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Why study unpolarized nucleons? *)

*) and report on this on a “transverse polarization” workshop

f1 is one of the leading-twist TMDs

(probably) easiest to study facets of TMD phenomenology

in semi-inclusive DIS coupled to D1 -> access to TMD FFs

f1 and/or D1 ingredient of every (spin) asymmetry 

non-collinear kinematics lead to cosine modulations in  
semi-inclusive DIS cross section (“Cahn effect”)
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Why study unpolarized nucleons? *)

*) and report on them on “transverse polarization” workshop

Boer-Mulders function 

the only (leading-twist) TMD PDF that probes spin effects 
in polarization-independent reactions

belongs to special class of naive-T-odd PDFs -> sign 
reversal from DIS to DY

violation of Lam-Tung relation in Drell-Yan already hints at 
non-vanishing Boer-Mulders function
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the fundamental tenet of universality of PDFs and FFs was revised [7 – 9]. New factoriza-

tion proofs for the process under consideration here were put forward [10, 11], updating past

work [12]. Some relations proposed in ref. [1] turned out to be invalid [13, 14], and three

new PDFs were discovered [15, 16]. In the meanwhile, several experimental measurements

of azimuthal asymmetries in semi-inclusive DIS were performed [17 – 26].

We consider it timely to present in a single, self-contained paper the results for one-

particle-inclusive deep inelastic scattering at small transverse momentum, in particular

including in the cross section all functions recently introduced. In section 2 we recall the

general form of the cross section for polarized semi-inclusive DIS and parameterize it in

terms of suitable structure functions. In section 3 we give the full parameterization of

quark-quark and quark-gluon-quark correlation functions up to twist three and review the

relations between these functions which are due to the QCD equations of motion. The

structure functions for semi-inclusive DIS at small transverse momentum and twist-three

accuracy are given in section 4, and section 5 contains our conclusions. The relation of the

structure functions in the present paper with the parameterization in ref. [27] is given in

appendix A, and results for one-jet production in DIS are listed in appendix B.

2. The cross section in terms of structure functions

We consider the process

!(l) + N(P ) → !(l′) + h(Ph) + X, (2.1)

where ! denotes the beam lepton, N the nucleon target, and h the produced hadron, and

where four-momenta are given in parentheses. Throughout this paper we work in the one-

photon exchange approximation and neglect the lepton mass. We denote by M and Mh

the respective masses of the nucleon and of the hadron h. As usual we define q = l− l′ and

Q2 = −q2 and introduce the variables

x =
Q2

2P · q
, y =

P · q
P · l

, z =
P ·Ph

P · q
, γ =

2Mx

Q
. (2.2)

Throughout this section we work in the target rest frame. Following the Trento conven-

tions [28] we define the azimuthal angle φh of the outgoing hadron by

cosφh = −
lµPhν gµν

⊥
√

l2⊥ P 2
h⊥

, sin φh = −
lµPhν εµν

⊥
√

l2⊥ P 2
h⊥

, (2.3)

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν are the transverse components of l and Ph with respect

to the photon momentum. The tensors

gµν
⊥ = gµν −

qµP ν + Pµqν

P · q (1 + γ2)
+

γ2

1 + γ2

(

qµqν

Q2
−

PµP ν

M2

)

, (2.4)

εµν
⊥ = εµνρσ Pρ qσ

P · q
√

1 + γ2
(2.5)
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+ S‖λe

[

√

1 − ε2 FLL +
√

2 ε(1 − ε) cos φh F cos φh

LL

]

+ |S⊥|

[

sin(φh − φS)
(

F sin(φh−φS)
UT,T + εF sin(φh−φS)

UT,L

)

+ ε sin(φh + φS)F sin(φh+φS)
UT + ε sin(3φh − φS)F sin(3φh−φS)

UT

+
√

2 ε(1 + ε) sin φS F sinφS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F sin(2φh−φS)
UT

]

+ |S⊥|λe

[

√

1 − ε2 cos(φh − φS)F cos(φh−φS)
LT +

√

2 ε(1 − ε) cos φS F cos φS

LT

+
√

2 ε(1 − ε) cos(2φh − φS)F cos(2φh−φS)
LT

]}

, (2.7)

where α is the fine structure constant and the structure functions on the r.h.s. depend

on x, Q2, z and P 2
h⊥. The angle ψ is the azimuthal angle of &′ around the lepton beam

axis with respect to an arbitrary fixed direction, which in case of a transversely polarized

target we choose to be the direction of S. The corresponding relation between ψ and φS

is given in ref. [27]; in deep inelastic kinematics one has dψ ≈ dφS . The first and second

subscript of the above structure functions indicate the respective polarization of beam and

target, whereas the third subscript in FUU,T , FUU,L and F sin(φh−φS)
UT,T , F sin(φh−φS)

UT,L specifies

the polarization of the virtual photon. Note that longitudinal or transverse target polar-

ization refer to the photon direction here. The conversion to the experimentally relevant

longitudinal or transverse polarization w.r.t. the lepton beam direction is straightforward

and given in [27]. The ratio ε of longitudinal and transverse photon flux in (2.7) is given

by

ε =
1 − y − 1

4 γ2y2

1 − y + 1
2 y2 + 1

4 γ2y2
, (2.8)

so that the depolarization factors can be written as

y2

2 (1 − ε)
=

1

1 + γ2

(

1 − y + 1
2 y2 + 1

4 γ2y2
)

≈
(

1 − y + 1
2 y2

)

, (2.9)

y2

2 (1 − ε)
ε =

1

1 + γ2

(

1 − y − 1
4 γ2y2

)

≈ (1 − y), (2.10)

y2

2 (1 − ε)

√

2 ε(1 + ε) =
1

1 + γ2
(2 − y)

√

1 − y − 1
4 γ2y2 ≈ (2 − y)

√

1 − y, (2.11)

y2

2 (1 − ε)

√

2 ε(1 − ε) =
1

√

1 + γ2
y

√

1 − y − 1
4 γ2y2 ≈ y

√

1 − y, (2.12)

y2

2 (1 − ε)

√

1 − ε2 =
1

√

1 + γ2
y

(

1 − 1
2 y

)

≈ y
(

1 − 1
2 y

)

. (2.13)
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[see, e.g., Bacchetta et al., JHEP 0702 (2007) 093
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pure gas targets

internal to lepton ring

unpolarized (1H … Xe) 

longitudinal polarized: 1H, 2H  

transversely polarized: 1H
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)
FUU,T + εFUU,L

FT + εFL

≈
∑

q e
2
q f

q
1 (x, p

2
T )⊗Dq→h

1 (z,K2
T )∑

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

2〈cos 2φ〉UU ≡ 2

∫
dφhcos 2φ dσ∫

dφhdσ
=

εF cos 2φ
UU

FUU,T + εFUU,L

≈ ε

∑
q e

2
q h⊥,q

1 (x, p2T )⊗BM H⊥,q→h
1 (z,K2

T )∑
q e

2
q fq

1 (x, p
2
T )⊗Dq→h

1 (z,K2
T )

d5σ

dxdydzdφhdP 2
h⊥

∝
(
1 +

γ2

2x

)
{FUU,T + εFUU,L

+
√
2ε(1− ε)F cosφh

UU cosφh + εF cos 2φh

UU cos 2φh}

normalize to azimuth-
independent cross-section

moments:
〈cos 2φ〉UU〈cos 2φ〉UU〈cos 2φ〉UU〈cos 2φ〉UU

✗
✗

✗



Transversity 2011G. Schnell 

… geometric acceptance …

11

.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ε(φ,Ω) =
ε(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

!=

∫
dΩσUU (φ,Ω) ε(φ,Ω)∫

dΩσUU (φ,Ω)

!=

∫
dΩ ε(φ,Ω) ≡ ε(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

extract acceptance from Monte Carlo simulation:

simulated acceptance simulated cross section
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extract acceptance from Monte Carlo simulation:

.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ε(φ,Ω) =
ε(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

!=

∫
dΩσUU (φ,Ω) ε(φ,Ω)∫

dΩσUU (φ,Ω)

!=

∫
dΩ ε(φ,Ω) ≡ ε(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

“Aus Differenzen und Summen 
kürzen nur die Dummen.”



Transversity 2011G. Schnell 

… geometric acceptance …

11

extract acceptance from Monte Carlo simulation:

Cross-section model does NOT CANCEL in general 
when integrating numerator and denominator over 
(large) ranges in kinematic variables!.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ε(φ,Ω) =
ε(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

!=

∫
dΩσUU (φ,Ω) ε(φ,Ω)∫

dΩσUU (φ,Ω)

!=

∫
dΩ ε(φ,Ω) ≡ ε(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

“Aus Differenzen und Summen 
kürzen nur die Dummen.”



Transversity 2011G. Schnell 

0
1000

2000
3000

4000

5000
6000

7000
8000

x 10 2

-0.1 -0.05 0 0.05 0.1

Mean
RMS

-0.1811E-03
 0.2172E-01

∆φs rad

Figure 6.7: Difference between two φS’s which evaluated with and without
the detector smearing effects. Note this result is independent of the QED
radiative effect.

Figure 6.8: Schematic illustration of event migration.
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… event migration ...

12

[courtesy of H. Tanaka]
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… event migration ...

12

6.3 Unfolded results 121

Figure 6.2: Left: the event migration between the kinematical bins of y, z and Ph⊥
variables (indicated respectively by squares of decreasing size) in one of the x bin. Right:
the event migration between the 12  h bins in the same kinematical bin.

The relative di erences between unfolded and 4π mean values is used as systematic
uncertainty due to possible model dependence in the unfolding procedure.

6.3 Unfolded results

The unfolded results extracted with the 5-dimensional analysis for the di erent data
taking periods are presented in figures from 6.5 to 6.8 for hydrogen data, and in
figures from 6.9 to 6.12 for deuterium data.

After the unfolding procedure, the 〈cos φh〉 moments are sizable and negative for
positive hadrons, almost compatible with zero for the negatively charged hadrons.
The 〈cos 2φh〉 moments for positive hadrons are found to be slightly negative as
in the raw ratios, although the signal seems to be reduced here. The 〈cos 2φh〉
moments for negative hadrons remain slightly positive.

In most of the cases the discrepancies between the years seem to be reduced by
the unfolding. However there exist still di erences, i. e. in 〈cos 2φh〉. The signals
become almost compatible along the di erent data taking periods, suggesting the
hypothesis of results stable in time. The remaining discrepancies between the di er-
ent data taking samples can be attributed to variations in detector setup during the
years, like, for instance, di erent beam position or detector misalignment, as dis-
cussed in last chapter. The year dependence left over in the data after the correcting
procedure will be therefore treated as systematic uncertainty.

- migration correlates yields in different bins
- can’t be corrected in bin-by-bin approach
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… event migration -> unfolding

experimental yield in ith bin depends on all Born bins j

and on BG entering kinematic range from outside region 

smearing matrix Sij determined from MC - independent of 
physics model in limit of infinitesimally small bins 

inversion gives Born cross section from measured yields

in real life: dependence on BG and physics model due to finite 
bin sizes -> effects studied and found to be small @HERMES

13

Yexp(Ωi) ∝
N∑

j=1

Sij

∫

j
dΩ dσ(Ω) + B(Ωi)
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Multi-D vs. 1D unfolding at work

14

Acceptance Correction

w = (x, y, z, Ph⊥)

MC

Generated in 4π
Inside acceptance

MC

MC simulation of spectrometers to correct for 
acceptance/QED radiation

Model 4D  1D

13

n =

∫
Lσ0

w[1 + 2〈cosφh〉w + 2〈cos 2φh〉w]εaccw,φh
εradw,φh

dw

Francesca Giordano

simulated yield with clear 
cosine modulations from 
migration and acceptance
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Multi-D vs. 1D unfolding at work
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Acceptance Correction

w = (x, y, z, Ph⊥)

MC

Generated in 4π
Inside acceptance

MC

MC simulation of spectrometers to correct for 
acceptance/QED radiation

Model 4D  1D

13

n =

∫
Lσ0

w[1 + 2〈cosφh〉w + 2〈cos 2φh〉w]εaccw,φh
εradw,φh

dw

Francesca Giordano

simulated yield with clear 
cosine modulations from 
migration and acceptance

1D clearly not 
sufficient



Results
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Influence from exclusive VM 

16

ep → ep ρ0 → epπ+π−
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produced VMs
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-> next slides without 
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Charged-meson multiplicities
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pions best described by 
HERMES Jetset tune
surprisingly, only fair 
agreement with DSS

kaons best described by 
DSS FF set, though 
problems with K-
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Charged-meson multiplicities
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slight differences 
between proton and 
deuteron targets
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electro-production of 
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valuable input for 
future FF fits, 
especially quark/anti-
quark separation
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2-D multiplicities - pT dependence

19
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Proton-deuteron asymmetry

21
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Multiplicity ratios 

22

strong pT dependence of 
nuclear attenuation

[HERMES Collaboration, arXiv:1107.3496]

Rh
A ≡ Mh

A

Mh
d
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Multiplicity ratios 

22

strong pT dependence of 
nuclear attenuation

needs to be considered 
when interpreting TMD 
effects off nuclear 
targets

[HERMES Collaboration, arXiv:1107.3496]

Rh
A ≡ Mh

A

Mh
d
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Multiplicity ratios 

22

strong pT dependence of 
nuclear attenuation

needs to be considered 
when interpreting TMD 
effects off nuclear 
targets

(other 2D dependences 
available)

[HERMES Collaboration, arXiv:1107.3496]

Rh
A ≡ Mh

A

Mh
d



Azimuthal modulations



Azimuthal modulations
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[courtesy of F. Giordano]
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Analysis of azimuthal moments
correction for finite acceptance, QED radiation, kinematic 
smearing, detector resolution via unfolding

fully differential analysis in 900 (x,y,z,Ph⊥) bins

for visualization select kinematic ranges via “cherry picking”:

25

Figure 6.2: Graphical representation of the bins included in the integration in Figures 6.3 to 6.6. See text
for details.

minimizing the number of bins where a measurement cannot be made (red squares).

The hydrogen and deuterium target results are compared in Figure 6.3. Both the cos φh and cos 2φh

moments are nearly identical for the two targets. This unexpected finding is a dramatic constrain for models,

as discussed in Chapter 8.

The π+ and π− moments are compared in Figure 6.4. To more clearly see the dependence of the structure

functions, the structure function ratio is presented in Figure 6.5. The structure function ratio is defined by

Equations 4.41 and 4.42 and is simply the moment divided by the relevant ε dependent factor, specifically:

F cos φh

UU

FUU,T
=

2〈cos φh〉UU√
2ε(1 + ε)

≡ 2〈cos φh〉UU

k1(y)
(6.1)

F cos 2φh

UU

FUU,T
=

2〈cos 2φh〉UU

ε
≡2〈cos 2φh〉UU

k2(y)
(6.2)

where the kn(y) functions have been defined and are used in the axis labels in the relevant figures throughout

this chapter. This allows for a more direct observation of the kinematic dependence of the structure functions

by removing known kinematic dependences. In addition it facilitates comparisons with other experiments

at differing kinematics.

99

- good measurement 
available
- no meaningful 
results
- cross section 
negligible
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Analysis of azimuthal moments
correction for finite acceptance, QED radiation, kinematic 
smearing, detector resolution via unfolding

fully differential analysis in 900 (x,y,z,Ph⊥) bins

for visualization select kinematic ranges via “cherry picking”:

all hadron types in comparison must have enough events in 
each of the bins included, e.g.:

25
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εradw,φh

dw
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“Boer-Mulders modulation” (pions)
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hardly any dependence on target!

consistent with same-sign up/down BM of similar size
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“Cahn modulation”

no dependence on hadron charge expected for Cahn effect

➡ flavor dependence of transverse momentum

➡ sign of Boer-Mulders in cosφ modulation 
(indeed, overall pattern resembles B-M modulations)

➡ “genuine” twist-3?
28
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“Cahn modulation” - proton vs. deuteron
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strange results
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intriguing behavior 
for kaons

(a) K+ from a hydrogen target (b) K− from a hydrogen target

(c) K+ from a deuterium target (d) K− from a deuterium target

(e) π− from a deuterium target

Figure 6.22: Graphical representation of the bins included in the integration of Figure 6.23. All pion results
(not shown) have full coverage in the indicated kinematic region.
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strange results
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intriguing behavior 
for kaons
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strange results

30

intriguing behavior 
for kaons

different pattern 
for kaon Collins 
function?
(cf. BRAHMS AN 

and SIDIS Collins)
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Conclusions
HERMES managed step from spin-asymmetry experiment to 
unpolarized-target experiment

largest data set on charged-meson lepto-production

multi-dimensional analysis and various targets allow study of 
correlations and flavor dependences

large azimuthal modulations, different for positive and 
negative pions, point at important role of Boer-Mulders fctn.

Cahn effect maybe suppressed at HERMES kinematics

kaons remain strange (Collins, sea quarks, or both?)

nuclear environment can play significant role in TMD effects

don’t forget longitudinal photons
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