Massless bound states in the gauge sector of QCD
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Dynamical mass generation in QFT

In QFT, particles can acquire masses not present in the lagrangian defining a particular theory.

In QCD there are two prominent examples:

* Dynamical Chiral symmetry breaking:

massless lagrangian mmmp massive quarks!
* Origin of 98% of the observable mass in the

universe

* Gluon mass generation has also been proposed:
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Schwinger mechanism

* The gluon mass generation must occur without violating gauge symmetry.

* Recalling the Schwinger-Dyson equation for the gluon propagator
(i/\/./\/\,:)*l — (vaan) T+ '\/\/\/\éi:?wm +3 m&%mm

P 4,.9v @
/11/ CLl 0% (LL) 0%

(@) = Guw — 2

|\.«\ —

It can be shown that

Gauge symmetry + Regular vertices at g2 =0 wmmlp /\ ™~ ! (O) — ()

v The key to generate gluon mass is to have massless poles, longitudinaly coupled to
the gluon momenta, in the vertices of QCD.
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Massless bound state formalism

We assume that the most important pole for gluon mass generation occurs in the three-gluon vertex

v, cC
The massless pole can be interpreted as a massless bound state of gluons

* Logitudinality follows by Lorentz invariance of the

transition amplitude. I.(q) = aal(q?)

* Longitudinality implies decoupling from spectrum.
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Bethe-Salpeter equation

Then, we can derive a Bethe-Salpeter equation (BSE) to describe the amplitude C.(q,r,p) of the pole.

* From the Bose symmetry of the vertex, Ci(q,r,p) must be antisymmetric in g and r, which implies

« Then, at g = 0, the BSE is cast in terms of the amplitude C(rz) 01
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* Gluon mass gap is determined by (C(?“z) , 7 [(Ge]
A. C. Aguilar, M. N. F. and J. Papavassiliou, Phys. Rev. D 105, no.1, 014030 (2022).
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Bethe-Salpeter equation

In previous works it has been shown that the BSE has nontrivial solutions with eigenvalues compatible with the QCD
coupling;

The shape of the amplitude (C(rz) has been determined;
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Inferred from

And even been shown to agree with results inferred from 0.1} Preiction
lattice simulations + gauge symmetry; [
A. C. Aguilar, M. N. F. and J. Papavassiliou, Phys. Rev. D 105, no.1, 014030 (2022).

But BSE is a homogeneous equation.

* It determines (C(rz) only up to a multiplicative constant.

What determines the scale of (C(rz), and hence of the
gluon mass?1
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Canonical normalization

The same problem occurs for the BSE amplitudes of any bound states.

Historically, several normalization conditions for BSE amplitudes of more conventional bound states have been
proposed. In particular, based on

* Charge conservation;
* Energy-momentum tensor conservation;

* Inhomogeneous BSE.

All of these were shown to be equivalent, where applicable.
See N. Nakanishi, Prog. Theor. Phys. Suppl. 43, 1-81 (1969) and references therein.

The derivation from the inhomogeneous BSE provides a general method, applicable also to our case.



The inhomogeneous equation for the massless pole

We consider the three-gluon vertex contracted with two transverse projectors, to eliminate the poles in the channels r
and p.

Its most general Lorentz structure is comprised of 6 tensors:

4
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Non-longitudinal

We focus on the form factor |IL (¢, r, p

, associated to the tensor structure | /7" = qO‘Pﬁ‘f ()P, ,(p)

* This form factor has no tree level: Lgo) (q, T, p) =0

* It is anti-symmetric in r and p: L, (q, r, p) = -1y (Qa P, T)

Ci(r?,q -
1(rq?q ") +R(r?,q-7) + O(¢°)

* Carries the massless pole:

Ll(Q) Tap> —



The inhomogeneous equation for the massless pole

Now, we consider the Schwinger-Dyson equation for the three-gluon vertex, represented schematically as

4
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Projecting out the form factor 1Ly (g, 7, p) = ﬁaﬂyPﬁ,(T)PV’/, (p)IC** ¥ (q,7,p)
Inhomogeneous term is
purely quantum

Li(a.72p) = T(0.rp) + | Hlaorpo)Laa.k—a = b o




The inhomogeneous equation for the massless pole

Due the presence of an inhomogeneous term, that equation fixes the scale of (C(?“z).

At leading order in g = 0,
Ll(qv Tap) — I(Q) Tap) + / %<q7 r,p, k)Ll (q7 ka —q — k)
k

A —

Ci(r?,q-r
Li(g,7,p) = ! ng )+73(7’2,q-7°)+0(q2)

we obtain the BSE, which fixes the shape of the pole amplitude, i.e.

C(r?) = /k(r - k)H(0,r, —r, k)C(k?)

Taking the expansion to the next order in g = 0, we obtain an equation that fixes its scale

[ LTQAQ(T)I’(TZ)C(T2) — [L(T . k)AQ(r2)H’(O,T, —r k)C(rz)(C(kz)] Not scale invariant!
/
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Fixing the scale in practice

Let C, (r?) be the solution of the homogeneous BSE, with an arbitrary scale. An let the true (C(?“z) be

C(rz)f aC, (r°)

/ _
[ /lc r2 A2 (r)T (r? // r- kYA (r2)YH' (0,7, r,k)(;(ﬁ)@(kz)}

Substituting into the canonical normalization equation, we obtain
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Which fully determines C(7%).
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Numerical analysis

Objectives: Probe impact of non-longitudinal form factors in the scale of (C(r2) and compare to lattice lattice inferred
result.

Recalling our inhomogeneous equation,

H(Q7r7p7 k) — Eauu/
k

« Although both homogeneous and inhomogeneous terms depend on the same vertices, with different projections, we
will keep 7-[(% T, D, k‘) fixed, and only vary the dressings in I(q, r, p) :

* This is done to keep the shape of the amplitude (C(rz) fixed, and explore the impact of the dressing on the
scale setting in isolation. 12



Numerical analysis

One of the main features of the nonperturbative three-gluon vertex, established by a variety of lattice simulations
and continuum approaches is its IR suppression.
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* Infrared suppression of the three-gluon vertex leads to suppression of T (7“ ) In comparison to its result with a
bare vertex.
9 13
* Inturn, this suppression reduces the scale of C(T )



Numerical analysis

When using the I’(TQ) computed with dressed vertices, we obtain results in excellent agreement with the C(T2)
inferred from the lattice.

Dressed vertices in I (r?)

-= Bare vertices in 7’(r%)
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The result with bare vertex in the calculation of II(TQ) on the other hand, is roughly a factor of 2 too big.
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Conclusions

Gluon mass can be generated if the vertices develop nonperturbatively longitudinally coupled massless poles.
The amplitude C(r2) of the pole determines the gluon mass gap.
Its shape is determined by a homogeneous Bethe-Salpeter equation.

Its scale is determined from the canonical normalization condition, derived from the inhomogeneous equation
of the vertex.

For the longitudinal poles of the Schwinger mechanism, the inhomogeneous term is purely quantum.
Consequently, the scale of C(TQ) Is sensitive to the details of the dressings.

The infrared suppression of the three-gluon vertex leads to a scale in excellent agreement with lattice inferred
results.
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