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Motivationand introduction
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Ã More precise experimental data isavailable!! We needto include

(previouslyneglected) smalltheoreticaleffects!!

Ã NLO QCD isthestandard; NNLO QCDcalculationsstartingto appear!

Ã QED effectsmight compete with NNLO QCD (since ἡͯ )

Ã Inclusionof QED beyondLO couldlead to novel effects:

Ä Quark-gluon interactingwithleptonsand photons

Ä Chargeseparation

Ä Dependenceon the photoncontentof the proton!

Ä Enhancedcontributionsat high-energies(dueto therunning EM coupling)

Ã Thus, QED correctionsMUST be takeninto account!

Whywe needQED corrections?

Manohar, Nason, Salam, Zanderighi, ô16



Extending DGLAP equations
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Ã DGLAP equations dictate the evolution of PDFs

Ã QED interactions connectsQCD partons withphotons and leptons.

Ã Extend original DGLAP equations to deal with new objects:

IntroducingQED corrections

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 
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Extending DGLAP equations
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Ã Change PDFs basisto simplify the system of coupled integro-differential 

equations

Ä Photon and gluon distributions are not altered 

Ä Straightforward extension to deal with nF=6

IntroducingQED corrections

Roth,Weinzierlô04

New leptondistributions!

Photondistribution!

Valence

distributions

CANONICAL BASIS

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



Extending DGLAP equations
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Ã New optimized DGLAP equations (I) 

IntroducingQED corrections

Singletdistributions

ValencePDFs Diagonal equations

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



Extending DGLAP equations
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Ã New optimized DGLAP equations (II)

Ã Splitting kernels definitions (introduced to simplify the notation)

IntroducingQED corrections

GluonPDF evolution

PhotonPDF evolution

Vanishes at

and

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



Extending DGLAP equations
8

Ã Extended sum rules (impose physical constraints in AP kernels)

Ä Fermion number conservation

Ä Momentum conservation

Ã Some general remarks:

Ä Chargeseparation effects introduced by QED

Ä Non-trivial quark-lepton mixing (although simplified in the optimized basis)

Ä Explicit formulaeinvolving AP kernels can be obtained by replacing the 

evolution equations

Ä Sum rules allow to fix the behaviourof AP kernels in the end-point (x=1)

Ä Also, they are useful for checking the consistency of the results.

IntroducingQED corrections

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED corrections to AP kernels
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Ã Perturbative expansion in QCD and QED couplings (non-trivial countingé)

Ã Well-known LO results:

Ä Terms proportional to Diracõs deltasare originated by virtual (loop) corrections

Ä Color factors in QCDreplaced withEMchargesin QED Motivates
Abelianization algorithm!

Definitionsand previousresults

Standard QCD AP-kernels at LO LO QED splitting functions

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



Ã Thereplacement has to be done comparing carefullyeach topology, 

removing the QCD colorfactorand multiplying by the QCD-QED (or pure 

QED) factor

Ã Abelianization algorithm:

1. Removetheaverageoverinitialstatecolors

2. Identify non-vanishingdiagrams when replacing gluonsby photons

(both real and virtual terms). Replacementof non-observablegluons

leadsto non-equivalenttopologies: multiplyby 2!

3. Expressthe color factors in termsof NC, and keep only the leading

termswhen (complementsstep2)

4. For internal fermionloops,use (if external,multiplyby its

charge)

5. Multiplythecolorstrippedresultby thepropercolorfactor

QCD-QED corrections to AP kernels
10 Abelianization technique

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED corrections to AP kernels
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Ã Abelianization algorithm: example at                

Non-observable gluon leads to 

non-equivalent diagrams 

contributing to the same kernel

Replacement of external gluons 

leads to different kernels (no 

need of factor 2)

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED corrections to AP kernels
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Ã Important remarks:

Ä Use two-loop QCD results as starting point; keeping track of the different 

topologies contributing to the splittings is crucial to check the results

Ä Mixed QCD-QED contributions (i.e. ) obtained through the replacement of 

one gluon with one photon.

Ä Two-loop QED contributions (i.e.           ) involve replacing two gluons; internal 

fermion loops could contain leptons

Ä Results have been cross-checked independently by another group!

Curci, Furmanskiand Petronzio, Nucl. Phys. B 175 (1980) 27

Furmanskiand Petronzio, Phys. Lett. B 97 (1980) 437

Ellis and Vogelsang, hep-ph/9602356

with 

Manohar, Nason, Salam and Zanderighi, arXiv:1607.04266 [hep-ph]

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED correctionsto AP kernels
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Ã We define a ratio to quantify the effect of H.O. QED corrections

Ã Quark-quark splittings 

Phenomenologicalimpact

with 

Å Pure QCD contribution still 

dominant (x103)

Å QED corrections introduce 

charge separation effects

(specially at            )

Å Small corrections in 

intermediate x region

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED corrections to AP kernels
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Ã Quark-gluon splittings

Phenomenologicalimpact

Å Again, pure QCD contributions are dominant (x103)

Å Small chargeseparationat                and no            corrections

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED corrections to AP kernels
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Ã Quark-photon splittings (new!)

Phenomenologicalimpact

Å No             contributions: QED corrections are crucial here!!!

Å isdominantbut only contributionsare responsibleof charge

separationeffectsin

Å Percentlevel corrections(could influencephotonPDF)

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



QCD-QED corrections to AP kernels
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Ã Splittings involving leptons (new!)

Phenomenologicalimpact

Å Startingat 

Å Represent a few percent 

correction (no QCD contribution 

at LO)

Å Lepton PDFs strongly suppressed 

(small phenomenological impact 

expected)

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 



NLO QED correctionsto ὴὴO ‎‎
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Ã Applicationof Abelianizationtechniquesto recoverNLO QED.

Ã Full NLO EW correctionsrecentlycomputed Non-negligibleeffects

foundin thehigh-invariantmassregion!!!

Ã Somesubtletiesto take intoaccount:

Ä QED running: only on-shellfinal statephotons

are presentat LO; no needto includefull                                              

QED running. 

Ä Photon-ordering: presenceof photonradiation,                                              

cutsimposedonthetwo hardestphotons

Dynamicalconstraint, minimumangular                                            

separationbigger than120º!!!!)

Ä Photon-clustering: collinearphotonsare merged; smallphenomenological

effectsdueto absenceof collinearsingularities(notthecase in QCDé)

Applying QED Abelianization

Cieri, Ferreraand GS, workin progress
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NLO QED correctionsto ὴὴO ‎‎
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Ã Someplots(comparisonwithNNLO and NLO QCD corrections)

Applying QED Abelianization

Cieri, Ferreraand GS, workin progressTransverse-momentum distribution

Å Quark channelremains(almost) 

unchangedby changingPDF 

(agreementin thequark sector) 

Å Photon channel sensitive to PDFs 

(NNPDF3 vs LUX-CT14)

Å Differences among different sets 

enhanced in the high-pTregion

Å NLO QED effects small compared 

with NLO QCD, but the difference 

decreases as pTincreases

QED effectsare more 

importantfor highenergies

(evenwithstaticcouplingé)



NLO QED correctionsto ὴὴO ‎‎
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Ã Someplots(comparisonwithNNLO and NLO QCD corrections)

Applying QED Abelianization

Cieri, Ferreraand GS, workin progress Invariant mass distribution (hardest photons)

Å Quark channelremains(almost) 

unchangedby changingPDF 

(agreementin thequark sector) 

Å Dynamical cuts generated by the 

tri-photon event selection

Å Differences among different sets 

noticeable in the photon channel 

(smaller than in the pTdistribution)

Å NLO QED effects small compared 

with NLO QCD

Again, QED effectsare more 

importantfor highenergies

(evenwithstaticcouplingé)



Conclusionsand perspectives
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V Splitting kernels are crucial to describe collinear limits (IR 

subtraction) and control PDF/FF evolution

V Mixed QCD-QED corrections computed!

V Fullyconsistent treatment of IR factorization

V Percent level contributions to photon PDF evolution

V Physicalexample: NLO QED correctionsto diphotonproduction!

V Additionalsubtletiesdueto photonradiation(ordering, 

merging, identification)

V QED correctionsfor the high-invariant massregion (a few

percentlevel) Full EW is crucial!



Thanks!!!



Backup: Extended DGLAP equations
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Ã Simplified formulae at

Ä Lepton distributions decouple

Ä Charge separation still present

Ä after explicit computation

IntroducingQED corrections: explicit expressions

Sum 

rules

Evolution 

equations

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282; JHEP 10(2016)056 


