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Outline
• 3D picture of the nucleon:



• ω SDMEs from exclusive DIS



• AUT and ALT in semi-inclusive DIS



• AUT in inclusive DIS



• Bose-Einstein correlations in DIS



• Λ polarization in quasi-real photoproduction



• Searching again for the pentaquark in quasi-real 
photoproduction
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SDMEs from exclusive ω production
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• unpolarized & longitudinally polarized e+/e- beam


• unpolarized H & D target



Exclusive ω production
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Exclusive ω production
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Exclusive ω production
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Fig. 1. Definition of angles in the process eN ! eN!, where
! ! ⇡

+
⇡

�
⇡

0. Here, � is the angle between the ! production
plane and the lepton scattering plane in the center-of-mass
system of the virtual photon and the target nucleon. The vari-
ables ⇥ and � are respectively the polar and azimuthal angles
of the unit vector normal to the decay plane in the !-meson
rest frame.

while the azimuthal angle � of the unit vector n is given
by

cos � =
(q ⇥ p0) · (p0 ⇥ n)

|q ⇥ p0| · |p0 ⇥ n| , (20)

sin � = � [(q ⇥ p0) ⇥ p0] · (n⇥ p0)

|(q ⇥ p0) ⇥ p0| · |n⇥ p0| . (21)

3 Data analysis

3.1 HERMES experiment

The data analyzed in this paper were accumulated with
the HERMES spectrometer during the running period of
1996 to 2007 using the 27.6 GeV longitudinally polarized
electron or positron beam of HERA, and gaseous hydro-
gen or deuterium targets. The HERMES forward spec-
trometer, which is described in detail in Ref. [22], was
built of two identical halves situated above and below the
lepton beam pipe. It consisted of a dipole magnet in con-
junction with tracking and particle identification detec-
tors. Particles were accepted when their polar angles were
in the range ±170 mrad in the horizontal direction and
±(40�140) mrad in the vertical direction. The spectrom-
eter permitted a precise measurement of charged-particle
momenta, with a resolution of 1.5%. A separation of lep-
tons was achieved with an average e�ciency of 98% and
a hadron contamination below 1%.

3.2 Selection of exclusively produced ! mesons

The following requirements were applied to select exclu-
sively produced ! mesons from reaction (1):
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Fig. 2. Two-photon invariant mass distribution after appli-
cation of all criteria to select exclusively produced ! mesons.
The Breit–Wigner fit to the mass distribution is shown as a
continuous line and the dashed line indicates the PDG value
of the ⇡

0 mass.

i) Exactly two oppositely charged hadrons, which are as-
sumed to be pions, and one lepton with the same charge
as the beam lepton are identified through the analysis of
the combined responses of the four particle-identification
detectors [22].
ii) A ⇡0 meson that is reconstructed from two calorime-
ter clusters as explained in Ref. [23] is selected requir-
ing the two-photon invariant mass to be in the interval
0.11 GeV < M(��) < 0.16 GeV. The distribution of
M(��) is shown in Fig. 2. This distribution is centered
at m⇡0 = 134.69± 19.94 MeV, which agrees well with the
PDG [24] value of the ⇡0 mass.
iii) The three-pion invariant mass is required to obey 0.71
GeV M(⇡+⇡�⇡0)  0.87 GeV.
iv) The kinematic requirements for exclusive production
of ! mesons are the following:
a) The scattered-lepton momentum lies above 3.5 GeV.
b) The constraint �t0 < 0.2 GeV2 is used.
c) For exclusive production the missing energy �E must
vanish. Here, the missing energy is calculated both for pro-

ton and deuteron as �E =
M2

X�M2
p

2Mp
, with Mp being the

proton mass and M2
X = (p + q � p⇡+ � p⇡� � p⇡0)2 the

missing mass squared, where p, q, p⇡+ , p⇡� , and p⇡0 are
the four-momenta of target nucleon, virtual photon, and
each of the three pions respectively. In this analysis, tak-
ing into account the spectrometer resolution, the missing
energy has to lie in the interval �1.0 GeV < �E < 0.8
GeV, which is referred to as “exclusive region” in the fol-
lowing.
d) The requirement Q2 > 1.0 GeV2 is applied in order to
facilitate the application of pQCD.
e) The requirement W > 3.0 GeV is applied in order to

Fit angular distribution               of ω decay pions
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• 5 classes of SDMEs


• unpolarized and polarized SDMEs


• proton & deuteron similar



by        for p(d)

Results ω SDMEs 

14

Im r
3 
1-1

r
1 
11 

r
04
1-1

r
8 
1-1

r
8 
11 

Im r
7 
1-1

Im r
6 
1-1

r
5 
1-1

r
5 
11 

r
8 
00 

Im r
3 
10 

r
1 
00 

r
5 
00 

r
2 
10 

r
1 
10 

r
04
10  

Re r
8 
10 

Im r
7 
10 

Im r
6 
10 

Re r
5 
10 

Im r
2 
1-1

r
1 
1-1

r
04
00  

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Im r
3 
1-1

r
1 
11 

r
04
1-1

r
8 
1-1

r
8 
11 

Im r
7 
1-1

Im r
6 
1-1

r
5 
1-1

r
5 
11 

r
8 
00 

Im r
3 
10 

r
1 
00 

r
5 
00 

r
2 
10 

r
1 
10 

r
04
10  

Re r
8 
10 

Im r
7 
10 

Im r
6 
10 

Re r
5 
10 

Im r
2 
1-1

r
1 
1-1

r
04
00  

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
SDME values

deuteron

proton

A: γ
* 
L
→ ω L

γ
* 
T
→ ω T

B: Interference

γ
* 
L
→ ω L & γ

* 
T
 → ω T

C: γ
* 
T
 → ω L

D: γ
* 
L
→ ω T

E: γ
* 
T
 → ω -T

Eur. Phys. J. C 74 (2014) 3110

• 5 classes of SDMEs


• unpolarized and polarized SDMEs


• proton & deuteron similar

• s-channel helicity conservation (          ):


• fulfilled for class A & B


• class C - slight violation: 

• class D - slight violation:}
r500 6= 0 3(2)�

��⇤ = �!

r511 + r51�1 �=r61�1 6=

by          for p(d)3(2.5)�



Im r
3 
1-1

r
1 
11 

r
04
1-1

r
8 
1-1

r
8 
11 

Im r
7 
1-1

Im r
6 
1-1

r
5 
1-1

r
5 
11 

r
8 
00 

Im r
3 
10 

r
1 
00 

r
5 
00 

Im r
2 
10 

Re r
1 
10 

Re r
04
10  

Re r
8 
10 

Im r
7 
10 

Im r
6 
10 

Re r
5 
10 

Im r
2 
1-1

r
1 
1-1

r
04
00  

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Im r
3 
1-1

r
1 
11 

r
04
1-1

r
8 
1-1

r
8 
11 

Im r
7 
1-1

Im r
6 
1-1

r
5 
1-1

r
5 
11 

r
8 
00 

Im r
3 
10 

r
1 
00 

r
5 
00 

Im r
2 
10 

Re r
1 
10 

Re r
04
10  

Re r
8 
10 

Im r
7 
10 

Im r
6 
10 

Re r
5 
10 

Im r
2 
1-1

r
1 
1-1

r
04
00  

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

SDME values

ω, deuteron

ω, proton

ρ
0
,  proton

ρ
0
,  deuteron

A: γ
* 
L
 →VML

γ
* 
T
 →VMT

B: Interference

γ
* 
L
 →VML & γ

* 
T
 →VMT

C: γ
* 
T
 →VML

D: γ
* 
L
 →VMT

E: γ
* 
T
 →VM-T

Results ω and ρ SDMEs
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• ω:            and 



• ρ:             and

r11�1 < 0

r11�1 > 0

=r21�1 > 0

=r21�1 < 0

exclusive ρ0: Eur. Phys. J. C 62 (2009) 659

Eur. Phys. J. C 74 (2014) 3110

• ω: large unnatural parity exchange


• ρ: large natural parity exchange
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u1 = 1� r0400 + 2 r041�1 � 2 r111 � 2 r11�1

/ 2 ✏|U10|2 + |U11 + U�11|2 (U=unnatural-parity amplitude)
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Test of unnatural-parity exchange

• large unnatural parity exchange seen


• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014)



without pion-pole contribution


with pion-pole contribution


pion-pole contribution seems to account completely 


for unnatural-parity exchange
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Test of unnatural-parity exchange

• large unnatural parity exchange seen


• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014)
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for unnatural-parity exchange

talk Tue 09h40 


by S. Goloskokov

γ*

N(p) N(p')t

ω

π0



Kinematic dependencies
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• no pronounced kinematic dependence observed


• again, need for pion-pole contribution observed
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Eur. Phys. J. C 74 (2014) 3110
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Kinematic dependencies
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class B: interference          and 

• no pronounced kinematic dependence observed


• need for pion-pole contribution observed for unpolarized SDMEs

�⇤
L ! !L �⇤

T ! !T

Eur. Phys. J. C 74 (2014) 3110



Longitudinal-to-transverse 
cross-section ratio 
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• R(ω) 4 times smaller than R(ρ)


• no pronounced kinematic dependence observed


• need for pion-pole contribution
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3D pictures of the nucleon
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3D pictures of the nucleon
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AUT and ALT in semi-inclusive DIS
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• unpolarized & longitudinally polarized e+/e- beam


• transversely polarized H target



Semi-inclusive DIS cross section
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• structure function FXY(,Z)



X=beam, Y=target, Z=γ* polarization


• leading twist
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• structure function FXY(,Z)



X=beam, Y=target, Z=γ* polarization


• leading twist

Semi-inclusive DIS cross section



Transverse-momentum-dependent 
PDFs and FFs
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structure function FXY(,Z)      TMD PDF ⊗ FF∝
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Semi-inclusive DIS cross section

TMD  
PDFs

structure function FXY   TMD PDF ⊗ TMD FF  /

28

Semi-inclusive DIS cross section

TMD  
PDFs

structure function FXY   TMD PDF ⊗ TMD FF  /

fragmentation functions (FFs)parton distribution functions (PDFs)

28

Semi-inclusive DIS cross section

TMD  
PDFs

structure function FXY   TMD PDF ⊗ TMD FF  /

28

Semi-inclusive DIS cross section

TMD  
PDFs

structure function FXY   TMD PDF ⊗ TMD FF  /

nucleon with transverse/longitudinal spin

quark with transverse/longitudinal spin
quark transverse momentum



Collins amplitudes
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Sivers amplitudes
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Sivers amplitudes
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• K+ amplitudes positive, larger than π+ ⟶ non-trivial role of sea quarks?



Sivers amplitudes
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sin(𝜙S)
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higher twist!

• π- amplitudes negative



AUT in inclusive DIS
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• unpolarized e+/e- beam


• transversely polarized H target



Motivation
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• Large left-right asymmetries (AN) observed in             for     from 4.9 to 500 GeVp"p ! hX
p
s• various polarized pp scattering experiments consistently observe 

since 35 years large A
N 
asymmetries, with       from 5 to 200 GeV!

!
!
!
!
!
!
!
!
!

• not interpretable in leading-twist based on collinear factorisation 

• HERMES measurement of inclusive transverse target spin 
asymmetry            :!

Transverse target single-spin asymmetry in 
inclusive electroproduction of pions and kaons!
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• various polarized pp scattering experiments consistently observe 
since 35 years large A

N 
asymmetries, with       from 5 to 200 GeV!

!
!
!
!
!
!
!
!
!

• not interpretable in leading-twist based on collinear factorisation 

• HERMES measurement of inclusive transverse target spin 
asymmetry            :!

Transverse target single-spin asymmetry in 
inclusive electroproduction of pions and kaons!
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• Not interpretable based on collinear factorisation in leading twist



• Possible interpretations are based on


• TMD PDFs and FFs - mainly Sivers and Collins effect


• collinear with higher-twist multiparton correlations



Transverse target spin 
asymmetry at HERMES
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• Inclusive hadron electroproduction e±p" ! hX

• PT wrt. lepton beam


• xF=PL/PL,max in ep CMS

• Azimuthal asymmetry

AUT (xF , PT ) = A

sin 
UT (xF , PT ) sin 

Asin 
UT =

⇡

2
AN

 ⇡ �� �S• at HERMES                 (Sivers angle) 



PT dependence
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• positive


• larger for K+ than for π+



• varying with PT

• π- and K-



• small amplitudes

Phys. Lett. B 728 (2014) 183-190



xF dependence
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• π+:: >0, increasing linearly with xF



• π-: <0, decreasing linearly with xF



• π+ and π- behave as 

• K+: >0, constant with xF



• K-: ≈0

• various polarized pp scattering experiments consistently observe 
since 35 years large A

N 
asymmetries, with       from 5 to 200 GeV!

!
!
!
!
!
!
!
!
!

• not interpretable in leading-twist based on collinear factorisation 

• HERMES measurement of inclusive transverse target spin 
asymmetry            :!

Transverse target single-spin asymmetry in 
inclusive electroproduction of pions and kaons!
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xF dependence
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• π+:: >0, increasing linearly with xF



• π-: <0, decreasing linearly with xF



• π+ and π- behave as 

• K+: >0, constant with xF



• K-: ≈0

• various polarized pp scattering experiments consistently observe 
since 35 years large A

N 
asymmetries, with       from 5 to 200 GeV!

!
!
!
!
!
!
!
!
!

• not interpretable in leading-twist based on collinear factorisation 

• HERMES measurement of inclusive transverse target spin 
asymmetry            :!

Transverse target single-spin asymmetry in 
inclusive electroproduction of pions and kaons!
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xF-PT correlation → 2D extraction



Disentanglement of xF & PT 
dependence
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• π+: independent of xF ⟶ 1D xF 


dependence from PT correlation



• π-: decreasing linearly with xF, as for 1D



• note: π- and π+ from             


   linear dependence on xF remains 


   after slicing in PT   



• K+: constant/slightly increasing with xF



• K-: constant/slightly decreasing with xF

p"p ! hX



Disentanglement of sub-samples

39

0 0.5 1 1.5 2
0

0.05
-�

Fr
ac

tio
n

0

0.05
+�

-0.2

0

0.2

-�

U
T
�

s i
n 

A

0

0.2

0.4

0.6 anti-tagged
DIS, 0.2 < z < 0.7
DIS, z > 0.7

8.8% scale uncertainty

+�

 [GeV]TP
0.5 1 1.5 2

-K

+K

-K

+K

• anti-tagged


• no scattered e± detected


• mainly Q2≈0


• hard scale PT



• PT > ΛQCD: higher twist


• PT≈ΛQCD: no theory predictions


• ≈ overall results, 98% of statistics

• DIS with 0.2<z<0.7


• mainly ⟨Q2⟩ > PT


• TMD PDF and FF description


• similar to Sivers amplitudes

• DIS with z>0.7


• ⟨Q2⟩ > PT


• TMD PDF and FF description


• large asymmetries for π±, K+



• exclusive processes (ρ,φ)


• favoured fragmentation

Phys. Lett. B 728 (2014) 183-190



Disentanglement of sub-samples
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Disentanglement of sub-samples
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Introduction

Hadron production in deep-inelastic scattering (DIS) of
leptons o↵ nuclei is a powerful tool to study the quark
hadronization process. The distance scale over which a
struck quark that received a su�ciently large energy-
momentum transfer from an incident lepton develops into
a colorless hadronic particle extends well beyond the size
of a single nucleon. Therefore, the distribution of hadrons
in the final state may be modified by interactions of the
developing hadronic state with the nuclear medium out-
side the struck nucleon. In general, this intermediate state
is some mixture of quarks and gluonic fields that have
not reached their asymptotic (confined) states, and so
any modification should depend on the evolution of that
state. Similarly the fully formed hadron may still pass
through the nuclear medium and be subject to rescatter-
ing processes (see, e.g., Ref. [1]).

One means of studying the final hadronic state is the
use of Bose–Einstein correlations (BEC) in the distri-
bution of bosons or pions in particular. These correla-
tions arise from interference between di↵erent parts of
the symmetrized wave function of identical bosons from
incoherent sources. This well-known technique of inten-
sity interferometry was first developed by Hanbury Brown
and Twiss to measure stellar radii [2]. Its first use in
particle physics, half a century ago, was to study the
pp̄ annihilation process [3,4] with incident anti-protons
of 1 GeV momentum. Since then many measurements
of BEC have been performed in hadron-hadron scatter-
ing experiments. In addition, several studies of BEC in
the e

+
e

� annihilation process have been performed (see,
e.g., Ref. [5]), especially by the LEP experiments. Mea-
surements of BEC from deep-inelastic lepton scattering
experiments are less abundant. The results from experi-
ments using charged leptons as incident particles can be
found in Refs. [6,7,8,9,10], while the results from neu-
trino experiments are found in Refs. [11,12,13]. Several
reviews [5,14,15,16] summarize the present theoretical
and experimental knowledge of BEC. The theory of BEC
in particle physics was originally developed in the papers
of Kopylov and Podgoretskii [17,18,19] and Cocconi [20].
It should be noted that most of the theoretical work has
focused on the understanding of BEC in heavy-ion col-
lisions, in which a “fireball” source distribution, created
by the collision roughly at rest involving many parton el-
ementary interactions, decays into hadrons. Only a few
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references consider the quite di↵erent case of fragmenta-
tion in DIS and e

+
e

� processes, in which quite di↵erent
hadron-momentum and spatial-source distribution might
be assumed (see, e.g., Ref. [21,22]). Estimates of BEC in
e

+
e

� annihilation from string-fragmentation models [22]
indicate that correlation parameters are mostly depen-
dent on string-breaking parameters, because the strongest
correlations are from pions resulting from adjacent breaks
along a string.

To better understand the underlying physics of BEC
one may consider a simple example of the emission and
detection of two identical bosons, e.g., two pions, from
points r

↵

and r
�

, which are observed with momenta ka

and kb at detectors a and b (Fig. 1). The two pions are
indistinguishable and the total wave function of the two-
pion system must be symmetric under the exchange of
them:

 2⇡ =
1p
2
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a�

◆
, (1)

where  

a↵

is the wave function of a pion produced at
point r↵ and observed at detector a while  

b�

is the
wave function of a pion produced at point r� and ob-
served at detector b. Assuming plane waves, i.e.,  

a↵

⇡
exp(ikar↵), one may obtain | 2⇡|2 = 1+cos(�k·�r) with
�k = ka � kb and �r = r↵ � r�. Thus the correlation
function resulting from the interference of the two terms
in Eq. (1) will take the following form:

R(ka,kb) / 1 + cos(�k · �r). (2)

This expression shows that the BEC e↵ect measures the
projection of the spacial distance (�r) between two par-
ticle sources on the direction of the momentum di↵erence
(�k) between the observed pions. One can generalize two-
point sources to a continuous space-time distribution of

• incoherent source of identical bosons


• symmetry of wave function under exchange of identical bosons

constructive interference

• measurements of stelar radii by Hanbury Brown and Twiss


• first in particle physics: pp collisions


• heavy-ion collisions, study of fireball source distribution


• e+e- annihilation


• measurements in DIS are far less abundant

Measurement of source distribution
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Introduction

Hadron production in deep-inelastic scattering (DIS) of
leptons o↵ nuclei is a powerful tool to study the quark
hadronization process. The distance scale over which a
struck quark that received a su�ciently large energy-
momentum transfer from an incident lepton develops into
a colorless hadronic particle extends well beyond the size
of a single nucleon. Therefore, the distribution of hadrons
in the final state may be modified by interactions of the
developing hadronic state with the nuclear medium out-
side the struck nucleon. In general, this intermediate state
is some mixture of quarks and gluonic fields that have
not reached their asymptotic (confined) states, and so
any modification should depend on the evolution of that
state. Similarly the fully formed hadron may still pass
through the nuclear medium and be subject to rescatter-
ing processes (see, e.g., Ref. [1]).

One means of studying the final hadronic state is the
use of Bose–Einstein correlations (BEC) in the distri-
bution of bosons or pions in particular. These correla-
tions arise from interference between di↵erent parts of
the symmetrized wave function of identical bosons from
incoherent sources. This well-known technique of inten-
sity interferometry was first developed by Hanbury Brown
and Twiss to measure stellar radii [2]. Its first use in
particle physics, half a century ago, was to study the
pp̄ annihilation process [3,4] with incident anti-protons
of 1 GeV momentum. Since then many measurements
of BEC have been performed in hadron-hadron scatter-
ing experiments. In addition, several studies of BEC in
the e

+
e

� annihilation process have been performed (see,
e.g., Ref. [5]), especially by the LEP experiments. Mea-
surements of BEC from deep-inelastic lepton scattering
experiments are less abundant. The results from experi-
ments using charged leptons as incident particles can be
found in Refs. [6,7,8,9,10], while the results from neu-
trino experiments are found in Refs. [11,12,13]. Several
reviews [5,14,15,16] summarize the present theoretical
and experimental knowledge of BEC. The theory of BEC
in particle physics was originally developed in the papers
of Kopylov and Podgoretskii [17,18,19] and Cocconi [20].
It should be noted that most of the theoretical work has
focused on the understanding of BEC in heavy-ion col-
lisions, in which a “fireball” source distribution, created
by the collision roughly at rest involving many parton el-
ementary interactions, decays into hadrons. Only a few
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references consider the quite di↵erent case of fragmenta-
tion in DIS and e

+
e

� processes, in which quite di↵erent
hadron-momentum and spatial-source distribution might
be assumed (see, e.g., Ref. [21,22]). Estimates of BEC in
e

+
e

� annihilation from string-fragmentation models [22]
indicate that correlation parameters are mostly depen-
dent on string-breaking parameters, because the strongest
correlations are from pions resulting from adjacent breaks
along a string.

To better understand the underlying physics of BEC
one may consider a simple example of the emission and
detection of two identical bosons, e.g., two pions, from
points r

↵

and r
�

, which are observed with momenta ka

and kb at detectors a and b (Fig. 1). The two pions are
indistinguishable and the total wave function of the two-
pion system must be symmetric under the exchange of
them:
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where  

a↵

is the wave function of a pion produced at
point r↵ and observed at detector a while  

b�

is the
wave function of a pion produced at point r� and ob-
served at detector b. Assuming plane waves, i.e.,  

a↵

⇡
exp(ikar↵), one may obtain | 2⇡|2 = 1+cos(�k·�r) with
�k = ka � kb and �r = r↵ � r�. Thus the correlation
function resulting from the interference of the two terms
in Eq. (1) will take the following form:

R(ka,kb) / 1 + cos(�k · �r). (2)

This expression shows that the BEC e↵ect measures the
projection of the spacial distance (�r) between two par-
ticle sources on the direction of the momentum di↵erence
(�k) between the observed pions. One can generalize two-
point sources to a continuous space-time distribution of

R(k↵,k�) / 1 + cos(�k.�r)

Goldhaber parametrisation of continuous


space-time distribution of sources

Two-point sources: 

R(T ) = 1 + � exp(�T 2r2G)

• Gaussian shape of source


•    : size of source


•  


• λ = 0 -> coherent sources; no correlation


λ = 1 -> completely incoherent sources

rG
T 2 = �(p1 � p2)

2

Extraction from experimental correlation function from like-sign unidentified hadrons

R(p1, p2) = D(p1, p2)/Dr(p1, p2)

• reference sample free from BEC, built from 


• unlike-sign pairs (MUS) 


• event mixing (MEM)
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Introduction

Hadron production in deep-inelastic scattering (DIS) of
leptons o↵ nuclei is a powerful tool to study the quark
hadronization process. The distance scale over which a
struck quark that received a su�ciently large energy-
momentum transfer from an incident lepton develops into
a colorless hadronic particle extends well beyond the size
of a single nucleon. Therefore, the distribution of hadrons
in the final state may be modified by interactions of the
developing hadronic state with the nuclear medium out-
side the struck nucleon. In general, this intermediate state
is some mixture of quarks and gluonic fields that have
not reached their asymptotic (confined) states, and so
any modification should depend on the evolution of that
state. Similarly the fully formed hadron may still pass
through the nuclear medium and be subject to rescatter-
ing processes (see, e.g., Ref. [1]).

One means of studying the final hadronic state is the
use of Bose–Einstein correlations (BEC) in the distri-
bution of bosons or pions in particular. These correla-
tions arise from interference between di↵erent parts of
the symmetrized wave function of identical bosons from
incoherent sources. This well-known technique of inten-
sity interferometry was first developed by Hanbury Brown
and Twiss to measure stellar radii [2]. Its first use in
particle physics, half a century ago, was to study the
pp̄ annihilation process [3,4] with incident anti-protons
of 1 GeV momentum. Since then many measurements
of BEC have been performed in hadron-hadron scatter-
ing experiments. In addition, several studies of BEC in
the e

+
e

� annihilation process have been performed (see,
e.g., Ref. [5]), especially by the LEP experiments. Mea-
surements of BEC from deep-inelastic lepton scattering
experiments are less abundant. The results from experi-
ments using charged leptons as incident particles can be
found in Refs. [6,7,8,9,10], while the results from neu-
trino experiments are found in Refs. [11,12,13]. Several
reviews [5,14,15,16] summarize the present theoretical
and experimental knowledge of BEC. The theory of BEC
in particle physics was originally developed in the papers
of Kopylov and Podgoretskii [17,18,19] and Cocconi [20].
It should be noted that most of the theoretical work has
focused on the understanding of BEC in heavy-ion col-
lisions, in which a “fireball” source distribution, created
by the collision roughly at rest involving many parton el-
ementary interactions, decays into hadrons. Only a few
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references consider the quite di↵erent case of fragmenta-
tion in DIS and e

+
e

� processes, in which quite di↵erent
hadron-momentum and spatial-source distribution might
be assumed (see, e.g., Ref. [21,22]). Estimates of BEC in
e

+
e

� annihilation from string-fragmentation models [22]
indicate that correlation parameters are mostly depen-
dent on string-breaking parameters, because the strongest
correlations are from pions resulting from adjacent breaks
along a string.

To better understand the underlying physics of BEC
one may consider a simple example of the emission and
detection of two identical bosons, e.g., two pions, from
points r

↵

and r
�

, which are observed with momenta ka

and kb at detectors a and b (Fig. 1). The two pions are
indistinguishable and the total wave function of the two-
pion system must be symmetric under the exchange of
them:
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where  
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is the wave function of a pion produced at
point r↵ and observed at detector a while  
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is the
wave function of a pion produced at point r� and ob-
served at detector b. Assuming plane waves, i.e.,  
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exp(ikar↵), one may obtain | 2⇡|2 = 1+cos(�k·�r) with
�k = ka � kb and �r = r↵ � r�. Thus the correlation
function resulting from the interference of the two terms
in Eq. (1) will take the following form:

R(ka,kb) / 1 + cos(�k · �r). (2)

This expression shows that the BEC e↵ect measures the
projection of the spacial distance (�r) between two par-
ticle sources on the direction of the momentum di↵erence
(�k) between the observed pions. One can generalize two-
point sources to a continuous space-time distribution of

R(k↵,k�) / 1 + cos(�k.�r)

Goldhaber parametrisation of continuous


space-time distribution of sources

Two-point sources: 

R(T ) = 1 + � exp(�T 2r2G)

• Gaussian shape of source


•    : size of source


•  


• λ = 0 -> coherent sources; no correlation


λ = 1 -> completely incoherent sources
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2

Extraction from experimental correlation function from like-sign unidentified hadrons

R(p1, p2) = D(p1, p2)/Dr(p1, p2)

• reference sample free from BEC, built from 


• unlike-sign pairs (MUS) 
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Hadron production in deep-inelastic scattering (DIS) of
leptons o↵ nuclei is a powerful tool to study the quark
hadronization process. The distance scale over which a
struck quark that received a su�ciently large energy-
momentum transfer from an incident lepton develops into
a colorless hadronic particle extends well beyond the size
of a single nucleon. Therefore, the distribution of hadrons
in the final state may be modified by interactions of the
developing hadronic state with the nuclear medium out-
side the struck nucleon. In general, this intermediate state
is some mixture of quarks and gluonic fields that have
not reached their asymptotic (confined) states, and so
any modification should depend on the evolution of that
state. Similarly the fully formed hadron may still pass
through the nuclear medium and be subject to rescatter-
ing processes (see, e.g., Ref. [1]).

One means of studying the final hadronic state is the
use of Bose–Einstein correlations (BEC) in the distri-
bution of bosons or pions in particular. These correla-
tions arise from interference between di↵erent parts of
the symmetrized wave function of identical bosons from
incoherent sources. This well-known technique of inten-
sity interferometry was first developed by Hanbury Brown
and Twiss to measure stellar radii [2]. Its first use in
particle physics, half a century ago, was to study the
pp̄ annihilation process [3,4] with incident anti-protons
of 1 GeV momentum. Since then many measurements
of BEC have been performed in hadron-hadron scatter-
ing experiments. In addition, several studies of BEC in
the e

+
e

� annihilation process have been performed (see,
e.g., Ref. [5]), especially by the LEP experiments. Mea-
surements of BEC from deep-inelastic lepton scattering
experiments are less abundant. The results from experi-
ments using charged leptons as incident particles can be
found in Refs. [6,7,8,9,10], while the results from neu-
trino experiments are found in Refs. [11,12,13]. Several
reviews [5,14,15,16] summarize the present theoretical
and experimental knowledge of BEC. The theory of BEC
in particle physics was originally developed in the papers
of Kopylov and Podgoretskii [17,18,19] and Cocconi [20].
It should be noted that most of the theoretical work has
focused on the understanding of BEC in heavy-ion col-
lisions, in which a “fireball” source distribution, created
by the collision roughly at rest involving many parton el-
ementary interactions, decays into hadrons. Only a few
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references consider the quite di↵erent case of fragmenta-
tion in DIS and e

+
e

� processes, in which quite di↵erent
hadron-momentum and spatial-source distribution might
be assumed (see, e.g., Ref. [21,22]). Estimates of BEC in
e

+
e

� annihilation from string-fragmentation models [22]
indicate that correlation parameters are mostly depen-
dent on string-breaking parameters, because the strongest
correlations are from pions resulting from adjacent breaks
along a string.

To better understand the underlying physics of BEC
one may consider a simple example of the emission and
detection of two identical bosons, e.g., two pions, from
points r

↵

and r
�

, which are observed with momenta ka

and kb at detectors a and b (Fig. 1). The two pions are
indistinguishable and the total wave function of the two-
pion system must be symmetric under the exchange of
them:
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where  
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is the wave function of a pion produced at
point r↵ and observed at detector a while  

b�

is the
wave function of a pion produced at point r� and ob-
served at detector b. Assuming plane waves, i.e.,  
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⇡
exp(ikar↵), one may obtain | 2⇡|2 = 1+cos(�k·�r) with
�k = ka � kb and �r = r↵ � r�. Thus the correlation
function resulting from the interference of the two terms
in Eq. (1) will take the following form:

R(ka,kb) / 1 + cos(�k · �r). (2)

This expression shows that the BEC e↵ect measures the
projection of the spacial distance (�r) between two par-
ticle sources on the direction of the momentum di↵erence
(�k) between the observed pions. One can generalize two-
point sources to a continuous space-time distribution of

R(k↵,k�) / 1 + cos(�k.�r)

Goldhaber parametrisation of continuous


space-time distribution of sources

Two-point sources: 

R(T ) = 1 + � exp(�T 2r2G)
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• λ = 0 -> coherent sources; no correlation


λ = 1 -> completely incoherent sources
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Fig. 3. Consistency check of the two chosen reference samples.
The quantity RTST is defined in the text. The curve is a linear
fit to the data for T between 0.05 GeV and 1.3 GeV.

contamination in the MUS, since these biases also exist
in the simulated event distributions.

As a test of the validity of R(T ) using the simulation
results with a double ratio, the MEM was used with
unlike-sign hadron pairs from the hydrogen data sample
to construct the double ratio

R

TST = (unlike/mixed)exp/ (unlike/mixed)MC

, (8)

shown as a function of T in Fig. 3. This test ratio is
expected to have no BECs, and ideally would have a
value of unity over the entire T range. At very low T

( 0.05 GeV), at T ⇡ 0.4 GeV, and at T > 0.9 GeV
this double ratio deviates from unity significantly. As
shown by a linear fit to R

TST there is a slight linear
dependence over most of the range of T , indicating some
small residual bias. The deviation near 0.4 GeV in the
simulation is likely due to insu�cient description of K

S

production, which contributes to the N

unlike distribu-
tions (see Fig. 2). The deviations at very low and at
large T likely arise from some combination of e↵ects in
both the simulation of the MUS and the MEM con-
struction of the reference sample. The very low T region,
T < 0.05 GeV, of the double ratio distributions is ex-
cluded from further analysis due to lack of statistics. A
fit to the correlation function R

TST (shown in Fig. 3)
with the Goldhaber parametrization [Eq. (6)] over the
range 0.05 GeV< T < 1.30 GeV gives �=0.000±0.003
and r

G

=0.0±1.4 fm, suggesting that the fluctuations at
large T and the slight non-zero linear dependence on T do
not cause a significant bias of the extracted parameters
� and r

G

.

Results

The double-ratio correlation functions obtained from hy-
drogen data are shown in Fig. 4 for both types of the
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Fig. 4. Double ratio correlation function for like-sign hadron
pairs obtained with MEM and MUS based on hydrogen tar-
get data.

reference sample. The curves in the figure are results of
fits using the Goldhaber parametrization [Eq. (6)]. The
fits are performed over the range of 0.05 GeV < T <

1.30 GeV. The values for the two parameters obtained
from the fits are given in Table 2.

The systematic uncertainties are estimated by varia-
tions of the fit range in T , the bin width, and the polyno-
mial form for the long-range correlations term, i.e., using
a linear dependence (1 + �

0
T ). The results of the two

di↵erent methods are consistent (see Table 2). Values of
the fit parameter � from the quadratic form of P(T ) are
�0.08±0.01 and �0.05±0.01 respectively for the MEM

and MUS.
The kinematic dependence of the BEC parameters

on the invariant mass W of the photon-nucleon system
has been studied for the hydrogen target data sample. In
Fig. 5 the resulting parameters r

G

and � are presented
for like-sign hadron pairs as a function of W obtained
with the MEM and MUS methods. Within the present
systematic and statistical uncertainties there is no clear
dependence of the parameters on the invariant mass W

Table 2. Results for the Goldhaber parametrization fitted
to the HERMES hydrogen data, both for the mixed-event
method (MEM) and the method of unlike-sign pairs (MUS).

Method Goldhaber parameters

MEM rG = 0.64± 0.03(stat)+0.04
�0.04(sys) fm

� = 0.28± 0.01(stat)+0.00
�0.05(sys)

MUS rG = 0.72± 0.04(stat)+0.09
�0.09(sys) fm

� = 0.28± 0.02(stat)+0.02
�0.04(sys)

rG = 0.64± 0.03(stat)+0.04
�0.04(sys) fm rG = 0.72± 0.04(stat)+0.09

�0.09(sys) fm

� = 0.28± 0.01(stat)+0.00
�0.05(sys) fm � = 0.28± 0.02(stat)+0.02

�0.04(sys) fm

MEM MUS

arXiv:1505.03102
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Fig. 5. Parameter rG and � as a function of W , obtained
with MEM and MUS methods on hydrogen. The inner and
outer error bars indicate the statistical and total uncertainties.
For the latter the statistical and systematic uncertainties are
added in quadrature.

in this range. Previous measurements from the HERA H1
experiment [8] over a broad range at high W (65 GeV <

W < 240 GeV) found only slight evidence of an increase
in r

G

.
As mentioned above, BEC has been studied in a num-

ber of lepton-hadron and e

+
e

� experiments. The Gold-
haber parametrization is used in most of these analyses.
The parameter r

G

as a function of the average value of
W in lepton-nucleon scattering experiments is shown in
Fig. 6. The parameter � for a given experiment may de-
pend on the hadron fractions and on the experimental
details, hence the results of � obtained here are not com-
pared to those in other measurements. In the majority of
these experiments the extracted values of r

G

depend upon
the method of the construction of the reference sample.
Even for a single experiment, e.g., EMC, the parame-
ter r

G

obtained with the MUS is twice as large as that
obtained with MEM . From Fig. 6 no clear dependence
of the parameter r

G

on W can be deduced, from neither
methods (MEM and MUS). The following conclusions are
drawn from a comparison of these results from the di↵er-
ent experiments:

1. Most values of the parameter r

G

are in the range of
0.4 fm to 1.0 fm.

2. The results strongly depend on the choice of the refer-
ence sample. Analyses of the same data set with di↵er-
ent reference samples often give incompatible results
for r

G

(and �).
3. The MUS typically gives higher values for the param-

eter r
G

than the MEM .

The HERMES results on hydrogen are in general agree-
ment with those of previous lepton-nucleon scattering ex-
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Fig. 6. Goldhaber radius rG, as a function of W , obtained
in lepton nucleon scattering experiments [6,7,8,9,11,12,13].
Di↵erent markers are used to indicate the di↵erent methods
for the construction of the reference sample and the kinds of
uncertainties included.

periments over a broad range in W , and agree well with
the BBCN neutrino experiment, which is at a slightly
higher mean W than HERMES. Similar results are seen
in e

+
e

� collisions at LEP (see Ref. [5]).
A possible nuclear dependence in BEC was examined

using an extensive HERMES data set (cf. Table 1). The
correlation function for like-sign hadron pairs produced
in scattering o↵ the nuclear targets 2H, 3He, 4He, N, Ne,
Kr, and Xe was determined using the same approximate
parametrization as given in Eq. 6. Systematic uncertain-
ties are estimated separately for each target and each
reference sample (MEM and MUS). The parameters r

G

and � are presented in Fig. 7 as a function of the tar-
get atomic mass A. No dependence of these parameters
on target atomic mass is observed within the estimated
uncertainties. Fit results with a constant over the whole
range of the atomic mass for the four sets of data points
are presented in Table 3. Here, the total uncertainty of
each particular point is taken as the quadratic sum of sta-

Table 3. Fit of a constant to the Goldhaber parameters as
a function of the target atomic mass A. Results are given for
both the mixed-event method (MEM) and the method of
unlike-sign pairs (MUS).

Method Value �2/NDF

MEM rG = 0.634± 0.017 fm 1.5
� = 0.289± 0.006 2.1

MUS rG = 0.636± 0.021 fm 1.2
� = 0.289± 0.011 1.4

Comparison to other experiments

48

• general agreement between experiments, with 


• HERMES and BBCNC agree well


• MUS values higher than MEM values

0.4 fm < rG < 1.0 fm
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Fig. 7. The parameters rG (top panel) and � (bottom panel)
are shown as a function of the target atomic mass A. The inner
part of the error bars indicate the statistical uncertainty and
the total error bars have systematic uncertainties added in
quadrature. The horizontal lines correspond to the average
value of the parameters.

tistical and systematic uncertainties. The parameters ex-
tracted with the two reference samples are in good agree-
ment.

To date there are no theoretical estimates for the mag-
nitude of nuclear e↵ects on BEC in DIS. In the absence
of some hitherto unknown e↵ect of multi-particle corre-
lations, hadrons produced are expected to interact with
the nuclear medium. Within the sensitivity of this exper-
iment no clear dependence of the parameters � and r

G

on
the target atomic mass is observed, consistent with earlier
results by the BBCN Collaboration [12]. This is similar to
the rather weak dependence of the double-hadron yields
on the target atomic mass observed at HERMES [32], in
contrast to much stronger e↵ects observed in the distri-
butions of single-hadron yields [1,29,30,31].

In conclusion, a study of the Bose–Einstein correla-
tions between two like-sign hadrons produced in semi-
inclusive deep-inelastic electron/positron scattering o↵
nuclear targets ranging from hydrogen to xenon has been
carried out. Two di↵erent methods of constructing the
reference sample are used in this study, and Bose–Einstein
correlations are clearly observed in all the data samples.
The results obtained using the two reference sample meth-
ods are in good agreement, suggesting that most of the
systematic uncertainties connected with the construction
of the reference samples are taken into account by the use
of double ratios corrected via an accurate experimental
simulation. Within the total experimental uncertainties,
no dependence of the parameters r

G

and � on the target
atomic mass is observed.
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Λ
• unpolarized e+/e- beam


• H, D, He, Ne, Kr, Xe target 



the (B) term, indicating large ℓT dependence at 1 ≤ ℓT ≤ 3 GeV. Experimentally,
P pp

Λ grows up as ℓT increases up to ℓT ∼ 1 GeV and stays constant at 1 ≤ ℓT ≤ 3
GeV. So the P pp

Λ observed at R608 can not be wholly ascribed to the twist-3 effect
studied here which is designed to describe large ℓT polarization.
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We next discuss the polarization P ep
Λ in pe → Λ↑(ℓ)X where the final electron

is not observed. In our O(α0
s) calculation, the exchanged photon remains highly

virtual as far as the observed Λ has a large transverse momentum ℓT with respect
to the ep axis. Therefore experimentally one needs to integrates only over those
virtual photon events to compare with our formula.

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

87654321

lT (GeV)

P Λ

xF=0.7

xF=0.5

S=622GeV2

Chiral-even

Figure 3: ℓT dependence of P pp
Λ .

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.8 -0.4 0.0 0.4 0.8

chiral-even

chiral-odd(sc.2)

chiral-odd(sc.3)

xF

P Λ
ep

S= 400 GeV2

lT=2.0 GeV

Figure 4: P ep
Λ at

√
S = 20 GeV.

Using the twist-3 distribution and fragmentation functions used to describe
P pp

Λ , we show in Fig. 4 the obtained P ep
Λ corresponding to (A’)(chiral-odd) and

(B’)(chiral-even) contributions. Remarkable feature of Fig. 4 is that in both chiral-
even and chiral-odd contributions (i) the sign of P ep

Λ is opposite to the sign of P pp
Λ

and (ii) the magnitude of P ep
Λ is much larger than that of P pp

Λ , in particular, at
large xF , and it even overshoots one. (In our convention, xF > 0 corresponds
to the production of Λ in the forward hemisphere of the initial proton in the ep
case.) The origin of these features can be traced back to the color factor in the
dominant diagrams for the twist-3 polarized cross sections in ep and pp collisions.
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• Large transverse Λ polarization PΛ observed in unpolarized 


hadron scattering experiments



• Vast majority: negative polarization values observed,  


except positive for K-p and Σ-N



• Magnitude increases with xF and pT, reaching plateau for pT=1 GeV 



•               scattering?


• SIDIS (high Q2) PΛ            , polarising FF


• current measurement: inclusive (Q2≈0) 

the (B) term, indicating large ℓT dependence at 1 ≤ ℓT ≤ 3 GeV. Experimentally,
P pp

Λ grows up as ℓT increases up to ℓT ∼ 1 GeV and stays constant at 1 ≤ ℓT ≤ 3
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studied here which is designed to describe large ℓT polarization.
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and (ii) the magnitude of P ep
Λ is much larger than that of P pp

Λ , in particular, at
large xF , and it even overshoots one. (In our convention, xF > 0 corresponds
to the production of Λ in the forward hemisphere of the initial proton in the ep
case.) The origin of these features can be traced back to the color factor in the
dominant diagrams for the twist-3 polarized cross sections in ep and pp collisions.
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• Large transverse Λ polarization PΛ observed in unpolarized 


hadron scattering experiments



• Vast majority: negative polarization values observed,  


except positive for K-p and Σ-N



• Magnitude increases with xF and pT, reaching plateau for pT=1 GeV 

Λ: The Final State Polarimeter

In Λ rest frame, proton prefers to be emitted along
Λ spin direction parity-violating weak decay

� p

/

R
... apply
parity ...

�p

/

R ... and
rotate ...

� p

/

R

dN
dΩp

∼ (1 + αP⃗Λ · k̂p) = (1 + αPΛ cos θp)

α = 0.642 ... θp is relative to true Λ polarization direction

Λ spin structure

Constituent q Model SU(3) from nucleon∗
∆u ∆d ∆s ∆u ∆d ∆s

p +4/3 -1/3 0 +0.83 -0.43 -0.10
n -1/3 +4/3 0 -0.43 +0.83 -0.10

∗ Burkardt & Jaffe : use measured p, n values +
SU(3)-symmetric flavour rotation to obtain hyperon values

Λ 0 0 1 -0.17 -0.17 +0.63
Σ0 +2/3 +2/3 -1/3 +0.37 +0.37 -0.43
Ξ0 -1/3 0 +4/3 -0.43 -0.10 0.83

parity-violating weak decay of Λ: in Λ rest frame, 
proton preferably emitted along Λ spin direction

dN

d⌦p
=

dN0

d⌦p
(1 + ↵P⇤

cos ✓p)

ep ! ⇤" X

/ D?
1T
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atomic-mass number A
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Phys. Rev. D 90 (2014) 072007

• positive PΛ for light nuclei


• PΛ consistent with zero for heavier nuclei
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p!
kmax is its maximum possible value, but this variable is not

available in an inclusive measurement. Nevertheless, as
shown in Fig. 3, a simulation of the reaction using the
PYTHIA Monte Carlo reveals a useful correlation between !
and xF. In particular, all events at ! ! 0:25 are produced in
the kinematic region xF > 0, and for ! < 0:25 there is a
mixture of events originating from the kinematic regions
with xF > 0 and xF < 0. An indication that the dominant
production mechanism changes at ! values around 0.25 can
be observed in the ratio of ! to "! yields displayed in Fig. 4.
The yields are not corrected for acceptance as PYTHIA
Monte Carlo studies indicate that the detection efficiencies
for ! and "! are the same. Above ! " 0:25, an approxi-
mately constant ratio of about 4 is seen. At lower values the
ratio increases significantly, likely indicating the influence
of the nucleon target remnant in ! formation.

The ! and "! polarizations are shown as functions of ! in
Fig. 5. The ! polarization is about 0.10 in the region ! <
0:25, and about 0.05 at higher ! . Combining all kinematic
points together, the average ! transverse polarization is

 P!
n # 0:078$ 0:006%stat& $ 0:012%syst&: (16)

For the "! measurement, no kinematic dependence is ob-
served within the statistical uncertainties. The net "! trans-
verse polarization is

 P "!
n # '0:025$ 0:015%stat& $ 0:018%syst&: (17)

It should be noted that for each point in ! the value of the
hyperon’s mean transverse momentum hpTi is different as
is shown in the lower panel of Fig. 5. Here pT is defined
with respect to the eN system rather than to the "(N
system as, again, the virtual-photon direction was not

ζ
x F 

(γ
∗  N

)

0 0.20.1 0.3 0.4 0.5 0.6

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

0.8

1.0

FIG. 3. Correlation between xF, evaluated in the "(N system,
and the light-cone fraction ! determined in the eN system, as
determined from a PYTHIA Monte Carlo simulation.
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FIG. 4. Ratio of ! to "! yields versus light-cone fraction !
observed in the data, after background subtraction.
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FIG. 5. Transverse polarizations P!
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pe&. The inner error bars represent the statistical uncertainties,
and the outer error bars represent the statistical and systematic
uncertainties added in quadrature.

TRANSVERSE POLARIZATION OF ! AND . . . PHYSICAL REVIEW D 76, 092008 (2007)

092008-7

⇣ = (E⇤ + pz⇤)/(Ee + pe)

• H+D: PΛ larger in backward region       possibly influence of current and 
target fragmentation

forward

Phys. Rev. D 90 (2014) 072007
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H+D,      ζ < 0.2
H+D,   ζ > 0.3
Kr+Xe,   0 < ζ < 1 
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• H+D: PΛ increases with pT in backward region, while constant in forward region
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• unpolarized e+/e- beam


• H, D target 
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4

search for the Θ+, events were selected with a Mπ+π−

invariant mass within ±2 σ about the centroid of the
K0

S peak. The resulting spectrum of the invariant mass
of the pπ+π− system is displayed in Fig. 2. A narrow
peak is observed. There is no known positively charged
strangeness-containing baryon in this mass region (other
than the Θ+) that could account for the observed peak.
Also, the Mpπ+π− spectrum corresponding to the side-
band background adjacent to the K0

S peak in Fig. 1 was
found to be featureless.
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FIG. 2: Distribution in invariant mass of the pπ+π− sys-
tem subject to various constraints described in the text. The
experimental data are represented by the filled circles with
statistical error bars, while the fitted smooth curves result in
the indicated position and σ width of the peak of interest.
In panel a), the Pythia6 Monte Carlo simulation is repre-
sented by the gray shaded histogram, the mixed-event model
normalised to the Pythia6 simulation is represented by the
fine-binned histogram, and the fitted curve is described in
the text. In panel b), a fit to the data of a Gaussian plus a
third-order polynomial is shown.

The non-resonant contribution to the spectrum was es-
timated by means of a simulation using a version of the
Pythia6 code [26] tuned for HERMES kinematics [27].
This event generator contains no resonances in the mass
range of Fig. 2a that decay in the pK0

S channel. The
resulting simulated spectrum is shown in Fig. 2a as the
gray hatched histogram. The statistical precision of the
present study is limited by the rare topology of the events
selected. Trigger inefficiencies were not included in the
simulation, but are believed to be small. The simulated
spectrum falls below the data at high invariant mass
where Σ∗+ resonances are known to exist [25]. There-
fore, if Pythia6 is assumed to be capable of describ-
ing the shape of the non-resonant contribution, it can be
concluded that there is substantial resonant strength dis-
tributed over the high-mass portion of the spectrum. At
the position of the observed peak in the data, no corre-
sponding structure appears in the simulated spectrum.

In order to determine the centroid, width and signi-
ficance of the peak observed in Fig. 2, three different
models for the background were explored. For the first
model, the Pythia6 simulation is taken to represent the
non-resonant background, and the remaining strength in
the spectrum is attributed to a combination of known
broad resonances and a new structure near 1.53GeV. For
the second model, it is assumed that the non-resonant
background involves a large enough typical multiplicity
that the 4-momenta of the K0

S and proton are largely
uncorrelated. In this case, this background can be sim-
ulated by combining from different events a kaon and
proton that satisfy the same kinematical requirements
as the tracks taken from single events in the main anal-
ysis. Since resonances are typically visible only as rare
correlations between their decay particles, their contribu-
tions will be relatively suppressed in this method. Fig. 2a
shows that this procedure yields a shape that is very
similar to that from the Pythia6 simulation, within the
available statistics. By fitting a polynomial to the mixed-
event background normalized to the Pythia6 simulation,
and then fitting this polynomial together with the am-
plitudes of peaks for six known Σ∗+ resonances in the
mass range shown in Fig. 2 (dotted curves), plus all pa-
rameters of a narrow Gaussian (dashed curve) for the
peak of interest, a good description of the entire spec-
trum is obtained. This procedure is intended to demon-
strate that the background is consistent with known in-
formation. The included Σ∗+ resonances were assigned
fixed values of M = 1480MeV with Γ = 55MeV (PDG
status = *), M = 1560MeV with Γ = 47MeV (**),
M = 1580MeV with Γ = 13MeV (**), M = 1620 and
1660MeV with Γ = 100MeV (***), and M = 1670MeV
with Γ = 60MeV (****) [25]. Each intrinsic Breit-
Wigner width was taken as the midpoint of the range
of listed measurements, and was then augmented by an
instrumental resolution of FWHM= 14.3MeV added in
quadrature. Since the Σ+(1580) has a width smaller than

significance=3.7 σ

Phys. Lett. B 585 (2004) 213

Searching for the pentaquark in '04

eD ! ⇥+X ! pK0
S X ! p⇡+⇡� X



Searching for the pentaquark in '15
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eN ! ⇥+X ! pK0
S X ! p⇡+⇡� X

• Major modifications compared to previous publication Phys. Lett. B 585 (2004) 213:


• increased statistics


• event-level algorithm for PID from RICH, compared to track-level algorithm


• improved event-level fitting track reconstruction, based on Kalman-filter algorithm


• KS reconstruction based on track geometry, not on PID0

3

the two oppositely charged particles, which are assumed
to be pions. The reconstructed trajectory of the K0

S can-
didate is then combined with the proton track to recon-
struct the ⇥+ candidate. The geometry assumed in the
search for the decay of the ⇥+ is shown in Fig. 1. The

Beam DirectionBeam
pV

0
SK

p

+π
-π

°<1α

FIG. 1. Diagram of the kinematic reconstruction of the decay
of a ⇥+. The angle ↵ is the di↵erence in the direction of the
K0

S momentum (dotted line), as given by the pion momenta,
and by the vector connecting the event origin, V Beam

p , with
the decay of the K0

S (dash-dotted line).

momentum of the ⇥+ candidate is inferred from the mo-
menta of the decay pions at their crossing point together
with that of the proton. The ⇥+ decay vertex is taken as
the intersection of the proton track with the beam. The
distance between the K0

S decay point along the beam di-
rection and the crossing point, V Beam

p , between proton
and beam trajectories must be greater than 4 cm. The
direction of the momentum of the K0

S candidate, as de-
termined by the summed momenta of the decay pions,
is required to agree within one degree with the direc-
tion of the vector connecting V Beam

p , assumed to be the
production point of the ⇥+ candidate, and the point of
decay of the K0

S (↵ < 1� as shown in Fig. 1). The de-
cay vertex of the ⇥+ candidate is required to be in the
target-cell region, i.e., along the beam direction within
(�20,+20) cm for the long cell used in 1998-2005 and
within (+2,+22) cm for the short cell used in 2006-2007.

The invariant-mass distribution, M(⇡+⇡�), of the
pion pairs obtained after applying all selection criteria
is shown in Fig. 2. A Gaussian function for the peak
together with a third-order Chebychev function for the
background is fitted to the spectrum. Compared to
HERMES data published in 2004 [12], the resolution of
the K0

S peak has been improved from 6.2 ± 0.2 MeV to
5.24 ± 0.09 MeV. The peak position value agrees within
±0.2 MeV with the PDG-value 497.614±0.024 MeV [10].
TheK0

S peak is also much cleaner than that of the data in
Ref. [12]. The fit as shown in Fig. 2 results in the number
of K0

S of 3311±60 (within ±2�) with 87±11 background
events in the new analysis, compared with 963 ± 38 K0

S
contaminated by 180±15 background events for the pre-
viously published M(⇡+⇡�) spectrum.

In order to search for the ⇥+, events were selected
with a M(⇡+⇡�) invariant mass within ±2� about the
centroid of the K0

S peak.
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FIG. 2. Invariant-mass spectra of two oppositely charged
pions showing a clear K0

S signal peak. The filled circles denote
this analysis with data from 1998-2000 and 2006-2007 while
the crosses are the previously published analysis of the 1998-
2000 data. For comparison, the standard deviations and mean
values of a single Gaussian function fit to the data together
with a third-order Chebychev function for the background are
given. The new analysis has a much improved mass resolution
and signal-to-noise ratio compared to that of the previous
HERMES analysis.

IV. RESULTS

The invariant-mass distributions of the pK0
S system,

M(pK0
S), for data taken with deuterium targets are

shown in Fig. 3. It includes the previously published
spectrum (open circles), a spectrum of that data rean-
alyzed (filled circles), a spectrum for data taken in the
years 2006-2007 (filled stars), and the spectrum resulting
from summing the data from both these periods of HER-
MES running (filled squares). Only weak suggestions of
resonance structure are observed in the newly analyzed
spectra.

The presence of significant resonance strength can only
be established by a careful analysis. In order to put a
limit on the presence of a resonance in the region near
1528 MeV reported in the earlier HERMES paper, the
summed data were used in a fit of a peak near that
energy accompanied by smooth backgrounds. In order
to explore the influence of the background shape on the
strength of the fitted peak, several di↵erent fitting in-
tervals were used. The background shape has been de-
scribed with theD⇤�D0 mass-di↵erence function (RooD-
stD0BG function in RooFit package [19] of ROOT) and
also with a third-order Chebychev shape (RooChebychev
function in the RooFit package). The peak function is a
Breit–Wigner function convoluted with a Gaussian func-
tion (RooVoigtian function in RooFit). The � of the
Gaussian function is fixed at 6 MeV as determined from
a Monte Carlo study of the spectrometer resolution. Fit-
ting the data in di↵erent regions yields an average num-
ber of signal events N = 68+98

�31(stat) ± 13(sys). Here,
the systematic uncertainty includes the e↵ects of using
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spectrum (open circles), a spectrum of that data rean-
alyzed (filled circles), a spectrum for data taken in the
years 2006-2007 (filled stars), and the spectrum resulting
from summing the data from both these periods of HER-
MES running (filled squares). Only weak suggestions of
resonance structure are observed in the newly analyzed
spectra.

The presence of significant resonance strength can only
be established by a careful analysis. In order to put a
limit on the presence of a resonance in the region near
1528 MeV reported in the earlier HERMES paper, the
summed data were used in a fit of a peak near that
energy accompanied by smooth backgrounds. In order
to explore the influence of the background shape on the
strength of the fitted peak, several di↵erent fitting in-
tervals were used. The background shape has been de-
scribed with theD⇤�D0 mass-di↵erence function (RooD-
stD0BG function in RooFit package [19] of ROOT) and
also with a third-order Chebychev shape (RooChebychev
function in the RooFit package). The peak function is a
Breit–Wigner function convoluted with a Gaussian func-
tion (RooVoigtian function in RooFit). The � of the
Gaussian function is fixed at 6 MeV as determined from
a Monte Carlo study of the spectrometer resolution. Fit-
ting the data in di↵erent regions yields an average num-
ber of signal events N = 68+98
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FIG. 3. The various M(pK0
S) spectra for deuterium data

taken at the HERMES experiment in the years 1998-2000
(top), 2006-2007 (middle), and for both periods combined
(bottom). Also shown in the top panel is the previously pub-
lished spectrum [12] from 1998-2000 of data that has been
reanalyzed here. A Voigtian (using a Gaussian with a width
fixed to 6 MeV) together with two di↵erent background hy-
potheses was fitted to the summed spectrum in the bottom
panel. The resulting curves are shown separated into signal
and background contribution and also combined. The width
� of the Breit–Wigner function, the peak position M , and the
number of signal events obtained from the fits are given in the
panel.

di↵erent background functions and di↵erent fit ranges.
It also includes the bias determined by repeating many
times a Monte Carlo simulation, in which the same sta-
tistics as in the real-data spectrum were generated using
a fitted shape of the real data. The number of counts
under the peak was fitted, and input and output num-
bers were compared. The average peak position found
is 1521.8 ± 4.3 MeV with a width of the Breit–Wigner
function 5.5 ± 12.5 MeV. A significance of this peak of
1.9� is obtained from the di↵erence between maximum-
likelihood values from un-binned fits [19] with and with-
out the peak function accompanying a smooth back-
ground shape. A value of 2.2 � is obtained when it is
estimated from many trials using a Monte Carlo simula-
tion with an event generator giving a smooth shape and
each trial fitted with a peak plus background shape, in
order to determine the probability to produce a fake peak
with a strength equal to or larger than 68, the number of
signal events resulting from the fit. Taken together, all
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FIG. 4. M(pK0
S) spectrum from the hydrogen target.

these methods show that the significance of a signal for a
potential resonant structure at 1521.8 MeV is about 2�
for the HERMES deuterium data.
For the HERMES hydrogen data there is no evidence

for a resonance structure in the M(pK0
S) invariant-mass

spectrum, as shown in Fig. 4.
These results are confirmed by two independent anal-

ysis methods [20] based on slightly di↵erent event se-
lection criteria. In one case the events were selected
based on a multi-parameter scan in an optimization of
the figure of merit Z = S/

p
S +B, where S and B refer

to the K0
S signal and background yields, respectively, in

the K0
S reconstruction and proton identification. In the

other, the additional requirement of a constrained purity
P = S/(S +B) along the 97% contour in the parameter
space was applied. The results for the M(pK0

S) analysis
of all three methods are in statistical agreement with one
another for both targets, hydrogen and deuterium.

V. SUMMARY

In summary, the HERMES Collaboration has revisited
the earlier reported search [12] for a possible ⇥+ excita-
tion in quasi-real photoproduction on a deuterium tar-
get with improved tracking and more advanced particle
identification. The original data set taken in the years
1998-2000 has been combined with an additional data set
taken in the years 2006-2007, resulting in nearly twice as
many events as in the original measurement. As a result
of the improved tracking and kinematic reconstruction
methods, the invariant-mass spectrum of K0

S is obtained
with significantly less background and better mass reso-
lution. The significance of the potential resonance struc-
ture in the M(pK0

S) spectrum of the deuterium data near
the 1522 MeV region is about 2�, compared to the previ-
ously published significance of 3.7� [12]. The position of
the structure is 6MeV lower in mass than the previously

• peak at 1521.8 ± 4.3 MeV



• Num of signal events=68    (stat)± 13 (sys)



• significance=2 σ



• no evidence for a resonance on H

+98
-31



Summary
• 3D picture of the nucleon:



• ω SDMEs from exclusive DIS: good model description with inclusion of pion pole.



• AUT and ALT in semi-inclusive DIS: 3D extraction, including protons: contribute to 
understanding of various TMD PDFs @ twist 2 and twist 3.



• AUT in inclusive DIS: complement               data; contribute to understanding of higher 
twist and/or TMD PDF & FF formalism. 



• Bose-Einstein correlations in DIS: clear signals observed, without evidence for target-mass 
dependence.



• Λ polarization in quasi-real photoproduction: positive for light nuclei; compatible with zero 
for Kr and Xe.



• Searching again for the pentaquark in quasi-real photoproduction: no evidence for pentaquark 
resonance.
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Thank you
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Back up
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ALU from associated deeply virtual 
Compton scattering
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• longitudinally polarized e+ beam


• unpolarized H target
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associated DVCS

transition


GPDs

N⇡

e
e

�⇤ �

N⇡ N⇡

d� / |⌧BH |2 + |⌧DV CS |2+ ⌧BH⌧⇤DV CS + ⌧DV CS⌧
⇤
BH

associated Bethe-Heitler

access through azimuthal asymmetries

• channels ep⟶eγpπ0 and ep⟶eγnπ+


• detection of e,γ (spectrometer) and p,π+ (recoil detector); π0,n undetected


• kinematic fitting with selection of region around Δ resonance
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• asymmetry background correction SIDIS (11%) and ep⟶eγp (4.6%)


• leading asymmetry consistent with zero
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• asymmetry background correction SIDIS (23%) and ep⟶eγp (0.2%)


• leading asymmetry consistent with zero


