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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 orderq3. @S0556-2813~97!50804-1#

PACS number~s!: 13.60.Fz, 12.39.Fe, 14.20.Dh
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In recent years remarkable progress has been achiev
the effort to extend the scheme adopted by the chiral per
bation theory~ChPT! @1,2# from the meson to the baryo
sector~for a recent review see Ref.@3#!. The ChPT predic-
tions for the nucleon Compton effect have never been pr
erly tested because most of the existing experimental data
spread over a wide energy region above the pion produc
threshold and very few are concentrated in the low ene
region. Since a significant deviation from the data wou
have an impact at QCD level, it is worth having a closer lo
at the experimental results obtained over the recent yea
Moscow @4#, Illinois @5#, Mainz @6#, and Saskatoon@7,8#.

For real photons, the amplitudeTf i of the Compton scat-
tering on the nucleong(k)N(p)→g8(k8)N8(p8), can be
written in term of six invariant amplitudesAi(n

2,t) free of
both kinematical singularities and constraints@9#, where

n5
s2u

4m
, t5~k2k8!2

with s5~k1p!2, u5~k2p8!2 .

Below the pion production threshold@v th5Mp(1
1Mp/2m).150 MeV in the lab system# they are real func-
tions and can be decomposed in Born and non-Born co
butions:

Ai~n2,t !5Ai
B~n2,t !1Ai

NB~n2,t ! ~ i51,6!. ~1!

The Born contribution is associated with the pole diagra
where a single nucleon is exchanged in boths andu chan-
nels and is determined uniquely by the massm, the electric
chargeZ, and the anomalous magnetic momentk ~in units of
e/2m) of the nucleon, and its expression can be found in R
@9#. The non-Born parts of the invariant amplitudes depe
upon the structure of the nucleon and, since in the lab sys
one has (z5cosu)

t522vv8~12z! , n25vv81
t2

16m2 ,

with v85vF11
v

m
~12z!G21

,

they can be expanded in a power series of the crossing-
parametervv8
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Ai
NB~n2,t !5ai1vv8@ai ,n22~12z!ai ,t#1•••, ~2!

where

ai5Ai
NB~0,0! , ai ,n5

]Ai
NB

]n2
U

n5t50

, ai ,t5
]Ai

NB

]t
U

n5t50

.

~3!

As a consequence of the decomposition~1! the amplitude
Tf i can also be written as a sum of a Born and a non-B
contribution. The latter is determined by the structure co
stants introduced in the expansion~2! and the expression o
its spin-independent part in the lab system is:

N

8pm
T̄f i

NB5vv8@~eW8* •eW !a1~sW8* •sW !b#

1O~v2v82! SN5A12
t

4m2D , ~4!

wherev and eW are the energy and the polarization thre
vector of the initial photon,sW5eW3kW ~the primed quantities
refer to the final photon! and the constants

a 5 2
1

4p
~a11a31a6! , b 5

1

4p
~a12a32a6! ,

~5!

are usually interpreted as the electric and magnetic~Comp-
ton! polarizabilities of the nucleon. From Eq.~4! we see that
these structure-dependent corrections start giving contr
tions toTf i at the second order inv. Due to the interference
with the Thomson amplitude@the energy-independent term
proportional toZ(eW8* •eW ) in the Born term#, their contribu-
tions to the differential cross section result in aO(v2) effect
in the case of the proton (Z51), and in aO(v4) in the case
of the neutron (Z50) @10#.
R1645 © 1997 The American Physical Society



f

e
fir

es

o
ck

,
n-

a
ot
t-
ulty
it

o-

v-
i-

lso

rs

g
s
-
iz-

e

bil-

er-
d

R1646 55D. BABUSCI, G. GIORDANO, AND G. MATONE
It can be shown@11# that the spin-dependent part o
Tf i

NB starts giving contributions toO(v3) and is determined
by the following combinations of the four constantsa2, a4,
a5, anda6:

a15
1

2pm
~a22a42a6!,

a252
1

2pm
~a22a41a5!,

b15
1

2pm
~a21a41a6!,

b252
1

2pm
~a21a41a5!. ~6!

Similarly to the analogous quantitiesg i introduced in Ref.
@11#, they will be referred to as ‘‘spin-polarizabilities.’’ Du
to the interference with the spin-dependent terms of the
order in Tf i

B , they give rise to aO(v4) correction to the
unpolarized differential cross section@12#. In the case of a
polarized nucleon and circularly polarized photons, th
terms appear as an effect ofO(v3). For the sake of com-
pleteness, the relationship between these quantities and
g i of Ref. @11#, defined in the Breit frame, is given by

a154g3 , a252g1 ,

b1524~g21g4!, b252~g212g4!.

As an example, we consider the form assumed by the n
Born part of the amplitude in the case of forward and ba
ward scattering

1

8pm
Tf i
NB~0!5v2@~a1b!~eW8* •eW !

1 ivgsW •~eW8*3eW !#1O~v4!,

1

8pm
Tf i
NB~p!5vv8@~a2b!~eW8* •eW !

2 indsW •~eW8*3eW !#1O~v2v82!,

where (g is what is named ‘‘spin-polarizability’’ in Ref.
@15#!

g5
1

2
~a22b2!5

1

2pm
a4 ,

d52
1

2
~a21b2!5

1

2pm
~a21a5! . ~7!

Moreover, theO(v4) contribution toT̄f i
NB in Eq. ~4! is de-

termined by the constantsa1, a3, a5, and, in the proton case
also by the following combinations of the derivative co
stants defined in Eq.~3!:

ad52
1

4p
~a1,d1a3,d1a6,d! ,
st

e

the

n-
-

bd5
1

4p
~a1,d2a3,d2a6,d! ~d5n,t !. ~8!

Also, these terms can be seen as an effect ofO(v4) in the
unpolarized differential cross section.

In the relativistic ChPT@13#, the nucleon is treated as
fully relativistic Dirac field. Since the nucleon mass does n
vanish in the chiral limit, the consistent chiral power coun
ing scheme present in the meson sector is lost. This diffic
is overcome by considering an extreme nonrelativistic lim
for baryons, i.e., treating them as heavy sources~HBChPT!
@14#. In this framework, the predictions for the nucleon p
larizabilities at one-loop level~orderq3) are:

ap5an510bp510bn5
5e2gA

2

384p2Fp
2Mp

512.131024 fm3 ~9!

(Fp593.3 MeV, gA51.26, Mp5139.57 MeV) @15#. This
is exactly the leading chiral singularity found in the relati
istic approach@16# and it agrees quite well with the exper
mental values quoted in the review analysis of Ref.@17#

ap5~12.060.9!31024 fm3 ,

bp5~2.260.9!31024 fm3,

an5~12.562.5!31024 fm3 ,

bn5~3.362.7!31024 fm3 . ~10!

At O(q3), proton and neutron appear undistinguishable a
at the level of their spin-polarizabilitiesa1,2 andb1,2 defined
in Eq. ~6!. Contrary toa andb, these structure paramete
depend on the amplitudeA2 which receives contribution also
from the t-channelp0 exchange@9#. From Ref.@3# one has

A2
p0

~ t !52
e2gA
4p2Fp

2

m

t2Mp
2 , ~11!

which, owing to the small pion mass, is a rapidly varyin
function of t and therefore is usually not expanded in term
of vv8 @12#. By extracting this contribution from the non
Born amplitude, for the remaining part of the spin polar
abilities, one has@3#:

ã152b̃15
1

2
ã25

e2gA
2

96p3Fp
2Mp

2

54.431024 fm4 , b̃250 . ~12!

Let us note that of the two quantitiesg andd defined in Eq.
~7!, only the latter receives contributions from th
p0-exchange graph, and thus:

g5ã152 d̃54.431024 fm4 . ~13!

Unfortunately, no experimental data on the spin polariza
ities are yet available for a comparison.

At the higher order, the situation could change consid
ably since theD excitation is a large magnetic effect an
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FIG. 1. The Illinois ~circles!,
Saskatoon~1995! ~open squares!,
and Moscow~closed squares! data
for the unpolarized cross sectio
at fixed scattering angle in the la
system as a function of the energ
of the incoming photon beam. Th
solid line is the prediction of the
HBChPT atO(q3) of Ref. @3#.
-
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starts contributing atO(q4) in a andb and at orderO(q5)
in g. A full calculation at orderO(q4) shows a large cancel
lation effect betweenD and loops inbp , with the conse-
quence that, aside frombn , the predictions of Eq.~9! are not
strongly modified at orderO(q4) @3#

ap5~10.562.0!31024 fm3 ,

bp5~3.563.6!31024 fm3 ,

an5~13.461.5!31024 fm3 ,

bn5~7.863.6!31024 fm3 , ~14!

and remain consistent with the experimental data of Eq.~10!.
The situation forgp,n appears more controversial. Althoug
theO(q4) andO(q5) corrections have not been complete
calculated yet, the sole addition of theD to the one-loop
prediction in the relativistic approach strongly modifies t
result of Eq.~13! @15#:

gp521.531024 fm4 , gn520.4631024 fm4 .

Though far from being conclusive, this result turns out to
nonetheless in good accordance with the dispersion calc
tion based on the latest pion photoproduction multipo
taken from the SAID database@18#

gp521.3431024 fm4 , gn520.3831024 fm4 ,
e
la-
s

and it presents a clear element of surprise: indeed the s
multipole analysis seems to be incompatible with the DH
sum rule@18#.

The comparison with the experimental values of the d
ferential cross section obtained at Illinois@5# and Saskatoon
~1995! @8# is shown in the upper part of Fig. 1 and looks ve
favorable only for lower energies than 100 MeV. The go
agreement in this energy region is confirmed by the Mosc
data@4# which, in spite of the criticism raised in Ref.@17#, lie
perfectly on top of the theoretical predictions of the HBChP
atO(q3) @3# up to an energy of approximately 110 MeV~see
lower part of Fig. 1!.

The authors of Ref.@3# claim that ‘‘if one trusts theq3

approximation up to the pion production threshold, one fin
agreement with the few Saskatoon~1993! @7# data in this
range.’’ However, this is strictly true only at forward angle
as a matter of fact, in the narrow energy region spanned
these data~135–145 MeV! the agreement with theO(q3)
predictions progressively deteriorates at backward angles
is clearly noticeable in Fig. 2. This trend, already at work
the Saskatoon~1995! data~see Fig. 1!, is further confirmed
by the two Mainz points at 180° shown in Fig. 3~a!. The
effect looks to be anything but small: the Saskatoon~1993!
data atu590° and 141° and the Mainz data exceed t
O(q3) ChPT predictions by more than 25%. No further com
ment can be added to this statement if the comparison w
theory is maintained with the fullO(q3) calculation. How-
ever, more insight into the nature of this discrepancy can
gained with the recourse to theO(v4) expansion of the non-
Born part of the differential cross section. This expansion
fully determined by the structure parameters entering Eq.~2!
and its validity can be easily tested against the fullO(q3)
prediction by using the values of Eqs.~9! and ~12! and the
derivative contributions



c-

d

R1648 55D. BABUSCI, G. GIORDANO, AND G. MATONE
FIG. 2. The Saskatoon~1993!
data for the unpolarized cross se
tion at four different scattering
angles in the c.m. system. Soli
line as in Fig. 1.
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that follow from the low energy expansion of theO(q3)
invariant amplitudes given in Ref.@3#. As shown in Fig. 3~a!
the agreement between the fullO(q3) calculation and its
O(v4) approximation is particularly good in the backwa
direction, which is the region where most of the discrep
cies are concentrated.

This energy expansion has always been used as a
phenomenological tool where the polarizabilities have b
considered as free parameters to be determined with the
perimental data; this is exactly the way in which the valu
of Eq. ~10! have been obtained. Atu5180°, the non-Born
contribution to the expansion of the differential cross sec
is (r 05e2/4pm.1/137m)
d
n-

ood
en
ex-
es

on

ds

dV U
u5p

NB

52r 0 S v

v 8D
2H 2~a2b!vv8

1F4~a2b!12m~ ã11b̃1!2m~4k1k2!

3~ ã21b̃2!14m2~an2bn!216m2~a t2b t!

2
2m2

r 0
~a2b!2G v2v 8 2

2m2 J . ~15!

In the proton case, theO(q4) prediction for (a2b) that
stems from Eq.~14!

~a2b!p5~7.064.1!31024 fm3 ~16!

is consistent with the world average (a2b)p
5(9.861.560.8)31024 fm3 quoted in Ref.@17#, but, as
t

FIG. 3. The Mainz data for the

unpolarized cross section a
u5180° in the lab system. In~a!
the O(q3) prediction of Ref.@3#
~solid line! is compared with its
expansion toO(v4) ~dotted line!.
As for the curves in~b!, see the
text.
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shown by the dashed line in Fig. 3~b!, its sole insertion in Eq.
~15! is not enough to reproduce the data. Indeed, one
easily verify that, in order to recover the two Mainz poin
huge corrections to the remaining parameters involved
needed. The dotted line in Fig. 3~b! shows the behavior o
the cross section in the backward direction when 100% c
rections are applied to all of them and (a2b) is set at the
central value of Eq.~16!.

In conclusion, the data suggest that in the vicinity of t
pion threshold and in the backward region, the higher or
ib
.
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,
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terms are far from being small, and thus a full calculation
seriously needed. It is clear that better experimental dat
the backward direction in this energy range are also requi
Furthermore, sincea i and b i appear in theO(v3) spin-
dependent part ofTf i

NB @11#, the Compton scattering of cir
cularly polarized photons on longitudinally polarized nuc
ons will be more sensitive to these structure constants. F
this point of view the recent LSC proposal at LEGS~BNL!
@19# looks very appealing.
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