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1 Introduction

The transition from coloured partons (quarks and gluongjolourless hadrons — the so-called
fragmentation or hadronisation process — is an exemplarggss of the fundamental theory of
the strong interaction, Quantum Chromo-Dynamics (QCD)¢ctvitill lacks a quantitative under-
standing from first principles calculations. The processvbych a highly virtual parton radiates
gluons or splits into a quark-antiquark pair can be thecaélti described by the QCD (DGLAP)
evolution equations [1-3]. However, the final “bleachinfipartons into a colourless hadron takes
place at a low virtualities@ ~ Agcp =~ 0.2 GeV) and so is dominated by nonperturbative QCD
effects which cannot be addressed with the existing pertwdbsgchniques. Modeling and phe-
nomenology — e.g. as implemented in the Lund string [4] ostelu[5] fragmentation approaches
— are often used to describe the hadronisation processes.

One way to study hadronisation is to perturb the environmreanbunding the hard-scattering
short-distance reaction by introducing a nuclear mediumn [Bhe nuclear medium provides a
nontrivial probe of parton evolution through the influenderotial-state (I1S) angbr final-state
(FS) interactions. Such IS and FS modifications, can helpndenstand for example the time-
scale of the hadronisation process [7]. In the case of largsmemtum transfer quasi-exclusive
reactions, one can use a nuclear target to filter and infludreeevolution and structure of the
hadron wave-functions themselves.

Nuclear modifications of hadron production have been indbsdrved in Deep Inelastic lepton-
nucleus Scattering nDIS{ + A), in hadron-nucleush(+ A) and in heavy-ionA + A) collisions,
compared to “elementary” proton-DIS or proton-protonisadns. In nDIS andh + A collisions,
the medium is the nuclear target itself, also called “coldDQ@atter”. In A + A reactions, the
fragmenting parton must traverse the created hot and deedaim (“hot QCD matter”), be it a
hadron gas at low temperature, or a Quark-Gluon Plasma (@G#jh temperatures. In all cases,
at high enougtpr where hadrons mostly come from parton fragmentation, opieajty observes
two different phenomena: (i) a suppression of hadron multiplgitalled hadron or jet quenching,
and (ii) a broadening of hadron transverse momentum spe&dtiah induces a deformation of the
hadronpr spectrum known as “Croninfiect” [8, 9]. Such nuclear modifications can be attributed
to elastic and inelastic interactions of the scatteredopar{andor of the produced hadrons) as
well as to modifications of their fragmentation while trasiag the surrounding medium.

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

1.1 Parton fragmentation in elementary collisions

In perturbative Quantum Chromodynamics (pQCD), collinkaatorisation theorems [10] allow
one to explicitly separate the short and long distance QQianhcs involved in the mechanism of
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Figure 1: lllustration of universality of PDF${,n) and FFs D) in leading order processes.
Clockwise from top lefte* + e annihilation, Deep Inelastic Scattering (DIS), leptorr §Birell-
Yan) emission, and hadron production in hadronic collisioBolid lines indicate leptons, dashed
lines quarks. The small black disc represents the periugiatalculable hard interaction cfie
cient Hpartonic-

hadron production from parton fragmentation. In a generakistic collisiorH; + ... + Hy, one
writes the semi-inclusive hadronic cross sections for petion of a hadrorh at large, or “hard”,
scaleQ? (e.g., a large 4-momentum transfer) as

OhardH1 + ...+ Hy—=> h+ X)
ST T #omx. @] @ Al X (1%}, 21, @) © Djn(z @) (3)

fi,i=(a.g) i=LN

where® denotes a convolution over the kinematical internal véeslof the process. In Eq. (1),
Q? is the typical (hard) scale of the process aﬁmmmc is the short-distance and perturbatively
calculable hard interaction cfieient for the{fi}—] + X partonic process. The long-distance
dynamics is factorised into (a) the Parton Distribution ¢tions (PDF)¢+, 1, (Xi), which give the
probability of finding a parton of flavof; and momentum fractior; inside the hadroi;, and (b)
the Fragmentation Function (FB)_,,, which gives the probability that the partpfragments into
the observed hadrdnwith fractional momentura. These functions are non-perturbative and need
to be extracted from experimental data. Typically, PDFsexteacted from “global QCD fits” of
inclusive hadron production in lepton-nucleon DI$ £ 1 andD;_n(z Q%) = 1in Eq. (1)], and FFs
from electron-positron annihilation into hadrorié$ £ 0 in Eq. (1)]. The obtained PDFs and FFs
are provided by various authors, e.g., CTEQ6.6, MR&ITW [11-13] and DSS, AKKO08 [14—
16]. Once they are known at a given sc@gtheir value at any other scale can be perturbatively
computed by means of the DGLAP evolution equations [1-3].

An important consequence of factorisation theorems isPidts and FFs are universal: the
above measured functions are process-independent. TieireddFs iret + e —»h + X and the
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PDFs ine® + p—h + X can then be used to compute observables in other processh&dgon
spectra in proton-proton collision®[= 2 in Eq. (1)], or Drell-Yan production of lepton pairs
[N =2 andj = ¢¢in Eq. (1)], see Fig. 1.

When dealing with hadron production with nuclear systenmyarsality is experimentally
observed to breakdown: the details of the hadron productioss 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. 1as tte characteristic time of the
parton-parton interaction is much shorter than any lorsgagiice interaction occurring before (among
partons belonging to the same PDF) or after (during the ¢&eoiwf the struck partons into their
hadronic final-state) the hard collision itself. In thateasne can treat each nucleus as a collection
of free partons, i.ein the absence of initial-statgfects the parton density in a nucleus with mass
numberA is expected to be simply equivalent to that of a superpasdfd independent nucleons:
daa(X% Q%) = A- dan(x Q). In addition,in the absence of final-statgfectsthe parton fragments

in the vacuum with universal FFs and, therefore, the pQCBofaation theorem for collisions
involving nucleiA predicts simply:

Thard(lLlh + A= h+X) = A paa(l,h+ p— h+X)

ThardA+A > h+X) = A2opaa(p+p— h+X) @

The cleanest environment to test the validity of Eq. 2 andyspossible nuclear modifications
of hadron production is nuclear Deep Inelastic Scattemig)$): it allows to experimentally con-
trol many kinematic variables; the nuclear medium (i.ee,ntlacleus itself) is well known; and the
particle multiplicity in the final state is low, allowing f@recise measurements. The nucleons act
as femtometer-scale detectors of the hadronizing quadwialg one to experimentally study its
space-time evolution into the observed hadron(s) (Figef).| The relevant observable in nDIS
processes is the ratio of the single hadron multiplicity adarget of mass numbek normalised
to the multiplicity on a deuteron target. At leading orddistmultiplicity ratio corresponds to
the ratio of fragmentation functions (FF) in “cold nucleaatter”’ (the nucleus A) over that in the
“vacuum” (deuteron). Recent HERMES measurements showrgfisant reduction of this ratio
[17-20], clearly showing a breakdown of universality fadgmentation functions.

A complementary means to study parton propagation in col® @@tter is by measuring the
Drell-Yan (DY) process in hadron-nucleus collisiorts+ A—¢*¢~ + X (Fig. 2, center). If the
invariant mass of the lepton pair is large, the process caiteberibed perturbatively as a parton-
parton scattering producing a vector boson which subselyudecays into the lepton pair. Any
modifications of this process comparedAdimes the cross sections measured in hadron-hadron
collisions will come from initial-state nuclear interamtis of the projectile parton inside the target
(as well as from nuclear modifications of the PDF, which carsblated by other means).

Tests of pQCD factorisation in hot-dense QCD matter can bbeecaout studying highpr
hadron production in head-on nucleus-nucleus reactioigs 2-right). The suppression of large
transverse momentum hadron productiodin A compared to proton-protomp p) and hadron-
nucleush + A collisions at RHIC [21-24], is also indicative of a breakdoef the universality
of the fragmentation process. The standard explanatidraisihe observed suppression is due to
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Figure 2: Quark propagation inside a target nucleus (“co@DQmatter”) in lepton-nucleus
(left) and hadron-nucleus> Drell-Yan (center) collisions. Right: Hard scattered partravel-
ing through the “hot QCD matter” produced in a nucleus-nusleollision.

parton energy loss in the strongly interacting matter. This assuafeourse that the quenched
light-quarks and gluons are long-lived enough to travelnsemtiedium before hadronizing, which
is a reasonably assumption at high enopghlf, on the contrary, hadronisation started at the nu-
clear radius scale or before, in-medium hadron interastghould also be accounted for, possibly
leading to a diterent suppression pattern. Such a mechanisms may be atfeodgample, in
the case of heavy (charm, bottom) quarks which — being sltwear light-quarks or gluons — can
fragment intoD or B mesons still inside the plasma [25].

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

1.3 Hadronisation and colour confinement

While not having a direct bearing on the traditional topitsanfinement such as the hadron spec-
trum and the value of infrared cufs in hadron structure, the hadronisation process nonsthele
contains elements that are central to the heart of colouiireament, as already emphasised 30
years ago by Bjorken [6]. For instance, in the DIS processialqis briefly liberated from being
associated with any specific hadron while traveling as &’fparticle, and it is the mechanisms
involved in hadron formation that enforces the colour chargutrality and confinement into the
final state hadron. The dynamic mechanism leading to coleutralisation, which is only im-
plicitly assumed in the traditional treatments of confinaimeased on potential models [26] or
lattice QCD [27], can be studied quantitatively using thedttetical and experimental techniques
discussed in this review. As an example, the lifetime of tieelfy propagating quark can be in-
ferred experimentally from the partonic multiple scatigrprocess in cold nuclei, which act as
femtometer-scale detectors of the hadronisation procEsslly, as already discussed, the be-
haviour of quarks propagating through the medium creatdugh energy heavy-ion collisions
can give insight into, and measure, the properties of laagge deconfined QCD matter (i.e., of
the Quark-Gluon Plasma). While still at an early stage, th@eustanding of such elements will
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ultimately provide deeper insights into the confinemerdtesl properties of QCD.

1.4 Hadronisation and neutrino oscillations

Neutrino oscillation experiments use nuclear targets baaoe the neutrino detection rate. Nuclear
effects change the topology and total energy of the hadronit diaée. The systematic error
describing how well these nucledfects are known is one of the largest systematic errors iegtrr
analyses. For the lower energy oscillation experimentsubka the quasi-elastic channel as their
signal, there are several problems including the distortibthe knock-out nucleon due to final
state interactions, the contamination from hadron rescesre.g. the + N—A process by which

a final-state pion is absorbed in the nucleus, and the man@yplained depletion of low-virtuality
events, much stronger than Pauli blocking can account ). [Experiments such as MINOS
measure the neutrino energy adding up the muon and hadnogrigies E, = E, + Epaq It is thus
crucial to have a good understanding of hadron modificatioriee nuclear medium and of the
space-time evolution of the hadronisation process [29,B0{vever, at the low hadronic invariant
mass involved in these experiments the theoretical metb@tsissed in this review should be
supplemented by those described in Refs. [31-34].

2 Kinematics and observables

In this Section the kinematic variables and observablesfis, and compare them to hadronic
collisions in terms of their phase spaces for hadron pradioict

2.1 Kinematic Variables

Throughout this discussion we use light-cone coordinafes:any 4-vectora# we write & =
(a*,a,dr), wherea* = (a° + &%/ V2 are the plus- and minus-momenta aid= (at, a?) the
transverse momentum. Our reference frame is such thatdkes is aligned with the beam, and
a particle moving in the positivedirection has large light-cone plus-momentum. The trarseve
plane is the plane transverse to the beam. The dot prodacths= a*b™ + a'b™ — &r - br, and
pTp~ =¥ + p3 = mg, wheren? = p? is the invariant mass of the particle, amd its transverse
mass. A longitudinal boost of velociy along the 3-direction acts multiplicatively on the plus-
and minus-components:

Pt =ap’ e 3)
a

wherea = /(1 - B)/(1+ B). As an example, let us boost the target hadron mome#fténom the
target rest frameP = (M/ V2, M/ V2, Or), to a frame in whictP’ = (+/s/2, M2/ V2s,0;). This
boost is accomplished by = /s/M. Likewise, boosting a nucleon from energgs/2 to Vs /2
requirese = Vs/s.

Deep inelastic scattering at LO in pQCD proceeds by exchahgevirtual photon in the-
channel (Fig. 3 left). The DIS Lorentz invariants are definedable 1. Note that the variable
xs, Q? andy are not independent but related ky = Q?/(2Mv) in any reference frame. Semi-
inclusive nDIS is best discussed in termsyodind Q?, which are the most relevant variables to
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Variable Definition Target rest frame form

M? = P? Target mass.
rp = % Bjorken scaling variable.
Q* = - Negative four-momentum
squared of
the virtual photon.
v = j—_gz = EY g Energy of the virtual photon
in the
target rest frame.
y = % = # Fractional energy loss of the
© incident lepton (inelasticity).
W?2 = (P+0Q)P? = M?+2My-Q? Invariant mass squared of the
hadronic final state.
@ = 22 = & Fraction of the virtual photon
energy carried by the hadron.
pr = |prl Hadron transverse

momentum (relative to the
virtual photon momentum).

Table 1: Definitions of the kinematic variables for semiklirsive DIS. The Lorentz invariant
definition and its form in the target rest frame are provid@durticle 4-momenta are defined in
Fig. 3 and 4. All variables are experimentally measurabéscle typeset in boldface. Note that
xs = Q%/(2Mv) independently of the chosen reference frame.

hadron quenching processes in nuclear targets. Analysighisive DIS is usually carried out
using xg and Q?, because to leading order the cross section scaleg.iNote that in DIS one
can experimentally measure all the listed variables, éalhee, Q° andz, because the initial
and final state electron is observable. This is markediiedint from the situation in hadronic
collisions, where only the final state hadrons can be obdemeat the partons themselves. The
hadron transverse momentum in DIS is defined with respebitptoton direction, see Fig. 4. Its
analog in hadronic collisions would be the transverse maomemof a hadron with respect to the
jet axis.

DIS experiments have been performed in fixed-tarfi¢tconditions in facilities like SLAC
(E665), SPS (EMC), DESY (HERMES), JLab (CLAS); or in collideode €l) e.g. at the proposed
Electron-lon Collider (EIC) or Large Hadron-electron Gaddlr (LHeC). The colliding nucleon and
lepton momenta are

M M
Pru= (S5 A 0). k= (V2SR 0.0)

M
Pq = (z«&EN’ V2En.Gr), ko = (V2E.0,0r)

(4)

where E. and Ey are the electron and nucleon energies measured in the tabofeame. To
discuss both modes at the same time, it is convenient todat®the target rest frame energy of
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h
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Figure 3: LO kinematics for parton production in DIS coltiss (eft) and in hadron-hadron colli-
sions (ight). Double lines indicate hadrons or nuclei, thin single diage partons or leptons. The
labels define the particles 4-momenta.

Figure 4: Kinematic planes for hadron production in sencitisive deep-inelastic scattering and
definitions of the relevant lepton and hadron variables. {ientitiesk (k') andE (E’)are the
4-momentum and the energy of the incident (scattered) nosip;, is the 4-momentum of the
produced hadron, and its transverse component relativetiepton plane is denoted Ify.

the electronky;:

£ _ { Ee fixed-target (5)
= ZEnE  collider mode

Then the invariant inelasticity for both modes can be written as= v/Eg.

Next, we consider parton production at colliders. To be ganéet us discuss hadron-hadron
collisions: lepton-hadron collisions can be obtained agexial case whereas the incident lepton
itself is considered a parton with well definite fractionabmmentum, see Fig. 3 and Sect. 2.2. At
leading order in the coupling constan partons are produced by-$2 partonic collisions. The
relevant kinematic variables are defined in Table 2. Seu&gbrocesses can contribute to a given
ij— f1 T, collision, represented by a black dot in the cartoon, see[Bgffor details. The momenta
of the two nucleons colliding in the center-of-mass-framen(f.) with energy+/s/2 each are

§ M? M? S
| 2(\/;,\/?‘%,&) J:(\/_2_§, \/;,GT) (6)
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Variable Definition
s Nucleon-nucleon center of mass energy squared.
X = i/I* Initial-state projectile parton fractional momentum.
X = /I Initial-state target parton fractional momentum.
pr = |fTT| Final state partons transverse momentum (relative to
beam).
yi = 05log(f*/f7) Final state partons rapidity.
ym = 05log(1=E) Rapidity of the center of mass.
z = p/ff Hadron fractional momentum relative to parent
partonf;.
Pt = Pl Hadron transverse momentum (relative to beam).
yrn = 05log(p;/p,) Hadron rapidity.
n = -—logtan@*/2) Hadron pseudorapidity{is the polar angle

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

Table 2: Relevant kinematic variables for semi-inclusiagtgn (top) and hadron (bottom) pro-
duction defined in perturbative QCD. Particle 4-momentadened in Fig. 3, right. Bold-
face variables are experimentally measurable. Note th&Oatwith two final state partons,

Pir = ~Por = Pr.

whereM is the nucleon mass and

5 L+ Y1+ M4/ <2 @

2

We will neglect terms of orde©(M?/s) compared to terms of(1), and will uses™~ s. In
Eqg. (6), we explicitly retain the nucleon mass to be able tdgoe boosts to the rest frame of
either nucleon. If we assume the partons to be massless direanto their parent nucleons,
their 4-momenta in terms of the parton fractional momedqteeadi = (xl \s/2, 05T) andj =

(0. % v5/2.0r).
Particle production (partons or hadrons) is describedrmgeof the particle rapidity and trans-
verse momentum. The rapidity of a particle of 4-momenfuand mass = p? is defined as

1 p* p*
y 2Iog(p_) Iog(mT). (8)
The rapidity may be either positive or negative, and dessriparticle moving in the positive or
negativez direction, respectively. Under a longitudinal boost ofogty 3, the rapidity transforms
additively:y = y-yjs, wherey; = 0.5log[(1+3)(1-2)] is the rapidity of the particle rest frame. In
the non-relativistic limit the rapidity coincides with tiparticle longitudinal velocity measured
in units of the speed of lighty—v. This fact and the transformation laws just discussedfjusti
considering the rapidity as the relativistic generalmatf the velocity of a particle. Given the
rapidity, one can computg® = my coshy andp® = my sinhy.

Measuring the rapidity of a particle requires measuring tmaependent variables, say, its
energy and longitudinal momentum. Not in all experimenis ihpossible, while just measuring
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the polar angl@* between the particle trajectory and the beam axis in theec@himass frame is
easier. This justifies the definition of the particle pseagdatity,

—logtan@’/2), )

such thatp] = pr coshy andp® = pr sinhy. For massless particles it coincides with the rapidity:
n =y, for massive particles, they are approximately equgllit> m (andé > 0). Differential
particle distributions iry andn are related by

dN dN E
dycPpr dﬂdz m%cosﬁy dnd2pr my -

(10)

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

o Prew _ Pr y, Pr__y,
n-(f ) = (e e ) (12)

and their fractional momenta are

X1 = %(ew ) xp= %(e-yl re). (12)

Finally, the Mandelstam invariants are defined as follows,

(i +J)

(i—f)?=(f2- ) (13)
0= (- f)*=(f- )

and 4-momentum conservation for massless partons is equess™~ t + 0 = 0. In terms of
rapidities and transverse momentum, the Mandelstam amvirread

S
f

§= X1%S
f=-p2(l+e2™) (14)
SpR(1+ )

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

Yemi. =Y — Yem (15)

wherey.n, is the rapidity of the center of mass in the lab frame. The Wvac# rapidity region (target
hemisphere) correspondsyte y.n, < 0, and the forward rapidity region (projectile hemispheoe)
Y —Yem > 0.

Hadronisation in the collinear factorisation frameworlogreds through independent parton
fragmentation into a hadron. It is universal, i.e., indeget of the process which produced the
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Variable Definition LO in as
xFp = 2pi/+/s = X —X Feynmarx.
M = P2 +pl = XX%S Dilepton invariant mass.
pr = [Pl Dilepton transverse momentum.

Table 3: Kinematic variables for Drell-Yan dilepton protioa. The dilepton momentum is =

P~ + P, Wherep,: are the lepton and anti-lepton momenta. A star indicates emb@measured
in the center of mass frame. The 3 DY variables are experitigmheasurable, hence typeset in
boldface. See Table 2 for the definitionxaf, ands.

fragmenting hadron, e.g., hadronic or DIS collisions [3bhe hadron fractional momentumis
defined by

ph=2zf P =zfir. (16)

Therefore the on-shell hadron momentpgpreads

L FE
—— zf17) . 17
57 f1+ ,zf17) (17)

pn = (2,
The parton and hadron rapidities are related/by y, + log(mut/pnt)-

The partonic variablepr, yi, X, and the fractional hadron momentuare not experimentally
measurable, but needed in the theoretical computationeotitbiss section. The experimentally
measurable variables are typed in boldface in Table 2. Nhatiethe hadron transverse momentum
pr in hadron-hadron collisions is defined with respect to thembexis, so that at midrapidity it is
the analog of the hadron energy in DIS.

2.2 Comparison of hadron-hadron and DIS kinematics

If we consider parton and hadron production at LO in hadramad DIS collisions, it is easy to
provide an explicit dictionary translating between theevaht variables in both processes, that
allows one to compare their corresponding phase spaceslitession closely follows Ref. [37],
to which we refer for details. To connect the DIS and hadradrbn kinematics (Fig. 3) we can
boost the DIS collision to a frame in which the target has gyey's/2 per nucleon. Then, we
can imagine the lepton to be a parton of a collinear phantoaenn of energy+/s/2 and with
4-momentunP’* = P*. Comparing the left and right parts of Fig. 3 we can identify

P=J P=I, k=i, K=f (18)

The virtual photon momentum, the fractional momenturng, of the initial-state lepton and the
rapidity y. of the final state lepton are identified as follows

g=k-K=i-1, X=K /P =X, Ye=V>.

In this way, we can relate the DIS kinematics to the hadrairdrakinematics discussed in Sect. 2.1.
As an example, it is immediate to see that, in terms of hatiamiron variablesQ? = —{. The full
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| SPS FNAL RHIC RHIC LHC
Vs[GeV] | 175 274 63 200 5500
Ayy 24 20 12 0o -33

Table 4: Rapidity shifta\y; of the RHIC-equivalent DIS phase space, tabulated for soramees
of interest.

translation dictionary from DIS to hadron-hadron varigbtan be obtained in a straightforward
way by combining the results of Section 2.1 and the definsti@inTables 1-2.

First, we can express the DIS invariants in terms of partprdiges and transverse momenta.
Neglecting target-mass corrections, i.e. up to term@(®12/s), we obtain

Xg = E(e‘y2 +e)
s

Q= P+ &)

SubL Mfseyl (19)
1

y= 1+ @2y

Zh=2Z.

Note that the first 3 variables are not independent bec@ise 2Mxgv, and thatxg = X, is
interpreted as the struck parton fractional momentum, pea®d in DIS at LO. Note also that
increases with increasingr and increasing;. In other words, a parton of positive and large
travels in the opposite direction as its parent nucleonc@émthe target rest frame it is very fast.
Conversely, a parton of negative and laggdravels in the same direction as its parent nucleon,
which means quite slow in the target rest frame. It is alseradting to note that up to terms of
orderO(M?/s), the parton and hadron energy in the target rest framé&€asev andE, = zv
respectively. Finally, we can invert Eq. (19) to obtain tlagfon-hadron variables in terms of DIS
invariants:

pr = (1-yQ°

QvVs (1-y)*?
= log (e )

(20)

Y2 = y1+log(—=)
z=12

with y = v/Ey. Note that in DIS, the electron energy:, hence the electrow, is fixed by
the experimental conditions; this isfidirent from hadronic collisions where the partphas an
unconstrained fractional momentum. Changing the c.mérggnto Vs simply results in a shift
of the parton rapidity,

Yi— Vit AN (21)
s—g

whereAy; = log(+/s/ V). The value ofAy; compared to RHIC top energy’s,, = 200 GeV is
listed in Table 4 for the experiments of interest in this pape
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Figure 5: Left: the RHIC-equivalent phase space of DIS experiment.at 27.6 GeV (HER-
MES, solid line), aE. = 12 GeV (HERMES and JLab, dashed line), an&at 280 GeV (EMC,
dot-dashed line). The dotted line shows the borders of thggQED phase space at top RHIC
energy,+/S,, = 200 GeV. The two arrows show the location of the midrapid#yion at SPS and
FNAL fixed-target experiments. The shaded regions showdfmn of phase-space experimen-
tally explored at HERMES [19, 38] and EMC [39Right: hadron-hadron-equivalent EMC and
COMPASS phase space 5, = 27.4 GeV, compared to the SPS and FNAL phase spaces.

Given a DIS phase space, i.e., a given experiment acceptagiom in the ¢, Q%) plane, we
define itshadron-hadron-equivalent phase spaits image in thegr, y;) under Egs. (20). The
reason for this definition is that for both hadronic and DIflisions we can identify the partofj of
Fig. 3 with the “observed” parton in hadronic and DIS codiiss, i.e., the parton which fragments
into the observed hadron. Then the varialgeandy; fully characterise the observed parton. An
analogous definition holds when usirginstead ofv as independent variable. As an example, the
HERMES DIS phase space in the ©@?) plane is determined by the valueswf, , Q2. andymax

in’ ~<Xmin
2+ W2, — M?
min 2|\f;|1'n <V < YmaxEuf (22)

2 < Q%< M2+ 2My — W2, .
Additionally, one may impose stronger cuts\re.g.,v > vnin, as at the EMC experiment, and in
some HERMES analysis.

With Egs. (20) it is easy to plot the hadron-hadron-equival2iS phase space in theg ( pr)
plane. As an example, we can consider the RHIC-equivalemsg@kpace of the HERMES and
EMC experiments, using/s, = 200 GeV, shown in Fig. 5 left. Note that according to Eq. (21),
the hadron-hadron-equivalent phase space at other cdntess energies can be obtained by a
shifty, —y; + Ay,, see Table 4. We assume the pQCD formulae used to define thenkiaaidron-
equivalent phase space to be valid at RHIC top energyfor p, = 1 GeV: the corresponding
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pQCD confidence region is plotted as a dotted line, see Eyb@dw for details. We can see that
the HERMES experiment, wit,; = 12 and 27.6 GeV, covers less than one third of the available
RHIC pr range aty; ~ -3, with shrinkingpr coverage at larger rapidity. In the SFSAL
midrapidity region it reachepr = 2.5 GeV at most. Since

Vs pr
=100 R @9

andymax CanNot be increased above 1, the only wayfteatively reach larger values f is to
increase the electron beam endfgy Indeed, the EMC experiment, wilys = 100— 280 GeV,
covers a larger span in rapidity and extendg;tez: 0. Moreover, the increased energy allows one
in principle to reach much highgx than at HERMES. However, only th® < 3 GeV region has
been explored. As also shown in Fig. 5 left, the proposedtilrdon Collider (EIC) [40, 41] will

be able to &ectively study the;, > 0 region, and cover most of the RHIC phase space. Likewise,
it will cover only they; < 0 part of the LHC phase space.

When discussing hadronic collisions in the framework ofinehr factorisation in pQCD, we
should first define the region of validity of perturbative qmmations: pr > po. Typically one
needspy > 1 GeV, which agrees with the phenomenological analysis ¢§.Ré2,43]. Then,
the hadron-hadron phase space at a gieis defined by the kinematic bounds or»2 parton
scatterings [42]:

ly1| < cosht (2—\/_:)
\s
Po = Pr = 2 coshy,) (24)
- Iog(%S —eM) <y, < Iog(%S - en)
—eyh( Pir —)<z<1

Introduction of intrinsic parton transverse momentum i@ thrmalism, or use of next-to-leading
order kinematics [44], would relax somewhat these boundslaye rapidity, where the-22
phase space is becoming more and more restricted, 2arton fusion processes may become the
dominant mechanism, because they are sensitive to muchfi@ggonal momenta; [45]. Hence,
at the boundary of the hadron-hadron phase space, the rdseralysis becomes unreliable.

The DIS-equivalent hadron-hadron phase spasalefined as the image of Eqgs. (24) in the
(v, @% v, z,) space under Egs. (19). It is 4-dimensional an@idlilt to directly visualise. A way
around this problem is to define suitable trajectories inrtiadhadron phase space averaged over
y», and to project them into the DIS-equivalemt@?) and ¢,z,) phase spaces. We can define a
prT- andy,-dependent average observable as follows

f dz dy dy, O(pr, Y1, Y2, Z)ds%%tz;;:dz

G-AB—hX ’
f dzdy dyzdg%dyldyzdz

0) PhT.Yh = (25)
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Figure 6: left: Fixedy,; hadron-hadron trajectories plotted in the DIS-equivalen®?) phase
space for RHIC aty/5; = 200 GeV and various rapidities, for FNAL and SPS at midrapidihe
dashed line encloses the HERMES phase space; the dotteehloheses the EMC phase space.
The arrow indicates the direction of increasifigr) and(z,). Right: Trajectories in they z,)
plane. The arrows indicate increasipgandQ?.

where

dé‘_AB—>hX dO_AB—>f1X

o 26
dp2dy;dy,dz fZ fl()dpidyldyz (26)

déAB~"X is the LO pQCD dfferential cross-section for production offaparton in a collision
of hadronsA andB (nucleons or nuclei), anENf‘1 is its fragmentation function into the observed
hadron. Then we can define fixggltrajectorieq ((v)pr 5 (Q*)pr ) P = Po} aNA{((M) pr. 3 (Zn)pr 5); PT >
Po} in the DIS-equivalent phase space.

As an example, in Fig. 6 we considered hadronic collisionRHtC top energy+/s,, =
200 GeV and at fixed-target energigs,, = 17 — 27 GeV, and plotted the fixey trajecto-
ries in the DIS-equivalent phase space. The rangg @panned along each trajectory is tabulated
in Table 5. The spanned range@3 is limited by the maximunp; at each rapidity, according to
EqQ. (24). As expected, the smaller the rapidity~ y; the smaller the spanned RHIC trajecto-
ries withy, < —2 span relatively low values of < 60 GeV and large values @ > 0.5, where
the EMC and HERMES experiments have shown non negligibleé Q@D matter suppression of
hadron production. At higher rapidity, the larger spannaldies ofy will make cold QCD matter
effects less prominent.
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SPS FNAL RHIC
VS = 175 GeV | 5§, =274 GeV vVSw = 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 averager) spanned along trajectories at fixed rapidifyat RHIC top energy
vVSw = 200 GeV and at fixed-target energigs,, = 17— 27 GeV.pyr is quoted in GeV.

2.3 Nuclear modification observables

In lepton-nucleus DIS, the experimental results for hadsoyduction are usually presented in
terms of the hadron multiplicity rati&,, which represents the ratio of the number of hadrons of
type h produced per deep-inelastic scattering event on a nuadegettof mass A to that from a
deuterium target (D). The multiplicity ratig, depends on the leptonic variabbeandQ?, and on

the hadronic variables= E;/v andp? defined in Section 2.1. It is defined as the super-ratio

Nn(z v, Q% p%)) / ( Ni(z v, Q7 p%))
Ne(v, Q%) A Ne(v, Q?) D ’

where N, is the yield of semi-inclusive hadrons in a giveny Q?, p2)-bin, andN, the yield
of inclusive deep-inelastic scattering leptons in the s&m@?)-bin. Normalizing the hadron
yield to the DIS yield allows one to cancel, to a large extémitjal-state nuclear fects such
as (anti)shadowing of PDFs and isolates final-state nuohedlifications of hadron production as
a deviation ofRy, from 1. A suppression dRy is experimentally observed to increase witland
to decrease with, and more mildly withQ?. When plottingRy as a function ofpr, one observes
a suppression at smgh and an enhancement abgye~ 1.5 GeV. This behaviour is also known
as “Cronin dfect”. The amount of transverse momentum broadening (defimdrespect to the
direction of the virtual photon, see Fig. 4) is quantified via

APTY" = (PEIh = (PD)D - (28)

Here, (p2)1 is the average transverse momentum squared of a hadronehtymduced on a
nuclear targeA

Ry (z v, Q% p8) = ( (27)

Zp‘r,ZV,QZ p'2|' Nh(za v, QZ, p'zl')lA
ZpT,Lv,QZ Nh(z’ v, QZ’ p12')|A

(P = : (29)
and(p2)" is the same quantity for a Deuterium target. The hagrpibroadening is supposed to
be accumulated mainly by elastic scatterings of its parartbp 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 presdrit the ratio of the hadron trans-
verse momentum spectrum measured\im A at a given rapidityy and impact parametdr (or
centrality class) normalised by the nuclear overlap fumcliag(b) — related to the “parton lumi-
nosity” at a giverb — over thep + p spectrum:

1 d2NAB(b) /dza;”p

Tag(b) dpidy | dpdy (30)

RRB(pT’ y1 b) =



Accardi et al. Hadronization at the EIC 17

In the absence of nucleaffects, one would expe&,g = 1.

Medium modifications of hadron production in nDIS and heawy-<ollisions can also be re-
vealed by means of multi-particle azimuthal correlatiombjch are sensitive to the underlying
parton-medium interaction and to the properties of the omadi For example, two-hadron cor-
relations measured at RHIC revealed significant broadesmysoftening of associated hadrons
on the away side of a triggered high-particle, which is consistent with the observation of the
hadron suppression in the single inclusive measurementsDIS processes, the distribution of
associated sub-leading hadrons to the leading hadronlisichismg accepted theoretical models of
single inclusive hadron suppression.

3 Space-time evolution of hadronisation

Even though hadronisation is a non perturbative processwadatures can be extracted from
general grounds. A parton created in an high-energy ocoflisan travel in the vacuum as a free
particle only for a limited time because of colour confinemérhas to dress-up in a colour-field of
loosely bound partons, which eventually will evolve inte ttbserved hadron wave function. The
same dressing process can be expected for partons trauel@@D matter, but will be modified
by interactions with the surrounding medium. In a deconfinedear medium such as the QGP,
the dressing process might furthermore be delayed untihé@ium cools down and comes closer
to the confinement phase transition.

The bare parton-medium cross section is dominated by tiséecte+ b—a + b parton-parton
scattering and gluon bremsstrahlung, of or@€t0) mb. However, the dressed parton is likely to
develop an inelastic cross section of the order of the haclare (O(40) mb.), becoming subject
to nuclear absorption similarly to the final state hadron¢¢g it can be considered a “prehadron”
and denoted bf.. The prehadron may still be in a coloured state and radiatengl but is likely
to neutralise its colour before its wave function collapseshe observed hadron’s wave function.
We can therefore identify 3 relevant time scales, see Fig¢l)/the “prehadron production time”
or “quark lifetime” t,en, at which the dressed quark develops an inelastic cros®se(®) the
“colour neutralisation timet,, at which gluon bremsstrahlung stops, and (3) the “hadramde
tion time” t,, at which the final hadron is formed. Typically, model apalions further simplify
the process and assumygn = tcn. We would like to remark that the prehadron and the formation
times are introduced as a phenomenological tool, rather ahaell defined theoretical construct,
in order to distinguish the stage in which the parton can Iserilged as an asymptotically free
particle and treated in pQCD from the stage in which colourfio@ment and non perturbative

q h¢ h) h

{ ) O >

O
(&)

I I I I t
0 tm'e/z ten th

Figure 7: Sketch of the time evolution of the hadronisaticocpss with definition of the relevant
time scales. A quark created at time 0 in a hard collision turns into a colouredchadeonh®,
which subsequently neutralises its colduff, and collapses on the wave function of the observed
hadronh. Gluon radiation lasts until colour neutralisation.
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Figure 8: Quark hadronisation by emission of one parteit) @nd emission of one parton accom-
panied by many soft gluonsight).

interactions kick in and warrant a treatment in terms @fedent degrees of freedom. Such a phe-
nomenology is well suited to the present status of the thieateand experimental investigation,
but will need to be substantiated or replaced by a more fuedéehQCD description. Finally, note
that strictly speaking the very question “Is the prehadamid within or without the medium?”
is ill-posed: in quantum mechanics it can happen one wayerathplitude and the other in its
complex conjugate, and the interference between the twodaaypn-negligible [46].

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

= ya%
th) o« Rh— = Ry— 31
(th) thfh Rhmh (31)

In Table 6 we show the hadron formation time estimated by Bf) for a typical 7 GeV pion
(R, =~ 0.67 fm) at HERMES and RHIC. We hayg) ~ 40 fm > R,, which points towards a
long quark lifetime with hadron formation outside the mediuHowever, for kaons and protons
(R, = 0.58 fm and 0.86 fm) we obtain much shorter formations tigies ~ 10 fm and(t,) ~ 8
fm, which are comparable to the size of the medium.

A more detailed estimate [25] can be obtained by looking drdwsation in light-cone co-
ordinates, where for any 4-vectef, we write @ = (a*,a",dr) with a* = (&° + a%/ V2 and
dr = (a%,a®. We consider a relativistic on-shell quark of mads and plus-momentunp*,
hadronizing into a hadron of mass, and 4 momentunp;, = zp". Minimally, hadronisation pro-
ceeds by emission of an additional, typically light, partocarry away the extra colour, see Fig. 8
left. The process in momentum space is

MZ rnﬁ + R)Z R’Z
+ q o+ i _ + i

[P g5 Orl = |20 = K + [A- 20", 55 K (32)

where we imposed 4-momentum conservation. In time-ordeeewirbation theory, the light-cone

separatiom\y* between the initial and final state can be estimated by thertainty principle:

Ay+zl/Ap_:_) 22(1_Z)p ,
k2 + (1-2mé-z(1-2 M2

(33)

whereAp™ = p, + p, — Py- The hadron formation time is then

() ~ V2 Ay* . (34)
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Figure 9:Left Hadronisation in the Lund string model in the target reatfe. Right Prehadron
production time (t,en)) and hadron formation timestg)) for v = 10 GeV quarks fragmenting into
pions, as computed in the Lund string model [48].

This estimate should actually be considered an upper lindeed, hadronisation is a non-perturbative
process, hence it will be accompanied by the emission of reaftygluons, see Fig. 8 right. The
system of emitted parton plus soft-gluons has an invarissgsm. Taking this into account,

we should add an additionaht, term at the denominator of Eq. (32), which would reduce the
formation time. In Table 6 we show the hadron formation tiregneated by Eq. (33) for typical
hadrons at HERMESz(~ z, ~ 0.5, p*/ V2 ~ v ~ 14 GeV) and typical mid-rapidity hadrons

at RHIC z ~ 0.7, zp" ~ p.? ~ 7 GeV), where we assuméd ~ AéCD. As in the previous es-
timate, highpr pions are formed outside the mediuft Y ~ 30 fm), kaons (&) ~ 10 fm) and
protons (t,) ~ 4 fm) have formation times comparable to the medium size hatady mesons are
produced rapidly inside the medium.

At least for light quarks and gluons, these estimates canskd to justify the computation
of hadron quenching in terms of parton-medium interacti@iose, as done in radiative energy
loss models [49-51]. However, even if the hadron is fullynfed outside the nucleus, the colour
field which the quark is building up might start interactingiwthe medium much earlier. In other
words, the quark lifetime might actually be smaller tharhia &bove estimates due to the formation
of a prehadron, whose production time we are going to estimat

A successful non perturbative model of hadronisation id th&d string model [52], see Fig. 9
left. The confined colour field stretching from the struckdgta the rest of the nucleus is modeled
as a string of tensiors, ~ 1 GeV/fm, and spans the lightly shaded area in space-time. The
prehadron formation point is identified with thyg pair production poinC; which breaks the
string in smaller pieces [53]. Hadrons are formed at pdftshen a quark and an antiquark at the
endpoint of a string fragment meet. The subsdripidicates the so-called rank of the produced
(pre)hadron, counted from the right of the figure. Averagehpdron production times can be
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Estimate kinematics =« K p D B
Eq.(31) HERMES 34fm 8fm 6fm

Eq. (31) RHIC 48 fm 12fm 9fm

Eq.(34) HERMES 36fm 11fm 4fm 1fm 0.2fm
Eq. (34) RHIC 26fm 10fm 4fm 1fm 0.2fm
Eq.(35) HERMES 13fm 8fm 25fm

Eq. (35) RHIC 7fm 5fm 14fm

Table 6: Estimates of typical hadron formation tingg$ for pions, kaons, protons, and D and B
mesons at HERME&( ~ 0.5,v ~ 14 GeV) and at RHIC at mid-rapidit;p@ ~ 7 GeV/c) obtained
with Egs. (31), (34), and (35).

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

torer) = F(20) (1—2.1)? L) = (e + 2 (35)

str Kstr

whereyv is the struck quark energy. The factpy can be understood as a Lorentz boost factor.
The (1- z,) factor is due to energy conservation: a higrhadron carries away an energy;
the string remainder has a small eneegy (1 — z,)v and cannot stretch farther than= €/«-.
Thus the string breaking must occur on a time-scale prapmatito 1- z,. The functionf(z,)
is a small correction oftpeny, Which can be computed analytically in the standard Lund ehod
[48,53], andksy = (1 GeVfm) r2/rZ, with r,, the hadron radius, are taken from Ref. [48] The
resulting pion formation time scaled by a factgik, is plotted in Fig. 9 left. A typical pion
produced at HERMES energies (i.e. with fractional eneggy 0.5 from a parent quark with
energyv = 14 GeV) hastpen) ~ 6 fm < Ry and(ty) = 13 fm > Ra, with similar values at RHIC
at mid-rapidity. The final hadron is typically formed at theriphery or outside the nucleus so
that its interaction with the medium is negligible (see &). However, the prehadron is formed
inside and can start interacting with the nucleus. A dadaf@ce-time analysis of hadronisation in
the PYTHIAJETSET Monte Carlo implementation of the Lund string moded heen performed
in [55], with similar conclusions regarding the magnitudéhe pion prehadron production time.

In Ref. [56, 58, 59] the formation of a leading hadran £ 0.5) is described in a pQCD model,
see Fig. 10. The struck quark radiates a gluon. The gluon $péts into aqq pair, and the
g recombines with the strucl to form the leading prehadron, which later on collapses @n th
hadron wave function. The cross-section can be computed tihe modulus squared of the sum
of the two gauge-invariant amplitudes shown in the figurez,/At 1, higher twist &ects spoil this

é’ El

Figure 10: Diagrams for leading hadron formatior¢ia A collisions: Gauge-invariant set [56]
(left), and dipole-model approximation [S#jdght).
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0.06

Figure 11: Probability distribution of the prehadron protion time ty., = t obtained in the
colour-dipole model of [57].

simple mechanism for hadronisation. The dipole model of F&f] approximates the described
cross-section as a convolution of a Gunion-Bertsch ramhatross section [60] with the gluon
splitting plus quark recombination process, see Fig. 1btrigrhe prehadron is identified with
the qq pair which includes the struck quark, and its productionetiis identified with the time
at which the gluon becomes decoherent from the struck qu@fe should note that, strictly
speaking, at the production time the struck quark-gluonesyds in an octet state until gluon
splitting occurs; however, in this model, gluon radiatismeglected during the octet stage). The
model can compute the probability distribution in the pdrioa production time, see Fig. 11, and
the averagetpen is

(torery o (1= zh)g . (36)

The interpretation of the-1z, factor is in terms of energy conservation: the longer thecktquark
propagates, the larger its energy loss; hence to leave mitseoergy to &,—1 hadron, the quark
must be short lived. The scale is setdgy = Q*. AtHERMES, withQ? ~ 10 GeV/fm, one obtains
for pion production(tyen < 5 fm atz, > 0.5: pre-pions are formed inside the medium. At RHIC,
whereQ? « p2, andz,v ~ pr for mid-rapidity hadrons, one obtains the counter-inteitiesult that
(torepy o« 1/pr: prehadrons are formed the quicker the higher their trassw@omentum [57, 61],
typically inside the medium.

In summary, there are considerable uncertainties in ther¢tieal estimates of the formation
and production time, hence of the length of the partonic @ledghe hadronisation process. It
is of foremost importance to establish the scalgtgf,) and its dependence on the kinematic
variables of the scattering process, through a carefulyaisabf experimental data and tests of
phenomenological models. It will be the first step into a @eegmd 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. Tihetocal 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/AorGeV] || 7.5 3 100 2100 20|75 7| 2750 70
L peak [10%2 cm?s7!] 1 0.1 1 100 1.0

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

5 EIC capabilities

An electron-ion collider would significantly complementdaadd new dimensions to the experi-
mental studies at fixed target facilities, by extending #uege of accessible leptoke, and ion,
Ea, energies. Proposed designs for an electron-ion collggently have a fairly wide range of lu-
minosities and center of mass energies, see Table 7. Thedtidon Collider (EIC) is a proposed
US based facility, which will provid&, = 3 - 20 GeV andEs = 15— 100 GeVA [40, 41]. There
are currently 2 complementary concepts to realize it [4) eRHIC will add an electron beam to
the existing RHIC ion accelerator at BNL - the option of stapit, and first realize a lower energy
version withE. = 2 — 4 GeV, based on an energy recovery linear accelerator fal#dotron beam
is being actively discussed [62, 63]; (ii) ELIC will add amiaccelerator to the CEBAF upgraded
12 GeV electron ring at Jeerson Lab. The eRHIC concept emphasizes the energy rargel te
concept will reach up to 100 times more luminosity, but watvér maximum energy. The Large
Hadron-electron Collider (LHeC) is a proposed upgrade efltHC at CERN [64], and will reach
much higher energies than the EIC, still with a good lumityo&ecause of the very large energy
asymmetry of the lepton and hadron beams, it is not yet cfaamill be possible to design an
optimized detector for bote+ p ande + A collisions. Finally, the idea of building a low-energy
electron-ion, collider at FAIR has recently been advan&&]: [the goal of the “Mainz concept
for a Nucleon electron collider at FAIR” (MANUEL@FAIR) is tbave a center of mass energy
between HERMES and COMPASS, but up to a factor 100 highemiasity. Here, we will focus
on the EIC capabilities, but most of the discussed measursméll be in principle possible at
MANUEL and the LHeC, as well.

The EIC will provide virtual photons with energies in the= 10— 1600 GeV range, large
Q? up to 1000 GeY, and lowx > 1075 the collider mode will allow one to separate current
from target fragmentation; its high luminosity will allovzeess to rare signals, multiffBrential
measurements, and dihadronjehadron correlations. At EIC we will be able to cross-check
HERMES and CLAS measurements, while having many more chaateur disposal and an
extended kinematic range for studying hadronisation eslet nucleus at low; and at high»
testing basic QCD processes at the parton level, such aslan parton energy loss and the
space-time evolution of the DGLAP shower. EIC will be unigcempared to HERA (HERMES)
and JLab (CLAS), in the following areas:

e At the largev accessible at the EIC, hadrons will clearly be formed oetsite nuclear
medium, so thatféects due to the propagation of the struck quark can be expetatty
isolated. One will have new accesspg-broadening studies, which can cleanly probe the
parton radiative energy loss as predicted by pQCD at asytrogioergy. It will also be pos-
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sible to study in detail the interplay of radiative and bnal parton energy loss, medium
modifications of the DGLAP evolution, and test factorisatior the fragmentation func-
tions.

e Heavier mesons like and¢ will be more abundantly produced than at HERM8Sb. At
both medium-low and large, comparing their quenching to that of their lightemand K
counterparts will provide important clues about partorppigation and hadronisation.

e The EIC excellent lowx coverage provides increased production of heavy flavor aadkq-
nia. In particular, it will be possible to study the heavy kseenergy loss through thigand
D meson suppression. Theoretical mechanisms proposeditore3fy, suppression ip+A
andA + A collisions can be put to the test in a clean experimentakenment by studying
J/w, ¢ andy spectra.

e The largeQ? coverage will access the true perturbative QCD regime, wiposdiction can
be more confidently tested against the data, in particulaucdransparencyféects and the
Q?-dependence of the observables discussed in this revietthie hadromr-broadening.

e Baryon production through parton fragmentation will algoazcessible, because of the col-
lider mode and the accessible final-state invariant magdas.will allow studying baryon
transport in cold QCD matter and the baryon anomaly observéged targete + A colli-
sions at HERMES and in heavy-ion collisions RHIC. The apiid identify a good variety
of baryons, including the strange and charmed sector, wil key to this program.

e For the first time, jet physics in DIS with a nuclear target \wé experimentally accessible.
In particular, medium modifications of the jet shape, andabmparison of light-quark to
heavy-quark and gluon initiated jets will shed light on theamanisms underlying parton
energy loss. These studies can also be extended to dijeedicorrelations.

In summary, the collider kinematics and associated dateetdh excellent calorimetry, hadron
detection, and rapidity coverage, will allow for a compnesige 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 PYTHIAB. Although this generator
only simulates electron scattering on nucleons and doemadotde nuclear £ects such as Fermi
motion, it is suficient for our purpose to study the kinematical coveragestarmctract rates for
the multiplicity ratios. For the present study, we have gatesl 16 events per collider and per
target (p,n). To select DIS events, the following cuts@mandW are applied:Q? > 1 Ge\? and
W > 2 GeV for staged eRHIC, an@? > 1.5 Ge\? andW > 4 GeV for eRHIC and ELIC.

Table 8 summarizes the generated cross section of subpescts each design. About 80
% of the generated events are DIS. Table 9 shows multiggfor several particle types on deu-
terium. Pions and kaons are produced copiously. There$tr@yge quark hadronization can be
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| Subprocess | o for eRHIC (mb)] o for s-eRHIC (mb)| o 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 + fobar— > 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
g+ 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 prodiydegthia for diferent collider con-
figurations.

studied with high precision. In the heavy flavor sector, sedéaumber oD mesons is produced.
However, dedicated studies of their reconstruction chigriveese to be performed in order to opti-
mize the dfficulty of reconstructing the decay products versus thessizdl precision. The same
issue exists for B meson an@.Jdn addition to the fact that their production cross sectemuch
smaller. Taking the example of°Omesons, their production cross section is five time larger et
eRHIC that ELIC due to the higher center of mass energy. Hewekis deficit get reversed to
the advantage of ELIC due to the two order of magnitude morerlasity. Moreover, the tracking
capability of the detector, its particle identification avertex 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 concephtdate its acceptance, we apply
a simple geometrical cut retaining only particles with agp@ngle between 3 and 177 degrees to
exclude the beam pipes. This is good for a first rough estonati the detector acceptance. How-
ever, we note that the angular coverage is very importarfiéary particles, especially baryons,
that are produced very close to the direction of the beamenu€ln the contrary, with DIS cuts
there is no issue with electrons because of the boost comangthe nuclei, electrons are in the ac-
ceptance. However, the successful reconstruction of he@gspns (B, D, 4V4...) needs excellent
vertex determination 10Qum).
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| Hadron| Detection channe] eRHIC | s-eRHIC| ELIC |
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n° Yy 3885 3060 | 3174
nt direct 3411 2683 | 2781
- direct 3505 2770 | 2869
0° ntn” 620 489 507
ol ntn 583 461 527
o nn~ 584 460 474
n Yy 413 323 339
W mtnn° 575 457 472
n ntnTn 112 86 89
¢ KK~ 47 34 35
K* direct 401 306 320
K- direct 336 243 256
K2 VaF o 352 260 273
p direct 714 651 659
p direct 181 125 133
n direct 635 587 595
n direct 166 113 120
A pr- 145 125 128
ot pr° 20 16 17
>0 Ay 21 18 18
Do n/a 31 18 20
D* n/a 10 6 6
B? n/a 0.2 0.06 0.08
B* n/a 0.3 0.04 0.1
J/¥Y n/a 0.02 0.002 | 0.007

Table 9: Simulation of multiplicity from Pythia with cuts &% and W: & > 1.5 GeV¥ and W> 4
GeV for 1000 events on deuterium.

6.3 Results

Figure 12 shows the correlation betweehadxg for the three EIC designs. In this plot we take
into account the luminosity by using a threshold on the nurabaccepted events. The comparison
between eRHIC and ELIC shows a better coverage at @fgtor ELIC and at lowxg for eRHIC.
This is due to the long tail of th@? distribution enhanced by the great luminosity. On the amgtr
the xg distribution decreases faster since it depends only onvhiéable center of mass energy.
Figure 13 shows projected statistical errors for the clthpgens multiplicity ratio at the EIC
(eRHIC design) with 10 weeks of beam compared to data fromHEBRMES experiment [19].
ELIC will benefit of a 100 times larger luminosity, therefave can expect as much kaons in ELIC
as pions in eRHIC. With both designs, the huge amount of dal®ih cases is extremely useful
to produce multidimensional study, where HERMES gives twoensional plots, one could have
up to 5-dimensional analysis and completely understandependence of the multiplicity ratios
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Figure 12: Kinematic coverage of thefidirent EIC designs. This coverage take account of the
luminosity given in table 7 and the cross section given bynRyfTables 8

on the kinematic variables.

In the future, this simulation will need to be improved by doning it with realistic detector
simulation, especially to evaluate systematics errors bgradding a simulation of nucleatftects.
Some solutions have to be explored to reconstruct exotiomasd baryons to evaluate thige
ciency we can achieve for those particles, which are vegrasting. Detection of heavy flavor and
guarkonium needs to be addressed, as well. We also plan eatiedlistudy for an hadronization
program at the staged eRHIC.
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