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1 Introduction

The transition from coloured partons (quarks and gluons) tocolourless hadrons – the so-called
fragmentation or hadronisation process – is an exemplary process of the fundamental theory of
the strong interaction, Quantum Chromo-Dynamics (QCD), which still lacks a quantitative under-
standing from first principles calculations. The process bywhich a highly virtual parton radiates
gluons or splits into a quark-antiquark pair can be theoretically described by the QCD (DGLAP)
evolution equations [1–3]. However, the final “bleaching” of partons into a colourless hadron takes
place at a low virtualities (Q ≈ ΛQCD ≈ 0.2 GeV) and so is dominated by nonperturbative QCD
effects which cannot be addressed with the existing perturbative techniques. Modeling and phe-
nomenology – e.g. as implemented in the Lund string [4] or cluster [5] fragmentation approaches
– are often used to describe the hadronisation processes.

One way to study hadronisation is to perturb the environmentsurrounding the hard-scattering
short-distance reaction by introducing a nuclear medium [6]. The nuclear medium provides a
nontrivial probe of parton evolution through the influence of initial-state (IS) and/or final-state
(FS) interactions. Such IS and FS modifications, can help us understand for example the time-
scale of the hadronisation process [7]. In the case of large momentum transfer quasi-exclusive
reactions, one can use a nuclear target to filter and influencethe evolution and structure of the
hadron wave-functions themselves.

Nuclear modifications of hadron production have been indeedobserved in Deep Inelastic lepton-
nucleus Scattering nDIS (ℓ± + A), in hadron-nucleus (h+ A) and in heavy-ion (A + A) collisions,
compared to “elementary” proton-DIS or proton-proton collisions. In nDIS andh + A collisions,
the medium is the nuclear target itself, also called “cold QCD matter”. In A + A reactions, the
fragmenting parton must traverse the created hot and dense medium (“hot QCD matter”), be it a
hadron gas at low temperature, or a Quark-Gluon Plasma (QGP)at high temperatures. In all cases,
at high enoughpT where hadrons mostly come from parton fragmentation, one typically observes
two different phenomena: (i) a suppression of hadron multiplicities, called hadron or jet quenching,
and (ii) a broadening of hadron transverse momentum spectra, which induces a deformation of the
hadronpT spectrum known as “Cronin effect” [8, 9]. Such nuclear modifications can be attributed
to elastic and inelastic interactions of the scattered partons (and/or of the produced hadrons) as
well as to modifications of their fragmentation while traversing the surrounding medium.

In nDIS, a well known medium like a target nucleus allows one to test the hadronisation mech-
anism and colour confinement dynamics. Knowledge of partonic in-medium propagation gained
from nDIS can be used in Drell-Yan (DY) lepton pair production in h + A collisions to factor out
medium-induced gluon radiation and nuclear modifications of parton distributions. In addition,
hadron quenching is also an important source of systematic uncertainty in neutrino oscillation ex-
periments, which use nuclear targets and need to reconstruct the event kinematics from the hadronic
final-state. Conversely, a precise knowledge of parton propagation and hadronisation mechanisms
obtained from nuclear DIS and DY is essential for testing andcalibrating our theoretical tools to
determine the properties of the QGP produced in high-energyheavy-ion collisions.

1.1 Parton fragmentation in elementary collisions

In perturbative Quantum Chromodynamics (pQCD), collinearfactorisation theorems [10] allow
one to explicitly separate the short and long distance QCD dynamics involved in the mechanism of
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Figure 1: Illustration of universality of PDFs (φ f /N) and FFs (D j→h) in leading order processes.
Clockwise from top left:e+ + e− annihilation, Deep Inelastic Scattering (DIS), lepton pair (Drell-
Yan) emission, and hadron production in hadronic collisions. Solid lines indicate leptons, dashed
lines quarks. The small black disc represents the perturbatively calculable hard interaction coeffi-
cientĤpartonic.

hadron production from parton fragmentation. In a general inelastic collisionH1 + . . . + HN, one
writes the semi-inclusive hadronic cross sections for production of a hadronh at large, or “hard”,
scaleQ2 (e.g., a large 4-momentum transfer) as

σhard(H1 + . . . + HN→ h+ X)

=
∑

fi , j={q,g}

[
∏

i=1,N

φ fi/Hi (xi ,Q
2)
]

⊗ Ĥ{ fi }→ j+X
partonic ({xi}, zj,Q

2) ⊗ D j→h(z; Q2) , (1)

where⊗ denotes a convolution over the kinematical internal variables of the process. In Eq. (1),
Q2 is the typical (hard) scale of the process andĤpartonic is the short-distance and perturbatively
calculable hard interaction coefficient for the{ fi}→ j + X partonic process. The long-distance
dynamics is factorised into (a) the Parton Distribution Functions (PDF)φ fi |Hi (xi), which give the
probability of finding a parton of flavorfi and momentum fractionxi inside the hadronHi, and (b)
the Fragmentation Function (FF)D j→h, which gives the probability that the partonj fragments into
the observed hadronh with fractional momentumz. These functions are non-perturbative and need
to be extracted from experimental data. Typically, PDFs areextracted from “global QCD fits” of
inclusive hadron production in lepton-nucleon DIS [N = 1 andD j→h(z; Q2) = 1 in Eq. (1)], and FFs
from electron-positron annihilation into hadrons [N = 0 in Eq. (1)]. The obtained PDFs and FFs
are provided by various authors, e.g., CTEQ6.6, MRST/MSTW [11–13] and DSS, AKK08 [14–
16]. Once they are known at a given scaleQ2

0 their value at any other scale can be perturbatively
computed by means of the DGLAP evolution equations [1–3].

An important consequence of factorisation theorems is thatPDFs and FFs are universal: the
above measured functions are process-independent. The measured FFs ine+ + e−→h+ X and the
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PDFs ine± + p→h + X can then be used to compute observables in other process, e.g., hadron
spectra in proton-proton collisions [N = 2 in Eq. (1)], or Drell-Yan production of lepton pairs
[N = 2 and j = ℓℓ̄ in Eq. (1)], see Fig. 1.

When dealing with hadron production with nuclear systems, universality is experimentally
observed to breakdown: the details of the hadron productioncross sections depend on the collision
process that yields the final particles, as we discuss next.

1.2 Parton propagation and hadronization in cold and hot QCDmatter

The basic assumption behind the factorised form of Eq. 1 is that the characteristic time of the
parton-parton interaction is much shorter than any long-distance interaction occurring before (among
partons belonging to the same PDF) or after (during the evolution of the struck partons into their
hadronic final-state) the hard collision itself. In that case, one can treat each nucleus as a collection
of free partons, i.e.in the absence of initial-state effects, the parton density in a nucleus with mass
numberA is expected to be simply equivalent to that of a superposition of A independent nucleons:
φa/A(x,Q2) = A · φa/N(x,Q2). In addition,in the absence of final-state effectsthe parton fragments
in the vacuum with universal FFs and, therefore, the pQCD factorization theorem for collisions
involving nucleiA predicts simply:

σhard(l, h+ A→ h+ X) = A σhard(l, h+ p→ h+ X)

σhard(A+ A→ h+ X) = A2σhard(p+ p→ h+ X)
(2)

The cleanest environment to test the validity of Eq. 2 and study possible nuclear modifications
of hadron production is nuclear Deep Inelastic Scattering (nDIS): it allows to experimentally con-
trol many kinematic variables; the nuclear medium (i.e., the nucleus itself) is well known; and the
particle multiplicity in the final state is low, allowing forprecise measurements. The nucleons act
as femtometer-scale detectors of the hadronizing quark, allowing one to experimentally study its
space-time evolution into the observed hadron(s) (Fig. 2, left). The relevant observable in nDIS
processes is the ratio of the single hadron multiplicity on atarget of mass numberA normalised
to the multiplicity on a deuteron target. At leading order, this multiplicity ratio corresponds to
the ratio of fragmentation functions (FF) in “cold nuclear matter” (the nucleus A) over that in the
“vacuum” (deuteron). Recent HERMES measurements show a significant reduction of this ratio
[17–20], clearly showing a breakdown of universality for fragmentation functions.

A complementary means to study parton propagation in cold QCD matter is by measuring the
Drell-Yan (DY) process in hadron-nucleus collisions:h + A→ℓ+ℓ− + X (Fig. 2, center). If the
invariant mass of the lepton pair is large, the process can bedescribed perturbatively as a parton-
parton scattering producing a vector boson which subsequently decays into the lepton pair. Any
modifications of this process compared toA times the cross sections measured in hadron-hadron
collisions will come from initial-state nuclear interactions of the projectile parton inside the target
(as well as from nuclear modifications of the PDF, which can beisolated by other means).

Tests of pQCD factorisation in hot-dense QCD matter can be carried out studying high-pT

hadron production in head-on nucleus-nucleus reactions (Fig. 2, right). The suppression of large
transverse momentum hadron production inA+ A compared to proton-proton (p+ p) and hadron-
nucleush + A collisions at RHIC [21–24], is also indicative of a breakdown of the universality
of the fragmentation process. The standard explanation is that the observed suppression is due to
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Figure 2: Quark propagation inside a target nucleus (“cold QCD matter”) in lepton-nucleus
(left) and hadron-nucleus→ Drell-Yan (center) collisions. Right: Hard scattered parton travel-
ing through the “hot QCD matter” produced in a nucleus-nucleus collision.

parton energy loss in the strongly interacting matter. This assumes of course that the quenched
light-quarks and gluons are long-lived enough to traverse the medium before hadronizing, which
is a reasonably assumption at high enoughpT . If, on the contrary, hadronisation started at the nu-
clear radius scale or before, in-medium hadron interactions should also be accounted for, possibly
leading to a different suppression pattern. Such a mechanisms may be at work,for example, in
the case of heavy (charm, bottom) quarks which – being slowerthan light-quarks or gluons – can
fragment intoD or B mesons still inside the plasma [25].

In summary, a precise knowledge of parton propagation and hadronisation mechanisms can be
obtained from nDIS and DY data, allowing one to test the hadronisation mechanism and colour
confinement dynamics. In addition, such cold-nuclear matter data are essential for testing and
calibrating our theoretical tools, and to determine the properties of the QGP produced in high-
energy nuclear interactions.

1.3 Hadronisation and colour confinement

While not having a direct bearing on the traditional topics of confinement such as the hadron spec-
trum and the value of infrared cutoffs in hadron structure, the hadronisation process nonetheless
contains elements that are central to the heart of colour confinement, as already emphasised 30
years ago by Bjorken [6]. For instance, in the DIS process, a quark is briefly liberated from being
associated with any specific hadron while traveling as a ’free’ particle, and it is the mechanisms
involved in hadron formation that enforces the colour charge neutrality and confinement into the
final state hadron. The dynamic mechanism leading to colour neutralisation, which is only im-
plicitly assumed in the traditional treatments of confinement based on potential models [26] or
lattice QCD [27], can be studied quantitatively using the theoretical and experimental techniques
discussed in this review. As an example, the lifetime of the freely propagating quark can be in-
ferred experimentally from the partonic multiple scattering process in cold nuclei, which act as
femtometer-scale detectors of the hadronisation process.Finally, as already discussed, the be-
haviour of quarks propagating through the medium created inhigh energy heavy-ion collisions
can give insight into, and measure, the properties of large-scale deconfined QCD matter (i.e., of
the Quark-Gluon Plasma). While still at an early stage, the understanding of such elements will
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ultimately provide deeper insights into the confinement-related properties of QCD.

1.4 Hadronisation and neutrino oscillations

Neutrino oscillation experiments use nuclear targets to enhance the neutrino detection rate. Nuclear
effects change the topology and total energy of the hadronic final state. The systematic error
describing how well these nuclear effects are known is one of the largest systematic errors in current
analyses. For the lower energy oscillation experiments that use the quasi-elastic channel as their
signal, there are several problems including the distortion of the knock-out nucleon due to final
state interactions, the contamination from hadron resonances, e.g. theπ + N→∆ process by which
a final-state pion is absorbed in the nucleus, and the mainly unexplained depletion of low-virtuality
events, much stronger than Pauli blocking can account for [28]. Experiments such as MINOS
measure the neutrino energy adding up the muon and hadronic energies,Eν = Eµ + Ehad. It is thus
crucial to have a good understanding of hadron modificationsin the nuclear medium and of the
space-time evolution of the hadronisation process [29, 30]. However, at the low hadronic invariant
mass involved in these experiments the theoretical methodsdiscussed in this review should be
supplemented by those described in Refs. [31–34].

2 Kinematics and observables

In this Section the kinematic variables and observables fornDIS, and compare them to hadronic
collisions in terms of their phase spaces for hadron production.

2.1 Kinematic Variables

Throughout this discussion we use light-cone coordinates:for any 4-vectoraµ we write aµ =
(a+, a−, ~aT), wherea± = (a0 ± a3)/

√
2 are the plus- and minus-momenta and~aT = (a1, a2) the

transverse momentum. Our reference frame is such that thez axis is aligned with the beam, and
a particle moving in the positivez direction has large light-cone plus-momentum. The transverse
plane is the plane transverse to the beam. The dot product isa · b = a+b− + a−b+ − ~aT · ~bT , and
p+p− = m2 + p2

T ≡ m2
T , wherem2 = p2 is the invariant mass of the particle, andmT its transverse

mass. A longitudinal boost of velocityβ along the 3-direction acts multiplicatively on the plus-
and minus-components:

p′+ = αp+ p′− =
1
α

p− , (3)

whereα =
√

(1− β)/(1+ β). As an example, let us boost the target hadron momentumP from the
target rest frame,P = (M/

√
2,M/

√
2, ~0T), to a frame in whichP′ = (

√
s/2,M2/

√
2s, ~0T). This

boost is accomplished byα =
√

s/M. Likewise, boosting a nucleon from energy
√

s/2 to
√

s′/2
requiresα =

√
s′/s.

Deep inelastic scattering at LO in pQCD proceeds by exchangeof a virtual photon in thêt-
channel (Fig. 3 left). The DIS Lorentz invariants are definedin Table 1. Note that the variable
xB, Q2 andν are not independent but related byxB = Q2/(2Mν) in any reference frame. Semi-
inclusive nDIS is best discussed in terms ofν and Q2, which are the most relevant variables to
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Variable Definition Target rest frame form
M2 = P2 Target mass.

xB =
−q2

2P·q Bjorken scaling variable.

Q2 = −q2 Negative four-momentum
squared of
the virtual photon.

ν =
q·P√

P2
= Etr f

e − Etr f ′
e Energy of the virtual photon

in the
target rest frame.

2 =
q·P
k·P = ν

Etr f
e

Fractional energy loss of the
incident lepton (inelasticity).

W 2 = (P+ q)2 = M2 + 2Mν − Q2 Invariant mass squared of the
hadronic final state.

zh =
ph·P
q·P =

Eh

ν
Fraction of the virtual photon
energy carried by the hadron.

pT = |~pT | Hadron transverse
momentum (relative to the
virtual photon momentum).

Table 1: Definitions of the kinematic variables for semi-inclusive DIS. The Lorentz invariant
definition and its form in the target rest frame are provided.Particle 4-momenta are defined in
Fig. 3 and 4. All variables are experimentally measurable, hence typeset in boldface. Note that
xB = Q2/(2Mν) independently of the chosen reference frame.

hadron quenching processes in nuclear targets. Analysis ofinclusive DIS is usually carried out
using xB andQ2, because to leading order the cross section scales inxB. Note that in DIS one
can experimentally measure all the listed variables, especially ν, Q2 andzh, because the initial
and final state electron is observable. This is markedly different from the situation in hadronic
collisions, where only the final state hadrons can be observed, not the partons themselves. The
hadron transverse momentum in DIS is defined with respect to the photon direction, see Fig. 4. Its
analog in hadronic collisions would be the transverse momentum of a hadron with respect to the
jet axis.

DIS experiments have been performed in fixed-target (ft) conditions in facilities like SLAC
(E665), SPS (EMC), DESY (HERMES), JLab (CLAS); or in collider mode (cl) e.g. at the proposed
Electron-Ion Collider (EIC) or Large Hadron-electron Collider (LHeC). The colliding nucleon and
lepton momenta are

Pf t =
( M
√

2
,

M
√

2
, ~0T

)

, kf t =
(√

2Ee, 0, ~0T

)

Pcl =
( M

2
√

2EN

,
√

2EN, ~0T

)

, kcl =
(√

2Ee, 0, ~0T

)

(4)

whereEe and EN are the electron and nucleon energies measured in the laboratory frame. To
discuss both modes at the same time, it is convenient to introduce the target rest frame energy of
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sions (right). Double lines indicate hadrons or nuclei, thin single lines are partons or leptons. The
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Figure 4: Kinematic planes for hadron production in semi-inclusive deep-inelastic scattering and
definitions of the relevant lepton and hadron variables. Thequantitiesk (k′) and E (E′)are the
4-momentum and the energy of the incident (scattered) positron; ph is the 4-momentum of the
produced hadron, and its transverse component relative to the lepton plane is denoted by~pT .

the electron,Etrf:

Etrf =

{ Ee fixed-target
2ENEe

M collider mode
(5)

Then the invariant inelasticity2 for both modes can be written as2 = ν/Etrf.
Next, we consider parton production at colliders. To be general, let us discuss hadron-hadron

collisions: lepton-hadron collisions can be obtained as a special case whereas the incident lepton
itself is considered a parton with well definite fractional momentum, see Fig. 3 and Sect. 2.2. At
leading order in the coupling constantαs partons are produced by 2→2 partonic collisions. The
relevant kinematic variables are defined in Table 2. SeveralLO processes can contribute to a given
i j→ f1 f2 collision, represented by a black dot in the cartoon, see Ref. [35] for details. The momenta
of the two nucleons colliding in the center-of-mass-frame (c.m.f.) with energy

√
s/2 each are

I =
(

√

s̃
2
,

M2

√
2s̃
, ~0T

)

J =
( M2

√
2s̃
,

√

s̃
2
, ~0T

)

(6)
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Variable Definition
s Nucleon-nucleon center of mass energy squared.

x1 = i+/I+ Initial-state projectile parton fractional momentum.
x2 = j−/J− Initial-state target parton fractional momentum.

piT = | ~fiT | Final state partons transverse momentum (relative to
beam).

yi = 0.5 log(f +i / f −i ) Final state partons rapidity.
ycm = 0.5 log

( I++J+

I−+J−
)

Rapidity of the center of mass.
z = p+h/ f +1 Hadron fractional momentum relative to parent

parton f1.
phT = |~phT| Hadron transverse momentum (relative to beam).
yh = 0.5 log(p+h/p−h ) Hadron rapidity.
η = − log tan(θ∗/2) Hadron pseudorapidity (θ∗ is the polar angle

between the parton and the beam in the center of
mass reference frame).

Table 2: Relevant kinematic variables for semi-inclusive parton (top) and hadron (bottom) pro-
duction defined in perturbative QCD. Particle 4-momenta aredefined in Fig. 3, right. Bold-
face variables are experimentally measurable. Note that atLO, with two final state partons,
~p1T = −~p2T = ~pT .

whereM is the nucleon mass and

s̃= s
1+

√

1+ M4/s2

2
. (7)

We will neglect terms of orderO(M2/s) compared to terms ofO(1), and will use ˜s ≈ s. In
Eq. (6), we explicitly retain the nucleon mass to be able to perform boosts to the rest frame of
either nucleon. If we assume the partons to be massless and collinear to their parent nucleons,
their 4-momenta in terms of the parton fractional momentaxi readi =

(

x1
√

s/2, 0, ~0T

)

and j =
(

0, x2
√

s/2, ~0T

)

.
Particle production (partons or hadrons) is described in terms of the particle rapidity and trans-

verse momentum. The rapidity of a particle of 4-momentump and massm2 = p2 is defined as

y =
1
2

log
( p+

p−
)

= log
( p+

mT

)

. (8)

The rapidity may be either positive or negative, and describes a particle moving in the positive or
negativez direction, respectively. Under a longitudinal boost of velocity β, the rapidity transforms
additively:y′ = y−yβ, whereyβ = 0.5 log[(1+β)(1−β)] is the rapidity of the particle rest frame. In
the non-relativistic limit the rapidity coincides with theparticle longitudinal velocityv measured
in units of the speed of light,y→v. This fact and the transformation laws just discussed justify
considering the rapidity as the relativistic generalisation of the velocity of a particle. Given the
rapidity, one can computep0 = mT coshy andp3 = mT sinhy.

Measuring the rapidity of a particle requires measuring twoindependent variables, say, its
energy and longitudinal momentum. Not in all experiments this is possible, while just measuring
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the polar angleθ∗ between the particle trajectory and the beam axis in the center of mass frame is
easier. This justifies the definition of the particle pseudorapidity,

η = − log tan(θ∗/2) , (9)

such that|~p| = pT coshη andp3 = pT sinhη. For massless particles it coincides with the rapidity:
η = y; for massive particles, they are approximately equal if|~p| ≫ m (andθ ≫ 0). Differential
particle distributions iny andη are related by

dN
dyd2pT

=
dN

dηd2pT

√

1− m2

m2
T cosh2 y

=
dN

dηd2pT

E
mT

. (10)

At LO, the final state parton 4-momenta in terms of the final state rapiditiesyi and transverse
momentumpT (see Table 2 for definitions) read

f1 =
( pT√

2
ey1,

pT√
2

e−y1,−~pT

)

f2 =
( pT√

2
ey2,

pT√
2

e−y2, ~pT

)

, (11)

and their fractional momenta are

x1 =
pT√

s
(ey1 + ey2) x2 =

pT√
s
(e−y1 + e−y2) . (12)

Finally, the Mandelstam invariants are defined as follows,

ŝ= (i + j)2

t̂ = (i − f1)
2 = ( f2 − j)2

û = (i − f2)
2 = ( f1 − j)2

(13)

and 4-momentum conservation for massless partons is expressed as ˆs+ t̂ + û = 0. In terms of
rapidities and transverse momentum, the Mandelstam invariants read

ŝ= x1x2s

t̂ = −p2
T(1+ ey2−y1)

û = −p2
T(1+ ey1−y2) .

(14)

In order to compare collider and fixed-target experiments, and different beam energies, it is useful
to consider the rapidity in the c.m.f.:

yc.m. f . = y− ycm , (15)

whereycm is the rapidity of the center of mass in the lab frame. The backward rapidity region (target
hemisphere) corresponds toy− ycm < 0, and the forward rapidity region (projectile hemisphere)to
y− ycm > 0.

Hadronisation in the collinear factorisation framework proceeds through independent parton
fragmentation into a hadron. It is universal, i.e., independent of the process which produced the



Accardi et al. Hadronization at the EIC 11

Variable Definition LO in αs

xF = 2p∗z/
√

s = x1 − x2 Feynmanx.

M =

√

p2
ℓ+
+ p2

ℓ− = x1x2s Dilepton invariant mass.

pT = |~pT | Dilepton transverse momentum.

Table 3: Kinematic variables for Drell-Yan dilepton production. The dilepton momentum isp =
pℓ+ + pℓ− , wherepℓ± are the lepton and anti-lepton momenta. A star indicates momenta measured
in the center of mass frame. The 3 DY variables are experimentally measurable, hence typeset in
boldface. See Table 2 for the definition ofx1,2 ands.

fragmenting hadron, e.g., hadronic or DIS collisions [36].The hadron fractional momentumz is
defined by

p+h = z f+1 ~phT = z~f1T . (16)

Therefore the on-shell hadron momentumph reads

ph = (z f+1 ,
m2

h + z2 f 2
1T

2z f+1
, z~f1T) . (17)

The parton and hadron rapidities are related byy1 = yh + log(mhT/phT).
The partonic variablespT , yi, xi and the fractional hadron momentumz are not experimentally

measurable, but needed in the theoretical computation of the cross section. The experimentally
measurable variables are typed in boldface in Table 2. Note that the hadron transverse momentum
pT in hadron-hadron collisions is defined with respect to the beam axis, so that at midrapidity it is
the analog of the hadron energyEh in DIS.

2.2 Comparison of hadron-hadron and DIS kinematics

If we consider parton and hadron production at LO in hadronicand DIS collisions, it is easy to
provide an explicit dictionary translating between the relevant variables in both processes, that
allows one to compare their corresponding phase spaces. Thediscussion closely follows Ref. [37],
to which we refer for details. To connect the DIS and hadron-hadron kinematics (Fig. 3) we can
boost the DIS collision to a frame in which the target has energy

√
s/2 per nucleon. Then, we

can imagine the lepton to be a parton of a collinear phantom nucleon of energy
√

s/2 and with
4-momentumP′± = P∓. Comparing the left and right parts of Fig. 3 we can identify

P ≡ J, P′ ≡ I , k ≡ i, k′ ≡ f2. (18)

The virtual photon momentumq, the fractional momentumxe of the initial-state lepton and the
rapidityye of the final state lepton are identified as follows

q = k− k′ ≡ i − f2, xe = k+/P′+ ≡ x1, ye ≡ y2 .

In this way, we can relate the DIS kinematics to the hadron-hadron kinematics discussed in Sect. 2.1.
As an example, it is immediate to see that, in terms of hadron-hadron variables,Q2 = −t̂. The full
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SPS FNAL RHIC RHIC LHC√
s [GeV] 17.5 27.4 63 200 5500
∆y1 2.4 2.0 1.2 0 -3.3

Table 4: Rapidity shifts∆y1 of the RHIC-equivalent DIS phase space, tabulated for some energies
of interest.

translation dictionary from DIS to hadron-hadron variables can be obtained in a straightforward
way by combining the results of Section 2.1 and the definitions of Tables 1–2.

First, we can express the DIS invariants in terms of parton rapidities and transverse momenta.
Neglecting target-mass corrections, i.e. up to terms ofO(M2/s), we obtain

xB =
pT√

s
(e−y2 + e−y1)

Q2 = p2
T(1+ ey1−y2)

ν =
pT
√

s
2M

ey1

2 =
1

1+ ey2−y1

zh = z .

(19)

Note that the first 3 variables are not independent becauseQ2 = 2MxBν, and thatxB = x2 is
interpreted as the struck parton fractional momentum, as expected in DIS at LO. Note also thatν
increases with increasingpT and increasingy1. In other words, a parton of positive and largey1

travels in the opposite direction as its parent nucleon, hence in the target rest frame it is very fast.
Conversely, a parton of negative and largey1 travels in the same direction as its parent nucleon,
which means quite slow in the target rest frame. It is also interesting to note that up to terms of
orderO(M2/s), the parton and hadron energy in the target rest frame areE = ν and Eh = zhν

respectively. Finally, we can invert Eq. (19) to obtain the hadron-hadron variables in terms of DIS
invariants:

p2
T = (1− y)Q2

y1 = − log
( Q
√

s
2MEtrf

(1− 2)1/2

2

)

y2 = y1 + log
(1− 2
2

)

z= zh

(20)

with 2 = ν/Etrf. Note that in DIS, the electron energyEtrf, hence the electronxe, is fixed by
the experimental conditions; this is different from hadronic collisions where the partonj has an
unconstrained fractional momentum. Changing the c.m.f. energy to

√
s′ simply results in a shift

of the parton rapidity,

y1 −−−→
s→s′

y1 + ∆y1 (21)

where∆y1 = log(
√

s/
√

s′). The value of∆y1 compared to RHIC top energy
√

sNN = 200 GeV is
listed in Table 4 for the experiments of interest in this paper.
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Figure 5: Left: the RHIC-equivalent phase space of DIS experiments atEe = 27.6 GeV (HER-
MES, solid line), atEe = 12 GeV (HERMES and JLab, dashed line), and atEe = 280 GeV (EMC,
dot-dashed line). The dotted line shows the borders of the LOpQCD phase space at top RHIC
energy,

√
sNN = 200 GeV. The two arrows show the location of the midrapidity region at SPS and

FNAL fixed-target experiments. The shaded regions show the region of phase-space experimen-
tally explored at HERMES [19, 38] and EMC [39].Right: hadron-hadron-equivalent EMC and
COMPASS phase space at

√
sNN = 27.4 GeV, compared to the SPS and FNAL phase spaces.

Given a DIS phase space, i.e., a given experiment acceptanceregion in the (ν,Q2) plane, we
define itshadron-hadron-equivalent phase spaceas its image in the (pT , y1) under Eqs. (20). The
reason for this definition is that for both hadronic and DIS collisions we can identify the partonf1 of
Fig. 3 with the “observed” parton in hadronic and DIS collisions, i.e., the parton which fragments
into the observed hadron. Then the variablespT andy1 fully characterise the observed parton. An
analogous definition holds when usingxB instead ofν as independent variable. As an example, the
HERMES DIS phase space in the (ν,Q2) plane is determined by the values ofW2

min, Q2
min andymax:

Q2
min +W2

min − M2

2M
≤ ν ≤ ymaxEtrf

Q2
min ≤ Q2 ≤ M2 + 2Mν −W2

min .

(22)

Additionally, one may impose stronger cuts onν, e.g.,ν ≥ νmin, as at the EMC experiment, and in
some HERMES analysis.

With Eqs. (20) it is easy to plot the hadron-hadron-equivalent DIS phase space in the (y1, pT)
plane. As an example, we can consider the RHIC-equivalent phase space of the HERMES and
EMC experiments, using

√
sNN = 200 GeV, shown in Fig. 5 left. Note that according to Eq. (21),

the hadron-hadron-equivalent phase space at other center of mass energies can be obtained by a
shift y1→y1 + ∆y1, see Table 4. We assume the pQCD formulae used to define the hadron-hadron-
equivalent phase space to be valid at RHIC top energy forp > p0 = 1 GeV: the corresponding
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pQCD confidence region is plotted as a dotted line, see Eq. (24) below for details. We can see that
the HERMES experiment, withEtrf = 12 and 27.6 GeV, covers less than one third of the available
RHIC pT range aty1 ≈ −3, with shrinkingpT coverage at larger rapidity. In the SPS/FNAL
midrapidity region it reachespT = 2.5 GeV at most. Since

y1 ≤ log
(

√
s

2MEtrf

pT

2max

)

(23)

and2max cannot be increased above 1, the only way to effectively reach larger values ofy1 is to
increase the electron beam energyEtrf. Indeed, the EMC experiment, withEtrf = 100− 280 GeV,
covers a larger span in rapidity and extends toy1 & 0. Moreover, the increased energy allows one
in principle to reach much higherpT than at HERMES. However, only thepT . 3 GeV region has
been explored. As also shown in Fig. 5 left, the proposed Electron-Ion Collider (EIC) [40, 41] will
be able to effectively study they1 > 0 region, and cover most of the RHIC phase space. Likewise,
it will cover only they1 < 0 part of the LHC phase space.

When discussing hadronic collisions in the framework of collinear factorisation in pQCD, we
should first define the region of validity of perturbative computations: pT ≥ p0. Typically one
needsp0 & 1 GeV, which agrees with the phenomenological analysis of Refs. [42, 43]. Then,
the hadron-hadron phase space at a giveny1 is defined by the kinematic bounds on 2→2 parton
scatterings [42]:

|y1| ≤ cosh−1
(

√
s

2p0

)

p0 ≤ pT ≤
√

s
2 cosh(y1)

− log
(

√
s

pT
− e−y1

)

≤ y2 ≤ log
(

√
s

pT
− ey1

)

mhT√
s

eyh
(

1+
p2

hT

m2
hTeyh

)

≤ z≤ 1

(24)

Introduction of intrinsic parton transverse momentum in the formalism, or use of next-to-leading
order kinematics [44], would relax somewhat these bounds. At large rapidity, where the 2→2
phase space is becoming more and more restricted, 2→1 parton fusion processes may become the
dominant mechanism, because they are sensitive to much lower fractional momentaxi [45]. Hence,
at the boundary of the hadron-hadron phase space, the presented analysis becomes unreliable.

The DIS-equivalent hadron-hadron phase spaceis defined as the image of Eqs. (24) in the
(ν,Q2, 2, zh) space under Eqs. (19). It is 4-dimensional and difficult to directly visualise. A way
around this problem is to define suitable trajectories in hadron-hadron phase space averaged over
y2, and to project them into the DIS-equivalent (ν,Q2) and (ν,zh) phase spaces. We can define a
phT- andyh-dependent average observable as follows

〈O〉phT,yh =

∫

dz dy1 dy2O(pT , y1, y2, z) dσ̂AB→hX

dp2
Tdy1dy2dz

∫

dz dy1 dy2
dσ̂AB→hX

dp2
Tdy1dy2dz

, (25)
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Figure 6: left: Fixed-y1 hadron-hadron trajectories plotted in the DIS-equivalent(ν,Q2) phase
space for RHIC at

√
sNN = 200 GeV and various rapidities, for FNAL and SPS at midrapidity. The

dashed line encloses the HERMES phase space; the dotted lineencloses the EMC phase space.
The arrow indicates the direction of increasing〈pT〉 and 〈zh〉. Right: Trajectories in the (ν, zh)
plane. The arrows indicate increasingpT andQ2.

where

dσ̂AB→hX

dp2
Tdy1dy2dz

=
∑

f1

1
z2

Dh
f1(z)

dσ̂AB→ f1X

dp2
Tdy1dy2

, (26)

dσ̂AB→ f1X is the LO pQCD differential cross-section for production of af1 parton in a collision
of hadronsA andB (nucleons or nuclei), andDh

f1
is its fragmentation function into the observed

hadron. Then we can define fixed-yh trajectories{(〈ν〉pT ,ȳ, 〈Q2〉pT ,ȳ); pT ≥ p0} and{(〈ν〉pT ,ȳ, 〈zh〉pT ,ȳ); pT ≥
p0} in the DIS-equivalent phase space.

As an example, in Fig. 6 we considered hadronic collisions atRHIC top energy
√

sNN =

200 GeV and at fixed-target energies
√

sNN = 17 − 27 GeV, and plotted the fixed-yh trajecto-
ries in the DIS-equivalent phase space. The range ofpT spanned along each trajectory is tabulated
in Table 5. The spanned range inQ2 is limited by the maximumpT at each rapidity, according to
Eq. (24). As expected, the smaller the rapidityyh ≈ y1 the smaller the spannedν. RHIC trajecto-
ries withyh . −2 span relatively low values ofν . 60 GeV and large values ofzh & 0.5, where
the EMC and HERMES experiments have shown non negligible cold QCD matter suppression of
hadron production. At higher rapidity, the larger spanned values ofν will make cold QCD matter
effects less prominent.
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SPS FNAL RHIC√
sNN = 17.5 GeV

√
sNN = 27.4 GeV

√
sNN = 200 GeV

yh 0 0 0 -1 -2 -3
phT 1–8 1–12 1–90 1–60 1–25 1–9

Table 5: Range of average〈pT〉 spanned along trajectories at fixed rapidityy1 at RHIC top energy√
sNN = 200 GeV and at fixed-target energies

√
sNN = 17− 27 GeV.phT is quoted in GeV.

2.3 Nuclear modification observables

In lepton-nucleus DIS, the experimental results for hadronproduction are usually presented in
terms of the hadron multiplicity ratioRh

M, which represents the ratio of the number of hadrons of
type h produced per deep-inelastic scattering event on a nuclear target of mass A to that from a
deuterium target (D). The multiplicity ratioRh

M depends on the leptonic variablesν andQ2, and on
the hadronic variablesz= Eh/ν andp2

T defined in Section 2.1. It is defined as the super-ratio

Rh
M(z, ν,Q2, p2

T) =

(

Nh(z, ν,Q2, p2
T)

Ne(ν,Q2)

)

A

/ (

Nh(z, ν,Q2, p2
T)

Ne(ν,Q2)

)

D
, (27)

where Nh is the yield of semi-inclusive hadrons in a given (z, ν,Q2, p2
T)-bin, andNe the yield

of inclusive deep-inelastic scattering leptons in the same(ν,Q2)-bin. Normalizing the hadron
yield to the DIS yield allows one to cancel, to a large extent,initial-state nuclear effects such
as (anti)shadowing of PDFs and isolates final-state nuclearmodifications of hadron production as
a deviation ofRM from 1. A suppression ofRM is experimentally observed to increase withz, and
to decrease withν, and more mildly withQ2. When plottingRM as a function ofpT , one observes
a suppression at smallpT and an enhancement abovepT ≈ 1.5 GeV. This behaviour is also known
as “Cronin effect”. The amount of transverse momentum broadening (definedwith respect to the
direction of the virtual photon, see Fig. 4) is quantified via

∆〈p2
T〉h = 〈p2

T〉hA − 〈p2
T〉hD . (28)

Here, 〈p2
T〉hA is the average transverse momentum squared of a hadron of type h produced on a

nuclear targetA

〈p2
T〉h =

∑

pT ,z,ν,Q2 p2
T Nh(z, ν,Q2, p2

T)|A
∑

pT ,z,ν,Q2 Nh(z, ν,Q2, p2
T)|A

, (29)

and〈p2
T〉hD is the same quantity for a Deuterium target. The hadronpT-broadening is supposed to

be accumulated mainly by elastic scatterings of its parent parton on its way through the nucleus,
hence to be a sensitive probe of the quark lifetime.

In high energy heavy-ion collisions what is usually presented is the ratio of the hadron trans-
verse momentum spectrum measured inA + A at a given rapidityy and impact parameterb (or
centrality class) normalised by the nuclear overlap function TAB(b) – related to the “parton lumi-
nosity” at a givenb – over thep+ p spectrum:

Rh
AB(pT , y; b) =

1
TAB(b)

d2NA+B
h (b)

dp2
Tdy

/

d2σ
p+p
h

dp2
Tdy

. (30)
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In the absence of nuclear effects, one would expectRAB = 1.
Medium modifications of hadron production in nDIS and heavy-ion collisions can also be re-

vealed by means of multi-particle azimuthal correlations,which are sensitive to the underlying
parton-medium interaction and to the properties of the medium. For example, two-hadron cor-
relations measured at RHIC revealed significant broadeningand softening of associated hadrons
on the away side of a triggered high-pT particle, which is consistent with the observation of the
hadron suppression in the single inclusive measurements. In nDIS processes, the distribution of
associated sub-leading hadrons to the leading hadron is challenging accepted theoretical models of
single inclusive hadron suppression.

3 Space-time evolution of hadronisation

Even though hadronisation is a non perturbative process, a few features can be extracted from
general grounds. A parton created in an high-energy collision can travel in the vacuum as a free
particle only for a limited time because of colour confinement: it has to dress-up in a colour-field of
loosely bound partons, which eventually will evolve into the observed hadron wave function. The
same dressing process can be expected for partons travelingin QCD matter, but will be modified
by interactions with the surrounding medium. In a deconfinednuclear medium such as the QGP,
the dressing process might furthermore be delayed until themedium cools down and comes closer
to the confinement phase transition.

The bare parton-medium cross section is dominated by the elastic a+ b→a+ b parton-parton
scattering and gluon bremsstrahlung, of orderO(10) mb. However, the dressed parton is likely to
develop an inelastic cross section of the order of the hadronic one (O(40) mb.), becoming subject
to nuclear absorption similarly to the final state hadron. Hence, it can be considered a “prehadron”
and denoted byh∗. The prehadron may still be in a coloured state and radiate gluons but is likely
to neutralise its colour before its wave function collapseson the observed hadron’s wave function.
We can therefore identify 3 relevant time scales, see Fig. 7:(1) the “prehadron production time”
or “quark lifetime” tpreh, at which the dressed quark develops an inelastic cross section, (2) the
“colour neutralisation time”tcn, at which gluon bremsstrahlung stops, and (3) the “hadron forma-
tion time” th, at which the final hadron is formed. Typically, model applications further simplify
the process and assumetpreh = tcn. We would like to remark that the prehadron and the formation
times are introduced as a phenomenological tool, rather than a well defined theoretical construct,
in order to distinguish the stage in which the parton can be described as an asymptotically free
particle and treated in pQCD from the stage in which colour confinement and non perturbative

thtcntpreh

t

0

hc
∗

h0
∗q h

Figure 7: Sketch of the time evolution of the hadronisation process with definition of the relevant
time scales. A quarkq created at time 0 in a hard collision turns into a coloured prehadronhc

∗,
which subsequently neutralises its colour,h0

∗, and collapses on the wave function of the observed
hadronh. Gluon radiation lasts until colour neutralisation.
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q,Mq

q

h,mh

q,Mq

h,mh

X,mX

Figure 8: Quark hadronisation by emission of one parton (left) and emission of one parton accom-
panied by many soft gluons (right).

interactions kick in and warrant a treatment in terms of different degrees of freedom. Such a phe-
nomenology is well suited to the present status of the theoretical and experimental investigation,
but will need to be substantiated or replaced by a more fundamental QCD description. Finally, note
that strictly speaking the very question “Is the prehadron formed within or without the medium?”
is ill-posed: in quantum mechanics it can happen one way in the amplitude and the other in its
complex conjugate, and the interference between the two maybe non-negligible [46].

A simple estimate of the hadron formation time〈th〉 can be obtained by defining it as the time
for the struck partons to build up its colour field and to develop the hadronic wave function [47].
In the hadron rest frame this time is related to the hadron radius Rh, and in the laboratory frame it
is boosted to:

〈th〉 ∝ Rh
Eh

mh
= Rh

zν
mh

(31)

In Table 6 we show the hadron formation time estimated by Eq. (31) for a typical 7 GeV pion
(Rh ≈ 0.67 fm) at HERMES and RHIC. We have〈tπ〉 ≈ 40 fm≫ RA, which points towards a
long quark lifetime with hadron formation outside the medium. However, for kaons and protons
(Rh ≈ 0.58 fm and 0.86 fm) we obtain much shorter formations times〈tK〉 ≈ 10 fm and〈tp〉 ≈ 8
fm, which are comparable to the size of the medium.

A more detailed estimate [25] can be obtained by looking at hadronisation in light-cone co-
ordinates, where for any 4-vectoraµ, we write aµ = (a+, a−, ~aT) with a± = (a0 ± a3)/

√
2 and

~aT = (a1, a2). We consider a relativistic on-shell quark of massMq and plus-momentump+,
hadronizing into a hadron of massmh and 4 momentump+h = zp+. Minimally, hadronisation pro-
ceeds by emission of an additional, typically light, partonto carry away the extra colour, see Fig. 8
left. The process in momentum space is

[

p+,
M2

q

2p+
, ~0T

]

−→
[

zp+,
m2

h +
~k2

2zp+
,~k

]

+
[

(1− z)p+,
~k2

2(1− z)p+
,−~k

]

(32)

where we imposed 4-momentum conservation. In time-orderedperturbation theory, the light-cone
separation∆y+ between the initial and final state can be estimated by the uncertainty principle:

∆y+ ≈ 1/∆p− =
2z (1− z) p+

~k2 + (1− z) m2
h − z (1− z) M2

q

, (33)

where∆p− = p−q′ + p−h − p−q . The hadron formation time is then

〈th〉 ≈
√

2 ∆y+ . (34)
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Figure 9:Left: Hadronisation in the Lund string model in the target rest frame.Right: Prehadron
production time (〈tpreh〉) and hadron formation times (〈th〉) for ν = 10 GeV quarks fragmenting into
pions, as computed in the Lund string model [48].

This estimate should actually be considered an upper limit.Indeed, hadronisation is a non-perturbative
process, hence it will be accompanied by the emission of manysoft gluons, see Fig. 8 right. The
system of emitted parton plus soft-gluons has an invariant massm2

X. Taking this into account,
we should add an additionalzm2

X term at the denominator of Eq. (32), which would reduce the
formation time. In Table 6 we show the hadron formation time estimated by Eq. (33) for typical
hadrons at HERMES (z ≈ zh ≈ 0.5, p+/

√
2 ≈ ν ≈ 14 GeV) and typical mid-rapidity hadrons

at RHIC (z ≈ 0.7, zp+ ≈ ph
T ≈ 7 GeV), where we assumed~k2 ≈ Λ2

QCD. As in the previous es-
timate, high-pT pions are formed outside the medium (〈tπ〉 ≈ 30 fm), kaons (〈tk〉 ≈ 10 fm) and
protons (〈tp〉 ≈ 4 fm) have formation times comparable to the medium size, andheavy mesons are
produced rapidly inside the medium.

At least for light quarks and gluons, these estimates can be used to justify the computation
of hadron quenching in terms of parton-medium interactionsalone, as done in radiative energy
loss models [49–51]. However, even if the hadron is fully formed outside the nucleus, the colour
field which the quark is building up might start interacting with the medium much earlier. In other
words, the quark lifetime might actually be smaller than in the above estimates due to the formation
of a prehadron, whose production time we are going to estimate.

A successful non perturbative model of hadronisation is theLund string model [52], see Fig. 9
left. The confined colour field stretching from the struck quark to the rest of the nucleus is modeled
as a string of tensionκstr ≈ 1 GeV/fm, and spans the lightly shaded area in space-time. The
prehadron formation point is identified with theqq̄ pair production pointCi which breaks the
string in smaller pieces [53]. Hadrons are formed at pointsPi when a quark and an antiquark at the
endpoint of a string fragment meet. The subscripti indicates the so-called rank of the produced
(pre)hadron, counted from the right of the figure. Average prehadron production times can be
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Estimate kinematics π K p D B
Eq. (31) HERMES 34 fm 8 fm 6 fm
Eq. (31) RHIC 48 fm 12 fm 9 fm
Eq. (34) HERMES 36 fm 11 fm 4 fm 1 fm 0.2 fm
Eq. (34) RHIC 26 fm 10 fm 4 fm 1 fm 0.2 fm
Eq. (35) HERMES 13 fm 8 fm 25 fm
Eq. (35) RHIC 7 fm 5 fm 14 fm

Table 6: Estimates of typical hadron formation times〈th〉 for pions, kaons, protons, and D and B
mesons at HERMES (zh ≈ 0.5,ν ≈ 14 GeV) and at RHIC at mid-rapidity (ph

T ≈ 7 GeV/c) obtained
with Eqs. (31), (34), and (35).

analytically computed [48, 53, 54] and have the following general structure:

〈tpreh〉 = f (zh) (1− zh)
zhν

κstr
, 〈th〉 = 〈tpreh〉 +

zhν

κstr
, (35)

whereν is the struck quark energy. The factorzhν can be understood as a Lorentz boost factor.
The (1− zh) factor is due to energy conservation: a high-zh hadron carries away an energyzhν;
the string remainder has a small energyǫ = (1 − zh)ν and cannot stretch farther thanL = ǫ/κstr.
Thus the string breaking must occur on a time-scale proportional to 1− zh. The function f (zh)
is a small correction of〈tpreh〉, which can be computed analytically in the standard Lund model
[48, 53], andκstr = (1 GeV/fm) r2

π/r
2
h, with rh the hadron radius, are taken from Ref. [48] The

resulting pion formation time scaled by a factorν/κstr is plotted in Fig. 9 left. A typical pion
produced at HERMES energies (i.e. with fractional energyzh ≈ 0.5 from a parent quark with
energyν ≈ 14 GeV) has〈tpreh〉 ≈ 6 fm . RA and〈th〉 ≈ 13 fm& RA, with similar values at RHIC
at mid-rapidity. The final hadron is typically formed at the periphery or outside the nucleus so
that its interaction with the medium is negligible (see Table 6). However, the prehadron is formed
inside and can start interacting with the nucleus. A detailed space-time analysis of hadronisation in
the PYTHIA/JETSET Monte Carlo implementation of the Lund string model has been performed
in [55], with similar conclusions regarding the magnitude of the pion prehadron production time.

In Ref. [56, 58, 59] the formation of a leading hadron (zh & 0.5) is described in a pQCD model,
see Fig. 10. The struck quark radiates a gluon. The gluon thensplits into aqq̄ pair, and the
q̄ recombines with the struckq to form the leading prehadron, which later on collapses on the
hadron wave function. The cross-section can be computed from the modulus squared of the sum
of the two gauge-invariant amplitudes shown in the figure. Atzh ≈ 1, higher twist effects spoil this

ℓ
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+
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ℓ
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+
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u
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Figure 10: Diagrams for leading hadron formation inℓ + A collisions: Gauge-invariant set [56]
(left), and dipole-model approximation [57] (right).
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Figure 11: Probability distribution of the prehadron production time tpreh ≡ t obtained in the
colour-dipole model of [57].

simple mechanism for hadronisation. The dipole model of Ref. [57] approximates the described
cross-section as a convolution of a Gunion-Bertsch radiation cross section [60] with the gluon
splitting plus quark recombination process, see Fig. 10 right. The prehadron is identified with
the qq̄ pair which includes the struck quark, and its production time is identified with the time
at which the gluon becomes decoherent from the struck quark.(We should note that, strictly
speaking, at the production time the struck quark-gluon system is in an octet state until gluon
splitting occurs; however, in this model, gluon radiation is neglected during the octet stage). The
model can compute the probability distribution in the prehadron production time, see Fig. 11, and
the average〈tpreh〉 is

〈tpreh〉 ∝ (1− zh)
zhν

Q2
. (36)

The interpretation of the 1−zh factor is in terms of energy conservation: the longer the struck quark
propagates, the larger its energy loss; hence to leave most of its energy to azh→1 hadron, the quark
must be short lived. The scale is set byκdip = Q2. At HERMES, withQ2 ≈ 10 GeV/fm, one obtains
for pion production〈tpreh〉 . 5 fm atzh > 0.5: pre-pions are formed inside the medium. At RHIC,
whereQ2 ∝ p2

T , andzhν ≈ pT for mid-rapidity hadrons, one obtains the counter-intuitive result that
〈tprep〉 ∝ 1/pT : prehadrons are formed the quicker the higher their transverse momentum [57, 61],
typically inside the medium.

In summary, there are considerable uncertainties in the theoretical estimates of the formation
and production time, hence of the length of the partonic phase of the hadronisation process. It
is of foremost importance to establish the scale of〈tpreh〉 and its dependence on the kinematic
variables of the scattering process, through a careful analysis of experimental data and tests of
phenomenological models. It will be the first step into a deeper and more detailed understanding
of the space-time evolution of the hadronisation process.

4 Short review of fixed target experiments

Short review of EMC, HERMES results; CLAS preliminary. Theoretical results discussed through-
out; open questions.
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MANUEL s-eRHIC eRHIC ELIC LHeC
Ca e Au e Au e Ca e Pb e

E [GeV/A or GeV] 7.5 3 100 2 100 20 75 7 2750 70
Lpeak [1033 cm−2s−1] 1 0.1 1 100 1.0

Table 7: Energies,E, and peak luminosities,Lpeak, for e+ A collisions at the EIC (staged-eRHIC,
eRHIC, and ELIC designs), and at the LHeC (Ring-Ring mode). In bold face are the parameters
used for the simulations presented in this document.

5 EIC capabilities

An electron-ion collider would significantly complement and add new dimensions to the experi-
mental studies at fixed target facilities, by extending the range of accessible lepton,Ee, and ion,
EA, energies. Proposed designs for an electron-ion collider currently have a fairly wide range of lu-
minosities and center of mass energies, see Table 7. The Electron-Ion Collider (EIC) is a proposed
US based facility, which will provideEe = 3− 20 GeV andEA = 15− 100 GeV/A [40, 41]. There
are currently 2 complementary concepts to realize it [41]: (i) eRHIC will add an electron beam to
the existing RHIC ion accelerator at BNL - the option of staging it, and first realize a lower energy
version withEe = 2− 4 GeV, based on an energy recovery linear accelerator for theelectron beam
is being actively discussed [62, 63]; (ii) ELIC will add an ion accelerator to the CEBAF upgraded
12 GeV electron ring at Jefferson Lab. The eRHIC concept emphasizes the energy range; the ELIC
concept will reach up to 100 times more luminosity, but with lower maximum energy. The Large
Hadron-electron Collider (LHeC) is a proposed upgrade of the LHC at CERN [64], and will reach
much higher energies than the EIC, still with a good luminosity. Because of the very large energy
asymmetry of the lepton and hadron beams, it is not yet clear if it will be possible to design an
optimized detector for bothe+ p ande+ A collisions. Finally, the idea of building a low-energy
electron-ion, collider at FAIR has recently been advanced [65]: the goal of the “Mainz concept
for a Nucleon electron collider at FAIR” (MANUEL@FAIR) is tohave a center of mass energy
between HERMES and COMPASS, but up to a factor 100 higher luminosity. Here, we will focus
on the EIC capabilities, but most of the discussed measurements will be in principle possible at
MANUEL and the LHeC, as well.

The EIC will provide virtual photons with energies in theν = 10− 1600 GeV range, large
Q2 up to 1000 GeV2, and low x & 10−5; the collider mode will allow one to separate current
from target fragmentation; its high luminosity will allow access to rare signals, multi-differential
measurements, and dihadron orγ-hadron correlations. At EIC we will be able to cross-check
HERMES and CLAS measurements, while having many more channels at our disposal and an
extended kinematic range for studying hadronisation inside the nucleus at low-ν, and at high-ν
testing basic QCD processes at the parton level, such as non-abelian parton energy loss and the
space-time evolution of the DGLAP shower. EIC will be unique, compared to HERA (HERMES)
and JLab (CLAS), in the following areas:

• At the largeν accessible at the EIC, hadrons will clearly be formed outside the nuclear
medium, so that effects due to the propagation of the struck quark can be experimentally
isolated. One will have new access topT-broadening studies, which can cleanly probe the
parton radiative energy loss as predicted by pQCD at asymptotic energy. It will also be pos-
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sible to study in detail the interplay of radiative and collisional parton energy loss, medium
modifications of the DGLAP evolution, and test factorisation for the fragmentation func-
tions.

• Heavier mesons likeη andφ will be more abundantly produced than at HERMES/JLab. At
both medium-low and largeν, comparing their quenching to that of their lighterπ andK
counterparts will provide important clues about parton propagation and hadronisation.

• The EIC excellent low-x coverage provides increased production of heavy flavor and quarko-
nia. In particular, it will be possible to study the heavy quarks energy loss through theB and
D meson suppression. Theoretical mechanisms proposed to explain J/ψ suppression inp+A
andA+ A collisions can be put to the test in a clean experimental environment by studying
J/ψ, ψ′ andχ spectra.

• The largeQ2 coverage will access the true perturbative QCD regime, whose prediction can
be more confidently tested against the data, in particular colour transparency effects and the
Q2-dependence of the observables discussed in this review, like the hadronpT-broadening.

• Baryon production through parton fragmentation will also be accessible, because of the col-
lider mode and the accessible final-state invariant masses.This will allow studying baryon
transport in cold QCD matter and the baryon anomaly observedin fixed targete+ A colli-
sions at HERMES and in heavy-ion collisions RHIC. The ability to identify a good variety
of baryons, including the strange and charmed sector, will be a key to this program.

• For the first time, jet physics in DIS with a nuclear target will be experimentally accessible.
In particular, medium modifications of the jet shape, and thecomparison of light-quark to
heavy-quark and gluon initiated jets will shed light on the mechanisms underlying parton
energy loss. These studies can also be extended to dijet orγ-jet correlations.

In summary, the collider kinematics and associated detectors with excellent calorimetry, hadron
detection, and rapidity coverage, will allow for a comprehensive program to better understand how
energy loss and hadronisation occur in cold QCD matter.

6 Simulations

6.1 Method

The Monte Carlo generator used in the simulation is PYTHIA 6.4.19. Although this generator
only simulates electron scattering on nucleons and does notinclude nuclear effects such as Fermi
motion, it is sufficient for our purpose to study the kinematical coverages andto extract rates for
the multiplicity ratios. For the present study, we have generated 106 events per collider and per
target (p,n). To select DIS events, the following cuts onQ2 andW are applied:Q2 > 1 GeV2 and
W > 2 GeV for staged eRHIC, andQ2 > 1.5 GeV2 andW > 4 GeV for eRHIC and ELIC.

Table 8 summarizes the generated cross section of subprocesses for each design. About 80
% of the generated events are DIS. Table 9 shows multiplicities for several particle types on deu-
terium. Pions and kaons are produced copiously. Therefore,strange quark hadronization can be
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Subprocess σ for eRHIC (mb) σ for s-eRHIC (mb) σ for ELIC (mb)

All included subprocesses 3.231D-04 2.047D-04 2.224D-04
f + f’ − > f + f’ (QCD) 2.148D-05 2.545D-05 2.723D-05
f + fbar− > f’ + fbar’ 3.811D-08 0 0

f + fbar− > g + g 4.557D-08 0 0
f + g − > f + g 1.666D-05 4.688D-06 5.197D-06

g + g − > f + fbar 1.025D-07 0 0
g + g − > g + g 9.926D-06 2.623D-06 2.669D-06

q+ gamma*− > q 2.515D-04 1.636D-04 1.771D-04
f + gamma*T − > f + g 6.453D-06 3.186D-06 3.670D-06
f + gamma*L − > f + g 3.686D-07 1.940D-07 2.232D-07

g+ gamma*T − > f + fbar 1.319D-05 3.880D-06 4.902D-06
g+ gamma*L − > f + fbar 3.411D-06 1.167D-06 1.409D-06

VMD * hadron 4.825D-05 3.277D-05 3.510D-05
direct * hadron 2.343D-05 8.425D-06 1.020D-05
DIS * hadron 2.515D-04 1.636D-04 1.771D-04

Table 8: Cross section per nucleon of subprocesses producedby Pythia for different collider con-
figurations.

studied with high precision. In the heavy flavor sector, a decent number ofD mesons is produced.
However, dedicated studies of their reconstruction channels have to be performed in order to opti-
mize the difficulty of reconstructing the decay products versus the statistical precision. The same
issue exists for B meson and J/ψ in addition to the fact that their production cross section is much
smaller. Taking the example of D0 mesons, their production cross section is five time larger et
eRHIC that ELIC due to the higher center of mass energy. However, this deficit get reversed to
the advantage of ELIC due to the two order of magnitude more luminosity. Moreover, the tracking
capability of the detector, its particle identification andvertex reconstruction will play a crucial
role in the success of the program.

6.2 Detection

Since we do not have yet a detailed enough detector concept tosimulate its acceptance, we apply
a simple geometrical cut retaining only particles with a polar angle between 3 and 177 degrees to
exclude the beam pipes. This is good for a first rough estimation of the detector acceptance. How-
ever, we note that the angular coverage is very important forheavy particles, especially baryons,
that are produced very close to the direction of the beam nuclei. On the contrary, with DIS cuts
there is no issue with electrons because of the boost coming from the nuclei, electrons are in the ac-
ceptance. However, the successful reconstruction of heavymesons (B, D, J/Ψ4...) needs excellent
vertex determination (∼ 100µm).
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Hadron Detection channel eRHIC s-eRHIC ELIC

π0 γγ 3885 3060 3174
π+ direct 3411 2683 2781
π− direct 3505 2770 2869
ρ0 π+π− 620 489 507
ρ+ π+π0 583 461 527
ρ− π0π− 584 460 474
η γγ 413 323 339
ω π+π−π0 575 457 472
η′ π+π−η 112 86 89
φ K+K− 47 34 35

K+ direct 401 306 320
K− direct 336 243 256
K0

s π+π− 352 260 273
p direct 714 651 659
p̄ direct 181 125 133
n direct 635 587 595
n̄ direct 166 113 120
Λ pπ− 145 125 128
Σ+ pπ0 20 16 17
Σ0 Λγ 21 18 18
D0 n/a 31 18 20
D+ n/a 10 6 6
B0 n/a 0.2 0.06 0.08
B+ n/a 0.3 0.04 0.1
J/Ψ n/a 0.02 0.002 0.007

Table 9: Simulation of multiplicity from Pythia with cuts onQ2 and W: Q2 > 1.5 GeV2 and W> 4
GeV for 1000 events on deuterium.

6.3 Results

Figure 12 shows the correlation between Q2 andxB for the three EIC designs. In this plot we take
into account the luminosity by using a threshold on the number of accepted events. The comparison
between eRHIC and ELIC shows a better coverage at highQ2 for ELIC and at lowxB for eRHIC.
This is due to the long tail of theQ2 distribution enhanced by the great luminosity. On the contrary,
thexB distribution decreases faster since it depends only on the available center of mass energy.

Figure 13 shows projected statistical errors for the charged pions multiplicity ratio at the EIC
(eRHIC design) with 10 weeks of beam compared to data from theHERMES experiment [19].
ELIC will benefit of a 100 times larger luminosity, thereforewe can expect as much kaons in ELIC
as pions in eRHIC. With both designs, the huge amount of data in both cases is extremely useful
to produce multidimensional study, where HERMES gives two-dimensional plots, one could have
up to 5-dimensional analysis and completely understand thedependence of the multiplicity ratios
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Figure 12: Kinematic coverage of the different EIC designs. This coverage take account of the
luminosity given in table 7 and the cross section given by Pythia (Tables 8

on the kinematic variables.
In the future, this simulation will need to be improved by combining it with realistic detector

simulation, especially to evaluate systematics errors, and by adding a simulation of nuclear effects.
Some solutions have to be explored to reconstruct exotic meson and baryons to evaluate the effi-
ciency we can achieve for those particles, which are very interesting. Detection of heavy flavor and
quarkonium needs to be addressed, as well. We also plan a dedicated study for an hadronization
program at the staged eRHIC.
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