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S = Einstein− dilaton [Glue] + DBI [Flavor]
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OUTLINE

➣ V-hQCD: hQCD in the Veneziano limit
● hQCD (Einstein-dilaton → Glue)
● Flavor (← DBI), χSB (tachyon condensation)
● V-hQCD. Phase structure            : χSB, conformal window...

➣ Computing the Spectrum
● Action, vacuum solution, DoFs.
● Sectors (mixing)
● Some numerical results! ! ! !

➣ Outlook & To do

(x = Nc/Nf )



★  iHQCD [Gursoy et al’07]

◆ 5d Holographic model ∼ large Nc YM (Glue)
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● Dilaton Potential V(λ) fixes dynamics:

V (λ)

�
UV (λ → 0) : V (λ) ∼ 12

l2
(1 + v1 λ+ v2 λ

2)
2-loop YM β-function 

gab → AdS5(l)

does the job ✔

IR (λ → ∞) :
Confinement
(& Linear spectrum)

V (λ) ∼ λ4/3 (log λ)4/3

m2
n ∝ n



◆ iHQCD models nicely the glue sector

● V(λ): UV Asymptotic freedom → IR confinement

● Realistic (linear) glueball spectrum. Fits well to lattice data

● Generalization to T≠0
∃ TC → deconfinement phase transition
Good fit to lattice data

. . .  what about flavor ?

Fix potential V(λ)
(numerically)

Integrate EoMs
5d geometry:



★  Adding flavor [Casero et al’07]

Aµ
R ∼ ψ̄R σµ ψR

Aµ
L ∼ ψ̄L σµ ψL

D4
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Flavor Sector

T ∼ ψ̄R ψL
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SDBI =

�
drd4x

Nc

λ
Str

�
V (T )

��
− det

�
gµν +D{µT †Dν}T + FL

µν

�
+
�

− det
�
gµν +D{µT †Dν}T + FR

µν

���

V (T ) = Tp e
− 1

Nf
Tr(T T †)

DT ≡ ∂µT − iTAL + iART , DT † ≡ ∂µT
† − iALT † + iT †AR

[Sen’03]
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◆              Quenched FLAVOR.  χSB through TACHYON Condensation
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UVIR

r = 0

in a confining background: T = τ INf
with all mq equal →

Nf � Nc

The tachyon condenses  ➡ U(Nf )L × U(Nf )R −→ U(Nf )V

AdS/QCD models or non-critical string constructions (N = 1 theories with space-time

filling brane-antibrane flavors have been discussed in [24, 19, 25] and N = 0 in [19, 10]).

In the spectrum of stacks of overlapping brane-antibrane pairs there is a tachyonic,

complex scalar, open string mode, which transforms in the bifundamental representation

of the U(Nf )L × U(Nf )R flavor symmetry group supported by the brane-antibrane pairs.

As we argued in the introduction, we can in general associate chiral symmetry breaking

to a vacuum expectation value for this field. Near the UV region (in our coordinates this

is around z = 0), the tachyon’s vev vanishes and the full U(Nf )L × U(Nf )R is present, as

in the lagrangian of massless QCD. As we approach the IR, we prove in section 3.2 that if

the theory is confining the tachyon must acquire a non-trivial vev, breaking the symmetry

to its diagonal U(Nf )V subgroup, (see also section 2.2). Concretely, we show that the

vev reaches infinity at a finite distance in the bulk, a point that we denote by zIR. In a

sense, this process can be thought of as brane-antibrane recombination. In the minimal

construction that we consider in the rest of this paper, zIR coincides with the end of space.

Figure 1 presents a general profile for the tachyon in the setup we just described.

Z!0 Z!ZIR

Τ

UV

Figure 1: A scheme of the setup. Generically, the tachyon vanishes in the UV where one has a
stack of brane-antibrane pairs. In the IR, it diverges and the brane-antibrane pairs end smoothly.
Here τ stands for the modulus of the tachyon field.

For the present discussion, it will be very important to consider the completion of

the world-volume action of the brane-antibrane system to include also the couplings to

the open string tachyon. As usual, this action is composed of a Dirac-Born-Infeld and a

Wess-Zumino term. In the rest of this section and in section 4, we study the physics of the

DBI piece, which yields the vacuum of the configuration and the meson mass spectrum.

The WZ part will be studied in section 3. From it, we derive the holographic description

of the parity and charge conjugation symmetries, the global anomalies, and a holographic

Coleman-Witten theorem.

2.1 The degrees of freedom: a minimal setup

As proposed in [26, 27], the semiclassical action for a Dp-Dp system which includes the

physics of the open string tachyon is a generalization of the usual Dirac-Born-Infeld action

– 6 –

IR

τUV ∼ mq r + σ r3

σ = σ(mq) �= 0

● (Nf)2 Goldstone Bosons (Pions)

● Linear spectrum (some sectors)

● GOR: m2
π = −2

mq

f2
π

σNf � Nc
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− xVf (λ, T )
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det (gab + (λ, T )∂aT ∂bT )
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V-hQCD:

FlavorGlue

Vf (λ, T ) = Vf0(λ) e
−a(λ)T 2

Vg(λ) as before.● Potentials:

�
UV (λ → 0) :

IR (λ → ∞) :

Vf (λ, T )

β-functions, BZ fixed point (x∼11/2)

τUV ∼ mq r + σ r3

Confinement, T→∞ at IR singularity



V-hQCD: vacuum solution → Phase structure

mq = 0

x = 0 xc 11/2

● Confinement
● χSB

3.7 � xc � 4.2
Conformal Window:
∃ IR Fixed Point

UV IR

T

T=0

β λ

UV IR

β λ

UV IR

‘walking’ IR fixed point
β λ

UV IR

IR singularity



V-hQCD: vacuum solution → Phase structure

mq = 0

x = 0 xc 11/2

● Confinement
● χSB

3.7 � xc � 4.2
Conformal Window:
∃ IR Fixed Point

UV IR

T

T=0

β λ

UV IR

β λ

UV IR

‘walking’ IR fixed point
β λ

UV IR

IR singularity

● Phase structure agrees w/ expectations for QCD
● Find walking region → technicolor? Let’s compute the spectrum



★  iFluctuations of V-hQCD

S = Sg[gab,λ] + Sf [gab,λ, T, A
L
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S = Sg[gab,λ] + Sf [gab,λ, T, A
L
a , A

R
a ] + SCP−odd◆ 

◆ Vacuum: T = τ(r) INf , gab(r) , λ(r) , A
L
a = AR

b = 0

◆ Degrees of freedom:

● Metric:

● Dilaton (λ): Φ = Φ0 + χ

gMN = g(0)MN + ĝMN , ĝMN dξMdξN = e2As

�
2φ dr2 + 2Âµ dr dx

µ + hµν dx
µ dxν

�
GLUEBALLS

2++

0++

0−+

JPC

MESONS

● Gauge fields:

● Tachyon:

AL
µ −AR

µ , AL
µ +AR

µ

T = (τ + s) eiθ

0++

0−+

JPC

1++
1−−



S = M3N2
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◆ Mass Spectra

Expand

up to O(fluctuation2)

A(i)MN = gMN + ω(λ, T )F (i)
MN +

κ(λ, T )

2
[(DMT )∗(DNT ) + (DNT )∗(DMT )]
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◆ SECTORS

● Scalar mesons (0++, SU(Nf)-sector)

● Pseudoscalar mesons (0-+, SU(Nf)-sector) [pions]

● Axial-vector mesons (1++)

● Vector mesons (1--)

● Spin two glueballs (2++)

● Scalar mesons (0++, U(1)-sector) mix with 0++ Glueballs

● Pseudoscalar mesons (0-+, U(1)-sector) mix with QCD axion (0-+)



◆ Mixing:
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● Pseudoscalar mesons (0-+, U(1)-sector) mix with QCD axion (0-+)



◆ Mixing:

● Scalar mesons (0++, U(1)-sector) mix with 0++ Glueballs

● Pseudoscalar mesons (0-+, U(1)-sector) mix with QCD axion (0-+)

◆ Fields (r, xµ)

T = (τ + s+ saτa) e
iθ+iπaτa

Aµ = (AL
µ −AR

µ )/2 = A⊥
µ +A�

µ , A�
µ = Âµ I/

�
Nf + Ãa

µ τ
a

Vµ = (AL
µ +AR

µ )/2

Tachyon

Vector

Axial-Vector

FLAVOR

ĝMN dξMdξN = e2As

�
2φ dr2 + 2Âµ dr dx

µ + hµν dx
µ dxν

�

Φ = Φ0 + χ

Âµ = ∂µW +A⊥
µ

hµν = 2ηµν ψ + 2∂µ∂νE + 2∂(µV
T
ν) + hTT

µν

Metric

Dilaton

Axion
a

GLUE

ξ = ψ − A�
s

Φ� χ

ζ = ψ − A�
s

τ �
s

SCP−odd



◆ Fields (r, xµ)

◆ Mixing (DBI):

Metric

Dilaton

Axion

a

GLUE

T = (τ + s+ saτa) e
iθ+iπaτa

Aµ = (AL
µ −AR

µ )/2 = A⊥
µ +A�

µ , A�
µ = Âµ I/

�
Nf + Ãa

µ τ
a

Tachyon

Vector
Axial-VectorFLAVOR

● Pseudoscalar mesons (0-+, U(1)-sector) mix with QCD axion (0-+) SCP−odd

SCP−odd ∼
�

d5x
√
g Z(λ)

�
da+Nf

�
V (λ, T ) Â+ θ dV (λ, T )

��2
[↔ QCD U(1)A anomaly]

➥ η’ - QCD axion mixing



◆ Spectrum. Vector mesons
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◆ Results (numerics)

> Tech Specs:

>>Action (vector mesons sector) & potential (‘type II’)

x = xcmq = 0 1−−
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◆ Results (numerics)
x = xc

SV = −xM3N2
c Tr

�
d4x drVf (λ, T )ω(λ, T )

2

�
1

2
g̃

1
2
rrVV + e2Ag̃

− 1
2

rr ∂rVµ∂rV
µ

�

κ(λ) =
κ0

(1 + λ
λ0
)4/3ω(λ, T ) = 1

● Action:

Vf (λ, T ) = (W0 +W1λ+W2λ2)e−a(λ)T 2 a(λ) =
a0 + a1λ+ a2λ2

�
1 + λ

λ0

�4/3● Potential:

mq = 0 1−−



◆ Spectrum. SCALARS (U(1)-sector, 0++)

◆ Results (numerics)

> Tech Specs:

>> 2 coupled ODEs (with page-sized coefficients)

x = xc
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◆ Spectrum. SCALARS (U(1)-sector, 0++)

◆ Results (numerics) x = xc
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◆ Spectrum. SCALARS (U(1)-sector, 0++)

◆ Results (numerics) x = xc
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● EoMs

ξ = ψ − A�
s

Φ� χ

ζ = ψ − A�
s

τ �
s



◆ Walking Technicolor

> For x∼xc Background shows Walking behaviour

>> Solution approaches IR fixed point but misses it



◆ Walking Technicolor
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◆ Walking Technicolor
‘walking’

β λ

UV IR

λ

A

UVIR

◆ Technicolor S-parameter s = 4π d
dq2 (ΠV (q)−ΠA(q))
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• Fluctuations of V-hQCD ✓

• Spectrum & 2-point functions ✓

• Linear spectrum (type I potentials) ✓

• Technicolor: s-parameter ...

★ OUTLOOK & TO DO


