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Abstract

We study contributions from baryon resonance excitations to the Q2 dependence of
the Gerasimov-Drell-Hearn sum rule. The results indicate that the sum rule at small
Q? is largely saturated by contribution from the lower mass resonant states. We find
a strong Q7 dependence of the resonant contributions, leading even to a sign change
of the sum rule integral at Q® ~ 0.8GeV?2. The global Q2 dependence indicates
discrepencies to the interpretation of the EMC polarized structure function data on
A7 in the resonance region, which can be largely attributed to the elimination of the

P33(1232) resonance from the EMC analysis.



The results of the polarized proton structure function measurement of the EMC
collaboration' have prompted numerous speculations about whether or not in the
deep inelastic region the spin of the proton is carried by the quarks. This has led to
renewed interest? in experimental tests of the sum rule of Gerasimov3, and Drell and
Hearn*, and in measurements of its Q2 evolution. The sum rule relates the difference
in the total photo-absorption cross section on nucleons for photon-nucleon helicity

A,ny =1/2 and A,n = 3/2 to the anomalous magnetic moment of the target nucleon:
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where v is the photon energy, o;/2 and o3, are the absorption cross sections for
total helicity 1/2 and .':’./2, and « is the anomalous magnetic moment of the target
nucleon. The GDH sum rule has been derived on rather general grounds but has
never been tested experimentally. However, there is evidence from the analysis of
single pion photo production that the sum rule cannot be grossly violated®®, A
recent calculation” from extended current algebra indicated that the absolute value
of the GDH integral may be even larger than —0.524 GeV -2,

On the other hand, the interpretation of the EMC results on the deep inelastic

polarized proton structure functions suggests the following behavior around @2 = 10

GeVZ:
T dv 0. .
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where 0/, and 3, are the transverse cross sections. A comparison of eqn. (1) and
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(2) suggests that satisfaction of the GDH sum rule requires dramatic changes in the
helicity structure of the vp coupling between the deep inelastic regior and Q? = 0;
e.g. the sum rule integral has to change its sign at some value of Q7 .

In this work we study contributions to the sum rule for proton targets using em-
pirical information from the electroproduction of nucleon resonances. The possibility
that the GDH sum rule was being saturated by low lying resonances has previously
been pointed out by Aznauryan® and by Close®. A significant amount of pion and
eta electroproduction data has been collected in the nucleon resonance region®. The
analysis of these data in terms of resonant and non resonant contributions led to
the extraction of the transverse resonance photo coupling emplitudes Ay/2(Q%) and
Az2(Q3) fc;r the most prominent resonant staf;es in the range 0. < @? < 3.0 GeV?,
where Q% = —(p. — pu)?, and p, and p., are the four-momentum vectors of the in-
coming and scattered electron, respectively.

Inspection of eqn. (1) shows that the low mass states give the largest contributions
to the sum rule. Therefore, knowledge of the photo coupling amplitudes of these states
is most crucial for an accurate determination of the sum rule integral. In the following
section we describe the parametrizations, and assumptions made in describing existing

electro-production data.



1. vp — P33(1232)

At small @2, the tramsition to the first isobar state is known to be dominantly a
magnetic dipole tramsition M), with only a small® electric quadrupole multipole
Eyy:

|E1+/M1+| < 0.05

The E; contribution to the total photoabsorption cross section is therefore negligi-
ble. The transition to the P33(1232) {or A) can thus be described by the magnetic
transition formfactor G§; alone. We use the following empirical parametrization from

a fit to the the experimental datal? :
G5(Q%) = G5 (0) - Gp(Q?) - 029"

G5(Q*) =0, (3)

where Gp is the usual dipole formfactor.

2. v,p — P;1(1440)

Much less data are available for the transition to the Roper resonance Py1(1449).
We use the parametrization of Li et al.}® to describe the rapid fall off with Q7% in

accordance with the data'. It is normalized to the real photon limit:

3 f27r 1.k
Al/i’ = —Zk x 0.35 E#peﬂp(—g(a)z)r (4)



where k and ko are the photon’s 3-momentum and energy respectively. g, is the
photon magnetic momentum, and & = 0.25 is a parameter related to the charge
radius of the Roper resonance in the model of Li’3. A treatment adopted from Fos-
ter and Hughes™ is used in extending photoproduction to electroproduction. This
parametrization is in agreement with existing exclusive data, as well as with the
analysis of inclusive cross section data wh.ich found no indication of the P;,;{1440)

excitation at high Q2.

3. 7up — 511(1535), D13(1520), F15(1680)

These resonances are the dominant states of the [70,17}; aad [56,2%], super multi-
plets, respectively, assuming a SU(6) ® O(3) symmetry scheme. These are the only
higher mass states for which data are available over a significant range in Q% . The
data have been compiled by Breuker et al.’® in terms of reduced quark electric and
quark magnetic multipole moments. The relation between the photo coupling helicity
amplitudes and the reduced quark multipole moments is given in appendix A. We
use the following parametrization to describe the transition into the [70,1~]; super

multiplet (in units of GeV):
&l = 3.0



Thiz - 5-0 M k%yf, k%VF S 1-0 Gevz

M = (6. - 1.0-k}yp), kiyr> 1.0 GeV2,

For the transition into the [56,2%], super multiplet the parametrization
&% = 0.99
mi? = 0.75'\/3 — 1.5v5k%, 2
m;® = 5.0k, p, ki p < 1.0GeV?

7;133 — 57 — O'Tk.zEVFi kf;;vp > lUGeVg

is used, which provides a good representation of the datals.

The set of parametrizations which is used to describe the experimentally measured
states Pa3(1232), P;1(1440), D1;5(1520), Si'1(1535), and Fy5(1680), is referred to as set
I, where no model assumptions have been made except for the Py, (1440).

We will now make additional assumptions in order to obtain information about the
experimentally not determined transition amplitudes belonging to the [70,17}; or

[56,27], supermultiplets.



4. v,p — 511(1650), 531(1620), D13(1700), D33(1700),D15(1675)
The least model dependent assumptions are based on SU(6)w algebraic symmetry
relations between the tramsitions from the [56,0%], ground state and members of
these multiplets. It is assumed that only a single quark is affected in the transition
(single quark transition assumption, SQT), then algebraic relations for the transition
into the states within one supermultiplet can be derived’®!?, In the Q* range of our
study, Warns et al.’® estimate the multiple quark transition (MQT) amplitudes to
be typically less than 10% of the SQT amplitudes using a relativized quark model
The MQT contributions to the total absorption cross section will therefore be

negligible. In set II, in addition to set I we assume the SQT algebraic relations to

be valid for the transition into the [70,17]; super multiplet (see appendix A). Using
these relations we obtain predictions for the following states in [70, 17} S11(1650),
531(1620), D13(1700), D33(1700), and Dy5(1675). The D13(1700) and the Dys(1675)
are assumed to be not mixed, their photocoupling amplitudes for proton targets will
then be identical 0. The 5;;(1650) photocoupling amplitude is non-zero because this

state it is a mixture of two SU(6) states.

ATl - A0  tan 38°

The 38° mixing angle is in agreement with the experimental data. With the currently
available data, the SQT prediction cannot be tested accurately. However, in the few

cases where data are available, the algebraic relations are in reasonable agreement



with the data'®. We will now make further assumptions about the higher mass states.

. Yup — P13(1720), P31(1910), P33(1920), F35(1905),F37(1950)

We will assume that the SQT algebraic relations be valid for the transition from
the [56,0%]o ground state to the [56,2%]; supermultiplet (set III). The transition
operator into this supermultiplet contains four independent terms, two of which are
related to the usual quark orbit flip and quark spin flip, and two to a simultaneous
spin-orbit flip with AL, = +1, and AL, = %2. Since there is only experimental
information available for the A;;; and A;;; amplitudes of the Fi5(1680), additional
assu‘mptions are necessary to extract the four terms in the transition operator. The

helicity amplitudes for the Fy5(1680) tramsition are related to the quark multipole

1 {2 2
Al/z =F. (\/;ezz + i.gmiz — J;mia)

2 4 1
= F . (\/;egz it \/;mi:").

We assume that, in analogy to the [70,17]; transition, the electric term &22 is in-

moments:

dependent of @%. The ] and A}’ can then be determined, using the value of &22
as determined at the pion photoproduction point®®. There is no information on 32!
for electroproduction. However, the P3;,(1910) is directly determined by 32! (table
2). Since this state has negligible photocouplings, we assume them to be negligible in

electroproduction as well. Predictions for the transition into the Py3(1720), Ps;(1910),

P33(1920), F35(1905), and Fi7(1950) states can then be obtained.



The following table illustrate the resonance states used in the three sets of calcu-

lations:
Experiments SQTM for {70,17] SQTM for [56,27]
Pz, P11, S1a, Dha, Fis | Sy, Sa1, D4y Disy Daa | Pia, Fas, Far, Pag, Plg
set I X
set 11 X X
set I{I X X X

From the known photon coupling helicity amplitudes discussed above, the contri-
butions of individual resonances to the total transverse cross sections oyy2 and 03/,

at resonance positit;n can be calculated by:

. _2M
0’52 132 = mr‘ﬁ/z,s;z )

(5)
where M and W, are the nucleon and resonance mass and T is the total width of the
resonance. The total resonant transverse absorption ¢ross section can be calculated
from the photon coupling helicity amplitudes. To describe the energy-dependent
structure of resonances, the relativistic Breit-Wigner parametrization of Walker?? is

used. The helicity amplitudes at resonance position for a pion nucleon final state in

Walker’s notation are related to the photon couplings by:

Ay = :FfC:N - Ay,

B = 47—

9

6
i 4
(27 +3) ™V




with

/= \/(2j 41- 1)15;34’}3;’ ®)
where and 7 = [ & 1/2 is the spin of the resonance; CI, are the isospin Clebsch-
Gordon coefficients; k and ¢, are the 3-momentum of the photon and outgoing pion,
. respectively. The resonance widths were taken from the Review of Particle Properties
19902

Assuming the same relations for all of the other final states, the total branching
ratio from all final states will add up to 1. The total inclusive transverse cross
sections from resonance contributions can then be calculated. In this calculation the
non-resonance contributions are neglected except for the single pion Born term at
low energies. The comparison with the analyses of Karliner® at Q% = 0, as well as
Workman and Arndt® gives good agreement as shown in the following table. Note
that in both of the Karliner and Workman & Arndt analyses the same inelastic

contributions estimated by Karliner were used.

GDH integral Spr | Ska | Swa

7N channel only | -0.490 { -0.491 | -0.496

Total -0.572 | -0.655 | -0.660

Spr=this analysis; Sx4=Karliner analysis; Sy 4=Workman and Arndt analysis.

Each of the integrations were carried out over the photon lab energy from threshold

to 1.8 GeV. Our results from the three sets of photon coupling amplitudes are shown
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in figure 1. The dash, dotdash and solid lines represent the set I, set IT and set III
calculations respectively. It is clear from the difference between set I and set III that
there are some contributions to the sum rule integral from the intermediate resonance
states; while the contributions from higher mass resonance states are insignificant as
evidenced by the very small difference from set IT and set III.

All f.hree setsl.of the GDH sum rule calculation show very strong Q*-dependence
below Q2 = 1.0 GeV? and a sign flip around Q? = 0.8 GeV?, Very small Q-
dependence is observed above @* = 1.5 GeV?. Note that, except for the P;;(1440), the
set I calculation resulted from a direct fit to the photon coupling constants extracted
from the pion electroproduction experimental data.

The strong Q?-dependence below Q% = 1 GeV? is rather striking. The Ps3(1232)
excitation is known to be strongly excited at @? = 0, and its dominant magnetic
transition formfactor decreases rapidly as Q7 increases. To understand the Py3(1232)
contribution to the strong Q*-dependence in the GDH integral, the GDH sum rule
integral was evaluated when the Py3(1232) was excluded. The results are shown in
figure 2. The solid and dash lines represent the set III calculation with and without
the P33(1232) resonance contributions, respectively. Obviously, the Q?-dependence is
dramatically reduced without the P3;3(1232) resonance.

In conclusion, the information on the @? evolution of the GDH sum rule integral
is crucial for understanding the nucleon spin structure in the non-perturbative QCD

domain. Our analysis provides information on the Q? evolution of the GDH inte-
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gral using existing experimental data in the nucleon resonance region. Excitation of
nucleon resonances, especially of the Pi3(1232) largely saturate the GDH sum rule
at Q* = 0, and also provide important contributions in the Q? range of our study.
Our analysis shows that the behaviour in the deep inelastic region cannot simply be
extended to small Q2 and into the resonance region. Aproximate agreement with
the extrapolated EMC analysis at smaJ:ler @? is achieved only when the dominant
contribution from the P;33(1232) resonance is neglected. An inclusive measurements
of the polarized structure functions in the resonance region is pending at CEBAF%?,
From this experiment, more direct information on the Q? evolution of the GDH sum

rule will be obtained.
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1 Appendix A |

It has been shown'® that applying the SQTM, the transition amplitudes in [56,0%]y ~+

[70,17]; group can be expressed by the quark electric and quark magnetic multipoles

L,L+1

YL and my and the transition amplitudes in [56,0%], — [56,2%]; group

LL
of ey, m;

can be expressed by the quark electric and quark magnetic multipoles of eff, m¥it,

L,L+1

LL-1
m) and m;

respectively,

= [ J-1/2€ 2 ar2yy\-1/2 [ 2J+3 2 d+2/2 2J -1 1/2 J—I/Z]
Ay (1) 2(M(WR M) (4‘—‘J+2) Gy (‘—“4J+2) G

_1/2€ _ 2J -1 2J +3 _
Ay = (_1)-7 1/25(M(W1§ _ Mz)) 1/2 [(m)sz;H/z _ (4J - 2)1/2037 1/2} .

G%’s are functions of the quark multipoles!®. The GI's which give the transverse
transition amplitudes are listed in Table 1 for [70,17]; group and table 2 for [56,2%];
group respectively.

The equal-velocity frame {(EVF) was chosen to minimize relativistic effects. The

set of reduced quark multipoles are defined by factoring out a common dipole form

factor (F(E},VF)):
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for[70, 17}, states :

e]! = éiIF(E%VF)
1 =11 /12
myT = my F(kgvr)
mi? = AlF(kiyr)

for[56,2%]; states :

e = &kpyrlF(Kivr)
m? = @l Egyr|F(ELy )
m?® = mPlkevrlF(kLvr)
m¥ = mPkevr|F(Ehyr)

15



Table 1: The G£’s as a function of the quark multipoles for the transition from ground

states (p,n) to the resonance states in {56,2%]; super multiplet

(56,27 ], mi! e2? m2 m3
P n P n p n P n

Fy5(1680) -/ 0 /2 \/g —1 2
Pi(1810) 1 -1 -/t o f2 _\/:i;

F37(1950) | —/5 _. /i
F5(1890) 0o 0 - /B _/E /5 5
Psa(1920) -2 -2 o0 o \/?'Ts \/E

Py(1910) -2 -2
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Table 2: The G%’s as a function of the quark multipoles for the transition from ground

states (p,n) to the resonance states in [70,17}; super multiplet

-1 511 =11 =12
[70, 1 ]1 81 my ml

Di5(1520) /2

su(1s35) 1 -/F - JE

Dss(1700) /5 =/ —V& -V -1 -3
53 (1635) (i /B z

D15(1675) ' 0 \/f
Dya(1700) 0 0 o /B o - L
51.(1650) 0 0 (-
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Figure Caption:

Figure 1. The GDH integral from Q® = 0 to Q? = 2.5 GeV? from three sets of
calculations. The dashed, dot-dashed and solid lines represent the calculation from
set I, Il and II respectively as described in the text. The short dashed lines represent

equation (2)

Figure 2. The GDH integral from Q* = 0 to Q? = 2.5 GeV? with (solid) and with-
out {dashed) P33(1232) resonance contributions respectively. The short dashed lines

represent equation (2)
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