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Scale dependence: of probe and target

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

30

Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.

From the 2015 LRP

The medium looks different at different length scales 

The probe behaves differently at different scales 

Need a comprehensive tool to study QGP with jets
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Jets in a medium, grand picture
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Scales of a hard parton in a medium 

A parton in a jet shower, has momentum components 

q = (q-,q+,qT) = (1,λ2,λ)Q,  Q: Hard scale,  λ << 1, λQ >> ΛQCD

k� � �Q, k+ � �2Q
hence, gluons have  

Called Glauber gluons
�4



At large virtuality

A.M.  Phys.Rev. D85 (2012) 014023

Q2 ⇠ l2? ⇠ k2?
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l2? � hk2?i ⇠ q̂L

The transverse momentum is resolved 
at the scale Q >> qL 
Rare hard scacerings.

^
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Case of no scacering



One emission from multiple scacering
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One emission from multiple scacering
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if lT >> <kT>, can expand in ratio

This is what we mean by vacuum medium interference  
Can show that this reduces to the case of single scacering induced 
single emission as in Wang and Guo Nucl.Phys. A696 (2001) 788-832. 

a b c⇣�Iy�E y�I
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This needs to be repeated as long as  Q >> qL

• Usual assumption, multiple emissions are independent! 

• The reason for this depends on your approximation scheme 

• The method of repeating/resumming multiple emissions 
depends on the scale involved.   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Resum with DGLAP

⌧f = 2Ey(1�y)
l2?

Per radiation, with or without scacering

No divergence, yields finite term

Resum into Fragmentation function

Or, simulate with Sudakov.

 10

↵S

2⇡

Z
dl2?
l2?

Z
dyP (y)


1 +

Z ⌧f

0
d⇣

q̂

l2?
(PhaseFactors)

�

↵S

2⇡

Z
dyP (y)


1

✏
� � + log(µ2/Q2) + q̂#

�



As virtuality comes down

• High energy partons with virtuality Q = q τ  

• Now partons with virtuality µ2 =  λ2 Q2 have lifetime 1/(λ2 Q) 

• Over this long lifetime, the parton “can” endure several 
scacerings 

• BDMPS regime 

• need a rate equation  
for multiple emission
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Heavy quark at intermediate energy

• Heavy quarks where p >> M behave like light quarks 

• Mass effect is evident only when p ~ M. 

• Incorporate this in the same power counting 

• We assume  

•           implies smaller than Q, but not small enough to neglect 

• Typical numbers Q ~ 100GeV, λQ ~ 1 GeV,           ~ 10 GeV

p,M ⇠
p
�Q

p
�Q

p
�Q

Raktim Abir, Gagan Deep Kaur, A.M. PRD 90, 114026 (2014)
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Intermediate energy heavy quark e-loss 
Diagrams and various cuts
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p ⌘ (p+, p�, p?) ⇠
⇣p

�Q,
p
�Q, 0

⌘
Heavy quark momentum

Raktim Abir, A.M.  PRC 94, 054902 (2016) 13



Why are these diagrams sufficient?

• Dominant contribution from radiated gluon  

• Glauber gluon scales differently  

• Formation length  

• Parametrically shorter formation length, higher Glauber p 

• Order of magnitude fewer scacerings
 14
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B. Power counting and the small λ parameter

In order to set up the power counting, in this study, we
have introduced the dimensionless small parameter λ. Power
corrections to hard process are generally suppressed by factors
of a hard scale, Q2 ≫ "QCD. The introduction of the parameter
λ, to represent semihard scales as λQ and softer scales as
λ2Q, is a concept borrowed from soft collinear effective theory
(SCET) [38,39]. In what follows, we will retain leading and
next-to-leading terms in λ power counting, neglecting all terms
which scale with λ2 or a higher power of λ [40]. We have
chosen the scaling variable λ in such a way that perturbation
theory may be applied down to momentum transfer scales at
or above λ3/2Q ∼"QCD. In our study,

λ0 ≫
√

λ ≫ λ ≫ λ
3
2 . (7)

Based on the power counting setup and the choice of in-
coming and outgoing quark momentum, we can outline several
important scales in the problem of a heavy quark propagating
through the nuclear medium, scattering off constituents in the
medium, and emitting real gluons. We remind the reader that
given the semihard momentum of the heavy quark, collinear
emission is suppressed due to the mass of the heavy quark,
i.e., the dead cone effect [41].

In the subsequent section, the calculation of the process of
single scattering and single emission from a heavy quark will
be carried out. Here we outline the power counting (in λ) of the
relevant momentum components that will arise in the calcula-
tion. The virtuality of the hard photon defines the hardest scale
in the problem, Q, similar to the case of light quark production
in DIS. The incoming or initial heavy quark has momentum
components pi(p+

i ,p−
i ,pi⊥) ∼(λ−1

2 ,λ
3
2 ,0)Q, the outgoing

heavy quark has momentum components pf (p+
f ,p−

f ,pf ⊥) ∼
(
√

λ,
√

λ,0)Q. It is customary to mention that the above scales
signify only the order of magnitudes and not the actual value
of the momentum components. For outgoing heavy quark, the
z component of the momentum is pf,z = (p+

f −p−
f )/

√
2 ∼

O(
√

λ) −O(
√

λ) ∼O(
√

λ) Also the mass of the semihard
heavy quark scales as M ∼

√
λQ. This choice of incoming

parton and photon momenta scales (not actual value) ensures
that the momentum of the final outgoing heavy quark is of the
order of its mass, as discussed in the previous subsection. In
what follows, we will demonstrate that the leading contribution
to gluon emission arises from the region where real emitted
gluons have momenta which scale as l ∼(λ,λ,λ)Q. This
also ensures that both the z component of the momentum,
lz = (l+ − l−)/

√
2 ∼O(λ) −O(λ) ∼O(λ), as well as the

transverse momentum are ∼O(λ). The fraction of light-cone
momenta carried out by the gluon is y = l−/p− ∼

√
λ. Also

somewhat different from the case of light flavors is the
scaling of the virtual Glauber gluons: k ∼(λ

3
2 ,λ

3
2 ,λ)Q with

k2 = 2k+k− − k2
⊥ ≃ −k2

⊥. As we will demonstrate below,
these choices of momentum scales tend to enhance the gluon
emission rate.

There is another consequence of this choice of scales which
relates to how the single gluon emission kernel may be iterated.
Unlike the case for light flavors, the formation length of a gluon

)2()1(

(3)
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k
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k

FIG. 1. Gluon bremsstrahlung by heavy quark. External legs with
green blobs are on shell, while off-shell internal legs have either a
red blob or a blue blob. Lines with blue blobs are in-medium Glauber
gluons. Red and blue blobs with (without) an additional dark ring
indicate spacelike (timelike) off shell.

with momentum components l ∼(λ,λ,λ)Q is

τQ = 2l−

l2
⊥

∼ 1
λQ

, (8)

which is rather short compared to the formation length of τq ∼
1/λ2Q for gluon radiation from near on-shell light flavors. This
indicates that there cannot be many scatterings per emission.
As a result, in what follows, we derive the single scattering
per gluon emission rate. This single gluon emission kernel,
induced by single scattering, will have to be iterated to obtain
the full energy loss of a semihard heavy quark.

Many readers may find the presence of factors of
√

λ
somewhat disconcerting. We could have simply replaced this
with a new λ. We refrain from defining a new dimensionless
parameter λ, so as to make contact with prior definitions of
λ used in the case of light quarks, where λQ represented
the transverse momentum of the radiated gluons from a hard
parton, or the transverse momentum from scattering of a gluon
in the medium. Thus, to continue to draw a parallel with
the prior results from light flavor energy loss, we require
λQ ∼1 GeV.

To get a physical feel of these scaling relations, one
may typically assume Q ∼100 GeV,

√
λQ ∼10 GeV,λQ ∼

1 GeV,λ
3
2 Q ∼"QCD. We will retain terms that are O(

√
λ)

suppressed compared to the leading terms, but we ignore all
terms that are suppressed by O(λ) and higher. Thus, terms
with M2/Q2 ∼λ will eventually be ignored.

C. Effects on off-shell internal legs

A schematic diagram for single gluon (of momentum l)
bremsstrahlung by an on-shell heavy quark (of momentum
pf ) is given in Fig. 1. Any external legs with a green blob
are on shell, while off-shell internal legs have either a red
blob or a blue blob. Lines with blue blobs are in-medium
Glauber gluons with momentum k. In order to see the effect
of non-negligible k− of the medium gluons one may want to
calculate the off-shellness or virtuality of the internal lines
(with a red blob). In terms of the variables defined in Eq. (18)

054902-3
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A consistent picture of few scacerings

• A posteriori justification of only considering one scacering 

• No BDMPS phase for non-collinear emission  

• A Gunion-Bertsch phase of single scacering and single 
emission.  

• Rate equation with GB kernel for intermediate energy Qs 

• combine with DGLAP for high energy, high virtuality Qs
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Multistage for heavy flavor
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Comparing with data (drag and diffusion)
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Modification in gluon bremsstrahlung spectrum

F The gluon spectrum per unit light-cone length derived as,
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l2?

(l�)2
�

✓
1
2
�

11
4
�

◆
ê2
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Is q for a heavy-quark the same?^
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Is q for a heavy-quark the same?
Heavy-quarks and more issues

• Heavy quarks have a whole new phase, due to the dead 
cone effect  

• A ``Gunion-Bertsch’’ phase with scattering and emission in 
tandem 

• Also due to mass, depend on a different range of x from the 
QGP-PDF

q̂ =
4⇡2CR↵s

N2
C � 1

Z
dy�

⇡

⇢

2p+
hA|F +

? (y�)F?+(0)|Ai e�i�̄P+y�
,

R. Abir , Talk on Tuesday at 11am
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Summary

• Jets and heavy flavors are multi-scale objects 

• Hard heavy quarks behave differently from intermediate energy 
heavy-quarks, from slow heavy quarks 

• The SCETG based power counting can be extended to heavy flavors 

• No BDMPS phase for heavy quarks, replaced by a Gunion Bertsch 
phase 

• Drag and diffusion also trigger additional radiation for heavy-quarks 

• A successful description seems to require a slightly higher q than 
light flavors



Assuming the medium has a large length. 

Or, the parton has a long life time, 1/(λ2Q)

Multiple independent scacering dominates over  
multiple correlated scacering

⇥f(p�, t)
⇥t

= ⇥p� · D ·⇥p�f(p�, t)

�p2
�⇥ = 4Dt

~ ~

Re-summing gives a diffusion equation for the pT distribution
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Michael Benzke et al., 


