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&3 The COMPASS Expenment m
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Searching for Gluonic Contributions to the Meson Spectrum

@ COmmon Muon and Proton Apparatus
for Structure and Spectroscopy

@ Located at CERN's SPS

@ M2-beamline: high intensity 7 /p beam
up to 280GeV/c
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&3 The COMPASS Expenment m

Technische Universitat Miinchen

Searching for Gluonic Contributions to the Meson Spectrum

@ COmmon Muon and Proton Apparatus
for Structure and Spectroscopy

@ Located at CERN's SPS

@ M2-beamline: high intensity 7 /p beam
up to 280GeV/c

@ Light Meson Spectroscopy

@ Diffractive Reactions
— Spin Exotic Mesons

@ Central Production — Glueballs
@ Low Q?: Pion/Kaon Polarizabilities
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A riment  Diffractive Pion Dissociation Ampl;

&3 Diffractive Pion Dissociation

Example: 3 Pion Final State

COMPASS 2004
nPb = Tt Pb

=
Number of Events

2 1 1 1 1 1 1 1 1 1
10°% 70,01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Momentum Transfer t* (GeVQ/cz)
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(3 Diffractive Pion Dissociation m
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Example: 3 Pion Final State

T
" < x10°
3sf
X S 3,(1320) | | ] event distribution
TI' E 3? +  background wave
| 3 250 a(1260
5 o
! g * 1(1670)
R T 15-
' ]
o5t
r ) e .
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Mass of Tirent System (GeV/c)
A A
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& lefractlve Pion Dissociation

Technische Universitat Miinchen

Example: 3 Pion Final State

w
U‘\‘

8(1320) | | "] event distribution

+  background wave

255 a1200)

3
Events/ (5 MeV/c?)
w
T

2 ,(1670)

% 05 T 15 2 25 3
Mass of TETiTt System (GeV/cd)
A A

X: decay amplitude in reflectivity base

Implement parity conservation:

Wi = (M) [Yun(7) = eP(=1)"" iy ()]

e=+1 Me[0.J] c¢(M>0)= c(M =0) =

i
V2

v
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& PWA Formalism Overview T

Technische Universitat Miinchen

2Stage Isobar-Model Fit

STEP 1: Mass-Independent PWA

@ Fit angular distributions + isobar systems
in independent mass bins

ZZZ ;Yo (r,m)

e=t+1r=1| «

@ Production amplitude
@ Decay amplitude
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& PWA Formalism Overview T

Technische Universitat Miinchen

2Stage Isobar-Model Fit

STEP 1: Mass-Independent PWA

@ Fit angular distributions + isobar systems
in independent mass bins

-y S| mEmem

\y
@ Production amplitude

@ Decay amplitude

STEP 2: Mass-Dependent 2 fit — Extract Resonance Parameters
@ Parameterization of spin-density matrix elements -, T T (my)
@ Takes into account interference terms
@ Coherent background for some waves
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&2 Decay Parameterization: The Isobar Model _TUTI

Techmsche Universitat Minchen

Chain of successive 2-body decays

7~ (beam) -(bachelor) Example angular distributions:
_ X(2) > £(1275)n £,(1275) > nn

T

€= +: natural

parity exchange .
€= —: unnatural
parity exchange

-05
target recoil ¢ cos 0

@ For fixed n-body mass m there are 3n — 4 parameters
(angles, intermediate state masses)

@ Parameterization of isobar subsystems
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&3 Decay Parameterlzatlon The Isobar Mode

Techmsche Universitat Minchen

Chain of successive 2-body decays

7 ~(beam)

€= +: natural
parity exchange

-(bachelor) Example angular distributions:
_ X(2)-> £,275)n £,(1275) > nn

T

Tt

€= —: unnatural
parity exchange

™o
. 2 —05 2
target recoil ¢ o1 cos @ ¢ 5

Known shortcomings

@ For fixed n-body mass mthere ar @ Unitarity violation
(angles, intermediate state mass¢ ¢ Rescattering effects

@ Input from theory needed (see
e. g. talk by B. Kubis)

A
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@Mass Independent Amplitude Fit T

Technische Universitat Miinchen

Intensity distribution parameterization

Intensity distribution Z as a function of decay-kinematic variables 7:
2

= 2| > [Ta ¥

e=+1 aeM

@ Finite wavesetMJ

@ Production amplitude
@ Decay amplitude
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&2 Mass Independent AmplitUde Fit

Intensity distribution parameterization

Intensity distribution Z as a function of decay-kinematic variables 7:
2

I(r)=Y_> | > T& 95(7)

e=+1 aeM

® Finite wavesetM\/

@ Production amplitude
@ Decay amplitude

The likelihood £ to observe (a specific set of) N events in a bin with finite
acceptance 7)(7) (assuming a model M, parameters T;) is:

NN N N A Ti )N\ Ti f Tj .
P(Data| Tyy, M) = L = [N!eN} H /I(( T))’Tf(T)) ;p()T) with dp(r) = f(r)dr

—_—

=N
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Definition of LogLikelihood Function

Technische Universitat Miinchen
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&2 Mass Independent AmplitUde Fit

Definition of LogLikelihood Function

N

NoT(m) 1 N
H N n(mi)f(ri) = mHI(Ti)'HU(Ti)f(Ti)'e

A
[:: |:l\l|e

Taking the logarithm leads to and inserting for N
N N

InC=—NInN + Z n(m) (i) + Z InZ(7;) — ./lI(T)’r/(T)dp(T)

Sebastian Neubert — Meson Spectroscopy at COMPASS 8/22



The COMPASS Experiment Diffractive Pion Dissociation Amplitude sis Formalism  PWA Model Selection Mass Dependent Fit ROOTPWA Anal

& Mass Independent Amplitude Fit

Definition of LogLikelihood Function

AN
L= {e’\’

T I(n) x
e | 1= ) :N.HM Tt - e

i i

Taking the logarithm leads to and inserting for N
N N .
INL=-NINN+> nr)f(n)+ ) InZ(n) - / Z(r)n(r)dp(T)

drop (=NInN + Zf\’ n(7;)f(7;)) and insert intensity parameterization

L\(,ut

* T
|nzlen DD TaTsdalm)dsm) | = > > ToT5 AL

&r o,BEM e,r a,BeM
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& Mass Independent Amplitude Fit

Definition of LogLikelihood Function

AN
L= {e’\’

T I(n) x
e =g i) :N.HM Tt - e

i i

Taking the logarithm leads to and inserting for N
N N .
INL=-NINN+> nr)f(n)+ ) InZ(n) - / Z(r)n(r)dp(T)

drop (=NInN + Zf\’ n(r;)f(7;)) and insert intensity parameterization

L\(,ut

Te c* Te
Ing = Zln Yo T TEOa(m)ds(m) | — Y > To i AL,

&r a,BeM e,r a,peM

With acceptance-corrected phase space integral

A, = / T ()85 () () dr
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Which waves to include into the waveset?
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Which waves to include into the waveset?

Avoid overfitting
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Which waves to include into the waveset?
Avoid overfitting

— Data driven method

Sebastian Neubert — Meson Spectroscopy at COMPASS 9/22



MPASS Experiment Diffractive Pion Dissociation Amplitude Analysis Formalism PWA Model Selection Mass Dependent Fit ROOTPWA Anal

&2 How to Measure the Goodness of a Mode| _ THTI

Marginal Likelihood Definition

iniversitat Minchen

Bayes’ Theorem (for the Model Probability after Observation)

.\ P(Data|My)P(My)
P(Mk‘Ddtd) = Zk’ P(Data‘Mk/)P(Mk’)

with model-priors P(Mj) Yo P(M) =1
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@ How to Mea ther Goodness of a Model T”“

Marginal Likelihood Definition

Bayes’ Theorem (for the Model Probability after Observation)
P(Data| M) P(Mx)

>k P(Data| My ) P(My:)

with model-priors P(Mj) Yo P(Mp) =1

P(My|Data) =

4

Marginal Likelihood or

P(Data|My) = / P(Data| TX, Mx) P(T*|My) dT*
N — N ——

/£ Prior

P(T*|Mx) contains any pre-knowledge on the model-parameters T
@ Marginalization (= [ dT) is not trivial in high-dimensional spaces
@ Numerically stable is only the LogLikelihood
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@Thé Occam Factor ApprOX|mat|on m
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David J. C. MacKay, 2003 “Information Theory, Inference and Learning Algorithms”

P(Data|My) = / P(Data| T*, Mk) P(T*| M) dT*

L Prior
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& The Occam Factor Approximation m

Technische Universitat Miinchen

David J. C. MacKay, 2003 “Information Theory, Inference and Learning Algorithms”

P(Data|My) = / P(Data| T*, Mk) P(T*| M) dT*
L Prior
Approximate with Laplace’s method:

P(Data|My) ~ P(Data| T{i;,, Mi) - P(T¥IMk) - v/ (27)9|Crpata

Occam factor
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David J. C. MacKay, 2003 “Information Theory, Inference and Learning Algorithms”

P(Data|My) = / P(Data| T*, Mk) P(T*| M) dT*
L Prior
Approximate with Laplace’s method:

P(Data|My) ~ P(Data| T{i;,, Mi) - P(T¥IMk) - v/ (27)9|Crpata

Occam factor

@ P(Data| T , Mk) LogLikelihood at maximum likelihood solution Ty,
® [C7pata| determinant of covariance matrix
@ Dimension of parameter space: d
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& The Occam Factor Approximation m

Technische Universitat Miinchen

David J. C. MacKay, 2003 “Information Theory, Inference and Learning Algorithms”

P(Data|My) = / P(Data| T*, Mk) P(T*| M) dT*
L Prior
Approximate with Laplace’s method:

P(Data|My) ~ P(Data| T{i;,, Mi) - P(T¥IMk) - v/ (27)9|Crpata

Occam factor

@ P(Data| T , Mk) LogLikelihood at maximum likelihood solution Ty,
® [C7pata| determinant of covariance matrix
@ Dimension of parameter space: d

Logarithmic evidence:

In P(Data| M) ~ In P(Data| Ty , Mi) + In P(TX|Mk) + In \/(27)9|C |
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& Final Definition

Log-Evidence

In P(Data|Mx) ~ In L+ In\/(27)9|Cripacal — INVE+D " InS;
ieM

where VX is the (prior) volume of parameter space

@ Models (=wavesets) compared through the Bayes-Factor
_ P(Data|lMy)
2™ P(Data|M)
@ Interpretation according to Kass&Raftery:
2In Bz Bz Evidence
Oto2 1103 Not worth mentioning
2t0 6 31020 Positive

6to10 20to 150 Stong
> 10 > 150 Very strong

Kass, Raftery, Bayes Factors, J. Am. Stat. Assoc. 90 (1995) 773
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&2 Automatic Waveset Exploration m
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Genetic Algorithm
available
WaveSet Input ———p 4—— partial ——| Wave Pool
|
exchange,
subtract,

add waves

Mutant Mutant Mutant Mutant
WaveSet WaveSet WaveSet WaveSet

FIT\ FI'{ 7T /FIT
@?@@ |
Best Fit ———MM8M8 <4— supervision
Strategies:

@ Start with population of small (2-15 waves) wavesets (adding waves)
@ Start with diverse population (10 - 80 waves)
@ Start with population of large wavesets (not done yet)
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&2 Automatic Waveset Exploration m
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Genetic Algorithm — 50 generations, population size 50

=
=)
®

1835

1830

Evidence

1825
1820
1815
1810

1805
1800
1795

IR AR RN RN R AR A RA RN RA RN RRARR

S L e e L L L
50 60 70 80
Number of Waves

1790

o

Number of waves optimizes at around 35
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&2 Automatic Waveset Exploration m

Technische Universitat Miinchen

Genetic Algorithm — 50 generations, population size 50

X

=

=)
.

1834

Large Initial Spread
+ BottomUp

_Evidence

833.5

1833

1832.5

1832

1831.5

Number of waves

@ Diverse initial population run — better results
@ Typical log-Evidence differences: 30-100
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&2 Example: Top 20 Fits from Genetic Search  THTI

Techmsche Universitat Minchen
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SS Experiment  Diffractive Pion Dissociation = Amplitu ysis Formalism PWA M

@ Example Mass Dependent Fit
TET = pj(m <ZC BWy(m) /@62d7> <Z <BW,(m ,// 1/);2d7>
(1)
with Breit-Wigner amplitude:
Mol
BWic(m, Mo, To) = Ll (2)

m? — Mg + il'm,(m)Mo

and dynamic width:
C ot (M Z rn pn(m / vf[Pdg Z“/n L)
n

and background terms:

bkg(m) = e~ g — Breakup momentum (4)
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&3 Fit Results Overview - Spin Density Matrix___THTI

7 waves, 8 resonances

a
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@ ROOTPWA: Open Source AnaIyS|s Toolkjt _THTI

Technische Universitat Miinchen

http://sourceforge.net/projects/rootpwa

@ Based on BNL code “pwa2000”
@ Largely rewritten
@ Workflow for mass-dependent fit:

ps-mc
’\ 4-vectors
Phase Space 45’3;2:;5
Eventgenerator
all events ———p,

Amplitude
Calculator

(GAMP)

ke files/v \data_> TPWALikelihood |
/ Y amps F tE
Amplitude

data
4-vectors
final state
particles

specifications
(keygen)

Sebastian Neuber Meson Spectroscopy at COMPASS

accepted ps-mc Integrator
events - — »
l amps (INT)

ps-mc
integrals
all \
T
Observables
calculator

Spin density
matrix
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@ ROOTPWA: Open Source Analysis Toolkit THTI

Technische Universitat Miinchen

http://sourceforge.net/projects/rootpwa

Main Features:
@ Amplitude calculator for diffractive production (Helicity Form. )
@ General Amplitude Framework upcoming (B. Grube)
@ MC generators (diffraction)

@ Numerical tools

o MC integrator
e Fitters
@ Genetic Optimization

Resonance parameterizations (under development)
Visualization & Plotting tools (ROOT-based)
CUDA support
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(5 ROOTPWA: Open Source Analysis Toolkit T

Technische Universitat Miinchen

http://sourceforge.net/projects/rootpwa

Main Features:

Amplitude calculator for diffractive production (Helicity Form. )
@ General Amplitude Framework upcoming (B. Grube)

@ MC generators (diffraction)
°

Numerical tools

o MC integrator
e Fitters
@ Genetic Optimization

Resonance parameterizations (under developmen
Visualization & Plotting tools (ROOT-based)
CUDA support
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& ROOTPWA Graphical User Interface T

Technische Universitat Miinchen

Developed by P. Jasinski

s CICe - rootpwalsreliootcripHIpIotGuLC - Ecipse RO

Ele Edt Sowce Refactor Navgate S

Ele Bt Source Refactor Havigate Segiy nepeciREsGIE] BEEL ([0 reoewamanwindow OO

v @ | @ e @ 6ff selectiis . | KppiPWAanayss —————— | »
valisle i rssus it seleced . resuts Losa | Moy | New| save | save ss

. Nagator 53 -o [Wed_Dec_15_17_15_53.2010_ =1 [Wed_ec_75._17_75_53-070. |

B s | T
s 5 e
5 losdFtResut ¢ 502

draw all wave's spin totals | "

Select partil waves
adFiResut o available partal waves selected anchor wave |

o €3 [i-+e00 = [i-Te0r

s ploté_C IR e

mj plotd_C.so draw selected waves

4 plot4.C 502
[ plotAllintensities_C.d it et i i
[ T

tAllntnsitis_C 5 g0 £
& oo csor | ||€E 4 H i
(8 pltaintensites n 555 oo # Eni .
@ plotallintensities o 12000 400 |
5 plotCoherence_C.d 1000 { 5 LRI ErpIidEs B
latconerence_C so s o - w
{8 plotConerence C 502 sook

50 ' iEgrale P A e ides)
[ T

I8 plotConerence.n 554 3 o0
) plotCoherence.o > Rl
o 0, 50
[3 plotgenetics.C 3 ", specily amplitudes for it
¢ b o

File Edit View Terminal Tabs Help it partal waves G(E
I

>>> plotCoherence(): info: plottin 015
using selection criterion *(maf 0) § st =
runming TTree::Draw() expressi| 2 assE show results it

Mon_Dec_20_09_53_43_2010_", oot 4 =  w

scanning fit result wed_bec_15_17|[ £ 4 b

>>> plotintensity(): info: plottin|s000F 1 k rion predict |

&6 (massBinCenter() <= 2090)' W = =%
running TTree::Draw() expressi([®000F o | ince 0

K-.amp_0' on tree 'Wed Dec_1517_1if o . e
maximum intensity for graph 1- f Update Bt Ac)

> plotPhase(): info: plotting phil oged
using salection critarion -
aw() expressi

—l)
o) &8 (massBincenter() <= 29901 T|E

L LR LL nter() >> hg_5_0' on tree 'Wed_D| Ev v =0

info: plottin riterion ' (massBinCenter() >= 10| |-

PN ITI 18 £
10) & (massBinCenter () <= 2990)6& TR T T A
running TTree::Draw() expressi jinCenter () >> hl-1++0+Kstar8920_|
OL_pi-.amp_0' on tree ‘Wed Dec_15_
maxinun intensity for graph -5 o
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@Summary and Conclusmn m

Technische Universitat Miinchen

@ ROOTPWA is one of 2 PWA programs used at COMPASS
@ 2 step analysis:

@ Fit angular correlations with Isobar Model decay
@ Parameterize dynamics — resonance extraction

@ Genetic search for waveset exploration
@ Open source toolkit http://sourceforge.net/projects/rootpwa
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& Summary and Conclusion m

Technische Universitat Miinchen

Summary
@ ROOTPWA is one of 2 PWA programs used at COMPASS

@ 2 step analysis:
@ Fit angular correlations with Isobar Model decay
@ Parameterize dynamics — resonance extraction

@ Genetic search for waveset exploration
@ Open source toolkit http://sourceforge.net/projects/rootpwa

Outlook

@ Improvements in amplitude parameterizations

| A

@ Study of non-resonant contributions (Deck effect)
@ Theory input needed (Rescattering etc.)
@ Status of Analyses and Results — Talk by B. Ketzer tomorrow
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