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1994: First ATLAS/CMS Technical Proposals

CMS Technical Proposal:

12. PHYSICS PERFORMANCE

backgroundbyafactorofllintheZ-+p+p channelandbyafactorof5intlrreZ+e+e-channel.Forthetwo
softer leptons, M(ll) >12 GeV is also required.

Fig. 72.9: Full GEANT simulation of H(150 GeV) + ZZ -> 2 e+ 2 e-.
Figure L2.1'0a shows results from a simulation with reconstructed Higgs signals at 130, 150 and

170GeY, for the sum of the 4e, 2e21t and 4p channels, for 105pb-1. Lepton isolation cuts have not yet been
applied. Signal significances are given in Table 12.4a, calculated according to Poisson statistics.

For additional background suppression, we could also require any three of the four leptons to be
isolated in the tracker, demanding that there is no track with p1 > 2.5 GeV within the cone 

^R 
< 0.2 around the

lepton direction. The efficiency of this isolation cut is 95% for the 4 e channel and 94% for the 4 p channel per
ZZ* event. The tI background is further reduced by a factor of 5, and the ZbE background by a factor of 2. This
isolation requirement is not very sensitive to event pile-up, as the tracker pl cut is quite high. Event pile-up at
L = 1034 cm-2 s-l induces an additional loss of only L6/o perèvent. Figure L2.10b showÀ the expected a/t signaf for
mn = 150 GeV at a reduced luminosity. o f. .2 x 104 pb-l' Standard pt cuts have been used for electrons, whilst less
conservative cuts (plt > 10 Gev, ,lti'Itt'Ita' > 5 Gev) have been applied to muons. Furthermore, a t 3o2 mass
cut around m2 has been imposed, and three isolated leptons are required. Figure 12.10c shows for the high
luminosity case, with 2 I 195 p5-1, the signal in the 4 pt channel alone, with three isolated muons required, and
one p+p-pair within myt 3o7. The signal significances for this case are given in Table 12.4b.

H-ZZ*- 4.(r H-*ZZ** 4l+ H --->ZZ*--+ p+p-p+p:
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Fig. 12.10a: Expected signals for
mH = 130, L50 and L70 GeV in the
4l+ channel for 1d pb-t. There are

no lepton isolation cuts.
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Fig. 1.2.10c: Expected signals for
mH = 13O 150 and 170 GeV in the

four muon final state for
2 x 1d pb -t. Three of the muons

are isolated.
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Fig. 12.10b: Expected signal for a
150 GeV Higgs boson for

2 x 104 pb-t. Three of the leptons
are isolated.
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ATLAS T. P.:

For ATLAS/CMS/LHCb detector design studies in the 1990’ies,
PYTHIA was providing input for most GEANT 3 simulations!

How did that come about? What has happened since?

Many of the basic ideas came early, and are “easy” to present.
Later additions are very important, but less transparent.
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1977: Lund studies of hadronization begin

108 

to the Schr6dinger equation we introduce for the 
nth state the "mean size" l, and the "mean momen- 
tum" p. which are related by 

?z 
P" l (12) 

The energy of this state corresponds to the minimum 
of H as a function of l.. Thus we get 

 9 ( n  9 2 ) = x ~ @ ~  (13, M, ~ min n(l,,) = mln \ ~ -  + ~ 1, 

We note that the ground state energy agrees with 
the boson mass in the Schwinger model. A similar 
result is obtained in 2-dimensional QCD [10]. It 
should be remarked that linear potential models 
have been successfully applied to the charmonium 
system with 9e /4 r c -1  GeVfm -~ [11]. Using this 
value we get for the ground state above m = M 1 = 0.75 
GeV. (We note in passing that this value fits well 
to the mean mass of re, ~, p and ~o.) 

4. Particle Production 
We now turn to the situation when qc]-pairs are 
produced according to assumption 2 in the intro- 
duction. The production takes place at different 
space-time points (x,t) in which the field is non- 
vanishing. Energy and momentum will be conserved 
if q and ~ are produced at the same space-time point 
with zero momentum and afterwards move with 
increasing momenta in opposite directions with a 
vanishing force field in between 9 In a fully quantized 
theory it should of course also be possible to produce 
q and c~ with non-vanishing momenta. However, 
in 2-dimensional models the density of states is 
proportional to dp/p and states with low momenta 
should dominate. An excited state of the kind descri- 
bed above will not be stable but rather break up 
into different pieces. If these pieces do not correspond 
to ground states they will again break up etc. 
We will from now on focus our attention on a system, 
which originally contains qo and qo moving in 
opposite directions with very large energies 9 After 
some time the system will break into two parts by 
producing a q~ l -pa i r  at the space-time point 
(xa, tl) (see Fig. 3. The hatched space-time area is 
where the field is non-vanishing.) At a later time 
another pair q2q2 will be produced at (x2, tz) so that 
a boson can be formed by the pair qlq2. More 
q ~ pairs will be produced so that finally only ground 
state bosons exist. The energy of the ~tq/-boson is 

4re (x2 - xl) and its momentum (t 2 - t 0. Thus in 

order to get the correct boson mass m the point 
(x2, t2) must lie on the hyperbola H~ : 

~ ]  [(x 2 -  xl) 2 - ( t  2 -  tl) 2] = m z (14) 

B. Andersson et al. : A Semiclassical Model for Quark Jet Fragmentation 
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Fig. 3. The particles q0 and q0 move with large energies in opposite 
directions, q t] pairs are produced in the field at the space-time 
points (x t , ti), (x 2, tz) and (x3, ta). Bosons are formed by 0'1 q2, 
q2 q3 etc 

Fig. 4. The final picture when qo and q0 move with large energies 
in opposite directions. The field has broken at many places through 
production of q~ pairs. Bosons are formed which move with 
different velocities. The hatched area shows where the field is non 
vanishing 

which can be parametrized according to 

(x 2 - x 1 , t 2 - tl) = 2(cosh y, sinh y) (15) 
4re 

= - -  (16) g2 m 

Here 2 is the maximum distance between q and 
for the ground state in its c.m.s, and the parameter 
y can be identified with the rapidity of the boson 
in the original system. The point A1, where the 
hyperbola H1 crosses the world line ofqo, corresponds 
to a minimal value of y. For the next boson q2q3 
the minimal rapidity corresponds to the point A 2 
and will thus be larger than for the boson q l q 2  
because the length L 2 of the field between qo and 
q2 is shorter than the corresponding length L~ 
between q0 and ~ .  Hence the bosons on the average 
are ordered in rapidity. The field lengths decrease 
in a geometric fashion and thus the rapidities increase 
linearly. The final picture will be like the one Fig. 4. 
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B.Andersson, G. Gustafson, C. Peterson, Z. Physik C1 (1979) 105
(begun 1977, preprint 1978, published 1979):
• constant string tension κ ≈ 1 GeV/fm
• particle production (approximately) along hyperbola
• lightcone kinematics (p± = E ± pz)
• analytic, recursive procedure from one end
• no complete systems
• f (z) = 1 not left–right symmetric
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1978: The beginning of jet Monte Carlo

R.D. Field and R.P. Feynman,
A Parametrization of the
Properties of Quark Jets,
Nucl. Phys. B136 (1978) 1

• recursive procedure, with

• Monte Carlo implementation

• only one jet
• no space–time picture

starting point for e+e− generators:
• Hoyer et al.
• Ali et al.

4 R.D. Field, R.P. Feynman/A parameterization o f  the properties ofquark]ets 

"HIERARCHY" OF FINAL MESONS 

:5 3 
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ORIGINAL QUARK 
OF FLAVOR "o" 

Fig. 1. Illustration of the "hierarchy" structure of the final mesons produced when a quark of 
type "a" fragments into hadrons. New quark pairs bl~, cc-, etc., are produced and "primary" 
mesons are formed. The "primary" meson ba that contains the original quark is said to have 
"rank" one and primary meson c'b rank two, etc. Finally, some of the primary mesons decay 
and we assign all the decay products to have the rank of the parent. The order in "hierarchy" 
is not the same as order in momentum or rapidity. 

The "chain decay" ansatz * assumes that,  if  the rank-1 primary meson carries 
away a momentum ~1 (from a quark jet  of  type "a"  and momentum I¢o) the remain- 
ing cascade starts with a quark of  type " b "  with momentum Ig I = W o - ~1 and the 
remaining hadrons are distributed in exactly the same way as the hadrons which 
come from a je t  originated by  a quark of  type " b "  with momentum lg I . It is further 
assumed that for very high momenta,  all d is t r~ut ions  scale so that they depend only 
on ratios o f  the hadron momenta  to the quark momenta.  Given these assumptions, 
complete knowledge of  the structure of  a quark jet  is determined by  one unknown 
function f(r / )  and three parameters describing flavor, primary meson spin, and 
transverse momentum to be discussed later. The function f07) is defined by 

f(r/)  d , /=  the probabil i ty that  the first hierarchy ( rank- l )  primary meson 
leaves the fraction of  momentum 77 to the remaining cascade, (2.1) 

* We believe this recursive principle was first suggested by Krywicki and Petersson [6] and by 
Finkelstein and Peccei [7] in an analysis of  proton-proton collisions. 

Lund: Bengt E.Y. Svensson suggests Monte Carlo implementation
of current Lund analytic equations in Field–Feynman spirit,
carried out by TS and B. Söderberg
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Lund: Bengt E.Y. Svensson suggests Monte Carlo implementation
of current Lund analytic equations in Field–Feynman spirit,
carried out by TS and B. Söderberg
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1978: JETSET version 1

≈ 200 punched cards

Fortran code
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1973: The forgotten Artru–Mennessier model

X. Artru and G. Mennessier,
String Model
and Multiproduction
Nucl. Phys.B70 (1974) 93

• exponential decay in area
• complete two-jet system
• Monte Carlo code
• off-shell hadrons
• no transverse d.o.f.
• not salesmen

1982: Lund symmetric
fragmentation function

f (z) =
(1− z)a

z
exp

(
−bm2

⊥
z

)

X. Artru, G. Mennessier, String model and multiproduction 105 

R N. 

, o 

Fig. 10. Decay of a dart in the two-dimensional model, y and z are the new coordinates defined 
in (5.4). R i and C i denote the first generation resonances and cuts respectively. Here the initial 
quarks are taken away by resonances R 1 and RN+ l . There is a rapidity inversion for the reso- 
nances R 2 and R 3. The decay of R N 1 into two second generation resonances (or particles) is 
shown. 

t ion o f  one single dart is p ic tured in fig. 10. As we can see on this figure, there is a 
first generat ion o f  resonances. The first generat ion cuts are character ized by the 
fact that  they are not  in the future of  any other  cut. So they are mutua l ly  acausal. 
It is convenient  to locate them with  new coordinates  

y = (t + X ) I v S ,  z = (t - X)Iv'-2,  (5.4) 

o r  

_ 1 - g i n ( y / z ) ,  T = y z .  (5.5) 

The probabi l i ty  o f  having a first generat ion cut in an e lement  of  area dA = dy dz = 
= dT  d~ is propor t iona l  to the probabi l i ty  o f  having no cut  in the past: 

d N =  ~ e x p ( -  ~ T )  d A .  (5.6) 

It fol lows that  these cuts are scattered around the hyperbola  ~ T = 1 and un i formly  
distr ibuted in 9. Their  average number  is given by integrating (5.6) over the whole 
rectangle (0 ~ T<~A, ~ = In (A/T)):  

A 
N = f  l n ( A / T )  e x p ( - ~ T )  ~ d T .  (5.7) 

0 

As the squared mass of  the dart s 1 = 2k2A increases, 

N1 "~ In ( ~  s ! / 2 k  2) + 0.5772 . . . .  (5.8) 

Similarly, the probabi l i ty  of  having two first generat ion cuts at y 1, Z l and 3'2, z2 is 
propor t ional  to the probabi l i ty  o f  finding no cuts in the union of  their past: 

d 2 N  = 5~2dA 1 d A 2 0 ( Y  2 Yl )O(z  1 z2) e x p - ~ ( Y l Z l + Y 2 Z 2  Y l Z 2 ) + ( l ~ 2 ) .  

(5.9) 
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1980: The string effect

Lund December 1979

⇒ JADE,
Moriond, March 1980

. . . but not by TASSO
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1982: The strong coupling

CELLO: The influence of
Fragmentation Models in the
Determination of the Strong
Coupling Constant in e+e−

Annihilation into Hadrons

274 H.J. Behrend et al. (CELLO Collaboration) / Strong coupling constant in e + e-  " - *  hadrons 

f31 
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Fig. 2. Fraction of 3-jet events, f3 versus as, for HM and LM, compared to data, and for criterion (a) 
(S >/0.25 A ~< 0.1). x Hoyer model; • Lund model. 

TABLE 1 
Value of a s obtained at Is = 34 GeV with the Lund model (LM) and the Hoyer model (HM). 

(first order in QCD) 

Method Lund model Hoyer model 
a s ( L M )  
a , ( H M )  

S i> 0.25 A ~< 0.1 0.280 ± 0.045 0.190 _+ 0.030 1.47 
O/> 0.20 0.260 ± 0.040 0.190 :~ 0.020 1.37 
O >t 0.30 0.255 + 0.050 0.200 ± 0.035 1,28 
** of 3-clusters 0.235 _+ 0.025 0.145 + 0.020 1.62 
Cluster Thrust 0.235 + 0.025 0.155 _-!- 0.015 1,52 
EWAC* 0.250 +_ 0.040 0.150 + 0.020 1.67 

The error in the determination of a s using the 3-jet fraction (see text) is statistical only (including 
statistical Monte Carlo error). 

"Energy-weighted angular correlation. 

String fragmentation
increases αs by ∼ 50%!

JETSET 3: ∼ 1000 lines

T. Sj6strand: Jet Fragmentat ion Models 

AE ApE 

L25 2.5 5 10 20 
0 ' v ' ~  z ~ , l a z ~ Eo 

. . . . . . . . . . . . .  (E ) -  F--.o,g = q 

f / I ' /  ...... (E) -Eo,9"-qq 

\ .  <PL)-Eo,g =q 
\ .  

\ .  

" " '~ (  pk)- E.o,g=q~ 

Fig. 1. Energy and m o m e n t u m  (in GeV) "lost" in the independent 
fragmentation of a gluon jet: full PL and dashed E for O = q, dash- 
dotted Pz and dotted E for 9 = qq 

(a) 

g 

(b) 

(c) 

(d) 

Fig. 2a-d .  A slightly exaggerated picture of m o m e n t u m  con- 
servation effects. In a the momen ta  of initial partons are full arrows 
and of jets after fragmentation dashed, with dotted indicating final 
momen tum imbalance: In b - d  the momenta  before conservation 
are dashed (as in a), after full. Hoyer rescaling in b, Ali boost in c, 
Lund strings (along which particles are sitting) in d 

2a. Thus, the final state net momentum vector 
/3imbal is typically pointing oppositely to the direction 
o f  the lowest-energy jet. In the QCD three-jet matrix 
element this is the gluon one most of the time 9 
Specifically, at W= 35 GeV with a matrix element 
cutoff y = 0 9 (i.e. p a r t on -pa r ton  invariant masses 
rn~k > y W=), the mean absolute value is ( ]Pimba, J ) ~ 
1.27 (1.71) GeV/c and the projection on the gluon 
direction { t0imbal 'pg/p0 ) ~ - -  0 .75  ( - -  1.37) GeV/c for 
9 = q (9 = qcT). 

The method for momen tum conservation adopted 

95 

in the Hoyer Monte Carlo, in the following denoted 
p c  = H,  is to conserve transverse momentum locally 
within each jet, and then rescale longitudinal momenta  
of particles separately for each jet, such that the 
ratio of rescaled jet momen tum over initial parton 
momentum is the same for q, c7 and g. The ratio is 
chosen such that also the correct total energy is 
obtained. On the average, the effect of momentum 
conservation then is to significantly scale up longitudi- 
nal momenta  within the gluon jet, and slightly scale 
them down for the q and c7 ones, Fig. 2b. This is 
quantified by the average value o fx  , twice the energy  9 g . 
fraction of the gluon or gluon jet, which is 0.354 on 
the parton level, 0.351 (0.339) before and 0.374(0.385) 
after momentum conservation for g = q ( 9  = q?l) and 
the same W and y values as above. In terms of the 
energy sharing between the jets, this scheme thus 
tends to make the events more three-jetlike, whereas 
angular correlations are kept fixed. 

A completely different approach, denoted p c = A, 
was chosen in the Ali Monte  Carlo. Given the 
imbalance /~. and the total energy E , a boost lmbal to t  
vector fl=--fiimbal/Etot is defined, such that the 
Lorentz boosted event has vanishing total momentum.  
(Energy conservation is obtained by rescaling all 
particle momenta  by a common factor afterwards.) 
The boost then tends to be along the gluon jet 
direction, such that the q and ~ jets become more 
back-to-back, Fig. 2c. Defining an acollinearity 
angle O A = 180 ~ - O , ( O A )  = 23.6 ~ before the 
boost and ( O A ) = 21.9'120.1 ~ after for g = q (9 = qc~). 
The boost also tends to shuffle a bit of energy into 
the gluon jet, to give ( x )  = 0.356(0.346) 9 In angular 

. .0 
correlations, the shift is then towards more two- 
jetlike events, whereas energy sharing between the 
jets is but little affected. 

Four minor comments.  Firstly, the importance 
for ~s measures not only depends on the mean values 
quoted above, but also on the smearing around these 
values, since the Q C D  cross section is rapidly varying. 
Secondly, an analysis of the effects on four-jets give 
similar results as for three-jets 9 Thirdly, many other 
momentum conservation schemes could be devised; 
what is more, any "linear" combination of working 
algorithms will also do. We have tried a few other 
alternatives, but they tend to give intermediate 
results, and will not be reported on. Fourthly, we are 
using results obtained with "emulators" built into 
the Lund Monte Carlo as options rather than the 
results from the Hoyer  and Ali Monte  Carlos them- 
selves. This way we avoid biases from other factors 
like matrix element treatment etc. Minor differences 
also exist in the conservation procedures proper, 
in particular the flavour conservation is handled 
differently, but a few comparisons [4] give good 
agreement between the emulators and the Hoyer  and 
Ali programs. 

No separate momentum,  energy or flavour 
conservation is necessary in the string case. Rather, 
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1982: The beginning of PYTHIA

LEPTO: colour flow in ep DIS (G. Ingelman & TS)
Compton + High-p⊥: colour flow in pp
(Hans-Uno Bengtsson)

NC →∞ classifies colour topologies

⇒ ////////////Cassandra ⇒ PYTHIA
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Delphi and Pythia

Delphi: 120 km west of Athens, on the slopes of Mount Parnassus.
Python: giant snake killed by Apollon.
The Oracle of Delphi: ca. 1000 B.C. – 390 A.D.
Pythia: local prophetess/priestess.
Key role in myths and history, notably in
“The Histories” by Herodotus of Halicarnassus (∼482 – 420 B.C.)
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1983: Complicated string topologies

478 T. Sjiis~rurd / Je~/rcl~tlrertturior~ 

genes have come, i.e. the border between right- (left-) moving S (q) genes and ditto g 
genes. 

Further motion over half a period is shown in fig. 5. When the q has lost its 
energy it will start moving in the +x direction, accreting g genes, eventually gaining 
half the original g momentum (the other half moving towards the q). At this point 
the original string piece made up by q and g genes has completely disappeared. A 
new one immediately appears, consisting of g genes, now reemitted by the q, and of 
4 genes. Again, when the q has lost its g genes, it will turn around and move in the 

t-6 

f 7---j 
I 

6 I 
I 
L-  _________- --I-------  

t=10 

r-yy -------;  

i- _______--  I_ _______ i 

t-12 
r-----v - - - - -  - - - - - - - - -7 

I 
I I 

I 
I I 

I I 
t 

L --------------_ 1------- -_; 
I 

t=lL 

Fig. 5. The motion of a qqg system during half a period, with Eq = 4. L$ = 7 and Eg = 4 (cncrgy and 
lime units such that the string tension K = 1). (a) The string position at equidistant times, lull lines, with 
parton trajectories dashed. The momentum direction of partons is indicated by arrows: at turning points 
this momentum vanishes. (b) The string configurations of (a) superimposed, with the spatial origin of the 
coordinate system shifted one step upward for each new configuration, ix. vertical skis I + s. Dashed 

lines parton trajectories, as before, dotted lines the position of encrgylcss kinks on the string. 

482 T. Sjiistrmd / Jet frugmerttutiou 

b 
36652 

Fig. 8. Representation of an arbitrary jet system, in this case qg, g, g, g,,Q (a) Space picture of the 
string conliguration before any parton has lost its energy. (b) Parameter space representation of the 41 
regions that exist over half a period of the system, with the 5 initial and 10 central regions in Cull lines. 

Bottom line shows how the s variables are related to the parton momenta. 

direction (along the string) from their original one. The initial and central regions 
are. thus always made up of a (p+, p-) pair of momenta, whereas the turnover 
regions may be given either by (p+, p,), ( p-, p-) or ( p-, p,) pairs. Normally the 
turnover regions may be neglected, for reasons to be discussed below. 

4. Longitudinal fragmentation scheme 

In this and the following section we will develop a model for the fragmentation of 
a multi-parton configuration into hadrons. Before going into the technical details, it 
may be useful to summarize the general picture that will emerge. 
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1984: Backwards evolution of ISR

Final-state radiation (FSR) intensely studied, two coded up:
• Kajantie–Pieterinen (incoherent) and
• Marchesini–Webber (coherent)

Initial-state radiation (ISR) big hurdle
• forward evolution in time and Q2 may not “hit right”
• backwards evolution reverses order
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1985: Multiparton interactions

without MPI: low-p⊥
+ QCD p⊥min = 1.6 GeV
+ ISR+FSR

with MPI,
p⊥min = 2.0, 1.6, 1.2 GeV
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1986: Colour reconnection

extremes all or no colour reconnection
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1996: Colour reconnection in e+e− annihilation

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).
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1986: Dipole showers

Gösta Gustafson: dual description of partonic state:
partons connected by dipoles ⇔ dipoles stretched between partons
parton branching ⇔ dipole splitting
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p⊥-ordered dipole emissions ⇒ coherence (cf. angular ordering)

• Originally implemented in Ariadne
• Now basis for three different implementations in Pythia:

old simple, Vincia and Dire
• plus showers in Herwig, Sherpa, . . .
Huge enterprise with many people over many years,
aiming for increased precision, NLO+NLL and beyond
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1986: Matrix element corrections

Consider e+e− → γ∗/Z0 → qq→ qqg
with dPME = dσLOqqg/σ

LO
qq

dσqqg = σNLO
qq dPPS exp

(
−
∫ Q2

max

Q2

dPPS
)

× dPME

dPPS
exp

(
−
∫ Q2

max

Q2

(dPME − dPPS)

)

= σNLO
qq dPME exp

(
−
∫ Q2

max

Q2

dPME

)
using the veto algorithm, assuming dPPS > dPME everywhere.

Later extended to (almost) all resonance decays a→ b c → b c g
and some ISR like qq→ γ∗/Z0/W±/ . . ..

Rediscovered as the POWHEG method,
now commonly used for NLO processes.
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1992: Unified full-length manual

• good documentation
key to early success
• 12 published manuals
• from 1992: steadily updated

big manual (280 pp)
• PYTHIA 6.4 in JHEP 2006,

(480 pp →) 580 pp
> 11, 500 citations
• in total > 35, 000 citations

• now bulk of documentation
as xml/html manual
• but big new publication

in preparation

does not stop a HUGE
amount of mail/questions

Torbjörn Sjöstrand Past, Present and Future of the PYTHIA Event Generator slide 18/31



1996: SPYTHIA

No. Subprocess

Hard QCD processes:
11 fifj → fifj
12 fifi → fkfk

13 fifi → gg
28 fig → fig

53 gg → fkfk

68 gg → gg

Soft QCD processes:
91 elastic scattering
92 single diffraction (XB)
93 single diffraction (AX)
94 double diffraction
95 low-p⊥ production

Open heavy flavour:
(also fourth generation)

81 fifi → QkQk

82 gg → QkQk

83 qifj → Qkfl
84 gγ → QkQk

85 γγ → FkFk

Closed heavy flavour:
86 gg → J/ψg
87 gg → χ0cg
88 gg → χ1cg
89 gg → χ2cg

104 gg → χ0c

105 gg → χ2c

106 gg → J/ψγ
107 gγ → J/ψg
108 γγ → J/ψγ

W/Z production:

1 fifi → γ∗/Z0

2 fifj → W±

22 fifi → Z0Z0

23 fifj → Z0W±

25 fifi → W+W−

15 fifi → gZ0

16 fifj → gW±

30 fig → fiZ
0

31 fig → fkW±

19 fifi → γZ0

20 fifj → γW±

35 fiγ → fiZ
0

No. Subprocess

36 fiγ → fkW±

69 γγ → W+W−

70 γW± → Z0W±

Prompt photons:

14 fifi → gγ

18 fifi → γγ
29 fig → fiγ

114 gg → γγ
115 gg → gγ

Deeply Inel. Scatt.:
10 fifj → fkfl
99 γ∗q → q

Photon-induced:
33 fiγ → fig
34 fiγ → fiγ

54 gγ → fkfk

58 γγ → fkfk

131 fiγ
∗
T → fig

132 fiγ
∗
L → fig

133 fiγ
∗
T → fiγ

134 fiγ
∗
L → fiγ

135 gγ∗
T → fifi

136 gγ∗
L → fifi

137 γ∗
Tγ

∗
T → fif i

138 γ∗
Tγ

∗
L → fifi

139 γ∗
Lγ

∗
T → fifi

140 γ∗
Lγ

∗
L → fifi

80 qiγ → qkπ
±

Light SM Higgs:

3 fifi → h0

24 fifi → Z0h0

26 fifj → W±h0

32 fig → fih
0

102 gg → h0

103 γγ → h0

110 fifi → γh0

111 fifi → gh0

112 fig → fih
0

113 gg → gh0

121 gg → QkQkh0

122 qiqi → QkQkh0

123 fifj → fifjh
0

124 fifj → fkflh
0

No. Subprocess

New gauge bosons:

141 fifi → γ/Z0/Z′0

142 fifj → W′+

144 fifj → R

Heavy SM Higgs:
5 Z0Z0 → h0

8 W+W− → h0

71 Z0
LZ0

L → Z0
LZ0

L

72 Z0
LZ0

L → W+
L W−

L

73 Z0
LW±

L → Z0
LW±

L

76 W+
L W−

L → Z0
LZ0

L

77 W±
L W±

L → W±
L W±

L

BSM Neutral Higgs:

151 fifi → H0

152 gg → H0

153 γγ → H0

171 fifi → Z0H0

172 fifj → W±H0

173 fifj → fifjH
0

174 fifj → fkflH
0

181 gg → QkQkH0

182 qiqi → QkQkH0

183 fifi → gH0

184 fig → fiH
0

185 gg → gH0

156 fifi → A0

157 gg → A0

158 γγ → A0

176 fifi → Z0A0

177 fifj → W±A0

178 fifj → fifjA
0

179 fifj → fkflA
0

186 gg → QkQkA0

187 qiqi → QkQkA0

188 fifi → gA0

189 fig → fiA
0

190 gg → gA0

Charged Higgs:

143 fifj → H+

161 fig → fkH+

401 gg → tbH+

402 qq → tbH+

No. Subprocess

Higgs pairs:

297 fifj → H±h0

298 fifj → H±H0

299 fifi → A0h0

300 fifi → A0H0

301 fifi → H+H−

Leptoquarks:
145 qi`j → LQ

162 qg → `LQ

163 gg → LQLQ

164 qiqi → LQLQ

Technicolor:
149 gg → ηtc
191 fifi → ρ0tc
192 fifj → ρ+tc
193 fifi → ω0

tc

194 fifi → fkfk

195 fifj → fkf l

361 fifi → W+
L W−

L

362 fifi → W±
L π

∓
tc

363 fifi → π+
tcπ

−
tc

364 fifi → γπ0
tc

365 fifi → γπ′0
tc

366 fifi → Z0π0
tc

367 fifi → Z0π′0
tc

368 fifi → W±π∓
tc

370 fifj → W±
L Z0

L

371 fifj → W±
L π

0
tc

372 fifj → π±
tcZ

0
L

373 fifj → π±
tcπ

0
tc

374 fifj → γπ±
tc

375 fifj → Z0π±
tc

376 fifj → W±π0
tc

377 fifj → W±π′0
tc

381 qiqj → qiqj

382 qiqi → qkqk

383 qiqi → gg
384 fig → fig
385 gg → qkqk

386 gg → gg

387 fifi → QkQk

388 gg → QkQk

No. Subprocess

Compositeness:
146 eγ → e∗

147 dg → d∗

148 ug → u∗

167 qiqj → d∗qk

168 qiqj → u∗qk

169 qiqi → e±e∗∓

165 fifi(→ γ∗/Z0) → fkfk

166 fifj(→ W±) → fkf l

Extra Dimensions:

391 ff → G∗

392 gg → G∗

393 qq → gG∗

394 qg → qG∗

395 gg → gG∗

Left–right symmetry:
341 `i`j → H±±

L

342 `i`j → H±±
R

343 `±i γ → H±±
L e∓

344 `±i γ → H±±
R e∓

345 `±i γ → H±±
L µ∓

346 `±i γ → H±±
R µ∓

347 `±i γ → H±±
L τ∓

348 `±i γ → H±±
R τ∓

349 fifi → H++
L H−−

L

350 fifi → H++
R H−−

R

351 fifj → fkflH
±±
L

352 fifj → fkflH
±±
R

353 fifi → Z0
R

354 fifj → W±
R

SUSY:

201 fifi → ẽLẽ∗L
202 fifi → ẽRẽ∗R
203 fifi → ẽLẽ∗R+

204 fifi → µ̃Lµ̃
∗
L

205 fifi → µ̃Rµ̃
∗
R

206 fifi → µ̃Lµ̃
∗
R+

207 fifi → τ̃1τ̃
∗
1

208 fifi → τ̃2τ̃
∗
2

209 fifi → τ̃1τ̃
∗
2 +

No. Subprocess

210 fifj → ˜̀
Lν̃

∗
` +

211 fifj → τ̃1ν̃
∗
τ +

212 fifj → τ̃2ν̃
∗
τ +

213 fifi → ν̃`ν̃`
∗

214 fifi → ν̃τ ν̃
∗
τ

216 fifi → χ̃1χ̃1

217 fifi → χ̃2χ̃2

218 fifi → χ̃3χ̃3

219 fifi → χ̃4χ̃4

220 fifi → χ̃1χ̃2

221 fifi → χ̃1χ̃3

222 fifi → χ̃1χ̃4

223 fifi → χ̃2χ̃3

224 fifi → χ̃2χ̃4

225 fifi → χ̃3χ̃4

226 fifi → χ̃±
1 χ̃

∓
1

227 fifi → χ̃±
2 χ̃

∓
2

228 fifi → χ̃±
1 χ̃

∓
2

229 fifj → χ̃1χ̃
±
1

230 fifj → χ̃2χ̃
±
1

231 fifj → χ̃3χ̃
±
1

232 fifj → χ̃4χ̃
±
1

233 fifj → χ̃1χ̃
±
2

234 fifj → χ̃2χ̃
±
2

235 fifj → χ̃3χ̃
±
2

236 fifj → χ̃4χ̃
±
2

237 fifi → g̃χ̃1

238 fifi → g̃χ̃2

239 fifi → g̃χ̃3

240 fifi → g̃χ̃4

241 fifj → g̃χ̃±
1

242 fifj → g̃χ̃±
2

243 fifi → g̃g̃
244 gg → g̃g̃
246 fig → q̃iLχ̃1

247 fig → q̃iRχ̃1

248 fig → q̃iLχ̃2

249 fig → q̃iRχ̃2

No. Subprocess

250 fig → q̃iLχ̃3

251 fig → q̃iRχ̃3

252 fig → q̃iLχ̃4

253 fig → q̃iRχ̃4

254 fig → q̃jLχ̃
±
1

256 fig → q̃jLχ̃
±
2

258 fig → q̃iLg̃
259 fig → q̃iRg̃

261 fif i → t̃1t̃
∗
1

262 fif i → t̃2t̃
∗
2

263 fif i → t̃1t̃
∗
2+

264 gg → t̃1t̃
∗
1

265 gg → t̃2t̃
∗
2

271 fifj → q̃iLq̃jL

272 fifj → q̃iRq̃jR

273 fifj → q̃iLq̃jR+

274 fifj → q̃iLq̃∗
j L

275 fifj → q̃iRq̃∗
j R

276 fifj → q̃iLq̃∗
j R+

277 fif i → q̃jLq̃∗
j L

278 fif i → q̃jRq̃∗
j R

279 gg → q̃iLq̃∗
i L

280 gg → q̃iRq̃∗
i R

281 bqi → b̃1q̃iL

282 bqi → b̃2q̃iR

283 bqi → b̃1q̃iR+

284 bqi → b̃1q̃
∗
i L

285 bqi → b̃2q̃
∗
i R

286 bqi → b̃1q̃
∗
i R+

287 fif i → b̃1b̃
∗
1

288 fif i → b̃2b̃
∗
2

289 gg → b̃1b̃
∗
1

290 gg → b̃2b̃
∗
2

291 bb → b̃1b̃1

292 bb → b̃2b̃2

293 bb → b̃1b̃2

294 bg → b̃1g̃

295 bg → b̃2g̃

296 bb → b̃1b̃
∗
2+

(Snowmass 1984, 1986; Aachen 1990; . . . )
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1996: Parton-level interfaces

• originally: each generator is an island,
with hard-coding only feasible for 2→ 2 and a few 2→ 3
• 1988: PDG particle codes (1 = d, 2 = u, 11 = e−, 21 = g, . . . )
• 1989: HEPEVT commonblock for final (LEP) events
• 1996: LEP2 4-fermion generator parton input to JETSET
• (1989 →) ∼1998: CompHEP
• (1994 →) ∼2000: MadGraph
• 2001: Les Houches Accord, transfer of event information

using Fortran commonblocks

J. Alwall et al. / Computer Physics Communications 176 (2007) 300–304 301

1. Introduction

The (original) Les Houches Accord (LHA) for user-defined processes [1] has been immensely successful. It is routinely used
to pass information from matrix-element-based generators to general-purpose ones, in order to generate complete events for a
multitude of processes. The original standard was in terms of two Fortran commonblocks where information could be stored, while
the actual usage has tended to be mainly in terms of files with parton-level events, and increasingly will be used by C++ generators.
Since the format of such event files is not specified by the standard, several different formats are in current usage. This leads to a
duplication of effort when such files are to be parsed, a problem that may increase when more programs are developed for different
LHC physics aspects.

Following the recent discussions at the MC4LHC-06 workshop at CERN, and subsequent e-mail exchanges, an agreement
on a Les Houches Event File (LHEF) format has been reached among the signing authors, representing several of the most
commonly-used parton-level and general-purpose generators, as well as interested end-users. This standard should allow all in-
formation specified by the LHA to be read in from any file that is LHEF-compliant, and read using one common parser.

The current agreement only standardizes the storage of information already defined by the LHA, and its wrapping in a lightweight
XML-style structure. In order to allow further information to be stored, however, comment lines can be appended to the compulsory
information.

2. Existing commonblocks

In the LHA two commonblocks are used to store data. A brief summary follows, as a reminder, but anyone not familiar with the
details is referred to the original publication [1].

Initialization information is stored in HEPRUP:

INTEGER MAXPUP
PARAMETER (MAXPUP=100)
INTEGER IDBMUP,PDFGUP,PDFSUP,IDWTUP,NPRUP,LPRUP
DOUBLE PRECISION EBMUP,XSECUP,XERRUP,XMAXUP
COMMON/HEPRUP/IDBMUP(2),EBMUP(2),PDFGUP(2),PDFSUP(2),

&IDWTUP,NPRUP,XSECUP(MAXPUP),XERRUP(MAXPUP),
&XMAXUP(MAXPUP),LPRUP(MAXPUP)

The first few variables refer to the two incoming beams: identities (IDBMUP), energies (EBMUP), and PDF sets used (PDFGUP,
PDFSUP). IDWTUP defines the weighting strategy to be used; e.g., 3 corresponds to accepting all events as they come. The rest
defines a set of NPRUP separately identified processes, with cross-section information (XSECUP, XERRUP, XMAXUP) and an
integer label (LPRUP) for each.

Information on each separate event is stored in HEPEUP:

INTEGER MAXNUP
PARAMETER (MAXNUP=500)
INTEGER NUP,IDPRUP,IDUP,ISTUP,MOTHUP,ICOLUP
DOUBLE PRECISION XWGTUP,SCALUP,AQEDUP,AQCDUP,PUP,VTIMUP,

&SPINUP
COMMON/HEPEUP/NUP,IDPRUP,XWGTUP,SCALUP,AQEDUP,AQCDUP,

&IDUP(MAXNUP),ISTUP(MAXNUP),MOTHUP(2,MAXNUP),
&ICOLUP(2,MAXNUP),PUP(5,MAXNUP),VTIMUP(MAXNUP),
&SPINUP(MAXNUP)

Here NUP is the number of particles in the event, with each particle characterized by its identity (IDUP, using the standard
PDG numbering [2]), status (ISTUP), mother(s) (MOTHUP), colours(s) (ICOLUP), four-momentum and mass (PUP), proper life-
time (VTIMUP) and spin (SPINUP). In addition the event as a whole is characterized by the an event weight (XWGTUP), a scale
(SCALUP), and the αem (AQEDUP) and αs (AQCDUP) values used.

Only in one respect is there any need to update the meaning of the variables: the original PDF set numbering in PDFGUP
and PDFSUP was based on the then-prevalent PDFLIB library [3]. Now usage has shifted towards LHAPDF [4], where a set
is specified by a file name and a number, and its LHAGLUE [5] interface, where these two are mapped onto a single num-
ber. Users of LHAGLUE are recommended to set PDFGUP equal to 0, a value that does not clash with PDFLIB, and set
PDFSUP equal to the LHAGLUE code. We recognize that other schemes may be required in the future, with other PDFGUP
values.
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&IDWTUP,NPRUP,XSECUP(MAXPUP),XERRUP(MAXPUP),
&XMAXUP(MAXPUP),LPRUP(MAXPUP)

The first few variables refer to the two incoming beams: identities (IDBMUP), energies (EBMUP), and PDF sets used (PDFGUP,
PDFSUP). IDWTUP defines the weighting strategy to be used; e.g., 3 corresponds to accepting all events as they come. The rest
defines a set of NPRUP separately identified processes, with cross-section information (XSECUP, XERRUP, XMAXUP) and an
integer label (LPRUP) for each.

Information on each separate event is stored in HEPEUP:

INTEGER MAXNUP
PARAMETER (MAXNUP=500)
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DOUBLE PRECISION XWGTUP,SCALUP,AQEDUP,AQCDUP,PUP,VTIMUP,
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&ICOLUP(2,MAXNUP),PUP(5,MAXNUP),VTIMUP(MAXNUP),
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Here NUP is the number of particles in the event, with each particle characterized by its identity (IDUP, using the standard
PDG numbering [2]), status (ISTUP), mother(s) (MOTHUP), colours(s) (ICOLUP), four-momentum and mass (PUP), proper life-
time (VTIMUP) and spin (SPINUP). In addition the event as a whole is characterized by the an event weight (XWGTUP), a scale
(SCALUP), and the αem (AQEDUP) and αs (AQCDUP) values used.

Only in one respect is there any need to update the meaning of the variables: the original PDF set numbering in PDFGUP
and PDFSUP was based on the then-prevalent PDFLIB library [3]. Now usage has shifted towards LHAPDF [4], where a set
is specified by a file name and a number, and its LHAGLUE [5] interface, where these two are mapped onto a single num-
ber. Users of LHAGLUE are recommended to set PDFGUP equal to 0, a value that does not clash with PDFLIB, and set
PDFSUP equal to the LHAGLUE code. We recognize that other schemes may be required in the future, with other PDFGUP
values.

• 2006: Les Houches Event Files 1.0, ditto, using file format
• several other standards: SLHA, LHAPDF, HepMC, . . .
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2000: Match and Merge

• Match: transition from (one) ME at high Q to PS at low
• Merge: combine several ME topologies: X ,X + 1,X + 2, . . .
• Use shower Sudakovs to provide missing virtual corrections
• Increasingly technical sophistication over 20 years!
• Main research topic of larger event generator community

Parton shower histories

[André,Sjöstrand] hep-ph/9708390

I Start with some “core” process
for example e+e� ! qq̄

I This process is considered inclusive
It sets the resummation scale µ2

Q

I Higher-multiplicity ME can be
reduced to core by clustering

I Identify most likely splitting
according to PS emission probability

I Combine partons into mother
according to PS kinematics

I Continue until core process reached

?

cluster once
find some kT

?

kT

cluster twice
find some k0T

k0T

kT

39

many methods, several from Lund
(Leif Lönnblad, Stefan Prestel)
• Match: MC@NLO, POWHEG
• Merge: CKKW, CKKW-L,

MLM, FxFx
• M&M: UMEPS, NL3, UNLOPS

∼ 10 alternatives in PYTHIA,
all rely on LHEF input
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2004: PYTHIA 8

All early codes written in Fortran 77
1998: PYTHIA 7 in C++, sophisticated platform → ThePEG
2004: PYTHIA 8 in C++, simpler approach but physics focus

A

CollisionHandler*

EventHandler

CollisionHandler

SubProcessHandler*

CascadeHandler DecayHandlerHadronizationHandler

StepHandler

PartonXSecFn*

LuminosityFunction

SubProcessHandler

list

StepHandler*

list

list

list

PartonXSecFn

PartonExtractor

AAA

A
A

A

PYTHIA 8 structure
The User (≈ Main Program)

Pythia

Info Event process Event event

ProcessLevel

ProcessContainer
PhaseSpace

LHAinit, LHAevnt
ResonanceDecays

PartonLevel

TimeShower
SpaceShower

MultipleInteractions
BeamRemnants

HadronLevel

StringFragmentation
MiniStringFrag. . .
ParticleDecays
BoseEinstein

BeamParticle SigmaProcess, SigmaTotal

Vec4, Rndm, Hist, Settings, ParticleDataTable, ResonanceWidths, . . .

2007: 8.1 first public release
2014: 8.2 some systematization ⇒ minor incompatibility
2019: 8.3 C++98 → C++11, significant internal changes
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Code size expansion

1980 1990 2000 2010 2020
year

102

103

104

105

n
u
m

b
e
r 

o
f 

lin
e
s

number of PYTHIA / JETSET code lines over time

JETSET 1 - 7

PYTHIA 1 - 5

PYTHIA 6

PYTHIA 8

• 1997: JETSET fused into PYTHIA
• size includes comment lines and blank lines
• for C++: source, headers, example main programs,

but not data (PDF, LHEF), xml/html manual, ME libraries, . . .
• currently ∼ 300, 000 lines
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Group size expansion

1980 1990 2000 2010 2020
year

0

2

4

6

8

10

12

a
u
th

o
r 

n
u
m

b
e
r

number of PYTHIA (+ JETSET) authors over time

Does not include:
• non-coding collaborators, like Bo Andersson and Gösta Gustafson
• authors of other “Lund” programs built on top, like

LEPTO, ARIADNE, FRITIOF, LDC, DIPSY, POMPYT, . . .
• many authors of other non-Lund programs built on top
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Administrative structure

Current authors:

Christian Bierlich
Nishita Desai
Leif Gellersen
Ilkka Helenius
Philip Ilten
Leif Lönnblad
Stephen Mrenna
Stefan Prestel
Christian Preuss
Torbjörn Sjöstrand
Peter Skands
Marius Utheim
Rob Verheyen

Exploding collaboration size new problem;
still finding our way.

Main tasks crystallized in recent years,
notably Philip Ilten as codemaster.

Future organization discussed this week,
resulting in triumvirate:
• spokesperson: Peter Skands

(deputy: Ilkka Helenius)
• code master: Philip Ilten

(deputy: Stephen Mrenna)
• web master: Christian Bierlich

Physics studies based on personal interest,
so far little to no central planning,
but now begun discussion of common projects.
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Showers and matching&merging

Strive towards NLO + NLL by improved showers,
combined with higher-order matrix elements

VINCIA – VIrtual Numerical Collider
with Interleaved Antennae

Skands, Preuss, Verheyen
• antenna-dipole: 2→ 3 splittings with both recoiling
• sector shower: unique path to given final state
• full electroweak cascade module

DIRE – DIpole REsummation
Prestel, Gellersen
• developed jointly with SHERPA
• NLO splitting kernels (negative weights!)
• scale and scheme variations in merging
• Dark Matter emission in shower
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Heavy-ion collisions

Bierlich, Lönnblad (+ Gösta Gustafson, students, postdocs)
• 1984: FRITIOF, successful at low energies, but not for higher
• 2016: ANGANTYR for complete pA and AA collisions
− full nuclear geometry
− subdivide collisions into binary ones
− ropes with higher string tension
− shove between strings gives flow

(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.

– 17 –

Torbjörn Sjöstrand Past, Present and Future of the PYTHIA Event Generator slide 27/31



Hadronic rescattering and applications

Utheim, TS (Bierlich, Ilten)

• space–time picture of hadronization
• low-energy hadron–hadron collisions
• hadronic rescattering in pp, pA, AA

Future (?):
• formation of pentaquarks etc.
• Bose-Einstein
• extend to arbitrary energies
• component of cosmic ray cascades

(PYTHIA already heavily used
for cosmic ray production,
e.g. by Dark Matter annihilation) high-energy cosmic ray

in atmosphere,
not with PYTHIA
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. . . and much more

γp, γγ, notably in AA collisions;
UPC = UltraPeripheral Collisions (Helenius)

DIS and photoproduction transition e.g. at EIC
(Helenius, Prestel, Bierlich)

BSM physics, e.g. Dark Matter (Desai, Prestel, Skands, . . . )

bottom/charm/τ physics (Ilten)

FCC and other future accelerators (all)

Rivet and other common tools (Bierlich, . . . )

code development (all), e.g. parallelization (Utheim, . . . )

New topics tend to come along when least you expect it.
No lack of work to be done!
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Five-year plan?

Dark showers

DM annihilation spectra

New BSM models

BSM in hadron decay

EW evolution

Precision physics

Become NNLO generator

Heavy Ions

Photon-ion collisions

Smooth DIS transition

Nonperturbative models

B physics

QED at hadronic scales

Cosmic rays

Improved code structure

Better interfaces

New tunes

Machine learned ME generation

Native code rather than
external links, like PHOTOS

Parallel processing

GPU’s and other
new computing
.

Interact with numerous
experimental collaborations,
old and new
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Thank you!


