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    3DSPIN: structure of the nucleon

distribution of partons?
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Does it get wider at low x?

missing spin budget?
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motion correlation?
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All our assumptions, the notation, and the general theoretical framework are briefly outlined in Sec. II. In Sec. III,
we describe our fitting procedure. In Sec. IV, we present our final results, and in Sec. V we draw some conclusions
and outlooks.

II. THEORETICAL FRAMEWORK

In one-particle semi-inclusive DIS, a lepton ` with momentum l scatters to a final state with momentum l

0 o↵ a
hadron target N with mass M and momentum P , producing (at least) one hadron h in the final state with mass Mh

and momentum Ph:

`(l) +N(P ) ! `(l0) + h(Ph) +X . (1)

The space-like momentum transfer is q = l � l

0, with Q

2 = �q

2. We introduce the usual invariants

x =
Q

2

2P · q , y =
P · q
P · l , z =

P · Ph

P · q , � =
2Mx

Q

. (2)

The available data refer to hadron multiplicities in semi-inclusive DIS, namely to the di↵erential number of hadrons
produced per corresponding inclusive DIS event. In terms of cross sections, we define the multiplicities as

m

h
N (x, z,P 2

hT , Q
2) =

d�

h
N/dxdzdP 2

hT dQ
2

d�

DIS

/dxdQ

2

, (3)

where d�

h
N is the di↵erential cross section for the semi-inclusive DIS process and d�

DIS

is the corresponding inclusive
one, and where PhT is the component of Ph transverse to q. In the single-photon-exchange approximation, the
multiplicities can be written as ratios of structure functions (see [29] for details):

m

h
N (x, z,P 2

hT , Q
2) =

⇡ FUU,T (x, z,P 2

hT , Q
2) + ⇡ "FUU,L(x, z,P 2

hT , Q
2)

FT (x,Q2) + "FL(x,Q2)
, (4)

where

" =
1 � y � 1

4

�

2

y

2

1 � y + 1

2

y

2 + 1

4

�

2

y

2

. (5)

We recall that the notation FXY,Z indicates the response of the hadron target with polarization Y to a lepton beam
with polarization X and for the virtual photon exchanged in the polarization state Z. Therefore, the numerator of
Eq. (4) involves semi-inclusive DIS processes with only unpolarized beam and target. We remark that the above
expressions assume a complete integration over the azimuthal angle of the detected hadron. Acceptance e↵ects may
modify these formulae, due to the presence of azimuthal modulations in the cross section, though for the data used
here such e↵ects were included in the systematic uncertainties.

We consider the limitsM2

/Q

2 ⌧ 1 and P 2

hT /Q
2 ⌧ 1. Within them, the longitudinal structure function FUU,L in the

numerator of Eq. (4) can be neglected [30]. In the denominator, the standard inclusive longitudinal structure function
FL is non negligible and contains contributions of order ↵S . However, in our analysis we assume a parton-model
picture and we neglect such contributions; hence, consistently we neglect the contribution of FL in the denominator
of Eq. (4). It may also be noted that in the transverse-momentum analysis of the data, FL induces a change in
normalization that depends on x, but is independent of z and P 2

hT , the kinematic variables most relevant in the
fitting procedure. Hence, we do not expect large e↵ects on the resulting parameters.

To express the structure functions in terms of TMD PDFs and FFs, we rely on the factorized formula for semi-
inclusive DIS at low transverse momenta [31–39]:

FUU,T (x, z,P
2

hT , Q
2) =

X

a

Ha
UU,T (Q

2;µ2)

Z
dk

?

dP
?

f

a
1

�
x,k2

?

;µ2

�
D

a
~

h
1

�
z,P 2

?

;µ2

�
�

�
zk

?

� PhT + P
?

�

+ YUU,T

�
Q

2

,P 2

hT

�
+ O

�
M/Q

�
. (6)

Here, HUU,T is the hard scattering part; fa
1

(x,k2

?

;µ2) is the TMD PDF for an unpolarized parton of flavor a in an
unpolarized proton, carrying longitudinal momentum fraction x and transverse momentum k

?

at the factorization
scale µ

2, which in the following we choose to be equal to Q

2. D

a
~

h
1

(z,P 2

?

;µ2) is the TMD FF for an unpolarized

dependence  on:

p

xp

kT
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Extraction from SIDIS & Drell-Yan

Drell-Yan  \  Z production

TMD PDFs nucleon

photon

nucleon

qT

k⊥B

kB

kA

PB

q

PA

k⊥A

quark

quark
TMD PDFs

4



Extraction from SIDIS & Drell-Yan
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FIG. 1. Diagram describing the relevant momenta involved in a semi-inclusive DIS event: a virtual photon (defining the
reference axis) strikes a parton inside a proton. The parton has a transverse momentum k

?

(not measured). The struck
parton fragments into a hadron, which acquires a further transverse momentum P

?

(not measured). The total measured
transverse-momentum of the final hadron is PhT . When Q

2 is very large, the longitudinal components are all much larger than
the transverse components. In this regime, PhT ⇡ zk

?

+ P
?

(see also Ref. [42]).

parton of flavor a fragmenting into an unpolarized hadron h carrying longitudinal momentum fraction z and transverse
momentum P

?

; the term YUU,T is introduced to ensure a matching to the perturbative calculations at high transverse
momentum. The expression for FUU,T is known up to at least O(↵2

S), including the resummation of at least next-
to-next-to-leading logarithms of the type log (P 2

hT /Q
2). However, we are going to use here only the lowest-order

expression, which should still provide a good description at low P 2

hT and in a limited range of Q2. Eventually, Eq. (6)
simplifies to (see, e.g., Refs. [29, 40, 41])

FUU,T (x, z,P
2

hT , Q
2) =

X

a

e

2

a

⇥
f

a
1

⌦ D

a
~

h
1

⇤
(x, z,P 2

hT , Q
2) , (7)

where the convolution upon transverse momenta is defined as

⇥
f ⌦ D

⇤
(x, z,P 2

hT , Q
2) = x

Z
dk

?

dP
?

�

�
zk

?

+ P
?

� PhT

�
f(x,k2

?

;Q2)D(z,P 2

?

;Q2) . (8)

In Fig. 1, we describe our notation for the transverse momenta (in agreement with the notation suggested by the
white paper in Ref. [2]), which is also reproduced below for convenience:

Momentum Physical description

k 4-momentum of parton in distribution function

p 4-momentum of fragmenting parton

k
?

light-cone transverse momentum of parton in distribution function

P
?

light-cone transverse momentum of final hadron w.r.t. fragmenting parton

PhT light-cone transverse momentum of final hadron w.r.t. virtual photon

A. Flavor-dependent Gaussian ansatz

The Gaussian ansatz consists in assuming the following functional form for the transverse-momentum dependence
of both the TMD PDF f

a
1

and the TMD FF D

a
~

h
1

in Eq. (7):

f

a
1

(x,k2

?

;Q2) =
f

a
1

(x,Q2)

⇡hk2

?,ai
e

�k2

?/hk2

?,ai
D

a
~

h
1

(z,P 2

?

, Q

2) =
D

a
~

h
1

(z;Q2)

⇡hP 2

?,a
~

hi e

�P 2

?/hP 2

?,a
~

hi
. (9)

Unpolarized

dependence  on:
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Structure functions and TMDs
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Structure functions and TMDs 
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Structure functions and TMDs
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TMD EvolutionTMD evolution
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Evolved TMDs

Non-perturbative contributions have to be extracted 
from experimental data, after parametrization
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Model: non perturbative elements

sum of two different gaussians
with kinematic dependence on transverse momenta
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Model: non perturbative elements

Models - intrinsic momenta and evolution

22

weighted sum of two different Gaussians,
both for distributions and fragmentations

In total we have 12 parameters, for intrinsic transverse momentum 
(5 PDFs, 6 FFs) and evolution (g2)

( Kinematic dependence of the average transverse momenta as in Pavia/Ams. 2013 )

gK = �g2
b2
T

2

F̃i,NP (x, bT ) =

hk2
?ii e�hk2

?iib2
T/4 + �hk02

?ii
✓
1� hk02

?ii b
2
T
4

◆
e�hk02

? iib2
T/4

hk2
?ii + �hk02

?ii

g2 = 0.14± 0.01 GeV

estimate from 33 replicas

In total we have 11 parameters, for intrinsic transverse momentum
(4 PDFs, 6 FFs) and evolution (g2) 

N1,↵,�,�

N3, N4,�, �, �,�F

Free parameters

4 for TMD PDF
6 for TMD FF

1 for NP contribution to
TMD evolution
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Experimental data
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Data selection and analysis

Q2 > 1.4 GeV2

0.2 < z < 0.7

PhT , qT < Min[0.2Q , 0.7Qz] + 0.5 GeV

Motivations	behind	kinematical	cuts
TMD	factorization	(PhT/z	<<	Q2)

Avoid	target	fragmentation	(low	z)
and	exclusive	contributions	(high	z)
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Experimental data

SIDIS μN

hermes

SIDIS eN

E288

E605

Drell-Yan

CDF

Z Production

1514data points

6252
data points

1514data points151415141514

203
data points

90
data points

Total:	8059 data
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Data region

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)
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Data region

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)

Abbot et al. hep-ex/9909020
Affolder et al. hep-ex/0001021
Abazov et al. arXiv:0712.0803
Aaltonen et al. arXiv:1207.7138 

Ito et al., PRD93 (81)
Moreno et al. PRD 43 (91)
Antreyan et al. PRL47 (81)
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Summary	of	results

Total	number	of	data	points:	8059

Total	number	of	free	parameters:	11
➛	4	for	TMD	PDFs			➛	6	for	TMD	FFs

➛	1	for	TMD	evolution

Pavia / Ams. 2016 : an almost global fit

16

Framework HERMES COMPASS DY Z 
production N of points

Pavia 2016
(+Amsterdam) LO-NLL ✔ ✔ ✔ ✔ 8156

A step closer to a global fit of 
quark unpolarized TMDs

Flexible functional form, beyond
the Gaussian assumption

PROs CONs

includes TMD evolution

no “pure” info on TMD FFs

accuracy of TMD evolution : 
not the state of the art

need for a light and fast analysis codereplica methodology (in progress)

kinematic and flavor dependence 
in intrinsic part of TMDs (in progress)

Pavia 2017
(+ JLab) 8059

�

2
/d.of. = 1.55± 0.05

[ JHEP06(2017)081 ]
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An almost global fit
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Q2 Evolution: The peak is now at about 1 GeV, it was at 0.4 GeV for SIDIS
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Q2 Evolution: The peak is now at about 4 GeV CDF
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(not really relevant for TMD  parametrizations)
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Original χ2/dof = 1.51

Normalization of HERMES data as done for COMPASS:
 χ2/dof = 1.27

Parametrizations for collinear PDFs (NLO GJR 2008 default choice):
NLO MSTW 2008 (1.84), NLO CJ12 (1.85)

More stringent cuts (TMD factorization better under control) 
χ2/dof  → 1
Ex: Q2 > 1.5 GeV2; 0.25 < z < 0.6; PhT < 0.2Qz ⇒ χ2/dof = 1.02 (477 
bins)

Stability of our results
Test of our default choices 
How does the χ2 of a single replica change if we modify them?
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Analysis of revised SIDIS data 
from COMPASS

[ Phys.Rev. D97 (2018) no.3, 032006 ]



Revised Compass Data
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FIG. 7. Same as Fig. 5 for 0.4 < z < 0.6.
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Revised Compass Data: binning
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6 3 RESULTS

Bin x

min

b j

x

max

b j

hx
b j

i Q

2
min

Q

2
max

hQ2i
1 0.0045 0.0060 0.0052 1.0 1.25 1.11
2 0.0060 0.0080 0.0070 1.0 1.30 1.14
3 0.0060 0.0080 0.0070 1.3 1.70 1.48
4 0.0080 0.0120 0.0099 1.0 1.50 1.22
5 0.0080 0.0120 0.0099 1.5 2.10 1.76
6 0.0120 0.0180 0.0148 1.0 1.50 1.22
7 0.0120 0.0180 0.0148 1.5 2.50 1.92
8 0.0120 0.0180 0.0150 2.5 3.50 2.90
9 0.0180 0.0250 0.0213 1.0 1.50 1.23
10 0.0180 0.0250 0.0213 1.5 2.50 1.92
11 0.0180 0.0250 0.0213 2.5 3.50 2.94
12 0.0180 0.0250 0.0216 3.5 5.00 4.07
13 0.0250 0.0350 0.0295 1.0 1.20 1.10
14 0.0250 0.0400 0.0316 1.2 1.50 1.34
15 0.0250 0.0400 0.0318 1.5 2.50 1.92
16 0.0250 0.0400 0.0319 2.5 3.50 2.95
17 0.0250 0.0400 0.0323 3.5 6.00 4.47
18 0.0400 0.0500 0.0447 1.5 2.50 1.93
19 0.0400 0.0700 0.0533 2.5 3.50 2.95
20 0.0400 0.0700 0.0536 3.5 6.00 4.57
21 0.0400 0.0700 0.0550 6.0 10.0 7.36
22 0.0700 0.1200 0.0921 3.5 6.00 4.62
23 0.0700 0.1200 0.0932 6.0 10.0 7.57

Table 1: Definition of the 23 bins of x

b j

and Q

2 and corresponding mean values; Q

2 is in units of
(GeV/c)2.
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The distributions for two selected (Q2, x

B j

) bins are shown in Fig. 4 for all z intervals. The full data set,
including more p

2
T

bins, is available on HEPDATA [15]. As can be seen from Eq. 3 the uncertainty of the
integrated luminosity cancels and the only contributions to systematic uncertainties of the multiplicities
come from the hadron acceptance and the assumption of factorization of hadron and muon acceptance.
The total systematic uncertainty due to acceptance has been estimated to be 5% [11]. Only statistical
errors are shown in the figures.

The fits are performed at values of p

T

smaller than 0.85 GeV/c to stay away from pQCD effects where
the assumption of a simple exponential distribution is known to fail [16, 17] and at p

T

larger than 0.1
GeV/c to exclude a region where the experimental resolution may affect the distribution. In this range,
the p

2
T

distributions are fitted with a single exponential functions Ae
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2
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i to extract the inverse slope
hp

2
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i. The values of hp
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i for all intervals of x

B j
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2 and z are shown in Figs. 5 and 6 and in Tabs. 2 and
3. These figures and tables contain the basic experimental information extracted from the fits of the p

2
T

distributions.

In Fig. 7 the dependence of the fitted hp

2
T

i on x

B j

is shown for a low-z and a high-z bin and for a low- and
a high-Q2 bin. At higher z the positive hadrons clearly have higher hp

2
T

i than the negative hadrons. For
hadrons with lower z however, no difference is observed in the p

2
T

distributions. A similar behaviour was
already reported by HERMES [21] for the average p

2
T

, not determined by a fit but from a standard average
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of charged hadrons and extends the results of our earlier
publication on transverse-momentum-dependent distribu-
tions of charged hadrons [16]. The present measurement
enlarges the kinematic coverage in x up to 0.4 instead of
0.12, inQ2 up to 81 ðGeV=cÞ2 instead of 10 ðGeV=cÞ2 and
in P2

hT up to 3 ðGeV=cÞ2 instead of about 1 ðGeV=cÞ2 with
significantly reduced systematic uncertainties on the nor-
malization of theP2

hT-integratedmultiplicities [16]. The data
reported here represent the most precise results on differ-
ential charged hadron multiplicities available at this energy
scale. This measurement is unique as its high statistics
allows us to analyze the P2

hT dependence of charged-hadron
multiplicities in four variables simultaneously.
The paper is organized as follows. Section II briefly

describes the experimental apparatus. Details about the data
analysis are given in Sec. III. The measured charged-hadron
multiplicities are presented and compared to previous
measurements in Sec. IV. In Sec. V, fits to the results
are presented and discussed. The results are summarized
in Sec. VI.

II. EXPERIMENTAL SETUP

The set-up of the COMPASS experiment is briefly
described in this section. A more detailed description
can be found in Ref. [17]. It is a fixed-target experiment,
which uses the CERN Super Proton Synchrotron M2 beam
line that is able to deliver high-energy hadron and muon
beams. The data were collected in 2006 using a naturally
polarized μþ beam of 160 GeV=cwith a momentum spread
of 5%. The intensity was 4 × 107 s−1 with a spill length of
4.8 s and a cycle time of 16.8 s. The momentum of each
incoming muon was measured before the COMPASS
experiment with a precision of 0.3%. The trajectory of
each incoming muon was measured before the target in a
set of silicon and scintillating fibre detectors. The muons
were impinging on a longitudinally polarized solid-state
target located inside a superconducting magnet. The target
consisted of three cells that were located along the beam
one after the other. It was filled with 6LiD beads immersed
in a liquid 3He=4He mixture. The admixtures of H, 3He and
7Li in the target led to an effective excess of neutrons of
about 0.2%. To first approximation, it can be regarded as an
isoscalar deuteron target and will be referred to as such in

the following. The polarization of the middle cell (60 cm
length) was opposite to that of the two outer cells (30 cm
long each), and the polarization was reversed once per day.
In order to obtain spin-independent results, the target
polarization was averaged by combining the data from
all three target cells. Since the data taking in the two
target polarization states was well balanced and remaining
polarization-dependent effects are very small, this pro-
cedure ensures that for the data analysis the target can be
considered as unpolarized.
The COMPASS two-stage spectrometer was designed to

reconstruct scattered muons and produced hadrons in a
wide range of momentum and polar angle, where the latter
reaches up to 180 mrad. Particle tracking is performed by a
variety of tracking detectors that are located before and
after the two spectrometer magnets. The direction of the
reconstructed tracks at the interaction point is determined
with a precision of 0.2 mrad. The momentum resolution is
1.2% in the first spectrometer stage and 0.5% in the second
one. The trigger is made by hodoscope systems supple-
mented by hadron calorimeters. Muons are identified
downstream of hadron absorbers.

III. MULTIPLICITY AND DATA ANALYSIS

A. Multiplicity extraction

The differential multiplicity Mh for charged hadrons,
where h denotes a long-lived charged hadron (πþ, π−, Kþ,
K−, p or p̄), is defined as the ratio between the differential
semi-inclusive cross section d4σh and the differential
inclusive cross section d2σDIS:

d2Mhðx;Q2;z;P2
hTÞ

dzdP2
hT

¼
!

d4σh

dxdQ2dzdP2
hT

"#!
d2σDIS

dxdQ2

"
: ð3Þ

Hadron multiplicities are measured in the four-
dimensional (x, Q2, z, P2

hT) space. The bin limits in the
four variables are presented in Table I.
The data used in the present analysis were collected

during six weeks in 2006. The data analysis comprises
event and hadron selection, the correction for radiative
effects, the determination of and the correction for the
kinematic and geometric acceptance of the experimental
set-up as well as for detector inefficiencies, detector

TABLE I. Bin limits for the four-dimensional binning in x, Q2, z and P2
hT.

Bin limits

x 0.003 0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4
Q2 ðGeV=cÞ2 1.0 1.7 3.0 7.0 16 81
z 0.2 0.3 0.4 0.6 0.8
P2
hT ðGeV=cÞ2 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.17 0.196

0.23 0.27 0.30 0.35 0.40 0.46 0.52 0.60 0.68
0.76 0.87 1.00 1.12 1.24 1.38 1.52 1.68 1.85
2.05 2.35 2.65 3.00
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Q

2,x
B j

z bins !
Bin 0.2÷0.25 0.25÷0.3 0.3÷0.35 0.35÷0.4 0.4÷0.5 0.5÷0.6 0.6÷0.7 0.7÷0.8
1 .2254(13) .2394(17) .2607(23) .2738(30) .2981(31) .3072(43) .3299(65) .2674(57)
2 .2241(10) .2457(14) .2614(19) .2763(24) .2952(24) .3060(35) .3009(44) .2650(46)
3 .2234(13) .2390(18) .2631(24) .2761(31) .2986(32) .3327(52) .3348(69) .2985(68)
4 .2239( 6) .2424( 9) .2592(12) .2738(15) .2915(15) .3006(21) .3087(29) .2670(30)
5 .2270( 9) .2438(13) .2634(17) .2777(22) .3073(24) .3387(38) .3419(51) .2998(55)
6 .2231( 6) .2442( 8) .2610(11) .2755(14) .2914(13) .3053(19) .3010(25) .2677(27)
7 .2246( 7) .2418( 9) .2641(13) .2779(17) .3013(17) .3338(27) .3410(38) .3105(44)
8 .2250(13) .2470(18) .2723(25) .2893(33) .3338(38) .3829(67) .420(11 ) .447(17 )
9 .2122( 7) .2408( 9) .2630(12) .2762(15) .2953(15) .3087(21) .3094(26) .2699(27)
10 .2222( 7) .2439(10) .2617(13) .2806(17) .3034(17) .3347(28) .3309(37) .2946(39)
11 .2250(12) .2425(16) .2667(22) .2886(30) .3243(34) .3642(57) .3912(88) .3485(95)
12 .2289(17) .2530(24) .2828(35) .3031(48) .3515(55) .421(11 ) .417(14 ) .538(34 )
13 .1766(13) .2020(15) .2299(18) .2597(23) .2909(22) .3003(29) .2956(34) .2704(37)
14 .1866( 9) .2171(13) .2436(15) .2640(18) .2893(17) .3131(24) .3099(30) .2758(31)
15 .2078( 6) .2355( 8) .2577(11) .2759(14) .3050(14) .3319(22) .3364(29) .3025(31)
16 .2229( 9) .2441(13) .2678(18) .2882(23) .3230(26) .3587(42) .3749(59) .3395(69)
17 .2257(10) .2493(14) .2761(20) .3064(28) .3468(32) .4050(59) .4321(91) .384(10 )
18 .1799(11) .2063(13) .2340(17) .2500(19) .2853(20) .3197(30) .3321(40) .2984(42)
19 .1944( 9) .2245(12) .2486(15) .2735(20) .3088(22) .3434(34) .3656(49) .3609(62)
20 .2167( 8) .2415(11) .2700(15) .2947(21) .3370(23) .3959(42) .4170(63) .3994(76)
21 .2311(13) .2579(18) .2908(27) .3178(37) .3588(41) .4307(80) .490(14 ) .507(21 )
22 .1738(10) .1990(12) .2319(16) .2578(21) .2969(22) .3437(38) .3809(57) .3809(74)
23 .2091(10) .2448(15) .2714(21) .2989(28) .3441(31) .4072(57) .470(10 ) .469(13 )

Table 2: Fitted hp

2
T

i in units of (GeV/c)2 for the 23 (x
B j

, Q

2) bins (rows) and the 8 z intervals (columns) for positive hadrons. The error of the least significant
digit(s) is given in parentheses. Same information as Fig. 5

[ Eur. Phys. J. C (2013) 73:2531 ]



Number of experimental data
1514data points151415141514

Total:	3931 data

Same kinematical cuts in x,Q2,z,PhT

Same data for DY
Z

SIDIS eN

203
90
1514

SIDIS μN
2124
data points
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Minimization of 
50 data replicas
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Use 200 replica 
parameters from 

previous fit 

SIDIS h+

Exploratory analysis
without normalization

> 4�2/dof

Sensitive to z value

Less stable with regards to 
kinematical cuts

...



Conclusions

For the first time we demonstrated that it is possible 
to fit simultaneously SIDIS, DY and Z boson

We extracted a reasonable functional form for TMD 
from more than 8000 data points

We tested the universality and applicability of the 
TMD framework and it works quite well
(most of the discrepancies come from normalization)
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Conclusions and open issues
For the first time we demonstrated that it is possible to
fit simultaneously SIDIS, DY and Z boson
We extracted TMDs from more than 8000 data points

We tested the universality and applicability of the TMD 
framework and it works quite well

•Reduced number of data points
•compatible with parameters obtained from 
previous analysis
•removing normalization requires 
 further considerations

.....

Revised Compass Data
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Best fit valuesBest-fit values

39

19

as the 68% C.L. envelope of the full sets of curves from the 200 replicas. Comparison with other extractions are
presented and the legenda is detailed in the caption of Fig. 7.

AS: shall we add plots for f
1

(x, k2
?

) and D

1

(z, P 2

?

) to illustrate their shape at Q = 1 GeV in momentum space?

⇣

max

[GeV�1] ⇣

min

[GeV�1] g

2

[GeV2]

(fixed) (fixed)

All replicas 2e��E [/GeV] 2e��E
/Q 0.13± 0.01

Replica 105 2e��E [/GeV] 2e��E
/Q 0.128

TABLE X: Values of parameters common to TMD PDFs and TMD FFs.

TMD PDFs
⌦
k̂2

?

↵
↵ � �

[GeV2] [GeV�2]

All replicas 0.28± 0.06 2.95± 0.05 0.17± 0.02 0.86± 0.78

Replica 105 0.285 2.98 0.173 0.39

TMD FFs
⌦
P̂ 2

?

↵
� � � �F

⌦
P̂ 02

?

↵

[GeV2] [GeV�2] [GeV2]

All replicas 0.21± 0.02 1.65± 0.49 2.28± 0.46 0.14± 0.07 5.50± 1.23 0.13± 0.01

Replica 105 0.212 2.10 2.52 0.094 5.29 0.135

TABLE XI: 68% confidence intervals of best-fit values for parametrizations of TMDs at Q = 1 GeV.

FIG. 7: Correlation between transverse momenta in TMD FFs, hP 2

?

i(z = 0.5), and in TMD PDFs, hk2

?

i(x = 0.1), in di↵erent
phenomenological extractions. The red region is the 68% C.L. area explored in this fit (1-red). The white boxes represent
the average values over the replicas for the transverse momenta. The other extractions are: (2-orange) [23], (3-blue) [78],
(4-brown) [63] for Hermes data, (5-red point) [63] for Hermes data at high z, (6-pink) [63] for normalized Compass data,
(7-purple) [63] for normalized Compass data at high z, (8-yellow) [15]. For more details, such as the value of the input scale
for the TMDs, see the respective references.

best value from 200 replicas

g2 = 0.13± 0.01 GeV2

compatible with other extractions

Flavor independent scenario:

hk̂2?i = 0.28± 0.06 GeV2

hP̂ 2
?i = 0.21± 0.02 GeV2

hP̂ 02
? i = 0.13± 0.01 GeV2

    N1

    N3     N4

   N1

    N3

  N4
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0.04± 0.01

� �

0.04± 0.01

0.04
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Example of original data



The replica method

mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

Example of original data

two targets

4 final hadrons

5 x bins

7 z bins
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mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1
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0.27<z<0.30
0.38<z<0.48

Data are replicated (with Gaussian distribution)



The replica method
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Xx\~0.15
XQ2\~2.9 GeV2
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PhT
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0.38<z<0.48

The fit is performed on the replicated data



The replica method

mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48

The procedure is repeated 200 times



The replica method

mHx,z,PhT ,Q2L, proton target

Xx\~0.15
XQ2\~2.9 GeV2

0.0 0.4 0.8
PhT

1

2

3
p-

0.27<z<0.30
0.38<z<0.48
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Previous fit studies

Framework HERMES COMPASS DY Z 
production N of points

KN 2006
 hep-ph/0506225

LO-NLL ✘ ✘ ✔ ✔ 98

Pavia 2013
(+Amsterdam, Bilbao)
 arXiv:1309.3507

No evo 
(QPM) ✔ ✘ ✘ ✘ 1538

Torino 2014
(+JLab)

 arXiv:1312.6261

No evo 
(QPM)

✔
(separately)

✔
(separately) ✘ ✘

576 (H)
6284 (C)

DEMS 2014
arXiv:1407.3311

NLO-NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014
 arXiv:1401.5078

LO-NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

Pavia 2016
(+Amsterdam) LO-NLL ✔ ✔ ✔ ✔ 8156Pavia 2017
(+ JLab) 8059
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Data selection

3

We made the following choices for the nonperturbative terms

gK(bT ) = �g

2

b

2

T /2, with Q

0

= 1 GeV (12)

f̂

f
NP

(x, bT ) =
hk2

?

ie�hk2

?i
b2T
4 + �hk02

?

i
⇣
1� hk02

?

i b2T
4

⌘
e

�hk02?i
b2T
4

(hk2

?

i+ �hk02

?

i) (13)

with We choose the following functional form for the average square transverse momentum of flavor a:

⌦
k2

?,a

↵
(x) =

⌦
k̂2

?,a

↵ (1� x)↵
x

�

(1� x̂)↵
x̂

�
, where

⌦
k̂2

?,a

↵
⌘

⌦
k2

?,a

↵
(x̂), and x̂ = 0.1. (14)

hk̂2

?,ai, ↵, �, are free parameters.

⌦
P 2

?,a
~

h

↵
(z) =

⌦
P̂ 2

?,a
~

h

↵ (z� + �) (1� z)�

(ẑ� + �) (1� ẑ)�
where

⌦
P̂ 2

?,a
~

h

↵
⌘

⌦
P 2

?,a
~

h

↵
(ẑ), and ẑ = 0.5. (15)

The free parameters �, �, and � are equal for all kinds of fragmentation functions.

III. DATA SELECTION

HERMES HERMES HERMES HERMES

p! ⇡

+

p! ⇡

�

p! K

+

p! K

�

Reference

Cuts

Q

2

> 1.4 GeV2

0.2 < z < 0.7

PhT < Min[0.2 Q, 0.6 Qz] + 0.5 GeV

Points 188 186 187 185

Max. Q

2 9.2 GeV2

x range 0.06 < x < 0.4

Notes

�

2

/points

TABLE I: Semi-inclusive DIS proton-target data

IV. RESULTS

V. CONCLUSIONS AND OUTLOOK
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Motivations	behind	kinematical	cuts
TMD	factorization	(PhT/z	<<	Q2)
Avoid	target	fragmentation	(low	z)
and	exclusive	contributions	(high	z)

SIDIS
proton-target

data
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Data selection

SIDIS
deuteron-target

data 4

HERMES HERMES HERMES HERMES COMPASS COMPASS

D ! ⇡

+

D ! ⇡

�

D ! K

+

D ! K

�

D ! h

+

D ! h

�

Reference

Cuts

Q

2

> 1.4 GeV2

0.2 < z < 0.7

PhT < Min[0.2 Q, 0.6 Qz] + 0.5 GeV

Points 188 188 186 187 3024 3021

Max. Q

2 9.2 GeV2 10 GeV2

x range 0.06 < x < 0.4 0.006 < x < 0.12

Notes Observable:
m

h
N (x, z, P 2

hT , Q

2)

m

h
N (x, z, Min[P 2

hT ], Q2)

�

2

/points

TABLE II: Semi-inclusive DIS deuteron-target data

E288 200 E288 300 E288 400 E605

Reference [? ] [? ] [? ] [? ]

Cuts qT < 0.2 Q + 0.5 GeV

Points 45 45 78 35
p

s 19.4 GeV 23.8 GeV 27.4 GeV 38.8 GeV

Q range 4-9 GeV 4-9 GeV 5-9, 11-14 GeV 7-9, 10.5-18 GeV

Kin. var. y=0.4 y=0.21 y=0.03 �0.1 < xF < 0.2

�

2

/points 0.52 0.98 0.68 0.68

TABLE III: Drell-Yan data

CDF Run I D0 Run I CDF Run II D0 Run II

Reference [? ] [? ] [? ] [? ]

Cuts qT < 0.2 Q + 0.5 GeV = 18.7 GeV

Points 31 14 37 8
p

s 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV

Normalization 1.114 0.992 1.049 1.048

�

2

/points 0.52 0.98 0.68 0.68

TABLE IV: Z-production data

Points b

max

˙
k̂2

?

¸
↵ � g

2

(fixed) [GeV2] (random) [GeV2]

8156 2e

��E
/GeV 0.34± 0.01 5.0± 1.0 0.25± 0.01 0.13± 0.01

�

2

b

min

˙
P̂ 2

?

¸
� � �

(fixed) [GeV2]

12100 2e

��E
/Q 0.20± 0.01 2.7± 0.1 3.4± 0.1 0.041± 0.004

TABLE V: 68% confidence intervals of best-fit parameters for TMD PDFs.

to avoid problems 
with Compass data normalization

55



Data selection

4

HERMES HERMES HERMES HERMES COMPASS COMPASS

D ! ⇡

+

D ! ⇡

�

D ! K

+

D ! K

�

D ! h

+

D ! h

�

Reference [? ] [? ]

Cuts

Q

2

> 1.4 GeV2

0.2 < z < 0.7

PhT < Min[0.2 Q, 0.6 Qz] + 0.5 GeV

Points 188 188 186 187 3024 3021

Max. Q

2 9.2 GeV2 10 GeV2

x range 0.06 < x < 0.4 0.006 < x < 0.12

Notes Observable:
m

h
N (x, z, P 2

hT , Q

2)

m

h
N (x, z, Min[P 2

hT ], Q2)

�

2
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m
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�

2
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TABLE II: Semi-inclusive DIS deuteron-target data

E288 200 E288 300 E288 400 E605

Reference

Cuts qT < 0.2 Q + 0.5 GeV

Points 45 45 78 35
p

s 19.4 GeV 23.8 GeV 27.4 GeV 38.8 GeV
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Kin. var. y=0.4 y=0.21 y=0.03 �0.1 < xF < 0.2
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/points

TABLE III: Drell-Yan data

CDF Run I D0 Run I CDF Run II D0 Run II

Reference [? ] [? ] [? ] [? ]

Cuts qT < 0.2 Q + 0.5 GeV = 18.7 GeV

Points 31 14 37 8
p

s 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV

Normalization 1.114 0.992 1.049 1.048

�

2

/points 0.52 0.98 0.68 0.68

TABLE IV: Z-production data

Points b

max

˙
k̂2

?

¸
↵ � g

2

(fixed) [GeV2] (random) [GeV2]

8156 2e

��E
/GeV 0.34± 0.01 5.0± 1.0 0.25± 0.01 0.13± 0.01
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TABLE V: 68% confidence intervals of best-fit parameters for TMD PDFs.

Drell-Yan
data

Z production
data

fixed from DEMS fit,
different from exp.
(not really relevant for TMD
parametrizations)
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μ and b∗ prescriptions
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μ and b∗ prescriptions

e
f

a
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Choice Choice

b⇤ ⌘
bTp

1 + b2

T /b2

max
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max

✓
1� e

� b4T
b4
max

◆
1/4

µb = 2e��E /b⇤

µb = Q0 + qT b⇤ = bT

µb = 2e��E /b⇤

Collins, Soper, Sterman, NPB250 (85)

DEMS 2014

Bacchetta, Echevarria, Mulders, Radici, Signori
arXiv:1508.00402
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Nonperturbative ingredients 1
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Nonperturbative ingredients 1

e
f

a
1 (x, bT ;µ2) =

X

i

�
C̃a/i ⌦ f

i
1

�
(x, b⇤;µb)eS̃(b⇤;µb,µ)

e

gK(bT ) ln µ
µ0

f̂

a
NP(x, bT )

Choice

almost everybody

Pavia 2013, KN 2006

DEMS 2014

e
� b2T

hb2
T
i

J
H
E
P
1
1
(
2
0
1
4
)
0
9
8

• It has to be such that

lim
bT→0

F̃NP
q/N = 1 , (2.33)

in order to guarantee that the perturbative series is not altered where its convergence

properties are sound.

We have not included a dependence on x, as data eventually do not need such correction

and to keep the model simple enough. In eq. (2.33) we are assuming that the values of x

are not extremely small (say x > 10−3), in which case the whole TMD formalism should

be re-considered.

We have studied several parametrizations of the non-perturbative part (Gaussian, poly-

nomial, etc.) and the final one which better provides a good fit of the data, with the

minimum set of parameters and DNP = 0, is

F̃NP
q/N (x, bT ;Q) = e−λ1bT

(
1 + λ2b

2
T

)
. (2.34)

As discussed below in the text the data for Z-boson production are basically sensitive just

to the parameter λ1, that is to the exponential factor and not to the second power-like term

that, controlling the large-bT region, is more sensitive to small-qT data. The global fit so

performed allows to fix, to a certain precision, the value of this non-perturbative constant.

In other words, this fit can be used to fix the amount of non-perturbative QCD corrections

in the transverse momentum spectra. As commented above, the parameter λ2 corrects the

behavior of the TMDPDF at high values of bT and results necessary to describe the data

at low dilepton invariant mass and low qT .

Considering now a nonzero DNP, this results in a Q-dependent factor in the non-

perturbative model (see the studies of refs. [23, 24] and more recently refs. [5, 8]). Thus,

from eqs. (2.31) and (2.34), by setting DNP = λ3b2T /2, we have

F̃NP
q/N (x, bT ;Q) = e−λ1bT

(
1 + λ2b

2
T

)(Q2

Q2
0

)−λ3
2 b2T

. (2.35)

We anticipate here that the sensitivity of the data to this extra factor with λ3 is not

very strong, although we observe an improvement in the χ2. This is a consequence of the

fact that the fully resummed D function is actually valid on a region of impact parameter

space which is broad enough for the analysis of the sets of available data (notice that we

have in all cases a dilepton invariant mass Q > 4GeV). It might be that at lower values

of Q such corrections could be more significant. On the other hand one expects that also

the factorization theorem should be revised when the values of Q become of the order

of the hadronization scale. It is then possible that the non-perturbative corrections to

the evolution kernel happen there where the basic hypothesis of the factorization theorem

(Q ≫ qT ∼ ΛQCD ∼ O(1 GeV)) become weaker and so are more difficult to extract. A

more detailed study in this direction is beyond the scope of this paper.

Finally in figure 2 we show the effect of the model of eq. (2.34) on the TMDPDF at

low scale, Q = 2GeV, where we expect that its impact is more substantial. We see that the

– 11 –

e
� b

2
T

hb

2
T

(x)i
a
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Low-bT modifications
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Low-bT modifications
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�
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10

lidity of the W -term approximation does not end at a
sharp point in qT, and thus a smooth function character-
izes general physical expectations. A reasonable choice
is

Ξ

(

qT
Q

, η

)

= exp

[

−

(

qT
ηQ

)aΞ
]

, (39)

with aΞ > 2.
The only differences between the old and new W -term

are: i) the use of bc(bT) rather than bT in W̃ , and ii) the
multiplication by Ξ(qT/Q, η). (The second modification
was proposed by Collins in Ref. [4, Eq. (13.75)]. There Ξ
is called F (qT/Q).) Equation (38) matches the standard
definition in the limit that C5 and η approach infinity.
Finally, we will present a fully optimized formula for

WNew(qT, Q; η, C5) corresponding to the one for the orig-
inal W (qT, Q) in Eq. (35).
But first it will be convenient to construct some auxil-

iary results.
Naturally, b∗ is to be replaced by

b∗(bc(bT)) =

√

b2T + b20/(C
2
5Q

2)

1 + b2T/b
2
max + b20/(C

2
5Q

2b2max)
. (40)

Also we define

bmin ≡ b∗(bc(0)) =
b0

C5Q

√

1

1 + b20/(C
2
5Q

2b2max)
. (41)

Then, for large enough Q and bmax

bmin ≈
b0

C5Q
. (42)

Thus, bmin decreases like 1/Q, in contrast to bmax which
remains fixed. Note also that

b∗(bc(bT)) −→

⎧

⎪

⎨

⎪

⎩

bmin bT ≪ bmin

bT bmin ≪ bT ≪ bmax

bmax bT ≫ bmax .

(43)

For bT ≪ 1/Q, b∗(bc(bT)) ≈ b∗(bT). Instead of µb∗ , we
will ultimately use the scale

µ̄ ≡
C1

b∗(bc(bT))
(44)

to implement renormalization group improvement in
TMD correlation functions. There is a maximum cut-
off on the renormalization scale equal to

µc ≡ lim
bT→0

µ̄ =
C1C5Q

b0

√

1 +
b20

C2
5 b

2
maxQ

2
≈

C1C5Q

b0
.

(45)
The approximation sign corresponds to the limit of large
Qbmax. Note that,

bminµc = C1 . (46)

The steps for finding a useful formula for the evolved WNew(qT, Q; η, C5) are as follows. Equation (32) becomes

WNew(qT, Q; η, C5) = Ξ

(

qT
Q

, η

)
∫

d2bT
(2π)2

eiqT·bTW̃NP(bc(bT), Q)W̃ (b∗(bc(bT)), Q) . (47)

Now the definition of W̃ (bT, Q) is unchanged, and only the bT → bc(bT) replacement is new. Therefore instead of
Eq. (35) we simply need

W̃ (bc(bT), Q) = H(µQ, Q)
∑

j′i′

∫ 1

xA

dx̂

x̂
C̃pdf

j/j′ (xA/x̂, b∗(bc(bT)); µ̄
2, µ̄,αs(µ̄))fj′/A(x̂; µ̄)×

×

∫ 1

zB

dẑ

ẑ3
C̃ff

i′/j(zB/ẑ, b∗(bc(bT)); µ̄
2, µ̄,αs(µ̄))dB/i′ (ẑ; µ̄)×

× exp

{

ln
Q2

µ̄2
K̃(b∗(bc(bT)); µ̄) +

∫ µQ

µ̄

dµ′

µ′

[

2γ(αs(µ
′); 1)− ln

Q2

µ′2
γK(αs(µ

′))

]}

× exp

{

−gA(xA, bc(bT); bmax)− gB(zB, bc(bT); bmax)− 2gK(bc(bT); bmax) ln

(

Q

Q0

)}

. (48)

This is the same as Eq. (35) except that b∗(bc(bT)) and µ̄ = C1/b∗(bc(bT)) are used instead of b∗(bT) and
µb∗ = C1/b∗(bT). Note that gK(bc(bT); bmax) depends on Q through bc, albeit only for bT ! 1/Q. For bT ≫ 1/Q,
gK(bc(bT); bmax) → gK(bT; bmax). Also, gK(bc(bT); bmax) does not vanish exactly as bT → 0 but instead approaches a
power of 1/Q.
Up to this point, we have introduced two new parameters, η and C5, in the treatment of the W -term.
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bmin bT ≪ bmin

bT bmin ≪ bT ≪ bmax

bmax bT ≫ bmax .

(43)

For bT ≪ 1/Q, b∗(bc(bT)) ≈ b∗(bT). Instead of µb∗ , we
will ultimately use the scale

µ̄ ≡
C1

b∗(bc(bT))
(44)

to implement renormalization group improvement in
TMD correlation functions. There is a maximum cut-
off on the renormalization scale equal to

µc ≡ lim
bT→0

µ̄ =
C1C5Q

b0

√

1 +
b20

C2
5 b

2
maxQ

2
≈

C1C5Q

b0
.

(45)
The approximation sign corresponds to the limit of large
Qbmax. Note that,

bminµc = C1 . (46)

The steps for finding a useful formula for the evolved WNew(qT, Q; η, C5) are as follows. Equation (32) becomes

WNew(qT, Q; η, C5) = Ξ

(

qT
Q

, η

)
∫

d2bT
(2π)2

eiqT·bTW̃NP(bc(bT), Q)W̃ (b∗(bc(bT)), Q) . (47)

Now the definition of W̃ (bT, Q) is unchanged, and only the bT → bc(bT) replacement is new. Therefore instead of
Eq. (35) we simply need

W̃ (bc(bT), Q) = H(µQ, Q)
∑

j′i′

∫ 1

xA

dx̂

x̂
C̃pdf

j/j′ (xA/x̂, b∗(bc(bT)); µ̄
2, µ̄,αs(µ̄))fj′/A(x̂; µ̄)×

×

∫ 1

zB

dẑ

ẑ3
C̃ff

i′/j(zB/ẑ, b∗(bc(bT)); µ̄
2, µ̄,αs(µ̄))dB/i′ (ẑ; µ̄)×

× exp

{

ln
Q2

µ̄2
K̃(b∗(bc(bT)); µ̄) +

∫ µQ

µ̄

dµ′

µ′

[

2γ(αs(µ
′); 1)− ln

Q2

µ′2
γK(αs(µ

′))

]}

× exp

{

−gA(xA, bc(bT); bmax)− gB(zB, bc(bT); bmax)− 2gK(bc(bT); bmax) ln

(

Q

Q0

)}

. (48)

This is the same as Eq. (35) except that b∗(bc(bT)) and µ̄ = C1/b∗(bc(bT)) are used instead of b∗(bT) and
µb∗ = C1/b∗(bT). Note that gK(bc(bT); bmax) depends on Q through bc, albeit only for bT ! 1/Q. For bT ≫ 1/Q,
gK(bc(bT); bmax) → gK(bT; bmax). Also, gK(bc(bT); bmax) does not vanish exactly as bT → 0 but instead approaches a
power of 1/Q.
Up to this point, we have introduced two new parameters, η and C5, in the treatment of the W -term.
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Data selection

Q2 > 1.4 GeV2

0.2 < z < 0.7
PhT , qT < 0.2 Q + 0.5 GeV PhT < 0.8 GeV (if z < 0.3)
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Data selection

Q2 > 1.4 GeV2

0.2 < z < 0.7
PhT , qT < 0.2 Q + 0.5 GeV PhT < 0.8 GeV (if z < 0.3)

Total number of data points: 8156
Total χ2/dof = 1.45 Preliminary
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Pavia 2016 perturbative ingredients

e
f

a
1 (x, bT ;µ2) =

X

i

�
C̃a/i ⌦ f

i
1

�
(x, b⇤;µb)eS̃(b⇤;µb,µ)

e

gK(bT ) ln µ
µ0

f̂

a
NP(x, bT )

A1

�O(↵1
S)

�
A2

�O(↵2
S)

�
A3

�O(↵3
S)

�
. . .

B1

�O(↵1
S)

�
B2

�O(↵2
S)

�
. . .

C0

�O(↵0
S)

�
C1

�O(↵1
S)

�
C2

�O(↵2
S)

�
. . .

H0

�O(↵0
S)

�
H1

�O(↵1
S)

�
H2

�O(↵2
S)

�
. . .

Y1

�O(↵1
S)

�
Y2

�O(↵2
S)

�
. . .

✔ ✔

✔

✔

✔
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Mean transverse momentum

Q2=1GeV2
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Include only SIDIS data
Hermes + Compass

Use 200 replica 
parameters from 

previous fit 

SIDIS h+
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Include only SIDIS data SIDIS h+

Use 200 replica 
parameters from 

previous fit 
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1st data point 
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