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From SIDIS to exclusive electroproduction:
Cross-section in z, P 2

h→ variables and its exclusive limit MX ↑ Mp

Original SIDIS cross-section in z and P 2
h→

The master six-fold di!erential cross-section for semi-inclusive deep inelastic scattering
(SIDIS), e p ↑ e→ hX, expressed in terms of the hadron fractional energy z and transverse
momentum squared P 2

h↑, reads [?]:
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The six integration variables are xBj, Q2, ε, z, ϑh, and P 2
h↑. The hadronic tensor elements

ω
ωωω→
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mm→ depend in general on all of xBj, Q2, z, P 2
h↑.
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giving the six-fold cross-section in xBj, Q2,ε, z,ϑh, t:
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Harut Avakian, private communication

Usually, the exclusive expressions are given in terms of t instead of Ph⊥
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Note: this expression can be applied to any process ,  
including elastic scattering.

l + P → l′￼+ X



HELICITY STRUCTURE FUNCTIONS
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in terms of the γ∗p cross sections and interference terms introduced in ref. [27], where j

and i (n and m) are the helicities of the nucleon (virtual photon) in the amplitude and its

complex conjugate. We then have
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Comparing with our results (4.2) to (4.19) we find a number of simple patterns. The leading

structure functions in the 1/Q expansion are those where the photon is transverse in both

the amplitude and its conjugate, and the subleading structure functions correspond to the

interference between transverse and longitudinal photon polarizations. The two structure

functions FUU,L and F sin(φh−φS)
UT,L involve only longitudinally polarized photons. In the

kinematics we consider, they are of order 1/Q2 and thus beyond the accuracy to which

we have calculated. We finally remark that the number of transverse momentum factors

appearing in the different structure functions (4.2) to (4.19) can be related to the mismatch

between the helicity differences (m− i) and (n− j) using angular momentum conservation,

see ref. [27].
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Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel, hep-ph/0611265

see also Diehl, Sapeta, hep-ph/0503023

Helicity structure functions are often used instead of the previously defined ones
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EXPERIMENTAL MEASUREMENTS FOR EXCLUSIVE ρ0

vector mesons gives access to the polarization states of the vector mesons. Then, assuming that the
helicity between the final state vector meson and the initial virtual photon is conserved, one can deduce
the polarization of the virtual photon, and thus ωL and ωT . This property is referred to as s-channel
helicity conservation (SCHC). It can be checked experimentally by looking at specific decay matrix
elements of the vector mesons [60] which are sensitive to γ∗

L → VT , γT → VL or γ∗
T → V−T transitions.

SCHC has been found to hold sufficiently well for ρ0 and φ production to allow for the L/T separation
of the cross sections. Fig. 6 (left) presents the Q2-dependence of the ratio ωL/ωT for ρ0 production.
It is predicted that this ratio should grow ∝ Q2 both as Q2 → 0 and, as predicted by the handbag
approach, Q2 → ∞. This is realized at low Q2 but the ratio is much milder than a ∝ Q2 behavior for
Q2 → ∞. Though, taking into account parton transverse momenta, the handbag calculations[8, 9] can
be put in agreement with the data. The cross section ωL is larger than ωT for Q2 ≈1.5 GeV2. The
transverse cross section ωT remains sizeable up to Q2 ≈ 40 GeV2, the maximum Q2 value at which it
has been measured.
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Figure 6: Left: The ratio ωL/ωT for ρ0 leptoproduction versus Q2. The solid line represents a ∝ Q2

dependence with arbitrary normalisation. Right: Measured Q2-dependence of the ρ0 cross section at
fixed xB ≈0.002. Data are from Refs. [46, 47] (CLAS), [45] (CORNELL), [43] (HERMES), [73] (NMC),
[44] (E665), [33, 35] (H1) and [38] (ZEUS).

Another interesting feature to look at is the Q2-dependence of the longitudinal cross section data.
We recall that a prediction of the handbag approach is that the longitudinal cross section should scale,
at fixed xB, as 1/Q6 (up to evolution effects). In Fig. 6 (right), the H1 data for the ρ0 cross section
are shown at fixed xB ≃ 0.002. The data span more than an order of magnitude in Q2. One sees
that the cross section falls approximately as 1/Q4, i.e. the Q2 slope is milder than what is predicted
by the leading-twist handbag formalism. Given the behavior of ωL/ωT , i.e. the ωT contribution is all
the more important as Q2 → 0, the experimental Q2-dependence of ωL is even flatter than 1/Q4. One
may wonder whether higher-order perturbative corrections are responsible for this effect. As shown

9
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LOW AND HIGH PT

“Cahn” - f⊥

“Boer-Mulders”

“SIDIS FT”

“SIDIS FL”

 and friendse, g⊥

low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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•Twist 2 TMD matching twist 2 PDF

•Twist 3 TMD matching twist 2 PDF

high  
Ph⊥

low  
Ph⊥



LOW AND HIGH PT

“Cahn” - f⊥

“Boer-Mulders”

“SIDIS FT”

“SIDIS FL”

 and friendse, g⊥

There are several possibilities:
low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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•Twist 2 TMD matching twist 2 PDF

•Twist 3 TMD matching twist 2 PDF

•Twist 2 TMD matching twist 3 PDF

high  
Ph⊥

low  
Ph⊥



LOW AND HIGH PT

“Cahn” - f⊥

“Boer-Mulders”

“SIDIS FT”

“SIDIS FL”

 and friendse, g⊥

There are several possibilities:
low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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•Twist 2 TMD matching twist 2 PDF

•Twist 3 TMD matching twist 2 PDF

•Twist 2 TMD matching twist 3 PDF

•Expected mismatch

high  
Ph⊥

low  
Ph⊥



LOW AND HIGH PT

“Cahn” - f⊥

“Boer-Mulders”

“SIDIS FT”

“SIDIS FL”

 and friendse, g⊥

There are several possibilities:
low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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low-qT calculation high-qT calculation

observable twist order power twist order power powers match

FUU,T 2 αs 1/q2
T 2 αs 1/q2

T yes

FUU,L 4 2 αs 1/Q2

F cos φh

UU 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F cos 2φh

UU 2 αs 1/q4
T 2 αs 1/Q2 no

F sin φh

LU 3 α2
s 1/(QqT ) 2 α2

s 1/(QqT ) yes

F sin φh

UL 3 α2
s 1/(QqT )

F sin 2φh

UL 2 αs 1/q4
T

FLL 2 αs 1/q2
T 2 αs 1/q2

T yes

F cos φh

LL 3 αs 1/(QqT ) 2 αs 1/(QqT ) yes

F sin(φh−φS)
UT,T 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(φh−φS)
UT,L 4 3 αs 1/(Q2 qT )

F sin(φh+φS)
UT 2 αs 1/q3

T 3 αs 1/q3
T yes

F sin(3φh−φS)
UT 2 α2

s 1/q3
T 3 αs 1/(Q2 qT ) no

F sin φS

UT 3 αs 1/(Qq2
T ) 3 αs 1/(Qq2

T ) yes

F sin(2φh−φS)
UT 3 αs 1/(Qq2

T ) 3 αs 1/(Qq2
T ) yes

F cos(φh−φS)
LT 2 αs 1/q3

T

F cos φS

LT 3 αs 1/(Qq2
T )

F cos(2φh−φS)
LT 3 αs 1/(Qq2

T )

Table 2: Behavior of SIDIS structure functions in the intermediate region M ! qT ! Q. Empty
fields indicate that no calculation is available. The specification of twist 4 for FUU,L and F sin(φh−φS)

UT,L

reflects that these observables are zero when calculated at twist-two and twist-three accuracy.

given in (5.56) by Lcos 2φh

UU , and its high-qT approximation (4.26) by Hcos 2φh

UU . Since in the

intermediate region the two expressions describe distinct contributions to the cross section,

one may consider to use

F cos 2φh

UU ≈ Lcos 2φh

UU + Hcos 2φh

UU (6.17)

as an approximation for this observable. The quality of this approximation can be assessed

from the power behavior of its terms in the different regions:

Lcos 2φh

UU ∼ q2
T/M4 for qT <∼M , (6.18)

Lcos 2φh

UU ∼ M2/q4
T for qT $ M , (6.19)

Hcos 2φh

UU ∼ 1/Q2 for all qT , (6.20)

where the behavior in (6.18) reflects that Lcos 2φh

UU must vanish like q2
T for qT → 0 due to

angular momentum conservation [39]. In the intermediate region M ! qT ! Q both terms
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•Twist 2 TMD matching twist 2 PDF

•Twist 3 TMD matching twist 2 PDF

•Twist 2 TMD matching twist 3 PDF

•Expected mismatch

•Twist 4 TMD matching twist 2 PDF?

high  
Ph⊥

low  
Ph⊥
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f1D1 + f̃2D1 + f1D̃2 + . . .

i
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see, e.g., Wei, Song, Chen, Liang, arxiv:1611.08688

https://arxiv.org/abs/1611.08688
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kinematic twist 4 
(à la Wandzura-Wilczek)

see, e.g., Wei, Song, Chen, Liang, arxiv:1611.08688

https://arxiv.org/abs/1611.08688
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kinematic twist 4 
(à la Wandzura-Wilczek) mass corrections

see, e.g., Wei, Song, Chen, Liang, arxiv:1611.08688

https://arxiv.org/abs/1611.08688


POSSIBLE TERMS AT LOW TRANSVERSE MOMENTUM
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kinematic twist 4 
(à la Wandzura-Wilczek) mass corrections dynamic twist 4

sometimes denoted with  

  f3

see, e.g., Wei, Song, Chen, Liang, arxiv:1611.08688

https://arxiv.org/abs/1611.08688
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(à la Wandzura-Wilczek) mass corrections factorization breaking terms?dynamic twist 4

sometimes denoted with  

  f3

see, e.g., Wei, Song, Chen, Liang, arxiv:1611.08688

https://arxiv.org/abs/1611.08688
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EXCLUSIVE “CONTAMINATIONS” IN SEMI-INCLUSIVE DIS

Integrated over transverse momentum

see, e.g., Diehl, Sapeta, hep-ph/0503023 
Diehl, Kugler, Schäfer, Weiss, hep-ph/0506171

https://arxiv.org/abs/hep-ph/0503023
https://arxiv.org/abs/hep-ph/0506171
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EXCLUSIVE “CONTAMINATIONS” IN SEMI-INCLUSIVE DIS
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EXAMPLE OF THEORY ESTIMATES
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Figure 13: The cross section for semi-inclusive electroproduction of ω+ (left) and ω→ (right), as a
function of z, at xB = 0.1 and Q2 = 2.5GeV2. The cross sections from quark fragmentation were
calculated using the LO fragmentation functions of Kretzer [58] and the MRST 2001 LO parton
distributions. The contributions from vector meson decays were obtained by adjusting our leading–
twist results for the vector meson production cross sections, as explained in the text. The value taken
for the ε0 cross section matches the HERMES measurement [10].

understood as a naive extrapolation: the fragmentation functions are not well known for z close to
1, and in the above kinematics z > 0.9 corresponds to an invariant mass mX < 1.84GeV according
to (25), where leading-twist fragmentation can be just marginally valid. Our leading-twist result
for ep → eω+n gives dσ/(dQ2 dxB) = 0.045 nbGeV→2, which according to our comparison with
preliminary HERMES data (Sect. 6) undershoots the actual cross section by a factor of about 0.4.
We thus find that for z > 0.9 direct exclusive pion production may be a substantial part of the
semi-inclusive cross section, but cannot be more quantitative given the uncertainties just discussed.

For a realistic estimate of exclusive vector meson production we divide our leading-twist results for
σL by a factor 7, except for φ production. According to Table 2 this brings us close to the HERMES
measurement for ε0 production at Q2 = 2.3GeV2 and xB = 0.1, and according to our arguments in
Sect. 6 it should give a reasonable estimate for the other channels. In other words, we assume that
the ratio of vector meson channels is sufficiently well described by our leading-twist calculation. Only
for φ production do we divide our leading-twist results by a different factor, namely by 15, following
our comparison in Table 2 with preliminary HERMES data in this channel. One might argue that for
the production of a K∗, which has one light and one strange quark, power corrections are between
those for the ε0 and for the φ, but we refrain from such refinements here. Possible changes by a factor
of 2 would in fact not change our conclusions regarding the role of K∗ decays. For a prediction of σT
we divide σL obtained as just described by the value R = σL/σT = 1.2 from preliminary HERMES
data for ε0 production in the relevant kinematics [11, 12], except for the φ channel, where instead we
take R = 0.8 from the parameterization of preliminary HERMES data in [11, 13]. Variation of R as
shown in Fig. 12 would not affect the conclusions we shall draw.

Integrating the ε0 decay contribution to ω+ production for z > 0.9 at Q2 = 2.5GeV2 and xB =
0.1, we find dσ/(dQ2 dxB) = 0.13 nbGeV→2, which is surprisingly close to the extrapolation of the
fragmentation result given above. The fragmentation formula for ω→ production gives dσ/(dQ2 dxB) =

23
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I am not aware of similar calculations for Ph⊥ dependence
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CONCLUSIONS

▸ Exclusive contributions to DIS and SIDIS are formally suppressed

▸ They are large at large z

▸ Theoretical predictions are not always able to explain existing measurements

▸ There are no good estimates of these contributions as functions of Ph⊥


