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HCal

EMCal

pT = 200 GeV 
photon

Run: 286834
Event: 124877733
2015-11-28 01:15:42 CEST
Pb+Pb √sNN = 5.02 TeV
photon + multijet event
ΣETFCal = 4.06 TeV



photon

jet (AA)
jet (pp)

 3

What is the (absolute) amount of energy lost in cone?

Photon+jet pT-balance 
➡xJɣ = pTjet / pTɣ (for Δɸ>7𝜋/8)
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What is the (absolute) amount of energy lost in cone?

Photon+jet pT-balance 

How is the parton shower in cone modified by medium?

➡xJɣ = pTjet / pTɣ (for Δɸ>7𝜋/8)

➡D(pTh) or D(z = pTh / pTjet)



NEW @
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What is the (absolute) amount of energy lost in cone?

Photon+jet pT-balance 

How is the parton shower in cone modified by medium?

➡xJɣ = pTjet / pTɣ (for Δɸ>7𝜋/8)

➡D(pTh) or D(z = pTh / pTjet)
NEW @ ATLAS-CONF-2017-074



Photons, jets, 
hadrons

Jets in calorimeter 
|η| < 2.8, pT > 31.6 GeV

Photons in EMCal 
pT > 63.1 GeV, |η| < 2.37 

(excluding 1.37-1.56)

Centrality in  
FCal (3.2 < |η| < 4.9)

Pb

Pb

M. Spousta, 11:10am

!6

Z. Citron, 10:00am

Tracks in  
inner detector (|η| < 2.5)

M. Rybář, 12:30pm



Correction for detector effects

!7

• 2-D unfolding in (pTɣ, xJɣ) 
➡ (pTjet, pTh) or (pTjet, z) for FF 

measurement
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(xJɣtruth,xJɣreco) correlation at 
fixed (pTɣ,truth,pTɣreco)

➡ final results at “particle level”
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What is the (absolute) amount of energy lost in cone?

Photon+jet pT-balance 
➡xJɣ = pTjet / pTɣ (for Δɸ>7𝜋/8)



Compare directly to MC generators: Pythia 8 Sherpa Herwig 7
!9
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Photon+jet pT balance in pp unfolding recovers 
sharp peak…
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peaked structure destroyed in 0-10% Pb+Pb
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peak returns in 50-80% 
Pb+Pb events

pp
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peaked structure (jets w/o E-loss?) visible in 20-30%
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Pb+Pb, pTɣ = 79.6-100 GeV
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visible peak even in 0-10% Pb+Pb
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Pb+Pb, pTɣ = 100-158 GeV



Fix centrality, explore pTɣ-evolution
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Fix centrality, explore pTɣ-evolution
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0-10% Pb+Pb 
pTɣ = 100-158 GeV
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uncorrected Pb+Pb data to 
smeared Pythia: bulk shift…

20-30% Pb+Pb 
pTɣ = 79.6-100 GeV

smeared Pythia
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0-10% Pb+Pb 
pTɣ = 100-158 GeV
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smeared Pythia

QM ‘18QM ‘17
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Test description of 
vacuum (pp) baseline

Can models describe 
centrality / pTɣ evolution?

Direct comparisons to theory (no smearing)
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pp 0-10% Pb+Pb
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NEW @ ATLAS-CONF-2017-074

Photon-tagged frag. function 
(with respect to the jet)

photon

jet jet particles

How is the parton shower in cone modified by medium?

➡D(pTh) or D(z = pTh / pTjet)
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NEW @ ATLAS-CONF-2017-074

Photon-tagged frag. function 
(with respect to the jet)

photon

jet jet particles

How is the parton shower in cone modified by medium?

➡D(pTh) or D(z = pTh / pTjet)

Kinematic selection intended to 
pick out only the leading 
(dominantly quark) jet :

pTɣ = 79.6-125 GeV
pTjet = 63.1-144 GeV
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Figure 6: (a) Corrected distributions of charged particle scaled energy, xE =E/E jet, for
40.1 GeV g incl. gluon jets and 45.6 GeV uds quark jets. (b) The ratio of the gluon to quark
jet xE distributions for 40.1 GeV jets. The total uncertainties are shown by vertical lines. The
experimental statistical uncertainties are indicated by small horizontal bars. (The uncertainties
are too small to be seen for the uds jets.) The predictions of various parton shower Monte Carlo
event generators are also shown. These data are tabulated in Table 2.
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Fragmentation difference as 
expected from, e.g. LEP

hep-ex/9903027

gluon jets

quark jets

D(z)
ɣ-tagged jet FF in pp

Inclusive / ɣ-tagged ratio
(also ɣ-tagged Pythia/data ratio)



ɣ-tagged jet FF ratios in Pb+Pb
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30-80% Pb+Pb / pp 

familiar pattern of 
modification here…
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(new 5.02 TeV 
results: M. Rybář, 

this room,12:30pm)
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familiar pattern of 
modification here…
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here!
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ɣ-tagged jet FF ratios in Pb+Pb
0-30% Pb+Pb / pp 

familiar pattern of 
modification here…

… different pattern 
here!

30-80% Pb+Pb / pp 
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ɣ-tagged jet FF vs. inclusive jet FF
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• ɣ+jet pT-balance 
➡ pp-like peaked xJɣ in Pb+Pb: 

variation in jet-by-jet E-loss
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• ɣ-tagged jet frag. functions: 
➡ different modification in central 

evts. than inclusive jets

ɣ-tagged jet quenching (w/ unfolding for detector effects)
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• ɣ+jet pT-balance 
➡ pp-like peaked xJɣ in Pb+Pb: 

variation in jet-by-jet E-loss
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• ɣ+jet pT-balance 
➡ pp-like peaked xJɣ in Pb+Pb: 

variation in jet-by-jet E-loss
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• ɣ-tagged jet frag. functions: 
➡ different modification in central 

evts. than inclusive jets

ɣ-tagged jet quenching (w/ unfolding for detector effects)
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ATLAS-CONF-2018-009
ATLAS-CONF-2017-074
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backup



1. What is the (absolute) amount of 
energy lost in cone?
➡ photon+jet pT-balance 

2. How is the parton shower in cone 
modified by medium?
➡ photon-tagged frag. function (with 

respect to the jet) 

3. Where does the lost energy go?
➡ photon-hadron corr. broadly in 

angle / momentum

photon

jet (AA)
jet (pp)

photon

jet jet particles

photon

jet
quenched energy
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Systematic 
uncertainties 

(on xJɣ)

• Dominant: standard HI jet pT scale, resolution uncertainties 
• Sub-dominant: photon ID, isolation, dijet background 
• Co-dominant in central events: prior/MC/combinatoric bkg. 
➡ FF measurement also includes tracking uncertainties
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Photon selection

• Photons are required to pass ID cuts & be experimentally isolated 
➡ purity estimated with standard “double sideband” approach, 

>95% (>80%) in pp (central Pb+Pb)
 36
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• Data-driven background corrections 
➡ combinatoric photon+jet pairs 
➡ dijets (𝜋0+jet) from impure photon selection 
➡ FF measurement also includes UE particles in jet cone

ATLAS DRAFT
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Figure 1: Summary of background subtraction procedure for pp (left), 50-80% centrality (center) and 0-10%
centrality (right) Pb+Pb events, showing reconstructed distributions of the photon–jet pT balance xJ� for p�T = 63.1–
79.6 GeV. Gray, red and blue histograms show the raw jet yields, the estimate of the combinatoric background
(non-existent for pp events), and the dijet background. Black points show the background-subtracted data before
unfolding.

Fig. 1 indicates the size of these backgrounds in the lowest p�T selection, where they are the largest. The255

combinatoric jet background for Pb+Pb collisions contributes primarily to kinematic bins populated by256

pjet
T < 50 GeV. It is also strongly centrality dependent, being largest in 0–10% collisions but nearly257

negligible in 30–50% collisions. The dijet background described above contributes to a broad range of258

pjet
T values including the region xJ� > 1, since the pT ratio of a jet to a hadron fragment can generally be259

above unity. This background has a similar shape in all events. However, since the photon purity is lower260

in Pb+Pb events than in pp events, this correction is larger in the former.261

5.3 Unfolding262

The background-subtracted xJ� yields are corrected for bin migration e�ects due to detector resolution263

via a Bayesian unfolding procedure [51, 52]. To accomplish this, the reconstructed yields were arranged264

in a two-dimensional (p�T, xJ�) matrix with bin edges that are evenly separated in logarithmic space, and a265

two-dimensional unfolding was performed similar to that for dijet pT correlations in Ref. [12]. Although266

the migration along the p�T axis is small, it is necessary to include it since the degree of bin migration in267

xJ� depends on the (absolute) pT of the jets. To fully account for the e�ects of bin migration across the268

analysis selection, the axes of the matrix extended over a larger range of p�T and xJ� than the fiducial range269

in which the results are reported. A response matrix was determined by associating each pair of (p�T, xJ�)270

values at the generator level with their counterparts at the reconstructed level, separately for pp events and271

for each Pb+Pb centrality.272

The Bayesian unfolding method requires a choice for the number of iterations, niter, and an assumption of273

the prior for the initial particle-level distribution. The P����� sample does not include the e�ects of jet274

energy loss, and thus the underlying particle-level distribution in data is expected to have a di�erent shape275

than the default prior in the simulation sample. An initial unfolding using the default P����� prior was276

performed for each centrality selection, and the ratios of the unfolded distributions to the generator-level277

priors in P����� were fit with a smooth function in xJ� for each p�T selection. This function was evaluated278

to give a weight w = w(xJ�, p
�
T) that was used to reweight the generator-level distribution in simulation279
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Figure 3: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp collisions, each panel featuring a di�erent
photon pT selection range. The unfolded results are compared to the particle-level distributions in three MC event
generators. Bottom panels show the ratios of the generators to the pp data. Total systematic uncertainties are shown
as boxes, while statistical uncertainties are shown with vertical bars.
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di�erent p�T selection (the lowest and highest selection are displaced horizontally for clarity). The points plotted at
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Comparisons to theory (higher-pTɣ)

pp 0-10% Pb+Pb
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Figure 12: Representation of the response for pp events (left) and 0–10% Pb+Pb events (right). Each large sub-region
represents a fixed value of (p�,truth
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reco
J� ) response.

The insets show a closeup of the xJ� response for an example (p�,truth
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T ) selection (dashed square).
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values obtained using a di�erent photon–jet signal definition. Left: Comparison of the nominal results (with
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Correction for detector effects

pp 0-10% Pb+Pb
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Figure 13: Selected comparison of the nominal results in pp (blue) and 0-10% Pb+Pb (red) collisions to the central
values obtained using a di�erent photon–jet signal definition. Left: Comparison of the nominal results (with
�� > 7⇡/8) with those obtained using �� > 3⇡/4 for the p�T = 63.1 � 79.6 GeV selection. Right: Comparison
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Cross-check with alternate fiducial definitions

Open Δɸ window from 
>7𝜋/8 to >3𝜋/8

Select leading jet only instead of 
all jets with Δɸ >7𝜋/8



Photon-tagged measurements 
possible in Run 2:
1. ɣ+jet: absolute E-loss 
2. D(z) for ɣ-tagged jets in 

Pb+Pb & p+p 
3. ɣ-tagged RAA

4. ɣ+jet vs. reaction plane
5. missing-pT flow w/ external 

scale 
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Figure 8: Measured cross sections for isolated-photon plus two-jet production (dots) as functions of (a) E�T, (b)
pjet2

T , (c) ����jet2 and (d) ��jet1�jet2. The NLO QCD predictions from Blackhat corrected for hadronisation and
underlying-event e↵ects and using the CT10 PDF set (solid lines) are also shown. These predictions include only
the direct contribution (D). The bottom part of each figure shows the ratio of the NLO QCD prediction to the
measured cross section. The inner (outer) error bars represent the statistical uncertainties (the statistical and sys-
tematic uncertainties added in quadrature) and the shaded band represents the theoretical uncertainty. For most of
the points, the inner error bars are smaller than the marker size and, thus, not visible.
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Figure 13: Measured cross sections for isolated-photon plus three-jet production (dots) as functions of (a) E�T, (b)
pjet3

T , (c) ����jet3, (d) ��jet1�jet3 and (e) ��jet2�jet3. The NLO QCD predictions from Blackhat corrected for had-
ronisation and underlying-event e↵ects and using the CT10 PDF set (solid lines) are also shown. These predictions
include only the direct contribution (D). The bottom part of each figure shows the ratio of the NLO QCD prediction
to the measured cross section. The inner (outer) error bars represent the statistical uncertainties (the statistical and
systematic uncertainties added in quadrature) and the shaded band represents the theoretical uncertainty. For most
of the points, the inner error bars are smaller than the marker size and, thus, not visible.
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Sensitivity to analysis choices…
1. Photon + inclusive jets 

➡experimentally easy, but   can’t 
extract per-jet <Eloss> 

2. Photon + leading jet 

➡better-defined “leading  quark” 
probe 

3. Photon + ΣpT of high-pT jets 

➡E-loss of entire recoiling 
hadronic system
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pTɣ = 79.6-125 GeV

pTjet = 63.1-144 GeV

➡ no jets with xJɣ < 0.5 
accepted (only leading jets) 

➡ 73-83% quark-initiated jets

pT
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Figure 4: Ratio of the fragmentation function for jets azimuthally balanced with a high-pT photon between Pb+Pb
collisions and pp collisions, shown as a function of charged particle pT or z, for photon-tagged jets (this measurement,
black points) and for inclusive jets inpsNN = 2.76 TeV Pb+Pb collisions [9, 10] (see text, red points). Hatched bands
and vertical bars show the total systematic and statistical uncertainties, respectively, for each measurement. Results
are compared to theoretical calculations within a hybrid strong/weak-coupling framework [12] and a soft-collinear
e�ective theory with Glauber gluons [55–57].
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Teaser comparisons to theory…

Hybrid model (0-30%, vs. pT) 
with back-reaction SCETG calculation (0-30%, vs. z)
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