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Outline

A (biased) overview on recent Pythia 8 developments
regarding to ep collisions

Outline

1. DIS in Pythia
2. Photoproduction in Pythia
3. Hard diffractive photoproduction
4. Summary & Outlook
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Pythia 8

• A general-purpose Monte-Carlo event generator
• Current version 8.230, next week 8.235
• Main focus has been in pp, now extensions to ee, ep, pA, AA
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• Leif Lönnblad Lund University
• Stephen Mrenna Fermi National Accelerator Laboratory
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• Christine O. Rasmussen Lund University
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Event classes in ep

Virtuality of photon related to scattering angle of the lepton
Q2 ≈ 2E2l (1− x)(1− cos θ)

Deep inelastic scattering (DIS)
• High virtuality, Q2 > a few GeV2

• Hard process + Parton showers
Photoproduction (PhP)
• Low virtuality, Q2 ≲ 1 GeV2

• Intermediate photon may fluctuate
into hadronic state ⇒ Resolved γ

• Factorize γ flux, set up γp collision
• Also multiparton interactions (MPIs)
possible
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DIS in Pythia



DIS in Pythia

Hard processes

• Neutral current, γ∗/Z exchange, also separate contributions
• Charged current, W± exchange

Parton shower

• New dipole-shower option SpaceShower:dipoleRecoil
B. Cabouat and T. Sjöstrand [arXiv:1710.00391 [hep-ph]]

• Alternative to the default global recoil approach, keeps the
scattered lepton momentum intact ⇒ suitable for DIS

• Also linking with Dire shower is a valid option for DIS
S. Höche and S. Prestel [Eur.Phys.J. C75 (2015) 461]
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Comparison to DIS data from HERA

B. Cabouat and T. Sjöstrand [arXiv:1710.00391 [hep-ph]]
Data from H1, [Z. Phys. C63, 377-389 (1994)]

b

b

b

b
b b b

b b
b

b b b
b

b

b

b
b

b

b

b

b

b
b

b

b

b

Datab

New

10
−1

1

Transverse energy flow as a function of rapidity, x < 10−3

1
/

N
d

E
⊥

/
d

η
/

G
eV

-1 0 1 2 3 4 5
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

η

M
C

/
D

a
ta

b

b

b

b
b

b b b b b b b b b b b
b

b

b

b

b

b

b

b

b

b

Datab

New

10
−2

10
−1

1

Transverse energy flow as a function of rapidity, x > 10−3

1
/

N
d

E
⊥

/
d

η
/

G
eV

-1 0 1 2 3 4 5
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

η

M
C

/
D

a
ta

(a) (b)

b b b b b b b b b b b b b b b b b
b

b b
b

b
b

b
b

b
b

b
b

b

b b

b
b

b

b

Datab

New

10
−2

10
−1

1

Transverse energy–energy correlation for x < 10−3

d
E

E
C
⊥

/
d

ω

1 2 3 4 5
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

ω

M
C

/
D

a
ta

b
b b b b b b b b b b b b b b b b b b b

b

b
b

b

b
b

b
b

Datab

New

10
−3

10
−2

10
−1

1

Transverse energy–energy correlation for x > 10−3

d
E

E
C
⊥

/
d

ω

1 2 3 4 5
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

ω

M
C

/
D

a
ta

(c) (d)

b

b

b

b

b

b
b

b

Datab

New

1

〈p
2
⊥〉 as a function of xL

〈p
2 ⊥
〉

0 0.1 0.2 0.3 0.4 0.5
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

xL

M
C

/
D

a
ta

b

b

b

b

b

b

b

b

b

b

b

Datab

New

1

10
1

10
2

all W

1
/

σ
d

σ
/

d
x

L

0 0.1 0.2 0.3 0.4 0.5
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

xL

M
C

/
D

a
ta

(e) (f)

Figure 16: DIS events at HERA [42, 51]. The new scheme is compared with H1 data for
Q2 > 40GeV2. The definitions of the different observables can be found in [51].
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Figure 16: DIS events at HERA [42, 51]. The new scheme is compared with H1 data for
Q2 > 40GeV2. The definitions of the different observables can be found in [51].
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• Reasonable agreement for single-particle properties
• Below data for energy-energy correlations
• Results based on existing default tune with global recoil
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Photoproduction



Photoproduction in ep

• Direct processes
• Photon initiator of the hard process
• No MPIs but FSR and ISR for hadron

• Resolved processes
• Photon fluctuates into a hadronic state
(VMD and anomalous)

• Partonic structure described with PDFs
• FSR and ISR for both sides, also MPIs
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MPI and parton shower generation in Pythia 8

Common evolution scale (pT) for FSR, ISR and MPIs

dP
dpT

=

(
dPMPI

dpT
+

∑ dPISR

dpT
+

∑ dPFSR

dpT

)
× exp

[
−
∫ pmax

T

pT
dp′

T

(
dPMPI

dp′
T

+
∑ dPISR

dp′
T

+
∑ dPFSR

dp′
T

)]

where exp[. . .] is a Sudakov factor

Simultaneous partonic evolution

1. Start the evolution from a scale related to the hard process
2. Sample pT values for each Pi, pick one with highest pT
3. Continue from the sampled pT until reach pTmin ∼ ΛQCD
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MPIs in Pythia 8

• Probability for MPIs from 2 → 2 QCD processes
• Partonic cross section diverges at pT → 0
⇒ Regulate the divergence with screening parameter pT0

dσ2→2

dp2T
∝

αs(p2T)
p4T

→
αs(p2T0 + p2T)
(p2T0 + p2T)2

• pp: Power-law in
√
s

pT0(
√
s) = pref

T0 (
√
s/7 TeV)α

pref
T0 = 2.28 GeV/c, α = 0.215

(Monash tune)
• γγ: Logarithmic in

√
s

pT0(
√
s) = pref

T0 + α log
(√

s/100 GeV
)

pref
T0 = 1.52 GeV/c, α = 0.413

(I.H., T. Sjöstrand, in prep.)

p T
0
(√
s)

[G
eV

/c
]

√
s [GeV]

γγ
pp

• Parametrization for γp? 8



Parton showers in photoproduction

DGLAP equations for photons
• Additional term due to γ → qq splittings

∂fγi (x,Q
2)

∂log(Q2)
=

αem
2π e2i Piγ(x) +

αs(Q2)

2π
∑
j

∫ 1

x

dz
z Pij(z) fj(x/z,Q2)

Add corresponding term to ISR probability

dPa←b = dQ2

Q2
αs
2π

x′fγa (x′,Q2)
xfγb (x,Q2)

Pa→bc(z)dz+ dQ2

Q2
αem
2π

e2b Pγ→bc(x)
fγb (x,Q2)

• Corresponds to finding the beam photon during evolution
• No further ISR
• No further MPIs
• No need for beam
remnants
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Charged particle pT spectra in ep collisions at HERA
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[H1: Eur.Phys.J. C10 (1999) 363-372]

H1 measurement
• Ep = 820 GeV, Ee = 27.5 GeV
• < Wγp > ≈ 200 GeV
• Q2

γ < 0.01 GeV2

Comparison to Pythia 8
• Resolved contribution
dominates

• Good agreement with the
data using prefT0 = 3.00 GeV/c

⇒ MPI probability between pp
and γγ

10



Charged particle pT spectra in ep collisions at HERA
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H1 measurement
• Ep = 820 GeV, Ee = 27.5 GeV
• < Wγp > ≈ 200 GeV
• Q2

γ < 0.01 GeV2

Comparison to Pythia 8
• Resolved contribution
dominates

• Good agreement with the
data using prefT0 = 3.00 GeV/c

⇒ MPI probability between pp
and γγ
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Charged particle pT spectra in ep collisions at HERA
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H1 measurement
• Ep = 820 GeV, Ee = 27.5 GeV
• < Wγp > ≈ 200 GeV
• Q2

γ < 0.01 GeV2

Comparison to Pythia 8
• Resolved contribution
dominates

• Good agreement with the
data using prefT0 = 3.00 GeV/c

⇒ MPI probability between pp
and γγ
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Dijet photoproduction in ep collisions at HERA

ZEUS dijet measurement
• Q2

γ < 1.0 GeV2

• 134 < Wγp < 277 GeV
• Ejet1T > 14 GeV,
Ejet2T > 11 GeV

• −1 < ηjet1,2 < 2.4
Different contributions
• Define

xobsγ =
Ejet1T eη

jet1
+ Ejet2T eη

jet2

2yEe

to discriminate direct and
resolved processes
(=x in γ at LO parton level)
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[ZEUS: Eur.Phys.J. C23 (2002) 615-631]

• At high-xobsγ direct processes dominate 11



Hard diffractive photoproduction



Hard diffraction in ep
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Figure 1: Leading order diagrams of the direct a) and resolved b) diffractive dijet production.

3 Factorisation in Diffractive Dijet Production

In the QCD factorisation approach the diffractive dijet cross section is given by the convolution
of partonic cross sectionsdσ̂ with diffractive parton distributionsfD

i/p:

dσ(ep → e+ 2 jets +X ′ + p) =
∑
i

∫
dt

∫
dxIP

∫
dzIP

dσ̂ei→2 jets(ŝ, µ
2
R, µ

2
F )× fD

i/p(zIP , µ
2
F , xIP , t). (5)

Here, the hadronic systemX ′ corresponds to what remains of the systemX after removing the
two jets. The integrals extend over the accepted phase space. The sum runs over all partonsi
contributing to the cross section,ŝ ∼ xIP zIPys−Q2 is the sub-process invariant energy squared
andµF andµR denote the factorisation and renormalisation scales, respectively.

In the photoproduction region the exchanged photon may dissociate into a low mass non-
perturbative hadronic system due to its low virtuality (figure 1b) and a photon parton distribution
function (γPDF) is introduced. The cross section for this resolved photon process is given by

dσ(ep → e+ 2 jets +X ′ + p) =
∑
i,j

∫
dt

∫
dxIP

∫
dzIP

∫
dy fγ/e(y)

∫
dxγ fj/γ(xγ , µ

2
F )× dσ̂ij→2 jets(ŝ, µ

2
R, µ

2
F )× fD

i/p(zIP , µ
2
F , xIP , t), (6)

wherefγ/e is the Weizsäcker-Williams equivalent photon flux [23, 24]integrated over the mea-
suredQ2 range andfj/γ are the parton distribution functions in the photon (γ-PDF). In this
case, the centre-of-mass energy of the hard subprocess is approximated bŷs ∼ xγxIP zIPys. As

5

[Figure: H1: JHEP 1505 (2015) 056]

Diffractive dijets
• Photon interacts with Pomeron
from proton which produce jets

• Can be DIS or photoproduction
• Signature: scattered proton or
rapidity gap between proton
and Pomeron remnant

Factorized cross section in hard diffraction
• DIS: dσ2jets = f IPi (zIP, µ

2)⊗ f pIP(xIP, t)⊗ dσie→2jets

• PhP: dσ2jets = f eγ (xγ)⊗ f IPi (zIP, µ
2)⊗ f pIP(xIP, t)⊗ dσiγ→2jets

where f pIP is Pomeron flux and f IPi diffractive PDF (dPDF)
12



Breaking of factorization

Diffractive dijet cross section in DIS and photoproduction
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Figure 4: Diffractive dijet DIS cross sections differential in zIP , xIP , y and Q2. The inner error
bars represent the statistical errors. The outer error bars indicate the statistical and systematic
errors added in quadrature. The overall normalisation uncertainty of 6% is not shown. NLO
QCD predictions based on the H12006 Fit-B DPDF set, corrected to the level of stable hadrons,
are shown as a white line. They are scaled by a factor 0.83 to account for contributions from
proton-dissociation which are present in the DPDF fit but not in the data. The inner, light
shaded band indicates the size of the DPDF uncertainties and hadronisation corrections added
in quadrature. The outer, dark shaded band indicates the total NLO uncertainty, also including
scale variations by a factor of 0.5 to 2. For each variable, the cross section is shown in the upper
panel, whereas the ratio to the NLO prediction is shown in the lower panel.
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Figure 6: Diffractive dijet ep cross sections in the photoproduction kinematic range differential
in zIP , xIP , y and xγ . The inner error bars represent the statistical errors. The outer error bars
indicate the statistical and systematic errors added in quadrature. The overall normalisation
uncertainty of 6% is not shown. NLO QCD predictions based on the H12006 Fit-B DPDF set
and the GRV γ-PDF set, corrected to the level of stable hadrons, are shown as a white line.
They are scaled by a factor 0.83 to account for contributions from proton-dissociation which
are present in the DPDF fit but not in the data. The inner, light shaded band indicates the size
of the DPDF uncertainties and hadronisation corrections added in quadrature. The outer, dark
shaded band indicates the total NLO uncertainty, also including scale variations by a factor of
0.5 to 2. A variant of the NLO calculation using the AFG γ-PDF set is shown as a dashed line.
For each variable, the cross section is shown in the upper panel, whereas the ratio to the NLO
prediction is shown in the lower panel.
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[H1: JHEP 1505 (2015) 056]

• Good agreement with data and NLO pQCD in DIS
• NLO overshoots the data by factor of 2 in photoproduction 13



Hard diffraction in Pythia 8

Dynamical rapidity gap survival
• Originally introduced for pp
C. O. Rasmussen and T. Sjöstrand [JHEP 1602 (2016) 142]
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Figure 1: Leading order diagrams of the direct a) and resolved b) diffractive dijet production.

3 Factorisation in Diffractive Dijet Production

In the QCD factorisation approach the diffractive dijet cross section is given by the convolution
of partonic cross sectionsdσ̂ with diffractive parton distributionsfD

i/p:

dσ(ep → e+ 2 jets +X ′ + p) =
∑
i

∫
dt

∫
dxIP

∫
dzIP

dσ̂ei→2 jets(ŝ, µ
2
R, µ

2
F )× fD

i/p(zIP , µ
2
F , xIP , t). (5)

Here, the hadronic systemX ′ corresponds to what remains of the systemX after removing the
two jets. The integrals extend over the accepted phase space. The sum runs over all partonsi
contributing to the cross section,ŝ ∼ xIP zIPys−Q2 is the sub-process invariant energy squared
andµF andµR denote the factorisation and renormalisation scales, respectively.

In the photoproduction region the exchanged photon may dissociate into a low mass non-
perturbative hadronic system due to its low virtuality (figure 1b) and a photon parton distribution
function (γPDF) is introduced. The cross section for this resolved photon process is given by

dσ(ep → e+ 2 jets +X ′ + p) =
∑
i,j

∫
dt

∫
dxIP

∫
dzIP

∫
dy fγ/e(y)

∫
dxγ fj/γ(xγ , µ

2
F )× dσ̂ij→2 jets(ŝ, µ

2
R, µ

2
F )× fD

i/p(zIP , µ
2
F , xIP , t), (6)

wherefγ/e is the Weizsäcker-Williams equivalent photon flux [23, 24]integrated over the mea-
suredQ2 range andfj/γ are the parton distribution functions in the photon (γ-PDF). In this
case, the centre-of-mass energy of the hard subprocess is approximated bŷs ∼ xγxIP zIPys. As

5

[Figure: H1: JHEP 1505 (2015) 056]

ep implementation
I.H., C. O. Rasmussen and T. Sjöstrand

• Select diffractive events based
on dPDFs (γ or proton)

• Check whether MPIs between
(resolved) photon and proton

• Reject events where MPIs
shroud the diffractive signature
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Comparison to ZEUS measurement (preliminary)

ZEUS diffractive dijets
• Q2

γ < 1.0 GeV2

• 0.2 < y < 0.85
• Ejet1T > 7.5 GeV,
Ejet2T > 6.5 GeV

• −1.5 < ηjet1,2 < 1.5
Pythia setup
• Pomeron flux: H1 Fit B
• Diffractive PDF: H1 Fit B LO
• PDF selection overshoots
the data by ∼ 40%

• Good agreement with MPI
selection
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Comparison to ZEUS measurement

Diffractive PDF: H1 Fit B LO

b

b

b b

ZEUSb

PDF selection

MPI selection

0

100

200

300

400

500

d
σ
/
d
z
o
b
s

P
[p
b
]

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.5

1

1.5

2

zobsP

M
C
/
D
a
ta

Diffractive PDF: H1 Fit A NLO
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• Some distributions not that well described
• Results very sensitive to Pomeron PDFs (and flux)
⇒ Promising results but large uncertainties from dPDFs 16



Summary & Outlook

Current ep capabilities of Pythia 8.230

• DIS with new SpaceShower:dipoleRecoil shower
• Photoproduction including

• Automatic mixing of direct and resolved processes
• Full parton-level evolution including MPIs for resolved γp
• Possible to use photon flux from nuclei

Next release (8.235, next week)

• Soft diffraction for γγ and γp
• Hard diffractive photoproduction in ep based on

• Diffractive PDFs
• Dynamical rapidity gap survival based on MPIs
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Summary & Outlook

Future work

• Soft diffraction in ep
• Hard diffraction in DIS
• Smooth merging of photoprodcution and DIS
• Combine photoproduction framework with Angantyr
heavy-ion model [C. Bierlich]
• MC for eA collisions
• Capability to simulate γA interactions in ultra-peripheral
heavy ion collisions with a proper nuclear target

For MCEG development Rivet analyses for HERA data would be
very welcome
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