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Higher order polarizabilities of the proton
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Compton scattering results are used to probe proton structure via measurement of higher order polarizabil-
ities. Values fora?,, BB,, af,, and B2, determined via dispersion relations are compared to predictions
based upon chiral symmetry and from the constituent quark model. Extensions to spin polarizabilities are also
discussed.

PACS numbds): 13.60.Fz, 12.39.Fe, 13.60r, 13.88+¢e

I. INTRODUCTION proton to quasistatic electric and magnetizing fields. The cor-
responding?(»?) Compton scattering amplitude becomes
Recently the availability of high intensity electron facili-
ties and tagged photon beams has allowed proton structure to
be probed by means of Compton scattefibp In the case of
photons with wavelength much larger than the size of the R
target, only the overall charge is resolvable. Then, to lowest X ko247 B+ O(w?), 5)
order the effective Hamiltonian is

2

~ A~ [ € ~ A A
AmpP =g, ¢, ~ w247TaE) +e;Xk;- €,

and the resultant differential scattering cross section is

- A2
H‘e?)f=(p2—f,|A), (M do [a)\q1 Mo?(1 ,
a0 M) §(1+co§¢9)— z(aE+ﬁM)(1+cos¢9)
and the spin-averaged amplitude for Compton scattering on
the proton is given simply by the familiar Thomson form + E(ag_ P)(1—cosh)?|+--- |, (6)
e’. .
Amp(®= — R (2)  wherea=e?/4 is the fine structure constant. Thus by mea-

surement of the differential Compton scattering cross section

where e and M represent the proton charge and mass an@"€ can extract the el_ectric and magnetic polarizabilities,
s and K= (o k) K= (o K it th larization provided (i) the energy is large enough that such terms are
€1,€2 andky=(w.ky),Ky=(w.k;) specify the polarization e isiant with respect to the Thomson contribution, Gt
vectors and four-momenta of the initial and final photons

respectively. At higher energie@nd shorter wavelengths 'not so large that higher order effects begin to dominate. This
) ) extraction via th reaction has been accomplished
the structure of the system begins to be observable. The cor- eYp—7Pp b

responding effective Compton scattering Hamiltonian mus <S|1rg)g0 Tﬂz%su;ieerlr&(ie:gt?ﬂm the energy regime 50 May
be quadratic in the vector potential and be gauge invariant, '
so it must be written in terms of the electric and magnetic
fields. It must also be a rotational scalar and invariant under

parity and time reversal transformations. Consequently, the

aP=(12.1+0.8+0.5x10"* fm3,

simplest form ig2] Bh=(2.170.8+0.5x10"* fm?. (7)
1 _ Note that in practice one generally uses the results of unitar-
H@=— §4waEE2— 54773‘“’,,H2, (3) ity and the validity of the forwardt=0) scattering disper-

sion relation, which yields the Baldin sum ryig]

and with the definitions of the electric and magnetic dipole al+ Bl =142+05 (Ref. [4])

moments,
N 5H(2f)f o 5H(2f)f A =13.69-0.14 (Ref. [5]) (8
p=— = —amae, a=— " oanppA, @ . _ IR
oE 6H as a constraint, since the uncertainty associated with the in-

tegral over the photoabsorption cross sectiog(w) is
we recognizex? and 8, as the electric and magnetic polar- smaller than that associated with the polarizability measure-
izabilities, respectively, which measure the response of thenents.
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On the theoretical side, at the crudest level, we observe-92 4 MeV is the pion decay constant. THiXp®) calcu-
that the size ofaf reveals the feature that the nucleon is|ation represents only the leading result fef and gf, in
strongly bound. Indeed for the hydrogen atom the electriiB y PT but gets the qualitative features of the polarizabil-
polarizability is of the order of the atomic volunfé] ities right and even agrees with experiment. The results di-

2714 verge as Ih_ in the chiral limit, giving support to the idea

Eiatom:_ —wag ' (9) that at these low energies the photon interacts primarily with

8m\3 the long-range pion cloud of the nucleon. Of course, one
must include higher order terms in order to properly judge
the convergence behavior of the series, and such a calcula-
tion at O(p*) has been performed by Bernard, Kaiser,
Schmidt, and MeiBnefBKSM) [11]. At this order counter-
) (10)  terms are required, which were estimated by BKSM by treat-
ing higher resonances—including(1232)—as very heavy
with respect to the nucleon, yielding

whereay= 1/mg« is the Bohr radius. On the other hand, Eq.
(7) shows that for the proton

4
§77_<I,F2J>3/2

aP~4x10 %X

More quantitative investigations generally involve one of
two techniques. The first involves use of a nonrelativisitic
constituent quark picture of the proton and the quantum me- al=(10.5-2.00X10* fm?,
chanical sum rul¢7]

> 8P =(3.553.6)x10"* fm?, (15
0

where the uncertainty is associated with the counterterm con-
tribution from theA(1232) and fronmK, » loop effects.
An alternative tack has been pursued by Hemreesl,,
, (11  who have developed a chiral expansion—the small scale or
n#0 En—Eo ‘€’ expansion—wherein theA(1232) is included as an
) ] ] . explicit degree of freedom and which involves takidg
whereq is the fine structure constant, whigeandr; denote =M ,— My, as an additional “small” parametéd.2]. In this

the charggmeasured in units of the proton chargmd po-  approach, one finds new contributions to tAép3) predic-
sition of theith constituent quark, an{D) represents the tions [13]:

ground state. In this case the simple harmonic oscillator
model of nucleon structure is found to be somewhat too sim- ) )
plistic, since when the oscillator frequency is fitted to the L 9A A“=10m

p__P + ’T
charge radius via dag=1g = (Az_mz)S/zln R,

3
wozx/M<rg>~180 MeV (12) 8 D L

1
B =n —ge 2 InR, (16)
9 M“A 6 2_ ~2\1/2
the predicted size of the polarizability (A%=mz)
2aM 5, —4 3 whereL ,=g2,,a/972F2 with gy, being themNA cou-
af=——(r;)°~35x10"* fm (13 ; p— ImNA ™ mNA ) o
9 pling constantb, the corresponding coupling for radiative

. A(1232) decay, and
is a factor of 3 or so too large.

The failure here is associated with the low value of the 5

oscillator frequency given by Ed12), and use of a more R— AJF A——l 17)

realistic excitation energyw,=300 MeV yields a value in m, m? '

the right ballpark. However, the real solution to this problem

requires going beyond the simple constituent quark pictur . . .

of the proton to consider meson cloud struct[8g—i.e., a ?:rom the _experlmentally Obt?'”ed size of the>Nw and

proper treatment of the pionic degrees of freedom—and sug® N7 Wwidths, one determineg,y,=1.05£0.2, b,=

gests the efficacy of the second approach—heavy baryon chi- 1.93+ O.1._Use of thes_e numbgrs t_hen results in an increase

ral perturbation theory (HB PT) [9]. Using this technique, " the predicted electric polanzablllty of aboust 30% and

one finds al®(p3) in the chiral expansiofil0] takes us away from experimental agre_emer(t)@t ). How- _
ever, BKSM have shown that there exists a sizable negative

al= 10K, =12.7x 1074 fmd, b= Kp=1.3X 1074 fm3, O(p*) Nar loop contribution which tends to cancel this dis-
(14) ~ crepancy.
With respect to the magnetic polarizability, the simple
where K,= agi/1927F2m,.. Here ga=1.266 is the axial quark modeHoesprovide a basic understanding. The predic-
coupling constant in neutron beta decay arfe, tion[7]

m
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. o 1 1
,BIF\)A:__<2 ei(ri_Rc.m.)2> Eij=5(ViIEj+ViE), Hij=5(ViHj+VH) (22

9, = ) denote electric and magnetizing field gradients. The physical
B 2 & (ri—Rem)/m, meaning of the new terms is clear from their definition—Eq.
(21). The quantitiesa?, and B, represent dispersive cor-
O>

2 rections to the lowest order static polarizabilities and 8y,
involves a substantial diamagnetic recoil contribution

Z (e /2m;) oy,
En_EO

and describe the response of the system to time-dependent
(18)  fields via(in frequency spage

I
+2a§0
[5(w)=47rag(w)|§(w)=47r(ag+ aEsz-i- ) E(w),

w(w)=4mB(w)H(w)=4m(BY+ BY,0°+ - )H(w).

diagh = —10.2x10"4 fm?, (19 (23)
which, when added to the large paramagnetic pole contribulhe parametersg, and By,, on the other hand, represent
tion due to theA (1232)[15], quadrupole polarizabilities and measure the electric and

magnetic quadrupole moments induced in a system in the
ABEA: 12x10°% fmd, (20) presence of an applied field gradient via

(4) (4)
yields results in basic agreement with the experimental find-Qij =%= %4776@25” . My =%: %47TIBIF\)/I2Hij ,
ings. It is clear then that proper inclusion of th&€1232) ij ij
degrees of freedom is essential. (24)

The above summary is intended only as a brief review of; o

the subject and is not presumed to represent a substitute for
more detailed discussions such as found in RE]. How- . .
ever, it does reveal how important structure information can Qjj =< & ; el 3(re—=Rem)i(rk—Rem)j
be obtained via measurement of the static polarizabilities.
The purpose of the present paper is to ask whether it is pos- .
sible to use Compton scattering in order to provide additional =5 (re—Rem)?] ¢> (25

proton structure information via the use lifjher orderpo-

larizabilities. Specifically, in the next section we define andingicates the induced proton electric quadrupole moment and

gene'rate.t.heoretiqal prt_adictions4fqr four new S|c.)in—average1;j/|ij is its magnetic analog. Herles) represents the proton
polarizabilities which arise aD(w”) in the expansion of the gtate in the presence of the applied field gradient.

Compton scattering amplitude. Then in Sec. Il we show ag in the case of the ordinary polarizabilities one can
how such quantities can be extracted from existing eXperixttempt to predict the size of these quantities in two some-

mental data using fixetl-dispersion relations and confront \nat orthogonal ways. For example, using the sum rules
the values obtained thereby with theoretical expectations. In

Sec. IV we extend our discussion to the case of spin polar- |Zol? a 1(Q,7)nol?
. . . . .. p _ no P _ z2/n0
izabilities, and we conclude with a brief section summarizing  ag,= 2a, -3 Ty E_E
our findings. n#0 (E,—Eyp) nz0 Ep—Eg
(26)
Il. QUADRATIC POLARIZABILITIES and the simple oscillator picture, one finds the predictions
As outlined above, the electric and magnetic polarizabil- 2aM3 aM
. . 2 . p _ 2\4 p _ 2\3
ities arise ag)(w?) corrections to the lowest ordéThom- ap,=—g7 (" ag=—g(rp)™ (27)

son) scattering amplitude. If one extends the analysis to con-

sider spin-averaged(w®) terms, then four new structures Similarly one can generate predictions for the corresponding

are possible which obey the requirements of gaBy@ndT  magnetic quantities. However, there is no reason to suspect
invariance. These can be written in the fofhv] that this picture should yield any better results here than in

the case of the ordinary polarizabilities.

On the other hand, one can also predict the quadratic po-
larizabilities within heavy baryon chiral perturbation theory
using either the®(p3) or O(e%) expansion. In the former
case one find§14]

1 L, 1 01
HY=— §4waEVE2— 5477;3?,,#2— 1—24mngﬁ-

1 b L2
b 9 K
(64 V:_
where = 10m

K

&

7
p —_
’ BMV 5

3N
X
3 No
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0 directly from Compton cross section measurements, since

a22:€ —5. Bh=- 52 (28)  they modify the scattering amplitude via

while in the latter the values given in E@8) are augmented .
by the terms SAMpW=470* € €| aR,~ 2ﬁM2+k2 ke
1 L 1 ~ o1
= p 4 2,12 4
5aEV__ﬁ)m_fT m(ng —143A mw—231m7r) X prMv+1_2aEZ +(k2‘k1)zgﬂ&2
2 a4 202 _ g A n A 1
_ 3m (A"~ 107A"m —9m.,) INR +€2'k151'k2( _BEAV+1_26V22
(AZ_ m2)7/2 !
~ o1
;8 bla 1 L,(54°%-14am2 —ka-kigBuz| (- (30)
OB =g m2as 360m (A2—m2)?
> 2 4 However, isolating such pieces from other terms which af-
N 3(2A“m7+28m;) fect the cross section at energies abev&00 MeV is vir-
(A2—m?)5?2 ’ tually impossible since additional higher order effects soon

become equally importartl6]. Thus an alternative proce-
dure is required and is made possible by the validity of dis-

Lo persion relations, as described in the next section.

InR

22A3-82Am%  3(6A%m3+14m?)
+
(A2_m7)2 (A2 )5/2

A mz Ill. DISPERSIVE EVALUATION

3L,
Al (a7 mz)3/2InR (29

Bli=—5 o
5 my;

87

Assuming the validity of fixed-dispersion relations it is
possible to determine the quadratic polarizabilities in a rela-
It is interesting to note that the sum rules, E26), require  tively model-independent fashion. Such a dispersive ap-
both electric polarizabilities to be positive definite, which is proach to the calculation of Compton scattering amplitudes
obeyed by the chiral calculation. has recently been carried out by Drechseél. [18]. In this

As to the experimental evaluation of such proton structurenethod one decomposes the center-of-mass frame Compton
probes, it is, of course, in principle possible to extract themamplitude in terms of invariant amplitudés(v,t) via

3
A A A A A A - A ~ W
AMPe = = €1- €0°[ A1 (1-c0S0) + (Ag+Ag)(1-COSO) 1+ €2 ki1 Kow?(Ar + Agt Ag) i €2X € 1o = (Ao +As)

- A AA A (1)3 N A A A > A A A oA (,!)3
X(l_cose)+A4(1+Cose)]+i0"k2Xk1€2'€1V(A5_A6)+(U'szklEl‘kz_O"61Xk262‘k1)m

(1)2

X (Ag—2As—A,—Ay) + (0 ;X Kpey-ky— o €1 X Ky €y RZ)W(AZ—A4—A6)+O

(,()4 (1)5
Mz w3 (Y

wherev=(s—u)/4M andt= —2k; - k,, with the assumption  subtraction constan;(0,t)—A2°™(0t) is represented via
that theA; can be represented in terms of once-subtractegise oft-channel dispersion relations

dispersion relations at fixetd

Ai(v,t)=APM(1 t) +[A(01) — AP0 1)] A0 — AB(0 1) =, + at pole+t
. 2V2P o g Im A(v' 1) 32
— V———. _
e v (02— 1?) f f amm,, Zm”dt’
4m
Here ImA;(v',t) is evaluated using empirical photoproduc- Im.A (Ot
tion data[we use the pion-photoproduction multipoles from rm—() (33
the Haustein-Drechsel-Tiat0fDT) analysig 19]], while the t'(t'—t)
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with Im A; evaluated using the contribution from ther
intermediate stategA(1232) intermediate statpalong the

pos_itive_ [negativg t-channel _cut. In principle then there re- The second number on the right-hand siB&!S) side of Eq.
main six unknown subtraction constards which can be (3g) jngicates the change which results when saeg [20]
determined empirically. However, in view of the limitations multipole solutions are substituted for the HDT ones in the
posed by the the data, Drecheelal. note that four of these ¢ -hannelrN intermediate states. The third number indicates
quantities can be reasonably assumed to obey unsubtractgg, mqgification in the evaluation of the integral along the
forward dispersion relations and can be evaluated via negativet cut in Eq.(35) when, besides tha (1232) inter-

, mediate states, nonresonariN intermediate states are also
wdyllm Ai(v ’t:O), i=3,4,56. (34 included. These two additional numbers, when taken to-
! gether, provide a reasonable estimate for the uncertainty in

our dispersive evaluations. It should also be noted that the
The group treats; ,a, as free parameters which can be de-values in Eq.(38) are in reasonably good agreement with
termined via a fit to experiment and in this way is able tothose obtained in Ref17] which assumes the validity of an
obtain a very good description of the low energy Comptonunsubtracted dispersion relation and appends high energy be-
scattering data. havior in the cross channel,
In this paper we wish to go a step further and attempt to

BPR,=—24.33+0.10-0.34. (38)

2
aj=—

7TV0 v

identify higher orderterms in the expansion of the Compton

DR [17]: af,=-38, Bf,=9.1,

14

amplitudesA; which can be reasonably evaluated by means

of the subtracteddispersion relations. Defining ,a; , as
the appropriate derivatives at°=0, i.e.,

2
ai,l/:;

0 Im A;(v',t=0
do’ Al )

V/3 !

(35

Vthr

oIm A0

t/2 ! (36)

3 J'—4Mmﬁ—2mid
we have[17]

3
4’7Ta’22: — 12(331'*‘ aG,t'f' aljt) + Wa3,

A7 Bh=—12ag+ag—ag,) + M2

as,
Amaf,=—ag,—ag,—ar,tas+ag +3a,

—W(ag+4a5),

AmBy,=—ag,—a&s,ta;,+as +as —3a,

(azg—4as).

(It should be noted that the small nonderivative recoil term

arise from the transformation from the Breit frame, wherein
the effective Hamiltonian description is defined, to the center

of mass frame, in which we worKL7].) From Eq.(37), one
finds the valuesall in units of 104 fm®)

DR:a?,= —3.84-0.19+0.06,
B, = +9.29+0.15-0.07,

al,=+29.31-0.10-0.17,

al,=275, Bh,=—22.4. (39
The (relatively small differences between the two evalua-
tions should perhaps be considered as an indication of the
uncertainty in the extraction.

Now we can confront these values with the corresponding
theoretical calculations. In the case of the chiral predictions
at O(p®) we have from Eq(28)

p
aE

14

2.4, 3.7,

O(p3): Bi,=

al,=22.1, BP,=—9.5. (40)

We see then that the size @f, is about right, while for both
B, and B, the sign and order of magnitude is correct but
additional contributions are called for. The most serious
problem lies in the experimental determinationagf, which
is negative in contradistinction to the chiral prediction and to
sum rule arguments which assert its positivity. Of course, the
experimentaland theoreticalnumbers are small, so perhaps
the disagreement lies within the uncertainty of our evalua-
tion. Equivalently it could be that a nonrelativistic constitu-
ent quark model approach to subtle details of proton struc-
ture is inappropriate. These issues should be addressed in
future work.

We can now move on to consider whether corrections
from A(1232) degrees of freedom can help to address any

iscrepancies found above. We find

ap,=

O(€d): =17, 7.5,

p _
BMV_

Except for the sign problem with? , indicated above, which
remains in thee expansion, the changes are generally help-
ful, although the magnetic quadrupole polarizability is still
somewhat underpredicted.
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IV. HIGHER ORDER SPIN POLARIZABILITIES isfactory. However, there is a clear problem in the compari-
$on fory}y,, suggesting the necessity of including the con-

One can also analyze higher order contributions to spi libutions from theA (1232), which are found to be

polarizabilities. In this case the Ileading order—
O(w®)—effective Lagrangian reads

L,(A%+5m2 1
1 IR I 5751:_p 2 277) 2 2 2 2 3/2InR ’
HE= - 547(yR10- EXE+ oy 0 HXH 12\ A%=mZ J1A%=m7 (A%2-m?)
—2yE,EijoiHj+ 29R,Hij o Ej) (42 " 4 bia Lp< 1 A R
YMIT G V2ZAZ Aol A2_ 2 nKj,
and the chiral predictions for the spin polarizabilities at 9 M7AT 12| A%—m7 (Az—mi)y2

O(p?) are found to bd21]

L 1 A
10K 2K 2K P _s,p —_P —
e wm:’ Y= wmi’ 722:77mi' PYe Oz 12( A?—m?, (Az—mi)glzln R)
(48)
2K,
YM2T (43 There does exist then a significant contributionyfl, from
i the A(1232) pole diagram as well as small contributions to
Numerical values are given below in units of 10 fm*: the other spin polarizabilities from 7 loop effects. When
these are appended to thier loop predictions given in Eq.
O(p®: ¥2,=-58, W,=-12, (44) we find the results
722:1.2, 7&2:12 (44) 0(63): 7&12_6'1! 'yf\)lll:l'o!

It is interesting to note thajg, is nearly an order of magni-

tude larger than the other spin polarizabilities. It should be YEo=11, =11, (49)
noted that before comparison with experiment is made these

terms must be augmented by contributions from thewhich are in quite reasonable agreement with the numbers
“anomaly” (i.e., pion pole graph obtained dispersively above.

However, it is also possible to studhgher orderpolar-
izability contributions to the spin-dependent Compton scat-
tering amplitude, which contribute &(°). There are eight
such new terms, which can be expressed in terms of the
Thus far, experiments utilizing a polarized target andeffective Hamiltonian

beam, which are necessary in order to directly measure the
spin polarizabilities, have not been performed. However, one 1 - S
can compare with dispersion relation predictions, as doned (5= — 5477[3/,21,,5E>< E+yPy,0 HXH
above. Since each involves spin-flip amplitudes, unsub-
tracted integrals are expected to converge and one finds val-
ues

P — _ P —_ P — p — p 45
aYE1 a¥m1 aYE2—aYM2 Tm_ga (45)

—29E,,0iEijHj+29},,0iHi Ej + 4yE 1€ 0iEj Ey

P e aiHiHy—6v2.0E\ H,
DR [18]: yR,=—-4.31+0.21, 9},;=+2.93+0.09, + 4R reioiHiHig— 6yaoEijH i
+ 69D 30iH i Eix], (50
y2,=+2.20-0.01, 98,=-0.02-0.01, (46 M3oiHijKE;

where the second number in the different spin polarizabilitieé’vhere

is again due to the uncertainty when using D99 multi- L
poles instead of the HDT ones. The values of @) are in _trow _ v _
reasonable agreement with the numbers (B, H)ij=3LViVi (B H)it ViVi(B,H)j+ ¥ V(B H)i]

DR [17]: yg;=-34, =27, 1
[ ] YE1 Ym1 —1—5[5”V2(E,H)k+5jkV2(E1H)i

')/22:1.9, 'y,F\)AZZO.\?), (47)

extracted in Ref[17]. Again the sign discrepancy in the

small termy},, is perhaps an indication of the overall preci- are the(spherical tensor gradients of the electric and mag-
sion which one can expect via the dispersive procedure. Inetizing fields.(For completeness, we note that these higher
comparing with the chiral numbers—E@4)—we observe order spin polarizabilities can be expressed, neglecting recoil
that the predictions for both electric multipoles are quite satierms, in terms of the usual multipole expansion via

+ 6k VA(E,H);] (51)
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47@57ET:3(fEE_fEE)v
47Tw57MT:3(f§/I+M_f§/I7M)a
470 ygs= 15k,
A yys=15(2},
470 yer+ 0’ vez,) = 6fyE,
4703 (ymzt+ 0% yn2,) =6FEy
4703 (yert 0 yer) = fee— fie,
470*(ymit ©®ymn) = Fam—fiam ) (52
We see that, as in the spin-averaged case, four of the new terms are simply dispersive correction®(t©>thepin

polarizabilities defined in Eq42). However, there exist also new structures which probe the octupole excitation of the system.
The modification of the Compton scattering amplitude by such terms is found to be

SAMPO) = —i47w® o e,X €

12 o 8
YRt Y2~ 5 YBs— 3vhurtke: kl( Yuwt vE2 T ¥ETT £ Vs

+4(ky ko) 2(viyr

+yR) |+ o koXki€r €1

2 A e A aA A oA
YIF\)A1V_722V+7’ET+§7|F\)A3+k2'k1(47pMT_2723) t (o e2xXkier-ky—0- €
széz'kl)[’yET+ 7&3_’)’&1V_k2'k1(4’yﬁ/|1-+ yE3)]+(0'~62><k261-k2—0'~61><k162-k1)

X

7 A~ A
5723+27RAT_ J’anu_3k2'k17’ﬁns)] (53

and, comparing with a chiral expansion of the Compton am-

_ ! 1K, o _ 16K
plitude atO(p®), we can read off14] aVEs™ TgamS’ a)’Ma—ma
o 4K o 4K,
YEST 45rme’ M3 45mm3 o 8Kp 8K,
ayET:m! aYMT:_m-
. 13K, b _ Kp

We have then the chiral predictiofis units of 104 fm®)

o 18K, 9K,

YEL T 457m3’ RAVE 457m?’ O(p®):  ¥2,=0.11, 9H3=0.11, yR,=-0.37,
78K 42K

p p p o _ P P_=-0.03,

YE2v ﬁ’_225n-mw v YM2yw ﬁ_225n-mw . (54 YmT

As before, there exist pion pol@nomaly contributions to
the higher order spin polarizabilities which must be included
when comparing with data:

¥2,,=—5.05, yh,,=—0.26, 2, =0.45,

Y2,=—0.24. (56)
poo o e T
a’Elv— 3 a’/Milv— 3
T9AMy T9AMy Again we note that the size off,, dominates by over an
368K 368K _orde_r_ (_)f magnitude any (_)f the ofch_er higher_order_spin polar-
AV m e R (55)  izabilities. The modifications arising from inclusion of the
Smgamy; STYaAMy A(1232) are found to be
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) L, [ AZ+2m?2 3A
OYEs™ ~ £10| T2 Az 22 >3 NRY,
540\ m7(A®=m?)°  (AZ—m?)52
) Ly [ AZ+2m? 3A
OYM3= " Eag| Az T2 2R
540\ mZ (A —m)° (A -m2)
o Lp | 2A%+504°m7—13m]
OYEr~1080\  mZ(AT—mE)’

1
3A(§A2—8mi>
InR

a (AZ_mi)WZ

syp_— Lo AZ+2m2 3A
YMTT 2160 me(Az—me)z_ (Az_mi)5/2

InR

Lp
720

—5A5+26A*m2 +693A%m? + 126m°
m(AZ—m)*

57211/:

3A(4A%+152A%m?2 + 124m?)

(AZ_ mi)Q/Z

InR

’

4 b2a L, | —3A*+9A%2m2—9m?
5’)/p —_ + P T T
M1r™ 9 M2A* ' 1080 m2(A2—m?)3
3
27A(§A2+m§
+——————InR]J,

(AZ_mi)7l2

e L, [ 7A%=93A%m2+26m?,
7271800\ T mZ(AZ-m?)?

3A(27A2+23m2) )

(AZ_ mi)7/2

Lp

5o 17A%+ 72A%m2 — 14m?
YM2,= 1800

m2(A%2—m?2)3

3A(27A2+2m?) )
————— " InR|, (57)

(AZ— mi)?/Z
and numerically this leads to the predictions
O(€%):  ¥R3=0.11, {3=0.11, ¥E;=-0.28,
Y= —0.03,
Ye1,=—5.16, ¥y1,=0.83, 1§,,=0.28,

Wp,=—0.22. (58)
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The higher order polarizabilities can be extracted from the

dispersive results via the relations

1 1
AmyRy=— 3—M(a4,t+ agytagy) + Tom3 8

1 1
Amyha=— m(a4,t+ Agr—an) — Tom3 s

1 1
AmyRe= 6_M(236,t+ 3agg—agtag) + YE

X (—6az+7a5+3ag),

1
4W7RAT:W(2a61_ 3as;—as;—ay) + 283

X ( — 6a3— 7a5+ 3a6) ,
0 1 1
AmyEy, = — m(a4,y+ ag,tay,)+ W(6a6,t+ Sas;+aay

1
+9a,;) — 23 (— 1085+ 908, — 7ag+ 15a¢),

1 1
ATV, =— m(a4,y+ ag,—ay,)+ W(Ga&t_ Sas;t+agg

_gazvt)_ (_1(h3+ 90&4"‘ 73.5+ 158.6),

40M3
1 1
47Tylélvzm(a6,v+ 2a5,v_ a4,v+ aZ,V) + m( - 2a6,t

(—2a;— 363,

1
- 5a5,t + ag— 33.21) + W

+ 195+ 5ag),
0 1 1
47y 1V:m(ae,y_ 2a5,—ay,—az,)+ m( —2ag;

1
+ 5a5't + a4’t+ 33.2’t) + W( - 2a3_ 36&4
—19%+5ag), (59
which yields

DR: yR;=+0.059+0.00-0.006, 7 ;=+0.088
—0.001+0.003,

¥R = —0.15+0.00-0.037, £,;=—0.090+0.00-0.008,
YR, ,=—3.42+0.20+0.15, f,,=+2.23+0.06-0.06,

¥R,,=+1.30+0.01-0.05, ¥},,=—0.60+0.01-0.002.

(60)
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where the meaning of the second and third entries in@&3.  dispersive evaluation, except for a sign problem in the case
is as explained below E¢38). Obviously only the dispersive of af,. Since general sum rule arguments disagree with the
correction coefficients2,,, ¥m1,, ¥E2,, andyh,, are siz-  sign of the experimentally extracted term, this is clearly an
able and are in qualitative agreement with the chiPgk®) area which demands additional study. We also presented the-
predictions. oretical predictions for higher order®{ »®)—contributions
to the spin polarizabilities, which can in principle be ex-
V. CONCLUSIONS tracted once spin-dependent data become available. Clearly
there is a great deal of nucleon structure information con-

Above we have shown how the use of dispersion relationgained in such higher order polarizabilities and our paper has
allows extraction of information about higher order polariz-jyst touched the surface.

abilities of the proton which is not available from direct

cross section analysis. We have also seen how such measure-

ments can be confronted with theoretical preqllcnons for su_ch ACKNOWLEDGMENTS
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