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Motivation and introduction
5 I Why we need QED corrections? e

0 More precise experimental data is available!! We need to include
(previously neglected) small theoretical effectsl!!

0 NLO QCD is the standard; NNLO QCD calculations starting to appear!
0 QED effects might compete with NNLO QCD (since a§~a)

0 Inclusion of QED beyond LO could lead to novel effects:
O Quark-gluon interacting with leptons and photons
o Charge separation
o Dependence on the photon content of the proton!
Manohar, Nason, Salam, Zanderighi, ‘16
O Enhanced contributions at high-energies (due to the running EM coupling)

0 Thus, QED corrections MUST be taken into account!



Extending DGLAP equations

~ 4 |lIntroducing QED corrections

0 DGLAP equations dictate the evolution of PDFs

0 QED interactions connects QCD partons with photons and leptons.

New PDFs New splitting Modified DGLAP
(leptons & photon) functions equations

0 Extend original DGLAP equations to deal with new objects:

. d B
Kernels with ; d—i:Zpgf®f+ngf®f+ng®g+Pg’r®7
fermions 7o 7 . Kernels
dry 5 - with
Photon A E:;P'Yf®f+;P’Tf®f+P’79®g+P’T’T®7 photons
distributions
dg; _
dt :Zpif®f+ZPQif®f+PQig®g+PQi'Y®’Y Kernels
Lepton di ! d / with leptons
distributions d_; y Z Pr® f+ Z PIJ Qf+Pg®9+ Py @7
f f

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



Extending DGLAP equations

- 5 |Introducing QED corrections

0 Change PDFs basis to simplify the system of coupled integro-differential
equations Roth, Weinzierl ‘04

New lepton distributions! Ap=u+1U—c—c,

ng
2= it i),
f S —dtd—s—5. ;(q+QJ

— - nr,

B.={u,a,...,tt,e, 7. 9,9} Agp=5+5—b—0b, EE:ZU;‘—H}),
/ Ay=et+e—p—f, =t
Photon distribution! AUD:UJFE—FC—FC—d—Cz—S—E—b—B

Ab=e+e+p+p—20r+7),

Valence

CANONICAL BASIS Q=0 — G, l,=1; — I

distributions
O Photon and gluon distributions are not altered

O Straightforward extension to deal with n.=6

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



Extending DGLAP equations

_6 |
0 New optimized DGLAP equations (I)

dqvi - ng S S nr d{Auc7Act} _ P—|— ® A A
dt :Pqi @qu +ZAP%'C]J‘ ®qvj +A‘qul® Zlvj ! R th u { UCH ct}a
71=1 Jj=1 d )
{ d; by PF ® {Adgs, Awp},
dl i . Lo
(A — S S dA
=P ®l +) APG ®qy, +APT® () Ly, | Bies) _prgal,,
j=1 j=1 dt ’
Valence PDFs Diagonal equations
Pt + P Pt —pf W P53 P w ps
CZ‘: u—; BCRE 9 L ©Ayp + - S dd;(n al U Q3 4 2(nyPug +14Pug) ® g
ny P> — ngP3 — (n, —ng) P> _ _
uu d dd2 ( d) ud ® AUD + (nuPuSl 4+ ndP(‘jSi) ® El i 2(nuPU’y 4+ nde"y) ® v,
dy! PS5 + PS P — p5 _
— :nL% ®Z+?1L% ® Ayp + (P +npP3) @ X + 2np(Py ® g+ Py, ®7),

Singlet distributions

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



Extending DGLAP equations

0 New optimized DGLAP equations (ll)

dg .
PR == Zpgf®f+ngf®f+ng ® g+ Py @7, Gluon PDF evolution
y f f
Y 3 .
- = ZPVf ® f+ ZPWF Qf+Py®9g+ P, ®7, Photon PDF evolution
f f
., pt +_ pt 5S _ . PS _ n \PS
dAd[t]D _ 5 ;Pd & App + L0 5 ' gy 4 Tt ndpdd; G g 2(nuPug —naPag) @ g
uPS P72 — (N PS5 _ _
—|—n uy T dd2 (n + nd) id ® Ayp + (nuP{Z = ndPglgl) ® ! + 2(nuPu7 = ndey) v,
0 Splitting kernels definitions (introduced to simplify the notation)
qu'%:éikp;—l_Pi;: Biﬁkzaikp{}f_i_ﬂf: " < . .
o P . s AP;p = Pip — Pip Vanishes at
Py g, = 0 Pyg + Py, Pui, =0a By + By, pS — pS. . ps O(aag)and
= 5 2
propyepy. =Pl oy

+ _ pV %
PE=PV P

qq ’

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



Extending DGLAP equations
i Jintroducing QED corrections

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

. . 1
O Fermion number conservation ‘ / dr Py =0
0

. B
0 Momentum conservation _dr _ / dg  dy a  df
= T dt+dt+; a

0 Some general remarks:

Charge separation effects introduced by QED
Non-trivial quark-lepton mixing (although simplified in the optimized basis)

Explicit formulae involving AP kernels can be obtained by replacing the
evolution equations

o Sum rules allow to fix the behaviour of AP kernels in the end-point (x=1)

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

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



QCD-QED corrections to AP kernels

~ 9 [ Definitions and previous results

0 Perturbative expansion in QCD and QED couplings (non-trivial counting...)

P =as P +a PV + a2 P?? 4 aga PV + a2 P + .
¥] i] 1] S+ag

L) 1]

0 Well-known LO results:

1+2z> 3 3 (0.1) 2
(LO) () = 251 —xz)| = 265(1 — P = —0(1 —
Py (x) = Cr =2, 500 3?)] =Cp [pqq($)+25(l :r)] , Pfi(z) =¢f [qu($)+ 50( I)] ;
0,1
Py @) = T [#* + (1 = 2)"] = Trpy(a), P (@) = € pag (@)
14 (1 —xz)? 0,1
ngql O(z) = Cr (:E ) ] = Cp pgq() , quf )(I) = Bﬁpgq(:r) ;
2
(0,1) 2
(10) () — z L loe ol Posa POV(@)=—5) efd(l—u),
P, (z) =2Cy [(1_$)+ " + z(1 :c}] + 5 (1 —1z), 3 -
Standard QCD AP-kernels at LO LO QED splitting functions

o Terms proportional to Dirac’s deltas are originated by virtual (loop) corrections

o Color factors in QCD replaced with EM charges in QED ‘ Motivates
Abelianization algorithm!

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



QCD-QED corrections to AP kernels

Phenomenological impact

0 We define a ratio to qucm'rify the effect of H.O. QED corrections

Kig"ﬂ = al, aj with P =as P4 +a PV

Pﬂ,%o( )

0 Quark- ququ spll’r’rmgs

KéSCD,QED)(%)

0.04)

0.02/ !
oA
I ‘\ _ ] charge separation effects

0.00

* Pure QCD contribution still
dominant (x103)
* QED corrections introduce

-0.02

-0.04

(specially at (f)(az))
*  Small corrections in

intermediate x region

o

o -__--___-—-~

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



QCD-QED corrections to AP kernels

~ 11| Phenomenological impact

0.1 : 10_3(K§(]%,0)~ Ké%,O)) J

0 Quark-gluon splittings

iy |
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N |
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* Again, pure QCD contributions are dominant (x103)
* Small charge separation at O(a ag) and no O(a?) corrections

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



QCD-QED corrections to AP kernels

- 12 [ Phenomenological impact

0 Quark-photon splittings (new!)

i 1 Yq K52~ K
"7 L
/

(@)

N~——

107(K "~ Kya”)

Ké(aCD,QED)(%)
K{/EJ)CD’QED)(%)

|
—_
T

P
=
<
<,
-
-
-
-
-
-
=
=,
-

No (9(04?9) contributions: QED corrections are crucial herelll

O(a ag) is dominant but only O(a?) contributions are responsible of charge
separation effects in qu

Percent level corrections (could influence photon PDF)

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



QCD-QED corrections to AP kernels

- 13 | Phenomenological impact

0 Splittings involving leptons (new!)

10"
0.5
: * Starting at O(a)
0.0+ * Represent a few percent
S : correction (no QCD contribution
a -05
\OQDU E at LO)
-1.0] * Lepton PDFs strongly suppressed
: (small phenomenological impact
‘1-5: expected)
-2.0¢

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



NLO QED corrections to pp — yy

14 | Applying QED Abelianization

0 Application of Abelianization techniques to recover NLO QED.

0 Full NLO EW corrections recently computed ‘ Non-negligible effects
found in the high-invariant mass regionl!!

PP =717
T T

dU’/dU’LQ
=
o

cuts imposed on the two hardest photons

‘ Dynamical constraint, minimum angular
Sepqrqfion bigger Thqn ]200!!!!) 0 50 10;7172;?;;\!] 200 1000

0

3 [ [rerr I ?

Q 107t |- D

) . %—1 _ E n

0 Some subtleties to take into account: S o)
RS o

O QED running: only on-shell final state photons ™« Q
are present at LO; no need to include full ook Q
QED running. 3 2

0 Photon-ordering: presence of photon radiation, . S
: o

o

O

Q

N

N

0 Photon-clustering: collinear photons are merged; small phenomenological
effects due to absence of collinear singularities (not the case in QCD...)

Cieri, Ferrera and GS, work in progress



NLO QED corrections to pp — yy

15 | Applying QED Abelianization

0 Some plots (comparison with NNLO and NLO QCD corrections)

100 ‘ T T T | | | T T T T | | 100 ‘ i T
107;3 pp=yy+X, Vs=8 TeV __ 10_3 pp=7yy+X, Vs=8 TeV i
(@]
1070 — S 106
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Cieri, Ferrera and GS, work in progress



Conclusions and perspectives
B

v

Splitting kernels are crucial to describe collinear limits (IR
subtraction) and control PDF /FF evolution

Mixed QCD-QED corrections computed!
Fully consistent treatment of IR factorization

Percent level contributions to photon PDF evolution (potential
consequence)

Physical example: NLO QED corrections to diphoton production!

Additional subtleties due to photon radiation (ordering,
merging, identification)

QED corrections for the high-invariant mass region (a few
percent level) map Full EW is crucial!






Backup: Extended DGLAP equations

18 ]Introducing QED corrections: explicit expressions

0 Simplified formulae at O(a ag)
O Lepton distributions decouple

o Charge separation still present

o0 AP =0 after explicit computation / dzxz(2n {1 Y42n Pd1 e P{1 D4 P(l Y ) =

d:r:a: (2 {1 1) P(l Dy P{l D4 P(l 1) )

V(L,1) (1,1) (1 Y _
Ay, At} e Pyt + p 4 pob 4 Pl ) 0.
: = Pt Aye, A
dt u ®{ ) Ct}:
d{Ags, Ag
{ dd;f b} — P,;_ @ {Ads:Asb}: fL:Jlr:S
dA Pt + Pr Pr — Pf ]
UD: u d®AUD_|_“—d®E_|_
& 2 2 Evolution
+ Q(Rupug - ndpdg) X g+ Q(Hupwy - ndpd*y} X7, equations

d>’ Pt 4+ PF P+ — PF
e - — 5 il R+ — 5 d @ﬁUD-FnFPS@E

+ 2(nupug + ndpdg) K g+ Q(rnupu’y + nde’y) QY-

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



Backup: Extended DGLAP equations

19 |Introducing QED corrections: complete sum rules

0 Explicit formulae at O(a?)

f g (PE=PE PE—D§  nuPS =il (= na) P
0 2 L 2 9 9 i
P P evolution

gu ngrP’mP’]fd)_oj

From A,

2 2

drx (2ngPa, + 2n, P, + 2n, Py + P, + Py,) =0, From gluon and

photon evolution
drx (2ngPay + 2nyPyy + 20 Py + Pyy + Pyy) =0

_S _S _S _S _S
/ldxgg(}w_l_ qu—l_‘P«Ed_}_nUPuu—l_nded_l_nFPud
0

9 "L 2 2
P+ Py P+ P.Yd) B From singlet
+ + =0 -
2 2 ’ evolution

1
/ drx (n Lo+ naPy +npP; + P+ Py + Py) =0.
0

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



Backup slides: O(aag) splittings
o JExplicitformulae ()~ ~

CpCye?
pun — ZF A% {4—9;1;—(1—4:1:)111(;3)—(1—2:.::)1112 (z) +4In (1 — )

o 2

+ Pgg() [21112 (l;x) —4ln (1 ;‘T) _ ?HO]} :

— 20 4
(1,1) _ 2 . 2 o . 2
Pt =CpCy (E e%) { 16 + 8z + ER (6 4+ 10z)In () — 2(1 + z)In (::v:)} ,

i=1

ng
P%J) =_—CpC, (Z egj) 6(1—x),
j=1

2
p(L1) _ Treg

a9

{4 — 92 — (1 — 42)In(2) — (1 — 22)In? (z) + 4In (1 — 2)

+ Pgo(2) [21112 (1;:.:) — dIn (1 ;‘T) - ?HO‘} :

G 20 4
(L1) _ 2 _ 2 _ _ 2
P, =Tg (2 eqj) { 16 + 8x + g2 o (6 + 10z)In () — 2(1 + z)In (:1:)} :

=1

ng
Pg[u:;’l) = _TR (Z egj) 5(1 - -T) 3

g=1

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



Backup slides: O(aag) splittings
i JExplicitformulae )~

S(1,1) _ pS@1)
qu( )_chi =0,

3

Fu =20l [(21”“ —oY E) In (2) pog(2) + =™ 1+

5 In(z) + 5

In® (z)

71'2

+ 5(1—zx) + (2—3—6@) 4(1 —ﬂ?)] ,
P =2Cp e [A(1 — z) + 2(1 + 2)In (z) + 2pg(—2)Sa(2)] |

ng;’l) =Cre, [(3111 (1 —2) +In* (1 — z))pgy(z) + (2 + ;3:) In ()

T\, o 7 5
- (1— i)ln () —2zIn(1 —z) — 2352] :
Py = Ry,

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



Backup slides: O(a?) splittings
S Ecplicit formulae ()

4

C
PO2) ATB‘I {4 0z — (1 — 42)In (z) — (1 — 22)ln’ (z) + 4In (1 — 2)

+ Pyg(2) [21112 (1;3:) — 4In (1 ;m) - 2—22+10]} ,

qug’z} = e, [— (3In(1 — ) +1In* (1 — x)) pye(x) + (2 + %:1:) In(z) — (1 - %) In® ()

— 2zln (1 — ) — %x— g] —e; (z ef,) E:c + Dgq() (% + gln (1— m))] :

f

3+ 7z

PYO2) = Kan (2)In (1 —2) + %m (:..;)) Pua(®) + == (2)
+ 1_g$1n2(:1:)+5(1—11:)+ (%2 - g —6(;:,) (1 —m)]

— e (Z ef,) [3(1 — ) + pyq(z) (%ln () + 1—;) + (2%2 + %) o1 — fs)} :

f
P %% = e [4(1 — 2) + 2(1 + z)In (x) + 2pge(—2)Sa(2)]

S(0,2 S5(0,2
Prg? =P = Caegegpilx),

de Florian, Rodrigo and GS, JHEP 10(2016)056



Backup slides: O(a?) splittings
S Explici formulae (1)

p:2) _ € p0.2)
Iy - CA eg ay

PO — ¢f [(3111 (1—2) +In2 (1 — z))pye(z) + (2 + %:1:) In (z) — (1 . %) In? (z)
— 2zln (1 —z) — g:s — g] — €} (Z e?;) Ex + Pgq(T) (% + %ln(l - :1:])] ,

!

PYOY = _¢f [(zln (@)l (1) + o (sc)) paa(e) + > n (2}

Lroe (2) +5(1 —z) + (Wg 36(3) o ‘T)]

2 2 8

e (; ef,) Eu — &) + Pyul2) (gln () + %) " (%”2 ¥ %) 5(1 - g,-)] ,

4
V(0,2) _ € pV(02)
Ru‘ - _4P qq ?
eq

5(0,2 5(0.2
P = P3O = ek el p(x).
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Backup slides: O(a?) splittings
S Explic formlas () SR
Pﬁ,ﬂ}: (Z f) [ 16—|-8:II—|—2—??:1? —|—%—(6—|—10:}:)1}1( )

f
—2(1+ z)In (x) —6(1 — ﬂ:)] \

p02) _ 0, p02) _ 1 PT(S’Q} —0, PS{D,Q) PS{D 2) _ E.t . Ps(ﬂ?)
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02) _ 02) _ S(0,2) _ pS(02)
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