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Abstract

Semi-inclusive deep inelastic scattering off nuclei is a unique process to study the parton propa-

gation mechanism and its modification induced by the presence of the nuclear medium. It allows us

to probe the medium properties, particularly the cold nuclear matter transport coefficient, which

can be directly linked to the nuclear gluon density. We present here a model for hadron production

in deep inelastic lepton-nucleus scattering, which takes into account the hadronic transverse mo-

mentum of final state particles via transverse-momentum dependent (TMD) parton distributions

and fragmentation functions. We implement parton energy loss and hadronic absorption with a ge-

ometrical model of the nucleus. The model is compared with the nuclear SIDIS multiplicity ratios

and transverse-momentum broadening data from the CLAS, HERMES, and EMC collaborations,

aiming for a simultaneous description of these data sets. We obtain a good agreement over the

various nuclear targets and the wide kinematical range of those experiments. We best describe the

data with a transport coefficient q̂ = 0.3 GeV/fm2, and we highlight the importance and the role

of correlations in extracting this quantity.
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I. INTRODUCTION

The fragmentation of quarks into hadrons, i.e. hadronization, is a complex dynamical

process of QCD. It is extensively studied in the vacuum and can be described by perturbative

QCD and non-perturbative fragmentation functions [1]. This process is modified in the

presence of a medium, such that studying the modification of the hadron spectra allows

the extraction of certain medium properties. Conversely, a medium with known properties

can be used for the study of the space-time development of the hadronization process [2].

Such studies require careful consideration of the longitudinal and transverse components

of the hadron spectra simultaneously. Here, we will study this problem using a model

based on transverse momentum dependent (TMD) parton distribution functions (PDF) and

fragmentation functions (FF). Recently, much progress has been made on TMD studies for

proton, deuteron, and nuclei [3–5]. We present here a TMD model for hadron production

in heavier nuclei and test it against the nuclear hadronization data sets from the EMC [6],

HERMES [7–9] and CLAS [10] collaborations.

The present study includes two main nuclear effects: induced energy loss and nuclear

absorption. The former is related to elastic collisions of the propagating parton, and the

latter to the inelastic collision of the prehadron with nucleons. The interface of those two

mechanisms is the production length, LP , i.e. the length necessary for the quark to turn

into a color-singlet prehadron. Energy loss and nuclear absorption are complementary, but

there is no consensus in the literature on their respective quantitative contributions. The

analysis presented in this paper aims at building a model that accommodates both effects

and can describe an extensive data set with proper tuning of the production length LP

and the quark transport coefficient, q̂. The latter is the key parameter of induced energy

loss calculations, defined as the amount of transverse momentum the parton gains per unit

of length of traversed material. The hadron production in semi-inclusive deep-inelastic

scattering (SIDIS) off nuclei is the best process for extracting those quantities.

Several groups have performed similar work in the past [11–14], often with a focus on

energy loss [15–22]. Monte-Carlo event simulation is also sometimes used to approach the

problem in a fully consistent way [23, 24] with the advantage of naturally including corre-

lations. We aim to extend these previous works by using a TMD framework to describe the

longitudinal and transverse components, as well as their correlations.
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II. TMD CROSS SECTIONS

We consider the process

ℓ(l) +N(P ) → ℓ(l′) + h(Ph) +X, (1)

where ℓ denotes the beam lepton, N the nucleon target, h the produced hadron and X the

remainder of the hadronic final state. Particles four-momenta are given in parentheses. As

customary, we define the photon momentum to be q = l− l′, and we introduce the invariants

Q2 = −q2, ν = p · q/M , xB = Q2/2P ·q, y = P ·q/P · l, W 2 = (P + q)2, and z = P ·Ph/P ·q.
We define Ph⊥ to be the transverse components of hadron momentum Ph with respect to

the virtual photon momentum, defined in the target rest frame and ϕh the angle between

the leptonic and the hadronic planes following the Trento convention [25]. Throughout this

paper, we work in the one-photon exchange approximation and neglect the lepton mass. We

retain in the calculation, when necessary, the nucleon mass M and the hadron h mass, Mh.

The semi-inclusive lepton-hadron cross-section, summed over the helicities of the incoming

lepton, can be written as [26]

d5σ

dxB dy dz dP 2
h⊥dϕh

=
πα2

Q2xBy

{
[1 + (1− y)2]FUU,T + 2(2− y)

√
1− yF cosϕh

UU,T cosϕh +

+2(1− y)F
cos(2ϕh)
UU,T cos(2ϕh)

}
, (2)

where the structure functions on the r.h.s. depends on xB, Q
2, z and P 2

h⊥. The first and

second subscripts of the above structure functions indicate the respective polarization of the

beam and the target, whereas the third subscript specifies the polarization of the virtual

photon. As all our analysis is performed at the lowest order in the strong coupling, the

contributions corresponding to photon longitudinal polarization are absent at this order of

accuracy. The structure function FUU,T can be expressed as a convolution over partonic

transverse momenta as

FUU,T = xB

∑
q

e2q

∫
d2p⊥ d2k⊥ δ(2)

(
p⊥ + zk⊥ − Ph⊥

)
fq/P (xB, Q

2,k⊥)Dh/q(z,Q
2,p⊥), (3)

where fq/P (xB, Q
2,k⊥) and Dh/q(z,Q

2,p⊥) represent the TMD unpolarised parton distribu-

tion in the proton and TMD unpolarised fragmentation functions, respectively. Here k⊥

represents the transverse momentum of the initial state parton with respect to the virtual

photon direction and p⊥ the transverse momentum of the detected hadron relative to the
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fragmenting parton. Both distributions are evaluated at the virtuality Q2 of the photon.

The delta function results from transverse momentum conservation. The summation runs

over quarks and antiquarks at this order. In the following, we will turn these expressions

into a form suitable for phenomenological applications. Convolution integrals in Eq. (3)

can be analytically performed under the hypothesis that the transverse momentum and the

light-cone fraction dependencies of TMD densities could be factorized by assuming a Gaus-

sian shape of the transverse part; such an assumption is known to be good at low transverse

momentum. Therefore, we use for the TMD PDFs and FFs, the following ansatz:

fq/P (xB, Q
2,k⊥) = fq/P (xB, Q

2)
1

π⟨k2
⊥⟩

e−k2⊥/⟨k2⊥⟩ (4)

and

Dh/q(z,Q
2,p⊥) = Dh/q(z,Q

2)
1

π⟨p2⊥⟩
e−p2⊥/⟨p2⊥⟩. (5)

Within this approximation, TMD PDFs and FFs are normalized to give the corresponding

collinear distributions upon integration over transverse momentum. In the present analysis,

we include the evolution of the above collinear functions, as indicated by the explicit Q2

dependence in the relevant functions, but we neglect the full TMD evolution, which would

unnecessarily weight down the formalism and would require additional modelization in the

nuclear case [5]. This simplified approach also allows us to include the transverse momentum

broadening when considering SIDIS on nuclear targets in a relatively economical way, which

is crucial to us given the time-consuming cross sections evaluation of that specific case.

In such approximations, the structure function in Eq. (3) can be eventually rewritten as:

FUU,T = xB

∑
q

e2qfq/P (xB, Q
2)Dh/q(z,Q

2)
e−P 2

hT /⟨P 2
hT ⟩

π⟨P 2
hT ⟩

. (6)

Its structure is dictated by the convolution over transverse momenta from Eq. (3) and the

Gaussian assumption on the transverse part in Eq. (4) and Eq. (5). The full width ⟨P 2
hT ⟩

being the average hadronic transverse momentum is then of the form:

⟨P 2
hT ⟩ = ⟨p2⊥⟩+ z2⟨k2

⊥⟩ . (7)

In general, we do not expect the shape of the hadronic width ⟨P 2
hT ⟩ to have a significant

impact on our nuclear observables, which by construction isolate nuclear effects. However,

some dependence may arise due to correlations in the integration of the model over the
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experimental bins, which will likely introduce some sensitivity on the z-shape of ⟨P 2
hT ⟩. For

that reason, we made a dedicated extraction of ⟨P 2
hT ⟩ whose details are collected in Appendix

A.

Finally, realistic results are obtained only after the proper implementation of the kine-

matic cuts used in the data set we try to reproduce. In particular, the contribution of

target fragmentation is not accounted for in our formalism. Therefore, we apply a cut on

Feynman x, with xF = 2h∗
z/W , h∗

z being the hadron third component defined in the γ∗P

center-of-mass frame, whenever specified by the kinematical selection of a given data set.

Next, we consider the cut on the invariant mass of the system X (MX), where the latter

represents the hadronic final state but with the measured final state hadron h excluded. In

all our calculations, we enforce the condition MX > M , which induces a sizeable decrease

of the Ph⊥-width at large z and low ν.

III. NUCLEAR EFFECTS

The two main observables used by the experiments are the multiplicity ratios

RA
h (ν,Q

2, z, P 2
hT ) =

NA
h (ν,Q

2, z, P 2
hT )/N

A
e (ν,Q

2)

ND
h (ν,Q2, z, P 2

hT )/N
D
e (ν,Q2)

, (8)

and the transverse momentum broadening

∆⟨P 2
hT ⟩ = ⟨P 2

hT ⟩A − ⟨P 2
hT ⟩D, (9)

where A stands for the atomic mass number, Ne and Nh the number of inclusive and semi-

inclusive events, respectively, and the observables being both normalized to deuterium, D.

In the present analysis, we will not provide an extensive comparison of all particle species,

but we will compare our model with multidimensional data sets whenever possible to ac-

count for possible correlations in the data. For this reason, we focus on positively charged

pions: they are abundantly produced, such that precise fragmentation functions are avail-

able. In addition, they are nearly massless, which avoids theoretical issues due to hadron

mass corrections.
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A. Production length and nuclear medium density

We implement the nuclear effects under the hypothesis that energy loss occurs before

absorption. Thus, we need to know the length of the total traversed material and the

production length LP , where parton energy loss ends and absorption starts. To go further

and account for the density profile of the nucleus, we need to define effective lengths. To

do so, we assume that the incident photon scatters on a parton belonging to a nucleon at

position xi, b⃗i, with the origin fixed to the nuclear center. The scattered parton then moves

along the positive x direction. We describe the nuclear matter distribution with a Wood

Saxon distribution, ρ(x, b⃗i), normalized to A. With this in mind, we adopt the following

definition of total path length traversed in nuclear matter:

L∗
T (xi, b⃗i) =

1

ρ(0, 0)

∫ ∞

xi

dxρ(x, b⃗i). (10)

The production length, i.e. the length traveled by the colored parton before forming a

pre-hadron, is parametrized with the following form:

LP (z, ν) = Nzλ(1− z)β
( ν

GeV

)γ

. (11)

Generally, one expects λ ≃ β ≃ γ ≃ 1 to reflect the Lorentz boost and fragmentation con-

straints on the parton lifetime. These settings have not provided a satisfactory description

of data in the past and have been modified or complemented in various ways in the liter-

ature [2, 11, 12, 15]. Here, we introduce these parameters, but we adjust them to better

describe the data. To limit the number of parameters, we do not explore the interesting

possibility that LP might depend on other variables, such as P 2
hT or Q2 [11, 27]. Similarly

to the total path length L∗
T , we define an effective production length

L∗
P (z, ν;xi, b⃗i) =

1

ρ(0, 0)

∫ xi+LP (z,ν)

xi

dxρ(x, b⃗i) , (12)

which, at variance with Eq. (10), takes into account the finite production length Lp in the

upper integration limit.

B. Partonic energy loss

When partons traverse a QCD medium such as the nucleus, we expect them to emit

gluons and lose some of their energy. Several groups have tackled the problem of calculating
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this energy loss with a rather large spread of results [28]. We chose to use the calculation by

Arleo [29], based on the BDMPS calculations [30, 31]. In this framework, the energy loss ϵ

depends on the transport coefficient and the length of the medium through the characteristic

gluon energy

wc =
1

2
q̂ L∗2

p . (13)

The energy loss probability distribution W (ϵ) by Arleo includes also the dependence on the

outgoing parton energy, which we take to be ν. It is expressed as follows:

W (ϵ̄, ν̄) =
1√

2 π σ(ν̄) ϵ̄
exp

[
−(log ϵ̄− µ(ν̄))2

2σ(ν̄)2

]
, (14)

where barred variables are normalized to ωc, the functions µ and σ are empirical [29] and its

normalized version is defined by W (ϵ̄ = ϵ/ωc) = ωcW (ϵ). We model nuclear-modified FFs

according to the kinematic rescaling proposed by Wang, Huang and Sarcevic [32], which

amounts to shift the argument of the collinear FFs:

z∗ =
z

1− ϵ/ν
. (15)

The implementation of such a rescaling allows us to obtain the nuclear-modified TMD FFs:

zDA
h/q(z, ν,Q

2, p⊥) =

∫ (1−z)ν

0

dϵ W (ϵ, ν, q̂, L∗
P )z∗Dh/q(z∗, Q

2, p⊥) , (16)

which generalizes the collinear variables rescaling proposed in Ref. [32] to transverse ones.

For clarity, we have omitted its dependence via L∗
P on the position xi, b⃗i of the nucleon in the

nucleus on which the incident photon scatters. Moreover, we use the connection proposed

by BDMPS to link the energy loss ϵ to ⟨q2⊥⟩, the average transverse momentum acquired by

the parton traversing the medium [33, 34]:

−dE

dx
=

αsNC

4
⟨q2⊥⟩, (17)

with E the energy of the gluon emitter, x is the distance traversed by the parton, NC the

number of colors, αs the strong coupling constant. From this, we can link the transverse

momentum broadening to the parton energy loss:

⟨q2⊥⟩ =
4ϵ

αsNCL∗
P

, (18)

We assume that this source of transverse momentum is distributed according to a Gaussian

of width ⟨q2⊥⟩. Since it is acquired during the in-medium fragmentation process, its width
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is scaled by a factor z2∗ . As a result, the overall nuclear-modified fragmentation width is

given by ⟨p2⊥⟩A = ⟨p2⊥⟩(z∗) + z2∗⟨q2⊥⟩. Within these approximations, the nuclear-modified

fragmentation function in Eq. (16) can be written as

DA
h/q(z, ν,Q

2, p⊥) =

∫ (1−z)ν

0

dϵ
W (ϵ, ν, q̂, L∗

P )

1− ϵ/ν
Dh/q(z∗, Q

2)
e−p2⊥/⟨p2⊥⟩A

π⟨p2⊥⟩A
. (19)

C. Absorption

After the production length, a prehadron starts to form and might interact with the

medium, thus not giving rise to a measured hadron in the final state. To simulate this, we

use an attenuation factor of the form:

natt(z, ν;xi, bi) = 1−
[
L∗
T − L∗

P

Ltypical

]d

, (20)

with Ltypical and d free parameters. This parametrization is constructed such as to introduce

a correlation between the length traversed by the prehadron in the medium, L∗
T − L∗

P , and

the absorption process. Given the definition in Eq. (10) and Eq. (12), the latter quantity is

greater than zero by construction and, at any fixed value of L∗
T , the attenuation is maximal

when L∗
p → 0. The attenuation factor natt implicitly depends on z and ν through the

dependence of LP on those variables. We further assume that it is quark-flavor independent

and apply it as a multiplicative factor in defining nuclear FFs in Eq. (16).

We do not attribute transverse momentum in association with the pre-hadron interaction

as the elastic process contributes very little compared to inelastic processes [16]. Thus, we

consider here that the pre-hadrons are absorbed in the nucleus, giving rise to fragments in

the target fragmentation region outside our model’s domain.

D. Fermi motion

Among the initial state effects we need to consider is the Fermi motion of the nucleons

in the nuclear targets. We use the parametrizations of 3-momentum distributions, nA(P⃗ )

presented in Ref. [35], with P⃗ the nucleon three-momentum in the nucleus. We neglect the

effect of Fermi motion in the longitudinal direction due to its small size relative to the typical

energies involved in the experiments we aim to describe. As we only consider the transverse
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contribution, we define the average transverse Fermi motion as

⟨P 2
T ⟩A =

∫
d3P⃗ P 2

T nA(P⃗ )∫
d3P⃗ nA(P⃗ )

, (21)

where adopting spherical coordinates, the transverse momentum is defined with respect

to the z-axis, corresponding to the incoming photon direction. Projecting out transverse

components, the integral can be written as

⟨P 2
T ⟩A =

2

3

∫ ∞

0

P 4 dP nA(P ) . (22)

The calculation returns an average transverse Fermi motion of around 0.011 GeV2 for deu-

terium which rises fast to 0.036 GeV2 for carbon, and then flattens out for heavier nuclei

and ends around 0.044 GeV2 for a lead nucleus.

This source of initial state transverse momentum, assuming it is distributed as a Gaus-

sian with widths provided by the calculation, adds to the initial state partonic transverse

momentum. Therefore, as dictated by transverse kinematics in eq. (7), the corresponding

widths will sum up and will be weighted by a factor z2.

E. Nuclear structure functions

Putting together all the elements discussed above, the unpolarized nuclear structure

function reads

FA
UU,T = xB

∑
q

e2qfq/A(xB, Q
2)

∫
dxi

∫
d2⃗bi

ρ(xi, bi)

A

∫ (1−z)ν

0

dϵ
W (ϵ, ν, q̂, L∗

P )

1− ϵ/ν

natt(z, ν;xi, bi)Dh/q(z∗, Q
2)
e−P 2

hT /⟨P 2
hT ⟩(z∗)

π⟨P 2
hT ⟩(z∗)

, (23)

where fq/A are the nuclear PDFs for which we adopt the set nCTEQ15 [36], and Dh/q are the

vacuum parton-to-pion fragmentation functions for which we adopt the DEHSS set [37]. In

general, for the observable studied in the present paper, the predictions are rather indepen-

dent of the choices of the specific sets of PDFs and FFs.

We assume that all sources of transverse momentum broadening have a Gaussian distri-

bution such that their convolution gives an overall Gaussian with a width

⟨P 2
hT ⟩A = ⟨p2⊥⟩(z∗) + z2[⟨k2

⊥⟩+ ⟨P 2
T ⟩A] + z2∗⟨q2⊥⟩. (24)

9



The first term is the width of the fragmentation function but evaluated, according to Eq. (16),

at z2∗ . The terms weighted by z2 are for the initial state parton momenta intrinsic in the

nucleon and the nuclear Fermi motion. The last term accounts for the nuclear broadening

due to parton energy loss and is weighted by z2∗ .

The observables introduced in Eq. (8) and Eq.( 9) are both normalized to the deu-

terium. Such a normalization point is commonly used since deuterium does not show any

nuclear effect, allowing hadronization to be described in terms of vacuum fragmentation func-

tions. However, the model discussed so far, designed to describe hadronization off heavy

nuclei, shows sizeable nuclear effects when extrapolated to very light nuclei like deuterium.

Therefore, to ensure a proper subtraction of spurious effects and a consequent correct nor-

malization of the observables, we normalize the predictions to our extrapolated version of

deuterium.

IV. RESULTS

The large number of convolutions makes theory predictions time-consuming and not suit-

able for a fit. To overcome this problem, we first studied the model’s behavior in parameter

space and then fixed the latter via a tuning procedure that allows us to fairly describe all

data sets at once.

A. Energy loss only parameterization

Among the two mechanisms we consider, the partonic energy loss has been extensively

studied in the literature and has a solid theoretical background. Therefore, in the first

attempt, we tried to describe the data with that mechanism alone responsible for both the

depletion of hadron yields and the broadening of the transverse momentum.

Within this picture, the parton will radiate all the way out of the nucleus, i.e. LP → ∞,

maximizing the amount of radiated energy, the hadronization will occur outside the nucleus,

and no absorption will take place, i.e. natt = 1. Under this approximation, we present in the

top panels of Fig. (1) the comparison of the HERMES multiplicity ratios as a function of z

and P 2
hT with our default value q̂ = 0.3 GeV/fm2. The multiplicity ratios show a clear deficit

in normalization (leftmost panels) while the transverse momentum broadening, ∆⟨P 2
hT ⟩, is

10
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Figure 1: Predictions within an “energy loss alone” model, i.e. LP → ∞, with q̂ = 0.3 GeV/fm2

in top panels and q̂ = 0.9 GeV/fm2 in bottom ones. We present the π+-multiplicity ratios on a

Krypton target as a function of z in the leftmost column and as a function of P 2
hT in the middle

one. In the rightmost column, we present the ∆⟨P 2
hT ⟩-broadening as a function of A. Data from

the HERMES collaboration [8].

fairly reproduced (rightmost panel). The normalization issue of the former can be alleviated

by using a larger value of q̂ ≈ 0.9 GeV/fm2, as shown in the bottom left panels of Fig. (1).

However, such a large q̂ entering in Eq. 17, leads to an abnormally large ∆⟨P 2
hT ⟩, by far

greater than the one seen in the data (bottom right panel). We conclude that with an

energy loss model alone, we can not describe those observables simultaneously with a single

value of q̂. However, such an issue can be overcome by assuming that another mechanism

is at work to reduce the yields, i.e. absorption. The attenuation is produced by inelastic

interactions of the so-called prehadrons, a colorless state yet to become real hadron, with the

medium, possibly creating secondary particles with lower energies. Under the hypothesis

that elastic prehadron-nucleon cross sections are small, this mechanism generates neither

broadening nor energy loss.
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Production length

N λ β γ

4.0 fm 0.0 0.25 0.3

Transport coefficient Nuclear absorption

q̂ αs Ltypical d

0.3 GeV/fm2 0.5 2 fm 0.5

Table I: Numerical values of the parameters controlling the production length, the transport coef-

ficient and nuclear absorption.

B. Full model parametrization

We include the ad hoc absorption from Eq. 20 for which we need to find suitable param-

eters. Our aim is not to make the best possible description of the data in all corners like

in a fit. To adjust our parameters, we concentrate on kinematics which are the safest in

terms of TMD factorization [38] (0.3 < z < 0.8), parton energy loss applicability (ν > 10),

and the Gaussian TMD model (P 2
h⊥ < 0.5 GeV2). We will check later whether our model

can be extrapolated out of this kinematic region, so we concentrate here on a subset of the

HERMES data [8, 9] to tune our parameters.

We show in Fig. 2 and Fig. 3 a selection of data according to the criteria listed above

together with the model with adjusted parameters summarized in Tab. I. The overall agree-

ment is satisfactory, but a few preliminary comments can be made immediately about the

parameters obtained. We notice that the exponent parameters for the production length

(λ, β and γ) are small compared to previous modelisations [2]. In particular, with λ = 0

and β = 0.25, we significantly suppress the z dependence of LP to describe the data ad-

equately. This is needed so as not to over-suppress the hadron yield at both z extremes.

We show in Tab. II the typical production lengths obtained with this set of parameters for

the CLAS, HERMES, and EMC data. We observe that these results are consistent with

previous work [2].

We obtain a transport coefficient value for cold nuclear matter, q̂ = 0.3 GeV/fm2, which

is larger than some of the most recent extractions [21, 22]. However, these previous works
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Figure 2: Multiplicity ratio for π+ on different nuclear targets as a function of various kinematical

variables in selected ranges compared to our model with parameters as in Tab. [I]. Data from the

HERMES collaboration [8].

Ebeam ⟨ν⟩ ⟨z⟩ LP

[GeV] [GeV] [fm]

CLAS 5 3 0.5 4.7

HERMES 23.5 10 0.5 6.7

EMC 280 100 0.35 14.3

Table II: Values of LP in the average kinematics of different experiments whose data are considered

in this paper.

neglect the correlation between longitudinal and transverse components. We attribute our

different result to a survivor bias: because the measured transverse momentum broadening

is obtained only through the detected hadrons, it is thus indirectly affected by absorption.

In the HERMES data, the hadron yield is reduced by 20-30% in Krypton, whatever model

is used, it is clear that the suppressed part of the spectrum will be strongly correlated to the
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Figure 3: The π+ transverse momentum broadening in the range 0.4 < z < 0.6 as a function of A

compared to our model with parameters as in Tab. [I]. Data from the HERMES collaboration [8].

length of nuclear material traversed. So effectively, the transverse momentum observables

select hadrons that have interacted less with the nuclear medium. Thus, it creates a corre-

lation between absorption and energy loss that reduces the measured transverse momentum

broadening and motivates the use of a larger q̂. This effect can already be observed in our

first test with energy loss only in Fig. 1. There, it is clear that despite a factor 3 in q̂ between

the two scenarios explored, the transverse momentum broadening increases by less than a

factor 2 for krypton. Together, our results indicate that this effect is large no matter what

the source of the hadron yield quenching is, and thus it needs to be accounted for in the

description of the transverse-momentum dependent observables.

With the hadron absorption parameters, we can notice that the coefficient d indicates

the dependence on the path length. Our best value, d = 0.5, indicates that the pre-hadron

absorption is reducing as it propagates. Such behavior is possible through a filtering effect

where compact prehadrons survive longer, and thus, the absorption effect drops. However,

this is in direct contradiction with the results of previous studies [11, 14, 23], which would

favor d = 1 or 2. The differences between the results presented in these studies and our

approach are numerous, but the key difference is likely linked to the way LP is parameterized.

Finally, on the question of hadron absorption, we note that the value of Ltypical is rather

small and hints at a rather large prehadron-nucleon cross-section.
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Figure 4: Multiplicity ratio for π+ on a Krypton target as a function of kinematic variables

compared to our model with parameters as in Tab. [I]. Data from the HERMES collaboration [8].

C. Comparison to HERMES data

Going into more details on Fig. 3, we observe that the A dependence of ∆p2T is not

completely satisfactory, as the model overshoots the light nuclei and undershoots heavier

nuclei. This problem is a common feature of numerous descriptions of this observable in

the literature [16, 20–22]. The best description we obtain of this observable is in Fig. 1,

where production length is set to infinity and absorption is thus completely deactivated. It

appears impossible to resolve this issue with existing model frameworks because reducing the

production length to increase the absorption contribution further degrades the description

of this observable. We conclude that all the models (ours included) are still missing an

element contributing to the shape of the transverse momentum broadening as a function

of the atomic number A. We compare our model to more HERMES multiplicity ratio

data in Fig. 4, and note that all displayed dependencies are pretty well reproduced. Some

of the high z behaviors are missed. However, as discussed above, this is a phase space

where TMDs do not dominate the cross-section. Thus, we do not expect our model to

describe this phase properly. To further analyze the behavior of the model, we compare
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Figure 5: Transverse momentum broadening on various heavy nuclei as a function of z compared

to HERMES data of Ref. [8]. Our model, with parameters as in Tab. [I], is shown with (solid lines)

and without (dotted) Fermi motion contribution.

predictions for transverse momentum broadening on different targets as a function of z in

Fig. (5). We observe that the transverse momentum broadening shape as a function of z

appears to be largely off for all nuclear targets. At low z, this is to be expected as target

fragmentation might contribute, but at large z the discrepancy is more puzzling. Given the

structure of Eq. (24), the rising pattern of ∆⟨P 2
hT ⟩ against z is however expected. Of the

previously cited literature, only Domdey et al. [16] shows the same observable, reporting

a similar discrepancy. Furthermore, we show our model with and without Fermi motion

in the same figure. We observe that the latter is the main contribution at large z. The

absence of such a basic effect in the data is surprising. We suspect correlated errors in the

data to be at the origin of this behavior, as all nuclei are normalized to the same deuterium

data. Otherwise, that would indicate that factorization is largely broken in this kinematical

region. To reduce the Fermi motion contribution to the broadening effect, it is also possible

to normalize the observable to heavier nuclei like helium, carbon, or neon, for which Fermi

motion contribution is much larger than deuterium.

D. Comparison to CLAS data

A critical test for the model and its various components is to check whether it can describe

data at different collision energies. To that purpose, we compare our model predictions, with

unchanged parameters, to the multiplicity ratio for positively-charged pions measured by the

CLAS Collaboration [10]. The lower energy of the beam (Ee = 5.014 GeV) implies a much
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lower range of lepton energy transfer variable ν as compared to the HERMES case, and

the applicability of the TMD factorization and framework at such low energy on nuclei

is questionable. Nevertheless, we found, in general, a satisfactory agreement between our

model and the data, but some features are worthwhile to discuss.

In Fig. (6) we present the multi-dimensional multiplicity ratios as a function of z for three

ν ranges and three target nuclei. For clarity, we did not show the different Q2 bins in this

figure since the dependence on this variable is very weak, a feature also reproduced by our

model. The simulations reproduces very well the z-shapes across different values of ν and

A while it slightly overshoots the multiplicity ratio for the light target (carbon) and slightly

undershoots the one on the heavier target (lead). The data does not show a dependence

on ν in contrast with HERMES results, a feature reproduced by our model in this energy

range. In the same figure, we present our calculation with absorption switched off, i.e.

setting natt = 1 in Eq. (20), in dotted lines. Comparing the two sets, one may observe

that the impact of absorption for this data set is maximal and increasing in going from

light to heavier nuclei, a direct consequence of the correlation introduced by the absorption

mechanism in Eq. (20).

In Fig. (7), we present the multiplicity ratios as a function of the hadronic PhT in slices

of z for different nuclear targets. Setting aside the visible normalization issue in some z

bins outlined above, we notice two things. First, the slope of the multiplicity ratios as a

function of PhT is reduced as we go to higher z, which our model describes correctly at small

PhT . Second, we are significantly undershooting the highest points in PhT . This could be a

sign that the model generates an amount of broadening smaller than the one in the data,

particularly with this discrepancy getting more pronounced going from light to heavy nuclei.

However, it could also be the effect of reaching the end of the phase space in missing mass or

due to the non-Gaussian nature at such high PhT . In the absence of transverse momentum

broadening results from CLAS, it is difficult to draw definite conclusions on this point.

E. Comparison to EMC data

We finally compare our model to the multiplicity ratios data from the EMC collaboration

on a copper target [6]. The collected data refer to multiplicity ratios for the sum of charged

hadrons, which we approximate as the sum of charged pions since the latter largely dominates

17



z

3
.7

<
ν
<

4
.2

G
eV

1.00.80.60.4
z

1.00.80.60.4
z

1.00.80.60.4

1.0

0.8

0.6

0.4

3
.2

<
ν
<

3
.7

G
eV

1.0

0.8

0.6

0.4

Pb

2
.2

<
ν
<

3
.2

G
eVFeC

1.0

0.8

0.6

0.4
R

π
+

A
R

π
+

A
R

π
+

A

Figure 6: π+ multiplicity ratios as a function of z for three different nuclear targets integrated in

bins of ν and in 1.3 < Q2 < 1.8 GeV2. Model predictions are shown with default values (solid

lines) and with absorption switched off (dotted), i.e. setting natt = 1 in Eq. (20). Data from CLAS

Collaboration [10].

the hadronic yields. This data set is particularly handy since it allows us to test our model

in the transition region from intermediate values of ν ≈ 20 GeV up to the asymptotic limit,

where nuclear effects vanish.

In Fig. (8), we present our model compared to data. The overall description is very good,

particularly the shape of multiplicity ratios as a function of z and ν. We also present the

calculation with absorption switched off (dotted lines): the comparison with the full model

shows that, given the larger energy transfer, absorption has a much weaker impact on this

data set. Nevertheless, absorption still gives a sizeable correction at the lower ν and is

necessary to match the normalization and shape observed in the data. We conclude that the

energy extrapolation is modeled correctly and reproduces the vanishing of nuclear effects at

high energies.
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V. CONCLUSIONS

We applied a TMD-based model to describe the nuclear SIDIS data of the CLAS, HER-

MES, and EMC collaborations, with the aim of a simultaneous description of multiplicity

ratios and transverse momentum broadening. We found that using a model with parton

energy loss alone leads to inconsistencies in the combined description of those observables,

which can be achieved by adding a pre-hadron absorption mechanism instead. After tuning

the model parameters, we found a satisfactory agreement with all the data sets consid-

ered. We best describe the data with a cold nuclear matter transport coefficient value q̂ =

0.3 GeV/fm2, but this value is strongly correlated with the parametrization of both the

absorption mechanism and the production length LP .

We find strong correlations between the observables and, in particular, an important

effect of survivor bias on the transverse momentum broadening measurement. This demon-

strates the importance of simultaneously describing both observables to extract the trans-

port coefficient, and more generally, to study the transverse effects in nuclei and understand

hadronization off nuclei in SIDIS. The model describes the data on a very wide range of
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Figure 8: Charged hadrons multiplicity ratios on copper as a function of kinematic variables

compared to data from the European Muon Collaboration [6]. Solid lines are for the full model

with energy loss plus absorption, while dashed ones are for the model with absorption switched

off by setting natt = 1. The bottom left panel shows the ratio of hadronic average transverse

momentum on the nucleus over that on the deuterium.

energies from ν = 2 GeV to ν = 200 GeV. We find that at low lepton energy transfer,

hadron absorption is responsible for the majority of the depletion observed in multiplicity

ratios, while at higher lepton energy transfer, parton energy loss becomes relatively more

important, until the smooth vanishing of all nuclear effects at the highest energies. The

model finally presents problems describing the correct A and z dependencies of the trans-

verse momentum broadening. This issue definitely requires further investigations on both

the experimental and theoretical front to be resolved.
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Appendix A: Hadronic widths

Numerous extraction of parameters characterizing transverse momentum spectra within

TMD phenomenology are available in the literature. In the present work, however, we

wish to provide a dedicated extraction within the specific theoretical framework adopted

and tailored to the analysis of the nuclear dataset. For that purpose, we present in the

right panel of Fig. (9) the hadronic width as a function of z. On the other hand, the width

parametrization in Eq. (7) shows a quadratic behaviour as a function of z, at variance with

the data which shows a dampening at large z. To accommodate this behavior within the

structure of Eq. (7) and considering the findings of Ref.[28,29], we assume a fragmenting

width of the type ⟨p2⊥⟩ = (A + Bz2)(1 − z)C and a constant, z-independent, distribution

width ⟨k2
⊥⟩ = D. The four-parameter functional form is then given by

⟨P 2
hT ⟩ = (A+Bz2)(1− z)C + z2D . (A1)
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A B C D

0.15 ± 0.01 GeV2 1.08 ± 0.15 GeV2 0.69 ± 0.07 0.052 ± 0.002 GeV2

Table III: Parameters controlling the hadronic widths on a proton target obtained from the fit of

HERMES data.

In such a form, however, the D parameter can not be precisely determined by fits to hadronic

spectra alone. We therefore reconsider the cross section in Eq. (2). There, the structure

function proportional to cosϕ, the so-called Cahn contribution, can be written, under the

approximation used in this paper, as

F cosϕh

UU = −2xB

PhT

Q

∑
q

e2qfq/P (xB, Q
2)Dh/q(z,Q

2)
z⟨k2

⊥⟩
⟨P 2

hT ⟩
e−P 2

hT /⟨P 2
hT ⟩

π⟨P 2
hT ⟩

. (A2)

in whose terms one can then define the following asymmetry

2⟨cosϕ⟩ = 2

∫
dϕdσ cosϕ∫

dϕdσ
=

2(2− y)
√
1− yF cosϕ

UU

[1 + (1− y)2]FUU

. (A3)

The latter does not contain additional unknowns with respect to FUU and, important for our

purpose, is proportional to ⟨k2
⊥⟩: its inclusion in the fit allows us to constrain the parameter

D, which would be otherwise under-unconstrained. The parameters are then obtained by

a minimization procedure performed with the help of the MINUIT package [41]. We include

in the fit the widths extracted by Gaussian fits of π+ transverse momentum spectra off a

proton target and the corresponding cos(ϕ) asymmetry, both published by the HERMES

Collaboration [39, 40]. We assume that the asymmetry is saturated by the Cahn effect, and

the Boer–Mulders contribution is negligible. The best-fit results are compared to data in

Fig. (9) and the corresponding parameters are reported in Tab. (III). The fit returns a χ2

per d.o.f. of around 2, and its large value is traced back to the discrepancy observed in the

description of the asymmetry as a function of z. Despite this, the obtained parametrization

gives a good representation of ⟨P 2
hT ⟩, as shown in the right panel of Fig. (9), and therefore

is used as a default choice in all our simulations.
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