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In the beginning

1977 – 1982: development of Lund string fragmentation,
assuming linear confinement V (r) = κr , κ ≈ 1 GeV/fm
(Bo Andersson, Gösta Gustafson, students).

1978: first implementation in JETSET code,
for fragmentation and (in 1979) e+e− annihilation
(TS, (Bo Söderberg)).

1980: breakthrough in 3-jet study by JADE at PETRA.

1980: LEPTO code for leptoproduction, using JETSET
(Gunnar Ingelman, TS).

1982: PYTHIA code for pp/pp collisions, using JETSET
(Hans-Uno Bengtsson).
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The Lund Model for a qq system

space

time
quark
antiquark
pair creation

String pulled out as q and q move apart, shifting energy to it.
String breakup by new qq production, giving mesons.
Breakup vertices approximately along hyperbola
of constant invariant time, with spacelike separation
⇒ can use recursive fragmentation from ends inwards.
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The Lund Gluon Picture

A gluon carries one colour and one anticolour. Thus it can be
viewed as a kink on the string, carrying energy and momentum:

cf. NC → ∞ (planar QCD)
where NC/CF = 2.

(’t Hooft, 1973)

quark

antiquark

gluon

string motion in the event plane
(without breakups)

The most characteristic feature of the Lund model.
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The JADE Effect

independent fragmentation
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ordered.
JADE (1980,
1983)
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Colour topologies in pp

Colour flow nontrivial in pp collisions, e.g. qg → qg:
s-channel t-channel u-channel
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ŝ2 + û2
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where O(1/N2

C ) colour interference term makes 8/9 → 1.

PYTHIA raison d’être: split full dσ̂/dt̂ by colour flow fractions!
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A first Higgs encounter – 1

DORIS II: e+e− ring with
√
s ≈ 10 GeV.

Crystal Ball: EM calorimeter, QED transitions in Υ system.
ARGUS: multipurpose detector for B meson decay at Υ(4s).

EVIDENCE FOR A MASSIVE STATE IN THE RADIATIVE DECAYS OF THE UPSILON 

Hans-Jochen Trost (representing CB Collaboration*) 

Deutsches Elektronen-Synchrotron 

D-2000 Hamburg 52, Notkestr. 85, Fed. Rep. of Germany 

ABSTRACT: Evidence is presented for a state, which we 
call Ç, with a mass M = (8322 ± 8 ± 24) HeV and a 
line width T < 80 MeV (90% confidence level) obtained 
using the Crystal Ball Nal(Tl) detector at DORIS II. 
The branching ratio to this state from the T(15) is 
of order 0.5%. 

It has been realized for some time that precision 

measurements of the radiative decay of the various 

quarkonium states provide a powerful tool with which 

to search for hypothetical particles, such as gluonic 

(1) u- u (2) 

mesons , Higgs bosons , or supersymmetric par-

ticles ^ . We report here such an investigation using 

T(1S) and T(2S) data that were obtained using the 

Crystal Ball Nal(T.l) detector^ installed in the DO-

RIS II storage ring at DESY. The data samples consist 

of about 100K produced T(15) (J^dt = 10.7 pb"1) and of 

about 200K produced T(2S) (64.5 pb"*1). The ability of 

the Crystal Bali detector to resolve and measure mo-

nochromatic y's in the DORIS II environment has been 

ciemonstrated . The results reported here were ob-

tained using algorithms and subtraction techniques op-

timized for the region of E from ^ 700 to ^ 2000 MeV. 
y 

Other energy regions are still under investigation. 

Below we describe two analyses of the reaction T -»• "yX 

in which we search for monoenergetie photons signal-

ing the production of a state X. The first analysis 

uses a sample of events at the T(.1S) energy which has 

been selected for multihadron decays by efficiently 

removing beam gas, cosmic rays, e^e X and QED events 

(including radiative yri events). The efficiency for 

selecting multihadron events is found to be = 

(0.90 ± 0.05). The resulting sample contains contribu-

tions from T(1S) and continuum decays approximately in 

the ratio of 2.5 to I. 

"Good" photons were selected by removing charged par-

ticles, photons with showers contaminated by energy 

depositions from nearby particles, and photons re-

sulting from ïï° decay. The ÏÏ° 's were identified as ei-

ther a pair of clearly separated photons or as a 

single cluster formed by the two merged photon show-

ers. The general character of these cuts has been dis-

cussed in detail p r e v i o u s l y ; however, for the 

region of E^ studied here many of these previously 

used cuts needed considerable refinement. The result-

ing inclusive photon spectrum from the T(1S) (fig. 1) 
(4) 

was fitted using a line shape measured at 1.5 GeV , 

variable amplitude and mean, a fixed a ^ / E = 0 . 0 2 7 / E " ^ 

(in GeV) (our expected resolution for photons in a 

multihadron environment) and a background polynomial 

of order 3. The fit yielded a 4 . 0 standard deviation 

signal of ( 8 9 . 5 ± 2 2 . 5 ) counts at E = ( 1 0 7 4 ± 9 ) MeV 

(statistical error only, an overall scale error of 2% 

on the energy is yet to be applied). By variation we 

find Gj-/E = 0 . 0 2 8 " ^ " Q Q ^ / E c o n s i s t e n t with our ex-

pected resolution. No other line in fig. 1 con be fit-

ted, consistent with our resolution, with a signifi-

cance of more than 2 . 2 standard deviations. 

Additional cuts designed to enhance multihadronic de-

cays of the ç were developed by the use of Monte Car-

lo simulations of the process T(.1S) > -yr, , c + 2 ha-

dron jets: total multiplicity between 9 and 2 0 (only 

particles with energy deposition greater than 5 0 MeV 

are counted); charged multiplicity > 2; neutral multi-

plicity % 1 2 ; total energy deposited in the Nal(Tl) £ 

8000 MeV; sphericity of the event > 0 . 1 6 . While charm 

quark jets were used as a model, jets due to lighter 

quarks or gluons lead to very similar results. Fitting 

an above (fig. 2 ) now yields a significance of 4.2 

standard deviations for the signal with parameters 

E = (1072 ± 8 i 21) MeV 

M r (8319 ± 10 ± 24) MeV 
(1) 

Counts z 87.1 ± 20.5 

X?" = 24.8 for 41 degrees of freedom. 

The efficiency for this selection was investigated in 

a few ways. First we used a y-jet-jet Monte Carlo si-

mulation for various fixed photon energies and jet-jet 

models (uu, cc, gg). Second we superimposed Monte Car-

lo generated photons onto real hadronic events at the 

c m . energy of interest (T(1S) or T(2S)). The various 

methods show systematic differences (fig. 3), causing 

a large contribution to the systematic error of the 

efficiency. Therefore we estimate a photon efficiency 

near 1 GeV of (18 ± 10)% leading to a branching ratio 

B[T( IS )-yÇ, Cadrons] = (0.47 ± 0.11 ± 0.26)%. (2) 

A number of checks were made to ensure that the sig-

nal was not instrumental or induced by the analysis 

procedure. First all the cuts used to obtain the in-

clusive photon spectrum of fig. 1 were removed one at 

a time; this procedure indicated that none of the cuts 

used had anomalous effects. Second, by dividing the 
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ing the same state in two different channels; then 

the combined significance of both peaks is greater 

than 5 standard deviations. Both our signals have 

widths consistent with the detector energy resolution. 

The weighted averages for the parameters of this new 

state, herein named ç, are 

E = (1069 ± 7 ± 21) MeV 

M = (8322 ± 8 ± 24) MeV 

T <80 MeV (90?̂  c.l.) 

B[T(1S) + y d ^ 0.55S. 

The interpretation of this new state as the neutral 

Higgs boson expected in the standard model gives a 

disagreement of approximately two orders of magnitude 

between this observed branching ratio and that pre-

dicted. This branching ratio can be accomodated in 

some extensions of the standard model, e.g. two-Higgs 

doublet models. A less model-dependent quantity is 

the ratio Q[T(is) I y^]> ^ n which the strength of the 

Higgs' coupling to b-quarks cancels out; in either 
( 2 ) 

model this ratio is predicted to be ^ 1.0 , while 

our upper limit is 0,22, in apparent disagreement. 

Further, given the limited statistics of the experi-

ment, it cannot be proven that the mode ç TT exists, 

although our analysis is consistent with it. 

Fig. 1 

Fig. 2 

* For more detail see C. Peck et al. (CB Collabora-
tion) DESY 84-064/SLAC-PUB 3380 (1984); contribut-
ed paper to this conference no. 918. 
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Figure Captions 
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Fig. 2 
Fig. 3 

Fig. 4: 
Fig. 5: 

T(1S) y + high multiplicity 
T(15) Y + high mult., with "physics" cuts 
Y efficiency for T(2S) 

(almost identical for T(1S)) 
T(2S) -> Y + high multiplicity 
T(1S) > Y + l o w multiplicity 

Fig. 3 
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mass 8.32 GeV
branching ratio 0.5%
significance 4.0 σ
presented at ICHEP 1984

Torbjörn Sjöstrand PYTHIA and the Higgs slide 7/24



A first Higgs encounter – 2

New data taken autumn 1984, presented at Moriond 1985:SLAC -PUB - 3683 
May 1985 
(E) 

THE STATUS OF THE ~(8.3)* 

Stephen T. Lowe 
(Representing the Crystal Ball Collaboration)l’l 

Stanford Linear Accelerator Ce’nte? M 
Stanford University, Stanford, California 94305 

ABSTRACT 

Results are presented from 22.1 pb -l of T(lS) data, taken with the Crystal 
Ball detector at DORIS. These data were taken to further explore the ~(8.3) signal 

originally seen in 10.4 pb -l of T(lS) data!2l No evidence for the < is observed in this 
new sample. Data quality checks and possible explanations are discussed. 

l Work supported by the Department of Energy, contract DEAC03-76SFOO515 

Contributed to the XXth Rencontre de Moriond: QCD and Beyond 
Les Arcs, Savoie, France, March 16-17, 1985. 

2 

During the summer of 1984 the Crystal Ballcollaboration presented evidence for 

a narrow state in the T(lS) inclusive photon spectrum which we called the ~(8.3)!~1 

The branching ratio for the process was found to be 

BR(T --* 71) x BR(c + Hadrons) = (0.47 f 0.11 f 0.26)%. 

This signal was substantiated by the observation of a second, 1~s significant signal Y - 
at the same mass using a statistically independent sample of T(lS) low multiplicity 

decays. Both signals were obtained from a 10.4 pb-’ sample taken in 1983. 

More data were clearly needed in order to confirm the existence of the <; thus we 

took an additional 22.1 pb- ’ of T(lS) data during the autumn of 1984. The first 

8.5 pb-’ of this sample were taken with a malfunctioning tracking chamber ADC. 

This problem was later partially corrected in offline software. The inclusive photon 

spectrum for the entire 22.1 pb-’ sample is shown in Figure 1. 

200 

I I I I IIll IIll III1 1jJ-L 

0.75 1 1.25 1.5 1.75 
Energy in GeV 

Fig. 1 The inclusive 7 spectrum from the 22.1 pb-’ taken in 
the fall of 1984. The best fit is shown with the mean 
constrained to fl.O% of that expected for the <. 

Fitting this spectrum we find -29f 29 counts at the expected mass of the c. This - 
result and that previously presented disagree to about 4.0 standard deviations. The 

“low multiplicity” analysis has not yet been completed and will not be presented here. 

SLAC -PUB - 3683 
May 1985 
(E) 

THE STATUS OF THE ~(8.3)* 

Stephen T. Lowe 
(Representing the Crystal Ball Collaboration)l’l 

Stanford Linear Accelerator Ce’nte? M 
Stanford University, Stanford, California 94305 

ABSTRACT 

Results are presented from 22.1 pb -l of T(lS) data, taken with the Crystal 
Ball detector at DORIS. These data were taken to further explore the ~(8.3) signal 

originally seen in 10.4 pb -l of T(lS) data!2l No evidence for the < is observed in this 
new sample. Data quality checks and possible explanations are discussed. 

l Work supported by the Department of Energy, contract DEAC03-76SFOO515 

Contributed to the XXth Rencontre de Moriond: QCD and Beyond 
Les Arcs, Savoie, France, March 16-17, 1985. 

1984 ”signal”= −29± 29 events ⇒ BR(Υ → γζ) < 0.08%.
Combined 1983 + 1984 significance 1.9 σ.
Not heard of since.
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Snowmass 1982 and aftermath

Birth of the SSC project (?).
Aimed at physics at the TeV scale.

spring 1984: “Supercollider physics”
by E. Eichten, I. Hinchliffe, K. Lane, C. Quigg

18 pp PDFs

21 pp QCD jets

15 pp EW gauge bosons

9 pp Higgs, singly
and associated

17 pp Technicolor

8 pp new Q, ℓ, Z′0, W′±

16 pp Supersymmetry

14 pp compositeness

Eichten et al. : Supercollider physics 637
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FIG. 146. Integrated cross sections for Higgs-boson production
by gluon fusion in p +—p collisions, for I,=30 GeV/c at
Vs =2, 10, 20, 40, 70, and 100 TeV, according to Set 2 of the
distributions.
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change in the beam energy can be seen by comparing Fig.
154 (V s =10 TeV) with Fig. 151. At this lower energy,
the signal and background become equal at MH ——320
GeV/c .
The Higgs production rate is almost the same in pp col-

FIG. 148. Differential cross sections for Higgs-boson produc-
tion by gluon fusion in p+—p collisions at Vs =40 TeV. The top
quark mass is taken to'be 30 GeV/c, and the gluon distribu-
tions of Set 2 are used. M~ ——100, 300, 500, 700, and 900
GeV/c 2.

lisions, but the background is larger (compare Figs. 122
and 124). At vs =40 TeV and MH ——400 GeV/c the
background is larger by approximately a factor of 4 in pp
than in pp collisions.
We can also attempt to observe the Higgs in its Z-pair

decay mode. The signal is less by a factor of 2 [see Eqs.
(4.82) and (4.83)], but the background is less significant,
as can be seen by comparing Figs. 122 and 133. Figure
155 shows the signal and background in the Z-pair final
state at ~s =40 TeV in pp collisions with

~ yz ~
& 2.5 and

m, =30 GeV/c . The signal exceeds the background for
MII &1 TeV/c .
In order to estimate the reach of various machines we

have adopted the following criterion to establish the ex-
istence of a Higgs boson. There must be at least 5000
events, and the signal must stand above the background
by five standard deviations, The 5000 events should be
adequate even if we are restricted to the leptonic modes of
the 8"s or Z's. In particular, 18 detected events would
remain from a sample of 5000 Z pairs where both Z's de-
cay into e e+ or p+p . Figure 156 shows the max-
imum detectable Higgs mass in the JY-pair final state,

Q -4
10

Q.
b

10
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10 I ~I I

0.2 0.6 1.4 1.6
Mass (Tev/c*)

FIG. 147. Integrated cross sections for Higgs-boson production
by gluon fusion in p+—p collisions, for m, =70 GeV/c at
~s =2, 10, 20, 40, 70, and 100 TeV, according to Set 2 of the
distributions.

FIG. 149. Intermediate-boson fusion mechanism for Higgs-
boson formation.

Rev. Mod. Phys. , Vol. 56, No. 4, October 1984
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Snowmass 1984

Boundless optimism! Reagan Star Wars atmosphere!
Reestablish US leadership after CERN Z0 and W± discoveries.
SSC design parameters

√
s = 40 TeV, L = 1033 cm−2s−2.

The no-lose theorem

Either there are light (≤ 1 TeV) particles
from EW symmetry breaking

that can be produced and studied directly

and/or

excess WW, WZ, ZZ production is observable,
signalling strongly coupled symmetry-breaking sector

with masses ≥ 1 TeV.

(this formulation: M. Chanowitz 1987;
divergence issue noted by Dicus and Mathur, and Veltman)
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Taming the divergence

W

W

γ/Z W

W

|M| ∝ s2

W

W

γ/Z

W

W

|M| ∝ s2

W

W

W

W

|M| ∝ s2

W

W

H W

W

|M| ∝ s

W

W

H

W

W

|M| ∝ s

|M| ∝ s

|M| constant

Asymptotic behaviour

of WW → WW

dominated by

WLWL → WLWL

Recall

σ ∝ |M|2/s

so |M| constant

required for

unitarity
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Event generators summer 1984

generator ISAJET FIELDAJET COJETS PYTHIA
WIZJET JETSET

processes 2jet 2jet 2jet 2jet
W/Z (?) W/Z γ+jet

soft
Higgs no no no no

initial-state rad no forward, forward, no
hit-and-miss pretabulation

final-state rad incoherent incoherent incoherent no
colour flow no no no yes

fragmentation independent independent independent string
gluon jet like quark like quark like quark ≈ qq

beam remnants leading baryon remnant leading baryon remnant
+ cut Pomerons jets + longitudinal jets

phase space
time per event 0.05 s 120 s 0.1 s 0.1 s

code public private public public

Others: Webber, Capella et al., Ranft et al., Preparata, . . .
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PYTHIA development 1984 – 1986

Hans-Uno Bengtsson now at UCLA; collaborate via BITNET.
Gunnar Ingelman at CERN; no connection ⇒ dropped out.

Several workshops: Eugene, Oregon spring/summer 1985;
UCLA January 1986; Madison May 1986.

Final-state radiation (FSR): Marchesini–Webber.

Initial-state radiation (ISR): backwards evolution.

Multiparton interactions (MPI): underlying event.

Minimum bias, elastic, diffractive events.

Gauge bosons: W±, γ∗/Z0, γγ,W±/Z0 + jet,W±/Z0 + γ,
W+W−,Z0Z0,W±Z0 (+ angular correlated decays).

Higgs: gg → H0, qq → H0 (including top, mt = 40 GeV),

W+
L W

−
L → H0,Z0

LZ
0
L → H0,

qq → H0 +W±/Z0 (+ always H0 decays).

Exotica: qq → γ∗/Z0/Z′0, qq → H±, qq → R0.
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Effective W Approximation

Recall: longitudinal WL/ZL are “eaten” Higgs fields of SSB

⇒ W+
L W

−
L /Z

0
LZ

0
L → H0 dominates for large mH (≥ 600 GeV).

Can define effective flux like EPA or DGLAP splitting kernels

fγ/q(x) =
αeme

2
q

2π

1 + (1− x)2

x

fZL/q(x) =
αem(g

2
v ,q + g2

a,q)

4π sin2θW cos2θW

1− x +m2
Z/ŝ

x −m2
Z/ŝ

fWL/q(x) =
αem

4π sin2θW

1− x +m2
W/ŝ

x −m2
W/ŝ

(×CKM)

(Kane, Repko, Rolnik; Dawson; Chanowitz, Gaillard)
Full calculation q1q2 → q3q4H

0 at border of feasibility
⇒ integrate out Q2

1 ,Q
2
2 for simplified cross sections,

but in Monte Carlo full care with scattered-quark kinematics.
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Snowmass 1986

Active subgroup “W/Z Pairs and the Higgs at the SSC”.
Theory coordinator: John F. Gunion (Davis).
Experimental coordinator: Aurore Savoy-Navarro (Saclay).
ISAJET and PYTHIA used for studies, including cross-checks;
tutorials by Frank Paige and TS+HUB.
Three large reports: one theory,
one experiment over broad Higgs mass range,
one ditto on “high-mass” Higgs with mH = 300 or 800 GeV.

Fj 

~22800~~ (P~~GEV CH TKS) 

.qure 43 

HZZ800EE (ALL CH TKS) 

Figure 44 

64 

PYTHIA event
D0-like detector
GEANT 3 tracking
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Generator comparisons (1988)

Significant differences between generators in many respects:

(TS, Z.Phys. C42, 301)
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Aachen 1990

LEP tunnel intended to allow pp collider.

LHC workshops: Lausanne 1984, La Thuile 1987.

1989: LEP workshop and LEP startup.

SSC to be ready 1999, so Rubbia promises LHC by 1998;
push/pull with LEP experiments.

1989 autumn: first contact with LHC studies
(Daniel Froidevaux, Louis Fayard, . . . ).

1990 intense series of CERN meeting leading up to Aachen:
the peak of theory and Monte Carlo preparations (?).

Evian 1992: collaboration formation, technology choices.
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Gauge boson scattering

Gauge boson pair scattering VLVL → VLVL, V = Z0 or W±,
complements/supersedes VLVL → H0.

What if heavy/no Higgs?
Exemplified by Dobado, Herrero, Terron:
Higgs-like or QCD-like symmetry breaking with
Padé approximants or K -matrix unitarization (a → a/(1− ia)).
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Fig. 2 a-f. Behaviour with energy of the 
partial wave amplitudes for the different 
approaches and models considered in 
this paper. Solid lines are the predictions 
from ChPT before unitarization, i.e., 
(3.1). Dotted lines are the ones after 
unitarization with the Pad6 method, 
(3.9), and dashed lines with the K-matrix 
method, (3.6). The curves in a,b and e 
correspond to M• = 20, 10, 5 TeV res- 
pectively. Plot e is for M• = 20 TeV 

the appearance of the p-resonance in the I =  J =  1 
channel, etc. 

The S-resonance of the Higgs-like model shows up 
at a mass scale which is given by the position of the pole 
in the unphysical sheet of the a[o~ 1](s) function 1-15]. More 
precisely, Ms is given by the solution to the equation: 

4v 2 
M 2 = l [  1 \ 100 MH' (3.14) 

22c, + 3e2) + 9( V ) log 
where c,,  c 2 and the renormalized Higgs mass M u have 
been defined in (2.11), (2.12) and (2.13) respectively. 
Although the solution for Ms in (3.14) depends on the 
precise value of MH, with M s decreasing for M u increas- 
ing, however, as can be easily checked, M s is a very slowly 
varying function of M , ,  and stays around 1 TeV for a 
quite broad range of M H values (see A. Dobado in [15] 
for more details). For  instance, for M H = 10,20, 10 2, 10 3, 
10'6TeV the corresponding solutions for Ms are 
M s = 1.39, 1.14, 0.87, 0.70, 0.30 TeV, and the value of Mn 

at which Ms crosses by Ms = 1 TeV is MH = 38 TeV. The 
appearance of this pole in a[o~l](s) as a function of Mn is 
reflected in Figs. 2~i, 2b and 2c (dotted lines) that corres- 
pond to taking Mn = 20, 10 and 5 TeV respectively. For 
lower values than about M H = 10 TeV (see for instance 
Fig. 2c with M/~ = 5 TeV) there is no such resonance since 
the width becomes comparable or even higher than the 
mass. As we have emphasized in Sect. 2, the model should 
not be applied for too low values of Mn since our LWB 
amplitudes for the Higgs-like model are based in the limit 
of s << M 2. 

From Fig. 2, it is clear that for the cases where there 
is no resonant behaviour, both unitarization methods 
give a very similar result. See, for instance, Figs. 2c, 2e 
and 2f. In particular, from Figs. 2a, 2b and 2c it is also 
clear that the a[o~ u amplitude approaches the aooK 
amplitude from above as M ,  decreases, or, equivalently, 
as the resonance gets heavier and broader and tends to 
disappear. Thus, effectively, the two methods act as two 
typical situations, each one providing alternatively an 
output that will be closer to reality depending on whether 
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partial wave amplitudes for the different 
approaches and models considered in 
this paper. Solid lines are the predictions 
from ChPT before unitarization, i.e., 
(3.1). Dotted lines are the ones after 
unitarization with the Pad6 method, 
(3.9), and dashed lines with the K-matrix 
method, (3.6). The curves in a,b and e 
correspond to M• = 20, 10, 5 TeV res- 
pectively. Plot e is for M• = 20 TeV 

the appearance of the p-resonance in the I =  J =  1 
channel, etc. 

The S-resonance of the Higgs-like model shows up 
at a mass scale which is given by the position of the pole 
in the unphysical sheet of the a[o~ 1](s) function 1-15]. More 
precisely, Ms is given by the solution to the equation: 

4v 2 
M 2 = l [  1 \ 100 MH' (3.14) 

22c, + 3e2) + 9( V ) log 
where c,,  c 2 and the renormalized Higgs mass M u have 
been defined in (2.11), (2.12) and (2.13) respectively. 
Although the solution for Ms in (3.14) depends on the 
precise value of MH, with M s decreasing for M u increas- 
ing, however, as can be easily checked, M s is a very slowly 
varying function of M , ,  and stays around 1 TeV for a 
quite broad range of M H values (see A. Dobado in [15] 
for more details). For  instance, for M H = 10,20, 10 2, 10 3, 
10'6TeV the corresponding solutions for Ms are 
M s = 1.39, 1.14, 0.87, 0.70, 0.30 TeV, and the value of Mn 

at which Ms crosses by Ms = 1 TeV is MH = 38 TeV. The 
appearance of this pole in a[o~l](s) as a function of Mn is 
reflected in Figs. 2~i, 2b and 2c (dotted lines) that corres- 
pond to taking Mn = 20, 10 and 5 TeV respectively. For 
lower values than about M H = 10 TeV (see for instance 
Fig. 2c with M/~ = 5 TeV) there is no such resonance since 
the width becomes comparable or even higher than the 
mass. As we have emphasized in Sect. 2, the model should 
not be applied for too low values of Mn since our LWB 
amplitudes for the Higgs-like model are based in the limit 
of s << M 2. 

From Fig. 2, it is clear that for the cases where there 
is no resonant behaviour, both unitarization methods 
give a very similar result. See, for instance, Figs. 2c, 2e 
and 2f. In particular, from Figs. 2a, 2b and 2c it is also 
clear that the a[o~ u amplitude approaches the aooK 
amplitude from above as M ,  decreases, or, equivalently, 
as the resonance gets heavier and broader and tends to 
disappear. Thus, effectively, the two methods act as two 
typical situations, each one providing alternatively an 
output that will be closer to reality depending on whether 

So broad range of possible high-energy behaviours available.
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Other ∼1990 Higgs issues

Running quark masses affects production and decays,
notably mb(mb) ≈ 4.5 GeV ⇒ mb(mH) ≈ 3 GeV.

Relaxed MSSM constraint mH < mZ. (Bad news for LEP2.)

Off-shell decays H0 → W(∗)+W(∗)−,Z(∗)0Z(∗)0.

Running H width: ΓH ∝ m3
H → ŝ3/2 or → m2

H

√
ŝ

(Seymour 1995; former usually but latter for WW/ZZ).

Full q1q2 → q3q4H
0 (WW/ZZ fusion).

gg/qq → QQH0 (but background gg/qq → QQZ0 tough).

gg → gH0, qg → qH0, qq → gH0.

Generalize almost all H0 processes to H′0 and A0,
with flexible couplings or MSSM-based ones.

Some more H± processes, including couplings as above.

Z′0 → Z0H0 and W′± → W±H0 in left–right symmetry.

q → f = q or ℓ where relevant (LEP2, other e+e− or µ+µ−).
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Rapidity gaps

p

p

W+

W−

H0
g

gr

r

p

p

H0

p

p

W+

W−

H0
g

gr

r

p

p

H0

1986, Dokshitzer, Khoze, Troyan: rapidity gap in W+W− → H0

1986, we: already included, but masked by MPI, showers, . . .
1991, Dokshitzer, Khoze, TS: more detailed study
1991, Bjorken: rapidity gap survival probability,

⟨|S |2⟩ ≈ 0.1 ≈ P(nMPI = 0)

2017: ISR dipole recoil option, gives less radiation into gap region
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Rapidity gap closeup

Vector Boson Fusion, neglect Higgs, require two well-separated
“tagging” jets, study third jet (if any):
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Figure 3: Transverse momentum of the first tagging jet (top left), second tagging jet (top
right), third jet (bottom left), and pseudorapidity of the third jet (bottom right) at LO+PS
accuracy. The bands are obtained by a variation of the default shower starting scale by a
factor of two.

renormalisation scale only have a marginal e↵ect and are therefore not shown here. As we
are primarily concerned with the shower radiation patterns, we do not vary the scales in the
fixed-order calculation. The e↵ect of those variations have been studied extensively in the
literature before, cf. e.g. [8, 18].

In fig. 3, the transverse momentum distributions of the two tagging jets and as well as the
transverse momentum and pseudorapidity distributions of the third-hardest jet are shown.
While the tagging jet pT spectra agree well between VINCIA and PYTHIA with dipole recoil,
di↵erences are visible for the third-jet observables, with similar shapes but a slightly larger rate
produced by the PYTHIA dipole-recoil shower. The distributions obtained with the PYTHIA

default shower, on the other hand, neither agree in shape nor in the rate with the other two.
In fact, almost no suppression of radiation in the central-rapidity region is visible and the
shower radiation appears at a much higher transverse momentum scale. The high emission
rate in the default shower also implies that the tagging jets receive much larger corrections
with this shower than with the others, as evident from the tagging jet pT distributions.
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Figure 7: Pseudorapidity (left column) and relative rapidity to the tagging jets (right column)
of the third jet (top row) and fourth jet (bottom row) at NLO+PS accuracy in the POWHEG

scheme. The bands are obtained by a variation of the hard scale in the vetoed showers as
explained in the text.

17

Default: momentum exchange possible between two event sides.
Dipole: separate event sides, each like a DIS event.

(S. Höche et al., arXiv:2106.10987)
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The last 30+ years

Evolution from “qualitative understanding” to “precision theory”.

Automated calculation and sampling of matrix elements.

Higher orders: NLO, NNLO, N3LO, multijets

Matching and merging of matrix elements and parton showers.

mt = 40 GeV → 172 GeV.

Many PYTHIA physics/utility extensions in different directions.

Few with direct bearing on Higgs physics.

Exception 1: Technicolor Straw Man Model (Lane).

Exception 2: alternative dipole recoil in VBF.

Not only LHC, but also TESLA, CLIC, ILC, FCC-ee, . . .
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Code and author size
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Summary and Outlook

PYTHIA rapidly expanded 1984 – 1990, in many directions,
but notably to support Higgs searches.

Since then extensively used standalone for LHC
detector design and early search/analysis strategies.

Gradually integrated with other tools, like Madgraph.

The Higgs was discovered 2012, at an “optimal” mass;
all high-mass scenarios and much Monte Carlo code “useless”.

No signs of BSM. Notably no SUSY to explain H mass.

Higgs as portal to BSM, like Hidden Valley in PYTHIA.

No current Higgs physics development in PYTHIA,
but ready to reactivate if needed.

Torbjörn Sjöstrand PYTHIA and the Higgs slide 24/24


