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Motivatiovv

v Determine the nonperturbative structure of tﬁree-g[uon vertex is
essential for the understanding the gluon mass generation.

la Key ingredient of the BSE for massless poles,
=9 FT 0 (g7, p) cructal_for the dynamical gluon mass generation
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v, ¢ N;b

D.Binosi and J. Papavassiliou, Phys. Rev. D97, no. 5, 054029 (2018);
A.C.A, D. Binosi and J.Papavassiliou, Phys. Rev. D95, 034017 (2017);
A.C.A, D. Binosi and J.Papavassiliou, Phys. Rev. D78, 025010 (2008);
A.C.A and J.Papavassiliou, JHEP 0612, 012 (2006).



v Not only that, it appears in the nonperturbative skeleton expansion of
others vertices (as the quark-gluon vertex), effective potential, BSE for the

glueballs, fhybrids etc.

A A A A

Quark-gluon vertex B,

q— —

Effective potential glueball



Strong evidences of IR suppression

v' Suppression with respect to its tree-value.

v In the previous examples, it is crucial to use a model for the three-gluon
vertex, f3,(q%), which displays an IR suppreSS|on for a part|cular
Kinematic conflguratloné (symmetric). |

f39(q®) =1 — exp(—q° /w3,

v' Lattice also seems this suppression!

2,

Lattice: _ql + T BSE/DSE

A.Athenodorou, D.Binosi, P. Boucaud, F.De Soto, - Hybrids

J.Papavassiliou, J.Rodriguez-Quintero and , — Vaccum

S.Zafeiropoulos, Phys.Lett.B761, 444 (2016) 2 —_ _ \ ]

A. G. Duarte, O. Oliveira and PJ.Silva, Phys. Rev. D94, o Glueballs

074502 (2016) 001 0.10 1 10 100
¢ [GeV?]

Hybrids:
S.S.Xu, Z.F.Cui, L.Chang, J.Papavassiliou, C.D.Roberts L - val £ W
and H.S.Zong arXiv:1805.06430 [nucl-th]. \éar'mag';q?k!;ytzzcﬁ :gu(;tiongg

probes a different kinematics 4



What is the origin of the IR suppression?

It is the outcome of the competition between the IR contributions
originating from diagrams containing “massless” ghosts diagrams

containing "massive" gluons”
massless ghost propagators

fﬁx fﬁx PAR ’
Ai\}li log-divergences in the infrared

Symmetrzc point:

2 3
q — p =T 3t
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\]
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— — = |
}nassfess fOOPSJ[O massive loops ‘1f % A B=3.9, L=64
rotect F B=4.2, L=32
Runp otecie g Iﬂprotected lbg 2 [v> various 3, L ]
-3 ]
f(()) — — 0 0.61 0.65 o.io 0.50 1
¢ [GeV?]

A.C.A, D.Binosi, D.Ibafez, J.Papavassiliou, Phys. Rev. D 89, no. 8, 085008 (2014)
A.Athenodorou, D.Binosi, P. Boucaud, F.De Soto, J.Papavassiliou, J.Rodriguez-Quintero and

S.Zafeiropoulos, Phys.Lett.B761, 444 (2016)



Despite its physical importance, its nonperturbative behavior is still
only partially known, mainly due to a variety of serious technical

difficulties

1. Rich tensorial structure |leads to a proliferation of form factors:
10 non-transverse tensors — constrained by STI
4 transverse tensors J.s. Ball and T. W. Chiu, Phys. Rev. D 22, 2550 (1980)

2. Form factors depend on three Rinematic variables
The moduli of two momenta, q, r and their relative angle 6. ..., oy

3. Satisfies STIs instead of simple QED-like WIs > contribution of the
ghost sector = gluon-ghost scattering Rernel.

¢°T o (q,7,p) =F(¢)[A (0) P (p) Hapu(p, q,7) — A7 () P (r) Haw (1, ¢, )]

N X
iF(¢*) "\‘H' .
D) = —3 Hann - W L
q P S

Ghost dresssing function g %



Conventional approach. Solve the SDE for the three-gluon vertex

ﬁ% P &?_ ?_Q: Q%ﬁ*

R. Alkofer, M.Q. Huber, K. Schwenzer, Eur. Phys. J. C62 , 761 (2009),

G. Eichmann, R. Williams, R. Alkofer, M. Vujinovic,Phys. Rev. D89,105014 (2014)

A. Blum, M.Q. Huber, M. Mitter, L. von Smekal, Phys. Rev. D 89, 061703(R) (2014)

A. K. Cyrol, L. Fister, M. Mitter, J. M. Pawlowski, N. Strodthoff, Phys. Rev. D94, 054005 (2016)
R. Williams, C. S. Fischer, and W.Heupel, Phys. Rev. D 93, no. 3, 034026 (2016)

Instead, we reconstruct ]I’QW from its

Slavnov-Taylor identity (STI)



v" Notice that in the three-gluon vertex, ]Foélw, we have

é < massless ghost loop

- o e (unprotected log)

STy

whereas in the gluon propagator, A(qQ)

7N & massless ghost loop
0% N 2 ML (unprotected log)
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@
v" Therefore the STI connects
¢°Tapn(q,7,0) =F(q)[A™ (p) P (p)Hapn(p, ¢, ) — A7 (r) P (r) Haw (7, ¢, p)]



A sophisticated version of the gauge technique

Prototype: Three-particle vertex of scalar QED v
q
It satisfies the Ward-Takahashi identity % Tu(q,r,p)
—1/.2 —1/..2 AN
¢“U'y(q,m,p) =D "(p7) =D (r") ¢

write the vertex as I'u(q,r,p) = Fb(q, r,p) + FE(q, r,p)

. ' . '
“longitudinal” “transverse”

The longitudinal piece satisfies the WTI

rh(arp) = S - D62

while the transversal part is automatically conserved

¢"T;(q,7,p) =0 > undertermined

But non-perturbative aspects make the construction rather subtle

9



€— M\ assless
excitations

\7'

Fgl/),bl/(q’ T’ p) FEMV(Q7 r? p)

Lo (q,7,p) = Top(a,7,p) + Ty (g, 7, 0)

\ ! i

A™Hg) = ¢*I(g%) + m*(¢%)

Massless trigger Schwinge generates dynamical
{excitati‘ —= mechani ——= gluon m

10



Piece-wise realization of the STI
¢°Tapn(q,7,p) =F(q)[A™ (0) P () Hap(ps g, 7) — A7 (r) P (r)Hew (7, ¢, p)]
Turn off ghost sector
F(q)=1; Hap = gap
qaraw/(% T, p) :[A_l (p)P,ul/ (p) — A™! (T)P/JJV (T)]

/ NP P
IFO&,MV(Q? T) p) — Faul/ <Q7 r? p) —|_ Fa{,tu/(Q7 T? p)

—1/ 2 2 2 27 2
A7 (q%) =q°J(q°) + m~(q”) Thesum
re;oyers the
Piece-wise realization : original STI

0T, (g, 7,p) =[p° T (p°) P (p) — r*J(r*) P (r)]
¢°T%,, (q,7,p) =[m?(p*) Py (p) — m*(r®) Py (1))
Poor (@) Puy (1) Py (p)IE,,(q,7,p) =0
Q Drops out from observables

11



Constructing the three-gluon vertex,

The most general decomposition of the full three-gluon
vertex has 14 tensorial structures.

r,m,u p,n,

It can be separated in “longitudinal” and “transverse” part

I (a,mp) =Tg(a,mp) + T, (¢, p)

v' The transverse part (4 tensorial structures) is automatically
conserved:

T (a.r,p) =0, T8, (q.r,p) =0, p'Te,(q.7p)=0

While the 10 “longitudinal” structures saturate the STI:

¢°T(a,m,p) =F(q)[p*J(p°) P (p) Hap(p, q,7) — r*J(r?) P (1) Haw (7, ¢, )]



Tensorial basis

The most general Lorentz decomposition of the non-
transverse part in the Ball-Chiu basis is

r,m,u
Qv _ QLY
L (q,r,p) = ) Xi(q,r, D)L
1=1
J. S. Ball and T. W. Chiu, Phys. Rev. D 22, 2550 (1980)
where the tensors D. Binosi and J. Papavassiliou, JHEP 1103, 121 (2011)
ap.u (q T)Vga[l- e?xp.u _pVga[l» ) ap,u (q T r)l/ ra _ (q : ’r)gap: b
ap.u (’l" - p)agp,u ecsxp.u ~9aGpv ap.u (T p)a TvPp — (’T' ’ p)gﬂ—V ’
a[_u/ _ (p q)p.gau ecsxl_u/ — = I-LgaV ? ap,y (p q)l-l— paqu T (p : q)gau ?

0, = @TaDu + QuTuPa -

At tree level the form factors reduce to

Xl(Qarap) =1 X4(Q7r7p) =1 X7(Q7rap) =1 Xi(q,r,p) =0

p,n,i

13



Bose Symmetry

® Bose symmetry implies that some form factors are
related to each other by cyclic permutations of the
legs

X4(qa r, p) — Xl(r)pa q) 3 X5(Q7 T,p) — X2(T7p, Q) ’ X6(Q7 r, p) — X3(r)p) q) 3
X7(q1 r, p) — Xl(p7 q, ’l") ) XS(Qa r, p) — XZ(pa Q7T) 3 X9(qa r, p) — X3(p, q, 7') >

As consequence, only 4 out of the 10 form factors
should be determined = X, X, X3 and X,

14



L

Abelianized solution

Turn of the ghost sector > F(¢) =1; Hap = gap

We are “solving”
QFEMV(Q7 r, p) :[pZJ(p2)PMV(p) o TZJ(T2)PHV(T)]

/1
“(¢,7,p) ZX(qrpe"“
Then
Riarn) = 30O @), Kl = LB

X(g,7,p) = %[J(Q) —J()].  Xw(g,rp) =0,

But the full STI has. ..

p)

15



The STI solution

...the gluon-ghost scattering Rernel, H

r
NN
N\i‘ I
) q
Hyu(ﬂapa T) = Rt -+
R
0'1'
l g

T
N
q
Rl
o" B :': v
. O

p g

which has the following Lorentz decomposition

Hyu(Qa P, ’7’) — g;wAl + QuQVAQ + 'ruruA3 + quVA4 + r[thA5 ;

A= A4(@P.7): S form factors (function of two momenta and

the angle between them)

At tree level;

(0) _ 0) :
HD(4,p,7) = g, —> A1 =1 AY=0,fori=1,23,4

16



The STI solution for T ,,(q.r,p)

® Replacing in the STI the tensorial decompositions
for the three-gluon vertex and gluon-ghost
scattering kernel

Huu(Q7p7 r) = g;wAl + quVAQ + T‘MT,,Ag + qM"'uA4 + 'r'uquS )

L (q,r,p) ZX (q,r, p)e;"

!

4Ty (0,7, 0) =F (@) [p* T (0*) P2 (9) Hapu(p, 6, 7) — 72 J (r*) P2 (r) How (7, ¢, )]

We obtain. . .

17



The following expressions for the longitudinal three-gluon
form factors

1
Xi(q,m,p) = 1[2(%@ -+ Gprg) + pz(bqrp -+ brgp) +2(q - Ddprg + 7 - pdpyy)

+ (q2 — Tz)(brpq + bpgr — bgpr — bp'rq)] 3

XQ((LT)p) —
X3(q,r,p) = -+
Xio(g,7m,p) = -~

where
a’Q"‘P EF(T) J(p)Al (p) 'I", Q) )

bary =F(r)J(0)As(P. 7, 0), The longitudinal form factors
dgrp =F (r)J(p)[As(p, 7, q) — As(p, 7, q)] .- may be construct from:

J(p),F(T),Al,Ag and A4

J. S. Ball and T. W. Chiu, Phys. Rev. D 22, 2550 (1980) 18



0.15¢

Ingredients

Solving the dynamical equations for the gluon propagator

O, Ghost loop
+ ’W\‘{.O"’" —> Creates the zero

crossing in J(q)

A_l

Nz

(q) = (van)7t 4

b=

’\/\/{E/W—{—

~ In(¢% + m?)

m2(q2):/K2(Q7kam2aJ)
k

—~v=0

--v=0.1
v=0.2
--v=0.3

15/

[\l e

J

~ In(q®)

J@) =1+ / Ka(q, k, m2, J)
k

19



Ghost dressing function

lllllll T LI LA
Ghost

3.0 o Lattice |

SDE

2.5 4

2.0 1

F(a®)

1.5

1.0

0-5 T lllllll' T IIIIIIII T IIIIIIII T LI B B A T LI B B B )
1E-3 0.01 0.1 1 10 100

q°[GeV’]

I. L. Bogolubsky, et al. PoS LATTICE, 290 (2007).
A. C. A., D. Ibanez, and J. Papavassiliou, Phys.Rev. D87, 114020 (2013).
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Scattering gluon-ghost Rernel

r r
N N
Ni—l_k [
. q q
HI/,M(QJP? T) = Rt + ' -
SV R SV
{ '4" \‘ ,:'
O

.
. .
. .
. .
. .
. .
. .
ad '/

[
N 2
% One-loop dressed
g  approximation {+p / {—q
’ A Y
N W
p/ 7 l
" (")

l Contribution of 2 dressed diagrams

Al, Ag and A4

A.C.A, M. N. Ferreira, C. T. Figueiredo and J. Papavassiliou: Phys. Rev. D99, no. 3, 034026 (2019) o1
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A(q%, p%.0)

1.05 4

13
10"

?

Sizable deviation from
their tree level values!

Ay(g®.p*,0) [GeV

q° [GeV?]

108 10 v [G('-\“u"t

A.C.A, M. N. Ferreira, C. T. Figueiredo and J. Papavassiliou: Phys. Rev. D99, no. 3, 034026 (2019) 55



Xi(q%,1r2,0)

Numerical results for the three-gluon vertex

v' The angular dependence is weak and barely visible in the 3D plots

X1 (q T 6 T O)<_ th?eIattrZitlgvel X2(q27 TQ? 0 = O)

_ tensorial
{ | structure
) 15+ '
3
— 05 NN
O. ::::\ ~.
’.\l' Hn\'\
~ ol X
= [ : )
o~
< -0.5 )
11 »
15 il s i s
10° > > >
10°" < > >0 107"
, 1 -~ T - 1
¢ [GeV?| 10°  10° r? [GeV? 10 10
r? [GeV?] 10°  10° q* [GeV?

A.C.A, M. N. Ferreira, C. T. Figueiredo and J. Papavassiliou: arXiv:1903.01184 [hep-ph]

1073



In the abelian
approximation is
identically zero
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XM (g2, 72, 7/2)

Remark 1:
Suppression is a nonperturbative effect

v Cyan surface is the one-loop
result

v" Nonperturbative result is more
e LT LT | T~ tilted towards the IR = presence
| [ A ) of the crossing
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XU (g2, 2, 7/2)

Remark 2:

® The configuration where g2 =r? is less suppressed then
others configurations
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Comparison with the lattice results

® |n the totally symmetric configuration

r.m,u p.n,i

0 = 120°

¢=r’=p’andq-r=q-p=r-p=—¢°/2.

® Lattice has access to the following combination of form factors
O

Lsym(Q) = X; (Q) — ;X;;(Q) + T‘iyrl }/4(Q)

* In our approach we can not determine the transverse form

factors using the STI, then we will consider in the above
expression T,=0

27



Comparison with the lattice results: Symmetric

1}
0.5]
SN
E 1 R 2 R C e
7 .
~ 2t B . o]
-0.5¢F § Various lattlces_.
| . --y=0.1 .
1 Crossingatq . v = 0.2 :
I “ -—v =0.3 -
_1.5 PP N N N s PR |
0.1 1

Q [GeV]

A.C.A, M. N. Ferreira, C. T. Figueiredo and J. Papavassiliou, 1903.01184 [hep-ph]
Lattice data:

Good agreement

In the IR two sources

of errors:

v' Truncation

v’ Transverse form
factors

Y| @

| |[in MeV]
0 109
0.1 128
0.2 143
0.3 155

A. Athenodorou, D. Binosi, P. Boucaud, F. De Soto, J. Papavassiliou, J. Rodriguez-Quinteros and S. Zafeiropoulos,

Phys. Lett. B 761, 444 (2016).
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In the asymmetric configuration :

r,m,u p, N,

p=0andr = —q |
0=

We have

L*™(q) = X1(¢%, ¢*,7) — ¢° Xa(q*, ¢%, ) .

No transversal contamination!

29



Comparison with the lattice results: Asymmetric

2 —
1 -
= Good agreement!
./ ‘ asym
~ ) R . . | T fo
:;/:’ § Various lattices - fin MeV]
A+ —y =0 ]
_ | cey =01 0 | 180
Crossing at q A gg ' i
P 1 Y=Yl ] 0.2 | 221
0.1 1 03 | 237
q [GeV]

A.C.A, M. N. Ferreira, C. T. Figueiredo and J. Papavassiliou, 1903.01184 [hep-ph]

Lattice data:

A. Athenodorou, D. Binosi, P. Boucaud, F. De Soto, J. Papavassiliou, J. Rodriguez-Quinteros and S. Zafeiropoulos,
Phys. Lett. B 761, 444 (2016).



Conclusions

We have determined the longitudinal form factors of the
three-gluon vertex for general values of the Euclidean
momenta.

STI fixes completely its 10 longitudinal form factors in terms
of the gluon propagator, the ghost dressing function, and the
gluon-ghost scattering kernel.

Due to the Bose symmetry out of 10 form factors we have to
computed only 4.

The form factors of the gluon-ghost scattering kernel have
been computed within the “one-loop dressed" approximation

There is a sizable suppression in the IR caused by the
presence of the massless ghost loops

In agreement with lattice simulations and phenomenological
requirements
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