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PERTURBATIVE QCD PHENOMENOLOGY OF ELASTIC ed SCATTERING
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'N. N. Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kyiv
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Electron-deuteron elastic scattering data ( A(Q’) and B(Q®) structure functions and polarization

observables 7,,, #,, and f,,) are fit with a model that respects asymptotic properties of perturbative QCD
(pQCD) at high momentum transfer. The data analysis shows that pQCD starts from Q* =3,5(GeV /¢)*.

Predictions for the magnetic structure function B(Q®) and the polarization observables at high momentum

transfer are given.
1. Introduction

In recent few years new data from TJINAF on the ed elastic scattering were reported. They
include the electric structure function, A(Qz), measured with high precision up to O = 6(GeV/c)2 [1,
2] and tensor polarization observables, tyo, t; and tx,, up to Q2 = l,7(GeV/c)2 [3].

This data, together with data on the magnetic structure function B(Qz), [5] restrict the
deuteron structure at scales where quark-gluon degrees of freedom are expected to become refrozen.
For example, according to optimistic estimations pQCD should start in the deuteron at Q from few
(GeV/c)* [4]. It is nice that this prediction was confirmed by analysis of TIINAF data on A(QYat
Q%> 2 (GeV/e) [2].

For further conclusions about quark-gluon degrees of freedom in the deuteron the spin
structure of the deuteron at high Q® must be also studied. However data on polarization observables,
as well as on the B(Qz). correspond to Q2 (GeV/c)z, which is not enough for pQCD. This is a typical
intermediate region between nucleon-meson and quark-gluon pictures, where isobar configurations,
meson exchange currents and constituent quark degrees of freedom are all important [6].

The purpose of this work is to investigate phenomenologically smooth connection between
nucleon-meson and pQCD regions and make predictions for B(Q?) and polarization observables at
higher Q% where pQCD should work. A parametrization which connects this two regions was
proposed earlier by one of the authors (A.P.K.) and A. I. Syamtomov [7]. It assumes power fall off
of helicity spin amplitudes at asymptotically high Q?, which comes from by quark counting rules. A
new analysis of the parametrization [7] which includes the recent TIINAF data was provided in [8].
Now we study logarithmic corrections to the power behavior. Such corrections were shown to be
important for the structure function A(Q?) at highest region of TIINAF energy [2].

The paper is organized as follows. In sect. 2 we discuss general structure of helicity
amplitudes for the elastic ed scattering in light come frame (LCF) and predictions of pQCD for the
helicity amplitudes at high Q?. Parametrization of helicity amplitudes which connect smoothly

regions of low and highQ® is given in sect. 3. Then, in sect. 4 data base and fitting procedure are

summarized. Discussions and conclusions are given in sect. 4.
2. Helicity amplitudes and the deuteron formfactors
2.1. Helicity amplitudes

We provide our calculations in the framework of light-cone frame (which is the same as
dynamics in infinite momentum frame, IMF). But there exists one serious problem. Indeed, due to
gauge invariance, covariance and discrete symmetries only three of the 36 helisity amplitudes (1) are
independent. From naive point of view one might think that different sets of the helicity amplitudes
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give the same answer to the deuteron formfactors. Nevertheless direct calculations of Grach and
Kondratyuk [9] demonstrate that at the light-cone it is not so. Karmanov and Smirnov [10] (see also
Karmanov’s paper [11]) have shown that this paradox is connected with incompatibility of
transformation properties of approximate current and the deuteron wave function used in practical
calculations. As a result nonphysical dependence on orientation of light-front plane @ appears
which, in turn, leads to addition nonphysical formfactors. Thus addition analysis of how sensible an
appropriate choice on the independent helicity amplitudes is of great importance.

2.2. Helicity amplitudes in LCF

The main objects of our analysis are helicity amplitudes of the y* +d — d transition
JI, =< p',/l’lj“lp,/1> (1)

where p and p’ are momenta and 4 and A’are helicities of the deuteron in initial and final states,
respectively.

Due to gauge invariance, covariance and discrete symmetries only three of the 36 helisity
amplitudes (1) are independent and one can choose different sets of independent helicity
amplitudes. Direct calculations, however, [9] demonstrates that it is not so in dynamics at LCF. This
phenomena comes from incompatibility of transformation properties of approximate current and the
deuteron wave function used in practical calculations [10, 11]. As a result nonphysical dependence
on orientation of light-front plane appears. Thus choice of the independent amplitudes becomes of
great importance in pQCD calculations where LCF is often used.

First let’s define LCF as a limiting reference system where momentum z-projection of the
deuteron in initial and final states, p and p’, comes to infinity

2 2 2 2
» z(h_f‘%é@,ﬁbp_u],

4P
M’J 7. M2 2 (2)
; e +p
Bz Pp—a T _ 5 P LT
r ( 4p Pl 4P )
with
p =p’+p’=2P, p=p+pt=2P, P>> M +p. (3)

(M is the deuteron mass). In this frame momentum of the virtual photon is given by
qﬂ = (07_2ﬁL 70)’ p_L = —(% an) : (4)

In LCF polarization vectors for the deuteron in initial and final states, respectively, read [9]

e“(A=t1p)=—Y(£2, 21,iT4),

1 Mz_pz B Mz_pz
“A=0,p)=—| P-—="Pr 5 p, M TP
e ( .p) M[ 4P P 4P ]
(5)
' —P -
(A =11,p)=-K(FL, 21, i +2
1 MZ___p'.’ B M’_pZ
e*(A'=0,p)=—o| P-Z "PL _5 p_ L
(4'=0.p) M( 4p P 4p
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Using the standard expression for the current matrix element
Ji = =G (@) (A p)e(A,p)(p+ p')+
+G, ()" (A, p)e (A, p)g) = e (A", pWe(A.P)] = (6)
(¢ (X', p)g)(e(A,p)q)

-G, (@) (p+p")* YK }
one gets for the plus-component of the e.-m. current matrix elements

Jo = p"2(1-20)G, +4nG, -4’ Gy}, 7
M :p*{szl —\/—2_7702 +2\/ﬁf763}, )]
J, =-p {2nG,}, )
J: = p 2G, +21G,)}. (10)

where J;, =J{, +.J;, .Itis nothing to show that they satisfy the so-called angular condition
A+2n)J 5 + i, ~2 20~ T =0 (11)

and thus there are only three independent helicity amplitudes among th’eJ]+ ) J1+.1, Jf:), JJO [9, 12].
Alternatively the angular condition teaches us that even at the pQCD extreme there appears
(through dimensionless ratio 5 = Q/é 3 ) an additional scale parameter 4M?, apart from the pQCD

parameter A%, << 0’ <4M’.
2.3. The deuteron formfactors

The charge, Ge(Q?), magnetic, Gm(Q?%), and quadrupole, GQ(Qz).\ formfactors are connected
with formfactors G;(Q%), G»(Q?) and G3(Q?) as follows

& =5 +§nGQ, (12)

G, =G,.

Using (10) one expresses the GC(Qz), Gm(Q2 ) and GQ(Qz) in terms of any three helicity
amplitudes /., for example

1 3-2 . 8 / , 2n-1 _,
Gu = [ 77‘]00 +7 EJIO + 774 Jl—l]’
2P(2n+1) 6 3V2 3

1 + (277_1) + +
G =——[Jgp+——=—"Jp - I ];
m 2P(277+ 1)[ 00 \/’2; 10 I—I]
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1 n+1 .
G = — —J ——J 13
! 2P(2r7+1)[ \/277 v 2p ) (13)
In turn, the A(Q?) and B(Q?) structure functions and ti( 8, Q%) polarization’s read

4=6"+2n62+ 3, (14)

3 9 )
__—77(1+’7)Gm‘ (15)

o f[A +B tg” (g)] ’
_29(n+7’sin’ (§))'°G, a1
B[4+ Btg? (-2)]cos(§) 1
—

t22 = 9 '"2 2 : (18)

2\3[4° + Big* ()]

Y

In the present paper we prefer to use the set J;,J;", and J/;. In this case the formfactors

G.(0°),G,(0%) and G‘,(Qz)are expressed as

1, 1 R S
G, :‘E[']|1+§V/§—77J|0+§Jl—l]’ (19)
= L[‘]+ _L.ﬁ] (20)
4ptn \/ﬁ 1015
1 b 1 . :
Gq :ﬁ[ 2—’7"]!0 _;‘]l—]]' (21)

2.4. Ambiguities in the IMF

The main problem is that the angular condition (11) is usually violated [7] in the IMF
calculations and choice of independent helicity amplitudes become of great importance. Links
between the different choices in the IMF calculations are given in [9]. For example it was shown
that in the light-cone dynamics the matrix elements (1) become dependent on the w. If it is fixed as
in (3) the helicity amplitudes (7) and (8) are transformed to

Jo (IMF) = J;, —2nB, + (B, + B,), (22)
i (IMF) = J;y + \/286. (23)

The amplitudes (10) and (9) are not changed. The formfactors B are nonphysical and must

vanish in exact theory (where the e.m. current and equation for the relativistic deuteron wave
functions are self-consistent) [Definition of the nonphysical formfactors B, is given in [8, 9]]. But
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in any approximate theory, like asymptotic QCD, they are not zero and must be excluded from the
final results.

2.5. pQCD predictions for the helicity amplitudes

From pQCD arguments one gets very simple rules to determine power behavior of the
helicity amplitudes Jg,, Jj, and J, [13, 14]. For example it gives that the amplitude J;, is a
leading amplitude with asymptotic fall off (neglecting logarithmic corrections)

e (Agu)j ! 24)
00 ) .

It was also argued that in the IMF the helicity flip amplitudes J,and J"_, are suppressed as [15]

+ + 2
J'f ~(AQ(.D)’J1:, ~(A(_X.,)) | 25)
‘]00 Q JOO Q
The similar considerations give that
Apep )
J|+1 ~J1+—1 N[ gl)} J(;o’ (26)

which agrees with the angular condition (11) at extreme high Qz-region, Q2 >>4M 2,

In our analysis, following arguments of Ref.[15], we consider the set Jg,, J;;and J as a
main amplitudes. which behavior (24) and (26) is regulated in the intermediate region only by the
Ay~ In turn, the amplitude J| must be determined from the angular condition (11) and thus it

depends on the two scale parameters, A, and 4M .

3. Parametrization of helicity transition amplitudes

Following the idea of reduced nuclear amplitudes in the QCD [17], we define the reduced
helicity transition amplitudes goo, go+ and g-. as follow

1 + 2 Q2 i )
— I AP ) =G| = |g* ... (OP), (27)
4P A_A(QZ) [ 4 ]g X,A(Q)

where G(Q?) is a three-quark-cluster (nucleon) formfactor. For the G(Q%) we assume dipole
behavior G(Q*) = [1+Q/y2 (GeV /c)z]_z. but due to medium effects the parameter x4’ should be

different form that for a free nucleon 0.71 (GeV/c)z.
We consider separately two kinamatical regions, large Q? region, Q* > Q;, and low Q

region, Q’< Q; . The parameter O, is estimated to be of order of few (GeV/c)?. Its exact value will

be determined from fit to experimental data.
For the Q° reduced transition amplitudes we use the asymptotic prediction of the pQCD

2
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g NED L 0 N
% 0

— S @IAy),

M(A ) PR
g*(“‘” ol Aew)
where the factor f(Q?) takes into account logarithmic corrections
P TR CA ) LAl o
och) =

[1g(Q° /4A}, ™7

and y“and y" are leading anomalous dimensions for the deuteron and the nucleon, respectively .
They are given by
6C,  C,.
yi=—LyV ==L (30)
5P 20
After symmetryzations the anomalous dimensions are given by [36], [37]
« 3C, o C.
}/ual =
4,5 24

where C, =(n’ -1)/(2n), B =11 ~$n,,n, =3 -is number of quark colors and n, =3 is the number

€2y

of flavors, a (Q°) = ﬁ— is the running quark-gluon coupling [4]. Of course, the
g [§"]

anomalous dimensions depend also on helicities, but we ignored this dependence, because,
according [36]

real

o = ( /Zﬂ( /Ao(/)){ ﬁ e /A((D }
a (0 )Q o’ 0 (O Ade)

max 5 2 N 12 2 2 N
5luuu = aw(Q )@ln( / ﬂ(Q /AQ(‘I)){I—?}’ (32)
8J ~871% ~al(@) (@ {In T (o)1},

The constants N;, N, and Nj introduced in (28) cannot be calculated from the pQCD. We will
determine them from smooth connection with the reduced transition amplitudes at Q. < 0, . At

Q’ < Q] the following parametrization for the reduced amplitudes is assumed

N

g(J;O z ’g0+ QZ

n= n= +a
IQ o IQ (33)
~+ _ 2 n
e Q EQZ"'O!”Z’
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where a, = a; +nm;. To satisfy normalization conditions for the reduced amplitudes at Q” one has
to improve the following constrains on the coefficients a,, b, and ¢, (see, e.q. [7]):

2 8 _2-m b6 _1-4-0
—n = 1, 2 = d . —n - d d 34
n=l aj ; as 2\/§M ; : 2M2 ( )

on the coefficients a,, b,and ¢, to demand formfactor normalization at Q* = 0. In Eqgs. (34)
U, =0857406 M / m, is the deuteron magnetic moment in “deuteron magnetons” and Qg = 25,84 is
the deuteron quadrupole momentum in M*/e.

The coefficients Ni, N; and N3 appearing in (28) of the reduced helicity flip amplitudes in
the asymptotic region are determined from smooth connection parametrization at the point

0 -0}

+(uu) g 2 0‘,73+§)3“) 6?2g00
(QO i (Q() )! é’QZ Of;QZ
(39%)
ogw” 0% P I

0 R o 00"
4. Data base and fitting parameters

In out fit we use the following data: for A(Q?) from [1, 2, 18, 20 - 25], for B(Q?) from [5, 20,
21, 26, 27] and polarization observables tyg from [3, 29 - 32, 34] and t;,, tp; from [3, 31]. But it must

A(QY A(Q%)
FP i e ' . | 10“3%';-' PR St L s et At it aheat cats LA

»

: 10
0t
g-® '

102
; 10-¢}
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L

heeeadin sl < ::[ ihis H-}':-s; jl sl
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Q% (GeV/ey’ Q% (GeV/e)

Fig. 1. Comparison of the model fit with data for Fig. 2. Comparison of the model fit [solid] with

A(Q%) at Q°< 1 (GeV/c). data for A(Q?) at Q* > 1 (GeV/c)’ . Dotted line is
asymptotic behavior given by (28) and (30)
extrapolated to lower transfer momentum.
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Fig. 3. Comparison of the model fit [solid] with Fig. 4. Comparison of the model fit [solid] with
data for B(Q?). Dotted line is asymptotic behavior data for ty. Dotted line is asymptotic behavior
given by (28) extrapolated to lower transfer given by (28) extrapolated to lower transfer
momentum. momentum.

to t
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Fig. 5. Comparison of the model fit [solid] with data Fig. 6. Comparison of the model fit [solid] with

for ty. Dotted line is asymptotic behavior given by data for |G,(Q)| [8]. For the last tow points the two

(28) extrapolated to lower transfer momentum. solutions (filled and open points) are shown, see
[8]. Dotted line is asymptotic behavior given by
(28) extrapolated to lower transfer momentum.
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be noted that due to large errors t,,,¢,, data are

practically not informative for the fit. Data for
A from [27] are in sharp contradiction with all
the wold data set and therefore were omitted
from the fit. We also do not include in the data
base results from [35] because they have large
errors and practically do not change the
obtained results. Data [23] are somewhat lower
that the world data, but due to large their
uncertainties the fit is insensitive to this data.
Data for the B structure function were
normalized, if necessary, to our convention of
the magnetic form factor.

2 .
O, ,, was considered as a parameter of

the model, but the QCD cutoff parameter A .,

was fixed at 220 MeV. In (33) and (34) we
chose N = 4, so that the model has 10
independent fit parameters. The fit parameters
summarized in Table 1 [38] were obtained

with * = 399 for 200 data points.

5. Discussion and summary

Figs. 1 and 2 display comparison of the
model with A(Q*) data. To show how far

experimental data are from pQCD results in
preasymptotic region we continue asymptotic
behavior given by (28) to region lower than

O, (dotted line in fig. 2 and figs. 3 - 7). One
concludes that for A(Q%) pQCD works from
Q’-region between 1 and 2 (GeV/c)z.
Comparison with data for B(Q’) and the

polarization observables are given in figs. 3 - 5.
One sees that for the magnetic form factor

pQCD should start from Q° between 2 and

Fi(Q)

Fy(Q)
1P

Wy

10+t b

10°2
10_.3 i £ { : ; SRS Y | N i : i i i : S O |
0 s 1 13 2

Q’, (GeV/c)

Fig. 7. Comparison of the model fit [solid] with
data for GQ(Qz) [8]. For the last tow points the two
solutions (filled and open points) are shown, see
[8]. Dotted line is asymptotic behavior given by
(28) extrapolated to lower transfer momentum.

3 GeV/c)z, but for the polarization observable it should start somewhat earlier, near 2 (GeV/c)z.
Fig. 7 shows results for the charge and quadrupole form factors, G,(Q*) and G, (0%).

In summary, we give a parameterization of the deuteron form factors up to Q* =6 (GeV/c).

Asymptotic behavior of the form factors is dictatedby quark counting rules and pQCD helicity rules
and therefore one may hope that this parameterization can be extrapolated for higher transferred

momentum. For example, the model predicts behavior of the magnetic structure function, B( 0?), at

0? > 2.5 (GeV/c)* which can be studied in future experiments.
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®EHOMEHOJIOT'ISI IPYXKHOTI'O ed PO3CISIHHS B IIPEJACTABJIEHHI
IEPTYPBATHUBHOI KXJI

A. IL. Kooymkin, S1. J{. KpuBenko-€Emeron

Jlani no npyHOMY eNeKTpOH-IeHTpoHHOMY poscisuuio (ans A(Q’) ta B(Q®) crpykTypHHMX
(yHKUIH | Ten3opis nonspusauii 1, , t,, Ta t,,) AOCAILKYBATUCh y MOAE, fKa NPY BEJIMKUX NMepeaHnuX
IMITyJIbCaX y3roMKy€eTbes 3 ysiBIeHHAMHU nepTypbatusnoi KX I (nKX/I). AHani3 aaHux rnokasas, o nKX]I
HEMOraHo y3rouKyeTbes 3 eKcriepumMeHToM npubnusHo 3 O° =3,5(GeV / ¢)’.

®EHOMEHOJIOTUSL YIIPYTOI'O ed PACCESIHUS B IIPEJCTABJIEHUA
NEPTYPBATUBHOM KXJI

A. II. Ko6ymkun, 5. J{. Kpusenko-Emeron

Mlauuble Mo ynpyromy 3eKTpoH-aeiTpoHHOMY pacceshuio (ana A(Q°) w B(Q?) cTpyKTYpHbIX
(yHKUMIA W TEH30pOB MONAPM3aUMH [y, [, W 1,,) W3y4aquch B MOJENM, KOTOpas MpH OGOMbLINX
NEpeJaHHbIX UMMYJbCaX COrflacyeTcs ¢ npeackasanuamu neptypbatuBHoit KX (nKX ). Aranus qaHHbIX

2 2
nokassiaeT, 4To nKX/I Hennoxo cornacyercs ¢ akcnepumenToM npumepho ¢ Q° =3,5(GeV / c¢)”.
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