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Lattice simulations

® Lattice simulations reveal that the gluon propagator saturates in the
deep IR
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® Saturation can be explained by dynamical gluon mass generation

AT =)+ m?(¢®) ) A_l(o) — mz(O)



Schwinger Mechanism

J. S. Schwinger, Phys. Rev.125, 397 (1962);
Propagator in the Landau gauge: Phys.Rev.128, 2425 (1962).

A,uy = —1 [P,LLI/(Q)A(QZ)} P () = guv — q;#

Self-energy: 11,,,(q) = P..(q)¢*TI(¢?)
A™H¢®) = ¢*[1 + T1(¢*)]
If the vaccum polarization has a pole in g% = 0 with positive residue m?,
AN = ¢ +m® mh ATH0) = m’

Dynamical gluon mass generation requires the existence of vertices
containing poles of nonpertubative origin.



PT-BFM: New Green’s Functions

® Three propagators can appear:

o O =(1+G)® WVOAM

Alg) =1+ Glq)A(g)

-\/\/\/*./v\/\n =(1+G)*® '\/\/\fof\/\/\,

A(g) =1+ G(q)*A(g)

® New vertices
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Slavnov-Taylor Identities (STI)

® Convencional three-gluon vertex

|q F(q*): ghost dressing function
D(q*) = F(q*)/q*: ghost propagator
D T
g 1 H,,.(q,r,p): ghost-gluon scattering kernel
v, C @, b
¢°Cayun (¢, 7, p) = iF(q) [A, (r)H[ (q,7,p) — A, (p)HS (¢, 7, p)]
® BQQ vertex:
o — ,
q Fa,uu(ervp) — ZA/J,I/( ) - 1A ( )

P N

Abelian-like Identity (Ward-Takahashi)



Gluon SDE in the PT-BFM framework

A;Nl(q) = mavn %M/\A{S?/M+ ;AN%NW
(a2)
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D. Binosi and J. Papavassiliou, Phys.Rev. D77, 061702 (2008); JHEP 0811:063 (2008).



From Takahashi to Ward identities

® Takahashi Identities
QED: ¢"T,(q,m,p) = S~(r) — S7(p)
Yang-Mills BFM: q“fwg (q,r,p) = zA;é(r) — zAgﬂl (p)

® Taylor expansion around ¢ = 0, in the absence of 1/¢* poles
in the vertex:

0
¢"T . (q,m,p) = ¢"T (0,7, —71) + O(qZ) = q“{@p_l(q =+ ”")} T 0(92)
qg=0

QED: T',(0,r,—r) = 85_1(7“)/87““

| _ O 5(r)
Yang-Mills BFM:  T',,,5(0,7, —1) = —i e




Seagull Identity

® |n dimensional regularization, for any function that satisfies

2\ 1 > __1 o . *
/kf(k)(zlw) I‘( )/0 dyyz~" f(y) = finite, for 0 < d < d

./k:kz 8k2 /f(k2

® Example: Scalar QED HW(q)quN OW N

Jma — ot (5)r (1=5) ot [ —umin(1-g )t

H(O)N—/( il )2+§/ L o F(?) = ——

. (k2 +m? 2 )i k2 +m? k? + m?

[][e8
(V] fel)

A. C. Aguilar, D. Binosi, C. T. F. and J. Papavassiliou, Phys. Rev. D94, no. 4, 045002 (2016).



Gluon propagator at the origin

[ Wa(l;]dolsgr(;c:;ies 1 EE:, [ Seagull Identity } :> A_l(()) — ()

A. C. Aguilar, D. Binosi, C. T. F. and J. Papavassiliou, Phys. Rev. D94, no. 4, 045002 (2016).



Vertices with massless poles

® \We can add the possibility of poles in the B leg of the vértices (which
will be responsible for the implementation of the Schwinger
mechanism)

~ ~

Puaﬁ(Qa r, p) — Fzgﬁ (qa Ty p) T Fﬂaﬁ (Qa r, p)

~p - qu e
F,uaﬁ (q7 T, p) — q_QCOfB (Qv T, p) Generates a BSE

® The poles correspond to massless bound-state (colored) excitations.
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Ward identities in the presence of poles

1, a

Fuaﬁ(qa r, p) — FMSB(Q7 r, p) =+ q_gcaﬁ(Q7 r, p) lq

qﬂfuaﬁ(% r, p) — ”LA;E, (T) o ZA;& (p) VAR

@ 5,6 oz,b

¢"T0P 5(q.7,p) + Caplq, 7, p) = iA 5 (r) — iA5(p),

~ @ ~

-n 0 0 af
¢ Tk 5(0,7, —1) + Cop(0,7, —1) + ¢* {@Caﬂ(qm p)}q:O = —ig"

~

Cop(0,7,—1r) =0

. ONA" X (r) A -
np - 7 Odﬁ . o
Fﬂaﬂ (0,7, —r) = —i Ot { g Caplg, 7, p) }q_o

Caﬁ (Q7 r, p) — Cgl (Q7 r, p)goz,B + - 11



Ward identities in the presence of poles

e = q ~ &
F/J,(q7 'F, p) — F/,Lp(q7 T’ p) _I_ q_gcgh(ébrap) %lq

¢"Tu(g,r,p) = iD7'(r?) — iD 7 (p*) S

4

¢"T"(q,7,p) + Cen(g,m,p) =D~ (r*) —iD ™' (p?)
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A7H0) = lim 1

qg—0

A-1(0) 3

N

i

= -9

Evading the seagull cancelation
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Triggers seagull identity as before
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Relation with the Gluon Mass Function

® The infrared saturation of the gluon propagator suggests the
physical parametrization

A™Hg?) = ¢*T(¢*) +m*(¢°)
® Using the modified STI:
¢“T00 5(q,r,p) + Capla,r,p) = iA5(r) —iA 5 (p),
Cup(q,7,p) = m2(p?) Pap(p) — m*(r?) Pag(r)

® Focusingon g,z
égl(q,"“,p) = m2(?°2) — m2(P2) ':> 5él(rz) —

dm? (r2)
dr?
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Dynamical formation of massless poles

® Bethe-Salpeter equation for the three-gluon vertex:

(a) (b)
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Coupled system
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Approximation for the kernels
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Form Factors
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Numerical Solution
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Gluon Mass Function

® The ghost sector affects slightly the running of the gluon mass.

— with ghosts 1 as =0.43
- = without ghosts | a, = 0.45
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Ghost-gluon vertex
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Taylor’s Theorem

® SDE for the ghost-gluon vertex:

[, a . a

gf*™"Tu(q,r,p) = —gf*""r, + gf*" / (k + p), A% (k)D(k + p) Qe (—

k

® |nthe Landau gauge, (k + p),A"7 (k) = p,AP?

® When p — 0 (Taylor’s limit)

I' (g, —q,0) = q,
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Taylor’s Theorem

® Tensorial decomposition for the conventional ghost-gluon
vertex:

I'.(q,r,p) = A(g, 7, p)q, + B(q, 7, p)py
® |nthelimit p — 0, FM(C], —q, 0) = A(q, —(, O)C]u

:> A(Q7 _Q7O) =1

® |f instead one expresses the vertex in terms of g and r,

L,.(q,7m,p) = Ai(q,r,p)qu — Bi(q,r,p)r,

U

A(Qa r, p) — Al (Q7 T, p) —+ Bl (Q7 Tap)

U

A1(q,—q,0) + Bi(q,—¢,0) =1
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Taylor’s Theorem in PT-BFM

e STIfor fﬂ(q,r,p)
¢"Tyu(q,r,p) =D~ (r?) —iD ' (p?)
@p—ﬂ)
¢"Tu(q,—¢,0) = ¢*F~(¢?)
® Tensorial decomposition

T,.(q,r,p) = Alq,7,p)q. + B(q, 7 p)pu

@p—ﬂ)

~ ~

FM(Q? —q, O) — A(CL —q, O)Q,u

® Finally,

—~

A(g,—¢,0) = F~'(¢%)

A. C. Aguilar, D. Binosi, C. T. F., and J. Papavassiliou, Eur. Phys. J. C78, no. 3, 181 (2018) .
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Ghost-gluon Vertex

~ o~

FM(Q7rap) — Anp(Q7rap)QM + Bnp(Qa T:

P)pu + 3 Cenla, 7, p)

D= (r) =D~ (p?) _ r’F (") —p’F~ (p*)

—> R(gq,r,p) =1 — =

r—»p

an(q,?“,p) — R(qugp) + fA(Q7 Tvp)

r2 — p2

N

purely

Enp(q; T;p) — 272’((]7 T,p) + fB(Q7T7p)

__,  nonpertubative

® Taylor’s theorem:

~

R(QJ _an) — F_l(qz) :> égh(q

Cgh(q, —q, 0) S qZA"np (Qa —q, O) —
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Special Case

fA(CbT?p) — f(cbrap) — %fB(Qﬂqvp)

N !
Cen(q,7,p) = —(r* — p*) fq, 7, D)

~

® Ansatz: C'gh(qmp) = TZh(TZ) —pzh(pQ)

= Gl =FPR0A - {2

7‘2

r’h(r?) = c+/ dya‘éh(y)=

0

_ rt P
Cen(q,7,p) = /O dy Cop, () — /0 dy Cyy,

(q,k,—k—q)
Ak + q)?

c=0
(Taylor limit)

(y)
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Special Case
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Special Case

Fi(¢%) == F7H(@*)[1 + h(g®)F(¢®))
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Conclusions

® By solving the system of BSEs which describes the dynamics
of massless poles formation in the three-gluon and ghost-
gluon vertices, we found non-trivial solutions for both ., and

e - This fact indicates that the dynamics of QCD is indeed
sufficiently strong to generate such poles.

® The contribution associated to the ghost-gluon vertex pole is
suppressed in comparison to the one coming from the three-
gluon vertex. Specifically, when all quantities entering into the
kernels of the BSE system have been renormalized (MOM) at
U= 4.3 GeV, the relative size between the two is
approximately C%, /Cl ~1/5.

® The main effect of the presence of ghosts is a small but
discernible difference in the running of the dynamical gluon

Mass. 29
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Numerical Solution
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Ghost-gluon Vertex

e Contracting ¢"T,

quA(Q7T7p) + (p ’ q)fB(Q7T7p) + égh(q,?",p) =0

@ qg— 0

25’éh(’r2) = f(0,r,—1r) — Linear terms

® Connects explicitly ééh(r2) with the function that quantifies the
necessary deviation of B"?(g, 7, p) from the expression that

would saturate the STl identically.
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BFM: Conceitos Basicos

® No esquema de quantizacao BFM, divide-se o campo de gauge:
a NCL a
A, = AL+ A

AZ —> campo de background; AZ —> campo quantico

® No gerador funcional integra-se somente sobre A,

® A condicdo de fixacdo de gauge G(A) ¢ escolhida como G(A) = D"A,
onde D, = 0, —iAjt"

® A Lagrangiana, entdo, é invariante sob as transformacoes:
1a 1a a a a __ pabc gqapb
AL — A, + Db Au — AM f AMH

~

a ~ a
° Au carrega a transformacdo de gauge local, 06

a s . ~ .
* Au se transforma como campo de matéria na representacdo adjunta.

B. S. DeWitt, Phys. Rev. 162 (1967) 195—1239
G.’t Hooft, In *Karpacz 1975, Proceedings, Acta Universitatis Wratislaviensis No.368, 1976, 345-369
L. F. Abbott, Nucl. Phys. B185 (1981) 189.
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Derivacao Identidade de Seagull
* Considere a classe de fungdes vetoriais
Fuk) = f(E*)k,
by ==F) > [ Rl -

® Assumamos que f(k?)se anula rapidamente quando Jde-formaa
que a integral (em coordenadas esféricas)

/f = QF( )/mdyy%_lf(y)

convirja para valores positivos de d abaixo de certo valor d".

® |nvariancia translacional: /]—“M(k +4q)=0
k

® Expansao de Taylor:
0
Fua+ B = Fulb) + ¢ g Fla+ 0} + O
q q=0
0F (k)
Okv

) / =
— Fulk) + " S + O(d?) 8’““

35
A. C. Aguilar, D. Binosi, C. T. F. and J. Papavassiliou, arXiv:1604.08456 [hep-ph].



Autoenergia do gluon na origem

: . OF, (k) B 5
® |dentidade de Seagull: /14375%%% =0 Fu(k) = f(k*)k, . ]

2
/kaagg ) +g/kA(k)=o

~ (1)
M@ = w0 » dIIM(0) = —g*Ca(d - 1) / a]j;‘ku(k) =0
k
@ FO (k) = A(EDE,

a ,""‘(:q / />k . (2) 2 i |

Ing@ = ~~ oo - ' W dIL=(0) = g°C OkH 0
|
|

Y8 (k) = /ﬁ AP () AP (k + )T s (—k — £,0, k) 36
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Autoenergia do gluon na origem

® Somando as contribuicdes:

~

AYg?) = ¢2 +Z[H<1>( 2) 1 I (¢2) + IO (g )} = A10)=0

® Seafuncao 1+ G(0)é finita para todo &, temos, na auséncia
de polos nos vértices,

® No gauge de Landau, F~'(0) =1+ G(0)

F~Y(¢*) =14 G(¢®) + L(¢®) + €K (%)
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Fatores de forma do vértice de 3 gluons

14
* Vértice BQQ:  TH*(g,r,p) = > Ai(¢® 7%, q - r) 0"
=
b = g'g*% b6 = ¢"q"¢% BT = gqtrP BT = gtrodP B = gt

b5 =g b =g BT =gt uT = rtetgls VP =t

P = q%gPr, bheP = Pgor,  BESP = pagfr,  phOP = pBgon

® Em q :,O
[HoB (0,r,—r) = AG(TQ)T““QO"B + Alg(’r‘Q)'r’“'rarﬁ + Ayr©gPH + AqgrP g
= A 5(r)
[ap(0,7,—1r) = —i ari
OA—(r%) 9 (AT'(rY) 1 A2
Ag(r) =2 or2 ' Ap(r?) = _28r2 ( r2 ) , A13 = A1y = & 2



Vértice com polos nao massivos

® Adicionando a possibilidade de polos ao vértice:

Tuas(q;m,p) =T,ns(q,7,p) + 15 5(q, 7, )

p,a
lq
_ e
A
18, b
TP (q,r )—q—”é (q,7,p)
pap b P) = q> A Gera uma BSE
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Fungoes G el

o #\aJOH;V ) #WV
R\ 4 R\ LA b4
O_ \_O_. O_

A (@) = 9w G (q7) +

0y
;2 L(¢%)

F~q%) = 14+ G(¢*) + L(¢*).

25
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Kernel de espalhamento

r

HAN
q
Huu(qapar) = Gw T % «

A (q) = —ig*Ca /k D(q — k)A;(k)Hyo(—q,q — k, k)

—iHW(/C,p) — Alg,uu + A2pup1/ =+ ASkuky =+ A4p,uk1/ =+ A5’l€,upv

ip"H,, (k,p) =T ,(k,p)
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