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Introduction
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- Free quarks or gluons have never been

observed

- Strong coupling is larger for low energies

Confinement

« Confinement not well understood

important to know the ghost and

gluon propagators in the infrared limit
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- Free quarks or gluons have never been

observed

- Strong coupling is

« Confinement not well understood

important to know the ghost and
gluon propagators in the infrared limit

Theoretical studies

* Gribov-Zwanziger, scaling solution, etc.

* Refined Gribov-Zwanziger, decoupling solution, etc. g¢
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lattice data in 3d and 4d

D0)#0 and G(p*=~0)~ 1/p?
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Objective

Objective

Study the analytic structure of the four-dimensional
SU(2) Landau-gauge gluon and ghost propagators in
the infrared regime

Model-Independent Method

Rational approximants as
fitting functions
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Method

- Similar method applied recently:
* Falcao, Oliveira, Silva (2020) arXiv:2008.02614 [hep-laf]

* Oliveira, Falcao, Silva (2021)  arXiv:2111.04320 [hep-lat]

e Main differences:

This work Previous work
Cucchieri, Mendes (2007, 2008, 2009) Bicudo, et al (2015)
+ SU(2) data Cucchieri, et al (2012, 2016) + SU(3) data Duarte, Oliveira, Silva (2016)
Dudal, Oliveira, Silva (2018)
_/,,.;. propagation of all the errors * propagation of the errors not
/ considering the correlations fully discussed

} limit the number of parameters of the fit
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Padé Approximants
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Padé Approximants
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« Canonical Padé:

+ determination of the PA coefficients
through matching

* PA reproduces the first M+ N+ 1
Taylor series coefficients of f(2)
- Padé as fitting function to data

* already applied in other particle
physics problems successfully

- Partial Padées and D-log Padés also used
as fitting functions

Cristiane Y. London (USP - IFSC) Lattice 2022

Model
independent

Advantages

* Systematic and model-
independent method

* Capable of reproducing
singularities — poles

* Can mimic the existence
of branch cuts —
accumulation of poles and
Zeros
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Lattice Data
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Lattice Data

« Lattice data discussed before in references:
* Cucchieri, Mendes (2007)  arXiv:0710.0412 [hep-lat]

+ Cucchieri, Mendes (2008)  arXiv:0712.3517 [hep-lat], arXiv:0804.2371 [hep-lat]

* Cucchieri, Mendes (2009)  arXiv:1001.2584 [hep-lat]
* Cucchieri, Dudal, Mendes, Vandersickel (2012)  arXiv:1111.2327 [hep-lat]

* Cucchieri, Dudal, Mendes, Vandersickel (2016)  arXiv:1602.01646 [hep-lat]

- Four-dimensional SU(2) Landau-gauge propagators

physical volume: (27 fermi)*
. Large lattice volume: V = n* = 128* Pmin X 46 MeV
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Lattice Data
Ghost Propagator

« As a function of (unimproved)
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Lattice Data

Gluon Propagator

- As a function of improved - ' T
momenta %ﬁi
1
2 _ 2 4
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U U < [ region
Ma (1999) >
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a
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0.1
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\/p* < 2.4 GeV — 160 points
R e
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Results for the Gluon
Propagator




Fitting Method

SU(2) gluon and ghost propagators lattice data fitted by Pades

PA parameters: )(2 minimization considering all correlations

Different methods for error propagation — all consistent
+ Hessian matrix; + Ay’

* Monte Carlo propagation; * |inear error propagation.

Fit quality: y?/dof and p-value
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PAs to Gluon Propagator Data

Example

- Correlation between the data points is negligible

. Example: PZ} — first of the sequence Pl§+1
ap = 3.82 4+ 0.02 GeV 2

_ ao + a1 p2 x> /dof = 1.28 a; = 1.21 4+ 0.06 GeV 4
b b p—value =0.010 by = 1.18 £0.02 GeV 2
by = 1.65 + 0.05 GeV 4

P; (p*)

- ) Refined Gribov-Zwanziger

ai b1 bo
non-trivial ap | —0.426 0.821 —-0.436
correlations a1 _ _0.5% 0.995
b1 — — —0.632
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PAs to Gluon Propagator Data

Example

- Correlation between the data points is negligible

. Example: PZ} — first of the sequence Pl§+1

L?) ag + aq p pole p? = (—0.36 £ 0.02) = (0.690 =+ 0.005)i GeV?
P2 P )= 5 ,
co = 3.82 +0.02 GeV 2 c3 =83+0.4 GeV™S
T;‘::f: seres 61 = —33+0.1 GeV—* ¢4 =—5.9+0.6 GeV 1
o = —2.44+0.4 GeV ™Y s = —7+2 GeV 12
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PAs to Gluon Propagator Data

Boito, Cucchieri, London, Mendes
(in preparation)

Errors increase considerably for

5 | ! | ! | ! | .
PAs with 6 or more parameters
fit window <=
o.’; : . P23 — behavior at high energies:
8 0.50- Cl4 p2 with 614 > O
3
S - Consistent pair of complex
0.05}
0 1 2 3 4 - Consistent zero on the negative
p (GeV) real axis of p?
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PAs to Gluon Propagator Data

Predicted Pole

~0.60 ——————— s
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= | i .
9 _0.66} | ¥ &
®) L P . i ! ¥
B i i L
. . S _oesl i )
compatible with ~- 0.68 ! 7
other estimates . T
~0.70} + -
Cucchieri, et al (2012) R N '
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PAs to Gluon Propagator Data

Predicted Zero

PN | Final Value

-45 -40 -35 -30 -25 -20
Zero (GeV?)

pr.=(-29+04,, 09, ) GeV?

SyS
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PAs to Gluon Propagator Data

Predicted Taylor Series Coefficients

D(pz) = ¢y + clp2 + ¢, p4+

+C3p6 + C4p8 + *e°

PAs with relative uncertainty
smaller than 25%

(3.79 4 0.03g¢at & 0.044y5) GeV 2
(—2.9 £ 0.44¢at & 0.64y5) GeV—*

co (=5 % 2tat £ 3gys) GeV O
(
(—

9.4 4 1.0g¢a¢ & 0.95y5) GeV™®
5.7 4 0.9gtat £ 0.24y5) GeV 1Y
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PAs to Gluon Propagator Data

Cut for the gluon propagator was not observed
Need more parameters

Data with smaller errors are required to
investigate the cut

e ———————————
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Results for the Ghost
Propagator




PAs to Ghost Propagator Data

Partial Padé Approximants

- Correlation between data points large — small eigenvalues — hard to invert

- Diagonal fits Boito et a/ (2011) — arXiv:1110.1127 [hep-ph]

+ diagonal covariance matrix + first order linear error propagation

+ all correlations in error propagation < Qz/dof not for fit quality
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PAs to Ghost Propagator Data

Partial Padé Approximants

- Fit parameters are very large

PA  pole (GeV?)  Q?/dof
Pl —127x10°°  0.65

. Impose the simple pole at p2 =0 GeV? 2 —6.98x107"*  1.38
P! —248x 10"  0.60
. Partial Padé approximant (PPA): Py —117x107'%  1.22

P} —1.24 x 10719 0.33
QM(pz) 1

M s~ Baker, Graves-Morris (1986)
RN(p )p Boito, Masjuan, Oliani (2018)

 Pole close to the origin

PY(p?) =
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PPAs to Ghost Propagator Data

Boito, Cucchieri, London, Mendes

(in preparation) « Errors increase considerably for
5 . , . , . , PPAs with 8 or more parameters
— Pl — Py — P?
4r — P2 — p! — p3 ) :
2 3 3 1 * Non-physical pole on the
& - P; — P; j positive real axis of p? almost
2 3t ‘ ‘ : cancelled by zero — Froissart
< doublets |
g Baker, Graves-Morris (1986)
i ] Masjuan (2010
& 2} fit window <= : juan (210
G |
1L
o
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PPAs to Ghost Propagator Data

: ol artifact
Boito, Cucchieri, London, Mendes sica

(in preparation)

| ) non-phy
« Errors increase considerably for

5 . , . , . PPAs with 8 or more parameters
— P - P - B
T — P — P — P - Non-physical pole on the
&0 — P} — Pi j positive real axis of p2 almost
2 3t ‘ ‘ : cancelled by zero — Froissart
< doublets |
g Baker, Graves-Morris (1986)
c:% 2:_ fit window * _ Masjuan (2010)
O |
j - Consistent pole on the negative
r real axis of p2
o
- Consistent zero on the negative
e ——— real axis of p?
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PPAs to Ghost Propagator Data

Predicted Pole and Zero

@ P3 o Pl
¢ P o p?
® P; o P2
¢ P; o Pl
° P3 o P2
@ P3 O P3
° Py | o " p3
. b—————¢—————  Final Value F—————@————————  Final Value
~040 -035 -030 =025 -0.20 -16 -14 -12 -1.0 -08 -0.6 -04
Pole (GeV?) Zero (GeV?)
Pooe = (=030 £ 005, +0.05,) GeV? Phwo = (=1.0 0.3, +0.4,,) GeV?
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PPAs to Ghost Propagator Data

Predicted Pole and Zero

Possible cut on the negative real axis ofp2 ?

PPAs of higher orders have interleaved
poles and zeros

w

P,

[0 pole Ll zero]
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D-log Pade
Approximants




D-log Pades

- Check if the predicted pole and zero for the ghost propagator are a
possible cut

Baker, Graves-Morris (1986)
« Useful for functions with cuts or branch points  Boito, Masjuan, Oliani (2018)

A d
f(z) = © + B(2) F(z) =— Inf(p) 4
(u — 2y dz =2z

\%) cut becomes a single pole J

« D-Log Padé to f(z)

N i o ] PA applied
DIOgN(Z) =fnorm(0) CXp sz P N (2') to K (z)

. Need lattice data for F(2)
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D-log Pades

Ghost Propagator Data

numerical derivative of logarithm of ghost propagator lattice data after linear interpolation

15 order
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D-log Pades

Ghost Propagator Data

numerical derivative of logarithm of ghost propagator lattice data after linear interpolation
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D-log Pades

Ghost Propagator Data — Results

Boito, Cucchieri, London, Mendes
(in preparation)

5 | - | - . - DIOg(Pz) X (2 :
: (_ Dlog‘fj pe— P
4:_ wi::ow* ] Dlog%
' “Plsi i1 D-Log PA  p. (GeV?) v
Dlog}  —0.114+0.03 0.31+0.05
Dlogg  —0.14+0.07 0.4+0.2
Dlog;  —0.13£0.05 0.440.1
DlogZ  —0.124+0.09 0.34+0.2
Dlog,  —0.124+0.04 0.34+0.2
Dlog;  —0.1240.08 0.340.2

Indication of a possible cut
on the negative real axis
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D-log Pades

Ghost Propagator Data — Results

comparison of the first pole
of PPAs to the value
predicted by D-log Padés

p? = (—0.12 £ 0.08,,, + 0.02

sta

Suggested evidence
of a cut on the
negative real axis

B
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Comparison

This work — SU(2) Coimbra group — SU(3)

Falcao, Oliveira, Silva (2020)
Oliveira, Falcéo, Silva (2021)

- Gluon propagator: - Gluon propagator:

Pogie = [—0.28(6) £i0.4(1)] GeV?

Ppote = [(=0.37 £0.09) £ (0.66 £ 0.04)] GeV”
L P =[-0.19(4) £i0.4(1)] GeV?

- Ghost propagator: | . Ghost propagator:

simple pole at p? =0 simple pole at p? =0

p?=(=0.12%0.08) GeV? p?~—0.1 GeV?

SU(2) and SU(3) — similar results
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Conclusions
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Conclusions

- Model-independent method to study analytic structure of propagators

- Predictions of singularities of the SU(2) Landau-gauge ghost and gluon

propagators
Gluon Propagator Ghost Propagator
P2 = [(=0.37 £ 0.09) £ (0.66 = 0.04)] GeV? simple pole at p2 = 0
pi. = (=29 1.0) GeV? possible cut on p? ~ — 0.12 GeV?

. Calculation of Taylor series near p2 ~ ()

- D-Log Padés good alternative for gluon propagator data in the future
(smaller errors)
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your attention!
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Backup
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PPAs to Ghost Propagator Data

Predicted Taylor Series Coefficients

p2 G(pz) =7+ r1p2 + 7, p4+

+1f3p6 T+ r4p8 + -

PPAs with relative uncertainty
smaller than 45%

To 4.17 = O'Olstat
r1 —9.7 % 1.04a & 0.5 GeV ™2

i 334 10u.. + 5. CeV—4 000 005 010 0.5 020 025
2 L LUstat L Ysys 9 5
rs  —110 2= 98¢t 25Sys GeV ™4 P~ (GeV?)
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D-log Pades

Data

logarithm of numerical derivative using
the data finite differences

f(p2 ) —f(p)
2 Ap? .

f(/1)(pi2) ~

equally spaced
data points

linear
interpolation
calculating all

introduced correlations
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