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Motivationand introduction

Whywe need QEDcorrection?

A More precise experimental dataavailable!! We needto include
(previouslyneglected smalltheoreticakffectd!

A NLO QCDOsthestandard;NNLO QCDcalculationstartingto appear!

A QEDeffectsmight competewith NNLO QCDsince ¢ )
A Inclusionf QEDbeyondLO couldlead to novekffects
A Quarkgluoninteractingwithleptonsand photons
A Chargeseparation
A Dependencen the photon contentof the proton!
ManoharNason SalamZanderighi 0 1 6
A Enhancedontributionat highenergiegdueto therunning EMoupling

i Thus QEDcorrectionsMUST bdakeninto account



Extending DGLAP equations

IntroducingQEDcorrections
i DGLAP equations dictate the evolution of PDFs
A  QEDinteractions conne®@<Dpartons witlphotons and leptons.

NewPDFs Newsplitting ModifiedDGLAP
(leptons& photoi functions equations

i Extend original DGLAP equations to deal with nevbjects

: d _
Kernelsvith d—?:Zng®f+Zng®f+ng®g+Pg,},@w
fermions rat 7 Kernels
d,y . — with
distributions da, )
d;:ZPQaf(g)fJFZPqJ@fJFqu®9+Pqﬂ®’}’ Kernels
Lepton dl ! d withleptons
distributions d_; =Y Py®f+> Pi®f+Py®9+P,07
f f
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Extending DGLAP equations

IntroducingQEDcorrections

A4 ChangePDFs basigo simplify the system of coupled integrfferential
equations Roth,Weinzied 0 4

Newleptondistributiors Ap=u+td—c—=¢,

ng
2= it i),
f S —dtd—s—5. ;(q+QJ

— - nr,

B.={u,u,...,tte 7. 9,9} Agp=5+35—b—0>, EI:Z(E-—i—[_-).
/ Ay=e+é—p—1, =
Photordistributioh Ayp=u+td+c+e—d—d—s—5—b—0b

d
Ab=e+e+p+p—20r+7),
T Valence
" distributions

CANONICAL BASIS Go=G— G, 1, =1 —

A Photon and gluon distributions are not altered
A Straightforward extension to deal witp=6

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



Extending DGLAP equations

_ 6} IntroducingQEDcorrections ...
A New optimized DGLAP equations (1)

dqvi - ng s S nr d{Auc7Act} _ P—|— ® A A
dt :Pqi ®qvi+ZAPquj ®QUj —|—APqu® Zlvj ! dt U { ucH ct}a
Jj=1 J=1 d{Ags, Ag
{ dd b} :PJ(X){AdS?ASb})
dl S — t Al
Vi _ p— S ) d
dt _Pl ®Z’Uz+ZAquJ®qUJ+APH (129 Zlvj : {2,3} :Pl+®A{{23},
j=1 j=1 dt ’
ValencePDFs Diagonakquations
Pt + Pf Pt —pf w P2 Ps w pPs
Ccllfz u—; et 2 4 @ Ayp + T dd;(n 1 4 @B+ 2(nuPug +naPig) ® g
WPS. — PS5 — (ny — ng)PS ) )
! PS4 DS pS — P8 _
g =ppu__—Uud 5 ld @3 4 nyp—tu_—1d 5 ld ® Ayp + (Pl+ -I—TLLP[?) ® X! +2nL(Plg ® g+ Py ® ),

Singledistributions
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Extending DGLAP equations

A New optimized DGLAP equations (I1)

d _
d_ff] =) Pyy®f+> PiRf+Pyu®g+ Py ®7, GluonPDFevolution
f f
d - .
d_z =) Py®f+ ) Pi®Ff+Py®g+P,®7, PhotorPDFevolution
f f
4, pt +_ pt pS _ . PS _ . \PS
dAd[t]D = it —;Pd ® Ayp + o 9 E QX+ ol nded;_ e ) ® X+ 2(nuPug — ngPag) ® g

nuPS, +naP3, — (ny, +ng) P2,
2
A Splitting kernels definitionatfoduced to simplify the notation

- - pV S
Pquk:‘jikP;‘FP&f;: Py =ou by + 1y,

®AUD + (nupj _ndpcllsl’) ®El +2(nuPU'7 _ndefy) ®’77

AP;p = Pfp — P; . Vanishes at

- pV S I 214 S FE?
Py g, = i Pyg + P Py, =oa By + 17, ey . 5 O(aag)and
fF=2fr T EE O(a?)

qq >
+ V v
Pf =Pyt Py E =Py £ P,

qq ’

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



Extending DGLAP equations

- 8 ]IntroducingQEDcorrections

i Extended sum ruleimpose physical constraints in AP kernels)
.. . . 1
A Fermion number cons.ervaﬂ/0 dr Py =0

A Momentum conservation mms) - " _/ldm (d9+d’>’+z (df+df))
0
f

dt dt  dt dt  dt

A Some general remarks:

A
A

i

Chargeseparationeffects introduced by QED
Nontrivial quark-lepton mixing (although simplified in the optimized bpasis

Explicit formulaeinvolving AP kernels can be obtained by replacing the
evolution equations

Sum rules allow ftitx the behaviourof AP kernels in the ermbint k=1)
Also, they are useful for checking the consistency of the results.

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

~ 9 [ Definitionsand previousresults

A Perturbative expansion in QCD and QED couplingg (mon v i a | cCo
P;=asP\"” +a PV + a3 PYY +aga PV +a® P + |
A  Well-known LO results:

i , 3
10)(2) = Cp | 22 +%5(1 —:1:)] — Cp [pqq(a:)—l—gé(l—:r)] o PY() =€} [pqq(ﬂ':) +§5(1—$)] :

P1O(z) = T [2* + (1 — 2)*] = Trpg(a), PR (z) = €3 pyy(z)

1+ (1 —x)? ,
PQ(';,O)(:B) - CF (ZII :r) ] - OFPQQ(Q’") 3 PF}E? Y (I) — EﬁpQQ(:B) ’

2
(0,1) 2
(1.0) () — x l—x B /80 B P (z) = ——Zef 6(1—1z),

P,y (z) =2Cy [(1 —2). . + z(1 )] (1 —1z), 3 7

Standard QCD AdRernels at LO LO QED splitting functions

A -Ter ms pr opor deltagarearginated by Biituall@op)acarections

A Colorfactors inQCDreplacedwith EMchargesin QED ‘ Motivates
Abelianization algorithm

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

Abelianization technigue

i Thereplacement has to be domemparingcarefullyeachtopology,
removing the QCD colorfactorand multiplying by th€ CDQED (or pure
QED) factor

i Abelianization algorithm:O(« ag)

1.

2.

Removehe averageoverinitial statecolors

ldentify nonrvanishingdiagrams when replacing gluonsby photons
(both real and virtual terms) Replacemendf norobservablegluons
leadsto nonrequivalentopologiesmultiplyby 2!

Expresghe color factorsin termsof N, and keep only the leading
termswhenN¢e — 0 (complementitep?2)

For internalfermionloops, use , . _. an .2 (if external, multiply by its
q;
charge) P

Multiplythe colorstrippedresultby the proper colorfactor

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

Abelianizationtechnique

A Abelianization algorithm:example atO(a ag

N——"

l

(2,0) (1,1)

1 aq = 7 1 qq
Nonobservable gluon leads to

- norrequivalent diagrams
contributing to the same kernel

2,0 1,1 1,1
PED — P & P

Replacement of external gluons
leads to different kernels (no
need of factor 2)

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

% Important remarks:

A Use tweloop QCD results as starting point; keeping track of the different
topologies contributing to the splittings is crucial to check the results

Curci Furmanskand PetronzipNucl Phys. B 175 (1980) 2J
Furmansland PetronzipPhysLett B 97 (1980) 437
Ellis andvogelsanghep-phv9602356

A Mixed QCDBQED contributiorfise. O(« g ) ) obtained through the replacement of
one gluon with one photon.

4 Twoeloop QED contributions (&a?) ) involve replacing two glinbesial
fermion loops could contain leptons

ng nr
np =Y e owith S e =N> e +Y o
¥ f j=1 j=1

A Results have been crasecked independently by another group!
ManohayNason Salam andZanderighi arXiv:1607.04266 hep-ph|

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQEDcorrectionto APkernels

Phenomenologicaimpact

A We define a ratio to quantify the effect of H.O. QED corrections
Py (x)

K@) _ i i
ab S PaI:i)D(:E)

with  Ph° =as PY" +a Py

~

A Quarkquark splittings

A Pure QCD contribution still
dominant (x18)

A QED corrections introduce
charge separation effects
(specially atO(a?) )

A Small corrections in
intermediate x region

KéSCD,QED)(%)

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

Phenomenologicaimpact
A Quarkgluon splittings

107(KE~ Kg”)

A Again, pure QCD contributions are dominant $x10
A Smallchargeseparationat O(a ag) and noO(a?) corrections

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

Phenomenologicaimpact

A
10 1 ’y q K2~ K
g 0 g 0=
~ a I
[a] 1]
s | S 107(Kiy "~ Ky ")
(@) L o
1t & -1
7 ok~ kEN /e
oL -2
00 02 04 06 08 10 00 02 04 06 08 1.0

X

X
A No O(a%) contributions: QED corrections are crucial here!!!

A O(a ag) isdominanbutonly©(q?) contributionare responsiblef charge
separationeffectsin Py

A Percentevel correctiongcouldinfluencephoton PDF)

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



QCDQED corrections to AP kernel

Phenomenologicaimpact

A Splittings involving leptomse(v)

1.0/

0.5

0.0:

05

K2 (%)

10

~1.5

2.0/

A Startingat O(«)

A Represent a few percent
correction (no QCD contributiol
at LO)

A Lepton PDFs strongly suppres:s
(small phenomenological impa
expected)

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



NLO QE[xorrectionson P [ T

Applying QEDAbelianization
Applicationof Abelianizatiortechniquet recoverNLO QED.

A Full NLO EWorrectionsecentchompute(ﬂ Nonnegligibleeffects
foundin the highinvariantmasgegion!! L

P!

2

Somesubtletieso take intoaccount

A QED runninganly on-shelifinal statephotons
are presenftat LO; noneedto includefull
QED running.

P2

de /dm [pb/GeV]

A Photorordering presenceof photonradiation -
cutasmposednthetwo hardestphotons :
mmm) Dynamicatonstraintminimunangular L
separationbigger than120°!) T Mt

dU’/dU’LQ

A Photorclusteringcollineamphotonsare merged smallphenomenologica
effectsdueto absenceof collinearsingularitieghotthec a s e 1 n

O ~¢2060°90LT:AIXJe ‘[e 18 esalyd

Cier| Ferreraand GSworkin progress
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Applying QEDAbelianization

Someplots(comparisomvithNNLO and NLO QCDorrections

ppor7+X, Vs=8 TeV

NNLO QCD (PDF4LHC15) {dotte
NLO QCD (PDFALHC15)
SNLO QED GQ (LUX)

SNLO QED GQ (NNPDF3.0)
SNLO QED QQB (NNPDF3.0)
SNLO QED GQ (CT14)
SNLO QED QQB (CT14)
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Transversenomentum distribution

A Quarkchannetemaingalmosy
unchangedby changing?DF
(agreemenin the quark sector)

A Photon channel sensitive to PDFs
(NNPDF3 vs LUXT14)

A Differences among different sets
enhanced in the highTl region

A NLO QED effects small compared
with NLO QCD, but the difference
decreases apTincreases

QEDeffectsare more
iImportantfor highenergies
(evenwithstaticcoupling )

Cier| Ferreraand GSworkin progress



NLO QE[xorrectionson P [ T

Applying QEDAbelianization
A Someplots(comparisomvithNNLO and NLO QCDorrections

100 |||||

A Quarkchannetemaingalmos}
unchangedby changing®DF 1073
(agreemenin the quark sector) =

A Dynamical cuts generated by the §10—6
tri-photon event selection 5

A Differences among different sets
noticeable in the photon channel
(smaller than in thgT distribution) 12

A NLO QED effects small compared
with NLO QCD

pp=yy+X, Vs=8 TeV

NNID QCD (PDF4LHCL5) (dotted)
NLO| QCD (PDFALHC1S)

N 6NLO QED GQ (LUX)
= -9
= 10
E SNLO QED GQ (NNPDF3.0)
< NI QED QQB (NNPDF2.0)
SNLO QED GQ (CT14)
SN0 QED QQB (CT14)

1 O _0186 | : II : II | ‘ II II ‘ II II ‘I II | | II
3 | | | | | | E
: & 0.04F =
Again QEDeffectsare more S o2b 3
importantfor highenergies > OOOE C ] | 4@
(evenwith staticcoupling ) T 50 100 200 500 1000 2000
M‘ﬂ'

Cier| Ferreraand GSworkin progress Invariant mass distribution (hardest photons)



Conclusiorand perspectives
I

\Y

Splitting kernels are crucial to describe collinear limits (IR
subtraction) and control PDFAvelution

Mixed QCD-QED correctiormputed
Fullyconsistent treatment of IR factorization
Percent level contributions to photon Pefolution

Physicaéxample NLO QELZorrection$o diphotonproductioh

Additionalsubtletiesiueto photonradiation (ordering
merging identificatio

QEDcorrectiondor the high-invariant massregion (a few
percentievel) ™» Full EWs crucial






Backup Extended DGLAP eqguation

IntroducingQEDcorrectionsexplicit expressions

A Simplified formulae at
A Lepton distributions decouple
A Charge separation still present
A after explicit computation

Evolution
equations

de Florian Rodrigo and G&urPhysJ. C76 (2016) no.5, 282; JHEP 10(2016)0



