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In the current study, the fundamental particles that make up 

matter can be described by the "Standard Model (SM)". The 

elementary particles of SM are Quarks, Leptons, Gauge bosons 

and Higgs boson.

1. Quarks form various particle bound states
            p: |���      n: |���      �/�: |�� 

2. Leptons are often used as probes to detect the structure of other
    particles

3. Gauge bosons transfer interactions

4. Higgs boson explains why particles have mass

1. Background



Muon can be treat as the "heavy electron" because its properties are very similar to electron except for 

the mass, which is 200 times that of electron. The charged particles are subjected to magnetic moment 

in the magnetic field. According to the quantum field theory, the magnetic moment of the muon is

�� = ��  
�

���
 �

�� is the spin-rotation magnetic ratio, also known as �����  � factor. From the Dirac equation 

 ����� −� � = �, we can calculate �� = �. However, there is a small deviation between the 

experimental value ��
��� and 2, and the difference between them called the anomalous magnetic 

moment. That is, the anomalous magnetic moment of moun is defined

�� =
 � − � �

�
Theoretically, we can calculate the loop diagram to obtain � factor as precise as possible.



Precisely calculating the anomalous magnetic moment of muon can become a 
signal for searching for new physics.

�� Exp = 116592059 22 × 10−11
�� SM = 116591810 43 × 10−11

�� Exp − �� SM =  249 ± 48 × 10−11

And then, on August 2023, the Fermilab has once again 

released the latest result. The result showed that the 

deviation of the experimental value from the SM reached 

�. � �. This seems to be a signal that new physics exists?

PhysRevLett.126.141801

In April 2021, Fermilab (FNAL) released 

the first measurement of the muon 

anomalous magnetic moment, with an 

averaged result of �. � � from SM.

PhysRevLett.131.161802



HVP：�+�− → �+�− HLBL：�, → �+�−�

�� = ��
��� + ���� + ����� + ������

PhysRevLett.126.141801
PhysRevD.73.072003
Physics Reports 887 (2020) 1–166

Hadronic Light-
by-Light (HLBL)

Hadronic Vacuum 
Polarization (HVP)

QED Weak

+ ⋯ + ⋯

+ ⋯ + ⋯

Main sources of the uncertainties and we hope to calculate
the values more accurately and reduce the errors.

from strong interactions.



2. Theoretical framework
Strong interaction

Quantum Chromodynamics (QCD)

Strength: coupling constant ��

Asymptotic freedom

Low energy region High energy region

Perturbative QCD (pQCD)Effective field theory (EFT)

Basic theory

Basic parameter

Property

Q ~ 2 GeV



Effective field theory (EFT)

�PT and R�T

Chiral Perturbation Theory (���)      �cm ≪ ��

Resonance Chiral Theory (���)         �� ≤ �cm ≤  2 GeV

In the regions where resonance states have not yet appeared, i.e., �cm ≪ �� [ �� is the mass of 

� 770  ], ��� provides a reliable set of theoretical tool for describing the pseudoscalar mesons 

which generate due to chiral symmetry breaking of the Goldstone bosons.

Nevertheless, in the intermediate energy regions [ �� ≤ �cm ≤  2 GeV ] where the resonance, like 

vector and tensor mesons, have appeared, the ��� not working. Instead of ���, which expands the 

working states of ��� by including resonances as new degrees of freedom.



Some important processes contributing to �����

�+�− / �+�− / ��
0��

0 / �0� / ��       JHEP07(2023)037

�+�−�0 / �+�−�                            JHEP03(2021)092 / PhysRevD.88.056001

���                           In contrast to the previous works, we add tensor mesons for the first time

�+�−�0�0 / �+�−�+�−

��2�

......
�QCD[1.8 − 3.7 GeV]���                  JHEP07(2023)109

�QCD[5.0 − 9.3 GeV]����
�QCD[9.3 − 12.0 GeV]�����
......

���
���

����� �+�− → ��� ∝ � �+�− → ��� ∝ � �+�− → ��� ∝ ����� ��, �, � 

pQCD



Pseudoscalar meson 
matrix �

Vector meson 
matrix �

Tensor meson 
matrix �

The �-matrix is a single angle arbitrary mixing,
V-matrix and T-matrix are ideal mixing.

��
� =

�
�
 �� +��     ，��

� =
�
�
 �� −�� 

Chiral Lagrangian



The chiral Lagrangians are constructed in terms of pseudoscalar, vector and tensor mesons 

as degrees of freedom with the requirements of being invariant under the parity (P), charge 

conjugation (C) and Hermiticity (h.c.) transformations.

P, C and hermiticity properties of operators 
contained in chiral lagrangeans.

Constraints: selecting the linearly independent terms.



PhysRevD.88.056001

���� = ����� + ��� + ���� + ����� + ���� + ���� + ���� + ���� + ����

contain pseudoscalar only include pseudoscalar, vector and tensor

where J is the electromagnetic current.



Chiral Lagrangian related to the tensor

Eur. Phys. J. C 52, 315–323 (2007)



����� ���� ����

��� ����� ��� ����
����

���� ����

���
����

����

Feynman diagrams for the ��� processes

�+ �� �− �� → � �� � �� � �� ：�+�− → �+�−��、�+�− → ��
���

���、�+�− → ��
��±�∓

Form factors:



Form factors of �+�− → �+  ��  �−  ��  ��  ��  

� = ���� =  �� + �� �
� = ���� =  �� + �� �

� = ���� =  �� + �� � = �� + ���
� +��

� − � − �

3. Results

Mandelstam variables



Form factors of �+�− → ��
�  ��  ��

�  ��  ��  ��  



Form factors of �+�− → ��
�  ��  �+  ��  �−  ��  

The form factors of �+�− → ��
� �� �− �� �+ ��  differs by one phase from �+�− → ��

� �� �+ �� �− �� 



High-energy behavior: � → ∞, ����� �2, �, � = 0
Chiral limit: �� = �� = 0, �� = �� = �� = ��∗ = ��

Notation

����� = ���� − ���� − ���

����� = ���� − ���� − ���



Revise the form factors

The original 
momentum structure

In order to expand the 
energy regions to 2.3 GeV Add widths

The unknown parameters are ��, �4, �4, �45, ��, ��3, ��3, ��123, ��123, �’, �’’ and
the mass and widths of the resonance states.



Decay widths related to the ��� processes



Scattering cross section

�� = 
�

 � ��; � − �� �

���

experimental data: ��   ,   �� ± ��

Least Squares

Invariant mass spectrum

Events ∝ 
��
� �

     or     Events ∝ ��
� �

To determine the unknown parameters, 
we fit them with the experimental data.

fitting function:

Joint fitting:
������� = ������−�������� + ����������−����

� + ������ �������



Fitting results



Fitting curve

Scattering
cross

section

Invariant
mass

spectrum



��
���, �� =

� � �

���  
��
�

∞ � � 
� � � ��

Leading order (LO) HVP correction to
the muon anomalous magnetic moment:

� � =
�2

2  2 − �2 +
 1 + �2  1 + � 2

�2
 ln  1 + � − � +

�2

2  +
1 + �
1 − ��

2 ln �

� =
1 − ��
1 + ��

  ,   �� = 1 − 4��
2/�

where

� � =
3�

4�� � �
 �+�− → ��� 

� ���                                                                                       
= � �+�−�0 + � �����0 + � ���±�∓ + � ���±�∓ 
≅ � �+�−�0 + � �����0 + 2� ���±�∓                           

Calculate the contributions of �+�− → ��� to  � − 2 �

PhysRevD.97.114025
Eur. Phys. J. C (2020) 80:241



4. Summary

(1) We use the effective field theory to calculate form factors and decay 

widths of �+�− → ���.

(2) The scattering cross section, invariant mass spectrum and decay 

widths are fitted with experimental data and determining the unknown 

parameters.

(3) Finally, we calculate the contributions of �+�− → ��� to ��
HVP, LO.

(4) Then, we will run error band and calculate the uncertainties.



Thank you for your attention！


