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课前准备

• Login the Siyuan-1 server:

• Create your personal directory:

ssh ${usr_name}@sylogin.hpc.sjtu.edu.cn

mkdir ${your_name}

• Copy the examples to your personal directory:

cd ${your_name}

cp -r /dssg/home/acct-phyww/phyww/qazhang/training_camp_2023/class2_zhang/example .

• Bash基本操作： cd: 跳转到某个目录

ls (ll): 列出当前目录中的所有文件

rm –rf: 删除文件/目录

mkdir: 新建目录

mv: 移动文件/目录

cp -r: 拷贝文件/目录

……

• Upload and download:
scp –r ${usr_name}@sylogin.hpc.sjtu.edu.cn:${data_path} ${local_address}

scp –r ${locat_data} ${usr_name}@sylogin.hpc.sjtu.edu.cn:${server_address}

export PATH="/dssg/home/acct-phyww/phyww/qazhang/packages/anaconda3/bin:$PATH"
export PYTHONPATH=$PYTHONPATH:/dssg/home/acct-phyww/phyww/.local/lib/python3.7/site-packages

• Python environments：
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• Generic hadron

• Ground state energy (effective mass)

• A coarse lattice

• Statistic and systematic uncertainties

Hadron spectrum: final results

NOT particularly accurate,

BUT CHEAP……



OUTLOOK
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• Introduction

• Meson interpolators and correlators

• Program implementation of meson 2-point correlators

• Numerical analysis and extracting pion effective mass

• Baryon 2-point correlators and proton effective mass

• Hadron spectrum

• Backup slides
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𝑯

Discovery of elementary particles

Large mounts of, not so elementary……

Hadron
meson

baryon{



Hadron interpolators and correlators
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• Quark fields: plane wave expansion

creation operator |vacuum⟩

annihilation operator |vacuum⟩
⇒ states
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• Hadron: bound state of fermion fields

baryon 

meson 

constructed by quarks and gluons 
gauge-invariant, color singlets
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• Meson interpolators:

Quantum number:

isospin
charge
spin
parity

Quark constitution

Dirac structure
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• Meson interpolators:

Quantum number:

isospin
charge
spin
parity

Quark constitution

Dirac structure

Ø Pion
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• Meson interpolators:

Quantum number:

isospin
charge
spin
parity

Quark constitution

Dirac structure

🤔

⇒ Interpolators?
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• Meson correlators in coordinate space:

A general local meson interpolator has the form:

The Euclidean 2-point correlation function (2pt):
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• Meson correlators in coordinate space:

A general local meson interpolator has the form:

The Euclidean 2-point correlation function (2pt):

Propagator: 𝒇, 𝒙 ↦ 𝒚

flavor, spinor, color, position, …

𝒙 𝒚

𝑮𝒇𝟐

𝑮𝒇𝟏
Dirac structure
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🤔 2 propagators: 𝑓$, 𝑦 ↦ 𝑥 & 𝑓%, 𝑥 ↦ 𝑦

so we can reverse the propagator:

• 𝛾&-hermiticity: (almost) all Dirac operators obey

⇒ 2 propagators have same start point (source) and end point (sink).
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• 2pt in momentum space:
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• 2pt in momentum space:

Translating to program language:

1. Read in propagators;

2. Do the trace;

3. Multiply the phase factor;

4. Sum over all space coordinate.

https://usqcd-software.github.io/Chroma.html



16

请大家登陆思源一号服务器，一边听一边操作

ssh ${usr_name}@sylogin.hpc.sjtu.edu.cn
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课前准备

• Login the Siyuan-1 server:

• Create your personal directory:

ssh ${usr_name}@sylogin.hpc.sjtu.edu.cn

mkdir ${your_name}

• Copy the examples to your personal directory:

• Bash基本操作： cd: 跳转到某个目录

ls (ll): 列出当前目录中的所有文件

rm –rf: 删除文件/目录

mkdir: 新建目录

mv: 移动文件/目录

cp -r: 拷贝文件/目录

……

• Upload and download:
scp –r ${usr_name}@sylogin.hpc.sjtu.edu.cn:${data_path} ${local_address}

scp –r ${locat_data} ${usr_name}@sylogin.hpc.sjtu.edu.cn:${server_address}

export PATH="/dssg/home/acct-phyww/phyww/qazhang/packages/anaconda3/bin:$PATH"
export PYTHONPATH=$PYTHONPATH:/dssg/home/acct-phyww/phyww/.local/lib/python3.7/site-packages

• Python environments：

cd ${your_name}

cp -r /dssg/home/acct-phyww/phyww/qazhang/training_camp_2023/class2_zhang/example .
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A brief introduction to Chroma applications
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A brief introduction to Chroma applications

• Day2: Hadron spectrum

• Day4: Nucleon matrix elements

• Day5: hybrid Monte Carlo

Measurement Applications

Gauge Generation 
Applications

• Day3: Propagator generation

Inverter Applications
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• Chroma input file: XML driven programs
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• Chroma input file: XML driven programs

Input Configuration Details

Global Lattice Size

Array of Measurements (Tasks)

Task (array element)

Random Number Generator
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• Chroma input file: XML driven programs

Input Configuration Details

Global Lattice Size

Array of Measurements (Tasks)

Task (array element)

Task Name

Task specific parameters

Named Objects (communicate between tasks)

Random Number Generator

YOUR WORK
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1. Read in propagators;

2. Do the trace;

3. Multiply the phase factor;

4. Sum over all space coordinate.

• Program implementation of 2pt
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1. Read in propagators;

2. Do the trace;

3. Multiply the phase factor;

4. Sum over all space coordinate.

• Program implementation of 2pt

> ls source_codes

(C++)

Parameters
input
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1. Read in propagators;

2. Do the trace;

3. Multiply the phase factor;

4. Sum over all space coordinate.

• Program implementation of 2pt

> ls source_codes

(C++)

Parameters
input

An example of input 
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• Parameters input for building 2pt

mass: static energy  ⇒ 𝑝⃗ = 0
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• Parameters input for building 2pt

• No. of configurations;

• Key of hadrons;

• Read in propagators;

• File name of output results.

mass: static energy  ⇒ 𝑝⃗ = 0

inline_myMeas.h Declaration

<Param> xxx </Param>
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inline_myMeas.cc A long program……

Readin parametersStep 1:
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inline_myMeas.cc

Grab propagators Step 2:

std::string   ==>    A real propagator?
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inline_myMeas.cc

Grab propagators Step 2:

https://usqcd.jlab.org/usqcd-docs/qdp++/manual/index.html• Type structures on Chroma:

𝛾! ⇒ Gamma(15)
𝛾" ⇒ Gamma(1)
𝛾# ⇒ Gamma(2)
𝛾$ ⇒ Gamma(4)
𝛾% ⇒ Gamma(8)

std::string   ==>    A real propagator?
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inline_myMeas.cc

Grab propagators Step 2:

std::string   ==>    A real propagator?
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inline_myMeas.cc

Do the traceStep 3: Pion: pseudoscalar meson Γ = γ𝟓

Lattice Wide Types: e.g. for real/complex number, 

Dirac/color matrix, or fermions, propagators……

multi1d<T>: 1D array of T (explicitly indexed) 
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inline_myMeas.cc

Write data to diskStep 4:
1-d complex data array



34

inline_myMeas.cc

Write data to diskStep 4:
1-d complex data array

• Dimensions of output data Save file: *.iog

• Save the data on each configuration as a single file;

• Calculate several hadrons at same time, index as “operator”;

• 𝚷𝟐(𝒕) with 𝒕 ∈ [𝟎, 𝒏𝒕);

• Complex number: real & imag.

Size of output data: 

1 × (No. of hadrons) × 𝒏𝒕 × 2 
float number
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pion,
t=0,
real

pion,
t=0,
imag

pion,
t=1,
real

pion,
t=1,
imag

……
pion,
t=𝑛!-1,
real

pion,
t=𝑛!-1,
imag

proton,
t=0,
real

proton,
t=0,
imag

……

0 1 2 3 …… 2𝑛%-2 2𝑛%-1 2𝑛% 2𝑛%+1 ……

• 1-dimensional array for output data

array 
elements

array indexes
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pion,
t=0,
real

pion,
t=0,
imag

pion,
t=1,
real

pion,
t=1,
imag

……
pion,
t=𝑛!-1,
real

pion,
t=𝑛!-1,
imag

proton,
t=0,
real

proton,
t=0,
imag

……

0 1 2 3 …… 2𝑛%-2 2𝑛%-1 2𝑛% 2𝑛%+1 ……

• 1-dimensional array for output data

array 
elements

array indexes

Size of output data: 1 × (No. of hadrons) × 𝒏𝒕 × 2 
float number

Offset of the indexes with various dimensions
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pion,
t=0,
real

pion,
t=0,
imag

pion,
t=1,
real

pion,
t=1,
imag

……
pion,
t=𝑛!-1,
real

pion,
t=𝑛!-1,
imag

kaon,
t=0,
real

kaon,
t=0,
imag

……

0 1 2 3 …… 2𝑛%-2 2𝑛%-1 2𝑛% 2𝑛%+1 ……

• 1-dimensional array for output data

array 
elements

array indexes

Done! For more details, see the manual of Chroma and QDP++.

Size of output data: 1 × (No. of hadrons) × 𝒏𝒕 × 2 
float number

Offset of the indexes with various dimensions
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Build your codes and run Chroma

• Build your code:

- You need compile your source codes after update;

- Run `sbatch sub.sh` to submit your compiling task to the compute node;

- Use `squeue` to see the status of your submitted job;

- After a few minutes, you will get the executable file `chroma`.

executable file 

logs and errors of your job

Your measurements
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• Submit your Chroma task:

Typical command line in `sub.sh`:

- Slurm Workload Manager

Output and error files

Job Name

Nodes and CPUs on each node

Totally 64 CPUs allocated for this job
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• Submit your Chroma task:

Typical command line in `sub.sh`:

- Slurm Workload Manager

Output and error files

Job Name

Nodes and CPUs on each node

Totally 64 CPUs allocated for this job

- Perl script to generate the input XML file

Totally 50 configurations
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mpirun -mca btl_tcp_if_include ib0 -n 64

../source_codes/chroma

-i ./ini_out_file/ini_${conf}.xml 

-o ./ini_out_file/out_${conf}.xml 

> ./log_file/log_${conf} 2>&1

• Submit your Chroma task:

Typical command line in `sub.sh`:

64 CPUs task

Executable Chroma file you compiled

Input parameter file;

Output XML file;

Log file.

- Run `sbatch sub.sh` to submit your jobs to the compute node;

- Use `squeue` to see the status of your submitted job;

- When you see these at the end of `log_file/log_${conf}`, your jobs were successfully run:
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Numerical results of pion 2pt

• Read the iog data:
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Numerical results of pion 2pt

• Read the iog data:

Illustration of 50 cfgs results:

• How to explain the exponential behavior of 
the real part?

• Why the imaginary part no signal?
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Analysis the 2pt data: A brief reviewing of the first day’s talk

• Revisiting the theoretical form of 2pt:

inserting a complete set of intermediate states (completeness relation for the 1-particle states):

2pt becomes:
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Analysis the 2pt data: A brief reviewing of the first day’s talk

• Revisiting the theoretical form of 2pt:

inserting a complete set of intermediate states (completeness relation for the 1-particle states):

2pt becomes:

Minkovski, continuous space-time Euclidean, discrete space-time
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• The Euclidean time dependence of 2pt:
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• The Euclidean time dependence of 2pt:

Real, exponential decay with t。
Ground state + excited states ……
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• The Euclidean time dependence of 2pt:

Real, exponential decay with t。

The decreasing of 2pt depends 

on the effective energies.

Ground state + excited states ……



49

• Periodic/Anti-periodic boundary condition:

source source
decaying

Considering the periodic boundary condition：



50

• Extract the hadron effective mass/energy:

- From the parametrization of 2pt (“log” form):

- Considering the periodic boundary condition (“cosh” form):

neglect the excited state contributions
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- Comparison of the “log” and “cosh” form:

• Extract the hadron effective mass/energy:
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- Comparison of the “log” and “cosh” form:

• Extract the hadron effective mass/energy:

“cosh” form is more accurate in the middle part
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• Effective mass can be extracted from the plateau at: 

𝑡 ≫ 0 or 𝑡 ≪ 𝑛$ , 𝑒%&#$ > 𝑒%&$$, ground state dominant;

𝑡 < 𝑛$/2 or 𝑡 > 𝑛$/2, forward or backward dominant.

About here…
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• Effective mass can be extracted from the plateau at: 

𝑡 ≫ 0 or 𝑡 ≪ 𝑛$ , 𝑒%&#$ > 𝑒%&$$, ground state dominant;

𝑡 < 𝑛$/2 or 𝑡 > 𝑛$/2, forward or backward dominant.

But how to exactly 

determining?
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- With “cosh” form

Fit range: 
𝑡 ∈ 5~25 𝑎

• Extract the hadron effective mass from fitting 2pt:

Forward and backward 
data has been averaged
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- With ground state “exp” form

Fit range: 
𝑡 ∈ 10~20 𝑎

• Extract the hadron effective mass from fitting 2pt:
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• Comparison of different fit formula:
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Except for the pseudoscalar meson, the signal-to-noisy ratio of 2pt 

will exponentially increasing:

2pt, 𝝆 meson

⚠

Effective mass curve, 𝝆 meson

1-state fit
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Except for the pseudoscalar meson, the signal-to-noisy ratio of 2pt 

will exponentially increasing:

2pt, 𝝆 meson

⚠

Effective mass curve, 𝝆 meson

2-state fit
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🤔 Exercise:

1. Repeat the generation and analysis of pion 2pt;

2. Use Chroma to calculate the numerically results of kaon and 𝜌 2pt, and 

extract their effective masses.

Hints:
- 𝐾 (𝑢𝑠̅): 𝐽? = 0@, Γ = 𝛾&;

- ρ (𝑢𝑑̅): 𝐽? = 1@, Γ = 𝛾⃗.
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Baryon 2pt and proton effective mass

• Interpolators for spin-1/2 baryons:

- 𝑓": flavor of the i-th quark, related to the quantum numbers like isospin, strangeness……

- 𝑎/𝑏/𝑐: color indices. 

Color singlet, all color indices anti-symmetric

- 𝛼/𝛽/𝛾: spinor indices. 

Diquark (𝐼 = 𝐽 = 0) + single quark (𝐼 = 𝐽 = 1/2, dominant the quantum number of baryon)

- 𝑃± = (1 ± 𝛾$)/2: parity projector, make sure the right parity of baryon.
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Baryon 2pt and proton effective mass

• Interpolators for spin-1/2 baryons:

- 𝑓": flavor of the i-th quark, related to the quantum numbers like isospin, strangeness……

- 𝑎/𝑏/𝑐: color indices. 

Color singlet, all color indices anti-symmetric

- 𝛼/𝛽/𝛾: spinor indices. 

Diquark (𝐼 = 𝐽 = 0) + single quark (𝐼 = 𝐽 = 1/2, dominant the quantum number of baryon)

- 𝑃± = (1 ± 𝛾$)/2: parity projector, make sure the right parity of baryon.

proton: 𝑢𝑢𝑑, 𝐼 𝐽% = &
'

&
'

(
⇒ 𝑓& = 𝑓) = 𝑢, 𝑓' = 𝑑, 𝑃( = (1 + 𝛾$)/2

Ø Example:
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• Interpolators of proton:



64

• Interpolators of proton:

• Proton 2pt:     more details see the backup slides
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• Interpolators of proton:

• Proton 2pt:     more details see the backup slides

Polarization of the external proton

For simplicity, we choose the unpolarized projection:

𝑇'()*+ = (1 + 𝛾$)/2

then we can obtain the 2pt on momentum space:
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• Program realization of the proton 2pt:

Compile, submit, read, ……
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• Numerical results of proton 2pt:

Uncertainties exponentially increasing with propagating
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• Effective mass of proton:

Valid region to extract 
the effective mass
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• Effective mass of proton:

Different particles?
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• Effective mass of proton:

𝟏
𝟐

-
: 𝒑, 𝒏, …

Parity: forward propagating => +

backward propagating => -

source source

𝟏
𝟐

%
: 𝝅𝑵, 𝑵(𝟏𝟓𝟑𝟓), …

So we can extract the effective mass of 

proton from the first window, or ……
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……or use 𝑃* for the backward

propagation: 
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• Extract effective mass from joint fit
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Hadron Spectrum



Name 𝒏𝒔𝟑×𝒏𝒕 𝒂 𝒎𝝅 𝒎𝜼𝒔

C24P34 24'×64

0.10530

340.5(1.7) 748.7(0.9)

C24P29 24'×72 292.7(1.2) 657.4(0.6)

C32P29 32'×64 292.4(1.1) 658.0(0.7)

C32P23 32'×64 228.0(1.2) 643.5(0.5)

C48P23 48'×96 225.61(86) 643.2(0.5)

C48P14 48'×96 135.5(1.6) 706.3(0.3)

F32P30 32'×96

0.07746

303.2(1.3) 681.6(0.9)

F48P30 48'×96 303.44(86) 679.9(0.6)

F32P21 32'×64 210.9(2.2) 665.6(0.7)

F48P21 48'×96 207.2(1.1) 667.7(0.7)

H48P32 48'×144 0.05187 321.44(79) 709.0(0.5)
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Hadron Spectrum

• Finite size effects and infinite volume limit 𝑉 → ∞;

• Scaling in the continuum limit 𝑎 → 0;

• Chiral extrapolation 𝑚 → 𝑚./).
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THANKS FOR YOUR ATTENTION
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Backup slides



• Notations and conventions
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• Contract rules of spin and color indices
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• Proton 2pt


