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Photons
Production:

Prompt:

𝑁prompt
𝛾 = 𝑁direct-hard

𝛾 + 𝑁 frag
𝛾

Direct-hard: directly produced in the hard collisions, computed in

perturbative QCD (non-thermal).

Fragmentation: originating from quark and gluon fragmentation.

Thermal: are expected to be produced in QGP

d𝑁 thermal
𝛾 = d𝑁direct

𝛾 − d𝑁prompt
𝛾

Direct: all photons produced in hadron collisions except decays.

Decay: background from uncorrelated hadronic decays, eg. 𝜋0.

Detection:

Directly: photons are detected directly in e.g. the calorimeter.

Indirectly: via low invariant-mass 𝑒+𝑒− pairs
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Prompt photons

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Prompt

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Fragmentation

▶ Real photons are important probes of the QGP (𝑇𝑒𝑓𝑓.)

▶ NLO calculations exist (JETPHOX, NNLOJET, MCFM, Berger/Gordon/Klasen)

▶ 𝑝𝑇-distribution of inclusive photons well described> 4 GeV

▶ How reliable is the thermal photon interpretation?

▶ Scale and nuclear PDF uncertainties large at low 𝑝𝑇
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Gluon distribution

▶ Gluon PDF mainly constrained by jet production and indirectly in DIS experiments

▶ Gluons drive significant fraction of scatterings at the LHC→ precise knowledge of

gluon PDFs is crucial (e.g. for 𝑔𝑔 → 𝐻)
▶ Probe low-𝑥 and𝑄 ∼ 𝑝𝛾

𝑇 region where gluon density is large

▶ Gluon saturation via balanced gluon

splitting and gluon-gluon fusion

→ Color Glass Condensate (CGC) model.

▶ Prompt photons provide an independent obeservable that gives direct access to gluon

density and are less affected by final state effects

▶ At LO the gluon distribution’s x-dependence is: 𝑥 ∼ 2𝑝𝑇√
𝑠 exp (−𝑦)

⟹ probe small 𝑥 in low 𝑝𝛾,𝑗
𝑇 for large

√
𝑠 and 𝑦 (forward rapidity).
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Photon Fragmentation
▶ PDFs and fragmentation functions (FF) usually can not be computed in perturbative

theory.

▶ Operator product expansion separate short- and long distance contributions

▶ Factorized photon-hadronproduction cross section with undetected remains𝑋

d𝜎𝐴𝐵→𝛾𝑋(𝑝𝑎, 𝑝𝐵, 𝑝𝛾) =

∑
𝑎,𝑏,𝑐

∫
1

0
d𝑥𝑎 d𝑥𝑏 d𝑧 𝑓𝑎/𝐴(𝑥𝑎, 𝜇𝐹)𝑓𝑏/𝐵(𝑥𝑏, 𝜇𝐹)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

PDFs

⋅ d𝜎̂𝑎𝑏→𝑐𝑋(𝑥𝑎𝑃𝐴, 𝑥𝑏𝑃𝐵,
𝑃𝛾

𝑧
, 𝜇𝐹)

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
partonic cross section

𝐷𝛾/𝑐(𝑧, 𝜇𝐹)⏟⏟⏟⏟⏟
fragmentation

including photons from the partonic cross sections through

𝐷𝛾/𝛾(𝑧, 𝜇𝐹) = 𝛿(1 − 𝑧)

▶ 𝜎̂ is not IR safe for identified partons, factorization theorems cancel these universal
(collinear) divergences1

1Collins, J. C. et al. Adv. Ser. Direct. High Energy Phys. 5, 1–91. arXiv: hep-ph/0409313 (1989).
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Photon Fragmentation
▶ Altarelli-Parisi gluon splitting kernels

𝑃𝑔𝑞(𝑧) = 𝐶𝐹
1 + (1 − 𝑧)2

𝑧
𝑃𝑔𝑔(𝑧) = 2𝐶𝐴 [( 1

1 − 𝑧
)

+
𝑧 + 𝑧(1 − 𝑧) + 1 − 𝑧

𝑧
]

+ (11
6

𝐶𝐴 − 1
3

𝑁𝑓) 𝛿(1 − 𝑧)

▶ Similar for photon splitting kernels with 𝐶𝐹 → 𝑄2
𝑖 and 𝐶𝐴 → 0 (uncharged photon)

𝑃𝛾𝑞(𝑧) = 𝑄2
𝑞

1 + (1 − 𝑧)2

𝑧
𝑃𝛾𝑔(𝑧) = 0 (at leading order)

▶ Photon evolution equation

𝜇2
𝐹

d
d𝜇2

𝐹
𝐷𝛾/𝑐(𝑧, 𝜇𝐹) = 𝛼

2𝜋
𝑃𝛾𝑐(𝑧)

𝐷𝛾/𝑞(𝑧, 𝜇𝐹) = 𝛼
2𝜋

𝑃𝛾𝑞(𝑧) log (𝜇2
𝐹

𝜇2
𝑠

) + 𝐷meassured
𝛾/𝑞 (𝑧, 𝜇𝑠) 𝐷𝛾/𝑔(𝑧, 𝜇𝐹) = const.

▶ At NLO renormalization group equations couple splitting functions 𝑃𝛾𝑞, 𝑃𝛾𝑔 and 𝑃𝛾𝛾
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Photon Fragmentation
Measured:

▶ Prompt photons in 𝑒+𝑒− collisions (limited data)
▶ Prompt photons in hadronic collisions2

▶ In vector meson production, assuming dominating hadronic fluctuations of the

photon at low scales (VMD)3: 𝐷had
𝛾,𝑖 (𝑧, 𝜇𝑠) = ∑𝑉 =𝜌,𝜔,𝜙

4𝜋𝛼
𝑓2

𝑉
𝐷𝑉 /𝑖(𝑧, 𝜇𝑠)

2Adare, A. et al. Phys. Rev. C 87, 054907. arXiv: 1208.1234 [nucl-ex] (2013).
3Klasen, M. & König, F. Eur. Phys. J. C 74, 3009. arXiv: 1403.2290 [hep-ph] (2014).
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Photon isolation

Boost invariant definition:

Cone radius: 𝑅 = √Δ𝜙2 + Δ𝜂2

Activity in the cone: 𝑝iso𝑇 = ∑Δ𝑅𝑖<𝑅max

𝑖=1 𝑝𝑖
𝑇

Isolation suppresses decay and fragmentation photons4:

4d’Enterria, D. & Rojo, J. Nucl. Phys. B 860, 311–338. arXiv: 1202.1762 [hep-ph] (2012).
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Quark Gluon Plasma

▶ Thermal photons are produced by the constituents of the plasma (quarks and gluons)

▶ Probe properties of the QGP

▶ Medium decreases jet-momentum → jet quenching

▶ Suppressed back-to-back correlation
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Prompt photon production at NLO in POWHEG

5

▶ Good agreement in higher 𝑝𝑇 perturbative region

▶ Photon probes the gluon density and QGP properties

5Klasen, M. et al. JHEP 10, 119. arXiv: 1307.7034 [hep-ph] (2013).
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Direct photon codes
Shower Monte Carlo Event Generators:

Code 𝑝𝑝 → 𝛾𝑗 𝑝𝑝 → 𝛾𝑗𝑗 𝑝𝑝 → 𝛾𝛾
POWHEG NLO+PS [NLO+PS, this project] [NLO+PS, not public]

Sherpa NLO+PS NLO+PS NLO+PS

MG5,HW7 (NLO+PS) (NLO+PS) (NLO+PS)

Pythia LO - LO

⋮

Integrators:

Code 𝑝𝑝 → 𝛾𝑗 𝑝𝑝 → 𝛾𝑗𝑗 𝑝𝑝 → 𝛾𝛾
NNLOJET[not public] NNLO+FF(NNLO) [NLO] NNLO+FF(NNLO)

JETPHOX/DIPHOX NLO+FF(NLO) [LO] NLO+FF(NLO)

MCFM NLO+FF(LO) LO NLO+FF(LO), NNLO

⋮

Either FF or Parton showers (PS) is needed to generate physical results.
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POsitive Weight Hardest Emission Generator (POWHEG)

FKS subtraction:

▶ Divergence can be made explicit in dimensional regularization using 𝛿- and
plus-distributions.

▶ Then they get cancelled between Reals and Virtuals.

▶ Soft divergences
2𝑝0

𝑖√
𝑠 = 𝜉𝑖 → 0, in Real (𝑝𝑖 ⋅ 𝑝𝑗𝑝𝑖 ⋅ 𝑝𝑘)−1 ∝ 𝜉−2

𝑖
▶ Collinear divergences cos(𝜃𝑖𝑗) = 𝑦𝑖𝑗 → 1, in Real (𝑝𝑖 ⋅ 𝑝𝑗)−1 ∝ (1 − 𝑦𝑖𝑗)−1

NLO Matching:

▶ NLO amplitude has 𝑛-particle (Born and Virtual) and 𝑛 + 1-particle (Real) contributions
▶ POWHEG attaches first emission to 𝑛-particle state with a modified Sudakov factor
such that NLO accuracy is preserved.

Δ𝑅(𝑝𝑇) ∼ exp [− ∫ dΦ𝑅
𝑅(Φ𝐵, Φ𝑅)

𝐵(Φ𝐵)
𝜃(𝑘𝑇(Φ𝐵, Φ𝑅) − 𝑝𝑇)]

▶ PS must generate radiation only from below the scale 𝑘𝑇 (→ veto algorithm).
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POsitive Weight Hardest Emission Generator (POWHEG)

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Prompt

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Fragmentation

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
POWHEG-NLO

⏟⏟⏟⏟⏟⏟⏟⏟⏟
Pythia-Shower

▶ Separation between NLO and fragmentation contribution is non-trivial in NLO+PS
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POsitive Weight Hardest Emission Generator (POWHEG)
Fragmentation contribution6:

▶ QED parton shower (𝑞 → 𝑞𝛾), matched to NLO direct cont.
▶ Suppressed wrt. to QCD by 𝛼/𝛼𝑠, color factors, multiplicities

▶ Globally only 2% photons in total QCD+QED event samples

▶ Reweight QED radiation by 𝐶=50 (100), check independence

Renormalization and factorization scales:

▶ 𝜇 = 𝜇𝑝 = 𝑝𝛾,𝑞,𝑔
𝑇 (from underlying Born process)

Born-level event generation cut:

▶ 𝑝𝑝 → 𝛾 + 𝑋 has coll. divergence at LO → impose 𝑝𝑇 > 𝑝min
𝑇

▶ Influences events at low 𝑝𝑇 → region of interest for thermal 𝛾

Similar spike issue as for dijets:

▶ Symmetrization of FS parton splitting (doublefsr = 1)
6Hoeche, S. et al. Phys. Rev. D 81, 034026. arXiv: 0912.3501 [hep-ph] (2010), Jezo, T. et al. JHEP 11, 033. arXiv:

1610.02275 [hep-ph] (2016).
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Photon+jet production at NLO+PS

7

▶ Forward photon and forward jet

▶ Always probed at very low 𝑥

▶ Observation of photon+jet gives access to 𝑥𝑜𝑏𝑠
𝑃𝑏 = 𝑝𝛾

𝑇𝑒−𝜂𝛾+𝑝𝑗𝑒𝑡
𝑇 𝑒−𝜂𝑗𝑒𝑡

2𝐸𝑃𝑏
.

▶ Important for global determination of nuclear PDFs (→ nCTEQ).

▶ Eliminate scale uncertainties by taking ratios

7Klasen, M. et al. JHEP 03, 081. arXiv: 1709.04154 [hep-ph] (2018).
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Isolated photon + jet production with CMS

Proton-proton and proton-lead collisions8:

▶ √
𝑠𝑝𝑝 = 2.76 TeV, 𝐿 (𝑅𝑢𝑛 2013) = 5.3 pb−1

▶ √
𝑠𝑝𝑃𝑏 = 5.02 TeV, 𝐿 (𝑅𝑢𝑛 2013) = 30.4 nb−1

Isolated photons:

▶ In 𝑅 = √(Δ𝜂)2 + (Δ𝜙)2 = 0.4, 𝐸𝑖𝑠𝑜
𝑇 ≤ 5 GeV

▶ No photons with |𝜂𝛾 − 𝜂𝑡𝑟𝑎𝑐𝑘| < 0.02, |𝜙𝛾 − 𝜙𝑡𝑟𝑎𝑐𝑘| < 0.15
▶ 𝑝𝛾

𝑇 > 40 GeV and |𝜂𝛾| < 1.44

Jets:

▶ Anti-𝑘𝑇 cluster algorithm with 𝑅 = 0.3
▶ 𝑝𝑗𝑒𝑡

𝑇 > 30 GeV and |𝜂𝑗𝑒𝑡| < 1.6

Choice of PDFs:

▶ CTEQ 6.1 𝑀𝑆 (p) and nCTEQ15-np (Pb, no pion data)
8Tech. rep. (CERN, Geneva, 2013). http://cds.cern.ch/record/1631991.
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Transverse momentum ratio of jets over photons with CMS

9

▶ POWHEG peak sharper/at higher 𝑥𝐽𝛾 = 𝑝𝑗
𝑇

𝑝𝛾
𝑇
than PYTHIA → CMS smear/resolution?

▶ At LO 𝑥𝐽𝛾 = 1
▶ No significant cold nuclear effects

▶ Softer (and more) jets at large 𝑝𝛾
𝑇

9Klasen, M. et al. JHEP 03, 081. arXiv: 1709.04154 [hep-ph] (2018).
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Mean jet transverse momentum fraction with CMS

10

▶ Higher 𝑝𝛾
𝑇 → possible to produce ≥ 1 jets (e.g. ‘‘Mercedes star’’) → falling ⟨𝑥𝐽𝛾⟩

▶ No Quark-Gluon-Plasma → not a sign of rescattering in the medium!

10Klasen, M. et al. JHEP 03, 081. arXiv: 1709.04154 [hep-ph] (2018).
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Azimuthal correlation of photons and jets with CMS

11

▶ No significant cold nuclear effects, flatter distributions at large 𝑝𝛾
𝑇

▶ POWHEG NLO + PYTHIA 8 PS describes data within errors

▶ JETPHOX does not describe the data below Δ𝜙 = 2𝜋/3, as the maximum number of

jets at NLO is two

11Klasen, M. et al. JHEP 03, 081. arXiv: 1709.04154 [hep-ph] (2018).
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Preliminary: Photo production with one jets
Aj-lo-mcfm
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▶ Fixed order without PS/FF

▶ 𝑝𝛾,𝑗
𝑇 > 20 GeV cut

▶ Beyond LO photon and jet are no longer back to back

▶ Rapidity dependence visible for 𝑅 > 𝜋
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Preliminary: Leading order photo production with two jets

Ajj-lo-mcfm
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▶ Improved sampling and/or more statistics needed

▶ High 𝑝𝑇 ,𝑗1 dependence dominated by Real correction/jet emission.
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Outlook:Photons

▶ Virtual corrections for photon+dijets must be calculated

▶ Requires use of automatization (FormCalc, RECOLA, MG5_aMC@NLO)

▶ Comparison with ALICE [𝛾ℎ] data12

▶ Comparison of isolation criteria

▶ Comparison of QCD/QED PS (PYTHIA, HERWIG, SHERPA)

▶ Indispensible baseline for corresponding QGP studies

12Acharya, S. et al. Phys. Rev. C 102, 044908. arXiv: 2005.14637 [nucl-ex] (2020).
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Outlook:Photons

Simulations for FOrward CALorimeter in ALICE (after LS3):

▶ Access to nPDFs at very small 𝑥
▶ Search for saturation and transition to QGP

▶ Ultraperipheral collisions and long-range correlations

▶ Fraction of events where Photon in FoCal, but Jets in ALICE?

Simulations for ALICE3:

▶ Focus will be on soft photons

▶ Observed cross sections much larger than predicted at low 𝑝𝑇
▶ However, non-perturbative region ...
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Outlook:Dileptons
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▶ Application to low-mass dileptons in pp and pPb collisions

▶ Comparison with ALICE data13

▶ Dominated by light- and heavy-meson decays

▶ Analysis of multijet events in ALICE containing a dilepton

▶ Obtain new information on jet formation

13Acharya, S. et al. Phys. Rev. C 102, 055204. arXiv: 2005.11995 [nucl-ex] (2020).
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Z-boson + jet production: Multi-scale improved NLO (MiNLO)

14 15

▶ NLO extension of the matrix element reweighting procedure employed in tree level

matrix element-parton shower merging algorithms.

▶ Resums to all orders the large logarithms that arise from kinematic configurations

involving disparate scales.

▶ MiNLO for prompt photon production in POWHEG requires implementation of analytic

resummed parts

14Alioli, S. et al. JHEP 01, 095. arXiv: 1009.5594 [hep-ph] (2011).
15Campbell, J. M. et al. JHEP 08, 005. arXiv: 1303.5447 [hep-ph] (2013).
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Thank you!
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Forward/Focal isolation

16

16ALICE Collaboration, C. Tech. rep. (CERN, Geneva, 2020). https://cds.cern.ch/record/2719928.
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Focal Powheg Setup

▶ generate 100 × 10000 Events (already 100GB with shower)
▶ bornktmin 1

▶ bornsup 10
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Transverse photon momentum dependence
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▶
√

𝑆 = 13TeV
Photon-Cuts:

▶ 3.4 < 𝜂𝛾 < 5.8
▶ 1 < 𝑝𝛾

𝑇/GeV < 40
Photon-Isolation:

▶ 𝑅iso = 0.4
▶ 𝐸iso

𝑇 /GeV = 5
Jet:

▶ −1.6 < 𝜂𝑗 < 1.6 (to be changed to
FoCal/ALICE acceptance)

▶ 30 < 𝑝𝑗
𝑇/GeV

▶ AntiKt with 𝑅𝑗 = 0.3
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Azimuthal angle difference of photon and jet

Rivet
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▶
√

𝑆 = 13TeV
Photon-Cuts:

▶ 3.4 < 𝜂𝛾 < 5.8
▶ 10 < 𝑝𝛾

𝑇/GeV < 40
Photon-Isolation:

▶ 𝑅iso = 0.4
▶ 𝐸iso

𝑇 /GeV = 5
Jet:

▶ −1.6 < 𝜂𝑗 < 1.6 (to be changed to
FoCal/ALICE acceptance)

▶ 30 < 𝑝𝑗
𝑇/GeV

▶ AntiKt with 𝑅𝑗 = 0.3

▶
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Isolation
Effect of the isolation(𝑅iso = 0.4, 𝐸iso/GeV = 2) on Δ𝜙 distribution:
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https://indico.cern.ch/event/242419/contribution/19/attachments/412185/
572744/LHC_France_SCHWOERER.pdf

Alexander Neuwirth Alice FSP 2022 September 28, 2022 31

https://indico.cern.ch/event/242419/contribution/19/attachments/412185/572744/LHC_France_SCHWOERER.pdf
https://indico.cern.ch/event/242419/contribution/19/attachments/412185/572744/LHC_France_SCHWOERER.pdf


NNLOJET

1718

17Chen, X. et al. JHEP 04, 166. arXiv: 1904.01044 [hep-ph] (2020).
18Chen, X. et al. in 16th DESY Workshop on Elementary Particle Physics: Loops and Legs in Quantum Field Theory 2022

(Aug. 2022). arXiv: 2208.02669 [hep-ph].

Alexander Neuwirth Alice FSP 2022 September 28, 2022 32

https://arxiv.org/abs/1904.01044
https://arxiv.org/abs/2208.02669


NNLOJET

1920

19Chen, X. et al. JHEP 04, 166. arXiv: 1904.01044 [hep-ph] (2020).
20Chen, X. et al. in 16th DESY Workshop on Elementary Particle Physics: Loops and Legs in Quantum Field Theory 2022

(Aug. 2022). arXiv: 2208.02669 [hep-ph].

Alexander Neuwirth Alice FSP 2022 September 28, 2022 33

https://arxiv.org/abs/1904.01044
https://arxiv.org/abs/2208.02669

	Introduction
	Photons
	Prompt photons
	Gluon distribution
	Photon Fragmentation
	Photon isolation
	Quark Gluon Plasma
	Prompt photon production at NLO in POWHEG

	Numeric codes
	Direct photon codes

	Physics
	POsitive Weight Hardest Emission Generator (POWHEG)

	Current Status - Preliminary
	Preliminary: Photo production with one jets
	Preliminary: Leading order photo production with two jets

	Outlook
	Outlook:Photons
	Outlook:Dileptons
	Z-boson + jet production: Multi-scale improved NLO (MiNLO)

	Backup
	Forward/Focal isolation
	Focal Powheg Setup

	Focal Prompt photon production
	Transverse photon momentum dependence
	Azimuthal angle difference of photon and jet
	Isolation
	NNLOJET


