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recent data on Λ↑ production  → access to       ?  
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(see also old data from FermiLab, Hera-B and CERN-NA48/OPAL  
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Drell-Yan e+e− annihilation

Factorization theorems well understood for  qT ≪ Q
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but only very few (recent) data with polarization
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Factorization theorem valid for  qT ≪ Q

electron

proton

h

Q2

SIDIS

most data from polarized Semi-Inclusive DIS (SIDIS)  
under the form of spin asymmetries

qT = PhT/z = |pT - kT| ≪ Q

• hard Q  to “see”  partons

• soft qT ≪ Q  to be sensitive to kT motion of confined partons

two scales:

TMDs  depend  on  two  scales
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8 structures at leading twist 
(more at subleading twist…)
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Azimuthal  Spin  Asymmetries
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(or similar when electron is polarized) 

- isolate specific azimuthal component, coefficient ~  F xxx
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FU (x, z, P 2
hT ;Q
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Azimuthal Spin Asymmetry ⌘ Axxx
X (x, z, P 2

hT ;Q
2)

<latexit sha1_base64="7X9pDNqXqWqvSAu7Brrm8O0sdNc="></latexit>

SIDIS 
kinematics & cross section
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Experimental  data

All 8 asymmetries have been measured (plus more at subleading twist..) 

hermes

on p & D targets

SIDIS Structure Functions in Terms of TMDs
• Only f1, g1, h1 survive integration 
over quark kT
• All eight leading-twist TMDs are 
accessible in SIDIS with polarized 
beams/targets via azimuthal angular 
dependence of the SIDIS cross section
• Physical observables are 
convolutions over two (unobserved) 
transverse momenta: 

• Initial quark kT
• Hadron pT relative to recoiling quark, 
generated during fragmentation

5/23/2015 7CIPANP 2015

Hall A
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2.3.3 Summary

The EIC will be a unique facility to systematically investigate the transverse momentum
dependent parton distributions comprehensively. While the measurements of quark TMDs
have begun in fixed target experiments, the gluon TMDs can only be studied at an EIC, and
such studies would be unprecedented. The QCD dynamics associated with the transverse
momentum dependence in hard processes can be rigorously studied at the EIC because
of its wide kinematic coverage. The comparison of the Sivers single spin asymmetry and
Boer-Mulders asymmetry between DIS and Drell-Yan processes can provide an important
test of the fundamental prediction of QCD. In summary, we list these important science
questions to be addressed at the EIC in Table 2.2.

Deliverables Observables What we learn

Sivers & SIDIS with Quantum Interference & Spin-Orbital correlations

unpolarized Transverse 3D Imaging of quark’s motion: valence + sea

TMD quarks polarization; 3D Imaging of gluon’s motion

and gluon di-hadron (di-jet) QCD dynamics in a unprecedented Q
2 (PhT ) range

Chiral-odd SIDIS with 3rd basic quark PDF: valence + sea, tensor charge

functions: Transverse Novel spin-dependent hadronization e↵ect

Transversity; polarization QCD dynamics in a chiral-odd sector

Boer-Mulders with a wide Q
2 (PhT ) coverage

Table 2.2: Science Matrix for TMD: 3D structure in transverse momentum space: (upper) the
golden measurements; (lower) the silver measurements.
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The  Sivers  effect

distortion of quark distribution  
in transversely polarized proton P↑

Sivers, P.R. D41 (90) 83

fq/p"(x,kT ) = fq
1 (x,kT )� f? q

1T (x,kT )S ·
 

P̂

M
⇥ kT

!

↑
f?u
1T < 0 f? d

1T > 0
kx

deformation along x 
depends on flavor

Bacchetta & Contalbrigo, 
Il Nuovo Saggiatore 28 (12) n. 1,2

ky

no polarization

polarization Sy ↑

P

density of q in (proton)↑

2 2



•25

SIDIS

Sivers effect apparently forbidden by T-rev. invariance

Non-universality of Sivers function

kT

x

kT

P

ST

but Sivers function entirely given by residual color 
interactions, that restore   
color-gauge invariance 

“final-state” color interactions

ST·(P × kT)



•26

SIDIS

Sivers effect apparently forbidden by T-rev. invariance

Non-universality of Sivers function

kT

x

kT

P

ST

but Sivers function entirely given by residual color 
interactions, that restore   
color-gauge invariance 

“final-state” color interactions

the Sivers function can be extracted also from  
transv. polarized Drell-Yan  p↑+p → l++l−+X

Drell-Yan
“initial-state” color interactions

ST·(P × kT)



•27

SIDIS

Sivers
���
SIDIS

= �Sivers
���
D-Y

QCD prediction to be tested:

Sivers effect apparently forbidden by T-rev. invariance

Collins, P.L. B536 (02) 

Non-universality of Sivers function

kT

x

kT

P

ST

but Sivers function entirely given by residual color 
interactions, that restore   
color-gauge invariance 

“final-state” color interactions

the Sivers function can be extracted also from  
transv. polarized Drell-Yan  p↑+p → l++l−+X

Drell-Yan
“initial-state” color interactions

ST·(P × kT)



•28

Non-universality  of  Sivers  on  lattice

fq/p"(x,kT ) = fq
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1T S ·
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M
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/ hP, S|q̄(0) �+ U [0, ⌘v, ⌘v + b, b] q(b)|P, Si
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transform 2

veloped in Ref. [6, 7].1 In addition, renormalization fac-
tors are attached to the quark fields. This multiplicative
nature of renormalization in continuum QCD is central
to the construction of the TMD observables considered
here, in which the renormalization factors are canceled by
forming suitable ratios. Whether this multiplicative na-
ture of renormalization carries over into the lattice frame-
work is, however, a point which demands further inves-
tigation. One possible manifestation of the violation of
multiplicativity would be if results for the aforementioned
TMD ratios vary with the lattice discretization scheme,
and the di↵erence persists as the lattice spacing is taken
to zero.

The availability of lattice TMD data on two ensembles
with approximately matching pion masses, but di↵ering
discretizations provides an opportunity for an empirical
test of the universality of TMD ratios. This is a primary
focus of the present work. One would expect that the lat-
tice operators approximate the continuum operators well
at finite physical extent, and that results obtained on the
two ensembles therefore match. On the other hand, the
local limit may exhibit additional ultraviolet divergences,
as well as signatures of operator mixing attributable to
the breaking of continuum symmetries, such as rotational
symmetry and, in the case of clover fermions, chiral sym-
metry. It is well known that in the local limit, renormal-
ization constants of composite operators become depen-
dent on the Dirac structure, whereas the soft factors and
quark wave function renormalizations used to renormal-
ize the nonlocal TMD operators do not depend on the
Dirac structure. The working assumption underlying the
construction of the TMD observables considered in this
work is that, at large enough separation, the renormaliza-
tion factors become independent of the Dirac structure
and cancel in ratios. Comparing the results obtained
on the two ensembles is expected to uncover whether,
at what length scales, and under what conditions this
assumption holds, and whether any signatures of devi-
ations from this simple renormalization pattern can be
detected.

This paper is organized as follows: Sec. II lays out the
definition of TMDs and the construction of TMD ratio
observables in which multiplicative soft factors and renor-
malization constants cancel. Particulars of the Lattice
QCD evaluation of these quantities are given in Sec. III.
Results for the Sivers shift, Boer-Mulders shift, transver-
sity h1 and the g1T worm-gear shift are given in Sec. IV.
Some results pertinent to the calculation of parton distri-
bution functions (PDFs) are given in Sec. IVE. A com-
parison of our estimate of the generalized Sivers shift
with that extracted from SIDIS experiments is presented
in Sec. V. Conclusions are given in Sec. VI.

1
Throughout this paper, the label “soft factor” denotes both soft

and collinear divergences.

P

b ηv

FIG. 1. Illustration of the TMD operator with staple-shaped
gauge connection. The four-vectors v and P give the direc-
tion of the staple and the momentum, while b defines the
separation between the quark operators. The values of these
variables used in the lattice calculation are given in Table II.
In the present calculation, b · P = b · v = 0 is chosen, corre-
sponding to evaluating the first moment of the TMDs with
respect to the quark momentum fraction x.

II. CONSTRUCTION OF TMD OBSERVABLES

The calculational scheme employed to arrive at lattice
TMD observables has been laid out in detail in [3], cf. also
[1, 2]. The following synopsis emphasizes, in particular,
how multiplicative soft factors enter the scheme, and the
consequent construction of TMD ratios in which these
factors cancel. TMDs are derived from the fundamental
correlator

e�[�]
unsubtr.(b, P, S, . . .) (1)

⌘ 1
2 hP, S| q̄(0) � U [0, ⌘v, ⌘v + b, b] q(b) |P, Si

where the subscript “unsubtr.” indicates that no provi-
sion has been made yet to absorb ultraviolet and soft di-
vergences into appropriate renormalization factors. The
nucleon states are characterized by the longitudinal mo-
mentum P and the spin S. We will consistently use
the tilde, as in e�, to denote position space correlation
functions and the same symbols without the tilde for
their Fourier transforms. The quark fields, separated
by a displacement b, are connected by the gauge con-
nection U [0, ⌘v, ⌘v+ b, b], the arguments of which denote
space-time positions connected by path-ordered products
of gauge links approximating straight Wilson lines. The
full gauge connection thus has the shape of a staple, with
the direction of the staple encoded in the vector v, and
its length in the scalar ⌘ as shown in Fig. 1. We are
specifically interested in the limit |⌘| ! 1, in which
this gauge connection represents gluon exchange in semi-
inclusive deep inelastic scattering (SIDIS) and Drell-Yan
(DY) processes. The directions of the staples in the two
cases are opposite to one another; in the SIDIS case, the
staple-shaped gauge connection incorporates final state

“staple” gauge link
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FIG. 2. Dependence of the generalized Sivers shift on the staple extent ⌘|v| for the clover (left) and the DWF (right) ensembles
at |bT| = 3a (top), and 4a (bottom). The Collins-Soper parameter is fixed at the highest value for which data are available,
⇣̂ = 0.41 and 0.32 for the DWF and the clover ensembles, respectively. The asymptotic estimate is obtained using a constant
fit to data with |⌘| � 6.

FIG. 3. Dependence of the generalized Sivers shift on |bT|. In the left panel we compare DWF and clover results for ⇣̂ ⇡ 0.3
and in the right panel we show the higher precision clover data for three values of ⇣̂. The shaded area, |bT|  3aDWF ⇡ 0.25 fm,
marks the region in which discretization e↵ects could be expected.

B. The Generalized Boer-Mulders Shift

The second T-odd TMD observable we evaluate is the
generalized Boer-Mulders shift defined by

hkyiUT (b
2
T; . . .) ⌘ mN

h̃
?[1](1)
1 (b2T; . . .)

f̃
[1](0)
1 (b2T; . . .)

. (22)

The Boer-Mulders function h
?
1 [26] describes the distri-

bution of the transverse momentum of transversely po-
larized quarks in an unpolarized hadron, where the quark
transverse momentum and polarization are orthogonal to
one another.

The dependence of the generalized Boer-Mulders shift

/ hkT i
<latexit sha1_base64="Z9giZ5q21wryqhoykf2e0QoSoXo="></latexit>
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FIG. 4. [Color online] Transverse single-spin asymmetry amplitude for W+ (left plot) and W− (right plot) versus yW compared
with the non TMD-evolved KQ [11] model, assuming (solid line) or excluding (dashed line) a sign change in the Sivers function.
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Sivers  ↔  Nucleon spin ?

N↑ polarized along y 
(~ spin-orbit effect)                    

charge distribution  
distorted along x: 
up mostly at x>0 

down at x<0                    

x                    

z                   y                   
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d                   

distortion described  
by function Eq (GPD)see Hatta’s talk
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1/2 = Σq  Jyq (Q2)      Jq (Q2) = total angular momentum from parton q   

Ji, P.R.L. 78 (97) 610

Sivers  ↔  Nucleon spin ?

The Ji’s  sum rule

N↑ polarized along y 
(~ spin-orbit effect)                    

charge distribution  
distorted along x: 
up mostly at x>0 

down at x<0                    

x                    

z                   y                   
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d                   

distortion described  
by function Eq (GPD)
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0
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2) + Eq(x,Q2)
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The color lensing  effect
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The color lensing  effect

Parton$3D$Dynamic$

31 Contalbrigo M. 

d 

Sivers TMDs: 
 
Imbalance in the observed 
hadron momentum distribution 

GPD E: 
 
Imbalance in the probed parton spatial distribution 

0!

π- (π+) 

π+ (π-) 

Parton TMDs at large x – ECT*16, 12th April 2016, Trento 

Burkardt, P.R. D66 (02) 114005x                    

z                   y                   

N↑ polarized along y                    

distortion along x: 
up mostly at x>0 

down at x<0                    described by E                  

quarks hit by virtual photon 
try to escape color FSI

described by  
Sivers  −f1T⏊                   

Z
dkT f? q

1T (x,kT ;Q
2
L) = �L(x) Eq(x, 0, 0;Q2

L)color lensing:  
at some scale QL2                   

Bacchetta & Radici, P.R.L. 107 (11) 212001

u                   

d                   u                   

d                   

up bended to x<0   
down bended to x>0 

color lensing  
L(x)
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Ju+ū

J
d
+
d̄

- extract Sivers f1T⏊  from data +  

- model lensing function L(x) +  
- Ji's sum rule

Diehl & Kroll, E.P.J. C73 (13) 2397 models  
of  

GPD E

lattice

Sivers function   ↔   quark total  J

color lensing

︷

Alexandrou et al., arXiv:1706.02973 
Deka et al., arXiv:1312.4816 

︷
(applicable only to 2-body systems)

Pasquini, Rodini, Bacchetta, PR D100 (19) 054039, 
arXiv:1907.06960
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the  Sivers  Spin Asymmetry in  SIDIS

f?
1T D1

f1 D1

First extraction of Sivers function using in denominator 
unpolarized TMDs from global fit 

consistently in the same TMD framework
Bacchetta, Delcarro, Pisano, Radici,  in preparation

⨂

⨂
from global fit PV17 of data on 

SIDIS, DY and Z-boson

Vogelsang & Yuan, P.R. D72 (05) 054028 
Collins et al., P.R. D73 (06) 014021 
Bacchetta & Radici, P.R.L. 107 (11) 212001 
Anselmino, Boglione, Melis, P.R. D86 (12) 014028 
Aybat, Prokudin, Rogers, P.R.L. 108 (12) 242003 
Sun  & Yuan, P.R. D88 (13) 034016 
Boer, N.P. B874 (13) 217   

…..

several extractions of Sivers f1T⏊ :

Asin(�h��S)
T
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∝
Bacchetta et al., JHEP 1706 (17) 081; E 1906 (19) 051  
arXiv:1703.10157 (see previous talk)
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The  PV19  fit  of  Sivers f1T⏊   (preliminary)

data points 
117

# fit parameters 
14

global χ2/d.o.f. 
1.06 ± 0.10

data coverage
�,&�' #�$)�"���)�

deuteron [6LiD] Proton [NH3]

hermes

proton [H] 

95
data points
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data points

1514data points151415141514

111
data points

!20

2009

Same kinematic cuts applied to unpolarized 

2017

neutron [3He]

6
data points

x, z, PhT  data projections
Adolph et al.,  
P.L. B770 (17) 138

Qian et al.,  
P.R.L. 107 (11) 072003

Bacchetta, Delcarro, Pisano, Radici,  
in preparation

Q2 ≥ 1.4 GeV2       0.2 ≤ z ≤ 0.7 
PhT < min[0.2 Q, 0.7 Qz] + 0.5 GeV

Airapetian et al.,  
P.R.L. 103 (09) 152002
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Alekseev et al.,  
P.L. B673 (09) 127
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FIG. 2: Global distribution of �2/d.o.f. values obtained from the minimization of 200 replicas.

Points Parameters �2 �2/d.o.f.
118 14 110.19± 10.84 1.06± 0.10

TABLE II: Number of included data points, of free parameters and values of �2. The difference between the number
of data points and free parameters gives the total degrees of freedom.

pions [26] and the DSS07 NLO set for kaons [27]. Each minimization starts from a different set of initial parameters
chosen in a reasonable interval, to explore the parameters space without being too much constrained by their initial
choice, while at the same time avoiding area of no physical significance.

As said in the previous section, the Compass and Hermes measurements of the asymmetry are presented as function
of x, z and PhT . However, these three groups of data refer to the same measurements, only projected on different
observables. Therefore we decided to fit only one of these projections in order to avoid considering fully correlated
measurements. We chose to analyze the x sets of data, given that we are mainly interested in the x-dependence of
the Sivers function.

Adopting this configuration for our minimization, we considered 118 data points of the data sets projected on
x which, after being reduced by 14 free parameters, gives a total number of degrees of freedom equal to 104. We
obtained a good agreement between the experimental measurements of Asin(�h��S)

UT as a function of x and our theoretical
prediction, with an overall value of �2/d.o.f.= 1.06 ± 0.12aggiorna. The uncertainties are estimated from the 68%
confidence level obtained through the replica methodology. The global results of our minimization are summarized in
Table II and the histogram of the distribution of �2/d.o.f. values obtained from the replica methodology is shown in
Fig. 2.

In Table III we report the value of total �2 and the number of data points analyzed, distinguished according to their
experimental collaboration. Instead, Table IV present the same quantities, separated with respect to the detected
hadron in the final state. We observe that our parametrization is able to describe very well the x projection of
Compass’17 data, even if they have smaller uncertainties compared with the other data sets. This could be probably
due to their Q2 binning, which is much finer compared to the other data sets considered. Another possible reason
is that the Compass’17 data do not identify the type of hadron in the final state, only their charge; they could be

Hermes Compass’09 Compass’17 JLab
�2 47.60± 7.29 30.10± 4.75 31.10± 5.98 5.01± 1.54

Points 30 32 50 6

TABLE III: Values of obtained total �2 and uncertainties, and corresponding number of data points, separated
according to their experimental collaborations.

statistical error with 
replica method (200)
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PV11 Bacchetta & Radici, P.R.L. 107 (11)

EIKV Echevarria et al., P.R. D89 (14)

TC Boglione et al., JHEP 1807 (18)

PV19 Bacchetta, Delcarro, Pisano, Radici,  
in preparation
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in preparation

(distorted) plots entirely based on real data !
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“REAL” 3D IMAGES IN MOMENTUM SPACE

�62

These are images entirely based on data (polarized and unpolarized)
Bacchetta, Delcarro, Pisano, Radici, in preparation
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tomography of transversely polarized proton

“REAL” 3D IMAGES IN MOMENTUM SPACE
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These are images entirely based on data (polarized and unpolarized)
Bacchetta, Delcarro, Pisano, Radici, in preparation
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These are images entirely based on data (polarized and unpolarized)
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These are images entirely based on data (polarized and unpolarized)
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“REAL” 3D IMAGES IN MOMENTUM SPACE
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These are images entirely based on data (polarized and unpolarized)
Bacchetta, Delcarro, Pisano, Radici, in preparation

x = 0.04
x = 0.12

x = 0.2

P 

(distorted) plots entirely based on real data !



The  Future

Mid-Term

JLab12

Sivers@JLab12: Hall-A (neutron) & Hall-B (proton) 

Transversity 2014 – Jun. 9th - 13th 2014. 

γp⇒ J/ψp

5-quark	bound	state						or							Hadronic molecule

JLAB	experiment	E12-12-001

Search	for	hidden	charmed	pentaquarks and	study	
of	gluonic structure	of	the	nucleon

Experiment	E12-12-001	measures	J/y production	on	the	proton	near	threshold	– will	verify	existence	of	
the	charmed	pentaquarks and	will	study	the	gluon	field	of	the	nucleon

What	is	the	exact	nature	of	charmed	pentaquark states
discovered	by	LHCb collaboration	at	CERN

E� (GeV)
�

 (n
b)

Cornell
SLAC published
SLAC unpublished

CLAS12 projections without Pc(4450)

CLAS12 projections for 30 days of running
at luminosity of 1035 cm-2sec-1

Pc(4450) cross section from Phys.Rev. D92, 031502 (2015)

2-gluon exchange model fit to published data
3-gluon exchange, normalized at 12 GeV

10
-3

10
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1
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8 10 12 14 16 18 20 22

What	is	the	mechanism	of	charmonium production	at	
the	threshold	

Pc ⇒ J ψ p

2-gluon																or														3-gluon	exchange

28

Q2= 2.4 GeV2 

Q2= 2.4 GeV2 

x = 0.1 

x = 0.1 

Quark Transverse Momentum in p↑ 

parametrization by M. Anselmino et al., EPJ A 39, 89 (2009). 

SoLID projection with transversely polarized neutron and proton data. 

95% C.L. 

Hall B Hall A   SoLID

projection with  3He↑ and  p↑ data
Anselmino et al., E.P.J. A39 (09) 
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Long-Term

EIC

Opportunita’ a EIC – 17 Jan 2017accardi@jlab.org 28

SIDIS and quark angular momentum
  

 Semi-incl

now

w/ EIC

Z
dk2?

k2?
2M2

f?u�ū
1T

Accardi et al.,  
E.P.J. A52 (16) 268 
arXiv:1212.1701

Anselmino et al., 
arXiv:1012.3565

EIC
p
s = 45 GeV
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extend range in x
explore Sivers effect 

for sea quarks



The  Future

gluon Sivers function basically unknown!

GLUON TMDS

�56

3

⌘i=� ln
⇥
tan( 12✓i)

⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=
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sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
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4
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i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
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1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
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. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
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Terms with higher powers in M2
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? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
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and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,
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Fig. 1 the origin of the factorM2
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1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2
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partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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Besides q2
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often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
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The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
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partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of
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as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
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1 (x) (and fg(1)

1 (x)) will appear, corresponding
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trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-
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1 (x) we expect the broadening �p2T in SIDIS,
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−

- chiral-odd structure 
   in spin-1/2 hadron no gluon transversity → h1 is a non-singlet object

+ −

- related to tensor operator                not included in LSM   (at tree level) 
   → low-energy footprint of BSM physics at higher scale ?

q̄ �µ⌫ q
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Examples  of  BSM  connections 

- neutron EDM: estimate CPV induced by quark chromo-EDM dq

dn = �u du + �d dd + �s ds

+  tensor charge

LCPV � ie
X

f=u,d,s,e

df f̄ �µ⌫�5 f Fµ⌫ Fµ⌫ = @µA⌫ � @⌫Aµ

exp. bounds �q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

�q(Q2)
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- nuclear β-decay: effective field theory including, e.g., tensor operator

hadron level : n→p e− νe
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- chiral-odd structure 
   in spin-1/2 hadron no gluon transversity → h1 is a non-singlet object

+ −

- related to tensor operator                not included in LSM   (at tree level) 
   → low-energy footprint of BSM physics at higher scale ?
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FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content 〈N12〉.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

〈N12〉
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥

relative to the first hadron.

fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

〈N0〉
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content 〈N12〉.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

〈N12〉
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥

relative to the first hadron.

fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

〈N0〉
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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FIG. 27. (a) Comparison of extracted transversity (solid lines and shaded region) Q2 = 2.4 GeV2 with Torino-Cagliari-JLab
2013 extraction [17] (dashed lines and shaded region).
(b) Comparison of extracted transversity (solid lines and shaded region) at Q2 = 2.4 GeV2 with Pavia 2015 extraction [18]
(shaded region).
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much better determined by the existing data, as one can see from Fig. 28 that the functions at Q2 = 2.4 GeV2 are
compatible within error bands. The unfavored fragmentation functions are different, however those functions are not
very well determined by existing experimental data.
We also compare the tensor change from our and other extractions in Fig. 29. The contribution to tensor charge

of Ref. [18] is found by extraction using the so-called dihadron fragmentation function that couples to collinear
transversity distribution. The corresponding functions have DGLAP type evolution known at LO and were used in
Ref. [18]. The results plotted in Fig. 29 corresponds to our estimates of the contribution to u-quark and d-quark in
the region of x [0.065, 0.35] at Q2 = 10 GeV2 at 68% C.L. (label 1) and the contribution to u-quark and d-quark in
the same region of x and the same Q2 using the so-called flexible scenario, αs(M2

Z) = 0.125, of Ref. [18]. One can
see that our extraction has an excellent precision for both u-quark and d-quark. The fact that the central values and
errors of extracted tensor charges are in a good agreement in both methods, ours and Ref. [18], is very positive and
allows for future investigations of transversity including all available data in a global fit.
Our results compare well with extractions from Ref. [17]. Even though correct TMD evolution was not used in

Ref. [17] the effects of DGLAP evolution of collinear distributions were taken into account and the resulting fit is of
good quality, χ2/d.o.f. = 0.8 for the so-called standard parametrization of Collins fragmentation functions. In fact
the probability that the model of Ref. [17] correctly describes the data is P (0.8 ∗ 249, 249) = 99%. The tensor charge
was estimated at 95% C.L. using two different parametrizations for Collins fragmentation functions, the so-called
standard parametrization that utilized similar to our parametrization and the polynomial parametrization. In Fig. 30
we compare our results with calculations from Ref. [17] at 95% C.L. at Q2 = 0.8 GeV2 and calculations at 68 % at
Q2 = 1 GeV2 of Ref. [18]. Even though we compare tensor charge at different values of Q2 its evolution is quite slow,
so the good agreement of all three methods is a good sign. We conclude that tensor charge perhaps is very stable with

Anselmino et al.,  
P.R. D92 (15) 114023
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much better determined by the existing data, as one can see from Fig. 28 that the functions at Q2 = 2.4 GeV2 are
compatible within error bands. The unfavored fragmentation functions are different, however those functions are not
very well determined by existing experimental data.
We also compare the tensor change from our and other extractions in Fig. 29. The contribution to tensor charge

of Ref. [18] is found by extraction using the so-called dihadron fragmentation function that couples to collinear
transversity distribution. The corresponding functions have DGLAP type evolution known at LO and were used in
Ref. [18]. The results plotted in Fig. 29 corresponds to our estimates of the contribution to u-quark and d-quark in
the region of x [0.065, 0.35] at Q2 = 10 GeV2 at 68% C.L. (label 1) and the contribution to u-quark and d-quark in
the same region of x and the same Q2 using the so-called flexible scenario, αs(M2

Z) = 0.125, of Ref. [18]. One can
see that our extraction has an excellent precision for both u-quark and d-quark. The fact that the central values and
errors of extracted tensor charges are in a good agreement in both methods, ours and Ref. [18], is very positive and
allows for future investigations of transversity including all available data in a global fit.
Our results compare well with extractions from Ref. [17]. Even though correct TMD evolution was not used in

Ref. [17] the effects of DGLAP evolution of collinear distributions were taken into account and the resulting fit is of
good quality, χ2/d.o.f. = 0.8 for the so-called standard parametrization of Collins fragmentation functions. In fact
the probability that the model of Ref. [17] correctly describes the data is P (0.8 ∗ 249, 249) = 99%. The tensor charge
was estimated at 95% C.L. using two different parametrizations for Collins fragmentation functions, the so-called
standard parametrization that utilized similar to our parametrization and the polynomial parametrization. In Fig. 30
we compare our results with calculations from Ref. [17] at 95% C.L. at Q2 = 0.8 GeV2 and calculations at 68 % at
Q2 = 1 GeV2 of Ref. [18]. Even though we compare tensor charge at different values of Q2 its evolution is quite slow,
so the good agreement of all three methods is a good sign. We conclude that tensor charge perhaps is very stable with
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The  Future

Mid-Term

JLab12

γp⇒ J/ψp

5-quark	bound	state						or							Hadronic molecule

JLAB	experiment	E12-12-001

Search	for	hidden	charmed	pentaquarks and	study	
of	gluonic structure	of	the	nucleon

Experiment	E12-12-001	measures	J/y production	on	the	proton	near	threshold	– will	verify	existence	of	
the	charmed	pentaquarks and	will	study	the	gluon	field	of	the	nucleon

What	is	the	exact	nature	of	charmed	pentaquark states
discovered	by	LHCb collaboration	at	CERN
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CLAS12 projections for 30 days of running
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What	is	the	mechanism	of	charmonium production	at	
the	threshold	
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2-gluon																or														3-gluon	exchange
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electron

proton

qT
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Q2

TMD  factorization  breaking

SIDIS

proton proton

h h

✘

✘

Rogers & Mulders, P.R. D81 (10) 
Buffing, Kang, Lee, Liu, arXiv:1812.07549

Factorization breaking in 
p+p → hadrons ; is it large?

qT

h

electron positron
Q2

e+e− annihilation

✘

no global fit 
is possible in 

TMD framework
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Transv.-Mom. Dependent  Parton Distributions 

=1f
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x
Quark-parton Model Interpretation of SIDIS: 

Transverse Momentum Dependent PDFs (TMDs)

5/23/2015 CIPANP 2015 6
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Mulders & Tangerman, 
N.P. B461 (96) 
Boer & Mulders,  
P.R. D57 (98) 
Bacchetta et al.,  
JHEP 02 (07) 093

TMD PDFs (x,kT2; Q)  at leading twist



TMD PDFs (x,kT2; Q)  at leading twist
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Transv.-Mom. Dependent  Parton Distributions 
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Quark-parton Model Interpretation of SIDIS: 

Transverse Momentum Dependent PDFs (TMDs)
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Alternative :  hadron-in-jet  framework

Kang, Liu, Ringer, Xing, JHEP 1711 (17), arXiv:1705.08443 
Kang, Prokudin, Ringer, Yuan, P.L. B774 (17), arXiv:1707.00913

proton proton

Factorization theorem for  jT ≪ Q 
universality for TMD fragmentation

jeth
jT

hybrid scheme:  
- TMD framework for TMD fragmentation 
- collinear framework for PDF

Q2

electron

proton

qT

h

Q2

SIDIS

qT

h

electron positron
Q2

e+e− annihilation

see Felix Ringer’s talks
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 Collins effect for hadron-in-jet
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Results / Status - Collins Asymmetry measurements (1)

STAR: Azimuthal single-spin asymmetry measurement of charged pions in jets
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4

FIG. 1. Azimuthal angle definitions, following the conventions
described in Ref. [43]. The direction of the beam polariza-
tion is denoted by !Sbeam, while the momenta of the polarized
beam, jet, and pion are, respectively, !pbeam, !pjet, and !pπ.

[43–45]. The pT of the jet and pion momentum trans-
verse to the jet axis provide the hard and soft scales, re-
spectively, necessary for TMD factorization. By studying
different modulations of the transverse single-spin asym-
metry

Asin(φ)
UT sin (φ) =

σ↑ (φ) − σ↓ (φ)

σ↑ (φ) + σ↓ (φ)
, (1)

one can isolate different physics mechanisms with sensi-
tivity to various aspects of the nucleon transverse polar-
ization structure, e.g. quark transversity and gluon linear
polarization. Measurements with high energy polarized-
proton beams will extend the kinematic reach in both x
and Q2 beyond the existing SIDIS measurements. The
SIDIS cross section scales with the square of the quark
charge, resulting in up quarks being weighted more than
down or strange quarks, a phenomenon often referred to
as u-quark dominance. Consequently a large fraction of
the observed π− yields arise from the unfavored frag-
mentation of u quarks. Hadroproduction eliminates u-
quark dominance, thereby providing enhanced sensitiv-
ity to the minority d quarks. Furthermore, polarized-
proton collisions are directly sensitive to gluonic subpro-
cesses, enabling the study of the role of gluons in the
transverse polarization structure of the nucleon. More-
over, since questions remain concerning the magnitude
of potential TMD factorization-breaking in hadronic in-
teractions [27–29], data from polarized-proton collisions
can provide unique and crucial experimental insight into
these theoretical questions.
Transverse single-spin asymmetries in the production

of jets and pions within jets have a rich structure, as
described in Ref. [43], the conventions of which we follow
in this article. For pions within jets, the spin-dependent
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FIG. 2. Fraction of NLO cross section [46, 47] arising from
quark-quark (dot-dashed), gluon-gluon (dotted), or quark-
gluon (solid) interactions. The fractions are shown as a func-
tion of jet pT for a collision energy of

√
s = 500 GeV.

terms in the cross sections can be generally expressed [43]

dσ↑ (φS ,φH)− dσ↓ (φS ,φH)

∼ d∆σ0 sin (φS)

+ d∆σ−
1 sin (φS − φH) + d∆σ+

1 sin (φS + φH)

+ d∆σ−
2 sin (φS − 2φH) + d∆σ+

2 sin (φS + 2φH) , (2)

where the d∆σ terms describe various combinations of
distribution and fragmentation functions. Sinusoidal
modulations in particle production can be measured with
respect to two azimuthal angles: φS , the azimuthal angle
between the proton transverse spin polarization vector
and the jet scattering plane, and φH , the azimuthal an-
gle of the pion relative to the jet scattering plane (Fig. 1).
The inclusive jet asymmetry, the sin(φS) modulation of
AUT , commonly expressed as AN , is driven by the twist-
3 distributions [17]. This observable is sensitive to the
kT -integrated Sivers function. The sin(φS − φH) modu-
lation of AUT yields sensitivity to transversity coupled to
the polarized Collins fragmentation function. Through
the sin(φS − 2φH) modulation of AUT , one may gain
sensitivity to gluon linear polarization coupled to the so-
called “Collins-like” fragmentation function, the gluon-
analog of the Collins fragmentation function. While the
quark-based Collins asymmetry has been measured in
SIDIS, the Collins-like asymmetry has never been mea-
sured; and gluon linear polarization in the polarized pro-
ton remains completely unconstrained. The sin(φS+φH)
and sin(φS+2φH) modulations are sensitive to the TMD
transversity distribution and the Boer-Mulders distribu-
tion [48] for quarks and gluons, respectively. As Ref. [43]
discusses in detail, these modulations are not expected
to be sizable at the present kinematics, even under max-
imized, positivity-bound scenarios.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

Spin-dependent term of sin(!S-!H) modulation of AUT yields sensitivity to h1 coupled to Collins fragmentation function 

Event selection: Jet-patch trigger / Jet finding using anti-kT algorithm (R=0,5, 500GeV) followed by charged pion selection 

within jet requiring 0.1 < z < 0.8 and dE/dx particle ID of TPC 

Embedded MC sample (PYTHIA 6.426 / Perugia 0 tune) for evaluation of systematic uncertainties / Good data-MC comparison 

!S: azimuthal angle 
between the proton 
transverse spin 
polarization vector and 
the jet scattering plane

!H:  azimuthal angle of the 
pion relative to the jet 
scattering plane

p↑ p 

φH angle of  
(pπ,pjet) plane and  
(pbeam,pjet) plane
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STAR: Collins asymmetry AUT at 500GeV compared to model calculations
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Models based on SDIS and e+/e- assuming robust factorization  and universality of the Collins function 

DMP / KPRY: No TMD evolution 

KPRY-NLL: TMD evolution up to NLLG 

General agreement between data and model calculations is consistent with assumptions of robust TMD-factorization and 

universality of the Collins function

DMP+2013: 

M. Anselmino, M. Boglione, 
U. D’Alesio, S. Melis,
F. Murgia, and A. Prokudin, 
Phys. Rev. D 87, 094019
(2013). 

U. D’Alesio, F. Murgia, and 
C. Pisano, Phys. Rev. D 83,
034021 (2011). 

U. D’Alesio, F. Murgia, and 
C. Pisano, arXiv:
1707.00914.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

KPRY / KPRY-NLL: 

Z.-B. Kang, A. Prokudin, 
F. Ringer, and F. Yuan,
arXiv:1707.00913.
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Ph

quark

ΦR

2RT

correlation sT and RT  → azimuthal asymmetry in ΦR

Alternative :  the  di-hadron  mechanism

Ph = P1+P2 
2R = P1-P2

kquark PhT

hadron

hadron 1

hadron 2

Collins effect

di-hadron  
mechanism

sT·(k × Ph)

sT·(P2 × P1)
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Ph

quark

ΦR

2RT

correlation sT and RT  → azimuthal asymmetry in ΦR

survives to  ∫ dPhT   →  Ph∥k 

if RT ≪ Q  correlation encoded in di-hadron FF (DiFF)  

pair invariant mass

Alternative :  the  di-hadron  mechanism

Ph = P1+P2 
2R = P1-P2

can be studied in collinear framework

H
^
1 (z = z1 + z2 , R

2
T / M

2
h ; Q2)
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kquark PhT

hadron

hadron 1

hadron 2

Collins effect

di-hadron  
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sT·(k × Ph)

sT·(P2 × P1)



64

proton 
deuteron

lepton

positron
π+π− 

π+K− 

K+K−

electron

π+π−

hermes

Adamczyk et al. (STAR), P.R.L. 115 (2015) 242501

Airapetian et al.,  
JHEP 0806 (08) 017

Adolph et al., P.L. B713 (12)
Braun et al.,  
E.P.J. Web Conf. 85 (15) 02018

Vossen et al., P.R.L. 107 (11) 072004

π+π−

e+e−  SIDIS 

p  p↑   
proton

proton

Adamczyk et al. (STAR), P.L. B780 (18) 332

Seidl et al., P.R. D96 (17) 032005

Global  fit  for  di-hadron  production

A
sin(�R+�S)
T / h1 H

^
1

f1 D1
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^
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D1 D̄1
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^
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f1 ⌦ f1 ⌦D1
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hermes

SIDIS pp collisions

Radici and Bacchetta, P.R.L. 120 (18) 192001 
arXiv:1802.05212

Our  global  fit

18 data points 4 data points

run 2006  
(s=200 GeV2)

10 independent data points
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probability density function of 
χ2 distribution for 22 d.o.f.

(for χ2/dof = 1 perfect overlap)

χ2/dof = 1.76 ± 0.11



The transversity from first ever global fit

up

down

Soffer 
bound

data

uncertainty band from  
90% of 600 replicas = 

max uncertainty on D1g(Q0)
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Comparison with other extractions

global fit

Torino  

Anselmino et al.,  
P.R. D87 (13) 094019

Radici and Bacchetta,  
P.R.L. 120 (18) 192001

TMD  
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Collins effect,  
only SIDIS data



Comparison with lattice

our global fit
Radici and Bacchetta,  

P.R.L. 120 (18) 192001

COMPARISON OF FULL TRANSVERSITY PDF WITH LATTICE QCD

�32
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Alexandrou, at al. arXiv:1902.00587 
Radici, Bacchetta, arXiv:1802.05212  
Lin et al., arXiv:1710.09858 

global fits

lattice calculation  
(quasi-PDF approach)

plot courtesy of F. Steffens

h1u−h1d   Q2=4 GeV2

JAM Collab.

Collins effect 
only SIDIS data

Lin et al.,  
P.R.L. 120 (18) 152502

constrained to 
gTu-d from lattice 

ETMC quasi-h1
Alexandrou et al.,  
P.R. D99 (19) 114504

courtesy of F. Steffens

data

= 1.38 GeV
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The  tensor  “charge”  of  the  proton 

  1st Mellin moment of transversity PDF  ⇒  tensor “charge”

�q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

  tensor charge connected to tensor operator

hP, Sp| q̄�µ⌫q |P, Spi = (PµS⌫
p � P ⌫Sµ

p ) �q

= (PµS⌫
p � P ⌫Sµ

p )

Z
dxhq�q̄

1 (x,Q2)

compute on lattice

extract transversity from data with 
transversely polarized protons

lattice δq

pheno δq
  preferably the isovector gT = δu-δd 

(cancellation of “disconnected” diagrams)

�q(Q2)
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TMD

Comparison  on  tensor charge 
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JAM  includes constraint       
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no simultaneous compatibility 
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“pheno δq” and “lattice δq”



Tension  “pheno” - “lattice” 

statistically  very  unlikely ….

if we constrain our global fit with lattice results for all 
components of tensor charge (up, down, isovector) 
the  χ2  clearly deteriorate

χ2/dof = 1.76 ± 0.11 χ2/dof = 2.29 ± 0.25
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gTlatt = 1.004 ± 0.057
_

δulatt = 0.782 ± 0.031
_

δdlatt = -0.218 ± 0.026
_

probability density function of χ2 distribution for … d.o.f.
22 d.o.f. 25 d.o.f.

���

���

��

� �� �� �� ��
�

���

���

���

���

���
��

χ2/dof = 1.82 ± 0.25

global fit global fit + gT global fit + gT + δu + δd

23 d.o.f.

main problem of  “pheno δq”  
is extrapolating outside data..
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The  Future

Mid-Term

JLab12

Hall B Hall A   SoLID

projection with  3He↑ and  p↑ data
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C12-11-111  Hall-B Single hadron channel: 

Q2=2.41 GeV2 

Anselmino et al., P.R. D92 (15) 114023

also: 
- need to include           data at s=500 GeV2 
- upcoming new data on deuteron from  
- need data on pp → (ππ)X from         to constrain D1gluon
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accelerator-based science and society, from medicine through materials science to elementary           
particle physics.”  
  
The location of the EIC is expected to be chosen after the U.S. Department of Energy has                 
started its staged project approval process. Future users will, to a considerable extent, be              
international, in particular European. The interested scientists world-wide are organized in the            
EIC User Group (EICUG, web site http://www.eicug.org/) which is governed by three            
committees:  

- the Institutional Board (IB), which is formed by a representative of each participating             
institution 

- the elected Steering Committee (SC), which organizes the regular business of the            
EICUG, and has one specific European Representative and currently another European           
as one of the 4 “at-large” members  

- the Election and Nominating Committee (ENC), which is charged to organize and            
conduct the elections of the SC members.  

The composition and detailed mission of each committee are regulated by a Charter that was               
formally approved by the EICUG in 2016. ​As of Dec. 3, 2018, ​the EICUG consists of 840                 
scientists from 177 institutions of 30 countries in all world regions, with a large European               
involvement consisting of about 230 scientists (2 ​7 ​%) from 58 institutions. About 27% of the              
European scientists are working on theory. The institutions ​and their involvement are listed in              
the addendum.  
 
  

 
Figure 1. Left: the phase space in (x,Q​2​) covered in polarized electron-proton DIS by two 
different setups for the EIC, in comparison with past and current DIS machines and RHIC 
(updated version of Ref. [3]). A center-of-mass energy in the range of 20-100 GeV is foreseen 
for the EIC, with 45 GeV having maximum luminosity and 140 GeV being the maximal energy 
after a possible future upgrade. Right: EIC kinematical reach for nuclei, compared to earlier 
nuclear DIS experiments. 
 

- need EIC to extend 
(x,Q2) coverage to 
have better handle 
on tensor charge

���� ���� ��� ��� �
�

�

�

�

�

�

�

	




��
�-�

-

��= ��� ��
�



•

Conclusions 

•with polarized TMDs many possible combinations 
allow to explore various aspects of motion of partons 
inside hadrons

Quark-parton Model Interpretation of SIDIS: 
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•Sivers effect tests QCD at its fundamental level and gives 
indirect information on partonic contribution to proton spin

•first “tomography” of Sivers effect available from data in a consistent TMD 
framework Bacchetta, Delcarro, Pisano, Radici, in preparation
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•Sivers effect tests QCD at its fundamental level and gives 
indirect information on partonic contribution to proton spin

•first “tomography” of Sivers effect available from data in a consistent TMD 
framework

•Transversity as prototype of chiral-odd objects; its Mellin moment (tensor 
charge) is a potential doorway to BSM

•first extraction of Transversity from global fit is available

•apparently, tension between tensor charge extracted from data and 
computed on lattice

Bacchetta, Delcarro, Pisano, Radici, in preparation

Radici and Bacchetta,  
P.R.L. 120 (18) 192001 
arXiv:1802.05212
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Much more to come with 

SIDIS Structure Functions in Terms of TMDs
• Only f1, g1, h1 survive integration 
over quark kT
• All eight leading-twist TMDs are 
accessible in SIDIS with polarized 
beams/targets via azimuthal angular 
dependence of the SIDIS cross section
• Physical observables are 
convolutions over two (unobserved) 
transverse momenta: 

• Initial quark kT
• Hadron pT relative to recoiling quark, 
generated during fragmentation
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….. ….. 

What’s  next  ?

•upcoming new data from JLab12

•future data from LHCb 
in fixed target mode 
(including polarization)

•future data from ALICE 
in fixed target mode
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Polarised target

VELO 
and SMOG2

Well consolidated technique 

Design follows the successful HERMES Polarised Gas Target  which ran at HERA 1996 – 
2005, and the follow-up PAX target operational at COSY (FZ Jülich)

!16

PGT experimental set-up

IH (100 % HERMES ABS flow) = 6.5·1016/s by a cell 30 cm long, 1.0 cm i.d., at 100K, with feed tube 10 cm long, 1.0 cm i.d.  
The resulting 100% PGT density is θ = 1.2 · 1014 cm-2  
For the future HL-LHC-25ns, the maximum Luminosity would be up to 8.3· 1032 cm-2 s-1  

https://indico.cern.ch/event/755856/
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Design follows the successful HERMES Polarised Gas Target  which ran at HERA 1996 – 
2005, and the follow-up PAX target operational at COSY (FZ Jülich)
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PGT experimental set-up

IH (100 % HERMES ABS flow) = 6.5·1016/s by a cell 30 cm long, 1.0 cm i.d., at 100K, with feed tube 10 cm long, 1.0 cm i.d.  
The resulting 100% PGT density is θ = 1.2 · 1014 cm-2  
For the future HL-LHC-25ns, the maximum Luminosity would be up to 8.3· 1032 cm-2 s-1  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•long future from EIC

accelerator-based science and society, from medicine through materials science to elementary           
particle physics.”  
  
The location of the EIC is expected to be chosen after the U.S. Department of Energy has                 
started its staged project approval process. Future users will, to a considerable extent, be              
international, in particular European. The interested scientists world-wide are organized in the            
EIC User Group (EICUG, web site http://www.eicug.org/) which is governed by three            
committees:  

- the Institutional Board (IB), which is formed by a representative of each participating             
institution 

- the elected Steering Committee (SC), which organizes the regular business of the            
EICUG, and has one specific European Representative and currently another European           
as one of the 4 “at-large” members  

- the Election and Nominating Committee (ENC), which is charged to organize and            
conduct the elections of the SC members.  

The composition and detailed mission of each committee are regulated by a Charter that was               
formally approved by the EICUG in 2016. ​As of Dec. 3, 2018, ​the EICUG consists of 840                 
scientists from 177 institutions of 30 countries in all world regions, with a large European               
involvement consisting of about 230 scientists (2 ​7 ​%) from 58 institutions. About 27% of the              
European scientists are working on theory. The institutions ​and their involvement are listed in              
the addendum.  
 
  

 
Figure 1. Left: the phase space in (x,Q​2​) covered in polarized electron-proton DIS by two 
different setups for the EIC, in comparison with past and current DIS machines and RHIC 
(updated version of Ref. [3]). A center-of-mass energy in the range of 20-100 GeV is foreseen 
for the EIC, with 45 GeV having maximum luminosity and 140 GeV being the maximal energy 
after a possible future upgrade. Right: EIC kinematical reach for nuclei, compared to earlier 
nuclear DIS experiments. 
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