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TMD structures for quark and gluon PDFs 
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#  Gauge links associated with dimension zero (not suppressed!) collinear An = A+ 
gluons, leading for TMD correlators to process-dependence: 

Non-universality because of process dependent gauge links 
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Proposal for better approximation to gK
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Properties of this gK:

• It has one free parameter

• At moderate bT it is approximately quadratic and approximately reproduces
perturbation theory

• At large bT, it goes to a constant

• It gives much reduced b

max

dependence of evolution compared with standard
parameterizations

DIS 2015, April 28, 2015

TMD factorization and evolution at large b

T

John Collins (Penn State)

• Motivations

– Want to estimate evolution of TMD functions at low Q

– What is non-perturbative part?
– Tension and clashes between high Q Drell-Yan fits and lower Q data

• Aim: Preserve good fits, satisfy constraints (phenom. & theory)

• Results

– Analysis of issues
– Propose qualitatively new parameterization

(JCC & Rogers, PRD 91, 074020 (2015), arXiv:1412.3820)

DIS 2015, April 28, 2015

Organization of non-perturbative information à la CSS
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• Fits are made for parameterized form of gK(bT; bmax

)

• Predictive power beyond calculable perturbative contributions

– Universality of pdfs (etc) between reactions, etc
– Strong universality of ˜

K. (No dependence on flavor, spin, x, process; Q only
via RG)

• Common choices: b
max

= 0.5GeV

�1

= 0.1 fm, and 1.5GeV

�1

= 0.3 fm

• N.B. If b
max

is too conservatively small, fitting of gK includes reproducing the full
˜

K(bT) in a region of bT still accessible to perturbative calculations

DIS 2015, April 28, 2015
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Results with new parameterization for ˜

K
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• We chose g

0

(b

max

= 1.5GeV

�1

) = 0.3.

• At moderate and low bT, it approximately matches KN fit

• At larger bT, it no longer grows, giving slower evolution

• Cross sections for Drell-Yan similar to KN; full analysis to be done

DIS 2015, April 28, 2015
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J Osvaldo González Hernández 

  

The Y-term
 

sizable contribution  from Y term

•  Message:"Large?small"qT"matching"is"important"and""
delicate"

M.#Boglione,"J#Osvaldo#González#Hernández,#
S.#Melis,#A.#Prokudin,#JHEP#1502#(2015)#095""
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by Yuji Koike 

•  Twist?3"approaches"has"been"extensively"developed"
for"both"pole"and"non?pole"contribuKons."
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Lingyun Dai 

� evolution of Qiu-Sterman function

� coefficient function

� TMD and collinear twist-3 formalisms are consistent in 
ΛQCD ≪ ph⊥≪Q region

Three gluon contribution to:

 NLO weighted Sivers asymmetry
in SIDIS: three-gluon correlator

Lingyun Dai 

Indiana University

Based on the work done with Kang, Prokudin, Vitev
arXiv:1409.5851

Kang,&Prokudin,&Vitev&arXiv:1409.5851&
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Lingyun Dai 

� evolution of Qiu-Sterman function

� coefficient function

� TMD and collinear twist-3 formalisms are consistent in 
ΛQCD ≪ ph⊥≪Q region

Three gluon contribution to:

NLO corrections to ph⊥-weighted cross section

� three-gluon correlation functions contribution:

 NLO weighted Sivers asymmetry
in SIDIS: three-gluon correlator

Lingyun Dai 

Indiana University

Based on the work done with Kang, Prokudin, Vitev
arXiv:1409.5851

Kang,&Prokudin,&Vitev&arXiv:1409.5851&
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Daniel Pitonyak 

 

 

 

 

 

 Including the (total) fragmentation term leads to very good agreement with 
the RHIC data, especially with its characteristic rise towards large xF 

Without the 3-parton FF, one has difficulty describing the RHIC data 

!!!!!!!!!Total       − − NO 3-parton FF!

D. Pitonyak 

χ2/d.o.f.!=!1.03"

H term dominates the asymmetry 

Transverse single-spin asymmetries in pion and 
photon production from proton-proton collisions 

Daniel Pitonyak   
RIKEN BNL Research Center 

 
Brookhaven National Lab, Upton, NY 

 
DIS Workshop 

Dallas, TX 
April 28, 2015 

Kanazawa,#Koike,#Metz,#DP#H#PRD#89(RC)#(2014)"



13"

Daniel Pitonyak 

 

 

 

 

 

 Including the (total) fragmentation term leads to very good agreement with 
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Without the 3-parton FF, one has difficulty describing the RHIC data 

!!!!!!!!!Total       − − NO 3-parton FF!

D. Pitonyak 

χ2/d.o.f.!=!1.03"

H term dominates the asymmetry 

D. Pitonyak 

 

•  Measurements planned by PHENIX and STAR at RHIC 

•  Sivers-type contribution is dominant, others are negligible 

  Can “cleanly” extract QS function to help resolve “sign mismatch” issue 

Clear measurement of a negative AN would be a strong indication on the process 
dependence of the Sivers function (see also TSSA in inclusive DIS – Metz, et al. 
(2012), and in jet production from ANDY –  Gamberg, Kang, Prokudin (2013)) 

Transverse single-spin asymmetries in pion and 
photon production from proton-proton collisions 

Daniel Pitonyak   
RIKEN BNL Research Center 

 
Brookhaven National Lab, Upton, NY 

 
DIS Workshop 

Dallas, TX 
April 28, 2015 

Kanazawa,#Koike,#Metz,#DP#H#PRD#89(RC)#(2014)"
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• Numerical results and discussion

– comparison with HERMES data (JLab data are at very low Ph?)

⇤ error band based on uncertainties of f?
1T , h

1

, H?
1

only

⇤ relatively poor comparison with data, especially for ⇡+ production

⇤ potential reasons for discrepancy:

(1) no error band for twist-3 FF ˆH=
FU and hence for FF H

(2) (significant) other source(s) for AN in p p" ! h X

(3) leading order formalism not appropriate for rather low Ph? of available data;

HERMES: even data at highest Ph? dominated by quasi-real photo-production

! calculation of NLO correction needed

Twist-3 Spin Observables for
Single-Hadron Production in DIS

(A. Metz, Temple University, Philadelphia)

• Introduction and Motivation

• A related observable: double-spin asymmetry ALT for ~̀N" ! `X

• Single-spin asymmetry AUT (AN) for `N" ! hX

• Single-spin asymmetry AUT (AN) for `N ! ⇤

" X

• Double-spin asymmetry ALT for ~̀N" ! hX

• Summary

talk mainly based on
arXiv:1407.5078, Gamberg, Kang, A.M., Pitonyak, Prokudin

arXiv:1411.6459, Kanazawa, A.M., Pitonyak, Schlegel

arXiv:1503.02003, Kanazawa, A.M., Pitonyak, Schlegel
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• Summary
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arXiv:1407.5078, Gamberg, Kang, A.M., Pitonyak, Prokudin

arXiv:1411.6459, Kanazawa, A.M., Pitonyak, Schlegel

arXiv:1503.02003, Kanazawa, A.M., Pitonyak, Schlegel
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Model Predictions on Transverse SSAs and DSAs at JLab

!"#$%&'"%'(%)$*+'!"#$%&'"%'(%)$*+'!"#$%&'"%'(%)$*+'!"#$%&'"%'(%)$*+',,,,%-)$(#%.//'0")'%(%-)$(#%.//'0")'%(%-)$(#%.//'0")'%(%-)$(#%.//'0")'%(

#$1(#$1(#$1(#$1(

)$(23432)$(23432)$(23432)$(23432

!"#$%&#''''(&)

!"#$%&'()*+$,-./01/20134

5,067/$.6((84%9/:.%6;<(=$4*%4><(?7%4$

@ABC1AD

!"#$%&'"%'(%)$*+'!"#$%&'"%'(%)$*+'!"#$%&'"%'(%)$*+'!"#$%&'"%'(%)$*+',,,,%-)$(#%.//'0")'%(%-)$(#%.//'0")'%(%-)$(#%.//'0")'%(%-)$(#%.//'0")'%(

#$1(#$1(#$1(#$1(

)$(23432)$(23432)$(23432)$(23432

!"#$%&#''''(&)

!"#$%&'()*+$,-./01/20134

5,067/$.6((84%9/:.%6;<(=$4*%4><(?7%4$

@ABC1AD

!"#$%#"&'()*(+*&,-*./0*&1'2&34*5'2&6'7%&'()*+%)$&'()2***********

 !"#$%&#$%'%()*+',+--.%+*",/%,+0%)1,/"#,')("/2*%$#,1)0#.(#$*#345)$(,

1)-%'+.,6%.&,6+*/%.,/%,.#-'+*#,/"#,-%)$/2')7#8

 95)$(,+,5-#*/+/%.,&%1#',:)/",+;)+'21)<4+.7 =,1)5/)$(4)5",/"#,+;)+'21)<4+.7

>?,)/5,)5%5-)$=,,,,,,,,,,,,8,)5%5*+'+. =,,,,,,,,,,,,8,)5%0#*/%.

 @4&,6%.,+;)+'21)<4+.7 -%'+.)A+/)%$5,BC.%157?,!"#$%&=,D!CEFG=,GHHBIJHHKK

 L4/,1)+(.+&5,6%.,/"#,5-#*/+/%.,&%1#',*+'*4'+/)%$,+/,/.##,'#0#',+$1,%$#2'%%-,'#0#'8

Phys.Rev.&D90&(2014)&1,&014048""



16"

Transverse Force on Quarks in DIS

Matthias Burkardt

NMSU

April 30, 2015

The Nucleon Spin Pizzas 12
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Transverse Force on Quarks in DIS

Matthias Burkardt

NMSU

April 30, 2015

Quark OAM from Wigner Distributions 17
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XXIII International DIS Workshop
Dallas, Texas, April 27-May 1, 2015

Towards a Direct Measurement of the Quark Orbital 
Angular Momentum Distribution

Simonetta Liuti
University of Virginia

In collaboration with: Aurore Courtoy, Michael Engelhardt, Abha Rajan

4/28/2015 Simonetta Liuti 1

XXIII International DIS Workshop
Dallas, Texas, April 27-May 1, 2015

Towards a Direct Measurement of the Quark Orbital 
Angular Momentum Distribution

Simonetta Liuti
University of Virginia

In collaboration with: Aurore Courtoy, Michael Engelhardt, Abha Rajan

4/28/2015 Simonetta Liuti 1

4/28/2015 13

Q-g-q correlator

For longitudinal polarization and Integrating over kT

Simonetta Liuti

A sum rule relating Ji and JM OAM
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Transverse polarization and asymmetry

CG, C. Weiss, arXiv:1503.04839 [hep-ph]
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LFWF components of a transversely
polarized nucleon,

Φtr(+, +) = sinαU1,
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Define Left and Right transverse densities
from LFWF at α = 0,
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densities that
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2
[±ρV

left(b) + ρV
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-ρ̃2 measures Left-Right asymmetry of LF
currents in the nucleon.
Strikingly large in the chiral periphery,
generates the near equality ρ1 ≈ −ρ̃2.

Left-right asymmetry of transverse densities from chiral
dynamics

C. Granados1 C. Weiss2

1Uppsala University

2Jefferson Lab

DIS 2015
SMU, Dallas, TX

Carlos Granados 



Spatial Boundary Terms, 
Angular Momentum and QFT 
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Peter Lowdon 

P. Lowdon - DIS 2015 8

3. Spatial boundary terms in QFT

An interesting feature of this condition is that it only 
depends on the action of the operator on the vacuum state

●     ● It turns out that by using this more rigorous QFT approach one 
can determine a necessary and sufficient condition for these terms 
to vanish [Lowdon (2014)]:

…and from this one has the following condition:

 →  which can then be applied to the superpotentials       and           

[P. Lowdon, Nucl. Phys. B 889, 801 (2014).]
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●     ● It turns out that by using this more rigorous QFT approach one 
can determine a necessary and sufficient condition for these terms 
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…and from this one has the following condition:

 →  which can then be applied to the superpotentials       and           

[P. Lowdon, Nucl. Phys. B 889, 801 (2014).]

P. Lowdon - DIS 2015 9

3. Spatial boundary terms in QFT

● So in this case if                                              or:                           

then       or       are non-vanishing as operators

● Choosing                 one has:                         

 

→  which suggests:

● This condition therefore casts doubt on the validity of the      
Jaffe-Manohar angular momentum operator decomposition

→  what's interesting about the apparent failure                              
      of this decomposition is that it follows from                                
      the non-trivial structure of the QCD vacuum       

Evidence [Pasupathy, 

Singh (2006)] to suggest 
this is non-vanishing

[The University of Adelaide (2015)]

[J. Pasupathy and R. K. Singh, Int. J. Mod. Phys. A 21, 5099 (2006).] 
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Figure 8. The up (left) and down (right) valence transversities as functions of x at Q2
= 2.4

GeV2. The darker band with solid borders in the foreground is our result in the flexible scenario
with ↵s(M2

Z) = 0.125. The lighter band with dot-dashed borders in the background is the most
recent transversity extraction from the Collins effect [2]. The central thick dashed line is the result
of Ref. [5]. The thick solid lines indicate the Soffer bound.

displayed as a function of x at Q2
= 2.4 GeV2. The darker band with solid borders in the

foreground is our result in the flexible scenario with ↵s(M2
Z) = 0.125. The lighter band

with dot-dashed borders in the background is the most recent transversity extraction of
Ref. [2] using the Collins effect but applying the standard DGLAP evolution equations only
to the collinear part of the fitting function. The central thick dashed line is the result of
Ref. [5], where evolution equations have been computed in the TMD framework.

In the right panel, the disagreement between our result for xhdv
1 (x) at x � 0.1 and

the outcome of the Collins effect is confirmed with respect to our previous analysis (see
Fig. 4 in Ref. [16]). This is due to the fact that the COMPASS data for AD

SIDIS off deuteron
targets remain the same. This trend is confirmed also in the other scenarios, indicating
that it is not an artifact of the chosen functional form. As a matter of fact, our replicas for
the valence down transversity tend to saturate the lower limit of the Soffer bound because
they are driven by the COMPASS deuteron data, in particular by the bins number 7 and
8. It is worth mentioning that some of the replicas outside the 68% band do not follow
this trend. Their trajectories are spread over the whole available space between the upper
and lower limits of the Soffer bound, still maintaining a good �2/d.o.f. (typically, around
2). It is also interesting to remark that the dashed line from Ref. [5], although in general
agreement with the other extraction based on the Collins effect, also tends to saturate the
Soffer bound at x > 0.2.

Apart from the range x � 0.1, there is a general consistency among the various extrac-
tions which is confirmed also for the valence up transversity (left panel), at least for the
range 0.0065  x  0.29 where there are data. This is encouraging: while the dihadron
SIDIS data are a subset of the single-hadron ones, the theoretical frameworks used to in-
terpret them are very different. Nevertheless, we point out that the collinear framework, in
which our results are produced, represents a well established and robust theoretical context.
On the contrary, the implementation of the QCD evolution equations of TMDs needed in
the study of the Collins effect still contains elements of arbitrariness (see Refs. [3–5] and ref-
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State-of-the-art:
Extractions of transversity

• Collinear extraction [Pavia]

• TMD extraction [Anselmino et al, Kang et al]

• GPD extraction  [Goldstein et al]
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Figure 7. The up valence transversity as a function of x at Q2
= 2.4 GeV2 in the flexible scenario.

The brightest band in the background with dashed borders is the 68% of all replicas from our
previous extraction [16]. The light grey band in the foreground with dot-dashed borders is the 68%
of all replicas obtained in this work with ↵s(M2

Z) = 0.139. The darkest band with solid borders is
the same but for ↵s(M2

Z) = 0.125. The thick solid lines indicate the Soffer bound.

using ↵s(M2
Z) = 0.125. Finally, the thick solid lines indicate the Soffer bound. The fact

that the latter two bands overlap almost completely confirms that our new extraction is
not very sensitive to the value of ↵s(M2

Z), namely to the theoretical uncertainty in the
evolution equations. On the other side, the impact of the new COMPASS data is rather
evident. There is still overlap between present and previous extractions, but the better
statistical precision of data produces a narrower uncertainty band, at least in the range
0.0065  x  0.29 where there are data. Moreover, the replicas spread out over values that
on average are smaller than before. Since the new COMPASS analysis of Ref. [32] deals with
proton targets, the combination in Eq. (2.10) is not affected. Our extraction of the down
valence transversity is basically unchanged with respect to the previous one [16]; therefore,
we will not show it. Similar results are obtained when switching to other scenarios in the
fitting function; we will not show them as well.

In Fig. 8, we show how our new results compare with other extractions of transversity
based on the Collins effect. In the left (right) panel, the up (down) valence transversity is
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OLD 1σ error band from replicas @2.4 GeV2

NEW 1σ error band from replicas @2.4 GeV2

αS(MZ
2)=0.125 αS(MZ
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➡COMPASS data for identified pions
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➡Replica methods for both  pol. DiFF & transversity



23"

Nobuo Sato 



The JAM analysis (summary)
without JLab data

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

0.6

0.8

1.0

1.2

1.4

ra
ti

o
to

ce
nt

ra
l

�u+

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

0.6

0.8

1.0

1.2

1.4

ra
ti

o
to

ce
nt

ra
l

�d+

JAM

DSSV

no HT

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.02

0.00

0.02

0.04

0.06

xg
1

Total

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.02

0.00

0.02

0.04

0.06

T2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.02

0.00

0.02

0.04

0.06

T3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02
T4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04

xg
2

Total

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04
T2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04
T3

proton 95%

proton 68%

neutron 95%

neutron 68%

with JLab data

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

0.6

0.8

1.0

1.2

1.4

ra
ti

o
to

ce
nt

ra
l

�u+

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

0.6

0.8

1.0

1.2

1.4

ra
ti

o
to

ce
nt

ra
l

�d+

JAM

DSSV

no HT

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.02

0.00

0.02

0.04

0.06

xg
1

Total

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.02

0.00

0.02

0.04

0.06

T2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.02

0.00

0.02

0.04

0.06

T3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02
T4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04

xg
2

Total

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04
T2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x

�0.04

�0.03

�0.02

�0.01

0.00

0.01

0.02

0.03

0.04
T3

proton 95%

proton 68%

neutron 95%

neutron 68%

I The new JLab data conclusively favors the extraction of g1 and g2 with
HT contributions.
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• Longitudinal polarization: 
• Changes rate as well as rapidity  

and        distributions 
• Transverse quark/linear gluon polarization  
• Leads to azimuthal asymmetries 
• Double Drell-Yan  
 
 
for transversely polarize quarks 

• Double     production  
 
 
 
for linearly polarized gluons 
• Linearly polarized gluons also affect the overall rate
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Higgs plus jet production
Numerical results

Azimuthal cos 2� asymmetries
Sensitive to the sign of h? g

1 : hcos 2�iqT < 0 =) h? g
1 > 0
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Linear polarization of gluons

h? g
1 in pp ! H X

Higgs boson production happens mainly via gg ! H

Pol. gluons a↵ect the Higgs transverse spectrum at NNLO pQCD
Catani, Grazzini, NPB 845 (2011) 297

The nonperturbative distribution can be present at tree level and
would contribute to Higgs production at low qT

Boer, den Dunnen, CP, Schlegel, Vogelsang, PRL 108 (2012) 032002
Echevarria, Kasemets, Mulders, CP, arXiv:1502.05354

Talk by T. Kasemets
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FIG. 1. (Color online) Our A

n
1 results in the DIS regime

(filled circles), compared with world A

n
1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].

measured asymmetry A

3He
1 on the nuclear target, we used

a model for the 3He wavefunction incorporating S, S0,
and D states as well as a pre-existing �(1232) compo-
nent [37]:
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. (4)

The e↵ective proton and neutron polarizations were
taken as Pp = �0.028+0.009

�0.004 and Pn = 0.860+0.036
�0.020 [38].

F2 was parameterized with F1F209 [29] for 3He and with
CJ12 [39] for the neutron and proton, while Ap

1 was mod-
eled with a Q

2-independent, three-parameter fit to world
data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q

2 values of 2.59 (GeV/c)2 (E = 4.7 GeV)
and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q

2 value of 3.078 (GeV/c)2. Ta-
ble I also gives our results for the structure-function ratio
g

n
1 /F

n
1 = [y(1+ ✏R)]/[(1� ✏)(2� y)] · [Ak +tan(✓/2)A?],

where y = (E � E

0)/E in the laboratory frame, which
was extracted from our 3He data in the same way as An

1 .

Combining the neutron g1/F1 data with measurements
on the proton allows a flavor decomposition to separate

TABLE I. An
1 and g

n
1 /F

n
1 results.

hxi A

n
1 ± stat± syst g

n
1 /F

n
1 ± stat± syst

0.277 0.043± 0.060± 0.021 0.044± 0.058± 0.012

0.325 �0.004± 0.035± 0.009 �0.002± 0.033± 0.009

0.374 0.078± 0.029± 0.012 0.053± 0.028± 0.010

0.424 �0.056± 0.032± 0.013 �0.060± 0.030± 0.012

0.474 �0.045± 0.040± 0.016 �0.053± 0.037± 0.015

0.548 0.116± 0.072± 0.021 0.110± 0.067± 0.019

the polarized-to-unpolarized-PDF ratios for up and down
quarks, which are still more sensitive than A

n
1 to the

di↵erences between various theoretical models. When
the strangeness content of the nucleon is neglected, these
ratios can be extracted at leading order as
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where R

du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g

p
1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. �u/u and �d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.

hxi �u/u± stat± syst �d/d± stat± syst

0.277 0.447± 0.011± 0.035 �0.166± 0.094± 0.029

0.325 0.505± 0.006± 0.040 �0.292± 0.055± 0.033

0.374 0.541± 0.005± 0.046 �0.252± 0.048± 0.040

0.424 0.600± 0.005± 0.052 �0.514± 0.054± 0.051

0.474 0.631± 0.006± 0.058 �0.579± 0.070± 0.067

0.548 0.642± 0.009± 0.070 �0.384± 0.138± 0.092

Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)

Parno et al.,  
Phys.Lett. B744 (2015) 309-314  
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assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].
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(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.
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Our results for A
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1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A
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1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)
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FIG. 1. (Color online) Our A
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1 results in the DIS regime

(filled circles), compared with world A
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1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].
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data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q
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and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q
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du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g

p
1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. �u/u and �d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.
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0.548 0.642± 0.009± 0.070 �0.384± 0.138± 0.092

Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)
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where R

du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g
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1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. �u/u and �d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.
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Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)
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1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].
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data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.
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1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
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1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].
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F2 was parameterized with F1F209 [29] for 3He and with
CJ12 [39] for the neutron and proton, while Ap

1 was mod-
eled with a Q

2-independent, three-parameter fit to world
data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q

2 values of 2.59 (GeV/c)2 (E = 4.7 GeV)
and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q

2 value of 3.078 (GeV/c)2. Ta-
ble I also gives our results for the structure-function ratio
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Combining the neutron g1/F1 data with measurements
on the proton allows a flavor decomposition to separate
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the polarized-to-unpolarized-PDF ratios for up and down
quarks, which are still more sensitive than A
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1 to the

di↵erences between various theoretical models. When
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where R

du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g

p
1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. �u/u and �d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.

hxi �u/u± stat± syst �d/d± stat± syst

0.277 0.447± 0.011± 0.035 �0.166± 0.094± 0.029

0.325 0.505± 0.006± 0.040 �0.292± 0.055± 0.033

0.374 0.541± 0.005± 0.046 �0.252± 0.048± 0.040

0.424 0.600± 0.005± 0.052 �0.514± 0.054± 0.051

0.474 0.631± 0.006± 0.058 �0.579± 0.070± 0.067

0.548 0.642± 0.009± 0.070 �0.384± 0.138± 0.092

Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)
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but is explicitly allowed in the Avakian et al. parameteriza-
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contribution results in an uncertainty of < 0.009 for
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results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.
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1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
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u+ ū

=
4

15

g

p
1

F

p
1

�
4 +R

du
�
� 1

15

g

n
1

F

n
1

�
1 + 4Rdu

�
(5)

�d+�d̄

d+ d̄

=
�1

15

g

p
1

F

p
1

✓
1 +

4

R

du

◆
+

4

15

g

n
1

F

n
1

✓
4 +

1

R

du

◆

(6)
where R
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New results from Hall A 
Experiment  E06-014  

dn2 ¼
d

3He
2 − ð2Pp − 0.014Þdp2

Pn þ 0.056
; ð12Þ

where Pp and Pn are the effective proton and neutron
polarizations in 3He, and the factors 0.056 and 0.014 are
due to the Δ-isobar contributions [32]. dp2 in Eq. (12) was
calculated from various global analyses [46,51–55] to be
ð−17.5% 5.3Þ × 10−4 and ð−16.9% 4.7Þ × 10−4 at the
kinematics of E06-014 at average hQ2i values of 3.21
(where Q2 ranged from about 2.0 to 4.9 GeV2=c2) and
4.32 GeV2=c2 (where Q2 ranged from about 2.6 to
6.6 GeV2=c2), respectively. Additionally, other neutron
extraction methods were studied in Ref. [57]; those results
were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.
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FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64
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contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.
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FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64
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polarizations in 3He, and the factors 0.056 and 0.014 are
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were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible
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be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.
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FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64
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polarizations in 3He, and the factors 0.056 and 0.014 are
due to the Δ-isobar contributions [32]. dp2 in Eq. (12) was
calculated from various global analyses [46,51–55] to be
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kinematics of E06-014 at average hQ2i values of 3.21
(where Q2 ranged from about 2.0 to 4.9 GeV2=c2) and
4.32 GeV2=c2 (where Q2 ranged from about 2.6 to
6.6 GeV2=c2), respectively. Additionally, other neutron
extraction methods were studied in Ref. [57]; those results
were found to be consistent within our total uncertainty.
The dn2 values measured during E06-014 represent only

partial integrals. The full integrals can be evaluated by
computing the low- and high-x contributions. The low-x
contribution is suppressed due to the x2 weighting of the
d2 integrand, and was calculated by fitting existing gn1
[47–49,58] and gn2 [23,47,59] data. The fits to both structure
functions were dominated by the precision data from
Ref. [47], and extended in x from 0.02 to 0.25. A possible

Q2 dependence of this low-x contribution was presumed to
be negligible in this analysis. The high-x contribution,
dominated by the elastic x ¼ 1 contribution with a negli-
gible contribution from 0.9 < x < 1, was estimated using
the elastic form factors Gn

E and Gn
M, computed from the

parametrizations given in Refs. [60,61], respectively. The
individual contributions used to evaluate the full dn2 integral
are listed in Table I.
The fully integrated dn2 results from this experiment are

shown as a function ofQ2 in Fig. 2 alongwith theworld data
and available calculations. Our dn2 results are in agreement
with the lattice QCD [13] (evaluated at Q2 ¼ 5 GeV2=c2),
bag model [21] (evaluated at Q2 ¼ 5 GeV2=c2), and chiral
soliton model [22] (evaluated at Q2 ¼ 3 and 5 GeV2=c2)
calculations, which predict a small negative value of dn2 at
largeQ2.We note that at lowerQ2, the elastic contribution of
dn2 dominates the measured values and is in agreement with
the QCD sum rule calculations [19,20] (evaluated at
Q2 ¼ 1 GeV2=c2). Given our precision, we find a dn2 value
near Q2 ¼ 5 GeV2 that is about 3 standard deviations
smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of dn2 , we proceeded to

determine fn2 and extract the average electric and magnetic
color forces. The quantity fn2 was extracted following
the analysis described in Refs. [17,34]. Our fn2 extraction
used an2 matrix elements evaluated from global analyses
[46,51–55], which were found to be ð4.3% 12.1Þ × 10−4

and ð0.6%11.3Þ×10−4 at hQ2i ¼ 3.21 and 4.32 GeV2=c2,
respectively, our measured dn2 values, and the inclusion of
the Γ1 data from the JLab RSS experiment [62] and the
most recent JLab E94-010 data [63]. The singlet axial
charge ΔΣ was determined from values of Γn

1 at Q2 ≥
5 GeV2=c2 to be 0.375% 0.052, in excellent agreement
with that found in Ref. [64]. We note that our extracted fn2
values are consistent with the value found in Ref. [17]. A
summary of our fn2 and average color force values, along
with calculations from several models, are presented in
Table II.
In summary, we have measured the DSA and unpolar-

ized cross sections from a polarized 3He target, allowing for
the precision measurement of the neutron d2. We find that
dn2 is small and negative at hQ2i ¼ 3.21 and 4.32 GeV2=c2.
We find that our results are consistent with the lattice QCD
[13], bag model [21], and chiral soliton [22] predictions.
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FIG. 2 (color). dn2 data plotted against Q2 for data with
hQ2i ≥ 1 GeV2=c2. The error bars on the world data from
E01-012 [50], E155x [23], E99-117þ E155x [24], and RSS
[62] represent the in quadrature sum of their statistical and
systematic uncertainties. Our results are displayed with and
without the low-x contribution added, and are offset in Q2 for
clarity. The inset figure zooms in around our results, with the
shaded boxes representing our systematic uncertainty.

TABLE II. Our results for fn2, F
n
E, and Fn

B compared to model calculations. The value for dn2 is assumed to be zero in the instanton
model calculation, as it is much smaller than fn2 [65]. Note that we have divided Eqs. (6) and (7) by ℏc to obtain force units of MeV=fm.

Group Q2ðGeV2=c2Þ fn2 × 10−3 Fn
E (MeV=fm) Fn

B (MeV=fm)

E06-014 3.21 43.57% 0.79stat % 39.38sys −26.17% 1.32stat % 29.35sys 44.99% 2.43stat % 29.43sys
E06-014 4.32 39.80% 0.83stat % 39.38sys −29.12% 1.38stat % 29.34sys 30.68% 2.55stat % 29.40sys
Instanton [65,66] 0.40 38.0 −30.41 30.41
QCD sum rule [12,19] 1 −13.0% 6.0 54.25% 15.52 79.52% 30.06
QCD sum rule [20] 1 10.0% 10.0 29.73% 16.62 81.75% 30.64
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FIG. 1. (Color online) Our A

n
1 results in the DIS regime

(filled circles), compared with world A

n
1 data extracted us-

ing 3He targets (SLAC E142 [45], SLAC E154 [46], JLab
E99117 [38], and HERMES [42]). Selected model predictions
are also shown: RCQM [8], statistical [13, 47], NJL [14], and
(at x = 1) two DSE-based approaches [15]. Quark OAM is
assumed to be absent in the LSS(BBS) parameterization [11],
but is explicitly allowed in the Avakian et al. parameteriza-
tion [12].

measured asymmetry A

3He
1 on the nuclear target, we used

a model for the 3He wavefunction incorporating S, S0,
and D states as well as a pre-existing �(1232) compo-
nent [37]:

A

n
1 =

F

3He
2

h
A

3He
1 � 2 Fp

2

F
3He
2

PpA
p
1

⇣
1� 0.014

2Pp

⌘i

PnF
n
2

⇣
1 + 0.056

Pn

⌘
. (4)

The e↵ective proton and neutron polarizations were
taken as Pp = �0.028+0.009

�0.004 and Pn = 0.860+0.036
�0.020 [38].

F2 was parameterized with F1F209 [29] for 3He and with
CJ12 [39] for the neutron and proton, while Ap

1 was mod-
eled with a Q

2-independent, three-parameter fit to world
data [1, 28, 40–44] on proton targets. Corrections were
applied separately to the two beam energies, at the aver-
age measured Q

2 values of 2.59 (GeV/c)2 (E = 4.7 GeV)
and 3.67 (GeV/c)2 (E = 5.9 GeV). The resulting neu-
tron asymmetry, the statistics-weighted average of the
asymmetries measured at the two beam energies, is given
as a function of x in Table I and Fig. 1 and corre-
sponds to an average Q

2 value of 3.078 (GeV/c)2. Ta-
ble I also gives our results for the structure-function ratio
g

n
1 /F

n
1 = [y(1+ ✏R)]/[(1� ✏)(2� y)] · [Ak +tan(✓/2)A?],

where y = (E � E

0)/E in the laboratory frame, which
was extracted from our 3He data in the same way as An

1 .

Combining the neutron g1/F1 data with measurements
on the proton allows a flavor decomposition to separate

TABLE I. An
1 and g

n
1 /F

n
1 results.

hxi A

n
1 ± stat± syst g

n
1 /F

n
1 ± stat± syst

0.277 0.043± 0.060± 0.021 0.044± 0.058± 0.012

0.325 �0.004± 0.035± 0.009 �0.002± 0.033± 0.009

0.374 0.078± 0.029± 0.012 0.053± 0.028± 0.010

0.424 �0.056± 0.032± 0.013 �0.060± 0.030± 0.012

0.474 �0.045± 0.040± 0.016 �0.053± 0.037± 0.015

0.548 0.116± 0.072± 0.021 0.110± 0.067± 0.019

the polarized-to-unpolarized-PDF ratios for up and down
quarks, which are still more sensitive than A

n
1 to the

di↵erences between various theoretical models. When
the strangeness content of the nucleon is neglected, these
ratios can be extracted at leading order as

�u+�ū

u+ ū

=
4

15

g

p
1

F

p
1

�
4 +R

du
�
� 1

15

g

n
1

F

n
1

�
1 + 4Rdu

�
(5)

�d+�d̄

d+ d̄

=
�1

15

g

p
1

F

p
1

✓
1 +

4

R

du

◆
+

4

15

g

n
1

F

n
1

✓
4 +

1

R

du

◆

(6)
where R

du ⌘ (d+ d̄)/(u+ ū) and is taken from the CJ12
parameterization [39]; g

p
1/F

p
1 was modeled with world

data in the same way as Ap
1. Neglecting the strangeness

contribution results in an uncertainty of < 0.009 for
(�u+�ū)/(u+ū) and < 0.02 for (�d+�d̄)/(d+d̄). Our
results are given in Table II, and plotted in Fig. 2 along
with previous world data and selected model predictions
and parameterizations. The (�u + �ū)/(u + ū) results
reported here are dominated by proton measurements.

TABLE II. �u/u and �d/d results. Systematic uncertainties
include those due to neglecting the strangeness contribution.

hxi �u/u± stat± syst �d/d± stat± syst

0.277 0.447± 0.011± 0.035 �0.166± 0.094± 0.029

0.325 0.505± 0.006± 0.040 �0.292± 0.055± 0.033

0.374 0.541± 0.005± 0.046 �0.252± 0.048± 0.040

0.424 0.600± 0.005± 0.052 �0.514± 0.054± 0.051

0.474 0.631± 0.006± 0.058 �0.579± 0.070± 0.067

0.548 0.642± 0.009± 0.070 �0.384± 0.138± 0.092

Our results for A

n
1 and (�d + �d̄)/(d + d̄) support

previous measurements in the range 0.277  x  0.548.
The A

n
1 data are consistent with a zero crossing between

x = 0.4 and x = 0.55, as reported by the JLab E99117
measurement [38]; a pQCD parameterization that ex-
plicitly permits quark OAM [12] is a significantly better
match to our data at large x than one that explicitly
disallows it [11]. Our extraction of (�d + �d̄)/(d + d̄)

Parno et al.,  
Phys.Lett. B744 (2015) 309-314  

Hall A Experiment  E06-014  
  Polarized 3He target, scattered electrons in Bigbite and HRS  
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Proton helicity from Gluons
Current$knowledge$of$polarized$gluon$PDF$

•  Gluon$pPDF$has$sCll$large$uncertainCes$in$the$low$x$region$
(x<0.05).$

•  Data$from$polarized$p+p$collisions$at$RHIC$will$improve$the$
precision$in$x$region$accessible$by$RHIC$data.$$

DIS2015$ Xuan$Li$ 3$

PRL$113,$012001$$

STAR$inclusive$jet$ALL$in$2012$(p+p$510$GeV)$

DIS2015$ Xuan$Li$ 23$

•  Higher$√s$(510$GeV)$provides$sensiCvity$to$lower$xg$
region$(than$200$GeV).$

•  Higher$√s$(510$GeV)$
inclusive$jet$ALL$is$in$
good$agreement$with$
the$lower$√s$(200$GeV)$
result$in$the$
overlapping$region.$

•  2013$500$GeV$data$will$
further$constrain$the$
polarized$gluon$
distribuCon$funcCon$in$
lower$x$region.$Spin$2014$

Preliminary Results
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Data gives larger
asymmetry compared to
previous results.

Also, Data favor larger
ALL than the DSSV best
fit predicts.

Here:
xT = 2

pTp
s

.
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•  Gluon$pPDF$has$sCll$large$uncertainCes$in$the$low$x$region$
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and 2015
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overlapping$region.$
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further$constrain$the$
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 + X0π →pp 

6.5%⁄510 GeV: scale uncert. 4.8% ⁄200 GeV 

 


Data gives larger
asymmetry compared to
previous results.

Also, Data favor larger
ALL than the DSSV best
fit predicts.

Here:
xT = 2

pTp
s

.

Hari Guragain (Georgia State University) Double Helicity Asymmetry April 29, 2015 15 / 25
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Kaon multiplicity results 

•  317 kinematic bins  

Systematic uncertainty studies : 
Acceptance (studied for the previous release using different JETSET tunings): 5%  
RICH PID/efficiency for kaons : 0.2 %(low y) - 15 %(high y, high z) 
Diff. Vector Meson correction: 30 % theoretical uncertainty on HEPGEN cross-section 

                  < 6 % maximum uncertainty on VM correction (low x, mid z) 
Not shown: asymmetric systematic error of the radiative corrections (later slide) 

COMPASS 2006 data 
preliminary 

Multi-D Kaon multiplicities
Example of fit
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The values of           obtained using 
the new data are significantly above the 
existing DSS results (fits on world data) 
for both favoured and unfavoured. 
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At this stage of analysis, the result for          is not very stable, however some 
insight can be gained by looking at the multiplicity sum… 
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Kaon multiplicity sum 

 
 
 
At high x the strange can be neglected: 
 
 
 
 
 
At low x, with  

  
 
 

dNK++K−

dNDIS  = 
(u+ d +u + d )(4Dfav

K  +6Dunf
K  )+ 2(s+ s )(DK

str +Dunf
K  )

5(u+ d +u + d )+ 2(s+ s )
=
QDQ

K  + SDS
K  

5Q+ 2S

dNK++K−

dNDIS  = 
(4Dfav

K  +6Dunf
K  )

5
=
DQ

K  
5

Dstr
K  > DK

fav

*HERMES results: PRD 89 (2014) 097101 

For the isoscalar target, when expressed at LO the sum has a simple form: 

DQ
K ≈ 0.7This analysis: 

 

DSS: 

      has weak Q2 dependence (3%) in our range 
so one would expect a rise in the kaon multiplicity sum going 
to low x (DSS ~50% increase) which is not what we observe 

Recall,  
and charge and isospin symmetry gives: 
DK

fav = Dfav
K± = Du

K+ = Du
K−

DK
unf = Dunf

K± = Du
K+ = Ds

K+ = Du
K− = Ds

K− = Dd
K± = Dd

K±

DK
str = Dstr

K± = Ds
K+ = Ds

K−

DQ
K ≈ 0.43 ± 0.04

= parton distribution functions u, d, u, d, s, s

DQ
K
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Proton distribution in momentum space
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Hall A: Collins and Sivers SSA of Kaons from 3He (neutron)

● Both Collins and Sivers K+ asymmetry is 
consistent with zero within experimental 
uncertainties

● Low statistics for K- (one bin): 
● K- asymmetry favors negative values
● K- Sivers asymmetry different from 

prediction

● No predictions for Collins asymmetry -  
lack of information on kaon 
fragmentation function

Y. X. Zhao, et al.,  
Phys. Rev. C 90, 055201 (2014)

Important contribution to the global kaon SSA 
data (others include HERMES, COMPASS on 
proton target) for the extraction of sea quark 
TMDs

Kaon SSA from neutron

Predictions from global fit M. Anselmino et al.,
 Eur. Phys. J. A39, 89 (2009).
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Pion Collins at low energy 
(Q2 =13 GeV2)
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Hall A

Pion Collins at low energy 
(Q2 =13 GeV2)

K. Barish 

Comparison with S0 meson results

Phys.Rev.D. 90, 0728008

Similar to previous AN(S0) results despite
» Differences in isospin, mass, and strangeness
» Potentially different polarized fragmentation functions

� Initial state spin momentum correlations could play a role or a 
common spin-momentum correlation is present in the 
fragmentation of the S� and K mesons. 
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data (others include HERMES, COMPASS on 
proton target) for the extraction of sea quark 
TMDs

Kaon SSA from neutron

Predictions from global fit M. Anselmino et al.,
 Eur. Phys. J. A39, 89 (2009).

Hall A

Pion Collins at low energy 
(Q2 =13 GeV2)

K. Barish 

Comparison with S0 meson results

Phys.Rev.D. 90, 0728008

Similar to previous AN(S0) results despite
» Differences in isospin, mass, and strangeness
» Potentially different polarized fragmentation functions

� Initial state spin momentum correlations could play a role or a 
common spin-momentum correlation is present in the 
fragmentation of the S� and K mesons. 
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and a similar formula for the cos(φ1 + φ2) modulation
amplitude a12. The interference fragmentation function
H<),q

1 of a quark q ( and charge eq) , and its polarization-
independent counterpart Dq

1, depend on the fractional

energy zα
CMS
= 2Eα/

√
s of the hadron pair in hemisphere

α and on its invariant mass mα. The CMS energy is
denoted by

√
s and the polar angle θ is defined between

the lepton axis and the reference axis in the CMS. As the
polar angular dependence is a clear indication of initial
transverse quark polarization, its asymmetry dependence
was studied.
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FIG. 1: Azimuthal angle definitions for φ1 and φ2 as defined
relative to the thrust axis in the CMS.

Collins and Ladinsky[14] used the linear sigma model
to make the first predictions for π-π correlations. An-
other approach makes use of a partial wave analysis to
arrive at predictions for H!

1 , which receives essential con-
tributions from the interference of meson pairs (pions and
kaons) in relative S- and P-wave states [15, 16]. A strong
dependence on the invariant mass of the hadron pair is
predicted. Predictions for spin effects that can be ob-
served at the B-factories can be found in papers by Jaffe,
Jin and Tang [17] and Radici, Jakob and Bianconi [18],
with the latter being recently extended to e+e− anni-
hilation [19] at Belle energies. Jaffe and collaborators
estimate the final-state interactions of the meson pairs
from meson-meson phase shift data in [20], where it is
observed that S- and P-wave production channels inter-

fere strongly in the mass region around the ρ, the K∗ and
the φ meson resonances, and give rise to a sign change of
the IFF.
The present analysis is based on a data sample of 672

fb−1, collected with the Belle detector at the KEKB
asymmetric-energy e+e− (3.5 on 8 GeV) collider [21]
operating at the Υ(4S) resonance and 60 MeV below.
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) com-
prised of CsI(Tl) crystals located inside a superconduct-
ing solenoid coil that provides a 1.5 T magnetic field.
An iron flux-return yoke located outside of the coil is in-
strumented to detect K0

L mesons and to identify muons
(KLM). The detector is described in detail elsewhere [22].
Two inner detector configurations were used. A 2.0 cm
radius beampipe and a 3-layer silicon vertex detector
were used for the first sample of 157 fb−1, while a 1.5 cm
radius beampipe, a 4-layer silicon detector and a small-
cell inner drift chamber were used to record the remaining
516 fb−1[23].
The most important selection criterion is the event

shape variable thrust, T , the maximum of which defines
the thrust axis n̂ :

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h

|
. (3)

The sum extends over all detected particles, and PCMS
h

denotes their momenta in the CMS. The deviation of
the reconstructed thrust axis from the generated quark-
antiquark pair axis for light quarks is 135 mrad with an
RMS of 90 mrad, as obtained from the simulated sam-
ple of events. This value is compatible with those cited
earlier in the Collins analysis [2]. Since the two pairs
of hadrons should appear in a two-jet topology, events
are selected with a thrust value larger than 0.8. The
contamination from B decays in this event sample is
around 2% [3]. As the hadron pairs are sampled only
in the barrel region of the detector, one has to ensure
that for those pairs all possible azimuthal angles around
the thrust axis lie also within this acceptance. For this
purpose only events with a thrust axis pointing into the

h1 ⇥
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polar angular dependence is a clear indication of initial
transverse quark polarization, its asymmetry dependence
was studied.
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Collins and Ladinsky[14] used the linear sigma model
to make the first predictions for π-π correlations. An-
other approach makes use of a partial wave analysis to
arrive at predictions for H!

1 , which receives essential con-
tributions from the interference of meson pairs (pions and
kaons) in relative S- and P-wave states [15, 16]. A strong
dependence on the invariant mass of the hadron pair is
predicted. Predictions for spin effects that can be ob-
served at the B-factories can be found in papers by Jaffe,
Jin and Tang [17] and Radici, Jakob and Bianconi [18],
with the latter being recently extended to e+e− anni-
hilation [19] at Belle energies. Jaffe and collaborators
estimate the final-state interactions of the meson pairs
from meson-meson phase shift data in [20], where it is
observed that S- and P-wave production channels inter-

fere strongly in the mass region around the ρ, the K∗ and
the φ meson resonances, and give rise to a sign change of
the IFF.
The present analysis is based on a data sample of 672

fb−1, collected with the Belle detector at the KEKB
asymmetric-energy e+e− (3.5 on 8 GeV) collider [21]
operating at the Υ(4S) resonance and 60 MeV below.
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) com-
prised of CsI(Tl) crystals located inside a superconduct-
ing solenoid coil that provides a 1.5 T magnetic field.
An iron flux-return yoke located outside of the coil is in-
strumented to detect K0

L mesons and to identify muons
(KLM). The detector is described in detail elsewhere [22].
Two inner detector configurations were used. A 2.0 cm
radius beampipe and a 3-layer silicon vertex detector
were used for the first sample of 157 fb−1, while a 1.5 cm
radius beampipe, a 4-layer silicon detector and a small-
cell inner drift chamber were used to record the remaining
516 fb−1[23].
The most important selection criterion is the event

shape variable thrust, T , the maximum of which defines
the thrust axis n̂ :

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h

|
. (3)

The sum extends over all detected particles, and PCMS
h

denotes their momenta in the CMS. The deviation of
the reconstructed thrust axis from the generated quark-
antiquark pair axis for light quarks is 135 mrad with an
RMS of 90 mrad, as obtained from the simulated sam-
ple of events. This value is compatible with those cited
earlier in the Collins analysis [2]. Since the two pairs
of hadrons should appear in a two-jet topology, events
are selected with a thrust value larger than 0.8. The
contamination from B decays in this event sample is
around 2% [3]. As the hadron pairs are sampled only
in the barrel region of the detector, one has to ensure
that for those pairs all possible azimuthal angles around
the thrust axis lie also within this acceptance. For this
purpose only events with a thrust axis pointing into the
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√
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polar angular dependence is a clear indication of initial
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Collins and Ladinsky[14] used the linear sigma model
to make the first predictions for π-π correlations. An-
other approach makes use of a partial wave analysis to
arrive at predictions for H!

1 , which receives essential con-
tributions from the interference of meson pairs (pions and
kaons) in relative S- and P-wave states [15, 16]. A strong
dependence on the invariant mass of the hadron pair is
predicted. Predictions for spin effects that can be ob-
served at the B-factories can be found in papers by Jaffe,
Jin and Tang [17] and Radici, Jakob and Bianconi [18],
with the latter being recently extended to e+e− anni-
hilation [19] at Belle energies. Jaffe and collaborators
estimate the final-state interactions of the meson pairs
from meson-meson phase shift data in [20], where it is
observed that S- and P-wave production channels inter-

fere strongly in the mass region around the ρ, the K∗ and
the φ meson resonances, and give rise to a sign change of
the IFF.
The present analysis is based on a data sample of 672

fb−1, collected with the Belle detector at the KEKB
asymmetric-energy e+e− (3.5 on 8 GeV) collider [21]
operating at the Υ(4S) resonance and 60 MeV below.
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) com-
prised of CsI(Tl) crystals located inside a superconduct-
ing solenoid coil that provides a 1.5 T magnetic field.
An iron flux-return yoke located outside of the coil is in-
strumented to detect K0

L mesons and to identify muons
(KLM). The detector is described in detail elsewhere [22].
Two inner detector configurations were used. A 2.0 cm
radius beampipe and a 3-layer silicon vertex detector
were used for the first sample of 157 fb−1, while a 1.5 cm
radius beampipe, a 4-layer silicon detector and a small-
cell inner drift chamber were used to record the remaining
516 fb−1[23].
The most important selection criterion is the event

shape variable thrust, T , the maximum of which defines
the thrust axis n̂ :

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h

|
. (3)

The sum extends over all detected particles, and PCMS
h

denotes their momenta in the CMS. The deviation of
the reconstructed thrust axis from the generated quark-
antiquark pair axis for light quarks is 135 mrad with an
RMS of 90 mrad, as obtained from the simulated sam-
ple of events. This value is compatible with those cited
earlier in the Collins analysis [2]. Since the two pairs
of hadrons should appear in a two-jet topology, events
are selected with a thrust value larger than 0.8. The
contamination from B decays in this event sample is
around 2% [3]. As the hadron pairs are sampled only
in the barrel region of the detector, one has to ensure
that for those pairs all possible azimuthal angles around
the thrust axis lie also within this acceptance. For this
purpose only events with a thrust axis pointing into the

h1 ⇥
Asymmetries for Cos(2(φR1-φR2)) (G1

⊥) small 
23 

Belle Preliminary 

Belle Preliminary 

PLB 736 (2014) 124 

comparison between di-hadron and Collins asymmetries  

4/28/2015 Giulio Sbrizzai DIS2015 13 

PLB 736 (2014) 124 

comparison between di-hadron and Collins asymmetries  

4/28/2015 Giulio Sbrizzai DIS2015 13 

Di-hadron and single-hadron 
asymmetries generated by 

same mechanism?



TMDs



TMDs
Reestablishing spin at Fermilab

23

● E-1039: SeaQuest with polarized target 

● Stage-1 approval

● sensitive to Sivers TMD for sea quarks

● hint for substantial role of sea quark 
Sivers effect in SIDIS data

● LANL and UVa will provide polarized 
proton (NH3) target by 2016

● production running in 2017

● E-1027: SeaQuest with polarized beam

● Stage-1 approval

● sensitive to beam valence quarks at 
high-x

● large effects → sign, size, and maybe 
shape of Sivers TMD
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CLAS SIDIS Beam Spin Asymmetries:  A
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    to q-g-q correlations
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First clear evidence for 
non-zero BSA in SIDIS (2004)

Slide courtesy: Silvia Pisano, INFN
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Transverse DSA in Inclusive Hadron Production

Y.X.Zhao et al. arXiv:1502.01394
(Submitted to PRC)

● Clear non-zero SSA observed for π+/−

● π+ and π− SSA have opposite sign
 Related to collinear twist-3: Worm-Gear type function 

3He asymmetry Neutron asymmetry

Predictions from K. Kanazawa et al., 
arXiv:1411.6459 (2014) 
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Recent results Hall A

DVCS cross sections: higher twist corrections

Significant deviation from BH cross section

Twist-4 corrections may be necessary to fully explain experimental data

Carlos Muñoz Camacho (IPN-Orsay) DVCS at JLab DIS 2015 17 / 32

Hall A

DVCS cross section modulation

Recent results Hall B

Hall B DVCS cross-section measurements
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Larger kinematic range
covered:
110 (Q2, xB, t) bins

Compatible with Hall A
results in overlap region

Leading twist models
describe the data within
uncertainties

H.S. Jo et al.

arXiv:1504.02009, Apr 8 (2015)
Carlos Muñoz Camacho (IPN-Orsay) DVCS at JLab DIS 2015 20 / 32

Hall B

Constraining GPDs  
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Q2=2.2 GeV2 
xBj =0.049

pT
2 = 0.17 GeV2

W=7.1 GeV

Transverse target spin asymmetry for incoherent exclusive w production

Paweł Sznajder     DIS  2015   18

New result → to be published

● Unbinned maximum likelihood method

● 5 single spin asymmetries and 3 double spin 
asymmetries for transversely polarized proton 
target

ω production

Error band represents 2% 
normalization error 
 
Full line: Goloskokov et al. model 
 
Dashed line: Liuti et al. model 

𝑄 = 1.5 𝐺𝑒𝑉  𝑄 = 1.75 𝐺𝑒𝑉  

𝑄 = 2 𝐺𝑒𝑉  

upper limit on 

Hall A
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*The elephant and the blind men

http://en.wikipedia.org/wiki/Blind_men_and_an_elephant
http://en.wikipedia.org/wiki/Blind_men_and_an_elephant


What’s next? 
One Typical Bin to show the good statistics   

SoLID-SIDIS
 SIDIS: 4-D (x, pt, Q2, z) probe of nucleon transverse momentum distributions (TMDs)

 SoLID-SIDIS studies TMDs with extensive coverage and resolutions (48 Q-z bins)

> 1400 data points! 
16Zhihong Ye, SoLID-SIDIS

(see WG7 summary talk)
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GPD H and E as function of t, x and Q2 GPD H and E 1d+1 

GPD H and E 2d+1 structure for sea-quarks and gluons 

#  A global fit over all pseudo data was 
done, based on the GPDs-based model: 

   [K. Kumerički, D Müller, K. Passek-
Kumerički 2007] 

 
#  Known values q(x), g(x) are assumed 

for Hq, Hg (at ξ=0, t=0 forward limits 
Eq, Eg  are unknown) 

 
#  Excellent reconstruction of Hsea, Hsea  

and good reconstruction of Hg (from 
dσ/dt) 

E.C. Aschenauer 
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arXiv:1304.0077 

DIS, April 2015 

and much 
more ...!
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THANKS 

to all the speakers!
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