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QCD Motivation

o The vanishing of the leptonic decay constants of pion’s excited states
in the chiral limit
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Pseudoscalar meson radial excitations
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Goldstone modes are the only pseudoscalar mesons to possess a nonzero leptonic decay constant in the
chiral limit when chiral symmetry is dynamically broken. The decay constants of their radial excitations
vanish. These features and aspects of their impact on the meson spectrum are illustrated using a manifestly
covariant and symmetry-preserving model of the kernels in the gap and Bethe-Salpeter equations.
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o The authors have found a generalized GOR relation

o M7 = 2my(€)pr, (€)

he suppression of the decay consta



QCD Motivation

o Its worth to remind that this relation reproduce the GOR relation,
n =0.

P, (€)= lim p (€) = o laa)e  (0)M2, = 2ma(€)(da),
o When chiral symmetry is dynamically broken, then

A2, (€) = lim p,. (€) < o0, V.

m—0

o The authors considered, by assumption

M.

Tn>0

> My,  hence M, _, # 0 (chiral limit)

o This leads to vanishing of the decay constant for excited states
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QCD Motivation

e The p,, function is non-trivial as quark mass. The authors found just
for the first excited state.
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o In the real world, the light quarks has small mass. So, we expected a
suppression for excited states

0

TTn

0

o

<1, Yn>1.
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QCD Motivation

e A first QCD lattice result from [UKQCD Collaboration, Phys. Lett. B
642, 244 (2006)].
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QCD Motivation

e A first QCD lattice result from [UKQCD Collaboration, Phys. Lett. B
642, 244 (2006)].

f./f,=0.078
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QCD Motivation

e A first QCD lattice result from [UKQCD Collaboration, Phys. Lett. B
642, 244 (2006)].

()’

f./f,=0.078

e In 2001, experimental results showed this suppression [JHEP 0106, 067
(2001)].
Jri/ fry < 0.064 MeV.
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QCD Motivation

e A first QCD lattice result from [UKQCD Collaboration, Phys. Lett. B
642, 244 (2006)].

(rym

fo/f.=0.078

e Sum rules [Phys. Rev. D 65, 074013 (2002)], effective chiral
Lagrangians [Phys. Rev. D 56, 221 (1997)] also find strongly
suppressed values for fr,.
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Holographic QCD
A new approach for Hadron Physics
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Holographic Dictionary

e Holographic QCD aims to study the strongly coupled regime of QCD
using gauge/gravity duality

Gluon Sector Space-time dynamics
1 =
-3 Fregs, ]/ w
o g
Flavor Sector Fields
Z 'z{(i“luau - M)ijw]f‘ Lm , X

flavors
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Holographic Gluon Sector

e Gauge invariant Operators in 4D are mapped into fields in 5D

4D : O(z") 5D : ¢zt z)

v mn /B(gs)
™ — 9" (x, z) (Th) = 2795T1"F2
TrF? — D (z, z) Phys.Rev. D86 (2012) 034033

o Action for pure gluon sector: Graviton-dilaton action

1
S = 167G

/d% l9]e 722 (R + 40, @0 ® — V(D))

o Glueballs takes place:

F.Brunner, A. Rebhan — Phys.Lett.B770(2017)124 — 130
K. Hashimoto, C. Tan, S. Terashima — Phys.Rev.D77(2008)086001
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Glueballs spectrum

Holographic Lattice (SU(3) gauge group)
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Holographic Flavour sector

o The holographic dictionary for the flavour sector:
m? = (A =p)(A+p—4)

H 4D: O(xH) \ 5D: p(z#, 2) \ p \ A \ m2 H
qrvttqr | L(zz) |1 3]0
qryt%qr | Ry (z,2) |13 |0

qrqL ‘ 2X (2, 2) ‘0‘ 3 ‘ -3 H

e Action for flavour sector: Karch-Katz-Son-Stephanov (KKSS) model

Sf_/d% lgle™ <I>Tr{|DX| 3|X\2——(L2 + R, )}
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Holographic QCD

o The full system can be described by the action
Ny
Sgra'u == Sg + FCSJC

o Holographic duality conjectures

ZhadronlJ ()] = Zgrav [po(z)] ~ e~ Sorar[9(z:)] ’¢‘>¢o'

e No backreaction: Ny/N, < 1
e QCD Trace anomaly = ®(z) # 0 = Deformed AdS5




Holographic QCD

o The simplest background that simulates confinement is the hard wall
background: a(z) = d(z — 2p) .

J. Sonnenschein — hep — th/0009146

Many manifestations The suppression of the decay consta 03/05/2018 17 / 47



Light-Front Holographic QCD

arXiv:1301.2733 [hep-ph]
Y(x,b) - ((2) S. Brodsky, G. Teramond

C=+/x(1- X)_b-% -~ z DCSB is implemented in

a nonstandard way

— X
b,
(1 —-x) The decay constants of the excited
o(0) states do not vanishes in the chiral
W06 &) = e /X1 = %) o finit
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Holographic QCD

o We consider the flavor action in the hard wall background

Sf_/d%« |g|Tr{|DX| —3]X|2——(L2 + R, )}

DX = 0 X — il X +iX R,
Ly = OmLy — 3L — i [Lm, Ln] L < R.

e Vacuum structure: L, = Ryn =0
1 3 3
az 738;,;X0 +75X0:O — U(Z):QXOZMZ+EZ
z z

Da Rold and Pomarol - Nucl. Phys. B721 (2005), pp. 79-97
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Holographic QCD

o The fluctuations around the vacuum give the mesons
X (‘r7 Z) _ eiwa(a:,z)t“XO ($’ Z) eiw“(:c,z)t“
o Similarly to QCD, we construct the 5D vector and axial vector fields.

Vi@, 2) = R (v, 2) + Ly (z,2), Ay(z,2) = Rj(z,2) — Li(z, 2)
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Holographic QCD

o Using the fluctuations and expanding the flavour action, we have
S=8y+5 +53+...,

e We focus in Sy for the SU(Ny)
1 Ty m
Sy = /d5x |g|{ — @agmag,m + T(Bmﬂ-a — AN (O — AmJ))}.

T
2

Umn = OmAn — OpAm, Te({T% XoH{T?, Xo}) =

o Let us separate the action S5 in the 4d and z parts, using

a L,a a




Holographic QCD

e The gauge symmetry of the action allow us to write
AL = AT AL —0.4%, Tt — 7

o The Kaluza-Klein expansion

A(w,2) = g5 Y a®"(2) AV (),

n=0

m(2,2) = g5 D m(2)F(x), ¢(x,2) =g5 Y 6V (2)F ().
n=0 n=0

o The gauge-invariant excitations, like mesons, are performed
holographically as 5D normalizable modes of bulk fields.
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Holographic QCD

o This way, the pseudoscalar part of the action S becomes

Z /d4 Aanm(a Aan)(ayﬁ_am)_ Manmﬁ_anﬁ_am}

n,m=0

o where the coefficients are
dz am
sz = [ oo @06 )

+ BUE) " (2) = o ()T (2) — ¢“’m(2)]} :
M™M= %ﬁ%‘(@[@ﬂ“’"][@ﬂ“’m]-

o where we have defined

o = L1y




Holographic QCD

e In order to obtain standard kinetic terms we impose

AL § NS — 2,

o The above conditions lead to equations

BE(Z) (ram () _ gon(a)] = —o, [iazqﬁ“’”(z)] :

z
LY (2) 0,7 (2) = m%a,nﬁzqﬁ“’"(z).

o The mass spectrum of the axial and pseudoscalar mesons can be
obtained using

— Lan _
z=e = T |z:5 =0,

¢a,n

az(ﬁa’n’z:zg = azﬂam’z:zo =0.
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Holographic QCD

e To solve it, we use the following conditions for normalized modes

a,n a,n
T e =0, O, ,=p, =0

Dppy T -

Do, T2

(.'ﬁlv T

Po, MO T
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Holographic QCD

e To solve it, we use the following conditions for normalized modes

Doy T qn =

(,02. e G

@1, T+ gf

PosTo T g

o The eigenvalues

Many manif

a,n a,n
T e =0, O, ,=p, =0

= 7?722'1
= g

2
= —Mza
1

= 71n_?r[c; 0N7|'a'nlyfk — 0 W(L,n |~76 _ O
z=

are identified as the hadronic masses
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Pion spectrum

o The pions are identified by

V2
o The equations for normalized modes takes the form
z 1
P o) - o0 = -0 [ 10.07)|
z z
B(z) 07" (2) =

= m2.0.¢"(2).

o where
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Pion spectrum

e Solving numerically these equations we obtain

5 : :
n=23
L R
— n=2
= B3
=
= n=1
=2 I
Lr n=>0 7
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Pion spectrum

e Solving numerically these equations we obtain

5 . .
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= n=2
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=2k n
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Pion spectrum

e Solving numerically these equations we obtain

ot

Mgn = mgn + an'my

Mgn [N[ eV ]

2
h | | | | | | | -]n,ﬂ_ oK m q
40 80 120 160 200

114 MeV]
Gell-Mann-Oakes Renner
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Holographic decay constants

e Variating the action §.52, we obtain the surface term

5 = [ ate [(8,) (V) _, + () (043) _ + () (57

e where the vev’s (holographic currents) are

B 1
@) = Phlee=—— (Vigli) _ .
g5 Z=€
P 2p 1 Zph
(ha(@) = Piilee=—— (Viglaz) _,
g5 z=¢€

(ra(@) = Poleme = [VIgITR (9°m, — 47)]




Holographic decay constants

o Using the Kaluza-Klein expansion in the axial and vector holographic
currents

rala) = =3 [FE g qun)] o)

n=0 zZ=€

[e.e]
<Jz,a(x)> - ZgAaﬂLAa Z fﬂ"a nauAan )
n=0
o The constants are defined as

%mz[lawwﬂ , ﬁmz—[1@WW4 .

gsz g5z
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Holographic decay constants

o These constants are precisely the decay constants
(175 ()| AP™ (D, X)) = gaeme 7€l (p, \)3™,
(0174 @) 7™ (p)) = frome PTG,
o After some manipulations, we obtain the PCAC relation
(ra()) = Ol T} o ()

o This way, we find the following relation

rotin == |2 men)| ) o

Sam
g5z

zZ=€
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Holographic decay constants

e By comparing with the relation found by C. Roberts and et.
fﬁa,nmia,n = qupﬂ.a,n

o We find a holographic expression for the p-function

pﬂa,n:—zlmq [ﬁggnav"(z)] (2) = Bun(2)

zZ=€
e Remember that, authors showed that
Pram < 00  chiral limit

e And, as consequence,

fram =0, n>1 chiral limit
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Holographic p-function

o Numerical results for the

eV?]

1
X

Prn [C

p-function in Holographic model
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Holographic p-function

o We also found the p-function, for the excited states, as function of
mass in the chiral limit.

2.00 ‘ ‘ | 7
L /|
-~ ’/
240 |- = b/‘;é .
L // 4
’
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The function pZn, defined in Eq. (1.5), for the first
six excited states. The dashed line is a fit to the discrete
eigenvalues.
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Holographic decay constants

o Finally, the behavior of the decay constant

9.0 T T

~1
ot
T

The decay constant scale as

6.0 | ‘
| frn ~mg, n>1

Fan [MeV)
.
o
I

3.0

My [MeV]

FIG. 4. Quark mass dependence of frn.
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Holographic QCD

Dyson-Shwinger Equations

2
Srenmign = 2mg Prn
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Holographic QCD

Dyson-Shwinger Equations

2
Srenmign = 2mg Prn

l

Prn is finite by dynamical chiral SB
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Holographic QCD

Dyson-Shwinger Equations

2
Srenmign = 2mg Prn

l

Prn is finite by dynamical chiral SB

l

0# M., >M; (assumption)
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Holographic QCD

Dyson-Shwinger Equations
Frnmin = 2img Prn

l

Prn is finite by dynamical chiral SB

l

0# M., >M; (assumption)

l

fgﬂ =0. Yn>1
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Holographic QCD

Dyson-Shwinger Equations Holographic QCD
2 2 1 1 a,n
frenmin = 2my Prn frammpan = — [— (7) B(z)I1* (z)}

g5 \ =
l

Prn is finite by dynamical chiral SB

l

> My,  (assumption)

l

fgﬂ =0. Yn>1

z2=€

0 # M,

n>0

Many manifestations The suppression of the decay consta



Holographic QCD

Dyson-Shwinger Equations Holographic QCD

fanmin = 2my Prn FraminZan = — [gir (%) B(z)l_[a"n(z)}

| l,.

p2,. has been finite in the chiral limit

0 )3/2

0 _ 4
pTrn — (Tn‘?Tn

z2=€

Prn is finite by dynamical chiral SB

l

> My,  (assumption)

l

fgﬂ =0. Yn>1

0 # M,

n>0
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Holographic QCD

Dyson-Shwinger Equations Holographic QCD
2 2 1 1 a,n
frenmin = 2my Prn frammpan = — [— (7) B(z)I1* (z)}
g5 = z=€

l !

o i finite by dynamical chical SB p2,. has been finite in the chiral limit
TR lynamical cora

P = (ml)*?

l l

Numerically, we have shown

0# My ., > M,  (assumption)

l Magn — -m?rn + anig

n>0

fr? =0. Yn>1
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Holographic QCD

Dyson-Shwinger Equations
Frnmin = 2img Prn

l

Prn is finite by dynamical chiral SB

l

> My,  (assumption)

l

fr? =0. Yn>1

0 # M,

n>0

frammipan = — [i (l) ;5’(2)1_[&"“(2)}

Holographic QCD

z

l

gs

z2=€

p2,. has been finite in the chiral limit

P = (ml)*?

l

Numerically, we have shown

Magn — -m?rn + anig

l

fﬂ-?t =0 forn 2 1
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Holographic Conclusions

e Holographic provides a new way to study the hadron physics.

o We have found a generalized GOR relation from holography, where the
p,, function has a simple form.

o Our results show that the following relation is valid, in the chiral limit
My, < My, oo 7 0

o We have shown, from holography, that the p,, function is finite in the

0 )3/2

chiral limit and scale as (mﬂn

o This leads us to conclude that all the decay constant vanish in the
chiral limit, for excited states.
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