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• Dihadron (ππ and KK) production in TMD semi-
inclusive DIS on a transversely polarized proton 
target 

• Transverse target single-spin asymmetry in 
inclusive electroproduction of charged pions and 
kaons 

• Transverse polarization of Λ hyperons from 
quasi-real photoproduction on nuclei



Dihadron production 
in semi-inclusive DIS
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~P1 � ~P2)
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~P1 +
~P2

~RT =

~R�
~R.~Ph

|~Ph|2
~Ph

�R = signum[(~n⇥ ~RT ).~Ph] arccos
~n.~RT

|~n||~RT |
,

with ~n ? ~Ph and (

~Ph ⇥ ~n).(~q ⇥ ~k) > 0

Dihadron production

x, y, z, Ph?
�h,�R

dihadron mass Mhh



(*) S. Gliske, "Transverse target moments of dihadron production in  
     semi-inclusive DIS at HERMES", PhD thesis, University of Michigan, 2011.

• new convention for FFs:  

• FFs entirely defined by quark spin 𝜒, 𝜒’ 

• final-state polarisation of (di-)hadrons                                                                                                                                                                                                                                                                                                    
o                             contained in partial-wave expansion 

• exactly 2 FFs:  

• unpolarised FF        with 𝜒=𝜒' 

• polarised (Collins) FF        with 𝜒≠𝜒 

New convention for (di)hadron 
fragmentation functions (*)
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H?
1

D1

|l1,m1 >, |l2,m2 >

dihadrons h and h’  
quarks q and q



• direct sum base           rather than                                                      
direct product base 

!

!

• partial wave  

!

!

!

Partial-wave expansion
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|l,m >

|l1,m1 >, |l2,m2 >

01          ⊕2  ⊕experimentally



Cross section
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and analogously for d�UU , d�UL, d�LU , d�LL, d�LT



Structure functions
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~pT ,�p struck quark
~kT ,�k fragmenting quark

at leading twist

usual IFF related to H
?|1,1>
1

"Sivers"

"Collins"

"pretzelocity"



• Collins and Sivers moments for

Results
• Collins moments for

9

⇡+⇡�,⇡+⇡0,⇡�⇡0

K+K�             in 𝝓 resonance region 
• Collins, Sivers and pretzelocity for           moments for

K+K�outside 𝝓 resonance region since          
|0, 0 >

l > 0,m > 0
are zero (as expected)          



      Collins moments for ππ
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allows collinear access to transversity



      Collins moments for ππ
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A. Airapetian et al., JHEP 0806:017,2008



      Collins moments for ππ
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Collins moments for K
+
K

-
 in 𝝓 
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no indication for different signal in and outside 𝝓-resonance region
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sensitive to transversity s-quark distribution



Sivers moments for K
+
K

-
 in 𝝓 

resonance region

no indication for different signal in and outside 𝝓-resonance region
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Moments for K
+
K

-
 outside 𝝓 

resonance region @ leading twist
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Moments for K
+
K

-
 outside 𝝓 

resonance region @ leading twist
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Moments for K
+
K

-
 outside 𝝓 

resonance region @ sub-leading twist
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AUT inclusive 
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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	


p
s

Asin( )
UT

d� = d�UU [1 + s?A
sin( )
UT sin( )]

Asin( )
UT =

⇡

2
AN•  
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Results: xF dependence 
!

• positive, increase linearly with x
F 

!

• negative, decrease linearly with x
F 

!
!
!
!
!
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A. Airapetian et al, Phys. Lett. B 728 (2014) 183-190

xF = 2PL/
p
s ⇡+

⇡�

x
F 
behavior of pions similar to what            

observed in hadron-hadron collisions	
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Results: disentangle xF and PT 
dependence
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Results: disentangle xF and PT 
dependence
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Contribution of various sub-
samples
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Transverse Λ polarization 
in inclusive measurement 



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.
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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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Generic p p data - xF and pT dependence

P� turns out to be negative

For pT above 1 GeV/c P� becomes flat

(measured up to pT � 4 GeV/c)
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• in SIDIS (large Q2) proportional to  
polarizing FF         (naive T-odd, chiral even) 

• in twist-3 factorization, opposite sign to pp
D?

1T

ep ! ⇤"X
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• clearly positive for light target nuclei 

• consistent with zero for heavy targets
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• larger in backward direction w.r.t. incoming lepton 

• consistent with xF dependence of twist-3 calculation (opposite 
sign conventions for xF !)

29

-0.1

0

0.1

0.2
H+D
Kr+Xe

ζ

〈 p
T  〉 

 [G
eV

]

0.5

1

0 0.1 0.2 0.3 0.4 0.5 0.6

P nΛ

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.

ζ

N
(Λ

)/N
(Λ–

)

0

2

4

6

8

10

0.2 0.4 0.6

FIG. 4. Ratio of ! to "! yields versus light-cone fraction !
observed in the data, after background subtraction.

−0.1

0

0.1

1.0

0.2

P
n

Λ

Λ
−

Λ

Λ
−

ζ
<P

 > T
 (G

eV
)

0

0.5

0 0.1 0.2 0.3 0.4 0.5 0.6

FIG. 5. Transverse polarizations P!
n and P "!

n (upper panel) and
mean hpTi (lower panel) as functions of ! # %E! ) pz!&=%Ee )
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

of the background under the ! invariant mass peak to the
polarization was estimated using a sideband subtraction
method. An independent polarization analysis was per-
formed in each kinematic bin of interest. For each bin in
! or pT (described below), the invariant mass spectrum was
fit with a Gaussian plus a third-order polynomial. The fit
was used to determine the number of signal and back-
ground events within a !3:3" window around the peak.
The polarization was calculated for the events within this
central window, as well as within four ‘‘sideband’’ win-
dows with widths of around 8 MeV, two in the low- and two
in the high-mass background regions, as indicated by the
shaded areas in Fig. 2. The polarizations extracted from the
sidebands were interpolated to obtain the background po-
larization at the peak mass. The fraction of background
events # " Nbgr=#N! $ Nbgr% within the peak was typi-
cally of order 15%. The transverse polarization within
the ! peak was corrected for this background contribution
in each kinematic bin as follows

 P!
n "

P!$bgr
n & #Pbgr

n

1& # : (15)

The interpolated background polarization Pbgr
n was

around 0:12! 0:01 #0:13! 0:02% for the ! ( "!) sample.
Because of the small background contamination, the net
correction to the ! and "! polarization was on average
below 0.01. The nonzero polarization of the sidebands
prompted extensive simulations of the background. The
conclusion reached after many studies was that the side-
band polarization arises from rare tracks which actually
originate from the target cell but remain in the ! candidate
sample due to misreconstruction, despite the strict vertex-
separation cuts described above. As an additional test, the
longitudinal vertex-separation requirement was varied be-
tween 0 and 25 cm. Over this range, the sideband polar-
ization varied from 0.13 to 0.09 while the signal-to-
background ratio varied from 4.5 to 11.8. Nonetheless,
the ! polarization after background subtraction remained
stable, varying by less than a quarter of the systematic error
(which was obtained via other studies, as described below).

In order to estimate the systematic uncertainty of the
measurement, similar analyses were carried out for recon-
structed h$h& hadron pairs, with leading positive hadrons
(!-like case) and with leading negative hadrons ( "!-like
case). No PID (apart from lepton rejection) was applied to
these hadrons, and so the sample was likely dominated by
$$$& pairs. Events within two mass windows above and
below the ! mass window (1:093<Mh$h& < 1:108 GeV,
and 1:124<Mh$h& < 1:139 GeV) were selected, where
Mh$h& was determined by assuming for the leading/non-
leading particles the proton/pion masses, respectively.
Instead of requiring a displaced decay vertex, their point
of closest approach was required to be inside the target cell.
False polarization values of 0:012! 0:002 and 0:018!

0:002 were found in the !-like and "!-like cases,
respectively.

As a second measure of the systematic uncertainty a
sample of K0

s ! $$$& events was used. The long-lived
K0
s provides a similar event topology to the ! with two

separated vertices. The false polarization of K0
s was found

to be 0:012! 0:004 in the !-like case (with a leading $$)
and 0:002! 0:004 in the "!-like case.

Possible detector misalignments could lead to imperfec-
tions in the up/down symmetry of the spectrometer. In
order to estimate the effect of such misalignments on the
measured polarizations, Monte Carlo simulations were
performed using a spectrometer description with the top
and bottom halves misaligned by!0:5 mrad. Four samples
were generated, with input polarizations of 0, 0.05, 0.1, and
0.2, respectively. In addition a background polarization of
0.15 was included to better simulate the experimental
situation. The polarizations extracted from these
Monte Carlo data samples were in agreement with the
input values within the statistical uncertainty of 0.005. A
second potential source of a top/bottom spectrometer
asymmetry is trigger inefficiency. This was also investi-
gated using Monte Carlo simulations. It was found that
even an unrealistically large difference of 30% in the top/
bottom efficiency resulted in the reconstructed polarization
being consistent with the generated one. Finally, as a
portion of the analyzed data (' 30%) was collected with
a longitudinally polarized target, the effect of ! spin
precession in the target holding field was studied.
Calculations indicated a precession of less than two de-
grees for this portion of the data, resulting in a negligible
impact on the reported polarization as compared with the
other sources of systematic uncertainty.

From the results of these studies the systematic uncer-
tainties on the ! and "! transverse polarizations were taken
to be 0.012 and 0.018, respectively.

The good statistical accuracy of the full inclusive data
set allows the dependence of the ! and "! polarization on
certain kinematic variables to be studied. As mentioned
earlier, information on the virtual-photon kinematics is not
known on an event-by-event basis; consequently, only
kinematic variables related to the eN system are available.
However, one may analyze the data using the kinematic
variable ! ( #E! $ pz!%=#Ee $ pe%, where E!; pz! are
the energy and z component of the ! momentum (where
the z axis is defined as the lepton beam direction), and
Ee; pe are the energy and momentum of the positron beam.
This variable is the fraction of the beam positron’s light-
cone momentum carried by the outgoing !. It is an ap-
proximate measure of whether the hyperons were produced
in the forward or backward region in the %)N center-of-
mass system. The natural variable to use to separate these
kinematic regimes would be the Feynman variable xF "
p!
k =p

!
kmax evaluated in the %)N system, where p!

k is the
!’s momentum along the virtual-photon direction, and
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forward

[HERMES, arXiv:1406.3236]
the other inclusive SSA



• larger in backward direction w.r.t. incoming lepton 

• distinct pT dependences in forward and backward directions: 
rising with pT in backward direction as in pp   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Summary
• SIDIS dihadron moments (in new partial wave 

expansion) provide potentially rich information on 
various distribution and fragmentation functions 

• inclusive AUT provides information that can 
contribute to understanding of AN in pp data 

• inclusive production of Λ in ep can provide 
complementary information to pp data on the 
mechanism to generate Λ polarization
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