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The COMPASS experiment @ CERN
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Compass on spin                                                               
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• ~ 350 planes

• 180 mrad acceptance 

• !, K, p separation  
(from 2, 9, 17 GeV  up 
to ~ 50 GeV)

The COMPASS spectrometer
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HERMES Experiment (†2007) @ DESY

.

hermes HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50
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- unpolarized (H, D, He,…, Xe) 
- as well as transversely (H) 
and longitudinally (H, D, He) 
polarized (pure) gas targets  

27.6 GeV polarized e+/e- beam 
scattered off ...
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getting polarized nucleons

4

common polarized targets

gas targets -> pure, but lower density

solid (e.g. NH3) targets -> high density, but large dilution
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getting polarized nucleons

4

common polarized targets

gas targets -> pure, but lower density

solid (e.g. NH3) targets -> high density, but large dilution

statistical precision:   ~                                 (f… dilution factor)

solid targets f≈0.2 -> directly scales uncertainties (as do PB & PT)

dilution also kinematics dependent (partially unknown systematics)
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Twist-2 TMDs

each TMD describes a particular spin-
momentum correlation

functions in black survive integration 
over transverse momentum

functions in green box are chirally odd

functions in red are naive T-odd
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Probing TMDs in semi-inclusive DIS

in SIDIS*) couple PDFs to:

ordinary FF:

Collins FF: H?,q!h
1

Dq!h
1

➟ give rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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one-hadron production (ep➙ehX)
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SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cosφ dσ2

UU + λe

1

Q
sinφ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ− φS) dσ
8
UT + sin(φ+ φS) dσ

9
UT + sin(3φ− φS) dσ

10
UT

1

Q

+
1

Q

(

sin(2φ− φS) dσ
11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ− φS) dσ
13
LT +

1

Q

(

cosφS dσ14
LT + cos(2φ− φS) dσ

15
LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 2/2

.

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cosφ dσ2

UU + λe

1

Q
sinφ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ− φS) dσ
8
UT + sin(φ+ φS) dσ

9
UT + sin(3φ− φS) dσ

10
UT

1

Q

+
1

Q

(

sin(2φ− φS) dσ
11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ− φS) dσ
13
LT +

1

Q

(

cosφS dσ14
LT + cos(2φ− φS) dσ

15
LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 2/2

x

y

z

φS

φ

p⃗had

S⃗⊥

k⃗

k⃗′

q⃗

uli

~S? Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093
“Trento Conventions”, Phys. Rev. D 70 (2004) 117504



INT-18-3, SeattleGunar Schnell 

one-hadron production (ep➙ehX)

9

.

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cosφ dσ2

UU + λe

1

Q
sinφ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ− φS) dσ
8
UT + sin(φ+ φS) dσ

9
UT + sin(3φ− φS) dσ

10
UT

1

Q

+
1

Q

(

sin(2φ− φS) dσ
11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ− φS) dσ
13
LT +

1

Q

(

cosφS dσ14
LT + cos(2φ− φS) dσ

15
LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 2/2

.

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cosφ dσ2

UU + λe

1

Q
sinφ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ− φS) dσ
8
UT + sin(φ+ φS) dσ

9
UT + sin(3φ− φS) dσ

10
UT

1

Q

+
1

Q

(

sin(2φ− φS) dσ
11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ− φS) dσ
13
LT +

1

Q

(

cosφS dσ14
LT + cos(2φ− φS) dσ

15
LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 2/2

x

y

z

φS

φ

p⃗had

S⃗⊥

k⃗

k⃗′

q⃗

uli

~S? Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093
“Trento Conventions”, Phys. Rev. D 70 (2004) 117504



INT-18-3, SeattleGunar Schnell 

one-hadron production (ep➙ehX)

9

.

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cosφ dσ2

UU + λe

1

Q
sinφ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ− φS) dσ
8
UT + sin(φ+ φS) dσ

9
UT + sin(3φ− φS) dσ

10
UT

1

Q

+
1

Q

(

sin(2φ− φS) dσ
11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ− φS) dσ
13
LT +

1

Q

(

cosφS dσ14
LT + cos(2φ− φS) dσ

15
LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 2/2

.

SIDIS Cross Section

(up to subleading order in 1/Q)

dσ = dσ0
UU + cos 2φ dσ1

UU +
1

Q
cosφ dσ2

UU + λe

1

Q
sinφ dσ3

LU

+SL

{

sin 2φ dσ4
UL +

1

Q
sinφ dσ5

UL + λe

[

dσ6
LL +

1

Q
cosφ dσ7

LL

]}

+ST

{

sin(φ− φS) dσ
8
UT + sin(φ+ φS) dσ

9
UT + sin(3φ− φS) dσ

10
UT

1

Q

+
1

Q

(

sin(2φ− φS) dσ
11
UT + sinφS dσ12

UT

)

+λe

[

cos(φ− φS) dσ
13
LT +

1

Q

(

cosφS dσ14
LT + cos(2φ− φS) dσ

15
LT

)

]}

σXY

↙ ↘
Beam Target
Polarization

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197

Boer and Mulders, Phys. Rev. D 57 (1998) 5780

Bacchetta et al., Phys. Lett. B 595 (2004) 309

Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
Gunar Schnell, Universiteit Gent Jefferson Lab, January 11

th
, 2008 – p. 2/2

x

y

z

φS

φ

p⃗had

S⃗⊥

k⃗

k⃗′

q⃗

uli

~S? Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093
“Trento Conventions”, Phys. Rev. D 70 (2004) 117504



INT-18-3, SeattleGunar Schnell 
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… azimuthal spin asymmetries

.

hermes Azimuthal Single-Spin Asymmetries

x

y

z

φS

φ

p⃗had

S⃗⊥

k⃗

k⃗′

q⃗

uli

AUT (φ,φS) =
1

⟨|S⊥|⟩
N↑

h(φ,φS) − N↓
h(φ,φS)

N↑
h(φ,φS) + N↓

h(φ,φS)

∼ sin(φ + φS)
∑

q

e2
q I

[
kT P̂h⊥

Mh

hq
1(x, p2

T )H⊥,q
1 (z, k2

T )

]

+ sin(φ − φS)
∑

q

e2
q I

[
pT P̂h⊥

M
f⊥,q
1T (x, p2

T )Dq
1(z, k

2
T )

]

+ . . . I[. . .]: convolution integral over initial (pT )

and final (kT ) quark transverse momenta

⇒ 2D Max.Likelihd. fit of to get Collins and Sivers amplitudes:

PDF (2⟨sin(φ ± φS)⟩UT , . . . , φ, φS) = 1
2{1 + PT (2⟨sin(φ ± φS)⟩UT sin(φ ± φs) + . . .)}

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 11/50
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fit azimuthal modulations, e.g., using maximum-likelihood method
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“Qual der Wahl”
SIDIS structure functions come with various kinematic 
prefactors

include in definition of asymmetries (“cross-section asym.”)

factor out from asymmetries (“structure-fct. asym.”)

12

M.L. pdf � [1 + Asin(�+�s)(x, y, z, Ph�) + . . . ]
<latexit sha1_base64="oTnQTovQv3Ix0zuTFz7TESV3uWo="></latexit><latexit sha1_base64="oTnQTovQv3Ix0zuTFz7TESV3uWo="></latexit><latexit sha1_base64="oTnQTovQv3Ix0zuTFz7TESV3uWo="></latexit><latexit sha1_base64="oTnQTovQv3Ix0zuTFz7TESV3uWo="></latexit>

M.L. pdf � [1 + D(y)Asin(�+�s)(x, y, z, Ph�) + . . . ]
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“Qual der Wahl”
SIDIS structure functions come with various kinematic 
prefactors

include in definition of asymmetries (“cross-section asym.”)

factor out from asymmetries (“structure-fct. asym.”)

latter facilitates comparisons between experiments and 
simplifies kinematic dependences by removing known dependences

but what about twist suppression, also factor out?  

and what about other kinematically suppressed contributions?

12
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… other complications

theory done w.r.t. virtual-photon direction

experiments use targets polarized w.r.t. lepton-beam direction

13

.

hermes Mixing of Azimuthal Moments

x

y

z

θγ∗

φPh

Ph⊥
l

l′

q

S
S⊥

Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-
rection (q)
⇒ mixing of “experimental” and “theory”
asymmetries via:
[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]

⎛

⎜
⎜
⎜
⎜
⎜
⎝

⟨ sinφ⟩
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⟨ sin(φ−φS)⟩
l

UT
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⎟
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⎝

cos θγ∗ − sin θγ∗ − sin θγ∗

1
2 sin θγ∗ cos θγ∗ 0

1
2 sin θγ∗ 0 cos θγ∗

⎞

⎟
⎟
⎟
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⎛
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⎜
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⎝

⟨ sinφ⟩
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UL

⟨ sin(φ−φS)⟩
UT

⟨ sin(φ+φS)⟩
UT

⎞

⎟
⎟
⎟
⎟
⎠

(cos θγ∗ ≃ 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent QCD-N’06 – Frascati, June 14th , 2006 – p. 22/36
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➡  need data on same target for both polarization orientations!
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multiplicities @ HERMES 
extensive data set on pure 
proton and deuteron targets 
for identified charged mesons

access to flavor dependence 
of fragmentation through 
different mesons and targets

input to fragmentation function 
analyses

extracted in a multi-dimensional 
unfolding procedure:

(x, z, Ph⊥)

(Q2, z, Ph⊥)
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FIG. 8 (color online). Multiplicities of pions (left panels) and kaons (right panels) for the proton and the deuteron as a function of
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in the two projections are different
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Fig. 4.
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 hM(Q2)iQ2 6= M(hQ2i)

the average along the valley will 
be smaller than the average 
along the gradient

still the average kinematics can 
be the same

take-away messages: (when told so) integrate your cross section 
over the kinematic ranges dictated by the experiment

(e.g., do not simply evaluate it at the average kinematics)

To experiments: fully differential analyses!
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integrating vs. using average kinematics

(by now old) 
DSS07 FF fit to 
z-Q2 projection

z-x “prediction” 
reasonable well 
when using 
integration over 
phase-space limits 
(red lines)

significant changes 
when using 
average 
kinematics

18
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Ph⊥ dependence

19

multi-dimensional analysis allows going beyond collinear factorization
flavor information on transverse momenta via target variation and hadron ID
e.g. [A. Signori et al.,  JHEP 11(2013)194]
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Q2 > 1 ðGeV=cÞ2 and 0.023 < x < 0.6. For this compari-
son, the COMPASS hþ multiplicities are integrated over x
in the closest possible range 0.02 < x < 0.4 and also over
Q2. It should be noted that the two experiments cover
different ranges in Q2. While the highest Q2 value reached
by HERMES is 15 ðGeV=cÞ2, COMPASS reaches
81 ðGeV=cÞ2. Despite this difference, a reasonable agree-
ment in the magnitude of the measured multiplicities is
found for z < 0.6 and small P2

hT. Most likely due to the
differences in kinematic coverage, the agreement between
the two sets is rather modest, and the data sets exhibit
different dependences upon P2

hT. In addition, a dip is
observed in the HERMES data at very small transverse
momenta, i.e. P2

hT ∼ 0.05 ðGeV=cÞ2. This dip, which is not

observed in the shown Q2-integrated distribution, appears
to be very similar to the trend shown in Fig. 11 by the
COMPASS data at low Q2.
In Figure 14, the hþ multiplicities are compared to the

πþ semi-inclusive cross section measured by the E00-18
experiment [31] at Jefferson Lab. The measurement by the
E00-18 was performed at hzi ¼ 0.55 and hxi ¼ 0.32 in the
range 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2. The COMPASS
results are given at similar (x, z) values, i.e. hzi ¼ 0.5,
hxi ¼ 0.3, and span the range 7 ðGeV=cÞ2 < Q2 <
16 ðGeV=cÞ2. Similar to the case of the comparison of
COMPASS and HERMES data shown in Fig. 13, here the
observed different PhT dependence could be due to the
different Q2 values of the two measurements.

V. FITS OF THE MEASURED
HADRON MULTIPLICITIES

A. The range of small PhT

The PhT dependence of the cross section for semi-
inclusive measurements of hadron leptoproduction was
empirically reasonably well described by a Gaussian para-
metrization for the kT and ph⊥ dependence of TMD-PDFs
and TMD-FFs in the range of small PhT, i.e. PhT <
1 ðGeV=cÞ. This Gaussian parametrization leads to a
P2
hT dependence of the multiplicities of the form:

d2Mhðx;Q2; zÞ
dzdP2

hT
¼ N

hP2
hTi

exp
!
−

P2
hT

hP2
hTi

"
; ð8Þ

where the normalization coefficient N and the average
transverse momentum hP2

hTi, i.e. the absolute value of the
inverse slope of the exponent in Eq. (8), are functions of x,
Q2 and z.
A fairly good description of SIDIS [1] data was reached

with the Gaussian parametrization without considering
either the z or the quark flavor dependence of TMD-
FFs. Recent semi-inclusive measurements of transverse-
momentum-dependent hadron multiplicities [15] and
distributions [16] aimed at an extraction of both hk2⊥i

2)c (GeV/2
hTP

0 0.5

h σ,h
M

1−10

1

COMPASS

JLab, E00-18

FIG. 14. Multiplicities Mh of positively charged hadrons from
COMPASS (beam energy 160 GeV), compared to the cross
section σh for positively charged pions as measured by experi-
ment E00-18 (beam energy 5.479 GeV) at Jefferson Lab [31].
Both results are not corrected for diffractive vector-meson
production. The Q2 range is 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2
for E00-18 and 7 ðGeV=cÞ2 < Q2 < 16 ðGeV=cÞ2 for COM-
PASS. Only statistical uncertainties are shown.

TABLE III. Comparison of the main features of experiments that performed semi-inclusive measurements in deep inelastic scattering.
The subscript (min) in Q2 and W2 refers to the lower limit.

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)

Target p=d p=d d d d
Beam energy (GeV) 100–280 27.6 5.479 160 160
Hadron type h% π%, K% π% h% h%

Observable Mhþþh− Mh σh Mh Mh

Q2
min ðGeV=cÞ2 2=3=4=5 1 2 1 1

W2
min ðGeV=c2Þ2 - 10 4 25 25

y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
x range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P2
hT range ðGeV=cÞ2 [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]

M. AGHASYAN et al. PHYS. REV. D 97, 032006 (2018)

032006-14
[11]   J. Ashman et al. (EMC), Z. Phys.C 52, 361 (1991). 
[15]  A. Airapetian et al. (HERMES), Phys. Rev. D87, 074029 (2013). 
[16]  C. Adolph et al. (COMPASS), Eur. Phys. J. C73, 2531 (2013); 75, 94(E) (2015). 
[31]  R. Asaturyan et al., Phys. Rev. C 85, 015202 (2012). 
[“This paper”]  M. Aghasyan et al. (COMPASS), Phys. Rev. D 97, 032006 (2018).
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Q2 > 1 ðGeV=cÞ2 and 0.023 < x < 0.6. For this compari-
son, the COMPASS hþ multiplicities are integrated over x
in the closest possible range 0.02 < x < 0.4 and also over
Q2. It should be noted that the two experiments cover
different ranges in Q2. While the highest Q2 value reached
by HERMES is 15 ðGeV=cÞ2, COMPASS reaches
81 ðGeV=cÞ2. Despite this difference, a reasonable agree-
ment in the magnitude of the measured multiplicities is
found for z < 0.6 and small P2

hT. Most likely due to the
differences in kinematic coverage, the agreement between
the two sets is rather modest, and the data sets exhibit
different dependences upon P2

hT. In addition, a dip is
observed in the HERMES data at very small transverse
momenta, i.e. P2

hT ∼ 0.05 ðGeV=cÞ2. This dip, which is not

observed in the shown Q2-integrated distribution, appears
to be very similar to the trend shown in Fig. 11 by the
COMPASS data at low Q2.
In Figure 14, the hþ multiplicities are compared to the

πþ semi-inclusive cross section measured by the E00-18
experiment [31] at Jefferson Lab. The measurement by the
E00-18 was performed at hzi ¼ 0.55 and hxi ¼ 0.32 in the
range 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2. The COMPASS
results are given at similar (x, z) values, i.e. hzi ¼ 0.5,
hxi ¼ 0.3, and span the range 7 ðGeV=cÞ2 < Q2 <
16 ðGeV=cÞ2. Similar to the case of the comparison of
COMPASS and HERMES data shown in Fig. 13, here the
observed different PhT dependence could be due to the
different Q2 values of the two measurements.

V. FITS OF THE MEASURED
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A. The range of small PhT

The PhT dependence of the cross section for semi-
inclusive measurements of hadron leptoproduction was
empirically reasonably well described by a Gaussian para-
metrization for the kT and ph⊥ dependence of TMD-PDFs
and TMD-FFs in the range of small PhT, i.e. PhT <
1 ðGeV=cÞ. This Gaussian parametrization leads to a
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hT dependence of the multiplicities of the form:
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where the normalization coefficient N and the average
transverse momentum hP2

hTi, i.e. the absolute value of the
inverse slope of the exponent in Eq. (8), are functions of x,
Q2 and z.
A fairly good description of SIDIS [1] data was reached

with the Gaussian parametrization without considering
either the z or the quark flavor dependence of TMD-
FFs. Recent semi-inclusive measurements of transverse-
momentum-dependent hadron multiplicities [15] and
distributions [16] aimed at an extraction of both hk2⊥i
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FIG. 14. Multiplicities Mh of positively charged hadrons from
COMPASS (beam energy 160 GeV), compared to the cross
section σh for positively charged pions as measured by experi-
ment E00-18 (beam energy 5.479 GeV) at Jefferson Lab [31].
Both results are not corrected for diffractive vector-meson
production. The Q2 range is 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2
for E00-18 and 7 ðGeV=cÞ2 < Q2 < 16 ðGeV=cÞ2 for COM-
PASS. Only statistical uncertainties are shown.

TABLE III. Comparison of the main features of experiments that performed semi-inclusive measurements in deep inelastic scattering.
The subscript (min) in Q2 and W2 refers to the lower limit.

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)

Target p=d p=d d d d
Beam energy (GeV) 100–280 27.6 5.479 160 160
Hadron type h% π%, K% π% h% h%

Observable Mhþþh− Mh σh Mh Mh

Q2
min ðGeV=cÞ2 2=3=4=5 1 2 1 1
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min ðGeV=c2Þ2 - 10 4 25 25

y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
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P2
hT range ðGeV=cÞ2 [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]

M. AGHASYAN et al. PHYS. REV. D 97, 032006 (2018)

032006-14
[11]   J. Ashman et al. (EMC), Z. Phys.C 52, 361 (1991). 
[15]  A. Airapetian et al. (HERMES), Phys. Rev. D87, 074029 (2013). 
[16]  C. Adolph et al. (COMPASS), Eur. Phys. J. C73, 2531 (2013); 75, 94(E) (2015). 
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model of Ref. [29]. The theoretical uncertainty on the
predicted cross section in a kinematic region close to
COMPASS kinematics amounts to about 30%. This results
in an uncertainty on the diffractive vector-meson correction
factor, which amounts up to 5–6%mainly at small values of
x, Q2 and P2

hT, and large values of z.
Nuclear effects may be caused by the presence of

3He=4He and 6Li in the target. The EMC Collaboration
has studied in detail such nuclear effects in a similar
kinematic range using carbon, copper and tin targets
[11]. A z-dependent decrease of 5% was observed for
the multiplicities obtained using copper compared to the
ones obtained using deuterium. While the effect was larger
for tin, no such effect was found for carbon, so that possible
nuclear effects in the present experiment are expected to be
very small and are hence neglected. When comparing the
results obtained from the data taken in six different weeks,
no difference is observed.
All contributions to the systematic uncertainties

are added in quadrature and yield a total systematic
uncertainty of 5–7%, except at large z and at large
P2
hT ð>2.5 ðGeV=cÞ2Þ where it reaches about 10%. The

total systematic uncertainties are shown as bands in
Figs. 5–8. Systematic uncertainties in other figures are
not shown.

IV. MEASURED HADRON MULTIPLICITIES
AND COMPARISON WITH
OTHER EXPERIMENTS

A. Results

The measured multiplicities of charged hadrons are
presented in the four z bins ranging from z ¼ 0.2 to
z ¼ 0.8 in Figs. 5–8 as a function of the hadron transverse
momentum P2

hT in bins of x andQ
2. Error bars showing the

statistical uncertainties on the points are too small to be
visible. The systematic uncertainties are given as bands at
the bottom. All multiplicities presented in the following
figures are corrected for diffractive vector-meson produc-
tion. The results amount to a total of 4918 experimental
data points. Their numerical values are available on
HepData [30] with and without correction for diffractive
vector-meson production. It should be noted that a few
(x, Q2) kinematic bins are discarded in the lowest (Fig. 5)
and the highest (Fig. 8) bins of z because of low statistical
precision as well as large acceptance correction factors
(Sec. III C). The average values of x and Q2 in the various
kinematic bins are evaluated using the DIS sample and are
given in Table II. The results obtained by integrating the
multiplicities presented here over P2

hT are in very good
agreement with those of Ref. [26], where the multiplicities
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measurement considerably extends the kinematic range and
reduces the statistical and systematic uncertainties, in
particular the uncertainties on the normalization of the
P2
hT-integrated multiplicities.

B. Comparison with other measurements

The multiplicities presented above are compared in
Figs. 12–14 to results from previous semi-inclusive

measurements in similar kinematic regions. The experi-
ments are compared in Table III.
In order to compare the present COMPASS results on

TMD hadron multiplicities with the corresponding ones by
EMC [11], our data sample is reanalyzed in bins of z and
W2 according to the binning given in Ref. [11]. The EMC
measurements are performed in slightly different kinematic
ranges in Q2 and y, as shown in Table III. While for the
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measurement considerably extends the kinematic range and
reduces the statistical and systematic uncertainties, in
particular the uncertainties on the normalization of the
P2
hT-integrated multiplicities.

B. Comparison with other measurements

The multiplicities presented above are compared in
Figs. 12–14 to results from previous semi-inclusive

measurements in similar kinematic regions. The experi-
ments are compared in Table III.
In order to compare the present COMPASS results on

TMD hadron multiplicities with the corresponding ones by
EMC [11], our data sample is reanalyzed in bins of z and
W2 according to the binning given in Ref. [11]. The EMC
measurements are performed in slightly different kinematic
ranges in Q2 and y, as shown in Table III. While for the
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measurement described in this paper a deuteron target was
used, EMC used proton and deuteron targets and also four
different beam energies, which led to four different kin-
ematic ranges. The comparison shown in Fig. 12, where the
sum of hþ and h− multiplicities is presented as a function of
P2
hT in four W2 bins in the range 0.2 < z < 0.4, demon-

strates good agreement between COMPASS and EMC
results. According to the study in Ref. [10], the P2

hT

dependence of the EMC data could be explained in the
simple collinear parton model up to 8 ðGeV=cÞ2 in P2

hT.
In Figure 13, the multiplicities of positively charged

hadrons are compared in the four bins of z to the
multiplicities of positively charged pions measured by
the HERMES Collaboration [15], where both were cor-
rected for diffractive vector-meson contribution. The
measurements by HERMES cover the kinematic range
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FIG. 12. Charged hadron multiplicities from COMPASS (beam energy 160 GeV) compared to EMC results (beam energies 100 GeV
to 280 GeV) [11], shown in four bins of W2, which have the following mean values in ðGeV=c2Þ2∶ 59.4, 113.8, 174.3 and 236. Only
statistical uncertainties are shown.
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Q2 > 1 ðGeV=cÞ2 and 0.023 < x < 0.6. For this compari-
son, the COMPASS hþ multiplicities are integrated over x
in the closest possible range 0.02 < x < 0.4 and also over
Q2. It should be noted that the two experiments cover
different ranges in Q2. While the highest Q2 value reached
by HERMES is 15 ðGeV=cÞ2, COMPASS reaches
81 ðGeV=cÞ2. Despite this difference, a reasonable agree-
ment in the magnitude of the measured multiplicities is
found for z < 0.6 and small P2

hT. Most likely due to the
differences in kinematic coverage, the agreement between
the two sets is rather modest, and the data sets exhibit
different dependences upon P2

hT. In addition, a dip is
observed in the HERMES data at very small transverse
momenta, i.e. P2

hT ∼ 0.05 ðGeV=cÞ2. This dip, which is not

observed in the shown Q2-integrated distribution, appears
to be very similar to the trend shown in Fig. 11 by the
COMPASS data at low Q2.
In Figure 14, the hþ multiplicities are compared to the

πþ semi-inclusive cross section measured by the E00-18
experiment [31] at Jefferson Lab. The measurement by the
E00-18 was performed at hzi ¼ 0.55 and hxi ¼ 0.32 in the
range 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2. The COMPASS
results are given at similar (x, z) values, i.e. hzi ¼ 0.5,
hxi ¼ 0.3, and span the range 7 ðGeV=cÞ2 < Q2 <
16 ðGeV=cÞ2. Similar to the case of the comparison of
COMPASS and HERMES data shown in Fig. 13, here the
observed different PhT dependence could be due to the
different Q2 values of the two measurements.

V. FITS OF THE MEASURED
HADRON MULTIPLICITIES

A. The range of small PhT

The PhT dependence of the cross section for semi-
inclusive measurements of hadron leptoproduction was
empirically reasonably well described by a Gaussian para-
metrization for the kT and ph⊥ dependence of TMD-PDFs
and TMD-FFs in the range of small PhT, i.e. PhT <
1 ðGeV=cÞ. This Gaussian parametrization leads to a
P2
hT dependence of the multiplicities of the form:

d2Mhðx;Q2; zÞ
dzdP2

hT
¼ N

hP2
hTi

exp
!
−

P2
hT

hP2
hTi

"
; ð8Þ

where the normalization coefficient N and the average
transverse momentum hP2

hTi, i.e. the absolute value of the
inverse slope of the exponent in Eq. (8), are functions of x,
Q2 and z.
A fairly good description of SIDIS [1] data was reached

with the Gaussian parametrization without considering
either the z or the quark flavor dependence of TMD-
FFs. Recent semi-inclusive measurements of transverse-
momentum-dependent hadron multiplicities [15] and
distributions [16] aimed at an extraction of both hk2⊥i
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FIG. 14. Multiplicities Mh of positively charged hadrons from
COMPASS (beam energy 160 GeV), compared to the cross
section σh for positively charged pions as measured by experi-
ment E00-18 (beam energy 5.479 GeV) at Jefferson Lab [31].
Both results are not corrected for diffractive vector-meson
production. The Q2 range is 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2
for E00-18 and 7 ðGeV=cÞ2 < Q2 < 16 ðGeV=cÞ2 for COM-
PASS. Only statistical uncertainties are shown.

TABLE III. Comparison of the main features of experiments that performed semi-inclusive measurements in deep inelastic scattering.
The subscript (min) in Q2 and W2 refers to the lower limit.

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)

Target p=d p=d d d d
Beam energy (GeV) 100–280 27.6 5.479 160 160
Hadron type h% π%, K% π% h% h%

Observable Mhþþh− Mh σh Mh Mh

Q2
min ðGeV=cÞ2 2=3=4=5 1 2 1 1

W2
min ðGeV=c2Þ2 - 10 4 25 25

y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
x range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P2
hT range ðGeV=cÞ2 [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]
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parametrization for the kT and ph⊥ dependence of
TMD-PDFs and TMD-FFs in the range PhT < 1 GeV=c,
and calculating pQCD higher order collinear contributions
in the range PhT > 1 GeV=c. A reasonable description
of semi-inclusive hadron multiplicities and cross sections
measured by the EMC [11] and ZEUS [12] Collaborations,
respectively, was achieved. As mentioned in Sec. IVA the
observed flattening of the PhT dependence of the multi-
plicities, which is observed at large values of PhT, is usually
interpreted as due to the onset of gluon radiation processes
like QCD Compton and PGF. An attempt to describe the
observed PhT dependence of the multiplicities in terms of
QCD is clearly beyond this paper, while we think it useful
for future studies to provide parametrizations of the
observed behavior. Below, we attempt to describe the
P2
hT dependence of the above presented charged-hadron

multiplicities over the full PhT range explored by

COMPASS, i.e. 0.02 ðGeV=cÞ2 < P2
hT < 3 ðGeV=cÞ2,

using the following two parametrizations:

F1 ¼
N1

α1
exp

!
−
P2
hT

α1

"
þ N0

1

α01
exp

!
−
P2
hT

α01

"
; ð9Þ

F2 ¼ N2

!
1 − ð1 − qÞP

2
hT

T

" 1
1−q
: ð10Þ

The first function (F1) is defined as the sum of two
single-exponential functions [Eq. (9)]. While N1 and N0

1

denote the normalization coefficients, α1 and α01 denote the
inverse slope coefficients of the first and the second
exponential function, respectively. All coefficients depend
on x, Q2 and z. Figure 17 shows in a typical (x, Q2, z) bin

TABLE IV. (Continued)

0.21 < x < 0.4

z2 7 < Q2=ðGeV=cÞ2 < 16 16 < Q2=ðGeV=cÞ2 < 81

0.062 0.2186% 0.0039
0.122 0.2367% 0.0032 0.2766% 0.0065
0.250 0.3048% 0.0048 0.348% 0.010
0.490 0.410% 0.014
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FIG. 16. (a) hþ multiplicities as a function of P2
hT up to 1 ðGeV=cÞ2 for three z bins at hQ2i ¼ 1.25 ðGeV=cÞ2 and hxi ¼ 0.006. The

curves correspond to the fits using Eq. (8). (b) Same as (a) for hQ2i ¼ 4.65 ðGeV=cÞ2 and hxi ¼ 0.075.
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and hp2⊥i. These two observables, however, were found to
be too strongly anticorrelated to be disentangled [8,32,33].
In order to extract them, a combined analysis of both the
differential transverse-momentum-dependent hadron
multiplicities and the spin-independent azimuthal asym-
metries in SIDIS may be required. In the following we
will discuss separately fits in the region of small PhT and in
the full range of P2

hT accessible by COMPASS, i.e.
0.02 ðGeV=cÞ2 < P2

hT < 3 ðGeV=cÞ2.
The hadron multiplicities presented in Figs. 5–8 are

fitted in each (x, Q2, z) kinematic bin in the range
0.02 ðGeV=cÞ2 < P2

hT < 0.72 ðGeV=cÞ2 using the sin-
gle-exponential function given in Eq. (8). Using only
statistical uncertainties in the fit, reasonable values of χ2

per degree of freedom (χ2dof) are obtained in all (x,Q
2) bins,

except for low values of Q2 and small values of z, i.e.
z < 0.3, where the χ2dof values are significantly larger than 3
in most of the x bins. Including the systematic uncertainties
in the fit by adding them in quadrature to the statistical ones
significantly improves the values of χ2dof , whereas the fitted
parameters remain unchanged. The z2 dependence of hP2

hTi
obtained from the fits is shown in Fig. 15 for hþ in the five
Q2 bins available in a given x bin. Numerical values are
given in Table IV. A nonlinear dependence of hP2

hTi on z2 is
observed in the range of small x and Q2, in contrast to the
range of large x and Q2 where it becomes linear. In
addition, hP2

hTi significantly increases with Q2 at fixed x
and z, especially at high z. The hþ multiplicities have larger
values of hP2

hTi than the h− ones at large z, while no
significant difference is observed at small z. This con-
clusion confirms the one made in our previous publication

[16], where a detailed study of the kinematic dependence of
hP2

hTi was presented and discussed.
As mentioned earlier in Sec. IV B, the kinematic region

of small Q2 and large z, i.e. Q2 < 1.7 ðGeV=cÞ2 and
0.6 < z < 0.8, shows an intriguing effect in the range of
small P2

hT. As can be seen from Fig. 11, in this range hþ and
h− multiplicities do not exhibit an exponential form in P2

hT
and show an unexpected flat dependence at very small
values of P2

hT. Figure 16(a) shows the multiplicity of
positively charged hadrons as a function of P2

hT up to
0.8 ðGeV=cÞ2 at hQ2i ¼ 1.25 ðGeV=cÞ2 and hxi ¼ 0.006.
While a single-exponential function reasonably describes
the P2

hT dependence for 0.3 < z < 0.4, the experimental
data clearly deviate from this functional form as z increases,
with χ2dof values increasing from 1.8 in the smallest z bin to
4.6 in the largest one. As an example, Fig. 16(b) shows hþ

multiplicities at larger Q2, i.e. hQ2i ¼ 4.65 ðGeV=cÞ2 and
hxi ¼ 0.075, where the single-exponential function fits the
data well in all z bins.
The measured charged-hadron multiplicities show that in

the range of small PhT, i.e. for PhT < 1 ðGeV=cÞ2, the
simple parametrization using a single-exponential function
describes the P2

hT dependence of the results quite well for
not too large values of Q2. For increasing Q2, the P2

hT
dependence of the multiplicities changes as can be seen in
Fig. 9. A more complex parametrization appears to be
necessary to fit the data, as shown in Ref. [34].

B. The full measured PhT range

Up to now, only one study [10] has been performed
to describe the full range in PhT using a Gaussian
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FIG. 15. Average transverse momentum hP2
hTi, as obtained from the fit of hþ multiplicities using the single Gaussian parametrization,

shown as a function of z2. The eight panels correspond to the eight x-bins as indicated, where in each panel data points from all five Q2

bins are shown. Error bars denote statistical uncertainties.
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Q2 > 1 ðGeV=cÞ2 and 0.023 < x < 0.6. For this compari-
son, the COMPASS hþ multiplicities are integrated over x
in the closest possible range 0.02 < x < 0.4 and also over
Q2. It should be noted that the two experiments cover
different ranges in Q2. While the highest Q2 value reached
by HERMES is 15 ðGeV=cÞ2, COMPASS reaches
81 ðGeV=cÞ2. Despite this difference, a reasonable agree-
ment in the magnitude of the measured multiplicities is
found for z < 0.6 and small P2

hT. Most likely due to the
differences in kinematic coverage, the agreement between
the two sets is rather modest, and the data sets exhibit
different dependences upon P2

hT. In addition, a dip is
observed in the HERMES data at very small transverse
momenta, i.e. P2

hT ∼ 0.05 ðGeV=cÞ2. This dip, which is not

observed in the shown Q2-integrated distribution, appears
to be very similar to the trend shown in Fig. 11 by the
COMPASS data at low Q2.
In Figure 14, the hþ multiplicities are compared to the

πþ semi-inclusive cross section measured by the E00-18
experiment [31] at Jefferson Lab. The measurement by the
E00-18 was performed at hzi ¼ 0.55 and hxi ¼ 0.32 in the
range 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2. The COMPASS
results are given at similar (x, z) values, i.e. hzi ¼ 0.5,
hxi ¼ 0.3, and span the range 7 ðGeV=cÞ2 < Q2 <
16 ðGeV=cÞ2. Similar to the case of the comparison of
COMPASS and HERMES data shown in Fig. 13, here the
observed different PhT dependence could be due to the
different Q2 values of the two measurements.

V. FITS OF THE MEASURED
HADRON MULTIPLICITIES

A. The range of small PhT

The PhT dependence of the cross section for semi-
inclusive measurements of hadron leptoproduction was
empirically reasonably well described by a Gaussian para-
metrization for the kT and ph⊥ dependence of TMD-PDFs
and TMD-FFs in the range of small PhT, i.e. PhT <
1 ðGeV=cÞ. This Gaussian parametrization leads to a
P2
hT dependence of the multiplicities of the form:

d2Mhðx;Q2; zÞ
dzdP2

hT
¼ N

hP2
hTi

exp
!
−

P2
hT

hP2
hTi

"
; ð8Þ

where the normalization coefficient N and the average
transverse momentum hP2

hTi, i.e. the absolute value of the
inverse slope of the exponent in Eq. (8), are functions of x,
Q2 and z.
A fairly good description of SIDIS [1] data was reached

with the Gaussian parametrization without considering
either the z or the quark flavor dependence of TMD-
FFs. Recent semi-inclusive measurements of transverse-
momentum-dependent hadron multiplicities [15] and
distributions [16] aimed at an extraction of both hk2⊥i

2)c (GeV/2
hTP
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h σ,h
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1−10
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JLab, E00-18

FIG. 14. Multiplicities Mh of positively charged hadrons from
COMPASS (beam energy 160 GeV), compared to the cross
section σh for positively charged pions as measured by experi-
ment E00-18 (beam energy 5.479 GeV) at Jefferson Lab [31].
Both results are not corrected for diffractive vector-meson
production. The Q2 range is 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2
for E00-18 and 7 ðGeV=cÞ2 < Q2 < 16 ðGeV=cÞ2 for COM-
PASS. Only statistical uncertainties are shown.

TABLE III. Comparison of the main features of experiments that performed semi-inclusive measurements in deep inelastic scattering.
The subscript (min) in Q2 and W2 refers to the lower limit.

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)

Target p=d p=d d d d
Beam energy (GeV) 100–280 27.6 5.479 160 160
Hadron type h% π%, K% π% h% h%

Observable Mhþþh− Mh σh Mh Mh

Q2
min ðGeV=cÞ2 2=3=4=5 1 2 1 1

W2
min ðGeV=c2Þ2 - 10 4 25 25

y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
x range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P2
hT range ðGeV=cÞ2 [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

[Avakian et al. [CLAS], PRL 105, 262002 (2010)]
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double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].
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distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1
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N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
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functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
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Fig. 4: The modulation amplitudes of the h+ and h� azimuthal asymmetries as a function of x ,z and ph
T obtained

from the combined 2002–2006 data on the muon SIDIS off longitudinally polarised deuterons. Only statistical
uncertainties are shown.

in Fig. 5, where D0(x,y) is the virtual-photon depolarisation factor multiplied by the average beam po-
larisation |Pµ | as defined in Ref. [5] for each x-bin. If the amplitudes a0

h±(x) represent main contributions
to the asymmetries of Eq. (3), the values of a0

h±(x)/D0(x,y) by definition (see e.g. Ref. [12]) are equal
to the asymmetries Ah±

1d (x). Within experimental uncertainties, there is good agreement between our data
on a0

h±(x)/D0(x,y) and the data of Ref. [13] on Ah±
1d (x), which confirms the correctness of the results on

the asymmetries calculated by the modified acceptance-cancelling method. The values of Ah±
1d (x) were

obtained with the 2002–2004 data. A similar x-dependence was also observed with 2002–2006 data
for the asymmetries Ap±

1d (x) and AK+

1d (x) obtained with identified pions and positive kaons, respectively
Ref. [6].

5 Systematic uncertainties

The compatibility of the results on the asymmetries ah±(f) that were obtained separately for 2002, 2003,
2004 and 2006 years was checked by building the pull distributions: pullsi = (ai�hai) · |s2

ai
�s2

hai|
�1/2,

where ai is the asymmetry for a given year, hadron charge and kinematic bin, hai is the corresponding
weighted mean value over four years and s denotes the corresponding standard deviation. The distri-
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in Fig. 5, where D0(x,y) is the virtual-photon depolarisation factor multiplied by the average beam po-
larisation |Pµ | as defined in Ref. [5] for each x-bin. If the amplitudes a0

h±(x) represent main contributions
to the asymmetries of Eq. (3), the values of a0

h±(x)/D0(x,y) by definition (see e.g. Ref. [12]) are equal
to the asymmetries Ah±

1d (x). Within experimental uncertainties, there is good agreement between our data
on a0

h±(x)/D0(x,y) and the data of Ref. [13] on Ah±
1d (x), which confirms the correctness of the results on

the asymmetries calculated by the modified acceptance-cancelling method. The values of Ah±
1d (x) were

obtained with the 2002–2004 data. A similar x-dependence was also observed with 2002–2006 data
for the asymmetries Ap±

1d (x) and AK+

1d (x) obtained with identified pions and positive kaons, respectively
Ref. [6].

5 Systematic uncertainties

The compatibility of the results on the asymmetries ah±(f) that were obtained separately for 2002, 2003,
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where ai is the asymmetry for a given year, hadron charge and kinematic bin, hai is the corresponding
weighted mean value over four years and s denotes the corresponding standard deviation. The distri-
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the transverse momentum distributions of quarks with
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ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
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of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 200

π
+

A
U

L

p1sinφ+p2sin2φ

0 200

π
-

φ (deg)

0 200

π
0

FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
We acknowledge the outstanding support of the JLab

Hall A technical staff and the Accelerator Division in
accomplishing this experiment. This work was supported
in part by the U. S. National Science Foundation, and by
DOE contract number DE-AC05-06OR23177, under
which the Jefferson Science Associates (JSA) operates
the Thomas Jefferson National Accelerator Facility.
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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- excellent agreement of various proton data, 
  also with neutron results
- no indication of strong evolution effects
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cancelation of (unfavored) u and d 
fragmentation (opposite signs of up and 
down transversity)?
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Collins amplitudes

since those early days, a wealth 
of new results:

COMPASS
[PLB 692 (2010) 240, 
 PLB 717 (2012) 376, PLB 744 (2015) 250]

HERMES
[PLB 693 (2010) 11]

Jefferson Lab
[PRL 107 (2011) 072003, PRC90 (2014).055201]

hermes

[A. Airapetian et al, PLB 693 (2010) 11]
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xbj y z Q2 Pt W W ′

GeV2 GeV GeV GeV
K+ 0.137 0.85 0.48 1.29 0.46 3.0 2.08
K+ 0.190 0.81 0.51 1.69 0.40 2.85 1.96
K+ 0.250 0.77 0.53 2.11 0.33 2.69 1.83
K+ 0.324 0.73 0.56 2.60 0.26 2.51 1.69
K− 0.210 0.80 0.51 1.83 0.38 2.80 1.93

TABLE I. Tabulated central values for kinematical variables
xbj , y, Q

2, z, Pt, W , W ′, where y = q·P
l·P , W =

√

(P + q)2,

W ′ =
√

(q + P − Ph)2, and l is the four-momentum of the
incoming lepton.

The likelihood was formed by the φh and φS dependent
yield as shown in Eq. (1),

yield(φh,φS) = ρ ·σ ·a±(φh,φS)(1+P
2∑

j=1

ϵjAj(φh,φS)),

(1)
where ρ is the target density, σ is the unpolarized cross
section, a±(φh, φS) is the acceptance for target spin state
±, Aj(φh, φS) is the jth azimuthal angular modulation,
sin(φh + φS) or sin(φh - φS), P is the target polarization,
and ϵj is the amplitude of each modulation. The φh and
φS definition follows the Trento Conventions [31]. The
MLE method has been used for charged pion analysis
[23] and has been checked through Monte Carlo simula-
tions. The results extracted from MLE take into account
the unbalanced beam charge associated with two target
spin directions and the data acquisition livetime. The
3He Collins and Sivers moments were then obtained by
correcting the dilution from unpolarized N2 gas in the
target cell. The nitrogen dilution factor is defined as

fN2
≡

ρN2
σN2

ρ3Heσ3He + ρN2
σN2

, (2)

where ρ is the density of the gas in the production target
cell and σ is the unpolarized SIDIS cross section. The ra-
tio of unpolarized cross sections σN2

/σ3He was measured
in dedicated runs on targets filled with known amounts
of unpolarized N2 or 3He gas. The fN2

in this experiment
was determined to be about 10%.
The dominant systematic uncertainty in our mea-

surement was the contamination from photon-induced
charge-symmetric e± pairs, of which the e− was detected
in BigBite. The yield of (e+, K±) coincidences was mea-
sured directly by reversing the magnetic field of BigBite,
and hence the contamination of photon-induced electrons
in the electron sample was determined. The contamina-
tion for K− detection was 14±7%. Hardly any events
were observed in the latter 3 bins for K+ detection from
calibration runs which indicated that the contamination
in these bins was small. To be conservative, the con-
taminations were given by a limit in these bins with
the assumption that the contamination decreases linearly
through 4 bins. The photon-induced electron contamina-
tion for K+ was determined to be 18.6±8.3%, <10%,
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FIG. 3. (Color online) The extracted Collins and Sivers mo-
ments on 3He are shown together with their statistical errors
and systematic error bands for both K+ and K− electro-
production. The Sivers moments are compared to theoretical
predictions from a phenomenological fit to the world data.

<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-
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in dedicated runs on targets filled with known amounts
of unpolarized N2 or 3He gas. The fN2
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was determined to be about 10%.
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charge-symmetric e± pairs, of which the e− was detected
in BigBite. The yield of (e+, K±) coincidences was mea-
sured directly by reversing the magnetic field of BigBite,
and hence the contamination of photon-induced electrons
in the electron sample was determined. The contamina-
tion for K− detection was 14±7%. Hardly any events
were observed in the latter 3 bins for K+ detection from
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<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-

but relatively large K- asymmetry on 3He?

[PRC90 (2014).055201]
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[M. Anselmino et al., PRD 87 (2013) 094019]

thus

its correlations with errors of the Collins FF turn out to be
numerically negligible. We thus vary only χ2SIDIS and use
Δχ2SIDIS ¼ 22.2 for 90% C.L. and Δχ2SIDIS ¼ 6.4 for
68% C.L. calculated using Eq. (123). Since the experi-
mental data have only probed the limited region
0.0065 < xB < 0.35, we define the following partial con-
tribution to the tensor charge:

δq½xmin;xmax#ðQ2Þ≡
Z

xmax

xmin

dxhq1ðx;Q2Þ: ð127Þ

In Fig. 4, we plot the χ2 Monte Carlo scanning of SIDIS
data for the contribution to the tensor charge from such a
region and find [19]

δu½0.0065;0.35# ¼ þ0.30þ0.08
−0.12 ; ð128Þ

δd½0.0065;0.35# ¼ −0.20þ0.28
−0.11 ; ð129Þ

at 90% C.L. at Q2 ¼ 10 GeV2. Analogously in Fig. 5, we
plot the χ2 Monte Carlo scanning of SIDIS data at
68% C.L. at Q2 ¼ 10 GeV2 and find

δu½0.0065;0.35# ¼ þ0.30þ0.04
−0.07 ; ð130Þ

δd½0.0065;0.35# ¼ −0.20þ0.12
−0.07 : ð131Þ

We notice that this result is comparable with previous TMD
extractions without evolution [15–17] and the dihadron
method [65,106].

)2
(x

,Q
1

x 
h

u
d

x

0

0.1

0.2

0.3

0 0.2 0.4 0.6 0.8 1
-0.15

-0.1

-0.05

0

0.05

2 = 2.4 GeV2Q
2 = 10 GeV2Q

2 = 1000 GeV2Q

(a)

)2
(z

,Q
(3

)
H

-z
fa

v
un

fa
v

s
un

fa
v

z

0

0.02

0.04
2 = 2.4 GeV2Q

2 = 10 GeV2Q
2 = 1000 GeV2Q

-0.04

-0.02

0

0 0.2 0.4 0.6 0.8 1

-0.05

0

(b)

FIG. 3. Extracted transversity distribution (a) and Collins regimentation function (b) at three different scales, Q2 ¼ 2.4 (dotted lines),
Q2 ¼ 10 (solid lines), and Q2 ¼ 1000 (dashed lines) GeV2. The shaded region corresponds to our estimate of the 90% C.L. error band
at Q2 ¼ 10 GeV2.
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at Q2 ¼ 10 GeV2.
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[Z.B. Kang et al. PRD93 (2016) 014009]
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“impossible” to disentangle u/d 
transversity -> current limits driven 
mainly by Soffer bound?
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clearly need precise data from 
“neutron” target(s), e.g., COMPASS d, 
and later JLab12 & EIC

(valid for all chiral-odd TMDs)
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its correlations with errors of the Collins FF turn out to be
numerically negligible. We thus vary only χ2SIDIS and use
Δχ2SIDIS ¼ 22.2 for 90% C.L. and Δχ2SIDIS ¼ 6.4 for
68% C.L. calculated using Eq. (123). Since the experi-
mental data have only probed the limited region
0.0065 < xB < 0.35, we define the following partial con-
tribution to the tensor charge:
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data for the contribution to the tensor charge from such a
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d-transversity running at COMPASS
currently much more p than d data available

add another year of d running after CERN LS2  (2021)

large impact on d-transversity 

reduced correlations between u and d transversity
(note, correlations important in tensor-charge calculation)
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Figure 3: The Collins asymmetry AC obtained from the 2010 data with the polarised
proton NH

3

target as a function of x (left plot) compared to the results we obtained from
the runs of 2002, 2003 and 2004 with polarised deuteron 6LiD target (right plot). The red
(black) points refer to positive (negative) hadrons. The full points at �0.06 in the right
plot show the extrapolated statistical error from the proposed deuteron run.

where N is the total number of hadrons in the sample, f the dilution factor of the target
material, P is the proton or deuteron polarisation and FOM(= fP ) is the figure of merit
of the polarised target. Using Nd,h = 15.5 · 106 and Np,h = 80 · 106 for the number of
hadrons collected on p and d, and the known FOM values for the two targets, one gets

r =
�A

d

�A
p

=
0.155 · 0.80
0.40 · 0.50

p
80p
15.5

= 0.62 · 2.3 = 1.4, (2)

under the assumption that the spectrometer acceptance was the same for the proton and
the deuteron runs. As a remark, it is interesting to note that in the ratio r the better
FOM of the deuteron target partly compensates the factor of 5 in statistics in favor of the
proton target run. In Fig. 4, at small x, where statistics is largest, the ratio r is constant,
an indication of the fact that the spectrometer acceptance was essentially the same in
the two data taking. The measured value of the ratio is 1.25, which indeed is close to the
expected value of 1.4. The 10% di↵erence is due to the fact that the polarised target cells
diameter in the deuteron runs was 3 cm while for the proton runs it was 4 cm, which
resulted in a 20% larger muon beam acceptance in the proton runs. Our plan is to run
in 2021 with 4 cm target cells diameter as long as enough of the 6LiD material will be
available. The most important information provided by Fig. 4 is however the dramatic
increase of the ratio with x. This increase is due to the fact that there is a huge di↵erence
between the acceptance of the COMPASS PT magnet utilized for the proton run and the
SMC PT magnet in operation in 2002, 2003 and 2004 for the measurements with the 6LiD
target. The COMPASS magnet has a polar angle acceptance of 180 mrad (as seen from
the upstream end of the target) while the SMC magnet has a corresponding acceptance
of 70 mrad. A reduced acceptance in scattering angle mainly translates into a reduced
acceptance at large x-Bjorken, thus Fig. 4 essentially gives the square root of the ratio of
the two acceptances as a function of x.

Since target material densities and packing factors are essentially identical for 6LiD
and NH

3

, we safely assume that in one year of deuteron run in the conditions of the
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Figure 9: Ratio of the existing uncertainties on the extracted transversity and the pro-
jected uncertainties for uv-quark (left) and dv-quark (right).

to be pions, while identified pions are about 70% of the “all hadron” sample. Using the
identified pion asymmetries, the statistical uncertainty would increase by about 20%.

In Fig. 8 we give the results of this first analysis. The figure shows both the values
of transversity (open points) extracted using the existing d data, and the correspond-
ing error bars (closed points) estimated using the projected errors of the new deuteron
measurement.

The impact of the proposed measurement is quantified in Fig. 9, which gives the ratio,
at each x value, of the present and projected errors on the extracted transversity PDFs.
The gain in precision for the d-quark ranges from a factor of 2 at small x to more than a
factor of 4 at large x, and is also important for the u-quark. Since in all our measurements
the systematic uncertainties are a small fraction of the statistical ones, here they are
neglected.

Since xhu
v

1

and xhd
v

1

are obtained as linear functions of the four measured asymmetries
(see Ref. [19]) their estimated values are correlated. Table 1 gives the correlation coe�-
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FIG. 3. The extracted pretzelosity asymmetries on 3He nuclei
(top panels) and on the neutron (bottom panels) are shown
together with uncertainty bands for both π+ and π− electron
production.

tron, the effective polarization method was used:

AP
n =

1

(1− fp)Pn

(

AP
he − fpA

P
p Pp

)

, (3)

where the proton dilution factor fp ≡ 2σp/σ3He was ob-
tained by measuring the yields of unpolarized proton and
unpolarized 3He targets at the same kinematics. The
same model uncertainty due to final-state interactions as
in [24] was taken into account for fp. Pn = 0.86+0.036

−0.02

and P p = −0.028+0.009
−0.004 are the effective polarizations of

the neutron and proton in a 3He nucleus [30, 31]. Due
to the scarcity of available data and the small effective
polarization of the proton, in this analysis no correction
was applied to account for the effect due to the proton
asymmetry. The uncertainty due to this omission was es-
timated and included in the systematic uncertainty. For
positive pions at the highest x bin, the asymmetry is
magnified by nearly one order of magnitude from 3He to
the neutron, due to the large proton dilution.
The extracted pretzelosity moment on the neutron is

shown in the bottom two panels of Fig. 3 and is com-
pared with the quark-diquark model [16] and light-cone
constitute-quark model [32, 33] calculations. Like in
the two upper panels, the error bars shown only repre-
sent the statistical uncertainties, while the bands labeled
“Sys.” represent the systematic uncertainties. Since
the differences between the two model predictions are
hardly visible compared to the statistical uncertainties,
the curves in the two panels are multiplied by a factor of
10. The extracted neutron asymmetries of both (e, e′π+)
and (e, e′π−) are consistent with zero. Compared to the
sin(φh + φs) terms, the sin(3φh − φs) terms are sup-
pressed by a factor of order k2⊥/M

2 [20], in which k⊥
is the parton transverse momentum and M is the mass

of the nucleon. As suggested in [16], a large Ph⊥ cover-
age such as that planned for future experiments [34] with
a higher statistical precision, is required to observe any
non-zero pretzelosity asymmetry. It is worth mentioning
that the small value for the asymmetry predicted by the
quark-diquark model (of the order of 10−3) is mainly due
to kinematic suppression and hence does not necessarily
predict that h⊥

1T is small. In that calculation h⊥
1T is pro-

portional to the OAM of the quarks, originating from a
Melosh rotation of the quark spin distribution between
the instant and the light-cone frame, and thus can be a
significant contribution to the spin of the nucleon.

In summary, we present the first measurement of pret-
zelosity asymmetries on a transversely polarized 3He tar-
get, utilizing charged pion production in SIDIS process.
The asymmetries are consistent with zero within ex-
perimental uncertainties in this kinematic region, and
are also consistent with model expectations. This work
demonstrates an experimental approach for studying the
h⊥
1T TMD and lays a foundation for future high-precision

measurements [34].
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5

tracted from HERMES [13] and Belle [37] data, are plot-
ted as filled bands in Fig. 4. The kinematic dependence
of the SSA for π+ from the CLAS data is roughly consis-
tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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FIG. 4: The measured x-dependence of the longitudinal tar-
get SSA Asin 2φ

UL (triangles). The squares show the existing
measurement of Asin 2φ

UL from HERMES. The lower band shows
the systematic uncertainty. The upper band shows the exist-
ing theory predictions with uncertainties due to the Collins
function [28, 50].

The sin 2φ moment of the π+ SSA at large x is domi-
nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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3

polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central l⃗-⃗l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-

0.2 0.3

)
S
φ-

h
φ

c
o

s
(

L
T

A

-0.05

0

0.05 He
3

+π

x
0.2 0.3

-0.02

0

0.02
 CorrectionLLA

0.2 0.3

-0.05

0

0.05

-π

x
0.2 0.3

-0.02

0

0.02

Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3H⃗e(e⃗, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)

[PRL 108 (2012) 052001]
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Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still affecting these pictures.
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up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still affecting these pictures.
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
We acknowledge the outstanding support of the JLab

Hall A technical staff and the Accelerator Division in
accomplishing this experiment. This work was supported
in part by the U. S. National Science Foundation, and by
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still affecting these pictures.
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T , requiring x > 0.032. The asymmetries are compared to HERMES results.
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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accomplishing this experiment. This work was supported
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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estimated using pion multiplicity data [39] and a Lund string
model-based calculation of the pion absorption probability
[40]. An upper limit of 3.5% on the size of the FSI effect
was used to estimate the uncertainty in fp, shown in Table I,
and included in the Fit systematic uncertainty. The neutron
SSAs due to spin-dependent FSI were estimated to be well
below 1% across the entire x range with a simple Glauber
rescattering model.

The resulting neutron Collinsor Sivers moments calcu-
lated using Eq. (2), with fp from our data and proton
Collins or Sivers moments from Refs. [41–43], are shown
in Fig. 2. Corrections from the proton Collins or Sivers
moments are less than 0.012. Our Collins moments are
compared with the phenomenological fit [42], a light-
cone quark model calculation [44,45] and quark-diquark
model [46,47] calculations. The phenomenological fit and
the model calculations, which assume Soffer’s bound [20],
predict rather small Collins asymmetries which are mostly
consistent with our data. However, the !þ Collins moment
at x ¼ 0:34 is suggestive of a noticeably more negative
value at the 2" level. Our data favor negative !þ Sivers
moments, while the !# moments are close to zero. Such
behavior independently supports a negative d quark Sivers
function within the parton model picture, which has been
suggested by predictions of the phenomenological fit
[41,43] to HERMES and COMPASS data, a light-cone
quark model calculation [48,49], and an axial diquark
model calculation [50].

In summary, we have reported the first measurement of
the SSA in charged pion electroproduction on a trans-
versely polarized 3He target in the DIS region. Our data
provide the best current measurement of the neutron Sivers
moments in the valence region (x > 0:1), and the best
neutron Collins moments for x > 0:2, which will further
improve the extraction of d quark distributions in these

regions. This experiment has demonstrated the power of
polarized 3He as an effective polarized neutron target, and
has laid the foundation for future high-precision measure-
ments of TMDs with a large acceptance detector SoLID
following the JLab 12 GeVupgrade [51] and at an electron-
ion collider [52]. These future SIDIS data taken over a
broad range of Q2 will also allow an accurate determina-
tion of higher-twist contribution [53,54].
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A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still affecting these pictures.
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T , requiring x > 0.032. The asymmetries are compared to HERMES results.
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cancelation for D target 
supports opposite signs of 
up and down Sivers

newer results from JLab 
using 3He target and from 
COMPASS for proton 
target (also multi-d)

hint of Q2 dependence 
from COMPASS vs. 
HERMES
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4

xbj y z Q2 Pt W W ′

GeV2 GeV GeV GeV
K+ 0.137 0.85 0.48 1.29 0.46 3.0 2.08
K+ 0.190 0.81 0.51 1.69 0.40 2.85 1.96
K+ 0.250 0.77 0.53 2.11 0.33 2.69 1.83
K+ 0.324 0.73 0.56 2.60 0.26 2.51 1.69
K− 0.210 0.80 0.51 1.83 0.38 2.80 1.93

TABLE I. Tabulated central values for kinematical variables
xbj , y, Q

2, z, Pt, W , W ′, where y = q·P
l·P , W =

√

(P + q)2,

W ′ =
√

(q + P − Ph)2, and l is the four-momentum of the
incoming lepton.

The likelihood was formed by the φh and φS dependent
yield as shown in Eq. (1),

yield(φh,φS) = ρ ·σ ·a±(φh,φS)(1+P
2∑

j=1

ϵjAj(φh,φS)),

(1)
where ρ is the target density, σ is the unpolarized cross
section, a±(φh, φS) is the acceptance for target spin state
±, Aj(φh, φS) is the jth azimuthal angular modulation,
sin(φh + φS) or sin(φh - φS), P is the target polarization,
and ϵj is the amplitude of each modulation. The φh and
φS definition follows the Trento Conventions [31]. The
MLE method has been used for charged pion analysis
[23] and has been checked through Monte Carlo simula-
tions. The results extracted from MLE take into account
the unbalanced beam charge associated with two target
spin directions and the data acquisition livetime. The
3He Collins and Sivers moments were then obtained by
correcting the dilution from unpolarized N2 gas in the
target cell. The nitrogen dilution factor is defined as

fN2
≡

ρN2
σN2

ρ3Heσ3He + ρN2
σN2

, (2)

where ρ is the density of the gas in the production target
cell and σ is the unpolarized SIDIS cross section. The ra-
tio of unpolarized cross sections σN2

/σ3He was measured
in dedicated runs on targets filled with known amounts
of unpolarized N2 or 3He gas. The fN2

in this experiment
was determined to be about 10%.
The dominant systematic uncertainty in our mea-

surement was the contamination from photon-induced
charge-symmetric e± pairs, of which the e− was detected
in BigBite. The yield of (e+, K±) coincidences was mea-
sured directly by reversing the magnetic field of BigBite,
and hence the contamination of photon-induced electrons
in the electron sample was determined. The contamina-
tion for K− detection was 14±7%. Hardly any events
were observed in the latter 3 bins for K+ detection from
calibration runs which indicated that the contamination
in these bins was small. To be conservative, the con-
taminations were given by a limit in these bins with
the assumption that the contamination decreases linearly
through 4 bins. The photon-induced electron contamina-
tion for K+ was determined to be 18.6±8.3%, <10%,
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FIG. 3. (Color online) The extracted Collins and Sivers mo-
ments on 3He are shown together with their statistical errors
and systematic error bands for both K+ and K− electro-
production. The Sivers moments are compared to theoretical
predictions from a phenomenological fit to the world data.

<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-

surprisingly large K- asymmetry for 3He 
target (but zero for K+?!)

[PRC90 (2014).055201]
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multi-d dependences

TMD cross sections differential in at least 5 variables

some easily parametrized (e.g., azimuthal dependences)

others mostly unknown

one-dimensional binning provide only glimpse of true physics

even different kinematic bins can’t disentangle underlying physics 
dependences

e.g., binning in x involves [incomplete] integration(s) over Ph⊥

further complication: physics (cross sections) folded with acceptance

NO experiment has flat acceptance in full multi-d kinematic space  

41
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difficult to evaluate precisely in absence of good physics model

general challenge to statistically precise data sets

avoid 1d binning/presentation of data

theorist: watch out for precise definition (if given!) of experimental 
results reported … and try not to treat data points of different 
projections as independent
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3d analysis: 4x4x4 bins in 
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3d analysis: 4x4x4 bins in 
                   (x,z, Ph⊥) 

reduced systematics

disentangle correlations

isolate phase-space region with 
large signal strength
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3d analysis: 4x4x4 bins in 
                   (x,z, Ph⊥) 

reduced systematics

disentangle correlations

isolate phase-space region with 
large signal strength

allows more detailed 
comparison with calculations 
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Sivers amplitudes - 2d binning
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Fig. 4. Sivers asymmetry for z > 0.1 in the four Q 2-ranges as a function of x, z and 
pT , for positive and negative hadrons. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. Error bars represent 
statistical uncertainties. Systematic uncertainties are shown as bands at the bottom.

performed with a linear decreasing function or a constant does not 
yield a statistically significant conclusion, although there may be a 
slight preference to the former dependence for positive hadrons. 
For negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD 
evolution schemes predict a strong Q 2-dependence both for po-
larised and unpolarised TMD PDFs at a given x in fixed-target 
kinematics. Still, due to partial cancellation of evolution effects in 
numerator and denominator of the asymmetry, the Sivers TSAs 
themselves may exhibit only a weak Q 2-dependence. Available 
descriptions of the Sivers TSAs, which are based on parametrisa-
tions of the unpolarised and polarised TMDs, are driven mostly 
by the one-dimensional data at low x and low Q 2 from HER-
MES and COMPASS, so that present phenomenological studies of 
Q 2-evolution are based on fits using the results of two separate 
experiments. Present models predict for increasing Q 2 a slight 
increase of the Sivers TSAs for DGLAP and a decrease for TMD 
evolution. Based on these fits of one-dimensional data, various 
TMD-evolution models predict different sizes for the DY Sivers TSA 
in the high mass range, with values between 0.04 to 0.15 [24–27]. 
Better constraints on Q 2-evolution models of TMDs can be ex-
pected only from data that are simultaneously differential in x and 
Q 2, as the data presented in this Letter.

In Fig. 6, Sivers TSAs are shown for different Q 2-ranges in bins 
of z and pT . Note that the average x-values in different Q 2-ranges 
are increasing with Q 2, as can be seen from Fig. 1. Particularly 
interesting in Fig. 6 is the comparison of the Sivers TSAs for pos-
itive and negative hadrons at low z and low pT (top row). Here, 
they have small statistical uncertainties and appear to be compat-
ible with one another. Moving towards larger values of z and pT , 
the two TSAs start to differ.

Fig. 6 shows different levels of agreement between our two-
dimensional data and the predictions that are based on earlier fits 

Fig. 5. The Q 2-dependence of the Sivers asymmetry for positive and negative 
hadrons in five selected bins of x. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. The solid (dashed) 
curves represent the calculations based on TMD (DGLAP) evolution for the Sivers 
TSAs [25,34]. Error bars represent statistical uncertainties. Systematic uncertainties 
are shown as bands at the bottom.

of one-dimensional data [19,20]. At low values of z and pT , pre-
dictions and data agree within uncertainties. In particular, there 
is agreement in the region 0.1 < z < 0.2 (top row, left panel), al-
though the corresponding parametrisations were based on a fit to 
HERMES data in the range z > 0.2 and W >

√
10 GeV/c2 [11] and 

COMPASS data in the range z > 0.2 and W > 5 GeV/c2 [13,29]. This 
suggests that at COMPASS kinematics factorisation appears to hold 
already in the range of low-z and W >

√
10 GeV/c2. At higher val-

ues of z and pT , clear discrepancies are observed. In particular, at 
highest z DGLAP curve for positive hadrons exhibits an apparent 
artefact at about Q 2 ≈ 10 (GeV/c)2. It can be expected that new 
fits including the two-dimensional Sivers TSAs presented in this 
Letter will better constrain the models.

C. Adolph et al. / Physics Letters B 770 (2017) 138–145 141

Fig. 1. Left panel: charged hadron SIDIS two-dimensional (Q 2, x) distribution for z > 0.1. Right panel: same distribution shown separately for each (Q 2, x) cell.

to “twist-2” g1T and different “twist-3” TMDs. In contrast to the 
Sivers function, transversity, pretzelosity and g1T TMD PDFs are 
predicted to be genuinely universal, i.e. their contributions do not 
change sign between SIDIS and DY [6].

Recently, the first measurement of TSAs in the cross section of 
W and Z production using single-transversely polarised proton–
proton collisions at RHIC was reported by the STAR collabora-
tion [16]. Comparing the data with predictions from Ref. [28] they 
conclude that the measured Sivers asymmetry appears to be bet-
ter compatible with the sign-change scenario for the Sivers TMD 
PDF than with the one without sign change. Note that these pre-
dictions do not include TMD evolution effects and are based on 
parametrisations of Sivers and unpolarised TMD PDFs that were fit-
ted to asymmetries measured at fixed-target energies [20]. Because 
of the largely different typical hard scales accessed by fixed-target 
and collider experiments, it is not excluded that TMD evolution ef-
fects play a substantial role when comparing W and Z production 
to fixed target results. For completeness we note that together with 
the parametrisations of TMD PDFs at initial scale, the TMD evolu-
tion approach needs additional non-perturbative input information 
that cannot be calculated in pQCD. For various possible choices of 
this input information, different predictions exist [25–27].

Altogether, measuring the Sivers effect at COMPASS both in 
SIDIS and DY at a comparable hard scale will provide the most 
direct way to check the pQCD prediction for a sign change of the 
Sivers TMD PDF.

3. Data analysis

The analysis presented in this Letter is performed using COM-
PASS SIDIS data collected in 2010 using a 160 GeV/c longitudinally 
polarised muon beam from the CERN SPS and a transversely po-
larised NH3 target with proton polarisation ⟨P T ⟩ ≈ 0.8 and dilution 
factor ⟨ f ⟩ ≈ 0.15, where the latter describes the fraction of po-
larisable nucleons in the target. These data were already used for 
the extraction of the Sivers and other TSAs, see Refs. [13,14,29,
30], where also details on the experimental apparatus are given. In 
the analysis presented here, the TSAs are extracted for the first 
time using two-dimensional representations in (Q 2, x), (Q 2, z), 
and (Q 2, pT ) for the future direct comparison with TSA results ex-
pected from the analysis of COMPASS DY data. Here, z and pT are 
the fraction of the virtual photon energy carried by the observed 
hadron and the transverse component of the hadron momentum, 
respectively.

From the total amount of about 4 × 1010 recorded events, we 
accept only those that have a primary vertex inside the target 
volume, a reconstructed incident and a reconstructed scattered 

muon track, and at least one outgoing hadron track. In order to 
equalise the beam flux through the target, it is required that ex-
trapolated beam trajectories cross all three target cells. The deep-
inelastic scattering (DIS) regime is ensured by selecting events 
with Q 2 > 1 (GeV/c)2 and excluding the region of exclusive nu-
cleon resonance production by constraining the invariant mass of 
the hadronic system to be W >

√
10 GeV/c2 (as also done at HER-

MES [11]). The restrictions on the fraction of the initial lepton 
energy carried by the virtual photon, 0.1 < y < 0.9, remove events 
with poorly reconstructed virtual-photon energy on the low side 
and events with large electromagnetic radiative corrections on the 
high side. After the application of these selection criteria about 
16 × 107 DIS events are available for analysis.

While all above described requirements are imposed at the 
event level, two more constraints are applied on the kinematic 
variables of every detected charged hadron. First, pT > 0.1 GeV/c
ensures a good resolution in the azimuthal angle φh . Secondly, the 
requirements z > 0.1 or z > 0.2 are alternatively used to select 
hadrons produced in the current fragmentation region. The study 
of these two choices is motivated by previous COMPASS results on 
the Sivers effect [13].

In the analysis presented here, we use reprocessed 2010 proton 
data, which include improved detector calibrations and in particu-
lar better muon reconstruction efficiency. For the same kinematic 
region, the resulting SIDIS yield is higher by about 9% compared to 
the earlier analyses [13,29]. The two analyses give consistent re-
sults. For the present analysis, the four above defined Q 2-ranges 
are used. They contain 75%, 11%, 11% and 3% of the total statistics.

The two-dimensional (x, Q 2) distribution for charged-hadron 
production at z > 0.1 is shown in the left panel of Fig. 1. The dis-
tribution is normalised to have a maximum value equal to one. The 
right panel shows the same distribution where each (x, Q 2) cell is 
independently normalised in the same way.

All eight TSAs that appear in the SIDIS cross section for a po-
larised initial lepton [21,22] are extracted simultaneously together 
with the corresponding correlation matrix using the extended un-
binned maximum likelihood estimator as described in Ref. [31]. 
The lepton-polarisation-independent TSAs Aw(φh ,φS )

U T are defined as 
amplitudes of the azimuthal modulation w(φh, φS) divided by the 
spin and azimuth-independent part of the SIDIS cross section, the 
effective proton polarisation ( f ·⟨P T ⟩) and the corresponding depo-
larisation factor. The lepton-polarisation-dependent TSAs Aw(φh ,φS )

LT
are additionally divided by the beam polarisation. The subscript 
(U ) L denotes (in)dependence on the lepton polarisation and T
denotes dependence on the target transverse spin.

The TSAs are extracted separately for hadrons of positive and 
negative charge, where any detected hadron is counted in the anal-

[Adolph et al., Phys. Lett. B 770, 138-145 (2017)]
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Fig. 4. Sivers asymmetry for z > 0.1 in the four Q 2-ranges as a function of x, z and 
pT , for positive and negative hadrons. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. Error bars represent 
statistical uncertainties. Systematic uncertainties are shown as bands at the bottom.

performed with a linear decreasing function or a constant does not 
yield a statistically significant conclusion, although there may be a 
slight preference to the former dependence for positive hadrons. 
For negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD 
evolution schemes predict a strong Q 2-dependence both for po-
larised and unpolarised TMD PDFs at a given x in fixed-target 
kinematics. Still, due to partial cancellation of evolution effects in 
numerator and denominator of the asymmetry, the Sivers TSAs 
themselves may exhibit only a weak Q 2-dependence. Available 
descriptions of the Sivers TSAs, which are based on parametrisa-
tions of the unpolarised and polarised TMDs, are driven mostly 
by the one-dimensional data at low x and low Q 2 from HER-
MES and COMPASS, so that present phenomenological studies of 
Q 2-evolution are based on fits using the results of two separate 
experiments. Present models predict for increasing Q 2 a slight 
increase of the Sivers TSAs for DGLAP and a decrease for TMD 
evolution. Based on these fits of one-dimensional data, various 
TMD-evolution models predict different sizes for the DY Sivers TSA 
in the high mass range, with values between 0.04 to 0.15 [24–27]. 
Better constraints on Q 2-evolution models of TMDs can be ex-
pected only from data that are simultaneously differential in x and 
Q 2, as the data presented in this Letter.

In Fig. 6, Sivers TSAs are shown for different Q 2-ranges in bins 
of z and pT . Note that the average x-values in different Q 2-ranges 
are increasing with Q 2, as can be seen from Fig. 1. Particularly 
interesting in Fig. 6 is the comparison of the Sivers TSAs for pos-
itive and negative hadrons at low z and low pT (top row). Here, 
they have small statistical uncertainties and appear to be compat-
ible with one another. Moving towards larger values of z and pT , 
the two TSAs start to differ.

Fig. 6 shows different levels of agreement between our two-
dimensional data and the predictions that are based on earlier fits 

Fig. 5. The Q 2-dependence of the Sivers asymmetry for positive and negative 
hadrons in five selected bins of x. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. The solid (dashed) 
curves represent the calculations based on TMD (DGLAP) evolution for the Sivers 
TSAs [25,34]. Error bars represent statistical uncertainties. Systematic uncertainties 
are shown as bands at the bottom.

of one-dimensional data [19,20]. At low values of z and pT , pre-
dictions and data agree within uncertainties. In particular, there 
is agreement in the region 0.1 < z < 0.2 (top row, left panel), al-
though the corresponding parametrisations were based on a fit to 
HERMES data in the range z > 0.2 and W >

√
10 GeV/c2 [11] and 

COMPASS data in the range z > 0.2 and W > 5 GeV/c2 [13,29]. This 
suggests that at COMPASS kinematics factorisation appears to hold 
already in the range of low-z and W >

√
10 GeV/c2. At higher val-

ues of z and pT , clear discrepancies are observed. In particular, at 
highest z DGLAP curve for positive hadrons exhibits an apparent 
artefact at about Q 2 ≈ 10 (GeV/c)2. It can be expected that new 
fits including the two-dimensional Sivers TSAs presented in this 
Letter will better constrain the models.

C. Adolph et al. / Physics Letters B 770 (2017) 138–145 141

Fig. 1. Left panel: charged hadron SIDIS two-dimensional (Q 2, x) distribution for z > 0.1. Right panel: same distribution shown separately for each (Q 2, x) cell.

to “twist-2” g1T and different “twist-3” TMDs. In contrast to the 
Sivers function, transversity, pretzelosity and g1T TMD PDFs are 
predicted to be genuinely universal, i.e. their contributions do not 
change sign between SIDIS and DY [6].

Recently, the first measurement of TSAs in the cross section of 
W and Z production using single-transversely polarised proton–
proton collisions at RHIC was reported by the STAR collabora-
tion [16]. Comparing the data with predictions from Ref. [28] they 
conclude that the measured Sivers asymmetry appears to be bet-
ter compatible with the sign-change scenario for the Sivers TMD 
PDF than with the one without sign change. Note that these pre-
dictions do not include TMD evolution effects and are based on 
parametrisations of Sivers and unpolarised TMD PDFs that were fit-
ted to asymmetries measured at fixed-target energies [20]. Because 
of the largely different typical hard scales accessed by fixed-target 
and collider experiments, it is not excluded that TMD evolution ef-
fects play a substantial role when comparing W and Z production 
to fixed target results. For completeness we note that together with 
the parametrisations of TMD PDFs at initial scale, the TMD evolu-
tion approach needs additional non-perturbative input information 
that cannot be calculated in pQCD. For various possible choices of 
this input information, different predictions exist [25–27].

Altogether, measuring the Sivers effect at COMPASS both in 
SIDIS and DY at a comparable hard scale will provide the most 
direct way to check the pQCD prediction for a sign change of the 
Sivers TMD PDF.

3. Data analysis

The analysis presented in this Letter is performed using COM-
PASS SIDIS data collected in 2010 using a 160 GeV/c longitudinally 
polarised muon beam from the CERN SPS and a transversely po-
larised NH3 target with proton polarisation ⟨P T ⟩ ≈ 0.8 and dilution 
factor ⟨ f ⟩ ≈ 0.15, where the latter describes the fraction of po-
larisable nucleons in the target. These data were already used for 
the extraction of the Sivers and other TSAs, see Refs. [13,14,29,
30], where also details on the experimental apparatus are given. In 
the analysis presented here, the TSAs are extracted for the first 
time using two-dimensional representations in (Q 2, x), (Q 2, z), 
and (Q 2, pT ) for the future direct comparison with TSA results ex-
pected from the analysis of COMPASS DY data. Here, z and pT are 
the fraction of the virtual photon energy carried by the observed 
hadron and the transverse component of the hadron momentum, 
respectively.

From the total amount of about 4 × 1010 recorded events, we 
accept only those that have a primary vertex inside the target 
volume, a reconstructed incident and a reconstructed scattered 

muon track, and at least one outgoing hadron track. In order to 
equalise the beam flux through the target, it is required that ex-
trapolated beam trajectories cross all three target cells. The deep-
inelastic scattering (DIS) regime is ensured by selecting events 
with Q 2 > 1 (GeV/c)2 and excluding the region of exclusive nu-
cleon resonance production by constraining the invariant mass of 
the hadronic system to be W >

√
10 GeV/c2 (as also done at HER-

MES [11]). The restrictions on the fraction of the initial lepton 
energy carried by the virtual photon, 0.1 < y < 0.9, remove events 
with poorly reconstructed virtual-photon energy on the low side 
and events with large electromagnetic radiative corrections on the 
high side. After the application of these selection criteria about 
16 × 107 DIS events are available for analysis.

While all above described requirements are imposed at the 
event level, two more constraints are applied on the kinematic 
variables of every detected charged hadron. First, pT > 0.1 GeV/c
ensures a good resolution in the azimuthal angle φh . Secondly, the 
requirements z > 0.1 or z > 0.2 are alternatively used to select 
hadrons produced in the current fragmentation region. The study 
of these two choices is motivated by previous COMPASS results on 
the Sivers effect [13].

In the analysis presented here, we use reprocessed 2010 proton 
data, which include improved detector calibrations and in particu-
lar better muon reconstruction efficiency. For the same kinematic 
region, the resulting SIDIS yield is higher by about 9% compared to 
the earlier analyses [13,29]. The two analyses give consistent re-
sults. For the present analysis, the four above defined Q 2-ranges 
are used. They contain 75%, 11%, 11% and 3% of the total statistics.

The two-dimensional (x, Q 2) distribution for charged-hadron 
production at z > 0.1 is shown in the left panel of Fig. 1. The dis-
tribution is normalised to have a maximum value equal to one. The 
right panel shows the same distribution where each (x, Q 2) cell is 
independently normalised in the same way.

All eight TSAs that appear in the SIDIS cross section for a po-
larised initial lepton [21,22] are extracted simultaneously together 
with the corresponding correlation matrix using the extended un-
binned maximum likelihood estimator as described in Ref. [31]. 
The lepton-polarisation-independent TSAs Aw(φh ,φS )

U T are defined as 
amplitudes of the azimuthal modulation w(φh, φS) divided by the 
spin and azimuth-independent part of the SIDIS cross section, the 
effective proton polarisation ( f ·⟨P T ⟩) and the corresponding depo-
larisation factor. The lepton-polarisation-dependent TSAs Aw(φh ,φS )

LT
are additionally divided by the beam polarisation. The subscript 
(U ) L denotes (in)dependence on the lepton polarisation and T
denotes dependence on the target transverse spin.

The TSAs are extracted separately for hadrons of positive and 
negative charge, where any detected hadron is counted in the anal-

[Adolph et al., Phys. Lett. B 770, 138-145 (2017)]
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Fig. 4. Sivers asymmetry for z > 0.1 in the four Q 2-ranges as a function of x, z and 
pT , for positive and negative hadrons. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. Error bars represent 
statistical uncertainties. Systematic uncertainties are shown as bands at the bottom.

performed with a linear decreasing function or a constant does not 
yield a statistically significant conclusion, although there may be a 
slight preference to the former dependence for positive hadrons. 
For negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD 
evolution schemes predict a strong Q 2-dependence both for po-
larised and unpolarised TMD PDFs at a given x in fixed-target 
kinematics. Still, due to partial cancellation of evolution effects in 
numerator and denominator of the asymmetry, the Sivers TSAs 
themselves may exhibit only a weak Q 2-dependence. Available 
descriptions of the Sivers TSAs, which are based on parametrisa-
tions of the unpolarised and polarised TMDs, are driven mostly 
by the one-dimensional data at low x and low Q 2 from HER-
MES and COMPASS, so that present phenomenological studies of 
Q 2-evolution are based on fits using the results of two separate 
experiments. Present models predict for increasing Q 2 a slight 
increase of the Sivers TSAs for DGLAP and a decrease for TMD 
evolution. Based on these fits of one-dimensional data, various 
TMD-evolution models predict different sizes for the DY Sivers TSA 
in the high mass range, with values between 0.04 to 0.15 [24–27]. 
Better constraints on Q 2-evolution models of TMDs can be ex-
pected only from data that are simultaneously differential in x and 
Q 2, as the data presented in this Letter.

In Fig. 6, Sivers TSAs are shown for different Q 2-ranges in bins 
of z and pT . Note that the average x-values in different Q 2-ranges 
are increasing with Q 2, as can be seen from Fig. 1. Particularly 
interesting in Fig. 6 is the comparison of the Sivers TSAs for pos-
itive and negative hadrons at low z and low pT (top row). Here, 
they have small statistical uncertainties and appear to be compat-
ible with one another. Moving towards larger values of z and pT , 
the two TSAs start to differ.

Fig. 6 shows different levels of agreement between our two-
dimensional data and the predictions that are based on earlier fits 

Fig. 5. The Q 2-dependence of the Sivers asymmetry for positive and negative 
hadrons in five selected bins of x. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. The solid (dashed) 
curves represent the calculations based on TMD (DGLAP) evolution for the Sivers 
TSAs [25,34]. Error bars represent statistical uncertainties. Systematic uncertainties 
are shown as bands at the bottom.

of one-dimensional data [19,20]. At low values of z and pT , pre-
dictions and data agree within uncertainties. In particular, there 
is agreement in the region 0.1 < z < 0.2 (top row, left panel), al-
though the corresponding parametrisations were based on a fit to 
HERMES data in the range z > 0.2 and W >

√
10 GeV/c2 [11] and 

COMPASS data in the range z > 0.2 and W > 5 GeV/c2 [13,29]. This 
suggests that at COMPASS kinematics factorisation appears to hold 
already in the range of low-z and W >

√
10 GeV/c2. At higher val-

ues of z and pT , clear discrepancies are observed. In particular, at 
highest z DGLAP curve for positive hadrons exhibits an apparent 
artefact at about Q 2 ≈ 10 (GeV/c)2. It can be expected that new 
fits including the two-dimensional Sivers TSAs presented in this 
Letter will better constrain the models.

C. Adolph et al. / Physics Letters B 770 (2017) 138–145 141

Fig. 1. Left panel: charged hadron SIDIS two-dimensional (Q 2, x) distribution for z > 0.1. Right panel: same distribution shown separately for each (Q 2, x) cell.

to “twist-2” g1T and different “twist-3” TMDs. In contrast to the 
Sivers function, transversity, pretzelosity and g1T TMD PDFs are 
predicted to be genuinely universal, i.e. their contributions do not 
change sign between SIDIS and DY [6].

Recently, the first measurement of TSAs in the cross section of 
W and Z production using single-transversely polarised proton–
proton collisions at RHIC was reported by the STAR collabora-
tion [16]. Comparing the data with predictions from Ref. [28] they 
conclude that the measured Sivers asymmetry appears to be bet-
ter compatible with the sign-change scenario for the Sivers TMD 
PDF than with the one without sign change. Note that these pre-
dictions do not include TMD evolution effects and are based on 
parametrisations of Sivers and unpolarised TMD PDFs that were fit-
ted to asymmetries measured at fixed-target energies [20]. Because 
of the largely different typical hard scales accessed by fixed-target 
and collider experiments, it is not excluded that TMD evolution ef-
fects play a substantial role when comparing W and Z production 
to fixed target results. For completeness we note that together with 
the parametrisations of TMD PDFs at initial scale, the TMD evolu-
tion approach needs additional non-perturbative input information 
that cannot be calculated in pQCD. For various possible choices of 
this input information, different predictions exist [25–27].

Altogether, measuring the Sivers effect at COMPASS both in 
SIDIS and DY at a comparable hard scale will provide the most 
direct way to check the pQCD prediction for a sign change of the 
Sivers TMD PDF.

3. Data analysis

The analysis presented in this Letter is performed using COM-
PASS SIDIS data collected in 2010 using a 160 GeV/c longitudinally 
polarised muon beam from the CERN SPS and a transversely po-
larised NH3 target with proton polarisation ⟨P T ⟩ ≈ 0.8 and dilution 
factor ⟨ f ⟩ ≈ 0.15, where the latter describes the fraction of po-
larisable nucleons in the target. These data were already used for 
the extraction of the Sivers and other TSAs, see Refs. [13,14,29,
30], where also details on the experimental apparatus are given. In 
the analysis presented here, the TSAs are extracted for the first 
time using two-dimensional representations in (Q 2, x), (Q 2, z), 
and (Q 2, pT ) for the future direct comparison with TSA results ex-
pected from the analysis of COMPASS DY data. Here, z and pT are 
the fraction of the virtual photon energy carried by the observed 
hadron and the transverse component of the hadron momentum, 
respectively.

From the total amount of about 4 × 1010 recorded events, we 
accept only those that have a primary vertex inside the target 
volume, a reconstructed incident and a reconstructed scattered 

muon track, and at least one outgoing hadron track. In order to 
equalise the beam flux through the target, it is required that ex-
trapolated beam trajectories cross all three target cells. The deep-
inelastic scattering (DIS) regime is ensured by selecting events 
with Q 2 > 1 (GeV/c)2 and excluding the region of exclusive nu-
cleon resonance production by constraining the invariant mass of 
the hadronic system to be W >

√
10 GeV/c2 (as also done at HER-

MES [11]). The restrictions on the fraction of the initial lepton 
energy carried by the virtual photon, 0.1 < y < 0.9, remove events 
with poorly reconstructed virtual-photon energy on the low side 
and events with large electromagnetic radiative corrections on the 
high side. After the application of these selection criteria about 
16 × 107 DIS events are available for analysis.

While all above described requirements are imposed at the 
event level, two more constraints are applied on the kinematic 
variables of every detected charged hadron. First, pT > 0.1 GeV/c
ensures a good resolution in the azimuthal angle φh . Secondly, the 
requirements z > 0.1 or z > 0.2 are alternatively used to select 
hadrons produced in the current fragmentation region. The study 
of these two choices is motivated by previous COMPASS results on 
the Sivers effect [13].

In the analysis presented here, we use reprocessed 2010 proton 
data, which include improved detector calibrations and in particu-
lar better muon reconstruction efficiency. For the same kinematic 
region, the resulting SIDIS yield is higher by about 9% compared to 
the earlier analyses [13,29]. The two analyses give consistent re-
sults. For the present analysis, the four above defined Q 2-ranges 
are used. They contain 75%, 11%, 11% and 3% of the total statistics.

The two-dimensional (x, Q 2) distribution for charged-hadron 
production at z > 0.1 is shown in the left panel of Fig. 1. The dis-
tribution is normalised to have a maximum value equal to one. The 
right panel shows the same distribution where each (x, Q 2) cell is 
independently normalised in the same way.

All eight TSAs that appear in the SIDIS cross section for a po-
larised initial lepton [21,22] are extracted simultaneously together 
with the corresponding correlation matrix using the extended un-
binned maximum likelihood estimator as described in Ref. [31]. 
The lepton-polarisation-independent TSAs Aw(φh ,φS )

U T are defined as 
amplitudes of the azimuthal modulation w(φh, φS) divided by the 
spin and azimuth-independent part of the SIDIS cross section, the 
effective proton polarisation ( f ·⟨P T ⟩) and the corresponding depo-
larisation factor. The lepton-polarisation-dependent TSAs Aw(φh ,φS )

LT
are additionally divided by the beam polarisation. The subscript 
(U ) L denotes (in)dependence on the lepton polarisation and T
denotes dependence on the target transverse spin.

The TSAs are extracted separately for hadrons of positive and 
negative charge, where any detected hadron is counted in the anal-

[Adolph et al., Phys. Lett. B 770, 138-145 (2017)]
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events from one target cell to the other. The polarized
target, placed in a 0.6 T dipole magnet, consisted of two
longitudinally aligned cylindrical cells of 55 cm in length
and 4 cm in diameter, separated by a 20 cm gap. The two
cells were polarized vertically in opposite directions, so that
data with both spin orientations were recorded simulta-
neously. In order to compensate for acceptance effects, the
polarization was reversed every two weeks. The entire data-
taking time of 18 weeks was divided into nine periods, each
consisting of two consecutive weeks with opposite target
polarizations. The proton polarization had a relaxation time
of about 1000 hours, which was measured for each target
cell in each data-taking period. A 240 cm long structure
made mostly of alumina with a tungsten core, placed
downstream of the target, acted as hadron absorber and
beam dump. Outgoing charged particles were detected by a
system of tracking detectors in the two-stage spectrometer.
In each stage, muon identification was accomplished by a
system of muon filters.
The trigger required the hit pattern of several hodoscope

planes to be consistent with at least two muon candidates
originating from the target region. For any pair of candi-
dates, either both have to be detected in the first stage
of the spectrometer (25 mrad < θμ < 160 mrad) or one has
to be detected in the first and the other in the second
stage (8 mrad < θμ < 45 mrad).
In the data analysis, the selection of events requires a

production vertex located within the polarized-target vol-
ume, with one incoming pion beam track and at least two
oppositely charged outgoing particles that are consistent
with the muon hypothesis; i.e., they crossed at least
30 radiation lengths of material along the spectrometer.
The dimuon transverse momentum qT is required to be
above 0.4 GeV=c in order to obtain sufficient resolution in
angular variables.
The reconstructed mass spectrum of events passing all

analysis requirements is shown in Fig. 2 (in black). The
combinatorial background originating from the decays of
pions and kaons produced in the target is evaluated using
like-sign dimuon events from real data and is shown in gray
(dotted). Further contributions to the dimuon spectrum are

evaluated with a Monte Carlo (MC) simulation, and their
relative weights are obtained by a fit to the data. The Drell-
Yan contribution is shown in blue (long dashed). The
background contributions originate from charmonia, shown
in red (dashed) and magenta (dot-dashed), and semimuonic
open-charm decays shown in green (double dot dashed).
The sum of all contributions, shown in violet, describes the
experimental data well. The J=ψ peak is clearly visible with
a shoulder from the ψð2SÞ resonance. For the analysis we
use the mass range 4.3 GeV=c2 < Mμμ < 8.5 GeV=c2,
where the upper limit avoids the contribution of ϒ reso-
nances. In this range, the sum of all background contribu-
tions is estimated to be below 4%.
The two-dimensional distribution of the Bjorken scaling

variables of pion and nucleon, xπ and xN , for this mass
range is presented in Fig. 3. The figure shows that the
kinematic phase space explored by the COMPASS spec-
trometer matches the valence region in xπ and xN . In this
region, the DY cross section for a proton target is
dominated by the contribution of nucleon u-quark and
pion ū-quark TMD PDFs.
The distributions of the dimuon Feynman variable xF

and the dimuon transverse momentum qT are presented in
Fig. 4. The corresponding mean values of the kinematic
variables are hxNi ¼ 0.17, hxπi ¼ 0.50, hxFi ¼ 0.33,
hqTi ¼ 1.2 GeV=c, and hMμμi ¼ 5.3 GeV=c2.
About 35 × 103 dimuons remain for the analysis. The

three TSAs presented in this Letter are extracted period by
period from the number of dimuons produced in each cell
for the two directions of the target polarization. The double-
cell target configuration in conjunction with the periodic
polarization reversal allows for the simultaneous measure-
ment of azimuthal asymmetries for both target spin
orientations. Using an extended unbinned maximum like-
lihood estimator, all five TSAs are fitted simultaneously
together with their correlation matrices. In this approach,
flux and acceptance-dependent systematic uncertainties are
minimized [31]. The final asymmetries are obtained by
averaging the results of the nine periods. The asymmetries
are evaluated in kinematic bins of xN , xπ, xF, or qT, while
always integrating over all the other variables.
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SIDIS and single-polarized DY x-sections at twist-2 (LO) 

4.3 < M /(GeV/c2) < 8.5   “High mass” range 
Beyond charmonium region, background < 3% 
Valence region → largest asymmetries 

“High mass”  
range 

𝑀 = 5.3 GeV/c2 
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events from one target cell to the other. The polarized
target, placed in a 0.6 T dipole magnet, consisted of two
longitudinally aligned cylindrical cells of 55 cm in length
and 4 cm in diameter, separated by a 20 cm gap. The two
cells were polarized vertically in opposite directions, so that
data with both spin orientations were recorded simulta-
neously. In order to compensate for acceptance effects, the
polarization was reversed every two weeks. The entire data-
taking time of 18 weeks was divided into nine periods, each
consisting of two consecutive weeks with opposite target
polarizations. The proton polarization had a relaxation time
of about 1000 hours, which was measured for each target
cell in each data-taking period. A 240 cm long structure
made mostly of alumina with a tungsten core, placed
downstream of the target, acted as hadron absorber and
beam dump. Outgoing charged particles were detected by a
system of tracking detectors in the two-stage spectrometer.
In each stage, muon identification was accomplished by a
system of muon filters.
The trigger required the hit pattern of several hodoscope

planes to be consistent with at least two muon candidates
originating from the target region. For any pair of candi-
dates, either both have to be detected in the first stage
of the spectrometer (25 mrad < θμ < 160 mrad) or one has
to be detected in the first and the other in the second
stage (8 mrad < θμ < 45 mrad).
In the data analysis, the selection of events requires a

production vertex located within the polarized-target vol-
ume, with one incoming pion beam track and at least two
oppositely charged outgoing particles that are consistent
with the muon hypothesis; i.e., they crossed at least
30 radiation lengths of material along the spectrometer.
The dimuon transverse momentum qT is required to be
above 0.4 GeV=c in order to obtain sufficient resolution in
angular variables.
The reconstructed mass spectrum of events passing all

analysis requirements is shown in Fig. 2 (in black). The
combinatorial background originating from the decays of
pions and kaons produced in the target is evaluated using
like-sign dimuon events from real data and is shown in gray
(dotted). Further contributions to the dimuon spectrum are

evaluated with a Monte Carlo (MC) simulation, and their
relative weights are obtained by a fit to the data. The Drell-
Yan contribution is shown in blue (long dashed). The
background contributions originate from charmonia, shown
in red (dashed) and magenta (dot-dashed), and semimuonic
open-charm decays shown in green (double dot dashed).
The sum of all contributions, shown in violet, describes the
experimental data well. The J=ψ peak is clearly visible with
a shoulder from the ψð2SÞ resonance. For the analysis we
use the mass range 4.3 GeV=c2 < Mμμ < 8.5 GeV=c2,
where the upper limit avoids the contribution of ϒ reso-
nances. In this range, the sum of all background contribu-
tions is estimated to be below 4%.
The two-dimensional distribution of the Bjorken scaling

variables of pion and nucleon, xπ and xN , for this mass
range is presented in Fig. 3. The figure shows that the
kinematic phase space explored by the COMPASS spec-
trometer matches the valence region in xπ and xN . In this
region, the DY cross section for a proton target is
dominated by the contribution of nucleon u-quark and
pion ū-quark TMD PDFs.
The distributions of the dimuon Feynman variable xF

and the dimuon transverse momentum qT are presented in
Fig. 4. The corresponding mean values of the kinematic
variables are hxNi ¼ 0.17, hxπi ¼ 0.50, hxFi ¼ 0.33,
hqTi ¼ 1.2 GeV=c, and hMμμi ¼ 5.3 GeV=c2.
About 35 × 103 dimuons remain for the analysis. The

three TSAs presented in this Letter are extracted period by
period from the number of dimuons produced in each cell
for the two directions of the target polarization. The double-
cell target configuration in conjunction with the periodic
polarization reversal allows for the simultaneous measure-
ment of azimuthal asymmetries for both target spin
orientations. Using an extended unbinned maximum like-
lihood estimator, all five TSAs are fitted simultaneously
together with their correlation matrices. In this approach,
flux and acceptance-dependent systematic uncertainties are
minimized [31]. The final asymmetries are obtained by
averaging the results of the nine periods. The asymmetries
are evaluated in kinematic bins of xN , xπ, xF, or qT, while
always integrating over all the other variables.

)2 (GeV/cµµM
4 6 8 10

)2
co

un
ts

 / 
(0

.0
4 

G
eV

/c

10

210

310

410

510

 data3COMPASS 2015 NH
Comb. background

 (MC)ψJ/
' (MC)ψ

Open-charm (MC)
Drell-Yan (MC)
Total MC + Comb. background

FIG. 2. The dimuon invariant mass distribution.

 (r
es

ca
le

d)
N

dx
π

N
/d

x
2 d

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

πx
0 0.2 0.4 0.6 0.8 1

Nx

0

0.2

0.4

0.6

0.8

1
 data3COMPASS 2015 NH

) < 8.5 2c/(GeV/µµM4.3 < 
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lected high mass dimuons. The distribution is normalized to have
a maximum value equal to one.
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The dilution factor f and the depolarization factor D2

entering the definition of TSAs are calculated on an event-
by-event basis and are used to weight the asymmetries. For
the magnitude of the target polarization PT , an average
value is used for each data-taking period in order to avoid
possible systematic bias. In the evaluation of the depolari-
zation factors, the approximation λ ¼ 1 is used. Known
deviations from this assumption with λ ranging between 0.5
and 1 [35,36] decrease the normalization factor by at
most 5%.
The TSAs resulting from different periods are checked

for possible systematic effects. The largest systematic
uncertainty is due to possible residual variations of exper-
imental conditions within a given period. They are quanti-
fied by evaluating various types of false asymmetries in a
similar way as described in Refs. [12,30]. The systematic
point-to-point uncertainties are found to be about 0.7 times
the statistical uncertainties. The normalization uncertainties
originating from the uncertainties on target polarization
(5%) and dilution factor (8%) are not included in the quoted
systematic uncertainties.
The TSAs AsinφS

T , Asinð2φCS−φSÞ
T , and Asinð2φCSþφSÞ

T are
shown in Fig. 5 as a function of the variables xN , xπ ,
xF, and qT . Because of relatively large statistical uncer-
tainties, no clear trend is observed for any of the TSAs. The
full set of numerical values for all TSAs, including
correlation coefficients and mean kinematic values from
this measurement, is available on HepData [37]. The last
column in Fig. 5 shows the results for the three extracted
TSAs integrated over the entire kinematic range. The
average Sivers asymmetry AsinφS

T ¼ 0.060% 0.057ðstatÞ %
0.040ðsysÞ is found to be above 0 at about one standard
deviation of the total uncertainty. In Fig. 6, it is compared
with recent theoretical predictions from Refs. [19–21] that
are based on standard DGLAP and two different TMD
evolution approaches. (Note that the kinematic constraints
used in Refs. [19–21] differ from one another and also from
those used in our analysis.) The positive sign of these
theoretical predictions for the DY Sivers asymmetry was
obtained by using the sign-change hypothesis for the Sivers
TMD PDFs, and the numerical values are based on a fit of
SIDIS data for the Sivers TSA [9,11,12]. Figure 6 shows
that this first measurement of the DY Sivers asymmetry is

consistent with the predicted change of sign for the Sivers
function.
The average value for the TSAAsinð2φCS−φSÞ

T is measured to
be below 0 with a significance of about two standard
deviations. The obtained magnitude of the asymmetry is
in agreement with the model calculations of Ref. [38] and
can be used to study the universality of the nucleon trans-
versity function. The TSA Asinð2φCSþφSÞ

T , which is related to
the nucleon pretzelosity TMD PDFs, is measured to be
above 0 with a significance of about one standard deviation.
Since both Asinð2φCS−φSÞ

T and Asinð2φCSþφSÞ
T are related to the

pion Boer-Mulders PDFs, the obtained results may be used
to study this function further and to possibly determine its
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the selected high mass dimuons.
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The pT (qT) – weighted SIDIS(DY) Sivers asymmetry 
General formalism was first introduced in 1997 (A. Kotzinian and P. Mulders, PLB 406 (1997) 373) 

F. Bradamante (COMPASS at SPIN-2016) 
arXiv:1702.00621 [hep-ex] 
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Ph⊥ weighting, in principle, resolves convolutions
[A. Kotzinian and P. Mulders, PLB 406 (1997) 373)]

requires excellent control of detector efficiencies

often no full integral (low- and high-Ph⊥ missing)

Sivers amplitudes - weighted
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modulations in spin-independent 
SIDIS cross section

51

d5⇤

dxdy dz d⌅h dP 2
h�

=
�2

xyQ2

�
1 +

⇥2

2x

⇥
{A(y) FUU,T + B(y)FUU,L

+C(y) cos ⌅hF cos �h

UU + B(y) cos 2⌅hF cos 2�h

UU }



 

),,,(...... ⊥= hPzyxFF

{ }hh

UUhUUh FyBFyC φφ φφ 2coscos 2cos)(cos)( ++ h

UUF φ2cosh

UUF φcos

{ }LUUTUU

hh

FyBFyA
xxyQdPddzdydx

d
,,

2

2

2

2

5

)()(
2

1 +







+=

⊥

γα

φ

σ
TUUF , LUUF ,



 



INT-18-3, SeattleGunar Schnell 52

signs of Boer-Mulders

not zero!
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for π- 

-> same-sign BM-function for valence quarks?
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for π- 

-> same-sign BM-function for valence quarks?

intriguing behavior for kaons

[Airapetian et al., PRD 87 (2013) 012010]
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signs of Boer-Mulders

not zero!

opposite sign for charged pions with larger magnitude for π- 

-> same-sign BM-function for valence quarks?

intriguing behavior for kaons

available in multidimensional binning both from HERMES and 
from COMPASS

[Airapetian et al., PRD 87 (2013) 012010]
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unlike HERMES same sign for 
h+ and h-, though still 
different from each other
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signs of Boer-Mulders

                     

• First preliminary proton results from COMPASS (2016-2017 DVCS-run) were presented at SPIN-2018 
• Similarly strong kinematic dependences compared to published COMPASS-deuteron results 
• Projected uncertainties for 2016+2017 sample are ~5 times smaller compared to published asymmetries 
• Systematic errors are also expected to be considerably smaller 
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signs of Boer-Mulders

                     

in 2016/17 extensive 
data set collected on 
liquid-H target 
(DVCS program)

will allow precision 
studies of 
multiplicities and 
AUU & ALU 
modulations
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subleading twist I - <sin(φ)>UL

experimental AUL dominated by 
twist-3 contribution

correction for AUT 
contribution increases purely 
longitudinal asymmetry for 
positive pions

consistent with zero for π- 
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subleading twist I - <sin(φ)>UL

57

.

hermes

What About
Longitudinally Polarized Targets?

⟨ sinφ⟩q
UL

=⟨ sinφ⟩l
UL

+ sin θγ∗

(
⟨ sin(φ+φS)⟩l

UT
+⟨ sin(φ−φS)⟩l

UT

)

-0.05

0

0.05

2
!s

in
"
#

$+ -2sin%& *(!sin("+"S)#     +
!sin("-"S)#     )

UT
l

UT
l

-0.05

0

0.05

0 0.1 0.2 0.3
x

2
!s

in
"
#

$-

0.2 0.3 0.4 0.5 0.6 0.7
z

2!sin"#UL

q

2!sin"#UL

l

twist-3 dominates
measured asymmetries
on longitudinally polarized
targets!

signicantly positive for
π+

consistent with zero for π−

Airapetian et al., Phys. Lett. B 622 (2005) 14

Gunar Schnell, Universiteit Gent Warszawa, March 20
th
, 2007 – p. 31/49

2−10 1−10

0.02−

0

0.02

0.04

0.06 +hpreliminaryCOMPASS 
HERMES PLB 622(2005) D(y)-rescaledhφ

sin
 

U
L

A

x
2−10 1−10

0.02−

0

0.02

0.04

0.06 −h > 0.2z
arXiv:1807.10606 [hep-ph]

x

experimental AUL dominated by 
twist-3 contribution

in contrast to WW-type 
approximation [1807.10606]

.

hermes

What About
Longitudinally Polarized Targets?

⟨ sinφ⟩q
UL

=⟨ sinφ⟩l
UL

+ sin θγ∗

(
⟨ sin(φ+φS)⟩l

UT
+⟨ sin(φ−φS)⟩l

UT

)

-0.05

0

0.05

2
!s

in
"
#

$+ -2sin%& *(!sin("+"S)#     +
!sin("-"S)#     )

UT
l

UT
l

-0.05

0

0.05

0 0.1 0.2 0.3
x

2
!s

in
"
#

$-

0.2 0.3 0.4 0.5 0.6 0.7
z

2!sin"#UL

q

2!sin"#UL

l

twist-3 dominates
measured asymmetries
on longitudinally polarized
targets!

signicantly positive for
π+

consistent with zero for π−

Airapetian et al., Phys. Lett. B 622 (2005) 14

Gunar Schnell, Universiteit Gent Warszawa, March 20
th
, 2007 – p. 31/49

[Airapetian et al., PLB 622 (2005) 14]



INT-18-3, SeattleGunar Schnell 

x

1−10

0.1−

0

0.1

-π

)ε
(1

-
ε2

LU〉φ
si

n 
〈

2Q

0.1−

0

0.1

+π

z
0.2 0.4 0.6 0.8

CLAS
 Xπ e → H  e

 [GeV]hTP
0.5 1

HERMES PRELIMINARY
 Xπ e → H e 

 2.6% scale uncertainty

subleading twist II - <sin(φ)>LU

58

Mh

Mz
h?
1 E � xg?D1 � Mh

Mz
f1G

? � xeH?
1

opposite behavior at HERMES/CLAS of negative pions in z projection due 
to different x-range probed

CLAS more sensitive to e(x)Collins term due to higher x probed?



INT-18-3, SeattleGunar Schnell 

x

2−10 1−10
0.1−

0.05−

0

0.05

0.1 -π                / -           h

)ε
(1

-
ε2

LU〉 φ
 s

in
 

〈
2 

0.1−

0.05−

0

0.05

0.1 +π                / +           h

z
0.2 0.4 0.6 0.8

COMPASS
 h Xµ →LiD  6 µ

 [GeV]hTP
0.5 1

HERMES PRELIMINARY
 Xπ e → D e 

2.7% scale uncertainty

subleading twist II - <sin(φ)>LU

59

Mh

Mz
h?
1 E � xg?D1 � Mh

Mz
f1G

? � xeH?
1

consistent behavior for charged pions / hadrons at HERMES / COMPASS 
for isoscalar targets



INT-18-3, SeattleGunar Schnell 

significant non-zero signal 
observed for negatively charged 
mesons

vanishes in inclusive limit, e.g. 
after integration over Ph⊥ and z, 
and summation over all hadrons 

various terms related to 
transversity, worm-gear, Sivers 
etc.: 

subleading twist III - <sin(φs)>UT
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significant non-zero signal 
observed for negatively charged 
mesons

vanishes in inclusive limit, e.g. 
after integration over Ph⊥ and z, 
and summation over all hadrons 
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subleading twist III - <sin(φs)>UT

opposite signs at large z 
-> Collins-like behavior

indeed H related to Collins fct.

61
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subleading twist III - <sin(φs)>UT

hint of Q2 dependence seen in 
signal for negative pions
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conclusions
1st round of SIDIS measurements coming to an end
various indications of flavor-& spin-dependent transverse momentum
transversity is non-zero and quite sizable

d-quark transversity difficult to access with only proton targets
Sivers and chiral-even worm-gear function also clearly non-zero
various sizable twist-3 effects
highlights still to come

HERMES transverse-target, ALU & ALL asymmetries
COMPASS transverse d; high-statistics data set on unpol. pure H; 
multi-d asymmetries

precision measurements needed to fully map TMD landscape (fully 
differential!)
need also program with polarized D and 3He

63
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.

hermes Interference Fragmentation – Models

⇒ AUT might depend strongly on Mππ

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.

– 3 –

Transversity 
(2-hadron fragmentation)
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NEW: combined 2007/2010 data: comparison with model
predictions and HERMES

COMPASS 2007/2010 proton data
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Transversity
(2-hadron fragmentation)

COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
[A. Airapetian et al., JHEP 06 (2008) 017]

COMPASS 2010: [C. Braun et al., Nuovo Cimento C 035 (2012) 02]
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Transversity
(2-hadron fragmentation)

HERMES, COMPASS: 
for comparison scaled 
HERMES data by 
depolarization factor and 
changed sign

COMPASS 2007: [C. Adolph et al., Phys. Lett. B713 (2012) 10]
[A. Airapetian et al., JHEP 06 (2008) 017]
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considering the errors on the parametrization and taking
the upper and lower limits for the combination of interest.
Our data points seem not in disagreement with the extrac-
tion. However, a word of caution is needed here: while the
error bars of our data points correspond to 1! deviation
from the central value, the uncertainty on the parametriza-
tion [32] corresponds to a deviation !"2 ! 17 from the
best fit (see Ref. [33] for more details). In any case, to draw
clearer conclusions more data are needed (e.g., from the
COMPASS Collaboration [18]).

In summary, we have presented a determination of the
transversity parton distribution in the framework of collinear
factorization by using data for pion-pair production in deep-
inelastic scattering off transversely polarized targets, com-
bined with data of eþe# annihilations into pion pairs. The
final trend of the extracted transversity seems not to be in
disagreement with the transversity extracted from the
Collins effect [32]. More data are needed to clarify the issue.
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considering the errors on the parametrization and taking
the upper and lower limits for the combination of interest.
Our data points seem not in disagreement with the extrac-
tion. However, a word of caution is needed here: while the
error bars of our data points correspond to 1! deviation
from the central value, the uncertainty on the parametriza-
tion [32] corresponds to a deviation !"2 ! 17 from the
best fit (see Ref. [33] for more details). In any case, to draw
clearer conclusions more data are needed (e.g., from the
COMPASS Collaboration [18]).

In summary, we have presented a determination of the
transversity parton distribution in the framework of collinear
factorization by using data for pion-pair production in deep-
inelastic scattering off transversely polarized targets, com-
bined with data of eþe# annihilations into pion pairs. The
final trend of the extracted transversity seems not to be in
disagreement with the transversity extracted from the
Collins effect [32]. More data are needed to clarify the issue.
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Di-hadron vs. 
Collins fragmentation

apparent similarity of Collins and di-
hadron asymmetries

suggested common origin of Collins and 
di-hadron FF in PLB 736 (2014) 124

C. Adolph et al. / Physics Letters B 736 (2014) 124–131 129

Fig. 5. Proton asymmetry, integrated over the angle θ , as a function of x, z and Mh+h− , for the combined data taken with the proton (NH3) target in the years 2007 and 
2010 (top plot). The grey bands indicate the systematic uncertainties. The bottom plot shows the same data for the valence quark region (x ≥ 0.032). The curves in the upper 
plots show predictions [36,37] made using the transversity functions extracted in Ref. [11] (solid lines) or a pQCD based counting rule analysis (dotted lines). The curves in 
the lower plots show the predictions of [36] in the same x ≥ 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase π in the 
definition of the angle φR S used in the COMPASS analysis.

data. Significant asymmetry amplitudes are predicted and the x de-
pendent shape is well described, as well as for the dependence on 
z in the case of the calculations by Bacchetta et al. A good agree-
ment in terms of the Mh+h− dependence is only in the mass region 
of the ρ meson; no optimization of parameters in the calculation 
of the dihadron fragmentation function to extend the agreement 
over a larger Mh+h− region (as e.g., the fraction of the ω to 3π
decay in the s–p interference) was performed by the authors. The 
prediction of Ma et al. [37] (dashed lines in Fig. 5 (top)) uses the 
parametrisations of [23] for the dihadron fragmentation, together 
with a model for the transversity distributions, based on a pQCD 
counting rule analysis. This prediction describes the main trend of 
the data but tends to overestimate the measured asymmetry.

5. Comparing the dihadron asymmetry and the Collins 
asymmetry

There is a striking similarity among the Collins asymmetry for 
positive and for negative hadrons [27] and the dihadron asym-
metry as functions of x, as clearly shown in Fig. 6, where the 
combined results from the 2007 and 2010 COMPASS runs are 
presented. First, there is a mirror symmetry between the Collins 
asymmetry for positive and for negative hadrons, the magnitude 
of the asymmetry being essentially identical and the sign being 
opposite. This symmetry has been phenomenologically described 
in terms of opposite signs of u and d quark transversity distribu-
tions with almost equal magnitude and opposite sign for favoured 
and unfavoured Collins fragmentation functions [11].

The new results show that the values of the dihadron asymme-
try are slightly larger in magnitude, but very close to the values of 
the Collins asymmetry for positive hadrons and to the mean of the 
values of the Collins asymmetry for positive and negative hadrons, 
after changing the sign of the asymmetry of the negative hadrons. 
The hadron samples on which these asymmetries are evaluated are 
different [29,27] since at least one hadron with z > 0.2 is required 

Fig. 6. Comparison of the asymmetry vs. x obtained in the analysis of dihadron pro-
duction to the corresponding Collins asymmetry for the combined 2007 and 2010
data. 

to evaluate the Collins asymmetry, while all the combinations of 
positive and negative hadrons with z > 0.1 are used in the case of 
the dihadron asymmetry. It has been checked, however, that the 
similarity between the two different asymmetries stays the same 
when measuring the asymmetries for the common hadron sample, 
selected with the requirement of at least two oppositely charged 
hadrons produced in the primary vertex. This gives a strong indica-
tion that the analysing powers of the single and dihadron channels 
are almost the same.

More work has been done to understand these similarities. 
Since the Collins asymmetries are the amplitudes of the sine mod-
ulations of the Collins angles φC± = φh± + φS − π , where φh±

[C. Adolph et al., PLB 736 (2014) 124]
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Fig. 7. Difference between the two dihadron angles φR and φ2h .

are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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Fig. 5. Proton asymmetry, integrated over the angle θ , as a function of x, z and Mh+h− , for the combined data taken with the proton (NH3) target in the years 2007 and 
2010 (top plot). The grey bands indicate the systematic uncertainties. The bottom plot shows the same data for the valence quark region (x ≥ 0.032). The curves in the upper 
plots show predictions [36,37] made using the transversity functions extracted in Ref. [11] (solid lines) or a pQCD based counting rule analysis (dotted lines). The curves in 
the lower plots show the predictions of [36] in the same x ≥ 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase π in the 
definition of the angle φR S used in the COMPASS analysis.

data. Significant asymmetry amplitudes are predicted and the x de-
pendent shape is well described, as well as for the dependence on 
z in the case of the calculations by Bacchetta et al. A good agree-
ment in terms of the Mh+h− dependence is only in the mass region 
of the ρ meson; no optimization of parameters in the calculation 
of the dihadron fragmentation function to extend the agreement 
over a larger Mh+h− region (as e.g., the fraction of the ω to 3π
decay in the s–p interference) was performed by the authors. The 
prediction of Ma et al. [37] (dashed lines in Fig. 5 (top)) uses the 
parametrisations of [23] for the dihadron fragmentation, together 
with a model for the transversity distributions, based on a pQCD 
counting rule analysis. This prediction describes the main trend of 
the data but tends to overestimate the measured asymmetry.

5. Comparing the dihadron asymmetry and the Collins 
asymmetry

There is a striking similarity among the Collins asymmetry for 
positive and for negative hadrons [27] and the dihadron asym-
metry as functions of x, as clearly shown in Fig. 6, where the 
combined results from the 2007 and 2010 COMPASS runs are 
presented. First, there is a mirror symmetry between the Collins 
asymmetry for positive and for negative hadrons, the magnitude 
of the asymmetry being essentially identical and the sign being 
opposite. This symmetry has been phenomenologically described 
in terms of opposite signs of u and d quark transversity distribu-
tions with almost equal magnitude and opposite sign for favoured 
and unfavoured Collins fragmentation functions [11].

The new results show that the values of the dihadron asymme-
try are slightly larger in magnitude, but very close to the values of 
the Collins asymmetry for positive hadrons and to the mean of the 
values of the Collins asymmetry for positive and negative hadrons, 
after changing the sign of the asymmetry of the negative hadrons. 
The hadron samples on which these asymmetries are evaluated are 
different [29,27] since at least one hadron with z > 0.2 is required 

Fig. 6. Comparison of the asymmetry vs. x obtained in the analysis of dihadron pro-
duction to the corresponding Collins asymmetry for the combined 2007 and 2010
data. 

to evaluate the Collins asymmetry, while all the combinations of 
positive and negative hadrons with z > 0.1 are used in the case of 
the dihadron asymmetry. It has been checked, however, that the 
similarity between the two different asymmetries stays the same 
when measuring the asymmetries for the common hadron sample, 
selected with the requirement of at least two oppositely charged 
hadrons produced in the primary vertex. This gives a strong indica-
tion that the analysing powers of the single and dihadron channels 
are almost the same.

More work has been done to understand these similarities. 
Since the Collins asymmetries are the amplitudes of the sine mod-
ulations of the Collins angles φC± = φh± + φS − π , where φh±
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Fig. 7. Difference between the two dihadron angles φR and φ2h .

are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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Fig. 5. Proton asymmetry, integrated over the angle θ , as a function of x, z and Mh+h− , for the combined data taken with the proton (NH3) target in the years 2007 and 
2010 (top plot). The grey bands indicate the systematic uncertainties. The bottom plot shows the same data for the valence quark region (x ≥ 0.032). The curves in the upper 
plots show predictions [36,37] made using the transversity functions extracted in Ref. [11] (solid lines) or a pQCD based counting rule analysis (dotted lines). The curves in 
the lower plots show the predictions of [36] in the same x ≥ 0.032 region. Note that the sign of the original predictions was changed to accommodate the phase π in the 
definition of the angle φR S used in the COMPASS analysis.

data. Significant asymmetry amplitudes are predicted and the x de-
pendent shape is well described, as well as for the dependence on 
z in the case of the calculations by Bacchetta et al. A good agree-
ment in terms of the Mh+h− dependence is only in the mass region 
of the ρ meson; no optimization of parameters in the calculation 
of the dihadron fragmentation function to extend the agreement 
over a larger Mh+h− region (as e.g., the fraction of the ω to 3π
decay in the s–p interference) was performed by the authors. The 
prediction of Ma et al. [37] (dashed lines in Fig. 5 (top)) uses the 
parametrisations of [23] for the dihadron fragmentation, together 
with a model for the transversity distributions, based on a pQCD 
counting rule analysis. This prediction describes the main trend of 
the data but tends to overestimate the measured asymmetry.

5. Comparing the dihadron asymmetry and the Collins 
asymmetry

There is a striking similarity among the Collins asymmetry for 
positive and for negative hadrons [27] and the dihadron asym-
metry as functions of x, as clearly shown in Fig. 6, where the 
combined results from the 2007 and 2010 COMPASS runs are 
presented. First, there is a mirror symmetry between the Collins 
asymmetry for positive and for negative hadrons, the magnitude 
of the asymmetry being essentially identical and the sign being 
opposite. This symmetry has been phenomenologically described 
in terms of opposite signs of u and d quark transversity distribu-
tions with almost equal magnitude and opposite sign for favoured 
and unfavoured Collins fragmentation functions [11].

The new results show that the values of the dihadron asymme-
try are slightly larger in magnitude, but very close to the values of 
the Collins asymmetry for positive hadrons and to the mean of the 
values of the Collins asymmetry for positive and negative hadrons, 
after changing the sign of the asymmetry of the negative hadrons. 
The hadron samples on which these asymmetries are evaluated are 
different [29,27] since at least one hadron with z > 0.2 is required 

Fig. 6. Comparison of the asymmetry vs. x obtained in the analysis of dihadron pro-
duction to the corresponding Collins asymmetry for the combined 2007 and 2010
data. 

to evaluate the Collins asymmetry, while all the combinations of 
positive and negative hadrons with z > 0.1 are used in the case of 
the dihadron asymmetry. It has been checked, however, that the 
similarity between the two different asymmetries stays the same 
when measuring the asymmetries for the common hadron sample, 
selected with the requirement of at least two oppositely charged 
hadrons produced in the primary vertex. This gives a strong indica-
tion that the analysing powers of the single and dihadron channels 
are almost the same.

More work has been done to understand these similarities. 
Since the Collins asymmetries are the amplitudes of the sine mod-
ulations of the Collins angles φC± = φh± + φS − π , where φh±
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are the azimuthal angles of positive and negative hadrons in the 
γ ∗-nucleon system, the mirror symmetry suggests that in the 
multi-hadrons fragmentation of the struck quark azimuthal angles 
of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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present in the LEPTO [38] generator for spin-independent DIS. The 
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Collins fragmentation function that describes the spin-dependent 
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If this is the case, asymmetries correlated with the dihadrons 
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shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19

6. Conclusions

In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 

19 After finalizing the present paper, a new publication appeared [42] reproducing 
with Monte Carlo calculations the observations of this section.

Fig. 8. Comparison between the dihadron asymmetry (black points) and the Collins-
like asymmetry for the dihadron (open blue points) as a function of x for the 2010
data.

160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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of positive and negative hadrons created in the event differ by 
≈ π , namely that when a transversely polarised quark fragments, 
oppositely charged hadrons have antiparallel transverse momenta. 
This anti-correlation between φh+ and φh− could be due to a local 
transverse momentum conservation in the fragmentation, as it is 
present in the LEPTO [38] generator for spin-independent DIS. The 
relevant point here is that such a correlation shows up also in the 
Collins fragmentation function that describes the spin-dependent 
hadronisation of a transversely polarised quark q into hadrons.

If this is the case, asymmetries correlated with the dihadrons 
can also be obtained in a way different from the one described 
above. For each pair of oppositely charged hadrons, using the unit 
vectors of their transverse momenta, we have evaluated the an-
gle φ2h of the vector R N = p̂T ,h+ − p̂T ,h− which is the arithmetic 
mean of the azimuthal angles of the two hadrons after correcting 
for the discussed π phase difference between both angles. This 
azimuthal angle of the dihadron is strongly correlated with φR , 
as can be seen in Fig. 7 where the difference of the two angles is 
shown. The same correlation is present also in the LEPTO generator 
for spin-independent DIS. Introducing the angle φ2h,S = φ2h − φS ′ , 
one simply obtains the mean of the Collins angle of the posi-
tive and negative hadrons (again after correcting for the discussed 
π phase difference between the two angles), i.e. a mean Collins 
type angle of the dihadron. The amplitudes of the modulations of 
sin φ2h,S , which could then be called the Collins asymmetry for the 
dihadron, are shown as a function of x in Fig. 8 for all the h+h−

pairs with z > 0.1 in the 2010 data, and compared with the di-
hadron asymmetry already given in Fig. 3, where an additional cut 
of pT > 0.1 GeV/c on the transverse momentum of the individual 
hadrons was applied for a precise determination of the azimuthal 
angles. The asymmetries are very close, hinting at a common phys-
ical origin for the Collins mechanism and the dihadron fragmenta-
tion function, as originally suggested in the 3 P0 Lund model [39], 
in the recursive string fragmentation model [32,40] and in recent 
theoretical work [41].19
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160 GeV/c muons off a transversely polarised proton (NH3) target. 
The measured asymmetry amplitudes are in agreement with our 
previous measurement performed with data collected in 2007. The 
statistical and systematic uncertainties are considerably reduced. 
The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
the ρ mass. These new combined results will allow a more pre-
cise extraction of the transversity distributions along the lines of 
the models recently developed. The high precision and the large 
kinematic range of the COMPASS proton data allows us to compare 
the dihadron asymmetry and the Collins asymmetry. In the paper 
we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
two angles turn out to be very similar.
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The combined results show a clear signal in the x range of the 
valence quarks and are in agreement with a recent theoretical cal-
culation, using as input the transversity distribution obtained from 
global fits to the Collins asymmetry. As expected, the results do 
not show a strong z dependence. Clear structures are exhibited as 
a function of the dihadrons’ invariant mass, with values compat-
ible with zero at about 0.5 GeV/c2 and a sharp fall to −0.05 at 
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cise extraction of the transversity distributions along the lines of 
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we underline the striking similarity between them and give argu-
ments in favour of a common underlying physics mechanism, as 
already suggested in the past by several authors. In particular we 
show that in our data the angle commonly used in the dihadron 
asymmetry analysis is very close to the mean Collins angle of the 
two hadrons, and that thus the asymmetries evaluated using the 
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.
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fit to SIDIS, DY & Z boson production: JHEP 06 (2017) 081

fit to e+e- data: PLB 772 (2017) 78–86 

new data: COMPASS arXiv:1709.07374

J
H
E
P
0
6
(
2
0
1
7
)
0
8
1

TMD PDFs N1 α σ λ

[GeV2] [GeV−2]

All replicas 0.28± 0.06 2.95± 0.05 0.17± 0.02 0.86± 0.78

Replica 105 0.285 2.98 0.173 0.39

TMD FFs N3 β δ γ λF N4

[GeV2] [GeV−2] [GeV2]

All replicas 0.21± 0.02 1.65± 0.49 2.28± 0.46 0.14± 0.07 5.50± 1.23 0.13± 0.01

Replica 105 0.212 2.10 2.52 0.094 5.29 0.135

Table 11. 68% confidence intervals of best-fit values for parametrizations of TMDs at Q = 1GeV.
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Figure 9. Correlation between transverse momenta in TMD FFs, ⟨P 2
⊥⟩(z = 0.5), and in TMD

PDFs, ⟨k2⊥⟩(x = 0.1), in different phenomenological extractions. (1): average values (white square)
obtained in the present analysis, values obtained from each replica (black dots) and 68% C.L. area
(red); (2) results from ref. [23], (3) results from ref. [97], (4) results from ref. [76] for Hermes data,
(5) results from ref. [76] forHermes data at high z, (6) results from ref. [76] for normalized Compass
data, (7) results from ref. [76] for normalized Compass data at high z, (8) results from ref. [15].

orange region around it (label 2), related to the flavor-independent version of the analysis
in ref. [23], obtained by fitting only Hermes SIDIS data at an average ⟨Q2⟩ = 2.4GeV2

and neglecting QCD evolution. A strong anticorrelation between the transverse momenta
is evident in this older analysis. In our new analysis, the inclusion of Drell-Yan and Z pro-
duction data adds physical information about TMD PDFs, free from the influence of TMD
FFs. This reduces significantly the correlation between

〈
k2
⊥
〉
(x = 0.1) and

〈
P 2
⊥
〉
(z = 0.5).

The 68% confidence region is smaller than in the older analysis. The average values of〈
k2
⊥
〉
(x = 0.1) are similar and compatible within error bands. The values of

〈
P 2
⊥
〉
(z = 0.5)

in the present analysis turn out to be larger than in the older analysis, an effect that is due
mainly to Compass data. It must be kept in mind that the two analyses lead also to differ-
ences in the x and z dependence of the transverse momentum squared. This dependence is
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CAVEAT: intrinsic transverse momentum depends on TMD evolution 
“scheme” and its parameters. Not the best quantity to consider.


