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❉■P▲❖▼❆❘❇❊■❚

❊st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ t♦ t❤❡ ❍→ ττ
s✐❣♥❛❧ ❞✉❡ t♦ ❤❛❞r♦♥✐❝ ❥❡ts ♠✐s✐❞❡♥t✐✜❡❞ ❛s τ

❧❡♣t♦♥ ❞❡❝❛②s ❢♦r t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t

❛✉s❣❡❢ü❤rt ❛♠ ■♥st✐t✉t ❢ür ❍♦❝❤❡♥❡r❣✐❡♣❤②s✐❦

❞❡r ❚❡❝❤♥✐s❝❤❡♥ ❯♥✐✈❡rs✐tät ❲✐❡♥

✉♥t❡r ❞❡r ❆♥❧❡✐t✉♥❣ ✈♦♥

❯♥✐✈✳ Pr♦❢✳ ❉✐♣❧✳✲P❤②s✳ ❉r✳ r❡r✳ ♥❛t✳ ❏♦❝❤❡♥ ❙❝❤✐❡❝❦

✉♥❞

❉r✳ ▼❛rt✐♥ ❋❧❡❝❤❧

❞✉r❝❤

❋❧♦r✐❛♥ ❙♣r❡✐t③❡r

▼❛tt❤✐❛s✲❊r♥st✲P✐st❛✲●❛ss❡ ✷✸✱ ✶✷✶✵ ❲✐❡♥

❲✐❡♥✱ ✷✹✳ ❏✉❧✐ ✷✵✶✾

❯♥t❡rs❝❤r✐❢t ❙t✉❞❡♥t■♥
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❆❜str❛❝t

❉❡t❛✐❧❡❞ r❡s❡❛r❝❤ ♦❢ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❢♦✉♥❞ ❛t ❈❊❘◆ ✐s ❛♥ ✐♠♣♦r✲
t❛♥t t❛s❦ t♦ ❞❡t❡r♠✐♥❡ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ ✈❛❧✉❡s ♣r❡❞✐❝t❡❞ ❜② t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧
♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s ❢♦r ♦❜s❡r✈❛❜❧❡s s✉❝❤ ❛s ✐ts ❝♦✉♣❧✐♥❣ str❡♥❣t❤ t♦ ❢❡r♠✐♦♥s✳ ❚❤❡
❞❡❝❛② ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ✐♥t♦ t✇♦ t❛✉ ❧❡♣t♦♥s r❡♣r❡s❡♥ts ❛ ✈❡r② ♣r♦♠✐s✐♥❣ ♣r♦❝❡ss
❢♦r s✉❝❤ ♠❡❛s✉r❡♠❡♥ts✳
■♥ t❤✐s t❤❡s✐s t❤❡ ❤❡❛✈✐❧② ❞❛t❛ ❞r✐✈❡♥ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ❢♦r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡

❜❛❝❦❣r♦✉♥❞ ❛r✐s✐♥❣ ❢r♦♠ ❥❡ts ✐♥✐t✐❛t❡❞ ❜② q✉❛r❦s ♦r ❣❧✉♦♥s ❜❡✐♥❣ ♠✐s✐❞❡♥t✐✜❡❞ ❛s
❤❛❞r♦♥✐❝❛❧❧② ❞❡❝❛②✐♥❣ t❛✉ ❧❡♣t♦♥s ✐s ❛♥❛❧②③❡❞ ❛♥❞ ❡①t❡♥❞❡❞✳ ❚❤❡ ❡✛❡❝t ♦❢ ✉s✐♥❣
❩→ ττ s❛♠♣❧❡s ❝r❡❛t❡❞ ✇✐t❤ t❤❡ τ ❡♠❜❡❞❞✐♥❣ t❡❝❤♥✐q✉❡ ✐s r❡✈✐❡✇❡❞✳ ❙❡✈❡r❛❧
✉♣❞❛t❡s t♦ t❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ t♦ ✐♥❝r❡❛s❡ ✐ts ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ r♦❜✉st♥❡ss ❛r❡
✐♠♣❧❡♠❡♥t❡❞✱ t❡st❡❞ ❛♥❞ ❞✐s❝✉ss❡❞✳ ❘❡s✉❧ts ♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r
♠❡t❤♦❞ t♦ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t ✐♥ ✷✵✶✻
❛♥❞ ✷✵✶✼ ❛♥❞ ✐ts ♣❡r❢♦r♠❛♥❝❡ ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ❡①t❡♥❞❡❞ ♠❡t❤♦❞ ✐s ✉s❡❞ ✐♥ r❡❝❡♥t
♣r❡❧✐♠✐♥❛r② ❈▼❙ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❍✐❣❣s ❜♦s♦♥ ♣r♦♣❡rt✐❡s ❛♥❞ ❢♦r t❤❡ ✉♣❝♦♠✐♥❣
❧❡❣❛❝② ♣✉❜❧✐❝❛t✐♦♥s ✇✐t❤ t❤❡ ❈▼❙ ❞❛t❛ s❡t r❡❝♦r❞❡❞ ❢r♦♠ ✷✵✶✻ t♦ ✷✵✶✽✳
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❑✉r③❢❛ss✉♥❣

❉✐❡ ❇❡st✐♠♠✉♥❣ ❞❡r ❣❡♥❛✉❡♥ ❊✐❣❡♥s❝❤❛❢t❡♥ ❞❡s ✐♠ ❏❛❤r❡ ✷✵✶✷ ❛♠ ❈❊❘◆ ❡♥t✲
❞❡❝❦t❡♥ ❍✐❣❣s✲❇♦s♦♥s ✐st ❡✐♥❡ ✇✐❝❤t✐❣❡ ❆✉❢❣❛❜❡✱ ✉♠ ❞✐❡ Ü❜❡r❡✐♥st✐♠♠✉♥❣ ♠✐t ❞❡♥
❞✉r❝❤ ❞❛s ❙t❛♥❞❛r❞♠♦❞❡❧❧ ❞❡r ❚❡✐❧❝❤❡♥♣❤②s✐❦ ✈♦r❤❡r❣❡s❛❣t❡♥ ❲❡rt❡♥ ✇✐❡ ❜❡✐s♣✐❡❧✲
s✇❡✐s❡ ❞❡r ❑♦♣♣❧✉♥❣sstär❦❡ ③✉ ❋❡r♠✐♦♥❡♥ ③✉ ✉♥t❡rs✉❝❤❡♥✳ ❉❡r ❩❡r❢❛❧❧ ❞❡s ❍✐❣❣s✲
❇♦s♦♥s ③✉ ③✇❡✐ ❚❛✉✲▲❡♣t♦♥❡♥ st❡❧❧t ❡✐♥❡♥ ❞❛❢ür s❡❤r ❣✉t ❣❡❡✐❣♥❡t❡♥ Pr♦③❡ss ❞❛r✳
❉❛s ❩✐❡❧ ❞✐❡s❡r ❆r❜❡✐t ✐st ❡s✱ ❞✐❡ ❞❛t❡♥❜❛s✐❡rt❡ ❋❛❦❡✲❋❛❝t♦r✲▼❡t❤♦❞❡ ③✉r ❆❜✲

s❝❤ät③✉♥❣ ❞❡s ❆♥t❡✐❧s ✈♦♥ ❍✐♥t❡r❣r✉♥❞❡r❡✐❣♥✐ss❡♥ ❜❡✐♠ ❩❡r❢❛❧❧ ❞❡s ❍✐❣❣s✲❇♦s♦♥s
✐♥ ③✇❡✐ ❚❛✉♦♥❡♥✱ ✇❡❧❝❤❡r ❞✉r❝❤ ❞✐❡ ❢ä❧s❝❤❧✐❝❤❡ ■❞❡♥t✐✜❦❛t✐♦♥ ✈♦♥ ❞✉r❝❤ ◗✉❛r❦s
♦❞❡r ●❧✉♦♥❡♥ ✐♥✐t✐✐❡rt❡♥ ❏❡ts ❛❧s ❤❛❞r♦♥✐s❝❤ ③❡r❢❛❧❧❡♥❞❡ ❚❛✉♦♥❡♥ ③✉st❛♥❞❡❦♦♠♠t✱
③✉ ❛♥❛❧②s✐❡r❡♥ ✉♥❞ ③✉ ❡r✇❡✐t❡r♥✳ ❉✐❡ ▼❡t❤♦❞❡ ✇✉r❞❡ ❡r✇❡✐t❡rt ✉♠ ❞✐❡ ❱❡r✇❡♥✲
❞✉♥❣ ✈♦♥ ❩→ ττ ❉❛t❡♥sät③❡♥✱ ❡rst❡❧❧t ♠✐t ❞❡r τ ✲❊♠❜❡❞❞✐♥❣ ▼❡t❤♦❞❡✱ ③✉ ✈❡r✇❡♥✲
❞❡♥ ✉♥❞ ❞✐❡ ❞❛r❛✉s r❡s✉❧t✐❡r❡♥❞❡♥ ❊r❣❡❜♥✐ss❡ ✇✉r❞❡♥ ✉♥t❡rs✉❝❤t✳ ❱❡rs❝❤✐❡❞❡♥❡
❆♥sät③❡ ③✉r ❊r❤ö❤✉♥❣ ❞❡r ●❡♥❛✉✐❣❦❡✐t ✉♥❞ ❘♦❜✉st❤❡✐t ❞❡r ❋❛❦❡✲❋❛❝t♦r✲▼❡t❤♦❞❡
✇✉r❞❡♥ ❜❡❤❛♥❞❡❧t ✉♥❞ ❛✉s❣❡✇❡rt❡t✳ ❉✐❡ ❋❛❦❡✲❋❛❝t♦r✲▼❡t❤♦❞❡ ✇✉r❞❡ ❛✉❢ ❛♠ ❈▼❙✲
❊①♣❡r✐♠❡♥t ✐♥ ❞❡♥ ❏❛❤r❡♥ ✷✵✶✻ ✉♥❞ ✷✵✶✼ ❣❡s❛♠♠❡❧t❡ ❑♦❧❧✐s✐♦♥s❞❛t❡♥ ❛♥❣❡✇❡♥✲
❞❡t ✉♥❞ ❞✐❡ ❡♥ts♣r❡❝❤❡♥❞❡♥ ❊r❣❡❜♥✐ss❡ ✈♦r❣❡st❡❧❧t✳ ❉✐❡ ❡r✇❡✐t❡rt❡ ❋❛❦❡✲❋❛❝t♦r✲
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✼✳ ❊①t❡♥s✐♦♥ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ❢♦r t❤❡ H → ττ ❛♥❛❧②s✐s ✹✾

✼✳✶✳ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❣❡♥✉✐♥❡ ττ ❇❛❝❦❣r♦✉♥❞s ✈✐❛ ❊♠❜❡❞❞✐♥❣ ✳ ✳ ✳ ✳ ✳ ✹✾
✼✳✷✳ ❉❡❝❛② ▼♦❞❡ ❇✐♥♥✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸
✼✳✸✳ ❙❡♣❛r❛t✐♦♥ ♦❢ ❈♦rr❡❝t✐♦♥s ✐♥t♦ ✵✲❥❡t✴✶✲❥❡t ❈❛t❡❣♦r✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻
✼✳✹✳ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❋❛❦❡ ❋❛❝t♦r ▼❡t❤♦❞ t♦ ✷✵✶✻ ❛♥❞ ✷✵✶✼ ❉❛t❛ ✳ ✳ ✳ ✻✵

✽✳ ❈♦♥❝❧✉s✐♦♥s ✻✸

❆✳ ❆❝r♦♥②♠s ✻✺

❇✳ ❙♦❢t✇❛r❡ ■♥str✉❝t✐♦♥s ✻✼

❈✳ P❡r❢♦r♠❛♥❝❡ P❧♦ts ✻✾

❇✐❜❧✐♦❣r❛♣❤② ✼✼
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✶✳ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ s❡❛r❝❤ ❢♦r t❤❡ ❧❛st ♠✐ss✐♥❣ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦ ♦❢ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ♦❢ ♣❛rt✐❝❧❡
♣❤②s✐❝s✱ t❤❡ ❍✐❣❣s ❜♦s♦♥✱ ✇❤♦s❡ ❡①✐st❡♥❝❡ ✇❛s ♣r❡❞✐❝t❡❞ ✐♥ ✶✾✻✹ ❬✶❪✱ t♦♦❦ ❛❧♠♦st
✺✵ ②❡❛rs ❛♥❞ r❡q✉✐r❡❞ ❡♥♦r♠♦✉s t❡❝❤♥✐❝❛❧ ❡✛♦rt✳ ❇✉t ✇❤✐❧❡ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ ❍✐❣❣s
❜♦s♦♥ ✇✐t❤ ❛ ♠❛ss ♦❢ ✶✷✺ ●❡❱ ❤❛s ❜❡❡♥ ❝♦♥✜r♠❡❞ ✐♥ ✷✵✶✷ ❛t t❤❡ ❈❊❘◆ ▲❍❈ ❬✷✱ ✸❪✱
t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡ ❛❝❝❡❧❡r❛t♦r ✐♥ ❡①✐st❡♥❝❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡
✐ts ❦✐♥❡♠❛t✐❝ ❛♥❞ ❝♦✉♣❧✐♥❣ ♣r♦♣❡rt✐❡s t♦ ❡✐t❤❡r ❝♦♥✜r♠ ❝♦♥❢♦r♠✐t② ✇✐t❤ ♣r❡❞✐❝t✐♦♥s
❢r♦♠ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ♦r t♦ ❞❡t❡❝t ❞✐s❝r❡♣❛♥❝✐❡s ✇❤✐❝❤ ❝♦✉❧❞ ❢✉rt❤❡r s✉♣♣♦rt
♦♥❡ ♦❢ t❤❡ ♠❛♥② ❛♣♣r♦❛❝❤❡s t♦ ❡①t❡♥❞ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ t♦ ❛ ♠♦r❡ ❢✉♥❞❛♠❡♥t❛❧
t❤❡♦r② t♦ ♦✈❡r❝♦♠❡ ✐ts s❡✈❡r❛❧ ❦♥♦✇♥ s❤♦rt❝♦♠✐♥❣s✳ ❙♦ ❢❛r ♥♦ s✐❣♥✐✜❝❛♥t ❞❡✈✐❛✲
t✐♦♥s ❢r♦♠ t❤❡ ❡①♣❡❝t❡❞ ♣r♦♣❡rt✐❡s ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞✳ ■♥ ❡①t❡♥❞❡❞ t❤❡♦r✐❡s s✉❝❤
❛s s✉♣❡rs②♠♠❡tr②✱ ❛ ❞✐✛❡r❡♥❝❡ ❢♦r t❤❡ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ t♦ ❢❡r♠✐♦♥s✱
❢♦r ❡①❛♠♣❧❡ t❤❡ t❛✉ ❧❡♣t♦♥✱ t♦ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ♣r❡❞✐❝t✐♦♥s ✐s ❡①♣❡❝t❡❞✳ ❚❤❡
❞✐✛❡r❡♥t ❍✐❣❣s ❞❡❝❛② ♠♦❞❡s ♣r♦✈✐❞❡ ✐♠♣♦rt❛♥t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ r❡s♣❡❝t✐✈❡
❢❡r♠✐♦♥ ❝♦✉♣❧✐♥❣s✳
❚❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ t❤✐s ✇♦r❦ ✐s t♦ ❡①t❡♥❞ t❤❡ ❞❛t❛ ❞r✐✈❡♥ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ✇❤✐❝❤

✐s ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❥❡ts ❜❡✐♥❣ ♠✐s✐❞❡♥t✐✜❡❞ ❛s ❤❛❞r♦♥✐❝❛❧❧② ❞❡✲
❝❛②✐♥❣ τ ♣❛rt✐❝❧❡ t♦ t❤❡ s✐❣♥❛❧ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ eτh✱ µτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✳ ■♥
❈❤❛♣✳ ✷✱ ❛ s❤♦rt s✉♠♠❛r② ♦❢ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s ✐s ♣r❡s❡♥t❡❞✳
❚❤❡ ❍✐❣❣s ♠❡❝❤❛♥✐s♠ r❡s✉❧t✐♥❣ ❢r♦♠ s♣♦♥t❛♥❡♦✉s s②♠♠❡tr② ❜r❡❛❦✐♥❣ ❛s ✇❡❧❧ ❛s
❍✐❣❣s ❜♦s♦♥ ♣r♦♣❡rt✐❡s✱ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❞❡❝❛② ♠♦❞❡s ❛r❡ ❞✐s❝✉ss❡❞✳ ❚❤❡ ❞❡s✐❣♥
❛♥❞ str✉❝t✉r❡ ♦❢ t❤❡ ▲❍❈ ✇✐t❤ ❛ str♦♥❣ ❡♠♣❤❛s✐s ♦♥ t❤❡ s❡t✉♣ ♦❢ t❤❡ ❈▼❙ ❡①✲
♣❡r✐♠❡♥t ❛r❡ s❤♦✇♥ ✐♥ ❈❤❛♣✳ ✸✳ ❈❧♦s❡❧② r❡❧❛t❡❞ t♦ t❤❡ ❢♦r♠❡r ❝❤❛♣t❡r ✐s ❈❤❛♣✳
✹ ✐♥ ✇❤✐❝❤ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ♦❜s❡r✈❡❞ ❞❛t❛ ✇✐t❤✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ✐s
❞✐s❝✉ss❡❞✳ ❈❤❛♣✳ ✺ ✐♥tr♦❞✉❝❡s ❛♥ ♦✉t❧✐♥❡ ♦❢ t❤❡ ❛♥❛❧②s✐s ♦❜t❛✐♥✐♥❣ ♠❡❛s✉r❡♠❡♥ts
♦❢ t❤❡ ❙▼ ❍✐❣❣s ♣r♦❞✉❝t✐♦♥ ✇✐t❤ s✉❜s❡q✉❡♥t ❞❡❝❛② t♦ t✇♦ τ ❧❡♣t♦♥s ❝r♦ss s❡❝t✐♦♥✳
❚❤❡ ❛♣♣r♦❛❝❤ ♦❢ ❡✈❡♥t ❝❛t❡❣♦r✐③❛t✐♦♥ ❜❛s❡❞ ♦♥ ❛ ♥❡✉r❛❧ ♥❡t✇♦r❦ ✐s ❞✐s❝✉ss❡❞ ❛♥❞
♠❡❛s✉r❡❞ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞✳ ■♥ ❈❤❛♣✳ ✻ ❛♥❞ ❈❤❛♣✳ ✼ t❤❡ r❡✈✐s✐♦♥ ❛♥❞ ❡①t❡♥✲
s✐♦♥ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ✐s ❞✐s❝✉ss❡❞✳ ❙❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s t♦ ♠❛❦❡ ✐t ♠♦r❡
♣❡r❢♦r♠❛♥t ❛♥❞ r♦❜✉st ❛r❡ ♣r❡s❡♥t❡❞ ❛♥❞ t❤❡ ♠❡t❤♦❞ ✐s ❛♣♣❧✐❡❞ t♦ t✇♦ ❞❛t❛s❡ts
♦❢ ♣♣ ❝♦❧❧✐s✐♦♥ ✇✐t❤ ❛ ❝❡♥t❡r✲♦❢✲♠❛ss ❡♥❡r❣② ♦❢ ✶✸ ❚❡❱ ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡ ✷✵✶✻ ❛♥❞
✷✵✶✼ ▲❍❈ r✉♥ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ t♦t❛❧ ✐♥t❡❣r❛t❡❞ ❧✉♠✐♥♦s✐t② ♦❢ ✼✼✳✹ ❢❜−1 ❛♥❞ t❤❡
♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❡st✐♠❛t✐♦♥ ✐s ❞✐s❝✉ss❡❞✳

✶
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✷✳ ❚❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢

P❛rt✐❝❧❡ P❤②s✐❝s

❚❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ✭❙▼✮ ✐s ❛ t❤❡♦r② ❞❡s❝r✐❜✐♥❣ ❛❧❧ ❦♥♦✇♥ ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ❛♥❞
t❤❡✐r ✐♥t❡r❛❝t✐♦♥ ✈✐❛ t❤❡ str♦♥❣✱ ✇❡❛❦ ❛♥❞ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❢♦r❝❡✳ ❇❡✐♥❣ ❛ q✉❛♥t✉♠
✜❡❧❞ t❤❡♦r② ❡❛❝❤ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡ ✐s ❞❡s❝r✐❜❡❞ ❛s ❞✐s❝r❡t❡ q✉❛♥t✉♠ ✐♥ ❛ ❣❧♦❜❛❧
✜❡❧❞✳ ■t ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st t❡st❡❞ ❛♥❞ r♦❜✉st t❤❡♦r✐❡s ✐♥ ♣❤②s✐❝s✳ ❍♦✇❡✈❡r✱ ✐t
✐s ❦♥♦✇♥ t♦ ❜❡ ✐♥❝♦♠♣❧❡t❡ ❢♦r s❡✈❡r❛❧ r❡❛s♦♥s✱ ♦♥❡ ♦❢ t❤❡♠ ❜❡✐♥❣ t❤❡ ❡①❝❧✉s✐♦♥ ♦❢
❣❡♥❡r❛❧ r❡❧❛t✐✈✐t② ❢♦r t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ♣❛rt✐❝❧❡ ✐♥t❡r❛❝t✐♦♥s✳ ❚❤❡ ❙▼ ❛❧s♦ ❞♦❡s ♥♦t
♣r♦✈✐❞❡ ❛ ♠❡❝❤❛♥✐s♠ t♦ ❡①♣❧❛✐♥ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❉❛r❦ ▼❛tt❡r✱ ✇❤✐❝❤ ✐s t❤♦✉❣❤t t♦
❝♦♥st✐t✉t❡ ❛♣♣r♦①✐♠❛t❡❧② ✽✺✪ ♦❢ ♠❛tt❡r ✐♥ t❤❡ ✉♥✐✈❡rs❡✳

✷✳✶✳ ❊❧❡♠❡♥t❛r② P❛rt✐❝❧❡s

✷✳✶✳✶✳ ▲❡♣t♦♥s

■♥ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ t❤❡r❡ ❛r❡ s✐① ❧❡♣t♦♥s ✇❤✐❝❤ ❛r❡ ❢❡r♠✐♦♥s ✇✐t❤ ❛ s♣✐♥ ♦❢ 1
2

❛♥❞ ❝❛♥ ❜❡ ❣r♦✉♣❡❞ ✐♥t♦ t❤r❡❡ ❣❡♥❡r❛t✐♦♥s✳ ❆❞❞✐t✐♦♥❛❧❧② t❤❡r❡ ✐s ❛♥ ❛♥t✐✲♣❛rt✐❝❧❡
❢♦r ❡❛❝❤ ❧❡♣t♦♥ ✇❤✐❝❤ s❤❛r❡s t❤❡ s❛♠❡ ♠❛ss ❛♥❞ s♣✐♥ ❜✉t ❤❛s ♦♣♣♦s✐t❡ ❛❞❞✐t✐✈❡
q✉❛♥t✉♠ ♥✉♠❜❡rs✱ ❧✐❦❡ t❤❡ ❡❧❡❝tr✐❝ ❝❤❛r❣❡ ♦r t❤❡ ♠❛❣♥❡t✐❝ ♠♦♠❡♥t r❡s♣❡❝t✐✈❡ t♦
t❤❡ s♣✐♥✳ ❚❤❡ ❣❡♥❡r❛❧ q✉❛❧✐t✐❡s ♦❢ t❤❡ ❧❡♣t♦♥s ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✷✳✶✳ ▼✉♦♥s
❛♥❞ t❛✉ ❧❡♣t♦♥s ❞✐✛❡r ❢r♦♠ t❤❡ ❡❧❡❝tr♦♥ ✐♥ ♠❛ss ❛♥❞ ❧✐❢❡t✐♠❡ ❜✉t s❤❛r❡ t❤❡ s❛♠❡
❡❧❡❝tr✐❝ ❝❤❛r❣❡ e = −e0 = −1.602 ·10−19C✳ ■♥ t❤❡ ❢♦r♠❛❧✐s♠ ♦❢ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧
♥❡✉tr✐♥♦s ❛r❡ ❝♦♥s✐❞❡r❡❞ ♠❛ss❧❡ss✱ ❤♦✇❡✈❡r✱ ♥❡✉tr✐♥♦ ♦s❝✐❧❧❛t✐♦♥ ♦❜s❡r✈❛t✐♦♥s ❤❛✈❡
❝♦♥✜r♠❡❞ ❛ ♥♦♥✲③❡r♦ ♥❡✉tr✐♥♦ ♠❛ss❬✹❪✳

✷✳✶✳✷✳ ◗✉❛r❦s

◗✉❛r❦s ❛r❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ✇✐t❤ ❛ s♣✐♥ ♦❢ 1
2
❛♥❞ ❛♥ ❡❧❡❝tr✐❝ ❝❤❛r❣❡ ♦❢ ❡✐t❤❡r

+2
3
e0 ♦r −1

3
e0✱ t❤❡✐r ❛♥t✐♣❛rt✐❝❧❡s ❝❛rr② t❤❡ ♦♣♣♦s✐t❡ ❡❧❡❝tr✐❝ ❝❤❛r❣❡✳ ❚❤❡ ❛♠♦✉♥t

♦❢ q✉❛r❦s ♦❢ ❛ s♣❡❝✐✜❝ t②♣❡ ✐s ❝♦♥s❡r✈❡❞ ✇❤❡♥ ♦♥❧② t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥ ✐s t❛❦❡♥
✐♥t♦ ❛❝❝♦✉♥t✱ ❤♦✇❡✈❡r✱ t❤❡r❡ ❝❛♥ ❜❡ tr❛♥s✐t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t q✉❛r❦ t②♣❡s
✈✐❛ t❤❡ ✇❡❛❦ ✐♥t❡r❛❝t✐♦♥✳ ◗✉❛r❦s ❛r❡ t❤❡ ♦♥❧② ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ✐♥ t❤❡ st❛♥❞❛r❞

✸
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◆❛♠❡ ❙②♠❜♦❧ ▼❛ss ✭▼❡❱✮ ❊❧❡❝tr✐❝ ❈❤❛r❣❡ ✭e0✮ ▲✐❢❡t✐♠❡ ❬s❪
❊❧❡❝tr♦♥ ❡ ✵✳✺✶✶ ✲✶ ∞
❊❧❡❝tr♦♥ ♥❡✉tr✐♥♦ νe ❁2 · 10−6 ✵ ∞
▼✉♦♥ µ ✶✵✺✳✻✻ ✲✶ 2.197 · 10−6

▼✉♦♥ ♥❡✉tr✐♥♦ νµ ❁✵✳✶✼ ✵ ∞
❚❛✉ ❧❡♣t♦♥ τ ✶✼✼✼ ✲✶ 2.9 · 10−13

❚❛✉ ♥❡✉tr✐♥♦ ντ ❁✶✺✳✺ ✵ ∞

❚❛❜❧❡ ✷✳✶✳✿ ❆ s✉♠♠❛r② ♦❢ ❧❡♣t♦♥ ♣r♦♣❡rt✐❡s❬✹❪✳

♠♦❞❡❧ ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ❛❧❧ ❢♦✉r ❢✉♥❞❛♠❡♥t❛❧ ❢♦r❝❡s ❛♥❞ ✇✐t❤ ❡❧❡❝tr✐❝ ❝❤❛r❣❡s t❤❛t
❛r❡ ♥♦t ♠✉❧t✐♣❧❡s ♦❢ t❤❡ ❡❧❡♠❡♥t❛r② ❝❤❛r❣❡ e0✳

◆❛♠❡ ❙②♠❜♦❧ ▼❛ss ❊❧❡❝tr✐❝ ❈❤❛r❣❡ ✭e0✮
❯♣ ✉ 2.3+0.7

−0.5MeV +2
3

❉♦✇♥ ❞ 4.8+0.7
−0.3MeV −1

3

❈❤❛r♠ ❝ 1.275± 0.025GeV +2
3

❙tr❛♥❣❡ s 95± 5MeV −1
3

❚♦♣ t 1.275± 0.025GeV +2
3

❇♦tt♦♠ ❜ 4.18± 0.03GeV −1
3

❚❛❜❧❡ ✷✳✷✳✿ ❆ s✉♠♠❛r② ♦❢ q✉❛r❦ ♣r♦♣❡rt✐❡s❬✹❪✳

❚❤❡r❡ ❛r❡ s✐① ❞✐✛❡r❡♥t t②♣❡s ♦r ✢❛✈♦rs ♦❢ q✉❛r❦s✱ t❤❡✐r ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s ❛r❡
s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷✳✷✳ ❊①♣❡r✐♠❡♥t❛❧ ❛♥❛❧②s✐s ♦❢ q✉❛r❦s ✐s ❛ ❞✐✣❝✉❧t t❛s❦✱ s✐♥❝❡ t❤❡r❡
❤❛s ♥❡✈❡r ❜❡❡♥ ❛♥ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❛♥ ✐s♦❧❛t❡❞ q✉❛r❦✳ ❚❤❡② ❝❛♥ ❛♣♣❡❛r ❛s ❡✐t❤❡r
♠❡s♦♥s✱ ✇❤✐❝❤ ❛r❡ s②st❡♠s ❝♦♥s✐st✐♥❣ ♦❢ ❛ q✉❛r❦ ❛♥❞ ❛♥ ❛♥t✐✲q✉❛r❦✱ ♦r ❛s ❜❛r②♦♥s✱
s②st❡♠s ❝♦♥s✐st✐♥❣ ♦❢ ❛♥ ♦❞❞ ♥✉♠❜❡r ♦❢ ✈❛❧❡♥❝❡ q✉❛r❦s ✭❛t ❧❡❛st t❤r❡❡✮✳ ▼♦r❡
❡①♦t✐❝ ❝♦♥✜❣✉r❛t✐♦♥s ✐♥❝❧✉❞❡ t❤❡ t❡tr❛q✉❛r❦ ✭t✇♦ q✉❛r❦s ❛♥❞ t✇♦ ❛♥t✐✲q✉❛r❦s✮ ❛♥❞
t❤❡ ♣❡♥t❛q✉❛r❦ ✭❢♦✉r q✉❛r❦s ❛♥❞ ♦♥❡ ❛♥t✐✲q✉❛r❦✮ st❛t❡s✳

✷✳✶✳✸✳ ●❛✉❣❡ ❇♦s♦♥s

❚❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ❞❡s❝r✐❜❡❞ ❜② ❛ ❣❛✉❣❡ t❤❡♦r② t❛❦❡s
♣❧❛❝❡ ✈✐❛ t❤❡ ❡①❝❤❛♥❣❡ ♦❢ ❣❛✉❣❡ ❜♦s♦♥s✳
❚❤❡ ❙❯✭✸✮×❙❯✭✷✮×❯✭✶✮ ❣❛✉❣❡ ❣r♦✉♣ ♦❢ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ✐♠♣❧✐❡s t❤❡ ❡①✐s✲

t❡♥❝❡ ♦❢ s❡✈❡r❛❧ q✉❛♥t❛ ✇✐t❤ s♣✐♥ ✶ ❬✺❪✳ ❚❤❡ q✉❛♥t✉♠ ❝❤r♦♠♦❞②♥❛♠✐❝s ✭◗❈❉✮
❣r♦✉♣ ❙❯✭✸✮ ❞❡s❝r✐❜❡s ❡✐❣❤t ❣❡♥❡r❛t♦rs✱ ❛❞❞✐♥❣ ❡✐❣❤t ❣❛✉❣❡ ❜♦s♦♥s ❝❛❧❧❡❞ ❣❧✉♦♥s
✇❤✐❝❤ ❝❛rr② t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥✳ ❇❛s❡❞ ♦♥ t❤❡ ❙❯✭✷✮×❯✭✶✮ ❣r♦✉♣ t❤❡ ✉♥✐✜❡❞
❡❧❡❝tr♦✇❡❛❦ ✐♥t❡r❛❝t✐♦♥ r❡q✉✐r❡s ❢♦✉r ❜♦s♦♥s ❛s ❢♦r❝❡ ❝❛rr✐❡rs✱ ✇❤✐❝❤ ❛r❡ ❢♦✉♥❞ t♦
❜❡ t❤❡ ♣❤♦t♦♥✱ ❲± ❛♥❞ ❩0 ❜♦s♦♥s✳ P❤♦t♦♥s ❛♥❞ ❣❧✉♦♥s ❛r❡ ♠❛ss❧❡ss ❛♥❞ ❝❛♥ ❛❝t
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♦♥ ❛♥ ✉♥❧✐♠✐t❡❞ ❞✐st❛♥❝❡ ✇❤✐❧❡ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ♠❛ss✐✈❡ ❲± ❛♥❞ ❩0 ❜♦s♦♥s ✐s
❧✐♠✐t❡❞ ❜② t❤❡ ✉♥❝❡rt❛✐♥t② ♣r✐♥❝✐♣❧❡ t♦ ❛❜♦✉t 10−3❢♠✳
❙✐♥❝❡ ❛ ❞✐r❡❝t ♠❛ss t❡r♠ ❢♦r ❣❛✉❣❡ ❜♦s♦♥s ✐♥ t❤❡ ▲❛❣r❛♥❣❡ ❢✉♥❝t✐♦♥ ✐s ♥♦t ❣❛✉❣❡

✐♥✈❛r✐❛♥t✱ ❧♦❝❛❧ ❣❛✉❣❡ s②♠♠❡tr② ❞❡♠❛♥❞s ♠❛ss❧❡ss ❣❛✉❣❡ ❜♦s♦♥s ❛♥❞ ❧♦♥❣✲r❛♥❣❡❞
✐♥t❡r❛❝t✐♦♥s✳ ❖❜s❡r✈❛t✐♦♥ s❤♦✇s t❤❛t t❤❡ ✐♥t❡r❛❝t✐♦♥ ✐s ♥♦t ❧♦♥❣✲r❛♥❣❡❞ ❛♥❞ t❤❛t
t❤❡ ❲± ❛♥❞ ❩0 ❜♦s♦♥s ❛❝t✉❛❧❧② ❝❛rr② ♠❛ss ❛s ❛ r❡s✉❧t ♦❢ t❤❡ ❧♦❝❛❧ s②♠♠❡tr②
❜r❡❛❦✐♥❣ ❦♥♦✇♥ ❛s t❤❡ ❍✐❣❣s ♠❡❝❤❛♥✐s♠✳

✷✳✷✳ ❋✉♥❞❛♠❡♥t❛❧ ■♥t❡r❛❝t✐♦♥s ♦❢ t❤❡ ❙▼

❚❤r❡❡ ♦❢ t❤❡ ❢♦✉r ❢✉♥❞❛♠❡♥t❛❧ ❢♦r❝❡s ✐♥ ♦✉r ✉♥✐✈❡rs❡ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❙▼✳
●r❛✈✐t②✱ ✇❤✐❧❡ ❜❡✐♥❣ t❤❡ ♠♦st ❞♦♠✐♥❛♥t ❢♦r❝❡ ❛t ♠❛❝r♦s❝♦♣✐❝ s❝❛❧❡s✱ ✐s ♥♦t ✐♥❝❧✉❞❡❞
✐♥ t❤❡ ❙▼✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡r ❢✉♥❞❛♠❡♥t❛❧ ✐♥t❡r❛❝t✐♦♥s t❤❡ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t
♦❢ ❣r❛✈✐t② ✐s t❤❡ s♠❛❧❧❡st ♦♥❡ ❜② ♠❛♥② ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❛♥❞ ✐t ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞
❢♦r t②♣✐❝❛❧ ❤✐❣❤ ❡♥❡r❣② ♣❛rt✐❝❧❡ ♣❤②s✐❝s ♣r♦❝❡ss❡s✳

✷✳✷✳✶✳ ❊❧❡❝tr♦✇❡❛❦ ■♥t❡r❛❝t✐♦♥

❊❧❡❝tr♦♠❛❣♥❡t✐s♠ ❛s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ▼❛①✇❡❧❧ ❡q✉❛t✐♦♥s ✈✐s✐❜❧❡ ✐♥ ❊q✳ ✭✷✳✶✮ ❛♥❞
❊q✳ ✭✷✳✷✮ ✐s ❛ ❝❧❛ss✐❝❛❧ ✜❡❧❞ t❤❡♦r②✳

∂µF
µν = Jν , ✭✷✳✶✮

∂λF µν + ∂νF λµ + ∂µF νλ = 0, ✭✷✳✷✮

❤❡r❡ ✐♥ ❝♦✈❛r✐❛♥t ❢♦r♠✳ ■♥ t❤✐s ♥♦t❛t✐♦♥ t❤❡ ▼❛①✇❡❧❧ ❡q✉❛t✐♦♥s ❝♦♥s✐st ♦❢ ❛♥ ✐♥✲
❤♦♠♦❣❡♥❡♦✉s ❡q✉❛t✐♦♥ ❝♦♥♥❡❝t✐♥❣ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ t❡♥s♦r F µν ❞❡✜♥❡❞ ❛s t❤❡
❡①t❡r✐♦r ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❢♦✉r✲♣♦t❡♥t✐❛❧ Aµ = (φ, ~A)

Fµν = ∂µAν − ∂νAµ ✭✷✳✸✮

✇✐t❤ ❛♥ ❡①t❡r♥❛❧ ❝✉rr❡♥t Jµ = (ρ, ~J) ♦♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ❛♥❞ ❛ ❤♦♠♦❣❡♥♦✉s ❡q✉❛t✐♦♥
♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✳ ❚❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡s ∂µ = ∂

∂xµ ❛r❡ ✉s❡❞✳ ■♥t❡r❛❝t✐♦♥s ❜❛s❡❞
♦♥ ❡❧❡❝tr♦♠❛❣♥❡t✐s♠ ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡ ▲♦r❡♥t③ ❢♦r❝❡ ❛♥❞ ♠❡❞✐❛t❡❞ ❜② ♣❤♦t♦♥s✳
❈♦♠♣❛r❡❞ t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❣r❛✈✐t② ❛♥❞ ❡❧❡❝tr♦♠❛❣♥❡t✐s♠✱ t❤❡ ✇❡❛❦ ❢♦r❝❡ ✐s

✈❡r② ❧✐♠✐t❡❞ ✐♥ ✐ts ❡✛❡❝t✐✈❡ r❛♥❣❡ t♦ ❛❜♦✉t 10−3 ❢♠ ❞✉❡ t♦ t❤❡ s❤♦rt ❧✐❢❡t✐♠❡ ♦❢ t❤❡
♣❛rt✐❝❧❡s ♠❡❞✐❛t✐♥❣ ✐t✱ t❤❡ W± ❛♥❞ ❩ ❜♦s♦♥s✳ ■t ✐s t❤❡ ♠❡❝❤❛♥✐s♠ ❜❡❤✐♥❞ ♠❛♥②
s✉❜❛t♦♠✐❝ ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ❞✐❝t❛t❡s ♣r♦❝❡ss❡s ❧✐❦❡ r❛❞✐♦❛❝t✐✈❡ β ❞❡❝❛②s ♦❢ ❛t♦♠s✳
■t ✐s t❤❡ ♦♥❧② ♦♥❡ ♦❢ t❤❡ ❢♦✉r ✐♥t❡r❛❝t✐♦♥s ❦♥♦✇♥ t♦ ✈✐♦❧❛t❡ ♣❛r✐t② ✭P✮ s②♠♠❡tr②
❛♥❞ ❛❧s♦ t❤❡ ♦♥❧② ♦♥❡ ✈✐♦❧❛t✐♥❣ ❝❤❛r❣❡✲♣❛r✐t② ✭❈P✮ s②♠♠❡tr②✳
❚❤❡ ❙▼ ❞❡s❝r✐❜❡s t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❛♥❞ t❤❡ ✇❡❛❦ ❢♦r❝❡ ❛s ❞✐✛❡r❡♥t ♠❛♥✐❢❡s✲

t❛t✐♦♥s ♦❢ t❤❡ s❛♠❡ ❢♦r❝❡ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣② ❧❡✈❡❧s ✉♥✐✜❡❞ ✉♥❞❡r ❛♥ ❙❯✭✷✮×❯✭✶✮

✺
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❣❛✉❣❡ ❣r♦✉♣✳ ❚❤❡ ✉♥✐✜❝❛t✐♦♥ ❡♥❡r❣② ❧❡✈❡❧ ❧✐❡s ❛t ❛r♦✉♥❞ ✷✹✻ ●❡❱✱ ❡q✉❛❧ t♦ t❤❡
✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ♦❢ t❤❡ ❍✐❣❣s ✜❡❧❞✳ ●❧❛s❤♦✇✱ ❲❡✐♥❜❡r❣ ❛♥❞ ❙❛❧❛♠ ✇❡r❡
❛✇❛r❞❡❞ t❤❡ ◆♦❜❡❧ Pr✐③❡ ✐♥ ✶✾✼✾ ❢♦r t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤✐s t❤❡♦r②❬✻✱ ✼❪✳

✷✳✷✳✷✳ ❙tr♦♥❣ ■♥t❡r❛❝t✐♦♥

❚❤❡ ❞②♥❛♠✐❝s ♦❢ q✉❛r❦s ✐♥t❡r❛❝t✐♥❣ ✈✐❛ ❛ ❣❧✉♦♥ ✜❡❧❞ ✐s ❞❡s❝r✐❜❡❞ ❜② q✉❛♥t✉♠
❝❤r♦♠♦❞②♥❛♠✐❝s ✭◗❈❉✮✳ ❚❤✐s t❤❡♦r② ✐s ❜❛s❡❞ ♦♥ ❛ ❙❯✭✸✮ s②♠♠❡tr② ❣r♦✉♣✱ ✇❤✐❝❤
❛❝ts ✐♥ t❤❡ s♦✲❝❛❧❧❡❞ ❝♦❧♦r s♣❛❝❡✳ ❚❤❡ ❢♦r❝❡ ❜❡t✇❡❡♥ q✉❛r❦s ✐s ♠❡❞✐❛t❡❞ ❜② ❡✐❣❤t
❣❧✉♦♥s ✇❤✐❝❤ ❛❞❞✐t✐♦♥❛❧❧② ♣❛rt✐❝✐♣❛t❡ ✐♥ t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥ ❜② ❝❛rr②✐♥❣ ❛ ❝♦❧♦r
❝❤❛r❣❡ t❤❡♠s❡❧✈❡s✱ ✇❤✐❝❤ ❝♦♠♣❧✐❝❛t❡s t❤❡ ❛♥❛❧②s✐s ♦❢ ◗❈❉✳ ❚❤❡ str♦♥❣ ❢♦r❝❡ ❛❝ts
♦♥ ❛ ✈❡r② s♠❛❧❧ s❝❛❧❡✳ ❍❛❞r♦♥s ✇✐t❤ ❛ ❞✐♠❡♥s✐♦♥ ♦❢ ❧❡ss t❤❛♥ ✶ ❢♠ ❛r❡ ❜♦✉♥❞
st❛t❡s ♦❢ q✉❛r❦s✱ ❤❡❧❞ t♦❣❡t❤❡r ❜② ❣❧✉♦♥s ♠❡❞✐❛t✐♥❣ t❤❡ str♦♥❣ ❢♦r❝❡✳ ❖♥ ❛ ❧❛r❣❡r
s❝❛❧❡ ♦❢ ✶✲✸ ❢♠ ♠❡s♦♥s ❝❛rr② t❤❡ ❢♦r❝❡ ❜❡t✇❡❡♥ ❜❛r②♦♥s✱ ❢♦r♠✐♥❣ ♥✉❝❧❡✐✳ ❇❡②♦♥❞
t❤❛t r❛♥❣❡ t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥ ❤❛s ♥♦ ❡✛❡❝t✳ ❉✉❡ t♦ ❛♥ ❡✛❡❝t ❝❛❧❧❡❞ q✉❛r❦

❝♦♥✜♥❡♠❡♥t ♥♦ ♣❛rt✐❝❧❡ ❝❛rr②✐♥❣ ❛ ❝♦❧♦r ❝❤❛r❣❡ ✐s ♦❜s❡r✈❡❞ ❛s ❛ ❢r❡❡ ♣❛rt✐❝❧❡✱
♦♥❧② ✐♥ ❛ ❜♦✉♥❞ st❛t❡ ✇✐t❤ ❛ ♥❡✉tr❛❧ t♦t❛❧ ❝♦❧♦r ❝❤❛r❣❡✳ ❚❤✐s ✐s ❛ ❝♦♥s❡q✉❡♥❝❡
♦❢ t❤❡ str♦♥❣ ❢♦r❝❡ ♥♦t ❞✐♠✐♥✐s❤✐♥❣ ✐♥ str❡♥❣t❤ ✇✐t❤ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ q✉❛r❦s
❜✉t r❡♠❛✐♥✐♥❣ ❝♦♥st❛♥t ❛❢t❡r ❛ ❧✐♠✐t✐♥❣ ❞✐st❛♥❝❡✳ ❲✐t❤ ✐♥❝r❡❛s✐♥❣ ❞✐st❛♥❝❡✱ t❤❡
❝r❡❛t✐♦♥ ♦❢ ❛ q✉❛r❦✲❛♥t✐q✉❛r❦ ♣❛✐r ♠❛t❝❤✐♥❣ t♦ t❤❡ ♦r✐❣✐♥❛❧ ♦♥❡ ♦✉t ♦❢ t❤❡ ✈❛❝✉✉♠
✐s ❡♥❡r❣❡t✐❝❛❧❧② ❢❛✈♦r❛❜❧❡✱ ❤❡♥❝❡ ♥♦ ✐♥❞✐✈✐❞✉❛❧ q✉❛r❦ ✐s ♦❜s❡r✈❡❞✳

✷✳✸✳ ❚❤❡ ❍✐❣❣s ▼❡❝❤❛♥✐s♠

❚❤❡ ❍✐❣❣s ♠❡❝❤❛♥✐s♠ ✐♥tr♦❞✉❝❡❞ ✶✾✻✹ ❜② P❡t❡r ❍✐❣❣s❬✶❪ ❛♥❞ ✐ts ❡❧❡❝tr♦✇❡❛❦ s②♠✲
♠❡tr② ❜r❡❛❦✐♥❣ ❛t ❧♦✇ ❡♥❡r❣✐❡s ✐s ❡ss❡♥t✐❛❧ ❢♦r ❡①♣❧❛✐♥✐♥❣ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ❡❧❡❝✲
tr♦✇❡❛❦ ❣❛✉❣❡ ❜♦s♦♥s✳ ■♥ ✷✵✶✷ t❤❡ ❈▼❙ ❛♥❞ ❆❚▲❆❙ ❡①♣❡r✐♠❡♥ts ❛t t❤❡ ▲❍❈
❛t ❈❊❘◆ ❛♥♥♦✉♥❝❡❞ t❤❡ ❞✐s❝♦✈❡r② ♦❢ ❛ ♥❡✇ ❜♦s♦♥ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡♦r❡t✐❝❛❧
♣r❡❞✐❝t✐♦♥s ♦❢ ❛ ♠❛ss✐✈❡ ♥❡✉tr❛❧ ❜♦s♦♥✱ ✇❤✐❝❤ ✇❛s t❤❡ ❧❛st ♠✐ss✐♥❣ ♣❛rt✐❝❧❡ ♦❢ t❤❡
❙▼❬✷✱ ✸❪✳

✷✳✸✳✶✳ ❙♣♦♥t❛♥❡♦✉s ❙②♠♠❡tr② ❇r❡❛❦✐♥❣

■t ✐s ❛ss✉♠❡❞ t❤❛t ❛ ♥❡✇ ✜❡❧❞ Φ✱ ❛♥ ❙❯✭✷✮ ❞♦✉❜❧❡t ❝❛❧❧❡❞ t❤❡ ❍✐❣❣s ✜❡❧❞ ✐s ❜r❡❛❦✐♥❣
t❤❡ ❙❯✭✷✮×❯✭✶✮ ❣❛✉❣❡ s②♠♠❡tr② ♦❢ t❤❡ ❡❧❡❝tr♦✇❡❛❦ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ ❛ ♥♦♥✲③❡r♦
✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡✳ ■♥ ✐ts ♠♦st ❣❡♥❡r❛❧ ❢♦r♠ Φ ✐s ♦❢ t❤❡ ❢♦r♠

Φ =

(

ΦA

ΦB

)

=
1√
2

(

φ1 + iφ2

φ3 + iφ4

)

. ✭✷✳✹✮

✻
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❚❤❡ ▲❛❣r❛♥❣✐❛♥ ❞❡♥s✐t② ❞❡s❝r✐❜✐♥❣ s✉❝❤ ❛ ✜❡❧❞ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

L = (∂µΦ
†)∂µΦ− V (Φ†Φ) ✭✷✳✺✮

❝♦♥s✐st✐♥❣ ♦❢ ❛ ❣❡♥❡r❛❧ ♣♦t❡♥t✐❛❧ t❡r♠ V (Φ†Φ) ❛♥❞ ❛ ❦✐♥❡t✐❝ t❡r♠✱ ✇✐t❤ Φ† ❜❡✐♥❣
t❤❡ ❤❡r♠✐t✐❛♥ ❝♦♥❥✉❣❛t❡ ♦❢ Φ✳ ❇❛s❡❞ ♦♥ t❤❡ ✇♦r❦ ♦❢ ❨❛♥❣ ❛♥❞ ▼✐❧❧s ❬✽❪ ♦♥ t❤❡
❣❡♥❡r❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ✐♥✈❛r✐❛♥❝❡ t♦ ❧♦❝❛❧ ❯✭✶✮×❙❯✭✷✮ ❣❛✉❣❡ tr❛♥s❢♦r♠❛t✐♦♥s ♦❢ t❤❡
❢♦r♠

Φ → Φ′ = e−iθUΦ ✭✷✳✻✮

✇✐t❤ U ❜❡✐♥❣ ❛♥ ❛r❜✐tr❛r② ❡❧❡♠❡♥t ♦❢ ❙❯✭✷✮ ❢✉❧✜❧❧✐♥❣ U †U = UU † = 1✱ ♦♥❡ ❝❛♥
❞❡✜♥❡ ❛ ▲❛❣r❛♥❣✐❛♥ ❞❡♥s✐t②

LΦ = (DµΦ)
†DµΦ− V (Φ†Φ) ✭✷✳✼✮

✇✐t❤ t❤❡ ♥❡✇❧② ❞❡✜♥❡❞ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡s

Dµ =
(

∂µ + i
g1
2
Bµ + i

g2
2
❲µ

)

✭✷✳✽✮

✇❤✐❝❤ ❢✉❧✜❧❧ t❤❡ r❡❧❛t✐♦♥
D′

µΦ
′ = e−iθUDµΦ. ✭✷✳✾✮

❚❤❡ ❣❛✉❣❡ ✜❡❧❞ Bµ ✇❛s ✐♥tr♦❞✉❝❡❞ t♦ ❡♥s✉r❡ t❤❡ ✐♥✈❛r✐❛♥❝❡ r❡❣❛r❞✐♥❣ ❧♦❝❛❧ ❯✭✶✮
❣❛✉❣❡ tr❛♥s❢♦r♠❛t✐♦♥s✱ t❤❡ ✈❡❝t♦r ❣❛✉❣❡ ✜❡❧❞❲µ ❛❞❞s ✐♥✈❛r✐❛♥❝❡ t♦ ❧♦❝❛❧ ❙❯✭✷✮
❣❛✉❣❡ tr❛♥s❢♦r♠❛t✐♦♥s✳ ❚❤❡✐r r❡s♣❡❝t✐✈❡ tr❛♥s❢♦r♠❛t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❞❡✜♥❡❞
✐♥ ❊q✳ ✭✷✳✶✵✮ ❛♥❞ ❊q✳ ✭✷✳✶✶✮✳

Bµ(x) → B′
µ(x) = Bµ(x) +

2

g1
∂µθ(x) ✭✷✳✶✵✮

❲µ(x) →❲µ(x)
′ = U❲µ(x)U † + i

2

g2
(∂µU(x))U †(x) ✭✷✳✶✶✮

❚❤❡ ♣❛r❛♠❡t❡rs g1 ❛♥❞ g2 ❤❛✈❡ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ❡①♣❡r✐♠❡♥t❛❧❧②✳ ❚❤❡ ▲❛❣r❛♥❣✐❛♥
❞❡✜♥❡❞ ✐♥ ❊q✳ ✭✷✳✼✮ ✐s ♥♦✇ ❣❛✉❣❡ ✐♥✈❛r✐❛♥t ✐♥ r❡s♣❡❝t t♦ ❧♦❝❛❧ ❯✭✶✮×❙❯✭✷✮ ❣❛✉❣❡
tr❛♥s❢♦r♠❛t✐♦♥s ❛♥❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ Bµ ❛♥❞❲µ tr❛♥s❢♦r♠✐♥❣ ❧✐❦❡ ❝♦✈❛r✐❛♥t ✹✲✈❡❝t♦rs
❛❧s♦ ▲♦r❡♥t③ ✐♥✈❛r✐❛♥t✳ ❯s✐♥❣ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ Φ ✇✐t❤ t❤❡ ♠♦st ❣❡♥❡r❛❧✱ ♥♦♥✲tr✐✈✐❛❧
❛♥❞ r❡♥♦r♠❛❧✐③❛❜❧❡ ♣♦t❡♥t✐❛❧ t❡r♠ V (Φ†Φ) = m2

2φ2

0

(Φ†Φ− φ2
0)

2✱ ✐t ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

V (Φ†Φ) =
m2

2φ2
0

(φ2
1 + φ2

2 + φ2
3 + φ2

4 − φ2
0)

2, ✭✷✳✶✷✮

r❡s✉❧t✐♥❣ ✐♥ ❛ ❞❡❣❡♥❡r❛t❡ ❣r♦✉♥❞ st❛t❡✳ ❲✐t❤♦✉t t❤❡ ❧♦ss ♦❢ ❣❡♥❡r❛❧✐③❛t✐♦♥ ♦♥❡ ❝❛♥
❝❤♦♦s❡ ❛ ❣r♦✉♥❞ st❛t❡ ✇✐t❤ ΦA = 0 ❛♥❞ ΦB r❡❛❧ ❛♥❞ ❡①♣❛♥❞ ❛ ❣❡♥❡r❛❧ st❛t❡ ❛r♦✉♥❞
t❤✐s ❣r♦✉♥❞ st❛t❡ ✭✵✱ φ0✮T ✇✐t❤ ❛ r❡❛❧ ❢✉♥❝t✐♦♥ ❤✭①✮✳

Φ =

(

0
φ0 +

1√
2
h(x)

)

✭✷✳✶✸✮

✼
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❚❤❡ ❯✭✶✮ s②♠♠❡tr② ✐♥ t❤✐s ❣❛✉❣❡ ❝♦♥❞✐t✐♦♥ ✐s ✉♥❝❤❛♥❣❡❞ ❤♦✇❡✈❡r ❙❯✭✷✮ s②♠♠❡tr②
✐s ❜r♦❦❡♥✳ ❯s✐♥❣ t❤✐s st❛t❡ ✐♥ t❤❡ ▲❛❣r❛♥❣✐❛♥ ✐♥ ❊q✳ ✭✷✳✼✮ ♦♥❡ ❣❡ts ❛ s②st❡♠
❞❡s❝r✐❜✐♥❣ ❛ ♠❛ss✐✈❡ ♥❡✉tr❛❧ ❜♦s♦♥ ✜❡❧❞ h(x)✱ ❛ ♠❛ss✐✈❡ ♥❡✉tr❛❧ ✈❡❝t♦r ✜❡❧❞ Zµ(x)
❛♥❞ ❛ ♣❛✐r ♦❢ ♠❛ss✐✈❡ ❝❤❛r❣❡❞ ✈❡❝t♦r ❜♦s♦♥ ✜❡❧❞s W±

µ (x) ❛♥❞ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝
♠❛ss❧❡ss ♣❤♦t♦♥ ✜❡❧❞ Aµ✳ ❋♦r t❤✐s ♥♦t❛t✐♦♥ t❤❡ ❞❡✜♥✐t✐♦♥s

W±
µ =

1√
2
(W 1

µ ± iW 2
µ), ✭✷✳✶✹✮

❛s ✇❡❧❧ ❛s

Zµ = W 3
µ cos(θW )− Bµ sin(θW ), Aµ = W 3

µ sin(θW ) + Bµ cos(θW ) ✭✷✳✶✺✮

❛r❡ ✉s❡❞✳ ❚❤❡ ❲❡✐♥❜❡r❣ ❛♥❣❧❡ θW ✐s ❞❡✜♥❡❞ ✈✐❛ t❤❡ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥ts g1, g2 ✐♥
❊q✳✭✷✳✶✻✮✳

cos(θW ) =
g2

√

g21 + g22
, sin(θW ) =

g1
√

g21 + g22
✭✷✳✶✻✮

❚❤✐s ♣r♦❝❡ss ❞❡s❝r✐❜❡s t❤❡ ♠❛ss❡s ♦❢ ❣❛✉❣❡ ❜♦s♦♥s r❡s✉❧t✐♥❣ ❢r♦♠ s♣♦♥t❛♥❡♦✉s
s②♠♠❡tr② ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ❡❧❡❝tr♦✇❡❛❦ ❙❯✭✷✮×❯✭✶✮ ❣❛✉❣❡ s②♠♠❡tr②✳ ■♥ t❤✐s ❢♦r✲
♠✉❧❛t✐♦♥ ❢❡r♠✐♦♥ ♠❛ss t❡r♠s ❛r❡ ❞❡s❝r✐❜❡❞ ❜② ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ❢♦r♠

LY ukawa = −g(Ψ†
RΦΨL +Ψ†

LΦΨR) ✭✷✳✶✼✮

✇❤❡r❡ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡t Φ ❝♦✉♣❧❡s t♦ t❤❡ ❧❡❢t✲❤❛♥❞❡❞ ✭ΨL✮ ❛♥❞ r✐❣❤t✲❤❛♥❞❡❞ ✭ΨR✮
❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❢❡r♠✐♦♥✐❝ s♣✐♥ ❞♦✉❜❧❡t✳

✷✳✸✳✷✳ ❍✐❣❣s Pr♦❞✉❝t✐♦♥ ▼♦❞❡s

❚❤❡ ❞♦♠✐♥❛♥t ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s ❢♦r ❍✐❣❣s ❜♦s♦♥s ✐♥ ❤❛❞r♦♥ ❝♦❧❧✐❞❡rs ❛r❡ ❜❛s❡❞
♦♥ t❤❡ str♦♥❣ ❝♦✉♣❧✐♥❣ t♦ ❤❡❛✈② ♣❛rt✐❝❧❡s✱ ♥❛♠❡❧② t❤❡ ❲ ❛♥❞ ❩ ✈❡❝t♦r ❜♦s♦♥s✱ t❤❡
t♦♣ q✉❛r❦ ❛♥❞ t❤❡ ❜♦tt♦♠ q✉❛r❦✳ ❚❤❡ ♠♦st ❝♦♠♠♦♥ ♣r♦❝❡ss ✐s t❤❡ ♣r♦❞✉❝t✐♦♥
✈✐❛ ❣❧✉♦♥✲❣❧✉♦♥ ❢✉s✐♦♥✳ ❍❡r❡✱ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❞♦❡s ♥♦t ❝♦✉♣❧❡ ❞✐r❡❝t❧② t♦ ❣❧✉♦♥s
❜✉t ✈✐❛ ❛ tr✐❛♥❣✉❧❛r q✉❛r❦ ❧♦♦♣✳ ❉✉❡ t♦ t❤❡ ♠❛ss ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❍✐❣❣s✲❢❡r♠✐♦♥
❝♦✉♣❧✐♥❣s ♦♥❧② t❤❡ ❤❡❛✈② t♦♣ ❛♥❞ ❜♦tt♦♠ q✉❛r❦s ❝♦♥tr✐❜✉t❡ ♥♦♥✲♥❡❣❧✐❣✐❜❧② t♦ t❤✐s
♣r♦❞✉❝t✐♦♥ ♠♦❞❡✳ ❇② ❛ ❢❛❝t♦r ♦❢ ✶✵ ❧❡ss ❝♦♠♠♦♥✱ ❤♦✇❡✈❡r✱ ✈❡r② s✐❣♥✐✜❝❛♥t ❞✉❡ t♦
✐ts ❞✐st✐♥❝t✐✈❡ s✐❣♥❛t✉r❡ ✐s t❤❡ ♣r♦❝❡ss ♦❢ ✈❡❝t♦r ❜♦s♦♥ ❢✉s✐♦♥✳ ❍❡r❡ t❤❡ ❍✐❣❣s ❜♦s♦♥
✐s ❛❝❝♦♠♣❛♥✐❡❞ ❜② t✇♦ q✉❛r❦s ❢♦r♠✐♥❣ ❤❛❞r♦♥✐❝ ❥❡ts✳ ❆ ❢❡r♠✐♦♥ ❝♦❧❧✐❞✐♥❣ ✇✐t❤ ✐ts
❛♥t✐♣❛rt✐❝❧❡ ❝❛♥ ❢♦r♠ ❛ ✈✐rt✉❛❧ ❩ ❜♦s♦♥ ✇❤✐❝❤✱ ❣✐✈❡♥ ✐t ❝❛rr✐❡s ❡♥♦✉❣❤ ❡♥❡r❣②✱
❝❛♥ ❡♠✐t ❛ ❍✐❣❣s ❜♦s♦♥✳ ❚❤✐s ♣r♦❝❡ss ✐s ❝❛❧❧❡❞ ❍✐❣❣s str❛❤❧✉♥❣ ❛♥❞ ✐s t❤❡ t❤✐r❞✲
♠♦st ❧✐❦❡❧② ♣r♦❞✉❝t✐♦♥ ♠♦❞❡ ❛t t❤❡ ▲❍❈✳ ❆ ❢♦✉rt❤ ♣♦ss✐❜✐❧✐t② ✐s t❤❡ ❛ss♦❝✐❛t❡❞
♣r♦❞✉❝t✐♦♥ ✇✐t❤ t♦♣ ♦r ❜♦tt♦♠ q✉❛r❦s✳ ❊✈✐❞❡♥❝❡ ❢♦r tt̄H ♣r♦❞✉❝t✐♦♥ ✇❛s ♣✉❜❧✐s❤❡❞
❜② t❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❝♦❧❧❛❜♦r❛t✐♦♥s ✐♥ ✷✵✶✽ ❬✾✱ ✶✵❪✳ ❋❡②♥♠❛♥ ❞✐❛❣r❛♠s ♦❢ t❤❡s❡
♠❛✐♥ ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✳ ❖t❤❡r ♣r♦❝❡ss❡s✱ ✐♥❝❧✉❞✐♥❣ ♣❛✐r✇✐s❡
❍✐❣❣s ♣r♦❞✉❝t✐♦♥ ❛r❡ s✉♣♣r❡ss❡❞ ✇✐t❤ ❛ ♠✉❝❤ s♠❛❧❧❡r ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥✳

✽

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
. ❋✐❣✉r❡ ✷✳✶✳✿ ❚❤❡ ❢♦✉r ♠♦st ❞♦♠✐♥❛♥t ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❛t t❤❡

▲❍❈ ❬✶✶❪✳ ❚♦♣ ❧❡❢t✿ ❍✐❣❣s ❙tr❛❤❧✉♥❣✱ ❛ ✈❡❝t♦r ❜♦s♦♥ ✭❱✮ ✇✐t❤ ❡♥♦✉❣❤
❡♥❡r❣② ❝❛♥ ❡♠✐t ❛ ❍✐❣❣s ❜♦s♦♥✱ t♦♣ r✐❣❤t✿ ✈❡❝t♦r ❜♦s♦♥ ❢✉s✐♦♥✱ ❜♦tt♦♠
❧❡❢t✿ ❣❧✉♦♥✲❣❧✉♦♥ ❢✉s✐♦♥ ✈✐❛ ❛ q✉❛r❦ ✭◗✮ ❧♦♦♣✱ ❜♦tt♦♠ r✐❣❤t✿ ❛ss♦❝✐❛t❡❞
♣r♦❞✉❝t✐♦♥ ✇✐t❤ ❤❡❛✈② q✉❛r❦s✳

✷✳✸✳✸✳ ❍✐❣❣s ❉❡❝❛② ▼♦❞❡s

❚❤❡ ❞❡❝❛② ♠♦❞❡s ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❛r❡ ♥✉♠❡r♦✉s s✐♥❝❡ ✇✐t❤ ❛ ♠❛ss ♦❢ ✶✷✺GeV
✐t ✐s t❤❡ s❡❝♦♥❞ ♠♦st ♠❛ss✐✈❡ ♣❛rt✐❝❧❡ ✐♥ t❤❡ ❙▼ ❛♥❞ ❝♦✉♣❧❡s t♦ ❛❧❧ ♦t❤❡r ♠❛ss✐✈❡
♣❛rt✐❝❧❡s✳ ❉✉❡ t♦ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝♦✉♣❧✐♥❣ str❡♥❣t❤ ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ t♦
❣❛✉❣❡ ❜♦s♦♥s ❛♥❞ ❢❡r♠✐♦♥s ♦♥ t❤❡✐r ♠❛ss❡s ♦♥❡ ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡ r❡s♣❡❝t✐✈❡ ❞❡❝❛②
✇✐❞t❤ ❛❢t❡r ♠❡❛s✉r✐♥❣ t❤♦s❡ ♠❛ss❡s✳ ❙♦ ❣❡♥❡r❛❧❧② ✐t ✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❞❡❝❛② ✐♥t♦
❤❡❛✈✐❡r ♣❛rt✐❝❧❡s✱ ✇✐t❤ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❛ bb̄ q✉❛r❦ ♣❛✐r ❜❡✐♥❣ t❤❡ ♠♦st ❧✐❦❡❧② ♦♥❡
♦❢ ❛❧❧ ❞❡❝❛② ♠♦❞❡s ✇✐t❤ ❛ ♣r❡❞✐❝t❡❞ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ ❛❜♦✉t ✺✼✳✼✪ ❬✶✷❪✳ ❆❧t❤♦✉❣❤
t❤❡ ♣r♦❜❛❜✐❧✐t② ❢♦r t❤✐s ❞❡❝❛② ♠♦❞❡ ✐s ✈❡r② ❤✐❣❤✱ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❜❛❝❦❣r♦✉♥❞
♣r♦❝❡ss❡s ♠✐♠✐❝❦✐♥❣ t❤❡ ♠❡❛s✉r❛❜❧❡ ♦✉t❝♦♠❡ ♣r♦❞✉❝ts ♠❛❦❡ ✐t ❤❛r❞ t♦ ❡①tr❛❝t
s✐❣♥❛❧ ❡✈❡♥ts✳ ❚❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ H → bb̄ ♣r♦❝❡ss ✇❛s ♣✉❜❧✐s❤❡❞ ✐♥ ✷✵✶✽ ❜②
t❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❝♦❧❧❛❜♦r❛t✐♦♥s ❬✶✸✱ ✶✹❪✳

❚❤❡ s❡❝♦♥❞ ❤✐❣❤❡st ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ ✷✶✳✺✪ ✐s ❞✉❡ t♦ t❤❡ ❞❡❝❛② ✐♥t♦ ❛ ♣❛✐r
♦❢ ❲ ❜♦s♦♥s✱ t❤❡ s❡❝♦♥❞ ♠♦st ❝♦♠♠♦♥ ❢❡r♠✐♦♥✐❝ ❞❡❝❛② ♠♦❞❡ ✐s H → ττ ✇✐t❤ ❛
♣r❡❞✐❝t❡❞ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ♦❢ ✻✳✸✷✪✱ ❛❧r❡❛❞② ❛❜♦✉t ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r
t❤❛♥ H → bb̄ ❬✶✷❪✳ Pr❡❞✐❝t❡❞ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❍✐❣❣s ♠❛ss ✐♥
❛ r❡❣✐♦♥ ❛r♦✉♥❞ ✶✷✺ ●❡❱ ✐s ✐♥❝❧✉❞❡❞ ✐♥ ❋✐❣✳ ✷✳✷✳
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. ❋✐❣✉r❡ ✷✳✷✳✿ ❇r❛♥❝❤✐♥❣ r❛t✐♦s ❛s ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ♠❛ss ❛s ♣r❡❞✐❝t❡❞ ❜②

t❤❡ ❍✐❣❣s ❈r♦ss ❙❡❝t✐♦♥ ❲♦r❦✐♥❣ ●r♦✉♣ ❬✶✺❪✳

✷✳✸✳✹✳ Pr♦♣❡rt✐❡s ♦❢ t❤❡ ❍✐❣❣s ❇♦s♦♥

❚❤❡ ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ♦❜s❡r✈❡❞ ❛t t❤❡ ▲❍❈ ✇❛s ♠❡❛s✉r❡❞ ❬✶✻❪ t♦ ❜❡

mH = 125.09± 0.21(st❛t✳)± 0.11(s②st✳)●❡❱ ✭✷✳✶✽✮

❛♥❞ ✇❛s t❤❡ ❧❛st ♦❢ t❤❡ ❢r❡❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❙▼ t♦ ❜❡ ♠❡❛s✉r❡❞✳ ■t ❝❛rr✐❡s ♥♦
❡❧❡❝tr✐❝ ♦r ❝♦❧♦r ❝❤❛r❣❡ ❛♥❞ s✐♥❝❡ t❤❡ ❍✐❣❣s ✜❡❧❞ ✐s ❛ s❝❛❧❛r ✜❡❧❞✱ t❤❡ ❍✐❣❣s ❜♦s♦♥
❤❛s ♥♦ s♣✐♥✳ ❚❤❡ ❙▼ ♣r❡❞✐❝ts t❤❡ ❍✐❣❣s ❜♦s♦♥ t♦ ❜❡ ❈P✲❡✈❡♥ ❛♥❞ t♦ ❜❡ ✐ts ♦✇♥
❛♥t✐♣❛rt✐❝❧❡✳ ❖❜s❡r✈❛t✐♦♥s ❞✐❞ ♥♦t s❤♦✇ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤♦s❡ ♣r❡❞✐❝t✐♦♥s s♦ ❢❛r✳

✷✳✹✳ ❚❤❡ ❚❛✉ P❛rt✐❝❧❡

❚❤❡ τ ✲❧❡♣t♦♥ ✇❛s ✜rst ❞✐s❝♦✈❡r❡❞ ❜② ▼❛rt✐♥ P❡r❧ ❡t✳ ❛❧✳ ❛s ❛♥ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡
♦❜s❡r✈❡❞ ♠✐ss✐♥❣ ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥ ✐♥ ❡❧❡❝tr♦♥✲♣♦s✐tr♦♥ ❛♥♥✐❤✐❧❛t✐♦♥ ❡①♣❡r✐♠❡♥ts
♦❢ t❤❡ ❢♦r♠

e+ + e− → e± + µ∓ + E♠✐ss✐♥❣ ✭✷✳✶✾✮

s✉❣❣❡st✐♥❣ t❤❛t t❤❡ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❞❡❝❛② ♦❢ ❛ ♣❛✐r ♦❢ ✉♥❦♥♦✇♥ ❧❡♣t♦♥s ✐♥ ❛ ♠❛ss
r❛♥❣❡ ♦❢ ✶✳✻ t♦ ✷✳✵ ●❡❱ ♠❛② ❜❡ r❡s♣♦♥s✐❜❧❡ ❬✶✼❪✳ ❚❤❡ ✈❡r✐✜❝❛t✐♦♥ ♦❢ t❤✐s ❤②♣♦t❤❡s✐s
✇❛s ❝♦♠♣❧✐❝❛t❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ ♠✐ss✐♥❣ ❡♥❡r❣② ✇❛s ✐♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡
t❤r❡s❤♦❧❞ ❢♦r ❉ ♠❡s♦♥ ♣r♦❞✉❝t✐♦♥✱ ♦❜s❝✉r✐♥❣ t❤❡ τ ♠❡❛s✉r❡♠❡♥t✳ P❡r❧ ✇❛s ❛✇❛r❞❡❞
t❤❡ ◆♦❜❡❧ Pr✐③❡ ✐♥ ✶✾✾✺✳ ❚❤❡ τ ♠❛ss ✇❛s ❢♦✉♥❞ t♦ ❜❡ ✶✳✼✼✼ ●❡❱ ❬✹❪✳ ❉✉❡ t♦ ✐ts
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❉❡❝❛② ▼♦❞❡ ❇r❛♥❝❤✐♥❣ ❋r❛❝t✐♦♥ ✭✪✮
▲❡♣t♦♥✐❝ ❉❡❝❛②s τ− → e−ν̄eντ ✶✼✳✽✸

τ− → µ−ν̄µντ ✶✼✳✹✶
Σ❧❡♣t♦♥✐❝ ✸✺✳✷✹

❍❛❞r♦♥✐❝ ❉❡❝❛②s τ− →❤−ντ ✶✶✳✺✸
τ− →❤−π0ντ ✷✺✳✾✺
τ− →❤−π0π0ντ ✾✳✺✷
τ− →❤−❤+❤−ντ ✾✳✽✵
τ− →❤−❤+❤−π0ντ ✹✳✼✻
❖t❤❡r ✸✳✷✸
Σ❤❛❞r♦♥✐❝ ✻✹✳✼✾

❚❛❜❧❡ ✷✳✸✳✿ ❇r❛♥❝❤✐♥❣ r❛t✐♦s ❢♦r ❧❡♣t♦♥✐❝ ❛♥❞ ❤❛❞r♦♥✐❝ τ ❞❡❝❛②s ❬✹❪ ✇✐t❤ ❤± ❞❡♥♦t✲
✐♥❣ ❛ ❝❤❛r❣❡❞ ♣✐♦♥ ♦r ❦❛♦♥ ❛♥❞ Σ ✐♥❞✐❝❛t✐♥❣ t❤❡ s✉♠ ♦❢ ❛❧❧ ❜r❛♥❝❤✐♥❣
r❛t✐♦s ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❝❛t❡❣♦r②✳

e
W

e

d

u

,

,

,

,

❋✐❣✉r❡ ✷✳✸✳✿ ❋❡②♥♠❛♥ ❞✐❛❣r❛♠ ♦❢ t❤❡ ♠♦st ❝♦♠♠♦♥ τ ❞❡❝❛②s ✈✐❛ ❡♠✐ss✐♦♥ ♦❢ ❛
❲✲❜♦s♦♥✳

✈❡r② s❤♦rt ❧✐❢❡t✐♠❡ ♦❢ 2.9 · 10−13 s t❤❡ τ ❧❡♣t♦♥ ❝❛♥ ♥♦t ❜❡ ❞❡t❡❝t❡❞ ❞✐r❡❝t❧② ✐♥
❤❛❞r♦♥ ❝♦❧❧✐❞❡rs ❜✉t ✐♥❞✐r❡❝t❧② ❜② t❤❡ ♣r♦❞✉❝ts ✐♥t♦ ✇❤✐❝❤ ✐t ❞❡❝❛②s✳

✷✳✹✳✶✳ τ ❉❡❝❛② ▼♦❞❡s

❚❤❡ ❤✐❣❤ ♠❛ss ♦❢ t❤❡ τ ♣❛rt✐❝❧❡ ❡♥❛❜❧❡s ✐t t♦ ❞❡❝❛② ❤❛❞r♦♥✐❝❛❧❧②✱ ✉♥❧✐❦❡ ❛♥② ♦t❤❡r
❧❡♣t♦♥✱ ✇✐t❤ ❛ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ❢♦r ❤❛❞r♦♥✐❝ ❞❡❝❛②s ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✻✹✳✼✾✪✳ ▲❡♣✲
t♦♥✐❝ ❞❡❝❛② ✐♥t♦ ντ +µ(e)+ ¯νµ(e) ✐s ♣♦ss✐❜❧❡ ✇✐t❤ ❛ ♣r♦❜❛❜✐❧✐t② ♦❢ ✶✼✳✹✶✪✭✶✼✳✽✸✪✮✳
❚♦ ❝♦♥s❡r✈❡ t❤❡ t❛✉♦♥✐❝ ❧❡♣t♦♥ ♥✉♠❜❡r ✐♥ t❤❡ ♦❝❝✉rr✐♥❣ ✇❡❛❦ ❞❡❝❛②s ❛ t❛✉ ♥❡✉tr✐♥♦
✐s ❝r❡❛t❡❞ ✐♥ ❡✈❡r② ❞✐✛❡r❡♥t ♠♦❞❡✳ ❇r❛♥❝❤✐♥❣ r❛t✐♦s ❢♦r ❞✐✛❡r❡♥t ❞❡❝❛② ♠♦❞❡s ❛r❡
s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷✳✹✱ ❛ ❢❡②♥♠❛♥ ❞✐❛❣r❛♠ s✉♠♠❛r✐③✐♥❣ t❤❡ ♠♦st ❝♦♠♠♦♥ τ ❞❡❝❛②s
✐s ✐♥❝❧✉❞❡❞ ✐♥ ❋✐❣✳ ✷✳✸✳
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✷✳✺✳ P❤②s✐❝s ❜❡②♦♥❞ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧

❉❡s♣✐t❡ t❤❡ ❢❛❝t t❤❛t t❤❡ ❙▼ ✐s ♦♥❡ ♦❢ t❤❡ ❜❡st ♣❡r❢♦r♠✐♥❣ ❛♥❞ ♠♦st s✉❝❝❡ss❢✉❧
t❤❡♦r✐❡s ✐♥ ♣❤②s✐❝s✱ t❤❡r❡ ❛r❡ s♦♠❡ ✐♥❤❡r❡♥t s❤♦rt❝♦♠✐♥❣s t❤❛t ♠♦t✐✈❛t❡ t❤❡ r❡✲
s❡❛r❝❤ ♦❢ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❛♥❞ t❤❡♦r✐❡s ❛❜♦✉t ♦✉r ✉♥✐✈❡rs❡✱ s♦✲❝❛❧❧❡❞ ❜❡②♦♥❞
t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧ ✭❇❙▼✮ t❤❡♦r✐❡s✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥ ✇✐❧❧ ♣r♦✈✐❞❡ ❛ s❡❧❡❝t✐♦♥
♦❢ t❤❡ ❙▼✬s ❧✐♠✐t❛t✐♦♥s ❛r✐s✐♥❣ ❢r♦♠ t❤❡ ✈❡r② ❢♦r♠✉❧❛t✐♦♥ ♦❢ t❤❡ t❤❡♦r② ❛s ✇❡❧❧ ❛s
❝✉rr❡♥t❧② st✐❧❧ ✉♥❡①♣❧❛✐♥❡❞ ♣❤❡♥♦♠❡♥❛ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✳

✷✳✺✳✶✳ ❯♥❡①♣❧❛✐♥❡❞ P❤❡♥♦♠❡♥❛ ❛♥❞ ❉✐s❝r❡♣❛♥❝✐❡s

●r❛✈✐t②

❚❤❡ ❙▼ ❞♦❡s ♥♦t ❡①♣❧❛✐♥ ❣r❛✈✐t② ❛♥❞ s♦ ❢❛r ❝♦✉❧❞ ♥♦t ❜❡ ✉♥✐✜❡❞ ✇✐t❤ t❤❡ ❡①✲
♣❡r✐♠❡♥t❛❧❧② ✈❛❧✐❞❛t❡❞ t❤❡♦r② ♦❢ ❣❡♥❡r❛❧ r❡❧❛t✐✈✐t②✳ ◗✉❛♥t✉♠ ✜❡❧❞ t❤❡♦r✐❡s ✇✐t❤ ❛
❤②♣♦t❤❡t✐❝❛❧ ❣r❛✈✐t♦♥ ❛s t❤❡ ♠❡❞✐❛t♦r ♦❢ t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❢♦r❝❡ ❛r❡ ♥♦t r❡♥♦r♠❛❧✲
✐③❛❜❧❡✳

❍✐❡r❛r❝❤② Pr♦❜❧❡♠

❚❤❡ ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ✐s s✉❜❥❡❝t t♦ ❝♦rr❡❝t✐♦♥s ❞✉❡ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✈✐rt✉❛❧
♣❛rt✐❝❧❡s✱ ♠♦st❧② ✈✐rt✉❛❧ t♦♣ q✉❛r❦s✱ ✇❤✐❝❤ ❛r❡ ♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ❍✐❣❣s ❜♦s♦♥
♠❛ss✱ r❡q✉✐r✐♥❣ ✈❡r② ♣r❡❝✐s❡ ✜♥❡✲t✉♥✐♥❣ ♦❢ t❤❡ ❜❛r❡ ❍✐❣❣s ❜♦s♦♥ ♠❛ss ✭s❡❡ ❙❡❝t✐♦♥
✷✳✺✳✸✮ t♦ ❡①♣❧❛✐♥ ❛ ♥♦♥③❡r♦ ❍✐❣❣s ❜♦s♦♥ ♠❛ss ❜❡❧♦✇ t❤❡ P❧❛♥❝❦ s❝❛❧❡✳

❉❛r❦ ▼❛tt❡r ❛♥❞ ❉❛r❦ ❊♥❡r❣②

❖♥❧② ❛❜♦✉t ✺✪ ♦❢ t❤❡ ❡♥❡r❣② ♣r❡s❡♥t ✐♥ t❤❡ ✉♥✐✈❡rs❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❙▼
❬✶✽❪✳ ❉❛r❦ ♠❛tt❡r ✐s s✉♣♣♦s❡❞ t♦ ♠❛❦❡ ✉♣ ✷✻✪ ♦❢ t❤❡ t♦t❛❧ ❡♥❡r❣② ❛♥❞ ❞❛r❦ ❡♥❡r❣②
❛❝❝♦✉♥ts ❢♦r ❛❜♦✉t ✻✾✪✳ ❚❤❡r❡ ✐s ♥♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡ ✐♥ t❤❡ ❙▼ ✜tt✐♥❣ ❛s ❛
❝❛♥❞✐❞❛t❡ ❢♦r t❤❡ ❝✉rr❡♥t ♠♦❞❡❧ ♦❢ ❝♦❧❞ ❞❛r❦ ♠❛tt❡r✳

◆❡✉tr✐♥♦ ▼❛ss

■♥ t❤❡ ❙▼ ❢♦r♠✉❧❛t✐♦♥ ♥❡✉tr✐♥♦s ✇❤✐❝❤ ♦♥❧② ❛♣♣❡❛r ✇✐t❤ ❧❡❢t✲❤❛♥❞❡❞ ❝❤✐r❛❧✐t② ❛r❡
❝♦♥s✐❞❡r❡❞ ♠❛ss❧❡ss✱ s✐♥❝❡ ♥♦ r❡♥♦r♠❛❧✐③❛❜❧❡ ♠❛ss t❡r♠ ❝❛♥ ❜❡ ❛❞❞❡❞ ✇✐t❤♦✉t
r✐❣❤t✲❤❛♥❞❡❞ ♣❛rt♥❡r ♣❛rt✐❝❧❡s✳ ❊①♣❡r✐♠❡♥ts ❤♦✇❡✈❡r s❤♦✇ ♦s❝✐❧❧❛t✐♦♥s ❜❡t✇❡❡♥
♥❡✉tr✐♥♦ t②♣❡s ✇❤✐❝❤ ❝❛♥ ♦♥❧② ❜❡ ❡①♣❧❛✐♥❡❞ ✐❢ t❤❡② ❛r❡ ♠❛ss✐✈❡ ❬✶✾❪✳ ❯♣♣❡r ❜♦✉♥❞s
♦❢ ♥❡✉tr✐♥♦ ♠❛ss❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✷✳✶✳

▼❛tt❡r✲❆♥t✐♠❛tt❡r ❆s②♠♠❡tr②

❚❤❡r❡ ✐s ♥♦ ❡①♣❧❛♥❛t✐♦♥ ✇✐t❤✐♥ t❤❡ ❙▼ ✇❤② ❛♥ ❛s②♠♠❡tr② ✐♥ ❢❛✈♦r ♦❢ ♠❛tt❡r ❡①✐sts✳

✶✷
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✷✳✺✳✷✳ ▼✐♥✐♠❛❧ ❙✉♣❡rs②♠♠❡tr✐❝ ❊①t❡♥s✐♦♥ ♦❢ t❤❡ ❙t❛♥❞❛r❞
▼♦❞❡❧ ✭▼❙❙▼✮

■♥tr♦❞✉❝❡❞ ✐♥ ✶✾✽✶ ❜② ❙✳ ❉✐♠♦♣♦✉❧♦s ❬✷✵❪✱ t❤❡ ▼❙❙▼ ✐s ❡①t❡♥❞✐♥❣ t❤❡ ❙▼ ❜②
❛❞❞✐♥❣ ❛ ♠✐♥✐♠❛❧ ♥✉♠❜❡r ♦❢ ♣❛rt✐❝❧❡s ❛♥❞ ✐♥t❡r❛❝t✐♦♥s t♦ r❡❛❧✐③❡ ❙✉♣❡rs②♠♠❡tr②
✇❤✐❧❡ ♣r❡s❡r✈✐♥❣ ❧♦❝❛❧ ❣❛✉❣❡ s②♠♠❡tr✐❡s✳
❊✈❡r② ❙▼ ✜❡❧❞ ❣❡ts ❛ss✐❣♥❡❞ ❛ s✉♣❡rs②♠♠❡tr✐❝ ♣❛rt♥❡r t❤❛t ❛ ♣r✐♦r✐ ♦♥❧② ❞✐✛❡rs

❜② ✐ts s♣✐♥ ✇❤✐❝❤ s❤♦✇s ❛ ❞✐✛❡r❡♥❝❡ ❜② ❛ ✉♥✐t ♦❢ 1
2
✳ ❍♦✇❡✈❡r✱ ✇✐t❤ ♦♥❧② ❛ s✐♥❣❧❡

❍✐❣❣s ❞♦✉❜❧❡t ❛ ❣❛✉❣❡ ❛♥♦♠❛❧② ✇♦✉❧❞ ♦❝❝✉r ❬✷✶❪✱ ❤❡♥❝❡ ❛ s❡❝♦♥❞ ❞♦✉❜❧❡t ✇✐t❤
❝♦rr❡s♣♦♥❞✐♥❣ s✉♣❡r♣❛rt♥❡rs ✐s ✐♥tr♦❞✉❝❡❞✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ s❡❝♦♥❞ ❍✐❣❣s ❞♦✉❜❧❡t
✐s r❡q✉✐r❡❞ ❢♦r ❣❡♥❡r❛t✐♥❣ t❤❡ ♠❛ss❡s ♦❢ ❛❧❧ ❢❡r♠✐♦♥s✳ ❚♦ ❞❡r✐✈❡ ❛ ♥❛♠✐♥❣ s❝❤❡♠❡
❢♦r t❤❡ ♥❡✇ ♣❛rt✐❝❧❡s t❤❡ ❢❡r♠✐♦♥✐❝ s✉♣❡r♣❛rt♥❡rs ♦❢ ❙▼ ❜♦s♦♥s ❛r❡ ♠❛r❦❡❞ ✇✐t❤
t❤❡ s✉✣① ✲✐♥♦ ✇❤✐❧❡ t❤❡ ❜♦s♦♥✐❝ s✉♣❡r♣❛rt♥❡rs ♦❢ ❙▼ ❢❡r♠✐♦♥s ❛r❡ ❞✐s❝❡r♥✐❜❧❡ ❜②
t❤❡ ♣r❡✜① s✲✳
❋♦r ❛♥ ❡①❛❝t s②♠♠❡tr② t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ s✉♣❡r♣❛rt♥❡rs ♦♥❧② ❞✐✛❡r✐♥❣ ❜② ❛ s♣✐♥

♦❢ 1
2
✇♦✉❧❞ ❜❡ ❝♦rr❡❝t✱ ❤♦✇❡✈❡r✱ t❤❡ ❢❛❝t t❤❛t ♥♦ ❙❯❙❨ ♣❛rt✐❝❧❡s ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ ✐♥

t❤❡ ♠❛ss r❡❣✐♦♥s ♦❢ t❤❡✐r ❙▼ ❝♦✉♥t❡r♣❛rts s❤♦✇s t❤❛t ✐❢ ❙❯❙❨ ❡①✐sts✱ ✐t ✐s ❛ ❜r♦❦❡♥
s②♠♠❡tr② ❛♥❞ t❤❡ ♠❛ss❡s ♦❢ s✉♣❡r♣❛rt♥❡rs ❡①❝❡❡❞ t❤❡ ♠❛ss❡s ♦❢ ❝♦rr❡s♣♦♥❞✐♥❣ ❙▼
♣❛rt✐❝❧❡s ❜② ❛ ❧❛r❣❡ ♠❛r❣✐♥✳
❚❤❡ ❝❤❛r❣❡s ♦❢ ❛❧❧ ✜❡❧❞s ❡①❝❡♣t ❢♦r t❤❡ ♥❡✇ ❍✐❣❣s ❞♦✉❜❧❡t ❛r❡ ❦♥♦✇♥ ❢r♦♠ t❤❡

❙▼ s♦ t❤❡ ❣❛✉❣❡ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ❛❧r❡❛❞② ❞❡t❡r♠✐♥❡❞✳ ❚❤✐s ♠❡❛♥s t❤❛t ✐♥ t❤❡
▼❙❙▼ t❤❡ s②♠♠❡tr② ❣r♦✉♣ ❙❯✭✷✮×❯✭✶✮ ♠✉st ❜❡ ❜r♦❦❡♥ t♦ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝
s②♠♠❡tr② ❯✭✶✮ ❛s ✇❡❧❧✳ ❆❣❛✐♥✱ ♥♦♥✲✈❛♥✐s❤✐♥❣ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡
❍✐❣❣s ✜❡❧❞s ❛r❡ t❤❡ r❡❛s♦♥✳ ❆s ✐♥ t❤❡ ❙▼✱ ♦♥❧② t❤r❡❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ♦❢ t❤❡
❍✐❣❣s ✜❡❧❞s ❛r❡ ❛❜s♦r❜❡❞ ❜② ❣❛✉❣❡ ❜♦s♦♥s✱ t❤✐s ❧❡❛❞s t♦ ♦✈❡r❛❧❧ ✜✈❡ ❍✐❣❣s ♣❛rt✐❝❧❡s
✐♥ t❤❡ ▼❙❙▼✿

❼ h0✱ ❛ s❝❛❧❛r ♣❛rt✐❝❧❡✳

❼ H0✱ ❛ s❝❛❧❛r ♣❛rt✐❝❧❡✱ ❤❡❛✈✐❡r t❤❛♥ h0✳

❼ A0✱ ❛ ❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r ♣❛rt✐❝❧❡✳

❼ H+, H−✱ ❛ ♣❛✐r ♦❢ ❝❤❛r❣❡❞ ❍✐❣❣s ❜♦s♦♥s✳

❚❤❡ ▼❙❙▼ ✐♥tr♦❞✉❝❡s ✶✵✺ ♥❡✇ ❢r❡❡ ♣❛r❛♠❡t❡rs ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ✶✽ ♣❛r❛♠❡✲
t❡rs ♦❢ t❤❡ ❙▼✳ ❋♦r ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♠♦❞❡❧s ✇✐t❤ ❢❡✇❡r ❢r❡❡
♣❛r❛♠❡t❡rs ❛r❡ ✉s❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ ✉s✐♥❣ t❤❡ ❛ss✉♠♣t✐♦♥s

❼ ♥♦ ♥❡✇ s♦✉r❝❡ ♦❢ ❈P✲✈✐♦❧❛t✐♦♥

❼ ♥♦ ✢❛✈♦r ❝❤❛♥❣✐♥❣ ♥❡✉tr❛❧ ❝✉rr❡♥ts

❼ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ✉♥✐✈❡rs❛❧✐t②

✶✸
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◆❛♠❡ ●❛✉❣❡ ❡✐❣❡♥st❛t❡ ❙♣✐♥
❙❧❡♣t♦♥s ν̃L

e , ẽ
L, ẽR ✵

ν̃L
µ , µ̃

L, µ̃R ✵
ν̃L
τ , τ̃

L, τ̃R ✵
❙q✉❛r❦s ũL, ũR, d̃L, d̃R ✵

c̃L, c̃R, s̃L, s̃R ✵
t̃L, t̃R, b̃L, b̃R ✵

◆❡✉tr❛❧✐♥♦s B̃0, W̃ 0, H̃0
u, H̃

0
d

1
2

❈❤❛r❣✐♥♦s W̃±, H̃+
u , H̃

−
d

1
2

●❧✉✐♥♦ g̃ 1
2

❚❛❜❧❡ ✷✳✹✳✿ ❙✉♣❡rs②♠♠❡tr✐❝ ♣❛rt♥❡rs ♦❢ ❙▼ ✜❡❧❞s✳

t❤❡ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ▼❙❙▼ r❡❞✉❝❡s t❤❡ ♥✉♠❜❡r ♦❢ ❛❞❞✐t✐♦♥❛❧ ❢r❡❡ ♣❛r❛♠❡t❡rs t♦
✶✾ ❬✷✷❪✳

✷✳✺✳✸✳ ❚❤❡♦r❡t✐❝❛❧ ▼♦t✐✈❛t✐♦♥s ♦❢ t❤❡ ▼❙❙▼

◆❛t✉r❛❧♥❡ss ■♥ t❤❡ ❙▼ ✇✐t❤ ❛ P♦t❡♥t✐❛❧

V = −µ2φ†φ+ λ(φ†φ)2 ✭✷✳✷✵✮

t❤❡ ❍✐❣❣s ♠❛ss ✐s ❣✐✈❡♥ ❜② t❤❡ ❡①♣r❡ss✐♦♥

m2
h = 2µ2 + δm2

h. ✭✷✳✷✶✮

❚❤❡ t❡r♠ δm2
h ✐s t❤❡ r❛❞✐❛t✐✈❡ ❝♦rr❡❝t✐♦♥ ❛♥❞ ✐s ❞✐✈❡r❣❡♥t ♦❢ t❤❡ ♦r❞❡r Λ2 ✇✐t❤ Λ

❜❡✐♥❣ t❤❡ ❡♥❡r❣② ❝✉t✲♦✛ t♦ t❤❡ ❞✐✈❡r❣❡♥t ❧♦♦♣ ✐♥t❡❣r❛❧s✳ ❖♥❡ ❝♦✉❧❞ ♣r❡s✉♠❡ t❤❡
♥❛t✉r❛❧ ♠❛ss ♦❢ t❤❡ ❍✐❣❣s t♦ ❜❡ ✐♥ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❛s ✐ts ❝♦rr❡❝t✐♦♥✱
❤♦✇❡✈❡r ✇✐t❤ ❛♥ ❡①♣❡r✐♠❡♥t❛❧❧② ❢♦✉♥❞ ♠❛ss ♦❢ ✶✷✺ ●❡❱ ✐t ✐s s♠❛❧❧❡r t❤❛♥ t❤❡
P❧❛♥❝❦✲❙❝❛❧❡ Λ ❜② ❛ ❢❛❝t♦r 10−16✳ ■♥ ✉♥❜r♦❦❡♥ s✉♣❡rs②♠♠❡tr✐❝ ♠♦❞❡❧s ❛ s❡❝♦♥❞
❝♦rr❡❝t✐♦♥ t❡r♠ ✇✐t❤ ♦♣♣♦s✐t❡ s✐❣♥ ❝❛♥❝❡❧s ♦✉t t❤❡ t❡r♠ ✐♥ q✉❡st✐♦♥✱ ❜r♦❦❡♥ s✉✲
♣❡rs②♠♠❡tr②✱ ❤♦✇❡✈❡r✱ ❛❣❛✐♥ ❣✐✈❡s r♦♦♠ ❢♦r ❛ q✉❛❞r❛t✐❝ ❞✐✈❡r❣❡♥❝❡✳ ❙♦❧✈✐♥❣ t❤❡
♥❛t✉r❛❧♥❡ss ♣r♦❜❧❡♠ r❡❣❛r❞✐♥❣ t❤❡ q✉❛❞r❛t✐❝❛❧❧② ❞✐✈❡r❣❡♥t ❝♦rr❡❝t✐♦♥s ♦❢ t❤❡ ❍✐❣❣s
♠❛ss ✇❛s ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ r❡❛s♦♥s ❢♦r t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡ ▼❙❙▼✳

❉❛r❦ ▼❛tt❡r ❛♥❞ Pr♦t♦♥ ❙t❛❜✐❧✐t② ❇❛r②♦♥ ❛♥❞ ❧❡♣t♦♥ ♥✉♠❜❡r ❝♦♥s❡r✈❛t✐♦♥✱ ❛
❝♦♥❝❡♣t t❤❛t ❤❛s ❜❡❡♥ t❡st❡❞ ✈❡r② r✐❣♦r♦✉s❧②✱ ✐s ♥♦ ❧♦♥❣❡r ✐♥❤❡r❡♥t t♦ t❤❡ ▼❙❙▼
❞✉❡ t♦ s❡✈❡r❛❧✱ ♥♦t ❛ ♣r✐♦r✐ ✈❛♥✐s❤✐♥❣✱ r❡♥♦r♠❛❧✐③❛❜❧❡ ❝♦✉♣❧✐♥❣s ✐♥ t❤❡ t❤❡♦r②✳
❍♦✇❡✈❡r✱ ✈✐♦❧❛t✐♦♥ ♦❢ t❤✐s ♣r✐♥❝✐♣❧❡ ✇♦✉❧❞ ❧❡❛❞ t♦ ✈❡r② s❤♦rt ♣r♦t♦♥ ❧✐❢❡ t✐♠❡s✱
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✇❤✐❧❡ t❤❡ ♣r♦t♦♥ ❧✐❢❡t✐♠❡ ✐s ❝♦♥str❛✐♥❡❞ t♦ ❜❡ ❛t ❧❡❛st ♦❢ t❤❡ ♦r❞❡r ♦❢ 1033 − 1034

②❡❛rs✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡❝❛② ❝❤❛♥♥❡❧ ❬✷✸❪✳ ❚❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❘✲♣❛r✐t②✱ ❛ Z2

s②♠♠❡tr② ✐♥ t❤❡ ▼❙❙▼ ❝♦♥s❡r✈❡s ❜❛r②♦♥ ❛♥❞ ❧❡♣t♦♥ ♥✉♠❜❡rs✱ ❛s ✐♥ t❤❡ ❙▼✳
❘✲♣❛r✐t② ✐s ❞❡✜♥❡❞ ❛s

PR = (−1)3B+L+2s, ✭✷✳✷✷✮

✇✐t❤ t❤❡ ❜❛r②♦♥ ♥✉♠❜❡r B✱ t❤❡ ❧❡♣t♦♥ ♥✉♠❜❡r L ❛♥❞ t❤❡ s♣✐♥ s✳ ❚❤❡ ❘✲♣❛r✐t②
♦❢ ❙▼ ♣❛rt✐❝❧❡s ✐s +1✱ s✉♣❡rs②♠♠❡tr✐❝ ♣❛rt✐❝❧❡s ❤❛✈❡ ❛♥ ❘✲♣❛r✐t② ♦❢ −1✳ ❲✐t❤
♣r❡s❡r✈❛t✐♦♥ ♦❢ ❘✲♣❛r✐t② t❤❡ ❧✐❣❤t❡st s✉♣❡rs②♠♠❡tr✐❝ ♣❛rt✐❝❧❡ ❤❛s t♦ ❜❡ st❛❜❧❡✳ ❆s
❛ ✇❡❛❦❧② ✐♥t❡r❛❝t✐♥❣ ♠❛ss✐✈❡ ♣❛rt✐❝❧❡ ✭❲■▼P✮✱ ✐t ✇♦✉❧❞ ♠❛❦❡ ❛ ❣♦♦❞ ❞❛r❦ ♠❛tt❡r
❝❛♥❞✐❞❛t❡✳ ■♥ ♠♦st s✉♣❡rs②♠♠❡tr✐❝ ♠♦❞❡❧s t❤❡ ♥❡✉tr❛❧✐♥♦ ✐s ❛ ❝❛♥❞✐❞❛t❡ ❢♦r t❤❡
❧✐❣❤t❡st s✉♣❡rs②♠♠❡tr✐❝ ♣❛rt✐❝❧❡✱ ❜✉t ❛ s✉✣❝✐❡♥t❧② ❧✐❣❤t ❣r❛✈✐t✐♥♦✱ t❤❡ s✉♣❡r♣❛rt♥❡r
♦❢ t❤❡ ❤②♣♦t❤❡t✐❝❛❧ ❣r❛✈✐t♦♥✱ ❝♦✉❧❞ ❜❡ ❛ ❣♦♦❞ ❝❛♥❞✐❞❛t❡ ❛s ✇❡❧❧✳
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✸✳ ❚❤❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r

❚❤❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ♣r♦❥❡❝t ✭▲❍❈✮ ✇❛s ❛♣♣r♦✈❡❞ ❜② t❤❡ ❈❊❘◆ ❈♦✉♥❝✐❧ ✐♥
✶✾✾✹✱ ✜rst ❝♦❧❧✐s✐♦♥s ✇❡r❡ ❛❝❤✐❡✈❡❞ ✐♥ ✷✵✶✵✳ ■t ✐s ❜✉✐❧t ❛t t❤❡ ❊✉r♦♣❡❛♥ ❖r❣❛♥✐③❛t✐♦♥
❢♦r ◆✉❝❧❡❛r ❘❡s❡❛r❝❤ ✭❈❊❘◆✮ ♥❡❛r ●❡♥❡✈❛✱ ❙✇✐t③❡r❧❛♥❞ ❛♥❞ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢
✷✼ ❦♠ ❛♥❞ ❝♦❧❧✐s✐♦♥ ❡♥❡r❣✐❡s ♦❢ ✶✸ ❚❡❱ ✐t ✐s t❤❡ ✇♦r❧❞✬s ❧❛r❣❡st ❛♥❞ ♠♦st ♣♦✇❡r❢✉❧
♣❛rt✐❝❧❡ ❛❝❝❡❧❡r❛t♦r✳ ❚♦ ❣❡t t❤❡ ♣r♦t♦♥s ✉♣ t♦ ❤✐❣❤ ✈❡❧♦❝✐t✐❡s✱ ❛ s❡r✐❡s ♦❢ ❞✐✛❡r❡♥t
❛❝❝❡❧❡r❛t♦rs ✐s ✉s❡❞ ✐♥ ❝♦♠❜✐♥❛t✐♦♥✳ ❆t ✜rst t❤❡ s♦✉r❝❡ ❤②❞r♦❣❡♥ ❛t♦♠s ❛r❡ str✐♣♣❡❞
♦❢ t❤❡✐r ❡❧❡❝tr♦♥s t♦ ②✐❡❧❞ ♣r♦t♦♥s t❤❛t ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ✐♥ t❤❡ ❧✐♥❡❛r ❛❝❝❡❧❡r❛t♦r
▲✐♥❛❝✲✷ t♦ ❛♥ ❡♥❡r❣② ♦❢ ✺✵ ▼❡❱✳ ❚❤❡ r❡s✉❧t✐♥❣ ❜❡❛♠ ✐s t❤❡♥ s♣❡❞ ✉♣ ❢✉rt❤❡r ❜②
t❤❡ Pr♦t♦♥ ❙②♥❝❤r♦tr♦♥ ❇♦♦st❡r t♦ ✶✳✹ ●❡❱✳ ❚❤❡ Pr♦t♦♥ ❙②♥❝❤r♦tr♦♥✱ ✇❤✐❝❤ ❤❛s
❜❡❡♥ ♦♣❡r❛t✐✈❡ s✐♥❝❡ ✶✾✺✾✱ ❧♦♥❣ ❜❡❢♦r❡ t❤❡ ❝♦♠♠✐ss✐♦♥ ♦❢ t❤❡ ▲❍❈✱ ❛♥❞ ✇❛s ♦♥❝❡
t❤❡ ♠♦st ♣♦✇❡r❢✉❧ ♣❛rt✐❝❧❡ ❛❝❝❡❧❡r❛t♦r ✇♦r❧❞✇✐❞❡✱ ♣✉s❤❡s t❤❡ ♣r♦t♦♥ ❜❡❛♠ t♦ ❛♥
❡♥❡r❣② ♦❢ ✷✺ ●❡❱ ❜❡❢♦r❡ t❤❡ ❜❡❛♠ ✐s s❡♥t t♦ t❤❡ ❙✉♣❡r Pr♦t♦♥ ❙②♥❝❤r♦tr♦♥ ❛♥❞
❛❝❝❡❧❡r❛t❡❞ t♦ ✹✺✵ ●❡❱✳ ❆❢t❡r t❤❛t t❤❡ ♣r♦t♦♥s ❛r❡ ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ t✇♦ ▲❍❈ ❜❡❛♠
♣✐♣❡s ✭♦♥❡ r✉♥♥✐♥❣ ❝❧♦❝❦✇✐s❡ ❛♥❞ ♦♥❡ ❝♦✉♥t❡r✲❝❧♦❝❦✇✐s❡✮ ✐♥ ✇❤✐❝❤ t❤❡② r❡❛❝❤ t❤❡✐r
♠❛①✐♠✉♠ ❡♥❡r❣② ♦❢ ✻✳✺ ❚❡❱ ❛❢t❡r ✷✵ ♠✐♥✉t❡s✳ ❚❤❡ t✇♦ ♣r♦t♦♥ ❜❡❛♠s ❛r❡ ❝♦❧❧✐❞✐♥❣
✇✐t❤ ❛ ❝❡♥t❡r ♦❢ ♠❛ss ❡♥❡r❣② ♦❢ ✶✸ ❚❡❱ ❛t ❢♦✉r ❞✐✛❡r❡♥t ❝♦❧❧✐s✐♦♥ ♣♦✐♥ts✱ ❛r♦✉♥❞
✇❤✐❝❤ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡✈❡♥ ❡①♣❡r✐♠❡♥ts ❛r❡ ♣♦s✐t✐♦♥❡❞✿

❼ ❆▲■❈❊ ✭❆ ▲❛r❣❡ ■♦♥ ❈♦❧❧✐❞❡r ❊①♣❡r✐♠❡♥t✮

❼ ❆❚▲❆❙ ✭❆ ❚♦r♦✐❞❛❧ ▲❍❈ ❆♣♣❛r❛t✉❙✮

❼ ❈▼❙ ✭❈♦♠♣❛❝t ▼✉♦♥ ❙♦❧❡♥♦✐❞✮

❼ ▲❍❈❜ ✭▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ❜❡❛✉t②✮

❼ ▲❍❈❢ ✭▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ❢♦r✇❛r❞✮

❼ ❚❖❚❊▼ ✭❚❖❚❛❧ ❊❧❛st✐❝ ❛♥❞ ❞✐✛r❛❝t✐✈❡ ❝r♦ss s❡❝t✐♦♥ ▼❡❛s✉r❡♠❡♥t✮

❼ ▼♦❊❉❆▲ ✭▼♦♥♦♣♦❧❡ ❛♥❞ ❊①♦t✐❝s ❉❡t❡❝t♦r ❆t t❤❡ ▲❍❈✮

■♥ ✷✵✶✷ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❣♦❛❧s ♦❢ t❤❡ ▲❍❈ ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞ ❜② t❤❡ ✐♥❞❡♣❡♥❞❡♥t
❞✐s❝♦✈❡r② ❜② t❤❡ ❈▼❙ ❛♥❞ ❆❚▲❆❙ ❡①♣❡r✐♠❡♥ts ♦❢ ❛ ❍✐❣❣s ❜♦s♦♥ ✇✐t❤ ❛ ♠❛ss ♦❢
✶✷✺ ●❡❱ ❬✸❪❬✷❪✳ ❆ ♠❛♣ ♦❢ t❤❡ ▲❍❈ ✇✐t❤ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❢♦✉r ❜✐❣❣❡st ❡①♣❡r✐♠❡♥ts
✭❆❚▲❆❙✱ ❈▼❙✱ ❆▲■❈❊✱ ▲❍❈❜✮ ❛t t❤❡ ❢♦✉r ❝♦❧❧✐s✐♦♥ ♣♦✐♥ts ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✶✳
❚❤❡ ❚❖❚❊▼✱ ▲❍❈❢ ❛♥❞ ▼♦❊❉❆▲ ❡①♣❡r✐♠❡♥ts ❛r❡ ❜✉✐❧t ♥❡❛r t❤❡ ❈▼❙✱ ❆❚▲❆❙
❛♥❞ ▲❍❈❜ ❝♦❧❧✐s✐♦♥ ♣♦✐♥ts✱ r❡s♣❡❝t✐✈❡❧②✳
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❋✐❣✉r❡ ✸✳✶✳✿ ▲❛②♦✉t ♦❢ t❤❡ ▲❍❈ ❛❝❝❡❧❡r❛t♦r ❝♦♠♣❧❡① ❬✷✹❪

✸✳✶✳ ❚❤❡ ❈▼❙ ❊①♣❡r✐♠❡♥t

❚❤❡ ❈♦♠♣❛❝t ▼✉♦♥ ❙♦❧❡♥♦✐❞ ✭❈▼❙✮ ❡①♣❡r✐♠❡♥t ✐s ♦♥❡ ♦❢ t❤❡ ❢♦✉r ❜✐❣ ❞❡t❡❝t♦rs
❧♦❝❛t❡❞ ✶✵✵ ♠ ❜❡❧♦✇ t❤❡ ❣r♦✉♥❞ ❛t t❤❡ ▲❍❈ ❛t ❈❊❘◆✳ ❚❤❡ ♠✉❧t✐✲♣✉r♣♦s❡ ❞❡t❡❝t♦r
✐s ❝♦❧❧❡❝t✐♥❣ ❞❛t❛ ❢r♦♠ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s s✐♥❝❡ ✷✵✶✵ ❛♥❞ ✇❛s ❛❜❧❡ t♦ ❝♦♥✜r♠
t❤❡ ❡①✐st❡♥❝❡ ♦❢ t❤❡ ❙▼ ❍✐❣❣s ❜♦s♦♥ ✐♥ ✷✵✶✷ ❬✸❪✳ ❚❤❡ ❡♣♦♥②♠♦✉s s✉♣❡r❝♦♥❞✉❝t✐♥❣
s♦❧❡♥♦✐❞ ❣❡♥❡r❛t❡s ❛ ❤✐❣❤ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢ ✹ ❚❡s❧❛ t♦ ❜❡♥❞ t❤❡ tr❛❝❦ ♦❢ ❝❤❛r❣❡❞
♣❛rt✐❝❧❡s ❢♦r ♣r❡❝✐s❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡✐r ♠♦♠❡♥t✉♠✳ ❚♦ ❞❡s❝r✐❜❡ t❤❡ ♣❛t❤s ♦❢
♣❛rt✐❝❧❡s r❡s✉❧t✐♥❣ ❢r♦♠ ♣♣✲❝♦❧❧✐s✐♦♥s✱ ❛ s♣❡❝✐❛❧ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ✇✐t❤ ✐ts ♦r✐❣✐♥
✐♥ t❤❡ ❞❡s✐❣♥❛t❡❞ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t ✐s ❞❡✜♥❡❞✳ ❚❤❡ ①✲❛①✐s ✐s ❞❡✜♥❡❞ ❛s ♣♦✐♥t✐♥❣
r❛❞✐❛❧❧② t♦ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▲❍❈✱ t❤❡ ②✲❛①✐s ♣♦✐♥ts ✈❡rt✐❝❛❧❧② ✉♣✇❛r❞s t♦ t❤❡ s✉r✲
❢❛❝❡✱ t❤❡ ③✲❛①✐s ✐s ♣♦✐♥t✐♥❣ ✐♥ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥ s♦ t❤❛t ❛ r✐❣❤t ❤❛♥❞❡❞ ❝♦♦r❞✐♥❛t❡
s②st❡♠ ✐s ❢♦r♠❡❞✳ ❙t❛rt✐♥❣ ❢r♦♠ t❤✐s ❈❛rt❡s✐❛♥ s②st❡♠ ✉s✉❛❧❧② ❛ s♣❤❡r✐❝❛❧ s②st❡♠
✐s ✉s❡❞ t❤❛t ✐s ❞❡✜♥❡❞ ❛s ❢♦❧❧♦✇s✳ ❚❤❡ ❛③✐♠✉t❤ ❛♥❣❧❡ φ ✐s ♠❡❛s✉r❡❞ ✐♥ t❤❡ ①✲②✲♣❧❛♥❡
st❛rt✐♥❣ ❢r♦♠ t❤❡ ①✲❛①✐s ✇✐t❤ t❤❡ r❛❞✐✉s r ✐♥❞✐❝❛t✐♥❣ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ♦r✐❣✐♥
✇❤✐❧❡ t❤❡ ♣♦❧❛r ❛♥❣❧❡ θ ✐s ♠❡❛s✉r❡❞ ✐♥ t❤❡ r✲③✲♣❧❛♥❡ st❛rt✐♥❣ ❢r♦♠ t❤❡ ③✲❛①✐s✳ ❚❤❡
♣s❡✉❞♦r❛♣✐❞✐t② η ✐s ✉s❡❞ ✐♥st❡❛❞ ♦❢ t❤❡ ♣♦❧❛r ❛♥❣❧❡ s✐♥❝❡ t❤❡ r❡s✉❧t✐♥❣ ♣❛rt✐❝❧❡ ✢✉①
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ η ✐s ❝❤❛r❛❝t❡r✐st✐❝❛❧❧② ♥❡❛r❧② ❝♦♥st❛♥t✱

η = −❧♥

[

t❛♥

(

θ

2

)]

. ✭✸✳✶✮
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✸✳✶✳✶✳ ❙✉♣❡r❝♦♥❞✉❝t✐♥❣ ❙♦❧❡♥♦✐❞

❚❤❡ ❝❡♥tr❛❧ ❞❡✈✐❝❡ ❛r♦✉♥❞ ✇❤✐❝❤ t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t ✐s ❜✉✐❧t ✐s t❤❡ s✉♣❡r❝♦♥❞✉❝t✲
✐♥❣ s♦❧❡♥♦✐❞✱ ❞❡s✐❣♥❡❞ t♦ r❡❛❝❤ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢ ✹ ❚❡s❧❛ ✐♥ ❛ ❢r❡❡ ❜♦r❡ ✇✐t❤ ❛
❞✐❛♠❡t❡r ♦❢ ✻ ♠❡t❡rs ❛♥❞ ❛ ❧❡♥❣t❤ ♦❢ ✶✷✳✺ ♠❡t❡rs✳ ❲✐t❤ ❛ ♥♦♠✐♥❛❧ ❝✉rr❡♥t ♦❢ ✶✾✳✶✹
❦❆ ❛♥❞ ❛♥ ✐♥❞✉❝t❛♥❝❡ ♦❢ ✶✹✳✷ ❍ ❛♥ ❡♥❡r❣② ♦❢ ✷✳✻ ●❏ ✐s st♦r❡❞ ✐♥ t❤❡ ♠❛❣♥❡t✐❝
✜❡❧❞✳ ❚❤❡ s②st❡♠ ✐s ❝♦♦❧❡❞ t♦ ❛ t❛r❣❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✹✳✺ ❑ ✈✐❛ ❛ ❤❡❧✐✉♠ r❡❢r✐❣✲
❡r❛t✐♦♥ ♣❧❛♥t✳ ❚❤❡ s♦❧❡♥♦✐❞✬s ✇✐♥❞✐♥❣✱ ✇❤✐❝❤ ✐s ♠❛❞❡ ❢r♦♠ ❛ st❛❜✐❧✐③❡❞ r❡✐♥❢♦r❝❡❞
◆❜❚✐ ❝♦♥❞✉❝t♦r✱ ✐s ❝♦♠♣♦s❡❞ ♦❢ ✹ ❧❛②❡rs✱ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ♥✉♠❜❡r ♦❢ ❛♠♣❡r❡✲t✉r♥s
r❡q✉✐r❡❞ t♦ ❣❡♥❡r❛t❡ t❤❡ ❞❡s✐r❡❞ ✜❡❧❞ str❡♥❣t❤✳

✸✳✶✳✷✳ ■♥♥❡r ❚r❛❝❦❡r

❚❤❡ ✐♥♥❡r♠♦st tr❛❝❦✐♥❣ s②st❡♠ ♦❢ ❈▼❙ s✉rr♦✉♥❞s t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t ♦❢ t❤❡
♣❛rt✐❝❧❡ ❜❡❛♠ ❛♥❞ ❤❛s ❛ ❧❡♥❣t❤ ♦❢ ✺✳✽ ♠ ❛♥❞ ❛ ❞✐❛♠❡t❡r ♦❢ ✷✳✺ ♠✳ ■♥ ✐ts ✇❤♦❧❡
✈♦❧✉♠❡ ❛ ❤♦♠♦❣❡♥♦✉s ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ s✉♣❡r❝♦♥❞✉❝t✐♥❣ s♦❧❡♥♦✐❞✳
❚❤❡ ♣✐①❡❧ ❛♥❞ s✐❧✐❝♦♥ str✐♣ ❞❡t❡❝t♦rs ♦❢ t❤❡ tr❛❝❦❡r ❛r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r ♠❡❛s✉r✐♥❣
t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s r❡s✉❧t✐♥❣ ❢r♦♠ ♣r✐♠❛r② ❝♦❧❧✐s✐♦♥s✱ ❛s ✇❡❧❧ ❛s
r❡❝♦♥str✉❝t✐♥❣ s❡❝♦♥❞❛r② ✈❡rt✐❝❡s✳ ❆t ❛ ❧✉♠✐♥♦s✐t② ♦❢ 2 · 1034 ❝♠−2s−1✱ t✇✐❝❡ t❤❡
♦r✐❣✐♥❛❧ ❞❡s✐❣♥ ❧✉♠✐♥♦s✐t②✱ ❜✉♥❝❤ ❝r♦ss✐♥❣s ❤❛♣♣❡♥ ❡✈❡r② ✷✺ ♥❛♥♦s❡❝♦♥❞s ✇✐t❤ ✉♣
t♦ ✻✵ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ♣❡r ❜✉♥❝❤ ❝r♦ss✐♥❣✳ ❊❛❝❤ ❝♦❧❧✐s✐♦♥ ♣r♦❞✉❝❡s ✉♣ t♦
✶✵✵✵ ♣❛rt✐❝❧❡s ❝r♦ss✐♥❣ t❤r♦✉❣❤ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡ ❞❡t❡❝t♦r ❞❡s✐❣♥ ✐s ♦♣t✐♠✐③❡❞
t♦ ♣r♦✈✐❞❡ ❤✐❣❤ ❣r❛♥✉❧❛r✐t② ❛♥❞ ❢❛st r❡s♣♦♥s❡ ✇❤✐❧❡ ♠✐♥✐♠✐③✐♥❣ t❤❡ ❛♠♦✉♥t ♦❢
♠❛t❡r✐❛❧ ✉s❡❞✱ ✐♥ ♦r❞❡r t♦ ❧✐♠✐t ✉♥✇❛♥t❡❞ ♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣✳ ❚❤❡ ✈❛st ♥✉♠❜❡r ♦❢
♣❛rt✐❝❧❡s tr❛✈❡rs✐♥❣ t❤❡ tr❛❝❦❡r s②st❡♠ ❞❡♣❧♦② ✈❡r② ❤✐❣❤ ❡♥❡r❣✐❡s ✐♥ ✐ts ❝♦♠♣♦♥❡♥ts✱
s♦ ❛♥♦t❤❡r ❜✐❣ ❝❤❛❧❧❡♥❣❡ ✇❛s t♦ ❞❡✈❡❧♦♣ ❞❡t❡❝t♦r ❝♦♠♣♦♥❡♥ts ❛❜❧❡ t♦ ❢✉♥❝t✐♦♥ ✉♥❞❡r
t❤❛t ❝♦♥st❛♥t str❡ss ❢♦r ✐ts ❞❡s✐❣♥❡❞ ❧✐❢❡t✐♠❡ ♦❢ ✶✵ ②❡❛rs✳

✸✳✶✳✸✳ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❈❛❧♦r✐♠❡t❡r

❆r♦✉♥❞ t❤❡ ✐♥♥❡r tr❛❝❦✐♥❣ s②st❡♠ ❧✐❡s t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ✭❊❈❆▲✮✳
❚❤❡ ❝❛♣❛❜✐❧✐t② ♦❢ t❤❡ ❛✈❛❧❛♥❝❤❡ ♣❤♦t♦❞✐♦❞❡s ✐♥ t❤❡ ❜❛rr❡❧ ❛♥❞ t❤❡ ✈❛❝✉✉♠ ♣❤♦✲
t♦tr✐♦❞❡s ✐♥ t❤❡ ❡♥❞❝❛♣s t♦ ❞❡t❡❝t t❤❡ ❞❡❝❛② ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ✐♥t♦ t✇♦ ♣❤♦t♦♥s
✐s ❡♥❤❛♥❝❡❞ ❜② t❤❡ ❤✐❣❤ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❝r②st❛❧ ❝❛❧♦r✐♠❡t❡r✳
■ts ❝❡♥tr❛❧ ❜❛rr❡❧ ♣❛rt ❝♦♥s✐sts ♦❢ ✻✶✷✵✵ ❧❡❛❞ t✉♥❣st❛t❡ ❝r②st❛❧s ✭P❜❲❖4✮✳ ❇♦t❤ ♦❢
t❤❡ ❡♥❞❝❛♣s ❝♦♥t❛✐♥ ✼✸✷✹ ❝r②st❛❧s✳ ❚❤❡ ♣r❡s❤♦✇❡r ❞❡t❡❝t♦r ✐♥ ❢r♦♥t ♦❢ t❤❡ ❡♥❞❝❛♣s
✐s ♣r✐♠❛r✐❧② ❞❡s✐❣♥❡❞ t♦ ✐❞❡♥t✐❢② ♥❡✉tr❛❧ ♣✐♦♥s✳ ❚❤❡ ❧❛②♦✉t ♦❢ t❤❡ ❊❈❆▲ ✐s s❤♦✇♥
✐♥ ❋✐❣✳ ✸✳✷✳
❆t ❡♥❡r❣✐❡s ❛❜♦✈❡ ✺✵✵ ●❡❱ s❤♦✇❡r ❧❡❛❦❛❣❡ ❢r♦♠ t❤❡ r❡❛r ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r

st❛rts t♦ ♣❧❛② ❛ s✐❣♥✐✜❝❛♥t r♦❧❡✳ ❇❡❧♦✇ t❤♦s❡ ❡♥❡r❣✐❡s t❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ❝❛♥ ❜❡
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. ❋✐❣✉r❡ ✸✳✷✳✿ ❊❈❆▲ ❧❛②♦✉t ♦❢ ❝r②st❛❧ ♠♦❞✉❧❡s✱ s✉♣❡r♠♦❞✉❧❡s ❛♥❞ ❡♥❞❝❛♣s ❬✷✺❪✳

♣❛r❛♠❡tr✐③❡❞ ❛s
( σ

E

)2

=

(

S√
E

)2

+

(

N

E

)2

+ C2 ✭✸✳✷✮

✇❤❡r❡ ❙ st❛♥❞s ❢♦r st♦❝❤❛st✐❝ ❝♦♥tr✐❜✉t✐♦♥s✱ ◆ ✐s t❤❡ ♥♦✐s❡ t❡r♠ ❛♥❞ ❈ ❛ ❝♦♥st❛♥t
t❡r♠✳ ▼❡❛s✉r❡♠❡♥ts ❞✉r✐♥❣ ❜❡❛♠ t❡sts s❤♦✇❡❞ t②♣✐❝❛❧ ✈❛❧✉❡s ♦❢ ❙❂✷✳✽✪ ●❡❱

1

2 ✱
◆❂✵✳✶✷ ●❡❱ ❛♥❞ ❈❂✵✳✸✵✪ ❬✷✺❪✱ t❤❡ r❡s✉❧t✐♥❣ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳
✸✳✸✳

✸✳✶✳✹✳ ❍❛❞r♦♥ ❈❛❧♦r✐♠❡t❡r

❚❤❡ ❍❛❞r♦♥ ❈❛❧♦r✐♠❡t❡r ✭❍❈❆▲✮ ♣r✐♠❛r✐❧② ♠❡❛s✉r❡s t❤❡ ❡♥❡r❣② ♦❢ ❤❛❞r♦♥s✱ ❜✉t
✐t ✐s ❛❧s♦ ✐♠♣♦rt❛♥t ❢♦r ✐♥❞✐r❡❝t❧② ♠❡❛s✉r✐♥❣ ♥♦♥✲✐♥t❡r❛❝t✐♥❣ ♣❛rt✐❝❧❡s s✉❝❤ ❛s ♥❡✉✲
tr✐♥♦s ❜② r❡❝♦♥str✉❝t✐♥❣ t❤❡ ♠✐ss✐♥❣ ❡♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠ ♦❢ ❛ ♣r♦t♦♥✲♣r♦t♦♥
❝♦❧❧✐s✐♦♥✳ ❚❤❡ ❍❈❆▲ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r s✉❜s②st❡♠s✳ ❚❤❡ ❤❛❞r♦♥ ❜❛rr❡❧ ✭❍❇✮✱
❝♦♥s✐st✐♥❣ ♦❢ t✇♦ ❤❛❧❢✲❜❛rr❡❧ s❡❝t✐♦♥s✱ ✐s ❞❡t❡❝t✐♥❣ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ♣s❡✉❞♦r❛♣✐❞✐t②
r❛♥❣❡ ♦❢ | η |< 1.3✳ ■t ✐s ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ❊❈❆▲ ❛♥❞ t❤❡ s♦❧❡♥♦✐❞ ✇❤✐❝❤ r❡♣r❡✲
s❡♥t t❤❡ r❛❞✐❛❧ ❜♦✉♥❞❛r✐❡s ♦❢ ✶✳✼✼ ♠ ❁ ❘ ❁ ✷✳✾✺ ♠✳ ❚♦ ♣r♦✈✐❞❡ ❛❞❞✐t✐♦♥❛❧ ♠❛t❡r✐❛❧
t❤❛t ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛❜s♦r❜ t❤❡ ❤❛❞r♦♥✐❝ s❤♦✇❡r ❛♥ ♦✉t❡r ❤❛❞r♦♥ ❝❛❧♦r✐♠❡t❡r ✭❍❖✮
✐s ♣❧❛❝❡❞ ♦✉ts✐❞❡ t❤❡ s♦❧❡♥♦✐❞✳ ❚❤❡ ❍❇ ✐s ❝❧♦s❡❞ ♦✛ ❜② t❤❡ ❤❛❞r♦♥✐❝ ❡♥❞❝❛♣s ✭❍❊✮
✇❤✐❝❤ ❡①t❡♥❞ t❤❡ ❝♦✈❡r❡❞ ♣s❡✉❞♦r❛♣✐❞✐t② r❛♥❣❡ t♦ | η |< 3✳ ❇❡②♦♥❞ t❤❛t r❛♥❣❡ t❤❡
❢♦r✇❛r❞ ❤❛❞r♦♥ ❝❛❧♦r✐♠❡t❡rs ✭❍❋✮ ❡①t❡♥❞s t❤❡ ❞❡t❡❝t❛❜❧❡ r❛♥❣❡ ✉♣ t♦ | η |< 5.2✳
■t ✐s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ❢♦r✇❛r❞ ❡♥❡r❣② ✢✉① ✇✐t❤ ♦♥ ❛✈❡r❛❣❡ ✼✻✵ ●❡❱ ❜❡✐♥❣ ❞❡✲
♣♦s✐t❡❞ ✐♥t♦ t❤❡ t✇♦ ❢♦r✇❛r❞ ❝❛❧♦r✐♠❡t❡rs ♣❡r ♣r♦t♦♥✲♣r♦t♦♥ ✐♥t❡r❛❝t✐♦♥✳ ❲✐t❤ t❤✐s

✷✵
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❋✐❣✉r❡ ✸✳✸✳✿ ❊♥❡r❣② ❘❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ❛s ♠❡❛s✉r❡❞
❢r♦♠ ❛ ❜❡❛♠ t❡st ❬✷✺❪✳

❧✉♠✐♥♦s✐t② ✐♥❢♦r♠❛t✐♦♥ t❤❡ ▲❍❈✬s ♣❡r❢♦r♠❛♥❝❡ ❝❛♥ ❜❡ ♠♦♥✐t♦r❡❞ ✐♥ r❡❛❧ t✐♠❡ ❛♥❞
♦t❤❡r ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ♥♦r♠❛❧✐③❡❞✳

✸✳✶✳✺✳ ▼✉♦♥ ❙②st❡♠

❚❤❡ ❛❜✐❧✐t② t♦ ♣r❡❝✐s❡❧② ❞❡t❡❝t ♠✉♦♥s ❛♥❞ ♠❡❛s✉r❡ t❤❡✐r ♣r♦♣❡rt✐❡s ✐s ❡ss❡♥t✐❛❧ ❢♦r
r❡❝♦❣♥✐③✐♥❣ ♠❛♥② ❞✐✛❡r❡♥t ✐♥t❡r❡st✐♥❣ ♣r♦❝❡ss❡s ✐♥ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❛♥❞ ♦t❤❡r
♠♦❞❡❧s✳ ❚❤❡ ❞❡s✐❣♥ ❣♦❛❧ ✐s t♦ ❛❝❝✉r❛t❡❧② ✐❞❡♥t✐❢② ♠✉♦♥s✱ ♠❡❛s✉r❡ t❤❡✐r ♠♦♠❡♥t✉♠
❛♥❞ ❛♣♣❧② tr✐❣❣❡rs t♦ ❞❡❝✐❞❡ ✇❤❡t❤❡r t♦ r❡❝♦r❞ ❛♥ ❡✈❡♥t✳✳
❚❤❡ ♠✉♦♥ s②st❡♠✱ s❡♣❛r❛t❡❞ ✐♥ ❛ ❝②❧✐♥❞r✐❝❛❧ ❜❛rr❡❧ s❡❝t✐♦♥ ❛♥❞ t✇♦ ❡♥❞❝❛♣s✱

❝♦♥s✐sts ♦❢ ✷✺✵✵✵ ♠2 ♦❢ ❞❡t❡❝t✐♦♥ ♣❧❛♥❡s✱ ✉s✐♥❣ ✸ t②♣❡s ♦❢ ❣❛s❡♦✉s ♣❛rt✐❝❧❡ ❞❡t❡❝t♦rs✳
■♥ t❤❡ ❜❛rr❡❧ ❞❡t❡❝t♦r ❛ t♦t❛❧ ♦❢ ✷✺✵ ❞r✐❢t ❝❤❛♠❜❡rs ❢♦r♠ ❢♦✉r ❝♦♥❝❡♥tr✐❝ ❝②❧✐♥❞❡rs
❛r♦✉♥❞ t❤❡ ❜❡❛♠ ❧✐♥❡✱ ❝♦✈❡r✐♥❣ ❛ ♣s❡✉❞♦r❛♣✐❞✐t② r❛♥❣❡ ♦❢ | η |< 1.2✳ ❆t t❤❡
❡♥❞❝❛♣s ✹✻✽ ❝❛t❤♦❞❡ str✐♣ ❝❤❛♠❜❡rs ✭❈❙❈s✮ ❛rr❛♥❣❡❞ ✐♥ s❡✈❡r❛❧ ❣r♦✉♣s ❝♦✈❡r t❤❡
♣s❡✉❞♦r❛♣✐❞✐t② r❡❣✐♦♥ 0.9 <| η |< 2.4 ❛♥❞ t❤✉s ♦✈❡r❧❛♣ ✇✐t❤ t❤❡ ❜❛rr❡❧ s❡❝t✐♦♥✳
❇♦t❤ ♣r❡❝✐s❡ ♠✉♦♥ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♠✉♦♥ tr✐❣❣❡r✐♥❣ ❝❛♥ ❜❡ ❞♦♥❡ ✐♥ ❛ ❈❙❈✳ ❚❤❡
❧❛②♦✉t ♦❢ t❤❡ ❈❙❈ ❣r♦✉♣s ❛♥❞ ♦t❤❡r ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♠✉♦♥ s②st❡♠ ✐s ❣✐✈❡♥ ✐♥
❋✐❣✳ ✸✳✹✳
❆ t♦t❛❧ ❛♠♦✉♥t ♦❢ ✹✽✵ r❡❝t❛♥❣✉❧❛r r❡s✐st✐✈❡ ♣❧❛t❡ ❝❤❛♠❜❡rs ✭❘P❈s✮ ❢♦r♠ s✐①
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❋✐❣✉r❡ ✸✳✹✳✿ ◗✉❛rt❡r✲✈✐❡✇ ♦❢ t❤❡ ❧❛②♦✉t ♦❢ t❤❡ ❈▼❙ ♠✉♦♥ s②st❡♠ ❬✷✺❪✳ ▼❊ ❞❡♥♦t❡s
t❤❡ ❡♥❞❝❛♣ ♠✉♦♥ s②st❡♠ ❈❙❈s✱ ▼❇ st❛♥❞s ❢♦r t❤❡ ❞❡t❡❝t♦rs ✐♥ t❤❡
♠✉♦♥ ❜❛rr❡❧ s❡❝t✐♦♥✳ ❆❧s♦ ✈✐s✐❜❧❡ ❛r❡ t❤❡ ❍❈❆▲ ❜❛rr❡❧ s❡❝t✐♦♥ ✭❍❇✮✱
t❤❡ ❍❈❆▲ ❡♥❞❝❛♣s ✭❍❊✮ ❛♥❞ t❤❡ ❢♦r✇❛r❞ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r ✭❍❋✮✱
❛s ✇❡❧❧ ❛s t❤❡ ❊❈❆▲ ❜❛rr❡❧ s❡❝t✐♦♥ ✭❊❇✮✱ t❤❡ ❊❈❆▲ ❡♥❞❝❛♣s ✭❊❊✮ ❛♥❞
t❤❡ ✐♥♥❡r tr❛❝❦❡r✳

❝♦❛①✐❛❧ ❝②❧✐♥❞❡rs ❛r♦✉♥❞ t❤❡ ❜❡❛♠ ❛①✐s✳ ❉✉❡ t♦ t❤❡✐r ❝❛♣❛❜✐❧✐t② ♦❢ t❛❣❣✐♥❣ ❛♥
✐♦♥✐s✐♥❣ ❡✈❡♥t ✇✐t❤ ❛ ❤✐❣❤❡r ❢r❡q✉❡♥❝② t❤❛♥ t❤❡ r❛t❡ ♦❢ ▲❍❈ ❜✉♥❝❤ ❝r♦ss✐♥❣s t❤❡②
❛r❡ ❛❜❧❡ t♦ ❝❧❡❛r❧② ✐❞❡♥t✐❢② t❤❡ ❜✉♥❝❤ ❝r♦ss✐♥❣ ❛ ♠✉♦♥ tr❛❝❦ ✐s ❛ss♦❝✐❛t❡❞ t♦✳
❇② ❝♦♠❜✐♥✐♥❣ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ ♠✉♦♥ s②st❡♠ ❛♥❞ t❤❡ ✐♥♥❡r tr❛❝❦❡r t❤❡ ❜❡st

♣♦ss✐❜❧❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ♠✉♦♥ tr❛♥s✈❡rs❡✲♠♦♠❡♥t✉♠ ✭pT ✮ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞✳
❋✐❣✳ ✸✳✺ s❤♦✇s t❤❡ r❡❧❛t✐✈❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡✐r ❝♦♠✲
❜✐♥❡❞ ♣❡r❢♦r♠❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ pT ✐♥ ❞✐✛❡r❡♥t ♣s❡✉❞♦r❛♣✐❞✐t② r❡❣✐♦♥s✳

✸✳✶✳✻✳ ❚r✐❣❣❡r ❙②st❡♠

❋♦r ♣r♦t♦♥s✱ ❜❡❛♠ ❝r♦ss✐♥❣s ❤❛♣♣❡♥ ❛t ❛ ❢r❡q✉❡♥❝② ♦❢ ✉♣ t♦ ✹✵ ▼❍③✳ ❚♦ ❝♦♣❡ ✇✐t❤
t❤❡ ❡♥♦r♠♦✉s ❛♠♦✉♥t ♦❢ ❞❛t❛ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ❤✐❣❤ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts✱ ❛ tr✐❣❣❡r
s②st❡♠ ♠❛r❦s t❤❡ st❛rt ♦❢ t❤❡ ♣❤②s✐❝s ❡✈❡♥t s❡❧❡❝t✐♦♥ ♣r♦❝❡ss✳ ■♥ t❤❡ ✜rst st❡♣ t❤❡
▲❡✈❡❧✲✶ ❚r✐❣❣❡r ❝♦♥s✐st✐♥❣ ♦❢ ❝✉st♦♠✲❞❡s✐❣♥❡❞ ❡❧❡❝tr♦♥✐❝s r❡❞✉❝❡s t❤❡ ♦✉t♣✉t r❛t❡
t♦ ❛r♦✉♥❞ ✸✵ ❦❍③ ✇✐t❤ ❛ ♠❛①✐♠❛❧ ♦✉t♣✉t r❛t❡ ♦❢ ✶✵✵ ❦❍③❬✷✻❪✳ ❋♦r t❤❡ s❡❝♦♥❞ st❡♣
t❤❡ ❍✐❣❤✲▲❡✈❡❧ ❚r✐❣❣❡r ✭❍▲❚✮✱ ❛ ❢❛r♠ ♦❢ ❛❜♦✉t ❛ t❤♦✉s❛♥❞ ♣r♦❝❡ss♦rs r✉♥♥✐♥❣
❛ s♣❡❝✐❛❧ ✜❧t❡r s♦❢t✇❛r❡✱ ❤❛s ❛❝❝❡ss t♦ t❤❡ ✇❤♦❧❡ r❡❛❞♦✉t ❞❛t❛ ❛♥❞ ❝❛♥ ❛❧r❡❛❞②

✷✷

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❋✐❣✉r❡ ✸✳✺✳✿ ❊①♣❡❝t❡❞ r❡❧❛t✐✈❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ♠✉♦♥ tr❛♥s✈❡rs❡✲♠♦♠❡♥t✉♠ ❛s ♣r❡✲
s❡♥t❡❞ ✐♥ ❘❡❢✳ ❬✷✺❪ ✐♥ ✷✵✵✽✳

♣❡r❢♦r♠ ❝❛❧❝✉❧❛t✐♦♥s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ✉s❡❞ ❢♦r ♦✤✐♥❡ r❡❝♦♥str✉❝t✐♦♥✳ ❚♦❣❡t❤❡r
❜♦t❤ tr✐❣❣❡rs ❛r❡ ❞❡s✐❣♥❡❞ t♦ r❡❞✉❝❡ t❤❡ r❛t❡ ♦❢ ❡✈❡♥ts ❞♦✇♥ t♦ ❛❜♦✉t ✶✵✵✵✴s✳
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✹✳ ❊✈❡♥t ❘❡❝♦♥str✉❝t✐♦♥ ❛♥❞

❙✐♠✉❧❛t✐♦♥

■♥ t❤✐s s❡❝t✐♦♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛❧❣♦r✐t❤♠ ♦❢ ♦❜❥❡❝ts ✐♥ t❤❡
❈▼❙ ❞❡t❡❝t♦r ❛s ✇❡❧❧ ❛s t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ s♣❡❝✐✜❝ ❜❛❝❦❣r♦✉♥❞s ♠❛❞❡ ✇✐t❤
▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s ❛r❡ ❞✐s❝✉ss❡❞✳

✹✳✶✳ P❛rt✐❝❧❡ ❘❡❝♦♥str✉❝t✐♦♥

P❛rt✐❝❧❡s r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ✐♥ t❤❡ ❈▼❙ ❛r❡ r❡❝♦♥str✉❝t❡❞
✇✐t❤ t❤❡ ♣❛rt✐❝❧❡✲✢♦✇ ✭P❋✮ ❛❧❣♦r✐t❤♠ ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✷✼❪✳ ■t ❝♦♠❜✐♥❡s t❤❡ ✐♥❢♦r✲
♠❛t✐♦♥ ♦❢ ❛❧❧ ❈▼❙ s✉❜s②st❡♠s t♦ ❞❡s❝r✐❜❡ ♦♥❡ ❡✈❡♥t ♣❡r ❜✉♥❝❤ ❝r♦ss✐♥❣ ❝♦♥t❛✐♥✐♥❣
❛❧❧ r❡❝♦r❞❡❞ ❞❛t❛✳ ❆s ❛ ✜rst st❡♣ t❤❡ tr❛❝❦s ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ✐♥♥❡r tr❛❝❦❡r
❛♥❞ ❝❧✉st❡rs ♦❢ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ✐♥ t❤❡ ❝❛❧♦r✐♠❡t❡rs ❛r❡ r❡❝♦♥str✉❝t❡❞✳ ❚❤✐s ✐♥❢♦r✲
♠❛t✐♦♥ ✐s t❤❡♥ ❧✐♥❦❡❞ t♦❣❡t❤❡r t❤r♦✉❣❤ t❤❡ ❞✐✛❡r❡♥t ❞❡t❡❝t♦r ❝♦♠♣♦♥❡♥ts t♦ ❞❡r✐✈❡
❢✉❧❧② r❡❝♦♥str✉❝t❡❞ ♣❛rt✐❝❧❡s✳ ❚❤✐s ❤❛♣♣❡♥s ✐t❡r❛t✐✈❡❧②✿ ♠✉♦♥s✱ ✇❤✐❝❤ ❛r❡ ✐❞❡♥t✐✜✲
❛❜❧❡ ✇✐t❤ ❤✐❣❤ ♣r❡❝✐s✐♦♥✱ ❛r❡ ♣r♦❝❡ss❡❞ ❛t ✜rst ❛♥❞ ❛❧❧ ❛ss♦❝✐❛t❡❞ ❝❧✉st❡r ❛♥❞ tr❛❝❦
✐♥❢♦r♠❛t✐♦♥ ✐s r❡♠♦✈❡❞✳ ◆❡①t✱ ✐❞❡♥t✐✜❡❞ ❡❧❡❝tr♦♥s ❛r❡ r❡♠♦✈❡❞ ❛♥❞ t❤❡ r❡♠❛✐♥✐♥❣
❝❧✉st❡rs ❛♥❞ tr❛❝❦s ❛r❡ ❧✐♥❦❡❞ t♦❣❡t❤❡r ❛♥❞ ❛♥❛❧②③❡❞ t♦ ✐❞❡♥t✐❢② t❤❡ r❡st ♦❢ t❤❡
❝♦❧❧✐s✐♦♥ ♦❜❥❡❝ts✱ ❛♥ ♦✈❡r✈✐❡✇ ✐s ❣✐✈❡♥ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s✳ ❚❤❡ r❡❝♦♥str✉❝t❡❞
♣❛rt✐❝❧❡ ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❢✉rt❤❡r ❜❡ ✉s❡❞ ❢♦r ❥❡t r❡❝♦♥str✉❝t✐♦♥✱ r❡❝♦♥str✉❝t✐♦♥ ♦❢
t❤❡ ♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ❛♥❞ ❡♥❡r❣② ✭s❡❡ ❙❡❝✳ ✹✳✶✳✺✮ ♦r ❢♦r ✐❞❡♥t✐✜❝❛t✐♦♥
♦❢ ❤❛❞r♦♥✐❝ τ ❞❡❝❛②s✳

✹✳✶✳✶✳ ▼✉♦♥s

❚♦ ❝♦♠❜✐♥❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♠✉♦♥s ❢r♦♠ t❤❡ ✐♥♥❡r tr❛❝❦❡r ❛♥❞ t❤❡ ♠✉♦♥ s②s✲
t❡♠ s❡✈❡r❛❧ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❛r❡ ✉s❡❞✳ ✧❙t❛♥❞❛❧♦♥❡✲♠✉♦♥ tr❛❝❦s✧ ❛r❡ ❜✉✐❧t
❜② st❛rt✐♥❣ ❢r♦♠ ❛ ❣r♦✉♣ ♦❢ ❞r✐❢t t✉❜❡ ✭❉❚✮ ♦r ❈❙❈ s❡❣♠❡♥ts r❡❣✐st❡r✐♥❣ ❛ ❤✐t
❛♥❞ ❡①♣❧♦✐t✐♥❣ ❛❧❧ ✐♥❢♦r♠❛t✐♦♥ ❛❧♦♥❣ ✐ts ✇❛② ✉s✐♥❣ ❛ ❑❛❧♠❛♥✲✜❧t❡r t❡❝❤♥✐q✉❡ ❬✷✽❪✳
✧❚r❛❝❦❡r ♠✉♦♥ tr❛❝❦s✧ ❛r❡ r❡❝♦♥str✉❝t❡❞ ❜② ✉s✐♥❣ ❛ tr❛❝❦ ♦❢ ❛ ♠✉♦♥ ✇✐t❤ ❛ pT
❛❜♦✈❡ ✵✳✺ ●❡❱ ❛♥❞ ❛ t♦t❛❧ ♠♦♠❡♥t✉♠ ♦❢ ♠♦r❡ t❤❛♥ ✷✳✺ ●❡❱ ❢r♦♠ t❤❡ ✐♥♥❡r tr❛❝❦❡r
s②st❡♠ ❛♥❞ ❡①tr❛♣♦❧❛t✐♥❣ ✐t t♦ t❤❡ ♠✉♦♥ s②st❡♠✱ ❧♦♦❦✐♥❣ ❢♦r ♠✉♦♥ s❡❣♠❡♥ts ♠❛t❝❤✲
✐♥❣ t❤❡ tr❛❥❡❝t♦r② ✇❤✐❧❡ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ♣♦ss✐❜❧❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ t❤❡ ♠✉♦♥ ✇✐t❤
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t❤❡ ❞❡t❡❝t♦r ♠❛t❡r✐❛❧ ❛❧♦♥❣ ✐ts ✢✐❣❤t ♣❛t❤✳ ❆ ♠❛t❝❤ ✐s ✈❛❧✐❞ ✐❢ t❤❡ r❡s♣❡❝t✐✈❡ s❡❣✲
♠❡♥t ✐s ♥♦ ❢✉rt❤❡r t❤❛♥ ✸ ❝♠ ❛✇❛② ❢r♦♠ t❤❡ tr❛❝❦ ✐❢ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❞✐st❛♥❝❡ t♦ t❤❡
tr❛❝❦ ✉♥❝❡rt❛✐♥t② ✐s s♠❛❧❧❡r t❤❛♥ ✹✳ ✧●❧♦❜❛❧ ♠✉♦♥s✧ ❛r❡ ❜✉✐❧t ✇✐t❤ ❛♥ ✧♦✉ts✐❞❡✲✐♥✧
❛♣♣r♦❛❝❤✱ ♠❛t❝❤✐♥❣ tr❛❝❦s ✐♥ t❤❡ ♠✉♦♥ s②st❡♠ t♦ tr❛❝❦s ♦❢ t❤❡ ✐♥♥❡r tr❛❝❦❡r✳ ■❢
❜♦t❤ ❛ ❣❧♦❜❛❧ ♠✉♦♥ ❛♥❞ ❛ tr❛❝❦❡r ♠✉♦♥ ❣❡t r❡❝♦♥str✉❝t❡❞ ❢r♦♠ t❤❡ s❛♠❡ tr❛❝❦❡r
tr❛❝❦ t❤❡ r❡s✉❧t ✐s ♠❡r❣❡❞ t♦ ♦♥❡ ♣❛rt✐❝❧❡✳ ❆❜♦✉t ✾✾✪ ♦❢ ♣r♦❞✉❝❡❞ ♠✉♦♥s ✇✐t❤
❛ tr❛❥❡❝t♦r② ✐♥ ♣❤②s✐❝❛❧ r❡❛❝❤ ♦❢ t❤❡ ♠✉♦♥ s②st❡♠ ❛r❡ ❞❡t❡❝t❡❞ ✐♥ ❛t ❧❡❛st ♦♥❡ ♦❢
t❤♦s❡ t✇♦ ❝❛t❡❣♦r✐❡s✳

✹✳✶✳✷✳ ❊❧❡❝tr♦♥s

❊❧❡❝tr♦♥s ❛r❡ r❡❝♦♥str✉❝t❡❞ ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❝❤❛r❣❡❞
tr❛❝❦ ✐♥ t❤❡ ■♥♥❡r ❚r❛❝❦❡r s②st❡♠ ❛♥❞ t❤❡ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ✐♥ t❤❡ ❊❈❆▲✳ ❚❤❡
❞❡t❡❝t♦r ✐s ♦♣t✐♠✐③❡❞ ❢♦r ❡❧❡❝tr♦♥s ✐♥ t❤❡ pT r❛♥❣❡ ❢r♦♠ ✺ t♦ ✺✵ ●❡❱ ❬✷✾❪✳ ❉✐✣❝✉❧✲
t✐❡s ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s ❛r✐s❡ ❢r♦♠ t❤❡ str♦♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛❧✐❣♥❡❞
✇✐t❤ t❤❡ ❜❡❛♠ ❛①✐s ❛s ✇❡❧❧ ❛s ❢r♦♠ t❤❡ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ ♠❛tt❡r ❧♦❝❛t❡❞ ✐♥ ❢r♦♥t
♦❢ t❤❡ ✐♥♥❡r tr❛❝❦✐♥❣ s②st❡♠ ✐♥ ✇❤✐❝❤ ❡❧❡❝tr♦♥s r❛❞✐❛t❡ ❜r❡♠sstr❛❤❧✉♥❣ ✇❤✐❧❡ ❞❡✲
❝❡❧❡r❛t✐♥❣✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ❧❛r❣❡ φ s♣r❡❛❞ ♦❢ t❤❡ ❡♥❡r❣② ❛rr✐✈✐♥❣ ❛t t❤❡ ❊❈❆▲✳
❚♦ ❛❝t✉❛❧❧② r❡❣✐st❡r t❤❡ ❡❧❡❝tr♦♥ ❡♥❡r❣② ❛t t❤❡ ♣r✐♠❛r② ✈❡rt❡① t❤❡ ❜r❡♠sstr❛❤❧✉♥❣
♣❤♦t♦♥s ❤❛✈❡ t♦ ❜❡ ❝♦❧❧❡❝t❡❞✳ ■t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t ❛❜♦✉t ✾✼✪ ♦❢ t❤❡ ✐♥❝✐❞❡♥t
❡♥❡r❣② ♦❢ ❡❧❡❝tr♦♥s ❛♥❞ ♣❤♦t♦♥s ✐s ❝♦♥t❛✐♥❡❞ ✐♥ ❛ ✺×✺ ❝r②st❛❧ ❛rr❛② ✐♥ t❤❡ ❊❈❆▲
❬✸✵❪✳ ❚♦ ❛❝❝♦✉♥t ❢♦r s♣r❡❛❞ ✐♥ φ ❞✉❡ t♦ ❜r❡♠sstr❛❤❧✉♥❣ ♣❤♦t♦♥s ❛ ✧s✉♣❡r❝❧✉st❡r✧
✐s ❜✉✐❧t ❜② ❝❧✉st❡r✐♥❣ s❡✈❡r❛❧ ❝❧✉st❡rs ✐♥ φ ❞✐r❡❝t✐♦♥ ❛♥❞ s✉♠♠✐♥❣ ✉♣ t❤❡ r❡❣✐st❡r❡❞
❡♥❡r❣② ❞❡♣♦s✐ts✳ ❚❤❡ ♠❛✐♥ ❜❛❝❦❣r♦✉♥❞s ✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s st❡♠ ❢r♦♠
♠✐s✐❞❡♥t✐✜❡❞ ❤❛❞r♦♥ ♦✈❡r❧❛♣s ✐♥ ❥❡ts ❛♥❞ ♣r♦♠♣t ❡❧❡❝tr♦♥s ♣r♦❞✉❝❡❞ ❜② s❡♠✐❧❡♣✲
t♦♥✐❝ ❞❡❝❛② ♦❢ ♠❛✐♥❧② ❝❤❛r♠ ❛♥❞ ❜♦tt♦♠ q✉❛r❦s✳ ❇♦♦st❡❞ ❞❡❝✐s✐♦♥ tr❡❡s✱ tr❛✐♥❡❞
♦♥ s✐♠✉❧❛t❡❞ ❡✈❡♥ts✱ ❛r❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ ✇❤❡t❤❡r ❛♥ ❡❧❡❝tr♦♥ ✐s ❢❛❦❡ ♦r r❡❛❧✳ ❆❞✲
❞✐t✐♦♥❛❧❧② t❤❡r❡ ✐s ❛ ❜❛❝❦❣r♦✉♥❞ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ♣❤♦t♦♥s tr❛✈❡rs✐♥❣ t❤❡ tr❛❝❦❡r
❛♥❞ ❜❡✐♥❣ ❝♦♥✈❡rt❡❞ ✐♥t♦ e+e− ♣❛✐rs✳ ❚❤❡s❡ ❝♦♥✈❡rt❡❞ ♣❤♦t♦♥s ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞
❜② ❛♥❛❧②③✐♥❣ t❤❡ ❛ss♦❝✐❛t❡❞ R9 s❤♦✇❡r s❤❛♣❡ ✈❛r✐❛❜❧❡ ❞❡✜♥❡❞ ❛s t❤❡ ❢r❛❝t✐♦♥ ♦❢
❡♥❡r❣② ♦❢ ❛ ✸×✸ ❝r②st❛❧ ❛rr❛② ❝❡♥t❡r❡❞ ♦♥ t❤❡ ♠♦st ❡♥❡r❣❡t✐❝ ❝r②st❛❧ ❞✐✈✐❞❡❞ ❜②
t❤❡ t♦t❛❧ ❡♥❡r❣② ✐♥ t❤❡ s✉♣❡r❝❧✉st❡r ❬✸✶❪✳

✹✳✶✳✸✳ ❍❛❞r♦♥✐❝ ❚❛✉ ❉❡❝❛②s

❚❤❡ ❤❛❞r♦♥✲♣❧✉s✲str✐♣s ✭❍P❙✮ ❛❧❣♦r✐t❤♠ r❡❝♦♥str✉❝ts t❤❡ ❞✐✛❡r❡♥t ❤❛❞r♦♥✐❝ ❞❡❝❛②
♠♦❞❡s ♦❢ t❤❡ τ ❧❡♣t♦♥ ✭✷✳✹✮ ❜② st❛rt✐♥❣ ❢r♦♠ t❤❡ ❝♦♥st✐t✉❡♥ts ♦❢ r❡❝♦♥str✉❝t❡❞
❥❡ts✳ ◆❡✉tr❛❧ ♣✐♦♥s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t τh ❞❡❝❛② ♠♦❞❡s ♣r♦♠♣t❧② ❞❡❝❛② ✐♥t♦
❛ ♣❤♦t♦♥ ♣❛✐r ✇❤✐❝❤ ❤❛s ❛ ❤✐❣❤ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❝♦♥✈❡rt✐♥❣ ✐♥t♦ ❛♥ ❡❧❡❝tr♦♥✲♣♦s✐tr♦♥
♣❛✐r ❣❡tt✐♥❣ s❡♣❛r❛t❡❞ ✐♥ t❤❡ φ× η ♣❧❛♥❡ ❜② t❤❡ str♦♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ ✐ts ♣❛t❤
t❤r♦✉❣❤ t❤❡ ❞❡t❡❝t♦r ♠❛t❡r✐❛❧✳ ❚❤❡ ♣❤♦t♦♥ ❛♥❞ ❡❧❡❝tr♦♥ ❝❛♥❞✐❞❛t❡s ❛r❡ ❝❧✉st❡r❡❞
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t♦❣❡t❤❡r ✐♥ r❡❝t❛♥❣✉❧❛r ∆φ×∆η r❡❣✐♦♥s ❝❛❧❧❡❞ ✬str✐♣s✬ t♦ r❡❝♦♥str✉❝t t❤❡ ♦r✐❣✐♥❛❧
♥❡✉tr❛❧ ♣✐♦♥s✳ ❲❤✐❧❡ ❡❛r❧✐❡r ✈❡rs✐♦♥s ♦❢ t❤❡ ❍P❙ ❛❧❣♦r✐t❤♠ ✉s❡❞ ✜①❡❞ str✐♣ s✐③❡s
❬✸✷❪✱ t❤❡ ❝✉rr❡♥t ✈❡rs✐♦♥ s✉♣♣♦rts ✈❛r✐❛❜❧❡ s✐③✐♥❣✱ ❜❛s❡❞ ♦♥ t❤❡ pT ♦❢ ❤✐❣❤❡st✲pT
♣❤♦t♦♥ ♦r ❡❧❡❝tr♦♥ ♥♦t ②❡t ✐♥❝❧✉❞❡❞ ✐♥ ❛ str✐♣✳ ❚❤✐s ❛❝❝♦✉♥ts ❢♦r ❧♦✇✲pT ❡❧❡❝tr♦♥s
❛♥❞ ♣❤♦t♦♥s r❡s✉❧t✐♥❣ ❢r♦♠ ❝❤❛r❣❡❞ ♣✐♦♥s ✉♥❞❡r❣♦✐♥❣ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ✐♥ t❤❡
tr❛❝❦❡r ♠❛t❡r✐❛❧ ❛♥❞ ♣❤♦t♦♥s ❛♥❞ ❡❧❡❝tr♦♥s r❡s✉❧t✐♥❣ ❢r♦♠ π0 ❞❡❝❛②s✱ ✇❤✐❝❤ ❡①♣❡✲
r✐❡♥❝❡ s❝❛tt❡r✐♥❣ ❛♥❞ ❜r❡♠sstr❛❤❧✉♥❣ ❡✛❡❝ts ♠✉❧t✐♣❧❡ t✐♠❡s✱ ✇❤✐❝❤ ❝♦✉❧❞ ❛❧❧ ❡♥❞
✉♣ ♦✉ts✐❞❡ ♦❢ ❛ ✜①❡❞ s✐③❡❞ str✐♣ ❛♥❞ ❛✛❡❝t t❤❡ ✐s♦❧❛t✐♦♥ ♦❢ ❛ τh ❝❛♥❞✐❞❛t❡ ❞❡s♣✐t❡
❞✐r❡❝t❧② r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ τh ❞❡❝❛②✳
❘❡❞✉❝t✐♦♥ ♦❢ ❥❡t→ τh ♠✐s✐❞❡♥t✐✜❝❛t✐♦♥ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜② ✐♠♣♦s✐♥❣ ❝❡rt❛✐♥ ✐s♦✲
❧❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ♦♥ t❤❡ τh ❝❛♥❞✐❞❛t❡s✳ ❚✇♦ t②♣❡s ♦❢ ❞✐s❝r✐♠✐♥❛♥ts ❛r❡ ✉s❡❞✱
t❤❡ ✜rst ❜❡✐♥❣ ✐s♦❧❛t✐♦♥ s✉♠ ❞✐s❝r✐♠✐♥❛♥ts✳ ❚❤❡ ✐s♦❧❛t✐♦♥ s✉♠ ✐s ❞❡✜♥❡❞ ❛s t❤❡
s✉♠ ♦❢ t❤❡ s❝❛❧❛r pT ♦❢ ♣❤♦t♦♥s ❛♥❞ ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✇✐t❤✐♥ t❤❡ ✐s♦❧❛t✐♦♥
❝♦♥❡ ♦❢ ∆R❂✵✳✺ ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡ ✇❤✐❧❡ ❡①❝❧✉❞✐♥❣ ❝❤❛r❣❡❞ ❤❛❞r♦♥s ❛♥❞ ♣❤♦t♦♥✲
❝♦♥st✐t✉❡♥ts ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡✳ ❚♦ ❡①❝❧✉❞❡ ♣✐❧❡✉♣ ❝♦♥tr✐❜✉t✐♦♥s✱ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s
♦r✐❣✐♥❛t✐♥❣ ✐♥ ❛ ❞✐st❛♥❝❡ dz❃✵✳✷❝♠ ❢r♦♠ t❤❡ ♣r♦❞✉❝t✐♦♥ ✈❡rt❡① ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡
❛r❡ ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ pT s✉♠✳ ❆ ❧♦♦s❡✱ ♠❡❞✐✉♠ ❛♥❞ t✐❣❤t ✇♦r❦✐♥❣ ♣♦✐♥t ✐s
❞❡✜♥❡❞ ❢♦r t❤❡ ✐s♦❧❛t✐♦♥ s✉♠ ❜❡✐♥❣ ❧❡ss t❤❛♥ ✷✳✺✱ ✶✳✺ ♦r ✵✳✽ ●❡❱✱ r❡s♣❡❝t✐✈❡❧② ❬✸✸❪✳
❚❤❡ s❡❝♦♥❞ t②♣❡ ♦❢ ❞✐s❝r✐♠✐♥❛♥t ✐s ▼❱❆✲❜❛s❡❞ ❛♥❞ ✉s❡ t❤❡ ✐s♦❧❛t✐♦♥ ❝♦♠♣❧❡♠❡♥t❡❞
❜② ♦t❤❡r ✈❛r✐❛❜❧❡s s✉❝❤ ❛s pstrip,outerT ✱ ✇❤✐❝❤ ✐s t❤❡ pT s✉♠ ♦❢ ❡❧❡❝tr♦♥s ❛♥❞ ♣❤♦✲
t♦♥s ♦✉ts✐❞❡ ♦❢ t❤❡ s✐❣♥❛❧ ❝♦♥❡ ❜✉t st✐❧❧ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ str✐♣ ❛♥❞ pT ✇❡✐❣❤t❡❞
∆R✱ ∆φ ❛♥❞ ∆η ♦❢ ♣❤♦t♦♥s ❛♥❞ ❡❧❡❝tr♦♥s ✐♥ ✐♥✈♦❧✈❡❞ str✐♣s ❛s ✐♥♣✉ts ♦♥ ❛ ❝❧❛ss✐✲
✜❡r ❜❛s❡❞ ♦♥ ❛ ❜♦♦st❡❞ ❞❡❝✐s✐♦♥ tr❡❡✳ ❋✉rt❤❡r ✐♥❝❧✉❞❡❞ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❛r❡ t❤❡
r❡❝♦♥str✉❝t❡❞ τh ❞❡❝❛② ♠♦❞❡✱ τ ❧✐❢❡t✐♠❡ s❡♥s✐t✐✈❡ ✈❛r✐❛❜❧❡s ❛♥❞ t❤❡ ♠✉❧t✐♣❧✐❝✐t②
♦❢ ♣❤♦t♦♥s ❛♥❞ ❡❧❡❝tr♦♥ ❝❛♥❞✐❞❛t❡s ✇✐t❤ pT❃✵✳✺●❡❱ ✐♥ t❤❡ s✐❣♥❛❧ ❛♥❞ ✐s♦❧❛t✐♦♥
❝♦♥❡s✱ ❛s ✇❡❧❧ ❛s t❤❡ tr❛♥s✈❡rs❡ ✐♠♣❛❝t ♣❛r❛♠❡t❡r t♦❣❡t❤❡r ✇✐t❤ ✐ts s✐❣♥✐✜❝❛♥❝❡
❬✸✸✱ ✸✷❪✳ ❋♦r t❤❡ ▼❱❆✲❜❛s❡❞ ❞✐s❝r✐♠✐♥❛♥ts t❤❡ s✐① ✇♦r❦✐♥❣ ♣♦✐♥ts ✈❡r② ❧♦♦s❡✱
❧♦♦s❡✱ ♠❡❞✐✉♠✱ t✐❣❤t✱ ✈❡r② t✐❣❤t ❛♥❞ ✈❡r②✲✈❡r② t✐❣❤t ❛r❡ ❞❡✜♥❡❞ ❜② ❇❉❚
❞✐s❝r✐♠✐♥❛♥t r❡q✉✐r❡♠❡♥ts ❬✸✸❪✳
❇r❡♠sstr❛❤❧✉♥❣ ♣❤♦t♦♥s ❡♠✐tt❡❞ ❜② ❡❧❡❝tr♦♥s ✐♥ t❤❡ ❞❡t❡❝t♦r ♠❛t❡r✐❛❧ ❝❛♥ ♠✐♠✐❝
♥❡✉tr❛❧ ♣✐♦♥s✳ ❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ♦r✐❣✐♥❛❧ ❡❧❡❝tr♦♥s ❛ ♠✐sr❡❝♦♥str✉❝t✐♦♥ ♦❢ τh ❝❛♥✲
❞✐❞❛t❡s ✐♥ ❡✐t❤❡r t❤❡ h± ♦r h±π0 ❞❡❝❛② ♠♦❞❡ ❝❛♥ ♦❝❝✉r✳ ❚❤❡ ♠❛✐♥ ❤❛♥❞❧❡ t♦
♠✐♥✐♠✐③❡ ♠✐s✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤♦s❡ ❡❧❡❝tr♦♥s ❛s τh ❝❛♥❞✐❞❛t❡s ✐s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢
❛♥♦t❤❡r ❜♦♦st❡❞ ❞❡❝✐s✐♦♥ tr❡❡ ✉s✐♥❣ ✈❛r✐❛❜❧❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥
♦❢ ❡❧❡❝tr♦♥ ❛♥❞ ♣❤♦t♦♥s ✐♥ t❤❡ ❊❈❆▲ ❛♥❞ ❍❈❆▲✱ t❤❡ (η, φ) ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡
♣❤♦t♦♥s ✐♥ ❛♥② str✐♣ ❛♥❞ t❤❡ ❧❡❛❞✐♥❣ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡✱ t❤❡ ♠❛ss ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡✱
t❤❡ ♥✉♠❜❡r ♦❢ ❤✐ts ✐♥ t❤❡ s✐❧✐❝♦♥ ♣✐①❡❧ ❛♥❞ str✐♣ ❞❡t❡❝t♦r ✉s✐♥❣ ❞✐✛❡r❡♥t r❡❝♦♥str✉❝✲
t✐♦♥ ❛❧❣♦r✐t❤♠s ❛♥❞ t❤❡ χ2 ♣❡r ❞❡❣r❡❡✲♦❢✲❢r❡❡❞♦♠ ♦❢ t❤❡ tr❛❝❦ r❡❝♦♥str✉❝t❡❞ ✉s✐♥❣
❛ ●❛✉ss✐❛♥ s✉♠ ✜❧t❡r ❬✸✷❪✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣❤♦t♦♥s ✐♥ t❤❡ ❛ss♦❝✐❛t❡❞ str✐♣s ❛♥❞ t❤❡
❢r❛❝t✐♦♥ ♦❢ τh ❡♥❡r❣② ❝❛rr✐❡❞ ❜② ♣❤♦t♦♥s ❝♦♠♣❧❡♠❡♥ts t❤❡ ✐♥♣✉t ✈❛r✐❛❜❧❡s ❬✸✸❪✳
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❚♦ ❞✐s❝r✐♠✐♥❛t❡ ♠✉♦♥s ❛❣❛✐♥st τh ♦❜❥❡❝ts ✐♥ t❤❡ ❤± ❞❡❝❛② ♠♦❞❡ ❛ ✈❡t♦ ✐s ✐♠♣♦s❡❞
✇❤❡♥ ❛ s✐❣♥❛❧ ♥❡❛r t❤❡ τh ❝❛♥❞✐❞❛t❡ ❞✐r❡❝t✐♦♥ ✐s ❢♦✉♥❞ ✐♥ t❤❡ ♠✉♦♥ ❞❡t❡❝t♦r✳

✹✳✶✳✹✳ ❏❡ts

❚❤❡ ❝♦❧❧✐s✐♦♥ ♦❢ ♣r♦t♦♥s ❛t ❤✐❣❤ ❡♥❡r❣✐❡s r❡s✉❧ts ✐♥ t❤❡ s❝❛tt❡r✐♥❣ ♦❢ t❤❡ ❝♦♥t❛✐♥❡❞
q✉❛r❦s✱ ❛♥t✐✲q✉❛r❦s ❛♥❞ ❣❧✉♦♥s✳ ■♥ ♦r❞❡r t♦ ❢✉❧✜❧❧ ❝♦♥✜♥❡♠❡♥t t❤❡ s❡♣❛r❛t❡❞ ❢r❛❣✲
♠❡♥ts ❤❛❞r♦♥✐③❡ ❛♥❞ ❜✉✐❧❞ ❛ ❝♦♥❡ ♦❢ ♠❛t❡r✐❛❧ ❝❛❧❧❡❞ ❥❡t ✢②✐♥❣ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢
t❤❡ ✐♥✐t✐❛❧ ❢r❡❡ ♣❛rt✐❝❧❡✳ ■♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♣❛rt♦♥s ✐s
❝❛rr✐❡❞ ✐♥ t❤❡ r❡s✉❧t✐♥❣ ❥❡ts ✇❤✐❝❤ ✐s ✇❤② ✐t ✐s ✐♠♣♦rt❛♥t t♦ st✉❞② t❤❡♠ ❡①t❡♥s✐✈❡❧②✳
❚❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❥❡ts ❢♦r t❤✐s ❛♥❛❧②s✐s ✇❛s ❞♦♥❡ ✇✐t❤ t❤❡ ❛♥t✐✲kT ❥❡t ❝❧✉s✲

t❡r✐♥❣ ❛❧❣♦r✐t❤♠ ✇✐t❤ ❛ ❥❡t ❞✐st❛♥❝❡ ♣❛r❛♠❡t❡r ♦❢ ❘❂✵✳✹ ❬✸✹❪✳ ❆ ❦❡② ❝❤❛r❛❝t❡r✐st✐❝
♦❢ t❤❡ ❛♥t✐✲kT ❛❧❣♦r✐t❤♠ ✐s ✐ts ♣r✐♦r✐t✐③❛t✐♦♥ ♦❢ ❤❛r❞ ♣❛rt✐❝❧❡s ✇❤❡♥ r❡❝♦♥str✉❝t✐♥❣
❥❡ts✳ ❚❤❡ ❜♦✉♥❞❛r✐❡s ♦❢ t❤❡ ❥❡t ❛r❡ ♦♥❧② ❛✛❡❝t❡❞ ❜② ♦t❤❡r ❤❛r❞ ♣❛rt✐❝❧❡s ❝❧♦s❡r
t❤❛♥ ❛ ❞✐st❛♥❝❡ ✷❘ ✐♥ t❤❡ φ − η ♣❧❛♥❡✳ ■❢ ♥♦ ♦t❤❡r ❤❛r❞ ♣❛rt✐❝❧❡s ❛r❡ ♣r❡s❡♥t ✐♥
t❤❛t r❛❞✐✉s✱ ❛❧❧ s♦❢t ♣❛rt✐❝❧❡s ✐♥ t❤❡ r❛❞✐✉s ❘ ❛r❡ s❛✐❞ t♦ ❜❡ ❛❝❝✉♠✉❧❛t❡❞ ❜② t❤❡
♣❡r❢❡❝t❧② ❝♦♥✐❝❛❧ ❤❛r❞ ❥❡t✳ ❍❛r❞ ♥❡✐❣❤❜♦rs ❝❧♦s❡r t❤❛♥ ✶❘ ❛r❡ ♠❡r❣❡❞ ✐♥t♦ ♦♥❡ ❥❡t
✇✐t❤ t❤❡ ✜♥❛❧ ❝♦♥❡ ❜❡✐♥❣ t❤❡ ✉♥✐♦♥ ♦❢ ❡❛❝❤ s❡♣❛r❛t❡ ❝♦♥❡ ❛♥❞ ❛ ❝❡♥t❡r❡❞ ❝♦♥❡ ♦❢
r❛❞✐✉s ❘✳
❚♦ ❛❝❝♦✉♥t ❢♦r s②st❡♠❛t✐❝ ❡rr♦rs ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❥❡ts✱ ❧✐❦❡ ❞❡t❡❝t♦r ♥♦✐s❡

♦r ♥♦♥✲❧✐♥❡❛r ❝❛❧♦r✐♠❡t❡r r❡s♣♦♥s❡✱ ❥❡t ❡♥❡r❣② ❝♦rr❡❝t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ ❬✸✺❪✳ ❋♦r t❤❡
✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❥❡ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❞❡❝❛② ♦❢ ❛ ❜♦tt♦♠ q✉❛r❦ ❛s s❤♦✇♥ ✐♥
❋✐❣✳ ✹✳✶ t❤❡ ❝♦♠❜✐♥❡❞ s❡❝♦♥❞❛r② ✈❡rt❡① ✈✷ ❜ t❛❣❣✐♥❣ ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ ❬✸✻❪ ❢♦r
t❤❡ ❞❛t❛ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✷✵✶✻ r✉♥✳ ❚❤♦s❡ ❥❡ts ❛r❡ ✐❞❡♥t✐✜❛❜❧❡ ❞✉❡ t♦ t❤❡ s♣❡❝✐✜❝
❧✐❢❡t✐♠❡ ♦❢ ❤❛❞r♦♥s ❝♦♥t❛✐♥✐♥❣ ❜ q✉❛r❦s ♦❢ ❛❜♦✉t ✶✳✺ ♣s ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❛ t②♣✐❝❛❧
❞✐s♣❧❛❝❡♠❡♥t ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s❡❝♦♥❞❛r② ✈❡rt❡① ♦❢ ❛ ❢❡✇ ♠♠ t♦ ♦♥❡ ❝♠✳
❋♦r ✷✵✶✼ ❞❛t❛✱ t❤❡ ❉❡❡♣❈❙❱ ❛❧❣♦r✐t❤♠ ✐s ✉s❡❞ ❢♦r t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❜✲t❛❣❣❡❞
❥❡ts✳ ❇♦t❤ ❛❧❣♦r✐t❤♠s ❝❧❛ss✐❢② ❛ ❥❡t ✇✐t❤ ❛ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ pT > 20 ❛♥❞
❛ ♣s❡✉❞♦r❛♣✐❞t② | η |< 2.4 ❛s ❜✲t❛❣❣❡❞ ✐❢ t❤❡✐r ❜✲t❛❣ ❞✐s❝r✐♠✐♥❛t♦r s✉r♣❛ss❡s t❤❡
♠❡❞✐✉♠ ✇♦r❦✐♥❣ ♣♦✐♥t ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❛❧❣♦r✐t❤♠✳

✹✳✶✳✺✳ ▼✐ss✐♥❣ ❚r❛♥s✈❡rs❡ ❊♥❡r❣②

❆❧❧ ❙▼ ♣❛rt✐❝❧❡s ❝r❡❛t❡❞ ✐♥ t❤❡ ♣♣✲❝♦❧❧✐s✐♦♥ ❛t t❤❡ ▲❍❈ ❝❛♥ ❜❡ ❞❡t❡❝t❡❞ ❜② ♦♥❡
♦❢ t❤❡ s❡✈❡r❛❧ s✉❜s②st❡♠s ♦❢ t❤❡ ❈▼❙ ❞❡t❡❝t♦r ❡①❝❡♣t ❢♦r ◆❡✉tr✐♥♦s✳ ❇✉t ❡✈❡♥
✇✐t❤♦✉t ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ♦♥❡ ❝❛♥ ❞❡r✐✈❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤♦s❡ ♣❛rt✐❝❧❡s ✈✐❛
t❤❡ ❧❛✇s ♦❢ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ❡♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠✳ ❚❤❡ ❡①❛❝t ♠♦♠❡♥t✉♠ ♣r✐♦r t♦
t❤❡ ❝♦❧❧✐s✐♦♥ ❝❛♥ ♥♦t ❜❡ ❦♥♦✇♥ ❡①❛❝t❧② ❞✉❡ t♦ ✐♥❞❡t❡r♠✐♥❛❜❧❡ ♠♦♠❡♥t✉♠ s❤❛r✐♥❣
♦❢ t❤❡ ❝♦♥st✐t✉❡♥ts ♦❢ ❛ ♣r♦t♦♥ ❜✉t t❤❡ ♠♦♠❡♥t✉♠ ✐♥ t❤❡ ♣❧❛♥❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦
t❤❡ ❜❡❛♠ ❛①✐s ♠✉st ❡q✉❛❧ ③❡r♦✳ ❇② ❞❡t❡r♠✐♥✐♥❣ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ♦❢ ❛❧❧
❝♦❧❧✐s✐♦♥ ♣r♦❞✉❝ts ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♥♦t ❞❡t❡❝t❛❜❧❡ ♣❛rt✐❝❧❡s ❝❛♥ ❜❡ ❝♦❧❧❡❝t❡❞✳
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❋✐❣✉r❡ ✹✳✶✳✿ ❙❝❤❡♠❛t✐❝s ♦❢ ❛ ❤❡❛✈②✲✢❛✈♦r ❥❡t ✭r❡s✉❧t✐♥❣ ❢r♦♠ ❛ ❜♦tt♦♠ ♦r ❝❤❛r♠
q✉❛r❦ ❞❡❝❛②✮ ✇✐t❤ ❛ t②♣✐❝❛❧ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ s❡❝♦♥❞❛r② ✈❡rt❡① ❞❡✲
✜♥❡❞ ❜② t❤❡ ❞❡❝❛② t✐♠❡ ♦❢ t❤❡ q✉❛r❦ ❬✸✻❪✳

❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❦✐♥❡♠❛t✐❝ r❡❧❛t✐♦♥s ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✷✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡
♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ✭~E/T ✮ ❛♥❞ ✐ts s❝❛❧❛r ✈❛❧✉❡✱ ❝❛❧❧❡❞ ♠✐ss✐♥❣ tr❛♥s✈❡rs❡
❡♥❡r❣② ✭E/T =| ~E/T |✮✱ ✐s ✐♠♣♦rt❛♥t ❢♦r ♠❛♥② ❞✐✛❡r❡♥t ❛♥❛❧②s❡s✱ ❢♦r ❡①❛♠♣❧❡ ❢♦r
t❤❡ s❡❛r❝❤ ❢♦r ❇❙▼ ♦r ❙❯❙❨ ♣❛rt✐❝❧❡s ❛s ✇❡❧❧ ❛s ❢♦r ❙▼ ❛♥❛❧②s❡s ❛♥❞ t❤❡ ✐♥✐t✐❛❧
❞✐s❝♦✈❡r② ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❬✸❪✳ ❉✉❡ t♦ t❤❡ ✈❡r② ♣r♦❝❡ss ♦❢ q✉❛♥t✐❢②✐♥❣E/T ✐t ✐s ✈❡r②
s❡♥s✐t✐✈❡ t♦ t❤❡ q✉❛❧✐t② ♦❢ ❞❡t❡❝t♦r s✐❣♥❛❧s ♦r ✐♥❛❝❝✉r❛❝✐❡s ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢
♣❛rt✐❝❧❡s✳ ❘❡s♦❧✉t✐♦♥ ❛♥❞ s❝❛❧❡ ♦❢ t❤❡ E/T ♠❡❛s✉r❡♠❡♥t ✐s ❞❡t❡r♠✐♥❡❞ ❜② ❝♦♠♣❛r✐♥❣
t❤❡ ✇❡❧❧✲♠❡❛s✉r❡❞ ✈❡❝t♦r ❜♦s♦♥ ♠♦♠❡♥t✉♠ ♦❢ ❡✈❡♥ts ✇✐t❤ ❛♥ ✐❞❡♥t✐✜❡❞ ❩ ❜♦s♦♥
♦r ❞✐r❡❝t ♣❤♦t♦♥ ✇❤❡r❡ ♥♦ ❣❡♥✉✐♥❡ E/T ✐s ❡①♣❡❝t❡❞✱ ✇❤✐❝❤ ✐s ❜❛❧❛♥❝❡❞ ✇✐t❤ t❤❡
♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❤❛❞r♦♥✐❝ s②st❡♠✱ t♦ ❡✈❡♥t s❛♠♣❧❡s ✇✐t❤ ❛ ❤❛❞r♦♥✐❝ s②st❡♠ s✐♠✐❧❛r
t♦ ❙▼ ♣r♦❝❡ss❡s✱ ❢♦r ❡①❛♠♣❧❡ tt̄✰❥❡ts ♦r ❲✰❥❡ts✳

❋✐❣✉r❡ ✹✳✷✳✿ ❚r❛♥s✈❡rs❡ ♣❧❛♥❡ ❦✐♥❡♠❛t✐❝s ♦❢ Z → l+l− ❛♥❞ ❞✐r❡❝t✲♣❤♦t♦♥
❡✈❡♥ts ❬✸✼❪✳
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✹✳✷✳ ❙✐♠✉❧❛t✐♦♥

❊✈❡♥ts ❣❡♥❡r❛t❡❞ ✇✐t❤ ▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞s ❛r❡ ✉s❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ ❞✐✛❡r❡♥t ♣r♦✲
❝❡ss❡s ❤❛♣♣❡♥✐♥❣ ❞✉r✐♥❣ ♣♣✲❝♦❧❧✐s✐♦♥s ❢♦r ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ♦❜s❡r✈❡❞
❞❛t❛✳ ❉✐✛❡r❡♥t s♦❢t✇❛r❡ ♣❛❝❦❛❣❡s ❛r❡ ✉s❡❞ ❢♦r ❞✐✛❡r❡♥t t②♣❡s ♦❢ ♣r♦❝❡ss❡s✳
❚❤❡ ✉♥❞❡r❧②✐♥❣ ❤❛r❞ s✉❜♣r♦❝❡ss ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ✇✐t❤ ❧♦✇❡st ♦r❞❡r ♣r❡❝✐s✐♦♥ ♣❡r✲
t✉r❜❛t✐✈❡ ◗❈❉✳ ❋♦r t❤❡❲✰❥❡ts ❛♥❞ ❩✴γ∗✰❥❡ts s❛♠♣❧❡s t❤❡ ❡✈❡♥t ❣❡♥❡r❛t♦r ▼❛❞●r❛♣❤
❬✸✽❪ ✐s ✉s❡❞✳ ❙✐♥❣❧❡ t♦♣ ❛♥❞ tt̄ s❛♠♣❧❡s ❛r❡ ❣❡♥❡r❛t❡❞ ✇✐t❤ P❖❲❍❊● ❬✸✾❪ ❛t ♥❡①t t♦
❧❡❛❞✐♥❣ ♦r❞❡r ♣r❡❝✐s✐♦♥✳ ❍❛❞r♦♥✐③❛t✐♦♥ ❛♥❞ ♣❛rt♦♥ s❤♦✇❡r✐♥❣✱ ❛s ✇❡❧❧ ❛s τ ❧❡♣t♦♥
❞❡❝❛②s ❛r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ t❤❡ P❨❚❍■❆✽❬✹✵❪ ❣❡♥❡r❛t♦r ✇✐t❤ t❤❡ ❈❯❊❚P✽▼✶ ❬✹✶❪ t✉♥❡✳
❚♦ ❡①tr❛❝t s✐♠✉❧❛t❡❞ ❡✈❡♥t ❞❛t❛s❡ts ❛s ✐❢ t❤❡② ✇❡r❡ ♠❡❛s✉r❡❞ ❜② t❤❡ r❡❛❧ ❈▼❙ ✐♥✲
str✉♠❡♥ts✱ ❛❧❧ ❡✈❡♥ts ❛r❡ ♣❛ss❡❞ t❤r♦✉❣❤ ❛ ●❊❆◆❚✲✹ ❬✹✷❪ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r
s②st❡♠✳ ❚❤❡ ✜♥❛❧ ❡✈❡♥ts ❛r❡ ♦❜t❛✐♥❡❞ ❜② ♣❛ss✐♥❣ t❤❡ ❞❛t❛ t❤r♦✉❣❤ t❤❡ s❛♠❡ r❡✲
❝♦♥str✉❝t✐♦♥ ♣r♦❝❡ss ❛s ❝♦❧❧✐s✐♦♥ ❞❛t❛✳ ❙❡✈❡r❛❧ ❝♦rr❡❝t✐♦♥s ❤❛✈❡ t♦ ❜❡ ❛♣♣❧✐❡❞ t♦
❛❝❝♦✉♥t ❢♦r s❡❧❡❝t❡❞ tr✐❣❣❡r ♣❛t❤ ❡✣❝✐❡♥❝✐❡s ❛♥❞ ❡✣❝✐❡♥❝✐❡s ✐♥ t❤❡ tr❛❝❦✐♥❣✱ ✐❞❡♥✲
t✐✜❝❛t✐♦♥ ❛♥❞ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✐s♦❧❛t✐♦♥ ❢♦r ❡❧❡❝tr♦♥s ❛♥❞ ♠✉♦♥s ❛s ✇❡❧❧ ❛s ❢♦r t❤❡
τh ❝❛♥❞✐❞❛t❡s ❬✹✸❪✳
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✺✳ ❙✉♠♠❛r② ♦❢ t❤❡ ▼❡❛s✉r❡♠❡♥t

♦❢ ❍✐❣❣s ❜♦s♦♥ ♣r♦❞✉❝t✐♦♥ ❛♥❞

❞❡❝❛② t♦ t❤❡ ττ ✜♥❛❧ st❛t❡

❚❤❡ ❜❛s✐s ♦❢ t❤❡ ❛♥❛❧②s✐s ✐s t❤❡ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❛t t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t ✐♥ ✷✵✶✻
❛♥❞ ✷✵✶✼ ❝♦♠❜✐♥✐♥❣ ❛❧❧ ❡✈❡♥ts ✐♥ t❤❡ eµ✱ eτh✱ µτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s ❛t ❛ ❝❡♥t❡r✲
♦❢✲♠❛ss ❡♥❡r❣② ♦❢ ✶✸ ❚❡❱✱ ❛♠♦✉♥t✐♥❣ t♦ ❛♥ ✐♥t❡❣r❛t❡❞ ❧✉♠✐♥♦s✐t② ♦❢ ✼✼✳✹ ❢❜−1✳
❚❤❡ ❣♦❛❧ ✇❛s t♦ ♠❡❛s✉r❡ t❤❡ ✐♥❝❧✉s✐✈❡ ❝r♦ss s❡❝t✐♦♥ σinclB(H → ττ) ❢♦r ❍✐❣❣s
❜♦s♦♥ ♣r♦❞✉❝t✐♦♥ ✇✐t❤ ❛ s✉❜s❡q✉❡♥t ❞❡❝❛② ✐♥t♦ ❛ ♣❛✐r ♦❢ t✇♦ τ ❧❡♣t♦♥s ❛s ✇❡❧❧
❛s t❤❡ r❡s♣❡❝t✐✈❡ ❝r♦ss s❡❝t✐♦♥s ❢♦r ✐♥❞✐✈✐❞✉❛❧ ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s✳ ❆❞❞✐t✐♦♥❛❧❧②
❦✐♥❡♠❛t✐❝ ♣r♦❞✉❝t✐♦♥ ♣r♦♣❡rt✐❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ t❡r♠s ♦❢ s✐♠♣❧✐✜❡❞ t❡♠♣❧❛t❡
❝r♦ss s❡❝t✐♦♥s✳ ❚♦ ❡st✐♠❛t❡ t❤❡ ❡①♣❡❝t❡❞ ❙▼ ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss❡s ❛ ✈❛r✐❡t② ♦❢
♠❡t❤♦❞s ✇❛s ✉s❡❞ ❛s s❤♦✇♥ ✐♥ ❚❛❜✳ ✺✳✶✳ ❚❤❡ ❞❛t❛ ❞r✐✈❡♥ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞
❞✐s❝✉ss❡❞ ✐♥ t❤✐s t❤❡s✐s ❛♥❞ t❤❡ τ ✲❡♠❜❡❞❞✐♥❣ t❡❝❤♥✐q✉❡ ❛r❡ ❛❜❧❡ t♦ ❝♦✈❡r ❛❜♦✉t ✾✵✪
♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ✐♥ t❤❡ ❝❤❛♥♥❡❧s ✇✐t❤ ❛t ❧❡❛st ♦♥❡ ❤❛❞r♦♥✐❝❛❧❧② ❞❡❝❛②✐♥❣
τ ❧❡♣t♦♥✳

✺✳✶✳ ❊✈❡♥t ❝❛t❡❣♦r✐③❛t✐♦♥

❈❧❛ss✐✜❝❛t✐♦♥ ✐♥t♦ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ❝❛t❡❣♦r✐❡s ❢♦r ❡✈❡♥ts ♣❛ss✐♥❣ t❤❡ ♣r❡s❡✲
❧❡❝t✐♦♥ ✐s ❞♦♥❡ ✈✐❛ ❢✉❧❧② ❝♦♥♥❡❝t❡❞ ❢❡❡❞✲❢♦r✇❛r❞ ♥❡✉r❛❧ ♥❡t✇♦r❦s ✉s✐♥❣ t✇♦ ❤✐❞❞❡♥
❧❛②❡rs ✇✐t❤ ✷✵✵ ♥♦❞❡s ❡❛❝❤ ✉s✐♥❣ ❛ ❤②♣❡r❜♦❧✐❝ t❛♥❣❡♥t ❛❝t✐✈❛t✐♦♥ ❢✉♥❝t✐♦♥ ❛♥❞ r❡✲
s✉❧t✐♥❣ ✐♥ ✜✈❡ t♦ ❡✐❣❤t ♦✉t♣✉t ♥♦❞❡s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✜♥❛❧ st❛t❡✳ ❊❛❝❤ ♦✉t♣✉t
♥♦❞❡ st❛♥❞s ❢♦r ❛ ❞✐st✐♥❝t✐✈❡ ❡✈❡♥t ❝❧❛ss✱ ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦✱ ✉s✐♥❣
t✇♦ s✐❣♥❛❧ ❝❛t❡❣♦r✐❡s ✭❣❣→❍ ❛♥❞ ❱❇❋✮ ❛♥❞ t❤r❡❡ t♦ s✐① ❜❛❝❦❣r♦✉♥❞ ❝❛t❡❣♦r✐❡s✳
❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♦✉t♣✉t ♥♦❞❡s ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ❡✈❡♥t
❜❡✐♥❣ ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❝❧❛ss✱ ✐t ✐s t❤❡♥ ❛ss✐❣♥❡❞ t♦ t❤❡ ❝❛t❡❣♦r② ✇✐t❤ t❤❡ ❤✐❣❤❡st
♦✉t♣✉t ✈❛❧✉❡✳ ❆ ❞❡t❛✐❧❡❞ ❧✐st ♦❢ ❡✈❡♥t ❝❧❛ss❡s ♣❡r ✜♥❛❧ st❛t❡ ✐s ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✺✳✷✳
❋♦r ❡❛❝❤ ❝❤❛♥♥❡❧ ❛♥❞ ②❡❛r ❛ s❡♣❛r❛t❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ✐s tr❛✐♥❡❞✳ ❉❛t❛s❡ts ❝r❡❛t❡❞
✇✐t❤ s✐♠✉❧❛t✐♦♥ s❛♠♣❧❡s ❛r❡ ✉s❡❞ ❛s tr❛✐♥✐♥❣ s❛♠♣❧❡s✱ ❡①❝❡♣t ❢♦r ◗❈❉ ♠✉❧t✐❥❡t
❡✈❡♥ts s✐♥❝❡ t❤❡r❡ ✐s ♥♦ r❡❛s♦♥❛❜❧② ✇❡❧❧ ♠♦❞❡❧❧❡❞ s✐♠✉❧❛t✐♦♥ ❢♦r t❤✐s ❝❛t❡❣♦r②✳ ■♥✲
st❡❛❞✱ ❞❛t❛ ❡✈❡♥ts ❢r♦♠ s✐❞❡❜❛♥❞ r❡❣✐♦♥s ❛r❡ ✉s❡❞ ❛s ◗❈❉ tr❛✐♥✐♥❣ s❛♠♣❧❡s✳ ❚❤✐s
♠❡❛♥s ❡✈❡♥ts ✇✐t❤ s❛♠❡ s✐❣♥ t❛✉ ♣❛✐r ❝❛♥❞✐❞❛t❡s ❢♦r t❤❡ µτh ❛♥❞ eτh ❝❤❛♥♥❡❧s ❛♥❞

✸✶
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Pr♦❝❡ss ▼✐s✐❞❡♥t✐✜❝❛t✐♦♥ eµ eτh µτh τhτh
❩→ ττ ❊▼❇ ❊▼❇ ❊▼❇ ❊▼❇
❲+❥❡ts ▼❈ FF FF FF

◗❈❉ ♠✉❧t✐❥❡t ❈❘ FF FF FF

❩→ ℓℓ
❏❡t→ τh ▼❈

FF FF FF

ℓ → τh ▼❈ ▼❈ ▼❈

❉✐❜♦s♦♥✰s✐♥❣❧❡ t
❏❡t→ τh ▼❈

FF FF FF

ℓ → τh ▼❈ ▼❈ ▼❈

tt̄
❏❡t→ τh ▼❈

FF FF FF

ℓ → τh ▼❈ ▼❈ ▼❈

❚❛❜❧❡ ✺✳✶✳✿ ❙▼ ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss❡s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ ❡✈❡♥t s❡❧❡❝t✐♦♥❬✹✸❪✳ Pr♦✲
❝❡ss❡s ♠❛r❦❡❞ ✇✐t❤ ✧▼❈✧ ❛r❡ ❡st✐♠❛t❡❞ ❢r♦♠ s✐♠✉❧❛t✐♦♥✱ ✧FF✧ st❛♥❞s
❢♦r ❡st✐♠❛t✐♦♥ ✈✐❛ t❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✱
✧❊▼❇✧ ✐♥❞✐❝❛t❡s ❡st✐♠❛t✐♦♥ ✉s✐♥❣ t❤❡ τ ❡♠❜❡❞❞✐♥❣ t❡❝❤♥✐q✉❡ ❞✐s❝✉ss❡❞
✐♥ ❙❡❝t✐♦♥ ✼✳✶ ❛♥❞ ✧❈❘✧ st❛♥❞s ❢♦r ❡st✐♠❛t✐♦♥ ♦❢ s❤❛♣❡ ❛♥❞ ♥♦r♠❛❧✲
✐③❛t✐♦♥ ♦❢ ◗❈❉ ♠✉❧t✐❥❡t ❡✈❡♥ts ❢r♦♠ ❝♦♥tr♦❧ r❡❣✐♦♥s ✐♥ ❞❛t❛✳ ●❡♥✉✐♥❡
❞❡❝❛②s ✐♥t♦ τ ❧❡♣t♦♥s ❢r♦♠ t❤❡ ❞✐❜♦s♦♥✰s✐♥❣❧❡ t ❛♥❞ tt̄ ❜❛❝❦❣r♦✉♥❞s ❛r❡
❛❧s♦ t❛❦❡♥ ❢r♦♠ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s✳

t❛✉ ♣❛✐rs ✇✐t❤ ❛♥ ❛♥t✐✲✐s♦❧❛t❡❞ s✉❜✲❧❡❛❞✐♥❣ τh ✐♥ t❤❡ τhτh ❝❤❛♥♥❡❧✳

✺✳✷✳ ❘❡s✉❧ts

❚❤❡ ♠❡❛s✉r❡❞ ❍✐❣❣s ❜♦s♦♥ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ♠✉❧t✐♣❧✐❡❞ ✇✐t❤ t❤❡ ❜r❛♥❝❤✐♥❣
❢r❛❝t✐♦♥ ✐♥t♦ ❛ ♣❛✐r ♦❢ τ ❧❡♣t♦♥s✱ ✐♥❝❧✉s✐✈❡❧② ❛♥❞ s♣❧✐t ❜② ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s✱ ✐s
❧✐st❡❞ ✐♥ ❚❛❜✳ ✺✳✸✳ ❆❞❞✐t✐♦♥❛❧❧② t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ✇❡r❡ ♣r❡s❡♥t❡❞ ❛s s✐♠♣❧✐✜❡❞
t❡♠♣❧❛t❡ ❝r♦ss s❡❝t✐♦♥s ❛s ❞❡✜♥❡❞ ✐♥ ❘❡❢✳ ❬✶✺❪✳ ❋♦r t❤❡ s✐❣♥❛❧ str❡♥❣t❤ ❛ ✈❛❧✉❡ ♦❢
µincl = 0.75±0.18 ❤❛s ❜❡❡♥ ❢♦✉♥❞ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ ✈❛❧✉❡ ❢r♦♠
t❤❡ ❙▼ ✇✐t❤✐♥ t❤❡ ❡①♣❡r✐♠❡♥t✬s st❛t✐st✐❝❛❧ ♣r❡❝✐s✐♦♥ ✇✐t❤ ❛ ♣✲✈❛❧✉❡ ♦❢ ✵✳✶✶❬✹✸❪✳
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Pr♦❝❡ss eµ eτh µτh τhτh
❣❣→❍ ❣❣❍ ❣❣❍ ❣❣❍ ❣❣❍

❱❇❋ qq❍ qq❍ qq❍ qq❍

❩→ ττ ③tt ③tt ③tt ③tt

◗❈❉ q❝❞ q❝❞ q❝❞ q❝❞

tt̄ tt tt tt

♠✐s❝❩→ ℓℓ ♠✐s❝ ③❧❧ ③❧❧

❲+❥❡ts ✇❥ ✇❥

❉✐❜♦s♦♥ ❞❜
♠✐s❝ ♠✐s❝

❙✐♥❣❧❡ t st

❚❛❜❧❡ ✺✳✷✳✿ ❆ss✐❣♥♠❡♥t t❛❜❧❡ ❜❡t✇❡❡♥ s✐❣♥❛❧ ♦r ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss❡s ❛♥❞ t❤❡✐r
r❡s♣❡❝t✐✈❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❝❛t❡❣♦r② ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
ττ ✜♥❛❧ st❛t❡✳

❍✐❣❣s ❜♦s♦♥ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥
▼❡❛s✉r❡❞ r❡s✉❧t

❛♥❞ s✉❜s❡q✉❡♥t ❞❡❝❛②
σinclB(H → ττ) ✷✳✺✻±✵✳✹✽✭st❛t✮±✵✳✸✹✭s②st✮♣❜
σ(gg → H, bbH)B(H → ττ) ✶✳✶✶±✵✳✽✶✭st❛t✮±✵✳✼✽✭s②st✮♣❜
σ(V BF + V (qq)H)B(H → ττ) ✵✳✸✹±✵✳✵✽✭st❛t✮±✵✳✵✾✭s②st✮♣❜

❚❛❜❧❡ ✺✳✸✳✿ ❙✉♠♠❛r② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t r❡s✉❧ts ❢♦r t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥
♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ✇✐t❤ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ✐♥t♦ ❛ ♣❛✐r ♦❢ τ ❧❡♣t♦♥s
✐♥❝❧✉s✐✈❡❧② ❛♥❞ s♣❧✐t ❜② t❤❡ ❍✐❣❣s ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s❬✹✸❪✳

✸✸
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✻✳ ❚❤❡ ❋❛❦❡ ❋❛❝t♦r ▼❡t❤♦❞

▼✐s✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❥❡ts ❛s ❤❛❞r♦♥✐❝ τ ❧❡♣t♦♥ ❞❡❝❛②s ❛♠♦✉♥ts t♦ ❛ ❧❛r❣❡ ❢r❛❝t✐♦♥
♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞s ❢♦r t❤❡ µτh✱ eτh ❛♥❞ τhτh ✜♥❛❧ st❛t❡s✳ ❚❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞

♣r♦✈✐❞❡s ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ s♦✲❝❛❧❧❡❞ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❢❛❦❡ t❛✉s ✇❤✐❝❤ ✐s ❡♥t✐r❡❧②
❞❛t❛✲❞r✐✈❡♥ ❡①❝❡♣t ❢♦r ❝♦rr❡❝t✐♦♥s ♣❛rt✐❛❧❧② ❜❛s❡❞ ♦♥ s✐♠✉❧❛t❡❞ ❡✈❡♥ts t♦ r❡♠♦✈❡
❜✐❛s❡s ✐♥ t❤❡ ♣r❡❞✐❝t✐♦♥✳ Pr❡✈✐♦✉s ❛♥❛❧②s❡s ✉s✐♥❣ t❤✐s ♠❡t❤♦❞ ✐♥❝❧✉❞❡ t❤❡ s❡❛r❝❤ ❢♦r
❛❞❞✐t✐♦♥❛❧ ♥❡✉tr❛❧ ▼❙❙▼ ❍✐❣❣s ❜♦s♦♥s ✐♥ t❤❡ ττ ✜♥❛❧ st❛t❡ ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥t
♦❢ t❤❡ Z/γ∗ → ττ ❝r♦ss s❡❝t✐♦♥ ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✹✹✱ ✹✺❪✳

✻✳✶✳ ❈❛❧❝✉❧❛t✐♦♥

❚❤❡ ✐❞❡❛ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ✐s t♦ ♠❡❛s✉r❡ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ ❛♥
❆♣♣❧✐❝❛t✐♦♥ ❘❡❣✐♦♥ ✭❆❘✮ ✇❤✐❝❤ ✐s ❞✐st✐♥❝t ❢r♦♠ t❤❡ ❙✐❣♥❛❧ ❘❡❣✐♦♥ ✭❙❘✮ ❜② t❤❡ τh
✐s♦❧❛t✐♦♥ r❡q✉✐r❡♠❡♥t✳ ■♥ t❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❤❡ t✐❣❤t ✐s♦❧❛t✐♦♥ ♠✉st ❢❛✐❧ ✇❤✐❧❡
t❤❡ ✈❧♦♦s❡ ❝r✐t❡r✐♦♥ ✐s ❢✉❧✜❧❧❡❞✱ ❛ st❛t❡ ❝❛❧❧❡❞ ❛♥t✐✲✐s♦❧❛t✐♦♥✳ ❚❤❡ ❛♥t✐✲✐s♦❧❛t✐♦♥
❧❡❛❞s t♦ ❛♥ ❆❘ ✇❤✐❝❤ ✐s ♦rt❤♦❣♦♥❛❧ t♦ t❤❡ ❙❘ ❛♥❞ ✈❡r② ♣✉r❡ ✐♥ ❢❛❦❡ t❛✉s✳ ❚♦
❡st✐♠❛t❡ t❤❡ ♥✉♠❜❡r ♦❢ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ❢r♦♠ ❛ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ❙❘✱ t❤❡
♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❆❘ ✐s ✇❡✐❣❤t❡❞ ✇✐t❤ t❤❡ ❋❋✱ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❜② t❤❡ r❛t✐♦
♦❢ ❡✈❡♥ts t❤❛t ❢✉❧✜❧❧ t❤❡ t✐❣❤t ✇♦r❦✐♥❣ ♣♦✐♥t ♦✈❡r ❡✈❡♥ts t❤❛t ❢✉❧✜❧❧ t❤❡ ✈❧♦♦s❡

❜✉t ❢❛✐❧ t❤❡ t✐❣❤t ✇♦r❦✐♥❣ ♣♦✐♥t ♦❢ t❤❡ τh ■❉ ❞✐s❝r✐♠✐♥❛♥t✳

❋❋i =
nT ight

nV eryLoose
!T ight

, i ∈ {◗❈❉✱ ❲✰❥❡ts✱tt̄} ✭✻✳✶✮

❋♦r ❡❛❝❤ ❜❛❝❦❣r♦✉♥❞ ✐ t❤❡ ❢❛❦❡ ❢❛❝t♦r ✐s ❞❡t❡r♠✐♥❡❞ ✐♥ ❛ ❞❡❞✐❝❛t❡❞ ❉❡t❡r♠✐♥❛t✐♦♥
❘❡❣✐♦♥ ✭❉❘i✮✳ ❖t❤❡r ❜❛❝❦❣r♦✉♥❞s ❛r❡ ❡st✐♠❛t❡❞ ❢r♦♠ s✐♠✉❧❛t✐♦♥ ❛♥❞ s✉❜tr❛❝t❡❞
❢r♦♠ t❤❡ ♥✉♠❡r❛t♦r ❛♥❞ ❞❡♥♦♠✐♥❛t♦r ♦❢ t❤❡ ❋❋ r❛t✐♦✳ ❯s✐♥❣ t❤❡ r❡s✉❧ts ❢r♦♠ ❉❘i

✐♥ t❤❡ ❙❘ ❛ss✉♠❡s t❤❡ r❛t✐♦ ♦❢ ❢❛❦❡ t❛✉s ❢r♦♠ t❤❡ s♣❡❝✐✜❝ ❜❛❝❦❣r♦✉♥❞ ✐ ✐♥ t❤❡
❙❘ t♦ ❜❡ ❡q✉❛❧ t♦ t❤❡ ❞❡t❡r♠✐♥❡❞ ❋❋ r❛t✐♦ ✐♥ t❤❡ ❉❘i✳ ❚❤❡ ❢❛❦❡ ❢❛❝t♦r ✐s ❞❡t❡r✲
♠✐♥❡❞ ❞✐✛❡r❡♥t✐❛❧❧② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ✈❛r✐❛❜❧❡s✱ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡
♠♦st ✐♠♣♦rt❛♥t ❦✐♥❡♠❛t✐❝ ❞❡♣❡♥❞❡♥❝✐❡s✱ t♦ ❡♥s✉r❡ t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ❛ss✉♠♣t✐♦♥✳
❈♦rr❡❝t✐♦♥s ❛r❡ ❞❡t❡r♠✐♥❡❞ t♦ ❛❝❝♦✉♥t ❢♦r ❜✐❛s❡s ✇❤❡♥ ❛♣♣❧②✐♥❣ t❤❡ ❋❋✳
❚❤❡ ❛♣♣❧✐❡❞ ❝♦♠❜✐♥❡❞ ❋❋ ✐s t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ ❛❧❧ ❞✐✛❡r❡♥t ❢❛❦❡ t❛✉ ❝♦♥tr✐✲
❜✉t✐♦♥s✱ ✇❡✐❣❤t❡❞ ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ ❢r❛❝t✐♦♥ ♦❢ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❡❛❝❤ ❜❛❝❦❣r♦✉♥❞
✐♥ t❤❡ ❆❘✳ ❚❤❡ ♣r❡❞✐❝t❡❞ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✇✐t❤ ❥❡ts ♠✐s✐❞❡♥t✐✜❡❞ ❛s τh ✐♥ ❛ ❣✐✈❡♥
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r❛♥❣❡ ♦❢ ❛ ❦✐♥❡♠❛t✐❝ ✈❛r✐❛❜❧❡ ✐s ❝❛❧❝✉❧❛t❡❞ ✈✐❛ ❊q✳ ✭✻✳✷✮ ❜② ♠✉❧t✐♣❧②✐♥❣ t❤❡ ♥✉♠❜❡r
♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❆❘ ✇✐t❤ t❤❡ ❢❛❦❡ ❢❛❝t♦r✳

Njet→τh = NAR ·
∑

i

wi · ❋❋i ✭✻✳✷✮

❚❤❡ ✇❡✐❣❤ts ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r ✐♥ ❊q✳ ✭✻✳✷✮ ❛r❡ ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ ❆❘ ❜② ❡st✐✲
♠❛t✐♥❣ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ♦❢ ❛ s♣❡❝✐✜❝ ❜❛❝❦❣r♦✉♥❞ ♦✈❡r t❤❡ t♦t❛❧
❛♠♦✉♥t ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ❆❘✳

wi =
N i

AR
∑

j N
j
AR

, i, j ∈ {◗❈❉✱ ❲✰❥❡ts✱tt̄} ✭✻✳✸✮

❋♦r ❡❛❝❤ ❜❛❝❦❣r♦✉♥❞ ❝❛t❡❣♦r② t❤❡ ❢❛❦❡ ❢❛❝t♦r ✐s ❡st✐♠❛t❡❞ ❞✐st✐♥❝t✐✈❡❧② ❢♦r ❡✈❡♥ts
✇✐t❤ ❛ ❥❡t ♠✉❧t✐♣❧✐❝✐t② ♦❢ ③❡r♦ ✭✵✲❥❡t✮ ❛♥❞ ❢♦r ❡✈❡♥ts ✇✐t❤ ❛ ❥❡t ♠✉❧t✐♣❧✐❝✐t② ♦❢ ♦♥❡
♦r ♠♦r❡ ✭✶✲❥❡t✮✳ ❆ ❢✉♥❝t✐♦♥ ❝♦♥s✐st✐♥❣ ♦❢ ❛ ▲❛♥❞❛✉ ❢✉♥❝t✐♦♥ ❛♥❞ ❛ ♣♦❧②♥♦♠✐❛❧ ♦❢
❞❡❣r❡❡ t✇♦ ✐s ✜t ✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡✬s tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠✱ pT,τ ✳

✻✳✶✳✶✳ ◗❈❉ ❋❛❦❡ ❋❛❝t♦rs

❚♦ ♦❜t❛✐♥ ❛ r❡❣✐♦♥ ✈❡r② ♣✉r❡ ✐♥ ◗❈❉ ♠✉❧t✐❥❡t ❡✈❡♥ts s❡✈❡r❛❧ ❝✉ts ❤❛✈❡ t♦ ❜❡
♠♦❞✐✜❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❡✈❡♥t s❡❧❡❝t✐♦♥ ♦❢ t❤❡ ❙❘✳ ■♥ ❚❛❜✳ ✻✳✶ t❤❡ r❡q✉✐r❡♠❡♥ts
❢♦r ❡✈❡♥ts ✐♥ t❤❡ µτh ❛♥❞ ❡τ ❝❤❛♥♥❡❧s ❛r❡ ❧✐st❡❞✳

❉❘ ❙❘
❊❧❡❝tr✐❝ ❝❤❛r❣❡s ♦❢ ❙❛♠❡ s✐❣♥ ✭❙❙✮✿ ❖♣♣♦s✐t❡ s✐❣♥ ✭❖❙✮✿
❧✐❣❤t ❧❡♣t♦♥ ❛♥❞ τh ❝❛♥❞✐❞❛t❡ ql · qτh > 0 ql · qτh < 0
❘❡❧❛t✐✈❡ ❧✐❣❤t ❧❡♣t♦♥ ✐s♦❧❛t✐♦♥ ✭µτh ✮ ■♥ r❛♥❣❡ ✵✳✵✺ ✲ ✵✳✶✺ ❁✵✳✶✺
❘❡❧❛t✐✈❡ ❧✐❣❤t ❧❡♣t♦♥ ✐s♦❧❛t✐♦♥ ✭❡τh ✮ ■♥ r❛♥❣❡ ✵✳✵✷ ✲ ✵✳✶✺ ❁✵✳✶✺

❚❛❜❧❡ ✻✳✶✳✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ◗❈❉ ❉❘ ✐♥ t❤❡ µτh ❛♥❞ ❡τh ❝❤❛♥♥❡❧s

■♥ t❤❡ τhτh ❝❤❛♥♥❡❧ ♦♥❧② t❤❡ s❛♠❡ s✐❣♥ r❡q✉✐r❡♠❡♥t ✐s ✉s❡❞ t♦ ❞❡✜♥❡ t❤❡ ❉❘✳
❙✐♥❝❡ ✐♥ t❤✐s ❝❤❛♥♥❡❧ t✇♦ τh ❝❛♥❞✐❞❛t❡s ❛r❡ ♣r❡s❡♥t✱ t❤❡ ❢❛❦❡ ❢❛❝t♦r ❝❛❧❝✉❧❛t✐♦♥ ✐s
✜rst ❞♦♥❡ ✇✐t❤ ♦♥❡ ♦❢ t❤❡♠ ❜❡✐♥❣ s❡❧❡❝t❡❞ ❛s t❤❡ ❧❡❛❞✐♥❣ τh r❡q✉✐r❡❞ t♦ ♣❛ss t❤❡
t✐❣❤t ✐s♦❧❛t✐♦♥ ✇♦r❦✐♥❣ ♣♦✐♥t✱ ❛♥❞ t❤❡♥ ❛ s❡❝♦♥❞ t✐♠❡ ✇✐t❤ t❤❡ ♦t❤❡r ♦♥❡ ❜❡✐♥❣
t❤❡ ❧❡❛❞✐♥❣ τh ❝❛♥❞✐❞❛t❡ t♦ ❛✈♦✐❞ ❜✐❛s❡s ✇❤❡♥ s❡❧❡❝t✐♥❣ t❤❡ ❧❡❛❞✐♥❣ τh✱ ❛♥❞ ✜♥❛❧❧②
✇❡✐❣❤t❡❞ ❜② ❛ ❢❛❝t♦r ♦❢ ✵✳✺✳ ❚❤❡ ◗❈❉ ♠✉❧t✐❥❡t ❜❛❝❦❣r♦✉♥❞ ✐s t❤❡ ❞♦♠✐♥❛t✐♥❣
❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ τhτh ✜♥❛❧ st❛t❡ ❜② ❛ ❧❛r❣❡ ♠❛r❣✐♥✱ s♦ t❤❡ ◗❈❉ ❢❛❦❡ ❢❛❝t♦rs ❝❛♥
❜❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ♦t❤❡r ❜❛❝❦❣r♦✉♥❞s ❛s ❛ r❡❛s♦♥❛❜❧② ❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥✳
❘❡s✉❧ts ♦❢ t❤❡ ◗❈❉ ❢❛❦❡ ❢❛❝t♦r ❝❛❧❝✉❧❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳✶✳
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❋✐❣✉r❡ ✻✳✶✳✿ ❚❤❡ ✉♥❝♦rr❡❝t❡❞ ✜t ✐♥ pT ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ◗❈❉ ❢❛❦❡ ❢❛❝t♦rs ❝❛❧❝✉✲
❧❛t❡❞ ✐♥ t❤❡ ◗❈❉ ❉❘ ❢♦r t❤❡ µτh ✭✜rst r♦✇✮✱ eτh ✭s❡❝♦♥❞ r♦✇✮ ❛♥❞
τhτh ✭t❤✐r❞ r♦✇✮ ❝❤❛♥♥❡❧s✳ ❚❤❡ ❢❛❦❡ ❢❛❝t♦rs ✐♥ t❤❡ ❧❡❢t ❝♦❧✉♠♥ ❛r❡ ❢♦r
❡✈❡♥ts ✇✐t❤ ❥❡t ♠✉❧t✐♣❧✐❝✐t② ③❡r♦✱ t❤❡ ♦♥❡s ✐♥ t❤❡ r✐❣❤t ❝♦❧✉♠♥ ❛r❡ ❢♦r
❡✈❡♥ts ✇✐t❤ ❛ ❥❡t ♠✉❧t✐♣❧✐❝✐t② ♦❢ ❛t ❧❡❛st ♦♥❡✳
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✻✳✶✳✷✳ ❲✰❥❡ts ❋❛❦❡ ❋❛❝t♦rs

❋♦r t❤❡ µτh ❛♥❞ eτh ❝❤❛♥♥❡❧s t❤❡ ❉❘ ♦❢ t❤❡ ❲✰❥❡ts ❢❛❦❡ ❢❛❝t♦rs ✐s ❞❡✜♥❡❞ ❜②
t❤❡ s❛♠❡ r❡q✉✐r❡♠❡♥ts ❛s ❢♦r t❤❡ ❙❘ ❡①❝❡♣t ❢♦r t✇♦ ❛❞❞✐t✐♦♥❛❧ ♦♥❡s r❡❣❛r❞✐♥❣ t❤❡
tr❛♥s✈❡rs❡ ♠❛ss

ml
T =

√

2plTE/T (1− ❝♦s∆φ) ✭✻✳✹✮

♦♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ✇❤❡r❡ ∆φ ❞❡✜♥❡s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❧✐❣❤t ❧❡♣t♦♥ ♠♦♠❡♥t✉♠
plT ❛♥❞ t❤❡ ♠✐ss✐♥❣ ❡♥❡r❣② ✈❡❝t♦r ~E/T ✱ s✐♥❝❡ ❲✰❥❡ts ❡✈❡♥ts ✉s✉❛❧❧② ❤❛✈❡ ❛ ❧❛r❣❡r
mT ✈❛❧✉❡✳ ❚❤❡ s❡❝♦♥❞ r❡q✉✐r❡♠❡♥t t❛r❣❡ts t❤❡ ♥✉♠❜❡r ♦❢ ❜✲t❛❣❣❡❞ ❥❡ts ✐♥ t❤❡
❡✈❡♥t t♦ r❡❞✉❝❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❜② tt̄ ❡✈❡♥ts✳ ❇♦t❤ r❡q✉✐r❡♠❡♥ts ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜✳
✻✳✷✳

❉❘ ❙❘
mT ❃✼✵ ●❡❱ ❁✺✵ ●❡❱
◆✉♠❜❡r ♦❢ ❜✲t❛❣❣❡❞ ❥❡ts ❂ ✵ ≤ ✶

❚❛❜❧❡ ✻✳✷✳✿ ❉❡✜♥✐t✐♦♥ ❢♦r t❤❡ ❲✰❥❡ts ❉❘

■♥ ❋✐❣✳ ✻✳✷ t❤❡ pT ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ✉♥❝♦rr❡❝t❡❞ ❢❛❦❡ ❢❛❝t♦rs ✐s ♣r❡s❡♥t❡❞✳

✻✳✶✳✸✳ tt̄ ❋❛❦❡ ❋❛❝t♦rs

❋❛❦❡ ❢❛❝t♦rs ❢♦r tt̄ ♣r♦❝❡ss❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ s✐♠✉❧❛t❡❞ ❡✈❡♥ts ❛❢t❡r t❤❡ ♣r❡s✲
❡❧❡❝t✐♦♥ s✐♥❝❡ t❤❡r❡ ✐s ♥♦ r❡❣✐♦♥ ♣✉r❡ ✐♥ tt̄ ❡✈❡♥ts ✇✐t❤ ❡♥♦✉❣❤ ❡✈❡♥ts t♦ ♣r♦✈✐❞❡
s✉✣❝✐❡♥t st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ t♦ ❜❡ s✉✐t❛❜❧❡ ❛s ❉❘✳ ❚❤❡ ♦❜t❛✐♥❡❞ tt̄ ❢❛❦❡ ❢❛❝t♦rs
❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳✸✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✻✳✹✱ t❤❡ ♥✉♠❜❡r ♦❢ ❢❛❦❡ t❛✉s r❡s✉❧t✐♥❣
❢r♦♠ tt̄ ♣r♦❝❡ss❡s ✐s ♥♦t❛❜❧② ❧♦✇❡r t❤❛♥ t❤❡ ♥✉♠❜❡r ♦❢ ❢❛❦❡s ❢r♦♠ ♦t❤❡r ♣r♦❝❡ss❡s✱
t❤✐s ❤♦❧❞s tr✉❡ ❢♦r ❡✈❡r② ❝❤❛♥♥❡❧✳
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❚❤❡ ❝♦♠❜✐♥❡❞ ❢❛❦❡ ❢❛❝t♦r ✉s❡❞ ♦♥ ❛♥ ❡✈❡♥t ✐♥ t❤❡ ❆❘ ✐s ❛ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ t❤r❡❡
❞✐✛❡r❡♥t ❢❛❦❡ ❢❛❝t♦r ❝❛t❡❣♦r✐❡s✱ ✇❡✐❣❤t❡❞ ❜② t❤❡ ❡①♣❡❝t❡❞ ❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts ❜❡✐♥❣
✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❝❛t❡❣♦r✐❡s ✐♥ t❤❡ ❆❘✳
❚❤❡ ◗❈❉ ❜❛❝❦❣r♦✉♥❞ ❢r❛❝t✐♦♥ ✐s ❡st✐♠❛t❡❞ ❢r♦♠ ❞❛t❛ ✐♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ r❡❣✐♦♥✱

❜✉t ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥❛❧ r❡q✉✐r❡♠❡♥t t❤❛t t❤❡ ❝❤❛r❣❡s ♦❢ t❤❡ t✇♦ ❞❡t❡❝t❡❞ ♣❛rt✐❝❧❡s
❛r❡ ♦❢ t❤❡ s❛♠❡ s✐❣♥✭❙❙✮✳ ❋r♦♠ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ s❡❧❡❝t❡❞ ❙❙ ❡✈❡♥ts ❛♥ ❡st✐♠❛t✐♦♥
♦❢ ❙❙ ❡✈❡♥ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ❡✈❡♥ts ♦❢ ♦♥❡ ♦❢ t❤❡ ♦t❤❡r ❝❛t❡❣♦r✐❡s ✐s s✉❜tr❛❝t❡❞
❜❛s❡❞ ♦♥ ▼❈ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ♦t❤❡r ❜❛❝❦❣r♦✉♥❞ ❝❛t❡❣♦r✐❡s ✭❚❚✱ ❲✰❩❏✱ τh → τh
✰ ❧❡♣t♦♥ → τh ✮ ❛r❡ ❡st✐♠❛t❡❞ ✈✐❛ ▼❈ s✐♠✉❧❛t✐♦♥✳
■♥ ♣r❛❝t✐❝❡✱ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❢r❛❝t✐♦♥s ❛r❡ ♥♦t ❝❛❧❝✉❧❛t❡❞ ❞✉r✐♥❣ t❤❡ ❢❛❦❡ ❢❛❝t♦r

❝❛❧❝✉❧❛t✐♦♥ ❜✉t ❤❛✈❡ t♦ ❜❡ ♣r♦✈✐❞❡❞ ❢r♦♠ ❛♥ ❡①t❡r♥❛❧ s♦✉r❝❡ t♦ t❤❡ ❢❛❦❡ ❢❛❝t♦rs ❢♦r
❛♥ ❛♥❛❧②s✐s✳ ❚❤✐s ✇❛② ♠❛①✐♠❛❧ ✢❡①✐❜✐❧✐t② ✐s ❡♥s✉r❡❞✱ ❢♦r t❤❡ ❛ss✐❣♥❡❞ ✈❛r✐❛❜❧❡ ❛♥❞
❜✐♥♥✐♥❣ ♦❢ t❤❡ ❢r❛❝t✐♦♥s ❝❛♥ ❜❡ ❝❤♦s❡♥ t♦ ❢✉❧✜❧❧ t❤❡ s♣❡❝✐✜❝ r❡q✉✐r❡♠❡♥ts ♦❢ t❤❡
r❡s♣❡❝t✐✈❡ ❛♥❛❧②s✐s✳

✻✳✷✳ ❈♦rr❡❝t✐♦♥s

❆❢t❡r ❞❡r✐✈✐♥❣ t❤❡ r❛✇ ❢❛❦❡ ❢❛❝t♦rs ✐♥ t❤❡ ❉❘s✱ s❡✈❡r❛❧ ❝♦rr❡❝t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ t♦
❛❝❝♦✉♥t ❢♦r ❡✈❡♥t✉❛❧ ♠✐s♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ❡st✐♠❛t❡❞ ❢❛❦❡ ❜❛❝❦❣r♦✉♥❞✳ ■♠♣❡r❢❡❝t
♠♦❞❡❧❧✐♥❣ ❝❛♥ ♦❝❝✉r ❞✉❡ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❉❘ ❛♥❞ ❙❘
❛r✐s✐♥❣ ❢r♦♠ t❤❡ r❡s♣❡❝t✐✈❡ s❡❧❡❝t✐♦♥ ❝r✐t❡r✐❛✱ ♦r ❞✉❡ t♦ ❛♥ ❡✈❡♥t✉❛❧ ❞❡♣❡♥❞❡♥❝②
♦♥ ✈❛r✐❛❜❧❡s ♥♦t ✉s❡❞ t♦ ♠♦❞❡❧ t❤❡ ❢❛❦❡ ❢❛❝t♦r✱ ✇❤✐❝❤ ✐s ❤❛♥❞❧❡❞ ❜② ♥♦♥✲❝❧♦s✉r❡
❝♦rr❡❝t✐♦♥s✳

✻✳✷✳✶✳ ◗❈❉ ❢❛❦❡ ❢❛❝t♦r ❝♦rr❡❝t✐♦♥s

❚❤r❡❡ ❞✐✛❡r❡♥t ❝♦rr❡❝t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ ❢♦r t❤❡ ◗❈❉ ♠✉❧t✐✲❥❡t ❢❛❦❡ ❢❛❝t♦r✿ t❤❡
♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ mvis✱ ❛ ❝♦rr❡❝t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❧❡♣t♦♥
✐s♦❧❛t✐♦♥ ❛♥❞ ❛ ❝♦rr❡❝t✐♦♥ ❢♦r t❤❡ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r✱ ✇❤✐❝❤ ✐s ❞❡r✐✈❡❞
✐♥ t❤❡ s❛♠❡✲s✐❣♥ r❡❣✐♦♥✱ t♦ t❤❡ ♦♣♣♦s✐t❡✲s✐❣♥ r❡❣✐♦♥✳ ❚❤✐s ✐s ♥❡❝❡ss❛r② ❜❡❝❛✉s❡
s♦♠❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❡❝♦♥❞ ❧❡♣t♦♥ ✐♥ t❤❡ ❡✈❡♥t ❝❛♥ ❛✛❡❝t t❤❡ ✐s♦❧❛t✐♦♥ ♦❢ t❤❡
✜rst τ ❧❡♣t♦♥ ❛♥❞ t❤✉s ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ❛♣♣❧②✐♥❣ t❤❡ r❛✇ ❢❛❦❡ ❢❛❝t♦rs✳
❚❤❡ ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ✐♥ t❤❡ s❛♠❡ r❡❣✐♦♥ ❛s t❤❡ ✐♥✐t✐❛❧ r❛✇ ❢❛❦❡
❢❛❝t♦rs ❜② ❡st✐♠❛t✐♥❣ t❤❡ ❢❛❦❡ ❜❛❝❦❣r♦✉♥❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ mvis ❛♥❞ ❝♦♠♣❛r✐♥❣ ✐t
✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡ r❛t✐♦ ♦❢ t❤❡s❡ t✇♦ ✐s t❤❡♥ ✉s❡❞ ❛s ♠✉❧t✐♣❧✐❝❛t✐✈❡
❢❛❝t♦r ♦♥ t❤❡ r❛✇ ❢❛❦❡ ❢❛❝t♦r ❛s ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥ ❛❢t❡r s♠♦♦t❤✐♥❣ ✐t ✇✐t❤ ❛
●❛✉ss✐❛♥ ❦❡r♥❡❧✳
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❋✐❣✉r❡ ✻✳✺✳✿ ❚❤❡ s♠♦♦t❤❡❞ ◗❈❉♠✉❧t✐✲❥❡t ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ µτh ✭❧❡❢t✮✱
❡τh ✭♠✐❞❞❧❡✮ ❛♥❞ τhτh ✭r✐❣❤t✮ ❝❤❛♥♥❡❧s ❢♦r t❤❡ ✷✵✶✼ ❋❋✳✳

❚❤❡ ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t❡❞ ❢❛❦❡ ❢❛❝t♦rs ❛r❡ t❤❡♥ ✉s❡❞ t♦ ❞❡r✐✈❡ t❤❡ ❧❡♣t♦♥✲✐s♦❧❛t✐♦♥
❝♦rr❡❝t✐♦♥ ✐♥ t❤❡ ❙❙ r❡❣✐♦♥ ❜② ❡st✐♠❛t✐♥❣ t❤❡ ❢❛❦❡ ❜❛❝❦❣r♦✉♥❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
❧❡♣t♦♥ ✐s♦❧❛t✐♦♥ ❛♥❞ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❡st✐♠❛t✐♦♥ ❛♥❞ t❤❡ ♦❜s❡r✈❡❞ ❜❛❝❦✲
❣r♦✉♥❞✱ s♠♦♦t❤❡❞ ✇✐t❤ ❛ ●❛✉ss✐❛♥ ❦❡r♥❡❧✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ❝♦rr❡❝t✐♦♥ ✐s t❤❡
❝♦rr❡❧❛t✐♦♥ ♦❢ t❤❡ τh ❛♥❞ t❤❡ s❡❝♦♥❞ ❧❡♣t♦♥✱ ❢♦r ❡①❛♠♣❧❡ ✐♥ ◗❈❉ ❡✈❡♥ts t❤r♦✉❣❤
t❤❡✐r ✢❛✈♦r ♦r t❤❡✐r pT ❞✉❡ t♦ ♠♦♠❡♥t✉♠ ❜❛❧❛♥❝❡ ✇❤✐❝❤ ❛✛❡❝t t❤❡ r❡❧❛t✐✈❡ ✐s♦❧❛t✐♦♥✳
❋♦r ❧♦✇ ✈❛❧✉❡s ♦❢ t❤❡ ❧❡♣t♦♥ ✐s♦❧❛t✐♦♥ t❤❡r❡ ✐s ❛ ♥♦♥✲♥❡❣❧✐❣✐❜❧❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❜②
♠♦st❧② ❲✰❥❡ts ❡✈❡♥ts ✇❤✐❝❤ ✐s s✉❜tr❛❝t❡❞ ❜❛s❡❞ ♦♥ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❛♥ ❛ss♦❝✐❛t❡❞
✉♥❝❡rt❛✐♥t② ♣r♦♣❛❣❛t❡❞ t♦ t❤❡ ❝♦rr❡❝t✐♦♥✳

❋✐❣✉r❡ ✻✳✻✳✿ ❚❤❡ s♠♦♦t❤❡❞ ◗❈❉ ♠✉❧t✐✲❥❡t ❧❡♣t♦♥ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ µτh ✭❧❡❢t✮✱ ❡τh
✭♠✐❞❞❧❡✮ ❛♥❞ τhτh ✭r✐❣❤t✮ ❝❤❛♥♥❡❧s ❢♦r t❤❡ ✷✵✶✼ ❋❋✳✳

❚♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦rs t♦ t❤❡ ❖❙ r❡❣✐♦♥✱ ❛ ❝♦rr❡❝t✐♦♥
✐s ❞❡r✐✈❡❞ ✐♥ ❛ r❡❣✐♦♥ ✇❤❡r❡ t❤❡ ❧❡♣t♦♥ ✐s♦❧❛t✐♦♥ ✐s ✐♥ ❛♥ ✐♥t❡r✈❛❧ ❜❡t✇❡❡♥ t❤❡ ✉♣♣❡r
❉❘ ✐s♦❧❛t✐♦♥ ❧✐♠✐t ❛♥❞ t❤❛t ✈❡r② ❧✐♠✐t ♣❧✉s ✵✳✶ ❢♦r t❤❡ µτh ❛♥❞ eτ ❝❤❛♥♥❡❧s✱ ♦r
✇❤❡r❡ t❤❡ ♥♦♥✲❧❡❛❞✐♥❣ t❛✉ ✐s ❛♥t✐✲✐s♦❧❛t❡❞✱ ❢✉❧✜❧❧✐♥❣ t❤❡ ❱▲❖❖❙❊ ✐s♦❧❛t✐♦♥ ❝r✐t❡r✐❛
❜✉t ❢❛✐❧✐♥❣ t❤❡ ❚■●❍❚ r❡q✉✐r❡♠❡♥t ✐♥ t❤❡ τhτh ❝❤❛♥♥❡❧✳ ❋♦r t❤✐s r❡❣✐♦♥ r❛✇ ❢❛❦❡
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❢❛❝t♦rs ❛♥❞ t❤❡✐r ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❛r❡ t❤❡♥ ❛♣♣❧✐❡❞ t♦ ❛
r❡❣✐♦♥ ♦♥❧② ❞✐✛❡r✐♥❣ ❜② ❛ ❝❤❛r❣❡ ♣r♦❞✉❝t r❡q✉✐r❡♠❡♥t✳ ❚❤❡ r❛t✐♦ ♦❢ ❡st✐♠❛t❡❞ ❛♥❞
♦❜s❡r✈❡❞ ❜❛❝❦❣r♦✉♥❞ ✐s st♦r❡❞ ❛s ❖❙→❙❙ ❝♦rr❡❝t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ mvis✳
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❋✐❣✉r❡ ✻✳✼✳✿ ❚❤❡ s♠♦♦t❤❡❞ ◗❈❉ ♠✉❧t✐✲❥❡t ❖❙→❙❙ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ µτh ✭❧❡❢t✮✱
❡τh ✭♠✐❞❞❧❡✮ ❛♥❞ τhτh ✭r✐❣❤t✮ ❝❤❛♥♥❡❧s ❢♦r t❤❡ ✷✵✶✼ ❋❋✳

✻✳✷✳✷✳ ❲✰❥❡ts ❢❛❦❡ ❢❛❝t♦r ❝♦rr❡❝t✐♦♥s

❋♦r t❤❡ ❲✰❥❡ts ❢❛❦❡ ❢❛❝t♦rs t✇♦ ❞✐✛❡r❡♥t ❝♦rr❡❝t✐♦♥s ❛r❡ ❞❡r✐✈❡❞✳ ❆ ♥♦♥✲❝❧♦s✉r❡
❝♦rr❡❝t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✈✐s✐❜❧❡ ♠❛ss mvis ✐s ❝❛❧❝✉❧❛t❡❞ ❜② ❡st✐♠❛t✐♥❣ t❤❡
❢❛❦❡ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ r❡❣✐♦♥ t❤❡ r❛✇ ❢❛❦❡ ❢❛❝t♦rs ✇❡r❡ ❞❡r✐✈❡❞ ❛♥❞ ❝♦♠♣❛r✐♥❣
t❤❡ r❡s✉❧t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❢❛❦❡ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡ r❛t✐♦ ♦❢ t❤❡s❡ t✇♦ ✐s ✉s❡❞ ❛s
❝♦rr❡❝t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ mvis✳
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❋✐❣✉r❡ ✻✳✽✳✿ ❚❤❡ s♠♦♦t❤❡❞ ❲ ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ µτh ✭❧❡❢t✮ ❛♥❞ ❡τh
✭r✐❣❤t✮ ❝❤❛♥♥❡❧s ❢♦r t❤❡ ✷✵✶✼ ❋❋✳
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❇② r❡q✉✐r✐♥❣ ❛ ♠✐♥✐♠✉♠ pT ♦♥ t❤❡ ❧✐❣❤t ❧❡♣t♦♥ ❢♦r t❤❡ ❢❛❦❡ ❢❛❝t♦r ❝❛❧❝✉❧❛t✐♦♥✱
❡✈❡♥ts ✇✐t❤ ♥♦ ❤❛r❞ ❲ ❜♦s♦♥ r❡❝♦✐❧ ❛♥❞ s✉❜s❡q✉❡♥t❧② ♥♦ ❤❛r❞ ❥❡ts t❡♥❞ t♦ ❜❡
✉♥❞❡rr❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❧♦✇ ml

T r❡❣✐♦♥✳ ❚❤✐s ❛✛❡❝ts t❤❡ τh ✐s♦❧❛t✐♦♥ s✐♥❝❡ ✐t ✐s
str♦♥❣❧② ❝♦rr❡❧❛t❡❞ t♦ t❤❡ pT ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡ ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞
❥❡t✳ ❚♦ ♠✐t✐❣❛t❡ t❤✐s ❡✛❡❝t ❛ s❡❝♦♥❞✱ mT ✲❞❡♣❡♥❞❡♥t✱ ❝♦rr❡❝t✐♦♥ ✐s ❞❡r✐✈❡❞ ❜② r❡✲
❝❛❧❝✉❧❛t✐♥❣ r❛✇ ❢❛❦❡ ❢❛❝t♦rs ❛♥❞ t❤❡ ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥ ❢r♦♠ s✐♠✉❧❛t✐♦♥ ❛♥❞
❡st✐♠❛t✐♥❣ t❤❡ ❲ ❢❛❦❡ ❜❛❝❦❣r♦✉♥❞ ✐♥ s✐♠✉❧❛t❡❞ ❡✈❡♥ts✳ ❚❤❡ r❛t✐♦ ♦❢ t❤❡ r❡s✉❧t ❛♥❞
t❤❡ ♦r✐❣✐♥❛❧ s✐♠✉❧❛t❡❞ ❲ ❜❛❝❦❣r♦✉♥❞ ✐s ❢✉rt❤❡r ✉s❡❞ ❛s mT ✲❝♦rr❡❝t✐♦♥✳
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❋✐❣✉r❡ ✻✳✾✳✿ ❚❤❡ s♠♦♦t❤❡❞ ❲ mT ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ µτh ✭❧❡❢t✮ ❛♥❞ ❡τh ✭r✐❣❤t✮
❝❤❛♥♥❡❧s ❢♦r t❤❡ ✷✵✶✼ ❋❋✳

✻✳✷✳✸✳ tt̄ ❢❛❦❡ ❢❛❝t♦r ❝♦rr❡❝t✐♦♥s

❚♦ s❡❧❡❝t ❡✈❡♥ts ❢♦r t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ tt̄ ❢❛❦❡ ❢❛❝t♦r
❝♦rr❡❝t✐♦♥s t✇♦ r❡q✉✐r❡♠❡♥ts ❤❛✈❡ t♦ ❜❡ ✐♠♣♦s❡❞ ❛❞❞✐t✐♦♥❛❧❧② t♦ t❤❡ ❙❘ s❡❧❡❝t✐♦♥✳

❼ ❚❤❡ ♥✉♠❜❡r ♦❢ ❜✲t❛❣❣❡❞ ❥❡ts ✐♥ t❤❡ ❡✈❡♥t ♠✉st ❜❡ ❣r❡❛t❡r ♦r ❡q✉❛❧ t♦ ♦♥❡
✭❙❘✿ ✵ ♦r ✶ ❜✲t❛❣❣❡❞ ❥❡t✮

❼ ❚❤❡r❡ ✐s ❛t ❧❡❛st ♦♥❡ ✐s♦❧❛t❡❞ ♠✉♦♥ ❛♥❞ ♦♥❡ ✐s♦❧❛t❡❞ ❡❧❡❝tr♦♥ ✐♥ t❤❡ ❡✈❡♥t
✭❙❘✿ ✈❡t♦ ♦♥ ❛ t❤✐r❞ ❧❡♣t♦♥✮

❆s ✈✐s✐❜❧❡ ✐♥ ❋✐❣✳ ✻✳✶✵ t❤❡ s❡❧❡❝t❡❞ r❡❣✐♦♥ ✐s r❡❧❛t✐✈❡❧② s♣❛rs❡❧② ♣♦♣✉❧❛t❡❞✱ ❧❛r❣❡
st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡ t❤❡ ❝♦♥s❡q✉❡♥❝❡✳ ❚❤❡ r❡q✉✐r❡♠❡♥t ♦❢ ❛♥ ❛❞❞✐t✐♦♥❛❧
❧❡♣t♦♥ ❛❧s♦ t②♣✐❝❛❧❧② s❡❧❡❝ts ❡✈❡♥ts ✇❤❡r❡ t❤❡ τh ❝❛♥❞✐❞❛t❡ ✐s ❛ ❥❡t ❢r♦♠ ❛ ❇ ♠❡s♦♥
❞❡❝❛② ❛♥❞ ❜♦t❤ ❲ ❜♦s♦♥s ❞❡❝❛② ❧❡♣t♦♥✐❝❛❧❧②✱ ✇❤❡r❡❛s ✐♥ t❤❡ ❙❘ t❤❡ τh ❝❛♥❞✐❞❛t❡
♦❢t❡♥ ♦r✐❣✐♥❛t❡s ❢r♦♠ ❤❛❞r♦♥✐❝ ❲ ❞❡❝❛②s✱ ✇❤✐❝❤ ✐s ✇❤② t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ✐s ♦♥❧②

✹✺
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✉s❡❞ t♦ ❞❡r✐✈❡ ❛ ❝♦♥st❛♥t ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ❛s ❛ r❛t✐♦ ♦❢ t❤❡ tt̄ ❢❛❦❡ ❢❛❝t♦rs ✐♥ ❞❛t❛
❛♥❞ s✐♠✉❧❛t✐♦♥✱ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤♦s❡ t✇♦ ❛s ✉♥❝❡rt❛✐♥t②✳

❋✐❣✉r❡ ✻✳✶✵✳✿ ❙✐♠✉❧❛t❡❞ ♣♦♣✉❧❛t✐♦♥ ♦❢ t❤❡ tt̄✰❥❡ts ❝♦♥tr♦❧ r❡❣✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
pT ♦❢ t❤❡ τh ❝❛♥❞✐❞❛t❡ ❢♦r t❤❡ µτh ✭❧❡❢t✮ ❛♥❞ eτh ❝❤❛♥♥❡❧s ✭r✐❣❤t✮✳ ❚❤❡
❡①♣❡❝t❡❞ ◗❈❉ ♠✉❧t✐❥❡t ❝♦♥tr✐❜✉t✐♦♥ ✐s ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❣r❛♣❤✐❝✳

❚❤❡ ❞❡r✐✈❡❞ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦rs ❢♦r ✷✵✶✻ ❛♥❞ ✷✵✶✼ ❛r❡ ❛s ❢♦❧❧♦✇s✿

❼ µτh ✷✵✶✻✿ ✵✳✽✽

❼ µτh ✷✵✶✼✿ ✵✳✾✽

❼ eτh ✷✵✶✻✿ ✵✳✽✵

❼ eτh ✷✵✶✼✿ ✵✳✾✼

❚❤❡ ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥ ✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ mvis ❢♦r tt̄ ❢❛❦❡ ❢❛❝t♦rs ✐s ❞❡r✐✈❡❞
❢r♦♠ s✐♠✉❧❛t✐♦♥ ❛♥❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳✶✶✳

✹✻
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❋✐❣✉r❡ ✻✳✶✶✳✿ ❚❤❡ s♠♦♦t❤❡❞ tt̄ ♥♦♥✲❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥s ❢♦r t❤❡ µτh ✭❧❡❢t✮ ❛♥❞ ❡τh
✭r✐❣❤t✮ ❝❤❛♥♥❡❧s ❢♦r t❤❡ ✷✵✶✼ ❋❋✳

✻✳✸✳ ❯♥❝❡rt❛✐♥t✐❡s

❚❤❡ ❧✐st ♦❢ ❢❛❦❡ ❢❛❝t♦r r❡❧❛t❡❞ ✉♥❝❡rt❛✐♥t✐❡s ❝♦♥s✐sts ♦❢✿

❼ ❙t❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r ❞✉❡ t♦ ✉♥❝❡rt❛✐♥t✐❡s ✇❤❡♥ ✜tt✐♥❣
t❤❡ pT ❞❡♣❡♥❞❡♥❝❡✳ ❚❤❡s❡ ❛r❡ ✉♥❝♦rr❡❧❛t❡❞ ❛♥❞ ❝♦♥st✐t✉t❡ s✐① ♥✉✐s❛♥❝❡ ♣❛✲
r❛♠❡t❡rs ✐♥ t❤❡ µτh ❛♥❞ eτh ❝❤❛♥♥❡❧s ❛♥❞ t✇♦ ✐♥ t❤❡ τhτh ❝❤❛♥♥❡❧✳

❼ ❙②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s r❡❧❛t❡❞ t♦ t❤❡ ◗❈❉ ♠✉❧t✐✲❥❡t ❢❛❦❡ ❢❛❝t♦r ❝♦rr❡❝✲
t✐♦♥s✳ ❚❤❡ sq✉❛r❡❞ ✉♥❝❡rt❛✐♥t② ♦❢ ❡❛❝❤ ❝♦rr❡❝t✐♦♥ ✐s ❛❞❞❡❞ ❢♦r ❡❛❝❤ ❝❤❛♥♥❡❧
✐♥❞✐✈✐❞✉❛❧❧② r❡s✉❧t✐♥❣ ✐♥ ♦♥❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡r ♣❡r ❝❤❛♥♥❡❧✳

❼ ❙②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s r❡❧❛t❡❞ t♦ t❤❡❲ ❢❛❦❡ ❢❛❝t♦r ❝♦rr❡❝t✐♦♥s✳ ❚❤❡ sq✉❛r❡❞
✉♥❝❡rt❛✐♥t② ♦❢ ❡❛❝❤ ❝♦rr❡❝t✐♦♥ ✐s ❛❞❞❡❞ ❢♦r ❡❛❝❤ ❝❤❛♥♥❡❧ ✐♥❞✐✈✐❞✉❛❧❧② r❡s✉❧t✐♥❣
✐♥ ♦♥❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡r ❢♦r t❤❡ µτh ❛♥❞ eτh ❝❤❛♥♥❡❧s✳

❼ ❙②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s r❡❧❛t❡❞ t♦ t❤❡ tt̄ ❢❛❦❡ ❢❛❝t♦r ❝♦rr❡❝t✐♦♥s✳ ❚❤❡ sq✉❛r❡❞
✉♥❝❡rt❛✐♥t② ♦❢ ❡❛❝❤ ❝♦rr❡❝t✐♦♥ ✐s ❛❞❞❡❞ ❢♦r ❡❛❝❤ ❝❤❛♥♥❡❧ ✐♥❞✐✈✐❞✉❛❧❧② r❡s✉❧t✐♥❣
✐♥ ♦♥❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡r ❢♦r t❤❡ µτh ❛♥❞ eτh ❝❤❛♥♥❡❧s✳

❼ ❙②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❲✴❩✰❥❡ts ❛♥❞ tt̄ ❡✈❡♥ts ✇✐t❤ ♦♥❡
♠✐s✐❞❡♥t✐✜❡❞ τh ✐♥ t❤❡ ❆❘✱ ✇❤✐❝❤ ❛❞❞s t✇♦ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ τhτh
❝❤❛♥♥❡❧✳
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❼ ❙②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s r❡❧❛t❡❞ t♦ t❤❡ s✉❜tr❛❝t✐♦♥ ♦❢ t❤❡ tr✉❡✲τ ❜❛❝❦❣r♦✉♥❞
✐♥ t❤❡ ❛♥t✐✲✐s♦❧❛t❡❞ r❡❣✐♦♥ ✇❤✐❝❤ ❛r❡ ❝♦rr❡❧❛t❡❞ ❛❝r♦ss ❛❧❧ ❝❛t❡❣♦r✐❡s✳

❆❧❧ ✉♥❝❡rt❛✐♥t✐❡s ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦rs ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ♣❧♦ts ✐♥ t❤❡ ❙❡❝t✐♦♥s ✻✳✶ ❛♥❞
✻✳✷✳ ◆♦t ❛❧❧ ♦❢ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ r❡s✉❧ts✳ ❊①❝❡♣t
❢♦r t❤❡ ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡ s✉❜tr❛❝t✐♦♥ ♦❢ t❤❡ tr✉❡✲τ ✲❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ❛♥t✐✲✐s♦❧❛t❡❞
s✐❣♥❛❧ r❡❣✐♦♥ ❛❧❧ ✉♥❝❡rt❛✐♥t✐❡s ❡♥t❡r ❛s s❤❛♣❡ ✉♥❝❡rt❛✐♥t② ❛♥❞ ❛r❡ ♥♦r♠❛❧✐③❡❞ t♦ t❤❡
s❛♠❡ ❛r❡❛ ❛s t❤❡ ♥♦♠✐♥❛❧ s❤❛♣❡✳ ❚❤❡ sq✉❛r❡❞ ♥♦r♠❛❧✐③❛t✐♦♥ ❢❛❝t♦rs ❛r❡ ❛❞❞❡❞ ❛♥❞
❛❝t ❛s s❡♣❛r❛t❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs✱ s❡♣❛r❛t❡❧② ❢♦r t❤❡ st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t✐❡s ♦♥
t❤❡ r❛✇ ❢❛❦❡ ❢❛❝t♦rs ❛♥❞ t❤❡ s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ t❤❡ ❝♦rr❡❝t✐♦♥s✳ ❙✐♥❝❡ ❛❧❧
✉♥❝❡rt❛✐♥t✐❡s ❛r❡ ❞♦♠✐♥❛♥t❧② st❛t✐st✐❝❛❧ ✐♥ ♥❛t✉r❡✱ t❤❡② ❛r❡ tr❡❛t❡❞ ❛s ✉♥❝♦rr❡❧❛t❡❞
❛❝r♦ss ❝❤❛♥♥❡❧s✱ ❡①❝❡♣t ❢♦r t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ tt̄ ❝♦rr❡❝t✐♦♥s ❢♦r µτh ❛♥❞ eτh ❛s
t❤❡② ❛r❡ ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ s❛♠❡ ❉❘✳
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✼✳ ❊①t❡♥s✐♦♥ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r

♠❡t❤♦❞ ❢♦r t❤❡ H → ττ ❛♥❛❧②s✐s

✼✳✶✳ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❣❡♥✉✐♥❡ ττ ❇❛❝❦❣r♦✉♥❞s

✈✐❛ ❊♠❜❡❞❞✐♥❣

❲✐t❤ t❤✐s t❡❝❤♥✐q✉❡ t❤❡ Z → ττ ❜❛❝❦❣r♦✉♥❞ ✐s ❡st✐♠❛t❡❞ ❜② ❤②❜r✐❞ ❡✈❡♥ts✱ ♠❡r❣✲
✐♥❣ ♦❜s❡r✈❡❞ ❞❛t❛ ✇✐t❤ s✐♠✉❧❛t❡❞ ❡✈❡♥ts✳ ❆t ✜rst ❣❡♥✉✐♥❡ Z → µµ ❡✈❡♥ts ❛r❡
s❡❧❡❝t❡❞ ❜② t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ s❡✈❡r❛❧ s❡❧❡❝t✐♦♥ ❝✉ts t♦ ♦❜t❛✐♥ ❛ s❡t ♦❢ ❞❛t❛ ✇✐t❤
❛ ♣✉r✐t② ♦❢ ✾✾✪❬✹✻❪ ❢♦r t❤❡ Z → µµ ♣r♦❝❡ss✳ ❚❤❡ ❧❛r❣❡st r❡♠❛✐♥✐♥❣ ❜❛❝❦❣r♦✉♥❞
♦r✐❣✐♥❛t❡s ❢r♦♠ tt̄ ❡✈❡♥ts✳ ■♥ ❛ s❡❝♦♥❞ st❡♣ t❤❡ ❡♥❡r❣② ❞❡♣♦s✐ts ❞❡t❡❝t❡❞ ✐♥ t❤❡
❝❛❧♦r✐♠❡t❡rs t❤❛t ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ tr❛❝❦s ♦❢ t❤❡ t✇♦ s❡❧❡❝t❡❞ ♠✉♦♥s ✐♥ t❤❡
✐♥♥❡r tr❛❝❦❡r ❛♥❞ t❤❡ ♠✉♦♥ s②st❡♠ ❛♥❞ ✐♥ ❝❧✉st❡rs ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r ❛r❡ r❡♠♦✈❡❞✳
❚❤❡ ❡♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ r❡♠♦✈❡❞ ♠✉♦♥s ❛r❡ t❤❡♥ ✉s❡❞ ❛s ✐♥♣✉t t♦ s✐♠✲
✉❧❛t❡ t✇♦ τ ❧❡♣t♦♥s ✇✐t❤ t❤❡ s❛♠❡ ❦✐♥❡♠❛t✐❝ ♣r♦♣❡rt✐❡s ❛s t❤❡ s❡❧❡❝t❡❞ ♠✉♦♥s ✐♥
❛♥ ♦t❤❡r✇✐s❡ ❡♠♣t② ❞❡t❡❝t♦r ✈✐❛ P❨❚❍■❆❬✹✼❪✳ ❆ ❝♦rr❡❝t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❜♦♦st
♦❢ t❤❡ ♠✉♦♥ ❢♦✉r✲♠♦♠❡♥t❛ ✐s ❛♣♣❧✐❡❞ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ♠❛ss ❞✐✛❡r❡♥❝❡ ♦❢ ♠✉♦♥s
❛♥❞ τ ❧❡♣t♦♥s✳ ❋r♦♠ ❡❛❝❤ s❡❡❞❡❞ ❡✈❡♥t ❛ ❞✐st✐♥❝t s❛♠♣❧❡ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ✜♥❛❧
st❛t❡s eµ✱ eτh✱ µτh ❛♥❞ τhτh ✐s ❝r❡❛t❡❞ ❜② ❡♥❢♦r❝✐♥❣ t❤❡ r❡s♣❡❝t✐✈❡ ❞❡❝❛②s ♦❢ t❤❡
❡♠❜❡❞❞❡❞ τ ♣❛rt✐❝❧❡✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❡♥❡r❣② ❞❡♣♦s✐ts ❛r❡ ♠❡r❣❡❞ t♦ t❤❡ ❡✈❡♥t ❢r♦♠
✇❤✐❝❤ t❤❡ s❡❧❡❝t❡❞ ♠✉♦♥s ✇❡r❡ r❡♠♦✈❡❞ s♦ s✉❜s❡q✉❡♥t❧② ❛❧❧ ❧❡♣t♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥
✐s ❜❛s❡❞ ♦♥ t❤❡ ❢✉❧❧ ❤②❜r✐❞ ❡✈❡♥t✳ ❚❤❡ ❡♥t✐r❡ ♣r♦❝❡ss ♦❢ r❡♣❧❛❝✐♥❣ ♠✉♦♥s ✇✐t❤ s✐♠✲
✉❧❛t❡❞ t❛✉ ❧❡♣t♦♥s ✐s ♣✐❝t✉r❡❞ s❝❤❡♠❛t✐❝❛❧❧② ✐♥ ❋✐❣✳ ✼✳✶✳ ❋♦r ✈❛❧✐❞❛t✐♦♥ ♣✉r♣♦s❡s
t❤❡ s❛♠❡ ♣r♦❝❡❞✉r❡ ❝❛♥ ❛❧s♦ ❜❡ ❞♦♥❡ ✇✐t❤ t❤❡ ✐♥❥❡❝t✐♦♥ ♦❢ t✇♦ s✐♠✉❧❛t❡❞ ❡❧❡❝tr♦♥s
♦r ♠✉♦♥s ✐♥st❡❛❞ ♦❢ τ ❧❡♣t♦♥s✳ ❆s ✈✐s✐❜❧❡ ✐♥ ❋✐❣✳ ✼✳✷ t❤❡ tt̄ ❜❛❝❦❣r♦✉♥❞ r❡♣r❡s❡♥ts
t❤❡ ❜✐❣❣❡st ❝♦♥t❛♠✐♥❛t✐♦♥ ✐♥ t❤❡ s❡❧❡❝t❡❞ s❛♠♣❧❡s✳ ▼♦st ♦❢ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ st❡♠s
❢r♦♠ tt̄(µµ) ❡✈❡♥ts✱ ✇✐t❤ ♦t❤❡r ❝♦♥tr✐❜✉t✐♦♥s ❜❡✐♥❣ ❜❡❧♦✇ t❤❡ r❡q✉✐r❡❞ ❛❝❝✉r❛❝② ♦❢
t❤✐s ♠❡t❤♦❞❬✹✻❪✳ ❚❤❡ ❞❡s❝r✐❜❡❞ s✉❜st✐t✉t✐♦♥ ♦❢ ♠✉♦♥s ❜② τ ❧❡♣t♦♥s ♣r♦✈✐❞❡s ❛♥
❛❞❞✐t✐♦♥❛❧ ❡st✐♠❛t❡ ♦❢ t❤❡ ✜♥❛❧ st❛t❡ tt̄(ττ) ❜❛s❡❞ ♦♥ ❞❛t❛✳
❚❤❡ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ❤❛s ❜❡❡♥ ❛❞❛♣t❡❞ t♦ ✉s❡ ❡♠❜❡❞❞❡❞ Z → ττ s❛♠♣❧❡s

✐♥st❡❛❞ ♦❢ s❛♠♣❧❡s ❣❡♥❡r❛t❡❞ ✇✐t❤ ▼❈ s✐♠✉❧❛t✐♦♥✳ ❋♦r ❜♦t❤ t❤❡ ◗❈❉ ❛♥❞ ❲✰❥❡t
❋❋ t❤❡ ✉s❡ ♦❢ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s r❡♣❧❛❝❡s t❤❡ ▼❈ ❡✈❡♥ts ❢♦r Z → ττ ✱ tt̄(ττ) ❛♥❞
❞✐❜♦s♦♥(ττ) ♣r♦❝❡ss❡s ❢r♦♠ ▼❈ ❜❛❝❦❣r♦✉♥❞ ❡st✐♠❛t✐♦♥s✳ ❇♦t❤ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢
t❤❡ r❛✇ ❢❛❦❡ ❢❛❝t♦rs ❛s ✇❡❧❧ ❛s ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦rr❡❝t✐♦♥s ❡♠✲
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❜❡❞❞❡❞ s❛♠♣❧❡s ✇❡r❡ ✉s❡❞ ❢♦r t❤❡s❡ ❝❛t❡❣♦r✐❡s✳ ❖♥❧② tt̄ ❢❛❦❡ ❢❛❝t♦rs ❛r❡ ❝❛❧❝✉❧❛t❡❞
✉s✐♥❣ ▼❈ s❛♠♣❧❡s ❡♥t✐r❡❧② ❛♥❞ ❧❛t❡r ♠❡r❣❡❞ t♦ t❤❡ ♦t❤❡r ❢❛❦❡ ❢❛❝t♦rs ❝❛❧❝✉❧❛t❡❞
✇✐t❤ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s✳ ❚❤✐s ✐s ❞♦♥❡ ❞✉❡ t♦ t❤❡ tt̄ ❝♦♥tr♦❧ r❡❣✐♦♥ r❡q✉✐r❡♠❡♥t ♦❢
❤❛✈✐♥❣ ❛t ❧❡❛st ♦♥❡ ✐s♦❧❛t❡❞ ♠✉♦♥ ❛♥❞ ♦♥❡ ✐s♦❧❛t❡❞ ❡❧❡❝tr♦♥ ✐♥ ❡❛❝❤ ❡✈❡♥t ✇❤✐❝❤
✐s ♥❡✈❡r ❢✉❧✜❧❧❡❞ ❢♦r ❡✈❡♥ts ❣❡♥❡r❛t❡❞ ✇✐t❤ t❤❡ ❡♠❜❡❞❞✐♥❣ ♠❡t❤♦❞✳ ■♥ ❋✐❣✳ ✼✳✹ ❛
❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✇❤❡♥ ✉s✐♥❣ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s ❛♥❞ ▼❈ s❛♠♣❧❡s ✐s
s❤♦✇♥✳ ❚❤❡ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s ♠♦❞❡❧ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♠♦r❡ ❛❝❝✉r❛t❡❧② ❛♥❞ r❡❞✉❝❡
♦✉t❧✐❡r ❡st✐♠❛t✐♦♥s✱ t❤✐s ✐s ♥♦t❛❜❧② ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ❧♦✇❡r mvis r❡❣✐♦♥✳
❚❤❡ ❧♦✇❡r mvis r❡❣✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② Z → ττ ❡✈❡♥ts✳ ❇❡tt❡r ♠♦❞❡❧❧✐♥❣ ♦❢ t❤✐s

♣r♦❝❡ss ❜② t❤❡ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s ❧❡❛❞s t♦ ❣❡♥❡r❛❧ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ r❡❞✉❝❡❞
♦✉t❧✐❡rs✳ ❚❤❡ ❛✛❡❝t❡❞ ❢❛❦❡ ❢❛❝t♦rs ❛❧s♦ s❤♦✇ ❛ ❝❧❡❛r ❞✐✛❡r❡♥❝❡ ❛s ✈✐s✐❜❧❡ ✐♥ ❋✐❣✳
✼✳✸✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✹ r❡❣✐♦♥s ✇❤❡r❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❥❡ts ♠✐s✐❞❡♥t✐✜❡❞ ❛s
t❛✉s ✐s ❞♦♠✐♥❛t✐♥❣ ❛❧s♦ s❤♦✇ ❜❡tt❡r ❛❣r❡❡♠❡♥t ❛♥❞ ❧❡ss ♦✉t❧✐❡rs✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡
µτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✳
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❋✐❣✉r❡ ✼✳✶✳✿ ❙❝❤❡♠❛t✐❝ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ τ ✲❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❬✹✻❪

❋✐❣✉r❡ ✼✳✷✳✿ ❊✈❡♥t ❞✐str✐❜✉t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ s❡❧❡❝t❡❞
❞✐♠✉♦♥ ♣❛✐r mµµ ✭❧❡❢t✮✱ ❛♥❞ t❤❡ pT ♦❢ t❤❡ tr❛✐❧✐♥❣ ♠✉♦♥ ❛❢t❡r t❤❡ ❡✈❡♥t
s❡❧❡❝t✐♦♥ ✭r✐❣❤t✮ ❬✹✻❪
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❋✐❣✉r❡ ✼✳✸✳✿ ❘❛✇ ❢❛❦❡ ❢❛❝t♦rs ❞❡r✐✈❡❞ ✐♥ t❤❡ ❲✰❥❡ts ✰ ❉r❡❧❧✲❨❛♥ r❡❣✐♦♥ ❡①❛♠✲
♣❧❛r✐❧② ❢♦r ✷✵✶✼ ❞❛t❛ ✐♥ t❤❡ µτh ❝❤❛♥♥❡❧✳ ❚❤❡ t♦♣ r♦✇ s❤♦✇s t❤❡ r❛✇
❋❋ ❢♦r ✵✲❥❡t ✭❧❡❢t✮ ❛♥❞ ♥✲❥❡t ✭r✐❣❤t✮ ❡✈❡♥ts ❝❛❧❝✉❧❛t❡❞ ✇✐t❤♦✉t ✉s✐♥❣
❡♠❜❡❞❞❡❞ s❛♠♣❧❡s✱ t❤❡ ❋❋ ✐♥ t❤❡ ❜♦tt♦♠ r♦✇ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤
❡♠❜❡❞❞❡❞ s❛♠♣❧❡s✳
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❋✐❣✉r❡ ✼✳✹✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s ❜✐♥♥❡❞ ✐♥ mvis✱ ✇✐t❤
❢❛❦❡ ❢❛❝t♦rs ✉s✐♥❣ s✐♠✉❧❛t✐♦♥ ❢♦r Z → ττ ❡✈❡♥ts ✭❧❡❢t✮ ❛♥❞ ❢❛❦❡ ❢❛❝t♦rs
✉s✐♥❣ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s ✭r✐❣❤t✮✳

✼✳✷✳ ❉❡❝❛② ▼♦❞❡ ❇✐♥♥✐♥❣

❚❤❡ ♣❛st ✈❡rs✐♦♥s ♦❢ t❤❡ ❋❋ ♠❡t❤♦❞ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ ❞✐st✐♥❝t ❢❛❦❡ ❢❛❝t♦rs ❢♦r ❡✈❡♥ts
✇✐t❤ ♦♥❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✐♥ t❤❡ τ ❞❡❝❛② ✜♥❛❧ st❛t❡ ✭✶✲♣r♦♥❣✮ ❛♥❞ ❡✈❡♥ts ✇✐t❤ t❤r❡❡
❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥ t❤❡ τ ❞❡❝❛② ✜♥❛❧ st❛t❡ ✭✸✲♣r♦♥❣✮✳ ❚❤✐s s♣❧✐tt✐♥❣✱ ❤♦✇❡✈❡r✱
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♥❛t✉r❛❧❧② ❧❡❛❞s t♦ ❤✐❣❤❡r ✉♥❝❡rt❛✐♥t② ❛♥❞ ❧❡ss ❛❝❝✉r❛t❡ ✜ts ❞✉❡ t♦ ❢❡✇❡r ❡✈❡♥ts
✐♥ t❤❡ r❡s♣❡❝t✐✈❡ ❝❛t❡❣♦r✐❡s✳ ❊s♣❡❝✐❛❧❧② t❤❡ ✸✲♣r♦♥❣ ❝❛t❡❣♦r② ✐s ❧❡ss ♣♦♣✉❧❛t❡❞✳
■t ✇❛s ✐♥✈❡st✐❣❛t❡❞ ✇❤❡t❤❡r ♠❡r❣✐♥❣ t❤❡ t✇♦ ❜✐♥s t♦❣❡t❤❡r ❝♦✉❧❞ ❤❡❧♣ ❣❡tt✐♥❣ ❛
♠♦r❡ r♦❜✉st ✜t r❡s✉❧t ✇✐t❤ ♠✐♥✐♠❛❧ ❡✛❡❝t ♦♥ t❤❡ ❣❡♥❡r❛❧ ♣r❡❞✐❝t✐✈❡ ♣❡r❢♦r♠❛♥❝❡
♦❢ t❤❡ ❋❋✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ pT,τ ✜ts ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦rs ✐s ✐♥❝❧✉❞❡❞ ✐♥ ❋✐❣✳
✼✳✺✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❣❡♥❡r❛❧ s❤❛♣❡ ♦❢ t❤❡ ❢❛❦❡ ❢❛❝t♦r ✐s ❞♦♠✐♥❛t❡❞ ❜② t❤❡
✶✲♣r♦♥❣ r❡❣✐♦♥✱ ❛s t❤❡ ♠❡r❣❡❞ ❋❋ ♣r♦❞✉❝❡s ❛ ❣r❛♣❤ ♠♦r❡ s✐♠✐❧❛r t♦ t❤❡ ✶✲♣r♦♥❣
❋❋✳ ■♥ t❤❡ ❤✐❣❤❡r pT,τ r❛♥❣❡ t❤❡ ♠❡r❣❡❞ ❋❋ r❡♣r❡s❡♥ts t❤❡ ❛✈❡r❛❣❡ ❡st✐♠❛t✐♦♥ ♦❢
t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✶✲♣r♦♥❣ ❛♥❞ ✸✲♣r♦♥❣ ❡st✐♠❛t❡s✱ ✇❤✐❝❤ ✐♥ ❣❡♥❡r❛❧ ❝♦♠♣❡♥s❛t❡s ❢♦r
♥♦t ❞✐st✐♥❣✉✐s❤✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❞❡❝❛② ♠♦❞❡s ❛♥②♠♦r❡✳ ❚❤❡ ♣❧♦t ❛❧s♦ s❤♦✇s ❧♦✇❡r
✉♥❝❡rt❛✐♥t✐❡s ❢♦r ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ❜✐♥ ❛s ✇❡❧❧ ❛s t❤❡ ✜tt❡❞ ❢❛❦❡ ❢❛❝t♦r ❝✉r✈❡✱ t❤✐s
✐s ❛ttr✐❜✉t❛❜❧❡ t♦ t❤❡ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ♠❡r❣❡❞ ✈❡rs✐♦♥ ❧❡❛❞✐♥❣ t♦ ❛
♠♦r❡ r♦❜✉st ✜t✳ ❆♣♣❧②✐♥❣ t❤❡ ❢❛❦❡ ❢❛❝t♦rs ✇✐t❤♦✉t ❞✐st✐♥❝t✐♦♥ ♦❢ ❞❡❝❛② ♠♦❞❡s t♦
❞❛t❛ ❞♦❡s ♥♦t ❝❤❛♥❣❡ t❤❡ q✉❛❧✐t② ♦❢ ❢❛❦❡ t❛✉ ❜❛❝❦❣r♦✉♥❞ ❡st✐♠❛t✐♦♥s ❛s ✈✐s✐❜❧❡ ✐♥
❋✐❣✳ ✼✳✻✳ ❉✉❡ t♦ t❤❡ ♥♦t ♥♦t✐❝❡❛❜❧❡ ❝❤❛♥❣❡ ✐♥ ♣r❡❞✐❝t✐✈❡ ♣❡r❢♦r♠❛♥❝❡ t❤❡ ♠❡r❣❡❞
❞❡❝❛② ♠♦❞❡ ✈❡rs✐♦♥ ✐s ✉s❡❞ ❢r♦♠ ♥♦✇ ♦♥✱ ❞✉❡ t♦ t❤❡ ❜❡tt❡r ❛♥❞ ♠♦r❡ r♦❜✉st pT ✜t✳
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✼✳✸✳ ❙❡♣❛r❛t✐♦♥ ♦❢ ❈♦rr❡❝t✐♦♥s ✐♥t♦ ✵✲❥❡t✴✶✲❥❡t

❈❛t❡❣♦r✐❡s

❚❤❡ ❢❛❦❡ ❢❛❝t♦rs ❛r❡ ❝❛❧❝✉❧❛t❡❞ s❡♣❛r❛t❡❧② ❢♦r ❡✈❡♥ts ❝♦♥t❛✐♥✐♥❣ ③❡r♦ ❥❡ts ✭✵✲❥❡t✮
❛♥❞ ❡✈❡♥ts ❝♦♥t❛✐♥✐♥❣ ♦♥❡ ♦r ♠♦r❡ ❥❡ts ✭✶✲❥❡t✮✳ ❈♦rr❡❝t✐♦♥s t♦ t❤❡ ❞❡r✐✈❡❞ ❢❛❦❡
❢❛❝t♦rs ❤♦✇❡✈❡r ❛r❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤♦✉t s✉❝❤ ❛ ❞✐st✐♥❝t✐♦♥ ❛♥❞ ❛♣♣❧✐❡❞ ❡q✉❛❧❧② ♦♥
❜♦t❤ ❝❛t❡❣♦r✐❡s ✇✐t❤ ♥♦ ❢✉rt❤❡r s✉❜❞✐✈✐s✐♦♥✳ ❚❤✐s ❧❡❛✈❡s r♦♦♠ t♦ t❤❡ q✉❡st✐♦♥ ✐❢
s♣❧✐tt✐♥❣ ✉♣ t❤❡ ❝♦rr❡❝t✐♦♥s ❝♦✉❧❞ ❡♥❤❛♥❝❡ ♣❡r❢♦r♠❛♥❝❡ ❞✉❡ t♦ ❜❡tt❡r ❛❞❛♣t❛t✐♦♥ t♦
t❤❡ ✉♥❞❡r❧②✐♥❣ ❞❛t❛✳ ❚♦ t❡st t❤✐s✱ ❛ ❢❡❛t✉r❡ ✇❛s ❜✉✐❧t ✐♥t♦ t❤❡ ❋❋ ❝r❡❛t✐♦♥ t♦♦❧ t♦
❡♥❛❜❧❡ ❛ ✵✲❥❡t✴✶✲❥❡t ❜✐♥♥✐♥❣ ❢♦r t❤❡ ❝♦rr❡❝t✐♦♥s✳ ■♥ ❋✐❣✳ ✼✳✼ ❛♥❞ ❋✐❣✳ ✼✳✽ t❤❡ ◗❈❉
❛♥❞ ❲✰❥❡t ♥♦♥❝❧♦s✉r❡ ❝♦rr❡❝t✐♦♥s ❛r❡ s❤♦✇♥ ❡①❡♠♣❧❛r✐❧② ❢♦r ❛ ❝♦♠♣❛r✐s♦♥✳ ❉✉❡ t♦
t❤❡ ❞✐✈✐s✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ ✵✲❥❡t✴✶✲❥❡t t❤❡r❡ ❛r❡ ❤✐❣❤❡r ✉♥❝❡rt❛✐♥t✐❡s ♣❡r ❜✐♥ ✐♥ t❤❡ s♣❧✐t
❝♦rr❡❝t✐♦♥s✳ ❍♦✇❡✈❡r t❤❡ ❣❡♥❡r❛❧ ❞✐str✐❜✉t✐♦♥s ❛r❡ ❢♦✉♥❞ t♦ ❜❡ ✈❡r② s✐♠✐❧❛r ✇✐t❤✐♥
t❤❡ r❡s♣❡❝t✐✈❡ ✉♥❝❡rt❛✐♥t✐❡s ✇❤✐❝❤ ❛❧s♦ ❛♣♣❧✐❡s t♦ t❤❡ s♠♦♦t❤❡❞ ❢✉♥❝t✐♦♥ ✇❤✐❝❤ ✐s
❧❛t❡r ❞✐r❡❝t❧② ❛♣♣❧✐❡❞ ♦♥ t❤❡ ❋❋✳ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ♦❢ ❜♦t❤ ❋❋ ✈❡rs✐♦♥s ❛r❡ s❤♦✇♥
✐♥ ❋✐❣✳ ✼✳✾ ❛♥❞ ❋✐❣✳ ✼✳✶✵ ❢♦r t❤❡ mvis ❛♥❞ njets ✈❛r✐❛❜❧❡s✳ ❆s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡
❡❛r❧✐❡r ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝♦rr❡❝t✐♦♥s t❤❡r❡ ❛♣♣❡❛r ♥♦ ❡✛❡❝t✐✈❡ ❞✐✛❡r❡♥❝❡s
✐♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❋❋ ❡st✐♠❛t✐♦♥ ✇✐t❤ ♦♥❧② ✈❡r② ♠❛r❣✐♥❛❧ ❞✐✛❡r❡♥❝❡s ✐♥
s♣❛rs❡❧② ♣♦♣✉❧❛t❡❞ ❜✐♥s✳ ❚❤✐s ✐s ✐♥t❡r♣r❡t❡❞ ❛s ❢✉rt❤❡r ♣r♦♦❢ t❤❛t t❤❡ ❋❋ ♠❡t❤♦❞
❛❧r❡❛❞② ✐s ✈❡r② r♦❜✉st✳ ❚❤❡ ♦♣t✐♦♥ t♦ ❡♥❛❜❧❡ t❤❡ ❜✐♥♥✐♥❣ ♦❢ ❝♦rr❡❝t✐♦♥s ✐♥ njets
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✽✳ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ❞❛t❛ ❞r✐✈❡♥ ❢❛❦❡ ❢❛❝t♦r ♠❡t❤♦❞ ❛s ❛ ♠❡❛♥s t♦ ❡st✐♠❛t❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ♦❢
♠✐s✐❞❡♥t✐✜❡❞ ❤❛❞r♦♥✐❝❛❧❧② ❞❡❝❛②✐♥❣ t❛✉ ❧❡♣t♦♥s ✇❛s ❡①t❡♥❞❡❞ ❛♥❞ ❛♣♣❧✐❡❞ t♦ ❞❛t❛
❝♦❧❧❡❝t❡❞ ❜② t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t ✐♥ ✷✵✶✻ ❛♥❞ ✷✵✶✼ ❛t ❛ ❝❡♥t❡r✲♦❢✲♠❛ss ❡♥❡r❣② ♦❢
✶✸ ❚❡❱✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛♥ ✐♥t❡❣r❛t❡❞ ❧✉♠✐♥♦s✐t② ♦❢ ✸✺✳✾ ❛♥❞ ✹✶✳✺ ❢❜−1 ✭❢♦r ✷✵✶✻
❛♥❞ ✷✵✶✼✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❆ s❡t ♦❢ ❢❛❦❡ ❢❛❝t♦rs ❢♦r ❡❛❝❤ ②❡❛r ❤❛s ❜❡❡♥ ❝r❡❛t❡❞ ❢♦r
t❤❡ eτh✱ µτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✳ ❙❛♠♣❧❡s ❣❡♥❡r❛t❡❞ ❜② t❤❡ τ ✲❡♠❜❡❞❞✐♥❣ ♠❡t❤♦❞
❡st✐♠❛t❡ t❤❡ ❩→ ττ ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss ♠♦r❡ ♣r❡❝✐s❡❧② t❤❛♥ s❛♠♣❧❡s ❣❡♥❡r❛t❡❞
✇✐t❤ ▼❈ s✐♠✉❧❛t✐♦♥✳ ■t ✇❛s s❤♦✇♥ t❤❛t t❤✐s ❛❧s♦ ✐♠♣r♦✈❡s ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡
❋❋ ♠❡t❤♦❞✳ ❖♥❧② tt̄ ❢❛❦❡ ❢❛❝t♦rs ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦rr❡❝t✐♦♥s ❤❛✈❡ t♦ ❜❡ ❞❡✲
r✐✈❡❞ ✉s✐♥❣ ▼❈ ❣❡♥❡r❛t❡❞ s❛♠♣❧❡s s✐♥❝❡ t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥ ❝♦♥str❛✐♥t ♦❢ r❡q✉✐r✐♥❣
❡✈❡♥ts ✇✐t❤ ❛t ❧❡❛st ♦♥❡ ✐s♦❧❛t❡❞ ♠✉♦♥ ❛♥❞ ❡❧❡❝tr♦♥ ✐s ♥❡✈❡r ❢✉❧✜❧❧❡❞ ❢♦r ❡✈❡♥ts
✐♥ t❤❡ ❡♠❜❡❞❞❡❞ s❛♠♣❧❡s ❞✉❡ t♦ t❤❡ ❝r❡❛t✐♦♥ ♣r♦❝❡ss ♦❢ t❤♦s❡ s❛♠♣❧❡s✳ ❆♥♦t❤❡r
❢♦❝✉s ♦❢ t❤✐s t❤❡s✐s ✇❛s t♦ ❡①♣❧♦r❡ ♣♦ss✐❜✐❧✐t✐❡s t♦ ❣❡♥❡r❛❧❧② ♠❛❦❡ t❤❡ ❋❋ ♠❡t❤♦❞
♠♦r❡ r♦❜✉st ❛♥❞ r❡❧✐❛❜❧❡✳ ❚❤❡ ❛♣♣r♦❛❝❤ t♦ ❝❛❧❝✉❧❛t❡ ❢❛❦❡ ❢❛❝t♦rs s❡♣❛r❛t❡❧② ❢♦r
✶✲♣r♦♥❣ ❛♥❞ ✸✲♣r♦♥❣ ❡✈❡♥ts ❧❡❞ t♦ ❤✐❣❤ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ pT ✜ts ♦❢ t❤❡ r❡s♣❡❝✲
t✐✈❡ ❢❛❦❡ ❢❛❝t♦rs ❞✉❡ t♦ s♣❛rs❡❧② ♣♦♣✉❧❛t❡❞ r❡❣✐♦♥s ✐♥ t❤❡ ♣❤❛s❡ s♣❛❝❡✳ ❚♦ ✐♥❝r❡❛s❡
r♦❜✉st♥❡ss ✐♥ t❤♦s❡ ✜ts t❤❡ ♠❡t❤♦❞ ✇❛s ❛❞❛♣t❡❞ t♦ ♠❡r❣❡ ❜♦t❤ r❡❣✐♦♥s ✉♥❞❡r t❤❡
r❡q✉✐r❡♠❡♥t t❤❛t t❤❡ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ❞♦❡s ♥♦t ❞❡❝r❡❛s❡✱ ✇❤✐❝❤ ✇❛s s❤♦✇♥ t♦
❜❡ tr✉❡✳ ❙✐♠✐❧❛r ✐♥✈❡st✐❣❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ❢♦r t❤❡ ❝♦rr❡❝t✐♦♥s ❞❡r✐✈❡❞ ❢♦r t❤❡ ❞✐✛❡r✲
❡♥t ❢❛❦❡ ❢❛❝t♦r ❝❛t❡❣♦r✐❡s✱ ✇❤✐❝❤ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ♥♦ ✵✲❥❡t✴✶✲❥❡t ❞✐st✐♥❝t✐♦♥✱
✉♥❧✐❦❡ t❤❡ ❞❡r✐✈❡❞ ❢❛❦❡ ❢❛❝t♦rs✳ ❆ ❝♦♠♣❛r✐s♦♥ ✇❛s ❝r❡❛t❡❞ t♦ ❞❡t❡r♠✐♥❡ ✇❤❡t❤❡r
t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ s✉❝❤ ❛ ❞✐st✐♥❝t✐♦♥ ❝♦✉❧❞ ✐♠♣r♦✈❡ ❢❛❦❡ ❢❛❝t♦r ♣❡r❢♦r♠❛♥❝❡ ✇❤✐❧❡
❦❡❡♣✐♥❣ ✉♥❝❡rt❛✐♥t✐❡s ❧♦✇✳ ▼❛r❣✐♥❛❧ ✐♠♣r♦✈❡♠❡♥ts ✇✐t❤ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r❡❞ ❝♦♥✲
✜❞❡♥❝❡ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦rr❡❝t✐♦♥s ❧❡❞ t♦ t❤❡ ❞❡❝✐s✐♦♥ t♦ ♥♦t ✉s❡ t❤❡ njet

s♣❧✐tt✐♥❣✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❋❋ ♠❡t❤♦❞ ❛r❡ ✉s❡❞ ✐♥ t❤❡ r❡❝❡♥t ♣r❡❧✐♠✐✲
♥❛r② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❍✐❣❣s ❜♦s♦♥ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❈▼❙ ❍→ ττ ✇♦r❦✐♥❣ ❣r♦✉♣
❢♦r t❤❡ ❞❛t❛ r❡❝♦r❞❡❞ ✐♥ ✷✵✶✻ ❛♥❞ ✷✵✶✼✳ ■t ✇✐❧❧ ❛❧s♦ ❜❡ ❛♣♣❧✐❡❞ ✐♥ t❤❡ ✉♣❝♦♠✐♥❣
❧❡❣❛❝② ♣✉❜❧✐❝❛t✐♦♥s ❢♦r t❤❡ ✷✵✶✻✲✷✵✶✽ ❞❛t❛s❡t✳
❋♦r ❢✉t✉r❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ❋❋ ♠❡t❤♦❞ ❛ ❢♦❝✉s ❝❛♥ ❜❡ ❧❛✐❞ ♦♥ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢

t❤❡ ❜❛❝❦❣r♦✉♥❞ ❢r❛❝t✐♦♥s✳ ❈❛t❡❣♦r✐③❛t✐♦♥ ♦❢ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts ✐♥t♦ t❤❡ r❡s♣❡❝t✐✈❡
❝❧❛ss❡s ✈✐❛ ♠❛❝❤✐♥❡ ❧❡❛r♥✐♥❣ ✐♥st❡❛❞ ♦❢ t❤❡ ❝✉t✲❜❛s❡❞ ❛♣♣r♦❛❝❤ ❛♥❞ t❤❡ ❣❡♥❡r❛t✐♦♥
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❢r❛❝t✐♦♥s ✉s❡❞ ❢♦r t❤❡ ❢❛❦❡ ❢❛❝t♦rs ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ mvis✳
❘❡✲❡✈❛❧✉❛t✐♥❣ t❤❡ ❢r❛❝t✐♦♥s ❢♦r ❡❛❝❤ ❞✐✛❡r❡♥t ✈❛r✐❛❜❧❡ ✇♦✉❧❞ ✐♥❝r❡❛s❡ t❤❡ ❛❝❝✉r❛❝②
❢♦r t❤❡ r❡s♣❡❝t✐✈❡ ♠♦❞❡❧✐♥❣✱ ❤♦✇❡✈❡r ❛t t❤❡ ❝♦st ♦❢ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ❝♦♠♣❧❡①✐t②
✇❤❡♥ ❛♣♣❧②✐♥❣ t❤❡ ❋❋ ♠❡t❤♦❞✳ ❚❤❡ ❣❡♥❡r❛❧ ❣♦♦❞ ❛❣r❡❡♠❡♥t s❤♦✇s t❤❛t t❤❡ ♠♦❞✲
❡❧✐♥❣ ✐s ❛❧s♦ s❛t✐s❢❛❝t♦r② ✇❤❡♥ ♦♥❧② ✉s✐♥❣ ♦♥❡ s❡t ♦❢ ❢r❛❝t✐♦♥s✳ ❚❤❡ ♣❧♦ts ❈✳✶✲❈✳✸
s❤♦✇ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❞✐str✐❜✉t✐♦♥s ❢♦r t❤❡ ✈✐s✐❜❧❡ ♠❛ss mvis✱ pT,τ ✱ E/T ✱ t❤❡
♥✉♠❜❡r ♦❢ ❥❡ts ❛♥❞ t❤❡ ❥❡t✲pT ❢♦r t❤❡ eτh✱ µτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s ❢♦r ✷✵✶✼✱ ✐♥ ♣❧♦ts
❈✳✹✲❈✳✻ t❤❡ r❡s♣❡❝t✐✈❡ ❞✐str✐❜✉t✐♦♥s ❢♦r ✷✵✶✻ ❛r❡ s❤♦✇♥✳

✻✾

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

E
ve

nt
s

0

20

40

60

80

100

120

310×  τµ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]vism
0 50 100 150 200 250 300

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1
10

210

310

410

510

610

710

810

 τµ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]τ
T

p
40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

5000

10000

15000

20000

25000

30000

35000

40000
 τ    e

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]vism
0 50 100 150 200 250 300

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810

 τ    e

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]τ
T

p
40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

500

1000

1500

2000

2500

 ττ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]vism
0 50 100 150 200 250 300

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

 ττ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV],2τ
T

p
40 50 60 70 80 90 100 110 120

ob
s/

ex
p

0.8

1

1.2

❋✐❣✉r❡ ❈✳✶✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r ✷✵✶✼ ❞❛t❛ ✐♥ t❤❡ µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✱
❜✐♥♥❡❞ ✐♥ mvis ❛♥❞ pT,τ ✳

✼✵

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

E
ve

nt
s

0

20

40

60

80

100

120

140
310×  τµ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]T
missE

0 20 40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

50

100

150

200

250

310×  τµ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

njets
0 1 2 3 4 5 6 7 8 9

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

10000

20000

30000

40000

50000

 τ    e

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]T
missE

0 20 40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

20

40

60

80

100

310×  τ    e

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

njets
0 1 2 3 4 5 6 7 8 9

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

1000

2000

3000

4000

5000

 ττ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

 [GeV]T
missE

0 20 40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

2000

4000

6000

8000

10000
 ττ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

njets
0 1 2 3 4 5 6 7 8 9

ob
s/

ex
p

0.8

1

1.2

❋✐❣✉r❡ ❈✳✷✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r ✷✵✶✼ ❞❛t❛ ✐♥ t❤❡ µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✱
❜✐♥♥❡❞ ✐♥ E/T ❛♥❞ njets✳

✼✶

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

E
ve

nt
s

0

20

40

60

80

100

120

140

310×  τµ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

jpt_1
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

20

40

60

80

100

310×  τµ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

jpt_2
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

10000

20000

30000

40000

50000

 τ    e

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

jpt_1
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

5000

10000

15000

20000

25000

30000

35000

40000

 τ    e

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

jpt_2
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0

1000

2000

3000

4000

5000

 ττ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

jpt_1
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

 ττ    

Observed

ggH/qqH

 (EMB)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-141.5 fb

CMS
Internal

jpt_2
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

❋✐❣✉r❡ ❈✳✸✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r ✷✵✶✼ ❞❛t❛ ✐♥ t❤❡ µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✱
❜✐♥♥❡❞ ✐♥ t❤❡ pT ♦❢ t❤❡ ❧❡❛❞✐♥❣ ❥❡t ✭❥♣t❴✶✮ ❛♥❞ t❤❡ pT ♦❢ t❤❡ tr❛✐❧✐♥❣
❥❡t ✭❥♣t❴✷✮✳

✼✷

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

E
ve

nt
s

0

10000

20000

30000

40000

50000

60000

70000

80000

 τµ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]vism
0 50 100 150 200 250 300

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1
10

210

310

410

510

610

710

810

 τµ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]τ
T

p
40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0
2000
4000
6000
8000

10000
12000
14000
16000
18000
20000
22000

 τ    e

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]vism
0 50 100 150 200 250 300

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810
 τ    e

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]τ
T

p
40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200

 ττ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]vism
0 50 100 150 200 250 300

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

 ττ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV],2τ
T

p
40 50 60 70 80 90 100 110 120

ob
s/

ex
p

0.8

1

1.2

❋✐❣✉r❡ ❈✳✹✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r ✷✵✶✻ ❞❛t❛ ✐♥ t❤❡ µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✱
❜✐♥♥❡❞ ✐♥ mvis ❛♥❞ pT,τ ✳

✼✸

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

E
ve

nt
s

1
10

210

310

410

510

610

710

810

 τµ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]T
missE

0 20 40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1
10

210

310

410

510

610

710

810

910
 τµ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

njets
0 1 2 3 4 5 6 7 8 9

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810
 τ    e

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]T
missE

0 20 40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810

 τ    e

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

njets
0 1 2 3 4 5 6 7 8 9

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

 ττ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

 [GeV]T
missE

0 20 40 60 80 100 120 140

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

 ττ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

njets
0 1 2 3 4 5 6 7 8 9

ob
s/

ex
p

0.8

1

1.2

❋✐❣✉r❡ ❈✳✺✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r ✷✵✶✻ ❞❛t❛ ✐♥ t❤❡ µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✱
❜✐♥♥❡❞ ✐♥ E/T ❛♥❞ njets✳

✼✹

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

E
ve

nt
s

1

10

210

310

410

510

610

710

810

 τµ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

jpt_1
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810

 τµ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

jpt_2
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810
 τ    e

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

jpt_1
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

810
 τ    e

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

jpt_2
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710
 ττ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

jpt_1
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

E
ve

nt
s

1

10

210

310

410

510

610

710

 ττ    

Observed

ggH/qqH

 (Embedded)ττ →Z

µµ ee/→Z

tt

Electroweak

τMisidentified 

 (13 TeV)-135.9 fb

CMS
Internal

jpt_2
20 40 60 80 100 120 140 160 180 200

ob
s/

ex
p

0.8

1

1.2

❋✐❣✉r❡ ❈✳✻✳✿ P❡r❢♦r♠❛♥❝❡ ♣❧♦ts ❢♦r ✷✵✶✻ ❞❛t❛ ✐♥ t❤❡ µτh✱ eτh ❛♥❞ τhτh ❝❤❛♥♥❡❧s✱
❜✐♥♥❡❞ ✐♥ t❤❡ pT ♦❢ t❤❡ ❧❡❛❞✐♥❣ ❥❡t ✭❥♣t❴✶✮ ❛♥❞ t❤❡ pT ♦❢ t❤❡ tr❛✐❧✐♥❣
❥❡t ✭❥♣t❴✷✮✳

✼✺

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ P✳ ❲✳ ❍✐❣❣s✳ ✏❇r♦❦❡♥ ❙②♠♠❡tr✐❡s ❛♥❞ t❤❡ ▼❛ss❡s ♦❢ ●❛✉❣❡ ❇♦s♦♥s✑✳ ■♥✿ P❤②s✳
❘❡✈✳ ▲❡tt✳ ✶✸ ✭✶✻ ❖❝t✳ ✶✾✻✹✮✱ ♣♣✳ ✺✵✽✕✺✵✾✳ ❞♦✐✿ ✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✶✸✳
✺✵✽✳ ✉r❧✿ ❤tt♣s✿✴✴❧✐♥❦✳❛♣s✳♦r❣✴❞♦✐✴✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✶✸✳✺✵✽✳

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

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

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

❬✺❪ ❲✳ ❈♦tt✐♥❣❤❛♠ ❛♥❞ ❉✳ ●r❡❡♥✇♦♦❞✳ ✏❆♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤❡ st❛♥❞❛r❞ ♠♦❞❡❧
♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s✑✳ ❈❛♠❜r✐❞❣❡✿ ❈❛♠❜r✐❞❣❡ ❯♥✐✈✳ Pr❡ss✱ ✶✾✾✽✳ ✉r❧✿ ❤tt♣s✿
✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴✸✾✻✵✽✷✳

❬✻❪ ❙✳ ▲✳ ●❧❛s❤♦✇✳ ✏P❛rt✐❛❧✲s②♠♠❡tr✐❡s ♦❢ ✇❡❛❦ ✐♥t❡r❛❝t✐♦♥s✑✳ ■♥✿ ◆✉❝❧❡❛r P❤②s✐❝s
✷✷✳✹ ✭❋❡❜✳ ✶✾✻✶✮✱ ♣♣✳ ✺✼✾✕✺✽✽✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴✵✵✷✾✲✺✺✽✷✭✻✶✮✾✵✹✻✾✲✷✳ ✉r❧✿
❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴✵✵✷✾✲✺✺✽✷✭✻✶✮✾✵✹✻✾✲✷✳

❬✼❪ ❙✳ ❲❡✐♥❜❡r❣✳ ✏❆ ▼♦❞❡❧ ♦❢ ▲❡♣t♦♥s✑✳ ■♥✿ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✶✾ ✭✷✶ ◆♦✈✳ ✶✾✻✼✮✱
♣♣✳ ✶✷✻✹✕✶✷✻✻✳ ❞♦✐✿ ✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✶✾✳✶✷✻✹✳ ✉r❧✿ ❤tt♣s✿✴✴❧✐♥❦✳
❛♣s✳♦r❣✴❞♦✐✴✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✶✾✳✶✷✻✹✳

❬✽❪ ❈✳ ◆✳ ❨❛♥❣ ❛♥❞ ❘✳ ▲✳ ▼✐❧❧s✳ ✏❈♦♥s❡r✈❛t✐♦♥ ♦❢ ■s♦t♦♣✐❝ ❙♣✐♥ ❛♥❞ ■s♦t♦♣✐❝
●❛✉❣❡ ■♥✈❛r✐❛♥❝❡✑✳ ■♥✿ P❤②s✳ ❘❡✈✳ ✾✻ ✭✶ ❖❝t✳ ✶✾✺✹✮✱ ♣♣✳ ✶✾✶✕✶✾✺✳ ❞♦✐✿ ✶✵✳
✶✶✵✸✴P❤②s❘❡✈✳✾✻✳✶✾✶✳ ✉r❧✿ ❤tt♣s✿✴✴❧✐♥❦✳❛♣s✳♦r❣✴❞♦✐✴✶✵✳✶✶✵✸✴
P❤②s❘❡✈✳✾✻✳✶✾✶✳

❬✾❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❊✈✐❞❡♥❝❡ ❢♦r ❛ss♦❝✐❛t❡❞ ♣r♦❞✉❝t✐♦♥ ♦❢ ❛ ❍✐❣❣s ❜♦s♦♥
✇✐t❤ ❛ t♦♣ q✉❛r❦ ♣❛✐r ✐♥ ✜♥❛❧ st❛t❡s ✇✐t❤ ❡❧❡❝tr♦♥s✱ ♠✉♦♥s✱ ❛♥❞ ❤❛❞r♦♥✐❝❛❧❧②
❞❡❝❛②✐♥❣ t ❧❡♣t♦♥s ❛t

√
s = ✶✸ ❚❡❱✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s

✷✵✶✽✳✽ ✭❆✉❣✳ ✷✵✶✽✮✳ ❞♦✐✿ ✶✵✳✶✵✵✼✴❥❤❡♣✵✽✭✷✵✶✽✮✵✻✻✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳
♦r❣✴✶✵✳✶✵✵✼✴❥❤❡♣✵✽✭✷✵✶✽✮✵✻✻✳

✼✼

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❬✶✵❪ ❆❚▲❆❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❖❜s❡r✈❛t✐♦♥ ♦❢ ❍✐❣❣s ❜♦s♦♥ ♣r♦❞✉❝t✐♦♥ ✐♥ ❛ss♦❝✐❛✲
t✐♦♥ ✇✐t❤ ❛ t♦♣ q✉❛r❦ ♣❛✐r ❛t t❤❡ ▲❍❈ ✇✐t❤ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✑✳ ■♥✿ ✭✷✵✶✽✮✳
❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳♣❤②s❧❡t❜✳✷✵✶✽✳✵✼✳✵✸✺✳ ❡♣r✐♥t✿ ❛r❳✐✈✿✶✽✵✻✳✵✵✹✷✺✳

❬✶✶❪ ❆✳ ❉❥♦✉❛❞✐✳ ✏❚❤❡ ❛♥❛t♦♠② ♦❢ ❡❧❡❝tr♦✇❡❛❦ s②♠♠❡tr② ❜r❡❛❦✐♥❣✑✳ ■♥✿ P❤②s✐❝s
❘❡♣♦rts ✹✺✼✳✶✲✹ ✭❋❡❜✳ ✷✵✵✽✮✱ ♣♣✳ ✶✕✷✶✻✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳♣❤②sr❡♣✳✷✵✵✼✳
✶✵✳✵✵✹✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳♣❤②sr❡♣✳✷✵✵✼✳✶✵✳✵✵✹✳

❬✶✷❪ ❆✳ ❉❡♥♥❡r ❡t ❛❧✳ ✏❙t❛♥❞❛r❞ ▼♦❞❡❧ ❍✐❣❣s✲❇♦s♦♥ ❇r❛♥❝❤✐♥❣ ❘❛t✐♦s ✇✐t❤ ❯♥✲
❝❡rt❛✐♥t✐❡s✑✳ ■♥✿ ❚❤❡ ❊✉r♦♣❡❛♥ P❤②s✐❝❛❧ ❏♦✉r♥❛❧ ❈ ✼✶✳✾ ✭❙❡♣t✳ ✷✵✶✶✮✳ ❞♦✐✿
✶✵✳✶✶✹✵✴❡♣❥❝✴s✶✵✵✺✷✲✵✶✶✲✶✼✺✸✲✽✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✹✵✴
❡♣❥❝✴s✶✵✵✺✷✲✵✶✶✲✶✼✺✸✲✽✳

❬✶✸❪ ❆❚▲❆❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❖❜s❡r✈❛t✐♦♥ ♦❢ H → bb̄ ❞❡❝❛②s ❛♥❞ V H ♣r♦❞✉❝t✐♦♥
✇✐t❤ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✑✳ ■♥✿ ✭✷✵✶✽✮✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳♣❤②s❧❡t❜✳✷✵✶✽✳
✵✾✳✵✶✸✳ ❡♣r✐♥t✿ ❛r❳✐✈✿✶✽✵✽✳✵✽✷✸✽✳

❬✶✹❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❖❜s❡r✈❛t✐♦♥ ♦❢ ❍✐❣❣s ❜♦s♦♥ ❞❡❝❛② t♦ ❜♦tt♦♠ q✉❛r❦s✑✳
■♥✿ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs ✶✷✶✳✶✷ ✭❙❡♣t✳ ✷✵✶✽✮✳ ❞♦✐✿ ✶✵✳✶✶✵✸✴♣❤②sr❡✈❧❡tt✳
✶✷✶✳✶✷✶✽✵✶✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✵✸✴♣❤②sr❡✈❧❡tt✳✶✷✶✳✶✷✶✽✵✶✳

❬✶✺❪ ▲❍❈ ❍✐❣❣s ❈r♦ss ❙❡❝t✐♦♥ ❲♦r❦✐♥❣ ●r♦✉♣✳ ✏❈❊❘◆ ❨❡❧❧♦✇ ❘❡♣♦rts✿ ▼♦♥♦✲
❣r❛♣❤s✱ ❱♦❧ ✷ ✭✷✵✶✼✮✿ ❍❛♥❞❜♦♦❦ ♦❢ ▲❍❈ ❍✐❣❣s ❝r♦ss s❡❝t✐♦♥s✿ ✹✳ ❉❡❝✐♣❤❡r✐♥❣
t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❍✐❣❣s s❡❝t♦r✑✳ ❡♥✳ ■♥✿ ✭✷✵✶✼✮✳ ❞♦✐✿ ✶✵✳✷✸✼✸✶✴❝②r♠✲✷✵✶✼✲
✵✵✷✳ ✉r❧✿ ❤tt♣s✿✴✴❡✲♣✉❜❧✐s❤✐♥❣✳❝❡r♥✳❝❤✴✐♥❞❡①✳♣❤♣✴❈❨❘▼✴✐ss✉❡✴
✈✐❡✇✴✸✷✳

❬✶✻❪ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥s✳ ✏▼❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ♣r♦✲
❞✉❝t✐♦♥ ❛♥❞ ❞❡❝❛② r❛t❡s ❛♥❞ ❝♦♥str❛✐♥ts ♦♥ ✐ts ❝♦✉♣❧✐♥❣s ❢r♦♠ ❛ ❝♦♠❜✐♥❡❞
❆❚▲❆❙ ❛♥❞ ❈▼❙ ❛♥❛❧②s✐s ♦❢ t❤❡ ▲❍❈ ♣♣ ❝♦❧❧✐s✐♦♥ ❞❛t❛ ❛t

√
s ❂ ✼ ❛♥❞ ✽

❚❡❱✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s ✷✵✶✻✳✽ ✭❆✉❣✳ ✷✵✶✻✮✳ ❞♦✐✿ ✶✵✳✶✵✵✼✴
❥❤❡♣✵✽✭✷✵✶✻✮✵✹✺✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✵✼✴❥❤❡♣✵✽✭✷✵✶✻✮✵✹✺✳

❬✶✼❪ ▼✳ ▲✳ P❡r❧ ❡t ❛❧✳ ✏❊✈✐❞❡♥❝❡ ❢♦r ❆♥♦♠❛❧♦✉s ▲❡♣t♦♥ Pr♦❞✉❝t✐♦♥ ✐♥ ❡✰ ✲ ❡✲
❆♥♥✐❤✐❧❛t✐♦♥✑✳ ■♥✿ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✸✺ ✭✶✾✼✺✮✳ ❬✱✶✾✸✭✶✾✼✺✮❪✱ ♣♣✳ ✶✹✽✾✕✶✹✾✷✳
❞♦✐✿ ✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✸✺✳✶✹✽✾✳

❬✶✽❪ P❧❛♥❝❦ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏P❧❛♥❝❦ ✷✵✶✽ r❡s✉❧ts✳ ❱■✳ ❈♦s♠♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs✑✳
✷✵✶✽✳ ❡♣r✐♥t✿ ❛r❳✐✈✿✶✽✵✼✳✵✻✷✵✾✳

❬✶✾❪ ❨✳ ❋✉❦✉❞❛ ❡t ❛❧✳✱ ❙✉♣❡r✲❑❛♠✐♦❦❛♥❞❡ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❊✈✐❞❡♥❝❡ ❢♦r ❖s❝✐❧❧❛t✐♦♥
♦❢ ❆t♠♦s♣❤❡r✐❝ ◆❡✉tr✐♥♦s✑✳ ■♥✿ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✽✶ ✭✽ ❆✉❣✳ ✶✾✾✽✮✱ ♣♣✳ ✶✺✻✷✕
✶✺✻✼✳ ❞♦✐✿ ✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✽✶✳✶✺✻✷✳ ✉r❧✿ ❤tt♣s✿✴✴❧✐♥❦✳❛♣s✳♦r❣✴
❞♦✐✴✶✵✳✶✶✵✸✴P❤②s❘❡✈▲❡tt✳✽✶✳✶✺✻✷✳

✼✽

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❬✷✵❪ ❙✳ ❉✐♠♦♣♦✉❧♦s ❛♥❞ ❍✳ ●❡♦r❣✐✳ ✏❙♦❢t❧② ❜r♦❦❡♥ s✉♣❡rs②♠♠❡tr② ❛♥❞ ❙❯✭✺✮✑✳
■♥✿ ◆✉❝❧❡❛r P❤②s✐❝s ❇ ✶✾✸✳✶ ✭❉❡❝✳ ✶✾✽✶✮✱ ♣♣✳ ✶✺✵✕✶✻✷✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴✵✺✺✵✲
✸✷✶✸✭✽✶✮✾✵✺✷✷✲ ✽✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴✵✺✺✵✲ ✸✷✶✸✭✽✶✮
✾✵✺✷✷✲✽✳

❬✷✶❪ ❈✳ ❈s❛❦✐✳ ✏❚❤❡ ▼✐♥✐♠❛❧ ❙✉♣❡rs②♠♠❡tr✐❝ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✭▼❙❙▼✮✑✳ ■♥✿
✭✶✾✾✻✮✳ ❞♦✐✿ ✶✵✳✶✶✹✷✴❙✵✷✶✼✼✸✷✸✾✻✵✵✵✻✷❳✳ ❡♣r✐♥t✿ ❛r❳✐✈✿❤❡♣✲♣❤✴✾✻✵✻✹✶✹✳

❬✷✷❪ ❆✳ ❉❥♦✉❛❞✐ ❡t ❛❧✳ ❚❤❡ ▼✐♥✐♠❛❧ ❙✉♣❡rs②♠♠❡tr✐❝ ❙t❛♥❞❛r❞ ▼♦❞❡❧✿ ●r♦✉♣
❙✉♠♠❛r② ❘❡♣♦rt✳ ❚❡❝❤✳ r❡♣✳ ❤❡♣✲♣❤✴✾✾✵✶✷✹✻✳ ✶✾✾✽✳ ❡♣r✐♥t✿ ❛r❳✐✈✿❤❡♣✲
♣❤✴✾✾✵✶✷✹✻✳ ✉r❧✿ ❤tt♣✿✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴✸✼✻✵✹✾✳

❬✷✸❪ ❇✳ ❇❛❥❝ ❡t ❛❧✳ ✏❚❤r❡s❤♦❧❞ ❝♦rr❡❝t✐♦♥s t♦ ❞✐♠❡♥s✐♦♥✲s✐① ♣r♦t♦♥ ❞❡❝❛② ♦♣❡r❛t♦rs
✐♥ ♥♦♥✲♠✐♥✐♠❛❧ ❙❯❙❨ ❙❯ ✭✺✮ ●❯❚s✑✳ ■♥✿ ◆✉❝❧❡❛r P❤②s✐❝s ❇ ✾✶✵ ✭❙❡♣t✳ ✷✵✶✻✮✱
♣♣✳ ✶✕✷✷✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳♥✉❝❧♣❤②s❜✳✷✵✶✻✳✵✻✳✵✶✼✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳
♦r❣✴✶✵✳✶✵✶✻✴❥✳♥✉❝❧♣❤②s❜✳✷✵✶✻✳✵✻✳✵✶✼✳

❬✷✹❪ ❈❊❘◆✳ ✏▲❍❈ ●✉✐❞❡✑✳ ▼❛r✳ ✷✵✶✼✳ ✉r❧✿ ❤tt♣✿✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴
✷✷✺✺✼✻✷✳

❬✷✺❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❚❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t ❛t t❤❡ ❈❊❘◆ ▲❍❈✑✳ ■♥✿ ❏♦✉r♥❛❧
♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✸✳✵✽ ✭❆✉❣✳ ✷✵✵✽✮✱ ❙✵✽✵✵✹✕❙✵✽✵✵✹✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲
✵✷✷✶✴✸✴✵✽✴s✵✽✵✵✹✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✪✷❋✶✼✹✽✲✵✷✷✶✪✷❋✸✪
✷❋✵✽✪✷❋s✵✽✵✵✹✳

❬✷✻❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❚❤❡ ❈▼❙ tr✐❣❣❡r s②st❡♠✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛✲

t✐♦♥ ✶✷✳✵✶ ✭❏❛♥✳ ✷✵✶✼✮✱ P✵✶✵✷✵✕P✵✶✵✷✵✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✷✴✵✶✴
♣✵✶✵✷✵✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✷✴✵✶✴♣✵✶✵✷✵✳

❬✷✼❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏P❛rt✐❝❧❡✲✢♦✇ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ❣❧♦❜❛❧ ❡✈❡♥t ❞❡s❝r✐♣✲
t✐♦♥ ✇✐t❤ t❤❡ ❈▼❙ ❞❡t❡❝t♦r✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✷✳✶✵ ✭❖❝t✳
✷✵✶✼✮✱ P✶✵✵✵✸✕P✶✵✵✵✸✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲ ✵✷✷✶✴✶✷✴✶✵✴♣✶✵✵✵✸✳ ✉r❧✿
❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✷✴✶✵✴♣✶✵✵✵✸✳

❬✷✽❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏P❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❈▼❙ ♠✉♦♥ ❞❡t❡❝t♦r ❛♥❞ ♠✉♦♥
r❡❝♦♥str✉❝t✐♦♥ ✇✐t❤ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ❛t

√
s = ✶✸ ❚❡❱✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢

■♥str✉♠❡♥t❛t✐♦♥ ✶✸✳✵✻ ✭❏✉♥❡ ✷✵✶✽✮✱ P✵✻✵✶✺✕P✵✻✵✶✺✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲
✵✷✷✶✴✶✸✴✵✻✴♣✵✻✵✶✺✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✸✴✵✻✴
♣✵✻✵✶✺✳

❬✷✾❪ ❙✳ ❇❛✣♦♥✐ ❡t ❛❧✳ ✏❊❧❡❝tr♦♥ r❡❝♦♥str✉❝t✐♦♥ ✐♥ ❈▼❙✑✳ ■♥✿ ❚❤❡ ❊✉r♦♣❡❛♥ P❤②s✐✲

❝❛❧ ❏♦✉r♥❛❧ ❈ ✹✾✳✹ ✭❏❛♥✳ ✷✵✵✼✮✱ ♣♣✳ ✶✵✾✾✕✶✶✶✻✳ ❞♦✐✿ ✶✵✳✶✶✹✵✴❡♣❥❝✴s✶✵✵✺✷✲
✵✵✻✲✵✶✼✺✲✺✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✹✵✴❡♣❥❝✴s✶✵✵✺✷✲✵✵✻✲✵✶✼✺✲✺✳

❬✸✵❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❈▼❙ P❤②s✐❝s✿ ❚❡❝❤♥✐❝❛❧ ❉❡s✐❣♥ ❘❡♣♦rt ❱♦❧✉♠❡ ✶✿ ❉❡✲
t❡❝t♦r P❡r❢♦r♠❛♥❝❡ ❛♥❞ ❙♦❢t✇❛r❡✑✳ ❚❡❝❤✳ r❡♣✳ ❈❊❘◆✲▲❍❈❈✲✷✵✵✻✲✵✵✶✱ ❈▼❙✲
❚❉❘✲✽✲✶✳ ✷✵✵✻✳ ✉r❧✿ ❤tt♣✿✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴✾✷✷✼✺✼✳

✼✾

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❬✸✶❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏P❡r❢♦r♠❛♥❝❡ ♦❢ ❡❧❡❝tr♦♥ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ s❡❧❡❝t✐♦♥
✇✐t❤ t❤❡ ❈▼❙ ❞❡t❡❝t♦r ✐♥ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ❛t sqrt✭s✮ ❂ ✽ ❚❡❱✑✳ ■♥✿
❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✵✳✵✻ ✭❏✉♥❡ ✷✵✶✺✮✱ P✵✻✵✵✺✕P✵✻✵✵✺✳ ❞♦✐✿ ✶✵✳
✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✵✴✵✻✴♣✵✻✵✵✺✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲
✵✷✷✶✴✶✵✴✵✻✴♣✵✻✵✵✺✳

❬✸✷❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❘❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❛✉ ❧❡♣t♦♥ ❞❡❝❛②s
t♦ ❤❛❞r♦♥s ❛♥❞ t❛✉ ♥❡✉tr✐♥♦ ❛t ❈▼❙✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✶✳✵✶
✭❏❛♥✳ ✷✵✶✻✮✱ P✵✶✵✶✾✕P✵✶✵✶✾✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✶✴✵✶✴♣✵✶✵✶✾✳
✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✶✴✵✶✴♣✵✶✵✶✾✳

❬✸✸❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏P❡r❢♦r♠❛♥❝❡ ♦❢ r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ τ
❧❡♣t♦♥s ❞❡❝❛②✐♥❣ t♦ ❤❛❞r♦♥s ❛♥❞ ντ ✐♥ ♣♣ ❝♦❧❧✐s✐♦♥s ❛t

√
s = ✶✸ ❚❡❱✑✳ ■♥✿

❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✸✳✶✵ ✭❖❝t✳ ✷✵✶✽✮✱ P✶✵✵✵✺✕P✶✵✵✵✺✳ ❞♦✐✿ ✶✵✳
✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✸✴✶✵✴♣✶✵✵✵✺✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲
✵✷✷✶✴✶✸✴✶✵✴♣✶✵✵✵✺✳

❬✸✹❪ ▼✳ ❈❛❝❝✐❛r✐✱ ●✳ ❙❛❧❛♠✱ ❛♥❞ ●✳ ❙♦②❡③✳ ✏❚❤❡ ❛♥t✐✲kt ❥❡t ❝❧✉st❡r✐♥❣ ❛❧❣♦r✐t❤♠✑✳
■♥✿ ❏♦✉r♥❛❧ ♦❢ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s ✷✵✵✽✳✵✹ ✭❆♣r✳ ✷✵✵✽✮✱ ♣♣✳ ✵✻✸✕✵✻✸✳ ❞♦✐✿
✶✵✳✶✵✽✽✴✶✶✷✻✲✻✼✵✽✴✷✵✵✽✴✵✹✴✵✻✸✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴
✶✶✷✻✲✻✼✵✽✴✷✵✵✽✴✵✹✴✵✻✸✳

❬✸✺❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❏❡t ❡♥❡r❣② s❝❛❧❡ ❛♥❞ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❈▼❙ ❡①♣❡r✐♠❡♥t
✐♥ ♣♣ ❝♦❧❧✐s✐♦♥s ❛t ✽ ❚❡❱✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✷✳✵✷ ✭❋❡❜✳ ✷✵✶✼✮✱
P✵✷✵✶✹✕P✵✷✵✶✹✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✷✴✵✷✴♣✵✷✵✶✹✳ ✉r❧✿ ❤tt♣s✿
✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✷✴✵✷✴♣✵✷✵✶✹✳

❬✸✻❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❤❡❛✈②✲✢❛✈♦✉r ❥❡ts ✇✐t❤ t❤❡ ❈▼❙ ❞❡t❡❝✲
t♦r ✐♥ ♣♣ ❝♦❧❧✐s✐♦♥s ❛t ✶✸ ❚❡❱✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✸✳✵✺ ✭▼❛②
✷✵✶✽✮✱ P✵✺✵✶✶✕P✵✺✵✶✶✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲ ✵✷✷✶✴✶✸✴✵✺✴♣✵✺✵✶✶✳ ✉r❧✿
❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✸✴✵✺✴♣✵✺✵✶✶✳

❬✸✼❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏P❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❈▼❙ ♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ❡♥❡r❣②
r❡❝♦♥str✉❝t✐♦♥ ✐♥ ♣♣ ❞❛t❛ ❛t sqrt✭s✮ ❂ ✽ ❚❡❱✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥

✶✵✳✵✷ ✭❋❡❜✳ ✷✵✶✺✮✱ P✵✷✵✵✻✕P✵✷✵✵✻✳ ❞♦✐✿ ✶✵ ✳ ✶✵✽✽ ✴ ✶✼✹✽ ✲ ✵✷✷✶ ✴ ✶✵ ✴ ✵✷ ✴
♣✵✷✵✵✻✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✵✴✵✷✴♣✵✷✵✵✻✳

❬✸✽❪ ❋✳ ▼❛❧t♦♥✐ ❛♥❞ ❚✳ ❙t❡❧③❡r✳ ✏▼❛❞❊✈❡♥t✿ ❆✉t♦♠❛t✐❝ ❊✈❡♥t ●❡♥❡r❛t✐♦♥ ✇✐t❤
▼❛❞●r❛♣❤✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s ✷✵✵✸✳✵✷ ✭❋❡❜✳ ✷✵✵✸✮✱ ♣♣✳ ✵✷✼✕
✵✷✼✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✶✷✻✲✻✼✵✽✴✷✵✵✸✴✵✷✴✵✷✼✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳
✶✵✽✽✴✶✶✷✻✲✻✼✵✽✴✷✵✵✸✴✵✷✴✵✷✼✳

❬✸✾❪ ❙✳ ❋r✐①✐♦♥❡✱ P✳ ◆❛s♦♥✱ ❛♥❞ ❈✳ ❖❧❡❛r✐✳ ✏▼❛t❝❤✐♥❣ ◆▲❖ ◗❈❉ ❝♦♠♣✉t❛t✐♦♥s
✇✐t❤ P❛rt♦♥ ❙❤♦✇❡r s✐♠✉❧❛t✐♦♥s✿ t❤❡ P❖❲❍❊● ♠❡t❤♦❞✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ❍✐❣❤

❊♥❡r❣② P❤②s✐❝s ✷✵✵✼✳✶✶ ✭◆♦✈✳ ✷✵✵✼✮✱ ♣♣✳ ✵✼✵✕✵✼✵✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✶✷✻✲

✽✵

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✻✼✵✽✴✷✵✵✼✴✶✶✴✵✼✵✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✶✷✻✲✻✼✵✽✴✷✵✵✼✴
✶✶✴✵✼✵✳

❬✹✵❪ ❚✳ ❙❥östr❛♥❞✱ ❙✳ ▼r❡♥♥❛✱ ❛♥❞ P✳ ❙❦❛♥❞s✳ ✏❆ ❇r✐❡❢ ■♥tr♦❞✉❝t✐♦♥ t♦ P❨❚❍■❆
✽✳✶✑✳ ■♥✿ ❈♦♠♣✉t❡r P❤②s✐❝s ❈♦♠♠✉♥✐❝❛t✐♦♥s ✶✼✽✳✶✶ ✭❏✉♥❡ ✷✵✵✽✮✱ ♣♣✳ ✽✺✷✕
✽✻✼✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳❝♣❝✳✷✵✵✽✳✵✶✳✵✸✻✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴
❥✳❝♣❝✳✷✵✵✽✳✵✶✳✵✸✻✳

❬✹✶❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❯♥❞❡r❧②✐♥❣ ❊✈❡♥t ❚✉♥❡s ❛♥❞ ❉♦✉❜❧❡ P❛rt♦♥ ❙❝❛tt❡r✲
✐♥❣✑✳ ❚❡❝❤✳ r❡♣✳ ❈▼❙✲P❆❙✲●❊◆✲✶✹✲✵✵✶✳ ●❡♥❡✈❛✿ ❈❊❘◆✱ ✷✵✶✹✳ ✉r❧✿ ❤tt♣✿
✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴✶✻✾✼✼✵✵✳

❬✹✷❪ ❙✳ ❆❣♦st✐♥❡❧❧✐ ❡t ❛❧✳ ✏●❡❛♥t✹✖❛ s✐♠✉❧❛t✐♦♥ t♦♦❧❦✐t✑✳ ■♥✿ ◆✉❝❧❡❛r ■♥str✉♠❡♥ts

❛♥❞ ▼❡t❤♦❞s ✐♥ P❤②s✐❝s ❘❡s❡❛r❝❤ ❙❡❝t✐♦♥ ❆✿ ❆❝❝❡❧❡r❛t♦rs✱ ❙♣❡❝tr♦♠❡t❡rs✱

❉❡t❡❝t♦rs ❛♥❞ ❆ss♦❝✐❛t❡❞ ❊q✉✐♣♠❡♥t ✺✵✻✳✸ ✭❏✉❧② ✷✵✵✸✮✱ ♣♣✳ ✷✺✵✕✸✵✸✳ ❞♦✐✿
✶✵✳✶✵✶✻✴s✵✶✻✽✲✾✵✵✷✭✵✸✮✵✶✸✻✽✲✽✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴
s✵✶✻✽✲✾✵✵✷✭✵✸✮✵✶✸✻✽✲✽✳

❬✹✸❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏▼❡❛s✉r❡♠❡♥t ♦❢ ❍✐❣❣s ❜♦s♦♥ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❞❡❝❛② t♦
t❤❡ ττ ✜♥❛❧ st❛t❡✑✳ ❚❡❝❤✳ r❡♣✳ ❈▼❙✲P❆❙✲❍■●✲✶✽✲✵✸✷✳ ●❡♥❡✈❛✿ ❈❊❘◆✱ ✷✵✶✾✳
✉r❧✿ ❤tt♣s✿✴✴❝❞s✳❝❡r♥✳❝❤✴r❡❝♦r❞✴✷✻✻✽✻✽✺✳

❬✹✹❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❙❡❛r❝❤ ❢♦r ❛❞❞✐t✐♦♥❛❧ ♥❡✉tr❛❧ ▼❙❙▼ ❍✐❣❣s ❜♦s♦♥s ✐♥
t❤❡ ττ ✜♥❛❧ st❛t❡ ✐♥ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ❛t

√
s = ✶✸ ❚❡❱✑✳ ■♥✿ ✭✷✵✶✽✮✳

❞♦✐✿ ✶✵✳✶✵✵✼✴❏❍❊P✵✾✭✷✵✶✽✮✵✵✼✳ ❡♣r✐♥t✿ ❛r❳✐✈✿✶✽✵✸✳✵✻✺✺✸✳

❬✹✺❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏▼❡❛s✉r❡♠❡♥t ♦❢ t❤❡ Zg∗ → tt ❝r♦ss s❡❝t✐♦♥ ✐♥ ♣♣ ❝♦❧✲
❧✐s✐♦♥s ❛t

√
s = ✶✸ ❚❡❱ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ t ❧❡♣t♦♥ ❛♥❛❧②s✐s t❡❝❤♥✐q✉❡s✑✳ ■♥✿

❚❤❡ ❊✉r♦♣❡❛♥ P❤②s✐❝❛❧ ❏♦✉r♥❛❧ ❈ ✼✽✳✾ ✭❙❡♣t✳ ✷✵✶✽✮✳ ❞♦✐✿ ✶✵✳✶✶✹✵✴❡♣❥❝✴
s✶✵✵✺✷✲✵✶✽✲✻✶✹✻✲✾✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✹✵✴❡♣❥❝✴s✶✵✵✺✷✲
✵✶✽✲✻✶✹✻✲✾✳

❬✹✻❪ ❈▼❙ ❈♦❧❧❛❜♦r❛t✐♦♥✳ ✏❆♥ ❡♠❜❡❞❞✐♥❣ t❡❝❤♥✐q✉❡ t♦ ❞❡t❡r♠✐♥❡ ττ ❜❛❝❦❣r♦✉♥❞s
✐♥ ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥ ❞❛t❛✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ ■♥str✉♠❡♥t❛t✐♦♥ ✶✹✳✵✻ ✭❏✉♥❡
✷✵✶✾✮✱ P✵✻✵✸✷✕P✵✻✵✸✷✳ ❞♦✐✿ ✶✵✳✶✵✽✽✴✶✼✹✽✲ ✵✷✷✶✴✶✹✴✵✻✴♣✵✻✵✸✷✳ ✉r❧✿
❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✶✼✹✽✲✵✷✷✶✴✶✹✴✵✻✴♣✵✻✵✸✷✳

❬✹✼❪ ❚✳ ❙❥östr❛♥❞ ❡t ❛❧✳ ✏❆♥ ■♥tr♦❞✉❝t✐♦♥ t♦ P❨❚❍■❆ ✽✳✷✑✳ ■♥✿ ❈♦♠♣✉t❡r P❤②s✐❝s

❈♦♠♠✉♥✐❝❛t✐♦♥s ✶✾✶ ✭❏✉♥❡ ✷✵✶✺✮✱ ♣♣✳ ✶✺✾✕✶✼✼✳ ❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳❝♣❝✳✷✵✶✺✳
✵✶✳✵✷✹✳ ✉r❧✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳❝♣❝✳✷✵✶✺✳✵✶✳✵✷✹✳

✽✶

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

	Introduction
	The Standard Model of Particle Physics
	Elementary Particles
	Leptons
	Quarks
	Gauge Bosons

	Fundamental Interactions of the SM
	Electroweak Interaction
	Strong Interaction

	The Higgs Mechanism
	Spontaneous Symmetry Breaking
	Higgs Production Modes
	Higgs Decay Modes
	Properties of the Higgs Boson

	The Tau Particle
	 Decay Modes

	Physics beyond the Standard Model
	Unexplained Phenomena and Discrepancies
	Minimal Supersymmetric Extension of the Standard Model (MSSM)
	Theoretical Motivations of the MSSM


	The Large Hadron Collider
	The CMS Experiment
	Superconducting Solenoid
	Inner Tracker
	Electromagnetic Calorimeter
	Hadron Calorimeter
	Muon System
	Trigger System


	Event Reconstruction and Simulation
	Particle Reconstruction
	Muons
	Electrons
	Hadronic Tau Decays
	Jets
	Missing Transverse Energy

	Simulation

	Summary of the Measurement of Higgs boson production and decay to the  final state
	Event categorization
	Results

	The Fake Factor Method
	Calculation
	QCD Fake Factors
	W+jets Fake Factors
	tbart Fake Factors
	Fake Factor Weights

	Corrections
	QCD fake factor corrections
	W+jets fake factor corrections
	tbart fake factor corrections

	Uncertainties

	Extension of the fake factor method for the H analysis
	Determination of genuine  Backgrounds via Embedding
	Decay Mode Binning
	Separation of Corrections into 0-jet/1-jet Categories
	Application of the Fake Factor Method to 2016 and 2017 Data

	Conclusions
	Acronyms
	Software Instructions
	Performance Plots
	Bibliography

