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measurements from Drell-Yan processes and semi-inclusive deep-inelastic scattering, whose
combination is essential to distinguish flavor differences. The analysis is carried out at N3LL
accuracy. The extracted flavor-dependent distributions give a very good description of the
data (x?/Ngay = 1.08). The resulting error bands take fully into account also the uncertainties
in the determination of the corresponding collinear distributions.
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1 Introduction

The transverse-momentum distributions (TMDs) provide insights into the three-dimensional
structure of hadrons in momentum space, and are fundamental in understanding the world at
the subatomic level. Thanks to the wealth of experimental measurements and the development
of a robust theoretical framework, the study of TMDs has witnessed remarkable progress in
recent years, and accurate phenomenological extractions for unpolarized quark TMDs in the
proton are available [1-8]. TMDs were also studied in a different framework, the so called
parton-branching approach [9-11]. The outcomes of these studies are partly available in the
public TMD1ib library [12, 13] (for a review, see also ref. [14]). Despite this advancement,
there is still a lack of knowledge regarding the transverse momentum distribution of different
quark flavors, and we are unable to clearly answer the question: do certain quark flavors
carry more transverse momentum than others?

The question is legitimate because global extractions of collinear parton distribution
functions (PDFs) clearly show that the distribution of longitudinal fractional momentum
of partons strongly depends on their flavor (see ref. [15] for a recent review); similarly, for
collinear fragmentation functions (FFs) [16, 17]. Moreover, there is no theoretical principle
that prevents the transverse-momentum distribution of partons from having a similar behavior.

In this article, we aim to shed light on the variations in TMDs across different quark flavors.
To achieve this goal, we compare theoretical predictions with experimental data from two



distinct processes: Drell-Yan (DY) lepton-pair production and semi-inclusive deep-inelastic
scattering (SIDIS). In relation to our goal, the two processes are highly complementary. On
the one side, DY interactions do not involve hadrons in the final state and do not depend
on TMD fragmentation functions (TMD FFs), but they offer valuable insight into TMD
distribution functions (TMD PDFs) of quark-antiquark pairs. On the other side, SIDIS
processes imply detecting final-state hadrons, and through TMD FFs they are particularly
sensitive to flavor differences. The combination of these two processes is essential for our
global analysis that incorporates for the first time all the necessary ingredients to reach a full
N3LL accuracy in the theoretical description of both DY and SIDIS processes. We remark
also that TMDs depend on collinear PDFs and FFs: in this analysis, we take fully into account
the uncertainties on these quantities by using all members of Monte Carlo PDF and FF sets.
This procedure was already applied to DY in ref. [6] and is applied here for the first time to
SIDIS. We obtain more realistic estimates of the uncertainties on the extracted TMDs.

In the literature, the problem of flavor-dependent TMDs has been addressed through
models, lattice QCD calculations, and data-driven extractions. Some model calculations (see
ref. [18] for a review) predict different TMDs for different quarks [19-25], although others do
not [26-28]. The only pioneering work in lattice QCD on the subject indicates that down
quarks carry higher transverse momentum than up quarks [29].

Earlier phenomenological extractions of flavor-dependent TMDs have been attempted in
refs. [6, 8, 30]. Ref. [30] considered only a limited amount of data from SIDIS in a parton-model
framework and concluded that there was room for a flavor dependence of TMDs, especially
for the TMD FFs, but it was not possible to constrain it well, given the mentioned limitations.
Refs. [6, 8] considered only data from DY, which has a reduced sensitivity to flavor differences.

By unraveling flavor-specific differences in transverse-momentum distributions, improving
the theoretical accuracy of both DY and SIDIS cross sections to a full N®LL level, and
taking fully into account the uncertainties on collinear distributions, we take a significant
step towards a more complete and precise understanding of the fundamental building blocks
of matter. Our study not only contributes to the understanding of the internal structure
of hadrons but also has broader implications for the interpretation of high-energy physics
phenomena, such as the determination of the W mass in hadronic collisions [31-33]. It
also paves the way for a deeper understanding of SIDIS experimental results at the future
Electron-Ton Collider (EIC) [34-37].

2 Formalism

2.1 Drell-Yan
The inclusive Drell-Yan (DY) process

ha(Pa) + hp(Pg) — v /Z(q)+ X — (T () + ¢~ () + X, (2.1)

is the production of a lepton pair with four-momenta [, I’ from the collision of two hadrons with
four-momenta P4, Pp via an intermediate neutral vector boson v*/Z with four-momentum
g and large invariant mass Q = \/¢2. The center-of-mass energy squared of the collision

is s = (Pa + Pg)? and the conservation of momentum implies ¢ = [ + [’. The transverse
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Figure 1. Diagram describing the relevant momenta involved in a DY event. In the collision of two
nucleons with momenta P4, Pp, a quark and an antiquark, with intrinsic (unmeasured) transverse
momenta k, 4 and k, g, annihilate and produce a virtual vector boson with (measured) transverse
momentum qr = k, 4 + k1 g with respect to the collision axis.

momentum |g7| = /¢ + g; of the intermediate boson with respect to the collision axis

can be expressed in terms of the intrinsic transverse momenta of the incoming quarks

q0+49=

e The relevant kinematic
z

qr = k1 4 + k1 g, while its rapidity is given by y = In
quantities are schematically depicted in figure 1.
We are interested in the inclusive cross section differential with respect to the transverse

momentum of the vector boson in the region of small |gr| (]gr| < @), which can be written as

doPY 167%0?|qr| by ;
dlgr|dydQ —  9Q3 PrazpH ™" (Q, 1) za:ca(Q )

X /d2kM Pk g £ (wa k2 g Ca) Fo(rp, k2 g, () 0@ (kg + ko g —ar) .

(2.2)

In the first line of eq. (2.2), a is the electromagnetic coupling, P is a phase-space-reduction
factor accounting for possible lepton cuts,! z4 = QeY/\/s and zg = Qe Y/\/s are the
longitudinal momentum fractions carried by the incoming partons, HPY is a perturbative hard
factor encoding the virtual part of the scattering and depending on ) and on a renormalization
scale . The sum runs over all active quark flavors and ¢, are the electroweak charges given by

ca(Q?) = g — 2eaVaVex1(Q%) + (V7 + A7) (Vi + A7) x2(Q%), (2.3)
with
2y _ 1 Q*(Q* — M)
a(@) = 4sin? Oy cos? Oy (Q? — M2)2 + M2T% "’ 24)
2 1 Q"
x2(Q7) = (2.5)

~ 16sin* Oy cos? Oy (Q2 — M2)2 + M2T%

where e,, V,, and A, are the electric, vector, and axial charges of the flavor a, Vy and A, are
the vector and axial charges of the lepton ¢, sin 8y is the weak mixing angle, Mz and 'z
are mass and width of the Z boson. The second line of eq. (2.2) contains the convolution of
the unpolarized TMDs f¢ and f{, each one depending on the longitudinal and transverse

'See appendix C of ref. [5] for details.



momenta of the incoming quark/antiquark, and on the renormalization (u) and rapidity
(¢) scales. The arbitrary choice made for the latter has to satisfy the kinematic constraint
Calp = Q* we will set u? = (4 = (g = Q*. Finally, the delta function in the second line
of eq. (2.2) guarantees the conservation of transverse momentum.

The evolution of the TMD PDFs will be addressed in section 2.3. As usual, we work in
the conjugate position space (br space) by defining the Fourier transform of the TMD PDFs:

Filorlssn€) = [ d¥hes e fi(a, ks, C)
s (2.6)
=2 [ dllr | ool kL) 7 (2 K21, C).

where Jy is the Bessel function of the first kind. This allows to rewrite the convolution
in the second line of eq. (2.2) as

1 oo ra ra
%/0 d|br||br|Jo(1brllgr|) f (x4, bF; 1, Ca) [T (@5, b5 1, CB)- (2.7)

2.2 Semi-inclusive deep-inelastic scattering

In the SIDIS process, a lepton with momentum [ scatters off a hadron target N with mass
M and four-momentum P, and the final state contains the scattered lepton with momentum
I and the hadron h with mass M}, and four-momentum P, i.e.,

(1) + N(P) = () +h(Py) + X . (2.8)

The (space-like) four-momentum transfer ¢ = | — I, with Q? = —¢? > 0, is carried by a
virtual photon and we consider the standard SIDIS kinematic invariants [38, 39]:

Q? P.q

_ _P-PBy
$_2P-q’ Y z =

P P-q’

(2.9)

with s = (P +1)? the invariant mass squared of the process.

As for the transverse momenta, we consider the transverse component (|Ppr|) of the final
hadron momentum with respect to P and ¢ or, equivalently, the transverse component (|gr|)
of the virtual photon momentum with respect to P and P, (see, for instance, refs. [40-42]).
The two momenta are related by [43, 44]

Pir P

o By larl o (2.10)
=", Q? Tz ’

where the last approximation is valid assuming that the invariant mass of the photon is

large compared to its transverse momentum (|gr| < @) and the hadron masses involved in
the process can be neglected. The relevant kinematic quantities are schematically depicted
in figure 2.

We are interested in the hadron multiplicity, i.e., the differential number of hadrons of
a given species h produced per corresponding inclusive DIS event:

1 dO_SIDIS dO’DIS
2z dedzd|qr|dQ/ drzdQ”

M(w727|PhT| :Z|qT|aQ) = (211)
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Figure 2. Diagram describing the relevant momenta involved in a SIDIS event in the Breit (nucleon-
photon) frame. A virtual photon with momentum ¢ (defining the reference axis) strikes a parton
with momentum & and (unmeasured) transverse momentum k; inside a nucleon with momentum P.
The struck parton with momentum p = k + ¢ fragments into a hadron with momentum Py, which
acquires a further (unmeasured) transverse momentum P, with respect to the fragmenting quark
axis. The total (measured) transverse momentum of the final hadron is Pyr. In the large Q2 limit,
Pyr~zk, +P,.

The differential cross section at small transverse momenta, neglecting target mass
corrections, reads [1, 38]

doSIDIS 82 a? 22 |qr| Qz 2 SIDIS
p— 1
dx dz d|qr|dQ 22Q3 * vH (@ N)Ze
/ d’k / = fi(w, k23 1, Ca) DY (2, PRy, Cs) 0P (ke + Pz + qr).
(2.12)

In the first line of eq. (2.12), the sum runs over all active quark flavors. The hard factor
HS™PIS s perturbatively computable and depends on @ and a renormalization scale . The
second line contains the convolution of the unpolarized TMD PDF f{ as function of the
rapidity scale (4 and of the transverse momentum |k | of the struck quark with respect to the
nucleon axis, and the TMD FF D¢~" as function of the rapidity scale (5 and of the transverse
momentum |P) | of the produced hadron h with respect to the fragmenting quark axis.
Also in this case, it is convenient to work in the conjugate position (br) space by defining

the Fourier transform of the TMD FF:

a a? P, et zZ Na
DMz, 0% 1,¢) = / ¢ T (2, PR Q)
(2.13)
_ o d’PJ-’ a 2.
=27 0 22 |PL|JU(|bT||PL‘/Z)Dl(zapLaIU’aC)'
The convolution in the second line of eq. (2.12) can be rewritten as
1 oo fa Aa
Py /0 d|br||br|Jo(|brllgr|) f1 (z, 0% 1, Ca) DI (2,b7; 1, CB) - (2.14)



In the TMD extraction of ref. [7], it was noted that a good description of low transverse-
momentum SIDIS data can be achieved in a theoretical formalism where the TMD factorization
formula contains the resummation of transverse-momentum logarithms up to the next-to-
leading logarithmic (NLL) accuracy. However, it was also remarked that the quality of the
description deteriorates when increasing the accuracy beyond NLL, because the predictions
undershoot the data by approximately a gp-independent factor.

In ref. [7], the problem was fixed by incorporating into the definition of the SIDIS
multiplicity in eq. (2.11) the normalization factor

danomix

_ 2
W(IE,Z,Q) - d.’EdZdQ /d QTW, (215)

where the symbol W, commonly known as “W-term”, denotes the differential cross section
in eq. (2.12). In other words, the normalization factor w is meant to compensate for all
contributions in the collinear SIDIS cross section (numerator of eq. (2.15)) that are not
included by simply integrating upon transverse momentum the corresponding differential
SIDIS cross section (denominator of eq. (2.15)). The collinear SIDIS cross section includes only
the terms that do not mix initial- and final-state contributions, hence the “nomix” label (see
ref. [7] for a more complete explanation). Since in our theoretical framework we reach N3LL
accuracy (see section 2.3), we consistently include in the numerator terms up to second order
in the strong coupling constant ag, i.e. including O(a?) corrections as computed in ref. [45].
Alternative approaches to the normalization problem are available in the literature [46].

In conclusion, in our analysis we adopt the following expression for the fully differential
SIDIS cross-section:

SIDIS SIDIS
do} do

e A 2.1
Twdzdgdq @9 L diado (2.16)

2.3 TMD evolution

The dependence of TMD PDFs and TMD FFs on the renormalization scale g and the
rapidity scale ¢ arises from the removal of ultraviolet and rapidity divergences [47-49]. Each
dependence is controlled by an evolution equation.? The complete set of equations (omitting
the x and by dependencies for simplicity) is given by

of of OK oy

where v and K are the anomalous dimensions of the renormalisation-group and of the Collins-
Soper evolution equations, respectively, and g is the so-called cusp anomalous dimension.

Given a set of initial conditions at the scales (u;, ¢;), the solution to these differential
equations allows us to determine the TMD at any final pair of scales (1f, (¢). In addition, in
the region of small |bp| the TMD f1 can be matched onto its corresponding collinear PDF

2In this subsection, we briefly describe the evolution of TMD PDFs (an analogous description applies to
TMD FFs): a more detailed treatment can be found in section 2 of ref. [5] (see also refs. [50, 51]).



O(a") perturbative order

Accuracy N"LL | H and C' | K and v¢ | vk | PDF and a; evolution | FF evolution
NLL 0 1 2 LO LO
N2LL 1 2 3 NLO NLO
N3LL 2 3 4 NNLO NNLO

Table 1. Logarithmic accuracies of the TMD evolution vs. O(al") corrections in TMD ingredients.

f1 through a convolution with suitable perturbative matching coefficients C. The resulting
expression for the TMD PDF at the final scales (uy, (f) is

fi(@, br; py, (p) = [C @ fi] (x, br; pi, G) exp{K(ui)ln \/\/?Jr/lw df [vp(ozs(u))—w(as(u))ln \/:7” ;
(2.18)

where vr(as(p)) = (i, p?). A convenient choice for the scales u; and ¢ is p; = VG = pp =

2¢ 78 /|br|, with g the Euler constant, since it avoids the insurgence of large logarithms
in the rapidity evolution kernel K and the matching coefficients C.

A given accuracy in the resummation of large logarithms of |by| implies that each
ingredient in eq. (2.18) must be computed to the perturbative accuracies summarized in
table 1. After a careful benchmark of the perturbative expressions in our code against other
well-known codes [52, 53], we introduced some small modifications in some of the ingredients
at the N3LL level compared to what we used in the MAPTMD22 extraction [7]. We stress
that the present extraction incorporates for the first time all the necessary ingredients in
the TMD PDFs and TMD FFs to reach a full N3LL accuracy.

The introduction of uy as the initial scale of the TMD evolution implies a prescription to
avoid hitting the QCD Landau pole in the large-|br| region (|br| 2 1/Aqcp) and to smoothly
match the TMD formula onto the fixed-order calculation at large transverse momentum
(lgr| ~ Q) [54-56] in the small-|br| region (|br| — 0). Here, we adopt the same choice of
refs. [1, 7] and we replace pp, with p,, = 2e~7®/b,, where

1 — e_‘bT|4/bfrlnax 1/4
b*(’bT’7 bmina bmax) = bmax (1 _ e_le‘4/b;111in ) ) (219)
with
bmax = 2¢7® GeV ™! ~ 1,123 GeV bmin = 2¢ 7" /puy . (2.20)

This choice guarantees that the new variable b, rapidly saturates to bmax (bmin) at large
(small) values of |br| (see refs. [1, 7] for more details). At the same time, the upper limit
bmax introduces power corrections scaling like O((Aqcn/|gr|)*) [57], with k& > 0, that in the
region |gr| ~ Aqcp need to be accounted for by introducing nonperturbative corrections to
the Collins-Soper kernel K and to the TMD formula of eq. (2.18). Following refs. [1, 7], we
split the Collins-Soper kernel K into a perturbative part K (bs, up,) and a nonperturbative
part gi (|br|) that must vanish in the limit |by| — 0. The final expression for the evolved



TMD PDF is

fi(z, brs g, &) = [C® fi] (x, brs pe., 113,

<exp {K(b*,um L [ ) o 10 Y } fixela,brs 7, Qo).

,ng* Hoy M 2

(2.21)

where finp is a correction term that contains the nonperturbative part of the Collins-Soper

kernel gg, as well as other parameters (see section 4). The function f;np must satisfy the

boundary condition fixp — 1 for |bp| — 0, and it depends on an arbitrary scale Qg at
which this correction is parametrized.

3 Analysis framework

3.1 Data

The set of experimental data used in the present analysis is identical to our previous
MAPTMD?22 global fit [7]. The total number of data points is 2031, of which 484 are from
DY and 1547 from SIDIS measurements. In tables 2-3, we collect the relevant information
on each data set. We emphasize that by combining data sets coming from a large number
of different experimental collaborations, we are able to cover a wide range in the (z,Q?)
plane, as shown in figure 3.

In order to focus on the region of phase space relevant for the TMD formalism, it is
necessary to impose appropriate kinematic cuts on the data set. For DY data, we consider
vector-boson transverse momenta that satisfy |gr| < 0.2@Q to match the conditions for
TMD factorization, and we further exclude the bins in @ that contain the T resonance.
For SIDIS data, identifying the kinematic region where TMD factorization holds is more
involved. First of all, we impose that () > 1.4 GeV in order to match the conditions for
collinear QCD factorization. Moreover, we require that 0.2 < z < 0.7 in order to include
only data points in the SIDIS current fragmentation region and avoid contamination from
exclusive processes. Finally, we adopt a kinematic cut in the detected hadron transverse
momentum, |Pp,r| < min[min[0.2Q, 0.52Q)] + 0.3 GeV, zQ)]. In this way, we can safely assume
that |gr| < @ without excluding too many bins, consistently with our previous study [7].

We refer to ref. [7] and references therein for more extensive details on the kinematic
cuts and the treatment of systematic and statistical uncertainties.

3.2 Fit procedure

The agreement between our theoretical predictions and the experimental data is assessed
by the usual y? test,

N
X2 =D (mi—t)Vi; (my — ), (3.1)

2%
where m; represents the experimental value for data point 4, ¢; denotes the corresponding the-
oretical prediction, and V;; is the covariance matrix. When bin-by-bin correlated uncertainties



Experiment | Ngae | Observable | /s [GeV] | Q [GeV] Yy or xp Lepton cuts | Ref.
E605 50 Ed%c/d3q 38.8 7-18 rp=0.1 — (58]
E772 53 Ed3s/d%q 38.8 5-15 | 0.1 <ap <0.3 — (59]

E288 200 GeV | 30 Ed3c/d%q 19.4 4-9 y = 0.40 — [60]
E288 300GeV | 39 Ed3c/d%q 23.8 4-12 y =021 — (60]
E288 400 GeV | 61 Ed3c/d%q 27.4 5-14 y = 0.03 — [60]
P Qt’
STAR510 | 7 | do/dar] 510 | 73114 wl<1 | PTe> 26V e
[mel <1

PHENIX200 | 2 do/d|qr]| 200 1882 | 12<y<22 [62]

CDF Run I 25 do/d|qr| 1800 66-116 Inclusive — [63]

CDF Run IT 26 do/d|qr| 1960 66-116 Inclusive — [64]

DO Run I 12 do/d|qr| 1800 75-105 Inclusive — [65]

DO Run II 5 | (1/o)do/d|gr| 1960 70-110 Inclusive — [66]

e > 15Ge
DORu I (i) | 3 | (1/o)do/dlqr| | 1960 | 65-115 yl <17 | Pre> 1BGV
[ne| < 1.7
pre > 20 GeV .
LHCb 7TeV | 7 do/d 7000 60120 | 2<y<45 68
e o/d|qr| yAS L <45 (68]
2
LHCb 8TeV | 7 do/d|qr| 8000 | 60120 | 2<y<as |Pre> NGV 6y
2<n<4.5
P p . pre > 20 GeV
LHCb 13TeV | 7 do/d 13000 | 60-120 | 2 45 70
€ o/d|qr| <y<4S | L <4 [70]
2
CMS 7 TeV 4 | (1/o)do/dlgr| | 7000 | 60-120 yl <21 | Pre> 206V,
nel < 2.1
15 GeV
CMS 8 TeV 4 | (1/o)do/dlgr| | 8000 | 60-120 ly| < 2.1 pT“ >‘< , f [72]
el < 2.
ly] < 0.4
0.4 < |y <0.8
: 25 Ge
CMS 13TeV | 70 do/d|qr| 13000 | 76106 | 0.8 < |y < 1.2 | P70 POV | g
12 <yl < 1.6 Inel <24
1.6 < |yl <24
6 lyl <1
' pre > 2
ATLAS 7TV | 6 | (1/o)do/dlgr] | 7000 | 66-116 | 1<|yl<2 | 27> 206V | 7y
6 syl <4 | Mel<24
6 ly| < 0.4
6 04 <yl <08
ATLAS 8 T . 1.2 20 Ge
S8TV 6\ 4 ydosdlgr| | so00 | 66116 | O <WI< 12 pre>20GV
on-peak 6 12< |yl <16 [ne] < 2.4
6 1.6 < |yl <2
6 2< |yl <24
ATLAS 8TeV | 4 46-66 pre > 20 GeV
1/0)do/d 8000 2.4 75
off-peak g | (W/o)do/dar] 1650 | YIS il <24 | [P
7 > 27 GeV
ATLAS 13TeV | 6 | (1/0)do/dlgr| | 13000 | 66-113 ly| < 2.5 p"" >‘< ) 5e [76]
Ne .
Total 484

Table 2. DY experimental data sets included in this global fit. Each row contains the number of
data points (Ngat) after kinematic cuts, the measured observable, the center-of-mass energy /s, the
invariant mass range, the angular variable (y or xg), possible cuts on the final-state leptons, and the
published reference.



Experiment | Ngat Observable Channels | @ [GeV] T z Phase space cuts | Ref.
p—mt
p— T
p— Kt
p— K~ 0.1<z<11| W?>10GeV?
HERMES | 344 | M(x,z,|Pyr|, 1-v/15 ] 0.023 <z < 0.6 7
(@2 [Phrl, Q) | 7y s V15 N (8 bins) 01<y<oss |
_ (6 bins)
d—m
d— KT
d— K~
d— ht 1-9 02<2<08| W?2>25GeV?
COMPASS | 1203 | M (z,z, P2, 0.003 0.4 78
@2 P @ |y | (5 bins) sre (4 bins) 01<y<og |
(8 bins)
Total 1547

Table 3. SIDIS experimental data sets included in this global fit. Each row contains the number of
data points (Ngat) after kinematic cuts, the measured observable, the SIDIS channel, the invariant
mass range of the virtual photon, the covered ranges for the invariants x and z, possible cuts on the
final-state lepton, and the published reference.
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Figure 3. Coverage in the (x,Q?) plane of the full experimental data set included in this global fit.

are present, the total x? can be decomposed into two components [5, 7]:

N —\ 2
X2=Z<Z ) +X3 = xb + X3 (3.2)

y ag;
i A

where X%) is given by the standard formula for N experimental data points with statistical
and uncorrelated systematic uncertainties summed in quadrature, o2 = azstat + O'zuncor, but
involving theoretical predictions t; for data point 7 shifted by the correlation uncertainties

according to

k
ti =t + Z Ao O-i(zg)rr , (33)
a=1
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where the sum runs upon the sources of correlated uncertainties, Ugigrr represents the a-th
(fully) correlated uncertainty affecting the i-th experimental data point, and A, denotes the
nuisance parameter. The term Xi in eq. (3.2) is a penalty contribution due to correlated

uncertainties and it is entirely determined by the nuisance parameters:
k
2 2
X\ = Z )‘a : (34)
a=1

The optimal values of the nuisance parameters are obtained by minimizing the total x?
in eq. (3.2) with respect to them. Since the shifted predictions in eq. (3.3) offer a better
visual evaluation of the fit quality, we consistently present them for all observables employed
in this global fit.

We performed the analysis by employing the so-called bootstrap method, which entails
fitting a set of several Monte Carlo replicas of the data (100 in our case). Moreover, we use
Monte Carlo sets for collinear PDFs and FFs and we change the member of the collinear sets
for each replica. The most complete statistical information about the extracted TMDs is
given by the full ensemble of replicas but, consistently with our previous work [7], we use as
the most appropriate estimator of the fit quality the x? value of the best fit for the central
replica (X%), defined as the replica obtained by fitting experimental data without fluctuations.

4 Results

4.1 Flavor-independent nonperturbative parametrization

In this section, we describe our new simultaneous extraction of TMD PDFs and TMD FFs
similar to the MAPTMD22 one [7], where the models for these two nonperturbative objects
are considered the same for each quark flavor. This provides us with a reference to which
the core results of this paper will be compared. The main innovation of this new extraction
is the choice of the collinear PDF sets to build the TMDs: we use LHAPDF sets delivered
as Monte Carlo ensembles [79]. This choice allows us to assign a specific member of the
collinear sets to each TMD replica, which leads to a robust estimate of the uncertainty of
the extracted TMD distributions, as already suggested in ref. [6]. We use the NNPDF3.1 set
(NNPDF31_nnlo_pch_as_0118) [80] for PDFs, and a variation of the baseline MAPFF1.0
NNLO set [81] for FFs. The variation consists in the choice of the parametrization scale
(1 GeV in our new set, 5 GeV in the baseline). In this way, we avoid complications related to
backward evolution to the scale y; that appears in the expression of experimental observables
in TMD factorization, because pp can be as low as 1 GeV.

Then, we repeat the analysis with the same settings but with a different approach for
the model of TMD FFs. Specifically, we consider a more flexible model that separates the
parametrization of the fragmentation of a quark into a pion from the one into a kaon. Such a
separation was explored so far only in ref. [30]. In the following, we denote these two reference
extractions as MAPTMD24 Flavor Independent (MAPTMD24 FI) and MAPTMD24 Hadron
Dependent (MAPTMD24 HD).
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For both these analyses, the model of the nonperturbative part of the TMDs is the same
as in the MAPTMD22 extraction [7]. Thus, the parametrization of TMD PDFs is

b2 b2 b2
pla)e®F 432 (o) [1- ga(sﬁ] DT 43 ga(a) e O F

( b2:C.0 ) ¢ gk (b7)/2
z, ) = ‘N2 ’
Jie( bric, Qo 91(@) + A2 (@) + N g () {QQ}

(4.1)
corresponding to the Fourier transform of the sum of two Gaussians and a Gaussian weighted

by ki
The expression of the model for the TMD FFs is

b7
2

—g4(2) AR

+2E g2(2) [1—95( )"QTQ} e 5 { C]gmb 32

g1(2) + 2% g2(2) Q3

ga(z)e

Dinp(z,b7:¢, Qo) =

Q3 ’
(4.2)

corresponding to the Fourier transform of the sum of a Gaussians and a Gaussian weighted
by Pf.
The g; functions describe the widths of the distributions and include a dependence

on r and z:

*Y1,2,3}

{
o (4.3)

1,2,3}

x0{1,2,3}( —x

) =N
9{1,2,3}( ) {17273}55"{17273}( o

, (4.4)

)
z)
2
(z Brizy 4 52 )1 — )7{1,2}
9145} (2) = Nia 5} . 2})

(A5{1 2} 4 5{1 2 ( )7?1,2}

where 2 = 0.1, 2 = 0.5, and N; (i = 1 —5), 05, o (j = 1-3), Bi, 6, 7 (¢ = 1,2), are
free parameters.
Finally, the nonperturbative part of the Collins-Soper kernel is parametrized as

2 2 bF
K (b7) = =93 o (4.5)

This function governs the nonperturbative contribution (¢r/Q3)9%/? to the TMD evolution,
where @) is the scale at which this contribution is parametrized; we set Qo = 1 GeV.

The functional forms in egs. (4.1)—(4.4) are largely arbitrary. We choose to parametrize the
nonperturbative parts of TMDs in terms of Gaussians and weighted Gaussians in transverse-
momentum space because they are guaranteed to be positive at the initial scale Qg = 1 GeV.
The widths of the Gaussians, expressed by eqgs. (4.3)—(4.4), depend on z or z and vanish as x
or z approach one. Our choice of the functional form is also inspired by model calculations of
TMD PDFs (see, e.g., refs. [18, 19, 26, 28, 82-85]) and TMD FFs (see, e.g., refs. [24, 86]).
Many of these models predict the existence of terms that behave similarly to Gaussians and
weighted Gaussians. The details of their functional dependence are related to the correlation
between the spin of the quarks and their transverse momentum. In the case of fragmentation
functions, a different role can be played by different fragmentation channels. For example,
a pion in the final state can be produced by the direct fragmentation of the active quark
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Data set X3/Ngat
Collinear sets DY total | SIDIS total | Total
MMHT + DSS (MAPTMD22) 1.66 0.87 1.06
NNPDF + DSS 1.62 0.90 1.07
MMHT 4+ MAPFF 1.58 1.33 1.39
NNPDF + MAPFF (MAPTMD24 FI) 1.58 1.34 1.40
NNPDF + MAPFF (MAPTMD24 HD) 1.57 1.08 1.19

Table 4. Breakdown of the values of X(% /Nyat for different choices of collinear PDF and FF sets.

in the hard process, or by the decay of hadronic resonances, such as the p meson. The
interplay of these two channels can generate different nontrivial features in the shape of
the extracted TMD FFs.

After trying several parameter configurations, we noticed that it is possible to set
09 = 03 in eq. (4.3) without deteriorating the quality of the fit. With this last assumption,
the fit involves 20 free parameters: 10 for the nonperturbative part of the TMD PDFs, 9
for the nonperturbative part of the TMD FFs, and 1 for the nonperturbative part of the
Collis-Soper kernel.

We fitted 100 Monte Carlo replicas of the experimental data. We obtain for the central
replica a x? per data point 2/Nga;s = 1.40. This result is not compatible with the one
of the MAPTMD22 extraction (x2/Ngas = 1.06). In order to understand the origin of
this deterioration, we investigated the impact of different combinations of collinear PDFs
(MMHT2014 [87] and NNPDF3.1 [80]) and FFs (DSS14-17 [88, 89] and MAPFF1.0 [81]). In
table 4, we report the values of x% /Nyat for each scenario.

The results in table 4 clearly show that a change in the collinear PDF set from MMHT
to NNPDF produces a negligible effect on the quality of the fit. This is reasonable because in
the kinematic region covered by the global dataset included in this analysis the two considered
PDF sets are well constrained and compatible with each other.?

In contrast, our results are significantly affected by the choice of collinear FFs. In fact, the
X2/Nqats becomes larger when moving from DSS to MAPFF. Unsurprisingly, this deterioration
affects the description of SIDIS data, without significant impact on the description of Drell-
Yan data. The increase of the X% /Ngat value is mostly due to the MAPFF collinear set being
affected by lower uncertainties as compared to the DSS one.

In figure 4, we show the unpolarized TMD PDFs of the up quark in a proton extracted in
MAPTMD22 (orange) and MAPTMD24 FI (purple) as functions of the partonic transverse
momentum |k |at p = /( = Q = 2GeV and z = 0.1 (left panel), and u = /¢ = Q = 100 GeV
and z = 0.001 (right panel). The plots evidently show that the TMD PDFs extracted with
two different choices of collinear PDF sets are compatible with each other in the kinematic
region covered by experimental data. We note that the MAPTMD24 uncertainty bands,

3We remark that in ref. [6], where also other sets of PDFs were taken into account, the authors concluded
that the choice of collinear PDF sets led to a significant difference in the description of experimental data and
required a change in the functional form of the nonperturbative components.
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Figure 4. Comparison between the unpolarized TMD PDFs of the up quark in a proton extracted
in the MAPTMD?22 fit (orange) and the MAPTMD24 Flavor Independent fit (purple), as functions
of the partonic transverse momentum |k, | at 4 = /¢ = Q = 2GeV, z = 0.1 (left panel) and
pw=+/C=Q =100GeV, z = 0.001 (right panel). Lower panels show the ratio of MAPTMD24 Flavor
Independent to MAPTMD22. The uncertainty bands represent the 68% C.L.

corresponding to the 68% confidence level (C.L.), are equal to or larger than the MAPTMD22
ones, as a consequence of the fact that each replica of the MAPTMD24 fit is associated to a
different member of the collinear PDF set, while in the MAPTMD22 fit all TMD replicas
were associated to the same member.

In figure 5, we display the unpolarized TMD FFs for an up quark fragmenting into a 7+
extracted in the MAPTMD22 (brown) and MAPTMD24 FI (light blue) fits, as functions of
the pion transverse momentum |P)| at p = +/( = Q = 2GeV and z = 0.4 (left panel), and
z = 0.6 (right panel). We note significant differences both in shape and normalization, which
can be traced back to the different choice of the collinear FF set (see table 4). However,
there was no need to change the functional form of the nonperturbative parametrization,
since it turned out to be sufficiently flexible to accommodate the differences caused by
changing the collinear FF set. The MAPTMD24 FI fragmentation function has a second
smaller peak at intermediate |P, |, especially in the low-z region. This feature is present
also in the MAPTMD?22 fit, but the size of the peak is smaller and its position shifted to
higher | P, | values. As anticipated in model descriptions of fragmentation functions, this
behavior could be induced by the interference of different channels in the fragmentation
process where the detected hadron could be produced directly or through the decay of heavier
resonances. The TMD FFs could be better constrained by data from double-inclusive hadron
production in electron-positron annihilation [90]. Important constraints could be obtained
also from different processes, such as single-inclusive hadron production in electron-positron
annihilation with the reconstruction of the thrust or jet axis [91-94].

Since the flavor-independent ansatz for the nonperturbative part of TMDs does not
provide a sufficiently good description of the data, as an intermediate step toward a flavor-
dependent extraction we consider a flavor-independent but hadron-dependent ansatz. Namely,
we allow the non-perturbative parts of the TMD FF for pions to differ from those for kaons.
We employ the same functional form of eq. (4.2) but with different parameters for pions and
kaons. In this version of the extraction, denoted as MAPTMD24 HD, we have a total of
29 free parameters: 1 for the Collins-Soper kernel, 10 for the TMD PDF, 9 for the TMD
FF in pions, and 9 for the TMD FF in kaons.
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Figure 5. Comparison between the TMD FFs for an up quark fragmenting into a 7" extracted in
the MAPTMD22 fit (brown) and the MAPTMD24 Flavor Independent fit (light blue), as functions of
the partonic transverse momentum [P, | at u = /( = Q = 2GeV z = 0.4 (left panel), and z = 0.6
(right panel). Lower panels show the ratio of MAPTMD24 Flavor Independent to MAPTMD22. The
uncertainty bands represent the 68% C.L.
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Figure 6. Comparison between the TMD PDFs of the up quark in a proton extracted in the
MAPTMD?22 fit (orange), the MAPTMD24 FI fit (purple) and the MAPTMD24 HD fit (blue), as
functions of the partonic transverse momentum |k | at g =1/ = Q = 2GeV and z = 0.1 (left panel),
and g = /¢ = Q = 100GeV and z = 0.001 (right panel). Lower panels show the ratio of MAPTMD24
FI and MAPTMD24 HD to MAPTMD22. The uncertainty bands represent the 68% C.L.

Because of the increased flexibility, we achieve a significantly better description of the
data, obtaining x3/Ngat = 1.19 (see table 4). The SIDIS data are now described much better
than in the MAPTMD24 FI case, while the description of the DY data is almost unaffected.

In figure 6, we show the unpolarized TMD PDFs of the up quark in a proton extracted
in the MAPTMD?22 fit (orange), the MAPTMD24 FI fit (purple) and the MAPTMD24 HD
fit (blue), as functions of the partonic transverse momentum |k, | at p = /¢ = Q = 2GeV
and z = 0.1 (left panel), and p = v/ = Q@ = 100GeV and z = 0.001 (right panel). All
three extractions are compatible with each other.

In figure 7, we show the unpolarized TMD FFs for an up quark fragmenting into a 7 in
the MAPTMD22 fit (brown), the MAPTMD24 FI fit (light blue) and the MAPTMD24 HD
fit (pink), as functions of the hadronic transverse momentum |Py| at u = /¢ = Q = 2GeV,
and z = 0.4 (left panel), and z = 0.6 (right panel). The MAPTMD24 distributions are more
strongly peaked at |P)| = 0 and also have a noticeable bump at higher |P, | but there is a
sharp difference between them, particularly at smaller values of z.

,15,



0-4 MAP24 FI MAP24 FI
— 0.5
& MAP24 HD MAP24 HD
c MAP22 MAP22
o3 0.4
- Q=2 GeV - Q=2 GeV
q z=04 03] #=06
" 0.2
O AN
+|= \ 0.2 \
I o0a e — \\
Q‘“ N — 0.1 N\
N AN - S N
0.0 0.0 - —
2.5 2.5
— _ N B 3
0.0 — e -
0.0 0.2

0.0
0.6 0.8 1.0 0.0 0.2

El 0.4 0.6
|P.| [GeV] |PL| [GeV]

Figure 7. Comparison between the TMD FFs for an up quark fragmenting into a 7% in the
MAPTMD22 fit (brown), the MAPTMD24 FI fit (light blue) and the MAPTMD24 HD fit (pink),
as functions of the hadronic transverse momentum |P,| at p =/ = Q = 2GeV and z = 0.4 (left
panel), and z = 0.6 (right panel). Lower panels show the ratio of MAPTMD24 FI and MAPTMD24
HD to MAPTMD22. The uncertainty bands represent the 68% C.L.

In the upper panels of figure 8, we display the unpolarized TMD FFs of the MAPTMD24
HD fit for an up quark fragmenting into a 7 (pink) and a K™ (blue), as functions of the
hadronic transverse momentum |P, | at u =/ = Q = 2GeV and z = 0.4 (left panel), and
z = 0.6 (right panel). In the lower panels, we show the TMD FFs normalized to the values
of the corresponding central replica at |P) | = 0. The lower panels clearly indicate that the
fragmentations into pions and kaons exhibit distinctly different behaviors. In particular, the
kaon FF displays at intermediate | P, | a large second peak, emphasized at low z.

4.2 Flavor-dependent nonperturbative parametrization

In this section, we present the main result of this work, namely the extraction with a flavor-
dependent approach of TMD PDFs for unpolarized quarks in the proton and TMD FFs
for final pions and kaons. We will refer to this extraction as MAPTMD24 FD or simply
MAPTMD24. This work represents a significant upgrade compared to the MAPTMD?22 fit
and similar studies, since it is the first time that a global analysis of SIDIS and DY data with
flavor dependence is performed. We follow the same strategy as in the hadron-dependent
extraction discussed in the previous section, i.e., we use the same functional form as in
the flavor-blind case, eqgs. (4.1)—(4.2), but with different parameters for different flavors. In
particular, for TMD PDFs we independently parametrize the following flavors: u, 4, d, d,
and sea, where sea includes s, §, ¢, ¢, b, and b. For simplicity, in the following the sea
channel of TMD PDFs will be denoted as s.

For TMD FFs, we independently parametrize five different cases, as proposed in the
exploratory study of ref. [30] where charge conjugation and isospin symmetries had been
assumed. First, we separate the fragmentation processes where the final hadron is a pion
or a kaon. Then, the fragmentation functions used to describe each process are classified as
favored if the fragmenting quark belongs to the valence content of the final state hadron,
and unfavored otherwise. Additionally, for the fragmentation into a K+ we independently
parametrize the favored fragmentation functions for the u and anti-strange s quarks (similarly,
for K~ the favored channels involve the u and strange s quarks). In total, we have 5 sets
of parameters for the following channels:
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Figure 8. Comparison between the TMD FFs obtained in the MAPTMD24 HD fit for an up quark
fragmenting into a 7% (pink) and a Kt (blue), as functions of the hadronic transverse momentum
|P | at p =+ =Q =2GeV and 2z = 0.4 (left panel), and z = 0.6 (right panel). In the lower
panels, the TMD FFs normalized to the central replica at |P) | = 0. The uncertainty bands represent
the 68% C.L.

favored pion TMD FFs: u » 7+, d -7, d —»nt, o — 7~

unfavored pion TMD FFs: 4,d,s,5§ — nt, u,d,s,5§ — 7~

favored strange kaon TMD FFs: 5 -+ KT, s — K~

favored kaon TMD FFs: v — KT, 4 — K~

unfavored kaon TMD FFs: u,d,d,s — KT, u,d,d,5 — K.

In total, the MAPTMD24 fit involves 96 free parameters: 1 for the nonperturbative part
of the Collins-Soper kernel, 50 (5 flavors x 10 parameters) for the nonperturbative part of the
TMD PDFs, and 45 (5 channels x9 parameters) for the nonperturbative part of the TMD FFs.

We fitted 100 Monte Carlo replicas of the experimental data and we obtained the global
X2/Naar = 1.08 (see table 5), indicating that we are able to simultaneously describe the
experimental data coming from both SIDIS and DY processes in an excellent way. It is
noteworthy that by allowing for the possibility that flavors behave differently in transverse
momentum space, we achieve a better description compared to both MAPTMD24 FI (x2 =
1.40) and MAPTMD24 HD (x2 = 1.19) scenarios. The description improves for both SIDIS
and DY data.

We report in appendix A the plots of the comparison between experimental data and
theoretical predictions for most of the included data sets, with the blue bands representing
the 68% C.L. The plots show a very good agreement for all experiments.
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N3LL

Data set Ndat XQD Xi X%

Tevatron total 71 1.10 | 0.07 | 1.17
LHCb total 21 3.56 | 0.96 | 4.52
ATLAS total 72 3.54 | 0.82 | 4.36
CMS total 78 0.38 | 0.05 | 0.43
PHENIX 200 2 2.76 | 1.04 | 3.80
STAR 510 7 1.12 | 0.26 | 1.38
DY collider total 251 1.37 | 0.28 | 1.65
E288 200 GeV 30 0.13 | 0.40 | 0.53
E288 300 GeV 39 0.16 | 0.26 | 0.42
E288 400 GeV 61 0.11 | 0.08 | 0.19
E772 53 0.88 | 0.20 | 1.08
E605 50 0.70 | 0.22 | 0.92
DY fized-target total | 233 | 0.63 | 0.31 | 0.94
DY total 484 | 1.02 | 0.29 | 1.31
HERMES total 344 | 0.81 | 0.24 | 1.05
COMPASS total 1203 | 0.67 | 0.27 | 0.94
SIDIS total 1547 | 0.70 | 0.26 | 0.96
Total 2031 | 0.81 | 0.27 | 1.08

Table 5. Breakdown of the values of x? normalized to the number of data points Nga; that survive
the kinematic cuts for all datasets considered in the MAPTMD24 fit. The %, refers to uncorrelated
uncertainties, y3 is the penalty term due to correlated uncertainties, x3 is the sum of x% and Xi
(see text).

The values of the nonperturbative parameters and their uncertainties are reported in
table 8 of appendix B. All parameters are well constrained and not compatible with zero.
We observe no strong correlations among them (see figure 28 in appendix B).

4.2.1 TMDs
We now discuss the TMD PDFs and FFs extracted from the MAPTMD24 FD fit at N°LL

accuracy.

Figure 9 displays the unpolarized TMD PDFs for the various independent flavors, as
functions of the partonic transverse momentum |k | at p =/ = Q =2GeV and z = 0.1
(left panel), z = 0.01 (central panel), and z = 0.001 (right panel). The uncertainty bands
represent the 68% C.L.

We note that at x = 0.1 the contributions of the up and down quarks dominate. The
d-quark TMD PDF is larger at low values of |k | and decreases more rapidly than the u-quark
one. At small z, the contributions from the sea quarks increase and become dominant at low
|k | values. Furthermore, at medium to low x the u-quark and d-quark TMD PDFs behave
in a similar way, while the u-quark and d-quark ones are very different.
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Figure 10. Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24
fit with a flavor-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
p=+C=Q=2GeV and x = 0.1 (left panel), z = 0.01 (central panel), and z = 0.001 (right panel).
The uncertainty bands represent the 68% C.L.

In figure 10, using the same notation as above, we show the normalized TMD PDFs, i.e.,
divided by the value of the corresponding central replica at |k | = 0. This representation
allows one to better visualize the difference in shape among various flavors.

At 2 = 0.1 (left panel), the TMD PDFs of the sea (s) and d quarks show the sharpest
decrease in |k |, while the d quark is the widest. At 2 = 0.001, the s quark is still narrow,
while the v quark is the widest. As z becomes smaller, the TMD PDFs of u and d become
much wider while there are no significant differences in the other TMD PDFs.

Moreover, the distribution of quarks not belonging to the valence content of the proton
appears to be the least constrained with large uncertainty bands for all  values, as expected
from the lack of experimental data directly sensitive to sea quarks. On the contrary, at larger
x (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.
It is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

,19,



0.40
0.30 ) Q=2GeV | \

z = 0.4 I

u Q=2 GeV u
d | 035 z=0.6 d

0.25 {,
0.30

0.25

0201 \

+
(zv JZJ Qa Qz)
e e
= I
= =]

0.15

g7
e
=
=)

1

0.10

&

zD
=4
(=]

=SS i 0.05

0.00 1 0.00 — =

0.00 025 050 0.5 100 125 150 175 200 0.0 025 050 075 1.00 125 150 175  2.00
|PL|[GeV] |PL|[GeV]

Figure 11. Comparison between the unpolarized TMD FFs for the fragmentation into a 7% of up
(purple) and down (green) quarks, extracted in the MAPTMD24 fit with a flavor dependent approach,
as functions of the hadronic transverse momentum |P, | at = /( = Q = 2GeV and z = 0.4 (left
panel), and z = 0.6 (right panel). The uncertainty bands represent the 68% C.L.
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Figure 12. Comparison between the normalized unpolarized TMD FFs for the fragmentation into a
7T of up (purple) and down (green) quarks, extracted in the MAPTMD24 fit with a flavor dependent
approach, in the same conditions and with same notation as in the previous figure.

In figure 11, we display the unpolarized TMD FFs for the fragmentation into a 7™ of up
(purple) and down (green) quarks, as functions of the hadronic transverse momentum |P, |
at 4 =+/C=Q =2GeV and z = 0.4 (left panel), and z = 0.6 (right panel). We note that
the favored fragmentation channel (in this example, © — 7) dominates over the unfavored
one. Also, both TMD FFs show a second bump at intermediate | P, | which decreases in
size at larger z, as already observed in section 4.1.

In figure 12, we display the same TMD FFs of the previous figure but normalized to each
corresponding central replica at | P, | = 0. The unfavored channel (here, d — 1) is affected by
larger error bands. This is mainly due to the larger uncertainties in the corresponding collinear
FFs. There is generally no significant difference between favored and unfavored channels at
high z, probably due to the limited sensitivity of SIDIS data in that kinematic region.

In figure 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and
5into a Kt in the same kinematic regions and with same conventions as in figure 11. Similarly,
in figure 14 we show the normalized versions, as we did in figure 12 for the fragmentation
into a 7. We note that in general the extracted TMD FFs for kaons are affected 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 fit
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Figure 13. Comparison between the unpolarized TMD FFs for the fragmentation of up (purple), down
(green), and anti-strange (orange) quarks into a KT, extracted in the MAPTMD?24 fit with a flavor
dependent approach, as functions of the hadronic transverse momentum | Py | at p = /¢ = Q = 2GeV
and z = 0.4 (left panel), and z = 0.6 (right panel). The uncertainty bands represent the 68% C.L.
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Figure 14. Comparison between the normalized unpolarized TMD FFs for the fragmentation of up
(purple), down (green), and anti-strange (orange) quarks into a K, extracted in the MAPTMD24 fit
with a flavor dependent approach, in the same kinematic conditions and with same notation as in the
previous figure.

(see figure 8). Due to the size of the corresponding collinear FFs, the fragmentation channel
5 — KT is dominant, also in the normalized case. An interesting feature of our extraction is
that the two favored channels (v — K* and 5 — K ™) are quite different from each other.
The large uncertainties in the 5 — KT fragmentation channel may be related to the fact that
this TMD FF appears in the SIDIS cross section through the convolution with a TMD PDF
of a sea quark, which is small and has large uncertainties in our extraction.

4.2.2 Impact of PDF uncertainties

In figures 2027 of appendix A, we note that the uncertainty bands of the MAPTMD24 FD
predictions are larger than those from the MAPTMD22 fit, as it can be realized by inspecting
the corresponding figures 4-11 of ref. [7]. This is due to a more flexible parametrization but
also to the fact that for MAPTMD24 we consider different members of collinear PDF and
FF Monte Carlo sets for each TMD replica. In fact, also the error bands of the MAPTMD24
FI fit are larger than in MAPTMD22, even though the fitting function is the same. Hence, in
MAPTMD24 we have a more accurate assessment of the uncertainty in the normalization
of our predictions. For a better visualization of this effect, in the following we show the
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Figure 16. Same as in the previous figure but for the DY unpolarized cross section as function of
|gr|, measured by the CMS collaboration at 13 TeV in the 1.2 < y < 1.6 bin (left plot) and by the
CDF collaboration in Run I (right plot).

comparison with data of the results from the MAPTMD22 (blue), MAPTMD24 FI (green) and
MAPTMD24 FD (red) fits for selected bins of the SIDIS multiplicities and DY cross sections.

In figure 15, we show the comparison between both the MAPTMD24 FI and MAPTMD24
FD fits and our previous MAPTMD22 fit for the SIDIS multiplicity as function of |Ppp|,
measured by the HERMES collaboration for 7 production off proton target in the 0.12 < = <
0.2, 0.475 < z < 0.6, 1 < Q2 < 15GeV? bin (left plot), and by the COMPASS collaboration
for negative charged hadrons off deuteron in the 0.032 < z < 0.055, 04 < z < 0.6, 1.7 <
Q? < 3GeV? bin (right plot). The error bands (all at 68% C.L.) of the MAPTMD?24 fits
are evidently larger than the MAPTMD22 ones, and give a more accurate estimate of the
uncertainty on this observable.

In figure 16, we show the same comparison as in previous figure but for the DY unpolarized
cross section as function of |gr|, measured by the CMS collaboration at 13TeV in the
1.2 < y < 1.6 bin (left plot) and by the CDF collaboration in Run I (right plot). As for the
width of the error bands, the same previous comment applies. It is also worth noting that
for the DY process the MAPTMD24 FD uncertainties are very similar to the MAPTMD24
FI ones: the DY observables, being related to the sum upon all flavors of quark-antiquark
contributions, are not significantly affected by the flavor dependence.
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Figure 17. Comparison among the relative uncertainties of the MAPTMD24 FI (green), MAPTMD24
FD (red), MAPTMD22 (blue) fits for the up quark (left panel) and sea (right panel), as functions
of the partonic transverse momentum |k, | at p = /( = Q = 2GeV and z = 0.01. The uncertainty
bands represent the 68% C.L.

It is useful to perform the same comparison at the level of the extracted TMDs. In
figure 17, we compare the error bands at 68% C.L. of the TMD PDFs for the u quark (left
plot) and sea (s) quark (right plot), extracted from the MAPTMD24 FT (green), MAPTMD24
FD (red), and MAPTMD22 (blue) fits. The uncertainties are relative to the corresponding
average value of all fit replicas and are plotted as functions of |k | at Q = 2GeV and = = 0.01.
For the u quark, the error bands are similar in the low-|k, | region, but at high |k | the
MAPTMD24 uncertainties are larger because each TMD replica is matched onto a different
replica of the collinear PDFs. For the s quark, the MAPTMD24 error bands are larger than
MAPTMD22 over the whole |k | range, due to the large uncertainties in the collinear PDFs
which affect both the integral of the TMD and its large |k, | tail.

4.2.3 Collins-Soper kernel

In figure 18, we show the result for the Collins-Soper (CS) kernel obtained in our MAPTMD24
extraction at N3LL with a flavor-dependent approach, compared to our previous MAPTMD22
results. The form of the CS kernel at low values of |br| is unchanged, as it depends on
perturbative ingredients. The behavior at high |bp| is determined by the combination of
the b, prescription and the parametrization of the nonperturbative component of TMD
evolution in eq. (4.5).

In our new MAPTMD24 extraction, the value of the parameter go is smaller than in
MAPTMD22: it is approximately 0.12, about half as big as the MAPTMD22 result (= 0.25).
Because of this difference, the new MAPTMD24 CS kernel is flatter than the MAPTMD22
one. This feature is not related to the flavor dependence of the new extraction, because it is
present also in the MAPTMD24 FI and MAPTMD24 HD scenarios. Instead, it is due to the
differences in the perturbative ingredients between the present work and the MAPTMD22
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Figure 18. The Collins-Soper kernel as a function of |br| at the scale p = 2GeV from the three
versions of the present analysis (MAPTMD24 FI, MAPTMD24 HD, and MAPTMD24 FD), compared
with the MAPTMD22 result [7]. The uncertainty bands represent the 68% C.L. Dashed lines show
the effect of including the byi,-prescription of eq. (2.20).

analysis, already discussed in section 2.3. A milder dependence on |br| is obtained also by
assuming in eq. (4.5) a constant or a linear dependence of the CS kernel on |br| [95-97].

The size of the error band on the CS kernel is small and similar to the MAPTMD22
one. It is possible that our fit procedure leads to an underestimation of the errors, especially
for the CS kernel, since its functional form is particularly rigid and determined by a single
parameter (see eq. (4.5)).

Our result can be compared with other recent extractions in the literature. The ART23
extraction [8] included DY data only and obtained a CS kernel similar to the MAPTMD22,
which is therefore steeper than our MAPTMD24 result. Ref. [98] obtained a result, based
on a smaller set of DY data and a simplified analysis, with larger error bands that are
compatible with MAPTMD22, ART23 and also MAPTMD24. The result of ref. [99], obtained
with DY data only, is also compatible with MAPTMD22 and ART23, and about 1.5 sigma
away from our present results.

Apart from data-driven extractions, there have been several computations of the CS
kernel in lattice QCD [100-112]. The error bars are still relatively large and there are sizeable
differences between different computations. Our MAPTMD24 extraction is compatible with
the recent work of ref. [112].

4.2.4 Average squared transverse momenta

In order to measure the effective width of the TMDs, in this section we study their average
squared transverse momentum at specific values of z and p = /¢ = @, defined as [113, 114]:

2 2 rq 2 2 2 7q(1) 2
k2 q :fdklkj_fl(x7k: 7Q7Q ) :2MA1 ($7‘bT|7Q7Q ) 4
B =T o, e .0 @) b @) Y
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where the Fourier transform ff of the TMD PDF has been defined in eq. (2.6), and the first
Bessel moment of the TMD PDF ff(l) is defined as [113]:

b7],Q. Q%)

(4.7)
As discussed in ref. [7], we shift the value of |br| in eq. (4.6) from 0 to |br| = 2.0 byax,
a value well inside the nonperturbative region [114], that ensures meaningful values for the

2 [F® k2
e brl.@.0%) = 3 [ kil kB (ke 1K@, @) =~ i o

average squared transverse momenta that must be finite, positive across all the x and @
values considered in this fit, and dominated by the small-|k | region of the TMDs:

zM{ff“)(x, br],Q, Q%)
f{z(% |bT|7 Q7 Q2)

where we denote with the subscript r the reqularized definition of the average squared momenta.

‘bT |:20 bmax

The same arguments can be applied to the regularized average squared transverse
momentum produced in the fragmentation of a given quark ¢ into the final state hadron
h[7, 44, 113, 114]:

222 M3 DIz, |brl, Q,Q%)
D{"(z,1br], Q. Q2)
where the Fourier transform D'{ﬁh of the TMD FF is defined in eq. (2.13), and the first

Bessel moment of the TMD FF ﬁgﬁh(l) is defined as [44]:

h( teod|Py| [Py Py
DG orl @) = 4 [ T A brlIPLZ) DY PE @, @)
2 0

= M2 abg Dq—)h( 7|bT|7Q7Q2)‘

(PHI"(2,Q) = : (4.9)

|bT|:2O bmax

(4.10)

In figure 19, we display the scatter plot of (P?)47" at z = 0.5 versus (k? )¢ for different
flavors q. Lower panels show the results at () = 1 GeV, the upper-right panel at Q = 5 GeV.
The (k%)? in the right panels are evaluated at @ = 0.1, while in the left panel at = = 0.001.
In the upper-left corner we display the legend of the various scatter plots with different

color codes for the different flavors: the circles refer to <Pf_>?ﬁ’r+

for the fragmentation into

* pions, while the triangles are for (Pf),anKJr into K kaons. The black squares refer
to the mean value of each cluster of colored points. We display only the 68% C.L. of the
different ensembles of replicas.

The pink cluster, representing the replicas of the MAPTMD24 F1I fit, appears along the x
axis in an intermediate position with respect to other clusters, indicating that the nonpertur-
bative component of the TMD PDFs in the flavor-independent approach is approximately an
average across different flavors. Similarly, its position along the y axis is an average between
the positions of the clusters of pions and kaons. The clusters for the fragmentation into kaons
appear at higher average squared transverse momenta than for pions, and are more spread.
For different values of x, the ordering of the various flavors changes. All these features reflect
the results of the MAPTMD24 FD fit that we already commented, in particular the outcome

in figure 10. Finally, both the values of (k)7 and (P2)37" increase as Q) increases, since
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Figure 19. Scatter plot of average squared transverse momenta for the unpolarized TMD PDF at
x = 0.1 (right panels), = 0.001 (left panel) and for the unpolarized TMD FF for fragmentation into
7T (circle) or into K+ (triangle) at z = 0.5. In the upper panel, TMDs are evaluated at Q = 5 GeV,
in the lower panels at @ = 1 GeV. Different colors for different flavors as indicated in the legend. Black
squares represent the mean value for the different clusters. The 68% C.L. of the different ensembles of
replicas is reported.

the evolution equations generate a broadening of the transverse momentum distributions.
A similar trend is observed also in parton-shower-based Monte Carlo generators of collider
events, either after underlying-event tuning [115] or after including TMD effects into the
shower according to the parton branching model [116].

5 Conclusions

In this paper, we performed an extraction of transverse-momentum-dependent parton dis-
tribution and fragmentation functions from a comprehensive set of 2031 experimental data
points from the Drell-Yan (DY) process and semi-inclusive deep-inelastic scattering (SIDIS),
with the main goal of unraveling the distinctions among different quark flavors. It is the
first time that the flavor-dependent nature of Transverse Momentum Distributions (TMDs)
is fully taken into consideration in a global fit.

Our study builds upon previous work by incorporating state-of-the-art theory results
reaching N3LL accuracy, and adopting the fitting framework used in our past works, available
through the NangaParbat public code. As done in ref. [6] for DY, we used Monte Carlo
replicas of collinear PDFs and FFs. This enabled an accurate portrayal of the flavor-specific
characteristics of TMDs and their uncertainties, at least within the choices for prescriptions
and functional forms that we adopted.

4The code and a collection of final results will be made publicly available by the MAP collaboration at
https://github.com/MapCollaboration.
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After reviewing the formalism in section 2 and the analysis framework in section 3, we
presented three extractions with three different approaches. In section 4.1, we discussed a
Flavor Independent extraction (MAPTMD24 FI) and a Hadron Dependent one (MAPTMD24
HD), characterized by different fragmentation functions for different final-state hadrons. They
constitute a baseline to assess the relevance of a flavor-depedent fit. We adopted the same
choices as in our previous extraction (MAPTMD22), but we used two Monte Carlo sets
of collinear PDFs and FFs in order to fully account for their uncertainties. We obtained
X2/Naat = 1.40 and 1.19 for the two extractions, respectively.

Section 4.2 presents the core of our analysis, where we separately parametrized five TMD
PDFs (u, 4, d, d, and sea) and five TMD FFs (favored and unfavored pion fragmentation,
favored, unfavored and s-quark kaon fragmentation). We extracted a total of 96 free
parameters. This flavor-dependent extraction (MAPTMD24 FD) reached x3/Nga; = 1.08.
Therefore, the MAPTMD24 FD fit demonstrates superior capability in simultaneously
describing data from both SIDIS and DY processes, and is able to capture the nontrivial
interplay between quark flavors and their transverse momentum distributions.

The extracted TMD PDFs and FFs offer valuable insights into the three-dimensional
structure of hadrons, revealing distinctive flavor-dependent behaviors across different kine-
matic regimes. In particular, the u-quark TMD PDF results to be the most constrained
among all flavors, and it is the widest at small and intermediate . On the other hand, an
examination of TMD FFs demonstrates the importance of distinguishing between favored
and unfavored channels, particularly evident for kaon fragmentations.

We also obtained a new determination of the Collins-Soper kernel, which provides crucial
insights into TMD evolution. Our MAPTMD24 result shows a lower slope at large br
compared to other recent results [7, 8, 98, 99]. Further precise, multidimensional data sets
spanning a wide Q2 range will be invaluable to further investigate these differences.

Overall, our study represents a significant step forward in the quest for a comprehensive
understanding of the flavor-dependent structure of hadrons in momentum space. Our
findings pave the way for more refined theoretical predictions and improved interpretations
of experimental phenomena in high-energy physics.
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A Quality of global fit

In this appendix, we present in figures 20-27 the quality of our fit (MAPTMD24 FD) for most
of the used data. The blue error bands represent the 68% C.L. of the theoretical predictions.
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Figure 20. Upper panel: comparison between data and theoretical predictions for the DY cross
section differential in |gr| for the E288 dataset at Epeam = 400 GeV for different @) bins; uncertainty
bands correspond to the 68% C.L. Lower panel: ratio between experimental data and theoretical cross
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I (left panel) and run IT (right panel); uncertainty bands correspond to the 68% C.L. Lower panel:
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Figure 22. Same as in previous figure but for Z boson production in pp collisions measured by the
CMS collaboration. From left to right: increasing /s = 7, 8, 13 TeV, respectively. For /s = 7, 8 TeV,

the results are normalized to the fiducial cross section.
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Figure 23. Same as in the left and central panels of previous figure, but for ATLAS kinematics at
\/s = 7TeV. From left to right, results at increasing rapidity.
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the production of charged pions and kaons off a proton target for different x and z bins as a function
of the transverse momentum |Pj,r| of the final-state hadron. For better visualization, each z bin is

shifted by the indicated offset.

0.475 < z < 0.6 (offset = 0.1)
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Figure 26. Comparison between data and theoretical predictions for the COMPASS multiplicities for
the production of negative charged hadrons off a deuteron target. For each @), x bin, the multiplicities
are displayed as functions of P2,/Q? for different z bins surviving kinematic cuts, as indicated in

the legend.
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Figure 27. Same as in the previous figure but for the production of positive charged hadrons off a

deuteron target.

B Nonperturbative parameters

In tables 6, 7, and 8 we report the tables with the central values of the fitted parameters for
the MAPTMD24 FI, MAPTMD24 HD, and MAPTMD24 FD extractions. For the latter one,
in figure 28 we also show a graphical representation of the correlation matrix.

— 33 —



Parameter | Average over replicas
92[GeV] 0.11 4 0.016
N1 [GeV?] 0.40 £ 0.014
Ny [GeV?] 0.020 + 0.0022
N3[GeV?] (3.8+1.5) x 1074
@ 0.40 4 0.24
o 5.4+ 0.026
o3 2.2+ 0.076
o1 —0.12 £ 0.018
Parameter | Average over replicas o3 10 £0.030
92 [GeV] 0.080 + 0.030 M[GeV] 0.48 £ 0.089
Ny [GeV?] 0.42 + 0.022 Ao[GeV 1] 0.084 + 0.0054
Ny [GeV?] 0.022 + 0.003 Ny [GeV?] (854 6.0) x 107°
N3 [GeV?] (49 £ 7.8) x 107° Nz [GeV?] 0.096 + 0.0015
o 0.21 4 0.20 Bir 5.1+0.28
a2 5.42 £ 0.074 Box 2.0+ 0.070
a3 2.27£0.34 S1n 0.0027 + 0.0027
a1 —0.11 = 0.03 Sor 0.19 & 0.00075
g3 10.16 4+ 0.34 Yix 1.4 +0.059
A1 [GeVl 0.48 + 0.060 Yor 0.88 4 0.038
Ay [GeV] 0.095 + 0.016 Apr[GeV ™2 0.082 = 0.0049
Ny [GeV?) (107 £6.0) x 10~° Nyg[GeV?] (7248.8) x 107°
N5 [GeV?] 0.11 + 0.0036 N5 [GeV?] 0.15 4+ 0.0053
b1 11.62 & 0.22 Bix 8.5+ 0.52
B 4.34 +0.17 Box 3.9+0.21
o1 0.0023 + 0.0021 Sk 0.0072 £ 0.0065
5y 0.19 4+ 0.012 dok 0.19 4 0.0095
Y1 1.27 £ 0.055 YK 1.3+0.14
7o 0.16 + 0.15 VoK 0.184+0.15
Ar [GeV ™2 0.16 + 0.010 A [GeV 2] 0.16 + 0.021

Table 7. Mean value and error related to
the 68% C.L. over the Monte Carlo replicas of
the free parameters in the hadron-dependent
MAPTMD24 HD fit.

Table 6. Mean value and error related to
the 68% C.L. over the Monte Carlo repli-
cas of the free parameters in the flavor-blind
MAPTMD24 FI fit.
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Parameter Value Parameter Value Parameter Value
g2 [GeV] 0.12 £0.0033
Nig [GeV?] 0.21£0.017 Nag [GeV?] | 0.01540.0013 N3g [GeV?] (40£2.2) x 107*
14 0.86 + 0.11 Qod 5.5+ 0.041 asd 2.38 £ 0.032
o1d —0.21+0.013 094 = 034 9.91 4 0.061
Mg [GeVT] 0.32 £ 0.038 Aog [GeVT1] | 0.052 +0.0022
N, [GeV?] 0.68 & 0.038 Nog [GeV?] | 0.0037 £0.0037 | N, [GeV?] (5.9+£5.8) x 107°
oy 0.64+0.18 Qo 5.69 + 0.64 Qs 1.57 +0.53
o1 0.075 4+ 0.012 Oog = O3 10.19 £ 0.09
A1 [GeVT] 0.740.67 Aog [GeVTL] | 0.051 +0.0071
N1y [GeV?] 0.35 £ 0.0063 Noy [GeV?] | 0.019£0.00015 | N3, [GeV?] (355 4+ 4.5) x 1076
Q1o 0.18 £ 0.1 oy 5.42 4 0.0037 sy 2.14 =+ 0.0068
Olu —0.26 % 0.0079 0oy = O30 10.17 £ 0.011
A [GeVTY 0.49 + 0.0037 A2y [GeV™] | 0.081 4 0.0009
Nz [GeV?] 0.48 £ 0.0074 Noz [GeV?] | 0.02240.00037 | N3z [GeV?] (21 £1.5) x 107°
1 0.95 + 0.077 2 5.38 & 0.0099 aza 1.77 4+ 0.052
ola —0.026 + 0.01 02 = 033 10.21 £ 0.02
Az [GeVT] 0.53 £ 0.0067 A2z [GeVT] 0.11 £ 0.0055
Nisea [GeV?) 0.16 £ 0.035 Noseq [GeV?] | 0.029£0.0027 | Niseq [GeV?] 0.0039 =+ 0.002
Qlsea 0.65 + 0.48 M2s0a 5.24 +0.032 X3s0a 1.48 +0.74
Olsea —0.018 £0.022 | 02sa = 03sea | 10.7240.037
Msea [GeV 1] 2.43 +0.97 A2sea [GeVTY | 0.015 £ 0.0083
Niur [GeV?] | (82£1.8) x 1075 | Nsur [GeV?] | 0.095 & 0.0008 Brun 5.19 £ 0.066
Baur 2.340.041 Stun 0.017 4 0.0084 Soun 0.19 =+ 0.0049
Vun 1.46 +0.015 Your 0.8 +0.0095 AFur [GeV™2] 0.089 4 0.003
Nisear [GeV?] | (8342.4) x 107 | Nssear [GeV?] | 0.094 4+ 0.0012 Blsear 5.38 +0.21
Basear 2.31 £ 0.072 Slscar 0.022 + 0.0064 S9scarn 0.19 = 0.0044
Yisear 1.44 +0.026 Yosear 0.8 +0.012 AFsear [GeV™?] 0.086 4 0.004
Niure [GeV2] | (87£5.7) x 107 | Nsur [GeVZ] | 0.14 £ 0.0026 Brux 8.52 4 0.081
Bour 3.86 4 0.19 S1uk 0.0061 4 0.0035 Soulc 0.19 = 0.0059
VK 140.041 Vouk 0.19 + 0.054 Arur [GeV™2 0.14 4 0.0048
Nysg [GeV?] | (4.54£3.7) x 1071 | Nssx [GeV?] 0.16 £ 0.016 Bisk 717+ 1.4
Bask 5.1+ 1.04 15K 1.51+1.51 Soskc 0.16 £ 0.033
VisK 0.71 £ 0.42 YosK 0.36 £0.19 Arsic [GeV7T2] 0.34 +0.2
Niscare [GeV?] | (78 £2.8) x 1075 | Nisear [GeV?] | 0.15 +0.0059 Biseak 8.63 +0.24
Bascak 4.1940.14 S1scaks 0.0075 + 0.0051 Soscal 0.2 +0.0029
Viseaks 0.96 +0.036 Yoseak 0.1740.092 | Apsearc [GeV ™2 0.15 = 0.0055

Table 8. Table of the 96 free parameters in the flavor-dependent MAPTMD24 FD fit. For each

parameter, the mean value and the error related to the 68% C.L. are reported.
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Figure 28. Graphical representation of the correlation matrix for the free parameters of the
MAPTMD24 FD fit; color code ranges from blue (—1) to red (+1).
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