‘!)15‘5'*2'15:2 T 5{1’chch =

=P 2 paryon can decay to mesons
—p # baryon € Zio

o G =USp(Nc)

€ajan--ay, ™ JalazJﬂ—BM t JﬂNc—lﬂNc + -

=P 1 baryon can decay to mesons
=P # baryon is not conserved



% Holographic description of baryons

@ Baryons in the AdS/CFT context are constructed
by D-branes wrapped on non-trivial cycles. [Witten, Gross-Ooguri 1998]

In our case, background ~ R13 x R? x §4

Baryon ~ D4-brane wrapped on the s*

1
® RRtlux ~ /34 dC3 = N. forces N. F-strings to be attached on it.

D4 on S#

N, ™) Bound state of N quarks
F1 =) Baryon

Baryon mass (o< vol. of S#) is generated by the geometry!



% G=0(N¢), USp(N¢) cases

D4

In the presence of the 06-plane, __R? 5
" ) )
Zo ___ 06 —) Z-
Dingt =6 —> D4 <> D4 = K2
Baryon ~ D4-D4 pair on S4 R'3 x (R? x $%)/Z,
v 06%: R3 xR x 52

tachyonic

D4-D4 x n —» tachyon field 7' is an n x n matrix

. Zy T N
with 7 <« F1° for O6*

O6~ (USp(Nc) QCD) -» tachyon condenses =» unstable

stable when n=1

06~ (O(Ne) QCD) —> { unstable when n=

) }-»# baryon € Zo

as expected !




6) Outlook

@ QCD with G=0O(Nc) ,USp(Nc) is constructed
by using D-branes and Orientifold planes

@ Flavor symmetry breaking is understood geometrically,
and agrees with field theory consideration.

@ Some properties of Baryon are also nicely reproduced.

I
dual ! String theory

(in a certain curved background)

QCD

Group theory

- Geometry
+ Dynamics
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