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1. Background

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
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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 I!:gnetic

moment

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

@

Magnetic moment (spin)
precesses under magnetic
field.

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



HUNAN UNIVERSITY

In April 2021, Fermilab (FNAL) released

the first measurement of the muon

anomalous magnetic moment, with an

averaged resultof . from SM.

BNL g2 ——--=yPp—+

FNAL g-2 +——g———

¢

4.20 h}

——— ——t
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215
a,%10° - 1165900
PhysRevLett.126.141801

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?

& +— BNL
{1 FNAL Run-1
+—{0—+ FNAL Run-2/3
+——+ FNAL Run-1 + Run-2/3
. Exp. Average
20.0 20.5 21.0 215 22.0 225

a,x 10" - 1165900

PhysRevLett.131.161802

Exp = 116592059 22 x 1071
SM = 116591810 43 x 10711
Exp — SM = 249 +48 x 10711

I Precisely calculating the anomalous magnetic moment of muon can become a |

signal for searching for new physics. ”



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

QED Weak
+ +
Y z
iz i i H
Hadronic Vacuum Hadronic Light-

Polarization (HVP) by-Light (HLBL)

values (x 1071

QED 116584718.931(104)

EW 153.6(1.0
HVP 6845(40)
HLBL 92(18)

SM 116591810(43)

exp.(BNL) 116592089(63)
exp.(FNAL) 116592040(54)
exp.(avg.) 116592061(41)

SM_gexp 251(59)

oy

PhysRevLett.126.141801
PhysRevD.73.072003
Physics Reports 887 (2020) 1-166
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2. Theoretical framework

Strong interaction

l Basic theory 035 Ty S T Tl Tl TR
[ T decay (N°LO) H=+ ]

- - W low Q7 cont. (N’LO) e |

[ A HERA jets (NNLO) = ]

Quantum Chromodynamics (QCD) o3f A P oy e i
§ e'e jets/shapes (NNLO+res) = ]

i S PP/pP (jets NLO) = |
l Basic para meter 025 "'*1;:,:;% EW precision fit (N>LO) e ]

pp (top, NNLQO) ++ -

Strength: coupling constant

l Property

Q%)
o

01s |

Asymptotic freedom b

l l b = a(M2)=0.1179 £ 0.0009
N s s oa el N s aaaal " L1 s s sl 4

0.05
Low energy region High energy region 1 10 100 e

August 2021 Q [GeV]

I Effective field theory (EFT) I Perturbative QCD (pQCD)

Q ~ 2 GeV
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Chiral Perturbation Theory ( ) cm
Effective field theory (EFT) —

Resonance Chiral Theory () < n< 2GeV
In the regions where resonance states have not yet appeared, i.e., n [ 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[ = ., < 2GeV ] where the resonance, like
vector and tensor mesons, have appeared, the not working. Instead of , Wwhich expands the

working states of by including resonances as new degrees of freedom.
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Some important processes contributing to

ot o 007 0y JHEP07(2023)037

-0y - JHEP03(2021)092 / PhysRevD.88.056001

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

+ — 0 O /] t -t -

2

ocpl[1.8 — 3.7 GeV] JHEP07(2023)109 ]

acp[5.0 — 9.3 GeV]

oco[9.3 — 12.0 GeV] — pQcb




HUNAN UNIVERSITY

Chiral Lagrangian

Pseudoscalar meson

matrix
L N ) + +
Atvta T S
_ - w 0
o= m v Ry b S 4
K- K° 2 4 M

ng =ncosfp +n'sindp , ny=-nsindp +1' cosp

= -+ = _

7 T

Vector meson
matrix

LW + *+
wtv 7 K

0
- W #0)
oty K
e K *0 _¢,

n

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

Tensor meson

matrix
au
Atd 4 K
e

v
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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.

operator O(p") P C W6
Uy 1 —u¥ (up)” Up
B 2 —h#v K B
X+ 2 x4 (x£)” A5
& 2 = ol AP F(E)T .
Viw 0 | Lo —(Viw)T Vi
. 0 THv (0. " 73
E pwpo 0 o Epvpo Epvpo

' 1
Equation of motions (EOMs) : V*u, = % (X— B N—f(x_))

Schouten:identity : guiEavmr = “uilines = JarEimin = JopEdine = JusCipsp

Partial integration : V(ABC) =VABC + AVBC + ABVC =0

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

Constraints: selecting the linearly independent terms.
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contain pseudoscalar only include pseudoscal$r, vector and tensor

4
= +[ + + + + + +I-+I-]

where J is the electromagnetic current.

NC\/_

12 2103

v G ¥
(Vi fL) » Lyep= z—V(un“u )

F
— o (0P ROV BOPDVY) |, Ly = —= N

22

£JPPP

9 e (VT = o) + 0

Lveep =7 Ewap(VF (B* WPy, —uuP hoT))
v

7
+ 293 o as (V¥ (g B8 — wPROU)) + 22t as (VP 4PN ) + s (0O V0P X )
MV MV MV

o v po a C e o v e v a
ﬂ/fl Egugaiay | alr F¥eld") + M—Qsﬁb“ﬂa({V“ It PN b+ ﬁsﬁvpo({vﬂ s kx-)
ic g . i
o M4 s.u-VPU(V“ [fp 7X+]) T Vspup(:r({v V'u ) ) +

c o yu
* Eeﬁvm({v VP ua)

Lvyp =

Teeupo(TaV, 7 Ju)

Lirve = di&pppa{({V™, VP* V) + a8 ppe ({V?; V7 1x <) + dagpvpe ({ VoV, VP J0%) + dagpnpe ({VIVH, VP Jug)

PhysRevD.88.056001
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Chiral Lagrangian related to the tensor

£TPP - QT(Tpv{ups uv}> %

Eur. Phys. J. C 52, 315-323 (2007)

‘CTVP = idTlspupo'([Tpaa Vpo]vauv> + idTZEpvpa([Vnga

Liye = 0ri€uupe{|T"", FL |Natt )+ it p |V ' Th,

]ua) +iers€pupe [V T —ia]ua)

VP u®) 4+ idrst py oo { [V T, VP*|u")

)

u, =i {u' (8, —iry)u—u (9, —il,)u'}
x+ = ulxu' £ uxtu
P = wb Pyt Ll By

h’p,y . vp.uy + vvu,u.

T =U+a,, ly=v,—a,

FE’ = o#r”

VX =8, X+, X], —{u

— =[], FE = 0M - 31 — 1M 1]

—iry)u—u(0,—il,)u

5
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Feynman diagrams for the processes

+ - - « + - + - + - + - +
- ot - . - . —
K(p1) K(py) k()
¥ v v ¥ 7
K(p2)
@ 7(ps) (& (p3) K@) i) n(ps) K(py)
K
K(py) () K
4 d = f\/\/\y/\,@ ' ' ' ' 4
K(p) \ AN\NNL l\
o) n(ps) (0 Sl TN ()

- 47roz
MKK?T = — HFKKW q S t) Isp,ya,@plp (q1)7“u(q2)

I—> Form factors: F&EE™(¢?,s,t)=F, + F,+ F. + F; + F. + Fy
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3. Results o

4R Gy

= p 2 2 2
Fd __F'S{Mﬁ _qz}{Mﬁ— S}DR{Q‘ 13-;me +3F3(Eﬂ—q2){ﬁf§ _SJDR(Q jsjmﬂ_}

+ - + - 2R Gy 2 SR Gy - ;
Form factors of = + - PO =0 PR k) + sma - e g DR )
_ AFy Gy 2 2
f= g SO — P ) e
¥
2Fv Gy 28 Gy DR{Q‘Z,H, mf()

_I_

2 2
y PR ™) ¥ 35 t0E — A\l —w)

. ; . F3(MZ = @)(Mz. —u
2V2F 2V/2F 4v2F
v L _GRi({,s) — ==——a——GRy(¢*, 5) ek DR(q*,u,m})

—_— 2 . —
Fb_Fst(ME—QQ)GRI(q ,3)+3F3MV(M3_QQ} 3F3Mv(M§_q2) _3FG{M£—Q2}(M§.. —‘y,}
2V/2Gy TR 2V2Gy 2o
F= — ——— ol S
e R R S R Fe=mp ﬁrﬂ —5CT@ 1) + g %ﬁz — 0T 5. w)
_ﬂcgﬂqﬂ t)_ﬂcg(zﬂ) o R Halr iy
SFM, (ML, 1) 2T SEMy(ME. —w)
5 2 Mandelstam variables
= vor DT(, s.1) - Lt DT(, 5.t P T T T -
1= - g 0 ) e e -, | = = o+ !
\/QFVQT 9 | = = -+ |
- DT t
S - g - =+ = o+ -
Fygr Fygr 2 e e T e
» DT (¢, s,u) — DT(q", s,
08— e, g e o, Y
F | | | | | | | | | | | | | | |
I

" 3 (ﬂﬁfvg(w _ﬂ)DT(qz,s,u) | pktk=2%; 2
i B FV {q 131t)=Fﬂ+ﬂ+Fc+Fd+Fe+Ff I

I_ _— _— _— _— _— _— _— _— —_— _— _— _— _— _— J
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Form factors of * — -
__Ne
¢ 12n2F3
N 2/2Fy 2\2Fy B 42Fy
b=~ g, 2 =09+ smar ar =@y ) ~ sman, g = O R @)
Fa=0
e 2‘/§GV 2 2 2\/§GV 2 2
S i R T R Fy= Frar DI 080 DI 5
1V/2G 442G V2FSMi (M — %) (Mi; — 1) 3VEF3ML. (M2 — ¢*)(ME, — 1)
+ 3, Q. = O @ b + 3pag . O @ e i) _ VaFygr il o
Vv K= v K" 3F3wﬁ.(M§—q2}(M?(’.—t) q-, 8,
Fygr 2 _ Fyogr =
APy G 4G t A0 - P —w Y T SARME 0 — i —w)
Fd =— Frs M: V2 ‘;/Iz DR(QQ, 37 m:') + 3F3 M2 Vﬁ VME DR(Q‘Z,S:mi) \/Q_FVQT DT 2
Ll 2 vy 3 9

= DR(¢*,t DR(¢*,t

F3(M2 — 2)(MZ. —t) R(q.t.mi) + 3P — ) (M2 1) R(q=.t.my)

4F, Gy o

= DR(¢*.t

3P0 — (ML 5 b ™)
- 2FvGy 2, 2 2Fy Gy s g

4FVGV I

DR(¢*,u,m¥)

TSP (MR — )

0 F0 0
IF‘f'(SKL (q2157t) =Fa+Fb+Fc+Fd+Fe+Ff I
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Form factors of * — - + -
Fa=0 V2Fygr
Fr=Fom - )iz, ) Dralt -~ )
B 24/2Fy (Guns(t — )] 2v/2Fy GRA(E5) + 4V/2Fy i) _ Fygr : DT(¢?,5,) + 2 Fn;.crr — DT(¢, 5.1)
TEMOE-@) SFMy (MZ —g2) Y T 3y (M2 —g?) V23 M (M2 = ¢2) (M. —t) 3V2FIM (M2 — ¢2) (M. 1)
\/iFVQT 2
MET TR el
By, VIO CRi(¢?,s,m2) — /9 CRi(¢*,t,m%) + v CRy(q% u) B ,, F
e 3F3MV(M§ —3) 19 My 3F3Mv(M;2(o —1) EIECLT 3F3Mv(ﬂtf:,2(. —u) 2 t vir - DT(q‘a,S,ﬂ} + . vt - DT{Q‘Q,S, u)
\@F”ﬁ(;(M,E _qz){MK; —u) 3\/§FGMK5{WW —qz)(ng —u)
\/ﬁFV}TI’ 2
PN V- )0 = 5
o= 4FVGV DR 2 2) 3 ¢ 3
d—_S‘FG{M‘E_qg)(Mpg_S) (q 2 8, My

2Fy Gy " 2Fy, Gy ———

T O — MR-~ Tt )~ SEGME — g (Mg — B )
5N w

+ 3F‘3(M§ —Q‘E}{M?(o _t)DR{q -:t-:mK)
2FvGyv 2 2 2Fv Gy 2 2

- FS(M,E (e q2){M}2<, — E}DR(Q‘ S, ) — 3F3 (M2 —qz)(Mf(. —u) DR(g=, u, my)
A4Fv Gy 2 2

S — ) (MR —w) )

2g 2g I KgKtx™ , 2
o= gz, =) Cr W]~ iy OT@h =W FEsR (P s ) = Fu+ Fy+ Fo+ Fa+ F. + Fy

L e e e e e e e e e -

The form factors of * = - - N differs by one phase from * = - -
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Notation

GR (% 5) = Gia3(q® + s — 4mj — m2) + 4G usmi — 492(q® — 2mi — m2) — dgy(mi —m2)

GRy(q%,5) = Gras(¢® — s — m3) + 2Gasm’ — 292(¢% — 2my — m3) + dga(mi —m3)

CRi(¢*,z,m”) = C125¢° — Cras6x + Cragsm?

CR(q? x) = Ci259” — Chasex + Crassmiy + 24es(mi —m?2)

DR(¢?,x,m?) = Dizam® + ds(¢* + )

CT(q 5,%) = Crizs | Mi; (¢* — 25 — 2+ 3m3) + (¢* — 2 — mi) (e —m?2)| + 2ers(M; — 2)(m —m2)

DT(¢*,s,x) = Driss [MIZ{, (¢® —2s —x +3m%) + (¢° — v — m%)(m%k — mfr):l + 2dT3(M12{5 — x)(m% —m?)

High-energy behavior: - oo, 2., =0
Chiral limit: = =0, = = = =
Neo My
P~ 199van Ry
Gizzs=0g1+292—935=0 Ne,

01256 =@ = €y ~C8 2(:5 e P G e o
Ciss=c1—ca+c5=0 96+/272G\,

o NeM
Ciazs =c1+c2+8c3—c5 =0 87T T 192n2Fy Gy
F?
Gy =—
174 Py

F2

Dyos=d el =
123 1 + 8ds 3 SF‘Q/



Revise the form factors

I 1 'BF 6” 1 'BF 6”

v v

The original In order to expand the Add widths
momentum structure energy regions to 2.3 GeV

-

R = {p(T70) , w(782) , ¢(1020) , K*(892) , a2(1320) , K;(1430)}
R’ = {p(1450) , w(1420) , #(1680) , K*(1410) , as(1700) , K3(1980)}
R" = {p(1700) , w(1650) , $(2170) , K*(1680)}

The unknown parameters are v Ay 4y 45 T 123 123 ,, ’ and
the mass and widths of the resonance states.
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Decay widths related to the

Gy NA(Mg.,mi,m3)

* _
DK = Km) = gt M.

D(K* — K%) = [Cragsmi — Chase M|

a(MZ. —m%)? { 432

24 M3, 3F My
2
o a = ) TH M2,
7 (M3 3M3+3M§)[ 123 + d3 K]}

D(K** - K*y) =

2 2 2 2
2ANTE. SEMy [Crazsmye — Crase M + 24cq(mye — my)]

(M. —m)? { 2/

2

2Fy 1 1 2 2 2

. T [Dlzng+d3MK‘]}
= 2 2 M2

2 XML ol ol
= 9T az? T
D(az = nm) = 300 e { —2/25in(20p) — cos(20p) + 3}
2 2 42 \5/2
- _ g7 (Mg, —4mkg)
T(a2 = KK) = 3507 Mz,
9 A5/2(M2 )
; v 97 az My My
T(ag = n'm) = B0nE M7 {2\/55111 20p) + cos(20p) + 3}

Processes

2
M2 —m2\° [ 2 Fy
Llaz = my) = 20 (M—@) {_?CT123 + P2 ——=Dr03

9 A5f2( m 2)

g K‘i K!

TG~ K1) = gonp ML
K2

3D%123 ’\5/2(M12{5=M2 "=mr2r)

T(K% — K*1) =

12807 F2M2. M.
D2 /\5/2 M2 .,M2, m2 )
T(K} - pK) = —o2T1z i L
12807 F2 M3 M.
2
D2 )\5/2(M2 - M2 m2 )
I(K§ - wK) = —— 1128 £

12807 F2M2 M}"(.
2

M2, —m%\°® V2 F {1 1 2 i
r(k3t - K+ e il ) i 24 (TN S
(K3 = KTy) = 30 ( Mr; CT123 3F M + EWE + 3M£ 7193
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Scattering cross section

_ 2 Smax tmax _ 2
JKKW(QQ) = %/‘ ds f dt ¢(q2131 t) Flf'cxﬁ(q2131 t) .
4% Joa S To determine the unknown parameters,

we fit them with the experimental data.
#(q% 5,t) == mx(mg +q° — s —1)* + (—mi —mg + s)(mg + my — t)(—mg —¢" +5+1)

Least Squares

—m2(m3 + m?,;_, —35)? — mf((m%, +m2 — )% + 4m§(m§—{m,2r

P PRe Gimr— (i experimental data: |, +
fitting function:
bmin = é {(‘12 — my +mg —m3)? — [A2 (g%, 5,m3) + )\lﬁ(s,mg—(,m%)f} -
B == ZIE {(qz — m, +mL — m2)? = [AV3(g?, 8,m2) — AV2(s, mfic,m}()]?} —

Invariant mass spectrum

Joint fitting:

= + +

Events or Events

s W
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Fitting results

TABLE III. Fitting results for parameters.

parameters Fit Ref [6] Ref [3] Ref [4] PDG [15]
v 0.1386 £ 0.0002 .18 + 0.001 0.142 & 0.001 0.148 <+ 0.001
o — .00 + 0.00{8 2 & 2
o —0.0011 £ 0.0001 - - -
G —0.0265 % 0.0020 - —0.492 £ 0.002 — 0403 = 0,003
gr 0.0237 £+ 0.0003 - - -
ey 0.0648 £+ 0.0321 Z A2 =
of —0.7627 £ 0.1817 L i L
Criz 0.0405 £ D.0015 - - -
D123 06866 £ 0.0142 - - -
#p(®) —20.5000 + 0.2364 —20.50 & 0.30 —19.61 £0.10 2137+ 0.26
B an —0.3824 £ 0.0018 - - -
Bss—an —0.0118 £ 0.0027 - -
-'H;KEKE'“ —0.5127 4+ 0.0019 — —
,H‘;; K90 —0.0008 £ 0.0049 - -
Bleaxctaz ~0.5091 % 0.0020 i &
Brart.z 0.1066 + 0.0051 - -
M, 1.5455 + (.0006 L5189 £ 0.001 1.519 & 0.002 1.550 £ 0.012 LABS £ (025
T, 0.2548 £ 0.0017 0381 = 0.003 0.340 & 0.001 0.238 + 0.018 0,400 =+ 0060
Mo 14170 £ 00028 1.250 % 0.003 1.253 &+ 0.003 1.249 £ 0.003 1.410 & 0060
T 0.1605 £ 0.0041 0.200 + (L.002 0310 =+ 0.003 0.307 & 0.007 0.200 + 0.190
My 1.6485 £ 0.0007 Li56 £ 0.003 1.640 £ 0,003 1641 + 0.005 1.680 + 0.020
Iy 1. 1806 £ 0.0005 0.136 £ 0.001 0,000 + 0.002 0.086 £ 0.007 0.150 £ 0.050
Mycor 13800 + 0.0024 - - - 1.414 £ 0.015
[ 0.2100 £ 0.0017 - - - 0.232 + 0.021
M 1.7399 £ 0.0013 L7204+ 0.001 1.720 + 0,001 1.794 £ 0.012 1.720 £ 0.020
L 0.2678 £ 0.0179 (1250 £ 0.001 {0,150 £+ 0.005 0.207 £ 0.033 0.250 £ 0.100
M 1.6588 £ 0.0201 1726 &+ 0.002 1.725 £ 0010 1700 + 0.011 1670 £ 0.030
| 0.3973 £ 0.0134 0400 + 0.001 0.400 £ 0.003 0400 £ 0.013 0315 £ 0.035
My 2.2226 + 0.0049 2.160 % 0.001 2.126 + 0.025 2.086 £ 0.022 2.162 £ 0.007
Tye 01400 + 0.0012 0.105 £ 0.010 0.100 + 0.014 0.108 + 0.017 0100108
Mpeen L7400 & 00306 = - - 1.718 £ 0.018
| 0.2100 £ 0.1608 - - - 0.322 £ 0.110
N 24,5066 £ 0.8802 - = -
N, 34564 + 0.0955 - - -

Na

2.1643 £ 0.0408

TABLE IV. Fitting results for the decay widths and PDG

data are for 2022.

Width Unit(GeV) Fit PDG [18]

[(K* = Kn) 10~* 5.047 4.845 +0.042
T(K*® = K%) 10~ 0.911 1.164 £0.100
(Kt - Kty) 10-% 3.043 5.040 £0.470
(a2 — nn) 1072 2.274 1.552 +0.147
I(ay — n'm) 1073 5.877 5.243 £ 0.890
(a2 = KK) 10~* 4.672 5.885 & 1.002
[(af — 7ty) 107 4.128 3.114 £0.323
(K3 = K) 1072 4.453 5.057 £0.155
I'(K; - K*x) 10~2 2.137 2.503 +0.159
(K3 — pK) 1073 7.539 8.818 +0.828
(K3 = wK) 103 2.192 2.939 +0.813
I(K3E - Kty) 1= 2.073 2.400 +0.503
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Fitting curve
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Calculate the contributions of * = - to -2
Leading order (LO) HVP correction to
the muon anomalous magnetic moment:
[o.0)
where
2 1+ 2 1+ 2 2 1+
=5 2= 2 + 5 In 1+ — +— +— 2In
_1- = [1-4 2 PhysRevD.97.114025
1+ ’ Eur. Phys. J. C (2020) 80:241
3 . _ au x 1010 Fit KNTI18 DHMZ19
4 - aXSFTTT 960 < /5 <1937 GeV] 08938 0.88+0.05 -
ol K™ [1.370 < /5 < 1.937 GeV] 01710  0.17+0.01 -
— afSFL™[1395 < \/5<1.937 GeV] 07675  0.7940.07 -
_ + — o 0 . . a, “T[1.260 < /s < 1.937 GeV] 2.7270 2.71 £0.12 -
= + + - B aX &= [threshold < \/5 < 1.8 GeV] 24056  2.44+0.11 2.45+0.13
-0 4 0 +2 * aX%=[threshold < /5 < 2 GeV] 2.8265  2.8040.12 -

aXE7[threshold < /5 < 2.3 GeV] 3.1783




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 contributionsof * ~ - =~ to "V"'°

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



Thank you for your attention!



