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p+p pQCD baseline for  
isolated photon spectra  
/ photon+jet topologies

initial state effects

initial state effects +  
final-state energy-loss



Jets in calorimeter system (|η| < 4.9),  
but typically |η| < 2.8 in Heavy Ions,  

or |η| < 2.1 for fragmentation functions (|ηtrk| < 2.5)

Photons in EM Barrel (|η| < 2.37)  
and EM Endcap (1.56 < |η| < 2.37)
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ɣ+jet event,13 TeV pp

ETɣ = 1.3 TeV
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Isolated photon cross-sections

Kinematically broad 
measurements at 7 TeV,  

8 TeV, 13 TeV (shown here)
• Early (7 TeV) data compatible w/ theory given large exp. uncertainties  
• Newer data systematically higher than central JETPHOX (NLO pQCD) 

➡ does not seem to be covered by “spread” of modern PDF sets
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Figure 2: Measured cross sections for isolated-photon production as functions of E�T in |⌘�| < 0.6 (black dots),
0.6 < |⌘�| < 1.37 (open circles), 1.56 < |⌘�| < 1.81 (black squares) and 1.81 < |⌘�| < 2.37 (open squares). The NLO
pQCD predictions from Jetphox based on the MMHT2014 PDFs (solid lines) are also shown. The measurements
and the predictions are normalised by the factors shown in parentheses to aid visibility. The error bars represent the
statistical and systematic uncertainties added in quadrature. The shaded bands display the theoretical uncertainty.
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https://link.springer.com/article/10.1007/JHEP08(2016)005
https://www.sciencedirect.com/science/article/pii/S0370269317303465


Isolated photon cross-sections

• Data / theory diff. larger at lower ET, outside nominal scale unc. 
➡ no true NNLO photon+jets calculation, but can use for example 

PeTeR (“NNLO-like”) 

• Data more precise than state-of-the-art in theory… 
➡ important to have pp reference data for HI measurements… 
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Figure 5: Ratio of theory (PeTeR and JetPhox both using the CT10 PDF) to data for the di↵erential cross sections
as a function of E�T for the four |⌘�| regions. The statistical component of the uncertainty in the data is indicated by
the horizontal tick marks whereas the whole error bar corresponds to the combined statistical and systematic uncer-
tainty (the additional systematic uncertainty arising from the uncertainty in the integrated luminosity is displayed
separately as a dotted line). The NLO total uncertainty from PeTeR is displayed as a band, which corresponds to
the combination of the scale, PDF and electroweak uncertainties. In the highest E�T interval of the |⌘�| < 0.6 region
the theoretical predictions and uncertainty are not shown as they are above the range of the figure.

than both the measurement and the other predictions, tending to overestimate the measured cross section,
which suggests that the fragmentation contribution is not well modelled by the parton shower.
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For HI measurements, large 
difference in low-pT jet yield for 
inclusive vs. leading selection… 
➡ different q/g fraction, 

different Δɸ distribution, etc. 
➡ can complicate interpretation 

of the data

photon jet-1

jet-2

jet-3

Tests fundamental production & 
radiation/hadronization dynamics 
➡ handle on direct vs. fragmentation 

processes (in an LO sense) 
➡ color connection / coherence effects 

between radiating partons

Photon+multijet dynamics in pp
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“where is the 2nd jet most likely to be?”

for larger pTjet-2 / pTɣ, it is 
opposite the first jet…

for smaller pTjet-2 / pTɣ, it 
is near the first jet…

Photon+multijet dynamics in pp

Nucl. Phys. B 918 (2017) 257 !8

https://dx.doi.org/10.1016/j.nuclphysb.2017.03.006
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Figure 2: Schematic diagrams that show the definitions of (a) �� and (b) �jet1.
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Photon+multijet dynamics in pp

For a second jet near the first jet: 
➡ the two jets are more likely to be 

separated along the η direction   
(have similar Δɸɣ+jet) than along ɸ …

Nucl. Phys. B 918 (2017) 257

9.4 Comparison of jet production around the photon and jet1

Figure 12(a) shows the cross sections for photon plus two-jet production as functions of �jet1 and ��.
The two measured cross sections have di↵erent shapes: the measured cross-section d�/d�jet1 increases
monotonically as �jet1 increases, whereas the measured cross-section d�/d�� increases up to �� ⇡ 1.8 rad
and then remains approximately constant. The predictions from Sherpa give a good description of the
measured cross sections. To quantify the di↵erences in the patterns of jet production around the photon
and jet1, the ratio of the measured cross-sections d�/d�jet1 and d�/d�� is made. In the estimation of
the systematic uncertainties of the ratio of the cross sections, the correlations between numerator and
denominator are fully taken into account leading to complete or partial cancellations depending on the
source of uncertainty. The ratio (d�/d�jet1)/(d�/d��), shown in Figure 12(b), is enhanced at � = 0 and
⇡ rad with respect to the value of the ratio at � = ⇡/2 rad. The measured ratio is tested against the
hypothesis of being independent of � and the resulting p-value is 1.3%. Thus, it is observed, for the first
time, that the patterns of QCD radiation around the photon and jet1 are di↵erent.
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Figure 12: (a) Measured cross sections for isolated-photon plus two-jet production as functions of �jet1 (dots) and
�� (open circles). For comparison, the predictions from Sherpa (blue solid and dashed lines) and Pythia (pink
dash-dotted and dotted lines) normalised to the integrated measured cross sections (using the factors indicated in
parentheses) are also shown. The bottom parts of the figure show the ratios of the MC predictions to the measured
cross sections. (b) Ratio of the measured cross-section d�/d�jet1 and d�/d�� (dots); the ratios for the Sherpa and
Pythia predictions are shown as solid and dashed lines, respectively. The inner (outer) error bars represent the
statistical uncertainties (the statistical and systematic uncertainties added in quadrature). For some of the points,
the inner error bars are smaller than the marker size and, thus, not visible.
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ɣ+multi-jet event 
8.16 TeV p+Pb 

ATLAS data
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Isolated photon cross-section in p+Pb
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ATLAS-CONF-2017-072, 
nucl-ex/1902.xxxxx

• Broad measurement (pT = 20-500 GeV) of isolated photon production 
➡ as in pp, under-prediction by NLO calculations (w/ nuclear effects) 

• In Preliminary results shown here, ~7% p+Pb luminosity uncertainty is 
dominant in some kinematic regions! 
➡ for final results (soon to appear), this has been reduced to ~2.5%

forward (p-going) backward (Pb-going)
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ATLAS-CONF-2017-072, 
nucl-ex/1902.xxxxx

backward (Pb-going)
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• Data favors anti-shadowing modification in line with global 
nPDF fits, less obvious in shadowing region  
➡ (more apparent in final results w/ reduced uncertainties)

• Disfavors large initial state E-loss

RpPb
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• At low-ET, data almost compatible 
with free nucleon PDFs  
➡ region nominally sensitive to 

gluon shadowing / quark anti-
shadowing 

➡ more generally, information for 
global nPDF fits

Forward / backward RpPb ratio vs. pT

!14



Di-photon event
p+Pb

p
sNN = 8.16 TeV

p�
T,1 = 36.7 GeV, ⌘1 = 0.96, �1 = 0.21

p�
T,2 = 34.2 GeV, ⌘2 = 1.68, �2 = -2.91

P
EPb

T = 19.9 GeV

CHAPTER
2.

HIGH-ENERGY
NUCLEAR

COLLISIONS

7

Figure 2.1: Diagrams corresponding to the three terms in the QCD
L
int .

and thus the quantity
 ̄
f D

µ 
f is gauge invariant. Since a mass term

for the gauge bosons

(m 2
g A µ

C A C
µ ) would violate gauge invariance, the gluons are massless.

This is true for the U(1)

theory of QED
as well and is reflected in the fact that photons are massless. (It would be true for

the full SU(2)⇥U(1) electroweak Lagrangian as well, but for the presence of the Higgs field and the

resulting spontaneous symmetry breaking at low temperatures, which gives masses to the
W ±

and

Z
bosons.)However, it is the non-abelian nature of the SU(3) gauge group that will prove to have important

consequences for the theory and distinguish it from
the U(1) theory of QED

in a number of ways,

as we will see when renormalizing the theory in Section 2.1.1.

Writing out the terms in Equation 2.1, we can decompose
L
QCD =

L
0 +

L
int , where the free

field Lagrangian is

L
0 = X
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A µ
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where the first term
gives rise to the

N
f =

6 fermion propagators and the second term
gives

rise to the
N 2
C � 1 = 8 gluon propagators. The interaction Lagrangian is

L
int = X

f
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µ  ̄
f � µ

t C
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where the first
gA
 ̄ term

is a fermion-gauge boson vertex, the second
gA

A
@A

term
is appar-

ently a three gauge boson vertex and the third
g 2

A
A
A
A

term
is a four gauge boson vertex. The

Feynman diagrams for these are shown in Figure 2.1.

Actually, there is one more term
which must be introduced into the Lagrangian as a consequence

of gauge fixing. Since the path integral formulation does not implicitly know
about SU(3) gauge
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Figure2.1:DiagramscorrespondingtothethreetermsintheQCD
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inanumberofways,

aswewillseewhenrenormalizingthetheoryinSection2.1.1.
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di-photon 
production @ LHC

[fb
 / 

G
eV

]
��

/d
m

⇥d

2⇤10

1⇤10

1

10

210

310

410
Data + stat. unc.
Total exp. uncertainty
DIPHOX (qq/qg at NLO, gg at LO)
RESBOS (NLO + NNLL)

-1= 8 TeV, 20.2 fbsATLAS

0 100 200
0

100

200

[GeV]��m
210 310

Th
eo

ry
 / 

D
at

a

0.5

1

1.5

* 
[fb

]
⇥⇤

/d⌅d

4�10

2�10

1

210

410

610
Data + stat. unc.
Total exp. uncertainty
DIPHOX (qq/qg at NLO, gg at LO)
RESBOS (NLO + NNLL)

-1= 8 TeV, 20.2 fbsATLAS

0 0.1

100

200

310◊

*⇥⇤
2�10 1�10 1 10 210 310 410

Th
eo

ry
 / 

D
at

a

1

2

Figure 4: Di↵erential cross sections as functions of the various observables compared to the predictions from Diphox
and Resbos. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and bands around
the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as described in
the text. Only the central values are shown for Resbos. Negative cross-section values are obtained with Diphox in
the first (last) bin of aT and �⇤⌘ (����) and therefore are not shown (see text).
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Figure 5: Di↵erential cross sections as functions of the various observables compared to the predictions from
Sherpa 2.2.1 and 2�NNLO. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and
bands around the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as
described in the text. Negative cross-section values are obtained with 2�NNLO when varying the renormalisation
scale in the first two bins of �⇤⌘ and therefore are not shown (see text).
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Phys. Rev. D 95 (2017) 112005

• Detailed reference 
measurements at 8 TeV 

• mɣɣ compared to DIPHOX, 
RESBOX, NNLO, Sherpa 
➡ should estimate nPDF 

effects! 

https://dx.doi.org/10.1103/PhysRevD.95.112005


photon-tagged E-loss in p+A?

collective behavior of HF decay 
leptons & HF hadrons

appreciable modulation of high-
pT hadrons in <1% p+Pb…

ATLAS  
PRC 90 (2014) 

044906

!16

• If there is a QGP with fluid dynamics, can we constraint / 
observe jet modification with photon-jet / photon+hadron? 
➡ 0.5 M isolated photons in this data with pTɣ ≥ 35-40 GeV
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balancing 
jet(s)?
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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
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Phys. Rev.C 93 , 034914 (2016)
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Analysis of the apparent nuclear modification . . . ALICE Collaboration
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HG-PYTHIA, PLB 773 (2017) 408

Fig. 3: Average RAA for 8 < pT < 20 GeV/c

versus centrality percentile in Pb–Pb collisions atp
sNN = 5.02 TeV compared to predictions from

HG-PYTHIA [38]. Vertical error bars denote sta-
tistical uncertainties, while the boxes denote the
systematic uncertainties.
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Fig. 4: Slope of RAA at low pT (in 0.5 < pT <
2 GeV/c) and at high pT (in 8 < pT < 20 GeV/c)
scaled by factor 15 for visibility versus central-
ity percentile in Pb–Pb collisions at

p
sNN = 5.02

TeV. Vertical error bars denote statistical uncer-
tainties, while the boxes denote the systematic un-
certainties.

displayed in filled, coloured symbols with their corresponding global uncertainties of about 10–
20% denoted at pT⇠0.1 GeV/c. As usual, if not otherwise stated, vertical error bars denote
statistical uncertainties, while the boxes denote the systematic uncertainties.

From central to peripheral collisions RAA increases, which in particular above about 10 GeV/c

can be understood as the progressive reduction of medium-induced parton energy loss. Further-
more, the shape is similar from the most central up to the 80–85% centrality class, namely an
increase at low pT, a maximum around 2–3 GeV/c, related to radial flow, then a decrease with
a local minimum at about 7 GeV/c, followed by a mild increase. Above 80–85% centrality, the
evolution is different as already at low pT the slope is negative and RAA decreases monotonously
with increasing pT. The change in behaviour seems to occur in the 75–85% interval, since the
80–85% RAA values appear to be the same or even lower than those of the 75–80% interval. For
the most peripheral classes, the reduction of the nuclear modification factor with increasing pT
is qualitatively similar to the one observed for low multiplicity p–Pb [39] collisions, indicating
that the underlying bias towards more peripheral collisions with a reduced rate of hard scatter-
ings per nucleon–nucleon collisions is the same. If instead of using N

mult
coll , we had used N

geo
coll in

the normalization of RAA, the results for peripheral collisions above 80% would be even lower,
namely by the ratio quantified in Fig. 1.

To quantify these observations we provide in Fig. 3 the average RAA at high pT (within 8 <
pT < 20 GeV/c), which increases smoothly from most central up to 70–75% centrality and
drops strongly beyond the 80–85% centrality class. The data are compared to a PYTHIA-based
model (HG-PYTHIA) [38], which for every binary nucleon–nucleon collision superimposes a
number of PYTHIA events incoherently without nuclear modification. The essential feature of
the model is that particle production per nucleon–nucleon collision originates from a fluctuating

8

nucl-ex/1805.05212

• Expect > 20x statistics in 2018 
Pb+Pb data 
➡ can address recent questions 

about hard scattering biases 
in peripheral events 
➡ i.e. does jet quenching “turn 

off” sooner than expected…

https://dx.doi.org/10.1103/PhysRevC.93.034914


photon

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

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

Phys. Lett. B 789 (2019) 167

https://doi.org/10.1016/j.physletb.2018.12.023
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➡ recover interesting features in data, e.g. distributions of 
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Compare directly to MC generators at 
particle-level: Pythia 8 Sherpa Herwig 7

!21

Photon+jet pT balance in pp
unfolding recovers 

sharp peak…
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Results: pTɣ = 
63.1-79.6 GeV

peak returns in 
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events

peaked structure destroyed in 0-10% Pb+Pb
!22

pp
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visible peak even in 0-10% Pb+Pb!

50-80% Pb+Pb 
events compatible 
with pp 

P(Elost = 0) > 0P(Elost = large) > 0
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Consider a picture of energy 
loss as arising from a few 
discrete scatterings 
➡ jets either lose no energy 

(RAA =1) or a lot (RAA = 0), 
constrain from high-side tail  

➡ this picture “underpredicts” 
suppression in jet RAA 

➡ presumably quarks less 
quenched than gluons

pT = 63.1-79.6 GeV pT = 79.6-100 GeV pT = 100-158 GeV
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

γJx

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2) γJx

/d
N

)(d γ
N

 (1
/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2) γJx

/d
N

)(d γ
N

 (1
/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

50-80% 30-50%

20-30% 10-20% 0-10%

 PreliminaryATLAS
-1 5.02 TeV, 25 pbpp

-1Pb+Pb, 0.49 nb
 = 100-158 GeVγ

T
p

 (same each panel)pp
Pb+Pb

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

γJx

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2) γJx
/d

N
)(d γ

N
 (1

/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2) γJx
/d

N
)(d γ

N
 (1

/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

50-80% 30-50%

20-30% 10-20% 0-10%

 PreliminaryATLAS
-1 5.02 TeV, 25 pbpp

-1Pb+Pb, 0.49 nb
 = 63.1-79.6 GeVγ

T
p

 (same each panel)pp
Pb+Pb

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

γJx

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2) γJx
/d

N
)(d γ

N
 (1

/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2) γJx
/d

N
)(d γ

N
 (1

/

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

50-80% 30-50%

20-30% 10-20% 0-10%

 PreliminaryATLAS
-1 5.02 TeV, 25 pbpp

-1Pb+Pb, 0.49 nb
 = 79.6-100 GeVγ

T
p

 (same each panel)pp
Pb+Pb

 [GeV]
T
p

AA
R

0.5

1

40       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          900

0 - 10%
20 - 30%
40 - 50%
60 - 70%

ATLAS  = 5.02 TeVNNs = 0.4 jets, R tkanti-

| < 2.8y|
-1 25 pbpp, -12015 data: Pb+Pb 0.49 nb

 and luminosity uncer.〉AAT〈

-40% -30% -25%

20-30% Pb+Pb centrality



0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6) γJx
/d

N
)(d γ

N
(1

/

ATLAS
-15.02 TeV, 25 pb

 = 63.1-79.6 GeVγ

T
p

pp
JEWEL+PYTHIA
Hybrid
BDMPS-Z

GSCET

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
γJx

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6) γJx
/d

N
)(d γ

N
(1

/

ATLAS
-15.02 TeV, 0.49 nb

 = 63.1-79.6 GeVγ

T
p

Pb+Pb 0-10%
JEWEL+PYTHIA
Hybrid
BDMPS-Z

/fm)2=2-8 GeVq  (

GSCET
  (g = 2.0-2.2)

Test description of 
vacuum (pp) baseline

Can models describe 
centrality / pTɣ evolution?

Direct comparisons to theory (no smearing)

!25

pp 0-10% Pb+Pb

Models with Pythia 
vacuum distribution (e.g. 
Hybrid) tend to do well…

Difficult to describe 
detailed shape! (SCETG 

tends to do well…)



Major physics goal for the HI community: compare jets at RHIC & LHC 
with similar “unquenched” kinematics / flavor / cone size  

➡ one good opportunity for this: select jets with high-pT photons  

➡ above: compare particle level ɣ+inclusive-jet @ RHIC-sPHENIX to 
unfolded ɣ+leading-jet @ LHC-ATLAS

Comparisons to (future) HI data @ RHIC

!26
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D(pTh) or  
D(z = pTh / pTjet)

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

note: topological cuts select leading jets only

photon

jet jet 
particles
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How is the parton shower in cone 
modified by medium?

ATLAS-CONF-2017-074
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D(z)

ɣ-tagged jet FF in pp

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

Inclusive jet
(gluon jet-dominant)

ɣ-tagged jet
(quark jet-dominant)
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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)
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ɣ-tagged jet FF in 
30-80% Pb+Pb

rise at large-z / pT?

less obvious here…
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0-30% Pb+Pb / pp

larger 
medium 

response?

more 
softening?

30-80% Pb+Pb / pp
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30-80% Pb+Pb / pp 0-30% Pb+Pb / pp

quantitatively similar 
modification…

inclusive (gluon-
dominant) jets
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D(pT)

D(z)

different modification 
in central events!

inclusive (gluon-
dominant) jets

0-30% Pb+Pb / pp30-80% Pb+Pb / pp
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(like an “RCP”)

D(pT)

D(z)

weak centrality 
dependence for 
inclusive jets

photon-tagged 
jets continue to be 

modified with 
centrality…
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how much of this can be 
attributed just to flavor?

… and how much to 
selection effects? 

(bias against strongly modified 
jets w/ inclusive selection, 
but not with photon tag?)

 35



z

2−10 1−10 1

 ra
tio

 o
f D

(z
)

0.6

0.8

1

1.2

1.4

1.6

 PreliminaryATLAS
pp0-30% Pb+Pb / 

-tagged jets 5.02 TeVγ

 36

2−10 1−10 1
z

0.6

0.8

1

1.2

1.4

1.6

 ra
tio

 o
f D

(z
)

 (g=2.0-2.2)GSCET
Hybrid
Hybrid (no back reaction)
CoLBT-hydro
CoLBT-hydro (no jet-induced
     medium excitement)

Some models correctly describe the low-z enhancement              
(CoLBT-hydro & SCETG) 
➡ particularly with back reaction / jet-induced medium effects…

Theory comparison: ɣ-tagged
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Simultaneous four-way data / theory / inclusive / ɣ-tagged comparison 
➡  SCETG captures the ɣ-tagged vs. inclusive “ordering” for z < 0.1 

— what physics in the calculation causes this?

Theory comparison: ɣ-tagged & inclusive
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