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Motivation
@00

Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton

(parton-distribution functions, electromagnetic form factors,
GPDs, ...)

@ in-medium changes of properties of hadrons
(observable in dilepton spectrum)

@ g — 2 of muon:
— background for beyond-standard-model physics



Motivation
@00

Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton

(parton-distribution functions, electromagnetic form factors,
GPDs, ...)

@ in-medium changes of properties of hadrons
(observable in dilepton spectrum)

@ g — 2 of muon:
— background for beyond-standard-model physics

What do we know?
@ photons couple directly to vector mesons

— vector mesons prominently seen in
corresponding cross sections

— “vector-meson dominance” (VMD)
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Vector-meson dominance (VMD)

VMD works very well
for pion form factor (FF)
(Sakurai, ...)
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e.g., Klingl/Kaiser/Weise,
Z. Phys. A356, 193 (1996)




Motivation
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Vector-meson dominance (VMD)

VMD works very well

VMD dramatically fails
for pion form factor (FF) for omega transition FF
(Sakurai, ...) w — M+M_WO:
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Arnaldi et al. (NA6O),
Phys. Lett. B677, 260 (2009)
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ooe

Vector meson dominance (VMD)

@ VMD works very well
for eta transition FF

n— ptpTy

=

IF,f

NA6O  :A;=1.95+0.17+0.04GeV”

10—
[ Lepton G:A;7=1.90+0.4 GeV”*

[ VMD :A’=1.8GeV”
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M (GeV)
Arnaldi et al. (NA60),

Phys. Lett. B677, 260 (2009)

@ VMD works very well
for pion transition FF
(e.g. ey — e 70):

A2 — dF(s)

- ds s=0
NppG = (076 + 005) GeV,
Avmp = my ~ 0.77 GeV

@ does it work for double-
virtual transition FF?
/n — ete  ete”

~~ important for hadronic
light-by-light scattering
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Lagrangian for pseudoscalars and vectors

@ want to construct simple Lagrangian for 7, p, w
(only two flavors for simplicity)
@ use lowest-order Lagrangians from chiral perturbation
theory for sector with
e even number of pions: non-linear sigma model
~+ two parameters: pion decay constant and pion mass
e odd number of pions: Wess-Zumino-Witten term
~ parameter free

@ use in addition Lagrangian for vector mesons ~- next slides
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Inclusion of vector mesons

relevant Lagrangian with one vector meson

i 1
_i he my w(V,,, U, U']) = g ey my (V"™ Q) F,

@ use anti-symmetric tensor fields, V,,,,
to represent vector mesons

@ Lagrangian saturates low-energy constants of
next-to-leading-order chiral perturbation theory
(Gasser, Leutwyler, Annals Phys. 158 (1984) 142)

@ two parameters: hp and ey
— fix hp from decay p — 2r
— fix ey from decay p — et e~

Lutz/S.L., Nucl. Phys. A813, 96 (2008)
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Inclusion of vector mesons

relevant Lagrangian with two vector mesons
1 D V/l,(li Dl/ V 1 2 V V/u/
_Ztr( W Va)+§mvtr( n% )

4 é Pp €ma te({ VA, DAV} UP)

@ one free parameter: hy
(corresponds to g4 in pion-nucleon interaction)

< fix ha * ey from decay w — 70 + v /\ﬁw
[

Lutz/S.L., Nucl. Phys. A813, 96 (2008)
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Electromagnetic form factors

three free parameters fixed from two-body decays
@ p—27
@ p— "I~ (I = lepton)

@ w— ¥y

no further parameters needed to determine

@ pion form factor, ete™ — 7t~ (VMD)
@ omega transition form factor w — 70 [/~ (no VMD)
@ pion transition form factor
e single virtual: 7° — yete~ (VMD)
e double virtual: 7% — ete~ ete~ (VMD?)

@ cross section ete™ — ntr 70
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Pion form factor

~ @ Nev*hp

@ tree level: S — 1 (drop S in figure)
@ rescattering: S=1+2iT

NIV S NI NP N
,
- - —
* 2 RS A
7’ N 7’ A 4 -~ N 4
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Pion form factor at tree level

@ two contributions: direct (~ pion charge) and via p meson
@ form factor: normalize amplitude to direct term

evhpm?, s

Fr&) =14 Teerr 2 —s

@ as compared to VMD

2
m
FYMP(s) = ¥
2
mv — S

e formulae would agree for ey hp = 16e 2/ m?, ~ 0.065
@ here: ey =~ 0.22, hp =~ 0.30 ~~ ey hp =
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Pion form factor at tree level

@ two contributions: direct (~ pion charge) and via p meson
@ form factor: normalize amplitude to direct term

evhpm?, s

Fr&) =14 Teerr 2 —s

@ as compared to VMD
VMD m
F, s) =
A8 = g

e formulae would agree for ey hp = 16e 2/ m?, ~ 0.065
@ here: ey =~ 0.22, hp =~ 0.30 ~» ey hp ~ 0.066
— very close to VMD
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Pion form factor

~ e Nev*hp

@ tree level: S— 1 (drop S in figure)
@ rescattering: S=1+2iT

N N ’ N ’
N , N , N -=< , N
N N L
,
— = ——o
* A + 4 P N
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Pion form factor with rescattering

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Vs [GeV]

@ excellent description
@ note: isospin breaking (p-w mixing) not included
S.L., Phys. Rev. D80, 114012 (2009)
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Transition form factor of omega meson — status

@ definition: form factor parametrizes deviation from
structureless decay; normalized to photon point (M = Q)

0 o 10° £ H
T 3 [ NA6D  :AZ=2.24+0.0640.02 GeV?!
~ LL ' B
I+ Y T | Lepton G:AZ=2.36:0.21 Gev?
w 3 ;
>fﬁf’%7 VMD  : A?=1.68 GeV?
10°

@ experiments show strong i
deviation from simple
vector-meson dominance

1

2 m§ O s e e e e
F(M<) = PRy M (GeV)
P Phys. Lett. B 677, 260 (2009)
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Transition form factor of omega meson — theory

@ our approach: I
decay amplitude w — 70 4 ()

w
~ hy ey for both real and virtual ~ - W

— hy ey drops out in form factor

2
m + s
2
my, — S

2
m
L C =

For(s) = = —
(s) m, —s

— no free parameters and significant deviation from VMD

@ note: tree level sufficient for w — 7%+ dilepton
(would not be sufficient for e~ — w + 7°)
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Transition form factor of omega meson — results

NAGO —e— %

10
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100 (P1) —— f ]
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corresponding differential
decay rate:
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C. Terschllsen, S.L., Phys. Lett. B691, 191 (2010)

@ satisfactory description, much better than VMD
@ NAG60: dimuons, planned: WASA with dielectrons
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Pion transition form factor

@ in general: form factor parametrizes deviation from
structureless decay; normalized to photon point (70 — 2+)

Y
l—l—

-
@ experiments: agreement with VMD (slope ~ my)

@ our approach: two contributions
(leptons not displayed any more)
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Pion transition form factor — results

@ two contributions:

e direct: Wess-Zumino-Witten term ~ 1/f
@ via vector mesons: w-p-w vertex ~ ha

@ form factor: normalized to direct term
72 ha e%/ S

Fol®) =1+ 22 12 s

@ as compared to VMD
my
m, — s

VMD
Fry(s) =

e formulae would agree for hs €2, = 126? /7% ~ 0.11
@ here: ey ~ 0.22, hy ~ 2.1~ hp €8 ~
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Pion transition form factor — results

@ two contributions:

e direct: Wess-Zumino-Witten term ~ 1/f
@ via vector mesons: w-p-w vertex ~ ha

@ form factor: normalized to direct term
72 ha e%/ S

Fol®) =1+ 22 12 s

@ as compared to VMD
my

() =
Y 2
my, — S

e formulae would agree for hs €2, = 126? /7% ~ 0.11
@ here: ey ~ 0.22, hy ~ 2.1 ~ hp €8, ~ 0.10
< again close to VMD
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Double-virtual transition form factor

@ single-virtual 7° — ~~* agrees with VMD
@ double-virtual 7% — 4*~* might not
@ in our approach:

m2hae2, M2 (s1+ S2)
12e2  (m2, — s1) (M3 — s)
me, (S1 + S2)
(m?y — s1) (MY, — $2)

F(s1,8) = 1+

~ 1+

om o, m

B m, —s; m: —s (M2, — s1) (M2, — sp)
% 1 % 2 % 1 % 2
“half” VMD VMD type

— different from VMD for s1,8> # 0
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cross section ete™ — nta 70

vector-meson contribution ete™ — w* — p*m — 37 (black)
plus Wess-Zumino-Witten term (sum in red)

1000}

10

Cross—section [nb], logarithmic scale

650 700 750 800 850 900 950

Total incoming energy \ﬂ [Mev]
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Summary

@ have utilized respective lowest order Lagrangians of

e yPT in normal sector (non-linear sigma model)
e xPT in anomalous sector (Wess-Zumino-Witten term)
e vector mesons represented by antisymmetric tensor fields

@ pion form factor and pion transition form factor:

e direct term and term with vector mesons
e parameters allow cancellations such that VMD emerges

@ omega transition form factor:

e only one term ~~ no cancellation
e no VMD
e but also parameter-free description (m2, +s)/(m3 — s)

@ all results in good agreement with experiments

@ prediction: double-virtual transition form factor of pion
deviates from VMD
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Summary Il

three coupling constants of vector-meson Lagrangian sufficient

to describe
@ p—mtr, p/w — 171~ (I = lepton)
plw — 7y Lutz/S.L., Nucl. Phys. A813, 96 (2008)

°
@ ete” — mrx—, pion form factor
@ 7t7~ — mtx in p-wave (not shown here)
S.L., Phys. Rev. D80, 114012 (2009)
w — w0t~ transition form factor of omega to pion
Terschlisen/S.L., Phys. Lett. B691, 191 (2010)
e 10 — ~vete, transition form factor of pion to photon
C. Terschllsen, Diploma thesis, Giessen (2010)
@ w — 7 r 7% (not shown here)
S.L./Lutz, E. P. J. A 39, 205 (2009)
e ete — rtr— 70
B. Strandberg, Master thesis, Uppsala (2012)



Outlook

@ microscopic understanding of cancellations

)

)

extension to three flavors

inclusion of terms which break
flavor and/or nonet symmetry

especially inclusion of 1/’ is interesting and challenging
stay tuned for talk by Carla Terschliisen on Monday,
session A4

(C. Terschlisen, SL, M.EM. Lutz, arXiv:1204.4125 [hep-ph])

useful as starting point for an effective field theory?
calculations beyond leading order ~~ loops

Summary



Summary
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backup slides
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Transition form factor of eta meson

PRELIMINARY

6

"PYand (P2) ——
stand. VMD #uwuun:
Na60 —e—

our approach extended to

three flavors: 4
leading-order term from =
vector-meson Lagrangian o3
plus leading-order term

from pure xPT 2t

(Wess-Zumino-Witten)

0 010203040506
mpy- [GeV]

PRELIMINARY
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Reactions of hadrons with (virtual) photons

Why is it interesting?
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Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton



Summary

Intrinsic str

Elastic Electron-Proton Scattering

\ Theta = 10 Degrees

- ] \ Mott Scattering
€ 10.

-32

CROSS SECTION (10

Finite Proton

0.001 T T T T T T T
0 1 2 3 4 5 6 7
MOMENTUM TRANSFER SQUARED (GeV ?)

o

FIG. 4. Elastic scattering cross sections for electrons from a
“point” proton and for the actual proton. The differences are
attributable to the finite size of the proton.

H.W. Kendall, Rev. Mod. Phys. 63, 597 (1991) (Nobel prize lecture 1990)
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Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton

(parton distribution functions, electromagnetic form factors,
GPDs, ...)
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Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton

(parton distribution functions, electromagnetic form factors,
GPDs, ...)

@ in-medium changes of properties of hadrons
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In-medium changes of properties of hadrons

4000

3500

3000

dN/dM per 20 MeV

2500

2000

1500

1000

U (R

@
S
=]

)
CFTTTT

In-In SemiCentral
all p;

dN,
<52, ~133

dn

excess data

RW (norm.)

BR (norm.)
Vac.p (norm.)
cockt.p (dashed)
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dilepton spectrum from a
nucleus-nucleus collision

models:
@ dropping mass

@ broad spectral
function

data: NA60O

S. Damjanovic et al. (NA60), Nucl. Phys. A 774, 715 (2006)



Summary

Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton

(parton distribution functions, electromagnetic form factors,
GPDs, ...)

@ in-medium changes of properties of hadrons
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Reactions of hadrons with (virtual) photons

Why is it interesting?
@ intrinsic structure of proton

(parton distribution functions, electromagnetic form factors,
GPDs, ...)

@ in-medium changes of properties of hadrons

@ g — 2 of muon:
— background for beyond-standard-model physics



Muon's g — 2
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Summary
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Muon's g — 2

Largest uncertainty of standard model: hadronic contributions

1(p) u(p')
vacuum polarization light-by-light scattering
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Decay of omega to three pions

decays of w meson

@ same vertex appears in both os
processes w — ~ym and 0s
w — 37 in leading order

@ use first process to fix
coupling of second one

~ prediction: T, _,3, = 7.3MeV
. —=(7.57 +0.13)MeV T e

w—3m

S.L/Lutz, E. P. J. A 39, 205 (2009) presently also investigated by
WASAatCOSY and Kubis et al.

0.4 0
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Pion form factor

from et e~ and from 7 decay

03 04 05 06 07 08 09 1
¥s[Gev]

ey = 0.230, hp = 0.300-0.308
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Representations for vector mesons

@ need three active degrees of freedom for spin-1 state

@ vector representation:
use four-component field, V,,, together with one constraint
o*V, =0

@ anti-symmetric tensor representation:
use six-component field, V,,,, together with constraints
B 9,V =0

@ connection: V,, ~ - 9"V,

@ note: rewriting Lagrangian with tensor fields into
Lagrangian with vector fields one finds vector-meson
exchange and point interactions — but with fixed relative
weight; example:

2 2
_my+s  2my

= = -1
2 2
m,—-s m—s

F.x(8)
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Cancellations

@ pion form factor

< VMD for ey hp = 16ef2/m?, ~ 0.065
@ pion transition form factor

— VMD for hy €2, = 126? /7% ~ 0.11

@ our parameters
— ey ~0.22, hp ~ 0.30, hy ~ 2.1
@ KSFR relations
— ey =4v2ef/my ~0.199, hp = 2v2f/m\, ~ 0.328,
no statement about hy!
if one turns logic around and demands VMD:

~ hp=3m? /(872 f2) ~ 2.82

[
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