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Φ

?

Preliminary data from CLAS6-g12

Future of Spectroscopy Analysis will be on 
the study of resonances that are hidden?
★ overlapping
★ wide
★ many-particles final states
★ having small cross-sections
★ with large non-resonant backgrounds
★ ...

In this environment we will need to find 
• the poles on the S-Matrix (complex amplitudes) and
• detailed study of interference between states (wave motion)
to determine new short-lived states.

•Wave ambiguities
•Leakages
•Baryon contamination (JLab)

Furthermore

• LARGE DATA STATISTICS
• LARGE AMOUNT OF SIMULATION (MC)
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Our philosophy

• Types of analysis
OPTIMIZATION (Parameter Estimation - Fitting)
SIMULATION (Monte Carlo)

• Basic TOOLS/MODULAR to be use in the analysis 
• Flexible (EASY to CHANGE)
• Very WELL DOCUMENTED
• Interact with multiple programing languages
• Interact with other packages
• Easy integration to ANY amplitude model written in ANY language
• Integrated use of the JLab Scientific Computing Resources
• Parallelization & Vectorization
• Own graphical package and interface with PyROOT (CERN)

PyPWA

Provide the user with a software framework to analyze 
resonances from multi-particle final states in photo-
production. 
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Implementation: PYTHON basic numpy and scipy libraries

• Hybrid programming, where languages are used as they are adequate for the 
specific task and then interfaced. For example, Python being a high-level 
programming language makes a better scripting language to “glue” several 
programming modules, and Fortran and C are more basic languages with 
much faster number-crunching looping.

• Vectorization works by exploiting the combined add-multiply unit 
of the Intel Xeon Phi and/or GPUs

PyPWA

• GUI driven use of JLab resources (i.e,Farms).

• Include full documentation at code level  (and also tutorials examples...) 

• Many options for optimization (i.e. minimization algorithms) and plotting tools

• Many options for data formats (in and out) - auto-defined txt files /or 4-vectors...

Friday, September 18, 2015
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The PyPWA framework and toolkit is divided in 

GENERAL-SHELL

● Fitting and Simulation
● Can use any model
● Interface is through a user defined
Python script taken from a template.
● Integrated batch farm interface
● ISOBAR plotting can be used the
ISOBAR file structure is mimicked by
the user.
● Simulation produces “masks”.

ISOBAR

● Fitting and Simulation
● Exclusively uses the isobar amplitude
model and photo-production (linear pol)
● Easy install and mass binning
● Takes advantage of the GAMP1 event
format and the GAMP amplitude
generator utilizing “keyfiles” physics
descriptions
● Interface is with GUIs
● Interacts directly and exclusively with
the Jlab batch farm
● Integrated plotting through Python

software structure

1 Cummings and Weygand (2000) -used by E852-COMPASS-CLAS
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● Parametric fitting of data using
any physics model
● Simulating data from phase
space Monte Carlo using
Rejection Sampling MC

● Python is a high level language 
which eases the writing of 
intensities.
● Access to all Python and 
PYROOT libraries (and own)
● Integration with lower level 
languages is easy(F2PY, 
CYTHON)
● Optional use of “Q factor” for 
signal quality
● GS has a convenient interface 
with Minuit or other o[tomization.

General-shell
● Meson Spectroscopy and
Partial Wave Analysis using the
Isobar model
● Simulating data from phase
space Monte Carlo using
Rejection Sampling
● Analysis of data using mass
plotting tools

● Integrated Isobar model
● Ease and Speed of use for 
Jlab users
● Integration directly to the 
batch farm
● Optional use of “Q factor” 
for signal quality

Isobar (PWA)
software structure
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General Shell

The General shell side of PyPWA is focused on openness and generality.

The General Shell uses code inputs from the user, but can fit any model to
the data by a userʼs choice of:

Un-binned standard Likelihood method.
Un-binned Extended Likelihood method.
Binned Likelihood method.
Least-squares

Minimization Default: Minuit
many others are easily available from scipy.optimize

for example

software structure
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Carlos Salgado            Hadron 2015        September, 2015 8

2 Extended Likelihood Fit

The fit of the model to the data plays a central role in our analysis. There are

several ways to obtain the best parametric fit to a set of data, and several ways

to evaluate their performance (goodness of the fit - see section 7). We will use the

extended likelihood method [30, 28]. We have measured N events, each given a set

of measurements represented by a vector:
−→x i . The vector

−→x i represents the set of

variables necessary to define the particular configuration of the ith event, and is of

dimension n, while i spans the set of events, i.e. i = 1, ..., N .

Our goal will be to find a mathematical parametrization (model) that explains

these observations, i.e, that is able to explain (or predict) the number of observed

events for each bin. In general a model to be described by m parameters,

{a1, a2, · · · , am} =
−→a . We want to adjust the parameters in our model until we can

best reproduce the observed data (fit). The probability of obtaining an event with

the set
−→x i in our model we call p(−→x i,

−→a ).

The standard likelihood of obtaining this arrangement for N measurements is:

L =

N�

i=1

p(−→x i,
−→a ) (1)

with the normalization:

�

Ω
p(−→x ,−→a )dn−→x = 1 (2)

where Ω represents the full phase-space.

The relaxation of this last requirement is what is called the ”extended likelihood”.

We replace p(−→x i,
−→a ) by a new function P(−→x i,

−→p ) such that:

P(−→x i,
−→a ) = N p(−→x i,

−→a ) (3)

therefore:

�

Ω
P(−→x ,−→a )dn−→x = N (4)

The normalization N represents, then, the expected number of events to be ob-
served in the full phase-space.

We define a new extended likelihood that will also include the probability of

observing N events in the full phase-space of that bin.

L = Prob(N)

N�

i=1

p(−→x i,
−→a ) (5)

Assuming a Poisson distribution for the probability of observing N events, with

an expected value of N :

Prob(N) =
N N

N !
e−N

(6)

the extended likelihood is then:
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L =
�

N N

N ! e
−N

� N�

i=1

p(−→x i,
−→a ) (7)

or

L =
�

N N

N ! e
−N

� N�

i=1

P(−→x i,
−→a )

N
(8)

Therefore

L =
�

1
N !e

−N
� N�

i=1

P(−→x i,
−→a ) (9)

Taking the log of both sides:

lnL = −ln
�
N !

�
− N +

N�

i=1

ln
�
P(−→x i,

−→a )
�

(10)

Then, substituting equation 4 and removing the constant term:

lnL ∝ −
�

Ω
P(−→x ,−→a )dn−→x +

N�

i=1

ln
�
P(−→x i,

−→a )
�

(11)

We will find the best parameters −→a for our model, maximizing the extended
likelihood or equivalently minimizing the function −lnL .

−lnL ∝
N�

i=1

ln
�
P(−→x i,

−→a )
�
−
�

Ω
P(−→x ,−→a )dn−→x (12)

or

−lnL ∝
N�

i=1

ln
�
P(−→x i,

−→a )
�
− N (13)

We will describe in section 6 details of how we will calculate and solve this
minimization problem.

The errors in the parameters are given by the square root of the variances. Let’s
call a∗i the fitted parameters, i.e. the values that make the function (13) a minimum
and find an expression for the errors [28, 20]. The variances are:

σ2
ij = E[(ai − a∗i )(aj − a∗j )] (14)

where we also consider the correlated errors. Let’s call w(ai) ≡ lnL , and make
a Taylor expansion around the minimum:

w(ai) = w(a∗i ) +
n�

i

�� ∂w
∂ai

��
a∗
i

− 1

2

n�

ai

n�

aj

Hijβaiβaj · · · (15)

where βai ≡ (ai − a∗i ) and:
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According to this, in the reaction γN → XN �, will have two independent vari-
ables. We will take two of the Mandelstam variables, s and t[1], The differential
cross section is given then, using Fermi’s golden rule, by:

dσ

dtds
=

�

ext. spins

�
|M |2dρ(τ) (27)

or since s ∝ M2:

dσ

dtdM2
=

�

ext. spins

�
|M |2dρ(τ) (28)

where s, t are the standard Mandelstam variables, M is the mass of X, the final
mesonic system (resonance), M is the Lorentz-invariant transition amplitude, and
dρ(τ) is the Lorentz invariant phase-space element (”LIPS”). The spin’s incoming
and outgoing degrees of freedom are included in the sum over spins and in the LIPS
and M include the internal (transition) degrees of freedom. We can write:

dρ(τ) ∝ pcmdτ (29)

where pcm is the center-of-mass momentum, a constant in the reaction (see Ap-
pendix A). Therefore:

dσ

dtdM2
∝

�

ext. spins

|M |2∆τ (30)

and

dσ

dtdM2dτ
∝

�

ext. spins

|M |2 ≡ I(τ) (31)

I(τ) is called the ”intensity” and represents the probability for having particles
scattered into the angular distribution specified by τ in the ∆M∆t kinematical
range. This value will be then associated with the probability used in the extended
likelihood function discussed in section 2. I(τ) is the fundamental observed quantity.
The complex amplitude M is calculated using the standard Feynman’s rules [14, 17].

Therefore

I(τ) ≡
�

ext. spins

|M |2 =
�

ext. spins

(MM ∗) (32)

M is a representation of the scattering operator or the transition operator, �T
given by:

M = �f | �T |i� (33)

and then:

I(τ) ≡
�

ext. spins

|M |2 =
�

.ext. spins

�f | �T |i�(�f | �T |i�)∗ (34)

but

10

�f | �T |i�(�f | �T |i�)∗ = �f | �T |i��i| �T †|f�) (35)

We will take the operator |i��i| corresponding to the initial state and define the
initial density matrix operator, �ρi:

�ρi ≡ |i��i| (36)

Suppose that we prepare the polarization of the incoming photons and target
or measure their states of polarization. The average over their polarization will be
completely described by this spin density matrix. The structure of the spin density
matrix will be described in detail in section 4.

Then we have

I(τ) =
�

ext. spins

�f | �T �ρi �T †|f� (37)

Keeping in mind the reaction represented in figure 2, we will assume that the
transition operator can be factorized into two parts: the production and the decay
operators such that:

I(τ) ∝
�

k

�f | �Tdecay
�Tproduction �ρi �T †

production
�T †
decay|f� (38)

Now we can take a complete orthogonal set of states, |X�, such that
�

X |X��X| =
1, and include them in the previous relation such that:

I(τ) ∝
�

ext. spins

�f | �Td

�

X

|X��X| �Tp �ρi �T †
p

�

X�

|X ���X �|T †
d |f� (39)

I(τ) ∝
�

ext. spins

�

X,X�

�f | �Td|X��X| �Tp �ρi �T †
p |X ���X �| �T †

d |f� (40)

The set of states , |X�, are called partial waves, and gives the name of partial wave
analysis (PWA) to the method presented in this article. Each of these states can be
described by a set of quantum numbers that we will collectively call {b}. This set
spans all the possible intermediate states, therefore, the experimental goal of finding
the quantum numbers associated with the resonance is translated to measuring the
partial wave amplitudes. We will call:

�f | �Td|X� = Ab(τ) (41)

the decay amplitude for a given wave, b, which may be calculated exclusively
from the τ parameters as it is going to be shown in section 3.1. We have assumed
here that the resonance X decays to spinless mesons.

The production amplitude contains the hadronic QCD-based interaction that
we are not able to calculate, rather the production amplitudes will be considered a
weight on each partial wave in the final mix. These weights are the parameters to be
fitted to the data, and will also depend on the k external spins that we have not yet
considered. For example, in the case of an initial and final state nucleon (protons
or neutrons) we will have k = 2× 2 = 4. We will have:

�X| �Tp �ρi �T †
p |X �� = V k

b �ρiV k∗
b� (42)

11

Extended likelihood
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[w0,Γ0] the central mass and width of the isobar particle

s: the angular momentum between the two daughters of the isobar (spin of isobar)

Some of those are related:

P = (−1)L+1 (224)

C = (−1)L+S (225)

G = (−1)L+S+I (226)

The angular distribution are defined in the GJ and helicities frames (see Ap-
pendix A). The mass and width of the isobar(s) (w0,Γ0) are also parameters that
we called τ :

τ =
�
ΩGJ ,Ωh, w

�
(227)

For our simple two body decay, we have to independent quantum numbers of
the decaying particle I and , J , and therefore Ni = (2J + 1) possible states. If the
final decay particles have spins S1 and S2, we will have Nf = (2S1 + 1)(2S2 + 1)
number of final states. The decay matrix connecting the initial and final states will
be of dimensions Ni×Nf . For spinless particles those decay amplitudes are column
complex vectors.

For each wave (b) we can calculate the decay amplitudes directly from the formu-
las given in section 3.2. The photon spin density matrix, �ργ is calculated with the
formulas discussed in section 4. The �V k

b are the parameters of the model (equiva-
lent to −→a in section 2. Therefore, for each wave, we will have k × 2 parameters in
our model. The factor of two appears because the Vs are complex numbers.

To figure out the number of waves to include in the analysis is a dedicated and
reaction dependent decision. We will give some general concepts.

There some relations between the quantum numbers of the resonance and the
final states that limited the number of possible waves to include in the set. Recalling
the form of the photon spin density matrix in the reflectivity basis:

�ργ =

�
ρ11 ρ1−1

ρ−11 ρ−1−1

�
= 1/2

�
1 + P cos 2α iP sin 2α
−iP sin 2α 1− P cos 2α

�
(228)

we have

I(τ) =
�

k

��
b,b�

�
1V k

b
1Ab(τ)ρ111V k∗

b�
1A∗

b�(τ) +
1V k

b
1Ab(τ)ρ1−1

−1V k∗
b�

−1A∗
b�(τ)

+−1V k
b

−1Ab(τ)ρ−11
1V k∗

b�
1A∗

b�(τ) +
−1V k

b
−1Ab(τ)ρ−1−1

−1V k∗
b�

−1A∗
b�(τ)

��

(229)
or

I(τ) =
�

k

�
ρ11

�
b,b�

1V k
b

1Ab(τ)1V k∗
b�

1A∗
b�(τ) + ρ1−1

�
b,b�

1V k
b

1Ab(τ)−1V k∗
b�

−1A∗
b�(τ)

+ρ−11
�

b,b�
−1V k

b
−1Ab(τ)1V k∗

b�
1A∗

b�(τ) + ρ−1−1
�

b,b�
−1V k

b
−1Ab(τ)−1V k∗

b�
−1A∗

b�(τ)

�

(230)
or, taking the 1/2 outside the ρ’s

37
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�ρaa
�

λλ� =

�
(+)ρaa

�

λλ� 0
0 (−)ρaa

�

λλ�

�
(144)

or including all quantum number inside a b index:

�ρb,b� =

�
(+)ρb,b� 0

0 (−)ρb,b�

�
(145)

The other convenience of using the reflectivity basis is that reduces by two the
rank of the of the production density matrix. Then,

�ρb,b� =
�

k

�V k
b �ργ�V k∗

b� (146)

therefore

I(τ) =
�

�

�

b,b�

�Ab(τ)
� �ρb,b�

�A∗
b�(τ) (147)

or

I(τ) =
�

k�

�

b,b�

�Ab(τ)
� �V k

b �ργ�V k∗
b�

�A∗
b�(τ) (148)

or

I(τ) =
�

k

�

b,b�

[+ρb,b�
+Ab(τ)

+
A∗

b�(τ) +
−ρb,b�

−Ab(τ)
−
A∗

b�(τ)] (149)

The sum involves non-interfering terms of the reflectivities amplitudes. The
absence of the interfering term of different reflectivities is a direct consequence of
parity conservation.

We now can show how the Wigner functions, DJ
mm�(α,β, γ), are affected by the

reflectivity operator, i.e. how can we write those operators on the reflectivity basis?
Starting from:

|�, a,m� =
�
|a,m� − �P (−1)(J−m)|a,−m�

�
Θ(m) (150)

The Wigner functions in the reflectivity basis are:

�DJ∗
mλ(φGJ , θGJ ,φh) = θ(m)

�
DJ∗

mλ(φGJ , θGJ ,φh)− �P (−1)J−mDJ ∗
−mλ(φGJ , θGJ ,φh)

�

(151)
using that P = (−1)l+s(isobar)+1 = (−1)J+1 and that:

DJ ∗
mλ (φ, θ, 0) = (−1)m−λDJ

−m−λ(φ, θ, 0) (152)

we obtain

�DJ∗
mλ(φGJ , θGJ ,φh) = θ(m)

�
DJ∗

mλ(φ, θ, 0) + �(−1)2J(−1)−λDJ
−m−λ(φGJ , θGJ ,φh)

�

(153)
or

25

Therefore, we find that, using values in (183):

|ε = +1��ε = +1| = |x��x| = 1/2 (1 + P cos 2α)

|ε = −1��ε = −1| = −i|y�(i�y|) = |y��y| = 1/2 (1− P cos 2α)

|ε = +1��ε = −1| = −|x�(i�y|) = −i|x��y| = 1/2i (P sin 2α)

|ε = −1��ε = +1| = −i|y�(−�x|) = −i|y��x| = −1/2i (P sin 2α)

(195)

After some algebra, we obtain the spin density matrix of the photon in the reflectivity basis:

ρεε� (P,α) = 1/2

�
1 + P cos 2α iP sin 2α
−iP sin 2α 1− P cos 2α

�
(196)

4.2 Virtual photoproduction (low-Q2 electron scattering)

Electron scattering can be regarded as the interaction of a virtual photon with

the target [4]. However, in this case, the Lorentz condition is not satisfied and a

longitudinal component of the polarization is possible (in the direction of motion of

the virtual photon).

Applying standard Feynman rules, the invariant scattering amplitude is given

by [4]:

M ∝ e2

Q2
�N �, X|Jν |N��l2|jµ|l1� (197)

where Jν and jµ are the current densities of the nucleon and target respectively

. The terms included in the cross section can also be represented by [4]:

|M |2 =
2e4

Q2
TµνLµν (198)

Therefore, comparing with (167), we can identify Lµν as the spin density matrix
of the virtual photon, this term is given by [4, 5]:

Lµν = 1
�
2Q2




�

spins

�l2|jν |l1�∗�l2|jµ|l1�



 =
1

2
Tr [γ · l1γνγ · l2γµ] (199)

Calculating the trace, the elements of the tensor are [4, 5]:

Lµν = 1
�
Q2

�
l1ν l2µ + l1µl2ν +

1

2
lQ2δν�

�
(200)

This is worked in the frame were x-z is the scattering plane, and z is in the

direction of the virtual photon figure 5.

After some algebraic manipulation and defining, by comparison with the real

photon case, the polarization P such that:

L11

L22
≡ (1 + P )

(1− P )
(201)

31

Partial Waves

The Spin Density Matrix of the incoming Photon is:

−lnL ∝
N�

i=1

ln
��

k� �ργ
�

b,b�
�V k

b
�V k∗

b�
�Ab(τi) �A∗

b�(τi)
�
− ηx

�

k�

�

b,b�

�V k
b

�V k∗
b�

�Ψx
b,b�

(248)
This is the function to be minimized choosing the best values of �V k

b . To find
the ”true” or predicted number events in the ∆M∆t bin, that we will call Ntrue,
we use that:

Ntrue = N =
1

Ng

Ng�

i

I(τi) (249)

using (237) with the fitted �V k
b values.

therefore:

Ntrue =
1

Ng

Ng�

i

�

k�

ργ
�

b,b�

�V k
b

�V k∗
b�

�Ab(τ)
�A∗

b�(τ) (250)

and calling: �Ψr
b,b� =

1
Ng

�Ng

i
�Ab(τi)ργ �A∗

b�(τi), the ”raw” normalization inte-

gral:

Ntrue =
�

k�

�

b,b�

�V k
b

�V k�∗
b�

�Ψr
b,b� (251)

In cases were our model include different amplitudes (i.e. the Deck effect, Baryon
contaminations,...) the factorization used in (247) is not possible. The accepted
and raw normalization integrals can not be calculated independent of the likelihood.
This has a very important effect, practically, in the time expended in the analysis.
The use of GPUs or other computing advances could greatly improve this aspect
of the fitting process since we nee now to include directly equation (245) into the
likelihood.

We can use produce many ”predicted” distributions of data properties (i.e., an-
gular distributions, t-distributions,...) to cmapare with data. This comparisons
allow to verified the accurance of the fit (see section 7). To make the predictions we
use the predicted value of I(τ ; �V k

b ) to ”weight” the generated (raw), phase-space,
distributions.

7 Checking our fits

Let’s consider three statistical problems associated with our analysis: 1) is the fit
of our model to the data appropriated ? (goodness-of-fit), 2) how our model (wave
set) compare with other models (other wave sets)? (hypothesis-tests) and 3) what
is the best way of fitting the model to the data? (estimation) [20].

We start discussing the third point first. We use the extended likelihood method.
We chose this function as the estimator. An estimator should have four desir-
able properties: consistency, unbiasedness, efficiency and robustness. Consistency is
when the estimator must converge to the true value as the number of observations
increases (mathematically in the infinite limit), is the most important of all. An
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MASS INDEPENDENT FIT (in bins of M and t)

Unbinned Maximum Likelihood fit
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�ρaa
�

λλ� =

�
(+)ρaa

�

λλ� 0
0 (−)ρaa

�

λλ�

�
(144)

or including all quantum number inside a b index:

�ρb,b� =

�
(+)ρb,b� 0

0 (−)ρb,b�

�
(145)

The other convenience of using the reflectivity basis is that reduces by two the
rank of the of the production density matrix. Then,

�ρb,b� =
�

k

�V k
b �ργ�V k∗

b� (146)

therefore

I(τ) =
�

�

�

b,b�

�Ab(τ)
� �ρb,b�

�A∗
b�(τ) (147)

or

I(τ) =
�

k�

�

b,b�

�Ab(τ)
� �V k

b �ργ�V k∗
b�

�A∗
b�(τ) (148)

or

I(τ) =
�

k

�

b,b�

[+ρb,b�
+Ab(τ)

+
A∗

b�(τ) +
−ρb,b�

−Ab(τ)
−
A∗

b�(τ)] (149)

The sum involves non-interfering terms of the reflectivities amplitudes. The
absence of the interfering term of different reflectivities is a direct consequence of
parity conservation.

We now can show how the Wigner functions, DJ
mm�(α,β, γ), are affected by the

reflectivity operator, i.e. how can we write those operators on the reflectivity basis?
Starting from:

|�, a,m� =
�
|a,m� − �P (−1)(J−m)|a,−m�

�
Θ(m) (150)

The Wigner functions in the reflectivity basis are:

�DJ∗
mλ(φGJ , θGJ ,φh) = θ(m)

�
DJ∗

mλ(φGJ , θGJ ,φh)− �P (−1)J−mDJ ∗
−mλ(φGJ , θGJ ,φh)

�

(151)
using that P = (−1)l+s(isobar)+1 = (−1)J+1 and that:

DJ ∗
mλ (φ, θ, 0) = (−1)m−λDJ

−m−λ(φ, θ, 0) (152)

we obtain

�DJ∗
mλ(φGJ , θGJ ,φh) = θ(m)

�
DJ∗

mλ(φ, θ, 0) + �(−1)2J(−1)−λDJ
−m−λ(φGJ , θGJ ,φh)

�

(153)
or
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k� �ργ
�

b,b�
�V k

b
�V k∗

b�
�Ab(τi) �A∗

b�(τi)
�
− ηx

�

k�

�

b,b�

�V k
b

�V k∗
b�

�Ψx
b,b�

(248)
This is the function to be minimized choosing the best values of �V k

b . To find
the ”true” or predicted number events in the ∆M∆t bin, that we will call Ntrue,
we use that:

Ntrue = N =
1

Ng

Ng�

i

I(τi) (249)

using (237) with the fitted �V k
b values.

therefore:

Ntrue =
1

Ng

Ng�

i

�

k�

ργ
�

b,b�

�V k
b

�V k∗
b�

�Ab(τ)
�A∗

b�(τ) (250)

and calling: �Ψr
b,b� =

1
Ng

�Ng

i
�Ab(τi)ργ �A∗

b�(τi), the ”raw” normalization inte-

gral:

Ntrue =
�

k�

�

b,b�

�V k
b

�V k�∗
b�

�Ψr
b,b� (251)

In cases were our model include different amplitudes (i.e. the Deck effect, Baryon
contaminations,...) the factorization used in (247) is not possible. The accepted
and raw normalization integrals can not be calculated independent of the likelihood.
This has a very important effect, practically, in the time expended in the analysis.
The use of GPUs or other computing advances could greatly improve this aspect
of the fitting process since we nee now to include directly equation (245) into the
likelihood.

We can use produce many ”predicted” distributions of data properties (i.e., an-
gular distributions, t-distributions,...) to cmapare with data. This comparisons
allow to verified the accurance of the fit (see section 7). To make the predictions we
use the predicted value of I(τ ; �V k

b ) to ”weight” the generated (raw), phase-space,
distributions.

7 Checking our fits

Let’s consider three statistical problems associated with our analysis: 1) is the fit
of our model to the data appropriated ? (goodness-of-fit), 2) how our model (wave
set) compare with other models (other wave sets)? (hypothesis-tests) and 3) what
is the best way of fitting the model to the data? (estimation) [20].

We start discussing the third point first. We use the extended likelihood method.
We chose this function as the estimator. An estimator should have four desir-
able properties: consistency, unbiasedness, efficiency and robustness. Consistency is
when the estimator must converge to the true value as the number of observations
increases (mathematically in the infinite limit), is the most important of all. An

40

as the total fraction of events accepted, or total acceptance, then

N = ηx
1

Na

Na�

i

I(τi,
−→p ) (8)

Therefore, the function

F (−→p ) = −lnL = −
N�

i=1

ln
��

ext. spins(MM ∗)
�
+ ηx

1

Na

Na�

i

�

ext. spins

(MM ∗). (9)

is minimized to find the best values of −→p . Many minimization (optimization)
packages are available through SciPy (or NumPy). We use iMinuit as a default.

1.2 Isobar Model

The Isobar Model fomalism is discussed in refence [1]. In the isobar model, a reso-
nance is produced by the exchange of a meson or a Reggeon with the target and the
resonance will sequentially decay to the observed multiparticle final states. We de-
scribe the resonance decay via sequential 2-body decays. The considered meachnism
is sketched in figure 2.

The reaction γN → XN �, will have two independent variables. We will take two
of the Mandelstam variables, s and t to identify the kinematics. The differential
cross section can be written, using Fermi’s golden rule, by

dσ

dtdM
∝

�

ext. spins

�
|M |2dτ (10)

and, if we consider small bins on M and t such that M only depends on τ , we can
define

I(τ) ≡
�

ext. spins

|M |2 =
�

ext. spins

(MM ∗) (11)

M is a representation of the scattering operator or transition operator, �T , given by

M = �out| �T |in� (12)

We have

I(τ) ≡
�

ext. spins

|M |2 =
�

ext. spins

�out| �T |in�(�out| �T |in�)∗ (13)

and, further
�out| �T |in�(�out| �T |in�)∗ = �out| �T |in��in| �T †|out�. (14)

We define the operator |in��in|, corresponding to the initial state, the initial spin
density matrix operator, �ρin, as

�ρin ≡ |in��in|. (15)

Suppose that we prepare the polarization of the incoming photons and target or
measure their states of polarization. The average over their polarization will be

4

Normalization
Integrals

# MC events# Data events
Problems of destroying “factorization”
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 Use 8.4−9 GeV linearly polarized photons
 Identify (naturality) production mechanisms
 Open phase space to separate meson/baryon production products
 Sensitivity to masses up to ~ 2.8 GeV/c2

 Use hermetic detector with large acceptance
 Decay modes expected to have multiple particles
 Hermetic coverage for charged and neutral particles
 Medium resolution: momentum (~ 1-4%), energy (2-20%)
 High data acquisition rate to enable amplitude analysis

 Perform amplitude analysis
 Identify wide and rare (small cross sections) resonances
 Use all available S-Matrix physics constraints on fittings
 Identify the JPC of resonances -phase motions -interference patterns
 Check consistency of results in different decay modes

Meson SpectroscopyStrategies at JLab
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Going to higher energies increase phase space:  5.75 to 9 GeV?

12

Baryon Contamination M. Nozar g6c
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Current uses of this software

1) Parametric fit to models

• omega decay (Dalitz)
• pKK analysis

Examples JPAC-CLAS-GlueX

2) PWA
CLAS g12 pKK,3pi,...

3) Include “Deck-type” effects into PWA (extended)
CLAS pKK,3pi,..

I.Danilkin, et al.

Meng Shi et al.

C. Fernandez et al.
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Beginning the Process

Binning and file structures and anything else to do with the user's 
specific fit, or simulation is up to them. The only thing they need to 
start is two files for fitting, or simulation, and an extra variable 
parser utility for fitting.

For both fitting and simulation there is one file that the user 
interacts with and one (they can leave alone) used to run the fit 
(simulation).

Simulation and fitting take text files of variables in a specific format:

X1=0.25,X2=1.67,X3=90.5 ...

simulation produce two “masks” to be applied to each event 
- production mask
- acceptance mask

some specifics for general-shell
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Userʼs Main Point of Contact

The main points of contact for the user within the General Shell are the 
Fn.py and FnSim.py files. They are in the download as FnTemplate.py 
and FnSimTemplate.py.

They include documentation and examples to help the user write their 
intensity function, but a basic knowledge of Python is required.
They are both a series of functions that each do a specific job for the 
calculations involved with fitting and simulation. This includes the 
intensity function, and the initial values and limits for fitting parameters. 
These files will have to be changed for every different fit, or simulation.
Results and Plotting.

general-shell
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This is an example of the sort of function you can fit with PyPWA General.
This is the intFn() function inside Fn.py and it's arguments are the two keyed
dictionaries, kVars and params. Kvars are the variables parsed from the text
file, while params are the parameters fitted by Minuit.

this is the function

Example
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ISOBAR - PWA

The Isobar framework is focused on ease of use
and speed. So from the install process until
plotting almost everything is automated.

Install is handled by a single program which
opens the control GUI, creates the needed
directory structure, moves files to their correct
location, and does the mass binning, which can
take awhile if the user has many events.

The control GUI at right is the first point of
contact the user has with PyPWA and the
information filled into it will be used throughout
the fitting and simulating process.

Friday, September 18, 2015
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ISOBAR cont.

The Isobar framework's main point of contact for the
user is the PWA_GUI at right. The left column is what
appears when the program is run and the right is what
appears after the FITTING button is pressed.

Each button on the right represents a different step in
the fitting process and runs a different program. Each
of these buttons will run the program which creates
and submits many jsub files directly to Auger.

This GUI also has access to the control, the plotter,
and the Waves utility.

Friday, September 18, 2015
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Plotting

Plotting in PyPWA Isobar is handled by the above GUI which uses the 
MatPlotLib Python library for all plotting.
This program also consolidates all data for plotting into single file named in 
the control. This file can be loaded in the future and multiple files can be 
saved and loaded at different times.

Friday, September 18, 2015



Carlos Salgado            Hadron 2015        September, 2015 21

GUI driven
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Carlos Salgado            Hadron 2015        September, 2015 22
Friday, September 18, 2015



Carlos Salgado            Hadron 2015        September, 2015 23

current work...

● Adding more utilities to make General Shell even easier to use.

● Farm and plotting integration for General-Shell
● Increased parallelization with the use of threading (farm - Xeon-Phi)

● Hardware acceleration with Xeon-Phi (Intel) and GPU's (Nvidia)
● Integrating more optimization and Monte Carlo methods
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Intel-Xeon-Phi cards using for example OpenMP . Xeon Phi’s contain  about 
61 of x86 cores that are functionally identical to those of standard laptops and 
desktops. There are just many more of them running at a lower clock speed to 
fit into a reasonable thermal design envelope (currently a PCI Express card). 
The maximum output is at 1TFlop and they have comparable performance with 
GPGPUs. Writing code for the Xeon Phi is, initially, less complicated than 
writing code for GPUs since it will behave as any normal CPU
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https://pypwa.jlab.org

Friday, September 18, 2015
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  Jlab web-page - Tutorials and links
wiki - github JeffersonLab/PyPWA
Sphinx generated : docs

Friday, September 18, 2015
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Documentation
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● PyPWA, both General and Isobar, provides a flexible 
software framework  for Amplitude/Partial-Wave analysis.

● Python is a high level language which eases the writing of
scripts to write amplitudes or to interface with intensities.

● Access to all Python libraries (scipy, numpy,...)

● Integration directly to the JLab SciComp (batch farm)

● Integration with lower level languages is easy

● Includes a complete package of PWA (Isobar) in the Isobar 
model interfaced by GUIs

●  Easy interface of PWA with extensions to the Isobar model.

● Download PyPWA at pypwa.jlab.org.

                                            ... is a work in progress.

Summary
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