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Major theoretical tools in hadronic physics

Lattice QCD
ab initio
non-perturbative
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Topics

* Relativistic spin-3/2 field:
[VP, PRD 58 (1998); VP & Timmermans, PRC 70 (1999); Deser, VP & Waldron, PRD 60 (2000), ...]
% Power counting for the A resonance in chiral EFT (ChEFT):
[ VP & Phillips, PRC 67 (2003); ibid. 68 (2003) .
%* Chiral extrapolations in relativistic baryon ChPT
| VP, Holstein & Vanderhaeghen, PLB (2004); PRD (2005) |
“* Pion electroproduction and Y N A form factors in ChEFT:
| VP & Vanderhaeghen, hep-ph/0508060 |.
* Radiative pion photoproduction and A’s magnetic moment in ChEFT:
| VP & Vanderhaeghen, PRL 96 (2005) |.
% OU dynamical model for pion photo- and electroproduction on the nucleon:
[ VP & Tjon, PRC 70 (2004); Caia, VP, Tjon & Wright, PRC 70 (2004), ... .

% 2-photon effects in y N -> A transition: | I



Chiral Effective Field Theoty

Interaction of Goldstone bosons (of spontaneous chiral symmetry breaking in QCD), e.g.
pions, 1s proportional to their 4-momentum, therefore is weak for small (relative to

A, p) momenta: I (g, /f) p

One can set up a systematic expansion in powers of p/A — chiral PT.

Renormalization is done in the EFT sense [Weinberg, Physica A (1979)] — most
general Lagrangian consistent with all the symmetries, etc.

Example:  £8) = JA N 41y 70 N (9,79)

N o,
PN 2 :
S \. = O(p) My = Mpo + com2 + (Z%) [Mym2 + xm32 + .. ]
renormalization

after (on-mass-shell ) renormalization [Gegelia e a/. (1999)],

1.e., 7ot MS-bar as in [Gasser ez al. (1989)].




Power counting for the A(1232) (0-expansion)

v 'The excitation energy of the A resonance, 4 =M ,— M¥4290 MeV resonance can
also be treated as small: o= A/A ¢ 1.

v’ Feature of the “5-expansion”: scale hierarchy m ¢ A4 ¢, A== 6=A4A, m/A=67

v’ This distinguishes the low-energy (p » m_) and the resonance (p » A ) regions.

v Crucial for correct counting of the One-A-reducible (OAR) graphs:
e

OAR propagator p»m_, 1/A=0(1/9) [c.£, S» 1/p = O(1/8%)]

—_— p» A, 1(p-A-2)=0(01/8%)
p—A N

F= = e— + ... =0@) = 0@
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Ensures the decoupling of the spin-1/2 components

of the Rarita-Schwinger field -- correct spin d.o.f.

content of the theory.
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Chiral effective field theory calculation of the
e p-> e p'n’ process in A(1232) region

B calculation to NLO in & expansion (powers of 8) [VP & Vdh, hep-ph/0508060]

€ (b)
%,, :
¢ — ——————«—
(© (d) (e ()
~ —

vertex corrections : unitarity & gauge invariance
exact to NLO



¥" N A vertex

3 electromagnetic transitions :
) N =
7 Ml > G,/

&

N E2 > G.° R = ——

b Gy
N . A . 1 _ g Gg
. g C2 -> G Rsy = 2Ma G,

q: photon momentum in A rest frame

M)  vertex corrections : fully relativistic loop calculation : equivalent
to a sideways dispersion relation

i [ |
i _ imaginary part is model
LA B - Em \ independent prediction
] ( : | | ? .l ;
n e n i E=—IEm g in chiral EFT framework
I=] i
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Photoproduction: magnetic (M1) & electric (E2) N — A transition
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Photoproduction: magnetic (M1) & electric (E2) N — A transition
(observables)
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linear extrapolatic
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Motivation for JI,

Observation of the magnetic moment of a strongly unstable particle.
A-resonance is the best-studied example of such a particle.

Excitation energy of the A-resonance, M ,-My,” A ' 300 MeV is relatively
low, which allows to treat it as a low-energy scale in an EFT expansion, the
A can be incorporated in ChPT.



yp — ¥ T p : ChEFT calculation

Power counting: 6=(M,-M\)/A, pr, M /A » 67

To next-to-leading order in the resonance

region
(counting @’» m_, w» M -My)
@) ) (©)
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S G(¢®)| u*(p), pa =F(0), Zpo =1—2'(Ma)
AA

= et (p') |- v F(¢°) +

The Ward-Takahashi identity,

g, L (p',p) = e [(STH*(®') — (S™1)**(p)] , demands F(0)+G(0) = 1—2"(Mn).



Chiral behaviof of the A™" and A" magnetic moments
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[2] F.X. Lee et.al., hep-1at/0410037
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Yp ™Y e p: observables

20 | E" =400 MeV
ot
Exp. data points from TAPS@MAMI
2002
. _ of B ey
1. Ratio of the angle-integrated : o ™ — g

cross-section to the soft-photon
limit:

~~~~~~~~~~ ﬁe My = g
Rzi- 5 O N — fégﬁAié] B
or | dEl T
02 [ 0P <0 90°
2. ¥ — linear-pol. <0< 180°
photon beam asymmetry. 2ol | ..... :;,.\,::fj”‘xiif:‘" ~~~~~~~~~~~~~~~~~~~~~~~
3. Yeire — circular-pol. 0 e E," = 400 MeV
photon beam asymmetry. o et "=

0 20 40 60 80 100 120 140 160
"cam.
E, (MeV)



2005: New Crystal Ball Collaboration dedicated expt
to improve statistics by two orders of magnitude.

CB/TAPS@MAMI

TAPS forward
528 BaF,_mod
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Ohio-Utrecht dynamical model

Relation to the N scatterino: Watson’s theorem
g

Pion production on nucleons by (real and virtual) photons

= At lower energies the phase of this amplitude is given by the N phase shift:

T’n'fy — |T7w| eié”f” [K. Watson (1954)]

In the A-resonance region this condition 1s fulfilled exactly to lowest order in €.

=) Other general constraints: €.m. gauge invariance, chiral symmetry

lead to low-energy theorems [de Baenst (1970), Vanshtein & Zakharov (1970
Bernard, Kaiser, Gasser & Meissner (1991)]



N équation

k

p P’
Here covariant 3D reduction

of the Bethe-Salpeter equation — Salpeter equation. Other approaches
[e.g., Pierce &Jennings NPA (1991) — “BbS, Thomson”, Gross & Surya PRC (1993) — “Spe
S.N. Yang et al. JPG (1994) — Cooper-Jennings , Lahiff & Afnan PRC (1999) — 4D BS].

Solved by Pade approximants for the following one-hadron-exchange potential:

\V/ \ = /:l'\ + + é P, o
N, N*, A -

Resulting solution fitted to KA86 and SM95 phase-shift analyses




Pion photo// electro-production

Electromagnetic form factors are introduced via

T Q%) = JHHEQ)-10M T, O™ = g' —gtq” [P

This allows to use realistic form factors without loss of e.m. gauge invariance. E.g.

v er oy
Thny = ey +e[F(Q%) —1]0", + sz\, Fy(Q%)ic"q,
e = e(k+k)"+elF(Q*) - 10" (k+k),

E4dx N v
Jkr = SN {v* + [Fa(@Q%) — 1] 0", } 7.




Neutfal pion electroproduction at JLab, diff. cross sections:
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Chiral EFT

ynamical
models

/\

Consistent with principles of

QCD, an EFT of QCD.

Systematic expansion in powers of
soft scales and momenta —
perturbation theory

Quantum field theory: symmetries
of the Lagrangian are satisfied at
the level of amplitudes and
observables (crossing, gauge-,
chiral, relativistic-, unitarity).
Phenomenologically viable,
provides connection of lattice

QCD to observables
Very limited range of applicability

Unitarit;J,/relatiVity are good
Possibilty to study dynamical
resonances, pion cloud effects

Local symmetries are a problem
Systematic improvement 2

Control of model dependence ?

Useful phenomenology: physics
motivated (QCD-1inspired)
parametrization and extrapolation
of experimental results in a wide
range of kinematics




GEp / (GMp/ up)

in nucleon form factors

Rosenbluth w/2-y corrections vs. Polarization data
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— |

Electromagnetic Naeleon to Deltd
transition

% Y*NA is specified by three form-factors: G,* (Q?) [M1], G;* (Q?) [E2], G (Q?) [C2]

» studied in pion electroproduction on the nucleon at the resonance kinematics, s=M,2



EM nucleon to Deélta transition:

¢ In general (any # of exchanged photons), the e N! e A transition can be described by 16 form
factors, ot, 16 independent helicity amplitudes: ph'h = (K B pa, Aa| T |k, By p, Ay

AA AN

% m_=0, cuts this number down to 8: (ex =+v1=x¢)

1 = +3/2,41/2 = = My Q T M E QES
I, = T+.'if2.—1;’2 =0 PQCD
_ V2e (My + Ma)Q- ., PQCD 1 Basi = L .
I3 = Thyp4r2=- . IMnMa Ge " Q5 = M Gy 1
E4 (My +MA)Q- . . C2 Q40 .- G
T. = Ty q0=1—-1 G — 3G Royr= — = — ¢
5 My +Mpa)@Q- . .
I—] = T_]_fj__{_ljg — (E—i_ -+ 1) ( Nzlﬂ-{h,- 2’)) ( M~ 3GE) e %
V3 (M + Ma) Q_
Te = T_1/9 12 = - .
' Y V% VA
I = T_3/2,41/2=0
_ E+ (My +Ma)Q- . .
Ty = T3p2,-12= V3 (E—_ + 1) IMy O (GM +GE)

4/’¥

one-photon exchange approximation




EM Nucleon to Délta transition:

** The unpolarized pion electroproduction cross-section is, iz general, written as:

do do o e (EN\'™ (spny — M2)/(2My)
O =1, ——, Flux: T, = A= 5T :
(dE" dSY.)tab dQ) dQ (27)3 \ E. @*(1—¢)
do  doy dor dop, : dorr; .- dopr;
a0~ o, +¢e cos(2d) dﬂ 2¢e(1+¢) cos® . Tte sin(2®) a0 +4/2c(1—¢) sin® 0

% At the A-resonance, these cross-sections are expressed in terms of e N! e A helicity amplitudes

9Q%(1—¢)
6 Ma (M2 — M2)Ta

do 1
T 1
1 . 1 .
X {Ebm O (|10 + |T2)? + |T7* + | Ts|? ] +2(1+3 cos® 0z) [|T5)?
+

dSl,

+ | Ty + |T5 + | T6)? ]

1 .
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co <D—
Ve

) | R
+ sin® — sin

V3

sin(20) 1 sin? 0, I[N Te +ToTy =T Ty — T T ] } :

(26:)S[T1 T3 + T T3 + Ty T3 + T T | — 7



: partonic calculation

k k' k k'
» Hard scattering g ; g
F P/ F, F

amplitude
A
| A 4
* dx (5— ara 21
A7 = /1 - ( Q2 QJ{I/I “+ 9(27)) 36 H](u) “magnetic” GPD
1 A P
* dr (8 —1U (24) hard L (3 ,
¢t = /_1 T ( Q2 9ga " T 9Mm ng(x) 6 C; “axial” GPD
Large N,
G (0 » :
Hﬁ-)(:{:: B0y = Z 1(0) [E"(z,0,Q%) — E%z,0,Q%)]

; f - ‘ - | Nucleon GPD’s
008 = V3 [H“-(:z:?o:cgz) = H“(aaﬁogcﬁ)] ’



N > A transition form factors from GPDs
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One + two-photon-exchange in observables

* . . . .
** The unpolarized pion electroproduction cross-section:

do  dog ; dorr dorr & dorri - = dorTi

o, — @, + £ cos(2d) a0, 2e(14¢€) cos® IO + & sin(2®) a0, +v2e(l—¢)sin® a0,
_ i 9Q*(1-¢) 1.3 2 2 2 2 1 2 2 2 2 2
= T IGMA (ﬂ{[,i_M?\r)FA X ﬁbln '917 |:|T11 +|T2| +IT71 +IT8I ] +6(1+300b 911-) [|T3| +|T4| +|T5| +|Tb| ]

1 1 .
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Two-photon effects on observables

16 M2 Q?
Q1 Q%
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Conclusions on 2-photon exchange

v’ General formalism for the unpolarized pion electroproduction cross-sections
in terms of NI!A helicity amplitudes.

v'New responses O, and O 7
v'Parton-model calculation of two-photon exchange N!A helicity amplitudes.

v’ A first glance at two-photon effects on inelastic observables.

% Corrections on Ry, are small, analogous to corrections in the nucleon
polarization-transfer observables.

%* Substantial (up to 10%) corrections to the L responses (0; and o7 ).
Therefore, mainly Rg,, is affected.

“*Effects increasing with increasing 1/€ and Q?



Summary

* Relativistic spin-3/2 field:

% Power counting for the A resonance in chiral EFT (ChEFT):

%* Chiral extrapolations in relativistic baryon ChPT

% Pion electroproduction and y N A form factors in ChEFT:

* Radiative pion photoproduction and A’s magnetic moment in ChEFT:

% OU dynamical model for pion photo- and electroproduction on the nucleon:

“* 2-photon effects in y N -> A transition
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