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Prediction of QCD*

The leptonic decay constants of the excited states
of the pion vanish in the chiral limit when

chiral symmeftry is dynamically broken

*A. Holl, A. Krassnigg and C. D. Roberts, Phys. Rev. C 70, 042203 (2004)



Prediction®

Based on an exact, generalized Gell-Mann-Oakes-Renner relationship:
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— gauge-invariant residues at the pole P? = —m?2,

iINn the axial-vector and pseudoscalar vertex functions

f?rn

— given in terms of the Bethe-Salpeter wavefunction Xr»n (P q)

Mg & Pqn:€ach is scale dependent, buf
productis RG invariant

* A. Holl, A. Krassnigg and C. D. Roberts, Phys. Rev. C 70, 042203 (2004)



Key role of Ward-Takahashi identity
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Ward-Takahashi identity:
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U.V. behavior QCD, integrals are cutoff independent and therefore

p (§) = lim P ({) <o, Vn

m—0
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For the ground-state pion, DCSB implies

1 GOR relationship
7 (qa) = fromze =2m,|(qq)]

Pr0 =

For the excited states n > ()

Im Chiral limit :
q Prm 0. := lim fan =0

mq—0




Physics Letters B 642 (2006) 244-247

The decay constant of the first excited pion from lattice QCD

UKQCD Collaboration
C. McNeile **, C. Michael
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Fig. 2. Ratio of the decay constants of the first excited to ground state light
pseudo-scalar meson as a function of the pion mass squared. The horizontal
line is the experimental upper limit from Diehl and Hiller [8].



Progress of Theoretical Physics, Vol. 119, No. 4, April 2008
1’ Meson from Two Flavor Dynamical Domain Wall Fermions

Koichi HasuiMoTo!2 and Taku IzuBucHI!#
(for the RBC Collaboration)
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FIG. 5 (color online).

PHYSICAL REVIEW D 90, 014511 (2014)

Decay constants of the pion and its excitations on the lattice

Ekaterina V. Mastropas,l and David G. Richards’

(Hadron Spectrum Collaboration)

Pion excitations

Ratios of the excited-state decay con-
stants f, to the ground-state decay constant f, for the first three
pion excitations (N = 1,2, 3), using the unimproved current.
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FIG. 6 (color online).

A 702 MeV
- e 524 MeV .
i a = 391 MeV
If }
.}
A
N=] N=2 N=3

Pion excitations

Ratios of the excited-state decay con-

stants f, tothe ground-state decay constant f, for the first three
pion excitations (N = 1, 2, 3), using the improved current.




Light-front holography*

Mass spectrum Leptonic decay constants
L+J
M?, = 4k? (n+—>
nJ | 2 M = h% d:r\/:r 1 —z) f(x,m1, ma)
2 9
+ /dI(n;l + 177i21,>f2(1?.mlrm'z) ’
0

f(z,my,mg) = N z% (1 — x)*2

a1, g parameters fixed to get consistency with QCD

* Brodsky, de Teramond, Dosh
Brantz, Gutsche, Lyubovitskij, Schmidt, Vega



PHYSICAL REVIEW D 82, 074022 (2010)

Light and heavy mesons in a soft-wall holographic approach

Tanja Branz,' Thomas Gutsche,' Valery E. Lyubovitskij,""* Ivan Schmidt,” and Alfredo Vega®

Masses of light mesons.

Meson n L S Mass [MeV]

- 0 0,123 0 M 140 = 140 My ams) = 1355 M, 60 = 1777 M, = 2099
aw 0,1,2,3 0 0 M1r(|40) = 140 M"(Bm) 1355 M,;“sm) = 1777 Mﬂ(4s) = 2099
K 0 0,],2,3 0 M]( = 495 MK|(|270) - ]505 MIQ(ITIO) - |90] M}(J - 2207
y 0,1,23 0 0 M5 = 544 M 05 = 1552 M 35 = 1946 M a5 = 2248
folain] 0,1,23 1 I Mpg,=1114 Mg, = 1600 M ) = 1952 M; (4 = 2244
fo[S'S] 0,1.2,3 | | Mfo(lp) == 1304 Mfo(’[’) 1762 Mfo(3p) - 2093 Mf()(“P’ == 2372
ao(980) 0,1,23 1 I Mgy = 1114 M, 0p) = 1600 M,y = 1952 M, ap) = 2372
p(770) 0,1,2,3 O | Mp(770) - 804 Mp('|450) - 1565 Mp(l700) ]9‘42 Mp(4s) - 2240
p(770) 0 0,1,2,3 1 Mp(-]-]()) = 804 Ma (1320) — = 1565 Mp3(1690) 1942 Ma‘(2040) = 2240
w(782) 0,1,2,3 0 1 Mw(782) = 804 Mw(l420) = 1565 Mw(1650) 1942 Mw(43) = 2240
»(782) 0 0,123 1 M ,50) = 804 Mpmo) = 1565 My er0 = 1942 M, ooso) = 2240
$(1020) 0,123 0 | My = 1019 Mgy, = 1818 Mg = 2170 Mgy = 2447
01(1260) 0,1,2,3 1 1 Ma (1p) = = 1358 Mal(zp) 1779 M0|(3P) = 2101 Ma|(4P' = 2375

mi1 = meo = 0 * fﬂ-n#o, n > 0



Qur calculation

— hard-wall holographic model*

AdS spacetime: (x,z) = (x°, 2", 2%, x°, 2

1 | 1
ds? = — (nwdx“da:” — sz) , 0<2z2<z2y, 2o

v AQCD

AdS/CFT: correspondence operators O(x) of 4-d field theory
and fields ¢(x, z) 5-d AdS space

*J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005)
L. Da Rold and A. Pomarol, Nucl. Phys. B 721, 79 (2005)
H. R. Grigoryan and A. V. Radyushkin, Phys. Rev. D 76, 115007 (2007)



QCD:

SU2)r, x SU(2)r Flavor symmetry + DCSB

r

J¢, = qryetan, T, = drt®ar

Oz) =< _
dRrR4L

\

Gauge fields + scalar fields

LY (x,z), R; (x,z
= e B



Lagrangian density

S:/d5x g| Tr [ (D™ X)"(D,, X) + 3| X|?

D,.,X = 0,X—1L,,X+1XR,,
X — eiwataXO e’iﬂ'ata
_ 2 3 m, 0
XO—CMZ—I—ZZ M:(O md), > =

1

L™ Lyn + R Ry
4g2 ( )

Free parameters:
<0

Mg = My, = Mg

Oq = Oy = 0¢

-
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E

27



Spectrum of mesons and
Holographic currents

— Expand action up to quadratic terms in fields
— Make Kaluza-Klein expansion of fields

— Vary action to obtain
- equations of motion

- holographic currents

— Solve equations of motion imposing appropriate b.c.



Quark mass dependence of the pion masses
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Holographic currents

i) = Y |owne)| v
(Jy(z)) = Z ngzﬁza”(z) +Z[%—Zﬁz¢ ] ot a"™(x)
ousi@) = - |2, "<z>} it (ome )
n—>0 z=¢€ 5 | Mg + CZ
o 127
95 = N.

From these, one can identity

— the leptonic decay constants
— a generalized GOR relationship



Leptonic Decay Constants

gyn = g%@v”(z) (O]JE(0) [V (D, A)) = €(p, N gy
5 1=

gan = g%zaza”(Z) . (0]J%(0)|An (p, ) = €*(p, N)gan
I A o

fro = 752 % (01.75(0) | (p)) = ip™ fron




Generalized GOR relationship

From

(1) (i) i[iaza%z)]z +Z[—az¢ ] Rt

(2) 9u(J4(x))

B Z [ . L_e fn(7)

taking divergence of the (1) and using e.o.m.

O*7"(x) + mi. 7" (z) =0

7T7’L

and comparing with (2), obtain

2 1 [B(2)

frnmZ, = —— | 220 (2)| = 2my pen
|| =2m,
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pon = lim prn = finite
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The leptonic decay constants of pion’s excited states
vanish in the chiral limit when DCSB
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Comparison with Experiment

Qur results

| 0 1 2 3
frn (MeV)| 92.4 1.68 1.34 1.16

Experiment

fr1 <0.064 fr0 =5.91 MeV



Why does light-front holography tail
IN this case<¢



Light-front holography
— plon wave function

(@, (P, P1))

_Z/ dx,d kJ_: K[/n/h(xuk_l_la Ai)
n,Aj

x |n:x;iP¥,xi Py +kii,Ai)

o T—

S/ From Zee's book

Fock-space state of the pion fruncated to a quark-antiguark pair
— but Goldstone boson is a very collective state



Conclusions & Perspectives

— obtained agreement with QCD
— consistent with experimental bound for fx:

— but need to improve mass spectrum

Next: use of a soft-wall model



