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On the definitions of the v*N — N* helicity amplitudes
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We present definitions and formulas that may be useful for a consistent computation of helicity
amplitudes for the process v*N — N™ in theoretical approaches. Of particular importance is the
correct determination of the common sign of the amplitudes and of the relative sign between the
transverse (A;/2, As/2) and longitudinal (S;,2) amplitudes. This clarification is necessary to clear
up confusions present in theoretical works. Using the definitions presented in this paper will enable
a direct comparison with amplitudes extracted from experimental data.

I. INTRODUCTION

The excitation of nucleon resonances in electromag-
netic interactions has long been known as an important
source of information on the baryon structure and long-
and short-range interaction in the domain of quark con-
finement. Constituent quark models have been developed
that relate electromagnetic resonance transition form fac-
tors to fundamental quantities, such as the quark confin-
ing potential. While the picture of the N and N* built
from 3 quarks is recognized as a basic starting point in
the description of these states, the inter-quark interaction
does not exclude the possibility of additional degrees of
freedom, namely, the presence of 3¢ — g¢ components in
the N and N*. There is also a possibility of alterna-
tive structures, such as hybrid ¢>G states and resonances
dynamically generated in the meson-baryon interaction.

The Q2 dependence of the v*N — N* transition
amplitudes is highly sensitive to different descriptions
of the nucleon resonances. Rich information on these
amplitudes, both transverse and longitudinal, has be-
come available in a wide Q2 range for the N(1440)P,
N(1520)D;3, N(1535)S11 resonances due to the recent
high precision JLab-CLAS measurements of the ep —
epn®, ennt reactions [1, 12,13, 4, 5, 6, 17, |8]. More results
are expected in 7 and 27 electroproduction.

While comparing the predictions obtained in different
approaches with the v*N — N* amplitudes extracted
from experimental data, we found that there are two
points which introduce confusion in theoretical predic-
tions and in most cases do not allow to compare prop-
erly the results of different approaches with each other
and with experimental data:

(1) It is known that experimental results on the v*N —
N* helicity amplitudes Ay /5, A3z, S1/2, extracted from
the contribution of the diagram of Fig. 1 to v*N — N,
contain the sign of the TNN* vertex. However, by the
definition accepted many years ago, this fact is not re-
flected explicitly in the amplitudes extracted from exper-
iment. In many cases this is not taken into account in
theoretical calculations and causes difficulties in dealing
with the common sign of the predicted amplitudes.

(ii) The definition of the amplitudes A;/2, As/2, S1/2
through the hadron electromagnetic current which is

commonly used in theoretical approaches contains points
which can introduce mistakes in the relative sign of lon-
gitudinal amplitude S; /; relative to the transverse ones
Az, Aszjp. This is the second source of difficulties in
dealing with theoretical predictions.
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FIG. 1: The diagram corresponding to the N™* contribution
to v*N — Nm.

Our goal in this paper is to present different defini-
tions of the v*p — N*T helicity amplitudes: through the
v*p — Nm multipole amplitudes, through the hadron
electromagnetic current, in terms of the v*p — N*T form
factors, and in quark model, which are consistent with
each other. To exclude possible sources of mistakes, we
give explicitly the definitions of all quantities which enter
the formulas.

We pay special attention to the way, how the sign of the
wNN* vertex should be taken into account. It is known
that this sign comes from the relative contributions of
the diagrams which present the resonance (Fig. 1) and
Born terms (Fig. 2) contributions to v*N — Nw. We
will give formulas which relate the v*p — N** helicity
amplitudes extracted from experiment to those which are
calculated through the hadron electromagnetic current
and are multiplied by the sign of the ratio of the coupling
constants in the vertices 7NN and mNN*.

In Sec. II, we present the definitions of the v*p —
N*T helicity amplitudes through the v*p — N7 mul-
tipole amplitudes, which are used in the extraction of
A2, Azjz, Sij2 from the v*p — N7 data. These def-
initions are well known and coincide, for example, with
the definitions presented in Refs. |9, 10, [11, [12].

In Sec. III, we present the definition of the yv*p — N**
helicity amplitudes through the hadron electromagnetic
current. To distinguish between these amplitudes and
those extracted from experiment, we denote the ampli-
tudes defined through the hadron electromagnetic cur-
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FIG. 2: The diagrams corresponding to the Born terms con-
tributions to v*N — Nr.

rent by Ay /2, Asz/e, Sij2:

S1 =(S:. (1)
Here ( is the sign which reflects the presence of the TN N*
vertex in Fig. 1.

In Sec. IV, using the definitions of Sec. III, we present
the expressions for the amplitudes A; /5, A3z, Si/2 in
terms of the v* N — N* form factors.

In Sec. V, the relation between ¢ and the sign of the ra-
tio of the TN N, m N N* coupling constants is found from
the covariant calculations of the Figs. 1,2 contributions
to v*N — Nm.

In Sec. VI, we present formulas for the calculation
of the amplitudes A;/3, Asz/2, Si/2 in nonrelativistic
quark model. To avoid possible sources of mistakes,
we give explicitly the definitions of all quantities which
enter these formulas and present in explicit form def-
initions of wave functions for the N, P;;(1440), and
S11(1535). Further, in Sec. VI, we present formulas
for the amplitudes A, /3, Si/2 for the transitions v*p —
P11(1440), S11(1535) in nonrelativistic quark model.

In Sec. VII, we present information on the signs of the
wNN* coupling constants available in quark model, and
demonstrate the importance of using these signs for the
correct presentation of quark model predictions. In other
approaches, such as dynamically generated resonances,
these signs should be found within these approaches.
Only in this case, we can make proper comparison of the
predictions obtained in different approaches with each
other and with the results extracted from experiment.
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II. DEFINITION OF THE +*p — N** HELICITY
AMPLITUDES THROUGH THE ~*p — N7
MULTIPOLE AMPLITUDES

The v*N — N* helicity amplitudes, extracted from
experimental data on the reaction eN — eNm, are usu-
ally presented through the v*N — N7 multipole ampli-
tudes. In the case of the v*p — N** amplitudes, the
corresponding formulas are following.

For [+ multipole amplitudes:

Ay = _% [+ 2 + M), )
1/2
Agjo = %(514’ - M), (3)

1
Sijg=——
1/2 NG
For (I 4+ 1)— multipole amplitudes:
1

(1 +1)Siy. (4)

Ay = 3 [+ 2)My1y— — Eus1)-] » (5)
1(1+ 2)]M?
Az /o —%(5@&)— + Mapn-),  (6)

1
S = ——
NG
Here M4 (&1, Si+) are the amplitudes which are related

to the resonance contributions to the multipole ampli-
tudes at the resonance positions via:

(L +1)Su41)-- (7)

ImMy(Eix, Sie)(W = M) = aMi+(E+,81+), (8)

1 KmBn|"? o)
(2J+1)mqg. M T ’

1 2 N
01/2 = _\/;7 03/2 = \/; for v'p — Wopa (10)
2 1 « +
Cije=— 3 Cz/0 = — ngT’Yp—”T n. (11)

In Eq. (9), I, M, J and I are the total width, mass,
spin and isospin of the resonance, By is its branching
ratio to the #/N channel, m is the nucleon mass, K =
(M? —m?)/2M and ¢, are momenta of the real photon
and pion at the resonance position in the c.m.s.

With this definition, the N* — N+~ width is

2K?
w(2J +1)

Below we give the relations between multipole am-
plitudes M+ (W, Q?), Ei+(W,Q?), Si=(W,Q?) and the
¥*N — 7N differential cross section. It is convenient

to present these relations in terms of the intermediate
amplitudes Fy o (W, cos, Q?) :

a:O[|:

. m
I'(N* — N~) = i (|A1/2|2 + |A3/2|2) - (12)

By = Z{(ZMH + Eiy )P4 (2)

+H(+ )M + E P ()}, (13)
Fy= Y [+ )My +1M_]P/ (), (14)
Fy= Y [(Biy — M) P}, (o)

+(Ei— + M- )P | (2)], (15)
Fy= Y (My —Ey—M_ —E_)P(z), (16)
Fs= Y [+ 1)SuPly(@) = 1S-PL(2)], (17)
Fo= Y [1S-— (I +1)Si]F(x). (18)



(W, cost, Q?) are related to the
VN —

The amplitudes Fi 2 . 6
helicity amplitudes and the cross section of the
wN reaction in the following way:

H, = \_/—;sinO(Fg + Fycosb), (19)

Hy = \_/—;sme(zFl — 2Fycos0 + Fysin6), (20)

Hs = 7;F4sm29 (21)

Hy = %smO@FQ + F3 + Fycos0), (22)

Hs = |§| (F5 + Fgcost), (23)

Hg = |§| Fgsind, (24)
ddTU,, = o7+ eop + eoprcos2o

2¢(1 + €)orrcose, (25)

or = WL(H, |2 + [Ho|? + |H3 |2 + |Hu|?),  (26)
or, = Y9(|H; |2 + |He[?), (27)

orr = U Re(Hs Hy — HyHY), (28)
(29)

orT — \PL(RS[( H4)Hg + (H2 + Hg)Hg] 29
In Egs.(13-29), k and q are the momenta of the virtual

photon and pion in the c.m.s. of the reaction v*N — 7N,

f and ¢ are the polar and azimuthal angles of the pion, €

is the polarization factor of the virtual photon, = = cosf.

III. DEFINITION OF THE +*N — N* HELICITY
AMPLITUDES THROUGH THE HADRON
ELECTROMAGNETIC CURRENT

The definition of the yIN — N* helicity amplitudes
through the hadron electromagnetic current, which is
commonly used for the calculation of these amplitudes
in theoretical approaches, is:

In order to avoid the mistakes in using these formulas,
below we give explicitly the definitions of all quantities
which enter Egs. (30-32).

Let us denote the 4-momenta of the virtual photon,
nucleon and resonance in the vertex YN — N* through
k,p, p*, respectively:

p*=p+k. (33)

The z-axis is directed along the photon 3-momentum
(k) in the N* rest frame, Q = v —k2, and S,, S* are the
projections of the nucleon and resonance spins on the
Z-axis.

With the definition a,, = (ag, —a), we have
1
el? = —(k|,0,0, —ko), (34)
Q
e =(0,- €)), € = —d(1,4,0), (34
and
J, +iJ
(Dgr = =24 35
€ )
o 7 (35)
k|
QT =, (36)

where in the last expression we have taken into account
the gauge invariance condition: J, = JO%.

IV. THE "N — N* HELICITY AMPLITUDES IN
TERMS OF THE v*N — N* FORM FACTORS

In some theoretical approaches, it is convenient to use
the definition of the v*N — N* helicity amplitudes in
terms of the v*N — N* form factors. For the JF = %i

resonances, we will present this definition explicitly using
the form factors introduced in Ref. [13].

For the J¥' = %Jr resonances, the definition |13] is:

< N*|J,|N >= eﬂ(p*)juu(p), (37)

T == Ky — (k7)ku] G1(Q%) (38)
- [(Pk)”m - (k'Y)Pu] GQ(Qz)a

For the JF = %7 resonances:

< NN >= cu(p’)ysulp),  (39)
Ju = [y = (k)ku] G1(Q2) (40)
+ (PR — (k7)) G2(Q?),

where P = %(p* + p), and the v matrices are defined in
the following way:

= (%) m=(05) @
)

Y=y =7, s =iy R (43)

The Dirac equation and the Dirac spinor are:



(Yup" = m)u(p) = 0, (44)
=S (Yo @)

E is the nucleon energy.

Using the definitions (30,32,37-40), we obtain the fol-
lowing relations between the v*N — N* helicity ampli-
tudes and form factors.

The JP = 17

resonances:
Ay = 2Q°G1(Q%) — (M — m*)Ga(Q*)] b, (46)
L (47)

VR

S =2(M +m)G1(Q) + (M — m)G2(Q),

_ E—-—m
a 8mK
The JF = %7 resonances:
Ay = [20°G1 (@) — (M? — m?)Ga(Q)] b, (43)
_ gk
8y =57, (49)

SmK

For the resonances with J > g, the relations between
the v* N — N* helicity amplitudes and form factors can
be found using the results of Ref. [13]. In Ref. [13], the
amplitudes hq, ho, hg are introduced, which are propor-
tional, respectively, to Sy/2, Asj2, Ayj2; the relations
between hi, ha, hs and the v*N — N* form factors are
presented too. These relations are quite cumbersome.
For this reason, here we give only the relations between
A2, Asj2, S1/2 and hs, ha, hy, which for the resonances

with JE = %i QJF,... have the form:

72

Az = h3X, (50)
h
Azjg = i\/ﬁfx, (51)
k|
Si/2 = hi——X, 52
1/2 1 VM (52)
P M (MFm)*+@Q*
 24MmK

where | = J — 3.

V. THE RELATION BETWEEN THE ~+*N — N*
AMPLITUDES EXTRACTED FROM ~*N — N7
AND DEFINED THROUGH HADRON
ELECTROMAGNETIC CURRENT

In this Section, our goal is to find the explicit relation
between the v* N — N* form factors contributions to the

v*N — N7 multipole amplitudes and the v*N — N*
vertex. This will allow us to find the connection between
¢ in Egs. (1) and the sign of the ratio of the 7NN,
mNN* coupling constants. This will allow us also to
check the consistency of the relative sign between longi-
tudinal (S;/2) and transverse (A, /2, A3/2) amplitudes in
the definitions through multipole amplitudes (2-7) and
hadron electromagnetic current (30-32). With this aim,
we will present in detail the results of the covariant cal-
culations of the Figs. 1,2 contributions to v*N — N for
the resonances with J¥ = %i
J > ;, the relation between ¢ and the sign of the ratio of
the tNN, tNN* coupling constants can be found from

the results of Ref. |13]. We will present it in the end of
this Section along with that for the J& = %i resonances.

We will use the definitions (37-40) for the v*N — N*
vertices and will define the 7N N* coupling constants ac-
cording to Ref. [13] in the following form.

. For the resonances with

The JP = 1" resonances:

< N[J(0)|N** >= Crg*u(p’)u(p*), (53)
*2 E/
(N - Nmy =™, (54)
M

The J¥ = %4_ resonances:

< N|JR(0)|N*F >= —Crg*a(p’)ysu(p®), (55)
N g*2 E/ —m

T'(N* Nm) = - 56
(v N =S, (56)
In Egs. (54,56), E' and p’ are the energy and 4-

momentum of the final nucleon in the reaction v*N —
N7 in the c.m.s., g, is the pion 3-momentum in this sys-
tem.

The 1NN coupling constant is defined according to

< NHT(O)INT >= ga(p')ysu(f), (57)

where f is the 4-momentum of the intermediate nucleon
in the diagram of Fig. 2(a). For the clarity, we will
take only that part of the nucleon electromagnetic cur-
rent which is related to the F;(Q?) Pauli form factor:

< NFfIJUNT, p >= FP(@Q%)u(f)yuulp). (58)

Now let us write the matrix elements for the contribu-
tions of the Fig. 1, 2(a) diagrams to v*p — 7'p:

MQM:Mswwwmm%ﬂi%m@ww
Fig.1: M = +Creg*G1(Q)a(y)7s ;\—}];4 + fé
+
K(0e) ~ (k) ke u(p), 7 =5 . (60)
f=p+k=p+q Q*=—-k, (61)



where @ = (av), and again for the simplicity, we have
taken only the part of the v*/N — N* vertex related to
the G1(Q?) form factor.

The general form of the v*N — N7 matrix element
according to the definition of Ref. |14] is:

M= a(p')ysJeu(p), (62)
se= B 10001 - oo +

+25(Q) |(Pe) — (Ph) 5 | +

+25:(Q?) (40 - (D)5 -

~Bi(@) |00 - (0 5| +

+Bu(@)h) | (Pe) - (PR 5| +
ke

+BA@0H) [(a) ~ (k) |

where P = 1(p + p').
Multipole amplitudes Eg4, So+, Mi—, S1— arerelated
to the invariant amplitudes B;(Q?) by [15]:

\/(E +m)(E' +m)

Eoy = Eo, R , (63)
= YEE ) gy
Sot = o VI(E ;W";)/(QEZ +m) (65)
5= VEEWEZ

EO+ = (W - m)31 - B5,
M, = —(W +m)B; — Bs,
Sot+ = X(E +m) — BY,
S_ =X'(E—-m)+3Y’,
-E
=L m2 + Q) - QW - B,
X =Q@Q*B; + (W —m)Bs +
QW (E — m) (BQ— W;mBe>,

B
Y =2B3 — By + (W +m) (76—38),

X'=—-Q*B; + (W +m)Bs —

oW (E +m) (32 il > m36> :

Y/=2Bg—BQ—(W—m) (%—Bg)

Now from Egs. (59,62) it is easy to find the contribution
of the Fig. 2(a) diagram to v*p — 7%p:
2\ _ 9r7(Q%)
Bi(Q7) = EPmpsCRt
B2(Q%) = 2B3(Q%) = —B1(Q?%), (68)
B5(Q%) = Bs(Q*) = Bs(Q?) = 0. (69)

These relations coincide with the commonly used ex-
pressions for the Born term which corresponds to the
s-channel nucleon exchange.

For the contribution of the Fig. 1 diagram to v*p —
7p we have:

(67)

By (Q2) = A7 (70)
By(Q%) = 2B3(Q*) = —B1(Q?), (71)
Bs(Q*) = Bs(Q*) =0, (72)
+
B5(Q%) = (—-m+ M)A, J¥ ==, (73)
s 9" Gi(Q?)
A=00  E— h ™)

From the relations (2-9,63-66,70-74), we find for the
Jr =17

5 resonances:
Ay = 20°G1 QY. (75)
k|

S1 =2(M+m)G 2b’|—, 76
= 2M +m)G QW (76)

g Crg" VE=m)(E = m)

a STMT '

For the JF = %7 resonances:
As =2Q°G ()Y, (77)
k|

S1=—2(M —m)G 2b'|—, 78
1 (M —m)G1(Q7) Ve (78)

y— _Crg" VE+m)(E +m)

a 8TMT

Now from the comparison with Egs. (1,46-49) and us-
ing Egs. (54,56), we find:

¢ = —sign(g”*/g). (79)

Using the results of Ref. [14], it can be shown that
the same relation between ¢ and sign(g*/g) is correct
also for the resonances with J > %, if the TN N* vertices
are defined in the following way: for the resonances with

_ 3t 5~
JP =3 53 s
< N|J-(0)[N** >= Crg*u(p')p,, ..p,,u” " (p*), (80)

and for the resonances with JF = %_, %Jr,...
< N|J(0)N*F >= =Crg a(p')py, -1, 150" (07),
(81)
where | = J — L and w1 (p*) is the generalized Rarita-

2
Schwinger spinor.



VI. ~*p— N* HELICITY AMPLITUDES IN
NONRELATIVISTIC QUARK MODEL

In this Section we will present explicit formulas for the
calculation of the v*p — N* helicity amplitudes in non-
relativistic quark model. We will present also in explicit
form wave functions for the N, P;1(1440), S11(1535), and
final formulas for the v*p — P;1(1440), S11(1535) helicity
amplitudes.

In nonrelativistic quark model, the matrix elements
which enter Egs. (30-32) can be written in the form:

< N*H SH TN, S, >= (82)
> [darda, < SY1J}1SE > ®n(ax, q,) P+ (dh, )
=3 [daada, < SP|J})1S2 > Pn(an, ) PN~ (d), d)),

where @y (qx,qp), Pn-(d),q),) are the radial parts of
the N, N* wave functions, and according to Egs. (30-
32,35,36), we have made notations: J; = J”;EJ“J J = Jo.
In the last part of Eq. (82), it is supposed that photon
interacts with the 3-rd quark. In the calculations, it is
convenient to define the 3-rd quark momentum in the N
and N* in the form:

2
I
o o

S EaESIL

+ 35, (84)

Q0
5=

where k is the photon 3-momentum directed along the
z-axis in the N* rest frame, and q5 = q3 + k. The mo-
menta, which have appropriate symmetries under q1, gz
exchanges, are:

q, = ¥75E, q,=q,, (85)
q/\:Q/\.;_\/Lg, QS\:QX_%a (86)
Q) = Lta-2Q (87)

V6

The matrix elements of the quark electromagnetic cur-
rent have the following form:

4 = '?x + Z?
V24 < QotiQy K ) 63, (88)
mq 4 0 Qm + le z)
' 10
< Sz3|J13|S§ = 63“(%)70”((]3) = 63¢ ( 01 ) (bi,

(89)
where m, is the quark mass, and ¢, ¢, are the quark
spin wave functions in the initial and final states.

The radial part of the nucleon wave function with har-
monic oscillator potential is

2+ 2
Py (an,qp) = ﬁ/—gﬁ:iexp(_%)a (90)

where 3 is the harmonic-oscillator parameter.

In the classification over group SU(6) x O(3), the pro-
ton is the member of the octet from the multiplet [56, 07].
The spin part of the proton wave function is:

1 1 1
|p78z >= E <|p >p |§7Sz >p +|p >\ |§aSz >)\) y

(91)
where |p >, \ are p and X -type flavor wave functions for
the octet:

p>,= %(udu — du), (92)
Ip A= %(Quud —udu—duu),  (93)
and |3, 5. >, are p and A -type spin 1 wave functions:
55 >0 7(m 1), (94)
53 >1= 7@ ML-TT -1, (99)
15~ 5 >o= 7(m 1), (96)
1 1

33> —JE@UI- =1l o7

In the explicit form this gives:

pg>= =Cuiuldl—ululdi-ulutd]
—uldlul+2uidlul—uldlul (98)
—dTulul—dlulul+2d|utul),

Ip, 5 >= —\/Ll—s(ZululdT—ulqul—uTuldl
—uld]lul+2uldlul—uldlul (99)

—dlulul—=dlulTul+2dTulul).

A. ’y*p—> P11(1440)

In the classification over group SU(6) x O(3), we will
consider the resonance Pj;(1440) as the member of the
octet from the multiplet [56,07],.. The spin part of the
P11(1440) wave function in this case is the same as for
the nucleon (91,98,99), and the radial part is:

@y (dh dp) = (100)

1 3_q§3+q’f s _ap+df
\/§7T3/2ﬁ3 52 p 252 ’

The v*p — P;1(1440) helicity amplitudes obtained using
the definitions (30,32) and the results presented in this



Section are:

27ra |k|3 1

A = — e 8% 101
- 6\/—mqﬁ2 ( )
2 2
P L S (102)
2 K 6\/362

B. ~"p — S511(1535)

In the classification over group SU(6) x O(3), we will
consider the resonance S11(1535) as the 28% member of
the multiplet [70,17]. The spin part of the Si;(1535)
wave function in this case is:

| N*ﬂ% >= o= (s Xt lp >, X)) (103
= | >A|/\0>+\/_|——%>A|/\ +1>
@;>A@0> VT——1>MA+1z (104)
X, =15 1>,)|/\O> \/_I 1>,)|)\+1>
+|§§ >\ |p,0>—\/§|§—%>A lp,+1>,  (105)
where
N0>=d),, [A+1>= —L\/;ql)"y, (106)
p,0>=q, ., |p,+1>= —M. (107)

V2

The radial part of the S11(1535) wave function is:

\/5 q/2 + q/2
= apger| — =g | (109)
/23 20

The v*p — S11(1535) helicity amplitudes obtained ac-
cording to the definitions (30,32) and the results of this
Section are:

Avp =B (14 2 ) eap (<25 (109)

2
Sy = dra Iézjlexp( e‘kﬁ) . (110)

(I)N* (ql)\u q;))

VII. INFORMATION ON THE SIGNS OF THE
mNN* COUPLING CONSTANTS AVAILABLE IN
QUARK MODEL

In the framework of quark model, the signs of the
7N N* coupling constants were found in Ref. [16] for the
resonances of the multiplet [70,17] using an approach
based on PCAC. There are also results on the sign of
the mNNP;1(1440) coupling constant obtained in Refs.
[11, [17], respectively in ® Py model and using PCAC; they

coincide with each other. Quark model predictions for
the v*p — N* helicity amplitudes are presented in Refs.
[11, 116, [17) taking into account the 7N N* signs obtained
in these papers.

However, traditionally, quark model predictions for the
v¥*p — N* helicity amplitudes are presented with the
common sign fixed by taking the sign of A, /, at QR*=0
equal to that of the amplitude extracted from experimen-
tal data. Sometimes, such definition of the sign can bring
to confusing and wrong results, as we will demonstrate
below on the example of the Pi1(1440) resonance.

- «— 80
T 125 | (a) T 70 |y
' - & 60
‘f’o 50
N4o
A g =
20
125‘” \q\\
60 PN,
40 | Hg\
20F Ueygl e
oFf
20 |
40 i
_gg S

Q* (Gev?)

Q* (Gev?)

FIG. 3: Helicity amplitudes for the v*p — P;1(1440) transi-
tion. The full mrcles are the data extracted from the JLab-
CLAS ép — epr®, enn™ data [1,12,13, 4, 5,16, [7,[§]. The bands
present model uncertainties of the data. The full triangle at
Q* = 0 is the RPP estimate [J]. The red curves correspond
to the predictions of the light-front relativistic quark models:
dashed - Ref. |11], solid - Ref. [17], dotted - Ref. [18§], dashed-
dotted - Ref. |19]. The blue curves are the results obtained
via nonrelativistic calculations: solid - Ref. [20], dashed - Ref.
|21]. The plots (c,d) present the predictions in that form as
they are given in the papers. In plots (a,b), all results are
presented with correct signs.

In Fig. 3, we present the results for the v*p —
P11(1440) helicity amplitudes extracted from the JLab-
CLAS data on the ép — epn® enm™ reactions |1, 2, |3, 4,
5, 16, |7, I§] in comparison with the quark model predic-
tions obtained in the light-front dynamics |11, (17, [18, [19]
and via nonrelativistic calculations |20, [21]. For clear
understanding of the results presented in Fig. 3, it is im-
portant to note that the A,/ amplitude found with the
same N and P;1(1440) wave functions via nonrelativistic
calculations and in the light-front relativistic approaches
have at Q2 = 0 opposite signs. For the first time this
was mentioned in Ref. [11]. However, in the presenta-
tion of the results in traditional way (see plots (c,d)), the
amplitudes A, /5 at Q? = 0 from Refs. [11, [17, [18, [19]
and [20, 21] appear with the same sign. As a result, for



higher @2, we have strong disagreement between the cor-
responding predictions, and the quark model predictions
[20, [21] strongly disagree with the data extracted from
experiment.

In plots (a,b), we present all results with the
mN Py1(1440) sign found in Refs. |11, [17]. We have also
corrected the relative signs between the A;/, and Sy /5
amplitudes from Refs. [18,[19,21]. It can be seen that for
Q? > 0.4 GeV?, this results in good agreement with ex-
periment for the signs of amplitudes from all approaches
11, 07, [18, 119, 120, 21]; we have also better agreement
of the results obtained in different approaches with each
other.

For the resonances from the multiplet [70,17]:
N(1520)Dy5, N(1535)S11, A(1620)Ss1, N(1650)S11,
N(1700)D;3, and A(1700)Dss3, the signs found in tra-
ditional way and in Ref. [16] coincide with each other
for all resonances, except N(1700)D;3. With the TN N*
coupling constants found in Ref. [16], nonrelativistic
quark model prediction for the A, /5(v*p — N*) ampli-
tude at Q? = 0 is positive for the resonances N(1535)S11,
A(1620)831, N(1650)Sll, N(l?OO)Dlg, and A(l?OO)Dgg,
and negative for N(1520)D3.

VIII. SUMMARY

By performing covariant calculations of the resonance
(Fig. 1) and Born terms (Fig. 2) contributions to
v*p — N, we have found the relations between the fol-
lowing definitions of the v*p — N*T helicity amplitudes
A1/27 A3/27 51/21

(i) the definition through the v*p — «N multipole
amplitudes which is commonly used for the extraction of
Ay /2, Agj2,S1/2 from experimental data on v*p — 7N

(ii) the definitions through the hadron electromagnetic
current and the v*p — N* form factors which are used
in theoretical calculations.

These relations include the relative sign between the

coupling constants ¢g* and g which we have defined ex-
plicitly for the vertices TN N* and nNN. For the proper
comparison of theoretical predictions with the results ex-
tracted from experimental data, it is important to have
both quantities, the v*p — N*T amplitudes and the sign
of the ratio (¢*/g), calculated within the same theoret-
ical approach. This is demonstrated on the example of
the v*p — P11(1440) transition.

The performed calculations allowed us also to check
and present the formulas for the y*p — N*T helicity am-
plitudes through the hadron electromagnetic current and
the v*p — N* form factors which give the correct rela-
tive sign between the longitudinal S;,, and transverse
Ay, Azjp amplitudes, consistent with that for the am-
plitudes extracted from experiment. To avoid sources of
mistakes in the calculation of this sign, we give definitions
of all quantities which enter the formulas.

For completeness, we have presented formulas for the
calculations of the v* N — N* helicity amplitudes in non-
relativistic quark model along with the N, P;;(1440),
S11(1535) wave functions and final formulas for the
v*p — P11(1440), S11(1535) helicity amplitudes.

Taking into account the available information on the
signs of the ratios (¢*/¢) in the framework of quark
model, we have presented, in the case of nonrelativis-
tic quark model, the signs of the A;,, amplitudes for the
resonances from the multiplet [70, 17]. This may be use-
ful for the correct presentations of the signs of the helicity
amplitudes A; /3, Ag/2, 51 /2 in quark model.
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