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Emergence of dynamical
gluon mass

Smoking signal of the Schwinger Mechanism in
Schwinger mechanism on QCD: Presence of
the lattice: Displacement massless poles in the

of the Ward Identity fundamental vertices

Dynamical formation of
massless poles in the
three-gluon vertex




QCD Lagrangionv

The gauge fields (gluons) are masless at the level QCD lagrangian

1 1
Lacp = — 1G4 Gl + 56 (0" A1) (0" Dif)e" + Lyuares
Gauge f'ixing Ghost

Gluonic field strength tensor
G, = 0,AL — 0,A% — gf*™ A AL

Covariant derivative in adjoint Dzb = 0,0"° + gf“mbAZf

A mass term (m?A 2 ) for the gluon is forbidden by gauge and
BRST symmetry




= Properly regularized perturbation theory cannot generate a
gluon mass at any finite order. dt

L2

However, gluow self-interactions cavv
generate av nonperturbative dynamical mass.

J. M. Cornwall, Phys. Rev. D26, 1453 (1982)

=0

= First sign of emergence of a gluon mass appears in the

gluow propagator.
= J.M. Cornwall proposed inv 82 that the
gluon propagator iy finite at the ovigin .

Nonperturbative methods are required
(e.g. Schwinger-Dyson equations and lattice)
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The gluon propagator (in Landau gauge)
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AR (q) = [g“” — q;i ] A(q?)
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Question 1: How carvone generate a

gluon mass (satuwratiov of the gluow
propagator at zero- momentuim)

without breaking the gauge symumetry?
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Schwinger Mechanism

J. S. Schwinger, Phys. Rev.125, 397 (1962);
Phys.Rev.128, 2425 (1962).

Gauge irwarionce and mass

A gauge boson may acquire a mass, even if the gauge
symmetry forbids a mass term at the level of the
fundamental Lagrangian, provided that its vacuum
polarization function develops a pole at zero
momentum transfer.




Schwinger Mechanism

Schwinger-Dyson Equation for the gauge boson

H(QQ) < Vaccum polarization

AT g?) = ¢*[1 + TI(¢?)]

If the vaccum polarization has a pole in g2= 0 with positive residue m?, i.e.

(g2 = "
(¢°) = q—g\ Moussl
Then poles
A~ ) = ¢° ll—l— 7:;—22] =q° +m’ 2 g A_l(()) = m2
q

Dynamical masy generationw requires the emergence of
maussless poles invthe vaccum polarigation > coming
from the vertices (nonpertubative ovigin,)



Vertices witihv massless poles inv QCD

To trigger the Schwinger mechanism, we need the presence of

massless poles in the full three gluon vertex
;b s b

EauV(Qa T, p) = Fa/W(Qa T, p) + Vauu(Qa T, p)
Pole-free



Vertices witihv massless poles inv QCD

To trigger the Schwinger mechanism, we need the presence of

massless poles in the full three gluon vertex
;b s b

Ira/w(Qa T, p) = Fa/W(Qa T, p) + Vauu(Qa T, p) \

Pole-free Pole Massless
poles




Vertices witihv massless poles inv QCD

To trigger the Schwinger mechanism, we need the presence of

massless poles in the full three gluon vertex
b b

(g, 7, p) = Lo (q,7,p) + Ve (@, 7, D) \

Pole-free Pole Massless
poles

q
Vauv (g,7,p) = q_zclw (g,7,p)

o
— q_2[C].g/.l,V+]

Longitudinally coupled
P2 (q)PY, (r)P. () Vapr (g, r,p) =0 @ Drops out when embedded in a S-matrix
element and also in transversely projected
Po(q) = [ _ quql/] Green’s functions




Vertices witihv massless poles inv QCD

To trigger the Schwinger mechanism, we need the presence of

massless poles in the full three gluon vertex
b b

IFa/W(Qa T, p) = Foz/w(% T, p) + Vauu(Qa T, p)
Pole-free Pole
Qo BSE amplitude
Valﬂ/(q’ T, p) — q_QCMV((L r, p) gluon-gluon massless scalar

o
— q_2[C].g/.l,V+]

Longitudinally coupled
P2 (q)PY, (r)P. () Vapr (g, r,p) =0 M Drops out when embedded in a S-matrix
element and also in transversely projected
Po(q) = [ _ quql/] Green’s functions




Question 2: tHow the QCD dynounics
generates the massless poles which
appear invthe fundamental vertices?
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Emergence of dynamical
gluon mass

Smoking signal of the Schwinger Mechanism in
Schwinger mechanism on QCD: Presence of
the lattice: Displacement massless poles in the

of the Ward |dentity fundamental vertices

interaction should have
evmgifv strengithen to-generate them .
Bethe-Salpeter equation governs their
formation

15




Dynamical eqwaﬁ,owfor the maxéélezéé/pole/

M, m I'= —|—V

Equation for
the full vertex a )
I',.(q,7,p)
b 4 70
4, ud
Substitute: W‘Zi MJZ:; %R g
v, c \_ v,c
Take the limit @) A(a.77) ““"(q”"’p)q
VaVQarap:_anV”'
70 p( ) 2 [C1guw -]
We obtain Bose symmetry
the BSE for Cl(Q? Tap) — _Cl(Q7p7 T)
the

C1(0,7,—1) =0

massless pole!

BSE describing the
dynamical formation
of massless pole




Dynamicalr BSE for the massless pole

" Tigevwalue problemv

® Solution when a,~0.3
@ 1 =43GeV

o [GeV] -
A.C.A, D.Binosi, C.T.Figueiredo and J.Papavassiliou,

Eur. Phys. J. C78 (2018) no.3, 181
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" TheBS amplitude C(r?) is directly connected
with the gluonw mass !

® Gluon propagator acquires a mass — due to presence of the
massless poles!!! (self-stabilizing effect).

The theovy solves ity infraved problems
18



Question 3: Isthere away to-
confirm that the actiow of the /
Schwinger Mechanism inv QCD using
the lattice resulty?
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Emergence of
dynamical gluon mass

Smokmg/,s@g/nﬂubofth&
WWW/M Schwinger Mechanism
the/la,tﬁ,c@ in QCD: Presence of

massless poles in the

DMSPLOLC@WL&V\I of the Wouwd, fundamental vertices
Identity

Dynamical formation
of massless poles in
the three-gluon vertex




" The Ward identities undergo av funite displacement with respect to

the result found in the absence of the Schwinger Mechanism.
" The quantity that determines this effect is (C(q2)

" Let's see how the signal of the displacement of the Wawrd
identity emerges in a simple context:  Scalar QED.

Scalar QED Wowd-Takahashic identity
b ¢"T (g, 7, —p) =D ' (p°) =D~ (r%)
pé(/ \\\T /
qﬂ/ M Full scalar

propagator
F’u (Q7 T, _p)

21



Scalar QED

Schwinger
(without the presence of poles) N

Wawd-Takahashi identity
¢"T (g, 7, —p) =D~ (p?) =D (r?)

qg—0
p—T Taylor expansion

Wawrd identity
D—1(r?)
ort

Tensorial decomposition
(Soft photow limit)

I',0,r,—r) =

T*(0,7, —r) = L}, (r*)rt




Schwinger
mechoanism off
(without the presence of poles)
Wouwd Takahashi identity
¢"T (g7, —p) =D~ (p°) = D' (r*)

q—0
p—T Taylor expansion

Wawrd identity
D—1(r?)
ort

I',0,r,—r) =

Tensorial decomposition
(Soft photow limit)

T*(0,7, —r) = L}, (r*)rt

Scalar QED

Schwinger
élq /
., O, (with the presence of poles)

vd AN
7 A q
& p IF,!L(Q? r, _p) — FM<Q7 r, _p> + q_g?(Q7 r, _p)'

\ )
I

pole-free

The Ward-Takahashi identity does not change

q”Eu(Q7 r, _p) — qMF,u(Q7 r, _p) - C(Q? r, _p>
= D1(p?) — D71 (r?)

@ Taylor expansion

Wowd identity
D_(r*) . [0C(¢r —p)
o [ op? ]

A 4
N~

C(r?)
Tevsorial decomposition
I'*(0,r,—r) = L, (r2)r“

<

pole

q—0
p—r

L'.0,r,—r)=

14,2
Lyy(r?) = 26D8T2(r ) _ 2C(r?)
ng(ﬁ)/ displacement



Displacement of the WI of the thwee-gluon vertex

®" Now, let us apply the same procedure to the three gluon vertex
which satisfies the Slavnov-Taylor identity

¢°Tapn(¢,7,0) + C1(q, 7,0) g = F(¢®) [AT (p*) P (p)Hou(p, q,7) — AT (r?)P7 (r)Hoy (7, ¢, p)

qg—0
Taylor expansion
p—=r

Leg(r®) = L3, (r*) + C(r?)

\ J \ J

' ! lwcememt
Lattice Computed d"’é‘P
fromin ¥ It uyt%w/BS
lattice amplitude!

where L}, (r?) = F(0) W(TQ)A_l(T2) + (dA—l(er))] 24

r2 dr?



—Displacement function ]
—=-BS Amplitude ]

3.0

0.3 1.0 2.0
r [GeV]

r [GeV] 4.3

A.C.A,, D. Binosi, C.T. Figueiredo and J.Papavassiliou, Phys. Rev. D 94, no.4, 045002 (2016);

A.C.A., M.N. Ferreira, and J.Papavassiliou, Phys. Rev. D 105, no.1, 014030 (2022);

A.C.A,, F.De Soto, M. N. Ferreira, J. Papavassiliou, F. Pinto-Gémez, C.D. Roberts, J. Rodriguez-Quintero, Phys. Lett. B 841 (2023)
137906.



Conclusions

The apparent simplicity of the QCD Lagrangian conceals an enormous
wealth of dynamical patterns, giving rise to a vast array of complex

emergent p

Gluon self-interactions generate a dynamical mass scale in the
gauge sector of QCD.

Dynamics and symmetry are tightly intertwined:

Displacement BSE amplitude
of the Wawd, for pole
identity formatiovw

Smoking guw signald corroborates the action of the Schwinger
mechanismwin QCD and the emergence of o dynamical

gluon mass



e Backup
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Displacement of the WI of the thwee-gluon vertex

‘C_(fz_),: Lsg(r*) — F(0) {W(r2)A_1(r2) + [dA_l(r2)] } :

dr?
displacement

r2

? Lattice
— Ly, (T2) ]

A.C. A, F. De Soto, M.N.Ferreira, J.Papavassiliou, J.Rodriguez-Quintero, Phys. Lett. B818 (2021) 136352.



Displacement of the WI of the thwee-gluon vertex

C0%) = Ly(r?) PO 5 a7 + |22

displacement

0 — —
L ¢ Lattice-
—Fit

F(g?) Ghost
D(q2) — T 5 propagator
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Phys. Rev. D 104 no.5, 054028, (2021)



Displacement of the WI of the thwee-gluon vertex

2y _ 2y W(r?) 2 dA~(r?)
C(r) = Lug 1) = F(0) { = 5 A7 )+ | =57 [
displacement

9r ; ; , , , 12

. 'E Lattice L —F'it ]
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o Y L
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Displacement of the WI of the thwee-gluon vertex

2\ — 2y _ —1(,.2 dA™!(r?)
€)= Luy(r?) ~ FO {Z0a10%) + |

dr?

displacement

« No lattice results for W(r?)
« Computed from its own SDE using lattice

Inputs

The result is dominated by a particular projection of the three-

gluon vertex , evaluated on the lattice
Ta,ul/(Qa r, p) - Pa’a(Q)PM’M(T)PI/V(p)Lsg(32)

y [(q _ T)V/gl‘,a/ + (rr- _ p)a,gluflyl + (p _ q):u',g’/a,

)

partiod derivative of the

L W]
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F. Pinto-Gomez, F. De Soto, M. N. Ferreira, J. Papavassiliou and J. Rodriguez-Quintero, Phys.Lett.B 838 (2023) 137737



Model-independent determination of the
displacement functionw
® The lattice is “blind” to specific dynamical mechanisms
0.2 —
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