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M. Lusignoli'® and Y. Srivastava(®): PION EM STRUCTURE
FUNCTIONS FROM PION EXCHANGE IN LEPTOPRODUCTION,

The pion exchange contribution to e+p —P» e'+n+X is calculated
using different models, both for pion exchange and for the pion EM
structure functions. Numerical estimates of this contribution to deep
inelastic scattering off protons are given.

1. - INTRODUCTION,

It is well known that the inclusive process p+p —» n+X is domi-
nated, in the triple Regge region, by one pion exchange(l’ 2). This
is due to the strength of the pion-nucleon coupling as compared to
the couplings of other isovector Regge trajectories. For the same
reason we expect(z) that an experimental study of the process e(u)+
+p —P e'(u')+n+X in the deep inelastic region and, for slow neutrons,
can give us informations about the pion electromagnetic (EM) struc-

ture functions,
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In this work we present formulae for the calculation of one pion
exchange to the above mentioned process. Some years ago, Sullivan

(see ref. (3)) did a similar calculation using the simplifying assumpt-
. @ 2 (p)
ion F2 =3 F2

order to safely neglect any t dependence in the vertices, We will in-

and limiting himself to a very small l t| region, in

stead extend the | t | region using suitable t dependence for the pion

. Y1
exchange and use more detailed models for FQ( )

extrapolations to the space-like region of the méaS'Ured(4') pion struc-

based on different

ture functions in the time-like region,

Two interesting results emerge from our analysis, . First, pion
exchange contribution is found to be large enough so that a measure-
ment of the above process appears to provide a viable method for ob-
taining the pionic structure functions, Secondly, at least 5+ 10% of
the deep inelastic events (e+p —® ¢'+X) should contain a leW‘ neu-

tron in the final state.

The paper is organized as follows: In section 2 after defining the
kinematics, we give the Born term formulae for the cross-section.
Section 3 deals with the models for pion exchange and Section 4 con-
tains a discussion of different models for the pion structure functions.
The results of numerical calculations are presented in Section 5 and

the paper finishes with some concluding remarks in Section 6,

2. KINEMATICS AND BORN CROSS-SECTIONS.

The calculations are done, as usual, in the target proton rest
frame (laboratory frame). We choose the lepton momenta as defining
the xz plane, the z-axis being parallel to the direction of the virtual
photon-momentum, Neglecting the lepton masses and denoting by m

and wthe nucleon and pion masses respectively, we define the 4-mo-



mentum of the particles as follows:

k = EL(l, Sin ¥, 0, Cosy ) for the incoming lepton
k' = EL(I, Sin (g +1?L), 0, Cos(yp+ ’&L) for the outgojng lepton
Pp== m(1,0,0,0) for the target proton
Pn: (E,pSina Cos B, pSina Sin B.pCos a ) for the neutron.

E'LSin 0L
Here, 01 is the angle between the leptons and tan =

E_-E! Cos 0L’
such that the internal photon momentum q = k-k', hasno xor y com

ponent, We define, as usual, wv= q-Pp/m=EL—Ei, andQ2=-q2=
=4ELE'LSir12 a&L/Z, to have
ST
q=(7,0,0, V’v2+Q2 ).
2
We also define the Bjorken scaling variables @ = for the

2
Q
proton and an analogous quantity Q - 2uby for the pion, where
{Pp-Pp) 2
.9'B _ GPpPn

Vig m m . Lastly, the momentum transfer between
2
the nucleons is given by t = D, * (Pr’l-]?p)2 = -2m(E-m),

The Feynman amplitude for the one pion exchange contribution

(Fig. 1) to the process e(k)+P(Pp) -—p e'(k')+n(Pn)+X,, can be written

as follows:

2

- )
M =aE(]{v) )’Q u(k)] _%f.vz_ <an j@ (o) Innn> ig._g.
B T q (t-po)

(1)

. EH(PH) Ve u(Pp):l ,

with a X L and g2/4:rvl-’ 14. 7. The inclusive cross-section is gi-

ven by 131
g = ——— 3 thz(zn):a(JﬁP)
T amE, (5 e B
spins (2)
. T 3
-
3 3
L (2m 2Ef, 1 L (27) (2E) |

The structure functions for the pion are defined as:



and performing the spin sums we obtain:

2 - B
do 8ma w., 2 -t R L
P— =( )(—-—)g[ }( ){Z(k.k')w+
dELdCos 0L Q4 m (Mz--t)z__ EL 1
(4)
A" 3
: N 2] 4P
+12(p - k") (p.-k)-(k- k")t = .
[ T v ] /«02‘ l"‘(Zn)BZE]

where W1 and W9 are the structure functions for an off-shell pion of
(mass)2=t. We introduce the functions F = u Wy and Fy= Vg Wz,
which for t= Mz and in the Bjorken 1imit(5), should become functions
of the variable £ only, apart from corrections due to scaling violat~

ions. The result can now be written in the following form:

2
2 2 B!
do 4 q L -1 2
T = PESNFIS5) 2sin” 9 /2
dE! dCosd,d p 7Q (w -t)
L ]..J n
(p, - k)p - k") o
2 7T 7T 2 L -
a2 L .
FI(Q ,Q ,t)+[ ELE' tSin 3 (5)

2 ”
FZ(Q,Q ,t)

U Yy ’

where, according to the previously given definitions,



). ® . .‘ ° <!
(p”Ek).é]]?” k) . (m-%E+pSin a Cos B Siny +p Cosa Cos ¥) [m-E+

Lo L +pSin a Cos § Sin(y + i )+p CosaCos(y + ’&L)] :

(6)

and )
E! Sin E_-E! D)
° v I T o
v +Q Ajv +Q
(7)
| : - !
. N ELSm Q?L _ELCos 1?L EL
Sin(Y +9 )= —p5—s~— Cos(y + 4 )=—=; ~
7 y i 2
W +Q v +Q

In the next section, we shall modify the cross section formula

given by Eq. (5) to include the form factors.

3. MODELS FOR PION EXCHANGE.

Our formula for the cross section Eq. (5) has been derived from
the Born term, i. e. an elementary pion with no cut off. Such an assum
ption is clearly unrealistic and we have to modify it, even for the li-
mited t region which will be used throughout ouranalysis viz -t £ 0.5
GeVz, Outside this region, OPE is presumably quite small and other

diagrams become important.

We have two different possibilities: either we assume the pion to
. . 2, . -2
lie on Regge trajectory a (t)= o'(t-47) with @' 1 GeV ~, or we can
use a model of elementary pion with a transverse momentum cut off

(2: 6)

which we proposed some years ago . Both these models have been
tested with the experimental. data for the process ptp ———’n+X(7)J in
the range -t£ 0.5 GeVz. It should be mentioned that these data were
contradictory, ISR data favoring the elementary pion model, while
NAL data were in agreement with the Regge model. In the following

results for both models shall be presented.



For the elementary pion with transverse momentum cutoff, t
modification of Eq. (5) is quite simple. It requires to multiplyg by

2. 27 ~2(7)
the factor exp —B(pL+ @ )| with B 14 GeV .

In the Reggeized pion model, for fixed, small t and at high ener-

8)
gy, we can use the triple Regge formu].a( ). This brings an extra

v
a

-2 t 2 2 2
power-law factor (M}zi/s) gl 1) , where S= (q+1:;)) nd M =(qg+ pn) .
2
_ / Q 1+t/g>
In terms of the variables defined earlier, we have MX, S= (a) 1+m2/Q

Also, the Regge propagators and residue factors can be introduced

in terms of the parameters already determined, by making the sub-

stitution 1
+ [ 1 (!
, 22 1 COSEran(t)J bt i)
> 2 2 € ’
(W' -t) Sin l-r.van(t)]

7 o =9
where the fit to p+p —P n+X( ) suggest b0y 56 GeV

4. PION STRUCTURE FUNCTIONS,

Here we describe some models for the pion structure functions

F(2,Q% =07, i=1,2,

+ -
From e e annihilation we have data for F1 and F2 in the tirme-

like region (£ < 1) which show that in the region 0, 5 £0<1 scaling
(4b)

is obeyed and the cross-section is essentially transverse . In or-

der to take advantage of these data we will assume that an analytic
continuation from the annihilation to the scattering region is valid.
Some experimental evidence supporting this hypothesis has been pre-

)
sented for the proton structure function near @ ‘1(9

One possible way to make the continuation is to utilize a recipro-

city relation, first proposed by Gribov and Lipatov(lo)which states



1 1
F‘z( Q):Eé— F. ( [)—)' However, there are other known constraints.

For example, in the parton model the mean square charge of the par
Kee) FZ(Q) (11)

tons is equal to)] 02 —d 0 . A;ssulem)g fractionally charged
xn FolQO
quarks, one has the upper bound Solo ———2—-5?— dQ £ 4/9, allowing for
4

a large part of the momentum to be carried by the sea quarks Us-

00) Fz( .Q d.Q
ing the Gribov-Lipatov relation, one has j f X F

Inserting in the last integral the scaling part of the SPEAR data 4)

alone, one obtains 451/2X3F2:(X)dx ¥ 0.45. Moreover, for the region
x £ 1/2 the present data do not scale and in fact show an increase in
F‘2 with Qz. A rough estimate at the highest energies show that the

contribution to the sum rule is % 1. Thus, the sum rile seems to be

inconsistent with the reciprocity relation,

Model I

In the fractionally charged quark-parton model, assuming st as
a bound state of u and E quarks, one would get for the sum rule

the exact value (valence quarks only)

5: ------ a@ =2 (8)

We may use this as a constraint in building a phenomenological

formula for FZ( ). We have chosen

2
:_.(_‘Q__:_ll_ y ¢'K‘Q ol
F2(.Q) o3 cle +C2.§§1, (9)

because SPEAR data suggest a quadratic dependence near  =1. The
paramet er C2 is fixed to be (i) 0. 2 through t(h.e; asymptotic behavior
given by the quark model, F," () & (2/3) sz‘\-‘)(oo). If Eq. (8) is used
as a constraint, only one parameter remains to be determined by a

ot



best fit to the scaling data(é‘c) as shown in Table I,
TABLE I
K 0. 65 0.7 0. 75 0. 8 0. 85 0.9
C 13.17 [14.59 | 16.86 | 17.86 | 19.74 | 21.71

1
XZ/NDF 1. 11 0. 81 0.59 0. 49 0. 51 0. 67

In what follows, the values K=0, 8 and C1=17. 86 will be used,
even though the Zz dependence is not sharp enough to uniquely fix
the best value. Luckily, in the region of our interest 1 £ gj 10, the
values of F_(£) do not change appreciably (~ 10+ 20%) by varying

2

the parameters K and C,_ in the acceptable range. Thus, the actual

1
choice is not very crucial,

Ag an independent check, using the above values for the parame-
ters and Eq. (9), we have calculated the mean pion multiplicity pre-
tending as if scaling were valid for all  and cross-section were pu-
rely transverse, Under such a hypothesis

1 ! 2
S
L ng R 21“//[—:8-1 x Fz(x)dx,

where

R - 0had(S)"

O ui(S)

At NS =4, 8 GeV, assuming R 5 we get < n,>~4,5 and at
/\F—S-\ = 7.4 GeV with R¥5,5 we get {n,;>X5.3, in good agreement
with experiment. Thus, not with-standing the fact for Q< 1/2 the data
do not scale and have a large longitudinal component, the charge
multiplicity is correctly given by our parametrization. This leads
us to hope that our formula Eq. (9) can be used (atleast in the mean)

even in region of Q different from (0.5 + 1) which were used to fit the



parameters.

Model 11

A different (and simpler) parametrization may be achieved with-
out imposing the constraint given by Eq. (8) if one used Eq. (9) with
K=0. A fit to the data gives Cl='11. 2 ‘(C2=0. 2 as before), In this case,
the value of the integral in sum rule, Eq. (8), comes out to be 1, which
is the limiting value in any parton model( 1 . The corresponding pion

multiplicities are {n,y > 3, 3 (3. 8) for NS=4. 8(7. 4) Gev.

Model III

Lastly, we have tried a formula for F2 which satisfies the Gri-

bov-Lipatov reciprocity relation, viz,

(9-1% A(Q%1)+a0

.Q3 (S;?+J-) a7

P Q)= (10)

with A=0. 2 (from the asymptotic value) and A'=27 (from a fit to the
SPEAR data for 1/2 { & { 1), This formula gives for the sum rule
integral in Eq. (8) the value 1., 7 in complete contradiction with any
parton model. On the other hand the pion multiplicity comes out too
small, Conversely, if one modified Eq. (10) in order to obtain the
right value for the multiplicity one would obtain a still larger value
for the sum rule integral in Eq. (8), due to the connection imposed

by the reciprocity relation between < 1 and @ S 1,

The formulae previously given for Fz(.Q) and the corresponding
ones for Fl(.Q )= -—‘é—z-" Fz( Q) will be used in the calculations to follow,
ignoring any possible t dependence in the structure functions., This
approximation is expected to be reasonable, since we limit ourselves

to the small | t | region,



-10-

5, NUMERICAL ANALYSIS

In this section, we present a numerical estimate of thé contribut-
ion to the deep inelastic cross-section on protons from our diagram
(Fig, 1) when the momentum transfer between the baryons is limited to
it]<, 0.5 Gev2,

As explained in‘ Section 3, we take the modified Eq. (5) andintég]:'ak
te over the neutron momentum with the constraint y zg—fé‘ 0. 3" (cor-
responding to -t £ 0. 53 GeVz) to obtain

(2 » z V,l2) :

do i AT 2 A ,
== JEE—) s | dzZ dyyh(z,y)
dE'dCos#, Q%" m " 4 yT+y s

! y,(z)
(11)
. ZS‘inz(ﬁ/z)H (z y)+CosZ(ﬁ~ /2)(E)H (z,v)
’ i 17 IV 277 ’
2
4 2 '
with 7 :C_Q?I%z = %—— and z= % The functions H (z,y) are defined as

21 m, 1 " Y 2 Z
H. (z,y)=F. (0 z)+-—) = +
(2 y)=F @ =) 0 o Sy ¥ Ty )y 21+? ]
(12
Y .. 3z,  (2-7) 21 .m
[2 1+7)2 7 + T T )2 2 ;l E® z)
Following Section 3, we have two alternative forms for the funct-
ion h(z,y). For the Reggeized pion ( a'=1 GeV-z)
; 2
- 2 u
. i .
2 4 g l*Cos [r2m” @y 5] 2 pl
hiz,y)=(27 " m a'") expq -2m (y+_ 3 )
Sinzl:;rv 2m2 a’(y+—-ib—@~)-] 2m
. 2m?2 |
1 m2 (13)
l-5 +———5
b+2 a' In ) ,
1 2m ..X_ \
L Z=mm - ——
@ O)Q2 S

while for the element_ary pion with transverse momentum cut off
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The limits of integration in Eq. (11) are given by

2_ 2 - 2 2 2 2™
o) _ '\ - .
(11%May-1+ﬁglniiq+’1+yJan-1+2nz‘L)%4n;(w_1+ n;)
& ::1 .]; Q y e Gz Q Q
‘17T 2

z= - 0.3+ 0.69(1+7) —=— 0.53
2 ! Bj

1 — [T 22
(z)= =1 +== | z-1+ ,/ 1+ - +] ]
37]_(2) 7 [’7 1 “v 14 YA/(Z 1) +vy B > 5(1-2)
2 2
, . Q w L
= — - - . b
yztz) min { 0.3, P (wz-1) o } B b 0.3

LS

In the above formulaewe have kept the exact Q2 dependence in the
7T
kinematic factors but have omitted it in Fl 9 since the calculations
; 2 2 . ’ . .
will be done for @ 2; 2 GeV , i, e. in the expected scaling domain.

The contributions to the proton structure functions are given by

Zg  Yy(2)

(p) 1 2 1 2
F! @, Q)= == &) ’"‘“5)3‘\5‘ dzg dyyh (z,y)Hi(z,y) \'\(;*14;)
“z4 yl(z) kY

AN
N
)

\\\
Assuming the relation F(lar)(g) =(Q/2) F(zﬂ (Q) (spin 1/2 parton\\



~12-

(p)(w);. L F;p)(w)',, since

model) we find that in the Bjorken limit Fi

in this limit

Hl(zly) —_—D Fl(n) (@ z) = -gL z F;ﬂ) (w2 2z)

_ () .
Hz(zly) — z F2 (w z).

It is pleasing to note that the resulting proton structure functions
are consistent with the spin 1/2 parton model. Actually the result is
more general: the output proton structure functions scale the same

way the pion structure functions do.

We now present results for the integrals appearing in Eq. (14)

) @) ana £ (@)= 0/ 2

i
using the models described in Section 4 for K 1

1 _
F(2 ) (). The results will be multiplied by 3/2 to take account of n©

exchange as well, namely a diagram similar to Fig. 1 where a proton

appears in the final state.

The results for Model 1 and Reggeized pion, EQ. (13) are presented

in Fig, 2 for F(Zp).

2 2 -
riation is everywhere less than ~ 12% between Q =2GeV and Q?=25

They show that scaling is rather good, since the va-

GeVz. The contribution of w exchange diagrams to Fép) is seen to be
~ 15% of the total for values of W2 10 in this case. This amounts to
saying that about 10% of the deep inelastic events should contain a
slow neutron in the final state, We remind the reader that our analy-
sis includes values of | t |£ 0. 53 Cwe‘V2 and that any t dependence of

(o) (o)

F. ' has been neglected, If F were weakly dependent on t even at

2 2
larger values (of t), the total pion exchange contribution to ]?;(p) would

be considerably larger than that shown in Fig. 2 especially for large w.

In Fig. 3 we present the corresponding results for F(lp) using the
2 2 p.
exact formula for @ =2 GeV as well as from the relation F(lp)= (/2 )

' , 2 ) .
Fép) and Fz(p) taken from Fig, 2 for Q2=2GeV . As we can see, the



agreement between the two results is very good. For this reason the

function Fl(p) will not be presented for other models.

Fig. 4 contains results for Model I and an elementary pion with
Py cutoff. (Eq. (13')). For this case, the strong cutoff reduces the
pion exchange contribution to ~ 7% of the total proton structure fun-
ction. For the same reason this result should not change appreciably

even if we extend the range of integration in t.

Model II of Section 4 gives the results presented in Fig, 5 and 6
for Reggeized and elementary pion cases respectively. As is clear

the pion contribution is considerably larger in this case and in fact
(p)

eventually saturates the true FZ

for the Reggeized pion.

Model III seems to be essentially ruled out, at least for the
Reggeized pion, since the contribution from & exchange turns out
to be much larger than the measured ]E‘(zp). The results for the ele-
mentay pion, presented in Fig, 7, are also quite large and hardly
acceptable., This shows that the Gribov-ILipatov reciprocity relation
for the pion structure functions is invalid, unless accompanied by

(o)

41
a rather strong t-suppression of F2 .

6. SUMMARY AND CONCLUSIONS,

In this work we have presented the slow neutron spectra in deep
inelastic lepton scattering as given by one pion exchange, using both
a Reggeized pion and an elementary pion with transverse momentum

cutoff,

Since experimental data forthe neutron spectra are not available
at present, we have integrated to obtain the @ exchange contribution to

the proton structure functions. This analysis requires a parametri-
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zation of the EM structure functions for the pion, for which we have
constructed three different models, One of the models, based on the
Gribov- Lipatov reciprocity relation, seems to be essentially ruled
out. (See Section 5 for discussion). From Model I, which has been
constrained to fit a sum rule given by the quark parton model, we
obtained the result that at least 5+ 10% of the deep inelastic events
for @ 2 7 should contain a slow (kinetic ‘energy £ 300 MeV) neu-

tron in the final state,
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FIG. 1 - The one~-pion exchange (OPE) diagram.
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FIG. 2 - OPE contribution to Fh(®) for Q2 = 25 GeV? (full
curve) and Q2 = 2 GeV?2 (dashed curve) compared with expe-

riment (shaded curve) for Model 1 and a reggeized pion.
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ted with the exact formula (dashed curve) and using the relation

Fi’(w) = -623 F’E(w) (full curve) for Model I and a reggeized pion.
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FI1G. 4 - OPE contribution to Fg(a)‘) for Q 2 = 25GeV (full curve)
and Q2 = 2 GeV?2 (dashed curve) for Model I and a elementary pion
with p, cut off.
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F1G. 6 - Same as Fig. 4 for Model Il and an elementary pion,
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FIG. T - Same as Fig. 4 for Model IIl and an elementary pion.
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