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❆❜str❛❝t

❚❤❡ K+ → π+νν̄ ❞❡❝❛② ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st s❡♥s✐t✐✈❡ ❝❤❛♥♥❡❧s s✉✐t❛❜❧❡ ❢♦r
✜♥❞✐♥❣ ✐♥❞✐r❡❝t s✐❣♥❛❧s ♦❢ ♥❡✇ ♣❤②s✐❝s ❛t ❤✐❣❤ ❡♥❡r❣② s❝❛❧❡s✳ ❚❤❡ ◆❆✻✷
❡①♣❡r✐♠❡♥t ❛t t❤❡ ❈❊❘◆ ❙P❙ ♣❧❛♥s ♦♥ ♠❡❛s✉r✐♥❣ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤✐s
❞❡❝❛② ✇✐t❤ ❛♥ ✉♥♣r❡❝❡❞❡♥t❡❞ ♣r❡❝✐s✐♦♥ ✉s✐♥❣ ❛ ❞❡❝❛②✲✐♥✲✢✐❣❤t t❡❝❤♥✐q✉❡✳ ❚❤❡
❦✐♥❡♠❛t✐❝ s❡❧❡❝t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❜❛s❡❞ ♦♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ sq✉❛r❡❞
♠✐ss✐♥❣ ♠❛ss✱ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ♣❛r❡♥t K+ ❛♥❞ t❤❡ π+ ✐♥
t❤❡ ✜♥❛❧ st❛t❡✳ ❚❤❡ ♠❛✐♥ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡s ✐♥❝❧✉❞❡ ♠♦r❡ ❛❜✉♥❞❛♥t ❦❛♦♥
❞❡❝❛②s s✉❝❤ ❛s K+ → π+π0✱ K+ → µ+νµ ❛♥❞ K+ → π+π+π−✱ t❤❛t ✉♥❞❡r
❝❡rt❛✐♥ ❝✐r❝✉♠st❛♥❝❡s ❝❛♥ ♠✐♠✐❝ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s✐❣♥❛t✉r❡ ♦❢ t❤❡ s✐❣♥❛❧❀
✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❞✉❡ t♦ t❤❡s❡ ❦❛♦♥ ❞❡❝❛②s✱ ◆❆✻✷ r❡❧✐❡s
♦♥ t❤❡ ❦✐♥❡♠❛t✐❝ s❡❧❡❝t✐♦♥✱ ❛♥ ❡①❝❡❧❧❡♥t t✐♠✐♥❣ ❜❡t✇❡❡♥ t❤❡ s✉❜✲❞❡t❡❝t♦rs✱ ❛
❣♦♦❞ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛♥❞ ♠✉♦♥ r❡❥❡❝t✐♦♥✱ ❛♥❞ ❛ ❤❡r♠❡t✐❝ ♣❤♦t♦♥ ✈❡t♦✳
❚❤❡ ♠❛✐♥ r❡s✐❞✉❛❧ s♦✉r❝❡ ♦❢ ❜❛❝❦❣r♦✉♥❞ ✐s ❞✉❡ t♦ t❤❡ s♦✲❝❛❧❧❡❞ ✉♣str❡❛♠
❜❛❝❦❣r♦✉♥❞✱ ✇❤✐❝❤ ✐s ❛♥② ❦❛♦♥ ❞❡❝❛② ♦r ✐♥t❡r❛❝t✐♦♥ ❤❛♣♣❡♥✐♥❣ ❜❡❢♦r❡ t❤❡
✜❞✉❝✐❛❧ ❞❡❝❛② r❡❣✐♦♥✱ ♠❛t❝❤❡❞ t♦ ❛ ♣✐❧❡✲✉♣ ♣❛rt✐❝❧❡ ✐♥ t❤❡ ✉♣str❡❛♠ ♣❛rt
♦❢ t❤❡ ❞❡t❡❝t♦r✳ ■♥ t❤✐s t❤❡s✐s ■ ♣❡r❢♦r♠❡❞ ❛ K+ → π+νν̄ s❡❧❡❝t✐♦♥ t❤❛t
❛❧❧♦✇❡❞ t♦ st✉❞② ❛♥❞ ✉♥❞❡rst❛♥❞ t❤❡ ❢❡❛t✉r❡s ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞
❛♥❞ ♠❡❛s✉r❡ ✐t ✐♥ t❤❡ ✷✵✶✼ ❞❛t❛ s❡t✳ ❚❤✐s t❛s❦ ✐s ♣❛rt✐❝✉❧❛r❧② ❞✐✣❝✉❧t ❜❡❝❛✉s❡
♦❢ t❤❡ ♥♦♥✲tr✐✈✐❛❧ t♦♣♦❧♦❣② t❤❛t t❤❡s❡ ❦✐♥❞ ♦❢ ❡✈❡♥ts ❤❛s ✐♥ ♦r❞❡r t♦ ❝♦♥tr✐❜✉t❡
t♦ t❤❡ ❜❛❝❦❣r♦✉♥❞✳



❊✈❡r② ❣r❡❛t st♦r② s❡❡♠s t♦ ❜❡❣✐♥ ✇✐t❤ ❛ s♥❛❦❡✳

✖ ◆✐❝♦❧❛s ❈❛❣❡



❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❛❧❧ t❤❡ ♣❡♦♣❧❡ t❤❛t ❤❡❧♣❡❞ ♠❡ ❞✉r✐♥❣ t❤❡ t❤r❡❡ ②❡❛rs
♦❢ t❤❡ ❞♦❝t♦r❛❧ st✉❞✐❡s✳ ❆ ✈❡r② s♣❡❝✐❛❧ ❣r❛t✐t✉❞❡ ❣♦❡s ♦✉t t♦ ♠② s✉♣❡r✈✐s♦rs✱
Pr♦❢✳ ●✐✉s❡♣♣✐♥❛ ❆♥③✐✈✐♥♦ ❛♥❞ ❉r✳ ▼❛✉r♦ P✐❝❝✐♥✐✱ ❢♦r ❝♦♥st❛♥t❧② ❤❡❧♣✐♥❣✱
s✉♣♣♦rt✐♥❣ ❛♥❞ ❡♥❝♦✉r❛❣✐♥❣ ♠❡✳ ❚❤❡ ❛❞✈✐❝❡s t❤❡② ❣❛✈❡ ♠❡ ❛r❡ ✐♥✈❛❧✉❛❜❧❡
❛♥❞ ■ ✇✐❧❧ ❛❧✇❛②s ❜❡ ❣r❛t❡❢✉❧ t♦ t❤❡♠✳

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② s✐♥❝❡r❡ ❣r❛t✐t✉❞❡ t♦ ❛❧❧ t❤❡ ♣❤②s✐❝✐sts ♦❢ t❤❡
P❡r✉❣✐❛ ◆❆✻✷ ❣r♦✉♣ t❤❛t ❤❡❧♣❡❞ ♠❡ ❛♥❞ ❜❡❝❛♠❡ ✈❡r② ❞❡❛r ❢r✐❡♥❞s✱ ✐♥ ♣❛rt✐❝✲
✉❧❛r ❋r❛♥❝❡s❝♦ ❇r✐③✐♦❧✐✱ P❛tr✐③✐❛ ❈❡♥❝✐✱ ❱✐❛❝❤❡s❧❛✈ ❉✉❦✱ P❛sq✉❛❧❡ ▲✉❜r❛♥♦✱
▼♦♥✐❝❛ P❡♣❡ ❛♥❞ ❘♦❜❡rt♦ P✐❛♥❞❛♥✐✳

■ ♦✇❡ ❉r✳ ●✐✉s❡♣♣❡ ❘✉❣❣✐❡r♦ ❛ ❞❡❜t ♦❢ ❣r❛t✐t✉❞❡✳ ❍❡ ✐♥tr♦❞✉❝❡❞ ♠❡
t♦ t❤❡ t❡❝❤♥✐❝❛❧✐t✐❡s ♦❢ t❤❡ K+ → π+νν̄ ♠❡❛s✉r❡♠❡♥t✱ ✇✐t❤♦✉t ❤✐s ❤❡❧♣ ❛♥❞
❤✐s ♣❛t✐❡♥❝❡ ■ ❝♦✉❧❞ ❤❛✈❡ ♥❡✈❡r ✉♥❞❡rst♦♦❞ ♠❛♥② ♦❢ t❤❡ s✉❜t❧❡t✐❡s ♦❢ t❤✐s
❛♥❛❧②s✐s✳

■ ❛♠ ❣r❛t❡❢✉❧ t♦ ❛❧❧ t❤❡ ♣❡♦♣❧❡ ♦❢ t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ t❤❛t ❤❡❧♣❡❞ ♠❡
❞✉r✐♥❣ ♠② t✐♠❡ ❛t ❈❊❘◆ ❛♥❞ t❤❛t✱ ✐♥ ♦♥❡ ✇❛② ♦r ❛♥♦t❤❡r✱ ❣❛✈❡ ♠❡ ♣❧❡♥t②
♦❢ ♦♣♣♦rt✉♥✐t✐❡s t♦ ❣r♦✇ ❛s ❛ ♣❤②s✐❝✐st ❛♥❞ ❛s ❛ ♣❡rs♦♥✳

■ ✇♦✉❧❞ ❛❧s♦ ❧✐❦❡ t♦ t❤❛♥❦ ❛❧❧ t❤❡ ❢r✐❡♥❞s t❤❛t ✇❡r❡ ❛❧✇❛②s t❤❡r❡ ❢♦r ♠❡✱
❙❛r❛✱ t❤❡ ❆✉❧❛ ❉♦tt♦r❛♥❞✐ ❆✱ ❙③❛❜♦❧❝s✱ ❙❛♠✉❡❧✱ ❋r❛♥❝✐s❝♦✱ ❙✉s❤❡❡❧ ❛♥❞ ❛❧❧
t❤❡ ♦t❤❡r ♣❡♦♣❧❡ t❤❛t ❛❝❝♦♠♣❛♥✐❡❞ ♠❡ ✐♥ t❤✐s ❥♦✉r♥❡②✳

■ ❛♠ ❡s♣❡❝✐❛❧❧② ❣r❛t❡❢✉❧ t♦ ♠② ♣❛r❡♥ts ❢♦r ❛❧❧ t❤❡ s❛❝r✐✜❝❡s t❤❡② ❤❛✈❡
♠❛❞❡ ♦♥ ♠② ❜❡❤❛❧❢✱ ♠② ❧♦✈❡ ❢♦r t❤❡♠ ❝❛♥♥♦t ❜❡ ❡①♣r❡ss❡❞ ❜② ✇♦r❞s✳ ❋✐♥❛❧❧②✱
■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ♠② ❜❡tt❡r ❤❛❧❢ ❢♦r ❛❧✇❛②s ❜❡✐♥❣ t❤❡r❡ ❢♦r ♠❡✱ t❡❛❝❤✐♥❣
♠❡ t♦ ❜❡❧✐❡✈❡ ✐♥ ♠②s❡❧❢ ❛♥❞ ♣✉s❤✐♥❣ ♠❡ t♦ ❛❧✇❛②s ❞♦ ♠② ❜❡st✳
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■♥tr♦❞✉❝t✐♦♥

Pr❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ✢❛✈♦✉r ♣❤②s✐❝s ❛r❡ ♦♥❡ ♦❢ t❤❡ ♠♦st
❡✛❡❝t✐✈❡ t♦♦❧s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♣❤②s✐❝s ❜❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞
▼♦❞❡❧✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤❡ ✉❧tr❛✲r❛r❡ ❞❡❝❛②K+ → π+νν̄
✐s ❛♥ ❡①tr❡♠❡❧② s❡♥s✐t✐✈❡ ♣r♦❜❡ ❢♦r ◆❡✇ P❤②s✐❝s✳ ◆❆✻✷ ✐s ❛ ✜①❡❞ t❛r❣❡t ❤✐❣❤✲
❡♥❡r❣② ♣❤②s✐❝s ❡①♣❡r✐♠❡♥t ❧♦❝❛t❡❞ ✐♥ t❤❡ ◆♦rt❤ ❆r❡❛ ♦❢ t❤❡ ❈❊❘◆ ❙P❙✳ ❚❤❡
❡①♣❡r✐♠❡♥t ❛✐♠s ❛t ♠❡❛s✉r✐♥❣ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄ ✇✐t❤ ❛♥
✉♥♣r❡❝❡❞❡♥t❡❞ ♣r❡❝✐s✐♦♥✳ ❚❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥ ❢♦r t❤✐s
❜r❛♥❝❤✐♥❣ r❛t✐♦ ✐s

BRth(K
+ → π+νν̄) = (8.4± 1.0)× 10−11 ✱

✇❤✐❧❡ t❤❡ ♠♦st ♣r❡❝✐s❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡✱ ✉♣ t♦ ♥♦✇✱ ✐s

BR(K+ → π+νν̄) = (1.73+1.15
−1.05 × 10−10) ✳

❚❤✐s ❋❈◆❈ ♣r♦❝❡ss ✐s t❤❡♦r❡t✐❝❛❧❧② ✈❡r② ❝❧❡❛♥ ❛♥❞ ✐t ✐s ❛♥ ✐♠♣♦rt❛♥t t❡st
❢♦r t❤❡ ✉♥✐t❛r✐t② ♦❢ t❤❡ ❈❑▼ ♠❛tr✐① ✐♥ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧✱ ❜❡s✐❞❡s ❜❡✐♥❣ ❛
✈❡r② s❡♥s✐t✐✈❡ ♣r♦❜❡ ❢♦r ◆❡✇ P❤②s✐❝s ✐♥ ♠❛♥② s❝❡♥❛r✐♦s ❜❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞
▼♦❞❡❧✳ ❚❤❡ ✜rst ◆❆✻✷ ❞❛t❛ t❛❦✐♥❣ ❢♦r K+ → π+νν̄ st❛rt❡❞ ✐♥ ✷✵✶✻ ❛♥❞
❧❛st❡❞ ✉♥t✐❧ t❤❡ ❡♥❞ ♦❢ ✷✵✶✽❀ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ✷✵✶✻ ❞❛t❛ ❧❡❞ t♦ t❤❡ ♦❜s❡r✈❛✲
t✐♦♥ ♦❢ ✶ s✐❣♥❛❧ ❡✈❡♥t✳ ■♥ ❙❡♣t❡♠❜❡r ✷✵✶✾ ◆❆✻✷ ❛♥♥♦✉♥❝❡❞ t❤❡ ♦❜s❡r✈❛t✐♦♥
♦❢ t✇♦ ♠♦r❡ s✐❣♥❛❧ ❡✈❡♥ts t❤❛t✱ ✇❤❡♥ ❝♦♠❜✐♥❡❞ t♦ t❤❡ ✷✵✶✻ ❡✈❡♥t✱ ❛❧❧♦✇❡❞ ✉s
t♦ ♣✉t ❛♥ ✉♣♣❡r ❧✐♠✐t ♦♥ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤❡ ❞❡❝❛②✿

BR(K+ → π+νν̄) < 1.85× 10−10 @90%C.L.

❚❤❡ ♠❛✐♥ s♦✉r❝❡ ♦❢ ❜❛❝❦❣r♦✉♥❞ ✐♥ ◆❆✻✷✱ ❜❡s✐❞❡s t❤❡ ♠♦r❡ ❛❜✉♥❞❛♥t ❦❛♦♥
❞❡❝❛②s ✐♥ t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡✱ ✐s t❤❡ s♦✲❝❛❧❧❡❞ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ♦r✐❣✐♥❛t❡❞
❜② ❡❛r❧② ❦❛♦♥ ❞❡❝❛②s ♦r ✐♥t❡r❛❝t✐♦♥s ❜❡❢♦r❡ t❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛② ✈♦❧✉♠❡✳ ❯♥❞❡r✲
st❛♥❞✐♥❣ t❤❡ ❝♦♠♣❧❡① ♠❡❝❤❛♥✐s♠s ❜❡❤✐♥❞ t❤✐s ✉♥❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ✇❛s
❡①tr❡♠❡❧② ❞✐✣❝✉❧t ❛♥❞ ❛♥ ❡♥♦r♠♦✉s ❡✛♦rt ✇❛s ♠❛❞❡ ✐♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞
❤♦✇ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦r✐❣✐♥❛t❡❞✱ ❤♦✇ t♦ s✉♣♣r❡ss ✐t ❛♥❞ ❤♦✇ t♦ ❡✈❛❧✉❛t❡ ✐ts
❝♦♥tr✐❜✉t✐♦♥ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳ ❚❤❡ st✉❞② ♦❢ ❛❧❧ t❤❡ t❡❝❤♥✐❝❛❧✐t✐❡s ❝♦♥❝❡r♥✲
✐♥❣ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐s t❤❡ ❝♦r❡ ♦❢ t❤✐s t❤❡s✐s✳

✶



■♥ ❈❤❛♣t❡r ✶ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦t✐✈❛t✐♦♥ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ✐s ❣✐✈❡♥✱ ✇✐t❤
❛ s❤♦rt s✉♠♠❛r② ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ♦❢ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ t❤❛t ♣r♦✈✐❞❡
t❤❡ ❝♦♥t❡①t ✐♥ ✇❤✐❝❤ t❤✐s ♠❡❛s✉r❡♠❡♥t ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞✱ ❛♥❞ ❛ s✉♠♠❛r②
♦❢ s♦♠❡ ♦❢ t❤❡ ♠♦❞❡❧s ♣r❡❞✐❝t✐♥❣ r❡❧❡✈❛♥t ◆❡✇ P❤②s✐❝s ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡
❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄✳

❚❤❡ ◆❆✻✷ ❞❡t❡❝t♦r ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❈❤❛♣t❡r ✷ ✇❤❡r❡ t❤❡ ♠❛✐♥
r♦❧❡ ♦❢ ❛❧❧ t❤❡ s✉❜✲s②st❡♠s ✐♥ t❤❡ ❛♥❛❧②s✐s ✐s ♣r❡s❡♥t❡❞✳

❚❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ✷✵✶✼K+ → π+νν̄ ❛♥❛❧②s✐s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❈❤❛♣t❡r
✸✳ ❚❤❡ ❝❤❛♣t❡r st❛rts ✇✐t❤ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ s♦❢t✇❛r❡ ❢r❛♠❡✇♦r❦ ❛♥❞ t❤❡
❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❞❛t❛ s❛♠♣❧❡s✱ ❛♥❞ ❝♦♥t✐♥✉❡s ✇✐t❤ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❛✐♥
✐ss✉❡s ♦❢ t❤❡ ❛♥❛❧②s✐s✱ t❤❡ ♠❛✐♥ s♦✉r❝❡s ♦❢ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ ❤♦✇ t❤❡ s✐❣♥❛❧ ❝❛♥
❜❡ s❡❧❡❝t❡❞ ❛♥❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ r❡❥❡❝t❡❞✳

■♥ ❈❤❛♣t❡r ✹ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❞❡t❛✐❧✿ ❤♦✇ t❤❡
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ♦r✐❣✐♥❛t❡s✱ ❤♦✇ ✐t ❝♦✉❧❞ ❝♦♥t❛♠✐♥❛t❡ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱
t❤❡ str❛t❡❣✐❡s t❤❛t ❝❛♥ ❜❡ ✉s❡❞ t♦ s✉♣♣r❡ss ✐t ❛♥❞ ❤♦✇ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢
t❤✐s ❜❛❝❦❣r♦✉♥❞ t♦ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞✳ ❆ ❢✉❧❧ ❞❡♠♦♥str❛t✐♦♥
♦❢ t❤❡ ✐♥❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡ ✷✵✶✻ t❡❝❤♥✐q✉❡ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠
❜❛❝❦❣r♦✉♥❞ ✐s ❣✐✈❡♥ ❛♥❞ ❛ ♥❡✇ ♠❡t❤♦❞ ✐s ♣r❡s❡♥t❡❞✳ ■♥ t❤❡ ❧❛st s❡❝t✐♦♥ ♦❢
t❤❡ ❝❤❛♣t❡r✱ ❛ ❜r✐❡❢ ❛♥❞ ♣r❡❧✐♠✐♥❛r② ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥
✷✵✶✽ ❞❛t❛ ✐s ❣✐✈❡♥✳

❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡
r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡
K+ → π+νν̄ ❞❡❝❛②✳ ❚❤❡ ❝♦♥❝❧✉s✐♦♥s ❛r❡ ❣✐✈❡♥ ✐♥ ❈❤❛♣t❡r ✻✱ ✇❤❡r❡ r❡s✉❧ts
❛♥❞ ❢✉t✉r❡ ♣r♦s♣❡❝ts ❛r❡ ❞✐s❝✉ss❡❞✳

❋✐♥❛❧❧②✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❛♣♣❡♥❞✐① ✇❛s ✐♥❝❧✉❞❡❞✱ ❛♣♣❡♥❞✐① ❆✱ r❡♣♦rt✐♥❣ t❤❡
✇♦r❦ ■ ❤❛✈❡ ❞♦♥❡ ♦♥ t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r s♦❢t✇❛r❡ t❤❛t ✇❛s ✉♥❞❡r ♠② r❡s♣♦♥✲
s❛❜✐❧✐t② ❢r♦♠ ✷✵✶✻ t♦ ✷✵✶✾✳

✷



❈❤❛♣t❡r ✶

❚❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦

■♥ t❤✐s ❝❤❛♣t❡r ❛ ❣❡♥❡r❛❧ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ♦❢ t❤❡
❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s ✇✐❧❧ ❜❡ ❣✐✈❡♥✳ ❚❤❡ ❢♦❝✉s ✇✐❧❧ ❜❡ ♦♥ t❤❡
❛s♣❡❝ts ♠♦r❡ ❝❧♦s❡❧② r❡❧❛t❡❞ t♦ ✢❛✈♦✉r ♣❤②s✐❝s ❛♥❞ t❤❡ ◆❆✻✷ ❡①♣❡r✐♠❡♥t✱
❡✳❣✳ t❤❡ ❈❑▼ ♠❛tr✐①✱ t❤❡ q✉❛r❦ ♠✐①✐♥❣ ❛♥❞ ❝❤❛r❣❡❞ ✇❡❛❦ ❝✉rr❡♥ts ✐♥ t❤❡
❑❛♦♥ s❡❝t♦r✳ ❋✐♥❛❧❧②✱ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ♦❢ t❤❡ ✉♥✐t❛r② tr✐❛♥❣❧❡ ✇✐❧❧ ❜❡ ✐♥tr♦✲
❞✉❝❡❞ ✇✐t❤ ❛♥ ❡♠♣❤❛s✐s ♦♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦t✐✈❛t✐♦♥ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t
♦❢ K+ → π+νν̄ ❛t ◆❆✻✷✳

✶✳✶ ❚❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧

❖✉r ❝✉rr❡♥t ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❤✐❣❤ ❡♥❡r❣② ♣❤②s✐❝s ✐s ❡♠❜♦❞✐❡❞ ✐♥ t❤❡ ❙t❛♥✲

❞❛r❞ ▼♦❞❡❧ ✭❙▼✮ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡s t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡
❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥s ❤❛♣♣❡♥✐♥❣ ❛♠♦♥❣ t❤❡♠✳ ❚❤❡ ❙t❛♥✲
❞❛r❞ ▼♦❞❡❧ ✐s r❡♠❛r❦❛❜❧② s✉❝❝❡ss❢✉❧✿ ♥♦t ♦♥❧② t❤❡ ❝❡♥tr❛❧ ❢✉♥❝t✐♦♥s ❢♦r ✇❤✐❝❤
t❤❡ ♠♦❞❡❧ ✇❛s ♣r♦❞✉❝❡❞ ❛r❡ ✐♥ ❡①❝❡❧❧❡♥t ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
❡✈✐❞❡♥❝❡✱ ❜✉t t❤❡ s❛♠❡ ✐s tr✉❡ ❛❧s♦ ❢♦r ❡✈❡r② s✉❜s❡q✉❡♥t ❛♥❞ ❢♦rt✉✐t♦✉s ❞❡✲
t❛✐❧ ❢♦❧❧♦✇✐♥❣ ❢r♦♠ t❤❡♠✱ s✉❝❤ ❛s t❤❡ s✉♣♣r❡ss✐♦♥ ♦❢ ✢❛✈♦✉r✲❝❤❛♥❣✐♥❣ ♥❡✉tr❛❧
❝✉rr❡♥ts✱ ♣r♦t♦♥ st❛❜✐❧✐t② ❛♥❞ ❛ ♠✉❧t✐t✉❞❡ ♦❢ ♦t❤❡r ♣r❡❝✐s✐♦♥ ❡❧❡❝tr♦✇❡❛❦ ♦❜✲
s❡r✈❛❜❧❡s❬✶❪ ❬✷❪✳

❚❤❡ ❍✐❣❣s ❜♦s♦♥ ✐s t❤❡ ❧❛st ❛❞❞✐t✐♦♥ t♦ t❤❡ ♣✐❝t✉r❡✳ ■t ✇❛s ❞✐s❝♦✈❡r❡❞ ✐♥
✷✵✶✷ ❜② t❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❡①♣❡r✐♠❡♥ts ❛t t❤❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ✇✐t❤
❛ ♠❛ss ♦❢ mH = 125 GeV/c2 ❬✸❪ ❬✹❪✳ ■t ❞✐✛❡rs ❢r♦♠ ❛❧❧ t❤❡ ♦t❤❡r ❢✉♥❞❛♠❡♥t❛❧
♣❛rt✐❝❧❡s✿ ✇❤✐❧❡ ❛❧❧ ❢❡r♠✐♦♥s ❛r❡ ✶✴✷✲s♣✐♥ ♣❛rt✐❝❧❡ ❛♥❞ ❛❧❧ ❜♦s♦♥s ❛r❡ ✶✲s♣✐♥
♣❛rt✐❝❧❡✱ t❤❡ ❍✐❣❣s ✐s t❤❡ ♦♥❧② ✵✲s♣✐♥ s❝❛❧❛r ❜♦s♦♥ ✭s❡❡ ✜❣✳ ✶✳✶✮✳ ▼♦r❡♦✈❡r✱
t❤❡ ♦r✐❣✐♥ ♦❢ t❤❡ ♠❛ss ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ✐s ✉♥❞❡rst♦♦❞ ✐♥ t❤❡
❝♦♥t❡①t ♦❢ t❤❡ ❍✐❣❣s ♠❡❝❤❛♥✐s♠✿ ✇❤✐❧❡ t❤❡ ✜❡❧❞s ❛ss♦❝✐❛t❡❞ t♦ ❛❧❧ t❤❡ ♦t❤❡r
❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ❤❛✈❡ ③❡r♦ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ✐♥ ✈❛❝✉✉♠✱ t❤✐s ✐s ♥♦t tr✉❡

✸



❢♦r t❤❡ ❍✐❣❣s ✜❡❧❞✿ ❛s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ✐♥t❡r❛❝t✐♥❣
✇✐t❤ t❤❡ ❍✐❣❣s ✜❡❧❞ ❛❝q✉✐r❡ ♠❛ss ❬✶❪✳

❋✐❣✉r❡ ✶✳✶✿ ❆ s❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ✐♥ t❤❡
❙t❛♥❞❛r❞ ▼♦❞❡❧✱ ❛❧♦♥❣ ✇✐t❤ t❤❡✐r ♠❛ss✱ ❡❧❡❝tr✐❝ ❝❤❛r❣❡ ❛♥❞ s♣✐♥✳

❲❤✐❧st t❤❡ ♦✉tst❛♥❞✐♥❣ s✉❝❝❡ss ♦❢ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✐♥ ❤✐❣❤ ❡♥❡r❣②
♣❤②s✐❝s ✐s ✉♥❞✐s♣✉t❛❜❧❡✱ ♠❛♥② ♠❡❛s✉r❡♠❡♥ts ❝♦♠✐♥❣ ❢r♦♠ r❡❧❛t❡❞ ✜❡❧❞s ♦❢
♣❤②s✐❝s s❡❡♠s t♦ ❜❡ ✐♥ st❛r❦ ❝♦♥tr❛st ✇✐t❤ s♦♠❡ ♦❢ t❤❡ ♠♦st ❢✉♥❞❛♠❡♥t❛❧
❢❡❛t✉r❡s ♦❢ t❤❡ ♠♦❞❡❧✿

❼ t❤❡ ❙▼ ❧❛❝❦s ❛ ♠❡❝❤❛♥✐s♠ ❜② ✇❤✐❝❤ t❤❡ ♥❡✉tr✐♥♦s ❛❝q✉✐r❡ ❛ ♠❛ss ❛♥❞✱
❛s ❛ r❡s✉❧t✱ t❤❡s❡ ♣❛rt✐❝❧❡ ❛r❡ s✉♣♣♦s❡❞ t♦ ❤❛✈❡ ♥♦ ♠❛ss ❛❝❝♦r❞✐♥❣ t♦
t❤❡ ♠♦❞❡❧✳ ❍♦✇❡✈❡r t❤❡ ❞✐s❝♦✈❡r② ♦❢ ✢❛✈♦✉r ♦s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ♥❡✉tr✐♥♦
s❡❝t♦r ✐♠♣❧✐❡s ♥♦♥✲③❡r♦ ♠❛ss❡s ❢♦r t❤❡s❡ ♣❛rt✐❝❧❡s ❬✺❪❀

❼ ♥♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡ ✐♥ t❤❡ ❙▼ ❤❛s ❛❧❧ t❤❡ ♣r♦♣❡rt✐❡s ♥❡❡❞❡❞ t♦
❡①♣❧❛✐♥ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❝♦❧❞ ❞❛r❦ ♠❛tt❡r✱ ❛ ❦✐♥❞ ♦❢ ♠❛tt❡r ✇❤✐❝❤ ❞♦❡s
♥♦t ✐♥t❡r❛❝t ❡❧❡❝tr♦♠❛❣♥❡t✐❝❛❧❧② ❛♥❞ ✇❤♦s❡ ❡①✐st❡♥❝❡ ✐s ❞❡❞✉❝❡❞ ♦♥❧②
❢r♦♠ ✐ts ❣r❛✈✐t❛t✐♦♥❛❧ ❡✛❡❝ts✳ ❚❤❡ ♠♦st ♥♦t❛❜❧❡ ❡✈✐❞❡♥❝❡s ❤✐♥t✐♥❣ t♦ t❤❡
❡①✐st❡♥❝❡ ♦❢ t❤✐s ❦✐♥❞ ♦❢ ♠❛tt❡r ✐♥❝❧✉❞❡ t❤❡ ♦❜s❡r✈❛t✐♦♥s ✐♥ ❣r❛✈✐t❛t✐♦♥❛❧
❧❡♥s✐♥❣✱ t❤❡ ❝♦s♠✐❝ ♠✐❝r♦✇❛✈❡ ❜❛❝❦❣r♦✉♥❞✱ t❤❡ ♠❛ss ❧♦❝❛t✐♦♥ ✐♥ ❣❛❧❛❝t✐❝
❝♦❧❧✐s✐♦♥s ❛♥❞ t❤❡ ❛♥♦♠❛❧♦✉s ❣❛❧❛①② r♦t❛t✐♦♥ ❝✉r✈❡s ❬✻❪❀

❼ t❤❡ ♦❜s❡r✈❡❞ ❜❛r②♦♥ ❛s②♠♠❡tr② ❝❛♥✬t ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ❙▼✱ ❛❝❝♦r❞✲
✐♥❣ t♦ ✇❤✐❝❤ ❡q✉❛❧ ❛♠♦✉♥ts ♦❢ ❜❛r②♦♥s ❛♥❞ ❛♥t✐✲❜❛r②♦♥s ✇❡r❡ ♣r♦✲
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❞✉❝❡❞ r✐❣❤t ❛❢t❡r t❤❡ ❇✐❣ ❇❛♥❣✳ ❆❧t❤♦✉❣❤ t❤❡ ❙▼ ♣r❡❞✐❝ts ❛ s♠❛❧❧
❜❛r②♦♥✴❛♥t✐❜❛r②♦♥ ❛s②♠♠❡tr② ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ❈P✲✈✐♦❧❛t✐♦♥ ✐♥❞✉❝❡❞
❜② t❤❡ ❝♦♠♣❧❡① ♣❤❛s❡ ✐♥ t❤❡ ❈❑▼ ♠❛tr✐①✱ t❤❡ ❡✛❡❝t ✐s ❞❡✜♥✐t❡❧② t♦♦
s♠❛❧❧ t♦ ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥s ❬✼❪❬✽❪❀

❼ ❛ q✉❛♥t✉♠ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❣r❛✈✐t② ❞♦❡s ♥♦t ❡①✐sts ❛t t❤❡ ♠♦♠❡♥t✳ ❆s
❛ ♠❛tt❡r ♦❢ ❢❛❝t✱ ✇❡ st✐❧❧ ❧❛❝❦ ❛ q✉❛♥t✉♠ ✜❡❧❞ t❤❡♦r② ♦❢ ❣r❛✈✐t② s✐♥❝❡
t❤❡ ❣❡♥❡r❛❧ t❤❡♦r② ♦❢ r❡❧❛t✐✈✐t② ❝❛♥✬t ❜❡ ❡❛s✐❧② ❤❛r♠♦♥✐③❡❞ ✇✐t❤ q✉❛♥✲
t✉♠ ♠❡❝❤❛♥✐❝s✳ ❚❤✐s ✐s ✉s✉❛❧❧② ♥♦t ❝♦♥s✐❞❡r❡❞ ❛ ♣r♦❜❧❡♠ ✐♥ ❡①♣❡r✲
✐♠❡♥t❛❧ ♣❛rt✐❝❧❡ ♣❤②s✐❝s✱ s✐♥❝❡ ❣r❛✈✐t② ✐s s❡✈❡r❛❧ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡
✇❡❛❦❡r t❤❛♥ t❤❡ ♦t❤❡r ❢♦r❝❡s ❛♥❞ ❤❛s ♥❡❣❧✐❣✐❜❧❡ ❡✛❡❝ts❀ ♥❡✈❡rt❤❡❧❡ss ✐t
❤✐❣❤❧✐❣❤ts ❛♥ ✐♠♣♦rt❛♥t ♣r♦❜❧❡♠ ✐♥ ♦✉r ❢✉♥❞❛♠❡♥t❛❧ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢
◆❛t✉r❡ ❬✾❪✳

❋♦r ❛❧❧ t❤❡s❡ r❡❛s♦♥s✱ ❛♥❞ ♠❛♥② ♦t❤❡rs✱ ♣❤②s✐❝s ❜❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞
▼♦❞❡❧ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ❢♦✉♥❞✳ ▼❛♥② ❞✐✛❡r❡♥t ♠♦❞❡❧s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞
❞✉r✐♥❣ t❤❡ ②❡❛rs✱ ✐♥✈♦❧✈✐♥❣ ♥❡✇ ❡①♦t✐❝ ♣❛rt✐❝❧❡s✱ ❡①tr❛✲❞✐♠❡♥s✐♦♥s✱ ❛♥ ✐♥t❡r♥❛❧
str✉❝t✉r❡ ❢♦r ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s✱ ❛♥❞ s♦ ♦♥✳ ◆❆✻✷ ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ ❣✐✈❡
❛ ❝♦♥tr✐❜✉t✐♦♥ t♦ ❞✐s❝r✐♠✐♥❛t✐♥❣ ❜❡t✇❡❡♥ s♦♠❡ ♦❢ t❤❡s❡ ♠♦❞❡❧s✱ ✇❤✐❧❡ ❛❧s♦
♣❡r❢♦r♠✐♥❣ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥t ♦❢ ❙▼ ♣r♦❝❡ss❡s✳

■♥❞❡❡❞✱ ❜❡s✐❞❡s t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄
❛♥❞ ♦t❤❡r ♣r❡❝✐s✐♦♥ ❙▼ ♠❡❛s✉r❡♠❡♥ts✱ ◆❆✻✷ ❝❛♥ ♣❡r❢♦r♠ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t
s❡❛r❝❤❡s ❢♦r ❧✐❣❤t ❡①♦t✐❝ ♣❛rt✐❝❧❡s✱ s✉❝❤ ❛s ❤❡❛✈② ♥❡✉tr❛❧ ❧❡♣t♦♥s ✭❍◆▲✮✱ ❞❛r❦
♣❤♦t♦♥s ✭❉P✮ ❛♥❞ ❛①✐♦♥✲❧✐❦❡ ♣❛rt✐❝❧❡s ✭❆▲P✮✱ ❛♥❞ ✐♥✈❡st✐❣❛t❡ ❧❡♣t♦♥ ♥✉♠❜❡r
❛♥❞ ❧❡♣t♦♥ ✢❛✈♦✉r ✉♥✐✈❡rs❛❧✐t② ✈✐♦❧❛t✐♦♥ ✭▲◆❱✴▲❋❱✮✳ ❙♦♠❡ ♦❢ t❤❡s❡ s❡❛r❝❤❡s
❤❛✈❡ ❛❧r❡❛❞② ❜r♦✉❣❤t r❡s✉❧ts ✐♠♣r♦✈✐♥❣ t❤❡ st❛t❡ ♦❢ t❤❡ ❛rt✱ ❧✐❦❡ ✐♥ t❤❡ ❝❛s❡
♦❢ ❍◆▲ ❬✶✵❪✱ ❉P ❬✶✶❪ ❛♥❞ ▲◆❱✴▲❋❱ ❬✶✷❪✱ ✇❤✐❧❡ ♦t❤❡r s❡❛r❝❤❡s ✭s✉❝❤ ❛s t❤♦s❡
♦♥ ❆▲Ps✮ ✇✐❧❧ r❡q✉✐r❡ ❢✉rt❤❡r ❞❛t❛ t❛❦✐♥❣ ✐♥ ❛ ♣❛rt✐❝✉❧❛r s❡t✉♣ ✐♥ t❤❡ ❢✉t✉r❡
❬✶✸❪✳

✶✳✷ ❚❤❡ ❈❑▼ ♠❛tr✐①

❚❤❡ s✐① q✉❛r❦s ♦❢ t❤❡ ❙▼ ❛r❡ ❣r♦✉♣❡❞ ✐♥t♦ t❤r❡❡ ❣❡♥❡r❛t✐♦♥s✱ ❡❛❝❤ ❝♦♥s✐st✐♥❣
♦❢ ❛ ❞♦✉❜❧❡t t❤❛t ❤❛s ❛♥ ✉♣✲t②♣❡ q✉❛r❦ ✇✐t❤ ❡❧❡❝tr✐❝❛❧ ❝❤❛r❣❡ +2/3 ❛♥❞ ❛
❞♦✇♥✲t②♣❡ q✉❛r❦ ✇✐t❤ ❡❧❡❝tr✐❝❛❧ ❝❤❛r❣❡ −1/3✳ ❚❤❡ tr❛♥s✐t✐♦♥ ♦❢ ❛ q✉❛r❦
♦❢ ❛ ❝❡rt❛✐♥ ✢❛✈♦✉r t♦ ❛ q✉❛r❦ ♦❢ ❛♥♦t❤❡r ✢❛✈♦✉r ❤❛♣♣❡♥s t❤r♦✉❣❤ ❝❤❛r❣❡❞
✇❡❛❦ ✐♥t❡r❛❝t✐♦♥s ♠❡❞✐❛t❡❞ ❜② W± ❜♦s♦♥s✳ ❚❤✐s tr❛♥s✐t✐♦♥ ✐s ❞❡s❝r✐❜❡❞ ✐♥
t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❜② t❤❡ ❈❛❜✐❜❜♦✲❑♦❜❛②❛s❤✐✲▼❛s❦❛✇❛ ✭❈❑▼✮ ♠❛tr✐①✳
❚❤✐s ✉♥✐t❛r② ♠❛tr✐① ❝♦♥♥❡❝ts t❤❡ ✇❡❛❦ ❡✐❣❡♥st❛t❡s t♦ t❤❡ ♠❛ss ❡✐❣❡♥st❛t❡s ♦❢

✺



q✉❛r❦s ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✇❛② ❬✽❪✿









d′

s′

b′









=









Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

















d

s

b









✳ ✭✶✳✶✮

❚❤❡r❡❢♦r❡ ✇❡❛❦ ❝❤❛r❣❡❞ ❝✉rr❡♥t ✈❡rt✐❝❡s ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

− i
gW√
2
(ū, c̄, t̄)γµ1

2
(1− γ5)









Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

















d

s

b









✳ ✭✶✳✷✮

❚❤❡ ❈❑▼ ♠❛tr✐① ❡❧❡♠❡♥ts ❝❛♥ ❜❡ ✇r✐tt❡♥ ✐♥ t❡r♠s ♦❢ t❤r❡❡ r♦t❛t✐♦♥ ❛♥❣❧❡s
❛♥❞ ❛ ❝♦♠♣❧❡① ♣❤❛s❡✿

V❈❑▼ =









1 0 0

0 c23 s23

0 −s23 c23









×









c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13









×









c12 s12 0

−s12 c12 0

0 0 1









✱

✭✶✳✸✮
✇❤❡r❡ sij = sinθij✱ cij = cosθij ❛♥❞ δ ✐s t❤❡ ♣❤❛s❡ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❈P
✈✐♦❧❛t✐♦♥ ✐♥ t❤❡ ❙▼✱ ✇❤✐❧❡ θij ✐s t❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ ❜❡t✇❡❡♥ i ❛♥❞ j q✉❛r❦
❢❛♠✐❧✐❡s ❬✽❪✳

❇❡❝❛✉s❡ ♦❢ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ♥❡✉tr❛❧ ❝✉rr❡♥t✱ ✢❛✈♦✉r ❝❤❛♥❣✐♥❣ ♥❡✉✲
tr❛❧ ❝✉rr❡♥t ♣r♦❝❡ss❡s ❞♦ ♥♦t t❛❦❡ ♣❧❛❝❡ ❛t tr❡❡ ❧❡✈❡❧✱ ❛♥❞ t❤❡② ❛r❡ str♦♥❣❧②
s✉♣♣r❡ss❡❞ ❛t ♦♥❡✲❧♦♦♣✳ ❚❤✐s s✉♣♣r❡ss✐♦♥ ❛t ♦♥❡✲❧♦♦♣ ❧❡✈❡❧ ✐s ❞✉❡ t♦ t❤❡
●❧❛s❤♦✇✲■❧✐♦♣♦✉❧♦s✲▼❛✐❛♥✐ ✭●■▼✮ ♠❡❝❤❛♥✐s♠ ❬✺❪✳ ❆s ❛♥ ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r
t❤❡ ❞❡❝❛② K+ → π+νν̄✳ ■❢ ♦♥❡ ❝♦♥s✐❞❡rs t❤❡ ♠❛tr✐① ❝♦♥♥❡❝t✐♥❣ t❤❡ ♠❛ss
❛♥❞ t❤❡ ✇❡❛❦ ❡✐❣❡♥st❛t❡s ♦❢ d ❛♥❞ s q✉❛r❦s✱ ❧✐♠✐t✐♥❣ ♦✉rs❡❧✈❡s t♦ ♦♥❧② t✇♦
✢❛✈♦✉rs✱ t❤✐s ♠❛tr✐① ❡❧❡♠❡♥ts ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ❈❛❜✐❜❜♦ ❛♥❣❧❡✿

(

d′

s′

)

=

(

cos θC sin θC

− sin θC cos θC

)(

d

s

)

✳ ✭✶✳✹✮

❚❤❡r❡❢♦r❡✱ t❤❡ r❡❧❡✈❛♥t t✇♦ t❡r♠s ❞❡s❝r✐❜✐♥❣ ♥❡✉tr❛❧ ❝✉rr❡♥t tr❛♥s✐t✐♦♥s ✐♥
t❤❡ ▲❛❣r❛♥❣✐❛♥ ❛r❡

d̄′γαd
′ = cos2 θC d̄γαd+ sin2 θC s̄γαs+ cos θC sin θC [d̄γαs+ s̄γαd] ✭✶✳✺✮

s̄′γαs
′ = sin2 θC d̄γαd+ cos2 θC s̄γαs− cos θC sin θC [d̄γαs+ s̄γαd] ✭✶✳✻✮

✻



❛♥❞ ❛❞❞✐♥❣ ✉♣ ❡q✳ ✶✳✺ ❛♥❞ ✶✳✻✱

d̄′γαd
′ + s̄′γαs

′ = d̄γαd+ s̄γαs ✱ ✭✶✳✼✮

t❤❡ t❡r♠s ❞❡s❝r✐❜✐♥❣ ❋❈◆❈ t❤❛t ✇❡r❡ ♣r❡s❡♥t ✐♥ ❡q✳ ✶✳✺ ❛♥❞ ✶✳✻ ❝❛♥❝❡❧ ♦✉t✳
❆❝t✉❛❧❧② t❤✐s ❝❛♥❝❡❧❧❛t✐♦♥ ✐s ♥♦t ♣❡r❢❡❝t✱ s✐♥❝❡ ♦♥❡ ❤❛s t♦ ❝♦♥s✐❞❡r ❤✐❣❤❡r
♦r❞❡r ❝♦rr❡❝t✐♦♥s ♠❛❦✐♥❣ ♣♦ss✐❜❧❡ ❋❈◆❈ ❛t s❡❝♦♥❞ ♦r❞❡r✳

❆♥♦t❤❡r ♣❛r❛♠❡tr✐③❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡①♣r❡ss t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❈▼❑
♠❛tr✐①✳ ❚❤✐s ♣❛r❛♠❡tr✐③❛t✐♦♥ ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② ❲♦❧❢❡♥st❡✐♥ ❬✶✹❪ ❛♥❞ ♠❛❦❡s
✉s❡ ♦❢ ❢♦✉r r❡❛❧ ♣❛r❛♠❡t❡rs λ✱ A✱ ρ ❛♥❞ η✱ r❡❧❛t❡❞ t♦ t❤❡ ♣r❡✈✐♦✉s ♦♥❡s ✐♥ t❤❡
❢♦❧❧♦✇✐♥❣ ✇❛②✿

s12 = λ✱ s23 = Aλ2✱ s13e
iδ = Aλ3(ρ+ iη) ✭✶✳✽✮

ρ̄ = ρ(1− λ2

2
)✱ η̄ = η(1− λ2

2
) ✳ ✭✶✳✾✮

❯s✐♥❣ t❤❡ ❲♦❧❢❡♥st❡✐♥ ♣❛r❛♠❡tr✐③❛t✐♦♥✱ t❤❡ ♠❛tr✐① ❝❛♥ ❜❡ ❡①♣❛♥❞❡❞ ✐♥ t❡r♠s
♦❢ t❤❡ s♠❛❧❧ ♣❛r❛♠❡t❡r λ = 0.225✿

VCKM =









1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1









+O(λ4) ✳ ✭✶✳✶✵✮

❆s ✐t ✐s ❡✈✐❞❡♥t ❢r♦♠ ❡q✳ ✶✳✶✵✱ t❤❡ ♠♦st ❢❛✈♦✉r❡❞ q✉❛r❦ tr❛♥s✐t✐♦♥s ❛r❡ t❤♦s❡
❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❞✐❛❣♦♥❛❧ ♠❛tr✐① ❡❧❡♠❡♥ts✱ ✇❤✐❧❡ ♦✛✲❞✐❛❣♦♥❛❧ ❡❧❡♠❡♥ts
r❡♣r❡s❡♥t s✉♣♣r❡ss❡❞ tr❛♥s✐t✐♦♥s✳ ❆s ♦❢ ✷✵✶✽✱ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ♦❢ t❤❡
♠❛tr✐① ❡❧❡♠❡♥ts ❛r❡ ❬✶❪✿









|Vud| = 0.97420± 0.00021 |Vus| = 0.2243± 0.0005 |Vub| = 0.00349± 0.00036

|Vcd| = 0.218± 0.004 |Vcs| = 0.997± 0.017 |Vcb| = 0.0422± 0.0008

|Vtd| = 0.0081± 0.0005 |Vts| = 0.0349± 0.0023 |Vtb| = 1.019± 0.025









✭✶✳✶✶✮

■t ✐s ✇♦rt❤ ♥♦t✐❝✐♥❣ t❤❛t ❛❝❝♦r❞✐♥❣ t♦ t❤❡❲♦❧❢❡♥st❡✐♥ ♣❛r❛♠❡tr✐③❛t✐♦♥✱ λ = |Vus|✳

✶✳✸ ❚❤❡ ✉♥✐t❛r② tr✐❛♥❣❧❡

❚❤❡ ✉♥✐t❛r✐t② ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ❈▼❑♠❛tr✐① ✐♠♣❧✐❡s ✈❛r✐♦✉s r❡❧❛t✐♦♥s ❜❡t✇❡❡♥
t❤❡ ♠❛tr✐① ❡❧❡♠❡♥ts s✉❝❤ ❛s✿

V ∗
usVud + V ∗

csVcd + V ∗
tsVtd ✳ ✭✶✳✶✷✮

✼



❋✐❣✉r❡ ✶✳✷✿ ❖♥❡ ♦❢ t❤❡ ✉♥✐t❛r② tr✐❛♥❣❧❡s ❞❡✜♥❡❞ ❜② t❤❡ ✉♥✐t❛r✐t② ❝♦♥❞✐t✐♦♥s
♦♥ t❤❡ ❈❑▼ ♠❛tr✐①✱ ♥❛♠❡❧② ❜② ❡q✳ ✶✳✶✷✳ ❚❤❡ s✐❞❡s ❛♥❞ ❛♥❣❧❡s ♦❢ t❤❡ tr✐❛♥❣❧❡
❛r❡ ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥ts✳

❊q✳ ✶✳✶✷ r❡♣r❡s❡♥ts ❛ tr✐❛♥❣❧❡ ✐♥ t❤❡ ❝♦♠♣❧❡① ♣❧❛♥❡ ❞❡✜♥❡❞ ❜② t❤❡ t✇♦❲♦❧❢❡♥✲
st❡✐♥ ♣❛r❛♠❡t❡rs (ρ, η)✳ ❚❤❡ tr✐❛♥❣❧❡ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✶✳✷✱ ✇❤❡r❡ ρ̄ ❛♥❞ η̄ ❛r❡

ρ̄ = ρ

(

1− λ2

2

)

✭✶✳✶✸✮

η̄ = η

(

1− λ2

2

)

✱ ✭✶✳✶✹✮

✇❤✐❧❡ t❤❡ ❛♥❣❧❡s ♦❢ t❤❡ tr✐❛♥❣❧❡ ❛r❡✿

α = arg

(

− VtdV
∗
tb

VudVub

)

✱ β = arg

(

−VcdV
∗
cb

VtdVtb

)

✱ γ = arg

(

−VudV
∗
ub

VcdVcb

)

✭✶✳✶✺✮

✶✳✹ ❚❤❡ K+ → π+νν̄ ❞❡❝❛②

❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ K+ → π+νν̄ ❛♥❞ KL → π0νν̄ ♣r♦✈✐❞❡
❛♥ ❡①tr❡♠❡❧② ✐♥t❡r❡st✐♥❣ t❡st ♦❢ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❬✶✺❪✳ ❇♦t❤ ♣r♦❝❡ss❡s ❛r❡
✢❛✈♦✉r ❝❤❛♥❣✐♥❣ ♥❡✉tr❛❧ ❝✉rr❡♥t ✭❋❈◆❈✮✱ str♦♥❣❧② s✉♣♣r❡ss❡❞ ❜② t❤❡ ●■▼
♠❡❝❤❛♥✐s♠✳ ❚❤❡ ❝❤❛r❣❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❞❡❝❛② ♣r♦❝❡❡❞s ❛t t❤❡ ❧♦✇❡st ❧❡✈❡❧
✈✐❛ t❤❡ t✇♦ ❩ ♣❡♥❣✉✐♥ ❞✐❛❣r❛♠s ❛♥❞ t❤❡ ❲ ❜♦① s❤♦✇♥ ✐♥ ✜❣✳ ✶✳✸✳

❚❤❡♦r❡t✐❝❛❧❧② t❤✐s ♣r♦❝❡ss ✐s ✈❡r② ❝❧❡❛♥ ❛♥❞ t❤❡ ♠❛✐♥ s♦✉r❝❡s ♦❢ ✉♥❝❡r✲
t❛✐♥t② ♦r✐❣✐♥❛t❡ ❢r♦♠ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ t❤❡ ❈❑▼ ♠❛tr✐① ❡❧❡♠❡♥ts ❬✶✺❪❀ ✐♥

✽



♣❛rt✐❝✉❧❛r✱ t❤❡ ❢♦r♠✉❧❛ ❢♦r t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄ ❝❛♥ ❜❡ ✇r✐tt❡♥
❛s ❢♦❧❧♦✇s

BR(K+ → π+νν̄) =κ+(1 + ∆❊▼) ·
[(

■♠λt

λ5
X(xt)

)2

+

(

❘❡λc

λ
(P ❙❉c (X) + δPc,u) +

❘❡λt

λ5
X(xt)

)2]

✱

✭✶✳✶✻✮

✇❤❡r❡

κ+ = (5.173± 0.025) · 10−11

[

λ

0.225

]8

✱ ∆❊▼ = −0.003 ✳ ✭✶✳✶✼✮

κ+ ✐s t❤❡ ❤❛❞r♦♥✐❝ ♠❛tr✐① ❡❧❡♠❡♥t ❡①tr❛❝t❡❞ ❢r♦♠ s❡♠✐✲❧❡♣t♦♥✐❝ ❞❡❝❛②s
♦❢ K+✱ KS ❛♥❞ KL❀ ∆❊▼ ✐s t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ r❛❞✐❛t✐✈❡ ❝♦rr❡❝t✐♦♥ ❢r♦♠
♣❤♦t♦♥ ❡①❝❤❛♥❣❡s❀ xt = m2

t/M
2
W ✱ λ = |Vus| ❛♥❞ λi = V ∗

isVid ❛r❡ ❈❑▼ ❢❛❝t♦rs❀
X(xt) r❡♣r❡s❡♥ts t❤❡ ❧♦♦♣ ❢✉♥❝t✐♦♥ ❢♦r t❤❡ t♦♣ q✉❛r❦ ❝♦♥tr✐❜✉t✐♦♥❀ P ❙❉c (X)
❛♥❞ δPc,u ❛r❡ t❤❡ ❧♦♦♣ ❢✉♥❝t✐♦♥s ❢♦r t❤❡ s❤♦rt ❞✐st❛♥❝❡ ❝❤❛r♠ q✉❛r❦ ❛♥❞ ❧♦♥❣
❞✐st❛♥❝❡ ❝❤❛r♠ ❛♥❞ ✉♣ q✉❛r❦ ❝♦♥tr✐❜✉t✐♦♥s✳ ❚❤❡ t♦♣ q✉❛r❦ ❝♦♥tr✐❜✉t✐♦♥
✐s X(xt) = 1.48 ± 0.01 ❛♥❞ ✐♥❝❧✉❞❡s t❤❡ t✇♦✲❧♦♦♣ ❡❧❡❝tr♦✇❡❛❦ ❝♦rr❡❝t✐♦♥s
❛♥❞ ◆▲❖ ◗❈❉ ❝♦rr❡❝t✐♦♥s❀ t❤❡ s❤♦rt ❞✐st❛♥❝❡ ❝♦♥tr✐❜✉t✐♦♥ ❢♦r ❝❤❛r♠ q✉❛r❦
❛♥❞ ❧♦♥❣ ❞✐st❛♥❝❡ ❝♦♥tr✐❜✉t✐♦♥ ❢♦r ❝❤❛r♠ ❛♥❞ ✉♣ q✉❛r❦ ❛r❡✱ r❡s♣❡❝t✐✈❡❧②✱
P ❙❉c (X) = 0.365±0.012 ❛♥❞ δPc,u = 0.04±0.02 ❛♥❞ ✐♥❝❧✉❞❡ ❡❧❡❝tr♦✇❡❛❦ ❛♥❞
◆◆▲❖ ◗❈❉ ❝♦rr❡❝t✐♦♥s✳ ❚❤❡ ❛♣♣❛r❡♥t ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦
♦♥ λ ❛❝t✉❛❧❧② ❝❛♥❝❡❧s ♦✉t t♦ ❛ ❧❛r❣❡ ❡①t❡♥t s✐♥❝❡ Pc(X) ∼ λ−4✳

❙✐♥❝❡ ◆❡✇ P❤②s✐❝s s❡❡♠s t♦ ❜❡ ❞✐st❛♥t ❡♥♦✉❣❤ ❢r♦♠ t❤❡ ❡❧❡❝tr♦✇❡❛❦ s❝❛❧❡✱
t❤❡ ❈❑▼ ♠❛tr✐① ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ tr❡❡✲❧❡✈❡❧ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡
♦❜s❡r✈❛❜❧❡s |Vus|✱ |Vcb|✱ |Vub| ❛♥❞ γ✱ ✇❤❡r❡ γ ✐s ♦♥❡ ♦❢ t❤❡ ❛♥❣❧❡s ♦❢ t❤❡ ✉♥✐t❛r②
tr✐❛♥❣❧❡✳ ❚❤❡r❡❢♦r❡ t❤❡ q✉❛♥t✐t✐❡s λt ❛♥❞ λc ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✉s✐♥❣ ♦♥❧② t❤❡s❡
✐♥♣✉t ♣❛r❛♠❡t❡rs✿

❘❡λt ≃ |Vub||Vcb| cos γ(1− 2λ2) + (|Vub|2 − |Vcb|2)λ
(

1− λ2

2

)

✱ ✭✶✳✶✽✮

❋✐❣✉r❡ ✶✳✸✿ ❚❤❡ t❤r❡❡ ♠♦st r❡❧❡✈❛♥t ❞✐❛❣r❛♠s ❢♦r t❤❡ K+ → π+νν̄ ❞❡❝❛②✳
❚❤❡ s → d tr❛♥s✐t✐♦♥✱ ❢♦r❜✐❞❞❡♥ ❛t t❤❡ t❤r❡❡ ❧❡✈❡❧✱ ✐s ❞♦♠✐♥❛t❡❞ ❜② t✇♦ ❩
♣❡♥❣✉✐♥s ❛♥❞ ❛ ❲ ❜♦① ❞✐❛❣r❛♠s✳

✾



■♠λt ≃ |Vub||Vcb| sin γ ✱ ✭✶✳✶✾✮

❘❡λc ≃ −λ

(

1− λ2

2

)

✱ ✭✶✳✷✵✮

❛❝❝✉r❛t❡ ✉♣ t♦ O(λ4)✳ ❋♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥✱ t❤❡ ✈❛❧✉❡s ♦❢ γ = (73.2+6.3
−7.0)

◦ ❛♥❞
λ = |Vus| ❛r❡ t❛❦❡♥ ❢r♦♠ t❤❡ P❉● ❬✶❪✱ ✇❤✐❧❡ ❢♦r |Vub| ❛♥❞ |Vcb| ❛ ✇❡✐❣❤t❡❞
❛✈❡r❛❣❡ ❜❡t✇❡❡♥ t❤❡ ❡①❝❧✉s✐✈❡ ❛♥❞ ✐♥❝❧✉s✐✈❡ ❞❡t❡r♠✐♥❛t✐♦♥ ✐s ✉s❡❞✿

|Vub|avg = (3.88± 0.29)× 10−3 |Vcb|avg = (40.7± 1.4)× 10−3 ✳ ✭✶✳✷✶✮

❚❤❡s❡ ❧❛st ❡①♣r❡ss✐♦♥s ❝❛♥ ❜❡ ♣❧✉❣❣❡❞ ✐♥t♦ ✶✳✶✻ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡①♣❡❝t❡❞
t❤❡♦r❡t✐❝❛❧ ✈❛❧✉❡ ❢♦r t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦✿

BRth(K
+ → π+νν̄) = (8.4± 1.0)× 10−11 ✳ ✭✶✳✷✷✮

❆ s✐♠✐❧❛r ❝❛❧❝✉❧❛t✐♦♥ ❢♦r t❤❡ ♥❡✉tr❛❧ ❝♦✉♥t❡r♣❛rt KL → π0νν̄ ❝❛♥ ❜❡ ❢♦✉♥❞
✐♥ ❬✶✺❪ ❛♥❞ ❧❡❛❞s t♦

BRth(KL → π0νν̄) = (3.4± 0.6)× 10−11 ✳ ✭✶✳✷✸✮

❋✐❣✉r❡ ✶✳✹✿ ❊rr♦r ❜✉❞❣❡ts ❢♦r t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄ ❛♥❞
KL → π0νν̄✳

❋✐❣✉r❡ ✶✳✹ s❤♦✇s t❤❡ ❡rr♦r ❜✉❞❣❡ts ❢♦r t❤❡ t✇♦ ❜r❛♥❝❤✐♥❣ r❛t✐♦s✳ ❚❤❡
❈❑▼ ✉♥❝❡rt❛✐♥t✐❡s ❞♦♠✐♥❛t❡ t❤❡ ❡rr♦r ✐♥ ❜♦t❤ ❝❛s❡s ❛♥❞✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ t❤❡
❧❛r❣❡st ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡ ❡rr♦r ❝♦♠❡ ❢r♦♠ |Vcb| ❛♥❞ γ ❢♦r t❤❡ ❝❤❛r❣❡❞
❝❤❛♥♥❡❧✱ ✇❤✐❧❡ ❢♦r t❤❡ ♥❡✉tr❛❧ ❝❤❛♥♥❡❧ t❤❡r❡ ✐s ❛❧s♦ ❛♥ ✐♠♣♦rt❛♥t ❝♦♥tr✐❜✉t✐♦♥
❢r♦♠ |Vub|✳ ❚❤❡r❡❢♦r❡ ✐t ♠❛② ❜❡ ❝♦♥✈❡♥✐❡♥t t♦ ❤❛✈❡ ❛♥ ❡①♣r❡ss✐♦♥ ❢♦r t❤❡
❜r❛♥❝❤✐♥❣ r❛t✐♦s ✇❤❡r❡ t❤❡ t❤❡♦r❡t✐❝❛❧ ❛♥❞ t❤❡ ♣❛r❛♠❡tr✐❝ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡
❦❡♣t s❡♣❛r❛t❡✿

BR(K+ → π+νν̄) = (8.39±0.30)×10−11 ·
[ |Vcb|
0.0407

]2.8

·
[ γ

73.2♦

]0.74

✱ ✭✶✳✷✹✮

✶✵



BR(KL → π0νν̄) =(3.36± 0.05)× 10−11·
[ |Vub|
3.88× 10−3

]2

·
[ |Vcb|
0.0407

]2

·
[

sin γ

sin 73.2♦

]2

✳
✭✶✳✷✺✮

❚❤❡ st❛t❡ ♦❢ t❤❡ ❛rt ♦♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ t❤❡ t✇♦
K ❞❡❝❛②s ✐s s❤♦✇♥ ❜❡❧♦✇✿

BR❡①♣(K
+ → π+νν̄) = (1.73+1.15

−1.05 × 10−10) ✭✶✳✷✻✮

BR❡①♣(KL → π0νν̄) < 300× 10−11 @90% ❈✳▲✳ ✭✶✳✷✼✮

❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❇❘ ✐♥ ❡q✳ ✶✳✷✻ ✇❛s ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❊✼✽✼✴✾✹✾
❡①♣❡r✐♠❡♥ts ❛t ❇◆▲ ❛♥❞ ✐t ✐s ❜❛s❡❞ ♦♥ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ✼ ❞❡❝❛②s ♦❢ st♦♣♣❡❞
K+ ✐♥t❡r♣r❡t❡❞ ❛s s✐❣♥❛❧ ❬✶✻❪✳ ❚❤❡ ✉♣♣❡r ❧✐♠✐t ✐♥ ❡q✳ ✶✳✷✼ ✇❛s ♣✉t ❜② t❤❡
❑❖❚❖ ❡①♣❡r✐♠❡♥t✱ ❜❛s❡❞ ♦♥ t❤❡ ❛♥❛❧②s✐s ♦❢ ✷✵✶✺ ❞❛t❛❀ t❤✐s r❡s✉❧t ✐s ❡①♣❡❝t❡❞
t♦ ❜❡ ✐♠♣r♦✈❡❞ ✇✐t❤ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❢✉❧❧ ❞❛t❛ s❛♠♣❧❡ ❬✶✼❪✳

◆❆✻✷ ♣✉❜❧✐s❤❡❞ r❡❝❡♥t❧② ✐ts r❡s✉❧ts ♦♥ t❤❡ K+ → π+νν̄ ❛♥❛❧②s✐s ✇✐t❤ t❤❡
✷✵✶✻ ❞❛t❛ s❡t❀ t❤❡ r❡s✉❧ts ❛♥❞ ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❛♥❛❧②s✐s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥
❬✶✽❪✳ ❲✐t❤ ❛ ♥✉♠❜❡r ♦❢ ❡①♣❡❝t❡❞ ❙▼ ❡✈❡♥ts ♦❢ 0.267± 0.001stat ± 0.020syst ±
0.032ext✱ ❛♥ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ♦❢ 0.152+0.092

−0.033|stat±0.013syst ❛♥❞ 1 ♦❜s❡r✈❡❞
❡✈❡♥t ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ◆❆✻✷ ✇❛s ❛❜❧❡ t♦ ♣✉t ❛♥ ✉♣♣❡r ❧✐♠✐t ♦♥ t❤❡
❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤❡ ❞❡❝❛②✿

BR(K+ → π+νν̄) < 14× 10−10 ❛t 95% ❈▲✳ ✭✶✳✷✽✮

❚❤✐s r❡s✉❧t ❤❛s ✐♠♣r♦✈❡❞ ✇✐t❤ t❤❡ ✷✵✶✼ ❞❛t❛ s❡t✱ ♦♥ ✇❤✐❝❤ t❤✐s t❤❡s✐s ✇✐❧❧
❢♦❝✉s✱ ❛♥❞ ✇✐❧❧ ❜❡ ❢✉rt❤❡r ✐♠♣r♦✈❡❞ ✇✐t❤ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ✷✵✶✽ ❞❛t❛ s❡t✳

✶✳✺ ❇❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧

❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ BR(K+ → π+νν̄) ❛♥❞ BR(KL → π0νν̄) ❞❡✜♥❡s t❤❡ ✉♥✐✲
t❛r✐t② tr✐❛♥❣❧❡ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ❇ s②st❡♠✱ t❤✉s ❜❡✐♥❣ ❛♥ ✐♠♣♦rt❛♥t t❡st
❢♦r t❤❡ ❙▼ ✐ts❡❧❢ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ ❛♥② ♥❡✇ ♣❤②s✐❝s ♠♦❞❡❧ ✭✜❣✳ ✶✳✼✮✳ ■♥✲
❞❡❡❞✱ t❤❡ ✉♥✐t❛r② tr✐❛♥❣❧❡ ❞❡✜♥❡❞ ❜② ❡q✉❛t✐♦♥ ✶✳✶✷ ✐s t✐❣❤t❧② ❧✐♥❦❡❞ t♦ t❤❡
t✇♦ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❞❡❝❛②s✿ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ KL → π0νν̄ ♣r♦✈✐❞❡s t❤❡
❤❡✐❣❤t ♦❢ t❤❡ tr✐❛♥❣❧❡✱ ✇❤✐❧❡ K+ → π+νν̄ ♣r♦✈✐❞❡s t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ♦♥❡
s✐❞❡ ♦❢ t❤❡ tr✐❛♥❣❧❡ ✭s❡❡ ✜❣✳ ✶✳✺✮✳

◆♦♥❡t❤❡❧❡ss✱ ❛ ♣❧❡t❤♦r❛ ♦❢ ♠♦❞❡❧s ❜❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♣r❡❞✐❝t
s✐③❛❜❧❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤❡s❡ t✇♦ ❞❡❝❛②s✳
❚❤✐s ♠♦❞❡❧s ❝♦♠♣r✐s❡ ❝✉st♦❞✐❛❧ ❘❛♥❞❛❧❧✲❙✉♥❞r✉♠ ❬✶✾❪✱ ▼✐♥✐♠❛❧ ❙✉♣❡rs②♠✲
♠❡tr✐❝ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✭▼❙❙▼✮ ❆♥❛❧②s✐s ❬✷✵❪❬✷✶❪✱ s✐♠♣❧✐✜❡❞ Z✱ Z ′ ♠♦❞❡❧s
❬✷✷❪✱ ❧✐tt❧❡st ❍✐❣❣s ✇✐t❤ ❚✲♣❛r✐t② ❬✷✸❪ ❛♥❞ ❧❡♣t♦♥ ✢❛✈♦✉r ✉♥✐✈❡rs❛❧✐t② ✈✐♦❧❛t✐♦♥
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❋✐❣✉r❡ ✶✳✺✿ ❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s✐❞❡s ♦❢ t❤❡ ✉♥✐t❛r② tr✐❛♥❣❧❡ ❛♥❞ t❤❡
t✇♦ ❞❡❝❛②s K+ → π+νν̄ ❛♥❞ KL → π0νν̄✳

♠♦❞❡❧s ❬✷✹❪✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♣❡r❢♦r♠✐♥❣ ❛ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥t ✐♥ t❤✐s
❝♦♥t❡①t ✐s ❜❡tt❡r ✉♥❞❡rst♦♦❞ ❧♦♦❦✐♥❣ ❛t t❤❡ ♣❧♦t ✐♥ ✜❣✳ ✶✳✻✱ ✇❤❡r❡ ♦♥❡ ❝❛♥
s❡❡ t❤❡ ❞✐✛❡r❡♥t ❝♦rr❡❧❛t✐♦♥ ♣❛tt❡r♥s ❜❡t✇❡❡♥ K+ → π+νν̄ ❛♥❞ KL → π0νν̄
❢♦r ❞✐✛❡r❡♥t ❇❙▼ s❝❡♥❛r✐♦s❀ t❤❡ ♣❧♦t s❤♦✇s ❛❧s♦ t❤❡ ●r♦ss♠❛♥✲◆✐r ❜♦✉♥❞
❬✷✺❪✱ t❤❛t ✐s ♠♦❞❡❧ ✐♥❞❡♣❡♥❞❡♥t ❛♥❞ ✐t ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❥✉st ❛ss✉♠✐♥❣ t❤❡ ❧❡♣✲
t♦♥ ✢❛✈♦✉r ❝♦♥s❡r✈❛t✐♦♥✶✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ❛ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ ◆P ♠♦❞❡❧s
♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ ❢♦r ✇❤✐❝❤ t❤❡ K+ → π+νν̄ ❞❡❝❛② ✐s r❡❧❡✈❛♥t ✇✐❧❧ ❜❡ ❣✐✈❡♥✳

❚❤❡ ❘❛♥❞❛❧❧✲❙✉♥❞r✉♠ ♠♦❞❡❧ ✭❘❙✮ ❬✶✾❪ ✐s ❛ ❤✐❣❤❡r✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❝❤✲
❛♥✐s♠ t❤❛t s♦❧✈❡s t❤❡ ❤✐❡r❛r❝❤② ♣r♦❜❧❡♠ ❜② ♣♦st✉❧❛t✐♥❣ t❤❛t ❛ ❧❛r❣❡ s❝❛❧❡ ✭♦❢
t❤❡ ♦r❞❡r ♦❢ t❤❡ P❧❛♥❝❦ s❝❛❧❡✮ ♣r♦❞✉❝❡s t❤❡ ✇❡❛❦ s❝❛❧❡ t❤r♦✉❣❤ ❛♥ ❡①♣♦♥❡♥✲
t✐❛❧ ❤✐❡r❛r❝❤②❀ ✐♥ t❤❡ ❘❙ ♠♦❞❡❧ t❤❡ ❤✐❡r❛r❝❤② ❛r✐s❡s ❢r♦♠ ✇❛r♣❡❞ ❤✐❣❤❡r✲
❞✐♠❡♥s✐♦♥❛❧ s♣❛❝❡✲t✐♠❡✱ ✇❤❡r❡ ♦♥❧② ♦♥❡ ❛❞❞✐t✐♦♥❛❧ ❞✐♠❡♥s✐♦♥ ✐s r❡q✉✐r❡❞
❬✷❪✳ ■♥ t❤✐s ❝♦♥t❡①t✱ r❛r❡ ❑ ❛♥❞ ❇ ♠❡s♦♥ ❞❡❝❛②s ✭s✉❝❤ ❛s K+ → π+νν̄✱
KL → π0νν̄✱ KL → π0l+l−✱ KL → µ+µ−✱ Bs,d → µ+µ− ❛♥❞ B → K(∗)νν̄✮
r❡❝❡✐✈❡ tr❡❡ ❧❡✈❡❧ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ Z ❛♥❞ t❤❡ ♥❡✇ ❤❡❛✈② ❡❧❡❝tr♦✇❡❛❦
❣❛✉❣❡ ❜♦s♦♥s✱ ❜❡s✐❞❡s t❤❡ ✉s✉❛❧ ❙▼ ♦♥❡✲❧♦♦♣ ❝♦♥tr✐❜✉t✐♦♥s✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡
❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ ❦❛♦♥ ❞❡❝❛②s ❝❛♥ ❤❛✈❡ ❧❛r❣❡ ❞✐✛❡r❡♥❝❡s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
❙▼✱ ✇❤✐❧❡ t❤❡ ❡✛❡❝ts ✐♥ t❤❡ ❇ ❞❡❝❛②s ❛r❡ s♠❛❧❧❡r✳

■♥ t❤❡ ▼✐♥✐♠❛❧ ❙✉♣❡rs②♠♠❡tr✐❝ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✭▼❙❙▼✮ t❤❡ ❙▼
▲❛❣r❛♥❣✐❛♥ ✐s ❡①t❡♥❞❡❞ ❜② s✉♣❡rs②♠♠❡tr✐❝ t❡r♠s t❤❛t t②♣✐❝❛❧❧② ❜r✐♥❣ ♥❡✇
s♦✉r❝❡s ♦❢ ✢❛✈♦✉r ✈✐♦❧❛t✐♦♥✳ ❚❤❡ ❋❈◆❈ ❛♠♣❧✐t✉❞❡s ❞❡♣❡♥❞ ♦♥ t❤❡ s♣❛rt✐❝❧❡
♠❛ss❡s ❛♥❞ t❤❡ ♣❛tt❡r♥ ♦❢ t❤❡✐r ♠✐①✐♥❣✱ ❛♥❞ ✐♠♣♦rt❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡
K+ → π+νν̄ ❞❡❝❛② ❛♠♣❧✐t✉❞❡ ❝❛♥ ❛r✐s❡ ❢r♦♠ t❤❡ sq✉❛r❦ ♠❛ss ♠❛tr✐❝❡s ❬✷✵❪✳
❚❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ K → πνν ❞❡❝❛②s ❛r❡ ✐♥❞❡❡❞ ✈❡r② ✉s❡❢✉❧ t♦ ❞❡t❡r♠✐♥❡
t❤❡ ✢❛✈♦✉r str✉❝t✉r❡ ♦❢ t❤❡ ♠♦❞❡❧✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✉♥❞❡r ❝❡rt❛✐♥ ❤②♣♦t❤❡s✐s✱

✶❙♣❡❝✐✜❝❛❧❧②✱ Γ(KL → π0νν̄)/Γ(K+ → π+νν̄) = sin2 θ✱ ✇❤❡r❡ θ ✐s t❤❡ r❡❧❛t✐✈❡ ❈P ✈✐♦✲
❧❛t✐♥❣ ♣❤❛s❡ ❜❡t✇❡❡♥ t❤❡ K − K̄ ♠✐①✐♥❣ ❛♠♣❧✐t✉❞❡ ❛♥❞ t❤❡ s → dνν̄ ❞❡❝❛② ❛♠♣❧✐t✉❞❡✳
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t❤❡ t✇♦ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ❢♦r K → πνν ❞❡❝❛②s ❝♦✉❧❞ r❡❝❡✐✈❡ O(1) ❝♦rr❡❝t✐♦♥s
✇✐t❤ r❡s♣❡❝t t♦ ❙▼ ❬✷✶❪✳

❆ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ K+ → π+νν̄ ❛♥❞ B → K(K∗)µ+µ− ❝❛♥ ❛r✐s❡ ✐♥
♠♦❞❡❧s ✇✐t❤ tr❡❡ ❧❡✈❡❧ Z ❛♥❞ Z ′ ❝♦♥tr✐❜✉t✐♦♥s ✐♥ ✇❤✐❝❤ ❡✐t❤❡r ▼✐♥✐♠❛❧
❋❧❛✈♦✉r ❱✐♦❧❛t✐♦♥ ✭▼❋❱✮ ♦r ❛ U(2)3 s②♠♠❡tr② ✐s ✐♠♣♦s❡❞ ♦♥ t❤❡ q✉❛r❦
✢❛✈♦✉r✲✈✐♦❧❛t✐♥❣ ❝♦✉♣❧✐♥❣s ❬✷✷❪✳ ■♥ t❤✐s ❝❛s❡✱ K+ → π+νν̄ ❛♥❞ KL → π0νν̄
❝❛♥ ♣r♦❜❡ ❡♥❡r❣② s❝❛❧❡s ✉♣ t♦ 1000 ❚❡❱ ❛♥❞ Z ❛♥❞ Z ′ ♠♦❞❡❧s ✇✐t❤ ❣❡♥❡r❛❧
✢❛✈♦✉r ❝♦✉♣❧✐♥❣s ❛❧❧♦✇ ❢♦r BR(K+ → π+νν̄) > 20× 10−11✳

❚❤❡ ▲✐tt❧❡st ❍✐❣❣s ▼♦❞❡❧ ✇✐t❤ ❚✲♣❛r✐t② ✭▲❍❚✮ ✐s ♦♥❡ ♦❢ t❤❡ s✐♠✲
♣❧❡st ◆❡✇ P❤②s✐❝s ♠♦❞❡❧s t❤❛t ❝❛♥ ❛❝❝♦✉♥t ❢♦r ♥❡✇ s♦✉r❝❡s ♦❢ ✢❛✈♦✉r ❛♥❞
❈P ✈✐♦❧❛t✐♦♥ ❬✷✸❪✳ ■♥ t❤✐s s❝❡♥❛r✐♦✱ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ K+ → π+νν̄ ❛♥❞
KL → π0νν̄ ❝❛♥ ❤❛✈❡ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❙▼ ♣r❡❞✐❝✲
t✐♦♥s✱ ✇❤✐❧❡ t❤❡ ❡✛❡❝t ♦♥ ❇ ♠❡s♦♥ ❞❡❝❛②s ❛r❡ s♠❛❧❧❡r✳ ❚❤❡ ▲❍❚ ♠♦❞❡❧
♣r❡❞✐❝ts ♥❡✇ ❤❡❛✈② ❢❡r♠✐♦♥s t❤❛t ❝❛♥ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ♦r❞✐♥❛r② q✉❛r❦s ❛♥❞
❧❡♣t♦♥s t❤r♦✉❣❤ ♥❡✇ ❤❡❛✈② ❡❧❡❝tr♦✇❡❛❦ ❣❛✉❣❡ ❜♦s♦♥s✳ ❚❤❡ ▲✐tt❧❡st ❍✐❣❣s
♠♦❞❡❧ ✇✐t❤♦✉t ❚✲♣❛r✐t② ✇❛s ✜rst ✐♥tr♦❞✉❝❡❞ t♦ ❞❡❛❧ ✇✐t❤ t❤❡ q✉❛❞r❛t✐❝ ❞✐✲
✈❡r❣❡♥❝❡s ✐♥ t❤❡ ❍✐❣❣s ♠❛ss ✇✐t❤♦✉t ❤❛✈✐♥❣ t♦ r❡s♦rt t♦ s✉♣❡rs②♠♠❡tr②✱ s♦
t❤❛t t❤❡ ❝❛♥❝❡❧❧❛t✐♦♥ ♦❢ t❤❡ ❞✐✈❡r❣❡♥❝❡s ❤❛♣♣❡♥s ✇✐t❤ t❤❡ ✐♥t❡r✈❡♥t✐♦♥ ♦❢ ♥❡✇
♣❛rt✐❝❧❡s ♦❢ t❤❡ s❛♠❡ s♣✐♥✲st❛t✐st✐❝s✳ ❍♦✇❡✈❡r✱ ❛ ❞✐s❝r❡t❡ s②♠♠❡tr② ✭t❤❡ ❚✲
♣❛r✐t②✱ ✉♥❞❡r ✇❤✐❝❤ ❛❧❧ ❙▼ ♣❛rt✐❝❧❡s ❛r❡ ❡✈❡♥✮ ❤❛s t♦ ❜❡ ✐♥tr♦❞✉❝❡❞ ✐♥ ♦r❞❡r
t♦ ♠❛❦❡ t❤❡ ▲✐tt❧❡st ❍✐❣❣s ♠♦❞❡❧ ❝♦♥s✐st❡♥t ✇✐t❤ ❡❧❡❝tr♦✇❡❛❦ ♣r❡❝✐s✐♦♥ t❡sts
❛♥❞✱ ❛t t❤❡ s❛♠❡ t✐♠❡✱ ♠❛❦❡ t❤❡ ♥❡✇ ♣❛rt✐❝❧❡s ♦❢ t❤✐s ♠♦❞❡❧ ✐♥ t❤❡ r❡❛❝❤
♦❢ t❤❡ ▲❍❈✳ ❚❤❡ ▲❍❚ ♣r♦❞✉❝❡s ❝♦rr❡❧❛t✐♦♥ ♣❛tt❡r♥s ❜❡t✇❡❡♥ t❤❡ ❜r❛♥❝❤✐♥❣
r❛t✐♦s ♦❢ K+ → π+νν̄ ❛♥❞ KL → π0νν̄ ❛♥❞✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ BR(K+ → π+νν̄)
❝❛♥ r❡❛❝❤ ✈❛❧✉❡s ♦❢ t❤❡ ♦r❞❡r ♦❢ 20 · 10−11✳ ■❢ ♥♦ ♥❡✇ ♣❛rt✐❝❧❡ ✐s ❞✐s❝♦✈❡r❡❞ ❛t
▲❍❈✱ ♥♦ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ❙▼ ✐s ♦❜s❡r✈❡❞ ✐♥ ❡❧❡❝tr♦✇❡❛❦ ❛♥❞ ❍✐❣❣s ♣❤②s✐❝s
♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡ ◆❡✇ P❤②s✐❝s ❤❛♣♣❡♥s t♦ ❜❡ ❛t ❛ s❝❛❧❡ ♦❢ s❡✈❡r❛❧ ❚❡❱✱
K → πνν ❞❡❝❛②s ❜❡❝♦♠❡ t❤❡ ❜❡st ❝❛♥❞✐❞❛t❡ t♦ ♣r♦✈❡ t❤❡ ▲❍❚ ♠♦❞❡❧❀ ✐❢ t❤❛t
✐s t❤❡ ❝❛s❡✱ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄ ❝♦✉❧❞ ❜❡ ❡♥❤❛♥❝❡❞ ❜② ✉♣ t♦
❛ ❢❛❝t♦r ✷✳

❘❡❝❡♥t ❤✐♥ts ♦❢ ✈✐♦❧❛t✐♦♥ ♦❢ ▲❡♣t♦♥ ❋❧❛✈♦✉r ❯♥✐✈❡rs❛❧✐t② ✭▲❋❯✮ ✐♥
❇ ♠❡s♦♥ ❞❡❝❛②s ♠❛② ❜❡ ❡❛s✐❧② ❛❝❝♦♠♠♦❞❛t❡❞ ✐♥ ♠♦❞❡❧s ✇❤❡r❡ ♥❡✇ ✐♥t❡r❛❝✲
t✐♦♥s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡s❡ ✈✐♦❧❛t✐♦♥s ❝♦✉♣❧❡ ♠❛✐♥❧② t♦ t❤❡ t❤✐r❞ ❣❡♥❡r❛t✐♦♥
♦❢ ❧❡❢t✲❤❛♥❞❡❞ ❢❡r♠✐♦♥s ❬✷✹❪✳ ❋♦r t❤✐s r❡❛s♦♥✱ K → πνν ❞❡❝❛②s ❛r❡ ♣❛rt✐❝✉✲
❧❛r❧② ✐♥t❡r❡st✐♥❣ ❜❡❝❛✉s❡ t❤❡② ❛r❡ t❤❡ ♦♥❧② ❦❛♦♥ ❞❡❝❛②s ✇✐t❤ t❤✐r❞✲❣❡♥❡r❛t✐♦♥
❧❡♣t♦♥s✷ ✐♥ t❤❡ ✜♥❛❧ st❛t❡✳ ■♥ ♦r❞❡r t♦ r❡❧❛t❡ ❇ ♣❤②s✐❝s ❛♥♦♠❛❧✐❡s ❛♥❞ ❑
❞❡❝❛②s✱ ❛♥ ❊✛❡❝t✐✈❡ ❋✐❡❧❞ ❚❤❡♦r② ❛♣♣r♦❛❝❤ ❝❛♥ ❜❡ ✉s❡❞✱ ✇❤❡r❡ t❤❡ ♥❡✇ ✐♥✲
t❡r❛❝t✐♦♥s s❛t✐s❢② ❛♥ ❛♣♣r♦①✐♠❛t❡ U(2)q × U(2)l ✢❛✈♦✉r s②♠♠❡tr②✳ ■t t✉r♥s
♦✉t t❤❛t ✐♥ t❤✐s ❝❛s❡ t❤❡ ♠♦❞❡❧s ♣r❡❞✐❝t O(1) ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ❙▼ ✈❛❧✉❡

✷❚❤❡ t❛✉ ♥❡✉tr✐♥♦s✳

✶✸



❋✐❣✉r❡ ✶✳✻✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ K+ → π+νν̄ ❛♥❞
KL → π0νν̄✳ ❚❤❡ ❣r❡❡♥ r❡❣✐♦♥ s❤♦✇s t❤❡ ❝♦rr❡❧❛t✐♦♥ ❡♠❡r❣✐♥❣ ✐♥ ♠♦❞❡❧s
✇✐t❤ ❝♦♥str❛✐♥❡❞ ♠✐♥✐♠❛❧ ✢❛✈♦✉r ✈✐♦❧❛t✐♦♥✳ ❚❤❡ ❜❧✉❡ r❡❣✐♦♥ s❤♦✇s t❤❡ ❝♦r✲
r❡❧❛t✐♦♥ ❛r✐s✐♥❣ ❢r♦♠ εK ❝♦♥str❛✐♥ts ✇❤❡♥ ▲❍ ♦r ❘❍ ❝♦✉♣❧✐♥❣s ❛r❡ ♣r❡s❡♥t✳
❈♦♥✈❡rs❡❧②✱ t❤❡ r❡❞ r❡❣✐♦♥ s❤♦✇s t❤❡ ❧❛❝❦ ♦❢ ❝♦rr❡❧❛t✐♦♥ ✐♥ ♠♦❞❡❧s ✇✐t❤ ❣❡♥✲
❡r❛❧ ▲❍ ❛♥❞ ❘❍ ❝♦✉♣❧✐♥❣s✳

♦❢ BR(K → πνν)✳
■♥ ❝♦♥❝❧✉s✐♦♥✱ ❦❛♦♥ r❛r❡ ❞❡❝❛②s ❛r❡ ♦❢ ♣❛r❛♠♦✉♥t ✐♠♣♦rt❛♥❝❡ ✐♥ ♠❛♥②

◆❡✇ P❤②s✐❝s s❝❡♥❛r✐♦s✳ ❊✈❡♥ ✐♥ t❤❡ ❡✈❡♥t ♦❢ t❤❡ ❞✐s❝♦✈❡r② ♦❢ ◆❡✇ P❤②s✐❝s
❛t t❤❡ ❚❡❱ s❝❛❧❡ ❜② ❞✐r❡❝t s❡❛r❝❤❡s ❛t t❤❡ ▲❍❈✱ t❤❡s❡ ❛♥❛❧②s❡s ❛r❡ ✉♥❧✐❦❡❧②
t♦ ❞❡t❡r♠✐♥❡ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ♥❡✇ t❤❡♦r②❀ ❢♦r t❤✐s ♣✉r♣♦s❡ ♣r❡❝✐s✐♦♥
❡①♣❡r✐♠❡♥ts s✉❝❤ ❛s ◆❆✻✷ ❛r❡ ❢✉♥❞❛♠❡♥t❛❧ ❬✷✶❪✳

✶✹



❋✐❣✉r❡ ✶✳✼✿ ❊①♣❡❝t❡❞ ❝♦♥str❛✐♥ts ♦♥ t❤❡ ✉♥✐t❛r② tr✐❛♥❣❧❡ ❢r♦♠ t❤❡ ♠❡❛s✉r❡✲
♠❡♥ts ♦♥ K+ → π+νν̄ ✭◆❆✻✷✮ ❛♥❞ KL → π0νν̄ ✭❑❖❚❖✮✳ ❋♦r ◆❆✻✷ ❛ ✶✵✪
❛❝❝✉r❛❝② ✐s ❛ss✉♠❡❞✱ ✇❤❡r❡ t❤❡ ❞❛s❤❡❞ r❡❣✐♦♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ t❤❡♦r❡t✐✲
❝❛❧❧② ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ✉♥❝❡rt❛✐♥t②❀ ❢♦r ❑❖❚❖✱ ❛ 3σ ❡✈✐❞❡♥❝❡ ✐s ❛ss✉♠❡❞
❢♦r P❤❛s❡ ✶ ✭❧✐❣❤t❡r ❜❧✉❡✮ ❛♥❞ ❛ ✶✵✪ ❛❝❝✉r❛❝② ❢♦r P❤❛s❡ ✷ ✭❞❛r❦❡r ❜❧✉❡✮
❬✷✻❪❬✷✼❪✳

✶✺



❈❤❛♣t❡r ✷

❚❤❡ ◆❆✻✷ ❡①♣❡r✐♠❡♥t

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ str❛t❡❣② ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ K+ → π+νν̄ ❛t ◆❆✻✷ ✐s
✐❧❧✉str❛t❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✶✳ ❆ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❛❝❝❡❧❡r❛t♦r ❝♦♠♣❧❡① ✐s
❣✐✈❡♥ ✐♥ s❡❝t✐♦♥ ✷✳✷❀ t❤❡ ♣r✐♠❛r② ❛♥❞ s❡❝♦♥❞❛r② ❜❡❛♠ ❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ t❤❡
❜❡❛♠ ❧✐♥❡ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✸✱ ✇❤✐❧❡ t❤❡ ◆❆✻✷ ❞❡t❡❝t♦r ✐s ❞❡s❝r✐❜❡❞
✐♥ ❞❡t❛✐❧ ✐♥ ✷✳✹✳

✷✳✶ ❊①♣❡r✐♠❡♥t❛❧ str❛t❡❣②

◆❆✻✷ ❡①♣❧♦✐ts ❛ ❞❡❝❛②✲✐♥✲✢✐❣❤t t❡❝❤♥✐q✉❡✱ ❧❡tt✐♥❣ t❤❡ ❦❛♦♥s ❞❡❝❛② ✐♥ ✢✐❣❤t
❛❧♦♥❣ t❤❡ ❞❡t❡❝t♦r✳ ❚❤✐s ❛❧❧♦✇s t♦ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✢✉① ♦❢ ❦❛♦♥s ✭O(1013)
♦✈❡r ❛ ❢❡✇ ②❡❛rs ♦❢ ❞❛t❛ t❛❦✐♥❣✮ ❛♥❞ ❜❡tt❡r ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ❞❡❝❛② ♣r♦❞✲
✉❝ts ❬✷✽❪✳ ■♥ t❤❡ ❞❡❝❛②✲✐♥✲✢✐❣❤t t❡❝❤♥✐q✉❡✱ t❤❡ ❡①♣❧♦✐t❛t✐♦♥ ♦❢ ❛ ❤✐❣❤ ❡♥❡r❣②
❤❛❞r♦♥ ❜❡❛♠ ❜♦♦sts t❤❡ ❞❡❝❛② ♣r♦❞✉❝ts ✐♥t♦ ❛ s♠❛❧❧ ❛♥❣✉❧❛r r❡❣✐♦♥✱ ❡♥❛❜❧✐♥❣
t♦ ✉s❡ ❛ ✜①❡❞ t❛r❣❡t ❡①♣❡r✐♠❡♥t ❣❡♦♠❡tr②❀ ♠♦r❡♦✈❡r t❤❡ ❞❡❝❛② ♣r♦❞✉❝ts ❛r❡
❜♦♦st❡❞ t♦ ❤✐❣❤ ❡♥❡r❣✐❡s✱ ❡♥s✉r✐♥❣ ❛ ♠♦r❡ ❡✣❝✐❡♥t ❞❡t❡❝t✐♦♥ ❛♥❞ ♣❛rt✐❝❧❡
✐❞❡♥t✐✜❝❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❤✉❣❡ ❜❡❛♠ ✐♥t❡♥s✐t②✱ t❤❡
❜❡❛♠ tr❛❝❦❡r ♠❡❛s✉r✐♥❣ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❜❡❛♠ ♣❛rt✐❝❧❡s r❡q✉✐r❡ ♣❛rt✐❝✲
✉❧❛r ❝❛r❡ ✭s❡❡ ✷✳✹✳✷✮✱ ❛♥❞ s♦ ❞♦❡s t❤❡ tr✐❣❣❡r ❛♥❞ t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ s②st❡♠
✭s❡❝t✐♦♥ ✷✳✹✳✶✶✮✳

❙✐♥❝❡ t❤❡ t✇♦ ♥❡✉tr✐♥♦s ✐♥ t❤❡ ✜♥❛❧ st❛t❡ ♦❢ K+ → π+νν̄ ❝❛♥♥♦t ❜❡ s❡❡♥
❜② t❤❡ ❞❡t❡❝t♦r✱ t❤❡ ♦♥❧② ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❞❡❝❛② ❝♦♠❡s ❢r♦♠ ❛❝❝✉r❛t❡
♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ✉♣str❡❛♠ tr❛❝❦ ✭t❤❡ K+✮ ✐♥ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ❛♥❞ t❤❡
❞♦✇♥str❡❛♠ tr❛❝❦ ✭t❤❡ π+✮ ✐♥ t❤❡ ✜♥❛❧ st❛t❡✳ ❚❤❡ ♠❛✐♥ ✈❛r✐❛❜❧❡ ✉s❡❞ ✐♥
t❤❡ ❛♥❛❧②s✐s ❢♦r t❤❡ ❦✐♥❡♠❛t✐❝ r❡❥❡❝t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ K ❞❡❝❛②s ✐s t❤❡
sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss✱ m2

♠✐ss✱ ✐✳❡✳ t❤❡ sq✉❛r❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡
K+ ❛♥❞ t❤❡ π+ ✹✲♠♦♠❡♥t❛✱

m2
♠✐ss = (PK − Pπ)

2 ✳ ✭✷✳✶✮

✶✻



❋✐❣✉r❡ ✷✳✶✿ ❙q✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ❞✐str✐❜✉t✐♦♥ ❢♦r t❤❡ s✐❣♥❛❧ ❛♥❞ t❤❡ ❜❛❝❦✲
❣r♦✉♥❞ K+ ❞❡❝❛②s✳ ❚❤❡ s✐❣♥❛❧ ✐s s❤♦✇♥ ✐♥ r❡❞ ❛♥❞ ✐s ❡♥❤❛♥❝❡❞ ❜② ❛ ❢❛❝t♦r
1010 ✐♥ t❤❡ ♣❧♦t✳ ❚❤❡ t✇♦ ❝❤♦s❡♥ s✐❣♥❛❧ r❡❣✐♦♥s ❛r❡ ❞❡❧✐♠✐t❡❞ ❜② ❜❧❛❝❦ ❛rr♦✇s✳

❚❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ❢♦r t❤❡ s✐❣♥❛❧ ❛♥❞ t❤❡
♠❛✐♥ ❜❛❝❦❣r♦✉♥❞ ❦❛♦♥ ❞❡❝❛②s ❛r❡ s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✳ ❚✇♦ s✐❣♥❛❧ r❡❣✐♦♥s ❝❛♥
❜❡ ❞❡✜♥❡❞✱ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ t❤❡ s❤❛r♣ ♣❡❛❦ ♦❢ t❤❡ K+ → π+π0 t❤❛t ❤❛♣♣❡♥s
t♦ ❜❡ r✐❣❤t ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ m2

♠✐ss ❞✐str✐❜✉t✐♦♥ ❢♦r t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss✳

✷✳✷ ❚❤❡ ❈❊❘◆ ❛❝❝❡❧❡r❛t♦r ❝♦♠♣❧❡①

❆t ♣r❡s❡♥t✱ t❤❡ ❈❊❘◆ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ✭▲❍❈✮ ✐s t❤❡ ♠♦st ♣♦✇❡r❢✉❧
❝♦❧❧✐❞❡r ✐♥ t❤❡ ✇♦r❧❞✱ ✇✐t❤ ✉♥♣r❡❝❡❞❡♥t❡❞ ❝❡♥t❡r ♦❢ ♠❛ss ❡♥❡r❣✐❡s✳ ❋♦✉r ♠❛✐♥
❡①♣❡r✐♠❡♥ts ✭❆❚▲❆❙✱ ❈▼❙✱ ▲❍❈❜ ❛♥❞ ❆▲■❈❊✮ ❛r❡ ❧♦❝❛t❡❞ ❛t t❤❡ ✐♥t❡r❛❝t✐♦♥
♣♦✐♥ts✱ ✇❤❡r❡ ♣r♦t♦♥ ❜❡❛♠s ❝♦❧❧✐❞❡ ♣r♦❞✉❝✐♥❣ ❛❧❧ ❦✐♥❞s ♦❢ ♣❛rt✐❝❧❡s✳ ❚❤❡
❙✉♣❡r Pr♦t♦♥ ❙②♥❝❤r♦tr♦♥ ✭❙P❙✱ t❤❡ ❧❛st st❡♣ ✐♥ t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ s②st❡♠
❜❡❢♦r❡ t❤❡ ▲❍❈✮✱ ♣r♦✈✐❞❡s t❤❡ ♣r♦t♦♥ ❜❡❛♠ ♥❡❡❞❡❞ ❜② t❤❡ ◆❆✻✷ ❡①♣❡r✐♠❡♥t
✐♥ ♦r❞❡r t♦ ♣r♦❞✉❝❡ ✐ts s❡❝♦♥❞❛r② ❤❛❞r♦♥ ❜❡❛♠✳

❆ s❝❤❡♠❡ ♦❢ t❤❡ ❛❝❝❡❧❡r❛t♦r ❝♦♠♣❧❡① ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✷ ❬✷✾❪✳ ❚❤❡ ♣r♦t♦♥s
❛r❡ ✐♥✐t✐❛❧❧② ❡①tr❛❝t❡❞ ❢r♦♠ ❛ ❤②❞r♦❣❡♥ ❣❛s t❤❛♥❦s t♦ t❤❡ ❉✉♦♣❧❛s♠❛tr♦♥
✇❤❡r❡ ❡❧❡❝tr♦♥s ❛r❡ str✐♣♣❡❞ ♦✛ t❤❡ ❣❛s ❜② ❛♥ ❡❧❡❝tr✐❝❛❧ ✜❡❧❞✳ ❚❤❡ ♣❛rt✐❝❧❡s
❛r❡ t❤❡♥ ❛❝❝❡❧❡r❛t❡❞ ❜② ❛ ❧✐♥❡❛r ❛❝❝❡❧❡r❛t♦r✱ t❤❡ ▲■◆❆❈✷✱ t❤❛t ✉s❡s r❛❞✐♦✲
❢r❡q✉❡♥❝② ❝❛✈✐t✐❡s t♦ ❛❝❝❡❧❡r❛t❡ ♣r♦t♦♥s ✇❤✐❝❤✱ ❛t t❤❛t ♣♦✐♥t✱ ❤❛✈❡ r❡❛❝❤❡❞
❛♥ ❡♥❡r❣② ♦❢ ✺✵ ▼❡❱✳ ▲■◆❆❈✷ ✇❛s st♦♣♣❡❞ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ▲♦♥❣

✶✼



❙❤✉t❞♦✇♥ ✷ ❛♥❞ ✇✐❧❧ ❜❡ ♣❡r♠❛♥❡♥t❧② r❡♣❧❛❝❡❞ ❜② ▲■◆❆❈✹ ❢♦r ❢✉t✉r❡ ♣❤②s✐❝s
r✉♥s✳

❖♥❝❡ t❤❡ ♣r♦t♦♥s ♣❛ss t❤r♦✉❣❤ t❤❡ ▲■◆❆❈✷✱ t❤❡② ❛r❡ s❡♥t t♦ t❤❡ Pr♦t♦♥
❙②♥❝❤r♦tr♦♥ ❇♦♦st❡r ✭P❙❇✮✱ ❛ ❝✐r❝✉❧❛r ❛❝❝❡❧❡r❛t♦r ✇✐t❤ ❛ ✶✺✼ ♠ ❝✐r❝✉♠❢❡r❡♥❝❡
t❤❛t ❛❝❝❡❧❡r❛t❡s t❤❡♠ t♦ ✶✳✹ ●❡❱ ❛♥❞ t❤❡② ❛r❡ s✉❜s❡q✉❡♥t❧② s❡♥t t♦ t❤❡ Pr♦t♦♥
❙②♥❝❤r♦tr♦♥ ✭P❙✮✳ ❚❤❡ P❙ ♣r♦t♦♥s ❛r❡ ❛❝❝❡❧❡r❛t❡❞ t♦ ✷✺ ●❡❱ ❜❡❢♦r❡ ❜❡✐♥❣
✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ✼ ❦♠ ❧♦♥❣ r✐♥❣ ♦❢ t❤❡ ❙✉♣❡r Pr♦t♦♥s ❙②♥❝❤r♦tr♦♥ ✭❙P❙✮✳
❚❤❡ r✐♥❣ ♦❢ t❤❡ ❙P❙ ✐s ❞✐✈✐❞❡❞ ✐♥ s❡①t❛♥ts✱ ✇❤❡r❡ ❡❛❝❤ s❡①t❛♥t ✐s ♠❛❞❡ ♦❢ t✇♦
❛r❝s ❛♥❞ ❛ ▲♦♥❣ ❙tr❛✐❣❤t ❙❡❝t✐♦♥ ✭▲❙❙✮✳ ❚❤❡ ♥♦♠✐♥❛❧ ✐♥t❡♥s✐t② ✐♥ t❤❡ ❙P❙ ✐s
1.2× 1011 ♣♣❜✶ ❬✷✾❪✳ ❚❤❡ ♣r♦t♦♥s ❛❝❝❡❧❡r❛t❡❞ ✐♥ t❤❡ ❙P❙ r❡❛❝❤ ❛♥ ❡♥❡r❣② ♦❢
✹✺✵ ●❡❱ ❛♥❞✱ ❡✈❡♥t✉❛❧❧②✱ t❤❡② ❛r❡ ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ▲❍❈✳ ❆♥♦t❤❡r ♣♦ss✐❜✐❧✐t②
❢♦r t❤❡ ❙P❙ ✐s t♦ ❡①tr❛❝t ✹✵✵ ●❡❱ ♣r♦t♦♥s ❛♥❞ s❡♥❞ t❤❡♠ t♦ ❡①♣❡r✐♠❡♥ts ✐♥
t❤❡ ◆♦rt❤ ❆r❡❛✱ s✉❝❤ ❛s ◆❆✻✷ ❬✸✵❪❬✷✽❪✳

❚❤❡ ▲❍❈ ✐s ❛ ✷✼ ❦♠ ❧♦♥❣ ❝✐r❝✉❧❛r ❛❝❝❡❧❡r❛t♦r ❝❛♣❛❜❧❡ ♦❢ ❛❝❝❡❧❡r❛t✐♥❣
♣r♦t♦♥s t♦ ❡♥❡r❣✐❡s ❛s ❤✐❣❤ ❛s ✻✳✺ ❚❡❱ ♣❡r ❜❡❛♠✳ ❚❤❡ ❝♦❧❧✐❞❡r ❤❛s ❢♦✉r
✐♥t❡r❛❝t✐♦♥s ♣♦✐♥ts ✇❤❡r❡ t❤❡ ❢♦✉r ♠❛✐♥ ❡①♣❡r✐♠❡♥ts ❛r❡ ❧♦❝❛t❡❞ ❛♥❞ t❤❡
❡♥❡r❣② ♦❢ t❤❡ ❝♦❧❧✐s✐♦♥s ✐♥ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ✐s ✶✸ ❚❡❱✳ ❇❡s✐❞❡s ♣r♦t♦♥s✱ t❤❡
▲❍❈ ❝❛♥ ♣r♦✈✐❞❡ ❤❡❛✈②✲✐♦♥ ❜❡❛♠s✱ s♦ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ ❧❡❛❞✲❧❡❛❞✱
♣r♦t♦♥✲❧❡❛❞ ♦r ❡✈❡♥ ①❡♥♦♥✲①❡♥♦♥ ❝♦❧❧✐s✐♦♥s ❬✷✾❪✳

❋✐❣✉r❡ ✷✳✷✿ ❚❤❡ ❈❊❘◆ ❛❝❝❡❧❡r❛t♦r ❝♦♠♣❧❡①✳

✶♣r♦t♦♥s ♣❡r ❜✉♥❝❤
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◆❆✻✷ ❜❡❛♠ ❝♦♠♣♦s✐t✐♦♥

p 23% 173 ▼❍③

K+ 6% 45 ▼❍③

π+ 70% 525 ▼❍③

µ+ < 1% 5 ▼❍③

❚♦t❛❧ 100% 750 ▼❍③

❚❛❜❧❡ ✷✳✶✿ ❈♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ◆❆✻✷ s❡❝♦♥❞❛r② ❜❡❛♠✳

✷✳✸ ❚❤❡ ❜❡❛♠ ❧✐♥❡

❆ 400 ●❡❱✴❝ s❧♦✇ ❡①tr❛❝t❡❞ ♣r♦t♦♥ ❜❡❛♠ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❙P❙ ✐s s♣❧✐t ✐♥t♦
t❤r❡❡ ❜r❛♥❝❤❡s ❛♥❞✱ s✉❜s❡q✉❡♥t❧②✱ ✐♠♣✐♥❣❡s ♦♥ t❤r❡❡ ❞✐✛❡r❡♥t t❛r❣❡ts ✭❚✷✱
❚✹ ❛♥❞ ❚✻✮✳ Pr♦t♦♥s ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ❚✹ ♠❛❦❡ ✉♣ t✇♦ ❞✐✛❡r❡♥t ❜❡❛♠ ❧✐♥❡s✱
❍✻ ❛♥❞ ❍✽✱ ✇❤✐❧❡ ♣r♦t♦♥s t❤❛t ❞♦ ♥♦t ✐♥t❡r❛❝t ✇✐t❤ ❚✹ ❛r❡ ❞❡✈✐❛t❡❞ t♦ t❤❡
P✹✷ ❜❡❛♠ ❧✐♥❡✳ ❚❤❡ P✹✷ ❜❡❛♠ ❧✐♥❡ tr❛♥s♣♦rts t❤✐s 400 ●❡❱✴❝ ♣r✐♠❛r② ♣r♦✲
t♦♥ ❜❡❛♠ t♦ t❤❡ ❚❈❈✽ ✉♥❞❡r❣r♦✉♥❞ t✉♥♥❡❧ ✇❤❡r❡ ✐t ✐♥t❡r❛❝ts ✇✐t❤ t❤❡ ❚✶✵
❜❡r②❧❧✐✉♠ t❛r❣❡t✱ ♣r♦❞✉❝✐♥❣ ❛ 75 ●❡❱✴❝ s❡❝♦♥❞❛r② ❝❤❛r❣❡❞ ❤❛❞r♦♥ ❜❡❛♠✱
❝♦♥t❛✐♥✐♥❣ ❛❜♦✉t 6% K+✳ ❚❤❡ ✐♥st❛♥t❛♥❡♦✉s ❜❡❛♠ ✐♥t❡♥s✐t② ✐s ✼✺✵ ▼❍③✳
❚❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞❛r② ❜❡❛♠ ✐s r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✷✳✶✳ ❚❤❡ K+

♠♦♠❡♥t✉♠ ✐s 75 ●❡❱✴❝✱ ✇✐t❤ ❛ ∆p/p ∼ 1.6%✳
❚❤❡ ❜❡❛♠ ❧✐♥❡ ❞❡✜♥❡s t❤❡ ❩ ❛①✐s ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ ✇✐t❤ t❤❡ ♦r✐❣✐♥ ❛t

t❤❡ ❜❡r②❧❧✐✉♠ t❛r❣❡t ❛♥❞ t❤❡ ♣♦s✐t✐✈❡ ❞✐r❡❝t✐♦♥ ❝♦✐♥❝✐❞✐♥❣ ✇✐t❤ t❤❡ ♦♥❡ ♦❢ t❤❡
tr❛✈❡❧✐♥❣ ❜❡❛♠ ♣❛rt✐❝❧❡s❀ t❤❡ ❨ ❛①✐s ✐s ❛❧✐❣♥❡❞ ✈❡rt✐❝❛❧❧② ❛♥❞ ♣♦✐♥ts ✉♣✱ ✇❤✐❧❡
t❤❡ ❤♦r✐③♦♥t❛❧ ❳ ❛①✐s ❢♦r♠s ❛ r✐❣❤t✲❤❛♥❞❡❞ ❝♦♦r❞✐♥❛t❡ s②st❡♠✳

❆ ✾✺ ❝♠ ❧♦♥❣ ❝♦♣♣❡r ❝♦❧❧✐♠❛t♦r ❢♦❧❧♦✇s t❤❡ ❚✶✵ t❛r❣❡t✱ ✇❤❡r❡ t❤❡ ❑✶✷
❜❡❛♠ ❧✐♥❡ st❛rts❀ ❛ ✶✺ ♠♠ ❤♦❧❡ ✐♥ t❤❡ ❝♦❧❧✐♠❛t♦r ✐s ✉s✉❛❧❧② s❡❧❡❝t❡❞ t♦ tr❛♥s♠✐t
t❤❡ ❜❡❛♠✳ ❆ tr✐♣❧❡t ♦❢ q✉❛❞r✉♣♦❧❡ ♠❛❣♥❡ts ✭◗✶✱ ◗✷ ❛♥❞ ◗✸✮ ❛♥❞ ❛♥ ❛❝❤r♦✲
♠❛t ✭❆✶✮ s❡❧❡❝t ❛ ❜❡❛♠ ✇✐t❤ 75 ●❡❱✴❝ ♠♦♠❡♥t✉♠ ❛♥❞ ❛ ❧❛r❣❡ s♦❧✐❞ ❛♥❣❧❡
❛❝❝❡♣t❛♥❝❡ ✭±2.7 ♠r❛❞ ❤♦r✐③♦♥t❛❧❧② ❛♥❞ ±1.5 ♠r❛❞ ✈❡rt✐❝❛❧❧②✮✳ ❚❤❡ ❛❝❤r♦✲
♠❛t ✐s ♠❛❞❡ ♦❢ ❢♦✉r ❞✐♣♦❧❡ ♠❛❣♥❡ts✱ ✇❤❡r❡ t❤❡ ✜rst t✇♦ ❞✐s♣❧❛❝❡ t❤❡ ❜❡❛♠
♦❢ ✶✶ ❝♠ ❞♦✇♥✇❛r❞s ❛♥❞ t❤❡ ❧❛st t✇♦ ❜r✐♥❣ ✐t ❜❛❝❦ t♦ t❤❡ ♦r✐❣✐♥❛❧ ❞✐r❡❝t✐♦♥✿
✐♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣❛✐rs ♦❢ ♠❛❣♥❡ts✱ t❤❡r❡ ❛r❡ t✇♦ ❝♦♣♣❡r ❝♦❧❧✐♠❛t♦r ✭❚❆❳✶
❛♥❞ ❚❆❳✷✮ ✇✐t❤ ❤♦❧❡s ♦❢ ❞✐✛❡r❡♥t s✐③❡s t❤❛t ❛❧❧♦✇ t❤❡ ♠♦♠❡♥t✉♠ s❡❧❡❝t✐♦♥
❛♥❞ ❞✉♠♣ ♣❛rt ♦❢ t❤❡ ✉♥✇❛♥t❡❞ ♣❛rt✐❝❧❡s ✭✜❣✳ ✷✳✸✮✳ ■❢ ♥❡❝❡ss❛r②✱ t❤❡ ❚❆❳❡s
❝❛♥ ❜❡ ❝♦♠♣❧❡t❡❧② ❝❧♦s❡❞ ❛♥❞ t❤❡ ❞❡t❡❝t♦r ❝❛♥ r✉♥ ✐♥ ❞✉♠♣ ♠♦❞❡ t♦ ♣❡r❢♦r♠
s❡❛r❝❤❡s ❢♦r ❡①♦t✐❝ ♣❛rt✐❝❧❡s✳ ❇❡t✇❡❡♥ ❚❆❳✶ ❛♥❞ ❚❆❳✷✱ ❛ r❛❞✐❛t♦r ♠❛❞❡ ♦❢ ✺
♠♠ t❤✐❝❦ t✉♥❣st❡♥ ❢♦✐❧s ❞❡❣r❛❞❡s ♣♦s✐tr♦♥ ❡♥❡r❣✐❡s ❜② ❜r❡♠sstr❛❤❧✉♥❣ t♦ t❤❡
♣♦✐♥t ✇❤❡r❡ t❤❡② ❛r❡ ❡❛s✐❧② r❡❥❡❝t❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❜❡❛♠ ❡❧❡♠❡♥ts✱ ✇❤✐❧❡

✶✾



♠✐♥✐♠✐③✐♥❣ t❤❡ ❧♦ss❡s ♦❢ ❤❛❞r♦♥s ❞✉❡ t♦ s❝❛tt❡r✐♥❣✳
❆❢t❡r t❤❡ ❚❆❳❡s✱ ❛ s❡r✐❡s ♦❢ q✉❛❞r✉♣♦❧❡s ❛♥❞ ❝♦❧❧✐♠❛t♦rs ✭◗✹✲✶✵✱ ❈✶✲✼✮

❢♦❝✉s ❛♥❞ s❡❧❡❝t t❤❡ ❜❡❛♠ ❢✉rt❤❡r✳ ❚❤❡ ❜❡❛♠ ♣❛ss❡s t❤r♦✉❣❤ ❛ ✜❡❧❞✲❢r❡❡ ❜♦r❡
✐♥ ❛ ❞✐♣♦❧❡ ♠❛❣♥❡t ✭❇✸✮✱ ❝r♦ss✐♥❣ ✐r♦♥ ♣❧❛t❡s ✐♥s❡rt❡❞ ✐♥ t❤❡ ♣♦❧❡s ♦❢ t❤❡
♠❛❣♥❡t✳ ❚❤❡ ✈❡rt✐❝❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ t❤❡ s✉rr♦✉♥❞✐♥❣ ✐r♦♥ s✇❡❡♣s ❛✇❛② ♦✛✲
❛①✐s ♠✉♦♥s ♦❢ ❜♦t❤ s✐❣♥s✳ ❚✇♦ ❞✐♣♦❧❡s ✭❚❘■▼✶ ❛♥❞ ❚❘■▼✷✮ ♣❧❛❝❡❞ ❜❡❢♦r❡
❛♥❞ ❛❢t❡r ❇✸ ❝❛♥❝❡❧ t❤❡ s♠❛❧❧ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ❞✉❡ t♦ t❤❡ str❛②✲✜❡❧❞ ✐♥
t❤❡ ❜♦r❡✳

❚❤❡ ✉♣str❡❛♠ tr❛❝❦✐♥❣ s②st❡♠ ♦❢ ◆❆✻✷ ✭●❚❑✮ ❝♦♥s✐sts ♦❢ t❤r❡❡ st❛t✐♦♥s
♦❢ s✐❧✐❝♦♥ ♣✐①❡❧ ❞❡t❡❝t♦rs ✭●❚❑✶✱ ●❚❑✷ ❛♥❞ ●❚❑✸✮ ❛♥❞ t❤❡ s❡❝♦♥❞ ❛❝❤r♦♠❛t
✭❆✷✮ ✐s ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ●❚❑✶ ❛♥❞ ●❚❑✸✳ ❆ st❡❡r✐♥❣ ♠❛❣♥❡t ✭❚❘■▼✺✮ ❛t
t❤❡ ❧❡✈❡❧ ♦❢ ●❚❑✸ ❞❡✢❡❝ts t❤❡ ❜❡❛♠ t♦✇❛r❞s ♣♦s✐t✐✈❡ ❳✱ t♦ ❝♦♠♣❡♥s❛t❡ t❤❡
s✉❜s❡q✉❡♥t ❡✛❡❝t ♦❢ t❤❡ ❙♣❡❝tr♦♠❡t❡r ♠❛❣♥❡t ✭▼◆P✸✸✮ ♣❧❛❝❡❞ ✾✺ ♠ ❞♦✇♥✲
str❡❛♠ ❦❡❡♣✐♥❣ t❤❡ ❜❡❛♠ ✐♥ t❤❡ ❜❡❛♠ ♣✐♣❡ ✉♥t✐❧ t❤❡ ❡♥❞ ♦❢ t❤❡ ❛♣♣❛r❛t✉s✳

❚❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛② ✈♦❧✉♠❡ ❝♦♥s✐sts ♦❢ t❤❡ ✜rst 60 ♠ ♦❢ ❛ 117 ♠ ❧♦♥❣ t❛♥❦✱
❛t ❛ ♣r❡ss✉r❡ ♦❢ ∼ 10−6 ♠❜❛r✱ 102.4 ♠ ❛❢t❡r t❤❡ t❛r❣❡t✳ ❚❤❡ t❛♥❦ ✐s ♠❛❞❡
♦❢ ✶✾ ❝②❧✐♥❞r✐❝❛❧ st❡❡❧ s❡❝t✐♦♥s ❛♥❞ ❤♦sts ✶✶ ▲❆❱ st❛t✐♦♥s ❛♥❞ t❤❡ ✹ ❙❚❘❆❲
❝❤❛♠❜❡rs✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ✈❛❝✉✉♠ t❛♥❦✱ ❛ ✷ ♠♠ t❤✐♥ ❛❧✉♠✐♥✐✉♠ ✇✐♥❞♦✇
s❡♣❛r❛t❡s t❤❡ ✈❛❝✉✉♠ ❢r♦♠ t❤❡ ♥❡♦♥ ❣❛s ❝♦♥t❛✐♥❡❞ ✐♥s✐❞❡ t❤❡ 17 ♠ ❧♦♥❣ ❘■❈❍
✈❡ss❡❧✳ ❚❤❡ ✢❛♥❣❡ ❛r♦✉♥❞ t❤❡ ❤♦❧❡ ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❛❧✉♠✐♥✐✉♠ ✇✐♥❞♦✇
✐s ❝♦♥♥❡❝t❡❞ t♦ ❛ t❤✐♥ ❛❧✉♠✐♥✐✉♠ t✉❜❡ ♦❢ 168 ♠♠ ❞✐❛♠❡t❡r t❤❛t tr❛♥s♣♦rts
t❤❡ ❜❡❛♠ ✐♥ ✈❛❝✉✉♠ t❤r♦✉❣❤♦✉t t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❞❡t❡❝t♦rs✳

❋✐♥❛❧❧②✱ ❛❢t❡r t❤❡ ▼❯❱✸ ❞❡t❡❝t♦r✱ t❤❡ ❜❡❛♠ r❡❝❡✐✈❡s ❛ ❞❡✢❡❝t✐♦♥ t♦✇❛r❞s
♥❡❣❛t✐✈❡ ❳ ❜② t❤❡ ❇❊◆❉ ♠❛❣♥❡t✱ ❧❡❛✈✐♥❣ t❤❡ ❙❆❈ ❞❡t❡❝t♦r ❝❧❡❛r ❢r♦♠ t❤❡
❤❛❞r♦♥ ❜❡❛♠ ✭s❡❡ ❛❧s♦ s❡❝t✐♦♥ ✷✳✹✳✾✮❀ t❤❡ ❜❡❛♠ r❡❛❝❤❡s ❡✈❡♥t✉❛❧❧② t❤❡ ❜❡❛♠
❞✉♠♣ ✇❤❡r❡ ✐t ✐s ❝♦♠♣❧❡t❡❧② ❛❜s♦r❜❡❞ ✭✜❣✳ ✷✳✹✮✳

✷✳✹ ❚❤❡ ◆❆✻✷ ❞❡t❡❝t♦r

❚❤❡ ◆❆✻✷ ❞❡t❡❝t♦r ✐s ❧♦❝❛t❡❞ ✐♥ t❤❡ ◆♦rt❤ ❆r❡❛ ♦❢ t❤❡ ❙P❙✱ ✐♥ t❤❡ ✉♥❞❡r✲
❣r♦✉♥❞ ❝❛✈❡r♥s ❚❈❈✽ ❛♥❞ ❊❈◆✸✱ ✇❤❡r❡ t❤❡ ◆❆✹✽ ❞❡t❡❝t♦r ❬✸✶❪ ✉s❡❞ t♦
❜❡✳ ■♥❞❡❡❞ ◆❆✻✷ ✐♥❤❡r✐t❡❞ ❛ ❢❡✇ s✉❜✲s②st❡♠s ❢r♦♠ ◆❆✹✽✱ s✉❝❤ ❛s t❤❡ ▲❑r
❝❛❧♦r✐♠❡t❡r✱ t❤❡ ❝❤❛r❣❡❞ ❤♦❞♦s❝♦♣❡ ❛♥❞ ♣❛rt ♦❢ t❤❡ ♠✉♦♥ ✈❡t♦✳

❋✐❣✉r❡ ✷✳✺ s❤♦✇s ❛ s✐♠♣❧❡ s❦❡t❝❤ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ st❛rt✐♥❣ ❢r♦♠ t❤❡
t❛r❣❡t ✇❤❡r❡ t❤❡ ❤❛❞r♦♥ ❜❡❛♠ ✐s ♣r♦❞✉❝❡❞✱ ♠♦✈✐♥❣ t♦ t❤❡ ✉♣str❡❛♠ ❞❡t❡❝t♦rs
✭❑❚❆●✱ ●❚❑ ❛♥❞ ❈❍❆◆❚■✮ ✐♥ t❤❡ ❚❈❈✽ ❝❛✈❡r♥✱ ❛♥❞ ❡♥❞✐♥❣ ✇✐t❤ t❤❡
❞♦✇♥str❡❛♠ ❞❡t❡❝t♦rs ❛❢t❡r t❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛② ✈♦❧✉♠❡ ✭▲❆❱✱ ❙❚❘❆❲✱ ❘■❈❍✱
❈❍❖❉✱ ◆❡✇❈❍❖❉✱ ❍❆❙❈✱ ▲❑r✱ ▼❯❱✱ ■❘❈✴❙❆❈✮ ✐♥ t❤❡ ❊❈◆✸ ❝❛✈❡r♥✳ ❚❤❡
❢✉❧❧ ❞❡t❡❝t♦r✱ ♦❝❝✉♣②✐♥❣ t❤❡ ❢✉❧❧ ❧❡♥❣t❤ ♦❢ ❚❈❈✽✴❊❈◆✸✱ ✐s ❛♣♣r♦①✐♠❛t❡❧②

✷✵



❋✐❣✉r❡ ✷✳✸✿ ❚❤❡ ❑✶✷ ❜❡❛♠ ❧✐♥❡✱ ❢r♦♠ t❤❡ ❚✶✵ t❛r❣❡t t♦ t❤❡ ❡♥tr❛♥❝❡ ♦❢
t❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛② ✈♦❧✉♠❡✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ tr❛❥❡❝t♦r② ♦❢ ❛
75 ●❡❱✴❝ ♣❛rt✐❝❧❡ ❧❡❛✈✐♥❣ t❤❡ t❛r❣❡t ❢r♦♠ t❤❡ ❝❡♥t❡r ❛t t❤❡ ✐♥❞✐❝❛t❡❞ ❛♥❣❧❡✳
❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ s❤♦✇s t❤❡ tr❛❥❡❝t♦r② ♦❢ ❛ 75 ●❡❱✴❝ ♣❛rt✐❝❧❡ t❤❛t ✐s ✐♥✐t✐❛❧❧②
♦♥✲❛①✐s✳

✷✶



❋✐❣✉r❡ ✷✳✹✿ ❇❡❛♠ ❧✐♥❡ ❧❛②♦✉t ❢r♦♠ t❤❡ ❚❘■▼✺ t♦ t❤❡ ❜❡❛♠ ❞✉♠♣ ✐♥ t❤❡ ✭❳✱❩✮
♣❧❛♥❡✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ 2σ ✇✐❞t❤ ♦❢ t❤❡ ❜❡❛♠ ♣r♦✜❧❡✳ ■♥✐t✐❛❧❧②✱
t❤❡ ❜❡❛♠ ❤❛s ❛ +1.2 ♠r❛❞ ❛♥❣❧❡ t♦✇❛r❞s ♣♦s✐t✐✈❡ ❳ ❛t t❤❡ ❡♥tr❛♥❝❡ ♦❢ t❤❡
❞❡❝❛② r❡❣✐♦♥✳ ❆t t❤❡ ❙❚❘❆❲ s♣❡❝tr♦♠❡t❡r✱ t❤❡ ▼◆P✸✸ ♠❛❣♥❡t ❞❡✢❡❝ts t❤❡
❜❡❛♠ ❜② −3.6 ♠r❛❞ ✐♥ ♦r❞❡r t♦ ♠❛t❝❤ t❤❡ ▲❑r ❝❡♥tr❛❧ ❛♣❡rt✉r❡✳ ❚❤❡♥✱ ❛❢t❡r
▼❯❱✸✱ t❤❡ ❜❡❛♠ r❡❝❡✐✈❡s ❛ ✜♥❛❧ ❞❡✢❡❝t✐♦♥ ❜② t❤❡ ❇❊◆❉ ❞✐♣♦❧❡ ♠❛❣♥❡t t❤❛t
❦✐❝❦s ❛❧❧ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ❛✇❛② ❢r♦♠ t❤❡ ❙❆❈ ❞❡t❡❝t♦r ❛♥❞ ✐♥t♦ t❤❡ ❜❡❛♠
❞✉♠♣✳

✷✷



250 ♠ ❧♦♥❣✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ❛ s❤♦rt ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛❧❧ t❤❡ s✉❜✲s②st❡♠s ♦❢
◆❆✻✷ r❡❧❡✈❛♥t ❢♦r t❤❡ K+ → π+νν̄ ❛♥❛❧②s✐s ✐s ❣✐✈❡♥✳

✷✳✹✳✶ ❈❊❉❆❘✴❑❚❆●

❆s ✐t ❤❛s ❜❡❡♥ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✸✱ t❤❡ 750 ▼❍③ ◆❆✻✷ s❡❝♦♥❞❛r② ❜❡❛♠
❝♦♥t❛✐♥s ❥✉st ❛ 6% K+✱ ✇❤✐❧❡ t❤❡ ♣r❡✈❛❧❡♥t ❝♦♠♣♦♥❡♥ts ❛r❡ ❝❤❛r❣❡❞ ♣✐♦♥s
❛♥❞ ♣r♦t♦♥s✳ ❚❤❡r❡❢♦r❡ ❛ ❢❛st ❛♥❞ ❡✣❝✐❡♥t ❦❛♦♥ t❛❣❣✐♥❣ s✉❜✲s②st❡♠ ✐s ♠❛♥❞❛✲
t♦r② ✐♥ ♦r❞❡r t♦ ✐❞❡♥t✐❢② t❤❡ K+ ✐♥ t❤❡ ❜❡❛♠✳ ❚❤✐s ✐s r❡q✉✐r❡❞ t♦ ❤❛✈❡ ❛ 95%
t❛❣❣✐♥❣ ❡✣❝✐❡♥❝②✱ ❛ ♣✐♦♥ ♠✐s✲✐❞❡♥t✐✜❝❛t✐♦♥ ♣r♦❜❛❜✐❧✐t② s♠❛❧❧❡r t❤❛♥ 10−4✱ ❛
t✐♠❡ r❡s♦❧✉t✐♦♥ ❜❡tt❡r t❤❛♥ ✶✵✵ ♣s ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ ❛❝❝✐❞❡♥t❛❧ ❝♦✐♥❝✐✲
❞❡♥❝❡s ✇✐t❤ t❤❡ ❞♦✇♥str❡❛♠ π+✱ ❛♥❞ t❤❡ ❝❛♣❛❜✐❧✐t② t♦ s✉st❛✐♥ ❛ ✹✺ ▼❍③ K+

r❛t❡✳
❚❤✐s s✉❜✲s②st❡♠ ✐s t❤❡ ❈❤❊r❡♥❦♦✈ ❉✐✛❡r❡♥t✐❛❧ ❝♦✉♥t❡r ✇✐t❤ ❆❝❤r♦♠❛t✐❝

❘✐♥❣ ❢♦❝✉s ✭❈❊❉❆❘✮✱ ❜❛s❡❞ ♦♥ t❤❡ ❈❊❘◆ ❲❡st ❆r❡❛ ❈❊❉❆❘ ❜✉✐❧t ✐♥ t❤❡
✼✵s ❛♥❞ ❧❛t❡r ✉♣❞❛t❡❞ ✐♥ ◆❆✻✷ ❛s t❤❡ ❑❚❆● ✐♥ ♦r❞❡r t♦ ♠❡❡t t❤❡ t✐♠✐♥❣
❛♥❞ r❛t❡ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❆ s❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤❡ s✉❜✲
❞❡t❡❝t♦r ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✻✳ ❚❤❡ ❈❊❉❆❘ ✐s ❛ 7 ♠ ❧♦♥❣ t❛♥❦ ✜❧❧❡❞ ✇✐t❤
1.1 ♠3 ♦❢ ◆✐tr♦❣❡♥ ❛t 1.7 ❜❛r ❛s ❛ ❈❤❡r❡♥❦♦✈ r❛❞✐❛t♦r✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ♥❛rr♦✇
♠♦♠❡♥t✉♠ s♣r❡❛❞✱ ❛ ❜❡❛♠ ♣❛rt✐❝❧❡ ❡♥t❡r✐♥❣ t❤❡ ❈❊❉❆❘ ❡♠✐ts ♣❤♦t♦♥s ❛t
❛ ✈❡r② s♣❡❝✐✜❝ ❛♥❣❧❡ ✇❤✐❝❤ ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ ♣❛rt✐❝❧❡ ♠❛ss✳ ❚❤❡ ♣❤♦t♦♥s
❛r❡ r❡✢❡❝t❡❞ ❜② ❛ ♠✐rr♦r ✐♥t♦ ✽ s♣♦ts✱ ❡❛❝❤ ❝♦✈❡r❡❞ ❜② ✹✽ ♣❤♦t♦♠✉❧t✐♣❧✐❡rs
✭P▼❚✮✳ ❚❤❡ ❧✐❣❤t ♣❛ss❡s t❤r♦✉❣❤ ❛ ❝❤r♦♠❛t✐❝ ❝♦rr❡❝t♦r ❜❡❢♦r❡ r❡❛❝❤✐♥❣ t❤❡
P▼❚s✳ ❆ r✐♥❣ s❤❛♣❡❞ ❞✐❛♣❤r❛❣♠ ✇✐t❤ ❛❞❥✉st❛❜❧❡ ❛♣❡rt✉r❡ ✭✵ t♦ ✷✵ ♠♠✮ ✐s
♣❧❛❝❡❞ ✐♥ ❢r♦♥t ♦❢ t❤❡ P▼❚s ❬✸✷❪✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ ❛ ❞✐✛❡r❡♥t✐❛❧ ❝♦✉♥t❡r ✐s ✐❞❡❛❧
❜❡❝❛✉s❡ ❈❤❡r❡♥❦♦✈ r❛❞✐❛t✐♦♥ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ♣❛ss❛❣❡ ♦❢ ♣❛rt✐❝❧❡s ❞✐✛❡r❡♥t
❢r♦♠ ❦❛♦♥s ✇✐❧❧ s✐♠♣❧② ♥♦t r❡❛❝❤ t❤❡ P▼❚s✱ s♦ t❤❛t t❤❡ ❛❝t✉❛❧ r❛t❡ ♦♥ t❤❡
❞❡t❡❝t♦r ✐s ✹✺ ▼❍③ ❛♥❞ ♥♦t t❤❡ t♦t❛❧ ✼✺✵ ▼❍③ ♦❢ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❜❡❛♠✳

❚❤❡ ♠❡❛s✉r❡❞ ❦❛♦♥ t✐♠❡ r❡s♦❧✉t✐♦♥ ✐s ∼ 70 ♣s ❬✸✷❪✳

✷✳✹✳✷ ●✐❣❛❚r❛❝❦❡r

❚❤❡ ●✐❣❛❚r❛❝❦❡r ✭●❚❑✮ ✐s ❛ s✐❧✐❝♦♥ ♣✐①❡❧ ❜❡❛♠ tr❛❝❦❡r ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡
♠♦♠❡♥t✉♠✱ ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ s♣❛❝✐❛❧ ❛♥❞ t✐♠❡ ❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ ♣❛rt✐❝❧❡s
✐♥ t❤❡ 75 ●❡❱✴❝ ◆❆✻✷ ❜❡❛♠ ❬✸✸❪✳

❚❤❡ ●❚❑ ✐s ♠❛❞❡ ♦❢ t❤r❡❡ st❛t✐♦♥s✱ ●❚❑✶✱ ●❚❑✷ ❛♥❞ ●❚❑✸✳ ❊❛❝❤
st❛t✐♦♥ ✐s ♠❛❞❡ ♦❢ ✶✽✵✵✵ t✐♠❡ r❡s♦❧✈✐♥❣ ♣✐①❡❧s ♦❢ 300× 300 ➭♠2✱ ❝♦✈❡r✐♥❣ ❛♥
❛r❡❛ ♦❢ 60.8× 27 ♠♠2✳ ❚❤❡ t❤r❡❡ st❛t✐♦♥s ❛r❡ ✐♥st❛❧❧❡❞ ✐♥ ✈❛❝✉✉♠ ✐♥s✐❞❡ t❤❡
❜❡❛♠ ♣✐♣❡ ✇✐t❤ t✇♦ ♣❛✐rs ♦❢ ❜❡♥❞✐♥❣ ♠❛❣♥❡ts ❛s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✼✳ ❚❤❡ s✐❧✐❝♦♥
s❡♥s♦rs ✐♥ t❤❡ st❛t✐♦♥s ❛r❡ r❡❛❞ ❜② t✇♦ r♦✇s ♦❢ ✜✈❡ ❝✉st♦♠ ♠❛❞❡ ❆❙■❈s✳ ❚❤❡
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✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✻✿ ▲❡❢t✿ s❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤❡ ❈❊❘◆ ❲❡st ❆r❡❛ ❈❊❉❆❘✳ ❘✐❣❤t✿
♣✐❝t✉r❡ ♦❢ t❤❡ ◆❆✻✷ ❈❊❉❆❘✳

✇❤♦❧❡ ♣✐①❡❧ ❞❡t❡❝t♦r ♣❧✉s t❤❡ ✶✵ ❝❤✐♣s ✐s ❣❧✉❡❞ ♦♥ ❛ s✐❧✐❝♦♥ ♣❧❛t❡ ✉s❡❞ ❛s ❛
♠❡❝❤❛♥✐❝❛❧ s✉♣♣♦rt ❛♥❞ ❝♦♦❧✐♥❣ ♣❧❛t❡✳

❚❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ♣❛rt✐❝❧❡ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♣♦s✐t✐♦♥ ❛t t❤❡
✜rst ❛♥❞ t❤❡ t❤✐r❞ ●❚❑ st❛t✐♦♥s✱ ✇❤✐❧❡ ✉s✐♥❣ ❛❧s♦ t❤❡ ♣♦s✐t✐♦♥ ❛t ●❚❑✷ ✐t
✐s ♣♦ss✐❜❧❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✈❡rt✐❝❛❧ ❞✐s♣❧❛❝❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ ♠❛❣♥❡ts ✇❤✐❝❤
✐s r❡❧❛t❡❞ t♦ t❤❡ ♠♦♠❡♥t✉♠ r✐❣✐❞✐t②✳ ❚❤❡ ♠♦♠❡♥t✉♠ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❜❡❛♠ ♣❛rt✐❝❧❡s ❛r❡ ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ✭❡q✳ ✷✳✶✮✳

■♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡ r❡❥❡❝t✐♦♥ ♥❡❡❞❡❞ ❢♦r t❤❡ K+ → π+νν̄ ♠❡❛s✉r❡♠❡♥t✱
t❤❡ ❛♥❣✉❧❛r ❛♥❞ ♠♦♠❡♥t✉♠ r❡s♦❧✉t✐♦♥s ♦❢ t❤❡ ❜❡❛♠ ♣❛rt✐❝❧❡ ❡①✐t✐♥❣ t❤❡ ●❚❑
♥❡❡❞ t♦ ❜❡ θx,y = px,y/pz = 16 ➭r❛❞ ❛♥❞ δp/p = 0.2%✳ ❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥
♠❡❛s✉r❡❞ ❢♦r t❤❡ tr❛❝❦ ✐s 75 ♣s✳

❚❤❡ t❤r❡❡ st❛t✐♦♥s ❝♦♥str✉❝t❡❞ ❛♥❞ ✉s❡❞ ❢♦r t❤❡ ✜rst ❞❛t❛ t❛❦✐♥❣ ✐♥ ✷✵✶✻
❤❛❞ ❛ t❤✐❝❦♥❡ss ♦❢ 380 ➭♠ ❢♦r ●❚❑✶ ❛♥❞ ●❚❑✷✱ ❛♥❞ 280 ➭♠ ❢♦r ●❚❑✸✳
❈♦♥s❡q✉❡♥t❧② t❤❡ ♠❛t❡r✐❛❧ ❜✉❞❣❡t ✐♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ✐s 0.73%X0 ❢♦r t❤❡ ✜rst
t✇♦ st❛t✐♦♥s ❛♥❞ 0.62%X0 ❢♦r t❤❡ t❤✐r❞ ♦♥❡✳ ❚❤❡ s❛♠❡ t❤r❡❡ st❛t✐♦♥s ✇❡r❡
✉s❡❞ ❢♦r t❤❡ ✷✵✶✼ ❞❛t❛ t❛❦✐♥❣✱ ✇❤❡♥ t❤❡ ❜❡❛♠ ✐♥t❡♥s✐t② r♦s❡ ❢r♦♠ t❤❡ ✸✺✪ ♦❢
t❤❡ ♥♦♠✐♥❛❧ ♦♥❡ t❤❛t ✇❛s ♣r❡s❡♥t ✐♥ ✷✵✶✻ t♦ ✻✵✲✻✺✪ ✭❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❛t❛
t❛❦✐♥❣ ♣❡r✐♦❞✮✳

✷✳✹✳✸ ❈❍❆◆❚■

❆ ♣♦ss✐❜❧❡ s♦✉r❝❡ ♦❢ ❜❛❝❦❣r♦✉♥❞ ❢♦r t❤❡ K+ → π+νν̄ ♠❡❛s✉r❡♠❡♥t ❝♦♠❡s
❢r♦♠ ❜❡❛♠ ♣❛rt✐❝❧❡s ✐♠♣❛❝t✐♥❣ t❤❡ ●❚❑✸ st❛t✐♦♥ ♣r♦❞✉❝✐♥❣ ❛ ♣♦s✐t✐✈❡❧②
❝❤❛r❣❡❞ ♣✐♦♥✱ ✇❤✐❝❤ ✐s ❞❡t❡❝t❡❞ ❜② t❤❡ ◆❆✻✷ s✉❜s②st❡♠s ✐♥ ❛ ✇❛② t❤❛t t❤❡
♦r✐❣✐♥ ✐s ✇r♦♥❣❧② r❡❝♦♥str✉❝t❡❞ ✐♥s✐❞❡ t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡✱ ♠✐♠✐❝❦✐♥❣ ❛ s✐❣✲

✷✺



❋✐❣✉r❡ ✷✳✼✿ ❙❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤❡ ●❚❑✳ ❚❤❡ ❣r❡❡♥ tr✐❛♥❣❧❡s r❡♣r❡s❡♥t t❤❡
❜❡♥❞✐♥❣ ♠❛❣♥❡ts✳ ❚❤❡ 1.2 ♠r❛❞ ❞❡✢❡❝t✐♦♥ ✐♥ t❤❡ ❳❩ ♣❧❛♥❡ ✐s ♥❡❡❞❡❞ ✐♥ ♦r❞❡r
t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❙❚❘❆❲ ♠❛❣♥❡t ♣❧❛❝❡❞ ❞♦✇♥str❡❛♠✳

♥❛❧ ❡✈❡♥t✳ ❚♦ ❛✈♦✐❞ t❤✐s ✉♥❢♦rt✉♥❛t❡ s✐t✉❛t✐♦♥ ❛♥❞ r❡❞✉❝❡ t❤✐s ❜❛❝❦❣r♦✉♥❞
t♦ ❛ r❡❛s♦♥❛❜❧❡ ❧❡✈❡❧✱ ◆❆✻✷ ♠❛❦❡s ✉s❡ ♦❢ t❤❡ ❈❍❛r❣❡❞ ❆◆❚■✲❝♦✉♥t❡r✱ ♦r
❈❍❆◆❚■ ❬✸✹❪✳

❚❤❡ ❈❍❆◆❚■ ✐s ♣❧❛❝❡❞ ✐♥ ✈❛❝✉✉♠✱ r✐❣❤t ❛❢t❡r t❤❡ ❧❛st ●❚❑ st❛t✐♦♥ ❛♥❞
♦✉ts✐❞❡ ♦❢ t❤❡ ❜❡❛♠ ❛❝❝❡♣t❛♥❝❡✳ ❚❤❡ ❞❡t❡❝t♦r ✐s ♠❛❞❡ ♦❢ ♣❧❛st✐❝ s❝✐♥t✐❧❧❛t♦r
❝♦✉♥t❡rs ✐♥t❡r❝❡♣t✐♥❣ ❝❤❛r❣❡❞ tr❛❝❦s ♣r♦❞✉❝❡❞ ❛t ❛♥❣❧❡s ❢r♦♠ 49 ♠r❛❞ t♦
1.34 r❛❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❜❡❛♠ ♥♦♠✐♥❛❧ ❞✐r❡❝t✐♦♥ ❛♥❞ ❣❡♥❡r❛t❡❞ ❛t t❤❡ ❩
♣♦s✐t✐♦♥ ♦❢ t❤❡ ●❚❑✸✳

■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❈❍❆◆❚■ ❝♦♥s✐sts ♦❢ s✐① sq✉❛r❡ ❤♦❞♦s❝♦♣❡s✱ 30 ❝♠ s✐❞❡✱
♣❧❛❝❡❞ ✐♥ ✈❛❝✉✉♠ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥ ✭✜❣✳ ✷✳✽✮✳ ❆ ❝❡♥tr❛❧ r❡❝t❛♥❣✉❧❛r
❤♦❧❡ ♦❢ 65× 95♠♠2 ✇✐t❤ t❤❡ ❧♦♥❣❡r s✐❞❡ ❛❧♦♥❣ t❤❡ ❤♦r✐③♦♥t❛❧ ①✲❛①✐s ✐s ♣r❡s❡♥t
s♦ t❤❛t t❤❡ ❞❡t❡❝t♦r ❞♦❡s♥✬t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ ❜❡❛♠✳ ❚❤❡ s❝✐♥t✐❧❧❛t♦r ❜❛rs
❤❛✈❡ ❛ tr✐❛♥❣✉❧❛r ❝r♦ss s❡❝t✐♦♥ ❛♥❞ t❤❡ s✐❣♥❛❧ ✐s r❡❛❞ ♦✉t ✇✐t❤ ❲▲❙ ✭❲❛✈❡✲
▲❡♥❣t❤ ❙❤✐❢t✐♥❣✮ ✜❜❡rs ❝♦✉♣❧❡❞ t♦ s✐❧✐❝♦♥ ♣❤♦t♦♠✉❧t✐♣❧✐❡rs ✭❙✐P▼✮✳

❚❤❡ s✐♥❣❧❡ ❤✐t t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ✐s 1.14 ♥s✱ ✇❤✐❧❡ t❤❡ ♣♦s✐t✐♦♥
♦❢ t❤❡ ❤✐t ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❛ r❡s♦❧✉t✐♦♥ ♦❢ 2.5 ♠♠✳

✷✳✹✳✹ ❙❚❘❆❲

❆s ❛❧r❡❛❞② ❞✐s❝✉ss❡❞ ✐♥ ✷✳✶✱ t❤❡ ❦✐♥❡♠❛t✐❝ r❡❥❡❝t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❢♦r
t❤❡ K+ → π+νν̄ ♠❡❛s✉r❡♠❡♥t ✐s ❜❛s❡❞ ♦♥ t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ✭❡q✳
✷✳✶✮✱ ✇❤✐❝❤ r❡❧✐❡s ♦♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ♠♦♠❡♥t✉♠ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❜❡❛♠ ♣❛rt✐❝❧❡s ❛♥❞ ♦❢ t❤❡ ❞❡❝❛② ♣r♦❞✉❝ts✳

❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ♠♦♠❡♥t✉♠ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❞❡❝❛② ♣r♦❞✉❝ts
❞♦✇♥str❡❛♠ t❤❡ ❞❡❝❛② r❡❣✐♦♥ ✭❡✳❣✳ t❤❡ π+ ✐♥ t❤❡ ✜♥❛❧ st❛t❡ ♦❢ t❤❡K+ → π+νν̄
❞❡❝❛②✮ ✐s ❛❝❝♦♠♣❧✐s❤❡❞ ✇✐t❤ t❤❡ ❙❚❘❆❲ ❙♣❡❝tr♦♠❡t❡r ✭✜❣✳ ✷✳✾✮✳ ❯♥❧✐❦❡ t❤❡
❝♦♠♣❛❝t ❞❡s✐❣♥ ♦❢ t❤❡ s✐❧✐❝♦♥ ♣✐①❡❧ st❛t✐♦♥s ♦❢ t❤❡ ●❚❑✱ t❤❡ ❙❚❘❆❲ ✐s ❛
35 ♠ ❧♦♥❣ ❛♥❞ 2 ♠ ✇✐❞❡ str❛✇ tr❛❝❦❡r ❬✸✺❪✱ ✐♥ ♦r❞❡r t♦ ♠❛①✐♠✐③❡ t❤❡ ❛♥❣✉❧❛r
❛❝❝❡♣t❛♥❝❡ ❢♦r t❤❡ π+ ❢r♦♠ t❤❡ K+ ❞❡❝❛②s✳

✷✻



❋✐❣✉r❡ ✷✳✽✿ ❈❍❆◆❚■ st❛t✐♦♥s ❧❛②♦✉t✱ ✇❤❡r❡ t❤❡ ❩ ❝♦♦r❞✐♥❛t❡ ✐s ♠❡❛s✉r❡❞
✇✐t❤ r❡s♣❡❝t t♦ ●❚❑✸✳

❚❤❡ ❙♣❡❝tr♦♠❡t❡r ✐s ❝♦♠♣♦s❡❞ ♦❢ ✹ ❝❤❛♠❜❡rs✱ ♣❧❛❝❡❞ ✐♥ ✈❛❝✉✉♠ ❛t t❤❡ ❡♥❞
♦❢ t❤❡ ❞❡❝❛② r❡❣✐♦♥✱ ❛♥❞ ❛ ❞✐♣♦❧❡ ♠❛❣♥❡t ✭▼◆P✸✸✮ ♦❢ B = 0.36 ❚ ♣r♦✈✐❞✐♥❣
❛ 270 ▼❡❱✴❝ pT ❦✐❝❦✱ ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ s❡❝♦♥❞ ❛♥❞ t❤❡ t❤✐r❞ st❛t✐♦♥✳ ❚❤❡
❝❤❛♠❜❡rs ❛r❡ 10 ♠ ❞✐st❛♥t ❢r♦♠ ❡❛❝❤ ♦t❤❡r✱ ❡①❝❡♣t ❢♦r t❤❡ ❧❛st ♦♥❡ t❤❛t ✐s ✶✺
♠ ❢❛r ❢r♦♠ t❤❡ t❤✐r❞ ♦♥❡✳ ❊❛❝❤ ❝❤❛♠❜❡r ✐s ♠❛❞❡ ♦❢ ❢♦✉r ✈✐❡✇s ✭❳✱❨✱❯✱❱✮✱
✇❤❡r❡ t❤❡ str❛✇ t✉❜❡s ✐♥ t❤❡ ❳ ❛♥❞ ❨ ✈✐❡✇ ❢♦❧❧♦✇ t❤❡ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧
❞✐r❡❝t✐♦♥✱ ✇❤✐❧❡ t❤❡ ❯ ❛♥❞ ❱ ✈✐❡✇ ❛r❡ ♣❡r♣❡♥❞✐❝✉❧❛r ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤
♦t❤❡r ❧✐❦❡ ❳ ❛♥❞ ❨✱ ❜✉t ✇✐t❤ ❛ 45◦ t✐❧t ✭✜❣✳ ✷✳✶✵✱ ❧❡❢t✮✳ ❚❤❡ str❛✇ t✉❜❡s ✐♥
❡❛❝❤ ✈✐❡✇ ❛r❡ ♣❧❛❝❡❞ ❢♦❧❧♦✇✐♥❣ ❛ ❝❡rt❛✐♥ ♣❛tt❡r♥ t❤❛t ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✷✳✶✵✱
✐♥ ♦r❞❡r t♦ ❣✉❛r❛♥t❡❡ ❣❡♦♠❡tr✐❝❛❧ ❝♦✈❡r❛❣❡✳

❚❤❡ str❛✇ t✉❜❡s ✭⊘ = 9.75 ♠♠ ❛♥❞ 2.1 ♠ ❧♦♥❣✮ ❛r❡ r❡❛❧✐③❡❞ ✇✐t❤ ❛ 36 ➭♠
t❤✐❝❦ ▼②❧❛r ❢♦✐❧ ✇✐t❤ ❛ 50− 20 ♥♠ t❤✐❝❦ ❈✉✲❆✉ ♠❡t❛❧✐③❛t✐♦♥ ❛♥❞ ❛ 30 ➭♠
❣♦❧❞✲♣❧❛t❡❞ t✉♥❣st❡♥ ✇✐r❡✳ ❚❤❡ ❣❛s ♠✐①t✉r❡ ✉s❡❞ ✐s 70% ❆r ❛♥❞ 30% ❈❖✷

t♦ ❣✉❛r❛♥t❡❡ ❛ ♠❛①✐♠✉♠ ❞r✐❢t t✐♠❡ ♦❢ t❤❡ ♦r❞❡r ♦❢ 150 ♥s ✇✐t❤ ❛♥ ♦♣❡r❛t✐♥❣
✈♦❧t❛❣❡ ♦❢ 1750 ❱✳

❚❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ tr❛❝❦ ✐s ❜❛s❡❞ ♦♥ ❛ ❑❛❧♠❛♥ ✜❧t❡r ✜t t❡❝❤✲
♥✐q✉❡❀ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ tr❛❝❦ ✐s ♦❢ t❤❡ ♦r❞❡r ♦❢ 5 ♥s✱ ✇❤✐❧❡ t❤❡
r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ K+ → π+π0 sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ♣❡❛❦ ✐s ♠❡❛s✉r❡❞ t♦ ❜❡
1.2× 10−3 ●❡❱2/❝4✱ ❝❧♦s❡ t♦ t❤❡ ❞❡s✐❣♥ ✈❛❧✉❡ ❬✸✻❪✳
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❋✐❣✉r❡ ✷✳✾✿ ❆ ♣✐❝t✉r❡ ♦❢ ♦♥❡ ♦❢ t❤❡ ❙❚❘❆❲ ❞❡t❡❝t♦r ❝❤❛♠❜❡rs ♣r✐♦r t♦
✐♥st❛❧❧❛t✐♦♥✳

❋✐❣✉r❡ ✷✳✶✵✿ ▲❡❢t✿ ❞r❛✇✐♥❣ ♦❢ t❤❡ ❢♦✉r ✈✐❡✇s ♣r❡s❡♥t ✐♥ ❡❛❝❤ ❙❚❘❆❲ ❝❤❛♠✲
❜❡r✳ ❘✐❣❤t✿ ♣❛tt❡r♥ ♦❢ t❤❡ str❛✇ t✉❜❡s ✐♥ ❡❛❝❤ ✈✐❡✇ ♦❢ ❛ ❝❤❛♠❜❡r ✐♥ t❤❡
❙❚❘❆❲✳

✷✳✹✳✺ ❘■❈❍

❚❤❡ ❘✐♥❣ ■♠❛❣✐♥❣ ❈❤❡r❡♥❦♦✈ ✭❘■❈❍✮ ♦❢ ◆❆✻✷ ✐s ❛ ❦❡② ❡❧❡♠❡♥t ❢♦r t❤❡ ♣❛r✲
t✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥✱ ✐♥ ♣❛rt✐❝✉❧❛r ❢♦r t❤❡ s❡♣❛r❛t✐♦♥ ♦❢ ♣✐♦♥s✱ ♠✉♦♥s ❛♥❞ ❡❧❡❝✲
tr♦♥s ✐♥ t❤❡ ❞♦✇♥str❡❛♠ r❡❣✐♦♥✳

✷✽



❖♥❡ ♦❢ t❤❡ ♠❛✐♥ ❜❛❝❦❣r♦✉♥❞ t♦ t❤❡ K+ → π+νν̄ s✐❣♥❛❧ ✐♥ ◆❆✻✷ ✐s t❤❡
K+ → µ+νµ✱ ✇✐t❤ ❛ BR ∼ 63% ✇❤✐❝❤ ♥❡❡❞s t♦ ❜❡ s✉♣♣r❡ss❡❞ ❜② ❛ r❡❥❡❝t✐♦♥
❢❛❝t♦r ♦❢ 4× 1013✳ ❚❤✐s ❝❛♥ ❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ✇✐t❤ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❦✐♥❡♠❛t✲
✐❝❛❧ ❝✉ts✱ t❤❡ ♠✉♦♥ ✈❡t♦ s②st❡♠ ❛♥❞ t❤❡ ❘■❈❍✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❘■❈❍ ❤❛s
t♦ ♣r♦✈✐❞❡ ❛ r❡❥❡❝t✐♦♥ ❢❛❝t♦r ♦❢ 102 ✐♥ t❤❡ ♠♦♠❡♥t✉♠ r❛♥❣❡ ❢r♦♠ ✶✺ t♦ ✸✺
●❡❱✴❝✳

■♥ ❛❞❞✐t✐♦♥ t♦ t❤✐s✱ t❤❡ ❝r♦ss✐♥❣ t✐♠❡ ♦❢ t❤❡ tr❛❝❦ ♠✉st ❜❡ ♠❡❛s✉r❡❞ ❜②
t❤❡ ❘■❈❍ ❛t ❛ ♣r❡❝✐s✐♦♥ ❧❡✈❡❧ ❜❡tt❡r t❤❛♥ ✶✵✵ ♣s ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛♥ ❡✣❝✐❡♥t
❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ ❘■❈❍ ❛♥❞
t❤❡ ✉♣str❡❛♠ tr❛❝❦ ✭t❤❡ ❦❛♦♥✮ ✐❞❡♥t✐✜❡❞ ✐♥ t❤❡ ❑❚❆●✳ ▼♦r❡♦✈❡r t❤❡ ❘■❈❍
♣r♦✈✐❞❡s ❛ ❢❛st ▲✵ tr✐❣❣❡r s✐❣♥❛❧✳

❚❤❡ ♠✉♦♥ ♠✐s✐❞❡♥t✐✜❝❛t✐♦♥ ♣r♦❜❛❜✐❧✐t② s❤♦✉❧❞ ♥♦t ❣♦ ❛❜♦✈❡ 1% ❧❡✈❡❧ ✐♥ ♦r✲
❞❡r t♦ ❛❝❤✐❡✈❡ t❤❡ r❡q✉✐r❡❞ π − µ s❡♣❛r❛t✐♦♥✳ ❚❤❡ ❜❡st s❡♣❛r❛t✐♦♥ ✐s ❛❝❤✐❡✈❡❞
❢♦r ❧♦✇ ♠♦♠❡♥t✉♠✱ ✐❞❡❛❧❧② ❝❧♦s❡ t♦ t❤❡ ❈❤❡r❡♥❦♦✈ t❤r❡s❤♦❧❞✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞✱ ✐♥ ♦r❞❡r ❢♦r t❤❡ ❞❡t❡❝t♦r t♦ ❜❡ ❡✣❝✐❡♥t ❛t ✶✺ ●❡❱✴❝✱ t❤❡ t❤r❡s❤♦❧❞
♥❡❡❞s t♦ ❜❡ ∼ 12.5 ●❡❱✴❝✿ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤✐s t❤r❡s❤✲
♦❧❞ ✐s (n− 1) = 6.2 · 10−5✱ ✇❤✐❝❤ ✐s ❛❧♠♦st ❡q✉❛❧ t♦ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢
◆❡♦♥ ❛t ❛t♠♦s♣❤❡r✐❝ ♣r❡ss✉r❡✳ ❚❤❡ s♠❛❧❧♥❡ss ♦❢ ✭♥✲✶✮ ✐♠♣❧② ❛ ❧♦✇ ♥✉♠❜❡r
♦❢ ❈❤❡r❡♥❦♦✈ ♣❤♦t♦♥s✱ ✇❤✐❝❤ ✐s ❝♦♠♣❡♥s❛t❡❞ ❜② ❤❛✈✐♥❣ ❛ ❧♦♥❣ r❛❞✐❛t♦r✳

❆ 17 ♠ ❧♦♥❣ ✈❡ss❡❧ ✐s ✜❧❧❡❞ ✇✐t❤ ◆❡♦♥ s❧✐❣❤t❧② ❛❜♦✈❡ ❛t♠♦s♣❤❡r✐❝ ♣r❡s✲
s✉r❡ ❛♥❞ ❝♦♥st✐t✉t❡s t❤❡ r❛❞✐❛t♦r ✇✐t❤ ❛ ✈♦❧✉♠❡ ♦❢ 200 ♠3 ❬✸✼❪ ✭s❡❡ ✜❣✳ ✷✳✶✹✮✳
❆♥ ❛❧✉♠✐♥✐✉♠ ❜❡❛♠ ♣✐♣❡✷ ❝r♦ss❡s t❤❡ ✈❡ss❡❧✱ ❛❧❧♦✇✐♥❣ ✉♥❞❡❝❛②❡❞ ♣❛rt✐❝❧❡s
t♦ tr❛✈❡❧ ✐♥ t❤❡ ✈❛❝✉✉♠ ✉♥t✐❧ t❤❡ ❡♥❞ ♦❢ t❤❡ ◆❆✻✷ ❞❡t❡❝t♦r ✇❤❡r❡ t❤❡② ❛r❡
❡✈❡♥t✉❛❧❧② ❞✉♠♣❡❞✳ ❚❤❡ ✈❡ss❡❧ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r s❡❝t✐♦♥s ✇✐t❤ ❞❡❝r❡❛s✐♥❣
❞✐❛♠❡t❡r✱ ❢r♦♠ 3.9 ♠ ✉♣str❡❛♠ t♦ 3.2 ♠ ❞♦✇♥str❡❛♠ ❛♥❞ t❤❡ t♦t❛❧ r❛❞✐❛t✐♦♥
❧❡♥❣t❤ ✐s 5.6% X0✳ ❆t t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ♦❢ t❤❡ ✈❡ss❡❧ t❤❡r❡ ✐s ❛ s♣❤❡r✐❝❛❧
♠✐rr♦r ✇✐t❤ ❛ 17 ♠ ❢♦❝❛❧ ❧❡♥❣t❤ t❤❛t ✐s ❛❝t✉❛❧❧② ❛ ♠♦s❛✐❝ ♦❢ ✷✵ ❤❡①❛❣♦♥❛❧ ♠✐r✲
r♦rs✱ ❛s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✶✳ ❚❤❡ ♠✐rr♦rs r❡✢❡❝t t❤❡ ♣❤♦t♦♥s ✐♥t♦ t✇♦ ❞✐✛❡r❡♥t
s♣♦ts ❛t t❤❡ ✉♣str❡❛♠ ❡♥❞ ♦❢ t❤❡ ✈❡ss❡❧✱ ✇❤❡r❡ t✇♦ ✢❛♥❣❡s ♦❢ ♣❤♦t♦♠✉❧t✐♣❧✐❡rs
❛r❡ ❤♦✉s❡❞✳ ❊❛❝❤ ✢❛♥❣❡ ❝♦♥t❛✐♥s ✾✼✻ ❍❛♠❛♠❛ts✉ ❘✼✹✵✵✲❯✵✸ P▼❚s ❬✸✽❪✳

❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✷✳ ■t ❝❛♥ ❜❡
❡✈❛❧✉❛t❡❞ ❞✐✈✐❞✐♥❣ t❤❡ r✐♥❣ r❛♥❞♦♠❧② ✐♥t♦ t✇♦ ❣r♦✉♣s ♦❢ ❤✐ts ❛♥❞ ❝❛❧❝✉❧❛t✐♥❣
t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛✈❡r❛❣❡ t✐♠❡ ♦❢ t❤❡ t✇♦ ❣r♦✉♣s✱ ♦r ❝♦♠♣❛r✐♥❣
t❤❡ t✐♠❡ ♦❢ t❤❡ ❢✉❧❧ r✐♥❣ ✇✐t❤ t❤❡ t✐♠❡ ♦❢ t❤❡ ❑❚❆● ❝❛♥❞✐❞❛t❡✳ ❚❤❡ t✐♠❡
r❡s♦❧✉t✐♦♥ ❢♦r r✐♥❣s ❣❡♥❡r❛t❡❞ ❜② ✭✉❧tr❛r❡❧❛t✐✈✐st✐❝✮ ❡❧❡❝tr♦♥s ✐s ❢♦✉♥❞ t♦ ❜❡
∼ 70 ♣s ❬✸✾❪✳

❚❤❡ P■❉ ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡ ❘■❈❍ ❝❛♥ ❜❡ ❛ss❡ss❡❞ ❝♦♠♣✉t✐♥❣ t❤❡
sq✉❛r❡❞ ♠❛ss ♦❢ t❤❡ ❝❛♥❞✐❞❛t❡ ♣❛rt✐❝❧❡✱ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ✈❡❧♦❝✐t②

✷❚❤❡ ❛❧✉♠✐♥✐✉♠ ❜❡❛♠ ♣✐♣❡ st❛rts ❛t t❤❡ ❡♥tr❛♥❝❡ ✇✐♥❞♦✇ ❛♥❞ ♣❛ss❡s t❤r♦✉❣❤ t❤❡
❢♦❧❧♦✇✐♥❣ s✉❜✲❞❡t❡❝t♦rs✳

✷✾



♠❡❛s✉r❡❞ ❜② t❤❡ ❘■❈❍ ❛♥❞ t❤❡ ♠♦♠❡♥t✉♠ ♠❡❛s✉r❡❞ ❜② t❤❡ s♣❡❝tr♦♠❡t❡r✱

m2 = p2 ·
n2 − 1−

(

R
f

)2

c2
[

1 +
(

R
f

)2
] ✱ ✭✷✳✷✮

✇❤❡r❡ p ✐s t❤❡ ♠♦♠❡♥t✉♠✱ n ✐s t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢ ♥❡♦♥✱ R ✐s t❤❡ r❛❞✐✉s
♦❢ t❤❡ r❡❝♦♥str✉❝t❡❞ ❈❤❡r❡♥❦♦✈ r✐♥❣ ❛♥❞ f ✐s t❤❡ ❢♦❝❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ ♠✐rr♦r❀
t❤❡ sq✉❛r❡❞ ♠❛ss ❢♦r ❞✐✛❡r❡♥t ❦✐♥❞ ♦❢ ♣❛rt✐❝❧❡s ✐s ♣❧♦tt❡❞ ✐♥ ✜❣✳ ✷✳✶✸✳ ❆ ❝✉t
♦♥ t❤❡ sq✉❛r❡❞ ♠❛ss ❛❧❧♦✇s t♦ s❡❧❡❝t ♣✐♦♥s ❛♥❞ r❡❥❡❝t ♠✉♦♥s✳ ❋♦r ✐♥st❛♥❝❡✱
✐♥ ✷✵✶✻ ❛ π ✐❞❡♥t✐✜❝❛t✐♦♥ ❡✣❝✐❡♥❝② ♦❢ ✾✵✪ ❤❛s ❜❡❡♥ ♠❡❛s✉r❡❞ t♦ ❝♦rr❡s♣♦♥❞
t♦ ❛ ♠✉♦♥ ♠✐s✲✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ✵✳✽✪ ❬✸✼❪✳

❋✐❣✉r❡ ✷✳✶✶✿ ❙❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ t❤❡ ❘■❈❍ ❞❡t❡❝t♦r✳ ❚❤❡ ❜❡❛♠ tr❛✈❡❧s ✐♥
✈❛❝✉✉♠ ✐♥s✐❞❡ t❤❡ ❜❡❛♠ ♣✐♣❡✱ ❢r♦♠ ❧❡❢t t♦ r✐❣❤t✳

✸✵



❋✐❣✉r❡ ✷✳✶✷✿ ▲❡❢t✿ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛✈❡r❛❣❡ t✐♠❡ ♦❢ t✇♦ s✉❜s❡ts ♦❢ ❤✐ts
✐♥ t❤❡ s❛♠❡ r✐♥❣ ✐♥ t❤❡ ❘■❈❍✳ ❘✐❣❤t✿ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✐♠❡ ♦❢ ❛ r✐♥❣
✐♥ t❤❡ ❘■❈❍ ❛♥❞ t❤❡ t✐♠❡ ♦❢ t❤❡ ❑❚❆● ❝❛♥❞✐❞❛t❡✳

❋✐❣✉r❡ ✷✳✶✸✿ ❙q✉❛r❡❞ ♠❛ss ❢♦r ❡❧❡❝tr♦♥s✱ ♠✉♦♥s ❛♥❞ ♣✐♦♥s r❡❝♦♥str✉❝t❡❞ ✉s✐♥❣
t❤❡ ✈❡❧♦❝✐t② ♠❡❛s✉r❡❞ ❜② t❤❡ ❘■❈❍ ❛♥❞ t❤❡ ♠♦♠❡♥t✉♠ r❡❝♦♥str✉❝t❡❞ ❜② t❤❡
s♣❡❝tr♦♠❡t❡r✳

✸✶



❋✐❣✉r❡ ✷✳✶✹✿ ❆ ♣✐❝t✉r❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ♣❛rt ♦❢ t❤❡ ◆❆✻✷ ❞❡t❡❝t♦r✳ ❚❤❡
❘■❈❍ ❣r❡❡♥ ✈❡ss❡❧ ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡❀ ♦♥ t❤❡ ❧❡❢t t❤❡r❡ ✐s t❤❡ ❣r❛② t❛♥❦ ♦❢ t❤❡
▲❑r ❝❛❧♦r✐♠❡t❡r❀ ❜❡t✇❡❡♥ t❤❡ ▲❑r ❛♥❞ t❤❡ ❘■❈❍✱ t❤❡ ❈❍❖❉ ✐s ♣❛rt✐❛❧❧②
✈✐s✐❜❧❡❀ t❤❡ ❜❧✉❡ ▼◆P✸✸ ♠❛❣♥❡t ♦❢ t❤❡ ❙❚❘❆❲ s♣❡❝tr♦♠❡t❡r ❝❛♥ ❜❡ s♣♦tt❡❞
♦♥ t❤❡ r✐❣❤t✳

✷✳✹✳✻ ❚❤❡ ❍♦❞♦s❝♦♣❡s

❚✇♦ ❤♦❞♦s❝♦♣❡s ❛r❡ ♣r❡s❡♥t ✐♥ ◆❆✻✷✿ t❤❡ ♦❧❞ ◆❆✹✽✲❈❍❖❉ ✭♦r s✐♠♣❧②
❈❍❖❉✮ ❛♥❞ t❤❡ ◆❆✻✷✲❈❍❖❉ ✭❛❧s♦ ❦♥♦✇♥ ❛s ◆❡✇❈❍❖❉✮✳ ❇♦t❤ ❤♦❞♦s❝♦♣❡s
❛r❡ ✉s❡❞ ❢♦r ♠✉❧t✐♣❧✐❝✐t② r❡❥❡❝t✐♦♥ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤❡ K+ → π+νν̄ ❛♥❛❧②s✐s✱
t♦ ❞❡t❡❝t ♣❤♦t♦♥✉❝❧❡❛r r❡❛❝t✐♦♥s ♦❢ ♣✐♦♥s ✐♥ t❤❡ ❘■❈❍ ♠✐rr♦rs ❛♥❞ t♦ t❛❦❡
♣❛rt ✐♥ t❤❡ ▲✵ tr✐❣❣❡r✿ t❤❡ ♦❧❞ ❈❍❖❉ ♣r♦✈✐❞❡s t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r ✇❤✐❧❡ t❤❡
t✐♠❡ ♦❢ t❤❡ ◆❡✇❈❍❖❉ ✐s ❡①♣❧♦✐t❡❞ ✐♥ t❤❡ ♣❤②s✐❝s tr✐❣❣❡r✳

❚❤❡ ❈❍❖❉ ❞❡t❡❝t♦r ✭❈❤❛r❣❡❞ ❍❖❉♦s❝♦♣❡✮ ✐s ❛♥ ❤♦❞♦s❝♦♣❡ ❧♦❝❛t❡❞
❞♦✇♥str❡❛♠ ▲❆❱✶✷ ❛♥❞ ♠❛❞❡ ♦❢ ✶✷✽ ♣❧❛st✐❝ s❝✐♥t✐❧❧❛t♦rs✱ ✇✐t❤ 20 ♠♠ t❤✐❝❦✲
♥❡ss ✭0.1 X0✮ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ♣❧❛♥❡s ✭s❡❡ ✜❣✳ ✷✳✶✺✮✱ t❤❛t ♣r♦✈✐❞❡s t❤❡ ▲✵
s✐❣♥❛❧ ❢♦r t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r ❛♥❞ t❤❡ tr❛❝❦ t✐♠❡ ❢♦r ❡✈❡♥ts ✇✐t❤ ❛ ❝❤❛r❣❡❞
♣❛rt✐❝❧❡ ✐♥ t❤❡ ✜♥❛❧ st❛t❡✳ ❚❤❡ ✉♣str❡❛♠ ♣❧❛♥❡ ❝♦♥t❛✐♥s ✻✹ ✈❡rt✐❝❛❧✲♦r✐❡♥t❡❞
s❝✐♥t✐❧❧❛t♦rs✱ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ♣❧❛♥❡ ❤❛s ✻✹ ❤♦r✐③♦♥t❛❧✲♦r✐❡♥t❡❞ s❝✐♥t✐❧❧❛t♦rs✳
❚❤❡ s❝✐♥t✐❧❧❛t♦rs ✐♥ ❡❛❝❤ ♣❧❛♥❡ ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r q✉❛❞r❛♥ts✱ ❡❛❝❤ ✇✐t❤
✶✻ s❝✐♥t✐❧❧❛t♦rs ✇❤♦s❡ ❧❡♥❣t❤ ✈❛r② ❜❡t✇❡❡♥ 1200 ♠♠ ❢♦r t❤❡ ❝❡♥tr❛❧ s❧❛❜s t♦
600 ♠♠ ❢♦r t❤❡ ❡①t❡r♥❛❧ ♦♥❡s✱ ❢♦r♠✐♥❣ ❛♥ ♦❝t❛❣♦♥ s❤❛♣❡ ✭s❡❡ ✜❣✳ ✷✳✶✺✮❀ ✐♥
❡❛❝❤ q✉❛❞r❛♥t t❤❡ s❝✐♥t✐❧❧❛t♦r ✇✐❞t❤ r❛♥❣❡s ❢r♦♠ 6.5 ❝♠ ❢♦r t❤❡ ✶✶ ✐♥t❡r♥❛❧
s❧❛❜s t♦ 9.9 ❝♠ ❢♦r t❤❡ ✺ ❡①t❡r♥❛❧ ♦♥❡s✳ ❚❤❡ s❝✐♥t✐❧❧❛t✐♦♥ ❧✐❣❤t ❢r♦♠ ❡❛❝❤
❝♦✉♥t❡r ✐s ❝♦❧❧❡❝t❡❞ ✇✐t❤ ❛ ♣❧❡①✐❣❧❛s ❧✐❣❤t ❣✉✐❞❡ ❛♥❞ ❞❡t❡❝t❡❞ ❜② ❛ ♣❤♦t♦♠✉❧✲
t✐♣❧✐❡r P❤♦t♦♥✐s ❳P✷✷✻✷❇✳

❆ ♣❛rt✐❝❧❡ tr❛✈❡❧❧✐♥❣ t❤r♦✉❣❤ t❤❡ ❞❡t❡❝t♦r r❡❧❡❛s❡s t✇♦ ✐♥✲t✐♠❡ s✐❣♥❛❧s ✐♥t♦
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t❤❡ s❝✐♥t✐❧❧❛t♦rs✱ ♦♥❡ ✐♥t♦ ❛ ✈❡rt✐❝❛❧ ❝♦✉♥t❡r ❛♥❞ ♦♥❡ ✐♥t♦ ❛ ❤♦r✐③♦♥t❛❧ ♦♥❡✳
❚❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ♦❢ t❤❡ t✇♦ ❝♦✉♥t❡rs ❞❡✜♥❡s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ tr❛❝❦
✇✐t❤ ❛ t✐♠❡ r❡s♦❧✉t✐♦♥ ✈❛r②✐♥❣ ❢r♦♠ ∼ 200 ♣s ✐♥ ✷✵✶✻ t♦ ∼ 250 ♣s ✐♥ ✷✵✶✽✳

❋✐❣✉r❡ ✷✳✶✺✿ ▲❡❢t✿ ♣✐❝t✉r❡ ♦❢ t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r ❜❡❢♦r❡ t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢
t❤❡ ❘■❈❍✳ ❘✐❣❤t✿ s❝❤❡♠❛t✐❝ ❢r♦♥t ❛♥❞ ❧❛t❡r❛❧ ✈✐❡✇s ♦❢ t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r✳

❚❤❡ ◆❡✇❈❍❖❉ ❞❡t❡❝t♦r ✐s ❛ ❤♦❞♦s❝♦♣❡ ✇✐t❤ ❛ ♣❛❞ str✉❝t✉r❡ ❛♥❞ ✶✺✷
s❝✐♥t✐❧❧❛t✐♦♥ ❝♦✉♥t❡rs ❬✹✵❪✳ ❚❤❡ ❞❡t❡❝t♦r ❝♦✈❡rs ❛♥ ❛♥♥✉❧❛r ❛r❡❛ ❛r♦✉♥❞ t❤❡
❜❡❛♠ ♣✐♣❡✱ ✇✐t❤ ❛ r❛❞✐✉s r❛♥❣✐♥❣ ❢r♦♠ 140 t♦ 1070 ♠♠✱ ❛♥❞ ✐s ♣❧❛❝❡❞ r✐❣❤t
❛❢t❡r t❤❡ ❘■❈❍ ❛♥❞ ✐♥ ❢r♦♥t ♦❢ t❤❡ ▲❆❱✶✷ ❞❡t❡❝t♦r ♠❛✐♥❢r❛♠❡✳ ❚❤❡ s❝✐♥✲
t✐❧❧❛t♦rs ❛r❡ 30 ♠♠ t❤✐❝❦ ❛♥❞ ❤❛✈❡ t②♣✐❝❛❧ s✐③❡s ♦❢ 267.5× 108 ♠♠2 ❛♥❞
133.75× 108 ♠♠2✱ ♦r❣❛♥✐③❡❞ ✐♥ r♦✇s ✭s❡❡ ✜❣✳ ✷✳✶✻✮✳ ❚❤❡ s❝✐♥t✐❧❧❛t✐♦♥ ❧✐❣❤t
✐s ❝♦❧❧❡❝t❡❞ ❜② ❲▲❙ ✜❜❡rs ❛♥❞ ❞❡t❡❝t❡❞ ❜② ❙✐P▼s✳ ❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥
♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ✷✵✶✻ ❞❛t❛ t❛❦✐♥❣ ✐s (1.01± 0.01) ♥s✳

✷✳✹✳✼ ▲❑r

❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ❘■❈❍✱ t❤❡ ◆❆✹✽ ❧✐q✉✐❞ ❦r②♣t♦♥ ❝❛❧♦r✐♠❡t❡r ✭▲❑r✮ ✐s ❛ ❦❡②
❡❧❡♠❡♥t ❢♦r t❤❡ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐♥ ◆❆✻✷✳ ▼♦r❡♦✈❡r✱ t❤❡ ▲❑r ✐s ✉s❡❞
t♦ ♣r♦✈✐❞❡ ❛ s✐❣♥❛❧ ❢♦r t❤❡ tr✐❣❣❡r ❛♥❞ ❛❝ts ❛s ❛ ♣❤♦t♦♥ ✈❡t♦✱ ❝♦✈❡r✐♥❣ ❛♥❣❧❡s
❜❡t✇❡❡♥ ✶ ❛♥❞ 8.5 ♠r❛❞✳ ■t ✐s ❛ 27 X0 q✉❛s✐✲❤♦♠♦❣❡♥❡♦✉s ❡❧❡❝tr♦♠❛❣♥❡t✐❝
❝❛❧♦r✐♠❡t❡r ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ ❈❍❖❉ ❛♥❞ t❤❡ ▼❯❱✶ ✭✜❣✳ ✷✳✶✼✮✱ ✜❧❧❡❞
✇✐t❤ ✾✵✵✵ ❧✐tr❡s ♦❢ ❧✐q✉✐❞ ❦r②♣t♦♥ ❛t ✶✷✵ ❑✱ ♣❧❛❝❡❞ ✐♥s✐❞❡ ❛ ❝r②♦st❛t✳ ❚❤❡
❝❛❧♦r✐♠❡t❡r ✐s 127 ❝♠ ❞❡❡♣ ❛♥❞ ❡①t❡♥❞s ❢♦r ❛ r❛❞✐✉s ♦❢ 128 ❝♠ ❛r♦✉♥❞ t❤❡
❜❡❛♠ ♣✐♣❡ ❛♥❞ ✐s ❝♦♠♣♦s❡❞ ♦❢ ✶✸✷✹✽ ❧♦♥❣✐t✉❞✐♥❛❧ ❝❡❧❧s ✇✐t❤ ❛ 2× 2 ❝♠2 ❝r♦ss
s❡❝t✐♦♥ ✭✜❣✳ ✷✳✶✽✮ ❬✷✽❪✳

✸✸



❋✐❣✉r❡ ✷✳✶✻✿ ❙❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ t❤❡ ◆❡✇❈❍❖❉ ❞❡t❡❝t♦r✳ ▲❡❢t✿ s✉♣♣♦rt
♣❛♥❡❧ ❛♥❞ s❝✐♥t✐❧❧❛t♦r t✐❧❡s✳ ❘✐❣❤t✿ t✐❧❡ r♦✇s ❧❛②♦✉t✳

❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❜t❛✐♥❡❞ ❢r♦♠ ❞❛t❛ ✐s

σ(E)

E
=

4.8%√
E

⊕ 11%

E
⊕ 0.9% ✱ ✭✷✳✸✮

✇❤❡r❡ t❤❡ ❡♥❡r❣② ❊ ✐s ♠❡❛s✉r❡❞ ✐♥ ●❡❱ ❬✷✽❪✳ ❚❤❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✐s 1 ♠♠✱
✇❤✐❧❡ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ❝❛♥ ❣♦ ❢r♦♠ ✵✳✺ t♦ 1 ♥s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❡♥❡r❣②
r❡❧❡❛s❡✳ ❈❧✉st❡rs ❛r❡ ❜✉✐❧t st❛rt✐♥❣ ❢r♦♠ ❛ s❡❡❞ t❤❛t ✐s ❛ ❝❡❧❧ ✇✐t❤ ❡♥❡r❣②
Eseed > 250 ▼❡❱✱ ❧❛r❣❡r t❤❛♥ t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ✽ ❛❞❥❛❝❡♥t ❝❡❧❧s✳

✷✳✹✳✽ ▼❯❱

❚❤❡ ▼✉♦♥ ❱❡t♦ ❙②st❡♠ ✭▼❯❱✮ ♦❢ ◆❆✻✷ ❝♦♥s✐sts ♦❢ t❤r❡❡ ❞✐✛❡r❡♥t ❞❡t❡❝t♦rs
✭▼❯❱✶✱ ▼❯❱✷ ❛♥❞ ▼❯❱✸✮ ❛♥❞ ✐t ❝♦♠♣❧❡♠❡♥ts t❤❡ ❘■❈❍ ❛♥❞ t❤❡ ▲❑r ❢♦r
t❤❡ π/µ ❞✐s❝r✐♠✐♥❛t✐♦♥✳
▼❯❱✶ ❛♥❞ ▼❯❱✷ t♦❣❡t❤❡r ❢♦r♠ ❛ ❤❛❞r♦♥ ❝❛❧♦r✐♠❡t❡r✱ ♣❧❛❝❡❞ r✐❣❤t

❛❢t❡r t❤❡ ▲❑r ❝❛❧♦r✐♠❡t❡r ✭✜❣✳ ✷✳✶✼✮✱ ♠❛❞❡ ♦❢ ❛❧t❡r♥❛t❡ ♣❧❛♥❡s ♦❢ ✐r♦♥ ❛♥❞
s❝✐♥t✐❧❧❛t♦r ❛❝❝♦✉♥t✐♥❣ ❢♦r ❛❜♦✉t ✽ ✐♥t❡r❛❝t✐♦♥ ❧❡♥❣t❤s✳ ❚❤❡ ❢r♦♥t ❞❡t❡❝t♦r
✭▼❯❱✶✮ ✇❛s ♥❡✇❧② ❝♦♥str✉❝t❡❞ s♣❡❝✐✜❝❛❧❧② ❢♦r ◆❆✻✷✱ ✇❤❡r❡❛s ▼❯❱✷ ✐s t❤❡
❢r♦♥t ❧❛②❡r ♦❢ t❤❡ ❢♦r♠❡r ◆❆✹✽ ❤❛❞r♦♥ ❝❛❧♦r✐♠❡t❡r t✐❧t❡❞ ❜② 180◦✳ ■♥ ♣❛rt✐❝✲
✉❧❛r✱ ▼❯❱✶ ❝♦♥t❛✐♥s ✷✹ ❧❛②❡rs ♦❢ 26.8 ♠♠ t❤✐❝❦ ✐r♦♥ ♣❧❛t❡s✱ 12 ♠♠ ❞✐st❛♥t
❢r♦♠ ❡❛❝❤ ♦t❤❡r✱ ❝♦✈❡r✐♥❣ ❛♥ ❛r❡❛ ♦❢ 2700× 2600 ♠♠2 ❛r♦✉♥❞ t❤❡ ❜❡❛♠ ♣✐♣❡✳
✷✸ ❧❛②❡rs ♦❢ s❝✐♥t✐❧❧❛t♦r str✐♣s ✭9 ♠♠ t❤✐❝❦✱ 60 ♠♠ ✇✐❞❡✱ 2600 ♠♠ ❧♦♥❣✮ ❛r❡
♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ ✐r♦♥ ♣❧❛t❡s✳ ❊❛❝❤ ❧❛②❡r ❤❛s t❤❡ str✐♣s ❡✐t❤❡r ✈❡rt✐❝❛❧❧②
♦r ❤♦r✐③♦♥t❛❧❧② ❛❧✐❣♥❡❞✱ ❛❧t❡r♥❛t❡❧②✳ ❙✐♠✐❧❛r❧② t♦ ▼❯❱✶✱ ▼❯❱✷ ❝♦♥s✐sts ♦❢
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❋✐❣✉r❡ ✷✳✶✼✿ ❋r♦♠ ❧❡❢t t♦ r✐❣❤t✿ t❤❡ ▼❯❱✶✴▼❯❱✷ ❤❛❞r♦♥ ❝❛❧♦r✐♠❡t❡r ❛♥❞
t❤❡ t❛♥❦ ❝♦♥t❛✐♥✐♥❣ t❤❡ ▲❑r ❝❛❧♦r✐♠❡t❡r✳ ❚❤❡ ❜❡❛♠ tr❛✈❡❧s ❢r♦♠ r✐❣❤t t♦ ❧❡❢t
✭❤tt♣s✿✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴✷✷✼✹✹✼✸✮✳

❛❧t❡r♥❛t❡ ❧❛②❡rs ♦❢ ✐r♦♥ ♣❧❛t❡s ✭✷✹ ❧❛②❡rs✱ 25 ♠♠ t❤✐❝❦♥❡ss✮ ❛♥❞ ♣❧❛st✐❝ s❝✐♥✲
t✐❧❧❛t♦rs✳ ❚❤❡ s❝✐♥t✐❧❧❛t♦r ❧❛②❡rs ❛r❡ ❝♦♠♣♦s❡❞ ❜② ✹✹ str✐♣s ❢♦r ❡❛❝❤ ❤❛❧❢ ♦❢
t❤❡ ❝❛❧♦r✐♠❡t❡r✱ ✇✐t❤ ❛ t♦t❛❧ ♦❢ ✽✽ str✐♣s ♣❡r s❝✐♥t✐❧❧❛t♦r ♣❧❛♥❡❀ ❡❛❝❤ str✐♣ ✐s
1300 ♠♠ ❧♦♥❣✱ 119 ♠♠ ✇✐❞❡ ❛♥❞ 4.5 ♠♠ t❤✐❝❦ ❛♥❞✱ ❧✐❦❡ ❢♦r ▼❯❱✶✱ t❤❡② ❛r❡
❛❧t❡r♥❛t❡❧② ❛❧✐❣♥❡❞ ❤♦r✐③♦♥t❛❧❧② ♦r ✈❡rt✐❝❛❧❧② ✐♥ ❡❛❝❤ ❝♦♥s❡❝✉t✐✈❡ ♣❧❛♥❡✳ ❚❤❡
t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r ♠❡❛s✉r❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❈❍❖❉ ✇❛s
❢♦✉♥❞ t♦ ❜❡ 0.9 ♥s✱ ✇❤✐❧❡ t❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ✐s

σ(E)

E
= 0.115⊕ 0.38√

E
⊕ 1.37

E
✱ ✭✷✳✹✮

✇❤❡r❡ t❤❡ ❡♥❡r❣② ❊ ✐s ♠❡❛s✉r❡❞ ✐♥ ●❡❱ ❬✷✽❪✳
❚❤❡ ❧❛st ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♠✉♦♥ ✈❡t♦ s②st❡♠ ✐s t❤❡ ▼❯❱✸✱ ♦r ❋❛st

▼✉♦♥ ❱❡t♦✳ ❆♥ 80 ❝♠ t❤✐❝❦ ✐r♦♥ ✇❛❧❧ s❡♣❛r❛t❡s t❤❡ ❤❛❞r♦♥ ❝❛❧♦r✐♠❡t❡r
❢r♦♠ t❤❡ ▼❯❱✸✱ s♦ t❤❛t ❛ ♣❛rt✐❝❧❡ ❞❡t❡❝t❡❞ ❜② t❤❡ ▼❯❱✸ ❤❛s t♦ s✉r✈✐✈❡ t❤❡
✇❤♦❧❡ ❝❛❧♦r✐♠❡tr✐❝ s②st❡♠ ✭▲❑r✱ ▼❯❱✶ ❛♥❞ ▼❯❱✷✮ ♣❧✉s t❤❡ ✐r♦♥ ✇❛❧❧✿ t❤✐s
♠❡❛♥s t❤❛t t❤❡ ♣❛rt✐❝❧❡ ❤❛s t♦ ❣♦ t❤r♦✉❣❤ ♠♦r❡ t❤❛♥ ✶✹ ✐♥t❡r❛❝t✐♦♥ ❧❡♥❣t❤s✳
❚❤❡r❡❢♦r❡ t❤❡ ▼❯❱✸ ✐s ✉s❡❞ ❛s ❛ ❢❛st ♠✉♦♥ ✈❡t♦ ❛t ▲✵ tr✐❣❣❡r✱ ❛♥❞ ❛❧s♦ ❢♦r
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❋✐❣✉r❡ ✷✳✶✽✿ ▲❡❢t✿ str✉❝t✉r❡ ♦❢ ♦♥❡ q✉❛❞r❛♥t ♦❢ t❤❡ ▲❑r ❝❛❧♦r✐♠❡t❡r✳ ❘✐❣❤t✿
❞❡t❛✐❧❡❞ ✈✐❡✇ ♦❢ ❛ ❝❡❧❧ str✉❝t✉r❡✳

♠✉♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥✳ ❚❤❡ ❞❡t❡❝t♦r ✐s ♠❛❞❡ ♦❢ 50 ♠♠ t❤✐❝❦ s❝✐♥t✐❧❧❛t♦r t✐❧❡s
✇✐t❤ ❞✐✛❡r❡♥t ❞✐♠❡♥s✐♦♥s ✭✶✹✵ t✐❧❡s ❛r❡ 220× 220 ♠♠2 ♣❧✉s ✽ s♠❛❧❧❡r t✐❧❡s
❛r♦✉♥❞ t❤❡ ❜❡❛♠ ♣✐♣❡✮✱ ❝♦✈❡r✐♥❣ ❛ t♦t❛❧ ❛r❡❛ ❡q✉❛❧ t♦ 2640× 2640 ♠♠2✳ ❚❤❡
t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ ♠✉♦♥s tr❛♥s✈❡rs✐♥❣ s✐♥❣❧❡ ❝❤❛♥♥❡❧s ✇❛s ♠❡❛s✉r❡❞ t♦ ❜❡ ✐♥
t❤❡ r❛♥❣❡ 0.4− 0.6 ♥s ✐♥ ✷✵✶✺✳

✷✳✹✳✾ P❤♦t♦♥ ✈❡t♦

❖♥❡ ♦❢ t❤❡ ♠♦st ❞❛♥❣❡r♦✉s ❜❛❝❦❣r♦✉♥❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ K+ → π+νν̄
✐s t❤❡ K+ → π+π0 ❞❡❝❛②✳ ❋♦r t❤✐s r❡❛s♦♥ ◆❆✻✷ ♥❡❡❞s ❛ ❤❡r♠❡t✐❝ ❛♥❞ ❡✣✲
❝✐❡♥t ♣❤♦t♦♥ ✈❡t♦ t♦ ❞❡t❡❝t t❤❡ ♣❤♦t♦♥s ❢r♦♠ t❤❡ ❞❡❝❛②s ♦❢ π0✬s ❛♥❞ r❡❥❡❝t
t❤❡ ❡✈❡♥t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s✐♥❝❡ t❤❡ ❦✐♥❡♠❛t✐❝ ❝✉ts ♣r♦✈✐❞❡ ❛ r❡❥❡❝t✐♦♥ ❢❛❝t♦r
♦❢ 104 ❢♦r K+ → π+π0 ❡✈❡♥ts✱ t❤❡ r❡♠❛✐♥✐♥❣ 108 r❡❥❡❝t✐♦♥ ❢❛❝t♦r ✐s ❧❡❢t t♦
t❤❡ ♣❤♦t♦♥ ✈❡t♦✱ ✇❤❡r❡ t❤❡ r❡q✉✐r❡♠❡♥t ♦♥ t❤❡ ♠♦♠❡♥t✉♠ r❛♥❣❡ ♦❢ t❤❡ π+

✭15 ●❡❱✴❝ < Pπ+ < 35 ●❡❱✴❝✮ ❡♥s✉r❡s t❤❛t t❤❡ ♣❛✐r ♦❢ ♣❤♦t♦♥s ❢r♦♠ π0 ❞❡✲
❝❛②s ❤❛s ❛♥ ❡♥❡r❣② ❛❜♦✈❡ 40 ●❡❱✳ ❚❤❡ ♣❤♦t♦♥ ✈❡t♦ s②st❡♠ ♦❢ ◆❆✻✷ ♠❛❦❡s
✉s❡ ♦❢ ❞✐✛❡r❡♥t ❦✐♥❞ ♦❢ s✉❜✲s②st❡♠s✱ ❡❛❝❤ ❝♦✈❡r✐♥❣ ❛ s♣❡❝✐✜❝ ❛♥❣✉❧❛r r❡❣✐♦♥✿
t❤❡ ▲❛r❣❡ ❆♥❣❧❡ ❱❡t♦ ✭▲❆❱✮✱ t❤❡ ▲✐q✉✐❞ ❑r②♣t♦♥ ❝❛❧♦r✐♠❡t❡r ✭▲❑r✮✱ t❤❡ ■♥✲
♥❡r ❘❛❞✐✉s ❈❛❧♦r✐♠❡t❡r ✭■❘❈✮ ❛♥❞ t❤❡ ❙♠❛❧❧ ❆♥❣❧❡ ❈❛❧♦r✐♠❡t❡r ✭❙❆❈✮ ❬✷✽❪✳

❚❤❡ ▲❆❱ ❬✹✶❪ ✐s ❝♦♠♣♦s❡❞ ♦❢ ✶✷ st❛t✐♦♥s ♣❧❛❝❡❞ ❛❧❧ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❞✐r❡❝✲
t✐♦♥✱ s♣❛❝❡❞ ❜② 6 ♠ ❞♦✇♥str❡❛♠ ❛♥❞ 12 ♠ ✉♣str❡❛♠ ✭s❡❡ ✜❣✳ ✷✳✺✮✱ ♣r♦✈✐❞✐♥❣
❢✉❧❧ ❤❡r♠❡t✐❝✐t② ❢♦r ♣❤♦t♦♥s ❡♠✐tt❡❞ ❛t ❛♥❣❧❡s ❜❡t✇❡❡♥ ✽✳✺ ❛♥❞ ✺✵ ♠r❛❞ ✇✐t❤
r❡s♣❡❝t t♦ t❤❡ ❩ ❛①✐s✳ ❚❤❡ ✜rst ❡❧❡✈❡♥ st❛t✐♦♥s ❛r❡ ♣❧❛❝❡❞ ❛❧♦♥❣ t❤❡ ✜❞✉✲
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❝✐❛❧ ❞❡❝❛② ✈♦❧✉♠❡✱ ✇❤✐❧❡ t❤❡ ❧❛st ♦♥❡ ✐s ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ❘■❈❍ ❛♥❞ t❤❡
❈❍❖❉✱ ♦✉ts✐❞❡ t❤❡ ✈❛❝✉✉♠ t❛♥❦✱ 3 ♠ ✉♣str❡❛♠ t❤❡ ▲❑r✱ ❛♥❞ ✐s ♦♣❡r❛t❡❞ ✐♥
❛✐r✳ ❊❛❝❤ st❛t✐♦♥ ✐s ♠❛❞❡ ♦❢ ✹ ♦r ✺ r✐♥❣s ♦❢ ❧❡❛❞✲❣❧❛ss ❝r②st❛❧s ✭s❡❡ ✜❣✳ ✷✳✶✾✮✱
❡❛❝❤ ❝r②st❛❧ r❡❛❞ ❜② ❛ P▼❚✱ ✇❤❡r❡ ❡✈❡r② r✐♥❣ ✐s st❛❣❣❡r❡❞ ✐♥ ❛③✐♠✉t❤ ✇✐t❤
r❡s♣❡❝t t♦ t❤❡ ♦t❤❡rs ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❣♦♦❞ ❤❡r♠❡t✐❝✐t②✳ ❚❤❡ r✐♥❣s ❛r❡ ♣❧❛❝❡❞
✐♥ ❛ ♣❧❛♥❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥✳ ❲❤❡♥ ♦♥❡ ♦❢ t❤❡ t✇♦ ♣❤♦✲
t♦♥s ❢r♦♠ ❛ K+ → π+π0 ❞❡❝❛② ❤❛s ❛♥ ❡♥❡r❣② ❜❡❧♦✇ 200 ▼❡❱✱ ✐t ✐s ❡♠✐tt❡❞
❛t ❛♥❣❧❡s ❧❛r❣❡r t❤❛♥ t❤❡ ▲❆❱ ❝♦✈❡r❛❣❡✳ ❇❡s✐❞❡s ✐ts ❢✉♥❞❛♠❡♥t❛❧ r♦❧❡ ✐♥ t❤❡
♣❤♦t♦♥ ✈❡t♦✱ t❤❡ ▲❆❱ t❛❦❡s ♣❛rt ✐♥ t❤❡ ♣❤②s✐❝s tr✐❣❣❡r✳

❋✐❣✉r❡ ✷✳✶✾✿ ▲❡❢t✿ ♣✐❝t✉r❡ ♦❢ ♦♥❡ ♦❢ t❤❡ ▲❆❱ st❛t✐♦♥s✳ ❘✐❣❤t✿ ❞r❛✇✐♥❣ ♦❢ ♦♥❡
♦❢ t❤❡ ▲❆❱ st❛t✐♦♥s✳

❋♦r ❛♥❣❧❡s ❜❡t✇❡❡♥ ✶ ❛♥❞ 8.5 ♠r❛❞✱ t❤❡ ♣❤♦t♦♥ ✈❡t♦ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡
▲❑r ❝❛❧♦r✐♠❡t❡r✳ ▼♦r❡ ❞❡t❛✐❧s ♦♥ t❤✐s ❞❡t❡❝t♦r ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ✷✳✹✳✼✳

■♥ ♦r❞❡r t♦ ✈❡t♦ ♣❤♦t♦♥s ❡♠✐tt❡❞ ❛t s♠❛❧❧ ❛♥❣❧❡s✱ ◆❆✻✷ ✐s ❡q✉✐♣♣❡❞ ✇✐t❤
❛ ❙♠❛❧❧ ❆♥❣❧❡ ❱❡t♦ ✭❙❆❱✮✱ t❤❛t ❝♦♥s✐sts ♦❢ t✇♦ s❤❛s❤❧②❦ ❝❛❧♦r✐♠❡t❡rs ✭❧❡❛❞
❛♥❞ ♣❧❛st✐❝ s❝✐♥t✐❧❧❛t♦r ♣❧❛t❡s✮✱ ■❘❈ ❛♥❞ ❙❆❈ ❝♦✈❡r✐♥❣ ❛♥❣❧❡ ❢r♦♠ ✶ ❞♦✇♥ t♦
③❡r♦ ♠r❛❞✳

❚❤❡ ■❘❈ ✭■♥t❡r♠❡❞✐❛t❡✲❘✐♥❣ ❈❛❧♦r✐♠❡t❡r✮ ✐s ♣❧❛❝❡❞ r✐❣❤t ❜❡❢♦r❡ t❤❡ ▲❑r
❛♥❞ ❝♦✈❡rs ❛ r✐♥❣✲s❤❛♣❡❞ r❡❣✐♦♥ ✇✐t❤ ❛♥ ♦✉t❡r r❛❞✐✉s ♦❢ 145 ♠♠ ❛r♦✉♥❞ t❤❡
❩ ❛①✐s✱ ✇❤✐❧❡ t❤❡ ✐♥♥❡r r❛❞✐✉s ✐s 60 ♠♠ ❜✉t ✐t ❤❛s ❛♥ ♦✛s❡t ♦❢ 12 ♠♠ t♦✇❛r❞s
♣♦s✐t✐✈❡ ❳ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞❡✢❡❝t✐♦♥ ❝❛✉s❡❞ ❜② t❤❡ ❙♣❡❝tr♦♠❡t❡r ♠❛❣♥❡t ♦♥
t❤❡ ❜❡❛♠ ♣❛rt✐❝❧❡s✳ ❚❤❡ ■❘❈ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ♠♦❞✉❧❡s✱ ♣❧❛❝❡❞ ♦♥❡ ❛❢t❡r
t❤❡ ♦t❤❡r✱ ✇✐t❤ ❛ ❞❡♣t❤ ♦❢ 89 ❛♥❞ 154 ♠♠ ✭19 X0✮✳

❚❤❡ ❙❆❈ ✭❙♠❛❧❧ ❆♥❣❧❡ ❈❛❧♦r✐♠❡t❡r✮ ✐s ♣❧❛❝❡❞ r✐❣❤t ❛t t❤❡ ❡♥❞ ♦❢ t❤❡
◆❆✻✷ ❞❡t❡❝t♦r✱ ❥✉st ✉♣str❡❛♠ t❤❡ ❜❡❛♠ ❞✉♠♣✱ ❛♥❞ ❝♦✈❡rs t❤❡ r❡♠❛✐♥✐♥❣
❛♥❣✉❧❛r r❡❣✐♦♥ ❞♦✇♥ t♦ ③❡r♦ ♠r❛❞✳ ■t ❝♦♥s✐sts ♦❢ 70 + 70 ❛❧t❡r♥❛t❡ ❧❛②❡rs ♦❢
❧❡❛❞ ❛♥❞ ♣❧❛st✐❝ s❝✐♥t✐❧❧❛t♦rs✱ ✇✐t❤ ❛ tr❛♥s✈❡rs❡ ❛r❡❛ ♦❢ 205× 205 ♠♠2 ❛♥❞ ❛
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1.5 ♠♠ t❤✐❝❦♥❡ss ✭19 X0✮✳ ❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ✐s

σ(E)

E
=

8.8%√
E

⊕ 7.1%

E
✳ ✭✷✳✺✮

✷✳✹✳✶✵ ❆❞❞✐t✐♦♥❛❧ ✈❡t♦ ❞❡t❡❝t♦rs ❢♦r K3π

❚✇♦ ❛❞❞✐t✐♦♥❛❧ ❞❡t❡❝t♦rs ❢♦r ✈❡t♦✐♥❣ t❤❡ K+ → π+π−π+ ❞❡❝❛② ✭❢r♦♠ ♥♦✇ ♦♥
K+

3π✮ ❛r❡ ♣r❡s❡♥t✱ ♥❛♠❡❧② ▼❯❱✵ ❛♥❞ ❍❆❙❈ ❬✷✽❪✳
❚❤❡ ▼❯❱✵ ✐s ❛ s❝✐♥t✐❧❧❛t♦r ❤♦❞♦s❝♦♣❡ t❤❛t ❞❡t❡❝ts π− ❢r♦♠ K+

3π ✇✐t❤
♠♦♠❡♥t❛ ❜❡❧♦✇ 10 ●❡❱✴❝✳ ❚❤♦s❡ π− ❡①♣❡r✐❡♥❝❡ ❛ ❞❡✢❡❝t✐♦♥ t♦✇❛r❞s ♣♦s✐t✐✈❡
X ❢r♦♠ t❤❡ ❙♣❡❝tr♦♠❡t❡r ♠❛❣♥❡t✱ ✇❤✐❝❤ ✐s ❛♣♣❧✐❡❞ ♦♥ t♦♣ ♦❢ t❤❡ ❞❡✢❡❝t✐♦♥
❝❛✉s❡❞ ❜② t❤❡ ❚❘■▼✺ ♠❛❣♥❡t ♦♥ t❤❡ K+ ❜❡❛♠✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ ▼❯❱✵
❤❛s ❜❡❡♥ ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ❞♦✇♥str❡❛♠ ✢❛♥❣❡ ♦❢ t❤❡ ❘■❈❍ ❛♥❞ ❝♦✈❡rs ❛ ❧❛t❡r❛❧
❛r❡❛ ✇✐t❤ 1.545 ♠ < X < 2.945 ♠ ❛♥❞ |Y | < 0.7 ♠✱ ❛♥❞ ❛ t♦t❛❧ ❛❝t✐✈❡ s✉r❢❛❝❡
♦❢ (1.4× 1.4) ♠2✳ ❚❤❡ ❞❡t❡❝t♦r ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❧❛②❡rs ✇✐t❤ ✹✽ s❝✐♥t✐❧❧❛t♦r
t✐❧❡s ♦❢ ❞✐♠❡♥s✐♦♥ (200× 200× 10) ♠♠3✱ ❣r♦✉♣❡❞ ✐♥t♦ ✾ s✉♣❡r✲t✐❧❡s✱ ✇✐t❤ t❤❡
s✐❣♥❛❧ ❢r♦♠ ❡❛❝❤ s✉♣❡r✲t✐❧❡ ✐s r❡❛❞ ❜② ❛ ♣❤♦t♦♠✉❧t✐♣❧✐❡r✳

❚❤❡ ❍❆❙❈ ✭❍❆❞r♦♥✐❝ ❙❛♠♣❧✐♥❣ ❈❛❧♦r✐♠❡t❡r✮ ✇❛s ✐♥st❛❧❧❡❞ ✐♥ ♦r❞❡r t♦
❞❡t❡❝t t❤❡ π+ ❢r♦♠K+

3π ✇✐t❤ ♠♦♠❡♥t❛ ❛❜♦✈❡ 50 ●❡❱✴❝✱ ✇❤❡♥ t❤❡② ♣r♦♣❛❣❛t❡
t❤r♦✉❣❤ t❤❡ ❤♦❧❡s ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❙♣❡❝tr♦♠❡t❡r ❝❤❛♠❜❡rs✳ ❙✐♥❝❡ t❤❡
❞❡t❡❝t♦r ✐s ❧♦❝❛t❡❞ ❛❢t❡r t❤❡ ▼❯❱✸✱ ✐♥ ❛ r❡❣✐♦♥ ✇❤❡r❡ t❤❡ ❇❊◆❉ ♠❛❣♥❡t
s✇❡❡♣s ❛✇❛② t❤❡ π+ ✐♥ t❤❡ K+ ❜❡❛♠ t♦✇❛r❞s ♥❡❣❛t✐✈❡ ❳✱ t❤❡ ❍❆❙❈ ❝♦✈❡rs
❛♥ ❛r❡❛ ✇✐t❤ −0.48 ♠ < X < −0.18 ♠ ❛♥❞ |Y | < 0.15 ♠✳ ■t ✐s ❝♦♠♣♦s❡❞
♦❢ ✾ ♠♦❞✉❧❡s ✭100× 100 ♠♠2✮✱ ✇❤❡r❡ ❡❛❝❤ ♠♦❞✉❧❡ ✐s ❛ s❛♥❞✇✐❝❤ ♦❢ ✻✵ ❧❡❛❞
♣❧❛t❡s ✇✐t❤ 16 ♠♠ t❤✐❝❦♥❡ss ✐♥t❡r✈❛❧❧❡❞ ✇✐t❤ ✻✵ s❝✐♥t✐❧❧❛t♦r ♣❧❛t❡s ✇✐t❤ 4 ♠♠
t❤✐❝❦♥❡ss✳

✷✳✹✳✶✶ ❚❉❆◗ s②st❡♠

❚❤❡ ✈❡r② ❤✐❣❤ ✐♥t❡♥s✐t② ♦❢ t❤❡ ◆❆✻✷ ❜❡❛♠ r❡q✉✐r❡s t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ tr✐❣❣❡r
❛♥❞ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ s②st❡♠ ❛❜❧❡ t♦ ♠❛✐♥t❛✐♥ ❛ ❤✐❣❤ ❛❝❝❡♣t❛♥❝❡ ❢♦r s✐❣♥❛❧
❡✈❡♥ts ✇❤✐❧❡ ❦❡❡♣✐♥❣ ❛ r❡♠❛r❦❛❜❧❡ r❡❥❡❝t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ ♠✐♥✐♠✐③✲
✐♥❣ t❤❡ ❞❡❛❞ t✐♠❡✳ ❚❤❡ ♠♦st ❡✣❝✐❡♥t ❛♥❞ ❝♦st ❡✛❡❝t✐✈❡ s♦❧✉t✐♦♥ t❤❛t ♠❡t
t❤❡s❡ r❡q✉✐r❡♠❡♥ts ✇❛s ❛♥ ✐♥t❡❣r❛t❡❞ tr✐❣❣❡r ❛♥❞ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ s②st❡♠
✭❚❉❆◗✮ ❬✹✷❪✳

❈✉rr❡♥t❧② ✐♥ ◆❆✻✷ t✇♦ tr✐❣❣❡r ❧❡✈❡❧s ❛r❡ ♣r❡s❡♥t✿ ❛ ❧♦✇✲❧❡✈❡❧ tr✐❣❣❡r ❛t
❤❛r❞✇❛r❡ ❧❡✈❡❧ ❝❛❧❧❡❞ ▲❡✈❡❧ ✵ ✭▲✵✮ ❛♥❞ ❛ ❤✐❣❤✲❧❡✈❡❧ tr✐❣❣❡r ❝❛❧❧❡❞ ▲❡✈❡❧ ✶ ✭▲✶✮
❛t ❛ s♦❢t✇❛r❡ ❧❡✈❡❧✳ ❚❤❡ ▲✵ ❝♦❧❧❡❝ts ❧♦❣✐❝❛❧ s✐❣♥❛❧s ✭♣r✐♠✐t✐✈❡s✸✮ ❢r♦♠ ❈❍❖❉✱

✸❚❤❡ ▲✵ ♣r✐♠✐t✐✈❡s ❛r❡ ✻✹ ❜✐t ✇♦r❞s ❝♦♥t❛✐♥✐♥❣ t✐♠❡ ❛♥❞ ❞❡t❡❝t♦r✲s♣❡❝✐✜❝ ✐♥❢♦r♠❛t✐♦♥
❢♦r ❡❛❝❤ ❡✈❡♥t✳
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▲✵◗✶ ❈♦✐♥❝✐❞❡♥❝❡ ❜❡t✇❡❡♥ ❤♦r✳ ❛♥❞ ✈❡rt✳ ♣❧❛♥❡ ♦❢ t❤❡ ❈❍❖❉

▲✵❘■❈❍ ❈❧✉st❡r ♦❢ ❤✐ts ✐♥ t✐♠❡ ✐♥ t❤❡ ❘■❈❍

▲✵◆❆✻✷❈❍❖❉ 1 ≤ 4 ❤✐ts ✐♥ t❤❡ ◆❡✇❈❍❖❉

▲✵◗❳ ❍✐ts ✐♥ ♦♣♣♦s✐t❡ q✉❛❞r❛♥ts ♦❢ t❤❡ ◆❡✇❈❍❖❉

▲✵▼❯❱✸ ❚✐❧❡ ♠✉❧t✐♣❧✐❝✐t✐❡s ✐♥ t❤❡ ▼❯❱✸

▲✵▲❆❱✶✷ ❙✐❣♥❛❧ ❢r♦♠ ♦♥❡ ♦r ♠♦r❡ ▲❆❱✶✷ ❜❧♦❝❦s

▲✵❈❛❧♦ E ≥ 30 ●❡❱ ✐♥ t❤❡ ▲❑r ♦r ♠♦r❡ t❤❛♥ ✶ ❝❧✉st❡r

❚❛❜❧❡ ✷✳✷✿ ❉✐✛❡r❡♥t tr✐❣❣❡r ❝♦♠♣♦♥❡♥ts ✉s❡❞ ❛s ✐♥♣✉t ✐♥ t❤❡ ▲✵ tr✐❣❣❡r✳

◆❡✇❈❍❖❉✱ ❘■❈❍✱ ▲❑r✱ ▲❆❱ ❛♥❞ ▼❯❱✸✱ ✇✐t❤ ❛♥ ✐♥♣✉t r❛t❡ ♦❢ 10 ▼❍③✱
t❤❛t ❛r❡ ❝♦♠❜✐♥❡❞ ✐♥ ❛ ❞❡❞✐❝❛t❡❞ ❋P●❆✲❜❛s❡❞ ▲✵ tr✐❣❣❡r ♣r♦❝❡ss♦r ✭▲✵❚P✮✳
❚❤❡ ▲✵❚P ❝❤❡❝❦s t❤❡ t✐♠❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ♣r✐♠✐t✐✈❡s ❛♥❞ ❝♦♥s❡q✉❡♥t❧②
s❡♥❞s t❤❡ ▲✵ tr✐❣❣❡r ❞❡❝✐s✐♦♥ t♦ t❤❡ r❡❛❞♦✉t ♦❢ t❤❡ ❞❡t❡❝t♦rs ✇❤❡♥❡✈❡r t❤❡
♣r✐♠✐t✐✈❡s ♠❛t❝❤ ♣r❡❞❡t❡r♠✐♥❡❞ ❝♦♥✜❣✉r❛t✐♦♥s ❝❛❧❧❡❞ ♠❛s❦s❀ ❛ ❧✐st ♦❢ t❤❡
♣r✐♠✐t✐✈❡s t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❛s ✐♥♣✉t ✐♥ t❤❡ ▲✵❚P ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❛❜❧❡ ✷✳✷✳

❆t ♥♦♠✐♥❛❧ ❜❡❛♠ ✐♥t❡♥s✐t②✱ t❤❡ ❞❡t❡❝t♦rs ❛r❡ r❡q✉✐r❡❞ t♦ s✉st❛✐♥ ❡①tr❡♠❡❧②
❤✐❣❤ r❛t❡ ❛♥❞✱ ✐♥ ❛❞❞✐t✐♦♥✱ ❛ ❣♦♦❞ r❡s♦❧✉t✐♦♥ ✐s ♠❛♥❞❛t♦r② ❛❧r❡❛❞② ❛t t❤❡ tr✐❣✲
❣❡r ❧❡✈❡❧✳ ❚❤❡ 750 ▼❍③ t♦t❛❧ r❛t❡ ♦❢ ❜❡❛♠ ♣❛rt✐❝❧❡ ♣r♦❞✉❝❡s ❛♥ ❡✈❡♥t r❛t❡ ♦❢
10 ▼❍③ ✐♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❞❡t❡❝t♦rs✳ ❲✐t❤ ❛ t②♣✐❝❛❧ ✈❛❧✉❡
♦❢ 1 ♥s✱ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ❛t t❤❡ tr✐❣❣❡r ❧❡✈❡❧ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❡✣❝✐❡♥t
❡♥♦✉❣❤✱ ♠✐♥✐♠✐③✐♥❣ ❢❛❦❡ tr✐❣❣❡rs ❛♥❞ s✐❣♥❛❧ r❡❥❡❝t✐♦♥ ❞✉❡ t♦ r❛♥❞♦♠ ✈❡t♦✳
▼♦st ♦❢ t❤❡ ❞❡t❡❝t♦rs ❛❞♦♣t❡❞ ❤✐❣❤✲♣❡r❢♦r♠❛♥❝❡ ❚❉❈ ❛♥❞ ❋P●❆✲❜❛s❡❞ r❡❛❞✲
♦✉t s②st❡♠s ❝♦♥s✐st✐♥❣ ✐♥ ❚❊▲✻✷ ❜♦❛r❞s ❛♥❞ ❚❉❈❇ ❞❛✉❣❤t❡r✲❝❛r❞s ✭s❡❡ ✜❣✳
✷✳✷✵✮ ❬✹✸❪✳ ❙♦♠❡ ❞❡t❡❝t♦rs ✭●❚❑✱ ❙❚❘❆❲✱ ▲❑r✱ ▼❯❱✶ ❛♥❞ ▼❯❱✷✮ ❛❞♦♣t❡❞
❞✐✛❡r❡♥t s♦❧✉t✐♦♥s ❞✉❡ t♦ s♣❡❝✐✜❝ ❝♦♥str❛✐♥ts✿ t❤❡ r❡❛❞♦✉t s②st❡♠ ♦❢ t❤❡ ●❚❑
✉s❡s ❚❉❈P✐① ❝❤✐♣s t♦ ♣r♦✈✐❞❡ t❤❡ ❤✐t t✐♠❡ ❛♥❞ t✐♠❡ ♦✈❡r t❤r❡s❤♦❧❞✱ s❡♥❞✲
✐♥❣ t❤❡ ♦✉t♣✉t t♦ t❤❡ ●❚❑✲❘❖ ❱▼❊ ✻❯ ❝❛rr✐❡r ❜♦❛r❞ ❬✹✹❪❀ t❤❡ ❙❚❘❆❲
s♣❡❝tr♦♠❡t❡r r❡❛❞♦✉t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❈❆❘■❖❈❆ ❝❤✐♣s ❬✹✺❪✱ ✐♥t❡❣r❛t❡❞ ✐♥ ❛
❝✉st♦♠ ❈❖❱❊❘ ❜♦❛r❞ ✇✐t❤ ❛♥ ❆❧t❡r❛ ❈②❝❧♦♥❡ ■■■ ❋P●❆ ❬✹✻❪❬✹✼❪❀ t❤❡ ▲❑r✱
▼❯❱✶ ❛♥❞ ▼❯❱✷ ❝❛❧♦r✐♠❡t❡rs ❛❞♦♣t❡❞ ❛ ❋❧❛s❤ ❆❉❈ r❡❛❞♦✉t✱ ✇❤❡r❡ t❤❡
❜❛s✐❝ ❡❧❡♠❡♥t ✐s t❤❡ ❈❘❊❆▼ ✭❈❛❧♦r✐♠❡t❡r ❘❡❛❞♦✉t ▼♦❞✉❧❡✮ t❤❛t ✐s ❛ ❱▼❊
✻❯ ❜♦❛r❞ ✉s✐♥❣ ❢♦✉r ✽✲❝❤❛♥♥❡❧s✱ ✶✹✲❜✐t ❆❉❈s ❬✹✽❪❀ t❤❡ ■❘❈ ❛♥❞ ❙❆❈ ✉s❡ t✇♦
❞✐✛❡r❡♥t r❡❛❞♦✉t s②st❡♠s✱ t❤❡ ❚❉❈❇✲❚❊▲✻✷ ♦♥❡ ❛♥❞ t❤❡ ❈❘❊❆▼✲❜❛s❡❞
s②st❡♠✳

❚②♣✐❝❛❧❧②✱ ✐♥ ✷✵✶✼ ❞❛t❛ t❛❦✐♥❣ t❤❡ ♣❤②s✐❝s ♠❛s❦ ❢♦r πνν ✇❛s ❞❡✜♥❡❞ ❛s
▲✵❘■❈❍·▲✵◆❆✻✷❈❍❖❉·✦▲✵◗❳·✦▲✵▼❯❱✸·✦▲✵❈❛❧♦✱ ✇❤✐❧❡ t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r
♠❛❞❡ ✉s❡ ❥✉st ♦❢ t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r ❛♥❞ ✇❛s ❞❡✜♥❡❞ s✐♠♣❧② ❛s ▲✵◗✶ ❜✉t

✸✾



❋✐❣✉r❡ ✷✳✷✵✿ ❆ ❚❊▲✻✷ ❜♦❛r❞ ❡q✉✐♣♣❡❞ ✇✐t❤ ❢♦✉r ❚❉❈❇ ❞❛✉❣❤t❡r✲❝❛r❞s✳

✇✐t❤ ❛ ❞♦✇♥s❝❛❧✐♥❣ ❢❛❝t♦r ♦❢ ✹✵✵✳
❲❤❡♥ t❤❡ ❞❡t❡❝t♦rs ❣❡t ❛ ♣♦s✐t✐✈❡ r❡s♣♦♥s❡ ❢r♦♠ t❤❡ ▲✵✱ ❞❛t❛ ❛r❡ r❡❛❞

♦✉t ❜② t❤❡ ❢r♦♥t ❡♥❞ ❡❧❡❝tr♦♥✐❝s✱ ▼✉❧t✐ ❊✈❡♥t P❛❝❦❡ts ✭▼❊Ps✮ ❛r❡ ❜✉✐❧t ❛♥❞
s❡♥t t♦ ❛ P❈ ❋❛r♠✱ ✇✐t❤ ❛ r❛t❡ ♦❢ 1 ▼❍③✳ ❙✉❜s❡q✉❡♥t❧② t❤❡ ▲✶ ❝♦❧❧❡❝ts ❛♥❞
♣r♦❝❡ss❡s ❞❛t❛ ❢r♦♠ ❑❚❆●✱ ❙❚❘❆❲ ❛♥❞ ▲❆❱ ❛♥❞ ♣r♦❞✉❝❡s ❤✐❣❤❡r ❧❡✈❡❧
✐♥❢♦r♠❛t✐♦♥ t❤❛t ✐s ✉s❡❞ ❛s ❛ tr✐❣❣❡r ❛t ❛ s♦❢t✇❛r❡ ❧❡✈❡❧❀ t❤❡ r❛t❡ ♦✉t ♦❢ t❤❡
▲✶ ✐s r❡❞✉❝❡❞ t♦ ❛❜♦✉t 100 ❦❍③ ❛♥❞ t❤❡ ✜♥❛❧ ❞❛t❛ s❛♠♣❧❡ ❝❛♥ ❜❡ st♦r❡❞ ❢♦r
♦✤✐♥❡ ❛♥❛❧②s✐s✳ ❚❤❡ ▲✶ ❛❧❣♦r✐t❤♠s ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s ❛r❡ s❤♦✇♥ ✐♥ t❛❜❧❡
✷✳✸✳

❆ s❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ t❤❡ tr✐❣❣❡r ❛♥❞ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ♣r♦❝❡ss ✐s s❤♦✇♥ ✐♥
✜❣✳ ✷✳✷✶✳ ■♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ ❝♦rr❡❝t ❛ss♦❝✐❛t✐♦♥ ❜❡t✇❡❡♥ tr✐❣❣❡r❡❞ ❡✈❡♥ts
❛♥❞ ❝♦❧❧❡❝t❡❞ ❞❛t❛✱ ❛ ♣r❡❝✐s❡ s②♥❝❤r♦♥✐③❛t✐♦♥ ❛t t❤❡ ❧❡✈❡❧ ♦❢ 100 ♣s ✐s r❡✲
q✉✐r❡❞✿ ◆❆✻✷ ❡♠♣❧♦②s ❛ ❝♦♠♠♦♥ ❝❧♦❝❦ ✇✐t❤ ❛ ❢r❡q✉❡♥❝② ♦❢ 40.079 ▼❍③✱ ❛
❝♦♠❜✐♥❡❞ s②st❡♠ ♦❢ ❛ ▲♦❣✐❝ ❚r✐❣❣❡r ❯♥✐t ✭▲❚❯✮ ❛♥❞ ❛ ❚✐♠✐♥❣✱ ❚r✐❣❣❡r ❛♥❞
❈♦♥tr♦❧ ✭❚❚❈✮ ❜♦❛r❞s t♦ ❡♥❝♦❞❡ ❛♥❞ ❞❡❧✐✈❡r t❤❡ ❝❧♦❝❦ ❛♥❞ t❤❡ tr✐❣❣❡r ❞❛t❛
t♦ t❤❡ r❡❛❞♦✉t ♦❢ t❤❡ ❞❡t❡❝t♦rs✳ ❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ t✐♠❡ ✉♥✐t ✐s t❤❡ ✐♥✈❡rs❡

✹✵



▲✶❑❚❆● ❝♦✐♥❝✐❞❡♥❝❡ ♦❢ ≥ 4 ❑❚❆● s❡❝t♦rs ✇✐t❤✐♥ ±5 ♥s ✇✐t❤ r❡✲
s♣❡❝t t♦ ▲✵ tr✐❣❣❡r t✐♠❡✳

▲✶▲❆❱ ≤ 2 ❤✐ts ✐♥ t❤❡ ✇❤♦❧❡ ▲❆❱ s②st❡♠ ✇✐t❤✐♥ ±10 ♥s ✇✐t❤
r❡s♣❡❝t t♦ t❤❡ ▲✵ tr✐❣❣❡r t✐♠❡✳

▲✶❙❚❘❆❲ ❧♦♥❣✐t✉❞✐♥❛❧ tr❛❝❦ ♠♦♠❡♥t✉♠ Pz ≤ 50 ●❡❱✴❝❀
❝❧♦s❡st ❞✐st❛♥❝❡ ♦❢ ❛♣♣r♦❛❝❤ ✭❈❉❆✮ t♦ t❤❡ ❜❡❛♠ ❛①✐s
≤ 200 ♠♠❀
✈❡rt❡① ❧♦♥❣✐t✉❞✐♥❛❧ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❈❉❆ ≤ 180 ♠❀
❈❉❆ ❜❡t✇❡❡♥ t✇♦ r❡❝♦♥str✉❝t❡❞ tr❛❝❦s ≥ 30 ♠♠✳

❚❛❜❧❡ ✷✳✸✿ ❉✐✛❡r❡♥t ❛❧❣♦r✐t❤♠s ✉s❡❞ ✐♥ t❤❡ ▲✶ tr✐❣❣❡r✳

♦❢ t❤❡ ❝❧♦❝❦ ❢r❡q✉❡♥❝②✱ ♥❛♠❡❧② t❤❡ t✐♠❡st❛♠♣✱ ✇✐t❤ ❛ ✈❛❧✉❡ ♦❢ 24.950741 ♥s✳
❚❤❡ ❙P❙ ❛♥♥♦✉♥❝❡s t❤❡ ❛rr✐✈❛❧ ♦❢ t❤❡ ♣r♦t♦♥s s❡♥❞✐♥❣ ❛ ✇❛r♥✐♥❣ ❛♥❞ s②♥✲
❝❤r♦♥✐③❛t✐♦♥ s✐❣♥❛❧✱ t❤❡ ❙t❛rt✲❖❢✲❇✉rst ✭❙❖❇✮✱ ♦♥❡ s❡❝♦♥❞ ❜❡❢♦r❡ t❤❡ ❛❝t✉❛❧
❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ❜❡❛♠✱ ❡♥❛❜❧✐♥❣ t❤❡ ❞❡t❡❝t♦rs t♦ st❛rt t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥✳
❆♣♣r♦①✐♠❛t❡❧② 0.5 s ❛❢t❡r t❤❡ ❡♥❞ ♦❢ t❤❡ s♣✐❧❧✱ t❤❡ ❙P❙ s❡♥❞s ❛♥ ❊♥❞✲❖❢✲
❇✉rst ✭❊❖❇✮ s✐❣♥❛❧❀ t❤❡r❡❢♦r❡ t❤❡ ❜❛s✐❝ ✉♥✐t ♦❢ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ✐♥ ◆❆✻✷ ✐s
t❤❡ s♣✐❧❧✱ ✇✐t❤ ❛ ❞✉r❛t✐♦♥ ♦❢ ∼ 6 s✱ ❛♥❞ ✐t ✐s ❝♦♠♠♦♥❧② r❡❢❡rr❡❞ t♦ ❛s ❜✉rst✳
❆ ❝♦❤❡r❡♥t s❡q✉❡♥❝❡ ♦❢ ❜✉rsts t❛❦❡♥ ✇✐t❤✐♥ ❛ ❢❡✇ ❤♦✉rs ✇✐t❤♦✉t s✐❣♥✐✜❝❛♥t
❝❤❛♥❣❡s t♦ t❤❡ ◆❆✻✷ ❤❛r❞✇❛r❡ ♦r t♦ t❤❡ ❞❛t❛ t❛❦✐♥❣ ❝♦♥❞✐t✐♦♥s ✐s ❝❛❧❧❡❞ r✉♥❀
t❤❡ t②♣✐❝❛❧ ❣♦♦❞ r✉♥ ❝♦♥t❛✐♥s ✉s✉❛❧❧② ❛❜♦✉t ✶✺✵✵ ❜✉rsts✳

✹✶



❋✐❣✉r❡ ✷✳✷✶✿ ❙✐♠♣❧✐✜❡❞ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ tr✐❣❣❡r ❛♥❞ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥
♣r♦❝❡ss ♦❢ ◆❆✻✷✳

✹✷



❈❤❛♣t❡r ✸

❙✐❣♥❛❧ s❡❧❡❝t✐♦♥ ❛♥❞ ❜❛❝❦❣r♦✉♥❞

❡✈❛❧✉❛t✐♦♥

■♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡ ❛♥❛❧②s✐s str❛t❡❣② ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡K+ → π+νν̄
❞❡❝❛②✶ ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❝r✐t❡r✐❛ ❢♦r t❤❡ s✐❣♥❛❧ s❡❧❡❝t✐♦♥ ❛♥❞
t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ r❡❧❡✈❛♥t s♦✉r❝❡s ♦❢ ❜❛❝❦❣r♦✉♥❞❀ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞✱ t❤❡ ♠♦st ✐♠♣♦rt❛♥t r❡s✐❞✉❛❧ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡✱ ✐s
❡①t❡♥s✐✈❡❧② ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✹✳

❆s ❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✱ ❛ ❜❧✐♥❞ ❛♥❛❧②s✐s str❛t❡❣② ✐s ❛❞♦♣t❡❞ t♦ ♣r♦t❡❝t ❛❣❛✐♥st
❜✐❛s✱ ❛♥❞ t❤❡ s❡❧❡❝t✐♦♥ ✐s ♠♦st❧② ❝✉t ❜❛s❡❞✳ ❙✐♥❝❡ ♠♦st ♦❢ t❤❡ ❝✉ts ✉s❡❞ ✐♥
t❤❡ s❡❧❡❝t✐♦♥ ❛r❡ t❤❡ s❛♠❡ ✉s❡❞ ✐♥ t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s✱ ■ ✇✐❧❧ r❡♣♦rt ❛❧❧ ♦❢ t❤❡♠✱
❜✉t ■ ✇✐❧❧ ❞❡s❝r✐❜❡ ✐♥t♦ ❞❡t❛✐❧s ♦♥❧② t❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡s✱ ✇❤✐❧❡ ❛ ❝♦♠♣❧❡t❡
❡①♣❧❛♥❛t✐♦♥ ♦❢ t❤❡ ✷✵✶✻✲❧✐❦❡ s❡❧❡❝t✐♦♥ ♣r♦❝❡❞✉r❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✶✽❪ ❛♥❞ ❬✹✾❪✳

✸✳✶ ❚❤❡ ◆❆✻✷ s♦❢t✇❛r❡ ❢r❛♠❡✇♦r❦

❚❤❡ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ◆❆✻✷ ❞❡t❡❝t♦rs ❛r❡ ✇r✐tt❡♥ ✐♥t♦ ❜✐♥❛r② ✜❧❡s✱ t❤❡
r❛✇ ✜❧❡s ✇✐t❤ ❛ t②♣✐❝❛❧ s✐③❡ ♦❢ ❛ ❢❡✇ ●❇ ♣❡r ❜✉rst✳ ❚❤❡ ◆❆✻✷ ❝♦❧❧❛❜♦r❛t✐♦♥
❞❡✈❡❧♦♣❡❞ ❛ ❢r❛♠❡✇♦r❦ ✭◆❆✻✷❋❲✮✱ ♠♦st❧② ❜❛s❡❞ ♦♥ ❈✰✰✱ ✐♥ ♦r❞❡r t♦
❞❡❝♦❞❡ ❛♥❞ r❡❝♦♥str✉❝t t❤❡ r❛✇ ✜❧❡s✱ s✐♠✉❧❛t❡ ▼❈ ❡✈❡♥ts ❛♥❞ ❛♥❛❧②③❡ t❤❡
r❡❝♦♥str✉❝t❡❞ ✜❧❡s ❬✺✵❪✳ ◆❆✻✷❋❲ ❝♦♥s✐sts ♦❢ t❤r❡❡ ♠❛✐♥ ♣❛❝❦❛❣❡s✿

❼ ◆❆✻✷▼❈✿ ❛ ●❡❛♥t✹ ❬✺✶❪ ❜❛s❡❞ ♣❛❝❦❛❣❡ t❤❛t ♣r♦✈✐❞❡s ❛ ❢✉❧❧ ◆❆✻✷ ❞❡t❡❝t♦r
s✐♠✉❧❛t✐♦♥✱ ✇✐t❤ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❞❡✜♥❡ t❤❡ ❜❡❛♠ s❤❛♣❡✱ ❞❡❝❛② ♠♦❞❡
❛♥❞ t❤❡ ❧✐st ♦❢ ✐♥t❡r❛❝t✐♦♥s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✳

❼ ◆❆✻✷❘❡❝♦♥str✉❝t✐♦♥✿ ❛ ❘❖❖❚ ❬✺✷❪ ❜❛s❡❞ r❡❝♦♥str✉❝t✐♦♥ ♣❛❝❦❛❣❡✳
◆❆✻✷❘❡❝♦♥str✉❝t✐♦♥ ❞❡❝♦❞❡s t❤❡ ❡✈❡♥t ✐♥❢♦r♠❛t✐♦♥✱ ❜✉✐❧❞✐♥❣ ♦❜❥❡❝ts

✶❋r♦♠ ♥♦✇ ♦♥ ■ ♠❛② r❡❢❡r t♦ t❤❡ K+ → π+νν̄ ❞❡❝❛② ❛❧s♦ ❛s πνν✳

✹✸



❝❛❧❧❡❞ ❤✐ts❀ ❡❛❝❤ ❤✐t ❝♦♥t❛✐♥s s❡✈❡r❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ s✐❣♥❛❧ ✐♥
t❤❡ ❞❡t❡❝t♦r✱ s✉❝❤ ❛s t❤❡ t✐♠❡✱ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ t❤❡ ❝❤❛♥♥❡❧ ♥✉♠❜❡r✳
❙✉❜s❡q✉❡♥t❧②✱ t❤❡ ❤✐ts ❛r❡ ❣r♦✉♣❡❞ ✐♥ ❤✐❣❤❡r✲❧❡✈❡❧ ♦❜❥❡❝ts ❝❛❧❧❡❞ ❝❛♥❞✐✲
❞❛t❡s✱ r❡♣r❡s❡♥t✐♥❣ ❞❡t❡❝t♦r s♣❡❝✐✜❝ ✐♥❢♦r♠❛t✐♦♥ s✉❝❤ ❛s tr❛❝❦s ❢♦r t❤❡
❙♣❡❝tr♦♠❡t❡r✱ r✐♥❣s ❢♦r t❤❡ ❘■❈❍ ❛♥❞ ❝r♦ss✐♥❣s ❜❡t✇❡❡♥ ✈❡rt✐❝❛❧ ❛♥❞
❤♦r✐③♦♥t❛❧ ❝♦✉♥t❡rs ❢♦r t❤❡ ❈❍❖❉✳ ❲❤❡♥ ❞❡❛❧✐♥❣ ✇✐t❤ ✜❧❡s ❣❡♥❡r❛t❡❞
✇✐t❤ ◆❆✻✷▼❈✱ t❤❡ ✜rst st❡♣ ❞♦♥❡ ❜② t❤❡ r❡❝♦♥str✉❝t✐♦♥ ✐s t❤❡ s♦✲❝❛❧❧❡❞
❞✐❣✐t✐③❛t✐♦♥✱ t❤❛t ❡♠✉❧❛t❡s t❤❡ r❡s♣♦♥s❡ ♦❢ t❤❡ ❞❡t❡❝t♦r r❡❛❞♦✉t t♦
t❤❡ s✐♠✉❧❛t❡❞ s✐❣♥❛❧s❀ t❤❡♥ t❤❡ ❞✐❣✐t✐③❡❞ ❤✐ts ♣❛ss t❤r♦✉❣❤ t❤❡ s❛♠❡
r❡❝♦♥str✉❝t✐♦♥ ♣r♦❝❡❞✉r❡ ❛s t❤❡ ❤✐ts ❢r♦♠ ❞❛t❛✳ ❚❤❡ r❡❝♦♥str✉❝t✐♦♥
t❛❦❡s ❝❛r❡ ♦❢ ❛♣♣❧②✐♥❣ t✐♠❡ ❝♦rr❡❝t✐♦♥s t♦ ❛❧❧ t❤❡ ❞❡t❡❝t♦rs ❤✐ts ❛♥❞✴♦r
❝❛♥❞✐❞❛t❡s✱ s✉❝❤ ❛s ❚✵✬s ❛♥❞ t✐♠❡✲✇❛❧❦ ❝♦rr❡❝t✐♦♥s✳

❼ ◆❆✻✷❆♥❛❧②s✐s✿ ❛ ❘❖❖❚ ❜❛s❡❞ ❛♥❛❧②s✐s ❢r❛♠❡✇♦r❦✳ ◆❆✻✷❆♥❛❧②s✐s

❝♦♥t❛✐♥s s❡✈❡r❛❧ t♦♦❧s ❛♥❞ t❡♠♣❧❛t❡ ❝❧❛ss❡s ❝❛❧❧❡❞ ❆♥❛❧②③❡rs✱ ❡♥❛❜❧✐♥❣
t❤❡ ✉s❡r t♦ ❛❝❝❡ss t❤❡ r❡❝♦♥str✉❝t❡❞ ✜❧❡s ✐♥ ❛♥ ❡❛s② ❛♥❞ ❞✐r❡❝t ✇❛②✳

✸✳✷ ❉❛t❛ s❛♠♣❧❡s

❚❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ t♦♦❦ ❞❛t❛ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ K+ → π+νν̄
❞❡❝❛② ❢r♦♠ ✷✵✶✻ t♦ ✷✵✶✽❀ t❤❡ ❞❛t❛ s❛♠♣❧❡s ❤❛✈❡ ❜❡❡♥ ❞✐✈✐❞❡❞ ✐♥t♦ ✸ ♠❛✐♥
❞✐✛❡r❡♥t s✉❜s❛♠♣❧❡s✱ ♦♥❡ ❢♦r ❡❛❝❤ ②❡❛r✳ ❚❤❡ ✷✵✶✻ r✉♥ ❧❛st❡❞ ✸✵ ❞❛②s✱ ❢r♦♠
♠✐❞✲❙❡♣t❡♠❜❡r t♦ ♠✐❞✲❖❝t♦❜❡r✱ ❛♥❞ ∼ 1011 K+ ❞❡❝❛②s ✇❡r❡ ❝♦❧❧❡❝t❡❞✳ ❚❤❡
✷✵✶✼ r✉♥ r❡❢❡rs t♦ t❤❡ ♣❡r✐♦❞ ❢r♦♠ ▼❛② t♦ ❖❝t♦❜❡r✱ ❢♦r ❛ t♦t❛❧ ♦❢ ✶✻✶ ❞❛②s ♦❢
❞❛t❛ t❛❦✐♥❣ ❛♥❞ ∼ 3× 1012 K+ ❞❡❝❛②s ❝♦❧❧❡❝t❡❞✳ ✷✵✶✽ ✇❛s t❤❡ ❧❛st ②❡❛r ♦❢
❞❛t❛ t❛❦✐♥❣ ❜❡❢♦r❡ t❤❡ ▲♦♥❣ ❙❤✉t❞♦✇♥ ✷✱ ❛♥❞ ❞❛t❛ ✇❡r❡ t❛❦❡♥ ❢♦r ✷✶✼ ❞❛②s
❢r♦♠ ▼❛r❝❤ t♦ ◆♦✈❡♠❜❡r✱ r❡❝♦r❞✐♥❣ ∼ 5× 1012 K+ ❞❡❝❛②s✳

❆ ❢✉rt❤❡r s✉❜✲❞✐✈✐s✐♦♥ ♦❢ t❤❡ ✸ ❛♥♥✉❛❧ ❞❛t❛ s❡ts ✭✷✵✶✻✱ ✷✵✶✼ ❛♥❞ ✷✵✶✽✮
✐s ❞♦♥❡✿ ❞✐✛❡r❡♥t ♣❡r✐♦❞s ❞✉r✐♥❣ t❤❡ s❛♠❡ ②❡❛r ❝♦rr❡s♣♦♥❞ t♦ ❞✐✛❡r❡♥t ❝♦♥✲
❞✐t✐♦♥s ♦❢ t❤❡ ❞❡t❡❝t♦r ❞✉r✐♥❣ t❤❡ ❞❛t❛ t❛❦✐♥❣ ❛♥❞ t❤❡② r❡q✉✐r❡ ❛ s♣❡❝✐❛❧
tr❡❛t♠❡♥ts ❛t t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ❛♥❛❧②s✐s ❧❡✈❡❧✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐♥ t❤❡ ❢♦❧✲
❧♦✇✐♥❣ ❝❤❛♣t❡r ■ ✇✐❧❧ r❡❢❡r t♦ t✇♦ ❞✐✛❡r❡♥t ♣❡r✐♦❞s ♦❢ ✷✵✶✼ t❤❛t ■ ✇✐❧❧ ❝❛❧❧
✷✵✶✼✲■ ❛♥❞ ✷✵✶✼✲■■✷❀ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ✐♥ ✷✵✶✼✲■■ ✇❡r❡ t❛❦❡♥ ❛❢t❡r t❤❡ ✐♥s❡r✲
t✐♦♥ ♦❢ ❛ s❤✐❡❧❞✐♥❣✸ ✭s❡❡ ✜❣✳ ✸✳✶✮ ✐♥ t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ ❞❡t❡❝t♦r t❤❛t
r❡♠♦✈❡❞ ♣❛rt ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✭s❡❡ ❝❤❛♣t❡r ✹✮✱ ❤❡♥❝❡ ✐t ✐s ✐♠♣♦r✲
t❛♥t t♦ ❞✐st✐♥❣✉✐s❤ t❤❡ t✇♦ ♣❡r✐♦❞s ✇❤❡♥ ❛♥❛❧②s✐♥❣ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞
❝❤❛r❛❝t❡r✐st✐❝s✳

✷❆❝t✉❛❧❧②✱ t❤❡s❡ t✇♦ s✉❜✲s❛♠♣❧❡s ❛r❡ ❝❛❧❧❡❞ ✷✵✶✼❆ ❛♥❞ ✷✵✶✼❇ ✐♥ t❤❡ ♥❛✻✷❢✇✱ ❜✉t ■ ❝❤♦s❡
t♦ ❝❤❛♥❣❡ ♥♦♠❡♥❝❧❛t✉r❡ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❝♦♥❢✉s✐♦♥ ✇✐t❤ t❤❡ ♥❛♠✐♥❣ ❝♦♥✈❡♥t✐♦♥ ✉s❡❞ ❢♦r
t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s s❛♠♣❧❡s ✐♥ ❝❤❛♣t❡r ✹

✸❆ ❝♦♣♣❡r ❜❧♦❝❦✳

✹✹



❋✐❣✉r❡ ✸✳✶✿ ✭❛✮ ❋r♦♠ ❧❡❢t t♦ r✐❣❤t✿ t❤❡ ❚❘■▼✺ ♠❛❣♥❡t✱ t❤❡ ♦❧❞ ❝♦❧❧✐♠❛t♦r
❛♥❞ t❤❡ ❧❛st ❛❝❤r♦♠❛t✳ ✭❜✮ ❚❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ ❧❛st ♠❛❣♥❡t ♦❢ t❤❡ ❛❝❤r♦♠❛t✱
❜❡❢♦r❡ t❤❡ ✐♥s❡rt✐♦♥ ♦❢ t❤❡ s❤✐❡❧❞✐♥❣✳ ✭❝✮ ❚❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ ❧❛st ♠❛❣♥❡t ♦❢ t❤❡
❧❛st ❛❝❤r♦♠❛t✱ ✇✐t❤ t❤❡ ❝♦♣♣❡r s❤✐❡❧❞✐♥❣ ✐♥s❡rt❡❞ ✐♥ ❙❡♣t❡♠❜❡r ✷✵✶✼✳

✹✺



Pr✐♦r t♦ ♣❡r❢♦r♠✐♥❣ t❤❡ ❛♥❛❧②s✐s✱ t❤❡ ❞❛t❛ ♠✉st ♣❛ss t❤r♦✉❣❤ ❞✐✛❡r❡♥t
st❛❣❡s✳ ❚❤❡ ✜rst st❡♣ ✐s t❤❡ r❡❝♦♥str✉❝t✐♦♥✱ t❤❛t ❜✉✐❧❞s ♦❜❥❡❝ts ❧✐❦❡ ❤✐ts ❛♥❞
❝❛♥❞✐❞❛t❡s✱ ✇✐t❤ ✇❡❧❧✲❞❡✜♥❡❞ ❞❛t❛ ♠❡♠❜❡rs ❛♥❞ ♠❡♠❜❡r ❢✉♥❝t✐♦♥s ✭s❡❡ ❛❧s♦
✸✳✶✮✳ ❚❤❡ r❡❝♦♥str✉❝t❡❞ ✜❧❡ ✉♥❞❡r❣♦❡s ❛ ✜❧t❡r✐♥❣ ♣r♦❝❡❞✉r❡✱ ✇❤❡r❡ ❛ ❧♦♦s❡
s❡❧❡❝t✐♦♥ ♦♥ t❤❡ ❞❛t❛ ✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ✜❧t❡r✐♥❣ ❛♥❛❧②③❡rs ❢♦r
❞✐✛❡r❡♥t ❦✐♥❞ ♦❢ ❛♥❛❧②s✐s❀ t❤❡ ✜❧t❡r ✉s❡❞ ❢♦r t❤✐s ❛♥❛❧②s✐s ✭❝❛❧❧❡❞ πνν ❋✐❧t❡r
♦r P◆◆ ❋✐❧t❡r✮ ❛♣♣❧✐❡s t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❧❡❝t✐♦♥ ❝r✐t❡r✐❛✿

❼ ♥♦ ❣❧♦❜❛❧ r❡❝♦♥str✉❝t✐♦♥ ❡rr♦rs ✐♥ ❛♥② ♦❢ t❤❡ ❞❡t❡❝t♦rs❀

❼ ❡✈❡♥t tr✐❣❣❡r❡❞ ❜② t❤❡ ▲✵ P◆◆ ♠❛s❦❀

❼ ❛t ❧❡❛st ✶ ❛♥❞ ♥♦t ♠♦r❡ t❤❛♥ ✶✵ ❝❛♥❞✐❞❛t❡s r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ❙♣❡❝✲
tr♦♠❡t❡r❀

❼ ❛t ❧❡❛st ✷ ❈❍❖❉ ❤✐ts✱ ♦♥❡ ✐♥ ❛ ✈❡rt✐❝❛❧ ❛♥❞ t❤❡ ♦t❤❡r ✐♥ ❛ ❤♦r✐③♦♥t❛❧
❝♦✉♥t❡r✱ ❜♦t❤ ✐♥ t❤❡ s❛♠❡ q✉❛❞r❛♥t❀

❼ ❛t ❧❡❛st ✶ ❙♣❡❝tr♦♠❡t❡r tr❛❝❦ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞
r❡q✉✐r❡♠❡♥ts✿

✕ ❤✐ts ✐♥ ❛❧❧ ✹ ❝❤❛♠❜❡rs❀

✕ χ2 ≤ 30❀

✕ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠♦♠❡♥t✉♠ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ ✜t ♥♦t
❣r❡❛t❡r t❤❛♥ 25 ●❡❱✴❝❀

✕ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ tr❛❝❦ ✐♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ ◆❡✇❈❍❖❉✱
❈❍❖❉✱ ▲❑r ❛♥❞ ▼❯❱✸❀

✕ ♥♦ ❣♦♦❞ ✈❡rt❡① ✇✐t❤ ❛♥② ♦t❤❡r tr❛❝❦ ✇✐t❤ ❤✐ts ✐♥ ✹ ❝❤❛♠❜❡rs ❛♥❞
χ2 ≤ 30❀ ❛ ✈❡rt❡① ✐s ❣♦♦❞ ✐❢ t❤❡ ❝❧♦s❡st ❞✐st❛♥❝❡ ♦❢ ❛♣♣r♦❛❝❤ ✭❈❉❆✮
✐s ❧❡ss t❤❛♥ 10 ♠♠✱ t❤❡ ❩ ❝♦♦r❞✐♥❛t❡ ♦❢ t❤❡ ✈❡rt❡① ✐s ❜❡t✇❡❡♥ ✽✵✵✵✵
❛♥❞ ✶✽✵✵✵✵ ♠♠ ❛♥❞ t❤❡ tr❛❝❦s ❛r❡ ✐♥ ❛ ±10 ♥s t✐♠❡ ✇✐♥❞♦✇ ✇✐t❤
r❡s♣❡❝t t♦ ❡❛❝❤ ♦t❤❡r❀

✕ ♠♦♠❡♥t✉♠ ❜❡t✇❡❡♥ ✽ ❛♥❞ ✺✵ ●❡❱✴❝❀

✕ ❛t ❧❡❛st ✶ ❑❚❆● ❝❛♥❞✐❞❛t❡ ✇✐t❤ ❛t ❧❡❛st ✹ s❡❝t♦rs ✐♥ ❛ ±5 ♥s t✐♠❡
✇✐♥❞♦✇ ✇✐t❤ r❡s♣❡❝t t♦ ❈❍❖❉❀

✕ ❛t ❧❡❛st ✶ ❤✐t ✐♥ ❡❛❝❤ ●❚❑ st❛t✐♦♥ ✐♥ ❛ ±2 ♥s t✐♠❡ ✇✐♥❞♦✇ ✇✐t❤
r❡s♣❡❝t t♦ ❈❍❖❉❀

✕ ♥♦ ❤✐ts ✐♥ ▼❯❱✸ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ tr❛❝❦ ✐♥ ❛ ±4 ♥s t✐♠❡ ✇✐♥❞♦✇
✇✐t❤ r❡s♣❡❝t t♦ ❈❍❖❉❀
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✕ ♥♦ ♣❤♦t♦♥s ✐♥ t❤❡ ▲❑r✱ ✇❤❡r❡ ❛ ♣❤♦t♦♥ ✐♥ t❤✐s ❝❛s❡ ✐s ❞❡✜♥❡❞ ❛s ❛
❝❧✉st❡r ❛t ❧❡❛st 180 ♠♠ ❛✇❛② ❢r♦♠ t❤❡ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ tr❛❝❦
❛♥❞ ✐♥ ❛ ±5 ♥s t✐♠❡ ✇✐♥❞♦✇ ✇✐t❤ r❡s♣❡❝t t♦ ❈❍❖❉❀

✕ ♥♦ ♣❤♦t♦♥s ✐♥ ▲❆❱✱ ✇❤❡r❡ ❛ ♣❤♦t♦♥ ✐♥ t❤✐s ❝❛s❡ ✐s ❞❡✜♥❡❞ ❛s ❛
s✐❣♥❛❧ ✐♥ ❛♥② ▲❆❱ ❜❧♦❝❦ s❡❧❡❝t❡❞ ❜② t❤❡ st❛♥❞❛r❞ ♠❛t❝❤✐♥❣ t♦♦❧
✐♥ ❛ ±2 ♥s t✐♠❡ ✇✐♥❞♦✇ ✇✐t❤ r❡s♣❡❝t t♦ ❈❍❖❉✳

❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ✜❧t❡r ✐s ♥♦t✐❝❡❛❜❧② s♠❛❧❧❡r t❤❛♥ t❤❡ ♦r✐❣✐♥❛❧✱ ❜✉t t❤❡ ❞❛t❛
str✉❝t✉r❡ ✐♥s✐❞❡ t❤❡ ✜❧❡ ✐s st✐❧❧ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ♣❛r❡♥t r❡❝♦♥str✉❝t❡❞ ✜❧❡s❀
♠♦r❡♦✈❡r✱ t❤❡ ✜❧t❡r s❡❧❡❝t✐♦♥ ✐s ❧♦♦s❡ ❛♥❞ ❣❡♥❡r❛❧ ❡♥♦✉❣❤ t♦ ❡♥❛❜❧❡ ❞✐✛❡r❡♥t
❛♣♣r♦❛❝❤❡s t♦ t❤❡ s❛♠❡ ❛♥❛❧②s✐s✳

❚❤❡ ✈❡r② ❧❛st st❡♣ ✐♥ t❤❡ ❞❛t❛ ♣r♦❝❡ss✐♥❣ ✐s ❡①tr❡♠❡❧② ❛♥❛❧②s✐s✲s♣❡❝✐✜❝ ❛♥❞
✐s s✐♠♣❧② ❝❛❧❧❡❞ r❡❞✉❝t✐♦♥✳ ■♥ r❡❞✉❝❡❞ ✜❧❡s✱ ❝❛♥❞✐❞❛t❡s ❛♥❞ ❤✐ts ❛r❡ r❡♠♦✈❡❞
❛♥❞ ♦♥❧② t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✈❛r✐❛❜❧❡s t❤❛t ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ t❤❡
❛♥❛❧②s✐s ❛r❡ ❦❡♣t ✐♥ ❛ ❘❖❖❚ tr❡❡✳ ▼♦st ♦❢ t❤❡ ✈❛❧✉❡s st♦r❡❞ ✐♥ t❤✐s tr❡❡
❛r❡ ❤✐❣❤✲❧❡✈❡❧ ✈❛r✐❛❜❧❡s s✉❝❤ ❛s t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss✱ t❤❡ ❜♦♦❧❡❛♥ ✈❛❧✉❡
♦❢ t❤❡ ♣❤♦t♦♥ ✈❡t♦ r❡s♣♦♥s❡ ✐♥ t❤❡ ▲❆❱✱ ♦r t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠
tr❛❝❦ ❡①tr❛♣♦❧❛t❡❞ ❛t t❤❡ ✜rst ❝❤❛♠❜❡r ♦❢ t❤❡ ❙❚❘❆❲✳ ❚❤❡ r❡❞✉❝❡❞ ✜❧❡s
❛r❡ ♠✉❝❤ s♠❛❧❧❡r ❛♥❞ t❤❡ str✉❝t✉r❡ ✐s ❛ s✐♠♣❧❡ ❘❖❖❚ tr❡❡✱ ❝♦♥s❡q✉❡♥t❧② t❤❡
❛♥❛❧②s✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ r❡❞✉❝❡❞ ✜❧❡s ✐s ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❢❛st❡r t❤❛♥ ♦♥
t❤❡ ✜❧t❡r❡❞ ✜❧❡s✳

■t ✐s ✇♦rt❤ ♠❡♥t✐♦♥✐♥❣ t❤❛t s♦♠❡ ❜✉rsts ✭♦r✱ s♦♠❡t✐♠❡s✱ ✇❤♦❧❡ r✉♥s✮ ❛r❡
❞✐s❝❛r❞❡❞ ❛ ♣r✐♦r✐ ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ❜② t❤❡ ❞❛t❛ q✉❛❧✐t② s♦❢t✇❛r❡ t♦♦❧s❀ t❤✐s
✉s✉❛❧❧② ❤❛♣♣❡♥s ✇❤❡♥ t❤❡r❡ ✇❛s ❛ ❤❛r❞✇❛r❡ ❢❛✐❧✉r❡ ❞✉r✐♥❣ t❤❡ ❞❛t❛ t❛❦✐♥❣
t❤❛t ❝❛♥♥♦t ❜❡ r❡❝♦✈❡r❡❞ ♦✤✐♥❡ ✐♥ ❛♥② ✇❛②✳

✸✳✸ ❆♥❛❧②s✐s str❛t❡❣②

❆s ♠❡♥t✐♦♥❡❞ ✐♥ ✷✳✶✱ t❤❡ s✐❣♥❛t✉r❡ ♦❢ t❤❡ K+ → π+νν̄ ❞❡❝❛② ✐s ❥✉st ♦♥❡
❝❤❛r❣❡❞ tr❛❝❦ ✐♥ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ❛♥❞ ♦♥❡ ❝❤❛r❣❡❞ tr❛❝❦ ✐♥ t❤❡ ✜♥❛❧ st❛t❡✱ ✇✐t❤
❛ ♠✐ss✐♥❣ ♠❛ss ❢r♦♠ t❤❡ t✇♦ ♥❡✉tr✐♥♦s✳ ❚❤✉s✱ t❤❡ ♠❛✐♥ ✈❛r✐❛❜❧❡ ❢♦r t❤❡ ❦✐♥❡✲
♠❛t✐❝ s❡❧❡❝t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ✐s t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss m2 = (PK − Pπ)

2✱
✇❤❡r❡ PK ❛♥❞ Pπ ❛r❡ t❤❡ ✹✲♠♦♠❡♥t❛ ♦❢ t❤❡ ❦❛♦♥ ❛♥❞ t❤❡ ♣✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳
❚❤❡ ♠✐ss✐♥❣ ♠❛ss ❞✐str✐❜✉t✐♦♥ ❢♦r t❤❡ s✐❣♥❛❧ ✐s q✉✐t❡ ❜r♦❛❞ ❛♥❞ ♦✈❡r❧❛♣s ✇✐t❤
t❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ ✈❛r✐♦✉s ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡s✱ ❛s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✳ ❚❤❡
♠❛✐♥ s♦✉r❝❡s ♦❢ ❜❛❝❦❣r♦✉♥❞ ❢r♦♠ ❦❛♦♥ ❞❡❝❛②s ❛r❡✿

❼ K+ → µ+νµ ✭K+
µ2✮✿ ✐♥ t❤❡ ❝❛s❡ t❤❛t t❤❡ ♠✉♦♥ ✐s ♠✐s✲✐❞❡♥t✐✜❡❞ ❛s

❛ ♣✐♦♥✱ t❤❡ Kµ2 ❝❛♥ ♣♦t❡♥t✐❛❧❧② ❜❡ ❛ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡♦r❡t✐❝❛❧❧②✱ t❤❡
♠✐ss✐♥❣ ♠❛ss ❞✐str✐❜✉t✐♦♥ ❢♦r t❤✐s ♣r♦❝❡ss ✐s ❝♦♠♣❧❡t❡❧② ❝♦♥t❛✐♥❡❞ ✐♥
t❤❡ ♥❡❣❛t✐✈❡ s✐❞❡ ♦❢ t❤❡ ♣❧♦t s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✱ ✇✐t❤ ❛ ♣❡❛❦ ❝❧♦s❡ t♦
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③❡r♦✱ ❛♥❞ t❤❡r❡❢♦r❡ ♣❡r❢❡❝t❧② s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥❀ ✐♥ r❡❛❧✐t②✱
❤♦✇❡✈❡r✱ r❡s♦❧✉t✐♦♥ ❡✛❡❝ts ❝♦♠❡ ✐♥t♦ ♣❧❛②✱ s♣✐❧❧✐♥❣ ❛ s✐❣♥✐✜❝❛♥t ♣❛rt ♦❢
t❤✐s ❡✈❡♥ts ✐♥t♦ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳

❼ K+ → π+π0 ✭K+
2π✮✿ ✐❢ t❤❡ ♣❤♦t♦♥s ❢r♦♠ t❤❡ ❞❡❝❛② ♦❢ t❤❡ π0 ❛r❡ ❧♦st✱ t❤❡

K2π ✐s ✐♥❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ t❤❡ s✐❣♥❛❧✱ ♠♦r❡ s♦ ❜❡❝❛✉s❡ ✐ts ♠✐ss✐♥❣
♠❛ss ❞✐str✐❜✉t✐♦♥ ❤❛♣♣❡♥s t♦ ❜❡ r✐❣❤t ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ K+ → π+νν̄
♠✐ss✐♥❣ ♠❛ss ❞✐str✐❜✉t✐♦♥✳

❼ K+ → π+π+π− ✭K+
3π✮✿ t❤❡ ❞❡❝❛②s ♦❢ t❤✐s t②♣❡ ♣♦♣✉❧❛t❡ t❤❡ r❡❣✐♦♥

✇✐t❤ ❤✐❣❤ ♠✐ss✐♥❣ ♠❛ss ❛♥❞ t❤❡② ❝❛♥ ♣♦t❡♥t✐❛❧❧② ❜❡❝♦♠❡ ❛ ❜❛❝❦❣r♦✉♥❞
s♦✉r❝❡ ✐❢ t❤❡ ❦✐♥❡♠❛t✐❝ ✈❛r✐❛❜❧❡s ❛r❡ ♠✐sr❡❝♦♥str✉❝t❡❞ ❛♥❞ t❤❡ r❡q✉✐r❡✲
♠❡♥ts ♦♥ t❤❡ tr❛❝❦ ♠✉❧t✐♣❧✐❝✐t② ❢❛✐❧✳

❼ K+ → π+π+e+νe ✭K
+
e4✮✿ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♥❡✉tr✐♥♦ ✐♥ t❤❡ ✜♥❛❧ st❛t❡✱ t❤❡

♠✐ss✐♥❣ ♠❛ss ❞✐str✐❜✉t✐♦♥ ♦❢ t❤✐s ♣r♦❝❡ss ♦✈❡r❧❛♣s ❧❛r❣❡❧② ✇✐t❤ t❤❡ s✐❣♥❛❧
r❡❣✐♦♥ ❛t ❤✐❣❤ ♠✐ss✐♥❣ ♠❛ss✱ ❤♦✇❡✈❡r ✐ts ❜r❛♥❝❤✐♥❣ r❛t✐♦ ✐s r❡❧❛t✐✈❡❧②
✈❡r② s♠❛❧❧ ✭∼ 10−5✮✳

❼ ❖t❤❡r K+ ❞❡❝❛②s s✉❝❤ ❛s K+ → µ+π0νµ✱ K+ → e+π0νe ❛♥❞
K+ → π+γγ ❛r❡ ❢♦✉♥❞ t♦ ❜❡ ♥❡❣❧✐❣✐❜❧❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤✐s ❛♥❛❧②s✐s✳

❇❡❝❛✉s❡ ♦❢ t❤❡s❡ ❢❡❛t✉r❡s✱ t✇♦ ❞✐✛❡r❡♥t r❡❣✐♦♥s ✐♥ t❤❡ m2
♠✐ss ❝❛♥ ❜❡ ✐❞❡♥t✐✲

✜❡❞ ✐♥ ✇❤✐❝❤ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r✱ ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ t♦ s❡❧❡❝t
❦✐♥❡♠❛t✐❝❛❧❧② t❤❡ s✐❣♥❛❧✿ t❤❡ ✜rst r❡❣✐♦♥ ✭❘✶✮ ❜❡t✇❡❡♥ t❤❡ Kµ2 ❛♥❞ t❤❡ K2π

♣❡❛❦✱ ❛♥❞ t❤❡ s❡❝♦♥❞ r❡❣✐♦♥ ✭❘✷✮ ❜❡t✇❡❡♥ t❤❡ K2π ♣❡❛❦ ❛♥❞ t❤❡ K3π ❞✐str✐✲
❜✉t✐♦♥✳ ❚❤❡ ♣✐♦♥ ✐s r❡q✉✐r❡❞ t♦ ❤❛✈❡ ❛ ♠♦♠❡♥t✉♠ ❜❡t✇❡❡♥ 15 ❛♥❞ 35 ●❡❱✴❝❀
t❤❡ ❧♦✇❡r ❧✐♠✐t ♦♥ t❤❡ ♠♦♠❡♥t✉♠ ✐s r❡❧❛t❡❞ t♦ t❤❡ ❘■❈❍ ❈❤❡r❡♥❦♦✈ t❤r❡s❤✲
♦❧❞✱ ✇❤✐❧❡ t❤❡ ✉♣♣❡r ❧✐♠✐t ✐s ❝❤♦s❡♥ ✐♥ ♦r❞❡r t♦ ❦❡❡♣ ❛♥ ❡✣❝✐❡♥t P■❉ ✐♥ t❤❡
✇❤♦❧❡ ♠♦♠❡♥t✉♠ r❛♥❣❡ ✭s❡❡ ❛❧s♦ ✷✳✹✳✺✮ ❛♥❞ t♦ ❤❛✈❡ ❡♥♦✉❣❤ π0 ❡♥❡r❣② ✐♥
K+

2π ❞❡❝❛②s t♦ ✈❡t♦ t❤❡ ❡✈❡♥t✳ ❚❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ t❤❡ ❦❛♦♥ ❞❡❝❛②s ❧✐st❡❞
❛❜♦✈❡ ❛r❡ r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✸✳✶✳

❚❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣✐♦♥ ♠♦♠❡♥t✉♠ ❢♦r t❤❡
✷✵✶✼ ❞❛t❛ s❛♠♣❧❡ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✸✳✷✱ ✇❤❡r❡ t❤❡ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s
❛r❡ ❝♦✈❡r❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❜❧✐♥❞ ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ❛❞♦♣t❡❞✳ ❚❤❡ ❡①❛❝t
❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s ✐s ❣✐✈❡♥ ✐♥ ✸✳✸✳✼✳

✸✳✸✳✶ ❙✐♥❣❧❡✲tr❛❝❦ ❡✈❡♥t s❡❧❡❝t✐♦♥

❚✇♦ ♠❛✐♥ ♦❜❥❡❝ts ❛r❡ ❝r❡❛t❡❞ ✐♥ t❤❡ r❡❞✉❝❡❞ tr❡❡✱ ❞♦✇♥str❡❛♠ tr❛❝❦s ❛♥❞ ✉♣✲
str❡❛♠ tr❛❝❦s✳ ❚❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ✐s t❤❡ ❝❛♥❞✐❞❛t❡ ❢♦r t❤❡ ♣✐♦♥ ✐♥ t❤❡
✜♥❛❧ st❛t❡✱ ❜✉✐❧t st❛rt✐♥❣ ❢r♦♠ ❛ ❙❚❘❆❲ tr❛❝❦ ❝❛♥❞✐❞❛t❡ ✉s✐♥❣ ❛s ❛ r❡❢❡r❡♥❝❡
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Pr♦❝❡ss ❇r❛♥❝❤✐♥❣ r❛t✐♦

K+ → µ+νµ ✭K+
µ2✮ 63.56%

K+ → π+π0 ✭K+
2π✮ 20.66%

K+ → π+π+π− ✭K+
3π✮ 5.58%

K+ → π+π+e+νe ✭K
+
e4✮ 4.3× 10−5

K+ → π+νν̄ ✭s✐❣♥❛❧✮ 8.4× 10−11

❚❛❜❧❡ ✸✳✶✿ ❇r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ t❤❡ ♠❛✐♥ ❦❛♦♥ ❞❡❝❛②s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡
❜❛❝❦❣r♦✉♥❞ ♦❢ K+ → π+νν̄✳ ❚❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ❢♦r t❤❡ s✐❣♥❛❧ ✐s r❡♣♦rt❡❞
❛s ✇❡❧❧ ❢♦r ❝♦♠♣❛r✐s♦♥✳

t❤❡ ❛✈❡r❛❣❡ t✐♠❡ ♦❢ t❤❡ ❈❍❖❉ ✐♥ ❛ ±25 ♥s t✐♠❡ ✇✐♥❞♦✇ ❛r♦✉♥❞ t❤❡ tr✐❣❣❡r
t✐♠❡✳ ❚❤❡ r❡❝♦♥str✉❝t❡❞ tr❛❝❦s ♠✉st ❛❧✇❛②s ❤❛✈❡ ❛ss♦❝✐❛t❡❞ ❝❛♥❞✐❞❛t❡s ✐♥
❘■❈❍✱ ◆❡✇❈❍❖❉✱ ❈❍❖❉✱ ❛♥❞ ▲❑r❀ t❤❡ tr❛❝❦ t✐♠❡ ✐s ❞❡✜♥❡❞ ❛s ❛ ✇❡✐❣❤t❡❞
❛✈❡r❛❣❡ ♦❢ t❤❡ ❙❚❘❆❲ ❤✐ts t✐♠❡ ❛♥❞ t❤❡ ♠❛t❝❤❡❞ ❝❛♥❞✐❞❛t❡s t✐♠❡s ✐♥ ❘■❈❍✱
❈❍❖❉ ❛♥❞ ▲❑r ✭t❤❡ ✇❡✐❣❤ts ❛r❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞❡t❡❝t♦rs t✐♠❡
r❡s♦❧✉t✐♦♥✮✳ ❚❤❡ ❙❚❘❆❲ tr❛❝❦ ✐s ❡①tr❛♣♦❧❛t❡❞ ❛♥❞ ♣r♦❥❡❝t❡❞ ♦♥t♦ t❤❡ ❳❨
♣❧❛♥❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❞❡t❡❝t♦rs ✭❈❍❖❉✱ ◆❡✇❈❍❖❉✱ ❘■❈❍ ❛♥❞ ▲❑r✮ ❛♥❞
❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡✐r ❝❛♥❞✐❞❛t❡s ❜❛s❡❞ ♦♥ ❣❡♦♠❡tr✐❝❛❧ ❛♥❞ t✐♠❡ ✐♥❢♦r♠❛t✐♦♥✳
▲❑r✱ ▼❯❱✶ ❛♥❞ ▼❯❱✷ ❤✐ts ❛r❡ ❝♦♠❜✐♥❡❞ t♦ r❡❝♦♥str✉❝t t❤❡ t♦t❛❧ ❝❛❧♦r✐✲
♠❡tr✐❝ ❡♥❡r❣② ♦❢ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦✱ t❤r♦✉❣❤ ❛ st❛♥❞❛r❞ ♠✉❧t✐✲✈❛r✐❛t❡
❛❧❣♦r✐t❤♠ ✭▼❱❆✮ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ◆❆✻✷ s♦❢t✇❛r❡ ❢r❛♠❡✇♦r❦✳

❚❤❡ ✉♣str❡❛♠ tr❛❝❦ ✐s t❤❡ ❝❛♥❞✐❞❛t❡ ❢♦r t❤❡ ❦❛♦♥ ✐♥ t❤❡ ✐♥✐t✐❛❧ st❛t❡
❛♥❞ ✐t ✐s ❜✉✐❧t ❝♦♠❜✐♥✐♥❣ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ❑❚❆● ❛♥❞ ●❚❑✳ ❚❤❡ tr❛❝❦
✐s r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ●❚❑ ✉s✐♥❣ t❤❡ t✐♠❡ ♦❢ t❤❡ ❑❚❆● ❝❛♥❞✐❞❛t❡ ❛s ❛
r❡❢❡r❡♥❝❡✳

❚❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦s ❛r❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ✉♣str❡❛♠ tr❛❝❦s ✉s✐♥❣ t❤❡
t✐♠❡ ❛ss♦❝✐❛t✐♦♥ ❛♥❞ t❤❡ ❝❧♦s❡st ❞✐st❛♥❝❡ ♦❢ ❛♣♣r♦❛❝❤ ✭❈❉❆✮ ❜❡t✇❡❡♥ t❤❡
t✇♦ tr❛❝❦s✳ ❆ ♠❛t❝❤✐♥❣ ❞✐s❝r✐♠✐♥❛♥t ✐s ❜✉✐❧t st❛rt✐♥❣ ❢r♦♠ t❤❡ ❈❉❆ ❛♥❞
∆T = T●❚❑ − T❑❚❆● ❛♥❞ r❡♣r❡s❡♥ts t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t t❤❡ ❈❉❆ ❛♥❞ t❤❡
∆T ❤❛✈❡ ✈❛❧✉❡s ❧❛r❣❡r t❤❛♥ ♦❜s❡r✈❡❞❀ t❤❡ ❈❉❆ ❛♥❞ ∆T ❞✐str✐❜✉t✐♦♥s ♣r✐♦r
t♦ t❤❡ s❡❧❡❝t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✳ ✸✳✸✳ ❚❤❡ ❞✐s❝r✐♠✐♥❛♥t ❛♥❞ t❤❡ K+ − π+

♠❛t❝❤✐♥❣ ❞❡✜♥✐t✐♦♥ ❛r❡ ♠♦st❧② ✉♥❛❧t❡r❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s✱
❛♥② ❝❤❛♥❣❡s t♦ t❤♦s❡ ❞❡✜♥✐t✐♦♥s ❛r❡ ❣✐✈❡♥ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳ ❚❤❡ ♠❛t❝❤✐♥❣
❞✐s❝r✐♠✐♥❛♥t ❞❡✜♥✐t✐♦♥ ✐s✿

D(CDA,∆T ) = [1− p(CDA)] · [1− p(∆T )] ✱ ✭✸✳✶✮

✹✾



❋✐❣✉r❡ ✸✳✷✿ ▲❡❢t✿ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ✈s ♠♦♠❡♥t✉♠ ❢♦r t❤❡ ✷✵✶✼ ❞❛t❛ s❡t
❜❡❢♦r❡ t❤❡ s❡❧❡❝t✐♦♥❀ t❤❡ K+

µ2✱ K
+
2π ❛♥❞ K+

3π r❡❣✐♦♥s ❛r❡ ❝❧❡❛r❧② ✈✐s✐❜❧❡✳ ❘✐❣❤t✿
sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ✈s ♠♦♠❡♥t✉♠ ❛❢t❡r t❤❡ ❢✉❧❧ πνν s❡❧❡❝t✐♦♥✳ ■♥ ❜♦t❤
♣❧♦ts✱ t❤❡ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s ❤❛✈❡ ❜❡❡♥ ❝♦✈❡r❡❞ ❜②✱ r❡s♣❡❝t✐✈❡❧②✱ r❡❞
❛♥❞ ❜❧❛❝❦ ❜♦①❡s ✐♥ ♦r❞❡r t♦ ♣❡r❢♦r♠ ❛ ❜❧✐♥❞ ❛♥❛❧②s✐s✳

✇❤❡r❡ p(CDA) ❛♥❞ p(∆T ) ❛r❡ t❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❈❉❆ ❛♥❞
∆T ✿

p(❈❉❆) =
1

N◆♦r♠
❈❉❆

[∫ ❈❉❆

0

f(❈❉❆′) d❈❉❆′

]

✭✸✳✷✮

p(∆T ) =
1

N◆♦r♠
∆T

[

∫ |∆T |

0

2 · f(|∆T ′|) d|∆T ′|
]

✳ ✭✸✳✸✮

■♥ t❤❡ ❡q✉❛t✐♦♥s ❛❜♦✈❡✱ f(❈❉❆) ❛♥❞ f(∆T ) ❛r❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t② ❢✉♥❝✲
t✐♦♥s ✭P❉❋s✮ ♦❢ ❈❉❆ ❛♥❞ ∆T ✱ N◆♦r♠

❈❉❆ ❛♥❞ N◆♦r♠
∆T ❛r❡ ♥♦r♠❛❧✐③❛t✐♦♥ ❢❛❝t♦rs

❡✈❛❧✉❛t❡❞ ✐♥ ❈❉❆ ∈ (0, 100) ♠♠ ❛♥❞ ∆T ∈ (−0.95, 0.95) ♥s✳ ❚❤❡ P❉❋s ❛r❡
❡✈❛❧✉❛t❡❞ ❢r♦♠ K+ → π+π+π− ❞❡❝❛②s ✐♥ t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r✿

f(❈❉❆) =0.25 · e−0.5·(❈❉❆1.27 )
2

+ 0.039 · e−0.5·(❈❉❆2.23 )
2

+

0.0033 · e−0.145·❈❉❆ − 4.6 · 10−4 + 1.5 · 10−5;
✭✸✳✹✮

f(∆T ) = 0.027 · e−0.5·( ∆T
0.13)

2

+ 0.0017 · e−0.5·( ∆T
0.23)

2

✳ ✭✸✳✺✮

❆♥♦t❤❡r ❞✐s❝r✐♠✐♥❛♥t ✭DRICH✮✱ s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ❥✉st ❞❡s❝r✐❜❡❞✱ ❝❛♥ ❜❡
❜✉✐❧t ✉s✐♥❣ ∆T❘■❈❍ = TGTK − TRICH❀ ❜♦t❤ t❤❡ ❑❚❆● ❛♥❞ t❤❡ ❘■❈❍ ❞✐s❝r✐♠✲
✐♥❛♥t ❛r❡ ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s✱ ✐♥ ♦r❞❡r t♦ r❡✐♥❢♦r❝❡ t❤❡ K+ − π+ ❛ss♦❝✐❛t✐♦♥✳

✺✵



❚❤❡ P❉❋ ✉s❡❞ ❢♦r t❤❡ ∆T❘■❈❍ ✐s✿

f(∆T❘■❈❍) = 0.026 · e−0.5·( ∆T
0.141)

2

+ 0.001 · e−0.5·( ∆T
0.279)

2

✳ ✭✸✳✻✮

❚❤❡ K+−π+ ❛ss♦❝✐❛t✐♦♥ ✐s s✉❝❝❡ss❢✉❧ ✐❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s ❛r❡ ♠❡t✿

❼ ❛t ❧❡❛st ♦♥❡ ♦❢ t❤❡ t✇♦ ❞✐s❝r✐♠✐♥❛♥ts D ❛♥❞ DRICH ✐s ❣r❡❛t❡r t❤❛♥ 0.03❀

❼ D > 0.005❀

❼ DRICH > 0.005❀

❼ |TGTK − TKTAG| < 0.6 ♥s✳

❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❑❚❆● ❞✐s❝r✐♠✐♥❛♥t D(❈❉❆,∆T ) ✐s s❤♦✇♥ ✐♥ ✜❣✳
✸✳✹✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♣❧♦t ♦❢ t❤❡ ❈❉❆ ✈s ∆T ✳

❆ s❡t ♦❢ ❝✉ts ✐s ❛♣♣❧✐❡❞ ✐♥ ♦r❞❡r t♦ r❡❥❡❝t ❛ ♠✉❧t✐✲tr❛❝❦ t♦♣♦❧♦❣② ✇❤❡r❡
♠✉❧t✐♣❧❡ tr❛❝❦s ❛r❡ r❡❝♦♥str✉❝t❡❞ ❜♦t❤ ✐♥ ●❚❑ ❛♥❞ ❙❚❘❆❲✿ ❛ ❙❚❘❆❲ tr❛❝❦
❝❛♥♥♦t ❤❛✈❡ ♠♦r❡ t❤❛♥ ✹ ❛ss♦❝✐❛t❡❞ ●❚❑ tr❛❝❦s❀ ❡✈❡♥ts ✇✐t❤ ♠♦r❡ t❤❛♥ ✷
tr❛❝❦s ✐♥ t❤❡ ❙❚❘❆❲ ❛r❡ r❡❥❡❝t❡❞ ❛♥❞✱ ✐❢ t❤❡r❡ ❛r❡ ✷ tr❛❝❦s ✐♥ t❤❡ ❙❚❘❆❲✱
t❤❡② ♠✉st ❜❡ ❜♦t❤ ♣♦s✐t✐✈❡ ❛♥❞ t❤❡✐r ❈❉❆ ♠✉st ❜❡ ❣r❡❛t❡r t❤❛♥ 30 ♠♠✳
❆❢t❡r t❤✐s r❡❥❡❝t✐♦♥✱ ❢♦r ❡✈❡♥ts ✇✐t❤ ✷ tr❛❝❦s ✐♥ t❤❡ ❙❚❘❆❲✱ ❛ ♠❛t❝❤✐♥❣ t♦
❑❚❆●✱ ●❚❑✱ ❘■❈❍✱ ❈❍❖❉✱ ▲❑r✱ ▼❯❱✶ ❛♥❞ ▼❯❱✷ ✐s ♣❡r❢♦r♠❡❞ t♦ ❦❡❡♣
♦♥❧② ❡✈❡♥ts ✇❤❡r❡ t❤❡ ❝❛♥❞✐❞❛t❡s ❝❧♦s❡st t♦ t❤❡ tr✐❣❣❡r t✐♠❡ ✐♥ ❡❛❝❤ ❞❡t❡❝t♦r
♠❛t❝❤ t❤❡ s❛♠❡ tr❛❝❦✳

❋✐❣✉r❡ ✸✳✸✿ ❈❉❆ ❛♥❞ ∆T ❞✐str✐❜✉t✐♦♥s ❢♦r ❡✈❡♥ts ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ t❤❡ πνν
s❡❧❡❝t✐♦♥✳

✺✶



❋✐❣✉r❡ ✸✳✹✿ ▲❡❢t✿ ❉✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❑❚❆● ♠❛t❝❤✐♥❣ ❞✐s❝r✐♠✐♥❛♥t
D(❈❉❆,∆T )✳ ❘✐❣❤t✿ ❈❉❆ ✈s ∆T ✱ t❤❡ r❡❣✐♦♥ ✐♥s✐❞❡ t❤❡ r❡❞ ❧✐♥❡ ✐s t❤❡
♦♥❡ s❡❧❡❝t❡❞ ❜② t❤❡ ♠❛t❝❤✐♥❣ ❞✐s❝r✐♠✐♥❛♥t ❝✉t✳

✸✳✸✳✷ ❘■❈❍ P❛rt✐❝❧❡ ■❞❡♥t✐✜❝❛t✐♦♥

❚❤❡ ❘■❈❍ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s ❛♣♣❧✐❡❞ ✐♥ t❤❡ ♠♦♠❡♥t✉♠ r❛♥❣❡
(15, 35) ●❡❱✴❝✳ ❚✇♦ ♠❛✐♥ ❘■❈❍ ✈❛r✐❛❜❧❡s ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡❥❡❝t ♣❛rt✐❝❧❡s
t❤❛t ❛r❡ ♥♦t ♣✐♦♥s✱ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ❛♥❞ t❤❡ ♠❛ss ❬✺✸❪✳

❆ π+ ✐s ✐❞❡♥t✐✜❡❞ t❤r♦✉❣❤ ❛ ❧✐❦❡❧✐❤♦♦❞ ❛❧❣♦r✐t❤♠ t❤❛t ❡①tr❛♣♦❧❛t❡s t❤❡
tr❛❝❦ t♦ t❤❡ ❘■❈❍ ♠✐rr♦r ♣r❡❞✐❝t✐♥❣ t❤❡ r✐♥❣ ❝❡♥t❡r❀ t❤❡ ❛❧❣♦r✐t❤♠ ✉s❡s t❤❡
♠♦♠❡♥t✉♠ t♦ ♣r❡❞✐❝t t❤❡ r✐♥❣ r❛❞✐✉s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❤✐ts ❢♦r ❞✐✛❡r❡♥t
♣❛rt✐❝❧❡ ❤②♣♦t❤❡s✐s ✭π✱ µ✱ e✱ K✮ ❬✺✹❪✳ ■♥ ✜❣✳ ✸✳✺ t❤❡ r✐♥❣ r❛❞✐✉s ❝♦♠♣✉t❡❞ ❜②
t❤❡ ❘■❈❍ ❛❧❣♦r✐t❤♠ ✐s ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ♣❛rt✐❝❧❡✳
■♥ t❤❡ ✷✵✶✼ K+ → π+νν̄ s❡❧❡❝t✐♦♥✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ✈❛r✐❛❜❧❡ ✐s ❝♦♠♣✉t❡❞✿

L!π
max = max{L(e),L(µ),L(K),L(noise)} ✱ ✭✸✳✼✮

✇❤❡r❡ L(e, µ,K) ✐s t❤❡ ❧✐❦❡❧✐❤♦♦❞ ❢♦r ❛ ❝❡rt❛✐♥ ♣❛rt✐❝❧❡ ❤②♣♦t❤❡s✐s ✭❡❧❡❝tr♦♥✱
♠✉♦♥ ♦r ❦❛♦♥✮ ❛♥❞ L(noise) ✐s t❤❡ ❧✐❦❡❧✐❤♦♦❞ ❝❛❧❝✉❧❛t❡❞ ✉♥❞❡r t❤❡ ❤②♣♦t❤❡s✐s
t❤❛t t❤❡ ❤✐ts ❛r❡ ❣❡♥❡r❛t❡❞ ❜② ❛ ✉♥✐❢♦r♠ ❞✐str✐❜✉t✐♦♥ ❞✉❡ t♦ ❛❝❝✐❞❡♥t❛❧ ❤✐ts✳

❆♥♦t❤❡r ❝✉t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ♦♥ t❤❡ ♠❛ss ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❘■❈❍ ❛❧❣♦✲
r✐t❤♠✱

M2
RICH = P 2

π

(

F 2 · n2

F 2 +R2
− 1

)

✱ ✭✸✳✽✮

✇❤❡r❡ F = 17020 ♠♠ ✐s t❤❡ ❢♦❝❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ ❘■❈❍ ♠✐rr♦r✱ n ✐s t❤❡ r❡❢r❛❝✲
t✐✈❡ ✐♥❞❡① ♦❢ t❤❡ ♥❡♦♥ ✐♥ t❤❡ ❞❡t❡❝t♦r✱ R ✐s t❤❡ ❈❤❡r❡♥❦♦✈ r✐♥❣ r❛❞✐✉s ❛♥❞
Pπ ✐s t❤❡ π+ ♠♦♠❡♥t✉♠ ❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❙❚❘❆❲ s♣❡❝tr♦♠❡t❡r✳

✺✷



❋✐❣✉r❡ ✸✳✺✿ ▲❡❢t✿ r✐♥❣ r❛❞✐✉s ❛s ❝♦♠♣✉t❡❞ ❜② t❤❡ ❘■❈❍ ❛❧❣♦r✐t❤♠ ❛s ❛ ❢✉♥❝✲
t✐♦♥ ♦❢ t❤❡ tr❛❝❦ ♠♦♠❡♥t✉♠✳ ❘✐❣❤t✿ ❘❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ❡♥❡r❣② r❡❝♦♥str✉❝t❡❞
❜② t❤❡ ▲❑r ❝❛❧♦r✐♠❡t❡r ❛♥❞ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ tr❛❝❦✳

❚❤❡ ♣❛rt✐❝❧❡ ✐s ♣♦s✐t✐✈❡❧② ✐❞❡♥t✐✜❡❞ ❛s ❛ π+ ✐❢✿

L!π
max < 0.12 ✱ ✭✸✳✾✮

125 ▼❡❱✴❝2 < MRICH < 200 ▼❡❱✴❝2 ✳ ✭✸✳✶✵✮

✸✳✸✳✸ ❈❛❧♦r✐♠❡tr✐❝ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥

❚❤❡ ❝❛❧♦r✐♠❡tr✐❝ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♠❛❦❡s ✉s❡ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠
▲❑r✱ ▼❯❱✶✱ ▼❯❱✷ ❛♥❞ ▼❯❱✸ ❛♥❞ ✐s ♦♣t✐♠✐③❡❞ t♦ s✉♣♣r❡ss t♦ ❛♥ ❛❝❝❡♣t❛❜❧❡
❧❡✈❡❧ t❤❡ µ+ ❢r♦♠ Kµ2 ❞❡❝❛②s✳ ❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❜② t❤❡ ▼❱❆
✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ♥❛✻✷ s♦❢t✇❛r❡ ❢r❛♠❡✇♦r❦ ❬✺✺❪✳ ❆ µ+ ✐♥ t❤❡ ❝❛❧♦r✐♠❡tr✐❝
s②st❡♠ ❜❡❤❛✈❡ ❛s ❛ ♠✐♥✐♠✉♠ ✐♦♥✐③✐♥❣ ♣❛rt✐❝❧❡ ✭▼■P✮ ❛♥❞ ✐s r❡❥❡❝t❡❞ ✐❢ ♦♥❡
♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s ✐s tr✉❡✿

❼ ▼❯❱✸ ❤✐t ✐♥ t✐♠❡ ✇✐t❤ ❈❍❖❉✱

❼ DMIP < 1✱

❼ Prob(π) < max{0.7, 0.98− 0.4596 · e−(Pπ−11.44)/5.27}❀

DMIP ✐s t❤❡ ▼■P ❞✐s❝r✐♠✐♥❛♥t t❤❛t ✐s ❜✉✐❧t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❛✈❡r❛❣❡ ❡♥❡r❣② ♦❢
❛ ▼■P ✐♥ ▲❑r✱ ▼❯❱✶ ❛♥❞ ▼❯❱✷❀ Pr♦❜✭π✮ ✐s t❤❡ ♣✐♦♥ ♣r♦❜❛❜✐❧✐t② ❝♦♠♣✉t❡❞
❜② t❤❡ ▼❱❆ t♦♦❧✳ ▼✉♦♥s ✉♥❞❡r❣♦✐♥❣ ❝❛t❛str♦♣❤✐❝ ❜r❡♠sstr❛❤❧✉♥❣ ❛♥❞ ❛❜✲
s♦r❜❡❞ ✐♥ t❤❡ ▲❑r ❛r❡ r❡❥❡❝t❡❞ ♠❛❦✐♥❣ ✉s❡ ♦❢ t✇♦ ✈❛r✐❛❜❧❡s t❤❛t ❞❡✜♥❡ t❤❡

✺✸



s❤❛♣❡ ♦❢ t❤❡ s❤♦✇❡r ❛♥❞ t❤❛t ❝❛♥ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❛♥❞
❤❛❞r♦♥✐❝ s❤♦✇❡rs✿

Rseed =
Eseed

Ecluster

✱ ✭✸✳✶✶✮

Rcell =
Ncell

Ecluster

✱ ✭✸✳✶✷✮

✇❤❡r❡ Eseed ✐s t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ♠♦st ❡♥❡r❣❡t✐❝ ❝❡❧❧ ✐♥ t❤❡ ❝❧✉st❡r✱ Ecluster ✐s
t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ❝❧✉st❡r ❛ss♦❝✐❛t❡❞ t♦ t❤❡ tr❛❝❦ ❛♥❞ Ncell ✐s t❤❡ ♥✉♠❜❡r ♦❢
❝❡❧❧s ✐♥ t❤❡ ❝❧✉st❡r✳ ❆♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s❤♦✇❡r ✐s ✐❞❡♥t✐✜❡❞ ❜② ❛t ❧❡❛st ♦♥❡
♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s✿

❼ Rseed > 0.2 ❛♥❞ Rcell ≤ 3 ●❡❱−1✱

❼ Rseed ≤ 0.2 ❛♥❞ Rcell < 1.8 ●❡❱−1✱

❼ Rseed > 0.35✱

❼ Rseed < 0.05✳

❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❧✉st❡r s❛t✐s❢②✐♥❣ t❤❡s❡ ❝r✐t❡r✐❛ ✐s r❡❥❡❝t❡❞ ♦♥❧② ✐❢
EMUV1

ECalo
< 0.01 ❛♥❞ EMUV2

ECalo
< 0.01✱ ✇❤❡r❡ ECalo ✐s t❤❡ t♦t❛❧ ❡♥❡r❣② ✐♥ t❤❡

❝❛❧♦r✐♠❡tr✐❝ s②st❡♠ ✭▲❑r✱ ▼❯❱✶ ❛♥❞ ▼❯❱✷✮❀ ✐❢ t❤✐s ❧❛st ❝♦♥❞✐t✐♦♥ ✐s ♥♦t
♠❡t✱ t❤❡ ❝❧✉st❡r ✐s r❡❥❡❝t❡❞ ❛♥②✇❛② ✐❢ 0 < Rseed < 0.8 ❛♥❞ Rcell < 1.4✳

■♥ ♦r❞❡r t♦ r❡❥❡❝t ♣♦s✐tr♦♥s✱ t✇♦ ❛❞❞✐t✐♦♥❛❧ ❝✉ts ❛r❡ ❛♣♣❧✐❡❞ ♦♥ t❤❡ r❛t✐♦
❜❡t✇❡❡♥ t❤❡ ❡♥❡r❣② ❛♥❞ t❤❡ tr❛❝❦ ♠♦♠❡♥t✉♠✱ r❡q✉✐r✐♥❣ ELKr/Pπ < 0.8 ❛♥❞
ECalo/Pπ < 1.2 ✭s❡❡ ✜❣✳ ✸✳✺✱ r✐❣❤t✮✳

✸✳✸✳✹ P❤♦t♦♥ r❡❥❡❝t✐♦♥

❚❤❡ ♣✐♦♥ ❞❡✜♥✐♥❣ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ♠✉st ♥♦t ❤❛✈❡ ❛♥② ❡①tr❛ ❛❝t✐✈✐t②
❛ss♦❝✐❛t❡❞ t♦ ✐t ✐♥ t❤❡ ❞♦✇♥str❡❛♠ ❞❡t❡❝t♦rs ♣❛rt✐❝✐♣❛t✐♥❣ ✐♥ t❤❡ ♣❤♦t♦♥
✈❡t♦✱ t❤❡r❡❢♦r❡ ❛♥② ❡①tr❛ ❛❝t✐✈✐t② ✐♥ ▲❑r✱ ▲❆❱✱ ❙❆❈ ❛♥❞ ■❘❈ ✐s ✉s❡❞ t♦
r❡❥❡❝t t❤❡ ❡✈❡♥t✳

❆s r❡❣❛r❞s t❤❡ ▲❑r✱ ❡①tr❛ ✐♥✲t✐♠❡ ❝❧✉st❡rs ❛r❡ r❡❝♦♥str✉❝t❡❞ ✇✐t❤ t❤❡
st❛♥❞❛r❞ ▲❑r r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ❛r❡ t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ♦♥❧② ✐❢ t❤❡②
❛r❡ ♠♦r❡ t❤❛♥ 100 ♠♠ ❛✇❛② ❢r♦♠ t❤❡ ❝❧✉st❡r ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ♣✐♦♥ tr❛❝❦✳

▼♦r❡♦✈❡r✱ ❛♥② ❡✈❡♥t ✇✐t❤ ❡①tr❛ ❤✐ts ✐♥ ▲❆❱✱ ❙❆❈ ♦r ■❘❈ ✐s r❡❥❡❝t❡❞ ❜②
t❤❡ st❛♥❞❛r❞ ♠❛t❝❤✐♥❣ t♦♦❧s ✐♥ t❤❡ ◆❆✻✷ s♦❢t✇❛r❡ ❢r❛♠❡✇♦r❦ ✐❢ t❤❡ ❡①tr❛
❛❝t✐✈✐t② ✐s ✇✐t❤✐♥ ±3 ♥s ♦❢ t❤❡ tr❛❝❦ t✐♠❡ ✐♥ t❤❡ ▲❆❱ ❛♥❞ ±7 ♥s ✐♥ t❤❡ ❙❆❱✳
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✸✳✸✳✺ ▼✉❧t✐♣❧✐❝✐t② r❡❥❡❝t✐♦♥

❚❤❡ r❡❥❡❝t✐♦♥ ♦❢ ❡✈❡♥ts ✇✐t❤ ♠✉❧t✐♣❧❡ ❝❤❛r❣❡❞ tr❛❝❦s ✐♥ t❤❡ ✜♥❛❧ st❛t❡ ♠❛❦❡s
✉s❡ ♦❢ t❤❡ ❍❆❙❈ ❛♥❞ ▼❯❱✵✱ t❤❡ ▲❑r ❝❛❧♦r✐♠❡t❡r✱ t❤❡ ❤♦❞♦s❝♦♣❡s ❛♥❞ t❤❡
❙❚❘❆❲ s♣❡❝tr♦♠❡t❡r✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐t✐♦♥s r❡❥❡❝t ❡✈❡♥ts ✐♥ ✇❤✐❝❤ ❛
❦❛♦♥ ❞❡❝❛②s ✐♥ ♠✉❧t✐♣❧❡ ❝❤❛r❣❡❞ tr❛❝❦s ❜✉t ♥♦t ❛❧❧ ♦❢ t❤❡♠ ❛r❡ r❡❝♦♥str✉❝t❡❞
✐♥ t❤❡ ❙❚❘❆❲✱ ♦r ❡✈❡♥ts ✇✐t❤ ♣❤♦t♦♥s ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡ ♠❛t❡r✐❛❧ ❜❡❢♦r❡
t❤❡ ❝❛❧♦r✐♠❡t❡r✳

❼ ❊✈❡♥ts ✇✐t❤ ❤✐ts ✐♥ t❤❡ ❍❆❙❈ ✐♥ t✐♠❡ ✇✐t❤ t❤❡ tr❛❝❦ ❛r❡ r❡❥❡❝t❡❞❀ t❤❡s❡
❝✉t s✉♣♣r❡ss❡s K3π ❞❡❝❛②s ✇❤❡r❡ ♦♥❡ ♦❢ t❤❡ π+ tr❛✈❡❧s ✐♥s✐❞❡ t❤❡ ❜❡❛♠
♣✐♣❡ ❛♥❞ ✐s ❞❡✢❡❝t❡❞ ❜② t❤❡ ♠❛❣♥❡t ❛❢t❡r ▼❯❱✸✱ r❡❧❡❛s✐♥❣ ❛ s✐❣♥❛❧
✐♥ t❤❡ ❍❆❙❈❀ ❛❧t❡r♥❛t✐✈❡❧② ❛ ♣❤♦t♦♥ ❢r♦♠ ❛ π0 ❝❛♥ ✐♥t❡r❛❝t ✇✐t❤ t❤❡
♠❛t❡r✐❛❧ ♦❢ t❤❡ ❜❡❛♠ ♣✐♣❡ ❛♥❞ ❝♦♥✈❡rt ✐♥t♦ ❛♥ ❡❧❡❝tr♦♥✲♣♦s✐tr♦♥ ♣❛✐r✱
✇✐t❤ t❤❡ ♣♦s✐tr♦♥ ❞❡✢❡❝t❡❞ ❜② t❤❡ ♠❛❣♥❡t ❛❢t❡r ▼❯❱✸ ✐♥t♦ t❤❡ ❍❆❙❈✳

❼ ❊✈❡♥ts ✇✐t❤ ❤✐ts ✐♥ t❤❡ ▼❯❱✵ ✐♥ t✐♠❡ ✇✐t❤ t❤❡ tr❛❝❦ ❛r❡ r❡❥❡❝t❡❞❀
t❤✐s ❝✉t r❡❥❡❝ts K3π ❞❡❝❛②s ✇❤❡r❡ t❤❡ π− ❞❡❝❛②s ✐♥t♦ ❛ ♠✉♦♥ ❛♥❞ ❛♥
❛♥t✐♥❡✉tr✐♥♦ ❜❡❢♦r❡ ❡♥t❡r✐♥❣ t❤❡ ❘■❈❍✳

❼ ❋✉rt❤❡r ❝❤❛r❣❡❞ ♠✉❧t✐♣❧✐❝✐t② r❡❥❡❝t✐♦♥ ✐s ❛❝❤✐❡✈❡❞ ❝♦♠❜✐♥✐♥❣ ✐♥✲t✐♠❡
❤✐ts ❢r♦♠ ▲❑r✱ ❈❍❖❉ ❛♥❞ ◆❡✇❈❍❖❉✱ ❛s❦✐♥❣ ❢♦r ✐♥✲t✐♠❡ ❛❝t✐✈✐t② ✐♥
❛t ❧❡❛st t✇♦ ♦✉t ♦❢ t❤r❡❡ ❞❡t❡❝t♦rs ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ r❛♥❞♦♠ ✈❡t♦✳

❼ ❋✐♥❛❧❧②✱ ♠✉❧t✐♣❧✐❝✐t② r❡❥❡❝t✐♦♥ ♠❛❦❡s ✉s❡ ♦❢ r❡❝♦♥str✉❝t❡❞ ❙❚❘❆❲ s❡❣✲
♠❡♥ts ♥♦t ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ ♣✐♦♥ tr❛❝❦✳

✸✳✸✳✻ ❇❡❛♠ ❜❛❝❦❣r♦✉♥❞ r❡❥❡❝t✐♦♥

❖♥❡ ♦❢ t❤❡ ♠❛✐♥ r❡s✐❞✉❛❧ ❜❛❝❦❣r♦✉♥❞ t♦ t❤❡K+ → π+νν̄ ✐♥ t❤❡ ◆❆✻✷ ❛♣♣❛r❛✲
t✉s ❛❢t❡r t❤❡ r❡❥❡❝t✐♦♥ ♦❢ ❦❛♦♥ ❞❡❝❛②s ✐♥ t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡ ✐s t❤❡ ❜❛❝❦❣r♦✉♥❞
♦r✐❣✐♥❛t✐♥❣ ❜② ❡❛r❧② ❦❛♦♥ ❞❡❝❛②s ❜❡❢♦r❡ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥✱ ♠❛t❝❤❡❞ t♦ ❛❝✲
❝✐❞❡♥t❛❧ ●❚❑ tr❛❝❦s✳ ❚❤❡ r❡❥❡❝t✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ r❡❧✐❡s ♦♥
❣❡♦♠❡tr✐❝❛❧ ❝✉ts ❛♣♣❧✐❡❞ ♦♥ t❤❡ ✐♠♣❛❝t ♣♦s✐t✐♦♥ ♦❢ t❤❡ π+ tr❛❝❦ ❛t t❤❡ ✜rst
❝❤❛♠❜❡r ♦❢ t❤❡ ❙❚❘❆❲ ❛♥❞ ❛t t❤❡ ❚❘■▼✺ ❞✐♣♦❧❡ ♠❛❣♥❡t✱ ✐♥✲t✐♠❡ ❛❝t✐✈✐t② ✐♥
t❤❡ ❈❍❆◆❚■ ❛♥❞ tr❛❝❦ ♠✉❧t✐♣❧✐❝✐t② ✐♥ t❤❡ ●❚❑✳ ❚❤❡ st✉❞② ♦❢ t❤❡ ✉♣str❡❛♠
❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ✷✵✶✼ ❞❛t❛ ✐s t❤❡ ♠❛✐♥ t♦♣✐❝ ♦❢ ♠② P❤❉ t❤❡s✐s❀ ❛ ❞❡t❛✐❧❡❞
❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❢❡❛t✉r❡s ♦❢ t❤✐s ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❝❤❛♣t❡r
✹✳
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✸✳✸✳✼ ❑✐♥❡♠❛t✐❝ s❡❧❡❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts

❊✈❡♥ts ✐♥ t❤❡ ♠♦♠❡♥t✉♠ r❛♥❣❡ ❜❡t✇❡❡♥ ✶✺ ❛♥❞ 35 ●❡❱✴❝ s✉r✈✐✈✐♥❣ ❛❧❧ t❤❡
❝✉ts ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ s❡❝t✐♦♥s ❛❜♦✈❡✱ ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ ❞✐✛❡r❡♥t ❦✐♥❡♠❛t✐❝ r❡✲
❣✐♦♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss m2

miss ✐s ✉s❡❞ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥
♦❢ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s✳ ❚❤❡ m2

miss ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✐♥ t❤r❡❡ ❞✐✛❡r❡♥t
✇❛②s✿

m2
miss = (PK − Pπ)

2 ✱ ✭✸✳✶✸✮

m2
miss,nom = (PK,nom − Pπ)

2 ✱ ✭✸✳✶✹✮

m2
miss,RICH = (PK − Pπ,RICH)

2 ✱ ✭✸✳✶✺✮

✇❤❡r❡ PK ✐s t❤❡ ✹✲♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❦❛♦♥ ♠❡❛s✉r❡❞ ❜② t❤❡ ●❚❑✱ PK,nom

✐s t❤❡ ♥♦♠✐♥❛❧ ✹✲♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❜❡❛♠✱ Pπ ✐s t❤❡ ✹✲♠♦♠❡♥t✉♠ ♦❢ t❤❡
♣✐♦♥ ♠❡❛s✉r❡❞ ❜② t❤❡ ❙❚❘❆❲ ❛♥❞ Pπ,RICH ✐s t❤❡ ✹✲♠♦♠❡♥t✉♠ ♦❢ t❤❡ ♣✐♦♥
♠❡❛s✉r❡❞ ❜② t❤❡ ❘■❈❍ ❛ss✉♠✐♥❣ t❤❡ π+ ♠❛ss✳

❚❤❡ m2
miss ✐s ✉s❡❞ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s✱ ✇❤✐❧❡ t❤❡ t✇♦

♦t❤❡r ♠✐ss✐♥❣ ♠❛ss ❞❡✜♥✐t✐♦♥s ❛r❡ ✉s❡❞ t♦ r❡✜♥❡ t❤❡ ❦✐♥❡♠❛t✐❝ s❡❧❡❝t✐♦♥ ✐♥
♦r❞❡r t♦ ❤❛✈❡ ❛ ❜❡tt❡r s✉♣♣r❡ss✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦r✐❣✐♥❛t❡❞ ❜② ♠✐s✲
r❡❝♦♥str✉❝t✐♦♥ ♦❢ tr❛❝❦s ✐♥ t❤❡ ❙❚❘❆❲ ❛♥❞ ✐♥ t❤❡ ●❚❑✳ ❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡
s✐❣♥❛❧ r❡❣✐♦♥ ✐s ❣✐✈❡♥ ✐♥ t❛❜❧❡ ✸✳✷✱ ✇❤✐❧❡ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥s
✐s ❣✐✈❡♥ ✐♥ t❛❜❧❡ ✸✳✸❀ t❤❡✐r ❧✐♠✐ts ❛r❡ ❝❤♦s❡♥ t♦ ❜❡ ❛❞❥❛❝❡♥t t♦ t❤❡ s✐❣♥❛❧
r❡❣✐♦♥s ❜✉t st✐❧❧ ❢❛r ❡♥♦✉❣❤ ❢r♦♠ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♣❡❛❦✐♥❣ r❡❣✐♦♥s✱ s♦ t❤❛t
t❤❡② ❜❛s✐❝❛❧❧② ❝♦♥t❛✐♥ t❤❡ ♥♦♥✲❣❛✉ss✐❛♥ ♣❛rt ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ r❡s♦❧✉t✐♦♥✳
❚❤❡ ❧♦✇❡r ❧✐♠✐t ❢♦r t❤❡ Kµ2 ❝♦♥tr♦❧ r❡❣✐♦♥ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❛♥❛❧②t✐❝ ❢♦r♠✉❧❛
♦❢ t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss ♦❢ Kµ2 ❡✈❡♥ts ✇❤❡♥ t❤❡ π+ ♠❛ss ✐s ❛ss✉♠❡❞✱

m2
kin−µ = (m2

π+ −m2
µ+)

(

1− 75

pπ

)

✱ ✭✸✳✶✻✮

❛♥❞ ✐ts r❡s♦❧✉t✐♦♥ ✐s σ = 1.2 · 10−3 GeV2/c4✱ ❝♦♥st❛♥t ✐♥ t❤❡ 15− 35 ●❡❱✴❝
♠♦♠❡♥t✉♠ r❛♥❣❡✱ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ Kµ2 ▼❈ ❡✈❡♥ts✳

✸✳✸✳✽ ❇❛❝❦❣r♦✉♥❞ ❡✈❛❧✉❛t✐♦♥

❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥s✱ t❤❡ ♠❛✐♥ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡s
❢r♦♠ ❦❛♦♥ ❞❡❝❛②s ✐♥ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥ ❛r❡ ❞✉❡ t♦ t❤❡ K+ → µ+ν(γ)✱
K+ → π+π0(γ)✱ K+ → π+π+π− ❛♥❞ K+ → π+π−e+ν ❞❡❝❛②s✳ ❲❤✐❧❡ ❢♦r t❤❡
❧❛st ♣r♦❝❡ss t❤❡ m2

♠✐ss ❞✐str✐❜✉t✐♦♥ ♦✈❡r❧❛♣ ❧❛r❣❡❧② ✇✐t❤ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❘✷
✭✜❣✳ ✷✳✶✮✱ t❤❡ ✜rst t❤r❡❡ ❞❡❝❛②s ❡♥t❡r t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s ♦♥❧② ❜❡❝❛✉s❡ ♦❢
♠✐s✲r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ m2

♠✐ss✳ ❚❤❡ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ❡♥t❡r✐♥❣
t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ❢♦r ❡❛❝❤ ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss i✱ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❛s

N❜❦❣
i = Ni · f❦✐♥

i ✱ ✭✸✳✶✼✮

✺✻



❙✐❣♥❛❧ r❡❣✐♦♥s ❞❡✜♥✐t✐♦♥

❙✐❣♥❛❧ r❡❣✐♦♥ m2
miss m2

miss,nom m2
miss,RICH

R1(pπ < 20) 0, 0.01 −0.005, 0.0135 0, 0.01

R1(20 ≤ pπ < 25) 0, 0.01 −0.005, 0.0135 0, 0.02

R1(pπ ≥ 25) 0, 0.01 0, 0.0135 −0.005, 0.02

R2 0.026, 0.068 0.024, 0.068 0.02, 0.07

❚❛❜❧❡ ✸✳✷✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s ❘✶ ❛♥❞ ❘✷✳ ❘✶ ❞❡✜♥✐t✐♦♥ ❞❡♣❡♥❞s
♦♥ t❤❡ ♠♦♠❡♥t✉♠ r❡❣✐♦♥✳ ❚❤❡ ♣✐♦♥ ♠♦♠❡♥t✉♠ pπ ✐s ✐♥ GeV/c✱ ❛❧❧ t❤❡
sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss❡s ❛r❡ ✐♥ GeV2/c4✳ ❚❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss❡s r❛♥❣❡s
❛r❡ ❣✐✈❡♥ ❛s (m2

l ,m
2
h) ❛♥❞ ❛r❡ t♦ ❜❡ ✐♥t❡♥❞❡❞ ❛s m2

l < m2 < m2
h✳

❈♦♥tr♦❧ r❡❣✐♦♥s ❞❡✜♥✐t✐♦♥

CR1 0.01 < m2
miss < 0.015

CR2 0.021 < m2
miss < 0.026

CRKµ2
m2

kin−µ + 0.0036 ≤ m2
miss < 0

CRK3π
0.068 ≤ m2

miss ≤ 0.072

❚❛❜❧❡ ✸✳✸✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥s✳ CR1 ❛♥❞ CR2 ❛r❡ ❝♦♥tr♦❧ r❡❣✐♦♥s
❢♦r t❤❡ K2π ❞❡❝❛②✱ CRKµ2

✐s t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ❢♦r t❤❡ Kµ2 ❜❛❝❦❣r♦✉♥❞✱ ✇❤✐❧❡
CRK3π

✐s t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ❢♦r K3π✳ ❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ Kµ2 ❦✐♥❡♠❛t✐❝
❜♦✉♥❞❛r② ✐s ❣✐✈❡♥ ✐♥ ❡q✳ ✸✳✶✻✳ ❆❧❧ t❤❡ sq✉❛r❡❞ ♠✐ss✐♥❣ ♠❛ss❡s ❛r❡ ✐♥ ●❡❱2/❝4✳

✺✼



✇❤❡r❡ Ni ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts r❡♠❛✐♥✐♥❣ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣m2
♠✐ss r❡❣✐♦♥

♦❢ t❤❡ ❞❡❝❛② i ❛❢t❡r t❤❡ ❢✉❧❧ πνν s❡❧❡❝t✐♦♥✱ ❛♥❞ f❦✐♥i ✐s ❛ ❢r❛❝t✐♦♥ ♦❢ ❜❛❝❦❣r♦✉♥❞
❡♥t❡r✐♥❣ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ t❤❛t ❝❛♥ ❜❡ ♠♦❞❡❧❧❡❞ ❢r♦♠ ❞❛t❛ ✉s✐♥❣ t❤❡ t❛✐❧s ✐♥
t❤❡ ✈❛r✐♦✉s ❜❛❝❦❣r♦✉♥❞ m2

♠✐ss ❞✐str✐❜✉t✐♦♥s✳ ❚❤❡ ✇❤♦❧❡ ♣r♦❝❡❞✉r❡ ✐s ❛♣♣❧✐❡❞
✐♥ ❢♦✉r ❡q✉❛❧ ❜✐♥s ♦❢ π+ ♠♦♠❡♥t✉♠✱ ❢r♦♠ ✶✺ t♦ ✸✺ ●❡❱✴❝✳ ❚❤❡ ♣r♦❝❡❞✉r❡
✐s ✜rst ❛♣♣❧✐❡❞ t♦ ♣r❡❞✐❝t t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥s✱ s♦ t❤❛t t❤❡
♠❡t❤♦❞ ❝❛♥ ❜❡ ✈❛❧✐❞❛t❡❞ ❛♥❞ s✉❜s❡q✉❡♥t❧② ✉s❡❞ t♦ ♣r❡❞✐❝t t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐♥
t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s✳ ❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ m2

♠✐ss r❡❣✐♦♥ ❢♦r t❤❡ ❞❡❝❛②s ✐s ❣✐✈❡♥
✐♥ t❛❜❧❡ ✸✳✹✳

m2
♠✐ss r❡❣✐♦♥s ❢♦r ❞✐✛❡r❡♥t K

+ ❞❡❝❛②s

K+ → µ+νµ m2
kin−µ − 0.0060 < m2

♠✐ss < m2
kin−µ + 0.0036

K+ → π+π0 0.015 < m2
♠✐ss < 0.02✱ 0 < m2

♠✐ss✱❘■❈❍ < 0.07

K+ → π+π+π− m2
♠✐ss > 0.072

❚❛❜❧❡ ✸✳✹✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ m2
♠✐ss r❡❣✐♦♥s✳ ❚❤❡ Kµ2 ❛♥❛❧②t✐❝

❡①♣r❡ss✐♦♥ m2
kin−µ ❤❛s ❜❡❡♥ ❞❡✜♥❡❞ ✐♥ ❡q✳ ✸✳✶✻✳ ❨♦✉ ♠❛② ♥♦t✐❝❡ t❤❛t t❤❡

❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ♠✐ss✐♥❣ ♠❛ss r❡❣✐♦♥s ❛r❡ ❛❞❥❛❝❡♥t t♦ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥s ✐♥
t❛❜❧❡ ✸✳✸✳

❆s r❡❣❛r❞s t❤❡ K+ → π+π−e+νe ❞❡❝❛②✱ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♣r♦❝❡❞✉r❡
❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ s✐♥❝❡ t❤❡ ♠✉❧t✐♣❧✐❝✐t② r❡❥❡❝t✐♦♥ ✐s ❝♦rr❡❧❛t❡❞ t♦ t❤❡ ❦✐♥❡✲
♠❛t✐❝s❀ t❤❡r❡❢♦r❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐♥❞✉❝❡❞ ❜② t❤✐s ❞❡❝❛② ✐s ❡✈❛❧✉❛t❡❞ ❢r♦♠
▼❈ s✐♠✉❧❛t✐♦♥s✳

✸✳✸✳✾ ◆♦r♠❛❧✐③❛t✐♦♥ ❛♥❞ ❙✐♥❣❧❡ ❊✈❡♥t ❙❡♥s✐t✐✈✐t②

❚❤❡ ❙✐♥❣❧❡ ❊✈❡♥t ❙❡♥s✐t✐✈✐t② ✭❙❊❙✮ ✐s ❞❡✜♥❡❞ ❛s

SES =
1

NK · ǫπνν
✱ ✭✸✳✶✽✮

✇❤❡r❡ NK ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❦❛♦♥ ❞❡❝❛②s ✐♥ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥ ❛♥❞ ǫπνν ✐s
t❤❡ s✐❣♥❛❧ ❡✣❝✐❡♥❝②✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❦❛♦♥ ❞❡❝❛②s ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡
♥✉♠❜❡r Nππ ♦❢ K+ → π+π0 ❞❡❝❛②s ✐♥ t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r ❛s ❢♦❧❧♦✇s✿

NK =
Nππ ·R

Aππ · BRππ

✳ ✭✸✳✶✾✮

■♥ t❤❡ ❡q✉❛t✐♦♥ ❛❜♦✈❡✱ t❤❡ K+ → π+π0 ❞❡❝❛②s ❝♦♥tr✐❜✉t✐♥❣ t♦ Nππ ❛r❡ s❡✲
❧❡❝t❡❞ ✇✐t❤ ❛ πνν✲❧✐❦❡ s❡❧❡❝t✐♦♥ r❡❧❡❛s✐♥❣ t❤❡ ♣❤♦t♦♥ ❛♥❞ ♠✉❧t✐♣❧✐❝✐t② r❡❥❡❝t✐♦♥

✺✽



❛♥❞ r❡q✉✐r✐♥❣ ❛ m2
miss ✐♥ t❤❡ K+ → π+π0 ♣❡❛❦ r❡❣✐♦♥❀ Aππ ✐s t❤❡ ❛❝❝❡♣t❛♥❝❡

❢♦r t❤✐s s❡❧❡❝t✐♦♥✱ R = 400 ✐s t❤❡ ❞♦✇♥s❝❛❧✐♥❣ ❢❛❝t♦r ♦❢ t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r
❛♥❞ BRππ ✐s t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤❡ K+ → π+π0 ❞❡❝❛②✳

❚❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ πνν s❡❧❡❝t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

ǫπνν =
∑

j

Aj
πννǫ

j
trigǫ

j
RV ✱ ✭✸✳✷✵✮

✇❤❡r❡ t❤❡ s✉♠ ✐♥❝❧✉❞❡s ❢♦✉r ❡q✉❛❧ ❜✐♥s j ♦❢ 5 ●❡❱ ♠♦♠❡♥t✉♠✱ Aπνν ✐s t❤❡
s✐❣♥❛❧ s❡❧❡❝t✐♦♥ ❛❝❝❡♣t❛♥❝❡✱ ǫtrig ✐s t❤❡ tr✐❣❣❡r ❡✣❝✐❡♥❝② ❛♥❞ ǫRV ✐s t❤❡ r❛♥❞♦♠
✈❡t♦ ❡✣❝✐❡♥❝②✳ ❚❤❡ r❛♥❞♦♠ ✈❡t♦ ❡✣❝✐❡♥❝② ✐s ❞❡✜♥❡❞ s♦ t❤❛t 1 − ǫRV ✐s t❤❡
♣❡r❝❡♥t❛❣❡ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts r❡❥❡❝t❡❞ ❜② t❤❡ ♣❤♦t♦♥ ❛♥❞ ♠✉❧t✐♣❧✐❝✐t② ❝✉ts ❛s ❛
r❡s✉❧t ♦❢ ❛❝❝✐❞❡♥t❛❧ ❛❝t✐✈✐t② ✐♥ t❤❡ ❞❡t❡❝t♦r✳ ❖t❤❡r ♣♦ss✐❜❧❡ ❡✛❡❝ts ❛r❡ ❡✐t❤❡r
✐♠♣❧✐❝✐t ✐♥ Aπνν ♦r t❤❡② ❝❛♥❝❡❧ ♦✉t ✇❤❡♥ ♠✉❧t✐♣❧②✐♥❣ ❜② NK t♦ ❝♦♠♣✉t❡ t❤❡
❙❊❙✱ ❢♦r ✐♥st❛♥❝❡ t❤❡ r❛♥❞♦♠ ✈❡t♦ ❞✉❡ t♦ ❛❝❝✐❞❡♥t❛❧ ❛❝t✐✈✐t② ✐♥ t❤❡ ▼❯❱✸✳

❚❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐s

N exp
πνν =

BRπνν(SM)

SES
✱ ✭✸✳✷✶✮

✇❤❡r❡ BRπνν(SM) ✐s t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❡①♣❡❝t❛t✐♦♥ ❢♦r t❤❡ K+ → π+νν̄
❞❡❝❛②✳

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ πνν ❛♥❛❧②s✐s✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❡✈❛❧✉❛t✐♦♥ ❛r❡
r❡♣♦rt❡❞ ✐♥ ❝❤❛♣t❡r ✺✳

✺✾



❈❤❛♣t❡r ✹

❯♣str❡❛♠ ❇❛❝❦❣r♦✉♥❞

❚❤❡ s♦✲❝❛❧❧❡❞ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐s ❜② ❢❛r t❤❡ ♠♦st ❞❛♥❣❡r♦✉s s♦✉r❝❡ ♦❢
❜❛❝❦❣r♦✉♥❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ K+ → π+νν̄ ❞❡❝❛② ❛t ◆❆✻✷❀ t❤❡
st✉❞② ♦❢ t❤✐s ❜❛❝❦❣r♦✉♥❞ ✇❛s t❤❡ ♠❛✐♥ ❢♦❝✉s ♦❢ ♠② P❤❉ ❛❝t✐✈✐t②✳

✹✳✶ ❈❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦✲

❣r♦✉♥❞

❲❡ ❝❛❧❧ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❛♥② ❡✈❡♥t ♦r✐❣✐♥❛t❡❞ ❜❡❢♦r❡ t❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛②
✈♦❧✉♠❡ t❤❛t✱ ❢♦r ❛♥② r❡❛s♦♥✱ r❡❛❝❤❡s t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡ ❛♥❞ s✉r✈✐✈❡s ❛❧❧
t❤❡ ❝✉ts ♦❢ t❤❡ s✐❣♥❛❧ s❡❧❡❝t✐♦♥✳ ❯♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ❝❛♥ ❜❡ ♦r✐❣✲
✐♥❛t❡❞ ❡✐t❤❡r ❜② ❡❛r❧② ❞❡❝❛②s ♦❢ K+ ♦r ✐♥t❡r❛❝t✐♦♥s ♦❢ ❜❡❛♠ ♣❛rt✐❝❧❡s ✇✐t❤
t❤❡ ♠❛t❡r✐❛❧ ✐♥ t❤❡ ❜❡❛♠ ❧✐♥❡✱ ❛♥❞ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡r❡ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❛✐♥
♣♦ss✐❜✐❧✐t✐❡s✿

✶✳ t❤❡ ❞♦✇♥str❡❛♠ π+ ❝♦♠❡s ❢r♦♠ ❛♥ ❡❛r❧② K+ ❞❡❝❛② ❜❡t✇❡❡♥ ●❚❑✷ ❛♥❞
●❚❑✸✱ ✇✐t❤ ❛♥ ❛❝❝✐❞❡♥t❛❧ ♣✐❧❡✲✉♣ ●❚❑ tr❛❝❦❀ t❤❡ r❡s✉❧t✐♥❣ π+ s♥❡❛❦s
t❤r♦✉❣❤ t❤❡ ✐♥♥❡r ♣❛rt ♦❢ t❤❡ ❝♦❧❧✐♠❛t♦r ❛♥❞ r❡❛❝❤❡s t❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛②
✈♦❧✉♠❡✳ ❚❤✐s ❦✐♥❞ ♦❢ ❡✈❡♥ts ❤❛✈❡ ❜❡❡♥ ❝❛❧❧❡❞ s♥❛❦❡s ✐♥ t❤❡ ❥❛r❣♦♥ ♦❢
◆❆✻✷✳

✷✳ t❤❡ ❞♦✇♥str❡❛♠ π+ ❝♦♠❡s ❢r♦♠ ❛♥ ❡❛r❧② K+ ❞❡❝❛② ❜❡t✇❡❡♥ ●❚❑✷
❛♥❞ ●❚❑✸✱ ✇✐t❤ ❛♥ ❛❝❝✐❞❡♥t❛❧ ♣✐❧❡✲✉♣ ●❚❑ tr❛❝❦❀ t❤❡ r❡s✉❧t✐♥❣ π+

♣❛ss❡s ❛❜♦✈❡ t❤❡ ✜♥❛❧ ❝♦❧❧✐♠❛t♦r ❛♥❞ r❡❛❝❤❡s t❤❡ ✜❞✉❝✐❛❧ ❞❡❝❛② ✈♦❧✉♠❡✱
❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛❝❦ ♦❢ s❤✐❡❧❞✐♥❣ ✐♥ ❢r♦♥t ♦❢ t❤❡ ❝❡♥tr❛❧ r❡❣✐♦♥ ♦❢ t❤❡
❧❛st ❞✐♣♦❧❡s✳ ❚❤✐s ❦✐♥❞ ♦❢ ❡✈❡♥ts ❛r❡ ❝❛❧❧❡❞ ♠❛♠❜❛s ✐♥ t❤❡ ❥❛r❣♦♥ ♦❢
◆❆✻✷✱ ❛♥❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ t❤❡② ♦r✐❣✐♥❛t❡ ✇❛s ♣❛rt✐❛❧❧② s✉♣♣r❡ss❡❞ ✐♥
t❤❡ ✷✵✶✼✲■■ ❞❛t❛ s❛♠♣❧❡ t❤❛♥❦s t♦ t❤❡ s❤✐❡❧❞✐♥❣ ✐♥st❛❧❧❡❞ ✐♥ ❙❡♣t❡♠❜❡r
✷✵✶✼✳

✻✵



✸✳ t❤❡ ❞♦✇♥str❡❛♠ π+ ❝♦♠❡s ❢r♦♠ ❛♥ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❛ ❜❡❛♠ ♣❛rt✐❝❧❡ ✇✐t❤
●❚❑✷ ♦r ●❚❑✸✱ ♠❛t❝❤❡❞ t♦ ❛♥ ❛❝❝✐❞❡♥t❛❧ K+ ✐♥ ●❚❑✳

✹✳ t❤❡ ❞♦✇♥str❡❛♠ π+ ✐s ♣r♦♠♣t❧② ♣r♦❞✉❝❡❞ ✐♥ ✐♥❡❧❛st✐❝ ❝♦❧❧✐s✐♦♥s ♦❢ ❛
❜❡❛♠ K+ ✇✐t❤ t❤❡ ●❚❑✸✳

✺✳ t❤❡ ❞♦✇♥str❡❛♠ π+ ❝♦♠❡s ❢r♦♠ t❤❡ ❞❡❝❛② ♦❢ ❛ ❧♦♥❣✲❧✐✈✐♥❣ ♣❛rt✐❝❧❡ ✭❡✳❣✳
KS✱ KL ♦r K+✮ ♣r♦❞✉❝❡❞ ✐♥ ✐♥❡❧❛st✐❝ ❝♦❧❧✐s✐♦♥s ♦❢ ❜❡❛♠ K+ ✇✐t❤ t❤❡
●❚❑✸✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ■ ✇✐❧❧ r❡❢❡r t♦ t❤❡s❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❛s t②♣❡ ✶✱ t②♣❡ ✷✱ t②♣❡ ✸✱
t②♣❡ ✹ ❛♥❞ t②♣❡ ✺ ❜❛❝❦❣r♦✉♥❞✱ ✐♥ t❤❡ s❛♠❡ ♦r❞❡r ❛s t❤❡② ❛r❡ ❧✐st❡❞ ❛❜♦✈❡✳

■♥ t❤❡ ✜rst t❤r❡❡ ❝❛s❡s t❤❡r❡ ✐s ❛♥ ❛❝❝✐❞❡♥t❛❧ tr❛❝❦ ✐♥ t❤❡ ●❚❑ ✭♣✐❧❡✲✉♣
tr❛❝❦✮ ♠❛t❝❤❡❞ t♦ t❤❡ ❞♦✇♥str❡❛♠ π+ ❛♥❞✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ ✐♥ t❤❡ ✜rst t✇♦
❝❛s❡s t❤❡ K+ t❤❛t ♦r✐❣✐♥❛t❡❞ t❤❡ ❞♦✇♥str❡❛♠ π+ ❝❛♥♥♦t ❢♦r♠ ❛ tr❛❝❦ ✐♥ t❤❡
●❚❑ ❜❡❝❛✉s❡ ✐t ❞❡❝❛②❡❞ ✭♦r ✐♥t❡r❛❝t❡❞✮ ❜❡❢♦r❡ t❤❡ ❧❛st st❛t✐♦♥✳

❱❛r✐♦✉s ❝✉ts ❛r❡ ❛♣♣❧✐❡❞ ✐♥ t❤❡ πνν ❛♥❛❧②s✐s t♦ s✉♣♣r❡ss ❛♥❞ r❡❥❡❝t ✉♣✲
str❡❛♠ ❡✈❡♥ts ✭s❡❡ ❛❧s♦ ✸✳✸✳✻✮✳ ❋♦r ✇❤❛t ❝♦♥❝❡r♥s t❤❡ ✜rst t❤r❡❡ t②♣❡s ♦❢
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞✱ t❤❡ ♠♦st r❡❧❡✈❛♥t ❝✉ts ❛r❡✿

❼ K+ − π+ ♠❛t❝❤✐♥❣ ❝✉t✱ t❤❛t ✉s❡s t❤❡ t✐♠❡ ♦❢ ❑❚❆●✱ ●❚❑✱ ❘■❈❍ ❛♥❞
t❤❡ ❈❉❆ ♦❢ t❤❡ ✈❡rt❡①✱ ❜✉✐❧❞✐♥❣ t❤❡ ❞✐s❝r✐♠✐♥❛♥t ♠❡♥t✐♦♥❡❞ ✐♥ ✸✳✸✳✶❀ ❛
❢✉❧❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡❞✉r❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✺✻❪❀

❼ ❈❍❆◆❚■ ✈❡t♦❀

❼ ❝✉t ♦♥ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥✱ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ R❙❚❘❆❲✶ ✈s Z✈❡rt❡① ♣❧❛♥❡❀

❼ ❝✉t ♦♥ t❤❡ ❡①tr❛♣♦❧❛t❡❞ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ π+ ❜❛❝❦ ❛t t❤❡
♣♦s✐t✐♦♥ ♦❢ t❤❡ ❚❘■▼✺ ♠❛❣♥❡t❀ t❤❡ ❝✉t r❡❥❡❝ts ❛ r❡❝t❛♥❣✉❧❛r r❡❣✐♦♥ ✐♥
|X| < 100 ♠♠ ❛♥❞ |Y | < 500 ♠♠ ✭❜♦① ❝✉t✱ ♠♦r❡ ♦♥ t❤✐s ❝✉t ❧❛t❡r✮✳

❆s r❡❣❛r❞s t❤❡ t②♣❡ ✹ ❛♥❞ ✺ ✉♣str❡❛♠ ❡✈❡♥ts✱ ✇❤❡r❡ t❤❡r❡ ✐s ❛♥ ✐♥t❡r❛❝t✐♦♥
♦❢ ❜❡❛♠K+ ✇✐t❤ t❤❡ ●❚❑✸✱ t❤❡ r❡❥❡❝t✐♦♥ ✐s ♠❛✐♥❧② ❛❝❤✐❡✈❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣
❝✉ts✿

❼ ❈❍❆◆❚■ ✈❡t♦✱ s✐♥❝❡ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣r♦❞✉❝✐♥❣ t❤❡ π+ ✐s ❛ss♦❝✐❛t❡❞ t♦
❛ ❤✐❣❤ ♣❛rt✐❝❧❡ ♠✉❧t✐♣❧✐❝✐t② ❡❛s✐❧② ❞❡t❡❝t❡❞ ❜② t❤❡ ❈❍❆◆❚■❀

❼ ❝✉t ♦♥ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥✱ s❛♠❡ ❛s ❛❜♦✈❡❀

❼ ❈❉❆ ❝✉t ✐♥ t❤❡ K+ − π+ ♠❛t❝❤✐♥❣❀

❼ ❜♦① ❝✉t ❛t ❚❘■▼✺✱ s❛♠❡ ❛s ❛❜♦✈❡✳
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❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥t♦ t❤❡ ✜✈❡ ❣r♦✉♣s ❧✐st❡❞
❛❜♦✈❡ ✐s ❜❛❝❦❡❞ ✉♣ ❜② t❤❡ ❛♥❛❧②s✐s ♦❢ ❛ ❞❛t❛ s❛♠♣❧❡ ❛rt✐✜❝✐❛❧❧② ❡♥r✐❝❤❡❞ ♦❢
✉♣str❡❛♠✲❧✐❦❡ ❡✈❡♥ts✱ r❡❧❛①✐♥❣ ♦r ✐♥✈❡rt✐♥❣ t❤❡ ❝✉ts ❛❣❛✐♥st t❤❡ ❜❡❛♠ ❜❛❝❦✲
❣r♦✉♥❞ ♦♥ t❤❡ K+ → π+νν̄ s❡❧❡❝t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❡♥r✐❝❤❡❞ s❛♠♣❧❡
♣❛ss❡s ❛ πνν s❡❧❡❝t✐♦♥ ❜✉t t❤❡ ❝✉ts ♦♥ t❤❡ Z✈❡rt❡①✱ ❈❍❆◆❚■ ❛♥❞ t❤❡ ❜♦①
❝✉t ❛r❡ ♥♦t ❛♣♣❧✐❡❞✱ ✇❤✐❧❡ t❤❡ K − π ♠❛t❝❤✐♥❣ ❝✉t ✐s ✐♥✈❡rt❡❞✳ ❋✐❣✉r❡ ✹✳✶
s❤♦✇s t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡s❡ ❡✈❡♥ts ❛t t❤❡ ❚❘■▼✺ ♣♦s✐t✐♦♥✱ ✇❤❡r❡ t❤❡
❡✈❡♥ts ❝r♦✇❞ ❛r♦✉♥❞ s♦♠❡ r❡❣✐♦♥s t❤❛t ✐♥❞✐❝❛t❡ t❤❛t t❤❡ tr❛❝❦s ♦r✐❣✐♥❛t❡❞
✉♣str❡❛♠ ♦❢ t❤❡ ●❚❑✸ st❛t✐♦♥ ❡♥t❡r t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
♠❛t❡r✐❛❧ ❛♥❞ str❛② ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ t❤❡✐r ♣❛t❤✳

❋✐❣✉r❡ ✹✳✶✿ ❉✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❡①tr❛♣♦❧❛t❡❞ ♣♦s✐t✐♦♥ ♦❢ t❤❡ π+ tr❛❝❦ ❛t
Z❚❘■▼✺ ❢♦r ❛ s❛♠♣❧❡ ♦❢ ❞❛t❛ ❡♥r✐❝❤❡❞ ✇✐t❤ ✉♣str❡❛♠✲❧✐❦❡ ❡✈❡♥ts✳ ❚❤❡ ❜❧✉❡
❧✐♥❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ r❡❣✐♦♥ ❝♦✈❡r❡❞ ❜② t❤❡ ❧❛st ❞✐♣♦❧❡ ❛♥❞ s❡❝♦♥❞ ❛❝❤r♦✲
♠❛t✱ t❤❡ ❜❧❛❝❦ ❧✐♥❡s ❞❡✜♥❡ t❤❡ ❛❝❝❡♣t❛♥❝❡ r❡❣✐♦♥ ❝♦✈❡r❡❞ ❜② t❤❡ ❈❍❆◆❚■
❞❡t❡❝t♦r✱ ✇❤✐❧❡ t❤❡ r❡❞ ❧✐♥❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❝♦♥t♦✉r ♦❢ t❤❡ ✜♥❛❧ ❝♦❧❧✐♠❛t♦r✳

■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡s❡ ❦✐♥❞ ♦❢ ❡✈❡♥ts ❝❛♥ r❡♣r❡s❡♥t ❛ ❜❛❝❦✲
❣r♦✉♥❞ t♦ ♦✉r s✐❣♥❛❧✱ ✐t ✐s ✉s❡❢✉❧ t♦ r❡❢❡r t♦ t❤❡ s✐♠♣❧❡ s❦❡t❝❤❡s ✐♥ ✜❣✳ ✹✳✸✱ ✹✳✹
❛♥❞ ✹✳✺✳ ❚❤❡ st❛♥❞❛r❞ s✐❣♥❛❧ ❡✈❡♥t t♦♣♦❧♦❣② ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✹✳✸✿ ❛ K+ ✐♥
t❤❡ ❜❡❛♠ ✐s ❞❡t❡❝t❡❞ ✐♥ t❤❡ ❑❚❆● ❛♥❞ ✐♥ ❛❧❧ t❤❡ t❤r❡❡ st❛t✐♦♥s ♦❢ t❤❡ ●❚❑❀
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t❤❡ ❦❛♦♥ ❡♥t❡rs t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥ ❛♥❞ ❞❡❝❛②s ✐♥t♦ ❛ ❝❤❛r❣❡❞ ♣✐♦♥ ❛♥❞ t✇♦
♥❡✉tr✐♥♦s❀ t❤❡♥✱ t❤❡ ❞♦✇♥str❡❛♠ π+ ✐s ❞❡t❡❝t❡❞ ❜② t❤❡ ❙❚❘❆❲ s♣❡❝tr♦♠❡t❡r
❛♥❞ ❜② t❤❡ ♦t❤❡r ❞♦✇♥str❡❛♠ s✉❜✲❞❡t❡❝t♦rs✳ ■❢ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ✐s ❡①✲
tr❛♣♦❧❛t❡❞ ❜❛❝❦ ❛t t❤❡ Z ❝♦♦r❞✐♥❛t❡ ♦❢ t❤❡ ❚❘■▼✺ ♠❛❣♥❡t✱ t❤❡ s✐❣♥❛❧ ❡✈❡♥ts
❛r❡ ❞✐str✐❜✉t❡❞ ✉♥✐❢♦r♠❧② ❛r♦✉♥❞ ❛ r✐♥❣ ❝❡♥t❡r❡❞ ♦♥ t❤❡ ❜❡❛♠ ♣✐♣❡ ✭s❡❡ ✜❣✳
✹✳✷✮✱ ❧❡❛✈✐♥❣ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ♣✐♣❡ ❡♠♣t② ❜❡❝❛✉s❡ t❤❡ ✈❡rt❡① ❜❡t✇❡❡♥
t❤❡ ✉♣str❡❛♠ ❛♥❞ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ❢♦r ❛ s✐❣♥❛❧ ❡✈❡♥t ✐s ❛❧✇❛②s ✐♥s✐❞❡
t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡✳ ❚❤✐s ❝❛♥ ❜❡ ❜❡tt❡r ✉♥❞❡rst♦♦❞ ❧♦♦❦✐♥❣ ❛t t❤❡ ❞❛s❤❡❞
❧✐♥❡ ✐♥ ✜❣✳ ✹✳✸✳

❋✐❣✉r❡ ✹✳✷✿ ▼❈ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ❡①tr❛♣✲
♦❧❛t❡❞ ❛t t❤❡ ❚❘■▼✺ ❩✲♣♦s✐t✐♦♥ ❬✺✼❪✳

❋♦r t❤❡ s❛❦❡ ♦❢ ❛r❣✉♠❡♥t✱ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ■ ✇✐❧❧ ♣r❡s❡♥t t❤r❡❡ ♣♦ss✐❜❧❡
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ s❝❡♥❛r✐♦s✳

❼ ■t ♠✐❣❤t ❤❛♣♣❡♥ t❤❛t ❛ K+ ❞❡❝❛②s ❜❡t✇❡❡♥ ●❚❑✷ ❛♥❞ ●❚❑✸ ✭✜❣✳
✹✳✹✮✳ ❙✉♣♣♦s❡✱ ❢♦r ✐♥st❛♥❝❡✱ t❤❛t t❤❡ ❞❡❝❛② ✐s ❛ K+ → π+π0✱ ❛♥❞ t❤❡
♣❤♦t♦♥s ❢r♦♠ t❤❡ π0 ❞❡❝❛② ❛r❡ ❧♦st ♦r ❛❜s♦r❜❡❞ ❜② t❤❡ ♠❛t❡r✐❛❧ ✐♥ t❤❡
❜❡❛♠ ❧✐♥❡✳ ■♥ s♦♠❡ s♣❡❝✐❛❧ ❝❛s❡s✱ t❤❡ π+ ✐♥ t❤❡ ✜♥❛❧ st❛t❡ ❝♦✉❧❞ s♥❡❛❦
t❤r♦✉❣❤ t❤❡ ❤♦❧❡s ✐♥ t❤❡ ❝♦❧❧✐♠❛t♦rs ❛♥❞ r❡❛❝❤ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥✿ ✐❢
❛ ♣✐❧❡✲✉♣ π+ ✐s ♣r❡s❡♥t ✐♥ t❤❡ ●❚❑✱ t❤❡♥ t❤✐s ❝❛♥ ❢♦r♠ ❛ ❢❛❦❡ ✈❡rt❡①
✇✐t❤ t❤❡ ♣✐♦♥ ❢r♦♠ t❤❡ K ❞❡❝❛②✱ r❡s✉❧t✐♥❣ ✐♥ ❛ s✐❣♥❛❧✲❧✐❦❡ s✐❣♥❛t✉r❡✳
❍♦✇❡✈❡r✱ ✐♥ t❤✐s ❦✐♥❞ ♦❢ ❡✈❡♥ts✱ t❤❡ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠
tr❛❝❦ ❛t t❤❡ ❚❘■▼✺ ♣♦s✐t✐♦♥ ✇✐❧❧ r❡s✉❧t ✐♥ ❛ ❞✐str✐❜✉t✐♦♥ ✈❡r② ❝❧♦s❡ t♦
t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❜❡❛♠✱ ✉♥❧✐❦❡ s✐❣♥❛❧ ❡✈❡♥ts ✭s❡❡ ✜❣✳ ✹✳✶✮✱ t❤❡r❡❢♦r❡ ❛
❣❡♦♠❡tr✐❝❛❧ ❜♦① ❝✉t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❣❡t r✐❞ ♦❢ t❤✐s ❦✐♥❞ ♦❢ ❜❛❝❦❣r♦✉♥❞✳

❼ ❆ π+ ❢r♦♠ ❛♥ ❡❛r❧② K+ ❞❡❝❛② ✐♥ t❤❡ ❛❝❤r♦♠❛t r❡❣✐♦♥ ✭s❡❡ ❛❧s♦ ✜❣✳ ✷✳✸✮✱
❝❛♥ ♣❛ss t❤r♦✉❣❤ t❤❡ ❛♣❡rt✉r❡ ♦❢ t❤❡ ❧❛st ❞✐♣♦❧❡ ♦❢ t❤❡ ❛❝❤r♦♠❛t ✐ts❡❧❢
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✭s✐♥❝❡ t❤❡r❡ ✐s ♥♦ ❝♦❧❧✐♠❛t✐♦♥ ✐♥ ❨✮✱ ❡①✐t✐♥❣ ❛t ❛ ❝♦♦r❞✐♥❛t❡ ❨ ❛♥❞ ✇✐t❤
❛ ❨❩ s❧♦♣❡ s✉❝❤ t❤❛t ✐t ❝❛♥ ❥✉♠♣ ❛❜♦✈❡ t❤❡ ✜♥❛❧ ❝♦❧❧✐♠❛t♦r✱ ♦✉ts✐❞❡
t❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ❈❍❆◆❚■✱ ❛♥❞ ♣❛ss t❤r♦✉❣❤ t❤❡ r❡t✉r♥ ②♦❦❡ ♦❢
❚❘■▼✺ ✇✐t❤♦✉t ✐♥t❡r❛❝t✐♥❣ ✭2.5 λI✮❀ t❤✐s ❞♦✇♥str❡❛♠ ♣✐♦♥ ❝❛♥ ❢♦r♠ ❛
❢❛❦❡ ✈❡rt❡① ✐♥ t❤❡ ✜❞✉❝✐❛❧ r❡❣✐♦♥ ❜❡t✇❡❡♥ 130 ❛♥❞ 145 ♠ ✇✐t❤ ❛ ♣✐❧❡✲✉♣
tr❛❝❦ ✐♥ t❤❡ ●❚❑ ✭✜❣✳ ✹✳✺✮✳ ❚❤✐s ❦✐♥❞ ♦❢ ❡✈❡♥ts✱ ✇❤❡♥ ❡①tr❛♣♦❧❛t❡❞ ❛t
t❤❡ ❚❘■▼✺ ♣❧❛♥❡✱ ❛r❡ ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ ✭s❡❡ ✜❣✳
✹✳✶✮✳

❼ ❆❧t❡r♥❛t✐✈❡❧② t❤❡ π+ ❢r♦♠ ❛♥ ❡❛r❧② ❡✈❡♥t ❝❛♥ ♣❛ss t❤r♦✉❣❤ t❤❡ ❝r❛❝❦s
♦❢ t❤❡ ✜♥❛❧ ❝♦❧❧✐♠❛t♦r✱ ✐♥s✐❞❡ t❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ ❈❍❆◆❚■✱ ❛♥❞ ♣❛ss
t❤r♦✉❣❤ t❤❡ r❡t✉r♥ ②♦❦❡ ♦❢ ❚❘■▼✺ ✇✐t❤♦✉t ✐♥t❡r❛❝t✐♥❣✳ ■♥ t❤✐s ❝❛s❡
t❤❡ ♣✐♦♥ ✇✐❧❧ ❜❡ ❞❡t❡❝t❡❞ ❜② ❈❍❆◆❚■ ♠♦st ♦❢ t❤❡ t✐♠❡s✱ ❜✉t ♦♥❡ ❤❛s
t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞❡t❡❝t♦r ✐♥❡✣❝✐❡♥❝②✳ ❆❝❝✐❞❡♥t❛❧❧②✱ t❤❡② ❝❛♥
♠❛❦❡ ❛ ❢❛❦❡ ✈❡rt❡① ✇✐t❤ ❛ ♣✐❧❡✲✉♣ ●❚❑ tr❛❝❦ ✐♥ t❤❡ r❡❣✐♦♥ ❜❡t✇❡❡♥ ✶✶✺
❛♥❞ ✶✸✵ ♠✳

❇❡❝❛✉s❡ ♦❢ t❤❡ ♠❡❝❤❛♥✐s♠s ❥✉st ❞❡s❝r✐❜❡❞✱ t❤❡ ❡①tr❛♣♦❧❛t❡❞ ♣♦s✐t✐♦♥ ❛t
❚❘■▼✺ ❢♦r ❛ ❝♦♥s♣✐❝✉♦✉s ♥✉♠❜❡r ♦❢ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ❢❛❧❧ ✐♥ t❤❡
r❡❣✐♦♥ ❞❡✜♥❡❞ ❜② |X| < 100 ♠♠ ❛♥❞ |Y | < 500 ♠♠❀ t❤❡ ❡✈❡♥ts ❢❛❧❧✐♥❣ ✐♥t♦
t❤✐s r❡❣✐♦♥ ✇❡r❡ ❝♦♥s❡q✉❡♥t❧② r❡♠♦✈❡❞ ✐♥ t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s ✭❜♦① ❝✉t✮ ❬✶✽❪✳
❆s ♠❡♥t✐♦♥❡❞ ❡❛r❧✐❡r✱ t❤❡ s❛♠❡ ❝✉t ✐s ❛♣♣❧✐❡❞ ✐♥ t❤❡ ✷✵✶✼ ❛♥❛❧②s✐s✱ s✐♥❝❡
♥♦ s✐❣♥✐✜❝❛♥t ♠♦❞✐✜❝❛t✐♦♥ t♦ t❤❡ ❜❡❛♠ ❧✐♥❡ ✇❛s ♠❛❞❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
♣r❡✈✐♦✉s ②❡❛r✳

❆❧❧ t❤❡ t♦♣♦❧♦❣✐❡s ❞❡s❝r✐❜❡❞ ✇♦✉❧❞ ♥♦r♠❛❧❧② ❜❡ r❡❥❡❝t❡❞ ❛t t❤❡ ❛♥❛❧②s✐s
❧❡✈❡❧ ❜② t❤❡ ❜❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❝✉ts ❧✐st❡❞ ♣r❡✈✐♦✉s❧②✳ ❚❤❡ r❡❛❧ ♣r♦❜❧❡♠ ❛r✐s❡s
❢r♦♠ t❤❡ ❢❛❝t t❤❛t t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ tr❛❝❦s ❝♦✉❧❞ ✉♥❞❡r❣♦ ♠✉❧t✐♣❧❡
s❝❛tt❡r✐♥❣✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ❛ π+ ❢r♦♠ ❛♥ ❡❛r❧② ❦❛♦♥ ❞❡❝❛② ✐s s❝❛tt❡r❡❞ ❛t
t❤❡ ✜rst ❝❤❛♠❜❡r ♦❢ t❤❡ s♣❡❝tr♦♠❡t❡r ✭❙❚❘❆❲✶✮✱ t❤❡ ♣♦✐♥t✐♥❣ ♦❢ t❤❡ tr❛❝❦
✐s ❧♦st✱ t❤❡ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ tr❛❝❦ ❛t t❤❡ ❚❘■▼✺ ♣♦s✐t✐♦♥ ✐s ♥♦t r❡❧✐❛❜❧❡
❛♥②♠♦r❡ ❛♥❞ t❤❡ ❡✈❡♥t ♠❛② ♥♦t ❜❡ r❡❥❡❝t❡❞ ❜② t❤❡ ❜♦① ❝✉t✳ ■♥ t❤✐s ❝❛s❡✱
t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ♠✐♠✐❝ ♣❡r❢❡❝t❧② ❛ s✐❣♥❛❧ ❡✈❡♥t✳ ❇❡❝❛✉s❡ ♦❢
t❤✐s✱ ✐t ✐s ❡①tr❡♠❡❧② ✐♠♣♦rt❛♥t t♦ ❡✈❛❧✉❛t❡ t❤❡ r❡s✐❞✉❛❧ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥s✐❞❡ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳

❚❤❡ t✐♠❡ str✉❝t✉r❡ ♦❢ t❤❡ ✉♣str❡❛♠ ❡✈❡♥ts ✐s ♠❛♥✐❢♦❧❞ ❛♥❞ ✐t ❝❛♥ ❜❡
✈✐s✉❛❧✐③❡❞ ❧♦♦❦✐♥❣ ❛t t❤❡ t✐♠❡ ❝♦✐♥❝✐❞❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ♠♦st r❡❧❡✈❛♥t
❞❡t❡❝t♦rs ✭s❡❡ ✜❣✳ ✹✳✻✮✱ ✐✳❡✳ t❤❡ ❑❚❆●✱ t❤❡ ●❚❑ ❛♥❞ t❤❡ ❘■❈❍✿

❼ ■♥ t❤❡ ❝❛s❡ ♦❢ ❡❛r❧② ❦❛♦♥ ❞❡❝❛②s✱ ✇❤❡r❡ t❤❡ K+ ❞❡❝❛②s ❜❡❢♦r❡ ●❚❑✸✱
t❤❡ ❘■❈❍ ❛♥❞ ❑❚❆● ❞❡t❡❝t♦rs ❛r❡ ✐♥ t✐♠❡ ❜❡❝❛✉s❡ t❤❡ ❞♦✇♥str❡❛♠
π+ ❝♦♠❡s ❢r♦♠ t❤❡ ❞❡❝❛② ♦❢ t❤❡ K+❀ ❝♦♥✈❡rs❡❧② t❤❡ ●❚❑ ❛♥❞ t❤❡
❑❚❆● ❛r❡ ♥♦t ✐♥ t✐♠❡✱ s✐♥❝❡ t❤❡ s✐❣♥❛❧ ✐♥ t❤❡ ●❚❑ ♠✉st ❝♦♠❡ ❢r♦♠

✻✹



❋✐❣✉r❡ ✹✳✸✿ ❆ s✐♠♣❧✐✜❡❞ ♥♦t✲t♦✲s❝❛❧❡ s❦❡t❝❤ ♦❢ t❤❡ ◆❆✻✷ ❡①♣❡r✐♠❡♥t ✐♥ t❤❡
❳❩ ♣❧❛♥❡✳ ■♥ t❤✐s s❦❡t❝❤✱ t❤❡ t②♣✐❝❛❧ t♦♣♦❧♦❣② ♦❢ ❛ s✐❣♥❛❧ ❡✈❡♥t ✐s ❞❡♣✐❝t❡❞✳
❚❤❡ r❡❞ ❧✐♥❡ r❡♣r❡s❡♥t t❤❡ ❜❡❛♠ K+ ❞❡❝❛②✐♥❣ ✐♥t♦ ❛ ❝❤❛r❣❡❞ ♣✐♦♥ ✭❜❧✉❡ s♦❧✐❞
❧✐♥❡✮ ❛♥❞ t✇♦ ♥❡✉tr✐♥♦s ✭❜❧✉❡ ❞♦tt❡❞ ❧✐♥❡s✮✳ ❚❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♣✐♦♥ tr❛❝❦
❝❛♥ ❜❡ ❡①tr❛♣♦❧❛t❡❞ ❜❛❝❦ ✭❣r❛② ❞❛s❤❡❞ ❧✐♥❡✮ ❛t t❤❡ ❚❘■▼✺ ♠❛❣♥❡t ❩ ♣♦s✐t✐♦♥✳

❛♥ ✉♣str❡❛♠ ♣✐❧❡✲✉♣ π+✳ ❚❤❡r❡❢♦r❡✱ ✐❢ ♦♥❡ ♣❧♦ts t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢
T❘■❈❍−T❑❚❆● ✈s T●❚❑−T❑❚❆●✱ t❤❡s❡ ❡✈❡♥ts ✇✐❧❧ ❜❡ ❞✐str✐❜✉t❡❞ ✐♥ t❤❡
❤♦r✐③♦♥t❛❧ ❛r♠ ♦❢ t❤❡ ♣❧♦t ✐♥ ✜❣✳ ✹✳✻✳

❼ ■♥ t❤❡ ❝❛s❡ ♦❢ ✐♥t❡r❛❝t✐♦♥s✱ t❤❡r❡ ❛r❡ ✈❛r✐♦✉s ♣♦ss✐❜✐❧✐t✐❡s✿

✕ ✐❢ ❛ π+ ✐♥t❡r❛❝ts ✇✐t❤ t❤❡ ●❚❑✷ ♦r ●❚❑✸ ♣r♦❞✉❝✐♥❣ ❛ π+ ✭♦r
❛ ❧♦♥❣✲❧✐✈❡❞ ♣❛rt✐❝❧❡✮ t❤❛t ❡✈❡♥t✉❛❧❧② r❡❛❝❤❡s t❤❡ ❞❡❝❛② ✈♦❧✉♠❡✱
t❤❡♥ ❛ K+ ♠✉st ❜❡ ♣r❡s❡♥t ✐♥ t❤❡ ●❚❑ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ●❚❑
❛♥❞ ❑❚❆● ❛r❡ ✐♥ t✐♠❡✱ ❜✉t t❤❡ ❑❚❆● ❛♥❞ ❘■❈❍ ❛r❡ ♥♦t ✭✈❡rt✐❝❛❧
❛r♠ ♦❢ ♣❧♦t ✹✳✻✮❀

✕ ✐❢ ❛ K+ ✐♥t❡r❛❝ts ✇✐t❤ t❤❡ ●❚❑✷ ❛♥❞ t❤❡r❡ ✐s ❛ ♣✐❧❡✲✉♣ π+ ✐♥ t❤❡
●❚❑✱ t❤❡♥ t❤❡ ❑❚❆● ❛♥❞ ❘■❈❍ ❛r❡ ✐♥ t✐♠❡✱ ❜✉t ❑❚❆● ❛♥❞
●❚❑ ❛r❡ ♥♦t ✭s✐♠✐❧❛r❧② t♦ t❤❡ ❡❛r❧② ❞❡❝❛② ❝❛s❡✮❀

✕ ✐❢ ❛ K+ ✐♥t❡r❛❝ts ✇✐t❤ t❤❡ ●❚❑✸ st❛t✐♦♥✱ ❛❧❧ t❤❡ t❤r❡❡ ❞❡t❡❝t♦r
✭❑❚❆●✱ ●❚❑ ❛♥❞ ❘■❈❍✮ ❛r❡ ✐♥ t✐♠❡ ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤ ♦t❤❡r
✭❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ ♣❧♦t ✹✳✻✮✳

✻✺



❋✐❣✉r❡ ✹✳✹✿ ❙✐♠♣❧✐✜❡❞ ♥♦t✲t♦✲s❝❛❧❡ s❦❡t❝❤ ♦❢ t❤❡ ◆❆✻✷ ❡①♣❡r✐♠❡♥t ✐♥ t❤❡ ❳❩
♣❧❛♥❡✳ ❆ ❜❡❛♠ K+ ✭r❡❞ ❧✐♥❡✮ ❞❡❝❛②s ❜❡t✇❡❡♥ ●❚❑✷ ❛♥❞ ●❚❑✸ ✐♥t♦ ❛ π+

✭❜❧✉❡ s♦❧✐❞ ❧✐♥❡✮ ❛♥❞ ❛ π0❀ s✉❜s❡q✉❡♥t❧② t❤❡ π0 ❞❡❝❛②s ✐♥t♦ ❛ ♣❛✐r ♦❢ ♣❤♦t♦♥s
❡s❝❛♣✐♥❣ ❞❡t❡❝t✐♦♥ ✭❜❧✉❡ ❞♦tt❡❞ ❧✐♥❡s✮✳ ❚❤❡ ●❚❑ tr❛❝❦ ✐s ❢♦r♠❡❞ ❜② ❛ ♣✐❧❡✲
✉♣ ❜❡❛♠ ♣❛rt✐❝❧❡ ❧❡❛✈✐♥❣ ❛ s✐❣♥❛❧ ✐♥ ❛❧❧ t❤❡ ●❚❑ st❛t✐♦♥ ✭❜❧❛❝❦ ❞❛s❤❡❞ ❧✐♥❡✮✱
❢♦r♠✐♥❣ ❛ ❢❛❦❡ ✈❡rt❡① ✇✐t❤ t❤❡ π+ ❢r♦♠ t❤❡ ❦❛♦♥ ❞❡❝❛②✳

❙♦ ❢❛r t❤❡r❡ ✐s ♥♦ ❡✈✐❞❡♥❝❡ ♦❢ t②♣❡ ✹ ♦r t②♣❡ ✺ ❡✈❡♥ts ✭✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡
●❚❑✮✿ ❧♦♦❦✐♥❣ ❛t t❤❡ s✐❞❡✲❜❛♥❞s ♦❢ t❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥s ✐♥ t❤❡ t✐♠✐♥❣ ♣❧♦t
s❤♦✇s t❤❛t t❤❡ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ ♣❧♦t ❝❛♥ ❜❡
❡❛s✐❧② ❡①♣❧❛✐♥❡❞ ❥✉st ✐♥ t❡r♠s ♦❢ t❤❡ ✈❡rt✐❝❛❧ ❛♥❞ t❤❡ ❤♦r✐③♦♥t❛❧ ❛r♠s✳

✹✳✷ ✷✵✶✻ str❛t❡❣②✿ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s

■♥ ♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ s✐❣♥❛❧
r❡❣✐♦♥✱ ✐♥ t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s ❛ ❜✐❢✉r❝❛t✐♦♥ t❡❝❤♥✐q✉❡ ✇❛s ❛❞♦♣t❡❞ ❬✶✽❪❬✺✽❪✳ ■♥ ❛
❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s✱ t✇♦ ✐♥❞❡♣❡♥❞❡♥t ❝✉ts ❛r❡ ❝❤♦s❡♥ ❛♥❞ ✐♥✈❡rt❡❞✱ ♦❜t❛✐♥✐♥❣
❜✐❢✉r❝❛t❡❞ s❛♠♣❧❡s t❤❛t ❛r❡ ♦✉ts✐❞❡ ♦❢ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳ ❚❤❡ t✇♦ ✐♥❞❡♣❡♥❞❡♥t
❝r✐t❡r✐❛ ❢♦r t❤❡ ❜✐❢✉r❝❛t✐♦♥ t❡❝❤♥✐q✉❡ ♥❡❡❞ t♦ ❜❡ r❡❧❡✈❛♥t ❢♦r t❤❡ ❜❛❝❦❣r♦✉♥❞
t❤❛t ✐s t❤❡ s✉❜❥❡❝t ♦❢ t❤❡ st✉❞②✿ t❤❡ ❝❤♦s❡♥ ❝✉t ✐♥ t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s ❛r❡
t❤❡ K+ − π+ ❛ss♦❝✐❛t✐♦♥ ✭❤❡r❡✐♥❛❢t❡r r❡❢❡rr❡❞ t♦ ❛s ❝✉t✶ ✮ ❛♥❞ t❤❡ ❜♦① ❝✉t
✭❤❡r❡✐♥❛❢t❡r r❡❢❡rr❡❞ t♦ ❛s ❝✉t✷ ✮✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ K+−π+ ❛ss♦❝✐❛t✐♦♥ ✐s t❤❡
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❋✐❣✉r❡ ✹✳✺✿ ❙✐♠♣❧✐✜❡❞ ♥♦t✲t♦✲s❝❛❧❡ s❦❡t❝❤ ♦❢ t❤❡ ◆❆✻✷ ❡①♣❡r✐♠❡♥t ✐♥ t❤❡ ❨❩
♣❧❛♥❡✳ ■♥ t❤✐s ❝❛s❡ ❛ ❜❡❛♠ K+ ✭r❡❞ ❧✐♥❡✮ ❞❡❝❛②s ❜❡t✇❡❡♥ ●❚❑✷ ❛♥❞ ●❚❑✸
✐♥t♦ ❛ π+ ✭❜❧✉❡ s♦❧✐❞ ❧✐♥❡✮ ❛♥❞ ❛ π0❀ s✉❜s❡q✉❡♥t❧② t❤❡ π0 ❞❡❝❛②s ✐♥t♦ ❛ ♣❛✐r
♦❢ ♣❤♦t♦♥s ❡s❝❛♣✐♥❣ ❞❡t❡❝t✐♦♥✭❜❧✉❡ ❞♦tt❡❞ ❧✐♥❡s✮✳ ❚❤❡ π+ ❡♥t❡rs t❤❡ ❞❡❝❛②s
r❡❣✐♦♥ ❢r♦♠ ❛❜♦✈❡✱ ❥✉♠♣✐♥❣ ♦✈❡r t❤❡ ❝♦❧❧✐♠❛t♦r✱ ❛♥❞ ❢♦r♠ ❛ ❢❛❦❡ ✈❡rt❡① ✇✐t❤
❛ ♣✐❧❡✲✉♣ ●❚❑ tr❛❝❦✳

❧♦❣✐❝❛❧ ❆◆❉ ♦❢ t❤r❡❡ ❝✉ts ✭K+ − π+ ❞✐s❝r✐♠✐♥❛♥t✱ t✐♠✐♥❣ ❜❡t✇❡❡♥ ❑❚❆●
❛♥❞ ●❚❑✱ ❛♥❞ ❈❉❆✮✱ ❛♥❞ ❝✉t✷ ✐s ❥✉st t❤❡ ❜♦①❝✉t ❞❡✜♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s
s❡❝t✐♦♥✳

❚❤❡s❡ t✇♦ ❝✉ts ❞❡✜♥❡ ❢♦✉r s✉❜✲s❛♠♣❧❡s ❝❛❧❧❡❞ ❆✱ ❇✱ ❈ ❛♥❞ ❉ ✭s❡❡ ✜❣✳ ✹✳✼✮✳
❙❛♠♣❧❡ ❆ ✐s t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ✇❤❡r❡ ❝✉t✶ ❛♥❞ ❝✉t✷ ❛r❡ t❤❡ s❛♠❡ ❛s t❤♦s❡ ✉s❡❞
✐♥ t❤❡ πνν s❡❧❡❝t✐♦♥✶❀ ✐♥ s❛♠♣❧❡ ❇ t❤❡ ❜♦① ❝✉t ✭❝✉t✷✮ ✐s ✐♥✈❡rt❡❞❀ ✐♥ s❛♠♣❧❡
❈ t❤❡ K+ − π+ ❛ss♦❝✐❛t✐♦♥ ✭❝✉t✶✮ ✐s ✐♥✈❡rt❡❞❀ ✐♥ s❛♠♣❧❡ ❉ ❜♦t❤ ❝✉ts ❛r❡
✐♥✈❡rt❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ πνν s❡❧❡❝t✐♦♥❀ ❢♦r t❤❡ r❡❛❞❡r✬s ❝♦♥✈❡♥✐❡♥❝❡ t❤❡
❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ❞❡✜♥✐t✐♦♥s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ t❛❜❧❡ ✹✳✶✳

■♥ ♦r❞❡r t♦ ❡①♣❧♦✐t t❤❡ ❜✐❢✉r❝❛t✐♦♥ t❡❝❤♥✐q✉❡✱ t✇♦ ❡ss❡♥t✐❛❧ ❝♦♥❞✐t✐♦♥s
♠✉st ❜❡ ♠❡t✿ t❤❡ ❝r✐t❡r✐❛ ❝✉t✶ ❛♥❞ ❝✉t✷ ♠✉st ❜❡ ✉♥❝♦rr❡❧❛t❡❞ ❛♥❞ ❛❧❧ t❤❡

✶■t ✐s ✐♠♣♦rt❛♥t t♦ ❦❡❡♣ ✐♥ ♠✐♥❞ t❤❛t r❡❣✐♦♥ ❆ ✐s t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ✐✳❡✳ t❤❡ ❝♦♠❜✐♥❛t✐♦♥
♦❢ t❤❡ t✇♦ r❡❣✐♦♥s ❘✶ ❛♥❞ ❘✷ ❞❡✜♥❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✸✳ ❋♦r t❤✐s r❡❛s♦♥ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡
t♦ ❧♦♦❦ ✐♥t♦ r❡❣✐♦♥ ❆ ✉♥t✐❧ t❤❡ ❛♥❛❧②s✐s ✐s ❝♦♠♣❧❡t❡✱ s✐♥❝❡ ✇❡ ❞❡❝✐❞❡❞ t♦ ❣♦ ❢♦r ❛ ❜❧✐♥❞
❛♥❛❧②s✐s✳
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❋✐❣✉r❡ ✹✳✻✿ ❉✐str✐❜✉t✐♦♥ ♦❢ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞✲❧✐❦❡ ❡✈❡♥ts ✐♥ T❘■❈❍−T❑❚❆●
✈s T●❚❑−T❑❚❆●✱ t✐♠❡s ✐♥ ♥s✳ ❚❤❡ s❛♠♣❧❡ s❤♦✇♥ ✐♥ t❤❡ ♣❧♦t ❤❛s ❜❡❡♥ ❡♥r✐❝❤❡❞
✇✐t❤ ✉♣str❡❛♠ ❡✈❡♥ts✳

❡✈❡♥ts ✐♥ t❤❡ ❜✐❢✉r❝❛t❡❞ s❛♠♣❧❡s ❇✱ ❈ ❛♥❞ ❉ ♠✉st ❜❡ ♦❢ t❤❡ s❛♠❡ ♥❛t✉r❡✳
■❢ t❤❡s❡ t✇♦ ❛ss✉♠♣t✐♦♥s ❛r❡ ✈❛❧✐❞✱ t❤❡♥ t❤❡ ❡①♣❡❝t❡❞ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞
✐♥ r❡❣✐♦♥ ❆ ✐s r❡❧❛t❡❞ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❜✐❢✉r❝❛t❡❞
s❛♠♣❧❡s ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ s✐♠♣❧❡ ❡q✉❛t✐♦♥✿

A❡①♣ =
B · C
D

✭✹✳✶✮

■♥❞❡❡❞✱ ✐❢ N0 ✐s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ t❤❡ ❝r✐t❡r✐❛
❝✉t✶ ❛♥❞ ❝✉t✷✱ ❛♥❞ P (❝✉ti) ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t ❛♥ ❡✈❡♥t s❛t✐s✜❡s t❤❡
❝r✐t❡r✐✉♠ ❝✉t✐✱ t❤❡♥

A❡①♣ = N0P (❝✉t✶ ∩ ❝✉t✷) = N0P (❝✉t✶)P (❝✉t✷) ✭✹✳✷✮

❜❡❝❛✉s❡ ♦❢ t❤❡ ✉♥❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❝✉t✶ ❛♥❞ ❝✉t✷✳ ❊①♣❧♦✐t✐♥❣ t❤❡ ❞❡✜♥✐t✐♦♥
♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s✱

B = N0P (❝✉t✶)P (❝✉t✷) ✭✹✳✸✮
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❆ ✭s✐❣♥❛❧ r❡❣✐♦♥✮ (❣♦♦❞ ♠❛t❝❤✐♥❣)× (♦✉t ♦❢ ❜♦①)

❇ (❣♦♦❞ ♠❛t❝❤✐♥❣)× (✐♥ ❜♦①)

❈ (❜❛❞ ♠❛t❝❤✐♥❣)× (♦✉t ♦❢ ❜♦①)

❉ (❜❛❞ ♠❛t❝❤✐♥❣)× (✐♥ ❜♦①)

❚❛❜❧❡ ✹✳✶✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s s✉❜✲s❛♠♣❧❡s✳ ❆❧❧ t❤❡ s✉❜✲
s❛♠♣❧❡s ♣❛ss ❛ πνν s❡❧❡❝t✐♦♥✱ t❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ✐s ✐♥ t❤❡ ✇❛② t❤❡ K+ − π+

♠❛t❝❤✐♥❣ ❛♥❞ t❤❡ ❜♦① ❝✉t ❛r❡ ❛♣♣❧✐❡❞✳

C = N0P (❝✉t✶)P (❝✉t✷) ✭✹✳✹✮

D = N0P (❝✉t✶)P (❝✉t✷) ✭✹✳✺✮

♦♥❡ ❝❛♥ ❡❛s✐❧② ❞❡♠♦♥str❛t❡ t❤❡ ✈❛❧✐❞✐t② ♦❢ ❡q✉❛t✐♦♥ ✹✳✶✳
❚❤❡ ♠❡t❤♦❞ ❝❛♥ ❜❡ ✈❛❧✐❞❛t❡❞ r❡❞❡✜♥✐♥❣ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s✱ ❛s s❤♦✇♥

✐♥ ✜❣✳ ✹✳✼✳ ❚❤❡ t✇♦ ✐♥❞❡♣❡♥❞❡♥t ❝r✐t❡r✐❛ ❛r❡ ✈❛r✐❡❞✱ s♦ t❤❛t t❤❡ ♥❡✇ ❜✐❢✉r✲
❝❛t✐♦♥ s❛♠♣❧❡s ❇✬✱ ❈✬ ❛♥❞ ❉✬ ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡✈✐♦✉s ♦♥❡s✳ ■♥ t❤✐s
✇❛②✱ ♥❡✇ s❛♠♣❧❡s ❇✑✱ ❈✑ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞
✐♥ ❛ ♥❡✇ ❝♦♥tr♦❧ r❡❣✐♦♥ ❆✬✳ ❋♦r t❤❡ ♥❡✇ s❛♠♣❧❡s✱ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥s ❤♦❧❞✿

A❡①♣ =
B′ · C ′

D′
✭✹✳✻✮

A′
❡①♣ =

B′′ · C ′′

D′
= A′

♦❜s ✭✹✳✼✮

✇❤❡r❡ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ❆✬ ❝❛♥ ❜❡ ♦♣❡♥❡❞✷ ✭A′
♦❜s✮ s✐♥❝❡ ✐t ✐s ❝♦♠♣❧❡t❡❧②

s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❆✳
■♥ t❤❡ ❝❛s❡ t❤❛t ♠♦r❡ t❤❛♥ ♦♥❡ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡ ✐s ♣r❡s❡♥t✱ ❡✳❣✳✱ ❧❡t✬s

s❛②✱ t❤❡r❡ ❛r❡ t✇♦ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡s ❝❛❧❧❡❞ ✉ ❛♥❞ ✈ ✭N0 = Nu + Nv✮✱ t❤❡
❜❛s✐❝ ❛ss✉♠♣t✐♦♥ ✉♥❞❡r ✇❤✐❝❤ t❤✐s ♠♦❞❡❧ ✐s ❜✉✐❧t ❞♦❡s ♥♦t ❤♦❧❞✱ ❜✉t s♦♠❡
r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ s❛♠♣❧❡s ❝❛♥ st✐❧❧ ❜❡ ❞❡✜♥❡❞✳ ■♥ ❣❡♥❡r❛❧✱ t✇♦ ❞✐✛❡r❡♥t
❜❛❝❦❣r♦✉♥❞s ✇✐❧❧ ❤❛✈❡ ❞✐✛❡r❡♥t s✉r✈✐✈❛❧ ♣r♦❜❛❜✐❧✐t✐❡s ❢♦r t❤❡ t✇♦ ❝✉ts ❛♥❞
t❤✐s ✐♥tr♦❞✉❝❡s ❛ ❝r♦ss t❡r♠ ✐♥ t❤❡ ❡q✉❛t✐♦♥s✳ ■♥ t❤✐s ❝❛s❡✱ ✐❢ ♦♥❡ ❞❡✜♥❡s
∆❝✉t✶ = Pv(❝✉t✶) − Pu(❝✉t✶) ❛♥❞ ∆❝✉t✷ = Pv(❝✉t✷) − Pu(❝✉t✷)✱ ❡q✉❛t✐♦♥ ✹✳✶
❜❡❝♦♠❡s✿

A❡①♣ =
B · C
D

+
NuNv

D
∆❝✉t✶∆❝✉t✷ ✳ ✭✹✳✽✮

✷❆s ♦♣♣♦s❡❞ t♦ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❆ t❤❛t ✐s ❦❡♣t ❝❧♦s❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❜❧✐♥❞ ❛♥❛❧②s✐s
str❛t❡❣② ❛❞♦♣t❡❞✳

✻✾



❋✐❣✉r❡ ✹✳✼✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ t❡❝❤♥✐q✉❡✳ ❖♥ t❤❡ ❧❡❢t ❤❛♥❞
s✐❞❡✱ ❝✉t✶ ❛♥❞ ❝✉t✷ ❞❡✜♥❡ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❆ ❛♥❞ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s
❇✱ ❈ ❛♥❞ ❉✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❡①♣❡❝t❡❞ ❡✈❡♥ts ✐♥ ❆✳ ❖♥
t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡✱ t❤❡ ✈❛❧✐❞❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s s❤♦✇♥✿ t❤❡ t✇♦ ❝r✐t❡r✐❛ ❝✉t✶
❛♥❞ ❝✉t✷ ❛r❡ s❧✐❣❤t❧② ✈❛r✐❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ♥❡✇ s❛♠♣❧❡s ❇✬✱ ❈✬ ❛♥❞ ❉✬✱
❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡✈✐♦✉s s❛♠♣❧❡s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ r❡❣✐♦♥s ❇✑✱ ❈✑ ❛♥❞
❉✬ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ❆✬✳
■❧❧✉str❛t✐♦♥ t❛❦❡♥ ❢r♦♠ ❬✺✾❪✳

❚❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ❤❡r❡ ✐s t❤❛t ❡q✉❛t✐♦♥ ✹✳✽ ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ♦♥❧② ❡✐t❤❡r
♦♣❡♥✐♥❣ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ♦r ✉s✐♥❣ ❛ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥✸✳

✹✳✸ ▲✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s ✐♥

✷✵✶✼ ❞❛t❛

❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥ ✷✵✶✼ ✐s ❞❡✜♥✐t❡❧② tr✐❝❦✐❡r t❤❛♥
✐♥ ✷✵✶✻✳ ❲❤✐❧❡ t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s ✇❛s ✈❡r② ♠❡t✐❝✉❧♦✉s ❛♥❞ t❤❡ r❡s✉❧ts ❝♦♥✲
❝❡r♥✐♥❣ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ r❡❧② ♦♥ r❡❛s♦♥❛❜❧❡ ❛ss✉♠♣t✐♦♥s✱ ✐t ✐s ✇♦rt❤
♥♦t✐❝✐♥❣ t❤❛t t❤❡ st❛t✐st✐❝s ✐♥ ✷✵✶✻ ✇❛s s♦ ❧♦✇ t❤❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❞✐✛❡r❡♥t
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡s ♦r ♦t❤❡r s♠❛❧❧ ❞✐✛❡r❡♥❝❡s ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
♠♦❞❡❧ ✇❡r❡ ❤❛r❞❧② ♥♦t✐❝❡❛❜❧❡✳

■♥ ♣❛rt✐❝✉❧❛r✱ ✇✐t❤ r❡❣❛r❞s t♦ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ st✉❞✐❡s✱ t❤❡ ♠❛✐♥
❢❡❛t✉r❡s ♦❢ ✷✵✶✼ ❞❛t❛ ✇❤✐❝❤ ❞✐✛❡r ✇✐t❤ r❡s♣❡❝t t♦ ✷✵✶✻ ❛r❡ t❤❡ ❤✐❣❤❡r st❛t✐st✐❝s

✸❆ t❤✐r❞ ✇❛② ✇♦✉❧❞ ❜❡ t♦ r❡❛rr❛♥❣❡ ❡q✳ ✹✳✽ ✐♥ ❛ ✇❛② t❤❛t ✐t ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ t♦t❛❧
♥✉♠❜❡r ♦❢ ❡✈❡♥ts N0 ❛♥❞ ♥♦t ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳ ❍♦✇❡✈❡r t❤✐s ✐s
♦❜✈✐♦✉s❧② ❡q✉✐✈❛❧❡♥t t♦ ✐♠♣❧✐❝✐t❧② ♦♣❡♥✐♥❣ t❤❡ s✐❣♥❛❧ ❜♦①✱ t❤❡r❡❢♦r❡ ✐t ✐s ♥♦t ❛♥ ❛❝❝❡♣t❛❜❧❡
s♦❧✉t✐♦♥ ❢♦r t❤✐s ❛♥❛❧②s✐s✳

✼✵



❋✐❣✉r❡ ✹✳✽✿ ▲❡❢t✿ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ π+ tr❛❝❦ ✐♥ t❤❡ ✭❳✱❨✮
♣❧❛♥❡ ❛t t❤❡ ❚❘■▼✺ ❩✲♣♦s✐t✐♦♥ ❢♦r t❤❡ ❞❛t❛ s❛♠♣❧❡ ✷✵✶✼✲■ ✭❜❡❢♦r❡ t❤❡ ✐♥✲
s❡rt✐♦♥ ♦❢ t❤❡ ♣❧✉❣✮✳ ❚❤❡ ❡✈❡♥ts ♣❛ss ❛ K+ → π+νν̄ s❡❧❡❝t✐♦♥ ❜✉t ✇✐t❤ ❛♥
✐♥✈❡rt❡❞ K+−π+ ❛ss♦❝✐❛t✐♦♥✳ ❚❤❡ ❝✉ts ♦♥ ❈❍❆◆❚■✱ t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡ ❛♥❞
t❤❡ ❜♦① ❝✉t ❛r❡ ♥♦t ❛♣♣❧✐❡❞✳ ❘✐❣❤t✿ s❛♠❡ ♣❧♦t ❜✉t ❢♦r ❡✈❡♥ts ✐♥ t❤❡ ✷✵✶✼✲■■
s❛♠♣❧❡✱ ❛❢t❡r t❤❡ ✐♥s❡rt✐♦♥ ♦❢ t❤❡ ❝♦♣♣❡r ♣❧✉❣ t❤❛t r❡♠♦✈❡s ❛❧♠♦st ❝♦♠♣❧❡t❡❧②
t❤❡ t②♣❡ ✷ ✉♣str❡❛♠ ❡✈❡♥ts✳ ■t ✐s ✇♦rt❤ ♠❡♥t✐♦♥✐♥❣ t❤❛t t❤❡ ✷✵✶✼✲■■ s❛♠♣❧❡
✐s ∼ 2 t✐♠❡s s♠❛❧❧❡r t❤❛♥ ✷✵✶✼✲■✳

❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ❝♦♣♣❡r ♣❧✉❣ ✐♥ t❤❡ ❧❛st ♣❡r✐♦❞ ♦❢ t❤❡ ❞❛t❛ t❛❦✐♥❣ ✭✜❣✳
✸✳✶✮✳ ❚❤❡r❡❢♦r❡✱ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ✐♥ ✷✵✶✼ ✇❡r❡ s♣❧✐t ✐♥t♦ t✇♦ ♠❛✐♥ s❡ts t❤❛t
■ ✇✐❧❧ ❝❛❧❧ ✷✵✶✼✲■ ✭❜❡❢♦r❡ t❤❡ ✐♥s❡rt✐♦♥ ♦❢ t❤❡ ♣❧✉❣✮ ❛♥❞ ✷✵✶✼✲■■ ✭❛❢t❡r t❤❡
✐♥s❡rt✐♦♥ ♦❢ t❤❡ ♣❧✉❣✮✹✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❛♥❛❧②s✐s ♦♥
t❤❡ ✷✵✶✼ ❞❛t❛ s❛♠♣❧❡ ✐s ❣✐✈❡♥ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

❚❤❡ ✜rst ❞❛t❛ s❛♠♣❧❡ ❛♥❛❧②③❡❞ ✇❛s ✷✵✶✼✲■✱ s✐♥❝❡ ✐t ✐s t❤❡ ❧❛r❣❡st ♦♥❡
❛♥❞ t❤❡ ♠♦st s✐♠✐❧❛r t♦ t❤❡ ❞❛t❛ t❛❦✐♥❣ ❝♦♥❞✐t✐♦♥s ♦❢ ✷✵✶✻✱ ✇❤✐❧❡ ✷✵✶✼✲■■ ✐s
t❤❡ ♦♥❧② s❛♠♣❧❡ ♦❢ ✷✵✶✼ ✇✐t❤ t❤❡ ❝♦♣♣❡r ♣❧✉❣ ✐♥s❡rt❡❞✱ ♣r♦✈✐❞✐♥❣ ✐♠♣♦rt❛♥t
✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐ts❡❧❢✳ P❧♦ts ✐♥ ✜❣✉r❡ ✹✳✽ s❤♦✇
t❤❡ ❝❧❡❛r ❡✛❡❝t ♦❢ t❤❡ ❝♦♣♣❡r ♣❧✉❣✱ ❛♥❞ t❤❡② ❞❡♠♦♥str❛t❡ t❤❡ ❣❡♦♠❡tr✐❝❛❧
♦r✐❣✐♥ ♦❢ t②♣❡ ✷ ❡✈❡♥ts✱ s✉♣♣r❡ss❡❞ ❜② t❤❡ ♣❧✉❣ ✐♥ t❤❡ ✷✵✶✼✲■■ ❞❛t❛✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ■ ✇✐❧❧ ❣✐✈❡ ❛♥ ❛r❣✉♠❡♥t t♦ ❞❡♠♦♥str❛t❡ t❤❛t t❤❡ ❜✐❢✉r✲
❝❛t✐♦♥ t❡❝❤♥✐q✉❡ ✉s❡❞ ❢♦r t❤❡ ✷✵✶✻ ❛♥❛❧②s✐s ❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ t♦ ✷✵✶✼ ❞❛t❛✳
■♥ ♦r❞❡r t♦ ❞♦ t❤✐s✱ ■ ✇✐❧❧ ❝♦♠♣✉t❡ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s ✐♥
✷✵✶✼✲■ ❛♥❞ ❡①tr❛♣♦❧❛t❡ ❢r♦♠ t❤❡r❡ t♦ ✷✵✶✼✲■■✱ ❝♦♠♣❛r✐♥❣ t❤❡ ❡①♣❡❝t❛t✐♦♥ t♦

✹❆❝t✉❛❧❧② t✇♦ ❛❞❞✐t✐♦♥❛❧ s✉❜✲s❛♠♣❧❡s ❛r❡ ♣r❡s❡♥t✳ ❚❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ ✐s t❛❦❡♥ ✐♥t♦
❛❝❝♦✉♥t ✐♥ t❤❡ ✜♥❛❧ r❡s✉❧t✱ ❛❧t❤♦✉❣❤ ✐t ✐s ♣r❡tt② ♥❡❣❧✐❣✐❜❧❡ ❢♦r t❤❡ ❛r❣✉♠❡♥ts ■ ✇✐❧❧ ♠❛❦❡
✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

✼✶



❋✐❣✉r❡ ✹✳✾✿ ▲❡❢t✿ t✐♠❡ ❞✐str✐❜✉t✐♦♥s ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ❇
✭❜❧❛❝❦ ❝✐r❝❧❡s✮ ❛♥❞ ❉ ✭❝♦❧♦r❡❞ ❞♦ts✮ ❢♦r t❤❡ ✷✵✶✼✲■ ♣❡r✐♦❞✳ ❘✐❣❤t✿ s❛♠❡ ♣❧♦t
❢♦r s❛♠♣❧❡ ❈ ✭❜❧❛❝❦ ❝✐r❝❧❡s✮ ❛♥❞ ❉ ✭❝♦❧♦r❡❞ ❞♦ts✮✳

t❤❡ ♦❜s❡r✈❡❞ ♥✉♠❜❡rs✳
❇❡❢♦r❡ ❝♦♠♣✉t✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s✱ ✐t ✐s ✐♥t❡r❡st✐♥❣

t♦ ❧♦♦❦ ❛t t❤❡ t✐♠❡ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❞✐✛❡r❡♥t ❜✐❢✉r❝❛t✐♦♥
s✉❜✲s❛♠♣❧❡s ❇✱ ❈ ❛♥❞ ❉ ❢♦r ✷✵✶✼✲■ ❡✈❡♥ts✳ ❚❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥ ✐♥
✜❣✉r❡ ✹✳✾ ✿ ❢r♦♠ t❤❡s❡ ❞✐str✐❜✉t✐♦♥s✱ ✐t ✐s ❝❧❡❛r t❤❛t s❛♠♣❧❡ ❉ ✐s ❞♦♠✐♥❛t❡❞
❜② ❛❝❝✐❞❡♥t❛❧ ❛ss♦❝✐❛t✐♦♥s ❜❡t✇❡❡♥ ✉♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠ tr❛❝❦s❀ s❛♠♣❧❡
❇ ❛♥❞ ❈ ❧♦♦❦ ❛❝❝✐❞❡♥t❛❧ t♦♦✱ t❤♦✉❣❤ t❤❡ ❧♦✇ st❛t✐st✐❝s ❞♦❡s ♥♦t ❛❧❧♦✇ ❢♦r
❝♦♥❝❧✉s✐✈❡ st❛t❡♠❡♥ts✳ ❋✐❣✉r❡ ✹✳✶✵ s❤♦✇s t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢
❡①tr❛♣♦❧❛t❡❞ tr❛❝❦s ❛t ❚❘■▼✺✳

■♥ ✷✵✶✼✲■✱ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s✉❜✲s❛♠♣❧❡s
❛r❡ B = 34✱ C = 16 ❛♥❞ D = 1816✳ ❆ss✉♠✐♥❣ t❤❡ ❜✐❢✉r❝❛t✐♦♥ t❡❝❤♥✐q✉❡ ❝❛♥
❜❡ ✉s❡❞✱ t❤❡ ♥✉♠❜❡r ♦❢ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ❡①♣❡❝t❡❞ ✐♥ t❤❡ s✐❣♥❛❧
r❡❣✐♦♥ ❆ ❛r❡✿

A✷✵✶✼✲■ =
B · C
D

= 0.30+0.10
−0.09 ✳ ✭✹✳✾✮

▼♦✈✐♥❣ t♦ t❤❡ ✷✵✶✼✲■■ s❛♠♣❧❡✱ t❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡
✹✳✶✶✳ ❆❧t❤♦✉❣❤ t❤❡ st❛t✐st✐❝s ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ ✐♥ ✷✵✶✼✲■✱ ❧♦♦❦✐♥❣ ❛t
t❤❡s❡ ❞✐str✐❜✉t✐♦♥s t❤❡ ❡✈❡♥ts st✐❧❧ ❧♦♦❦ q✉✐t❡ ❛❝❝✐❞❡♥t❛❧ ❛t ✜rst ❣❧❛♥❝❡✳ ❚❤❡
❣❡♦♠❡tr✐❝❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❡①tr❛♣♦❧❛t✐♦♥ ❛t ❚❘■▼✺ ✭✜❣✉r❡ ✹✳✶✷✮ ❞♦❡s
♥♦t s❤♦✇ ♣❛rt✐❝✉❧❛r ❢❡❛t✉r❡s ✇✐t❤ r❡s♣❡❝t t♦ ✷✵✶✼✲■✱ ❡①❝❡♣t ❢♦r t❤❡ s✉♣♣r❡s✲
s✐♦♥ ♦❢ t②♣❡ ✷ ❡✈❡♥ts ❛t ♣♦s✐t✐✈❡ ❨ ❞✉❡ t♦ t❤❡ ❝♦♣♣❡r ♣❧✉❣✳ ❙✐♥❝❡ ■ ❛♠
✐♥t❡r❡st❡❞ ✐♥ ✈❛❧✐❞❛t✐♥❣ t❤❡ t❡❝❤♥✐q✉❡ ❛♥❞ ✉♥❞❡rst❛♥❞✐♥❣ ❜❡tt❡r t❤❡ ❢❡❛t✉r❡s
♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞✱ ■ ✇✐❧❧ ♥♦t ❝♦♠♣✉t❡ t❤❡ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞
❡✈❡♥ts ✐♥ t❤❡ ✷✵✶✼✲■■ ❞❛t❛ s❡t✱ ❛s ■ ❤❛✈❡ ❥✉st ❞♦♥❡ ❢♦r t❤❡ ✷✵✶✼✲■ ♦♥❡✱ ❛♥❞ ■
✇✐❧❧ ❢♦❧❧♦✇ ❛ ❞✐✛❡r❡♥t ♣❛t❤✳ ■ ✇✐❧❧ tr② t♦ ❞♦ ❛♥ ❡❞✉❝❛t❡❞ ❣✉❡ss ♦♥ t❤❡ ♥✉♠❜❡r
♦❢ ❡✈❡♥ts ❡①♣❡❝t❡❞ ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ✐♥ ✷✵✶✼✲■■✱ ❦♥♦✇✐♥❣ t❤❡ ♥✉♠✲
❜❡r ♦❢ ❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ ✷✵✶✼✲■✳ ❖❢ ❝♦✉rs❡ ❛ ❞✐s❝r❡♣❛♥❝② ✐s ❡①♣❡❝t❡❞ ❜❡t✇❡❡♥

✼✷



✭✶✮ ❙❛♠♣❧❡ ❇ ✭✷✮ ❙❛♠♣❧❡ ❈

✭✸✮ ❙❛♠♣❧❡ ❉

❋✐❣✉r❡ ✹✳✶✵✿ ❊①tr❛♣♦❧❛t✐♦♥ ✐♥ t❤❡ ✭❳✱❨✮ ♣❧❛♥❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ π+ tr❛❝❦
❛t t❤❡ ❚❘■▼✺ ❩✲♣♦s✐t✐♦♥ ❢♦r ❡✈❡♥ts ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ❇✱ ❈ ❛♥❞ ❉
❢♦r t❤❡ ✷✵✶✼✲■ ♣❡r✐♦❞✳

✼✸



❋✐❣✉r❡ ✹✳✶✶✿ ▲❡❢t✿ t✐♠❡ ❞✐str✐❜✉t✐♦♥s ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ❇
✭❜❧❛❝❦ ❝✐r❝❧❡s✮ ❛♥❞ ❉ ✭❝♦❧♦r❡❞ ❞♦ts✮ ❢♦r t❤❡ ✷✵✶✼✲■■ ♣❡r✐♦❞✳ ❘✐❣❤t✿ s❛♠❡ ♣❧♦t
❢♦r s❛♠♣❧❡ ❈ ✭❜❧❛❝❦ ❝✐r❝❧❡s✮ ❛♥❞ ❉ ✭❝♦❧♦r❡❞ ❞♦ts✮✳ ❇♦t❤ s❛♠♣❧❡ ❇ ❛♥❞ ❈ ❛r❡
❝♦♠♣❛r❡❞ t♦ s❛♠♣❧❡ ❉ s✐♥❝❡ ❉ ❤❛s ❛ ♠✉❝❤ ❤✐❣❤❡r st❛t✐st✐❝s ❛♥❞ ❤❛✈✐♥❣ ✐t ✐♥
t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦❢ t❤❡ ♣❧♦ts ♠❛❦❡s ❝❧❡❛r❡r ❤♦✇ t❤❡ ❧♦✇✲st❛t✐st✐❝s s❛♠♣❧❡ ❇
❛♥❞ ❈ ❛r❡ ❞✐str✐❜✉t❡❞✳

t❤❡ ❡①♣❡❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❡✈❡♥ts ✐♥ ✷✵✶✼✲■■✱ ❜❡❝❛✉s❡ t❤❡r❡ ✐s ❛ ❢✉♥❞❛♠❡♥t❛❧
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣❡r✐♦❞s✱ t❤❛t ✐s t❤❡ ❝♦♣♣❡r ♣❧✉❣✳

❇ ❈ ❉ Nπ+π0

✷✵✶✼✲■ ✸✹ ✶✻ ✶✽✶✻ 33× 106

✷✵✶✼✲■■ ✼ ✾ ✶✽✹ 19× 106

❚❛❜❧❡ ✹✳✷✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ❇✱ ❈ ❛♥❞ ❉ ❢♦r t❤❡
✷✵✶✼✲■ ❛♥❞ ✷✵✶✼✲■■ ♣❡r✐♦❞s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ K+ → π+π0 ✐s ❛❧s♦ s❤♦✇♥✳

■♥ ♦r❞❡r t♦ ❡①tr❛♣♦❧❛t❡ ❢r♦♠ ✷✵✶✼✲■ t♦ ✷✵✶✼✲■■✱ ❛ s❝❛❧✐♥❣ ❢❛❝t♦r ✐s ♥❡❡❞❡❞❀
❛ r❡❛s♦♥❛❜❧❡ ❝❤♦✐❝❡ ✐s t❤❡ ♥✉♠❜❡r ♦❢ K+ → π+π0 ❞❡❝❛②s✳ ❆❧❧ t❤❡ r❡❧❡✈❛♥t
♥✉♠❜❡rs ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❛❧❝✉❧❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ t❛❜❧❡ ✹✳✷✳ ❚❤❡ ♥✉♠❜❡r ♦❢
❡✈❡♥ts ✐♥ s❛♠♣❧❡ ❉ ❡①♣❡❝t❡❞ ✐♥ ✷✵✶✼✲■■ ✭✐❢ t❤❡ ♣❧✉❣ ✇❛s ♥♦t t❤❡r❡✮ ❛r❡✿

D✷✵✶✼✲■■
❡①♣ = D✷✵✶✼✲■

♦❜s · N
2017−II
π+π0

N2017−I
π+π0

= 1816 · 19
33

∼ 1000 ✱ ✭✹✳✶✵✮

✇❤✐❝❤ ✐s r♦✉❣❤❧② ✻ t✐♠❡s ♠♦r❡ t❤❛♥ t❤❡ ♦❜s❡r✈❡❞ ♥✉♠❜❡r ✭✶✽✹✮✳ ❆s ❛❧r❡❛❞②
st❛t❡❞✱ t❤❡r❡ ✐s ♥♦ ♣❛rt✐❝✉❧❛r ❝♦♥❝❡r♥ ✐♥ t❤✐s ❞✐s❝r❡♣❛♥❝② s✐♥❝❡ ✇❡ ❛r❡ ♥♦t
t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♣❧✉❣ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❛♥❞ ✇❡ ❝❛♥

✼✹



✭✶✮ ❙❛♠♣❧❡ ❇ ✭✷✮ ❙❛♠♣❧❡ ❈

✭✸✮ ❙❛♠♣❧❡ ❉

❋✐❣✉r❡ ✹✳✶✷✿ ❊①tr❛♣♦❧❛t✐♦♥ ✐♥ t❤❡ ✭❳✱❨✮ ♣❧❛♥❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ π+ tr❛❝❦
❛t t❤❡ ❚❘■▼✺ ❩✲♣♦s✐t✐♦♥ ❢♦r ❡✈❡♥ts ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ❇✱ ❈ ❛♥❞ ❉
❢♦r t❤❡ ✷✵✶✼✲■■ ♣❡r✐♦❞✳

✼✺



❛ss✉♠❡ t❤❛t t❤❡ s✉♣♣r❡ss✐♦♥ ❢❛❝t♦r ✐s ♣✉r❡❧② ❞✉❡ t♦ t❤❡ ♣❧✉❣✳ ▼♦✈✐♥❣ t♦
s❛♠♣❧❡ ❇✱ t❤❡ ❡①♣❡❝t❡❞ ❡✈❡♥ts ✐♥ ✷✵✶✼✲■■ ❛r❡✿

B✷✵✶✼✲■■
❡①♣ = B✷✵✶✼✲■

♦❜s · N
2017−II
π+π0

N2017−I
π+π0

= 34 · 19
33

∼ 20 ✱ ✭✹✳✶✶✮

t❤❛t ✐s ❛♣♣r♦①✐♠❛t❡❧② ❛ ❢❛❝t♦r ✸ ♠♦r❡ t❤❛♥ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ♦❜s❡r✈❡❞
✭✼✮✳ ❆❣❛✐♥✱ ❛ ❞✐s❝r❡♣❛♥❝② ✐s ❡①♣❡❝t❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣❧✉❣❀ ✇❤✐❧❡ t❤❡ ❞✐✛❡r❡♥❝❡
✐♥ t❤❡ s✉♣♣r❡ss✐♦♥ ❢❛❝t♦rs ❜❡t✇❡❡♥ s❛♠♣❧❡s ❇ ❛♥❞ ❉ ✐s ♦❞❞✱ ✐t ❝♦✉❧❞ st✐❧❧ ❜❡
✉♥❞❡rst♦♦❞ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✈❡r② ❧♦✇ st❛t✐st✐❝s ♦❢ s❛♠♣❧❡ ❇ ✐♥ ❜♦t❤
t❤❡ ♣❡r✐♦❞s✳

❚❤✐♥❣s ❣❡t ✐♥t❡r❡st✐♥❣ ✇❤❡♥ ♠♦✈✐♥❣ t♦ s❛♠♣❧❡ ❈✱ ✇❤❡r❡ ♣❡r❢♦r♠✐♥❣ t❤❡
s❛♠❡ ❝❛❧❝✉❧❛t✐♦♥ ♦♥❡ ♦❜t❛✐♥s✿

C✷✵✶✼✲■■
❡①♣ = C✷✵✶✼✲■

♦❜s · N
2017−II
π+π0

N2017−I
π+π0

= 16 · 19
33

∼ 9 ✱ ✭✹✳✶✷✮

✇❤✐❝❤ ✐s ❡①❛❝t❧② t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ s❛♠♣❧❡ ❈ ✐♥ ✷✵✶✼✲■■✿ ❡✈❡♥ts
✐♥ ❈ s❡❡♠s t♦ ❜❡ t♦t❛❧❧② ✉♥❛✛❡❝t❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ❝♦♣♣❡r ♣❧✉❣✳ ❚❤✐s
❝♦♥❝❧✉s✐♦♥ ✐s ♣❛r❛♠♦✉♥t✿ ❡✈❡♥ts ✐♥ s❛♠♣❧❡ ❈ ❛r❡ ❢✉♥❞❛♠❡♥t❛❧❧② ❞✐✛❡r❡♥t
❢r♦♠ ❡✈❡♥ts ✐♥ s❛♠♣❧❡ ❇ ♦r ❉ ❛♥❞✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♣❧✉❣ t❤❛t ✐s s♣❡❝✐✜❝❛❧❧②
❜✉✐❧t t♦ r❡♠♦✈❡ t②♣❡ ✷ ❡✈❡♥ts ❞♦❡s ♥♦t ❤❛✈❡ ❛♥② ❡✛❡❝t ♦♥ t❤❡ ❡✈❡♥ts ✐♥ ❈✳

❈♦♥s❡q✉❡♥t❧②✱ ♦♥❡ ♦❢ t❤❡ t✇♦ ❦❡② ❛ss✉♠♣t✐♦♥s ✉♣♦♥ ✇❤✐❝❤ t❤❡ ❜✐❢✉r❝❛t✐♦♥
❛♥❛❧②s✐s ✐s ❜✉✐❧t ❞♦❡s ♥♦t ❤♦❧❞ ❛♥②♠♦r❡ ❛♥❞ ❛ ♥❡✇ ♠❡t❤♦❞ t♦ ❡✈❛❧✉❛t❡ t❤❡
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ♠✉st ❜❡ ❢♦✉♥❞✳ ❊✈❡♥ ✐❢ ♦♥❡ ❝♦✉❧❞ r❡❝♦✈❡r ✐♥ s♦♠❡
✇❛② t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s✱ ❛ ♥❡✇ ♠❡t❤♦❞ ❢♦r t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞
❡✈❛❧✉❛t✐♦♥ ✐s ♠❛♥❞❛t♦r②✱ ❜❡❝❛✉s❡ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s ❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞
✐♥ ❛♥② ♠❡❛♥✐♥❣❢✉❧ ✇❛② ✐♥ t❤❡ ✷✵✶✽ ❞❛t❛ s❛♠♣❧❡❀ t❤❡ r❡❛s♦♥ ✐s t❤❛t ✐♥ ✷✵✶✽
❛ ♥❡✇ ❝♦❧❧✐♠❛t♦r ✇❛s ✐♥st❛❧❧❡❞✱ ❛♥❞ t❤✐s ❝♦❧❧✐♠❛t♦r ❣❡ts r✐❞ ♦❢ ♠♦st ♦❢ t❤❡
✉♣str❡❛♠ ❡✈❡♥ts✺ ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s ✭♠♦r❡ ♦♥ t❤✐s t♦♣✐❝ ✐♥ s❡❝t✐♦♥
✹✳✻✮✳ ❚r②✐♥❣ t♦ ❛♣♣❧② t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s ✐♥ ✷✵✶✽ ❞❛t❛ ✇♦✉❧❞ r❡s✉❧t ✐♥
♥✉♠❜❡rs ✇✐t❤ ✉♥❝❡rt❛✐♥t✐❡s t❤❛t ❛r❡ t♦♦ ❧❛r❣❡ ❢♦r ♦✉r ♣✉r♣♦s❡s✳

✹✳✹ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥

✷✵✶✼ ❞❛t❛

❚❤❡ ♥❡✇ ♠❡t❤♦❞ ■ ✇✐❧❧ ❞✐s❝✉ss ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧✐❡s ♦♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡
♣r♦❜❛❜✐❧✐t② t❤❛t ❛ ❞♦✇♥str❡❛♠ tr❛❝❦ ✐s ❛ss♦❝✐❛t❡❞ t♦ ❛♥ ✉♣str❡❛♠ tr❛❝❦✻✳ ❚❤❡

✺❚❤❡ ❝♦❧❧✐♠❛t♦r ✐s ♣❛rt✐❝✉❧❛r❧② ❡✛❡❝t✐✈❡ ❛❣❛✐♥st t②♣❡ ✷ ❡✈❡♥ts✳
✻■t ✐s ✐♠♣♦rt❛♥t t♦ ♠❡♥t✐♦♥ t❤❛t t❤✐s ♠❡t❤♦❞ ✇❛s ✜rst ♣r❡s❡♥t❡❞ ❜② ♠❡ t♦ t❤❡ ◆❆✻✷

❈♦❧❧❛❜♦r❛t✐♦♥ ✐♥ ❛ s✐♠♣❧✐✜❡❞ ✈❡rs✐♦♥✱ ❛♥❞ t❤❡♥ ❞❡✈❡❧♦♣❡❞ ❢✉rt❤❡r ❜② ❘✳ ▼❛r❝❤❡✈s❦✐ t♦
✐♥❝❧✉❞❡ ❛ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ∆T ✳
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♥✉♠❜❡r ♦❢ ❡①♣❡❝t❡❞ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ✭N✉♣✲❜❦❣✮ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s
t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✇✐t❤ ❛ ❞♦✇♥str❡❛♠ π+ ♦r✐❣✐♥❛t✐♥❣ ✉♣✲
str❡❛♠ ✭N✉♣str❡❛♠

π+ ✮ t✐♠❡s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t t❤❡ ❞♦✇♥str❡❛♠ π+ ✐s ♠❛t❝❤❡❞
t♦ ❛♥ ❛❝❝✐❞❡♥t❛❧ ●❚❑ tr❛❝❦ ✭p♠✐st❛❣✮✿

N✉♣✲❜❦❣ = N✉♣str❡❛♠

π+ · p♠✐st❛❣ ✳ ✭✹✳✶✸✮

❚❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♣r♦❜❛❜✐❧✐t②✱ ✐♥ t✉r♥✱ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

p♠✐st❛❣ = pr❡❝♦♣✐❧❡✲✉♣ · p♠❛t❝❤✐♥❣
K−π ✱ ✭✹✳✶✹✮

✇❤❡r❡ pr❡❝♦♣✐❧❡✲✉♣ ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t t❤❡ tr❛❝❦ ✐s r❡❝♦♥str✉❝t❡❞ ❛♥❞ s✉r✈✐✈❡s

t❤❡ ♣✐❧❡✲✉♣ tr❡❛t♠❡♥t✱ ❛♥❞ p♠❛t❝❤✐♥❣
K−π ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t t❤❡ r❡❝♦♥str✉❝t❡❞

tr❛❝❦ ✐s ♠❛t❝❤❡❞ t♦ ❛ ❞♦✇♥str❡❛♠ π+✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢
✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ✐s

N✉♣✲❜❦❣ = N✉♣str❡❛♠

π+ · pr❡❝♦♣✐❧❡✲✉♣ · p♠❛t❝❤✐♥❣
K−π ✳ ✭✹✳✶✺✮

❚❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ ✜rst t✇♦ t❡r♠s ❞❡✜♥❡s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝✐❞❡♥t❛❧ ✉♣str❡❛♠
❡✈❡♥ts ❛♥❞ ✐s s♦♠❡t❤✐♥❣ ✈❡r② s✐♠✐❧❛r t♦ ✇❤❛t ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❜✐❢✉r❝❛t✐♦♥
s❛♠♣❧❡ ❈✱ t❤♦✉❣❤ ♥♦t q✉✐t❡ t❤❡ s❛♠❡✼✱ t❤❡r❡❢♦r❡ ■ ✇✐❧❧ ❝❛❧❧ t❤✐s t❡r♠ NC ✿

N✉♣✲❜❦❣ = NC · p♠❛t❝❤✐♥❣
K−π ✭✹✳✶✻✮

●✐✈❡♥ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ NC ✱ ❛ ✇❛② t♦ ❡✈❛❧✉❛t❡ ✐t ✐s t♦ ❝♦✉♥t t❤❡ ❡✈❡♥ts ♣❛ss✐♥❣
❛ πνν s❡❧❡❝t✐♦♥ ❜✉t ✇✐t❤ ❛ CDA > 4 ♠♠✳

❋♦r t❤❡ s❛❦❡ ♦❢ s✐♠♣❧✐❝✐t②✱ ❢r♦♠ ♥♦✇ ♦♥ ■ ✇✐❧❧ r❡❢❡r t♦ t❤❡ ❧❛st t❡r♠ ✐♥ ❡q✳
✹✳✶✻ ✭p♠❛t❝❤✐♥❣

K−π ✮ ❛s ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t②✳ ❚❤✐s ♣r♦❜❛❜✐❧✐t② ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞
✇✐t❤ s❡✈❡r❛❧ ♠❡t❤♦❞s✱ ■ ✇✐❧❧ ❡✈❛❧✉❛t❡ ✐t ❢r♦♠ ▼❈ ❞✐str✐❜✉t✐♦♥s ♦❢ ❛❝❝✐❞❡♥t❛❧
✉♣str❡❛♠ ❡✈❡♥ts✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✲
✐t②✱ t❤❡ P❉❋s ♦❢ ❛❧❧ t❤❡ r❡❧❡✈❛♥t ✈❛r✐❛❜❧❡s ✉s❡❞ ✐♥ t❤❡ K+ − π+ ♠❛t❝❤✐♥❣ ❛r❡
♥❡❡❞❡❞✱ ✐✳❡✳ t❤❡ ❈❉❆ ❛♥❞ t❤❡ t✐♠❡ ♦❢ ❑❚❆●✱ ●❚❑ ❛♥❞ ❘■❈❍✳ ❚❤❡ ❈❉❆
❞✐str✐❜✉t✐♦♥ ♦❢ ✉♣str❡❛♠ ❡✈❡♥ts ❤❛s ❛ ❧✐♠✐t❡❞ st❛t✐st✐❝s✱ s✐♥❝❡ t❤❡ ▼❈ t♦♦❧s
♥❡❡❞❡❞ ❤❛❞ ❥✉st ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❛♥❞ t❡st❡❞ ❜② t❤❡ ◆❆✻✷ ●❡❛♥t✹ ❜❡❛♠ ❧✐♥❡
✇♦r❦✐♥❣ ❣r♦✉♣ ❛t t❤❡ t✐♠❡ ♦❢ ✇r✐t✐♥❣ t❤✐s t❤❡s✐s ✭✜❣✳ ✹✳✶✹✮❀ ■ ❝❤♦s❡ t♦ ✜t t❤❡
❞✐str✐❜✉t✐♦♥ ✇✐t❤ ❛ ❢♦✉rt❤ ❣r❛❞❡ ♣♦❧②♥♦♠✐❛❧✱ ❛❢t❡r ❝♦♠♣❛r✐♥❣ t❤❡ ❣♦♦❞♥❡ss
♦❢ t❤❡ ✜t ✭χ2✮ ✇✐t❤ ♦t❤❡r ❤②♣♦t❤❡s✐s✳ ❚❤❡ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ■ ✉s❡❞ ✐s t❤❡ ♦♥❡
❢♦r t②♣❡ ✶ ❡✈❡♥ts ✭s♥❛❦❡s✮✱ s✐♥❝❡ t❤❡② ❛r❡ ❜② ❢❛r t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡
s❛♠♣❧❡ NC ❀ ✐♥❞❡❡❞ ■ ❞❡♠♦♥str❛t❡❞ ✐♥ ✹✳✸ ❤♦✇ s❛♠♣❧❡ ❈ ❞♦❡s ♥♦t ❝♦♥t❛✐♥ t②♣❡
✷ ❡✈❡♥ts ✭♠❛♠❜❛s✮✱ ❛♥❞ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ❡✐t❤❡r s✉♣♣r❡ss❡❞ ❜② t❤❡ ❦✐♥❡♠❛t✐❝s

✼■t ✐s ✐♠♣♦rt❛♥t t♦ ❦❡❡♣ ✐♥ ♠✐♥❞ t❤❛t s❛♠♣❧❡ ❈ ❝♦♥t❛✐♥s ❡✈❡♥ts t❤❛t ❛r❡ ✐♥s✐❞❡ t❤❡ ❜♦①
❝✉t ✭❧✐❦❡ t❤❡ s✐❣♥❛❧✮ ❜✉t ❛r❡ r❡❥❡❝t❡❞ ❜② t❤❡ ♠❛t❝❤✐♥❣ ❞✐s❝r✐♠✐♥❛♥t ❝✉t✳
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✭t②♣❡ ✸✮ ♦r s✐♠♣❧② ♥♦t ♥♦t✐❝❡❛❜❧② ♣r❡s❡♥t ✭t②♣❡ ✹ ❛♥❞ ✺✱ ❛s s❤♦✇♥ ❛t t❤❡ ❜❡✲
❣✐♥♥✐♥❣ ♦❢ t❤❡ ❝❤❛♣t❡r✮✳ ❚❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❣❡♥❡r❛t❡❞ ❜② ♠❡
❝♦♥s✐❞❡r✐♥❣ ❣❛✉ss✐❛♥ P❉❋s ❢♦r ❑❚❆● ❛♥❞ ❘■❈❍✱ ✇✐t❤ ❛ s✐❣♠❛ ❝♦♠♣❛t✐❜❧❡
✇✐t❤ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ t❛❦❡♥ ❢r♦♠ ❞❛t❛✱ ❛♥❞ ✉s✐♥❣ ❛ ✉♥✐❢♦r♠ ❞✐str✐❜✉t✐♦♥ ✐♥
❛ ±1.2 ns t✐♠❡ ✇✐♥❞♦✇ ❢♦r t❤❡ ●❚❑✱ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥
♦❢ ♣✐❧❡✲✉♣ tr❛❝❦s ❛t t❤❛t t✐♠❡ ✇✐♥❞♦✇✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ t✐♠❡ ♦❢ t❤❡ t❤r❡❡
❞❡t❡❝t♦rs ✇❛s ❣❡♥❡r❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ❞✐str✐❜✉t✐♦♥s ✭s❡❡ ❛❧s♦ ✜❣✳
✹✳✶✸✮✿

❼ ❑❚❆●✿ ❣❛✉ss✐❛♥ ✇✐t❤ µ = 0 ❛♥❞ σ = 75 ♣s❀

❼ ●❚❑✿ ✉♥✐❢♦r♠ ❜❡t✇❡❡♥ −1.2 ❛♥❞ 1.2 ♥s❀

❼ ❘■❈❍✿ ❣❛✉ss✐❛♥ ✇✐t❤ µ = 0 ❛♥❞ σ = 95 ♣s✳

❖♥❝❡ t❤❡ ❞✐str✐❜✉t✐♦♥s ❛r❡ ❞❡✜♥❡❞✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❣❡♥❡r❛t❡ r❛♥❞♦♠ ♣♦✐♥ts
✐♥ t❤❡ ❈❉❆ ✈s ∆T ✭♦r ∆T❘■❈❍✮ ♣❧❛♥❡✱ ❛s s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✶✹❀ t❤❡♥✱ t❤♦s❡
♣♦✐♥ts ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ ❦✐♥❡♠❛t✐❝ ❞✐s❝r✐♠✐♥❛♥ts D(❈❉❆,∆T )
❛♥❞ D❘■❈❍(❈❉❆,∆T❘■❈❍)✳

❚❤❡ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts s❡❧❡❝t❡❞ ❜② t❤❡K+−π+

♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞ ✐♥ ✸✳✸✳✶ ❛♣♣❧✐❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ✐♥ t❤❡
πνν ❛♥❛❧②s✐s✳ ■♥❞❡❡❞✱ t❤❡s❡ ❡✈❡♥ts ❤❛✈❡ ❜❡❡♥ s♣❡❝✐✜❝❛❧❧② ❣❡♥❡r❛t❡❞ t♦ ❜❡
❛❝❝✐❞❡♥t❛❧ ✐♥ t✐♠❡ ❛♥❞ ✇✐t❤ ❛ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ❝♦♥s✐st❡♥t ✇✐t❤ ❛♥ ❛❝❝✐❞❡♥t❛❧✲
❡✈❡♥ts t♦♣♦❧♦❣②✱ t❤❡r❡❢♦r❡ t❤❡② ✧s❤♦✉❧❞✧ ❜❡ r❡❥❡❝t❡❞ ❜② t❤❡ πνν✲❧✐❦❡ ♠❛t❝❤✐♥❣
❞✐s❝r✐♠✐♥❛♥t ❝✉t❀ ✐❢ t❤❡② ❛r❡ ♥♦t r❡❥❡❝t❡❞✱ t❤❡② ❝♦♥tr✐❜✉t❡ t♦ ❛ ♠✐s♠❛t❝❤❡❞

s❛♠♣❧❡✳
❚❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥

✐s✿

N✉♣✲❜❦❣ =

∫ 0.6♥s

0

NC(|∆T |) · p♠❛t❝❤✐♥❣
K−π (|∆T |) · fs❝❛❧❡ d(|∆T |) ✭✹✳✶✼✮

✇❤✐❝❤ ✐s ❞✐s❝r❡t✐③❡❞ ✐♥ ❜✐♥s ♦❢ |∆T | ❛s
N✉♣✲❜❦❣ =

∑

|∆T |

NC(|∆T |) · p♠❛t❝❤✐♥❣
K−π (|∆T |) · fs❝❛❧❡ ✳ ✭✹✳✶✽✮

■♥ t❤❡ ❢♦r♠✉❧❛ ❛❜♦✈❡✱ fs❝❛❧❡ ✐s ❛ s❝❛❧✐♥❣ ❢❛❝t♦r t❤❛t ❤❛s t♦ ❜❡ ✐♥tr♦❞✉❝❡❞
t♦ ❝♦rr❡❝t ❢♦r t❤❡ ❡✈❡♥ts r❡❥❡❝t❡❞ ❜② t❤❡ CDA > 4 ♠♠ r❡q✉✐r❡♠❡♥t ✐♥ t❤❡
❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ NC ✳ ❚❤✐s s❝❛❧✐♥❣ ❢❛❝t♦r ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ❢r♦♠ t❤❡
❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts ✇✐t❤ CDA < 4 mm ✐♥ t❤❡ ❈❉❆ ✈s ∆T ♣❧♦t ❣❡♥❡r❛t❡❞ ❢r♦♠
t❤❡ ▼❈❀ t❤✐s ✐♥❝r❡❛s❡s t❤❡ ✈❛❧✉❡ ♦❢ Nup−bkg ♦❢ ∼ 10%✳

❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts NC ❛r❡
❧✐st❡❞ ❢♦r ❡❛❝❤ ❜✐♥ ♦❢ |∆T | ✐♥ t❛❜❧❡ ✹✳✸✳ ❚❤❡ st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡
♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ✐s ♦❢ t❤❡ ♦r❞❡r ♦❢ ∼ 2% ✇❤✐❧❡ t❤❡ ✉♥❝❡rt❛✐♥t② ♦♥ fs❝❛❧❡
✐s ♥❡❣❧✐❣✐❜❧❡✳

✼✽



❋✐❣✉r❡ ✹✳✶✸✿ ❘❛♥❞♦♠ t✐♠❡ ✈❛❧✉❡s ❣❡♥❡r❛t❡❞ ❢♦r ❑❚❆●✱ ●❚❑ ❛♥❞ ❘■❈❍✳ ❚❤❡
❑❚❆● ❛♥❞ ❘■❈❍ t✐♠❡s t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ r❡s♣❡❝t✐✈❡ t✐♠❡ r❡s♦❧✉t✐♦♥s✱
✇❤✐❧❡ t❤❡ ●❚❑ t✐♠❡s ❛r❡ ❞✐str✐❜✉t❡❞ ✉♥✐❢♦r♠❧② ✐♥ (−1.2, 1.2) ♥s✳

✹✳✺ ❱❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞

❚❤❡ ♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ❛❜♦✈❡ ❝❛♥ ❜❡ ✈❛❧✐❞❛t❡❞ ✐♥ ❛ s✐♠♣❧❡ ✇❛② ✉s✐♥❣ ❝♦♥tr♦❧
s✉❜✲s❛♠♣❧❡s ♦❢ ❞❛t❛ ❞♦♠✐♥❛t❡❞ ❜② ❛ s♣❡❝✐✜❝ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞✳
❋♦❧❧♦✇✐♥❣ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❜✐❢✉r❝❛t✐♦♥ s❛♠♣❧❡s✱ ✇❡ ❝❛♥ ❞❡✜♥❡ ❢♦✉r s✉❜✲
s❛♠♣❧❡s ✇✐t❤ t❤❡s❡ ❝❤❛r❛❝t❡r✐st✐❝s✿

❇✶ ❣♦♦❞ K+ − π+ ♠❛t❝❤✐♥❣ ❛♥❞ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ π+ tr❛❝❦ ❛t ❚❘■▼✺
✐♥s✐❞❡ ❛ ❜♦① ❞❡✜♥❡❞ ❜② |X| < 100 mm ❛♥❞ |Y | < 140 mm❀

❇✷ ❣♦♦❞ K+−π+ ♠❛t❝❤✐♥❣ ❛♥❞ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ π+ tr❛❝❦ ❛t ❚❘■▼✺ ✐♥✲
s✐❞❡ ❛ ❜♦① ❞❡✜♥❡❞ ❜② |X| < 100 mm✱ |Y | > 140 mm ❛♥❞ |Y | < 500 mm❀

❉✶ ❜❛❞ K+ − π+ ♠❛t❝❤✐♥❣ ❛♥❞ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ π+ tr❛❝❦ ❛t ❚❘■▼✺
✐♥s✐❞❡ ❛ ❜♦① ❞❡✜♥❡❞ ❜② |X| < 100 mm ❛♥❞ |Y | < 140 mm❀

❉✷ ❜❛❞ K+ − π+ ♠❛t❝❤✐♥❣ ❛♥❞ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ π+ tr❛❝❦ ❛t ❚❘■▼✺ ✐♥✲
s✐❞❡ ❛ ❜♦① ❞❡✜♥❡❞ ❜② |X| < 100 mm✱ |Y | > 140 mm ❛♥❞ |Y | < 500 mm✳

✼✾



❋✐❣✉r❡ ✹✳✶✹✿ ▲❡❢t✿ ✜tt❡❞ ▼♦♥t❡ ❈❛r❧♦ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ♦❢ t②♣❡ ✶ ✉♣✲
str❡❛♠ ❡✈❡♥ts ✭♥♦r♠❛❧✐③❡❞✮ ❝♦♠✐♥❣ ❢r♦♠ ❛ tr✉❡ Zvertex < 100 m✳ ❘✐❣❤t✿ ▼❈✲
❣❡♥❡r❛t❡❞ ♣♦✐♥ts ✐♥ t❤❡ ❈❉❆ ✈s∆T ♣❧❛♥❡✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❈❉❆ ❞✐str✐❜✉t✐♦♥
♦♥ t❤❡ ❧❡❢t ❛♥❞ r❡q✉✐r✐♥❣ t❤❛t t❤❡ ❑❚❆● ❛♥❞ ●❚❑ ❛ss♦❝✐❛t✐♦♥ ✐s ❛❝❝✐❞❡♥t❛❧✳

❚❤❡ ♠♦❞✐✜❡❞ ❜♦① ❝✉ts ✉♣♦♥ ✇❤✐❝❤ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡s❡ s✉❜s❛♠♣❧❡s
r❡❧✐❡s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ✜❣✉r❡ ✹✳✶✺✳ ❇❡❝❛✉s❡ ♦❢ t❤✐s ❝❧❛ss✐✜❝❛t✐♦♥✱ s❛♠♣❧❡ ❉✶
✐s ❞♦♠✐♥❛t❡❞ ❜② t②♣❡ ✶ ❡✈❡♥ts ✭s♥❛❦❡s✮ ✇❤✐❧❡ ❉✷ ✐s ❞♦♠✐♥❛t❡❞ ❜② t②♣❡ ✷
❡✈❡♥ts ✭♠❛♠❜❛s✮✳ ❙✐♥❝❡ ❡✈❡♥ts ✐♥ s❛♠♣❧❡ ❉✷ ❛r❡ ♣❛rt✐❝✉❧❛r❧② ❛❜✉♥❞❛♥t✱ t❤❡
❈❉❆ ❞✐str✐❜✉t✐♦♥ ♦❢ t②♣❡ ✷ ❡✈❡♥ts ❝❛♥ ❜❡ ❞✐r❡❝t❧② ♠❡❛s✉r❡❞ ❢r♦♠ ❞❛t❛❀ t❤❡
♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ❛♥❞ t❤❡ ❈❉❆ ♦❢ t②♣❡ ✷ ❡✈❡♥ts ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✶✻✱
✇❤✐❧❡ t❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥s ♦❢ ❡✈❡♥ts ✐♥ ❇✷ ❛♥❞ ❉✷ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✶✼✳
❋✐♥❛❧❧②✱ t❤❡ s❛♠❡ ❞✐str✐❜✉t✐♦♥s ❢♦r ❡✈❡♥ts ✐♥ ❇✶ ❛♥❞ ❉✶ ❛r❡ r❡♣♦rt❡❞ ✐♥ ✜❣✳
✹✳✶✽✳

❙❛♠♣❧❡ ❇✶ ✭❇✷✮ ✐s t♦ ❉✶ ✭❉✷✮ ❛s s❛♠♣❧❡ NC ✐s t♦ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❆❀ ✇❡
❝❛♥ ❡st✐♠❛t❡ t❤❡ ♥✉♠❜❡r ♦❢ ❡①♣❡❝t❡❞ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ✐♥ r❡❣✐♦♥ ❆
✉s✐♥❣ t❤❡ ❡✈❡♥ts NC ✇❡✐❣❤t❡❞ ✇✐t❤ t❤❡ s✉♣♣r❡ss✐♦♥ ❝♦♠✐♥❣ ❢r♦♠ t❤❡ K+−π+

♠❛t❝❤✐♥❣✱ t❤❛t ❝♦♠❡s ❢r♦♠ t❤❡ s❤❛♣❡s ♦❢ t❤❡ ❈❉❆ ❛♥❞ ∆T ♦❢ t❤❡ ❡✈❡♥ts ✐♥
t❤❡ s❛♠♣❧❡✳ ❚❤❡r❡❢♦r❡✱ ❛ ✇❛② t♦ ✈❛❧✐❞❛t❡ t❤❡ ♠❡t❤♦❞ ✐s t♦ ♣r❡❞✐❝t t❤❡ ❝♦rr❡❝t
♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ ❇✶ ❛♥❞ ❇✷ ✉s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ ❉✶ ❛♥❞ ❉✷✱
r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ ❛♣♣❧②✐♥❣ t❤❡ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ r❡❧❡✈❛♥t t②♣❡ ♦❢
❡✈❡♥ts✳

■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♠✐s♠❛t❝❤ ❢♦r t②♣❡ ✶ ✐s t❤❡ s❛♠❡ ✉s❡❞ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥
♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❛♥❞ r❡❧✐❡s ♦♥ ▼❈ s✐♠✉❧❛t✐♦♥s✱ s✐♥❝❡ s❛♠♣❧❡ ❉✶
❞♦❡s ♥♦t ❤❛✈❡ ❡♥♦✉❣❤ st❛t✐st✐❝s✱ ✇❤✐❧❡ t❤❡ ♠✐s♠❛t❝❤ ❢♦r t②♣❡ ✷ ❡✈❡♥ts ✐s t❤❡
♦♥❡ s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✶✻ ❛♥❞ ✐s ♠❡❛s✉r❡❞ ❢r♦♠ ❞❛t❛✳

❚❤❡ ✈❛❧✐❞❛t✐♦♥ ♣r♦❝❡❞✉r❡ ♣r❡❞✐❝ts N exp
B1 = 8.2± 0.9 ❡✈❡♥ts ✐♥ ❇✶ ❛♥❞

N exp
B2 = 36± 2 ❡✈❡♥ts ✐♥ ❇✷❀ t❤❡s❡ r❡s✉❧ts ❤❛✈❡ t♦ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡

❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ ❇✶ ❛♥❞ ❇✷ t❤❛t ❛r❡ 12± 3 ❛♥❞ 40± 6✱ r❡s♣❡❝t✐✈❡❧②✳
❚❤❡ ✈❛❧✐❞❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤✐♥ t❤❡ ❡rr♦r ❞♦♠✐♥❛t❡❞ ❜② t❤❡
st❛t✐st✐❝s ✐♥ ❞❛t❛✳ ❆s ■ ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✱ ❜❡tt❡r r❡s✉❧ts ✇✐❧❧ ❜❡ ❛❝❤✐❡✈❡❞
❛s s♦♦♥ ❛s ❛ ♠♦r❡ s✉❜st❛♥t✐❛❧ ▼❈ s❛♠♣❧❡ ♦❢ ✉♣str❡❛♠ ❡✈❡♥ts ✇✐❧❧ ❜❡

✽✵



|∆T | bin NC(|∆T |) p♠❛t❝❤✐♥❣
K−π (|∆T |)

[0.00, 0.04] ✷ ✵✳✵✾✼✷

[0.04, 0.08] ✷ ✵✳✵✾✶✾

[0.08, 0.12] ✸ ✵✳✵✽✸✸

[0.12, 0.16] ✷ ✵✳✵✼✺✹

[0.16, 0.20] ✶ ✵✳✵✻✸✸

[0.20, 0.24] ✶ ✵✳✵✺✷✶

[0.24, 0.28] ✶ ✵✳✵✸✽✼

[0.28, 0.32] ✵ ✵✳✵✷✹✵

[0.32, 0.36] ✶ ✵✳✵✶✷✹

[0.36, 0.40] ✷ ✵✳✵✵✺✽✻

[0.40, 0.44] ✵ ✵✳✵✵✶✼✽

[0.44, 0.48] ✵ ✵✳✵✵✵✶✶

❚❛❜❧❡ ✹✳✸✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts NC ♦❜s❡r✈❡❞ ✐♥ ❡❛❝❤ ❜✐♥ ♦❢ 0.04 ns ♦❢ |∆T |✱
✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ❡✈❛❧✉❛t❡❞ ❢r♦♠ ▼❈ s✐♠✉❧❛t✐♦♥
♦❢ t②♣❡ ✶ ❡✈❡♥ts ✇✐t❤ Zvtx < 100 m✳ ❚❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ❞✉❡
t♦ st❛t✐st✐❝s ❣♦❡s ❢r♦♠ ∼ 0.9% ♦♥ t❤❡ ✜rst ❜✐♥s ✉♣ t♦ ∼ 2% ♦♥ t❤❡ ❧❛st ♦♥❡s✳
❆❧❧ t❤❡ ❜✐♥s ❛❢t❡r t❤❡ ❧❛st ♦♥❡ r❡♣♦rt❡❞ ❤❛✈❡ ❛ ♣r♦❞✉❝t NC · p♠❛t❝❤✐♥❣

K−π = 0✳

❛✈❛✐❧❛❜❧❡✱ ❛❧❧♦✇✐♥❣ t♦ st✉❞② ❜❡tt❡r t❤❡ ❡①❛❝t ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❛❧❧ t❤❡ ✉♣str❡❛♠
s✉❜✲s❛♠♣❧❡s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ❢♦✉♥❞ ✐♥ ❉✶ ❛♥❞ ❉✷ ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡
♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t✐❡s ❛r❡ r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✹✳✹ ❛♥❞ ✹✳✺✳

✹✳✻ ❯♣str❡❛♠ ❇❛❝❦❣r♦✉♥❞ ✐♥ ✷✵✶✽

❆s ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✹✱ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✇❛s ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r
s♦✉r❝❡s ♦❢ ❜❛❝❦❣r♦✉♥❞ ✐♥ ✷✵✶✻ ❛♥❞ ✷✵✶✼✳ ❆s ❛❧r❡❛❞② s❤♦✇♥ ♣r❡✈✐♦✉s❧②✱ ✐♥
✷✵✶✼ ❛ ❝♦♣♣❡r ♣❧✉❣ ✇❛s ✐♥s❡rt❡❞ ✐♥ ♦r❞❡r t♦ ❛❜s♦r❜ t②♣❡ ✷ ❡✈❡♥ts ❛♥❞ r❡❞✉❝❡
♣❛rt✐❛❧❧② t❤✐s ❦✐♥❞ ♦❢ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ✷✵✶✼✲■■ ❞❛t❛ s❛♠♣❧❡✳ ❍♦✇❡✈❡r✱ ❞✉r✲
✐♥❣ t❤❡ ✷✵✶✽ ❞❛t❛ t❛❦✐♥❣✱ ❛ ❝r✐t✐❝❛❧ ♠♦✈❡ ✇❛s ❡♥❛❝t❡❞ ✐♥ ♦r❞❡r t♦ ❞❡✜♥✐t❡❧②
s✉♣♣r❡ss t②♣❡ ✷ ❡✈❡♥ts✳

■♥ ♣❛rt✐❝✉❧❛r✱ ♦♥ ✷✵t❤ ❏✉♥❡ ✷✵✶✽ t❤❡ ♦❧❞ ◆❆✹✽ ❝♦❧❧✐♠❛t♦r ✭✐♥❢♦r♠❛❧❧②
❦♥♦✇♥ ❛s r❛✐♥❜♦✇ ❝♦❧❧✐♠❛t♦r✮ ✇❛s ♣❧❛❝❡❞ ❛♥❞ ❛❧✐❣♥❡❞ ❜❡t✇❡❡♥ t❤❡ ❧❛st st❛t✐♦♥

✽✶



❋✐❣✉r❡ ✹✳✶✺✿ ❊①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ ❛t t❤❡ ❚❘■▼✺ ❩ ♣♦s✐✲
t✐♦♥ ❢♦r ❛ ❞❛t❛ s❛♠♣❧❡ ❡♥r✐❝❤❡❞ ✇✐t❤ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts❀ t❤❡ ♦r❛♥❣❡
❜♦①❡s s❤♦✇ t❤❡ ♠♦❞✐✜❡❞ ❜♦① ❝✉ts ❢♦r t❤❡ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦✲
❣r♦✉♥❞✳ ▲❡❢t✿ t❤❡ ❜♦① ❝✉t ✉s❡❞ ❢♦r t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ s✉❜s❛♠♣❧❡s ❇✶ ❛♥❞
❉✶❀ t❤✐s r❡❣✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② t②♣❡ ✶ ❡✈❡♥ts✳ ❘✐❣❤t✿ t❤❡ ❜♦① ❝✉t ✉s❡❞ ❢♦r
t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ s✉❜s❛♠♣❧❡s ❇✷ ❛♥❞ ❉✷❀ t❤✐s r❡❣✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② t②♣❡
✷ ❡✈❡♥ts✳

♦❢ t❤❡ ●✐❣❛❚r❛❝❦❡r ❛♥❞ t❤❡ ❈❍❆◆❚■✳ ❚❤✐s ♥❡✇ ❝♦❧❧✐♠❛t♦r ✐s s❤♦✇♥ ✐♥ ✜❣✳
✹✳✷✵✱ ✇❤✐❧❡ t❤❡ ♣r❡✈✐♦✉s ❝♦❧❧✐♠❛t♦r ✉s❡❞ ✐♥ t❤❡ ✷✵✶✻ ❛♥❞ ✷✵✶✼ ❞❛t❛ t❛❦✐♥❣
✐s s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✶✾✳ ❚❤❡ ❡✛❡❝t ♦❢ t❤❡ ❝♦❧❧✐♠❛t♦r ✐s ❝❧❡❛r ❢r♦♠ ✜❣✳ ✹✳✷✶✱
✇❤❡r❡ t❤❡ t②♣❡ ✷ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❤❛s ❜❡❡♥ ❝♦♠♣❧❡t❡❧②
s✉♣♣r❡ss❡❞✳

❆♥ ✐♠♣♦rt❛♥t ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤✐s ❢♦r t❤❡ ✷✵✶✽ ❛♥❛❧②s✐s ✐s t❤❛t t❤❡ ❜♦①
❝✉t ❝❛♥ ❜❡ s✐❣♥✐✜❝❛♥t❧② s❤r✉♥❦ ✐♥ t❤❡ ❨ ❝♦♦r❞✐♥❛t❡ ✇✐t❤ r❡s♣❡❝t t♦ ✷✵✶✻ ❛♥❞
✷✵✶✼✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❢♦r t❤❡ K+ → π+νν̄ s❡❧❡❝t✐♦♥✳ ❙✐♥❝❡ t❤❡ t②♣❡
✷ ❝♦♠♣♦♥❡♥t ✐s ❛❜s♦r❜❡❞ ❜② t❤❡ ❝♦❧❧✐♠❛t♦r✱ ♦♥❡ ♣♦ss✐❜✐❧✐t② ✐s t♦ ❝❤❛♥❣❡ t❤❡
❨ ❝✉t ✐♥ t❤❡ ❜♦① ❢r♦♠ |Y | > 500 ♠♠ t♦ |Y | > 140 ♠♠✳

❚❤❡ ♠❡t❤♦❞ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✹ ✇✐❧❧ ❛❧❧♦✇ ✉s t♦ ❡✈❛❧✉❛t❡ t❤❡ ✉♣✲
str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❡✈❡♥t ❛❢t❡r t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡
♥❡✇ ❝♦❧❧✐♠❛t♦r✱ ✇❤❡r❡❛s t❤❡ ❜✐❢✉r❝❛t✐♦♥ ♠❡t❤♦❞ ✇♦✉❧❞ ❢❛✐❧ ❜❡❝❛✉s❡ ♦❢ t❤❡
❧❛❝❦ ♦❢ st❛t✐st✐❝s✳

✽✷



❋✐❣✉r❡ ✹✳✶✻✿ ▲❡❢t✿ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ❢♦r ❡✈❡♥ts ✐♥ ❉✷ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
|∆T |✳ ❘✐❣❤t✿ ❈❉❆ ✈s∆T ❢♦r ❡✈❡♥ts ✐♥ ❉✷❀ t❤❡ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ✐s ❡✈❛❧✉❛t❡❞
❢r♦♠ ❞❛t❛✳

❋✐❣✉r❡ ✹✳✶✼✿ ❚✐♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❇✷ ❛♥❞ ❉✷ s✉❜✲s❛♠♣❧❡s ✭t✐♠❡
✐♥ ♥s✮✳

❋✐❣✉r❡ ✹✳✶✽✿ ❚✐♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❇✶ ❛♥❞ ❉✶ s✉❜✲s❛♠♣❧❡s ✭t✐♠❡
✐♥ ♥s✮✳

✽✸



|∆T | bin ND1(|∆T |) p♠❛t❝❤✐♥❣
K−π (|∆T |)

[0.00, 0.04] ✷ ✵✳✵✾✼✷

[0.04, 0.08] ✷ ✵✳✵✾✶✾

[0.08, 0.12] ✸ ✵✳✵✽✸✸

[0.12, 0.16] ✷ ✵✳✵✼✺✹

[0.16, 0.20] ✶ ✵✳✵✻✸✸

[0.20, 0.24] ✶ ✵✳✵✺✷✶

[0.24, 0.28] ✶ ✵✳✵✸✽✼

[0.28, 0.32] ✵ ✵✳✵✷✹✵

[0.32, 0.36] ✶ ✵✳✵✶✷✹

[0.36, 0.40] ✷ ✵✳✵✵✺✽✻

[0.40, 0.44] ✵ ✵✳✵✵✶✼✽

[0.44, 0.48] ✵ ✵✳✵✵✵✶✶

❚❛❜❧❡ ✹✳✹✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ✈❛❧✐❞❛t✐♦♥ r❡❣✐♦♥ ❉✶ ♦❜s❡r✈❡❞ ✐♥ ❡❛❝❤ ❜✐♥
♦❢ 0.04 ns ♦❢ |∆T |✱ ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ❡✈❛❧✉❛t❡❞
❢r♦♠ ▼❈ s✐♠✉❧❛t✐♦♥ ♦❢ t②♣❡ ✶ ❡✈❡♥ts ✇✐t❤ Zvtx < 100 m✳

❋✐❣✉r❡ ✹✳✶✾✿ ❚❤❡ ◆❆✻✷ ❝♦❧❧✐♠❛t♦r ✉s❡❞ ✐♥ t❤❡ ✷✵✶✻ ❛♥❞ ✷✵✶✼ ❞❛t❛ t❛❦✐♥❣✳

✽✹



|∆T | bin ND1(|∆T |) p♠❛t❝❤✐♥❣
K−π (|∆T |)

[0.00, 0.04] ✾✾ ✵✳✵✼✻✼

[0.04, 0.08] ✾✸ ✵✳✵✼✶✼

[0.08, 0.12] ✾✹ ✵✳✵✻✺✷

[0.12, 0.16] ✼✾ ✵✳✵✺✽✼

[0.16, 0.20] ✽✺ ✵✳✵✹✷✵

[0.20, 0.24] ✼✶ ✵✳✵✸✶✺

[0.24, 0.28] ✻✺ ✵✳✵✶✼✾

[0.28, 0.32] ✻✼ ✵✳✵✵✾✾✼

[0.32, 0.36] ✻✻ ✵✳✵✵✹✻✻

[0.36, 0.40] ✺✹ ✵✳✵✵✶✹✷

[0.40, 0.44] ✼✵ ✵✳✵✵✵✵✽

[0.44, 0.48] ✹✽ ✵

❚❛❜❧❡ ✹✳✺✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ✈❛❧✐❞❛t✐♦♥ r❡❣✐♦♥ ❉✷ ♦❜s❡r✈❡❞ ✐♥ ❡❛❝❤ ❜✐♥
♦❢ 0.04 ns ♦❢ |∆T |✱ ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t② ❡✈❛❧✉❛t❡❞
❢r♦♠ ❞❛t❛✳

✽✺



❋✐❣✉r❡ ✹✳✷✵✿ ❚❤❡ ♦❧❞ ◆❆✹✽ ❝♦❧❧✐♠❛t♦r✱ ♥♦✇ ♣♦s✐t✐♦♥❡❞ ❛❧♦♥❣ t❤❡ ◆❆✻✷ ❜❡❛♠
❧✐♥❡ ✐♥ ♦r❞❡r t♦ s✉♣♣r❡ss t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✭♣❤♦t♦ ❝♦✉rt❡s② ♦❢ ❙✐❧✈✐❛
▼❛rt❡❧❧♦tt✐✮✳

❋✐❣✉r❡ ✹✳✷✶✿ ❊①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ π+ tr❛❝❦ ❛t t❤❡ ❚❘■▼✺ ❩✲
♣♦s✐t✐♦♥ ❢♦r ❛ s✉❜✲s❛♠♣❧❡ ♦❢ t❤❡ ✷✵✶✽ ❞❛t❛✳

✽✻



❈❤❛♣t❡r ✺

❘❡s✉❧ts

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ■ ✇✐❧❧ ♣r❡s❡♥t t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛♣♣❧②✐♥❣ t❤❡ ♠❡t❤♦❞
❡st❛❜❧✐s❤❡❞ ✐♥ ✹✳✹ t♦ ♠② πνν s❡❧❡❝t✐♦♥ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞
✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳

❚❤❡ ✇❤♦❧❡ s✐❣♥❛❧ s❡❧❡❝t✐♦♥ ✐s ❛♣♣❧✐❡❞✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞
✐♥ ❞❡t❛✐❧ ✐♥ ✸✳✸✳ ❋✐rst ♦❢ ❛❧❧ ❛ s✐♥❣❧❡✲tr❛❝❦ ❡✈❡♥t s❡❧❡❝t✐♦♥ ✐s ♣❡r❢♦r♠❡❞✱ ♠❛t❝❤✲
✐♥❣ t❤❡ π+ tr❛❝❦ t♦ t❤❡ ❞♦✇♥str❡❛♠ ❞❡t❡❝t♦rs✱ ❜✉✐❧❞✐♥❣ t❤❡ K+ tr❛❝❦ ✐♥ t❤❡
✉♣str❡❛♠ ❞❡t❡❝t♦rs ❛♥❞ ❛♣♣❧②✐♥❣ t❤❡ K+ − π+ ❛ss♦❝✐❛t✐♦♥ t❤❛♥❦s t♦ t❤❡
♠❛t❝❤✐♥❣ ❞✐s❝r✐♠✐♥❛♥t❀ ♥❡①t t❤❡ ❘■❈❍ ❛♥❞ t❤❡ ❝❛❧♦r✐♠❡tr✐❝ P■❉ ❛r❡ ❛♣♣❧✐❡❞
t♦ s❡❧❡❝t ❞♦✇♥str❡❛♠ ♣✐♦♥s ❛♥❞ r❡❥❡❝t ♠✉♦♥s ❛♥❞ ❡❧❡❝tr♦♥s❀ s✉❜s❡q✉❡♥t❧② t❤❡
♣❤♦t♦♥ r❡❥❡❝t✐♦♥ ❣❡ts r✐❞ ♦❢ ❡✈❡♥ts ✇✐t❤ ❡①tr❛ ❛❝t✐✈✐t② ✐♥ t❤❡ ♣❤♦t♦♥ ✈❡t♦❀ t❤❡
♠✉❧t✐♣❧✐❝✐t② ❝✉ts r❡❥❡❝t ❡✈❡♥ts ✇✐t❤ ♠✉❧t✐♣❧❡ ❝❤❛r❣❡❞ tr❛❝❦s ✐♥ t❤❡ ✜♥❛❧ st❛t❡❀
✜♥❛❧❧② t❤❡ ❜❡❛♠ ❜❛❝❦❣r♦✉♥❞ r❡❥❡❝t✐♦♥ ✐s ❛♣♣❧✐❡❞✳

❆s r❡♣♦rt❡❞ ✐♥ ✹✳✹✱ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐s ❡✈❛❧✉❛t❡❞ s❡❧❡❝t✐♥❣ ❡✈❡♥ts
✇✐t❤ ❛ ❧❛r❣❡ ❈❉❆ ❛♥❞ ✇❡✐❣❤t✐♥❣ t❤❡♠ ✇✐t❤ t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t ❛♥ ❛❝❝✐❞❡♥t❛❧
tr❛❝❦ ✐s ♠❛t❝❤❡❞ t♦ t❤❡ ❞♦✇♥str❡❛♠ ♣✐♦♥✳ ●✐✈❡♥ t❤❡ ♥✉♠❜❡rs r❡♣♦rt❡❞ ✐♥ ✹✳✸
❛♥❞ ❛♣♣❧②✐♥❣ ❡q✳ ✹✳✶✽ t❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts
✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ✐s

N✉♣✲❜❦❣ = 1.1± 0.3 . ✭✺✳✶✮

❚❤❡ s✐❣♥❛❧ ❜♦① ♦❢ t❤❡ K+ → π+νν̄ ❛♥❛❧②s✐s ♦♥ ✷✵✶✼ ❞❛t❛ ✇❛s ♦♣❡♥❡❞ ✐♥
❙❡♣t❡♠❜❡r ✷✵✶✾ ❞✉r✐♥❣ t❤❡ ❑❆❖◆ ❈♦♥❢❡r❡♥❝❡ ✐♥ P❡r✉❣✐❛ ✭■t❛❧②✮ ❛♥❞ ✷ ❡✈❡♥ts
✇❡r❡ ♦❜s❡r✈❡❞ ✭✜❣✳ ✺✳✶✮✳ ❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ❜② t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥
❝♦♠❡ ❢r♦♠ t❤❡ ❛♥❛❧②s❡s ♦❢ ❉r✳ ●✐✉s❡♣♣❡ ❘✉❣❣✐❡r♦ ❬✺✼❪ ❛♥❞ ❉r✳ ❘❛❞♦s❧❛✈
▼❛r❝❤❡✈s❦✐ ❬✻✵❪✱ ✇✐t❤ ❛ s✐❣♥❛❧ s❡❧❡❝t✐♦♥ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ♦♥❡ ♣r❡s❡♥t❡❞ ✐♥
t❤✐s t❤❡s✐s ❛♥❞ ✉s❡❞ ❜② ♠❡ t♦ st✉❞② t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡ ❙❊❙ ❛♥❞
t❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s ✇❡r❡ ❡①♣❡❝t❡❞ t♦
❜❡✿

SES = (0.389± 0.021)× 10−10 , ✭✺✳✷✮

✽✼



N exp
πνν = 2.16± 0.12± 0.26ext , ✭✺✳✸✮

✇❤✐❧❡ t❤❡ ❡①♣❡❝t❡❞ ❡✈❡♥ts ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s ❢♦r t❤❡ ✈❛r✐♦✉s ❜❛❝❦❣r♦✉♥❞
s♦✉r❝❡s ❛♥❞ t❤❡ t♦t❛❧ ❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥ ❛r❡ r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✺✳✶✳ ❚❤❡
❙❊❙ ✇❛s ❡✈❛❧✉❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r♦❝❡❞✉r❡ r❡♣♦rt❡❞ ✐♥ ✸✳✸✳✾✱ ✇❤❡r❡ t❤❡
❛❝❝❡♣t❛♥❝❡ ❢♦r t❤❡ s✐❣♥❛❧ ✇❛s ❡✈❛❧✉❛t❡❞ t♦ ❜❡ Aπνν ∼ 3%✱ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❢♦r
t❤❡ ♥♦r♠❛❧✐③❛t✐♦♥ ❝❤❛♥♥❡❧ ✐s Aππ ∼ 8.5%✱ t❤❡ r❛♥❞♦♠ ✈❡t♦ ǫRV ∼ 64% ❛♥❞
t❤❡ tr✐❣❣❡r ❡✣❝✐❡♥❝② ✐s ❝❧♦s❡ t♦ 90%✳

❋✐❣✉r❡ ✺✳✶✿ ❚❤❡ t✇♦ ❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ ✷✵✶✼ ❞❛t❛✱ ❛s ♣r❡s❡♥t❡❞ ❛t t❤❡ ❑❆❖◆
✷✵✶✾ ❝♦♥❢❡r❡♥❝❡ ✐♥ P❡r✉❣✐❛ ❜② t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ ❬✺✼❪✳

❈♦♠❜✐♥✐♥❣ t❤❡ ✷ ❡✈❡♥ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ✐♥ t❤❡ ✷✵✶✼ ❞❛t❛ s❡t
✇✐t❤ t❤❡ ❡✈❡♥t ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✷✵✶✻ ❞❛t❛ s❡t ❬✶✽❪✱ ◆❆✻✷ ✐s ❛❜❧❡ t♦ ♣✉t t❤❡
❢♦❧❧♦✇✐♥❣ ✉♣♣❡r ❧✐♠✐ts t♦ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ K+ → π+νν̄✿

BR(K+ → π+νν̄) < 1.85× 10−10 @90% C.L. ✭✺✳✹✮

BR(K+ → π+νν̄) < 2.44× 10−10 @95% C.L. ✭✺✳✺✮

❛s ✇❡❧❧ ❛s ❛ t✇♦✲s✐❞❡❞ ✻✽✪ ❜❛♥❞✱

BR(K+ → π+νν̄) = 0.47+0.72
−0.47 × 10−10 ✳ ✭✺✳✻✮

❚❤❡ r❡s✉❧t ♣r❡s❡♥t❡❞ ❜② t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ ✐♥❝❧✉❞❡s ❛♥ ❡✈❛❧✉❛t✐♦♥
♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞❀ t❤❡ ✈❛❧✉❡ ❢♦✉♥❞ ❛♥❞ ✉s❡❞ ❢♦r t❤❡ r❡s✉❧t ✐s
0.9± 0.2st❛t ± 0.2s②st✱ ✐♥ ✈❡r② ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ✇❤❛t ✇❛s ❢♦✉♥❞ ✐♥ t❤✐s
t❤❡s✐s✳ ❚❤❡ s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ✈❛❧✉❡s ❛r✐s❡s ❢r♦♠ s♠❛❧❧ ❞✐✛❡r✲
❡♥❝❡s ✐♥ t❤❡ ✜tt❡❞ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ♦❢ t②♣❡ ✶ ❡✈❡♥ts✱ ❧❡❛❞✐♥❣ t♦ s❧✐❣❤t❧② ❞✐✛❡r✲
❡♥t ♠✐s♠❛t❝❤ ♣r♦❜❛❜✐❧✐t✐❡s ✐♥ t❤❡ ✜rst ❢❡✇ ❜✐♥s✳ ❯♥❢♦rt✉♥❛t❡❧② t❤❡ st❛t✐st✐❝s
✉s❡❞ ❜② t❤❡ ▼❈ t♦ ❣❡♥❡r❛t❡ t❤❡ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ✐s ❧✐♠✐t❡❞ ❜✉t t❤✐s ❝❛♥

✽✽



❜❡ ✐♠♣r♦✈❡❞ ✐♥ t❤❡ ❢✉t✉r❡ ✇✐t❤ ❛♥ ❡①t❡♥❞❡❞ ▼❈✲❣❡♥❡r❛t✐♦♥ ❝❛♠♣❛✐❣♥ t♦ ♦❜✲
t❛✐♥ ♠♦r❡ ❛❝❝✉r❛t❡ r❡s✉❧ts✳ P♦ss✐❜❧❡ ✐♠♣r♦✈❡♠❡♥ts t♦ s✉♣♣r❡ss t❤❡ ✉♣str❡❛♠
❜❛❝❦❣r♦✉♥❞ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❝❤❛♣t❡r ✻✳

Pr♦❝❡ss ❊①♣❡❝t❡❞ ❡✈❡♥ts

K+ → π+νν̄ ✭❙▼✮ 2.16± 0.12± 0.26ext

K+ → π+π0(γ) ■❇ 0.29± 0.03stat ± 0.03syst

K+ → µ+νµ(γ) ■❇ 0.11± 0.02stat ± 0.03syst

K+ → µ+νµ(µ
+ → e+ decay) 0.04± 0.02syst

K+ → π+π−e+νe 0.12± 0.05stat ± 0.03syst

K+ → π+π+π− 0.02± 0.02syst

K+ → π+γγ 0.005± 0.005syst

K+ → l+π0νl ♥❡❣❧✐❣✐❜❧❡

❯♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ 0.9± 0.2stat ± 0.2syst

❚♦t❛❧ ❜❛❝❦❣r♦✉♥❞ 1.5± 0.2stat ± 0.2syst

❚❛❜❧❡ ✺✳✶✿ ❚❤❡ ❡①♣❡❝t❛t✐♦♥ ❢♦r t❤❡ πνν s✐❣♥❛❧ ❛♥❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ s♦✉r❝❡s
✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥s ❛s ♣r❡s❡♥t❡❞ ❜② t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ ❛t t❤❡ ❑❆❖◆
❝♦♥❢❡r❡♥❝❡ ✐♥ P❡r✉❣✐❛ ❬✺✼❪✳
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❈❤❛♣t❡r ✻

❈♦♥❝❧✉s✐♦♥s

❋❧❛✈♦✉r ♣❤②s✐❝s ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❛r❡❛s ✇❤❡r❡ ♣❤②s✐❝✐sts ❝❛♥ ❤♦♣❡
t♦ ✜♥❞ s✐❣♥❛❧s ♦❢ ♥❡✇ ♣❤②s✐❝s ❛♥❞✱ ✐♥ ♣❛rt✐❝✉❧❛r✱ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥ts ♦♥
r❛r❡ ♦r ❢♦r❜✐❞❞❡♥ ❦❛♦♥ ❞❡❝❛②s st✐❧❧ r❡♣r❡s❡♥t ❛ ✈❡r② ♣r♦❞✉❝t✐✈❡ ✜❡❧❞ ✇❤❡r❡
t❤❡♦r✐❡s ❜❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❝❛♥ ❜❡ t❡st❡❞✳

❚❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ♦❢ t❤❡ K+ → π+νν̄ ❛♥❞
KL → π0νν̄ ❞❡❝❛②s ✇✐❧❧ ❣✐✈❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ✢❛✈♦✉r
str✉❝t✉r❡ ♦❢ t❤❡ ♥❡✇ ♣❤②s✐❝s✳ ■♥ ✜❣✉r❡ ✻✳✶ t❤❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts ♦❢
◆❆✻✷ ✇✐t❤ t❤❡ ✷✵✶✻ ❛♥❞ ✷✵✶✼ ❞❛t❛ s❡ts ❝♦♠❜✐♥❡❞ ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡
❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧t ♦❢ t❤❡ ❊✼✾✼✴❊✾✹✾ ❈♦❧❧❛❜♦r❛t✐♦♥ ❛♥❞ t❤❡ ♠♦st r❡❝❡♥t
❙▼ ❡①♣❡❝t❛t✐♦♥✳ ❙♦ ❢❛r ◆❆✻✷ ✐s ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ ❜♦t❤ ❊✼✾✼✴❊✾✹✾ ❛♥❞ t❤❡
❙▼ ❜✉t t❤❡r❡ ✐s st✐❧❧ r♦♦♠ ❢♦r ✐♠♣r♦✈❡♠❡♥t✳ ■♥❞❡❡❞ t❤❡ ✷✵✶✽ ❞❛t❛ s❡t ✐s
❝✉rr❡♥t❧② ❜❡✐♥❣ ❛♥❛❧②③❡❞❀ ✐♥ t❤✐s ❞❛t❛ s❡t✱ ❛❜♦✉t t✇✐❝❡ t❤❡ ♥✉♠❜❡r ♦❢ K+

❞❡❝❛②s ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ✷✵✶✼✳ ▼♦r❡♦✈❡r t❤❡r❡ ✇✐❧❧ ❜❡ ❛♥♦t❤❡r
♣❡r✐♦❞ ♦❢ ❞❛t❛ t❛❦✐♥❣ ❛❢t❡r t❤❡ ❧♦♥❣ s❤✉t❞♦✇♥ ✷ ✭▲❙✷✮ ♦❢ ▲❍❈✱ ✇✐t❤ t❤❡ ✜rst
②❡❛r ✭✷✵✷✶✮ ❛❧r❡❛❞② ❛♣♣r♦✈❡❞✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ◆❆✻✷ ♣r❡❧✐♠✐♥❛r② r❡s✉❧t
❛❧r❡❛❞② ❛❧❧♦✇s t♦ ♠❛❦❡ s♦♠❡ ❣❡♥❡r❛❧ ❝♦♥s✐❞❡r❛t✐♦♥s✿

❼ ●✐✈❡♥ t❤❡ ♣r❡❧✐♠✐♥❛r② ✉♣♣❡r ❧✐♠✐ts r❡♣♦rt❡❞ ✐♥ ❡q✳ ✺✳✹ ❛♥❞ ✺✳✺✱ ◆❆✻✷ ✐s
❛❜❧❡ t♦ ❡①❝❧✉❞❡ t❤❡ ❧❛r❣❡st ❡♥❤❛♥❝❡♠❡♥ts t♦ BR(K+ → π+νν̄) ❛❧❧♦✇❡❞
❜② s♦♠❡ ◆P ♠♦❞❡❧s ✭❘❛♥❞❛❧❧✲❙✉♥❞r✉♠✱ ▲✐tt❧❡st ❍✐❣❣s ✇✐t❤ ❚✲♣❛r✐t②✱
▼❙❙▼ ♥♦♥✲▼❋❱✱ ▲❋❯ ✈✐♦❧❛t✐♦♥ ♠♦❞❡❧s✮ ✐♥ s♣❡❝✐✜❝ ♣♦rt✐♦♥s ♦❢ t❤❡✐r
♣❤❛s❡ s♣❛❝❡s✱ ✐♥tr♦❞✉❝✐♥❣ ❢✉rt❤❡r ❝♦♥str❛✐♥ts t♦ t❤❡ ❢r❡❡ ♣❛r❛♠❡t❡rs
r❡❧❛t❡❞ t♦ ❡❛❝❤ ♠♦❞❡❧❀ ❤♦✇❡✈❡r t❤❡ ♠❡❛s✉r❡♠❡♥t ✐s st✐❧❧ ♥♦t ❛❝❝✉r❛t❡
❡♥♦✉❣❤ t♦ ❡①❝❧✉❞❡ ❛♥② ♦❢ t❤❡ ♠♦❞❡❧s ✐♥ ♣❛rt✐❝✉❧❛r✳ ❋✐❣✉r❡ ✻✳✷ s❤♦✇s
t❤❡ ❡①♣❡❝t❛t✐♦♥ ❢♦r BR(K+ → π+νν̄) ❢♦r t❤❡ ♠♦❞❡❧s t❤❛t t❤❡ ◆❆✻✷
♠❡❛s✉r❡♠❡♥t ❝❛♥ ❛❧r❡❛❞② ❝♦♥str❛✐♥✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ t❤❡ ◆❆✻✷ 90%
❈✳▲✳ ✉♣♣❡r ❧✐♠✐t ❡①❝❧✉❞❡s ❛ s♠❛❧❧ ♣♦rt✐♦♥ ♦❢ t❤❡ ❘❙ ♠♦❞❡❧ ❜✉t ❥✉st
❢♦r t❤❡ ♣♦✐♥ts ♣r❡❞✐❝t❡❞ ❜② ✜tt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡ ♦❢ ǫK ✇✐t❤ ❛♥
❛r❜✐tr❛r✐❧② ❤✐❣❤ ✜♥❡✲t✉♥✐♥❣✱ ✇❤✐❧❡ t❤❡ ♣♦✐♥ts r❡❧❛t✐✈❡ t♦ ❛ ♠♦❞❡r❛t❡ ✜♥❡✲
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t✉♥✐♥❣ ❛r❡ st✐❧❧ ✇❡❧❧ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥t ✭✜❣✳ ✻✳✷❛✮ ❬✶✾❪✳ ❆s
r❡❣❛r❞s t❤❡ ▲❍❚ ♠♦❞❡❧ ✇✐t❤ ❚✲♣❛r✐t②✱ ◆❆✻✷ ❝❛♥ ♥♦✇ ❡①❝❧✉❞❡ ❛ ❧❛r❣❡
♣♦rt✐♦♥ ♦❢ t❤❡ ❤✐❣❤✲❇❘ ❤♦r✐③♦♥t❛❧ ❜r❛♥❝❤✱ ❤♦✇❡✈❡r t❤❛t ❛r❡❛ ✐s ❛❧r❡❛❞②
❧❛r❣❡❧② ❡①❝❧✉❞❡❞ ❜② t❤❡ ❝♦♥str❛✐♥t ♦♥ KL → µ+µ− ✭✜❣✳ ✻✳✷❜✮ ❬✷✸❪✳ ■♥
t❤❡ ▼❙❙▼ ❢♦r ❙❯❙❨ ❛t ✶✵ ❚❡❱✱ ◆❆✻✷ ✐s ❛❜❧❡ t♦ ♣❧❛❝❡ ❛ ♠✐❧❞ ❝♦♥str❛✐♥t
❜✉t ❥✉st ✐♥ ❛ ✈❡r② s♣❡❝✐✜❝ s❝❡♥❛r✐♦ ✇❤❡r❡ ǫK ✐s ♥♦t ✐♠♣♦s❡❞ ✐♥ t❤❡
♠♦❞❡❧ ❛♥❞ t❤❡ ❧❡❢t✲r✐❣❤t sq✉❛r❦ ♠✐①✐♥❣ ❛♥❣❧❡ θbLR ❤❛s t❤❡ ❧❛r❣❡st ✈❛❧✉❡
t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ❜② t❤❡ ♠♦❞❡❧ ✐ts❡❧❢ ✭✜❣✳ ✻✳✷❝✮ ❬✻✶❪✳ ❋✐♥❛❧❧②✱ ✐♥
▲❋❯ ✈✐♦❧❛t✐♦♥ ♠♦❞❡❧s ✇❤❡r❡ t❤❡ ❧❡♣t♦♥ ✢❛✈♦✉r ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛✐♥❧②
❝♦✉♣❧❡❞ t♦ t❤✐r❞✲❣❡♥❡r❛t✐♦♥ ❧❡❢t✲❤❛♥❞❡❞ ❢❡r♠✐♦♥s✱ ◆❆✻✷ ❝❛♥ ❛❧r❡❛❞②
❡①❝❧✉❞❡ ❛ ❧❛r❣❡ r❛♥❣❡ ♦❢ ♣♦ss✐❜✐❧✐t✐❡s ✐♥ ♦♥❡ ♦❢ t❤❡ s❝❡♥❛r✐♦s ❝♦♥s✐❞❡r❡❞
✭✜❣✳ ✻✳✷❞✮ ❬✷✹❪✳

❼ ❚❤❡ ♥❡✇ ✉♣♣❡r ❧✐♠✐t ♦♥ BR(K+ → π+νν̄) ♣r♦✈✐❞❡s ❛ ♥❡✇ ♠♦❞❡❧✲
✐♥❞❡♣❡♥❞❡♥t ❧✐♠✐t ♦♥ BR(KL → π0νν̄) t❤❛t ❝♦♠❡s ❢r♦♠ t❤❡ ●r♦ss♠❛♥✲
◆✐r ❜♦✉♥❞ ❬✺✼❪❬✷✺❪✱

BR(KL → π0νν̄) < 8.14× 10−10 @90% C.L. ✭✻✳✶✮

❼ ❚❤❡ ◆❆✻✷ ♣r❡❧✐♠✐♥❛r② 90% ❈✳▲✳ ✐s ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❝❡♥tr❛❧ ✈❛❧✉❡ ♠❡❛✲
s✉r❡❞ ❜② ❊✼✾✼✴❊✾✹✾ ❛♥❞ ✇❡ ❝❛♥ ❛❧r❡❛❞② ❡①❝❧✉❞❡ t❤❡ ✉♣♣❡r ♣❛rt ♦❢ t❤❡
t✇♦✲s✐❞❡❞ ❜❛♥❞ q✉♦t❡❞ ❜② ❊✼✾✼✴❊✾✹✾❀ t❤❡r❡❢♦r❡✱ ✐t ✐s ✈❡r② ✉♥❧✐❦❡❧② t❤❛t
t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ t❛❦❡s ❛ ✈❛❧✉❡ ✇❤✐❝❤ ✐s ♠♦r❡ t❤❛♥ t✇✐❝❡ t❤❡ ❙▼ ♦♥❡
✭s❡❡ ✜❣✳ ✻✳✶✮✳

❋✐❣✉r❡ ✻✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦♥ BR(K+ → π+νν̄)
♦❜t❛✐♥❡❞ ❜② ◆❆✻✷ ❛♥❞ t❤❡ ❊✼✾✼✴❊✾✹✾ ❈♦❧❧❛❜♦r❛t✐♦♥✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♠♦st
r❡❝❡♥t ❙▼ ❡①♣❡❝t❛t✐♦♥✳ ❚❤❡ ◆❆✻✷ ♣♦✐♥t ❝♦♠❡s ❢r♦♠ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡
✷✵✶✻ ❛♥❞ ✷✵✶✼ ❞❛t❛ s❡t❀ t❤❡ t✇♦ ✉♣♣❡r ❧✐♠✐ts ❛t ✾✵✪ ❛♥❞ ✾✺✪ ❈✳▲✳ ❛r❡ ❛❧s♦
s❤♦✇♥✳

✾✶



❆s ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ t❤✐s ✇♦r❦✱ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐s ♣r♦❜❛❜❧②
t❤❡ tr✐❝❦✐❡st ❜❛❝❦❣r♦✉♥❞ t♦ t❤❡ πνν ♠❡❛s✉r❡♠❡♥t ❛t ◆❆✻✷ ✐♥ t❡r♠s ♦❢ ✉♥✲
❞❡rst❛❞✐♥❣ t❤❡ ♣❤②s✐❝s ❜❡❤✐♥❞ ✐t ❛♥❞ s✉♣♣r❡ss✐♥❣ ✐t ✐♥ ❛ ♠❡❛♥✐♥❣❢✉❧ ✇❛②✳ ■
❤❛✈❡ ❞❡♠♦♥str❛t❡❞ ❤♦✇ t❤❡ ❜✐❢✉r❝❛t✐♦♥ ❛♥❛❧②s✐s ✉s❡❞ ❢♦r t❤❡ ✷✵✶✻ ❞❛t❛ s❡t
❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♠✉❧t✐❢❛❝❡t❡❞ ♥❛t✉r❡ ♦❢ t❤❡ ✉♣str❡❛♠ ❡✈❡♥ts
❛♥❞ ■ ♣r♦♣♦s❡❞ ❛♥ ❛❧t❡r♥❛t✐✈❡ ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ t❤❡ ✉s❛❣❡ ♦❢ t❤❡ ♣r♦❜❛❜✐❧✐t②
♦❢ ♠❛t❝❤✐♥❣ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦ t♦ ❛♥ ❛❝❝✐❞❡♥t❛❧ ✉♣str❡❛♠ tr❛❝❦✳ ❚❤✐s ✐s
✐♠♣♦rt❛♥t ♥♦t ♦♥❧② ❢♦r t❤❡ ✷✵✶✼ ❞❛t❛ s❡t ❜✉t ❛❧s♦ ❢♦r t❤❡ ✷✵✶✽ ♦♥❡✱ ✇❤❡r❡
t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ♥❡✇ ❝♦❧❧✐♠❛t♦r ✭s❡❡ ✹✳✻✮ ✇♦✉❧❞ ♠❛❦❡ ✐t ✐♠♣♦ss✐❜❧❡ t♦
❛♣♣❧② t❤❡ ❜✐❢✉r❝❛t✐♦♥ ♠❡t❤♦❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛❝❦ ♦❢ st❛t✐st✐❝s ✐♥ t❤❡ ❝♦♥tr♦❧
s❛♠♣❧❡s✳

❚❤✐s ♥❡✇ ♠❡t❤♦❞ ✇❛s ❞❡✈❡❧♦♣❡❞ ❢✉rt❤❡r ❜② ♦t❤❡r ♣❡♦♣❧❡ ✐♥ t❤❡ ❝♦❧❧❛❜♦✲
r❛t✐♦♥✱ ✐♥ ♦r❞❡r t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞✐✛❡r❡♥t ❈❉❆ ❞✐str✐❜✉t✐♦♥ ♦❢ t②♣❡ ✶
❛♥❞ t②♣❡ ✷ ❡✈❡♥ts✳ ■ ❛♣♣❧✐❡❞ t❤❡ ♥❡✇ ♠❡t❤♦❞ ✐♥ t✇♦ ❞✐✛❡r❡♥t ❝♦♥tr♦❧ r❡❣✐♦♥s✱
♦❜t❛✐♥✐♥❣ r❡s✉❧ts t❤❛t ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥s❀ ✜♥❛❧❧② ■ ❝❛❧❝✉✲
❧❛t❡❞ t❤❡ ❡①♣❡❝t❡❞ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ✐♥s✐❞❡ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❛♥❞ ❢♦✉♥❞
❛ ✈❛❧✉❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧t ♣r❡s❡♥t❡❞ ❛t ❑❆❖◆ ✷✵✶✾ ❜②
t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ❚❤❡ ✈❡r② s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ✐s ✉♥❞❡rst♦♦❞ ✐♥ t❡r♠s ♦❢
❛ s❧✐❣❤t❧② ❞✐✛❡r❡♥t P❉❋ ♦r✐❣✐♥❛t❡❞ ❢r♦♠ t❤❡ ❈❉❆ ❞✐str✐❜✉t✐♦♥ ♦❢ ▼❈ t②♣❡ ✶
❡✈❡♥ts❀ t❤✐s ✇✐❧❧ ❜❡ ✐♠♣r♦✈❡❞ ✐♥ t❤❡ ❢✉t✉r❡ ❛s s♦♦♥ ❛s ❛ ❜❡tt❡r ▼❈ s❛♠♣❧❡ ✐s
❛✈❛✐❧❛❜❧❡✳

❚❤❡ ♥❡✇ ♠❡t❤♦❞ ❤❛s t❤❡ ❛❞❞✐t✐♦♥❛❧ ❛❞✈❛♥t❛❣❡ ♦❢ s❤♦✇✐♥❣ ✇❤❡r❡ ✇❡ ❝❛♥
❧♦♦❦ ❢♦r ♣♦ss✐❜❧❡ ✐♠♣r♦✈❡♠❡♥ts ❢♦r t❤❡ s✉♣♣r❡ss✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ❜❛❝❦✲
❣r♦✉♥❞✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ◆❆✻✷ ❈♦❧❧❛❜♦r❛t✐♦♥ ❡♥❞♦rs❡❞ t❤❡ ❝♦♥str✉❝t✐♦♥
♦❢ ❛ ❢♦✉rt❤ st❛t✐♦♥ ♦❢ t❤❡ ●✐❣❛tr❛❝❦❡r ✭●❚❑✹✮ ❛♥❞ ❛♥ ❆♥t✐✲❈♦✉♥t❡r ❞❡t❡❝✲
t♦r ❜❡❢♦r❡ t❤❡ ✜♥❛❧ ❝♦❧❧✐♠❛t♦r t❤❛t ✇✐❧❧ ❛❧❧♦✇ ❢♦r ❛ ❜❡tt❡r t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢
t❤❡ ●❚❑ ❛♥❞ ❛ ❜❡tt❡r ♣✐❧❡✲✉♣ tr❡❛t♠❡♥t❀ ❛❝❝♦r❞✐♥❣ t♦ s✐♠✉❧❛t✐♦♥s✱ t❤✐s ✇✐❧❧
r❡❞✉❝❡ t❤❡ ✉♣str❡❛♠ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❛ ❢❛❝t♦r 3− 4 ❬✻✷❪✳

▼♦r❡♦✈❡r t❤❡ ♥❡✇ ❝♦❧❧✐♠❛t♦r t❤❛t s✉♣♣r❡ss❡s t❤❡ s♦✉r❝❡ ♦❢ π+ ♦r✐❣✐♥❛t❡❞
✉♣str❡❛♠ r❡❛❝❤✐♥❣ t❤❡ ✜❞✉❝✐❛❧ ✈♦❧✉♠❡ ✇✐❧❧ ❛❧❧♦✇ t♦ ❧♦♦s❡♥ t❤❡ ❜♦① ❝✉t✱ ❛❧✲
t❤♦✉❣❤ ✐t ❝❛♥♥♦t ❜❡ ❝♦♠♣❧❡t❡❧② r❡♠♦✈❡❞ ❜❡❝❛✉s❡ ♦❢ ✉♣str❡❛♠ ❦❛♦♥ ❞❡❝❛②s
st✐❧❧ ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ ❤♦❧❡ ✐♥ t❤❡ ❝♦❧❧✐♠❛t♦r✳ ❋✐♥❛❧❧② ❛ ▼❱❆ ❝❛♥ ❧❡❛❞ t♦
✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ K+ − π+ ❛ss♦❝✐❛t✐♦♥✳

✾✷



✭❛✮ ✭❜✮

✭❝✮

✭❞✮

❋✐❣✉r❡ ✻✳✷✿ Pr❡❞✐❝t✐♦♥s ♦❢ ◆P ♠♦❞❡❧s ❢♦r BR(K+ → π+νν̄)✱ ❝♦♠♣❛r❡❞ t♦ t❤❡
◆❆✻✷ ✉♣♣❡r ❧✐♠✐t ❛t 90% ❈✳▲✳ ✭t❤✐❝❦ r❡❞ ❧✐♥❡✮✳ ❚❤❡ ❊✼✾✼✴❊✾✹✾ 1σ ❜❛♥❞ ✐s
❛❧s♦ s❤♦✇♥ ✐♥ ❡❛❝❤ ♣❧♦t✳
✭❛✮ BR(KL → π0νν̄) ✈s✳ BR(K+ → π+νν̄) ✐♥ t❤❡ ❘❛♥❞❛❧❧✲❙✉♥❞r✉♠ ♠♦❞❡❧❀
t❤❡ ❜❧❛❝❦ ❞♦t r❡♣r❡s❡♥ts t❤❡ ❙▼ ♣r❡❞✐❝t✐♦♥✱ ♦r❛♥❣❡ ❞♦ts r❡❢❡r t♦ ❛ ♠♦❞❡r❛t❡
✜♥❡✲t✉♥✐♥❣ ♦❢ t❤❡ ✜t ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡ ♦❢ ǫK ✱ ✇❤✐❧❡ ❜❧✉❡ ❞♦ts ❛r❡
♦❜t❛✐♥❡❞ ✇✐t❤ ❛♥ ❛r❜✐tr❛r✐❧② ❤✐❣❤ ✜♥❡✲t✉♥✐♥❣ ❬✶✾❪✳
✭❜✮ BR(KL → π0νν̄) ✈s✳ BR(K+ → π+νν̄) ✐♥ t❤❡ ▲✐tt❧❡st ❍✐❣❣s ♠♦❞❡❧ ✇✐t❤
❚✲♣❛r✐t②❀ t❤❡ ❜❧❛❝❦ ❞♦ts ❛r❡ ❡①❝❧✉❞❡❞ ❜② t❤❡ ❝♦♥str❛✐♥t ♦♥ KL → µ+µ− ❬✷✸❪✳
✭❝✮ BR(KL → π0νν̄) ✈s✳ BR(K+ → π+νν̄) ✐♥ ▼❙❙▼ ❢♦r ❙❯❙❨ ❛t ✶✵ ❚❡❱✱
✇✐t❤♦✉t ✐♠♣♦s✐♥❣ ǫK ❛♥❞ ✇✐t❤ ❛ ❞♦✇♥✲t②♣❡ ❧❡❢t✲r✐❣❤t sq✉❛r❦ ♠✐①✐♥❣ ❛♥❣❧❡
θbLR = 0.3 ❬✻✶❪✳
✭❞✮ BR(B+ → K∗+νν̄) ✈s✳ BR(K+ → π+νν̄) ✐♥ ♠♦❞❡❧s ✇✐t❤ ❧❡♣t♦♥
✢❛✈♦✉r ✈✐♦❧❛t✐♥❣ ✐♥t❡r❛❝t✐♦♥s ♠❛✐♥❧② ❝♦✉♣❧❡❞ t♦ ❧❡❢t✲❤❛♥❞❡❞ t❤✐r❞✲❣❡♥❡r❛t✐♦♥
❢❡r♠✐♦♥s❀ t❤❡ ♦r❛♥❣❡ ✭❜❧✉❡✮ ❛r❡❛ ❝♦rr❡s♣♦♥❞s t♦ c13 = 0 ✭c13 = 2✮✱ ✇❤❡r❡ c13
✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ s✐♥❣❧❡t ❛♥❞ tr✐♣❧❡t ❲✐❧s♦♥ ❝♦❡✣❝✐❡♥ts ✐♥ t❤❡ ♠♦❞❡❧
❬✷✹❪✳

✾✸



❆❞❞✐t✐♦♥❛❧ ✐♠♣r♦✈❡♠❡♥ts t♦ t❤❡ K+ → π+νν̄ ♠❡❛s✉r❡♠❡♥t ✐♥❝❧✉❞❡✿ ❛
❜❡tt❡r P■❉ ❛❧❣♦r✐t❤♠ ❢♦r t❤❡ ♠✉♦♥ r❡❥❡❝t✐♦♥❀ t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ❝✉t ♦♥
Z✈❡rt❡① ✈s R❙❚❘❆❲✶ t♦ r❡❥❡❝t K

+
3π ❞❡❝❛②s✱ s✐♥❝❡ ✐t ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ t❤❛t t❤❡s❡

❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ❛r❡ ✈❡r② ✇❡❧❧ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥❀ ❛ ♠♦r❡
✐♥t❡♥s✐t②✲r❡s✐❧✐❡♥t ❚❉❆◗ s②st❡♠ ❢♦r ❞❡t❡❝t♦rs ✇✐t❤ ❝r✐t✐❝❛❧ ♦❝❝✉♣❛♥❝② ✐ss✉❡s✱
s✉❝❤ ❛s ❈❍❆◆❚■ ❛♥❞ ❑❚❆●❀ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❍❆❙❈ ❞❡t❡❝t♦r✱ s②♠♠❡tr✐❝❛❧ t♦
t❤❡ ❡①✐st✐♥❣ ♦♥❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❜❡❛♠ ♣✐♣❡✱ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ ❜❡tt❡r
♣❤♦t♦♥ r❡❥❡❝t✐♦♥❀ ❛♥ ✐♠♣r♦✈❡❞ tr❡❛t♠❡♥t ♦❢ t❤❡ r❛♥❞♦♠ ✈❡t♦ t❤❛t ❝❛♥ ❜❡
❛❝❤✐❡✈❡❞ ✇✐t❤ ❛ ❜❡tt❡r ❝❧✉st❡r✐♥❣ ❛❧❣♦r✐t❤♠ ✐♥ t❤❡ ▲❑r❀ ❛ ❜❡tt❡r ✉s❛❣❡ ♦❢ t❤❡
▲❆❱ ✈❛r✐❛❜❧❡s ✭❝✉rr❡♥t❧② t❤❡ ▲❆❱ ✈❡t♦ ❞♦❡s ♥♦t ♠❛❦❡ ✉s❡ ♦❢ t❤❡ ▲❆❱ st❛t✐♦♥
♣♦s✐t✐♦♥ ♦r t❤❡ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞ ✐♥❢♦r♠❛t✐♦♥✮ ❛♥❞ t❤❡ ❡①♣❧♦✐t❛t✐♦♥ ♦❢ t❤❡
❛♥❣❧❡✲❡♥❡r❣② ❝♦rr❡❧❛t✐♦♥ ♦❢ ♣❤♦t♦♥s ✐♥ ❙❆❱ ✇✐t❤ t❤♦s❡ ✐♥ ▲❆❱ ❛♥❞ ▲❑r✳

❚❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✐♠♣r♦✈❡♠❡♥ts t♦ t❤❡ s❡❧❡❝t✐♦♥ ❢♦r t❤❡ ✷✵✶✽ ❛♥❛❧②✲
s✐s ❥✉st ♠❡♥t✐♦♥❡❞✱ t❤❡ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ❡①♣❡❝t❡❞ ✐♥ t❤❡ ✷✵✶✽ ❞❛t❛ s❡t
✐s 7.0± 0.7 ✇✐t❤ ❛♥ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ♦❢ 4.8± 1.0 ❡✈❡♥ts ❬✻✷❪✱ ❝♦♥s✐❞❡r✐♥❣
❝♦♥s❡r✈❛t✐✈❡❧② t❤❡ s❛♠❡ s✐❣♥❛❧ t♦ ❜❛❝❦❣r♦✉♥❞ r❛t✐♦ ❛s ✐♥ ✷✵✶✼✳

❚❤❡ ✜rst ②❡❛r ♦❢ ❞❛t❛ t❛❦✐♥❣ ❛❢t❡r t❤❡ ▲❙✷ ❤❛s ❛❧r❡❛❞② ❜❡❡♥ ❛♣♣r♦✈❡❞✿ ❝♦♥✲
s✐❞❡r✐♥❣ ❛❧❧ t❤❡ ✐♠♣r♦✈❡♠❡♥ts t♦ t❤❡ ❤❛r❞✇❛r❡ ❛♥❞ t♦ t❤❡ ❛♥❛❧②s✐s t❤❛t ❤❛✈❡
❜❡❡♥ ❧✐st❡❞ ❛❜♦✈❡✱ t❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐♥ ❛ ✷✵✶✽✲❡q✉✐✈❛❧❡♥t
❞❛t❛ t❛❦✐♥❣ ②❡❛r ✐s 14.0± 1.5✳ ❊①t❡♥❞✐♥❣ t❤✐s ♣r❡❞✐❝t✐♦♥ t♦ t❤❡ ✇❤♦❧❡ t❤r❡❡✲
②❡❛rs ♣❡r✐♦❞ ❜❡t✇❡❡♥ ▲❙✷ ❛♥❞ ▲❙✸✱ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐s 42± 5✳
❯s✐♥❣ ❛ ❝♦✉♥t✐♥❣ ❛♣♣r♦❛❝❤ ❛♥❞ ❛ss✉♠✐♥❣ ❛ s✐❣♥❛❧✲t♦✲❜❛❝❦❣r♦✉♥❞ r❛t✐♦ ♦❢ t❤❡
♦r❞❡r ♦❢ 2.5✱ t❤❡ ✜rst ②❡❛r ♦❢ ❞❛t❛ t❛❦✐♥❣ ❛❢t❡r ▲❙✷ ✇✐❧❧ ❧❡❛❞ t♦ ❛ 3.8σ ❙▼
s✐❣♥❛❧ ❡✈✐❞❡♥❝❡ ✇❤❡♥ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❞❛t❛ ❛❧r❡❛❞② t❛❦❡♥ ❢r♦♠ ✷✵✶✻ t♦ ✷✵✶✽❀
♣r❡❧✐♠✐♥❛r② st✉❞✐❡s s❤♦✇ t❤❛t ❛ m2

♠✐ss ❛♥❞ π+ ♠♦♠❡♥t✉♠ s❤❛♣❡ ❛♥❛❧②s✐s ✇✐❧❧
r❛✐s❡ t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ♦❜s❡r✈❛t✐♦♥ t♦ 5σ✳ ❲✐t❤ t❤r❡❡ ②❡❛rs ♦❢ ❞❛t❛ t❛❦✲
✐♥❣ ❛❢t❡r ▲❙✷✱ ◆❆✻✷ ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ ♣❡r❢♦r♠ ❛ 20% ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥t ♦❢
t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ t❤❡ K+ → π+νν̄ ❞❡❝❛② ❬✻✷❪✳
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❆♣♣❡♥❞✐① ❆

❈❍❖❉ s♦❢t✇❛r❡ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡s

❆♥ ✐♠♣♦rt❛♥t ♣❛rt ♦❢ ♠② P❤❉ ❛❝t✐✈✐t② ✇❛s ❞❡❞✐❝❛t❡❞ t♦ t❤❡ ❞❡✈❡❧♦♣♠❡♥t
❛♥❞ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ s♦❢t✇❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ♦❧❞ ❈❍❖❉ ❞❡t❡❝t♦r ✭t❤❡
◆❆✹✽✲❈❍❖❉✮✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤✐s ❞❡t❡❝t♦r ✐s ❣✐✈❡♥ ✐♥ ✷✳✹✳✻✱ ✇❤✐❧❡
t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s ❝♦♥❝❡r♥ t❤❡ ✇♦r❦ ■ ❤❛✈❡ ❞♦♥❡ ♦♥ t❤❡ s♦❢t✇❛r❡ ❛♥❞ t❤❡
♣❡r❢♦r♠❛♥❝❡s r❡❛❝❤❡❞ ❜② t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r ❛❢t❡r ❛❧❧ t❤❡ ♦✤✐♥❡ ❝♦rr❡❝t✐♦♥s
❛r❡ ❛♣♣❧✐❡❞✳

❆✳✶ ❈❍❖❉ ❡✣❝✐❡♥❝②

■ ❞❡✈❡❧♦♣❡❞ t❤❡ ❈❍❖❉❊❢❢✐❝✐❡♥❝② ❛♥❛❧②③❡r ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ ❢❛st ✇❛② t♦
❝❤❡❝❦ t❤❡ ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡ ❞❡t❡❝t♦r ❛ ❢❡✇ ❤♦✉rs ❛❢t❡r ❛ r✉♥ ✐s t❛❦❡♥✳ ■♥
❢❛❝t ❞✉r✐♥❣ t❤❡ ❞❛t❛ t❛❦✐♥❣✱ t❤❡ ◆❆✻✷ ❖♥❧✐♥❡ ▼♦♥✐t♦r✶ ✐s t❤❡ ♠❛✐♥ t♦♦❧
s❤✐❢t❡rs ❤❛✈❡ t♦ s♣♦t ✐♠♣♦rt❛♥t ♣r♦❜❧❡♠s ✐♥ t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥❀ t❤♦✉❣❤
s♦♠❡ ♣❛rt✐❝✉❧❛r ✐ss✉❡s ♥❡❡❞ ❛ s❧✐❣❤t❧② ♠♦r❡ s♦✜st✐❝❛t❡❞ ❛♣♣r♦❛❝❤ ❞❡❞✐❝❛t❡❞
t♦ ❡✈❡r② s✐♥❣❧❡ ❞❡t❡❝t♦r✱ s✉❝❤ ❛s ❛ s♣❡❝✐✜❝ ❡✣❝✐❡♥❝② ❛♥❛❧②③❡r✳

❈❍❖❉❊❢❢✐❝✐❡♥❝② ✐♥t❡❣r❛t❡s ❛❧❧ t❤❡ ❜✉rsts t❛❦❡♥ ✐♥ ❛ r✉♥ ❛♥❞ ❝♦♠♣✉t❡s
t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❞❡t❡❝t♦r ✐♥ ❞✐✛❡r❡♥t ✇❛②s✳ ❚❤❡ ❛♥❛❧②③❡r t❛❦❡s ✐♥t♦ ❛❝✲
❝♦✉♥t ♦♥❧② ❡✈❡♥ts ♣❛ss✐♥❣ t❤❡ P◆◆ tr✐❣❣❡r ✢❛❣ ❛♥❞ ✐♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡
◆❡✇❈❍❖❉✳ ❚❤❡ ❈♦♥tr♦❧ tr✐❣❣❡r ❡✈❡♥ts ❛r❡ ♥♦t t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r ♦❜✲
✈✐♦✉s r❡❛s♦♥s✱ s✐♥❝❡ t❤❡ ❝♦♥tr♦❧ tr✐❣❣❡r ❝♦♥❞✐t✐♦♥ ✐s ❛ s✐❣♥❛❧ ✐♥ t❤❡ ❈❍❖❉
✐ts❡❧❢✳ ■♥ ♦r❞❡r t♦ ❝♦♠♣✉t❡ t❤❡ ❡✣❝✐❡♥❝②✱ ❡✈❡r② tr❛❝❦ ❢♦✉♥❞ ✐♥ t❤❡ ❙♣❡❝tr♦♠✲
❡t❡r ✐s ❡①tr❛♣♦❧❛t❡❞ t♦ t❤❡ ❈❍❖❉ ♣❧❛♥❡✿ t❤❡ ❡✣❝✐❡♥❝② ✐s t❤❡ ♥✉♠❜❡r ♦❢ t❤❡
❡①tr❛♣♦❧❛t❡❞ tr❛❝❦s ✇✐t❤ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❈❍❖❉ ❝❛♥❞✐❞❛t❡ ✐♥ t❤❡ ♣♦✐♥t ♦❢
t❤❡ ❡①tr❛♣♦❧❛t✐♦♥✱ ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ tr❛❝❦s✳

❆ r❡♣♦rt ✐♥ ♣❞❢ ❢♦r♠❛t ✐s ❣❡♥❡r❛t❡❞✱ s❤♦✇✐♥❣ ✶✼ ♣❧♦ts ✭s❡❡ ❛ ❢❡✇ ❡①❛♠♣❧❡s

✶
◆❆✻✷❖♥❧✐♥❡▼♦♥✐t♦r ✐s ❛♥ ❆♥❛❧②③❡r s❤♦✇✐♥❣ t❤❡ ♠♦st r❡❧❡✈❛♥t ♣❧♦ts ❢♦r ❡❛❝❤ ❞❡t❡❝t♦r

❞✉r✐♥❣ t❤❡ ❞❛t❛ t❛❦✐♥❣ ✐♥ t❤❡ ◆❆✻✷ ❈♦♥tr♦❧ ❘♦♦♠✳
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✐♥ ✜❣✳ ❆✳✶ ❛♥❞ ❆✳✷✮✳ ❚❤❡ ✜rst ❢♦✉r ♣❧♦ts s❤♦✇ t❤❡ ♦✈❡r❛❧❧ ❡✣❝✐❡♥❝② ♦❢ t❤❡
❞❡t❡❝t♦r ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❜✉rst ✐❞❡♥t✐✜❝❛t✐♦♥ ♥✉♠❜❡r✳ ❚❤❡ ❢♦✉r ♣❧♦ts
❞✐✛❡r ❜② t❤❡ ❦✐♥❞ ♦❢ ❡✈❡♥ts t❤❛t ❛r❡ s❡❧❡❝t❡❞✿

❼ ✇✐t❤ ♦r ✇✐t❤♦✉t s✐♥❣❧❡✲tr❛❝❦ r❡q✉✐r❡♠❡♥t ✐♥ t❤❡ ❙❚❘❆❲❀

❼ ✇✐t❤ ♦r ✇✐t❤♦✉t s❤♦✇❡r✲❧✐❦❡ ❡✈❡♥ts r❡❥❡❝t✐♦♥ r❡q✉✐r❡❞✳

❚❤❡ ♣❧♦t ❣❡♥❡r❛t❡❞ s❡❧❡❝t✐♥❣ s✐♥❣❧❡✲tr❛❝❦ ❛♥❞ ♥♦✲s❤♦✇❡r ❡✈❡♥ts ✐s ♣❛rt✐❝✉❧❛r❧②
✐♠♣♦rt❛♥t✱ s✐♥❝❡ ✐t ✐s t❤❡ ✧❝❧❡❛♥❡st✧ ♦♥❡ ❛♥❞ ✐t ✐s ✉s❡❞ ✐♥ ♦r❞❡r t♦ ❣❡♥❡r❛t❡ t❤❡
❜❛❞ ❜✉rst ❧✐st ✭❜❛❞ ❜✉rsts ❛r❡ ❜✉rsts t❤❛t ❞✐❞♥✬t ♣❛ss ❝❡rt❛✐♥ q✉❛❧✐t② ❝r✐t❡r✐❛
❢♦r ♦♥❡ ♦r ♠♦r❡ ❞❡t❡❝t♦rs✱ ❡✳❣✳ ❞✉❡ t♦ ❛ ♠❛❧❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❤❛r❞✇❛r❡✮✳ ❚❤❡
s❡❝♦♥❞ ❣r♦✉♣ ♦❢ ❢♦✉r ♣❧♦ts s❤♦✇s t❤❡ ♦✈❡r❛❧❧ ❡✣❝✐❡♥❝② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
♠♦♠❡♥t✉♠ ♦❢ t❤❡ tr❛❝❦❀ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❢♦✉r ♣❧♦ts ✐s t❤❡ s❛♠❡
❛s ❢♦r t❤❡ ♣r❡✈✐♦✉s ❣r♦✉♣✳ ❚❤❡ t❤✐r❞ ❣r♦✉♣ ♦❢ ❢♦✉r ♣❧♦ts s❤♦✇s t❤❡ ♦✈❡r❛❧❧
❡✣❝✐❡♥❝② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❩ ❝♦♦r❞✐♥❛t❡ ♦❢ t❤❡ ✈❡rt❡① ❜❡t✇❡❡♥ t❤❡ ✉♣str❡❛♠
❛♥❞ t❤❡ ❞♦✇♥str❡❛♠ tr❛❝❦✳ ❚❤❡ ❧❛st ❣r♦✉♣ ♦❢ ❢♦✉r ♣❧♦ts s❤♦✇s ❛ ✷❉ ♠❛♣ ♦❢
t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❡✈❡r② s✐♥❣❧❡ ❈❍❖❉ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ✷❉
♣❧♦t s❤♦✇s t❤❡ ✐♥t❡❣r❛t❡❞ ✐❧❧✉♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ❢♦r t❤❡ ✇❤♦❧❡ r✉♥ ❛♥❞
✐t ❝♦✉❧❞ ❜❡ ✉s❡❢✉❧ t♦ s♣♦t ✈❡r② ♣❡❝✉❧✐❛r ♣r♦❜❧❡♠s✳

❚❤❡ ✷❉ ❡✣❝✐❡♥❝② ♣❧♦t ✇✐t❤ t❤❡ s✐♥❣❧❡✲tr❛❝❦ ❛♥❞ ♥♦✲s❤♦✇❡r r❡q✉❡sts ✐s
♣r♦❜❛❜❧② t❤❡ ♠♦st ✉s❡❢✉❧ t♦ s♣♦t ♣r♦❜❧❡♠s ✐♥ t❤❡ ❤❛r❞✇❛r❡ ♦r ✐♥ t❤❡ t✐♠❡
❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ❝❤❛♥♥❡❧s✳ ■♥❞❡❡❞✱ ✇❤❡♥ ❛ s❝✐♥t✐❧❧❛t♦r ✭♦r ❛ ❣r♦✉♣ ♦❢ t❤❡♠✮
✐s ♥♦t ✇♦r❦✐♥❣ ♣r♦♣❡r❧②✱ ❛ ❤✉❣❡ ❞r♦♣ ✐♥ t❤❡ ❡✣❝✐❡♥❝② ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡ t❤❡r❡✱
❛♥❞ ✐t ✐s ❡❛s② t♦ ✐❞❡♥t✐❢② t❤❡ ✢❛✇❡❞ ❝❤❛♥♥❡❧ ✭♦r ❜♦❛r❞✮✱ ❧✐❦❡ ✐♥ ✜❣✳ ❆✳✷✳

❆s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡✱ t❤❡ ♦t❤❡r ♦✉t♣✉t ♦❢ ❈❍❖❉❊❢❢✐❝✐❡♥❝② ✭❛ ♣❛rt ❢r♦♠
t❤❡ r❡♣♦rt✮ ✐s t❤❡ ❜❛❞ ❜✉rst ❧✐st✳ ❚❤❡ ❜❛❞ ❜✉rst ❧✐st ❝♦♥t❛✐♥s t❤❡ ♥✉♠❜❡r
♦❢ ❛❧❧ t❤❡ ❜✉rsts ✢❛❣❣❡❞ ❛s ✧❜❛❞✧ ❜② t❤❡ ❛♥❛❧②③❡r✳ ❚❤❡r❡ ❛r❡ t✇♦ ❝r✐t❡r✐❛
❛❝❝♦r❞✐♥❣ t♦ ✇❤✐❝❤ ❛ ❜✉rst ✐s ✢❛❣❣❡❞ ❛s ❜❛❞ ❜② ❈❍❖❉❊❢❢✐❝✐❡♥❝②✳ ❊✐t❤❡r t❤❡
❡✣❝✐❡♥❝② ✐s t♦♦ ❧♦✇✱ ✐✳❡✳ ǫ < 0.9 ✭✢❛❣❂▲❖❲❊❋❋✮✱ ♦r t❤❡ st❛t✐st✐❝s ✐s t♦♦
❧♦✇✱ ✐✳❡✳ Nevents < 100 ✭❢❛❧❣❂▲❖❲❙❚❆❚✮✳ ❚❤❡ ❜❛❞ ❜✉rst ❧✐st ❝❛♥ ❜❡ ♣❛ss❡❞
❛s ❛ ♣❛r❛♠❡t❡r ❛t t❤❡ ❛♥❛❧②s✐s ❧❡✈❡❧ t♦ s❦✐♣ ❛❧❧ t❤❡ ❜❛❞ ❜✉rsts ✐♥ ❛ r✉♥✳

❆✳✷ ❚✐♠❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r

❚❤❡ r❡❝♦♥str✉❝t✐♦♥ ❛♥❛❧②③❡rs ❢♦r ❛❧❧ t❤❡ ❞❡t❡❝t♦rs ❝♦♥t❛✐♥ t❤❡ ❝♦❞❡ ♥❡❡❞❡❞ t♦
r❡❝♦♥str✉❝t t❤❡ r❛✇ ❞❛t❛ ❛♥❞ ♦r❣❛♥✐③❡ t❤❡♠ ✐♥ ❤✐❣❤ ❧❡✈❡❧ str✉❝t✉r❡s s✉❝❤ ❛s
❤✐ts ❛♥❞ ❝❛♥❞✐❞❛t❡s ✭s❡❡ s❡❝t✐♦♥ ✸✳✶✮✱ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❝♦♥✈❡♥✐❡♥t❧② ✐♥ ♣❤②s✐❝s
❛♥❛❧②s✐s✳ ❚❤❡ ❈❍❖❉ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ❞✐❣✐t✐③❡r ✇❡r❡ ❛❧r❡❛❞② ♣r❡s❡♥t ❛t t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ ♠② ❞♦❝t♦r❛❧ ❝♦✉rs❡✱ ❜✉t ♠❛❥♦r ✐♠♣r♦✈❡♠❡♥ts ❛♥❞ ♥❡✇ ❢❡❛t✉r❡s
❤❛✈❡ ❜❡❡♥ ❛❞❞❡❞✱ ❡s♣❡❝✐❛❧❧② ❝♦♥❝❡r♥✐♥❣ t❤❡ t✐♠❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ❤✐ts ❛♥❞
❝❛♥❞✐❞❛t❡s✳

✾✻



❚②♣✐❝❛❧❧②✱ t❤❡ ❈❍❖❉ ❝❛♥❞✐❞❛t❡ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❝♦✐♥❝✐❞❡♥❝❡ ♦❢ t✇♦ s✐❣♥❛❧s
♦r ❤✐ts✱ ♦♥❡ ✐♥ ❛ ✈❡rt✐❝❛❧ ❝♦✉♥t❡r ❛♥❞ t❤❡ ♦t❤❡r ✐♥ ❛ ❤♦r✐③♦♥t❛❧ ♦♥❡✳ ❆ ❢❡✇
❝♦♥❞✐t✐♦♥s s❤♦✉❧❞ ❜❡ ♠❡t t♦ r❡❝♦♥str✉❝t t❤❡ ❝❛♥❞✐❞❛t❡✿

❼ t❤❡ ❤✐ts ♠✉st ❜❡ ❝❧♦s❡r t❤❛♥ 10 ♥s ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤ ♦t❤❡r❀

❼ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛ ❤✐t t✐♠❡ ❛♥❞ t❤❡ tr✐❣❣❡r t✐♠❡ ♠✉st ❜❡ ❧❡ss t❤❛♥
25 ♥s❀

❼ t❤❡ ❤✐ts ♠✉st ❜❡❧♦♥❣ t♦ t❤❡ s❛♠❡ q✉❛❞r❛♥t ♦❢ t❤❡ ❞❡t❡❝t♦r❀

❼ t❤❡ ❚✵✬s ♦❢ t❤❡ t✇♦ ❤✐ts ♠✉st ❜❡ ❣♦♦❞ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ✉♥♣❤②s✐❝❛❧
✐♥t❡rs❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ s❧❛❜s❀

❼ t❤❡ ♥✉♠❜❡r ♦❢ ❤✐ts ❛r♦✉♥❞ t❤❡ tr✐❣❣❡r ✭±25 ♥s✮ ♠✉st ❜❡ ❧❡ss t❤❛♥ ✹✵✳

▼♦r❡♦✈❡r✱ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ ❜❡tt❡r t✐♠❡ r❡s♦❧✉t✐♦♥✱ ♦♥❧② ❤✐ts ✇✐t❤ ❜♦t❤
❧❡❛❞✐♥❣ ❛♥❞ tr❛✐❧✐♥❣ t✐♠❡ ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t❀ t❤✐s ❧❛st ❝♦♥❞✐t✐♦♥ ❝❛♥
❛❝t✉❛❧❧② ❜❡ r❡❧❡❛s❡❞ ♠♦❞✐❢②✐♥❣ ❛ ♣❛r❛♠❡t❡r ✐♥ ❛ ❝♦♥✜❣✉r❛t✐♦♥ ✜❧❡✱ s♦ t❤❛t ✐t
✇✐❧❧ ❜❡ ♣♦ss✐❜❧❡ t♦ r❡❝♦♥str✉❝t ❛ ❢❡✇ ✷✵✶✽ t❡st r✉♥s t❛❦❡♥ ✇✐t❤♦✉t ❛ tr❛✐❧✐♥❣
t✐♠❡ ✐♥ t❤❡ ❈❍❖❉✳

❚✇♦ ❝♦rr❡❝t✐♦♥s s❤♦✉❧❞ ❛❧✇❛②s ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ t✐♠❡ ♦❢ ❤✐ts ✭♦r ❝❛♥❞✐✲
❞❛t❡s✮ ✐♥ t❤❡ ❈❍❖❉✱ t❤❡ ❚✵ ❝♦rr❡❝t✐♦♥s ❛♥❞ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s✳

❚❤❡ ❚✵ ❝♦rr❡❝t✐♦♥s ❛r❡ ♥❡❡❞❡❞ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞❡❧❛② ❞✉❡ t♦
t❤❡ ♣♦s✐t✐♦♥ ✇❤❡r❡ t❤❡ ♣❛rt✐❝❧❡ ❤✐ts t❤❡ s❝✐♥t✐❧❧❛t♦r ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ♣♦s✐✲
t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦♠✉❧t✐♣❧✐❡r❀ t❤❡ ❢❛rt❤❡r t❤❡ ❛❝t✉❛❧ ✐♠♣❛❝t ♣♦✐♥t ✐s ❢r♦♠ t❤❡
♣❤♦t♦♠✉❧t✐♣❧✐❡r✱ t❤❡ ❣r❡❛t❡r ✇✐❧❧ ❜❡ t❤❡ ❞❡❧❛② t❤❛t ❤❛s t♦ ❜❡ ❛❞❞❡❞ t♦ t❤❡
t✐♠❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ s✐❣♥❛❧ ✐♥ t❤❡ P▼✳ ■♥ ♦t❤❡r ✇♦r❞s✱ s✐♥❝❡ ❛❧❧ t❤❡ P▼ ♦❢
t❤❡ ❈❍❖❉ ❛r❡ ♣❧❛❝❡❞ ❛t t❤❡ ❡①t❡r♥❛❧ ❡♥❞ ♦❢ ❡❛❝❤ s❧❛❜✱ ✐❢ t❤❡ ♣❛rt✐❝❧❡ ❤✐ts t❤❡
❞❡t❡❝t♦r ❝❧♦s❡ t♦ t❤❡ ❝❡♥tr❛❧ ♣❛rt✱ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ t❤❡ ❚✵ ❝♦rr❡❝t✐♦♥ ✇✐❧❧
❜❡ ❤✐❣❤❀ ❝♦♥✈❡rs❡❧② ❛ ♣❛rt✐❝❧❡ ❤✐tt✐♥❣ ❛ s❧❛❜ ❝❧♦s❡ t♦ t❤❡ P▼ ♣♦s✐t✐♦♥ s❤♦✉❧❞
r❡❝❡✐✈❡ ❛ ♠✐♥♦r ❚✵ ❝♦rr❡❝t✐♦♥✳

❆s ✐t ✐s ❝❧❡❛r ❢r♦♠ t❤✐s ❞❡✜♥✐t✐♦♥✱ t❤❡ ❈❍❖❉ ❚✵ ❝♦rr❡❝t✐♦♥ ♥❡❡❞s t❤❡
✐♥❢♦r♠❛t✐♦♥ ♦❢ t✇♦ ❝r♦ss✐♥❣ ❝♦✉♥t❡rs ✐♥ ♦r❞❡r t♦ ❜❡ ❛♣♣❧✐❡❞✱ ❜❡❝❛✉s❡ t❤❡ ❞✐s✲
t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ P▼ ❛♥❞ t❤❡ ❛❝t✉❛❧ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡ ❤❛s t♦ ❜❡ ❦♥♦✇♥✳
❖r✐❣✐♥❛❧❧②✱ t❤✐s ✐ss✉❡ ✇❛s ❛❞❞r❡ss❡❞ ✇✐t❤ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥
♦❢ ✷✵✹✽ ❚✵✬s✱ ♦♥❡ ❢♦r ❡❛❝❤ ♣♦ss✐❜❧❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ❜❡t✇❡❡♥ t❤❡ ✻✹ ✈❡rt✐❝❛❧
❛♥❞ ✻✹ ❤♦r✐③♦♥t❛❧ s❧❛❜s✳ ❚❤✐s str❛t❡❣② ✇❛s ✜♥❡ ❢♦r t❤❡ ✷✵✶✻ ❞❛t❛ t❛❦✐♥❣✱ ❜✉t
❞❡✜♥✐t❡❧② ♥♦♥✲♦♣t✐♠❛❧ ❢♦r t❤❡ ✷✵✶✼ ❛♥❞ ✷✵✶✽✱ ✇❤❡♥ t❤❡ ✐♥t❡♥s✐t② ✇❛s ❤✐❣❤❡r✳
❚❤❡ r❡❛s♦♥ ✇❤② t❤✐s ❛♣♣r♦❛❝❤ ❢❛✐❧❡❞ ✐s t❤❛t ❛ s✐❣♥✐✜❝❛♥t ❛♠♦✉♥t ♦❢ s❤❛r♣
❞♦✉❜❧❡ ♣❡❛❦s ✐♥ t❤❡ t✐♠❡ ❝♦✐♥❝✐❞❡♥❝❡s ❜❡t✇❡❡♥ ✈❡rt✐❝❛❧ ❛♥❞ ❤♦r✐③♦♥t❛❧ ❤✐ts
st❛rt❡❞ t♦ ❛♣♣❡❛r✱ ♦r✐❣✐♥❛t❡❞ ❜② r❛♥❞♦♠ ❝♦✐♥❝✐❞❡♥❝❡s ❜❡t✇❡❡♥ ❝♦✉♥t❡rs ❞✉❡
t♦ t❤❡ ❤✐❣❤❡r ✐♥t❡♥s✐t②✳ ❆♥♦t❤❡r ♣r♦❜❧❡♠ ♦❢ t❤❡ ♦❧❞ ❛♣♣r♦❛❝❤ ✇❛s t❤❡ ✈❡r②
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❧♦✇ st❛t✐st✐❝s ❢♦r ♠❛♥② ❡①t❡r♥❛❧ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥ts ✇❤✐❝❤ ❧❡❞ t♦ ✐♥❛❝❝✉r❛t❡
r❡s✉❧ts ✐♥ t❤❡ ❛✉t♦♠❛t✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❚✵✬s ✭s❡❡ ✜❣✳ ❆✳✸✮✳

❆ ❜❡tt❡r ❛♥❞ ♠♦r❡ st❛❜❧❡ ❛♣♣r♦❛❝❤ ♠❛❦❡s ✉s❡ ♦❢ t❤❡ s❝✐♥t✐❧❧❛t♦rs ❧✐❣❤t
✈❡❧♦❝✐t✐❡s✳ ❚②♣✐❝❛❧❧②✱ t❤❡ ♣❤♦t♦♥s tr❛✈❡❧ ✐♥s✐❞❡ t❤❡ ❈❍❖❉ ❝♦✉♥t❡rs ✇✐t❤ ❛
✈❡❧♦❝✐t②✷ ♦❢ ∼ 0.07 ♥s✴❝♠ ♦r✱ ❛❧t❡r♥❛t✐✈❡❧②✱ ∼ 14 ❝♠✴♥s✳ ■ ❞❡✈❡❧♦♣❡❞ ❛ ♥❡✇
❛♥❛❧②③❡r ✭❈❍❖❉▲✐❣❤t❱❡❧♦❝✐t✐❡s❈❛❧❝✉❧❛t✐♦♥✮ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❧✐❣❤t ✈❡❧♦❝✐✲
t✐❡s ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✶✷✽ ❝♦✉♥t❡rs✳ ❚❤❡ ❧✐❣❤t ✈❡❧♦❝✐t✐❡s ❛r❡ ♣r❡tt② ♠✉❝❤ st❛❜❧❡
❞✉r✐♥❣ t❤❡ t❤r❡❡ ②❡❛rs ♦❢ ❞❛t❛ t❛❦✐♥❣✱ ❛s ✐t ✐s s❤♦✇♥ ✐♥ ✜❣✳ ❆✳✹✳ ❚❤❡ ♥❡✇
❚✵✬s ❛r❡ ✶✷✽✱ ♦♥❡ ❢♦r ❡❛❝❤ s❧❛❜✳ ❊❛❝❤ ❤✐t ✐s ❝♦♥s❡q✉❡♥t❧② ❝♦rr❡❝t❡❞ t❛❦✐♥❣
✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❧✐❣❤t ✈❡❧♦❝✐t② ❛♥❞ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ P▼ ❣✐✈❡♥ ❜② t❤❡
✐♥t❡rs❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❧❛❜s✳ ❚❤✐s ♥❡✇ ♣r♦❝❡❞✉r❡ ❞♦❡s♥✬t ❤❛✈❡ ♣r♦❜❧❡♠s
r❡❧❛t❡❞ t♦ t❤❡ ❧♦✇ st❛t✐st✐❝s✱ s✐♥❝❡ ❛❧❧ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥ts ❜❡♥❡✜t ❢r♦♠ t❤❡
st❛t✐st✐❝s ♦❢ ❛❧❧ t❤❡ ♦t❤❡rs ✐♥ t❤❡ s❛♠❡ ❝♦✉♥t❡rs ❛♥❞ r❛♥❞♦♠ ❝♦✐♥❝✐❞❡♥❝❡s ❛r❡
♥♦t ❛♥ ✐ss✉❡ ✐♥ t❤✐s ❝❛s❡✳ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♦❧❞ ❛♥❞ t❤❡ ♥❡✇ ❚✵✬s ✐s
s❤♦✇♥ ✐♥ ✜❣✳ ❆✳✸✳

❖t❤❡r ✐♠♣♦rt❛♥t ❝♦rr❡❝t✐♦♥s t❤❛t ❤❛✈❡ t♦ ❜❡ ❛♣♣❧✐❡❞ ❛♥❞ t❤❛t ■ ✐♠♣❧❡✲
♠❡♥t❡❞ ✐♥ t❤❡ ❢r❛♠❡✇♦r❦ ❛r❡ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s✸✳ ❚❤❡ ♥❡❡❞ ❢♦r t❤❡s❡
❝♦rr❡❝t✐♦♥s ✐s t♦ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❞✐✛❡r❡♥t r✐s✐♥❣ t✐♠❡ ❜❡t✇❡❡♥ ♣✉❧s❡s ✇✐t❤
❞✐✛❡r❡♥t ❛♠♣❧✐t✉❞❡s✱ ♣r♦❞✉❝✐♥❣ ❞✐✛❡r❡♥t ❧❡❛❞✐♥❣ t✐♠❡s ❢♦r t❤❡ ❤✐ts ✇❤❡♥ ❛
t❤r❡s❤♦❧❞ ✐s ✜①❡❞✳ ❚❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ ❈❍❖❉ ❝♦♥s✐st ♦❢ ✷✵✹✽
s❧❡✇✐♥❣ s❧♦♣❡s ❛♥❞ ✷✵✹✽ s❧❡✇✐♥❣ ❝♦♥st❛♥t✱ ♦♥❡ ❢♦r ❡❛❝❤ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t✱
❛♥❞ ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❚✐♠❡✲❖✈❡r✲❚❤r❡s❤♦❧❞ ✭❚❖❚✮
♦❜t❛✐♥❡❞ ❢♦r s♦♠❡ r✉♥s ❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ❞❛t❛ t❛❦✐♥❣ ♣❡r✐♦❞s✳
❚❤❡② ❛r❡ ❛♣♣❧✐❡❞ ♦✤✐♥❡ t♦ t❤❡ t✐♠❡ ♦❢ ❡❛❝❤ ❤✐t ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♣r♦❝❡ss✱
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦r♠✉❧❛✿

t❝♦rr❡❝t❡❞ = tuncorrected − s · ❚❖❚− c ✱ ✭❆✳✶✮

✇❤❡r❡ s = s(IP ) ❛♥❞ c = c(IP ) ❛r❡ t❤❡ s❧❡✇✐♥❣ s❧♦♣❡ ❛♥❞ ❝♦♥st❛♥t✱ ❢✉♥❝t✐♦♥s
♦❢ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ■P✳ ❚❤❡ s❧❡✇✐♥❣ s❧♦♣❡ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❧✐♥❡❛r ✜t
♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ t✐♠❡ ♦❢ t❤❡ ❈❍❖❉ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❑❚❆● ✈❡rs✉s
t❤❡ ❚❖❚❀ t❤❡ s❧❡✇✐♥❣ ❝♦♥st❛♥t ✐s s✐♠♣❧② (−1) · s· < ❚❖❚ >✱ ✇❤❡r❡ < ❚❖❚ >
✐s t❤❡ ❛✈❡r❛❣❡ ❚❖❚ ❢♦r t❤❛t ♣❛rt✐❝✉❧❛r ■P ✭s❡❡ ✜❣✳ ❆✳✺✮✳

❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❚✵ ❛♥❞ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s ✐s ❝❧❡❛r ❢r♦♠ ✜❣✳
❆✳✻✱ ✇❤❡r❡ ♦♥❡ ❝❛♥ s❡❡ ❤♦✇ t❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❤✐ts ❣❡ts ✇❡❧❧✲❝❡♥t❡r❡❞
❛♥❞ ♥❛rr♦✇❡r ❛❢t❡r t❤❡ ❚✵✬s ❛♥❞ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s ❛r❡ ❛♣♣❧✐❡❞✳

❆♥♦t❤❡r ❛s♣❡❝t t❤❛t ❤❛s t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✇❤❡♥ ❛♣♣❧②✐♥❣ t✐♠❡
❝♦rr❡❝t✐♦♥s ✐s t❤❡ r✉♥ ❞❡♣❡♥❞❡♥❝❡✳ ❆s ❛ ♠❛tt❡r ♦❢ ❢❛❝t✱ t❤❡ s❝✐♥t✐❧❧❛t♦rs ♦r
t❤❡ P▼s ♦❢ t❤❡ ❞❡t❡❝t♦r ✇✐❧❧ ❧♦s❡ ❡✣❝✐❡♥❝② ♦✈❡r t✐♠❡✱ ❛♥❞ t❤✐s ❞❡❣r❛❞❛t✐♦♥

✷❚❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ✐♥ ❛ ✈❛❝✉✉♠ ✐s ∼ 0.033 ♥s✴❝♠ ♦r ∼ 29.98 ❝♠✴♥s✳
✸■♥ t❤❡ ❧✐t❡r❛t✉r❡✱ t❤❡ t✐♠❡ s❧❡✇✐♥❣ ✐s ❛❧s♦ ❦♥♦✇♥ ❛s t✐♠❡ ✇❛❧❦✳
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♦❢ t❤❡ ❤❛r❞✇❛r❡ ❝♦✉❧❞ ❧❡❛❞ t♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❚✵✬s✱
t❤❡ ❧✐❣❤t ✈❡❧♦❝✐t✐❡s✱ t❤❡ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞ ❛♥❞ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s✳ ❆s
r❡❣❛r❞s t❤❡ ❧✐❣❤t ✈❡❧♦❝✐t✐❡s✱ t❤❡ ✈❛❧✉❡s ❞✐❞♥✬t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② ✐♥ t❤❡ ♣❡r✐♦❞
✷✵✶✻✲✷✵✶✽✱ ❛s ✐t ✐s s❤♦✇♥ ✐♥ ✜❣✳ ❆✳✹❀ t❤❡ ❚✵✬s st❛❜✐❧✐t② ✐s ♥♦t ❛ r❡❛❧ ♣r♦❜❧❡♠
s✐♥❝❡ ❚✵✬s ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♠♣✉t❡❞ ♦✤✐♥❡ ❢♦r ❡❛❝❤ s✐♥❣❧❡ r✉♥✳ ❚❤✐s ✐s ♥♦t
tr✉❡ ❢♦r t❤❡ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞ ❛♥❞✱ ❝♦♥s❡q✉❡♥t❧②✱ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s✳
❙♦ ❢❛r ❛ ❢❡✇ s❡ts ♦❢ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❣❡♥❡r❛t❡❞ ❢♦r ❞✐✛❡r❡♥t
♣❡r✐♦❞s✱ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❡♥♦✉❣❤ ✈❛r✐❛❜✐❧✐t②✱ ❜✉t t❤❡ ❢r❛♠❡✇♦r❦ st✐❧❧ ❞♦❡s♥✬t
❣❡♥❡r❛t❡ t❤❡♠ ♦♥ ❛ r✉♥ ❜② r✉♥ ❜❛s❡✳ ❚❤✐s ✐s ♥♦t ❝r✉❝✐❛❧✱ s✐♥❝❡ t❤❡ ❡✛❡❝t
♦❢ t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s ✐s ♥♦t ❛s ✐♠♣♦rt❛♥t ❛s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❚✵✱ ❛♥❞
❛ s♠❛❧❧ ❝❤❛♥❣❡ ✐♥ t❤❡✐r ✈❛❧✉❡s ❞♦❡s♥✬t ✐♠♣❧② ❛ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥ ♦♥ t❤❡
t✐♠❡ ♣❡r❢♦r♠❛♥❝❡❀ ♥❡✈❡rt❤❡❧❡ss t❤✐s st❡♣ ✇✐❧❧ ❞❡✜♥✐t❡❧② ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥
t❤❡ ❢✉t✉r❡✳ ❚❤❡ ❞❡❣r❛❞❛t✐♦♥ ♦❢ t❤❡ ❚❖❚ ♦✈❡r t❤❡ ②❡❛rs ✐s s❤♦✇♥ ✐♥ ✜❣✳ ❆✳✼✳

▼♦✈✐♥❣ t♦ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐s s❤♦✇♥
✐♥ ✜❣✳ ❆✳✽✳ ❖♥❡ ❝❛♥ s❡❡ ❤♦✇ t❤❡ ❞❡t❡❝t♦r ♣❡r❢♦r♠❛♥❝❡s s❧✐❣❤t❧② ❞❡❣r❛❞❡❞
♦✈❡r t✐♠❡✱ ❤♦✇❡✈❡r t❤❡ ❞✐✛❡r❡♥❝❡s ❛r❡ r❡❛❧❧② ♠❛r❣✐♥❛❧✳ ❚❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t
❛ r❡s♦❧✉t✐♦♥ ♦❢ 70 ♣s ❢♦r t❤❡ ❑❚❆● ✭t❤❛t ✐s ❛❧♠♦st ♥❡❣❧✐❣✐❜❧❡ ✐♥ t❤✐s ❝❛s❡✮✱
t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❈❍❖❉ ❝❛♥❞✐❞❛t❡ ✐s ∼ 200 ♣s ✐♥ ✷✵✶✻✱ ∼ 230 ♣s
✐♥ ✷✵✶✼ ❛♥❞ ∼ 250 ♣s ✐♥ ✷✵✶✽✳ ❚❤❡ ❈❍❖❉ ❞❡t❡❝t♦r ✐s ♠♦r❡ t❤❛♥ ✷✺ ②❡❛rs
♦❧❞✱ ♥♦♥❡t❤❡❧❡ss ✐t ✐s st✐❧❧ ♣❡r❢♦r♠✐♥❣ q✉✐t❡ ✇❡❧❧✱ ✇✐t❤ ❛ t✐♠❡ r❡s♦❧✉t✐♦♥ t❤❛t
♠❡❡ts t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞ t❤❛t ✐s st✐❧❧ r❡❧❛t✐✈❡❧② ❝❧♦s❡ t♦
t❤❡ ♦♥❡ t❤❛t ✇❛s ♠❡❛s✉r❡❞ ✐♥ t❤❡ ◆❆✹✽ ❡①♣❡r✐♠❡♥t ❬✸✶❪✳

✾✾



❋✐❣✉r❡ ❆✳✶✿ ❚✇♦ ♦❢ t❤❡ ♣❧♦ts ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❈❍❖❉❊❢❢✐❝✐❡♥❝② ❛♥❛❧②③❡r✱
❜♦t❤ ♦❢ t❤❡♠ r❡q✉✐r✐♥❣ ❛ s✐♥❣❧❡ tr❛❝❦ ❡✈❡♥t t❤❛t ✐s ♦❢ t②♣❡ ✧♥♦✲s❤♦✇❡r✧✳ ❚❤❡
t♦♣ ♣❧♦t s❤♦✇s t❤❡ ❡✣❝✐❡♥❝② ✐♥ t❤❡ r✉♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❜✉rst ♥✉♠❜❡r✱
✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ♦♥❡ s❤♦✇s t❤❡ ♦✈❡r❛❧❧ ❡✣❝✐❡♥❝② ♦❢ t❤❡ r✉♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ✐♥ t❤❡ ❞❡t❡❝t♦r✳ ❚❤✐s ✐s ❛ t②♣✐❝❛❧❧② ❣♦♦❞ r✉♥ ❢♦r t❤❡
❈❍❖❉✱ ✇✐t❤ ❛♥ ❡✣❝✐❡♥❝② t❤❛t ✐s ❛❧♠♦st ❛❧✇❛②s ❛❜♦✈❡ 90% ❢♦r ❛❧❧ t❤❡ ❜✉rsts✳

✶✵✵



❋✐❣✉r❡ ❆✳✷✿ ❚✇♦ ♦❢ t❤❡ ♣❧♦ts ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❈❍❖❉❊❢❢✐❝✐❡♥❝② ❛♥❛❧②③❡r✱
❜♦t❤ ♦❢ t❤❡♠ r❡q✉✐r✐♥❣ ❛ s✐♥❣❧❡ tr❛❝❦ ❡✈❡♥t t❤❛t ✐s ♦❢ t②♣❡ ✧♥♦✲s❤♦✇❡r✧✳ ❚❤❡
t♦♣ ♣❧♦t s❤♦✇s t❤❡ ❡✣❝✐❡♥❝② ✐♥ t❤❡ r✉♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❜✉rst ♥✉♠❜❡r✱
✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ♦♥❡ s❤♦✇s t❤❡ ♦✈❡r❛❧❧ ❡✣❝✐❡♥❝② ♦❢ t❤❡ r✉♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ✐♥ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡ ❧❛st ♣❛rt ♦❢ t❤✐s r✉♥ ✐s ❝❧❡❛r❧② ❜❛❞✿
t❤❡ ❡✣❝✐❡♥❝② ✐s 50% ❢♦r t❤❡ ❧❛st ∼ 100 ❜✉rsts ❛♥❞ t❤❡ r❡❛s♦♥ ❝❛♥ ❜❡ ✐♥❢❡rr❡❞
❜② t❤❡ ❜♦tt♦♠ ♣❧♦t✱ ✇❤❡r❡ ♦♥❡ ❝❛♥ s❡❡ t❤❛t ♦♥❡ ♦❢ t❤❡ ❢♦✉r r❡❛❞♦✉t ❜♦❛r❞s
✭❝♦♥♥❡❝t❡❞ t♦ ❛ ❤❛❧❢ ♦❢ ❛ ♣❧❛♥❡✮ ✇❛s ♦✛✳

✶✵✶



❋✐❣✉r❡ ❆✳✸✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ✜t ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ♦❧❞ ✭t♦♣ ♣❧♦ts✮
❛♥❞ t❤❡ ♥❡✇ ✭❜♦tt♦♠ ♣❧♦ts✮ ❚✵ ❡✈❛❧✉❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❢♦r t❤❡ ❈❍❖❉ ❞❡t❡❝t♦r✳
❲✐t❤ t❤❡ ♦❧❞ ♣r♦❝❡❞✉r❡✱ s❡✈❡r❛❧ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥ts ♦✉t ♦❢ t❤❡ ✷✵✹✽ ♣♦ss✐❜❧❡
♦♥❡s ❤❛❞ s❤❛r♣ ❞♦✉❜❧❡ ♣❡❛❦s ✭t♦♣ r♦✇✱ ✜rst t✇♦ ♣❧♦ts✮ ❜❡❝❛✉s❡ ♦❢ r❛♥❞♦♠
❝♦✐♥❝✐❞❡♥❝❡s ♦r t❤❡ ❧❛❝❦ ♦❢ st❛t✐st✐❝s ✭t♦♣ r♦✇✱ ❧❛st t✇♦ ♣❧♦ts✮✳ ❘❡❞✉❝✐♥❣ t❤❡
♥✉♠❜❡r ♦❢ ❚✵✬s t♦ ✶✷✽✱ ♦♥❡ ❢♦r ❡❛❝❤ ❝♦✉♥t❡r✱ t❤❡ st❛t✐st✐❝s ✐s ♥♦t ❛ ♣r♦❜❧❡♠
❛♥②♠♦r❡ ❛♥❞ ♥♦ ❞♦✉❜❧❡ ♣❡❛❦s ❛r❡ ♣r❡s❡♥t ✭❜♦tt♦♠ r♦✇✮✳

❋✐❣✉r❡ ❆✳✹✿ ▲✐❣❤t ✈❡❧♦❝✐t✐❡s ✐♥ t❤❡ ✶✷✽ s❝✐♥t✐❧❧❛t✐♦♥ ❝♦✉♥t❡rs ♦❢ t❤❡ ❈❍❖❉
❞❡t❡❝t♦rs ❢♦r ❞✐✛❡r❡♥t ♣❡r✐♦❞s ♦❢ ❞❛t❛ t❛❦✐♥❣✳

✶✵✷



❋✐❣✉r❡ ❆✳✺✿ ❇♦t❤ ♣❧♦ts r❡❢❡r t♦ ♦♥❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ♦❢ t❤❡ ✈❡rt✐❝❛❧ s❧❛❜
✸✷✳ ▲❡❢t ♣❧♦t✿ t✐♠❡ ✭✇rt ❑❚❆●✮ ✈s✳ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞✳ ❘✐❣❤t ♣❧♦t✿ ❚❖❚
❞✐str✐❜✉t✐♦♥✳

❋✐❣✉r❡ ❆✳✻✿ ❚❤❡ t♦♣ ❧❡❢t ♣❧♦t s❤♦✇s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛ ❤✐t ✐♥ t❤❡ ✈❡rt✐❝❛❧
♣❧❛♥❡ ❛♥❞ ❛ ❤✐t ✐♥ t❤❡ ❤♦r✐③♦♥t❛❧ ♦♥❡✱ ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ ❛♥② ❝♦rr❡❝t✐♦♥❀ ♦♥ t❤❡
s❡❝♦♥❞ ♣❧♦t ♦♥ t❤❡ t♦♣✱ t❤❡ ❚✵✬s ❛r❡ ❛♣♣❧✐❡❞ ❛♥❞ ❤❡♥❝❡ t❤❡ ♠❡❛♥ ♦❢ t❤❡
❞✐str✐❜✉t✐♦♥ ✐s ✇❡❧❧✲❝❡♥t❡r❡❞ ❛t ③❡r♦❀ ♦♥ t❤❡ ❜♦tt♦♠ ♣❧♦t ❜♦t❤ t❤❡ ❚✵✬s ❛♥❞
t❤❡ s❧❡✇✐♥❣ ❝♦rr❡❝t✐♦♥s ❛r❡ ❛♣♣❧✐❡❞ ❛♥❞ t❤❡ ❞✐str✐❜✉t✐♦♥ ❣❡ts ♥❛rr♦✇❡r✳ ❆❧❧
t❤❡ ♣❧♦t r❡❢❡r t♦ ❛ s✐♥❣❧❡ ❜✉rst ❢r♦♠ ❛ ✷✵✶✼ r✉♥✳

✶✵✸



❋✐❣✉r❡ ❆✳✼✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞ ❢r♦♠
✷✵✶✻ t♦ ✷✵✶✽✳ ❊❛❝❤ ♣♦✐♥t r❡❢❡rs t♦ ❛ s✐♥❣❧❡ r✉♥❀ t❤❡ ❣r❡② ❛r❡❛s ❛r❡ ♣❡r✐♦❞s
✇❤❡r❡ t❤❡r❡ ✇❛s ♥♦ ❞❛t❛ t❛❦✐♥❣✳

✶✵✹



❋✐❣✉r❡ ❆✳✽✿ ❉✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✐♠❡ ♦❢ t❤❡ ❜❡st ❈❍❖❉ ❝❛♥❞✐❞❛t❡ ❛ss♦✲
❝✐❛t❡❞ t♦ t❤❡ tr❛❝❦ ❛♥❞ ❛ ❑❚❆● ❝❛♥❞✐❞❛t❡ ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t r✉♥s ❢r♦♠ ❡❛❝❤
②❡❛r ♦❢ ❞❛t❛ t❛❦✐♥❣✳ ❋r♦♠ t♦♣ t♦ ❜♦tt♦♠✱ t❤❡ ♣❧♦ts r❡❢❡r r❡s♣❡❝t✐✈❡❧② t♦ t❤❡
✷✵✶✻✱ ✷✵✶✼ ❛♥❞ ✷✵✶✽ ❞❛t❛ t❛❦✐♥❣✳

✶✵✺



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ▼✳ ❚❛♥❛❜❛s❤✐ ❡t ❛❧✳ ❵❘❡✈✐❡✇ ♦❢ P❛rt✐❝❧❡ P❤②s✐❝s✬✳ ■♥✿ P❤②s✳ ❘❡✈✳ ❉ ✾✽
✭✸ ✷✵✶✽✮✱ ♣✳ ✵✸✵✵✵✶✳ ❞♦✐✿ ✶✵✳✶✶✵✸✴P❤②s❘❡✈❉✳✾✽✳✵✸✵✵✵✶✳

❬✷❪ ❑✳ ❆❣❛s❤❡ ❡t ❛❧✳ ❵❘❙✶✱ ❝✉st♦❞✐❛❧ ✐s♦s♣✐♥ ❛♥❞ ♣r❡❝✐s✐♦♥ t❡sts✬✳ ■♥✿ ❏❍❊P
✵✽ ✭✷✵✵✸✮✱ ♣✳ ✵✺✵✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✶✷✻✲✻✼✵✽✴✷✵✵✸✴✵✽✴✵✺✵✳

❬✸❪ ●✳ ❆❛❞ ❡t ❛❧✳ ❵❖❜s❡r✈❛t✐♦♥ ♦❢ ❛ ♥❡✇ ♣❛rt✐❝❧❡ ✐♥ t❤❡ s❡❛r❝❤ ❢♦r t❤❡ ❙t❛♥✲
❞❛r❞ ▼♦❞❡❧ ❍✐❣❣s ❜♦s♦♥ ✇✐t❤ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r ❛t t❤❡ ▲❍❈✬✳ ■♥✿
P❤②s✳ ▲❡tt✳ ❇ ✼✶✻✳✶ ✭✷✵✶✷✮✱ ♣♣✳ ✶ ✕✷✾✳ ❞♦✐✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳
✶✵✶✻✴❥✳♣❤②s❧❡t❜✳✷✵✶✷✳✵✽✳✵✷✵✳

❬✹❪ ❙✳ ❈❤❛tr❝❤②❛♥ ❡t ❛❧✳ ❵❖❜s❡r✈❛t✐♦♥ ♦❢ ❛ ♥❡✇ ❜♦s♦♥ ❛t ❛ ♠❛ss ♦❢ ✶✷✺ ●❡❱
✇✐t❤ t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t ❛t t❤❡ ▲❍❈✬✳ ■♥✿ P❤②s✳ ▲❡tt✳ ❇ ✼✶✻✳✶ ✭✷✵✶✷✮✱
♣♣✳ ✸✵ ✕✻✶✳ ✐ss♥✿ ✵✸✼✵✲✷✻✾✸✳ ❞♦✐✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳
♣❤②s❧❡t❜✳✷✵✶✷✳✵✽✳✵✷✶✳

❬✺❪ ▼✳ ❚❤♦♠s♦♥✳ ▼♦❞❡r♥ P❛rt✐❝❧❡ P❤②s✐❝s✳ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✱
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