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Improve knowledge on Dihadron FF
➜ think reduce uncertainty

MULTIPLICITIES

exp. input at lower Q2

test PWE & higher twists
better knowledge on (z, Mh)-dpdence
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@ HERMES & COMPASS
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Fig. 4: Deuteron and proton asymmetries, integrated over the angle q , 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 p in the angle fRS 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 p

+
p

� 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^
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1,d [27]. When considering only valence quarks, the asymmetry AsinfRS
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Figure 27: The projected statistical error for data on a hydrogen target (100 days of
HD-Ice) for the target asymmetry Asin φR sin θ

UT in (z, Mππ, x). The band represent the
spread in predictions for three different models for h1(x) from Fig. 6.

compared to nuclear targets (NH3, ND3) is its superior dilution factor, which is crucial
for studies of transverse momentum dependences.

Analysis of already existing electroproduction data from CLAS with unpolarized
and longitudinally polarized targets has shown that JLab 6 GeV data are consistent
with the PYTHIA MC and proposed measurements are feasible.

Beam Request

We ask the PAC to award 110 days of beam time for a dedicated high
statistics SIDIS experiment with a transversely polarized target.

The measurement of the target SSA in hadron pair production off a transversely
polarized proton would allow precision measurements of flavor contribution of the
underlying transversity PDF.
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diquark models for h1(x).
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Figure 27: The projected statistical error for data on a hydrogen target (100 days of
HD-Ice) for the target asymmetry Asin φR sin θ

UT in (z, Mππ, x). The band represent the
spread in predictions for three different models for h1(x) from Fig. 6.

compared to nuclear targets (NH3, ND3) is its superior dilution factor, which is crucial
for studies of transverse momentum dependences.

Analysis of already existing electroproduction data from CLAS with unpolarized
and longitudinally polarized targets has shown that JLab 6 GeV data are consistent
with the PYTHIA MC and proposed measurements are feasible.

Beam Request

We ask the PAC to award 110 days of beam time for a dedicated high
statistics SIDIS experiment with a transversely polarized target.

The measurement of the target SSA in hadron pair production off a transversely
polarized proton would allow precision measurements of flavor contribution of the
underlying transversity PDF.
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Figure 27: The projected statistical error for data on a hydrogen target (100 days of
HD-Ice) for the target asymmetry Asin φR sin θ

UT in (z, Mππ, x). The band represent the
spread in predictions for three different models for h1(x) from Fig. 6.

compared to nuclear targets (NH3, ND3) is its superior dilution factor, which is crucial
for studies of transverse momentum dependences.

Analysis of already existing electroproduction data from CLAS with unpolarized
and longitudinally polarized targets has shown that JLab 6 GeV data are consistent
with the PYTHIA MC and proposed measurements are feasible.

Beam Request

We ask the PAC to award 110 days of beam time for a dedicated high
statistics SIDIS experiment with a transversely polarized target.

The measurement of the target SSA in hadron pair production off a transversely
polarized proton would allow precision measurements of flavor contribution of the
underlying transversity PDF.
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Figure 24: The projected statistical error for data on a neutron target (48 days with 11

GeV at SoLID) for the target asymmetry Asin(φR+φS) sin θ
UT in (zπ+π− , Mπ+π− , x). The band

represent the spread in predictions using the TMD extraction as well as the LCCQM and
diquark models for h1(x).
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BEAM SPIN ASYMMETRY@CLAS

The invariant mass squared of the hadron pair is P 2

h

= m2

hh

. The SIDIS process is defined
by the kinematic variables:

x =
Q2

2P · q ⌘ x
B

, y =
P · q
P · l , z =

P · P
h

P · q = z
1

+ z
2

. (9)

The kinematics and the definition of the angles can be be found in, e.g., Refs. [3, 8]. We
mention the azimuthal angle �

R

formed between the leptonic plane and the hadronic plane
identified by the vector R

T

and the virtual photon direction. The cross section for two
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with the first subindex of the structure function corresponding to the beam polarization,
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FIRST TRY EXTRACTION
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[AC et al, arXiv:1405.7659]

Assume no dynamical higher-twist in the fragmentation part
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Example: New fundamental interaction from beta decay?

BSM FUNDAMENTAL INTERACTIONS?

Z 1

�1
dxh

uV �dV
1 (x) = gT

[AC,Baessler,Gonzalez-Alonso,Liuti, PRL 115]

Present DiFF extraction
Future DiFF extraction

�Leff =GFVud

p
2 ✏SgS p̄n · ē(1� �5)⌫e

�4GFVud

p
2 ✏T gT p̄�µ⌫n · ē�µ⌫(1� �5)⌫e [Cirigliano et al., NPB 830]

DVMP GGL
Collins extraction
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BSM FUNDAMENTAL INTERACTIONS?

Z 1

�1
dxh

uV �dV
1 (x) = gT

[AC,Baessler,Gonzalez-Alonso,Liuti, PRL 115]

Present DiFF extraction
Future DiFF extraction

�Leff =GFVud

p
2 ✏SgS p̄n · ē(1� �5)⌫e

�4GFVud
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2 ✏T gT p̄�µ⌫n · ē�µ⌫(1� �5)⌫e [Cirigliano et al., NPB 830]

DVMP GGL
Collins extraction

Could we do the same with gS?



εT vs. εS plane from beta decay observables

BSM FUNDAMENTAL INTERACTIONS?

with εS=0.0011(21) at 90% CL 
from Gonzalez & Camalich, 
PRL112.

with <gT>=0.839(357) from GGL 
& Pavia new

1σ errors
Hessian in blue & pink
Rfit method in red
Scatter plot in blue
MC 1D gives <εT> =0.0012

[AC,Baessler,Liuti, in progress]



CONCLUSIONS

✓ Vector, axial OK from first principles

• Dihadron SIDIS is a good tool to

• access to scalar, tensor structures

• glimpse of quark-gluon correlations

• Get more info on DiFF from CLAS12 as well

- -



BACK UP
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Figure 14: Q2 vs. xB for the final di-hadron sample.
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SIDIS CROSS SECTION

2 nonperturbative functions
• h1 for the parton distribution 
• H1⊥ for the fragmentation

d�

dx dy dz d2Ph?
/ 4⇡↵2

elms

Q4

X
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e2ax
�
· · ·+ (1� y)|Ph?||S?| sin(�S + �h)h1(x)H

?
1 (z,P2

h?) + · · ·
 

Mh

1 process
a convolution ⬌

No clean extraction of DISTRIBUTION part without INDEPENDENT 
process for the FRAGMENTATION PART!!



SIDIS CROSS SECTION

2 nonperturbative functions
• h1 for the parton distribution 
• H1⊥ for the fragmentation
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elms

Q4

X

a

e2ax
�
· · ·+ (1� y)|Ph?||S?| sin(�S + �h)h1(x)H

?
1 (z,P2

h?) + · · ·
 

Mh

FRAGMENTATION  FUNCTIONS are 
accessed in e+e- annihilation

1 process
a convolution ⬌

No clean extraction of DISTRIBUTION part without INDEPENDENT 
process for the FRAGMENTATION PART!!



FRAGMENTATION IN 
ELECTRON-POSITRON 

ANNIHILATION
Jet axis: Thrust 
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FFq(z1,Mh1)⌦ FFq̄(z2,Mh2)d� /
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q
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FFq ⌦ FFq̄
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(z1, z2,P1?,P2?)

Transverse mmt dep. Collinear

14

q1

quark-1 
spin

Interference effect in e+e-

quark fragmentation
will lead to azimuthal
asymmetries in di-hadron
correlation measurements!

Experimental requirements:

� Small asymmetries Î
very large data sample!

� Good particle ID to high
momenta.

� Hermetic detector
�Observable:cos(ĳR1+ĳR2)

modulation measures

Measuring di-Hadron Correlations
In e+e- Annihilation into Quarks

electron

positron

q2

quark-2 
spin
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z1,2  relative pion pair
momenta

z2 z1
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11H H
��

ĳR1ĳR2

e-

P1

P2

Courtesy of Anselm Vossen



SIDIS
γ*P-frame

here projected on lepton plane for 2D view

Photon xiP
ki

k⊥,i

kj k⊥,j

xlP

P

pi

k⊥,i

Ph

PhT

P⊥

Semi-inclusive
→ X section sensitive to transverse mmt

k⊥ correlations

z

x

ST

Sh ShT

Transverse spin-motion correlations



INTERPLAY & COLLABORATION 
BETWEEN TWO FIELDS

• 2007: first success of a great collaboration
• First global fit including a CHIRAL-ODD PDF

• Anselmino et al. "Transversity and Collins 
functions from SIDIS and e+ e- data"



Q2
0 ¼ 1 GeV2. Notations are the same as in the previous

figure. It is worth noting the relatively high importance of
the charm contribution, especially at low z for low and
intermediate values of Mh.

In Fig. 4, the points with error bars are the numbers Nij

of pion pairs produced by the simulation in the bin

ðzi;MhjÞ, summed over all flavors and channels and di-
vided by the Monte Carlo luminosity LMC; i.e., they
represent the simulated experimental unpolarized cross
section with errors defined in Eq. (15). The histograms
refer to ðd!0q

ch Þij in Eq. (16) summed over all flavors and
channels, i.e., to the fitting unpolarized cross section
evolved at the Belle scale Q2 ¼ 100 GeV2. In reality, we
have independently fitted each of the four channels. For
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FIG. 4 (color online). The unpolarized cross section d!0 at
Q2 ¼ 100 GeV2 as a function of Mh for the three bins 0:24 $
z $ 0:26, 0:44 $ z $ 0:46, 0:64 $ z $ 0:66 (from top to bot-
tom). Histograms for the fitting formula of Eq. (16), summed
over all flavors and channels, and integrated in each Mh bin.
Points with error bars for the simulated observable with statis-
tical errors. The figure serves only for illustration purposes. For
the description of the actual fitting procedure, see details in the
text, particularly around Eqs. (15) and (16).
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Q2
0 ¼ 1 GeV2. Notations are the same as in the previous

figure. It is worth noting the relatively high importance of
the charm contribution, especially at low z for low and
intermediate values of Mh.

In Fig. 4, the points with error bars are the numbers Nij

of pion pairs produced by the simulation in the bin

ðzi;MhjÞ, summed over all flavors and channels and di-
vided by the Monte Carlo luminosity LMC; i.e., they
represent the simulated experimental unpolarized cross
section with errors defined in Eq. (15). The histograms
refer to ðd!0q

ch Þij in Eq. (16) summed over all flavors and
channels, i.e., to the fitting unpolarized cross section
evolved at the Belle scale Q2 ¼ 100 GeV2. In reality, we
have independently fitted each of the four channels. For
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INTERPLAY & COLLABORATION 
BETWEEN TWO FIELDS

• 2010: The Pavia group started the collaboration 
with Belle on DIHADRON production

• We had to make up for the lack of hadron 
multiplicities...

• 2007: first success of a great collaboration
• First global fit including a CHIRAL-ODD PDF
• Anselmino et al. "Transversity and Collins 

functions from SIDIS and e+ e- data"

• 2011: we manage to fit the unpolarized FF
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INTERPLAY & COLLABORATION 
BETWEEN TWO FIELDS

• 2010: The Pavia group started the collaboration 
with Belle on DIHADRON production

• We had to make up for the lack of hadron 
multiplicities...

• 2011: we manage to fit the unpolarized FF

• 2007: first success of a great collaboration
• First global fit including a CHIRAL-ODD PDF
• Anselmino et al. "Transversity and Collins 

functions from SIDIS and e+ e- data"

• 2011: first EXTRACTION of a CHIRAL-ODD PDF

[Bacchetta,AC,Radici, PRL107]

• 2011-now: fits for valence distributions, improvement of statistical 
techniques, proposals for more measurements, ...
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INTERPLAY & COLLABORATION 

BETWEEN TWO FIELDS

• 2010: The Pavia group started the collaboration 
with Belle on DIHADRON production

• We had to make up for the lack of hadron 
multiplicities...

• 2011: we manage to fit the unpolarized FF

• 2011: first EXTRACTION of a CHIRAL-ODD PDF

[AC,Avakian,Mirazita,Pisano, arXiv:1405.7659]
• 2011-now: fits, improvement of 

statistical techniques, proposals for more 
measurements

• 2013-now: subleading-twist
• first EXTRACTION of a subleading PDF
• e(x) related to the nuclear SCALAR CHARGE & Sigma pion-nucleon

• 2015-6?: publish CLAS analysis & extraction!

http://arxiv.org/abs/arXiv:1405.7659
http://arxiv.org/abs/arXiv:1405.7659


MANPOWER LIMITING PROGRESS

• Very FEW Belle members dedicated to hadronic physics (~5-6)
• Same for BaBar (~1-2)

• Lack of interest from the e+e- community



MANPOWER LIMITING PROGRESS

• Very FEW Belle members dedicated to hadronic physics (~5-6)
• Same for BaBar (~1-2)

• Lack of interest from the e+e- community

Study of Fragmentation Functions in e+e� Annihilation

Mauro Anselmino,1 Harut Avakian,2 Alessandro Bacchetta,3 Aurore Courtoy,4

Abhay Deshpande,5 Renee Fatemi,6 Leonard Gamberg,7 Haiyan Gao,8 Matthias

Grosse Perdekamp,9 Zhong-Bo Kang,10 Sebastian Kuhn,11 John Lajoie,12 Hrayr

Matevosyan,13 Andreas Metz,14 Zein-Eddine Meziani,14 Akio Ogawa,15 Silvia

Pisano,16 Alexei Prokudin,2 Marco Radici,17 Ted Rogers,18 Patrizia Rossi,2

Ami Rostomyan,19 Peter Schweitzer,20 Anselm Vossen,21 and Feng Yuan22

1Torino University, Italy

2Thomas Je↵erson National Accelerator Facility

3University of Pavia and INFN Pavia, Italy

4Universidad Nacional Autonoma de Mexico, Mexico

5Stony Brook University

6University of Kentucky

7Pennsylvania State University, Berks

8Duke University, Durham

9University of Illinois, Urbana-Champaign

10Los Alamos National Laboratory

11Old Dominion University, Norfolk

12Iowa State University

13University of Adelaide, Australia

14Temple University

15Brookhaven National Laboratory

16INFN Laboratori Nazionali di Frascati, Italy

17INFN Pavia, Italy

18Old Dominion University & JLAB

19Deutsches ElektronenSynchrotron

20University of Connecticut

21Indiana University

22Lawrence Berkeley National Laboratory

1

NSAC white paper



Theoretically and experimentally chalengingSCALAR CHARGE

LFCQ model : Lorcé et al. [arXiv:1411.2550]

pion-nucleon sigma-term

The QCD evolution of e(x) has been studied up to NLO [16–18]. Due to the chiral-odd
nature of the current, there is no mixing with gluons. Evolution of twist-3 operators is
complex but can be reduced to a DGLAP-like scheme in the large-N

c

limit.
The PDF e(x) has been calculated in various models. We cite the chiral quark soliton

model, e.g. [20, 21], the MIT bag model [15, 22], the spectator model [23, 24], the instanton
QCD vacuum calculus and the perturbative light-cone Hamiltonian approach to O(↵

s

)
with a quark target [25, 26]. In Ref. [21] the non-relativistic limit of eq(x) was studied. A
calculation in the light-front quark model is ongoing [27].

The chiral-odd twist-3 PDF e(x) carries important hadronic information. It o↵ers a
unique road to the determination of the scalar charge, i.e. the first Mellin moment of e(x):

Z
1

�1

dx eq(x,Q2) =

Z
1

�1

dx eqloc(x,Q
2) =

1

2M
hP | ̄

q

(0) 
q

(0)|P i(Q2) = �
q

(Q2) . (5)

The isoscalar combination of the scalar charge is related to the pion-nucleon �-term

�
u

(Q2) + �
d

(Q2) ⌘ �
⇡N

(m
u

(Q2) +m
d

(Q2)) /2
. (6)

The pion-nucleon �-term is normalization point invariant. It is related to the strangeness
content of the proton. The �-term represents the contribution from the finite quark masses
to the mass of the nucleon [28]. The value �

⇡N

= 79± 7 MeV was obtained in Ref. [29].
Besides being fundamental characteristics of the nucleon, the scalar charges might be

important in the search for physics Beyond the Standard Model. For instance, in a study
of the elastic scattering of supersymmetric cold dark matter particles on nucleons, it has
been shown that the cross sections depend strongly on the value of the pion-nucleon �-
term [30]. General model-independent bounds on direct dark matter detection include all
possible e↵ective operators, beyond the V � A electroweak structure [31]. A classification
of these operators and their implications include scalar form factors, that are related to
the scalar charges in the forward limit. Also, the isovector scalar charge is related to “new
currents” in beta decays, in the sense that the leptonic current allows the weak V �A current
structure in the Standard Model. New structures, such as scalar and tensor, would give hint
of physics Beyond the Standard Model [32] if detected.

The sum rule in Eq. (5) is not strickly speaking related to a charge, as that charge is
not scale invariant. Moreover the contribution to the charges comes only from the singular
–local– part of the twist-3 PDF. While little can be told experimentally on the singular
contribution, it has been studied in various models. In chiral models, the presence of this
singular term in the distribution is inseparably connected with the nonzero value of quark
condensate in the spontaneously-breaking QCD vacuum [9, 21, 33].

The second moment of eq is proportional to the number of valence quarks of flavor q,
Z

1

�1

dx xeq(x) =

Z
1

0

dx x(eq � eq̄)(x) =
m

q

(Q2)

M
N

q

, (7)

and it vanishes in the chiral limit.
The third moment of the chirally odd twist-3 parton distribution involves the genuine

part and can be related to the transverse force experienced by a transversely polarized quark
ejected from a transversely polarized nucleon [34].
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�⇡N = ⌃⇡N (= 79± 7MeV)� 15MeV

GWU (2002) result

The QCD evolution of e(x) has been studied up to NLO [16–18]. Due to the chiral-odd
nature of the current, there is no mixing with gluons. Evolution of twist-3 operators is
complex but can be reduced to a DGLAP-like scheme in the large-N

c

limit.
The PDF e(x) has been calculated in various models. We cite the chiral quark soliton

model, e.g. [20, 21], the MIT bag model [15, 22], the spectator model [23, 24], the instanton
QCD vacuum calculus and the perturbative light-cone Hamiltonian approach to O(↵

s

)
with a quark target [25, 26]. In Ref. [21] the non-relativistic limit of eq(x) was studied. A
calculation in the light-front quark model is ongoing [27].

The chiral-odd twist-3 PDF e(x) carries important hadronic information. It o↵ers a
unique road to the determination of the scalar charge, i.e. the first Mellin moment of e(x):
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The isoscalar combination of the scalar charge is related to the pion-nucleon �-term
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(Q2) +m
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(Q2)) /2
. (6)

The pion-nucleon �-term is normalization point invariant. It is related to the strangeness
content of the proton. The �-term represents the contribution from the finite quark masses
to the mass of the nucleon [28]. The value �

⇡N

= 79± 7 MeV was obtained in Ref. [29].
Besides being fundamental characteristics of the nucleon, the scalar charges might be

important in the search for physics Beyond the Standard Model. For instance, in a study
of the elastic scattering of supersymmetric cold dark matter particles on nucleons, it has
been shown that the cross sections depend strongly on the value of the pion-nucleon �-
term [30]. General model-independent bounds on direct dark matter detection include all
possible e↵ective operators, beyond the V � A electroweak structure [31]. A classification
of these operators and their implications include scalar form factors, that are related to
the scalar charges in the forward limit. Also, the isovector scalar charge is related to “new
currents” in beta decays, in the sense that the leptonic current allows the weak V �A current
structure in the Standard Model. New structures, such as scalar and tensor, would give hint
of physics Beyond the Standard Model [32] if detected.

The sum rule in Eq. (5) is not strickly speaking related to a charge, as that charge is
not scale invariant. Moreover the contribution to the charges comes only from the singular
–local– part of the twist-3 PDF. While little can be told experimentally on the singular
contribution, it has been studied in various models. In chiral models, the presence of this
singular term in the distribution is inseparably connected with the nonzero value of quark
condensate in the spontaneously-breaking QCD vacuum [9, 21, 33].

The second moment of eq is proportional to the number of valence quarks of flavor q,
Z

1

�1

dx xeq(x) =

Z
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0

dx x(eq � eq̄)(x) =
m

q

(Q2)

M
N

q

, (7)

and it vanishes in the chiral limit.
The third moment of the chirally odd twist-3 parton distribution involves the genuine

part and can be related to the transverse force experienced by a transversely polarized quark
ejected from a transversely polarized nucleon [34].
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Future: 
theoretically interpret & apply 
to models for scalar interactions!
D. Delepine & E. Peinado

http://arxiv.org/abs/arXiv:1411.2550
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TRIPTIC OF BSA EXTRACTION
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FIG. 1: On the left panel, the x-dependent projection of the preliminary BSA used to extract e(x).
On the right panel, the extraction of the combination e

V ⌘ 4euV (x
i

, Q

2

i

)/9� e

dV (x
i

, Q

2

i

)/9 in the
WW scenario. The error bars correspond to the propagation of the experimental and DiFF errors.

that we expect to be bigger than eG^. These results indicate that the cos� modulation of
the Double Spin Asymmetry (DSA) is very small w.r.t. the constant term Eq. (13) [45].

In this scenario, the BSA Eqs. (23) is straightfowardly inverted to get
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. (24)

The results are given in Tab. I and shown in Fig. 1. Notice that the range of integration in
m

⇡⇡

goes beyond the range of known validity of the DiFF data set, i.e. the Belle data with
2m

⇡

< m
⇡⇡

< 1.29 GeV. The error �
�
eV (x)

�
reflects the propagation of the experimen-

tal –statistical and systematical– error from Ref. [40] and the error onH^
1

taken from Ref. [4].

To check the presence of a possible twist-3 DiFF contribution, we have tried to reproduce
the (z,m

⇡⇡

)-dependences with the DiFF fits of Ref. [4]. In the approximation of Du

1

= Dd

1

and neglecting the strange quark contributions, we can write each projection as:

Asin�R
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⇡⇡

, Q2

i

)
,

(25)

where the respective values of bins for the z projections and the m
⇡⇡

’s are given in Table. II.
Within that approximation, the x-dependence is then only a scaling factor,

n
x

=

R
xmax

xmin
dx eV (x,Q2)

P
q

e2
q

R
xmax

xmin
dxf q+q̄(x,Q2)

, (26)

that in principle depends on Q2

i

and on the interval [xmin, i, xmax, i]. This number is not known,
but is related to the scale of the 1D projections. We show the result on Fig. 2 for n

x

= 0.21,
value estimated in the rescaling of the fitting predictions Eq. (25) w.r.t. the data.
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FIG. 2: 1D projections of the BSA, repectively, in z and m

⇡⇡

. The red squares are the preliminary
data of Ref. [40]. For the z and the m

⇡⇡

projections, the blue circles represent the estimate for
BSA Eq. (25) from the DiFF fit [4] for an integrated x-dependence, n

x

= 0.21.

bin # x

hQ2i
[GeV2]

z m

⇡⇡

[GeV]
n

"
u

/n

u

(Q2) e

V

WW(x,Q2) e

V

lead.(x,Q
2) �

�
e

V (x)
�

1 0.171 1.24 [0.19, 0.95] [0.28, 1.66] 0.199 2.611 -0.263 0.578

2 0.244 1.60 [0.20, 0.95] [0.28, 1.50] 0.201 0.687 -0.850 0.238

3 0.356 2.27 [0.21, 0.92] [0.28, 1.38] 0.203 0.271 -0.243 0.091

TABLE I: The ratio of the integrated DiFFs and the corresponding value for the flavor combination
e

V (x) = (4euV (x)�e

dV (x))/9. Note that the e↵ect of evolution is of 1-2% at most when considering
the ratio n

"
u

/n

u

as the values of Q2

i

are low.

The predictions from the DiFFs fits are compatible, within error bars, with the prelimi-
nary data. The descrepancy observed in the low m

⇡⇡

behavior could be due to the limited
range of validity of the DiFF fits. However, since the behavior of eG^ is not known, no real
conclusion can be driven.

B. Beyond the WW scenario

For completeness, we also consider the case in which the twist-3 DiFF eG^ is non-zero. We
consider that it is of the order of magnitude of eD^. As mentionned above, the preliminary
results of CLAS [45] indicate that the cos� modulation of the DSA is small w.r.t leading-
twist contributions.

The crucial observation is that the order of magnitude of eD^ 5 necessary to reproduce
an integrated DSA is of a few percent of the integrated H^

1

, Eq. (18). Within the present
assumption, it translates in:

n
e
G

^
u

(Q2

i

)
assump.⌘ n

e
D

^
u

(Q2

i

) ⇠= n"
u

(Q2

i

) , (27)

5
n

eD^
u (Q2

i ), integrated as Eqs. (17,18).

10

!

!
!

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.00

0.01

0.02

0.03

0.04

x

ALU!x"

!

!

!

0.0 0.1 0.2 0.3 0.4 0.5 0.6

!1

0

1

2

3

x

e!x"

FIG. 1: On the left panel, the x-dependent projection of the preliminary BSA used to extract e(x).
On the right panel, the extraction of the combination e
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, Q

2
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)/9� e
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, Q
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)/9 in the
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that we expect to be bigger than eG^. These results indicate that the cos� modulation of
the Double Spin Asymmetry (DSA) is very small w.r.t. the constant term Eq. (13) [45].

In this scenario, the BSA Eqs. (23) is straightfowardly inverted to get

x2

i

eVWW(xi

, Q2

i

) = � A(y
i

)

W (y
i

)

Q
i

M
Asin�R

LU

�
x
i

,m
⇡⇡, i

, z
i

;Q2

i

, y
i

�

⇥1

9

4x
i

fu+ū
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The results are given in Tab. I and shown in Fig. 1. Notice that the range of integration in
m

⇡⇡

goes beyond the range of known validity of the DiFF data set, i.e. the Belle data with
2m

⇡

< m
⇡⇡

< 1.29 GeV. The error �
�
eV (x)

�
reflects the propagation of the experimen-

tal –statistical and systematical– error from Ref. [40] and the error onH^
1

taken from Ref. [4].

To check the presence of a possible twist-3 DiFF contribution, we have tried to reproduce
the (z,m
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)-dependences with the DiFF fits of Ref. [4]. In the approximation of Du
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= Dd
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and neglecting the strange quark contributions, we can write each projection as:
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(25)

where the respective values of bins for the z projections and the m
⇡⇡

’s are given in Table. II.
Within that approximation, the x-dependence is then only a scaling factor,

n
x

=

R
xmax

xmin
dx eV (x,Q2)

P
q

e2
q

R
xmax

xmin
dxf q+q̄(x,Q2)

, (26)

that in principle depends on Q2

i

and on the interval [xmin, i, xmax, i]. This number is not known,
but is related to the scale of the 1D projections. We show the result on Fig. 2 for n

x

= 0.21,
value estimated in the rescaling of the fitting predictions Eq. (25) w.r.t. the data.

9

leading-twist DiFFs
known from PAVIA fit

CHECK for DiFFs in z and mππ

integral of x dependence
guessed here~0.2
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twist-3 DiFFs has not been studied yet.4 In this paper, evolution e↵ects of the twist-3 DiFFs
are assumed to be at most of the order of magnitude of the running of n"

u

(Q2).
We use some approximations to further develop the sum over flavors —we allow ourselves

to 1�2% relative error on the DiFF contributions, which is negligible w.r.t. the experimental
error bars. The approximations are:

• The charm contribution to f q=c

1

(x) is negligible w.r.t q = u, d, s at JLab scales.

• Invoking charge conjugation yields to

Du!⇡

+
⇡

�

1

= Dū!⇡

+
⇡

�

1

,
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+
⇡
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together with isospin symmetry:
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= H^ ¯
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+
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�

1

. (22)

• The Interference FF for strange and charm is zero as there is no interference from sea
quarks [36]. For G̃^ we expect the same relations as for H^

1

.

The BSA in Eq. (20) becomes
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where f qV ⌘ f q � f q̄. In Eq. (23), we have defined the combinations eV and fV

1

. The
remaining unknown are then the twist-3 functions, e(x) and G̃^(z,m

⇡⇡

). While the twist-2
DiFFs are known, there is so far no study of the twist-3 DiFFs. A further assumption needs
to be taken. In order to gain some insights onto the behavior of the genuine twist-3 DiFFs,
we will define two extreme scenarios.

A. The Wandzura-Wilzcek scenario

In the Wandzura-Wilzcek approximation, the genuine twist-3 DiFFs vanish. This ap-
proximation is inspired by the preliminary data on Double Spin Asymmetry (DSA) from
CLAS, incorporating the structure functions Eqs. (11, 14). These structure functions are
expressed in terms of twist-2 PDFs and the twist-3 DiFF eD^, i.e. a genuine twist-3 DiFF

4 Studies of the evolution of twist-3 fragmentation functions in the multicolor limit show that there is no

reciprocity in the anomalous dimensions for e(x) and the twist-3 FF Gtw-3
? [44].
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• The Interference FF for strange and charm is zero as there is no interference from sea
quarks [36]. For G̃^ we expect the same relations as for H^
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where f qV ⌘ f q � f q̄. In Eq. (23), we have defined the combinations eV and fV

1

. The
remaining unknown are then the twist-3 functions, e(x) and G̃^(z,m

⇡⇡

). While the twist-2
DiFFs are known, there is so far no study of the twist-3 DiFFs. A further assumption needs
to be taken. In order to gain some insights onto the behavior of the genuine twist-3 DiFFs,
we will define two extreme scenarios.

A. The Wandzura-Wilzcek scenario

In the Wandzura-Wilzcek approximation, the genuine twist-3 DiFFs vanish. This ap-
proximation is inspired by the preliminary data on Double Spin Asymmetry (DSA) from
CLAS, incorporating the structure functions Eqs. (11, 14). These structure functions are
expressed in terms of twist-2 PDFs and the twist-3 DiFF eD^, i.e. a genuine twist-3 DiFF

4 Studies of the evolution of twist-3 fragmentation functions in the multicolor limit show that there is no

reciprocity in the anomalous dimensions for e(x) and the twist-3 FF Gtw-3
? [44].
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FIG. 2: 1D projections of the BSA, repectively, in z and m

⇡⇡

. The red squares are the preliminary
data of Ref. [40]. For the z and the m

⇡⇡

projections, the blue circles represent the estimate for
BSA Eq. (25) from the DiFF fit [4] for an integrated x-dependence, n

x

= 0.21.

bin # x

hQ2i
[GeV2]

z m

⇡⇡

[GeV]
n

"
u

/n

u

(Q2) e

V

WW(x,Q2) e

V

lead.(x,Q
2) �

�
e

V (x)
�

1 0.171 1.24 [0.19, 0.95] [0.28, 1.66] 0.199 2.611 -0.263 0.578

2 0.244 1.60 [0.20, 0.95] [0.28, 1.50] 0.201 0.687 -0.850 0.238

3 0.356 2.27 [0.21, 0.92] [0.28, 1.38] 0.203 0.271 -0.243 0.091

TABLE I: The ratio of the integrated DiFFs and the corresponding value for the flavor combination
e

V (x) = (4euV (x)�e

dV (x))/9. Note that the e↵ect of evolution is of 1-2% at most when considering
the ratio n

"
u

/n

u

as the values of Q2

i

are low.

The predictions from the DiFFs fits are compatible, within error bars, with the prelimi-
nary data. The descrepancy observed in the low m

⇡⇡

behavior could be due to the limited
range of validity of the DiFF fits. However, since the behavior of eG^ is not known, no real
conclusion can be driven.

B. Beyond the WW scenario

For completeness, we also consider the case in which the twist-3 DiFF eG^ is non-zero. We
consider that it is of the order of magnitude of eD^. As mentionned above, the preliminary
results of CLAS [45] indicate that the cos� modulation of the DSA is small w.r.t leading-
twist contributions.

The crucial observation is that the order of magnitude of eD^ 5 necessary to reproduce
an integrated DSA is of a few percent of the integrated H^

1

, Eq. (18). Within the present
assumption, it translates in:

n
e
G

^
u

(Q2

i

)
assump.⌘ n

e
D

^
u

(Q2

i

) ⇠= n"
u

(Q2

i

) , (27)

5
n

eD^
u (Q2

i ), integrated as Eqs. (17,18).
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The invariant mass squared of the hadron pair is P 2

h

= m2

hh

. The SIDIS process is defined
by the kinematic variables:

x =
Q2

2P · q ⌘ x
B

, y =
P · q
P · l , z =

P · P
h

P · q = z
1

+ z
2

. (9)

The kinematics and the definition of the angles can be be found in, e.g., Refs. [3, 8]. We
mention the azimuthal angle �

R

formed between the leptonic plane and the hadronic plane
identified by the vector R

T

and the virtual photon direction. The cross section for two
particle SIDIS can be written in terms of modulations in the azimuthal angle �

R

[39].
In the limit m2

hh

⌧ Q2 the structure functions of interest can be written in terms of PDFs
and DiFFs, to leading-order, in the following way [3]:
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�
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with the first subindex of the structure function corresponding to the beam polarization,
the second to the target. We now consider the structure function F sin�

LU

in Eq. (12) for ⇡+⇡�

pair production. The relevant spin asymmetry can be built as ratios of structure functions.
For the longitudinal polarization of the beam, i.e. the LU combinations, one can define the
following BSA:
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2 "(1� ")
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)
, (15)

where " is the ratio of longitudinal and transverse photon flux and can be expressed in terms
of y. Combining Eqs. (10,12), to leading-order in ↵

s

and leading term in the PWA, the BSA
becomes
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Twist-3 DiFFs from DSA?
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● Significantly non-zero A
LL

const asymmetries

● DF = 0.18 has been used
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cosϕ

R∝g 1(xB) D̃
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ALL
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Sergio's analysis of cosΦ modulation of 

DSA

From DSA we estimate an 
upper limit with κ=0.2

•PDF part /z~0.7
•Q x D1 part~1.
•H1≮ part~0.2
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twist-3 DiFFs has not been studied yet.4 In this paper, evolution e↵ects of the twist-3 DiFFs
are assumed to be at most of the order of magnitude of the running of n"

u

(Q2).
We use some approximations to further develop the sum over flavors —we allow ourselves

to 1�2% relative error on the DiFF contributions, which is negligible w.r.t. the experimental
error bars. The approximations are:

• The charm contribution to f q=c

1

(x) is negligible w.r.t q = u, d, s at JLab scales.

• Invoking charge conjugation yields to
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• The Interference FF for strange and charm is zero as there is no interference from sea
quarks [36]. For G̃^ we expect the same relations as for H^

1

.

The BSA in Eq. (20) becomes
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where f qV ⌘ f q � f q̄. In Eq. (23), we have defined the combinations eV and fV

1

. The
remaining unknown are then the twist-3 functions, e(x) and G̃^(z,m

⇡⇡

). While the twist-2
DiFFs are known, there is so far no study of the twist-3 DiFFs. A further assumption needs
to be taken. In order to gain some insights onto the behavior of the genuine twist-3 DiFFs,
we will define two extreme scenarios.

A. The Wandzura-Wilzcek scenario

In the Wandzura-Wilzcek approximation, the genuine twist-3 DiFFs vanish. This ap-
proximation is inspired by the preliminary data on Double Spin Asymmetry (DSA) from
CLAS, incorporating the structure functions Eqs. (11, 14). These structure functions are
expressed in terms of twist-2 PDFs and the twist-3 DiFF eD^, i.e. a genuine twist-3 DiFF

4 Studies of the evolution of twist-3 fragmentation functions in the multicolor limit show that there is no

reciprocity in the anomalous dimensions for e(x) and the twist-3 FF Gtw-3
? [44].
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• The Interference FF for strange and charm is zero as there is no interference from sea
quarks [36]. For G̃^ we expect the same relations as for H^

1

.
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(Q2

i

)
P

q=u,d,s

e2
q

f q

1

(x
i

, Q2

i

)n
q, i

(Q2

i

)
, (23)

where f qV ⌘ f q � f q̄. In Eq. (23), we have defined the combinations eV and fV

1

. The
remaining unknown are then the twist-3 functions, e(x) and G̃^(z,m

⇡⇡

). While the twist-2
DiFFs are known, there is so far no study of the twist-3 DiFFs. A further assumption needs
to be taken. In order to gain some insights onto the behavior of the genuine twist-3 DiFFs,
we will define two extreme scenarios.

A. The Wandzura-Wilzcek scenario

In the Wandzura-Wilzcek approximation, the genuine twist-3 DiFFs vanish. This ap-
proximation is inspired by the preliminary data on Double Spin Asymmetry (DSA) from
CLAS, incorporating the structure functions Eqs. (11, 14). These structure functions are
expressed in terms of twist-2 PDFs and the twist-3 DiFF eD^, i.e. a genuine twist-3 DiFF

4 Studies of the evolution of twist-3 fragmentation functions in the multicolor limit show that there is no

reciprocity in the anomalous dimensions for e(x) and the twist-3 FF Gtw-3
? [44].
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FIG. 2: 1D projections of the BSA, repectively, in z and m

⇡⇡

. The red squares are the preliminary
data of Ref. [40]. For the z and the m

⇡⇡

projections, the blue circles represent the estimate for
BSA Eq. (25) from the DiFF fit [4] for an integrated x-dependence, n

x

= 0.21.

bin # x

hQ2i
[GeV2]

z m

⇡⇡

[GeV]
n

"
u

/n

u

(Q2) e

V

WW(x,Q2) e

V

lead.(x,Q
2) �

�
e

V (x)
�

1 0.171 1.24 [0.19, 0.95] [0.28, 1.66] 0.199 2.611 -0.263 0.578

2 0.244 1.60 [0.20, 0.95] [0.28, 1.50] 0.201 0.687 -0.850 0.238

3 0.356 2.27 [0.21, 0.92] [0.28, 1.38] 0.203 0.271 -0.243 0.091

TABLE I: The ratio of the integrated DiFFs and the corresponding value for the flavor combination
e

V (x) = (4euV (x)�e

dV (x))/9. Note that the e↵ect of evolution is of 1-2% at most when considering
the ratio n

"
u

/n

u

as the values of Q2

i

are low.

The predictions from the DiFFs fits are compatible, within error bars, with the prelimi-
nary data. The descrepancy observed in the low m

⇡⇡

behavior could be due to the limited
range of validity of the DiFF fits. However, since the behavior of eG^ is not known, no real
conclusion can be driven.

B. Beyond the WW scenario

For completeness, we also consider the case in which the twist-3 DiFF eG^ is non-zero. We
consider that it is of the order of magnitude of eD^. As mentionned above, the preliminary
results of CLAS [45] indicate that the cos� modulation of the DSA is small w.r.t leading-
twist contributions.

The crucial observation is that the order of magnitude of eD^ 5 necessary to reproduce
an integrated DSA is of a few percent of the integrated H^

1

, Eq. (18). Within the present
assumption, it translates in:

n
e
G

^
u

(Q2

i

)
assump.⌘ n

e
D

^
u

(Q2

i

) ⇠= n"
u

(Q2

i

) , (27)

5
n

eD^
u (Q2

i ), integrated as Eqs. (17,18).
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higher-twist DiFFs
unknown

The invariant mass squared of the hadron pair is P 2

h

= m2

hh

. The SIDIS process is defined
by the kinematic variables:

x =
Q2

2P · q ⌘ x
B

, y =
P · q
P · l , z =

P · P
h

P · q = z
1

+ z
2

. (9)

The kinematics and the definition of the angles can be be found in, e.g., Refs. [3, 8]. We
mention the azimuthal angle �

R

formed between the leptonic plane and the hadronic plane
identified by the vector R

T

and the virtual photon direction. The cross section for two
particle SIDIS can be written in terms of modulations in the azimuthal angle �

R

[39].
In the limit m2

hh

⌧ Q2 the structure functions of interest can be written in terms of PDFs
and DiFFs, to leading-order, in the following way [3]:

F
UU,T

=
X

q

e2
q

xf q

1

(x)Dq

1

�
z, cos ✓,m

hh

�
, (10)

F cos�R
UU

= �
X

q

e2
q

x
|R| sin ✓

Q

1

z
f q

1

(x) eD^ q

�
z, cos ✓,m

hh

�
, (11)

F sin�R
LU

= �
X

q

e2
q

x
|R| sin ✓

Q


M

m
hh

x eq(x)H^ q

1

�
z, cos ✓,m

hh

�
+

1

z
f q

1

(x) eG^ q

�
z, cos ✓,m

hh

��
,

(12)

F
LL

=
X

q

e2
q

xgq
1

(x)Dq

1

�
z, cos ✓,m

hh

�
, (13)

F cos�R
LL

= �
X

q

e2
q

x
|R| sin ✓

Q

1

z
gq
1

(x) eD^ q

�
z, cos ✓,m

hh

�
, (14)

with the first subindex of the structure function corresponding to the beam polarization,
the second to the target. We now consider the structure function F sin�

LU

in Eq. (12) for ⇡+⇡�

pair production. The relevant spin asymmetry can be built as ratios of structure functions.
For the longitudinal polarization of the beam, i.e. the LU combinations, one can define the
following BSA:

Asin�R
LU

(z,m
⇡⇡

, x;Q, y) =
4

⇡

p
2 "(1� ")

R
d cos ✓ F sin�R

LUR
d cos ✓ (F

UU,T

+ ✏F
UU,L

)
, (15)

where " is the ratio of longitudinal and transverse photon flux and can be expressed in terms
of y. Combining Eqs. (10,12), to leading-order in ↵

s

and leading term in the PWA, the BSA
becomes

Asin�R
LU

(x, z,m
⇡⇡

;Q, y)

= �W (y)

A(y)

M

Q

|R|
m

⇡⇡

P
q

e2
q

h
xeq(x,Q2)H^,q

1,sp

(z,m
⇡⇡

, Q2) + m⇡⇡
zM

f q

1

(x,Q2) G̃^,q
sp

(z,m
⇡⇡

, Q2)
i

P
q

e2
q

f q

1

(x,Q2)Dq

1,ss+pp

(z,m
⇡⇡

, Q2)
,

(16)
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Double-Spin Asymmetry (DSA)
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● Significantly non-zero A
LL

const asymmetries

● DF = 0.18 has been used

ALL
cosϕ

R∝g 1(xB) D̃
∢q( z ,cosθ , M h)

ALL
const∝g 1(xB)D1

q( z ,cosθ , M h)
Sergio's analysis of cosΦ modulation of 

DSA

From DSA we estimate an 
upper limit with κ=0.2

•PDF part /z~0.7
•Q x D1 part~1.
•H1≮ part~0.2



BEYOND WW

z-bin # z m

⇡⇡

[GeV] hQ2i [GeV2]
m

⇡⇡

-bin # z m

⇡⇡

[GeV] hQ2i [GeV2]

1 [0.19, 0.45] [0.28, 1.] 1.74 1 [0.19, 0.94] [0.28, 0.46] 1.81

2 [0.46, 0.65] [0.28, 1.36] 1.78 2 [0.23, 0.94] [0.48, 0.66] 1.77

3 [0.66, 0.95] [0.28, 1.66] 1.74 3 [0.31, 0.95] [0.66, 1.66] 1.69

TABLE II: Binning, respectively, for the z 1D projection and for the m

⇡⇡

1D projection.

with  ⇠ 0.2 as estimated from the DSA of Ref. [45]. Then the BSA (16) becomes

Asin�R
LU,leading

(x
i

,m
⇡⇡, i

, z
i

;Q
i

, y
i

) = �W (y
i

)

A(y
i

)

M

Q
i

⇥
x
i

eV (x
i

, Q2

i

) + fV

1

(x
i

, Q2

i

)/z
i

⇤
n"
u, i

(Q2

i

)
P

q=u,d,s

e2
q

f q

1

(x
i

, Q2

i

)n
q, i

(Q2

i

)
.

(28)

Since the (z,m
⇡⇡

)-dependence is integrated, a non-zero twist-3 PDF becomes manifest in
deviations from the trend in x given by the unpolarized PDF contribution:

Asin�R
LU

(x
i

;Q2

i

) /
⇣
4 fuV

1

� fdV
1

⌘
(x

i

, Q2

i

)
⇣
4 fu+ū

1

+ fd+

¯

d

1

⌘
(x

i

, Q2

i

)
, (29)

the trend and size of which can be estimated, e.g. with the MSTW08LO set. Therefore,
going beyond the WW approximation, the BSA is straightfowardly inverted to get

x2

i

eVlead.(xi

, Q2

i

) = � A(y
i

)

W (y
i

)

Q
i

M
Asin�R

LU

�
x
i

,m
⇡⇡, i

, z
i

;Q2

i

, y
i

�

1

9

4x
i

fu+ū

1

(x
i

, Q2

i

)n
u,i

(Q2

i

) + x
i

fd+

¯

d

1

(x
i

, Q2

i

)n
d,i

(Q2

i

) + x
i

f s

1

(x
i

, Q2

i

)n
s,i

(Q2

i

)

n"
u,i

(Q2

i

)

�
x
i

z
i

fV

1

(x
i

, Q2

i

) , (30)

with  = 0.2. In other words, the x-dependence coming from f
1

changes the extracted results
of Fig. 1. The results are given in Tab. I for both scenarios and illustrated on Fig. 3.Would
the BSA only contain a contribution from f

1

eG^, the twist-3 PDF e(x), as extracted in this
scenario, would be a constant.6 Our result shows that it is not the case. Hence, the behavior
in x of the BSA cannot be reproduced by the unpolarized PDF, Eq. (29). We interpret this
result as the first evidence for a non-zero e(x) in the range x 2 [0.126, 0.609].

A theoretical error on the extracted PDF could be estimated to be the di↵erence between
the two scenarios, i.e. varying  = 0 to  = 0.2. These two extreme scenarios set the
constraints on the twist-3 PDF e(x).

Thought the evolution of the twist-3 PDF is usually not applied in models, in Fig. 4
we propose an interpretive comparison with three –standard– model predictions, e.g. the
MIT bag model [15], the spectator model [23] and the chiral quark soliton model [20].
The hadronic scale of models symbolize the scale at which the model mimicks QCD for a

6 A constant which value would be related to the uncertainty on .
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)/9. The red squares cor-
respond to the WW scenario, the blue triangles to the leading scenario. The error bars correspond
to the propagation of the experimental and DiFF errors.
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FIG. 4: Model predictions for combination e
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)/9 at the model scale
Q

2

0

, compared to the error bands for the two scenarios (light blue). The blue triangles correspond
to the bag model [15, 22], the red squares to the spectator model [23] and the green circles the
chiral quark soliton model [20].

given partonic representation, e.g. its partonic content. To purely valence quark models
correspond a scale Q2

0

⇠ 0.1 GeV2 for ⇤LO = 0.27 GeV [46, 47]. The author of [48] refers to
a scale Q2

0

= 0.3 GeV2.
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chiral quark soliton model [20].

given partonic representation, e.g. its partonic content. To purely valence quark models
correspond a scale Q2

0

⇠ 0.1 GeV2 for ⇤LO = 0.27 GeV [46, 47]. The author of [48] refers to
a scale Q2

0

= 0.3 GeV2.
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