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Bethe-Salpeter equation

Main framework for computing properties of the pion and other mesons
is provided by the Bethe-Salpeter equation

@ Describes the formation of bound states (mesons) using as ingredient the
fundamental Green’s functions of QCD
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It should be combined with the Schwinger-Dyson equation describing the
full quark and gluon propagator and the complete quark-gluon vertex

I. C. Cloet and C. D. Roberts, Prog. Part. Nucl. Phys,77, 1 (2014)
G. Eichmann, I. C. Cloet, R. Alkofer, A. Krassnigg and C. D. Roberts, Phys. Rev. C79, 012202 (2009)



Four quark kernel interaction

The key ingredient is the four quark kernel interaction




Rainbow-ladder approximation

The four quark kernel is approximated by the dressed gluon
exchange with bare quark-gluon vertices

K — O C(¢*) Ladder

A (4?) = Pu(9)C(q%)
PW(Q) = lguv - q,;(zb]

K = ¢°v" P (q)Clq)7"

Maris, Tandy PRC 60 (1999);
Maris and Roberts Int. J. Mod. Phys. E12, 297 (2003)




The quark propagator should be obtained _

using the same approximation

rainbow




Phenomenological Ansatz for the gluon propagator

82 1 f? 872 m (¢°)
C(q>) = —De T/ + F(q?)
Lw* ! J | In[7 + (1 + ¢?/A¢ cp)’] ]
IR uv

"r(q2> =[1- 6_q2/4m%]/q2 2] )
r=¢e>—1 10- )
m = 12/(33 — Ny) < N I(q?) = ¢°C(¢°) /4T
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Qin, Chang, Liu, Roberts and Wilson, Phys. Rev. C 84, 042202 (2011) q1GeV]
Maris, Tandy PRC 60 (1999); Maris and Roberts Int. J. Mod. Phys. E12, 297 (2003)



v" The rainbow ladder is accurate for describing ground state
properties such as masses and decay constants of the vector and
pseudo-scalar mesons composed by light quarks.

X Not so good for scalar, axial-vector, excited states or exotics.
Neither for mesons composed by light-heavy mesons such: D mesons
and B mesons.

S. x. Qin, L. Chang, Y. x. Liu, C. D. Roberts and D. J. Wilson, Phys. Rev. C85, 035202 (2012)
G. Eichmann, R. Alkofer, I. C. Cloet, A. Krassnigg and C. D. Roberts, Phys. Rev. C 77, 042202 (2008)



Dressing up the quark-gluon vertex

Improving the structure of quark-gluon vertex

r,=T79+T;M

Voo

Abelian Anomalous
chromomagnetic
moment

vertex

Do(hp) = SO oy BLEPE L1y - ) B2 4 500) - B3 |

The Ball-Chiu (Abelian) vertex satisfies the Ward identity
BC — o1 —1
q"! u (¢,p1,02) = S™ (p1) — 5™ (p2)

Ball, Chiu PRD 22 (1980)
Qin, Chang, Liu, Roberts and Wilson, PRC 84 (2011)



Same gluon interaction, C(q2), but with a different set of parameters
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]:(‘12) =[1- 6_q2/4m%]/q2 10—- i
r=¢e¢2-1 ary ]
m =12/(33 = Ny) = Z(q®) = ¢*C(q°) /4m -
Agop = 0.234 GeV S °] -
my = 0.5 GeV 4 4 1
w € [0.4,0.6] GeV ‘ _
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Qin, Chang, Liu, Roberts and Wilson, Phys. Rev. C 84, 042202 (2011) % ¢V
Maris, Roberts, Tandy, PRC 56 (1997); PRC 60 (1999)
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Phenomenological Ansatz for the gluon propagator

87 2 st 8% Ym (q?) 2
C(q*) = —p De™ /" 4 T F(g?)
| - ] | [ + ( +q / QC’D) ]
J Y
IR uv
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Qin, Chang, Liu, Roberts and Wilson, Phys. Rev. C 84, 042202 (2011)
Maris, Roberts, Tandy, PRC 56 (1997); PRC 60 (1999)
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First principle approach

Universal (process-independent) contribution - originates entirely
from the gauge sector

gl G
_ I O )
Pinch
K — QA,LLV (q) Techmque
_ I O \_/
gl” v
Apu/(q2) — P,UV(q)A(QQ) ( ) PU-V( ) ( )

*A(¢?) field theoretic equivalent to C(¢*)

@ The new quark-gluon vertex, f“,satisfies Abelian-like Wis.

q.IT" =S (p1) — S L(p2)

@How to get them? Use the PT algorithm

J. M. Cornwall, JP, PRD 40 (1989)
D. Binosi, JP, Phys. Rept. 479 (2009)



PT algorithm

Separate the tree gluon vertex in two pieces

A

FO{,LLI/ - kg - kl g,uz/ i 2q1/gozu - 2q gow

F%’W _ ku av ku QL

2. The longitudinal momenta trigger elementary Ward identities

kyy' = (k+ pg—m) — (F—m) 51(p)
(0)

cre—1 -1
— —1[5(0) (k+p) — 5(0) ()] Inverse of tree level
quark propagator



3. Rearrangement of the quark gluon vertex

AL

v’ The perturbative behavior of the

4. New effective propagator
bropag new propagator captures the RG logs

All(g?) = :
= + 2 ; q> [1 + bg? In (Z—Z)}
) b=11C4 /4877
5. New Abelian like-vertex qMI‘“ _ —1

RN

vanish on-shell



Generalization to all-orders

O compact all order form for ﬁ(qz) IS given by

2\ _ A(g?)
O iy ater

AN

G(q2) is the Jur component of the two—point function AW(C])

A#V(q) ) /_L{/OL%V + #WV
£ B4 PN A o
O O O

P. A. Grassi, T. Hurth and M. Steinhauser, Annals Phys. 288, 197 (2001)
D. Binosi and JP, Phys. Rev. D 66(R), 025024 (2002)



RG invariant
Interaction strength

@ Due to the fact that the Green’s function obey simple QED-like Wis
71 = 7Z; Zy= 2,7
where, the renormalization constants
g(w?) = Z; (1?)go
A(g?, 1?) = Z3 (1”) Do(q?) -

We have the renormalization-group invariant (RGI) combination

AN

2
oy — 90 A g A __ 2 - independent
= A = A = M - indepe
bla?) = L Rolq?) = LA = dlg?) -

dimensionful
D. Binosi and JP, Phys. Rev. D 66, 025024 (2002) .
A. C. Aguilar, D. Binosi, JP and Rodriguez-Quintero, Phys. Rev. D80, 085018 (2009)
D. Binosi, JP, Phys. Rept. 479 (2009)



Nonperturbative gluon propagator A(qg?)

SDE and lattice simulation agree that the gluon propagator (in the Landau
gauge) saturates in the deep IR

- The gluon propagator can be
6- e s popagater parametrized (Euclidean space) by
—1,.2 2 7(.2 2/ 2
AT (q") =q"J(q") + m~(q”)
Saturation is explained through
gluon mass generation
J. M. Cornwall, Phys. Rev. D26, 1453 (1982).
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A. C. Aguilar, D. Binosi, JP, PRD 89 (2014)



Nonperturbative 1+G

Satisfies its own SDE

C 102 k - g)2
1+G(g) =1 — ‘;g / [2+ (k2q2) ] L (K)D(k+ Q)
1 q
S It S A Ghost propagator
1.0 — F ’
D) = 4

q’[GeV’]

A.C.Aguilar, D. Binosi and J.P, Phys. Rev. D 78, 025010 (2008)
A.C.Aguilar., D. Binosi, JP and J. Rodriguez-Quintero, Phys. Rev. D80, 085018 (2009)
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The u -dependent ingredients
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Forming the u-independent product

as(p) fixed from ghost

14 —u=4.3 and a(n)=0.22 |

s | SPDE - reproduce the

fom ] L eoandanie | lattice data
> ] ' (1) = 0.2
S (i) = 0.30
< s (1) = 0.36
=] ] as(p) = 0.46

5 as(p) = 1.09

h : q2[G1ev21 10 N Olg (,LL) = 92 / 47

Aguilar, Binosi, JP and Rodriguez-Quintero, Phys. Rev. D80, 085018 (2009)



Bottom up (== Top down
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Conclusions

Two QCD-derived central ingredients for hadron phenomenology
iImplemeted through the BSE.

Study the precise incorporation of these ingredients into the gap
equation

d(q°)

(O—>)7" = mo+ ()7 + »—ch:i)*+

I

Estimate the effects of what we are neglecting (not everything is “on-
shell”).

Determine the form factors of the quark-gluon vertex.



Backup slides



Effective charge

At large momenta one may extract a dimensionless quantity

q2
However in the IR the gluon acquires a mass
= oy (g% _ I(¢%)
d(q”) = — 20,2y VST 2
q° + m*(g?) q

Then the effective charge can be defined as

a(q?) = [¢° + m*(¢*)d(q°)
Yields an IR finite effective charge

S

o(0) = m*(0)d(0)



Varying w € [0.4,0.6] GeV but keeping fixed the product
Dw = (0.87)3 GeV?3 produces practically the same phenomenology
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®Varying w € [0.4,0.6] GeV  but keeping fixed the product
Dw = (0.55)2 GeV3 produces practically the same phenomenology
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