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A  “millennium  problem” …

QCD is the most complex part of the Standard Model

highly nonlinear dynamics of 
an infinite many-body system?  

how do macroscopic properties of Nucleons (mass, size, spin..), 
of its resonances, of atomic nuclei, emerge ?
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If you don’t understand it, firstly you map it…
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called quarks. There are six types of quark: up, 
down, strange, charm, bottom and top. The 
proton has a composition of up-up-down, 
while the neutron is up-down-down. 

Down quarks are slightly heavier than up 
quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
down quark maybe double that – just a tiny 
fraction of the total proton or neutron mass.

Like all fundamental particles, quarks 
acquire these masses through interactions 
with the sticky, all-pervasive Higgs field, the 
thing that makes the Higgs boson. But 
explaining the mass of matter made of 

multiple quarks clearly needs something else.
The answer comes by scaling the sheer 

cliff face that is quantum chromodynamics, 
or QCD. Just as particles have an electrical 
charge that determines their response to the 
electromagnetic force, quarks carry one of 
three “colour charges” that explain their 
interactions via another fundamental force, the 
strong nuclear force. QCD is the theory behind 
the strong force, and it is devilishly complex.

Electrically charged particles can bind 
together by exchanging massless photons. 
Similarly, colour-charged quarks bind 
together to form matter such as protons and 
neutrons by exchanging particles known as 
gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
quantum physics, these extra particles are 
constantly popping up and disappearing 
again (see diagram, left).

To try and make sense of this quantum 
froth, over the past four decades particle 
theorists have invented and refined a 
technique known as lattice QCD. In much the 
same way that meteorologists and climate 
scientists attempt to simulate the swirling 
complexities of Earth’s atmosphere by 
reducing it to a three-dimensional grid of 
points spaced kilometres apart, lattice QCD 
reduces a nucleon’s interior to a lattice of 
points in a simulated space-time tens of 
femtometres across. Quarks sit at the vertices 
of this lattice, while gluons propagate along 
the edges. By summing up the interactions 
along all these edges, and seeing how they 
evolve step-wise in time, you begin to build up 
a picture of how the nucleon works as a whole.

Trouble is, even with a modest number of 
lattice points – say 100 by 100 by 100 
separated by one-tenth of a femtometre – 

that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
of computing power. Complicating things  
still further, because quantum physics offers 
no certain outcomes, these simulations must  
be run thousands of times to arrive at an 
“average” answer. To work out where the 
proton and neutron masses come from,  
Fodor and his colleagues had to harness two 
IBM Blue Gene supercomputers and two suites 
of cluster-computing processors. 

The breakthrough came in 2008, when they 
finally arrived at a mass for both nucleons of 
936 MeV, give or take 25 MeV – pretty much  
on the nose (Science, vol 322, p 1224). This 
confirmed that the interaction energies of 
quarks and gluons make up the lion’s share of 
the mass of stuff as we know it. You might feel 
solid, but in fact you’re 99 per cent energy. 

But the calculations were nowhere near 
precise enough to pin down that all-important 
difference between the proton and neutron 
masses, which was still 40 times smaller than 
the uncertainty in the result. What’s more, the 
calculation suffered from a glaring omission: 
the effects of electrical charge, which is 
another source of energy, and therefore mass. 

Heart of the matter
A full explanation of where stu! gets its mass from is buried deep in the atomic nucleus

The protons and neutrons in the nucleus 
make up the vast bulk of matter’s mass

The masses of the three 
up and down quarks 

that make up the charge 
of protons and 

neutrons account 
for only a tiny fraction 

of their total mass

Most of a proton or neutron’s mass is contained in the interaction energies 
of a “sea” of quarks, antiquarks and the gluons that bind them
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called quarks. There are six types of quark: up, 
down, strange, charm, bottom and top. The 
proton has a composition of up-up-down, 
while the neutron is up-down-down. 

Down quarks are slightly heavier than up 
quarks, but don’t expect that to explain the 
neutron’s sliver of extra mass: both quark 
masses are tiny. It’s hard to tell exactly how 
tiny, because quarks are never seen singly (see 
“Quark quirks”, right), but the up quark has a 
mass of something like 2 or 3 MeV, and the 
down quark maybe double that – just a tiny 
fraction of the total proton or neutron mass.
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thing that makes the Higgs boson. But 
explaining the mass of matter made of 
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together by exchanging massless photons. 
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together to form matter such as protons and 
neutrons by exchanging particles known as 
gluons. Although gluons have no mass, they 
do have energy. What’s more, thanks to 
Einstein’s famous E = mc2, that energy can be 

converted into a froth of quarks (and their 
antimatter equivalents) beyond the three 
normally said to reside in a proton or neutron. 
According to the uncertainty principle of 
quantum physics, these extra particles are 
constantly popping up and disappearing 
again (see diagram, left).

To try and make sense of this quantum 
froth, over the past four decades particle 
theorists have invented and refined a 
technique known as lattice QCD. In much the 
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that’s an awful lot of interactions, and lattice 
QCD simulations require a screaming amount 
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solid, but in fact you’re 99 per cent energy. 

But the calculations were nowhere near 
precise enough to pin down that all-important 
difference between the proton and neutron 
masses, which was still 40 times smaller than 
the uncertainty in the result. What’s more, the 
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the effects of electrical charge, which is 
another source of energy, and therefore mass. 
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Entering the era of precision studies for TMDs
• NNNLL comparisons: SCETlib, Resolve(NNLLp), CuTe, NangaParbat, Radish, 

DYRES (NNLLp?), Artemide 
• ReSolve PDF evolution is not through LHAPDF

Q=MZ, Y=0, level-1, gen=5
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Z production at y=0 
benchmarking W term resummed at N3LL

NangaParbat 
or the new 

Pavia 2019 TMD fit

agreement  
within ±(1-2)%  

for 5< qT <80 GeV

Bacchetta, Bertone, Bissolotti, Bozzi, 
Delcarro, Piacenza, Radici,     
in preparation



Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Ji, Yuan, Ma, P.R. D71 (05) 
Rogers & Aybat, P.R. D83 (11) 

Collins, “Foundations of Perturbative QCD” (11) 
Echevarria, Idilbi, Scimemi, JHEP 1207 (12)

12

Factorization theorems well understood for  qT ≪ Q 
for TMD distributions and fragmentations
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 TMD   evolution

more easily studied in impact-parameter (bT) space
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parameters to be fitted to data
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Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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Extractions   of  unpolarized  TMD

Framework HERMES COMPASS DY Z production N of points

Pavia 2013 
arXiv:1309.3507 parton model ✔ ✘ ✘ ✘ 1538

Torino 2014 
arXiv:1312.6261 parton model ✔ 

(separately)
✔ 

(separately) ✘ ✘
576 (H) 
6284 (C)

DEMS 2014 
arXiv:1407.3311 NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014 
 arXiv:1401.5078 NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

SIYY 2014 
arXiv:1406.3073 NLLʹ ✘ ✔ ✔ ✔ 200 (?)

Pavia 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ (LHC) 309

BSV 2019 
arXiv:1902.08474 NNLLʹ ✘ ✘ ✔ ✔ (LHC) 457

Pavia 2019 
in preparation up to N3LL ✘ ✘ ✔ ✔ (LHC) 319

http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157
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The  Pavia 2017  fit

first fit putting together SIDIS, Drell-Yan, and Z production
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8059

# fit parameters 
11

global χ2/d.o.f. 
1.55 ± 0.05

data coverage

Bacchetta, Delcarro, Pisano, Radici, Signori, 
JHEP 1706 (17) 081, arXiv:1703.10157



The  Pavia 2017  fit

first fit putting together SIDIS, Drell-Yan, and Z production
Bacchetta, Delcarro, Pisano, Radici, Signori, 
arXiv:1703.10157

Transverse size in momentum space
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Transverse momentum  
in PDFs

PV 2017

PV 2013

Bacchetta, Delcarro, Pisano, Radici, Signori, in preparation (Q = 1 GeV) 

Signori, Bacchetta, Radici, Schnell arXiv:1309.3507 

Schweitzer, Teckentrup, Metz, arXiv:1003.2190 

Anselmino et al. arXiv:1312.6261 [HERMES] 

Anselmino et al. arXiv:1312.6261 [HERMES, high z] 

Anselmino et al. arXiv:1312.6261 [COMPASS, norm.] 

Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.] 

Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)

TMD(x,kT;Q0) = sum of 
two Gaussians  
with width(x)

ky 

kx 

x 

arXiv:1703.10157

anticorrelation (driven by SIDIS) despite 
Drell-Yan data    (but no LHC data)

only Hermes data

PDF=NLO GJR 2008

http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1003.2190
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1312.6261
http://arxiv.org/abs/arXiv:1401.5078


Impact  of  TMD  on  W  mass  extraction

PV 2017

PV 2013

global fit: no room for flavor dependence of intrinsic kT

only Hermes data: slightly better χ2 with flavor dependence of kT

Using TMD with intrinsic nonperturbative part fq
1 (x, bT ;Q

2) =
X

i

�
Cq/i ⌦ f i

1

�
(x, b⇤;µb) e

S(b⇤;µb,Q) egK(bT ) log Q
Q0 fq

NP(x, bT ;Q
2
0)

•generate pseudo-data for qT-spectrum of W± with sets of flavor-dep. 
parameters that give the same qT-spectrum of Z0, from pT-lepton 
data and uncertainties of ATLAS and CDF

•make a template fit of these pseudo-data by varying MW on a set of 
flavor-indep. parameters Bacchetta, Bozzi, Radici, Ritzmann, Signori, 

P.L. B788 (19) 542, arXiv:1807.02101
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PV 2017

PV 2013

global fit: no room for flavor dependence of intrinsic kT

only Hermes data: slightly better χ2 with flavor dependence of kT

Using TMD with intrinsic nonperturbative part fq
1 (x, bT ;Q

2) =
X

i

�
Cq/i ⌦ f i

1

�
(x, b⇤;µb) e

S(b⇤;µb,Q) egK(bT ) log Q
Q0 fq

NP(x, bT ;Q
2
0)

•generate pseudo-data for qT-spectrum of W± with sets of flavor-dep. 
parameters that give the same qT-spectrum of Z0, from pT-lepton 
data and uncertainties of ATLAS and CDF

•make a template fit of these pseudo-data by varying MW on a set of 
flavor-indep. parameters

shifts comparable to world-average uncertainty -6 ≤ ΔMW±  ≤ +9 MeV 
-4 ≤ ΔMW−  ≤ +4 MeVcurrent extractions of MW do not include flavor 

sensitivity;  we might need it for a better ΔMW

Bacchetta, Bozzi, Radici, Ritzmann, Signori, 
P.L. B788 (19) 542, arXiv:1807.02101



Problems  with  normalization  of  (SIDIS) data
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Pavia 2017 global fit: for each {x,z,Q2} bin 
                                  fit normalization in  
                                  first bin in PhT
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Approximately follows the behaviour of Generalized Parton Model e.g.

Note however this is not an exact correspondence (and 
NO TMD evolution here) 

the Torino group also confirms 
that large normalization factors 
have to be introduced to describe 
the new COMPASS data

talk Gonzalez at DIS2019

COMPASS Collaboration, 
P.R. D97 (18) 032006, arXiv:1709.07374



Problems  with  normalization  of  (SIDIS) data

collinearTMD
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2 4 6 At high qT, collinear formula 
should be valid, but large 
discrepancies are observed

Gonzalez, Rogers, Sato, Wang, P.R. D98 (18) 114005, arXiv:1808.04396

matching

Study of “safe” TMD region
Boglione et al., JHEP 1910 (19) 122, arXiv:1904.12882



New predictions (JAM18) @ NLO (DDS)
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Discrepancies largely resolved by improving 
perturb. accuracy (NLO) and modifying the 
gluon collinear fragmentation function
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However, problems found also 
at low-energy Drell-Yan

Bacchetta et al.,  
P.R. D100 (19) 014018, arXiv:1901.06916
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However, problems found also 
at low-energy Drell-Yan

Bacchetta et al.,  
P.R. D100 (19) 014018, arXiv:1901.06916

while trying to solve the (SIDIS) normalization problem, focus on 
improving the accuracy of  TMD description of low-qT Drell-Yan dσ data



State-of-the-art  precision   at  LHC

State-of-the-art calculations are thus necessary to hope to describe this data: 
higher-order corrections and possibly matching between TMD and collinear.

Pavia 2019 
Higher-order corrections
Measurements of  qT distributions have reached the sub-percent level uncs.:

[Phys.Rev. D97 (2018) no.3, 032006]
[Eur. Phys. J. C 76(5), 1-61 (2016)]

Measurements of qT distributions of Z have reached the sub% precision 
Calculations have reached the NNLO-N3LL level Bizon et al.,  

E.P.J. C79 (19) 868, arXiv:1905.05171



Extractions   of  unpolarized  TMD

Framework HERMES COMPASS DY Z production N of points

Pavia 2013 
arXiv:1309.3507 parton model ✔ ✘ ✘ ✘ 1538

Torino 2014 
arXiv:1312.6261 parton model ✔ 

(separately)
✔ 

(separately) ✘ ✘
576 (H) 
6284 (C)

DEMS 2014 
arXiv:1407.3311 NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014 
 arXiv:1401.5078 NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

SIYY 2014 
arXiv:1406.3073 NLLʹ ✘ ✔ ✔ ✔ 200 (?)

Pavia 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ (LHC) 309

BSV 2019 
arXiv:1902.08474 NNLLʹ ✘ ✘ ✔ ✔ (LHC) 457

Pavia 2019 
in preparation up to N3LL ✘ ✘ ✔ ✔ (LHC) 319

http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157


The  BSV 2019  fit

first fit to fully include LHC data at high accuracy NNLO+NNLL

data points 
457

# fit parameters 
7

global χ2/d.o.f. 
1.17

data coverage

Bertone, Scimemi, Vladimirov, 
JHEP 1906 (19) 028, arXiv:1902.08474

PHENIX

E288
E605
E772

LHCb
CDF, D0

ATLAS
CMS

ATLAS(116<Q<150)

ATLAS(46<Q<66)

Total:
457 data points
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Figure 1. Density distribution of data points in the plain (Q, x) for each experiment analyzed in the fit.

that scale as q
2
T /Q

2 = �
2, should be taken into account. Specifically, in the TMD framework,

these corrections can be regarded as a theoretical uncertainty. Based on this consideration, if
the (uncorrelated) experimental uncertainty of a given data point is smaller than the theoretical
uncertainty associated to the expected size of power corrections, we drop this point from the fit.
This is the origin of the second condition in eq. (3.1). This data selection is particularly conservative
because it drops points that could potentially be described by TMD factorization (see e.g. ref. [12]
where less conservative cuts are used). However, this choice guarantees that we operate well within
the range of validity TMD factorization.

Table 2 reports a summary of the full data set included in our fit. Remarkably, after imposing
the cut in eq. (3.1), the number of data points included in our fit is 457. Despite the conservative
cut, this is the largest set of DY data considered so far within a TMD fit. Our data set spans a
wide range in energy, from Q = 4 GeV to Q = 150 GeV, and in x, from x ⇠ 0.5 · 10�4 to x ⇠ 1. We
recall that a single DY data point is simultaneously sensitive to a larger and a smaller value of x.
This is because the cross section is given by a pair of TMDPDFs, eq. (2.1), computed in x1 and x2

such that x1x2 ' Q
2
/s, see eq. (2.2).

In our fit we have compared absolute values of cross-section, whenever they are available. The
only data set that require normalization factors are all CMS data, ATLAS at 7 TeV, and DO
electron-pair measurements. For these sets we have normalized the integral of the theory prediction
to corresponding integral over the data (see explicit expression in ref.[13]). To our best knowledge, it
is the first fit of TMD factorization to absolute values of cross-section in the modern time, compare
e.g to the latest and most advanced fits in [11–13].

The kinematic region in x and Q covered by the data set considered for our fit is shown in
fig. 1. The boxes enclose the sub-regions covered by the single data sets. Looking at fig. 1, it is
possible to distinguish two main clusters of data: the “low-energy experiments”, i.e. E288, E605,

– 8 –

!13

BSV 2019 
Fit quality

Strong impact of  the LHC data.

w/ LHC data
w/o LHC data

Experimental data    Theoretical predictions

!13

BSV 2019 
Fit quality

Strong impact of  the LHC data.

w/ LHC data
w/o LHC data

Experimental data    Theoretical predictions

large impact 
of LHC data !



The  Pavia 2019  fit  (preliminary)

current top accuracy NNLO+N3LL ,  matching LHC state-of-art

data points 
319

# fit parameters 
9

global χ2/d.o.f. 
1.12 ± 0.01

data coverage 
similar to BSV19 

+ STAR data

Bacchetta, Bertone, Bissolotti, Bozzi,  
Delcarro, Piacenza, Radici,  in preparation

functional form 
(nonperturbative part)

e
−g2 log

(

Q2

Q2
0

)

b2T
4
−g2B log

(

Q2

Q2
0

)

b4T
4 fNP(x, bT )

•no ad-hoc normalization

•correlation of syst. errors 
(including collinear PDFs)

•including kin. cuts on final leptons
•full integration in bins when required 

(no “narrow-width”,.. approx.)

PDF = MMHT2014nnlo68cl

•Montecarlo method for stat. errors

J
H
E
P
0
6
(
2
0
1
7
)
0
8
1

from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the

– 10 –

evolution             intrinsic

“Q - Gaussian”

width(x) 
(similar to PV2017)

fNP(x, bT ) = (1− λ)
1

1 + g1(x)b2T/4
+ λ e−g1B(x) b2

T
/4

g1B(x) = N2

xα′

(1− x)β
′

x̂α′ (1− x̂)β′



The  Pavia 2019  fit  (preliminary)

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, 
in preparation

E605  10.5< Q< 11.5  xF=0.1 CDF RunII  66< Q< 116 LHCb 13 TeV  60< Q< 120   2< y< 4.5

Very good reproduction of low- and high-energy data

300 replicas



The  Pavia 2019  fit  (preliminary)

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, 
in preparation
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Clear improvement  
with perturbative accuracy; 
helps particularly at low qT/Q   (“TMD regime”)

qT/Q ~ 3/66



The  Pavia 2019  fit  (preliminary)

Size of non-perturbative effects

VERY preliminary

G. Bozzi 
CERN EW Working Group, 10-14-2019

Effect of nonperturbative intrinsic part  fNP (x,bT) 
(not included in other benchmark codes) 
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Figure 5. Comparison of the theory prediction (solid line) to E615 di↵erential in Q. The dashed line is the

theoretical prediction after the addition of systematic shifts di. The values of the �2 and di are calculated for

the each Q-bin with 16% correlated error. The vertical dashed line shows the estimation of the boundary for

TMD factorization approach. Note, that the bins with Q 2 (9, 10.35) and Q 2 (10.35, 11.7) lies in the region

of ⌥-resonance, and could not be described by pure perturbative approach.

space (that is obtained by Fourier transformation) are shown in fig.1(center,right). The pion TMDPDF
obtained in this work together with distribution of 100 replicas is available in the artemide-repository
[17] as Vpion19 TMDPDF set (for ⇡�-meson).

The final values of �2 is �2/Np = 1.44 (Np = 80). It can be compared with the result of fit in
ref.[45] �2/Np = 1.64, where almost the same data were used. The main contribution to the value
of �2 comes from the systematic disagreement in the normalization between the data and the theory.
In fig.2,3,4,5 the comparison of the data to the theory prediction is shown together with the values
of �2/Np for a given subset of data-points. In fig.6 the visual comparison of the theory to NA3 is
shown. The plots for Q-di↵erential bins made for the range of qT larger than it is allowed by the
TMD factorization (the boundary qT ' 0.25Q is shown by the vertical dashed line). It is interesting
to observe that the TMD factorization formula works unexpectedly well outside of this region.
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Figure 1. Upper panel: DSE result using the DCSB-improved kernel
for the pion’s lz = 0 minimal (q̄q) Fock-state LFWF. Lower panel:

Analogous result for the pion’s |lz | = 1 minimal Fock-state LFWF.
The LFWFs are given in units of GeV�2 and k2

T in GeV2.

terms of the pion’s minimal Fock-state LFWFs reads [4]

f
µ0
⇡ (x, k2

T ) =
⇥
| µ0

0 (x, k2
T )|2 + k2

T | 
µ0
1 (x, k2

T )|2
⇤
/(2⇡)3, (9)

where we have made explicit the renormalization scale de-
pendence of the LFWFs and consequently the TMD. The
pion’s valence quark PDF is related to the TMD by f

µ0
⇡ (x) =Ø

d
2kT f

µ0
⇡ (x, k2

T ), where the normalization condition for the
LFWFs guarantees baryon number conservation (hx0iµ0 = 1).
The symmetry under x ! 1 � x of the LFWFs also ensures
hxiµ0 = 0.5 and therefore the two valence quarks carry all the
momentum of the pion. If one associates the renormalization
scale with the resolving scale (µ2

0 = Q
2), then as µ2

0 gets larger
higher Fock-state amplitudes begin to play an increasingly im-
portant role, and therefore the minimal Fock-state contributes
calculated here are only dominant at a low resolving scale [20].
The renormalization scale associated with our DSE calculation
is determined such that the momentum fraction carried by
the valence quarks agrees with results from a ⇡N Drell-Yan
analysis 2 hxiv = 0.47(2) [39, 40] or the lattice QCD result
2 hxiv = 0.48(4) [41] both at a scale of Q

2 = 4 GeV2. Using
NLO DGLAP [42] we obtain a model scale of µ0 = 0.52 GeV.

Our DSE result for the time-reversal even u-quark TMD in
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Figure 2. Upper panel: DSE result using the DCSB-improved kernel
for the time-reversal even u-quark TMD of the pion, f

u
⇡ (x, k2

T ), at
the model scale of µ20 = 0.52 GeV2. Lower panel: Analogous result
evolved to a scale of µ = 6 GeV using TMD evolution with the b

⇤

prescription and g2 = 0.09 GeV [43]. The TMDs are given in units of
GeV�2 and k2

T in GeV2.

the ⇡+, obtained from the LFWFs using Eq. (9), is given in the
upper panel of Fig. 2. These calculations are performed with
equal current quark masses (mu = md), and therefore the d̄

TMD in the ⇡+ is the same as the u-quark TMD. Several features
of the LFWFs are immediately reflected in the TMD at the
hadronic scale, notably in the limit x ! 1 the TMD behaves as
f
u
⇡ (x, k2

T ) / (1� x)2 for all k2
T , in agreement with perturbative

QCD [38]. As k2
T becomes large our TMDs exhibits two

scaling regimes, for k2
T & 10 GeV2 the pion’s TMD has a

power-law behavior of f
u
⇡ (x, k2

T ) / 1/k6
T which reflects the

dominance of  1(x, k2
T ) in this region. The lz = 0 LFWF

only begins to dominate the TMD for k2
T & 100 GeV2, where

we obtain our asymptotic result for the TMD: f
u
⇡ (x, k2

T ) /
x

2(1 � x)2/k4
T . At the low hadron scale our DSE result for

the pion’s TMD is a broad unimodal function of x for k2
T .

0.7 GeV2, however in the range 0.7 . k2
T . 5 GeV2 the double-

humped feature of  1(x, k2
T ) manifests in the TMD. We stress

that the double-humped structure we see in our result for the
TMD is slight, as made clear from the upper panel in Fig. 2,

Shi, Cloet, arXiv:1806.04799

calculation of pion 
TMD  
based on Dyson-
Schwinger equations

after TMD evolution

Q2 = 0.52 GeV2

Q2 = 36 GeV2

calculation of pion TMD based on 
Dyson-Schwinger equations

Shi & Cloet,  
P.R.L. 122 (19) 082301, arXiv:1806.04799

Q2 = 0.52 GeV2 
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⌘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

 
1�

M2
Q

M2
?

!

⇥


H

qq̄(x1, x2, q
2
T ) +H

q̄q(x1, x2, q
2
T )

�
,

B
gg!QQ̄ =

N

N2 � 1
B1 H

gg(x1, x2, q
2
T ) , (8)
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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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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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the  Sivers  Single-Spin Asymmetry in  SIDIS
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The  Pavia 2019  fit  of  Sivers f1T⏊  (preliminary)
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Conclusions

•We are entering the era of precise 3D maps of the proton 
in momentum space 

•Goal: link them to high-energy phenomenology, providing 
input (precision PDF→TMD, W mass → BSM physics…)

•Upcoming/future data will give further opportunities

•The EIC will open a new era
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Problems  with  normalization  of  (SIDIS) data
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similarity between x and     might suggest that 
normalization problems are related to the 
fixed-order collinear formula (and to the 
matching between TMD and collinear regimes)
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parametrization of Sivers f1T⏊
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Ju+ū

J
d
+
d̄

Ji’s sum rule

model lensing funct. L(x)   +   fit f1T⏊

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

GPD

lattice

Sivers function   ↔   quark total  J
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color lensing

︷

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

︷
(applicable only to 2-body systems)

Pasquini, Rodini, Bacchetta, arXiv:1907.06960
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The   Future

What’s next ?



•

What’s  next  ?

•Also new multiplicity data from Hermes
Hermes Collab., arXiv:1903.08544

•Understand new Compass data

Transverse-momentum-dependent Multiplicities of Charged Hadrons in Muon- . . . 11
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Fig. 6: Same as Fig. 5 for 0.3 < z < 0.4.
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Fig. 7: Same as Fig. 5 for 0.4 < z < 0.6.
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•Include new Belle data on TMD fragm. 
(thrust axis…)

TRANSVERSE MOMENTUM IN FRAGMENTATION FUNCTIONS

�50

4

kT

Ph
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e+
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FIG. 1. Illustration of transverse-momentum-dependent sin-
gle hadron fragmentation where the final-state hadron is de-
picted as a red arrow, the incoming leptons as blue arrows,
and the event plane – spanned by leptons (blue lines) and
initial quarks/thrust axis n (purple line) – is depicted as a
light blue plane. The transverse momentum kT is calculated
relative to the thrust axis and depicted by the red, dashed
line.

on 8 GeV) collider [32, 33] operating at the ⌥(4S) res-
onance (denoted as on-resonance), as well as a smaller
data set taken 60 MeV below for comparison (denoted as
continuum).

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement
of time-of-flight scintillation counters, and an electromag-
netic calorimeter comprised of CsI(Tl) crystals located
inside a superconducting solenoid coil that provides a
1.5 T magnetic field. An iron flux-return located outside
of the coil is instrumented to detect K0

L mesons and to
identify muons. The detector is described in detail else-
where [34, 35]. A 1.5 cm beampipe with 1 mm thickness
and a 4-layer SVD and a small-cell inner drift chamber
were used to record 558 fb�1 [36].

The primary light (uds)- and charm-quark simulations
used in this analysis were generated using pythia6.2
[37], embedded into the EvtGen [38] framework, followed
by a geant3 [39] simulation of the detector response.
The various MC samples were produced separately for
light (uds) and charm quarks, and on the generator level
several JETSET[40] settings were produced in order to
study their impact. For generator level MC to data
comparisons, long-lived weak decays, which normally are
handled in geant, were allowed in EvtGen. In addition,
we generated charged and neutral B meson pairs from
⌥(4S) decays in EvtGen, ⌧ pair events with the KKMC
[41, 42] generator and the Tauola [43] decay package,
and other events with either pythia or dedicated gener-
ators [44] such as for two-photon processes.

A. Event and track selection

Events with at least three reconstructed charged tracks
are required to have a visible energy of all detected
charged tracks and neutral clusters above 7 GeV (to re-
move ⌧ pair events) and either a heavy-jet mass (the
greater of the invariant masses of all particles in a hemi-
sphere as generated by the plane perpendicular to the
thrust axis) above 1.8 GeV/c2 or a ratio of the heavy-
jet mass to visible energy above 0.25. The thrust axis
is required to point into the barrel part of the detec-
tor by having a z component |n̂z| < 0.75 in order to
reduce the amount of thrust-axis smearing due to unde-
tected particles in the forward/backward regions. Tracks
are required to be within 4 cm (2 cm) of the interac-
tion point along (perpendicular to) the positron beam
axis. Each track is required to have at least three
SVD hits and full particle-identification (PID) informa-
tion, and fall within the polar-angular acceptance of
�0.511 < cos ✓lab < 0.842. The fractional energy of each
track is required to exceed 0.1 and the transverse momen-
tum with respect to the thrust axis is then calculated in
the CMS as illustrated in Fig. 1. Also a minimum trans-
verse momentum in the laboratory frame with respect to
the beam axis of 100 MeV/c is imposed to ensure the
particles traverse the magnetic field.

B. PID selection

To apply the PID correction according to the PID e�-
ciency matrices used in previous results [45], the same se-
lection criteria are applied first to define a charged track
as a pion, kaon, proton, electron or muon. This informa-
tion is determined from normalized likelihood ratios that
are constructed from various detector responses. If the
muon-hadron likelihood ratio is above 0.9, the track is
identified as a muon. Otherwise, if the electron-hadron
likelihood ratio is above 0.85, the track is identified as an
electron. If neither of these applies, the track is identified
as a kaon by a kaon-pion likelihood ratio above 0.6 and a
kaon-proton likelihood ratio above 0.2. Pions are identi-
fied with the kaon-pion likelihood ratio below 0.6 and a
pion-proton ratio above 0.2. Finally, protons are identi-
fied with kaon-proton and pion-proton ratios below 0.2.
While neither muons nor electrons are considered explic-
itly for the single hadron analysis, they are retained as
necessary contributors for the PID correction, wherein a
certain fraction enters the pion, kaon, and proton sam-
ples under study.

II. HADRON ANALYSIS AND CORRECTIONS

In the following sections, the hadron yields are ex-
tracted and, successively, the various corrections are ap-
plied and the corresponding systematic uncertainties are
determined to arrive at the single hadron di↵erential
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FIG. 9. Single charged pion cross sections as a function of k2
T for selected bins of fractional energy z and thrust 0.85 < T < 0.9.

The full lines at lower transverse momenta correspond to the Gaussian fits to this data using the same color coding as for the
data. Each datapoint is displayed at the bin’s central value while horizontal uncertainties display the RMS value. The error
boxes represent the systematic uncertainties.

to understand the intrinsic transverse momentum depen-
dence generated in the fragmentation process. Such in-
put is needed to obtain a better theoretical description of
the various transverse-momentum-dependent and related
higher-twist e↵ects visible in transverse spin asymmetries
in semi-inclusive deep inelastic scattering, proton-proton
collisions and electron-positron annihilation. This infor-
mation also leads the way toward high-precision mea-
surements of TMD e↵ects at the electron-ion collider. In
addition, these results provide the unpolarized baseline
for any polarized, transverse-momentum-dependent frag-
mentation functions such as the Collins FF.
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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
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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/

SMOG2  

not only a 
project itself

R&D

Phase II 
transversely 

polarised H and 
D target
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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  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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,Q2) 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. 
 

enlarging the  
phase space


