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Early Science Conditions

ePIC Collaboration Meeting, January 2025 E.C. Aschenauer & R. Ent

ep Luminosity for Phase-1
High Divergence Lumi per 

Fill (5 h)
Lumi per 

Year
5 GeV e x 250 GeV p 9.26 pb-1 6.48  fb-1

10 GeV e x 250 GeV p 13.12 pb-1 9.18 fb-1

5 GeV e x 130 GeV p 6.3 pb-1 4.36 fb-1
10 GeV e x 130 GeV p 7.6 pb-1 5.33 fb-1 

Low Divergence Lumi per 
Fill (5 h)

Lumi per 
Year

5 GeV e x 250 GeV p 6.81 pb-1 4.78 fb-1

10 GeV e x 250 GeV p 8.8 pb-1 6.19 fb-1

5 GeV e x 130 GeV p 5.8 pb-1 4.1 fb-1

10 GeV e x 130 GeV p 7.1 pb-1 4.95 fb-1

Remember:
high divergence: higher lumi, but reduced acceptance 
for low forward particle pTmin 
low divergence: lower lumi, but increased acceptance 
for low forward particle pTmin
à important for exclusive processes

Low-divergence

Illustration

Compare to HERA integrated luminosity 1992 – 2007: 0.6 fb-1

E. Aschenauer, ePIC general meeting Jan. 2025 (Villa Mondragone)
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Fill (5 h)

Lumi per 
Year

5 GeV e x 250 GeV p 6.81 pb-1 4.78 fb-1

10 GeV e x 250 GeV p 8.8 pb-1 6.19 fb-1

5 GeV e x 130 GeV p 5.8 pb-1 4.1 fb-1

10 GeV e x 130 GeV p 7.1 pb-1 4.95 fb-1

Remember:
high divergence: higher lumi, but reduced acceptance 
for low forward particle pTmin 
low divergence: lower lumi, but increased acceptance 
for low forward particle pTmin
à important for exclusive processes

Low-divergence

Illustration

Compare to HERA integrated luminosity 1992 – 2007: 0.6 fb-1

*

* impact studies performed with lumi=10 fb-1 but 10x130 energy configuration



SIDIS with unpolarized electron and proton

q2
T = P2

hT

z2 ≪ Q2M2 ≪ Q2

hard part TMDPDF TMDFF

- TMD factorization

dσ
dxdzdqTdQ

= 8π2α2z2

2xQ3 Y+ [FUU,T(x, z, q2
T, Q2) + …]

= x
2π

ℋ(Q2) ∑
q

e2
q ∫

∞

0
dbT bT J0(bT, qT) f̃ q

1(x, b2
T; Q2) D̃q→h

1 (z, b2
T; Q2)

- Neglect higher twists, mass corrections; Integrate 

Y+ = [1 + (1 − Q2 /xs)2]

PhTelectron

hadron

X

h

Q2

}P⊥
k⊥

FUU,T(x, z, q2
T, Q2) = x ℋ(Q2) ∑

q
e2

q [f q
1 ⊗k⊥, P⊥

Dq→h
1 ]

∫ dϕh

observable Fourier

Transform
simple Bessel transform of TMDs in bT space



Baseline:  MAPTMD24 fit 

F.T. of combination of 2 Gaussians  
      and 1 weighted Gaussian
5 channels:     (“s”) q = u , ū , d , d̄ , sea

TMD PDF 

TMD FF 

5 channels:   favored pion    

                     unfavored pion   
                     favored Kaon   
                     favored strange Kaon   
                     unfavored Kaon  

u → π+, . . .
d → π+, . . .

u → K+, . . .
s̄ → K+, . . .

d, s → K+, . . .

total of 96 parameters

sensitivity 

Hermes 
target: p, D 
final: π± , K±

hermes

Compass 
target: D 
final: h±

Drell-Yan 

F.T. of combination of 2 Gaussians

first global fit of SIDIS and Drell-Yan data  
with flavor sensitivity of intrinsic quark kT

nonperturbative input

Bacchetta et al. (MAP), JHEP 08 (24) 232
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æ1ū
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∏1ū
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MAPTMD24  total of 96 parameters



Phase space covered by data
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PHENIX
CDF
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CMS
ATLAS
HERMES
COMPASSSIDIS       {

fixed target       {

collider{Drell 
Yan

SIDIS

fixed target    

collider

kin. cuts 

 GeV⟨Q⟩ > 1.4  0.2 < z < 0.7

SIDIS 
 PhT < min[min[0.2 Q, 0.5 Qz] + 0.3 GeV, zQ]

Drell-Yan    qT < 0.2 Q nonperturbative precision

perturbative accuracy  N3LL

! 2/N = 1.08

N = 2031 data pts.   (with 96 params)

Bacchetta et al. (MAP), JHEP 08 (24) 232



“Normalized” MAPTMD24 TMD PDFs  

f1(x, kT; Q)

• very different kT behavior 
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 Þt with a ßavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k ! | at µ =

!
! = Q = 2 GeV and x = 0 .1 (left panel), x = 0 .01 (central panel), and

x = 0 .001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 Þt with a ßavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k ! | at µ =

!
! = Q = 2 GeV and x = 0 .1 (left panel), x = 0 .01 (central

panel), and x = 0 .001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at largerx (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all ßavors increase asx decreases, conÞrming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ! + of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum|P! | at µ =

!
" = Q = 2 GeV and z = 0 .4

(left panel), and z = 0 .6 (right panel). We note that the favored fragmentation channel (in this example,
u " ! + ) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate|P! |
which decreases in size at largerz, as already observed in Sec.IV A .

In Fig. 12, we display the same TMD FFs of the previous Þgure but normalized to each corresponding central
replica at |P! | = 0. The unfavored channel (here,d " ! + ) is a! ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no signiÞcant di! erence
between favored and unfavored channels at highz, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarksu, d, and øs into a K + in the
same kinematic regions and with same conventions as in Fig.11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig.12 for the fragmentation into a ! + . We note that in general the extracted TMD
FFs for kaons are a! ected by larger uncertainties than for pions. Also, the bump at intermediate|P! | is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD Þt (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel øs " K + is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u " K +

and øs " K + ) are quite di! erent from each other. The large uncertainties in the øs " K + fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

f1(x, 0; Q)

• it changes with x 
th. error band =  

68% of all replicas

Bacchetta et al. (MAP), JHEP 08 (24) 232
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EIC impact in 
Early Science conditions

(SIDIS with only ! +)



EIC impact in Early Science Conditions
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EIC impact:  10x130 lumi=5 fb-1 at x=0.16

courtesy L. Rossi
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courtesy L. Rossi
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smaller (~30%) for the up quark  
(already constrained by baseline MAPTMD24)
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EIC impact in Early Science Conditions

78

For each (x,Q2) bin: 

from MAPTMD24, max. uncertainty of f1q(x,kT;Q) over all kT and all flavors q

including EIC pseudodata, color code indicates the flavor with max. reduction 
in uncertainty over all kT

confirmed down at high x 
slightly larger at other bins 
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practically same result (~50%) as with 5 fb-1 (~44%)
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gain slightly larger (~12%) than with 5 fb-1
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f̃ q
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T; μf , ζf ) = exp
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dμ
μ (

γF − γK log
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μ ) ]
exp
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K(b*, μb) log

ζf

μb ]

× ∑
i

[Cqi(x, b*; μb, μ2
b) ⊗ f i

1(x, μb)]

× exp
[

gK(bT)log
ζf

Q0 ]
fNP(x, bT)

perturbative

dσ
dxdzdqTdQ

∼ ℋSIDIS(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q

1(x, b2
T; Q, Q2) D̃q→h

1 (z, b2
T; Q, Q2)

similar formula for D̃q→h
1

Evolution of TMDs

non perturbative

parametrized at Q0 and fitted to data
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accuracy       and C K and ! F ! K PDF and " S FF

LL 0 - 1 - -

NLL 0 1 2 LO LO

NLL’ 1 1 2 NLO NLO

NNLL 1 2 3 NLO NLO

NNLL’ 2 2 3 NNLO NNLO

N3LL(-) 2 3 4 NNLO NLO

N3LL 2 3 4 NNLO NNLO

N3LL’ 3 3     4 5 N3LO N3LO

N4LL(-) 3 3     4 5 N3LO NNLO

N4LL 3 3     4 5 N3LO N3LO

perturbative

αn
S

dσ
dxdzdqTdQ

∼ ℋSIDIS(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q

1(x, b2
T; Q, Q2) D̃q→h

1 (z, b2
T; Q, Q2)

ℋ

similar formula for D̃q→h
1

Evolution of TMDs



f̃ q
1(x, b2

T; μf , ζf ) = exp
[ ∫

μf

μb*

dμ
μ (

γF − γK log
ζf

μ ) ]
exp

[
K(b*, μb) log

ζf

μb ]

× ∑
i

[Cqi(x, b*; μb, μ2
b) ⊗ f i

1(x, μb)]

× exp
[

gK(bT)log
ζf

Q0 ]
fNP(x, bT)

accuracy       and C K and ! F ! K PDF and " S FF

LL 0 - 1 - -

NLL 0 1 2 LO LO

NLL’ 1 1 2 NLO NLO

NNLL 1 2 3 NLO NLO

NNLL’ 2 2 3 NNLO NNLO

N3LL(-) 2 3 4 NNLO NLO

N3LL 2 3 4 NNLO NNLO

N3LL’ 3 3     4 5 N3LO N3LO

N4LL(-) 3 3     4 5 N3LO NNLO

N4LL 3 3     4 5 N3LO N3LO

perturbative

αn
S

dσ
dxdzdqTdQ

∼ ℋSIDIS(Q2) 1
2π ∫

∞

0
dbT bT J0(bT, qT) f̃ q

1(x, b2
T; Q, Q2) D̃q→h

1 (z, b2
T; Q, Q2)

ℋ

similar formula for D̃q→h
1

Evolution of TMDs

Quality of TMD extraction: 
- perturbative accuracy 
- size of data set and best " 2



Most recent extractions of Nucleon TMD f1 

Accuracy SIDIS Drell-Yan N of points ! 2/Npoints Flavor dep.

PV 2017 
arXiv:1703.10157 NLL ! ! 8059 1.5 "

SV 2017 
arXiv:1706.01473 N3LL " !   (LHC) 309 1.23 "

BSV 2019 
arXiv:1902.08474 N3LL " !   (LHC) 457 1.17 "

SV 2019 
arXiv:1912.06532 N3LL(-) ! !   (LHC) 1039 1.06 "

PV 2019 
arXiv:1912.07550 N3LL " !   (LHC) 353 1.07 "

MAPTMD 2022 
arXiv:2206.07598 N3LL(-) ! !   (LHC) 2031 1.06 "

ART23 
arXiv:2305.07473 N4LL(-) " !   (LHC) 627 0.96 !

MAPTMD 2024 
arXiv:2405.13833 N3LL ! !   (LHC) 2031 1.08 !

MAPNN 2025 
arXiv:2502.04166 N3LL " !   (LHC) 482 0.97 "

ART25 
arXiv:2503.11201 N4LL(-) ! !   (LHC) 1209 1.05 !

increasing accuracy & precisionglobal fits



Data-driven nonperturbative TMD
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deuteron target
at given (x,Q2),  
different slopes for different z

at given z,  
different slopes for different x

if we model nonperturbative TMDs 
with Gaussians, we need  
x- and z-dependent widths!



MAPTMD22: Error treatment

bootstrap method:    fitting  250  replicas  of   fluctuated exp. data 
quality indicator:   of central replica (fitting not    “        “      “   ) 
MAPTMD22 at N3LL(-) :  Ndata=2031,  21 parameters,   

χ2
0

χ2
0 /Ndata = 1.06

χ2
0 ∼ ⟨χ2⟩replicas

(exp. / th.) errors can be uncorrelated or correlated

χ2 = χ2
D + χ2

λ

∑
bins

(exp − th
σ )2

σ2 = σ2
stat + σ2

uncorr

th = th + ∑
α

λασ(α)
corr

χ2
λ = ∑

α
λ2

α

nuisance  
params.

penalty for  
correlated errors

Examples of (partly) correlated errors :   
   - exp.:  some normalization systematic errors 
   - th.  :  uncertainties of PDFs      MMHT2014  
                                       FFs         DSS14 for  
                                                     DSS17 for 

π±

K±



MAPTMD22:  validity of  TMD region ?  

cut of baseline fit

fitted

predicted

  validity of TMD factorization seems to extend well beyond  PhT/z << Q !

0.86 ≲ PhT /zQ ≲ 1.5

!



MAPTMD22 impact on  JLab20+ 

kinematics  JLab20 

major improvements at valence x
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