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Abstract: The large single spin asymmetries observed at high momentum fractions xF

and transverse momenta k⊥ in p↑p → π(xF ,k⊥) + X as well as in pp → Λ↑(xF ,k⊥) + X

suggest that soft helicity flip processes are coherent with hard scattering. Such coherence

can be maintained if xF → 1 as k⊥ → ∞, while k2
⊥(1−xF ) ∼ Λ2

QCD stays fixed. The entire

hadron wave function, rather than a single quark, then contributes to the scattering process.

Analogous coherence effects have been seen experimentally in the Drell-Yan process at high

xF . We find that the p↑p → π(xF ,k⊥) + X production amplitudes have large dynamic

phases and that helicity flip contributions are unsuppressed in this limit, giving rise to

potentially large single spin asymmetries.
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1. Coherence effects at high xF

In this paper we suggest a possible dynamical explanation of the large single spin asym-

metries (SSA) observed in polarized hadron scattering, p↑p → π(xF ,k⊥) + X [1, 2] and

pp → Λ↑(xF ,k⊥) + X [3, 4]. At the highest measured longitudinal momentum fractions

xF ' 0.8 the p↑p → πX asymmetry rises to AN ∼ 0.4, and increases for transverse mo-

menta above k⊥ = 0.7 GeV. The Λ polarization reaches PΛ & 0.3 at xF ' 0.8, and does not

decrease with transverse momentum up to the highest measured value k⊥ ' 3.5 GeV. These

asymmetries are an order of magnitude larger than those observed in DIS (ep↑ → e+X) [5].

This motivates us to consider a dynamics where the entire polarized hadron wave function

contributes coherently to the production process.

In the standard leading twist (LT) limit of pp → π(xF , k⊥) + X,

LT : k⊥ → ∞ at fixed xF < 1 (1.1)

each projectile parton (mostly quarks at high xF ) contributes incoherently to the process.

In order to produce a pion with xF = 0.8 there must be a quark which carries a momentum

fraction x & 0.9 of the proton, and which after its hard scattering transfers a fraction

z & 0.9 of its momentum to the pion. These stringent requirements imply a very small

production cross section. In fact, QCD at leading twist was found to underestimate the

pion production cross section measured by E704 [1] by an order of magnitude at high xF [6].

On the other hand, the cross section measured at lower xF and higher k⊥ by STAR [2] is

consistent with LT QCD. Our present discussion focusses on the E704 kinematics.

Proton wave function components where one quark carries most of the momentum have

a short life-time even though they do not involve large transverse momenta. The energy

difference ∆E between a proton of large momentum p and a Fock state with partons

carrying longitudinal momentum fractions xi and transverse momenta ki⊥ is

2p∆E = m2
p −

∑

i

k2
i⊥ + m2

i

xi
(1.2)
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where
∑

i xi = 1. The energy difference is large, i.e., the lifetime of the Fock state is short,

if any xi ' 1 since then xj ' 0 (j 6= i). For the leading twist approximation to be valid

when such Fock states scatter the hard scale k⊥ must be much larger than the intrinsic

scale (1.2), i.e., k2
⊥ À Λ2

QCD/(1 − xi).

As shown by Berger and Brodsky (BB) [7], the angular distribution of the muon

pair in the Drell-Yan process πN → µµ(xF ) + X provides a measure of the coherence

effects which set in at high xF . When the intrinsic hardness of the contributing pion Fock

states becomes comparable to the virtuality Q2 of the photon the angular distribution of

the muons, which is 1 + cos2 θ at leading twist, turns into sin2 θ. In effect, the virtual

photon couples coherently to the pion Fock states which contribute at high xF . Thus the

helicity of the pion (which is zero) is transferred to the virtual photon, giving a sin2 θ decay

distribution. This phenomenon was subsequently observed in the Drell-Yan data [8, 9]. The

change of angular distribution occurs at xF ' 0.7 for Q2 ' 20 GeV2 in E615 [8].

We shall explore the relevance of the BB dynamics for the E704 SSA effect. A large

asymmetry is more understandable if the pion is created coherently from the proton wave

function, which contains the entire spin information. The E615 observation lead us to

expect considerable coherence effects at xF ' 0.8 of the pion in E704, given its moderate

k⊥ ' 1 GeV. The leading twist contribution to the E704 data is suppressed also by the

quark fragmentation (z & 0.9), whereas there is no fragmentation in the Drell-Yan process.

Thus we consider p↑p → π(xF ,k⊥) + X in the limit1

BB : k⊥ → ∞ at fixed k2
⊥(1 − xF ) ∼ Λ2

QCD (1.3)

The contribution of a quark with large transverse momentum k⊥ and x ' xF ' 1 to the

energy difference (1.2) is then of the same order as the contribution of quarks carrying

transverse momenta of O (ΛQCD) and momentum fractions of O (1 − xF ). Thus the hard

and soft parts of the wave function remain coherent in the O (1/k⊥) (proper) time scale of

the hard process. Soft interactions of the low momentum quarks then influence the hard

process, as was demonstrated for quarkonium production at high xF [11].

The standard theoretical framework based on the QCD twist expansion is inapplicable

in the BB limit (1.3). We construct an explicit perturbative example which demonstrates

the possibility of a spin asymmetry AN , analogous to the demonstration of an SSA at

leading twist in DIS by Brodsky, Hwang and Schmidt (BHS) [12]. We pay particular

attention to the almost paradoxical requirement, pointed out long ago [13], that a spin

asymmetry of O (1) in a hard process requires the helicity flip and non-flip amplitudes to

be of similar size and to have a large dynamical phase difference. This is seen by expressing

the transverse spin amplitudes Ml,{σ} (with spin in the y direction) in terms of helicity

1In the BB Drell-Yan analysis [7] the coherence sets in already at fixed Q2(1− xF )2. This is because of

a helicity mismatch in the leading twist parton distribution fq/π, whereas helicity is conserved in π → γL.

The same scaling behavior was noted for ep → e + X and e+e− → h + X in [10].

– 2 –



J
H
E
P
0
2
(
2
0
0
7
)
0
3
9

amplitudes M↔,{σ}. In the case of p↑p → π(xF ,k⊥) + X we define

AN (xF , k⊥) cos φ ≡
∑

{σ}

[

|M↑,{σ}|2 − |M↓,{σ}|2
]

∑

{σ}

[

|M↑,{σ}|2 + |M↓,{σ}|2
] =

2
∑

{σ} Im
[

M∗
←,{σ}M→,{σ}

]

∑

{σ}

[

|M→,{σ}|2 + |M←,{σ}|2
]

(1.4)

where φ is the azimuthal angle of the outgoing pion. Thus AN (xF , k⊥) refers to the maximal

asymmetry at φ = 0, π when the pion transverse momentum is perpendicular to the spin

direction. The helicities {σ} of all particles except the polarized one are the same in all

amplitudes. In addition to summing over {σ}, the numerator and the denominator of (1.4)

need to be separately integrated over the phase space of the unobserved particles of the

final state.

2. Sources of a single spin asymmetry at
q

P
k
1

k
2

k
3

k

1

2

3

Figure 1: Diagram illustrating the gen-

eration of an SSA in semi-inclusive DIS.

At leading order in 1/q2 a large k⊥
and/or helicity flip can be generated at

any of the three vertices marked by a cir-

cle. The dashed line is a scalar particle.

high k⊥ and fixed xF

Let us consider semi-inclusive DIS (ep → eq + X)

to illustrate the suppression of AN [13] in quark

(or hadron) production at large transverse momen-

tum k⊥. To generate the dynamical phase required

by (1.4) we need a loop diagram. In the BHS di-

agram2 [12] of figure 1 transverse momentum and

helicity flip can be generated at any of the three

vertices marked by a circle.

Amplitudes where the helicity flip and large

transverse momentum are generated at the same

vertex are proportional to the small current quark

mass and thus cannot give rise to a sizeable AN .

Helicity flip at a soft vertex (say, vertex 1 in

figure 1) is proportional to ΛQCD/k1⊥. With k1⊥ ∼ ΛQCD the flip and non-flip amplitudes

are of the same order (as in the original BHS model). Then the azimuthal distribution of a

hard gluon k2 radiated at vertex 2 is, however, independent of the quark helicity to leading

order in k1⊥/k2⊥. The azimuthal distribution of the soft momentum k1 leaves a residual

effect AN ∼ ΛQCD/k2⊥ due to “trigger bias”, as first pointed out by Sivers [14]. It has

in fact proved possible to fit the E704 data using the Sivers effect [15]. A recent study in

the (presumably equivalent [16]) twist-3 operator approach [17, 18] found it, on the other

hand, difficult to account for the E704 data [19]. The underestimate of the E704 cross

section [6] and the increase of AN above k⊥ = 0.7 GeV casts doubt on the Sivers effect as

the source of the large AN seen at high xF .

In the previous example the soft emission at vertex 1 was incoherent with, and thus

decoupled from, the hard dynamics at vertex 2 since k1⊥ ¿ k2⊥. On the other hand, when

the soft process is coherent with the hard one it directly affects the angular distribution of

the hard emission. Due to time dilation the soft rescattering of the struck quark at vertex

3 is coherent with the hard emission, which makes it relevant to the phase difference of

2In the original BHS work k⊥ ∼ ΛQCD was small (the hard scale in DIS is given by Q2), and there was

no gluon radiation k2.
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Figure 2: Feynman diagram contributing to pp → π + X in the limit (1.3). One of the proton

valence quarks (dashed line) is assumed to have already transferred its momentum to the other two.

The valence quark yp+ gains a large transverse momentum k⊥ from scattering on a target parton,

as well as most of the momentum (1 − y)p+ of the remaining valence quark. The quarks `1, `2 and

antiquark ` have small momentum fractions of O ((1 − xF )) and transverse momenta of O (ΛQCD).

Helicities are indicated by ± signs. In one of the helicity amplitudes a helicity flip occurs at the

vertex indicated by the black dot.

the amplitudes in (1.4). This was the essential observation of BHS [12], allowing a non-

vanishing AN at leading order in Q2. However, quark helicity flip in the high energy (∝ ν)

rescattering at vertex 3 is ∝ mq/ν for the Born contribution of figure 1. Helicity flip occurs

to leading order in ν only through the anomalous magnetic moment of the quark, which

perturbatively arises from (soft) gluon loop vertex corrections. The long formation time of

a sizeable anomalous magnetic moment makes spin flip incoherent with the hard process.

We shall not pursue here the possibility [20] that this argument might fail due to QCD

vacuum effects.

3. Single spin asymmetry at k
2
⊥(1 − xF ) ∼ Λ2

QCD

As we discussed in section 1, there are reasons to believe that the BB limit (1.3) is relevant

for the E704 kinematics. We now demonstrate that a sizeable AN naturally arises in

this limit. Due to the scaling k2
⊥ ∼ Λ2

QCD/(1 − xF ) the spin asymmetry extends to higher

transverse momenta than in the fixed xF limit discussed in section 2, where AN ∼ ΛQCD/k⊥
is expected.

In p↑p → π(xF ,k⊥)+X the pion shares one valence quark with the proton. For xF → 1

the other proton constituents must be stopped; they may carry momentum fractions only

of O (1 − xF ). The energy difference (1.2) is minimal when the stopped partons carry

transverse momenta of O (ΛQCD), in which case they cannot balance the large transverse

momentum k⊥ of the pion. Thus we expect that the fast valence quark gains its transverse

momentum from a hard collision with a target parton.

We consider the scenario shown in the Feynman diagram of figure 2. The projectile

proton enters with a large momentum along the z-axis, p = (p+, 0,0⊥), where p± = p0±pz.

– 4 –
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In order to simplify the diagram we assume that one of the proton quarks (dashed line)

has already transferred its longitudinal momentum to the other two, which thus carry

momentum fractions y and 1−y of O
(

1
2

)

. The quark with momentum yp+ scatters on the

target, acquring a transverse momentum of O (k⊥). The other quark transfers nearly all

of its longitudinal momentum ∼ (1− y)p+ to the one carrying yp+. At this point we have

created a short-lived state, with a fast (∼ p+) quark of high transverse momentum (k⊥)

and two slow (∼ (1 − xF )p+) quarks of low transverse momentum (∼ ΛQCD). All three

quarks contribute equally to the energy difference (1.2) and thus remain fully coherent.

The proton wave function is integrated over its intrinsic transverse momentum up to the

hard scale k⊥, giving its distribution amplitude [21 – 23].

Due to their reduced time dilation, the soft interactions of the slow quarks occur at

the same time-scale as the hard scattering of the fast quark,

tsoft '
1

ΛQCD

(1 − xF )p+

ΛQCD
∼ p+

k2
⊥

∼ 1

k⊥

p+

k⊥
' thard (3.1)

In particular, a slow quark may, within the overall coherence time, create the quark-

antiquark pair shown in figure 2, with momenta `+
2 , `+ ∼ (1 − xF )p+ and transverse mo-

menta of O (ΛQCD). Finally, the pion is formed at the common time-scale (3.1) through a

gluon exchange (not shown) from the fast quark (k) to the antiquark (`), which gives them

an equal share the pion momentum. Similarly to the proton, the pion wave function enters

via its valence distribution amplitude.

Several Feynman diagrams contribute to the pion production process. The one shown

in figure 2 should be representative, i.e., no essential cancellations with the other diagrams

are expected. This is the leading contribution to pion production from unpolarized protons

in the BB limit (1.3), and it should account for the difference between the leading twist

cross section and the one measured by E704. We shall evaluate the diagram of figure 2

below, but since it contains soft subprocesses the perturbative result is not quantitatively

reliable. We now argue that this dynamics generically gives a sizeable spin asymmetry.

The numerator of the expression (1.4) for AN is an interference between two amplitudes

with opposite helicity of the initial proton whereas the helicities of all other particles are

the same (and summed over). The helicities are indicated by ± signs in figure 2. As we

discussed in section 2, any helicity flip in the hard part of the process is suppressed by the

small current quark mass. As generally required [10], the fast quark k in figure 2 carries

the proton helicity, which differs for the two amplitudes. The pion is formed through a

recombination of the fast quark with an antiquark ` having helicity opposite to its own. In

one of the amplitudes this requires a helicity flip at the production vertex of the antiquark

(marked by a black dot). Since the flip occurs in a soft process the flip and non-flip

amplitudes are of similar magnitude.

The helicity difference of the soft antiquark ` in the two amplitudes of figure 2 is

compensated by an orbital angular momentum factor `x + i`y, which in turn is correlated

with k⊥ through the pion wave function. The energy difference ∆E between the pion

and the quark-antiquark pair k, ` depends on the transverse momenta relative to the pion

direction as in (1.2). Since the quark k carries most of the momentum it moves essentially

– 5 –
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in the pion direction and thus contributes little to ∆E. The transverse momentum of

the antiquark wrt. the pion direction varies by roughly ∆`2
⊥ ' 4

√
1 − xF Λ2

QCD depending

on the relative orientation of `⊥ and k⊥. While ∆`2
⊥ vanishes in the xF → 1 limit, it is

sizeable even at xF ' 0.8 (4
√

0.2 = 1.8). In any case, since the soft antiquark production is

a coherent part of the p↑p → π(xF ,k⊥)+X process the extent of its momentum correlation

with the pion direction cannot be quantitatively evaluated, and may well be large.

The angular correlation between `⊥ and k⊥ is a crucial requirement of our (and, it

would seem, any) approach that can produce a large SSA for k⊥ À ΛQCD. The helicity flip

needs to occur in a soft part of the process in order not to involve the current quark mass,

and it must be coherent (correlated) with the hard part in order to affect the azimuthal

dependence of the hard scattering. In the leading twist limit (1.1) such coherence is absent

and the expectation from, e.g., the Sivers effect is then AN ∼ ΛQCD/k⊥.

The expression (1.4) for AN also requires that the helicity flip and non-flip amplitudes

have a sizeable phase difference. The BB limit (1.3) is advantageous compared to the LT

limit (1.1) in this respect as well, since the production amplitudes are complex already at

lowest order. In the example shown in figure 2 the intermediate state indicated by the

dotted line is on-shell for a particular value of momentum fraction y. Due to the overall

coherence, this value of y depends on the soft parton momenta. The integration over y

gives the amplitude an imaginary part which is of the same order as the real part (see next

section).

4. A sample calculation

We evaluate the Feynman diagrams shown in figure 2 (which differ only in their helic-

ity assignments) as a demonstration of the generic arguments presented in the previous

section. Since the calculation involves soft processes the perturbative calculation is not

quantitatively reliable. We use abelian gauge theory and do not consider other diagrams

since we believe that our calculation is representative of the full answer.

We parametrize the momenta in figure 2 as follows,

p1 =
(

yp+, 0,0⊥

)

p2 =
(

(1 − y)p+, 0,0⊥

)

k =
(

zxF p+,k2
⊥/zxF p+,k⊥

)

; k⊥ = k⊥(cos φ, sin φ)

` =
(

(1 − z)xF p+, (`2
⊥ + M2)/(1 − z)xF p+, `⊥

)

; `⊥ = `⊥(cos ψ, sin ψ)

`1 =
(

w(1 − xF )p+, 0,0⊥

)

`2 =
(

(1 − w)(1 − xF )p+, (`2
2⊥ + M2)/(1 − w)(1 − xF )p+, `2⊥

)

; `2⊥ = `2⊥(cos τ2, sin τ2)

(4.1)

The momenta p1, p2 of the (massless) quarks in the proton are taken to be collinear, as the

intrinsic momentum of the proton wave function is much smaller than the hard scale k⊥.

To enable helicity flip the produced quark and antiquark (`2, `) are assumed to have mass

M . We consider the BB limit (1.3), with 1−z of O (1 − xF ), w of O
(

1
2

)

, `2
2⊥ ∼ `2

⊥ ∼ Λ2
QCD,

– 6 –
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and drop all subleading contributions in 1/s = 1/E2
CM . We put `1⊥ = 0 to simplify the

expressions below.

The helicity flip (F) and nonflip (NF) amplitudes take the form

MF/NF = g6
NF/NF

∏5

i=1

(

q2
i + iε

) (4.2)

where the product of the five denominators is

5
∏

i=1

(

q2
i +iε

)

= (1 − y) [1 − z + (1 − w)(1 − xF )] (1 − z + 1 − xF ) k2
⊥

×
[

`2
2⊥ + M2

(1 − w)(1 − xF )
+

`2
⊥ + M2

1 − z

] [

`2
2⊥ + M2

(1 − w)(1 − xF )
+

`2
⊥ + M2

1 − z
− (`2⊥ + `⊥)2

1 − z + 1 − xF

]

×
[

`2
2⊥ + M2

(1 − w)(1 − xF )
+

`2
⊥ + M2

1 − z
− (`2⊥ + `⊥)2

1 − z + (1 − w)(1 − xF )

]

×
[

y

(

`2
2⊥ + M2

(1 − w)(1 − xF )
+

`2
⊥ + M2

1 − z

)

− (1 − y)k2
⊥ + iε

]

(4.3)

The last factor corresponds to the denominator cut by the dotted line in figure 2 which

vanishes in the range 0 < y < 1. The numerators in (4.2) are

NF = 8Ms

√

wy3(1 − y)
√

(1 − w)(1 − z)
k⊥eiφ

(

`2⊥e−iτ2 + `⊥e−iψ
)2

NNF = 8s

√

wy(1 − y)

(1 − w)(1 − z)
k⊥eiφ

[ (

`2⊥e−iτ2 + `⊥e−iψ
)

×
(

`2⊥e−iτ2`⊥eiψ − M2
)

− (`− + `−2 )p+(1 − z)`2⊥e−iτ2
]

(4.4)

The amplitudes should be weighted by the proton distribution amplitude and inte-

grated over the quark momentum fraction y. The result is not sensitive to the shape of the

distribution amplitude — taking it to be constant the y-integrals are of the form

IF ≡
∫ 1

0

dy

√

y3

1 − y

1

yA − (1 − y)B + iε
=

π

2
√

A

√
A + 2i

√
B

(
√

A + i
√

B)2

INF ≡
∫ 1

0

dy

√

y

1 − y

1

yA − (1 − y)B + iε
=

π√
A(

√
A + i

√
B)

(4.5)

where

A =
`2
2⊥ + M2

(1 − w)(1 − x)
+

`2
⊥ + M2

1 − z

B = k2
⊥ (4.6)

The dynamical phase difference between the helicity flip and nonflip amplitudes which is

required for AN in (1.4) arises from the ratio

IF

INF

=
A + 2B + i

√
AB

2(A + B)
=

∣

∣

∣

∣

IF

INF

∣

∣

∣

∣

exp(iθ) (4.7)

– 7 –
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where

tan θ =

√
AB

A + 2B
; sin θ =

√
AB√

A2 + 5AB + 4B2
(4.8)

Outside of the scaling region (1.3) either A/B → 0 or B/A → 0, in which case θ → 0

and AN vanishes. This illustrates the importance of coherence between the soft and hard

subprocesses.

As we discussed in section 3, AN 6= 0 also requires a correlation between the azimuthal

angles (φ and ψ) of the quark and antiquark that form the pion. While such a correlation is

expected already kinematically, the coherent soft production process is likely also to depend

on φ − ψ. An estimate of the size of AN would thus require further, model-dependent

assumptions.

5. Discussion

We addressed the single spin asymmetries observed in p↑p → π(xF ,k⊥)+X by E704 [1] at

high xF in the framework of the kinematical limit (1.3), where xF → 1 as the hard scale

k⊥ → ∞. In this BB limit [7] coherence is maintained over the entire proton distribution

amplitude. Hence it differs essentially from the leading twist limit (1.1) where xF is held

fixed and single projectile partons contribute incoherently. Several aspects of the data

motivated us to consider the BB limit:

– The discrepancy between the leading twist cross section and the E704 data [6];

– The observation of coherence effects in the Drell-Yan process at similar xF and for a

considerably harder scale [8];

– The increase of the spin asymmetry with xF and k⊥. The Sivers distribution is

expected to be suppressed by a factor 1 − xF compared to the unpolarized quark

distribution [24], and to give AN ∼ ΛQCD/k⊥;

– The measured AN ∼ 0.4, which is an order of magnitude larger than the spin asym-

metry observed in DIS [5].

The leading order amplitudes contributing to pp → π + X in the BB limit, such as

the diagram of figure 2, have large imaginary parts and unsuppressed helicity flip contri-

butions from the soft subprocesses. Because of the coherence between the soft and hard

parts of the amplitude these features are directly relevant to the spin asymmetry of pions

produced at high k⊥. While the necessary ingredients for a large AN thus are present,

perturbative calculations cannot give a reliable value for AN due to the importance of the

soft interactions.

We focussed on the E704 data as most suitable for the limit (1.3). Our considerations

may also be relevant for the STAR data, which shows [2, 25] that AN remains sizeable

up to k⊥ ' 3 GeV. The large single spin asymmetry in pp → Λ↑(xF ,k⊥)X [3, 4], which

does not decrease up to k⊥ ' 3.5 GeV, also strongly suggests coherence effects between

hard and soft subprocesses. The asymmetries in Λ and Ξ0 production have been observed

– 8 –
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to be similar [26]. Hence AN appears not to be sensitive to whether the projectile and

produced particle share one or two valence quarks. In pp → Λ̄↑(xF ,k⊥)X, on the other

hand, there are no shared valence quarks and the asymmetry vanishes [4]. Conversely, in

pp → p↑(xF ,k⊥)X no valence quark needs to be stopped and the proton polarization is

again [27] much smaller than in Λ and Ξ0 production. These features are qualitatively

consistent with the dynamics discussed in this paper, which is based on a common valence

quark transferring momentum and helicity from projectile to final hadron, and helicity flip

effects occurring in soft (anti)quark production.

If the approach discussed here is correct, data on single spin asymmetries may yield

important information on the soft coherent dynamics that cannot be properly described

using perturbation theory. An improved understanding of particle production close to the

exclusive limit may via the Drell-Yan-West relation [28] be relevant also for hard exclusive

processes. In figure 2 the pion is initially produced in a very asymmetric state, with

the quark carrying much more momentum than the antiquark. The relevance of such

endpoint configurations is an important issue for the Brodsky-Lepage description [21] of

hard exclusive scattering.
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