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COMPASS @ 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



FF2019, Duke U.Gunar Schnell 

HERMES (†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

3

- 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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one-hadron production (ep➙ehX)
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1T

  polarized final-state hadrons⇤⇥
�⌅

6 out of 8 require final-state polarimetry

most accessible: hyperons (parity-violating decay), but 

lower production rate

spin structure often dominated by strange quarks

(even) more involved: dihadron fragmentation functions



FF2019, Duke U.Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

8

Probing TMDs in semi-inclusive DIS

in SIDIS*) couple PDFs to:

ordinary FF:
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one-hadron production (ep➙ehX)
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(up to subleading order in 1/Q)
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one-hadron production (ep➙ehX)
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… possible measurements
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… possible measurements
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… azimuthal spin asymmetries

.

hermes Azimuthal Single-Spin Asymmetries
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fit azimuthal modulations, e.g., using maximum-likelihood method
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multiplicities @ HERMES 
remember: M = SIDIS / DIS

extensive data set on pure 
proton and deuteron targets 
for identified charged mesons

access to flavor dependence 
of fragmentation through 
different mesons & targets

input to fragmentation 
function analyses

extracted in a 3-dimensional 
unfolding procedure:

(x, z, Ph⊥)

(Q2, z, Ph⊥)
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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)
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[R. Sassot, private communication]

e.g., only a few%. Consequently, given currently attainable
measurement precision, charged-pion multiplicities pro-
vide no information on properties of strange quarks. It
follows that the body of discussion in Sec. III of the
Comment [3] concerning features of the leading-order (LO)
description of the pion multiplicity sum is not directly
relevant to the extraction of xB SðxBÞ from kaon data
reported by HERMES.
One salient point is theobservationof “the almost identical

shapes of the pion and kaon distributions.” Our comparison
of the shapes is presented in Fig. 1 where the kaon values
have been renormalized to the pion values in the region of
0.1 < xB < 0.45 where both curves flatten, presumably due
to the absence of a contribution from strange-quark frag-
mentation. While similar, the shapes are not nearly identical.
While the similarity is an interesting observation, it may be
coincidental, and likely can only be disentangled in a full
QCD analysis, which is at this point still out of reach. Until
then possible implications on the LO extraction of xB SðxBÞ
presented in Ref. [1] cannot be assessed.
For all the discussion, a grave conceptual misunder-

standing must be pointed out, also because it appears
to cloud the analyses [4] referred to by the Author to
strengthen his case. Although not related to the kaon
multiplicities analyzed in Ref. [1], the Author indulges
in invalid comparisons of pion multiplicity values (last
paragraph of Sec. III A). Different one-dimensional pro-
jections of a multiparameter observable, such as a multi-
plicity, are not topologically equivalent. In the case
discussed in the Comment [3], the corresponding sections
in the xB and Q2 projections of the observable span
different, albeit, overlapping regions of the Born space
accepted in the measurement. From setting the values of the

observables drawn from these two different sections equal
[e.g., erroneously assuming that the average multiplicity
should correspond to the multiplicity at (event-weighted)
average kinematics], the unjustified conclusion is drawn
that the measurements presented in Ref. [2] are not
consistent. In contrast to the Author’s claim that “a large
part of the data [in the two representations] are the same”,
Fig. 2 clearly demonstrates the contrary: only a small part
of the kinematic regions covered by those two data points
do overlap.
As an example, multiplicities in the xB–z representation

involve integrations over Q2 (as well as Ph⊥). Con-
sequently, when comparing to theoretical predictions,
the same integration has to be performed, e.g., for the
LO parton-model expression one has to evaluate

MπðxB; zÞ ¼

P
q e

2
q
RQ2

maxðxBÞ
Q2

minðxBÞ
qðxB;Q2ÞDπ

qðz;Q2ÞdQ2

P
q e

2
q
RQ2

maxðxBÞ
Q2

minðxBÞ
qðxB;Q2ÞdQ2

;

ð1Þ
or an analogous integration for any other type.
The Author points out that the (very) low-xB region can

be neglected in the discussion of the two bins in question
(3 GeV2 < Q2 < 5 GeV2 of the z–Q2 representation, and
0.14 < xB < 0.2 of the z–xB representation in Ref. [2]),
as the relevant Q2 bin is large enough not to include the
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FIG. 1 (color online). Comparison of the shapes of multiplic-
ities corrected to 4π of charged kaons and pions in semi-inclusive
DIS from a deuterium target, as a function of Bjorken xB. The
kaon multiplicities are scaled to agree with those of pions in the
range of xB where both distributions flatten. Data are plotted at
the average xB of each individual xB bin.
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FIG. 2 (color online). Born space in (xB, Q2) corresponding to
the multiplicities reported in Ref. [2]. Kinematic regions covered
by two data points with similar average kinematics, as discussed
in the Comment [3], are superimposed (highlighted slices in
either xB or Q2). Note that the color coding is logarithmic, and
that most of the events [Oð70%Þ] in either of the two bins are in
fact not shared.
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(by now old) 
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e.g., only a few%. Consequently, given currently attainable
measurement precision, charged-pion multiplicities pro-
vide no information on properties of strange quarks. It
follows that the body of discussion in Sec. III of the
Comment [3] concerning features of the leading-order (LO)
description of the pion multiplicity sum is not directly
relevant to the extraction of xB SðxBÞ from kaon data
reported by HERMES.
One salient point is theobservationof “the almost identical

shapes of the pion and kaon distributions.” Our comparison
of the shapes is presented in Fig. 1 where the kaon values
have been renormalized to the pion values in the region of
0.1 < xB < 0.45 where both curves flatten, presumably due
to the absence of a contribution from strange-quark frag-
mentation. While similar, the shapes are not nearly identical.
While the similarity is an interesting observation, it may be
coincidental, and likely can only be disentangled in a full
QCD analysis, which is at this point still out of reach. Until
then possible implications on the LO extraction of xB SðxBÞ
presented in Ref. [1] cannot be assessed.
For all the discussion, a grave conceptual misunder-

standing must be pointed out, also because it appears
to cloud the analyses [4] referred to by the Author to
strengthen his case. Although not related to the kaon
multiplicities analyzed in Ref. [1], the Author indulges
in invalid comparisons of pion multiplicity values (last
paragraph of Sec. III A). Different one-dimensional pro-
jections of a multiparameter observable, such as a multi-
plicity, are not topologically equivalent. In the case
discussed in the Comment [3], the corresponding sections
in the xB and Q2 projections of the observable span
different, albeit, overlapping regions of the Born space
accepted in the measurement. From setting the values of the

observables drawn from these two different sections equal
[e.g., erroneously assuming that the average multiplicity
should correspond to the multiplicity at (event-weighted)
average kinematics], the unjustified conclusion is drawn
that the measurements presented in Ref. [2] are not
consistent. In contrast to the Author’s claim that “a large
part of the data [in the two representations] are the same”,
Fig. 2 clearly demonstrates the contrary: only a small part
of the kinematic regions covered by those two data points
do overlap.
As an example, multiplicities in the xB–z representation

involve integrations over Q2 (as well as Ph⊥). Con-
sequently, when comparing to theoretical predictions,
the same integration has to be performed, e.g., for the
LO parton-model expression one has to evaluate
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DIS from a deuterium target, as a function of Bjorken xB. The
kaon multiplicities are scaled to agree with those of pions in the
range of xB where both distributions flatten. Data are plotted at
the average xB of each individual xB bin.

110

1

10

y >
 0.

1

2 > 1 GeV2Q

2

 >
 1

0 
G

eV

2
W

y < 0.85

x B
6.0

<

Bx

]2
 [G

eV
2

Q

FIG. 2 (color online). Born space in (xB, Q2) corresponding to
the multiplicities reported in Ref. [2]. Kinematic regions covered
by two data points with similar average kinematics, as discussed
in the Comment [3], are superimposed (highlighted slices in
either xB or Q2). Note that the color coding is logarithmic, and
that most of the events [Oð70%Þ] in either of the two bins are in
fact not shared.

COMMENTS PHYSICAL REVIEW D 92, 098102 (2015)

098102-2

10
-1

1

10
-1

1

10
-1

1

10
-1

1

1 10

+0.02

+0.07

+0.27z :
0.2-0.3

0.3-0.4

0.4-0.6

0.6-0.8

HERMES z-Q2

DSS07K+- d

+0.02

+0.04

+0.09

+0.29
z :

0.2-0.3

0.3-0.4

0.4-0.6

0.6-0.8

HERMES z-x (not included in the fit)
DSS07 (at mean x and Q2)K+- d

+0.03

+0.08

+0.18

+0.38

K-- d

+0.03

+0.08

+0.18

+0.38

K-- d

K+- p

+0.02

+0.07

+0.27
K+- p

+0.02

+0.04

+0.09

+0.29

K-- p

+0.03

+0.08

+0.18

+0.38

Q2

K-- p

+0.03

+0.08

+0.18

+0.38

x10 -1



FF2019, Duke U.Gunar Schnell 

multiplicities @ COMPASS 

very precise data for pions and kaons, in a large kinematic range

available in 3d binning in x, y, z

follows expected hierarchy: "+ > "- > K+ > K-
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very precise data for pions and kaons, in a large kinematic range

available in 3d binning in x, y, z
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multiplicities @ COMPASS 

very precise data for pions and kaons, in a large kinematic range

available in 3d binning in x, y, z

follows expected hierarchy: "+ > "- > K+ > K-
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multiplicities @ COMPASS & HERMES 

COMPASS: weighted average over y

HERMES: integral over Q2 range of each x-bin
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large suppression of disfavored 
kaon FF at low Q2 in DSS set

of the values for thevalence distributions. In the region
xB < 0.1 the spread in the extracted values of
dNK0

=dNDIS becomes large reflecting the large varia-
tion in the sea-quark PDFs over the four sets used.
While NNPDF2.3 results in a reasonable description
when compared to the set of unfavored nonstrange FFs
derived from the “high-xB limit,” the overall choices of
PDFandFF sets result in awide range of “predictions”
for either side of Eq. (7) of the Comment [3], i.e.,
Eqs. (4) and (5) herein. This clearly demonstrates the
large sensitivity of these nonsinglet quantities to
subtleties in the choice of PDFs and FFs;

(iv) using the Q2 evolution of the DSS FF set, we cannot
reproduce the shapes of the curves in the Comment’s
Fig. 2 (left) [3]. We present the quantity of Eq. (5) on
the right of Fig. 3. There is a strong underlying Q2

dependence that leads to the rise of the K0 “multi-
plicity” with xB for large values of the unfavored
FFs, something not visible in the version of this
figure in the Comment [3]. The strong Q2 depend-
ence of the unfavored DSS kaon FFs is depicted also
in Fig. 4;

(v) even more striking than the lack of the high-xB rise
for the considerably increased DSS FFs is the
behavior of the lowest curve in the corresponding
figure of the Comment [3]: when the unfavored FFs
are set to zero, the xB behavior is driven entirely by
the last term in Eq. (5). SDK

S rapidly reaches zero
above xB ¼ 0.1 [1]. As Q remains sizable in that
range of xB also the ratio S

QD
K
S should approach zero

(as it does on the right of Fig. 3 for the correspond-

ing squares). In Fig. 2 (left) of the Comment [3],
however, instead of going to zero that curve rises
with xB above xB ¼ 0.1. We have no explanation for
this apparent discrepancy;

(vi) the rapidly rising values as xB increases make
extracting a “high-xB limit,” as recommended in
the Comment [3], very tenuous at best. Unlike the
situation with the original isoscalar extraction of
SðxBÞ [1], where a high-xB limit was used to
constrain a favored combination of FFs and where
the multiplicity levels out and thus has a meaningful
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FIG. 3 (color online). Left: K0 “multiplicities” corrected to 4π of charged kaons in semi-inclusive DIS from a deuterium target, as a
function of xB, evaluated with Eq. (4) using MSTW08 (squares), CTEQ6 (upward triangles), NNPDF3.0 (downward triangles), and
NNPDF2.3 (full circles) LO PDF sets. Also shown are the LO predictions [e.g., Eq. (5)] using DSS FFs (crosses) or using the high-xB
HERMES data to constrain the unfavored ū and d̄ to Kþ FFs (stars). For both the crosses and stars, S

R
dzDK

S from Ref. [1] and Q from
NNPDF3.0 were used. Note that uncertainties on PDFs or FFs—when available at all—were not propagated, but only total experimental
uncertainties. Right: Equation (5) evaluated in the same way as the crosses to the left, but for a range of scaled DSS unfavored
nonstrange kaon FFs (using scaling factors from 0 (bottom) to 4 (top) as in Fig. 2 (left) in the Comment [3]). As in the Comment [3], all
points were evaluated at the average Q2 of each individual xB bin.
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FIG. 4 (color online). The Q2 dependence of the DSS favored
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DKþ
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look at kaon multiplicity ratio

neglecting disfavored 
and strange fragmentation

yields lower bound driven 
by light-quark PDFs:

… in variance with data
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hadron type h to the cross section for an inclusive measurement 
of the deep-inelastic scattering process:

dMh(x, Q 2, z)
dz

= d3σ h(x, Q 2, z)/dxdQ 2dz
d2σ DIS(x, Q 2)/dxdQ 2 . (1)

Here, Q 2 is the virtuality of the photon mediating the lepton–
nucleon scattering process and x denotes the Bjorken scaling vari-
able. Within the standard factorisation approach of pQCD [5,6], 
σ DIS can be written as a sum over parton types, in which for 
a given parton type a the respective PDF is convoluted with the 
lepton–parton hard-scattering cross section. For σ h in the cur-
rent fragmentation region, the sum contains an additional convolu-
tion with the fragmentation function of the produced parton. The 
rather complicated NLO expressions for these cross sections can be 
found e.g. in Ref. [6]. Below, we will use only pQCD LO expressions 
for the cross section, while later for the presentation of results 
also multiplicity calculations obtained using NLO expressions will 
be shown. It is important to note that in the SIDIS factorisation ap-
proach the only ingredients that depend on the nucleon type are 
the nucleon PDFs, while the fragmentation functions depend nei-
ther on the nucleon type nor on x. In the LO approximation for the 
multiplicity, the sum over parton species a = q, ̄q does not contain 
convolutions but only simple products of PDFs fa(x, Q 2), weighted 
by the square of the electric charge ea of the quark expressed in 
units of elementary charge, and FFs Dh

a (z, Q 2):

dMh(x, Q 2, z)
dz

=
∑

a e2
a fa(x, Q 2)Dh

a (z, Q 2)
∑

a e2
a fa(x, Q 2)

. (2)

For a deuteron target, the charged-kaon multiplicity ratio in LO 
pQCD reads as follows:

RK(x, Q 2, z)

= dMK−
(x, Q 2, z)/dz

dMK+
(x, Q 2, z)/dz

= 4(ū + d̄)Dfav + (5u + 5d + ū + d̄ + 2s̄)Dunf + 2sDstr

4(u + d)Dfav + (5ū + 5d̄ + u + d + 2s)Dunf + 2s̄Dstr
. (3)

Here, u, ū, d, d̄, s, s̄ denote the PDFs in the proton for differ-
ent quark flavours. Their dependences on x and Q 2 are omitted 
for brevity. The symbols Dfav, Dunf and Dstr denote favoured, un-
favoured, and strange-quark fragmentation functions respectively, 
which are given by Dfav = DK+

u = DK−
ū , Dunf = DK+

ū = DK+
d = DK+

d̄
=

DK+
s and their charge conjugate, and Dstr = DK+

s̄ = DK−
s . Their de-

pendences on z and Q 2 are omitted. Accordingly, also the depen-
dence of RK on x, Q 2 and z are omitted. Presently, existing data 
do not allow one to distinguish between different functions Dunf
for different quark flavours. However, it is expected that Dunf is 
small in the large-z region, and this expectation is indeed con-
firmed in pQCD fits already at moderate values of z, i.e. z ≈ 0.5, 
see e.g. Refs. [7,8]. When neglecting Dunf, Eq. (3) simplifies to

RK = 4(ū + d̄)Dfav + 2sDstr

4(u + d)Dfav + 2s̄Dstr
. (4)

It is expected that Dstr > Dfav > 0, and therefore the positive terms 
sDstr and s̄Dstr may be of some importance. Still, in order to calcu-
late a lower limit for RK, these terms can be neglected under the 
assumption that s = s̄, which leads to

RK >
ū + d̄
u + d

. (5)

The analysis described below is performed using two bins in x, 
i.e. x < 0.05 with ⟨x⟩ = 0.03, ⟨Q 2⟩ = 1.6 (GeV/c)2 and x > 0.05
with ⟨x⟩ = 0.094, ⟨Q 2⟩ = 4.8 (GeV/c)2. Whenever sufficient, only 
the first x-bin is used in the discussion.

The evaluation of Eq. (5) for x = 0.03 and Q 2 = 1.6 (GeV/c)2

yields a lower limit of 0.469 ± 0.015 when using the MSTW08 LO 
PDFs [9]. In NLO the limit given by Eq. (5) receives corrections 
on the level of ∼ αS/2π . Using the MMHT14 NLO PDF set [10], 
the ratio (ū + d̄)/(u + d) is 0.440 ± 0.023, but according to our 
calculation the lower limit is about 15% lower than this limit.1

We note that because of the large uncertainties of s, ̄s and Dstr, 
reasonable uncertainties are presently calculable only for the lower 
limits of RK, and not for RK itself. These uncertainties amount to 
about 3% for LO and about 6% for NLO predictions. In both cases 
the uncertainty of the (ū + d̄)/(u + d) ratio dominates, while in 
NLO also uncertainties of the gluon PDF play some role. The choice 
of FFs has negligible impact on LO or NLO calculations of the lower 
RK limit. The actual predictions for RK based on DSS [7] at LO ac-
curacy and DEHSS17 [8] at NLO accuracy are larger than the lower 
limits for RK, which is expected as in the above calculation of 
lower limits the strange-quark contribution to kaon fragmentation 
was neglected. It was verified that when using more recent PDF 
sets (e.g. NNPDF30 at LO and NLO accuracy [11]), the RK values in-
crease by about 10% for all cases that were discussed above. Hence 
our choice of the MSTW08 LO and MMHT14 NLO PDFs sets leads 
to a rather conservative estimation of the lower limit on RK.

In the LEPTO event generator2 [12] another factorisation ansatz 
is used

dMh(x, Q 2, z)
dz

=
∑

a e2
a fa(x, Q 2)Hh

a/N(x, z, Q 2)
∑

a e2
a fa(x, Q 2)

. (6)

Here, Hh
a/N(x, z, Q 2) describes the production of a hadron h in the 

hadronisation of a string that is formed by the struck quark and 
the target remnant. In contrast to the pQCD approach, this hadro-
nisation function depends not only on quark and hadron types and 
on z but also on the type of the target nucleon and on x, see 
Ref. [14] for more details. We note that in this approach also the 
conservation of the overall quantum numbers as well as momen-
tum conservation are taken into account, which is not the case for 
the pQCD approach. The LEPTO prediction for RK, about 0.52, lies 
above the LO limit given by Eq. (5). However, for z > 0.97 it under-
shoots this limit. This appears plausible as for z approaching unity 
K+ can be produced in the process µp → µK+$0, while a simi-
lar process to produce K− is forbidden because of baryon number 
conservation.

In recent years, several theory developments were performed 
that can potentially impact the theory predictions for the high-z
region. In Ref. [15] for example, the authors studied the impact of 
threshold-logarithm resummations in the high-z region and found 
a large impact. In the case of π− production, the predicted cross 
section can be larger by a factor of two. When considering the 

1 From the formalism given in [5], it follows that in the NLO cross-section for-
mula for hadron production, for each quark flavour there are six additional terms 
besides the qDh

q term. These terms include convolution integrals of PDF, FFs and 
the so-called coefficient functions. We found that four convolution integrals can ef-
fectively be neglected at high z, and only two that are related to convolutions of 
C1

qq and C1
qg have an important impact on the final results. The term related to C1

qq
alone would lead to an increase of RK above the limit given by Eq. (5). In contrast, 
the term related to C1

qg, although appearing in a symmetric form in numerator and 
denominator, is negative, so that the lower limit of RK falls below that given by 
Eq. (5). We note that D fav or its convolution appears always in all relevant terms. 
Its choice hence appears to be rather irrelevant for the final result, as it largely can-
cels in the predicted lower limit for RK at NLO.

2 LEPTO 6.5, with JETSET 7.4 and fragmentation tuning from Ref. [13].
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σ DIS can be written as a sum over parton types, in which for 
a given parton type a the respective PDF is convoluted with the 
lepton–parton hard-scattering cross section. For σ h in the cur-
rent fragmentation region, the sum contains an additional convolu-
tion with the fragmentation function of the produced parton. The 
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for the cross section, while later for the presentation of results 
also multiplicity calculations obtained using NLO expressions will 
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multiplicity, the sum over parton species a = q, ̄q does not contain 
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pQCD reads as follows:
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Here, u, ū, d, d̄, s, s̄ denote the PDFs in the proton for differ-
ent quark flavours. Their dependences on x and Q 2 are omitted 
for brevity. The symbols Dfav, Dunf and Dstr denote favoured, un-
favoured, and strange-quark fragmentation functions respectively, 
which are given by Dfav = DK+
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ū , Dunf = DK+
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=
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s and their charge conjugate, and Dstr = DK+

s̄ = DK−
s . Their de-

pendences on z and Q 2 are omitted. Accordingly, also the depen-
dence of RK on x, Q 2 and z are omitted. Presently, existing data 
do not allow one to distinguish between different functions Dunf
for different quark flavours. However, it is expected that Dunf is 
small in the large-z region, and this expectation is indeed con-
firmed in pQCD fits already at moderate values of z, i.e. z ≈ 0.5, 
see e.g. Refs. [7,8]. When neglecting Dunf, Eq. (3) simplifies to

RK = 4(ū + d̄)Dfav + 2sDstr

4(u + d)Dfav + 2s̄Dstr
. (4)

It is expected that Dstr > Dfav > 0, and therefore the positive terms 
sDstr and s̄Dstr may be of some importance. Still, in order to calcu-
late a lower limit for RK, these terms can be neglected under the 
assumption that s = s̄, which leads to

RK >
ū + d̄
u + d

. (5)

The analysis described below is performed using two bins in x, 
i.e. x < 0.05 with ⟨x⟩ = 0.03, ⟨Q 2⟩ = 1.6 (GeV/c)2 and x > 0.05
with ⟨x⟩ = 0.094, ⟨Q 2⟩ = 4.8 (GeV/c)2. Whenever sufficient, only 
the first x-bin is used in the discussion.

The evaluation of Eq. (5) for x = 0.03 and Q 2 = 1.6 (GeV/c)2

yields a lower limit of 0.469 ± 0.015 when using the MSTW08 LO 
PDFs [9]. In NLO the limit given by Eq. (5) receives corrections 
on the level of ∼ αS/2π . Using the MMHT14 NLO PDF set [10], 
the ratio (ū + d̄)/(u + d) is 0.440 ± 0.023, but according to our 
calculation the lower limit is about 15% lower than this limit.1

We note that because of the large uncertainties of s, ̄s and Dstr, 
reasonable uncertainties are presently calculable only for the lower 
limits of RK, and not for RK itself. These uncertainties amount to 
about 3% for LO and about 6% for NLO predictions. In both cases 
the uncertainty of the (ū + d̄)/(u + d) ratio dominates, while in 
NLO also uncertainties of the gluon PDF play some role. The choice 
of FFs has negligible impact on LO or NLO calculations of the lower 
RK limit. The actual predictions for RK based on DSS [7] at LO ac-
curacy and DEHSS17 [8] at NLO accuracy are larger than the lower 
limits for RK, which is expected as in the above calculation of 
lower limits the strange-quark contribution to kaon fragmentation 
was neglected. It was verified that when using more recent PDF 
sets (e.g. NNPDF30 at LO and NLO accuracy [11]), the RK values in-
crease by about 10% for all cases that were discussed above. Hence 
our choice of the MSTW08 LO and MMHT14 NLO PDFs sets leads 
to a rather conservative estimation of the lower limit on RK.

In the LEPTO event generator2 [12] another factorisation ansatz 
is used

dMh(x, Q 2, z)
dz

=
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a/N(x, z, Q 2)
∑
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. (6)

Here, Hh
a/N(x, z, Q 2) describes the production of a hadron h in the 

hadronisation of a string that is formed by the struck quark and 
the target remnant. In contrast to the pQCD approach, this hadro-
nisation function depends not only on quark and hadron types and 
on z but also on the type of the target nucleon and on x, see 
Ref. [14] for more details. We note that in this approach also the 
conservation of the overall quantum numbers as well as momen-
tum conservation are taken into account, which is not the case for 
the pQCD approach. The LEPTO prediction for RK, about 0.52, lies 
above the LO limit given by Eq. (5). However, for z > 0.97 it under-
shoots this limit. This appears plausible as for z approaching unity 
K+ can be produced in the process µp → µK+$0, while a simi-
lar process to produce K− is forbidden because of baryon number 
conservation.

In recent years, several theory developments were performed 
that can potentially impact the theory predictions for the high-z
region. In Ref. [15] for example, the authors studied the impact of 
threshold-logarithm resummations in the high-z region and found 
a large impact. In the case of π− production, the predicted cross 
section can be larger by a factor of two. When considering the 

1 From the formalism given in [5], it follows that in the NLO cross-section for-
mula for hadron production, for each quark flavour there are six additional terms 
besides the qDh

q term. These terms include convolution integrals of PDF, FFs and 
the so-called coefficient functions. We found that four convolution integrals can ef-
fectively be neglected at high z, and only two that are related to convolutions of 
C1

qq and C1
qg have an important impact on the final results. The term related to C1

qq
alone would lead to an increase of RK above the limit given by Eq. (5). In contrast, 
the term related to C1

qg, although appearing in a symmetric form in numerator and 
denominator, is negative, so that the lower limit of RK falls below that given by 
Eq. (5). We note that D fav or its convolution appears always in all relevant terms. 
Its choice hence appears to be rather irrelevant for the final result, as it largely can-
cels in the predicted lower limit for RK at NLO.

2 LEPTO 6.5, with JETSET 7.4 and fragmentation tuning from Ref. [13].
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hadron type h to the cross section for an inclusive measurement 
of the deep-inelastic scattering process:

dMh(x, Q 2, z)
dz

= d3σ h(x, Q 2, z)/dxdQ 2dz
d2σ DIS(x, Q 2)/dxdQ 2 . (1)

Here, Q 2 is the virtuality of the photon mediating the lepton–
nucleon scattering process and x denotes the Bjorken scaling vari-
able. Within the standard factorisation approach of pQCD [5,6], 
σ DIS can be written as a sum over parton types, in which for 
a given parton type a the respective PDF is convoluted with the 
lepton–parton hard-scattering cross section. For σ h in the cur-
rent fragmentation region, the sum contains an additional convolu-
tion with the fragmentation function of the produced parton. The 
rather complicated NLO expressions for these cross sections can be 
found e.g. in Ref. [6]. Below, we will use only pQCD LO expressions 
for the cross section, while later for the presentation of results 
also multiplicity calculations obtained using NLO expressions will 
be shown. It is important to note that in the SIDIS factorisation ap-
proach the only ingredients that depend on the nucleon type are 
the nucleon PDFs, while the fragmentation functions depend nei-
ther on the nucleon type nor on x. In the LO approximation for the 
multiplicity, the sum over parton species a = q, ̄q does not contain 
convolutions but only simple products of PDFs fa(x, Q 2), weighted 
by the square of the electric charge ea of the quark expressed in 
units of elementary charge, and FFs Dh

a (z, Q 2):

dMh(x, Q 2, z)
dz

=
∑

a e2
a fa(x, Q 2)Dh

a (z, Q 2)
∑

a e2
a fa(x, Q 2)

. (2)

For a deuteron target, the charged-kaon multiplicity ratio in LO 
pQCD reads as follows:

RK(x, Q 2, z)

= dMK−
(x, Q 2, z)/dz

dMK+
(x, Q 2, z)/dz

= 4(ū + d̄)Dfav + (5u + 5d + ū + d̄ + 2s̄)Dunf + 2sDstr

4(u + d)Dfav + (5ū + 5d̄ + u + d + 2s)Dunf + 2s̄Dstr
. (3)

Here, u, ū, d, d̄, s, s̄ denote the PDFs in the proton for differ-
ent quark flavours. Their dependences on x and Q 2 are omitted 
for brevity. The symbols Dfav, Dunf and Dstr denote favoured, un-
favoured, and strange-quark fragmentation functions respectively, 
which are given by Dfav = DK+

u = DK−
ū , Dunf = DK+

ū = DK+
d = DK+

d̄
=

DK+
s and their charge conjugate, and Dstr = DK+

s̄ = DK−
s . Their de-

pendences on z and Q 2 are omitted. Accordingly, also the depen-
dence of RK on x, Q 2 and z are omitted. Presently, existing data 
do not allow one to distinguish between different functions Dunf
for different quark flavours. However, it is expected that Dunf is 
small in the large-z region, and this expectation is indeed con-
firmed in pQCD fits already at moderate values of z, i.e. z ≈ 0.5, 
see e.g. Refs. [7,8]. When neglecting Dunf, Eq. (3) simplifies to

RK = 4(ū + d̄)Dfav + 2sDstr

4(u + d)Dfav + 2s̄Dstr
. (4)

It is expected that Dstr > Dfav > 0, and therefore the positive terms 
sDstr and s̄Dstr may be of some importance. Still, in order to calcu-
late a lower limit for RK, these terms can be neglected under the 
assumption that s = s̄, which leads to

RK >
ū + d̄
u + d

. (5)

The analysis described below is performed using two bins in x, 
i.e. x < 0.05 with ⟨x⟩ = 0.03, ⟨Q 2⟩ = 1.6 (GeV/c)2 and x > 0.05
with ⟨x⟩ = 0.094, ⟨Q 2⟩ = 4.8 (GeV/c)2. Whenever sufficient, only 
the first x-bin is used in the discussion.

The evaluation of Eq. (5) for x = 0.03 and Q 2 = 1.6 (GeV/c)2

yields a lower limit of 0.469 ± 0.015 when using the MSTW08 LO 
PDFs [9]. In NLO the limit given by Eq. (5) receives corrections 
on the level of ∼ αS/2π . Using the MMHT14 NLO PDF set [10], 
the ratio (ū + d̄)/(u + d) is 0.440 ± 0.023, but according to our 
calculation the lower limit is about 15% lower than this limit.1

We note that because of the large uncertainties of s, ̄s and Dstr, 
reasonable uncertainties are presently calculable only for the lower 
limits of RK, and not for RK itself. These uncertainties amount to 
about 3% for LO and about 6% for NLO predictions. In both cases 
the uncertainty of the (ū + d̄)/(u + d) ratio dominates, while in 
NLO also uncertainties of the gluon PDF play some role. The choice 
of FFs has negligible impact on LO or NLO calculations of the lower 
RK limit. The actual predictions for RK based on DSS [7] at LO ac-
curacy and DEHSS17 [8] at NLO accuracy are larger than the lower 
limits for RK, which is expected as in the above calculation of 
lower limits the strange-quark contribution to kaon fragmentation 
was neglected. It was verified that when using more recent PDF 
sets (e.g. NNPDF30 at LO and NLO accuracy [11]), the RK values in-
crease by about 10% for all cases that were discussed above. Hence 
our choice of the MSTW08 LO and MMHT14 NLO PDFs sets leads 
to a rather conservative estimation of the lower limit on RK.

In the LEPTO event generator2 [12] another factorisation ansatz 
is used

dMh(x, Q 2, z)
dz

=
∑

a e2
a fa(x, Q 2)Hh

a/N(x, z, Q 2)
∑

a e2
a fa(x, Q 2)

. (6)

Here, Hh
a/N(x, z, Q 2) describes the production of a hadron h in the 

hadronisation of a string that is formed by the struck quark and 
the target remnant. In contrast to the pQCD approach, this hadro-
nisation function depends not only on quark and hadron types and 
on z but also on the type of the target nucleon and on x, see 
Ref. [14] for more details. We note that in this approach also the 
conservation of the overall quantum numbers as well as momen-
tum conservation are taken into account, which is not the case for 
the pQCD approach. The LEPTO prediction for RK, about 0.52, lies 
above the LO limit given by Eq. (5). However, for z > 0.97 it under-
shoots this limit. This appears plausible as for z approaching unity 
K+ can be produced in the process µp → µK+$0, while a simi-
lar process to produce K− is forbidden because of baryon number 
conservation.

In recent years, several theory developments were performed 
that can potentially impact the theory predictions for the high-z
region. In Ref. [15] for example, the authors studied the impact of 
threshold-logarithm resummations in the high-z region and found 
a large impact. In the case of π− production, the predicted cross 
section can be larger by a factor of two. When considering the 

1 From the formalism given in [5], it follows that in the NLO cross-section for-
mula for hadron production, for each quark flavour there are six additional terms 
besides the qDh

q term. These terms include convolution integrals of PDF, FFs and 
the so-called coefficient functions. We found that four convolution integrals can ef-
fectively be neglected at high z, and only two that are related to convolutions of 
C1

qq and C1
qg have an important impact on the final results. The term related to C1

qq
alone would lead to an increase of RK above the limit given by Eq. (5). In contrast, 
the term related to C1

qg, although appearing in a symmetric form in numerator and 
denominator, is negative, so that the lower limit of RK falls below that given by 
Eq. (5). We note that D fav or its convolution appears always in all relevant terms. 
Its choice hence appears to be rather irrelevant for the final result, as it largely can-
cels in the predicted lower limit for RK at NLO.

2 LEPTO 6.5, with JETSET 7.4 and fragmentation tuning from Ref. [13].

in particular, low-# 
region affected
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not so surprising: strong suppression mainly at low missing mass, where 
phase space for “independent” fragmentation tight
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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]

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).

… as well as more limited measurements by H1 and Zeus

Ph⊥-multiplicity landscape
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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]

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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multi-dimensional analysis allows going beyond collinear factorization
flavor information on transverse momenta via target/hadron variation,
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
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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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032006-14
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Ph⊥ dependence

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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hT at hQ2i ¼ 1.25 ðGeV=cÞ2 and hxi ¼ 0.006 in two z bins:
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2− )c
 (G

eV
/

2 hT
Pdz

/dh
M2 d

3−10

2−10

1−10

1
 <  0.3z 0.2 < 

+h

−
h

0 1 2 3

1

2

 <  0.4z 0.3 < 

0 1 2 3

3−10

2−10

1−10

1
 <  0.6z 0.4 < 

0 1 2 3

2

4

 <  0.8z 0.6 < 

2)c (GeV/2
hTP

0 1 2 3

FIG. 10. Upper panels: Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a function of P2
hT in

four z bins at hQ2i ¼ 9.78 ðGeV=cÞ2 and hxi ¼ 0.149. Lower panels: Ratio of multiplicities of positively and negatively charged
hadrons. Only statistical uncertainties are shown.

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

032006-12

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.
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The multiplicities presented above are compared in
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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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COMPASS vs. JLab & HERMES 

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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the present results over x and Q2. 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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fitting the Ph⊥ dependence

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

2 )c
 (G

eV
/

〉
2 hT

P〈
0.2

0.4

0.6  < 0.008x0.003 < 

 < 1.72/(GeV/c)21 < Q

 < 32/(GeV/c)21.7 < Q

0.2 0.4 0.6

0.2

0.4

0.6  < 0.055x0.032 < 

 < 0.013x0.008 < 

 < 72/(GeV/c)23 < Q

 < 162/(GeV/c)27 < Q

0.2 0.4 0.6

 < 0.1x0.055 < 

 < 0.02x0.013 < 

 < 812/(GeV/c)216 < Q

0.2 0.4 0.6

 < 0.21x0.1 < 

 < 0.032x0.02 < 

2z
0.2 0.4 0.6

 < 0.4x0.21 < 

FIG. 15. Average transverse momentum hP2
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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

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]
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significant in size and 
opposite in sign for charged 
pions

disfavored Collins FF large 
and opposite in sign to 
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leads to various cancellations 
in SSA observables
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Collins amplitudes

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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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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Collins amplitudes

- excellent agreement of various proton data, 
  also with neutron results
- no indication of strong evolution effects
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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].
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[M. Anselmino et al., PRD 87 (2013) 094019]

clearly need precise data from 
“neutron” target(s), e.g., COMPASS d, 
and later JLab12 & EIC

(valid for all chiral-odd TMDs)

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].
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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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FIG. 4. χ2 profiles for up and down quark contributions to the tensor charge. The errors of points correspond to the 90% C.L. interval
at Q2 ¼ 10 GeV2.

ZHONG-BO KANG et al. PHYSICAL REVIEW D 93, 014009 (2016)
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“impossible” to disentangle u/d 
transversity -> current limits driven 
mainly by Soffer bound?
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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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all existing deuteron data (open points), and the corresponding error bars estimated using
the 2010 proton data and the new deuteron data (closed points).
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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�-

17
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beam-helicity asymmetry (twist-3)
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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?
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flagship observable for extraction of proton’s quark helicity dist.’s

revisited at HERMES to 

exploit slightly larger data set

provide A|| in addition to A1

R (ratio of longitudinal-to-transverse cross section) to be measured
[only available for inclusive DIS data, e.g., used in g1 SF measurements]

look at multi-dimensional dependences 

extract twist-3 cosine modulations

longitudinal double-spin asymmetries

TABLE I. Experimental configurations by year of longitudi-
nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.

Beam Target Hadron Hadron Momentum
Year Type Gas Type P

h

1996 e+ H ⇡

± 4–13.8 GeV
1997 e+ H ⇡

± 4–13.8 GeV
1998 e� D ⇡

±
,K

± 2–15 GeV
1999 e+ D ⇡

±
,K

± 2–15 GeV
2000 e+ D ⇡

±
,K

± 2–15 GeV

polarization was randomly chosen each 60 s for hydro-
gen and 90 s for deuterium, providing yields in both spin
states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).

The asymmetries are computed using basically the
same data set and procedure presented in prior HERMES
publications on longitudinal double-spin asymmetries [3–
5, 35]; di↵erences from previous analyses are discussed
below. The lepton-nucleon asymmetry is

A

h
k ⌘

C

h
�

fD

"
L◆N

h
� � L�N

h
◆

LP,◆N

h
� + LP,�N

h
◆

#

B

. (5)

Here, N

h
◆(�)

represents the hadron yield containing
events that meet the kinematic requirements summa-
rized in Table II, and L◆(�)

and LP,◆(�)

represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]

B

, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
C

h
� is a correction that compensates for any distortion

caused by the convolution of the azimuthal moments of

4 Note that if experimental polarizations are not alternated so that
the average polarization of both beam and target samples are
zero, terms in Eq. (1) with a single “U” in the subscript do not
vanish, a priori, from both the numerator and denominator of
the ratio. In contrast, Eq. (2), i.e., the combination of all four
target- and beam-helicity states, leaves only the sum of terms
from Eq. (1) with the “LL” subscript divided by the sum of
terms with the “UU” subscript.

TABLE II. Inclusive and semi-inclusive kinematic require-
ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (x

F

) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.

Kinematic Requirements
Q

2

> 1.0 GeV2

W

2

> 10 GeV2

y < 0.85
(0.1) 0.2 < z < 0.8

x

F

> 0.1

the polarization-independent cross section with the non-
uniform detector acceptance, which is described in more
detail in Section II B 6.
The virtual-photon–nucleon asymmetry A

h
1

is defined
as

A

h
1
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h
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h
3/2

�

h
1/2 + �

h
3/2

, (6)

where �h
1/2 (�

h
3/2) is the photoabsorption cross section for

photons for which the spin is antiparallel (parallel) to the
target-nucleon spin. Ah

1

is computed from A

h
k as

A

h
1

=
1

D(1 + ⌘�)
A

h
k , (7)

where the contributions from the spin structure function
g

2

and, in case of a deuterium target, from the tensor
structure function b

1

are negligible [36]. Furthermore,

⌘ =
✏�y

1� (1� y) ✏
(8)

is a kinematic factor, and

D =
1� (1� y)✏

1 + ✏R

(9)

accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R

of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of A

h
1

, which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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x dependence of A|| (consistent with previous HERMES publication)

longitudinal double-spin asymmetries
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3d dependences provides extra flavor 
sensitivity but also transverse-momentum 
dependence, e.g.,

$- asymmetries mainly coming from low-z 
region where disfavored fragmentation 
large and thus sensitivity to the large 
positive up-quark polarization

longitudinal DSA
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“polarized Cahn effect”

twist-3 effect, thus various other contributions

largely consistent with zero at HERMES

longitudinal DSA - cosine moments
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conclusions
SIDIS provides important input to the study of FFs

flavor dependence of collinear FFs
pushing theory description in corner places of kinematics 
transverse-momentum dependent multiplicities clearly indicate z-
dependent transverse-momentum Gaussian width of FFs

access to chiral-odd FF through azimuthal modulations
also here: easier flavor decomposition of FFs

d-quark transversity difficult to access with only proton targets
additional deuteron data to come from COMPASS

non-zero beam-helicity asymmetries 
sizable twist-3 effects
intriguing kinematic dependences might shed light at different 
roles of the various terms contributing

COMPASS and HERMES continue producing results
43
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kinematic coverage

COMPASS
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e.g., only a few%. Consequently, given currently attainable
measurement precision, charged-pion multiplicities pro-
vide no information on properties of strange quarks. It
follows that the body of discussion in Sec. III of the
Comment [3] concerning features of the leading-order (LO)
description of the pion multiplicity sum is not directly
relevant to the extraction of xB SðxBÞ from kaon data
reported by HERMES.
One salient point is theobservationof “the almost identical

shapes of the pion and kaon distributions.” Our comparison
of the shapes is presented in Fig. 1 where the kaon values
have been renormalized to the pion values in the region of
0.1 < xB < 0.45 where both curves flatten, presumably due
to the absence of a contribution from strange-quark frag-
mentation. While similar, the shapes are not nearly identical.
While the similarity is an interesting observation, it may be
coincidental, and likely can only be disentangled in a full
QCD analysis, which is at this point still out of reach. Until
then possible implications on the LO extraction of xB SðxBÞ
presented in Ref. [1] cannot be assessed.
For all the discussion, a grave conceptual misunder-

standing must be pointed out, also because it appears
to cloud the analyses [4] referred to by the Author to
strengthen his case. Although not related to the kaon
multiplicities analyzed in Ref. [1], the Author indulges
in invalid comparisons of pion multiplicity values (last
paragraph of Sec. III A). Different one-dimensional pro-
jections of a multiparameter observable, such as a multi-
plicity, are not topologically equivalent. In the case
discussed in the Comment [3], the corresponding sections
in the xB and Q2 projections of the observable span
different, albeit, overlapping regions of the Born space
accepted in the measurement. From setting the values of the

observables drawn from these two different sections equal
[e.g., erroneously assuming that the average multiplicity
should correspond to the multiplicity at (event-weighted)
average kinematics], the unjustified conclusion is drawn
that the measurements presented in Ref. [2] are not
consistent. In contrast to the Author’s claim that “a large
part of the data [in the two representations] are the same”,
Fig. 2 clearly demonstrates the contrary: only a small part
of the kinematic regions covered by those two data points
do overlap.
As an example, multiplicities in the xB–z representation

involve integrations over Q2 (as well as Ph⊥). Con-
sequently, when comparing to theoretical predictions,
the same integration has to be performed, e.g., for the
LO parton-model expression one has to evaluate

MπðxB; zÞ ¼

P
q e

2
q
RQ2

maxðxBÞ
Q2

minðxBÞ
qðxB;Q2ÞDπ

qðz;Q2ÞdQ2

P
q e

2
q
RQ2

maxðxBÞ
Q2

minðxBÞ
qðxB;Q2ÞdQ2

;

ð1Þ
or an analogous integration for any other type.
The Author points out that the (very) low-xB region can

be neglected in the discussion of the two bins in question
(3 GeV2 < Q2 < 5 GeV2 of the z–Q2 representation, and
0.14 < xB < 0.2 of the z–xB representation in Ref. [2]),
as the relevant Q2 bin is large enough not to include the
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FIG. 1 (color online). Comparison of the shapes of multiplic-
ities corrected to 4π of charged kaons and pions in semi-inclusive
DIS from a deuterium target, as a function of Bjorken xB. The
kaon multiplicities are scaled to agree with those of pions in the
range of xB where both distributions flatten. Data are plotted at
the average xB of each individual xB bin.
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FIG. 2 (color online). Born space in (xB, Q2) corresponding to
the multiplicities reported in Ref. [2]. Kinematic regions covered
by two data points with similar average kinematics, as discussed
in the Comment [3], are superimposed (highlighted slices in
either xB or Q2). Note that the color coding is logarithmic, and
that most of the events [Oð70%Þ] in either of the two bins are in
fact not shared.
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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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�� Good agreement of the two measurements and model
predictions
Chr. Braun (Univ. Erlangen) COMPASS results for dihadron SSA StrucNucNuc 2013 41 / 44
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Transversity
(2-hadron fragmentation)

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

2H results consistent with 
zero

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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data from e+e- by BELLE 

PRL 107 (2011) 012001

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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data from e+e- by BELLE allow 
first (collinear) extraction
of transversity (compared 
to Anselmino et al.)

updated analysis available (incl. COMPASS)
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Transversity
(2-hadron fragmentation)

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

2H results consistent with 
zero

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]

Interference Fragmentation – 
thrust method 
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! Find pion pairs in opposite 
hemispheres 

! Observe angles $1+$2 between the 
event-plane (beam, jet-axis) and 
the two two-pion planes. 

! Theoretical guidance by papers of 
Boer,Jakob,Radici[PRD 67,(2003)] 
and 
Artru,Collins[ZPhysC69(1996)] 

! Early work by Collins, 
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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]

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

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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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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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
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In this paper we present the results of a new measurement of 
the transverse spin asymmetry in dihadron production in DIS of 
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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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“Collins angle” of 
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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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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.


