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Abstract

I have gathered some initial numerical results relevant to studies of tagged EM structure functions

(SFs) in the process e+n → e′+p+X. For now, there is a short attempt to recreate the numerical

results from the neutron hadroproduction fits of [3], calculations of baseline inclusive SFs, and

several numerical illustrations of dependence on k⊥ and |~k| in tagged SFs.
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I’ve first attempted to recreate some of the plots from the inclusive pp → nX analysis

of Holtmann et al. [3]. There, inclusive cross sections were given for fixed values of k⊥

over a range of the longitudinal momentum fraction y as defined in the Sullivan process.

Results are given in Fig. 1, in which I have used essentially the same values for the coupling

constants gπNN/
√
4π, fπNN/

√
4π, etc., and momentum cutoffs ΛπNN = ΛρNN as stated in

[3]. Regarding the latter, we have a form factor that goes like

F (s) = exp(−[m2
N − s]/Λ2) (1)

whereas HSS use a parametrization of the form ∼ exp(−[m2
N −s]/2Λ2), such that our cutoffs

are larger than those of [3] by a factor of
√
2.

FIG. 1: An attempt at reproducing the left panel of Fig. 4 for the inclusive neutron hadroproduction

in [3].

2



In Fig. 2, we show the fully transverse momentum-integrated contributions of (π−p) and

(ρ−p) configurations of the struck neutron as would be relevant for the inclusive DIS process

e+ n → e′ + p+X. Results are plotted for a central value of the measured scattering angle

of the final state electron θe = 35◦, which in principle influences the Q2 and x dependence of

δ(πN)F2(x,Q
2); however, this effect is found to be minimal, due to the mild Q2 dependence

of the GRV structure functions F π(x,Q2) ≈ F ρ(x,Q2). The latter are used in computing

the necessary convolution for the fully inclusive case:

δ(πN)F2(x,Q
2) =

∫ 1

x

dy fπN(y) F
π
2 (

x

y
,Q2), (2)

where the parameter y is the longitudinal momentum fraction of the intermediate pion

relative to the initial state neutron. A relation similar to Eq. (2) gives the expression for

δ(ρN)F2(x,Q
2), and the hadronic splitting functions can be taken from invariant amplitudes

evaluated in, e.g., the infinite momentum frame (IMF). For the fully integrated results of

FIG. 2: The fully k⊥-integrated π− and ρ− contributions to the structure function of the nucleon.

Fig. 2, model uncertainties are greatest for the lowest accessible values of x ∼ 0.05; depending

upon choice of the phenomenological cutoff parameter Λ, the π− contribution to F2(x,Q
2)

can either be comparable to that of the ρ−, or dominate by an approximate factor of ∼ 2.

Error bands narrow and the effects of scattering from the π− and ρ− roughly equilibrate at

more intermediate values 0.2 ≤ x ≤ 0.6, however. Much of the physics driving these and
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subsequent results resides in the k⊥-integrated hadronic distributions fπN(y) and fρN(y),

which we plot in Fig. 3.

FIG. 3: We plot fπN (y) (left) and fρN (y) (right). Bands correspond to the error range Λ =

1.56± 0.07 GeV found by HSS.

In practice, tagging of the spectator proton in the target fragmentation region (TFR) at

fixed polar angles implies that pion and rho exchanges occur for finite k⊥ intervals. As such,

ratios of tagged to inclusive structure functions are of interest. Since measurements have

finite resolution in k⊥, we compute ratios of the form

R(x, k2
⊥
, Q2) = δ(πN)F2(x, k

2
⊥
, Q2)

/

δ(πN)F2(x,Q
2), (3)

in which the k⊥-dependent object in the numerator is taken to be

δ(πN)F2(x, k
2
⊥
, Q2) =

∫ 1

x

dy fπN(y, k
2
⊥
) F π

2 (
x

y
,Q2). (4)

As before, the inclusive splitting functions fπN(y) are simply obtained from those used to

generate Fig. 1 by evaluating the sum

fπN(y) =

∫

∞

0

dk2
⊥
fπN(y, k

2
⊥
), (5)

and the tagged ratios given in Fig. 4 are determined using

fπN(y, k
2
⊥
) = 2

∫ k⊥+ǫ

k⊥

dk′

⊥
k′

⊥
· fπN(y, k′2

⊥
), (6)
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FIG. 4: The ratio of the partially to fully k⊥-integrated π− (left) and ρ− (right) contributions to

F2(x).

in Eq. (4). The parameter ǫ = 0.1 GeV is a k⊥ bin size measure corresponding to the finite

resolution of the detector.

The result of plotting R(x, k2
⊥
, Q2) as defined in Eq. (3) with the splitting functions

f[π,ρ]N (y), etc., defined as in Eqs. (4 – 6) appears in Fig. 4. Here, the differing k⊥ dependence

seen for the pseudoscalar and vector exchange contributions to the inclusive n production of

Fig. 1 also holds; this can be seen in the fact that the contribution of the (π−p) configuration

of the neutron peaks for k⊥ ∼ 0.2 GeV, at which the “fixed” k⊥ contribution represents

≈ 25% − 30% of the inclusive. On the other hand, the (ρ−p) process has a milder k⊥

dependence, peaking around k⊥ ∼ 0.4 GeV, where R(x,Q2) ≈ 20%.

These are all generated with the central value Λ = 1.56 ± 0.07 GeV for the universal

cutoff in Eq. (1) as deduced from the HSS neutron production fits. In Fig. 5, however, the

model uncertainty in Λ has been incorporated into the k⊥-dependent ratios R(x, k2
⊥
, Q2)

for several of the choices of k⊥ = {0.4, 0.8} GeV seen in Fig. 4. Again, as was the case

in the fully inclusive SF plot of Fig. 2, the (ρ−p) process is significantly more sensitive to

variations in Λ. Whereas the uncertainty range δΛ ∼ 0.07 GeV led to a doubling of the

error band for δ(ρ
−p)F2(x,Q

2) relative to δ(π
−p)F2(x,Q

2) in Fig. 2, this effect is seen to have

some k⊥-dependence in Fig. 5. In both instances, this follows from the enhanced momentum

dependence introduced by derivative couplings at the vector-nucleon vertex used to compute

fρN(y).
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FIG. 5: The ratio of the partially to fully k⊥-integrated π− (left) and ρ− (right) contributions to

F2(x) as in Fig. 4, but including the Λ error band of [3].

FIG. 6: Analogous to Fig. 4, but computed relative to the neutron structure function Fn
2 (x).

Whereas Figs. 4 & 5 examine the potential contributions of individual bins in k⊥ to the

fully integrated SFs δ(πN)F2(x) and δ(ρN)F2(x), similar ratios, but computed with respect

to the inclusive neutron structure function F n
2 (x), are also of interest. These are given in

Fig. 6, in which F n
2 (x,Q

2) is evaluated using the light sector quark-parton model expressions

using CTEQ6.5 LO proton PDFs under the assumption of charge symmetry.

Lastly, we consider SF tagging in terms of the magnitude of the produced proton 3-
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FIG. 7: |~k| is an essentially linear function of y in the kinematical region of interest (60 MeV

≤ |~k| ≤ 170 MeV) at the lower bound k⊥ = 0.

momentum (or, equivalently, that of the struck meson), |~k|. This may be evaluated as

|~k| =
(

k2
⊥
+

1

4m2
N(1− y)2

(

k2
⊥
+ (1− [1− y]2)m2

N

)2
)1/2

, (7)

such that tagging of the produced proton in fixed 10 MeV bins over |~k| ∈ [60, 170] MeV

requires that we fix y and compute the semi-inclusive quantity

δ(πN)F2(x, y) = fπN(y) F
π
2 (x) (8)

over finite ranges of k⊥ per Eq. (7). Moreover, Eq. (7) in the limit k2
⊥
= 0 results in

|~k|k2
⊥
=0 =

ymN

2

(

2− y

1− y

)

, (9)

which imposes the approximate restriction y ≤ |~k|/mN .

These considerations are reflected in Figs. 8 – 13, which alternatingly plot δ(πN)F2(x, y)

for specific bins of |~k| as a ratio with respect to F n
2 (x), as well as absolute values.
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FIG. 8: The plots for SFs tagged according to |~k| with y = 0.05. We plot δF2(x, y)/F
n
2 (x) for

scattering from π− (left) and ρ− (right). Curves correspond to |~k| ∈ [| ~k1|, | ~k1| + 10 MeV], where

| ~k1| = 60 (dotted), 80 (double-dot-dashed), 100 (solid), 130 (dashed), and 160 (dot-dashed) MeV.

FIG. 9: The analogue of Fig. 8, but for the absolute values of δF2(x, y) (line scheme borrowed from

Fig. 8), Fn
2 (x) (heavy, solid line), and δF2(x) (heavy, dashed line).
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FIG. 10: The plots for SFs tagged according to |~k| with y = 0.075. Otherwise, like Fig. 8.

FIG. 11: Like Fig. 9, but for y = 0.075.
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FIG. 12: The plots for SFs tagged according to |~k| with y = 0.1. Otherwise, like Fig. 8.

FIG. 13: Like Fig. 9, but for y = 0.1.
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