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Physics thrusts

• Timescales

• Virtual quark lifetime, hadron formation time

Measure: pT broadening, flavor dependence of hadron attenuation

• Coherence

•  Partonic energy loss: QCD LPM effect, L2 dependence of dE/dx

Measure: pT broadening, direct estimate of quark energy loss

• Mechanisms

• Hadrons from quarks and gluons? Go beyond the string/cluster 
dichotomy for QCD cascade? How target baryon wavefunction 
recovers from losing struck quark? New fragmentation functions 
for proton and nuclear targets 

Measure: two-hadron correlations, photon-hadron correlations, target 
fragmentation, hadron yields
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Timescales - how to measure?
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to
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the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh
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were taken together as overall scale uncertainties1. The to-
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ever, it was verified that those effects were not generated in
certain kinematic ranges only.
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The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to

HERMES Coll., Eur. Phys. J. A (2011) 47: 113

First observable: multiplicity ratio

Expectations: rise→1 at high ν

Time dialation, average pathlength in the  medium
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K.Gallmeister, U.Mosel, Nucl.Phys.A801:68-79,2008, arXiv:nucl-th/0701064 , time-based interpretation

http://arxiv.org/find/nucl-th/1/au:+Gallmeister_K/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Gallmeister_K/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Mosel_U/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Mosel_U/0/1/0/all/0/1
http://arxiv.org/abs/nucl-th/0701064
http://arxiv.org/abs/nucl-th/0701064


• Virtual quark lifetime component, light quarks

• z dependence

• Expectation: drop at high z

• Expectation: drop at low z, but 

• obscured by other effects for RA

• Maximum lifetime is at intermediate z 

Lund string model time estimate
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Hadronization in Nuclei Will Brooks, PSHP 2013
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Partonic energy loss in pQCD: Lcrit



Energy loss in hot dense matter

Zapp and Wiedemann find 
L2 behavior washed out in 
realistic Monte Carlo 
calculation for hot dense 
matter

also, find more energy loss

arXiv:1202.1192v1 [hep-ph]
arXiv:1311.0048v1 [hep-ph]

Jewel Monte Carlo
including all effects

Classic 
BDMPS-Z



Partonic energy loss in pQCD: Ecrit

BDMPS-Z:

For fixed medium length L 
there is a critical energy Ecrit 

L>Lcrit is equivalent to E<Ecrit

�E ⇡ ↵sL
p

Eq̂ (E << Ecr)

�E ⇡ ↵sL
2q̂ (E >> Ecr)

Ecrit ⇡ 0.4 · ( L

1 fm
)2 GeV

Carbon: Ecrit = ν = 2.5 GeV   
Lead: Ecrit = ν = 17 GeV

CLAS data in transition region!
CLAS12 will study this

Fixed L

E

ΔE

Ecrit

⇠
p

(E)

⇠ L2q̂

⇠ ↵sL
2q̂



Direct measurement of ΔE?

Exploring whether pion 
energy spectrum shift can 
be interpreted as direct 
measurement of ΔE

Feynman x requirement

Modeling of hadronic 
cascade

Pb in red
D in black

• Still in early stages, but ~150 MeV for Pb; consistent

• If correct, can study extensively at 12 GeV - may 
grow to 0.5-1 GeV shift, easily measured

N
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Energy loss induces additional pT broadening 
A large radiative correction to q̂

q̂ : the result of collisions in the medium ... but not only !

Gluon emissions contribute to momentum broadening, via their recoil !
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Dominant effect from relatively hard emissions (large k?), as triggered
by a single scattering (Gunion–Bertsch spectrum)
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Formally NLO but enhanced by a double-log (Liou, Mueller, Wu, 13)
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s

N

c
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ln

2

(LT ) ' 0.75 (!) =) need for resummation

Hard Probes, Stellenbosh, Nov. 2013 From Jet Quenching to Wave Turbulence Edmond Iancu 23 / 28

Tseh Liou, A.H. Mueller, Bin Wu, http://arxiv.org/abs/1304.7677

Double log enhancement: ~doubles the amount 
of broadening seen, both hot and cold matter.
Effect may be visible in CLAS data, see later slides

http://arxiv.org/find/hep-ph/1/au:+Liou_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Liou_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mueller_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mueller_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Wu_B/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Wu_B/0/1/0/all/0/1
http://arxiv.org/abs/1304.7677
http://arxiv.org/abs/1304.7677


Observables: Transverse Momentum Broadening

No time to discuss other DIS observables: multi-hadron 
multiplicity ratios, photon-hadron correlations, Bose-Einstein 
correlations, centrality correlations, more....
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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
• Intriguing saturation: production length or something else?
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• New, precision data with identified hadrons!
• CLAS π+: 81 four-dimensional bins in Q2, ν, zh, and A
• Intriguing saturation: production length or something else?

Observe saturation of pT 
broadening with system 

size at low energies
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1) Assume saturation is due 
to shorter production length 
ℓ: then can measure ℓ



Quark dE/dx effects

2) Assume saturation is due to two effects: (a) dE/dx 
behavior plus (b) stimulation of additional broadening by 
gluon emission
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The two mechanisms (time dialation and dE/dx 
effects) should be separable with 12 GeV JLab
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Small effect in the right direction visible from this toy 
calculation. Offset also moves in correct direction. 

Stimulation of additional broadening will amplify this effect.

dE/dx effect alone
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Dependence of pT broadening on Feynman x

• Feynman x is the fraction πpL/max{πpL} in the γ*-N CM system
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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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Strangeness@12 GeV - what will it bring?

• Crucially important information on mass dependence 
of hadron formation in two-quark systems

• Answer the question: is production length hadron 
independent?

• First look at pT broadening in 2-quark system of 1 
GeV mass (𝜙  meson). Terra incognita. Can’t do omega 
or eta broadening. Strangeness is crucial here.

• Probe fragmentation mechanism for leading vs. non-
leading particles (K+ vs. K-) via pT broadening in 
nuclei. (less broadening for K-? overall string shorter)

• Cleaner access to high momentum identified 
hadrons, crucial for needed kinematic reach



DIS channels: stable hadrons, accessible with 11 GeV
JLab experiment PR12-06-117



meson cτ mass flavor 
content

π0 25 nm 0.13 uu̅̅dd̅̅
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

DIS channels: stable hadrons, accessible with 11 GeV
JLab experiment PR12-06-117
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Actively underway with existing 5 GeV data



Strangeness@12 GeV - what will it bring?

π  K  ω  φ

RM
(z=0.5)

Systematic study of attenuation vs. 
hadron mass for 2-quark systems

Hadron formation lengths
Hadron suppression mechanisms

Hadron Mass

π  K  ω  φ

ΔpT2

Hadron Mass 
(binned in z, ν)

Systematic study of hadron species 
(in)dependence of pT broadening

Do we have a partonic probe?
if so, a vast program of studies!

η



New π0 hadron multiplicity ratios from CLAS
PhD thesis of Taisiya Mineeva

247

Fig. 7.3: One-dimensional ⇡

0 multiplicity ratios in Q

2, ⌫, z, and p

2

T

bins. The error bars reflect statistical errors only.

246

Fig. 7.2: ⇡

0 multiplicity ratios in (Q2, ⌫, z) set plotted as a function of z in bins of Q2 (indicated by the horizontal Q2 axis)

and ⌫ (indicated by the color). The red color gradient corresponds to the carbon target, the blue - to the iron, and

the black - to the lead target. The inner error bar (color) reflects statistical error in a given bin, while the outer error

bar (black) corresponds to the total error. R

⇡

0 corresponding to the 3.2< ⌫ <3.73 bin are plotted at the center of z

bin, while in other two bins in ⌫ R

⇡

0 are shifted to the left and to the right from the center of z-bin for visualization.

Integrated to 1 dimension

3-fold differential, z dependence vs. ν and Q2



New π0 hadron multiplicity ratios from CLAS, pg 2/2
PhD thesis of Taisiya Mineeva 245

Fig. 7.1: ⇡

0 multiplicity ratios in (⌫, z, p

2

T

) set plotted as a function of p

2

T

in bins

of ⌫ (indicated at the bottom by the horizontal ⌫ axis) and z (indicated by

the color code in the first box). The bottom panel is carbon multiplicities,

the middle - iron, and the top panel is lead multiplicities. The inner error

bar (color) reflects statistical error in a given bin, while the outer error bar

(black) corresponds to the total error, for which statistical and systematic

uncertainties were added in quadratures. R

⇡

0 corresponding to the 0.5<

z <0.6 bin are plotted at the center of p

2

T

bin, while in all other bins of z the

values R

⇡

0 are horizontally to the left and to the right from the p

2

T

center

for visualization.

3-fold differential, pT dependence vs. ν and z



Parton Propagation in  Three Processes

DIS D-Y RHI Collisions

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]

S. Peigne, A.V. Smilga, Phys.Usp.52:659-685, 2009, arXiv:0810.5702v2 [hep-ph]

http://arxiv.org/find/hep-ph/1/au:+Peigne_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Peigne_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Smilga_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Smilga_A/0/1/0/all/0/1
http://arxiv.org/abs/0810.5702v2
http://arxiv.org/abs/0810.5702v2


More mysteries of parton propagation at 
5 TeV from Hard Probes 2013

Just released last week by ATLAS and CMS, p+Pb 
collisions at 5 TeV cm energy

Centrality dependence of jets inverted Unexpected nuclear modification of charged tracks

Nuclei do not get simpler at higher energies!



Conclusions

• Rich program of measurements with the long-term goal of 
understanding parton propagation and hadron formation in 
QCD, a fundamental sector of the theory

• in stage now of developing an understanding of the tools

• Enhancement from K and 𝜙 bring profound and conclusive 
impact

• hadron formation lengths

• degree to which pT broadening characterizes a hadron-
independent partonic probe

• 12 GeV program, and the future EIC, will close the book on 
timescales and coherence in QCD fragmentation (vacuum, 
cold medium). And, perhaps on fragmentation mechanisms!
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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 ⇥0 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 di�erent photon energies � = 35 GeV at Q2 = 10 GeV2

(solid symbols) and � = 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 di�erent photon energy � =2578

35 GeV at Q2 = 10 GeV2 (solid line and square symbols) and � = 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 - � = 145 GeV, and blue - � = 35 GeV) are predictions2585

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

di�erences 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 di�erence 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 di�erence2594

in the fragmentation functions shown in Fig. 3.23 (Left). The enhancement of the ratio is2595
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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 �, 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 di�erence 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 di�erent hadronization properties of heavy mesons. The discovery of such a241

dramatic di�erence 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

9

π

D0

Fragmentation
functions

Access to very strong, unique light quark energy loss signature via D0 
heavy meson. Compare to s and c quark energy loss in Ds+

EIC



Truncated field following hard interaction

Quark/prehadon ‘protected’ from interaction for a long time

Radiation (gluons and photons) into two cones

Emergence of hadrons from QCD color Will Brooks, Fall DNP 2013

Formation zone - QCD and QED

Field “shaken off” (radiated photon or gluon)

Regenerated “private field” 
of electron or quark



Landau-Pomeranchuk-Migdal (LPM) effect (QED and QCD)

Subsequent radiation suppressed if gluon not fully formed

Resulting energy loss proportional to path length L or L2

Emergence of hadrons from QCD color Will Brooks, Fall DNP 2013

Multiple scattering and interference

Space–Time Picture of QCD Bremsstrahlung 5

where Q2 denotes the characteristic momentum transfer squared measuring
the “hardness” of the hard process.

Subsequently two closely correlated processes start: the bremsstrahlung is
developing whose quanta in time leave the parent radiating quark as offspring
partons — gluons, and the private gluonic field of the quark is regenerated.
The phenomenon of regeneration of a stationary field surrounding a charge
has been understood in QED. The regeneration time of the proper field or,
to be more precise, of its Fourier component with momentum !k is given by

Tregen.(k) ∼
k||

k2
⊥

, (1.1)

where longitudinal and transverse components of photon momentum are de-
fined with respect to the outgoing electron. For photons with relatively small
transverse momenta k⊥ " k|| ∼ p ≈ E where p and E stand for electron
momentum and energy, the regeneration time may become macroscopically
large. The finiteness of the regeneration time leads to substantial effects for
relativistic electrons.
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Figure 1.1: Photon bremsstrahlung accompanying electron scattering.



Overview

world's-first study, since HERMES did not publish pT broadening for this channel, and it will be of high 
theoretical interest to be able to compare the pT broadening for all three pion charge states.

Finally, an evaluation of the feasibility of a direct extraction of quark energy loss from the  EG2 π+ data 
is planned. The method is  described in more detail in the "methodology" section of the proposal. It 
consists of a shape analysis of the energy spectrum of the pion, coupled with simulations of hadronic 
cascades in nuclei and other types of simulations. The results  can be compared with the output of the 
geometric model that is constrained by the transverse kinematics, while this will be derived 
independently from the longitudinal kinematics.

Results from combined fit
3 parameter geometric model
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Figure 1. (left) Fit of a three-parameter geometric model to preliminary CLAS data for π+ kT 
broadening (scaled by z2) and multiplicity ratio for two kinematic bins. Both observables are fitted 
simultaneously. (right) Invariant mass of the two-photon signals reconstructed from the CLAS EG2 
data for four nuclear targets, normalized to the thickness of the lead target sample. The four nuclei 
are deuterium (in yellow), carbon (in green), iron (in blue), and lead (in red). The peaks due to 
neutral pions and the eta meson are visible over the combinatoric background. This plot was made by 
integrating over all kinematic variables within DIS kinematics except for z, which ranges from z=0.6 
to z=0.7 here.

Proposed experimental work - ATLAS data: hot matter

Context
The Principal Investigator, W. Brooks, is an ATLAS member and a co-convener of the ATLAS heavy ion 
physics working group. As such, he is able  to pursue analyses of the  ATLAS heavy ion data. The 
proposal for this period is to look  at heavy quark suppression, in collaboration with Dr. Edson Carquin 
(UTFSM postdoc), Javier Salazar (UTFSM student), and Dr. Rikard Sandstroem (Max  Planck Institut), 
who is an expert in this type  of muon analysis in ATLAS. While exploratory investigations have been 
made by our group of reconstruction of heavy mesons, the first method proposed here is to look at 
the single muon signal. 

Observables and definitions
The main manifestation of heavy quark suppression would be of single  muon prompt decay events in 
kinematic regions consistent with the predominance of heavy quark  decays. The first plots would be 
the normalized yield of these muons in bins in centrality. With more statistics after future  runs, the pT 
spectrum in central events divided by the pT spectrum in peripheral events would be of interest, as 
would comparison to pp data at the same energy.

Projects
Identifying heavy quarks using single muons in ATLAS has been successfully carried out in pp 
collisions. A preliminary evaluation of the method applied to heavy ion collisions has indicated that it 
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2 were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can
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Fig. 4. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in p2

t as indicated in the legend.
Uncertainties are shown as in fig. 1.

also result from reactions in the final state (final-state in-
teractions), whereby a proton is knocked out of the nu-
cleus. Those protons will preferably be emitted with low
energy. This could lead to an energy dependence which,
in conjunction with other kinematic factors, leads to the
observed non-trivial behaviour.

The dependence of Rh
A on z for three2 slices in ν is

shown in fig. 2. A slight change of the z dependence when
varying the ν range was observed for the π+ and π− dis-
tributions. This has been observed already in ref. [7] for
the combined pion sample and we refer to that paper for
the discussion. The results on krypton and xenon for pro-
tons show a very strong dependence on z, the value of
Rp

A exceeding unity in all ν ranges at low z. This sup-
ports the assumption that at low values of z there is a
sizable contribution of final-state interactions. A similar,
but smaller effect was seen for K+, as RK+

A increases to
almost unity, while RK−

A remains well below unity. This
suggests that interactions play a role for K+ production
in which a proton in the target nucleus is transformed
into a K+ Λ pair while the analogous process for K−

production is suppressed due to the quark content of the
K− [24].

Figure 3 shows the dependence of Rh
A on p2

t for three
slices in z for positively charged hadrons. The behaviour
of Rh

A for π− (not shown) was found to be the same as that
for π+ within statistical uncertainties. The rise at high p2

t

2 As the combined dependence on ν and z is crucial for var-
ious model calculations, the results as a function of z are also
given for five slices in ν in ref. [17].

suggests a broadening of the pt distribution [24]. Such a
broadening could result from an interaction of the struck
quark with the nuclear environment before the final ha-
dron is produced and/or from interactions of the produced
hadron within the nucleus. A detailed analysis and discus-
sion of the HERMES data for pions and K+ particles in
terms of pt broadening has been presented in ref. [44]. In-
teresting to note is that in the highest z-slice Rh

A for pions
and K+ becomes independent of p2

t within statistical un-
certainties, while for protons a significant rise is observed
at high p2

t . For K− and antiprotons (neither are shown)
limited statistics preclude any definite conclusion. In the
intermediate z-range protons also show a much stronger
rise with p2

t compared to pions and kaons in the respec-
tive ranges. This is consistent with a large contribution of
final-state interactions in the case of protons.

In fig. 4, the variation of the p2
t -dependence with z is

presented in a different way by showing the dependence
of Rh

A on z for three slices in p2
t . The global decrease of

Rh
A with z was already observed in fig. 2. This dependence

of Rh
A on z turns out to be stronger at higher values of

p2
t , an effect that is emphasised at larger target mass. At

high z, the dependence on p2
t disappears for π+, π−, and

K+, as has already been seen in fig. 3. This lack of nuclear
broadening of the pt distribution in the limit of instan-
taneous hadronization, i.e., before the struck parton has
lost any energy, has been interpreted in terms of broad-
ening arising from partonic processes [24]. For protons,
a similar, but much stronger dependence of the slope on
p2

t was observed, with Rp
A increasing far above unity at

low z. This has been discussed in relation to fig. 2 as be-
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A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.
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Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2 were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons canHermes 2-D studies of multiplicity ratios for π,K,p
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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

5

0.2

0.4

"p
t 

  
  
  
  
  
  
  
  
  
 

2
# 

[G
e

V
2
]

$+

$-

D

K
+

0

0.05

!
"p

t 
  
  
  
  
  
  
  
  
  
  
  
  
 

2
# 

[G
e

V
2
] 

  
 

He

0

0.05

!
"p

t 
  
  
  
  
  
  
  
  
  
  
  
  
 

2
# 

[G
e

V
2
] 

  
 

Ne

0

0.05

!
"p

t 
  
  
  
  
  
  
  
  
  
  
  
  
 

2
# 

[G
e

V
2
] 

  
 

Kr

0

0.05

!
"p

t 
  
  
  
  
  
  
  
  
  
  
  
  
 

2
# 

[G
e

V
2
] 

  
 

Xe

0

0.05

10 20
% [GeV]

!
"p

t 
  
  
  
  
  
  
  
  
  
  
  
  
 

% [GeV]

2
# 

[G
e

V
2
] 

  
 

Xe

2 5
Q

2
 [GeV

2
]Q

2
 [GeV

2
]

0.2 0.4
xx

0.5 1
zz

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.
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Factorization and interpretability

We modeled semi-inclusive pion electroproduction [13],
following the high-energy expectation of Eq. (2). We
used the CTEQ5 next-to-leading-order (NLO) parton dis-
tribution functions to parametrize q!x;Q2" [14] and the
fragmentation function parametrization forD#q!!!z;Q2" #
D$q!!!z;Q2", with D# (D$) the favored (unfavored) frag-
mentation function, from Binnewies et al. [15]. The re-
maining unknowns are the ratio of D$=D#, taken from an
analysis accumulated by the HERMES Collaboration [16],
the slope b of the pT dependence, and the factors A and B
describing the " dependence.

We cannot constrain b well within our own data set due
to the limited !pT;"" acceptance of a magnetic spectrome-
ter setup. Here, with the possible strong correlation be-
tween the pT and " dependence [17], additional
assumptions are required. Hence, we will use the slope b
from an empirical fit to the HERMES pT dependence (b %
4:66 GeV$2) [18]. Our own best estimate is b &
4:0' 0:4 GeV$2, with no noticeable differences between
b values extracted from the pT dependence of either !#

and !$ data or 1H and 2H data, somewhat lower than the
HERMES slope. We do find a " dependence in our data,
with typical parameters of A & 0:16' 0:04 and B &
0:02' 0:02, for an average hpTi & 0:1 GeV. These "
dependences become smaller to negligible in the ratios of
cross sections shown later. Similarly, we find a Q2 depen-
dence in our data that differs from the factorized high-
energy expectation, but this does not affect the results
shown below. Of course, these findings do cast doubt on
the strict applicability of the high-energy approximation
for our experiment.

Within our Monte Carlo package, we estimated two
nontrivial corrections to the data. Radiative corrections
were applied in two steps. We directly estimated the radia-
tion tails within our semi-inclusive pion electroproduction
data using the Monte Carlo calculation. In addition, we
explicitly subtracted radiation tails coming from the ex-
clusive reactions e# p! e0 # !# # n and e# n! e0 #
!$ # p. For these processes, we interpolated between the
low-W2, low-Q2 predictions using the MAID model [19]
and the higher-W2 data of Brauel et al. and Bebek et al.
[20,21]. We subtracted events from diffractive # produc-
tion, using PYTHIA [22] to estimate the p!e; e0#("p cross
section with similar modifications as implemented by the
HERMES Collaboration [18,23]. We also made a 2%
correction to the deuterium data to account for the loss of
pions traversing the deuterium nucleus [24].

The 1;2H!e; e0!'"X cross sections as measured at x &
0:32 are compared with the results of the simulation in
Fig. 1, as a function of z. The general agreement between
data and Monte Carlo calculation is excellent for z < 0:65.
Within our kinematics (pT ) 0), M2

x is almost directly
related to z, as M2

x % M2
p #Q2!1=x$ 1"!1$ z". Hence,

the large excess at z > 0:8 in the data with respect to the
simulation mainly reflects the $N $ !!!1232" transition

region. Indeed, in, e.g., a typical 1H!e; e0!$"X spectrum
one can see one prominent !!1232" resonance and only
some small structure beyond [20,21]. Apparently, above
M2
x & 2:5 GeV2 or so, there are already sufficient reso-

nances to render a spectrum mimicking the smooth z
dependence as expected from the Monte Carlo simulation
following the factorization ansatz of Eq. (2). Last, the fast
drop of the simulations at large zmay be artificial. Whereas
fragmentation functions have been well mapped up to z &
0:9 at the LEP collider [25], to better than 50%, there
remain questions for semi-inclusive pion production at
lower Q2. Here the fragmentation functions could well
flatten out [26], as also included in the Field and
Feynman expectations [27], which tend to produce more
particles at lower energies beyond z & 0:7 or so.

To quantify the surprising resemblance of semi-
inclusive pion electroproduction data in the nucleon reso-
nance region with the high-energy prediction of Eq. (2), we
formed simple ratios of the measured cross sections, in-
sensitive to the fragmentation process (assuming charge
symmetry) at leading order (LO) in %s. If one neglects
strange quarks and any pT dependence to the parton dis-
tribution functions, these ratios can be expressed in terms
of u and d parton distributions, as follows:

 

&p!!#"#&p!!$"
&d!!#"#&d!!$"

& 4u!x"# 4 "u!x"#d!x"# "d!x"
5*u!x"#d!x"# "u!x"# "d!x"+ ; (3)

 

FIG. 1. The 1;2H!e; e0!'"X cross sections at x & 0:32 as a
function of z in comparison with Monte Carlo simulations
(dashed curves) starting from a fragmentation ansatz (see text).
The various cross sections have been multiplied as indicated for
the purpose of plotting.
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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

hp2T i = hz2k2T i+ hj2T i

�hp2T i = �hz2k2T i+�hj2T i
~0

�hp2T i ⇡ z2�hk2T i

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



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
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Emergence of hadrons from QCD color Will Brooks, Fall DNP 2013

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



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)

1� z2

lp = z
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Deep Inelastic Scattering - Vacuum

production time tp - propagating quark

formation time htf - dipole grows to hadron

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

hτf

τp



Exploring nuclei with partonic probes

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

• pT broadening tags propagation of colored object
- extraction of “production time”/”color neutralization 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


