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Chiral perturbation theory and nucleon polarizabilities
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The available experimental data concerning the unpolarized cross section for the Compton scattering on the
nucleon at low energy are compared with the predictions of the heavy baryon chiral perturbation theory
(HBChPT) at the orderg?®. [S0556-28187)50804-1
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In recent years remarkable progress has been achieved in  ANB(,2 ty=a + ww'[a; ,—2(1—-2)a; ]+ -, (2)
the effort to extend the scheme adopted by the chiral pertur- ' '
bation theory(ChPT) [1,2] from the meson to the baryon
sector(for a recent review see Rdf3]). The ChPT predic- \yhere
tions for the nucleon Compton effect have never been prop-
erly tested because most of the existing experimental data are

spread over a wide energy region above the pion production oANB JANB
threshold and very few are concentrated in the low energya;=AM%(0,0), a;,=— A _
region. Since a significant deviation from the data would L P L I
have an impact at QCD level, it is worth having a closer look (€

at the experimental results obtained over the recent years at
Moscow/[4], lllinois [5], Mainz [6], and Saskatoof,8]. N .

For real photons, the amplitudg; of the Compton scat- AS @ consequence of the decompositidn the amplitude
tering on the nucleony(k)N(p)— 7' (k’)N’(p’), can be T can also be written as a sum of a Born and a non-Born
written in term of six invariant amplitudes; (v t) free of ~ contribution. The latter is determined by the structure con-

both kinematical singularities and constraif@$, where stants introduced in the expansi@) and the expression of
its spin-independent part in the lab system is:

_ (kK2
v= 4m ’ _( )

H _ 2 —_ _n'\2 _ R N R R
with s=(k+p)%, u=(k—p")~. T o/ [(67% - 8)at (5% -9)8]

Below the pion production threshold[w;,=M ,(1

+M ,/2m)=150 MeV in the lab systeirthey are real func- 1 O(w2w'? N= /1_ t ) 4
tions and can be decomposed in Born and non-Born contri- (0%0™) am?)’ @
butions:

A2, 1) =AB(121) + ANB(12 1) (i=1,6. (1) wherew ande are the energy and the polarization three-
vector of the initial photons=exk (the primed quantities
The Born contribution is associated with the pole diagramgefer to the final photonand the constants
where a single nucleon is exchanged in bstandu chan-
nels and is determined uniquely by the magsthe electric
chargeZ, and the anomalous magnetic momen(tn units of 1
e/2m) of the nucleon, and its expression can be found in Ref. @ = = 77— (ytaztag), B = i (ay—ag—ag) ,
[9]. The non-Born parts of the invariant amplitudes depend (5)
upon the structure of the nucleon and, since in the lab system
one has = cod)

are usually interpreted as the electric and magn@immp-

ton) polarizabilities of the nucleon. From E() we see that
16m2 these structure-dependent corrections start giving contribu-
tions toT;; at the second order in. Due to the interference
with the Thomson amplitudgéthe energy-independent term
proportional toZ(e'* -€) in the Born tern), their contribu-
tions to the differential cross section result iDéw?) effect
they can be expanded in a power series of the crossing-evem the case of the protorZ=1), and in aO(w?*) in the case
parameteww’ of the neutron Z=0) [10].

t2
t=—20ww'(1-2), 1’=owo'+

-1

)
with o'=w|1+ —=(1-2)
m

0556-2813/97/56)/16455)/$10.00 55 R1645 © 1997 The American Physical Society



R1646 D. BABUSCI, G. GIORDANO, AND G. MATONE 55

It can be shown[11] that the spin-dependent part of

T\B starts giving contributions t®(w°®) and is determined Ba=gz- (Ag—a3a—8sa) (d=w1). ®
by the following combinations of the four constarts a,,
as, andag: Also, these terms can be seen as an effe@®@b?) in the
unpolarized differential cross section.
@ == (ay—a,—ag), In the .rgla_tivis'tic C_hP1I1$], the nucleon is treated as a
27m fully relativistic Dirac field. Since the nucleon mass does not

vanish in the chiral limit, the consistent chiral power count-

_ 1 (8,—as+as) ing scheme present in the meson sector is lost. This difficulty
G2 T o am (G2 AT s is overcome by considering an extreme nonrelativistic limit
for baryons, i.e., treating them as heavy sour¢¢BChPT)
[14]. In this framework, the predictions for the nucleon po-
Bri=5 (At as+as), larizabilities at one-loop levelorderq®) are:
1 5e%g;
Bo= 5 (3 +astas). ®) = an=106=100 =350 2r 2N
=12.1x10"* fm® 9

Similarly to the analogous quantitieg introduced in Ref.

[11], they will be referred to as “spin-polarizabilities.” Due (r _g3 3 pev ga=1.26, M_=139.57 MeV) [15]. This
to the .lnteréerence V\,"th the spln-dep(indent terms of the flrsi exactly the leading chiral singularity found in the relativ-
order in T, they give rise to &(w") correction to the jgtic approact16] and it agrees quite well with the experi-

unpo!arized differential cross secti(ﬁmZ]._ In the case of a ental values quoted in the review analysis of R&]
polarized nucleon and circularly polarized photons, these

terms appear as an effect 6f(w®). For the sake of com- ap=(12_0i0,9)><10*4 fm?3,
pleteness, the relationship between these quantities and the
v; of Ref.[11], defined in the Breit frame, is given by ,8,3=(2.2i0.9)><10*4 fm?,
a1=4ys, a=2y1, ap,=(12.5+2.5 X104 fm?,
B1=—4(v2tva), B2=2(y2+2va4). Bn=(3.3+2.7)x10 * fm3. (10)

As an example, we consider the form assumed by the nonxt o(g3), proton and neutron appear undistinguishable also
Born part of the amplitude in the case of forward and back; the |evel of their spin-polarizabilities, , and 3, , defined

ward scattering in Eq. (6). Contrary toa and 8, these structure parameters
depend on the amplitud&, which receives contribution also

SL T?{B(O)zwz[(mr B)(é’* -€) from thet-channel=® exchangd9]. From Ref.[3] one has
m
2
T . N €°0a m
—— TN (m=wo'[(a—B)(e'*€) which, owing to the small pion mass, is a rapidly varying
8mm function oft and therefore is usually not expanded in terms

of ww’ [12]. By extracting this contribution from the non-
Born amplitude, for the remaining part of the spin polariz-
abilities, one ha$3]:

—ivda-(e'* xe)]+0(wlw'?),

where (y is what is named ‘“spin-polarizability” in Ref.

[15]) 1 22
Ly M= PT3% g69F2ME
Y=5 a2 p2)=5——384, -
2 2mm —4.4x10°* fm*, B,=0. (12)
S=— % (ar+ B2) :Zi(az"'as) _ (7)  Letus note that of the two quantitigsand & defined in Eq.
Tm (7), only the latter receives contributions from the

4 o B - ) m%-exchange graph, and thus:
Moreover, theO(w") contribution toT; " in Eqg. (4) is de-

termined by the constangs, as, as, and, in the proton case, y=a,= — 5=4.4x10"% fm*. (13
also by the following combinations of the derivative con-
stants defined in Eq3): Unfortunately, no experimental data on the spin polarizabil-

ities are yet available for a comparison.
At the higher order, the situation could change consider-

=——— (aq+azq+asy), ; - e ,
=~ 7 (A1g+ 334t 3s0) ably since theA excitation is a large magnetic effect and
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starts contributing a®(g*) in « andB and at ordelO(q®) and it presents a clear element of surprise: indeed the same
in . A full calculation at ordeO(qg*) shows a large cancel- multipole analysis seems to be incompatible with the DHG-
lation effect betweemd and loops ing,, with the conse- sum rule[18].
guence that, aside frof,,, the predictions of E((9) are not The comparison with the experimental values of the dif-
strongly modified at orde®(q*) [3] ferential cross section obtained at Illing&] and Saskatoon
(1995 [8] is shown in the upper part of Fig. 1 and looks very
favorable only for lower energies than 100 MeV. The good
ap=(10.5-2.0) X 10 # fm?3, agreement in this energy region is confirmed by the Moscow
data[4] which, in spite of the criticism raised in R¢fL7], lie
perfectly on top of the theoretical predictions of the HBChPT
B,=(3.5:3.6)X107* fm?, ato(q®) [3] up to an energy of approximately 110 Mésee
lower part of Fig. 1.
The authors of Ref[3] claim that “if one trusts theg®
_ 40 3 approximation up to the pion production threshold, one finds
an=(13.451.5X 10" fm”, agreement with the few Saskato¢h993 [7] data in this
range.” However, this is strictly true only at forward angles;
as a matter of fact, in the narrow energy region spanned by
these datg135-145 MeV the agreement with th®(q®)
predictions progressively deteriorates at backward angles, as
and remain consistent with the experimental data of(Q. s clearly noticeable in Fig. 2. This trend, already at work in
The situation fory, , appears more controversial. Although the Saskatooii1995 data(see Fig. 1, is further confirmed
the O(q*) andO(q°) corrections have not been completely by the two Mainz points at 180° shown in Fig(a® The
calculated yet, the sole addition of the to the one-loop effect looks to be anything but small: the Saskat¢b®93
prediction in the relativistic approach strongly modifies theqata at§=90° and 141° and the Mainz data exceed the
result of Eq.(13) [15]: 0(q®) ChPT predictions by more than 25%. No further com-
ment can be added to this statement if the comparison with
¥p=—1.5X10"*fm*, y,=-0.46x10"*fm*. theory is maintained with the fulD(q®) calculation. How-
ever, more insight into the nature of this discrepancy can be
Though far from being conclusive, this result turns out to begained with the recourse to ti@»*) expansion of the non-
nonetheless in good accordance with the dispersion calcul@®orn part of the differential cross section. This expansion is
tion based on the latest pion photoproduction multipolesully determined by the structure parameters entering(Bq.
taken from the SAID databagé8] and its validity can be easily tested against the @i{lg®)
prediction by using the values of Eq®) and (12) and the
¥p=—1.34x107% fm*, y,=-0.38x107*fm*, derivative contributions

Bn=(7.8+3.6)x10"* fm?, 14
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that follow from the low energy expansion of tf@(q®) + A= p)+2m(ay+B1) —m(4x+ k)
invariant amplitudes given in R€ef3]. As shown in Fig. &) -
the agreement between the fll(g®) calculation and its X (ay+ By) +4m?(a,— B,) — 16m?(a;— By)
O(w*) approximation is particularly good in the backward o2 wlo ' 2
direction, which is the region where most of the discrepan- _ (a—B)2 , ] (15)
cies are concentrated. I'o 2m

This energy expansion has always been used as a good I
phenomenological tool where the polarizabilities have beef! the proton case, th®(q*) prediction for @—g) that
considered as free parameters to be determined with the estems from Ea(14)
perimental data; this is exactly the way in which the values (a—B),=(7.0+4.1)X 10" fm3 (16)
of Eq. (10) have been obtained. A=180°, the non-Born P
contribution to the expansion of the differential cross sectioris  consistent with the world average at B),

is (ro=e?/47m=1/137m) =(9.8+1.5+0.8)x 10 * fm® quoted in Ref.[17], but, as
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shown by the dashed line in Fig(l8, its sole insertion in Eq. terms are far from being small, and thus a full calculation is
(15) is not enough to reproduce the data. Indeed, one caseriously needed. It is clear that better experimental data in
easily verify that, in order to recover the two Mainz points, the backward direction in this energy range are also required.
huge corrections to the remaining parameters involved aryrthermore, sincey; and B; appear in theO(w®) spin-

needed. The dotted line in Fig(l§ shows the behavior of dependent part OTfli\lB [11], the Compton scattering of cir-

the cross section in the backward direction when 100% cor- . L .
rections are applied to all of them and £ 8) is set at the cularly polarized photons on longitudinally polarized nucle-

ons will be more sensitive to these structure constants. From
central value of Eq(16). . . ,
In conclusion, the data suggest that in the vicinity of thetrl"s ?O'Et of view the Ir_ecent LSC proposal at LEGENL)
pion threshold and in the backward region, the higher ordek!9 100ks very appealing.
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