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ʇʣʘʥ

1. ʆʙʟʦʨʩʦʚʨʝʤʝʥʥʦʛʦʩʦʩʪʦʷʥʠʷʧʨʦʙʣʝʤʳ

2. ʀʟʤʝʨʝʥʠʝʩʝʯʝʥʠʷὩὩ ᴼ““ ʚʵʢʩʧʝʨʠʤʝʥʪʘʭʩ

ʜʝʪʝʢʪʦʨʦʤʂʄɼ-2

3. ʀʟʤʝʨʝʥʠʝʘʥʦʤʘʣʴʥʦʛʦʤʘʛʥʠʪʥʦʛʦʤʦʤʝʥʪʘʤʶʦʥʘ

ʚɹʅʃ

4. ɿʘʢʣʶʯʝʥʠʝ

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ2ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



ʀʩʪʦʨʠʯʝʩʢʠʡ ʦʙʟʦʨ ʠ ʩʦʚʨʝʤʝʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʧʨʦʙʣʝʤʳ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ3



ʇʦʠʩʢʠ ʅʦʚʦʡ ʬʠʟʠʢʠ

ʌʠʟʠʢʠ ʩʯʠʪʘʶʪ, ʯʪʦ, ʩ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ, 

ʉʪʘʥʜʘʨʪʥʘʷ ʄʦʜʝʣʴ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ ʙʦʣʝʝ ʦʙʱʝʡ 

ʪʝʦʨʠʠ, ʠ ʯʪʦ çʅʦʚʘʷ ʬʠʟʠʢʘè (ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʝ 

ʦʧʠʩʳʚʘʝʤʳʝ ʉʄ), ʜʦʣʞʥʳ ʧʨʦʷʚʠʪʴʩʷ ʧʨʠ ʵʥʝʨʛʠʷʭ, 

ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʇʣʘʥʢʦʚʩʢʠʭ.

ʇʦʠʩʢʠ ʅʦʚʦʡ ʬʠʟʠʢʠ ʚ ʣʘʙʦʨʘʪʦʨʠʷʭ:

Åʇʨʷʤʳʝ: ʠʱʝʤ ʥʦʚʳʝ ʯʘʩʪʠʮʳ ʥʘ ɹʦʣʴʰʦʤ ʘʜʨʦʥʥʦʤ

ʢʦʣʣʘʡʜʝʨʝ

Åʂʦʩʚʝʥʥʳʝ: ʠʱʝʤ ʧʨʦʷʚʣʝʥʠʷ ʅʦʚʦʡ ʬʠʟʠʢʠ ʚ 

ʢʚʘʥʪʦʚʳʭ ʧʝʪʣʷʭ Ÿ (g-2) ʤʶʦʥʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ4



ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʝ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ5

ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʪʝʩʥʦ ʩʚʷʟʘʥ ʩ ʫʛʣʦʚʳʤ ʤʦʤʝʥʪʦʤ ʩʠʩʪʝʤʳ



ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʠ ʩʧʠʥ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ6

ʂʚʘʥʪʦʚʘʷ ʤʝʭʘʥʠʢʘ ʧʨʝʜʩʢʘʟʳʚʘʝʪ, ʯʪʦ ʫ ʯʘʩʪʠʮʳ ʝʩʪʴ ʚʥʫʪʨʝʥʥʠʡ 

ʫʛʣʦʚʦʡ ʤʦʤʝʥʪ ïçʩʧʠʥè, ʘ ʟʥʘʯʠʪ, ʠ ʚʥʫʪʨʝʥʥʠʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ.

ʅʝʧʨʘʚʠʣʴʥʦ!



ʆʧʳʪ ʐʪʝʨʥʘ-ɻʝʨʣʘʭʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ7

ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʚ Ὣʨʘʟ

ɻʠʨʦʤʘʛʥʠʪʥʦʝ ʦʪʥʦʰʝʥʠʝ



ʂʨʘʪʢʘʷ ʠʩʪʦʨʠʷ

Åʋʣʝʥʙʝʢ ʠ ɻʦʫʜʩʤʠʪ(1925): ʧʦʩʪʫʣʠʨʦʚʘʣʠ ʥʘʣʠʯʠʝ 

ʩʧʠʥʘ ʠg=2

Åʃ. ʊʦʤʘʩ (1925) ïg=2 ʠʟ-ʟʘ ʨʝʣʷʪʠʚʠʩʪʩʢʠʭ ʵʬʬʝʢʪʦʚ

Åʇ. ɼʠʨʘʢ (1928) ïʨʝʣʷʪʠʚʠʩʪʩʢʘʷ ʪʝʦʨʠʷ ʵʣʝʢʪʨʦʥʘ

Å1947: ʀʟʤʝʨʝʥʠʷ ʩʚʝʨʭʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʦʜʦʨʦʜʘ ʠ 

ʜʝʡʪʝʨʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ Ὣ ς

Åʊʨʠʫʤʬ ʂʕɼ: ɼʞ.ʐʚʠʥʛʝʨ(1948), ʈ.ʌʝʡʥʤʘʥ(1949)
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ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ8



ɸʥʦʤʘʣʴʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ

ÅThe magnetic moment of the particle relates to its spin angular 

momentum via the gyromagnetic factor, g:

ᴆ‘ Ὣ
Ὡ

ςά
ᴆὛ

ÅIn Dirac theory, point-like, spin ½ particle has Ὣ ςexactly

ÅExperimental values:

ɸʥʦʤʘʣʴʥʳʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ: ὥ Ὣ ςȾς

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ9
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ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



(g-2) ʵʣʝʢʪʨʦʥʘ

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ10

D. Hanneke, S. Fogwell, G. Gabrielse, Phys.Rev.Lett.100:120801,2008

The best precision is achieved for electrons (g-2). The value of ὥ is 

used to get the best determination of fine-structure constant ‌.

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



First Order QED
Vertex Correction

Higher Order
Loop Correction

(g-2) ʤʶʦʥʘ ʢʘʢ ʠʥʩʪʨʫʤʝʥʪ ʧʦʠʩʢʘ 

ʥʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ11

(g-2) ʤʶʦʥʘ ʚ 40,000 ʨʘʟ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ ʟʘ 

ʨʘʤʢʘʤʠ ʉʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ, ʯʝʤ (g-2) ʵʣʝʢʪʨʦʥʘ

PhysicsNewWeakHadQED aaaaa mmmmm +++=
2

:3.1:60:000,000,1 ö
÷

õ
æ
ç

å´ Xmmm

ɹʳʣʦ ʙʳ ʝʱʝ ʠʥʪʝʨʝʩʥʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʫ-ʣʝʧʪʦʥʳ, ʥʦ ʠʭ ʦʯʝʥʴ ʩʣʦʞʥʦ 

ʧʨʦʠʟʚʦʜʠʪʴ ʠ ʦʥʠ ʩʣʠʰʢʦʤ ʙʳʩʪʨʦ ʨʘʩʧʘʜʘʶʪʩʷé

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



ʄʶʦʥ ïʫʥʠʢʘʣʴʥʳʡ 

ʣʘʙʦʨʘʪʦʨʥʳʡ ʦʙʲʝʢʪ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ12



ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ13ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



ʇʝʨʚʦʝ ʠʟʤʝʨʝʥʠʝ Ὣ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ14

1960: g =2(1.001220.00008)ï10% ʪʦʯʥʦʩʪʴ ʜʣʷ ὥ



ʆʪ ʧʦʢʦʷʱʠʭʩʷ ʤʶʦʥʦʚ ʢ ʜʚʠʞʫʱʠʤʩʷ

ÅStore polarized muons in the uniform 

magnetic field B

ÅMomentum rotates with cyclotron 

frequency:

‫ ϳὩὄ‎άὧ

ÅSpin rotates with Larmor+Thomas

frequency:

‫ ϳὫὩὄςάὧ ϳρ ‎Ὡὄ‎άὧ

ÅSpin precesses relative to momentum 

with frequency ‫ :

‫ ‫ ‫ ϳὥὩὄάὧ

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ15

‫

ὄ
ὥ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʠʞʫʱʠʭʩʷ ʤʶʦʥʦʚ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʧʨʷʤʦ ὥ!



CERN-1 (1958-1962)

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ16



CERN-II (1962-1968)

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ17



Magic ɾ(CERN-III)

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ18

Anomalous magnetic moment is independent of ‎. The larger ‎, the longer 

muon lifetime, the more g-2 circles observed ïgood! But there is a problem: 

particles are not stored in the uniform magnetic field. 

Solution: introduce gradient with electric field to build a trap. 
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Contribution from 

potential EDM 

(more later)

Magic ‎completely determines the size of the CERN-type 

experiment.

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



CERN-III (1969-1976)

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ19



Layout of BNL experiment (1997-2001)

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ20

24 GeV Protons

3 GeVmDecay Channel

P=97%
~104 m stored

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



On a theoretical sideé

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ21

Ўὥ ὔὩύὖὬώίὭὧίὥ Ὡὼὴὥ Ὓὓ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.

PhysicsNewWeakHadQED aaaaa mmmmm +++=

ʀʥʪʝʨʝʩʥʦ ʥʝ ʩʘʤʦ ʟʥʘʯʝʥʠʝ ʘʥʦʤʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʤʶʦʥʘ, ʘ ʝʛʦ 

ʦʪʣʠʯʠʝ ʦʪ ʧʨʝʜʩʢʘʟʘʥʠʷ ʉʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ

ɺʳʯʠʩʣʝʥʠʝ ὥ ʚ ʉʪʘʥʜʘʨʪʥʦʡ ʤʦʜʝʣʠ:



ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ22

ʘʥʘʣʠʪʠʯʝʩʢʠ

ʯʠʩʣʝʥʥʦ

‌ ά Ⱦά ὅ ὅ
0.29 ppb



ʉʣʘʙʳʡ ʚʢʣʘʜ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ23

1972: =ρωτȢψρρ ρπ

Kukhto, T. V., Kuraev, E. A., 

Silagadze, Z. K. and Schiller, A.
1992:

20% ʦʜʥʦʧʝʪʣʝʚʦʛʦʚʢʣʘʜʘ!

ʉʝʛʦʜʥʷ:

Á %7 ρυσȢφ ρȢπ ρπ 9 ppb



ɺʢʣʘʜ ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ

Å30.01.2018: arXiv:1801.10246 Post-Newtonian effects of Dirac particle in 

curved spacetime - III : the muon g-2 in the Earth's gravity

Ўὥ ὫὶὥὺὭὸώup to 3 ppm!

Å17:00 ɸ.ʀ.ʄʠʣʴʰʪʝʡʥ-> ʀ.ɹ.ʃʦʛʘʰʝʥʢʦ: ñʀʥʪʝʨʝʩʥʦéò

Å18:00 ʀ.ɹ.ʃʦʛʘʰʝʥʢʦ-> g-2 collaboration: ñʀʥʪʝʨʝʩʥʦ, ʥʦ ʘʚʪʦʨʳ 

ʦʰʠʙʣʠʩʴ ʥʘ 3 ʧʦʨʷʜʢʘ, ʥʝ ʫʯʣʠ ʤʘʣʦʩʪʴ Eò

Å09:00 31.01.2018: ʧʠʩʴʤʦ ʦʪ g-2 collaboration ʘʚʪʦʨʘʤ ʩ ʦʙʲʷʩʥʝʥʠʝʤ ʠʭ 

ʦʰʠʙʢʠ

Å02.02.2018 arXiv:1802.00651 M.Visser: çɺʳʯʠʩʣʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ 

ʥʝʧʨʘʚʠʣʴʥʦ, ʪʘʢ ʢʘʢ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʪʝʥʮʠʘʣʘè

Å12.02.2018 arXiv:1802.04025 H. Nikolic: ʧʦʜʨʦʙʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʦʰʠʙʢʠ ʚ 

ʚʳʯʠʩʣʝʥʠʠ

ɻʨʘʚʠʪʘʮʠʦʥʥʳʡ ʵʬʬʝʢʪ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ24



The lowest-order hadronic contribution

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ

0.01 ppm 0.22 ppm

The hadronic contribution is 

calculated by integrating experimental 

cross-section „ὩὩ ᴼὬὥὨὶέὲί.

Weighting function ρͯȾί, therefore 

lower energies contribute the most.

Starting from ίͯςὋὩὠthe pQCD

estimation of „ὩὩ ᴼὬὥὨὶέὲίis 

used. At lower energies only the 

experimental data are used.

Many sources of data:

ÅNovosibirsk: CMD-2 and SND 

(VEPP-2M), CMD-3 and SND 

(VEPP-2000)

Å Factories: Babar, KLOE 

Å BES

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. 25



Ὑί ϳ„ὩὩ ᴼὬὥὨὶέὲί„ὩὩ ᴼ‘‘

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ26



ʂʘʢ çʥʘʙʠʨʘʝʪʩʷè ʠʥʪʝʛʨʘʣ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ27

*

ɺ ʦʙʣʘʩʪʠ ʵʥʝʨʛʠʡ ʜʦ 2 ɻʵɺ 

ʥʘʙʠʨʘʝʪʩʷ ~90% ʚʩʝʛʦ 

ʠʥʪʝʛʨʘʣʘ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʷ 

ʥʝʪʦʯʥʦʩʪʴ 

ɺʢʣʘʜ ʨʘʟʣʠʯʥʳʭ ʢʦʥʝʯʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʚ ʥʝʪʦʯʥʦʩʪʴ 

ʠʥʪʝʛʨʘʣʘ



ɺʢʣʘʜʳ ʨʘʟʣʠʯʥʳʭ ʢʦʥʝʯʥʳʭ ʩʦʩʪʦʷʥʠʡ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ28



ɻʜʝ ʠʟʤʝʨʷʝʪʩʷ R

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ29

VEPP-2M

Babar/Belle (ISR@10GeV)

KLOE (ISR)

VEPP-2000

Tau decays

ʂɽɼʈ

BESBES (ISR@4GeV)



ʀʟʤʝʨʝʥʠʷ ʘʜʨʦʥʥʳʭʩʝʯʝʥʠʡ ʥʘ 

ɺʕʇʇ-2ʄ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ30



ʀʟʤʝʨʝʥʠʷ ʘʜʨʦʥʥʳʭʩʝʯʝʥʠʡ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ BaBarʤʝʪʦʜʦʤ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʚʦʟʚʨʘʪʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ31



ɸʜʨʦʥʥʳʡʚʢʣʘʜ ʚ ʣʠʜʠʨʫʶʱʝʤ 

ʧʨʠʙʣʠʞʝʥʠʠ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ32



ɸʜʨʦʥʥʳʡʚʢʣʘʜ ʚ ʩʣʝʜʫʶʱʠʭ 

ʧʦʨʷʜʢʘʭ
Åɺʢʣʘʜ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ

Åɺʢʣʘʜ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʥʘ ʩʚʝʪʝ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ33

ʊʦʯʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʷ ʵʪʦʛʦ ʚʢʣʘʜʘ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʘ ʪʦʯʥʦʩʪʠ 

ʚʳʯʠʩʣʝʥʠʷ ʣʠʜʠʨʫʶʱʝʛʦ ʚʢʣʘʜʘ.



ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ34

Ўὥ ὔὩύὖὬώίὭὧίὥ Ὡὼὴὥ Ὓὓ

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʨʫʛʠʭ ʨʘʩʯʝʪʦʚ ʘʜʨʦʥʥʦʛʦʚʢʣʘʜʘ Ўὥ ʚʘʨʴʠʨʫʝʪʩʷ 

ʤʝʞʜʫ 3.5 ʠ 4.3 ʩʪʘʥʜʘʨʪʥʳʭ ʦʪʢʣʦʥʝʥʠʡ



ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ὥ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ35



ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ36

Åʅʘʯʘʣ ʥʘʙʦʨ ʜʘʥʥʳʭ ʥʦʚʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʟʤʝʨʝʥʠʶ ὥ ʚ 

ʌʝʨʤʠʣʘʙ. ɺ 2019 ʛʦʜʫ ʦʞʠʜʘʝʪʩʷ 

ʥʦʚʦʝ ʠʟʤʝʨʝʥʠʝ ʩ ʪʦʯʥʦʩʪʴʶ ɹʅʃ, 

ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ïʩ ʪʦʯʥʦʩʪʴʶ, ʚ 

4 ʨʘʟʘ ʣʫʯʰʝ.

Åɹʣʘʛʦʜʘʨʷ ʠʟʤʝʨʝʥʠʷʤ ɺʕʇʇ-2000 ʠ 

ʨʘʟʚʠʪʠʶ ʨʝʰʝʪʦʯʥʳʭ ʚʳʯʠʩʣʝʥʠʡ 

ʂʍɼ, ʦʞʠʜʘʝʪʩʷ, ʯʪʦ ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ 

ʣʝʪ ʧʦʷʚʷʪʩʷ ʥʝʟʘʚʠʩʠʤʳʝ 

ʨʝʰʝʪʦʯʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʘʜʨʦʥʥʦʛʦ

ʚʢʣʘʜʘ ʠ ʚʳʯʠʩʣʝʥʠʷ ʧʦ ʧʨʷʤʳʤ 

ʠʟʤʝʨʝʥʠʷʤ ʠ ʧʦ ʠʟʤʝʨʝʥʠʷʤ 

ʤʝʪʦʜʦʤ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʚʦʟʚʨʘʪʘ.

Åʄʦʞʥʦ ʦʞʠʜʘʪʴ ʫʣʫʯʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ὥ ὔὩύὖὬώίὭὧίʚ ʜʚʘ 

ʠ ʙʦʣʝʝ ʨʘʟ.



ʀʟʤʝʨʝʥʠʝ ʩʝʯʝʥʠʷ ὩὩ ᴼ““ ʚ 
ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʜʝʪʝʢʪʦʨʦʤ ʂʄɼ-2

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ37



ɺʕʇʇ-2ʄ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ38



ʂʄɼ-2

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ39



ʇʘʨʘʤʝʪʨʳ ʜʝʪʝʢʪʦʨʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ40



ʇʘʨʘʤʝʪʨʳ ʜʝʪʝʢʪʦʨʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ41



ʉʠʩʪʝʤʘ ʩʙʦʨʘ ʜʘʥʥʳʭ ʂʄɼ-2

ɺ ʨʘʤʢʘʭ ʨʘʙʦʪʳ ʙʳʣ 
ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʛʨʘʤʤʥʳʡ 
ʢʦʤʧʣʝʢʩ ʩʠʩʪʝʤʳ ʩʙʦʨʘ 
ʜʘʥʥʳʭ ʂʄɼ-2:

Åʯʪʝʥʠʝ ʜʘʥʥʳʭ

Åʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʚ 
ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ 
ʚʨʝʤʝʥʠ
Åʪʨʝʪʠʯʥʳʡ ʪʨʠʛʛʝʨ

Åʦʧʝʨʘʪʠʚʥʳʡ ʢʦʥʪʨʦʣʴ 
ʢʘʯʝʩʪʚʘ ʜʘʥʥʳʭ

Åʤʦʥʠʪʦʨʠʥʛ ʜʝʪʝʢʪʦʨʘ

Åʫʧʨʘʚʣʝʥʠʝ ʜʝʪʝʢʪʦʨʦʤ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ42

ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʫʩʧʝʰʥʦ 

ʧʨʦʨʘʙʦʪʘʣ ʚʝʩʴ ʩʨʦʢ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʜʝʪʝʢʪʦʨʘ.



ʅʘʙʦʨ ʜʘʥʥʳʭ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ43



ʇʨʠʤʝʨ ʩʦʙʳʪʠʷ ὩὩ ᴼ““

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ44



Measurement of ς“cross-section

Logashenko I. Measurement of 2“cross section at CMD3 45

1. Select final state with 2 back-to-back 

charged particles

Cuts: Ð ȟЎὴȟЎɡȟЎ•

Fiducial volume: 

ɡ ɡ “ ɡ ȟ ɡ πȢωȣρȢρ

2. Identify ὩὩȟ““ȟ‘‘ and background

3. Use ñmasterò formula:

Ὂ
ὔ

ὔ

„ ρ ‏ ‐

„ ρ ‏ ‐

„ὩὩ ᴼ““
“‌

σί
ρ
τά

ί

Ⱦ

Ὂ

ɡ

Ὡ Ὡ

“

“

„ - ñBornò cross-section ὩὩ ᴼὢ, point-like pions; ‏ - radiative correction;

‐ - detection efficiency (not including acceptance)



Separation of ὩὩȟ‘‘ȟ““

Logashenko I. Measurement of 2“cross section at CMD3 46

Selected event sample consists of ὩὩȟ‘‘ȟ““ final states and cosmic 

background.

Cosmic background is easily identified by distance from the tracks to beam 

axis and interaction point.

Separation of different final states is based on unbinned likelihood 

minimization:

Å using energy deposition ( ί πȢφGeV)

ÌÎὒ ÌÎ

ȟ ȟ ȟ

ὔὪ ὉȟὉ ὔ

Å using momentum ( ί πȢυςGeV)

ÌÎὒ ÌÎ

ȟ ȟ ȟ

ὔὪ ὴȟὴ ὔ

sign reflects energy deposition and momentum of particle with 

corresponding charge



ʇʨʠʤʝʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʡ

ʧʦ ɻʥʝʨʛʦʚʳʜʝʣʝʥʠʶ ʧʦ ʠʤʧʫʣʴʩʫ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ47

350 ʄʵɺ 200 ʄʵɺ



ʆʧʨʝʜʝʣʝʥʠʝ ʬʦʨʤʬʘʢʪʦʨʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ48

ÅůBïBorn cross-section (F =́1)

Åŭïradiative correction

ÅŮïreconstruction efficiency

ÅȹNïcorrection for nuclear interactions

ÅȹDïcorrection for decay in flight

Åȹbgïcorrection for e+e-­3 ,́4 ,́2K background

Åȹcorrïcorrection for E+ªE- correlation 

is measured, other values are calculated:



ʈʘʜʠʘʮʠʦʥʥʳʝ ʧʦʧʨʘʚʢʠ

Åɺʳʯʠʩʣʝʥʠʝ 

ʨʘʜʠʘʮʠʦʥʥʳʭ 

ʧʦʧʨʘʚʦʢ 

ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ 

ʛʝʥʝʨʘʪʦʨʘ 

MCGPJ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ49



ʇʦʧʨʘʚʢʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ50

All selected final states produce 

very similar signal in the drift 

chamber.

In the first order, the reconstruction 

efficiency is cancelled out from the 

formfactor calculation

Due to drift chamber malfunction, 

the correction for reconstruction 

efficiency reach up to 4% percent 

for 1998 data set.

Measured ratio Ů́ /́Ůee



ʉʠʩʪʝʤʘʪʠʯʝʩʢʘʷ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ51



ʈʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʷ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ52



ʈʝʟʫʣʴʪʘʪ ʠʟʤʝʨʝʥʠʷ: ʦʪʢʣʦʥʝʥʠʷ ʦʪ 

ʧʦʜʛʦʥʢʠ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ53



ʉʨʘʚʥʝʥʠʝ ʩ ʜʨʫʛʠʤʠ ʠʟʤʝʨʝʥʠʷʤʠ: 

ʆʃʗ ʠ ʂʄɼ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ54



ʉʨʘʚʥʝʥʠʝ ʩ ʜʨʫʛʠʤʠ ʠʟʤʝʨʝʥʠʷʤʠ: 

ʉʅɼ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ55



ʉʨʘʚʥʝʥʠʝ ʩ ʜʨʫʛʠʤʠ ʠʟʤʝʨʝʥʠʷʤʠ: 

BES-III ʠ KLOE 

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ56



ʉʨʘʚʥʝʥʠʝ ʩ ʜʨʫʛʠʤʠ ʠʟʤʝʨʝʥʠʷʤʠ: 

BABAR

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ57



ʉʨʘʚʥʝʥʠʝ ʚʢʣʘʜʦʚ ʚ ὥ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ58



ʀʟʤʝʨʝʥʠʝ ʘʥʦʤʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʤʶʦʥʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ59



ʀʩʪʦʨʠʷ ʥʘʯʘʣʘʩʴ ʚ 1984 ʛʦʜʫé

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ60

Danby            Field        Farley    Picasso    Krienen

Bailey              Hughes        Combley
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Experimental technique since CERN-II

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ61
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Make a pion beam, then select highest energy 

muons from parity violating p­ m + nmdecay

Storage ring with ultra -precise dipole B-field. Allow 
muons to precess through as many g-2 cycles as 
possible.

In parity violating decay m ­ e+ ne+ nm , 
the positron is preferentially emitted in the muon
spin direction

Polarized 
muons

Precession in 
uniform B-field

Measure muon
spin direction 

vs time

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Muon g-2: Muon Production

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ62

Pions

3.11 GeV/c

Target

Proton bunch

Å Outgoing pions focused by a 

lithium lens and then momentum-

selected, centred on 3.11 GeV

Å The pions are then collected and 

sent towards the delivery ring

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Muon g-2: Muon Production

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ63

Target

Proton bunch

Å In the delivery ring, pions decay 

into negative helicity ɛ+ 

Å Create a ~90% polarised beam 

by selecting highest energy ɛ+

Å Momentum of selected ɛ+ centred

on 3.09 GeV (ɔ= 29.3) to reduce 

E-field effects:

Pions

3.11 GeV/c

0 for ɔ = 29.3

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Muon g-2: Storing Muons

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ64

Inflector

Storage

ring
R=711.2cm

d=9cm

B = 1.45 T

Target

Proton bunch

Å Storage ring: 14 m diameter 

toroidal C-magnet with 1.45 T field

Å Inflector magnet nullifies the 

storage ring field for incoming 

muons

Pions

3.11 GeV/c

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Muon g-2: Storing Muons

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ65

Injection orbit

Target

Proton bunch Pions

3.11 GeV/c

B = 1.45 T
Inflector

Å Storage ring: 14 m diameter 

toroidal C-magnet with 1.45 T field

Å Inflector magnet nullifies the 

storage ring field for incoming 

muons

Å Muons that pass through the 

inflector are off central orbit

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Muon g-2: Storing Muons

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ66

Kicker 

magnets

Central  orbit

Injection orbit

R

R

Target

Proton bunch Pions

3.11 GeV/c

B = 1.45 T
Inflector

Å Storage ring: 14 m diameter 

toroidal C-magnet with 1.45 T field

Å Inflector magnet nullifies the 

storage ring field for incoming 

muons

Å Muons that pass through the 

inflector are off central orbit

Å Kicker magnets move the orbit to 

the centre of the storage ring

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Muon g-2: Storing Muons

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ67

Electric Quadrupoles

Target

Proton bunch Pions

3.11 GeV/c

B = 1.45 T
Inflector

Å Storage ring: 14 m diameter 

toroidal C-magnet with 1.45 T field

Å Inflector magnet nullifies the 

storage ring field for incoming 

muons

Å Muons that pass through the 

inflector are off central orbit

Å Kicker magnets move the orbit to 

the centre of the storage ring

Å Muons focused vertically with 

electrostatic quadrupoles

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ.



Layout of BNL experiment

Logashenko Ivan FFK'13 68

24 GeV Protons

3 GeVmDecay Channel

P=97%
~104 m stored



Measuring ‫

Logashenko Ivan FFK'13 69

ÅAbsolute calibration from 

spherical water probe 

2 times a season

ÅField inside the vacuum 

chamber measured using 17 

probes mounted on a ñtrolleyò

Every few days

ÅConstant monitoring of the 

field (and stabilization via 

feedback) using ~150 fixed 

probes above and below the 

vacuum chamber 

All time

Field is measured in terms of the free proton NMR frequency (wp)



Field map, BNL experiment

Logashenko Ivan FFK'13 70

10 cm

Contours are ppm

ñ
T
r
o
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Field around the ring

Average field, seen by muons



ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ71



Measuring ‫

Logashenko Ivan FFK'13 72

Calorimeter

PMTs

Waveform 

digitizer

Offline reconstruction of 

energy and time



ʉʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʩ ʢʘʣʦʨʠʤʝʪʨʘ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ73



ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʜʘʥʥʳʭ ʩ ʢʘʣʦʨʠʤʝʪʨʦʚ

Åʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ïʦʧʨʝʜʝʣʝʥʠʝ ʚʨʝʤʝʥʠ ʵʣʝʢʪʨʦʥʦʚ ʩ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʡ ʪʦʯʥʦʩʪʴʶ 20 ʧʩ(early-to-late)

Åɺʨʝʤʷ ʠ ʵʥʝʨʛʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʦʜʛʦʥʢʠ ʩʠʛʥʘʣʦʚ 

ʧʨʝʜʦʧʨʝʜʝʣʝʥʥʦʡ ʬʦʨʤʦʡ

Åʉʣʦʞʥʦʩʪʠ:

Åʆʮʠʬʨʦʚʢʘ ʬʦʨʤʳ ʩ ʰʘʛʦʤ 2.5 ʥʩïʪʨʝʙʫʝʤʘʷ ʩʠʩʪʝʤʘʪʠʯʝʩʢʘʷ 

ʪʦʯʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 1% ʦʪ ʧʝʨʠʦʜʘ ʦʮʠʬʨʦʚʢʠ

Åʆʮʠʬʨʦʚʢʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʜʚʫʤʷ ɸʎʇ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʚʠʜʠʪ 

ʥʝʤʥʦʛʦ ʨʘʟʥʫʶ ʬʦʨʤʫ

Åʅʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʬʦʨʤʫ ʩʠʛʥʘʣʦʚ ʠʟ ʩʘʤʠʭ ʜʘʥʥʳʭ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ74



ʂʘʣʠʙʨʦʚʢʘ ʬʦʨʤʳ ʩʠʛʥʘʣʦʚ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ75

ʇʨʷʤʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠʪʝʨʘʮʠʦʥʥʦʡ 

ʧʨʦʮʝʜʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʫʯʝʥʠʶ ʠʩʢʘʞʝʥʥʦʡ 

ʬʦʨʤʳ ʩʠʛʥʘʣʘ 

ʊʨʝʙʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʧʨʝʜʧʦʣʦʞʝʥʠʡ:

Åʉʣʫʯʘʡʥʦʩʪʴ ʚʨʝʤʝʥʠ ʧʨʠʭʦʜʘ ʩʠʛʥʘʣʦʚ

ʉʨʝʜʥʠʝ ʬʦʨʤʳ ʜʣʷ 

ʨʘʟʥʳʭ ʥʘʯʘʣʴʥʳʭ 

ʧʨʠʙʣʠʞʝʥʠʡ



ʂʘʣʠʙʨʦʚʢʘ ʬʦʨʤʳ ʩʠʛʥʘʣʦʚ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ76

ʇʩʝʚʜʦʚʨʝʤʷ:

ʇʨʝʜʧʦʣʘʛʘʷ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʧʨʠʭʦʜʘ 

ʩʠʛʥʘʣʦʚ ʚʥʫʪʨʠ ʰʘʛʘ ʦʮʠʬʨʦʚʢʠ, 

ʩʪʨʦʠʤ ʬʫʥʢʮʠʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʪ 

ʧʩʝʚʜʦʚʨʝʤʝʥʠʢ ʚʨʝʤʝʥʠ:

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʩʝʚʜʦʚʨʝʤʝʥʠ



ʂʘʣʠʙʨʦʚʢʘ ʬʦʨʤʳ ʩʠʛʥʘʣʦʚ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ77

ʇʦʧʨʘʚʢʘ ʢ ʘʤʧʣʠʪʫʜʝ ʩʠʛʥʘʣʘ 

(ʬʦʨʤʘ ʤʘʢʫʰʢʠ ʩʠʛʥʘʣʘ) 

ʩʪʨʦʠʪʩʷ ʠʟ ʜʚʫʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʠ 

ʧʩʝʚʜʦʚʨʝʤʝʥʠ



ʌʦʨʤʳ ʩʠʛʥʘʣʦʚ

ʃʦʛʘʰʝʥʢʦ ʀ.ɹ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʝʤʠʥʘʨ ʀʗʌ78

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʧʦʟʚʦʣʠʣ ʠʟʤʝʨʠʪʴ ʥʝʠʩʢʘʞʝʥʥʳʝ 

ʬʦʨʤʳ ʩʠʛʥʘʣʦʚ

ʂʘʣʠʙʨʦʚʢʘ ʬʦʨʤ ʩʠʛʥʘʣʦʚ 

ʧʨʦʚʦʜʠʣʘʩʴ ʜʣʷ ʢʘʞʜʦʛʦ ʩʝʟʦʥʘ

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʦʨʤ ʩʠʛʥʘʣʦʚ ʚ 

ʪʝʯʝʥʠʝ ʩʝʟʦʥʘ ʠ early-to-late.


