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The  “exotic”  parton  densities
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The  EIC  Golden  and  Silver  Measurements

The  EIC  White Paper 

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.

41

Accardi et al., E.P.J. A52 (16) 268, arXiv:1212.1701 ,  see also    Boer et al., arXiv:1108.1713
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SIDIS Drell-Yan
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Sivers function SIDIS = − Sivers function Drell-Yan
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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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[24] S. Bültmann et al., Phys. Lett. B 632 167 (2006);
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the  Sivers  Spin Asymmetry in  SIDIS
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Sivers recent extractions:  JAM20

Cammarota et al. (JAM20),  
PR D102 (20) 054002, arXiv:2002.08384
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global fit of all Sivers/Collins SSA in SIDIS, DY, W/Z-production, e+e-

standard “extended parton model” : TMD(x,kT;Q) = PDF(x;Q) Gauss(kT)

DGLAP evo no evo

parameters fitted to HERMES π and K multiplicities

Sivers
∝

SIDIS cuts => total 517 SSA pts: 126 + 12 + 17 Sivers 
Q2 ≥ 1.6 GeV2       0.2 ≤ z ≤ 0.6 
0.2< PhT < 0.9 GeV

SIDIS cuts => total 807 pts

SIDIS DY W/Z
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Sivers recent extractions:  JAM20

Cammarota et al. (JAM20),  
PR D102 (20) 054002, arXiv:2002.08384

f?
1T D1

f1 D1

⨂
⨂

Asin(�h��S)
T

<latexit sha1_base64="XBQZI44kBWIZm/eBPGfSjz4yo5s=">AAACKHicbZC9TsMwFIWd8h/+CowsFg0SDFRJGWAssDCCoLRSUyLHXFqrzo/sG6QqygvwKEys8BRsiJWddyANGWjhTEfn3Ktrf34shUbb/jAqM7Nz8wuLS+byyuraenVj80ZHieLQ4pGMVMdnGqQIoYUCJXRiBSzwJbT94dm4bz+A0iIKr3EUQy9g/VDcC84wj7yqZVnmiZdeZ7epq0VI99x4ILwBPaCFudrPTMvyqjW7bheif41TmhopdeFVv9y7iCcBhMgl07rr2DH2UqZQcAmZ6SYaYsaHrA/d3IYsAN1Li99kdDfRDCMag6JC0iKE3xspC7QeBX4+GTAc6OluHP7XdRO8P+6lIowThJCPD6GQUBzSXIkcE9A7oQCRjV8ONOfBmWKIoARlnOdhknObOOgHmZnzcaZp/DU3jbpzWG9cNmrN05LUItkmO2SPOOSINMk5uSAtwskjeSYv5NV4Mt6Md+PjZ7RilDtbZELG5zeWYqRd</latexit>

global fit of all Sivers/Collins SSA in SIDIS, DY, W/Z-production, e+e-

standard “extended parton model” : TMD(x,kT;Q) = PDF(x;Q) Gauss(kT)

DGLAP evo no evo

parameters fitted to HERMES π and K multiplicities

Sivers
∝

SIDIS cuts => total 807 pts

not all independent

TMD(pion) = TMD(proton)SIDIS cuts => total 517 SSA pts: 126 + 12 + 17 Sivers 
Q2 ≥ 1.6 GeV2       0.2 ≤ z ≤ 0.6 
0.2< PhT < 0.9 GeV

SIDIS DY W/Z
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Sivers recent extractions:  JAM20

Cammarota et al. (JAM20),  
PR D102 (20) 054002, arXiv:2002.08384
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Full  TMD  framework
First extraction of Sivers function 
with consistent TMD description 

Bacchetta, Delcarro, Pisano, Radici, 
arXiv:2004.14278

from global fit PV17 
SIDIS + DY + Z-boson (8059 points)

f?
1T D1

f1 D1

⨂

⨂
Asin(�h��S)

T
<latexit sha1_base64="XBQZI44kBWIZm/eBPGfSjz4yo5s=">AAACKHicbZC9TsMwFIWd8h/+CowsFg0SDFRJGWAssDCCoLRSUyLHXFqrzo/sG6QqygvwKEys8BRsiJWddyANGWjhTEfn3Ktrf34shUbb/jAqM7Nz8wuLS+byyuraenVj80ZHieLQ4pGMVMdnGqQIoYUCJXRiBSzwJbT94dm4bz+A0iIKr3EUQy9g/VDcC84wj7yqZVnmiZdeZ7epq0VI99x4ILwBPaCFudrPTMvyqjW7bheif41TmhopdeFVv9y7iCcBhMgl07rr2DH2UqZQcAmZ6SYaYsaHrA/d3IYsAN1Li99kdDfRDCMag6JC0iKE3xspC7QeBX4+GTAc6OluHP7XdRO8P+6lIowThJCPD6GQUBzSXIkcE9A7oQCRjV8ONOfBmWKIoARlnOdhknObOOgHmZnzcaZp/DU3jbpzWG9cNmrN05LUItkmO2SPOOSINMk5uSAtwskjeSYv5NV4Mt6Md+PjZ7RilDtbZELG5zeWYqRd</latexit>

∝

Bacchetta et al., JHEP 1706 (17) 081; E 1906 (19) 051  
arXiv:1703.10157

Sivers recent extractions:  PV19

f1(x,kT;Q0) = f1(x;Q0) NP0(x,kT)

f1(x,kT;Q)

TMD evo at LO+NLL

f1T⏊(x,kT;Q0) = f1T⏊(1)(x;Q0) NP(x,kT)

TMD evo at LO+NLL 
checking positivity

f1T⏊(1)(x,kT;Q)

fit PV19
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deuteron [6LiD] Proton [NH3]

hermes

proton [H] 
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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

Same cuts as in PV17 global fit 
Q2 ≥ 1.4 GeV2       0.2 ≤ z ≤ 0.7 
PhT < min[0.2Q, 0.7Qz] + 0.5 GeV

300 data points → 118 data fitted 
14 free parameters 
χ2/d.o.f. = 1.06 ± 0.10

10

��� ��� ��� ��� ��� ���
�

��

��

��

��

��

��
��/�����

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.

analysis of statistical error 
with replica method (200) 
68% confidence level

Adolph et al.,  
P.L. B770 (17) 138

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

Airapetian et al.,  
P.R.L. 103 (09) 152002

Alekseev et al.,  
P.L. B673 (09) 127

Bacchetta, Delcarro, Pisano, Radici,  
arXiv:2004.14278

Sivers recent extractions:  PV19�,&�' #�$)�"���)�
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deuteron [6LiD] Proton [NH3]

hermes

proton [H] 

95
data points

88
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

fit of Sivers SSA only in SIDIS

but only    x  , z, PhT projections 
          included
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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,  
arXiv:2004.14278

sea  10-1 × smaller

Sivers recent extractions:  PV19

Cammarota et al. (JAM20),  
PR D102 (20) 054002, arXiv:2002.08384
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Bacchetta, Delcarro, Pisano, Radici,  
arXiv:2004.14278

2

2

2



15

Sivers recent extractions:  EKT

Echevarria, Kang, Terry, arXiv:2009.10710

fit of all Sivers SSA in SIDIS, DY   with/without  W/Z-production

Full TMD framework;  analysis at NLO+NNLL

same doubts as for JAM20:  
• not all data used for DY and W/Z are independent 
• TMD (pion) ?

impact of STAR data

see next talk 
by Terry
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New methods:  jets

Arratia et al.,  
PR D102 (20) 074015, arXiv:2007.07281

electron-jet azimuthal correlations =>  Sivers effect

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

based on

potential impact of EIC

see talk 
by Scimemi 

on Wednesday



The  short-term  future

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
-2

10
-1

1

10

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) 

gluon Sivers function
see talk 
by Boer 

on Tuesday

see talks 
by Rossi  
and Gao 

on Tuesday

Compass                of course
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Transversity :  both PDF and TMD

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

PDFs  @twist=2 =1f
pT

x

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

max ΔsL = |S’L-SL|

see talk 
by Kumano 

on Wednesday



Why Transversity :  BSM  connections 

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

dn = �u du + �d dd + �s ds

+  tensor chargeexp. bounds �q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

- nuclear β-decay: EFT can include  tensor operator

hadron level : n→p e− νe quark level : d→u e− νe

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

gT = �u� �d

isovector tensor charge

−

unknown εT

exp. bounds

�q(Q2)
<latexit sha1_base64="76/2p/sMfYsUAs9IaMHUA5VQVEs=">AAACGHicbVC7TgJBFJ3FF64vfHQ2E8EEG7KLhZZEG0tI5JEAkrvDBSfOPpy5a4KEH7Gy1a+wM7Z2foT/4IIUAp7q5Jx7c06OFylpyHG+rNTS8srqWnrd3tjc2t7J7O7VTBhrgVURqlA3PDCoZIBVkqSwEWkE31NY9+4ux379AbWRYXBNgwjbPvQD2ZMCKJE6mYNczm51URHwe56v3BRP7Fyuk8k6BWcCvkjcKcmyKcqdzHerG4rYx4CEAmOarhNRewiapFA4sluxwQjEHfSxmdAAfDTt4aT9iB/HBijkEWouFZ+I+PdjCL4xA99LLn2gWzPvjcX/vGZMvfP2UAZRTBiIcRBJhZMgI7RMZkHelRqJYNwcuQy4AA1EqCUHIRIxTnaaCfT8kZ3s486vsUhqxYJ7WihWitnSxXSpNDtkRyzPXHbGSuyKlVmVCfbIntkLe7WerDfr3fr4PU1Z0599NgPr8wej2p2N</latexit>



hermes

SIDIS pp collisions

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

Di-hadron  PV18  fit :   h1(x)  as a  PDF

18 data points 4 data points

run 2006  
(s=200 GeV2)

10 independent data points

χ2/dof = 1.76 ± 0.1110 fitting parameters

  global PV18 fit (with IFF fixed to e+e-)

• functional form fulfilling Soffer bound at any (x, Q2) + 
constraint at low x to give finite 1st Mellin moment

• LO analysis + error estimate on unknown D1g 
• replica method for statistical error analysis



up

down

Soffer 
bounddata

• uncertainty band from 90% of 600 
replicas = max uncertainty on D1g(Q0)
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• compares very well with extraction from 
Collins effect in TMD framework

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

Torino group

Di-hadron  PV18  fit :   h1(x)  as a  PDF



di-hadron  D1q  <=>  Belle  (PRELIMINARY)

Courtoy et al., P.R. D85 (12) 114023

• evolve up to NLO and build unpolarized cross section as function of 
(z, Mh)   z = zπ++zπ-   Mh = pair invariant mass

•compare prediction with BELLE data for unpolarized cross section 
(need to adjust normalization)

• take functional forms used to fit yield of (π+π−)  from PYTHIA at BELLE kin.

Seidl et al., P.R. D96 (17) 032005
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apart from 0.2<z<0.3, 
extraction of transversity based 

on realistic di-hadron D1…

di-hadron  D1q  <=>  Belle  (PRELIMINARY)



convergence of perturbative expansion:  
NLO is already a good compromise
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Transversity recent extractions:  JAM20

Cammarota et al. (JAM20),  
PR D102 (20) 054002, arXiv:2002.08384

global fit of all Sivers/Collins SSA in SIDIS, DY, W/Z-production, e+e-

no TMD framework
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Tensor  charges

Cammarota et al. (JAM20),  
PR D102 (20) 054002, arXiv:2002.08384

PV18 
PV18 

discrepancy with lattice <=> Soffer bound ?

lattice 



Role  of  Soffer  bound

D’Alesio et al.,  
PL B802 (20) 135347, arXiv:2001.01573

fit of Compass & Hermes data  
             for Collins effect 
no TMD framework

no SB

SB

tensor charges

up   
(δu)

down  
(δd)

gT



Role  of  Soffer  bound

D’Alesio et al.,  
PL B802 (20) 135347, arXiv:2001.01573

fit of Compass & Hermes data  
             for Collins effect 
no TMD framework

no SB

SB

tensor charges

up   
(δu)

down  
(δd)

gT

relaxing Soffer bound constraint
largely affects down

and pushes gT towards lattice pts.

see also  
for error induced by  
more flexible parametrization

Benel et al., EPJ C80 (20) 5, arXiv:1912.03289



Future  perspectives

perspectives from my simulations  
with some pseudo-data 

short-term => 
  

long-term =>

1

[p-p]  9  

 [e+-e-]  10 

SuperB  

              [e+-e-] 

      Babar  10 [e-p]  5  Hall-A,B,C    

Star, Phenix, Brahms, AnDY 

  [p-p]  1000  

E906  [p-p]  15  

          [µ-p]  18   

         Compass    

[p-p]  - 

Panda  5  Pax  15 

           [e-p]  7     Spascharm 

[p-p]  12  

[p-p]  25  

Nica 

Hermes 

   [e+-e-]  10 

Belle, Belle-II  KEK 

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

di-hadron channel



Adolph et al., P.L. B713 (12)

PV18 :   impact of 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 data of PV18 global fit  
a new set of SIDIS pseudo-data for deuteron target

study impact on precision of previous global fit

arXiv:1812.07281
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Adolph et al., P.L. B713 (12)

pseudodata C12-12-009

add to data of our global fit 
a new set of SIDIS pseudo-data for proton target

study impact on precision 
of published global fit
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hermes

Airapetian et al.,  
JHEP 0806 (08) 017
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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.

Beam Request

We ask the PAC to award 110 days of beam time for a dedicated high
statistics SIDIS experiment with a transversely polarized target.

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

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

currently,  χ2/dof = 2.12 ± 0.09     still working on it…

add to data of PV18 global fit 
the set of STAR data at s=500 GeV2 Adamczyk et al. (STAR),  

P.L. B780 (18) 332

run 2011  
(s=500 GeV2)

32 indep.  
data points

more data coming from                 at s=200 GeV2



includes only 10x100 [GeV] energy configuration 
for both proton and 3He ;  total  3852 data pts. 
error on IFF assumed scaling ~ 2/√Npts

PV18 :   impact of EIC pseudo-data
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data

Alexandrou et al., arXiv:1909.00485
1) ETMC ’19 

2)   Mainz ’19 

3) LHPC ’19 

4) JLQCD ’18 

5) PNDME ’18 

6) ETMC ’17 

7) RQCD ’14 

8) LHPC ‘12
Green et al., P.R. D86 (12) 114509

Bali et al., P.R. D91 (15) 054501

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

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

Hasan et al., P.R. D99 (19) 114505

Yamanaka et al., P.R. D98 (18) 054516

Harris et al., P.R. D100 (19) 034513



includes all EIC energy configurations:  
proton [GeV]:  5x41,5x100,10x100,18x275 
3He [GeV]:  5x41, 5x100 , 18x100 
total  8223 data pts.

JAM20 :   impact of EIC pseudo-data

figure by D. Pitonyak 
EIC Yellow Report 
in preparation

precision on gT can become 
comparable (or better) than lattice 
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New methods:  jets

Arratia et al.,  
PR D102 (20) 074015, arXiv:2007.07281

electron - (hadron-in-jet) azimuthal correlations =>  Collins effect

based on

potential 
impact  
of EIC

see talk 
by Scimemi 

on Wednesday

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

jT



Conclusions 

No conclusions.  
Just stay tuned and have fun!


