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I examine the role of final state interactions in cold nuclear matter in modifying hadron production on
nuclear targets with leptonic or hadronic beams. I demonstrate the extent to which available experimental data in
electron-nucleus collisions can give direct information on final state effects in hadron-nucleus and nucleus-nucleus
collisions. For hadron-nucleus collisions, a theoretical estimate based on a parton energy loss model tested in
lepton-nucleus collisions shows a large effect on midrapidity hadrons at fixed target experiments. At energies
currently available at the BNL Relativistic Heavy Ion Collider, the effect is large for negative rapidity hadrons
but mild at midrapidity. This final state cold hadron quenching needs to be taken into account in jet tomographic
analysis of the medium created in nucleus-nucleus collisions.
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I. INTRODUCTION

Hadron production on nuclear targets is strongly influenced
by the presence of cold and hot nuclear matter. The most
spectacular effect is jet quenching in nucleus-nucleus (A + A)
collisions [1-4], namely, the suppression of hadron production
at large transverse momentum compared to a suitably scaled
cross section in proton-proton collisions. This phenomenon
is widely used as a tool to explore the properties of the hot
QCD medium produced in heavy-ion collisions [5-7] and as
evidence for the creation of a novel state of matter at the BNL
Relativistic Heavy Ion Collider (RHIC) [1-4], possibly the
quark-gluon plasma (QGP) [8]. Hadron suppression has also
been observed in lepton-nucleus (¢ + A) [9—14] and hadron-
nucleus (& + A) collisions [15—17], where one does not expect
the formation of an extended hot medium. In this case, the
target nucleus itself (cold nuclear matter) induces the observed
suppression of hadron production, which I will refer to as “cold
hadron quenching,” or cold quenching in short.

Nuclear effects in cold nuclear matter can be classified
as initial state (IS) or final state (FS), depending on whether
they happen before or after the hard collision which generates
the hard probe. FS effects can be isolated in semi-inclusive
hadron production in ¢ 4+ A collisions. Hadron suppression
in these collisions [9-13] is typically attributed to radiative
energy loss of the struck quark or to nuclear absorption of a
colorless prehadron, see Ref. [18] and references therein. IS
effects can be experimentally isolated in Drell-Yan processes
in h 4+ A collisions [19-21], and they are attributed to nuclear
shadowing or radiative energy loss of the incoming parton
[22-24]. In large- p7 hadron production in & + A collisions,
both IS and FS effects are present, and they cannot be easily
disentangled. They give rise to a host of interesting effects.
They modify the shape of midrapidity hadron pr spectra,
slightly suppressing it at small py < 1-2 GeV and enhancing
it at intermediate 2 < pr < 6 GeV; this is known as the Cronin
effect [25-27]. An extensive study of the rapidity dependence
of the Cronin effect in deuteron-gold (d 4+ Au) collisions at
RHIC has shown an interesting evolution of the Cronin effect:
the Cronin enhancement grows at backward rapidity y —
Yem, < 0[28-31]; however, at forward rapidity y — ye.m. > 0,
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the spectrum is suppressed up to large pr [15-17], a trend
confirmed also at lower energy collisions [32,33]. The forward
rapidity suppression has been widely interpreted as evidence
for the onset of the color glass condensate, a universal state of
highly saturated quark and gluons in the nuclear wave function
[34,35]. However, explanations in terms of IS energy loss and
higher-twist shadowing [33], leading-twist shadowing [36],
Sudakov suppression [37], or FS parton recombination [38]
have been equally successful in describing the data. The rise
of the Cronin effect at backward rapidity is more difficult to
understand [39]. Explanations in terms of IS antishadowing
[40] or saturation [28] have been proposed. Finally, recent
PHENIX data on neutral pion production in d + Au collisions
at midrapidity suggest a small suppression of midrapidity 7°
at pr 2 10 GeV [41]. This suppression cannot be explained
by the European Muon Collaboration (EMC) effect, which is
effective at pr > 15 GeV [42,43], but it may accommodate a
small final state energy loss of order 10% [43].

A consistent interpretation of this wealth of experimental
data requires a deep understanding of IS and FS interactions
at the parton and hadron level and the development of a
unified computational framework [44]. As a contribution to
this program, in this paper I will analyze phenomenologically
the contribution of final state interactions to hadron production
inh + A and A + A collisions, and I will show that it is indeed
non-negligible in the whole backward rapidity hemisphere up
to RHIC energy. At the CERN Large Hadron Collider (LHC), it
will be important only at very backward rapidity y — yem. < 3.
In Sec. II, T will review the kinematics of hadron production
at leading order (LO) in perturbative QCD for deep inelastic
scattering (DIS) and nucleon-nucleon (N N) collisions and
build a dictionary that relates the kinematic variables used in
the two cases. In Sec. III, I will compare the NN and DIS
phase spaces at present and future experiments in terms of
either set of variables, to understand in detail the relevance
of NN to DIS and vice versa. In Sec. IV, I will use the
developed kinematic dictionary to show the extent to which
present £ + A experimental data can give information on final
state cold nuclear matter effectsin 2 + A and A + A collisions
(collectively, A + B collisions). Then, I will use an energy
loss model tuned to £ + A data to estimate cold quenching
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in h + A collisions for midrapidity hadrons at the CERN
Super Proton Synchrotron (SPS) and the Fermi National
Accelerator Laboratory (FNAL), and at various rapidities at
RHIC. A comparison of FS and IS effects will be discussed in
Sec. V, and my conclusions reported in Sec. VI.

II. PARTON AND HADRON PRODUCTION IN
DIS AND NN COLLISIONS

Considering parton and hadron production at LO in NN
collisions and DIS collisions, it is easy to provide an explicit
dictionary translating between the variables traditionally used
in the analysis of the two processes. I will start by discussing
the kinematics of parton and hadron production in NN
collisions in the center-of-mass frame (c.m.f.). I will then
suitably identify the DIS kinematics in terms of N N variables,
and derive the dictionary. I will work in the framework of
collinear factorization in pQCD and use light-cone coordi-
nates throughout this discussion: for any four-vector a”, I
write a* = (a*, a”, dr), where a® = (a® & a*)/+/2 are the
plus and minus momenta and dr = (a', a®) the transverse
momentum.

A. NN collisions

In pQCD atleading order in the coupling constant &, parton
production in N N collisions proceeds through 2 — 2 partonic
collisions. (See left side of Fig. 1 and Table I for the definitions
of kinematic variables.) Several LO processes can contribute
toagivenij — f) f» collision, represented by a black disk in
the diagram, see Ref. [45] for details. The momenta of the two
nucleons colliding in the c.m.f. with energy +/s /2 each are

P Yy
- 27\/2—§7T )

(D
J = Ly ki 0
- \/2—57 27 T )
where M is the nucleon mass and
- 1+ 1+ M*/s2
§= sf. 2)

FIG. 1. LO kinematics for parton production. (Left) in NN
collisions; double lines indicate hadrons or nuclei, single lines are
partons. (Right) in DIS collisions; double lines indicate hadrons or
nuclei, thin single lines are partons (bottom) or leptons (top). The
labels define the particles four-momenta.
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TABLE 1. Definitions of the kinematic variables for semi-
inclusive parton and hadron production in pQCD (top and bottom
part of the table, respectively). Particle four-momenta are defined
in Fig. 1. Boldface variables are experimentally measurable. The
remaining variables are theoretically defined in the QCD parton model
in collinear factorization. Note that at LO, with two final state partons,

I;IT = _I;ZT = I;T-

Variable Definition

S Nucleon-nucleon center-of-mass energy
squared

xy=it/I* Initial state projectile parton fractional
momentum

X, =j7/J” Initial state target parton fractional
momentum

pir = | f,-Tl Final state partons transverse momentum

(relative to beam)

y; = 0.5log(f* /) Final state partons rapidity

Yem = Rapidity of the center of mass

0.5 log(F+1%)

z=pi/fi Hadron fractional momentum relative to
parent parton f;

Pur = |Pirl Hadron transverse momentum (relative to
beam)

yn = 0.5log(p; /p,) Hadron rapidity

n = —logtan(0*/2)  Hadron pseudorapidity (9* is the angle
between the parton and the beam in the c.m.

reference frame)

I will neglect terms of order O(M?/s) compared to terms of
O(1) and will use § ~ 5. Note also that in the definition of
the nucleon momenta, I explicitly retain the nucleon mass in
Eqg. (1) 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 four-momenta in terms of the
parton fractional momenta x; read

i = <x1§701 6T> )

j= (0,)62\/5 6T>

27

In terms of rapidities and transverse momentum p7, the parton
four-momenta read

fi = (%ey', %eﬂ', —ﬁr), o)
fr= (%en, %e*”, ﬁT). ©)

We can express the parton fractional momenta in terms of
Pr, Yi as
T )
x| = p_(eYI —i—e”),

75

Pr . _y —y
Xy = —(e +e ).
2 ﬁ( )

(6)
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Finally, the Mandelstam invariants are defined as
§=G+))7
f=G—f)=h—-i @)
@=G—f)>?=h-i

and four-momentum conservation is expressed as § +f + i =

0. In terms of rapidities and transverse momentum, the
Mandelstam invariants read

§ = x1x28,
f=—pr(l+e2™), ®)
i =—pp(l+e ).

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

Yemt. = Y — Yem.- 9)

The backward rapidity region (target hemisphere) corresponds
to y — Yem. < 0, and the forward rapidity region (projectile
hemisphere) to y — ye.m. > 0.

Hadronization in the collinear factorization framework
proceeds through independent parton fragmentation into a
hadron. It is universal, i.e., independent of the process which
produced the fragmenting hadron, e.g., NN or DIS collisions
[46]. The hadron fractional momentum z is defined by

Py =2f" P =zfir. (10)
Therefore the on-shell hadron momentum p;, reads
2, 242
_ M+ fir 2
Ph = <Zf1 ’T’an). (1D

The parton and hadron rapidities are related by y; = y, +
log(my, 7/ pnr)- The nonperturbative dynamics of the fragmen-
tation process is encoded in universal fragmentation functions,
which can be obtained in global fits of experimental data
[47,48].

B. DIS collisions

At LO in pQCD, deeply inelastic scattering proceeds by
exchange of a virtual photon in the 7 channel, explicitly shown
in Fig. 1, right. The DIS Lorentz invariants are defined in
Table II. Semi-inclusive nDIS is best discussed in terms of
v and QZ, which are the most relevant variables to hadron
quenching processes in nuclear targets. Analysis of inclusive
DIS is usually carried out using x and Q2.

DIS experiments can be performed with a fixed target (ft)
or in collider mode (cl). Examples are the EMC, HERMES,
and JLAB experiments, and the Electron-Ion Collider (EIC),
respectively. The colliding nucleon and lepton momenta are

ki = (V2E., 0, 07),

Py = (— —.0 )
ft — \/55 ﬁv T >
12)

M - .
Py=|—— V2EN,0r), kq=(V2E.,0,07),
1 (mEN v ) = ( )
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TABLE II. Definitions of the kinematic variables for semi-
inclusive DIS. The Lorentz invariant definition and its form in the
target rest frame are provided. Particle four-momenta are defined in
Fig. 1. All variables are experimentally measurable, hence typeset
in boldface. Note that x3 = Q?/(2Mv) independently of the chosen
reference frame.

Variable definition Target rest frame

M? = p? Target mass

Xp = 5 qu Bjorken scaling variable

Q =—¢* Negative four-momentum squared of the
virtual photon

V= j'}% = Energy of the virtual photon in the target

E;ff — E;rf/ rest frame

y= % = E‘;.f Fractional energy loss of the incident lepton

W2 = (P + 21)2 Invariant mass squared of the hadronic final
state

h = ’;”%,f = Ev" Fraction of the virtual photon energy carried
by the hadron

pr = |prl Hadron transverse momentum (relative to

the virtual photon momentum)

where E, and Ey 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 the electron, E;rf:

Ell‘f . Ee
e T ) 2ENE,
M

fixed target,
. (13)
collider mode.

Then the invariant y for both modes becomes y = v/E"T.

C. The dictionary

To connect the DIS and NN kinematics, 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 phantom nucleon of energy +/s/2 collinear with
the lepton, with four-momentum P'* = P¥. Comparing the
top and bottom of the right side of Fig. 1, we can identify

rP=J, P=I k=i,

K= f. (14)

The virtual photon momentum ¢, the fractional momentum x,
of the initial state lepton and the rapidity y, of the final state
lepton are identified as
qg=k—kK=i—fr, x.=kT/Pt=x, y.=mm.
In this way, we can relate the DIS kinematics to the NN
kinematics discussed in Sec. ITA. As an example, it is
immediately seen that, in terms of NN variables, Q2 = —1.
The full translation dictionary from DIS to NN variables can
be obtained in a straightforward way by combining the results
of Secs. IT A and II B and the definitions of Tables I and II.
First, we can express the DIS invariants in terms of parton
rapidities and transverse momenta. Neglecting target mass
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corrections, i.e., up to terms of O(Mz/s), we obtain

pPr . _y, -
xp=—(€e 7 +e "),
B ﬁ( )
0 = pr(1+e"™™),
=Meyn’ (15)
2M
B 1
Y= T
= Z.

Note that the first three variables are not independent, because
0? = 2Mxpv, and that xz = x, is interpreted as the struck
parton fractional momentum, as expected in DIS at LO. Note
also that v increases with increasing pr and increasing y;. In
other words, a parton of positive and large y; travels in the
opposite direction than its parent nucleon, hence in the target
rest frame it is very fast. Conversely, a parton of negative and
large y; travels in the same direction as its parent nucleon,
which means it is quite slow in the target rest frame. It is
also interesting to note that up to terms of order O(M?/s), the
parton and hadron energy in the target rest frame are

E=v
(16)
Eh = ZpV.

Finally, we can invert Eq. (15) to obtain the N N variables in
terms of DIS invariants such that

pr=(1-y)0%
0s (1—y'?
y1 = —log - ,
2MEY y
(17)
I—y
2=y +log| —|,
y
Z = Zh,

with y = v/EU.

Note that in DIS, the electron energy Eérf, hence the electron
X., 1s fixed by the experimental conditions; this is different
from NN collisions where the parton j has an unconstrained
fractional momentum. Changing the c.m.f. energy to +/s’
simply results in a shift of the parton rapidity,

yi—>yi + Ay, (18)
§—>8

where Ay, = log(y/s/+/s"). The value of Ay, compared with
the RHIC top energy +/s = 200 GeV is listed in Table III for
the experiments of interest in this paper. Another difference
between DIS and NN collisions is the rapidity difference Ay
between the outgoing “partons.” In DIS, the electron fractional
momentum is fixed, so that Aypis = y; — y. = log(y/(1 —
y)) is determined for each p7y and y; by the corresponding
value of y = v/E™ and can span only a limited range:

log <1y&> < Aypprs < log (1}]&) .19
— Ymax

— Ymin
For example, at HERMES, the experimental acceptance
0.07 <y < 0.85 translates into —1.1 < Ayjpis < 0.75. In
NN collisions, neither parton fractional momentum is fixed
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TABLE III. Rapidity shifts Ay, of the RHIC-equivalent DIS
phase space, tabulated for some energies of interest.

SPS FNAL RHIC RHIC  LHC
/5 (GeV) 17.5 27.4 63 200 5500
Ay, 2.4 2.0 1.2 0 -33

by the experimental conditions, hence Ayyy = y; — y» can
span

- Vi
—log <ﬁe - 1) <Aywn < log <ﬁe — 1) . (20)
pr

Pr

For example, for an observed parton with y; = —2 and py =
2 GeV, corresponding to the middle of the HERMES DIS
phase space, we obtain —2.5 < Ayyy < 6.6, even though
the average (Ayyy) will lay in the middle of this interval.

III. COMPARING THE PHASE SPACES

We can now compare in detail the phase spaces for parton
production in NN and DIS collisions. For this purpose, I will
define a N N-equivalent DIS phase space and a DIS-equivalent
N N phase space.

A. NN-equivalent DIS phase space

Given a DIS phase space, i.e., a given experiment accep-
tance region in the (v, Q?) plane, I define its NN-equivalent
phase space as its image in the (pr, y;) under Eqgs. (17). (I do
not consider the transformation of the fragmentation variable
zj, into z because of its triviality.) The reason for this definition
is that for both NN and DIS collisions, we can identify the
parton f of Fig. 1 with the “observed” parton in N N and DIS
collisions, i.e., the parton which fragments into the observed
hadron. Then the variables pr and y; fully characterize the
observed parton. An analogous definition holds when using
xp instead of v as the independent variable.

As an example, the HERMES DIS phase space in the

(v, Q%) plane is determined by the values of W2, ., Q2. . and
Ymax, that is,
2 2 2
W2 — M
Qmm + 2Mmm <v< ymaszrf’
@n
05 < QP < M*+2Mv — Wi, .

Additionally, one may impose stronger cuts on v, e.g., V > Vpjin,
as at the EMC experiment, and in some HERMES analyses.
With Egs. (17) it is easy to plot the N N-equivalent DIS
phase space in the (y;, pr) plane. As an example, we can
consider the RHIC-equivalent phase space of the HERMES
and EMC experiments, using /s = 200 GeV, shown in left
side of Fig. 2. Note that according to Eq. (18), the NN-
equivalent phase space at other c.m. energies can be obtained
by the shift y; — y; + Ay, see Table III. I assume the pQCD
formulas used to define the N N-equivalent phase space to
be valid at the RHIC top energy for p > pyp =1 GeV: the
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FIG. 2. (Color online) (Left) the RHIC-equivalent phase space of DIS experiments at E, = 27.6 GeV (HERMES, solid line), at £, =
12 GeV (HERMES and JLAB, dashed line), and at £, = 280 GeV (EMC, dot-dashed line). The dotted line shows the borders of the LO pQCD
phase space at the top RHIC energy, /s = 200 GeV. The two arrows show the location of the midrapidity region at SPS and FNAL fixed
target experiments. The open and filled symbols show the position of a representative selection of data on hadron suppression collected at the
HERMES [13,49] and EMC experiments [10], respectively. Red squares are for z;, distributions, green triangles for v distributions, and blue
circles for Q? distributions. The systematic uncertainties on EMC data, shown as error bars, are discussed in Sec. IV A. (Right) N N-equivalent
EMC and COMPASS phase space at /s = 27.4 GeV, compared with the SPS and FNAL phase spaces.

corresponding pQCD confidence region is plotted as a dotted
line, see Eq. (23) for details.

We can see that the HERMES experiment, with E™ = 12
and 27.6 GeV, covers less than one third of the available RHIC
pr range at y; &~ —3, with shrinking pr coverage at larger
rapidity. In the SPS/FNAL midrapidity region, it reaches py =
2.5 GeV at most. Since

«/E pPr
2MEY yonax )

and ym.x cannot be increased above 1, the only way to
effectively reach larger values of y; is to increase the electron
beam energy E™. Indeed, the EMC experiment, with E'" =
100-280 GeV, covers a larger span in rapidity and extends to
y1 2 0. Moreover, the increased energy allows the experiment
in principle to reach much higher p; than at HERMES.
However, only the py < 3 GeV region has been explored. As
also shown in Fig. 2 left, the proposed Electron-Ion Collider
(EIC) [50,51] will be able to effectively study the y; > 0
region, and cover most of the RHIC phase space. Likewise,
it will cover only the y; < 0 part of the LHC phase space.
The reason why present experimental data in £ + A colli-
sionsreach only pr < 2 GeV is that conventional DIS variables

2z, v, or Q% explore the available N N-equivalent phase space
in an uneven way. Moreover, in single differential distribu-
tions such as dN ﬁ /dz, the integration over the remaining
variables favors low values of 02, hence low- pr values. While
HERMES is inherently limited in its py reach by the low elec-
tron beam energy, the EMC experiment covers, in principle,
most of the SPS and FNAL phase space, see Fig. 2 right.
Therefore, a rebinning of the EMC experimental data in terms
of N N variables would result in experimental measurements of
final state nuclear effects, which are much needed for correctly
interpreting large-pr hadron spectra in h+ A and A+ A

y1 < log ( (22)

collisions at SPS and FNAL. Another possibility would be
to study u + A collisions at the COMPASS experiment [52],
which has a muon beam energy of £, = 160 GeV, which is
comparable to that of EMC, and whose phase space is also
shown in the plot.

B. DIS-equivalent NN phase space

When discussing NN collisions in the framework of
collinear factorization in pQCD, we should first define the
region of validity of perturbative computations: pr > po.
Typically one needs pp> 1 GeV, which agrees with the
phenomenological analysis of Refs. [42,53]. Then, the NN
phase space at a given y; is defined by the kinematic bounds
on 2 — 2 parton scatterings [42]:

)
S5

g —?
pr 2 cosh(y;)

|y1] < cosh™ (

Po <
(23)

_log <£ _e}'l) < y2< 1Og <£ _eyl) ,
p

pPr

2
—=e <1+ Dix )szgl.
Vs myge
Introduction of intrinsic parton transverse momentum in the
formalism, or use of next-to-leading order kinematics [54],
would relax somewhat these bounds. We should also keep
in mind that 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 momenta x; [39]. Hence,
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at the boundary of the N N phase space, the presented analysis
becomes unreliable.

The DIS-equivalent N N phase space is defined as the image
of Egs. (23) in the (v, 02, v, zp) space under Egs. (15). It is
four dimensional and difficult to directly visualize. A way
around this problem is to define suitable trajectories in the
NN phase space averaged over y, and to project them into
the DIS-equivalent (v, 0% and (v, z;) phase spaces. We can
define a p,7- and y,-dependent average observable as

6/\B~>hx
[ dzdy\dy,O(pr, y1, y2. Z)m
<O)Pth)’h = d&AB—hX ) (24)
f dzdyidy dpidyidyd;
where

dé\.AB—)hX 1 dé\.AB—>f|X
=) D@ ———. (2

dprdy\dydz  Z=z= ' “dprdyidy,

déAB= X is the LO pQCD differential cross section for
production of a f; parton pair in a collision of hadrons
A and B (nucleons or nuclei), and D?l is its fragmen-
tation function into the observed hadron, see Ref. [42]
for details.! Then, we can use Egs. (15) to compute
V) purons (O pryu» @d (21) pyr .y, - These values parametrize
the fixed-yy, trajectories {((vV),, 5, (QZ),,T,}—,); pr = po} and
{(V) pr5> (20 pr.3)s PT = po} in the DIS-equivalent phase
space.

As an example, in Fig. 3, I considered N N collisions at the
RHIC top energy /s = 200 GeV and at fixed target energies
/s = 17-27 GeV and plotted the fixed-y; trajectories in the
DIS-equivalent phase space. The range of pr spanned along
each trajectory is tabulated in Table IV. The spanned range in
Q? is limited by the maximum pr at each rapidity, according
to Eq. (23). As expected, the larger the rapidity y, ~ y; the
smaller the spanned v. RHIC trajectories with y, < —2 span
pretty low values of v <60 and large values of z, > 0.5,
where the EMC and HERMES experiments have shown
non-negligible cold nuclear matter suppression of hadron
production. At higher rapidity, the larger spanned values of

'The computations presented in this paper differ from those in
Ref. [42] in two respects: I defined z = p;/f;" instead of z =
E,/Ey, and I regularized the pQCD cross section in the infrared
with a shift p2 — p2 + p? instead of using a sharp cutoff p; > p.
The difference is mostly seen at small p,r < po.
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TABLE IV. Range of average (pT) spanned along RHIC
trajectories at fixed rapidity y; and /s = 200 GeV. pj,r is quoted in
GeV.

SPS FNAL RHIC
s = 17.5 GeV s = 27.4 GeV
Vs Vs Vs =200 GeV
Vi 0 0 0 -1 -2 =3
Phr 1-8 1-12 1-90 1-60 1-25 1-9

v will make cold nuclear matter effects less prominent. The
consequences of these remarks for the interpretation of hadron
production in 7+ A and A + A collisions will be further
discussed in Secs. IV and V.

IV. FINAL STATE COLD NUCLEAR QUENCHING IN
h + A COLLISIONS

As we have seen, a parton produced at negative rapidity,
Y — Yem. < 0,inah + A collision travels in the same direction
as the target nucleus: seen in the nucleus rest frame, it appears
to move slowly and corresponds to a low value of v in
the language of ¢ + A collisions. Therefore, based on the
observed suppression of hadron production in lepton-nucleus
DIS [9-12,12] at low v, and on the kinematic analogy between
DIS and NN collisions discussed in the previous sections,
we can expect non-negligible hadron suppression due to FS
interactions in cold nuclear matter to occur also in 2 + A and
A + A collisions.

Discussion of medium effects is best carried out in the
medium rest frame: in the case of cold nuclear matter in
¢+ A and h + A collisions, it is the nucleus rest frame. I am
interested here in processes characterized by large values of
xp = x 2 0.1, typical of semi-inclusive nDIS measurements
at HERMES and large pr hadron production at not too forward
rapidity in 4 + A collisions. In this regime, the hard interaction
is well localized inside the nucleus, and the nucleons act
incoherently as targets [55]. The process evolves in time as
follows, see Fig. 4. First, the electron (or a parton belonging to
the proton) penetrates the nucleus and undergoes a localized
hard collision. Then, a “final state” system of one electron and
one parton (or two partons) is produced, with both particles
essentially traveling along the beam direction, even for rapidity
values far from the c.m. rapidity in the target hemisphere

10° gy 1
T ML yeo p 1 O 55?;;;%’ A FIG. 3. (Color online) (Right) Fixed-y, NN
r ! 1 [ Y ] trajectories plotted in the DIS-equivalent (v, Q%)
-~ 105 E 08 E ] phase space for RHIC at /s = 200 GeV and var-
E F 3 F ious rapidities, for FNAL and SPS at midrapid-
— F i ovE ity. The dot-dashed line encloses the HERMES
c\(z? 10 3 3 F phase space; the dashed line encloses the EMC
E ] 06 [ - phase space. The arrow indicates the direction of
L ] F g8 ] increasing (pr) and (z;). (Left) Trajectories in
1 T E 0.5 : e / ] the (v, z;,) plane. The arrows indicate increasing
ool vl vl o 3 N S R B R pr and Q.
1 10 102 108 1 10 102 108 10
V [GeV] V [GeV]
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FIG. 4. Top: Initial and final state interactions in 4 + A collisions
in the nucleus rest frame. Bottom: absence of initial state interactions
in £ + A collisions. The nucleus is drawn as an oblong oval for
convenience only.

(¥ — Yem. < 0). Later on, the final state partons hadronize,
and one of the produced hadrons is detected. The time scale
on which hadronization starts after the hard interaction is not
at present well known [18]; it may be as small as the nuclear
radius [13,56,57], in which case the hadronization process
would start in the medium. Nuclear medium effects may be
classified as IS effects on particles before the hard interactions
or as FS effects on particles created after the hard interaction.
In the case of £ 4+ A collisions, electromagnetic reinteractions
of the incoming or outgoing leptons are suppressed compared
to the strong FS reinteraction of the parton and hadronizing
system. For & 4 A collisions, one needs in principle to account
for both IS and FS interactions [44].

Except at very forward rapidity, I will assume FS and IS
effects in i + A collisions to be factorizable because of the
large rapidity difference between the IS and FS partons induced
by the hard scattering. Then, I will explore the possible size of
FS effects on single inclusive hadron production. Differently
from ¢ + A collisions, the proton projectile interacts with the
nucleons along its trajectory. The hard parton produced in
the hard collision starts propagating at nearly the speed of
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light in the same direction but slightly behind the projectile
proton. The time scale for parton production, fp,q o 1/Q, is
much smaller than the time scale for soft particle production
in proton-nucleon collisions, #y,f o< 1/Agcp. Hence, we may
assume the nuclear medium traversed by the produced parton
in h 4+ A collisions to have approximately the same properties
as the cold nuclear matter which would be traversed in £ + A
collisions, i.e., the target nucleus itself. With this in mind,
we may assume final state hadron quenching effects to be
comparable in the two cases.

A. Lessons from ¢ + A data

Nuclear modifications of hadron production in £ 4 A colli-
sions are typically studied in terms of the hadron multiplicity
ratio

1 dN'! 1 dN},
NP dz,dvdQ? [ ND dzdv dQ*
(26)

Rl (z, v, Q%) =

i.e., the single hadron multiplicity on a target of mass number
A normalized to the multiplicity on a deuteron target. Then,
we can use the dictionary in Egs. (17) and plot Rﬁ‘l measured
in £ + A collisions as a function of the kinematic variables
pr, y1, and z. This will give a rough estimate of final state
effects in 1 4+ A collisions. The results are presented in Fig. 5,
and the procedure used is discussed below.

Data on R, are usually binned in either z,, v, or 02. Except
for the EMC data, they are presented alongside the average
value of the unbinned variables. For HERMES data [11-13], 1
used the experimentally measured values of the DIS variables
to compute the equivalent pr,y;, and z. For EMC data
[10], T used a computation of the average unbinned variables
from the GiBUU Monte Carlo generator [58,59], which was
shown to reproduce well the corresponding measurements at
HERMES [60]. Another complication arises from the fact that
EMC data have been obtained by averaging measurements at
three electron beam energies, E;"f = 100, 200, and 280 GeV;,
however, the details of such averaging are not immediately
clear from the original paper. Therefore, I used the minimum
and maximum of the computed average variables to obtain the
corresponding minimum and maximum of the N N variables,
considered as error band around their average value. Data
were selected to fall into three bins in y; (—=3.0<y; <

1.1 :I T 1T I L I I L I I T 1T I: 1.1 :I T 1T I L I I L I I T 1T I:
1E . 1E .
0.9 ;_ #] i l# _; 0.9 ;_ B _; FIG. 5. (Color online) Cold jet quenching
& C ] & C ] in d + A collisions on light and heavy targets
e 08¢ ] =08 + $ ] at y) ~ —1.3,-2.25, and —3.0 and z ~ 0.4,
o7 b N/Ne 3 07 b Cu/Kr 3 obtained from HERMES and EMC data on heavy
Ok 0.3<2<0.5 4 Ok 4& 0.3<z<0.5 B . .
u 0 -155y,5-1.1 1 u + 0 -15Sy,5-1.1 1 and light targets. See text for details.
0.6 e -2.0sy,5-25- 0.6 ® -2.0sy,s-2.5-
u a -3.08y,£-2.757] u A -3.05y,5-2.757]
05 Cov o oy by oy Loy 0.5 Covv o by by v v by a0
0 1 2 3 4 0 1 2 3 4
Pr [GeV] P [GeV]
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—2.75,-25<y; < —2.0,and —1.5< y; < — 1.1), and one
bin in z (0.3 <z<0.5). The choice of y; bins was made to
minimize the spread of y; and z inside the bin, and to keep
it balanced as much as possible around the middle value. The
chosen z bin is the richest in measured data. Furthermore, data
with similar p7 and from the same target have been combined,
with an error band in both pr and R), corresponding to the
highest data plus error value and lowest data minus error value,
the central value being placed in the middle. Of course, this
procedure is a poor man’s substitute for direct experimental
binning in pr and y;.

The results of Fig. 5 clearly show the evolution of final state
cold nuclear quenching with rapidity: the quenching increases
with decreasing y;. This was expected from the kinematic
analysis of Sec. II, which shows a decreasing v with decreasing
rapidity. The size of hadron quenching is not small, especially
for large nuclei and small y; rapidity. Its evolution with z is
not shown in the figure because of large overlapping error
bars arising in the rebinning procedure. However, the original
HERMES and EMC gz, distributions clearly show an increasing
quenching with increasing zj,, especially at large z; > 0.5,
where most of the hadron production in 4 + A collisions takes
place. Note also that quenching increases with the target atomic
number.

As evident from Fig. 5, the pr range covered by HERMES
and EMC is quite limited compared with the pr for which
hadron production in 4 4+ A and A 4+ A can be measured. As
remarked in Sec. IIT A, this situation can be improved with a
rebinning of EMC data, or with new measurements of hadron
attenuation in o + A collisions at the COMPASS experiment,
which can in principle reach up to pr ~ 8§-10 GeV.

B. Theoretical estimate for # + A collisions

As already remarked, in DIS, one has experimental control
over all the kinematic variables. In & + A collisions, Q2
and, most importantly for our considerations, z are not
experimentally accessible. The nontrivial correlation of these
variables with the measurable ones is clearly seen in Fig. 3.
Moreover, the dependence of hadron quenching on the target
atomic number A does not seem to follow any simple law
[13,58,61]. For these reasons, it is not possible to directly
use the results of Fig. 5 to estimate cold nuclear matter
effects in & + A collisions, but we need to resort to model
computations. There exist two classes of models which can
reproduce nDIS data: (i) energy loss models [61-66], which
assume that partons hadronize well outside the target nucleus,
and loose energy because of gluon radiation induced by
rescatterings inside the target, and (ii) prehadron absorption
models [57,58,60,61,67-69], which assume that a colorless
prehadron is produced inside the target and can be “absorbed”
via inelastic scatterings on the nucleons. As already remarked,
the order of magnitude of the parton lifetime has not yet
been experimentally or theoretically established, and both
classes of models remain viable [18]. Hadron production
in h4+ A collisions has a large contribution from gluon
fragmentation, but this process has not been incorporated in
absorption models, so far. Therefore I chose to use energy loss
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models for my estimate. In particular, I will use the BDMS
framework as implemented by Salgado and Wiedemann in
Refs. [70,71] and applied to nDIS in Refs. [61,62]. In this
model, the nucleus is considered at rest. A parton, created
with energy E &~ v in the hard interaction, travels through
the nucleus and experiences multiple scatterings and induced
gluon bremsstrahlung. Hence, it starts the hadronization
process with a reduced energy E — AE, where AE is the
energy of the radiated gluons. The reduced quark energy at
the time of hadronization is translated into a shift of z in the
vacuum fragmentation function D [72]. The medium modified
fragmentation function is then computed as

DY ,(z. Q* E. Ey:F)

Eq _ 1
=/ dAE p(AE; &, R)———— D',
0 1 —AE/E "

2 2 5\ 1yl 2

X (1 T AEJE Q ) + po(R)D3(z, Q7). (27)
where the quenching weight P(AE) = p(AE) + pod(AE)
[71] is the probability distribution of an energy loss AE, with
p(AE) its continuous part and py the probability of no energy
loss. The quenching weight is computed for a static and uni-
form medium with characteristic gluon energy w, = 0.5§L>
and size parameter R = w,.L, with L the medium length and
g the transport coefficient of the medium, which characterizes
the average transverse momentum squared gained by the
parton per unit in-medium path length [73,74]. However, the
nucleus density is static but nonuniform, hence the dependence
of D on the parton production point 7, which on the r.h.s. is
implicit in the definition of suitable static-equivalent @&, and R
[70], see Egs. (32) and (33). They depend on a single parameter,
the transport coefficient gy at the center of a reference nucleus.
The outlined energy loss model can well describe light
hadron suppression in £ + A collisions at HERMES with gy =
0.5 GeV?/fm, fitted to 7+ production on Kr targets [18,61]. 1
will use the same value for computations in 2 + A collisions.

The mean free path for a parton in the target nucleus is
A = (opa(¥)~!, where o is the partonic cross section, and
pa(7) the nuclear density. Assuming o to be independent of
the atomic number, I can define a position-dependent transport
coefficient as

A

Gab.y) = %pm}l ), (28)

where §o = ¢ (0, 0) is the transport coefficient at the center of
a reference nucleus of atomic number A, and py = p (0, 0).
Next, consider a parton produced at 7 = (7, r3) which
propagates in the nucleus along the r3 direction. Its average
path length L 4 can be defined as

f,fo ds(s —r3)pa(rr, r3)

La(F)=2 ~ , (29)
[ dspar, r3)
and the average nuclear density p4 seen by the quark as
L [T dspaGir.r3)
pa(F) = ———— (30)

l_‘A(;:T’ rf‘3)
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Then, from Eq. (28), the average transport coefficient experi-
enced by the quark can be defined as

/\

5.0 = L5, (31)
£0

For a uniform hard sphere of nuclear densny pa(r) =
p0(R4 — |F]), the above definitions give Lia=Ry—r3,
pa = po, and q 4 = qo, as it should be. Finally, the average
characteristic gluon energy @. and size parameter R can be
defined as

N P > -
wc(r) = EQA(r)Li(r) = / ds(s —y)qalrr,s), (32)

202(F)

R(F) = @.(F)LA(F) = m
s Alrr,

(33)

These equations have also been used in Refs. [75,76] for
computations of jet quenching in the hot nuclear medium
created in A + A collisions. Note that they depend on only
one parameter, §o. We can also see that

e .
WO =15 / ds(s —raaGr. ) (34)

as in Ref. [70]. In that paper it was proven that one can
approximate the quenching weight for a dynamically expand-
ing medium with the quenching weight for an equivalent
static (and uniform) medium characterized by the average
4 4. However, the natural parameters of the quenching weight
are the gluon characteristic energy and the size parameter.
Hence, the Salgado-wiedemann (SW) scaling law (34) is more
properly expressed by saying that the equivalent static and
uniform medium is characterized by the average @, and R [76].
For a parton propagating in a static but nonuniform medium,
as in our case, the spatial nonuniformity is equivalent to a time
evolution of the medium. Therefore, as a rough ansatz, we
may generalize the SW scaling law to the case of the static but
nonuniform medium encountered in nDIS and use Egs. (32)
and (33) in the quenching weight evaluation. Note, however,
that the suitability of a single parameter § to describe cold
nuclear matter has been recently questioned in Ref. [44].

The parton production cross section can be computed in LO
pQCD as discussed in Sec. III B. Then the hadron production
cross section including cold nuclear jet quenching can be

- y,=0 and FNAL energy (left), and several negative
yh:*é 4 rapidities at RHIC energy (right).
ey ]
Yp=-3 :
15 20
[GeV]
written as
A—hX —
doPA~ :/ i yzz déprr—hX B )
dp}dydy, 2 dpdy,dy, D)
X(Z’Q sEa Eh;r)9 (35)

where up to terms of order O(M?/s), the target rest frame
parton and hadron energy are

E = prcosh(y})
(36)
Eh = Mur COSh()’Z),

where y* = y; + log(y/s/M) are the target rest frame rapidi-
ties of the parton and the hadron. Isospin corrections related
to the target nucleus have been included in the partonic cross
section d6 PP~ /1X Finally, we can quantify cold matter final
state energy loss effects by the ratio of the above-discussed
cross section for collisions on two targets of atomic number A
and B, that is,

Rh ( _) do.pA*)/‘lX [do.pB*)hX
fS pTa y =

—1
, 37)
dprdydy, dp%dyldyz]

and the amount of hadron quenching by 1 — R",

The computed R’}S for charged pion production with no
centrality selection is presented in Fig. 6. When examining
these plots, one should keep in mind that they are intended
only to show the extent of the suppression effects on hadron
production due to the cold nuclear matter energy loss of the
final state parton. They do not include the related transverse
momentum broadening nor initial state effects, which will be
commented on in the next section. The plots show a substantial
final state hadron quenching already for midrapidity hadrons
at SPS and FNAL energies, and for y;, < —2 at RHIC energies.
The quenching at RHIC is reduced when increasing the
rapidity, but it is still non-negligible at y, = 0, where it
is of order of 5% at pr > 10 GeV. This may explain the
small 7° quenching apparent in recent midrapidity PHENIX
data [41,43]. Final state cold quenching at RHIC should then
quickly disappear at forward rapidity. At the LHC, we may
expect negligible final state effects at y, > 3 because of the
rapidity shift Ay in Table III. I also found a small hadron flavor
dependence at small pj7, not shown in the plots, showing
less suppression for kaon and proton production than for
pion production. It would be interesting to compare these
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estimates, obtained in the quenching weight formalism of
Salgado and Wiedemann [71], with the results of other energy
loss implementations such as the twist-four formalism of
Refs. [64—66] and the reaction operator approach of Ref. [44].
A nice comparison of the available formalisms has been
recently discussed in Ref. [77].

V. INITIAL VS FINAL STATE EFFECTS

Before discussing the phenomenological relevance of the
estimate of cold nuclear matter effects obtained in the last
section, we need to discuss the importance of initial state
effects, so far neglected.

The initial state parton suffers multiple scatterings and
medium-induced gluon radiation. In a simple phenomenolog-
ical model [33], the resulting energy loss may be accounted
for by a shift of the incoming parton fractional momentum,
x1 — x1(1 — €), with € = Kk A'/3 the fractional IS energy loss.
The effect of such energy loss is felt in a kinematic region
where the flux of incoming partons varies rapidly with xi,
typically at large rapidity. Numerical estimates from Ref. [33]
indicate that IS state energy loss in d + Au collisions at /s =
19.4 become relevant only at forward rapidity y — ye.m. = 0.
According to the rapidity shifts listed in Table III, we may
expect a similar conclusion to hold for y — yem. = 2(5) at
RHIC (LHC) energies.

If the final state parton is long lived, as assumed in the
theoretical estimates of the previous section, the medium
affects hadron production mainly through elastic and radiative
energy losses. In this case, the FS energy loss enters the
computations as a shift in z of the fragmentation function,
see Eq. (27). Hence, different from IS energy loss, it is large
in regions where the fragmentation function changes rapidly
in z, namely, at large z. At fixed pj7, the average (z) increases
with decreasing rapidity and decreasing +/s (see Fig. 7 right).
Coupling this with a decrease in final state parton energy E ¢
with decreasing rapidity, it is easy to explain the behavior and
large size of final state suppression shown in Fig. 6.

A consistent framework for considering the interplay of IS
and FS energy losses in the reaction operator formalism is
discussed in Ref. [44], which presents numerical results for
the partonic fractional energy loss AE/E in a case study
of a homogeneous medium of fixed length L =35 fm. At
any given parton energy E, the FS fractional energy loss is

generally smaller than the IS fractional energy loss. They both
start at around 10% when E = 10 GeV, but FS energy loss
tends rapidly to O as E increases, contrary to IS energy loss
which stabilizes around 5% at E > 1 TeV. However, particle
production at fixed rapidity in 7 + A and A 4+ A collisions
shows a strong correlation between the IS parton energy E;
and the FS parton energy E, see Fig. 7 left. As a result,
for midrapidity hadrons at SPS, we have comparable IS and
FS state energy losses of 5—-10%. For midrapidity hadrons at
RHIC, FS energy loss becomes quite small, and IS radiation is
about 5%. For backward rapidity production, y, — yem. = —3,
FS energy loss is now larger than IS energy loss, viz., 10%
vs 5%. A detailed computation including realistic nuclear
geometry is needed to quantify their effects on hadron spectra.

In summary, IS and FS cold nuclear matter effects are
expected to be dominant in different rapidity regions, viz., at
forward and backward rapidity, where the estimates presented
in this paper and in Ref. [33] indicate that they are large. Their
effect on the midrapidity region has to be more carefully and
quantitatively considered: it depends on the c.m. energy of the
collision and can be expected to decrease with increasing \/s.

VI. DISCUSSION AND CONCLUSIONS

In this paper, I have examined the role of final state interac-
tions in cold nuclear matter in modifying hadron production on
nuclear targets with leptonic or hadronic beams. Initial state
parton energy loss has been previously considered in Refs.
[22,23,33]. Since in £ + A collisions, only FS interactions
are present, I built a kinematic dictionary that relates the
variables used for the discussion of nDIS and heavy-ion A + B
collisions, and demonstrated the (limited) extent to which
available experimental data on hadron suppression in nDIS
can give direct information on final state cold nuclear matter
effectsin A + B collisions. In this respect, the EIC [50,51] will
be able to efficiently cover the regions in phase space which the
HERMES [13] and EMC [10] experiments could not examine.
A nearly full coverage of the SPS and FNAL phase space
may alternatively be achieved either by a reanalysis of EMC
data or by new measurements of hadron attenuation at the
COMPASS experiment [52]. The latter option is particularly
interesting: COMPASS has a similar kinematic coverage to
EMC, but higher luminosity and very good particle identifica-
tion capabilities. Therefore, a  + A program at COMPASS,
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building on the knowledge accumulated at the HERMES [13]
and CLAS [14,78] experiments, would greatly improve our
knowledge of the space-time evolution of hadronization and
would gather vital data for the interpretation of 4 + A and
A + A collisions and the quest for the quark-gluon plasma.

Hadron production in 7+ A and A+ A collisions is
affected by cold nuclear matter in two ways.

(1) IS and FS energy loss, and possibly FS prehadron absorp-
tion, suppress hadron spectra by non-negligible amounts
at forward [33] and backward rapidity, respectively.

(i) The transverse momentum broadening associated with
induced radiation and multiple scatterings in the medium
will modify the hadron pjr spectrum, further suppress-
ing it at pr < 1-2 GeV and enhancing it at intermediate
momenta up to pr ~ 5-6 GeV [27].

T'used an energy loss model based on the BDMS formalism
and tuned to £ 4+ A data to estimate the size of final state cold
hadron quenching in hadronic collisions, which was found to
be large at midrapidity at fixed target SPS and FNAL energies
and at backward rapidity at RHIC energy. It will be interesting
to compare this result with estimates based on the Gyulassy-
Vitev-Levai [44] and high-twist [64—66] formalism for energy
loss and on nuclear absorption models [57,58,67].

This paper discussed and estimated only the induced FS
suppression. However, for phenomenological applications to
h 4+ A and A + A collisions, the interplay of suppression and
enhancement of hadron spectra will need to be elucidated.
In i + A collisions, cold nuclear effects will be important
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to understanding the evolution with rapidity of the nuclear
modification factors, which decreases at forward rapidity
[15—-17] but increases at negative rapidity [28-31]. In A 4+ A
collisions, the time scale for the formation and equilibration
of the quark-gluon plasma is much larger than the time scale
for cold nuclear matter interactions: c,q < feq. Hence, both
cold and hot quenching should be considered for a correct
interpretation of experimental data. At RHIC midrapidity, I
estimated cold quenching of hadron spectra to be of order
5-10%. It is much smaller than the observed factor of 4-5 hot
medium quenching observed in central Au+Au collisions and
is negligible in the first instance. At LHC energy, cold nuclear
matter effects are likely to be negligible in a large midrapidity
interval |y| < 3. At SPS energy, where cold nuclear matter
effects may be of the same order of magnitude or larger than
hot medium effects, they both need to be taken into account
in any QCD tomographic analysis to detect and extract the
properties of the quark-gluon plasma.
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