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The structure of an event

An event consists of many different physics steps to be modelled:

PDF

ME

ISR

FSR

M&M

MPI

BBR

CR

Fragmentation

Decays

Rescattering

BE
σtot = · · ·
Unknown?

Fragmentation can include clusters, strings, ropes, QGP, shove, . . .
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Agenda

Multiparton Interactions

Colour Reconnection

Collective effects

Total cross sections and diffraction

Beam remnants and forward physics

Heavy Ions

e+e−/DIS/photoproduction/γγ

Various and sundry

Conclusions

Warning 1: Expect no answers, simple or otherwise.

Warning 2: PYTHIA-centric outlook, by personal knowledge,
but also biggest selection of soft-physics models and options
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MultiParton Interactions (MPIs)

Hadrons are composite ⇒ many partons can interact:

Divergence for p⊥ → 0 in perturbative 2→ 2 scatterings;
tamed by unknown colour screening length d in hadron

dσ̂

dp2⊥
∝ α2

s (p2⊥)

p4⊥
→ α2

s (p2⊥0 + p2⊥)

(p2⊥0 + p2⊥)2

with p⊥0 ≈ 2–3 GeV ' 1/d .
MPIs now baseline for minbias and underlying event
Variants in Herwig and in Shrimps/Sherpa models
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Double Parton Scattering

σAB =
σA σB
σeff

σAA =
σ2A

2σeff
.Summary

 19
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ATLAS
AFS (

p
s = 63 GeV, 4 jets, 1986)

UA2 (
p

s = 630 GeV, 4 jets, 1991)
CDF (

p
s = 1.8 TeV, 4 jets, 1993)

CDF (
p

s = 1.8 TeV, �+ 3 jets, 1997)
DØ (

p
s = 1.96 TeV, �+ 3 jets, 2010)

LHCb (
p

s = 7 TeV, J/ ⇤+
c , 2012)

LHCb (
p

s = 7 TeV, J/ D+
s , 2012)

LHCb (
p

s = 7 TeV, J/ D+, 2012)

LHCb (
p

s = 7 TeV, J/ D0, 2012)
ATLAS (

p
s = 7 TeV, W+ 2 jets, 2013)

CMS (
p

s = 7 TeV, W+ 2 jets, 2014)
DØ (

p
s = 1.96 TeV, �+ b/c + 2 jets, 2014)

DØ (
p

s = 1.96 TeV, �+ 3 jets, 2014)
DØ (

p
s = 1.96 TeV, J/ + J/ , 2014)

ATLAS (
p

s = 8 TeV, Z + J/ , 2015)

LHCb (
p

s = 7&8 TeV, ⌥(1S)D0,+, 2015)
DØ (

p
s = 1.96 TeV, J/ + ⌥, 2016)

DØ (
p

s = 1.96 TeV, 2�+ 2 jets, 2016)
ATLAS (

p
s = 7 TeV, 4 jets, 2016)

ATLAS (
p

s = 8 TeV, J/ + J/ , 2017)
CMS (

p
s = 8 TeV, ⌥ + ⌥, 2017)

LHCb (
p

s = 13 TeV, J/ + J/ , 2017)

CMS (
p

s = 8 TeV, W ±W ±, 2018)
ATLAS (

p
s = 8 TeV, 4 leptons, 2018)

State-of-the-art  
measurements

Dependance on  
c.m energy

JHEP 11 (2016) 110

arXiv:1811.11094

(D. Kar, MPI@LHC 2018)
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Double Parton Scattering Parton Distributions

Time to go beyond simple one-number characterization.
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Figure 2: The responses of the valence d-quark sPDF Rdd(x1, x2, Q) and the valence
u-quark sPDF Ruu(x1, x2, Q) as functions of x2 at Q = 100 GeV and x1 2 [10�6, 10�1].
Comparison between the GS09 and Pythia dPDFs. In the case of the Pythia dPDFs the
response functions are averaged over 105 function calls.

Given that we intend to study the role of the GS sum rules it is convenient to consider the DPS
processes which allow to probe two quarks of the same (anti)flavour belonging to the same hadron.
Therefore, we concentrate on the four-lepton prduction through the double Drell-Yan (dDY) process
[74, 83–88].

As a baseline for our simulations, we use so-called “naive” model of dPDFs where one replaces
a dPDF by a product of two sPDFs and a ✓-function to preserve conservation of a longitudinal
momentum

Dj1j2(x1, x2, Q) = fraw
j1 (x1, Q) fraw

j2 (x2, Q) ✓(1 � x1 � x2). (3.21)

This approach neglects correlations in x-space and violates the number sum rules given by Eq. 3.2 -
Eq. 3.4. Moreover, as it was shown in [56–58], this ansatz does not satisfy the dDGLAP evolution
equations.

We perform our analysis in the following way: first, we simulate the dDY production with the
Pythia 8 event generator. Then, to find the impact of the GS09 and “naive” dPDFs, we change the

– 12 –

σeff assumes PDF factorization

fab(x1, x2,Q) = fa(x1,Q) fb(x2,Q)

but PYTHIA has sophisticated
procedure to modify PDFs step-by-step
based on already extracted partons.
Comparable with Gaunt–Stirling 09,
but allows more partons.

Plot:

Rdd(x1, x2,Q) = x2
(fdd − fdd)(x1, x2,Q)

fd(x1,Q)

(O. Fedkevych et al, in prep)

Also study underlying event!
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Colour Reconnections and 〈p⊥〉(nch)
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Colour Reconnection and baryon production

One PYTHIA model relies on two main principles
? SU(3) colour rules give allowed reconnections

Possible reconnections

Ordinary string reconnection

(qq: 1/9, gg: 1/8, model: 1/9)

Triple junction reconnection

(qq: 1/27, gg: 5/256, model: 2/81)

Double junction reconnection

(qq: 1/3, gg: 10/64, model: 2/9)

Zipping reconnection

(Depends on number of gluons)

Jesper Roy Christiansen (Lund) Non pertubative colours November 3, MPI@LHC 10 / 15

? minimal string length gives preferred reconnections
J.R. Christiansen & P.Z. Skands, JHEP 1508, 003

Triple junction equivalent also introduced in Herwig cluster.
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Colour Reconnection and the top mass

Γt ≈ 1.5 GeV

ΓW ≈ 2 GeV

ΓZ ≈ 2.5 GeV

⇒
cτ ≈ 0.1 fm

t

t

W

b

Decays occur when p “pancakes” have passed, after MPI/ISR/FSR
with p⊥ ≥ 2 GeV, but inside hadronization colour fields.

Experimentalists achieve impressive mt precision,
e.g. CMS mt = 172.35±0.16±0.48 GeV (PRD93 (2016) 072004),
whereof CR ±0.10 GeV
from PYTHIA 6.4 Perugia 2011 |CR - noCR|
Is this realistic? (see also S. Bhattacharya, EF05 2020-07-17)
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Colour Reconnection effects on top mass

No publicly available measurements of UE in top events (then).
• Afterburner models tuned to ATLAS jet shapes in tt events
⇒ high CR strengths disfavoured.
• Early-decay models tuned to ATLAS minimum bias data
⇒ maximal CR strengths required to (almost) match 〈p⊥〉(nch).

model ∆mtop

rescaled
default (late) +0.239

forced random −0.524
swap +0.273

∆mtop relative to no CR

Excluding most extreme (unrealistic)
models

mmax
top − mmin

top ≈ 0.50 GeV

(in line with Sandhoff, Skands & Wicke)

But ∆mtop ≈ 0 in QCD-based model.
Studies of top events could help constrain models:
• jet profiles and jet pull (skewness)
• underlying event
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Collective Effects

I: Flavour composition II: Flow

12 7 Long-Range Correlations in 7 TeV Data

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
0
2

>0.1GeV/c                     
T

(a) CMS MinBias, p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-1
0
1

<3.0GeV/c
T

(b) CMS MinBias, 1.0GeV/c<p

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

(

-4
-2
0
2

>0.1GeV/c                   
T

 110, p≥(c) CMS N 

η∆
-4

-2
0

2
4

φ∆
0

2

4

)
φ

∆,
η

∆
R

( -2
-1
0
1

<3.0GeV/c
T

 110, 1.0GeV/c<p≥(d) CMS N 

Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

5.3 Multi-particle correlations and collectivity 17

for charged particles with 0.3 < pT < 3.0 GeV/c are shown in Fig. 9 (left), as a function of Noffline
trk

for pp collisions at
p

s = 5, 7, and 13 TeV. The pPb data at
psNN = 5 TeV [43] are also plotted for

comparison. The six-particle cumulant c2{6} values for pp collisions at
p

s = 13 TeV are shown
in Fig. 9 (right), compared with pPb data at

psNN = 5 TeV [43]. Due to statistical limitations,
c2{6} values are only derived for high multiplicities (i.e., Noffline

trk ⇡ 100) for 13 TeV pp data.

The c2{4} values for pp data at all energies show a decreasing trend with increasing multi-
plicity, similar to that found for pPb collisions. An indication of energy dependence of c2{4}
values is seen in Fig. 9 (left), where c2{4} tends to be more positive for a given Noffline

trk range
at lower

p
s energies. As average pT values are slightly smaller at lower collision energies, the

observed energy dependence may be related to smaller negative contribution to c2{4} from
smaller pT-averaged v2{4} signals. In addition, when selecting from a fixed multiplicity range,
a larger positive contribution to c2{4} from larger jet-like correlations in the much rarer high-
multiplicity events in lower energy pp collisions can also result in an energy dependence. At
Noffline

trk ⇡ 60 for 13 TeV pp data, the c2{4} values become and remain negative as the multi-
plicity increases further. This behavior is similar to that observed for pPb data where the sign
change occurs at Noffline

trk ⇡ 40, indicating a collective v2{4} signal [59]. For pp data at
p

s = 5
and 7 TeV, no significant negative values of c2{4} are observed within statistical uncertainties.
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Figure 10: Left: The vsub
2 , v2{4} and v2{6} values as a function of Noffline

trk for charged particles,
averaged over 0.3 < pT < 3.0 GeV/c and |h| < 2.4, in pp collisions at

p
s = 13 TeV. Middle: The

vsub
2 , v2{4}, v2{6}, v2{8}, and v2{LYZ} values in pPb collisions at

psNN = 5 TeV [40]. Right:
The vsub

2 , v2{4}, v2{6}, v2{8}, and v2{LYZ} values in PbPb collisions at
psNN = 2.76 TeV [40].

The error bars correspond to the statistical uncertainties, while the shaded areas denote the
systematic uncertainties.

To obtain v2{4} and v2{6} results using Eq. (10), the cumulants are required to be at least
two standard deviations away from their physics boundaries (i.e. c2{4}/sc2{4} < �2 and
c2{6}/sc2{6} > 2), so that the statistical uncertainties can be propagated as Gaussian fluctu-
ations [60]. The v2{4} and v2{6} results, averaged over 0.3 < pT < 3.0 GeV/c and |h| < 2.4,
for pp collisions at

p
s = 13 TeV are shown in the left panel of Fig. 10, as a function of event

multiplicity. The v2 data obtained from long-range two-particle correlations after correcting for
jet correlations (vsub

2 ) are also shown for comparison.

Within experimental uncertainties, the multi-particle cumulant v2{4} and v2{6} values in high-
multiplicity pp collisions are consistent with each other, similar to what was observed previ-
ously in pPb and PbPb collisions [40]. This provides strong evidence for the collective nature of
the long-range correlations observed in pp collisions. However, unlike for pPb and PbPb colli-

Signs of QGP-like collective behaviour in pp actively studied,
but beyond default behaviour of standard pp generators
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A tale of two communities

pp paradigm: Jet Universality
• hadronization determined from e+e− data (LEP)
• hard processes and parton showers from perturbative QCD
• add multiparton interactions (MPI) for activity
• and colour reconnection (CR) for collectivity

AA paradigm: Quark-Gluon Plasma
• deconfinement, hydrodynamics, perfect liquid, flow, . . .
• pp (and pA): not enough time or volume for QGP

Time to rethink relationship:
• QGP formed in high-multiplicity pp?
• (some) signals for QGP red herring?
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The Core–Corona solution

Currently most realistic “complete” approach

K. Werner, Lund 2017:

11th MCnet School July 2017 Lund # Klaus Werner # Subatech, Nantes186

Core-corona picture in EPOS

Gribov-Regge approach => (Many) kinky strings
=> core/corona separation (based on string segments)

central AA

peripheral AA
high mult pp low mult pp

core => hydro => statistical decay (µ = 0)
corona => string decay

allows smooth transition. Implemented in EPOS MC
(Werner, Guiot, Pierog, Karpenko, Nucl.Phys.A931 (2014) 83)

Can conventional pp MCs be adjusted to cope?
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The QCD string

QCD field lines compressed to
tubelike region ⇒ string.
Gives linear confinement
V (r) ≈ κr , κ ≈ 1 GeV/fm.
Confirmed e.g. on the lattice.

Nature of the string viewed in analogy with superconductors:
Analogy with superconductors

E

d

.....................................................................................................................................................................................................................................................................................................

Type I

bag

skin

E

d

.
...............
...
...............
..
...............
.
..................................................................................................................................................................................................... ........ ................................ ......... ............ ........... ......... .......... ........... ............ ......... .......... ............ ...... ....... ........ .......... ..............................

Type II

topological vortex line

penetration region

Details start to matter when many strings overlap (heavy ions, LHC):
bags lose separate identities more easily than vortex lines.
Little studied, evidence inconclusive: maybe in between?

Whichever choice, key assumption is uniformity :
1+1-dimensional string parametrizes center of
translation-independent transverse profile

but QCD could be intermediate, or different.
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How does the string break?

String breaking modelled by tunneling:

P ∝ exp

(
−
πm2
⊥q

κ

)
= exp

(
−
πp2⊥q

κ

)
exp

(
−
πm2

q

κ

)

• Common Gaussian p⊥ spectrum, 〈p⊥〉 ≈ 0.4 GeV.

• Suppression of heavy quarks,

uu : dd : ss : cc ≈ 1 : 1 : 0.3 : 10−11.

• Diquark ∼ antiquark ⇒ simple model for baryon production.
Extended by popcorn model: consecutive qq pair production
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Rope hadronization (Dipsy model)

Dense environment ⇒ several intertwined strings ⇒ rope.

Sextet example:

3⊗ 3 = 6⊕ 3

C
(6)
2 = 5

2C
(3)
2

q2

q4

q1

q3

space

time
quark
antiquark
pair creation

At first string break κeff ∝ C
(6)
2 − C

(3)
2 ⇒ κeff = 3

2κ.

At second string break κeff ∝ C
(3)
2 ⇒ κeff = κ.

Multiple ∼parallel strings ⇒ random walk in colour space.

Larger κeff ⇒ larger exp
(
−πm2

q

κeff

)

• more strangeness (ρ̃)
• more baryons (ξ̃)
• mainly agrees with ALICE (but p/π overestimated)

Bierlich, Gustafson, Lönnblad, Tarasov, JHEP 1503, 148;

from Biro, Nielsen, Knoll (1984), Bia las, Czyz (1985), . . .
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Quantized or continuous rescaling?

Close-packing of strings ⇒ smaller area A for each?

κ = E 2A + B ′A =

(
Φ

A

)2

A + B ′A =
Φ2

A
+ B ′A

κopt = 2Φ
√
B ′ for Aopt = Φ/

√
B ′

A = kAopt ⇒ κ =
1 + k2

2k
κopt

κ →
(
neff

string

)2r
κ

neff
string = 1 +

nstring − 1

1 + p2⊥had/p
2
⊥0

where nstring is number of strings crossing rapidity of hadron.
Results comparable with rope picture (but not quite as good).
N. Fischer, TS, JHEP 1701, 140
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Thermodynamical string model

Old lesson from fixed target and ISR (pp at
√
s = 62 GeV):

dσ

d2p⊥
= N exp

(
−m⊥had

T

)
, m⊥had =

√
m2

had + p2⊥

provides reasonable description, for p⊥ not too large,
with ∼ same N and T for all hadron species.
But inclusive description: no flavour, p or E conservation!

Now: combine with basic string framework for local flavour
and p⊥ compensation. (With some approximations.)

Exponential gives overall decent rates compared with LEP,
but with too many multistrange baryons, opposite to tunneling.
N. Fischer, TS, JHEP 1701, 140

Can be understood as fluctuating string width/tension,
already for single isolated string.
A. Bia las, PLB 466, 301
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Shove (Dipsy model)

t = t1 t = t2 t = t3 t = t4

by

bx

Figure 1: Cartoon in impact parameter space showing strings overlapping at time t = t1,
and as time progresses (t1 < t2 < t3 < t4), they move apart, picking up p⊥ as indicated
with arrows.

transverse coordinate space (b⊥). Colour-connected partons separated by a distance ∆b⊥
are also given opposite transverse momenta p⊥ ≈ ∆b⊥/(∆b⊥)2. The initial state is
two Lorentz contracted pancakes colliding at z = 0, and the string segments are then
stretched out mainly along the z direction. The distribution of gluons is approximately
boost invariant, and to visualize the effect of the transverse repulsion, it is most easy to
study a string segment stretched between two gluons in a system where they have rapidities
±∆y/2. The endpoints of this string segment will then move out with longitudinal velocities
vL = ± tanh(∆y/2), and the length of the segment in coordinate space, at time t, is
consequently t·tanh(∆y). The repulsive transverse force between two strings is proportional
to the length of the overlapping region, and is therefore proportional to f ·t ·∆y, where f
is the force per unit string length.

The cartoon in figure 1 represents in a schematic way a ”slice” in rapidity4. The result
of the repulsion will be a transverse velocity for the string, which might be represented
by very many very soft gluons. The breakup of such a string state cannot be handled
current implementations of string hadronization, as in e.g. Pythia8. As the DIPSY gen-
erator interfaces to the Pythia8 hadronization implementation, this must be remedied. A
transverse gluon will give momentum to hadrons within one unit of rapidity on either side
of the gluon. It is therefore possible to simulate the effect of the continuous distribution
of infinitely soft gluons by finite gluons separated by at most one rapidity unit. In our
calculations we cut the event into many rapidity slices, and in each slice we let the strings
“shove” each other apart. The mechanism for shoving is to add a small excitation (i.e. a
gluon) to each string in each slice. In each time–step δt a string within a slice δy (and
thus length δl = t δy) will get a kick in the transverse direction δp⊥ = f t δy δt. As the
mass of the string piece is ≈ κ δl = κ t δy also is proportional to the time t, we note that
the factors t drop out in the result for the transverse velocity boost. When the strings no
longer overlap, the many small kicks are added to a set of gluons, which can be handled

4In reality the strings are, of course, not distributed symmetrically, instead there are large fluctuations
in the transverse positions of the strings.

3

FIG. 4. Di-hadron correlation functions for pp collisions at 7 TeV, in four centrality intervals, for

two values of the shoving parameter g, compared to default PYTHIA8. For g = 4, adding shoving

produces a ridge similar to the data from CMS [32].

system is not deconfined nor thermalised, the transverse expansion has important similarities

with the expansion of a boost-invariant perfect (non-viscous) liquid.

In a coming publication we want to improve the approximations in the implementation

of the ”shoving model” presented here, and combine it with the rope hadronisation model in

ref. [28]. Our plan is then to include these effects in our model for collisions with nuclei [40],

to see if they can adequately describe data showing collective effects in these larger systems.

Would such a comparison turn out successful, this would challenge the current paradigm in

heavy ion physics. It would then be necessary to find observables sensitive to dynamical

differences between the traditional approach assuming a thermalised plasma, and the non-

thermalised dynamics described here.

∗ This work was funded in part by the Swedish Research Council, contracts number 2016-

03291, 2016-05996 and 2017-0034, in part by the European Research Council (ERC) under

the European Union’s Horizon 2020 research and innovation programme, grant agreement No

668679, and in part by the MCnetITN3 H2020 Marie Curie Initial Training Network, contract

722104.

[1] B. Andersson, G. Gustafson, G. Ingelman, and T. Sjöstrand, Phys. Rept. 97, 31 (1983).
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Overlapping string at early
times can give repulsive
push, so strings get
transverse motion,
imparted to hadrons
produced from them.
Can give ridge and flow,
in azimuth and p⊥.
Bierlich, Gustafson,

Lönnblad, PLB 779, 58
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Spacetime evolution

PYTHIA can calculate production vertex of each particle,
e.g. number of hadrons as a function of time for pp at 13 TeV:

time(fm/c)
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S. Ferreres-Solé, TS, EPJC 78, 983
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Hadronic rescattering

13 TeV nondiffractive pp events:

0 2 4 6 8 10
τ (fm)
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d
N

/d
τ

Invariant production time, rescattered or not

rescattered

not rescattered

sum both

rescattering off

PYTHIA now contains
framework for hadronic
rescattering:
1) Space–time motion and
scattering opportunities
2) Cross section for
low-energy hadron–hadron
collisions
3) Final-state topology in
such collisions
M. Utheim, TS,

arXiv:2005:05658

Observable consequences in pp minor, but:
• important for AA modelling
• pp collisions from ∼threshold to FCC energies
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Total cross section

13. Discussion

The result for the total hadronic cross section presented here, σtot = 95.35 ± 1.36 mb, can be com-
pared to the value measured by TOTEM in the same LHC fill using a luminosity-dependent analysis,
σtot = 98.6 ± 2.2 mb [11]. Assuming the uncertainties are uncorrelated, the difference between the AT-
LAS and TOTEM values corresponds to 1.3σ. The uncertainty on the TOTEM result is dominated by
the luminosity uncertainty of ±4%, while the measurement reported here profits from a smaller luminosity
uncertainty of only ±2.3%. In subsequent publications [16, 54] TOTEM has used the same data to perform
a luminosity-independent measurement of the total cross section using a simultaneous determination of elas-
tic and inelastic event yields. In addition, TOTEM made a ρ-independent measurement without using the
optical theorem by summing directly the elastic and inelastic cross sections [16]. The three TOTEM results
are consistent with one another.

The results presented here are compared in Fig. 19 to the result of TOTEM and are also compared with
results of experiments at lower energy [29] and with cosmic ray experiments [55–58]. The measured total
cross section is furthermore compared to the best fit to the energy evolution of the total cross section from
the COMPETE Collaboration [26] assuming an energy dependence of ln2 s. The elastic measurement is
in turn compared to a second order polynomial fit in ln s of the elastic cross sections. The value of σtot

reported here is two standard deviations below the COMPETE parameterization. Some other models prefer
a somewhat slower increase of the total cross section with energy, predicting values below 95 mb, and thus
agree slightly better with the result reported here [59–61].
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Figure 19: Comparison of total and elastic cross-section measurements presented here with other published measurements [11,
29, 55–58] and model predictions as function of the centre-of-mass energy.

33

Several options for total and partial pp& pp cross sections:
DL/SaS, MBR, ABMST, RPP2016.
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Partial cross sections

σtot = σel + σSD,XB + σSD,AX + σDD + σCD + . . .(+σCoulomb + σint)

Warning: theoretical classification 6= experimental one.
Complicated modelling of components and conflicting data
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Appleby, Barlow, Molson, Serluca, Toader, EPJC 76, 520

C.O. Rasmussen, TS, EPJC 78, 461
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Diffraction

Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

Diffraction
Ingelman-Schlein: Pomeron as hadron with partonic content
Diffractive event = (Pomeron flux) × (IPp collision)

p
p

IP

p

Used e.g. in
POMPYT
POMWIG
PHOJET

1) σSD and σDD taken from existing parametrization or set by user.
2) Shape of Pomeron distribution inside a proton, fIP/p(xIP, t)
gives diffractive mass spectrum and scattering p⊥ of proton.
3) At low masses retain old framework, with longitudinal string(s).
Above 10 GeV begin smooth transition to IPp handled with full pp
machinery: multiple interactions, parton showers, beam remnants, . . . .
4) Choice between 5 Pomeron PDFs.
Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.
5) Framework needs testing and tuning, e.g. of σIPp.

1) σSD, σDD and σCD set by Reggeon theory.

2) fIP/p(xIP, t)⇒ diffractive mass spectrum, p⊥ of proton out.

3) Smooth transition from simple model at low masses to IPp with
full pp machinery: multiparton interactions, parton showers, etc.

4) Choice between different Pomeron PDFs.

5) Free parameter σIPp needed to fix 〈ninteractions〉 = σjet/σIPp.

Torbjörn Sjöstrand Open Issues in Soft Physics slide 24/48



Multiplicity in diffractive events

0 5 10 15 20 25 30 35 40

E
ve

nt
s

10

210

310

410

510

610

710

ATLAS   

 < 6Fη ∆ 4 < 
 = 7 TeVs
 > 200 MeV

T
p

Data
MC PYTHIA 6
MC PYTHIA 8
MC PHOJET

CN
0 5 10 15 20 25 30 35 40

M
C

/D
at

a

1

2

3

PYTHIA 6 lacks MPI, ISR, FSR in diffraction, so undershoots.
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Hard processes in diffractive events

lund un i v er s i ty dept . o f a stronomy and theoret i ca l phy s i c s

Di↵ractive dijet production at the Tevatron.

SD dijets: pp̄ ! X p̄, [X ! X 0 + jet + jet]

E jet
T > 7 GeV, |⌘|jet < 4.2

jet

jetp

p̄ p̄0

c

d

a

b

P

[Phys.Rev.Lett.84.(2000) 5043]

HERA parametrisations does not describe CDF data

Christine O. Rasmussen — Hard di↵raction in PYTHIA 8 — Oct. 5 2015

Slide 14/18

lund un i v er s i ty dept . o f a stronomy and theoret i ca l phy s i c s

Hard di↵raction
The probabilities for either sides to be di↵ractive are

PB = f D
i (xa, Q

2)/fi (xa, Q
2)

PA = f D
i (xb, Q

2)/fi (xb, Q
2)

Dynamical gap survival:

X

p

p p’

a

b

P

7 MPI

3 MPI

SD ab ! X process with beam remnants from both proton and
Pomeron.

Christine O. Rasmussen — Hard di↵raction in PYTHIA 8 — Oct. 5 2015

Slide 8/18

C.O. Rasmussen, TS, JHEP 1602, 1421

CDF, PRL 84, 5043.
Many modelling details and uncertainties, not perfect description.

Qualitative
understanding:

Parameter (pp ! p0 + W) ⇥ 2 (pp ! p0 + Z) ⇥ 2

CDF (1.0±0.11) % (0.88±0.22) %

pref
?0 = 2.78 GeV (0.59 ± 0.06) % (0.49 ± 0.05) %

Exponential overlap (0.25 ± 0.04) % (0.24 ± 0.04) %

Table 9: Di↵ractive fractions for the W ! l⌫ and Z ! l+l�, l = e, µ in
p

s = 1.96 TeV pp
collisions.

CDF cuts

Jet E1,2
T > 7 GeV

Jet E3
T > 5 GeV

Jet |⌘1,2,3| < 4.2
�R 0.7
|t| < 1 GeV2

xRPS
P [0.035,0.095]

Table 10: Cuts used in [21].

Table 9 shows the di↵ractive fractions obtained when varying some of the MPI parameters. This
variation is still not su�cient when combined with the default flux and PDF in Pythia 8. If
combined with some of the fluxes in Table 8 it would be possible to obtain fractions close to the
experimentally observed values, however.

4.2 Di↵ractive dijets at the Tevatron

Another interesting measurement performed at CDF was the process pp ! p + Xp, Xp ! X +
J + J , ie. SD dijet production with a leading antiproton. CDF measured this at three di↵erent
energies,

p
s = 630, 1800 and 1960 GeV [45, 21, 46]. Here not only the di↵ractive fractions were

measured, but a number of di↵erential distributions. Large discrepancies were found between
the di↵ractive structure functions determined from CDF data and those extracted by the H1
Collaboration from di↵ractive deep inelastic scattering data at HERA. The discrepancies are both
in normalisation and shape and were interpreted as a breakdown of factorization.

Our comparison focuses on the 1800 GeV data ([21]), since this also includes a measurement
of the di↵ractive structure function. The cuts used in the analysis are listed in Table 10. The jets
are identified with the CDF cone algorithm as implemented in Rivet [43], with a cone radius of
0.7. Jet energy scale corrections for underying-event activity are done separately for di↵ractive
and nondi↵ractive events, as outlined in the CDF article, but only has a minor impact on relative
rates. The momentum transfer of the antiproton is evaluated using eq. (9) and the momentum
loss of the antiproton using eq. (10).

We begin by evaluating the suppression factor introduced by the MPI framework. This is
evaluated by running two samples of 106 events, one with and one without the MPI criterion, both
using the cuts of Table 10 and the SaS flux and the H1 Fit B LO PDF. We obtain a suppression
factor of 0.11, to be compared with the quoted discrepancies from CDF of 0.06±0.02 (0.05±0.02)
when using the H1 Fit 2 (Fit 3), respectively [21]. A similar suppression factor as for SaS is
obtained when using the H1 Fit B flux, based on the same parametrization as the H1 Fit 2 and
3 fluxes, although with di↵erent values for the free parameters of the model. Using this flux,
however, allows for approximately two times more events passing the experimental cuts. This is
due to the fact that the H1 Fit B flux is less restrictive in the low-xP region, where the experiment
is performed. Hence we expect better agreement with data when using the H1 Fit B flux, as

21

whereas ∼ 10% without gap suppression

Torbjörn Sjöstrand Open Issues in Soft Physics slide 26/48



Beam remnants

Parton in beam remnant

Composite object

Parton going to hard interaction

qq
qv1

qv2

qv3

g1
g2

a)

B

qv1

qv2

qv3

qc

qs g

b)

M

qv1

qv2

qv3

g
qs

qc

c)

Figure 10: Examples of the formation of composite objects in a baryon beam remnant: (a)
diquark, (b) baryon and (c) meson.

2. Composite objects may be formed, but only when all partons involved in the formation
are valence quarks.

3. The formation of diquarks may involve both valence and sea quarks, but the formation
of colour singlet subsystems (i.e. hadrons) is still restricted to involve valence quarks
only.

4. Sea quarks may also be used for colour singlet formation.

The idea is thus that (spectator) valence quarks tend to have comparable velocities, while
sea quarks can be more spread out and therefore are less likely to form low-mass systems.

Whether composite systems in the beam remnant are formed or not has important
consequences for the baryon number flow. For pp collisions at 1.8 TeV CM energy, we show
in Fig. 11 the Feynman x (left plot) and rapidity (right plot) distributions for the baryon
which ‘inherits’ the beam baryon number. We denote this baryon the ‘junction baryon’. To
better illustrate what happens to each of the two initial beam baryon numbers separately,
only distributions for the junction baryon, not antibaryon, are shown. Possibilities 1 and 2
above are compared with the old multiple interactions model (Tune A). One immediately
observes that the beam baryon number migrates in a radically different way when diquark
formation is allowed or not (compare the dashed and dotted sets of curves). In fact, in the
new model it is not possible to reproduce the old distribution (compare the solid curve).
This comes about since, even when all possible diquark formation is allowed in the new
model, it is not certain that the beam remnant actually contains the necessary quark
content, hence in some fraction of the events the formation of a beam remnant diquark is
simply not possible. Here is thus an example where the introduction of more physics into
the model has given rise to a qualitatively different expectation: the beam baryon number
appears to be stopped to a larger extent than would previously have been expected.

28

Need to model:

Flavour content of remnant; also valence vs. sea/companion

Colour structure of partons; including junctions and CR

Longitudinal sharing of momenta

Transverse sharing of momenta — primordial k⊥
(nontrivially relates to low-p⊥ ISR handling)
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Forward physics

Forward region especially important for cosmic-ray physics.
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Figure 4: Comparison of the photon spectra obtained from the experimental data and MC

predictions. The top panels show the energy spectra, and the bottom panels show the ratio of

MC predictions to the data. The hatched areas indicate the total uncertainties of experimental

data including the statistical and the systematic uncertainties.
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Fig. 6. Ratios of total multiplicities with FSI (’FSIon’) and without FSI (’FSIo↵’) of ⇡±, K±, p , p̄, K0
s and ⇤+⌃0 produced

in N + N collisions: the red lines correspond to p + p, blue lines – to p + n and green lines – to n + n reactions.
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LHCf, PLB 78, 233

Need mechanism for protons to
take more energy (from pions).
Diffractive-related or not?
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Heavy-ion physics and Angantyr

Quark–Gluon Plasma (QGP) well established. Typical modelling:
• Initial conditions by Color Glass Condensate and MPIs.
• Energy–momentum flow in QGP phase by hydrodynamics.
• Local phase transition (freezeout) to hadrons.

Is it possible to construct a model without QGP
that still reproduces many/most experimental phenomena?

(a) (b)

Figure 3: A schematic picture (c.f. figure 2) of multiple scattering between one projectile and two

target nucleons (e.g. in a pd collisions). In (a) the second interaction is directly colour connected to

the first one, while in (b) the second nucleon is only diffractively excited by a Pomeron exchange.

Both cases give rise to final string configurations that will contribute in the same way to the final

state hadron distribution.

scatterings, but they will be treated as multiple scatterings in the Pomeron–proton system,

which is standard in the high-mass diffraction machinery in PYTHIA.

Referring back to eq. (3.1), this means that we are modelling the single nucleus emis-

sion function F (η) using high-mass diffractive excitation events. We do not expect them

to necessarily look like ordinary diffractive event, but we nevertheless use the diffractive

machinery in PYTHIA8. In section 5 we will describe how we modify this machinery in

order to try to fulfil the requirement that F (η) + F (−η) (i.e. wp = wt = 1 in eq. (3.1))

would reproduce the distribution in a normal non-diffractive pp event in PYTHIA8.

The two different sub-events are then merged together so that the elastically scattered

proton in the diffractive event is discarded, and the momentum of the Pomeron is instead

taken from remnants of the projectile proton.

The assumption in [9] was that the momentum fraction of the Pomeron in such diffrac-

tive events can be taken to be distributed approximately as dxIP/xIP, which means that

the mass of the diffractive system is given by dM2
X/M2

x . This is approximately what one

has found for normal high-mass diffractive events and it is the same assumption as in the

old Fritiof model. We do not have a solid explanation why this should be the case. In [9]

we gave some handwaving arguments based on AGK cutting rules and the similarity be-

tween triple-Pomeron diagrams in diffractive NN scatterings and (doubly) non-diffractive

proton–deuterium scattering, but in the end the best argument for this choice is that it

seems to work very well.
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proton–deuterium scattering, but in the end the best argument for this choice is that it
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Angantyr/PYTHIA:

Glauber–Gribov nucleon distributions
and cross section fluctuations.

MPI-style colour connections,
and diffractive topologies.

Standard PYTHIA machinery:
showers, MPIs, strings, . . .
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Examples of Angantyr results

ATLAS
Pythia8/Angantyr (generated centrality)
Pythia8/Angantyr (∑ EPb

⊥ bins from data)
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Figure 12: Comparison between the average charged multiplicity as a function of pseudo rapidity

in percentile bins of centrality for pPb collisions at
√

sNN = 5 TeV. In (a) data from ATLAS [25] is

compared to results from Angantyr. The lines correspond to the percentile bins in figure 11 (from

top to bottom: 0–1%, 1–5%, . . . , 60–90%). The red line is binned using percentiles of the generated∑
EPb

⊥ , and the blue line according to the experimental distribution (c.f. the table in figure 11).

In (b) the red line is the same as in (a), but here the blue line uses percentile bins based on the

generated impact parameter in Angantyr.

they do not exactly agree we will get somewhat different bins, as is shown in table in

figure 11.

In figure 12(a) we show the average charged particle multiplicity as a function of

pseudo-rapidity measured in the centrality bins defined in figure 11. It is important to

remember that even if this is presented as the centrality dependence of the pseudo-rapidity

distribution, what is in fact measured is the correlation between the transverse energy flow

in the direction of the nuclei and the central multiplicity. In the figure we therefore show

two sets of lines generated with Angantyr with the two different binnings presented in

figure 11. Clearly the difference between the two is not significant, which is an indication

that Angantyr fairly well reproduces the centrality measure. And the fact that neither

curve is far from the experimental data14 gives a strong indication that the Angantyr is a

reasonable way of extrapolating pp final states to pA.

Comparing to the results we presented in [9], the description of data has been much

improved. The main reason for this is the more careful treatment of secondary absorptive

sub-events, but the new handling of the impact-parameter dependence in the primary

absorptive events has also somewhat improved the description of data.

Within our model it is possible to look at the actual centrality of an event in terms of

the generated impact parameter, and in figure 12(b) we show a comparison between the

pseudo-rapidity distribution when binned in percentiles of the generated impact parameter

14The η-distributions in figure 12(a) has been corrected for detector effects.
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Figure 17: The centrality dependence charged multiplicity over a wide η range in PbPb collisions

at
√

sNN = 5.02 TeV (a) and
√

sNN = 2.76 TeV (b). Both for centralities 0-5%, 5-10%, 10-20%,

20-30%...80-90%. Data from ALICE [56–58].

In order to finish the discussion on the centrality measure, we show in figure 16(a)

the ALICE results on the centrality dependence of the average charged multiplicity in the

central pseudo-rapidity bin for PbPb collisions at
√

sNN = 2.76 TeV [53] using the measured

centrality, and in figure 16(b) with impact parameter bins. The agreement between these

two results are clearly much better in PbPb than for pPb, confirming the initial statement

in this section.

In figure 16(a) we also show our predictions16 for Xenon–Xenon collisions at
√

sNN =

5.44 TeV compared to the ALICE data that were published in [55].

In figure 17 we show the charged multiplicity compared to ALICE data [56–58] over

a much wider η range, for both
√

sNN = 2.76 TeV and
√

sNN = 5.02 TeV. The trend,

also visible in figure 16, is that Angantyr produces somewhat too few particles at central

η; the multiplicity is systematically 5-10% too low. We regard this as surprisingly good,

considered that no tuning of any kind to AA data has been done.

We now turn to transverse momentum spectra in AA collisions. In figure 18 we show

results from ATLAS [59] compared to our model. The published p⊥ spectra was scaled with

the average number of wounded nucleons, calculated using a black disk Glauber model. We

have not used the number of wounded nucleons as input to Angantyr, just scaled our result

with the same number (as published in the article) to obtain comparable spectra. Hence,

the results are not scaled to match, as both are simply scaled with the same number.

Finally we want to add a comment about the low multiplicity in the central region,

shown in figs. 16(a) and 17. One of the main features of Angantyr is that tuning of MPI

model, shower and hadronisation should only be carried out using e+e−, ep and pp data.

16Although we present this after the data was published we still consider it a prediction, as the program

was released before the data was analysed.
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Bierlich, Gustafson, Lönnblad, Shah, JHEP 1810, 134

Angantyr under continued development.
To come: shoving, ropes, hadronic rescattering, . . .
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e+e− annihilation

e+e− → γ∗/Z0 → qq is starting point for our understanding
of hadronization (and FSR).

Old data+analyses, especially LEP, reconstructed in Rivet,
but mainly global event properties (ncharged, Thrust, . . . )
or single-particle spectra

Correlations needed, but require expertise to encode, e.g.
– flavour chains for baryon production,
– decay distributions of higher resonances, f2 → π+π−

Belle in unique position to contribute to common effort,
in continuum and for B decay tables
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Colour Reconnection and the W mass in e+e−

Above topics among unsolved problems of strong in-
teractions: confinement dynamics, 1/N2

C effects, QM
interferences, . . . :

• opportunity to study dynamics of unstable parti-
cles,

• opportunity to study QCD in new ways, but
• risk to limit/spoil precision mass measurements.

So far mainly studied for mW at LEP2:

1. Perturbative: 〈δmW〉 <∼5 MeV.
2. Colour rearrangement: many models, in general

〈δmW〉 <∼40 MeV.

e−

e+

W−

W+

q3

q4

q2

q1

!
"

!
"

π+

π+

#$BE

3. Bose-Einstein: symmetrization of unknown am-
plitude, wider spread 0–100 MeV among models,
but realistically 〈δmW〉 <∼40 MeV.

In sum: 〈δmW〉tot < mπ, 〈δmW〉tot/mW
<∼0.1%; a

small number that becomes of interest only because
we aim for high accuracy.

At LEP 2 search for effects in e+e− →W+W− → q1q2 q3q4:

perturbative 〈δMW〉 . 5 MeV : negligible!

nonperturbative 〈δMW〉 ∼ 40 MeV :

favoured; no-effect option ruled out at 99.5% CL.

Best description for reconnection in ≈ 50% of the events.

Bose-Einstein 〈δMW〉 . 100 MeV : full effect ruled out
(while models with ∼ 20 MeV barely acceptable).

New: hadronic rescattering and shove!
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Deeply Inelastic Scattering and Photoproduction

DIS starting point for all PDF studies

. . . but also key for ISR and beam remnant hadronization

H1 and ZEUS analyses in HZTool, but Fortran
and next-to-nothing ported to Rivet

HERA-era generators also Fortran, and only little ported

Given EIC, new/extended code needed for

DIS split by diffractive or not

photoproduction split by direct or resolved

transition region between photoproduction and DIS

extensions to eA, γA, γ∗A

polarization effects
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The nature of the real photon
GA. Schuler, T. Sjöstrand / High-energy photoproduction 541

wwww~K~AA~w\JA

Fig. 1. A photon may fluctuate into q~pairs. Low-virtuality fluctuations are non-perturbative and give
intermediate VMD states,while high-momentum fluctuations are perturbatively described.

without double counting and yet have a continuous matching of the different states
and their interactions?
In our approach, we provide a framework that can be used to give first answers

to all the above questions. The intuitive photon picture that we have in mind is the
following. To first approximation, a real photon is a fundamental pointlike particle.
Through its direct couplings to quarks, however, it has the possibility to fluctuate
into a quark—antiquark pair, fig. 1. These y ~ q~jfluctuations may have different
virtualities, as roughly characterized by the common p~ of the q and ~ with
respect to the photon direction. When the virtuality is small the fluctuation is
long-lived. There is then time for a cloud of soft gluons to develop around the q~
pair, and a vector-meson wave function description may be a good approximation.
This is the y *-3 V transition postulated in VMD. When the virtuality is larger, the
fluctuation is too short-lived to develop into an ordinary hadronic state, although
hard gluon emission may still occur. In this latter case, a perturbative description is
fully appropriate, while the VMD part of the photon must be based on a
non-perturbative phenomenological ansatz. In total, the photon thus has three
possible states to be found in: bare, V, and perturhative q~.Correspondingly, yp
events may be classified in three distinct classes: direct, VMD and anomalous.
In the following we first develop our picture of the photon and subsequently

that of the event classes. To specify our description of yp interactions we must
• derive parametrizations for all the partial (even class) cross sections in the

model,
• define the subdivision of the photon structure function into a VMD part and

an anomalous part,
• unitarize mini-jet cross sections, i.e. allow for several parton—parton interac-

tions within one event,
• extend the standard proton structure functions to small-Q2 and/or small-x

scales, and
• discuss all further details needed to go from simple parton-level cross sections

to hadronic events that can be confronted with data.
The objective is to provide a complete picture of high-energy photon—hadron
interactions, in the sense that all event classes of non-negligible cross section are
described in reasonable detail.

546 GA. Schuler, T. Sjöstrand / High-energy photoproduction

Fig. 2. Contributions to hard yp interactions: (a) direct, (b) VMD, and (c) anomalous. Only the basic
graphs are illustrated; additional partonic activity is allowed in either case. The presence of spectator
jets has been indicated by dashed lines, while full lines show partons that (may) give rise to high-p~

jets.

interactions may thus occur here, such as elastic, diffractive, low-p1 and high-p L

events. For the latter, one may define a (VMD) photon structure function, and the
photon also leaves behind a beam remnant. This remnant is smeared in transverse
momentum by a typical “primordial k1” of a few hundred MeV.
(iii) Anomalous events, fig. 2c, in which the photon fluctuates into a q~jpair of

larger virtuality than in the VMD class. This process is perturbatively calculable, as
is the subsequent QCD evolution. It gives rise to the so-called anomalous part of
the photon structure function, whence our name for the class. Only high-p ~ events
may occur. Either the q or the ~ plays the role of a beam remnant, but this
remnant has a larger p1 than in the VMD case, related to the virtuality of the
y ~ q~fluctuation.
In terms of cross sections, eq. (3) therefore corresponds to

(6)

This decomposition will be essential for the rest of the discussion.
All three processes are of 0(a). However, in the direct contribution the photon

structure function is of 0(1) and the hard scattering matrix elements of 0(a),
while the opposite holds for the VMD and anomalous processes.
It should be noted that the above subdivision is not the conventional one.

Usually the VMD and the anomalous contributions are joined into one single
photon structure function, which is used to calculate the rate of high-p events,
so-called resolved events. (Subdivisions have been proposed, however, both for yy
and yp [18].) The VMD event class then explicitly excludes high-p1 events, i.e. is
mainly made up of low-p1 events. There are several reasons why we avoid the
conventional approach. Firstly, this approach does not respect the known similari-
ties between photoproduction and hadroproduction. Secondly, it is not possible to
smoothly join soft and hard yp interactions, owing to the lack of a physical picture
of the photon such as eq. (3). Thirdly, it is inconsistent to invoke VMD to describe

Photon fluctuations lead to three classes:

a) direct: pointlike coupling

b) VMD: photon fluctuates to vector meson (ρ0, ω, φ, . . .)
and interacts as such, including MPIs, elastic, diffraction

c) anomalous/GVMD: photon fluctuates to perturbative qq pair,
similar to VMD but no MPIs

Unclear borders, even more so in higher orders.
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Event classes for a virtual photon

JHEP09(2000)010
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Figure 5: (a) Schematic graph for a hard ∞§p process, illustrating the concept of three

diÆerent scales. (b) Event classification in the large-Q2 limit.

anomalous contribution to infinity according to a GVMD scaling recipe, as is done

in eq. (2.20), is about equally good. The latter may involve some double-counting
with the direct cross section, but not more than falls within the general uncertainty

of the geometric scaling and eikonalization game.

2.4 DIS revisited

In DIS, the photon virtuality Q2 introduces a further scale to the process, i.e. one
goes from figure 3a to figure 5a. The traditional DIS region is the strongly ordered

one, Q2 ¿ k2? ¿ p
2

?, where DGLAP-style evolution [2] is responsible for the event
structure. As above, ideology wants strong ordering, while real life normally is based

on ordinary ordering Q2 > k2? > p
2

?. Then the parton-model description of F2(x,Q
2)

in eq. (2.8) is a very good first approximation. The problems come when the ordering
is no longer well defined, i.e. either when the process contains several large scales or

when Q2 ! 0. In these regions, an F2(x,Q2) may still be defined by eq. (2.7), but
its physics interpretation is not obvious.

Let us first consider a large Q2, where a possible classification is illustrated in
figure 5b. The regions Q2 > p2? > k

2

? and p
2

? > Q
2 > k2? correspond to non-ordered

emissions, that then go beyond DGLAP validity and instead have to be described by
the BFKL [17] or CCFM [3] equations, see e.g. [4]. Normally one expects such cross

sections to be small at large Q2. The (sparsely populated) region p2? > k
2

? > Q
2 can

be viewed as the interactions of a resolved (anomalous) photon.

13

In general three scales characterizing process

Q, the photon virtuality

k⊥, the scale at which the photon couples
to a quark line

p⊥, the hardest scale in the parton ladder,
excluding k⊥

Ordering of Q, k⊥, p⊥ decides classification
and simulation of collision.

In PYTHIA 6 (Fortran) implemented as
4 event classes for γ∗p (smoothly combined),
and 13 for γ∗γ∗ (using Q1,Q2, k⊥1, k⊥2, p⊥).

Cumbersome, not ported to PYTHIA 8. Currently DIS and
photoproduction separate, and latter only direct + resolved.
γγ only real, as useful e.g. for AA grazing collision studies.
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Photoproduction at HERA
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oߟ ȔƜőɱʗɡƜȔƜȚʀ
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ࡆ < ğγɖ > ≈ ߞߞߠ dƜĥ
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őȚƉ γγ

ߥ

(from Ilkka Helenius presentation at POETIC8, 20 March 2018)

Also diffractive dijet production studied.
I. Helenius, C.O. Rasmussen, EPJC 79, 413
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Possible contributions from Lattice QCD

PDFs, especially at low Q2

Characterize vortex line (string) properties; type I, type II, . . .

Interaction between two parallel nearby strings

Sort out multiplet structure, especially lowest L = 1 mesons

Identify glueball state and mixing with other mesons

Explain exotic states, e.g. f0(500)

Calculate partial widths (and thereby BRs) for two-body states

. . .
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Tuning

1000 Many physics mechanisms with hundereds of model choices
or parameters in description of pp physics.

950 Most parameters set by prejudice + hints from some data.

50 Global tunes, like Monash (P. Skands et al., EPJC 74, 3024),
but split in subgroups, and much informed prejudice.

5 Typical experimental tunes improve a handful of these,
e.g. with automated tools such as Professor.

1 For quick-and-dirty actions one change may be good enough,
e.g. compensate change of PDFs by a new MPI p⊥0
to maintain same 〈ncharged〉.

Modelling of each aspect may have significant inherent uncertainty,
but tuning to data introduces nontrivial anticorrelations.
Reasonable set and range of variations will depend on task.

No simple answer.
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Some topics not discussed

Improved partons showers and matching+merging

Consequences of NLO (negative) PDFs in shower context

Initial-state impact-parameter picture, e.g. Dipsy dipoles

Differences between quark and gluon jets

Heavy-flavour production and hadronization

Jet quenching in high-multiplicity pp systems (?)

Partonic rescattering (3→ 3 etc. in MPIs)

Transition from showers to hadronization

Bose–Einstein (and Fermi–Dirac) effects

Deuteron, tritium, helium, tetraquark, pentaquark coalescence
(within space–time picture)

. . .
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Summary and outlook

Deceptively good agreement with much LHC/LEP data.

Collective effects in high-multiplicity pp game-changer.

Reinvigorated study of soft physics; many “new” ideas:
CR, rope, shove, thermodynamic, rescattering, . . .

More correct physics should mean better tunes

Much experimental work needed to sort out what is going on;
requires further low-luminosity running

Challenges await EIC, ILC, FCC, ν beams, cosmic rays

Rivet should be extended to include more data, old as new

You sought an answer
and found a question
– you are disappointed.

inspired by
Edith Södergran

(1916)
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Thank You!

Snowmass 1984, Wu-Ki Tung (picture by speaker)
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Backup: Interleaved evolution in PYTHIA

• Transverse-momentum-ordered parton showers for ISR and FSR
• MPI also ordered in p⊥
⇒ Allows interleaved evolution for ISR, FSR and MPI:

dP
dp⊥

=

(
dPMPI

dp⊥
+
∑ dPISR

dp⊥
+
∑ dPFSR

dp⊥

)

× exp

(
−
∫ p⊥max

p⊥

(
dPMPI

dp′⊥
+
∑ dPISR

dp′⊥
+
∑ dPFSR

dp′⊥

)
dp′⊥

)

Ordered in decreasing p⊥ using “Sudakov” trick.
Corresponds to increasing “resolution”:
smaller p⊥ fill in details of basic picture set at larger p⊥.

Start from fixed hard interaction ⇒ underlying event

No separate hard interaction ⇒ minbias events

Possible to choose two hard interactions, e.g. W−W−
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Backup: MPIs in PYTHIA

MPIs are gererated in a falling sequence of p⊥ values;
recall Sudakov factor approach to parton showers.

Core process QCD 2→ 2, but also onia, γ’s, Z0,W±.

Energy, momentum and flavour conserved step by step:
subtracted from proton by all “previous” collisions.

Protons modelled as extended objects, allowing both central
and peripheral collisions, with more or less activity.

Colour screening increases with energy, i.e. p⊥0 = p⊥0(Ecm),
as more and more partons can interact.

Colour connections: each interaction hooks up with colours
from beam remnants, but also correlations inside remnants.

Colour reconnections: many interaction “on top of” each
other ⇒ tightly packed partons ⇒ colour memory loss?
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Backup: Colour Reconnection models for top studies

Late t decay: first ordinary CR (existing model) as if t stable,
then CR between g’s from t&W decays and g’s from rest of event,
in 5 variants, some “straw-man”, e.g. random (⇒ 〈λ〉 increases)

Early t decay: new “gluon-move” model for whole event
1) move: remove gluon and insert on other string if reduces λ
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Figure 2. In the ‘move’ model, a gluon j originally attached to string piece ik can be moved to a
different string piece lm if it leads to a smaller total string length �. Solid lines indicate the original
configuration and dashed lines indicate the resulting configuration after moving the gluon.

minij,lm ��(ij, lm) = minij,lm [�im + �lj � (�ij + �lm)]  ��cut is selected for a flip. Here
singlet systems that have undergone one flip are not allowed any further ones, or else the
procedure leads to the formation of many low-mass gg systems, thus markedly reducing
the charged particle multiplicity. While the normal string has a color and an anticolor at
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Figure 3. Illustration of the effect of the ‘flip’ model. The same process as in figure 1, shown
with the underlying string configuration. The solid lines indicate the initial configuration and the
dashed lines represent a flip in the string pieces ij and lm, resulting from the exchange of one of
the color indices between gluons j and m. The figure represents a case where a flip reduces the
total string length �. We note that after the flip, the b quark from the top decay (endpoint k) is
color connected to quark l from a separate MPI.

opposite ends, there is also the possibility of junction topologies, where three quarks are at
the ends of a Y-shaped field configuration. As a minor variation, such topologies are either
excluded or included among the allowed flip possibilities.

Since the ‘swap’ and ‘move’ models affect all scattering processes, they have to be tuned
using minimum bias data. This is described in the following section.

3 Generation and reconstruction of tt̄ final states

The studies presented in this paper have been performed with simulated tt̄ events, generated
with Pythia version 8.185 at a center-of-mass energy of

p
s = 8 TeV. Pythia provides

leading order matrix elements for qq̄ ! tt̄ and gg ! tt̄. On top of the tt̄ process, Pythia
attaches initial and final state parton showers and multiparton interactions, which evolve
from the scale of the hard process down to the hadronization scale in an interleaved manner
[20]. The generation of tt̄ events was done using the leading order PDF set CTEQ6L1 [21]
with the 4C tune [20]. Particles with a proper decay length of c⌧ > 10 mm were considered

– 8 –

2) flip: cross two chains if reduces λ (∼ swing)
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Figure 2. In the ‘move’ model, a gluon j originally attached to string piece ik can be moved to a
different string piece lm if it leads to a smaller total string length �. Solid lines indicate the original
configuration and dashed lines indicate the resulting configuration after moving the gluon.

minij,lm ��(ij, lm) = minij,lm [�im + �lj � (�ij + �lm)]  ��cut is selected for a flip. Here
singlet systems that have undergone one flip are not allowed any further ones, or else the
procedure leads to the formation of many low-mass gg systems, thus markedly reducing
the charged particle multiplicity. While the normal string has a color and an anticolor at
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Figure 3. Illustration of the effect of the ‘flip’ model. The same process as in figure 1, shown
with the underlying string configuration. The solid lines indicate the initial configuration and the
dashed lines represent a flip in the string pieces ij and lm, resulting from the exchange of one of
the color indices between gluons j and m. The figure represents a case where a flip reduces the
total string length �. We note that after the flip, the b quark from the top decay (endpoint k) is
color connected to quark l from a separate MPI.

opposite ends, there is also the possibility of junction topologies, where three quarks are at
the ends of a Y-shaped field configuration. As a minor variation, such topologies are either
excluded or included among the allowed flip possibilities.

Since the ‘swap’ and ‘move’ models affect all scattering processes, they have to be tuned
using minimum bias data. This is described in the following section.

3 Generation and reconstruction of tt̄ final states

The studies presented in this paper have been performed with simulated tt̄ events, generated
with Pythia version 8.185 at a center-of-mass energy of

p
s = 8 TeV. Pythia provides

leading order matrix elements for qq̄ ! tt̄ and gg ! tt̄. On top of the tt̄ process, Pythia
attaches initial and final state parton showers and multiparton interactions, which evolve
from the scale of the hard process down to the hadronization scale in an interleaved manner
[20]. The generation of tt̄ events was done using the leading order PDF set CTEQ6L1 [21]
with the 4C tune [20]. Particles with a proper decay length of c⌧ > 10 mm were considered

– 8 –

3) (swap: interchange two gluons if reduces λ)

S. Argyropoulos & TS, JHEP 1411, 043; P. Skands et al. earlier
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Backup: The popcorn model for baryon production

B M

B
M M B

B
M

- z

6

t

SU(6) (flavour×spin) Clebsch-Gordans needed.

Quadratic diquark mass dependence
⇒ strong suppression of multistrange and spin 3/2 baryons.
⇒ effective parameters with less strangeness suppression.
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Backup: The Herwig cluster model

Stefan Gieseke, Patrick Kirchgaeßer, Simon Plätzer: Baryon production from cluster hadronization 3

referred to as a mesonic cluster

3 ⌦ 3̄ = 8 � 1. (5)

In strict SU(3)C the probability of two quarks having
the correct colours to form a singlet would be 1/9. Next
we consider possible extensions to the colour reconnec-
tion that allows us to form clusters made out of 3 quarks.
A baryonic cluster consists of three quarks or three anti-
quarks where the possible representations are,

3 ⌦ 3 ⌦ 3 = 10 � 8 � 8 � 1, (6)

3̄ ⌦ 3̄ ⌦ 3̄ = 10 � 8 � 8 � 1. (7)

In full SU(3)C the probability to form a singlet made out
of three quarks would be 1/27. In the following we will
introduce the algorithm we used for the alternative colour
reconnection model. In order to extend the current colour
reconnection model, which only deals with mesonic clus-
ters, we allow the reconnection algorithm to find configu-
rations that would result in a baryonic cluster.

2.3 Algorithm

As explained before the colour reconnection algorithms in
Herwig are implemented in such a way that they lower
the sum of invariant cluster masses. For baryonic recon-
nection such a condition is no longer reasonable because of
the larger invariant cluster mass a baryonic cluster carries.
As an alternative we consider a simple geometric picture
of nearest neighbours were we try to find quarks that ap-
proximately populate the same phase space region based
on their rapidity y. The rapidity y is defined as

y =
1

2
ln

✓
E + pz

E � pz

◆
, (8)

and is usually calculated with respect to the z-axis. Here
we consider baryonic reconnection if the quarks and the
antiquarks are flying in the same direction. This reconnec-
tion forms two baryonic clusters out of three mesonic ones.
The starting point for the new rapidity based algorithm is
the predefined colour configuration that emerges once all
the perturbative evolution by the parton shower has fin-
ished and the remaining gluons are split non-perturbative-
ly into quark-antiquark pairs. Then a list of clusters is
created from all colour connected quarks and anti-quarks.
The final algorithm consists of the following steps:

1. Shu✏e the list of clusters in order to prevent the bias
that comes from the order in which we consider the
clusters for reconnection

2. Pick a cluster (A) from that list and boost into the
rest-frame of that cluster. The two constituents of the
cluster (qA, q̄A) are now flying back to back and we
define the direction of the antiquark as the positive
z-direction of the quark axis.

3. Perform a loop over all remaining clusters and cal-
culate the rapidity of the cluster constituents with re-
spect to the quark axis in the rest frame of the original
cluster for each other cluster in that list (B).

Fig. 2. Representation of rapidity based colour reconnection
where the quark axis of one cluster is defined as the z-axis
in respect to which the rapidities of the constituents from the
possible reconnection candidate are calculated. (A) and (B)
are the the original clusters. (C) and (D) would be the new
clusters after the reconnection.

Fig. 3. Configuration of clusters that might lead to baryonic
reconnection. The small black arrows indicate the direction of
the quarks. A reconnection is considered if all quarks move
in the same direction and all antiquarks move in the same
direction.

4. Depending on the rapidities the constituents of the
cluster (qB, q̄B) fall into one of three categories:

Mesonic: y(qB) > 0 > y(q̄B) .
Baryonic: y(q̄B) > 0 > y(qB) .
Neither.

If the cluster neither falls into the mesonic, nor in the
baryonic category listed above the cluster is not con-
sidered for reconnection.

5. The category and the absolute value |y(qB)| + |y(q̄B)|
for the clusters with the two largest sums is saved
(these are clusters B and C in the following).

6. Consider the clusters for reconnection depending on
their category. If the two clusters with the largest sum
(B and C) are in the category baryonic consider them
for baryonic reconnection (to cluster A) with probabil-
ity pB. If the category of the cluster with the largest
sum is mesonic then consider it for normal reconnec-
tion with probability pR. If a baryonic reconnection oc-
curs, remove these clusters (A, B, C) from the list and
do not consider them for further reconnection. A pic-
ture of the rapidity based reconnection for a mesonic
configuration is shown in Fig. 2 and a simplified sketch
for baryonic reconnection is shown in Fig. 3.

7. Repeat these steps with the next cluster in the list.

We note that with this description we potentially exclude
clusters from reconnection where both constituents have
a configuration like y(qB) > y(q̄B) > 0 w.r.t. the quark
axis but assume that these clusters already contain con-
stituents who are close in rapidity and fly in the same
direction. The exclusion of baryonically reconnected clus-
ters from further re-reconnection biases the algorithm to-
wards the creation of baryonic clusters whose constituents
are not the overall nearest neighbours in rapidity. The ex-
tension to the colour reconnection model gives Herwig an

1 Force g→ qq branchings.

2 Form colour singlet clusters.

3 Decay high-mass clusters to
smaller clusters.

4 Decay clusters to 2 hadrons
according to phase space
times spin weight.

5 New: allow three aligned qq
clusters to reconnect to two
clusters q1q2q3 and q1q2q3.

6 New: allow nonperturbative
g→ ss in addition to
g→ uu and g→ dd.
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Backup: String vs. Cluster

program PYTHIA Herwig
model string cluster

energy–momentum picture powerful simple
predictive unpredictive

parameters few many

flavour composition messy simple
unpredictive in-between

parameters many few
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Backup: Beam remnant physics
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