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• How do we compute 
observables in HEP?


• What are the PDFs?

Deep inelastic scattering (DIS)

contain the 
perturbative part

σ = ∑
i

̂σi ⊗ fi+𝒪(Λ2/Q2)

Factorization theorem

Physics 
observable:  σ

partonic cross-
sections:  ̂σi

PDFs:  fi

contain the non 
perturbative part
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• How are the PDFs fitted?

σ(Q2) = ̂σi(Q2) ⊗ fi(Q2)
= ̂σi(Q2) ⊗ E(Q2 ← Q2

0) ⊗ fi(Q2
0)

Comparing with 
experiments

Extract  at a 
given scale 

fi
Q2

0

Evolve with 
DGLAP

Get  at any 
scale 

fi
Q2

fi(μ2) = Eij (μ2 ← μ2
0) ⊗ fj(μ2

0)

theory

methodology

dataset• We have to define a 
theory 

• We have to choose a 
dataset 

• We have to choose a 
fitting methodology
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• Why do we want to add QED 
effects in PDFs?


• Are there cases in which they 
are not negligible? quarks can 

emit photons

we get a photon PDF 

For some processes we can’t neglect 
photon induced contributions

starts at 𝒪(α0
s )

percent correction

α ∼ 𝒪(α2
s ) ∼ 𝒪(1%)
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• How is the photon PDF 
determined?


• LuxQED gives a constraint 
between the photon PDF and 
the QCD PDFs

xγ(x, μ2) =
1

2πα(μ2)

1

∫
x

dz
z {∫

μ2
1 − z

m2px2

1 − z

dQ2

Q2
α2(Q2)[(zPγq(z)

+
2x2m2

p

Q2 )F2(x/z, Q2) − z2FL(x/z, Q2)] − α2(μ2)z2F2(x/z, μ2)}

F2,L = ∑
i

C2,L, i ⊗ fi

∫
1

0
dx x (Σ(x, Q2) + g(x, Q2) + γ(x, Q2)) = 1

LuxQED approach

It modifies the 
sum rules
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• How are DGLAP equations in 
presence of QED corrections?


• The photon PDF mixes with the 
other PDFs through evolution

μ2 d
dμ2

fi(x, μ2) = ∑
j=q,q̄,g,γ

∫
1

x

dz
z

Pij ( x
z

, αs(μ2), α(μ2)) fj(z, μ2)

i = q, q̄, g, γ

Pij(αs, α) = PQCD
ij (αs) + P̃ij(αs, α)

pure QCD terms

PQCD
ij (αs) =

αsP(0)
ij + α2

s P(1)
ij +α3

s P(2)
ij + …

P̃ij(αs, α) =

αP(0,1)
ij + αsαP(1,1)

ij +α2P(0,2)
ij + …

The QED case is more difficult 
to solve than the pure QCD one 

(backup)

pure QED and QCD QED terms⊗



10

• What is the fitting 
methodology?


• LuxQED formula gives a 
constraint between  and the 
other PDFs: such constraint is 
implemented iteratively

γ

QCD fit

Compute 
γ(x, Q0)

Perform fit

Converged?

QED fit 

Yes

No

Computed at 100 GeV 
and evolved back to 

fi
[Manohar, Nason, Salam, 

Zanderighi, 2017] 

(backup)

https://arxiv.org/pdf/1708.01256.pdf
https://arxiv.org/pdf/1708.01256.pdf
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• Results at fitting scale


• Very small differences in the 
quarks and gluon
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• Results at 100 GeV


• Difference grows due to the 
effect of the photon in the 
evolution
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• Photon PDF:


• Difference with NNPDF3.1QED 
is less than percent


• Percent difference with the 
other photon PDFs from the 
latest QED fits
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• There are regions in which QED 
effects are not negligible


• Difference is at the level of few 
percent


• Photon in subtracting 
momentum from the other 
PDFs
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• There are regions in which QED 
effects are not negligible


• Difference is at the level of few 
percent


• Photon in subtracting 
momentum from the other 
PDFs
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19 Thank you for your attention!

We can add QED corrections to PDF 
fitting, getting a photon PDF 

The photon PDF is compatible with 
the most recent QED fits 

Quarks and gluon are almost 
unchanged (the photon PDF is small) 

There are processes in which 
photon initiated contributions are not 
negligible
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• Theory 

• What defines the theory of 
a fit?

p.o.= perturbative order

p.o. of the theoretical 
predictions

p.o. of the 
DGLAP running

Scheme choice to 
compute predictions

p.o. of the 
 runningαs

Solution of 
DGLAP Eq.

Value of 
αs(Mz)

Theory 
settings

QED effects are 
included?
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• Dataset 

• Which data points are 
included in the fit?

4618 data points from 
different processes
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• Methodology 

• How are the PDFs 
extracted?

xfk(x, Q2
0 ; θ) = Akx1−αkxβkNNk(x, θ)

PDFs are 
parametrized through 

neural networks

Uncertainties are generated 
through Monte Carlo replicas

8 PDFs to parametrize:
     

we imposed 
g, u, ū, d, d̄, s, s̄, c

c = c̄

: parameters of the 
neural networks

θ



24

Solving DGLAP

μ2 d
dμ2 (g

Σ) = (
Pgg Pgq

Pqg Pqq) ⊗ (g
Σ)

μ2 d
dμ2

V = Pns,v ⊗ V

μ2 d
dμ2

fns,± = Pns,± ⊗ fns,±

fns,± =

u± − d±

u± + d± − 2s±

u± + d± + s± − 3c±

u± + d± + s± + c± − 4b±

u± + d± + s± + c± + b± − 5t±

μ2 d
dμ2

g
γ
Σ

ΣΔ

= Ps ⊗

g
γ
Σ

ΣΔ

μ2 d
dμ2 ( V

VΔ) = Pv ⊗ ( V
VΔ)

μ2 d
dμ2

f u/d
ns,± = (Pns,± + P̃u/d

ns,±) ⊗ f u/d
ns,±

f u
ns,± = {u± − c±

u± + c± − 2t± f d
ns,± = {d± − s±

d± + s± − 2b±

ΣΔ =
nd

nu

nu

∑
i=1

u+
i −

nd

∑
i=1

d+
i VΔ =

nd

nu

nu

∑
i=1

u−
i −

nd

∑
i=1

d−
i

Σ =
nf

∑
i=1

q+
i V =

nf

∑
i=1

q−
i

q± = q ± q̄

Pure QCD case QCD QED case⊗
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Solving DGLAP

Ps =

Pgg + P̃gg P̃gγ Pgq + ⟨P̃gq⟩ νuP̃gΔq

P̃γg P̃γγ ⟨P̃γq⟩ νuP̃γΔq

2nf(Pqg + ⟨P̃qg⟩) 2nf⟨P̃qγ⟩ Pqq + ⟨P̃ns,+
q ⟩ + ⟨e2

q⟩2P̃ps νuP̃ns,+
Δq + νue2

Δq⟨e2
q⟩P̃ps

2nf νdP̃Δqg 2nf νdP̃Δqγ νdP̃ns,+
Δq + νde2

Δq⟨e2
q⟩P̃ps Pns,+ + {P̃ns,+

q } + νuνd(e2
Δq)2P̃ps

Pv = (
Pns,V + ⟨P̃ns,−

q ⟩ νuP̃ns,−
Δq

νdP̃ns,−
Δq Pns− + {P̃ns,−

q })
νu/d =

nu/d

nf
, ⟨P̃ns,±

q ⟩ = νuP̃ns,±
u + νdP̃ns,±

d ,

{P̃ns,±
q } = νdP̃ns,±

u + νuP̃ns,±
d , P̃ns,±

Δq = P̃ns,±
u − P̃ns,±

d
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Solution of the non-diagonal sectors

ES(μ2 ← μ2
0) = 𝒫 exp (−∫

log μ2

log μ2
0

γS(αs(μ′￼2), α(μ′￼2))d log μ′￼2) ≃
n−1

∏
k=0

ES(μ2(k+1) ← μ2(k))

ES(μ2(k+1) ← μ2(k)) = exp (−γS(αs(μ2(k+1/2)), α(μ2(k+1/2)))Δ log μ2(k))

μ2(n) = μ2

Δ log μ2(k) = log μ2(k+1) − log μ2(k)
log μ2(k+1/2) =

log μ2(k+1) + log μ2(k)

2

γ(N) = − ∫
1

0
dz zN−1P(z)

Solved in Mellin space
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Computation of the photon

Why the LuxQED 
formula is used at 

100 GeV?

LuxQED neglects 
higher twist corrections 

𝒪 ( Λ
μ )

For low , the integral 
is dominated by low  

structure functions 
non-perturbative!

μ
Q2


