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Introduction
[ 1o}

QCD at low energies

QCD has a very simple Lagrangian

1 , o
Lqcp = *@TV[F;WF” 1+ zf:‘Jf(”YﬂD” — mf)qr

Asymptotic freedom —> Perturbative methods fail at low energies
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Introduction
oe

Meson-meson scattering

Degenerate mesens pions
M, = Mx = Mp = M, J

v

7 scattering channels J
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Large N limit

Large N (N. — oo, Nf = const) keeps non-perturbative features of QCD
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We can characterize the N, and Nf scaling of diagrams at large N,
@ Color loops ~ Nc
@ Vertex ~ g ~ N2

C

@ Internal quark loops ~ Nf
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Large N (N. — oo, Nf = const) keeps non-perturbative features of QCD

We can characterize the N, and Nf scaling of diagrams at large N,

@ Color loops ~ Nc
@ Vertex ~ g ~ N;1/2

@ Internal quark loops ~ Nf

Single pion:

= +  bg'NZNe  + O(NZY)
= b
a, b ~ O(1) constants
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Large Nc
(o] J

Scattering at large N

c,d,e, f ~ O(1) constants

Two pions:
D= C2 + + . =C2Hd+ONT
C= + + .. =elNc+ N+ O(N )
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Scattering amplitude in the SS and AA channels:
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c c c observables
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ChPT
@00

Chiral Perturbation Theory (ChPT)

ChPT describes QCD in terms of pseudo-Goldstone bosons (pions)

R vart VaK' V2D
\}/55 — Ve 0 7o e 0 +
m -+ =+ — V2K V2D
(b = \/in \[\2/;0 \/6 2mo Te \/§D+ (Nf = 4)
AT
V2D" VaD~ vap;
G
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Chiral Perturbation Theory (ChPT)

ChPT describes QCD in terms of pseudo-Goldstone bosons (pions)

c 0
Tt e Vot VAK® V2D
V2r~ 0y g T V2K° V2Dt
(b = \/EK— \/*\2/;0 \/6 210 Ne \/§D+ (Nf = 4)
AT
V2D" VaD~ VT
NG

Most general lagrangian with QCD symmetries

=
F2 |—u> : ; ) F2 ~ O(N,)
£ = - Tr[9,U0"U 1+ Bt 44U (2 LECs) Bo. M. ~ O(1)

L4 = ZL,-O,- Li ~ O(N.) or O(1) (13 LECs)

Jorge Baeza-Ballesteros New Talents Session - 16th June 2024 6 /12



ChPT at large N,

The 7’ needs to be included

M2, — M2 4 2Nthop F2~O(N.)

> MT( + [Witten—Venecia no]
} large N, o
T g c

Large N. or U(Nf) ChPT [Kaiser, Leutwyler 2000]:
@ Include 7’ in pion matrix

Pl = Hlsuy +17'1
@ Leutwyler counting scheme

O(mg) ~ O(Mz) ~ O(K*) ~ O(N:™)
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7 scattering in ChPT

M-aSS — M2 1 Mo — 4 = +i
w0 167F2 }(X N w0 167F2 J N.
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7 scattering in ChPT

7 scattering at LO in ChPT [Weinberg 1979] kcotdp = i T
M2 1 M2 1
M, SO ™ = M, AA _ T L
0 167 F2 } TN o =tz |C TN

w scattering at NNLO in large N. ChPT [JBB et al. 2022]

M2
Mqag> ™ = + fss aa(My, Fr, Lss aa, KSS,AA)J

167 F2
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7 scattering in ChPT

7 scattering at LO in ChPT [Weinberg 1979] kcotdp = i T
M2 1 M2 1
M, SO ™ = M, AA _ T L
0 167 F2 } TN o =tz |C TN

w scattering at NNLO in large N. ChPT [JBB et al. 2022]

M2
Mqag> ™ = + fss aa(My, Fr, Lss aa, KSS,AA)J

167 F2
L N Lss = NeL© + Net) — +O(N)
arge N, —VLAA =N.LO 4+ /Vngl) + +O(N 1)
—_—

Same sign
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Lattice QCD
000

QCD in the lattice

Lattice QCD is a first-principles approach to the strong interaction

¢ = quark, gluons

(Ol¢]) = /'D¢ e®l10[¢] S[#] = QCD action
O|¢] = observable
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Lattice QCD
000

QCD in the lattice

Lattice QCD is a first-principles approach to the strong interaction

¢ = quark, gluons

(Ol¢]) = /D¢ e I O[g)] S[#] = QCD action
O|¢] = observable

Finite, discretized
spacetime J

+ L

Monte-Carlo
methods J

Allows to simulate QCD for varying N., M, ...
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Lattice QCD
(o] le]

Meson-meson scattering in the lattice

Particle scattering cannot be directly studied in the lattice

Scattering Lattice QCD

Real-time process Euclidean time

Infinite volume Finite volume
Asymptotic states Stationary states
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(o] le]

Meson-meson scattering in the lattice

Particle scattering can be indirectly studied in the lattice

Scattering Lattice QCD
Real-time process Euclidean time
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Asymptotic states Stationary states
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Quantization
condition (QC) Ei(L)
Infinite-volume — Eo(L)

scattering amplitudes Finite-volume spectrum
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Lattice QCD
(o] le]

Meson-meson scattering in the lattice

Particle scattering can be indirectly studied in the lattice
—— B

Quantization
condition (QC) Ei(L)

Infinite-volume — Eo(L)

scattering amplitudes Finite-volume spectrum

Two particles in s-wave:

2 kL Low 47a
kcotdg= ——ZP ([ — ) | —— % F —2m= — =0
0 yLr1/27700 (27r) J energies m M, L3 +
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Fit to

Lattice QCD
[oe] )

large N. ChPT

Chiral and N fit of both channels to U(4) ChPT [JBB et al. 2022],

(AEa/ M) (M LY€ (AEss/ M) (ML)~

Lgr = LON, + Lg) +

SS channel

AA channel

mi [* N=3 Y N-1 ® N5 A N=§
60 (} T TAL §L
]

of b 3 o fTﬂriii
140 Bl L e
—40 jLJ{* i+ ' T

7J'§T | 4T e T
50} o -

S cSsssss=ssz=:=s53:s¢<

Ensemble

_—
Decreasing £ = M2 /(47 Fy)?

Lss aa

c
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Conclusions
o

Summary and outlook

We can study the non-perturbative regime of QCD
combining the large N, limit, ChPT and lattice QCD J

We are studying the large N, scaling of scattering observables

We have found large subleading N, effects
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We have found large subleading N, effects

Ongoing work: possible tetraquark resonance in AA channel

Thank you for your attention!

Jorge Baeza-Ballesteros New Talents Session - 16th June 2024



	Introduction
	Large Nc
	Chiral Perturbation Theory
	Lattice QCD
	Conclusions

