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Quantum ChromoDynamics

We strive for a description of interactions between quarks and gluons which
form hadrons as observed in Nature.

The key 1ssue 1s: while the Brout-Englert-Higgs mechanism has been
established as the essential explicit source of elementary particle’s masses,
the same cannot be said of the atoms and their nuclea.

The lightest Nambu-Goldstone mode of QCD, the pion, is more than an order
of magnitude heavier than the sum of two light current quarks

The formation of hadronic and nuclear bound states via its fundamental
constituents 1s an inherently nonperturbative problem.

It involves precise knowledge of the infrared (long distance) regime of QCD
and the dynamical generation of a constituent quark mass.



So where do the Hadron’s masses
come from after all?! The Higgs
boson isn’ t doing the job alone!



NG,

Hint: the gluons interact with each
other and have infinite ways to interact
with the quark and “dress it".



Dyson-Schwinger equation in QCD

The propagator can be obtained from QCD'’s gap equation: the Dyson-Schwinger equation (DSE)

for the dressed-fermion self-energy, which involves the set of infinitely many coupled equations.

g=p—k
| —@—|" = | |~ +
p p p k
SHp) = Zy(iy-p+mP™) +3(p) := iv-pA®®) + B(p?)
A d4q : 2\ 2
X(p) = 21/ omi ! Dy (p = @) 165 (@) (4, p)

with the running mass function M (p*) = B(p*)/A(p?).

Dy, +  dressed-glion propagator ———> Each satisfles its own DSE |
I'V(q,p) :  dressed quark-gluon vertex <
Zs . quark wave function renormalization constant

Z1 : quark-gluon vertex renormalization constant
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Dyson-5chwinger equation in QCD

The propagator cag ' o OC D TeYallidal<D _Schwinger equation (DSE)

for the dressed-fe coupled equations.

S~ p) = Za(iy-p+mP™) +X(p) := iv-p A(p?) + B(p?) |
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More DSE in OCD: Gluon and Ghost Propagators

—1 —1
Gluon @050 = 00000 —»

~1 —1
Ghost --»--@->-- = --ooewoeoee + -->-m>_

However, in this work we employ dressed gluon and ghost propagators from lattice QCD.



Rainbow Truncation

Since the Dyson-Schwinger Equation for QCD imply an infinite tower
of non-linear integral equations, a symmetry preserving truncation
scheme must be employed. The leading term in such a scheme is the
Rainbow-Ladder (RL) truncation (Abelian approach).

Lo Sose iy

RL truncation satisfies flavor non-singlet axial-vector Ward-Takahashi
identities (chiral symmetry!) but has bad gauge dependence.

= Landau gauge!
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(a) Abelian correction at one loop

: N Y
rtex in a tree-order is just i 5 ~y

Davydychev, Osla




"RESTRICTED

®  Must satisfy Slavnov-Taylor identities. —APREA —

2 T £ L t' AUTHORIZED
Fu(kvp) must be free of kinematic PERSONNEL Qh
|

singularities for k2 — p ONLY

®  Must transform as bare vertex 7y, under C, P and T transformations.

® Correct weak-coupling limit: must reduce to the perturbative limit

when coupling is small.

®  Vertex ansatz should lead to gauge independent physical observables,

l.e. condensates, hadron masses, decay constants, form factors etc.
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Nonperturbative quark-gluon vertex: tensor structure

The fermion-gauge-boson vertex can be decomposed into “longitudinal”
and transverse components:

ﬁ
Fu(k7 ’k2:p2—q2—u2 = Tu
T _
q-1,(k,p) =0

Latkin) =i p o B i)

I (k,p) = Z)\ ) L, (k,p)

FTk:p ZTZ P Tzkp)

11



Nonperturbative quark-gluon vertex: tensor structure

Which independent tensor structures to specify the longitudinal and transverse vertex?

Following Ball and Chiu (1980), one can write:

oL approximafion

Li(kap) — 9

Li(k,p) = 5(k+p)uv-(k+p)

Ly(k,p) = —i(k+p

Li(k,p) = —0u (k+D)y

T,(k,p) = ilpu(k-q)—ku(p-9q)]

T2(k,p) = [pu(k-q) —ku(p-q)]v-t

T3(k,p) = @Y% —quv-4q

Ty(k,p) = —Ilpu(k-q) —ku(p-q))p"k’o,,
T)(k,p) = o""q,

To(k,p) = —vu(k*—p°) +tuv-q

Ti(k,p) = 2(k°—p%) vy t—tu] +t.0"k0,,
T3 (k,p) = —ivup 'k oy, —puy - k+kyy-p
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Nonperturbative quark-gluon vertex: symmetries

Which steps to remedy a gauge dependence! Clearly must be beyond rainbow truncation
as bare vertex violates gauge variance:

quilu(k,p) = S7H(k)—S7'(p)
. _
Best "prepared” with Landau gauge to minimize dependence.
First step is the proposal for the longitudinal vertex by Ball and Chiu:
4 .
L;(k,p) =) Ni(k* p®) Lj,(k.p)
1=1
A(k?) — A(p?
)\1(k2,p2) _ % [A(k2) i A(pQ)] )\2(k2,p2) _ ( kg _p2(p )
2\ 2
)\3(162,]?2) — B(k ) B(p ) )\4(]{52,]?2) — 0

k.2_p2

Widely employed in phenomenology though transverse part remains undetermined.

What about gauge covariance, does it satisfy Landau-Khalatnikov-Fradkin transformations?

What about multiplicative renormalizability?
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Ty (k,p) =Y Xi(k?p%) L, (k,p)

1=1
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Ward-Takahashi identity:

0udTu(k,p) ) = S7'(k) = S (p)

Transverse Ward-Takahashi identities:

“ v (K, p) }Q (k,p) ) = (P)0yu + 018 (k)
+ 2zmI‘W (k,p) + trénuw F (k,p)

+ t)\e’-:)\” 0

q“ k P >7 q‘l k , D) } 2,/ —O'zys_l(k)
( o(k,p) Vi (K, p)
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What is the origin of these transverse identities?
B NP T ’ -—-—-——d
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What is the origin of these transverse identities? §
R ——— T R e ‘“:

Y(z) — ¥'(2) = ¥(2) +iga(z)¥(z), Y(z) — ¥'(z) = ¥(z) — iga(z)¥(2),

!

a,T% (p1,p2) = Sp' (p1) — Sz (p2),
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b(z) — V(@) = ¥(z) +iga@)(a), B(z) — ¥() = B(z) — iga(@)d(),

q.T% (p1,p2) = Sp (p1) — S5 (p2),

6T¢(m) = :]iga(x)euuauu"p(m)’ JT"/;(m) = iga(x)epu"/;(x)apm

.[ D[y, ¢, A]ei‘[ d4xLQF‘Dw"7"A]¢/’ (x1) ¢ (x2)

= [ly, g, anet ket 400y ) g (),
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What is the origin of these transverse identities?
e — et ‘-————*

P(z) — ¥'(2) = ¥(z) +iga(z)b(@), P(z) — ¥ (2) = ¥(z) - iga(z)P(z),

[

qMF"{l}(plaPZ) = SEI@I) - SEI(P2)a

rb(z) = J0a(@) oub(z), (@) = 300(z)e B(z)op,

Infinitesimal Lorentz transformation t H.-x. He Phys.Rev. D80 (2009)

.[D[l/’: ':0,A]eifd4XL°ED[¢’¢’A]l/f(xl)J/(xz)

_ fD[‘ﬁ/r ', Al]eijd4XLQED[l/’/:JfI:AI]l///(xl)l—p/(xz).

ig"TY (p1,p2) — i¢"T%, (p1, p2)
= Sz (p1)o™ + 0* Szt (p2) + 2mI% (p1,p2)
d*k
(2m)4

+(p1x + P2 )ePT 4,(p1, P2) — 2kx\e*¥PT 4, (p1, p2; k),
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Slavnov-Taylor identity:

iq I (k.p) = G(q®) |S™(~k) HC (k,p) = H*(p, k)5 (p)

Transverse Slavnov-Taylor identities: H.-X. He, PRD 80, 016004 (2009)

a5 (k.p) ;- a i (k.p)
qua(k,p)\ 3 Fi“(kap)

G(QZ) [S_l(p)UMV Ha(kap) + E@(p, k) UMVS_l(k)]

2im %, (k, p) + taew,,' T3 (k,p) i+ A7 (K, p)

G(q*) [S™ (p)ap, H (k,p) — H*(p, k) 0,,S™" (k)]

taeauuﬁr%’ (kv p) ’ V;fy (k7 p)



Slavnov-Taylor Identity

One can relate the longitudinal form factors Aito the quark propagator’s scalar
and vector pieces, B(p?) and A(p?) via an ST

iq-T(k,p) = G(¢°) | S~ (—k)

Ghost dressing function Quark-ghost scattering kernel

Decomposition of H(k,p) and its conjugate in terms of Lorentz covariants:

H(p1,p2:ps) = Xolp+iX17 p1+iXay-ps+iXsoaspiph
H(pz,p1,ps) = YOHD—Z'Y2W'Z91—iyl%m%—iysaaﬁp?pg
Xi = Xi(p1,p2,p3) X;(p, k,q) = Xi(k,p,q) |

Davydychev, Osland & Saks (2001)
A .C. Aguilar and J. Papavassiliou (2011)

A. C. Aguilar, J. C. Cardona, M. N. Ferreira and J.~Papavassiliou (2016, 2018) £



Decoupling the transverse STIs

G(q*) |8~ (P)ony H (k;p) = H (k) 0,005 ]

+  2imT%,(k,p) + ta€aus I3 (k. p) # A%, (K, p)

gk L0 (k,p) F & T2 (k,p)) = G(@®) [S™Hw)op, H(k,p) — H(p, k) 0,,5 " (k)]
Y G 5 taew,,wvgy(k,p)

* The decoupling of the vector and axialvector vertices can be achieved by

appropriate projections with two tensors which lead to two independent
equations for each vertex ! S.-x. Qin, L. Chang, Y.-x. Liu, C.D. Roberts & S. Schmidt (2013)

* Using the two identities for the vector vertex, we can use another set of
projections to isolate the 8 tensor structures of the transverse vertex as
functions of the quark propagator, the ghost dressing function, the quark-ghost
scattering form factors and an hitherto undetermined nonlocal tensor structure.
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The unknown ingredient ...

The cumbersome nonlocal tensor structure originates in the Fourier transform
of a 4-point function with a vector-vertex insertion and a Wilson line.

d*k
= 2kreMP T  k

H.-X. He, PRD 80, 016004 (2009)
5 /
[ it ata, byt 2o

X (0|9 (z") 7,75 Up (2", 2)3p(2) (1) ¥ (22)| 0)
= (27m)%6% (p1 — p2 — @) iSF (p1) T ap (p1, p2; k)iSr (p2)
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The unknown ingredient ...

The cumbersome nonlocal tensor structure originates in the Fourier transform

of a 4-point function with a vector-vertex insertion and a Wilson line.

d*k
= 2kreMP T  k

H.-X. He, PRD 80, 016004 (2009)
5 /
[ it ata, byt 2o

X (0|9 (z") 7,75 Up (2", 2)3p(2) (1) ¥ (22)| 0)
= (27m)%6% (p1 — p2 — @) iSF (p1) T ap (p1, p2; k)iSr (p2)
- J

The unfamiliar, complicated components in these identities can be decomposed:

2
v L, Vi
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The unknown ingredient ...

We constrain the Y; form factors with a known ansatz for transverse

vertex based on perturbation theory, symmetry considerations and
multiplicative renormalizability in a given limit k* > p° .

Bashir, Bermudez, Chang & Roberts (2012)

\. W,
Ap(k*,p?)
kz 2 _ a1 AB 3
7_1( y D ) (k2 _|_p2)
7_2(]_,\:2 p2 _ a2 AA(k27p2)
’ (k* + p?)

— as AA(k2,p2)
as Ap(k?, p?)
[k + M?(k?)[p* + M>(p*)]
= Q5 AB(kQ,pQ)
as(k? + p%) A (K2, p?)
(k% = p?)? + (M?*(k?) + M>(p?))?]
a7 Ap(k?,p?)
(k* +p?)

- (k% p*) = asAa(k?p?)




Gluon and ghost dressing functions

The gluon propagator in Landau gauge Is:

a a q C]z/ 2—>oo 1
A =% (5. - L2 )AGD) A EF 5

q

The ghost propagator is:
G(qZ) el S
e

Dab(q2) 53 _5ab

21



u=4.3 [GeV] =0, =5.70, variou
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Ni=2+ +1, $=1.90,
N=2+1+1, p=1.95, V.




M (p*) [GeV]

0.18

0.16

0.14

0.12

0.1
0.08

0.06

0.04

0.02

0.0 b

DSE Solutions with non-transverse vertex

Mass Function

il
"
LI
]
]
*

— Set III

...... Set II

—==- Set |

101

100
p* [GeV?]

101 102

4

L(k.p) =Y X(K,p%) L, (k,p)

1.1

1.05

N 1.0

0.95

0.9

1=1

Wave Function Renormalization

— Set 111

...... Set II

—==- Set |




M (p*) [GeV]

DSE solutions with full quark-gluon vertex

Ty(k,p) =T (k,p) + T (k,p)
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M (p*) [GeV]

Flavor dependence of DSE solutions
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DSE with gluon propagators in R; gauge

Lattice QCD input for gluon: P. Bicudo, D. Binosi, N. Cardoso, O. Oliveira and P. J. Silva, Phys. Rev. D 92, 114514 (2015)

Me(p®) [GeV]

Extrapolation to Feynman Gauge using Padé parametrization of lattice gluon and ghost dressing function.
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DSE with gluon propagators in R; gauge:

quark-gluon vertex

Lattice QCD input for gluon: P. Bicudo, D. Binosi, N. Cardoso,
O. Oliveira and P. J. Silva, Phys. Rev. D 92, 114514 (2015)

pA3(—p,p)




DSE on complex plane for light quarks: mass function
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Conclusions & Progress

We derived a quark-gluon vertex from symmetries (gauge + Lorentz), that is
we don't solve the iInhomogeneous BSE for the quark-gluon vertex.

The self-consistent solutions employ as ingredients gluon and ghost propagators
from lattice QCD.

Current status of DCSB still unsatisfying when only known terms are kept and
multiplicative renormalizability is not satisfied.

Next step: use Y; form factors from nonlocal tensors (line integral).

Adding these terms vyields a mass function and DCSB known from
phenomenological model, but still has parameters.

A full self-consistent with additional coupled integral equations is underway.
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Y (k+p)(Ys—Y5)
4V (k,p)  8(k* —p*)V(k,p)

2(k? — p?)

~ate)xoe) [ A=)

k2 — p?
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Y — 3Y3
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AV(k,p)  8(k% - p?)V(k,p)

A(k?) — A(p )
k2 —

Ys — 3Y;
Ak —p?) (k2p? — (k- p)?)’
Y1 — (6Ys + Ys) (k* — p?) — Yz (k +p)°
2 (k2 — p2)* (k2p? — (k- p)?)

2Ys (k — p)? — (Y3 — Y3) (k2 — p?)

8 (k% —p?) (k2p? — (k-p)?)
Yi (k —p)° — 4Y7(k2p® — (k- p)?)

4 (k? — p?) (k*p* — (k- p)?)

Y




Use an ansatz based on perturbation theory,

symmetry considerations and multiplicative renormalizability

Guided by perturbation theory; draws on
comparison with structural dependence of
the Ball-Chiu vertex on A(p?) and B(p?). The

perturbative limit of the transverse vertex
conforms with its one loop expansion in the
asymptotic limit of k2 > p? .

Bashir, Bermudez, Chang & Roberts (2012)

aj AB(kQ,pQ)
(k* + p?)
a2 AA(]C27P2)
(k* + p?)
as AA(/CQJPQ)
a4 AB(kQ,pQ)
[k + M=(k?)[p* + M=(p*)]
as AB(kZ,pz)
a6(k2 +p2)AA(k2,p2)
(k2 —p?)? + (M?(k?) + M?(p?))?]
az AB(k2,p2)
(k* + p?)
agAA(k2,p2)
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Use an ansatz based on perturbation theory,
symmetry considerations and multiplicative renormalizability

aq AB(k27p2)

7_1<k27p2) (k2—|— 2)
Guided by perturbation theory; draws on P
: : 2 2 az Aa(k*,p?)
comparison with structural dependence of m2(k%,p°) = (K2 + p?)
the Ball-Chiu vertex on A(p?) and B(p?). The (k% p%) = asAa(k?p?)

)
a4 AB(kQ,pQ)
) = R + M)
(k% p®) = a5 Ap(k?,p?)
CL6(]€2 _|_p2) AA<k'2,p2>
) = [E-Rrt 00 + M)
: 2 92 az AB(kQaPQ)
Bashir, Bermudez, Chang & Roberts (2012) (k% p%) = (k2 + p?)

aSAA(k2vp2)

perturbative limit of the transverse vertex

conforms with its one loop expansion in the
asymptotic limit of k2 > p? .

Can also be done using the full pbQCD vertex derived
by Bermudez et al., Phys. Rev. D95 (2017).



Comparing the transverse vertex derived from the STIs with this ansatz

a; Ag(k?, p?)
(k* +p?)
a2 AA(]C2,Z?2)
(k* +p?)
as AA(k?27P2)
a4 AB(kQJUQ)
[k* + M?(k?)[p* + M>(p*)]
as AB(k2,p2)
ag(k? + p?) A (K2, p?)

[(k* — p?)? + (M?2(k?) + M?(p?))?]
a7 Ap(k*,p?)

(k* +p?)
CbsAA(]f27p2)

7-6<k27p2>

7-7<k27p2>

7-8<k27p2)

i
2(k2 — p?)V(k,p)

Ys — 3Y3
4(k? — p?)V(k,p)

%G(ff)Xo(qQ) [A(’“kﬁ :;12(]? )]

Ys (k+p)*(Ys — Ys5)

4V (k,p)  8(k? —p*)V(k,p)

(k + p)?Y;?
8(k? — p?)V(k,p)

6V + Y
8V (k,p)

~G(A) Xl |

A%%—Mﬁq 2y
k.2_p2

]{32—]92




Comparing the transverse vertex derived from the STIs with this ansatz

With this ansatz for the Y; functions we
come closer to a gauge covariant
vertex and include additional mass
terms that enhance DCSB.

The parameters a; are constrained by

multiplicative renormalizability and only
certain combinations are allowed.

Vi (k*, p?)

Yé(k27p2)

Ys3(k*, p°)

Ya(k*, p?)

Ys(k*, p°)

Y%4<k2,p2)

+  + I

A(k, p)
k2 +p2

—2ay [B(k*) — B(p”)]

_B(k*) - B(p?)
4k2p? (k* + p?)

2k°p? (K + p*) [as — G(¢*) Xo]

k°p*(k +p)’ar}

5 [A(R?) — A(p*)]

{ = (k—p)* [G(¢*) X0 — 2a3]

4 A(k,p)
3 kZ _|_p2

B(k*) — B(p

ag + 2(k* + p2)a6}

;{2(1€2 +p?*)A(k, p)ay

2k2p2 (k2 + p?
+ 6E°p*(k* +p?) (a5 — G(¢°)Xo)
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