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Exploring QCD
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Spectral DSE

Consider a simple scalar theory in the broken phase
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Spectral DSE

Consider a simple scalar theory in the broken phase

n-gOl 1 !
M 6 2

=) [nsert spectral representations for everything Glpo) = /OO @AZ(A, 1p1)
0o T DP§+ A

G =
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Horak, Pawlowski, NW, PRD102 (2020)
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Spectral DSE

Consider a simple scalar theory in the broken phase

— il O oD

=) [nsert spectral representations for everything Glpo) = /OO @AZ(A, 1p1)
0o T DP§+ A
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Spectral DSE

Consider a simple scalar theory in the broken phase

— il O oD

=) [nsert spectral representations for everything Glpo) = /OO @AZ(A, 1p1)
0o T DP§+ A

Q
\
b

L (p) = Zyo() (0 +m3 o (1) + 92/ AAz p(An)p(A2) F(p, i3 A1, A2) o

A1,A2
/ s N/ P =

Perturbative diagrams

15.06.2023 | Physics Department | Institute of Nuclear Physics (IKP) | Nicolas Wink | 6



75 TECHNISCHE
UNIVERSITAT
DARMSTADT

Spectral DSE

Initial integral

e T I 3 JHJ ] 5 Reordering of integrals can be
F(p) :=5[ [ Ag. D)y | == [ J Aa.2) | incorporated with renormalization
i R— : U :
divergent £ —» 0 i divergent € — 0 L
«\0 """""""""
\3&\9} momentum
°Q~ renormalization

‘ £(q.2) | | senormatiation : J J A, A
: R

qd finite

Performed integral

NS ’
Q

Horak, Pawlowski, NW, PRD102 (2020)
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Spectral DSE

Initial integral

2 S . JHJ 5 E Reordering of integrals can be

F(p) :=5[ [ Ag. D)y | == [ “ g, /1)] : incorporated with renormalization
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\3&\9} momentum . . .

&S renormalization =) Analytic momentum integration

; E spectral E E
E [ [‘ f(C], /1) ] : renormalization E J [ J f(q, ﬂ) J :
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; finite . - divergent ¢ —» 0 ;

----------------------------------

Performed integral

Horak, Pawlowski, NW, PRD102 (2020)
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Spectral DSE

Initial integral

Reordering of integrals can be
incorporated with renormalization

V\’ momentum . . .
&\o““ renorman;ation} ﬂ Analytic momentum integration
E E spectral E E v« . . : ”
: [ “ g, ) ] + renormalization J U f(q,ﬂ)J . mmp Analytic “analytic continuation
p U4 A : r9A q finite :

divergent ¢ —» 0

----------------------------------

Performed integral

Horak, Pawlowski, NW, PRD102 (2020)
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Renormalization

Two options:

=) dim reg
m) BPHZ

Horak, Pawlowski, NW, PRD102 (2020)
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Renormalization

Two options: Manifest gauge invariant!

=) dim reg
m) BPHZ

Horak, Pawlowski, NW, PRD102 (2020)

[Eew] »
o e [s]

15.06.2023 | Physics Department | Institute of Nuclear Physics (IKP) | Nicolas Wink | 11




S5 TECHNISCHE
157/~\ UNIVERSITAT

g’ DARMSTADT

Renormalization

Two options: Manifest gauge invariant!
dim re :
=) 9/ More flexible
m) BPHZ

Horak, Pawlowski, NW, PRD102 (2020)
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Renormalization

Two options: Manifest gauge invariant!
dim re :
=) 9/ More flexible
m) BPHZ

Subtract Taylor series in all momenta at renormalization scale

spectral BPHZ )
—(p* =)
renormallsatlon R p2=p?

Horak, Pawlowski, NW, PRD102 (2020)
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Renormalization

Two options: Manifest gauge invariant!
dim re :
=) 9/ More flexible
m) BPHZ

Subtract Taylor series in all momenta at renormalization scale

spectral BPHZ )
—(p*—p?)
renormallsatlon Py p2=p?

Formalism build around spectral functions

Horak, Pawlowski, NW, PRD102 (2020)
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Correlation functions in the complex plane

All singularities of gauge variant correlation functions have to cancel
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Correlation functions in the complex plane

All singularities of gauge variant correlation functions have to cancel

=) | ocal quantum field theory dictates domain of holomorphicity
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Correlation functions in the complex plane

All singularities of gauge variant correlation functions have to cancel

=) | ocal quantum field theory dictates domain of holomorphicity

=) \Vightman functions are defined as the boundary of holomorphic functions

A i = {(til, ot )S() > > S () > S, — 15)}
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Correlation functions in the complex plane

All singularities of gauge variant correlation functions have to cancel

=) | ocal quantum field theory dictates domain of holomorphicity

=) \Vightman functions are defined as the boundary of holomorphic functions

A i = {(til, L S () = 2> S(ty) > S, — 15)}

=) Implies existence of Fourier transform, assuming tempered distributions
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Spectral functions

Can we make domain of analyticity manifest
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Spectral functions

Can we make domain of analyticity manifest

m) Spectral representations!
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Spectral functions

Can we make domain of analyticity manifest

m) Spectral representations!

m) Systematic construction possible
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Constructing spectral representations

Start with time ordered correlation functions

TA(t)B(0) = O(t)A(t)B(0) + (—1)*BO(—t)B(0)A(t)

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Constructing spectral representations

Start with time ordered correlation functions
TA(t)B(0) = O(t)A(t)B(0) + (—1)ABO(—t)B(0) A(t)
Rewrite Heaviside functions with integral representation

O(z) = lim 1/ ! eIy
Y

e—02ml J, y+ i€

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Constructing spectral representations

Start with time ordered correlation functions
TA(t)B(0) = O(t)A(t)B(0) + (—1)ABO(—t)B(0) A(t)

Rewrite Heaviside functions with integral representation

O(z) = lim 1/ ! eIy
Y

e—02ml J, y+ i€

Fourier transform to frequency space

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis

15.06.2023 | Physics Department | Institute of Nuclear Physics (IKP) | Nicolas Wink | 24

E)e)
@ enrs]




%57, TECHNISCHE
/") UNIVERSITAT
9 DARMSTADT

Constructing spectral representations

Start with time ordered correlation functions
TA(t)B(0) = O(t)A(t)B(0) + (—1)ABO(—t)B(0) A(t)

Rewrite Heaviside functions with integral representation

O(z) = lim 1/ ! eIy
Y

e—02ml J, y+ i€

Fourier transform to frequency space

Use cyclicity/KMS to order terms  T'%) (w;, wo, ws) = e 75T (w3, wi, wo)

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Constructing spectral representations

Start with time ordered correlation functions
TA(t)B(0) = O(t)A(t)B(0) + (—1)ABO(—t)B(0) A(t)

Rewrite Heaviside functions with integral representation

O(z) = lim 1/ ! eIy
Y

e—02ml J, y+ i€

Fourier transform to frequency space

Use cyclicity/KMS to order terms  T'%) (w;, wo, ws) = e 75T (w3, wi, wo)

=) Spectral functions give by inversion Evans, Phys Lett, 5249 (1990)

Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Spectral representations

Two-point function

= G - /dnpnﬁ) annp(nﬁ)

2T 1 —ipg >0 2 'n? —I—pO

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
NW, PhD thesis
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Spectral representations

Two-point function

= G, ) = /d” plnp) [ dn o P0D) (g, ) = 21m Gra(po, )

2T n — 1p0 >0 2 'n? —I—pg

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
NW, PhD thesis
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Two-point function

- - [ 20D [

2m 1 —ipo >0 27

Three-point function

znm m) o(po.p) =2ImGra(po,p)

772 + Dj

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
NW, PhD thesis
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Spectral representations

Two-point function

= G, ) = /d" P, D) / dn o) PULD) oy p(po, ) = 2Tm Gra(po, 7)

21 n —ipg S0 2m P —I—pg

Three-point function

m) 16 po o) /dm dno -1 [/)1(771,772) N p2(n1,m2)
| 2m 2w (m +72) —i(po+ 7o) | M —ipo ne — irg

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
NW, PhD thesis
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Spectral representations

Two-point function

= G, ) = /d" P, D) / dn o) PULD) oy p(po, ) = 2Tm Gra(po, 7)

2T 1 —ipg >0 2T n? —I—p%

Three-point function

m) 16 po o) /dm dno -1 [/)1(771,772) N p2(n1,m2)
| 2m 2w (m +72) —i(po+ 7o) | M —ipo ne — irg

=28 (1ha + )

p2 — 2 Re (F(R;)j)qA _|_ Ffjj)qR) Evans, Phys.Lett. B249 (1990)

Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
NW, PhD thesis
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Spectral representations

Two-point function

= G, ) = /d" P, D) / dn o) PULD) oy p(po, ) = 2Tm Gra(po, 7)

2T 1 —ipg >0 2T n? —I—p%

Three-point function

m) 16 po o) /dm dno -1 [/)1(771,772) N p2(n1,m2)
| 2m 2w (m +72) —i(po+ 7o) | M —ipo ne — irg

_ (3) (3) )
p1=2Re <P T Laar Spectral function degenerate
oo = 2Re (Fﬁé”i L+ p%R) for identical fields Evans, Phys Lett, 5249 (1990)

Evans, Nucl.Phys. B374 (1992)
Bodeker, Sangel, JCAP 1706 (2017)
NW, PhD thesis
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Spectral representations

Situation is more complicated for n>3

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Spectral representations

Situation is more complicated for n>3

=) Number of analytic continuations grows faster than retarded/advanced basis

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis

[Eew] »

15.06.2023 | Physics Department | Institute of Nuclear Physics (IKP) | Nicolas Wink | 34 o [5]
Q




Spectral representations

Situation is more complicated for n>3

=) Number of analytic continuations grows faster than retarded/advanced basis

Analytically continue with p; — —i(w; + ie;)

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Spectral representations

Situation is more complicated for n>3

=) Number of analytic continuations grows faster than retarded/advanced basis

Analytically continue with p; — —i(w; + ie;)

g1 >0,e9 >0
g3 < 0,e4 <0

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Spectral representations

Situation is more complicated for n>3

=) Number of analytic continuations grows faster than retarded/advanced basis

Analytically continue with p; — —i(w; + ie;)

g1 >0,e9 >0
g3 < 0,e4 <0

. o €1+ &4 .
Signs of combinations not chosen et =) Resolved by superposition
2 3

Evans, Phys.Lett. B249 (1990)
Evans, Nucl.Phys. B374 (1992)
NW, PhD thesis
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Back to spectral DSE

Works very well in a scalar theory 1 m3 b0
Sle] = /dd@“ S(0up)* + T’SOQ + 4—,’%04

Horak, Pawlowski, NW, PRD102 (2020)

15.06.2023 | Physics Department | Institute of Nuclear Physics (IKP) | Nicolas Wink | 38




TECHNISCHE
Back to spectral DSE UNIVERSITAT
Works very well in a scalar theor 2
Y y [ (L 2, Mo s Ao
Slol = [ d% | 5(Oup)” + " + @
2 2 4
1. Make initial guess p,,
2. Calculate I'® via DSE Iterate
! ‘\ until

3. Compute p from propagator | convergence

Horak, Pawlowski, NW, PRD102 (2020)
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Back to spectral DSE UNIVERSITAT
Works very well in a scalar theory | m2 \
o] = [ d% | 5(9up)” + TR 4
2 2 4!
008"""'
3 1. Make initial guess p,,
L : : 7
£ 0. Ay = § 2) i
%(’04 :ﬁ:;g 2. Calculate I'® via DSE 4\ lterate
g I | ! until
B 3. Compute p from propagator | convergence
0.00 o -
T 5 6

Frequency w

with classical vertices

Horak, Pawlowski, NW, PRD102 (2020)
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Incorporating Vertices

Take one channel into account

P

MO | =
|

Horak, Pawlowski, NW, PRD102 (2020)
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Incorporating Vertices

Take one channel into account

e G e E
=) Resummed vertex
Ao

1+ ApIlgigh o(w)

M| =
o | =

pa0(w) =21Im

=) Single channel approx keeps system manageable

Horak, Pawlowski, NW, PRD102 (2020)
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Scalar theory
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Horak, Pawlowski, NW, PRD102 (2020)
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Yang-Mills
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Gauge Fixing

Described by Action

1

Sva= [ JFLEL

X

e »
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Gauge Fixing

Described by Action

1 a 1a
SYM:L4FMVFMV

Functional Methods require gauge fixing

=) [ntroduces ghosts (additional terms)

1 a a 1 a —a a
SvM :/4FWFW % | (0,A ) /xc ﬁuDubcb
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Landau Gauge

1 a a 1 a —a ab b
SvMm = [B ZFMVFMV + 2—€ x(auAM)2 —|—/x(3 aMD,u C

Preferred choice: Landau gauge & — 0
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Landau Gauge

1 a a 1 a —a ab b
SvMm = [B ZFMVFMV -+ 2—€ x(é)MAM)2 —|—/xc aMD,u C

Preferred choice: Landau gauge & — 0

m) Transverse system decouples - (p) = (5W _ m,)

Hv
'ty = funRel(,) {5 pme o )]
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Landau Gauge

%57, TECHNISCHE
/") UNIVERSITAT
9 DARMSTADT

1 1
Sym = / “FL L + — [ (9,A%)% + / 0, D30

atmim o,

Preferred choice: Landau gauge & — 0

m) Transverse system decouples
'ty = funRel(,) {5 pme o )]
) Longitudinal system solved subsequently

Fl(ln) — funRe1(|n)[{rl(|2<m<n+2)}, {Fégm <nsn)}]

X
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A simple start

The ghost DSE is rather simple

Horak, Pawlowski, NW, PRD104 (2021)
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The ghost DSE is rather simple

The ghost-gluon vertex is surprisingly boring in the Euclidean domain

mm fRG (scallng) Cyrol et al. (2016)

a === fRG (decoupling), Cyrol et al. (2016)
A ]
~
()]
£
@
L 3.0
©
x
)
©
(]
>

2.6F

10 100 1o
Momentum p [GeV]
Horak, Pawlowski, NW, PRD104 (2021)
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The ghost DSE is rather simple

The ghost-gluon vertex is surprisingly boring in the Euclidean domain

_ mm fRG (scallng) Cyrol et al. (2016) I b
=) Take constant ghost-gluon vertex Jogp (TG Ol G0
g 3.0
g 2.6r

10 100 1o
Momentum p [GeV]
Horak, Pawlowski, NW, PRD104 (2021)
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The ghost DSE is rather simple

The ghost-gluon vertex is surprisingly boring in the Euclidean domain

mm fRG (scallng) Cyrol et al. (2016) |7
m) Take constant ghost-gluon vertex Sod = 'R (doooupling) Syrol ot 2l 2016)
58 AR
~
%"3 3.0r
=) Use gluon spectral function input
>
2.6¢
0 107 i
Momentum p [GeV]
Horak, Pawlowski, NW, PRD104 (2021)
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Gluon input
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Reconstruction based on fRG data

—_ 10 T T T T
o .
| | -,
S 10000l :,\‘ fRG (scalmg)
&3 -10" /| |mm  reconstruction,
= Py Cyrol et al. (2018)
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—_— 1 4
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LA |

T T T TTTIm

T T T TIrry

(o]

[e)]
T

Gluon propagator Ga(p) [GeV 2]
& T

o
T

ail

il

| ]
B ean

T T T TTr T T T TTrry T

lattice
scaling
mnn fRG, Cyrol | -

L1 3l Ll

1073

1072

107" 10°
Momentum p [GeV]

i3 sl

10’
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Gluon input
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Reconstruction based on fRG data
—_ N _10_1 T 1 T T — 8 ™ T T T LA |
o ‘ . - o B . 7
> 10000} A fRG (scaling) - i = lattice
3 -10" /| |mm  reconstruction, o S == scaling
= ;o Cyrol et al. (2018) — 6l u1s1 fRG, Cyrol |4
3 —10% ) 2
“a;: 5000 0.0 0.4 0.8 :,' 'nll 7] (§: — Ggat)
é ':'l ': TOU ar ] Gg=44 7
2 Of === \ e mm———— . g GI=1.9
= S [ P o -
= - i Vi o 2 e -
g Vg 5
g —5000F v/ - 5
o N\ =
CD 1 1 1 [ 1 1 1 1 (DO-"] i1 3l i1 sl i3 a3 sl i1 3 sl i
0.5 0.7 0.9 1.1 1073 1072 107" 10° 10"
Frequency w [GeV] Momentum p [GeV]
m) Features exact IR, UV asymptotic and sum rule
Horak, Pawlowski, NW, PRD104 (2021)
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Ghost spectral function

(}’1_‘ 0_ i - DDDD iz
> ] = 102+ Bo_ = Kéllén—Lehmann i
8 - 1 - E o_ — Direct Euclidean
= \/ Al m_ | RG, Cyrol etal. (2016)
3 10} 1 - =
§ _0,0 ‘ , ) , I | _% 1 DDDDDDDDDDDUED — G(Alat)
5 S0t = Gy =44
(6]
5 —20 — Ggat) . g’ Eg = G=1.9
s L — | 3
= === Spectral function g
c% _30L m Fit i 10°
1l 11l 1 A | 1 1 1 1l a3l 1 L1331l 1 3 a3l 1 33311l
1072 1071 10° 10! 1072 1071 10° 10!
Frequency w [GeV] Momentum p [GeV]

=) Perfectly fine, purely negative spectral function
and massless pole at zero frequency

Horak, Pawlowski, NW, PRD104 (2021)
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Gluon spectral function UNIVERSITAT
v = o bl
ffffffffff o = e

Pawlowski, Schneider, NW, arXiv:2202.11123

e
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Gluon spectral function

m) Keep vertices constant

Pawlowski, Schneider, NW, arXiv:2202.11123

e »
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Gluon spectral function

m) Keep vertices constant

m) Neglect two-loop diagrams S

Pawlowski, Schneider, NW, arXiv:2202.11123
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Gluon spectral function

m) Keep vertices constant

m) Neglect two-loop diagrams

Solvable in Euclidean space-time @ S g el e
=) Difficult to find solution, but possible

Pawlowski, Schneider, NW, arXiv:2202.11123
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Gluon spectral function

m) Keep vertices constant

m) Neglect two-loop diagrams

Solvable in Euclidean space-time @ S g el e
=) Difficult to find solution, but possible

BPHZ renormalization m?
ZA(fre) =1+ S

m) Standard renormalization conditions Hra
ZC(lu’RG) =1
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Initial conditions

But YM should have no free parameters?

=) Yes!

[Eew] »
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Initial conditions

But YM should have no free parameters?

=) Yes!

Classical vertices \ gz, A3, A4

m) One used for scale setting
m) Two fixed by (modified) Slavnov—Taylor identities
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Initial conditions

But YM should have no free parameters?

=) Yes!

Classical vertices \ gz, A3, A4

m) One used for scale setting
m) Two fixed by (modified) Slavnov—Taylor identities

2
Gluon mass parameter 714

m) Related to non-perturbative gauge fixing?
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Running couplings

- o I o
£ 10°% o
(O /
\UUQ, - // ll,
1<2) ]
(o)) /7
£ 107y !
O !
C3) -:'Ih\ ',
O 7 Vi
e 1 -4 h mm Olpcc
'c 107 ! mm
c ': A
D:{J B : e A
1
10—6 L gl sl L vl Liasl
Kenin 10° 10! 10?

p [GeV]

Different vertices

=) define avatars of the

strong coupling

Agree perturbatively
Consistent in the UV

Reasons for non-
trivial IR behaviour?

Pawlowski, Schneider, NW, arXiv:2202.11123
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The remaining free parameter

Gz,
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'

M7 i [GEV]

0.06

scaling

* confining {decoupling

« Higgs-type

representatives:
4 scaling

m decoupling
e Higgs-type .

1072
17, 7~ Mes [GEV’]

L

Dynamical generation
of a mass gap!

Solution around minimum
agrees best with Lattice

Scaling solution endpoint
=) of decoupling type
solutions

=) Justification for solutions?

Pawlowski, Schneider, NW, arXiv:2202.11123
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Analytic considerations
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Assume complex conjugated poles in the gluon

Complex-conjugate
poles gluon propagator Nl
7%

Horak, Pawlowski, NW, arXiv:2202.09333
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Analytic considerations

Assume complex conjugated poles in the gluon

Complex-conjugate
poles gluon propagator | et |2l

~11m p? [GeV?]

Re p’ [GeV?)

Horak, Pawlowski, NW, arXiv:2202.09333
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Analytic considerations i

Assume complex conjugated poles in the gluon

Complex-conjugate Violation of ghost spectral representation
poles gluon propagator e o

— |

‘\\‘ ’: X Fff' \ 30 ““

o / -5 ~

Re p’ [GeV?] Z11m p? [GeV?)
1Djhos(P)|
300
200
100
e S et g Additional branch cuts
-50 | ii'jj,\,‘i>v 0 in gluon propagator
Re p? [GeV?] o Imp? [GeVA)
0
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Analytic considerations

Assume complex conjugated poles in the gluon

Complex-conjugate
poles gluon propagator

1Djhos(P)|
300
200

100

Additional branch cuts

0
=100

in gluon propagator

-50 S
Re p? [GeV?] ~ 1Imp? [GeV?)
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Numeri | lution s
umerical solutio UNIVERSITAT
— 1=28GeV o &1=27GeV E1=25GeV — £1=28GeV — &71=27GeV E1=25GeV
T T T T LA | LJ L) LB BN A S | T T T— T rrrrj T T
100 101 102 0.02F =
80F sl |
—_ ‘ —10_3' e — i - i
Y eoF | i S e
> | _10-—8_ >
é “ \ é 0 01 - -
< 401 | _10—3- o
Q ' ‘ ‘ : =
I 1073 10° ! |
20r I
O-l l‘iﬁ 1 1 1 1 7] O'Oo—ll L L L3 3131l 1 1 PR T A W | 1 l-
3.0 35 4.0 4. 107" 10° 10’
w [GeV] w [GeV]
Horak, Pawlowski, NW, arXiv:2202.09333
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Dynamic mass gap generation
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7

£ [Gev]
5]
I77_2|_ kmin [GEVZ]

scaling

* confining {decoupnng i

« Higgs-type

representatives:
A scaling * .
m decoupling
» Higgs-type .

2.2

mf\ [GeV?]

0.06

Pawlowski, Sclhneider NW, 2202.11123

1073

n

1

1072

A=t [GeV?]

m) Still far from the interesting regime of the theory

Horak, Pawlowski, NW, arXiv:2202.09333
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Trying to capture additional structure

Extend ordinary KL representation 1 G(z
Y P G(zp) = — fg dz—( )
mp? 271 ~ 220
]1 :
S 7 -
_________________________________ ' Re p~
...................................................... ] .

Horak, Pawlowski, NW, arXiv:2202.09333
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Trying to capture additional structure

Extend ordinary KL representation 1 G(z
g P G(20) = 5= fgdz—( )
mp? 271 Yy 2T 20
=) Calculation procedure still works (in principle)
]1 :
. |n b,
_________________________________ ' Re p~
...................................................... ] .

Horak, Pawlowski, NW, arXiv:2202.09333
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Trying to capture additional structure

Extend ordinary KL representation 1 G(z
Y P G(zp) = — fg dz—( )
mp? 271 Yy 2T 20
=) Calculation procedure still works (in principle)

]1 :
0 b . n
e i ker’  mmp Absorb deviations by fitting cc poles
........................... '},2 !

Horak, Pawlowski, NW, arXiv:2202.09333
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Trying to capture additional structure

G(20) = 7

Extend ordinary KL representation 1 fgd G(z)
Z—
,_.,lmpz.,,_‘_\_‘ 27T1 v

m) Calculation procedure still works (in principle)

,,,,,,,,,,,,,,,,,,,,,,,,,,,

________________________________ R

e Rer’  mmp Absorb deviations by fitting cc poles

___________________________

___________________________

=) Procedure breaks down when
approaching interesting region of theory

Horak, Pawlowski, NW, arXiv:2202.09333
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Trying to capture additional structure UNIVERSITAT
4—"I L LA L LR | T LALLM | L """I_ 0.6-' LELELILELY | T 'I-
i i B Numerical
[ |==  Fit ]
- - — n -
3 < 0.2 DD%DDDDDDEIEIEI
o F . Q - 000000000000 Qooogooog -
N o
T 2F = |3 —0.2' 55 n
| |- £1=28GeV = 1
" |==Direct Euclidean ) w1227 GeV
1} | ® Modified spec. rep. m_ —0.6} 1 -
m Spec. rep. § =2.5GeV
T T T T T 107" 10° 10’ 102
po [GeV] w [GeV]

Horak, Pawlowski, NW, arXiv:2202.09333
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My perspective
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4' " [} B
| = m : m m m m - 0.1
— 3- =
>
9 - m N><
=
2F ] 10
| |m X ]
il ) -
26 27 2.8
&' [GeV]

Horak, Pawlowski, NW, arXiv:2202.09333

All hell breaks loose
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My perspective

All hell breaks loose

: ; ; ; ; ; m) Simple cc poles are NOT the solution

4' " [} B
| = m : m 5] m m m 0.1
— 3- o
>
S m N><
N
2F ] 10
| |m X =
il ) -
26 27 2.8
&' [GeV]

Horak, Pawlowski, NW, arXiv:2202.09333
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My perspective

All hell breaks loose

: ; ; ; ; ; m) Simple cc poles are NOT the solution

a " =
= " 2" = = =« =« 1% Personal gut feeling
53: ) = =) Artefact of unphysical region of theory
><2- = 10
Ry =
L mZ, .
26 27 28
&' [GeV]

Horak, Pawlowski, NW, arXiv:2202.09333
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My perspective

All hell breaks loose

: ; ; ; ; ; m) Simple cc poles are NOT the solution

4" g .
= " 3° = = =« = 1% Personal gut feeling
53: ) = =) Artefact of unphysical region of theory
R o % Ways forward
1
l 2.16 I 2?7 l 2.I8
&' [GeV]

Horak, Pawlowski, NW, arXiv:2202.09333

[Eew] »
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My perspective

All hell breaks loose

: ; ; ; ; ; m) Simple cc poles are NOT the solution

4" g .

= " 3° = = =« = 1% Personal gut feeling
53: ) = =) Artefact of unphysical region of theory
R o % Ways forward

- ¢ = . .

| =2 ", =) Monitor mSTIs in parallel

l 2.16 I 2?7 l 2.I8
&' [GeV]

Horak, Pawlowski, NW, arXiv:2202.09333
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My perspective

All hell breaks loose

: ; ; ; ; ; m) Simple cc poles are NOT the solution

aF "  a =
= " 3° = = =« = 1% Personal gut feeling
53: ) = =) Artefact of unphysical region of theory
R o % Ways forward
| (B X = . .
| =2 ", =) Monitor mSTIs in parallel
=0 £ [Ge\,]zj “ m) Advanced numerical methods

Horak, Pawlowski, NW, arXiv:2202.09333
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My perspective

All hell breaks loose

: ; ; ; ; ; m) Simple cc poles are NOT the solution

a " =
= " 2" = = =« =« 1% Personal gut feeling
— 3F = . .
3 | - =) Artefact of unphysical region of theory
™
2r 8 1 Ways forward
Ry =
| =2 = =) Monitor mSTIs in parallel
l 2.16 I 2?7 l 2.I8 .
£ [GoV] m) Advanced numerical methods
Horak, Pawlowski, NW, arXiv:2202.09333 ‘ InCIUde Vert|CeS and/or KeldySh Contour
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Quarks

Proceed similar to ghost equation

Horak, Pawlowski, NW, arXiv:2210.07597

e »
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Quarks

Gluon prop from 2+1 flavour

Proceed similar to ghost equation L attice data with GPR

m) Use input for gluon from reconstruction

5 4
AAIA

0 A Lattice d\

1072 10°

Po [GeV]

= GPR[...]

100

G, [GeV7?]

50

pa [GeV7?]

—-50 -

1 1 ! i 1
0.5 1.0 20
w [GeV]

Horak, Pawlowski, NW, arXiv:2210.07597
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Quarks

Gluon prop from 2+1 flavour

Proceed similar to ghost equation L attice data with GPR

m) Use input for gluon from reconstruction

5 4
AAl.'h

0 A Lattice d\

1072 10°

Po [GeV]

= GPR[...]

100

G, [GeV7?]

m) Const quark-gluon vertex

50

pa [GeV7?]

—-50 -

1 1 ! i 1
0.5 1.0 20
w [GeV]

Horak, Pawlowski, NW, arXiv:2210.07597
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Quarks

Gluon prop from 2+1 flavour

Proceed similar to ghost equation L attice data with GPR

m) Use input for gluon from reconstruction

5 4
AAIA

0 A Lattice d\

1072 10°

Po [GeV]

= GPR[...]

100

G, [GeV7?]

m) Const quark-gluon vertex

50

[l

\

pa [GeV7?]
S

—-50 -

1 1 ! i 1
0.5 1.0 20
w [GeV]

Horak, Pawlowski, NW, arXiv:2210.07597
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Quarks

Gluon prop from 2+1 flavour

Proceed similar to ghost equation L attice data with GPR

m) Use input for gluon from reconstruction

5 4
AAIA

0 A Lattice d\

1072 10°

Po [GeV]

= GPR[...]

100

G, [GeV7?]

m) Const quark-gluon vertex

50

[l

\

pa [GeV7?]
S

tr [’yO Im Gq(—iw+)] 50 1 ] 1

1 1 ! i 1
0.5 1.0 20
tr [Im Gq(—iw+)] w [GeV]

PP (W) =

= Zyp) 17 + My(p)? pl) (w) =

DO = B

Horak, Pawlowski, NW, arXiv:2210.07597
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Analytic structure

One loop pert. theory features complex conjugated poles

Horak, Pawlowski, NW, arXiv:2210.07597
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Analytic structure

One loop pert. theory features complex conjugated poles

m) Very small imaginary part

My & My +ie and e K1

A S~
~

Horak, Pawlowski, NW, arXiv:2210.07597
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Analytic structure

One loop pert. theory features complex conjugated poles
m) Very small imaginary part

My & My +ie and e K1

Approximation

S p(w) = Ro(w — wo) + p(w)
_____ € I* resonance-scattering split
EI ....... >
Y

Horak, Pawlowski, NW, arXiv:2210.07597
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Analytic structure

One loop pert. theory features complex conjugated poles
m) Very small imaginary part

My & My +ie and e K1

Approximation

. plw) = Ro(w — wo) + p(w)
EI'\:.J resonance-scattering split
EIX ..... -
MY =) \Works well in practice

Horak, Pawlowski, NW, arXiv:2210.07597
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Quark spectral function

T T T T L T T T T T T T T T T T T
ol = Chiral limit | |= Vector part p{® 1.0 \“‘“‘-\_’/——‘—‘
== Light flavours | | — Scalar part p® i 7
: q - == Chiral limit 1
—_ L - - == Light flavours |
| L u
E 191 1Q2 0.5- -— Dressing 1/Z, i
- =101 1072 i = Mass function M, [GeV] | |
= 10—4_\ T, , ]
_1077 I |
—30F —10_5' i oob T -

1 | 1 1 1 1 1 == 1 ! | ! 1 I | T | 1 1 1 [ | !

0.5 1.0 0.1 0.5 1.0 50 100
w [GeV] pPo [GeV]

Horak, Pawlowski, NW, arXiv:2210.07597
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Quark spectral function

T T T T T T T T T T T T T L S B L T
ol = Chiral limit | |= Vector part p{® 1.0 \“‘“‘-\_’/——‘—“
== Light flavours | | — Scalar part p® i 7
: d i == Chiral limit | 1
—_ » e - = Light flavours | -
I . L i
E 191 1Q2 0.5- -— Dressing 1/Z, i
- =101 1072 i = Mass function M, [GeV] | |
= 10—4_\ T, , ]
-1077 I |
—30F —10_5' i oob T -

1 | 1 1 1 1 1 == 1 ! | ! 1 I | T | 1 1 1 [ | !

05 1.0 0.1 0.5 1.0 50 10.0
w [GeV] pPo [GeV]

m) Negative scattering tail necessitated by sum rule
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A word of caution

Simple Abelian vertex approx (STI compatible)

Co@Tula n)Galp) ~ 0. | 55

Horak, Pawlowski, NW, arXiv:2210.07597
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A word of caution

Simple Abelian vertex approx (STI compatible)

Co@Tula n)Galp) ~ 0. | 55

/ STI vertex =) No cc poles
In QED

Horak, Pawlowski, NW, arXiv:2210.07597
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A word of caution

Simple Abelian vertex approx (STI compatible)

1 1

Gl (e, PColp) s | 3

STI vertex =) No cc poles

In QED
Classical vertex ®® cc poles

Horak, Pawlowski, NW, arXiv:2210.07597
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A word of caution

Simple Abelian vertex approx (STI compatible)

1 1

Go(a)Tu(a,p)Gq(p) %gs/A =
STI vertex =) No cc poles

=) Does not generalize

In QED to gluon with cc poles

Classical vertex mp cc poles

Horak, Pawlowski, NW, arXiv:2210.07597
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A word of caution

Simple Abelian vertex approx (STI compatible)

1 1

Gl (e, PColp) s | 3

STI vertex =) No cc poles

=) Does not generalize

In QED to gluon with cc poles

Classical vertex mp cc poles

m) Slavnov—Taylor identities are extremely important

Horak, Pawlowski, NW, arXiv:2210.07597
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Slavnov-Taylor identities

Regularization introduces modification of STls

/FQiF@i :/ (RG)cbiéj FQj(I)i
x z,y

A first study in the fRG

Pawlowski, Schneider, NW, arXiv:2202.11123
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Slavnov-Taylor identities

Regularization introduces modification of STls

/FQiF@i :/ (RG)cbiéj FQj(I)i
x z,y

A first study in the fRG
m) Calculate long. sector directly and from STI

Pawlowski, Schneider, NW, arXiv:2202.11123
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Slavnov-Taylor identities

Regularization introduces modification of STls

/FQiF@i :/ (RG)cbiéj FQj(I)i
x z,y

A first study in the fRG
m) Calculate long. sector directly and from STI

=) Only one vertex fulfills STI (numerically) exactly

Pawlowski, Schneider, NW, arXiv:2202.11123
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Some results

Long three-gluon dressing

Ghost-gluon dressings
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Pawlowski, Schneider, NW, arXiv:2202.11123
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Some results

Hints towards gauge consistency of functional setups

=) Positive news

Pawlowski, Schneider, NW, arXiv:2202.11123
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Some results

Hints towards gauge consistency of functional setups
=) Positive news

Large deviations in the IR of gluonic vertices

But: No irregularities in the
=) |ong sector
(we also didn’t look for them)

Pawlowski, Schneider, NW, arXiv:2202.11123
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Some results

Hints towards gauge consistency of functional setups
4.x107%

=) Positive news

2.x107*
Large deviations in the IR of gluonic vertices
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Normalized difference of
ghost-gluon dressing
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Agreement up to numerical precision in ghost-gluon vertex
= Why?

Pawlowski, Schneider, NW, arXiv:2202.11123
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Thanks

Spectral DSE

Ghost and Gluon spectral functions

Modified Slavnov-Taylor identities
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Euclidean three point function

F(E?fl)d(l?oﬁo,ﬁz 0,7=0)

r0

p0
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1st iteration for a scalar field
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Real part of analytic continued three-point function
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Imaginary part of analytic continued three-point function
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Three-point spectral density

P1 (Wla w2)
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Reconstruction three-point function

Spectral function Euclidean Dressing
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