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Introduction
QCD
Lattice

Quantum Chromo-Dynamics

QCD Lagrangian depends on a few parameters: one coupling, as, and quark masses (m,, my,

ms, me, mp and my).
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Quantum Chromo-Dynamics

QCD Lagrangian depends on a few parameters: one coupling, as, and quark masses (m,, my,
ms, me, mp and my).
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Introduction

Gluon self-coupling

1
Lym==7F"FL 0 Fl = 0,A) = 0,4 — g FAA]
a,a
@ Three-gluon coupling responsible for the main differences between
gluon and photon dynamics. l q

o It is itself a non-perturbative object which can be computed from the
lattice or SDE.

@ Key ingredient for sensible truncations in SDE of quark-gluon or V \r
ghost-gluon vertices, for example.
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Introduction
QCD
Lattice QCD

Lattice formulation

Path integral in imaginary time:

“i°

/ [dUdpdTIO(U, b, §)e S

2 \

dimensionless; lattice spacing a fixed a posteriori.

o Just QCD. @ Finite volume and discretization errors.
@ Regularized per se (A ~ a~1). @ Broken rotational symmetry!

@ Expensive chiral fermions.
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Introduction

Quenched approximation

QCD
Lattice QCD

The role of fermion loops in the path
integral appears as the determinant of
Dirac operator D:

(0) = % /[dU]@(U,w,&)e*ﬂ“)det(o)

Yang-Mills theory already has a rich IR
phenomenology!

F. de Soto

leptons

photon

Higgs boson

weak bosons
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QCD
Lattice QCD

Lattice setups

Exploited quenched gauge field configurations with:

B L*/a* a(fm) confs
56  32% 0.236 2000

48% 0.236 2000 @ Absolute calibration for 5 = 5.8 taken
57 304 0.182 2000 from [S. Necco and R. Sommer, Nucl. Phys.
48* 0.144 500 @ Relative calibrations based in gluon
6.0 32* 0.0906 2000 propagator scaling [Phys. Rev. D 98,
6.2 32*  0.070 2000 114515 (2018)]

6.4 32° 0.054 2000
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Evaluating 3g vertex
b ics and tenso

Three-gluon vertex

rial structur

Computing three-gluon vertex in Landau gauge

Landau gauge
Landau gauge 0,,A7, = 0 fixed numerically, allowing to compute gauge dependent quantities.

@ Gluon propagator:

A (q7) = (A%(9)A(—q)) = 6°°A(q?)

@ Three-gluon vertex:

F2*Goun(q. r,p) = (A2(@)AN(NAS(P) . q+r+p=0
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Evaluating 3g vertex
} cs <

Three-gluon vertex
ics and tenso

rial structure of

Extracting the transversely projected vertex

From the lattice data, we compute the transversely projected vertex, fo‘”"(q, r,p):
G (q,r,p) =&T""(a,r,p) A(®) A(r) A(p?)
which corresponds to the transverse projection of the 1Pl vertex:

" (g.r.p) =" (q,r,p)
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Evaluating 3g vertex
Three-gluon vertex }V Hatl 5 B y

ics and tensorial structur

Extracting the transversely projected vertex

From the lattice data, we compute the transversely projected vertex, fo‘”"(q, r,p):

G (q,r,p) =gl " (q.r.p) A(g%) A(r?) A(p?)

which corresponds to the transverse projection of the 1Pl vertex:

" (g.r.p) =" (q,r,p)

No access to longitudinally coupled terms Ve**(q,r,p) = q*(--- )+ r*(--- )+ p* (--+)

If the 1PI vertex, F***(q, r, p) has longitudinally coupled term V**(q, r, p):

rt(q,r,p) =r*"(q,r,p) + V*"(q,r,p)

we will only access the transverse projection of [“#¥(q, r, p)!
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Evaluating 3g vertex
Kinematics and tensorial structure of
Results

Three-gluon vertex

Tensorial structure of [**(q, r, p)

The Ball-Chiu decomposition of the 1Pl three-gluon vertex has 14 tensors:
éla£2:"'£10: tl:"'t‘l?
with 10 partially longitudinal and 4 transverse tensors.

[Phys. Rev. D22 (1980) 2550]

The transversely projected tensor T (g, r, p) will have at most the contribution of four
independent tensors:

T (g r, p) = TIATHY 4 ToAGH + oA + TAH
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Three-gluon vertex

Kinematics of the three-gluon vertex

—o v

I (q,r,p) depends on three momenta, with g + r + p = 0. The scalar form factors can be
cast in terms of the three squared momenta.

We will write them in terms of g2, r?, p?, with the angles given by:

lq p? 2 _ 2
cosly = ————=—, -~

—q
2\/q?r?
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Evaluating 3g vertex
Kinematics and tensorial structure of
Results

Three-gluon vertex

Kinematics of the three-gluon vertex

—o v

I (q,r,p) depends on three momenta, with g + r + p = 0. The scalar form factors can be

cast in terms of the three squared momenta.

p?
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Evaluating 3g vertex
Kinematics and tensorial structure of
Results

Three-gluon vertex

Kinematics of the three-gluon vertex

Particular cases:

’ Case \ Def. \ 7r \ Tensors ‘
Soft gluon p=0 T hed
Sym. P=r’=p’| = A
r2=0 = Bisectoral q* =r? (0,7) 3
General - 4

2

hd r
p*=0

Symmetric and soft-gluon cases already studied in [Phys.Lett.B 818 (2021) 136352]
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Three-gluon vertex q
& tensorial structure of

Results

Tensor basis

We chose the following basis:

=auv

/\(1”:1/ _ rO :(gau(q_r)t/ _|_g/Lu(r_p)a +gau(p_q)u)

ror A AR
o v 'y o' p'v sym ys.g.
= (el N i ) S AP AS
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Three-gluon vertex q
& tensorial structure of

Results

Tensor basis

We chose the following basis:

N = T = (8 (=) g (=) 487 ()
_ (gik'u'y' + gzx';/u' _’_(?';L'u’) N /\iymﬁ A;g
/\{21/1,1/ — 3(!’ — p)a (p - q),u (q - r)y N /\;ymA

q2+r2+p2
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Three-gluon vertex

Tensor basis

We chose the following basis:

N = T = (g7 (a ) g (= ) 8 (p - q))
= (& g ) AP
o = 3lr= p)“lz(p —Zq)”/ (a - " g
g +re+p
6= 9> + r32 + p? (E?W’/ HET 4 ESMV/)

2
3
)\(uu/ _ a;w + toqw + t_(Y/ll/

’ <¢+ﬂ+ﬁ)( )
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Evaluating 3g vertex
Kinematics and tensorial structure of
Results

Three-gluon vertex

Tensor basis

We have chosen the tensor basis antisymmetric under two-gluon permutation, i.e.
{g.a} & {r,u}:
A = =N

Recall
(A2(@)An(NAS(p)) = F*glaula, r.p) A(q) A(r) A(p?)
and

gF‘”“’(q-, r p) = ZF,’(QZ, r2, pz)/\;ww(m r, p)

Bose symmetry

The form-factors I;(q?, r?, p?) can only depend on symmetric combination of the momenta.
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Results

Three-gluon vertex

Extraction of form factors

Once we have evaluated fmw(q, r, p) from the lattice, we have to solve:

Zri(q27 r27 P2) /\:'””/(qﬁ r, p))‘j a;u/(qa r, p) = FOéllw(qv r, P) /\J('”“/(qa r, p)

For the symmetric and soft-gluon cases we obtained a projector 5\j(q, r, p) that allowed the
extraction of the form factors as:

—o v

rl_(q27 r2,p2) _ E (qv rvp)i‘ja,uu(qv r,p)
/\j ! (q r=P) ja,ul/(qa "7P)
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Evaluating 3g vertex
Kinematics and tensorial structure of
Results

Three-gluon vertex

Renormalization

Once the bare form-factors have been obtained, we implement multiplicative renormalization
for the vertex via the renormalization constant Z3(1?), defined as:

Tir(q® r*, p?) = Zs(u)Ti(a>, r*, p7).

We define it from the soft-gluon case by imposing:

Tir(p? 12,0) =1 <« Zg(p) =T1(p? p2,0)7"

at 4 = 4.3 GeV. For the rest of form-factors, it implies:

Tir(¢? r? pz):ii(q27f2,P2)
e M1k, 12,0)
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Evaluat
Three-gluon vertex K Hed

inemat tensorial structure of

Results

r2.

Results for the bisectoral case g° =

The scalar form factors can only depend on symmetric momentum
2 variables [G. Eichmann et al, PRD89 (2014) 105014]:

q e 0 52 = w (plane)
o (q° = r?) +(r* = p*)* + (p* — ¢°) (radius)
o (¢ +r* = 2p*)(r* + p* — 2¢°)(p* + q* — 2r?) (phase)
Alternatively, we will use s and 6, for the bisectoral case.
9’ . r?

F. de Soto Phenomenology from the three-gluon vertex in general kinematics.
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Results

Results for the bisectoral case g°> = r?: I';

Represented in terms of s, there is a nice
overlap between the already published
symmetric and soft-gluon cases, but also
with the bisectoral one.

fa

[(a2+r2+p?)/2]M2 (GeV)

[F. Pinto-Gémez, FS, et al PLB838 (2023) 137737]
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and tensorial structure of

Results for the bisectoral case g° =

There is an excellent overlap for the deep
IR (below s ~ 1.5 — 2 GeV).

F1(s)

- The bisectoral case separates from the

oz bi (B<n/2) —e—i _ soft-gluon one at s ~ 3 GeV.
sy —e—

-0.4 H sg H=—
I I I I I I

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
s (GeV)
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Results

Results for the bisectoral case g° =

There is an excellent overlap for the deep
IR (below s ~ 1.5 — 2 GeV).

F1(s)

- The bisectoral case separates from the

oz bi (6>1/2) i _ soft-gluon one at s ~ 3 GeV.
h sy —e—

-04 sg H—=—
I I I I I I

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
s (GeV)
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Three-gluon vertex K

inemat orial structure of
Results

Results for the bisectoral case g°> = r?: I';

1.2 T T s=1 GeV
T | For small momenta,
N there is a negligible
~0.8r b
% effect of the angle 0,
N@
= 08¢ P SN B P
- [Tl O A .
ERRE S
04f] -
0.2 1 1 T 1
nl4 /2 3/4 ™ q° r2
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K

Three-gluon vertex

inemat d tensorial structure of
Results

Results for the bisectoral case g°> = r?: I';

s=2 GeV

For small momenta,
there is a negligible
effect of the angle 0,

P2

wl4 /2 3n/4 T q° r2
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1.2 s =3 GeV
ﬂ t { T .
T ?f}f : For larger momenta, it
a0 gets smaller values for
< “
N@
— 061 2
I g
0.4
0.2 I I
wl4 /2 3n/4 q° r2
O,
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s=4 GeV

1.2 T H T T I
1 : | M &H Ll.l%!’i’g bl .
S TR 1;} For larger momenta, it
N i * | gets smaller values for
~0.81
a8 Qq, — T
N@
— 061 2
= 2
0.4
0.2 I I
wl4 /2 3n/4 q° r2
O,
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0.8 B
g o
< 2,
o
=
o
=
=
=

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 -04— - -
wl4 /2 3n/4 T
s (GeV) Oyr

Qualitatively compatible with recent SDE results [2305.05704]
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Three-gluon vertex
€ Kinematics and tensorial structure of

Results

Results for the bisectoral case g° =

s =4 GeV

Ta(s)
Ts(q%, % p?)

0.4 Lt L
/2 3n/4

s (GeV)

Qualitatively compatible with recent SDE results [2305.05704]
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Three-gluon vertex
ensorial structure of

Results

Results for the general case g° # r?> # p.

%%Ef%:

08 The tree-level form-factor for general

- kinematics, g> # r? # p?, overlaps with

0.6
& 04 i the rest of cases for the deep IR (below
= s~ 15—2 GeV).

0.2 -

0 bi (9<m/2) —o—1 | The different kinematics separate from the
0.2 sy ot | soft-gluon one at s ~ 3 GeV.
sg —a—
-0.4

gen =i —
| | | | |

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

s (GeV)
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Evaluat tex
Kinema ensorial structure of
Results

Three-gluon vertex

Summary of results for 3g-vertex.

P2
o I; dominates.
@ Quantitative agreement among
differer;t kinematics for
§? = THEE <3 GeV , ,
: = r
@ For g° = r? (bisectoral) I'; depends 7 -8

2
on g, for large s°.

@ Preliminary data for the general case
q*> # r? # p? confirm the latter
results.

The full vertex seems to be well described by:

=auy =sg =auy
r (q7 ) P) ~ T (52) 2 GP4r2p? r0 (qv ) P)
= 2
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Phenomenology

Schwinger mechanism

Lattice data unequivocally establish the existence of a gluon mass:

—10.2\ _ 2 2\1 920 o
of o - — A7) =" [1+11(%)] = Mguon
gF = 9r 1 A
0% est S 1 Schwinger mechanism:
-6 4 & 7: sos . ] If limg—0M(q?) = %, a gluon mass M hon = €
3 st CE 5 S ] emerges.
s, | |3k -]
= § o esreosme— ’ Linked to the three-gluon vertex through the
3t % : 1
6 ‘ ‘ ‘ ‘ ]
% 0 01 02 03 04 05 gluon propagator SDE:
2r AN q(Gev) 1
T > 1 —1,2 2
0 ‘ ‘ q a
0 1 2 3 4 5
q (GeV)

J. Papavassiliou, Chin.Phys.C 46 (2022) 11, 112001
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Phenomenology

Schwinger mechanism

Schwinger mechanism:
@ mass generated through longitudinally coupled massless color excitation:

b b b

Coyu (g, 7, p) = Cop(q,7,p) + Vour(q.7,p)
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Schwinger mechanism

Schwinger mechanism:

@ mass generated through longitudinally coupled massless color excitation:

0
rzl:fy(q7 r, P) = ? riyl;cy(qv r P) + fabc q(;gﬂucl(m r, P) + e
—_—— q

ole-free
P longitudinally coupled

e introduces a displacement in Ward-Takahashi identity C(r?):

_ 0Ci(q,r,p) W(r?)

r2

PINE (3

2
c(r?) Ir2

A7)+

[A.C. Aguilar, FS, et al, PLB841 (2023) 137906]
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Schwinger mechanism

All the ingredients in the displacement function can be evaluated from lattice-QCD:

OA1(r?)

) - Gla.rp) W) -

Afl 2
8p2 0 2 (r )+
e A(r?), gluon propagator.

o Ly (r?), soft-gluon
three-gluon vertex.

o F(0) bare ghost dressing

function.
W(r?) OH,y
0 5rlr0,, = =
r PYH 94, q=0

F. de Soto Phenomenology from the three-gluon vertex in general kinematics.



inger mechanism

e = 29GLB i) -Fo)|

q=0

OA1(r?)
T

The ghost-gluon scattering kernel H,,, can be evaluated

2
o A(r*), gluon propagator. through the solution of its SDE equation:

o Ly (r?), soft-gluon
three-gluon vertex.

o F(0) bare ghost dressing

. +
function.
w(r?) _ OHuw

° Trpdlw - Oq,,

q=0
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Phenomenology

Schwinger mechanism

Lattice-evaluated Ward identity displacement

function: o . , .
w(r?) an~(r?
o) = La() - FO) | 2 a1y + 2210
r2 oz | oWl ]
il
signals the presence of massless, longitudinally WhsrtT 1
coupled gluon correlations. - ]
b
* 3=5.6 1
o 3=58
o 3=59,6.0
C(r?)
0.6 . :
> N - 0.3 1.0 2.0 3.0 43
oy (g,7.p) = Copw(a,7.p) + Vo (¢,7.p) r [GeV]
Compatible with the solution of the gluon BSE for a massless bound
state. [A.C. Aguilar, FS, et al, PLB841 (2023) 137906]

[A.C. Aguilar, et al, PRD105 (2022) 014030]
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S zer mechanism
Phenomenology Zero crossing

Gluon propagator

Lattice data unequivocally establish the existence of a gluon mass:

v v v v Gluon propagator:

9 95 - . . : B
sf % o 1 —1(,.2Y _ 2 (2 2( 2
\ - AT(q) = q (q) + m(q°)
3 85 - T i

7F - . ]

L L 3 8p 1 PT-BFM [D. Binosi, et al. PRD86 (2012) 085033]
< P02 | ses - i
§sr L5 [BE ] )
¢ . . — I
= \ 7t 2845 ~ @ mass: Mgjyon = limg_0 M(q*)
) \ 5[ eg:—— 7 @ kinetic term presents a logarithmic

3t \ : i ]

6 : . . . .
% 0o o1 02 03 04 05 divergence:
2r AN q(GeV) 1 ,
1 *, il q
k 2 ~ _
0 . . J(q )|q—>0 alog (M2) +b
0 1 2 3 4 5
q(Gev)

related to the masslessness of the ghost
[A.C. Aguilar, et al, PRD89 (2014) 085008].
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Phenomenology Zero crossing

Gluon propagator

Lattice data unequivocally establish the existence of a gluon mass:

L e B B A Gluon propagator:
A~Hq?*) = ¢*J(q*) + m*(q?)

PT-BFM [D. Binosi, et al. PRD86 (2012) 085033]

05—

! —
St > 1 . _n 2
= o g™ H @ mass: Mgjyon = limg_0 M(q*)
o0s ] e kinetic term presents a logarithmic
E - .
0s)- i 1 divergence:
ol | | Ll L]
0 1 2 3 4
q [GeV ] s q2
A%, o~alog () +b
q [GeV] 1%

) related to the masslessness of the ghost
[A.C. Aguilar, FS, et al, PLB818 (2021) 136352]
[A.C. Aguilar, et al, PRD89 (2014) 085008].
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Phenomenology

Zero crossing

With the three-gluon vertex written as:

[abe (q,r,p) ﬂ [abe (q,r,p)+ \/abe (g,r,p)

apy auy apy

pole-free longitudinally coupled

if we assume a separation of the STI satisfied by I' into two partial STI's matching I ++ J and
V < m?, then:

F1(s?) =% alog(s?/u?) + B

Zero crossing

The form-factor I'1(s?) is logarithmically divergent in the deep-IR.

[A.C. Aguilar, FS, et al, PLB818 (2021) 136352].
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Phenomenology

Zero crossing

T1(s)

0.5

-0.5

sy}—e—{7
sg H—=—1
g

s (GeV)

Eitting all data with s < 0.5 GeV to
M1(s?) = aln(s?/u?) + 3

The logarithmic slope obtained is
a =~ 0.107(16), while the SDE
prediction is 0.112(10)!

A zero crossing at appears at
s ~ 130(20) MeV.
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Phenomenology

Zero crossing

Fitting all data with s < 0.5GeV to
0.14 |- 7 T1(s?) = aln(s?/p?) + B
0.12 Il ) - T
s 0.1 I } t I The logarithmic slope obtained is
0.08 - 7 a =~ 0.107(16), while the SDE
0.06 [~ — prediction is 0.112(10)!
0.04 - Lattice —e— |
0.02 - DSE —— A zero crossing at appears at
0 : J J . . s ~ 130(20) MeV.
sym s.g. bi gen all

Lattice data suggest a deep-IR zero-crossing for the tree-level form factor.
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Conclusions

Summary

@ The tree-level contribution I'; dominates the transversely projected 3g vertex.
@ Planar degeneracy up to ~ 3 GeV for all kinematics.

° roz,uu(q, ry P) ~ r1(5)|52:<12+r22+p2 )‘g,{;u(qv r, P)

Scwinger mechanism Zero-crossing
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F. de Soto Phenomenology from the three-gluon vertex in general kinematics.
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Backup slides
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F. de Soto Phenomenology from the three-gluon vertex in general kinematics.
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