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TMDS: 3D MAPS
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IN MOMENTUM SPACE
Wigner distribution 

⇢ (x,kT ,bT )
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Transverse Momentum 
Distributions

Z
d2kT

<latexit sha1_base64="CJ3WHKRc+juKWA7Req7XWdlxoH4=">AAACCXicbVC7TsNAEFyHVwivAKKiOREhUUV2JAQdETSUQSIkUhKi82UTTjmfrbs1UmTlC/gKWqjoEC1fQcG/YDsUQJhqNLOrnR0/UtKS6344hYXFpeWV4mppbX1jc6u8vXNjw9gIbIpQhabtc4tKamySJIXtyCAPfIUtf3yR+a17NFaG+pomEfYCPtJyKAWnVOqX97pSExvc1lg34HTnD5PxtH/dL1fcqpuDzRPvm1TqZ9XjOgA0+uXP7iAUcYCahOLWdjw3ol7CDUmhcFrqxhYjLsZ8hJ2Uah6g7SV5/Ck7jC2nkEVomFQsF/HnRsIDayeBn05mGe1fLxP/8zoxDU97idRRTKhFdoikwvyQFUamvSAbSINEPEuOTGomuOFEaCTjQqRinBZVSvvw/n4/T25qVc+teldpMecwQxH24QCOwIMTqMMlNKAJAhJ4hCd4dh6cF+fVeZuNFpzvnV34Bef9Cxqtmt8=</latexit><latexit sha1_base64="/46666NoThADBUDJf6J9iII9jNY=">AAACCXicbVC7TgJBFJ3FF+Jr1VjZTCQmVmSXxGgH0cYSE14JIJkdLjhhdnYzc9eErHyBlZ9gq5WdsfUrLPwE/8FdoFDwVCfn3Jt77vFCKQw6zqeVWVpeWV3Lruc2Nre2d+zdvboJIs2hxgMZ6KbHDEihoIYCJTRDDcz3JDS84WXqN+5AGxGoKo5C6PhsoERfcIaJ1LUP2kIh7d0UadtneOv14+G4W+3aeafgTEAXiTsj+XKpcFq6/36sdO2vdi/gkQ8KuWTGtFwnxE7MNAouYZxrRwZCxodsAK2EKuaD6cST+GN6HBmGAQ1BUyHpRITfGzHzjRn5XjKZZjTzXir+57Ui7J93YqHCCEHx9BAKCZNDhmuR9AK0JzQgsjQ5UKEoZ5ohghaUcZ6IUVJULunDnf9+kdSLBdcpuNdJMRdkiiw5JEfkhLjkjJTJFamQGuEkJk/kmbxYD9ar9Wa9T0cz1mxnn/yB9fED0w2c2A==</latexit><latexit sha1_base64="/46666NoThADBUDJf6J9iII9jNY=">AAACCXicbVC7TgJBFJ3FF+Jr1VjZTCQmVmSXxGgH0cYSE14JIJkdLjhhdnYzc9eErHyBlZ9gq5WdsfUrLPwE/8FdoFDwVCfn3Jt77vFCKQw6zqeVWVpeWV3Lruc2Nre2d+zdvboJIs2hxgMZ6KbHDEihoIYCJTRDDcz3JDS84WXqN+5AGxGoKo5C6PhsoERfcIaJ1LUP2kIh7d0UadtneOv14+G4W+3aeafgTEAXiTsj+XKpcFq6/36sdO2vdi/gkQ8KuWTGtFwnxE7MNAouYZxrRwZCxodsAK2EKuaD6cST+GN6HBmGAQ1BUyHpRITfGzHzjRn5XjKZZjTzXir+57Ui7J93YqHCCEHx9BAKCZNDhmuR9AK0JzQgsjQ5UKEoZ5ohghaUcZ6IUVJULunDnf9+kdSLBdcpuNdJMRdkiiw5JEfkhLjkjJTJFamQGuEkJk/kmbxYD9ar9Wa9T0cz1mxnn/yB9fED0w2c2A==</latexit><latexit sha1_base64="VSHbBBos7HWh1FGxUUzkQZStLag=">AAACCXicbVC7TsNAEDzzDOFlQFQ0JyIkqshOA2UEDWWQ8pISY50vm3DK+WzdrZEiK1/AV9BCRYdo+QoK/gXbuICEqUYzu9rZCWIpDDrOp7Wyura+sVnZqm7v7O7t2weHXRMlmkOHRzLS/YAZkEJBBwVK6McaWBhI6AXT69zvPYA2IlJtnMXghWyixFhwhpnk28dDoZCO7hp0GDK8D8bpdO63fbvm1J0CdJm4JamREi3f/hqOIp6EoJBLZszAdWL0UqZRcAnz6jAxEDM+ZRMYZFSxEIyXFvHn9CwxDCMag6ZC0kKE3xspC42ZhUE2mWc0i14u/ucNEhxfeqlQcYKgeH4IhYTikOFaZL0AHQkNiCxPDlQoyplmiKAFZZxnYpIVVc36cBe/XybdRt116u6tU2telc1UyAk5JefEJRekSW5Ii3QIJyl5Is/kxXq0Xq036/1ndMUqd47IH1gf34Ybmb0=</latexit>

Generalized Parton 
Distributions

TMDsGPDs

PDFs
Parton Distribution Functions

↑

k+ = xP+

�kT

x: momentum fraction  
carried by quark



TMD PDF

3

Ff/P (x,bT ;µ, ⇣) =
X

j

Cf/j(x, b⇤;µb, ⇣F )⌦ fj/P (x, µb) : A

⇥ exp

⇢
K(b⇤;µb) ln

p
⇣F
µb

+

Z µ

µb

dµ0

µ0


�F � �K ln

p
⇣F
µ0

��
: B

⇥ exp

(
gj/P (x, bT ) + gK(bT ) ln

p
⇣Fp
⇣F,0

)
: C

bT ≪ 1/ΛQCD

nonperturbative  
transverse content

matching to the 
collinear region

factorizes as hard  
and longitudinal nonperturbative

parametrized  
and fitted to data

perturbative expansion
αs(μ)in 

⌘ fNP(x, b, ⇣)F (x, b⇤(b);µ, ⇣)
<latexit sha1_base64="B+TI0u+q8iJKnUBkPG1U0gkY6pU="></latexit>
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`(l) +N(p) ! `(l0) + h(Ph) +X
<latexit sha1_base64="1wse8c0qHGghEPpfclAd9b0/jxM=">AAACHHicbVDLSgNBEJz1GeMr6tHLYBA3BMKuCHoMevEkEcwDkhB6J51kyOyDmV4lhPyCn+BXeNWTN/EqePBf3DwOmlinoqqb7iovUtKQ43xZS8srq2vrqY305tb2zm5mb79iwlgLLItQhbrmgUElAyyTJIW1SCP4nsKq178a+9V71EaGwR0NImz60A1kRwqgRGpl7AYqZatc/saOcg0tuz0CrcOHqXySy/fsUquXy9damaxTcCbgi8SdkSybodTKfDfaoYh9DEgoMKbuOhE1h6BJCoWjdCM2GIHoQxfrCQ3AR9McThKN+HFsgEIeoeZS8YmIvzeG4Bsz8L1k0gfqmXlvLP7n1WPqXDSHMohiwkCMD5FUODlkhJZJVcjbUiMRjD9HLgMuQAMRaslBiESMk+7SSR/ufPpFUjktuE7BvT3LFi9nzaTYITtiNnPZOSuya1ZiZSbYI3tmL+zVerLerHfrYzq6ZM12DtgfWJ8/hrOf8A==</latexit><latexit sha1_base64="1wse8c0qHGghEPpfclAd9b0/jxM=">AAACHHicbVDLSgNBEJz1GeMr6tHLYBA3BMKuCHoMevEkEcwDkhB6J51kyOyDmV4lhPyCn+BXeNWTN/EqePBf3DwOmlinoqqb7iovUtKQ43xZS8srq2vrqY305tb2zm5mb79iwlgLLItQhbrmgUElAyyTJIW1SCP4nsKq178a+9V71EaGwR0NImz60A1kRwqgRGpl7AYqZatc/saOcg0tuz0CrcOHqXySy/fsUquXy9damaxTcCbgi8SdkSybodTKfDfaoYh9DEgoMKbuOhE1h6BJCoWjdCM2GIHoQxfrCQ3AR9McThKN+HFsgEIeoeZS8YmIvzeG4Bsz8L1k0gfqmXlvLP7n1WPqXDSHMohiwkCMD5FUODlkhJZJVcjbUiMRjD9HLgMuQAMRaslBiESMk+7SSR/ufPpFUjktuE7BvT3LFi9nzaTYITtiNnPZOSuya1ZiZSbYI3tmL+zVerLerHfrYzq6ZM12DtgfWJ8/hrOf8A==</latexit><latexit sha1_base64="1wse8c0qHGghEPpfclAd9b0/jxM=">AAACHHicbVDLSgNBEJz1GeMr6tHLYBA3BMKuCHoMevEkEcwDkhB6J51kyOyDmV4lhPyCn+BXeNWTN/EqePBf3DwOmlinoqqb7iovUtKQ43xZS8srq2vrqY305tb2zm5mb79iwlgLLItQhbrmgUElAyyTJIW1SCP4nsKq178a+9V71EaGwR0NImz60A1kRwqgRGpl7AYqZatc/saOcg0tuz0CrcOHqXySy/fsUquXy9damaxTcCbgi8SdkSybodTKfDfaoYh9DEgoMKbuOhE1h6BJCoWjdCM2GIHoQxfrCQ3AR9McThKN+HFsgEIeoeZS8YmIvzeG4Bsz8L1k0gfqmXlvLP7n1WPqXDSHMohiwkCMD5FUODlkhJZJVcjbUiMRjD9HLgMuQAMRaslBiESMk+7SSR/ufPpFUjktuE7BvT3LFi9nzaTYITtiNnPZOSuya1ZiZSbYI3tmL+zVerLerHfrYzq6ZM12DtgfWJ8/hrOf8A==</latexit><latexit sha1_base64="1wse8c0qHGghEPpfclAd9b0/jxM=">AAACHHicbVDLSgNBEJz1GeMr6tHLYBA3BMKuCHoMevEkEcwDkhB6J51kyOyDmV4lhPyCn+BXeNWTN/EqePBf3DwOmlinoqqb7iovUtKQ43xZS8srq2vrqY305tb2zm5mb79iwlgLLItQhbrmgUElAyyTJIW1SCP4nsKq178a+9V71EaGwR0NImz60A1kRwqgRGpl7AYqZatc/saOcg0tuz0CrcOHqXySy/fsUquXy9damaxTcCbgi8SdkSybodTKfDfaoYh9DEgoMKbuOhE1h6BJCoWjdCM2GIHoQxfrCQ3AR9McThKN+HFsgEIeoeZS8YmIvzeG4Bsz8L1k0gfqmXlvLP7n1WPqXDSHMohiwkCMD5FUODlkhJZJVcjbUiMRjD9HLgMuQAMRaslBiESMk+7SSR/ufPpFUjktuE7BvT3LFi9nzaTYITtiNnPZOSuya1ZiZSbYI3tmL+zVerLerHfrYzq6ZM12DtgfWJ8/hrOf8A==</latexit>

nucleon

hadron

quark

photon

k

Ph

q

k⊥

k⊥

PhT

P⊥

p

∼ zk⊥

q

TMD PDFs

TMD FFs y

z

x

hadron plane

lepton plane

l′
l ST

Ph

Ph⊥
qh

qS

<latexit sha1_base64="NETDbLeLQqTdjY+BLKfYCNKtEpI="></latexit>

d�

dqT
/ FUU,T (x, z, qT ;Q

2) /
Z

d2b

4⇡
eib·qTFq(x,b;µ)D

q!h
1 (z,b;µ)

<latexit sha1_base64="Fk8cSG01Enxz6Qxlv6mEQj9YWv4="></latexit>

M2 ⌧ Q2
<latexit sha1_base64="EV1PUHq36dN5lWIH3B6PN066jx4="></latexit>

P 2
hT ⌧ Q2

kinematic limits
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Bacchetta, Delcarro, Pisano, Radici, Signori 
arXiv:1703.10157

SIDIS

Drell-Yan

Z boson

NLL
χ = 1.55

2
Total number of points:

8059

http://arxiv.org/abs/arXiv:1703.10157


<latexit sha1_base64="na8NaMh7Jbg76p5EbEkqxBWEMJs="></latexit>

Da!h
1NP (z,P2

?) =
1

⇡

1

g3a!h +
�
�F /z2

�
g24a!h

✓
e�

P2
?

g3a!h + �F
P2

?
z2

e�
P2

?
g4a!h

◆

PV17 NONPERTURBATIVE FUNCTIONS

6

x-dependence

11 free parameters

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori
arXiv:1703.10157

<latexit sha1_base64="n/KdWxULi8R1XYdVg4ghvcT+5fw="></latexit>

fa
1NP(x,k

2
?) =

1

⇡

�
1 + �k2

?
�

g1a + �g21a
e�

k2
?

g1a

<latexit sha1_base64="kCexOHGfSlC4idMS4kG4lQuRHF0="></latexit>

g1(x) = N1
(1� x)↵ x�

(1� x̂)↵ x̂�

<latexit sha1_base64="tprCiVwM0u4k52RG1e2pjmci2Wg="></latexit>

g3,4(z) = N3,4
(z� + �) (1� z)�

(ẑ� + �) (1� ẑ)�

<latexit sha1_base64="LMqUYI0MJ85+Rbciy4nlboB70zI="></latexit>

gK(bT ) = �g2b
2
T /2

non-perturbative Sudakov factor

https://arxiv.org/abs/1703.10157


EIC IMPACT  
STUDIES



Electron
Injection

Line

Electron
Cooler

Injector
Linac

(Polarized)
Ion Source

Polarized
Electron
Source

Hadron
Storage

Ring

Electron
Storage

Ring

Possible
Detector 

Location (IP6)

Possible
Detector 

Location (IP8)
Electrons

Electrons

Hadrons

Electron
Injector (RCS)

AGS

EIC

EIC PSEUDODATA

8

eight options for EIC settings: 
we choose option 8

configurations

10x100

18x275

5x100

5x41

18x100

K−

K+

π+

π−
final state  
hadrons

generated by Ralf Seidl and available on 
https://github.com/VladimirovAlexey/EIC_YR_TMD

uncertainties

image from EIC YR 
arXiv:2103.05419



9

PV17 TMDs
predictions using global fit  

of Pavia 2017

EIC pseudodata
generated by Ralf Seidl

we took the average kinematic variables of each point  
and the relative uncertainty on the observable

<latexit sha1_base64="bAwM19Tqxg0K/1qgC+yOTgyu2DE="></latexit>

FUU,T (x, z, qT ;Q
2)

Bacchetta, Delcarro, Pisano, Radici, Signori
arXiv:1703.10157

EIC PSEUDODATA

https://github.com/vbertone/NangaParbat 

NANGAPARBAT

https://arxiv.org/abs/1703.10157
https://github.com/vbertone/NangaParbat


Sensitivity  
coefficients
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SENSITIVITY COEFFICIENTS

observable 

<latexit sha1_base64="b3XvNC9xHvYeeU9L9w/MSk8gdyY="></latexit>

S[fi,O] = hO·fii�hOihfii
⇠�O�fi

<latexit sha1_base64="4IjFgpHSegMdE0Y088JsoFHcDm0="></latexit>

⇠ ⌘ �O
�O

<latexit sha1_base64="3ps/9YvHEq7FBRWVHsk4FZSIkxw="></latexit>

hOi = 1
N

PN
k=1 O[f (k)

i ]

<latexit sha1_base64="bAwM19Tqxg0K/1qgC+yOTgyu2DE="></latexit>

FUU,T (x, z, qT ;Q
2)

distribution

E. Aschenauer,  I. Borsa,  G. Lucero,  A. S. Nunes,  R. Sassot
arXiv:2007.08300 
from

(from pseudodata)
experimental uncertainty

TMD parameters

theoretical uncertainty number of replicas of PV17 
N = 200

https://arxiv.org/abs/2007.08300
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SENSITIVITY COEFFICIENTS

observable 

<latexit sha1_base64="b3XvNC9xHvYeeU9L9w/MSk8gdyY="></latexit>

S[fi,O] = hO·fii�hOihfii
⇠�O�fi

<latexit sha1_base64="4IjFgpHSegMdE0Y088JsoFHcDm0="></latexit>

⇠ ⌘ �O
�O

<latexit sha1_base64="3ps/9YvHEq7FBRWVHsk4FZSIkxw="></latexit>

hOi = 1
N

PN
k=1 O[f (k)

i ]

<latexit sha1_base64="bAwM19Tqxg0K/1qgC+yOTgyu2DE="></latexit>

FUU,T (x, z, qT ;Q
2)

distribution

E. Aschenauer,  I. Borsa,  G. Lucero,  A. S. Nunes,  R. Sassot
arXiv:2007.08300 
from

(from pseudodata)
experimental uncertainty

TMD parameters

theoretical uncertainty number of replicas of PV17 
N = 200

https://arxiv.org/abs/2007.08300
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EIC IMPACT STUDIES
SENSITIVITY COEFFICIENTS

<latexit sha1_base64="CZrCB//55Emp8+BmHg65b5QsCCE="></latexit>

S[fi,O] = hO·fii�hOihfii
�O�fi

higher impact for low s
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SENSITIVITY COEFFICIENTS
<latexit sha1_base64="CZrCB//55Emp8+BmHg65b5QsCCE="></latexit>

S[fi,O] = hO·fii�hOihfii
�O�fi

high impact at low Q and low x
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REWEIGHING

200 replicas are  
compared with pseudodata
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REWEIGHING
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challenge
huge amount of EIC pseudo data
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x = 0.1
Q = 2 GeV

χ2

weights
to assign to each replica

re-compute TMD uncertainty bands

of 200 replicas



EIC IMPACT STUDIES

20

200 replicas are compared with pseudodata

x = 0.1
Q = 2 GeV

different mathematical formulas  
to compute the weights

REWEIGHING

NNPDF Collaboration
arXiv:1108.1758

<latexit sha1_base64="jybv4yXBTZtkyZDdIdwWEum+FTE="></latexit>

wk / P(fk|�k) / e�
1
2�

2
k

N. Sato, J. Owens, H. Prosper, PRD 89 (2014) 114020;  
H. Paukkunen, P. Zurita, JHEP 12 (2014) 100

selects replicas with very low χ2

total number of points

suppresses replicas with very high AND very low χ2

https://arxiv.org/abs/1108.1758
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from NNPDF Collaboration
arXiv:1108.1758

200 replicas are compared  
with pseudodata

<latexit sha1_base64="VBkZWVgJbJBts+nEo/xWhk/hC94="></latexit>

�2
k = �2

k,EIC + �2
k,PV17

weights

‘original’      
with respect to PV17 data

χ2

used to select replicas
reflect the impact of EIC data on extracted TMDs

x = 0.1
Q = 2 GeV

https://arxiv.org/abs/1108.1758
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5x41, 5x100, 
10x100, 18x275
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we combined pseudodata of  
different configurations

FROM REWEIGHING

68% C.L.
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 the EIC will have an enormous impact on 
TMD extractions

…still work in progress
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<latexit sha1_base64="yj8LlMUf/EodeUCQeadOI35oRNY="></latexit>

d�
dxdydzd2PhT

=

<latexit sha1_base64="/ixScvyMb/2acoI87DcxtCoH06g="></latexit>

= 4⇡2↵2
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hadron plane

lepton plane
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l ST
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qh

qSIN TERMS OF TMDS



PV17

26

A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, A. Signori
arXiv:1703.10157

cuts applied to select data points:

LHCb fixed target

JLab12

COMPASS

HERMES

E288

E288

E288

E605

Tevatron (Z prod.)

LHC (Z prod.)

10-4 10-3 10-2 10-1 1
1
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102
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104

x

Q
2 [G
eV

2 ]
GLOBAL FIT at NLL

SIDIS DRELL-YAN Z BOSON PROD.

Total number of points:

8059

https://arxiv.org/abs/1703.10157


EXPERIMENTAL DATA

28

FOR TMDS 
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