QCD and a Holographic M odel of Hadrons

M. Stephanov

U. of lllinois at Chicago

AdS/QCD —p.1/18



Motivation and plan

°

Large N.:

# planar diagrams dominate
#® resonances are infinitely narrow

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.

e o0 e

Bottom-up approach.

A holographic model: J. Erlich, E. Katz, D. Son and M.S., hep-ph/0501128.
(L. Da Rold, A. Pomarol, hep-ph/0501218)

® ABC of AdS/CFT (holography)

» A simple model:
This talk: # chiral symmetry breaking
guark-hadron duality, sum rules

OPE
etc.

oo @

AdS/QCD —p.2/18



AdS/CFT correspondence: formulation

Begin with S4[G, q] = [d*z L]G,q] .
Generating functional for correlators of an operator O (examples of O: G};, G**¢,

qq, ¢Y"t%q, ...):
Ziloo(@) = [ DIG.q] exp {s i %0} .

X1, L2, X3, T4

5d bulk metric:
ds® =277 (—dz2 + Nuvdatdz?). P
: Po(x)
Nuy = diag(+1,—1,—1,—1). > oz, 7)
(Note: =™ — Ax™).
&= Zm =€
Polchinski-Strassler slice “IR” “Uv”

Zs (o)) = / Dge’So1!

P(z,e)=¢o(x)

Za = Zs

(Generating functional) [4d sources ¢ (x)] = (Effective action) [fields ¢o(x)].
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Example. conserved current

Let O be a current: J** = gy*t%q.
¢o: source for J#* is a vector potential V;*“. l.e.,

Za[V] :/D[G,q]exp{i54+iL4 VO-J}.

We shall look at
[ dtem e @)1 ) = (e~ ' T(-a?).
In QCD, scale invariance in the UV means I1(Q?) ~ In(Q?).

5d action for V,:? Let us take

1

—— [z gV, Ve,
493

Ss =

At tree level, we need to minimize S5 wrt V' with the b.c. V(z,¢) = Vp(z).

Then take 2 variational derivatives wrt V4 (x) and Vo (y) to find (J(x)J(y)).
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Example: current (contd)

Vs = 0 gauge; linearize; Fourier z* — ¢*:

VL(Q) Z)

2
0. (lanL> -+ q—VJ_ = 0.
Z zZ

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

1 [, 1
Ss = —— | d*z = V29,V
PT gz J T

Z=€

Let V (g, z) be a solution with V (g, z) = 1, then we need (V;") 1 = V;i5(q¢)V (q, 2).

o 1 1 0.V(q,2)
H(Q )_ 2952) Q2 Z z=¢€
Q2Z2 2
V(g 2) = (Q2)K1(Qz) = 1 + ——1In(Qz) + O(=7).
Thus
1(Q°) = BRI Q° + contact terms

292
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5d coupling and V.

In QCD
—_ Nc 2
H(Q)——247T2 nQ@" + ...
In AdSs5:
Q%) = — = @ +
2g2
Thus
5 1272
gs = N

Large N, & small coupling
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Example: current (summary notes)

9
555 eff
— =0 corresponds to 9,J" = 0.
(Vo)) P '
® log(Q? « scale invariance of the 5d theory (metric).
$® “Dictionary”:
4d <~ b&d
Wi = Ssesm
operator O(z) (¢po —source) <« field é(x, z) (¢o — boundary value)
scale invariance (log)) <« scale invariance
J,J" =0 <+ gauge invariance
large N. < small g5
large @ <« small z
<

dimension of O mass of ¢
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Dimension of operator and 5d mass

L5 = 53 (67" 0md 0 — m? %)

z — 0 (qz < 1) solution of LE equations for Ls:
¢ ~ ZAd’ with (A¢ — 4)A¢ — mg = 0.
mg =0 ¢ — const = ¢g OK;
mi#0 b2 ¢ — const = dyo.

#l=0 = lb]=+4s (2] =-1)
Thus [O] =4 — Ay = Ap and

mz = (Ay — Ay = Ao (Ao — 4)

For example,
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Spontaneous symmetry breaking

1

Se = 5/05535\/59?”’" i ® Ond + . . .

with b.c. at z = 0: ¢z~ 2¢ = ¢g. The extremum:
Qbsol — ¢0 ZAqs + AZAO (Agb —+ AO = 4)

Vary the source: ¢g9 — ¢o + d¢o:

6Ss = /d4x 273 8¢ 0.0

z=0

Compare to Wy:

Therefore
1

A:2A0—4

(O)

A -+ 0as ¢o — 0: spontaneous symmetry breaking

—|—...=(A@—A¢)/d4$5¢oA
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The model

4D: O(z)  5D: ¢(z,2) p Ao (ms)?
qry"tqr T 1 3 0
qrY"t"qr B 1 3 0
a%qr (2/2) X7 0 3 —3
1

S:/ d5x\/§Tr{\DX\2—|—3\X\2— ; 2(F£+F§)}
0 95

Symmetries: X — LXR', F;, — LF. L', Fr — RFrR.
Boundary conditions at z = z,,,: F,, =0, D, X = 0.

Chiral symmetry breaking:

1 1
Xo(z) = §Mz + 52713.

Matching to QCD: £ = (7%¢”). We take M =m,1 and X =ol.

Four free parameters: mg, o, 2z, and gs.
Compared to three in QCD: mg,, Aqgcp and N..
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Hadronsand QCD sum rule

2
< <

Normalizable modes: ,(e) =0, 9:9,(zm) =0, [(dz/2),(2)* = 1.

1 1 0,V(q,z [, (€) /€]
Iy (—g¢°) = — 2 P
v(—¢") 292 Q2 e Z m2 ym2 \\
|
, /
/
p,_ 190 )
gs € 7/
QCD sum rule: ///
2 1 2 Phd
Iy (@ )_—2—2110@ T e
g5
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Chiral symmetry breaking and GOR relation

A= (AL — ARr)/2, X =Xoexp(i2m?t?®), A,=A, +0up, v(z)=mgz+ 02>

0AL: 0. (2710 AL) +27 ¢ AL — 2 giv AL = 0;

0A) : 0. (z_lazgp) + 2 % g0’ (m — @) = 0;
0A, : — q28290 + z_2g§v23z7r = 0.

—0,A(0,u)/u

2
A (—g%) = fx Analogous to V: A(q,€) = 1.

_q2 ] —m(2)
2o 1 0.A(0,z) ;
" gz z z=c %

1

for .
2mgo 2> Vima/o

z 3
2 U 1 2 ;2
w(z) = mw/o duv(u)2 : ggua“A(O’“) = —Mx [z

Thus| m2f2 = 2mgo + O(m?2) |  (Still holds for A, # 3, or deformed AdS.)
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GOR (contd)

Arbitrary A, (v(z) = mg 2°™ + 0 2°9):

’ 1 mz fx

L=mf? [z : = m? f2 _
o mg 2Bm o B (Br = Bm)mgo  2my{dd)

(Ao — Am)o = 2(qq)
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M eson wavefunctions and couplings

Couplings:
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Comparison with experiment

Observable Measured Model | Units
Moy 139.6+0.0004 | 139.6" | MeV
my 775.84+0.5 775.8% | MeV
Ma, 1230440 1363 MeV
fr 92.4+0.35 92.4* MeV

F,/? 345+8 329 | Mev
F./? 433+13 452 | Mev
Jprr 6.03+0.07 6.63 —

m 172020 1783 MeV

® N. = g5=./1272/N. = 2m.

® m, =2405/zn

® {. and m,

= 2Zm = (323 MeV) ™.

= o = (327 MeV)*® and m, = 2.29 MeV.
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Holographic model vs open moose

LN L
— 1 E=itoome
OO x=2: me
(gAu)l (gAu)z (gA,u)Kil (QAM)K
LN MY N
SV U U NP\ et el
Folded:
Ag o1 —~ PP KA\KA /A\K ‘
S S ‘SU(Z)L
Xk /o . X X,
'SU(2)
U U e U e 4
Ax o . Ay T A
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OPE and higher order terms

@4 (mg, %> 5

Iy (Q?%) = —g nQ?%  Ma(Q?) = v (Q?) + #—
5

(In open moose: 114 — Iy ~ exp(—#Q).)
In QCD:

HV(QQ):...—”Z;f; MA(Q%) =...+

Mqo

Q-

ALs =+/gTr [’YXFXF(XTFLXFR) + Yx2F2 (XXTFI% + XTXF?{)}

4 1
II4 — Iy :gmq0(4’VXFXF+1)@ 1
1 » = ’YXFXFzg
= 2mqy(qq) —
q<qq>Q4 /
Similarly: Ty = (s G)
Imilarly: Iy = ... + # o1

Need source ho for operator a.,G* = massless scalar field & in 5d.
Classical solution: h = ho + Apz*. Ap = (1/4){asG?).
Coupling ALs = vh(F7 + F2) gives Iy = ... #vA,/Q".
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Outlook

h(z,x) — glueball spectrum (Polchinski-Strassler, Boschi-Filho-Braga)
strange mesons
chiral anomaly (WZW)

Baryons (Teramond-Brodsky)

# finite density?

running of a (log violations of scaling)
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