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Pion-exchange and Fermi-motion effects on the proton-deuteron Drell-Yan process
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Within a nuclear model where the deuteron has NN and #NN components, we derive a convolution
formula for investigating the Drell-Yan process in proton-deuteron (pd) reactions. The contribution from
the #NN component is expressed in terms of a pion momentum distribution that depends sensitively on
the 7NN form factor. With a 7NN form factor determined by fitting the N scattering data up to invariant
mass W = 1.3 GeV, we find that the pion-exchange and nucleon Fermi-motion effects can change

significantly the ratios between the proton-deuteron and proton-proton Drell-Yan cross sections, R

pd/pp =

oP?/(20PP), in the region where the partons emitted from the target deuteron are in the Bjorken x, = 0.4

region. The calculated ratios R4/,

at 800 GeV agree with the available data. Predictions at 120 GeV for

analyzing the forthcoming data from Fermilab are presented.
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I. INTRODUCTION

Since the asymmetry between the anti-up (i) and anti-
down (d) quark distributions in the proton was revealed by
the New Muon Collaboration [1] (NMC), a series of
experiments [2-5] on the dimuons (u* w~) production
from the Drell-Yan [6] (DY) processes in pp and pd
collisions has been performed at Fermi National
Accelerator Laboratory (Fermilab). The objective was to
extract the d/ii ratio of the parton distribution functions
(PDFs) in the proton. The information from these experi-
ments and the measurements [1,7,8] of deep inelastic
scattering (DIS) of leptons from the nucleon have con-
firmed the NMC’s finding, d/ii > 1, only in the region of
low Bjorken x =< 0.35.

The ratio d/ii > 1 signals the nonperturbative nature of
the sea of the proton. Its dynamical origins have been
investigated [9-23] rather extensively. Precise experimen-
tal determination of d/i for higher x > 0.35 is needed to
distinguish more decisively these models and to develop a
deeper understanding of the sea of the proton. This infor-
mation will soon become available from a forthcoming
experiment [24] at Fermilab.

In analyzing the DY data on the deuteron [2-5] and
nuclei [25-28], it is common to neglect the nuclear effects
that are known to be important in analyzing the DIS data. It
is well established that the nuclear effect due to the nucleon
Fermi motion (FM) can influence significantly the DIS
cross sections, in particular in the large x region. It is
also known that the contributions from the virtual pions
in nuclei must be considered for a quantitative understand-
ing of the parton distributions in nuclear medium. Thus, it
is interesting and also important to develop an approach to
investigate these two nuclear effects on the pd DY process.
This is the main purpose of this work. We will apply our
formula to analyze the available data at 800 GeV [5] and
make predictions for the forthcoming experiment [24].
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It is instructive to describe here how the DY data were
analyzed, as described in, for example, Ref. [5]. The
leading-order DY cross sections from pN collision with
N = p (proton), n (neutron) is written as

do?N  4ma?
Xm d.X2 9M2

S L)L 00) + ) 0)]
q
(1)

where the sum is over all quark flavors, ¢, is the quark
charge, f3(x) is the parton distribution of parton ¢ in
hadron N, and M is the virtual photon or dilepton mass.
Here, x; and x, are the Bjorken x of partons from the beam
(p) and target (N), respectively (see Sec. VA for explicit
definitions of x; and x,). The DY cross section for pd is
taken to be

doP"

dx,dx,’

do??  dorr
dxidx,  dxidx,

2

Obviously, Eq. (2) does not account for the nucleon Fermi-
motion and pion-exchange effects. To make progress, it is
necessary to investigate under what assumptions Egs. (1)
and (2) can be derived from a formulation within which
these two nuclear effects are properly accounted for.

We start with a nuclear model within which the deuteron
wave function has NN and w#NN components. Such a
model was developed in the study of the #NN system
[29]. We will derive a convolution formula to express the
DY cross section in terms of the momentum distributions

p(p) calculated from the NN component and p(k,,) from
the #NN component. Since the 7NN component is much
weaker, it is a good approximation to use the NN compo-
nent generated from the available realistic NN potentials
[30]. In the same leading-order approximation, the result-

ing p(lzw) depend sensitively on the 77NN form factor. An
essential feature of our approach is to determine this form
factor from fitting the 7N scattering data. This provides an
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empirical constraint on our predictions of the pion effects
on the proton-deuteron DY cross sections in the unexplored
large x region.

To see clearly the content of our approach, we will give a
rather elementary derivation of our formula with all
approximations specified explicitly. In Sec. II, we start
with the general covariant form of the DY cross section
and indicate the procedures needed to obtain the well
known gg — ™t~ cross section ¢4, The same proce-
dures are then used to derive a formula for calculating the
pp and pn DY cross sections from 99 and properly
defined PDFs f, of the nucleon.

In Sec. III, we use the impulse approximation to derive
the formula for calculating pd DY cross sections from 44,
f&, and the momentum distributions py(p) for nucleon
and p (k) for pions in the deuteron. The calculations of
these two momentum distributions within the considered
mNN model are explained in Sec. I'V.

In Sec. V, we develop the procedures for applying the
developed formula to perform numerical calculations of
pp and pd DY cross sections using the available PDFs
[31-35] and realistic deuteron wave functions [30]. In
Sec. VI, we present results to compare with the available
data at 800 GeV [5] and make predictions for analyzing the
forthcoming experiment [24]. A summary is given in
Sec. VIL

II. FORMULA FOR DY CROSS SECTIONS

The formulas presented in this section are derived from
using the Bjorken-Drell [36] conventions for the Dirac
matrices and the field operators for leptons, nucleons,
pions, and photons. We choose the normalization that the
plane-wave state |k} is normalized as (kKIK'Y = 8(k — &)
and the bound states |®,) of composite particles, nucleons
or nuclei, are normalized as (®,|®g) = 8, . To simplify

the presentation, spin indices are suppressed; i.e., |k,)

represents |l€a, A, for a particle a with helicity A,. Thus,
the formulas presented here are only for the spin averaged
cross sections which are our focus in this paper.

We consider the dimuons’ production from the DY
processes of hadron (/)-hadron (T') collisions:

h(py) + T(pr)— w* (ky) + ™ (k) + X, (px,) + Xr(px,),

3)
where X;, and Xy are the undetected fragments, and the
four-momentum of each particle is given within the paren-
thesis. In terms of the partonic gg — y — u* u~ mecha-

nism, illustrated in Fig. 1, the covariant form of the
dimuons’ production cross section can be written as

Qm)* 1 dk. dk_

do =
A (py - pr)* — mim3]"/? (2m)® 2E, 2E_

1
X ?f“"(k+, k_)F ,,(Pw P> @), 4)

PHYSICAL REVIEW D 86, 094037 (2012)

FIG. 1. DY process.

where m,, and my are the masses for & and 7, respectively;

E. = ‘\,k+ + m are the energies of muons u*; and g =

ky + k_ is the momentum of the virtual photon. The
leptonic tensor is defined by

FErlks, ko) = Qm)OQEL)QE_ )k, k_j#(0)|0)
X {01%(0) ks k). (5)

Here, taking summation of lepton spins is implied. The
leptonic current is

JH() = e, (x)y* i, (x), (6)
where ¢ ,(x) is the field operator for muons, and e =
V4ma with @ = 1/137. By using the definitions Egs. (5)

and (6), it is straightforward to get the following analytic
form of the lepton tensor:

PRy k) = —42[KE K + K kH — gh (ke -k +m2)].

(N
Within the parton model, the hadronic tensor in Eq. (4) is
determined by the current J,, (x) carried by partons g or §:

F,ul/(ph’ Pt Q)

= Z (27T)6(2,Eh)(2ET)/dﬁthﬁXT

X Xr
X 8*(py + pr— pPx, — Px, — Q)
XApuprld O px, dpx, XPx, Px, 1,0 prpr).  (8)

Here, it is noted that, throughout this paper, we shall take
the summation (average) for the spins of final (initial)
particles appearing in hadronic tensors. The explicit form
of the current J,(x) is given by

T (x) = Y e,edh (x)y* i (), ©9)
q

where t,(x) is the field operator for a quark g with charge
ee; ie., &,=2/3 and ¢, = —1/3 for up and down
quarks, respectively.

The above covariant expressions are convenient for
deriving the formula that can express the hadron-hadron
DY cross sections in terms of the elementary partonic
qg — utu~ cross sections. To get such a formula, we
first show how the elementary gg — ™ u~ cross section
can be derived from Eq. (4) with # =g and T = g. We
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then derive the formula for calculating proton-nucleon DY
cross sections.

A.qq — pt p cross section

Explicitly, Eq. (4) for the ¢(p,) + g(p;) — n* (ki) +
u~ (k_) process is

Qm)* dk. dk_

doil = { 1
A(p, - ps)* — mi122m)® 2E, 2E_

1 _
X P KPP Py q)}. (10)

The next step is to replace the intermediate states | p X, Px;)
with the the vacuum state |0) in evaluating the hadronic
tensor Eq. (8). We thus have

Fil(py g @) = Qm)°(RE,)E;Xpgp,lJ . (0)]0)
XA{01,(0)lpg p3)8*(py + Pg — )
(11

Substituting parton current (9) into Eq. (11), the hadronic
tensor F' qu then has a form that is the same as the leptonic
tensor f#” defined by Egs. (5) and (6), except that the
momentum variables and charges are different. By appro-
priately changing the momentum variables in Eq. (7), we

obtain

Fiipg pa @) = —(4)[pG p% + piipl
— 8" (py - pg + m18*(py + pg — @)
(12)

Here, compared with the lepton tensor case [Eq. (7)], the
difference of factor 4 is because the average of quark and
antiquark spins is taken for this case. By using Egs. (7),
(12), and (10) for the cross sections of ¢(p,) + g(p;) —
ut(ky) + w (k_) can then be written as

Q2m)* 1 dky dk_
A(p, - py)? —mi]/? 2m)°2E, 2E

do-qq(pq! pq) =

1 5
X ?54(17,] +pg— q)8e§e4[k+ "Pek- " pg

(ks +k_)?
+k_pokypgtmi————— 5

+ le (pq + pq)z:l

P (3)

It is convenient to express the gg DY cross section
in terms of the invariant function ¢ = (p, + p;)* =
(ky + k_)*>. After some derivations and accounting for
the color degrees of freedom of quarks, we arrive at

PHYSICAL REVIEW D 86, 094037 (2012)

doi(p,, pq)=477a2é2 1 [4? —4mi]1/2< 2mi)
2 3 ¢ 2
dgq q> 3N, [q*—4m2]'/? q
2m?

where N,_ is the number of colors. Taking N. = 3 and
considering ¢? > m?% and ¢*> > m2, we then obtain the
familiar form

doi(p,, p;) _Ama*
dq;f = &;8(q> = (py + ).

oF (15)

The above expression is identical to the commonly used
expression, as given, for example, by the CETEQ
group [35].

In Sec. II B, we will derive a formula expressing the pN
cross sections in terms of do?(p,, p;)/dg* given in
Eq. (15).

B. pN DY cross sections

To simplify the presentation, we only present formulas
for g in the projectile p and g in the target N. The term
from the interchange g < ¢ will be included only in the
final expressions for calculations.

Equation (4) for the p(p,)+ N(py) — w'* (k) +

w(k-) + X,(px,) + Xn(py,) process is

doPN =

2m)* { 1 dk. dk_
4(p, - py)? — mem3]"? l2m)® 2E, 2E

1
X e e KPPy q)}, (16)

where the hadronic tensor, defined by Eq. (8), is

FL(pp Py 9)
—QmPQE)CEy) S

[ abx,ab,
X, Xy
X8 pp+ Py —Px, — Pxy—4)

X (BBl OBy, B, XBxy B 11, OB, py) (17)

Within the parton model, the DY cross sections are calcu-
lated from the matrix element {gg|J,(0)[0)0|/,(0)|gq)
which is due to the annihilation of a g (g) from the
projectile p and a g (g) from the target N into a photon.
To identify such matrix elements, we insert a complete set
of gg states (omitting spin indices),

1= j P dpglp,BaXpap,

into Eq. (17). We then have
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N
F,{,I«V(pp» PN» q)
X, Xy

PHYSICAL REVIEW D 86, 094037 (2012)

= @mPRE)CEN 3 [ dhx,din, 5, + oy = px, ~ px, — )

x [ abydp; [ dpdBiE, B XonlPabx ) ox, BBy X, Bl )Pl OI0XOM, OB, ).

(18)

By momentum conservation, the overlap functions in the above equation can be written as

<ﬁqﬁxlﬁp> =

where b) is the annihilation operator of quark g.
By usmg the definition (19), Eq. (18) can be written as

(Pxlbj,1pp) =

¢f7,,(ﬁq’ ﬁx)é(ﬁp - ﬁq - ﬁX)J (19)

Fi(pp Py @)= 2m)°QE,)2Ey) Y. fdpx,,dprB (pp+ PN = Px, — Px, —q)fdﬁql%sp(ﬁq,ﬁxp)lzé(ﬁp—F)q—ﬁx,,)

Xp.Xy

X [dﬁqldnsN(ﬁq, Px )8y — g — Px, KPP gld ,(0)0X017,(0)| By 1g)- (20)

The evaluation of Eq. (20) needs rather detailed informa-
tion about the undetected fragments X, and X because of
the dependence of 54(pp + Py — Px, — Pxy — q) on their
energies pY X, and pY x,- To simplify the calculation, we
follow the common pract1ce to neglect the explicit depen-
dence of the energy Px and Px of the undetected frag-
ments This amounts to usmg the approximation pX ~ €
and pX ~ €,, where €, and €, are some constant energles
to write

8*(pp + pxv — Px, — Pxy — )
~8(p, + Pv — Px, = Px, — 9
X 8(ph+ py— €1 — € —q°). (21)

‘We now define

13,30 =3 [ dpx, |85,y b, P05,
X

- pq - ﬁXp)
P

(22)

for the projectile p and
13,50 = 3. [ dbx b3, By P8y = By — bx,)
Xy
(23)

for the target N. These two definitions and the approxima-
tion (21) allow us to cast Eq. (20) in the following form:

FLN(pp Py q)
= a1 E)CEYY. [ dpydpat} ()54, (5)
q

X(PgPqlJ . (0)|0XO1I,(0)| 545 g)

X8(py+tDP;— PSP+ —€e1—e—4".  (24)

We next make a reasonable approximation that €; (€,) in
Eq. (24) is the difference between the energy of the pro-
jectile p (target N) and the removed parton g (g); namely,
we assume

8(ph+pl— e —e—4°)
= 8((pY — €) + (P — €) — ¢°) ~ 8(pY + p) — 4°).
(25)
Then Eq. (24) can be written as
E,Ey

= dpgdpsfi (B S (g) ==
%f 97q) p, M4 py qEqE(j

N
Fio(pp PN )

X{(2m)°(2E,)(2E;)}p3P47 . (0)]0)

X0, 0y p3)8* (pg + Pg — O}
(26)

The quantity within the brackets {.. .} in the above equation
is just the hadronic tensor F,"ﬂ,(pq, Pg), defined in Eq. (11)
for the ¢4 system. We thus have

Fi(pp Prs )
_ Z f dp,dpafy (B )5, (B9 5

E FE -
PN Faa(

Py Da)-
E,E, ¢ 0

(27)
Substituting Eq. (27) into Eq. (16), we then have

N s o EE
dotN =Y ] dbgdpal 13 (PG, ()1
q q9—4q

Qm)* { 1 dk, dk_
4[(pp - py)? — mamy ]2 |2m)° 2E, 2E

X ff“(k+, kK )FL(p,, pq>} (28)
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The quantity in the brackets {. ..} of the above equation is
precisely what is in the brackets {...} of Eq. (10) for the
gg — pmtu~ process. Accounting for the difference in
flux factors and extending Eq. (28) to include the g <« ¢
interchange term, the full expression of the pN DY
process is

do-pN(ppJ pN)
dq?

-y f dpodpylfs ()fL (By) + 4, (B)fE (Py)]
q

[(p, - pg)* —milV* E,Ey do%(p,, p;)
[(p, - pn)? — m2m})]'/? E,E; dq*

>

(29)

where do9?(p,, p;)/dq* is the gg DY cross section, as
defined by Eq. (15).

We now examine the physical meaning of the functions
f;’;p (p,) and ng(f)q) in Eq. (29). By using the definitions
(19) for ¢35, (bg Px,) and Eq. (22) for f%ﬁ(ﬁq), it is
straightforward to show that

(Blb} by, 15,
Bl

Thus, f% (P,) is just the probability of finding a quark ¢
P

£4 (By) = (30)

with momentum p, in a nucleon state |5 ,). Note that this
simple interpretation of fg (p,) is due to the use of the
P

approximations Egs. (21) and (25). If we depart from these
two simplifications, we then need the spectral function of
the nucleon in terms of parton degrees of freedom to make
calculation for DY cross sections. Such information is not
available at the present time.

III. PROTON-DEUTERON DY CROSS SECTION

In this section, we derive formulas to express the proton-
deuteron (pd) DY cross sections in terms of
da?i(p,, p;)/dq* of Eq. (15) for the elementary ¢ + § —
ut + u” process. To simplify the presentation, we only
explain the derivation of the formula for a quark ¢ emitted
from the projectile p and an antiquark g from the target d.
The terms from the interchange g < g will be included
only in the final expression of the cross section.

For the p(p,)+d(p,) — n'(ky) +p (ko) + X, +
X, DY precess, Eq. (4) gives

@m)* 1 dk, dik_
4(p, - pa)* — m%mﬁ]l/z (2m)° 2E, 2E_

doP? =

1
X Ef””(k+, k_)FL(P s Pas Q) (31)

To proceed, we need to define a model for generating the
deuteron wave function. Here, we follow the wINN studies

PHYSICAL REVIEW D 86, 094037 (2012)

[29,37] to consider a nuclear model within which the
deuteron wave function has two components:

W) = 1Dy + [drnn) (32)

where ®,; is the NN component. In the following two
subsections, we derive formulas for calculating the contri-
bution from each component of the deuteron wave function
V¥, to the pd DY cross sections.

A. Contribution from nucleons

We assume that the pd DY process takes place on each
of the nucleons in the deuteron, as illustrated in Fig. 2. In
this impulse approximation, the hadronic tensor for a
deuteron target can be obtained by simply extending
Eq. (17) for the pN to include a spectator nucleon state
| p,) in the sum over the final hadronic states. We thus have

FLY(pp Par q)
=(©2m)°QE,)2E,) Y

[ ab.apx,ap,
X, Xy

X8 pp+Pa—px,~ Pxy—Ps—4)

XD, 5,1, O, Py, B2)

X By P, 1 O3, @), (33)

where |®,, ) is the NN component of a deuteron moving
with a momentum p,. We expand [P, ,) in terms of NN
plane-wave states

P, = fdﬁNdl—szq)pd(ﬁN)(s(ﬁd — Pn — PPy p2)-
(34)

Keeping only the contributions due to a parton in |py) of
the above expansion of @, and a parton from projectile
state |p,), the current matrix element in Eq. (33) becomes

(P yh OV Py P o)
— ] Ay @, (33)3(Ba— Py — By)
X BBl O) By P 35)

By using Eq. (35), Eq. (33) can then be written as

FIG. 2. Impulse approximation of pd DY process.
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(2E,)(2E,)

FL(pp Do =[ plP " 0E,)REy)
i (pp Pa q) del pd(pN)l (ZEP)(zEN)

X Z [dl;x,,dﬁx,v 8*(p, + py — Px, ~ Px,
XN

We see that the quantity within the brackets {...} in the
above equation is identical to FM,,(pp, Py, q) of Eq. (17).
We then have

. L ELE,
FLY(pp par @) = f dpwpy, () L5 Fhn (P Py ),
p=N
(37
where
P, (Bn) =P, (B2 (38)
By using Eq. (34), one can show that
ppd(ﬁN) = <q) |pr pNI(Dpd>x (39)

where bJr is the creation operator for a nucleon with

momentum py. Thus, p »,(Pn) is the nucleon momentum

distribution in a moving deuteron with momentum p,. We

will present a formula for calculating p,, (py) in Sec. IV.
By using Eq. (37), Eq. (31) becomes

do? = @m)*
Alpy - pa)* — mym3]">?
f" . )EEd{ 1 dk, dk_
e, ) PNPrPNTE B \@me 2B, 2E-
><—f’”(k+,k FLY (o v ) (40)

The quantity within the brackets {. . .} of the above equation
is exactly what is in the brackets {...} of Eq. (16).
Accounting for the difference in flux factor, we obviously
can write

ooy pd) _ 5 [ dpypp,(Py)
Pa

N=p,n
o [pp - py) = mymi 12 EE,
[(Pp “pa) — m%mﬁ]l/z E,Ey
y da”™(p,, py)
dq? ’

(41)

where do?N(p ,, py)/dq* are given in Eq. (29).

PHYSICAL REVIEW D 86, 094037 (2012)

{<2w>6<2Ep)<2EN>

= o O, i X, i, OBy} G6)

Substituting Eq. (29) into Eq. (41), we have

da?(p,, pa)
dq?

[ dpnpp,(Pn)
N=p,n

x> [ dp,dp; Upy pa ~mil ™ E,Eq
7 [(p, pa)? — mim2]V? E E;

R <p¢,>]—(’qu Pa),

(42)

XUt (B )f2 (5y)

B. Contribution from pions

In the impulse approximation, the contribution from the
NN component of Eq. (32) to the pd DY cross sections
can be derived by using the similar procedures detailed in
the previous subsection. We find that the resulting formula
can be obtained from Eq. (42) by changing the momentum
distribution and parton distributions for the nucleon to
those for the pion. Explicitly, we have

Ao (p,, pa)
dq*

> -> [(p .p_)2_m4]1/2
— [di,p, i) ] dpdpy—Le PP~ M
,[ P % T py - pa)* —mym)]'?

4 BOIL () + 1L (B, (5]

do(p,,p
« o (pg pq)’ (43)
dq

where f g and fg are the PDFs for the pion, and the pion
momentum distribution in a moving deuteron with mo-
mentum p, is defined by

ppd(]gn') = <¢7TNN,pd|a;€[ﬂa]€7|¢77NN,pd>’ (44)

where a;;f is the creation operator for a pion with momen-

T

tum k.. The calculation of p pd(/Z,,) from a 7NN model will
be given in the next section.
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IV. CALCULATIONS OF NUCLEON AND PION
MOMENTUM DISTRIBUTIONS

We first describe a nuclear model within which the
procedure for calculating the nucleon and pion momentum
distributions in the rest frame of the deuteron is described.
We then explain how these distributions can be used to
calculate the momentum distributions in a fast moving
deuteron, which are the input to our calculations of
Egs. (42) and (43).

A. wNN model

We follow the w/N N studies [29,37] to consider a nuclear
model defined by the following Hamiltonian:

H=Hy+ Vyy + [Huw + Higyl (45)

where H, is the sum of free energy operators for N and 7,
Vyw 1s a nucleon-nucleon potential, and H ,yy defines the
virtual N — 7N transition

Z h7rNN( )

i=1,2

(46)

7rN N =

where i denotes the ith nucleon. Starting with the standard
pseudovector coupling, the vertex interaction takes the
following familiar form (omitting the spin-isospin indices):

o (i) = j dRdpdp}d(p; + K — p))
X [ Bk F (B DB (47)

where |p;) and |k) are the plane-wave states of the ith
nucleon and pion, respectively, and

F’JTNN(I;’ ]z)

i fﬂ'NN 1
@m mz hE ®

i ]é75up+kF(A7TNN» k)

mN m
48
><\/Ezv(p) Ex(p+k " (48)

Here, F(A,yy, k) is a form factor that satisfies

F(A oy, ©) = 1 at k = ix with k= m[l — m2/(4m2)

being the pion momentum at the nucleon pole of the wN
amplitude, and its cutoff parameter A, yy can be deter-
mined in the fit to the 7N scattering data.

It follows from Eqgs. (45)—(47) that the bound state |'¥,;)
in the deuteron rest frame (p,; = 0) is defined by

H|V,) = E4|V,), (49)

where the deuteron wave function is normalized to

(¥,|¥,;) = 1 and has two components

W) = [y + aldnnl (50)

ZI/Z

PHYSICAL REVIEW D 86, 094037 (2012)

Here, Z is a normalization factor and each component of
the wave function is normalized to 1: (¢ yn|¢yy) = 1 and
(P nnl®D vy = 1. By using the orthogonality condition
(Pynldnn) = 0, Egs. (49) and (50) lead to

b ovn | (Ho + V)| @ ann) +{d ann | Hann dan) = aEy,

(D

(bunl(Hy + V)l dan) + aldpynHE gyl dmvn) = E
(52)

From Eq. (51), we have

(b own|Hyn| dyn)
E; — b unl(Hy + Vi)l donw)

It is a difficult three-body problem to solve Egs. (51) and
(52) exactly and find a model of Vyy to fit the NN
scattering data and the deuteron bound state properties.
Here we are simply guided by the results from the previous
7NN studies [29,37]. It was found that in the low energy
region, the 7NN component is much weaker than the NN
component, and it is a good approximation to neglect the
matrix element of (¢ .y Vynl® vy in Eq. (53). We then
have from Eq. (52)

(pyn|(Hy+ Vyn)|dyn)

(panIHE ynl b anwX b Horwn | b
E;— ¢ vn|Hol b -yn)

and the coefficient a of the total wave function (50) is

g— (D ann | Hannldwn) . (55)

Ey = nn|Hold zyn)
If we further assume that the pion loop (the pion is emitted
and absorbed by the same nucleon) in the second term of
Eq. (54) can be absorbed in the physical nucleon mass,
Eq. (54) is equivalent to the following Schrodinger
equation:

(33)

+ =E; (54)

[Ho + Vin + Van (EDlldnn) = Eqldwn), (56)
with the one-pion-exchange potential defined by
| mun X & mun] .
VN (Eg) = Y ht (i ) ~ - R (J)-
N % ™y ~ (b annlHolpmyn) ™"
(57)
By using Eq. (46) for H,yy, Eq. (55) leads to
lal? = (banllpn™(Ed) + pS(E)llday).  (58)
where
| v X mvw| :
PS(Eg) =D hl (i) - - hann (),
¢ ; TNENE (b aun Holmyw)? ™
(59)
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I .
p;OP(Ed) = Zh;rTNN(l)

|¢7TNN><¢7TNN|
(Eq — (D ann|Hol b nn))?

From Egs. (57) and (59), we then have the following
interesting relation:

X hann(i). (60)

d Ope;
~IE Vant (Eg). 1)
d

Note that the relation Eq. (61) is identical to that used in
Ref. [38] to calculate the so-called pion excess, except that

a nonrelativistic form of Vy\ is used in their calculations.

PI(E,) =

To see the physical meaning of p'<®(E,) and p<<(E,),
we define the pion number N in the deuteron rest frame as

N, = [ dipa(b), (62)
with
pk) = <‘I’d|a;~ra,;|q’d>- (63)
From Eq. (50), we then get
1
N, = Zlalz. (64)
By using Eqgs. (58) and (64), we can define
N, = N + N&, (65)
where

1 00] 7 s
NG = (Gl Elbw) = [ kol (66)
|
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p p+k
/

-p -p—k

FIG. 3. One-pion-exchange interaction in the center of mass
frame of NN.

1 > N
N7 = z<¢NN|P?C(Ed)|¢NN> = fdkp‘j;“(k). (67)

In the DY and DIS calculations, the contributions from
p° (k) are included in the meson cloud contributions to the
nucleon parton distributions. Only p¢¢(k) is needed in our
calculation of pion contribution to the proton-deuteron DY
process. This assumption is similar to that used in the
calculation of pion-excess contribution [38] to DIS cross
sections [39].

To calculate p¢<(k), we use Eq. (61) by first calculating
the matrix element of one-pion-exchange potential (57) in
the rest frame of the deuteron. From the kinematics shown
in Fig. 3, we have

(Dl VEP(E ) = [ ARy | VI (E, E)l ooy
68)

where the contribution from the pion with momentum kis

1 > 7o -
Foyn(—=p — k, )¢NN(P)-

(SanIVIRP (K, Eg)lppn) = [ dpdin (P + K F:yn(B, k)

Ey— Ex(p) — Ex(p + k) — E(k)

By using Egs. (61) and (48) and including spin-isospin indices, we readily get

. IT d .
P = [ - GV Ed)|¢NN>]

my 1

:gf b 1 (ferN)z 1 my [ ]2
Z Qm)*\ m, ) 2E_(k) Ex(B) Ex(p + K)LE; — Exy(p) — Ex(p + k) — E (k)

JaMy x5 2 _ _
X Z d)NN ‘ (p + k’ msl’ msz)uﬁ+]€,my1]é’)/5u[3,ml‘/l u*ﬁ*E,myZIéY5u*ﬁ’mx’2

m‘\.] ml\.2 mgy mg
1 2
JaM,
d

X [F(Azyn O by

(ﬁ’ ms’l, ms£)<Tde|I(Tl» TZ)leMd>) (69)

where the overall factor 2 comes from summing up two possible pion-exchange diagrams. The isospin matrix element is

(T M, )T My =
a="T0+1 731"

with

D (TaM gl 7o aN Ny Yoy X7 o Ny NaJgiag, 17— o T Mg )(= 1),
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11

737y = 3 (5 3mmalt¥ Yy m), (70)

niy,mp

|[7TaN1N2]T’M’T>
= Z|[7Ta[N1N2]t]T'M’T>

= Z Z < —mym,|tm, ><t1m mo|T' M) |my, my),

t my,my

(71)

where (j; j,m;m,|jm) is the Clebsch-Gordon coefficient.
For deuteron 7= M; =0 and only 7/ =M} =0

for  w#NN should be kept; we then get

(TM (7, 7)|T;M ;) = —1/3. The spin-orbital part of

the deuteron wave function in Eq. (69) can be expanded as
o = ST (LSMym,|I,M,,)
LM,

11
X <§§mslmS2

where the radial wave functions are normalized as

(p, my,, m

SmS>”L(p)YLML (P)

(72)

[ paptiae) + o1 =1 73)
Because the 7NN component is much smaller, the nor-
malization factor is Z ~ 1. We will use Z = 1 for calculat-

ing p&°(k) of Eq. (69). In the same approximation, we will
use the deuteron radial wave functions uy(p) and u,(p)
generated from the available realistic NN potentials such
as ANL-V18 [30].

Neglecting the small contribution from the 7NN com-
ponent, the nucleon momentum distribution in the rest
frame of the deuteron can be written as

. 1
pn(p) = <q)d|b;bﬁ|‘bd> ~ z<¢NN|b},bﬁ|¢NN>~ (74)
By using Eq. (72) and setting Z ~ 1, we obtain
. 1
pn(p) ~ —lug(p) + u3(p)] (75)

B. Momentum distributions in a moving deuteron

In the calculation of proton-deuteron DY cross sections,
the momentum distributions p, (py) in Eq. (42) and

Py d(lzw) in Eq. (43) are defined in a fast moving deuteron
with a momentum p,. To calculate such momentum dis-
tributions, we first note that the particle number in a system
is independent of the frame. We thus have the following
frame independent normalization condition:

PHYSICAL REVIEW D 86, 094037 (2012)

N = [ai'e, ) = [dppyp. 6)
where N, is the number of the considered particle a = N
or 7 in the deuteron, and the deuteron momenta (set p, in
the z direction) in the moving frame and the rest frame are,
respectively,

Pa = (Es(Pa), 0,0, p3), (717)

g =1(my,0,0,0). (78)

The nucleon momenta in Eq. (76) are related by the
Lorentz transformation defined by the velocity B =
P./E,(P,) of the moving frame. Explicitly, we have

_EGI[ P
e Ly - 1= S
o
Entp) = 0Py ) - R pt ] 60
pL="rl (81)

The above equations lead to the following Lorentz invari-
ant relation:

d3! d5
BTN (82)
En(p') Ey(p)
By using Eqgs. (76) and (82), we thus have
> Eyn(P)
de(P/)_E (e,)de( ) (83)

With Egs. (79)—-(81), we can use Eq. (83) to get p,, (p)
from the momentum distribution p - (p) in the rest frame
of the deuteron; p po(f)) can be calculated from the mo-

mentum distributions in the deuteron rest frame: p*© (k) of
Eq. (69) for pions and py(p) of Eq. (75) for nucleons.

Here, we mention that the relation (83) for a two-nucleon
system can be explicitly derived from the definition (39)
within the relativistic quantum mechanics developed by
Dirac, as reviewed in Ref. [40].

V. CALCULATION PROCEDURES

In this section, we develop procedures to apply the
formulas presented in previous sections to investigate the
Fermi-motion and pion-exchange effects on the ratio
R,i/pp = 0P?/(207P) between the pd and and pp DY
cross sections. Our first task is to relate our momentum
variables p,, pr, and ¢ to the variables used in the analysis
[5] of the available data. This will be given in Sec. VA. The
procedures for calculating DY cross sections are given for
pp in Sec. VB and for pd in Sec. V C.
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A. Kinematical variables for DY cross sections

It is common [5] to use the collinear approximation to
define the parton momentum:

pq,, = X1Pp (84)

Pgy = X2P1 (85)

where p, (pg,) is the momentum of a parton in the

projectile (target), and x; and x, are scalar numbers. The
momentum ¢ of the virtual photon in the ¢gg — v —
utu, as seen in Fig. 1. is

q=DPq, t Py, = X1Pp + X2P7- (86)

In the considered very high energy region £, > 100 GeV,
the masses of projectile (p2 = m3) and target (p} = m3)
can be neglected and hence s = (p, + pr)* ~2p, - pr,
Pr-q~x\pp- pr.and p, - q~x,p, - pr.- We thus have
the following relations:

29 pr
s s

x| 87)

_2apy
.

(88)

X2

It is most convenient to perform calculations in terms of
x; and x, in the center of mass system in which the
projectile is in the z direction and the target in the —z
direction:

pp = (Vo7 + m3.0.0p) ~ (0.0, (59
pr= <\/p2 + m#, 0,0, —p) ~(p.0,0,=p). (90)

With the choices (89) and (90), we have
s = (pp + pT)2 ~4P2,
M? = g% = (x;p, + x,p7)* ~ 4x;x2p%.
The above two equations lead to the simple relation

M2
X1Xp "’T (91)

By using Eqgs. (87)—(90), we can define a useful variable x

_2pr—pp)a 252G _2sh,
2 - .
N N N

Xp = X1 — X
92)
In the notation of Ref. [5], we write
¥
Pj

s/2

(93)

Xp ~

PHYSICAL REVIEW D 86, 094037 (2012)

where p[ly = p, - q is clearly the longitudinal component
of the intermediate photon momentum with respect to the
projectile in the center of mass frame. Experimentally, s,
M, xp, and do/(dMdxp) are measured. With the relation
(91), we certainly can determine the corresponding x;, x,,
and do/(dx,dx,). We thus will only give the expression of
do /(dx,dx,) in the following subsections.

B. Calculation of pp DY cross sections do?? /dx,dx,

We now note that with the simplifications used in defin-
ing the variables x; and x,, as described above, the flux
factor associated with Eq. (29) becomes 1. Substituting
Eq. (15) into Eq. (29), the DY cross section for p(p,) +
N(py) = p* +u~ +X,+ Xy with N=p, n is then
calculated from

da?(p,, py)
dq*

-y [ dpdpalfe (p) o (pg) + Fon (P f (p)]
q

4ara?
X o7 e36(q> — (pg + py)?. (94)

In the chosen center of mass frame, defined by Egs. (89)
and (90), let us consider g in the target nucleon moving
with a momentum py = (p3, 0,0, p}). In the precise col-
linear approximation, only the z component of the g mo-
mentum is defined by p5,. As defined by Eq. (88), we thus
write pg; = (PgL, ps), where

P = XaDy» (95)

and p;; can be arbitrary. The integration over the g
momentum distribution in the target N can then be
written as

[ dpats, 39 = [ dnafi) (%)
with
7ie) = o3 [ dpauts aps B O
Similarly, we can define for the projectile proton
[ dpats, 5,) = [ st 98)

By using Eqgs. (96) and (98), Eq. (94) can be written as

da™(p,, py)
dq2

-y f dvy dxa e f () + 3G £ ()]
q

dra’
57 256(q> — (py + p)). (99)

X
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Integrating the above equation over dg?, we then obtain an
expression of the cross section in terms of x; and x, that are
defined by experimental kinematics

dxldxz
) i _
dma 2L fhxe)fh(x) + fhG)fh ()]

D i
q 9(Pq+l7q)2 1

(100)

which is the same as Eq. (1) used in the analysis of Ref. [5],
since (p, + pz)* = q> = M?* for the partonic process
g3 — 7. Therefore, we identify f%(x), defined by
Eq. (97), with PDFs of the parton model [also for f7,(x)].
To compare with the results of Ref. [5], we use PDFs of
CETEQ5m [35] in our calculations of Eq. (100).

Equation (100) for the pp then obviously takes the
following form:

da??(p,, pn=p)
dxlde

. 47ra
oM?

5 (Hwie) + i) |

(503 + i)

(101)

C. Calculation of pd DY cross sections of
do??/(dx,dx,)

We first consider the contributions from the nucleon
momentum distribution p, (py) to Eq. (42) for the
proton-deuteron DY cross sections. With the simplifica-
tions used in defining the variables x; and x,, as described
in Sec. VA, the flux factor associated with Eq. (42)
becomes 1. We thus only need to consider

da?(p,,pa)
dq2

4ma® , . .
:Z 2eq[dpq[dpq
q 9q
< [[dbwp, B} B)FL (B3 (b, + o))

(102)

The above expression is for the contribution from an
antiquark in the nucleon N of the deuteron and a quark
in the projectile proton. Other contributions have similar
expressions, except with different quark indices.

By using the definitions of the parton distributions,
Eq. (96) for f1,(x)) and Eq. (98) for fi(x;), Eq. (102)
can be written in terms of momentum fraction variables x;
for ¢ in the projectile proton p and x) of the nucleon N in
the deuteron. We then obtain

PHYSICAL REVIEW D 86, 094037 (2012)

da?(p,, pa)

dq?
q

4 2
3 97;02‘ égfdxlfdx’;
X [ dprp, (BOFAEDFLNSG — (p, + pa)d.

(103)

Similar to the pp case, the deuteron momentum is
chosen to be in the z direction: p, = (p3, PaL = 0).
Before we proceed further, it is necessary to relate the
momentum fraction x) in Eq. (103) to x,, which is deter-
mined by the experimental variables M, s, and x through
the relations x;x, = M?/s and xp=x; —Xx, =
pﬁ /(/s/2). Since our derivation is based on the impulse
approximation that the parton is emitted from the nucleon
in the deuteron, it is appropriate to assume that the
momentum of the emitted parton is p; = x;pi,., Where

Pive 18 the averaged nucleon momentum in the deuteron
defined by

[ p,,(B)(p*)?dp
Z )2 — Pd
(Pive) [ o, (5)dp

Note that p,, (p) in the above equation is calculated from
the nucleon momentum distribution py(p) [Eq. (75)] in the
deuteron rest frame by using the relation Eq. (83). In Fig. 4,
we show the dependence of the calculated p, (p°) =
fdpip,,(p> p1) on a deuteron momentum p,. As
expected, we find that p%,. ~ p5/2 at each deuteron
momentum.

Changing the integration variable by x; = pg /Py =
X2P%e/ Py» We can write Eq. (103) as

(104)

10 T T T T T T T T T T T T T T T T T T T 7
L p,=0 ]
8 — —
p,=10.76 GeV
2 61 -
Q
a
4 —
& py=27.39 GeV
2+ . i 1
ol A W [P N B
-2 0 2 4 6 8 10 12 14 16 18 20
p,(GeV)
FIG. 4 (color online). Nucleon momentum distribution

pp,(p) = [dpip,,(p., P1) in a deuteron moving with mo-
mentum p, in the z direction. The deuteron wave function of
Ref. [30] is used.
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da?(p,, pa)
dq?

47TC¥2A N .
T [ dx, f dx, [ dpwp,, ()

pavefp(xl)fN(XZPave/pN)a(q - (pq + Pq)z)

(105)

Integrating over g* on both sides of the above equation, we
then obtain an expression of the cross section in terms of x;
and x,, which are defined by experimental kinematics

dat(p,, Pa) _ 4o’

dxldX2 9q

EfHx)FL y(x),  (106)

where the g contribution is isolated in

_ N N pz _
Fi y(x) = f dpnpp,(Pn) pazve [iGopie/py)-  (107)
N
Within the parton model, we should only keep the contri-
bution from f¥(x;pi.e/p%) With x,pi./py = 1. The
above equation can then be written as

q o0 pave
Fy v(x) = f dpi = R pive/ PP (PR,
(%2 Pive) P
(108)
with
P (P3) = f dpyipy (Pl ys). (109

The derivation of Eq. (108) can be extended to have ¢ in
the deuteron and g in the projectile proton. We finally
obtain

da-pd(pp’ pd)
dxldX2

4770[ Z I:fZ(Jﬁ) Z de,zv(xz)

N=p,n

+ fhx) D ng,;v(xz)]-

N=p,n

(110)

We use the charge symmetry to calculate PDFs for the
neutron from that of the proton: fi = f4, fu = f4 fd =
fos fr= fi. Furthermore, p, (p},) is the same for neu-
trons and protons. Including the charges for u and d quarks
appropriately, Eq. (110) can be written as

da?(p,, pa)
dx;dx,
477'01

9g*

[4
S
9

{[ F3) + g 1800 JUFE, 62 + )

7300 + g 1300 JUF )+ 7, 1)
(111)
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The formula for calculating the contribution from the
pion momentum distribution can be derived by a similar
procedure. We obtain

dab(p,, pa) _4md?
dx1 de 9 2

+3 fd(xl)de () + gfﬁ(xl)FZd,w(%)

4 ]
I:*f%(xl)F%d,ﬁ(xz)

+5 f"(xl)Fp, w(xz)], (112)

where fZW (x) are PDFs for the pion taken from Ref. [28],
and the convolution function for the pion is

o0 kézive
Flant)= [ dS2 ki /Ky, (). (113)
(ki) Ko
with
pok) = [dhpipy k) (114
Here, the average pion momentum is defined by
o Lo R PR, 1)

J pp,ez)dk,

The pion momentum distribution Py d(/@,) in the above

equations is calculated from p<¢(k) of Eq. (69) by using
the relation Eq. (83).

VI. NUMERICAL RESULTS

As discussed in Ref. [5], the ratio d/ii in the proton can
be extracted from the data of the ratios between the pd and
pp DY cross sections:

da™(p, pa) (

R
dxdx,

doPP(p, pp))

116
dxdx, (116)

pd/pp —

where x; and x, have been defined in Sec. VA. We are
interested in the effects of pion exchange and nucleon
Fermi motion on this ratio. The pp cross section
do??(p, p,)/(dx,dx,) can be calculated from Eq. (101).
The pd cross section da??(p, p,)/(dx,dx,) is the sum of
the nucleon contribution calculated from Eq. (111) and the
pion contribution from Eq. (112). To compare with the
results of Ref. [5], the nucleon PDFs f7(x) of CETEQ5m
[35] are used in our calculations. The PDFs f7(x) for the
pion are taken from Ref. [28].

From Eq. (111), it is clear that the nucleon Fermi motion
effects are in de, n(x2), defined in Eq. (108). If we set
Pive/Py — 1 in Eq. (108), F! y(x;) = fR(xy) since
Jdpbyp,,(Py) =1, as defined by the normalization of
states. The calculation of Eq. (111) with ng,N(XZ)_'
f¥(x,) is then identical to that based on Eq. (2) of
Ref. [5]. The differences between this calculation and

094037-12



PION-EXCHANGE AND FERMI-MOTION EFFECTS ON THE ...

PHYSICAL REVIEW D 86, 094037 (2012)
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FIG. 5 (color online).

that from using Eqs. (111) and (108) will indicate the
importance of nucleon Fermi-motion effects on pd DY
cross sections.

To calculate the pion contribution with Eq. (112), we
need to first evaluate F},~(x,) defined by Eq. (113). The
pion momentum distribution p (k,) in Eq. (113) is calcu-

lated from using the relation Eq. (83) and pe"c(lg) defined

o

by Eq. (69). We see from Eq. (69) that the pion momentum
distribution ps;w(/?) depends on the wNN form factor
F(A .y 12) [Eq. (48)]. Following the previous wNN studies
[29,37], this form factor must be consistent with 7N scat-
tering data. In this work, we apply the 7N model formulated
in Ref. [41] to determine the F(A ,yy, k) by fitting the 7N
partial wave amplitudes [42] up to invariant mass
W = 1.3 GeV. The N scattering within this model has
been given in Ref. [41] and will not be repeated here. Our
fits are shown in Fig. 5. The resulting parameters are not
relevant to this work and are therefore not presented. For our
calculation, we only need the resulting 7NN form factor.

We see in Fig. 6 that the resulting 7NN form factor can
be fitted by the following modified dipole form:

2 _ .2
Ay — K
2 2
Azyy Tk

X exp[—b(1 + k*/k?)],

F(A oy, k) = ( )2[1 +a(l + K2/x)]

(117)

Results of the fit to 7N scattering amplitudes [42] up to W = 1.3 GeV.

where k = mﬂ/] —[m2%/(4m%)], A, ny = 685.7 MeV,

a=167X1073, b=1279x107% Tt is close to the

. _ (A2 KP\2 .
usual dipole form F(A yy k) = ( A k2> with
A’TTNN == 8106 MCV

The pion momentum distribution pS*(k) calculated

from Eq. (69) with the #NN form factor given in

0.02

0.01

F (P MeV ™)

0 1000 3000

p MeV)

2000

FIG. 6 (color online). Filled squares are the 7NN form factor
obtained from fitting the 7N partial wave amplitudes [42]. Solid
and dashed curves are two different fits to the form factor using

the parametrization of Eq. (117) and dipole form F(A ,yy, k) =
(3r25) with Ay = 810.6 MeV.

2 )
AZ vtk
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FIG. 7 (color online). The momentum distribution 47p?p(p)
of the pion (7r) and the nucleon (N) in the deuteron. Note that
4mp?py(p) is multiplied by a factor 1/500.

Eq. (117) is the dashed curve in Fig. 7. Here we also show
the nucleon momentum distribution py(p) (solid curve).
Note that p*°(p) changes sign at p ~ 200 MeV. This sign
change is also seen in the calculation of pion-excess in
Ref. [38], except that their magnitudes are much larger
because they use a much larger w#NN cutoff A ~
1400 MeV for a dipole form of a nonrelativistic NN
potential.

With the input specified above, we can calculate ratio
R,q/pp defined by Eq. (116). We compare three results:
(1) no nucleon Fermi motion (FM) and no pion exchange
(7 exc) from using Eq. (111) with F? \(x;) = f§(x2);
(2) with FM and no 7 exc from using Eq. (111); (3) with
FM and with 7 exc from adding the results from using
Egs. (111) and (112).

L No FM, No mt-exc E =800 GeV i

With FM, With t-exc ]

0.8 L PR SN N SN N S BN S RS .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Xz

FIG. 8 (color online). Ratio R,;/,, at E = 800 GeV. Data are
from Ref. [5]. “With (No) FM” denotes that Fermi motion is
included (not included). “With (No) 7 exc” denotes that pion
exchange is included (not included). Note that x,; for each x, is
determined by Eq. (93) and given in Ref. [5].
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L5 — 17—

14 E=120GeV,x,=0.6 —
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0.6 — -

05 1 l 1 l 1 l 1 l 1 l 1 l 1
0 0.1 0.2 0.3 04 0.5 0.6
Xa

FIG. 9 (color online). Ratio R,,4/,, at E = 120 GeV and x| =
0.6. “With (No) FM”’ denotes that Fermi motion is included (not
included). “With (No) 7 exc” denotes that pion exchange is
included (not included).

In Fig. 8, the calculated R 4, , at 800 GeV are compared
with the data of Ref. [5]. Our results with no Fermi motion
and no pion exchange (dash-dotted curve) are similar to
that presented in Ref. [5]. The differences between the
dash-dotted and dashed curves are due to the Fermi motion
of the nucleon inside the deuteron. The solid curve also
includes the pion-exchange effects. All three results are
close to the data. Clearly, the nucleon Fermi-motion and
pion-exchange effects are small in the region covered by
this experiment. Our results shown in Fig. 8 suggest that
the simple formula Eq. (2) is valid to extract the d/i ratio
in the proton in the small x, < 0.3 region.

To facilitate the analysis of the forthcoming data from
Fermilab, we present our prediction at 120 GeV in Fig. 9.
We see that the Fermi-motion and pion-exchange effects
are small in the x, < 0.4. However, these two effects are
significant at larger x,. We have observed that the rapidly
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FIG. 10 (color online). Comparison of PDFs of the proton [35]
[i is denoted by “‘bar(u)” and d by ‘“bar(d)”’] with that of the
pion [28] [u(w); note that i(w) = u(w)].
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rising effect due to pion exchange is due to the fact that the
parton distribution in the pion is much larger than that for
the nucleon at large x, as seen in Fig. 10. Clearly, it is
necessary to include the Fermi-motion and pion-exchange
effects to extract the ratio d/ii in the proton from the data

of R4/, in the large x, region.

VII. SUMMARY

For investigating the pion-exchange and nucleon Fermi-
motion effects on the DY process in proton-deuteron (pd)
reactions, we have derived convolution formulas starting
with a nuclear model within which the deuteron has NN
and mNN components. The nucleon Fermi motion is
included by the convolution of PDFs of the nucleon over
the nucleon momentum distribution calculated from the
NN component. The contribution from the #NN compo-
nent is expressed in terms of a convolution of PDFs of the
pion over a pion momentum distribution that depends
sensitively on the 7NN form factor. With a #NN form
factor determined by fitting the N scattering data up to
invariant mass W = 1.3 GeV, we find that the pion-
exchange and nucleon Fermi-motion effects can change
significantly the ratios between the proton-deuteron and

PHYSICAL REVIEW D 86, 094037 (2012)

proton-proton DY cross sections R ,4/,, = 07?/(207F) in
the region where the partons emitted from the target deu-
teron are in the Bjorken x, = 0.4 region. The calculated
ratios R ,4/,,, at 800 GeV agree with the available data. For
analyzing the forthcoming data from Fermilab, we also
have made predictions at 120 GeV.
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