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Outline
•  What are DiFF and Where to extract them 

•  Why do we need them ?                                                         
the quest for transversity: Collins vs. IFF

•  Who   did what ?  (= the present situation)                           

•  Which are the latest “press news” ?

•  Perspectives
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the What and the Where

General framework
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Single-hadron fragmentation
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Single-hadron fragmentation
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Di-hadron fragmentation

KT-dependent   DiFF
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Di-hadron fragmentation

Integrate over the transverse momentum
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Chiral-odd                      survives ! (memo: h1,h2 must be distinguishable!)

Di-hadron fragmentation

Integrate over the transverse momentum
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Where do DiFF occur?
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Factorization 
( at NLO & LL, same DGLAP as single-h case
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Universality
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OPAL, ZPC56 (92)

Non trivial !

Invariant mass spectrum

e+e-
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hadron collisions

STAR, PRL92 (04)

and f2 were fixed according to [29]. The uncorrected
yields of K0

S, !0, !, f0, and f2 were free parameters in
the fit, while the K!0 fraction was fixed according to the
K!"892#0 ! "K measurement. The !0, !, K!0, f0, and f2
distributions were corrected for the detector acceptance
and efficiency determined from a detailed simulation of
the TPC response using GEANT [17]. For the particular pT
bin depicted in Fig. 1 and the invariant mass region
shown, this correction is approximately constant and is
$25% for minimum bias p% p and varies from $25% to
$35% for peripheral Au% Au collisions. The number of
degrees of freedom (d.o.f.) from the fits was 196 and the
typical #2=d:o:f: was 1.4. In the minimum bias p% p
invariant mass distribution shown in Fig. 1, "&"& Bose-
Einstein correlations have been taken into account. These
affect the distribution for M"" < 0:45 GeV=c2.

The !0 mass is shown as a function of pT in Fig. 2 for
peripheral Au% Au, high multiplicity p% p, and mini-
mum bias p% p interactions. The !0 mass was obtained
by fitting the data to a relativistic p-wave (‘ ' 1) Breit-
Wigner function times a factor which accounts for phase
space (BW( PS) in the hadronic cocktail. Since the
phase space factor modifies the position of the peak for

the BW function, the mass derived from the BW( PS fit
may be shifted compared to the peak of the experimental
invariant mass distribution and to the peak of the BW
function alone. The !0 peak was also fit to a relativistic
p-wave BW function excluding the PS factor in the had-
ronic cocktail; however, the fit failed to reproduce the !0

line shape and underestimated the position of the peak in
general, particularly at low pT . This measurement does
not have sufficient sensitivity to permit a systematic study
of the !0 width. Therefore, for the cocktail fits in this
analysis, the !0 width was fixed at !0 ' 160 MeV=c2,
consistent with folding the !0 natural width (150:9&
2:0 MeV=c2 [29]) with the intrinsic resolution of the
detector [17]. In Au% Au collisions, the temperature
used in the PS factor was T ' 120 MeV [6], while in p%
p, T ' 160 MeV [30].

The !0 mass at jyj< 0:5 for minimum bias p% p,
high multiplicity p% p, and peripheral Au% Au colli-
sions at

!!!

s
p ' 200 GeV seems to increase as a function

of pT and is systematically lower than the value reported
by [23]. The !0 mass measured in peripheral Au% Au
collisions is lower than the minimum bias p% p mea-
surement. The !0 mass for high multiplicity p% p in-
teractions is lower than for minimum bias p% p
interactions for all pT bins, showing that the !0 mass is
also multiplicity dependent. Recent calculations are not
able to reproduce the !0 mass measured in peripheral
Au% Au collisions without introducing in-medium
modification of the !0 meson [6–11].

Previous observations of the ! meson in e%e) [31–33]
and p% p interactions [23] indicate that the !0 line shape

FIG. 1. The raw "%") invariant mass distributions after
subtraction of the like-sign reference distribution for minimum
bias p% p (top) and peripheral Au% Au (bottom) interactions.
The inset plot corresponds to the raw "%") invariant mass
(solid line) and the like-sign reference distributions (open
circles) for peripheral Au% Au collisions.

ρ
FIG. 2. The !0 mass as a function of pT for minimum bias
p% p (filled circles), high multiplicity p% p (open triangles),
and peripheral Au% Au (filled squares) collisions. The error
bars indicate the systematic uncertainty. Statistical errors are
negligible. The !0 mass was obtained by fitting the data to the
BW( PS functional form described in the text. The dashed
lines represent the average of the !0 mass measured in e%e)

[29]. The shaded areas indicate the !0 mass measured in p% p
collisions [23]. The open triangles have been shifted downward
on the abscissa by 50 MeV=c for clarity.

P H Y S I C A L R E V I E W L E T T E R S week ending
5 MARCH 2004VOLUME 92, NUMBER 9

092301-4 092301-4

In-medium modifications

Mass shifts (ρ)

Jet quenching

Invariant mass spectrum 
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Figure 3: Yield distribution in the invariant mass of the π+π− pairs for the experimental data
compared to a Pythia6 Monte Carlo simulation. Both distributions are normalized to unity. The
main resonances contributing to the simulated spectrum are shown separately.

it is supposed to be sizeable in the regions where spin-1 resonances are present, assuming

the rest of the spectrum to be in an s wave. As can be seen in figure 3, in the invariant-mass

range explored in this paper the ρ0 and ω resonances are present and give large contributions

to the spectrum. The available theoretical models indicate that H!,sp
1,q should be maximal

in the vicinity of the ρ0 mass [15, 37, 38].

Being naive-T-odd, the fragmentation function requires the interference between scat-

tering amplitudes with different phases. The model of ref. [15] considers the interference

between the ρ0 and the σ resonance, as measured in π+π− scattering, predicting a sign

change of the fragmentation function close to the ρ0 mass. The models of refs. [37, 38]

neglect the contributions from the σ resonance and assume the s-wave amplitude of the

spectrum to be real. Thus, the fragmentation function turns out to be almost proportional

to the imaginary part of the ρ0 resonance, i.e., a Breit-Wigner shape peaked at the ρ0

mass. In ref. [38], the imaginary part of the ω resonance is also taken into account, giv-

ing rise to an additional contribution to the fragmentation function in the region around

Mππ ≈ 0.5 GeV.

The Mππ dependence of the measured modulation amplitude shows no sign change

at the ρ0 mass, contrary to the prediction in ref. [15]. This leads to the conclusion that

ρ-σ interference is not the dominant contribution to the fragmentation function H!,sp
1 ,

and that in general interference patterns observed in semi-inclusive π+π− production are

different from those observed in π+π− scattering. The dependences on Mππ and z of the

model calculations of ref. [38] (see also [50]), one of which is reproduced in figure 4, are not

inconsistent in shape with the present data. However, the predictions are at least a factor

of two larger.

In summary, a measurement of Asin(φR⊥+φS) sin θ
U⊥ of the transverse-target-spin asymme-

try in the lepto-production of π+π− pairs has provided the first evidence that a naive-T-odd

chiral-odd dihadron fragmentation function H!

1,q and in particular H!,sp
1,q is nonzero. The

average value of the amplitude is Asin(φR⊥+φS) sin θ
U⊥ = 0.018±0.005stat±0.002b−scan+0.004acc,

– 10 –

HERMES, JHEP06 (08)

Invariant mass spectrum 
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the Why

how to extract transversity:  
Collins  vs.   IFF
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The Collins mechanism
J. Collins, NPB396 (93)

Collins angle

k×Ph · ST ∝ cos
�π
2
− φ

�
= sinφ

transverse motion of hadron  
= 

spin analyzer of fragmenting quark
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Effects of TMD evolution
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FIG. 7: The first moment of the valence u and d Sivers functions, evaluated at Q = Q0, obtained from our best fits of the
Asin (φh−φS)

UT azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.

QCD framework in which to study the TMDs and their full Q2 dependence. That would put the study of TMDs
– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.

Previous extractions of the Sivers functions from SIDIS data included some simplified treatment of the Q2

evolution, which essentially amounted to consider the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP-evolution). It induced modest effects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k⊥; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total χ2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total χ2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly affected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k⊥ changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The

M. Anselmino, E. Boglione, S. Melis, 
PRD 86 (12)
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FIG. 2: Sivers evolution in Q2, integrated over x, z and Ph⊥.

the rate of the suppression.
To conclude, we remark that it is important for future

theoretical calculations to not only explain experimen-
tal results, but also to make precise pQCD-based pre-
dictions that can be tested against future data at larger
Q. With this in mind, we view the success of the TMD-
factorization treatment in explaining the HERMES and
COMPASS as highly encouraging.
We are very grateful to M. Anselmino, C. Aidala,

D. Boer, E. Boglione, J. Collins, E. Laenen, S. Melis,
M. Pennington, J. W. Qiu, and G. Sterman for helpful
discussions. M. Aybat and T. Rogers thank Jefferson
Lab for kind hospitality. Authored by a Jefferson Sci-
ence Associate, LLC under U.S. DOE Contract No. DE-
AC05-06OR23177. T. Rogers was supported by the Na-
tional Science Foundation, grant PHY-0969739. M. Ay-
bat acknowledges support from the research program of
the “Stichting voor Fundamenteel Onderzoek der Materie
(FOM)”, which is financially supported by the “Ned-
erlandse Organisatie voor Wetenschappelijk Onderzoek
(NWO)”.
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FIG. 7: The first moment of the valence u and d Sivers functions, evaluated at Q = Q0, obtained from our best fits of the
Asin (φh−φS)

UT azimuthal moments as measured by HERMES [11] and COMPASS [12, 23] Collaborations. The extraction
of the Sivers functions on the left side takes into account the TMD-evolution (left column of Table II), while for those
on the right side it does not (right column of Table II). The shaded area corresponds to the statistical uncertainty of the
parameters, see Appendix A of Ref. [5] for further details.
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– and the related reconstruction of the 3-dimensional parton momentum structure of the nucleons – on a firm
basis, comparable to that used for the integrated PDFs.
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distribution and fragmentation functions (DGLAP-evolution). It induced modest effects, because of the slow
Q2 evolution and of the limited Q2 range spanned by the available data. The situation has recently much
progressed, for two reasons: the new TMD-evolution [8, 9] shows a strong variation with Q2 of the functional
form of the unpolarized and Sivers TMDs, as functions of the intrinsic momentum k⊥; in addition, some new
COMPASS results give access to Sivers asymmetries at larger Q2 values.

It appears then possible to test the new TMD-evolution. In order to do so one has to implement the full
machinery of the TMD-evolution equations in a viable phenomenological scheme. We have done so following
Ref. [9] and the simplified version of the TMD-evolution given in Eqs. (6)-(7). We have used them in our
previous procedure adopted for the extraction of the Sivers functions [5, 13, 18], with the same input parameters;
moreover, we have considered also the updated HERMES [11] and the new COMPASS [12] data.

A definite statement resulting from our analysis is that the best fit of all SIDIS data on the Sivers asymmetry
using TMD-evolution, when compared with the same analysis performed with the simplified DGLAP-evolution,
exhibits a smaller value of the total χ2, as shown in Table I. Not only, but when analyzing the partial contribu-
tions to the total χ2 value of the single subsets of data, one realizes that such a smaller value mostly originates
from the large Q2 COMPASS data, which are greatly affected by the TMD evolution. We consider this as an
indication in favor of the TMD evolution.

A more comprehensive study of the TMD evolution and its phenomenological implications is now necessary.
Both the general scheme and its application to physical processes need improvements. The recovery of the usual
collinear DGLAP evolution equations, after integration of the TMD evolution results over the intrinsic momenta,
has to be understood. Consider, as an example, the simple expression of the evolution of the unpolarized TMD
PDF, as given in Eq. (27). Such an evolution describes how the TMD dependence on k⊥ changes with Q2,
but does not induce any change in the x dependence, which, at this order, remains fixed and factorized. The

is it similar for Collins effect ? Need to check..
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the rate of the suppression.
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The IFF mechanism

－

azimuthal orientation of hadron pair  
= 

spin analyzer of fragmenting quark

Collins, Heppelman, Ladinsky, NP B420 (94)

quark
h2

h1
2RT

quark

h2

h1
2RT

Ph ×RT · S�
T ∝ cos(φS�

T
− (φRT + π/2))

= cos(π − φS − (φRT + π/2))

= sin(φRT + φS)

2RT
Ph
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SIDIS SSA:  Collins vs. IFF
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relative to the lepton-scattering plane, of the target “↑” state. Twist-3 contributions to the

polarized and unpolarized cross sections appear with different azimuthal dependences [20].

Both dihadron fragmentation functions D1,q and H!

1,q can be expanded in terms of

Legendre functions of cos θ. Hence [43],

D1,q(z,Mππ, cos θ) " D1,q(z,Mππ) + Dsp
1,q(z,Mππ) cos θ + Dpp

1,q(z,Mππ)
1

4
(3 cos2 θ − 1) (3)

and

H!

1,q(z,Mππ , cos θ) " H!,sp
1,q (z,Mππ) + H!,pp

1,q (z,Mππ) cos θ, (4)

where the Legendre expansions are truncated to include only the s- and p-wave components,

which is assumed to be a valid approximation in the range of the invariant mass Mππ <

1.5 GeV [43], which is typical of the present experiment.

In refs. [15, 37, 43], it was proposed to measure σUU and σUT integrated over the angle

θ, which has the advantage that in the resulting expression for these cross sections the only

fragmentation functions that appear are D1,q(z,Mππ) and H!,sp
1,q (z,Mππ) (see eqs. (1)–(4)).

However, this requires an experimental acceptance that is complete in θ, which is difficult

to achieve, not only because of the geometrical acceptance of the detector, but also because

of the acceptance in the momentum of the detected pions. As the momentum selection

|Pπ| > 1 GeV strongly influences the θ distribution, the measured asymmetry must be

kept differential in θ.

The single-spin asymmetry AUT ≡ 1
|ST |σUT/σUU contains components of a simultane-

ous Fourier and Legendre expansion. The amplitude Asin(φR⊥+φS) sin θ
UT of the modulation of

interest here, which is related to the product of transversity and the fragmentation function

H!,sp
1 , is defined as

Asin(φR⊥+φS) sin θ
UT ≡

2

|ST |

∫

dcos θ dφR⊥ dφS sin(φR⊥ + φS) dσ7
UT / sin θ

∫

dcos θ dφR⊥ dφS dσ7
UU

. (5)

Using eqs. (1)–(4), it can be written as [43]

Asin(φR⊥+φS) sin θ
UT = −

(1 − y)

(1 − y + y2

2 )

1

2

√

1 − 4
M2

π

M2
ππ

∑

q e2
q hq

1(x)H!,sp
1,q (z,Mππ)

∑

q e2
q f q

1 (x)D1,q(z,Mππ)
. (6)

Due to the factor e2
q , the amplitude is expected to be up-quark dominated.

The results reported here are extracted from the single-spin asymmetry

AU⊥(x, z,Mππ,φR⊥,φS , θ) ≡
1

|S⊥|

N↑ − N↓

N↑ + N↓
, (7)

where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected

while the target is in the ↑(↓) spin state with polarization perpendicular to the incoming

lepton beam (rather than to the virtual-photon direction). The asymmetry is evaluated as

a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3

3The definitions of the asymmetry and the angles are consistent with the “Trento Conventions” [44].
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where N↑(↓) is the luminosity-normalized number of semi-inclusive π+π− pairs detected
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a function of x, z, Mππ, and the angles φR⊥, φS , and θ, which are defined in figure 1.3
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one technical detail, first..
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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.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

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.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –
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the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

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

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.
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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.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

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.

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –

|R| =
Mh

2

�

1− 4m2
π

M2
h

A
sin(φR+φS) sin θ
UT (x, y, z, M

2
h) = − 1− y

1− y + y2/2
|R|
Mh

�
q e

2
q h

q
1(x) H

�
1,q→π+π−(z, M

2
h)

�
q e2

q f
q
1 (x) D1,q→π+π−(z, M

2
h)

partial wave expansion 
in Legendre polinomials 

of cosθ

weight of
interference 

(π+π-)s and (π+π-)p

SIDIS A
sin(φR+φS) sin θ
UT (x, y, z,M2

h) = − 1− y

1− y + y2/2

|R|
Mh

�
q e

2
q h

q
1(x) H

� q
1,sp(z,M

2
h)�

q e
2
q f

q
1 (x) D

q
1(z,M

2
h)

H
� q
1 (z1, z2,M

2
h) →z = z1 + z2 ≈ H

� q
1,sp(z,M

2
h) + cos θH� q

1,pp

ζ =
z1 − z2

z
= a+ b cos θ

sabato 10 novembre 2012



one technical detail, first..

SIDIS asymmetry

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

Pπ−

Pπ+

Ph

θ

Pπ−

π+π− CM
frame

RT

ST

Pπ+

Ph

φR⊥

P

φSq

k k′

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.

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

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
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1,q was predicted to
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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
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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
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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.
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Advantages of IFF mechanism

Simple products instead of convolutions

No complications in factorization

Evolution equations understood

Universality ok

“cleaner” e+e- extraction (less background)
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 Who   did  what ?
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<2008 :  the “model”  era

Mh z

yield

A. Bacchetta & M.R., PR D74 (06)

yield

13

6

1. q→ρX1→π+π-X1

2. q→ωX2→π+π-X2

3. q→ωX’3→π+π-(π0X3)
4. q→ηX4→π+π-X4

5. q→K0X5→π+π-X5

6. All-(1.+2.+3.)=backgr
7. All

4
5

2

7

parameters tuned to HERMES MC 
→ predict asymmetry

Mh

AUT
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2008 :  the “data” era 
HERMES

flavor symmetry: 

Using Torino’s transversity without errors

Model has to be reduced by a factor 
0.32±0.06 (χ2/d.o.f.=1.26) A.Bacchetta, F.Ceccopieri, A.Mukherjee, M.R., PR D79 (09)
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2011 :  the “parametrization” era
e+e- Belle data A.Vossen et al. (Belle), PRL 107 (11)

a12 asymmetry from Belle

 

! (z, M_h) correlation

! red curves: 

spectator model result

(z, Mh)

Tuesday, 6 September 2011
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fitting the Belle data

dσ(two pairs) =
1

4π2
dσ0

�
1 + cos(φR + φR)A

�
A.Courtoy, A.Bacchetta, M.R., A.Bianconi, PRD 85 (12)
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fitting the Belle data

dσ(two pairs) =
1

4π2
dσ0

�
1 + cos(φR + φR)A

�

1. parametrize  DiFF(z,Mh) at Q02=1 GeV inspired by model

2. evolve DiFF’s at QBelle2 = 100 GeV    (LO, no gluons)

3. integrate dσ0 to get dσ0(1 pair) ∝ D1(z,Mh)                       
no unpol. data ⇒ fit output of PYTHIA Monte Carlo for     
(π+,π-) emission at Belle kin.

4. fit Belle data for asymmetry A ⇒ extract H<) q

1

A.Courtoy, A.Bacchetta, M.R., A.Bianconi, PRD 85 (12)
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fitting  D1  from M.C.
P1
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Ph

ϕR

e-

e+
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Ph

π-ϕR

dσ0

dzdMh
=

4πα2

Q2

�

q

e2q D
q
1(z,Mh)
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fitting  D1  from M.C.
P1

P2

Ph

ϕR

e-

e+

θ2

P1

P2

Ph

π-ϕR

dσ0

dzdMh
=

4πα2

Q2

�

q

e2q D
q
1(z,Mh)

• LMC = 647.26 pb-1   ↔   >2M events   ~ 2 nπ+π-         no cuts in acceptance
•  40(z)  × 50(Mh)  × 4 flavors  × 4 channels   =  32K bins             
                                     (u,d,s,c)     (ρ,ω,K0 decays + continuum)
•  2mπ ≤ Mh ≤ 1.3 GeV       0.2 ≤ z        1 >> 2Mh/zQ     (⇒ 31585 bins)
•  isospin symmetry + charge conjugation:  u = u = d = d    s = s   c = c 
                                                                  (except K0 → π+π-)
•  general form: 
    parameters               17(continuum)  +  20(ρ)  +  20(ω)  +  22(K0)  =  79
•                                                  1.69         1.28         1.68         1.85        1.62

− − − −
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fitting  D1  from M.C.
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• LMC = 647.26 pb-1   ↔   >2M events   ~ 2 nπ+π-         no cuts in acceptance
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                                     (u,d,s,c)     (ρ,ω,K0 decays + continuum)
•  2mπ ≤ Mh ≤ 1.3 GeV       0.2 ≤ z        1 >> 2Mh/zQ     (⇒ 31585 bins)
•  isospin symmetry + charge conjugation:  u = u = d = d    s = s   c = c 
                                                                  (except K0 → π+π-)
•  general form: 
    parameters               17(continuum)  +  20(ρ)  +  20(ω)  +  22(K0)  =  79
•                                                  1.69         1.28         1.68         1.85        1.62

− − − −

Dq
1(z,Mh) ∼ zα1(1− z)α2 2|R|β BW(Mh) exp[d{δ}(z)+h{λ}(Mh)+ f{γ}(zMh)]
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fitting  D1  from M.C.
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•  general form: 
    parameters               17(continuum)  +  20(ρ)  +  20(ω)  +  22(K0)  =  79
•                                                  1.69         1.28         1.68         1.85        1.62χ2

ch =
�

q

�

ij

(N ch,q
ij − LMC(dσ

0,q
ch )ij)2

LMC(dσ
0,q
ch )ij

− − − −

Dq
1(z,Mh) ∼ zα1(1− z)α2 2|R|β BW(Mh) exp[d{δ}(z)+h{λ}(Mh)+ f{γ}(zMh)]
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results for unpolarized DiFF  D1q
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fitting  Belle  Asymmetry
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fitting  Belle  Asymmetry
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•  general form at Q02=1:
•  9  parameters 
•  chiral-odd LO evolution with ad-hoc modified HOPPET  (M.Guagnelli-Pavia)

•  8(z) × 8(Mh) − {z∈[0.8,1], Mh∈[1.5,2]} = 46 bins
•   χ2/dof = 0.57
•  errors dominated by Belle exp. A

H
� q
1,sp(z,Mh) ∼ (1− z) 2|R|BW(Mh) exp[d{δ}(z) + h{λ}(Mh)] f{γ}(zMh)

sabato 10 novembre 2012



results for polarized DiFF H<) q
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first glances at transversity via HERMES data
A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)
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ū
1 = D

d̄
1

D
s
1 = D

s̄
1

D
c
1 = D

c̄
1

H
�u
1 = −H

�d
1 = −H

�ū
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2011 :  the “collinear transversity” era
A.Bacchetta, A. Courtoy, M.R., PRL 107 (11)

M.Anselmino et al.,
NP B191 (Proc.Supp.) (09) 

based on data from 

uncertainty band from Collins effect
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2012 :  COMPASS data officially releasedSIDIS production of pion pairs 
! ! ! ! ! ! ! ! ! ! ! @ COMPASS & HERMES                  

2007 Proton Data 
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Fig. 4: Deuteron and proton asymmetries, integrated over the angle θ , as a function of x, z and Mhh, for
the data taken with the 6LiD (top) and NH3 target (bottom), respectively. The open data points in both
asymmetry distributions vs. Mhh include all hadron pairs with an invariant mass of Mhh ≥ 1.5 GeV/c2.
These pairs are discarded for the two other distributions, which are integrated over Mhh. The grey bands
indicate the systematic uncertainties, where the last bin in Mhh is not fully shown. The curves show the
comparison of the extracted asymmetries to predictions [37, 38] made using the transversity functions
extracted in Ref. [15] (solid lines) or a pQCD based counting rule analysis (dotted lines).1

5 Discussion of Results

The resulting asymmetries are shown in Fig. 4 as a function of x, z and Mhh for the 6LiD (top) and NH3
(bottom) targets, respectively. For 6LiD, no significant asymmetry is observed in any variable. For NH3,
large negative asymmetries are observed in the region x > 0.03, which implies that both transversity
distributions and polarised two-hadron interference fragmentation functions do not vanish. For x < 0.03,
the asymmetries are compatible with zero. Over the measured range of the invariant mass Mhh and z, the
asymmetry is negative and shows no strong dependence on these variables.
When comparing the results on the NH3 target to the published HERMES results on a transversely po-
larised proton target [28], the larger kinematic region in x and Mhh is evident. However, both results can-
not be directly compared for several reasons: (1) The opposite sign is due to the fact that in the extraction
of the asymmetries the phase π in the angle φRS is used in the COMPASS analysis; (2) COMPASS calcu-
lates asymmetries in the photon-nucleon system, while HERMES published them in the lepton-nucleon
system; both agree reasonably well when including Dnn corrections for HERMES; (3) HERMES uses
identified π+π− pairs and COMPASS h

+
h
− pairs; (4) COMPASS applies a minimum cut on z, removing

a possible dilution due to contributions from target fragmentation.
A naive interpretation of our data, based on Eq. (7) and on isospin symmetry and charge conjugation,
yields D1,u = D1,d and H

�
1,u =−H

�
1,d [27]. When considering only valence quarks, the asymmetry A

sinφRS

UT,d

is proportional to [hu

1 +h
d

1 ]H
�
1,u for the deuteron target, while for the proton target A
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UT,p ∝ [4h
u

1 −h
d

1 ]H
�
1,u.

Therefore, like in the case of the Collins asymmetry, the small asymmetries observed for the deuteron

2002-4 Deuteron Data 

C.Adolph et al. (Compass), PL B713 (12)

Pavia model prediction
A. Bacchetta & M.R., PR D74 (06)

0.2≤ z
0.28≤ Mh≤ 1.2 GeV
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 Which   are the latest “press” news ?
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New extraction :  proton data
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New extraction :  proton data

from data

= −0.208  
      (9% error)

Transversity from Proton data

Transversity from  pion pair production SIDIS off transversely polarized target
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New extraction : deuteron data

from data

= −0.208  (9% error)

uncertainty band 
from Collins effect

M.Anselmino et al.,
NP B191 (Proc.Supp.) (09) 
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2012 :  the “collinear transversity fitting” era

combining proton and deuteron data
⇒  separate uv and dv components of h1

⇒  separately fit each component

−
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1

2
|fq
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Soffer bound−
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2012 :  the “collinear transversity fitting” era

combining proton and deuteron data
⇒  separate uv and dv components of h1

⇒  separately fit each component

functional form

xhqv
1 (x) = tanh

�√
x
�
Aq +Bqx+ Cqx

2
��

[SBq(x) + SBq̄(x)]

SBq(x) =
1

2
|fq

1 (x) + gq1(x)|

Soffer bound

MSTW08LO DSSV

SBq+SBq →∞  x→0
grants finite and stable
tensor charge 

−

“flexible” form (2 nodes)
we tried also 
( Aq + Bq x )     “rigid” form
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New results from fitting both p and D data
1) Hessian methodComparison with extraction
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DEUTERONPROTON

flexible functional form
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x h1
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dV(x)/4

fit

data HERMES 

data COMPASS 

rigid functional form
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dV(x)/4

fit

data HERMES 

data COMPASS 

χ2/dof ~ 1.1

A. Bacchetta, A.Courtoy, M.R., in preparation
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New results for h1uv and h1dv 

1) Hessian method A. Bacchetta, A.Courtoy, M.R., in preparationOur Flexible Functional Form   2nd order polynomial
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Band: Torino 2009 transversity

Soffer Bound @ 2.4 GeV2

Best fit central curve @2.4 GeV2

and standard 1-σ error band

{data

“flexible” form
A. Bacchetta, A.Courtoy, M.R., in preparation
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Our Rigid Functional Form   1st order polynomial

Band: Torino 2009 transversity

Soffer Bound @ 2.4 GeV2

Best fit central curve @2.4 GeV2

and standard 1-σ error band
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A. Bacchetta, A.Courtoy, M.R., in preparation

{data

“rigid” form
A. Bacchetta, A.Courtoy, M.R., in preparation

New results for h1uv and h1dv 

1) Hessian method
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New results from fitting both p and D data
2) Monte Carlo method A. Bacchetta, A.Courtoy, M.R., in preparation

1. generate N replicas of data with Gaussian noise at 1σ
2. choose N such that keep same mean and std. deviation of data
3. fit N times the data ⇒ N different transversities
4. take 1σ confidence interval of the whole set 
     (if Gaussian-distributed, it’s = 68%)
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New results from fitting both p and D data
2) Monte Carlo method A. Bacchetta, A.Courtoy, M.R., in preparation

1. generate N replicas of data with Gaussian noise at 1σ
2. choose N such that keep same mean and std. deviation of data
3. fit N times the data ⇒ N different transversities
4. take 1σ confidence interval of the whole set 
     (if Gaussian-distributed, it’s = 68%)

“flexible” form
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The Error Analysis:     the Monte Carlo approach
                                                       2nd order polynomial

Best fit central curve @2.4 GeV2

and standard 1σ error band

1σ error band from replicas @2.4 GeV2

A. Bacchetta, A.Courtoy, M.R., in preparation

“flexible” form

A. Bacchetta, A.Courtoy, M.R., in preparation

New results for h1uv and h1dv 

2) Monte Carlo method
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The Error Analysis:     the Monte Carlo approach
                                                       2nd order polynomial

Best fit central curve @2.4 GeV2

and standard 1σ error band

1σ error band from replicas @2.4 GeV2

A. Bacchetta, A.Courtoy, M.R., in preparation

“flexible” form

A. Bacchetta, A.Courtoy, M.R., in preparation

New results for h1uv and h1dv 

2) Monte Carlo method

?
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Best fit central curve @2.4 GeV2

and standard 1σ error band

1σ error band from replicas @2.4 GeV2

The Error Analysis:     the Monte Carlo approach
                                                         1st order polynomial

A. Bacchetta, A.Courtoy, M.R., in preparation

“rigid” form

A. Bacchetta, A.Courtoy, M.R., in preparation

New results for h1uv and h1dv 

2) Monte Carlo method

?
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Monte Carlo Approach: 
                                                        some illustrations

Can we find “unforeseen” replica?

Χ2/dof

1.56557
1.42199
1.79911
2.07397
1.75523

Yes, here at 1GeV2
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Monte Carlo Approach: 
                                                        some illustrations

Can we find “unforeseen” replica?

Χ2/dof

1.56557
1.42199
1.79911
2.07397
1.75523

Yes, here at 1GeV2

but most replicas “want” to merge 
to lower Soffer bound, 
driven by deuteron data
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Compass 2007 p + 2004 D

Compass 2010 p + 2004 D
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Soffer bound evolved at 
Q2=10 GeV2 including error
estimate Δg1 from 

De Florian, Sassot, Stratmann, Vogelsang,  
PR D80 (09)

Compass 2007 p + 2004 D

Compass 2010 p + 2004 D

Q2 ~ 9 , 15  GeV2
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is there anything going on ?

Soffer bound evolved at 
Q2=10 GeV2 including error
estimate Δg1 from 

De Florian, Sassot, Stratmann, Vogelsang,  
PR D80 (09)

Compass 2007 p + 2004 D

Compass 2010 p + 2004 D

see  Ralston, arXiv:0810.0871

Q2 ~ 9 , 15  GeV2
A confining gauge theory violates the completeness of asymptotic states 
held as foundation points of the S-matrix. Spin-dependent experiments 
can yield results that appear to violate quantum mechanics. The point 
is illustrated by violation of the Soffer bound in QCD....
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tensor charges
A. Bacchetta, A.Courtoy, M.R., in preparation

Tensor Charge                       where we have data 

 0.00  0.10  0.20  0.30  0.40  0.50  0.60  0.70

Truncated tensor charge u at 1GeV2

-1.00 -0.80 -0.60 -0.40 -0.20  0.00  0.20

Truncated tensor charge d at 1GeV2

δq =

� 0.28

6.4×10−3

dxhq
1(x)

1-flexible
2-hybrid
3-rigid

1

1

2

3

2

3

 MC flexible
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tensor charges
A. Bacchetta, A.Courtoy, M.R., in preparation

Torino result @ different scale (0.8 GeV2)

Tensor Charge                       full range 10-10- 1 

 0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0
x

Tensor charge u at 1GeV2

-1.0 -0.8 -0.6 -0.4 -0.2  0.0  0.2
x

Tensor charge d at 1GeV2

1-flexible
2-hybrid
3-rigid

1

1

2

3

2

3

 MC flexible
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 Future ?
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PHENIX data

6/27/2008 18
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sin
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PH ENIX!" #$ %&!'()!#*+,!-./01!2!3!2!4/.5
sin
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R. Yang, Beijing Transversity Workshop (08)

work on predictions for 
pp↑→(π+π-)X 
still in progress..
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Status of transversity studies
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