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What is a Monte Carlo simulation (program)?
I As usual: ask Wikipedia!

I http://de.wikipedia.org/wiki/Monte-Carlo-Simulation

XXX ist ein Simulationsprogram für die
Teilchenphysik. Dabei werden möglichst viele
verschiedene Äste eines Zerfall-Baumes
realisiert, indem man bei jeder Astgabel
per pseudorandom einen Ast realisiert.

http://de.wikipedia.org/wiki/Monte-Carlo-Simulation
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Lessons from LHC Run I
I LHC: Collisions 2010/11 @ 7 TeV, 2012 @ 8 TeV

I QCD is a precision tool
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I Discovery of ”a boson at 125-126 GeV” (a.k.a. Higgs?)

I Exclusion of most simple BSM scenarios below 1 TeV
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Only a selection of the available mass limits on new states or phenomena shown.*
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: SUSY 2012)
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I All of them rely on Monte Carlos (even data-driven methods)
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I Discovery of ”a boson at 125-126 GeV” (a.k.a. Higgs?)

I Exclusion of most simple BSM scenarios below 1 TeV
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I Exclusion of most simple BSM scenarios below 1 TeV
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Only a selection of the available mass limits on new states or phenomena shown.*
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 (p
b)

!
95

%
 C

.L
. u

pp
er

 li
m

it 
on

 

-310

-210

-110

1

10

210

 (GeV)gluinom
400 500 600 700 800 900 1000 1100

 (G
eV

)
LS

P
m

100

200

300

400

500

600

700

800

 exp.!1 ±Expected Limit 
 theory!1 ± NLO+NLL!

T"

=8 TeVs,  -1,  3.9 fbsCL

CMS Preliminary
)g~)>>m(t~ 2t + LSP; m(# g~, g~ g~ #pp 

 [GeV]0m
500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100

200

300

400

500

600

700

800

± l~ LEP2 

± 
1
χ∼ LEP2 

No EWSB
Non-Convergent RGE's

 =
 L

SP
τ∼

) = 500g~m(

) = 1000g~m(

) = 1500g~m(

) = 1000
q~m(

) = 1500
q~m(

) = 2000

q~
m( ) = 2500

q ~
m

( )=10βtan(
 = 0 GeV0A

 > 0µ

 = 173.2 GeVtm

 = 7 TeVs, -1 = 4.98 fb
int

CMS Preliminary    L

Tα

Jets+MHT

Razor

SS Dilepton

OS Dilepton

Multi-Lepton

MT2

1 Lepton

I All of them rely on Monte Carlos (even data-driven methods)



2/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Lessons from LHC Run I
I LHC: Collisions 2010/11 @ 7 TeV, 2012 @ 8 TeV
I QCD is a precision tool

cJet Constituents   N
20 40 60 80 100 120 140

Je
t Y

ie
ld

-110

1

10

210

310

410

510
Data 
Herwig++ 2.3
Pythia6 D6T
Pythia6 Z2

 R=0.6Tk
 > 97GeVJet

T
p
1.0 <|y|< 2.0 
PFJets 

 = 7TeV s     -1=36 pb 
int

CMS Preliminary    L

I Discovery of ”a boson at 125-126 GeV” (a.k.a. Higgs?)

I Exclusion of most simple BSM scenarios below 1 TeV

Mass scale [TeV]

-110 1 10

O
th

er
R

P
V

Lo
ng

-li
ve

d
pa

rt
ic

le
s

E
W

di
re

ct
3r

d 
ge

n.
 s

qu
ar

ks
di

re
ct

 p
ro

du
ct

io
n

3r
d 

ge
n.

 s
qu

ar
ks

gl
ui

no
 m

ed
ia

te
d

In
cl

us
iv

e 
se

ar
ch

es

,missTESpin indep. WIMP interaction : monojet + 
,missTESpin dep. WIMP interaction : monojet + 

klm ≈ ijmHypercolour scalar gluons : 4 jets, 
 + heavy displaced vertexµ : µ qq→ 0

1
χ∼RPV 

,missTEBC1 RPV : 4 lep + 
,missTEBilinear RPV : 1 lep + j's + 

µRPV : high-mass e
τ∼GMSB : stable 

 R-hadrons : Pixel det. onlyg~Metastable 
 R-hadrons : Full detectort

~
Stable 

 R-hadrons : Full detectorg~Stable 

±

1
χ∼ pair prod.) : long-lived ±

1
χ∼AMSB (direct 

,missTE) : 3 lep + 
0

1
χ∼+2ν)+νν 3l(l→ 0

2
χ∼±

1
χ∼

,missTE : 2 lep + 
0

1
χ∼νl→)ν∼(lνl~→+

1
χ∼, 

-

1
χ∼+

1
χ∼

,missTE : 2 lep + 
0

1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + b-jet + → (GMSB) : Z(t~t~

,missTE : 2 lep + b-jet + 
0

1
χ∼t→t~ (heavy), t

~
t
~ ,missTE : 1 lep + b-jet + 

0

1
χ∼t→t~ (heavy), t

~
t
~ ,missTE : 0 lep + b-jet + 

0

1
χ∼t→t~ (heavy), t

~
t
~ ,missTE : 1/2 lep + b-jet + ±

1
χ∼b→t~ (light), t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (very light), t~t~

,missTE : 3 lep + j's + ±

1
χ∼t→1b

~
, b

~
b
~ ,missTE : 0 lep + 2-b-jets + 

0

1
χ∼b→1b

~
, b

~
b
~ ,missTE) : 0 lep + 3 b-j's + t

~
 (real 

0

1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j's + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 0 lep + multi-j's + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 3 lep + j's + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 2 lep (SS) + j's + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 1 lep + 1/2 b-j's + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j's + b
~

 (real 
0

1
χ∼bb→g~

,missTE) : 0 lep + 3 b-j's + b
~

 (virtual 
0

1
χ∼bb→g~

,missTE) : 0 lep + 1/2 b-j's + b
~

 (virtual 
0

1
χ∼bb→g~

,missT
E + γγGGM : ,missT
E + 0-1 lep + j's + τGMSB : 1-2 

,missTEGMSB : 2 lep (OS) + j's + 
,missTE) : 1 lep + j's + ±χ∼qq→g~ (±χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale )χ < 100 GeV, tensor D9, Dirac χm(548 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

M* scale )χ < 100 GeV, vector D5, Dirac χm(709 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [ATLAS-CONF-2012-110]-1=4.6 fbL

 massq~  decoupled)g
~

 < 1 m, τ, 1 mm < c
-5

10× < 1.5211

'
λ < 

-6
10×(3.0700 GeV , 7 TeV [ATLAS-CONF-2012-113]-1=4.4 fbL

 massg~1.77 TeV , 7 TeV [ATLAS-CONF-2012-035]-1=2.1 fbL

 massg~ = q~  < 15 mm)LSPτ(c760 GeV , 7 TeV [1109.6606]-1=1.0 fbL

 massτν∼ =0.05)312λ=0.10, 
,
311λ(1.32 TeV , 7 TeV [1109.3089]-1=1.1 fbL

 massτ∼  < 20)β(5 < tan310 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 massg~ ) > 10 ns)g
~
(τ(910 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 masst
~

683 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 massg~985 GeV , 7 TeV [ATLAS-CONF-2012-075]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)

±

1
χ∼(τ(1 < 210 GeV , 7 TeV [ATLAS-CONF-2012-111]-1=4.7 fbL

 mass±

1
χ∼ ) as above)ν∼,l

~
(m) = 0, 

0

1
χ∼(m), 

0

2
χ∼(m) = 

±

1
χ∼(m(60-500 GeV , 7 TeV [CONF-2012-077]-1=4.7 fbL

 mass±

1
χ∼ )))

0

1
χ∼(m) + 

±

1
χ∼(m(

2
1) = ν∼,l

~
(m) = 0, 

0

1
χ∼(m(120-330 GeV , 7 TeV [CONF-2012-076]-1=4.7 fbL

 massl
~

) = 0)
0

1
χ∼(m(93-180 GeV , 7 TeV [CONF-2012-076]-1=4.7 fbL

 masst
~

) < 230 GeV)
0

1
χ∼(m(115 < 310 GeV , 7 TeV [1204.6736]-1=2.1 fbL

 masst
~

) = 0)
0

1
χ∼(m(298-305 GeV , 7 TeV [CONF-2012-071]-1=4.7 fbL

 masst
~

) = 0)
0

1
χ∼(m(230-440 GeV , 7 TeV [CONF-2012-073]-1=4.7 fbL

 masst
~

) = 0)
0

1
χ∼(m(380-465 GeV , 7 TeV [1208.1447]-1=4.7 fbL

 masst
~

) = 45 GeV)
0

1
χ∼(m(120-173 GeV , 7 TeV [CONF-2012-070]-1=4.7 fbL

 masst
~

) = 45 GeV)
0

1
χ∼(m(135 GeV , 7 TeV [CONF-2012-059]-1=4.7 fbL

 massg~ ))
0

1
χ∼(m) = 2 

±

1
χ∼(m(380 GeV , 7 TeV [ATLAS-CONF-2012-108]-1=4.7 fbL

 massb
~

) < 150 GeV)
0

1
χ∼(m(480 GeV , 7 TeV [ATLAS-CONF-2012-106]-1=4.7 fbL

 massg~ ) = 60 GeV)
0

1
χ∼(m(820 GeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 50 GeV)
0

1
χ∼(m(940 GeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 300 GeV)
0

1
χ∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ))g
~
(m) < 

0

1
χ∼(m(any 760 GeV , 7 TeV [ATLAS-CONF-2012-108]-1=4.7 fbL

 massg~ ) < 300 GeV)
0

1
χ∼(m(850 GeV , 8 TeV [ATLAS-CONF-2012-105]-1=5.8 fbL

 massg~ ) < 150 GeV)
0

1
χ∼(m(710 GeV , 7 TeV [1203.6193]-1=2.1 fbL

 massg~ ) = 60 GeV)
0

1
χ∼(m(1.00 TeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 400 GeV)
0

1
χ∼(m(1.02 TeV , 7 TeV [1207.4686]-1=4.7 fbL

 massg~ ) < 300 GeV)
0

1
χ∼(m(900 GeV , 7 TeV [1203.6193]-1=2.1 fbL

 massg~ ) > 50 GeV)
0

1
χ∼(m(1.07 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

 massg~  > 20)β(tan1.20 TeV , 7 TeV [ATLAS-CONF-2012-112]-1=4.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [Preliminary]-1=4.7 fbL

 massg~ ))g
~
(m)+

0
χ∼(m(

2
1) = 

±χ∼(m) < 200 GeV, 
0

1
χ∼(m(900 GeV , 7 TeV [ATLAS-CONF-2012-041]-1=4.7 fbL

 massq~ )
0

1
χ∼) < 2 TeV, light g

~
(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )
0

1
χ∼) < 2 TeV, light q

~
(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (1.00 - 5.8) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: SUSY 2012)

 (p
b)

!
95

%
 C

.L
. u

pp
er

 li
m

it 
on

 

-310

-210

-110

1

10

210

 (GeV)gluinom
400 500 600 700 800 900 1000 1100

 (G
eV

)
LS

P
m

100

200

300

400

500

600

700

800

 exp.!1 ±Expected Limit 
 theory!1 ± NLO+NLL!

T"

=8 TeVs,  -1,  3.9 fbsCL

CMS Preliminary
)g~)>>m(t~ 2t + LSP; m(# g~, g~ g~ #pp 

 [GeV]0m
500 1000 1500 2000 2500 3000

 [G
eV

]
1/

2
m

100

200

300

400

500

600

700

800

± l~ LEP2 

± 
1
χ∼ LEP2 

No EWSB
Non-Convergent RGE's

 =
 L

SP
τ∼

) = 500g~m(

) = 1000g~m(

) = 1500g~m(

) = 1000
q~m(

) = 1500
q~m(

) = 2000

q~
m( ) = 2500

q ~
m

( )=10βtan(
 = 0 GeV0A

 > 0µ

 = 173.2 GeVtm

 = 7 TeVs, -1 = 4.98 fb
int

CMS Preliminary    L

Tα

Jets+MHT

Razor

SS Dilepton

OS Dilepton

Multi-Lepton

MT2

1 Lepton

I All of them rely on Monte Carlos (even data-driven methods)
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Definitions+Taxonomy: Monte Carlo/Event Generators

I Full or Multi-Purpose MC Generator:
only when containing showers and hadronization
(aka: as hadron level MC, opposite: parton level MC)

I Shower Monte Carlo: contains only showering

I Event Generator: only when generating positive weights

I Multi-Particle Event Generator: allows for at least 2→ 6 processes

I Generator Generator: only when ”arbitrary” processes can be chosen by
the user

I BSM MC: must (OK: should) contain at least the MSSM, Z′, and one
non-SUSY model

I Dedicated tools: designed for special purposes (NLO bkgd. processes,
black holes, you name it)

I Best tool on the market: depends on who is giving the talk/what you
huba wanna do/whom you ask
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Components of MC/Connections to other topics

I Beams (read: hadrons/PDFs
taken from PDF people −→ (cf. Delgado’s talk)

I (Hard) Matrix Elements (LO/NLO/NNLO)
NLO/NNLO calculators (both ways←→) (cf. Pozzorini’s/Wackeroth’s talk)

I Parton Showers
NLO calculators, experimentalists (both ways←→)

I Hadronization/Underlying Event/MPI
QCD people, experimentalists (both ways←→)

I BSM implementations
Model builders (one way←−), Experimentalists (one+one waycd)

I Computing
IT experts, cluster administrators (one way→)

I Portability
Programm needs to work⇒ often practical, but not very physical solutions→)
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Matrix Element Generation of (tree) amplitudes
I Modern collider simulations need 2→ 8, even 2→ 10 processes (with

radiation even 2→ O(100))

I Number of Feynman diagrams grows factorially

I Berends-Giele Recursion Relations Berends, Giele

I manual calculations
I HELAS Hagiwara et al.,

I manual partial common subexpression elimination
I Madgraph Stelzer et al., AMEGIC++, COMIX Krauss et al.:

I partial common subexpression elimination
⇒ partial elimination of redundancy

I ALPHA Caravaglios & Moretti:
I tree level scattering amplitude is Legendre transform of Lagragian
I can be performed numerically, using only P∗(n) independent variables

I HELAC Papadopoulos et al.:
I ALPHA algorithm reformulated as recursive numerical solution of

Schwinger-Dyson equ.
I O’Mega Ohl/JRR:

I systematic elimination of all redundancies
I symbolic, generation of compilable code



8/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Efficient/optimal tree matrix elements Moretti/Ohl/JRR, 2001; Kilian/Ohl/JRR/Speckner, 2012

⇒ Replace forest of tree diagrams by
Directed Acyclical Graph (DAG) of the algebraic expression.

ab(ab + c) =

×

+
× c

a b

×

a b
=

×

+
× c

a b

I simplest examples: e+e− → µ+µ−,

e+e− → µ+µ−γ

and

e+e− → µ+µ−γγ

pos1 ele2muo3 amu4

gam12

*

pos1 ele2 muo3 amu4gam5

gam12 pos15 ele25 gam34muo35 amu45

*

pos1 ele2 muo3 amu4gam5 gam6

gam12 pos15 pos16 ele25 ele26 gam34muo35 muo36amu45 amu46

ele234ele256 gam345 gam346muo356 amu456

*
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Obstacles: Color / Flavor / Loops?
I Color

• Most programs use color algebra decomposition tr[TaTbTaTb] = − 1
4 (N − 1/N)

• Not possible for recursive algorithms
• Solution: color-flow algorithm ‘t Hooft, 1974; Maltoni et al., 2003
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• Color algebra determined by external particles, simple powers of N
• Recently: proof of all-order equivalence to QCD at Lagrangian level

Kilian/Ohl/JRR/Speckner, 1208.3700

I Flavor
• Light quark jets: proliferation of identical diagrams/kinematics
• Solution: use flavor symmetries to handle combinatorics

I Loops
• simple tree level algorithm n→ n + 1 doesn’t work for loop diagrams because of

non-uniqueness of loop representation
• most efficient, but black-box tool for multi loop diagrams QGRAF Nogueira, 1991

• Approaches for loops by trees (Feynman’s tree theorem) Catani et al., Kilian et al.

• Efficient tree-level diagrams⇒ Unitarity cuts, OPP methods Ossola/Papadopoulos/Pittau,

hep-ph/0609007 cf. Pozzorini’s talk
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Obstacles: Color / Flavor / Loops?
I Color

• Most programs use color algebra decomposition tr[TaTbTaTb] = − 1
4 (N − 1/N)

• Not possible for recursive algorithms
• Solution: color-flow algorithm ‘t Hooft, 1974; Maltoni et al., 2003
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• Color algebra determined by external particles, simple powers of N
• Recently: proof of all-order equivalence to QCD at Lagrangian level

Kilian/Ohl/JRR/Speckner, 1208.3700

I Flavor
• Light quark jets: proliferation of identical diagrams/kinematics
• Solution: use flavor symmetries to handle combinatorics

I Loops
• simple tree level algorithm n→ n + 1 doesn’t work for loop diagrams because of

non-uniqueness of loop representation
• most efficient, but black-box tool for multi loop diagrams QGRAF Nogueira, 1991

• Approaches for loops by trees (Feynman’s tree theorem) Catani et al., Kilian et al.

• Efficient tree-level diagrams⇒ Unitarity cuts, OPP methods Ossola/Papadopoulos/Pittau,

hep-ph/0609007 cf. Pozzorini’s talk



10/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Phase Space Generation/Integration
I One of the major bottleneck of multi-parton simulations!

I Massless particles only: n particle momenta flat in phase space (RAMBO)

I no good massive generalization

I Tailor-made phase space setup for special programs

I Automation: different well-working integration variables for different graphs
vs.

I ⇒ Adaptive integration using Monte Carlo sampling VEGAS P. Lepage, 1980

I Not ideal for full SM (or BSM) amplitudes! (e.g. VBF, VBS)
I Multi-channel adaptive phase space integration:

I Dominant channels selected according to Feynman graph structure
I Channel weights and channel mappings iteratively adapted (# bins!)
I Paradigm implementation: VAMP (Vegas AMPlified) Ohl, hep-ph/9806432

I Radiation-like setup: QCD shower/dipole phase space etc.

I Final (most costly) step: unweighting events⇒ adapted grids should map
integrand as close to a constant as possible
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Parton Showers
I Problem: need to describe 2→ 10 − 100 QCD processes
I MEs may available in leading color: PS not
I QCD emission dominated by large logs: αn

s log2n Q
Qo
∼ 1:

I Generated from emissions ordered in Q: soft-/collinear

I Many possible evolution variables: θ, Q, p⊥ q̃, t
I θ: HERWIG
I Q: PYTHIA ≤ 6.3, SHERPA, WHIZARD (analytic)
I p⊥: PYTHIA ≥ 6.4, ARIADNE, CS-SHERPA, WHIZARD
I q̃: HERWIG++
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I Independent collinear emission: probabilistic picture/Sudakov factor

dP(next emission at t) =
dt
t

∫ z+

z−

αs(z, t)
2π

P̂(z, t)dz exp

−∫ t

t0

dt
t

∫ z+

z−

αs(z, t)
2π

P̂(z, t)dz


I Soft emission: angular ordering→ color coherence: important effects

I 1→ 2 splitting: tweaked kinematics

I 2→ 3 splitting: ”exact” kinematics, recoil
Catani-Seymour/dipole shower Lönnblad, 1992; Schumann/Krauss,0709.1027

antennae showers Giele/Kosower/Skands,0707.3652

I Generally: veto approach (store weights: Giele/Kosower/Skands, 1102.2126 )

I Heuristics: scale, evolution param., avail. PS, integr. limits, regularization, ...

I New approach: ”analytic PS” (Geneva algorithm) Bauer/Schwartz/Tackmann/Thaler

I Analytic determination of shower weights
I allows reweighting on an event-by-event basis
I Full FSR, generalization to ISR Schmidt/JRR/Kilian/Wiesler; 1112.1039
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Matrix element/parton shower matching/merging
Problem: Additional hard jet produced by the parton shower

I Jets generated in regions where soft-collinear approx. invalid
I not the whole phase space populated (dirty trick: Power Shower)
I General rule: matrix element OK for high pT, overshoot infrared, showers OK in the

infrared, undershoot high pT

Solution: Merge ME and PS:

• Explicit corrections of 2→ 2+PS with 2→ 3 MEs (PYTHIA/HERWIG)
• Matching with LO MEs:

I CKKW(-L): Catani/Krauss/Kuhn/Webber, Lönnblad

I first hardest emission by full MEs
I preserve shower-evolution equations (logarithmic accuracy)
I phase-space slicing to avoid double counting⇒ veto shower emissions above scales
I reweight MEs with pseudo-shower history (Sudakov factors)

I MLM: Mangano

I generate all shower history, throw away those that run into ME region
I new CS-inspired phase-space separation criterion (SHERPA)
I Matching allows samples of different jet multiplicity:

W + X|incl. =W + 0 j
∣∣∣
incl. +W + 1 j

∣∣∣
incl. +W + 2 j

∣∣∣
incl. + ...

• Merging with NLO MEs: Lavesson/Lönnblad, 0811.2912; Höche/Kraus/Schönherr/Siegert, 1111.1220,

1207.5030/1; Plätzer/Gieseke, 1109.6256; Torrielli/Frixione, 1002.4293; etc. etc.

I MC@NLO
I POWHEG scheme
I Catani-Seymour dipoles/Antennae
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Hadronization: Lund or Cluster or What?

I Old models: flux tubes, independent fragmentation
I Independent fragmentation: dresses bare quarks

”last quark”, Lorentz invariance, infrared safety

I Lund string model: based on old string model for strong interactions
invented without PS in mind
strong physical motivation
universal description of data (ee fit→ hadron)
Plethora of parameters: O(1) ∼ per hadron

I Cluster fragmentation model: (uses preconfinement)
I Parton shower orders partons in color space
I Large NC limit: planar graphs dominate
I Cluster is continuum of high-mass resonances,

then decays into hadrons
I No spin info, just phase space
I Suppression of heavier particles (esp. baryons)
I Cluster spectrum determined by parton shower (pert. theory)

I Summary: All programs use either Lund or cluster (independent
fragmentation only for inclusive cross sections)
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Hadronic decays
I radiative EM decay
I weak mixing
I weak decay
I strong decay
I weak decay, ρ mass

smeared
I ρ+ polarized, angular

correlations
I Dalitz decay, mee

peaked

100s of particles, 1000s of decay modes, form factors, PDG unitarity violation,
. . .

with courtesy from S. Gieseke



16/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

B0
s

I (JP ) = 0(0−)

I , J, P need confirmation. Quantum numbers shown are quark-
model predictions.

B0
s MASSB0
s MASSB0
s MASSB0
s MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

5366.77± 0.24 OUR FIT5366.77± 0.24 OUR FIT5366.77± 0.24 OUR FIT5366.77± 0.24 OUR FIT

5366.7 ± 0.4 OUR AVERAGE5366.7 ± 0.4 OUR AVERAGE5366.7 ± 0.4 OUR AVERAGE5366.7 ± 0.4 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram
below.
5366.90± 0.28±0.23 1 AAIJ 12E LHCB pp at 7 TeV

5364.4 ± 1.3 ±0.7 LOUVOT 09 BELL e+ e− → Υ(5S)

5366.01± 0.73±0.33 2 ACOSTA 06 CDF pp at 1.96 TeV

5369.9 ± 2.3 ±1.3 32 3 ABE 96B CDF pp at 1.8 TeV

5374 ±16 ±2 3 ABREU 94D DLPH e+ e− → Z

5359 ±19 ±7 1 3 AKERS 94J OPAL e+ e− → Z

5368.6 ± 5.6 ±1.5 2 BUSKULIC 93G ALEP e+ e− → Z

• • • We do not use the following data for averages, fits, limits, etc. • • •
5370 ± 1 ±3 DRUTSKOY 07A BELL Repl. by LOUVOT 09

5370 ±40 6 4 AKERS 94J OPAL e+ e− → Z

5383.3 ± 4.5 ±5.0 14 ABE 93F CDF Repl. by ABE 96B

1Uses B0
s → J/ψφ fully reconstructed decays.

2Uses exclusively reconstructed final states containing a J/ψ → µ+µ− decays.
3 From the decay Bs → J/ψ(1S)φ.
4 From the decay Bs → D−

s
π+.

HTTP://PDG.LBL.GOV Page 1 Created: 6/18/2012 15:10
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WEIGHTED AVERAGE
5366.7±0.4 (Error scaled by 1.3)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only.  They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

BUSKULIC 93G ALEP
AKERS 94J OPAL
ABREU 94D DLPH
ABE 96B CDF
ACOSTA 06 CDF 0.7
LOUVOT 09 BELL 2.4
AAIJ 12E LHCB 0.3

χ2

       3.5
(Confidence Level = 0.177)

5360 5362 5364 5366 5368 5370 5372 5374

B0
s mass (MeV)

m
B0
s
− mBm

B0
s
− mBm

B0
s
− mBm

B0
s
− mB

mB is the average of our B masses (m
B±+m

B0 )/2.

VALUE (MeV) CL% DOCUMENT ID TECN COMMENT

87.35±0.23 OUR FIT87.35±0.23 OUR FIT87.35±0.23 OUR FIT87.35±0.23 OUR FIT

87.34±0.29 OUR AVERAGE87.34±0.29 OUR AVERAGE87.34±0.29 OUR AVERAGE87.34±0.29 OUR AVERAGE

87.42±0.30±0.09 1 AAIJ 12E LHCB pp at 7 TeV

86.64±0.80±0.08 2 ACOSTA 06 CDF pp at 1.96 TeV

• • • We use the following data for averages but not for fits. • • •
89.7 ±2.7 ±1.2 ABE 96B CDF pp at 1.8 TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
80 to 130 68 LEE-FRANZINI 90 CSB2 e+ e− → Υ(5S)

1The reported result is m
B0
s
− m

B+ = 87.52 ± 0.30 ± 0.12 MeV. We convert it to the

mass difference with respect to the average of (m
B± + m

B0 )/2.

2The reported result is m
B0
s
− m

B0 = 86.38 ± 0.90 ± 0.06 MeV. We convert it to the

mass difference with respect to the average of (m
B± + m

B0 )/2.
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m
B0
s H

– m
B0
s L

m
B0
s H

– m
B0
s L

m
B0
s H

– m
B0
s L

m
B0
s H

– m
B0
s L

See the B0
s -B

0
s MIXING section near the end of these B0

s Listings.

B0
s MEAN LIFEB0
s MEAN LIFEB0
s MEAN LIFEB0
s MEAN LIFE

“OUR EVALUATION” is an average using rescaled values of the
data listed below. The average and rescaling were performed by
the Heavy Flavor Averaging Group (HFAG) and are described at
http://www.slac.stanford.edu/xorg/hfag/. The averaging/rescaling pro-
cedure takes into account correlations between the measurements and
asymmetric lifetime errors.

The
First ”OUR EVALUATION” is an average of 1 / [0.5 (Γ

B0
sL

+ Γ
B0
sH

)].

The Second ”OUR EVALUATION” is the average of Bs → Ds X data
listed below.

VALUE (10−12 s) EVTS DOCUMENT ID TECN COMMENT

1.497±0.015 OUR EVALUATION1.497±0.015 OUR EVALUATION1.497±0.015 OUR EVALUATION1.497±0.015 OUR EVALUATION First

1.466±0.031 OUR EVALUATION1.466±0.031 OUR EVALUATION1.466±0.031 OUR EVALUATION1.466±0.031 OUR EVALUATION Second

1.518±0.041±0.027 1 AALTONEN 11AP CDF pp at 1.96 TeV

1.398±0.044+0.028
−0.025

2 ABAZOV 06V D0 pp at 1.96 TeV

1.42 +0.14
−0.13 ±0.03 3 ABREU 00Y DLPH e+ e− → Z

1.53 +0.16
−0.15 ±0.07 4 ABREU,P 00G DLPH e+ e− → Z

1.36 ±0.09 +0.06
−0.05

5 ABE 99D CDF pp at 1.8 TeV

1.72 +0.20
−0.19

+0.18
−0.17

6 ACKERSTAFF 98F OPAL e+ e− → Z

1.50 +0.16
−0.15 ±0.04 5 ACKERSTAFF 98G OPAL e+ e− → Z

1.47 ±0.14 ±0.08 4 BARATE 98C ALEP e+ e− → Z

1.54 +0.14
−0.13 ±0.04 5 BUSKULIC 96M ALEP e+ e− → Z

• • • We do not use the following data for averages, fits, limits, etc. • • •
1.51 ±0.11 7 BARATE 98C ALEP e+ e− → Z

1.56 +0.29
−0.26

+0.08
−0.07

5 ABREU 96F DLPH Repl. by ABREU 00Y

1.65 +0.34
−0.31 ±0.12 4 ABREU 96F DLPH Repl. by ABREU 00Y

1.76 ±0.20 +0.15
−0.10

8 ABREU 96F DLPH Repl. by ABREU 00Y

1.60 ±0.26 +0.13
−0.15

9 ABREU 96F DLPH Repl. by ABREU,P 00G

1.67 ±0.14 10 ABREU 96F DLPH e+ e− → Z

1.61 +0.30
−0.29

+0.18
−0.16 90 4 BUSKULIC 96E ALEP Repl. by BARATE 98C

1.42 +0.27
−0.23 ±0.11 76 5 ABE 95R CDF Repl. by ABE 99D
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1.74 +1.08
−0.69 ±0.07 8 11 ABE 95R CDF Sup. by ABE 96N

1.54 +0.25
−0.21 ±0.06 79 5 AKERS 95G OPAL Repl. by ACKER-

STAFF 98G

1.59 +0.17
−0.15 ±0.03 134 5 BUSKULIC 95O ALEP Sup. by BUSKULIC 96M

0.96 ±0.37 41 12 ABREU 94E DLPH Sup. by ABREU 96F

1.92 +0.45
−0.35 ±0.04 31 5 BUSKULIC 94C ALEP Sup. by BUSKULIC 95O

1.13 +0.35
−0.26 ±0.09 22 5 ACTON 93H OPAL Sup. by AKERS 95G

1AALTONEN 11AP combines the fully reconstrcuted B0
s → D−

s π+ decays and partially

reconstructed B0
s → Ds X decays.

2Measured using Ds µ
+ vertices.

3Uses D−
s
ℓ+, and φℓ+ vertices.

4Measured using Ds hadron vertices.
5Measured using D−

s
ℓ+ vertices.

6ACKERSTAFF 98F use fully reconstructed D−
s

→ φπ− and D−
s

→ K∗0K− in the

inclusive B0
s decay.

7 Combined results from D−
s

ℓ+ and Ds hadron.

8Measured using φℓ vertices.
9Measured using inclusive Ds vertices.

10Combined result for the four ABREU 96F methods.
11 Exclusive reconstruction of Bs → ψφ.
12ABREU 94E uses the flight-distance distribution of Ds vertices, φ-lepton vertices, and

Ds µ vertices.

B0
s MEAN LIFE (Flavor specific)B0
s MEAN LIFE (Flavor specific)B0
s MEAN LIFE (Flavor specific)B0
s MEAN LIFE (Flavor specific)

VALUE (10−12 s) DOCUMENT ID TECN COMMENT

1.463±0.032 OUR EVALUATION1.463±0.032 OUR EVALUATION1.463±0.032 OUR EVALUATION1.463±0.032 OUR EVALUATION

1.456±0.031 OUR AVERAGE1.456±0.031 OUR AVERAGE1.456±0.031 OUR AVERAGE1.456±0.031 OUR AVERAGE

1.518±0.041±0.027 1 AALTONEN 11AP CDF pp at 1.96 TeV

1.398±0.044+0.028
−0.025

2 ABAZOV 06V D0 pp at 1.96 TeV

1.42 +0.14
−0.13 ±0.03 3 ABREU 00Y DLPH e+ e− → Z

1.36 ±0.09 +0.06
−0.05

4 ABE 99D CDF pp at 1.8 TeV

1.50 +0.16
−0.15 ±0.04 4 ACKERSTAFF 98G OPAL e+ e− → Z

1.54 +0.14
−0.13 ±0.04 4 BUSKULIC 96M ALEP e+ e− → Z

1AALTONEN 11AP combines the fully reconstrcuted B0
s → D−

s
π+ decays and partially

reconstructed B0
s → Ds X decays.

2Measured using D−
s

µ+ vertices.

3Uses D−
s ℓ+, and φℓ+ vertices.

4Measured using D−
s ℓ+ vertices.
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B0
s MEAN LIFE (BS → J/ψφ)B0
s MEAN LIFE (BS → J/ψφ)B0
s MEAN LIFE (BS → J/ψφ)B0
s MEAN LIFE (BS → J/ψφ)

VALUE (10−12 s) DOCUMENT ID TECN COMMENT

1.429±0.088 OUR EVALUATION1.429±0.088 OUR EVALUATION1.429±0.088 OUR EVALUATION1.429±0.088 OUR EVALUATION

1.42 +0.08
−0.07 OUR AVERAGE1.42 +0.08
−0.07 OUR AVERAGE1.42 +0.08
−0.07 OUR AVERAGE1.42 +0.08
−0.07 OUR AVERAGE

1.444+0.098
−0.090±0.020 1 ABAZOV 05B D0 pp at 1.96 TeV

1.40 +0.15
−0.13 ±0.02 2 ACOSTA 05 CDF pp at 1.96 TeV

1.34 +0.23
−0.19 ±0.05 2 ABE 98B CDF pp at 1.8 TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •

1.39 +0.13
−0.16

+0.01
−0.02

2 ABAZOV 05W D0 pp at 1.96 TeV

1.34 +0.23
−0.19 ±0.05 3 ABE 96N CDF Repl. by ABE 98B

1Measured using fully reconstructed Bs → J/ψ(1S)φ decays.
2Measured using the time-dependent angular analysis of B0

s → J/ψφ decays.
3ABE 96N uses 58 ± 12 exclusive Bs → J/ψ(1S)φ events.

τ
B0
s
/τB0 MEAN LIFE RATIOτ

B0
s
/τB0 MEAN LIFE RATIOτ

B0
s
/τB0 MEAN LIFE RATIOτ

B0
s
/τB0 MEAN LIFE RATIO

τ
B0
s
/τB0 (direct measurements)τ

B0
s
/τB0 (direct measurements)τ

B0
s
/τB0 (direct measurements)τ

B0
s
/τB0 (direct measurements)

VALUE DOCUMENT ID TECN COMMENT

1.052±0.061±0.0151.052±0.061±0.0151.052±0.061±0.0151.052±0.061±0.015 1 ABAZOV 09E D0 pp at 1.96 TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.980+0.076
−0.071±0.003 2 ABAZOV 05B D0 Repl. by ABAZOV 05W

0.91 ±0.09 ±0.003 3 ABAZOV 05W D0 Repl. by ABAZOV 09E

1Measured the angular and lifetime parameters for the time-dependent angular untagged

decays B0
d → J/ψK∗0 and B0

s → J/ψφ.
2Measured mean life ratio using fully reconstructed decays.
3Measured using the time-dependent angular analysis of B0

s → J/ψφ decays.

B0
sH MEAN LIFEB0
sH MEAN LIFEB0
sH MEAN LIFEB0
sH MEAN LIFE

B0
sH is the heavy mass state of two B0

s CP eigenstates.

“OUR EVALUATION” has been obtained by the Heavy Flavor Averaging
Group (HFAG) using the constraint of the flavor-specific lifetime average
in a way similar to ∆Γ

B0
s
/Γ

B0
s
.

VALUE (10−12 s) DOCUMENT ID TECN COMMENT

1.618±0.024 OUR EVALUATION1.618±0.024 OUR EVALUATION1.618±0.024 OUR EVALUATION1.618±0.024 OUR EVALUATION
1 AALTONEN 12D CDF pp at 1.96 TeV

1.70 +0.12
−0.11 ±0.031.70 +0.12
−0.11 ±0.031.70 +0.12
−0.11 ±0.031.70 +0.12
−0.11 ±0.03 2 AALTONEN 11AB CDF pp at 1.96 TeV
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• • • We do not use the following data for averages, fits, limits, etc. • • •

1.613+0.123
−0.113

3,4 AALTONEN 08J CDF Repl. by AALTONEN 12D

1.58 +0.39
−0.42

+0.01
−0.02

4 ABAZOV 05W D0 Repl. by ABAZOV 08AM

2.07 +0.58
−0.46 ±0.03 4 ACOSTA 05 CDF Repl. by AALTONEN 08J

1Uses the time-dependent angular analysis of B0
s → J/ψφ decays and assuming CP-

violating angle βs (B
0 → J/ψφ) = 0.02.

2Measured using J/ψ f0(980), a pure CP odd final state.
3Obtained from ∆Γs and Γs fit with a correlation of 0.6.
4Measured using the time-dependent angular analysis of B0

s → J/ψφ decays.

B0
sL MEAN LIFEB0
sL MEAN LIFEB0
sL MEAN LIFEB0
sL MEAN LIFE

B0
sL is the light mass state of two B0

s CP eigenstates.

“OUR EVALUATION” has been obtained by the Heavy Flavor Averaging
Group (HFAG) using the constraint of the flavor-specific lifetime average
in a way similar to ∆Γ

B0
s
/Γ

B0
s
.

VALUE (10−12 s) DOCUMENT ID TECN COMMENT

1.393±0.019 OUR EVALUATION1.393±0.019 OUR EVALUATION1.393±0.019 OUR EVALUATION1.393±0.019 OUR EVALUATION

1.440±0.096±0.0091.440±0.096±0.0091.440±0.096±0.0091.440±0.096±0.009 1 AAIJ 12 LHCB pp at 7 TeV
2 AALTONEN 12D CDF pp at 1.96 TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •

1.437+0.054
−0.047

3,4 AALTONEN 08J CDF Repl. by AALTONEN 12D

1.24 +0.14
−0.11

+0.01
−0.02

4 ABAZOV 05W D0 Repl. by ABAZOV 08AM

1.05 +0.16
−0.13 ±0.02 4 ACOSTA 05 CDF Repl. by AALTONEN 08J

1.27 ±0.33 ±0.08 5 BARATE 00K ALEP e+ e− → Z

1Measured using decays B0
s → K+K−.

2 Uses the time-dependent angular analysis of B0
s → J/ψφ decays and assuming CP-

violating angle βs (B
0 → J/ψφ) = 0.02.

3Obtained from ∆Γs and Γs fit with a correlation of 0.6.
4Measured using the time-dependent angular analysis of B0

s → J/ψφ decays.

5Uses φφ correlations from B0
s → D

(∗)+
s D

(∗)−
s .

∆Γ
B0
s
/Γ

B0
s

∆Γ
B0
s
/Γ

B0
s

∆Γ
B0
s
/Γ

B0
s

∆Γ
B0
s
/Γ

B0
s

Γ
B0
s
and ∆Γ

B0
s
are the decay rate average and difference between two B0

s

CP eigenstates (light − heavy).

“OUR EVALUATION” is an average of all available Bs flavor-specific life-
time measurements with the ∆Γ

B0
s
/Γs analyses performed by the Heavy
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Flavor Averaging Group (HFAG) as described in our “Review on B-B Mix-

ing” in the B0 Section of these Listings.

VALUE CL% DOCUMENT ID TECN COMMENT

0.150±0.020 OUR EVALUATION0.150±0.020 OUR EVALUATION0.150±0.020 OUR EVALUATION0.150±0.020 OUR EVALUATION
1 AAIJ 12D LHCB pp at 7 TeV
2 AALTONEN 12D CDF pp at 1.96 TeV
3 ABAZOV 12D D0 pp at 1.96 TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •

0.147+0.036
−0.030

+0.042
−0.041

4 ESEN 10 BELL e+ e− → Υ(5S)

0.116+0.09
−0.10 ±0.010 5 AALTONEN 08J CDF Repl. by AALTONEN 12D

0.24 +0.28
−0.38

+0.03
−0.04

5,6 ABAZOV 05W D0 Repl. by ABAZOV 08AM

0.65 +0.25
−0.33 ±0.01 5 ACOSTA 05 CDF Repl. by AALTONEN 08J

<0.46 95 7 ABREU 00Y DLPH e+ e− → Z

<0.69 95 8 ABREU,P 00G DLPH e+ e− → Z

<0.83 95 9 ABE 99D CDF pp at 1.8 TeV

<0.67 95 10 ACCIARRI 98S L3 e+ e− → Z

1Measured using the time-dependent angular analysis of B0
s → J/ψφ decays.

2Uses the time-dependent angular analysis of B0
s → J/ψφ decays and assuming CP-

violating angle βs (B
0 → J/ψφ) = 0.02.

3Measured using fully reconstructed Bs → J/ψφ decays.
4Assumes CP violation is negligible.
5Measured using the time-dependent angular analysis of B0

s → J/ψφ decays.

6Uses
∣∣A0

∣∣2 −
∣∣A‖

∣∣2=0.355 ± 0.066 from ACOSTA 05.

7Uses D−
s ℓ+, and φℓ+ vertices.

8Measured using Ds hadron vertices.
9ABE 99D assumes τ

B0
s
= 1.55 ± 0.05 ps.

10ACCIARRI 98S assumes τ
B0
s
= 1.49±0.06 ps and PDG 98 values of b production fraction.

∆Γ
B0
s

∆Γ
B0
s

∆Γ
B0
s

∆Γ
B0
s

“OUR EVALUATION” has been obtained by the Heavy Flavor Averaging
Group (HFAG) using the constraint of the flavor-specific lifetime average
in a way similar to ∆Γ

B0
s
/Γ

B0
s
.

VALUE (1012 s−1) DOCUMENT ID TECN COMMENT

0.100±0.013 OUR EVALUATION0.100±0.013 OUR EVALUATION0.100±0.013 OUR EVALUATION0.100±0.013 OUR EVALUATION

0.109±0.022 OUR AVERAGE0.109±0.022 OUR AVERAGE0.109±0.022 OUR AVERAGE0.109±0.022 OUR AVERAGE

0.123±0.029±0.011 1 AAIJ 12D LHCB pp at 7 TeV

0.075±0.035±0.006 2 AALTONEN 12D CDF pp at 1.96 TeV

0.163+0.065
−0.064

3,4 ABAZOV 12D D0 pp at 1.96 TeV
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• • • We do not use the following data for averages, fits, limits, etc. • • •

0.085+0.072
−0.078±0.001 5 ABAZOV 09E D0 Repl. by ABAZOV 08AM

0.076+0.059
−0.063±0.006 6 AALTONEN 08J CDF Repl. by AALTONEN 12D

0.19 ±0.07 +0.02
−0.01

4,7 ABAZOV 08AMD0 Repl. by ABAZOV 12D

0.12 +0.08
−0.10 ±0.02 6,8 ABAZOV 07 D0 Repl. by ABAZOV 07N

0.13 ±0.09 9 ABAZOV 07N D0 Repl. by ABAZOV 09E

0.47 +0.19
−0.24 ±0.01 6 ACOSTA 05 CDF Repl. by AALTONEN 08J

1Measured using the time-dependent angular analysis of B0
s → J/ψφ decays.

2Uses the time-dependent angular analysis of B0
s → J/ψφ decays and assuming CP-

violating angle βs (B
0 → J/ψφ) = 0.02.

3The error includes both statistical and systematic uncertainties.
4Measured using fully reconstructed Bs → J/ψφ decays.
5Measured the angular and lifetime parameters for the time-dependent angular untagged

decays B0
d → J/ψK∗0 and B0

s → J/ψφ.

6Measured using the time-dependent angular analysis of B0
s → J/ψφ decays and assum-

ing CP-violating phase φs = 0.
7Obtaines 90% CL interval −0.06 < ∆Γs < 0.30.
8ABAZOV 07 reports 0.17± 0.09± 0.02 with CP-violating phase φs as a free parameter.
9 Combines D0 measurements of time-dependent angular distributions in B0

s → J/ψφ

and charge asymmetry in semileptonic decays. There is a 4-fold ambiguity in the solution.

∆ΓCP
s / Γs∆ΓCP
s / Γs∆ΓCP
s / Γs∆ΓCP
s / Γs

Γs and ∆ΓCP
s

are the decay rate average and difference between even,

ΓCP−even
s

, and odd, ΓCP−odd
s

, CP eigenstates.

VALUE CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •
0.072±0.021±0.022 1 ABAZOV 09I D0 pp at 1.96 TeV

>0.012 95 1 AALTONEN 08F CDF pp at 1.96 TeV

0.079+0.038
−0.035

+0.031
−0.030

1 ABAZOV 07Y D0 Repl. by ABAZOV 09I

0.25 +0.21
−0.14

2 BARATE 00K ALEP e+ e− → Z

1Assumes 2 B(B0
s → D

(∗)
s D

(∗)
s ) ≃ ∆ΓCP

s / Γs.

2 Uses φφ correlations from B0
s → D

(∗)+
s

D
(∗)−
s

.

1 / Γ
B0
s

1 / Γ
B0
s

1 / Γ
B0
s

1 / Γ
B0
s

“OUR EVALUATION” has been obtained by the Heavy Flavor Averaging
Group (HFAG) using the constraint of the flavor-specific lifetime average
in a way similar to ∆Γ

B0
s
/Γ

B0
s
.
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VALUE (10−12 s) DOCUMENT ID TECN COMMENT

1.497±0.015 OUR EVALUATION1.497±0.015 OUR EVALUATION1.497±0.015 OUR EVALUATION1.497±0.015 OUR EVALUATION

1.508±0.024 OUR AVERAGE1.508±0.024 OUR AVERAGE1.508±0.024 OUR AVERAGE1.508±0.024 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

1.522±0.021±0.019 1 AAIJ 12D LHCB pp at 7 TeV

1.529±0.025±0.012 2 AALTONEN 12D CDF pp at 1.96 TeV

1.443+0.038
−0.035

2,3 ABAZOV 12D D0 pp at 1.96 TeV

• • • We do not use the following data for averages, fits, limits, etc. • • •
1.487±0.060±0.028 2 ABAZOV 09E D0 Repl. by ABAZOV 08AM

1.52 ±0.04 ±0.02 2 AALTONEN 08J CDF Repl. by AALTONEN 12D

1.52 ±0.05 ±0.01 2 ABAZOV 08AMD0 Repl. by ABAZOV 12D

1AAIJ 12D reports average deacy width of B0
s , ΓB0

s
= 0.657 ± 0.009 ± 0.008 ps−1 that

we converted to 1/Γ
B0
s
.

2Measured using the time-dependent angular analysis of B0
s → J/ψφ decays.

3The error includes both statistical and systematic uncertainties.

WEIGHTED AVERAGE
1.508±0.024 (Error scaled by 1.4)

ABAZOV 12D D0 2.9
AALTONEN 12D CDF 0.6
AAIJ 12D LHCB 0.2

χ2

       3.7
(Confidence Level = 0.154)

1.3 1.4 1.5 1.6 1.7 1.8

1 / Γ
B0
s
(10−12 s)
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B0
s DECAY MODESB0
s DECAY MODESB0
s DECAY MODESB0
s DECAY MODES

These branching fractions all scale with B(b → B0
s ).

The branching fraction B(B0
s → D−

s ℓ+ νℓ anything) is not a pure mea-

surement since the measured product branching fraction B(b → B0
s ) ×

B(B0
s → D−

s ℓ+ νℓ anything) was used to determine B(b → B0
s ), as

described in the note on “B0-B0 Mixing”

For inclusive branching fractions, e.g., B → D± anything, the values
usually are multiplicities, not branching fractions. They can be greater
than one.

Mode Fraction (Γi /Γ) Confidence level

Γ1 D−
s anything (93 ±25 ) %

Γ2 ℓνℓX ( 9.5 ± 2.7 ) %

Γ3 D−
s ℓ+ νℓ anything [a] ( 7.9 ± 2.4 ) %

Γ4 Ds1(2536)
−µ+νµ,

D−
s1 → D∗−K0

S

( 2.5 ± 0.7 )× 10−3

Γ5 Ds1(2536)
−X µ+ ν,

D−
s1 → D0K+

( 4.3 ± 1.7 )× 10−3

Γ6 Ds2(2573)
−X µ+ ν,

D−
s2 → D0K+

( 2.6 ± 1.2 )× 10−3

Γ7 D−
s π+ ( 3.2 ± 0.4 )× 10−3

Γ8 D−
s ρ+ ( 7.4 ± 1.7 )× 10−3

Γ9 D−
s π+π+π− ( 6.5 ± 1.2 )× 10−3

Γ10 D∓
s K± ( 2.9 ± 0.6 )× 10−4

Γ11 D+
s D−

s ( 5.3 ± 0.9 )× 10−3

Γ12 D∗−
s π+ ( 2.1 ± 0.6 )× 10−3

Γ13 D∗−
s ρ+ ( 1.03 ± 0.26) %

Γ14 D∗+
s D−

s + D∗−
s D+

s ( 1.24 ± 0.21) %

Γ15 D∗+
s D∗−

s ( 1.88 ± 0.34) %

Γ16 D
(∗)+
s D

(∗)−
s ( 4.5 ± 1.4 ) %

Γ17 D0K∗(892)0 ( 4.7 ± 1.4 )× 10−4

Γ18 J/ψ(1S)φ ( 1.09 + 0.28
− 0.23)× 10−3

Γ19 J/ψ(1S)π0 < 1.2 × 10−3 90%

Γ20 J/ψ(1S)η ( 5.1 + 1.3
− 1.0 )× 10−4

Γ21 J/ψ(1S)K0 ( 3.6 ± 0.8 )× 10−5

Γ22 J/ψ(1S)K∗0 ( 9 ± 4 )× 10−5

Γ23 J/ψ(1S)η′ ( 3.7 + 1.0
− 0.9 )× 10−4
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Γ24 J/ψ(1S) f0(980), f0 →
π+π−

( 1.36 + 0.35
− 0.28)× 10−4

Γ25 J/ψ(1S) f0(1370), f0 →
π+π−

( 3.4 ± 1.4 )× 10−5

Γ26 ψ(2S)φ ( 5.7 + 1.8
− 1.6 )× 10−4

Γ27 π+π− < 1.2 × 10−6 90%

Γ28 π0π0 < 2.1 × 10−4 90%

Γ29 ηπ0 < 1.0 × 10−3 90%

Γ30 ηη < 1.5 × 10−3 90%

Γ31 ρ0ρ0 < 3.20 × 10−4 90%

Γ32 φρ0 < 6.17 × 10−4 90%

Γ33 φφ ( 1.9 + 0.6
− 0.5 )× 10−5

Γ34 π+K− ( 5.3 ± 1.0 )× 10−6

Γ35 K+K− ( 2.64 ± 0.28)× 10−5

Γ36 K0K0 < 6.6 × 10−5 90%

Γ37 K∗(892)0ρ0 < 7.67 × 10−4 90%

Γ38 K∗(892)0K∗(892)0 ( 2.8 ± 0.7 )× 10−5

Γ39 φK∗(892)0 < 1.013 × 10−3 90%

Γ40 pp < 5.9 × 10−5 90%

Γ41 γγ B1 < 8.7 × 10−6 90%

Γ42 φγ ( 5.7 + 2.2
− 1.9 )× 10−5

Lepton Family number (LF ) violating modes orLepton Family number (LF ) violating modes orLepton Family number (LF ) violating modes orLepton Family number (LF ) violating modes or
∆B = 1 weak neutral current (B1) modes∆B = 1 weak neutral current (B1) modes∆B = 1 weak neutral current (B1) modes∆B = 1 weak neutral current (B1) modes

Γ43 µ+µ− B1 < 6.4 × 10−9 90%

Γ44 e+ e− B1 < 2.8 × 10−7 90%

Γ45 e±µ∓ LF [b] < 2.0 × 10−7 90%

Γ46 φ(1020)µ+µ− B1 ( 1.23 + 0.40
− 0.34)× 10−6

Γ47 φν ν B1 < 5.4 × 10−3 90%

[a] Not a pure measurement. See note at head of B0
s Decay Modes.

[b] The value is for the sum of the charge states or particle/antiparticle
states indicated.

CONSTRAINED FIT INFORMATIONCONSTRAINED FIT INFORMATIONCONSTRAINED FIT INFORMATIONCONSTRAINED FIT INFORMATION

An overall fit to 8 branching ratios uses 11 measurements and one

constraint to determine 6 parameters. The overall fit has a χ2 =
1.5 for 6 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients〈
δxiδxj

〉
/(δxi·δxj), in percent, from the fit to the branching fractions, xi ≡

Γi/Γtotal. The fit constrains the xi whose labels appear in this array to sum to
one.
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x9 46

x10 48 22

x18 0 0 0

x24 0 0 0 94

x7 x9 x10 x18

B0
s BRANCHING RATIOSB0
s BRANCHING RATIOSB0
s BRANCHING RATIOSB0
s BRANCHING RATIOS

Γ
(
D−

s anything
)
/Γtotal Γ1/ΓΓ

(
D−

s anything
)
/Γtotal Γ1/ΓΓ

(
D−

s anything
)
/Γtotal Γ1/ΓΓ

(
D−

s anything
)
/Γtotal Γ1/Γ

VALUE EVTS DOCUMENT ID TECN COMMENT

0.93±0.25 OUR AVERAGE0.93±0.25 OUR AVERAGE0.93±0.25 OUR AVERAGE0.93±0.25 OUR AVERAGE

0.91±0.18±0.41 1 DRUTSKOY 07 BELL e+ e− → Υ(4S)

0.81±0.24±0.22 90 2 BUSKULIC 96E ALEP e+ e− → Z

1.56±0.58±0.44 147 3 ACTON 92N OPAL e+ e− → Z

1The extraction of this result takes into account the correlation between the measurements
of B(Υ(5S) → Ds X ) and B(Υ(5S) → D0X ).

2BUSKULIC 96E separate c c and bb sources of D+
s mesons using a lifetime tag, subtract

generic b → W+ → D+
s

events, and obtain B(b → B0
s ) × B(B0

s → D−
s
anything)

= 0.088 ± 0.020 ± 0.020 assuming B(Ds → φπ) = (3.5 ± 0.4)× 10−2 and PDG 1994
values for the relative partial widths to other Ds channels. We evaluate using our current

values B(b → B0
s ) = 0.107 ± 0.014 and B(Ds → φπ) = 0.036 ± 0.009. Our first

error is their experiment’s and our second error is that due to B(b → B0
s ) and B(Ds →

φπ).
3ACTON 92N assume that excess of 147 ± 48 D0

s events over that expected from B0,

B+, and c c is all from B0
s decay. The product branching fraction is measured to be

B(b → B0
s )B(B

0
s → D−

s
anything)×B(D−

s
→ φπ−) = (5.9 ± 1.9 ± 1.1) × 10−3.

We evaluate using our current values B(b → B0
s ) = 0.107 ± 0.014 and B(Ds → φπ)

= 0.036 ± 0.009. Our first error is their experiment’s and our second error is that due

to B(b → B0
s ) and B(Ds → φπ).

Γ
(
ℓνℓX

)
/Γtotal Γ2/ΓΓ

(
ℓνℓX

)
/Γtotal Γ2/ΓΓ

(
ℓνℓX

)
/Γtotal Γ2/ΓΓ

(
ℓνℓX

)
/Γtotal Γ2/Γ

VALUE (units 10−2) DOCUMENT ID TECN COMMENT

9.5+2.5
−2.0

+1.1
−1.9

9.5+2.5
−2.0

+1.1
−1.99.5+2.5

−2.0
+1.1
−1.9

9.5+2.5
−2.0

+1.1
−1.9

1 LEES 12A BABR e+ e−

1The measurement corresponds to a branching fraction where the lepton originates from
bottom decay and is the average between the electron and muon branching fractions.
LEES 12A uses the correlation of the production of φ mesons in association with a lepton

in e+ e− data taken at center-of-mass energies between 10.54 and 11.2 GeV.

Γ
(
D−

s ℓ+νℓ anything
)
/Γtotal Γ3/ΓΓ

(
D−

s ℓ+νℓ anything
)
/Γtotal Γ3/ΓΓ

(
D−

s ℓ+νℓ anything
)
/Γtotal Γ3/ΓΓ

(
D−

s ℓ+νℓ anything
)
/Γtotal Γ3/Γ

The values and averages in this section serve only to show what values result if one
assumes our B(b → B0

s ). They cannot be thought of as measurements since the

underlying product branching fractions were also used to determine B(b → B0
s ) as

described in the note on “Production and Decay of b-Flavored Hadrons.”
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VALUE EVTS DOCUMENT ID TECN COMMENT

0.079±0.024 OUR AVERAGE0.079±0.024 OUR AVERAGE0.079±0.024 OUR AVERAGE0.079±0.024 OUR AVERAGE

0.076±0.012±0.021 134 1 BUSKULIC 95O ALEP e+ e− → Z

0.107±0.043±0.029 2 ABREU 92M DLPH e+ e− → Z

0.103±0.036±0.028 18 3 ACTON 92N OPAL e+ e− → Z

• • • We do not use the following data for averages, fits, limits, etc. • • •
0.13 ±0.04 ±0.04 27 4 BUSKULIC 92E ALEP e+ e− → Z

1BUSKULIC 95O use Ds ℓ correlations. The measured product branching ratio is B(b →
Bs ) × B(Bs → D−

s
ℓ+ νℓ anything) = (0.82 ± 0.09+0.13

−0.14)% assuming B(Ds → φπ)

= (3.5 ± 0.4) × 10−2 and PDG 1994 values for the relative partial widths to the six
other Ds channels used in this analysis. Combined with results from Υ(4S) experiments

this can be used to extract B(b → Bs ) = (11.0 ± 1.2+2.5
−2.6)%. We evaluate using our

current values B(b → B0
s ) = 0.107 ± 0.014 and B(Ds → φπ) = 0.036 ± 0.009. Our

first error is their experiment’s and our second error is that due to B(b → B0
s ) and

B(Ds → φπ).
2ABREU 92M measured muons only and obtained product branching ratio B(Z → bor

b) × B(b → Bs ) × B(Bs → Ds µ
+ νµ anything) × B(Ds → φπ) = (18± 8)×10−5.

We evaluate using our current values B(b → B0
s ) = 0.107 ± 0.014 and B(Ds → φπ)

= 0.036 ± 0.009. Our first error is their experiment’s and our second error is that due

to B(b → B0
s ) and B(Ds → φπ). We use B(Z → bor b) = 2B(Z → bb) =

2×(0.2212 ± 0.0019).
3ACTON 92N is measured using Ds → φπ+ and K∗(892)0K+ events. The product

branching fraction measured is measured to be B(b → B0
s )B(B

0
s → D−

s
ℓ+ νℓ anything)

×B(D−
s

→ φπ−) = (3.9 ± 1.1 ± 0.8)× 10−4. We evaluate using our current values

B(b → B0
s ) = 0.107 ± 0.014 and B(Ds → φπ) = 0.036 ± 0.009. Our first error is

their experiment’s and our second error is that due to B(b → B0
s ) and B(Ds → φπ).

4BUSKULIC 92E is measured using Ds → φπ+ and K∗(892)0K+ events. They use

2.7 ± 0.7% for the φπ+ branching fraction. The average product branching fraction is

measured to be B(b → B0
s )B(B

0
s → D−

s ℓ+νℓ anything) =0.020 ± 0.0055+0.005
−0.006.

We evaluate using our current values B(b → B0
s ) = 0.107 ± 0.014 and B(Ds → φπ)

= 0.036 ± 0.009. Our first error is their experiment’s and our second error is that due

to B(b → B0
s ) and B(Ds → φπ). Superseded by BUSKULIC 95O.

Γ
(
Ds1(2536)

−µ+ νµ, D
−
s1 → D∗−K0

S

)
/Γtotal Γ4/ΓΓ

(
Ds1(2536)

−µ+ νµ, D
−
s1 → D∗−K0

S

)
/Γtotal Γ4/ΓΓ

(
Ds1(2536)

−µ+ νµ, D
−
s1 → D∗−K0

S

)
/Γtotal Γ4/ΓΓ

(
Ds1(2536)

−µ+ νµ, D
−
s1 → D∗−K0

S

)
/Γtotal Γ4/Γ

VALUE (units 10−3) DOCUMENT ID TECN COMMENT

2.5±0.7±0.12.5±0.7±0.12.5±0.7±0.12.5±0.7±0.1 1 ABAZOV 09G D0 pp at 1.96 TeV

1ABAZOV 09G reports [Γ
(
B0
s → Ds1(2536)

−µ+ νµ, D−
s1

→ D∗−K0
S

)
/Γtotal] ×

[B(b → B0
s )] = (2.66 ± 0.52 ± 0.45)× 10−4 which we divide by our best value B(b →

B0
s ) = (10.5 ± 0.6) × 10−2. Our first error is their experiment’s error and our second

error is the systematic error from using our best value.

Γ
(
Ds1(2536)

−X µ+ ν, D−
s1 → D0K+

)
/Γ

(
D−

s ℓ+νℓ anything
)

Γ5/Γ3Γ
(
Ds1(2536)

−X µ+ ν, D−
s1 → D0K+

)
/Γ

(
D−

s ℓ+νℓ anything
)

Γ5/Γ3Γ
(
Ds1(2536)

−X µ+ν, D−
s1 → D0K+

)
/Γ

(
D−

s ℓ+ νℓ anything
)

Γ5/Γ3Γ
(
Ds1(2536)

−X µ+ν, D−
s1 → D0K+

)
/Γ

(
D−

s ℓ+ νℓ anything
)

Γ5/Γ3
VALUE (units 10−2) DOCUMENT ID TECN COMMENT

5.4±1.2±0.55.4±1.2±0.55.4±1.2±0.55.4±1.2±0.5 AAIJ 11A LHCB pp at 7 TeV
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Γ
(
Ds2(2573)

−X µ+ ν, D−
s2 → D0K+

)
/Γ

(
D−

s ℓ+νℓ anything
)

Γ6/Γ3Γ
(
Ds2(2573)

−X µ+ ν, D−
s2 → D0K+

)
/Γ

(
D−

s ℓ+νℓ anything
)

Γ6/Γ3Γ
(
Ds2(2573)

−X µ+ν, D−
s2 → D0K+

)
/Γ

(
D−

s ℓ+ νℓ anything
)

Γ6/Γ3Γ
(
Ds2(2573)

−X µ+ν, D−
s2 → D0K+

)
/Γ

(
D−

s ℓ+ νℓ anything
)

Γ6/Γ3
VALUE (units 10−2) DOCUMENT ID TECN COMMENT

3.3±1.0±0.43.3±1.0±0.43.3±1.0±0.43.3±1.0±0.4 AAIJ 11A LHCB pp at 7 TeV

Γ
(
Ds1(2536)

−X µ+ ν, D−
s1 → D0K+

)
/Γ

(
Ds2(2573)

−X µ+ ν, D−
s2 →

D0K+
)

Γ5/Γ6

Γ
(
Ds1(2536)

−X µ+ ν, D−
s1 → D0K+

)
/Γ

(
Ds2(2573)

−X µ+ ν, D−
s2 →

D0K+
)

Γ5/Γ6

Γ
(
Ds1(2536)

−X µ+ν, D−
s1 → D0K+

)
/Γ

(
Ds2(2573)

−X µ+ ν, D−
s2 →

D0K+
)

Γ5/Γ6

Γ
(
Ds1(2536)

−X µ+ν, D−
s1 → D0K+

)
/Γ

(
Ds2(2573)

−X µ+ ν, D−
s2 →

D0K+
)

Γ5/Γ6
VALUE DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •
0.61±0.14±0.05 1 AAIJ 11A LHCB pp at 7 TeV

1Not independent of other AAIJ 11A measurements.

Γ
(
D−

s π+
)
/Γtotal Γ7/ΓΓ

(
D−

s π+
)
/Γtotal Γ7/ΓΓ

(
D−

s π+
)
/Γtotal Γ7/ΓΓ

(
D−

s π+
)
/Γtotal Γ7/Γ

VALUE (units 10−3) EVTS DOCUMENT ID TECN COMMENT

3.2±0.4 OUR FIT3.2±0.4 OUR FIT3.2±0.4 OUR FIT3.2±0.4 OUR FIT

3.3±0.5 OUR AVERAGE3.3±0.5 OUR AVERAGE3.3±0.5 OUR AVERAGE3.3±0.5 OUR AVERAGE

3.6±0.5±0.5 1 LOUVOT 09 BELL e+ e− → Υ(5S)

3.0±0.7±0.1 2 ABULENCIA 07C CDF pp at 1.96 TeV
• • • We do not use the following data for averages, fits, limits, etc. • • •

6.8±2.2±1.6 DRUTSKOY 07A BELL Repl. by LOUVOT 09

3.5±1.1±0.2 3 ABULENCIA 06J CDF Repl. by ABULENCIA 07C

<130 6 4 AKERS 94J OPAL e+ e− → Z

seen 1 BUSKULIC 93G ALEP e+ e− → Z

1 LOUVOT 09 reports (3.67+0.35
−0.33

+0.65
−0.645) × 10−3 from a measurement of [Γ

(
B0
s →

D−
s
π+

)
/Γtotal] × [B(Υ(10860) → B

(∗)
s

B
(∗)
s

)] assuming B(Υ(10860) → B
(∗)
s

B
(∗)
s

)

= (19.5 ± 2.6)× 10−2, which we rescale to our best value B(Υ(10860) → B
(∗)
s

B
(∗)
s

)

= (19.9 ± 3.0)× 10−2. Our first error is their experiment’s error and our second error
is the systematic error from using our best value.

2ABULENCIA 07C reports [Γ
(
B0
s → D−

s π+
)
/Γtotal] / [B(B0 → D−π+)] = 1.13 ±

0.08 ± 0.23 which we multiply by our best value B(B0 → D−π+) = (2.68 ± 0.13)×
10−3. Our first error is their experiment’s error and our second error is the systematic
error from using our best value.

3ABULENCIA 06J reports [Γ
(
B0
s → D−

s π+
)
/Γtotal] / [B(B0 → D−π+)] = 1.32 ±

0.18 ± 0.38 which we multiply by our best value B(B0 → D−π+) = (2.68 ± 0.13)×
10−3. Our first error is their experiment’s error and our second error is the systematic
error from using our best value.

4AKERS 94J sees ≤ 6 events and measures the limit on the product branching fraction

f (b → B0
s )·B(B

0
s → D−

s
π+) < 1.3% at CL = 90%. We divide by our current value

B(b → B0
s ) = 0.105.

Γ
(
D−

s ρ+
)
/Γtotal Γ8/ΓΓ

(
D−

s ρ+
)
/Γtotal Γ8/ΓΓ

(
D−

s ρ+
)
/Γtotal Γ8/ΓΓ

(
D−

s ρ+
)
/Γtotal Γ8/Γ

VALUE (units 10−3) DOCUMENT ID TECN COMMENT

7.4±1.4±1.07.4±1.4±1.07.4±1.4±1.07.4±1.4±1.0 1 LOUVOT 10 BELL e+ e− → Υ(5S)

1 LOUVOT 10 reports [Γ
(
B0
s → D−

s ρ+
)
/Γtotal] / [B(B0

s → D−
s π+)] = 2.3± 0.4± 0.2

which we multiply by our best value B(B0
s → D−

s
π+) = (3.2 ± 0.4)× 10−3. Our first

error is their experiment’s error and our second error is the systematic error from using
our best value.
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Underlying Event (aka Multiple Interactions, UE/MI)
I Various definitions:

I everything that is not of interest
I multiple parton interactions (MPI) from same bunch
I beam remnants: soft interactions and ISR

I Many models on the market:
I Eikonal approximation of optical theorem
I Adding more than one hard interaction
I Lots of dirty details: what to do about ....???

I Still best reference: PYTHIA manual !!!
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On the shoulders of GEANT

I Full detector simulation: GEANT4, http://geant4.cern.ch

I Basis for fast and successful data analysis by LHC experiments!

I E.g.: electromagnetic shower shapes in H→ γγ

I Versatile tool beyond particle physics (3500 citations)

http://geant4.cern.ch
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I Basis for fast and successful data analysis by LHC experiments!

I E.g.: electromagnetic shower shapes in H→ γγ

I Versatile tool beyond particle physics (3500 citations)

http://geant4.cern.ch
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HERWIG++

I Acronym: Hadron Emission Reactions With Interfering Gluons
I Authors/location: S. Gieseke, P. Marchesini P. Richardson, M. Seymour, B. Webber + postdocs/PhDs;

Durham/Manchester/Karlsruhe

I Current version 2.6.0 http://projects.hepforge.org/herwig

I Reference arXiv:0803.0883
I Prog. language: C++ (new adaptation of older FORTRAN 77 program)

contains parton shower (angular ordered), POWHEG matching

contains hadronization (cluster fragmentation model)

contains multiple interactions/UE (JIMMY)

No arbitrary processes: hardcoded library for SM processes (but: BSM chains)

BSM: MSSM/UED/RS, FeynRules, only as decay chains with spin correlations

No multi-leg matrix elements: cascade set-up, but including spin density
matrices

http://projects.hepforge.org/herwig
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PYTHIA (6 vs. 8)

I Acronym: none (wise and mighty seer from the ancient times)

I Authors/location: T. Sjöstrand, S. Mrenna, P. Skands et al.; Lund/Fermilab/CERN

I Current version: 6.4.26 + 8.1.70 http://projects.hepforge.org/pythia6

and http://home.thep.lu.se/˜torbjorn/pythia.html

I Reference: arXiv:hep-ph/0603175 and arXiv:0710.3820 [hep-ph]
I Prog. Language: FORTRAN 77 (PYTHIA 6) C++ (PYTHIA 8)

parton shower (virt. → p⊥ ordered, dipole shower [v8])

Hadronization (Lund string model)

No arbitrary processes: fixed process library

BSM: in v6 a bit everything, not yet in v8
I Remarks:

I Most (fine???-) tuned tool of the world
I based on the JETSET jet simulator
I no automatized ME/PS matching yet

http://projects.hepforge.org/pythia6
http://home.thep.lu.se/~torbjorn/pythia.html
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SHERPA

I Acronym: Simulation of High-Energy Reactions with PArticles

I Authors/location: F. Krauss, S. Höche, S. Schumann, et al.; Durham/SLAC/Göttingen

I Current version 1.4.1 http://projects.hepforge.org/sherpa

I Prog. language: C++ (1st program in community!)

I Reference arXiv:0811.4622 [hep-ph]

Several parton showers (p⊥ ordered, Catani-Seymour)

Hadronization package (cluster fragmentation)

Multiple Interactions: several independent approaches

Arbitrary processes: a generator generator

BSM: MSSM, UED, RS, FeynRules
I Remarks:

I First program to implement CKKW matching
I Very serious work towards inclusion of NLO MEs

http://projects.hepforge.org/sherpa
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CompHep/CalcHep

I Acronym: COMPutations/CALCulations in High-Energy Physics

I Authors/location: E. Boos, S. Sherstnev, S. Pukhov, A. Belyaev et al.; Moscow/Southampton/Pittsburgh

I Current version 4.5.1/3.3.6 http://comphep.sinp.msu.ru

I Reference arXiv: hep-ph/0403113

I Prog. language: FORTRAN 77

no parton shower

no hadronization

Arbitrary processes: a generator generator

BSM: MSSM, Little Higgs, UED, Moose Models, FeynRules, own Feynman
rules generator (LANHEP)

I Remarks:
I very easy BSM model file syntax
I uses trace technology: limited to 2→ 3 − 4
I has to use FORM to simplify

http://comphep.sinp.msu.ru
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ALPGEN

I Acronym: ALPHA Generator

I Authors/location: M. Mangano, M. Moretti, F. Piccinini, R. Pittau; CERN

I Current version 2.14 http://mlm.home.cern.ch/mlm/alpgen

I Reference arXiv: hep-ph/0206293

I Prog. language: FORTRAN 77 (partially FORTRAN 95)

no parton shower

no hadronization

no arbitrary processes: library of fixed processes

no BSM

I Remarks:
I first to implement MLM ME/PS matching
I Take care: no complete jet processes: not more than 3 quark pairs!
I very fast and efficient ME (plus importance sampling over subprocesses)

http://mlm.home.cern.ch/mlm/alpgen
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MadGraph/MadEvent

I Acronym: MAtrix element and Diagrams for EVENT generation

I Authors/location: T. Stelzer/F. Maltoni/J. Alwall/R. Frederix et al.; Illinois/Louvain/Taiwan

I Current version 5 http://madgraph.hep.uiuc.edu

I Reference arXiv:1106.0522 [hep-ph]

I Prog. language: FORTRAN 77, Python

no parton shower

no hadronization

Arbitrary processes: a generator generator (Madgraph)

BSM: MSSM, 2HDM, FeynRules
I Remarks:

I no longer based on the HELAS library
I Webinterface for easy usage
I ME/PS matching implemented
I MadDipole/MadLoop etc. aiming at inclusion of NLO calculations
I Many tools/interfaces for e.g. analyses

http://madgraph.hep.uiuc.edu
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Helac/PHEGAS

I Acronym: PHasE space GenerAtor for Simulations

I Authors/location: C. Papadopoulos, M. Worek, A. Cafarella; Athens/Wuppertal

I Current version 1.2.2 http://helac-phegas.web.cern.ch/helac-phegas

I Prog. language: FORTRAN 95

I Reference arXiv:0710.2427 [hep-ph]

no parton shower

no hadronization

Arbitrary processes: a generator generator (HELAC)

No BSM
I Remarks:

I Contains very fast and efficient matrix elements (in a numerical form)
I MLM matching scheme implemented
I MC over helicities and colors

http://helac-phegas.web.cern.ch/helac-phegas
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WHIZARD

I Acronym: W, HIggs, Z, And Respective Decays (deprecated)

I Authors/location: W. Kilian, T. Ohl, JRR + PhDs; DESY/Freiburg/Siegen/Würzburg

I Current version: 2.1.1 http://projects.hepforge.org/whizard and
http://whizard.event-generator.org

I Reference arXiv: 0708.4233 [hep-ph]

I Languages: OCaml and FORTRAN 2003

parton shower (p⊥ ordered) and analytic

no hadronization

underlying event: preliminary version in v2.1.1

Arbitrary processes: a generator generator (O’Mega)

BSM: (N)MSSM, UED, Little Higgs, Moose Models
I 2.0 features: ME/PS matching, cascades, new versatile user interface and

syntax, WHIZARD as a shared library

http://projects.hepforge.org/whizard
http://whizard.event-generator.org
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Dedicated NLO Tools
I A lot of tools on the market: just a sketchy overview here

I MCFM (Monte Carlo for FeMtobarn processes)
I K. Ellis, J. Campbell, C. Williams (Fermilab/Glasgow), http://mcfm.fnal.gov,
FORTRAN 77 v6.3 (several sub-publications)

I parton-level NLO tool for W, Z, H and jets at hadron colliders (can be linked to
hadronic tools)

I important: contains spin correlations for decays

I MC@NLO
I S. Frixione, F. Stoeckli, B. Webber, C. White (Cambridge/Glasgow),
http://www.hep.phy.cam.ac.uk/theory/webber/MCatNLO, v4.09, FORTRAN 77
arXiv: hep-ph/0204244

I needs HERWIG for parton shower
I contains a working prescription for matching NLO calculations and parton showers

(”MC@NLO scheme”)
I does not contain decays of particles/spin correlations only partially

I VBFNLO (parton-level NLO MC for vector boson fusion)
I D. Zeppenfeld + 16 people (Karlsruhe et al.),
http://www-itp.particle.uni-karlsruhe.de/˜vbfnloweb, v2.6.1, FORTRAN 77
arXiv:1207.4975 [hep-ph]

I based on the HELAS library
I includes strong NLO/EW corrections, all decays with full spin correlations

I many, many more!!! (HAWK, FEWZ, GRACE, GR@PPA, etc. etc.)

http://mcfm.fnal.gov
http://www.hep.phy.cam.ac.uk/theory/webber/MCatNLO
http://www-itp.particle.uni-karlsruhe.de/~vbfnloweb
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Automat(izat)ion of NLO
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Automat(izat)ion of NLO

• Attempts to automatize NLO (QCD) corrections

• Agreement to talk between MC and NLO: BLHA, Binoth et al., 1001.1307

• Implementations rely on subtraction formalism: Catani/Seymour, hep-ph/9605323

I Sherpa implementation Gleisberg/Krauss, 0709.2881
I Helac implementation Czakon/Papadopoulos/Worek, 0905.0883
I AutoDipole Hasegawa/Moch/Uwer, 0911.4371
I MadDipole Frederix/Gehrmann/Greiner, 1004.2905
I WHIZARD implementation Speckner, only QED yet

I More schemes: FKS, antenna subtraction and implementation

• NLO matrix elements from specialized packages:
combinations: Sherpa/BlackHat, aMC@NLO, MadGolem, more ...

• No real automation yet:

But incredible progress (joint effort of many people)
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Success of Monte Carlo description

Sherpa+BlackHat
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I Jet pT ATLAS, Central transverse thrust CMS Höche/Schönherr, 1208.2815
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Success of Monte Carlo description 1201.1276,1206.5696,1209.3553,CMS-PAS-EWK-11-021
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Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



31/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Summary

• Thrilling first years of LHC !!!

• LHC demands for full analyses with spin corr., bkgd., hadronic environment

There is no perfect Monte Carlo for LHC!

There probably never will be!?

We do profit from the embarassment of riches!

• Overall: miraculous agreement between SM (MC) prediction and data

• A lot of progress in the past years from the theory community!
I Parton showers, Matching
I Underlying Event, Tuning
I Automat(izat)ion, NLO development
I BSM: implementations and validations

I Looking forward to Run II (hopefully some disagreement!)

• MC Advertisement:
I MC Methods in Natural Sciences, Engineering, Economics, DESY, 15.-17.2.2013
I MC4BSM 2013, DESY, 17.-19.4.2013



32/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Monte Carlos: Battle of legs vs. loops



32/32 J. Reuter LHC Event Generators DESY Theory Workshop, DESY, 28.9.2012

Monte Carlos: Battle of legs vs. loops


	The need for Event Generators
	Matrix Element Generation
	Phase Space Integration
	Parton Showers
	Matching/Merging and all that ... 
	Hadronization
	Underlying Event
	Overview over MC Generators
	The Tool!
	"Old and new workhorses"
	Versatile Parton-Level Tools

	NLO Tools
	Summary

