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Pion electroproduction is the main source for investigations of the transition form
factors of the nucleon to excited N∗ and ∆ baryons. After early measurements of
the G∗M form factor of the N∆ transition, in the 1990s a large program was run-
ning at Mainz, Bonn, Bates Brookhaven and JLab in order to measure the E/M
ratio of the N∆ transition and the Q2 dependence of the E/M and S/M ratios
in order to get information on the internal quadrupole deformations of the nu-
cleon and the ∆. Only at JLab both the energy and the photon virtuality were
available to measure transition form factors for a set of nucleon resonances up to
Q2 ≈ 5 GeV2. Two review articles on the electromagnetic excitation of nucleon
resonances, which give a very good overview over experiment and theory, were
published a few years ago [1, 2].

In the spirit of the dynamical approach to pion photo- and electroproduction,
the t-matrix of the unitary isobar model MAID is set up by the ansatz [1]

tγπ(W) = tBγπ(W) + tRγπ(W) , (1)

with a background and a resonance t-matrix, each of them constructed in a uni-
tary way. Of course, this ansatz is not unique. However, it is a very important
prerequisite to clearly separate resonance and background amplitudes within a
Breit-Wigner concept also for higher and overlapping resonances. For a specific
partial wave α = {j, l, . . .}, the background t-matrix is set up by a potential multi-
plied by the pion-nucleon scattering amplitude in accordance with the K-matrix
approximation,

tB,αγπ (W,Q2) = vB,αγπ (W,Q2) [1+ itαπN(W)] , (2)

where the on-shell part of pion-nucleon rescattering is maintained in the non-
resonant background and the off-shell part from pion-loop contributions is ab-
sorbed in the phenomenological renormalized (dressed) resonance contribution.
In the latest version MAID2007 [3], the S, P, D, and F waves of the background
contributions are unitarized as explained above, with the pion-nucleon elastic
scattering amplitudes tαπN described by phase shifts and inelasticities taken from
the GWU/SAID analysis [4].
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constraints at the pseudo threshold:

• longitudinal ff   S1/2 (Qpt
2) = 0   (also holds for the Roper)

• slope of long. ff is determined by slope of electric ff
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Fig. 1. The W dependence of the pseudo-threshold, where the Siegert theorem strictly
holds and which also limits the physical region, where time-like form factors can be ob-
tained from Dalitz decays Nπ → Ne+e−. At πN threshold, the pseudo-threshold value is
Q2pt = −m2π = −0.018 GeV2, at W = 1535 MeV, Q2pt = −0.356 GeV2. The vertical lines
denote the pion threshold and nucleon resonance positions, where space-like transition
form factors have been analyzed from electroproduction experiments.

For the resonance contributions we follow Ref. [3] and assume Breit-Wigner
forms for the resonance shape,

tR,αγπ (W,Q2) = ĀRα(W,Q2)
fγN(W)Γtot(W)MR fπN(W)

M2
R −W2 − iMR Γtot(W)

eiφR(W) , (3)

where fπN(W) is a Breit-Wigner factor describing the decay of a resonance with
total width Γtot(W). The energy dependence of the partial widths and of the
γNN∗ vertex can be found in Ref. [3]. The phase φR(W) in Eq. (3) is introduced
to adjust the total phase such that the Fermi-Watson theorem is fulfilled below
two-pion threshold.

In most cases, the resonance couplings ĀRα(W,Q2) are assumed to be inde-
pendent of the total energy and a simpleQ2 dependence is assumed for Āα(Q2).
Generally, these resonance couplings, taken at the Breit-Wigner massW =MR are
called transition form factors Āα(Q2). In the literature, baryon transition form
factors are defined in three different ways as helicity form factors A1/2(Q

2),
A3/2(Q

2), S1/2(Q2), Dirac form factors F1(Q2), F2(Q2), F3(Q2) and Sachs form
factorsGE(Q2),GM(Q2),GC(Q2). For detailed relations among them see Ref. [1].
In MAID they are parameterized in an ansatz with polynomials and exponentials,
where the free parameters are determined in a fit to the world data of pion photo-
and electroproduction.

In the case of theN∆ transition, the form factors are usually discussed in the
Sachs definition and are denoted by G∗E(Q

2), G∗M(Q2), G∗C(Q
2). While the G∗M

form factor by far dominates the N → ∆ transition, the electric and Coulomb
transitions are usually presented as E/M and S/M ratios. In pion electroproduc-
tion they are defined as the ratios of the multipoles. Within our ansatz they can
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be expressed in terms of the N∆ transition form factors by

REM(Q2) = −
G?
E(Q

2)

G?
M(Q2)

, (4)

RSM(Q2) = −
k(M∆, Q

2)

2M∆

G?
C(Q

2)

G?
M(Q2)

, (5)

with the virtual photon 3-momentum

k(W,Q2) =
√
((W −MN)2 +Q2)(W +MN)2 +Q2)/(2W) .

Fig. 2. The Q2 dependence of the E/M and S/M ratios of the ∆(1232) excitation for low
Q2. The data are from Mainz, Bonn, Bates and JLab. For details see Ref. [1]. The behavior
of the S/M ratio at low Q2 and in particular for Q2 < 0 in the unphysical region is a
consequence of the Siegert theorem.
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Whereas in photo- and electroproduction, data are only available for space-
like momentum transfers, Q2 = −kµk

µ ≥ 0, the inelastic form factors can be ex-
tended into the time-like region,Q2 ≤ 0, down to the so-called pseudo-threshold,
Q2pt, which is defined as the momentum transfer, where the 3-momentum of the
virtual photon vanishes,

k(W,Q2pt) = 0 → Q2pt = −(W −MN)
2. (6)

This time-like region is called the Dalitz decay region. The energy dependence
of this region is shown in Fig. 1. At pion threshold, the Dalitz decay region is
very small and extends only down to Q2pt = −0.018 GeV2, for transitions to the
∆(1232) resonance down to −0.086 GeV2 and to the Roper resonance N(1440)

down to −0.252 GeV2.
In Fig. 2 we have extended our parametrization of the E/M and S/M ratios

for N → ∆ from space-like to time-like regions and show a comparison to the
data obtained from photo- and electroproduction [1, 2].

In general, the extrapolation of the transverse form factors GE and GM into
the time-like region is more reliable than the extrapolation of the longitudinal
form factor GC, which can not be measured at Q2 = 0 with photoproduction.
For longitudinal transitions, the photon point is only reachable asymptotically,
and in practise, only at MAMI-A1 in Mainz, momentum transfers as low asQ2 '
0.05GeV2 are accessible. Therefore, the longitudinal form factors become already
quite uncertain in the real-photon limit Q2 = 0.

Because of this practical limitation, the Siegert Theorem, already derived in
the 1930s, give a powerful constraint for longitudinal form factors. In the long-
wavelength limit, where k → 0, all three components of the e.m. current become
identical, Jx = Jy = Jz, because of rotational symmetry. As a consequence, excita-
tions as N → ∆(1232)3/2+ or N → N(1535)1/2− obtain charge form factors that
are proportional to the electric form factors. For theN→ N(1440)1/2+ transition,
where no electric form factor exists, still a minimal constraint remains, namely

S1/2(Q
2) ∼ k(Q2) , (7)

forcing the longitudinal helicity form factor to vanish at the pseudo-threshold.
This is a requirement for all S1/2 transition form factors to any nucleon reso-
nance. In Fig. 3 the longitudinal transition form factor for the Roper resonance
transition is shown. Different model predictions are compared to previous data
of the JLab-CLAS analysis and a new data point measured at MAMI-A1 forQ2 =
0.1 GeV2 [5]. Only the MAID prediction comes close to the new measurement
because of the build-in constraint from the Siegert theorem.

The study of baryon resonances is still an exciting field in hadron physics.
With the partial wave analyses from MAID and the JLab group of electroproduc-
tion data a series of transition form factors has been obtained in the space-like
region. We have shown that with the help of the long-wavelength limit (Siegert
Theorem) extrapolations to the time-like region can be obtained satisfying min-
imal constraints at the pseudo-threshold. In this time-like region, Dalitz decays
in the process Nπ → N∗/∆ → Ne+e− can be measured and time-like form fac-
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FIG. 2. (Color online.) The scalar helicity amplitude for
Roper electroexcitation extracted at Q2 = 0.1 (GeV/c)2 com-
pared to CLAS measurements [11], MAID [1, 16] (solid line)
and the light-front quark model results of Refs. [29] and [30]
(LFQM1 and LFQM2, dashed and dash-dotted lines, respec-
tively). The isolated meson-baryon dressing contribution cal-
culated in Ref. [9] is shown by the dotted line (MB). The
immense range of other predictions is indicated by shading.

access the scalar helicity amplitude S1/2. This amplitude,250

in addition to its transverse counterpart, A1/2, describes251

the resonance excitation itself, i. e. only the electromag-252

netic vertex γpN∗. While A1/2(Q2 = 0) can be deter-253

mined (and is relatively well known) from photoproduc-254

tion measurements [31], the S1/2 is accessible exclusively255

in electroproduction (Q2 6= 0) and becomes increasingly256

difficult to extract at small Q2. This is a highly relevant257

kinematic region where many proposed explanations of258

the structure of the Roper resonance and mechanisms of259

its excitation give completely different predictions. For260

example, the Roper could be a hybrid (q3g) state, imply-261

ing a vanishing S1/2(Q2) [29, 32–35], or a radial excita-262

tion (a “breathing mode”) of the three-quark core as sup-263

ported by the observed behavior of A1/2(Q2) [9, 11, 36].264

This is also a region in which large pion-cloud effects are265

anticipated [37, 38]. The range of theoretical predictions266

for S1/2(Q2), assembled from the literature, is indicated267

by shading in Fig. 2. In the most relevant region below268

Q2 ≈ 0.5 (GeV/c)2 where quark-core dominance is ex-269

pected to give way to manifestations of the pion cloud270

— and where existing data cease — the predictions de-271

viate dramatically. Even the most sophisticated model272

calculations tend to suffer from strong, hard-to-control273

cancellations of quark and meson contributions at low274

virtualities, hence any additional data point approaching275

the photon point becomes priceless in pinning down these276

competing classes of ingredients.277

Given that the agreement of our new recoil polarization278

data with the MAID model is quite satisfactory and that279

the transverse helicity amplitude A1/2 is relatively much280

better known, we have attempted a model-dependent ex-281

traction of the scalar amplitude S1/2 at the single value282

of Q2 of our experiment. We have performed a Monte283

Carlo simulation across the experimental acceptance to284

vary the relative strength of S1/2 with respect to the best285

MAID value for A1/2 and made a χ2-like analysis with286

respect to our experimentally extracted event sample in287

P ′x, Py and P ′z. Since P ′z was the least reliable of the288

three due to the systematic uncertainty of its extraction,289

the analysis relied on the other two components, P ′x and290

Py, of which the former turned out to be relatively insen-291

sitive to the variation of S1/2, leaving us with Py only.292

Fixing A1/2 to its MAID value and taking SMAID
1/2 as the293

nominal best model value, we have been able to express294

S1/2 from our fit as the fraction of SMAID
1/2 , yielding295

S1/2 =
(
0.80+0.15

−0.20
)
SMAID
1/2 =

(
14.1+2.6

−3.5
)
· 10−3GeV−1/2 .296

This result is shown in Fig. 2.297

In summary, proton recoil polarization components in298

the p(~e, e′~p)π0 process in the energy range of the Roper299

resonance have been measured precisely for the first time.300

The scalar helicity amplitude for Roper electroexcita-301

tion has been determined at a Q2 very close to the real-302

photon point. The extracted value favors calculations in303

which the interplay of quark and meson contributions re-304

sults in a small value of S1/2. From the standpoint of305

phenomenological models, the unitary isobar approach306

(MAID) based on dressed resonances is superior to the307

model involving dynamical dressing (DMT).308
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Fig. 3. Longitudinal transition form factor S1/2(Q2) for the transition from the proton to
the Roper resonance. The figure and the red exp. data point at Q2 = 0.1 GeV2 are from
Štajner et al. [5], the blue data points are from the CLAS collaboration. The MAID model
prediction which satisfies the Siegert’s Theorem in the time-like region is in very good
agreement with the new data point. For further details, see Ref. [5].

tors can be analyzed experimentally. Such experiments are already in progress at
HADES@GSI and are also planned with the new FAIR facility at GSI.
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