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why  transversity (PDF / TMD) ? 

  1st Mellin moment of transversity  ⇒  tensor “charge”
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  tensor charge connected to tensor operator

 tensor operator not accessible in tree-level Standard Model  
 low-energy footprint of new physics at higher scales ? 
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why  di-hadron  mechanism ?
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collinear framework

- factorization theorems for all hard processes 
   → universality of  h1 H1<  mechanism

- simple product of PDF and IFF

Ex.:  SIDIS

x-dependence of ASIDIS all in PDF

)
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proton

factorization theorems for all hard processes

hermes

run 2006 (s=200)

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

data used in the global fit

f1 ⇥ h1 ⇥ H
^
1

available  experimental  data
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the  phase space

hermes
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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

run  2006    
s=200 GeV2

- mostly medium/high x → not enough for sea quark explorations 
- guess low-x behavior (relevant for calculation of tensor charge)



choice  of  functional  form

2|hq
1(x,Q

2)|  2 SBq(x,Q2) = |fq
1 (x,Q

2) + gq1(x,Q
2)|

Soffer Bound

MSTW08      DSSV

hqv
1 (x;Q2

0) = F qv (x)
h
SBq(x) + SB

q̄
(x)

i

functional form whose Mellin transform can be computed analytically 
and complying with Soffer Bound at any x and scale Q2



choice  of  functional  form

2|hq
1(x,Q
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1 (x,Q

2) + gq1(x,Q
2)|

Soffer Bound

MSTW08      DSSV

hqv
1 (x;Q2

0) = F qv (x)
h
SBq(x) + SB

q̄
(x)

i

functional form whose Mellin transform can be computed analytically 
and complying with Soffer Bound at any x and scale Q2

Cebn(x)  Cebyshev polynomial
10 fitting parameters

F qv (x) =
Nqv

maxx[|F qv (x)|] x
Aqv [1 +Bqv Ceb1(x) + Cqv Ceb2(x) +Dqv Ceb3(x)]

Soffer Bound ok at any Q2|Nqv |  1 ) |F qv (x)|  1

constrain parameters



low-x   behavior 

lim
x!0

xSBq(x) / xaq

hq
1(x) ⇡ xAq+aq�1x ! 0

tensor charge �q(Q2) =

Z 1

xmin

dxhq�q̄
1 (x,Q2)

constrain parameters

lim
x!0

F qv (x) / xAq }



low-x   behavior 

lim
x!0

xSBq(x) / xaq

hq
1(x) ⇡ xAq+aq�1x ! 0

tensor charge �q(Q2) =

Z 1

xmin

dxhq�q̄
1 (x,Q2)

constrain parameters

Accardi and Bacchetta, P.L. B773 (17) 632
Z 1

0
dx g2(x) /

Z 1

0
dx

h1(x)

x
Aq + aq > 1

�q finite  => Aq + aq > 0

small-x dipole picture   =>

Kovchegov & Sievert, arXiv:1808.10354

at Q0 Aq + aq ⇠ 1

“massive” jet in DIS → h1 at twist 3 
violation of Burkardt-Cottingham s.r.
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low-x   behavior 

lim
x!0

xSBq(x) / xaq

hq
1(x) ⇡ xAq+aq�1x ! 0

Aq + aq >
1

3

tensor charge �q(Q2) =

Z 1

xmin

dxhq�q̄
1 (x,Q2)

for xmin=10-6   from MSTW08

constrain parameters

Accardi and Bacchetta, P.L. B773 (17) 632
Z 1

0
dx g2(x) /

Z 1

0
dx

h1(x)

x
Aq + aq > 1

�q finite  => Aq + aq > 0

small-x dipole picture   =>

Kovchegov & Sievert, arXiv:1808.10354

at Q0 Aq + aq ⇠ 1

“massive” jet in DIS → h1 at twist 3 
violation of Burkardt-Cottingham s.r.

1)

2)

our choice

x ! 0
hqv
1 (x) ⇡ x1�2

q
↵s(Q2)Nc

2⇡

lim
x!0

F qv (x) / xAq }
low-x behavior important
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theoretical  uncertainties

- quark D1q is well constrained by e+e− → (π+π−) X   (Montecarlo)

we don’t know anything about the gluon D1g

our choice:    set D1g (Q0) =
0
D1u (Q0) / 4
D1u (Q0) {

deteriorates our e+e− fit as  χ2/dof =
1.69 
1.81 
2.96 

1.28 
1.37 
2.01 

background ρ       channels

{

unpolarized Di-hadron Fragmentation Function   D1

- gluon D1g is not constrained by e+e− → (π+π−) X  (currently, LO analysis)

- no data available yet for  p p → (π+π−) X  

~  1-hadron  D1g(Q0) 



statistical  uncertainty

automatically accounts for correlations

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance 
- create sets of virtual points to be fitted: 50, 100, 200 sets… until average 
   and standard deviation reproduce original exp. points (here, 200x3=600) 
-  exclude largest and smallest 5% => 90% band
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Adolph et al., P.L. B713 (12)

results

hermes

Airapetian et al.,  
JHEP 0806 (08) 017
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global fit published in 
Radici and Bacchetta, P.R.L. 120 (18) 192001



χ2  of  the  fit

χ2/dof = 1.76 ± 0.11

proton SIDIS     13 data points = 4             + 9hermes

deuteron SIDIS    9 data points =                + 9

                         24 data points   (4 η)x 4 + (10 Mh)x10 + (10 pT)x10
24 24 24
__ __ __

global fit     10 parameters
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probability density function of 
χ2 distribution for 22 d.o.f.

for χ2/dof = 1 perfect overlap
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comparison  with  previous  fit

Soffer 
bound

up
global fit

old fit

higher 
precision

Radici et al.,  
JHEP 1505 (15) 123

(only SIDIS data) 

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

equivalent to  
Collins extraction



comparison  with  previous  fit

Soffer 
bound

global fit

0

Radici et al.,  
JHEP 1505 (15) 123

D1g (Q0) = D1u /4
D1u{

up

insensitive to 
uncertainty on

gluon D1

up

old fit

higher 
precision

(only SIDIS data) 

Radici & Bacchetta,  
P.R.L. 120 (18) 192001
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comparison  with  previous  fit

Soffer 
bound down

global fit

old fit
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comparison  with  previous  fit
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down

need data from target more sensitive 
to down :   deuteron, 3He …



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)
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                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 
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Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

JAM includes 
“lattice data”
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results

hermes

Airapetian et al.,  
JHEP 0806 (08) 017
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Adolph et al., P.L. B713 (12)

Compass pseudo-data
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statistical error  ~  0.6  x  [ error in 2010 proton data ] 
    <A>  =  average value of replicas in previous global fit

pseudodata

add to previous set of data  
a new set of SIDIS pseudo-data for deuteron target

study impact on precision of previous global fit



impact  of  pseudo-data for deuteron

global fit + pseudodata

global fit  

0
D1g (Q0) = D1u /4

D1u{

down

ratio of  
widths

up

increase precision

data

���� ���� ��� ��� �
-���

-���

-���

���

���

���

���

�

� ��
�-�- ��= ��� ����

���� ���� ��� ��� �

���

���

���

���

���

���

���

�

���� ���� ��� ��� �

-���

-���

���

���

�

� ��
�-�

-

��= ��� ����

���� ���� ��� ��� �

���

���

���

���

���

���

���

�

data



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

JAM includes 
“lattice data”

u d

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

� � � � � � � � �

���

���

���

���

δ� u-d

�

-���

-���

-���

-���

���

���

���
δ�

SIDIS

global fit
pseudodata

global fit



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

JAM includes 
“lattice data”

u d

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

� � � � � � � � �

���

���

���

���

δ� u-d

�

-���

-���

-���

-���

���

���

���
δ�

�

����

����

����

����

����

δ�

SIDIS

global fit
pseudodata

global fit



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

JAM includes 
“lattice data”

u d

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

� � � � � � � � �

���

���

���

���

δ� u-d

SIDIS

� �

���

���

���

���

���

���
�� = δ�-δ�

4) SoLID  Ye et al., P.L. B767 (17) 91

SoLID

�

����

����

����

����

����

δ�

�

-���

-���

-���

-���

���

���

���
δ�

global fit
pseudodata

global fit



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

JAM includes 
“lattice data”

u d

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

� � � � � � � � �

���

���

���

���

δ� u-d

�

-���

-���

-���

-���

���

���

���
δ�

�

����

����

����

����

����

δ�

SIDIS

� �

���

���

���

���

���

���
�� = δ�-δ�

4) SoLID  Ye et al., P.L. B767 (17) 91
better precision
but tension with lattice confirmed

global fit



better  χ2

χ2/dof = 1.76 ± 0.11 χ2/dof = 1.12 ± 0.09
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CLAS12 pseudo-data

pseudodata C12-12-009

add to previous set of data  
a new set of SIDIS pseudo-data for proton target

study impact on precision 
of published global fit
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Figure 27: The projected statistical error for data on a hydrogen target (100 days of
HD-Ice) for the target asymmetry Asin φR sin θ

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

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

Analysis of already existing electroproduction data from CLAS with unpolarized
and longitudinally polarized targets has shown that JLab 6 GeV data are consistent
with the PYTHIA MC and proposed measurements are feasible.
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The measurement of the target SSA in hadron pair production off a transversely
polarized proton would allow precision measurements of flavor contribution of the
underlying transversity PDF.
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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
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discovered	by	LHCb collaboration	at	CERN
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impact  of  pseudo-data  for  proton

global fit + pseudodata
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linear scale

global fit + pseudodata
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up down

break down of Mellin moment

impact of CLAS12 pseudodata at large x (>0.2)
gives ~50% of up tensor charge

relative error  ΔgT/gT  from 82% → 43%
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better  χ2

χ2/dof = 1.76 ± 0.11 χ2/dof = 1.48 ± 0.10
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compatibility  with  lattice

add to  SIDIS+pp  data 
constraint to reproduce  gT  from lattice

gTlatt = 1.004 ± 0.057
_

are they compatible?

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

global fit



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

u d

2) global fit + constrain gT

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

� � � � � � � � �

���

���

���

���

δ� u-d

SIDIS

global fit



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503

u d

2) global fit + constrain gT

� � � � � � � � � �� ��
���

���

���

���

���

���

���
�� = δ�-δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

� � � � � � � � �

���

���

���

���

δ�

not yet full compatibility

u-d

SIDIS

global fit



impact  of  lattice gT constraint

global fit + lattice gT constraint
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χ2

χ2/dof = 1.76 ± 0.11 χ2/dof = 1.82 ± 0.25
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compatibility  with  lattice

add to  SIDIS+pp  data 
constraint to reproduce from lattice 

gT , δu , δd
gTlatt = 1.004 ± 0.057
_

δulatt = 0.782 ± 0.031 δdlatt = -0.218 ± 0.026
_ _

� � � � � � � � �

���

���

���

���

δ�

� � � � � � � � �

-���

-���

-���

-���

���

���

δ�

global fit

+ gT



8) PNDME ’18 

9) ETMC ’17 

10) RQCD ‘14 

11) LHPC ‘12 Green et al., P.R. D86 (12)

Bali et al., P.R. D91 (15)

Alexandrou et al., P.R. D95 (17) 114514; 
                       E  P.R. D96 (17) 099906 

lattice

tensor  charge 

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

Kang et al.,  P.R. D93 (16) 014009

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

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

Q2=4 GeV2 *

3) global fit ’17

5) “TMD fit”  * Q2=10 

6) Torino fit    * Q2=1

7) JAM fit ’17 * Q02=2

Gupta et al., P.R. D98 (18) 034503
1) global fit + constrain gT , δu , δd
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χ2

χ2/dof = 1.76 ± 0.11 χ2/dof = 2.29 ± 0.25
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compatible,  but… statistically very unlikely !
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➡ refit di-hadron fragmentation functions using new data:           
e+e− → (ππ) Χ  constrains  D1q                                     

(currently only by Montecarlo)                              

Radici et al.,  
P.R. D94 (16) 034012

More  (existing)  data …  

➡ use also other (multi-dimensional) 
data from STAR run 2011 (s=500) 
and (later) run 2012 (s=200)

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

)2 (GeV/cinvM
0.5 1 1.5 2

U
T

A

0

0.05
 = 500 GeVs = 13 GeV/c for 〉

T
p〈

 = 200 GeVs =  6 GeV/c for 〉
T

p〈

 > 0η

4.5% scale uncertainty
due to beam polarization

 = 500 GeVs et al.Radici, 
 = 500 GeVsSTAR 
 = 200 GeVsSTAR 

particle ID
trigger bias

Figure 7: The azimuthal asymmetry as a function of invariant mass in the highest pT bin compared with predictions from fits
to existing SIDIS and e+e� data provided by the same authors as [12]. Details on the calculation can be found in [36].

The ⇡+
⇡
� azimuthal correlation observable, AUT , is defined in Eq. (6), where P is the beam polarization

and N
"(#) is the number of pion pairs when the polarization of the beam is pointing up (down). The

combination of di↵erent polarization directions and detector hemispheres removes luminosity and e�ciency

dependencies from the asymmetry calculation to leading order [38].

AUT is calculated for eight �RS bins of equal width in the range [0,⇡], which are then fitted with a

single-parameter function, AUT · sin(�RS), to extract the amplitude. This procedure is carried out as a

function of the pseudorapidity of the pion pair, which is denoted as ⌘ for the remainder of this report. ⌘ >

0 is forward with respect to the polarized beam direction. AUT is also measured as a function of invariant

mass, Minv, and pT .

AUT · P · sin(�RS) =

p
N"(�RS)N#(�RS + ⇡)�

p
N#(�RS)N"(�RS + ⇡)p

N"(�RS)N#(�RS + ⇡) +
p
N#(�RS)N"(�RS + ⇡)

. (6)

The scale uncertainty due to the beam polarization in this analysis is 4.5%. We investigated a potential

bias of the triggered events towards pions that come from quark jets, which could result in an enhancement

of the measured asymmetries, since gluons are not expected to contribute to transversity. To investigate this

bias, particles produced in p+p simulated events from PYTHIA 6.426 [39] with the Perugia-0 tune [40], were

processed through a detector simulator (GSTAR package based upon GEANT 3.21/08T [41]), and then used

to estimate the quark/parton ratio of a biased sample over the quark/parton ratio in an unbiased sample.

11

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

➡ use COMPASS data on πK and KK channels, and from Λ↑ fragmentation:   
constrain  strange contribution  ?

Di-hadron

p-p↑ collisions

SIDIS



•

Conclusions  /  Open Problems 

• first global fit of di-hadron inclusive data leading to extraction of 
transversity as a PDF in collinear framework

• inclusion of STAR p-p↑ data increases precision of up channel; large                                      
uncertainty on down due to unconstrained  gluon unpolarized di-hadron 
fragmentation function → need more/better “neutron target” data

• adding Compass SIDIS pseudo-data for deuteron increases precision of 
down, but leaves this scenario unaltered

THANK   YOU

• NO apparent simultaneous compatibility with lattice for tensor charge in 
up, down, and isovector channels                             

• it is possible to force replicas to be compatible with data and lattice but 
situation is statistically very unlikely

• adding CLAS12 SIDIS pseudo-data for proton affects large x (error of up 
tensor charge reduced by ~2x), but tension with lattice even increased

enlarging the covered x-range is crucial → (target)↑ program at JLab12 !



•

Back-up  



 55

the  leading-twist   PDF / TMD   map 

U L T

U f1 h1⊥

L g1L h1L⊥

T f1T⊥ g1T h1  h1T⊥

quark polarization

nu
cl

eo
n 

po
la

ri
za

tio
n

f1

g1

h1

1-  h1 needed as the 3rd basic quark PDF for spin-1/2 objects

2-  address novel QCD dynamics in the chiral-odd sector, also as TMD
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potential  for  BSM discovery ?  

• Both approaches needed to reconstruct the structure, symmetries,  
and parameters of LBSM  

Two strategies

LHC

LANSCE

ACME

• Both approaches needed to reconstruct the structure, symmetries,  
and parameters of LBSM  

Two strategies

LHC

LANSCE

ACME

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

1- direct access 
    to new particles

2- indirect access  
    virtual effects

MBSM 
high energy

E

Eexp ≪ MBSM    
low energy  

high precision

 footprint:  
new local 
operators

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

The low-energy footprints of LBSM

• The low-energy footprints of heavy new physics: local operators

Familiar example: 
W q2 << MW2

 GF ~ g2/Mw2 

gg

Example: 
weak CC  

interaction
q2 ≪ MW2

at least, two ways of searching :
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Examples of  direct access 

- p p → e− ν + Χ    search for W’ → e− ν  with W’ heavy partner of W

 [TeV]W'm
1 2 3 4 5 6

) [
pb

]
νe

→
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R(
W

'
×

W
') 

→
(p

p
σ

4−10
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ATLAS

ν e→W' 
-1 = 13 TeV, 36.1 fbs

95% CL

(a)
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Figure 2: Observed (solid black line) and expected (dashed black line) upper limits on cross-section times branch-
ing ratio (� ⇥ BR) as a function of the SSM W 0 boson mass in the (a) electron, (b) muon and (c) combined electron
and muon channels. The 1� (green) and 2� (yellow) expected limit bands are also shown. The predicted � ⇥ BR
for SSM W 0 production is shown as a red solid line. For illustration the uncertainties in � ⇥ BR from the PDF, ↵s
and the renormalisation and factorisation scales are also shown as red-dashed lines.

12

theory data

limits on cross section

MW’ > 5.1−5.2 TeV  at 95% C.L. 

puts contraints on BSM operators 
including  scalar (εS) & tensor (εT) background

—————

constraints reinforced including 
p p → Z’ → e− e+ + X

Aaboud et al. (ATLAS), E.P.J. C78 (18) 401

19

Current β decays
Current LHC

Future β decays
Future LHC

Current pp → eνe 
Current pp → e+e−

FIG. 8. Current and projected 90% C.L. constraints on ✏S and ✏T defined at 2 GeV in the MS scheme. (Left) The beta decays
constraints are obtained from the recent review article Ref. [80]. The current and future LHC bounds are obtained from the
analysis of the pp ! e +MET +X. We have used the ATLAS results [81], at

p
s = 13 TeV and integrated luminosity of 36

fb�1. We find that the strongest bound comes by the cumulative distribution with a cut on the transverse mass at 2 TeV.
The projected future LHC bounds are obtained by assuming that no events are observed at transverse mass greater than 3
TeV with an integrated luminosity of 300 fb�1. (Right) Comparison on current LHC bounds from pp ! e+MET +X versus
pp ! e+e� +X.

keeping up to three excited states in the analysis of data
at multiple values of source-sink separation ⌧ . Together,
these two improvements allow us to demonstrate that the
excited-state contamination in the axial and the tensor
channels has been reduced to the 1�2% level. The high-
statistics analysis of eleven ensembles covering the range
0.15–0.06 fm in the lattice spacing, M⇡ = 135–320 MeV
in the pion mass, and M⇡L = 3.3–5.5 in the lattice size
allowed us to analyze the three systematic uncertainties
due to lattice discretization, dependence on the quark
mass and finite lattice size, by making a simultaneous fit
in the three variables a, M2

⇡
and M⇡L. Data from the

two physical mass ensembles, a09m130 and a06m135, an-
chor the improved chiral fit. Our final estimates for the
isovector charges are given in Eq. (15).

One of the largest sources of uncertainty now is from
the calculation of the renormalization constants for the
quark bilinear operators. These are calculated nonper-
turbatively in the RI-sMOM scheme over a range of val-
ues of the scale Q2. As discussed in Ref. [3], the dominant
systematics in the calculation of the Z’s comes from the
breaking of the rotational symmetry on the lattice and
the 2-loop perturbative matching between the RI-sMOM
and the MS schemes.

Our estimate g
u�d

A
= 1.218(25)(30) is about 1.5�

(about 5%) below the experimental value gA/gV =
1.2766(20). Such low values are typical of most lattice
QCD calculations. The recent calculation by the CalLat
collaboration, also using the 2+1+1-flavor HISQ ensem-
bles, gives gu�d

A
= 1.271(13) [47]. A detailed comparison

between the two calculations is presented in Sec VII. We
show in Table XI that results from seven ensembles, that
have been analyzed by both collaborations, agree within

1� uncertainty. Our analysis indicates that the majority
of the di↵erence comes from the chiral and continuum ex-
trapolations, with 1� di↵erences in individual points get-
ting amplified. Given that CalLat have not analyzed the
fine 0.06 fm ensembles and their data on the two physical
pion mass ensembles, a15m130 and a12m130 have much
larger errors and do not contribute significantly to their
chiral fit, we conclude that our error estimate is more
realistic. Further work is, therefore, required to resolve
the di↵erence between the two results.
Our results for the isovector scalar and tensor charges,

g
u�d

S
= 1.022(80)(60) and g

u�d

T
= 0.989(32)(10), have

achieved the target accuracy of 10% needed to put
bounds on scalar and tensor interactions, ✏S and ✏T , aris-
ing at the TeV scale when combined with experimental
measurements of b and b⌫ parameters in neutron decay
experiments with 10�3 sensitivity [13]. In Sec. VIII, we
update the constraints on ✏S and ✏T from both low en-
ergy experiments combined with our new lattice results
on g

u�d

S
and g

u�d

T
and from Atlas and CMS experiments

at the LHC. We find that the constraints from low energy
experiments combined with matrix elements from lattice
QCD are comparable to those from the LHC.
For the tensor charges, we find that the dependence on

the lattice size, the lattice spacing and the light-quark
mass is small, and the simultaneous fit in these three
variables, keeping just the lowest-order corrections, has
improved over that presented in Ref. [1].
We have also updated our estimates for the connected

parts of the flavor-diagonal charges. For the tensor
charges, the contribution of the disconnected diagram is
consistent with zero [1, 2], so the connected contribution,
g
u

T
= 0.790(27) and g

d

T
= �0.198(10) for the proton, is

Gupta et al. (PNDME),  
P.R. D98 (18) 034503
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Examples of  indirect access 

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

�q(Q2) =

Z 1

0
dxhq�q̄

1 (x,Q2)
lattice

pheno

- nuclear β-decay: effective field theory including operators not 
                               in SM Lagrangian; for example, tensor operator

hadron level
CT p̄�µ⌫n ē�µ⌫(1� �5)⌫e

quark level
hp| ū�µ⌫ d |ni ✏T ē�µ⌫(1� �5)⌫eCT $ gT ✏T

exp. data ?

gT = �u� �d
isovector tensor charge

dn = �u du + �d dd + �s ds
tensor charge

hP, S| q̄�µ⌫q |P, Si
= (PµS⌫ � P ⌫Sµ) �q transversity

✏� g� ⇡ M2
W

M2
BSM
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extraction of transversity 

transversity is chiral-odd → need a chiral-odd partner

- itself :  fully polarized Drell-Yan       ✘

- Collins function :  the Collins effect          h
q

TMD framework    h1 as TMD

- IFF :  the di-hadron mechanism          
h1

h2

q

collinear framework    h1 as PDF

- hadron-in-jet mechanism :          mixed framework   h1 as PDF
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Ph

Ph = P1+P2 
2R = P1-P2

quark

ΦR

2RT

PhT

correlation ST and RT  → azimuthal asymmetry

survives to  
polar  

symmetry  
(  ∫ dPhT  )

H
^
1RT≪Q

  2-hadron-inclusive  production  

Mh
invariant mass

framework
collinear

factorization
Collins, Heppelman, Ladinsky,  
N.P. B420 (94)
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advantages of  di-hadron mechanism

A
sin(�R+�S)
SIDIS (x, z,M2

h) ⇠ �
P

q e
2
q h

q
1(x)

|RT |
Mh

H
^
1,q(z,M

2
h)P

q e
2
q f

q
1 (x) D1,q(z,M2

h)

isospin symmetry
charge conjugation

collinear framework

- factorization theorems for all hard processes 
   → universality of  h1 H1<  mechanism

- simple product of PDF and IFF Ex.:  SIDIS

x-dependence of ASIDIS all in PDF

- flavor sum simplified by symmetries of IFF 
   +  data on proton and deuteron targets 
   →  separate valence up and down

}

)
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advantages of  di-hadron mechanism

A
sin(�R+�S)
SIDIS (x, z,M2

h) ⇠ �
P

q e
2
q h

q
1(x)

|RT |
Mh

H
^
1,q(z,M

2
h)P

q e
2
q f

q
1 (x) D1,q(z,M2

h)

H
^u
1 = �H

^ d
1

H
^ q
1 = �H

^ q
1

D
q
1 = D

q
1

isospin symmetry

charge conjugation} +
data on proton  
and deuteron targets

xh
u�ū
1 + xh

d�d̄
1 = F̃

⇥
A

D
SIDIS data, H

^u
1 , f

q
1D

q
1

⇤

xh
u�ū
1 � 1

4
xh

d�d̄
1 = F [Ap

SIDIS data, H
^u
1 , f

q
1D

q
1] proton 

deuteron

separate valence up and down

 π+π− 

tree level
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IFF  symmetries

u

ud du

X

RT

π+ π−

d

ud du

X

-RT

π+π−

valid only for (π+π−) pairs and at tree level

H
^u
1 = �H

^ d
1

H
^ q
1 = �H

^ q
1

D
q
1 = D

q
1

isospin symmetry

charge conjugation}



Stratmann & Vogelsang,  
P.R. D64 (01) 114007

to be computed thousands times… usual trick:  use Mellin anti-transform

N ϵ ℂ

pre-compute Fb only one time  
on contour CN 

Im N

Re Npoles of h1N

CN

this speeds up convergence 
and facilitates  ∫ dN , provided 
that h1N is known analytically

h1(x,Q
2) =

Z

CN

dN x�N hN
1 (Q2)

d�UT

d⌘
/

Z
d|PT |dMh

X

a,b,c,d

Z
dxadxb

8⇡2z̄
f
a
1 (xa)h

b
1(xb)

d�̂ab"!c"d

dt̂
H

^ c
1 (z̄,Mh)

Fb(N, ⌘, |PT |,Mh)

dσ (η,Mh,PT)   typical cross section for   a+b↑→c↑+d   process

d�UT

d⌘
/

X

b

Z

CN

dN

Z
d|PT | hN

1b(P
2
T )

Z
dMh

X

a,c,d

Z
dxadxb

8⇡2z̄
f
a
1 (xa)x

�N
b

d�̂ab"!c"d

dt̂
H

^ c
1 (z̄,Mh)

hadronic collisions in Mellin space



statistical  uncertainty

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance 
- create sets of virtual points to be fitted: 50
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statistical  uncertainty

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance 
- create sets of virtual points to be fitted: 50, 100
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statistical  uncertainty

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance 
- create sets of virtual points to be fitted: 50, 100, 200 sets…
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statistical  uncertainty

the bootstrap method

- shift each exp. point by Gaussian noise within exp. variance 
- create sets of virtual points to be fitted: 50, 100, 200 sets… until average 
   and standard deviation reproduce original exp. points (here, 200x3=600)
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isovector  tensor  charge  gT = δu - δd

Q2=4 GeV2

CONF12

Figure 5. Results on the isovector scalar (left) and tensor (right) charges for TM clover-improved fermions at the
physical point.

view of plans to measure gT in the SIDIS experiment on 3He/Proton at JLab. In Fig. 5 we show re-
sults on the isovector gS and gT for the physical TM ensemble, extracted using ⇠ 9260 statistics for
ts/a = 10, 12, 14, ⇠ 48000 for ts/a = 16 and ⇠ 70000 for ts/a = 18. As can be seen, the scalar charge
shows large excited state contributions and a larger ts � t0 is required as compared to e.g. gT in order
to extract the correct matrix element. We find that ts � t0

⇠

> 1.5 fm at the physical point is needed for
convergence. Using the plateau method we find gu�d

S = 0.93(25)(33) and gu�d
T = 1.00(2)(1), where

the second error is estimated from the di↵erence between the plateau value and the two state fit re-
sult [19]. In Fig. 6 we compare lattice results using di↵erent discretization schemes, lattice spacings
and volumes. The fact that lattice results agree among them indicates small lattice artifacts for these
improved lattice actions.

Figure 6. Comparison of results for the isovector scalar (left) and tensor (right).

In order to compute individual quark contributions one needs to evaluate the disconnected con-
tributions to the matrix element. Using recently developed methods that combine exact deflation and
stochastic evaluation of the all-to-all quark propagator on graphics cards (GPUs) we are able to reach
enough statistics to extract meaningful values. In Fig. 7 we show the disconnected contribution to the
isoscalar axial charge gu+d

A and strange gs
A. Both contributions are non-zero and have to be taken into

account. We find for the disconnected contribution gu+d
A = �0.15(2) using 854,400 statistics and com-

bining with the isovector we obtain gu
A = 0.826(26) and gd

A = �0.386(14) while gs
A = �0.042(10) com-

puted with 861,200 statistics. The corresponding values for the scalar charge are gu+d
S = 8.25(51)(13)

Alexandrou, arXiv:1612.04644

1.1

0.95

lattice results  
with different  

discretization schemes, lattice spacings, volumes

lattice quasi-PDF 
see also arXiv:1803.04393 (LP3)



impact  of  “full” lattice constraint

global fit + lattice (gT, δu,δd) constraint
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higher up, even within  
x-range of data



truncated  tensor  charge  

up down

truncated 
δq[0.0065,0.35]       Q2 = 10

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

Kang et al.,  P.R. D93 (16) 0140093) global fit ’17 5) “TMD fit” 

2) global fit + constrain gT

1) global fit + constrain gT , δu , δd
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