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What is a Path Length Dependent energy loss
• Landau-Pomeranchuk-Migdal (LPM) effect
• Due to interference of radiation with multiple 

scatterings in the QGP
• Leads to an L2 dependence  

• Longer L results in greater energy loss
• Broadening also has L dependence 

• Experimentally we do not know L
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Experimentally measuring path length dependence
• In plane – less L – less Eloss

• Out-of-plane – more L – more Eloss

• How to vary path length?
• System size
• Angle with respect to reaction plane
• Surface bias

• Challenges
• Fluctuations
• Surface bias
• Energy density
• Quark/gluon fractions
• Flow
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Early Pathlength Dependence at RHIC with hadrons
• Suppression of pions has 

pathlength dependence 
• Toward out of plane:
• Larger LàMore Eloss
àLower RAA
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RAA(pT )1/(n−2) =
1

1 + S0
. (15)

The effective fractional energy loss, Sloss, is related to
the fractional shift in the measured spectrum, S0. The
hadrons that would have been produced in the reference
p + p spectrum at transverse momentum pT + S(pT ) =
(1 + S0)pT , were detected with transverse momentum,
pT , implying a fractional energy loss:

Sloss = 1 − 1/(1 + S0) = 1 − RAA(pT )1/(n−2) . (16)

The fractional energy loss Sloss as a function of centrality
expressed as Npart is shown in Fig. 11 for two different
pT ranges, 3 < pT < 5 GeV/c and 5 < pT < 7 GeV/c.
There appears to be a small decrease of Sloss with in-
creasing pT , but the main observation from Fig. 11 is that

Sloss increases approximately like N2/3
part, as suggested by

GLV [52] and PQM [53].
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FIG. 11: (color online) Fractional energy loss Sloss obtained
from Eq. (16) versus centrality given by Npart. The lines are

fits of the form ∝ N2/3
part for each pT range.

It is important to realize that the effective fractional
energy loss, Sloss estimated from the shift in the pT spec-
trum is actually less than the real average energy loss at a
given pT , i.e. the observed particles have pT closer to the
original value, than to the average. The effect is similar
to that of “trigger bias” [54] where, due to the steeply
falling spectrum, the 〈z〉 of detected single inclusive par-
ticles is much larger than the 〈z〉 of jet fragmentation,
where z = !pπ0 · !pjet/p2

jet. Similarly for a given observed

pT , the events at larger p
′

T with larger energy loss are
lost under the events with smaller p

′

T with smaller en-
ergy loss.

It should be noted that fluctuations due to the vari-
ation of the path length and densities traversed by dif-
ferent partons also contribute to the difference between
Sloss

true and Sloss
obs. However, as long as the depen-

dences of the induced energy loss on path length and

parton energy approximately factorize, these fluctuations
will also produce a pT -independent reduction in Sloss

obs

compared to Sloss
true.

C. Angle Dependence of High pT Suppression

In order to try to separate the effects of the density
of the medium and path length traversed, we study the
dependence of the π0 yield with respect to the reaction
plane. For a given centrality, variation of ∆φ gives a vari-
ation of the path-length traversed for fixed initial condi-
tions, while varying the centrality allows to determine
the effect of varying the initial conditions.
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FIG. 12: (color online) RAA vs. ∆φ for π0 yields integrated
over 3 < pT < 5 GeV/c. Most statistical errors are smaller
than the size of the points. The lines following the data points
show the bin-to-bin errors resulting from the uncertainty in
the reaction plane resolution correction (Fig. 1) and from bin-
to-bin uncertainties in the RAA values. The shaded band
indicates the overall RAA uncertainty.

Figs. 12 and 13 show the nuclear modification fac-
tor RAA as a function of ∆φ integrated over pT ∈
]3GeV/c, 5GeV/c] and pT ∈ ]5GeV/c, 8GeV/c], respec-
tively. For all centralities (eccentricities) considered,
there is almost a factor of two more suppression out-
of-plane (∆φ = π/2) than in-plane (∆φ = 0), something
that is immediately apparent in viewing the data in this
fashion, explicitly displaying information only implicit
in RAA v2, or the combination thereof. Strikingly, in
contradiction to the data the variation in RAA with re-
spect to the reaction plane expected by parton energy

PHENIX Phys. Rev. C 76, 034904 (2007) 
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Early Fractional Momentum Loss Study
• Fractional momentum loss Sloss=δpT/pT

• Compare across systems and collision 
energy

pT Shift: δpT/pT (Sloss)!

8"

•  RAA sensitive to under-
lying spectral shape !

•  pT shift more useful to 
compare across √s!

•  Scaling:!
"  multiplicity                               

(or Bjorken energy density) !
x  number of participant 

nucleons or quarks!
# Energy loss mainly driven 

by energy density !
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PhysRevC.93.024911 (2015)pT Shift: δpT/pT (Sloss)!

8"

•  RAA sensitive to under-
lying spectral shape !

•  pT shift more useful to 
compare across √s!

•  Scaling:!
"  multiplicity                               

(or Bjorken energy density) !
x  number of participant 

nucleons or quarks!
# Energy loss mainly driven 

by energy density !

• Sloss scales with energy density



Pathlength Dependent Fractional Momentum Loss? 
• L and Npart based on

Glauber Model calculation
• Scales with L2

• Next extend to in-plane vs 
out-of-plane:

M. Connors (RHIC/AGS AUM 2024)
6



Scaling relationships for in vs out-of-plane
• Scales better with Npart than L or dN/d𝛈
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More systems at RHIC

• Strong centrality 
dependence may 
indicate path-length 
dependent effects
• Need to disentangle 

from energy density
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Using event plane angle

• High pT track v2 attributed 
to pathlength dependent 
energy loss  
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Reconstructed jet v2

• v2 for R=0.2 jets 
consistent with the track 
v2
• v2 appears flat vs pT
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R dependence of reconstructed jet v2

• Jet v2 measured for 
R=0.2, 0.4 and 0.6

• No clear R dependence
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Pathlength Dependence at LHC with hadrons
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• v2 persists to 
very high pT

• v3 goes to zero

Phys. Lett. B 776 (2018)



Pathlength Dependence at LHC with jets 
• Jet and track v2
• ~Agreement between LHC experiments

R. A. Bertens / Nuclear Physics A 00 (2015) 1–4 3
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Fig. 2. v
ch jet
2 of R = 0.2 charged jets as well as v2 of charged particles [6, 7] (red, green) and v

ch+emjet
2 of R = 0.2 full jets (comprising

both charged and neutral fragments) [8] (blue). Statistical errors are represented by bars, systematic uncertainties by shaded or open
boxes. Equal parton pT corresponds to di↵erent single particle, full jet and charged jet pT. ATLAS v

ch+emjet
2 and CMS v2 from [7, 8] in

30–50 % centrality are the weighted arithmetic means of measurements in 10% centrality intervals using the inverse square of statistical
uncertainties as weights.

momentum p
ch jet
T is obtained by subtracting the local underlying event energy ⇢ch local, multiplied by the jet45

area A, from the raw jet momentum, p
ch jet
T = p

raw
T,chjet � ⇢ch local A, where ⇢ch local is obtained from integration46

of ⇢ch(') around 'jet ± R,47

⇢ch local =
h⇢chi
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The pre-factor of the integral, h⇢chi
2R⇢0

, is chosen such that integration over the full azimuth yields the average48

energy density h⇢chi.49

Systematic uncertainties on v
ch jet
2 are split based on their point-to-point correlation. Shape uncertainties,50

dominated by unfolding, are anti-correlated between parts of the unfolded spectrum. Correlated uncer-51

tainties, mainly comprising tracking e�ciency e↵ects, are correlated point-to-point. Correlations between52

changes in Nin and Nout are taken into account for both categories.53

3. Results and comparisons54

Figure 2 shows v
ch jet
2 in central (0-5%) and semi-central (30-50%) collisions. Significant positive v

ch jet
255

is found in semi-central collisions, indicating path-length-dependent in-medium parton energy loss. In cen-56

tral collisions, the larger relative contributions of background to the measured jet energy leads to larger57

systematic uncertainties. The compatibility of the data with a hypothesis of v
ch jet
2 = 0 is tested using a mod-58

ified �2 calculation as proposed in [9] and is found to be within 1-2 standard deviations for the central and59

3-4 standard deviations for the semi-central data. The v
part
2 of single charged particles [6, 7] and the ATLAS60

v
ch+emjet
2 measurement [8] of R = 0.2 jets comprising both full and neutral fragments are superimposed in61

the same figure. The central ATLAS results are reported in 5–10% collision centrality. Although a quan-62

titative comparison between the three observables is not possible as equal parton corresponds to di↵erent63

single particle, calorimeter jet and charged jet pT, qualitative agreement between the measurements found,64

indicating path-length-dependent parton energy loss that is sensitive to the collision geometry up to high pT.65

Figure 3 shows the v
ch jet
2 of R = 0.2 charged jets from the JEWEL Monte Carlo [10], which simulates66

parton shower evolution in the presence of a QCD medium, compared to the measured v
ch jet
2 . In central67

JEWEL collisions v
ch jet
2 is consistent with zero; however it should be noted that JEWEL currently does not68

include fluctuations in the participant distribution of nuclei in the nucleus, which may lead to an underes-69
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Pathlength Dependence at LHC with jets 
• Jet and track v2
• ~Agreement between LHC experiments
• Consistent with RHICR. A. Bertens / Nuclear Physics A 00 (2015) 1–4 3
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Fig. 2. v
ch jet
2 of R = 0.2 charged jets as well as v2 of charged particles [6, 7] (red, green) and v

ch+emjet
2 of R = 0.2 full jets (comprising

both charged and neutral fragments) [8] (blue). Statistical errors are represented by bars, systematic uncertainties by shaded or open
boxes. Equal parton pT corresponds to di↵erent single particle, full jet and charged jet pT. ATLAS v

ch+emjet
2 and CMS v2 from [7, 8] in

30–50 % centrality are the weighted arithmetic means of measurements in 10% centrality intervals using the inverse square of statistical
uncertainties as weights.
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vn with LHC jets

• 5.02 TeV extends to higher pT

• Consistent with v2 measured at 2.76 TeV
• Small jet v3
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Jet vn model comparison

• Reasonable agreement with LBT and LIDO for v2 and v3 for jet 
pT>100 GeV
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Reaction Plane Dependence for Dijets
• Dijet asymmetry is higher for out-of-plane than for in-plane dijetsDijet pT asymmetry !

vs. reaction plane!

10"

ATLAS-CONF-2015-021!
"

•  Variation of dijet pT asymmetry small compared to inclusive jet v2!
•  What is the correspondence between these two quantities? !
•  Naïve ΔE = const*L2 + MC Glauber tuned to match jet RAA and v2, 

shows this result is not unexpected1,2!

•  (Real) model comparisons?!
1Credit:  Yetkin Yilmaz!
2Blame:  This speaker !
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ATLAS-Conf-2015-021

Dijet pT asymmetry !
vs. reaction plane!

10"

ATLAS-CONF-2015-021!
"

•  Variation of dijet pT asymmetry small compared to inclusive jet v2!
•  What is the correspondence between these two quantities?!
•  Naïve ΔE = const*L2 + MC Glauber tuned to match jet RAA and v2, 

shows this result is not unexpected1,2!

•  (Real) model comparisons?!
1Credit:  Yetkin Yilmaz!
2Blame:  This speaker !



Dijets vn
• Dijet v2 consistent with hadron v2
• Dijet v3 and v4 consistent with zero

M. Connors (RHIC/AGS AUM 2024)
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Jet-hadron correlations vs Reaction Plane

• Measure jet-h 
correlations for in, mid 
and out-of-plane jets 
• Background subtraction 

to remove flow 
modulation

M. Connors (RHIC/AGS AUM 2024)
19PhysRevC.109.044909 (2024)



Jet-hadron correlations
• Compare integrated hadron yield 

out-of-plane/In-plane
• Ratio consistent with 1 implies no 

measured effect
• Same conclusion from RHIC and 

LHC 
• Measurement is not sensitive to 

pathlength depedence
• How does the leading particle affect

surface bias
• Can a bias be a tool?

M. Connors (RHIC/AGS AUM 2024)
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Small Systems

• No clear energy loss 
observed in small system 
studies
• Yet non-zero jet v2 and high 

pT hadron v2
• Small systems play in

important role in 
understanding where these 
effects turn on 
• O+O at LHC
• p+Au at RHIC?

M. Connors (RHIC/AGS AUM 2024)
21

arXiv:2212.12609



Can we turn off v2?
• Yes! High pT direct photons
• Expect no modification and see no v2

M. Connors (RHIC/AGS AUM 2024)
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Controlling the origin of the jet
• Deep learning
• Neutral boson tagged 

jets 
• Kinematic cuts

M. Connors (RHIC/AGS AUM 2024)
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Du et al, PhysRevLett.128.012301 (2022)

ZOWW PhysRevLett.103.032302



How sPHENIX can weigh in

• Jet vn at low jet pT overlapping with LHC results
• Predictions suggest R dependence
• Not seen by STAR Isobar studies

M. Connors (RHIC/AGS AUM 2024)
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“Predictions for the sPHENIX physics program”
Nucl. Phys. A 1043, 122821 (2022).



Summary

• Pathlength dependent energy loss expected and observed
• But a more quantitative description is evolving 
• Models should consider Jet RAA and v2 as well as dijet measurements to 

get a more complete picture of the QGP….jet tomography
• Experimentalists should utilize the various tools 
• Small system measurements and implications need more investigation
• Looking forward to sPHENIX results from Run 2025
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BACKUP
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Pathlength Dependent Fractional Momentum Loss? 

• L and Npart based on
Glauber Model 
calculation
• Can extend to in-plane 

vs out-of-plane

M. Connors (RHIC/AGS AUM 2024)
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