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Outline

• Exploring cold nuclear matter using colored 
partonic probes 
- Fragmentation properties, quantum fluctuations 

• The intensifying puzzle of heavy quark energy loss
- EIC role is crucial

• Suppression of fragmentation hadrons in nuclei: 
elusive mechanism or hidden duality?
-Wide kinematic extremes of EIC will clarify this
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- Partonic energy loss
- Quantum interference effects
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- Partonic vs. hadronic interactions
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• Goal: study properties of parton propagation and 
fragmentation in QCD:

- Characteristic timescales
- Partonic energy loss
- Quantum interference effects
- Current vs. target fragmentation
- Partonic vs. hadronic interactions
- Eventually: hadronization mechanisms

• Use nuclei as gluonic spatial analyzers with known 
properties:

- sizes, densities, currents and interactions

• Unique kinematic window at low energies

• Simpler physical picture at high energies



DIS D-Y RHI Collisions

Comparison of Parton Propagation in   
Three Processes

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439­553,2010 [arXiv:0907.3534]
Majumder, van Leuween, Prog. Part. Nucl. Phys. A66:41, 2011, arXiv:1002.2206 [hep- ph]



DIS D-Y RHI Collisions

Comparison of Parton Propagation in   
Three Processes

Accardi, Arleo, Brooks, d'Enterria, Muccifora Riv.Nuovo Cim.032:439­553,2010 [arXiv:0907.3534]
Majumder, van Leuween, Prog. Part. Nucl. Phys. A66:41, 2011, arXiv:1002.2206 [hep- ph]



PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 5

!

h

!′

j

N
φf1/N(x,Q2)

f1

j̄

e+

e−

j
h

Dh
j (z, Q2)

φf2/N(x,Q2)
N

N

f2

f1

j

j ′

h

Dh
j (z,Q2)

φf1/N(x, Q2)

φf2/N(x,Q2)
N

N

f2

f1

!̄

!

φf1/N(x,Q2)

Dh
j (z, Q2)

Fig. 1. – Illustration of universality of PDFs (φ f /N ) and FFs (Dj→h) in leading order processes. Clockwise

from top left: e+ + e− annihilation, Deep Inelastic Scattering (DIS), lepton pair (Drell-Yan) emission, and

hadron production in hadronic collisions. Solid lines indicate leptons, dashed lines quarks. The small black

disc represents the perturbatively calculable hard interaction coefficient Ĥhard.

the number of hadrons in the initial state. In Eq. (1), Q2 is the typical hard scale of the pro-

cess and Ĥhard is the short-distance and perturbatively calculable hard coefficient function for

the { fi} → j + X partonic process. The long-distance dynamics is factorised into (a) the Parton

Distribution Functions (PDF) φ fi|Hi
(xi), which can be interpreted as the probability of finding

a parton of flavour fi and momentum fraction xi inside the projectile (H1) and/or target (H2)

hadron, and (b) the Fragmentation Function (FF) Dj→h, which gives the equivalent “probability”

that the parton j fragments into the observed hadron h with fractional momentum z. These func-

tions are non-perturbative and need to be extracted from experimental data. Typically, PDFs are

extracted from “global QCD fits” of inclusive hadron production in lepton-nucleon DIS [N = 1

and Dj→h(z;Q
2) = 1 in Eq. (1)] At large hadron fractional momenta(1) z = phadron/pparton ! 0.1,

the FFs obey DGLAP evolution equations and are obtained from electron-positron annihilation

into hadrons [N = 0 in Eq. (1)]. The obtained PDFs and FFs are provided by various authors,

e.g., CTEQ6.6, MRST/MSTW [12-14], and HKNS, DSS, AKK08 [15-19] respectively, to men-

tion the most recent sets. Once they are known at a given scale Q2
0
their value at any other scale

can be perturbatively computed by means of the DGLAP evolution equations [1-3]. The factori-

sation scales M2 and M2
F
entering PDFs and FFs, as well as the renormalisation scale µ2 in the

perturbative cross section, should be O
(

Q2
)

in order to avoid large logarithmic corrections.

An important consequence of factorisation theorems is that PDFs and FFs are universal i.e.

(1) At small z, successful QCD resummation techniques (e.g. the Modified Leading Logarithmic Ap-

proximation, MLLA [11]) have been also developed to describe the evolution of a highly-virtual time-like

partons into final hadrons.

Fundamental ingredients in perturbative picture
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Exploring cold nuclear matter 
using colored partonic probes
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Multi-hadron multiplicity ratios

Hadron-photon correlations

Bose-Einstein correlations

Centrality correlations

more....

p2T

Nucleus “A”

pT

e

e’

γ*

π+

pT broadening: DIS

DT

DIS

ATT ppp 222 −≡Δ

dx
dEc

z
p

)1( −≈ ντ

q

∆p2T ≡ �p2T�A − �p2T�D



Comparison of pT broadening data - Drell-Yan and DIS

Mass number (JLab/HERMES data shifted for better view)
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• New, precision data with identified hadrons!
• CLAS π+: 81 four-dimensional bins in Q2, ν, zh, and A



Exploring nuclei with partonic probes

• x>0.1 
- ensures single quark propagating with initial energy ν

• pT broadening tags propagation of colored object
- allows extraction of “production time”/”color neutraliztion time” at low ν

• inference of partonic broadening from hadronic 
broadening
- requires factor of z2

• systematic studies needed to understand properties 
of the probe, currently ongoing
- HERMES, JLab6, JLab12 provide the foundation for EIC studies



htf

Deep Inelastic Scattering - Vacuum

tp

production time tp - propagating quark

formation time htf - dipole grows to hadron

partonic energy loss - dE/dx via gluon radiation in vacuum



Lp5
Entries  10
Mean    4.759
RMS     1.253

)1/3Mass number to the 1/3 power (A
0 1 2 3 4 5 6 7 8 9 10

Q
ua

rk
 P

at
h 

Le
ng

th
 * 

N
uc

le
ar

 D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

Lp5
Entries  10
Mean    4.759
RMS     1.253

1/3Quark Path Length * Nuclear Density vs. A

=20 fmpL

=5 fmpL

=3 fmpL

=2 fmpL

=1 fmpL
=0.5 fmpL

Production Time Extraction - Geometrical Effects



Lp5
Entries  10
Mean    4.759
RMS     1.253

)1/3Mass number to the 1/3 power (A
0 1 2 3 4 5 6 7 8 9 10

Q
ua

rk
 P

at
h 

Le
ng

th
 * 

N
uc

le
ar

 D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

Lp5
Entries  10
Mean    4.759
RMS     1.253

1/3Quark Path Length * Nuclear Density vs. A

=20 fmpL

=5 fmpL

=3 fmpL

=2 fmpL

=1 fmpL
=0.5 fmpL

Production Time Extraction - Geometrical Effects



Lp5
Entries  10
Mean    4.759
RMS     1.253

)1/3Mass number to the 1/3 power (A
0 1 2 3 4 5 6 7 8 9 10

Q
ua

rk
 P

at
h 

Le
ng

th
 * 

N
uc

le
ar

 D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

Lp5
Entries  10
Mean    4.759
RMS     1.253

1/3Quark Path Length * Nuclear Density vs. A

=20 fmpL

=5 fmpL

=3 fmpL

=2 fmpL

=1 fmpL
=0.5 fmpL

Production Time Extraction - Geometrical Effects



Lp5
Entries  10
Mean    4.759
RMS     1.253

)1/3Mass number to the 1/3 power (A
0 1 2 3 4 5 6 7 8 9 10

Q
ua

rk
 P

at
h 

Le
ng

th
 * 

N
uc

le
ar

 D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

Lp5
Entries  10
Mean    4.759
RMS     1.253

1/3Quark Path Length * Nuclear Density vs. A

=20 fmpL

=5 fmpL

=3 fmpL

=2 fmpL

=1 fmpL
=0.5 fmpL

Production Time Extraction - Geometrical Effects



Lp5
Entries  10
Mean    4.759
RMS     1.253

)1/3Mass number to the 1/3 power (A
0 1 2 3 4 5 6 7 8 9 10

Q
ua

rk
 P

at
h 

Le
ng

th
 * 

N
uc

le
ar

 D
en

si
ty

0

0.1

0.2

0.3

0.4

0.5

0.6

Lp5
Entries  10
Mean    4.759
RMS     1.253

1/3Quark Path Length * Nuclear Density vs. A

=20 fmpL

=5 fmpL

=3 fmpL

=2 fmpL

=1 fmpL
=0.5 fmpL

Production Time Extraction - Geometrical Effects

)1/3Mass Number to the 1/3 power (A
2 2.5 3 3.5 4 4.5 5 5.5 6

)2
-S

ca
le

d 
B

ro
ad

en
in

g 
(G

eV
Z

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

1/3Fits of Z-Scaled Broadening vs. A

=0.45=3.5 GeV, Z, 2=3 GeV2Q
=0.55=3.5 GeV, Z, 2=3 GeV2Q
=0.65=3.5 GeV, Z, 2=3 GeV2Q

JLab/CLAS preliminary



Quark kT broadening vs. hadron pT broadening
The kT broadening experienced by a quark is “diluted” in the fragmention process

�pT

�p

�k
�kT

z�kT
�jT

 Verified for pions to 5-10% accuracy for vacuum case, z=0.4-0.7, by monte carlo studies  

�pT = z�kT +�jT

�p2T � = �z2k2T �+ �j2T �

∆�p2T � = ∆�z2k2T �+∆�j2T �
~0

∆�p2T � ≈ z2∆�k2T �

k is the quark momentum, 
p is the hadron momentum



Basic questions at low energies: 

Partonic processes dominate, or hadronic? in which 
kinematic regime? classical or quantum?

Can identify dominant hadronization mechanisms, 
uniquely? what are the roles of flavor and mass?

What can we infer about fundamental QCD processes 
by observing the interaction with the nucleus?

If pT broadening uniquely signals the partonic stage, can use this as 
one tool to answer these questions



pT broadening is a tool to sample gluon 
field using a colored probe

∆p2T ∝ G(x,Q2)ρL
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New: dependence of pT broadening on Feynman x
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398 41. Plots of cross sections and related quantities
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Figure 41.13: Total and elastic cross sections for π±p and π±d (total only) collisions as a function of laboratory beam momentum and total
center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the
COMPAS Group, IHEP, Protvino, August 2005)

Hadronic broadening or partonic broadening? 

pT broadening for Pb does not show any 
strong trend with pion energy, while hadronic 
elastic scattering cross section changes by 

an order of magnitude
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Pb
Fe

C

Broadening vs. Energy, Three Nuclei

No evidence of hadronic broadening - no peak at low 
energies, and carbon (N=Z) flatter than lead (N>>Z)
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FIG. 1: The pt-broadening for π+, π−, and K+ mesons as
a function of atomic mass number A. The inner error bars
represent the statistical uncertainties; the total bars repre-
sent the total uncertainty, obtained by adding statistical and
systematic uncertainties in quadrature.

pt-broadening at large atomic mass numbers, support-
ing models which treat its origin in the partonic stage.
Within such models, this behavior suggests that the color
neutralization happens near the surface of the nucleus or
outside for the average kinematics of this measurement
[22].

The panels presented in Fig. 2 show 〈p2
t 〉 for D (top

row) and the pt-broadening (remaining rows) as a func-
tion of either ν, Q2, x, and z for π+ or π− for the various
nuclear targets. Since the uncertainties of the K+ sam-
ple are rather large, only the results for the Xe target
are presented in the bottom row. The values of 〈p2

t 〉 for
D are between 0.2 and 0.4 GeV2 while the pt-broadening
shows values from 0 up to 0.05 GeV2. This means that
pt-broadening adds between 0 to 10% to 〈p2

t 〉. The data
do not reveal a significant dependence on ν in the kine-
matic range covered.

Since models that describe hadron formation in nuclei
commonly connect formation length with ν, the basically
flat behavior in ν supports again the picture that color
neutralization mainly happens at the surface (or outside)
of the nucleus for the Hermes kinematics [22]. The effect
slightly increases with Q2 in contrast to the model cal-
culation in Ref. [23], where a decrease of the broadening
with Q2 is predicted, and in agreement with the model
calculation in Ref. [24]. The behavior as a function of x
is very similar to the Q2 behavior, due to a strong cor-
relation between x and Q2 in the Hermes kinematics,
hence it can not be excluded that the Q2 dependence ob-
served is actually an underlying x dependen ce or both
a Q2 and x dependence. The statistical precision of the

〈ν〉[GeV] 〈Q2〉[GeV2] 〈x〉 〈z〉

∆〈p2
t 〉 vs. A

He 13.7 2.4 0.101 0.42
Ne 13.8 2.4 0.101 0.42
Kr 14.0 2.4 0.100 0.41
Xe 14.0 2.4 0.099 0.41

∆〈p2
t 〉 vs. ν

ν-bin# 1 8.0 2.1 0.141 0.49
ν-bin# 2 11.9 2.5 0.111 0.43
ν-bin# 3 14.7 2.6 0.096 0.40
ν-bin# 4 18.5 2.4 0.073 0.37

∆〈p2
t 〉 vs. Q2

Q2-bin# 1 13.7 1.4 0.063 0.42
Q2-bin# 2 14.0 2.5 0.105 0.41
Q2-bin# 3 14.4 3.9 0.153 0.40
Q2-bin# 4 14.6 6.5 0.248 0.39

∆〈p2
t 〉 vs. x

x-bin# 1 15.2 1.6 0.059 0.40
x-bin# 2 12.3 3.0 0.131 0.42
x-bin# 3 11.5 5.5 0.254 0.42
x-bin# 4 10.1 8.1 0.422 0.41

∆〈p2
t 〉 vs. z

z-bin# 1 14.5 2.4 0.097 0.32
z-bin# 2 13.1 2.4 0.106 0.53
z-bin# 3 12.4 2.4 0.107 0.75
z-bin# 4 10.8 2.3 0.115 0.94

TABLE II: Average kinematics for the (π+) pt-broadening
results. The ν, Q2, and z kinematics are for the Xe target.

data presented here do not allow the study of the Q2

and x dependence separately, or any other two kinematic
observables.

The pt-broadening is seen to vanish as z approaches
unity while the 〈p2

t 〉 for D is 0.2 or higher in the high-
est z-bin. Due to energy conservation the struck quark
cannot have lost energy when z = 1, leaving no room
for broadening apart from a possible modification of the
primordial quark transverse momentum. The observed
vanishing of the ∆〈p2

t 〉
h
A at high values of z indicates that

there is no or little dependence of the primordial trans-
verse momentum on the size of the nucleus. It also indi-
cates that pt-broadening is not due to elastic scattering
of pre-hadrons or hadrons already produced within the
nuclear volume, as this would lead to substantial broad-
ening even for values of z very close to unity.

In summary, the first direct determination of pt-
broadening in semi-inclusive deep-inelastic scattering for
charged pions and positively-charged kaons was per-
formed on He, Ne, Kr, and Xe targets. The broadening
was measured as a function of the atomic number A and
the kinematic variables ν, Q2, x or z. The broadening
increases with A and remains constant with ν, suggest-
ing that the effect is due to the “partonic” stage and that
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FIG. 2: From left to right, the ν, Q2, x, and z dependence of 〈p2
t 〉 for D (top row) and pt-broadening (remaining rows) for

π+ and π− produced on He, Ne, Kr, and Xe targets and for K+ produced on a Xe target (bottom row). The inner error bars
represent the statistical uncertainties; the total error bars represent the total uncertainty, evaluated as the sum in quadrature
of statistical and systematic uncertainties.

Hermes pT 
broadening data

World’s first comparison between 
pion and K+ pT broadening



New: dependence of pT broadening on φpq

• Expectation within classical picture: any distribution seen in 
carbon will become more ‘washed out’ in heavier nuclei

• Not seen! first observation of quantum effect in pT broadening
- related to parton density fluctuations in larger nuclei? J. Qiu: Boer-Mulders 
TMD ⊗                     in presence of non-vanishing mass dipole moment

CLAS preliminary

curves shown contain terms in cos(φpq) and cos(2φpq) for positive pions
only statistical uncertainties shown

carbon

iron

lead

Dh
j (z,Q

2)



Possible pT broadening measurement at EIC
(~speculative:) Probing quantum density fluctuations at high 

energies with partonic multiple scattering!

Transverse momentum broadening for pions in Pb vs. !pq
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The intensifying puzzle of 
heavy quark energy loss



EIC: study partonic energy loss

• Partonic energy loss is a fundamental 
process in QCD

• Multiplicity ratio a powerful tool to study it

• Basic pQCD behavior believed to be ~ 
understood, but....

• Heavy quark suppression from RHIC 
and LHC is showing puzzling pattern



Energy Loss in pQCD
(BDMPS-Z version)

CriticalLL <

CriticalLL >
L

ΔE

LCritical

−dE

dx
∝ Lq̂

−dE

dx
∝

�
Eq̂

at L = LCritical, Lq̂ ∝
�

Eq · q̂ ; LCritical ∝

�
Eq

q̂

(multiplied by an 
unknown prefactor)

Eq ≈ ν ≈ few GeV, q̂ ≈ 0.02− 0.1 GeV2/fm,

−→

�
Eq

q̂
≈ Rlead − Rcarbon

−dE

dx
=

αsNc

4
∆k2TConnection to previous topic: 



EIC: study partonic energy loss

• Partonic energy loss is a fundamental 
process in QCD

• Multiplicity ratio a powerful tool to study 
it, especially at EIC energies

• Basic pQCD behavior believed to be ~ 
understood, but....

• Heavy quark suppression from RHIC 
and LHC is showing puzzling pattern



Heavy Quark Energy Loss

Heavy quark radiative 
energy loss is predicted to 
be less than light quark 
energy loss:

B.-W. Zhang et al. / Nuclear Physics A 757 (2005) 493–524 513

Fig. 9. The Q2 dependence of R for a charm quark.

To illustrate the difference of energy loss between heavy quark and light quark and the
quark mass effect we define a ratio R as:

R ≡ 〈!z
Q
g 〉(xB,µ2)

〈!z
q
g〉(xB,µ2)

, (63)

where 〈!z
q
g〉(xB,µ2) is the light quark energy loss [26] which can be obtained by setting

M = 0 in Eq. (57) and Eq. (60),

〈
!z

q
g

〉(
xB,µ2

)
= C̃α2s

NcxA

Q2∫

0

d#2T
#4T

1∫

0

dz
(
1+ z2

)(
1− e−x2L/x2A

)
CA

[
1− 1− z

2

]
. (64)

In Fig. 9, we show the change of the ratio R withQ2 for a charm quark (M = 1.5 GeV)
propagating in a nucleus with xA = 0.04 and xB = 0.1. Please note that in the nuclear
parton matrix elements, the fractional momentum in a nucleon is limited to xL < 1 due to
the momentum conservation. Even though the Fermi motion effect in a nucleus can allow
xL > 1, the parton distribution in this region is still significant suppressed. Thus it provides
a natural cut-off for xL in the numerical integration over z and #T in Eqs. (57) and (64).
We can observe that whenQ2 is not too large, the heavy quark mass effect significantly

suppresses the energy loss caused by induced gluon radiation. When M2/Q2 → 0, the
effect of quark mass becomes negligible and R → 1. This is consistent with the pQCD
factorization theorem that when the momentum transfer is very large one can neglect the
effect of quark mass.
Shown in Fig. 10 is the xB (or heavy quark energy) dependence of the ratio between

heavy quark and light quark energy loss for fixed Q2 = 10 GeV2. It is obvious that sup-
pression of heavy quark energy loss due to the “dead-cone” effect of heavy quark mass is
most significant when xB is large (or quark energy is small). When xB is very small (quark
energy is large), the effect of quark mass is small and the quark energy loss approaches
that of a light quark.

Example for charm quark

Ratio of heavy quark energy 
loss to light quark energy loss

Formalism implies a 
strict ordering of 

quark energy loss: 
u/d, s, c, b QH(kT )

QL(kT )
≈ exp[

16αsCF

9
√
3

· L · ( q̂M2

M2 + k2T
)1/3]

http://arxiv.org/abs/0810.5702, http://arxiv.org/abs/0907.1918

http://arxiv.org/abs/0907.1918
http://arxiv.org/abs/0907.1918
http://arxiv.org/abs/0907.1918
http://arxiv.org/abs/0907.1918


RAA for c!e, b!e and !0 

!  Bottom contribution is heavily suppressed! 

2012-08-13 T. Sakaguchi, QM2012@Washington D.C. 36 See M. Rosati (Tue) and R. Nouicer (Fri) talk
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Gunther Roland Quark Matter 2012, Washington DC 

Parton ID: b-quarks 

15 

Distinct b-quark suppression 
pattern at low pT 

First observation of b-jet 
suppression at high pT 

Parallel talk 
Mihee Jo (Fri) 

Parallel talk 
Matt Nguyen (Tue) 

Poster 
Jorge Robles 



ATLAS
µ-tagged Open
Heavy Flavor
(14/ 15)

D.V. Perepelitsa

Motivation

ATLAS Detector
Data selection
Centrality

µ± Reconstruction

HF Extraction
Signal purity
Systematic
Uncertainty

Results
RCP

Conclusion

Results: RCP(Npart) from heavy flavor decays

� Replot RCP vs Npart:

⇒ suppression evolves smoothly with centrality.
⇒ similar Npart dependence at all pT.

ATLAS-CONF-2012-050
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Centrality

µ± Reconstruction
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Uncertainty

Results
RCP

Conclusion

Results: RCP(Npart) from heavy flavor decays

� Replot RCP vs Npart:

⇒ suppression evolves smoothly with centrality.
⇒ similar Npart dependence at all pT.
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ATLAS
µ-tagged Open
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D.V. Perepelitsa

Motivation

ATLAS Detector
Data selection
Centrality

µ± Reconstruction

HF Extraction
Signal purity
Systematic
Uncertainty

Results
RCP

Conclusion

Results: RCP(pT) from heavy flavor decays

� Corr. syst. (shaded boxes) and uncorr. syst. + stat. (bars)

� Systematic suppression with centrality (∼ 0.45 for 0-10%/60-80%)

� No pT dependence, even as bottom overtakes charm!

⇒ different suppression than in single hadron RCP

⇒ (ATLAS-CONF-2012-120, P. Balek, Parallel 5C, 5/16)

ATLAS-CONF-2012-050
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Fig. 2. Charged hadron multiplicity ratio Rh
M as a function

of ν for values of z larger than 0.2. In the upper panel the
CERN [3] and SLAC [2] data for Cu are compared to various
phenomenological calculations taken from the original publica-
tions [3,15]. In the lower panel the HERMES data on 14N are
represented by solid squares, while the open star represents the
CERN data point on 12C and the open square the SLAC data
point on 12C. The error bars represent the statistical uncer-
tainty only. The systematic uncertainty of the HERMES data
is ≤ 3%. The curves are described in the text

Table 1. Parameters used in the phenomenological one and
two time-scale model calculations shown in Figs. 2 and 3. In
the left two columns the line type used in the figures and the
expression used for the formation time are listed, while the
three columns on the right give the values of the three cross
sections (in mb) used in the calculations

line type th
f (fm/c) σq σs σh

— · — · — ch × zν 0 – 20
— — — — (1 − ln(z))zν/(κc) 0.75 20 20
- · - · - · - (1 − ln(z))zν/(κc) 0 20 20
- - - - - - - (1 − ln(z))zν/(κc) 0 0 20
· · · · · · · · · ch × (1 − z)ν 0 – 25

upper panel of Fig. 2. Similar calculations are also used
when discussing the z-dependence of the 14N data below.
The long-dash dotted curve represents a calculation in the
framework of the one time-scale model [6], in which it is
assumed that the influence of the nuclear medium on the
hadron multiplicity is due to quark-nucleon scattering for
t < thf and hadron-nucleon scattering for t > thf , with
cross sections σq and σh respectively. In the calculation

RM
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Fig. 3. The multiplicity ratio as a function of z for all
charged pions (open circles) and all charged hadrons in-
cluding pions (closed squares). The full curve represents a
gluon-bremsstrahlung model calculation for pions. The dot-
ted, dashed and dot-dashed curves represent phenomenological
formation-time calculations

shown thf = chzν with ch = 1 fm/(GeVc) [11] has been
assumed, and the parameters listed in Table 1 have been
used. The other curves in Fig. 2 are three examples of two
time-scale model calculations, in which the formation time
is assumed to be given by thf = (1 − ln(z))zν/(κc) with
c the speed of light and κ ≈ 1 GeV/fm the string ten-
sion [7,13]. In these models an additional parameter σs

is introduced that represents the interaction between the
open string and the medium occurring after a time interval
τc = thf −zν/(κc). The expressions for thf and τc have been
derived from the color-string model [24]. The parameters
used for the three calculations shown are also listed in Ta-
ble 1. The long-dashed curves give a fairly good descrip-
tion of both the Cu and the present 14N data. However,
it should be noted that a two time-scale model calcula-
tion with σs = σh is equivalent to a one time-scale model
calculation except with a different expression for thf . For
this reason we will use only the one time-scale model when
presenting the final parameterization of the data near the
end of this paper.

5.1 z-dependence

In order to further investigate the various possible descrip-
tions of the hadron formation process, the z-dependence
of Rh

M was extracted from the present measurements for
both hadrons and identified pions. The multiplicity ratio
for hadrons (pions) with ν > 7 GeV (8 GeV) is presented
as a function of z in Fig. 3.

No significant difference between data for hadrons and
pions is observed here. The decrease of Rh

M with z, as
observed at z > 0.8 for the first time by the present ex-
periment, is at variance with the phenomenological-model
calculations, which predict an increase of Rh

M with z. This
is demonstrated by the long-dash-dotted (one time-scale)
and long-dashed (two time-scale) calculations shown in
Fig. 3. The curves have been obtained in the same way as

Nuclear fragmentation effects do not disappear at high energies!
(not at EIC, probably not even at LHeC)

http://arxiv.org/abs/hep-ph/0501260
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http://arxiv.org/abs/hep-ph/0501260
http://arxiv.org/abs/hep-ph/0501260
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expression used for the formation time are listed, while the
three columns on the right give the values of the three cross
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ted, dashed and dot-dashed curves represent phenomenological
formation-time calculations

shown thf = chzν with ch = 1 fm/(GeVc) [11] has been
assumed, and the parameters listed in Table 1 have been
used. The other curves in Fig. 2 are three examples of two
time-scale model calculations, in which the formation time
is assumed to be given by thf = (1 − ln(z))zν/(κc) with
c the speed of light and κ ≈ 1 GeV/fm the string ten-
sion [7,13]. In these models an additional parameter σs

is introduced that represents the interaction between the
open string and the medium occurring after a time interval
τc = thf −zν/(κc). The expressions for thf and τc have been
derived from the color-string model [24]. The parameters
used for the three calculations shown are also listed in Ta-
ble 1. The long-dashed curves give a fairly good descrip-
tion of both the Cu and the present 14N data. However,
it should be noted that a two time-scale model calcula-
tion with σs = σh is equivalent to a one time-scale model
calculation except with a different expression for thf . For
this reason we will use only the one time-scale model when
presenting the final parameterization of the data near the
end of this paper.

5.1 z-dependence

In order to further investigate the various possible descrip-
tions of the hadron formation process, the z-dependence
of Rh

M was extracted from the present measurements for
both hadrons and identified pions. The multiplicity ratio
for hadrons (pions) with ν > 7 GeV (8 GeV) is presented
as a function of z in Fig. 3.

No significant difference between data for hadrons and
pions is observed here. The decrease of Rh

M with z, as
observed at z > 0.8 for the first time by the present ex-
periment, is at variance with the phenomenological-model
calculations, which predict an increase of Rh

M with z. This
is demonstrated by the long-dash-dotted (one time-scale)
and long-dashed (two time-scale) calculations shown in
Fig. 3. The curves have been obtained in the same way as

Nuclear fragmentation effects do not disappear at high energies!
(not at EIC, probably not even at LHeC)
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Fig. 2. Values of Rh
A for positively charged hadrons as a function of ν, z, and Q2.

The data as a function of ν are shown for ν > 4 GeV and those as a function of
z for z > 0.1. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty.

and absorption of the produced kaon can qualitatively explain the observed
difference between RK+

A and RK−

A . However, when comparing the multiplicity
ratios for pions and kaons, it is seen that RK−

A ≈ Rπ−

A , whereas RK+

A > Rπ+

A .
Given that both pions and K+ particles are rank-1, and K− rank 2 or higher,
and that nuclear absorption cross sections for both K+ and K− are smaller
than for pions, these features are not readily explained by the behaviour of
fragmentation functions or absorption cross sections.

The results for protons cannot really be related to those for any of the other
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The data as a function of ν are shown for ν > 4 GeV and those as a function of
z for z > 0.1. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty.

and absorption of the produced kaon can qualitatively explain the observed
difference between RK+

A and RK−

A . However, when comparing the multiplicity
ratios for pions and kaons, it is seen that RK−

A ≈ Rπ−

A , whereas RK+

A > Rπ+

A .
Given that both pions and K+ particles are rank-1, and K− rank 2 or higher,
and that nuclear absorption cross sections for both K+ and K− are smaller
than for pions, these features are not readily explained by the behaviour of
fragmentation functions or absorption cross sections.

The results for protons cannot really be related to those for any of the other
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Persistent effects for 
large nuclei at high z
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http://arxiv.org/abs/hep-ph/0501260
http://arxiv.org/abs/hep-ph/0501260
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Figure 3.23: Left: Fragmentation function as function of z: from the charm quark to the
D0 meson (solid) [188] and from up quark to π0 meson (dashed) [34]. Right: Ratio of semi-
inclusive cross sections for producing a single pion (red square symbols) and a single D0 (blue
circle symbols) in electron-lead collisions to the same produced in electron-deuteron collisions
as a function of z at the EIC with two different photon energies ν = 35 GeV at Q2 = 10 GeV2

(solid symbols) and ν = 145 GeV at Q2 = 35 GeV2 (open symbols) (pT of the hadron is
integrated). The solid lines are predictions of pure energy loss calculations for pion production
(see the text).

inclusive DIS cross sections for producing a single pion (red lines and square symbols) and2576

a single D0 (blue line and circle symbols) in electron-Lead collisions to the same produced2577

in the electron-deuteron as function of z at the EIC with two different photon energy ν =2578

35 GeV at Q2 = 10 GeV2 (solid line and square symbols) and ν = 145 GeV at Q2 = 35 GeV2
2579

(dashed line and open symbols). The pT of the observed hadrons is integrated. The ratio2580

for pions (red square symbols) was taken from the calculation of [185], extended to lower2581

z, and extrapolated from a Copper nucleus to a Lead nucleus using the prescription of2582

[186]. In this model approach, pions are suppressed in electron-nuclei collisions due to a2583

combination of the attenuation of pre-hadrons as well as medium-induced energy loss. In2584

this figure, the solid lines (red - ν = 145 GeV, and blue - ν = 35 GeV) are predictions2585

of pure energy loss calculations using the energy loss parameters of Ref. [189]. The large2586

differences in the suppression between the square symbols and solid lines are immediately2587

consequences of the characteristic time scale for the color neutralization and the details of2588

the attenuation of pre-hadrons, as well as the model for energy loss. With the size of the2589

systematic errors shown by the yellow bar on the left of the unity ratio, the multiplicity2590

ratio of pion productions at the EIC will provide an excellent and unique opportunity to2591

study hadronization by using the nucleus as a femtometer detector.2592

The dramatic difference between the multiplicity ratios of D0 meson production and2593

that of pions, as shown in Fig. 3.23 (Right) is an immediate consequence of the difference2594

in the fragmentation functions shown in Fig. 3.23 (Left). The enhancement of the ratio is2595

92

0.30

0.50

0.70

0.90

1.10

1.30

1.50

z

M
ul

tip
lic

ity
 R

at
io

D0 mesons (lower energy)
Pions (lower energy)
D0 mesons (higher energy)
Pions (higher energy)
D0 (10% less energy loss)
Wang, pions (lower energy)
Wang, pions (higher energy)

 0.01 < y < 0.85, x > 0.1, 10 fb-1
 

 Higher energy: 25 GeV
2
< Q

2
< 45 GeV

2
, 140 GeV < < 150 GeV 

 Lower energy : 8 GeV 2
< Q

2<12 GeV2, 32.5 GeV< < 37.5 GeV

1-  D0
systematic

uncertainty

1-  pion 
systematic
uncertainty

v

v

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.7: Left: Schematic drawings explaining interactions of the parton moving through
cold nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus.Right:
Ratio of semi-inclusive cross section for producing a pion (red), composed of light quarks, and
a D0 meson (blue) composed of heavy quarks in electron-Lead collisions to the same produced
in electron-deuteron as function of z, the momentum fraction of the exchanging photon carried
by the observed meson. Statistical uncertainties are shown in each case.

both low and high photon energy ν, as a function of z - the momentum fraction of the233

virtual photon taken by the observed meson. The calculation of red lines and blue symbols234

assumes the mesons are formed outside of the nucleus, as shown in the top sketch of Fig. 1.7235

(Left), while the square symbols are simulated according to a model where a color neutral236

pre-hadron was formed inside the nucleus, like in the bottom sketch of Fig. 1.7 (Left).237

The difference between the red lines and the red square symbols would provide the first238

direct information on when the meson is formed. Unlike the suppression expected for pion239

production at all z, the ratio of heavy meson production could be larger than the unity240

due to very different hadronization properties of heavy mesons. The discovery of such a241

dramatic difference in multiplicity ratios between light and heavy mesons at the EIC would242

shed light on the hadronization process and what governs the transition from quarks to243

hadrons.244

The Distribution of Quarks and Gluons in the Nucleus:245

The EMC experiment at CERN and experiments in the following two decades clearly re-246

vealed that the distribution of quarks in a fast-moving nucleus is not a simple superposition247

of their distributions within nucleons. Instead, the ratio of nuclear over nucleon structure248

functions follows a non-trivial function of Bjorken xB, deviating significantly from unity,249

with a suppression (often referred to as nuclear shadowing) as xB decreases. Amazingly,250

there is as of yet no knowledge whether the same holds true for gluons. With its much251

wider kinematic reach in both x and Q, the EIC could measure the suppression of the252

structure functions to a much lower value of x, approaching the region of gluon saturation.253

In addition, the EIC could for the first time reliably quantify the nuclear gluon distribution254

over a wide range of momentum fraction x. With its unprecedented luminosity, the EIC255
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DIS channels: stable hadrons, accessible with 11 GeV
JLab experiment PR12-06-117
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content
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π+, π- 7.8 m 0.14 ud,̅̅ du̅̅
η 170 pm 0.55 uu̅̅dd̅̅ss ̅̅
ω 23 fm 0.78 uu̅̅dd̅̅ss ̅̅
η’ 0.98 pm 0.96 uu̅̅dd̅̅ss ̅̅
φ 44 fm 1.0 uu̅̅dd̅̅ss ̅̅
f1 8 fm 1.3 uu̅̅dd̅̅ss ̅̅
K0 27 mm 0.50 ds ̅̅

K+, K- 3.7 m 0.49 us ̅̅, u̅̅s
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Ξ0 87 mm 1.3 us

Ξ- 49 mm 1.3 ds
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EIC too!



Suppression of fragmentation hadrons in nuclei: 
elusive mechanism or hidden duality?



HERMES, JLAB6, JLAB12, p-A, EIC

• Two different explanations for HERMES data, no 
definitive differentiation yet

• parton energy loss, pre-hadron interaction with 
medium

• Models based on one view or the other, or a mixture, 
all describe the data at a similar level of quality

• EIC important to make a clear separation between 
hadronic and partonic effects



Conclusions

• Exploring cold nuclear matter using colored 
partonic probes 
-much recent progress, foundation for EIC

• The intensifying puzzle of heavy quark energy loss
- EIC role is crucial to clarify this issue, as well as 

many other mysteries from heavy ion collisions

• Suppression of fragmentation hadrons in nuclei: 
elusive mechanism or hidden duality?
-Wide kinematic extremes of EIC will clarify this





Backup slides



Color correlations versus kinematics 
Even if hadron forms outside medium, it may form from modified color connection 

•  Vacuum-like hadronization 
      (q & g contribute to leading hadron) 

•  Medium-modified hadronization 
      (glue cannot contribute to leading hadron) 

•  Subleading string hadronizes separately 
      -> enhanced soft multiplicity 
•  Leading string hadronizes vacuum-like 
      but with reduced ET 

•  Color connection between medium and probe 
also relevant for Quarkonium suppression  

A. Beraudo et al., 
arXiv:1204.4342 

U. A. Wiedemann talk at QM2012



zπ

Additional z2 factor converts
quark broadening into hadron broadening
expect to see the red curve in data (vs. z)

String Model production length, 
Biallas and Gyulassy, 

Nucl. Phys. B291 (1987) 793 z2lp = z2 · z
(ln( 1

z2 )− 1 + z2)
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