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Overview

| .Hadronic vacuum polarisation

2.Hadronic light by light

3.Outlook: towards the photon four-point function
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QCD in covariant gauge

Quarks and Gluons

+gauge ﬁxing) }

Landau gauge propagators in momentum space,

uon p pl/ sz
@O0 Do (p) = <5W " ) (2)

p> ) p
@ S@uart(p) = Zp (p*)[—ip + M(p°)] ™

LThe Goal: gauge invariant information in a gauge fixed approach]
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Nonperturbative QCD: Complementary approach

[Quarks and gluons J

® Lattice simulations ® Dyson-Schwinger Equations

* Ab initio  Physical quark masses
* Gauge invariant ° Full momentum dependencies
e Multi-scale problems feasible

[Hadrons J

® Effective theories and models
(XPT, chiral models,...)

® Dispersive approach

* Physical degrees of freedom
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Hadronic vacuum polarization

Evaluated at spacelike momenta!
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Hadronic vacuum polarization

7
A v i
had Evaluated at spacelike momenta!

Need to determine quark propagator and quark-photon vertex:
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Hadronic vacuum polarization

L
A v i
had Evaluated at spacelike momenta!

Need to determine quark propagator and quark-photon vertex:

Kernel K uniquely
related to quark-DSE
via axWTI
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Hadronic vacuum polarization

L
i v i
had Evaluated at spacelike momenta!

Need to determine quark propagator and quark-photon vertex:

Maris-Tandy model

Two strategies:

. Calc. gluon and vertex
from their DSEs

ll. Combine gluon and vertex
in model
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Model for quark-gluon interaction

° 51
O +

4 )

a(k?) = <k2> ) 4 gy (82)

A2
\ _J Maris, Tandy, 1999

® two (related) parameters 1 and A from fr
® ayv from perturbation theory

® masses my=mq from mx or mp

® Renormalizable and momentum dependent !
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\

'NJL-model
a(k®) = a O(A? — k%)

\_ J
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Quark mass: momentum and flavor dependence
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Typical solution:
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® M(p?): momentum
dependent!

2 Bottom quark
- |—— Charm quark
3L |—— Strange quark

- |—— Up/Down quark
- |—— Chiral limit
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® Dynamical mass:

P/]s,trc)ngz 350 Mev

® Flavour dependence
because of Mweak

® Chiral condensate:

IIII ] ] IIIIIII ] IIIIIIII
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Phenomenology from Maris-Tandy interaction

Summary of light meson results
My—q =5.5MeV, mg =125MeV at y = 1 GeV

Pseudoscalar

(PM, Roberts, PRC56, 3369)

Vector mesons

(PM, Tandy, PRC60, 055214)

calc.

= 0
-(99),
My

Jx

fx

(0.236 GeV)®
0.1385 GeV
0.0924 GeV
0.496 GeV
0.113 GeV

(0.241%)°
0.138'
0.093
0.497
0.109

n 'p o

fp Jw
My
Sk
Mg

Jo

0.770 GeV
0.216 GeV
0.892 GeV
0.225 GeV
1.020 GeV
0.236 GeV

0.742
0.207
0.936
0.241
1.072
0.259

Strong decay (Jarecke, PM, Tandy, PRC67, 035202)

Charge radii

(PM, Tandy, PRC62, 055204)

~
.

| B
> B0 Pmitd RS
() N

0.44 fm?>
0.34 fm?
-0.054 fm®

0.45
0.38
-0.086

Spnn
SoKK

8K*Kx

6.02
4.64
4.60

5.4
4.3
4.1

Radiative decay

(PM, nucl-th/0112022)

vy transition (PM, Tandy, PRCE5, 045211)

8y

2
Frpy

0.50
0.42 fm?

0.50
0.41

Weak K

decay

(PM, Ji, PRD64, 014032)

Gpry /My
Loy /Mo
(8x+ky/mK)’

(gk+ky/mg)"

0.74
2.31
0.83
1.28

0.69
2.07
0.99
1.19

A(e3)
r(Kr3)
F(K;l3)

0.028
7.6 -10%s!
52-100s!

0.027
7.38
4.90

Scattering length

(PM. Cotanch. PRD66, 116010)

0
(lo

2
(l()

|
(ll

0.220
0.044
0.038

0.170
0.045
0.036

Slide from
Pieter Maris

M ,A-’fcf,, Mg+ good to 5%, fp, f¢, fr+ good to 10%
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Quark-photon vertex and pion form factors
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Amendolia et al,

) Ackermannecal.
Brauel et al,
Tudevosyun et al.
Horm et al.

) Barkov et al.

DSE caleulaton
VMD p monopole

By deanl

Pion form factor:

|- l | W l | D, [ l ] N l | P -

05 0 0.5 1
Q’ [GeV’]

Krassnigg, Schladming 201 I;
Maris, Tandy NPPS 161,2006

Vector meson poles dynamically generated!
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Transition form factors

T ' ] X ' I : J

= CELLO ol —— DSE calculation
a CLEO ; ‘.' ---- VMD @ monopole

---- DSE calculation | - g ---- Mitchel-Tandy 1995
—— VMD p monopole By * |HEP data

---- BL monopole

| y | - | : 2
2.0 3.0 ; ; . ; 2.0 3.0
Q° [GeV?) Q% [GeV?

Y*TT Y WTTY* and pTTY™

® good agreement with data
® rho/omega pole generated dynamically

Maris, Tandy, Phys. Rev. C 65 045211 (2002)
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Results: Hadronic vacuum polarisation

e RBC-UKQCD (N=2+1)|
m Mainz CLS (N=2+1)
A Mainz CLS (N=2)

¢ ETMC (N=2)

— DSE (N=2+1)

— DSE (N=2)

| !
1.4 1.6

DSE: ) = (744.0+2)-1071°  (mm)

Goecke, CEWilliams, PLB 704 (2011)

-2) .10 (Mp)
Experiment: = 1+56) 1071

Very reasonable agreement !
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Hadronic Light-by-Light scattering

Derived from
gauge invariance!

Goecke, CF, Williams, PRD 83 (2011) 094006
Eichmann and CF PRD 87 (2013) 3, 036006
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Meson-exchange contribution

Dressed quark propagator:

v~y 'off-shell form factor’:

BSE for pseudoscalar
mesons:

Meson exchange
--- = = contribution to LBL.:

DSE/BSE for fermion-photon
vertex:

EC ]

Christian Fischer (University of Giel3en) Hadronic light-by-light from DSEs
Friday, April 4, 2014



Meson-exchange contribution

Dressed quark propagator:

0

2 Components

BSE for pseudoscalar
mesons:

Meson exchange
- = = contribution to LBL.:
4 Components

DSE/BSE for fermion-photon

7y~ 'off-shell form factor’:

~ I
vertex: " B
'\/v<= W\< + w@ gz
-« - - -«

|2 Components ® full momentum dependencies
® no free parameters
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Meson exchange contribution to LBL

F(Wmm’)w

® Fryy overall similar to VMD-models

® our value: (azmm’>DSE —8.1(1.3) - 1071°

® comparable with model calculations ™

® short distance constraints satisfied!
see also Dorokhoyv, Broniowski, PRD 78 (2008) 07301 |

numerical: 0.2
systematic: |.|

Goecke, CEWilliams, PRD 83 (201 1) 094006
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Quark-loop contribution to LBL

® Numerically demanding due to
superficial divergency
® Vertex contains |2 tensor structures

M=% BC L'+ » FT!
i=1,4 i=1,8
gauge part
— WTI

ENJ L'mOdGI: (2 - ]_ _ o ‘ ]. O —10 Bijnens, Pallante and Prades PRL 75, (1995)

DSE:

bare vertex (6 . ]_ - . -1 O_ 10 CF, Goecke, Williams, EPJA 47 (2011) 28

BC, only (11.1+0.2) - 10~ *°
BC, + Fi (10.7 -

. ] O_ 10 Goecke, CF, Williams, PRD 87 (2013) 034013

Calculation not yet completed !
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Comparison ENJL vs. DSE

1
0.8

0.6

o
..

M(p®) [GeV]

0.01 0.4

v — | 02 Ipgg ——

10"°10® 10® 10* 102 10° 102 10* 10° 10"°10® 10° 10* 102 10° 102 10* 10°

p° [GeV?) p? [GeV?)

® NJL: no momentum dependence in quark

® NJL: no relative momenta in quark-photon vertex I}, ( P, p:p-2)

® artificial suppression of quark-loop contribution

ENJL-model: 6.0-1071Y — 921.10710

DSE (BC, + F)):
Ni= 2 100-107Y — 96.10"1
N = 4 11.1-107° — 10.7-1071%

Goecke, CF, Williams, Phys. Rev. D 87 (2013) 034013
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Hadronic LBL contributions - DSE + Models

TMoN,N’ iquarkloopi T, | SUM
8.5(1.3) i 2.1(0.3) i -1.9(1.3) i 83(3.2)
83(0.6) | 1.0(I.1) | -04(0.8) | 89(1.6)
114(1.3) i 02 i -1.9(13) i 10.5(2.6)

8.1(0.2) 10.7(0.3) 18.8(0.5)

X

reliminary! f
P 4 numerical

J. Bijnens, E. Pallante and J. Prades Phys. Rev. Lett. 75, 1447 (1995)

M. Hayakawa, T. Kinoshita and A. |. Sanda, Phys. Rev. Lett. 75, 790 (1995)

J. Prades, E. de Rafael and A.Vainshtein, arXiv:0901.0306 S)I stem ati C 7

T. Goecke, CF, R.Williams, Phys. Rev. D 87 (2013) 034013
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The four-photon amplitude

v

® Orthogonal basis constructed: |36 elements (41 after gauge inv.)
® four-photon amplitude satisfies (exact within RL):

Quark-Compton-vertex
/F
/\/\
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Quark-Compton-vertex

Compton-vertex:

LA

Quark-Loop incl.“meson-exchange”

® basis constructed (128 elements)
® meson exchange contributions isolated and F’;., recovered

Eichmann and CF PRD 87 (2013) 3, 036006

Next steps:

® calc. full quark-loop contribution
® calc. full 1Pl contribution and systematically compare with
“off-shell meson approximation”

Eichmann, CF Williams, work in progress

Christian Fischer (University of Giel3en) Hadronic light-by-light from DSEs
Friday, April 4, 2014




Reducing systematic errors in LBL

Step by step process:

|. Complete rainbow-ladder calc. of four-photon amplitude

® Avoid systematic errors of off-shell meson exchange approx.

® From HVP, form factors, etc.: expect error of <10 %

® Can be checked systematically by comparison with lattice at
selected kinematical points

ll. Include contributions beyond rainbow-ladder

® Pion-loop effects

Eichmann, CF. ,Williams, Haas, work in progress
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Summary

® (Euclidean) QCD based approach
° renormalizable

* UV — |IR: dynamical quark mass generation

® Hadronic vaccuum polarisation
e agreement with experiment on 5 % level

® Light-by-light
* large effects due to momentum dependencies
* full calculation w.o. off-shell meson approximation under way

Highly desirable:
Systematic comparison with lattice results at
physical and unphysical pion and/or myon masses !
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