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Introduction

Goal
To study the analytic structure of the quark propagator

q
———

i%(p)
S(p) = oy (P*)p + os(p°), S~ p) = A(p*)p — B(p?)
1 —1 . 492 = 2
S (p) =5y (p) —iX(p), X(p)= 5 /%S(ZH-Q)F (¢,p,—p — 9)A(q") -
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The quark-gluon vertex (lI)

o=, ™ o= (k+p)",
"(q,p, — Z/\ q,p, k)7 (p, —k) o= (F+pn”, o= (F-pn",
5 o= k-pk+p)”, 1w = k+pk+p),

(0, —k) = P (g)r! (. 1) W= kg, = sk

[Aguilar,Ferreira,Oliveira,Papavassiliou,Linhares, EPJC84(2024)11,1231]
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The quark-gluon vertex (lI)

W= % = (k)
"(q,p, — Z/\ q,p, k)7 (p, —k) o= (F+pn”, o= (F-pn",

™ = %fﬁﬂk+M"> 6 = %;ﬁﬂk+MW
7 (p,— k)—P“”( )7 (D, —Fk) o= sl W = sl Ak+p).

[Aguilar,Ferreira,Oliveira,Papavassiliou,Linhares, EPJC84(2024)11,1231]

Name ‘ Form factor ‘ Tensor
Tree-Level Component (TLC) | X\i(g,p,—k) ~Y
Anomalous Chromomagnetic Moment  (ACM) | M\ (q,p,—k) (k—=p)n"”
Spin-Momentum Curvature (SMC) | A (q,p,—k) sk ply”
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The quark-gluon vertex (lI)

T o=, % o= (k+p),

™ (¢,p,—k Z/\ a,p, —k)7} (p, —k) o= (F+pn”, o= (-,
75 k-pk+p)”, 1 = F+pk+p),

#(p, ) = P (q)r (p, k) W= gl W= =l

[Aguilar,Ferreira,Oliveira,Papavassiliou,Linhares, EPJC84(2024)11,1231]

Symmetric vertex approximation
[Ferreira,Miramontes,JM,Papavassiliou,Pawlowski,EPJC86(2026)4,325
Ferreira,Miramontes,JM,Papavassiliou,EPJC86(2026)7,858]

e T

g = g0 + 4
l’2API P‘z/ w]
A'QA vkl
K > = + See A.Miramontes’ talk
. ‘Wednesday, Session A, 10:00
P2 A P

(a) dressed RL (b) quantum (¢) crossed
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The quark-gluon vertex (lI)

8

"(q,p, - Z (¢,p, —k)7! (p, —F)

4 (p,—k) = PP ()7 (p, k)

- o=

o= (E+pn”, T =

™ o= (k-pE+p)’, 1w =
v 1 v v

T = T3 (K, 917" Ty =

[Aguilar,Ferreira,Oliveira,Papavassiliou,Linhares,

v

(k+p)",
(K - ]A)'Yua
%fﬁﬂk+m5

5[ AG+p)”.

EPJC84(2024)11,1231]
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The quark-gluon vertex (lI)

o= 7 o= (k+p)”,
"(q,p, — Z/\ q,p, k)7 (p, —k) o= (F+pn”, o= (F-pn",

W= E-pkrn W = Erpktn)
#(p, —k) = P‘“’( )i (P, —k) o= 5k = —5lpk+p)”.

[Aguilar,Ferreira,Oliveira,Papavassiliou,Linhares, EPJC84(2024)11,1231]

1. Neglect Abelian contribution: ~ 2%o of full result

2. Take the soft-gluon limit
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The quark-gluon vertex (llI)

[Ferreira,Miramontes,JM,Papavassiliou, EPJC86(2026)8,954]

(¢, p, - Z/\Sg p;—k)
)\fg( ) = hm )\’L(q)p7 k)
q—0
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The quark-gluon vertex (llI)

[Ferreira,Miramontes,JM,Papavassiliou,EPJC86(2026)8,954]|

"(g,p, - Z/\Sg —k)

A (p”) = (}lgg) Ai(g,p, —k)

1. Write down vertex SDE (general kinematics): ™ (¢,p,—k) = fg(q) +T,..(q,p, k),

T (a,p,—k) = 3;" TS0+ OT5 (0T (07, ~O A AV EV (),

with Tj (q) := P*"(q)y" and T""’(q,r, —£) = P**(q)P*?(r)P" ()1 (¢, 7, —0).
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The quark-gluon vertex (llI)

[Ferreira,Miramontes,JM,Papavassiliou,EPJC86(2026)8,954]|

"(g,p, - Z/\Sg —k)

A (p”) = (}lgg) Ai(g,p, —k)

1. Write down vertex SDE (general kinematics): ™ (¢,p,—k) = fg(q) +T,..(q,p, k),

T (a,p,—k) = 3;" TS0+ OT5 (0T (07, ~O A AV EV (),

with Tj (q) := P*"(q)y" and T""’(q,r, —£) = P**(q)P*?(r)P" ()1 (¢, 7, —0).

2. Project out form factors: \;(q,p, —k) = Tr[P*(p, —k)T" (¢, p, —k)]
Afg(pQ) = 6i1 + ;E}I}) Tr [Piu(q’p7 7k)fnab(qap7 71{3)]

Ao (%)
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The system of Schwinger-Dyson equations

Goal
Solve the system of quark propagator and quark-gluon vertex SDEs

on the complex p2—plane

—>
p+L

L (a0, —k)
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Numerical procedure: Ingredients

e Gluon propagator A(kzz):
Fit to lattice data'

e Three-gluon vertex Lsg(kz):
Fit to lattice data'

e Function V (k?)
SDE determination®: V (k%) = A, (k, k, k)

1
Aguilar,Ferreira,Ibafiez,Papavas
SlAs I

iliou,EPJC83(2023)10,967]
?[Ferreira,Miramontes,JM,Papava |

siliou, EPJC86(2026)4,325

k [GeV]

k [GeV]

k [GeV]
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Results




Results: Quark-gluon vertex

ssiliou,EPJC86(2026)8,954]

montes,JM,Papavas

£ Lwol (o

ira,M
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(@) oy

Olm P

? [GeV?]

Rep? [G(\\’z] 2.5

P [Gov?

5 Re

? [GeV?)

0 Im p’

Anomalous Chrom. Moment Spin-Momentum Curvature

Tree-Level Component
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Results: Quark propagator (1)

~ —

) e |
[;-A0D] [(4) 0] o9

av(P*)p +os(p°),

S(p)
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Results: Quark propagator (1)

Re[oy(p?)] [GeV ™7

z=p’=z+iy,  lim(z—p;)"oy(2)

e Order-one poles: m =1
e Stability of pole position: less than 5% variation in second pole

e No evidence for clustered poles/zeroes nearby
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Results: Quark propagator (1)

0 Im p? [GeV?)

Quark propagator shows real poles with opposite-sign residues

# ‘ Location in p® [GeV?] ‘ Residue
Pole 1 —0.16 1.12
Pole 2 —0.58 —0.51

See also: M. Ferreira (Tuesday, A, 15:30); M.Huber (Wednesday, A, 09:30);
Wieland, Alkofer, arXiv:2604.20235.
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Results: Quark propagator (II)

Pole 1 signals a propagating mode of a massive Dirac fermion

# ‘ Location in p° [GeV?] ‘ Residue
Pole 1 | —0.16 | 1.12
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Results: Quark propagator (II)

Pole 1 signals a propagating mode of a massive Dirac fermion

# ‘ Location in p° [GeV?] ‘ Residue
Pole 1 | —0.16 | 1.12

Pole 2 signals an unphysical ghost state

# ‘ Location in p® [GeV?] ‘ Residue
Pole 2 | —0.58 | —0.51

Spectral functions Violation of No positive-definite No quark
assume negative values reflection-positivity Hilbert space asymptotic states®

3|Alkofer,Smekal, Phys.Rej 3(2001)281; Oehme,Int.J.Mod.Phys.A10(1995)1995-2014]
[Kugo,Ojima,Prog.Theor.Phys.Suppl.66(1979)1-130; Alkofer,Greensit,J.Phys.G34(2007)S3]
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Results: The interplay between ACM and SMC (1)

p[GeV]

e TLC, ACM, SMC: essence of S(p)

1.6
-TLC -TLC
- ACM — 14} - ACM
—-SMC = -SMC
<
W
4+ 1.2}
N
1.0 7&
0.8 - - -
4 5 6 0 1 2 3 4 5 6



Results: The interplay between ACM and SMC (1)

p[GeV]

e TLC, ACM, SMC: essence of S(p)

1.6
-TLC
- ACM ~ 14}
—sMC )
<
W
4+ 1.2}
N
1.0
- 0.8
4 5 6

p[GeV]

e ACM: primary mechanism for dynamical quark mass generation

e SMC: momentum-dependence quark propagator

Note: p°%, (p?) = Tr[pX(p)], S (p”) = Tr[X(p)]

-TLC

- ACM

-SMC
0 1 2 3 5

9/10



Results: The interplay between ACM and SMC (11)

T, (q,p, —k) = X (0°)H 4+ X0 (0°) 74 4023 (p°)

with 7 € [0,1].

quark-gluon poles M(0)
vertex [MeV]
A real 180
A, A\ cc 546
ALy Ay, Ap real 310
all form factors real 350

Im(p?) [GeV?]
(=]
o

—0.8

1 = 0.00

Z0.8-0.6—04—02 0.0
Re(s?) [GoV?

Ner = 0.218

—0.8-0.6-0.4—-0.2 0.0
Re(p?) [GeV?)

8
n=0.20

Z08-0.6-04—02 0.0
Re(p?) [GeV?

n = 1.00
- Q

—0.8-0.6-0.4-0.2 0.0

Re(p?) [GeV?] 10/10



Results: The interplay between ACM and SMC (11)

0.80

0.20F

o 0.15}

0.10F

Im(z) [GeV*

0.05F

0.00

cc poles real poles

0.60

0.20

0.00

0.00

0.0

5

0.10 0.15 0.20 0.25

n

P*[GeV?

av(p?) ~ %
p” + M(p”)

Poles: solutions to

2 2, 2y
P+ M (p7) =0. )i



Conclusions and future steps

Summary
e Quark propagator and quark-gluon vertex on the complex p2—plane
e Quark propagator shows real poles with opposite-sign residues

e Vertex controls the propagator’s analytic structure:

e Tree-level component (TLC)
e Anomalous chromomagnetic moment (ACM)
e Spin-momentum curvature (SMC)




Conclusions and future steps

Summary
e Quark propagator and quark-gluon vertex on the complex p2—plane
e Quark propagator shows real poles with opposite-sign residues

e Vertex controls the propagator’s analytic structure:

e Tree-level component (TLC)
e Anomalous chromomagnetic moment (ACM)
e Spin-momentum curvature (SMC)

Future steps
e Extension beyond the soft-gluon limit

e Exploration of implications in the study of hadrons




Thank you!
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The quark-gluon vertex equations (1)

Dynamical equations for the form factors are of the form:

NG = [ RODK (ko +p), =167
NOGP) = /R Ki(k,p)os(k+p), =248
1
W0 = [RODK o -4)+ [ Rolha) |[5R 0, (5-+) + R, -+1)
with,

R(K?) = A (KW () Ly, (), S(p) = oy ()ptos(p), T'(q,7,p) = Loy (s)TE" (q,7,p)

NI(g?) ~ /k ROC)K (k, ) s (k + )




The quark-gluon vertex equations (11)

4

K
! 3

12
(3/<:2 +2 k2p2 cosw) sinw, Ky = —64/—5cosw, K3=0,
p

4k (22, .. /2
Ky = 4(1 4 cos’w), Kg = ~372 cos*w(3/k*p? + 24/ p® cosw) sin’w,
p

1
K = —3—2(3]<:2 + 2p° (3 + 2 cos*w) + 104/ k*p? (5 — cos’w) cosw — 4(3k? — 2p?) cos’w) ,
P

3

1
Ky = g(—Z&kQ + 1/ k*p? cosw + 12k% cos®w + 84/ k*p? cos w),

| 2
K; = -8,/ — cosw — 4(1 + cos’w) Kg = 7—2(4cos2w —-1).
p

3p



Systematics of Wick rotation

I(5%) = / %f(kmk,p» LG =1 / %f(k&h@



Systematics of Wick rotation

4
1) =/(;l:)4f(ko,k,p>,

Im(k°)

St =~ Re(k:o)




Systematics of Wick rotation

4
1) =/(;l7f)4f(ko,k,p>,

Im(k°)




Systematics of Wick rotation

o [ d'k o L [ dE,
16%) = [ Gl Gokn), LGP = / Gy W)
Im(k°) Case 1:
I(p”) = I, (p")
Case 2:
I I(p®) = I (p")
s e _ Re(ko) Case 3:

[ d’k
I(p®) = I,(»*) + Z/(%)g r%SR(%SJ”(%JW)

S
.
.
® . .
\ inside
.
..




Analyticity region (1)

Problem: Incorporating residue requires knowledge of the entire integrand
for complex momentum
Consequence: Whole complex plane not directly accessible

What is the accessible region?
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Problem: Incorporating residue requires knowledge of the entire integrand
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Analyticity region (1)

Problem: Incorporating residue requires knowledge of the entire integrand
for complex momentum
Consequence: Whole complex plane not directly accessible

What is the accessible region?

/R k » D UV/S(k+p)

e K;(k,p): regular
o R(k*): expected to develop poles, e.g.
R(K*) = % + Regular terms
E*+m

e 0,,5(k+p): expected to develop poles, e.g. (complex conjugate)
Z *
Gor (8- D) = + — + Regular terms
vs(k+2) (k+p)*+M*>  (k+p)*+(M")?




Analyticity region (1)

o _ [ 'k f(k,p)  nrlion
J(p7) = / (27r)4 (k‘2 — m2)2[(k—|—p)2 — ]V[Z] ) M = |M|e™™ .

kilzimﬂme, kcfz:poi\/mq:ie




Analyticity region (1)

. _
J(pg)/(dk f(k,p) M= M

2m)* (k* — m?)?[(k + p)* — M”]

kilzi\/mﬂﬁe, kgfz:poi\/mq:ie

Im(k°
Poles move into a different quadrant iff m(k")
Re(ki») <0, Re(kp2) >0 =
\ -
which implies 2 i, N
DR S W
L “ e
Re’(py) > Re*(\Vk* + M?) X L =

M




Analyticity region (1)

(k,p)

d*k f
2

2
ATUS / @m)* (= m2P [k +p)° — M7

B = I8 b e, Ky = o+ I+ M F e

k>0 pushes poles away from the crossover,
Re?(pg) > Re*(M?) = |M|? cos® py,.
Introducing Euclidean momentum p,

2 2 0
Po=1\ "Pe, Pe=2+w

y? < 4 M|? cos® oy (z + |M|? cos® py,) .

Analytic region ]

M = |M|e"™

Im(p?)

Re(p})



Renormalization

o [Ferreira,Miramontes,JM,Papavassiliou,Pawlowski, EPJC:86(2026)4,325]
Renormalization in MOM scheme
[Aguilul'.Fcrrcu'uI’)livci! a,Papavassiliou,Linhares, EPJC84(2024)11,1231;Aguilar,Ferreira,Ibafiez,Papavassiliou, EPJC83(2023)10,967

Skullerud,Kizilersu, JHEP09(2002)013;Smekal,Maltman,Sternbeck, PLB681(2009)336-342
Kizilersu,Oliveira,Silva,Skullerud,Sternbeck,PRD103(2021)11,114515]

AL (W?) =12, A (1®) =1, By (1) = mg, A (u) =1.

The renormalized quark propagator and quark-gluon vertex SDE:

STlp) = Zup+ig2C; 7, / 7 Sa(p+ OT(a, 5, —p — YA (g).
q

Fg(Qapafk) = ZI’YH +Fxﬁ;b(qapafk)'

Replacement:
[Fis(:her.#\ll(ofm ,PRD67,094020(2003);Aguilar,Papavassiliou,PRD83,014013(2011);
Aguilar,Cardona,Ferreira,Papavassiliou, PRD98,014002(2018)]

ZiK (P, 0+ ¢,9) = C()K,.,(P;p + 4, 9),

where C(q) evolving as the classical form factor of the quark-gluon vertex



Numerical procedure

Initial “guess” for A(p®) and B(p?)

1. Find singularities and determine accessible region:

[Ferreira, Miramontes, M, Papavassiliou, EPJC86(2026)8,054]

y2 —za+ B withp’ =z +iy

2. Compute, numerically, vertex form factors A% (p*)

3. Compute, numerically, quark propagator: A(p2), B (p2)

4. Check for convergence: tol = 107°.

No

Initial “guess”
—»{ Determine parabola

Solve vertex equation
Extract A\J(p?)

Solve gap equation
Extract A(p?) and B(p*)

Converged?

Final solution



Comparisons

P M(p?) [GeV?]

0.25

0.20

0.15

0.10

0.05

0.00

real poles
cc poles
- n.=0.218
— RL

M(p*) [GeV]

0.40

0.30

0.20

0.10

0.00

— This work

. Lattice fit




Spin-momentum curvature

Spin-momentum curvature

1 .
7—'7V = _5[}&?]’7” = Zo'aﬂkozpﬁ’yy )
with 0% = %[fy(’, fyﬁ | the generator of Lorentz transformations for spin-1/2 fermions: c.f.

spin.

e Vanishes for parallel /anti-parallel momenta
e Vanishes for on-shell fermions

e Does not vanish for off-shell fermions
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