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❙❡❛r❝❤ ❢♦r ❉❛r❦ ▼❛tt❡r ❯s✐♥❣ t❤❡ h(bb̄) + Emiss
T ❙✐❣♥❛t✉r❡

♦❢ t❤❡ ◆❡✇

✏❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧ ✇✐t❤ Ps❡✉❞♦s❝❛❧❛r ▼❡❞✐❛t♦r✑
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✇✐t❤ t❤❡ ❆❚▲❆❙ ❉❡t❡❝t♦r

❚❤✐s ▼❛st❡r t❤❡s✐s ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ❜②
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❙❡❛r❝❤ ❢♦r ❉❛r❦ ▼❛tt❡r ❯s✐♥❣ t❤❡ h(bb̄) + Emiss

T ❙✐❣♥❛t✉r❡ ♦❢ t❤❡ ◆❡✇

✏❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧ ✇✐t❤ Ps❡✉❞♦s❝❛❧❛r ▼❡❞✐❛t♦r✑ ❇❡♥❝❤♠❛r❦ ▼♦✲

❞❡❧ ✇✐t❤ t❤❡ ❆❚▲❆❙ ❉❡t❡❝t♦r✿

❚❤❡ ♥❛t✉r❡ ♦❢ ❉❛r❦ ▼❛tt❡r ✐s ❛♥ ♦♣❡♥ q✉❡st✐♦♥✱ ❞❡s♣✐t❡ ♣❧❡♥t✐❢✉❧ ❛str♦♣❤②s✐❝❛❧ ❡✈✐❞❡♥❝❡
❢♦r ✐ts ❡①✐st❡♥❝❡✳ ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ❛t ❝♦❧❧✐❞❡rs ❝♦♠♣❧❡♠❡♥t ♦t❤❡r s❡❛r❝❤ str❛t❡❣✐❡s
❜② ♣r♦✈✐❞✐♥❣ ❛ ❝♦♥tr♦❧❧❡❞ ❧❛❜♦r❛t♦r② ❡♥✈✐r♦♥♠❡♥t ❛♥❞ s❡♥s✐t✐✈✐t② t♦ ❧♦✇✲♠❛ss ❉❛r❦
▼❛tt❡r✳ ❚❤❡ h(bb̄) + Emiss

T ❝♦❧❧✐❞❡r s✐❣♥❛t✉r❡ ❞✐r❡❝t❧② ♣r♦❜❡s ♣♦t❡♥t✐❛❧ ❤❛r❞ ✐♥t❡r❛❝t✐✲
♦♥s ♦❢ ❉❛r❦ ▼❛tt❡r ❛♥❞ t❤❡ ❍✐❣❣s ❜♦s♦♥✳ ❍♦✇❡✈❡r✱ s✉❝❤ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠✐ss✐♥❣
✐♥ ❝♦♥✈❡♥t✐♦♥❛❧ s✐❣♥❛❧ ♠♦❞❡❧s✱ ✐♥❤✐❜✐t✐♥❣ ❝♦♠♣❛r✐s♦♥s t♦ ♦t❤❡r s✐❣♥❛t✉r❡s✳ ❚❤❡ ❚✇♦✲
❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧ ✇✐t❤ Ps❡✉❞♦s❝❛❧❛r ▼❡❞✐❛t♦r ✭✷❍❉▼+a✮ ❬✶❪ s♦❧✈❡s t❤✐s ♣r♦❜❧❡♠
❜② ♣r❡❞✐❝t✐♥❣ ❛ ❧❛r❣❡ ✈❛r✐❡t② ♦❢ ❉❛r❦ ▼❛tt❡r s✐❣♥❛t✉r❡s ✇✐t❤ ❞❡t❡❝t❛❜❧❡ ♣r♦❞✉❝t✐♦♥
❝r♦ss s❡❝t✐♦♥s ❛t t❤❡ ▲❍❈✳
❚❤✐s t❤❡s✐s ✐❞❡♥t✐✜❡s ✷❍❉▼+a ♣❛r❛♠❡t❡r r❡❣✐♦♥s r❡❧❡✈❛♥t t♦ t❤❡ h(bb̄) + Emiss

T s✐❣✲
♥❛t✉r❡✳ ❆ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦ t✉♥❡❞ t♦ t❤❡ ❆❚▲❆❙ h(bb̄) + Emiss

T s❡❛r❝❤ ❬✷❪ ✐s
❝♦♥str✉❝t❡❞✱ ✉s✐♥❣ ❛ s✐♠♣❧✐✜❡❞ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡✳ ❚❤✐s ❡st✐♠❛t❡ ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡
❞❡t❛✐❧❡❞ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❆❚▲❆❙ s❡♥s✐t✐✈✐t②✱ ❛♥❞ ❢♦✉♥❞ t♦ ❜❡ ❝♦♥s✐st❡♥t✳ ❚❤❡ ❆❚▲❆❙
h(bb̄)+Emiss

T s❡❛r❝❤ ✉s✐♥❣ 36.1 fb−1 ♦❢ pp ❝♦❧❧✐s✐♦♥ ❞❛t❛ ❛t
√
s = 13TeV ✐s ✐♥t❡r♣r❡t❡❞

✐♥ t❤❡ ✷❍❉▼+a✳ ◆♦ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✐s ♦❜s❡r✈❡❞✳ ▲✐♠✐ts ❛r❡ s❡t
♦♥ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡rs✱ ❡①❝❧✉❞✐♥❣ ♠❛ss❡s ✉♣ t♦ 0.35TeV ♦❢ t❤❡ ❧✐❣❤t ♠❡❞✐❛t♦r
❛♥❞ ❜❡t✇❡❡♥ 0.4TeV ❛♥❞ 1.3TeV ♦❢ t❤❡ ❤❡❛✈② ♠❡❞✐❛t♦r✳

❙✉❝❤❡ ♥❛❝❤ ❉✉♥❦❧❡r ▼❛t❡r✐❡ ♠✐t ❞❡r h(bb̄) + Emiss

T ❙✐❣♥❛t✉r ❞❡s ♥❡✉❡♥

✒❩✇❡✐✲❍✐❣❣s✲❉♦✉❜❧❡tt ▼♦❞❡❧❧ ♠✐t Ps❡✉❞♦s❦❛❧❛r❡♠ ▼❡❞✐❛t♦r✏ ❘❡❢❡r❡♥③✲

▼♦❞❡❧❧s ♠✐t ❞❡♠ ❆❚▲❆❙ ❉❡t❡❦t♦r✿

❉✐❡ ◆❛t✉r ❉✉♥❦❧❡r ▼❛t❡r✐❡ ✐st ❡✐♥❡ ♦✛❡♥❡ ❋r❛❣❡✱ tr♦t③ ✈✐❡❧❢ä❧t✐❣❡r ❆str♦♣❤②s✐❦❛❧✐s✲
❝❤❡r ❍✐♥✇❡✐s❡ ❛✉❢ ✐❤r❡ ❊①✐st❡♥③✳ ❇❡s❝❤❧❡✉♥✐❣❡rs✉❝❤❡♥ ♥❛❝❤ ❉✉♥❦❧❡r ▼❛t❡r✐❡ ❡r❣ä♥③❡♥
❛♥❞❡r❡ ❙✉❝❤str❛t❡❣✐❡♥ ❞✉r❝❤ ❡✐♥❡ ❦♦♥tr♦❧❧✐❡rt❡ ▲❛❜♦r✉♠❣❡❜✉♥❣ ✉♥❞ ❙❡♥s✐t✐✈✐tät ❛✉❢
❧❡✐❝❤t❡ ❉✉♥❦❧❡ ▼❛t❡r✐❡✳ ❉✐❡ h(bb̄)+Emiss

T ❇❡s❝❤❧❡✉♥✐❣❡rs✐❣♥❛t✉r ❡r♠ö❣❧✐❝❤t ❞✐❡ ❯♥t❡r✲
s✉❝❤✉♥❣ ♣♦t❡♥t✐❡❧❧❡r ❤❛rt❡r ❲❡❝❤s❡❧✇✐r❦✉♥❣❡♥ ❉✉♥❦❧❡r ▼❛t❡r✐❡ ♠✐t ❞❡♠ ❍✐❣❣s ❇♦s♦♥✳
❉❡r❛rt✐❣❡ ❲❡❝❤s❡❧✇✐r❦✉♥❣❡♥ ❢❡❤❧❡♥ ❥❡❞♦❝❤ ✐♥ ❞❡♥ ❣❡❜rä✉❝❤❧✐❝❤❡♥ ❙✐❣♥❛❧♠♦❞❡❧❧❡♥✱ ✇❛s
❱❡r❣❧❡✐❝❤❡ ♠✐t ❛♥❞❡r❡♥ ❇❡s❝❤❧❡✉♥✐❣❡rs✐❣♥❛t✉r❡♥ ❜❡❤✐♥❞❡rt✳ ❉❛s ❩✇❡✐✲❍✐❣❣s✲❉♦✉❜❧❡tt
▼♦❞❡❧❧ ♠✐t Ps❡✉❞♦s❦❛❧❛r❡♠ ▼❡❞✐❛t♦r ✭✷❍❉▼+a✮ ❬✶❪ ❧öst ❞✐❡s❡s Pr♦❜❧❡♠✱ ❞❛ ❡s ❡✐♥❡
❣r♦ÿ❡ ❱✐❡❧❢❛❧t ✈♦♥ ❛♥ ❍♦❝❤❡♥❡r❣✐❡✲❚❡✐❧❝❤❡♥❜❡s❝❤❧❡✉♥✐❣❡r♥ ❜❡♦❜❛❝❤t❜❛r❡♥ ❙✐❣♥❛t✉r❡♥
❉✉♥❦❧❡r ▼❛t❡r✐❡ ✈♦r❛✉ss❛❣t✳
❉✐❡s❡ ❆r❜❡✐t ✐❞❡♥t✐✜③✐❡rt ✷❍❉▼+a P❛r❛♠❡t❡rr❡❣✐♦♥❡♥✱ ✇❡❧❝❤❡ ❢ür ❞✐❡ h(bb̄) + Emiss

T

❙✐❣♥❛t✉r r❡❧❡✈❛♥t s✐♥❞✳ ❊✐♥ ✷❍❉▼+a ❘❡❢❡r❡♥③✲P❛r❛♠❡t❡rs❝❛♥ ✇✐r❞ ❛♥❤❛♥❞ ❞❡r ❙❡♥s✐✲
t✐✈✐tät ❞❡r ❆❚▲❆❙ ❙✉❝❤❡ ♥❛❝❤ h(bb̄)+Emiss

T ❬✷❪ ❦♦♥str✉✐❡rt✱ ♠✐tt❡❧s ❡✐♥❡r ✈❡r❡✐♥❢❛❝❤t❡♥
❙❡♥s✐t✐✈✐täts❛❜s❝❤ät③✉♥❣✳ ❉✐❡s❡ ❙❡♥s✐t✐✈✐tätss❝❤ät③✉♥❣ ✇✐r❞ ♠✐t ❞❡r ❞❡t❛✐❧❧✐❡rt s✐♠✉✲
❧✐❡rt❡♥ ❆❚▲❆❙✲❙❡♥s✐t✐✈✐tät ✈❡r❣❧✐❝❤❡♥✱ ✉♥❞ ✐st ❦♦♥s✐st❡♥t ♠✐t ❞✐❡s❡r✳ ❉✐❡ ❆❚▲❆❙
h(bb̄) + Emiss

T ✲❙✉❝❤❡ ♠✐t 36.1 fb−1 ✈♦♥ pp ❑♦❧❧✐s✐♦♥s❞❛t❡♥ ❜❡✐
√
s = 13TeV ✇✐r❞ ✐♠

✷❍❉▼+a ✐♥t❡r♣r❡t✐❡rt✱ ✉♥❞ ❦❡✐♥❡ s✐❣♥✐✜❦❛♥t❡ ❆❜✇❡✐❝❤✉♥❣ ✈♦♠ ❙t❛♥❞❛r❞♠♦❞❡❧❧ ✇✐r❞
❜❡♦❜❛❝❤t❡t✳ ❊s ✇❡r❞❡♥ ❆✉s❝❤❧✉ss❣r❡♥③❡♥ ❛✉❢ ❞❡♥ P❛r❛♠❡t❡rr❛✉♠ ❞❡s ✷❍❉▼+a ❣❡t✲
s❡t③t✱ ✇❡❧❝❤❡ ▼❛ss❡♥ ❞❡s ❧❡✐❝❤t❡♥ ▼❡❞✐❛t♦rs ✈♦♥ ❜✐s ③✉ 0.35TeV ✉♥❞ ❞❡s s❝❤✇❡r❡♥
▼❡❞✐❛t♦rs ③✇✐s❝❤❡♥ 0.4TeV ✉♥❞ 1.3TeV ❛✉s❝❤❧✐❡ss❡♥✳
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✻✳✸ ▼❛ss❡s ♦❢ t❤❡ ❍❡❛✈② ❙❝❛❧❛r ❇♦s♦♥s✿ MH ❛♥❞ MH± ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵
✻✳✹ ▼✐①✐♥❣ ❆♥❣❧❡ ♦❢ t❤❡ ❈P✲♦❞❞ ❙❝❛❧❛r ❇♦s♦♥s✿ sin θ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷
✻✳✺ ❘❛t✐♦ ♦❢ ❱❛❝✉✉♠ ❊①♣❡❝t❛t✐♦♥ ❱❛❧✉❡s✿ tan β ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✻✳✺✳✶ h(bb̄) + Emiss
T ❢r♦♠ bb̄ ❆♥♥✐❤✐❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✻✳✻ ❚❤❡ ◗✉❛rt✐❝ ❚r✐♦✿ λ3, λP1✱ ❛♥❞ λP2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽
✻✳✼ ❚❤❡ ❉❛r❦ ▼❛tt❡r ❨✉❦❛✇❛ ❈♦✉♣❧✐♥❣✿ yχ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵
✻✳✽ ❚❤❡ ❉❛r❦ ▼❛tt❡r ▼❛ss✿ Mχ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵
✻✳✾ ❙✉♠♠❛r②✿ ❚❤❡ ❊✛❡❝ts ♦❢ t❤❡ ▼♦❞❡❧ P❛r❛♠❡t❡rs ♦♥ t❤❡ ❙✐❣♥❛❧ ❑✐♥❡♠❛t✐❝s ✳ ✳ ✳ ✶✶✹

✼ ❉❡s✐❣♥ ♦❢ t❤❡ P❛r❛♠❡t❡r ❙❝❛♥ ❢♦r ❙❡tt✐♥❣ ▲✐♠✐ts ♦♥ t❤❡ ✷❍❉▼+a ✶✶✼

✼✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼
✼✳✷ ❋✐①❡❞ P❛r❛♠❡t❡rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼
✼✳✸ P❛rt♦♥ ▲❡✈❡❧ ❙❡♥s✐t✐✈✐t② ❛♥❞ ❆❝❝❡♣t❛♥❝❡ ❊st✐♠❛t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✾

✼✳✸✳✶ ❙❡♥s✐t✐✈✐t② ❊st✐♠❛t❡ ❯s✐♥❣ ▲✐♠✐ts ✇✐t❤ ❘❡❞✉❝❡❞ ▼♦❞❡❧ ❉❡♣❡♥❞❡♥❝❡ ✳ ✳ ✶✶✾
✼✳✸✳✷ ❙✐♠♣❧✐✜❡❞ ❆❝❝❡♣t❛♥❝❡ ❊st✐♠❛t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✼✳✹ Ma −MA ❙❝❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸
✼✳✺ Ma − tan β ❙❝❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼
✼✳✻ ❆✉①✐❧❧✐❛r② ❙❝❛♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✼✳✻✳✶ sin θ ❙❝❛♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵
✼✳✻✳✷ Mχ ❙❝❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✼✳✼ ❙✉♠♠❛r② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✽



✽ ▲✐♠✐ts ❖❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❋✉❧❧ ❆♥❛❧②s✐s ✶✸✼

✽✳✶ ❉❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❉❡t❡❝t♦r ▲❡✈❡❧ ■♥t❡r♣r❡t❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼
✽✳✶✳✶ CLs ❊①❝❧✉s✐♦♥ ■♥t❡r✈❛❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✽

✽✳✷ ❘❡s✉❧ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵
✽✳✷✳✶ ✷❉ ❙❝❛♥s ♦❢ Ma,MA ❛♥❞ Ma, tan β ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵
✽✳✷✳✷ ❆✉①✐❧✐❛r② ✶❉ ❙❝❛♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

✾ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❖✉t❧♦♦❦ ✶✹✼

❆ ✷❍❉▼ ❚r❡❡ ▲❡✈❡❧ ❱❛❝✉✉♠ ❙t❛❜✐❧✐t② ❈♦♥❞✐t✐♦♥s ✐♥ t❤❡ ❆❧✐❣♥♠❡♥t ▲✐♠✐t ✶✺✸

❇ ❈♦♥str❛✐♥ts ♦♥ MA,Ma✱ ❛♥❞ tanβ ❢r♦♠ ❙❝❛❧❛r ❲✐❞t❤s ✶✺✼

❈ ❊st✐♠❛t❡ ♦❢ h(γγ) + Emiss

T
❙❡♥s✐t✐✈✐t② ✉s✐♥❣ ●❡♥❡r✐❝ ❈r♦ss ❙❡❝t✐♦♥ ▲✐♠✐ts ✶✺✾

❉ ✷❉ ■♥t❡r♣♦❧❛t✐♦♥ ❢♦r ❊①❝❧✉s✐♦♥ ▲✐♠✐t ❈♦♥t♦✉rs ✶✻✶

✾



✶✵



❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

❚❤❡♥ ♣r♦✉❞❧② s♠✐❧❡❞ t❤❛t ♦❧❞ ♠❛♥

❚♦ s❡❡ t❤❡ ❡❛❣❡r ❧❛❞

❘✉s❤ ♠❛❞❧② ❢♦r ❤✐s ♣❡♥ ❛♥❞ ✐♥❦

❆♥❞ ❢♦r ❤✐s ❜❧♦tt✐♥❣✲♣❛❞ ✕

❇✉t✱ ✇❤❡♥ ❤❡ t❤♦✉❣❤t ♦❢ ♣✉❜❧✐s❤✐♥❣✱
❍✐s ❢❛❝❡ ❣r❡✇ st❡r♥ ❛♥❞ s❛❞✳

✖ ▲❡✇✐s ❈❛rr♦❧❧✱ P♦❡t❛ ❋✐t✱ ◆♦♥ ◆❛s❝✐t✉r ✭✶✽✽✸✮

✶✳✶ ▼♦t✐✈❛t✐♦♥

❚❤❡ ♥❛t✉r❡ ♦❢ ❉❛r❦ ▼❛tt❡r ✐s ❛ ❧♦♥❣st❛♥❞✐♥❣ ♦♣❡♥ q✉❡st✐♦♥ ♦❢ ♣❤②s✐❝s ❛♥❞ ❝♦s♠♦❧♦❣② ❬✸✱ ✹✱ ✺✱ ✻✱
✼❪✳ ❈♦s♠♦❧♦❣✐❝❛❧ ❛♥❞ ❛str♦♣❤②s✐❝❛❧ ❡✈✐❞❡♥❝❡ ❢♦r t❤❡ ❡①✐st❡♥❝❡ ♦❢ t❤❡ ❧❛r❣❡ ❝❧❛ss ♦❢ ♣❤❡♥♦♠❡♥❛
❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❉❛r❦ ▼❛tt❡r ❤②♣♦t❤❡s✐s ✐s ♣❧❡♥t✐❢✉❧ ❬✸✱ ✽✱ ✺❪✳ ❨❡t ❝♦♥s✐st❡♥t ❛♥❞ r❡♣r♦❞✉❝✐❜❧❡
❡✈✐❞❡♥❝❡ ❢♦r t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ ♥❡✇ t②♣❡ ♦❢ ♠❛tt❡r t❤❛t ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❉❛r❦ ▼❛tt❡r ❤❛s
♥♦t ❜❡❡♥ ❢♦✉♥❞✱ ❞❡s♣✐t❡ ❞❡❝❛❞❡s ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❡✛♦rt ❬✸✱ ✾✱ ✶✵❪✳

❆tt❡♠♣ts t♦ ♣r♦❞✉❝❡ ❉❛r❦ ▼❛tt❡r ❛t ❤✐❣❤ ❡♥❡r❣② ♣❛rt✐❝❧❡ ❝♦❧❧✐❞❡rs ❛r❡ ♦♥❡ ❝❛t❡❣♦r② ♦❢ t❤❡
❡✛♦rts t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♥❛t✉r❡ ♦❢ ❉❛r❦ ▼❛tt❡r✳ ❚❤❡② ❝♦♠♣❧❡♠❡♥t ♦t❤❡r s❡❛r❝❤ ❝❤❛♥♥❡❧s✱ s✉❝❤
❛s ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡❛r❝❤❡s✱ ❜② ♣r♦✈✐❞✐♥❣ ❛♥ ❡①tr❡♠❡❧② ✇❡❧❧ ❝♦♥tr♦❧❧❡❞ ❧❛❜♦r❛t♦r②
❡♥✈✐r♦♥♠❡♥t✳ ▼♦r❡♦✈❡r t❤❡② ❛r❡ s❡♥s✐t✐✈❡ t♦ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ♦❢ ✈❡r② ❧♦✇ ♠❛ss❡s✱ ✉♥❧✐❦❡
❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡❛r❝❤❡s ❚❤❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ✭▲❍❈✮ ❛t ❈❊❘◆ ❤❛s ❜❡❡♥ ❛ ♣❛rt✐❝✉❧❛r
❢♦❝✉s ♦❢ t❤❡s❡ s❡❛r❝❤❡s✱ ❞✉❡ t♦ t❤❡ ✈❡r② ❤✐❣❤ ❝❡♥t❡r ♦❢ ♠❛ss ❡♥❡r❣✐❡s ♦❢ t❤❡ ❝♦❧❧✐❞✐♥❣ ❜❡❛♠s✳
❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ❛t t❤❡ ▲❍❈ ❞♦ ❤♦✇❡✈❡r ❢❛❝❡ ❛ ✉♥✐q✉❡ t❤❡♦r❡t✐❝❛❧ ♣❡❝✉❧✐❛r✐t②✿ t❤❡ ❡✛❡❝t✐✈❡
❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥ ♦♣❡r❛t♦rs ✉s❡❞ t♦ ❞❡s❝r✐❜❡ ❛♥❞ ✐♥t❡r♣r❡t ♦t❤❡r ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ❝❛♥
♥♦t ❜❡ ✉s❡❞ t♦ ❞❡s❝r✐❜❡ ▲❍❈ ❝♦❧❧✐s✐♦♥s ❬✼✱ ✶✶❪✳ ❙✉❝❤ ❝♦♥t❛❝t ♦♣❡r❛t♦rs ✇♦✉❧❞ ♣r❡❞✐❝t s❝❛tt❡r✐♥❣
❛♠♣❧✐t✉❞❡s t❤❛t ❞♦ ♥♦t ❝♦♥s❡r✈❡ ♣r♦❜❛❜✐❧✐t②✱ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ♠♦♠❡♥t❛ ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ♣r♦t♦♥
❝♦❧❧✐s✐♦♥s✳

❖♥❡ ✇✐❞❡❧② ✉s❡❞ s♦❧✉t✐♦♥ ❛r❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s✱ ✇❤✐❝❤ s♣❡❝✐❢② t❤❡ ❣❡♥❡r✐❝ ❝♦♥t❛❝t ♦♣❡r❛t♦rs
✐♥t♦ ❞✐❛❣r❛♠s ✇❤❡r❡ ♠❡❞✐❛t✐♥❣ ♣❛rt✐❝❧❡s ❛r❡ ❡①♣❧✐❝✐t❧② ❡①❝❤❛♥❣❡❞ ❬✼✱ ✶✶❪✳ ❙♦♠❡ s✐♠♣❧✐✜❡❞
♠♦❞❡❧s ✐♥✈♦❧✈❡ ✐♥t❡r❛❝t✐♦♥s ✇❤❡r❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❜♦s♦♥s ❛r❡ ♣r♦❞✉❝❡❞ ✐♥ ❤❛r❞ ❞❡❝❛②s ♦❢
❉❛r❦ ▼❛tt❡r ♠❡❞✐❛t♦rs✱ ❝♦✉♣❧✐♥❣ t❤❡♠ ❞✐r❡❝t❧② t♦ t❤❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡ ♣r♦❞✉❝t✐♦♥✳ ❙✉❝❤
✐♥t❡r❛❝t✐♦♥s ❛r❡ ✐♥ ❝♦♥tr❛st t♦ t❤❡ st❛♥❞❛r❞ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ✉s❡❞ t♦ ❞❛t❡✱ ✇❤❡r❡✐♥ ❉❛r❦
▼❛tt❡r ♣❛rt✐❝❧❡s ❛r❡ ♣r♦❞✉❝❡❞ ✐♥ ■♥✐t✐❛❧ ❙t❛t❡ ❘❛❞✐❛t✐♦♥ ✭■❙❘✮✱ ❛❣❛✐♥st ✇❤✐❝❤ t❤❡ ❉❛r❦ ▼❛tt❡r
♣r♦❞✉❝✐♥❣ ♠❡❞✐❛t♦r r❡❝♦✐❧s✳ ❚❤❡ h+Emiss

T s✐❣♥❛t✉r❡ ✐s ♣❛rt✐❝✉❧❛r❧② ✐♥t❡r❡st✐♥❣ ✐♥ t❤✐s r❡❣❛r❞✱ ❛s
t❤❡ ■❙❘ ♣r♦❞✉❝t✐♦♥ ♦❢ ❛ ❍✐❣❣s ❜♦s♦♥ ✐s str♦♥❣❧② ❨✉❦❛✇❛✲s✉♣♣r❡ss❡❞✳ ❚❤✉s h+Emiss

T s✐❣♥❛t✉r❡s

✶✶



♣r♦✈✐❞❡ ❞✐r❡❝t ♣r♦❜❡s ♦❢ ♣♦t❡♥t✐❛❧ ♥❡✇ ✐♥t❡r❛❝t✐♦♥s ✐♥✈♦❧✈✐♥❣ ❉❛r❦ ▼❛tt❡r ❬✷❪✳ ❚❤❡ h(bb̄)+Emiss
T

s✐❣♥❛t✉r❡ ✐s ❢✉rt❤❡r♠♦r❡ ✈❡r② s❡♥s✐t✐✈❡✱ ❛s t❤❡ h→ bb̄ ❞❡❝❛② ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ t❤❡ ♠♦st ❢r❡q✉❡♥t
❞❡❝❛② ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❬✷❪✳ ❍♦✇❡✈❡r✱ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥s ♦❢ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ t♦
♦t❤❡r s✐❣♥❛t✉r❡s ❤❛✈❡ ❜❡❡♥ ❞✐✣❝✉❧t✱ ❞✉❡ t♦ ❛ ❧❛❝❦ ♦❢ s✐❣♥❛❧ ♠♦❞❡❧s ♣r❡❞✐❝t✐♥❣ ❜♦t❤ h(bb̄)+Emiss

T

❛♥❞ ♦t❤❡r s✐❣♥❛t✉r❡s s✉❝❤ ❛s jet + Emiss
T ✇✐t❤✐♥ ♦♥❡ ❢r❛♠❡✇♦r❦✳

❚❤❡ ❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧ ✇✐t❤ Ps❡✉❞♦s❝❛❧❛r ▼❡❞✐❛t♦r ✭✷❍❉▼+a✮ s♦❧✈❡s t❤✐s ♣r♦❜❧❡♠✳
■t ♣r❡❞✐❝ts ❛ ❧❛r❣❡ ✈❛r✐❡t② ♦❢ ❉❛r❦ ▼❛tt❡r s✐❣♥❛t✉r❡s✱ ✇✐t❤ ❝r♦ss s❡❝t✐♦♥s t❤❛t ❝❛♥ ❜❡ ♣r♦❜❡❞
❛t t❤❡ ▲❍❈ ❬✶❪✳ ❚♦ ♠❛❦❡ ✉s❡ ♦❢ t❤✐s ❢❡❛t✉r❡ ❛♥❞ ♣❡r❢♦r♠ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡s❡ s✐❣♥❛t✉r❡s✱
❛ ❝♦♥❝r❡t❡ s❡t ♦❢ ❜❡♥❝❤♠❛r❦ ♣❛r❛♠❡t❡rs ✐♥ t❤❡ ✷❍❉▼+a ✐s r❡q✉✐r❡❞✳ ❚❤❡ ✜rst ❛✐♠ ♦❢ t❤❡
✇♦r❦ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❚❤❡s✐s ✐s t♦ ✜♥❞ ❛ s❡t ♦❢ ❜❡♥❝❤♠❛r❦ ♣❛r❛♠❡t❡rs t❤❛t ❛❧❧♦✇s t❡st✐♥❣ t❤❡
❡❞❣❡s ♦❢ t❤❡ t❤❡ h(bb̄) + Emiss

T s❡♥s✐t✐✈✐t②✳ ❚❤✐s ✐s ♦❢ ♣❛rt✐❝✉❧❛r ✐♥t❡r❡st ❜❡❝❛✉s❡ t❤❡ h(bb̄) +
Emiss

T s✐❣♥❛t✉r❡ ✐s ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♣❛♣❡r ❬✶❪ t❤❛t ✜rst ❞❡♠♦♥str❛t❡❞ t❤❡ ❧❛r❣❡ ✈❛r✐❡t②
♦❢ s✐❣♥❛t✉r❡s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ✷❍❉▼+a✳ ■t ❛❧s♦ r❡♣r❡s❡♥ts ♦♥❡ ♦❢ t❤❡ ✜rst ❛♣♣❧✐❝❛t✐♦♥ ♦❢
t❤❡ ❣❡♥❡r✐❝ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢♦r t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ♣r♦✈✐❞❡❞ ✐♥
❘❡❢✳ ❬✷❪✳

❚❤❡ s❡❝♦♥❞ ❛✐♠ ♦❢ t❤❡ ✇♦r❦ ✐♥ t❤✐s ❚❤❡s✐s ✐s t♦ ✉s❡ t❤❛t ❜❡♥❝❤♠❛r❦ t♦ ✐♥t❡r♣r❡t ❛ s❡❛r❝❤
❢♦r t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ✐♥ ❆❚▲❆❙ ❞❛t❛✳ ❚❤❡ r❡s✉❧t✐♥❣ ❧✐♠✐ts✱ t❤❡ ✜rst h(bb̄) + Emiss
T

❧✐♠✐ts ♦♥ t❤❡ ✷❍❉▼+a✱ ❝♦♥tr✐❜✉t❡ t♦ ❛♥ ❡✈❡♥t✉❛❧ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❢✉❧❧ ✈❛r✐❡t② ♦❢ ❉❛r❦ ▼❛tt❡r
s✐❣♥❛t✉r❡s ✐♥ t❤❡ ✷❍❉▼+a✱ ❣✐✈✐♥❣ ❛ ♠♦r❡ ❝♦♠♣❧❡t❡ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❡①t❡♥t ❛♥❞ ❝♦♠♣❧❡♠❡♥t❛r✐t②
♦❢ ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ♣❡r❢♦r♠❡❞ ❛t t❤❡ ▲❍❈✳

❚❤✐s ❚❤❡s✐s ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✶✳✷ ❣✐✈❡s ❛ s❤♦rt s✉♠♠❛r② ♦❢ t❤❡ ❙t❛♥❞❛r❞
▼♦❞❡❧ ♦❢ P❛rt✐❝❧❡ P❤②s✐❝s✳ ❚❤✐s s✉♠♠❛r② ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❙▼ ❍✐❣❣s s❡❝t♦r t♦ ♣r❡♣❛r❡ t❤❡
❧❛t❡r ❞✐s❝✉ss✐♦♥ ♦❢ t❤❡ ✷❍❉▼+a✱ ✇❤✐❝❤ ❝♦✉♣❧❡s ❉❛r❦ ▼❛tt❡r ❛♥❞ ♦r❞✐♥❛r② ♠❛tt❡r ❜② ❡①t❡♥❞✐♥❣
t❤❡ ❙▼ ❍✐❣❣s s❡❝t♦r✳ ❚❤❡ ❝♦♥❝❡♣t ♦❢ ❉❛r❦ ▼❛tt❡r ✐s ♥❡①t ✐♥tr♦❞✉❝❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✱ ♣❧❛❝✐♥❣
▲❍❈✲❜❛s❡❞ ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ❧✐❦❡ t❤❡ ♦♥❡ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s ❚❤❡s✐s ✐♥ t❤❡ ✇✐❞❡r ❝♦♥t❡①ts ♦❢
❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ✐♥ ❣❡♥❡r❛❧ ❛♥❞ t❤❡ ❉❛r❦ ▼❛tt❡r ❤②♣♦t❤❡s✐s ❛s s✉❝❤✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧
♠❛❝❤✐♥❡r② ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ ❞❛t❛ ✉s❡❞ ✐s ❜r✐❡✢② ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✷ ♦♥ t❤❡ ❆❚▲❆❙
❞❡t❡❝t♦r ❛♥❞ t❤❡ ▲❍❈✳ ❈❤❛♣t❡r ✸ t❤❡♥ ❞❡s❝r✐❜❡s ❤♦✇ t❤❡s❡ ❞❛t❛ ❛r❡ ❛♥❛❧②③❡❞ ✇✐t❤ r❡s♣❡❝t t♦
t❤❡ ❡①tr❛♥❡♦✉s ♣r♦❞✉❝t✐♦♥ ♦❢ ❡✈❡♥ts ✇✐t❤ Emiss

T ❛♥❞ ❛ ❥❡t ♣❛✐r t❤❛t ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❛ h→ bb̄
❞❡❝❛②✱ ✇❤✐❝❤ ♠❛② ❜❡ ✐♥❞✐❝❛t✐✈❡ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡ ♣❛rt✐❝❧❡s✳ ❚❤❡
✷❍❉▼+a ✐s r❡✈✐❡✇❡❞ ✐♥ ❈❤❛♣t❡r ✹ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ ✐ts ♣r❡❞✐❝t✐♦♥s ♦❢ h(bb̄) + Emiss

T s✐❣♥❛❧s
❛t t❤❡ ▲❍❈✳ ❖♥ t❤❡ ❜❛s✐s ♦❢ t❤❡ ❢❡❛t✉r❡s ♦❢ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤ ❛♥❞ ✷❍❉▼+a ♠♦❞❡❧
❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ♣r❡❝❡❞✐♥❣ ❝❤❛♣t❡rs✱ ❈❤❛♣t❡r ✺ ❞❡t❛✐❧s t❤❡ str❛t❡❣② ✉s❡❞ t♦ ❝♦♥str✉❝t t❤❡
h(bb̄) +Emiss

T ✲ t❛✐❧♦r❡❞ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦✳ ❋♦❝✉s✐♥❣ ♦♥ t❤❡ t✇♦ ♠❛✐♥ st❡♣s ♦❢ t❤❛t str❛t❡❣②✱
❈❤❛♣t❡rs ✻ ❛♥❞ ✼ t❤❡♥ ❞❡t❛✐❧ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥
♦❢ t❤✐s ❜❡♥❝❤♠❛r❦ ❢♦r ✐♥t❡r♣r❡t✐♥❣ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤ ❛♥❞ ✐ts r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥
❈❤❛♣t❡r ✽✱ ✇❤❡r❡ t❤❡② ❛r❡ ❛❧s♦ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❡①♣❡❝t❛t✐♦♥ ♦❢ ❈❤❛♣t❡r ✼✳ ❋✐♥❛❧❧② ❈❤❛♣t❡r ✾
♣r❡s❡♥ts s♦♠❡ ❝♦♥❝❧✉s✐♦♥s ❞r❛✇♥ ❢r♦♠ t❤❡ ✇♦r❦ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❚❤❡s✐s✱ ❛♥❞ ❞✐s❝✉ss❡s s♦♠❡
♣♦t❡♥t✐❛❧ ❧✐♥❡s ♦❢ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥✳

✶✷



❆✉t❤♦rs ❈♦♥tr✐❜✉t✐♦♥s

❚❤❡ ❆✉t❤♦r✬s ✇♦r❦ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❚❤❡s✐s ✇❛s ❞♦♥❡ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ✇✐❞❡r r❡s❡❛r❝❤ ♣r♦❥❡❝ts
♣✉rs✉❡❞ ✐♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇✐t❤ ✈❛r✐♦✉s ♠❡♠❜❡rs ♦❢ t❤❡ ❆❚▲❆❙ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛♥❞ t❤❡ ▲❍❈ ❉❛r❦
▼❛tt❡r ❲♦r❦✐♥❣ ●r♦✉♣✳ ❚♦ ❛✈♦✐❞ ✉♥❝❡rt❛✐♥t② ♦✈❡r t❤❡ ❡①t❡♥t ♦❢ t❤❡ ❆✉t❤♦rs ❝♦♥tr✐❜✉t✐♦♥s✱
t❤❡② ❛r❡ ❞❡t❛✐❧❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳

❚❤❡ h(bb̄)+Emiss
T s❡❛r❝❤ ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✸✱ ❛♥❞ t❤❡ ❞❛t❛s❡t ✉s❡❞ ✐♥ ✐t✱ ❛r❡ t❤❡ r❡s✉❧t ♦❢

②❡❛rs ♦❢ ✇♦r❦ ❛♥❞ st✉❞✐❡s ♦❢ ♠❛♥② ♠❡♠❜❡rs ♦❢ t❤❡ ❆❚▲❆❙ ❝♦❧❧❛❜♦r❛t✐♦♥✱ t♦ ✇❤✐❝❤ t❤❡ ❆✉t❤♦r
❞✐❞ ♥♦t ❝♦♥tr✐❜✉t❡✳ ❚❤❡ r❡s✉❧t✐♥❣ ❛♥❛❧②s✐s str❛t❡❣②✱ ❞❛t❛✱ ❜❛❝❦❣r♦✉♥❞ ❡st✐♠❛t❡s✱ ❛♥❛❧②s✐s t♦♦❧s
❡t❝✳ ✇❡r❡ ✉s❡❞ ❜② t❤❡ ❆✉t❤♦r t♦ ♦❜t❛✐♥ t❤❡ ✷❍❉▼+a ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ h(bb̄) + Emiss

T

s❡❛r❝❤ ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✽✳ ❚❤✐s ✐♥t❡r♣r❡t❛t✐♦♥ ✉s❡❞ s✐♠✉❧❛t❡❞ s❛♠♣❧❡s ♦❢ h(bb̄) + Emiss
T

❡✈❡♥ts ♣r❡❞✐❝t❡❞ ❜② ✈❛r✐❛♥ts ♦❢ t❤❡ ✷❍❉▼+a✳ ❚❤❡s❡ s✐♠✉❧❛t❡❞ s❛♠♣❧❡s ✇❡r❡ ❣❡♥❡r❛t❡❞ ✉s✐♥❣
❆❚▲❆❙ t♦♦❧s ❛♥❞ ✐♥❢r❛str✉❝t✉r❡✳ ❚❤❡ ❣❡♥❡r❛t✐♦♥ ✉s❡❞ ✐♥♣✉ts ❞❡s✐❣♥❡❞✱ ✐♠♣❧❡♠❡♥t❡❞✱ ❛♥❞
✈❛❧✐❞❛t❡❞ ❜② t❤❡ ❆✉t❤♦r✳ ❚❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ✐♥ ❈❤❛♣t❡r ✽ ♦❢ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤ ✉s✐♥❣
t❤❡s❡ s✐❣♥❛❧ s❛♠♣❧❡s ✇❛s ❞♦♥❡ ❜② t❤❡ ❆✉t❤♦r✱ ✉s✐♥❣ ❛♥❞ ❛❞❛♣t✐♥❣ ❆❚▲❆❙ t♦♦❧s✳ ❚❤❡ ❞❡s✐❣♥
♦❢ t❤❡ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦ ✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼ ✐s t❤❡ ❆✉t❤♦rs ✇♦r❦✳ ❚❤❡ s✐♠✉❧❛t❡❞ s❛♠♣❧❡s
✉s❡❞ ✐♥ t❤❡s❡ st✉❞✐❡s ✇❡r❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❆✉t❤♦r✱ ❛♥❞ ❛♥❛❧②③❡❞ ✉s✐♥❣ t♦♦❧s ❞❡✈❡❧♦♣❡❞ ❜② t❤❡
❆✉t❤♦r ❢♦r t❤✐s ♣✉r♣♦s❡✱ ✉s✐♥❣ ♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡ t♦♦❧s ✭▼❛❞●r❛♣❤ ✺ ✭❝✳❢✳ ❙❡❝t✐♦♥ ✺✳✷✮ ❛♥❞
P②❘❖❖❚✮✳ ❚❤❡ ✈❛❝✉✉♠ st❛❜✐❧✐t② ❝♦♥str❛✐♥ts s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✷ ❛r❡ t❤❡ r❡s✉❧t ♦❢ t❤❡ ❆✉t❤♦r
✇♦r❦✱ ♠♦t✐✈❛t❡❞ ❜② ❞✐s❝✉ss✐♦♥s ♦❢ t❤❡ r❡❧❡✈❛♥❝❡ ♦❢ s✉❝❤ ❝♦♥str❛✐♥ts ✐♥ t❤❡ ▲❍❈ ❉❛r❦ ▼❛tt❡r
❲♦r❦✐♥❣ ●r♦✉♣✳

✶✸



✶✳✷ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢ P❛rt✐❝❧❡ P❤②s✐❝s

❚❤✐s s❡❝t✐♦♥ ❣✐✈❡s ❛ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢ P❛rt✐❝❧❡ P❤②s✐❝s✱ ❛❞❛♣t❡❞ ❢r♦♠
t❤❡ ❞❡s❝r✐♣t✐♦♥s ✐♥ ❘❡❢s✳ ❬✶✷✱ ✶✸❪✳ ●✐✈❡♥ t❤❡ s✉❜❥❡❝t ♦❢ t❤✐s t❤❡s✐s✱ t❤❡ ♦✈❡r✈✐❡✇ ✐s ❢♦❝✉s❡❞ ♦♥
t❤❡ ❙▼ ❍✐❣❣s s❡❝t♦r✱ t♦ ♣r❡♣❛r❡ t❤❡ ❞✐s❝✉ss✐♦♥ ♦❢ t❤❡ ❡①t❡♥❞❡❞ ❍✐❣❣s s❡❝t♦r ✐♥ ❈❤❛♣t❡r ✹✳

P❛rt✐❝❧❡ ♣❤②s✐❝s ✐s ❝♦♥❝❡r♥❡❞ ✇✐t❤ t❤❡ st✉❞② ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ❛♥❞ ❢♦r❝❡s✶ ♦❢
♥❛t✉r❡✳ ❚❤❡ ❝✉rr❡♥t ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤♦s❡ ♣❛rt✐❝❧❡s ❛♥❞ ❢♦r❝❡s ✐s s✉♠♠❛r✐③❡❞ ✐♥ ♦♥❡ t❤❡♦r②✱
❝❛❧❧❡❞ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s ✭❙▼✮✳ ❙❡❝t✐♦♥ ✶✳✷✳✶ s✉♠♠❛r✐③❡s t❤❡ ❢✉♥❞❛♠❡♥t❛❧
♣❛rt✐❝❧❡s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❙▼✳ ❚❤❡ ❙▼ ❞❡s❝r✐❜❡s t❤❡ ❞②♥❛♠✐❝s ♦❢ t❤❡s❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s
✉s✐♥❣ ◗✉❛♥t✉♠ ❋✐❡❧❞ ❚❤❡♦r② ✭◗❋❚✮✳ ❚❤❡r❡❢♦r❡ t❤❡ ❙▼ ❞❡s❝r✐❜❡s t❤❡ ❦✐♥❡♠❛t✐❝s ❛♥❞ s♣✐♥s ♦❢
s♣✐♥ 1/2 ❛♥❞ s♣✐♥ 1 ♦r s♣✐♥ 0 ♣❛rt✐❝❧❡s ✉s✐♥❣ t❤❡ ❉✐r❛❝ ❛♥❞ ❑❧❡✐♥✲●♦r❞♦♥ ❡q✉❛t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✱
❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✷✳✷✳ ❚❤❡ ❙▼ ❞❡s❝r✐❜❡s t❤❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ t❤❡s❡ ♣❛rt✐❝❧❡s ❛s ❛r✐s✐♥❣
❢r♦♠ ❛ ❧♦❝❛❧ ❣❛✉❣❡ ♣r✐♥❝✐♣❧❡✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✷✳✸✳ ❚❤❡ ♠❛ss❡s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ✐♥ t❤❡
❙▼ ❛r❡ ✐♥t❡r♣r❡t❡❞ ❛s ❡✛❡❝t✐✈❡ ♠❛ss❡s t❤❛t ❛r✐s❡ ❢r♦♠ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❛❧❧✷ ♠❛ss✐✈❡ ♣❛rt✐❝❧❡s ✇✐t❤
❛ ❝♦♥st❛♥t ❜❛❝❦❣r♦✉♥❞ ✜❡❧❞ ♣❡r♠❡❛t✐♥❣ s♣❛❝❡✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✷✳✹✳

❲❤✐❧❡ t❤❡ ❙▼ ✐s ❛ t❤❡♦r② ❞❡s❝r✐❜✐♥❣ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s ❛♥❞ ✐♥t❡r❛❝t✐♦♥s ♦❢ ♥❛t✉r❡✱
✐t ✐ts❡❧❢ ✐s ♥♦t ❢✉♥❞❛♠❡♥t❛❧✱ ❜✉t r❛t❤❡r ❛♥ ❛❞✲❤♦❝ ❝♦♥str✉❝t✐♦♥ ❜✉✐❧t t♦ ♠❛t❝❤ t❤❡ s❡t ♦❢ ❛❧❧
♦❜s❡r✈❛t✐♦♥s✳ ❚❤✐s ♠❡❛♥s t❤❛t ✐t ❢❡❛t✉r❡s ✷✻ ❢r❡❡ ♣❛r❛♠❡t❡rs✸ t❤❛t ♥❡❡❞ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞
✉s✐♥❣ ❞❛t❛✱ ✐♥st❡❛❞ ♦❢ ♥❛t✉r❛❧❧② ❡♠❡r❣✐♥❣ ❢r♦♠ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❡q✉❛t✐♦♥s ❛s ❛ ♣r❡❞✐❝t✐♦♥ ♦❢
t❤❡ t❤❡♦r②✳ ❍❡♥❝❡ t❤❡ ❙▼ ✐s ♥♦t ❥✉st ❛ s✉♠♠❛r② ♦❢ t❤❡♦r❡t✐❝❛❧ ✐♥s✐❣❤ts t❤❛t ❛r❡ ❣♦♦❞ ♣r❡❞✐❝t✐♦♥s
♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts✱ ❜✉t ✐t ✐s ❢✉rt❤❡r♠♦r❡ ❛♥ ❡①♣❧✐❝✐t s✉♠♠❛r② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t r❡s✉❧ts
t❤❛t ❛r❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✈❛❧✉❡s ♦❢ ✐ts ✷✻ ❢r❡❡ ♣❛r❛♠❡t❡rs✳

✶✳✷✳✶ P❛rt✐❝❧❡ ❈♦♥t❡♥t

❚❤❡ ❙▼ ❝♦♥t❛✐♥s ✶✺ ❞✐✛❡r❡♥t s♣❡❝✐❡s ♦❢ ♣❛rt✐❝❧❡s✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✳ ❚❤✐s ✐♥❝❧✉❞❡s ✶✷ ❢❡r♠✐♦♥s
✇✐t❤ s♣✐♥ 1/2✱ ✹ ✈❡❝t♦r ❜♦s♦♥s ✇✐t❤ s♣✐♥ 1✱ ❛♥❞ ♦♥❡ s❝❛❧❛r ❜♦s♦♥ ✇✐t❤ s♣✐♥ 0✱ ❝❛❧❧❡❞ t❤❡ ❍✐❣❣s
❜♦s♦♥✳

❚❤❡ ✹ ✈❡❝t♦r ❜♦s♦♥s ❛r❡ t❤❡ ♠❛ss❧❡ss ✉♥❝❤❛r❣❡❞ ♣❤♦t♦♥ γ✱ t❤❡ ♠❛ss✐✈❡ ❡❧❡❝tr♦✇❡❛❦ ✈❡❝t♦r
❜♦s♦♥s W+, Z0✱ ♦❢ ✇❤✐❝❤ t❤❡ W+ ❝❛rr✐❡s ❡❧❡❝tr✐❝ ❝❤❛r❣❡✱ ❛♥❞ t❤❡ ♠❛ss❧❡ss ❛♥❞ ❝♦❧♦r✲❝❤❛r❣❡❞
❣❧✉♦♥ g✳ ❚❤❡ ♣❤♦t♦♥ ✐s t❤❡ ♣❛rt✐❝❧❡ ♠❡❞✐❛t✐♥❣ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✐♥t❡r❛❝t✐♦♥ ❛s ❞❡s❝r✐❜❡❞ ❜②
◗✉❛♥t✉♠ ❊❧❡❝tr♦❞②♥❛♠✐❝s ✭◗❊❉✮✳ ❚❤❡ W+❛♥❞ Z0 ♠❡❞✐❛t❡ t❤❡ ✇❡❛❦ ✐♥t❡r❛❝t✐♦♥✱ ❛♥❞ g ✐s t❤❡
♠❡❞✐❛t♦r ♦❢ t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ◗✉❛♥t✉♠ ❈❤r♦♠♦❞②♥❛♠✐❝s ✭◗❈❉✮✳

❚❤❡ ✶✷ ❢❡r♠✐♦♥s ❝♦♥s✐st ♦❢ ✸ ❣❡♥❡r❛t✐♦♥s ♦❢ ✹ ❢❡r♠✐♦♥s✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡
❢❡r♠✐♦♥ ❣❡♥❡r❛t✐♦♥s ❛r❡ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ❢❡r♠✐♦♥s✳ ❊❛❝❤ ❣❡♥❡r❛t✐♦♥ ♦❢ ❢❡r♠✐♦♥s ❝♦♥s✐sts ♦❢
t✇♦ t②♣❡s ♦❢ q✉❛r❦s✱ ✇❤✐❝❤ ❛r❡ ❝♦❧♦r ❝❤❛r❣❡❞ ❛♥❞ t❤✉s ❝♦✉♣❧❡ t♦ ❣❧✉♦♥s✱ ❛♥❞ ❧❡♣t♦♥s✱ ✇❤✐❝❤ ❞♦
♥♦t✳

❖♥❡ q✉❛r❦ ✐♥ ❛ ❢❡r♠✐♦♥ ❣❡♥❡r❛t✐♦♥ ❤❛s ❛♥ ❡❧❡❝tr✐❝ ❝❤❛r❣❡ ♦❢ 2/3✳ ❚❤❡s❡ ❛r❡ ❝❛❧❧❡❞ ✉♣✲t②♣❡
q✉❛r❦s ❛❢t❡r t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ q✉❛r❦ ✇✐t❤ ❝❤❛r❣❡ 2/3✱ t❤❡ ✉♣ q✉❛r❦ u✳ ❚❤❡ ✉♣✲t②♣❡ q✉❛r❦s
♦❢ t❤❡ s❡❝♦♥❞ ❛♥❞ t❤✐r❞ ❣❡♥❡r❛t✐♦♥ ❛r❡ ❝❛❧❧❡❞ t❤❡ ❝❤❛r♠ q✉❛r❦ c ❛♥❞ t♦♣ q✉❛r❦ t✱ r❡s♣❡❝t✐✈❡❧②✳
❚❤❡ ♦t❤❡r q✉❛r❦ ✐♥ ❛♥② ❣❡♥❡r❛t✐♦♥✱ ✇✐t❤ ❝❤❛r❣❡ −1/3✱ ✐s ❝♦rr❡s♣♦♥❞✐♥❣❧② ❝❛❧❧❡❞ ❛ ❞♦✇♥✲t②♣❡
q✉❛r❦ ❛❢t❡r t❤❡ ❞♦✇♥ q✉❛r❦ d ✐♥ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥✳ ❚❤❡ ❞♦✇♥✲t②♣❡ q✉❛r❦s ♦❢ t❤❡ s❡❝♦♥❞ ❛♥❞
t❤✐r❞ ❣❡♥❡r❛t✐♦♥ ❛r❡ ❝❛❧❧❡❞ t❤❡ str❛♥❣❡ q✉❛r❦ s ❛♥❞ ❜♦tt♦♠ q✉❛r❦ b✳

❖❢ t❤❡ t✇♦ ❧❡♣t♦♥s ✐♥ ❛ ❢❡r♠✐♦♥ ❣❡♥❡r❛t✐♦♥✱ ♦♥❡ ❝❛rr✐❡s ❛♥ ❡❧❡❝tr✐❝ ❝❤❛r❣❡✱ ❛♥❞ t❤❡ ♦t❤❡r
✐s ❡❧❡❝tr✐❝❛❧❧② ♥❡✉tr❛❧✳ ❚❤❡ ♥❡✉tr❛❧ ❧❡♣t♦♥s✱ ❝❛❧❧❡❞ ♥❡✉tr✐♥♦s✱ ❤❛✈❡ ♠❛ss❡s t❤❛t ❛r❡ ♦r❞❡rs ♦❢

✶❡①❝❡♣t ❣r❛✈✐t②
✷❡①❝❡♣t ❢♦r ♥❡✉tr✐♥♦s ♠❛ss❡s✱ t❤❡ ♦r✐❣✐♥ ♦❢ ✇❤✐❝❤ ✐s ♥♦t ❦♥♦✇♥
✸❝♦✉♥t✐♥❣ ✸ ♥❡✉tr✐♥♦ ♠❛ss ♣❛r❛♠❡t❡rs

✶✹



❋✐❣✉r❡ ✶✳✶✿ ❚❤❡ ♣❛rt✐❝❧❡s ♦❢ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢ ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✶✹❪

♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ❝❤❛r❣❡❞ ❧❡♣t♦♥s✳ ❚❤❡ ❝❤❛r❣❡❞ ❧❡♣t♦♥s✱ ✐♥ ♦r❞❡r ♦❢
❣❡♥❡r❛t✐♦♥✱ ❛r❡ ❝❛❧❧❡❞ ❡❧❡❝tr♦♥ e✱ ♠✉♦♥ µ✱ ❛♥❞ τ ✲❧❡♣t♦♥ τ ✳ ◆❡✉tr✐♥♦s ❛r❡ ❡✐t❤❡r r❡❢❡rr❡❞ t♦ ❜②
t❤❡ ❝❤❛r❣❡❞ ❧❡♣t♦♥ t❤❛t t❤❡② ❝♦✉♣❧❡ t♦ ✐♥ ❝❤❛r❣❡❞ ❝✉rr❡♥t ✐♥t❡r❛❝t✐♦♥s✱ ❛s ❡❧❡❝tr♦♥✲✱ ♠✉♦♥✲
♦r τ− ♥❡✉tr✐♥♦s✿ νe, νµ, ντ ✳ ❚❤❡s❡ ❝❤❛r❣❡❞ ❝✉rr❡♥t ✐♥t❡r❛❝t✐♦♥ ♥❡✉tr✐♥♦ ❡✐❣❡♥st❛t❡s ❛r❡ ✈❡r②
♠✐s❛❧✐❣♥❡❞ ❢r♦♠ t❤❡ ♠❛ss ❡✐❣❡♥st❛t❡s ♦❢ t❤❡ ♥❡✉tr✐♥♦s✱ ✇❤✐❝❤ ❝❛♥ ❡✳❣✳ ❜❡ ❝❛❧❧❡❞ ν1, ν2, ν3✳

❆❧❧ t❤❡ ❡❧❡❝tr✐❝❛❧❧② ♦r ❝♦❧♦r✲❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❙▼ ❤❛✈❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛♥t✐✲♣❛rt✐❝❧❡s✱
✐✳❡✳ ♥❡❣❛t✐✈❡✲❡♥❡r❣② s♦❧✉t✐♦♥s t♦ t❤❡ ❑❧❡✐♥✲●♦r❞♦♥ ♦r ❉✐r❛❝ ❊q✉❛t✐♦♥ ♣r♦♣❛❣❛t✐♥❣ ❜❛❝❦✇❛r❞s
✐♥ t✐♠❡✱ ✐♥t❡r♣r❡t❡❞ ❛s ♣❛rt✐❝❧❡s ✇✐t❤ ♦♣♣♦s✐t❡ ❝❤❛r❣❡s ♣r♦♣❛❣❛t✐♥❣ ❢♦r✇❛r❞s ✐♥ t✐♠❡ ✭❋❡②♥♠❛♥✲
❙tü❝❦❡❧❜❡r❣ ✐♥t❡r♣r❡t❛t✐♦♥✮✳ ❚❤❡ Z0, y, g ❛♥❞ h ❛r❡ ♥♦t ❝❤❛r❣❡❞✱ t❤✉s t❤❡② ❤❛✈❡ ♥♦ ❞✐s❝❡r♥✐❜❧❡
❛♥t✐ ♣❛rt✐❝❧❡s✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡✐r ♥❡❣❛t✐✈❡ ❡♥❡r❣② s♦❧✉t✐♦♥s ♣r♦♣❛❣❛t✐♥❣ ❜❛❝❦✇❛r❞s ✐♥ t✐♠❡
❝❛♥♥♦t ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❢r♦♠ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣♦s✐t✐✈❡ ❡♥❡r❣② s♦❧✉t✐♦♥✱ ♣r♦♣❛❣❛t✐♥❣ ❢♦r✇❛r❞s
✐♥ t✐♠❡✳

✶✳✷✳✷ ❑✐♥❡♠❛t✐❝s

❚❤❡ ❦✐♥❡♠❛t✐❝s ♦❢ t❤❡ ✶✷ s♣✐♥✲1/2 ❢❡r♠✐♦♥s ✐♥ t❤❡ ❙▼ ❛r❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❉✐r❛❝ ❡q✉❛t✐♦♥✱
✇✐t❤ ❛ ❢r❡❡✲✜❡❧❞ ▲❛❣r❛♥❣✐❛♥ ❞❡♥s✐t②

L = ψ̄(i/∂ −m)ψ , ✭✶✳✶✮

✇❤❡r❡ ψ ✐s ❛ ❢❡r♠✐♦♥ ✜❡❧❞ ♦♣❡r❛t♦r✱ m ✐s t❤❡ ♠❛ss ♦❢ t❤❡ ❢❡r♠✐♦♥✱ ❛♥❞ /∂ ≡ γµ∂µ✳γ
µ ❛r❡ t❤❡

❢♦✉r ❡❧❡♠❡♥ts ♦❢ t❤❡ ❉✐r❛❝ ❆❧❣❡❜r❛✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❜②

{γν , γν} = γνγµ + γµγν = 2ηµν , (γµ)† = ηµνγν ,

✶✺



❋✐❣✉r❡ ✶✳✷✿ ■♥t❡r❛❝t✐♦♥s ♦❢ t❤❡ ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧✳ ❇❧❛❝❦ ♦✈❛❧s r❡♣r❡✲
s❡♥t ♣❛rt✐❝❧❡s✱ ❜❧✉❡ ❧✐♥❡s ❝♦♥♥❡❝t ♣❛rt✐❝❧❡s t❤❛t ✐♥t❡r❛❝t✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✶✺❪

✇❤❡r❡ ηµν = diag(1,−1,−1,−1) ✐s t❤❡ ▼✐♥❦♦✇s❦✐ ♠❡tr✐❝ ❛♥❞ ✇❤❡r❡ (. . . )† = ((. . . )⋆)T ❞❡♥♦t❡s
t❤❡ ❤❡r♠✐t✐❛♥ ❝♦♥❥✉❣❛t❡✳ ❊q✉❛t✐♦♥ ✭✶✳✶✮ ✜①❡s t❤❡ ❦✐♥❡♠❛t✐❝s ♦❢ t❤❡ ❢❡r♠✐♦♥ t♦ ❛ ♠♦♠❡♥t✉♠
❢♦✉r ✈❡❝t♦r ✇✐t❤ t❤❡ ❡♥❡r❣② E = ±

√

~p2 +m2✱ ❛♥❞ ❣✐✈❡s r✐s❡ t♦ ❛♥ ✐♥tr✐♥s✐❝ ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠✱
✐✳❡ s♣✐♥✱ ♦❢ 1/2✳

❚❤❡ ❦✐♥❡♠❛t✐❝s ♦❢ ♣❛rt✐❝❧❡s ✇✐t❤ s♣✐♥ 0 ♦r 1 ❛r❡ ❡①♣r❡ss❡❞ ❜② t❤❡ ❑❧❡✐♥✲●♦r❞♦♥ ❡q✉❛t✐♦♥✱
✇✐t❤ ❛ ▲❛❣r❛♥❣✐❛♥ ❞❡♥s✐t②

L =
1

2

[

(∂µφ)(∂
µφ)−m2φ2

]

, ✭✶✳✷✮

✇✐t❤ ❛ s❝❛❧❛r ✭✈❡❝t♦r✮ ✜❡❧❞ ♦♣❡r❛t♦r φ ❛♥❞ m t❤❡ ♠❛ss ♦❢ t❤❡ s❝❛❧❛r ✭✈❡❝t♦r✮ ♣❛rt✐❝❧❡✳ ❲❤✐❧❡
❊q✉❛t✐♦♥ ✭✶✳✷✮ t♦♦ s♣❡❝✐✜❡s t❤❡ ❡♥❡r❣②✲♠♦♠❡♥t✉♠ r❡❧❛t✐♦♥ ♦❢ φ t♦ E2 = m2 + ~p2✱ ✐t ❞♦❡s ♥♦t
r❡q✉✐r❡ ❛ s♣❡❝✐✜❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ▲♦r❡♥t③ ❣r♦✉♣✳ ❚❤✐s ✐s ✉♥❧✐❦❡ ❊q✉❛t✐♦♥ ✭✶✳✶✮✱ ✇❤✐❝❤ ✐s
s♦❧✈❡❞ ♦♥❧② ❜② ❉✐r❛❝ s♣✐♥♦rs✳

✶✳✷✳✸ ▲♦❝❛❧ ●❛✉❣❡ ❙②♠♠❡tr✐❡s

❚❤❡ ❙▼ ▲❛❣r❛♥❣✐❛♥ ✐s ❝♦♥str✉❝t❡❞ ❛s t❤❡ s✉♠ ♦❢ ❛❧❧ ▲♦r❡♥t③✲✐♥✈❛r✐❛♥t t❡r♠s ♦❢ ♠❛ss ❞✐♠❡♥s✐♦♥
4 ♦r ❧♦✇❡r t❤❛t ❛r❡ ✐♥✈❛r✐❛♥t ✉♥❞❡r ❧♦❝❛❧ ✜❡❧❞ tr❛♥s❢♦r♠❛t✐♦♥s ✐♥ t❤❡ ❣❛✉❣❡ s②♠♠❡tr② ❣r♦✉♣
SU(3)S ⊗ SU(2)L ⊗ U(1)Y ✳ ❚❤❡ r❡q✉✐r❡♠❡♥t ♦❢ ❛ ♠❛ss ❞✐♠❡♥s✐♦♥ 4 ♦r ❧♦✇❡r ❡♥s✉r❡s t❤❛t t❤❡
t❤❡♦r② ✐s r❡♥♦r♠❛❧✐③❛❜❧❡✱ t❤❛t ✐s✱ t❤❡ s❛♠❡ s❡t ♦❢ ♦♣❡r❛t♦rs ✇✐t❤ ❞✐✛❡r❡♥t ♣r❡❢❛❝t♦rs ✐s ❛ ✈❛❧✐❞
❞❡s❝r✐♣t✐♦♥ ❛t ❛♥② ❡♥❡r❣② s❝❛❧❡✱ ❡♥s✉r✐♥❣ t❤❡ t❤❡♦r② ✐s s❡❧❢ ❝♦♥s✐st❡♥t ✉♣ t♦ ❛r❜✐tr❛r✐❧② ❧❛r❣❡
❡♥❡r❣✐❡s ❬✶✻❪✳ ❘❡q✉✐r✐♥❣ ❛❧❧ t❡r♠s t♦ ❜❡ ▲♦r❡♥t③ ✐♥✈❛r✐❛♥t ❡♥s✉r❡s t❤❛t t❤❡ t❤❡♦r② ✐s ❝♦♥s✐st❡♥t
✇✐t❤ s♣❡❝✐❛❧ r❡❧❛t✐✈✐t②✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✐t ♣r❡s❝r✐❜❡s t❤❛t ❦✐♥❡t✐❝ t❡r♠s ♦❢ t❤❡ ✜❡❧❞ ♦♣❡r❛t♦rs t❛❦❡
❢♦r♠s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡✐t❤❡r t❤❡ ❣❡♥❡r❛❧ ❑❧❡✐♥✲●♦r❞♦♥ ❡q✉❛t✐♦♥✱ ♦r t❤❡ ❉✐r❛❝ ❡q✉❛t✐♦♥ ✐♥ t❤❡
❝❛s❡ ♦❢ s♣✐♥♦r ✜❡❧❞s✳ ❚❤❡r❡❜② ✐t ❣✉❛r❛♥t❡❡s t❤❛t t❤❡ ❢♦✉r ♠♦♠❡♥t❛ ♦❢ t❤❡ ♣❛rt✐❝❧❡s ♦❜❡② t❤❡
r❡❧❛t✐♦♥ E2 = ~p2 +m2✳

❚❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❙▼ ♣❛rt✐❝❧❡s ✐s ❣✐✈❡♥ ❜② t❤❡ ❧♦❝❛❧ ❣❛✉❣❡
s②♠♠❡tr② ❣r♦✉♣ SU(3)S ⊗ SU(2)L ⊗ U(1)Y ✳ ❲❤✐❝❤ ♣❛rt✐❝❧❡s ❝♦✉♣❧❡ t♦ ✇❤✐❝❤ ♦t❤❡r ♣❛rt✐❝❧❡s✱
❛♥❞ ❤♦✇✱ ✐s ❣✐✈❡♥ ❜② t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✜❡❧❞ ♦♣❡r❛t♦rs ✇✐t❤ r❡s♣❡❝t t♦

✶✻



t❤❡ ❣❛✉❣❡ ❣r♦✉♣ SU(3)S ⊗SU(2)L⊗U(1)Y ✳ ❆ q✉❛❧✐t❛t✐✈❡ ♦✈❡r✈✐❡✇ ♦❢ t❤✐s ✐♥t❡r❛❝t✐♦♥ str✉❝t✉r❡
✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✶✳✷✳

✶✳✷✳✸✳✶ ◗✉❛♥t✉♠ ❈❤r♦♠♦❞②♥❛♠✐❝s

❚❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥ ✐s ❞❡s❝r✐❜❡❞ ❜② ◗❈❉✱ ✇❤✐❝❤ ✐s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❙▼ ❣❛✉❣❡ ❣r♦✉♣ SU(3)S⊗
SU(2)L⊗U(1)Y ✈✐❛ t❤❡ SU(3)S s✉❜❣r♦✉♣ ♦❢ r♦t❛t✐♦♥s ✐♥ t❤r❡❡ ❝♦♠♣❧❡① ❞✐♠❡♥s✐♦♥s✳ ❆❧❧ q✉❛r❦s
tr❛♥s❢♦r♠ ❧✐❦❡ ❡❧❡♠❡♥ts ♦❢ ❛ tr✐♣❧❡t ✉♥❞❡r SU(3)S tr❛♥s❢♦r♠❛t✐♦♥s✿

q(x) → eigSα
a(x)Ta

q(x) ,

✇❤❡r❡ T a ❛r❡ t❤❡ ❡✐❣❤t 3× 3 ❞✐♠❡♥s✐♦♥❛❧ ❣❡♥❡r❛t♦rs ♦❢ SU(3)S✳ ❯♥❞❡r s✉❝❤ ❛ tr❛♥s❢♦r♠❛t✐♦♥✱
❊q✉❛t✐♦♥ ✭✶✳✶✮ ✐s ♥♦t ✐♥✈❛r✐❛♥t✳ ■♥tr♦❞✉❝✐♥❣ ❣❧✉♦♥s✱ ✇❤✐❝❤ ❝♦✉♣❧❡ t♦ q✉❛r❦s ✐♥ ❛ ♠♦❞✐✜❡❞
❦✐♥❡t✐❝ t❡r♠

LQCD ⊃ q̄(i/∂ + igS /G
a
µT

a −m)q ≡ q̄(i /DS −m)q , ✭✶✳✸✮

❛♥❞ tr❛♥s❢♦r♠ ❛s ♣❛rt ♦❢ ❛♥ ♦❝t❡t ✉♥❞❡r SU(3)S

Gc
µ(x) → Gc

µ(x)− ∂µα
c(x)− gSfabcα

a(x)Gb
µ(x) ,

✇✐t❤ fabc t❤❡ SU(3)S str✉❝t✉r❡ ❝♦♥st❛♥ts✱ ❞❡✜♥❡❞ ❜② [T a, T b] = ifabcT
c✳ ❇② ❞❡✜♥✐♥❣ t❤❡

❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡ DS ♦❢ SU(3)S ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✸✮✱ t❤❡ ❢♦r♠ ♦❢ ❊q✉❛t✐♦♥ ✭✶✳✶✮ ✐s r❡❝♦✈❡r❡❞✱
r❡✢❡❝t✐♥❣ t❤❡ ❢❛❝t t❤❛t ✐♥ ❛♥ ✐♥t❡r❛❝t✐♥❣ t❤❡♦r②✱ ❢❡r♠✐♦♥ ❢♦✉r ♠♦♠❡♥t❛ ♠❛② ❜❡ ♠♦❞✐✜❡❞ ✐♥
✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ♠❡❞✐❛t♦r✳ ❉❡✜♥✐♥❣ t❤❡ ❣❧✉♦♥ ✜❡❧❞ str❡♥❣t❤ t❡♥s♦r ❬✶✼❪

Ga
µν ≡ ∂µG

a
ν − ∂νG

a
µ − gSfabcG

b
µG

c
ν , ✭✶✳✹✮

♦♥❡ ❝❛♥ t❤❡♥ ✇r✐t❡ t❤❡ ❢✉❧❧ ◗❈❉ ▲❛❣r❛♥❣✐❛♥ ❞❡♥s✐t② ❜② ❛❞❞✐♥❣ t❤❡ ❦✐♥❡t✐❝ ❛♥❞ s❡❧❢✲✐♥t❡r❛❝t✐♦♥
t❡r♠s ♦❢ t❤❡ ❣❧✉♦♥s t♦ ❊q✉❛t✐♦♥ ✭✶✳✸✮ ❛♥❞ s✉♠♠✐♥❣ ♦✈❡r ❛❧❧ t❤❡ q✉❛r❦ ✢❛✈♦rs ❬✶✼❪✿

LQCD =
∑

q

q̄( /DS)q −
1

2
tr(GµνGµν) , ✭✶✳✺✮

✇❤❡r❡ t❤❡ tr❛❝❡ ❣✐✈❡s r✐s❡ t♦ t❤❡ m = 0 ❑❧❡✐♥✲●♦r❞♦♥ t❡r♠ ♦❢ t❤❡ ❣❧✉♦♥s ❛♥❞ ❣❧✉♦♥ s❡❧❢✲
✐♥t❡r❛❝t✐♦♥ t❡r♠s✳

❇② ◆♦❡t❤❡r✬s t❤❡♦r❡♠✱ t❤❡ SU(3)S s②♠♠❡tr② ❡①❤✐❜✐t❡❞ ❜② ❊q✉❛t✐♦♥ ✭✶✳✺✮ ②✐❡❧❞s ❛♥ ❛ss♦✲
❝✐❛t❡❞ ❝♦♥s❡r✈❡❞ ❝❤❛r❣❡✱ ❝❛❧❧❡❞ ❝♦❧♦r ❝❤❛r❣❡✳ ❙✐♥❝❡ q✉❛r❦s ❛♥❞ ❣❧✉♦♥s ❛r❡ tr✐♣❧❡ts ❛♥❞ ♦❝t❡ts
✉♥❞❡r SU(3)S✱ t❤❡② ❝❛rr② ❝♦❧♦r ❝❤❛r❣❡✳ ❆❧❧ ♦t❤❡r ❙▼ ♣❛rt✐❝❧❡s tr❛♥s❢♦r♠ ❛s s✐♥❣❧❡ts ✉♥❞❡r
SU(3)S✱ ✐✳❡✳ t❤❡② ❛r❡ ✉♥❝❤❛♥❣❡❞✳ ❚❤✉s t❤❡ ♦t❤❡r ❙▼ ♣❛rt✐❝❧❡s ❛r❡ ❝♦❧♦r✲♥❡✉tr❛❧✳

◆♦ ❢r❡❡ ♣❛rt✐❝❧❡s ❝❛rr②✐♥❣ ❝♦❧♦r ❝❤❛r❣❡ ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ❬✶✼❪✱ ❜✉t ♦♥❧② ❝♦❧♦r ♥❡✉tr❛❧
s②st❡♠s ♦❢ ❜♦✉♥❞ q✉❛r❦s✱ ✐✳❡✳ ❤❛❞r♦♥s✳ ❚❤✐s ♥♦♥✲❡①✐st❡♥❝❡ ♦❢ ❢r❡❡ ❝♦❧♦r❡❞ st❛t❡s ✐s ❝❛❧❧❡❞
❝♦❧♦r ❝♦♥✜♥❡♠❡♥t✳ ■t ✐s ❤②♣♦t❤❡s✐③❡❞ t♦ ❜❡ ❞✉❡ t♦ t❤❡ ❣❧✉♦♥ s❡❧❢✲✐♥t❡r❛❝t✐♦♥ ❣✐✈✐♥❣ r✐s❡ t♦ ❛♥
❛ttr❛❝t✐✈❡ ❢♦r❝❡ ♦❢ q❧✉♦♥ ✜❡❧❞ ❧✐♥❡s ❜❡t✇❡❡♥ t✇♦ q✉❛r❦s✳ ❚❤✉s t❤❡ ✜❡❧❞ ❧✐♥❡s ✇♦✉❧❞ ♥♦t s♣r❡❛❞
♦✉t ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞✐st❛♥❝❡ ♦❢ t❤❡ q✉❛r❦s✱ ❛s t❤❡② ✇♦✉❧❞ ❢♦r ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞✳
❍❡♥❝❡ t❤❡ ❡♥❡r❣② st♦r❡❞ ✐♥ t❤❡ ✜❡❧❞ ❜❡t✇❡❡♥ t✇♦ s❡♣❛r❛t❡❞ ❝♦❧♦r ❝❤❛r❣❡s ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡
❞✐st❛♥❝❡✱ ✉♥t✐❧ ✐t ✐s ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ♣❛✐r✲♣r♦❞✉❝❡ ♥❡✇ q✉❛r❦s✱ s❤✐❡❧❞✐♥❣ t❤❡ q✉❛r❦ ✜❡❧❞s ✐♥
❜♦✉♥❞ st❛t❡s✳

✶✼



✶✳✷✳✸✳✷ ❚❤❡ ❊❧❡❝tr♦✇❡❛❦ ■♥t❡r❛❝t✐♦♥

❚❤❡ ❡❧❡❝tr♦✇❡❛❦ ❧♦❝❛❧ ❣❛✉❣❡ s②♠♠❡tr② ❣r♦✉♣ SU(2)L ⊗ U(1)Y ✐s t❤❡ ♥♦♥✲◗❈❉ ♣❛rt ♦❢ t❤❡
❙▼ ❣❛✉❣❡ ❣r♦✉♣ SU(3)S ⊗ SU(2)L ⊗ U(1)Y ✳ SU(2)L ❝♦rr❡s♣♦♥❞s t♦ r♦t❛t✐♦♥s ✐♥ t✇♦ ❝♦♠♣❧❡①
❞✐♠❡♥s✐♦♥s✳ U(1)Y ❝♦rr❡s♣♦♥❞s t♦ ❛ ❢r❡❡ ❝♦♠♣❧❡① ♣❤❛s❡✳

❚❤❡ ❧❡❢t✲❤❛♥❞❡❞ ❝♦♠♣♦♥❡♥ts ♦❢ ❛❧❧ ❙▼ ❢❡r♠✐♦♥ ✜❡❧❞s tr❛♥s❢♦r♠ ❛s ❞♦✉❜❧❡ts ✉♥❞❡r SU(2)L✿

Lℓ =(νℓ,L, ℓ
−
L)

T , ℓ ∈ {e, µ, τ} , ✭✶✳✻✮

Q =(UL,D′
L)

T , ✭✶✳✼✮

(U ,D′) ∈









u, d′ =
∑

D∈{d,s,b}
VuDD



 ,



c, s′ =
∑

D∈{d,s,b}
VcDD



 ,



t, b′ =
∑

D∈{d,s,b}
VtDD











,

✇❤❡r❡ Vij ❛r❡ t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ ❈❛❜✐❜❜♦✲❑♦❜❛②❛s❤✐✲▼❛s❦❛✇❛ ✭❈❑▼✮ q✉❛r❦ ♠✐①✐♥❣ ♠❛tr✐①✱
♥♦♥tr✐✈✐❛❧ ❛s ❛ r❡s✉❧t ♦❢ t❤❡ ♠✐s❛❧✐❣♥♠❡♥t ♦❢ t❤❡ q✉❛r❦ ♠❛ss ❡✐❣❡♥st❛t❡s ✇✐t❤ t❤❡ st❛t❡s ❢♦r♠✐♥❣
t❤❡ SU(2)L ❞♦✉❜❧❡ts✳ ❚❤❡ r✐❣❤t✲❤❛♥❞❡❞ ❝♦♠♣♦♥❡♥ts ❛r❡ SU(2)L s✐♥❣❧❡ts✳ ❍❡r❡ ✏❤❛♥❞❡❞♥❡ss✑
r❡❢❡rs t♦ t❤❡ ❝❤✐r❛❧ ♣r♦❥❡❝t✐♦♥s ψL,R = PL,Rψ ✇✐t❤ PL,R ≡ 1

2
(1 ∓ γ5), γ5 ≡ iγ0γ1γ2γ3✳ ❙✐♥❝❡

t❤❡ ❝❤✐r❛❧❧② ♣r♦❥❡❝t❡❞ ❢❡r♠✐♦♥ ✜❡❧❞s ❝❤❛♥❣❡ ✇❤❡♥ ❛♣♣❧②✐♥❣ t❤❡ ♣❛r✐t② ♦♣❡r❛t♦r P = γ0✱ t❤❡
✐♥t❡r❛❝t✐♦♥ ❞❡s❝r✐❜❡❞ ❜② t❤❡ SU(2)L s②♠♠❡tr② ❣r♦✉♣ ❞♦❡s ♥♦t ❝♦♥s❡r✈❡ ♣❛r✐t②✳ ❋✉rt❤❡r♠♦r❡✱
t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝❤❛r❣❡ ❛♥❞ ♣❛r✐t② CP ✐s ♥♦t ❝♦♥s❡r✈❡❞ ❡✐t❤❡r✱ ❞✉❡ t♦ ❛ ❝♦♠♣❧❡① ♣❤❛s❡ ✐♥
t❤❡ ❈❑▼ ♠❛tr✐①✳

❙✐♠✐❧❛r❧② t♦ t❤❡ SU(3)S ❣❧✉♦♥ ♦❝t❡t ♦❢ ◗❈❉✱ t♦ ❛❧❧♦✇ ❧♦❝❛❧ ❣❛✉❣❡ tr❛♥s❢♦r♠❛t✐♦♥s ♦❢ t❤❡
❢❡r♠✐♦♥ ❞♦✉❜❧❡ts ❛s

Lℓ(x) → eigWαa(x)taLℓ(x) ,

Q(x) → eigWαa(x)taQ(x) ,

✇✐t❤ ta ❛s t❤❡ t❤r❡❡ ❣❡♥❡r❛t♦rs t1, t2, t3 ♦❢ SU(2)L✱ t❤❡ ❝♦♦r❞✐♥❛t❡ ❞❡r✐✈❛t✐✈❡ ✐s r❡♣❧❛❝❡❞ ❜② ❛
❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡

Dµ,L = ∂µ − itaW a
µ (x) ,

✐♥ t❤❡ ❉✐r❛❝ ❊q✉❛t✐♦♥ ✭✶✳✶✮✱ t❤✉s ✐♥tr♦❞✉❝✐♥❣ ❛ SU(2)L tr✐♣❧❡t ♦❢ ❣❛✉❣❡ ❜♦s♦♥s (W 1,W 2,W 3)T ✳
❚❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❤❡ W a ✉♥❞❡r SU(2)L ✐s ❡①❛❝t❧② ❛♥❛❧♦❣♦✉s t♦ t❤❛t ♦❢ t❤❡ ❣❧✉♦♥s ✉♥❞❡r
SU(3)S ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✹✮✱ ✇✐t❤ ✸ W a ✜❡❧❞s ✐♥st❡❛❞ ♦❢ ✽ ❣❧✉♦♥ ✜❡❧❞s Ga ❛♥❞ t❤❡ ❣❡♥❡r❛t♦rs
❛♥❞ str✉❝t✉r❡ ❝♦♥st❛♥ts ♦❢ SU(2)L ✐♥st❡❛❞ ♦❢ t❤❡ SU(3)S ♦♥❡s✳ ▲✐❦❡ ❝♦❧♦r ✐♥ ◗❈❉✱ t❤❡ SU(2)L
s②♠♠❡tr② ❣✐✈❡s r✐s❡ t♦ ❛ ❝♦♥s❡r✈❡❞ ❝❤❛r❣❡ ❜② ◆♦❡t❤❡r✬s t❤❡♦r❡♠✱ ✇❤✐❝❤ ✐s ❝❛❧❧❡❞ ✇❡❛❦ ✐s♦s♣✐♥✳
❚❤❡ ♥❛♠❡ ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ✐♥❤❡r❡♥t s②♠♠❡tr② ♦❢ ❛ s♣✐♥✲1/2 s②st❡♠ ❝❛♥ ❛❧s♦ ❜❡
❞❡s❝r✐❜❡❞ ❛s ❛♥ SU(2) s②♠♠❡tr②✳ ❯♥❧✐❦❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❝♦❧♦r✱ ♣❛rt✐❝❧❡s ❝❛rr②✐♥❣ ❞✐✛❡r❡♥t
✐s♦s♣✐♥ ❝❛♥ ♦❝❝✉r ✐♥ ✐s♦❧❛t✐♦♥✱ ❡✳❣✳ ❛s ✐s♦❧❛t❡❞ ❡❧❡❝tr♦♥s ♦r ♥❡✉tr✐♥♦s✳ ❈♦♥s❡q✉❡♥t❧② s♣❡❝✐✜❝
✇❡❛❦ ✐s♦s♣✐♥ ♣r♦❥❡❝t✐♦♥s ❛r❡ ❛ss✐❣♥❡❞ t♦ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ SU(2)L ❧❡❢t❤❛♥❞❡❞ ❢❡r♠✐♦♥
❞♦✉❜❧❡ts ✐♥ ❊q✉❛t✐♦♥s ✭✶✳✻✮ ❛♥❞ ✭✶✳✼✮✳ ❚❤❡ t3 ❡✐❣❡♥✈❛❧✉❡ I3 ❢♦r ❝❤❛r❣❡❞ ❧❡❢t❤❛♥❞❡❞ ❧❡♣t♦♥s ❛♥❞
❧❡❢t❤❛♥❞❡❞ ✉♣✲t②♣❡ q✉❛r❦s ✐s +1

2
✳ ❋♦r ❧❡❢t❤❛♥❞❡❞ ♥❡✉tr✐♥♦s ❛♥❞ ❧❡❢t❤❛♥❞❡❞ ❞♦✇♥✲t②♣❡ q✉❛r❦s

I3 ✐s −1
2
✳ ❆❧❧ r✐❣❤t❤❛♥❞❡❞ ❢❡r♠✐♦♥s ❛r❡ SU(2)L s✐♥❣❧❡ts✱ ❛♥❞ t❤✉s ❤❛✈❡ I3 = 0 = I✳

❇♦t❤ ❧❡❢t✲ ❛♥❞ r✐❣❤t✲❤❛♥❞❡❞ ❢❡r♠✐♦♥s ❤❛✈❡ ❛ ♥♦♥tr✐✈✐❛❧ tr❛♥s❢♦r♠❛t✐♦♥ ✉♥❞❡r t❤❡ r❡♠❛✐♥✐♥❣
U(1)Y s②♠♠❡tr② ❣r♦✉♣✳ ■ts ♦♥❧② ❣❡♥❡r❛t♦r ✐s t❤❡ ✐❞❡♥t✐t② ♠❛♣✱ t❤✉s t❤❡ ❣❛✉❣❡ tr❛♥s❢♦r♠❛t✐♦♥
❢♦r ❢❡r♠✐♦♥s ✐s t♦ ❛♣♣❧② ❛ ❝♦♠♣❧❡① ♣❤❛s❡ ❢❛❝t♦r

ψ(x) → eiY gY α(x)ψ(x) ,

✶✽



✇❤❡r❡ t❤❡ ✇❡❛❦ ❤②♣❡r❝❤❛r❣❡ Y ✐s t❤❡ ❝♦♥s❡r✈❡❞ ❝❤❛r❣❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ U(1)Y s②♠♠❡tr②✳
❇❡❝❛✉s❡ t❤❡r❡ ✐s ♦♥❧② ♦♥❡ ❣❡♥❡r❛t♦r✱ ❛❧❧ tr❛♥s❢♦r♠❛t✐♦♥s ❝♦♠♠✉t❡ ❛♥❞ t❤❡r❡ ❛r❡ ♥♦ str✉❝t✉r❡
❝♦♥st❛♥ts✳ ❈♦♥s❡q✉❡♥t❧② t❤❡ U(1)Y ❣❛✉❣❡ ❜♦s♦♥ B tr❛♥s❢♦r♠s ❛s

Bµ(x) → Bµ(x)− ∂µα(x) ,

✇❤✐❝❤ r❡st♦r❡s ❣❛✉❣❡ ✐♥✈❛r✐❛♥❝❡ ✐♥ t❤❡ ❞✐r❛❝ t❡r♠ ❛❢t❡r r❡♣❧❛❝✐♥❣ t❤❡ ❝♦♦r❞✐♥❛t❡✲ ✇✐t❤ t❤❡
❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡

Dµ,Y = ∂µ − iY gYBµ .

▲❡❢t✲❤❛♥❞❡❞ ❧❡♣t♦♥s ❤❛✈❡ ✇❡❛❦ ❤②♣❡r❝❤❛r❣❡ Y = −1✱ r✐❣❤t✲❤❛♥❞❡❞ ❧❡♣t♦♥s ❤❛✈❡ ✇❡❛❦ ❤②♣❡r✲
❝❤❛r❣❡ Y = −2✱ ❧❡❢t✲❤❛♥❞❡❞ q✉❛r❦s ❤❛✈❡ Y = 1

3
✱ r✐❣❤t✲❤❛♥❞❡❞ ✉♣ t②♣❡ q✉❛r❦s ❤❛✈❡ Y = 4

3
✱ ❛♥❞

r✐❣❤t✲❤❛♥❞❡❞ ❞♦✇♥ t②♣❡ q✉❛r❦s ❤❛✈❡ Y = −2
3
✳ ■♥ ❡①t❡♥s✐♦♥s ♦❢ t❤❡ ❙▼ t❤❛t ✐♥❝❧✉❞❡ ♥❡✉tr✐♥♦

♠❛ss❡s ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ r✐❣❤t✲❤❛♥❞❡❞ ♥❡✉tr✐♥♦s✱ t❤❡r❡ ❛r❡ r✐❣❤t✲❤❛♥❞❡❞ ♥❡✉tr✐♥♦s✳ ❚❤❡s❡
r✐❣❤t ❤❛♥❞❡❞ ♥❡✉tr✐♥♦s ✇♦✉❧❞ t❤❡♥ ❤❛✈❡ Y = 0✱ ✐✳❡✳ t❤❡② ✇♦✉❧❞ ❜❡ st❡r✐❧❡✳

❈♦❧❧❡❝t✐♥❣ t❤❡ ❛❜♦✈❡ ❝♦♥str✉❝t✐♦♥s✱ ❛♥❞ ❞❡✜♥✐♥❣ ✜❡❧❞ str❡♥❣t❤ t❡♥s♦rs B,W ❢♦r t❤❡ B,W
✜❡❧❞s ✐♥ t❤❡ ✇❛② ♦❢ ❊q✉❛t✐♦♥ ✭✶✳✹✮✱ t❤❡ ❙▼ ▲❛❣r❛♥❣✐❛♥ t❤✉s ❢❛r r❡❛❞s✿

Lmassless = − 1

2
tr(GµνGµν)− 1

2
tr(WµνWµν)− 1

4
BµνBµν

+
∑

Q

Q̄i /DQQ+
∑

UR

ŪRi /DUR
UR +

∑

DR

D̄Ri /DDR
DR

+
∑

ℓ

L̄ℓi /DℓLℓ

✭✶✳✽✮

✇✐t❤ t❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡ ❢♦r t❤❡ t❤r❡❡ ❧❡❢t ❤❛♥❞❡❞ q✉❛r❦ ❞♦✉❜❧❡ts Q

DQ ≡ ∂ − i
1

3
gYB − igST

bGb − igW t
aW a ,

❛♥❞ t❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡ ❢♦r t❤❡ t❤r❡❡ ❧❡❢t ❤❛♥❞❡❞ ❧❡♣t♦♥ ❞♦✉❜❧❡ts Lℓ

DLℓ
≡ ∂ + igYB − igW t

aW a ,

❛♥❞ t❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡ ❢♦r t❤❡ t❤r❡❡ r✐❣❤t ❤❛♥❞❡❞ ❞♦✇♥✲t②♣❡ q✉❛r❦ s✐♥❣❧❡ts DR

DDR
≡ ∂ + i

2

3
gYB − igST

aGa ,

❛♥❞ t❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡ ❢♦r t❤❡ t❤r❡❡ r✐❣❤t ❤❛♥❞❡❞ ✉♣✲t②♣❡ q✉❛r❦ s✐♥❣❧❡ts UR

DUR
≡ ∂ − i

4

3
gYB − igST

aGa ,

❛♥❞ t❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡ ❢♦r t❤❡ t❤r❡❡ r✐❣❤t ❤❛♥❞❡❞ ❝❤❛r❣❡❞ ❧❡♣t♦♥ s✐♥❣❧❡ts ℓR

DℓR ≡ ∂ + i2gYB .

✶✳✷✳✹ ❍✐❣❣s ▼❡❝❤❛♥✐s♠

❚❤❡ ♣❛rt ♦❢ t❤❡ ❙▼ ▲❛❣r❛♥❣✐❛♥ ✇r✐tt❡♥ ♦✉t ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✽✮ ❝♦♥t❛✐♥s ❞❡s❝r✐♣t✐♦♥s ♦❢ ❛❧❧ t❤❡
❙▼ ❢❡r♠✐♦♥s ❛♥❞ ✈❡❝t♦r ❜♦s♦♥s✳ ❋♦r t❤❡ ▲❛❣r❛♥❣✐❛♥ ❞❡♥s✐t② ✇r✐tt❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✽✮✱ ❛❧❧

✶✾



♣❛rt✐❝❧❡s ❛r❡ ♠❛ss❧❡ss✳ ▼❛ss t❡r♠s ♦❢ t❤❡ ❢♦r♠s ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥s ✭✶✳✶✮ ❛♥❞ ✭✶✳✷✮ ✇♦✉❧❞
❜r❡❛❦ t❤❡ SU(2)L ⊗ U(1)Y ❣❛✉❣❡ s②♠♠❡tr② ♦❢ t❤❡ ❙▼✳ ❆❞❞✐♥❣ ❛ ❑❧❡✐♥✲●♦r❞♦♥ ♠❛ss t❡r♠ ❛s

✐♥ ❊q✉❛t✐♦♥ ✭✶✳✷✮ ❢♦r ❡✳❣✳ t❤❡ B ❜♦s♦♥ ❜r❡❛❦s t❤❡ ✉♥❞❡r❧②✐♥❣ U(1)Y s②♠♠❡tr②✿
m2

B

2
BµBµ →

m2
B

2
(Bµ − ∂µα)(Bµ − ∂µα) 6= m2

B

2
BµBµ✳ ❙✐♠✐❧❛r❧②✱ s✐♥❝❡ t❤❡ ❧❡❢t✲❤❛♥❞❡❞ ❢❡r♠✐♦♥ ✜❡❧❞s ❛r❡

SU(2)L ⊗ U(1)Y ❞♦✉❜❧❡ts✱ ❜✉t t❤❡ r✐❣❤t✲❤❛♥❞❡❞ ❢❡r♠✐♦♥ ✜❡❧❞s ❛r❡ SU(2)L ⊗ U(1)Y s✐♥❣❧❡ts✱ ❛
♠❛ss t❡r♠ ❧✐❦❡ mψ̄LψR ❜r❡❛❦s SU(2)L✳

❚♦ ❦❡❡♣ t❤❡ ❧♦❝❛❧ ❣❛✉❣❡ s②♠♠❡tr② ♣r✐♥❝✐♣❧❡ ✐♥t❛❝t✱ t❤❡ ❙▼ ✐♥t❡r♣r❡ts t❤❡ ♦❜s❡r✈❡❞ ♠❛ss❡s
♦❢ t❤❡ ❝❤❛r❣❡❞ ❢❡r♠✐♦♥s ❛♥❞ ✇❡❛❦ ❣❛✉❣❡ ❜♦s♦♥s ❛s ❡✛❡❝t✐✈❡ ♠❛ss❡s✳ ❚❤❡s❡ ❡✛❡❝t✐✈❡ ♠❛ss❡s
♦r✐❣✐♥❛t❡ ❢r♦♠ ❝♦✉♣❧✐♥❣s t♦ ❛ s❝❛❧❛r ✜❡❧❞✱ ✇❤✐❝❤ ✐s ♣r❡s❡♥t ❡✈❡r②✇❤❡r❡ ✐♥ s♣❛❝❡ ✐♥ ✐ts ✈❛❝✉✉♠
st❛t❡✳ ❚❤✐s ♠❛ss ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✐s ❝❛❧❧❡❞ t❤❡ ❍✐❣❣s ♠❡❝❤❛♥✐s♠✳ ❙❡❝t✐♦♥ ✶✳✷✳✹✳✶ ❞❡s❝r✐❜❡s
t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤✐s s❝❛❧❛r ✜❡❧❞✳ ❙❡❝t✐♦♥ ✶✳✷✳✹✳✷ ❞✐s❝✉ss❡s ❤♦✇ t❤❡ ❝♦✉♣❧✐♥❣s t♦ t❤❡ s❝❛❧❛r
✈❛❝✉✉♠ ❣✐✈❡ r✐s❡ t♦ ❡✛❡❝t✐✈❡ ♠❛ss t❡r♠s✳

✶✳✷✳✹✳✶ ❙❝❛❧❛r ❙❡❝t♦r ▲❛❣r❛♥❣✐❛♥

❈❛❧❧✐♥❣ t❤❡ s❝❛❧❛r ✜❡❧❞ φ ❛♥❞ ✐❣♥♦r✐♥❣ ❛❧❧ ❝♦✉♣❧✐♥❣s t♦ ♦t❤❡r ✜❡❧❞s✱ ✐ts ❛ss♦❝✐❛t❡❞ ▲❛❣r❛♥❣✐❛♥
❞❡♥s✐t② ✐s

L′′
φ =

1

2
(∂νφ)(∂

νφ)− V (φ)

=
1

2

[

(∂νφ)(∂
νφ)− µ2φ2 − λ

2
φ4

]

,
✭✶✳✾✮

✇❤❡r❡ V (φ) ✐s ❝❛❧❧❡❞ t❤❡ s❝❛❧❛r ♣♦t❡♥t✐❛❧✳ ■♥ ♦r❞❡r t♦ ❜❛❧❛♥❝❡ t❤❡ ❧❡❢t✲❤❛♥❞❡❞ ❢❡r♠✐♦♥ ❞♦✉❜❧❡t
❛♣♣❡❛r✐♥❣ ✐♥ ❢❡r♠✐♦♥ ♠❛ss t❡r♠s✱ t❤❡ s❝❛❧❛r ✜❡❧❞ ♥❡❡❞s t♦ tr❛♥s❢♦r♠ ❛s ❛ SU(2)L ❞♦✉❜❧❡t✳ ❚❤✐s
❛❧s♦ ❣❡♥❡r❛t❡s ♠❛ss t❡r♠s ❢♦r t❤❡ W a ❜♦s♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ ♠❛ss t❡r♠s ❢♦r t❤❡ B ❜♦s♦♥ ❛r❡
♥❡❡❞❡❞ t♦ ♦❜t❛✐♥ t❤❡ ❝♦rr❡❝t ❝❤✐r❛❧ ❝♦✉♣❧✐♥❣ str✉❝t✉r❡ ❢♦r t❤❡ Z0 ❜♦s♦♥✳ ❚❤✉s t❤❡ s❝❛❧❛r ✜❡❧❞
✐s ❛ ❝♦♠♣❧❡① ❞♦✉❜❧❡t ✉♥❞❡r SU(2)L✱ ❛♥❞ ❤❛s ❛ ✇❡❛❦ ❤②♣❡r❝❤❛r❣❡✱ Y = −1✳ ■♥tr♦❞✉❝✐♥❣ t❤❡
❝♦✉♣❧✐♥❣ t♦ t❤❡ SU(2)L ⊗ U(1)Y ❣❛✉❣❡ ❜♦s♦♥s✱ ❊q✉❛t✐♦♥ ✭✶✳✾✮ ❜❡❝♦♠❡s

L′
φ = (Dφ,νφ)

†(Dν
φφ)− µ2φ†φ− λ(φ†φ)2 , ✭✶✳✶✵✮

✇✐t❤ t❤❡ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡

Dφ ≡ ∂ + igYB − igW t
aW a .

❚❤❡ s❝❛❧❛r ✜❡❧❞ ♦❢ ❊q✉❛t✐♦♥ ✭✶✳✶✵✮ ❤❛s t❤❡ r✐❣❤t q✉❛♥t✉♠ ♥✉♠❜❡rs ❛♥❞ ❝♦✉♣❧✐♥❣s t♦ ❜♦s♦♥s✱
❜✉t ♥♦ ❝♦✉♣❧✐♥❣s t♦ ❢❡r♠✐♦♥s✳ ❚❤❡s❡ ❛r❡ ✐♥❝❧✉❞❡❞ ❛s ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ❬✶✼❪✿

Lφ =L′
φ +

∑

ℓ

yℓ
(

L̄ℓφℓR + ℓ̄Rφ
†Lℓ

)

+
∑

Q

[

∑

U

(

Q̄φcYQUUR + ŪRY
†
QUφ

†
cQ

)

+
∑

D

(

Q̄φYQDDR + D̄RY
†
QDφ

†Q
)

]

,

✭✶✳✶✶✮

✇✐t❤ yℓ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ t♦ ❧❡♣t♦♥ ℓ = e, µ, τ ✱ ❛♥❞ YQD ❛♥❞ YQU t✇♦ 3× 3
♠❛tr✐❝❡s ✐♥s❝r✐❜✐♥❣ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ str❡♥❣t❤s t♦ ❞♦✇♥✲t②♣❡ q✉❛r❦s D = d, s, b ❛♥❞ ✉♣✲
t②♣❡ q✉❛r❦s U = u, c, t✱ ❛♥❞ Q t❤❡ ❞♦✉❜❧❡ts ♦❢ ❧❡❢t✲❤❛♥❞❡❞ q✉❛r❦s ❢r♦♠ ❊q✉❛t✐♦♥ ✭✶✳✼✮✳ ❚❤❡
❝♦♥❥✉❣❛t❡ ❍✐❣❣s ❞♦✉❜❧❡t φc ≡ ǫ2φ

⋆ ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✶✮ tr❛♥s❢♦r♠s ❥✉st ❧✐❦❡ φ ✉♥❞❡r SU(2)L ⊗
U(1)Y ✱ ✇✐t❤ ǫ2 t❤❡ ❢✉❧❧② ❛♥t✐ s②♠♠❡tr✐❝ t❡♥s♦r ✐♥ 2 ❞✐♠❡♥s✐♦♥s✳ ❚❤❡ q✉❛r❦ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s
YQU ❛♥❞ YQD ❞❡✜♥❡ t❤❡ ❈❑▼ ♠❛tr✐① VCKM✿ VCKM ≡ V L

U (V L
D )†✱ ✇✐t❤ V L

U ,D t❤❡ ♠❛tr✐❝❡s t❤❛t
❞✐❛❣♦♥❛❧✐③❡ t❤❡ q✉❛r❦ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ❜② V L

U ,DYQU ,QDV
R
U ,D ❬✶✼❪✳

✷✵



❋✐❣✉r❡ ✶✳✸✿ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ s❤❛♣❡ t❤❡ ❙▼ ❍✐❣❣s ♣♦t❡♥t✐❛❧ ✉s✐♥❣ t❤❡ ♣♦t❡♥t✐❛❧ V = µ2φ⋆φ+
λ(φ⋆φ)2 ♦❢ ❛ ❝♦♠♣❧❡① s❝❛❧❛r φ ❢♦r t❤❡ ❝❛s❡ λ > 0, µ2 < 0✳ ❚❤❡ ❙▼ ❍✐❣❣s ♣♦t❡♥t✐❛❧ ❤❛s ❛
s✐♠✐❧❛r ❞❡♣❡♥❞❡♥❝❡✱ ❜✉t s✐♥❝❡ ✐t ✐s ❛ ❝♦♠♣❧❡① ❞♦✉❜❧❡t✱ t❤❡ ❙▼ ♣♦t❡♥t✐❛❧ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢♦✉r
r❡❛❧ ♣❛r❛♠❡t❡rs✱ ♥♦t t✇♦✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✶✽❪✳

✶✳✷✳✹✳✷ ❙♣♦♥t❛♥❡♦✉s ❊❧❡❝tr♦✇❡❛❦ ❙②♠♠❡tr② ❇r❡❛❦✐♥❣

❚❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡t φ ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✵✮✱ ✇✐t❤ µ2 < 0, λ > 0✱ ✐s ♠✐♥✐♠❛❧ ♦♥ ❛
s♣❤❡r❡ ✐♥ φ✲s♣❛❝❡ s❛t✐s❢②✐♥❣

φ†φ = −µ
2

2λ
≡ v2

2
, ✭✶✳✶✷✮

✇❤❡r❡ t❤❡ ❧❛st st❡♣ ❞❡✜♥❡s t❤❡ ✭♥♦r♠ ♦❢ t❤❡✮ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ v✳ ■❢ t❤❡ ❍✐❣❣s ✜❡❧❞
✐s ♥♦t ❡①❝✐t❡❞ ❜② ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ♦t❤❡r ✜❡❧❞s✱ ✐t ✇✐❧❧ ❜❡ ✐♥ ❛ ✈❛❝✉✉♠ st❛t❡ ♦❢ ♠✐♥✐♠❛❧ ♣♦t❡♥✲
t✐❛❧✱ ✐✳❡✳ ❛ st❛t❡ ❢✉❧✜❧❧✐♥❣ ❊q✉❛t✐♦♥ ✭✶✳✶✷✮✳ ❲❤✐❧❡ t❤❡ s❡t ♦❢ ❛❧❧ t❤❡s❡ ♣♦ss✐❜❧❡ ✈❛❝✉✉♠ st❛t❡s
r❡t❛✐♥s t❤❡ ❢✉❧❧ SU(2)L ⊗ U(1)Y s②♠♠❡tr②✱ ❛♥② ❝♦♥❝r❡t❡ ✈❛❝✉✉♠ st❛t❡ ❜r❡❛❦s t❤❡ s②♠♠❡tr②✱
❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✸✳ ■♥ t❤✐s ✇❛②✱ t❤❡ ♥♦♥✲③❡r♦ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ♦❢ t❤❡ ❍✐❣❣s
❞♦✉❜❧❡t ✐s s❛✐❞ t♦ ✏s♣♦♥t❛♥❡♦✉s❧② ❜r❡❛❦✑ t❤❡ SU(2)L ⊗ U(1)Y s②♠♠❡tr②✳ ❉❡s♣✐t❡ t❤✐s ♥♦♠❡♥✲
❝❧❛t✉r❡✱ t❤❡ ❢✉❧❧ s②♠♠❡tr② ✐s st✐❧❧ ♣r❡s❡♥t✱ ✐❢ ♦♥❡ t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♥♦✇ ♥♦♥✲tr✐✈✐❛❧ ❣❛✉❣❡
tr❛♥s❢♦r♠❛t✐♦♥s ♦❢ t❤❡ ❍✐❣❣s ✈❛❝✉✉♠✳

❙♣❡❝✐❢②✐♥❣ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ♦❢ φ s✉❝❤ t❤❛t ♦♥❧② t❤❡ ♥❡✉tr❛❧ r❡❛❧ ❝♦♠♣♦♥❡♥t ✐s
♥♦♥✲ ✈❛♥✐s❤✐♥❣

〈0|φ |0〉 = 1√
2

(

0
v

)

,

❡♥s✉r❡s t❤❛t t❤❡ ♣❤♦t♦♥ ✐s ♠❛ss❧❡ss ✐♥ t❤❡ ❜r♦❦❡♥ ♣❤❛s❡✳ ❲r✐t✐♥❣ φ ❛s r❡❧❛t✐✈❡ t♦ t❤❡ ✈❛❝✉✉♠
❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ♦♥❡ ♦❜t❛✐♥s

φ(x) =
1√
2

(

φ1(x) + iφ2(x)
v +H(x) + iφ4(x)

)

,

✇❤✐❝❤ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ ❜② ♣✐❝❦✐♥❣ ❛ ❣❛✉❣❡ ✐♥ SU(2)L ⊗U(1)Y s✉❝❤ t❤❛t ♦♥❧② t❤❡ r❡❛❧ ♥❡✉tr❛❧
❝♦♠♣♦♥❡♥t ✐s ♥♦♥✲ ✈❛♥✐s❤✐♥❣

φ(x) =
1√
2

(

0
v +H(x)

)

,

✇❤✐❝❤ ✐s ❝❛❧❧❡❞ t❤❡ ✉♥✐t❛r② ❣❛✉❣❡✳ ❚❤❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ φ1,2,4 r❡❛♣♣❡❛r ✈✐❛ ❣❛✉❣❡ t❡r♠s ♦❢
t❤❡ SU(2)L ⊗ U(1)Y ❣❛✉❣❡ ❜♦s♦♥s W a, B✳ ❚❤❡② ❝❛♥ ❜❡ ❛❜s♦r❜❡❞ ❛s ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡❣r❡❡s ♦❢

✷✶



❢r❡❡❞♦♠ ✐♥t♦ t❤❡ ✈❡❝t♦r ❜♦s♦♥s✳ ■♥ t❤❡ ✉♥✐t❛r② ❣❛✉❣❡✱ t❤❡ ❦✐♥❡t✐❝ t❡r♠ ❢r♦♠ ❊q✉❛t✐♦♥ ✭✶✳✶✵✮
❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

(Dφ,νφ)
†(Dν

φφ) =
1

2
(∂µH)(∂µH) +

g2W
8
(v +H)2(W 1 + iW 2)µ(W

1 − iW 2)µ

+
1

8
(v +H)2(gWW

3 − gYB)µ(gWW
3 − gYB)µ ,

✭✶✳✶✸✮

✇❤❡r❡ ❜② ❞❡✜♥✐♥❣ W± ≡ W 1∓iW 2√
2

❛♥❞ ❝♦♥s✐❞❡r✐♥❣ t❤❡ t❡r♠

(Dφ,νφ)
†(Dν

φφ) ⊃
1

2

(gwv

2

)2

W−
µ W

+µ ,

♦♥❡ ❝❛♥ ✐❞❡♥t✐❢② t❤❡ ♠❛ss

MW =
gWv

2
.

❲r✐t✐♥❣ t❤❡ t❡r♠ ✇✐t❤ W 3, B ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✸✮ ❛s ❛ ♠❛tr✐① ♠✉❧t✐♣❧✐❝❛t✐♦♥

(Dφ,νφ)
†(Dν

φφ) ⊃
v2

8

(

W 3 B
)

(

g2W −gWgY
−gWgY g2Y

)(

W 3

B

)

,

❛♥❞ r♦t❛t✐♥❣ (W 3, B)T ✐♥t♦ t❤❡ ❡✐❣❡♥❜❛s✐s (Aγ, Z)
T ✱ t❤✉s ❞✐❛❣♦♥❛❧✐s✐♥❣ t❤❡ ♠❛tr✐①

(Dφ,νφ)
†(Dν

φφ) ⊃
1

2

(

Aγ Z
)

(

0 0
0 (v

2
)2(g2Y + g2W )

)(

Aγ

Z

)

,

♦♥❡ ❝❛♥ ✐❞❡♥t✐❢② t❤❡ ♠❛ss❡s

Mγ = 0 ,

MZ =
v
√

g2W + g2Y
2

,

✭✶✳✶✹✮

✇❤❡r❡ Aγ ✐s t❤❡ ♣❤♦t♦♥ ✜❡❧❞✳ ❚❤✉s t❤❡ ♣❤♦t♦♥ ✐s t❤❡ ❣❛✉❣❡ ❜♦s♦♥ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ U(1)e.m.

✉♥❜r♦❦❡♥ ❣❛✉❣❡ s②♠♠❡tr② ♦❢ ❝♦♠♣❧❡① r♦t❛t✐♦♥s ❛r♦✉♥❞ t❤❡ ❛①✐s ❞❡✜♥❡❞ ❜② t❤❡ ❞✐r❡❝t✐♦♥ ♦❢
〈φ〉✳ ❚❤❡ ❛♥❣❧❡ ♦❢ t❤❡ r♦t❛t✐♦♥ ✐♥t♦ t❤❡ ♠❛ss ❡✐❣❡♥st❛t❡s Aγ, Z ✐s t❤❡ ❲❡✐♥❜❡r❣ ❛♥❣❧❡

θW = arctan

(

gY
gW

)

,

✇❤✐❝❤ ❤❛♣♣❡♥s t♦ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ✇❡❛❦ ❣❛✉❣❡ ❜♦s♦♥s ❜②

cos θW =
MW

MZ

.

❚❤❡ r❡♠❛✐♥✐♥❣ ♥❡✉tr❛❧ s❝❛❧❛r ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ H ✐s ❝❛❧❧❡❞ t❤❡ ❍✐❣❣s ❜♦s♦♥✳ ■ts ❝♦✉♣❧✐♥❣s
t♦ t❤❡ ♠❛ss✐✈❡ ✈❡❝t♦r ❜♦s♦♥s W±, Z ❝❛♥ ❛❧s♦ ❜❡ r❡❛❞ ♦✛ ❢r♦♠ ❊q✉❛t✐♦♥ ✭✶✳✶✸✮✳ ❚❤✉s ❡✳❣✳ t❤❡
tr✐♣❧❡ ❝♦✉♣❧✐♥❣s ❛r❡ ❣✐✈❡♥ ❜②✿

(Dφ,νφ)
†(Dν

φφ) ⊃
g2Wv

2
W+

µ W
−µhH +

g2Wv

2
ZµZ

µH

=
2M2

W

v
W+

µ W
−µH +

M2
Z

v
ZµZ

µH .

✷✷



❋✐❣✉r❡ ✶✳✹✿ ❙❝❛♥s ♦❢ t✇✐❝❡ t❤❡ ❧♦❣❛r✐t❤♠✐❝ ❧✐❦❡❧✐❤♦♦❞ r❛t✐♦ −2lnΛ(MH) ❛s ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❍✐❣❣s
❇♦s♦♥ ♠❛ss MH ❢♦r t❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ H → γγ ✭r❡❞✮✱ H → ZZto4ℓ
✭❜❧✉❡✮✱ ❛♥❞ ❝♦♠❜✐♥❡❞ ✭❜❧❛❝❦✮ ❝❤❛♥♥❡❧s✳ ❚❤❡ ❞❛s❤❡❞ ❝✉r✈❡s s❤♦✇ t❤❡ r❡s✉❧ts ❛❝❝♦✉♥t✐♥❣ ❢♦r
st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t✐❡s ♦♥❧②✱ ✇✐t❤ ❛❧❧ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs ❛ss♦❝✐❛t❡❞ ✇✐t❤ s②st❡♠❛t✐❝ ✉♥❝❡r✲
t❛✐♥t✐❡s ✜①❡❞ t♦ t❤❡✐r ❜❡st✲✜t ✈❛❧✉❡s✳ ❚❤❡ ✶ ❛♥❞ ✷ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❧✐♠✐ts ❛r❡ ✐♥❞✐❝❛t❡❞ ❜②
t❤❡ ✐♥t❡rs❡❝t✐♦♥s ♦❢ t❤❡ ❤♦r✐③♦♥t❛❧ ❧✐♥❡s ❛t ✶ ❛♥❞ ✹✱ r❡s♣❡❝t✐✈❡❧②✱ ✇✐t❤ t❤❡ ❧♦❣✲❧✐❦❡❧✐❤♦♦❞ s❝❛♥
❝✉r✈❡s✳ ❋✐❣✉r❡ ❛♥❞ ❝❛♣t✐♦♥ t❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✶✾❪✳

✷✸



❋✐❣✉r❡ ✶✳✺✿ ❚❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❝♦♠❜✐♥❡❞ ❜❡st ✜t r❡s✉❧ts ♦❢ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡rs κi✱ ✇❤✐❝❤
❡①♣r❡ss t❤❡ r❛t✐♦ ♦❢ ♦❜s❡r✈❡❞ ❍✐❣❣s ❝♦✉♣❧✐♥❣s t♦ ♣❛rt✐❝❧❡ s♣❡❝✐❡s i✳ ❚❤❡ κi ❛r❡ ❝♦♥str✉❝t❡❞
r❡❧❛t✐✈❡ t♦ t❤❡ ❙▼ ♣r❡❞✐❝t✐♦♥✱ ✐✳❡✳ t❤❡ ❙▼ ♣r❡❞✐❝ts κi = 1✳ ❋♦r ❢❡r♠✐♦♥s✱ t❤❡ κi ❛r❡ t❤❡♥ s❝❛❧❡❞
t♦ κf

mf

v
✱ ❢♦r t❤❡ ✈❡❝t♦r ❜♦s♦♥s W±, Z✱ t❤❡② ❛r❡ s❝❛❧❡❞

√
κV

mV

v
✱ ✇❤❡r❡ v = 246GeV ✐s ❍✐❣❣s

✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ❢r♦♠ ❊q✉❛t✐♦♥ ✭✶✳✶✷✮ ❛♥❞ mi ✐s t❤❡ ♠❛ss ♦❢ i✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷✶❪✳

❚❤❡ ♣♦t❡♥t✐❛❧ t❡r♠ ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✵✮✱ ✐♥ t❤❡ ✉♥✐t❛r② ❣❛✉❣❡✱ ❤❛s ❛ t❡r♠ V ⊃ v2λH2 ❛♥❞ t❤✉s
t❤❡ ❍✐❣❣s ❜♦s♦♥ H ❤❛s ❛ ♠❛ss

MH =
√
2λv .

❲❤✐❧❡ v ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ♣r❡❝✐s❡❧② ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❋❡r♠✐ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t GF =
v2√
2
= 1.1663788(7) × 10−5 GeV−2✱ ❡✳❣✳ ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♠✉♦♥ ❧✐❢❡t✐♠❡ ❬✷✵✱ ✶✼❪✱ λ ✐s

❛ ❢r❡❡ ♣❛r❛♠❡t❡r ♦❢ t❤❡ t❤❡♦r② t❤❛t ❛✛❡❝ts ♦♥❧② MH ✳ ❚❤✉s MH ✐s ♥♦t ♣r❡❞✐❝t❡❞ ❛♥❞ ♠✉st ❜❡
♠❡❛s✉r❡❞✳ ❚❤❡ ♠♦st ♣r❡❝✐s❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ MH t♦ ❞❛t❡ ✐s t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ❆❚▲❆❙
❛♥❞ ❈▼❙ ♠❡❛s✉r❡♠❡♥ts ♦❢ MH ✐♥ t❤❡ H → γγ ❛♥❞ H → ZZ∗ → 4ℓ ✇✐t❤ ℓ = e, µ ❝❤❛♥♥❡❧s
✐♥ ❘❡❢✳ ❬✶✾❪✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✹✳ ❚❤❡ ♠❛①✐♠✉♠✲❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡ ♦❢ t❤❡ ❍✐❣❣s ♠❛ss ✐s
125.09± 0.24GeV ❬✶✾❪✳

❋✐♥❛❧❧②✱ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✶✮ ❣✐✈❡ r✐s❡ t♦ ❡✛❡❝t✐✈❡ ❢❡r♠✐♦♥ ♠❛ss❡s✳ ❋♦r
t❤❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥✱ ♦♥❡ ❣❡ts

Lφ ⊃ −vye√
2
(ēLeR + ēReL) ,

❛♥❞ t❤✉s t❤❡ ❢❡r♠✐♦♥ ♠❛ss❡s ❛r❡

Mf =
yfv√
2
,

✷✹



✭❛✮ ✭❜✮

❋✐❣✉r❡ ✶✳✻✿ ❖❜s❡r✈❡❞ ❣❛❧❛❝t✐❝ r♦t❛t✐♦♥ ❝✉r✈❡s ♦❢ t✇♦ s♣✐r❛❧ ❣❛❧❛①✐❡s✱ ◆●❈✸✾✶✽ ✐♥ ✭❛✮ ❛♥❞
◆●❈✻✺✵✸ ✐♥ ✭❜✮✱ t❤❡ ❡①♣❡❝t❛t✐♦♥s ❜❛s❡❞ ♦♥ ♦♥❧② t❤❡ ✈✐s✐❜❧❡ st❛rs ❛♥❞ ✐♥t❡rst❡❧❧❛r ♠❡❞✐✉♠✱ ❛♥❞
t❤❡ ❜❡st ✜t ❉❛r❦ ▼❛tt❡r ❤❛❧♦✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷✷❪

❛♥❞ ❛ s✐♠✐❧❛r ✇❛② t❤❡ ❢❡r♠✐♦♥ ❝♦✉♣❧✐♥❣s t♦ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❛r❡ r❡❛❞ ♦✛

Lφ ⊃ − ye√
2
(ēLeR + ēReL)H

= −Me

v
(ēLeR + ēReL)H .

❚❤✉s t❤❡ tr❡❡✲❧❡✈❡❧ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ t♦ ❜♦t❤ ❢❡r♠✐♦♥s ❛♥❞ ✈❡❝t♦r ❜♦s♦♥s ❛r❡ ♣r♦♣♦r✲
t✐♦♥❛❧ t♦ t❤❡ ♠❛ss ♦❢ t❤❡ ❢❡r♠✐♦♥ ♦r ❜♦s♦♥ ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❚❤✐s ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✺✳
◆♦t❡ t❤❛t ✇❤✐❧❡ t❤❡ ✜t r❡s✉❧ts s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✺ ✐♥❞✐r❡❝t❧② ❝♦♥✜r♠ t❤✐s ❧✐♥❡❛r✐t②✱ ❛s t❤❡② ❛r❡
✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❙▼✱ t❤❡② ❞♦ ♥♦t r❡♣r❡s❡♥t ❛ ❞✐r❡❝t ♣r♦❜❡ ♦❢ t❤❡ ♠❛ss✲❝♦✉♣❧✐♥❣ ❧✐♥❡❛r✐t②✳

✶✳✸ ❉❛r❦ ▼❛tt❡r

❆ ❧❛r❣❡ ❜♦❞② ♦❢ ❛str♦♣❤②s✐❝❛❧ ❛♥❞ ❝♦s♠♦❧♦❣✐❝❛❧ ❡✈✐❞❡♥❝❡ ❬✸✱ ✽✱ ✺❪ ✐♥❞✐❝❛t❡s t❤❡ ❡①✐st❡♥❝❡ ♦❢
s✐❣♥✐✜❝❛♥t❧② ♠♦r❡ ♠❛tt❡r t❤❛♥ ✇❤❛t ✐s ❜♦✉♥❞ ✐♥ ❧✉♠✐♥♦✉s st❛rs ♦r r❛❞✐❛t✐♥❣ ❣❛s ❝❧♦✉❞s✳ ❚❤✐s
❛❞❞✐t✐♦♥❛❧ ♥♦♥✲❧✉♠✐♥♦✉s ♠❛tt❡r ✐s ❝❛❧❧❡❞ ✏❉❛r❦ ▼❛tt❡r✑✳ ❚❤✐s s❡❝t✐♦♥ ❞✐s❝✉ss❡s s♦♠❡ ♦❢ t❤❡
❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✶ ❛♥❞ ❣♦❡s ♦♥ t♦ ❡①❛♠✐♥❡ ❛ s❡❧❡❝t✐♦♥ ♦❢ ❤②♣♦t❤❡t✐❝❛❧
❞❡s❝r✐♣t✐♦♥s ♦❢ t❤❡ ♥❛t✉r❡ ♦❢ ❉❛r❦ ▼❛tt❡r ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✷✳ ❚❤❡ ❢♦❝✉s ♦❢ t❤✐s ❚❤❡s✐s ✐s t❤❡ ❝❧❛ss
❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s t❤❛t ✐♥t❡r❛❝t ✇✐t❤ ❙▼ ♣❛rt✐❝❧❡s ✐♥ s♦♠❡ ♥♦♥✲ ❣r❛✈✐t❛t✐♦♥❛❧ ✇❛②✱ ❜✉t ❛r❡
♥♦t ♣❛rt ♦❢ t❤❡ ❙▼✳ ❍❡♥❝❡✱ s❡✈❡r❛❧ ❡①♣❡r✐♠❡♥t❛❧ str❛t❡❣✐❡s ❢♦r s❡❛r❝❤✐♥❣ ❢♦r ✐♥t❡r❛❝t✐♥❣ ❉❛r❦
▼❛tt❡r ♣❛rt✐❝❧❡s ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✸✳

✶✳✸✳✶ ❆str♦♣❤②s✐❝❛❧ ❊✈✐❞❡♥❝❡

❚❤❡ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r ❝♦♠❡s ❢r♦♠ ❛str♦♣❤②s✐❝s ❛♥❞ ❝♦s♠♦❧♦❣② ❬✸✱ ✽✱ ✺✱ ✷✸❪✳ ❚❤❡
♣❤②s✐❝❛❧ s②st❡♠s t❤❛t ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r r❛♥❣❡ ✐♥ s✐③❡ ❢r♦♠ ❤✉♥❞r❡❞s ♦❢ ❧✐❣❤t
②❡❛rs✱ ❛ t②♣✐❝❛❧ r❛❞✐❛❧ s✐③❡ ♦❢ ❛ ❣❛❧❛①② ❬✷✸❪✱ t♦ 40 ▲②✱ t❤❡ s❝❛❧❡ ♦❢ t❤❡ ♦❜s❡r✈❛❜❧❡ ✉♥✐✈❡rs❡ ❛t t❤❡
t✐♠❡ ♦❢ r❡❝♦♠❜✐♥❛t✐♦♥ ❬✸✱ ✷✸❪✳ ❚❤❡ ♦❜s❡r✈❛❜❧❡ ♣❤❡♥♦♠❡♥❛ ♦❝❝✉rr✐♥❣ ✐♥ t❤❡s❡ s②st❡♠s ✐♥✢✉❡♥❝❡❞
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❜② ❉❛r❦ ▼❛tt❡r ❛r❡ ❞✐✈❡rs❡✱ ❛♥❞ t❤✐s ❞✐✈❡rs✐t② ♦❢ ♣❤❡♥♦♠❡♥❛ ✐s r❡✢❡❝t❡❞ ✐♥ t❤❡ ✈❛r✐❡❞ ❛r❡❛s ♦❢
♣❤②s✐❝s ✐♥✈♦❧✈❡❞❀ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝s ♦❢ t❤❡ ❤♦t ❣❛s ❜♦✉♥❞ ✐♥ ❣❛❧❛①② ❝❧✉st❡rs ❬✷✹❪✱ t❤❡ ❝❧❛ss✐❝❛❧
◆❡✇t♦♥✐❛♥ ♠❡❝❤❛♥✐❝s ♦❢ t❤❡ ♦r❜✐ts ♦❢ st❛rs ❜♦✉♥❞ ✐♥ ❣❛❧❛①✐❡s✱ t❤❡ ✢✉✐❞ ❞②♥❛♠✐❝s ❛♥❞ ❛t♦♠✐❝
♣❤②s✐❝s ♦❢ t❤❡ ♣r✐♠♦r❞✐❛❧ ♣❧❛s♠❛ ❬✷✺❪✱ t❤❡ str♦♥❣ ❧❡♥s✐♥❣ ♦❢ ♣❤♦t♦♥s ❜② ❤❡❛✈② ❣❛❧❛①② ❝❧✉st❡rs
❬✷✸❪✱ ❛♥❞ ♠❛♥② ♠♦r❡✳ ❍♦✇❡✈❡r ❞✐✈❡rs❡ t❤♦✉❣❤✱ ❛❧❧ ❡①✐st✐♥❣ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r r❡❧✐❡s
✉❧t✐♠❛t❡❧② ♦♥❧② ♦♥ ✐ts ❞❡✜♥✐♥❣ ❢❡❛t✉r❡✿ t❤❛t ✐t ❤❛s ♠❛ss✱ ❛♥❞ t❤✉s ❝♦✉♣❧❡s ❣r❛✈✐t❛t✐♦♥❛❧❧② ❬✷✸❪✳
❚❤✐s ✐s ✐❧❧✉str❛t❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❡ ❡①❛♠♣❧❡s ♦❢ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r✱ ❛❞❛♣t❡❞ ❢r♦♠
❘❡❢s✳ ❬✸✱ ✹❪✿

●❛❧❛❝t✐❝ ❘♦t❛t✐♦♥ ❈✉r✈❡s

❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❛✈❡r❛❣❡ ❝✐r❝✉❧❛r ✈❡❧♦❝✐t② ♦❢ t❤❡ ♠❛tt❡r ✐♥ ❛ s♣✐r❛❧ ❣❛❧❛①② ♦♥ t❤❡ r❛❞✐❛❧
❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r ✐s ❝❛❧❧❡❞ ❛ ❣❛❧❛❝t✐❝ r♦t❛t✐♦♥ ❝✉r✈❡✳ ❚✇♦ ❡①❛♠♣❧❡s ♦❢ ❣❛❧❛❝t✐❝
r♦t❛t✐♦♥ ❝✉r✈❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✻✳ ❚❤❡ ❝✐r❝✉❧❛r ✈❡❧♦❝✐t② v(r)❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠
◆❡✇t♦♥✐❛♥ ❞②♥❛♠✐❝s✱

v(r) =

√

GNM(r)

r
,

✇❤❡r❡ GN ✐s t❤❡ ●r❛✈✐t❛t✐♦♥❛❧ ❝♦♥st❛♥t✱ r ✐s t❤❡ r❛❞✐❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ♦❢
t❤❡ ❣❛❧❛①②✱ ❛♥❞ M(r) ≡ 4π

∫

ρ(r)r2 dr✱ ✇✐t❤ ρ(r) t❤❡ ♠❛ss ❞❡♥s✐t② ♣r♦✜❧❡✳ ❇❛s❡❞ ♦♥ ❥✉st t❤❡
✈✐s✐❜❧❡ ♠❛tt❡r✱ t❤❡ ❡①♣❡❝t❛t✐♦♥ ✐s t❤❛t ♠♦st ♦❢ t❤❡ ♠❛ss ♦❢ ❛ ❣❛❧❛①② r❡s✐❞❡s ✐♥ t❤❡ ❧✉♠✐♥♦✉s
st❛rs✱ t❤❡ ♠❛❥♦r✐t② ♦❢ ✇❤✐❝❤ ❛r❡ ❧♦❝❛t❡❞ ✐♥ t❤❡ ❝❡♥tr❛❧ s♣❤❡r✐❝❛❧ ❜✉❧❦✳ ❚❤✉s✱ ❜❡②♦♥❞ ❛ ❢❡✇
❦♣❝ ❢r♦♠ t❤❡ ❝❡♥t❡r✱ t❤❡ ❡①♣❡❝t❡❞ r♦t❛t✐♦♥ ❝✉r✈❡ ❢❛❧❧s st❡❡♣❧② v ∝ 1√

r
✳ ❍♦✇❡✈❡r✱ t❤❡ ♦❜s❡r✈❡❞

r♦t❛t✐♦♥ ❝✉r✈❡s ❛r❡ ✢❛t t♦ ✈❡r② ❧❛r❣❡ r❛❞✐✐✳ ❚❤❡ ♦❜s❡r✈❡❞ ✢❛t♥❡ss ♦❢ t❤❡ r♦t❛t✐♦♥ ❝✉r✈❡s ❝❛♥ ❜❡
❡①♣❧❛✐♥❡❞ ❜② ✐♥✈✐s✐❜❧❡ ❤❛❧♦s ♦❢ ❞❛r❦ ♠❛tt❡r✱ ✇✐t❤ ❛ ♠❛ss ❞❡♥s✐t② ♣r♦✜❧❡ ρ ∝ 1

r2
✳

❳✲r❛② ❊♠✐ss✐♦♥s ❛♥❞ ●r❛✈✐t❛t✐♦♥❛❧ ▲❡♥s✐♥❣ ❜② ●❛❧❛①② ❈❧✉st❡rs

●❛❧❛①② ❝❧✉st❡rs ❝❛♥ tr❛♣ ❣❛s ✐♥ t❤❡✐r ❞❡❡♣ ❣r❛✈✐t❛t✐♦♥❛❧ ♣♦t❡♥t✐❛❧ ✇❡❧❧s✳ ■♥ t❤❡ s✐♠♣❧✐✜❡❞ ❝❛s❡ ♦❢
❛ s♣❤❡r✐❝❛❧❧② s②♠♠❡tr✐❝ s②st❡♠✱ ❛♥❞ ❛♥ ✐❞❡❛❧ ❣❛s✱ r❡q✉✐r✐♥❣ t❤❛t t❤❡ ❣❛s ❝❧♦✉❞ ✐s ✐♥ ❤②❞r♦st❛t✐❝
❡q✉✐❧✐❜r✐✉♠✱ ✐✳❡✳ t❤❛t t❤❡ ❣❛s ♣r❡ss✉r❡ ✐s ❜❛❧❛♥❝❡❞ ❜② t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ♦❢ t❤❡ ❣❛s t♦✇❛r❞s t❤❡
❝❧✉st❡r✱ ②✐❡❧❞s ❛ ❣❛s t❡♠♣❡r❛t✉r❡

T ≈ (1.3− 1.8) keV

(

M(r)

1014Msun

)(

1Mpc

r

)

, ✭✶✳✶✺✮

✇✐t❤ Msun t❤❡ ♠❛ss ♦❢ t❤❡ s✉♥✱ ❛♥❞ M(r) t❤❡ t♦t❛❧ ♠❛ss ✇✐t❤✐♥ ❛ r❛❞✐❛❧ ❞✐st❛♥❝❡ r ❢r♦♠ t❤❡
❝❡♥t❡r ♦❢ t❤❡ ❝❧✉st❡r✳ ❆s t❤❡ t❤❡r♠❛❧ r❛❞✐❛t✐♦♥ ❡♠✐tt❡❞ ❜② t❤❡ ❣❛s ❝❧♦✉❞ ✐s ✐♥ ❡q✉✐❧✐❜r✐✉♠ ✇✐t❤
t❤❡ ❣❛s✱ t❤❡ ❣❛s ❝❧♦✉❞ ❝❛♥ ❜❡ tr❛❝❡❞ ❛♥❞ ✐ts s✐③❡ ❛♥❞ ♠❛ss ♠❡❛s✉r❡❞ ✇✐t❤ ❳✲r❛② ❛str♦♥♦♠②✳ ❚❤❡
♠❛ss ❡st✐♠❛t❡ t❤✉s ♦❜t❛✐♥❡❞ ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❛ss ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢
✐♥t❡r❣❛❧❛❝t✐❝ ❣❛s ❛♥❞ ❜r✐❣❤t ❣❛❧❛①✐❡s ♦❜s❡r✈❡❞ ❞✐r❡❝t❧②✳ ❲❤✐❧❡ t❤❡ ✈✐s✐❜❧❡ ♠❛ss ✐s ❞♦♠✐♥❛t❡❞ ❜②
t❤❡ ♠❛ss ♦❢ t❤❡ ❤♦t ❣❛s✱ t❤❡ ♠❛ss ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✭✶✳✶✺✮ ✐s t②♣✐❝❛❧❧② ♠❛♥② t✐♠❡s ❧❛r❣❡r✳
❚❤✐s ✐♥❞✐❝❛t❡s t❤❡ ♣r❡s❡♥❝❡ ♦❢ s✐❣♥✐✜❝❛♥t ❛♠♦✉♥ts ♦❢ ❉❛r❦ ▼❛tt❡r ❣r❛✈✐t❛t✐♦♥❛❧❧② ❝♦♥✜♥✐♥❣ t❤❡
❣❛s ✐♥ t❤❡ ❝❧♦✉❞✳

❆❝❝♦r❞✐♥❣ t♦ ❊✐♥st❡✐♥s t❤❡♦r② ♦❢ ❣❡♥❡r❛❧ r❡❧❛t✐✈✐t②✱ t❤❡ s♣❛❝❡✲t✐♠❡ ❝✉r✈❛t✉r❡ ♦❢ ❧❛r❣❡ ❛♠♦✉♥ts
♦❢ ♠❛ss✲ ❡♥❡r❣②✱ ❜② ❝✉r✈✐♥❣ t❤❡ ❣❡♦❞❡s✐❝s ♦❢ ♣❛ss✐♥❣ ♣❤♦t♦♥s✱ ❝❛♥ ❜❡♥❞ ♣❤♦t♦♥ tr❛❥❡❝t♦r✐❡s ❬✷✸❪✳
❚❤❡ ♣❤❡♥♦♠❡♥♦♥ ✐s ❝❛❧❧❡❞ ❧❡♥s✐♥❣✱ s✐♥❝❡ t❤❡ ❡✛❡❝t ♦♥ t❤❡ ♣❤♦t♦♥s ❛♣♣❡❛rs s✐♠✐❧❛r t♦ t❤❡ ❡❢✲
❢❡❝t ♦❢ ❛ ❣❧❛ss ❧❡♥s✳ ❚❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❧❡♥s✐♥❣ ✐s t❤✉s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ t♦t❛❧
❝✉r✈❛t✉r❡✱ ✐✳❡✳ ♠❛ss✱ ♥❡❛r t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ❬✷✸❪✳ ❍❡♥❝❡✱ ✐❢ t❤❡r❡ ✐s ❛ s✉✣❝✐❡♥t❧② ❜r✐❣❤t ❛♥❞

✷✻



❋✐❣✉r❡ ✶✳✼✿ ❚❤❡ ❜✉❧❧❡t ❝❧✉st❡r ✶❊ ✵✻✺✼✲✺✺✽✳ ❚❤❡ ✇❤✐t❡ ❜❛r ✐♥❞✐❝❛t❡s 200 ❦♣❝ ❛t t❤❡ r❡❞s❤✐❢t
♦❢ t❤❡ ❝❧✉st❡r✳ ❚❤❡ ❣r❡❡♥ ❧✐♥❡s ❛r❡ ❝♦♥t♦✉rs ♦❢ ❝♦♥st❛♥t ❝♦♥✈❡r❣❡♥❝❡✳ ❚❤❡ ❝♦♥✈❡r❣❡♥❝❡ ✐s
t❤❡ s❤❛♣❡✲✐♥❞❡♣❡♥❞❡♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛♣♣❛r❡♥t s✐③❡ ♦❢ ❛ ❣❛❧❛①② ❞✉❡ t♦ ❣r❛✈✐t❛t✐♦♥❛❧ ❧❡♥s✐♥❣✱
✇❤✐❝❤ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♠❛ss ❞❡♥s✐t②✳ ❚❤❡ ✇❤✐t❡ ❝♦♥t♦✉rs ❞❡❧✐♠✐t t❤❡ r❡❣✐♦♥s ❝♦✈❡r✐♥❣
t❤❡ ❧♦❝❛t✐♦♥s ♦❢ t❤❡ ♠❛ss ♣❡❛❦s ❛t 68.3%✱ 95.5%✱ ❛♥❞ 99.7% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ✉♥❞❡r❧②✐♥❣
❤❡❛t♠❛♣ s❤♦✇s t❤❡ ♦❜s❡r✈❡❞ ❳✲r❛② ✐♠❛❣❡ ♦❢ t❤❡ ❝❧✉st❡r✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✽❪✳

s✉✣❝✐❡♥t❧② ❢❛r ❛✇❛② ❧✐❣❤t s♦✉r❝❡ ❧♦❝❛t❡❞ ❜❡❤✐♥❞ t❤❡ ❝❧✉st❡r ❛❧♦♥❣ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ❢r♦♠ ❡❛rt❤✱
✐✳❡✳ ❛♥ ❛♥❝✐❡♥t ❣❛❧❛①②✱ ❣r❛✈✐t❛t✐♦♥❛❧ ❧❡♥s✐♥❣ ❝❛♥ ♣r♦✈✐❞❡ ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ❡st✐♠❛t❡ ♦❢ t❤❡ ♠❛ss
♦❢ t❤❡ ❣❛❧❛①② ❝❧✉st❡r✳ ■♥ ❛❣❣r❡❣❛t❡✱ t❤❡ ❧❡♥s✐♥❣ r❡s✉❧ts ❛r❡ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❣❛s
t❡♠♣❡r❛t✉r❡s ❬✸❪✳

❋✐♥❛❧❧②✱ s②st❡♠s ♦❢ ❝♦❧❧✐❞✐♥❣ ❣❛❧❛①② ❝❧✉st❡rs ♣r♦✈✐❞❡ ❡①❛♠♣❧❡s ♦❢ ❉❛r❦ ▼❛tt❡r s♣❛t✐❛❧❧②
s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ❤♦t ❣❛s t❤❛t ❝♦♥st✐t✉t❡s ♠♦st ♦❢ t❤❡ ❜❛r②♦♥✐❝ ♠❛tt❡r ✐♥ ❛ ❝❧✉st❡r ❬✹❪✳
❚❤❡ s♦✲❝❛❧❧❡❞ ✏❇✉❧❧❡t ❈❧✉st❡r✑ ✶❊ ✵✻✺✼✲✺✺✽ ✐s ❛ str✐❦✐♥❣ ❡①❛♠♣❧❡ ❬✽✱ ✷✻❪✳ ■t ✐s ✐❧❧✉str❛t❡❞ ✐♥
❋✐❣✉r❡ ✶✳✼✳ ❚❤❡ ❇✉❧❧❡t ❈❧✉st❡r ✐s ❛ s②st❡♠ ♦❢ t✇♦ ❝❧✉st❡rs t❤❛t r❡❝❡♥t❧②✹ ❝♦❧❧✐❞❡❞✳ ❚❤❡ ❣❛❧❛①✐❡s
♦❢ t❤❡ ❝❧✉st❡rs✱ ♦❜s❡r✈❛❜❧❡ ✐♥ t❤❡ ♦♣t✐❝❛❧ s♣❡❝tr✉♠✱ ❛r❡ ✈❡r② s♣❛rs❡❧② ❞✐str✐❜✉t❡❞✱ ✈❡r② ❞❡♥s❡✱
❛♥❞ ❧♦❝❛❧❧② ♥❡✉tr❛❧✳ ❚❤✉s t❤❡② ♠♦st❧② ♣❛ss ❜② ❡❛❝❤ ♦t❤❡r✱ ❣❡tt✐♥❣ s❧♦✇❡❞ ❞♦✇♥ s❧✐❣❤t❧② ❜②
❣r❛✈✐t❛t✐♦♥❛❧ ✐♥t❡r❛❝t✐♦♥✳ ❚❤❡ ❳✲r❛② ❡♠✐tt✐♥❣ ❤♦t ❣❛s ❝❧♦✉❞s✱ ❤♦✇❡✈❡r✱ ❛r❡ ♠♦r❡ ✉♥✐❢♦r♠❧②
❞✐str✐❜✉t❡❞ ❛♥❞ ✐♥t❡r❛❝t ❡❧❡❝tr♦♠❛❣♥❡t✐❝❛❧❧②✱ t❤✉s t❤❡② ♣r♦❞✉❝❡ ❛ s❤♦❝❦ ❢r♦♥t✱ ✈✐s✐❜❧❡ ✐♥ t❤❡
❣❛♠♠❛ r❛② ✐♠❛❣❡✱ ❛♥❞ ❣❡t ❝❛✉❣❤t ✐♥ ♦♥❡ ❛♥♦t❤❡r✳ ❚❤✐s ❤♦t ❣❛s ✐s ❛❜♦✉t 9 t✐♠❡s ❛s ♠❛ss✐✈❡
❛s t❤❡ ❧✉♠✐♥♦✉s ♠❛tt❡r ✐♥ t❤❡ ❣❛❧❛①✐❡s ♦❢ t❤❡ ❝❧✉st❡r ❬✷✻❪✳ ❚❤✉s✱ ✐❢ t❤❡r❡ ✇❛s ♦♥❧② ❜❛r②♦♥✐❝
♠❛tt❡r✱ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t ❣r❛✈✐t❛t✐♦♥❛❧ ❧❡♥s✐♥❣ t♦ ✐♥❞✐❝❛t❡ ♠♦st ♦❢ t❤❡ ♠❛ss r❡s✐❞✐♥❣ ✇✐t❤ t❤❡
❣❛s ❝❧♦✉❞s✳ ❍♦✇❡✈❡r✱ t❤❡ ❧❡♥s✐♥❣ ❞❛t❛ s✉❣❣❡st t❤❛t r♦✉❣❤❧② 80% ♦❢ t❤❡ ♠❛ss r❡s✐❞❡s ✐♥ t✇♦
❝❧✉st❡rs ❛r♦✉♥❞ t❤❡ ✈✐s✐❜❧❡ ❣❛❧❛①✐❡s✱ str♦♥❣❧② ✐♥❞✐❝❛t✐♥❣ t❤❛t ❉❛r❦ ▼❛tt❡r ✐s ❞✐st✐♥❝t ❢r♦♠ t❤❡
❜❛r②♦♥✐❝ ♠❛ss ❞✐str✐❜✉t✐♦♥ ❬✽❪✳

❇❛r②♦♥ ❆❝♦✉st✐❝ ❖s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ❈♦s♠✐❝ ▼✐❝r♦✇❛✈❡ ❇❛❝❦❣r♦✉♥❞

❯♥❞❡r t❤❡ st❛♥❞❛r❞ ♣❛r❛❞✐❣♠ ♦❢ ❝♦s♠♦❧♦❣②✱ t❤❡ ✈❡r② ❡❛r❧② ✉♥✐✈❡rs❡ ❝♦♥t❛✐♥s ❛ ♣r✐♠♦r❞✐❛❧
♣❧❛s♠❛ ♦❢ ♠❛tt❡r ❛♥❞ r❛❞✐❛t✐♦♥ ❬✷✸❪✳ ❆s t✐♠❡ ❣♦❡s ♦♥✱ t❤❡ ✉♥✐✈❡rs❡ ❡①♣❛♥❞s✱ ❝♦♦❧✐♥❣ t❤❡

✹✇✐t❤✐♥ t❤❡ ❧❛st 108 ②❡❛rs ❬✽❪

✷✼



❋✐❣✉r❡ ✶✳✽✿ ❚❤❡ ❛♥✐s♦tr♦♣✐❡s ♦❢ t❤❡ ❝♦s♠✐❝ ♠✐❝r♦✇❛✈❡ ❜❛❝❦❣r♦✉♥❞ ❛s ♦❜s❡r✈❡❞ ❜② t❤❡ P❧❛♥❝❦
❬✷✼❪ ♠✐ss✐♦♥✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷✽❪

♣❧❛s♠❛✳ ❆s t❤❡ ♣❧❛s♠❛ t❡♠♣❡r❛t✉r❡ ❞r♦♣s✱ ♣❛rt✐❝❧❡ s♣❡❝✐❡s ❞r♦♣ ♦✉t ♦❢ t❤❡ t❤❡r♠❛❧ ❡q✉✐❧✐❜r✐✉♠
✇❤❡♥ t❤❡②✱ ♦♥ ❛✈❡r❛❣❡✱ ✐♥t❡r❛❝t ♠♦r❡ s❧♦✇❧② t❤❛♥ t❤❡ ✉♥✐✈❡rs❡ ❡①♣❛♥❞s✱ ♦r ❛r❡ t♦ ❤❡❛✈② t♦ ❜❡
♣r♦❞✉❝❡❞ ❛t t❤❡ ❝✉rr❡♥t t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤✉s ❡✐t❤❡r ❞❡❝❛② ♦r ♣❡rs✐st✳ ❚❤❡ ❧❛st ♣❛rt✐❝❧❡s t♦
❞❡❝♦✉♣❧❡ ❛r❡ ♣❤♦t♦♥s✱ ♣r♦t♦♥s ❛♥❞ ❡❧❡❝tr♦♥s✳ ❆❢t❡r t❤❛t✱ t❤❡ ❡❧❡❝tr♦♥s ❛♥❞ ♣r♦t♦♥s ❛r❡ ❜♦✉♥❞
✐♥ ♥❡✉tr❛❧ ❤②❞r♦❣❡♥ ❛t♦♠s✱ ✇❤✐❧❡ t❤❡ ♣❤♦t♦♥s st❛rt t♦ str❡❛♠ ❢r❡❡❧② t❤r♦✉❣❤ t❤❡ ✉♥✐✈❡rs❡✳ ❚❤✉s
t❤❡s❡ r❡❧✐❝ ♣❤♦t♦♥s ❝❛rr② t❤❡ ✐♠❛❣❡ ♦❢ t❤❡ ♣❧❛s♠❛ ❥✉st ❜❡❢♦r❡ ✐t ❢♦r♠❡❞ t❤❡ ✜rst ❛t♦♠s✳

❚❤❡ r❡❧✐❝ ♣❤♦t♦♥s ♣❡r♠❡❛t❡ s♣❛❝❡ t♦ t❤✐s ❞❛②✳ ❍♦✇❡✈❡r✱ ❣r❛✈✐t❛t✐♦♥❛❧ r❡❞s❤✐❢t ❞✉❡ t♦ t❤❡
❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ✉♥✐✈❡rs❡ r❡❞✉❝❡s t❤❡ r❡❧✐❝ ♣❤♦t♦♥ ❡♥❡r❣②✳ ❚❤✉s t❤❡ r❡❧✐❝ ♣❤♦t♦♥ t❡♠♣❡r❛t✉r❡
❤❛s ❞r♦♣♣❡❞ ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ≈ 3000 ❑ t♦ ≈ 2.7 ❑ t♦❞❛② ❬✷✸❪✳ ❚❤✐s t❡♠♣❡r❛t✉r❡ ❝♦rr❡s♣♦♥❞s
t♦ t②♣✐❝❛❧ ✇❛✈❡❧❡♥❣t❤s 1 ♠♠✱ ❛♥❞ t❤✉s t❤❡s❡ ♣❤♦t♦♥s ❛r❡ ❝♦❧❧❡❝t✐✈❡❧② ❝❛❧❧❡❞ t❤❡ ❈♦s♠✐❝
▼✐❝r♦✇❛✈❡ ❇❛❝❦❣r♦✉♥❞ ✭❈▼❇✮✳ ❚❤❡ ♦❜s❡r✈❡❞ ❈▼❇ ✐s ✐s♦tr♦♣✐❝ ❛t t❤❡ ❧❡✈❡❧ ♦❢ 10−5 ❬✸❪✱ ❜❡❧♦✇
✇❤✐❝❤ ❛♥✐s♦tr♦♣✐❡s st❛rt ❛♣♣❡❛r✐♥❣✳ ❆ ♠❛♣ ♦❢ t❤❡s❡ ❛♥✐s♦tr♦♣✐❡s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✽✳ ❚❤❡
♦❜s❡r✈❡❞ ❛♥✐s♦tr♦♣✐❡s ❛r❡ ❝♦♥✈❡♥t✐♦♥❛❧❧② ❡①♣❛♥❞❡❞ ❛s ❛ s❡r✐❡s ♦❢ s♣❤❡r✐❝❛❧ ❤❛r♠♦♥✐❝s✳ ❚❤❡
❡①♣❛♥s✐♦♥ ❝♦❡✣❝✐❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠✉❧t✐♣♦❧❡ ♦r❞❡r ✐♥ t❤❡ s❡r✐❡s ♦❢ s♣❤❡r✐❝❛❧ ❤❛r♠♦♥✐❝s
❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✾✱ ❛❧s♦ ❝❛❧❧❡❞ t❤❡ ❈▼❇ ♣♦✇❡r s♣❡❝tr✉♠✳

❚❤❡ ❈▼❇ ♣♦✇❡r s♣❡❝tr✉♠ ✐♥ ❋✐❣✉r❡ ✶✳✾ ✐s ❢♦r♠❡❞ ♦❢ ❛ s✉❝❝❡ss✐♦♥ ♦❢ ♣❡❛❦s ❛♥❞ tr♦✉❣❤s✳
❚❤✐s ♠❡❛♥s t❤❛t ❛t ❝❡rt❛✐♥ ♣♦✇❡rs l✱ ✐✳❡✳ ❝❡rt❛✐♥ t②♣✐❝❛❧ ❞✐st❛♥❝❡ s❝❛❧❡s✱ ❛♥✐s♦tr♦♣✐❡s ❛r❡ ♠♦r❡
❝♦♠♠♦♥ t❤❛♥ ❛t ♦t❤❡rs✳ ❚❤✐s ♦❜s❡r✈❛t✐♦♥ ✐s ❡①♣❧❛✐♥❡❞ ❜② ♦s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ♣r✐♠♦r❞✐❛❧ ❜❛r②♦♥✐❝
♣❧❛s♠❛✱ ❝❛❧❧❡❞ ❜❛r②♦♥ ❛❝♦✉st✐❝ ♦s❝✐❧❧❛t✐♦♥s ❬✸✵✱ ✸✶❪✳ ■♥ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s s❡❝t✐♦♥✱ ❛ ✈❡r②
❜❛s✐❝ ♦✈❡r✈✐❡✇ ❜❛s❡❞ ♦♥ t❤❡ ❞❡s❝r✐♣t✐♦♥s ✐♥ ❬✸✵✱ ✸✶✱ ✷✺❪ ✐s ♣r❡s❡♥t❡❞✳

❆ss✉♠✐♥❣ r❛♥❞♦♠ q✉❛♥t✉♠ ✢✉❝t✉❛t✐♦♥s ✐♥✐t✐❛t❡❞ s♦♠❡ ♦✈❡r✲❛♥❞ ✉♥❞❡r❞❡♥s✐t✐❡s ✐♥ t❤❡ ❡❛r❧②
✉♥✐✈❡rs❡✱ t❤❡♥ ❜♦t❤ ❉❛r❦ ▼❛tt❡r ❛♥❞ t❤❡ ❜❛r②♦♥✐❝ ♣❧❛s♠❛ ❛r❡ ❣r❛✈✐t❛t✐♦♥❛❧❧② ❛ttr❛❝t❡❞ t♦ t❤❡
♦✈❡r❞❡♥s✐t✐❡s✳ ❚❤✉s ♠❛tt❡r st❛rts t♦ ❝❧✉♠♣ ❛r♦✉♥❞ t❤❡ r❛♥❞♦♠ ✐♥✐t✐❛❧ ✢✉❝t✉❛t✐♦♥s✳ ❆s t❤❡
♣❧❛s♠❛ ❞❡♥s✐t② ❣r♦✇s✱ t❤❡ ♠❡❛♥ ♣❛t❤ ❜❡t✇❡❡♥ t✇♦ ✐♥t❡r❛❝t✐♦♥s ♦❢ t❤❡ ❡❧❡❝tr♦♥s ♦r ♣r♦t♦♥s
✐s r❡❞✉❝❡❞✳ ❚❤✐s ✐♥❝r❡❛s❡s t❤❡ r❛t❡ ❛t ✇❤✐❝❤ ♣❤♦t♦♥s ❛r❡ r❛❞✐❛t❡❞ ✐♥ t❤❡s❡ ✐♥t❡r❛❝t✐♦♥s✱ ❛♥❞
t❤✉s t❤❡ r❛❞✐❛t✐♦♥ ♣r❡ss✉r❡ ❡①❡rt❡❞ ❜② t❤❡ ♣❤♦t♦♥s ♦♥ t❤❡ ❡❧❡❝tr♦♥s ❛♥❞ ♣r♦t♦♥s ♦❢ t❤❡ ♣❧❛s♠❛
❣r♦✇s✳ ❆t ❤✐❣❤ ❡♥♦✉❣❤ r❛❞✐❛t✐♦♥ ♣r❡ss✉r❡✱ t❤❡ ♣❧❛s♠❛ ✐s ♣✉s❤❡❞ ❛✇❛② ❢r♦♠ t❤❡ ♦✈❡r❞❡♥s❡ s♣♦t✳
❚❤✐s r❡❞✉❝❡s t❤❡ r❛❞✐❛t✐♦♥ ♣r❡ss✉r❡✱ s✉❝❤ t❤❛t t❤❡ ❜❛r②♦♥s ❝❛♥ ❢❛❧❧ ✐♥ ❛❣❛✐♥✱ ❛♥❞ s♦ ♦♥✳ ❚❤❡
r❡s✉❧t ♦❢ t❤❡s❡ ❡❧❡❝r♦♠❛❣♥❡t✐❝ ✐♥t❡r❛❝t✐♦♥s ♦❢ t❤❡ ♣r♦t♦♥s✱ ❡❧❡❝tr♦♥s ❛♥❞ ♣❤♦t♦♥s ❛r❡ ❞❡♥s✐t②
♦s❝✐❧❧❛t✐♦♥s✱ ❝❛❧❧❡❞ ❜❛r②♦♥ ❛❝♦✉st✐❝ ♦s❝✐❧❧❛t✐♦♥s✳ ❙✐♥❝❡ ❉❛r❦ ▼❛tt❡r ❞♦❡s ♥♦t ❢❡❡❧ t❤❡ r❛❞✐❛t✐♦♥
♣r❡ss✉r❡ ♦❢ t❤❡ ♣❤♦t♦♥s✱ ✐t ❝♦♥t✐♥✉♦✉s❧② ❢❛❧❧s ✐♥t♦ t❤❡ ♦✈❡r❞❡♥s❡ ❧♦❝❛t✐♦♥s✱ ❣✐✈✐♥❣ r✐s❡ t♦ ❛♥ ❡✈❡r
✐♥❝r❡❛s✐♥❣ ❣r❛✈✐t❛t✐♦♥❛❧ ❞r✐✈✐♥❣ ❢♦r❝❡ ♦♥ t❤❡ ❜❛r②♦♥ ❛❝♦✉st✐❝ ♦s❝✐❧❧❛t✐♦♥s✳

❚❤❡ ❜❛r②♦♥ ❛❝♦✉st✐❝ ♦s❝✐❧❧❛t✐♦♥s ❣♦ ♦♥ ✉♥t✐❧ t❤❡ ♣❧❛s♠❛ ❝♦♠❜✐♥❡s ✐♥t♦ ❤②❞r♦❣❡♥ ❛t♦♠s✱ ❛♥❞
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❋✐❣✉r❡ ✶✳✾✿ P❧❛♥❝❦ ✷✵✶✺ t❡♠♣❡r❛t✉r❡ ♣♦✇❡r s♣❡❝tr✉♠ ❬✷✾❪✳ ❉❛t❛ ❛r❡ s❤♦✇♥ ✐♥ ❜❧✉❡✱ t❤❡ ❜❡st✲✜t
♠♦❞❡❧ ✐♥ r❡❞✳

t❤❡ ♣❤♦t♦♥s ❞❡❝♦✉♣❧❡✳ ❆t t❤✐s ♠♦♠❡♥t t❤❡ ♦s❝✐❧❧❛t✐♦♥s st♦♣✳ ❚❤❡ ♣❤♦t♦♥s st❛rt ♣r♦♣❛❣❛t✐♥❣
❢r❡❡❧②✱ ✇✐t❤ ❡♥❡r❣✐❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❧♦❝❛❧ t❡♠♣❡r❛t✉r❡ ❞✐str✐❜✉t✐♦♥ ❝❛✉s❡❞ ❜② t❤❡ ❞❡♥s✐t②
♦s❝✐❧❧❛t✐♦♥s✳ ❆s t❤❡② ♣r♦♣❛❣❛t❡✱ s♦♠❡ ♦❢ t❤❡ ♣❤♦t♦♥s ❧♦s❡ s♦♠❡ ❡♥❡r❣② ❛s t❤❡② ❧❡❛✈❡ t❤❡✐r ❧♦❝❛❧
❣r❛✈✐t❛t✐♦♥❛❧ ♣♦t❡♥t✐❛❧ ✇❡❧❧✳ ❚❤❡ t✇♦ ❡✛❡❝ts t♦❣❡t❤❡r t❤✉s ✐♠♣r✐♥t ✉♣♦♥ t❤❡ ❈▼❇ ♣❤♦t♦♥
❡♥❡r❣✐❡s t❤❡ ❛♥✐s♦tr♦♣② str✉❝t✉r❡ ♦❢ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡✱ ❛s ❤♦t ❛♥❞ ❝♦❧❞ s♣♦ts✱ ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✶✳✽✳ ❚❤❡ ♣❡❛❦s ✐♥ ❋✐❣✉r❡ ✶✳✾ ❛r❡ t❤❡ r❡s✉❧t ♦❢ ♦s❝✐❧❧❛t✐♦♥s t❤❛t ✇❡r❡ ❢r♦③❡♥ ❜② t❤❡
❧❛st s❝❛tt❡r✐♥❣ ✇❤✐❧❡ t❤❡② ❤❛♣♣❡♥❡❞ t♦ ❜❡ ❛t ❛♥ ❡①tr❡♠✉♠ ♦❢ t❤❡✐r ♦s❝✐❧❧❛t✐♦♥✳ ❙✐♥❝❡ t❤❡
s♣❡❡❞ ♦❢ ❧✐❣❤t ✐s ❧✐♠✐t❡❞✱ t❤❡r❡ ✐s ❛ ❤♦r✐③♦♥ ❧✐♠✐t✐♥❣ ❤♦✇ ❢❛r t❤❡ ❜❛r②♦♥ ♦s❝✐❧❧❛t✐♦♥ ✏s♦✉♥❞✑ ❝❛♥
❤❛✈❡ tr❛✈❡❧❡❞ ♣r✐♦r t♦ r❡❝♦♠❜✐♥❛t✐♦♥✱ ✇❤✐❧❡ st✐❧❧ ❜❡✐♥❣ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❈▼❇ t♦❞❛②✳ ❚❤✐s s❡ts ❛
❧❡♥❣t❤ s❝❛❧❡✱ ❣✐✈✐♥❣ ❛ ♠✐♥✐♠✉♠ ✇❛✈❡♥✉♠❜❡r✱ ♦r ♠✐♥✐♠✉♠ ❤❛r♠♦♥✐❝ ♣♦✇❡r ℓ✱ ✇❤✐❝❤ ❞❡t❡r♠✐♥❡s
t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ ♣❡❛❦s ✐♥ ❋✐❣✉r❡ ✶✳✾✳ ❖❞❞ ♥✉♠❜❡r❡❞ ♣❡❛❦s ❝♦rr❡s♣♦♥❞ t♦ ♠❛①✐♠❛❧
t❡♠♣❡r❛t✉r❡s✱ ❡✈❡♥ ♥✉♠❜❡r❡❞ ♣❡❛❦s t♦ ♠✐♥✐♠❛❧ t❡♠♣❡r❛t✉r❡s✳ ❙✐♥❝❡ t❤❡ ♦s❝✐❧❧❛t✐♦♥s ❛r❡ ❞r✐✈❡♥
❜② t❤❡ ❉❛r❦ ▼❛tt❡r ❞❡♥s✐t②✱ ✜ts t♦ t❤❡ ❈▼❇ ♣♦✇❡r s♣❡❝tr✉♠ ❛❧❧♦✇ t♦ ❡①tr❛❝t✱ ❛♠♦♥❣ ♦t❤❡rs✱
t❤❡ ❉❛r❦ ▼❛tt❡r ❞❡♥s✐t② ✐♥ t❤❡ ❯♥✐✈❡rs❡ ❢r♦♠ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ ❧♦❝❛t✐♦♥s ♦❢ t❤❡ ♣❡❛❦s✳ ■♥

♣❛rt✐❝✉❧❛r✱ t❤❡ ❜❡st✲✜t r❡s✉❧t ρDM = 0.258(11)3H(0)2

8πGN
❬✷✾❪ ✐s s✐❣♥✐✜❝❛♥t❧② ❛✇❛② ❢r♦♠ 0✳ ❚❤✉s t❤❡

❈▼❇ ♣♦✇❡r s♣❡❝tr✉♠ ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r ❛t ❝♦s♠♦❧♦❣✐❝❛❧ s❝❛❧❡s✳

✶✳✸✳✷ ◆❛t✉r❡ ♦❢ ❉❛r❦ ▼❛tt❡r

❚❤❡r❡ ✐s ❛ ❧❛r❣❡ ✈❛r✐❡t② ♦❢ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r✱ t❤r❡❡ ❡①❛♠♣❧❡s ♦❢ ✇❤✐❝❤ ✇❡r❡ ❜r✐❡✢②
✐♥tr♦❞✉❝❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✶✳ ❍♦✇❡✈❡r✱ ❛❧❧ ♦❢ t❤❡ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r ❝♦♠❡s ❢r♦♠ t❤❡
st✉❞✐❡s ♦❢ ❣❛❧❛①✐❡s ♦r ❡✈❡♥ ❧❛r❣❡r s②st❡♠s ❬✸❪✳ ❇❡②♦♥❞ t❤❛t✱ t❤❡ ❡✈✐❞❡♥❝❡ ❢♦r ❉❛r❦ ▼❛tt❡r
r❡❧✐❡s ♦♥ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r ✈✐❛ ❣r❛✈✐t②✱ ❛♥❞ t❤❛t ❛♥② ♣♦t❡♥t✐❛❧ ♦t❤❡r ✐♥t❡r❛❝t✐♦♥s
❛r❡ ❝♦✉♣❧❡❞ ❢❛r ✇❡❛❦❡r t❤❛♥ t②♣✐❝❛❧ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✐♥t❡r❛❝t✐♦♥s✳ ❚❤✉s✱ ❛❧❧ t❤❛t t❤❡ ❡✈✐❞❡♥❝❡
r❡q✉✐r❡s ♦❢ ❉❛r❦ ▼❛tt❡r ✐s ❛ ♠❛ss ❛♥❞ ❛ s♠❛❧❧ ✐♥t❡r❛❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥✳ ❚❤✐s ✉♥❦♥♦✇♥ ♥❛t✉r❡
♦❢ ❉❛r❦ ▼❛tt❡r ✐s t❤❡ s✉❜❥❡❝t ♦❢ t❤✐s s❡❝t✐♦♥✳

❚❤❡ ❛❜♦✈❡ ❝♦♥❞✐t✐♦♥s ♦❢ s♦♠❡ ♠❛ss ❛♥❞ s♠❛❧❧ ❝r♦ss s❡❝t✐♦♥s ❛r❡ ✐♥ ❢❛❝t ♣r♦♣❡rt✐❡s ♦❢ ❛t
❧❡❛st t✇♦ ♦❢ t❤❡ t❤r❡❡ s♣❡❝✐❡s ♦❢ ♥❡✉tr✐♥♦✳ ❖♥❡ ❡①♣❡❝ts t❤❛t ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♥❡✉tr✐♥♦s
✇❛s ♣r♦❞✉❝❡❞ t❤❡r♠❛❧❧② ✐♥ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡ ❬✷✸❪✳ ❍♦✇❡✈❡r✱ t❤✐s ❡①♣❧❛♥❛t✐♦♥ ❤❛s s❡✈❡r❛❧
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✐♥s✉✣❝✐❡♥❝✐❡s✳ ❋✐rst❧②✱ ✐❢ t❤❡ ♥❡✉tr✐♥♦s ❛r❡ ♣r♦❞✉❝❡❞ t❤❡r♠❛❧❧② ✐♥ t❤❡ ❡❛r❧② ❯♥✐✈❡rs❡✱ t❤❡♥
❣✐✈❡♥ t❤❡ ♦❜s❡r✈❡❞ ✉♣♣❡r ❧✐♠✐ts ♦♥ t❤❡✐r ♠❛ss❡s✱ t❤❡ ♥❡✉tr✐♥♦ r❡❧✐❝ ❞❡♥s✐t② ♠❛② ❛t ♠♦st ❜❡
≈ 0.0062 ❬✶✼❪✱ ✇❤✐❝❤ ✐s t♦♦ ❧♦✇ t♦ ❡①♣❧❛✐♥ t❤❡ ❈▼❇ ❛♥✐s♦tr♦♣✐❡s ❬✸❪✳ ❙❡❝♦♥❞❧②✱ t❤❡ ♥❡✉tr✐♥♦s
✇♦✉❧❞ ❜❡ ♣r♦❞✉❝❡❞ ❛t ✈❡r② ❤✐❣❤ t❡♠♣❡r❛t✉r❡s✱ ❛♥❞ t❤✉s ❤❛✈❡ ✈❡❧♦❝✐t✐❡s ❝❧♦s❡ t♦ t❤❡ s♣❡❡❞
♦❢ ❧✐❣❤t ❛r♦✉♥❞ t❤❡ t✐♠❡ ♦❢ str✉❝t✉r❡ ❢♦r♠❛t✐♦♥ ❬✹❪✳ ❚❤✐s ✐s ✐♥❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❝✉rr❡♥t
✉♥❞❡rst❛♥❞✐♥❣ ♦❢ str✉❝t✉r❡ ❢♦r♠❛t✐♦♥✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t ❉❛r❦ ▼❛tt❡r st❛rt❡❞ ❝❧✉♠♣✐♥❣ ✐♥t♦
s♠❛❧❧ str✉❝t✉r❡s✱ ❢r♦♠ ✇❤✐❝❤ ❧❛r❣❡r str✉❝t✉r❡s ✇❡r❡ ❢♦r♠❡❞✱ ✇❤✐❝❤ ❛ttr❛❝t❡❞ ❜❛r②♦♥✐❝ ♠❛tt❡r✱
t❤✉s ❢♦r♠✐♥❣ ❣❛❧❛①✐❡s ❛♥❞ ❣❛❧❛①② ❝❧✉st❡rs ❬✹❪✳ ◆❡✉tr✐♥♦s✱ ♠♦✈✐♥❣ ❛t ❝❧♦s❡ t♦ t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t✱
❝❛♥♥♦t ❤❛✈❡ ✐♥✐t✐❛t❡❞ str✉❝t✉r❡ ❢♦r♠❛t✐♦♥ ✐♥ t❤✐s ♠❛♥♥❡r✱ s✐♥❝❡ t❤❡② ❛r❡ t♦♦ ❢❛st t♦ ❜❡ ❝❛✉❣❤t
✐♥ t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ❧♦✇ ♠❛ss str✉❝t✉r❡s ❬✸❪✳ ❚❤✉s ♥❡✉tr✐♥♦s✱ ✇❤✐❧❡ ❧✐❦❡❧② ❜❡✐♥❣
❛ s♠❛❧❧ ❝♦♠♣♦♥❡♥t ♦❢ ❤♦t ❉❛r❦ ▼❛tt❡r✱ ❛r❡ ♥♦ t❤❡ ♣r❡❞♦♠✐♥❛♥t❧② ❝♦❧❞ ❉❛r❦ ▼❛tt❡r ✉s❡❞ t♦
❞❡s❝r✐❜❡ ❡①♣❧❛✐♥s t❤❡ ❝♦s♠♦❧♦❣② ♦❢ str✉❝t✉r❡ ❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡ ❈▼❇✳

❆♥♦t❤❡r ✇❛② t♦ ❝♦♥str✉❝t ❛ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡ t♦ ❡①♣❧❛✐♥ ❣❛❧❛❝t✐❝ r♦t❛t✐♦♥ ❝✉r✈❡s
✐s t♦ ❝♦♥s✐❞❡r s②st❡♠s ♦❢ ❜♦✉♥❞ ❙▼ ♣❛rt✐❝❧❡s✱✐♥ ♥♦♥✲❧✉♠✐♥♦✉s ❝♦♥✜❣✉r❛t✐♦♥s✱ ❝❛❧❧❡❞ ▼❛ss✐✈❡
❈♦♠♣❛❝t ❍❛❧♦ ❖❜❥❡❝ts ✭▼❆❈❍❖s✮✳ ❊①❛♠♣❧❡s ✐♥❝❧✉❞❡ s♠❛❧❧ st❛rs t❤❛t ❛r❡ t♦♦ ❧♦✇ ✐♥ ♠❛ss t♦
✐♥✐t✐❛t❡ ❢✉s✐♦♥ ✉♥❞❡r t❤❡ ♣r❡ss✉r❡ ♦❢ t❤❡✐r ♦✇♥ ✇❡✐❣❤t✱ s♠❛❧❧ ❜❧❛❝❦ ❤♦❧❡s ❡t❝✳ ▲✐♠✐ts ♦♥ t❤❡ ♠❛ss
♦❢ s✉❝❤ ♦❜❥❡❝ts ❤❛✈❡ ❜❡❡♥ ♣❧❛❝❡❞ ❜② ♠♦♥✐t♦r✐♥❣ t❤❡ ❧✉♠✐♥♦s✐t✐❡s ♦❢ ♥❡❛r❜② st❛rs ♦✈❡r s❡✈❡r❛❧
②❡❛rs✱ ✇❤✐❝❤ ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ t♦ ✢✉❝t✉❛t❡ ❞✉❡ t♦ ❣r❛✈✐t❛t✐♦♥❛❧ ❧❡♥s✐♥❣ ❜② t❤❡ ▼❆❈❍❖s ❬✶✼❪✱
✜♥❞✐♥❣ t❤❛t ♥♦ ♠♦r❡ t❤❛♥ 8% ♦❢ t❤❡ ♠❛ss ♦❢ t❤❡ ❤❛❧♦ ♦❢ ♦✉r ❣❛❧❛①② ❝❛♥ ❜❡ ❞✉❡ t♦ ▼❆❈❍❖s
❬✸✷❪✳

❆s✐❞❡s ❢r♦♠ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡s ❜❛s❡❞ ♦♥ ❦♥♦✇♥ ❙▼ ♣❛rt✐❝❧❡s✱ ❉❛r❦ ▼❛tt❡r ❝♦✉❧❞ ❜❡
❝♦♠♣♦s❡❞ ♦❢ ♥❡✇ ♣❛rt✐❝❧❡s t❤❛t ❛r❡ ♥♦t ♣❛rt ♦❢ t❤❡ ❙▼✳ ❚✇♦ ❝❧❛ss❡s ♦❢ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡
t❤❛t ❤❛✈❡ r❡❝✐❡✈❡❞ ♣❛rt✐❝❧✉❛r ❛tt❡♥t✐♦♥ ❛r❡ ❲❡❛❦❧② ■♥t❡r❛❝t✐♥❣ ▼❛ss✐✈❡ P❛rt✐❝❧❡ ✭❲■▼Ps✮ ❛♥❞
❆①✐♦♥✲▲✐❦❡ P❛rt✐❝❧❡s ✭❆▲Ps✮ ❬✺✱ ✸❪✳

❆▲Ps ❛r❡ ❈P✲♦❞❞ s❝❛❧❛r ♣❛rt✐❝❧❡s ✇✐t❤ ✈❡r② s♠❛❧❧ ✐♥t❡r❛❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥s ❛♥❞ ♠❛ss❡s
t②♣✐❝❛❧❧② ✐♥ t❤❡ s✉❜✲❡❱ r❛♥❣❡ ❬✺✱ ✸❪✳ ❉✉❡ t♦ t❤❡ ❡①tr❡♠❡❧② ❧♦✇ ✐♥t❡r❛❝t✐♦♥ r❛t❡s✱ ❆▲Ps ❛r❡
❝❤❛❧❧❡♥❣✐♥❣ t♦ st✉❞② ❛t ❛ ♣❛rt✐❝❧❡ ❝♦❧❧✐❞❡r✱ ❛♥❞ t❤✉s t❤❡② ❛r❡ ♥♦t ❞✐s❝✉ss❡❞ ❢✉rt❤❡r ✐♥ t❤✐s
❚❤❡s✐s✳ ❆ ❲■▼P ✐s ❛ ♥❡✇ ♣❛rt✐❝❧❡ s♣❡❝✐❡s ✇✐t❤ ❛ ♠❛ss ❛♣♣r♦①✐♠❛t❡❧② ❝❧♦s❡ t♦ t❤❡ ❡❧❡❝tr♦✇❡❛❦
✭s②♠♠❡tr② ❜r❡❛❦✐♥❣ ✲✮ s❝❛❧❡✱ ✐✳❡✳ s❡✈❡r❛❧ GeV t♦ TeV✱ ❛♥❞ ❛ t❤❡r♠❛❧❧② ❛✈❡r❛❣❡❞ ❛♥♥✐❤✐❧❛t✐♦♥
❝r♦ss s❡❝t✐♦♥ ♦❢ ❛ s✐③❡ t②♣✐❝❛❧ ❢♦r ❡❧❡❝tr♦✇❡❛❦ ♣r♦❝❡ss❡s ✐✳❡✳ 〈σann.v〉 ≈ 1× 10−27 cm3

s
❬✺✱ ✸✱ ✹❪✳

❲■▼Ps✱ ✐❢ ♣r♦❞✉❝❡❞ t❤❡r♠❛❧❧② ✐♥ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡✱ ✇♦✉❧❞ ❜❡ ♣r♦❞✉❝❡❞ ✐♥ ❛♥ ❛♠♦✉♥t
❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❉❛r❦ ▼❛tt❡r ❛❜✉♥❞❛♥❝❡ ❛s ✜tt❡❞ t♦ t❤❡ ❈▼❇✳ ❋✉rt❤❡r♠♦r❡✱ s✉❝❤ ❲■▼P
♣❛rt✐❝❧❡s ✇♦✉❧❞ ❞❡❝♦✉♣❧❡ ❢r♦♠ t❤❡ ♣r✐♠♦r❞✐❛❧ ♣❧❛s♠❛ ❛t ❛ t✐♠❡ ✇❤❡♥ t❤❡ ♣❧❛s♠❛ t❡♠♣❡r❛t✉r❡
✐s ❢❛r s♠❛❧❧❡r t❤❛♥ t❤❡ ♣❛rt✐❝❧❡ ♠❛ss ❬✸✱ ✹❪✳ ❍❡♥❝❡ t❤❡s❡ ♣❛rt✐❝❧❡s ✇♦✉❧❞ ❤❛✈❡ ♥♦♥✲r❡❧❛t✐✈✐st✐❝
✈❡❧♦❝✐t✐❡s ❛❢t❡r t❤❡✐r ❞❡❝♦✉♣❧✐♥❣✱ ✐✳❡✳ t❤❡② ✇♦✉❧❞ ❜❡ ❝♦❧❞ ❉❛r❦ ▼❛tt❡r✱ ❛♥❞ t❤✉s ❝♦♥s✐st❡♥t
✇✐t❤ ❛ ❜♦tt♦♠✲✉♣ str✉❝t✉r❡ ❢♦r♠❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ❬✺❪✳ ❚❤✉s✱ ❲■▼Ps ♥❛t✉r❛❧❧② ♠❛t❝❤ t❤❡
❝♦s♠♦❧♦❣✐❝❛❧ ❝♦♥str❛✐♥ts ♦❢ ❉❛r❦ ▼❛tt❡r ❬✺❪✱ ✐✳❡✳ ❛ss✉♠✐♥❣ ♦♥❧② t❤❡r♠❛❧ ♣r♦❞✉❝t✐♦♥✱ ❛s ❛ss✉♠❡❞
❛❧s♦ ❢♦r ♦t❤❡r r❡❧✐❝s ♦❢ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡✱ s✉❝❤ ❛s t❤❡ ❈▼❇ ♣❤♦t♦♥s✱ ♦r r❡❧✐❝ ♥❡✉tr✐♥♦s✳

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ✐♥❞❡♣❡♥❞❡♥t❧② ♠♦t✐✈❛t❡❞ t❤❡♦r✐❡s ♦❢ ♣❤②s✐❝s ❜❡②♦♥❞ t❤❡ ❙▼ t❤❛t ❝❛♥
❛❝❝♦♠♠♦❞❛t❡ ❲■▼P ❉❛r❦ ▼❛tt❡r ❬✸❪✳ ❆♥ ❡①❛♠♣❧❡ ❛r❡ R−♣❛r✐t② ❝♦♥s❡r✈✐♥❣ s✉♣❡rs②♠♠❡tr✐❝
❡①t❡♥s✐♦♥s ♦❢ t❤❡ ❙▼ ❬✸✱ ✺❪✳ ❚❤❡s❡ ❢❡❛t✉r❡ ❛ ❧✐❣❤t❡st s✉♣❡rs②♠♠❡tr✐❝ ♣❛rt✐❝❧❡✱ ✇❤✐❝❤✱ ✐❢ ✐t ✐s ❛
♥❡✉tr❛❧✐♥♦ ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ ♠❛ss ❛♥❞ ❝♦✉♣❧✐♥❣s✱ ✇♦✉❧❞ ❝♦♥st✐t✉t❡ ❲■▼P ❉❛r❦ ▼❛tt❡r ❬✸✱ ✺❪✳

❇❡❝❛✉s❡ t❤❡② ♥❛t✉r❛❧❧② ♣r♦✈✐❞❡ t❤❡ ❝♦rr❡❝t r❡❧✐❝ ❛❜✉♥❞❛♥❝❡ ♦❢ ❝♦❧❞ ❉❛r❦ ▼❛tt❡r✱ ❛♥❞ ❜❡✲
❝❛✉s❡ t❤❡② ❝❛♥ ❜❡ ♠♦t✐✈❛t❡❞ ✐♥ ❧❛r❣❡r ❤②♣♦t❤❡t✐❝❛❧ t❤❡♦r✐❡s s✉❝❤ ❛s s✉♣❡rs②♠♠❡tr②✱ ❲■▼Ps
❤❛✈❡ ❜❡❡♥ t❤❡ ❢♦❝✉s ♦❢ ♠❛♥② ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s✳ ❚❤❡s❡ s❡❛r❝❤❡s✱ ❛✐♠✐♥❣ t♦ ❡✐t❤❡r ✜♥❞
❡✈✐❞❡♥❝❡ ♦❢ ♦r ❡①❝❧✉❞❡ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❲■▼P ❉❛r❦ ▼❛tt❡r✱ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✸
❜❡❧♦✇✳

❆ ♣♦t❡♥t✐❛❧ ❤✐♥t ❛t t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❉❛r❦ ▼❛tt❡r✕ ❜❛r②♦♥ ✐♥t❡r❛❝t✐♦♥s ❢r♦♠ ❝♦s♠♦❧♦❣② ✐s

✸✵



t❤❡ r❡❝❡♥t❧② r❡♣♦rt❡❞ 21 ❝♠ ❤②❞r♦❣❡♥ ❛❜s♦r♣t✐♦♥ ❢❡❛t✉r❡✱ r❡❞s❤✐❢t❡❞ t♦ ❛ r❛♥❣❡ ❝❡♥t❡r❡❞ ♦♥ 78
▼❍③✱ ✐♥ ❈▼❇ ♣❤♦t♦♥s ❬✸✸✱ ✸✹❪✳ ❚❤❡ ❛❜s♦r♣t✐♦♥ ✐s ❛❜♦✉t t✇✐❝❡ ❛s str♦♥❣ ❛s ❡①♣❡❝t❡❞ ❬✸✸❪✳ ❚❤✐s
❛❜s♦r♣t✐♦♥ ❧✐♥❡ ✐s ✐♥t❡r♣r❡t❡❞ ❛s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❤②❞r♦❣❡♥ ❝❧♦✉❞s ✐♥ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡
❛❜s♦r❜✐♥❣ ❈▼❇ ♣❤♦t♦♥s ✇✐t❤ ❛ ✇❛✈❡❧❡♥❣t❤ ♦❢ 21 ❝♠✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦ss✐❜❧❡ ❤②♣❡r✜♥❡ s♣✐♥ st❛t❡s ♦❢ t❤❡ ❤②❞r♦❣❡♥ ❛t♦♠ ❬✸✸❪✳ ❚❤✐s ❛❜s♦r♣t✐♦♥
❜❡❣✐♥s ❛t t❤❡ r❡❞s❤✐❢t ✇❤❡♥ t❤❡ ✜rst st❛rs ❢♦r♠❡❞✱ ✇❤✐❝❤ st❛rt❡❞ ❡♠✐tt✐♥❣ ❯❱ ♣❤♦t♦♥s✳ ❲❤❡♥
❤✐tt✐♥❣ ❛ ❤②❞r♦❣❡♥ ❛t♦♠✱ t❤❡s❡ ❤✐❣❤ ❡♥❡r❣② ♣❤♦t♦♥s ❝❛♥ ❡①❝✐t❡ t❤❡ ❤②❞r♦❣❡♥ ❛t♦♠✳ ❆❢t❡r
r❡❧❛①✐♥❣ ❜❛❝❦ ✐♥t♦ t❤❡ ❣r♦✉♥❞ st❛t❡✱ t❤❡ ❤②❞r♦❣❡♥ ❛t♦♠ ❤❛s ❛♥ ❛❜♦✉t ❡q✉❛❧ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ✐♥
❡✐t❤❡r ❤②♣❡r✜♥❡ st❛t❡✳ ■♥ t❤✐s ✇❛②✱ t❤❡ ✜rst st❛rs ❡✛❡❝t✐✈❡❧② ✐♥❝r❡❛s❡ t❤❡ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❛t♦♠s
✐♥ t❤❡ ❤✐❣❤❡r✲❡♥❡r❣② ❤②♣❡r✜♥❡ st❛t❡✳ ❚❤✐s ✐♥❝r❡❛s❡❞ ♣♦♣✉❧❛t✐♦♥ ✐♥ t✉r♥ ❝❛♥ t❤❡♥ tr❛♥s✐t✐♦♥ t♦
t❤❡ ❧♦✇❡r ❤②♣❡r✜♥❡ st❛t❡ ❜② ❛❜s♦r❜✐♥❣ ❛ 21 ❝♠ ❈▼❇ ♣❤♦t♦♥✳ ❚❤❡ ❝♦❧❞❡r t❤❡ ❣❛s ❝❧♦✉❞s✱ t❤❡
❧❛r❣❡r ✐♥❝r❡❛s❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❤✐❣❤❡r ❤②♣❡r✜♥❡ ♣♦♣✉❧❛t✐♦♥ r❡❧❛t✐✈❡ t♦ t❤❡ ♣r❡✈✐♦✉s ♣♦♣✉❧❛t✐♦♥✱
✇❤✐❝❤ ✐s ❝♦✉♣❧❡❞ t♦ t❤❡ ❣❛s t❡♠♣❡r❛t✉r❡✱ ❛♥❞ t❤✉s t❤❡ str♦♥❣❡r t❤❡ ❛❜s♦r♣t✐♦♥ ❬✸✸❪✳ ■♥ t❤✐s ✇❛②
t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❢❡❛t✉r❡ ✐♥❞✐❝❛t❡s t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❣❛s ❝❧♦✉❞s ❬✸✸❪✳ ❙✐♥❝❡
t❤❡ ❛❜s♦r♣t✐♦♥ ❛♣♣❡❛rs t♦ ❜❡ t✇✐❝❡ ❛s str♦♥❣ ❛s ❡①♣❡❝t❡❞✱ t❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❣❛s ❝❧♦✉❞s
❛r❡ ✉♥❡①♣❡❝t❡❞❧② ❝♦❧❞ ❬✸✸❪✳

❚❤❡r❡ ❛r❡ s②st❡♠❛t✐❝ ❡✛❡❝ts t❤❛t ❝♦✉❧❞ ❢❛❦❡ s✉❝❤ ❛ 21 ❝♠ ❛❜s♦r♣t✐♦♥ s✐❣♥❛❧✱ ❛♥❞ t❤❡ ♦❜s❡r✲
✈❛t✐♦♥ ❤❛s ②❡t t♦ ❜❡ t❡st❡❞ ❜② ♦t❤❡r✱ s✐♠✐❧❛r ❡①♣❡r✐♠❡♥ts ❬✸✸❪✳ ■❢ ✐t ✐s tr✉❡✱ ❤♦✇❡✈❡r✱ t❤❡♥ ♦♥❡
♣r♦♣♦s❡❞ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ r❡❞✉❝❡❞ ❣❛s t❡♠♣❡r❛t✉r❡ ✐s t❤❛t t❤❡ ❣❛s ✇❛s ❝♦♦❧❡❞ ✐♥ ✐♥t❡r❛❝t✐♦♥s
✇✐t❤ ❧♦✇❡r✲t❡♠♣❡r❛t✉r❡ ❉❛r❦ ▼❛tt❡r ❬✸✹✱ ✸✺❪✳ ❚❤✉s t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ 21 ❝♠ ❛❜s♦r♣t✐♦♥ ❢❡✲
❛t✉r❡ ❝♦✉❧❞ ❜❡ t❤❡ ✜rst ✐♥❞✐❝❛t✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r✕❜❛r②♦♥ ✐♥t❡r❛❝t✐♦♥s✳ ❚❤✐s ✇♦✉❧❞ str❡♥❣t❤❡♥
t❤❡ ❝❛s❡ ❢♦r ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s✱ ✇❤✐❝❤ ❛❧❧ ❛ss✉♠❡ s✉❝❤ ❛♥ ✐♥t❡r❛❝t✐♦♥ t♦ ❡①✐st✳ ❍♦✇❡✈❡r✱
t♦ ♠❛t❝❤ t❤❡ ♦❜s❡r✈❡❞ r❡❞s❤✐❢t ❛♥❞ ❛❜s♦r♣t✐♦♥ str❡♥❣t❤✱ t❤❡ ❉❛r❦ ▼❛tt❡r ✇♦✉❧❞ ♥❡❡❞ ❛ ♠❛ss
♦❢ ❛ ❢❡✇ GeV ♦r ❜❡❧♦✇ ❬✸✹✱ ✸✺❪✱ ✉♥❝❤❛r❛❝t❡r✐st✐❝❛❧❧② ❧♦✇ ❢♦r ❲■▼P ❉❛r❦ ▼❛tt❡r✱ ❛♥❞ ❛ t♦t❛❧
s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥ ♦♥ ❜❛r②♦♥s ❧❛r❣❡r t❤❛♥ 10−21 cm2✱ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r t❤❛♥ t❤❡ t②♣✐✲
❝❛❧ ✇❡❛❦ s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥ ❛ss✉♠❡❞ ❢♦r ❛ ❲■▼P✳ ❋✐♥❛❧❧②✱ ❛s ♣♦✐♥t❡❞ ♦✉t ❛❜♦✈❡✱ ❞✉❡ t♦
t❤❡ ❧❛r❣❡ ❛♥❞ ❞✐✣❝✉❧t t♦ ❡st✐♠❛t❡ ✉♥❝❡rt❛✐♥t✐❡s ❛✛❡❝t✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥✱ ✇✐t❤♦✉t ✐♥❞❡♣❡♥❞❡♥t
❝♦♥✜r♠❛t✐♦♥✱ ❛♥❞ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝❤❛❧❧❡♥❣❡s ♦❢ ✐♥t❡r♣r❡t❛t✐♥❣ t❤❡ ♦❜s❡r✈❡❞ ❢❡❛t✉r❡ ❛s r❡s✉❧t✐♥❣
❢r♦♠ ❲■▼P ❉❛r❦ ▼❛tt❡r✱ ✐t ✇♦✉❧❞ ❜❡ ♣r❡♠❛t✉r❡ t♦ tr❡❛t ✐t ❛s ❡✈✐❞❡♥❝❡ ❢♦r ❉▼ ✲ ❜❛r②♦♥
✐♥t❡r❛❝t✐♦♥s ❬✸✸❪✳

✶✳✸✳✸ ❉❛r❦ ▼❛tt❡r ❙❡❛r❝❤❡s

❚❤✐s s❡❝t✐♦♥ ♣r♦✈✐❞❡s ❛ ❜r✐❡❢ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❤r❡❡ ♠❛✐♥ ❛♣♣r♦❛❝❤❡s ♦❢ s❡❛r❝❤✐♥❣ ❢♦r ❲■▼P
❉❛r❦ ▼❛tt❡r✳ ❚❤❡s❡ ❛r❡ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts✱ ✐♥❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts✱ ❛♥❞
❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ❛t ♣❛rt✐❝❧❡ ❝♦❧❧✐❞❡rs ❬✸✱ ✹❪✳ ❉✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts✱ ✇❤✐❝❤ ❧♦♦❦ ❢♦r
❡✈✐❞❡♥❝❡ ♦❢ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s s❝❛tt❡r✐♥❣ t❤❡ ❜❛r②♦♥✐❝ ♠❛tt❡r ♦❢ ❛ ❞❡t❡❝t♦r✱ ❛♥❞ ♠❡❛s✉r✐♥❣
t❤❡ s❝❛tt❡r❡❞ ❜❛r②♦♥✐❝ ♠❛tt❡r ❬✸❪✱ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✸✳✶✳ ■♥❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡❛r❝❤❡s✱
❧♦♦❦✐♥❣ ❢♦r ❝♦s♠✐❝ r❛❞✐❛t✐♦♥ ♣r♦❞✉❝❡❞ ✇❤❡♥ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ♣❛✐r✲❛♥♥✐❤✐❧❛t❡ ✐♥t♦ ♦r❞✐♥❛r②
♠❛tt❡r✱ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✸✳✷✳ ❈♦❧❧✐❞❡r s❡❛r❝❤❡s✱ ❧♦♦❦✐♥❣ ❢♦r t❤❡ s✐❣♥❛t✉r❡ ♦❢ ❉❛r❦
▼❛tt❡r ♣r♦❞✉❝t✐♦♥ ✐♥ ❤✐❣❤✲❡♥❡r❣② ❝♦❧❧✐s✐♦♥s ♦❢ ❙▼ ♣❛rt✐❝❧❡s ❬✸❪✱ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✸✳✸✳✸✳
❚♦ ❜❡ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts ♦❢ t❤❡s❡ t❤r❡❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s✱ ❛ t❤❡♦r❡t✐❝❛❧ ❞❡s❝r✐♣t✐♦♥
♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r✲ ❙▼ ✐♥t❡r❛❝t✐♦♥s ✐s ✉s❡❢✉❧✳ ❆s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✶✵✱ t❤❡ s❛♠❡ ❡✛❡❝t✐✈❡
❉❛r❦ ▼❛tt❡r✲ ❙▼ ✐♥t❡r❛❝t✐♦♥ t❡r♠✱ ✐♥t❡r♣r❡t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t t✐♠❡ ♦r❞❡r✐♥❣s✱ ❝❛♥ ❜❡ ✉s❡❞ t♦
❝♦♥♥❡❝t t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧ts ♦❢ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s✳

✸✶



❋✐❣✉r❡ ✶✳✶✵✿ ❚❤❡ t❤r❡❡ ♠❛❥♦r ❛✈❡♥✉❡s ♦❢ ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s✱ ❞✐r❡❝t ❞❡t❡❝t✐♦♥✱ ✐♥❞✐r❡❝t
❞❡t❡❝t✐♦♥✱ ❛♥❞ ❝♦❧❧✐❞❡r ♣r♦❞✉❝t✐♦♥ ❡①♣❡r✐♠❡♥ts✱ ♣r♦❜❡ t❤❡ ❤②♣♦t❤❡t✐❝❛❧ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥
❲■▼Ps ❛♥❞ ❙▼ ♣❛rt✐❝❧❡s ✐♥ ❞✐✛❡r❡♥t t✐♠❡ ♦r❞❡r✐♥❣s✳ ❚❛❦❡♥ ❢r♦♠ ❬✾❪

✶✳✸✳✸✳✶ ❉✐r❡❝t ❉❡t❡❝t✐♦♥

❉✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts s❡❛r❝❤ ❢♦r ❡✈✐❞❡♥❝❡ ♦❢ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s s❝❛tt❡r✐♥❣ t❤❡ ❜❛✲
r②♦♥✐❝ ♠❛tt❡r ♦❢ ❛ ❞❡t❡❝t♦r ❬✸✱ ✾❪✳ ■❢ t❤❡ ♦❜s❡r✈❡❞ ✢❛t♥❡ss ♦❢ t❤❡ r♦t❛t✐♦♥ ❝✉r✈❡s ♦❢ t❤❡ ▼✐❧❦②
❲❛② ❛♥❞ ♦t❤❡r ❣❛❧❛①✐❡s ✐s ❝❛✉s❡❞ ❜② ❛ ❞❛r❦ ♠❛tt❡r ❤❛❧♦ ❡♥✈❡❧♦♣✐♥❣ t❤❡s❡ ❣❛❧❛①✐❡s✱ ❛♥❞ ✐❢ t❤❡
❞❛r❦ ♠❛tt❡r ❤❛❧♦ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❲■▼Ps✱ t❤❡♥ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t t❤❡s❡ ❲■▼Ps t♦ ♣❡r♠❡❛t❡
t❤❡ ❣❛❧❛①②✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ▼✐❧❦② ❲❛② ❣❛❧❛①② s❤♦✉❧❞ ❜❡ ✜❧❧❡❞ ✇✐t❤ ❲■▼Ps✱ ❛♥❞ t❤❡ ❊❛rt❤
s❤♦✉❧❞ ♣❛ss t❤r♦✉❣❤ t❤✐s s❡❛ ♦❢ ❲■▼Ps ❛s ✐t r♦t❛t❡s ❛r♦✉♥❞ t❤❡ s✉♥ ❬✸❪✳ ■❢ t❤❡r❡ ✐s s♦♠❡
✭❛❧❜❡✐t ♣♦t❡♥t✐❛❧❧② ✇❡❛❦✮ ✐♥t❡r❛❝t✐♦♥ ♦❢ t❤❡ ❲■▼Ps ❛♥❞ ❜❛r②♦♥✐❝ ♠❛tt❡r✱ t❤❡ ❲■▼Ps s❤♦✉❧❞
♦❝❝❛s✐♦♥❛❧❧② s❝❛tt❡r ♦❢ t❤❡ ♥✉❝❧❡✐ ♦♥ ❡❛rt❤✳

❚❤❡ ✐❞❡❛ ♦❢ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❲■▼P s❡❛r❝❤❡s ✐s t♦ tr② ❛♥❞ ♦❜s❡r✈❡ s✉❝❤ ❲■▼P ✲ ♥✉❝❧❡✉s
s❝❛tt❡r✐♥❣ ❡✈❡♥ts✳ ❚❤❡ r❡❝♦✐❧ ❡♥❡r❣② ♦❢ t❤❡ s❝❛tt❡r❡❞ ♥✉❝❧❡✉s ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ✈✐❛ t❤❡ ❣❡♥❡r❛t✐♦♥
♦❢ ❛ ♣❤♦t♦♥✱ ❛ ♣❤♦♥♦♥✴❤❡❛t✱ ♦r ✐♦♥✐③❛t✐♦♥ ❝❤❛r❣❡s ❬✾❪✳ ■♥ ♣r✐♥❝✐♣❧❡ ♦♥❡ ♦❢ t❤❡s❡ ♠❡t❤♦❞s
✐s s✉✣❝✐❡♥t✱ ❜✉t ♠❛♥② s❡❛r❝❤❡s ✉s❡ ❛ ❝♦✐♥❝✐❞❡♥❝❡ ♦❢ t✇♦ s✉❝❤ s✐❣♥❛❧ t②♣❡s ❬✸❪✳ ❚❤✐s ♠❛❦❡s
❜❛❝❦❣r♦✉♥❞ s✉♣♣r❡ss✐♦♥ ❡❛s✐❡r✱ ❛s ♦♥❡ ❝❛♥ t❤❡♥ ❞❡✜♥❡ r❡✜♥❡❞ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ s✐❣♥❛❧ r❡❣✐♦♥s✱
✇❤❡r❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ r❛t❡ ✐s ❧♦✇ ❬✾❪✳

❚❤❡ ♠❛✐♥ ❜❛❝❦❣r♦✉♥❞s ❢♦r ❛ t②♣✐❝❛❧ ❝✉rr❡♥t ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥t ❛r❡ ❝♦s♠✐❝ r❛✲
❞✐❛t✐♦♥✱ ❡✳❣✳ ♥❡✉tr♦♥s ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❝♦s♠✐❝ ♠✉♦♥s✱ ❛♥❞ ❣❛♠♠❛ r❛②s ❛♥❞
♥❡✉tr♦♥s ❢r♦♠ t❤❡ ❞❡❝❛②s ♦❢ ✉♥st❛❜❧❡ ✐s♦t♦♣❡s ♦❝❝✉rr✐♥❣ ♥❛t✉r❛❧❧② ♦♥ ❡❛rt❤ ❬✾❪✳ ❚♦ r❡❞✉❝❡ t❤❡
❜❛❝❦❣r♦✉♥❞ ♦❢ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥ s❝❛tt❡r✐♥❣ ♦❢ t❤❡ ❞❡t❡❝t♦r ♠❛t❡r✐❛❧✱ t❤❡ ❞❡t❡❝t♦rs ❛r❡ ✐♥st❛❧❧❡❞
✐♥ ♦❧❞ ♠✐♥❡s ♦r ♦t❤❡r ❧♦❝❛t✐♦♥s s❤✐❡❧❞❡❞ ❢r♦♠ t❤❡ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥✳ ❚♦ r❡❞✉❝❡ t❤❡ ❜❛❝❦❣r♦✉♥❞
❞✉❡ t♦ ♥❛t✉r❛❧ r❛❞✐♦❛❝t✐✈✐t②✱ ♠✉❝❤ ❝❛r❡ ✐s t❛❦❡♥ t♦ r❡❞✉❝❡ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✉♥st❛❜❧❡ ✐s♦t♦♣❡s
✐♥ t❤❡ ❛❝t✐✈❡ ❞❡t❡❝t♦r ♠❛t❡r✐❛❧ ✇❤✐❧❡ ✐t ✐s ♣r♦❞✉❝❡❞✱ ❛♥❞ ✐ts ❛❝t✐✈❛t✐♦♥ ❢r♦♠ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥
❞✉r✐♥❣ ✐ts tr❛♥s♣♦rt ❬✾❪✳ ❋✉rt❤❡r♠♦r❡ t❤❡ ❞❡t❡❝t♦r ✐s s❤✐❡❧❞❡❞ ❜② s✉❝❝❡ss✐✈❡ ❧❛②❡rs ♦❢ ✐♥❝r❡❛✲
s✐♥❣❧② ❧♦✇✲❛❝t✐✈✐t② ♠❛t❡r✐❛❧s ✇✐t❤ ❧❛r❣❡ ❛❜s♦r♣t✐♦♥ ❝r♦ss s❡❝t✐♦♥s✱ s✉❝❤ ❛s ❧❡❛❞ ❬✾❪✳ ❚❤❡ ❡✛❡❝ts
♦❢ ♥❛t✉r❛❧ r❛❞✐♦❛❝t✐✈✐t② ❝❛♥ ❜❡ s✉♣♣r❡ss❡❞ ❢✉rt❤❡r ❜② ♣❧❛❝✐♥❣ s❡♣❛r❛t❡ ❞❡t❡❝t♦rs ❛r♦✉♥❞ t❤❡
❛❝t✐✈❡ ✈♦❧✉♠❡✱ ❛♥❞ ✈❡t♦✐♥❣ ❡✈❡♥ts ❝♦✐♥❝✐❞❡♥t ✇✐t❤ ❛ s✐❣♥❛❧ ✐♥ ❛♥② ♦❢ t❤❡s❡ ❡❞❣❡ ❞❡t❡❝t♦rs ❬✾❪✳
❚❤❡ ❝✉rr❡♥t ❣❡♥❡r②t✐♦♥ ♦❢ ❡①♣❡r✐♠❡♥ts ✐s ♥♦t ②❡t s❡♥s✐t✐✈❡ ❡♥♦✉❣❤ t♦ ♦❜s❡r✈❡ t❤❡ s❝❛tt❡r✐♥❣ ♦❢
s♦❧❛r ♦r ❝♦s♠✐❝ ♥❡✉tr✐♥♦s ♦♥ t❤❡ ❞❡t❡❝t♦r ♥✉❝❧❡✐ ❬✾❪✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ❞❡t❡❝t♦rs
✐s ✐♥❝r❡❛s❡❞✱ t❤✐s ♥❡✉tr✐♥♦✲ ♥✉❝❧❡♦♥ s❝❛tt❡r✐♥❣ ✐s ❡①♣❡❝t❡❞ t♦ ❡✈❡♥t✉❛❧❧② ❜❡❝♦♠❡ ❛ ❧❛r❣❡ ❜❛❝❦✲
❣r♦✉♥❞✳ ❊①♣❡r✐♠❡♥t❛❧❧②✱ s✉❝❤ ❡✈❡♥ts ✇♦✉❧❞ ❢✉rt❤❡r♠♦r❡ ❜❡ ❝❤❛❧❧❡♥❣✐♥❣ t♦ ❞✐st✐♥❣✉✐s❤ ❢r♦♠ ❛
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✭❛✮ s♣✐♥✲✐♥❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣

✭❜✮ s♣✐♥✲❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣

❋✐❣✉r❡ ✶✳✶✶✿ ❉✐r❡❝t ❞❡t❡❝t✐♦♥ ❧✐♠✐ts ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r✲ ♥✉❝❧❡♦♥ s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥
✭s♦❧✐❞ ❧✐♥❡s✮✳ ❉❛s❤❡❞ ❧✐♥❡s ❝♦rr❡s♣♦♥❞ t♦ ❝♦♥str❛✐♥ts ❢r♦♠ ✐♥❞✐r❡❝t ❞❡t❡❝t✐♦♥✱ ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✶✳✸✳✸✳✷✳ ✭❛✮ s❤♦✇s t❤❡ ❧✐♠✐ts ♦♥ t❤❡ s♣✐♥✲✐♥❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥✳ ❚❤❡
s♣✐♥✲❞❡♣❡♥❞❡♥t ❝r♦ss s❡❝t✐♦♥ ✐s s❤♦✇♥ ✐♥ ✭❜✮✱ ✇✐t❤ t❤❡ t♦♣ ♣❧♦t ❝♦❧❧❛t✐♥❣ ❧✐♠✐ts ♦♥ t❤❡ ❉❛r❦
▼❛tt❡r✲♥❡✉tr♦♥ ❝r♦ss s❡❝t✐♦♥✱ ❛♥❞ t❤❡ ❜♦tt♦♠ ♣❧♦t ❝♦❧❧❛t✐♥❣ ❧✐♠✐ts ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r✲♥❡✉tr♦♥
❝r♦ss s❡❝t✐♦♥✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✶✼❪

❲■▼P s✐❣♥❛❧✱ s❡✈❡r❡❧② ❧✐♠✐t✐♥❣ t❤❡ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡♥s✐t✐✈✐t② t♦ ✈❡r② ❧♦✇ ❝r♦ss s❡❝t✐♦♥ ❉❛r❦
▼❛tt❡r ♠♦❞❡❧s ❬✾✱ ✶✼❪✳

❚❤❡ ❡①♣❡❝t❡❞ r❛t❡ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❲■▼P✲♥✉❝❧❡♦♥ s❝❛t✲
t❡r✐♥❣ ❝r♦ss✲s❡❝t✐♦♥ σiχ ❛♥❞ ❧♦❝❛❧ ♥✉♠❜❡r ❞❡♥s✐t② nχ ❬✸❪✿

Ṅ =
∑

i∈ nuclei species

ninχ 〈σiχ〉 ✭✶✳✶✻✮

✇❤❡r❡ ni ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♥✉❝❧❡✐ ♦❢ s♣❡❝✐❡s i ✐♥ ❛ ❞❡t❡❝t♦r ❛♥❞ t❤❡ ❜r❛❝❦❡ts 〈. . .〉 ✐♥❞✐❝❛t❡ t❤❡
❛✈❡r❛❣❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ r❡❧❛t✐✈❡ ✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❲■▼Ps ❛♥❞ t❤❡ t❛r❣❡t✳

❇❡❝❛✉s❡ t❤❡ ❉❛r❦ ▼❛tt❡r ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❝♦❧❞✱ ✐✳❡✳ ♥♦♥✲r❡❧❛t✐✈✐st✐❝✱ t❤❡ ❡♥❡r❣✐❡s ❡①❝❤❛♥❣❡❞
❜❡t✇❡❡♥ ❲■▼P ❛♥❞ ✐♥❝✐❞❡♥t ♥✉❝❧❡✉s ❛r❡ t②♣✐❝❛❧❧② s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❲■▼P ♦r ♥✉❝❧❡♦♥
♠❛ss❡s✳ ❚❤✉s ❡✛❡❝t✐✈❡ ❝♦♥t❛❝t ♦♣❡r❛t♦rs ❛r❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❲■▼P✲◆✉❝❧❡♦♥ s❝❛tt❡r✐♥❣
❝r♦ss s❡❝t✐♦♥ ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✻✮ ❬✾❪✱ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✶✵✳ ❚❤✐s ❊✛❡❝t✐✈❡ ❋✐❡❧❞ ❚❤❡♦r②
❞❡s❝r✐♣t✐♦♥ ❤❛s ✐♥t❡❣r❛t❡❞ ♦✉t ❛♥② ♣♦t❡♥t✐❛❧❧② ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ ✉♥❞❡r❧②✐♥❣ ♣❛r❛♠❡tr✐③❛t✐♦♥ ✐♥
❥✉st t✇♦ ❞❡❣r❡❡ss ♦❢ ❢r❡❡❞♦♠✿ t❤❡ ❲■▼P ♠❛ss mχ ❛♥❞ t❤❡ ❡✛❡❝t✐✈❡ ♠❛ss s❝❛❧❡ ♦❢ t❤❡ ❝♦♥t❛❝t
✐♥t❡r❛❝t✐♦♥ ❬✸✱ ✾❪✳ ❈♦rr❡s♣♦♥❞✐♥❣❧②✱ t❤❡ r❡s✉❧ts ♦❢ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts ❛r❡ ❧✐♠✐ts ✐♥ ❛
t✇♦ ❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r s♣❛❝❡✱ ✇❤✐❝❤ ✐s ❝♦♥✈❡♥t✐♦♥❛❧❧② ❝❤♦s❡♥ ❛s t❤❡ ♣❧❛♥❡ ♦❢ mDM ❛♥❞
σiχ✳ ❆ s✉♠♠❛r② ♦❢ s❡✈❡r❛❧ s✉❝❤ ❧✐♠✐ts ❢r♦♠ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥ts ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✶✳
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❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♣✐♥ str✉❝t✉r❡ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r✲❜❛r②♦♥ ✐♥t❡r❛❝t✐♦♥✱ t✇♦ ❦✐♥❞s ♦❢ s❝❛t✲
t❡r✐♥❣ ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞✿ s♣✐♥✲✐♥❞❡♣❡♥❞❡♥t ❛♥❞ s♣✐♥✲❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣ ❬✸✱ ✾❪✳ ❙♣✐♥ ❞❡✲
♣❡♥❞❡♥t s❝❛tt❡r✐♥❣ ✐s t❤❡ r❡s✉❧t ♦❢ ❉❛r❦ ▼❛tt❡r ❝♦✉♣❧✐♥❣ t♦ t❤❡ s♣✐♥ ❝♦♥t❡♥t ♦❢ t❤❡ ♥✉❝❧❡✉s✱ ❡✳❣✳
✇✐t❤ ❛ ❛①✐❛❧ ✈❡❝t♦r ♦r ♣s❡✉❞♦ss❝❛❧❛r s②♠♠❡tr② ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥ t❡r♠✳ ❚❤✉s t❤❡ ❝♦♥tr✐❜✉t✐♦♥s
♦❢ ♥✉❝❧❡♦♥s ✇✐t❤ ♦♣♣♦s✐♥❣ s♣✐♥s ❝❛♥❝❡❧✱ ❛♥❞ ❤❡♥❝❡ t❤❡ ❝r♦ss s❡❝t✐♦♥ s❝❛❧❡s ❛s J(J + 1) r❡❧❛t✐✈❡
t♦ t❤❡ ♥✉❝❧❡❛r s♣✐♥ J ❬✾❪✳ ❋♦r s♣✐♥✲✐♥❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣✱ ❡✳❣✳ ❢♦r ❛ s❝❛❧❛r s②♠♠❡tr② ♦❢ t❤❡
✐♥t❡r❛❝t✐♦♥✱ t❤❡r❡ ✐s ♥♦ s✉❝❤ ❝❛♥❝❡❧❧❛t✐♦♥✱ ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢
♥✉❝❧❡♦♥s✱ ✐✳❡ t❤❡ ♠❛ss ♦❢ t❤❡ ♥✉❝❧❡✉s✳ ❙✐♥❝❡ t❤❡r❡ ❛r❡ ♠❛♥② st❛❜❧❡ ❡❧❡♠❡♥ts ✇✐t❤ ❤❡❛✈② ♥✉✲
❝❧❡✐✱ ❜✉t ♦♥❧② ❛ ❢❡✇ ✇✐t❤ ❡✈❡♥ ♠♦❞❡r❛t❡ ♥✉❝❧❡❛r s♣✐♥s✱ t❤❡ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡♥s✐t✐✈✐t② t♦ s♣✐♥
✐♥❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣ ✐s ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ✇❡❛❦❡r t❤❛♥ t❤❛t t♦ s♣✐♥ ❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣✳
❈♦rr❡s♣♦♥❞✐♥❣❧②✱ t❤❡ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❧✐♠✐ts ♦♥ t❤❡ s♣✐♥ ✐♥❞❡♣❡♥❞❡♥t s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥✱
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✶✭❛✮✱ ❛r❡ str♦♥❣❡r t❤❛♥ t❤♦s❡ ♦♥ t❤❡ s♣✐♥ ❞❡♣❡♥❞❡♥t ❝r♦ss s❡❝t✐♦♥✱ s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✶✳✶✶✭❜✮ ❬✾✱ ✶✼❪✳

❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❲■▼P ♠❛ss ✐s ❧✐♠✐t❡❞
❜② t✇♦ ❡✛❡❝ts✳ ❚♦✇❛r❞ ❧♦✇ ❲■▼P ♠❛ss❡s✱ t❤❡ ♠❛ss ♦❢ t❤❡ ♥✉❝❧❡✐ ✉s❡❞ ❢♦r t❤❡ ❛❝t✐✈❡ ❞❡t❡❝t♦r
✈♦❧✉♠❡ ✐s s♦ ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ t❤❡ ❲■▼P ♠❛ss t❤❛t t❤❡ ♠♦♠❡♥t✉♠ t❤❡ ♥✉❝❧❡✉s ✐♥❝✉rs ❢r♦♠
t❤❡ r❡❝♦✐❧ ♦❢ t❤❡ ❲■▼P ✐s t♦♦ s♠❛❧❧ t♦ ❜❡ ♦❜s❡r✈❡❞ ❬✾❪✳ ❚♦✇❛r❞s ❤✐❣❤ ❲■▼P ♠❛ss❡s✱ t❤❡
♥✉♠❜❡r ❞❡♥s✐t② ♦❢ ❲■▼Ps✱ ❣✐✈❡♥ t❤❡ ❦♥♦✇♥ ❉❛r❦ ▼❛tt❡r ♠❛ss ❞❡♥s✐t②✱ ✐s s♦ ❧♦✇ t❤❛t t❤❡ r❛t❡
♦❢ s✐❣♥❛❧ ❡✈❡♥ts ❞❡❝r❡❛s❡s ❧✐♥❡❛r❧②✱ ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✭✶✳✶✻✮ ❬✾❪✳

❚♦ ❞❛t❡✱ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐r❡❝t ❞❡t❡❝t✐♦♥ s✐❣♥❛❧ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ t❤❛t ✐s ♥♦t ✐♥ ❝♦♥tr❛❞✐❝t✐♦♥
✇✐t❤ t❤❡ ❧✐♠✐ts ♦❢ ❝♦♠♣❡t✐♥❣ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts ❬✾✱ ✶✼❪✱ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✶✶✳

✶✳✸✳✸✳✷ ■♥❞✐r❡❝t ❉❡t❡❝t✐♦♥

■♥❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡❛r❝❤❡s ❧♦♦❦ ❢♦r ❝♦s♠✐❝ r❛❞✐❛t✐♦♥ ♣r♦❞✉❝❡❞ ✐♥ ❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥ ✐♥t♦
❙▼ ♣❛rt✐❝❧❡s ❬✸✱ ✹✱ ✶✵❪✳ ❙✐♥❝❡ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ ❉❛r❦ ▼❛tt❡r ✐♥ t❤❡ ❤❛❧♦ ✐s ❛ss✉♠❡❞
t♦ ❜❡ ❧♦✇✱ t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥ r❛t❡ ✐♥ ♠♦st ♦❢ t❤❡ ❤❛❧♦ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ t♦♦ ❧♦✇ t♦ ❜❡ ♦❜s❡r✈❛❜❧❡✳
❚❤✉s t❤❡ ❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥ s✐❣♥❛❧ ✐s ❡①♣❡❝t❡❞ t♦ ♦r✐❣✐♥❛t❡ ❢r♦♠ r❡❣✐♦♥s ♦❢ s♣❛❝❡ ✇❤❡r❡
t❤❡ ❉❛r❦ ▼❛tt❡r ❞❡♥s✐t② ✐s s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ❤❛❧♦ ❬✶✵❪✳
❖♥❡ s✉❝❤ r❡❣✐♦♥ ✇♦✉❧❞ ❜❡ t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r ♦❢ t❤❡ ♠✐❧❦② ✇❛② ❬✶✵❪✱ ✇❤❡r❡ t❤❡ ❧❛r❣❡ ❛♠♦✉♥t
♦❢ ♦r❞✐♥❛r② ♠❛tt❡r ♠❛② ❜✐♥❞ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ❣r❛✈✐t❛t✐♦♥❛❧❧② ✭♦r ❡q✉✐✈❛❧❡♥t❧②✱ ❜❡ ❜♦✉♥❞
❣r❛✈✐t❛t✐♦♥❛❧❧② ❜② t❤❡ ❉❛r❦ ▼❛tt❡r✮✳

❆♥ ✐♥❝r❡❛s❡❞ ✢✉① ♦❢ ♣❤♦t♦♥s ✇✐t❤ ❡♥❡r❣✐❡s ♦❢ ❛❜♦✉t s❡✈❡r❛❧ GeV ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ❛s
♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r ❬✸✻❪✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✷✳ ❚❤❡ ✢✉① ❛♥❞ ❡♥❡r❣② r❛♥❣❡
♦❢ t❤✐s ❡①❝❡ss ❛t t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ✐♥t❡r♣r❡t❛t✐♦♥s ♦❢ ❲■▼Ps ❞❡❝❛②✐♥❣
✐♥t♦ ❡✳❣✳ b̄b ♦r τ̄ τ ✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥s ♦❢ t❤❡ ♦❜s❡r✈❡❞ ❡①❝❡ss ❛r❡ ❛✛❡❝t❡❞ ❜② ❧❛r❣❡
s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ ♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦♥s t❤r♦✉❣❤ t❤❡ ❣❛s
❛♥❞ ❞✉st ❝❧♦✉❞s ♦❢ t❤❡ ✐♥t❡rst❡❧❧❛r ♠❡❞✐✉♠✱ ❛♥❞ t❤❡ ♠♦❞❡❧s ♦❢ ❦♥♦✇♥ ❣❛♠♠❛ r❛② s♦✉r❝❡s✳
❋✐♥❛❧❧②✱ t❤❡ ♦❜s❡r✈❡❞ ❡①❝❡ss ❝♦✉❧❞ ❛❧s♦ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛ ♣♦♣✉❧❛t✐♦♥ ♦❢ ♣♦✐♥t s♦✉r❝❡s t❤❛t
❋❡r♠✐ ❝❛♥ ♥♦t r❡s♦❧✈❡ ❛s ♣♦✐♥ts s♦✉r❝❡s✱ ❛ ❤②♣♦t❤❡s✐s t❤❛t ❜❡tt❡r ✜ts t❤❡ ♦❜s❡r✈❡❞ ♣❤♦t♦♥
st❛t✐st✐❝s t❤❛♥ ✉♥❝♦rr❡❧❛t❡❞ ❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥s ❬✸✼❪✳ ❙✉❝❤ ♣♦✐♥t s♦✉r❝❡s ❝♦✉❧❞ ❡✳❣✳ ❜❡
r❛♣✐❞❧② s♣✐♥♥✐♥❣ ♥❡✉tr♦♥ st❛rs✱ ❝❛❧❧❡❞ ♠✐❧❧✐s❡❝♦♥❞ ♣✉❧s❛rs ❬✸✽❪✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ♥♦t ❝❧❡❛r t❤❛t
t❤❡ ♦❜s❡r✈❡❞ ❣❛♠♠❛ r❛② ❡①❝❡ss ✐s ❞✉❡ t♦ ❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥ ✐♥t♦ ❙▼ ♣❛rt✐❝❧❡s ❬✸✻✱ ✸✼✱
✸✽❪✳

❆♥♦t❤❡r ❛✈❡♥✉❡ ❢♦r ✐♥❞✐r❡❝t ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s ✐s ❝❤❛r❣❡❞ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥✱ s✉❝❤ ❛s
♣♦s✐tr♦♥s ❛♥❞ ❛♥t✐✲♣r♦t♦♥s ❬✸❪✳ ❚❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ t❤❡s❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ❛r❡ ❜❡♥t ❛♥❞ ❞✐st♦rt❡❞
❜② t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞s ✐♥ t❤❡ ❣❛❧❛①②✳ ❚❤❡r❡❢♦r❡ t❤❡② ❞♦ ♥♦t ♣♦✐♥t ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡✐r s♦✉r❝❡✳
❇✉t t❤❡ ✢✉① ❛♥❞ ❡♥❡r❣② ♦❢ t❤❡s❡ ♣❛rt✐❝❧❡s ♥❡✈❡rt❤❡❧❡ss ❝❛rr② ✐♠♣♦rt❛♥t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡
❛❜✉♥❞❛♥❝❡ ❛♥❞ ♥❛t✉r❡ ♦❢ t❤❡✐r s♦✉r❝❡s✳ ❆♥ ❡①❝❡ss ♦❢ ❤✐❣❤✲❡♥❡r❣② ♣♦s✐tr♦♥s ❤❛s ❜❡❡♥ r❡♣♦rt❡❞

✸✹



❋✐❣✉r❡ ✶✳✶✷✿ ■♥t❡❣r❛t❡❞ ❣❛♠♠❛ r❛② ✢✉① ✇✐t❤✐♥ ❛ 10◦ r❛❞✐✉s ❢r♦♠ t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r r❡♣♦rt❡❞
❜② t❤❡ ❋❡r♠✐✲▲❆❚ ❝♦❧❧❛❜♦r❛t✐♦♥✳ ❚❤❡ r❡s✉❧ts ♦❢ ❛ ✜t ♦❢ ✈❛r✐♦✉s ❝♦♠♣♦♥❡♥t s♦✉r❝❡s t♦ t❤❡
♦❜s❡r✈❡❞ s♣❡❝tr✉♠ ❛♥❞ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ❛r❡ ❛❧s♦ s❤♦✇♥✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❜❛❝❦❣r♦✉♥❞
s♦✉r❝❡s✿ ❜r❡♠sstr❛❤❧✉♥❣ ❛♥❞ ♥❡✉tr❛❧ ♣✐♦♥ ❞❡❝❛②s ❢r♦♠ ❤❛❞r♦♥✐❝ ❝♦❧❧✐s✐♦♥s ✭✏π0 + ❜r❡♠s✑✮✱
✐♥✈❡rs❡ ❝♦♠♣t♦♥ s❝❛tt❡r✐♥❣ ♦❢ ♣❤♦t♦♥s ❢r♦♠ st❛r❧✐❣❤t✱ t❤❡ ❈▼❇✱ ♦r ■❘ r❛❞✐❛t✐♦♥ ♦❢ ❝♦❧❞ ❞✉st✱
t♦ ❤✐❣❤❡r ❡♥❡r❣✐❡s ✭✏■❈✑✮✱ ✈❛r✐♦✉s ❞✐✛✉s❡ ❛♥❞ ✐s♦tr♦♣✐❝ ❡♠✐ss✐♦♥ s♦✉r❝❡s ✭✏✐s♦tr♦♣✐❝✑✮✱ ❛♥❞ ❦♥♦✇♥
♣♦✐♥t s♦✉r❝❡s ✭✏P❙✑✮✳ ❚❤❡ ✜tt❡❞ ❡①❝❡ss ✐s ♠❛r❦❡❞ ✏●❈ ❡①❝❡ss✑✳ ❚❛❦❡♥ ❢r♦♠ ❬✸✻❪✳

❋✐❣✉r❡ ✶✳✶✸✿ ❊♥❡r❣② s♣❡❝tr✉♠ ♦❢ t❤❡ ♣♦s✐tr♦♥ ❢r❛❝t✐♦♥✱ ❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦♥ ♦❢ ✢✉①❡s
φ
e+

φ
e+

+φ
e−
✱

♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❆▼❙✲✵✷ ❞❡t❡❝t♦r✳ ❆ ✜t t♦ t❤❡ ❞❛t❛ ✇✐t❤ ❛ ♠♦❞❡❧ ❛ss✉♠✐♥❣ t❤❛t t❤❡ ♣♦s✐tr♦♥
❛♥❞ ❡❧❡❝tr♦♥ ✢✉① s♣❡❝tr❛ ❛r❡ ❞❡s❝r✐❜❡❞ ❜② t✇♦ ✐♥❞❡♣❡♥❞❡♥t ❞✐str✐❜✉t✐♦♥s✱ ❜♦t❤ ♦❢ ✇❤✐❝❤ ❛r❡ ❛
s✉♠ ♦❢ ❛ ❞✐✛✉s❡ ♣♦✇❡r t❡r♠ ❛♥❞ ♣♦✐♥t s♦✉r❝❡ t❡r♠ ♦❢ ❛ ♣♦✇❡r ❧❛✇ ✇✐t❤ ❛♥ ❡①♣♦♥❡♥t✐❛❧ ❝✉t♦✛
❛t ❤✐❣❤ ❡♥❡r❣✐❡s✳ ❆❞❛♣t❡❞ ❢r♦♠ ❘❡❢✳ ❬✸✾❪

✸✺



✭❛✮ ✭❜✮

❋✐❣✉r❡ ✶✳✶✹✿ ■❧❧✉str❛t✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r s✐❣♥❛❧s ❛t ❝♦❧❧✐❞❡rs✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡
✐s r❡q✉✐r❡❞ t♦ ❛❧❧♦✇ tr✐❣❣❡r✐♥❣ t❤❡ ❡✈❡♥t✳ ❉✉❡ t♦ t❤❡ ✈❡r② ❤✐❣❤ ♠♦♠❡♥t✉♠ tr❛♥s❢❡rs ❛❝❤✐❡✈❛❜❧❡
❛t t❤❡ ▲❍❈✱ t❤❡ ❣❡♥❡r✐❝ ❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥ ❞❡s❝r✐♣t✐♦♥ s❤♦✇♥ ✐♥ ✭❛✮ ♥❡❡❞s t♦ ❜❡ s♣❡❝✐✜❡❞ ✐♥t♦
s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ✇✐t❤ ❡①♣❧✐❝✐t ♠❡❞✐❛t♦rs✱ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ✭❜✮✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✶✶❪✳

❜② ❡✳❣✳ t❤❡ ❆▼❙ ❝♦❧❧❛❜♦r❛t✐♦♥ ✉s✐♥❣ t❤❡ ❆▼❙✲✵✷ ❞❡t❡❝t♦r ♦♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ s♣❛❝❡ st❛t✐♦♥
❬✸✾❪✳ ❚❤❡ ♦❜s❡r✈❡❞ ♣♦s✐tr♦♥ ❢r❛❝t✐♦♥✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✸ ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s r❡s✉❧t✐♥❣
❢r♦♠ ❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥s ❬✹✵✱ ✹✶❪✱ ❜✉t t❤❡r❡ ❛r❡ ❛❧s♦ ❝♦♥s✐st❡♥t ❡①♣❧❛♥❛t✐♦♥s ♦❢ t❤❡
♦❜s❡r✈❡❞ s♣❡❝tr✉♠ t❤❛t ❞♦ ♥♦t r❡q✉✐r❡ ❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥s✱ s✉❝❤ ❛s r♦t❛t✐♥❣ ♥❡✉tr♦♥
st❛rs ✭♣✉❧s❛rs✮ ❬✹✷❪ ♦r s❡❝♦♥❞❛r② ♣♦s✐tr♦♥ ♣r♦❞✉❝t✐♦♥❬✹✸❪✳

❚❤❡r❡ ✐s ❛ ❧❛r❣❡ ✈❛r✐❡t② ♦❢ ✐♥❞✐r❡❝t ❉❛r❦ ▼❛tt❡r s❡❛r❝❤❡s✱ ❜❡②♦♥❞ t❤❡ t✇♦ ❡①❛♠♣❧❡s s❦❡✲
t❝❤❡❞ ❛❜♦✈❡ ❬✸✱ ✹✱ ✶✵❪✳ ●❛♠♠❛ r❛② s❡❛r❝❤❡s ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ r❡❣✐♦♥s ♦❢ t❤❡ ❣❛❧❛①② ♦t❤❡r
t❤❛♥ t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r✱ ♦r t❤❡ ❝❡♥t❡rs ♦❢ ♦t❤❡r ❣❛❧❛①✐❡s t❤❛♥ t❤❡ ♠✐❧❦② ✇❛②✳ ❖♥❡ ❝❛♥ ✉s❡
♥❡✉tr✐♥♦ ❞❡t❡❝t♦rs t♦ s❡❛r❝❤ ❢♦r ❡①❝❡ss✐✈❡ ♥❡✉tr✐♥♦ ♣r♦❞✉❝t✐♦♥ ✐♥ ❡✳❣✳ t❤❡ ❙✉♥✳ ❈❤❛r❣❡❞ ❝♦s♠✐❝
r❛❞✐❛t✐♦♥ ✢✉①❡s ❢✉rt❤❡r ❡①t❡♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ s❡❛r❝❤ ❛✈❡♥✉❡s✳ ❆s s❡❛r❝❤❡s ❡①t❡♥❞
t❤❡✐r s❡♥s✐t✐✈❡ ♣❤❛s❡ s♣❛❝❡✱ t❤❡ ❡①✐st✐♥❣ ❞❡s❝r✐♣t✐♦♥s ♦❢ ♥♦♥ ✲ ❉❛r❦ ▼❛tt❡r s♦✉r❝❡s ♦❢ ❝♦s♠✐❝
r❛❞✐❛t✐♦♥ ❛r❡ ❡①t❡♥❞❡❞✳ ❚❤✉s ♥♦t ❡✈❡r② ♦❜s❡r✈❡❞ ❡①❝❡ss ✐s ♥❡❝❡ss❛r✐❧② ✐♥❞✐❝❛t✐✈❡ ♦❢ ❉❛r❦ ▼❛t✲
t❡r✱ ❛s ❤✐st♦r✐❝❛❧❧② s✉❝❤ ❡①❝❡ss❡s ❤❛✈❡ ♦❢t❡♥ ❜❡❡♥ ✐♥❞✐❝❛t✐✈❡ ♦❢ t❤❡ ❧✐♠✐t❡❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢
♠♦r❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♣♦t❡♥t✐❛❧ s♦✉r❝❡s✳ ❚❤✐s ♠❛❦❡s t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ ✐♥❞✐r❡❝t s❡❛r❝❤❡s ♠♦r❡
❝❤❛❧❧❡♥❣✐♥❣ t❤❛♥ t❤❛t ♦❢ ❞✐r❡❝t ♦r ❝♦❧❧✐❞❡r ❜❛s❡❞ s❡❛r❝❤❡s✳ ❍♦✇❡✈❡r✱ ✐♥❞✐r❡❝t s❡❛r❝❤❡s ♣r♦✈✐❞❡
❛❞❞✐t✐♦♥❛❧ ❝♦♥str❛✐♥ts ♦♥ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ♦t❤❡r t✇♦ s❡❛r❝❤ ❝❤❛♥♥❡❧s✱ ❛♥❞ t❤✉s t❤❡② ❛r❡ ✉s❡❢✉❧
t♦ ❞✐st✐♥❣✉✐s❤ ♦t❤❡r✇✐s❡ ✐♥❞✐st✐♥❣✉✐s❤❛❜❧❡ ❉❛r❦ ▼❛tt❡r s❝❡♥❛r✐♦s ❬✹✶✱ ✹❪✳

✶✳✸✳✸✳✸ ❈♦❧❧✐❞❡r ❙❡❛r❝❤❡s

❈♦❧❧✐❞❡r s❡❛r❝❤❡s ❢♦r ❉❛r❦ ▼❛tt❡r ❛r❡ ❧♦♦❦✐♥❣ ❢♦r ❡✈❡♥ts ✇❤❡r❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡ ❛r❡ ♣r♦✲
❞✉❝❡❞ ✐♥ ❤✐❣❤ ❡♥❡r❣② ♣❛rt✐❝❧❡ ❝♦❧❧✐s✐♦♥s ❬✸✱ ✹✱ ✼❪✳ ❆❧t❤♦✉❣❤ s❡❛r❝❤❡s ❛t ♦t❤❡r ❝♦❧❧✐❞❡rs ❝❛♥ ❜❡
❞♦♥❡ ❬✹✹❪✱ t❤✐s t❤❡s✐s ✇✐❧❧ ♦♥❧② ❝♦♥s✐❞❡r ♣r♦t♦♥✲♣r♦t♦♥ ❝♦❧❧✐s✐♦♥s ❛t t❤❡ ▲❍❈✳ ❇❡❝❛✉s❡ t❤❡ ❉❛r❦
▼❛tt❡r ♣❛rt✐❝❧❡s ❛r❡ t❤♦✉❣❤t t♦ ❜❡ ❧♦♥❣✲❧✐✈❡❞ ♦r st❛❜❧❡✱ ❛s ✇❡❧❧ ❛s ✈❡r② ✇❡❛❦❧② ✐♥t❡r❛❝t✐♥❣✱ t❤❡②
❝❛♥ ❧❡❛✈❡ ❛♥② ❞❡t❡❝t♦r ♣❧❛❝❡❞ ❛r♦✉♥❞ t❤❡ ❝♦❧❧✐s✐♦♥ ♣♦✐♥t ✉♥❞❡t❡❝t❡❞✳ ❍❡♥❝❡ ❝♦❧❧✐❞❡r s❡❛r❝❤❡s
❝♦♥s✐❞❡r ❡✈❡♥ts ✇❤❡r❡ ✐♥✈✐s✐❜❧❡ ♣❛rt✐❝❧❡s ❤❛✈❡ ❜❡❡♥ ♣r♦❞✉❝❡❞ s✐♠✉❧t❛♥❡♦✉s❧② ✇✐t❤ ❛t ❧❡❛st ♦♥❡
♦❜s❡r✈❡❞ ♣❛rt✐❝❧❡ X✱ ✇❤✐❝❤ ❡♥❛❜❧❡s tr✐❣❣❡r✐♥❣ t❤❡ r❡❝♦r❞✐♥❣ ♦❢ t❤❡ ❡✈❡♥t✳ ❊①❛♠♣❧❡ ❋❡②♥♠❛♥
❣r❛♣❤s ❢♦r s✉❝❤ ❡✈❡♥ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✹✳ ❚❤❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ❝❛♥ ❝❛rr② s✐❣♥✐✜✲
❝❛♥t ♠♦♠❡♥t❛✱ ✇❤✐❝❤✱ ❜❡❝❛✉s❡ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ♣❛rt♦♥s ❤❛✈❡ ♥❡❣❧✐❣✐❜❧❡ ♠♦♠❡♥t✉♠ ❝♦♠♣♦♥❡♥ts
tr❛♥s✈❡rs❡ t♦ t❤❡ ❝♦❧❧✐❞✐♥❣ ❜❡❛♠s✱ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞ ❛s ♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ✭Emiss

T ✮✱
✐✳❡✳ t❤❡ ❞✐✛❡r❡♥❝❡ t♦ 0 ♦❢ t❤❡ ✈❡❝t♦r s✉♠ ♦❢ ❛❧❧ tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛ ✐♥ t❤❡ ❡✈❡♥t✳ ❙✉❝❤ s❡❛r❝❤❡s
❛r❡ ❝❛❧❧❡❞ ✏♠♦♥♦✲X✑ ♦r X +Emiss

T s❡❛r❝❤❡s✳ ❚❤❡ X ✐♥ X +Emiss
T ❝❛♥ ❢♦r ❡①❛♠♣❧❡ ❜❡ ❛ ❥❡t ❬✹✺❪✱

❛ ♣❤♦t♦♥ ❬✹✻❪✱ ❛♥ ❡❧❡❝tr♦✇❡❛❦ ✈❡❝t♦r ❜♦s♦♥ ❬✹✼❪✱ ❛ ❤✐❣❣s ❜♦s♦♥ ❬✷❪✱ ❛ t♦♣ q✉❛r❦ ❬✹✽❪ ♦r ❛ ♣❛✐r ♦❢
t♦♣ q✉❛r❦s ❬✹✾❪✳

❚❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r✲❙▼ ✐♥t❡r❛❝t✐♦♥ ❛s ❛ ♣✉r❡ ❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥✱ s✉❝❤ ❛s
✐♥ ❋✐❣✉r❡ ✶✳✶✹✭❛✮ ✐s s✉✣❝✐❡♥t ❢♦r ❞✐r❡❝t ❞❡t❡❝t✐♦♥✱ ❛♥❞ ♠❛♥② ❝❛s❡s ♦❢ ✐♥❞✐r❡❝t ❞❡t❡❝t✐♦♥ s✐❣♥❛❧s✱
❜❡❝❛✉s❡ t❤❡ r❡❧❛t✐✈❡ ♠♦♠❡♥t❛ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♥❣ ♣❛rt✐❝❧❡s ❛r❡ ❢❛r ❜❡❧♦✇ t❤❡ s✉♣♣r❡ss✐♦♥ s❝❛❧❡

✸✻



❋✐❣✉r❡ ✶✳✶✺✿ ❘❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❥❡t ✰ Emiss
T ❛♥❞ ❞✐❥❡t s❡❛r❝❤❡s✳ ❚❤❡ ♠❡❞✐❛t♦r R ♦❢ ❛ s✐♠♣❧✐✜❡❞

♠♦❞❡❧ ❝❛♥✱ ✐❢ ✐t ❡①✐sts✱ ♥♦t ♦♥❧② ❞❡❝❛② ✐♥t♦ ❉❛r❦ ▼❛tt❡r✱ ❜✉t ❛❧s♦ ✐♥t♦ ❙▼ ✜♥❛❧ ♣❛rt✐❝❧❡s✳ ❚❤✐s
♠♦t✐✈❛t❡s ❝♦❧❧✐❞❡r s❡❛r❝❤❡s ❢♦r r❡s♦♥❛♥t ❉❛r❦ ▼❛tt❡r ♠❡❞✐❛t♦r ❞❡❝❛②s ✐♥t♦ t✇♦ ❥❡ts ♦r t✇♦
❧❡♣t♦♥s✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✼❪✳

♦❢ t❤❡ ❡✛❡❝t✐✈❡ ✜❡❧❞ t❤❡♦r② ✭❊❋❚✮ ✐♥ q✉❡st✐♦♥ ❬✼❪✳ ❚❤✐s ✐s ♥♦t ♥❡❝❡ss❛r✐❧② tr✉❡ ❢♦r ❉❛r❦ ▼❛tt❡r
s❡❛r❝❤❡s ❛t t❤❡ ▲❍❈✱ ✇❤❡r❡ t❤❡ r❡❧❛t✐✈❡ ♠♦♠❡♥t❛ ♦❢ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ♣❛rt♦♥s ❝❛♥ ❜❡ ❧❛r❣❡
❡♥♦✉❣❤ t♦ r❡s♦❧✈❡ ♠❡❞✐❛t♦rs ✇✐t❤ ♠❛ss❡s ♦♥ t❤❡ ♦r❞❡r ♦❢ s❡✈❡r❛❧ TeV✳ ❚r②✐♥❣ t♦ ❞❡s❝r✐❜❡ s✉❝❤
✐♥t❡r❛❝t✐♦♥s ❛s ❊❋❚s ❝❛♥ ②✐❡❧❞ ✇r♦♥❣ ❦✐♥❡♠❛t✐❝s ❛♥❞ ✉♥✐t❛r✐t② ✈✐♦❧❛t✐♥❣ s❝❛tt❡r✐♥❣ ❛♠♣❧✐t✉❞❡s
❬✼✱ ✶✶❪✳ ❚♦ ♦❜t❛✐♥ ❝♦rr❡❝t ♣r❡❞✐❝t✐♦♥s✱ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ❛r❡ ✉s❡❞ ✐♥st❡❛❞✱ ✇❤✐❝❤ ❡①♣❧✐❝✐t❧②
✐♥❝❧✉❞❡ ♦♥❡ ♦r s❡✈❡r❛❧ ♠❡❞✐❛t♦r st❛t❡s✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❋❡②♥♠❛♥ ❣r❛♣❤ ❢♦r ❛ X +Emiss

T ❡✈❡♥t
✐♥ s✉❝❤ ❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳✶✹✭❜✮✳ ❙✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞
✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡✛❡❝t✐✈❡ ❝♦♥t❛❝t ♦♣❡r❛t♦r ❜② ✐♥t❡❣r❛t✐♥❣ ♦✉t ❤✐❣❤❡r✲❡♥❡r❣② ❞❡❣r❡❡s ♦❢
❢r❡❡❞♦♠✳ ❋♦r ❡①❛♠♣❧❡✱ ❢♦r ❛♥ s✲❝❤❛♥♥❡❧ ✈❡❝t♦r ♠❡❞✐❛t♦r Z ′ ♦♥❡ ❣❡ts ❬✶✶❪✿

gqgχ
Q2 −m2

Z′

≈ −gqgχ
m2

Z′

+O
(

Q2

m2
Z′

)

✇✐t❤ gq t❤❡ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ♠❡❞✐❛t♦r t♦ q✉❛r❦s✱ gχ t❤❡ ❝♦✉♣❧✐♥❣ t♦ ❉❛r❦ ▼❛tt❡r✱ ❛♥❞ Q2 t❤❡
♠♦♠❡♥t✉♠ tr❛♥s❢❡r ✐♥ t❤❡ s−❝❤❛♥♥❡❧✳ ❚❤❡ s✉♣♣r❡ss✐♦♥ s❝❛❧❡ Λ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡✛❡❝t✐✈❡
❝♦♥t❛❝t ♦♣❡r❛t♦r χ̄γµχq̄γµq

Λ2 ❝❛♥ t❤❡♥ ❜❡ r❡❛❞ ♦✛ t♦ ❜❡ Λ =
√
gqgχ
mZ′

✳

❙✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ❢❡❛t✉r❡ ❡①♣❧✐❝✐t ♠❡❞✐❛t♦rs ♦❢ t❤❡ ❙▼✲❉❛r❦ ▼❛tt❡r ✐♥t❡r❛❝t✐♦♥✳ ❚❤✉s ♦♥❡
❝❛♥ ❢✉rt❤❡r ❝♦♥str❛✐♥ s✉❝❤ ♠♦❞❡❧s ❜② ❧♦♦❦✐♥❣ ❢♦r t❤❡ ❞❡❝❛② ♦❢ t❤❡ ♠❡❞✐❛t♦r ❜❛❝❦ ✐♥t♦ ❙▼
♣❛rt✐❝❧❡s✱ ❡✳❣✳ ❛ ♣❛✐r ♦❢ q✉❛r❦s ❬✼❪✳ ❚❤✐s ❝♦♥❝❡♣t ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳✶✺✳ ❚❤❡ r❡s✉❧t✐♥❣
❞✐❥❡t r❡s♦♥❛♥❝❡ s❡❛r❝❤❡s ❝❛♥ ♥♦t ♣r♦✈✐❞❡ ❞✐r❡❝t ❡✈✐❞❡♥❝❡ ♦❢ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ ❉❛r❦ ▼❛tt❡r
❝❛♥❞✐❞❛t❡✱ ❜✉t t❤❡② ❝❛♥ ♣r♦✈✐❞❡ str♦♥❣ ❝♦♥str❛✐♥ts ♦♥ t❤❡ ✈✐❛❜❧❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♦❢ s✐♠♣❧✐✜❡❞
♠♦❞❡❧s✳

❋✐❣✉r❡ ✶✳✶✻ s❤♦✇s ❛♥ ♦✈❡r✈✐❡✇ ♦❢ ❞✐✛❡r❡♥t X + Emiss
T ❛♥❞ ❞✐❥❡t s❡❛r❝❤❡s ✇✐t❤ t❤❡ ❆❚▲❆❙

❞❡t❡❝t♦r ❛t t❤❡ ▲❍❈✳ ❚❤❡ s❡❛r❝❤ r❡s✉❧ts ❛r❡ ✐♥t❡r♣r❡t❡❞ ✐♥ t❤❡ ✈❡❝t♦r ♠❡❞✐❛t♦r s✐♠♣❧✐✜❡❞ ♠♦❞❡❧
❬✺✾❪✱ ✇✐t❤ ❛ s✐♥❣❧❡ ♠❛ss✐✈❡ ✈❡❝t♦r ♠❡❞✐❛t♦r ❝♦✉♣❧✐♥❣ t♦ ❉❛r❦ ▼❛tt❡r ❛♥❞ t♦ q✉❛r❦s✱ ❜✉t ♥♦t
❧❡♣t♦♥s✳

■♥ ❋✐❣✉r❡ ✶✳✶✻✭❛✮✱ ❞✐✛❡r❡♥t s❡❛r❝❤ s✐❣♥❛t✉r❡s ❛r❡ ❝♦♠♣❛r❡❞ ✐♥ t❤❡ ♠❡❞✐❛t♦r ♠❛ss ✲ ❉❛r❦
▼❛tt❡r ♠❛ss ♣❧❛♥❡✳ X + Emiss

T s✐❣♥❛t✉r❡s ❛r❡ s❡♥s✐t✐✈❡ ✐♥ ❛ tr✐❛♥❣❧❡ s❤❛♣❡❞ r❡❣✐♦♥ ✐♥ t❤✐s
♣❧❛♥❡✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t t❤❡ ♠♦❞❡❧ ♣r❡❞✐❝ts ❧❛r❣❡ X + Emiss

T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥s ✇❤✐❧❡
t❤❡ ♠❡❞✐❛t♦r ✐s ♦♥✲s❤❡❧❧✱ ✐✳❡✳ Mmed. > 2Mχ✱ ❜✉t str♦♥❣❧② s✉♣♣r❡ss❡❞ ❝r♦ss s❡❝t✐♦♥s ✐♥ t❤❡
♦✛✲s❤❡❧❧ r❡❣✐♠❡ ✇✐t❤ Mmed. < 2Mχ ❬✼❪✳ ❚❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❢❛❧❧s ✇✐t❤ ✐♥❝r❡❛s✐♥❣
♠❡❞✐❛t♦r ♠❛ss✱ ❜❡❝❛✉s❡ t❤❡ ♣❛rt♦♥ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ♣r♦t♦♥ ❢❛❧❧ ✇✐t❤ ✐♥❝r❡❛s✐♥❣
♠♦♠❡♥t✉♠ ❢r❛❝t✐♦♥✳ ❚❤✉s ❛t s♦♠❡ ♠❡❞✐❛t♦r ♠❛ss✱ t❤❡ ♣r❡❞✐❝t❡❞ s✐❣♥❛❧ r❛t❡ ✐s t♦♦ s♠❛❧❧ t♦
❜❡ ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢r♦♠ ❜❛❝❦❣r♦✉♥❞s✱ ❣✐✈✐♥❣ t❤❡ ✉♣♣❡r ❡♥❞ ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ✐♥ t❡r♠s ♦❢ t❤❡
♠❡❞✐❛t♦r ♠❛ss✳

■♥ t❤❡ ✈❡❝t♦r ♠❡❞✐❛t♦r s✐♠♣❧✐✜❡❞ ♠♦❞❡❧✱ t❤❡r❡ ✐s ❛ ❝❧❡❛r s❡♥s✐t✐✈✐t② ❤✐❡r❛r❝❤② ♦❢ t❤❡ X +
Emiss

T s❡❛r❝❤❡s✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ ♠❛ss r❡❛❝❤ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡①❝❧✉s✐♦♥ ❝♦♥t♦✉rs ✐♥
❋✐❣✉r❡ ✶✳✶✻✭❛✮✿ t❤❡ jet + Emiss

T s❡❛r❝❤ ✐s ♠♦r❡ s❡♥s✐t✐✈❡ t❤❛♥ t❤❡ γ + Emiss
T s❡❛r❝❤✱ ❛♥❞ ❜♦t❤

❛r❡ ♠♦r❡ s❡♥s✐t✐✈❡ t❤❛♥ t❤❡ Z(ll) + Emiss
T s❡❛r❝❤✳ ❚❤✐s ❤✐❡r❛❝❤② r❡✢❡❝ts t❤❡ ❢❛❝t t❤❛t✱✐♥ t❤❡

✸✼
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✭❜✮ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❆❚▲❆❙ ❧✐♠✐ts ❢r♦♠ ✭❛✮ t♦ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ r❡s✉❧ts ❢r♦♠ ❬✺✹✱
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❋✐❣✉r❡ ✶✳✶✻✿ ❙✉♠♠❛r② ♦❢ s❡❧❡❝t❡❞ ❆❚▲❆❙ s❡❛r❝❤❡s ❢♦r ❉❛r❦ ▼❛tt❡r✳ ❚❤❡ r❡s✉❧ts ♦❢ ❞✐✛❡r❡♥t
s❡❛r❝❤❡s ✐♥ ❛ ✈❛r✐❡t② ♦❢ ✜♥❛❧ st❛t❡s ✐♥ t❤❡ ♣❧❛♥❡ ♦❢ ♠❡❞✐❛t♦r ❛♥❞ ❉❛r❦ ▼❛tt❡r ♠❛ss❡s ❛r❡ s❤♦✇♥
✐♥ ✭❛✮✳ ❚❤❡ ❝♦♠❜✐♥❡❞ ❡①❝❧✉s✐♦♥ ✐s ❝♦♠♣❛r❡❞ t♦ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ r❡s✉❧ts ✐♥ t❤❡ ♣❧❛♥❡ ♦❢ s♣✐♥✲
✐♥❞❡♣❡♥❞❡♥t ❉❛r❦ ▼❛tt❡r✲◆✉❝❧❡♦♥ s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ ❉❛r❦ ▼❛tt❡r ♠❛ss ✐♥ ✭❜✮✳ ❚❤❡
❡①❝❧✉s✐♦♥s ❛r❡ ❝♦♠♣✉t❡❞ t❤❡ ✈❡❝t♦r✲♠❡❞✐❛t♦r s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ✐♥ ❘❡❢✳ ❬✺✾❪ ✇✐t❤ ❛ ❞❛r❦ ♠❛tt❡r
❝♦✉♣❧✐♥❣ gDM = 1.0✱ ❛ q✉❛r❦ ❝♦✉♣❧✐♥❣ gq = 0.25 ✉♥✐✈❡rs❛❧ t♦ ❛❧❧ ✢❛✈♦rs✱ ❛♥❞ ❛ ❧❡♣t♦♥ ❝♦✉♣❧✐♥❣
gl s❡t t♦ ③❡r♦✳ ❚❤❡ ♣❧♦ts ❛r❡ t❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✻✵❪✳
✸✽



✈❡❝t♦r ♠❡❞✐❛t♦r s✐♠♣❧✐✜❡❞ ♠♦❞❡❧✱ t❤❡ X ♦❢ X + Emiss
T ✐s ■♥✐t✐❛❧ ❙t❛t❡ ❘❛❞✐❛t✐♦♥ ✭■❙❘✮✱ ❛s

✐♥❞✐❝❛t❡❞ ✐♥ ❋✐❣✉r❡s ✶✳✶✹ ❛♥❞ ✶✳✶✺✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ s❡❛r❝❤❡s
✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ r❡s♣❡❝t✐✈❡ ❡①♣❡❝t❡❞ r❛t❡ ♦❢ ■❙❘ ♣r♦❞✉❝t✐♦♥ ❢♦r t❤❡ ❞✐✛❡r❡♥t X✳ ❚❤✉s
t❤❡ s❡♥s✐t✐✈✐t② ❤✐❡r❛r❝❤② r❡✢❡❝ts t❤❡ ❤✐❡r❛r❝❤② ♦❢ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ str♦♥❣✱ ❡❧❡❝tr♦♠❛❣♥❡t✐❝✱ ❛♥❞
✇❡❛❦ ✐♥t❡r❛❝t✐♦♥s t♦ q✉❛r❦s✳

❚❤❡ ✈❛r✐♦✉s s❡❛r❝❤❡s ❢♦r ❞✐❥❡t r❡s♦♥❛♥❝❡s ✐♥ ❋✐❣✉r❡ ✶✳✶✻✭❛✮ ❛r❡ t♦ ✜rst ♦r❞❡r ✐♥❞❡♣❡♥❞❡♥t
♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♠❛ss✳ ❚❤❡ ❧♦✇ ♠❛ss ❡♥❞ ♦❢ t❤❡ ❞✐❥❡t s❡♥s✐t✐✈✐t② ❛r✐s❡s ❞✉❡ t♦ t❤❡ tr✐❣❣❡r
t❤r❡s❤♦❧❞s ❬✺✵❪✳ ❚❤❡ ❧♦✇❡r t❤❡ ♠❛ss ♦❢ t❤❡ r❡s♦♥❛♥❝❡✱ t❤❡ ❧♦✇❡r t❤❡ ♠❛①✐♠✉♠ tr❛♥s✈❡rs❡
♠♦♠❡♥t✉♠ ♦❢ t❤❡ r❡s✉❧t✐♥❣ ❥❡ts✳ ❇❡❧♦✇ ❛ ❝❡rt❛✐♥ t❤r❡s❤♦❧❞ ♦❢ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠✱ ❛ ♣♦t❡♥t✐❛❧
s✐❣♥❛❧ ❡✈❡♥t ✐s ♥♦t tr✐❣❣❡r❡❞✱ ✐♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ❞❛t❛ r❡❛❞♦✉t r❛t❡ ♦❢ t❤❡ ❞❡t❡❝t♦r ✇✐t❤✐♥ t❤❡
t❡❝❤♥✐❝❛❧ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ❛♥❞ r❡❛❞♦✉t s②st❡♠s✳ ❚❤✉s s✐❣♥❛❧ ❡✈❡♥ts ❜❡❧♦✇ ❛
❝❡rt❛✐♥ ♠❡❞✐❛t♦r ♠❛ss ✇♦✉❧❞ ♥♦t ❜❡ r❡❝♦r❞❡❞✱ ❛♥❞ t❤❡ s❡❛r❝❤ ✐s ♥♦t s❡♥s✐t✐✈❡ t♦ s✉❝❤ ❛ ♠♦❞❡❧✳
❚♦ ❡①t❡♥❞ t❤❡ s❡♥s✐t✐✈✐t② t♦ ❧♦✇❡r ♠❛ss❡s✱ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❛r❡ ✉s❡❞✿

• ❈♦❧❧✐❞❡r r✉♥s ✇✐t❤ ❧♦✇❡r ❝❡♥t❡r✲♦❢✲♠❛ss ❡♥❡r❣② ❬✺✶❪✱ ✇❤❡r❡ t❤❡ tr✐❣❣❡r t❤r❡s❤♦❧❞s ❝❛♥ ❜❡
❧♦✇❡r❡❞✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✏❉✐❥❡t ✽ ❚❡❱✑ ❧✐♥❡ ✐♥ ❋✐❣✉r❡ ✶✳✶✻✭❛✮✳

• ❆ ❚r✐❣❣❡r ▲❡✈❡❧ ❆♥❛❧②s✐s ✭❚▲❆✮ ❞✐❥❡t s❡❛r❝❤ ✉s✐♥❣ ❥❡ts r❡❝♦♥str✉❝t❡❞ ❛t tr✐❣❣❡r ❧❡✈❡❧ ❬✺✸❪✳
❚r✐❣❣❡r ❧❡✈❡❧ ❥❡ts ❝❛♥ ❜❡ ❝♦♥str✉❝t❡❞ ✈❡r② ❢❛st ❛♥❞ t❛❦❡ ✉♣ ❧✐tt❧❡ ❜❛♥❞✇✐❞t❤ ❡✈❡♥ ❛t ❤✐❣❤
❡✈❡♥t r❛t❡s✱ t❤✉s t❤❡② ❤❡❧♣ ❡✈❛❞❡ ✉s✉❛❧ ❜❛♥❞✇✐❞t❤ ❝♦♥str❛✐♥t✱ ❛❧❧♦✇✐♥❣ t❤❡ ✉s❡ ♦❢ r❡❞✉❝❡❞
tr✐❣❣❡r t❤r❡s❤♦❧❞s✳ ❚❤❡ r❡s✉❧t ♦❢ t❤✐s ❛♣♣r♦❛❝❤ ✐s s❤♦✇♥ ❛s ✏❉✐❥❡t ❚▲❆✑ ✐♥ ❋✐❣✉r❡ ✶✳✶✻✭❛✮

• ❆ s❡❛r❝❤ ❢♦r ❡✈❡♥ts ✇✐t❤ ■❙❘ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❞✐❥❡t s②st❡♠ ❬✺✷❪✳ ❚❤❡ ■❙❘ ✐s ♠♦♠❡♥t✉♠
❜❛❧❛♥❝❡❞ ✇✐t❤ t❤❡ ❞✐❥❡t s②st❡♠✱ ✇❤✐❝❤ ✐s t❤❡r❡❢♦r❡ ❜♦♦st❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❞❡t❡❝t♦r
r❡st ❢r❛♠❡✳ ❚❤✉s t❤❡ ❥❡ts ✐♥ t❤❡ ❡✈❡♥t ❝❛♥ ❤❛✈❡ ❧❛r❣❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛✱ ❛❜♦✈❡ t❤❡
tr✐❣❣❡r t❤r❡s❤♦❧❞✱ ❡✈❡♥ ✇❤❡♥ t❤❡ ♠❛ss ♦❢ t❤❡ ♠❡❞✐❛t♦r ✐s ❧♦✇✳ ❚❤✐s ✐s s❤♦✇♥ ❛s ✏❉✐❥❡t ✰
■❙❘✑ ✐♥ ❋✐❣✉r❡ ✶✳✶✻✭❛✮✳

❆t ❤✐❣❤ ♠❛ss❡s✱ s✐♠✐❧❛r❧② t♦ t❤❡X+Emiss
T s❡❛r❝❤❡s✱ t❤❡ ♣❛rt♦♥ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥s✱ ✇❤✐❝❤ ❢❛❧❧

t♦✇❛r❞s ❧❛r❣❡r ♠♦♠❡♥t✉♠ ❢r❛❝t✐♦♥s✱ r❡❞✉❝❡ t❤❡ ❡①♣❡❝t❡❞ r❛t❡ ♦❢ ♣r♦❞✉❝✐♥❣ ♠❛ss✐✈❡ r❡s♦♥❛♥❝❡s✱
❛♥❞ ❡✈❡♥t✉❛❧❧② ❧✐♠✐t✐♥❣ t❤❡ ✉♣♣❡r ♠❛ss r❡❛❝❤ ♦❢ t❤❡ ❞✐❥❡t s❡❛r❝❤ s❡♥s✐t✐✈✐t②✳ ❚❤❡r❡ ✐s ❛ s❧✐❣❤t
r❡s✐❞✉❛❧ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r ♠❛ss ❬✺✵❪✳ ■t ❛r✐s❡s ❢r♦♠ t❤❡ ❉❛r❦
▼❛tt❡r ♠❛ss ❛✛❡❝t✐♥❣ t❤❡ ♣❛rt✐❛❧ ❞❡❝❛② ✇✐❞t❤ ♦❢ t❤❡ ♠❡❞✐❛t♦r ✐♥t♦ ❉❛r❦ ▼❛tt❡r✱ t❤✉s ❝❤❛♥❣✐♥❣
✐ts t♦t❛❧ ❞❡❝❛② ✇✐❞t❤✳ ❚❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ t❤❡ ♠❡❞✐❛t♦r ❛✛❡❝ts t❤❡ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡✱ ❜❡❝❛✉s❡
t❤❡ s❡❛r❝❤❡s ❛r❡ ♦♣t✐♠✐s❡❞ ❢♦r ♥❛rr♦✇ r❡s♦♥❛♥❝❡s✱ ❛♥❞ t❤✉s t❤❡ s❡♥s✐t✐✈✐t② ❝❤❛♥❣❡s ✇✐t❤ t❤❡
❉❛r❦ ▼❛tt❡r ♠❛ss✳

❋✐❣✉r❡ ✶✳✶✻✭❜✮ ♣r❡s❡♥ts t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❆❚▲❆❙ ❉❛r❦ ▼❛tt❡r s❡❛r❝❤ r❡s✉❧ts t♦ t❤❡
r❡s✉❧ts ♦❢ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts✳ ❍✐❣❤❡r ♠❡❞✐❛t♦r ♠❛ss❡s ❝♦rr❡s♣♦♥❞ t♦ ❧♦✇❡r ❉▼✲
♥✉❝❧❡♦♥ s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥s✳ ❲❤✐❧❡ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ s❡❛r❝❤❡s ❛r❡ s❡♥s✐t✐✈❡ t♦ ❧♦✇❡r s❝❛t✲
t❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥s t❤❛♥ t❤❡ ❝♦❧❧✐❞❡r s❡❛r❝❤❡s✱ t❤❡ ❝♦❧❧✐❞❡r s❡❛r❝❤❡s ❛r❡ s❡♥s✐t✐✈❡ t♦ ❢❛r ❧♦✇❡r
❉❛r❦ ▼❛tt❡r ♠❛ss❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❝♦❧❧✐❞❡r s❡❛r❝❤❡s ❛r❡ ✐♥s❡♥s✐t✐✈❡ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
CP ✲❡✈❡♥ ❛♥❞ CP ✲♦❞❞ ♠❡❞✐❛t♦rs✱ ✇❤❡r❡❛s ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡①♣❡r✐♠❡♥ts ❛r❡ ♠✉❝❤ ❧❡ss s❡♥s✐t✐✈❡
t♦ s♣✐♥✲❞❡♣❡♥❞❡♥t ❉▼✲♥✉❝❧❡✉s ❝♦✉♣❧✐♥❣s✳ ❚❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ✐❧❧✉str❛t❡ t❤❛t ❞✐r❡❝t ❞❡t❡❝t✐♦♥
❛♥❞ ❝♦❧❧✐❞❡r ❜❛s❡❞ ❲■▼P s❡❛r❝❤❡s ❛r❡ ❝♦♠♣❧❡♠❡♥t❛r②✳

❚❤❡ ♥♦t❛❜❧❡ ❛❜s❡♥❝❡ ♦❢ ♠♦r❡ ❡①♦t✐❝ ❉❛r❦ ▼❛tt❡r s✐❣♥❛t✉r❡s s✉❝❤ ❛s h(bb̄) +Emiss
T ✱ h(γγ) +

Emiss
T ✱ t +Emiss

T ✱ bb̄+Emiss
T ✱ tt̄+Emiss

T ✱ ❛♥❞ tt̄✲r❡s♦♥❛♥❝❡ ❢r♦♠ t❤❡ s✉♠♠❛r② ♣❧♦t ✐♥ ❋✐❣✉r❡ ✶✳✶✻
r❡✢❡❝ts t❤❡ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ ✈❡❝t♦r ♠❡❞✐❛t♦r s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ❬✺✾❪ ✉s❡❞ ❢♦r t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥✱
❛s ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✶✳✶✳ ❚❤❡ ♣❛r❛♠❡t❡r ❜❡♥❝❤♠❛r❦s ✐♥ t❤❡ ✷❍❉▼+a ❝♦♥str✉❝t❡❞ ✐♥
❈❤❛♣t❡rs ✻ ❛♥❞ ✼ ❛♥❞ ✉s❡❞ ✐♥ ❈❤❛♣t❡r ✽ ❛tt❡♠♣t t♦ ♦✈❡r❝♦♠❡ t❤✐s ❧✐♠✐t❛t✐♦♥✳

✸✾



✹✵



❈❤❛♣t❡r ✷

❚❤❡ ❆❚▲❆❙ ❉❡t❡❝t♦r ❛t t❤❡ ▲❍❈

❚❤✐s ❈❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♠❛❝❤✐♥❡r② ✉s❡❞ ❢♦r t❤❡ h(bb̄)+Emiss
T s❡❛r❝❤ ❞❡s❝r✐❜❡❞

✐♥ ❈❤❛♣t❡r ✸ ❛♥❞ ✐ts ✐♥t❡r♣r❡t❛t✐♦♥ ✐♥ ❈❤❛♣t❡r ✽✱ ♣r♦✈✐❞✐♥❣ ❝♦♥t❡①t ❢♦r t❤❡ st✉❞✐❡s ♣r❡s❡♥t❡❞
✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼✳ ❚❤❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r ✭▲❍❈✮ ❛t ❈❊❘◆ ♥❡❛r ●❡♥❡✈❛ ✐♥ ❙✇✐t③❡r❧❛♥❞
✐s t❤❡ ♠♦st ♣♦✇❡r❢✉❧ ♣❛rt✐❝❧❡ ❝♦❧❧✐❞❡r ✐♥ ♦♣❡r❛t✐♦♥ ❛t t❤❡ t✐♠❡ ♦❢ ✇r✐t✐♥❣✳ ❚❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r
✐s ♦♥❡ ♦❢ s❡✈❡r❛❧ ❞❡t❡❝t♦rs r❡❝♦r❞✐♥❣ t❤❡ ▲❍❈ ❤❛❞r♦♥ ❝♦❧❧✐s✐♦♥s✳ ❙❡❝t✐♦♥ ✷✳✶ ❜r✐❡✢② ❞❡s❝r✐❜❡s
t❤❡ ▲❍❈✱ ❢♦❧❧♦✇✐♥❣ ❘❡❢✳ ❬✻✶✱ ✻✷❪✳ ❙❡❝t✐♦♥ ✷✳✷ ❣✐✈❡s ❛ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❆❚▲❆❙ ❉❡t❡❝t♦r✱
❢♦❧❧♦✇✐♥❣ ❘❡❢✳ ❬✻✸❪✳ ❚❤❡ ❝♦♥❝❡♣t ♦❢ ❧✉♠✐♥♦s✐t② ❛♥❞ ✐ts ♠❡❛s✉r❡♠❡♥t ✇✐t❤ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r
❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✸✳

✷✳✶ ❚❤❡ ▲❛r❣❡ ❍❛❞r♦♥ ❈♦❧❧✐❞❡r

❚❤❡ ▲❍❈ ❝♦♥s✐sts ♦❢ t✇♦ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ st♦r❛❣❡ r✐♥❣s✳ ❚❤❡ st♦r❛❣❡ r✐♥❣s ❛r❡ ❧♦❝❛t❡❞ ✐♥
❛ s✐♥❣❧❡ ❝✐r❝✉❧❛r ✉♥❞❡r❣r♦✉♥❞ t✉♥♥❡❧ ✇✐t❤ ❛ ❝✐r❝✉♠❢❡r❡♥❝❡ ♦❢ 26.7 ❦♠ ❧♦❝❛t❡❞ ♥❡❛r ●❡♥❡✈❛✱
❙✇✐t③❡r❧❛♥❞✱ ❛t ❛ ❞❡♣t❤ ❜❡t✇❡❡♥ 45 ♠ ❛♥❞ 175 ♠ ❜❡❧♦✇ t❤❡ s✉r❢❛❝❡✳ ❚❤❡ st♦r❛❣❡ r✐♥❣s ❝❛♥ ❜❡
✜❧❧❡❞ ✇✐t❤ ❡✐t❤❡r ♣r♦t♦♥s ♦r ❧❡❛❞ ✐♦♥s✱ ❜✉t s✐♥❝❡ ♦♥❧② t❤❡ ♦♣❡r❛t✐♦♥ ✇✐t❤ ♣r♦t♦♥s ✐s r❡❧❡✈❛♥t ✐♥
t❤✐s t❤❡s✐s✱ ♦♥❧② ✐t ✐s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

❚❤❡ ♣r♦t♦♥s ❢♦r t❤❡ ▲❍❈ ❛r❡ ♣r♦❞✉❝❡❞ ❜② ✐♦♥✐s✐♥❣ ❤②❞r♦❣❡♥ ❣❛s ✇✐t❤ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❖♥❝❡
t❤❡ ❡❧❡❝tr♦♥s ❛r❡ str✐♣♣❡❞ ❛✇❛② ❜② t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❡ r❡♠❛✐♥✐♥❣ ♣r♦t♦♥s ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ✐♥
❛ s❡q✉❡♥❝❡ ♦❢ ♣r❡✲ ❛❝❝❡❧❡r❛t♦rs✱ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✳ ❚❤❡s❡ ✐♥❝❧✉❞❡✱ ✐♥ s❡q✉❡♥❝❡✱ t❤❡ ❧✐♥❡❛r
❛❝❝❡❧❡r❛t♦r ▲■◆❆❈✷✱ ❢♦❧❧♦✇❡❞ ❜② t❤❡ s②♥❝❤r♦tr♦♥ ❛❝❝❡❧❡r❛t♦rs ❇❖❖❙❚❊❘✱ ♣r♦t♦♥ ❙②♥❝❤r♦tr♦♥
✭P❙✮✱ ❛♥❞ ❙✉♣❡r Pr♦t♦♥ ❙②♥❝❤r♦tr♦♥ ✭❙P❙✮✳ ❇❡❝❛✉s❡ t❤❡ ♣r❡✲❛❝❝❡❧❡r❛t✐♥❣ s②♥❝❤r♦t♦♥s ✉s❡
r❛❞✐♦ ❢r❡q✉❡♥❝② ✭❘❋✮ ❝❛✈✐t✐❡s t♦ ❛❝❝❡❧❡r❛t❡ t❤❡ ♣r♦t♦♥s✱ t❤❡ ♣r♦t♦♥s tr❛✈❡❧ ❛s ❜✉♥❝❤❡s ♦❢ ≈ 1011

♣r♦t♦♥s✳ ❚❤❡ ♣r♦t♦♥ ❜✉♥❝❤❡s ❢r♦♠ t❤❡ ❙P❙ ❛r❡ ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ t✇♦ ▲❍❈ r✐♥❣s ❛t t✇♦ ✐♥❥❡❝t✐♦♥
♣♦✐♥ts✱ ❢r♦♠ ✇❤❡r❡ t❤❡② ❛r❡ ❛❝❝❡❧❡r❛t❡❞ t♦ t❤❡ ✜♥❛❧ ❜❡❛♠ ❡♥❡r❣②✳ ❆❝❝❡❧❡r❛t✐♥❣ ❛ ♣r♦t♦♥ ❜❡❛♠
t♦ t❤❡ ✜♥❛❧ ▲❍❈ ❜❡❛♠ ❡♥❡r❣② t❛❦❡s ❛r♦✉♥❞ t✇♦ ❤♦✉rs ✐♥ t♦t❛❧✱ ♦❢ ✇❤✐❝❤ t❤❡ ♣r♦t♦♥ ❜❡❛♠
s♣❡♥❞s r♦✉❣❤❧② ❤❛❧❢ ❛♥ ❤♦✉r ❜❡✐♥❣ ❛❝❝❡❧❡r❛t❡❞ ✐♥ t❤❡ ▲❍❈✳ ❚❤❡ ♣r♦t♦♥ ❜✉♥❝❤ ✐s t❤❡♥ st♦r❡❞
✐♥ t❤❡ ▲❍❈ ❢♦r ❞♦③❡♥s ♦❢ ❤♦✉rs✳ ❉✉r✐♥❣ t❤✐s t✐♠❡ ✐t ✐s ❝♦❧❧✐❞❡❞ ✇✐t❤ ♦t❤❡r ❜✉♥❝❤❡s r❡♣❡❛t❡❞❧②✳
❖♥❡ ▲❍❈ ❜❡❛♠ ❝❛♥ ❝♦♥s✐st ♦❢ ✉♣ t♦ 2808 ❜✉♥❝❤❡s s♣❛❝❡❞ 25 ♥s ❛♣❛rt✳

❚❤❡ ▲❍❈ r✐♥❣s ❝♦♥s✐st ♦❢ ❛ s❡q✉❡♥❝❡ ♦❢ ✽ str❛✐❣❤t s❡❣♠❡♥ts ❛♥❞ ✽ ❝✉r✈❡❞ s❡❣♠❡♥ts✳ ❚❤❡
str❛✐❣❤t s❡❣♠❡♥ts ❤♦st ❘❋ ❝❛✈✐t✐❡s t❤❛t ❛❝❝❡❧❡r❛t❡ ♣r♦t♦♥s ✐♥ ❛ ❝❡rt❛✐♥ ♣❤❛s❡ ♦❢ ❛♥ ❡❧❡❝tr♦♠❛❣✲
♥❡t✐❝ ✜❡❧❞ ✇❤✐❝❤ ♦s❝✐❧❧❛t❡s ❛t 400 ▼❍③ ❛♥❞ ❤❛s ❛♥ ❡✛❡❝t✐✈❡ ✜❡❧❞ str❡♥❣t❤ ♦❢ 2MV/m✳ ❚❤❡
str❛✐❣❤t s❡❝t✐♦♥s ❛r❡ ✐♥t❡rs♣❡rs❡❞ ✇✐t❤ ❝✉r✈❡❞ s❡❝t✐♦♥s✳ ❚❤❡ ❝✉r✈❡❞ s❡❝t✐♦♥s ❝♦♥t❛✐♥ ❛ t♦t❛❧ ♦❢
1232 s✉♣❡r❝♦♥❞✉❝t✐♥❣ ◆❜❚✐ ♠❛❣♥❡t ❝♦✐❧s✳ ❚❤❡s❡ ❝♦✐❧s ♣r♦❞✉❝❡ ❞✐♣♦❧❡ ✜❡❧❞s ✉♣ t♦ 8.33 ❚ ✐♥
str❡♥❣t❤ t❤❛t ❢♦r❝❡ t❤❡ ♣r♦t♦♥s ♦♥ ❛ ❝✐r❝✉❧❛r tr❛❥❡❝t♦r②✳ ❚❤✉s✱ ❞❡s♣✐t❡ ❣❛✐♥✐♥❣ ♦♥❧② 2MeV ♦❢
❡♥❡r❣② ♣❡r ❘❋ ❝❛✈✐t②✱ t❤❡ ♣r♦t♦♥s ❝❛♥ r❡✈♦❧✈❡ ♠❛♥② t✐♠❡s✱ ❛♥❞ r❡❛❝❤ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s ✉♣ t♦

✹✶



❋✐❣✉r❡ ✷✳✶✿ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♥❣ t❤❡ ▲❍❈ ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞ ❝❤❛✐♥ ♦❢ ❧♦✇❡r ❡♥❡r❣② ❛❝❝❡❧❡r❛✲
t♦rs✳ ❚❤❡ ♥❛♠❡s✱ ✜♥❛❧ ❜❡❛♠ ❡♥❡r❣② ❛♥❞ ②❡❛r ♦❢ ✜rst ♦♣❡r❛t✐♦♥ ❛r❡ ❣✐✈❡♥ ❢♦r t❤❡ ✐♥❥❡❝t♦rs✳ ❋♦r
t❤❡ ▲❍❈✱ t❤❡ ♠❛①✐♠✉♠ ❞❡s✐❣♥ ❝♦❧❧✐s✐♦♥ ❡♥❡r❣② ✐s ❣✐✈❡♥ ✐♥st❡❛❞✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❢♦✉r ♠❛✐♥
▲❍❈ ❞❡t❡❝t♦rs ✐s ✐♥❞✐❝❛t❡❞ ❜② ❣r❡② ❞♦ts✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✻✹❪✳

t❤❡ ♥♦♠✐♥❛❧ ❞❡s✐❣♥ ❡♥❡r❣② ♦❢ 7TeV✳ ❚❤❡ ♠❛①✐♠✉♠ ❡♥❡r❣② ✐s ❧✐♠✐t❡❞ ❜② t❤❡ str❡♥❣t❤ ♦❢ t❤❡
❞✐♣♦❧❡ ♠❛❣♥❡ts✱ ❣✐✈❡♥ t❤❡ ❝✉r✈❛t✉r❡ r❛❞✐✉s ♦❢ t❤❡ t✉♥♥❡❧✳ ❚❤❡ ♠❛①✐♠✉♠ ❡♥❡r❣② r❡❛❝❤❡❞ ✐♥ st❛✲
❜❧❡ ♦♣❡r❛t✐♦♥ ✐s 6.5TeV ❋✉rt❤❡r♠♦r❡✱ 858 q✉❛❞r✉♣♦❧❡ ♠❛❣♥❡ts ❛r❡ ✉s❡❞ t♦ sq✉❡❡③❡ t❤❡ ❜❡❛♠✱
❝♦✉♥t❡r❛❝t✐♥❣ ❜❡❛♠ ❞✐s♣❡rs✐♦♥ ❛♥❞ ❢♦❝✉s✐♥❣ t❤❡ ❜❡❛♠ t♦ ❛ r❛❞✐✉s ♦❢ 16µm ♣r✐♦r t♦ r❡❛❝❤✐♥❣ ❛♥
✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t✳ ❚❤❡ ▲❍❈ ♠❛❣♥❡ts ❛r❡ ❝♦♦❧❡❞ ❞♦✇♥ t♦ 1.9 ❑✱ ✉s✐♥❣ s✉♣❡r✢✉✐❞ ❛♥❞ t❤❡r❡❢♦r❡
❤✐❣❤❧② ❤❡❛t✲❝♦♥❞✉❝t✐♥❣ ❤❡❧✐✉♠ ❛s ❝♦♦❧❛♥t✳ ❚❤❡ t✇♦ ❜❡❛♠ ♣✐♣❡s✱ t❤❡ ♠❛❣♥❡ts✱ t❤❡✐r ✐r♦♥ r❡✲
t✉r♥ ②♦❦❡s✱ t❤❡ ❝♦♦❧✐♥❣ s②st❡♠✱ ❛♥❞ ❛❧❧ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡❝❤❛♥✐❝❛❧ s✉♣♣♦rts s❤❛r❡ t❤❡ s❛♠❡
t✉♥♥❡❧✳ ❚❤❡ t✇♦ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❜❡❛♠s ❛r❡ ❜r♦✉❣❤t t♦ ❝♦❧❧✐s✐♦♥ ❛t ❢♦✉r ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥ts✳
❆r♦✉♥❞ t❤❡s❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥ts✱ ❞❡t❡❝t♦rs ❛r❡ ✐♥st❛❧❧❡❞ t♦ r❡❝♦r❞ t❤❡ ♣❛rt✐❝❧❡s ♣r♦❞✉❝❡❞ ✐♥ t❤❡
❝♦❧❧✐s✐♦♥s✳ ❚❤❡s❡ ❧♦❝❛t✐♦♥s ❛r❡ ✐♥❞✐❝❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✳ ❚❤❡ ❢♦✉r ♠❛✐♥ ❞❡t❡❝t♦rs ✐♥st❛❧❧❡❞ ❛t
t❤❡ ▲❍❈ ❛r❡✿

• ❆▲■❈❊ ❬✻✺❪✱ s♣❡❝✐❛❧✐③❡❞ t♦✇❛r❞s t❤❡ st✉❞② ♦❢ ❤❡❛✈② ✐♦♥ ❝♦❧❧✐s✐♦♥s ❛♥❞ ◗✉❛♥t✉♠ ❈❤r♦♠♦
❉②♥❛♠✐❝s ✭◗❈❉✮❀

• ❆❚▲❆❙ ❬✻✸❪✱ ❛ ❣❡♥❡r❛❧ ♣✉r♣♦s❡ ❞❡t❡❝t♦r ❝♦♥str✉❝t❡❞ t♦ ❛❧❧♦✇ r❡❝♦♥str✉❝t✐♥❣ t❤❡ r❡s✉❧ts
♦❢ ♣❛rt✐❝❧❡ ❝♦❧❧✐s✐♦♥s ❛s ❝❧♦s❡ t♦ ❝♦♠♣❧❡t❡❧② ❛s ♣♦ss✐❜❧❡✱ t♦ ❢❛❝✐❧✐t❛t❡ ♣r❡❝✐s❡ ♠❡❛s✉r❡♠❡♥ts
♦❢ ❙▼ ♣r♦♣❡rt✐❡s ❛♥❞ s❡❛r❝❤❡s ❢♦r ♣❤②s✐❝s ♥♦t ♣r❡❞✐❝t❡❞ ❜② t❤❡ ❙▼❀

• ❈▼❙ ❬✻✻❪✱ ❛ ❣❡♥❡r❛❧ ♣✉r♣♦s❡ ❞❡t❡❝t♦r ❧✐❦❡ ❆❚▲❆❙ ❛♥❞ s❤❛r✐♥❣ t❤❡ s❛♠❡ ♣❤②s✐❝s ❣♦❛❧s✱
❜✉t ✉s✐♥❣ ❛ ❞✐✛❡r❡♥t t❡❝❤♥♦❧♦❣✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥❀

• ▲❍❈❜ ❬✻✼❪✱ ❛ s✐♥❣❧❡✲❛r♠ ❢♦r✇❛r❞ s♣❡❝tr♦♠❡t❡r s♣❡❝✐❛❧✐s❡❞ t♦✇❛r❞s t❤❡ st✉❞② ♦❢ CP ✈✐♦✲
❧❛t✐♦♥ ✐♥ ❤❛❞r♦♥ ❝♦❧❧✐s♦♥s ❛♥❞ r❛r❡ ♣r♦❝❡ss❡s ✐♥✈♦❧✈✐♥❣ t❤❡ ❞❡❝❛②s ♦❢ ❤❛❞r♦♥s ❝♦♥t❛✐♥✐♥❣
b q✉❛r❦s✳

✷✳✷ ❚❤❡ ❆❚▲❆❙ ❉❡t❡❝t♦r

❚❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✱ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✷ ✐s ❛ ♠✉❧t✐✲♣✉r♣♦s❡ ❞❡t❡❝t♦r✱ s✉rr♦✉♥❞✐♥❣ ✐♥✲
t❡r❛❝t✐♦♥ ♣♦✐♥t ✶ ♦❢ t❤❡ ▲❍❈✳ ■ts t❤r❡❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts ❛r❡ t❤❡ ■♥♥❡r ❉❡t❡❝t♦r ✭■❉✮✱ t❤❡
❝❛❧♦r✐♠❡t❡rs✱ ❛♥❞ t❤❡ ♠✉♦♥ s♣❡❝tr♦♠❡t❡rs✳ ❚❤❡s❡ ❝♦♠♣♦♥❡♥ts s✉❝❝❡ss✐✈❡❧② ❛♥❞ ❝♦♥❝❡♥tr✐❝❛❧❧②
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❋✐❣✉r❡ ✷✳✷✿ ❚❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❆❚▲❆❙ ❉❡t❡❝t♦r✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✻✽❪✳

s✉rr♦✉♥❞ t❤❡ ❜❡❛♠ ❛①✐s✱ ✐♥ ❛ ❢♦r✇❛r❞✲❜❛❝❦✇❛r❞s s②♠♠❡tr✐❝ ✇❛②✳ ❆ s②st❡♠ ♦❢ s❡✈❡r❛❧ ♠❛❣♥❡ts
✐s ✐♥st❛❧❧❡❞ t♦ ❢♦r❝❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥t♦ ❝✉r✈❡❞ tr❛❥❡❝t♦r✐❡s✱ ❛❧❧♦✇✐♥❣ tr❛❝❦ ❜❛s❡❞ ♠♦♠❡♥t✉♠
♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ■❉ ❛♥❞ ♠✉♦♥ s♣❡❝tr♦♠❡t❡r✳ ❚❤❡ ♠❛❣♥❡t s②st❡♠ ❝♦♥s✐sts ♦❢ ♦♥❡ s♦❧❡♥♦✐❞
♠❛❣♥❡t s✉rr♦✉♥❞✐♥❣ t❤❡ ■❉✱ ❛♥❞ ❛ t♦r♦✐❞ ♠❛❣♥❡t s②st❡♠ ✐♥ t❤❡ ❜❛rr❡❧ ❛♥❞ ❡♥❞✲❝❛♣ r❡❣✐♦♥s
❝❧♦s❡ t♦ t❤❡ ♠✉♦♥ s♣❡❝tr♦♠❡t❡rs✳ ❚❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r ✐s 44 ♠ ❧♦♥❣ ✐♥ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥✱ 25
♠ ❤✐❣❤✱ ❛♥❞ ✇❡✐❣❤s ❛ t♦t❛❧ ♦❢ 7000 t♦♥s✳

❲❤❡♥ ❞❡s❝r✐❜✐♥❣ t❤❡ ❣❡♦♠❡tr② ♦❢ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r ❛♥❞ ❡✈❡♥ts r❡❝♦r❞❡❞ ✇✐t❤ ✐t✱ ❛
r❡❢❡r❡♥❝❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ✐s ✉s❡❞✳ ❚❤❡ r❡❢❡r❡♥❝❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ✐s ❛ r✐❣❤t ❤❛♥❞❡❞ ❛♥❞
♦rt❤♦❣♦♥❛❧ ❝♦♦r❞✐♥❛t❡ s②st❡♠✳ ❚❤❡ ❝♦♦r❞✐♥❛t❡ ♦r✐❣✐♥ ✐s t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t✱ ❛♥❞ t❤❡
❞✐r❡❝t✐♦♥ ♦❢ t❤❡ z ❛①✐s ✐s ❣✐✈❡♥ ❜② t❤❡ ❜❡❛♠ ❛①✐s✳ ❚❤✉s t❤❡ x − y ♣❧❛♥❡ ✐s tr❛♥s✈❡rs❡ t♦ t❤❡
❜❡❛♠ ❞✐r❡❝t✐♦♥✳ ■♥ t❤❡ tr❛♥s✈❡rs❡ ♣❧❛♥❡✱ t❤❡ x ❛①✐s ♣♦✐♥ts t♦✇❛r❞s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ✐❞❡❛❧✐③❡❞
▲❍❈ r✐♥❣✱ ❛♥❞ t❤❡ y✲❛①✐s ♣♦✐♥ts ✉♣✇❛r❞s✳

❆♥ ❛❧t❡r♥❛t✐✈❡ ❞❡s❝r✐♣t✐♦♥✱ ♦❢t❡♥ ✉s❡❞ ❢♦r ❞❡s❝r✐❜✐♥❣ t❤❡ ♠♦♠❡♥t❛ ♦❢ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡s✱
✉s❡s (φ, η, pT ) ✐♥st❡❛❞ ♦❢ (x, y, z)✳ φ ✐s t❤❡ ❛③✐♠✉t❤❛❧ ❛♥❣❧❡ ✐♥ t❤❡ tr❛♥s✈❡rs❡ ♣❧❛♥❡✱ ~pT , ~E

miss
T ✱

❛♥❞ s✐♠✐❧❛r tr❛♥s✈❡rs❡ q✉❛♥t✐t✐❡s ❛r❡ ❞❡✜♥❡❞ ❛s ♣r♦❥❡❝t✐♦♥s ✐♥t♦ t❤❡ tr❛♥s✈❡rs❡ ♣❧❛♥❡✱ ❛♥❞
pT , E

miss
T ❛r❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♥♦r♠s ♦❢ t❤❡ ♣r♦❥❡❝t✐♦♥ ✐♥ t❤❡ tr❛♥s✈❡rs❡

♣❧❛♥❡✳ ❚❤❡ ♣♦❧❛r ❛♥❣❧❡ θ ✐s ❞❡✜♥❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ z ❛①✐s✱ ✇❤✐❝❤ ✐s t❤❡ ❜❡❛♠ ❛①✐s✳ ❚❤❡ r❛♣✐❞✐t②
✐s ❞❡✜♥❡❞ ❛s y ≡ 1

2
lnE+pz

E−pz
✱ ❛♥❞ t❤❡ ♣s❡✉❞♦r❛♣✐❞✐t② ✐s η ≡ −ln tan θ

2
✳ ❆ ♠❡❛s✉r❡ ♦❢ t❤❡ ❞✐st❛♥❝❡

❜❡t✇❡❡♥ t✇♦ ♦❜❥❡❝ts ✐♥ η, φ ✐s ❞❡✜♥❡❞ ❛s ∆R ≡
√

(∆η)2 + (∆φ)2✱ ✇❤✐❝❤ ✐s ❝♦✈❛r✐❛♥t ✇✐t❤
r❡s♣❡❝t t♦ ▲♦r❡♥t③ ❜♦♦sts ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❛①✐s✳

✷✳✷✳✶ ▼❛❣♥❡ts

❆ s✉♣❡r❝♦♥❞✉❝t✐♥❣ s♦❧❡♥♦✐❞ ❛r♦✉♥❞ t❤❡ ■❉ ❛♥❞ ❛ s❡t ♦❢ s✉♣❡r❝♦♥❞✉❝t✐♥❣ t♦r♦✐❞s ✐♥ t❤❡ ♦✉✲
t❡r ❞❡t❡❝t♦r ❝♦♠♣r✐s❡ t❤❡ ❆❚▲❆❙ ♠❛❣♥❡t s②st❡♠✳ ❚❤❡✐r ❣❡♦♠❡tr✐❝ ❛rr❛♥❣❡♠❡♥t ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✷✳✸✳ ❚❤❡ ♠❛❣♥❡ts ❣✐✈❡ r✐s❡ t♦ ♠❛❣♥❡t✐❝ ✜❡❧❞s t❤❛t ❝✉r✈❡ t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ ❝❤❛r❣❡❞
♣❛rt✐❝❧❡s tr❛✈❡❧✐♥❣ t❤r♦✉❣❤ t❤❡♠✱ ❡♥❛❜❧✐♥❣ tr❛❝❦ ❜❛s❡❞ ♠♦♠❡♥t✉♠ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❝❤❛r❣❡
❞✐s❝r✐♠✐♥❛t✐♦♥✳ ❇❡❝❛✉s❡ t❤❡ ♠♦♠❡♥t❛ ♦❢ t❤❡s❡ ♣❛rt✐❝❧❡s ❝❛♥ ❜❡ q✉✐t❡ ❤✐❣❤✱ t❤❡ ♠❛❣♥❡ts ❛r❡
❝♦♦❧❡❞ t♦ 4.5 ❑✳ ❆t t❤✐s t❡♠♣❡r❛t✉r❡✱ t❤❡ ♠❛❣♥❡ts ♠❛t❡r✐❛❧ ✐s s✉♣❡r❝♦♥❞✉❝t✐♥❣✱ ❛♥❞ t❤✉s t❤❡
✜❡❧❞ str❡♥❣t❤ ✐s ❤✐❣❤✳
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❋✐❣✉r❡ ✷✳✸✿ ❚❤❡ ❆❚▲❆❙ ♠❛❣♥❡t s②st❡♠ ❬✻✸❪✳ ❚❤❡ ♠❛❣♥❡ts ❛r❡ s❤♦✇♥ ✐♥ r❡❞✳ ❚❤❡ ✐♥♥❡r s♦❧❡♥♦✐❞
✐s ❧♦❝❛t❡❞ ✐♥s✐❞❡ t❤❡ t✐❧❡ ❝❛❧♦r✐♠❡t❡r✱ t❤❡ ♦✉t❡r♠♦st ❧❛②❡r ♦❢ ✇❤✐❝❤ ♣❧❛②s t❤❡ r♦❧❡ ♦❢ ❛ r❡t✉r♥
②♦❦❡✳ ❚❤❡ ♦t❤❡r r❡t✉r♥ ②♦❦❡s ❛♥❞ t❤❡ ❡♥❞✲❝❛♣ s❤✐❡❧❞✐♥❣ ❛r❡ ♥♦t ♣✐❝t✉r❡❞✳

❚❤❡ s✉♣❡r❝♦♥❞✉❝t✐♥❣ s♦❧❡♥♦✐❞ ✐s s❤❛♣❡❞ ❛s ❛ ❝②❧✐♥❞❡r ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ❜❡❛♠ ❛①✐s✳ ■ts
❧❡♥❣t❤ ✐s 5.8 ♠✱ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 2.56 ♠✳ ■t ✐s ♠❛❞❡ ❢r♦♠ ❛ ◆❜❚✐ ❛❧❧♦② st❛❜✐❧✐s❡❞ ✇✐t❤
❛❧✉♠✐♥✐✉♠✱ t♦ ❛❝❤✐❡✈❡ ❤✐❣❤ ✜❡❧❞ str❡♥❣t❤s ✇❤✐❧❡ ❛✈♦✐❞✐♥❣ ♣✉tt✐♥❣ ❛ ❧♦t ♦❢ ♠❛t❡r✐❛❧ ❜❡t✇❡❡♥
t❤❡ ■❉ ❛♥❞ t❤❡ ❝❛❧♦r✐♠❡t❡rs✱ ✇❤✐❝❤ ✇♦✉❧❞ r❡❞✉❝❡ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ♠❡❛s✉r❡♠❡♥ts ✐♥
t❤❡ ❝❛❧♦r✐♠❡t❡rs✳ ❚❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ s♦❧❡♥♦✐❞ ❝♦rr❡s♣♦♥❞s t♦ 0.66 ❡❧❡❝tr♦♥ r❛❞✐❛t✐♦♥ ❧❡♥❣t❤s✱
✇❤✐❝❤ ✐s t❤❡ ❞✐st❛♥❝❡ ❛♥ ❡❧❡❝tr♦♥ ❛♥ ❡❧❡❝tr♦♥ ✇✐❧❧ ♦♥ ❛✈❡r❛❣❡ tr❛✈❡❧ ✉♥t✐❧ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤
t❤❡ ♠❛t❡r✐❛❧ ❤❛✈❡ r❡❞✉❝❡❞ ✐ts ❡♥❡r❣② t♦ 1/e ♦❢ t❤❡ ❡♥❡r❣② ✐t ❤❛❞ ❜❡❢♦r❡ ❡♥t❡r✐♥❣ t❤❡ ♠❛t❡r✐❛❧
❬✶✼❪✳ ❚❤❡ s✐♥❣❧❡ ❧❛②❡r ♦❢ s♦❧❡♥♦✐❞ ❝♦✐❧ ❣❡♥❡r❛t❡s ❛ 2 ❚ ❛①✐❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ ✇❤✐❝❤ ❞❡✢❡❝ts t❤❡
tr❛❥❡❝t♦r✐❡s ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ■❉ ✐♥ t❤❡ tr❛♥s✈❡rs❡ ♣❧❛♥❡✳ ■♥st❡❛❞ ♦❢ ❛ ❞❡❞✐❝❛t❡❞ r❡t✉r♥
②♦❦❡✱ t❤❡ s✉rr♦✉♥❞✐♥❣ ❝❛❧♦r✐♠❡t❡rs r❡t✉r♥ t❤❡ ✢✉① ♦❢ t❤❡ s♦❧❡♥♦✐❞ ✜❡❧❞✳

❚❤❡r❡ ❛r❡ t❤r❡❡ s✉♣❡r❝♦♥❞✉❝t✐♥❣ t♦r♦✐❞ ♠❛❣♥❡ts✿ ❡✐❣❤t ❝♦✐❧s ❡♥✈❡❧♦♣ t❤❡ ❜❛rr❡❧✱ ❛♥❞ ✐♥t❡r✲
❧❡❛✈❡❞ ✇✐t❤ t❤❡♠ ❛r❡ t✇♦ s❡ts ♦❢ ❡✐❣❤t ❝♦✐❧s ♥❡❛r t❤❡ ❢♦r✇❛r❞ ❛♥❞ ❜❛❝❦✇❛r❞ ❡♥❞✲❝❛♣s✳ ▼✉❧t✐♣❧❡
s❝❛tt❡r✐♥❣ ✐♥ t❤❡ t♦r♦✐❞s✱ ✇❤✐❝❤ ✇♦✉❧❞ r❡❞✉❝❡ t❤❡ tr❛❝❦ r❡❝♦♥str✉❝t✐♦♥ ♣r❡❝✐s✐♦♥✱ ✐s r❡❞✉❝❡❞ ❜②
t❤❡ t♦r♦✐❞ ❝♦✐❧s ❜❡✐♥❣ ✜❧❧❡❞ ✇✐t❤ ❛✐r✳ ❆❧❧ t♦r♦✐❞ ❝♦✐❧s ❛r❡ ❝♦♠♣♦s❡❞ ♦❢ ❛♥ ❛❧✉♠✐♥✐✉♠✲st❛❜✐❧✐③❡❞
◆❜❚✐❈✉ ❛❧❧♦②✳ ❚❤❡ r❡s✉❧t✐♥❣ ✜❡❧❞ ❜❡♥❞s t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s tr❛✈❡rs✐♥❣ t❤❡
♠✉♦♥ s♣❡❝tr♦♠❡t❡r ✐♥ R ❛♥❞ z✳ ❚❤❡ ❝❡♥tr❛❧ ❜❛rr❡❧ t♦r♦✐❞ ❤❛s ❛♥ ♦✉t❡r ❞✐❛♠❡t❡r ♦❢ 20.1 ♠
✇✐t❤ ❛ ❧❡♥❣t❤ ♦❢ 25.2 ♠ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥✱ ♣r♦✈✐❞✐♥❣ ❛ 0.5 ❚ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇✐t❤✐♥
|η| < 1.4✳ ❚❤❡ ❡♥❞✲❝❛♣ t♦r♦✐❞s ❤❛✈❡ ♦✉t❡r ❞✐❛♠❡t❡rs ♦❢ 10.7 ♠ ❛♥❞ ❛r❡ 5 ♠ ❧♦♥❣✳ ❚❤❡② ②✐❡❧❞
♠❛❣♥❡t✐❝ ✜❡❧❞s ✇✐t❤ ❛ str❡♥❣t❤ ♦❢ 1 ❚ ✐♥ t❤❡ 1.6 < |η|2.7 r❡❣✐♦♥✳ ❚❤❡ ♦✈❡r❧❛♣ r❡❣✐♦♥ ❜❡t✇❡❡♥
1.4 < |η| < 1.6 t❤❡ ✜❡❧❞s ♦❢ t❤❡ ❜❛rr❡❧ ❛♥❞ ❡♥❞✲❝❛♣ t♦r♦✐❞s ❛r❡ s✉♣❡r♣♦s❡❞✳

✷✳✷✳✷ ■♥♥❡r ❉❡t❡❝t♦r

❚❤❡ ■♥♥❡r ❉❡t❡❝t♦r ✭■❉✮ ✐s ❞❡s✐❣♥❡❞ t♦ ❛❧❧♦✇ ♣r❡❝✐s❡❧② r❡❝♦♥str✉❝t✐♥❣ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ tr❛❝❦s
✇✐t❤ pT > 0.5GeV✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ♠♦♠❡♥t✉♠ ♠❡❛s✉r❡♠❡♥ts✱ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥✱
❛♥❞ ✈❡rt❡① r❡❝♦♥str✉❝t✐♦♥✳ ■t ✐s 6.2♠ ❧♦♥❣ ❛♥❞ ❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ 2.1♠✱ t❤✉s ❝♦✈❡r✐♥❣ t❤❡ r❡❣✐♦♥
♦❢ |η| < 2.5✳ ❈❤❛r❣❡❞ ♣❛rt✐❝❧❡ tr❛❥❡❝t♦r✐❡s ❛r❡ r❡❝♦♥str✉❝t❡❞ ❜② ❝♦♠❜✐♥✐♥❣ t❤❡ ❧♦❝❛t✐♦♥s ✇❤❡r❡
✐♦♥✐s❛t✐♦♥ ❝❤❛r❣❡s ✐♥ t❤❡ ❛❝t✐✈❡ ■❉ ♠❛t❡r✐❛❧✱ ✐♥❞✐❝❛t✐♥❣ ❛ t❤❡ ♣❛ss❛❣❡ ♦❢ ❛ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡✱ ✐♥t♦

✹✹



❋✐❣✉r❡ ✷✳✹✿ ❚❤❡ ❆❚▲❆❙ ✐♥♥❡r ❞❡t❡❝t♦r✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✻✾❪✳

tr❛❝❦s✳ ❇❡❝❛✉s❡ t❤❡ ■❉ ✐s ❡♥t✐r❡❧② ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ 2T ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢ t❤❡ s♦❧❡♥♦✐❞ ♠❛❣♥❡t✱
t❤❡ tr❛❝❦s ❛r❡ ❝✉r✈❡❞✳ ❚❤❡ r❛❞✐✉s ♦❢ ❝✉r✈❛t✉r❡ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ tr❛❝❦ ♠♦♠❡♥t✉♠ ✈✐❛ t❤❡
▲♦r❡♥t③ ❢♦r❝❡✱ ✇❤✐❝❤ ❞❡✢❡❝ts t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❛♥❞ ❣✐✈❡s r✐s❡ t♦ t❤❡ ❝✉r✈❡❞ tr❛❥❡❝t♦r②✳

❚❤❡ ■❉ ✐s ❝♦♠♣♦s❡❞ ♦✉t ♦❢ t❤r❡❡ ✐♥❞❡♣❡♥❞❡♥t tr❛❝❦✐♥❣ s✉❜s②st❡♠s✳ ❋r♦♠ ✐♥♥❡r✲ t♦ ♦✉✲
t❡r♠♦st✱ t❤❡s❡ ❛r❡ t❤❡ s✐❧✐❝♦♥ ♣✐①❡❧ ❞❡t❡❝t♦rs✱ t❤❡ s✐❧✐❝♦♥ ♠✐❝r♦str✐♣ ❧❛②❡rs✱ ❛♥❞ t❤❡ tr❛♥s✐t✐♦♥
r❛❞✐❛t✐♦♥ tr❛❝❦❡r✳ ❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ■❉ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ❚❤❡ ✐♥❞✐✈✐❞✉❛❧ tr❛❝❦✐♥❣
s✉❜s②t❡♠s ❛r❡ ❡❛❝❤ s❡♣❛r❛t❡❞ ✐♥t♦ ❛ ❝❡♥tr❛❧ ❜❛rr❡❧ r❡❣✐♦♥✱ ❝♦♥s✐st✐♥❣ ♦❢ ❝♦♥❝❡♥tr✐❝ ❝②❧✐♥❞❡rs✱
❛♥❞ ❛♥ ❡♥❞✲❝❛♣ r❡❣✐♦♥✱ ❝♦♥s✐st✐♥❣ ♦❢ ❛rr❛②s ♦❢ ✇❤❡❡❧s ♣♦s✐t✐♦♥❡❞ tr❛♥s✈❡rs❛❧ t♦ t❤❡ ❜❡❛♠ ❧✐♥❡✳
❚❤✐s ✐s ❞♦♥❡ t♦ ♦♣t✐♠✐s❡ t❤❡ ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ✐♥✲
t❡r❛❝t✐♦♥ ♣♦✐♥ts✳ ❚❤✐s ✐♠♣r♦✈❡s t❤❡ r❡s♦❧✉t✐♦♥ ❜② r❡❞✉❝✐♥❣ t❤❡ ♠❛t❡r✐❛❧ ❛ ♣❛ss✐♥❣ ❝❤❛r❣❡❞
♣❛rt✐❝❧❡ ✐s ❡①♣♦s❡❞ t♦✱ r❡❞✉❝✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣ ❛♥❞ ❡♥❡r❣② ❧♦ss ✐♥ t❤❡ ■❉✳

❚❤❡ s✐❧✐❝♦♥ ♣✐①❡❧ ❛♥❞ s✐❧✐❝♦♥ ♠✐❝r♦str✐♣ ❞❡t❡❝t♦rs ❛r❡ ❝♦♥str✉❝t❡❞ ❢r♦♠ ❧❛②❡rs ♦❢ s❡♠✐❝♦♥✲
❞✉❝t✐♥❣ s✐❧✐❝♦♥✳ ❊①t❡r♥❛❧❧② ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s ❣❡♥❡r❛t❡ ❞❡♣❧❡t✐♦♥ ③♦♥❡s✱ ✇❤✐❝❤ ❛r❡ ✐♦♥✐③❡❞ ✇❤❡♥
❛ ❝❤❛r❣❡ ♣❛rt✐❝❧❡ ♣❛ss❡s t❤r♦✉❣❤ t❤❡♠✳ ❚❤❡ ✐♦♥✐③❛t✐♦♥ ❝❤❛r❣❡s ❛r❡ ❝♦❧❧❡❝t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ ❛s
❡❧❡❝tr♦♥✐❝ s✐❣♥❛❧✱ ✇❤✐❝❤ ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ❛ s♣❛❝❡ ♣♦✐♥t ❜❛s❡❞ ♦♥ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♠✐❝r♦str✐♣
♦r ♣✐①❡❧✳ ❚❤❡ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ str✐♣ ♦r ♣✐①❡❧ ❞❡t❡r♠✐♥❡ t❤❡ r❡s♦❧✉t✐♦♥ ✇✐t❤ ✇❤✐❝❤ t❤❡ s♣❛❝❡✲
♣♦✐♥t ✐s ❞❡t❡r♠✐♥❡❞✳ ❚❤❡ ♣✐①❡❧ ❛♥❞ ♠✐❝r♦str✐♣ ❞❡t❡❝t♦rs ❛r❡ ❝♦♦❧❡❞ t♦ −5 t♦ −10 ◦❈ ✐♥ ♦r❞❡r
t♦ r❡❞✉❝❡ t❤❡r♠❛❧ ♥♦✐s❡✱ ✇❤✐❝❤ ✐s ✐♥❝r❡❛s❡❞ ❜② t❤❡ r❛❞✐❛t✐♦♥ ❞❛♠❛❣❡ t❤❡ ♣✐①❡❧ ❛♥❞ ♠✐❝r♦str✐♣
❞❡t❡❝t♦rs s✉st❛✐♥ ❞✉❡ t♦ t❤❡✐r ❝❧♦s❡ ♣r♦①✐♠✐t② t♦ t❤❡ ❜❡❛♠ ♣✐♣❡✳

❚❤❡ s✐❧✐❝♦♥ ♣✐①❡❧ ❞❡t❡❝t♦r ✐s ❧♦❝❛t❡❞ ❝❧♦s❡st t♦ t❤❡ ❜❡r②❧❧✐✉♠ ❜❡❛♠ ♣✐♣❡✱ t♦ ✉t✐❧✐③❡ t❤❡ ❢❛❝t
t❤❛t ✐t ❤❛s t❤❡ ❜❡st r❡s♦❧✉t✐♦♥ ♦❢ ❛❧❧ ■❉ s✉❜s②st❡♠s✳ ■t ✐s ❝♦♠♣r✐s❡❞ ♦❢ ✸ ❜❛rr❡❧ ❧❛②❡rs✱ t❤❡
✐♥♥❡r♠♦st ♦❢ ✇❤✐❝❤ ❤❛s ❛ ❞✐st❛♥❝❡ t♦ t❤❡ ♥♦♠✐♥❛❧ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t ♦❢ 5 ❝♠✱ ❛♥❞ ✸ ✇❤❡❡❧s ❛t
❡❛❝❤ ❡♥❞✳ ■♥ R − φ × z✱ t❤❡ s♠❛❧❧❡st ♣✐①❡❧ s✐③❡ ✐s 50 × 400µm2✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ s♣❛t✐❛❧
r❡s♦❧✉t✐♦♥s ♦❢ 10µm ✐♥ R − φ ❛♥❞ 115µm ✐♥ ③✱ ❢♦r t❤❡ ❜❛rr❡❧ r❡❣✐♦♥✱ ♦r R✱ ❢♦r t❤❡ ❡♥❞✲❝❛♣
r❡❣✐♦♥✳

❚❤❡ s✐❧✐❝♦♥ ♠✐❝r♦str✐♣ ❞❡t❡❝t♦r ❝♦♥s✐sts ♦❢ ✹ ❜❛rr❡❧ ❧❛②❡rs ❛♥❞ ✶✽ ✇❤❡❡❧s✳ ❚❤❡ ♠✐❝r♦str✐♣
❧❛②❡rs ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ str✐♣s 6.4 cm× 80µm ❧❛r❣❡✳ ❍❛❧❢ ♦❢ t❤❡ ❜❛rr❡❧ str✐♣ ❧❛②❡rs ❛r❡ ❧♦♥❣✐t✉❞✐✲
♥❛❧❧② ❛❧✐❣♥❡❞ t♦ t❤❡ ❜❡❛♠ ❛①✐s✱ t❤❡ ♦t❤❡r ❤❛❧❢ ❛r❡ ❛t ❛♥ ❛♥❣❧❡ ♦❢ 40µrad ✇✳r✳t✳ t❤❡ ❜❡❛♠ ❛①✐s✱
❛♥❞ ❛r❡ ❛❧t❡r♥❛t❡❞ ✇✐t❤ t❤❡ ❛❧✐❣♥❡❞ str✐♣s✳ ■♥ t❤❡ ❡♥❞✲❝❛♣ ✇❤❡❡❧s✱ t❤❡ ♠✐❝r♦str✐♣s ❛r❡ r❛❞✐❛❧❧②
❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ❜❡❛♠ ❛①✐s✱ ❛♥❞ ❤❛❧❢ ❤❛✈❡ ❛ 40µrad ❛♥❣❧❡✱ ❛s ✇❡❧❧✳ ❚❤✐s ❞❡s✐❣♥ ✐♥❝r❡❛s❡s t❤❡

✹✺



❋✐❣✉r❡ ✷✳✺✿ ❚❤❡ ❆❚▲❆❙ ❝❛❧♦r✐♠❡t❡rs✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✼✵❪✳

r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ s✐❧✐❝♦♥ ♠✐❝r♦str✐♣ tr❛❝❦❡r t♦ 17µm ✐♥ R − φ ❛♥❞ ❛ z r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❜❛rr❡❧
♦r ❛ R r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❡♥❞✲❝❛♣s ♦❢ 580µm✳

❚❤❡ ❚r❛♥s✐t✐♦♥ ❘❛❞✐❛t✐♦♥ ❚r❛❝❦❡r ✭❚❘❚✮ ❝♦♥s✐sts ♦❢ str❛✇ t✉❜❡s ✜❧❧❡❞ ✇✐t❤ ❛ ❣❛s ♠✐①t✉r❡
♦❢ ①❡♥♦♥✱ ❝❛r❜♦♥ ❞✐♦①✐❞❡✱ ❛♥❞ ♦①②❣❡♥✳ ❚❤❡ str❛✇ t✉❜❡s ❛r❡ ✐♥t❡r❧❡❛✈❡❞ ✇✐t❤ ♣♦❧②♣r♦♣②❧❡♥❡✱
❛♥❞ ❝♦✈❡r t❤❡ r❡❣✐♦♥ |η| < 2✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ str❛✇ t✉❜❡s ✐s 4 ♠♠✱ ❛♥❞ ❛ ❣♦❧❞ ♣❧❛t❡❞
t✉♥❣st❡♥ ✇✐r❡ r✉♥s ❝❡♥tr❛❧❧② t❤r♦✉❣❤ ❡❛❝❤ str❛✇ t✉❜❡✳ ❲❤❡♥ ❛ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ tr❛✈❡rs❡s t❤❡
❚❘❚✱ ✐t ❧♦❝❛❧❧② ✐♦♥✐③❡s t❤❡ ❣❛s ♠✐①t✉r❡ ✐♥ t❤❡ t✉❜❡s ✐t ♣❛ss❡s t❤r♦✉❣❤✳ ❚❤❡ ✇✐r❡s✱ ❛❝t✐♥❣ ❛s
❛♥♦❞❡s✱ ❝♦❧❧❡❝t t❤❡ ✐♦♥✐③❛t✐♦♥ ❝❤❛r❣❡s✱ ❣❡♥❡r❛t✐♥❣ ❛♥ ❡❧❡❝tr♦♥✐❝ s✐❣♥❛❧✳ ■♥ t❤❡ ❜❛rr❡❧ r❡❣✐♦♥✱ t❤❡
t✉❜❡s ❛r❡ 144 ♠♠ ❧♦♥❣✱ ✇✐t❤ ❛♥♦❞❡s s❡❣♠❡♥t❡❞ ✐♥ t✇♦ ❤❛❧✈❡s✱ ❛♥❞ ❛r❡ ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ z✲❛①✐s✳
■♥ t❤❡ ❡♥❞✲❝❛♣✱ t❤❡ t✉❜❡s ❤❛✈❡ ❛ ❧❡♥❣t❤ ♦❢ 37 ❝♠✳ ❚❤❡ ❚❘❚ ♣r♦✈✐❞❡s ♥♦ ♠❡❛s✉r❡♠❡♥t ✐♥ z✱
❜✉t ❝❛♥ ❣r❡❛t❧② ❡♥❤❛♥❝❡ t❤❡ ♠♦♠❡♥t✉♠ r❡s♦❧✉t✐♦♥ ❜② t②♣✐❝❛❧❧② ②✐❡❧❞✐♥❣ 36 ❤✐ts ♣❡r tr❛❝❦ ✐♥
t❤❡ tr❛♥s✈❡rs❡ R−φ ♣❧❛♥❡✱ ✐♥ ✇❤✐❝❤ t❤❡ tr❛❝❦s ❛r❡ ❜❡♥t✳ ❚❤❡ R−φ ❛❝❝✉r❛❝② ♦❢ ❛ s✐♥❣❧❡ str❛✇
s✐❣♥❛❧ ✐s 130µm✳

❚❤❡ ❚❘❚ ❢✉rt❤❡r♠♦r❡ ♣r♦✈✐❞❡s ❡❧❡❝tr♦♥ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ ✐♥ ❛❞❞✐t✐♦♥ t♦ t❤❛t ♣r♦✲
✈✐❞❡❞ ❜② t❤❡ ❝❛❧♦r✐♠❡t❡rs✳ ❚❤❡ ♣♦❧②♣r♦♣②❧❡♥❡ ✜❧❧✐♥❣ t❤❡ s♣❛❝❡ ❜❡t✇❡❡♥ t❤❡ str❛✇ t✉❜❡s ❣✐✈❡s
r✐s❡ t♦ tr❛♥s✐t✐♦♥ r❛❞✐❛t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ y r❛② ✇❤❡♥ ❛ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ♣❛ss❡s t❤❡ ❜♦✉♥❞❛r②
♦❢ t❤❡ t✉❜❡ ♠❛t❡r✐❛❧ ❛♥❞ t❤❡ ♣♦❧②♣r♦♣②❧❡♥❡✳ ❊❧❡❝tr♦♥s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❢r♦♠ ❤❛❞r♦♥s ❜❡✲
❝❛✉s❡ t❤❡ ❧♦✇❡r ❡❧❡❝tr♦♥ ♠❛ss ❝❛✉s❡s t❤❡ s✐❣♥❛❧ ❢r♦♠ tr❛♥s✐t✐♥❣ ❡❧❡❝tr♦♥s t♦ ❜❡ ❤✐❣❤❡r✳ ❚❤❡ ❧♦✇
❡♥❡r❣❡t✐❝ tr❛♥s✐t✐♦♥ r❛❞✐❛t✐♦♥ s✐❣♥❛❧ ✐s ❞✐s❝r✐♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❣♥❛❧ ❞✉❡ t♦ ♠✐♥✐♠✉♠ ✐♦♥✐s✐♥❣
♣❛rt✐❝❧❡s ✉s✐♥❣ ❤t❡ ♠✉❝❤ ❧❛r❣❡r s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ♦❢ tr❛♥s✐t✐♦♥ r❛❞✐❛t✐♦♥✳ ❚❤❡ ❚❘❚ ✐s ♦♣❡r❛t❡❞
❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳

❚❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❝♦♠❜✐♥❡❞ ❝❤❛r❣❡❞ tr❛❝❦ ♠♦♠❡♥t✉♠ ♠❡❛s✉r❡♠❡♥t ✇✐t❤ t❤❡ ■❉ ✇❛s
♠❡❛s✉r❡❞ t♦ ❜❡ σpT /pT = (4.83±0.16)×10−4 GeV−1×pT ✱ ✉s✐♥❣ ❞❛t❛ ♦❢ ❝♦s♠✐❝ r❛②s tr❛✈❡rs✐♥❣
t❤❡ ■❉ ❬✻✾❪✳

✷✳✷✳✸ ❈❛❧♦r✐♠❡t❡rs

❚❤❡ ❆❚▲❆❙ ❝❛❧♦r✐♠❡t❡r ✐s ❞❡s✐❣♥❡❞ t♦ ❝♦♠♣❧❡t❡❧② st♦♣ ✐♥❝♦♠✐♥❣ ♣❛rt✐❝❧❡s✱ s✉❝❤ t❤❛t t❤❡②
❞❡♣♦s✐t ❛❧❧ ♦❢ t❤❡✐r ❡♥❡r❣② ✐♥ t❤❡ ❝❛❧♦r✐♠❡t❡rs✳ ❚❤✐s ❛❧❧♦✇s ♠❡❛s✉r✐♥❣ t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ✐♥❝✐❞❡♥t
♣❛rt✐❝❧❡ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ✇❤❡♥ ✐t ✇❛s st♦♣♣❡❞✳ ❚❤❡ ❝❛❧♦r✐♠❡t❡r ✐s ❝♦♥str✉❝t❡❞
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❛s ❛ s❛♠♣❧✐♥❣ ❝❛❧♦r✐♠❡t❡r✱ ♠❡❛♥✐♥❣ ✐t ❝♦♥s✐sts ♦❢ ❛❧t❡r♥❛t✐♥❣ ❧❛②❡rs ♦❢ ❛❜s♦r❜❡r ♠❛t❡r✐❛❧ ❛♥❞
❛❝t✐✈❡ ♠❛t❡r✐❛❧✳ ❚❤❡ ❛❜s♦r❜❡r ♠❛t❡r✐❛❧ ✐s ❞❡♥s❡ ❛♥❞ ❤❛s ❛ ❤✐❣❤ ❛t♦♠✐❝ ♥✉♠❜❡r Z✱ ❝❛✉s✐♥❣
♣❛rt✐❝❧❡s ♣❛ss✐♥❣ t❤r♦✉❣❤ t♦ ❣❡♥❡r❛t❡ s❤♦✇❡rs ♦❢ s❡❝♦♥❞❛r② ♣❛rt✐❝❧❡s ✐♥ t❤❡✐r ✐♥t❡r❛❝t✐♦♥s ✇✐t❤
t❤❡ ❛❜s♦r❜❡r✳ ❚❤❡s❡ s❡❝♦♥❞❛r② ♣❛rt✐❝❧❡s t❤❡♥ s❤♦✇❡r ❢✉rt❤❡r t❤❡♠s❡❧✈❡s✱ ❛♥❞ ❣❡♥❡r❛t❡ ❛ s✐❣♥❛❧
✐♥ t❤❡ ❛❝t✐✈❡ ♠❛t❡r✐❛❧ ❜② ✐♦♥✐③❛t✐♦♥ ♦r s❝✐♥t✐❧❧❛t✐♦♥ ❧✐❣❤t✳

❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❆❚▲❆❙ ❝❛❧♦r✐♠❡t❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✺✳ ❚❤❡ ❆❚▲❆❙ ❝❛❧♦r✐♠❡t❡r ✐s
12 ♠ ❧♦♥❣✱ ❤❛s ❛♥ ♦✉t❡r ❞✐❛♠❡t❡r ♦❢ 8.5 ♠✱ ❛♥❞ ❝♦✈❡rs t❤❡ ♣s❡✉❞♦r❛♣✐❞✐t② r❛♥❣❡ |η| < 4.9✳
■t ❝♦♥s✐sts ♦❢ t❤r❡❡ s✉❜s②st❡♠s✳ ❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r✱ ❞❡s✐❣♥❡❞ t♦ ❛❜s♦r❜ ❛♥❞
♠❡❛s✉r❡ t❤❡ ❡♥❡r❣② ♦❢ ♣❤♦t♦♥s ❛♥❞ ❡❧❡❝tr♦♥s✱ ✐s t❤❡ ✐♥♥❡r♠♦st ♣❛rt ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r✱ ❛♥❞
❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✷✳✸✳✶✳ ❚❤❡ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r✱ ❞❡s✐❣♥❡❞ t♦ ❛❜s♦r❜ ❛♥❞ ♠❡❛s✉r❡ t❤❡
❡♥❡r❣② ♦❢ ❤❛❞r♦♥s ✐♥ t❤❡ ❡✈❡♥t✱ s✉rr♦✉♥❞s t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ❛♥❞ ✐s ❞❡s❝r✐❜❡❞ ✐♥
❙❡❝t✐♦♥ ✷✳✷✳✸✳✷✳

✷✳✷✳✸✳✶ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❈❛❧♦r✐♠❡t❡r

❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ✭❊❈❆▲✮ ✐s ♦♣t✐♠✐③❡❞ ❢♦r t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s ❛♥❞
♣❤♦t♦♥s✳ ❖t❤❡r ♣❛rt✐❝❧❡s ✇✐❧❧ ✐♥ ❣❡♥❡r❛❧ ❛❧s♦ ❞❡♣♦s✐t ❡♥❡r❣② t❤❡r❡✱ ❜✉t ✇✐❧❧ ♥♦t ❧♦s❡ ❛❧❧ ♦❢
✐t✳ ■t ✉s❡s ❧✐q✉✐❞ ❛r❣♦♥ ❛s t❤❡ ❛❝t✐✈❡ ♠❛t❡r✐❛❧✱ ✐♥ ✇❤✐❝❤ 1.113 − 1.54 ♠♠ t❤✐❝❦ ❧❡❛❞ ♣❧❛t❡s
❛r❡ ✐♠♠❡rs❡❞✱ ❛❝t✐♥❣ ❛s ❛❜s♦r❜❡rs✳ ❚❤❡ ❧❡❛❞ ♣❧❛t❡s ❛r❡ ✐♥t❡r❧❡❛✈❡❞ ✇✐t❤ ❝♦♣♣❡r ❡❧❡❝tr♦❞❡s✳
❚✇♦ ❡❧❡❝tr♦❞❡s ❛r❡ ✉s❡❞ t♦ ❛♣♣❧② ❛ ❤✐❣❤ ✈♦❧t❛❣❡✱ ❛♥❞ t❤❡ t❤✐r❞ ❡❧❡❝tr♦❞❡ ♣r♦✈✐❞❡s r❡❛❞♦✉t
❝❛♣❛❜✐❧✐t✐❡s✳ ❚❤❡ ❧❡❛❞ ♣❧❛t❡s ❛r❡ s❤❛♣❡❞ ❧✐❦❡ ❛♥ ❛❝❝♦r❞✐♦♥✱ ❛✈♦✐❞✐♥❣ ❛❝❝❡♣t❛♥❝❡ ❧♦ss❡s ❛❝r♦ss
t❤❡ φ ❞✐r❡❝t✐♦♥ ❞✉❡ t♦ ❣❛♣s✳

❍✐❣❤ ❡♥❡r❣② ♣❛rt✐❝❧❡s ❡♥t❡r✐♥❣ t❤❡ ❊❈❆▲ st❛rt ❧♦s✐♥❣ ❡♥❡r❣② ✈✐❛ ♣❛✐r ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❜r❡♠s✲
str❛❤❧✉♥❣✱ ♣r✐♠❛r✐❧② ✐♥ t❤❡ ❧❡❛❞ ❛❜s♦r❜❡r✱ ❣❡♥❡r❛t✐♥❣ ❛ ❝❛s❝❛❞❡ ♦❢ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡rs ♦❢ ♣❛r✲
t✐❝❧❡s ✇✐t❤ r❡❞✉❝❡❞ ❡♥❡r❣②✳ ❲❤❡♥ t❤❡ ♣❛rt✐❝❧❡s ❤❛✈❡ s✉✣❝✐❡♥t❧② ❧♦✇ ❡♥❡r❣✐❡s✱ t②♣✐❝❛❧❧② s❡✈❡r❛❧
MeV✱ t❤❡② st❛rt ❧♦s✐♥❣ ♠♦st ♦❢ t❤❡✐r ❡♥❡r❣② ✈✐❛ t❤❡ ♣❤♦t♦❡✛❡❝t ❛♥❞ ✐♦♥✐③❛t✐♦♥✳ ❚❤❡ ✐♦♥✐s❛t✐♦♥
❝❤❛r❣❡s ✐♥ t❤❡ ❧✐❣✉✐❞ ❛r❣♦♥ ❛r❡ ♠❛❞❡ t♦ ❞r✐❢t ❜② t❤❡ 2000V ✈♦❧t❛❣❡ ❛♣♣❧✐❡❞ ❜❡t✇❡❡♥ t❤❡ ✜rst
s❡❝♦♥❞ ❝♦♣♣❡r ❡❧❡❝tr♦❞❡✳ ❈❛♣❛❝✐t❛t✐✈❡ ❝♦✉♣❧✐♥❣ ✈✐❛ t❤❡ t❤✐r❞ ❝♦♣♣❡r ❡❧❡❝tr♦❞❡ t❤❡♥ ❣❡♥❡r❛t❡s
❛♥ ❡❧❡❝tr♦♥✐❝ s✐❣♥❛❧✳

❚❤❡ ❊❈❆▲ ✐s s❡❣♠❡♥t❡❞ ✐♥t♦ ❛ ❝❡♥tr❛❧ ❜❛rr❡❧ ✇r❛♣♣❡❞ ❝♦♥❝❡♥tr✐❝❛❧❧② ❛r♦✉♥❞ t❤❡ ❜❡❛♠ t❤❡
s♦❧❡♥♦✐❞ ♠❛❣♥❡t✱ ❛♥❞ ❛ ❢♦r✇❛r❞ ❛♥❞ ❛ ❜❛❝❦✇❛r❞ ❡♥❞✲❝❛♣✳ ❚❤❡ ❜❛rr❡❧ ❝♦✈❡rs |η| < 1.475✱ t❤❡
❡♥❞✲❝❛♣s ❝♦✈❡r 1.375 < |η| < 3.2✳ ❚❤❡ ❊❈❆▲ ❜❛rr❡❧ ❝♦♥s✐st ♦❢ ✸ s❡♣❛r❛t❡❧② s❛♠♣❧❡❞ s❡❣♠❡♥ts
❛t ❞✐✛❡r❡♥t r❛❞✐✐✱ ✇❤❡r❡ t❤❡ ✐♥♥❡r♠♦st s❡❣♠❡♥t ❤❛s t❤❡ ❤✐❣❤❡st ❝❡❧❧ ❣r❛♥✉❧❛r✐t② ✐♥ η, φ ❛♥❞ t❤❡
♦✉t❡r♠♦st s❡❣♠❡♥t ❤❛s t❤❡ ❧♦✇❡st✳ ❚❤❡ ❊❈❆▲ ❡♥❝❛♣s ❛r❡ s✐♠✐❧❛r❧② ❛①✐❛❧❧② s❡❣♠❡♥t❡❞ ✐♥t♦ t✇♦
s❡♣❛r❛t❡❧② s❛♠♣❧❡❞ s❡❣♠❡♥ts✳

❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❊❈❆▲ ❤❛s ❜❡❡♥ ❞❡t❡r♠✐♥❡❞ ❡①♣❡r✐♠❡♥t❛❧❧② ❛t t❡st✲❜❡❛♠s✱
✉s✐♥❣ ❡❧❡❝tr♦♥s ♦❢ ❦♥♦✇♥ ❡♥❡r❣②✳ ❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❊❈❆▲ ❡♥❞✲❝❛♣s ❤❛s t❤✉s ❜❡❡♥
❢♦✉♥❞ t♦ ❜❡ 12.1%/

√
E
⊕

0.4% ❬✼✶❪✱ ✇❤✐❧❡ t❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❊❈❆▲ ❜❛rr❡❧ ✇❛s ❢♦✉♥❞
t♦ ❜❡ 10.1%/

√
E
⊕

0.17% ❬✼✷❪✳

✷✳✷✳✸✳✷ ❍❛❞r♦♥✐❝ ❈❛❧♦r✐♠❡t❡r

❚❤❡ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r ✭❍❈❆▲✮ ✐s ♦♣t✐♠✐③❡❞ ❢♦r t❤❡ ❛♣s♦r♣t✐♦♥ ♦❢ ❤❛❞r♦♥s✳ ❚❤❡s❡ ✇✐❧❧
t②♣✐❝❛❧❧② ❧♦s❡ ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡✐r ❡♥❡r❣② ✐♥ t❤❡ ❊❈❆▲✱ ❜❡❝❛✉s❡ ❡✈❡♥ ✐❢ t❤❡② ❛r❡ ❝❤❛r❣❡❞✱
t❤❡✐r ❡♥❡r❣② ❧♦ss ❞✉❡ t♦ ❇r❡♠sstr❛❤❧✉♥❣ ✐s s✉♣♣r❡ss❡❞ ❜② t❤❡✐r ♠❛ss✱ ✇❤✐❝❤ ✐s ♠✉❝❤ ❧❛r❣❡r t❤❛♥
t❤❡ ❡❧❡❝tr♦♥ ♠❛ss✳ ❈♦♥s❡q✉❡♥t❧② t❤❡ ❍❈❆▲ ✐s ♦♣t✐♠✐③❡❞ t♦ ✐♥❞✉❝❡ ❤❛❞r♦♥s s✉❝❤ ❛s ♣r♦t♦♥s✱
♥❡✉tr♦♥s✱ ♣✐♦♥s ❛♥❞ ❦❛♦♥s t♦ ❧♦s❡ ❡♥❡r❣② ✈✐❛ ✐♥❡❧❛st✐❝ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ t❤❡ ❞❡t❡❝t♦r
♠❛t❡r✐❛❧✳

✹✼



❚❤❡ ❤❛❞r♦♥s ❧♦s❡ ❡♥❡r❣② ✐♥ s♣❛❧❧❛t✐♦♥ ♣r♦❝❡ss❡s✱ ✇❤✐❝❤ ❛t ❤✐❣❤ ❡♥❡r❣✐❡s ②✐❡❧❞s ❛ ❝❛s❝❛❞❡ ♦❢
♥✉❝❧❡❛r ❢r❛❣♠❡♥ts ❛♥❞ s❡❝♦♥❞❛r② ♣❛rt✐❝❧❡s✱ ❢♦r♠✐♥❣ ❛ ❤❛❞r♦♥✐❝ s❤♦✇❡r✳ ❆s t❤❡ ❤❛❞r♦♥ ❡♥❡r❣✐❡s
❞❡❝r❡❛s❡ ❛♥❞ t❤❡ ♠✉❧t✐♣❧✐❝✐t② ✐♥❝r❡❛s❡s✱ t❤❡ s♣❛❧❧❛t✐♦♥ ♣r♦❝❡ss❡s t❡♥❞ t♦ ♠♦r❡ ❢r❡q✉❡♥t❧② r❡s✉❧t
❤❛❞r♦♥s tr❛✈❡rs✐♥❣ t❤❡ ♥✉❝❧❡✐✱ r❛❞✐❛t✐♥❣ ♠♦r❡ ❤❛❞r♦♥s✳ ❚❤❡ tr❛✈❡rs✐♥❣ ❤❛❞r♦♥ ❝❛♥ ❛❧s♦ ❛❝t✐✈❛t❡
t❤❡ ♥✉❝❧❡✉s ✐♥t♦ ❛♥ ❡①❝✐t❡❞ st❛t❡✱ t❤❛t ❧❛t❡r r❡❧❛①❡s ✈✐❛ ✜ss✐♦♥ ♦r ❡✈❛♣♦r❛t✐♦♥✳ ❙✐♥❝❡ t❤❡
❛✈❡r❛❣❡ r❛t❡ ♦❢ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ✐♥ ❛ ♠❛t❡r✐❛❧ ✐s ♠✉❝❤ ❧♦✇❡r t❤❛♥ t❤❛t ♦❢ ❡❧❡❝tr♦♠❛❣♥❡t✐❝
✐♥t❡r❛❝t✐♦♥s✱ ❤❛❞r♦♥✐❝ s❤♦✇❡rs ❛r❡ ❞❡❡♣❡r t❤❛♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ♦♥❡s✳ ❋✐♥❛❧❧②✱ ❞❡❝❛②s π0 → γγ✱
❝❛✉s✐♥❣ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s❤♦✇❡rs✱ ❞✐r❡❝t ✐♦♥✐③❛t✐♦♥ ♦r s❝✐♥t✐❧❧❛t✐♦♥ ❜② ❝❤❛r❣❡❞ ❤❛❞r♦♥s✱ ❛♥❞
✐♥❞✐r❡❝t ✐♦♥✐③❛t✐♦♥ ❜② ❝❤❛r❣❡❞ ♥✉❝❧❡✐ s❝❛tt❡r❡❞ ❜② s❧♦✇ ♥❡✉tr♦♥s✱ ❛❧❧♦✇ ♠❡❛s✉r✐♥❣ ♣❛rt ♦❢ t❤❡
❞❡♣♦s✐t❡❞ ❡♥❡r❣②✳ ❍♦✇❡✈❡r✱ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ ❡s❝❛♣✐♥❣ ♥❡✉tr✐♥♦s ❛♥❞ ♠✉♦♥s✱ ❛s ✇❡❧❧ ❛s t❤❡
❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ♦❢ ♥✉❝❧❡✐ ❡①❝✐t❡❞ ✐♥t♦ ❧♦♥❣✲❧✐✈❡❞ ❤✐❣❤❡r ❡♥❡r❣② st❛t❡s✱ ❛r❡ ♥♦t ❞❡t❡❝t❡❞✳

❚❤❡ ❍❈❆▲ ✇r❛♣s ❛r♦✉♥❞ t❤❡ ❊❈❆▲✳ ■t ❝♦♠♣r✐s❡s t❤❡ ❝❡♥tr❛❧ ❜❛rr❡❧ ❝♦✈❡r✐♥❣ ❛♥❞ t❤❡
❡①t❡♥❞❡❞ ❜❛rr❡❧✱ t♦❣❡t❤❡r ❝♦✈❡r✐♥❣ |η| < 1.7✱ t✇♦ ❡♥❞✲❝❛♣s ❝♦✈❡r✐♥❣ 1.5 < |η| < 3.2 ❛♥❞ t✇♦
❢♦r✇❛r❞ ❝❛❧♦r✐♠❡t❡rs✱ ❡①t❡♥❞ t❤❡ ❝♦✈❡r❛❣❡ ❜② 3.1 < |η| < 4.9✳

❚❤❡ ❝❡♥tr❛❧ ❜❛rr❡❧ ❛♥❞ ❡①t❡♥❞❡❞ ❜❛rr❡❧ ❛r❡ ❧♦❝❛t❡❞ ❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❜❡❛♠ ♣✐♣❡✳ ❚❤✉s t❤❡②
❛r❡ ❜✉✐❧t ❢r♦♠ ❧❡ss r❛❞✐❛t✐♦♥ ❤❛r❞ ❜✉t ❝♦st ❡✛❡❝t✐✈❡ ♠❛t❡r✐❛❧✳ ❚❤❡② ✉s❡ ✐r♦♥ ♣❧❛t❡s ❛s ❛❜s♦r❜❡rs✱
❛❧t❡r♥❛t✐♥❣ ✇✐t❤ s❝✐♥t✐❧❧❛t✐♥❣ ♣❛r❛t❡r♣❤❡♥②❧✲❞♦♣❡❞ ♣♦❧②st❡r❡♥❡ t✐❧❡s ✉s❡❞ ❛s t❤❡ ❛❝t✐✈❡ ♠❛t❡r✐❛❧✳
❚❤❡ 1.97 ♠ t❤✐❝❦ ❝❡♥tr❛❧ ❛♥❞ ❡①t❡♥❞❡❞ ❜❛rr❡❧s ❛r❡ ❜✉✐❧t ❢r♦♠ ✻✹ ♠♦❞✉❧❡s ✇✐t❤❛ s✐③❡ ♦❢ ∆Φ 0.1✳
❲❛✈❡❧❡♥❣t❤✲s❤✐❢t✐♥❣ ✜❜r❡s tr❛♥s♣♦rt t❤❡ s❝✐♥t✐❧❧❛t✐♦♥ ❧✐❣❤t t♦ t❤❡ ♦✉ts✐❞❡ ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r✱
✇❤❡r❡ ♣❤♦t♦♠✉❧t✐❧♣❧✐❡rs ♠❡❛s✉r❡ t❤❡ s❝✐♥t✐❧❧❛t✐♦♥ ❧✐❣❤t✳

❚❤❡ ❍❈❆▲ ❡♥❞✲❝❛♣s ❛♥❞ t❤❡ ❢♦r✇❛r❞ ❝❛❧♦r✐♠❡t❡r ❛r❡ ❝❧♦s❡r t♦ t❤❡ ❜❡❛♠ ❧✐♥❡✱ t❤✉s t❤❡② ✉s❡
❧✐q✉✐❞ ❛r❣♦♥ ❛s t❤❡ ❛❝t✐✈❡ ♠❛t❡r✐❛❧✱ ❛♥❞ t✉♥❣st❡♥ ❛♥❞ ❝♦♣♣❡r ♣❧❛t❡s ❛s ❛❜s♦r❜❡r✳ ❚❤❡ r❡❛❞♦✉t
✐s ❞♦♥❡ ❜② ❝❛♣❛❝✐t❛t✐✈❡ ❝♦✉♣❧✐♥❣ t♦ ❞r✐❢t✐♥❣ ✐♦♥✐③❛t✐♦♥ ❝❤❛r❣❡s✱ ❧✐❦❡ ✐♥ t❤❡ ❊❈❆▲✳

❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❍❈❆▲ ❝♦♠♣♦♥❡♥ts ✇❛s ♠❡❛s✉r❡❞ ❛t t❡st ❜❡❛♠s ✉s✐♥❣ ♣✐♦♥s✳
❚❤❡ t✐❧❡ ❝❛❧♦r✐♠❡t❡r ✇❛s ❢♦✉♥❞ t♦ ❤❛✈❡ ❛ r❡s♦❧✉t✐♦♥ ♦❢ 52.7%/

√
E
⊕

5.7% ❬✼✸❪✳ ❚❤❡ ❍❈❆▲
❡♥❞✲❝❛♣s ✇❡r❡ ❢♦✉♥❞ t♦ ❤❛✈❡ ❛ r❡s♦❧✉t✐♦♥ ♦❢ 70.6%/

√
E
⊕

5.8% ❬✼✹❪✳ ❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢
t❤❡ ❢♦r✇❛r❞ ❝❛❧♦r✐♠❡t❡r ✐s 94.2%/

√
E
⊕

7.5% ❬✼✺❪✳

✷✳✷✳✹ ▼✉♦♥ ❙②st❡♠

▼✉♦♥s✱ ❜❡✐♥❣ ♠✉❝❤ ❤❡❛✈✐❡r t❤❛♥ ❡❧❡❝tr♦♥s✱ ❧♦s❡ ♦♥❧② ✈❡r② ❧✐tt❧❡ ❡♥❡r❣② ❜② ❜r❡♠sstr❛❤❧✉♥❣ ✐♥
t❤❡ ❛t♦♠✐❝ ✜❡❧❞s ♦❢ t❤❡ ♠❛tt❡r ✐♥ t❤❡ ❝❛❧♦r✐♠❡t❡rs✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡② ❞♦ ♥♦t ❝♦✉♣❧❡ ✇✐t❤ t❤❡
str♦♥❣ ♥✉❝❧❡❛r ❢♦r❝❡✱ s♦ t❤❡✐r ❝r♦ss s❡❝t✐♦♥ ❢♦r ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ♥✉❝❧❡✐ ❛r❡ str♦♥❣❧② s✉♣♣r❡ss❡❞
✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ❤❛❞r♦♥s ✐♥ ❛ s✐♠✐❧❛r ♠❛ss r❛♥❣❡✳ ❚❤✉s ♠✉♦♥s t②♣✐❝❛❧❧② ❧❡❛✈❡ t❤❡ ❝❛❧♦r✐♠❡t❡rs
❦❡❡♣✐♥❣ ♠♦st ♦❢ t❤❡✐r ❦✐♥❡t✐❝ ❡♥❡r❣②✳

❚♦ ✐❞❡♥t✐❢② ♠✉♦♥s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t✱ ♦r s❡❝♦♥❞❛r② ♠✉♦♥s ♣r♦❞✉❝❡❞ ✐♥
✐♥t❡r❛❝t✐♦♥s ✐♥ t❤❡ ❞❡t❡❝t♦r ♠❛t❡r✐❛❧✱ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r ❢❡❛t✉r❡s ❛ ❞❡❞✐❝❛t❡❞ ♠✉♦♥ s②st❡♠✳
■t ✐s t❤❡ ♦✉t❡r♠♦st ❛❝t✐✈❡ ♣❛rt ♦❢ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✳ ■t ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✻✳ ■t ❝♦♠♣r✐s❡s
t❤❡ ❚❤✐♥ ●❛♣ ❈❤❛♠❜❡rs ✭❚●❈s✮✱ t❤❡ ❘❡s✐st✐✈❡ P❧❛t❡ ❈❤❛♠❜❡rs ✭❘P❈s✮✱ t❤❡ ❈❛t❤♦❞❡ ❙tr✐♣
❈❤❛♠❜❡rs ✭❈❙❈s✮✱ ❛♥❞ t❤❡ ▼♦♥✐t♦r❡❞ ❉r✐❢t ❚✉❜❡s ✭▼❉❚✮✳ ❚❤❡ ▼❉❚s ❛♥❞ ❈❙❈s ♣r♦✈✐❞❡
♣r❡❝✐s❡ tr❛❝❦✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❢♦r 2.7 < |η|✳ ❚❤❡ ❚●❈s ❛♥❞ t❤❡ ❘P❈s ❛r❡ ✉s❡❞ ❢♦r ❢❛st tr✐❣❣❡rs
♦♥ ♠✉♦♥s ✐♥ t❤❡ r❡❣✐♦♥ ✇✐t❤ 2.4 < |η|✳

❚❤❡ ▼❉❚s ❛r❡ t❤r❡❡ t♦ ❡✐❣❤t ❧❛②❡rs ♦❢ ❛❧✉♠✐♥✐✉♠ ❞r✐❢t t✉❜❡s ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 30 ♠♠
♣❡r t✉❜❡✳ ❚❤❡ ❞r✐❢t t✉❜❡s ❛r❡ ✜❧❧❡❞ ✇✐t❤ ❛ ❣❛s ♠✐①t✉r❡ ❝♦♥s✐st✐♥❣ ♦❢ ❛r❣♦♥ ❛♥❞ ❝❛r❜♦♥ ❞✐♦①✐❞❡✱
❛t ❛ ♣r❡ss✉r❡ ♦❢ 3 ❜❛r✳ ❆ ❝❡♥tr❛❧ t✉♥❣st❡♥✲ r❤❡♥✐✉♠ ✇✐r❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 50µm ❢✉♥❝t✐♦♥s
❛s t❤❡ ❛♥♦❞❡✳ ❈❤❛r❣❡❞ ♣❛rt✐❝❧❡s ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ ❞r✐❢t t✉❜❡s ✐♦♥✐③❡ t❤❡ ❣❛s t❤❛t ✜❧❧s t❤❡♠✱
❛♥❞ t❤❡ ✐♦♥✐③❛t✐♦♥ ❝❤❛r❣❡s ❛r❡ ❝♦❧❧❡❝t❡❞ ❛t t❤❡ ❛♥♦❞❡ ✇✐r❡✱ ❣❡♥❡r❛t✐♥❣ ❛♥ ❡❧❡❝tr♦♥✐❝ s✐❣♥❛❧ t❤❛t
✐♥❞✐❝❛t❡s ❛ ❤✐t✳ ❚❤❡ r❡s✉❧t✐♥❣ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ✐s 35µm✳

✹✽



❋✐❣✉r❡ ✷✳✻✿ ❈✉t❛✇❛② ✈✐❡✇ ♦❢ t❤❡ ❆❚▲❆❙ ♠✉♦♥ s②st❡♠✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✻✸❪

❚❤❡ ❈❙❈s ❛r❡ ♠✉❧t✐✇✐r❡ ♣r♦♣♦rt✐♦♥❛❧ ❝❤❛♠❜❡rs✳ ❚❤❡② ❛r❡ ✐♥st❛❧❧❡❞ ❛t 2.0 < |η| < 2.7 ✐♥
t❤❡ ✐♥♥❡r♠♦st ❧❛②❡r✱ ✇❤❡r❡ t❤❡ r❛t❡ ❛♥❞ r❡s♦❧✉t✐♦♥ r❡q✉✐r❡♠❡♥ts ❛r❡ ❤✐❣❤❡st✱ ❛s ❞✐❝t❛t❡❞ ❜② t❤❡
❧❛r❣❡ ❡①♣❡❝t❡❞ r❛t❡ ♦❢ ✐♥❝✐❞❡♥t ♣❛rt✐❝❧❡s✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ s❡❣♠❡♥t❡❞ ❛♥♦❞❡ ✇✐r❡s ✐s 35µm✳
❚❤❡ ❈❙❈s ❛r❡ ✜❧❧❡❞ ✇✐t❤ ❛ ❣❛s ♠✐①t✉r❡ ❝♦♥s✐st✐♥❣ ♦❢ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❛♥❞ ❛r❣♦♥✳ ❚❤❡ ❝❤❛r❣❡s
❢r♦♠ ❣❛s t❤❛t ❤❛s ❜❡❡♥ ✐♦♥✐③❡❞ ❜② ❛ ♣❛ss✐♥❣ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❛r❡ ❝♦❧❧❡❝t❡❞ ❛t t❤❡ ❛♥♦❞❡s ❛♥❞
t❤❡ t✐♠✐♥❣ ❛♥❞ ✇✐r❡ s❡❣♠❡♥t ✐♥❢♦r♠❛t✐♦♥ ❛r❡ ❝♦♠❜✐♥❡❞ ✐♥t♦ ❧♦❝❛❧✐③❡❞ ❤✐t ✐♥❢♦r♠❛t✐♦♥✳ ❚❤❡
r❡s✉❧t✐♥❣ r❡s♦❧✉t✐♦♥ ✐s 40µm ✐♥ t❤❡ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥✱ ❛♥❞ 5mm ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❡ t♦
t❤❡ ❜❡♥❞✐♥❣ ♣❧❛♥❡✱ ✐✳❡✳ t❤❡ φ ❞✐r❡❝t✐♦♥ ♣❛r❛❧❧❡❧ t♦ t❤❡ t♦r♦✐❞ ✜❡❧❞✳

❚❤❡ ❘P❈s ❛r❡ ♣❛r❛❧❧❡❧ ❡❧❡❝tr♦❞❡ ♣❧❛t❡s s♣❛❝❡❞ 2 ♠♠ ❛♣❛rt✱ ✇✐t❤ ❛ ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ♦❢
9.8 ❦❱ ❜❡t✇❡❡♥ t❤❡♠✳ ❚❤❡② ❝♦✈❡r |η| < 1.05✱ ✐♥ t❤❡ ❜❛rr❡❧ r❡❣✐♦♥✳ ▼✉♦♥s ♣❛ss✐♥❣ t❤r♦✉❣❤
❛♥ ❘P❈ ✐♦♥✐③❡ t❤❡ ❣❛s ✐♥ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ ♣❧❛t❡s✳ ❚❤❡ ❤✐❣❤ ✜❡❧❞ ✐♥ t❤❡ ❣❛♣ ❝r❡❛t❡s ❛♥
❛✈❛❧❛♥❝❤❡ ♦❢ s❡❝♦♥❞❛r② ✐♦♥s ❛♥❞ ❡❧❡❝tr♦♥s t❤❛t q✉✐❝❦❧② ❝r❡❛t❡ ❛ ❧❛r❣❡ s✐❣♥❛❧ ✇❤❡♥ t❤❡② ❤✐t t❤❡
❡❧❡❝tr♦❞❡ ♣❧❛t❡s✳ ❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡s❡ s✐❣♥❛❧s ✐s 1.5 ♥s✳ ❍✐t ❧♦❝❛t✐♦♥s ❛r❡ ♠❡❛s✉r❡❞ ✇✐t❤
❛ r❡s♦❧✉t✐♦♥ ♦❢ 10 ♠♠ ✐♥ t❤❡ z − φ ♣❧❛♥❡✳ ❚❤❡ ❤✐t ❧♦❝❛t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ ✐s ✉s❡❞ t♦ s✉♣♣❧❡♠❡♥t
t❤❡ tr❛❝❦✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ▼❉❚s ❛♥❞ ❈❙❈s✳

❚❤❡ ❚●❈s ❛r❡ ♠✉❧t✐✇✐r❡ ♣r♦♣♦rt✐♦♥❛❧ ❝❤❛♠❜❡rs ✐♥st❛❧❧❡❞ ✐♥ t❤❡ ❡♥❞✲❝❛♣ r❡❣✐♦♥s✱ ❝♦✈❡r✐♥❣
t❤❡ 1.05 < |η| < 2.7 r❡❣✐♦♥✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡s ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❞✐st❛♥❝❡
❢r♦♠ ♦♥❡ ❛♥♦❞❡ ✇✐r❡ t♦ ❛♥♦t❤❡r✱ ❛❧❧♦✇✐♥❣ q✉❛s✐✲s❛t✉r❛t❡❞ ♦♣❡r❛t✐♦♥✳ ❚❤❡ ❚●❈s ❛r❡ ✜❧❧❡❞ ✇✐t❤
❛ ❤✐❣❤❧② q✉❡♥❝❤✐♥❣ ❣❛s t❤❛t ✐s ❛ ♠✐①t✉r❡ ♦❢ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❛♥❞ ♥✲♣❡♥t❛♥❡✳ ❚❤❡ ❚●❈s ❛❝❤✐❡✈❡
❛ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ 4 ♥s✱ ❛♥❞ ❜❡t✇❡❡♥ 2− 6 ♠♠ ✐♥ t❤❡ R− φ ♣❧❛♥❡✳

❚❤❡ ❝♦♠❜✐♥❡❞ ❞❡s✐❣♥ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ♠✉♦♥ s②st❡♠ ✐s 10% ❛t 1 ❚❡❱ ♠✉♦♥ ♠♦♠❡♥t✉♠✳ ■♥
♣r❛❝t✐❝❡✱ t❤❡ ♠✉♦♥ ♠♦♠❡♥t✉♠ r❡s♦❧✉t✐♦♥ ✐s s✐❣♥✐✜❝❛♥t❧② ✐♠♣r♦✈❡❞ ❜② ♠❛t❝❤✐♥❣ t❤❡ tr❛❝❦s ✐♥
t❤❡ ♠✉♦♥ s②st❡♠ t♦ tr❛❝❦s ✐♥ t❤❡ ■❉ ❬✼✻❪✳

✷✳✷✳✺ ❚r✐❣❣❡r

❲❤✐❧❡ r✉♥♥✐♥❣✱ t❤❡ ▲❍❈ ❞❡❧✐✈❡rs ✉♣ t♦ 4×107 ❜✉♥❝❤ ❝r♦ss✐♥❣s ♣❡r s❡❝♦♥❞✱ ❛♥❞ t❡♥s ♦❢ ♣r♦t♦♥✲
♣r♦t♦♥ ✐♥t❡r❛❝t✐♦♥s ♣❡r ❜✉♥❝❤ ❝r♦ss✐♥❣ ❛r❡ t②♣✐❝❛❧✳ ❍♦✇❡✈❡r✱ ♦♥❧② ❛❜♦✉t ❛ t❤♦✉s❛♥❞ ❢✉❧❧ ❡✈❡♥ts
♣❡r s❡❝♦♥❞ ❝❛♥ ❜❡ ✇r✐tt❡♥ t♦ t❤❡ ♣❡r♠❛♥❡♥t ❞❛t❛ st♦r❛❣❡✳ ❚❤✉s t❤❡ ❡✈❡♥t r❛t❡ ♥❡❡❞s t♦ ❜❡

✹✾



r❡❞✉❝❡❞✱ ✇❤✐❝❤ ✐s t❤❡ t❛s❦ ♦❢ t❤❡ tr✐❣❣❡r s②st❡♠✳ ❚❤❡ tr✐❣❣❡r s②st❡♠ r❡❞✉❝❡s t❤❡ ❡✈❡♥t r❛t❡ ❜②
s❡❧❡❝t✐♥❣ ❡✈❡♥ts t❤❛t ❛r❡ ❞❡❡♠❡❞ ✐♥t❡r❡st✐♥❣✱ ❛♥❞ r❡❥❡❝t✐♥❣ ❡✈❡♥ts t❤❛t ❛r❡ ♥♦t✳ ❙❡✈❡r❛❧ ❝❛t❡❣♦✲
r✐❡s ♦❢ ✐♥t❡r❡st✐♥❣ ❡✈❡♥ts ❛r❡ ❞❡✜♥❡❞✱ s✉❝❤ ❛s ❡✈❡♥ts ✇✐t❤ ❛ ❧❡♣t♦♥ ❝❛♥❞✐❞❛t❡ ✇✐t❤ ❛ tr❛♥s✈❡rs❡
♠♦♠❡♥t✉♠ ❛❜♦✈❡ ❛ ❝❡rt❛✐♥ t❤r❡s❤♦❧❞✱ ❝❛❧❧❡❞ ❛ ✏s✐♥❣❧❡ ❧❡♣t♦♥ pT tr✐❣❣❡r✑ ♦r ❛ ♠✐♥✐♠✉♠ ❛♠♦✉♥t
♦❢ ✐♠❜❛❧❛♥❝❡ ✐♥ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛ ♦❢ t❤❡ ♣❛rt✐❝❧❡s r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ❡✈❡♥t✱ ❝❛❧❧❡❞ ❛
✏Emiss

T tr✐❣❣❡r✑✳ ❚❤❡ ❆❚▲❆❙ tr✐❣❣❡r s②st❡♠ ✉s❡s ✷ ❝♦♥s❡❝✉t✐✈❡ st❛❣❡s✱ ♦r ❧❡✈❡❧s✳ ❚❤❡ st❛❣❡s
♦♣❡r❛t❡ ❛t s✉❝❝❡ss✐✈❡❧② s❧♦✇❡r r❛t❡s✱ ❛❧❧♦✇✐♥❣ ✐♥❝r❡❛s✐♥❣❧② r❡✜♥❡❞ s❡❧❡❝t✐♦♥s✳

❚❤❡ ✜rst tr✐❣❣❡r st❛❣❡ ✐s ❝❛❧❧❡❞ t❤❡ ❧❡✈❡❧ ✶ tr✐❣❣❡r✳ ■t r❡❞✉❝❡s t❤❡ r❛t❡ ♦❢ ✐♥❝♦♠✐♥❣ ❡✈❡♥ts t♦
t❤❡ ❞❡s✐❣♥ r❛t❡ ♦❢ 100 ❦❍③✳ ❚❤❡ ❧❡✈❡❧ ✶ tr✐❣❣❡r ✐s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❝✉st♦♠ ❜✉✐❧t ❤❛r❞✇❛r❡ s♦ t❤❛t
✐t ❝❛♥ ❦❡❡♣ ✉♣ ✇✐t❤ t❤❡ ✐♥❝♦♠✐♥❣ ❡✈❡♥t r❛t❡✳ ■t ✉s❡s ♣❛rt✐❛❧ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❝❛❧♦r✐♠❡t❡r
❛♥❞ ♠✉♦♥ s✉❜s②st❡♠s t♦ ❝♦❛rs❡❧② r❡❝♦♥str✉❝t ❝❛♥❞✐❞❛t❡ ♠✉♦♥s✱ ❡❧❡❝tr♦♥s✱ ♣❤♦t♦♥s✱ ❥❡ts✱ ❛♥❞
❤❛❞r♦♥✐❝❛❧❧② ❞❡❝❛②✐♥❣ τ ❧❡♣t♦♥s✱ ❛s ✇❡❧❧ ❛s t♦t❛❧ ❡♥❡r❣② ❛♥❞ ♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ❡♥❡r❣②✳ ■❢ t❤❡
tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛ ♦❢ t❤❡s❡ ♦❜❥❡❝ts ♦r t❤❡ ❡♥❡r❣② s✉♠s ❡①❝❡❡❞ t❤r❡s❤♦❧❞ ✈❛❧✉❡s✱ t❤❡ ❡✈❡♥t ✐s
❛❝❝❡♣t❡❞✳ ❚❤❡ ❞❡❝✐s✐♦♥ t♦ ❛❝❝❡♣t ♦r r❡❥❡❝t ❡✈❡♥ts ✐s t❛❦❡♥ ✇✐t❤✐♥ 2.5µs✳ ❆❝❝❡♣t❡❞ ❡✈❡♥ts ❛r❡
r❡❛❞ ♦✉t ❛♥❞ t❤❡♥ ❜✉✛❡r❡❞✱ ✇❤✐❧❡ ❜❡✐♥❣ ❡✈❛❧✉❛t❡❞ ❢✉rt❤❡r ✐♥ t❤❡ s❡❝♦♥❞ tr✐❣❣❡r st❛❣❡✳

❚❤❡ s❡❝♦♥❞ tr✐❣❣❡r st❛❣❡✱ ❝❛❧❧❡❞ t❤❡ ❤✐❣❤ ❧❡✈❡❧ tr✐❣❣❡r✱ ❡✈❛❧✉❛t❡s ❡✈❡♥ts ✉s✐♥❣ t❤❡ ❢✉❧❧ ❣r❛✲
♥✉❧❛r✐t② ♦❢ t❤❡ ❞❡t❡❝t♦r✱ ❜✉t ❝♦♥s✐❞❡rs ♦♥❧② ❝❡rt❛✐♥ r❡❣✐♦♥s ♦❢ ✐♥t❡r❡st✳ ❘❡❣✐♦♥s ♦❢ ✐♥t❡r❡st ❛r❡
❤✐❣❤ ♦❝❝✉♣❛♥❝② r❡❣✐♦♥s✱ ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❧❡✈❡❧ ✶ tr✐❣❣❡r✳ ❉✉❡ t♦ t❤❡ r❡❞✉❝❡❞ r❛t❡ ♦❢ ✐♥❝♦♠✐♥❣
❡✈❡♥ts✱ t❤❡ ❧❡✈❡❧ ✷ tr✐❣❣❡r ✐s ✐♠♣❧❡♠❡♥t❡❞ ❛s s♦❢t✇❛r❡ r✉♥♥✐♥❣ ♦♥ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❤❛r✲
❞✇❛r❡✳ ■❢ ❛♥ ❡✈❡♥t ✐s ❛❝❝❡♣t❡❞ ❜② t❤❡ ❤✐❣❤ ❧❡✈❡❧ tr✐❣❣❡r✱ ✐t ✐s ✇r✐tt❡♥ t♦ ♣❡r♠❛♥❡♥t st♦r❛❣❡ ❛♥❞
✐s ❛✈❛✐❧❛❜❧❡ t♦ ❜❡ ✉s❡❞ ✐♥ ❧❛t❡r ❛♥❛❧②s❡s✳ ❚❤❡ ❞❡s✐❣♥ r❛t❡ ❛t ✇❤✐❝❤ t❤❡ ❤✐❣❤ ❧❡✈❡❧ tr✐❣❣❡r s❤♦✉❧❞
❛❝❝❡♣t ❡✈❡♥ts ✐s 1 ❦❍③✳

❚❤❡r❡ ❝❛♥ ❜❡ tr✐❣❣❡r ✐t❡♠s ✇✐t❤ ❧♦✇ ♠♦♠❡♥t✉♠ ♦r ♠✉❧t✐♣❧✐❝✐t② t❤r❡s❤♦❧❞s t❤❛t ❛r❡ ♣❤②s✐❝❛❧❧②
✐♥t❡r❡st✐♥❣✱ ❜✉t ♦❝❝✉r s♦ ❢r❡q✉❡♥t❧② t❤❛t ❛❝❝❡♣t✐♥❣ ❡❛❝❤ s✉❝❤ ❡✈❡♥t ✇♦✉❧❞ ♠❛❦❡ t❤❡ tr✐❣❣❡r
s②st❡♠ ❡①❝❡❡❞ t❤❡ ❞❡s✐❣♥ ❛❝❝❡♣t❛♥❝❡ r❛t❡s✳ ■♥ s✉❝❤ ❝❛s❡s✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr✐❣❣❡rs ❛r❡ ♣r❡✲
s❝❛❧❡❞✱ ♠❡❛♥✐♥❣ t❤❛t ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❡✈❡♥ts ♣❛ss✐♥❣ t❤❡ tr✐❣❣❡r r❡q✉✐r❡♠❡♥t ❛r❡ ❛❝❝❡♣t❡❞✳
❆ tr✐❣❣❡r t❤❛t ✐s ♣r❡s❝❛❧❡❞ ✇✐t❤ ♣r❡s❝❛❧❡ S ❛❝❝❡♣ts ♦♥❧② ♦♥❡ ♦✉t ♦❢ S ❡✈❡♥ts t❤❛t s❛t✐s❢② ✐ts
❝♦♥❞✐t✐♦♥s✳

✷✳✸ ▲✉♠✐♥♦s✐t②

❚❤❡ ✐♥st❛♥t❛♥❡♦✉s ❧✉♠✐♥♦s✐t② ♦❢ ❛ ♣❛rt✐❝❧❡ ❝♦❧❧✐❞❡r ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ r❛t❡ ❛t ✇❤✐❝❤ ❝♦❧❧✐s✐♦♥s
♦❝❝✉r✳ ■t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ♥✉♠❜❡r ♦❢ ❜✉♥❝❤❡s nB✱ t❤❡ ♣❛rt✐❝❧❡s ♣❡r ❜✉♥❝❤ N1,2 ✐♥ t❤❡
❜✉♥❝❤❡s ♦❢ ❜❡❛♠s 1, 2✱ t❤❡ r❡✈♦❧✉t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❜❡❛♠s f ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢
t❤❡ ❜❡❛♠s A✿

L =
nbN1N2f

A
. ✭✷✳✶✮

❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥t❡❣r❛t❡❞ ❧✉♠✐♥♦s✐t② Lint

∫ t1
t0
Ldt ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦❧❧✐s✐♦♥s

t❤❛t ♦❝❝✉r❡❞ ✐♥ t❤❡ t✐♠❡ ✐♥t❡r✈❛❧ [t0, t1]✳ ❚❤❡ ❝♦♥❝❡♣t ♦❢ ❧✉♠✐♥♦s✐t② ✐s ✉s❡❢✉❧ ❜❡❝❛✉s❡ ✐t ❞❡❝♦✉♣❧❡s
t❤❡ ♦❜s❡r✈❡❞ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✇✐t❤ ❛ ❝❡rt❛✐♥ ✜♥❛❧ st❛t❡ nprocess✱ ✇❤✐❝❤ ✐s s♣❡❝✐✜❝ t♦ t❤❡ ❝♦❧❧✐❞❡r
❛♥❞ t❤❡ r✉♥♥✐♥❣ ❝♦♥❞✐t✐♦♥s✱ ❢r♦♠ t❤❡ ♣r♦❜❛❜✐❧✐t② ❢♦r ❛ ♣r♦❝❡ss t♦ ♦❝❝✉r ❣✐✈❡♥ t❤❛t ❛ ❝♦❧❧✐s✐♦♥
❤❛♣♣❡♥❡❞✿

σprocess = nprocess/Lint , ✭✷✳✷✮

✇❤✐❝❤ ✐s ❝❛❧❧❡❞ t❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss✳
■♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥s ✉s✐♥❣ ❊q✉❛t✐♦♥ ✭✷✳✷✮✱ t❤❡ ❧✉♠✐♥♦s✐t② ♥❡❡❞s

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

✺✵



♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❜✉♥❝❤✲✇✐s❡ ✐♥st❛♥t❛♥❡♦✉s ❧✉♠✐♥♦s✐t②✳ ❚❤❡ ❇❡❛♠ ❈♦♥❞✐t✐♦♥s ▼♦♥✐t♦r
✭❇❈▼✮ ❬✼✼❪ ❛♥❞ t❤❡ ▲❯❈■❉ ❞❡t❡❝t♦r ❛r❡ ❡①❛♠♣❧❡s ♦❢ ❞❡t❡❝t♦rs ♣r♦✈✐❞✐♥❣ r❡❧❛t✐✈❡ ❧✉♠✐♥♦s✐t②
♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ❆▲❋❆ ❞❡t❡❝t♦r ✐s ❛♥ ❡①❛♠♣❧❡ ♣r♦✈✐❞✐♥❣ ❛♥ ❛❜s♦❧✉t❡ ♠❡❛s✉r❡♠❡♥t✳

❚❤❡ ❇❈▼ ✐s ❧♦❝❛t❡❞ 1.84 ♠ ✉♣✲ ❛♥❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t ❬✼✼❪✳ ❆t ❜♦t❤
♣♦✐♥ts ✐t ❝♦♥s✐sts ♦❢ ✹ ❞✐❛♠♦♥❞ s❡♥s♦rs ✇✐t❤ ❛ ❝r♦ss s❡❝t✐♦♥❛❧ ❞❡t❡❝t♦r ❛r❡❛ ♦❢ 1cm2✱ ❛rr❛♥❣❡❞
✐♥ ❛ ❝r♦ss ♣❛tt❡r♥ ❛r♦✉♥❞ t❤❡ ❜❡❛♠ ♣✐♣❡ ❛t ❛ r❛❞✐✉s ♦❢ 5.5 ❝♠✳ ❚❤❡ r❡❧❛t✐✈❡ ❧✉♠✐♥♦s✐t② ✐s
♠❡❛s✉r❡❞ ❜② t❤❡ r❛t❡ ❛t ✇❤✐❝❤ ♣❛rt✐❝❧❡s tr❛✈❡rs✐♥❣ t❤❡ ♠❛t❡r✐❛❧ ✐♥❞✉❝❡ ✐♦♥✐s❛t✐♦♥✳

❚❤❡ ▲❯❈■❉ ❞❡t❡❝t♦r ✐s ❧♦❝❛t❡❞ ±17 ♠ ✉♣ ❛♥❞ ❞♦✇♥ ❢r♦♠ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t✳ ❆t ❡❛❝❤
♣♦✐♥t ❛ ♠♦❞✉❧❡ ❝ ❝♦♥t❛✐♥✐♥❣ ✶✻ ❣❛s✲✜❧❧❡❞ t✉❜❡s ✇✐t❤ ❞✐❛♠❡t❡r ♦❢ 15 ♠♠ ❛♥❞ ❛ ❧❡♥❣t❤ ♦❢ 1.5
♠✱ ❡♥❝❧♦s✐♥❣ t❤❡ ❜❡❛♠ ❛①✐s✳ P❛rt✐❝❧❡s ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ t✉❜❡s ❣❡♥❡r❛t❡ ❈❤❡r❡♥❦♦✈ ❧✐❣❤t✳
P❤♦t♦♠✉❧t✐♣❧✐❡r t✉❜❡s ♠❡❛s✉r❡ t❤❡ ❈❤❡r❡♥❦♦✈ ❧✐❣❤t✳ ❆❣❛✐♥✱ t❤❡ r❛t❡ ❛t ✇❤✐❝❤ ♣❛rt✐❝❧❡s ❛r❡
❞❡t❡❝t❡❞ s❡r✈❡s ❛s ❛♥ ✐♥❞✐❝❛t♦r ♦❢ t❤❡ r❡❧❛t✐✈❡ ❧✉♠✐♥♦s✐t②✳

❚❤❡ ❆▲❋❆ ❞❡t❡❝t♦r ✐s ♣❧❛❝❡❞ ±240 ♠ ❢r♦♠ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t✳ ❆t ❜♦t❤ ❧♦❝❛t✐♦♥s✱
s❝✐♥t✐❧❧❛t✐♥❣ ✜❜r❡ tr❛❝❦❡rs ❛r❡ ✐♥st❛❧❧❡❞ ✐♥s✐❞❡ r♦♠❛♥ ♣♦ts t❤❛t ❝❛♥ ❜❡ ♠♦✈❡❞ ✉♦ t♦ 1 ♠♠ ❝❧♦s❡
t♦ t❤❡ ❜❡❛♠✱ ✐♥s✐❞❡ t❤❡ ❜❡❛♠ ♣✐♣❡✳ ❋♦r t❤❡ ❛❜s♦❧✉t❡ ❧✉♠✐♥♦s✐t② ♠❡❛s✉r❡♠❡♥ts✱ s♣❡❝✐❛❧ ▲❍❈
r✉♥s ❛r❡ ♣❡r❢♦r♠❡❞✱ ❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ r♦♠❛♥ ♣♦ts ❛r❡ ❞❡♣❧♦②❡❞✱ ❛❧❧♦✇✐♥❣ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡
r❛t❡ ♦❢ ❡❧❛st✐❝ ♣r♦t♦♥ s❝❛tt❡r✐♥❣ ❛t ❛♥❣❧❡s s♠❛❧❧❡r t❤❛♥ ❤❡ ♥♦♠✐♥❛❧ ❜❡❛♠ ❞✐✈❡r❣❡♥❝❡✳ ❚❤✐s ❛❧❧♦✇s
❞❡t❡r♠✐♥✐♥❣ t❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ❡❧❛st✐❝ ❢♦r✇❛r❞ s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥
✈✐❛ ❛♣♣❧②✐♥❣ t❤❡ ♦♣t✐❝❛❧ t❤❡♦r❡♠✳ ❇② t❤❡♥ ❛♣♣❧②✐♥❣ ❊q✉❛t✐♦♥ ✭✷✳✷✮✱ ❛♥ ❛❜s♦❧✉t❡ ❧✉♠✐♥♦s✐t②
♠❡❛s✉r❡♠❡♥t ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✱ ❛❧❧♦✇✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ r❡❧❛t✐✈❡ ♠❡❛s✉r❡♠❡♥ts ♦❜t❛✐♥❡❞
❜② ▲❯❈■❉ ❛♥❞ t❤❡ ❇❈▼ ❞✉r✐♥❣ r❡❣✉❧❛r ▲❍❈ r✉♥s✳

■t ✐s ♥♦t ♥❡❝❡ss❛r② t♦ ✉s❡ ❆▲❋❆ t♦ ♦❜t❛✐♥ ❛♥ ❛❜s♦❧✉t❡ ❧✉♠✐♥♦s✐t② ♠❡❛s✉r❡♠❡♥t ❢♦r ❝❛❧✐✲
❜r❛t✐♦♥✳ ■♥st❡❛❞ t❤❡ ♦t❤❡r ❞❡t❡❝t♦rs ❝❛♥ ❛❧s♦ ❝❛❧✐❜r❛t❡ t❤❡✐r ✐♥t❡r❛❝t✐♦♥ r❛t❡ ♠❡❛s✉r❡♠❡♥ts t♦
t❤❡ ❧✉♠✐♥♦s✐t② ✉s✐♥❣ ❞✐s♣❧❛❝❡♠❡♥t s❝❛♥s✱ ✐♥ ❛ t❡❝❤♥✐q✉❡ ✐♥✐t✐❛❧❧② ❞❡✈❡❧♦♣❡❞ ❜② ✈❛♥ ❞❡r ▼❡❡r
❬✼✽❪ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ▲✉♠✐♥♦s✐t② ❛t t❤❡ ■♥t❡rs❡❝t✐♥❣ ❙t♦r❛❣❡ ❘✐♥❣s ✭■❙❘✮ ❛t ❈❊❘◆✳ ❉✉r✐♥❣ ❛
❞✐s♣❧❛❝❡♠❡♥t s❝❛♥ t❤❡ t✇♦ ❜❡❛♠s ❛r❡ ✈❡rt✐❝❛❧❧② ✭❤♦r✐③♦♥t❛❧❧②✮ ❞✐s♣❧❛❝❡❞ ❛t ❞✐✛❡r❡♥t s✉❜s❡q✉❡♥t
❞✐s♣❧❛❝❡♠❡♥ts✳ ❇② ♠♦♥✐t♦r✐♥❣ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ♦❜s❡r✈❡❞ ✐♥t❡r❛❝t✐♦♥ r❛t❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ ❞✐s♣❧❛❝❡♠❡♥t✱ ♦♥❡ ❝❛♥ ❡①tr❛❝t t❤❡ ❜❡❛♠ ♣r♦✜❧❡✱ ❡✐t❤❡r ✭❛s ❞♦♥❡ ❛t t❤❡ ▲❍❈✮ ❜② ❛ s✐♠♣❧❡
✜t ♦❢ t❤❡ ❜❡❛♠ ♣r♦✜❧❡s ❬✼✾❪✱ ♦r ✭❛s ♣r♦♣♦s❡❞ ❜② ✈❛♥✲❞❡✲▼❡❡r ❢♦r t❤❡ ■❙❘✮✱ ❜② ❝♦♥s✐❞❡r✐♥❣ ❛
s✉✐t❛❜❧❡ r❛t✐♦ ♦❢ ❞✐s♣❧❛❝❡♠❡♥t✲✐♥t❡❣r❛t❡❞ ♦❜s❡r✈❡❞ r❛t❡s ❬✼✽✱ ✽✵❪✳ ❲✐t❤ t❤❡ ❜❡❛♠ ♣r♦✜❧❡ ❦♥♦✇♥✱
❊q✉❛t✐♦♥ ✭✷✳✶✮ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❧✉♠✐♥♦s✐t②✱ ❛s f ❛♥❞ nb ❛r❡ ❦♥♦✇♥ ♦♣❡r❛t✐♦♥❛❧ ♣❛r❛✲
♠❡t❡rs✱ ❛♥❞ t❤❡ Ni ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ❜❡❛♠ ❝✉rr❡♥ts ✉s✐♥❣ ♣✐❝❦✉♣ ❡❧❡❝tr♦❞❡s
♣❧❛❝❡❞ ✐♥ ❝❧♦s❡ ♣r♦①✐♠✐t② t♦ t❤❡ ❜❡❛♠✳

✺✶



✺✷



❈❤❛♣t❡r ✸

❆❚▲❆❙ ❙❡❛r❝❤ ❢♦r ❉❛r❦ ▼❛tt❡r ✐♥

❆ss♦❝✐❛t✐♦♥ ✇✐t❤ ❛ ❍✐❣❣s ❇♦s♦♥ ❉❡❝❛②✐♥❣

t♦ ❚✇♦ b ◗✉❛r❦s

❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ ❆❚▲❆❙ s❡❛r❝❤ ❢♦r ❡✈❡♥ts ✇❤❡r❡ ❛ ❍✐❣❣s ❜♦s♦♥ ✐s ♣r♦❞✉❝❡❞ ✐♥
❛ss♦❝✐❛t✐♦♥ ✇✐t❤ ❉❛r❦ ▼❛tt❡r✱ ❛♥❞ t❤❡ ❍✐❣❣s ❜♦s♦♥ ❞❡❝❛②s t♦ ❛ b q✉❛r❦ ♣❛✐r✱ ✇❤✐❝❤ ✐s ✐ts ♠♦st
❝♦♠♠♦♥ ❞❡❝❛② ❝❤❛♥♥❡❧ ✐♥ t❤❡ ❙▼ ❬✷✱ ✶✼❪✳ ❚❤❡ ❍✐❣❣s ❜♦s♦♥ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❛♥❞ ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ 125GeV s❝❛❧❛r ♦❜s❡r✈❡❞ ❜② t❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❝♦❧❧❛❜♦r❛t✐♦♥s ❛t t❤❡ ▲❍❈ ❬✶✾✱ ✷✶❪✳
❚❤❡ ❉❛r❦ ▼❛tt❡r ❝❛♥ ♥♦t ❜❡ ♦❜s❡r✈❡❞ ❞✐r❡❝t❧② ✐♥ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✱ ❜✉t ❝❛♥ ❜❡ ✐♥❢❡rr❡❞
❢r♦♠ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ✭Emiss

T ✮✳ ❚❤✉s t❤❡ s❡❛r❝❤ ❢♦r h(→ b̄b ✰
❉❛r❦ ▼❛tt❡r ♣r♦❞✉❝t✐♦♥ ✐s ❛ s❡❛r❝❤ ❢♦r ❛♥ ❡①❝❡ss ♦❢ ❡✈❡♥ts ✐♥ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡✳
❆ ♣♦t❡♥t✐❛❧ ❡①❝❡ss ♦❢ h(bb̄) +Emiss

T ❡✈❡♥ts ✇♦✉❧❞ ❜❡ ✈❡r② ✉♥❧✐❦❡❧② t♦ ❜❡ ❞✉❡ t♦ ■♥✐t✐❛❧ ❙t❛t❡
❘❛❞✐❛t✐♦♥ ✭■❙❘✮ ♦❢ ❍✐❣❣s ❜♦s♦♥s✱ ✐♥ ❝♦♥tr❛st t♦ ❡✳❣✳ ❥❡ts ✐♥ t❤❡ jet + Emiss

T s✐❣♥❛t✉r❡✳ ❚❤✐s ✐s
❜❡❝❛✉s❡ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥s t♦ q✉❛r❦s ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♠❛ss ♦❢ t❤❡
q✉❛r❦s✱ ❛♥❞ s✐♥❝❡ t❤❡ ♠❛ss❡s ♦❢ t❤❡ q✉❛r❦ s♣❡❝✐❡s ♣r❡s❡♥t ✐♥ ♣r♦t♦♥s ❛t ▲❍❈ ❡♥❡r❣✐❡s ❛r❡ s♠❛❧❧✱
s♦ ❛r❡ t❤❡ ❝♦✉♣❧✐♥❣s ❬✶✼❪✳ ❙✐♥❝❡ ■❙❘ ❝♦♥tr✐❜✉t✐♦♥s t♦ h(bb̄) + Emiss

T ❛r❡ s✉♣♣r❡ss❡❞✱ ♣♦t❡♥t✐❛❧
s✐❣♥❛❧s ❛r❡ ❞✉❡ t♦ ❍✐❣❣s ❝♦✉♣❧✐♥❣s ♥♦t t♦ ✐♥✐t✐❛❧ st❛t❡ q✉❛r❦s ♦r ❣❧✉♦♥s✱ ❜✉t t♦ t❤❡ ❇❙▼ st❛t❡s
t❤❛t ♠❡❞✐❛t❡ t❤❡ ❙▼✲❉❛r❦ ▼❛tt❡r ✐♥t❡r❛❝t✐♦♥ ❬✷❪✳ ❚❤✉s t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ❞✐r❡❝t❧②
♣r♦❜❡s ♣♦t❡♥t✐❛❧ ♥❡✇ ♣❤②s✐❝s ❝♦✉♣❧✐♥❣s✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② ✐♥t❡r❡st✐♥❣ ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ ❲■▼P
✐♥t❡r♣r❡t❛t✐♦♥s ♦❢ ❉❛r❦ ▼❛tt❡r✱ ❛s ❉❛r❦ ▼❛tt❡r st❛t❡s ❝♦✉♣❧❡❞ t♦ ❊❲ st❛t❡s ♥❛t✉r❛❧❧② ❤❛✈❡
✇❡❛❦ ❝♦✉♣❧✐♥❣s✳

✸✳✶ ❆♥❛❧②s✐s ❖✈❡r✈✐❡✇

❚❤❡ ❛♥❛❧②s✐s ✉s❡s 36 fb−1 ♦❢ pp ❝♦❧❧✐s✐♦♥s ❛t
√
s = 13TeV r❡❝♦r❞❡❞ ✇✐t❤ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r

❞✉r✐♥❣ ❘✉♥ ✷ ♦❢ t❤❡ ▲❍❈ ✐♥ ✷✵✶✺ ❛♥❞ ✷✵✶✻ ❬✷❪✳ ❙✐❣♥❛❧ ❝❛♥❞✐❞❛t❡ ❡✈❡♥ts ❛r❡ tr✐❣❣❡r❡❞ ❜② ❛
Emiss

T tr✐❣❣❡r✱ ❛♥❞ t❤❡ ❧❡♣t♦♥s ❛♥❞ ❥❡ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❡✈❡♥t ❛r❡ r❡❝♦♥str✉❝t❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥
❙❡❝t✐♦♥ ✸✳✸✳ ❚❤❡ ❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥s✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✷✱ ❛r❡ s✐♠✉❧❛t❡❞ ✇✐t❤ s❛♠✲
♣❧❡s ♦❢ ▼♦♥t❡ ❈❛r❧♦ ❡✈❡♥ts ❬✷✱ ✽✶❪✳ ❆ s❡t ♦❢ s❡❧❡❝t✐♦♥ r❡q✉✐r❡♠❡♥ts✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✱
✐s ❛♣♣❧✐❡❞ t♦ t❤❡ r❡❝♦♥str✉❝t❡❞ ❡✈❡♥ts t♦ s✉♣r❡ss t❤❡ ❙▼ ❜❛❝❦❣r♦✉♥❞s✱ ❛♥❞ t❤❡ ❡✛❡❝t ♦❢ t❤❡s❡
r❡q✉✐r❡♠❡♥ts ✐s st✉❞✐❡❞ ✉s✐♥❣ s✐♠✉❧❛t❡❞ s❛♠♣❧❡s✳ ❚❤❡ ❝✉ts str♦♥❣❧② r❡❞✉❝❡ t❤❡ ♠✉❧t✐❥❡t ❝♦♥✲
tr✐❜✉t✐♦♥✱ ❜✉t t❤❡ ♦t❤❡r ❜❛❝❦❣r♦✉♥❞s ❣✐✈❡ r✐s❡ t♦ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ❛❢t❡r t❤❡ ❝✉ts✳ ❚♦
❛❝❝♦✉♥t ❢♦r t❤❡ r❡♠❛✐♥✐♥❣ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts✱ ❝♦♥tr♦❧ r❡❣✐♦♥s ❛r❡ ❞❡✜♥❡❞ ❜② r❡q✉✐✲
r✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❧❡♣t♦♥s ✐♥ t❤❡ ❡✈❡♥t✱ ❛s ❞❡t❛✐❧❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✳ ❙❛♠♣❧❡s ♦❢ ❤②♣♦t❤❡t✐❝❛❧ s✐❣♥❛❧
❡✈❡♥ts ❛r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ ❛ s✐❣♥❛❧ ♠♦❞❡❧ ❝❛❧❧❡❞ t❤❡ ❩✬✲✷❍❉▼ ❬✽✷✱ ✷✱ ✽✶❪✳ ❆ s✐♠✉❧t❛♥❡♦✉s
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✜t ♦❢ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞s t♦ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ❛❝r♦ss s✐❣♥❛❧ ❛♥❞
❝♦♥tr♦❧ r❡❣✐♦♥s ✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡ ✜t ✉s❡s t❤❡ ❞✐✛❡r❡♥t ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ♠❛ss ❞✐str✐❜✉t✐♦♥s t♦
❢✉rt❤❡r ❞✐s❝r✐♠✐♥❛t❡ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞✱ t♦ tr❛♥s❢❡r t❤❡ ❜❛❝❦❣r♦✉♥❞ ②✐❡❧❞ ❝♦♥str❛✐♥ts ❢r♦♠
t❤❡ ❝♦♥tr♦❧ r❡❣✐♦♥s ✐♥t♦ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ❛♥❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ②✐❡❧❞ ♦❢ h(→ bb̄)+ ❉❛r❦ ▼❛tt❡r
❡✈❡♥ts ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❡✈❡♥ts✳ ❚❤❡ ✜t ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✺✳ ❋✐♥❛❧❧②✱ t❤❡
✜t r❡s✉❧ts ❛r❡ ✐♥t❡r♣r❡t❡❞ ❛s ❧✐♠✐ts ♦♥ t❤❡ h(bb̄) + Emiss

T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥✱ ❛s ❞❡s❝r✐❜❡❞
✐♥ ❙❡❝t✐♦♥ ✸✳✺✳

✸✳✷ ❇❛❝❦❣r♦✉♥❞ Pr♦❝❡ss❡s

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❙▼ ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss❡s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡ ❛t

❆❚▲❆❙✳ ❚❤❡ t❤r❡❡ ❞♦♠✐♥❛♥t ❜❛❝❦❣r♦✉♥❞s ❛r❡ ❬✷❪

• Z(→ νν̄)+jets ♣r♦❞✉❝t✐♦♥✱ ✇❤❡r❡ t❤❡ ✐♥✈✐s✐❜❧❡ Z ❞❡❝❛② ❣✐✈❡s r✐s❡ t♦ r❡❛❧ Emiss
T ❛♥❞ t❤❡ ❥❡ts

❛r❡ ❢❛❧s❡❧② ✐❞❡♥t✐✜❡❞ ❛s t❤❡ ♣r♦❞✉❝ts ♦❢ ❛ h → bb̄ ❞❡❝❛②✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ Emiss
T r❡❣✐♦♥✱

t❤✐s ❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t❡s 30%− 60% ♦❢ t❤❡ ❡✈❡♥ts ❡①♣❡❝t❡❞ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳

• W (→ ℓν) + jets ♣r♦❞✉❝t✐♦♥✱ ✇❤❡r❡ t❤❡r❡ ✐s r❡❛❧ Emiss
T ❞✉❡ t♦ t❤❡ ✐♥✈✐s✐❜❧❡ ν✱ t❤❡ ℓ ✐s

♠✐sr❡❝♦♥str✉❝t❡❞ ♦r ❧♦st✱ ❛♥❞ t❤❡ ❥❡ts ❛r❡ ❢❛❧s❡❧② ✐❞❡♥t✐✜❡❞ ❛s t❤❡ ♣r♦❞✉❝ts ♦❢ ❛ h → bb̄
❞❡❝❛②✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ Emiss

T r❡❣✐♦♥✱ t❤✐s ❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t❡s 10% − 25% ♦❢ t❤❡
❡✈❡♥ts ❡①♣❡❝t❡❞ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳

• tt̄ ♣r♦❞✉❝t✐♦♥✱ ✇❤❡r❡ tt̄→ WbWb ❝❛♥ ❣✐✈❡ r✐s❡ t♦ r❡❛❧ Emiss
T ❢r♦♠ ♥❡✉tr✐♥♦s ❢r♦♠ ❧❡♣t♦♥✐❝

W ❞❡❝❛②s✱ ❛♥❞ t❤❡r❡ ❛r❡ ❛❝t✉❛❧ B ❤❛❞r♦♥s ♣r❡s❡♥t ❞✉❡ t♦ t❤❡ b q✉❛r❦s ❢r♦♠ t❤❡ t ❞❡❝❛②s✱
❣✐✈✐♥❣ r✐s❡ t♦ ❢❛❧s❡❧② ✐❞❡♥t✐✜❡❞ h → bb̄ ❝❛♥❞✐❞❛t❡s✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ Emiss

T r❡❣✐♦♥✱ t❤✐s
❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t❡s 15%− 50% ♦❢ t❤❡ ❡✈❡♥ts ❡①♣❡❝t❡❞ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳

❇❡s✐❞❡s t❤❡s❡ t❤r❡❡ ❞♦♠✐♥❛♥t ❜❛❝❦❣r♦✉♥❞s✱ t❤❡r❡ ❛r❡ ❛❧s♦ s✉❜✲❞♦♠✐♥❛♥t ❜❛❝❦❣r♦✉♥❞s ❝♦♥tr✐✲
❜✉t✐♥❣ ❬✷❪✿

✶✳ ❛ss♦❝✐❛t❡❞ V h ♣r♦❞✉❝t✐♦♥ ✇✐t❤ V = W,Z ✱ ✇❤❡r❡ ❡✳❣✳ t❤❡ Z(→ νν̄)h(→ bb̄) ✐s ❛♥
✐rr❡❞✉❝✐❜❧❡ ❜❛❝❦❣r♦✉♥❞✳

✷✳ ❛ss♦❝✐❛t❡❞ V V ♣r♦❞✉❝t✐♦♥ ✇✐t❤ V = W,Z ✭✏❞✐✲❜♦s♦♥ ♣r♦❞✉❝t✐♦♥✑✮✱ ✇❤❡r❡ ❡✳❣✳ Z(→
bb̄)Z(→ ν̄ν)✱ ✇❤✐❝❤ ❝❛♥ ♦♥❧② ❞✐st✐♥❣✉✐s❤❡❞ ❢r♦♠ t❤❡ s✐❣♥❛❧ ✉s✐♥❣ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢
t❤❡ bb̄ ❝❛♥❞✐❞❛t❡✳

✸✳ ♣r♦❞✉❝t✐♦♥ ♦❢ s✐♥❣❧❡ t♦♣ q✉❛r❦s

✹✳ ◗❈❉ ♣r♦❞✉❝t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ❥❡ts✱ ❝❛❧❧❡❞ ✏♠✉❧t✐❥❡t✑ ❜❛❝❦❣r♦✉♥❞ ❬✷❪✱ ✇❤✐❝❤ ❝❛♥ ❝♦♥tr✐❜✉t❡
❞✉❡ t♦ ❥❡t ♠✐s♠❡❛s✉r❡♠❡♥ts ❣✐✈✐♥❣ r✐s❡ t♦ ❢❛❦❡ Emiss

T ✳

✸✳✸ ❖❜❥❡❝t ❘❡❝♦♥str✉❝t✐♦♥

❚❤✐s ❙❡❝t✐♦♥ ❣✐✈❡s ❛♥ ♦✉t❧✐♥❡ ♦❢ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ♠❛✐♥ ❡✈❡♥t ♣r♦♣❡rt✐❡s ✉s❡❞ ✐♥ t❤❡
s❡❛r❝❤ ❢♦r h(bb̄) + Emiss

T ✐♥ ❘❡❢✳ ❬✷❪✳

❚❤❡ Pr✐♠❛r② ❱❡rt❡① ✭P❱✮ ✐s t❤❡ ✈❡rt❡① ✇❤✐❝❤ ❤❛s t❤❡ ❧❛r❣❡st sq✉❛r❡❞ s✉♠ ♦❢ ❛ss♦❝✐❛t❡❞
tr❛♥s✈❡rs❡ tr❛❝❦ ♠♦♠❡♥t❛ ❬✷❪✳ ❍❡r❡ ✈❡rt✐❝❡s ❛r❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ ■♥♥❡r ❉❡t❡❝t♦r ✭■❉✮ tr❛❝❦s
❡①tr❛♣♦❧❛t❡❞ t♦ t❤❡ ❜❡❛♠ s♣♦t✳
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❏❡ts ❛r❡ ❝❧✉st❡r❡❞ ❢r♦♠ t♦♣♦❧♦❣♦✐❝❛❧ ❝❧✉st❡rs ♦❢ ❝❛❧♦r✐♠❡t❡r ❝❡❧❧s✱ ✉s✐♥❣ t❤❡ ❛♥t✐✲kt ❝❧✉st❡r✐♥❣
❛❧❣♦r✐t❤♠ ❬✽✸✱ ✽✹✱ ✷❪✳ ▲❛r❣❡✲R ❥❡ts ❛r❡ ❝❧✉st❡r❡❞ ✉s✐♥❣ ❛ r❛❞✐✉s ♣❛r❛♠❡t❡r ♦❢ R = 1.0 ❛♥❞
tr✐♠♠❡❞ ❬✽✺❪ t♦ r❡❞✉❝❡ t❤❡ ❡✛❡❝ts ♦❢ ♣✐❧❡✉♣ ❛♥❞ t❤❡ ✉♥❞❡r❧②✐♥❣ ❡✈❡♥t ❬✷❪✳ ❙♠❛❧❧✲R ❥❡ts ❛r❡
❝❧✉st❡r❡❞ ✉s✐♥❣ ❛ r❛❞✐✉s ♣❛r❛♠❡t❡r ♦❢ R = 0.4 ❬✷❪✳ ❚r❛❝❦✲❥❡ts ❛r❡ ♥♦t ❝❧✉st❡r❡❞ ❢r♦♠ ❝❛❧♦r✐♠❡t❡r
❝❡❧❧s✱ ❜✉t ❢r♦♠ tr❛❝❦s ✐♥ t❤❡ ■❉ ♠❛t❝❤❡❞ t♦ t❤❡ P❱✱ ✉s✐♥❣ ❛ r❛❞✐✉s ♣❛r❛♠❡t❡r ♦❢ R = 0.2 ❬✷❪✳
❏❡ts ❛r❡ ❝❛❧❧❡❞ ✏❝❡♥tr❛❧✑ ✇❤❡♥ t❤❡ t♦t❛❧ ♠♦♠❡♥t✉♠ ✈❡❝t♦r ♦❢ t❤❡ ❥❡t ❤❛s ❛ ♣s❡✉❞♦r❛♣✐❞✐t② ♦❢
|η| < 2.5✳ ❆ s♠❛❧❧✲R ♦r tr❛❝❦✲❥❡t ✐s s❛✐❞ t♦ ❜❡ ✏b✲t❛❣❣❡❞✑ ❬✷❪ ✇❤❡♥ t❤❡ ❥❡t ✐s ✐❞❡♥t✐✜❡❞ ❛s ❜❡✐♥❣
❧✐❦❡❧② t♦ ❝♦♥t❛✐♥ B✲❤❛❞r♦♥s ✇✐t❤ ♠✉❧t✐✈❛r✐❛t❡ ❛❧❣♦r✐t❤♠s ❞❡t❛✐❧❡❞ ✐♥ ❘❡❢✳ ❬✽✻❪✳

▼✉♦♥ ❝❛♥❞✐❞❛t❡s ❛r❡ ❝♦♥str✉❝t❡❞ ❢r♦♠ tr❛❝❦s ♦r tr❛❝❦ s❡❣♠❡♥ts ✐♥ t❤❡ ♠✉♦♥ s♣❡❝tr♦♠❡t❡r
t❤❛t ♠❛t❝❤ tr❛❝❦s ✐♥ t❤❡ ■❉✳ ❚❤❡② ❛r❡ r❡q✉✐r❡❞ t♦ s❛t✐s❢② t❤❡ ✏❧♦♦s❡✑ ✐❞❡♥t✐✜❝❛t✐♦♥ ❝r✐t❡r✐❛ ❢r♦♠
❘❡❢✳ ❬✼✻❪✱ ❤❛✈❡ |η| < 2.7 ❛♥❞ ❜❡ ✐s♦❧❛t❡❞ ✐♥ t❤❡ s❡♥s❡ t❤❛t t❤❡ s✉♠ ♦❢ pT ❢♦r tr❛❝❦s ✇✐t❤✐♥ ❛
❝♦♥❡ ♦❢ ∆R ❛r♦✉♥❞ t❤❡ ♠✉♦♥ ✐s ❧✐♠✐t❡❞✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✼✻❪✳

❊❧❡❝tr♦♥ ❝❛♥❞✐❞❛t❡s ❛r❡ ❝♦♥str✉❝t❡❞ ❢r♦♠ tr❛❝❦s ✐♥ t❤❡ ■❉ ♠❛t❝❤❡❞ t♦ ❝❧✉st❡rs ♦❢ ❡♥❡r❣②
❞❡♣♦s✐ts ✐♥ t❤❡ ❝❛❧♦r✐♠❡t❡r✱ r❡q✉✐r❡❞ t♦ ❢✉❧✜❧❧ ✏❧♦♦s❡✑ ✐❞❡♥t✐✜❝❛t✐♦♥ ❝r✐t❡r✐❛ ♦❢ ❘❡❢✳ ❬✽✼❪✱ ❛♥❞
♥❡❡❞ t♦ ❜❡ ✐s♦❧❛t❡❞ ✐♥ t❤❡ s❡♥s❡ t❤❛t t❤❡ s✉♠ ♦❢ pT ❢♦r tr❛❝❦s ✇✐t❤✐♥ ❛ ❝♦♥❡ ♦❢ ∆R ❛r♦✉♥❞ t❤❡
❡❧❡❝tr♦♥ ✐s ❧✐♠✐t❡❞✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✽✼❪✳

❚❤❡ Emiss

T
♦❜s❡r✈❛❜❧❡ ♦❢ ❛♥ ❡✈❡♥t ✐s ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ ♥❡❣❛t✐✈❡ ✈❡❝t♦r s✉♠ ♦❢ t❤❡ tr❛♥s✈❡rs❡

♠♦♠❡♥t❛ ♦❢ ❛❧❧ ❡❧❡❝tr♦♥✱ ♠✉♦♥✱ ❛♥❞ ❥❡t ❝❛♥❞✐❞❛t❡s ❛♥❞ ❛❧❧ tr❛❝❦s ✐♥ t❤❡ ■❉ ♥♦t ❛ss♦❝✐❛t❡❞
t♦ ❛ ❝❛♥❞✐❞❛t❡ ♦❜❥❡❝t ❬✷❪✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ pmiss,tracks

T ♦❜s❡r✈❛❜❧❡ ✐s s✐♠✐❧❛r❧② ❞❡✜♥❡❞ ❛s t❤❡
♥❡❣❛t✐✈❡ ✈❡❝t♦r s✉♠ ♦❢ t❤❡ pT ♦❢ ❛❧❧ tr❛❝❦s ✐♥ t❤❡ ■❉ t❤❛t ❛r❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ P❱ ❛♥❞ ❤❛✈❡
|pT | > 0.5GeV ❛♥❞ |η| < 2.5 ❬✷❪✳

✸✳✸✳✶ ❚❤❡ h → bb̄ ❈❛♥❞✐❞❛t❡ ❛♥❞ ✐ts ▼❛ss

■♥ s✐❣♥❛❧ ❡✈❡♥ts✱ t❤❡ h → bb̄ ❝❛♥❞✐❞❛t❡ ✐s ❡①♣❡❝t❡❞ t♦ r❡❝♦✐❧ ❜❛❝❦✲t♦✲❜❛❝❦ t♦ ❉❛r❦ ▼❛tt❡r
♣❛rt✐❝❧❡s✱ ✐✳❡ t♦ t❤❡ Emiss

T ✳ ❚❤✉s t❤❡ Emiss
T ❛♥❞ t❤❡ pT ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ s❤♦✉❧❞ ❜❡ ❜❛❧❛♥❝❡❞

✐♥ s✐❣♥❛❧✲❧✐❦❡ ❡✈❡♥ts✱ ❛♥❞ t❤❡ Emiss
T ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ ❍✐❣❣s pT ✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ bb̄ ❞❛✉❣❤t❡rs

♦❢ t❤❡ ❍✐❣❣s ❛r❡ s❡♣❡r❛t❡❞ ❜② ❛❜♦✉t ∆R(b, b̄) ≈ 2mh

Emiss
T

✳ ❚❤✉s✱ ✇❤❡♥ t❤❡ Emiss
T ✐s s♠❛❧❧✱ t❤❡

❛♥❣✉❧❛r s❡♣❛r❛t✐♦♥ ✐s ❧❛r❣❡✱ ❛♥❞ t❤❡ t✇♦ ❥❡ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t✇♦ b✬s ♦❢ t❤❡ h → bb̄ ❛r❡
r❡❝♦♥str✉❝t❡❞ ❛s t✇♦ s❡♣❛r❛t❡❞ s♠❛❧❧✲R ❥❡ts ❬✷❪✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸✳✶✳✶✳ ❈♦♥✈❡rs❡❧②✱
✐❢ t❤❡ Emiss

T ✐s ❧❛r❣❡✱ t❤❡ ❛♥❣✉❧❛r s❡♣❛r❛t✐♦♥ ✐s s♠❛❧❧✱ ❛♥❞ t❤❡ t✇♦ ❥❡ts ❢r♦♠ t❤❡ h → bb̄ ❞❡❝❛②
❤❛✈❡ s✐❣♥✐✜❝❛♥t ♦✈❡r❧❛♣✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❍✐❣❣s ✐s r❡❝♦♥str✉❝t❡❞ ❛s ❛ s✐♥❣❧❡ ❧❛r❣❡✲R ❥❡t ❬✷❪✱ ❛s
❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸✳✶✳✷✳

✸✳✸✳✶✳✶ ■♥ t❤❡ ❘❡s♦❧✈❡❞ ❘❡❣✐♠❡

■❢ t❤❡ Emiss
T < 500GeV✱ t❤❡ ❡✈❡♥t ✐s s❛✐❞ t♦ ❜❡ ✐♥ t❤❡ ✏r❡s♦❧✈❡❞ r❡❣✐♠❡✑ ❛♥❞ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡

✐s r❡❝♦♥str✉❝t❡❞ ❛s t✇♦ s♠❛❧❧✲R ❥❡ts ❬✷❪✳ ■❢ t❤❡r❡ ❛r❡ t✇♦ b✲t❛❣❣❡❞ s♠❛❧❧ R ❥❡ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠
t❤❡ P❱✱ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐s r❡❝♦♥str✉❝t❡❞ ❢r♦♠ t❤❡s❡ t✇♦✳ ■❢ t❤❡r❡ ✐s ♦♥❧② ♦♥❡ ❝❡♥tr❛❧ b
t❛❣❣❡❞ s♠❛❧❧ R ❥❡t ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ P❱✱ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐s r❡❝♦♥str✉❝t❡❞ ❢r♦♠ t❤❡ ❜✲
t❛❣❣❡❞ s♠❛❧❧✲R ❥❡t ❛♥❞ t❤❡ ❤✐❣❤❡st pT ✭✏❧❡❛❞✐♥❣✑✮ ♥♦♥✲b✲t❛❣❣❡❞ ❝❡♥tr❛❧ s♠❛❧❧✲R ❥❡t ♦r✐❣✐♥❛t✐♥❣
❢r♦♠ t❤❡ P❱✳ ■♥ ❡✐t❤❡r ❝❛s❡✱ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ❞✐❥❡t s②st❡♠ ✐s t❛❦❡♥ ❛s t❤❡ ♠❛ss ♦❢ t❤❡
❍✐❣❣s ❝❛♥❞✐❞❛t❡✳

✺✺



❚❛❜❧❡ ✸✳✶✿ ❙✉♠♠❛r② ♦❢ t❤❡ ♠❛✐♥ ❡✈❡♥t s❡❧❡❝t✐♦♥ ❝r✐t❡r✐❛ ❬✷❪✳

✸✳✸✳✶✳✷ ■♥ t❤❡ ▼❡r❣❡❞ ❘❡❣✐♠❡

■❢ t❤❡ Emiss
T ≥ 500GeV✱ t❤❡ ❡✈❡♥t ✐s s❛✐❞ t♦ ❜❡ ✐♥ t❤❡ ✏♠❡r❣❡❞ r❡❣✐♠❡✑ ❛♥❞ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡

✐s r❡❝♦♥str✉❝t❡❞ ❛s t❤❡ ❧❡❛❞✐♥❣ ❧❛r❣❡✲R ❥❡t ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ P❱ ❬✷❪✳ ❚❤❡ ❧❛r❣❡✲R ❥❡t ✐s
r❡q✉✐r❡❞ t♦ ❝♦♥t❛✐♥ ♦♥❡ ♦r t✇♦ ❜✲t❛❣❣❡❞ tr❛❝❦ ❥❡ts✳ ❚❤❡ ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐s t❤❡
❝♦♠❜✐♥❡❞ ♠❛ss✱ ✐✳❡✳ t❤❡ r❡s♦❧✉t✐♦♥✲✇❡✐❣❤t❡❞ ♠❡❛♥ ♦❢ t❤❡ ♠❛ss ♦❢ t❤❡ ❧❛r❣❡✲R ❥❡t ❞❡t❡r♠✐♥❡❞
✉s✐♥❣ ♦♥❧② ❝❛❧♦r✐♠❡t❡r ✐♥❢♦r♠❛t✐♦♥✱ ❛♥❞ t❤❡ tr❛❝❦✲❛ss✐st❡❞ ♠❛ss ❬✽✽✱ ✷❪✳ ❚❤❡ tr❛❝❦✲❛ss✐st❡❞
♠❛ss ✐s ❝❛❧❝✉❧❛t❡❞ ❜② ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❥❡t ♠❛ss ✉s✐♥❣ t❤❡ ❛ss♦❝✐❛t❡❞ ■❉ tr❛❝❦s✱ ✇❤✐❝❤ ❤❛✈❡ ❛
s✉♣❡r✐♦r ❛♥❣✉❧❛r r❡s♦❧✉t✐♦♥ ❝♦♠♣❛r❡❞ t♦ ❝❛❧♦r✐♠❡t❡r ❝❧✉st❡rs✱ ❛♥❞ t❤❡♥ s❝❛❧✐♥❣ ✐t ❜② t❤❡ r❛t✐♦
♦❢ t❤❡ t♦t❛❧ ❛ss♦❝✐❛t❡❞ ❝❛❧♦r✐♠❡t❡r✲♠❡❛s✉r❡❞ pT t♦ t❤❡ t♦t❛❧ ❛ss♦❝✐❛t❡❞ ■❉✲tr❛❝❦ ❜❛s❡❞ pT ✱
t❤✉s ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ♥❡✉tr❛❧ ❥❡t ❝♦♠♣♦♥❡♥t t❤❛t ✐s ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ tr❛❝❦ ❜❛s❡❞ ♠❛ss
♠❡❛s✉r❡♠❡♥t ❬✽✽❪✳

✸✳✹ ❊✈❡♥t ❙❡❧❡❝t✐♦♥

❚❤✐s ❙❡❝t✐♦♥ ❞✐s❝✉ss❡s s♦♠❡ ♦❢ t❤❡ ♠❛✐♥ ❡✈❡♥t s❡❧❡❝t✐♦♥ ❝r✐t❡r✐❛ ♦❢ ❘❡❢✳ ❬✷❪✳ ❆♥ ♦✈❡r✈✐❡✇ ✐s
♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✸✳✶✳ ❚❤❡ s❡❧❡❝t✐♦♥s ❛r❡ ❛♣♣❧✐❡❞ t♦ s❡❧❡❝t ❡✈❡♥ts ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ h(bb̄) +
Emiss

T s✐❣♥❛t✉r❡✱ ❛♥❞ r❡❥❡❝t ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts✱ ❞❡✜♥✐♥❣ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳ ❚♦ ❝♦♥str❛✐♥ t❤❡
❜❛❝❦❣r♦✉♥❞s r❡♠❛✐♥✐♥❣ ✐♥ ❞❛t❛ ❛❢t❡r t❤❡ ❝✉ts✱ ❝♦♥tr♦❧ r❡❣✐♦♥s ❛r❡ ❞❡✜♥❡❞✳ ❙✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧

✺✻



r❡❣✐♦♥s ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ✐s♦❧❛t❡❞ ♠✉♦♥s ♦r ❡❧❡❝tr♦♥s ✐♥ t❤❡ ❡✈❡♥t✳ ■♥ t❤❡ s✐❣♥❛❧
r❡❣✐♦♥✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✳✶✱ t❤❡r❡ ❛r❡ ♥♦ ✐s♦❧❛t❡❞ ♠✉♦♥s ♦r ❡❧❡❝tr♦♥s✳ ■♥ t❤❡ s✐♥❣❧❡ ♠✉♦♥
❝♦♥tr♦❧ r❡❣✐♦♥✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✳✷ ✱t❤❡r❡ ✐s ❡①❛❝t❧② ♦♥❡ ✐s♦❧❛t❡❞ ♠✉♦♥ ✐♥ t❤❡ ❡✈❡♥t✳ ■♥
t❤❡ t✇♦ ❧❡♣t♦♥ ❝♦♥tr♦❧ r❡❣✐♦♥✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✳✸✱ t❤❡r❡ ✐s ❡✐t❤❡r ❛ ♠✉♦♥ ♣❛✐r ♦r ❛♥
❡❧❡❝tr♦♥ ♣❛✐r ✐♥ t❤❡ ❡✈❡♥t✳

❚❤❡ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s ❛r❡ ❢✉rt❤❡r s✉❜❞✐✈✐❞❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ b✲t❛❣❣❡❞ ❥❡ts
✐♥ t❤❡ ❡✈❡♥t✳ ❚❤✐s ✐s ❞♦♥❡ ❜❡❝❛✉s❡ t❤❡ ❜❛❝❦❣r♦✉♥❞s ❝♦♥tr✐❜✉t❡ ❞✐✛❡r❡♥t❧② t♦ t❤❡ s❡❧❡❝t✐♦♥
✇✐t❤ ♦♥❡ b✲t❛❣❣❡❞ ❥❡t ❝♦♠♣❛r❡❞ t♦ t❤❛t ✇✐t❤ t✇♦ b✲t❛❣❣❡❞ ❥❡ts✱ ❛s ❛ r❡s✉❧t ♦❢ ❞✐✛❡r❡♥t ❡①✲
♣❡❝t❡❞ ♥✉♠❜❡rs ♦❢ tr✉❡ B✲ ❤❛❞r♦♥s✳ ❋✐♥❛❧❧②✱ t❤❡ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s ✇✐t❤ ❡✐t❤❡r ♦♥❡
♦r t✇♦ b✲t❛❣❣❡❞ ❥❡t ❛r❡ ❢✉rt❤❡r s✉❜❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r ❜✐♥s ♦❢ Emiss

T ✳ ❚❤❡ t❤r❡❡ ❧♦✇❡st Emiss
T

❜✐♥s [150GeV, 200GeV), [200GeV, 350GeV), [350GeV, 500GeV) ❝♦rr❡s♣♦♥❞ t♦ t❤❡ r❡s♦❧✈❡❞
r❡❣✐♠❡✱ ❛♥❞ t❤❡ ✜♥❛❧ Emiss

T ❜✐♥ Emiss
T > 500GeV ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡✳ ❚❤✉s✱

❞❡♣❡♥❞✐♥❣ ♦♥ ❧❡♣t♦♥ ♠✉❧t✐♣❧✐❝✐t②✱ b✲t❛❣ ♠✉❧t✐♣❧✐❝✐t②✱ ❛♥❞ Emiss
T ❜✐♥✱ ❛♥ ❡✈❡♥t ❝❛♥ ❜❡ s❡❧❡❝t❡❞

✐♥t♦ ♦♥❡ ♦❢ ✽ ♦rt❤♦❣♦♥❛❧ s✐❣♥❛❧ r❡❣✐♦♥s✳

✸✳✹✳✶ ❙✐❣♥❛❧ ❘❡❣✐♦♥

❊✈❡♥ts ❛r❡ s❡❧❡❝t❡❞ ❜② ❛ Emiss
T tr✐❣❣❡r ❬✽✾❪✱ ♦♣❡r❛t✐♥❣ ❛t ❛ t❤r❡s❤♦❧❞ ♦❢ ✶✶✵ ●❡❱ ♦r ❧❡ss✳ ❊✈❡♥ts

✇✐t❤ Emiss
T < 150GeV ❛r❡ ♥♦t ❛❝❝❡♣t❡❞ ✐♥ t❤❡ ♦✤✐♥❡ ❛♥❛❧②s✐s✳ ❊✈❡♥ts ✇✐t❤ ✐s♦❧❛t❡❞ ❡❧❡❝tr♦♥s

♦r ♠✉♦♥s ❛s ❞❡✜♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸ ❛r❡ ✈❡t♦❡❞✳
❈♦♥tr✐❜✉t✐♦♥s ❞✉❡ t♦ t❤❡ ♠✉❧t✐❥❡t ❜❛❝❦❣r♦✉♥❞ ❝❛♥ ❜②♣❛ss t❤❡ Emiss

T ❝✉ts ❛♥❞ ❡♥t❡r t❤❡ s❡✲
❧❡❝t✐♦♥ ♦♥❧② ✇❤❡♥ ♦♥❡ ♦r ♠♦r❡ ❥❡ts ❛r❡ ♠✐s♠❡❛s✉r❡❞✳ ❚❤✐s ❝♦♥tr✐❜✉t✐♦♥ ✐s ❡✛❡❝t✐✈❡❧② s✉♣♣r❡ss❡❞
❬✷❪ ❜②

• r❡❥❡❝t✐♥❣ ❡✈❡♥ts ✇❤❡r❡ ∆Φ(Emiss
T , pjT ) <

π
9
❢♦r ❛♥② ♦❢ t❤❡ t❤r❡❡ ❧❡❛❞✐♥❣ s♠❛❧❧✲R ❥❡ts✱ ✐✳❡✳

♠✐s♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ pT ♦❢ t❤❡ ❧❡❛❞✐♥❣ ❥❡ts ✱

• r❡❥❡❝t✐♥❣ ❡✈❡♥ts ✇❤❡r❡ ∆Φ(Emiss
T , pmiss,tracks

T ) ≥ π
2
✱ ✐✳❡✳ ❡✈❡♥ts ✇❤❡r❡ t❤❡ Emiss

T ❞✐r❡❝t✐♦♥
❤❛s ❜❡❡♥ ♠✐s♠❡❛s✉r❡❞✱ ❛♥❞

• r❡❥❡❝t✐♥❣ ❡✈❡♥ts ✇✐t❤ ♦♥❧② ♦♥❡ ❝❡♥tr❛❧ ❜✲t❛❣❣❡❞ s♠❛❧❧✲R ❥❡t ✐❢ pmiss,tracks
T < 30GeV✳

✸✳✹✳✶✳✶ ❘❡q✉✐r❡♠❡♥ts ❯♥✐q✉❡ t♦ t❤❡ ❘❡s♦❧✈❡❞ ❘❡❣✐♠❡

■♥ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡✱ ✇❤❡r❡ Emiss
T < 500GeV✱ t❤❡ ❜❛❝❦✲t♦✲❜❛❝❦ t♦♣♦❧♦❣② ❡①♣❡❝t❡❞ ✐♥ t❤❡

s✐❣♥❛❧ ♣r♦❝❡ss ✐s ❡♥❢♦r❝❡❞ ❜② r❡q✉✐r✐♥❣ t❤❛t t❤❡ ❛③✐♠✉t❤❛❧ ❛♥❣✉❧❛r ❞✐st❛♥❝❡ ∆Φ(Emiss
T , phT ) ❜❡✲

t✇❡❡♥ t❤❡ Emiss
T ❛♥❞ t❤❡❍✐❣❣s ❝❛♥❞✐❞❛t❡ ❞✐❥❡t s②st❡♠ ✐s ❧❛r❣❡r t❤❛♥ 2π

3
✳ ❚❤❡ t̄t ❜❛❝❦❣r♦✉♥❞ ✐s

r❡❞✉❝❡❞ ❜② r❡q✉✐r✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣✿

• ❘❡❥❡❝t ❡✈❡♥ts ❝♦♥t❛✐♥✐♥❣ τ ❧❡♣t♦♥ ❝❛♥❞✐❞❛t❡s✳ τ ❝❛♥❞✐❞❛t❡s ❛r❡ ✈❡t♦❡❞ ❜♦t❤ ✐❢ t❤❡② ❢✉❧✜❧❧
t❤❡ ❧♦♦s❡ τ ✐❞❡♥t✐✜❝❛t✐♦♥ ✇♦r❦✐♥❣ ♣♦✐♥t ♦❢ ❛ ❜♦♦st❡❞ ❞❡❝✐s✐♦♥ tr❡❡ tr❛✐♥❡❞ t♦ ✐❞❡♥t✐❢② τ
❧❡♣t♦♥s ❬✾✵❪✱ ♦r ✐❢ t❤❡② ❛r❡ ✐❞❡♥t✐✜❡❞ ❛s s♠❛❧❧✲R ❥❡ts ❝♦♥t❛✐♥✐♥❣ ✶✲✹ tr❛❝❦s ✇✐t❤✐♥ t❤❡ ❥❡t
❝♦r❡ ❛♥❞ ∆Φ(Emiss

T , pjT ) <
π
8
✳

• ❘❡❥❡❝t ❡✈❡♥ts ✇✐t❤ ♠♦r❡ t❤❛♥ ✷ ❝❡♥tr❛❧ ❜✲t❛❣❣❡❞ s♠❛❧❧✲R ❥❡ts ✳

• ❊✈❡♥ts ♥❡❡❞ t♦ ❤❛✈❡ ❛ s❝❛❧❛r s✉♠ ♦❢ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛ ✭HT ✮ ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡
❛♥❞ ❛ ♣♦t❡♥t✐❛❧ ❛❞❞✐t✐♦♥❛❧ ❧❡❛❞✐♥❣ s♠❛❧❧✲R ❥❡t t❤❛t ✐s ❧❛r❣❡r t❤❛♥ 0.63 t✐♠❡s t❤❡ s❝❛❧❛r
s✉♠ ♦❢ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t❛ ♦❢ ❛❧❧ ❥❡ts ✐♥ t❤❡ ❡✈❡♥t✳ ❚❤✐s s❡❧❡❝ts t♦♣♦❧♦❣✐❡s ✇❤❡r❡ t❤❡
❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐s ♠♦♠❡♥t✉♠✲❜❛❧❛♥❝❡❞ ❜② t❤❡ Emiss

T ✱ ✐♥st❡❛❞ ♦❢ ♦t❤❡r ❥❡ts ❬✾✶❪✳

✺✼



• ❚❤❡ ❛♥❣✉❧❛r ❞✐st❛♥❝❡ ∆R(pj1h , p
j2
h ) ♦❢ t❤❡ t✇♦ s♠❛❧❧✲R ❥❡ts t❤❛t ❝♦♥st✐t✉t❡ t❤❡ ❍✐❣❣s

❝❛♥❞✐❞❛t❡ ♥❡❡❞s t♦ ❜❡ s♠❛❧❧❡r t❤❛♥ 1.8✱ ❡♥❢♦r❝✐♥❣ t❤❛t t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ❥❡ts ❛r❡ ♥♦t
❜❛❝❦ t♦ ❜❛❝❦ t♦ ❡❛❝❤ ♦t❤❡r✱ ✇❤✐❝❤ ✐s ✐♥❞✐❝❛t✐✈❡ ♦❢ tt̄ ❞❡❝❛②s✳

✸✳✹✳✶✳✷ ❘❡q✉✐r❡♠❡♥ts ❯♥✐q✉❡ t♦ t❤❡ ▼❡r❣❡❞ ❘❡❣✐♠❡

■♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ ✇❤❡r❡ Emiss
T ≥ 500GeV✱ ❛ ❞✐✛❡r❡♥t s❡t ♦❢ r❡q✉✐r❡♠❡♥ts ✐s ✐♠♣❧❡♠❡♥t❡❞

t♦ r❡❞✉❝❡ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ t̄t ❜❛❝❦❣r♦✉♥❞✿

• ❊✈❡♥ts ✇✐t❤ τ ❝❛♥❞✐❞❛t❡s ❛r❡ r❡❥❡❝t❡❞ ✉♥❧❡ss t❤❡ τ ❝❛♥❞✐❞❛t❡ ❧✐❡s ✇✐t❤✐♥ t❤❡ ❍✐❣❣s ❝❛♥✲
❞✐❞❛t❡ ❧❛r❣❡ R ❥❡t✳

• ❊✈❡♥ts ✇✐t❤ ❝❡♥tr❛❧ b t❛❣❣❡❞ s♠❛❧❧✲R ❥❡ts t❤❛t ❛r❡ ♥♦t ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ❧❛r❣❡✲R ❍✐❣❣s
❝❛♥❞✐❞❛t❡ ❛r❡ r❡❥❡❝t❡❞✳

• ❊✈❡♥ts ♥❡❡❞ t♦ ❤❛✈❡ ❛ s❝❛❧❛r s✉♠ ♦❢ t❤❡ s♠❛❧❧✲R ❥❡ts ♦✉ts✐❞❡ ♦❢ t❤❡ ❧❛r❣❡✲R ❍✐❣❣s ❝❛♥❞✐✲
❞❛t❡ t❤❛t ✐s s♠❛❧❧❡r t❤❛♥ 0.57 t✐♠❡s t❤❡ t❤❛t s✉♠ ❛❞❞❡❞ t♦ t❤❡ pT ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡✱
❛❣❛✐♥ r❡❥❡❝t✐♥❣ tt̄✲❧✐❦❡ t♦♣♦❧♦❣✐❡s ❬✾✶❪✳

✸✳✹✳✷ ❙✐♥❣❧❡ ▼✉♦♥ ❈♦♥tr♦❧ ❘❡❣✐♦♥

❚❤❡ s✐♥❣❧❡ ♠✉♦♥ ❝♦♥tr♦❧ r❡❣✐♦♥ ✐s ❝♦♥str✉❝t❡❞ t♦ ❝♦♥str❛✐♥ t❤❡ W + jets✱ tt̄ ❛♥❞ ❞✐❜♦s♦♥ ❜❛❝❦✲
❣r♦✉♥❞s ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✳ ❊✈❡♥ts ✐♥ t❤❡ s✐♥❣❧❡ ♠✉♦♥ ❝♦♥tr♦❧ r❡❣✐♦♥ ❛r❡ tr✐❣❣❡r❡❞ ❛♥❞ s❡❧❡❝t❡❞
❛s ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ❡①❝❡♣t ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ❞✐✛❡r❡♥❝❡s✿

• ❡①❛❝t❧② ♦♥❡ ✐s♦❧❛t❡❞ µ ❝❛♥❞✐❞❛t❡ ✇✐t❤ pµT > 27GeV ✐♥ t❤❡ ❡✈❡♥t ✐s r❡q✉✐r❡❞

• ✉s❡ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❝♦♠❜✐♥❡❞ Emiss
T ❛♥❞ pµT s②st❡♠ ✐♥ ♣❧❛❝❡ ♦❢ Emiss

T

✸✳✹✳✸ ▲❡♣t♦♥ P❛✐r ❈♦♥tr♦❧ ❘❡❣✐♦♥

❚❤❡ t✇♦ ❧❡♣t♦♥ ❝♦♥tr♦❧ r❡❣✐♦♥ ✐s ❝♦♥str✉❝t❡❞ t♦ ❝♦♥str❛✐♥ t❤❡ Z+jets ❛♥❞ ❞✐❜♦s♦♥ ❜❛❝❦❣r♦✉♥❞s✳
■ts s❡❧❡❝t✐♦♥s ♠✐rr♦r t❤♦s❡ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❞✐✛❡r❡♥❝❡s✿

• ❡✈❡♥ts ❛r❡ s❡❧❡❝t❡❞ ✉s✐♥❣ s✐♥❣❧❡ ❧❡♣t♦♥ pT tr✐❣❣❡rs ❬✽✾❪

• ❡✐t❤❡r ❡①❛❝t❧② t✇♦ ✐s♦❧❛t❡❞ e ❝❛♥❞✐❞❛t❡s ♦r ♦♥❡ ✐s♦❧❛t❡❞ µ+µ− ♣❛✐r ✐s r❡q✉✐r❡❞

• t❤❡ ♠❛ss ♦❢ t❤❡ ❧❡♣t♦♥ ♣❛✐r ✐s r❡q✉✐r❡❞ t♦ ❜❡ ✐♥ t❤❡ Z ♠❛ss ✇✐♥❞♦✇✿ 83GeV < mee <
99GeV ♦r 71GeV < mµ±µ∓ < 106GeV✳

• ✐♥ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡ ✭Emiss
T < 500GeV✮✱

Emiss
T /GeV

√

∑

small−R jets p
j
T /GeV

< 3.5✱ t♦ ❡♥s✉r❡ t❤❛t

Z + jets ❛♥❞ ♥♦t t̄t ❡✈❡♥ts ❛r❡ s❡❧❡❝t❡❞✳

✸✳✺ ❋✐t

❚♦ ❡①tr❛❝t t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦❢ ❛ ♣♦t❡♥t✐❛❧ s✐❣♥❛❧✱ t❤❡ s✐♠✉❧❛t❡❞ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ❍✐❣❣s
❝❛♥❞✐❞❛t❡ ♠❛ss ❞✐str✐❜✉t✐♦♥s ❛r❡ ✜t t♦ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ♠❛ss ❞✐str✐❜✉t✐♦♥ ♦❜s❡r✈❡❞ ✐♥ ❞❛t❛
❬✷❪✳ ■♥ t❤❡ s✐♥❣❧❡ ♠✉♦♥ ❝♦♥tr♦❧ r❡❣✐♦♥ t❤❡ ♠✉♦♥ ❝❤❛r❣❡ ✐s ✉s❡❞ ❛s t❤❡ ✜t ❞✐s❝r✐♠✐♥❛♥t ✐♥st❡❛❞
♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ♠❛ss✱ ❛♥❞ ✐♥ t❤❡ t✇♦ ❧❡♣t♦♥ ❝♦♥tr♦❧ r❡❣✐♦♥✱ ♦♥❧② t❤❡ t♦t❛❧ ❡✈❡♥t ②✐❡❧❞ ✐♥

✺✽
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❋✐❣✉r❡ ✸✳✶✿ ❉✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱ ❢♦r
t✇♦ b✲t❛❣s✳ ❚❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ✐s s♣❧✐t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♦❜s❡r✈❡❞ Emiss

T ✭150GeV − 200GeV
✐♥ ✭❛✮✱ 200GeV − 350GeV ✐♥ ✭❜✮✱ 350GeV − 500GeV ✐♥ ✭❝✮✱ ❛♥❞ > 500GeV ✐♥ ✭❞✮✮✳ ❚❤❡
✉♣♣❡r ♣❛♥❡❧s s❤♦✇ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞❛t❛ t♦ t❤❡ ❙▼ ❡①♣❡❝t❛t✐♦♥ ❜❡❢♦r❡ ✭❞❛s❤❡❞ ❧✐♥❡s✮ ❛♥❞
❛❢t❡r t❤❡ ✜t ✭s♦❧✐❞ ❤✐st♦❣r❛♠s✮ ✇✐t❤ ♥♦ s✐❣♥❛❧ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❧♦✇❡r ♣❛♥❡❧s ❞✐s♣❧❛② t❤❡ r❛t✐♦ ♦❢
❞❛t❛ t♦ ❙▼ ❡①♣❡❝t❛t✐♦♥s ❛❢t❡r t❤❡ ✜t✱ ✇✐t❤ ✐ts s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t② ❝♦♥s✐❞❡r✐♥❣ ❝♦rr❡❧❛t✐♦♥s
❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧ ❝♦♥tr✐❜✉t✐♦♥s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❤❛t❝❤❡❞ ❜❛♥❞✳ ❚❤❡ ❡①♣❡❝t❡❞ s✐❣♥❛❧ ❢r♦♠ ❛
r❡♣r❡s❡♥t❛t✐✈❡ ❩✬✲✷❍❉▼ ♠♦❞❡❧ ✐s ❛❧s♦ s❤♦✇♥ ✭❧♦♥❣✲❞❛s❤❡❞ ❧✐♥❡✮✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷❪✳
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❋✐❣✉r❡ ✸✳✷✿ ❉✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥✱
❢♦r ♦♥❡ b✲t❛❣✳ ❚❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ✐s s♣❧✐t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♦❜s❡r✈❡❞ Emiss

T ✭150GeV − 200GeV
✐♥ ✭❛✮✱ 200GeV − 350GeV ✐♥ ✭❜✮✱ 350GeV − 500GeV ✐♥ ✭❝✮✱ ❛♥❞ > 500GeV ✐♥ ✭❞✮✮✳ ❚❤❡
✉♣♣❡r ♣❛♥❡❧s s❤♦✇ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞❛t❛ t♦ t❤❡ ❙▼ ❡①♣❡❝t❛t✐♦♥ ❜❡❢♦r❡ ✭❞❛s❤❡❞ ❧✐♥❡s✮ ❛♥❞
❛❢t❡r t❤❡ ✜t ✭s♦❧✐❞ ❤✐st♦❣r❛♠s✮ ✇✐t❤ ♥♦ s✐❣♥❛❧ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❧♦✇❡r ♣❛♥❡❧s ❞✐s♣❧❛② t❤❡ r❛t✐♦ ♦❢
❞❛t❛ t♦ ❙▼ ❡①♣❡❝t❛t✐♦♥s ❛❢t❡r t❤❡ ✜t✱ ✇✐t❤ ✐ts s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t② ❝♦♥s✐❞❡r✐♥❣ ❝♦rr❡❧❛t✐♦♥s
❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧ ❝♦♥tr✐❜✉t✐♦♥s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❤❛t❝❤❡❞ ❜❛♥❞✳ ❚❤❡ ❡①♣❡❝t❡❞ s✐❣♥❛❧ ❢r♦♠ ❛
r❡♣r❡s❡♥t❛t✐✈❡ ❩✬✲✷❍❉▼ ♠♦❞❡❧ ✐s ❛❧s♦ s❤♦✇♥ ✭❧♦♥❣✲❞❛s❤❡❞ ❧✐♥❡✮✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷❪✳
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Observed limit

σ1±Expected limit 
-1s = 13 TeV, 3.2 fb 

ATLAS
-1 = 13 TeV, 36.1 fbs

, all limits at 95% CL
miss

T
h(bb) + E

Z’-2HDM
 = 100 GeV

χ
 = 0.8, m

Z
 = 1, gβtan

 = 300 GeV±
H

 = mHm

❋✐❣✉r❡ ✸✳✸✿ 95% ❈✳▲✳ CLs ❡①❝❧✉s✐♦♥ ❝♦♥t♦✉rs ❢♦r t❤❡ Z ′−✷❍❉▼ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ✐♥ t❤❡ ♣❧❛♥❡
♦❢ t❤❡ mZ′ ,mA ♣❛r❛♠❡t❡rs✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷❪✳

t❤❡ r❡s♣❡❝t✐✈❡ mee ♦r mµ±µ∓ ♠❛ss ✇✐♥❞♦✇ ✐s ✉s❡❞ ❜❡❝❛✉s❡ t❤❡ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❡✈❡♥ts ✐♥ t❤✐s
r❡❣✐♦♥ ✐s t♦♦ ❧♦✇ ❢♦r s❤❛♣❡ ❞✐s❝r✐♠✐♥❛t✐♦♥✳ ❚❤❡ ✜t t♦ t❤❡ ❞❛t❛ ✐s ♣❡r❢♦r♠❡❞ s✐♠✉❧t❛♥❡♦✉s❧②
❛❝r♦ss ❛❧❧ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s ✐♥ t❤❡ ❛♥❛❧②s✐s✳ ❚❤❡ ♣r❡✲ ❛♥❞ ♣♦st✲ ✜t ❜❛❝❦❣r♦✉♥❞✱ s✐❣♥❛❧
❛♥❞ ❞❛t❛ mbb ❞✐str✐❜✉t✐♦♥s ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✸✳✶ ❛♥❞ ✸✳✷✳

❚❤❡ ✜t ✐s ❛ ❜✐♥♥❡❞ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ✜t ❬✷❪✱ ✐✳❡✳ ✐t ❛❞❥✉sts t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ t♦
♠❛①✐♠✐s❡ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ♦❢ t❤❡ ♦❜s❡r✈❡❞ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ♠❛ss ❞✐str✐❜✉t✐♦♥ ❤✐st♦❣r❛♠s ❣✐✈❡♥
❛ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✳ ❚❤❡ ❧✐❦❡❧✐❤♦♦❞ ✐♥❝♦r♣♦r❛t❡s s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s s✉❝❤ ❛s t❤❡ ②✐❡❧❞s
♦❢ s✉❜✲❞♦♠✐♥❛♥t ❛❝❦❣r♦✉♥❞s ❛s ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs✱ ✐✳❡✳ ❜② ❡①t❡♥❞✐♥❣ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ❜② t❤❡
♣r✐♦r ♣r♦❜❛❜✐❧✐t② ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs✳ ❋♦r t❤❡ ②✐❡❧❞s ♦❢ t❤❡ ❞♦♠✐♥❛♥t
Z+❥❡ts✱W+❥❡ts✱ ❛♥❞ tt̄ ❜❛❝❦❣r♦✉♥❞s ❛ ✢❛t ♣r✐♦r ✐s ❛ss✉♠❡❞✱ s✉❝❤ t❤❛t t❤❡✐r ②✐❡❧❞s ❛r❡ ❝♦♥✲
str❛✐♥❡❞ ✉s✐♥❣ ♦♥❧② ❞❛t❛✳ ❚❤❡ ❧✐❦❡❧✐❤♦♦❞ ✐s t❤❡♥ ♣r♦✜❧❡❞ ❬✾✷✱ ✷❪✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡ ♥✉✐s❛♥❝❡
♣❛r❛♠❡t❡rs ❛r❡ r❡♣❧❛❝❡❞ ❜② t❤❡✐r ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡ ❣✐✈❡♥ s♦♠❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✳
❚❤❡ r❡s✉❧t✐♥❣ ♣r♦✜❧❡ ❧✐❦❡❧✐❤♦♦❞ ✐s t❤❡♥ ♦♥❧② ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✳ ❯♣♣❡r ❧✐♠✐ts
♦♥ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ ❛r❡ t❤❡♥ ❝❛❧❝✉❧❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❡st✐♠❛t❡s ♦❢
s✐❣♥❛❧ ②✐❡❧❞ ❛♥❞ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs ✉s✐♥❣ ❛♣♣r♦①✐♠❛t❡ ❧✐❦❡❧✐❤♦♦❞ r❛t✐♦ ❢♦r♠✉❧❛s✳ ❚❤❡ ❛♣✲
♣r♦①✐♠❛t❡ ❧✐❦❡❧✐❤♦♦❞ r❛t✐♦ ❢♦r♠✉❧❛s ✉s❡ ❛ s✐♥❣❧❡ s✐♠✉❧❛t❡❞ s❛♠♣❧❡ ❛s t❤❡ ❆s✐♠♦✈ r❡♣r❡s❡♥t❛t✐✈❡
❬✾✸❪ ♦❢ t❤❡ ✇✐❞❡r ❡♥s❡♠❜❧❡ ✐t ✐s ❛ ♠❡♠❜❡r ♦❢ ❬✾✷❪✳ ❋✐❣✉r❡ ✸✳✸ s❤♦✇s t❤❡ r❡s✉❧t✐♥❣ ❧✐♠✐ts ♦♥ t❤❡
mZ′ ,mA ♣❛r❛♠❡t❡rs ♦❢ t❤❡ Z ′−✷❍❉▼ ✉s❡❞ ❛s ❛ s✐❣♥❛❧ ♠♦❞❡❧✳

✸✳✺✳✶ ●❡♥❡r✐❝ ▲✐♠✐ts ✇✐t❤ ❘❡❞✉❝❡❞ ▼♦❞❡❧ ❉❡♣❡♥❞❡♥❝❡

❆♥ ❡✛♦rt ✐s ♠❛❞❡ t♦ ♣r♦✈✐❞❡ ❧✐♠✐ts ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❣❡♥❡r✐❝ s✐❣♥❛t✉r❡ ♦❢ ❛ ❍✐❣❣s ❜♦s♦♥
❜❡✐♥❣ ♣r♦❞✉❝❡❞ ❜❛❝❦ t♦ ❜❛❝❦ ✇✐t❤ Emiss

T ❢r♦♠ ❉❛r❦ ▼❛tt❡r ✇✐t❤ ❛ ♠✐♥✐♠❛❧ ❞❡♣❡♥❞❡♥❝❡ ♦♥
❢✉rt❤❡r ♠♦❞❡❧ ❛ss✉♠♣t✐♦♥s ❬✷❪✳ ❚♦ t❤✐s ❡♥❞ ❛ s❡r✐❡s ♦❢ ❢♦✉r ✐♥❞✐✈✐❞✉❛❧ ✜ts t♦ ♦♥❧② ♦♥❡ ♦❢ t❤❡
❢♦✉r ❞✐✛❡r❡♥t Emiss

T ❜✐♥s ✐♥ t❤❡ s✐❣♥❛❧ r❡❣✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❬✷❪✳ ❋♦r ❡❛❝❤ Emiss
T ❜✐♥✱ s❡✈❡r❛❧ s✐❣♥❛❧

♠♦❞❡❧s ❛r❡ ✜tt❡❞✳ ■♥ ❡❛❝❤ ❜✐♥✱ t❤❡ ✇❡❛❦❡st ✐♥❞✐✈✐❞✉❛❧ ❧✐♠✐t σfit(h + DM) ❢♦r ❛♥② ♠♦❞❡❧ ✜tt❡❞

✻✶



❚❛❜❧❡ ✸✳✷✿ ●❡♥❡r✐❝ ❧✐♠✐ts ♦♥ h(bb)+ ❉❛r❦ ▼❛tt❡r ♣r♦❞✉❝t✐♦♥✳ ❙❤♦✇♥ ❛r❡ t❤❡ ♦❜s❡r✈❡❞ ✭♦❜s✮
❛♥❞ ❡①♣❡❝t❡❞ ✭❡①♣✮ 95% ❈✳▲✳ ❧✐♠✐ts ♦♥ t❤❡ ✈✐s✐❜❧❡ ❉❛r❦ ▼❛tt❡r ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❛s
❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✸✳✶✮✱ ❛♥❞ t❤❡ ♣r♦❜❛❜✐❧✐t② A× ǫ t♦ r❡❝♦♥str✉❝t ❛♥❞ s❡❧❡❝t ❛♥ ❡✈❡♥t ✐♥ t❤❡
s❛♠❡ Emiss

T ❜✐♥ ❛s ❣❡♥❡r❛t❡❞✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷❪✳
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After all selections,
inclusive in b-tag multiplicity

❋✐❣✉r❡ ✸✳✹✿ ●r❛♣❤✐❝❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦♥ t❤❡ ❣❡♥❡r✐❝ ❧✐♠✐t ♦♥ t❤❡ ✈✐s✐❜❧❡ h(bb)+ ❉❛r❦ ▼❛tt❡r
♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ✐♥ ❚❛❜❧❡ ✸✳✷✳ ❚❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷❪✳

✻✷



t♦ t❤❛t ❜✐♥ ✐s ✐♥t❡r♣r❡t❡❞ ❛s ❛ ❧✐♠✐t ♦♥ t❤❡ ✈✐s✐❜❧❡ h(bb) + DM ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥✱

σvis(h(bb) + DM) ≡ σfit(h+DM)× BR(h→ bb̄)×A× ǫ , ✭✸✳✶✮

✇❤❡r❡ BR(h → bb̄) ✐s t❤❡ ❙▼ h → bb̄ ❜r❛♥❝❤✐♥❣ ❢r❛❝t✐♦♥✱ ❛♥❞ t❤❡ ❛❝❝❡♣t❛♥❝❡ t✐♠❡s ❡✣❝✐❡♥❝②
A× ǫ ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t ❛ s✐❣♥❛❧ ❡✈❡♥t ❣❡♥❡r❛t❡❞ ✐♥ ❛ ❣✐✈❡♥ Emiss

T ❜✐♥ ✐s ❞❡t❡❝t❡❞ ❛♥❞
r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❛t s❛♠❡ Emiss

T ❜✐♥ ❬✷❪✳ ■♥ ❡❛❝❤ Emiss
T ❜✐♥✱ t❤❡ ✇❡❛❦❡st ❧✐♠✐t ❛♥❞ t❤❡ ❧♦✇❡st

A× ǫ ❛♠♦♥❣ t❤❡ r❡s✉❧ts ♦❢ ❛❧❧ t❤❡ ✜tt❡❞ ♠♦❞❡❧s ❛r❡ ✉s❡❞✳ ❚❤✐s ❝❤♦✐❝❡ r❡❞✉❝❡s t❤❡ ❞❡♣❡♥❞❡♥❝❡
♦♥ t❤❡ s♣❡❝✐✜❝ ♠♦❞❡❧ ❦✐♥❡♠❛t✐❝s✱ ❛♥❞ ♠❛❦❡s t❤❡ r❡s✉❧ts s♦♠❡✇❤❛t ❝♦♥s❡r✈❛t✐✈❡✳ ❚❤❡ r❡s✉❧t✐♥❣
❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✳✷ ❛♥❞ ❋✐❣✉r❡ ✸✳✹✳ ❚❤❡s❡ ❧✐♠✐ts
✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ ❈❤❛♣t❡r ✼ t♦ ♦❜t❛✐♥ s✐♠♣❧❡ ❡st✐♠❛t❡s ♦❢ t❤❡
❛❝❝❡♣t❛♥❝❡ ❛♥❞ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ h(bb̄) + Emiss

T ❛♥❛❧②s✐s ❢r♦♠ ❘❡❢✳ ❬✷❪ t♦ ❛ ♥❡✇ s✐❣♥❛❧ ♠♦❞❡❧✱
t❤❡ ✷❍❉▼+a✳

✻✸
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❈❤❛♣t❡r ✹

❚❤❡ ❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧ ✇✐t❤ ❛

Ps❡✉❞♦s❝❛❧❛r ❉❛r❦ ▼❛tt❡r ▼❡❞✐❛t♦r

❚❤✐s ❝❤❛♣t❡r ♣r♦✈✐❞❡s ❛♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤❡ ❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧ ✇✐t❤ Ps❡✉❞♦s❝❛❧❛r
▼❡❞✐❛t♦r ✭✷❍❉▼+a✮✳ ❆❢t❡r ❣✐✈✐♥❣ ❛ ❣❡♥❡r❛❧ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ♠♦❞❡❧ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✱ ❡①✐st✐♥❣
✐♥❞✐r❡❝t ❝♦♥str❛✐♥ts ♦♥ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡r s♣❛❝❡ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳ ❋✐♥❛❧❧②
❙❡❝t✐♦♥ ✹✳✸ ✐♥tr♦❞✉❝❡s t❤❡ ❜❛s✐❝ ❢❡❛t✉r❡s ❛♥❞ t❡r♠✐♥♦❧♦❣② ♦❢ t❤❡ h(bb̄) +Emiss

T s✐❣♥❛t✉r❡ ✐♥ t❤❡
✷❍❉▼+a ✇❤✐❝❤ ✇✐❧❧ ❜❡ ✉s❡❞ ❛♥❞ r❡❢❡rr❡❞ t♦ r❡♣❡❛t❡❞❧② ✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼✳

✹✳✶ ❖✈❡r✈✐❡✇

❚❤❡ ♠♦❞❡❧ st✉❞✐❡❞ ❤❡r❡ ✐s t❤❡ ✷❍❉▼+a ✐♥ t❤❡ ❢♦r♠ ❞❡s❝r✐❜❡❞ ✐♥ ❬✶❪✳ ❚❤✐s s✐♠♣❧✐✜❡❞ ♠♦❞❡❧
❢♦r ❉❛r❦ ▼❛tt❡r ✐s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤r❡❡ ♠♦❞❡❧ ✐♥❣r❡❞✐❡♥ts✿

• ❆ ❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ♠♦❞❡❧ ✭✷❍❉▼✮ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❙▼ ❍✐❣❣s s❡❝t♦r✱ ❞❡s❝r✐❜❡❞ ✐♥
❙❡❝t✐♦♥s ✹✳✶✳✶ ❛♥❞ ✹✳✶✳✷✳

• ❆ s❡❧❢✲✐♥t❡r❛❝t✐♥❣ ❞❛r❦ s❡❝t♦r ✇✐t❤ ❛ ♠❛ss✐✈❡ ❉✐r❛❝ ❢❡r♠✐♦♥ ❛s ❛ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡
❛♥❞ ❛ ♣s❡✉❞♦s❝❛❧❛r ❝♦✉♣❧✐♥❣ t♦ t❤❡ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳✸✳

• ❆ s❡t ♦❢ ♣♦rt❛❧ t❡r♠s ❣✐✈✐♥❣ r✐s❡ t♦ ♠✐①✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ❢r♦♠ t❤❡ ✷❍❉▼
❛♥❞ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ❢r♦♠ t❤❡ ❞❛r❦ s❡❝t♦r✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳✹✳

❆ ♠♦❞❡❧ ♦❢ t❤✐s ❦✐♥❞ ✐s ✜rst ❝♦♥str✉❝t❡❞ ✐♥ ❘❡❢✳ ❬✾✹❪ ❛s ❛ r❡♥♦r♠❛❧✐③❛❜❧❡ ✐♥t❡r♣r❡t❛t✐♦♥ ❢♦r
t❤❡ ❣❛❧❛❝t✐❝ ❝❡♥t❡r GeV ❡①❝❡ss ✭s❡❡ ❡✳❣✳ ❬✸✻❪ ❛♥❞ r❡❢❡r❡♥❝❡s t❤❡r❡✐♥✮ ❛ss✉♠✐♥❣ ✐t ♦r✐❣✐♥❛t❡s ❢r♦♠
❉❛r❦ ▼❛tt❡r ❛♥♥✐❤✐❧❛t✐♦♥✳ ❲✐t❤ ❛ s❧✐❣❤t❧② s✐♠♣❧✐✜❡❞ ♣♦t❡♥t✐❛❧ ❢♦r t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❡❞✐❛t✐♥❣
t❤❡ ❉❛r❦ ▼❛tt❡r s❡❧❢✲✐♥t❡r❛❝t✐♦♥✱ t❤❡ ♠♦❞❡❧ ✐s ❧❛t❡r st✉❞✐❡❞ ✐♥ ❘❡❢✳ ❬✾✺❪ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ ♣♦t❡♥✲
t✐❛❧ ❝♦❧❧✐❞❡r ♣❤❡♥♦♠❡♥♦❧♦❣②✱ ♣❛rt✐❝✉❧❛r❧② t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ r❡s♦♥❛♥t h + Emiss

T ❛♥❞ Z + Emiss
T

s✐❣♥❛t✉r❡s✱ ✇❤✐❝❤ s✐♠♣❧❡r ✭❛①✐❛❧✲✮ ✈❡❝t♦r ♠❡❞✐❛t♦r ✰ ❉❛r❦ ▼❛tt❡r ♠♦❞❡❧s ❞♦ ♥♦t ♣r❡❞✐❝t✳ ❙♦♦♥
❛❢t❡r✱ ❘❡❢✳ ❬✾✻❪ ✜♥❞s t❤❛t ❛ ✷❍❉▼+a ❝❛♥ ♣r♦❞✉❝❡ r❡❧✐❝ ❞❡♥s✐t✐❡s ♦❢ ❉❛r❦ ▼❛tt❡r ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ✈❛❧✉❡✳ ■♥ t❤❡ s❛♠❡ ②❡❛r✱ ❘❡❢✳ ❬✶❪ ❞❡s❝r✐❜❡s ❛♥♦t❤❡r ✈❛r✐❛t✐♦♥✱ ❦❡❡♣✐♥❣ t❤❡
s✐♠♣❧❡r ♣s❡✉❞♦s❝❛❧❛r ♣♦t❡♥t✐❛❧ ❢r♦♠ ❘❡❢✳ ❬✾✺✱ ✾✻❪ ❜✉t ❛❞❞✐♥❣ ❤✐❣❤❡r ♦r❞❡r ♣♦rt❛❧ t❡r♠s✳ ❈r✉✲
❝✐❛❧❧②✱ ❘❡❢✳ ❬✶❪ ❣✐✈❡s t❤❡ ✜rst ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ✇✐❞❡ r❛♥❣❡ ♦❢ ❝♦❧❧✐❞❡r s✐❣♥❛t✉r❡s ♣r❡❞✐❝t❡❞ ❜②
t❤❡ ✷❍❉▼+a✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s h + Emiss

T ✱ Z + Emiss
T ✱ jet + Emiss

T ✱ tt̄ + Emiss
T ✱ tt̄✲r❡s♦♥❛♥❝❡✱ ❛♥❞

bb̄+Emiss
T ✳ ❚❤❡ ♣r❡❝✐s❡ ✷❍❉▼+a ✈❛r✐❛♥t st✉❞✐❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s t❤❡ ♦♥❡ ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✶❪✳

❚❤❡ ❧❛r❣❡ ✈❛r✐❡t② ♦❢ ❝♦❧❧✐❞❡r s✐❣♥❛t✉r❡s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ✷❍❉▼+a ❬✶❪ ✐s ❛ ♥♦t❡✇♦rt❤②
❢❡❛t✉r❡✱ ❛♥❞ ✐t ✐s t❤❡ ♠❛✐♥ ♠♦t✐✈❛t✐♦♥ ❢♦r st✉❞②✐♥❣ t❤❡ ✷❍❉▼+a✳ ❚❤❡ ✷❍❉▼+a ❝❛♥ t❤✉s

✻✺



♣r♦✈✐❞❡ ❛ ❝♦♠♠♦♥ ❜❡♥❝❤♠❛r❦ ❢♦r ♥♦♥✲st❛♥❞❛r❞ ❝♦❧❧✐❞❡r s✐❣♥❛t✉r❡s s✉❝❤ ❛s r❡s♦♥❛♥t Z +Emiss
T

❛♥❞ h + Emiss
T ♣r♦❞✉❝t✐♦♥ ❬✾✺✱ ✶❪✳ ■♥ t❤❡s❡ s✐❣♥❛t✉r❡s✱ h ❛♥❞ Z ❛r❡ ♥♦t ♣r♦❞✉❝❡❞ ❛s ✐♥✐t✐❛❧

st❛t❡ r❛❞✐❛t✐♦♥ ✭■❙❘✮✱ ❜✉t ✐♥ ❛ ❤❛r❞ ✐♥t❡r❛❝t✐♦♥ ♦✉ts✐❞❡ ♦❢ t❤❡ ❙▼✱ ❞✐r❡❝t❧② ♣r♦❜✐♥❣ t❤❡ ❉❛r❦
▼❛tt❡r ❝♦✉♣❧✐♥❣✳ ❚❤✐s ❞✐r❡❝t ♣r♦❜❡ ♦❢ t❤❡ ❙▼✲❉❛r❦ ▼❛tt❡r ✐♥t❡r❛❝t✐♦♥ s❡ts t❤❡ h+ Emiss

T ❛♥❞
Z + Emiss

T s✐❣♥❛t✉r❡s ❛♣❛rt ❢r♦♠ ❝♦♥✈❡♥t✐♦♥❛❧ s✐❣♥❛t✉r❡s s✉❝❤ ❛s jet + Emiss
T ✱ ✇❤❡r❡ t❤❡ ❥❡t ✐s

■❙❘ ❞✉❡ t♦ ❙▼ ❝♦✉♣❧✐♥❣s✳ ❚❤❡ st❛♥❞❛r❞ jet +Emiss
T s✐❣♥❛t✉r❡✱ ❛s ✇❡❧❧ ❛s ❡①♦t✐❝ s✐❣♥❛t✉r❡s ❧✐❦❡

h(bb̄) + Emiss
T ✱ bb̄ + Emiss

T ✱ ❛♥❞ tt̄✲r❡s♦♥❛♥❝❡✱ ❛r❡ r❡❧❛t❡❞ ✐♥ t❤❡ ✷❍❉▼+a✱ ❛♥❞ ❝❛♥ ❢✉rt❤❡r♠♦r❡
❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦❜s❡r✈❡❞ r❡❧✐❝ ❞❡♥s✐t②✱ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❡t❝✳ ❙✉❝❤ ❝♦♠♣❛r✐s♦♥s ♦❢ ❛ ❧❛r❣❡
✈❛r✐❡t② ♦❢ s✐❣♥❛t✉r❡s ✐♥ ♦♥❡ ✉♥✐✜❡❞ ❢r❛♠❡✇♦r❦ ♠♦t✐✈❛t❡ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❡①✐st✐♥❣ ❉❛r❦
▼❛tt❡r s❡❛r❝❤❡s ✐♥ t❤❡ ✷❍❉▼+a✱ ✇❤✐❝❤ ❢♦r t❤❡ ❆❚▲❆❙ s❡❛r❝❤ ❢♦r h(bb̄) +Emiss

T s♣❡❝✐✜❝❛❧❧② ✐s
❞♦♥❡ ✐♥ t❤✐s ❚❤❡s✐s✳

❚❤❡ ❝❤♦✐❝❡ ♦❢ ✉s✐♥❣ ❛ ♠✐①✐♥❣ ♦❢ ♠❡❞✐❛t♦rs t♦ ❝♦✉♣❧❡ ❉❛r❦ ▼❛tt❡r t♦ ❙▼ ♣❛rt✐❝❧❡s ❝❛♥ s❡❡♠
♦✈❡r❧② ✐♥✈♦❧✈❡❞✳ ❊✳❣✳ ❛ ❞✐r❡❝t ❣❛✉❣❡ ♦r ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢ ❛ ❢❡r♠✐♦♥✐❝ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡
❛♥❞ ❙▼ ❢❡r♠✐♦♥s t♦ s♦♠❡ ♠❛ss✐✈❡ ♠❡❞✐❛t♦r ❝❛♥ ❛❧s♦ ❞❡s❝r✐❜❡ ❙▼ ✲❉❛r❦ ▼❛tt❡r ✐♥t❡r❛❝t✐♦♥s✱ ❛♥❞
✐♥✈♦❧✈❡s ❢❡✇❡r ♥❡✇ ♣❛rt✐❝❧❡s ❛♥❞ ♣❛r❛♠❡t❡rs✳ ❇❡✐♥❣ ♦❢ ♠❛ss ❞✐♠❡♥s✐♦♥ ✹✱ s✉❝❤ ♦♣❡r❛t♦rs ❛♣♣❡❛r
t♦ ❜❡ r❡♥♦r♠❛❧✐s❛❜❧❡✳ ❍♦✇❡✈❡r✱ ♠❛♥② ♠♦❞❡❧s ♦❢ t❤✐s ❦✐♥❞ ✈✐♦❧❛t❡ t❤❡ ❧♦❝❛❧ SU(3)S ⊗ SU(2)L ⊗
U(1)Y ❣❛✉❣❡ s②♠♠❡tr② ♦❢ t❤❡ ❙▼✱ ❛♥❞ t❤✉s ❛r❡ ♥♦♥r❡♥♦r♠❛❧✐③❛❜❧❡ ❛♥❞ ♥♦t ❯❱✲❝♦♠♣❧❡t❡✱
❞❡s♣✐t❡ t❤❡ ♥❡✇ ♦♣❡r❛t♦rs ❜❡✐♥❣ ♦❢ ♠❛ss ❞✐♠❡♥s✐♦♥ 4 ❬✾✼✱ ✶❪ ❛♥❞ r❡❢❡r❡♥❝❡s t❤❡r❡✐♥✳ ❚❤❡s❡
t❤❡♦r❡t✐❝❛❧ ✐♥❝♦♥s✐st❡♥❝✐❡s ❝❛♥ ❣✐✈❡ r✐s❡ t♦ ❡✳❣✳ ✈✐♦❧❛t✐♦♥s ♦❢ ♣❡rt✉r❜❛t✐✈❡ ✉♥✐t❛r✐t② ✐♥ s♦♠❡
♣❛r❛♠❡t❡r r❡❣✐♦♥ ♦❢ t❤❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ❬✾✼❪✱ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡ ❛♣♣❧✐❝❛❜✐❧✐t② ♦❢ t❤❡ ♠♦❞❡❧✳ ❚❤❡
❯❱✲❝♦♠♣❧❡t✐♦♥ ❝❛♥ ✐♥tr♦❞✉❝❡ ♥❡✇ ♠❡❞✐❛t♦rs ❛✛❡❝t✐♥❣ t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✉❝s✳ ❙✉❝❤ ♣r♦❜❧❡♠s
❛r❡ ❛✈♦✐❞❡❞ ✐♥ t❤❡ ✷❍❉▼+a ❜② ♠✐①✐♥❣ t❤❡ s✐♥❣❧❡t ♣s❡✉❞♦s❝❛❧❛r ✇✐t❤ t❤❡ SU(2)L ⊗ U(1)Y ✲
❞♦✉❜❧❡ts ❢r♦♠ t❤❡ ✷❍❉▼✱ ✇❤✐❝❤ ✐s t❤❡ s✐♠♣❧❡st ✇❛② t♦ ❝♦♥str✉❝t ♣s❡✉❞♦s❝❛❧❛r ❜♦s♦♥ ❝♦✉♣❧❡❞
t♦ t❤❡ ❙▼ ✐♥ ❛ ❣❛✉❣❡ ✐♥✈❛r✐❛♥t ✇❛② ❬✶❪✳ ❚❤✉s✱ ❢r♦♠ ❛ t❤❡♦r❡t✐❝❛❧ ♣❡rs♣❡❝t✐✈❡✱ t❤❡ ✷❍❉▼+a ✐s
❛♥ ✐♠♣r♦✈❡♠❡♥t ♦✈❡r ♣r❡✈✐♦✉s s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s✱ ✇❤✐❝❤ ❛r❡ ♥♦t ❯❱✲❝♦♠♣❧❡t❡✳

✹✳✶✳✶ ✷❍❉▼ P♦t❡♥t✐❛❧

❚❤❡ ✷❍❉▼ ♣♦t❡♥t✐❛❧✱ ❛❞❛♣t❡❞ ❢r♦♠ ❘❡❢✳ ❬✶❪✱ ❤❛s t❤❡ ❢♦r♠✿

VH = µ1H
†
1H1 + µ2H

†
2H2 + µ3

(

H†
1H2 + h.c.

)

+ λ1

(

H†
1H1

)2

+ λ2

(

H†
2H2

)2

+ λ3

(

H†
1H1

)(

H†
2H2

)

+ λ4

(

H†
1H2

)(

H†
2H1

)

+

[

λ5

(

H†
1H2

)2

+ h.c.

]

,
✭✹✳✶✮

❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛❧❧ ▲♦r❡♥t③✲✐♥✈❛r✐❛♥t ❝♦♥tr❛❝t✐♦♥s ♦❢ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts H1 ❛♥❞ H2 t❤❛t
❛r❡ ♦❢ ♠❛ss ❞✐♠❡♥s✐♦♥ ✹ ♦r ❧♦✇❡r✱ ❛r❡ ❣❛✉❣❡ ✐♥✈❛r✐❛♥t ✉♥❞❡r SU(2)L ⊗ U(1)Y ✱ ❛♥❞ ❛r❡ ♥♦t
❦✐♥❡t✐❝ t❡r♠s ✭✐✳❡✳ ❞♦ ♥♦t ❝♦♥t❛✐♥ ❝♦✈❛r✐❛♥t ❞❡r✐✈❛t✐✈❡s ♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡ts✮✳

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❛❜♦✈❡ ❝♦♥❞✐t✐♦♥s✱ ❛ Z2 s②♠♠❡tr② ✐s ✐♠♣♦s❡❞✱ r❡q✉✐r✐♥❣ ✐♥✈❛r✐❛♥❝❡ ✉♥❞❡r
t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ H1 → H1, H2 → −H2 ❬✶❪✳ ❆s ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳✷✱
t❤❡ s②♠♠❡tr② ✐s ✐♠♣♦s❡❞ t♦ s✉♣♣r❡ss ❋❧❛✈♦r ❈❤❛♥❣✐♥❣ ◆❡✉tr❛❧ ❈✉rr❡♥ts ✭❋❈◆❈s✮ ❜② ♣r♦❤✐✲
❜✐t✐♥❣ t❤❡♠ ❛t tr❡❡ ❧❡✈❡❧✳ ❚❤✐s ❋❈◆❈✲s✉♣♣r❡ss✐♥❣ Z2 s②♠♠❡tr② ✐s s♦❢t❧② ❜r♦❦❡♥ ❜② t❤❡ t❤❡

t❡r♠ µ3

(

H†
1H2 + h.c.

)

❬✶❪✱ ✇❤❡r❡ ✏s♦❢t❧② ❜r♦❦❡♥✑ r❡❢❡rs t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ♠❛ss ❞✐♠❡♥s✐♦♥ ✷

♣❛r❛♠❡t❡r µ3 ❛ss✐❣♥s ❛♥ ❡①♣❧✐❝✐t ❛♥❞ ✐❞❡❛❧❧② ❧♦✇ ❡♥❡r❣② s❝❛❧❡ t♦ t❤❡ ❡✛❡❝ts ♦❢ t❤✐s t❡r♠✳ ❚❤❡
s♦❢t ❜r❡❛❦✐♥❣ ❞♦❡s ♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ ❋❈◆❈ s✉♣♣r❡ss✐♦♥ ❬✾✽❪✳

❆❢t❡r s♣♦♥t❛♥❡♦✉s❧② ❜r❡❛❦✐♥❣ t❤❡ SU(2)L⊗U(1)Y ✐♥t♦ U(1)e.m. t❤r♦✉❣❤ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝✲
t❛t✐♦♥ ✈❛❧✉❡s 〈H1〉 = 1√

2
(0, v1)

T ❛♥❞ 〈H2〉 = 1√
2
(0, v2)

T ♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡ts ❬✾✾❪✱ t❤❡ ❍✐❣❣s

❞♦✉❜❧❡ts✱ t❤❡ W± ❛♥❞ Z0 ❜♦s♦♥s ♦❢ t❤❡ ❙▼✱ ❛♥❞ t❤❡ U(1)e.m. ❝❤❛r❣❡❞ ❙▼ ❢❡r♠✐♦♥s ♦❜t❛✐♥
❡✛❡❝t✐✈❡ ♠❛ss t❡r♠s ❬✾✾✱ ✾✽❪✳ ❈❤♦♦s✐♥❣ ❛ ❜❛s✐s ✐♥ ✇❤✐❝❤ t❤❡ ♠❛ss ♠❛tr✐① ♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡ts
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✐s ❞✐❛❣♦♥❛❧ ❡①❝❡♣t ❢♦r t❤❡ ❡✈❡♥t✉❛❧ ♠✐①✐♥❣ ✇✐t❤ t❤❡ ❞❛r❦ s❡❝t♦r ♣s❡✉❞♦s❝❛❧❛r✱ t❤❡ ✽ r❡❛❧ ❞❡❣r❡❡s
♦❢ ❢r❡❡❞♦♠ ✐♥ t❤❡ ✷ ❝♦♠♣❧❡① ❍✐❣❣s ❞♦✉❜❧❡ts H1 ❛♥❞ H2 ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ✸ ♠❛ss❧❡ss ●♦❧❞st♦♥❡
❜♦s♦♥s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ♦❢ t❤❡ ♥♦✇ ♠❛ss✐✈❡ W±, Z0 ❣❛✉❣❡
❜♦s♦♥s✱ ❛♥❞ ✺ ♠❛ss✐✈❡ s❝❛❧❛rs ❬✶❪✿

• ❛ ❧✐❣❤t CP ✲❡✈❡♥ s❝❛❧❛r h❀

• ❛ ❤❡❛✈② CP ✲❡✈❡♥ s❝❛❧❛r H❀

• ❛ U(1)e.m. ❝❤❛r❣❡❞ s❝❛❧❛r H+❀

• ✐ts ❝♦rr❡s♣♦♥❞✐♥❣ ❛♥t✐✲♣❛rt✐❝❧❡ H−❀

• ❛ CP ✲♦❞❞ s❝❛❧❛r A0✳

❆♣❛rt ❢r♦♠ t❤❡ ❢♦✉r ♠❛ss❡s Mh,MH ,MH± ,MA0
♦❢ t❤❡s❡ ❍✐❣❣s ❜♦s♦♥s✱ t❤❡r❡ r❡♠❛✐♥ ❢♦✉r

❢✉rt❤❡r ♣❛r❛♠❡t❡r ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✐♥ t❤❡ ✷❍❉▼ ♣♦t❡♥t✐❛❧ ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✶✮✱ ✇❤✐❝❤
❛r❡ ❝♦♥✈❡♥✐❡♥t t♦ ❡①♣r❡ss ❛s ❬✶❪✿

• t❤❡ r❛t✐♦ ♦❢ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s✿ tan β = v1
v2
❀

• t❤❡ ♥♦r♠ ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s✿ v =
√

v21 + v22❀

• t❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ CP ✲❡✈❡♥ s❝❛❧❛rs h ❛♥❞ H✿ α❀

• t❤❡ r❡♠❛✐♥✐♥❣ q✉❛rt✐❝ ❝♦✉♣❧✐♥❣✿ λ3✳

❚❤❡ ♥♦r♠ ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s v✱ ❧✐❦❡ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ♦❢ ❛ s✐♥❣❧❡
❍✐❣❣s ❞♦✉❜❧❡t ✐♥ t❤❡ ❙▼✱ ❞❡t❡r♠✐♥❡s t❤❡ ❡❧❡❝tr♦✇❡❛❦ s❝❛❧❡✱ ✇❤✐❝❤ ✐s ✈❡r② ✇❡❧❧ ❝♦♥str❛✐♥❡❞ ❜②
♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❋❡r♠✐ ❈♦✉♣❧✐♥❣ ❈♦♥st❛♥t GF = v2/

√
2 ❬✶✼✱ ✾✾✱ ✾✽❪✳ ❚❤✉s v ✐s ✜①❡❞ t♦

v = 246GeV✳

❇❡❝❛✉s❡ t❤❡ s❝❛❧❛r r❡s♦♥❛♥❝❡ ♦❜s❡r✈❡❞ ❜② ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❛t t❤❡ ▲❍❈ ❛♣♣❡❛rs t♦ ❜❡
❡♥t✐r❡❧② ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❙▼ ❍✐❣❣s ❜♦s♦♥ ♣r❡❞✐❝t✐♦♥ ❝♦♥❝❡r♥✐♥❣ ✐ts ❝♦✉♣❧✐♥❣s ❛♥❞ ♣r♦❞✉❝t✐♦♥
❝r♦ss s❡❝t✐♦♥s ❬✷✶❪✱ Mh ✐s ✜①❡❞ t♦ Mh = 125GeV t♦ ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ♠❛ss ❬✶✾❪✱
❛♥❞ α ✐s ✜①❡❞ s✉❝❤ t❤❛t sin(β−α) = 1✱ ❛ ❝❤♦✐❝❡ ❦♥♦✇♥ ❛s t❤❡ ❛❧✐❣♥♠❡♥t ❧✐♠✐t✳ ■♥ t❤❡ ❛❧✐❣♥♠❡♥t
❧✐♠✐t✱ t❤❡ ❝♦✉♣❧✐♥❣s ♦❢ W± ❛♥❞ Z0 ❜♦s♦♥s t♦ t❤❡ CP ✲❡✈❡♥ s❝❛❧❛rs ✐♥ t❤❡ ✷❍❉▼✱ ❣✐✈❡♥ ❜② ❬✶❪

L ⊃ (sin(β − α)h+ cos(β − α)H)

(

2M2
W

v
W+

µ W
−µ +

M2
Z

v
ZµZ

µ

)

, ✭✹✳✷✮

❛r❡ ♣✉r❡❧② t❤❡ ❝♦✉♣❧✐♥❣ t♦ t❤❡ ❧✐❣❤t❡r CP ✲❡✈❡♥ s❝❛❧❛r h✱ ✇✐t❤ ❛ ❝♦✉♣❧✐♥❣ str❡♥❣t❤ ✐❞❡♥t✐❝❛❧ t♦
t❤❡ ❙▼ ♦♥❡✳ ❚❤✉s ✇✐t❤ Mh = 125GeV✱ v = 246GeV✱ ❛♥❞ sin(β − α) = 1✱ t❤❡ ❧✐❣❤t CP ✲❡✈❡♥
s❝❛❧❛r ✐s ❝♦♥str✉❝t❡❞ t♦ ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ 125GeV s❝❛❧❛r ❛♥❞ s✐♠✐❧❛r t♦ t❤❡ ❙▼
❍✐❣❣s✳ ❆s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❜❡♥❡✜t✱ t❤r❡❡ ❛ ♣r✐♦r✐ ❢r❡❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠♦❞❡❧ ❛r❡ ✜①❡❞ ❜② t❤✐s
❝❤♦✐❝❡✳
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✹✳✶✳✷ ✷❍❉▼ ❨✉❦❛✇❛ ❆ss✐❣♥♠❡♥ts

■♥ ❛ ✷❍❉▼✱ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ❝❤❛r❣❡❞ ❙▼ ❢❡r♠✐♦♥s ❛r❡ ✐♥t❡r♣r❡t❡❞ ❛s ❡✛❡❝t✐✈❡ t❡r♠s ❛♣♣❡❛r✐♥❣
✐♥ t❤❡ ❜r♦❦❡♥ ♣❤❛s❡ ♦❢ t❤❡ ❍✐❣❣s ✈❛❝✉✉♠ ❛♥❞ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ❝♦rr❡s♣♦♥❞✐♥❣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s
♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡ts t♦ t❤❡ ❝❤❛r❣❡❞ ❙▼ ❢❡r♠✐♦♥s✳

■♥ t❤❡ ♠♦st ❣❡♥❡r❛❧ ❝❛s❡ ♦❢ ❜♦t❤ ❍✐❣❣s ❞♦✉❜❧❡ts ❝♦✉♣❧✐♥❣ t♦ ❛♥② ❢❡r♠✐♦♥✱ ✷❍❉▼s ♣r❡❞✐❝t
❋❈◆❈s ❛t tr❡❡ ❧❡✈❡❧ ❬✾✽❪✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳✶✱ ❛ Z2 s②♠♠❡tr② ♦❢ t❤❡ ❢♦r♠ H1 →
H1, H2 → −H2 ❬✶❪ ✐s ✐♠♣♦s❡❞ t♦ ❛✈♦✐❞ t❤✐s✳ ❚❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ❤❛✈❡ t❤❡ ❣❡♥❡r❛❧ ❢♦r♠
y1i,jΨ̄iΨjH1 + y2i,jΨ̄iΨjH2✱ ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ♠❛ss ♠❛tr✐① ✐s Mij = 1√

2
y1i,j +

1√
2
y2i,j✳ ❍❡♥❝❡✱ ✐♥

❣❡♥❡r❛❧ t❤❡r❡ ✐s ♥♦ ❢❡r♠✐♦♥ ❜❛s✐s t❤❛t ❞✐❛❣♦♥❛❧✐s❡s Mij✱ y
1
i,j ❛♥❞ y2i,j ❛t ♦♥❝❡ ❬✾✽❪✳ ❚❤❡ Z2

s②♠♠❡tr② r❡s♦❧✈❡s t❤✐s ❜② ❡♥s✉r✐♥❣ t❤❛t ♦♥❧② ♦♥❡ ♦❢ t❤❡ t✇♦ ❞♦✉❜❧❡ts ❝❛♥ ❝♦✉♣❧❡ t♦ ❢❡r♠✐♦♥s
♦❢ ❣✐✈❡♥ q✉❛♥t✉♠ ♥✉♠❜❡rs✱ ✐✳❡✳ ✉♣✲ ♦r ❞♦✇♥✲t②♣❡ q✉❛r❦s ♦r ❝❤❛r❣❡❞ ❧❡♣t♦♥s✳ ❚❤✉s t❤❡r❡ ✐s
♦♥❧② ♦♥❡ ♠❛tr✐① ♦❢ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ♣❡r ❢❡r♠✐♦♥ ✜❡❧❞ ♦♣❡r❛t♦r✱ ❛♥❞ t❤✐s ❨✉❦❛✇❛ ♠❛tr✐① ❝❛♥
❛❧✇❛②s ❜❡ ❞✐❛❣♦♥❛❧✐③❡❞ s✐♠✉❧t❛♥❡♦✉s❧② ✇✐t❤ t❤❡ q✉❛r❦ ❛♥❞ ❢❡r♠✐♦♥ ♠❛ss ♠❛tr✐❝❡s✳ ❲❤❡♥
❝♦✉♣❧✐♥❣ ❢❡r♠✐♦♥s t♦ H2✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ✐s t❛❦❡♥ t♦ tr❛♥s❢♦r♠ ✉♥❞❡r t❤❡
Z2 ❛s yi,j → −yi,j ❬✾✽❪✳ ❲❤❡♥ t❤❡ ♠❛ss❡s ❛♥❞ ❝♦✉♣❧✐♥❣s ❛r❡ ❞✐❛❣♦♥❛❧✱ t❤❡ q✉❛r❦ ✢❛✈♦r✱ ❜❡✐♥❣
t❤❡ ♠❛ss ❡✐❣❡♥st❛t❡ ♦❢ t❤❡ q✉❛r❦✱ ❝❛♥♥♦t ❜❡ ❝❤❛♥❣❡❞ ❜② ❛♥ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ ❛ ♥❡✉tr❛❧ ❍✐❣❣s
❜♦s♦♥✳ ❈♦♥s❡q✉❡♥t❧② t❤❡r❡ ❛r❡ ♥♦ tr❡❡ ❧❡✈❡❧ ❋❈◆❈s✱ ❛s ✐♥ t❤❡ ❙▼✳

❆s st❛t❡❞ ❛❜♦✈❡✱ t❤❡ ❋❈◆❈ s✉♣r❡ss✐♥❣ Z2 r❡q✉✐r❡s t❤❛t ❛❧❧ ❢❡r♠✐♦♥s ✇✐t❤ ✐❞❡♥t✐❝❛❧ q✉❛♥t✉♠
♥✉♠❜❡rs ❝♦✉♣❧✐♥❣ t♦ ❛ ❍✐❣❣s ❞♦✉❜❧❡t✱ ♥❡❡❞ t♦ ❝♦✉♣❧❡ t♦ t❤❡ s❛♠❡ ❍✐❣❣s ❞♦✉❜❧❡ts ❬✾✽❪✳ ❚❤✐s
②✐❡❧❞s t❤r❡❡ r❡❧❡✈❛♥t ❝❛t❡❣♦r✐❡s ♦❢ ❢❡r♠✐♦♥s✿ ✉♣✲t②♣❡ q✉❛r❦s✱ ❞♦✇♥✲t②♣❡ q✉❛r❦s✱ ❛♥❞ ❝❤❛r❣❡❞
❧❡♣t♦♥s✳ ❚❤❡ Z2 s②♠♠❡tr② ❞♦❡s ♥♦t s♣❡❝✐❢② ✇❤✐❝❤ ♦❢ t❤❡s❡ ❢❡r♠✐♦♥ ❝❛t❡❣♦r✐❡s ❝♦✉♣❧❡s t♦ ✇❤✐❝❤
❞♦✉❜❧❡t✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤✐s ❛ss✐❣♥♠❡♥t ♦❢ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s✱ ♦♥❡ ❝❛♥ ❞✐st✐♥❣✉✐s❤ ✹ ❞✐✛❡r❡♥t
❝♦♠❜✐♥❛t✐♦♥s ♦❢ ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥ts✱ ✇❤✐❝❤ ✐♥ ❘❡❢✳ ❬✶❪ ❛r❡ ❝❛❧❧❡❞ t②♣❡ ■ t❤r♦✉❣❤ ■❱✳

❋♦r t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡ ❛t t❤❡ ▲❍❈✱ t❤❡ ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥t ♦❢ ❝❤❛r❣❡❞ ❧❡♣t♦♥s ✐s

✐rr❡❧❡✈❛♥t✳ ❚❤✉s t❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ r❡❧❡✈❛♥t ❤❡r❡ ✐s t❤❛t ❜❡t✇❡❡♥ ♠♦❞❡❧s ✇❤❡r❡ ✉♣✲t②♣❡ q✉❛r❦s
❛♥❞ ❞♦✇♥ t②♣❡ q✉❛r❦s ❤❛✈❡ ❛ ❞✐✛❡r❡♥t ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥t✱ ❝❛❧❧❡❞ t②♣❡ ■■ ❛♥❞ ■❱ ✐♥ ❘❡❢✳ ❬✶❪✱
❛♥❞ t❤♦s❡ ♠♦❞❡❧s ✇❤❡r❡ ❛❧❧ q✉❛r❦s s❤❛r❡ t❤❡ s❛♠❡ ❛ss✐❣♥♠❡♥t ♦❢ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s✱ ❝❛❧❧❡❞ t②♣❡
■ ❛♥❞ ■■■ ✐♥ ❘❡❢✳ ❬✶❪✳

❚❤❡ ♦♥❧② ♣❛r❛♠❡t❡r r❡❣✐♦♥ ✇❤❡r❡ t❤❡ ♣❛rt✐❝✉❧❛r ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥t ✐s ♦❢ ✐♥t❡r❡st ❢♦r t❤❡
h(bb̄)+Emiss

T s✐❣♥❛t✉r❡ ✐s t❤❡ s✐❣♥❛❧ ♣r♦❞✉❝t✐♦♥ ♠♦❞❡ ✐❢ tan β ✐s ✈❡r② ❧❛r❣❡ ❬✶❪✱ ❛s ✐s ❛❧s♦ ❞✐s❝✉ss❡❞
✐♥ ❙❡❝t✐♦♥ ✹✳✸ ❜❡❧♦✇✳ ■♥ t②♣❡s ■■ ❛♥❞ ■❱✱ h(bb̄) + Emiss

T s✐❣♥❛❧ ❡✈❡♥ts ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✈✐❛ bb̄
❛♥♥✐❤✐❧❛t✐♦♥ ❢♦r ✈❡r② ❧❛r❣❡ tan β✱ ❜❡❝❛✉s❡ t❤❡ ❧❛r❣❡ ❡✛❡❝t✐✈❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ r❛t✐♦ mt/mb ≈ 60
❝❛♥ ❜❡ ❝♦♠♣❡♥s❛t❡❞ ❢♦r ✐♥ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ❜② t✉♥✐♥❣ tan β ❬✶❪✳ ❚❤✐s ❡✛❡❝t
✐s ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❙❡❝t✐♦♥ ✻✳✺✳✶✳ ■♥ t②♣❡s ■ ❛♥❞ ■■■✱ t❤✐s ♣r♦❞✉❝t✐♦♥ ♠♦❞❡ ✐s ❛❧✇❛②s
s✉♣♣r❡ss❡❞✱ s✐♥❝❡ ❜♦t❤ ✉♣ t②♣❡ ❛♥❞ ❞♦✇♥ t②♣❡ q✉❛r❦s ❤❛✈❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ✇✐t❤ ✐❞❡♥t✐❝❛❧
tan β ❞❡♣❡♥❞❡♥❝❡✳ ❍❡♥❝❡ t❤❡ st❛♥❞❛r❞ ❣❧✉♦♥ ❢✉s✐♦♥ ✐s t❤❡ ♦♥❧② r❡❧❡✈❛♥t h(bb̄)+Emiss

T ♣r♦❞✉❝t✐♦♥
♣r♦❝❡ss ✐♥ t❤❡ ❡♥t✐r❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ✐♥ s✉❝❤ ♠♦❞❡❧s ❬✶❪✳

❚❤❡ s♣❡❝✐✜❝ ♠♦❞❡❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs ♦❢ ❬✶❪ ❛♥❞ ✉s❡❞ ❢♦r t❤❡ st✉❞✐❡s
✐♥ ❈❤❛♣t❡rs ✻ t♦ ✽ ❤❛s ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥ts ♦❢ t②♣❡ ■■✳ ❚❤❡ h(bb̄) + Emiss

T r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥
t❤✐s t❤❡s✐s ❛r❡ ❤♦✇❡✈❡r ❡①♣❡❝t❡❞ t♦ ❛♣♣❧② ✐❞❡♥t✐❝❛❧❧② t♦ ♠♦❞❡❧s ✇✐t❤ ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥t ♦❢
t②♣❡ ■❱✱ s✐♥❝❡ t❤✐s ♦♥❧② ❝❤❛♥❣❡s t❤❡ ❝♦✉♣❧✐♥❣s t♦ ❧❡♣t♦♥s ❬✶❪✳ ▼♦st ♦❢ t❤❡ r❡s✉❧ts ✐♥ t❤✐s t❤❡s✐s
❛r❡ ❢✉rt❤❡r♠♦r❡ tr❛♥s❢❡r❛❜❧❡ t♦ ❨✉❦❛✇❛ t②♣❡s ■ ❛♥❞ ■■■✱ ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ bb̄ ✐♥✐t✐❛t❡❞
♣r♦❞✉❝t✐♦♥ ♠♦❞❡ ❬✶❪✳

✻✽



✹✳✶✳✸ ❉❛r❦ ❙❡❝t♦r

❚❤❡ ❞❛r❦ s❡❝t♦r ♣♦t❡♥t✐❛❧ ✐s ♠✐♥✐♠❛❧ ❬✾✺✱ ✶❪✿

Vdark =
M2

a0

2
a20 +Mχχ̄χ+ yχa0χ̄iγ5χ , ✭✹✳✸✮

❞❡s❝r✐❜✐♥❣ t❤❡ ❉✐r❛❝ ❢❡r♠✐♦♥ χ ❛s t❤❡ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡✱ ✇✐t❤ ❛ ♠❛ssMχ ❛♥❞ ♥♦ ❝♦✉♣❧✐♥❣
❛♣❛rt ❢r♦♠ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ yχ t♦ t❤❡ ♣s❡✉❞♦s❝❛❧❛r a0 ✇✐t❤ ♠❛ss Ma0 ✳ ▼❛❦✐♥❣ χ ❛ ❉✐r❛❝
❢❡r♠✐♦♥ ✐s ❛ ♠♦st❧② ❛r❜✐tr❛r② ❝❤♦✐❝❡✱ ❛s r❡♣❧❛❝✐♥❣ ✐t ❜② ❡✳❣✳ ❛ ▼❛❥♦r❛♥❛ ❢❡r♠✐♦♥ ✇♦✉❧❞ ♥♦t
✐♠♣❛❝t t❤❡ ❝♦❧❧✐❞❡r ♣❤❡♥♦♠❡♥♦❧♦❣② ♦❢ t❤❡ ♠♦❞❡❧✳ ◆♦ ❤✐❣❤❡r ❞✐♠❡♥s✐♦♥❛❧ ♣♦t❡♥t✐❛❧ ♦♣❡r❛t♦rs
❛r❡ ❛ss✉♠❡❞ ❢♦r a0✱ ✉♥❧✐❦❡ ✐♥ ❘❡❢✳ ❬✾✹❪ ✇❤❡r❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ t❡r♠ ∝ a40 ✐s ❛❞❞❡❞✱ ❛s t❤❡s❡s t❡r♠s
❛r❡ ♥♦t ❡①♣❡❝t❡❞ t♦ ✐♠♣❛❝t t❤❡ ❝♦❧❧✐❞❡r ♣❤❡♥♦♠❡♥♦❧♦❣② ❬✶❪✳

❚❤❡ s♣✐♥ ♦❢ a0 ❞♦❡s ♥♦t ✐♠♣❛❝t t❤❡ ♣❤❡♥♦♠❡♥♦❧♦❣② ♦❢ ❛ ❤❛❞r♦♥ ❝♦❧❧✐❞❡r s❡❛r❝❤ ❢♦r h(bb̄) +
Emiss

T ✱ ✇❤✐❝❤ ✐s ♠♦st❧② ✐♥s❡♥s✐t✐✈❡ t♦ t❤❡ s♣✐♥ str✉❝t✉r❡ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ❛♥❞ ♠❡✲
❞✐❛t♦r✳ ❍♦✇❡✈❡r✱ t❤❡ ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❧✐♠✐ts ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r✲♥✉❝❧❡♦♥ s❝❛tt❡r✐♥❣ ❝r♦ss
s❡❝t✐♦♥ ❛r❡ ♠✉❝❤ str♦♥❣❡r ❢♦r s♣✐♥✲✐♥❞❡♣❡♥❞❡♥t ❉❛r❦ ▼❛tt❡r✲♥✉❝❧❡♦♥ ✐♥t❡r❛❝t✐♦♥s t❤❛♥ ❢♦r
s♣✐♥✲❞❡♣❡♥❞❡♥t ❉❛r❦ ▼❛tt❡r✲♥✉❝❧❡♦♥ ✐♥t❡r❛❝t✐♦♥s ❬✾✱ ✶✼❪✳ ❙✐♥❝❡ ✐♥t❡r❛❝t✐♦♥s ✈✐❛ ♣s❡✉❞♦s❝❛❧❛r
♠❡❞✐❛t♦rs ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❧❡ss ❝♦♥str❛✐♥❡❞ s♣✐♥✲❞❡♣❡♥❞❡♥t ❝r♦ss s❡❝t✐♦♥✱ ❜✉t s❝❛❧❛r ♠❡❞✐✲
❛t♦rs ❝♦♥tr✐❜✉t❡ t♦ t❤❡ str♦♥❣❧② ❝♦♥str❛✐♥❡❞ s♣✐♥✲✐♥❞❡♣❡♥❞❡♥t ❝r♦ss✲s❡❝t✐♦♥ ❬✶✼❪✱ ❝❤♦♦s✐♥❣ ❛
♣s❡✉❞♦s❝❛❧❛r ♠❡❞✐❛t♦r ❛✈♦✐❞s t❤❡ ♦t❤❡r✇✐s❡ str✐♥❣❡♥t ❞✐r❡❝t ❞❡t❡❝t✐♦♥ ❝♦♥str❛✐♥ts ❬✾✹✱ ✾✺❪✳

❇♦t❤ a0 ❛♥❞ χ ❛r❡ s✐♥❣❧❡ts ♦❢ t❤❡ SU(3)S⊗SU(2)L⊗U(1)Y ❣❛✉❣❡ ❣r♦✉♣✱ ❛♥❞ ♥♦ ♥♦♥✲s✐♥❣❧❡t
r❡♣r❡s❡♥t❛t✐♦♥ ✉♥❞❡r ❛♥② ♥❡✇ ❣❛✉❣❡ ❣r♦✉♣ ✐s ❛ss✉♠❡❞ ❢♦r t❤❡♠✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡✐r ♠❛ss❡s
❛r❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧✱ 〈a0〉 = 0 ✐♥ t❤❡ ✈❛❝✉✉♠✱ ❛♥❞ a0 ❤❛s ♥♦
❍✐❣❣s ♠❡❝❤❛♥✐s♠✳ ❚❤✉s✱ yχ ❛♥❞ Mχ ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♣❛r❛♠❡t❡rs✳

✹✳✶✳✹ P♦rt❛❧ ❚❡r♠s

❚❤❡ ♣♦rt❛❧ t❡r♠s ❬✶❪

Vportal = a0

(

ibPH
†
1H2 + h.c.

)

+ a20

(

λP1H
†
1H1 + λP2H

†
2H2

)

✭✹✳✹✮

❡st❛❜❧✐s❤ t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❞❛r❦ s❡❝t♦r ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳✸ ❛♥❞ t❤❡ ❙▼ ❡①t❡♥✲
❞❡❞ ❜② t❤❡ ✷❍❉▼ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥s ✹✳✶✳✶ ❛♥❞ ✹✳✶✳✷✳ ❚❤❡ ♣♦rt❛❧ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮
❛❞❞ ✸ ♥❡✇ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✿ t❤❡ ♠❛ss✲❞✐♠❡♥s✐♦♥❛❧ ♣♦rt❛❧ ♣❛r❛♠❡t❡r bP ❛♥❞ t❤❡ tr✐❧✐♥❡❛r
s❝❛❧❛r ♣♦rt❛❧ ❝♦✉♣❧✐♥❣s λP1 ❛♥❞ λP2✳ ❆❞❞✐t✐♦♥❛❧ ❣❛✉❣❡ ❛♥❞ ▲♦r❡♥t③ ✐♥✈❛r✐❛♥t ❝♦✉♣❧✐♥❣s ✇✐t❤
t❡r♠s s✉❝❤ ❛s L̄H1χR + h.c.✱ ✇❤❡r❡ L ❞❡♥♦t❡s ❛ ❧❡❢t❤❛♥❞❡❞ SU(2)L ⊗ U(1)Y ❞♦✉❜❧❡t ♦❢ ❙▼
❧❡♣t♦♥s✱ ❛r❡ ❢♦r❜✐❞❞❡♥ ❜② ✐♠♣♦s✐♥❣ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❛❞✲❤♦❝ Z2 s②♠♠❡tr② ♦❢ t❤❡ ❢♦r♠ χ→ −χ ❬✶❪✳

❚❤❡ ♣♦rt❛❧ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮ ♦♣❡♥ ✉♣ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ✐♥t❡r♣r❡t✐♥❣ ❝♦❧❧✐❞❡r s❡❛r❝❤❡s
✐♥ t❤✐s ♠♦❞❡❧✱ ❛♥❞ ♠❛❦❡ χ ❛ ✈✐❛❜❧❡ ❝❛♥❞✐❞❛t❡ ❢♦r t❤❡r♠❛❧ r❡❧✐❝ ❉❛r❦ ▼❛tt❡r✳ ❚❤❡ ❧❛st t✇♦
t❡r♠s ∝ λP1, λP2 ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮ ❛r❡ ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♣♦rt❛❧ t❡r♠s ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢s✳ ❬✾✹✱
✾✺❪✱ ❜✉t ♦♥❧② ✐♥ ❘❡❢✳ ❬✶❪✳

❉✉❡ t♦ t❤❡ ♣♦rt❛❧ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮✱ a0 ❛♥❞ A0 ❣❛✐♥ ♥♦♥✲❞✐❛❣♦♥❛❧ ❡♥tr✐❡s t♦ t❤❡✐r
❡✛❡❝t✐✈❡ ♠❛ss ♠❛tr✐①❀ t❤❡② ❛r❡ ♥♦t ♠❛ss ❡✐❣❡♥st❛t❡s✳ ❚♦ ♦❜t❛✐♥ ♠❛ss ❡✐❣❡♥st❛t❡s✱ a0 ❛♥❞ A0

❛r❡ ❞✐❛❣♦♥❛❧✐s❡❞ ✇✐t❤ ❛ r♦t❛t✐♦♥ ❜② t❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ θ ✐♥t♦ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss ❡✐❣❡♥st❛t❡s
a ❛♥❞ A ❬✾✹✱ ✾✺❪✿

a = a0 cos θ − A0 sin θ ,

A = a0 sin θ + A0 cos θ .
✭✹✳✺✮
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❋♦r θ 6= iπ ✇✐t❤ i ∈ Z✱ ✐✳❡✳ ♥♦♥✲③❡r♦ ♠✐①✐♥❣✱ ❜♦t❤ a ❛♥❞ A ❛r❡ ❉❛r❦ ▼❛tt❡r ♠❡❞✐❛t♦rs✱ ❛♥❞
❜♦t❤ ❤❛✈❡ ❝♦✉♣❧✐♥❣s t♦ ❙▼ ♣❛rt✐❝❧❡s ❛♥❞ t❤❡ ♦t❤❡r s❝❛❧❛rs ❢r♦♠ t❤❡ ✷❍❉▼✳ ❚❤✉s✱ t❤❡r❡ ❛r❡
t✇♦ ❉❛r❦ ▼❛tt❡r ♠❡❞✐❛t♦rs ✐♥ t❤❡ ✷❍❉▼+a✱ a ❛♥❞ A✳

❆❢t❡r ❞✐❛❣♦♥❛❧✐③✐♥❣ t❤❡ ♠❛ss ♠❛tr✐①✱ t❤❡r❡ ❛r❡ t✇♦ ❡q✉✐✈❛❧❡♥t ✇❛②s ♦❢ ❞✐st✐♥❣✉✐s❤✐♥❣ ❜❡t✲
✇❡❡♥ a ❛♥❞ A✿

✶✳ ❖♥❡ ❝❛♥ ❞❡✜♥❡ A ❛s t❤❡ ❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r✱ ❛♥❞ a ❛s t❤❡ ❧✐❣❤t ♦♥❡✱ ✐✳❡✳ MA > Ma✳

✷✳ ❖♥❡ ❝❛♥ ❞❡✜♥❡ A ❛s t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss ❡✐❣❡♥st❛t❡ ✇❤✐❝❤ ❝♦✉♣❧❡s t♦ ❉❛r❦ ▼❛tt❡r
∝ sin θ ❛♥❞ t♦ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♣❛rt✐❝❧❡s ∝ cos θ✱ ❛♥❞ ✈✐❝❡ ✈❡rs❛ ❢♦r a✳

❚❤❡ ✜rst ❞❡✜♥✐t✐♦♥ ✐s ❢♦❧❧♦✇❡❞ ✐♥ ❘❡❢✳ ❬✶❪✳ ❋♦r s✐♠♣❧✐❝✐t②✱ a ❛♥❞ A ✇✐❧❧ ❜❡ r❡❢❡rr❡❞ t♦ ❛s
t❤❡ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r✱ r❡s♣❡❝t✐✈❡❧②✱ ✐♥ t❤✐s t❤❡s✐s✳ ❚❤❡ s❡❝♦♥❞ ❞❡✜♥✐t✐♦♥ ✐s ✉s❡❞ ✐♥
❘❡❢✳ ❬✾✺❪ ❛s ✇❡❧❧ ❛s ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs ♦❢ ❘❡❢✳ ❬✶❪✳
❋♦r t❤✐s r❡❛s♦♥✱ t❤❡r❡ ❛r❡ ♣❧♦ts ✐♥ ❈❤❛♣t❡rs ✻ t♦ ✽ s❝❛♥♥✐♥❣ Ma > MA✱ ✇❤✐❝❤ ✐s ♥♦♥s❡♥s✐❝❛❧
✇❤❡♥ ❛❞❤❡r✐♥❣ str✐❝t❧② t♦ t❤❡ ✜rst ❞❡✜♥✐t✐♦♥ ❜❛s❡❞ ♦♥ ♠❛ss ❤✐❡r❛r❝❤②✳

❚❤❡ s❡❝♦♥❞ ❞❡✜♥✐t✐♦♥ ❞♦❡s ♥♦t✱ ❤♦✇❡✈❡r✱ ❛❧❧♦✇ ♦♥❡ t♦ ❞❡s❝r✐❜❡ ❛ ❧❛r❣❡r s❡t ♦❢ ♣❤②s✐❝❛❧❧②
❞✐st✐♥❝t ♠♦❞❡❧s t❤❛♥ t❤❡ ✜rst✳ ❆ ♠♦❞❡❧ ✇✐t❤Ma > MA ❛♥❞ s♦♠❡ ♠✐①✐♥❣ ❛♥❣❧❡ θ2 ✐♥ ❞❡✜♥✐t✐♦♥ ✷

❝❛♥ ❜❡ ❝❛❧❧❡❞ ❛ ♠♦❞❡❧ ✇✐t❤Ma < MA ❛♥❞ ♠✐①✐♥❣ ❛♥❣❧❡ θ1 = cos−1
(

√

1− sin2 θ2

)

✐♥ ❞❡✜♥✐t✐♦♥

✶✳ ❚❤✐s r❡♥❛♠✐♥❣ ♠❛❦❡s ✉s❡ ♦❢ t❤❡ s②♠♠❡tr② ♦❢ t❤❡ ♠✐①✐♥❣ ❞❡✜♥✐t✐♦♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✺✮✱
✇❤❡r❡ ❜② ❡①❝❤❛♥❣✐♥❣ a → A✱ A → a✱ cos θ → (±) sin θ✱ (∓) sin θ → cos θ✱ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧
❞❡s❝r✐♣t✐♦♥ ✐s r❡❝♦✈❡r❡❞✳ ■♥ t❤❡ ❧✐♠✐t✐♥❣ ❝❛s❡s ✇❤❡r❡ sin θ = 1/

√
2 = cos θ ♦r MA = Ma✱ t❤✐s

❢r❡❡❞♦♠ ♦❢ ❞❡✜♥✐t✐♦♥ ✐s ❧♦st✳

✹✳✶✳✺ ▼♦❞❡❧ P❛r❛♠❡t❡rs ❛♥❞ ❈♦✉♣❧✐♥❣s ❛❢t❡r ▼❛ss ❉✐❛❣♦♥❛❧✐s❛t✐♦♥

■♥ t❤❡ ❢✉❧❧ ♠♦❞❡❧✱ ❝♦♠❜✐♥✐♥❣ t❤❡ ❞❛r❦ s❡❝t♦r ❛♥❞ ♣♦rt❛❧ t❡r♠s ❢r♦♠ ❊q✉❛t✐♦♥s ✭✹✳✹✮ ❛♥❞ ✭✹✳✺✮
✇✐t❤ t❤❡ ✷❍❉▼ t❡r♠s ❢r♦♠ ❊q✉❛t✐♦♥ ✭✹✳✶✮ ❛♥❞ t❤❡ r❡❧❡✈❛♥t ❦✐♥❡t✐❝ ❛♥❞ ❨✉❦❛✇❛ t❡r♠s✱ ❛❧❧ s✐①
♠❛ss✐✈❡ s❝❛❧❛r ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ❤❛✈❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛ss ❡✐❣❡♥st❛t❡s ❬✶❪✳ ■♥ t❤❡ ❞✐❛❣♦♥❛❧✐s❡❞
❜❛s✐s✱ ✐t ✐s ❝♦♥✈❡♥✐❡♥t t♦ ♣❛r❛♠❡tr✐③❡ t❤❡ ♠♦❞❡❧ ✉s✐♥❣ t❤❡ ✶✹ ✐♥❞❡♣❡♥❞❡♥t ♣❛r❛♠❡t❡rs ❣✐✈❡♥ ✐♥
❚❛❜❧❡ ✹✳✶✳

❆❢t❡r ♠❛ss ❞✐❛❣♦♥❛❧✐s❛t✐♦♥✱ ♠♦st ♦❢ t❤❡ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡rs s✉❝❤ ❛s ❡✳❣✳ λ1✱ λ2✱ λ4✱ ❛♥❞
bP ✐♥ ❊q✉❛t✐♦♥s ✭✹✳✶✮ ❛♥❞ ✭✹✳✹✮ ❛r❡ ❛❜s♦r❜❡❞ ✐♥t♦ ♠❛ss❡s ❛♥❞ ♠✐①✐♥❣ ❛♥❣❧❡s✳ ❈♦♥s❡q✉❡♥t❧②✱
t❤❡ ❡✛❡❝t✐✈❡ tr✐❧✐♥❡❛r s❝❛❧❛r ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ♠❛ss ❡✐❣❡♥st❛t❡s ❛r❡ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ♠❛ss❡s ❛♥❞
♠✐①✐♥❣ ❛♥❣❧❡s✳ ❚❤❡ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ Aah ✈❡rt❡① ✐s ❬✶❪

gAah =
1

vMA

[M2
h − 2M2

H −M2
A + 4M2

H± −M2
a − 2λ3v

2

+ 2
(

λP1 cos
2 β + λP2 sin

2 β
)

v2
]

sin θ cos θ ,
✭✹✳✻✮

❛♥❞ t❤❡ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ aah ✈❡rt❡① ❬✶❪

gaah =
1

vMh

[
(

M2
h − 2M2

H + 4M2
H± − 2M2

a − 2λ3v
2
)

sin2 θ

− 2
(

λP1 cos
2 β + λP2 sin

2 β
)

v2 cos2 θ
]

.
✭✹✳✼✮

✇✐❧❧ ❜❡ ✉s❡❢✉❧ ✇❤❡♥ ✐♥t❡r♣r❡t✐♥❣ s♣❡❝✐✜❝ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼✳

✼✵



❚❛❜❧❡ ✹✳✶✿ ❚❤❡ ✶✹ ✐♥❞❡♣❡♥❞❡♥t ✷❍❉▼+a ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❬✶❪✳

P❛r❛♠❡t❡r ■♥t❡r♣r❡t❛t✐♦♥
MA ♠❛ss ♦❢ t❤❡ ❤❡❛✈② CP ✲♦❞❞ s❝❛❧❛r ❉❛r❦ ▼❛tt❡r ♠❡❞✐❛t♦r A✳
Ma ♠❛ss ♦❢ t❤❡ ❧✐❣❤t CP ✲♦❞❞ s❝❛❧❛r ❉❛r❦ ▼❛tt❡r ♠❡❞✐❛t♦r a✳
MH ♠❛ss ♦❢ t❤❡ ❤❡❛✈② CP ✲❡✈❡♥ s❝❛❧❛r H✳
Mh ♠❛ss ♦❢ t❤❡ ❧✐❣❤t CP ✲❡✈❡♥ s❝❛❧❛r h✳ ❋✐①❡❞ t♦ 125GeV ❬✶❪ t♦ ❛❧❧♦✇

h t♦ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s t❤❡ 125GeV s❝❛❧❛r ♦❜s❡r✈❡❞ ❛t t❤❡ ▲❍❈✳
MH± ♠❛ss ♦❢ t❤❡ ❝❤❛r❣❡❞ s❝❛❧❛r H±✳
sin θ s✐♥❡ ♦❢ t❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ θ ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❡❞✐❛t♦rs a ❛♥❞ A✳
α ♠✐①✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ CP ✲❡✈❡♥ s❝❛❧❛rs h ❛♥❞ H✳ ❋✐①❡❞ s✉❝❤ t❤❛t sin(β − α) = 1

t♦ ❦❡❡♣ ❝♦✉♣❧✐♥❣s ♦❢ h ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ❙▼ ❍✐❣❣s ❜♦s♦♥ ❝♦✉♣❧✐♥❣s✳
tan β r❛t✐♦ ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✳
v ♥♦r♠ ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✳

❋✐①❡❞ t♦ 246GeV ❬✶❪ t♦ ❣✐✈❡ ❛ ✈❛❧✉❡ ♦❢ GF ❝♦♥s✐st❡♥t ✇✐t❤ ♦❜s❡r✈❛t✐♦♥s ❬✶✼❪
❛♥❞ ❦❡❡♣ t❤❡ ❝♦✉♣❧✐♥❣s ♦❢ h ❛❧✐❣♥❡❞ t♦ t❤♦s❡ ♦❢ t❤❡ ❙▼ ❍✐❣❣s ❜♦s♦♥✳

λ3 q✉❛rt✐❝ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✳
◆♦t ❝♦♥str❛✐♥❡❞ ❜② ♠❛ss ❞✐❛❣♦♥❛❧✐s❛t✐♦♥✳

λP1 ❛ q✉❛rt✐❝ ♣♦rt❛❧ ❝♦✉♣❧✐♥❣ ❝♦♥♥❡❝t✐♥❣ t❤❡ ❞❛r❦ s❡❝t♦r ❛♥❞ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡t H1✳
λP2 ❛ q✉❛rt✐❝ ♣♦rt❛❧ ❝♦✉♣❧✐♥❣ ❝♦♥♥❡❝t✐♥❣ t❤❡ ❞❛r❦ s❡❝t♦r ❛♥❞ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡t H2✳
Mχ ♠❛ss ♦❢ t❤❡ ♠❛ss✐✈❡ ❉✐r❛❝ ❢❡r♠✐♦♥ s✐♥❣❧❡t ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡ χ✳
yχ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ♠❛ss✐✈❡ ❉✐r❛❝ ❢❡r♠✐♦♥ s✐♥❣❧❡t t♦ t❤❡ ♠❡❞✐❛t♦rs a ❛♥❞ A✳

❚❤❡ ❡✛❡❝t✐✈❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ✐s ❢✉rt❤❡r♠♦r❡ ❛ ❢✉♥❝t✐♦♥ ♦❢ sin θ ❬✶❪✳

✼✶



✹✳✷ ❊①✐st✐♥❣ ✷❍❉▼+a ❈♦♥str❛✐♥ts

■♥ t❤✐s s❡❝t✐♦♥✱ s♦♠❡ ❡①✐st✐♥❣ ❝♦♥str❛✐♥ts ♦♥ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡r s♣❛❝❡✱ ✇❤✐❝❤ ❛r❡ r❡❧❡✈❛♥t
t♦ t❤❡ st✉❞✐❡s s♣❡❝✐✜❝ t♦ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ❛t ❆❚▲❆❙ ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡rs ✻ t♦ ✽✱
❛r❡ ❞✐s❝✉ss❡❞✳ ❚❤❡② ❛r❡ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✈❛r✐♦✉s ❝♦♥str❛✐♥ts ❝♦♠♠♦♥❧② ❛♣♣❧✐❝❛❜❧❡ t♦ ✷❍❉▼s✱
❉❛r❦ ▼❛tt❡r ♠♦❞❡❧s✱ ♦r ❜♦t❤✳

✹✳✷✳✶ P❡rt✉r❜❛t✐✈❡ ❯♥✐t❛r✐t②

❆♥ ✐♠♣♦rt❛♥t ❝♦♥str❛✐♥t ✐s t❤❡ ✐ss✉❡ ♦❢ t❤❡ ♣❡rt✉r❜❛t✐✈✐t② ❛♥❞ ✉♥✐t❛r✐t② ♦❢ s❝❛tt❡r✐♥❣ ❛♠✲
♣❧✐t✉❞❡s✳ ❚❤❡ ♣❡rt✉r❜❛t✐♦♥ s❡r✐❡s ♥❡❡❞s t♦ ❝♦♥✈❡r❣❡ r❡❛s♦♥❛❜❧② ❢❛st✱ ❜❡❝❛✉s❡ ♦t❤❡r✇✐s❡ t❤❡
♣❡rt✉r❜❛t✐♦♥ t❤❡♦r② t❤❛t ▲❖ s✐♠✉❧❛t✐♦♥s ❛♥❞ ✜①❡❞ ♦r❞❡r ❢♦r♠✉❧❛s ❛r❡ ♣r❡❞✐❝❛t❡❞ ✉♣♦♥ ❞♦❡s
♥♦t ❛♣♣❧② ❬✶✼❪✳ ◆♦♥✲✉♥✐t❛r✐t② ♦❢ t❤❡ s❝❛tt❡r✐♥❣ ♠❛tr✐① ✐♠♣❧✐❡s ♥♦♥✲❝♦♥s❡r✈❛t✐♦♥ ♦❢ ♣r♦❜❛❜✐❧✐t②✱
t❤✉s s✉❝❤ ❛ t❤❡♦r② ♠✉st ❜❡ ✇r♦♥❣ ❬✶✼❪✳ ◆♦t❡ t❤❛t ✇❤✐❧❡ ❛ ♥♦♥✲✉♥✐t❛r② s❝❛tt❡r✐♥❣ ♠❛tr✐① ✐♠♣❧✐❡s
t❤❛t t❤❡ t❤❡♦r② ♣r❡❞✐❝t✐♥❣ ✐t ✐s ❢✉♥❞❛♠❡♥t❛❧❧② ✇r♦♥❣✱ ❛ ♥♦♥✲♣❡rt✉r❜❛t✐✈❡ ♠♦❞❡❧ ✐s ♥♦t ✉♥♣❤②✲
s✐❝❛❧❀ ✐♥st❡❛❞ ❞❡s❝r✐❜✐♥❣ s✉❝❤ ❛ t❤❡♦r② ✇✐t❤ t❤❡ t♦♦❧s ♦❢ ♣❡rt✉r❜❛t✐♦♥ t❤❡♦r② ♣r♦❞✉❝❡s ✇r♦♥❣
r❡s✉❧ts✳ ❋♦❧❧♦✇✐♥❣ ❘❡❢✳ ❬✶❪✱ t❤❡ ✉♥✐t❛r✐t② ❛♥❞ ♣❡rt✉r❜❛t✐✈✐t② ❝♦♥str❛✐♥ts ❛r❡ ✉s✉❛❧❧② s❛t✐s✜❡❞
✐❢ MA,Ma,MH ≤ MH± = O(1TeV), λ3, λP1, λP2 ≈ O(1) ♦r ❜❡❧♦✇ ❬✶❪✱ tan β ≥ 0.3 ❬✾✽❪✱ ❛♥❞
Γi .

Mi

3
❢♦r i = A,H✳ ❚❤✐s ✐s t❤❡ ❝❛s❡ ❢♦r ♠♦st ♦❢ t❤❡ ♠♦❞❡❧s st✉❞✐❡❞ ✐♥ ❈❤❛♣t❡rs ✹ ❛♥❞ ✻ t♦ ✽✳

✹✳✷✳✷ ❊❧❡❝tr♦✇❡❛❦ Pr❡❝✐s✐♦♥ ▼❡❛s✉r❡♠❡♥ts

■♥ t❤❡ ❙▼ ✇✐t❤ ❛ s✐♥❣❧❡ ❍✐❣❣s ❞♦✉❜❧❡t✱ t❤❡ ❍✐❣❣s s❡❝t♦r ▲❛❣r❛♥❣✐❛♥ ♣♦ss❡ss❡s ❛ s②♠♠❡tr②
SO(4) t❤❛t ✐s ❧❛r❣❡r t❤❛♥ ❥✉st t❤❡ ❡❧❡❝tr♦✇❡❛❦ ❣❛✉❣❡ s②♠♠❡tr② ❬✶✼❪✳ ❆s ❛ r❡s✉❧t✱ t❤❡ r❡❧❛t✐♦♥

ρ ≡ M2
W

M2
Z cos2 θw

= 1 ♦❢ t❤❡ W,Z ♠❛ss❡s MW ,MZ ✱ ❛♥❞ t❤❡ ❲❡✐♥❜❡r❣ ❛♥❣❧❡ θw✱ ✐s ♣r♦t❡❝t❡❞ ❢r♦♠

❝♦rr❡❝t✐♦♥s ❛r✐s✐♥❣ ❛t ♦♥❡✲❧♦♦♣ ❧❡✈❡❧ ❬✶✼❪✳ ❚❤✐s ♠❛t❝❤❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜s❡r✈❡❞ s♠❛❧❧♥❡ss
♦❢ ❞❡✈✐❛t✐♦♥s ❢r♦♠ ρ = 1 ✈❡r② ✇❡❧❧ ✱ ✇❤✐❝❤ ❛r❡ O(10−3) ♦r s♠❛❧❧❡r ❬✶✼❪✳

■♥ ❣❡♥❡r❛❧✱ ✷❍❉▼ ♣♦t❡♥t✐❛❧s ❧❛❝❦ ❛ ❝✉st♦❞✐❛❧ s②♠♠❡tr② ❛❣❛✐♥st s✉❝❤ ♦♥❡ ❧♦♦♣ ❝♦♥tr✐❜✉t✐♦♥s✱
❛♥❞ s♦ t❤❡② ❝❛♥ ♣r❡❞✐❝t q✉✐t❡ ❧❛r❣❡ ❞❡✈✐❛t✐♦♥s ❢r♦♠ ρ = 1 ❬✶✵✵❪✳ ■♥ t❤❡ ✷❍❉▼+a✱ t❤❡ ❛❞❞✐t✐♦♥❛❧
♣♦rt❛❧ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮ ♠♦❞✐❢② t❤❡ ρ ♣r❡❞✐❝t✐♦♥ r❡❧❛t✐✈❡ t♦ t❤❡ ♣✉r❡ ✷❍❉▼ ❝❛s❡✱ ❛♥❞
❛t ♦♥❡✲❧♦♦♣ ❧❡✈❡❧ t❤❡ r❡s✉❧t ✐s ❬✶❪✿

∆ρ =
M2

H±

(4πv)2
[1 + f(MH ,Ma,MH±) + f(Ma,MH ,MH±)] sin2 θ , ✭✹✳✽✮

✇✐t❤

f(a, b, c) =
a4(b2 − c2)

c2(a2 − b2)(a2 − c2)
log

(

a2

c2

)

. ✭✹✳✾✮

❚❤✉s✱ ✇✐t❤ MH± = MH ✱ ∆ρ = 0 ❛t ♦♥❡✲❧♦♦♣ ❧❡✈❡❧ ❛♥❞ ♦♥❡ ❝❛♥ ❛✈♦✐❞ ❝♦♥str❛✐♥ts ♦♥ t❤❡
♦t❤❡r ♣❛r❛♠❡t❡rs ❬✶❪✳ ■♥ t❤✐s r❡s♣❡❝t✱ t❤❡ ✷❍❉▼+a ✐s s✐♠✐❧❛r t♦ ❣❡♥❡r✐❝ ✷❍❉▼ ♠♦❞❡❧s ❬✶✵✵❪✳
❍♦✇❡✈❡r✱ ✐♥ t❤❡ ✷❍❉▼ ❝❛s❡✱ MH± =MA0

✐s ❛❧s♦ s✉✣❝✐❡♥t ❢♦r ∆ρ = 0✱ ❛♥❞ t❤❡ ❛♥❛❧♦❣✉❡ ✐s ♥♦t
t❤❡ ❝❛s❡ ❢♦r t❤❡ ✷❍❉▼+a✱ ✇❤❡r❡ ❢♦rMA =MH± ❛ str♦♥❣ ∆ρ ❞❡♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ♣❛r❛♠❡t❡rs ✐♥
❊q✉❛t✐♦♥ ✭✹✳✽✮ r❡♠❛✐♥s ❬✶✱ ✶✵✵❪✳ ❚❤✉s✱ t❤❡ ❝♦♥str❛✐♥ts ❢r♦♠ ❡❧❡❝tr♦✇❡❛❦ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥ts
♦❢ ρ ❛r❡ ❛❝❝♦✉♥t❡❞ ❢♦r ❜② ✜①✐♥❣ MH± =MH ❢♦r t❤❡ ✷❍❉▼+a st✉❞✐❡s ✐♥ t❤✐s t❤❡s✐s✳

✹✳✷✳✸ ▲✐♠✐t ♦♥ h → ■♥✈✐s✐❜❧❡

■♥ t❤❡ ✷❍❉▼+a✱ t❤❡r❡ ✐s ❛ s❝❛❧❛r ✈❡rt❡① haa ❬✶❪✱ ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦✉♣❧✐♥❣ ❣✐✈❡♥ ❜②
❊q✉❛t✐♦♥ ✭✹✳✼✮✳ ❚❤✐s ✈❡rt❡①✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♠❛ss❡s ♦❢ t❤❡ h, a, ❛♥❞ χ ♣❛rt✐❝❧❡s✱ ❝❛♥ ❣✐✈❡ r✐s❡

✼✷



h

a

a(∗)

χ̄

χ

χ̄

χ

❋✐❣✉r❡ ✹✳✶✿ ✷❍❉▼+a ❋❡②♥♠❛♥ ❞✐❛❣r❛♠ ❝♦♥tr✐❜✉t✐♥❣ t♦ BR(h→ inv.) ❬✶❪✳

t♦ ❞❡❝❛②s h → aa(∗) → 2χ2χ̄ ❬✶❪✱ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✳ ❚❤❡s❡ ❞❡❝❛②s ❝♦♥tr✐❜✉t❡ t♦ t❤❡
✐♥✈✐s✐❜❧❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ BR(h→ inv.) ♦❢ t❤❡ ❧✐❣❤t CP ✲❡✈❡♥ s❝❛❧❛r h ❬✶❪✳

❙✐♥❝❡ h ✐s ✐♥t❡r♣r❡t❡❞ ❛s t❤❡ 125GeV s❝❛❧❛r ♦❜s❡r✈❡❞ ❛t t❤❡ ▲❍❈✱ t❤✐s ❣✐✈❡s r✐s❡ t♦ ❛
❝♦♥str❛✐♥t ❬✶❪✱ ❛s BR(h→ inv.) ♥❡❡❞s t♦ ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ✉♣♣❡r ❧✐♠✐t ♦❢ 23% ❛t
95% ❈▲ ❬✶✵✶❪✳ ■♥ ❣❡♥❡r❛❧✱ t❤✐s ❝♦♥str❛✐♥t ❝❛♥ ❜❡ ❛✈♦✐❞❡❞ ❜②Ma > Mh✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♦t❤❡r
♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ Ma > Mh/2 ♠❛② ♥♦t ❜❡ s✉✣❝✐❡♥t✱ s✐♥❝❡ ❡✈❡♥ ♦✛✲s❤❡❧❧ h→ 2χ2χ̄ ♣r♦❝❡ss❡s
❝❛♥ ❤❛✈❡ ♣❛rt✐❛❧ ✇✐❞t❤s ❢❛r ❧❛r❣❡r t❤❛♥ ❛♥② ✈✐s✐❜❧❡ ❙▼ ❞❡❝❛②✱ ❧❡❛❞✐♥❣ t♦ BR(h→ inv.) ≈ 100%
❬✶❪✳ ❋✐♥❛❧❧②✱ t❤✐s ❝♦♥str❛✐♥t ❡①✐sts ❡✈❡♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ sin θ = 0✱ ✐✳❡✳ ♥♦ a,A ♠✐①✐♥❣✱ s✐♥❝❡ t❤❡
q✉❛rt✐❝ ♣♦rt❛❧ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮ st✐❧❧ ❝♦♥tr✐❜✉t❡ ❬✶❪✳

❚♦ ✐♥❝♦r♣♦r❛t❡ t❤❡ ❝♦♥str❛✐♥t ❢r♦♠ t❤❡ ❧✐♠✐t ♦♥ h→ inv.✱ t❤❡ s❝❛♥s ❝♦♥str✉❝t❡❞ ✐♥ ❈❤❛♣t❡r ✼
❛r❡ ❧✐♠✐t❡❞ t♦ Ma ≥ 100GeV✳

✹✳✷✳✹ ❱❛❝✉✉♠ ❙t❛❜✐❧✐t②

❲❤❡♥ ❝♦♥str✉❝t✐♥❣ ❛ ✷❍❉▼✱ ♦♥❡ ♦❢ t❤❡ ✐♠♣❧✐❝✐t ❛ss✉♠♣t✐♦♥s ✐s t❤❛t t❤❡ s❝❛❧❛rs ♣❛rt✐❝✐♣❛t❡
✐♥ ✇❤❛t ✐s ❝❛❧❧❡❞ ❛ ❍✐❣❣s ♠❡❝❤❛♥✐s♠ ❬✾✾✱ ✶✵✷✱ ✾✽✱ ✶✵✸❪✳ ❍✐❣❣s ♠❡❝❤❛♥✐s♠ ❬✶✼❪ r❡❢❡rs t♦ t❤❡
✐❞❡❛ t❤❛t t❤❡ s❝❛❧❛rs ♦❢ t❤❡ t❤❡♦r② ❣❡♥❡r❛t❡ ❡✛❡❝t✐✈❡ ♠❛ss❡s ❢♦r ❛❧❧ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♠❛ss✐✈❡
✐♥t❡r❛❝t✐♥❣ ❙▼ ♣❛rt✐❝❧❡s✱ ❛s ❞❡t❛✐❧❡❞ ❢♦r t❤❡ ❙▼ ❝❛s❡ ✐♥ ❙❡❝t✐♦♥ ✶✳✷✳✹✳ ❚❤❡s❡ ♣❛rt✐❝❧❡s ♦❜t❛✐♥
t❤❡✐r ❡✛❡❝t✐✈❡ ♠❛ss❡s ❜② ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡ ♥♦♥✲✈❛♥✐s❤✐♥❣ ✈❛❝✉✉♠ st❛t❡s ♦❢ t❤❡ ❍✐❣❣s ✜❡❧❞s✳
❚❤✐s ❝❛♥ ♦♥❧② ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ✜♥✐t❡ ❛♥❞ ❝♦♥st❛♥t ♠❛ss❡s ❬✶✼✱ ✶✵✹❪ ♦❢ ❛❧❧ ♦❜s❡r✈❡❞
❙▼ ♣❛rt✐❝❧❡s ✐❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ✐s ✜♥✐t❡✳ ❚❤✐s ❝♦♥❞✐t✐♦♥ ✐s t❤❡ ✈❛❝✉✉♠ st❛❜✐❧✐t②
r❡q✉✐r❡♠❡♥t✳

❱❛❝✉✉♠ st❛❜✐❧✐t② ❢♦r ❛ s✐♥❣❧❡ ❍✐❣❣s ❞♦✉❜❧❡t ❋♦r ❛ s✐♥❣❧❡ ❍✐❣❣s ❞♦✉❜❧❡t φ✱ t❤❡ tr❡❡ ❧❡✈❡❧
♣♦t❡♥t✐❛❧ ✐s t②♣✐❝❛❧❧② ❞❡s❝r✐❜❡❞ ❛s ❛ ♣♦❧②♥♦♠✐❛❧ ♦❢ ♦r❞❡r 4 ✐♥ φ ❬✶✼❪✱ ❛s s❡❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✶✳✶✵✮
■♥ t❤✐s ❝❛s❡✱ ❛ ✜♥✐t❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ❛t tr❡❡ ❧❡✈❡❧ ✐s ❣✐✈❡♥ ✇❤❡♥ t❤❡ ♣r❡❢❛❝t♦r λ ♦❢
t❤❡ (φ†φ)2 t❡r♠ ✐s ♣♦s✐t✐✈❡✿ λ > 0✳ ■❢ λ < 0 ✱ t❤❡ ♣♦t❡♥t✐❛❧ ❤❛s ♥♦ ❣❧♦❜❛❧ ♠✐♥✐♠✉♠✱ ❛♥❞ ❛
❢❛❧s❡ ✈❛❝✉✉♠ st❛t❡ s✐tt✐♥❣ ✐♥ ❛♥② ❧♦❝❛❧ ♠✐♥✐♠✉♠ ❝❛♥✱ ❛♥❞ ❡✈❡♥t✉❛❧❧② ✇✐❧❧✱ ❞❡❝❛② ❜② t✉♥♥❡❧✐♥❣
t♦ ❛ ❧♦✇❡r ❡♥❡r❣② st❛t❡ ♦❢ ❛r❜✐tr❛r✐❧② ❧❛r❣❡ ❍✐❣❣s ✜❡❧❞ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡✳ ❚❤✐s ❞❡❝❛② ♦❢ t❤❡
❢❛❧s❡ ✈❛❝✉✉♠ ✇♦✉❧❞ r❛❞✐❝❛❧❧② ❝❤❛♥❣❡ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ❙▼ ❢❡r♠✐♦♥s✱ ❛♥❞ t❤✉s ✐t ✐s ✐♥❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❡✈✐❞❡♥❝❡ ❬✶✵✹✱ ✶✼❪✳ ❇❛s❡❞ ♦♥ t❤❡ ♠❡❛s✉r❡❞ ❍✐❣❣s ❛♥❞ t♦♣ ♣♦❧❡ ♠❛ss❡s✱
❛ ♠❡t❛st❛❜❧❡ ❙▼ ✈❛❝✉✉♠ ✇❤❡♥ ❡①tr❛♣♦❧❛t✐♥❣ t♦ ✈❡r② ❤✐❣❤ ✜❡❧❞s ✐s ♠♦st ❧✐❦❡❧②✱ ❜✉t t❤❡ ❝✉rr❡♥t

✼✸



♠❡❛s✉r❡♠❡♥ts ❛r❡ ♥♦t ♣r❡❝✐s❡ ❡♥♦✉❣❤ t♦ r✉❧❡ ♦✉t ❛ st❛❜❧❡ ✈❛❝✉✉♠ ❡✐t❤❡r ❬✶✵✺❪✳ ❚❤❡ ✈❛❝✉✉♠
st❛❜✐❧✐t② ❝♦♥❞✐t✐♦♥ λ > 0✱ ❛❧s♦ ❝❛❧❧❡❞ t❤❡ ✏❜♦✉♥❞❡❞✲❢r♦♠✲❜❡❧♦✇✑ ❝♦♥❞✐t✐♦♥✱ ✐s t❤✉s ❛ r❡q✉✐r❡♠❡♥t
♦❢ ❛ r❡❛❧✐st✐❝ ❍✐❣❣s s❡❝t♦r ✇✐t❤ ♦♥❡ ❍✐❣❣s ❞♦✉❜❧❡t✳

❱❛❝✉✉♠ ❙t❛❜✐❧t② ✐♥ ✷❍❉▼s ■♥ ❛ ✷❍❉▼✱ ✇❤❡r❡ t❤❡r❡ ❛r❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✱ t❤❡ s❛♠❡
♣r✐♥❝✐♣❧❡ ❛♣♣❧✐❡s✳ ❚❤❡ ❍✐❣❣s ♣♦t❡♥t✐❛❧✱ ✐✳❡✳ ❊q✉❛t✐♦♥ ✭✹✳✶✮✱ ✐s st✐❧❧ ❛ ✹t❤ ♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ✐♥
t❤❡ ✜❡❧❞ ♦♣❡r❛t♦rs✳ ❍♦✇❡✈❡r✱ ♥♦✇ t❤❡r❡ ✐s ♥♦t ♦♥❧② ♦♥❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❤✐❣❤❡st ♦r❞❡r t❡r♠✱ ❜✉t
s❡✈❡r❛❧✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ ♣♦t❡♥t✐❛❧ ❣❡♦♠❡tr② ✐s ♥♦✇ ♠♦r❡ ✐♥✈♦❧✈❡❞✱ ❛ s❡t ♦❢ ✹ ❝♦♥❞✐t✐♦♥s ♦♥ t❤❡
♣r❡✲❢❛❝t♦rs λ1, λ2, . . . ❝❛♥ ❜❡ ❢♦✉♥❞ t❤❛t ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♣♦t❡♥t✐❛❧ t❡♥❞✐♥❣ t♦✇❛r❞s ♣♦s✐t✐✈❡
✐♥✜♥✐t② ✐♥ ❛♥② ✜❡❧❞ ❞✐r❡❝t✐♦♥✱ t❤✉s ❡♥s✉r✐♥❣ ❛ ❣❧♦❜❛❧ ♠✐♥✐♠✉♠ ❬✾✾❪✿

λ1 > 0, λ2 > 0, λ3 > −
√

λ1λ2, λ3 + λ4 − |λ5| > −
√

λ1λ2 . ✭✹✳✶✵✮

■♥ t❤❡ s♣❡❝✐❛❧ ❝❛s❡ ♦❢ MH =MH± ❛♥❞ sin(β−α) = 1✱ ❛❧❣❡❜r❛✐❝ tr❛♥s❢♦r♠❛t✐♦♥s ♦❢ ■♥❡q✉❛✲
❧✐t② ✭✹✳✶✵✮✱ ❡①♣❧✐❝✐t❧② ♣❡r❢♦r♠❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✱ ②✐❡❧❞ ❛ s❡t ♦❢ str♦♥❣❡r ❝♦♥❞✐t✐♦♥s ✇❤❡r❡ ❛❧❧ λi
❡①❝❡♣t ❢♦r λ3 ❛r❡ r❡♣❧❛❝❡❞ ❜② ♠♦r❡ ♠❡❛♥✐♥❣❢✉❧ ♣❛r❛♠❡t❡rs✿

MH =MH± , sin(β − α) = 1, λ3 ≥
M2

h

v2
, v2λ3 > M2

H −M2
A0

. ✭✹✳✶✶✮

❱❛❝✉✉♠ st❛❜✐❧✐t② ✐♥ t❤❡ ✷❍❉▼+a ❚❤❡ ✜rst q✉❡st✐♦♥ t♦ r❛✐s❡ ✇❤❡♥ ❡①t❡♥❞✐♥❣ t❤❡ ✈❛❝✉✉♠
st❛❜✐❧✐t② ❝♦♥❞✐t✐♦♥s ❢r♦♠ t❤❡ ✷❍❉▼ t♦ t❤❡ ✷❍❉▼+a ❝❛s❡ ✐s t❤❛t ♦❢ ❛❞❞✐t✐♦♥❛❧ ♣♦t❡♥t✐❛❧ t❡r♠s✳
■❢ t❤❡r❡ ✇❡r❡ ❛♥② ❛❞❞✐t✐♦♥❛❧ q✉❛rt✐❝ ❝♦✉♣❧✐♥❣s ✐♥tr♦❞✉❝❡❞✱ t❤✐s ✇♦✉❧❞ ♠❡❛♥ t❤❛t t❤❡ ❝♦♥❞✐t✐♦♥s
✐♥ ■♥❡q✉❛❧✐t② ✭✹✳✶✵✮ ♥❡❡❞❡❞ t♦ ❜❡ ♠♦❞✐✜❡❞ t♦ ❛♣♣❧② ✐♥ t❤❡ ✷❍❉▼+a ❝❛s❡✳ ❋♦rt✉♥❛t❡❧②✱ t❤❡ ♦♥❧②
♥❡✇ q✉❛rt✐❝ t❡r♠s ❛r❡ t❤♦s❡ ∝ λP1, λP2 ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮✳ ❙✐♥❝❡ t❤❡s❡ t❡r♠s ❛r❡ ∝ a20✱ ❛♥❞ t❤❡
✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡ ♦❢ a0 ✈❛♥✐s❤❡s✱ t❤❡s❡ t✇♦ t❡r♠s ❞♦ ♥♦t ❛✛❡❝t t❤❡ ✈❛❝✉✉♠ str✉❝t✉r❡❀
❛❧❧ ♦t❤❡r t❡r♠s ❛r❡ ♦❢ ♦r❞❡r ✸ ♦r ❧❡ss ✐♥ t❤❡ ✜❡❧❞s✳ ❚❤✉s✱ t❤❡ ❝♦♥❞✐t✐♦♥s ✐♥ ■♥❡q✉❛❧✐t② ✭✹✳✶✵✮
❛♣♣❧② ✉♥♠♦❞✐✜❡❞✳

❚♦ ✉s❡ t❤❡ ❝♦♥❞✐t✐♦♥s ✐♥ ■♥❡q✉❛❧✐t② ✭✹✳✶✵✮✱ t❤❡② ♥❡❡❞ t♦ ❜❡ ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ t❤❡ ♠♦r❡
♠❡❛♥✐♥❣❢✉❧ ♣❛r❛♠❡t❡rs ✐♥ ❚❛❜❧❡ ✹✳✶✳ ❚❤❡ st❡♣s ❧❡❛❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✭✹✳✶✶✮ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞
❛♥❛❧♦❣♦✉s❧② ❢♦r t❤❡ ✷❍❉▼+a✱ ✇✐t❤ ♦♥❡ ❞✐✛❡r❡♥❝❡✿ MA0

✐s ♥♦t ❛ ♠❛ss ❡✐❣❡♥✈❛❧✉❡ ♦❢ ❛♥② ♠❛ss
❡✐❣❡♥st❛t❡ ✐♥ t❤❡ ✷❍❉▼+a✳ ❚❤✉s✱ ✐t ✐s r❡♣❧❛❝❡❞ ❜② t❤❡ ❛♣♣r♦♣r✐❛t❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣❡r
❡✐❣❡♥✈❛❧✉❡s Ma ❛♥❞ MA✱ ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✭✹✳✺✮✱ r❡s✉❧t✐♥❣ ✐♥

MH =MH± , sin(β − α) = 1, λ3 ≥
M2

h

v2
, v2λ3 > M2

H −M2
A cos2 θ −M2

a sin
2 θ . ✭✹✳✶✷✮

■♥ t❤❡ ❛❧✐❣♥♠❡♥t ❧✐♠✐t✱ t❤❡s❡ ❝♦♥❞✐t✐♦♥s ❣✉❛r❛♥t❡❡ ✈❛❝✉✉♠ st❛❜✐❧✐t② ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ tan β✳

❘❡s✉❧ts ❆s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥s ✹✳✶✳✶ ❛♥❞ ✹✳✷✳✷ r❡s♣❡❝t✐✈❡❧②✱ sin(β−α) = 1, v = 246GeV,Mh =
125GeV ❝♦rr❡s♣♦♥❞ t♦ ❙▼✲❧✐❦❡ h ❝♦✉♣❧✐♥❣s✱ ❛♥❞ MH = MH± ✐s ❢❛✈♦r❡❞ ❜② ❡❧❡❝tr♦✇❡❛❦ ♣r❡❝✐✲
s✐♦♥ ❝♦♥str❛✐♥ts✳ ❲✐t❤ t❤❡s❡ ♣❛r❛♠❡t❡r ❝❤♦✐❝❡s✱ t✇♦ ❝♦♥❞✐t✐♦♥s ❢r♦♠ ❊q✉❛t✐♦♥ ✭✹✳✶✷✮ r❡♠❛✐♥✿
❛ ❧♦✇❡r ❜♦✉♥❞ ♦❢ ≈ 0.2581 ❢♦r λ3 ❛♥❞ ❛ q✉❛❞r❛t✐❝ ❡q✉❛t✐♦♥ ✐♥ MH ,MA,Ma, sin θ✱ ❛❣❛✐♥ ❣✐✈✐♥❣
❛ ❧♦✇❡r ❜♦✉♥❞ t♦ λ3✳

❚❤❡ r❡s✉❧t✐♥❣ r❡❣✐♦♥s ♦❢ ♣❛r❛♠❡t❡r s♣❛❝❡ ❛❧❧♦✇❡❞ ❜② ✈❛❝✉✉♠ st❛❜✐❧✐t② ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥
❋✐❣✉r❡ ✹✳✷✳ ❚❤❡ ✈❛❝✉✉♠ st❛❜✐❧✐t② ❞❡♣❡♥❞❡♥❝❡ ♦♥Ma ✐s s♠❛❧❧✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✭❛✮✳
❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❝❤♦✐❝❡ ♦❢ ❛ s♠❛❧❧ sin2 θ✱ ✇❤✐❝❤ ✐s ❛ ♣r❡❢❛❝t♦r t♦ t❤❡ M2

a ❝♦♥tr✐❜✉t✐♦♥ ✐♥

✼✹
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❋✐❣✉r❡ ✹✳✷✿ ❚r❡❡ ❧❡✈❡❧ ✈❛❝✉✉♠ st❛❜✐❧✐t② ❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ ✷❍❉▼+a ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛✲
t✐♦♥ ✭✹✳✶✷✮✳ ❚❤❡ ✐♥❡q✉❛❧✐t② ✐s ❞✐s♣❧❛②❡❞ ❛s t❤❡ ♠❛①✐♠❛❧ MH = MH± ❛❧❧♦✇❡❞ ❜② tr❡❡ ❧❡✈❡❧
✈❛❝✉✉♠ st❛❜✐❧✐t②✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ✹ r❡❧❡✈❛♥t ♣❛r❛♠❡t❡rs✳ ❚❤❡ Ma ❞❡♣❡♥❞❡♥❝❡ ✐s
s❤♦✇♥ ✐♥ ✭❛✮✱ t❤❡ MH −MA ❞❡♣❡♥❞❡♥❝❡ ✐s s❤♦✇♥ ✐♥ ✭❜✮✱ t❤❡ sin θ ❞❡♣❡♥❞❡♥❝❡ ✐s s❤♦✇♥ ✐♥ ✭❝✮✱
❛♥❞ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦♥ λ3 ✐s s❤♦✇♥ ✐♥ ✭❞✮✳ ❚❤❡ r❡s♣❡❝t✐✈❡ ♦t❤❡r r❡❧❡✈❛♥t ♣❛r❛♠❡t❡rs ❛r❡ ✜①❡❞
❛t Ma = 200GeV, sin θ = 0.35, λ3 = 3, sin(β − α) = 1, v = 246GeV,MH =MH± =MA✳

✼✺



❊q✉❛t✐♦♥ ✭✹✳✶✷✮✳ ❈♦rr❡s♣♦♥❞✐♥❣❧② t❤❡ ❡✛❡❝ts ♦❢ Ma ❛♥❞ MA ♦♥ t❤❡ ✈❛❝✉✉♠ st❛❜✐❧✐t② ❛r❡
r❡✈❡rs❡❞ ❢♦r sin θ > 1/

√
2✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ MH − MA str♦♥❣❧② ❛✛❡❝ts t❤❡ st❛❜✐❧✐t② ♦❢ t❤❡

✈❛❝✉✉♠✱ ❞✐s❢❛✈♦r✐♥❣ ❧❛r❣❡ ♣♦s✐t✐✈❡ ❞✐✛❡r❡♥❝❡s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✭❜✮✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ✇❡❛❦
❝♦♥str❛✐♥t ❛t ❧♦✇ sin θ✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✭❝✮✱ ❜❡❝♦♠❡s str♦♥❣ ❛t ❤✐❣❤ sin θ✳ ❚❤❡ r❡❛s♦♥ ✐s
t❤❛t t❤❡ r❡❧❡✈❛♥t ♠❛ss ❞✐✛❡r❡♥❝❡ ❛t ❤✐❣❤ sin θ ✐s ♥♦t MH −MA✱ ❜✉t MH −Ma✱ ✇❤✐❝❤ ✐s ❧❛r❣❡r
❢♦r t②♣✐❝❛❧ ♠♦❞❡❧s✳ ❋✐♥❛❧❧②✱ ✐♥❝r❡❛s✐♥❣ λ3 ❣❡♥❡r❛❧❧② ✐♥❝r❡❛s❡s t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ✇✐t❤ ❛ st❛❜❧❡
✈❛❝✉✉♠✱ ❛s ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t❡❞ ❛♥❞ ❋✐❣✉r❡ ✹✳✷✭❞✮ ❞❡♠♦♥str❛t❡s✳

❈♦♠♣❛r✐♥❣ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♣r❡❢❡rr❡❞ ❜② ✈❛❝✉✉♠ st❛❜✐❧✐t② t♦ t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ ♣❡r✲
t✉r❜❛t✐✈❡ ✉♥✐t❛r✐t②✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✶✱ t❤❡r❡ ✐s s♦♠❡ tr❛❞❡✲♦✛✳ ❚✉♥✐♥❣ ❛ ♣❛r❛♠❡t❡r t♦
♠✐♥✐♠✐③❡ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ✉♥st❛❜❧❡ ✈❛❝✉❛ t❡♥❞s t♦ ❞r✐✈❡ t❤❛t ♣❛r❛♠❡t❡r t♦✇❛r❞s t❤❡ ❜♦✉♥✲
❞❛r✐❡s ♦❢ t❤❡ r❡❣✐♦♥s ♦❢ ✉♥✐t❛r✐t② ❛♥❞ ♣❡rt✉r❜❛t✐✈✐t②✳ ■♥ t❤❡ ♣❛r❛♠❡t❡rs ❝❤♦s❡♥ ❢♦r ❋✐❣✉r❡ ✹✳✷✱
t❤❡s❡ ❝♦♥str❛✐♥ts ❛r❡ s♦♠❡✇❤❛t ❜❛❧❛♥❝❡❞✱ ❛s t❤❡r❡ ✐s ❛ s✐③❛❜❧❡ r❡❣✐♦♥ ♦❢ ♦✈❡r❧❛♣✳

▲✐♠✐t❛t✐♦♥s ❚❤❡r❡ ❛r❡ t✇♦ ♠❛❥♦r ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❛❜♦✈❡ ✈❛❝✉✉♠ st❛❜✐❧✐t② ❛♥❛❧②s✐s ❛s ❛
tr❡❡✲❧❡✈❡❧ ❜♦✉♥❞❡❞✲❢r♦♠✲❜❡❧♦✇ ❝♦♥❞✐t✐♦♥✿

✶✳ ❚❤❡ ♣♦t❡♥t✐❛❧ ❛t ◆❡①t✲t♦✲▲❡❛❞✐♥❣ ❖r❞❡r ✭◆▲❖✮ ❝❛♥ ✐♥ ❣❡♥❡r❛❧ ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ tr❡❡✲
❧❡✈❡❧ ♣♦t❡♥t✐❛❧ ❛s ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✶✮✳ ❚❤✉s✱ ♣❛r❛♠❡t❡r ♣♦✐♥ts t❤❛t ❛♣♣❡❛r st❛❜❧❡ ❛t
tr❡❡ ❧❡✈❡❧ ♠❛② t✉r♥ ♦✉t t♦ ❜❡ ✉♥st❛❜❧❡ ✐♥ ❛ ♦♥❡✲❧♦♦♣ ❝♦rr❡❝t❡❞ ♣♦t❡♥t✐❛❧✱ ❛♥❞ ✈✐❝❡ ✈❡rs❛
❬✶✵✻❪✳

✷✳ ❆♥ ✉♥❜♦✉♥❞❡❞ ✈❛❝❝✉✉♠ ♠❛② ✐♥ ❢❛❝t t✉r♥ ♦✉t t♦ ❜❡ ❜♦✉♥❞❡❞ ❞✉❡ t♦ ❛❞❞✐t✐♦♥❛❧ ♣♦t❡♥t✐❛❧
t❡r♠s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❤✐❣❤✲❡♥❡r❣② ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✳ ❍♦✇❡✈❡r✱ ❡✈❡♥ ✐❢ s✉❝❤ ♦♣❡r❛t♦rs
❡①✐st✱ t❤❡② ✇✐❧❧ t❤❡♥ ②✐❡❧❞ ❞❡❡♣❡r ♣♦t❡♥t✐❛❧ ♠✐♥✐♠❛ ❛t t❤❡✐r r❡s♣❡❝t✐✈❡ ❡♥❡r❣② s❝❛❧❡✳ ❍❡♥❝❡
❤✐❣❤ ❡♥❡r❣② ❡✛❡❝ts ❝❛♥ ♦♥❧② st❛❜✐❧✐③❡ ❛♥ ✉♥st❛❜❧❡ ✈❛❝✉✉♠ ❛t t❤❡ ❡❧❡❝tr♦✇❡❛❦ s❝❛❧❡ ✐❢ t❤❡
❡✛❡❝ts t❤❡♠s❡❧✈❡s ♦❝❝✉r ❛t ♦r ❝❧♦s❡ t♦ t❤❡ ❡❧❡❝tr♦✇❡❛❦ s❝❛❧❡✳ ❚❤✉s t❤✐s ✐s ❧✐♠✐t❛t✐♦♥ ✐s
✈❡r② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❤✐❣❤✲❡♥❡r❣② ❡♠❜❡❞❞✐♥❣ ✉s❡❞ t♦ tr② ❛♥❞ r❡❝♦✈❡r ❛
st❛❜❧❡ ✈❛❝✉✉♠✳

✹✳✷✳✺ ■♥❞✐r❡❝t ❍❡❛✈② ❋❧❛✈♦r ❈♦♥str❛✐♥ts

❚❤❡ ♠❛ss ♦❢ t❤❡ ❝❤❛r❣❡❞ ❍✐❣❣s ❜♦s♦♥ MH± ✐s s✉❜❥❡❝t t♦ ❛ ✈❛r✐❡t② ♦❢ ✐♥❞✐r❡❝t ❝♦♥str❛✐♥ts
❛r✐s✐♥❣ ❢r♦♠ ✐ts ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s t♦ ❤❡❛✈②✲✢❛✈♦r❡❞ q✉❛r❦s H+t̄LbR + h.c. ❛♥❞ H+t̄RbL + h.c.
❬✶❪✱ ❝♦♥tr✐❜✉t✐♥❣ t♦ ❋❈◆❈ ♣r♦❝❡ss❡s ❛t ♦♥❡✲❧♦♦♣ ♦r❞❡r✳

❚❤❡s❡ ❋❈◆❈ ❝♦♥tr✐❜✉t✐♦♥s ✐♥❝❧✉❞❡ r❛r❡ ❞❡❝❛②s ♦❢ B ♠❡s♦♥s✱ B → Xsγ ❬✶❪✱ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✸✭❛✮✱ ✇❤❡r❡ t❤❡ H± r❡♣r❡s❡♥t ♥❡✇ ♣❛rt✐❝❧❡s t❤❛t ❝❛♥ ❛♣♣❡❛r ✐♥ t❤❡ ❧♦♦♣ ✐♥ ♣❧❛❝❡ ♦❢ t❤❡
❙▼ W± ❬✶✵✸❪✳ ❆ ❢✉rt❤❡r r❡❧❡✈❛♥t H± ❋❈◆❈ ❝♦♥tr✐❜✉t✐♦♥ ✐s t❤❡ ♦♥❡ t♦ t❤❡ Bs − B̄s ♦s❝✐❧❧❛t✐♦♥
❛♠♣❧✐t✉❞❡ ❬✶❪✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✸✭❜✮✳ ❆❣❛✐♥ s✐♠✐❧❛r❧② t♦ t❤❡ ❙▼ W±✱ t❤❡ H± ❝♦♥tr✐❜✉t❡ ✈✐❛
❜♦① ❞✐❛❣r❛♠s ❬✶✵✸❪✳

❲❤❡♥ ❡♥s✉r✐♥❣ t❤❛t t❤❡ ✷❍❉▼+a ♣r❡❞✐❝t✐♦♥s ♦❢ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ♦♥❡✲❧♦♦♣ ♦r❞❡r ❋❈◆❈
♣r♦❝❡ss❡s ❛r❡ ♥♦t ✐♥ t❡♥s✐♦♥ ✇✐t❤ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ❤❡❛✈② ✢❛✈♦r s❡❝t♦r✱ t❤❡ t✇♦ ♠♦st
✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs ❛r❡ MH± ❛♥❞ tan β✳

• ■♥❝r❡❛s✐♥❣MH± r❡❞✉❝❡s ♥❡✇ ❋❈◆❈ ❛♠♣❧✐t✉❞❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❧♦♦♣ ❛♠♣❧✐t✉❞❡s ❛r❡
❢✉♥❝t✐♦♥s ♦❢ t❤❡ ♠❛ss r❛t✐♦s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❧♦♦♣s ❬✶✵✸❪✳ ❚❤✉s✱ ✐❢ MH± ✐s ♠✉❝❤
❧❛r❣❡r t❤❛♥ t❤❡ ♠❛ss ♦❢ t❤❡ ❤❡❛✈✐❡st q✉❛r❦s ✐♥ t❤❡ ❧♦♦♣s✱ t❤❡ ✷❍❉▼+a ❋❈◆❈ ❛♠♣❧✐t✉❞❡
✐s r❡❞✉❝❡❞✳

• ■♥❝r❡❛s✐♥❣ tan β ❛❧s♦ r❡❞✉❝❡s ♥❡✇ ❋❈◆❈ ❛♠♣❧✐t✉❞❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ t♦♣ q✉❛r❦
❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ yt t♦ t❤❡ H± ✐♥ t❤❡ t❡r♠ ∝ H+t̄RbL + h.c. ❬✶❪ ✐s str♦♥❣❡st ❢♦r t❤❡ t♦♣
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✭❛✮ ●r❛♣❤ ❝♦♥tr✐❜✉t✐♥❣ t♦ B → Xsγ ❞❡❝❛②s ❬✶✵✸❪

t

t̄

H− H+

b s

s̄ b̄
✭❜✮ ●r❛♣❤ ❝♦♥tr✐❜✉t✐♥❣ t♦ Bs − B̄s ♦s❝✐❧❧❛t✐♦♥s

❋✐❣✉r❡ ✹✳✸✿ ❊①❛♠♣❧❡s ♦❢ ✷❍❉▼ ❞✐❛❣r❛♠s ❣✐✈✐♥❣ r✐s❡ t♦ ❛❞❞✐t✐♦♥❛❧ ❛♠♣❧✐t✉❞❡s ❢♦r r❛r❡ ❤❡❛✈②
✢❛✈♦r ♣r♦❝❡ss❡s s✉❝❤ ❛s r❛r❡ B ❞❡❝❛②s✱ ✐❧❧✉str❛t❡❞ ✐♥ ✭❛✮✱ ♦r B✲♠❡s♦♥ ✢❛✈♦r ♦s❝✐❧❧❛t✐♦♥✱ s❤♦✇♥
✐♥ ✭❜✮✳

q✉❛r❦✱ s✐♥❝❡ ✐t ✐s t❤❡ ❤❡❛✈✐❡st q✉❛r❦✳ ❚❤✉s✱ t♦♣ q✉❛r❦ ❝♦✉♣❧✐♥❣s ♠♦st str♦♥❣❧② ❞❡t❡r♠✐♥❡
t❤❡ s✐③❡ ♦❢ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❋❈◆❈ ❧♦♦♣ ❛♠♣❧✐t✉❞❡s✳ ❍♦✇❡✈❡r✱ t❤❡ t♦♣ q✉❛r❦ ❨✉❦❛✇❛
❝♦✉♣❧✐♥❣ ✐s ∝ 1

tanβ
✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ♦t❤❡r ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥ts ❬✶❪✳ ❈♦♥s❡q✉❡♥t❧②✱

✐♥❝r❡❛s✐♥❣ tan β r❡❞✉❝❡s t❤❡ ✷❍❉▼+a ❋❈◆❈ ❛♠♣❧✐t✉❞❡s✳

❘❡❢✳ ❬✶❪ t❤✉s q✉♦t❡ ❛ ❧♦✇❡r ❧✐♠✐t ♦❢ tan β & 0.8 ❢♦rMH± & 750GeV✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❝♦♥str❛✐♥ts
♠❛② ❜❡ ✇❡❛❦❡♥❡❞ ♦r ❛✈♦✐❞❡❞ ✐♥ ♠♦r❡ ❡①t❡♥❞❡❞ t❤❡♦r✐❡s ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ❋❧❛✈♦r ❈❤❛♥❣✐♥❣ ❈❤❛r✲
❣❡❞ ❈✉rr❡♥t ✭❋❈❈❈✮ ♠❡❞✐❛t♦rs ❝❛♥❝❡❧❧✐♥❣ t❤❡ H± ❧♦♦♣ ❝♦♥tr✐❜✉t✐♦♥s✳ ❚❤✉s✱ ❤❡❛✈② ✢❛✈♦r
❝♦♥str❛✐♥ts ❛r❡ ✐♥❞✐r❡❝t ❝♦♥str❛✐♥ts ✐♥ t❤❡ s❡♥s❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✶✳ ❈♦♥s❡q✉❡♥t❧②✱ ❝❛r❡
✐s t❛❦❡♥ t❤❛t t❤❡② ❞♦ ♥♦t r✉❧❡ ♦✉t t❤❡ ❡♥t✐r❡ ♣❛r❛♠❡t❡r s♣❛❝❡ st✉❞✐❡❞ ✐♥ ❈❤❛♣t❡rs ✻ t♦ ✽✳
❇✉t t❤❡ ✉s❡❢✉❧♥❡ss ♦❢ t❤❡ ♣❛r❛♠❡t❡r s❝❛♥ ❛s ❛ ❜❡♥❝❤♠❛r❦ ❢♦r ♠♦❞❡❧s ✇✐t❤ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢
s✐❣♥❛t✉r❡s ❤❛s ❛ ❤✐❣❤❡r ♣r✐♦r✐t②✳ ❆s ❛♥♦t❤❡r ♠♦❞❡❧ ❣✐✈✐♥❣ r✐s❡ t♦ ❛ s✐♠✐❧❛r h(bb̄) +Emiss

T s✐❣♥❛❧
♠✐❣❤t ❛✈♦✐❞ t❤❡ ✐♥❞✐r❡❝t ❤❡❛✈② ✢❛✈♦r ❝♦♥str❛✐♥ts✱ t❤❡ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦ s❤♦✉❧❞ ❜❡ ✉s❡❢✉❧
❢♦r ♣r♦✈✐❞✐♥❣ ❛ h(bb̄) + Emiss

T ✲❜❛s❡❞ ❝♦♥str❛✐♥t ♦♥ s✉❝❤ ❛ ♠♦❞❡❧ t♦♦✳ ❍❡♥❝❡✱ ❛❧s♦ s♦♠❡ ♣♦✐♥ts
t❤❛t ❛r❡ ✐♥❝♦♥s✐st❡♥t ✇✐t❤ t❤❡s❡ ❝♦♥str❛✐♥ts ❛r❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡ ❜❡♥❝❤♠❛r❦✳

✹✳✷✳✻ ❘❡❧✐❝ ❉❡♥s✐t②

❙✐♥❝❡ ✐♥ t❤❡ ✷❍❉▼+a t❤❡ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡ χ ❝♦✉♣❧❡s t♦ ❙▼ ♣❛rt✐❝❧❡s ✈✐❛ t❤❡ ♠❡❞✐❛t♦rs
a ❛♥❞ A✱ ✐t ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ❛ ❦✐♥❞ ♦❢ t❤❡r♠❛❧ r❡❧✐❝ ❉❛r❦ ▼❛tt❡r ❝❛♥❞✐❞❛t❡✳ ✏❚❤❡r♠❛❧ r❡❧✐❝✑
♠❡❛♥s t❤❛t t❤❡ ❉❛r❦ ▼❛tt❡r ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ♣r♦❞✉❝❡❞ ❛♥❞ ♣❛✐r✲❛♥♥✐❤✐❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦
t❤❡ t❤❡r♠♦❞②♥❛♠✐❝s ♦❢ t❤❡ ❤♦t ♣❧❛s♠❛ ✐♥ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡ ❬✸✱ ✹❪✳ ❚❤❡ ♣❛✐r ♣r♦❞✉❝t✐♦♥ ❛♥❞
❛♥♥✐❤✐❧❛t✐♦♥ ❛r❡ ✐♥ t❤❡r♠❛❧ ❡q✉✐❧✐❜r✐✉♠✱ ❛♥❞ t❤✉s t❤❡ ♥✉♠❜❡r ❛♥❞ ❞❡♥s✐t② ♦❢ t❤❡ χ ❛r❡ ❣✐✈❡♥
❜② t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡✳ ❆s t✐♠❡ ♣r♦❣r❡ss❡s✱ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡ ❡①♣❛♥❞s ❛♥❞
❝♦♦❧s ❬✸✱ ✹❪✱ ✉♥t✐❧ t❤❡ t❡♠♣❡r❛t✉r❡ ✐s s♦ ❧♦✇ t❤❛t t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥✲♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss❡s ❞r♦♣
♦✉t ♦❢ t❤❡r♠❛❧ ❡q✉✐❧✐❜r✐✉♠✱ ❛ ♣r♦❝❡ss ❝❛❧❧❡❞ ✏❢r❡❡③❡✲♦✉t✑ ❬✹❪✳ ❆♥♦t❤❡r ❡q✉✐✈❛❧❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇
✐s t❤❛t t❤❡ ❉❛r❦ ▼❛tt❡r ❞❡❝♦✉♣❧❡s ❛t t❤❡ t✐♠❡✱ ♦r t❡♠♣❡r❛t✉r❡✱ ✇❤❡♥ t❤❡ ✉♥✐✈❡rs❡ ✐s ❡①♣❛♥❞✐♥❣
❛t ❛ ❢❛st❡r r❛t❡ t❤❛♥ t❤❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ✐♥t❡r❛❝t ❬✸❪✳

❚❤❡ t❤❡r♠❛❧ ♣r♦❞✉❝t✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r ✐s t❤✉s ❡♠❜❡❞❞❡❞ ✐♥ t❤❡ ❧❛r❣❡r ❝♦♥t❡①t ♦❢ t❤❡
Λ❈❉▼ ❝♦s♠♦❧♦❣✐❝❛❧ ♠♦❞❡❧✳ ❚❤❡ Λ❈❉▼ ❝♦s♠♦❧♦❣✐❝❛❧ ♠♦❞❡❧ ✐s t❤❡ st❛♥❞❛r❞ ✇♦r❦✐♥❣ ❤②♣♦t✲
❤❡s✐s ♦❢ ❝♦s♠♦❧♦❣② ❬✷✸❪✳ ■t ❛ss✉♠❡s t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❜♦t❤ ❉❛r❦ ❊♥❡r❣② ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❝♦s✲
♠♦❧♦❣✐❝❛❧ ❝♦♥st❛♥t Λ ❛♣♣❡❛r✐♥❣ ✐♥ t❤❡ ❊✐♥st❡✐♥ ❡q✉❛t✐♦♥s✱ ❛♥❞ ♥♦♥✲❜❛r②♦♥✐❝ ❉❛r❦ ▼❛tt❡r ❛t
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♥♦♥✲r❡❧❛t✐✈✐st✐❝ ✈❡❧♦❝✐t✐❡s✱ ✐✳❡✳ ❈♦❧❞ ❉❛r❦ ▼❛tt❡r ✭❈❉▼✮✱ t❤✉s t❤❡ ♥❛♠❡ Λ❈❉▼ ❬✷✸❪✳ ■ts ❝♦s✲
♠♦❧♦❣✐❝❛❧ ❤✐st♦r② st❛rts ❢r♦♠ ❛♥ ✐♥✐t✐❛❧ ❡①tr❡♠❡❧② ❤♦t ❛♥❞ ❞❡♥s❡ ♣❧❛s♠❛✱ ❝♦❧❧♦q✉✐❛❧❧② ❝❛❧❧❡❞ ❇✐❣
❇❛♥❣✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ♣❡r✐♦❞ ♦❢ r❛♣✐❞ s♣❛t✐❛❧ ✐♥✢❛t✐♦♥✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ✉♥✐✈❡rs❡ t❤❛t ✐s s♣❛t✐❛❧❧②
✢❛t✱ ✐s♦tr♦♣✐❝ ❛♥❞ ❤♦♠♦❣❡♥❡♦✉s ❬✷✸❪✳ ❚❤❡ ❡①♣❛♥s✐♦♥ r❛t❡ ♦❢ t❤❡ ✉♥✐✈❡rs❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡
♠❛ss✲❡♥❡r❣② ❝♦♥t❡♥t ♦❢ t❤❡ ✉♥✐✈❡rs❡ ✈✐❛ t❤❡ ❊✐♥st❡✐♥ ✜❡❧❞ ❡q✉❛t✐♦♥s ♦❢ ●❡♥❡r❛❧ ❘❡❧❛t✐✈✐t② ❬✷✸❪✳
❚❤✉s t❤❡ Λ❈❉▼ ✉♥✐✈❡rs❡ ❡✈♦❧✈❡s ❢r♦♠ ❛ r❛❞✐❛t✐♦♥ ❞♦♠✐♥❛t❡❞ ❡❛r❧② ❡r❛✱ t❤r♦✉❣❤ ❛♥ ✐♥t❡r♠❡✲
❞✐❛t❡ ♣❤❛s❡ ❞♦♠✐♥❛t❡❞ ❜② ✭❉❛r❦✮ ▼❛tt❡r✱ t♦ t❤❡ ❝✉rr❡♥t ❛♥❞ ❢✉t✉r❡ ❉❛r❦ ❊♥❡r❣② ❞r✐✈❡♥ ♣❤❛s❡
♦❢ ❛❝❝❡❧❡r❛t❡❞ ❡①♣❛♥s✐♦♥ ❬✷✸❪✳

❆ss✉♠✐♥❣ t❤❡ ❝♦s♠♦❧♦❣② ♦❢ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡ ✉♥t✐❧ ❛❢t❡r t❤❡ ❉❛r❦ ▼❛tt❡r ❢r❡❡③❡✲♦✉t ✐s
❞❡s❝r✐❜❡❞ ❜② t❤❡ st❛♥❞❛r❞ Λ❈❉▼ ❝♦s♠♦❧♦❣②✱ t❤❡ r❡s✉❧t✐♥❣ ❞❡♥s✐t② ♦❢ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s
❛❢t❡r t❤❡ ❢r❡❡③❡✲♦✉t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❥✉st t❤❡ ❇♦❧t③♠❛♥♥ ❊q✉❛t✐♦♥ ❛♥❞ t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥
❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ❬✶✵✼✱ ✸✱ ✹❪✳ ❚❤❡ ❇♦❧t③♠❛♥♥ ❊q✉❛t✐♦♥✱ ✐♥ t❤✐s ❝❛s❡✱
❤❛s t❤❡ ❢♦r♠ ❬✸✱ ✶✵✼❪

dnχ

dt
= −3H(t)nχ − 〈σvχ〉 (n2

χ − n2
χ,eq.)

❡①♣r❡ss✐♥❣ t❤❛t t❤❡ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s nχ ✐s r❡❞✉❝❡❞ ❜② t✇♦ ❡✛❡❝ts
♦♥❧②✿ t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ✉♥✐✈❡rs❡✱ ♣❛r❛♠❡tr✐③❡❞ ❜② t❤❡ ❍✉❜❜❧❡ ♣❛r❛♠❡t❡r H(t)✱ ❛♥❞ t❤❡
❛♥♥✐❤✐❧❛t✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ✐♥t♦ ❙▼ ♣❛rt✐❝❧❡s✱ ✐❢ t❤❡ ❞❡♥s✐t② ✐s ❛❜♦✈❡ t❤❡ ❡q✉✐❧✐❜r✐✉♠
❞❡♥s✐t② nχ,eq.✳ ❚❤❡ r❛t❡ ♦❢ t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥ t♦ ❡q✉✐❧✐❜r✐✉♠ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ t❤❡r♠❛❧❧②
❛✈❡r❛❣❡❞ ❛♥♥✐❤✐❧❛t✐♦♥ ❝r♦ss s❡❝t✐♦♥ 〈σvχ〉✱ ✇❤❡r❡ vχ ✐s t❤❡ ✈❡❧♦❝✐t② ♦❢ ❛ ♣❛rt✐❝✉❧❛r ❉❛r❦ ▼❛tt❡r
♣❛rt✐❝❧❡✱ ❛♥❞ σ ✐s t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❢♦r χχ̄→ SMparticles✳

〈σvχ〉 ♥❡❡❞s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ♣❛rt✐❝❧❡ ♣❤②s✐❝s ♠♦❞❡❧✱ ✐✳❡✳ t❤❡ ✷❍❉▼+a✱ ✇❤✐❝❤
✐s ✉s✉❛❧❧② ❞♦♥❡ ❛s ❛ tr✉♥❝❛t❡❞ s❡r✐❡s ✐♥ ♣♦✇❡rs ♦❢ vχ✳ ❆ss✉♠✐♥❣ t❤❛t t❤❡ ❉❛r❦ ▼❛tt❡r ✐s
♠❛ss✐✈❡ ❡♥♦✉❣❤ t❤❛t vχ ✐s ♥♦♥✲r❡❧❛t✐✈✐st✐❝✱ vχ ✐s ❞✐str✐❜✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ ▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥
❞✐str✐❜✉t✐♦♥✳ ■t t✉r♥s ♦✉t t❤❛t 〈σvχ〉 ✐s ❞♦♠✐♥❛t❡❞ ❜② t❤❡ v0χ, v

2
χ t❡r♠s ✭✉♥❡✈❡♥ ♣♦✇❡rs ♦❢ vχ

❞r♦♣ ❞✉❡ t♦ s②♠♠❡tr②✮✱ s✐♥❝❡ ❢♦r ❛ ♥♦♥✲r❡❧❛t✐✈✐st✐❝ ♣❛rt✐❝❧❡ vχ ≪ 1 ❬✹❪✳ ❚❤❡ r❡s✉❧t ✐s ❛ ❝♦♥❞✐t✐♦♥
r❡❧❛t✐♥❣ nχ,eq. t♦ Mχ ❛♥❞ t❤❡ t❡♠♣❡r❛t✉r❡ T ❬✸✱ ✶✵✼❪✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛♥❛❧②t✐❝❛❧❧② s♦❧✈❡❞ ❢♦r t❤❡
❝❛s❡s ♦❢ T ♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ❢r❡❡③❡✲♦✉t t❡♠♣❡r❛t✉r❡✱ ❛♥❞ T ♠✉❝❤ ❧♦✇❡r t❤❛♥ t❤❡ ❢r❡❡③❡✲♦✉t
t❡♠♣❡r❛t✉r❡ ❬✸✱ ✶✵✼❪✳ ❚❤❡ r❡s✉❧t✐♥❣ r❡❧✐❝ ❞❡♥s✐t② ❝❛♥ t❤❡♥ ❜❡ ❢♦✉♥❞ ❜② ♥✉♠❡r✐❝❛❧❧② ♠❛t❝❤✐♥❣
t❤❡ t✇♦ ❛♥❛❧②t✐❝ s♦❧✉t✐♦♥s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❢r❡❡③❡ ♦✉t ❬✸✱ ✶✵✼❪✳ ❚❤❡ r❡s✉❧t ✐s ❝♦♥✈❡♥t✐♦♥❛❧❧②
❡①♣r❡ss❡❞ ❛s t❤❡ ♥♦r♠❛❧✐③❡❞ r❡❧✐❝ ❛❜✉♥❞❛♥❝❡ Ωχ = ρχ/ρc✱ ✐✳❡✳ t❤❡ ❛✈❡r❛❣❡ ♠❛ss ❞❡♥s✐t② ♦❢ ❉❛r❦

▼❛tt❡r ✐♥ ✉♥✐ts ♦❢ ρc =
3H(0)2

8πGN
✱ t❤❡ ❛✈❡r❛❣❡ ♠❛tt❡r ❞❡♥s✐t② r❡q✉✐r❡❞ ❢♦r ❛ ✢❛t ✉♥✐✈❡rs❡ ✐♥ t❤❡

Λ❈❉▼ ❝♦s♠♦❧♦❣② ❬✸✱ ✹❪✳
❚❤❡ t❤❡r♠❛❧ r❡❧✐❝ ❛❜✉♥❞❛♥❝❡ Ωχ = ρχ/ρc✱ ❤♦✇❡✈❡r✱ ❝❛♥ ❛❧s♦ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ♣♦✇❡r

s♣❡❝tr✉♠ ♦❢ t❤❡ s♣❛t✐❛❧ ❛♥✐s♦tr♦♣✐❡s ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ♣❤♦t♦♥s ✐♥ t❤❡ ❈♦s♠✐❝ ▼✐❝r♦✇❛✈❡
❇❛❝❦❣r♦✉♥❞ ✭❈▼❇ s♣❡❝tr✉♠✮ ❬✸❪ ✭❝✳❢✳ ❙❡❝t✐♦♥ ✶✳✸✳✶✮✳ ❋✐tt✐♥❣ t❤❡ ❈▼❇ s♣❡❝tr✉♠ ✇✐t❤ t❤❡
st❛♥❞❛r❞ Λ❈❉▼ ❝♦s♠♦❧♦❣✐❝❛❧ ♠♦❞❡❧✱ t❤❡ P❧❛♥❝❦ ❝♦❧❧❛❜♦r❛t✐♦♥ r❡♣♦rt ❛ ✈❛❧✉❡ ❡q✉✐✈❛❧❡♥t t♦
Ωχ = 0.258(11) ❬✶✼❪✳ ❚❤✐s ♦❜s❡r✈❛t✐♦♥ ❝♦♥str❛✐♥s t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡r s♣❛❝❡ t♦ s✉❝❤
♣❛r❛♠❡t❡r ✈❛❧✉❡s t❤❛t ♣r❡❞✐❝t ❛ ❝♦♠♣❛t✐❜❧❡ r❡❧✐❝ ❞❡♥s✐t②✳

❚❤❡ ❝♦♥str❛✐♥t ♣r♦✈✐❞❡❞ ❜② t❤❡ r❡❧✐❝ ❞❡♥s✐t② ✐s ✐♥❞✐r❡❝t✱ s✐♥❝❡ ✐t ❞❡♣❡♥❞s ♦♥ t❤❡ t✇✐♥ ❛s✲
s✉♠♣t✐♦♥s ♦❢ ❛ Λ❈❉▼ ❝♦s♠♦❧♦❣②✱ ❛♥❞ ❛ t❤❡r♠❛❧ ♣r♦❞✉❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ❢♦r ❉❛r❦ ▼❛tt❡r ❛s
♦✉t❧✐♥❡❞ ❛❜♦✈❡✳ ❚❤❡s❡ ❛ss✉♠♣t✐♦♥s ❛r❡ ♥♦t ❜❛❞ ❛ss✉♠♣t✐♦♥s✱ ❜✉t ♥❡✐t❤❡r ❛r❡ t❤❡② ♥❡❝❡ss❛r✐❧②
❣✐✈❡♥✱ s✐♥❝❡ t❤❡r❡ ❛r❡ ♥♦♥st❛♥❞❛r❞ ❝♦s♠♦❧♦❣✐❝❛❧ ♠♦❞❡❧s t❤❛t ❜r❡❛❦ t❤❡♠ ❬✸✱ ✹❪✳

❚❤❡ ❝♦♥str❛✐♥t ♦❢ ♠❛t❝❤✐♥❣ t❤❡ ♦❜s❡r✈❡❞ r❡❧✐❝ ❞❡♥s✐t② ✇✐t❤ ❛ ✷❍❉▼+a ✐s ❡①❛♠✐♥❡❞ ✐♥
❘❡❢✳ ❬✾✻❪✱ ❢♦r ❛ ✈❡r② s✐♠✐❧❛r ♠♦❞❡❧ t♦ t❤❡ ♦♥❡ ❝♦♥s✐❞❡r❡❞ ❤❡r❡ ❛♥❞ ✜rst ❝♦♥str✉❝t❡❞ ✐♥ ❘❡❢✳ ❬✶❪✳
❘❡❢✳ ❬✾✻❪ r❡♣♦rts t❤❛t ✇❤✐❧❡ str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ t❤❡ ♠♦❞❡❧s st✉❞✐❡❞
❛r❡ ❝❛♣❛❜❧❡ ♦❢ ♣r♦❞✉❝✐♥❣ t❤❡ ♦❜s❡r✈❡❞ r❡❧✐❝ ❛❜✉♥❞❛♥❝❡✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ♠♦❞❡❧s ❧❛❝❦ t❤❡ q✉❛rt✐❝

✼✽



♣♦rt❛❧ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✹✮ ❬✶❪✱ ❛♥❞ t❤✉s t❤❡✐r r❡s✉❧ts ❞♦ ♥♦t ♥❡❝❡ss❛r✐❧② ❛♣♣❧② t♦ t❤❡ ❝❧❛ss
♦❢ ♠♦❞❡❧s st✉❞✐❡❞ ❤❡r❡✳ Pr❡❧✐♠✐♥❛r② st✉❞✐❡s ❬✶✵✽❪ s✉❣❣❡st t❤❛t t❤❡ ♣❛r❛♠❡t❡r ✈❛❧✉❡s ❝❤♦s❡♥
✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼ ♣r❡❞✐❝t ❛ t♦♦ ❤✐❣❤ r❡❧✐❝ ❞❡♥s✐t②✳ ❍♦✇❡✈❡r✱ t❤✐s r❡s✉❧t ❞❡♣❡♥❞s s❡♥s✐t✐✈❡❧②
♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ ♠❛ss Mχ✳ ❈♦♥✈❡rs❡❧② t❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❛t t❤❡ ▲❍❈
✐s ♥♦t ❛✛❡❝t❡❞ ❜② Mχ ❢♦r ❛ ❧❛r❣❡ r❡❣✐♦♥ ♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡✱ ❛s ✇❡ ✇✐❧❧ s❡❡ ✐♥ ❙❡❝t✐♦♥ ✻✳✽✳
❚❤✉s✱ ♦♥❡ ❡①♣❡❝ts t❤❛t ❡①❝❧✉❞✐♥❣ ✷❍❉▼+a ♠♦❞❡❧s ✇✐t❤ ❧♦✇Mχ ❛t t❤❡ ▲❍❈ ❝❛♥ ❜❡ tr❛♥s❧❛t❡❞
✐♥t♦ ❡①❝❧✉s✐♦♥ ♦❢ ❉❛r❦ ▼❛tt❡r ♠♦❞❡❧s ♣r❡❞✐❝t✐♥❣ r❡❧✐❝ ❞❡♥s✐t✐❡s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♠❡❛s✉r❡❞
✈❛❧✉❡ ❢r♦♠ ❘❡❢✳ ❬✷✾❪ ❜② ✐♥❝r❡❛s✐♥❣Mχ✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ ❝♦❧❧✐❞❡r ♣❤❡♥♦♠❡♥♦❧♦❣②✶✳ ❚❤❡
✈❛❧✐❞✐t② ♦❢ t❤✐s st❛t❡♠❡♥t ✇✐❧❧ ❜❡ ❡①❛♠✐♥❡❞ ✐♥ ❣r❡❛t❡r ❞❡t❛✐❧ ✐♥ ❛♥ ✉♣❝♦♠✐♥❣ ✇❤✐t❡♣❛♣❡r ❬✶✵✾❪✳

✶❚❤❡ ✈❛❧✉❡ ♦❢ Mχ t❤❛t ❝♦rr❡❝t❧② r❡♣r♦❞✉❝❡s t❤❡ ❉❛r❦ ▼❛tt❡r r❡❧✐❝ ❞❡♥s✐t② ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♠❛♥② ♠♦❞❡❧
♣❛r❛♠❡t❡rs ❛✛❡❝t✐♥❣ t❤❡ ❝♦❧❧✐❞❡r ♣❤❡♥♦♠❡♥♦❧♦❣②✱ s✉❝❤ ❛s t❤❡ ♠❡❞✐❛t♦r ♠❛ss❡s ❬✶✵✽✱ ✶✵✾❪✳ ❚♦ ❦❡❡♣ t❤❡ ❝♦❧❧✐❞❡r
❜❡♥❝❤♠❛r❦s s✐♠♣❧❡✱ Mχ ✐s t❤✉s ✜①❡❞ ❛t ❛ s✐♥❣❧❡ ❧♦✇ ✈❛❧✉❡✱ ✐♥st❡❛❞ ♦❢ ❜❡✐♥❣ ✈❛r✐❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♣❛r❛♠❡③❡rs
s❝❛♥♥❡❞ ✐♥ t❤❡ ❜❡♥❝❤♠❛r❦s✳

✼✾



A
a

h

t

χ̄

χ

b̄

b

g

g

❋✐❣✉r❡ ✹✳✹✿ ❘❡s♦♥❛♥t ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ ❞✐❛❣r❛♠ ♦❢ t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡ ✐♥ t❤❡

✷❍❉▼+a ❬✶❪✳ ❚❤❡ ❞❡❝❛② h → bb̄ ✐s ♥♦t ♣❛rt ♦❢ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥✱ ❜✉t ✐♥st❡❛❞
s✐♠✉❧❛t❡❞ ✐♥ t❤❡ ♣❛rt♦♥ s❤♦✇❡r ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✸✳

✹✳✸ ❚❤❡ h(bb̄) + Emiss
T ❙✐❣♥❛t✉r❡ ✐♥ t❤❡ ✷❍❉▼+a

❚❤❡ h(bb̄)+Emiss
T s✐❣♥❛t✉r❡ ✐s ❛♥ ✐♥t❡r❡st✐♥❣ ♣♦t❡♥t✐❛❧ ❉▼ s✐❣♥❛t✉r❡ ❛t t❤❡ ▲❍❈✱ ❛s ♠♦t✐✈❛t❡❞

✐♥ ❈❤❛♣t❡r ✸✳ ❍✐❣❤ ♠✐ss✐♥❣ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ Emiss
T ✐s r❛r❡ ❢♦r ♠♦st ❙▼ ♣r♦❝❡ss❡s✱ ❜✉t ✐s

t②♣✐❝❛❧❧② ✐♠♣❧✐❡❞ ❜② t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❉▼ ❝❛♥❞✐❞❛t❡s ✐♥ t❤❡ ✷❍❉▼+a s❝❡♥❛r✐♦✳ ❋✉rt❤❡r♠♦r❡✱
✉♥❧✐❦❡ ❢♦r ❡✳❣✳ t❤❡ jet +Emiss

T ♦r γ +Emiss
T s✐❣♥❛t✉r❡s✱ ■❙❘ h ♣r♦❞✉❝t✐♦♥ ✐s ❤❡❛✈✐❧② s✉♣♣r❡ss❡❞✱

❞✉❡ t♦ t❤❡ s♠❛❧❧ ♠❛ss❡s ♦❢ t❤❡ s❡❛ ❛♥❞ ✈❛❧❡♥❝❡ q✉❛r❦s✳ ❚❤✉s t❤❡ h ♥❡❡❞s t♦ ❜❡ ♣r♦❞✉❝❡❞ ❛s
♣❛rt ♦❢ ❛ ❇❙▼ ✐♥t❡r❛❝t✐♦♥✱ ❛♥❞ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ♣r♦❜❡s s✉❝❤ ✐♥t❡r❛❝t✐♦♥s ❞✐r❡❝t❧②✳

✹✳✸✳✶ ❘❡s♦♥❛♥t ❙✐❣♥❛❧ ❛♥❞ ❏❛❝♦❜✐❛♥ P❡❛❦

❚❤❡ ✷❍❉▼+a ♣r❡❞✐❝ts ❛ r❡s♦♥❛♥t ♣r♦❞✉❝t✐♦♥ ♦❢ h(bb̄) +Emiss
T ❡✈❡♥ts ❬✾✺✱ ✶❪✱ ✈✐❛ t❤❡ ❋❡②♥♠❛♥

❣r❛♣❤ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳ ■♥ t❤✐s ♣r♦❞✉❝t✐♦♥ ♠♦❞❡ ❛ r❡s♦♥❛♥t❧② ♣r♦❞✉❝❡❞ ♣s❡✉❞♦s❝❛❧❛r A
❞❡❝❛②s ♦♥ s❤❡❧❧ ✐♥ t❤❡ 1 → 2 ❞❡❝❛② A → ah✱ ✇❤❡r❡ t❤❡ h ♣r♦❝❡❡❞s t♦ ❞❡❝❛② ✐♥t♦ t❤❡ ♠♦st❧②
✈✐s✐❜❧❡ ✜♥❛❧ st❛t❡ h→ bb̄→ hadrons✱ ❛♥❞ t❤❡ a ❞❡❝❛②s ✐♥✈✐s✐❜❧② t♦ a→ χχ̄✳ ❚❤❡ ❦✐♥❡♠❛t✐❝s ♦❢
1 → 2 ♣r♦❝❡ss❡s ❛r❡ ✜①❡❞ ❜② t❤❡ ♠❛ss❡s ♦❢ t❤❡ ✐♥✈♦❧✈❡❞ ♣❛rt✐❝❧❡s✳ ❍❡♥❝❡ t❤❡ r❡s♦♥❛♥t A→ ah
♣r♦❝❡ss ❤❛s ❛ s❤❛r♣❧② ♣❡❛❦❡❞ r❡s♦♥❛♥❝❡ ✐♥ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ✜♥❛❧ st❛t❡
s②st❡♠✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ♣❡❛❦ ✐♥ t❤❡ ♠♦♠❡♥t✉♠ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r s②st❡♠✳ ❙✐♥❝❡
t❤❡ tr❛♥s✈❡rs❡ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♠♦♠❡♥t✉♠ ❝❛♥ ❜❡ r❡❝♦♥str✉❝t❡❞ ❛s t❤❡ ♠✐ss✐♥❣
tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ Emiss

T ✱ t❤❡r❡ ✐s ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❡❛❦ ✐♥ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥✳ ❚❤✐s ♣❡❛❦

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

❙✐♥❝❡ ✐t ✐s ❢✉❧❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♠❛ss❡s ♦❢ t❤❡ ♣❛rt✐❝❧❡s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss✱
t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♠❛①✐♠✉♠ Emiss

T ♦❢ t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❛❧②t✐❝❛❧❧② ❬✶✱ ✾✺❪✿

Emiss,max
T ≈

√

(M2
A −M2

a −M2
h)

2 − 4M2
aM

2
h

2MA

. ✭✹✳✶✸✮

❚❤✉s✱ ✐♥❝r❡❛s✐♥❣ MA ✐s ❡①♣❡❝t❡❞ t♦ ❧❡❛❞ t♦ ❛ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❛t ❤❛r❞❡r Emiss
T ✱ ❜❡❝❛✉s❡ ❤✐❣❤❡r

MA ✐♥❝r❡❛s❡s t❤❡ r❡❧❛t✐✈❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ a t♦ t❤❡ h✳ ❈♦♥✈❡rs❡❧②✱ ❢♦r ♠♦❞❡❧s ✇✐t❤ ❤✐❣❤❡r Ma

❛ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❛t s♦❢t❡r Emiss
T ✐s ❡①♣❡❝t❡❞✱ ❜❡❝❛✉s❡ ❧♦✇❡r Ma ♠❡❛♥s ❧❡ss ♦❢ t❤❡ ❡♥❡r❣② ❢r❡❡❞

❜② t❤❡ A ❞❡❝❛② ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ♠❛ss✱ ❛♥❞ ♠♦r❡ ✐♥t♦ ♠♦♠❡♥t✉♠✳

✽✵



A

a

h

b̄

b

χ̄

χ

b

b̄

❋✐❣✉r❡ ✹✳✺✿ ❘❡s♦♥❛♥t bb̄ ✐♥✐t✐❛t❡❞ ❞✐❛❣r❛♠ ♦❢ t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡ ✐♥ t❤❡ ✷❍❉▼+a ❬✶❪✳

❚❤❡ ❞❡❝❛② h → bb̄ ✐s ♥♦t ♣❛rt ♦❢ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥✱ ❜✉t ✐♥st❡❛❞ s✐♠✉❧❛t❡❞ ✐♥ t❤❡
♣❛rt♦♥ s❤♦✇❡r ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✸✳

✹✳✸✳✷ Pr♦❞✉❝t✐♦♥ ▼♦❞❡s

❚❤❡r❡ ❛r❡ t✇♦ ♠❛✐♥ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s ✐♥ t❤❡ ✷❍❉▼+a✱ ❣❧✉♦♥ ❢✉s✐♦♥ ❛♥❞ bb̄

❛♥♥✐❤✐❧❛t✐♦♥✳ ❚❤❡ r❡s♦♥❛♥t s✐❣♥❛❧ ✐♥ ❋✐❣✉r❡ ✹✳✹ ✐s ♣r♦❞✉❝❡❞ ✐♥ ❛ ❤❛r❞ s❝❛tt❡r✐♥❣ ♦❢ ❣❧✉♦♥s✱
✇❤✐❝❤ ❢✉s❡ ✐♥t♦ ❛ ❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r A ✈✐❛ ❛ t♦♣ ❧♦♦♣✳ ❚❤✐s ♣r♦❝❡ss✱ ❝❛❧❧❡❞ ❣❧✉♦♥ ❢✉s✐♦♥✱ ✐s
t❤❡ ❞♦♠✐♥❛♥t ♣r♦❞✉❝t✐♦♥ ♠♦❞❡ ✐♥ ♠♦st ♦❢ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡r s♣❛❝❡ ❬✶❪✱ s✐♥❝❡ t❤❡ s♠❛❧❧
❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ❧✐❣❤t s❡❛ ❛♥❞ ✈❛❧❡♥❝❡ q✉❛r❦s str♦♥❣❧② s✉♣♣r❡ss ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠
✐♥✐t✐❛❧ st❛t❡ q✉❛r❦s✳

❍♦✇❡✈❡r✱ ❣❧✉♦♥ ❢✉s✐♦♥ ✐s ♥♦t t❤❡ ♦♥❧② r❡❧❡✈❛♥t ♣r♦❞✉❝t✐♦♥ ♠♦❞❡✿ ✐♥ ♠♦❞❡❧s ✇✐t❤ ❨✉❦❛✇❛
❛ss✐❣♥♠❡♥ts ♦❢ t②♣❡s ■■ ♦r ■❱ ❛♥❞ ❢♦r ❤✐❣❤ ✈❛❧✉❡s ♦❢ tan β✱ r❡s♦♥❛♥t ♣r♦❞✉❝t✐♦♥ ❢r♦♠ ♣❛✐r
❛♥♥✐❤✐❧❛t✐♦♥ ♦❢ b q✉❛r❦s ✐s ❛❧s♦ ♣♦ss✐❜❧❡ ❬✶❪✱ ✈✐❛ t❤❡ ❞✐❛❣r❛♠ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✳ ❚❤❡
r❡❛s♦♥ ✐s t❤❛t ✐♥ t②♣❡ ■■ ♦r ■❱ ♠♦❞❡❧s✱ t❤❡ ❍✐❣❣s ❝♦✉♣❧✐♥❣s t♦ b q✉❛r❦s yb =

√
2mb

v
tan β ✐s

❡♥❤❛♥❝❡❞ ❢♦r ❧❛r❣❡ tan β✱ ✇❤✐❧❡ t❤❡ t q✉❛r❦ ❝♦✉♣❧✐♥❣ yt = −
√
2mt

v
cot β ✐s s✉♣♣r❡ss❡❞ ❬✶❪✳ ❚❤❡r❡

✐s ♥♦ ✐♥t❡r❢❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣r♦❞✉❝t✐♦♥ ♠♦❞❡s✱ ❜❡❝❛✉s❡ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ♣❛rt✐❝❧❡s ❛r❡
❞✐✛❡r❡♥t ❬✶✶✵❪✳

✹✳✸✳✸ ◆♦♥✲❘❡s♦♥❛♥t ❙✐❣♥❛❧

❇❡②♦♥❞ t❤❡ r❡s♦♥❛♥t s✐❣♥❛❧ ♣r♦❝❡ss❡s t❤❛t ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✸✳✶ ❛♥❞ ❋✐❣✉r❡s ✹✳✹ ❛♥❞ ✹✳✺✱
t❤❡r❡ ❛❧s♦ ❛r❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ❜♦① ❣r❛♣❤s ❬✶❪✳ ❙♦♠❡ ❡①❛♠♣❧❡s ♦❢ s✉❝❤ ❜♦①
❣r❛♣❤s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹✳✻✭❛✮ t♦ ✹✳✻✭❝✮✳

❖♥❡ ♠❛② ❡①♣❡❝t t❤❛t t❤❡ r❡s♦♥❛♥t ♣r♦❝❡ss ✐♥ ❋✐❣✉r❡ ✹✳✹ ♦r ❋✐❣✉r❡ ✹✳✺ ✇✐❧❧ ❞♦♠✐♥❛t❡ t❤❡
h(bb̄) + Emiss

T ❝r♦ss s❡❝t✐♦♥ ✇❤❡♥❡✈❡r MA > Ma + Mh ❬✶❪✳ ❍♦✇❡✈❡r✱ ✇❤✐❧❡ t❤✐s ❝♦♥❞✐t✐♦♥ ✐s
♥❡❝❡ss❛r② ❢♦r t❤❡ r❡s♦♥❛♥t ♣r♦❝❡ss t♦ ❤❛♣♣❡♥✱ ✐t t✉r♥s ♦✉t t❤❛t ✐t ✐s ♥♦t s✉✣❝✐❡♥t✱ ❛s ✇❡ ✇✐❧❧
s❡❡ ✐♥ ❈❤❛♣t❡r ✻✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♦t❤❡r ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ΓA ❝❛♥ ❜❡
❧❛r❣❡ r❡❧❛t✐✈❡ t♦ ✐ts ♠❛ss✳ ❚❤✐s ❡♥❤❛♥❝❡s ❢✉rt❤❡r ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s✱ ✇❤✐❝❤ ❛r❡ ✐❧❧✉str❛t❡❞
✐♥ ❋✐❣✉r❡s ✹✳✻✭❞✮ ❛♥❞ ✹✳✻✭❡✮✳ ❚❤❡ ❛♠♣❧✐t✉❞❡s ❛ss♦❝✐❛t❡❞ t♦ t❤❡s❡ ❞✐❛❣r❛♠s ❝❛♥ ❜❡❝♦♠❡ ❧❛r❣❡r
t❤❛♥ t❤❡ r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡ ❢♦r ♠♦❞❡r❛t❡❧② ❧❛r❣❡ ΓA✳ ❙✐♠✐❧❛r❧②✱ ❝❡rt❛✐♥ ✇✐❞t❤✲s✉♣♣r❡ss❡❞
❞✐❛❣r❛♠s s✉❝❤ ❛s ❋✐❣✉r❡ ✹✳✻✭❢✮ ❝❛♥ ❜❡ ❡♥❤❛♥❝❡❞ ✐❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦✉♣❧✐♥❣✱ ✐✳❡✳ gaah ❢r♦♠
❊q✉❛t✐♦♥ ✭✹✳✼✮✱ ✐s ❧❛r❣❡ ❡♥♦✉❣❤✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦✉♣❧✐♥❣ gAah ❢r♦♠ ❊q✉❛t✐♦♥ ✭✹✳✻✮ ❝❛♥ ❜❡ s♠❛❧❧
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣❛r❛♠❡t❡r ❝♦♥✜❣✉r❛t✐♦♥✱ ❛❝t✐✈❡❧② s✉♣♣r❡ss✐♥❣ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥✳
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h

t

χ̄
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b
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✭❢✮

❋✐❣✉r❡ ✹✳✻✿ ◆♦♥✲r❡s♦♥❛♥t ❋❡②♥♠❛♥ ❞✐❛❣r❛♠s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡ ✇✐t❤

❣❧✉♦♥s ✐♥ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ❬✶❪✳ ❚❤❡ ❞❡❝❛② h→ bb̄ ✐s ♥♦t ♣❛rt ♦❢ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥✱
❜✉t ✐♥st❡❛❞ s✐♠✉❧❛t❡❞ ✐♥ t❤❡ ♣❛rt♦♥ s❤♦✇❡r ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥
❙❡❝t✐♦♥ ✺✳✸✳
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✭❡✮

a∗/a

a/a∗

h

b̄

b

χ̄

χ

b

b̄

✭❢✮

❋✐❣✉r❡ ✹✳✼✿ ◆♦♥✲r❡s♦♥❛♥t ❋❡②♥♠❛♥ ❞✐❛❣r❛♠s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ h(bb̄)+Emiss
T s✐❣♥❛t✉r❡ ✇✐t❤ bb̄

✐♥ t❤❡ ✐♥✐t✐❛❧ st❛t❡✳ ❚❤❡ ❞❡❝❛② h→ bb̄ ✐s ♥♦t ♣❛rt ♦❢ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥✱ ❜✉t ✐♥st❡❛❞
s✐♠✉❧❛t❡❞ ✐♥ t❤❡ ♣❛rt♦♥ s❤♦✇❡r ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✸✳
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❚❤❡ s✐t✉❛t✐♦♥ ❢♦r bb̄ ✐♥✐t✐❛t❡❞ ♣r♦❞✉❝t✐♦♥ ✐s ✈❡r② s✐♠✐❧❛r✳ ❚❤❡ ❛♥❛❧♦❣♦✉s ❞✐❛❣r❛♠s t♦ t❤❡
❣❧✉♦♥ ❢✉s✐♦♥ ❜♦① ❞✐❛❣r❛♠s ✐♥ ❋✐❣✉r❡s ✹✳✻✭❛✮ t♦ ✹✳✻✭❝✮ ❛r❡ ❞✐❛❣r❛♠s ✇✐t❤ t✲❝❤❛♥♥❡❧ b q✉❛r❦
❡①❝❤❛♥❣❡✱ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡s ✹✳✼✭❛✮ t♦ ✹✳✼✭❝✮✱ ✇❤✐❝❤ ❛r❡ s✉♣♣r❡ss❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ r❡s♦♥❛♥t
❝♦♥tr✐❜✉t✐♦♥ ✐♥ ❋✐❣✉r❡ ✹✳✺✳ ❚❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ❡①✐sts ✇❤❡♥❡✈❡r MA > Ma +Mh✳ ❉❡✲
♣❡♥❞✐♥❣ ♦♥ t❤❡ ♦t❤❡r ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ✐t ♠❛② ♥♦t ❜❡ t❤❡ ❞♦♠✐♥❛♥t ❝♦♥tr✐❜✉t✐♦♥✱ s✐♥❝❡ t❤❡
❞✐❛❣r❛♠s ✐♥ ❋✐❣✉r❡s ✹✳✼✭❞✮ ❛♥❞ ✹✳✼✭❡✮ ❝❛♥ ❞♦♠✐♥❛t❡ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✇❤❡♥ ΓA ✐s ❧❛r❣❡✳ ❲✐❞t❤
s✉♣♣r❡ss❡❞ ❞✐❛❣r❛♠s ❧✐❦❡ ❋✐❣✉r❡ ✹✳✼✭❢✮ ❝❛♥ ❜❡ ❡♥❤❛♥❝❡❞ ❜② ❡①tr❡♠❡ ✈❛❧✉❡s ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
❝♦✉♣❧✐♥❣✳

❘❡s♦❧✈✐♥❣ t❤❡ ❛♠❜✐❣✉✐t② ♦❢ ✇❤❡r❡ r❡s♦♥❛♥t ♣r♦❝❡ss❡s ❞♦ ♦r ❞♦ ♥♦t ❝♦♥tr✐❜✉t❡ ❞♦♠✐♥❛♥t❧②✱
❛♥❞ ✜♥❞✐♥❣ r❡❣✐♦♥s ♦❢ ♣❛r❛♠❡t❡r s♣❛❝❡ ✇❤❡r❡ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ✐s ❞♦♠✐♥❛♥t✱ ❛r❡ t❤❡
❣♦❛❧s ♦❢ t❤❡ st✉❞✐❡s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼✱ r❡s♣❡❝t✐✈❡❧②✳
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❈❤❛♣t❡r ✺

❙tr❛t❡❣② ♦❢ t❤❡ P❛r❛♠❡t❡r ❙❝❛♥ ❉❡s✐❣♥

❚❤✐s ❈❤❛♣t❡r ❞✐s❝✉ss❡s t❤❡ ♦✈❡r❛❧❧ str❛t❡❣② ❢♦❧❧♦✇❡❞ ✇❤❡♥ ❞❡s✐❣♥✐♥❣✱ ✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼✱
t❤❡ ❜❡♥❝❤♠❛r❦ ♣❛r❛♠❡t❡r s❝❛♥s ✉s❡❞ ✐♥ ❈❤❛♣t❡r ✽ t♦ s❡t ❧✐♠✐ts ♦♥ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡
✷❍❉▼+a ✐♥tr♦❞✉❝❡❞ ✐♥ ❈❤❛♣t❡r ✹✳ ❙❡❝t✐♦♥ ✺✳✶ ❞❡s❝r✐❜❡s t❤❡ ❣♦❛❧s ♦❢ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✷❍❉▼+a
h(bb̄) + Emiss

T ♣❛r❛♠❡t❡r s❝❛♥s✳ ❚❤❡♥ ❙❡❝t✐♦♥ ✺✳✷ ❜r✐❡✢② ♦✉t❧✐♥❡s t❤❡ ❣❡♥❡r❛❧ str❛t❡❣② ✉s❡❞ t♦
♣✉rs✉❡ t❤♦s❡ ❣♦❛❧s✳ ❋✐♥❛❧❧② t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ✉s❡❞ ❛s t❤❡ ❜❛s✐s ❢♦r t❤❡s❡ st✉❞✐❡s ❛r❡
❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✸✳

✺✳✶ ❙✐❣♥❛❧ ●r✐❞ ❘❡q✉✐r❡♠❡♥ts

❚❤❡ ❛✐♠ ♦❢ t❤❡ st✉❞② ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s t♦ ✜♥❞ ❛ s❡t ♦❢ ✷❍❉▼+a ♠♦❞❡❧ ♣❛r❛♠❡t❡rs
t♦ ❜❡ ✉s❡❞ ✐♥ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❆❚▲❆❙ s❡❛r❝❤ ❢♦r h(bb̄) + Emiss

T ❡✈❡♥ts✳ ❚❤❡ ✉❧t❡r✐♦r
♠♦t✐✈❛t✐♦♥ ❢♦r ❛ ♥❡✇ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ s❡❛r❝❤ ✐s t♦ ❡①♣❧♦r❡ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤✐s ❛♥❛❧②s✐s
t♦ t❤❡ ✷❍❉▼+a✳ ❚❤✐s r❡s✉❧t ❝❛♥ t❤❡♥ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❛♥② ♦t❤❡r ❉▼ s✐❣♥❛t✉r❡s ✐♥ t❤❡
✷❍❉▼+a t♦ ❡①♣♦s❡ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦♠♣❧❡♠❡♥t❛r✐t② ♦❢ t❤❡ ✈❛r✐♦✉s ❉❛r❦ ▼❛tt❡r s✐❣♥❛t✉r❡s
❡①♣❧♦r❡❞ ❜② t❤❡ ❆❚▲❆❙ ❛♥❞ ❈▼❙ ❝♦❧❧❛❜♦r❛t✐♦♥s✳ ❚❤❡ ✜rst st❡♣ t♦✇❛r❞s t❤✐s ❣♦❛❧ ✐s t♦ ✜♥❞ ❛
s❡t ♦❢ ✷❍❉▼+a ♠♦❞❡❧ ✐♥st❛♥❝❡s t♦ st✉❞② ✐♥ t❤❡ h(bb̄) +Emiss

T ✐♥t❡r♣r❡t❛t✐♦♥✱ t❤❛t ❝❛♥ ❜❡ ✉s❡❞
❛s ❛ ❣❡♥❡r❛❧ ❜❡♥❝❤♠❛r❦ ❢♦r ♦t❤❡r ❉❛r❦ ▼❛tt❡r ♠♦❞❡❧s ❛♥❞ s❡❛r❝❤ ❝❤❛♥♥❡❧s✳ ■♥ ♦t❤❡r ✇♦r❞s✱
t❤❡ ❣♦❛❧ ✐s t♦ ✜♥❞ t❤❡ r❡❣✐♦♥s ♦❢ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡r s♣❛❝❡ ♠♦st r❡❧❡✈❛♥t t♦ h(bb̄)+Emiss

T ✱
✇✐t❤♦✉t ❧♦s✐♥❣ t❤❡ ❝❛♣❛❝✐t② t♦ ♠❡❛♥✐♥❣❢✉❧❧② ❝♦♠♣❛r❡ t♦ ♦t❤❡r s❡❛r❝❤❡s ❛♥❞ ♠♦❞❡❧s✳ ❚❤✐s ✐s
❝❤❛❧❧❡♥❣✐♥❣ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ 14 ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✳ ❆ r❡s✉❧t✐♥❣ s❡t ♦❢ s✐❣♥❛❧
♠♦❞❡❧s✱ ❛❧s♦ ❝❛❧❧❡❞ s✐❣♥❛❧ ❣r✐❞✱ s❤♦✉❧❞ ❤❛✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣r♦♣❡rt✐❡s✿

• ❞✐✈❡rs❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s

• s✉✣❝✐❡♥t s❡♥s✐t✐✈✐t② ♦❢ ❡①✐st✐♥❣ s❡❛r❝❤❡s✱ r❡s✉❧t✐♥❣ ❢r♦♠

✕ s✉✣❝✐❡♥t s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥s

✕ s✉✣❝✐❡♥t s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ ❛♥❞ ❡✣❝✐❡♥❝②

• ❡①❝❧✉s✐♦♥ ♣♦t❡♥t✐❛❧ ❜❡②♦♥❞ ❡①✐st✐♥❣ ❝♦♥str❛✐♥ts✱ s✉❝❤ t❤❛t

✕ ❞✐r❡❝t❧② ❡①❝❧✉❞❡❞ ♣❛r❛♠❡t❡r s♣❛❝❡ ✐s ❛✈♦✐❞❡❞

✕ ✐♥❞✐r❡❝t ❝♦♥str❛✐♥ts ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✱ ❜✉t ♥♦t ✇❤❡♥ t❤❡② ❧✐♠✐t t❤❡ ❣❡♥❡r❛❧✐t②
♦❢ t❤❡ ❜❡♥❝❤♠❛r❦

• t❤❡ ❞✐✈❡rs✐t② ♦❢ ❝♦♠♣❧❡♠❡♥t❛r② s❡❛r❝❤ ❝❤❛♥♥❡❧s ✐s ❛♣♣❛r❡♥t

❚❤❡s❡ ❣♦❛❧s ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

✽✺



❉✐✈❡rs❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ♠❛❦❡ t❤❡ s✐❣♥❛❧ ❣r✐❞ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ❜❡♥❝❤♠❛r❦ ❞❡♠♦♥str❛t✐♥❣
t❤❡ ❢✉❧❧ ❞✐✈❡rs✐t② ♦❢ s✐❣♥❛❧s t❤❛t ♠❛② ❜❡ ❝♦♥str❛✐♥❡❞ ❜② t❤❡ h(bb̄)+Emiss

T s❡❛r❝❤✳ ❊①♣❧♦r✐♥❣ t❤❡
❢✉❧❧ r❛♥❣❡ ♦❢ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ❢✉rt❤❡r♠♦r❡ ✐❞❡♥t✐✜❡s ❝♦r♥❡rs ♦❢ t❤❡ ♣❤❛s❡ s♣❛❝❡ t❤❛t ❤❛✈❡ ♥♦t
❜❡❡♥ ♣r♦❜❡❞ t♦ ❞❛t❡✳ ❋✐♥❛❧❧②✱ ✐t ❛✈♦✐❞s ❡rr♦♥❡♦✉s❧② ♦♣t✐♠✐③✐♥❣ t❤❡ s❡❛r❝❤ ❢♦r ❛ s♠❛❧❧ ❛♥❞ ✈❡r②
♣❛rt✐❝✉❧❛r s❡t ♦❢ ♠♦❞❡❧s ❣♦✐♥❣ ❢♦r✇❛r❞✳

❙✉✣❝✐❡♥t s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ t♦ t❤❡ s✐❣♥❛❧ ❣r✐❞✱ ✐✳❡✳ ❝❤♦♦s✐♥❣ s✐❣♥❛❧s t❤❛t t❤❡ s❡❛r❝❤
❝♦✉❧❞ ❞✐s❝♦✈❡r ✐❢ t❤❡② ✇❡r❡ r❡❛❧✐③❡❞ ✐♥ ♥❛t✉r❡✱ ❛♥❞ ❝♦✉❧❞ ❡①❝❧✉❞❡ ♦t❤❡r✇✐s❡✳ ❚❤✐s r❡q✉✐r❡♠❡♥t
❝❛♥ ❜❡ ❜r♦❦❡♥ ❞♦✇♥ ❜② ❝♦♥s✐❞❡r✐♥❣ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❤✐❣❤ s❡♥s✐t✐✈✐t②✿

▲❛r❣❡ ❡♥♦✉❣❤ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥s ❡♥s✉r❡ t❤❛t ❛ ♠❡❛s✉r❛❜❧② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧
❡✈❡♥ts ✐s ♣r❡❞✐❝t❡❞ t♦ ❜❡ ♣r♦❞✉❝❡❞ ❛t t❤❡ ▲❍❈✳ ❇✉t t❤❡ ♠♦❞❡❧ ✐s ♦♥❧② ✉s❡❞ ❛s ❛ ❜❡♥❝❤♠❛r❦✱
❛♥❞ r❡s❝❛❧✐♥❣ t❤❡ ♣r❡❞✐❝t❡❞ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts t♦ ❛ ❤✐❣❤❡r ✈❛❧✉❡ ✐s str❛✐❣❤t❢♦r✇❛r❞ t♦ ❞♦
❜② ❝❤♦♦s✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✳ ❖♥ t❤❡ t❡❝❤♥✐❝❛❧ s✐❞❡ t❤✐s ❥✉st ✐♥❝r❡❛s❡s t❤❡ ✇❡✐❣❤ts ❛ss♦❝✐❛t❡❞
t♦ ❡❛❝❤ s✐♠✉❧❛t❡❞ ❡✈❡♥t ❜② ❛ ❝♦♠♠♦♥ ❢❛❝t♦r✳ ❙♦ t❤✐s ❛s♣❡❝t ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ❤❛s ❛ ❧♦✇ ♣r✐♦r✐t②✳

▲❛r❣❡ ❡♥♦✉❣❤ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡s ❛♥❞ ❡✣❝✐❡♥❝✐❡s ❡♥s✉r❡ t❤❛t t❤❡r❡ ✐s ❛ r❡❛❧✐st✐❝
♣r♦❜❛❜✐❧✐t② ❢♦r ❛ s✐❣♥❛❧ ❡✈❡♥t✱ ♦♥❝❡ ♣r♦❞✉❝❡❞✱ t♦ ❜❡ ♠❡❛s✉r❡❞ ❛♥❞ r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ❞❡t❡❝t♦r✱
❛♥❞ t❤❡♥ t♦ ♣❛ss t❤❡ s❡❧❡❝t✐♦♥ ❝✉ts ♦❢ t❤❡ ❛♥❛❧②s✐s✱ ❛s ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✸✳✹✳ ❉❡t❡❝t♦r ❛❝❝❡♣t❛♥❝❡
❛♥❞ s❡❧❡❝t✐♦♥ ❡✣❝✐❡♥❝② ❛r❡ ❜♦t❤ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❦✐♥❡♠❛t✐❝s ♦❢ t❤❡ s✐❣♥❛❧ ❡✈❡♥t✱ ✐✳❡✳ t❤❡
♠♦♠❡♥t❛ ♦❢ t❤❡ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡s✳ ❊✈❡♥t✲❜②✲❡✈❡♥t r❡✇❡✐❣❤t✐♥❣ t♦ ♦❜t❛✐♥ ❞✐✛❡r❡♥t ❦✐♥❡♠❛t✐❝
❞✐str✐❜✉t✐♦♥s t❤❛t ②✐❡❧❞ ❤✐❣❤❡r ❛❝❝❡♣t❛♥❝❡s ❛♥❞ ❡✣❝✐❡♥❝✐❡s ✐s ♣♦ss✐❜❧❡ ❬✶✶✶❪ ❜✉t r❡q✉✐r❡s t❤❛t
❛❧❧ t❤❡ ♣❤❛s❡s♣❛❝❡ ♦♥❡ ✇❛♥ts t♦ r❡✇❡✐❣❤t ✐♥t♦ ✐s ❛ s✉❜s❡t ♦❢ t❤❡ ♣❤❛s❡s♣❛❝❡ ❝♦✈❡r❡❞ ❜② t❤❡
✭❞❡t❡❝t♦r ❧❡✈❡❧✮ ▼♦♥t❡ ❈❛r❧♦ s❛♠♣❧❡ ♦♥ ❤❛♥❞✳ ❚❤✉s✱ ✉♥❧✐❦❡ ❢♦r t❤❡ ❝r♦ss✲s❡❝t✐♦♥✱ ✐t ✐s ❝r✉❝✐❛❧
t❤❛t t❤❡ s✐❣♥❛❧ ❣r✐❞ ❤❛s s✉✣❝✐❡♥t ❛❝❝❡♣t❛♥❝❡s ❛♥❞ ❡✣❝✐❡♥❝✐❡s✱ ❛♥❞ ❛s ♠❛♥② ♣❤❛s❡ s♣❛❝❡ r❡❣✐♦♥s
❛s ♣♦ss✐❜❧❡ ❛r❡ ❝♦✈❡r❡❞✱ s✐♥❝❡ ♦t❤❡r✇✐s❡ t❤❡ s✐❣♥❛❧ s❛♠♣❧❡s ❛r❡ ✉s❡❧❡ss✳

❆ ♣❛r❛♠❡t❡r r❡❣✐♦♥ ♥♦t ❡①❝❧✉❞❡❞ ❛❧r❡❛❞② ❡♥s✉r❡s t❤❛t t❤❡ s❡❛r❝❤ ❢♦r t❤✐s s❡t ♦❢ ♠♦❞❡❧s
❤❛s ♥♦t ❜❡❡♥ ♠❛❞❡ r❡❞✉♥❞❛♥t ❜② ❡①✐st✐♥❣ st✉❞✐❡s✳ ■t ✐s ✉s❡❢✉❧ t♦ ❞✐st✐♥❣✉✐s❤ ❡①✐st✐♥❣ ❝♦♥str❛✐♥ts
❜② ❤♦✇ ♠✉❝❤ t❤❡✐r ❛♣♣❧✐❝❛❜✐❧✐t② t♦ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤ ❞❡♣❡♥❞s ♦♥ ♠♦❞❡❧ ❛ss✉♠♣t✐♦♥s✿

❉✐r❡❝t ❝♦♥str❛✐♥ts ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ❞✐r❡❝t❧② t♦ t❤❡ h(bb̄)+Emiss
T s❡❛r❝❤✱ ✇❤✐❧❡ ✐♥tr♦❞✉❝✐♥❣

♦♥❧② ❛ ❢❡✇ ♦r ❡✈❡♥ ♥♦ ❛❞❞✐t✐♦♥❛❧ ♠♦❞❡❧ ❛ss✉♠♣t✐♦♥s✳ ❆♥ ❡①tr❡♠❡ ②❡t r❡❧❡✈❛♥t ❡①❛♠♣❧❡ ❛r❡
❡①✐st✐♥❣ s❡❛r❝❤❡s ❢♦r t❤❡ s❛♠❡ h(bb̄) + Emiss

T ✜♥❛❧ st❛t❡ ❛t ❆❚▲❆❙ ✉s✐♥❣ ❛♥♦t❤❡r s✐❣♥❛❧ ♠♦❞❡❧✳
■❢ t❤❡ r❡❝❛st✐♥❣ ♦❢ s✉❝❤ ❛ s❡❛r❝❤ ✉♥❛♠❜✐❣✉♦✉s❧② r✉❧❡s ♦✉t ❛ ❝❡rt❛✐♥ ❝❧❛ss ♦❢ s✐❣♥❛❧ s❤❛♣❡✱ ❛
❞❡❞✐❝❛t❡❞ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ s❛♠❡ ❞❛t❛ s❤♦✉❧❞ ♥♦t ❜❡ ❡①♣❡❝t❡❞ t♦ ✜♥❞ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡
❙t❛♥❞❛r❞ ▼♦❞❡❧✳ ❚❤✉s t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♣r♦❞✉❝✐♥❣ s✉❝❤ ❝❧❡❛r❧② ❡①❝❧✉❞❡❞ s✐❣♥❛❧s ✐s t♦ ❜❡
❛✈♦✐❞❡❞ ✐♥ ❢❛✈♦r ♦❢ ♣❛r❛♠❡t❡r r❡❣✐♦♥s ②✐❡❧❞✐♥❣ s✐❣♥❛❧s t❤❛t ❛r❡ ❝❧♦s❡ t♦✱ ❜✉t ♥♦t q✉✐t❡ ❡①❝❧✉❞❡❞✱
✐✳❡✳ ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ s❡♥s✐t✐✈✐t②✳ ❖t❤❡r✱ ❧❡ss ❡①tr❡♠❡ ❡①❛♠♣❧❡s ✐♥❝❧✉❞❡ ❧✐♠✐ts ♦♥ t❤❡ ♦❜s❡r✈❡❞
r❛t❡ ♦❢ h→ inv. ❛♥❞ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ρ ♣❛r❛♠❡t❡r✳

■♥❞✐r❡❝t ❝♦♥str❛✐♥ts r❡❧② ♦♥ ❛❞❞✐t✐♦♥❛❧ ♠♦❞❡❧ ❛ss✉♠♣t✐♦♥s t♦ ❝♦♥♥❡❝t t❤❡ ❝♦♥str❛✐♥✐♥❣
♦❜s❡r✈❛t✐♦♥ t♦ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤✳
❖♥❡ ❡①❛♠♣❧❡ ✇♦✉❧❞ ❜❡ t❤❡ ♠❛t❝❤✐♥❣ t❤❡ ♦❜s❡r✈❡❞ r❡❧✐❝ ❞❡♥s✐t② ♦❢ ❉❛r❦ ▼❛tt❡r✱ ✇❤✐❝❤

❛ss✉♠❡s t❤❡r♠❛❧ ❉❛r❦ ▼❛tt❡r ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ ❡❛r❧② ✉♥✐✈❡rs❡✱ ❛♥❞ ✐❞❡♥t✐❢②✐♥❣ χ ✇✐t❤ ❛❧❧ ❝♦❧❞
❉❛r❦ ▼❛tt❡r✳ ❆♥♦t❤❡r ❡①❛♠♣❧❡ ✐s r❡q✉✐r✐♥❣ ✈❛❝✉✉♠ st❛❜✐❧✐t② ✉♣ t♦ ❛r❜✐tr❛r② ✜❡❧❞ str❡♥❣t❤s✱
✇❤✐❝❤ ❛ss✉♠❡s t❤❡ t❤❡♦r② r❡♠❛✐♥s ❛ ✈❛❧✐❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ♥❛t✉r❡ t♦ ❛r❜✐tr❛r② ✜❡❧❞ str❡♥❣t❤s✳

✽✻



❚❤❡s❡ ❝♦♥str❛✐♥ts ❛r❡ str♦♥❣❧② r❡❧✐❛♥t ♦♥ ❛❞❞✐t✐♦♥❛❧ ♠♦❞❡❧ ❛ss✉♠♣t✐♦♥s ❜❡②♦♥❞ t❤♦s❡ ✐♥❤❡r❡♥t❧②
❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦❜s❡r✈❛❜❧❡ ❢❡❛t✉r❡s ♦❢ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡✳
❚❤❡ ✜♥❛❧ s❡t ♦❢ s✐❣♥❛❧ s❛♠♣❧❡s ✐s ♥♦t ❥✉st ✐♥t❡♥❞❡❞ ❛s ❛ t❡st ♦❢ t❤❡ ✷❍❉▼+a ❤②♣♦t❤❡s✐s

s♣❡❝✐✜❝❛❧❧②✳ ❘❛t❤❡r ✐t s❤♦✉❧❞ ❜❡ ❛ ❜❡♥❝❤♠❛r❦ ❢♦r t❤❡ ❧❛r❣❡r ❝❧❛ss ♦❢ t❤✐s ❛♥❞ s✐♠✐❧❛r s✐♠♣❧✐✜❡❞
♠♦❞❡❧s ❛♥❞ t❤❡✐r ♣♦t❡♥t✐❛❧ s♣❡❝✐✜❝❛t✐♦♥s ✐♥t♦ ❝♦♠♣❧❡t❡ t❤❡♦r✐❡s✳ ❚❤✉s ♣❛r❛♠❡t❡r r❡❣✐♦♥s t❤❛t
s❛t✐s❢② ♠♦st ♦r ❛❧❧ ♦❢ t❤❡ ✐♥❞✐r❡❝t ❝♦♥str❛✐♥ts ❛r❡ ♣r❡❢❡rr❡❞ r❡❣✐♦♥s ✐♥ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡✳
❍♦✇❡✈❡r✱ r❡❣✐♦♥s t❤❛t ❜r❡❛❦ ♦♥❡ ♦r ❛ ❢❡✇ ♦❢ t❤❡s❡ ❝♦♥str❛✐♥ts ❝❛♥ st✐❧❧ ❜❡ ❧❡❢t ❛s ❛ ♣❛rt ♦❢ t❤❡
✜♥❛❧ s❡t ♦❢ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧s✱ s✐♥❝❡ t❤❡s❡ ❝♦♥str❛✐♥ts ♠✐❣❤t ♥♦t ❛❝t✉❛❧❧② ❜❡ ❜r♦❦❡♥ ❜② ❛♥♦t❤❡r
♠♦❞❡❧ ♣r♦❞✉❝✐♥❣ ❛ s✐♠✐❧❛r s✐❣♥❛❧ ❛t t❤❡ ▲❍❈ ❜✉t ✇✐t❤ ❛ ❞✐✛❡r❡♥t t❤❡♦r❡t✐❝❛❧ ✉♥❞❡r♣✐♥♥✐♥❣✳
❚❤✐s ✐♥❝r❡❛s❡s t❤❡ ❣❡♥❡r❛❧✐t② ♦❢ t❤❡ r❡s✉❧t ❛♥❞ r❡❞✉❝❡s ❜✐❛s t♦✇❛r❞s ❛ ♣❛rt✐❝✉❧❛r ❦✐♥❞ ♦❢ s✐❣♥❛❧✳

❉✐✈❡rs❡ ❛♥❞ ❝♦♠♣❧✐♠❡♥t❛r② s❡❛r❝❤ ❝❤❛♥♥❡❧s s✉❝❤ ❛s ❡✳❣✳ h(bb̄) + Emiss
T ✱ h(γγ) + Emiss

T ✱
Z(ll) +Emiss

T ✱ jet +Emiss
T ✱ t +Emiss

T ♦r tt̄✲r❡s♦♥❛♥❝❡ s❡❛r❝❤❡s✱ ❛❧❧♦✇ t❤♦r♦✉❣❤ ❡①♣❡r✐♠❡♥t❛❧ t❡sts
♦❢ t❤❡ ✷❍❉▼✰❛ ♠♦❞❡❧✳ ❚❤✐s ✐s ❛ ❦❡② ❢❡❛t✉r❡ ♦❢ t❤❡ ✷❍❉▼✰❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧✱ ❛♥❞ s❤♦✉❧❞
❜❡ ❛♣♣❛r❡♥t ✐♥ t❤❡ s✐❣♥❛❧ ❣r✐❞✳ ❖❢ ❝♦✉rs❡ t❤❡ ♠❛✐♥ ❢♦❝✉s ♦❢ t❤❡ st✉❞② ✐s ♦♥ t❤❡ h(bb̄) + Emiss

T

✜♥❛❧ st❛t❡✱ ❜✉t ❛ ♣❛r❛♠❡t❡r ❝❤♦✐❝❡ t❤❛t ♣r❡❞✐❝ts ❡①❝❧✉s✐✈❡❧② h(bb̄)+Emiss
T s✐❣♥❛❧s ❛♥❞ ♥♦ ♦t❤❡rs

✇♦✉❧❞ ❜r❡❛❦ t❤✐s ❞❡s✐r❡❞ ❢❡❛t✉r❡ ♦❢ t❤❡ ♠♦❞❡❧✳

✺✳✷ ❙t❡♣s ♦❢ t❤❡ ❙t✉❞②

❚❤❡ ✷❍❉▼✰❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ✐s s♣❡❝✐✜❡❞ ❜② ✶✹ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛♠❡t❡rs ❬✶❪✱ ❣✐✈❡♥ ✐♥ ❚❛✲
❜❧❡ ✹✳✶✳ ❚❤❡ ❢r❡❡❞♦♠ ♦❢ t❤❡s❡ ✶✹ ♣❛r❛♠❡t❡rs ✐s r❡❞✉❝❡❞ ❜② t❛❦✐♥❣ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ t❤❡
❝♦♥str❛✐♥ts ♦♥ t❤❡ ♠♦❞❡❧ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳ ❇✉t ❝♦♥s✐❞❡r❛❜❧❡ ❢r❡❡❞♦♠ r❡♠❛✐♥s✱ ❛♥❞ ✐t ✐s
♥❡❝❡ss❛r② t♦ ✉♥❞❡rst❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ♣❛r❛♠❡t❡rs ♦♥ t❤❡ s✐❣♥❛❧ t♦ ❦♥♦✇ ✇❤✐❝❤
♣❛r❛♠❡t❡r ✈❛❧✉❡s ❛♥❞ ✈❛r✐❛t✐♦♥s r❡s✉❧t ✐♥ ✐♥t❡r❡st✐♥❣ ❝❤❛♥❣❡s ♦❢ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s✱ ❛♥❞ ❤♦✇✳
❚❤✐s ✐s t❤❡ ✜rst st❡♣ t♦✇❛r❞s ✜♥❞✐♥❣ ❛ ❣r✐❞ ✇✐t❤ t❤❡ ♣r♦♣❡rt✐❡s ♦✉t❧✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✶✳ ❚❤❡s❡
st✉❞✐❡s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✻✳

❍❛✈✐♥❣ ✉♥❞❡rst♦♦❞ ❤♦✇ t❤❡ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ❛✛❡❝t t❤❡ ✷❍❉▼✰❛ s✐❣♥❛❧✱ t❤❡ s✐❣♥❛❧ ❣r✐❞
✐s ❞❡s✐❣♥❡❞✳ ❇❛s❡❞ ♦♥ t❤❡ ♣r❡✈✐♦✉s st✉❞② ♦❢ ✐♥❞✐✈✐❞✉❛❧ ♣❛r❛♠❡t❡rs✱ ❛ ❞❡❝✐s✐♦♥ ✐s ♠❛❞❡ t♦ ✜①
s♦♠❡ ♣❛r❛♠❡t❡rs ❛♥❞ ✈❛r② ♦t❤❡rs✳ P❛r❛♠❡t❡rs ♥♦t ❛✛❡❝t✐♥❣ t❤❡ s✐❣♥❛❧✱ ♦r ♦♥❧② t❤❡ s✐❣♥❛❧ ❝r♦ss
s❡❝t✐♦♥✱ ❝❛♥ ❜❡ ❦❡♣t ✜①❡❞✳ P❛r❛♠❡t❡rs t❤❛t str♦♥❣❧② ✐♠♣❛❝t t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s s❤♦✉❧❞ ❜❡
✈❛r✐❡❞✳

◆❡①t t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ❢♦r h(bb̄) + Emiss
T t♦ t❤❡s❡ ♠♦❞❡❧s ✐s ❡st✐♠❛t❡❞✳ ❚❤❡

s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡s ❛r❡ ✉s❡❞ t♦ ♠♦t✐✈❛t❡ s♣❡❝✐✜❝ ❝❤♦✐❝❡s ♦❢ ❝♦♥❝r❡t❡ ✈❛❧✉❡s ❢♦r t❤❡ ✜①❡❞ ❛♥❞
✈❛r✐❡❞ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ✭♣❛r❛♠❡t❡r r❛♥❣❡s✮✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♥❡❝❡ss❛r② s✐③❡ ♦❢ t❤❡ s✐❣♥❛❧
s❛♠♣❧❡s t♦ ❜❡ ♣r♦❞✉❝❡❞ ❛t ❡❛❝❤ ♣❛r❛♠❡t❡r ♣♦✐♥t ✐s ❡st✐♠❛t❡❞✳ ❚❤❡ st✉❞✐❡s ♦❢ t❤❡ s✐❣♥❛❧
❣r✐❞ ❞❡s✐❣♥✱ ❛♥❞ t❤❡ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ r❡s✉❧t✐♥❣ s✐❣♥❛❧ ❣r✐❞ ❛r❡ st✉❞✐❡❞ ✐♥
❈❤❛♣t❡r ✼✳

❋✐♥❛❧❧②✱ ✐♥ ❈❤❛♣t❡r ✽✱ ❧✐♠✐ts ♦♥ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡rs ❛r❡ s❡t ✉s✐♥❣ s✐♠✉❧❛t❡❞ ❞❡t❡❝t♦r
❧❡✈❡❧ ▼❈ ❡✈❡♥ts ❣❡♥❡r❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s✐❣♥❛❧ ❣r✐❞ ❞❡✈✐s❡❞ ✐♥ ❈❤❛♣t❡r ✼ ✳

✺✳✸ ❊✈❡♥t ●❡♥❡r❛t✐♦♥

❆❧❧ st✉❞✐❡s ♦❢ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ h(bb̄)+Emiss
T s✐❣♥❛t✉r❡ ✐♥ t❤❡ ✷❍❉▼+a ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣✲

t❡rs ✻ ❛♥❞ ✼ ❛r❡ ♣❡r❢♦r♠❡❞ ❛t ♣❛rt♦♥ ❧❡✈❡❧✳ ❚❤❡ ❡✈❡♥t s✐♠✉❧❛t✐♦♥ ❛♥❞ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥s
❝❛❧❝✉❧❛t✐♦♥ ❢♦r t❤❡s❡ ❝❤❛♣t❡rs ✐s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ✈❡rs✐♦♥ ✷✳✹✳✸ ♦❢ t❤❡ ♣❛rt♦♥✲❧❡✈❡❧ ❡✈❡♥t ❣❡♥❡✲
r❛t♦r ▼❛❞●r❛♣❤ ✺ ✭▼●✺❴❛▼❈❅◆▲❖✮ ❬✶✶✷❪✳ ■t ✐♥❝❧✉❞❡s ❛✉t♦♠❛t✐❝ ❧♦♦♣ ❝♦♠♣✉t❛t✐♦♥ ❛♥❞

✽✼



♦♥❡✲❧♦♦♣ ✐♥t❡❣r❛❧ r❡❞✉❝t✐♦♥ t♦♦❧s ❬✶✶✸✱ ✶✶✹✱ ✶✶✺❪✱ ✇❤✐❝❤ ❛r❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥
t♦♣✲❧♦♦♣s ♦❝❝✉rr✐♥❣ ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♠♦❞❡ t❤❛t ❞♦♠✐♥❛t❡s ♠♦st ♦❢ t❤❡ st✉❞✐❡❞ ♣❛r❛♠❡t❡r
s♣❛❝❡✳ ❚❤❡ ❞❡❝❛② r❛t❡s ♦❢ t❤❡ A✱ a✱ H✱ H±✱ ❛♥❞ h ♣❛rt✐❝❧❡s ❛r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❝♦rr❡✲
s♣♦♥❞✐♥❣ t♦♦❧ ❞✐str✐❜✉t❡❞ ✇✐t❤ ▼❛❞●r❛♣❤ ✺ ❬✶✶✻❪✳ ❚❤❡ ✷❍❉▼+a ✐s ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ ❛
❯♥✐✈❡rs❛❧ ❋❡②♥❘✉❧❡s ❖✉t♣✉t ❬✶✶✼❪ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❛✉t❤♦rs ♦❢ ❬✶❪✳ ❚❤❡ ❧❡❛✲
❞✐♥❣ ♦r❞❡r ◆◆P❉❋✸✵❴❧♦❴❛s❴✵✶✸✵ s❡t ♦❢ ♣❛rt♦♥ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥s ✭P❉❋s✮ ❬✶✶✽❪ ✐s ✉s❡❞
✐♥ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥✳ ■t ❛ss✉♠❡s ❛ ✈❛❧✉❡ ♦❢ t❤❡ str♦♥❣ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡r ♦❢
αS(mZ) = 0.130 ❛♥❞ ♠❛ss❧❡ss b✲q✉❛r❦s t❤❛t ♦❝❝✉r ✐♥ t❤❡ ♣r♦t♦♥ ❛s s❡❛ q✉❛r❦s✳ ❚❤✉s t❤❡ ♠❛ss
♦❢ t❤❡ b q✉❛r❦ ✐s s❡t ❛s mb = 0 ✐♥ ▼❛❞●r❛♣❤ ✺ ❛s ✇❡❧❧✳

❚❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ s✐♠✉❧❛t❡❞ ❡✈❡♥ts ✉s❡❞ t♦ s❡t t❤❡ ❧✐♠✐ts ♦♥ ✷❍❉▼+a ♣❛r❛♠❡t❡rs
♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✽ ✉s❡ ✐❞❡♥t✐❝❛❧ s❡tt✐♥❣s t♦ ❣❡♥❡r❛t❡ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥ts ❛♥❞ ❝r♦ss s❡❝t✐♦♥s✳
❍♦✇❡✈❡r✱ s✐♥❝❡ t❤❡s❡ ❡✈❡♥ts ❛r❡ s✐♠✉❧❛t❡❞ ✉♣ t♦ ❛♥❞ ✐♥❝❧✉❞✐♥❣ t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✱
♠♦r❡ t♦♦❧s ❛r❡ ✉s❡❞ ✐♥ ❛❞❞✐t✐♦♥ t♦ ✇❤❛t ✐s st❛t❡❞ ❛❜♦✈❡✳ ❚❤❡ ♣❛rt♦♥ s❤♦✇❡r ❛♥❞ s✉❜s❡q✉❡♥t
❤❛❞r♦♥✐③❛t✐♦♥ ♦❢ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ ❡✈❡♥ts r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥ ✐s ❞♦♥❡
✇✐t❤ P②t❤✐❛✽ ❬✶✶✾❪✱ ✇✐t❤ s❡✈❡r❛❧ ♣❛r❛♠❡t❡rs t✉♥❡❞ t♦ ♦❜t❛✐♥ ❛ ❜❡tt❡r ♠❛t❝❤ ♦❢ ❞❛t❛ ❛♥❞
s✐♠✉❧❛t✐♦♥ ✇❤❡♥ ❣❡♥❡r❛t✐♥❣ ❡✈❡♥ts ✇✐t❤ t❤❡ ◆◆P❉❋✷✳✸ ♣❞❢ s❡ts✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡
❆❚▲❆❙ ❞❡t❡❝t♦r ✐s s✐♠✉❧❛t❡❞ ✇✐t❤ ●❡❛♥t✹ ❬✶✷✵✱ ✽✶❪✳

✽✽



❈❤❛♣t❡r ✻

❙t✉❞✐❡s ♦❢ ■♥❞✐✈✐❞✉❛❧ ▼♦❞❡❧ P❛r❛♠❡t❡rs

❚❤✐s ❈❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ r❡s✉❧ts ♦❢ ❞❡t❛✐❧❡❞ st✉❞✐❡s ♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✷❍❉▼+a ♠♦❞❡❧ ♣❛✲
r❛♠❡t❡rs ✇✐t❤ r❡s♣❡❝t t♦ t❤❡✐r ❡✛❡❝t ♦♥ t❤❡ h(bb̄) + Emiss

T ✜♥❛❧ st❛t❡✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ st✉❞✐❡s
❢♦❝✉s ♦♥ t❤❡ Emiss

T ♦❜s❡r✈❛❜❧❡ s✐♥❝❡ ✐t ✐s ❝r✉❝✐❛❧ t♦ t❤❡ h(bb̄) + Emiss
T s❡❛r❝❤✳ ❚❤❡ ♣r♦❞✉❝t✐♦♥

❝r♦ss s❡❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐s ❝♦♥s✐❞❡r❡❞ ❛s ✇❡❧❧✳ Emiss
T ✐s t❤❡ ❢♦❝✉s ❜❡❝❛✉s❡ t❤❡ ❦✐♥❡♠❛t✐❝s

❛r❡ ♥♦t tr✐✈✐❛❧ t♦ ❝❤❛♥❣❡ ❜② r❡✇❡✐❣❤t✐♥❣ ❛❢t❡r t❤❡ ❢❛❝t✱ ❛♥❞ ❡ss❡♥t✐❛❧ t♦ t❤❡ ✉s❡❢✉❧♥❡ss ♦❢ t❤❡
♠♦❞❡❧ ❛s ❛ ❜❡♥❝❤♠❛r❦✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❙❡❝t✐♦♥ ✺✳✶✳ ❍❛✈✐♥❣ ✐♥ t❤✐s ❈❤❛♣t❡r
❞❡t❡r♠✐♥❡❞ ✇❤✐❝❤ ♣❛r❛♠❡t❡rs ❛✛❡❝t t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s✱ t❤❡ ❝r♦ss s❡❝t✐♦♥✱ ♥❡✐t❤❡r✱ ♦r ❜♦t❤✱
t❤❡ ♣❛r❛♠❡t❡rs ✇✐t❤ ✐♥t❡r❡st✐♥❣ ❡✛❡❝ts ♦♥ t❤❡ ❦✐♥❡♠❛t✐❝s ❛r❡ t❤❡♥ s❝❛♥♥❡❞ ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡
s❡t ♦❢ ❜❡♥❝❤♠❛r❦ ♠♦❞❡❧s ✐♥ ❈❤❛♣t❡r ✼✳ P❛r❛♠❡t❡rs ✇✐t❤ ♥♦ ✐♠♣❛❝t ♦♥ t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝
❛r❡ ✐♥st❡❛❞ ✜①❡❞ ✐♥ t❤❡ s❝❛♥s ✐♥ ❈❤❛♣t❡r ✼✳

✻✳✶ ▼❛ss ♦❢ t❤❡ ❍❡❛✈② CP ✲♦❞❞ ❙❝❛❧❛r ❇♦s♦♥✿ MA

✻✳✶✳✶ ❘❡s♦♥❛♥t ❙✐❣♥❛❧s

❚❤❡ t✇♦ ❝r✉❝✐❛❧ ❦✐♥❡♠❛t✐❝ ♣❛r❛♠❡t❡rs ❛r❡ t❤❡ ♠❛ss❡s ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛rs✱ MA ❛♥❞ Ma✱ ✐❢
t❤❡ ♠♦♥♦✲❤ s✐❣♥❛❧ ♣r♦❝❡ss ✐s ✐♥ t❤❡ r❡s♦♥❛♥t ❝❤❛♥♥❡❧ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✱ ❆s ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✹✳✸✳✶✱ MA ❛♥❞ Ma ❞❡t❡r♠✐♥❡ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛✲
t✐♦♥ ✭✹✳✶✸✮✱ ❞♦♠✐♥❛t✐♥❣ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥✳

❚❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ✐♥ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ s❤✐❢ts t♦ ❤✐❣❤❡r ✈❛❧✉❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ MA✱ ❛s

s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✳ ❚❤✐s ✐s ❛ ❦✐♥❡♠❛t✐❝ ❡✛❡❝t✳ ❆t ❤✐❣❤ MA

√
s = Mhχχ̄ ✐♥ t❤❡ ❤❛r❞ ♠❛tr✐①

❡❧❡♠❡♥t ✐s ❧❛r❣❡✱ s✐♥❝❡ t❤❡ Mhχχ̄ ❞✐str✐❜✉t✐♦♥ ✐s r❡s♦♥❛♥t❧② ❡♥❤❛♥❝❡❞ ❛r♦✉♥❞ t❤❡ A ♣♦❧❡ ❛t MA✳
❚❤✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✭❛✮✳

√
s =Mhχχ̄ ✐s ❞✐str✐❜✉t❡❞ ❛♠♦♥❣ t❤❡ ♣r♦❞✉❝ts ♦❢ t❤❡ A ❞❡❝❛②✱

❜✉t t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r s②st❡♠ Mχχ̄ r❡♠❛✐♥s s❤❛r♣❧② ♣❡❛❦❡❞ ❛r♦✉♥❞ Ma✱ ❛s
❋✐❣✉r❡ ✻✳✷✭❜✮ s❤♦✇s✳ ❆s ❛ r❡s✉❧t t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥s χχ̄ r❡❧❛t✐✈❡ t♦
t❤❡ ❧✐❣❤t ❍✐❣❣s h✱ ❛♥❞ t❤✉s t❤❡ Emiss

T ✱ ✐s ✐♥❝r❡❛s❡❞✳

❚❤❡Mhχχ̄ ❞✐str✐❜✉t✐♦♥s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✭❛✮ ❢❡❛t✉r❡ ❛ s♠❛❧❧❡r✱ s❡❝♦♥❞❛r② ♣❡❛❦ ❛tMhχχ̄ =
Ma = 300GeV ❛s ✇❡❧❧ ❛s ❛ ❜r♦❛❞ ❞✐str✐❜✉t✐♦♥ str❡t❝❤✐♥❣ ❢r♦♠ Mhχχ̄ =Ma +Mh = 425GeV t♦
t❤❡ ♣❡❛❦ ❛t Mhχχ̄ = MA✳ ❚❤❡s❡ ❢❡❛t✉r❡s ❝♦♠❡ ❢r♦♠ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s s✉❝❤ ❛s t❤♦s❡
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❡✮ ❛♥❞ ❋✐❣✉r❡ ✹✳✻✭❛✮✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❝♦rr❡❧❛t✐♦♥s ♦❢Mχχ̄ ❛♥❞Mhχχ̄ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✸✭❛✮ ♠❛t❝❤ t❤❡ ❛❜♦✈❡
✐♥t❡r♣r❡t❛t✐♦♥✳ ❚❤❡ ♠❛❥♦r✐t② ♦❢ ❡✈❡♥ts ❝❧✉st❡r ❛r♦✉♥❞ t❤❡ ♣♦✐♥tMhχχ̄ =MA = 700GeV,Mχχ̄ =
Ma = 300GeV✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ r❡s♦♥❛♥t A → ha ❞❡❝❛②s ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳ ❚❤❡ ♥♦♥✲
r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ❋✐❣✉r❡ ✹✳✻✭❡✮ r❡s✉❧t ✐♥ t❤❡ ❝❧✉st❡r ♦❢ ❡✈❡♥ts ❛r♦✉♥❞ Mhχχ̄ =Ma =
300GeV ❛♥❞ ❤❛✈❡ Mχχ̄ r❡str✐❝t❡❞ t♦ ≤ Ma − Mh = 175GeV✱ s✐♥❝❡ Mhχχ̄ ≥ Mχχ̄ + Mh ❜②

✽✾
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❋✐❣✉r❡ ✻✳✶✿ Emiss
T ❞✐str✐❜✉t✐♦♥ ❛t ♣❛rt♦♥ ❧❡✈❡❧ ♦❢ h→ bb+Emiss

T s✐❣♥❛❧ ❡✈❡♥ts ❢♦r ✜✈❡ r❡♣r❡s❡♥t❛✲
t✐✈❡ ♠♦❞❡❧s ✇✐t❤ ❞✐✛❡r❡♥t MA(= MH = MH±) ❛♥❞ ✜①❡❞ Ma = 300 ●❡❱✱ sin θ = 0.35, tan β =
1,Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳
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✭❛✮ Mhχχ̄ ❞✐str✐❜✉t✐♦♥s ❢♦r ✈❛r✐❡❞ MA
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✭❜✮ Mχχ̄ ❞✐str✐❜✉t✐♦♥s ❢♦r ✈❛r✐❡❞ MA

❋✐❣✉r❡ ✻✳✷✿ ❊✛❡❝t ♦❢ MA ✈❛r✐❛t✐♦♥s ♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ Mhχχ̄ ✭s❤♦✇♥ ✐♥ ✭❛✮✮ ❛♥❞ ♦❢ Mχχ̄

✭s❤♦✇♥ ✐♥ ✭❜✮✮ ❢♦r ♠♦❞❡❧s ✇✐t❤ ♠♦st❧② r❡s♦♥❛♥t s✐❣♥❛❧s✳ ❚❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s
MA(= MH = MH±)✱Ma = 300 ●❡❱✱ sin θ = 0.35, tan β = 1,Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 =
λ3 = 3

✾✵
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✭❜✮ ❍✐st♦❣r❛♠ ♦❢ Emiss
T ❛♥❞ Mhχχ̄

❋✐❣✉r❡ ✻✳✸✿ ❈♦rr❡❧❛t✐♦♥ ♦❢ ❦✐♥❡♠❛t✐❝ ♣❛r❛♠❡t❡rs ✐♥ s✐♠✉❧❛t❡❞ ♣❛rt♦♥ ❧❡✈❡❧ s✐❣♥❛❧ ❡✈❡♥ts✳ Mχχ̄

❛♥❞ Mhχχ̄ ❛r❡ ♠♦st❧② ✉♥❝♦rr❡❧❛t❡❞ ❛♥❞ s❤❛r♣❧② ♣❡❛❦❡❞ ❛r♦✉♥❞ Ma ❛♥❞ MA✱ r❡s♣❡❝t✐✈❡❧②✱ ❛s
s❤♦✇♥ ✐♥ ✭❛✮✳ Emiss

T ❛♥❞Mhχχ̄ ❛r❡ ❝♦rr❡❧❛t❡❞ ✐♥ ❛ ♥♦♥❧✐♥❡❛r ❛♥❞ ♥♦♥✲✉♥✐♠♦❞❛❧ ✇❛②✱ ❛s ❞✐s♣❧❛②❡❞
✐♥ ✭❜✮✳ ❚❤❡ s❤♦✇♥ ♠♦❞❡❧ ❤❛s t❤❡ ♣❛r❛♠❡t❡rs MA = 700GeV✱ Ma = 300GeV✱ MH = MH± =
MA✱ sin θ = 0.35✱ ❛♥❞ tan β = 1.0✱ λP1 = λP2 = λ3 = 3✳

❞❡✜♥✐t✐♦♥✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹✳✻✭❛✮ ❛♥❞ ✹✳✻✭❡✮ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡
❛t ❝♦♥st❛♥t Mχχ̄ = Ma = 300GeV ❡①t❡♥❞✐♥❣ ❢r♦♠ Mhχχ̄ = Ma +Mh = 425GeV t♦ t❤❡ ♣❡❛❦
❛t Mhχχ̄ =MA = 700GeV✳

❚❤❡ ❝♦rr❡❧❛t✐♦♥ ♦❢ Emiss
T ❛♥❞ Mhχχ̄✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✸✭❜✮✱ ❞❡♠♦♥str❛t❡ ❤♦✇ t❤❡ ❞✐✛❡r❡♥t

r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s ❣✐✈❡ r✐s❡ t♦ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ❞♦♠✐♥❛♥t ❝♦♥✲

tr✐❜✉t✐♦♥ ♦❢ r❡s♦♥❛♥t ❡✈❡♥ts ❛t Mhχχ̄ = MA = 700GeV s❤♦✇ s♦♠❡ s♠❛❧❧ ✈❛r✐❛t✐♦♥ ❞✉❡ t♦ t❤❡
✇✐❞t❤ ♦❢ t❤❡ r❡s♦♥❛♥❝❡✱ ✐✳❡✳ ❤❛r❞❡r Emiss

T ❢♦r ❡✈❡♥ts ❛t Mhχχ̄ ❛ ❜✐t ❛❜♦✈❡ MA ❛♥❞ ✈✐❝❡ ✈❡rs❛✳
❇✉t ♠♦st ♦❢ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ Emiss

T s♣❡❝tr✉♠ ✐s ❞✉❡ t♦ t❤❡ tr❛♥s✈❡rs❡ ♣r♦❥❡❝t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ χχ̄
♠♦♠❡♥t✉♠✱ ❛♥❞ t❤✉s ✐t ✐s ♥♦t ❝♦rr❡❧❛t❡❞ ✇✐t❤ Mhχχ̄✳ Pr♦❝❡ss❡s ❛✇❛② ❢r♦♠ t❤❡ A r❡s♦♥❛♥❝❡✱
s✉❝❤ ❛s t❤♦s❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹✳✻✭❛✮ ❛♥❞ ✹✳✻✭❞✮ ❣✐✈❡ r✐s❡ t♦ ❛ ❝❧✉st❡r ♦❢ ❡✈❡♥ts ✇❤❡r❡ Mhχχ̄

❛♥❞ Emiss
T ❛r❡ str♦♥❣❧② ❝♦rr❡❧❛t❡❞✱ ❞✉❡ t♦ t❤❡ r❡q✉✐r❡♠❡♥t t❤❛t Mχχ̄ = Ma✳ ❋✐♥❛❧❧② t❤❡r❡ ✐s

t❤❡ ❝♦♥tr✐❜✉t✐♦♥ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❡✮ ❛t Mhχχ̄ = Ma ❛♥❞ s♦❢t Emiss
T ✳ ❖✈❡r❛❧❧✱ ❋✐❣✉r❡ ✻✳✸✭❜✮

♠❛t❝❤❡s ✇❤❛t ♦♥❡ ❡①♣❡❝ts ❢♦r ❛ ♠♦❞❡❧ ✇✐t❤ ♠♦st❧② r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts ❛♥❞ t❤✉s ❛ Emiss
T

❞✐str✐❜✉t✐♦♥ ❞♦♠✐♥❛t❡❞ ❜② ❛ ❏❛❝♦❜✐❛♥ ♣❡❛❦✳
■♥ ❝♦♥❝❧✉s✐♦♥✱ ❢♦r ♠♦❞❡❧s ✇✐t❤ ♣r❡❞♦♠✐♥❛♥t❧② r❡s♦♥❛♥t s✐❣♥❛❧ ♣r♦❞✉❝t✐♦♥✱ MA s❤✐❢ts t❤❡

Mhχχ̄ r❡s♦♥❛♥❝❡ ❛♥❞ t❤✉s t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ✐♥ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤

❊q✉❛t✐♦♥ ✭✹✳✶✸✮✳ ❚❤✐s ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ ✉s❡❞ t♦ ❣❡♥❡r❛t❡ s✐❣♥❛❧s ✇✐t❤ ✈❛r✐❡❞ ❦✐♥❡♠❛t✐❝s✱ ❛♥❞
✇❤✐❝❤ ✐s ❞❡s✐r❛❜❧❡ ❛s ❛ ❜❡♥❝❤♠❛r❦✳ ❚❤✉s MA ✐s ✈❛r✐❡❞ ✐♥ t❤❡ s❡t ♦❢ s✐❣♥❛❧ ♠♦❞❡❧s ✉s❡❞ ❢♦r
t❤❡ s❡❛r❝❤ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ ❛♥❞ ♦t❤❡r ♣❛r❛♠❡t❡rs ❛r❡ ❝❤♦s❡♥ t♦ ❡♥❤❛♥❝❡ t❤❡ r❡s♦♥❛♥t
❝❤❛♥♥❡❧✳

✻✳✶✳✷ ◆♦♥✲❘❡s♦♥❛♥t ❙✐❣♥❛❧s

■❢ t❤❡ ❞♦♠✐♥❛♥t s✐❣♥❛❧ ♣r♦❝❡ss ✐s ♥♦♥✲r❡s♦♥❛♥t✱ ✐✳❡✳ ♥♦t t❤❡ ♣r♦❝❡ss A → ha(→ χχ̄) s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✹ ✇✐t❤ ❛ ❛♥❞ ❆ ♦♥ t❤❡✐r r❡s♣❡❝t✐✈❡ ♠❛ss s❤❡❧❧s ✭❝❢✳ ❙❡❝t✐♦♥ ✹✳✸✳✸✮✱ MA ✈❛r✐❛t✐♦♥s ❤❛✈❡
♥♦ ❡✛❡❝t ♦♥ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥✳ ❚❤✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✹✭❛✮✳ ❙✐♥❝❡ A ❝❛♥ ❜❡ str♦♥❣❧②
♦✛✲s❤❡❧❧ ❞✉❡ t♦ ✐ts t②♣✐❝❛❧❧② ❧❛r❣❡ ✇✐❞t❤✱ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ A ♣♦❧❡ ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ s✐❣♥❛❧
♣r♦❝❡ss✱ ❛s ❋✐❣✉r❡ ✻✳✹✭❜✮ ❞❡♠♦♥str❛t❡s✳ ❨❡t MA ❞♦❡s ❤❛✈❡ ❛♥ ❡✛❡❝t ♦♥ t❤❡ ✇✐❞t❤ ♦❢ A✱ ΓA✱
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✹✭❝✮✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ✐t ❞✐r❡❝t❧② ❛✛❡❝ts t❤❡ tr✐❧✐♥❡❛r s❝❛❧❛r ❝♦✉♣❧✐♥❣ gAah✱

✾✶



 [GeV]miss
TE

100 200 300 400 500 600 700

E
ve

nt
s 

(n
or

m
al

is
ed

 to
 u

ni
ty

)

0

0.02

0.04

0.06

0.08

0.1
 = 1000 GeVAM

 = 1200 GeVAM

 = 1400 GeVAM

 = 1600 GeVAM

 + 100 GeVA = M±H = MHM 300 GeV,  =aM

) = 1β, tan(2) = 1/θsin(

 = 10 GeVχM 3,  =P2λ = P1λ = 3λ

✭❛✮ ❊✛❡❝t ♦❢ MA ♦♥ Emiss
T ✲s❤❛♣❡

 1
7 

G
eV

 )
]

×
cr

os
s 

se
ct

io
n 

[p
b/

(1
3 

G
eV

 

0

0.02

0.04

0.06

0.08

0.1

0.12

 [GeV]χχM
50 100 150 200 250 300 350 400

 [G
eV

]
χ

χ
h 

M

400

600

800

1000

1200

1400  300 GeV =a M 1.3  TeV, =H =  M±HM1.2 TeV,  = AM

) = 1β, tan(2) = 1/θsin(

 = 10 GeVχM 3,  =P2λ = P1λ = 3λ

✭❜✮ Mhχχ̄✲Mχχ̄ ❞✐str✐❜✉t✐♦♥

 [GeV]Am
1000 1100 1200 1300 1400 1500 1600

 [G
eV

]
A

Γ

150

200

250

300

350

400

450

500

550

600

✭❝✮ ❊✛❡❝t ♦❢ MA ♦♥ ΓA

 [GeV]Am
1000 1100 1200 1300 1400 1500 1600

pa
rt

on
 le

ve
l c

ro
ss

 s
ec

tio
n 

[p
b]

1

2

3

4

5

✭❞✮ ❊✛❡❝t ♦❢ MA ♦♥ t❤❡ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥

❋✐❣✉r❡ ✻✳✹✿ ❊①❛♠♣❧❡ ♦❢ ♠♦❞❡❧s ✇❤❡r❡ t❤❡ s✐❣♥❛❧ ✐s ♠♦st❧② ♦♥❡ s✐♥❣❧❡ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss✳
❈❤❛♥❣❡s ✐♥MA ❤❛✈❡ ♥♦ ❡✛❡❝t ♦♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥✱ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥ ✭❛✮✳ ✭❜✮
s❤♦✇s ❤♦✇ s✐❣♥❛❧ ❡✈❡♥ts t❡♥❞ t♦ ❝❧✉st❡r ❦✐♥❡♠❛t✐❝❛❧❧② ❛r♦✉♥❞ t❤❡ ♠❛ss s❝❛❧❡s ♦❢ t❤❡ ❧✐❣❤t❡st
s❝❛❧❛r ❛♥❞ ♣s❡✉❞♦s❝❛❧❛r✱ Mh ❛♥❞ Ma✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ MA✳ ■♥❝r❡❛s✐♥❣ MA ✐♥❝r❡❛s❡s t❤❡ ΓA✱
s❤♦✇♥ ✐♥ ✭❞✮✱ ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥✱ s❤♦✇♥ ✐♥ ✭❝✮✳ ❚❤❡ ✈❛❧✉❡s ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❛r❡
Ma = 300 ●❡❱✱ MH = MH± = MA + 100 ●❡❱✱ sin θ = 1/

√
2✱ tan β = 1, λ3 = λP1 = λP2 = 3✱

❛♥❞ Mχ = 10 ●❡❱✳

✾✷



❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✻✮✳ ❆s ❛ r❡s✉❧t✱ MA ✈❛r✐❛t✐♦♥s ❝❤❛♥❣❡ t❤❡ ❝r♦ss✲s❡❝t✐♦♥✱ ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✻✳✹✭❞✮✱ ❜✉t ♥♦t t❤❡ ❦✐♥❡♠❛t✐❝s✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✹✭❛✮✳

■♥ t❤❡ ❣❡♥❡r❛❧ ❝❛s❡✱ ❜♦t❤ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❞✉❝t✐♦♥ ❛♥❞ r❡s♦♥❛♥t ♣r♦❞✉❝t✐♦♥ A→ ha(→ χχ̄)
❝❛♥ ♦❝❝✉r ✇✐t❤ s✐♠✐❧❛r ②✐❡❧❞s ✐♥ ♦♥❡ ♠♦❞❡❧✳ ❚❤❡ r❡s✉❧t✐♥❣ Emiss

T s♣❡❝tr❛ ❡①❤✐❜✐t ❛ s✉♣❡r♣♦s✐t✐♦♥
♦❢ t❤❡ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s✳ ❚❤❡ s♦❢t✲Emiss

T ♥♦♥✲r❡s♦♥❛♥t ❞✐str✐❜✉t✐♦♥ st❛②s s♦❢t✱
✐♥❞❡♣❡♥❞❡♥t❧② ♦❢MA✳ ■t ❝♦♥tr✐❜✉t❡s ❛ ❧❛r❣❡r ♦r s♠❛❧❧❡r ❢r❛❝t✐♦♥ ♦❢ ❛❧❧ ❡✈❡♥ts✱ ❞❡♣❡♥❞✐♥❣ ♦♥MA

❛♥❞ ♦t❤❡r ♣❛r❛♠❡t❡rs✳ ❈♦♥✈❡rs❡❧②✱ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ♣❡❛❦s ❛t ❞✐✛❡r❡♥t Emiss
T ✈❛❧✉❡s✱

❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✈❛❧✉❡ ♦❢ MA✳ ❚❤✐s s✉♣❡r♣♦s✐t✐♦♥ ♦❢ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s ✐s
t②♣✐❝❛❧ ❢♦r t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ✷❍❉▼+a✳

❚❤❡ t♦t❛❧ ❞❡❝❛② ✇✐❞t❤s Γa ❛♥❞ ΓA ❝♦♥tr♦❧ ❤♦✇ ❢❛r ♦✛✲s❤❡❧❧ t❤❡ ♠❡❞✐❛t♦rs a ❛♥❞ A ❛r❡
❛❧❧♦✇❡❞ t♦ ❜❡✳ ❚❤✉s t❤❡② ❝❤❛♥❣❡ t❤❡ r❡❧❛t✐✈❡ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ②✐❡❧❞✳ ❚❤❡ ❞❡❝❛②
✇✐❞t❤s✱ ❛♥❞ t❤✉s r❡❧❛t✐✈❡ ♦♥✲s❤❡❧❧ ❛♥❞ ♦✛✲s❤❡❧❧ ❛♠♣❧✐t✉❞❡s ♦❢ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss✱ ❛r❡ ❛✛❡❝t❡❞ ❜②
♠❛♥② ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✳ MA ✐ts❡❧❢ ❤❛s ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t✱ ❛s ❞♦❡s Ma✱ ✇❤✐❝❤ ✐s ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✻✳✷✳ ▼♦r❡♦✈❡r✱ t❤❡ r❡❧❛t✐✈❡ ❛♠♣❧✐t✉❞❡s ♦❢ ♦♥✲ ❛♥❞ ♦✛✲s❤❡❧❧ ♣r♦❝❡ss❡s ❛r❡ ❛❧s♦ ❛✛❡❝t❡❞ ❜②
t❤❡ s❝❛❧❛r ♠❛ss❡sMH ❛♥❞MH± ✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✸✱ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣ ♣❛r❛♠❡t❡r
sin θ✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✱ t❤❡ r❛t✐♦ ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ ❞♦✉❜❧❡ts
tan β✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✺✱ ❛♥❞ t❤❡ ❢r❡❡ q✉❛rt✐❝ ❝♦✉♣❧✐♥❣s λ3, λP1, ❛♥❞ λP2✱ ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✻✳✻✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝❤❛♥♥❡❧ ❞♦❡s ♥♦t ❡①❤✐❜✐t ❛♥② Emiss
T ❞❡♣❡♥❞❡♥❝❡ ♦♥MA✳ ❚❤✐s

r✉♥s ❝♦✉♥t❡r t♦ t❤❡ ✐❞❡❛ ♦❢ s❝❛♥♥✐♥❣ t❤r♦✉❣❤ Emiss
T s❤❛♣❡s ❜② ✈❛r②✐♥❣ MA✱ ✇❤✐❝❤ ✐s ♣♦ss✐❜❧❡

✇✐t❤ t❤❡ r❡s♦♥❛♥t ❝❤❛♥♥❡❧ ✭❝✳❢✳ ❙❡❝t✐♦♥ ✻✳✶✳✶✮✳ ❚❤✉s t❤❡ ♣❛r❛♠❡t❡r ❝❤♦✐❝❡s ✐♥ t❤❡ ✜♥❛❧ ❞❡s✐❣♥
♦❢ t❤❡ ♣❛r❛♠❡t❡r s❝❛♥ ✐♥ ❈❤❛♣t❡r ✼ ❛✐♠ t♦ r❡❞✉❝❡ t❤✐s ❝♦♥tr✐❜✉t✐♦♥ ❛s ♠✉❝❤ ❛s ♣♦ss✐❜❧❡ ❜②
❦❡❡♣✐♥❣ ΓA s♠❛❧❧✳

✻✳✶✳✸ ■♥t❡r❢❡r❡♥❝❡ ❊✛❡❝ts

■♥ ❛♥② ❋❡②♥♠❛♥ ❞✐❛❣r❛♠s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ s✐❣♥❛❧✱ ♦♥❡ ❝❛♥ r❡♣❧❛❝❡ A ❧✐♥❡s ✇✐t❤ a ❧✐♥❡s
❛♥❞ ✈✐❝❡ ✈❡rs❛✱ ❛♥❞ ♦❜t❛✐♥ ❛♥♦t❤❡r ✈❛❧✐❞ ❋❡②♥♠❛♥ ❞✐❛❣r❛♠✳ ❊①❛♠♣❧❡s ✐♥❝❧✉❞❡ ❋✐❣✉r❡s ✹✳✻✭❛✮
❛♥❞ ✹✳✻✭❜✮✱ ♦r ❋✐❣✉r❡s ✹✳✹ ❛♥❞ ✹✳✻✭❡✮✳ ❇❡❝❛✉s❡ t❤❡ ✐♥✐t✐❛❧ ❛♥❞ ✜♥❛❧ st❛t❡s ♦❢ t❤❡s❡ ❣r❛♣❤s ❛r❡
✐❞❡♥t✐❝❛❧✱ t❤❡② ❝❛♥ ✐♥t❡r❢❡r❡✳ A ❛♥❞ a ❛r❡ r❡❧❛t❡❞ ❜② ❛ ♠✐①✐♥❣ ♠❛tr✐①✱ ✇r✐tt❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✺✮✱
✇❤✐❝❤ ✐s t❤❡ ♠❛tr✐① ♦❢ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ r♦t❛t✐♦♥s ❜② t❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ θ✳ ❚❤❡ ♦✛✲❞✐❛❣♦♥❛❧ ❡♥tr②✱
sin θ✱ ✐s ♣♦s✐t✐✈❡ ❛❜♦✈❡ t❤❡ ❞✐❛❣♦♥❛❧ ❛♥❞ ♥❡❣❛t✐✈❡ ❜❡❧♦✇ ✐t✳ ❚❤✉s t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❛♠♣❧✐t✉❞❡s ❛❢t❡r
❡①❝❤❛♥❣✐♥❣ a ❢♦r A ♦r ✈✐❝❡ ✈❡rs❛ ✐♥❝✉r ❛ r❡❧❛t✐✈❡ s✐❣♥ ❢♦r ❡❛❝❤ ✈❡rt❡① ∝ (sin θ)2n+1✳ ❚❤✐s r❡s✉❧ts
✐♥ ❞❡str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡✱ r❡❞✉❝✐♥❣ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✳ ❋✐❣✉r❡ ✻✳✺ ❞❡♠♦♥str❛t❡s t❤❡ ❡✛❡❝t
♦❢ t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ♦♥ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ♠❛ss ❛♥❞ ♠✐①✐♥❣ ❛♥❣❧❡ ❝♦♥✜❣✉r❛t✐♦♥s✳

❚❤❡ ✐♥t❡r❢❡r❡♥❝❡ t❡r♠ ✐s ♥❡❣❧✐❣✐❜❧❡ ✇❤❡♥ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s ❛r❡ s✉✣❝✐❡♥t❧② ❞✐✛❡r❡♥t✳
❚❤✐s ✐s ❜❡❝❛✉s❡ ❞✐✛❡r❡♥t ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s ❝❛✉s❡ t❤❡ ✐♥t❡r❢❡r✐♥❣ ❞✐❛❣r❛♠s t♦ ❝♦✈❡r ♠♦st❧②
❞✐s❥✉♥❝t r❡❣✐♦♥s ♦❢ ♣❤❛s❡ s♣❛❝❡✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ♣s❡✉❞♦s❝❛❧❛rs ❛r❡ ❡①❛❝t❧② ♠❛ss ❞❡❣❡♥❡✲
r❛t❡✱ t❤❡r❡ ✐s str♦♥❣ ❞❡str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡✱ ❛s ❢♦r t❤❡ ❝❛s❡ MA = Ma = 200GeV✱ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✻✳✺✳

❚❤❡ ✐♥t❡r❢❡r❡♥❝❡ ✐s str♦♥❣❡st ❢♦r ♠❛①✐♠❛❧ ♠✐①✐♥❣✱ ✐✳❡✳ ❛t sin θ = 1/
√
2✱ ❛♥❞ ✇❡❛❦❡r ❢♦r

❤✐❣❤❡r ♦r ❧♦✇❡r sin θ✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ sin θ = 1/
√
2 r❡♣r❡s❡♥ts ❡①❛❝t❧② ❡q✉❛❧ ♠✐①✐♥❣✱ ✐✳❡✳ a ❛♥❞

A ❝❛♥ ♦♥❧② ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❜② t❤❡✐r ♠❛ss❡s✳ ❋♦r MA = Ma✱ t❤❡ ❛♠♣❧✐t✉❞❡s ❢♦r t❤❡ a − A
s✇✐t❝❤❡❞ ❞✐❛❣r❛♠s ❛r❡ ❡q✉❛❧ ✉♣ t♦ ❛ ♥❡❣❛t✐✈❡ s✐❣♥ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ♦✛✲❞✐❛❣♦♥❛❧ ❡♥tr② ✐♥
t❤❡ a− A ♠✐①✐♥❣ ♠❛tr✐①✱ ❛♥❞ t❤❡ ❞❡str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡ ✐s ♠❛①✐♠❛❧✳

❚❤❡ ✐♥t❡r❢❡r❡♥❝❡ ❡✛❡❝ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥s ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞
✐♥ ❘❡❢✳ ❬✶❪✱ ❜✉t ❢♦r t❤❡ tt̄ + Emiss

T ❛♥❞ jet + Emiss
T s✐❣♥❛t✉r❡s ✐♥ t❤❡ ✷❍❉▼+a✱ ✐♥❝❧✉❞✐♥❣ t❤❡

❞❡♣❡♥❞❡♥❝❡ ♦♥ sin θ ❛♥❞ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s✳ ❍♦✇❡✈❡r✱ ❬✶❪ ❛❧s♦ ❞❡s❝r✐❜❡s ❝♦♥str✉❝t✐✈❡

✾✸
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)= 0.1θsin(

)=0.35θsin(

2)=1/θsin(

❋✐❣✉r❡ ✻✳✺✿ ❊✛❡❝t ♦❢ A − a ✐♥t❡r❢❡r❡♥❝❡ ♦♥ t❤❡ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ❝r♦ss✲s❡❝t✐♦♥ ❢♦r

✈❛r✐♦✉s ♠♦❞❡❧s ✇✐t❤ ✈❛r✐❡❞ MA✱ ❢♦r ✸ ❡♥s❡♠❜❧❡s ♦❢ ♠♦❞❡❧s ✇✐t❤ sin θ = 0.1, 0.35, 1/
√
2✳ ❋♦r

sin θ = 1/
√
2 t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛t MA = Ma = 200 ✐s ♥♦t ♣❧♦tt❡❞✱ s✐♥❝❡ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✐s

❧❡ss t❤❛♥ 10−13 ♣❜✳ ❚❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s Ma = 200GeV,MH = MH± =
MA + 100GeV, tan β = 1, λ3 = λP1 = λP2 = 3✱ ❛♥❞ Mχ = 10GeV✳

✐♥t❡r❢❡r❡♥❝❡ ✐♥ ♣❛rts ♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡✱ ✇❤✐❝❤ ❞♦❡s ♥♦t s❡❡♠ t♦ ♦❝❝✉r ❢♦r t❤❡ h(bb̄)+Emiss
T

s✐❣♥❛t✉r❡ st✉❞✐❡❞ ❤❡r❡✳

✻✳✷ ▼❛ss ♦❢ t❤❡ ▲✐❣❤t CP ✲♦❞❞ ❙❝❛❧❛r ❇♦s♦♥✿ Ma

✻✳✷✳✶ ❘❡s♦♥❛♥t s✐❣♥❛❧s

■❢ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss ✐s ✐♥ t❤❡ r❡s♦♥❛♥t s✲❝❤❛♥♥❡❧ A → ha(→ χχ̄) ❢r♦♠ ❋✐❣✉r❡ ✹✳✹ ✱ ✇✐t❤ ♦♥✲
s❤❡❧❧ ❦✐♥❡♠❛t✐❝s s✉❝❤ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✸✱ Ma ❤❛s ❛ ❧❛r❣❡ ❡✛❡❝t ♦♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss

T

❞✐str✐❜✉t✐♦♥✱ ❛s ❋✐❣✉r❡ ✻✳✻ ❞❡♠♦♥str❛t❡s✳

■♥ t❤❡ r❡s♦♥❛♥t ❝❛s❡✱ ❛♥ ♦♥✲s❤❡❧❧ a ✐s ♣r♦❞✉❝❡❞ ✐♥ ❛ss♦❝✐❛t✐♦♥ ✇✐t❤ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧✲❧✐❦❡
❍✐❣❣s ❜♦s♦♥ h ✐♥ t❤❡ A ❞❡❝❛②✳ ❚❤❡ t♦t❛❧ ❡♥❡r❣② ❛✈❛✐❧❛❜❧❡ t♦ t❤❡ ♣r♦❞✉❝ts ♦❢ t❤❡ A ❞❡❝❛②✱√
s✱ ✐s s❤♦✇♥ ❛s Mhχχ̄ ✐♥ ❋✐❣✉r❡ ✻✳✼✭❛✮✳ ■♥ t❤❡ r❡s♦♥❛♥t ❝❛s❡ t❤✐s ❛✈❛✐❧❛❜❧❡ ❡♥❡r❣② ✐s ✜①❡❞ ❜②

MA✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ str♦♥❣ ♣❡❛❦ ❛r♦✉♥❞ Mhχχ̄ = MA = 700 ●❡❱✳ ❚❤❡ ♠❛ss ♦❢ t❤❡ ❉❛r❦
▼❛tt❡r ♣❛✐r Mχχ̄✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✼✭❜✮✱ ❤❛s ❛ ♥❛rr♦✇ r❡s♦♥❛♥t ❡♥❤❛♥❝❡♠❡♥t ❛t t❤❡ a ♣♦❧❡
Mχχ̄ =Ma✳ ❚❤❡ ❡♥❡r❣② ✉s❡❞ ❢♦r t❤❡ a ♠❛ss ❞♦❡s ♥♦t ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ a r❡❧❛t✐✈❡
t♦ h✳ ❚❤✉s ❛ ❤✐❣❤❡r Ma ♠❡❛♥s t❤❛t t❤❡ ♠♦♠❡♥t✉♠ ♦❢ a r❡❧❛t✐✈❡ t♦ h ✐s r❡❞✉❝❡❞✳ ❆s ❛ r❡s✉❧t✱
t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❛s ✐♥tr♦❞✉❝❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✸✳✶ ✐s s❤✐❢t❡❞ t♦ ❧♦✇❡r ✈❛❧✉❡s✱ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤
❊q✉❛t✐♦♥ ✭✹✳✶✸✮✳ ❈♦♥s❡q✉❡♥t❧②✱ ❤✐❣❤❡r Ma ❝♦rr❡s♣♦♥❞s t♦ s♦❢t❡r Emiss

T ✐♥ t❤❡ r❡s♦♥❛♥t ❝❛s❡✱ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✻✳

❆s ✐♥ t❤❡ ❝❛s❡ ♦❢ MA ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✶✱ t❤✐s Emiss
T ✈❛r✐❛t✐♦♥ ✇✐t❤ Ma ✐s ❞❡s✐r❡❞ ❢♦r

t❤❡ ✜♥❛❧ s❡t ♦❢ s✐❣♥❛❧ ♠♦❞❡❧s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ s❡t ♦❢ ♠♦❞❡❧s ✇✐t❤
✈❛r✐❡❞ Emiss

T ❞✐str✐❜✉t✐♦♥s✳
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✭❞✮ ❈♦rr❡❧❛t✐♦♥ ♦❢ Emiss
T ❛♥❞ Mχχ̄

❋✐❣✉r❡ ✻✳✽✿ ❊✛❡❝ts ♦❢ Ma ✈❛r✐❛t✐♦♥ ♦♥ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s✳ ❋♦r ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s✱ Mχχ̄

♥❡✈❡rt❤❡❧❡ss ❤❛s ❛ ♣❡❛❦ ❛r♦✉♥❞ Ma✱ ❛s s❤♦✇♥ ✐♥ ✭❛✮✳ ❈❤❛♥❣✐♥❣ Ma ❛✛❡❝ts Mhχχ̄ ✱ ✇❤✐❝❤ ✐s
s❤♦✇♥ ✐♥ ✭❜✮✱ s✐♥❝❡Mhχχ̄ ✐s ❝♦rr❡❧❛t❡❞ ✇✐t❤Mχχ̄✳ ❚❤❡r❡ ✐s ❛❧s♦ ❛ r❡s✐❞✉❛❧ E

miss
T ✲Mχχ̄ ❝♦rr❡❧❛t✐♦♥✱

s❤♦✇♥ ✐♥ ✭❞✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MA = 1200GeV,MH = MH± =
1300GeV, sin θ = 1/

√
2, tan β = 1✱ λ3 = λP1 = λP2 = 3✱ ❛♥❞ Mχ = 10 ●❡❱✳

✻✳✷✳✷ ◆♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s

❋♦r t❤❡ ❡①❛♠♣❧❡s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡s ✻✳✻ ❛♥❞ ✻✳✼✱ ❡✈❡♥ t❤♦✉❣❤ ♠♦st ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❞✉❡ t♦ t❤❡
r❡s♦♥❛♥t ♣r♦❝❡ss✱ t❤❡r❡ ❛r❡ s♦♠❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s✳ ❚❤❡s❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✼✭❛✮✱ ✇❤❡r❡ t❤❡② ❢♦r♠ t❤❡ ♣❡❛❦s ❛t Mhχχ̄ =Ma ❛♥❞ Mhχχ̄ =Ma+Mh✳
❚❤❡ ♣❡❛❦ ❛t Mhχχ̄ = Ma ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡ ❢♦r a → h + A∗(→ χχ̄)
❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❡✮✱ ✇❤❡r❡❛s t❤❡ ♣❡❛❦ ❛t Mhχχ̄ = Ma + Mh ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥♦♥✲
r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡ ♦❢ ❞✐❛❣r❛♠s s✉❝❤ ❛s t❤♦s❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹✳✻✭❛✮ ❛♥❞ ✹✳✻✭❡✮✳ ❚❤❡s❡ ♥♦♥✲
r❡s♦♥❛♥t ♣r♦❝❡ss❡s ❞♦ ♥♦t ②✐❡❧❞ str♦♥❣ s❡❝♦♥❞❛r② ♣❡❛❦s ✐♥ ❋✐❣✉r❡ ✻✳✼✭❜✮ ❜❡❝❛✉s❡ a ✐s ✉s✉❛❧❧②
♦♥✲s❤❡❧❧✱ ❡✈❡♥ ✐♥ ♦✛✲s❤❡❧❧ ❞✐❛❣r❛♠s✱ ✇❤❡r❡❛s A ❤❛s ❛ ❧❛r❣❡ ❡♥♦✉❣❤ ✇✐❞t❤ t❤❛t ❞❡❝❛②s A∗ → χχ̄
❤❛✈❡ ❜r♦❛❞ Mχχ̄ ❞✐str✐❜✉t✐♦♥s✳

■❢ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss ✐s ♣r❡❞♦♠✐♥❛♥t❧② ♥♦♥✲r❡s♦♥❛♥t✱ Ma st✐❧❧ ❛✛❡❝ts t❤❡ ❡✈❡♥t ❦✐♥❡♠❛t✐❝s✱
❛s ❋✐❣✉r❡ ✻✳✽ ❞❡♠♦♥str❛t❡s✳ ❚❤❡ r❡❛s♦♥ ✇❤②Ma ❝❛♥ st✐❧❧ ❛✛❡❝t t❤❡ ❦✐♥❡♠❛t✐❝s ✐s t❤❛t Γa ≪ ΓA

❢♦r Ma < MA✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✾✭❛✮ ❛♥❞ ✻✳✾✭❜✮✳ ❍❡♥❝❡ a ✐s ♦❢t❡♥ ♦♥✲s❤❡❧❧ ❡✈❡♥ ❢♦r ♠❛♥②
♠♦❞❡❧s ✇❤❡r❡ t❤❡r❡ ❛r❡ ♠♦st❧② ♦r ♦♥❧② ♥♦♥ r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts ✇✐t❤ ♦✛✲s❤❡❧❧ A ❞❡❝❛②s✳
❚❤❡ ❡①❛❝t Ma ❞❡♣❡♥❞❡♥❝❡ ✐s ♥♦t tr✐✈✐❛❧✱ ❜❡❝❛✉s❡ t❤❡r❡ ✐s ❛♥ ✐♥t❡r♣❧❛② ♦❢ s❡✈❡r❛❧ ♥♦♥✲r❡s♦♥❛♥t
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✭❜✮ ❊✛❡❝t ♦❢ Ma ♦♥ ΓA

❋✐❣✉r❡ ✻✳✾✿ ❊✛❡❝t ♦❢ Ma ✈❛r✐❛t✐♦♥s ♦♥ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ❧✐❣❤t ♣s❡✉❞♦s❝❛❧❛r a✱ s❤♦✇♥ ✐♥ ✭❛✮✱ ❛♥❞
t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r A✱ s❤♦✇♥ ✐♥ ✭❜✮✱ ❢♦r ♠♦❞❡❧s ✇✐t❤ ♠♦st❧② ♥♦♥ r❡s♦♥❛♥t
h(bb̄) + Emiss

T ♣r♦❞✉❝t✐♦♥✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MA = 1200GeV,MH =
MH± = 1300GeV, sin θ = 1/

√
2, tan β = 1✱ λ3 = λP1 = λP2 = 3✱ ❛♥❞ Mχ = 10 ●❡❱✳

❝♦♥tr✐❜✉t✐♦♥s✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳
❚❤❡r❡ ❛r❡ t✇♦ ❦✐♥❞s ♦❢ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s ✇✐t❤ ❛♥ ♦♥✲s❤❡❧❧ ✐♥t❡r♥❛❧ a✿

✶✳ ❈♦♥tr✐❜✉t✐♦♥s ✇✐t❤ ✐♥t❡r♥❛❧ a → χχ̄ ❞❡❝❛②✿ ❚❤❡s❡ ❝♦♥s✐st ♦❢ A∗ → ha(→ χχ̄)✱ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❞✮ ❛♥❞ t❤❡ ❜♦① ❞✐❛❣r❛♠ r❛❞✐❛t✐♥❣ ❛♥ ♦♥✲s❤❡❧❧ a✱ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✻✭❛✮✳

❚❤❡s❡ ❝♦♥tr✐❜✉t✐♦♥s ❣✐✈❡ r✐s❡ t♦ ❛ s❤❛r♣ ♣❡❛❦ ✐♥ t❤❡ Mχχ̄ ❞✐str✐❜✉t✐♦♥✱ ✇❤✐❝❤ ✐s ❞✐s♣❧❛②❡❞
✐♥ ❋✐❣✉r❡ ✻✳✽✭❛✮✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ χχ̄ ❛r❡ t❤❡ ❞❡❝❛② ♣r♦❞✉❝ts ♦❢ t❤❡ ♦♥✲s❤❡❧❧ a✳

■♥ t❤❡ Mhχχ̄ ❞✐str✐❜✉t✐♦♥ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✽✭❜✮ t❤❡s❡ ❝♦♥tr✐❜✉t✐♦♥s ②✐❡❧❞ ❛
❜r♦❛❞ ❞✐str✐❜✉t✐♦♥✱ r✐s✐♥❣ st❡❡♣❧② ❢r♦♠ 0 ❛t Mhχχ̄ . Ma +Mh✳ ❚❤✐s st❡❡♣❧② r✐s✐♥❣ s❧♦♣❡
✐s ❞✉❡ t♦ t❤❡ ♥♦♥③❡r♦ Γa ✭✇❤✐❝❤ ✐s t②♣✐❝❛❧❧② ≫ Γh ≈ O(10−3 GeV)✮✳ ❆❢t❡r r❡❛❝❤✐♥❣ ✐ts
♠❛①✐♠✉♠ ❛tMhχχ̄ =Ma+Mh✱ t❤❡ ❞✐str✐❜✉t✐♦♥ t❤❡♥ ❞r♦♣s ❡①♣♦♥❡♥t✐❛❧❧② t♦✇❛r❞s ❤✐❣❤❡r
♠❛ss❡s✳ ❚❤❡ ❤❛♥❞❢✉❧ ♦❢ ❡✈❡♥ts ❛t ♠❛ss❡s ❜❡②♦♥❞ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❞r♦♣ ❛r❡ ♥♦t ♣❛rt ♦❢ t❤❡
❞♦♠✐♥❛♥t ♥♦♥✲r❡s♦♥❛♥t ❝♦♠♣♦♥❡♥ts✱ ❜✉t ✐♥st❡❛❞ ❛r❡ t❤❡ ❢❡✇ r❡s♦♥❛♥t ❡✈❡♥ts st✐❧❧ ♣r❡s❡♥t
✐♥ t❤❡s❡ ♠♦❞❡❧s✳

❚❤✐s ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢Mhχχ̄ ❛♥❞Mχχ̄ ❤♦❧❞s ✉♣ ✇❤❡♥ ❝♦♥s✐✲
❞❡r✐♥❣ t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ t❤❡Mχχ̄−Mhχχ̄ ♣❧❛♥❡✱ s❤♦✇♥ ❢♦r t❤❡
❡①❛♠♣❧❡ ♦❢Ma = 300GeV ✐♥ ❋✐❣✉r❡ ✻✳✽✭❝✮✳ ❚❤❡ ❢❛❧❧✐♥❣Mhχχ̄ s♣❡❝tr✉♠ ♦♥❧② ♦❝❝✉rs ✐♥ t❤❡
Mχχ̄ =Ma = 300 ●❡❱ s❧✐❝❡✱ ❛♥❞ ❢♦r ♦t❤❡rMχχ̄ s❧✐❝❡s ❛❜♦✈❡Mχχ̄ =Mh+2Mχ = 145 ●❡❱
t❤❡ ❞✐str✐❜✉t✐♦♥ ✐♥Mhχχ̄ ✐s ♠♦st❧② ✢❛t ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✐s s♠❛❧❧❡r✳ ❚❤❡s❡ ✢❛t r❡❣✐♦♥s
✐♥ t❤❡ Mhχχ̄−Mχχ̄ ♣❧❛♥❡ ❛r❡ ♣♦♣✉❧❛t❡❞ ❜② ❢✉❧❧② ♥♦♥✲r❡s♦♥❛♥t ❡✈❡♥ts ✇❤❡r❡ ♥❡✐t❤❡r a ♥♦r
A ❛r❡ ♦♥ s❤❡❧❧✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❝✮✳ ❙✉❝❤ ❡✈❡♥ts ❛r❡ str♦♥❣❧② s✉♣♣r❡ss❡❞ ❜❡❝❛✉s❡
❜♦t❤ a ❛♥❞ A ❛r❡ ♦✛✲s❤❡❧❧✳

❚❤❡ ❜r♦❛❞♥❡ss ♦❢ t❤❡ Mhχχ̄ ❞✐str✐❜✉t✐♦♥ r❡✢❡❝ts t❤❡ ❢❛❝t t❤❛t t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② s❝❛❧❡ ♦❢
t❤❡s❡ ❡✈❡♥ts ✐s ♦♥❧② ❣✐✈❡♥ ❜② t❤❡ ♠♦♠❡♥t✉♠ s❝❛❧❡s ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ♣❛rt♦♥s ✭✐✳❡✳ t❤❡
❣❧✉♦♥ P❉❋s✮ ❛♥❞ ♥♦t ✜①❡❞ ❜② ❛♥② ♠❛ss ♣♦❧❡✳ Mχχ̄ ✐s ✜①❡❞ ❜② t❤❡ a ♣♦❧❡✱ ❤❡♥❝❡ ❛♥②
❛✈❛✐❧❛❜❧❡ ❡♥❡r❣② ❜❡②♦♥❞ Ma ②✐❡❧❞s r❡❧❛t✐✈❡ ♠♦♠❡♥t✉♠ ❜❡t✇❡❡♥ h ❛♥❞ t❤❡ χχ̄ s②st❡♠✱
r❡s✉❧t✐♥❣ ✐♥ ❛ s♦❢t✱ ❢❛❧❧✐♥❣ Emiss

T ❞✐str✐❜✉t✐♦♥✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✽✭❞✮✳ ❚❤❡ ✐♥❝r❡❛s❡❞
❡♥❡r❣② r❡q✉✐r❡❞ ❢♦r ❤✐❣❤❡r Ma ✐s ♥❡✈❡r ❛✈❛✐❧❛❜❧❡ ❛s Emiss

T ✱ s✐♥❝❡ ✐t ✐s ❜② ❞❡✜♥✐t✐♦♥ ❜♦✉♥❞

✾✼



✉♣ ✐♥ t❤❡ χχ̄ ♠❛ss✳ ❚❤✉s t❤❡ ❝❤❛♥❣❡s t♦ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ❞✉❡ t♦ t❤❡s❡ ❝♦♥tr✐❜✉t✐♦♥s

✇✐t❤ ❛♥ ✐♥t❡r♥❛❧ a→ χχ̄ ❞❡❝❛② ❛r❡ s♠❛❧❧✳

✷✳ ❈♦♥tr✐❜✉t✐♦♥s ✇✐t❤ ❛♥ ♦♥✲s❤❡❧❧ a ✐♥ t❤❡ s✲❝❤❛♥♥❡❧✿ ❚❤❡s❡ ❝♦♥s✐st ♦❢ a → hA∗(→
χχ̄) ♣r♦❝❡ss❡s s✉❝❤ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❡✮✳

❚❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ❣✐✈❡s r✐s❡ t♦ ❛ s❤❛r♣ ♣❡❛❦ ❛r♦✉♥❞ Ma ✐♥ t❤❡ Mhχχ̄ ❞✐str✐❜✉t✐♦♥✱ ❛s
❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✽✭❜✮✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ Mhχχ̄ =

√
s✱ ❛♥❞ a ✐s ❛♥ s✲❝❤❛♥♥❡❧

r❡s♦♥❛♥❝❡ ❢♦r t❤✐s ❝♦♥tr✐❜✉t✐♦♥✳ ❚❤✉s t❤✐s ❝♦♥tr✐❜✉t✐♦♥ ✐s ❦✐♥❡♠❛t✐❝❛❧❧② ✐♥❛❝❝❡ss✐❜❧❡ ❢♦r
Mh + 2Mχ > Ma✱ ❛♥❞ ❞♦❡s ♥♦t ♦❝❝✉r✳ ❆♥ ❡①❛♠♣❧❡ ✐s t❤❡ ❝❛s❡ ♦❢ Ma = 100 ●❡❱✱ s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✻✳✽✭❜✮ ❛s ❜❧❛❝❦ ❞♦ts✱ ✇✐t❤ ❛r❡ ♥♦ ❡✈❡♥ts ❜❡❧♦✇ Mhχχ̄ =Mh + 2Mχ = 145 ●❡❱✱
❛♥❞ t❤✉s ♥♦ ♣❡❛❦ ❛t Mχχ̄ =Ma = 100 ●❡❱✳

❚❤❡Mχχ̄ ❞✐str✐❜✉t✐♦♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤✐s ♣r♦❝❡ss ✐s ✈❡r② ❜r♦❛❞✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✽✭❛✮✳
■t r✐s❡s s❧♦✇❧② ❢r♦♠ 0 ❢♦r Mχχ̄ < 2Mχ ✉♣ t♦ Mχχ̄ = Ma −Mh✱ ✇❤❡r❡ ✐t ❞r♦♣s s❤❛r♣❧②
❜❡❝❛✉s❡ a ♥❡❡❞s t♦ ❜❡ ♦✛ s❤❡❧❧ ✐♥ s✉❝❤ ❡✈❡♥ts✱ ✇❤✐❝❤ ✐s s✉♣♣r❡ss❡❞ ❜② t❤❡ s♠❛❧❧ Γa✳ ❋♦r
t❤❡ ❡①❛♠♣❧❡ ♦❢ Ma = 300 ●❡❱ t❤✐s ❜❡❤❛✈✐♦r ✐s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✽✭❝✮✱ ✇❤❡r❡ t❤❡
a → hA∗(→ χχ̄) ❣❡♥❡r❛t❡s t❤❡ ❝❧✉st❡r ♦❢ ❡✈❡♥ts ❛r♦✉♥❞ Mhχχ̄ = 300 ●❡❱✳ ❚❤❡ ❡♥❡r❣②
❛✈❛✐❧❛❜❧❡ t♦ ❢♦r♠ r❡❧❛t✐✈❡ ♠♦♠❡♥t✉♠ ❜❡t✇❡❡♥ t❤❡ h ❛♥❞ t❤❡ χχ̄ s②st❡♠ ✐s ❧✐♠✐t❡❞✱ ❜❡❝❛✉s❡√
s = Mhχχ̄ ✐s ✜①❡❞ t♦ Ma✳ ❚❤✉s Emiss

T ❛♥❞ Mχχ̄ ❛r❡ ❛♥t✐✲❝♦rr❡❧❛t❡❞ ✐♥ t❤✐s ♠♦❞❡✱ ❛♥❞
t❤✐s ❛♥t✐✲❝♦rr❡❧❛t✐♦♥ ✐s ✈✐s✐❜❧❡ ✐♥ t❤❡ ❧♦✇❡r ❧❡❢t ❝♦r♥❡r ♦❢ t❤❡ t✇♦ ❞✐♠❡♥s✐♦♥❛❧ Emiss

T −Mχχ̄

❞✐str✐❜✉t✐♦♥ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✽✭❞✮✳

❇❡❝❛✉s❡ a ✐s t❤❡ s✲❝❤❛♥♥❡❧ ♠❡❞✐❛t♦r ❢♦r t❤✐s ❝♦♥tr✐❜✉t✐♦♥ ✱ ❛♥❞A∗ ✐s t❤❡ ♠❡❞✐❛t♦r ❞❡❝❛②✐♥❣
t♦ χχ̄ ✱ ✐♥❝r❡❛s✐♥❣ Ma ❝❛♥ ♠❛❦❡ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ❤❛r❞❡r✳

❚❤❡ ✜rst ❝❧❛ss ♦❢ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s ②✐❡❧❞ s♦❢t✱ ❢❛❧❧✐♥❣ Emiss
T ❞✐str✐❜✉t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ ✈❡r②

s✐♠✐❧❛r ❢♦r ❞✐✛❡r❡♥tMa✳ ❚❤❡ s❡❝♦♥❞ ❝❧❛ss ②✐❡❧❞s Emiss
T ❞✐str✐❜✉t✐♦♥s t❤❛t ❝❛♥ ❜❡ ❛ ❜✐t ❤❛r❞❡r ❢♦r

❛t ❤✐❣❤❡r Ma✱ ❡✳❣ ❝♦♠♣❛r✐♥❣ t❤❡ Ma = 300 ●❡❱ ❞✐str✐❜✉t✐♦♥ t♦ t❤❡ Ma = 400 ●❡❱ ♦♥❡✱ s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✻✳✶✵✳ ❚❤❡ ♥♦♥✲r❡s♦♥❛♥t Emiss

T ❞✐str✐❜✉t✐♦♥s ❢♦r ❞✐✛❡r❡♥t Ma✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✵
❛r❡ ♦✈❡r❛❧❧ s✐♠✐❧❛r✱ ❛♥❞ ❡s♣❡❝✐❛❧❧② ❛t s♦❢t Emiss

T ✱ ❜❡❝❛✉s❡ t❤❡ ✜rst ❝♦♥tr✐❜✉t✐♦♥ ✐s t❤❡ ❞♦♠✐♥❛♥t
♦♥❡✳ ❚❤❡ s❡❝♦♥❞ ❝♦♥tr✐❜✉t✐♦♥ ❝❛✉s❡s s♠❛❧❧ ❝❤❛♥❣❡s ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥✳ ❖♥❡ ❡①❛♠♣❧❡ ✐s
t❤❡ ❝❛s❡ ♦❢ Ma = 100GeV✱ ✇❤❡r❡ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ❞✐✛❡rs ❢r♦♠ t❤❡ ♦t❤❡r ❡①❛♠♣❧❡s s❤♦✇♥
❜❡❝❛✉s❡ t❤✐s s❡❝♦♥❞ ❝❧❛ss ♦❢ s✐❣♥❛❧ ♣r♦❝❡ss❡s ❞♦❡s ♥♦t ❝♦♥tr✐❜✉t❡✳ ❚❤✉s✱ ❝❤❛♥❣❡s ✐♥Ma ❝❛♥ st✐❧❧
❛✛❡❝t t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝❛s❡✳
❚❤❡ ♦✈❡r❛❧❧ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐s st✐❧❧ ♠♦st❧② s♦❢t✱ ❤♦✇❡✈❡r✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ✈❛❧✉❡ ♦❢ Ma✳
▼♦r❡♦✈❡r t❤❡ ❡✛❡❝t ♦❢ Ma ♦♥ t❤❡ Emiss

T ♦❢ ♥♦♥✲r❡s♦♥❛♥t ❡✈❡♥ts ✐s s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❡✛❡❝t
♦♥ r❡s♦♥❛♥t ❡✈❡♥ts✳ ❋♦r t❤❡s❡ t✇♦ r❡❛s♦♥s ♥♦♥✲r❡s♦♥❛♥t ❡✈❡♥ts ❛r❡ ♥♦t ✇❛♥t❡❞ ✇❤❡♥ ✈❛r②✐♥❣
Ma ✐♥ t❤❡ s❡t ♦❢ s✐❣♥❛❧ ♠♦❞❡❧s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✼✳ ❚❤❡r❡❢♦r❡ ✇❤❡♥ s❝❛♥♥✐♥❣ Ma✱ t❤❡ ❛✐♠
✐s t♦ ❦❡❡♣ ΓA s♠❛❧❧✱ ❛♥❞ t❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❛r❡ ❛❞❥✉st❡❞ ❛❝❝♦r❞✐♥❣❧②✳

✻✳✷✳✷✳✶ ❈r♦ss ❙❡❝t✐♦♥

❇❡s✐❞❡s t❤❡ Emiss
T s❤❛♣❡✱ Ma ❛❧s♦ ❛✛❡❝ts t❤❡ h(bb̄) +Emiss

T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥✱ ❛s ❞❡♠♦♥✲
str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✶✳ ❚❤❡ ❝r♦ss s❡❝t✐♦♥ ❞r♦♣s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ Ma✳ ❙❡✈❡r❛❧ ❡✛❡❝ts ❝♦♥tr✐❜✉t❡
t♦ t❤✐s✿

• ❚❤❡ ✇✐❞t❤ ♦❢ A✱ ✇❤✐❝❤ ❞❡✜♥❡s t❤❡ ❇r❡✐t✲❲✐❣♥❡r s✉♣♣r❡ss✐♦♥ ♦❢ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐✲
♦♥s ✐♥✈♦❧✈✐♥❣ ♦✛✲s❤❡❧❧ A ❧✐♥❡s s✉❝❤ ❛s t❤♦s❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❞✮✱ ❞❡❝r❡❛s❡s ❛s Ma ✐s
✐♥❝r❡❛s❡❞✳ ❚❤✐s ✐s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✾✭❜✮✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ✇✐❞t❤ ❞❡❝r❡❛s❡ ✐s
t❤❛t ✐♥❝r❡❛s✐♥❣ Ma r❡❞✉❝❡s t❤❡ ♣❤❛s❡ s♣❛❝❡ ♦♣❡♥ t♦ r❡s♦♥❛♥t A ❞❡❝❛②s s✉❝❤ ❛s A → aa
♦r A→ ah✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡ str♦♥❣❧② t♦ t❤❡ t♦t❛❧ ΓA✳

✾✽
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❋✐❣✉r❡ ✻✳✶✶✿ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ s❝❛❧✐♥❣ ✇✐t❤ Ma ❢♦r ♠♦❞❡❧s ✇✐t❤ ♠♦st❧②

♥♦♥ r❡s♦♥❛♥t h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MA =

1200GeV,MH = MH± = 1300GeV, sin θ = 1/
√
2, tan β = 1✱ λ3 = λP1 = λP2 = 3✱ ❛♥❞

Mχ = 10 ●❡❱✳
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• ■♥❝r❡❛s✐♥❣ Ma r❡q✉✐r❡s ♠♦r❡ ❡♥❡r❣② ❢♦r ♠❛♥② ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡s ✐♥✈♦❧✈✐♥❣
✐♥t❡r♥❛❧ ♦♥✲s❤❡❧❧ a ❧✐♥❡s✳ ❚❤✐s r❡❞✉❝❡s t❤❡ r❛t❡ ❛t ✇❤✐❝❤ s✉❝❤ ❡✈❡♥ts ❝❛♥ ♦❝❝✉r✱ s✐♥❝❡ t❤❡
P❉❋s ♦❢ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ❣❧✉♦♥s ❞r♦♣ ❛s t❤❡ ❣❧✉♦♥ ♠♦♠❡♥t✉♠ ❢r❛❝t✐♦♥ ✐♥❝r❡❛s❡s✳ ❚❤❡r❡
✐s ❛♥ ✐♥❝r❡❛s❡ ✐♥ Γa ✇✐t❤ ✐♥❝r❡❛s✐♥❣ Ma✱ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✾✭❛✮✱ ❜✉t ✐t ✐s ♥♦t s♦ ❧❛r❣❡
t❤❛t ♦✛✲s❤❡❧❧ a ❜❡❝♦♠❡ ❛ s✐❣♥✐✜❝❛♥t ❝♦♥tr✐❜✉t✐♦♥✳

• ▼✉❝❤ ♦❢ t❤❡ ✐♥❝r❡❛s❡ ✐♥ Γa ❢♦r Ma ≤ 2mt ≈ 350GeV ✐s ❞✉❡ t♦ a → tt̄ ❞❡❝❛②s✱ ✇❤✐❝❤ ❛r❡
t❤❡ r❡❛s♦♥ ❢♦r t❤❡ ❦✐♥❦ ✐♥ Γa ❛r♦✉♥❞Ma = 2mt ≈ 345GeV✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤✐s r✐s❡
✐♥ t❤❡ ♣❛rt✐❛❧ ✇✐❞t❤ t♦ tt̄✱ t❤❡ a → χχ̄ ❜r❛♥❝❤✐♥❣ ❢r❛❝t✐♦♥ ❛❜♦✈❡ t❤❡ tt̄ t❤r❡s❤♦❧❞ ❞r♦♣s
❢r♦♠ ✐ts ♣r❡✈✐♦✉s ✈❛❧✉❡ ♦❢ ≈ 1✳ ❚❤✐s r❡❞✉❝❡s t❤❡ h(bb̄) + Emiss

T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥✱
s✐♥❝❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ hχχ̄ ✜♥❛❧ st❛t❡ ❣✐✈❡♥ ❛ ❞❡❝❛② A→ ah ✐s r❡❞✉❝❡❞✳

✻✳✸ ▼❛ss❡s ♦❢ t❤❡ ❍❡❛✈② ❙❝❛❧❛r ❇♦s♦♥s✿ MH ❛♥❞ MH±

❚❤❡ ❤❡❛✈② ♥❡✉tr❛❧ ❛♥❞ ❝❤❛r❣❡❞ s❝❛❧❛rs H ❛♥❞ H± ❞♦ ♥♦t ❛♣♣❡❛r ✐♥ ❛♥② ❧❡❛❞✐♥❣ ♦r❞❡r ❋❡②♥✲
♠❛♥ ❞✐❛❣r❛♠ ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛❧✱ s♦♠❡ ❡①❛♠♣❧❡s ♦❢ ✇❤✐❝❤ ❛r❡ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✻✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡✐r ♠❛ss❡s MH ❛♥❞ MH± ❝❛♥ ❝❤❛♥❣❡ t❤❡ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥✱ ❛s
❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✷✳ ❋✉rt❤❡r♠♦r❡✱ ❝❤❛♥❣✐♥❣ MH ♦r MH± ❝❛♥ ❝❤❛♥❣❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡
Emiss

T ❞✐str✐❜✉t✐♦♥✱ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✸✳
❋♦r ❜r❡✈✐t②✱ ✇❤❡r❡ MH ✐s ♠❡♥t✐♦♥❡❞ ✐♥ t❤✐s ❛♥❞ ✐♥ ❛❧❧ ❢♦❧❧♦✇✐♥❣ ❝❤❛♣t❡rs MH = MH±

✉♥❧❡ss st❛t❡❞ ♦t❤❡r✇✐s❡✳ ❚❤✐s ❝❤♦✐❝❡ ✐s ♠❛❞❡ ❜❡❝❛✉s❡ s❡tt✐♥❣ MH = MH± ✐s ❛ ❝♦♥✈❡♥✐❡♥t
✇❛② ♦❢ ❛✈♦✐❞✐♥❣ ❝♦♥str❛✐♥ts ❢r♦♠ ❡❧❡❝tr♦✇❡❛❦ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥ts✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧ ✐♥
❙❡❝t✐♦♥s ✹✳✷✳✷ ❛♥❞ ✼✳✷✳ ■t ❞♦❡s ♥♦t q✉❛❧✐t❛t✐✈❡❧② ✐♥✢✉❡♥❝❡ t❤❡ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤✐s s❡❝t✐♦♥✳

❚❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ ❦✐♥❡♠❛t✐❝s ❞❡♣❡♥❞ ♦♥ MH ❜❡❝❛✉s❡ MH ❛♣♣❡❛rs ✐♥ t❤❡ tr❡❡✲❧❡✈❡❧
tr✐❧✐♥❡❛r s❝❛❧❛r ❝♦✉♣❧✐♥❣ ♦❢ a✱ A ❛♥❞ h✱ ❛s ✇r✐tt❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✻✮✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥ gAah ❛✛❡❝ts
t❤❡ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❞✐✛❡r❡♥t❧②✿

• ❋♦r t❤❡ r❡s♦♥❛♥t s✐❣♥❛❧ ❝♦♠♣♦♥❡♥t✱ ✇✐t❤ t❤❡ A → ah ✈❡rt❡①✱ t❤✐s ❞✐r❡❝t❧② ❛✛❡❝ts t❤❡
❛♠♣❧✐t✉❞❡✱ ✇❤✐❝❤ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ g2Aah ❬✶❪✳

• ❋♦r t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♠♣♦♥❡♥t✱ t❤❡ r❛t❡ ❛♥❞ ❛❝❝❡ss✐❜❧❡ ♣❤❛s❡✲s♣❛❝❡ ❞❡♣❡♥❞ ♦♥ ΓA✱ t♦
✇❤✐❝❤ ΓA→ah ∝ g2Aah ❝♦♥tr✐❜✉t❡s s✐❣♥✐✜❝❛♥t❧②✱ ❜✉t ♥♦t ✉♥✐q✉❡❧②✳ ❚❤❡ ♦t❤❡r s✉♠♠❛♥❞s
❝♦♥tr✐❜✉t✐♥❣ t♦ ΓA ❛r❡ ❛t ✜rst ♦r❞❡r ✐♥❞❡♣❡♥❞❡♥t ♦❢ gAah ❬✶❪✳ ❚❤✉s ❝❤❛♥❣❡s t♦ gAah ❝❛✉s❡
❝❤❛♥❣❡s t♦ ΓA→ah✱ ✇❤✐❝❤ ❛✛❡❝ts ΓA✳ ΓA ✐♥ t✉r♥ ❞❡t❡r♠✐♥❡s t❤❡ s✉♣♣r❡ss✐♦♥ ♦❢ t❤❡ ♦✛✲
r❡s♦♥❛♥❝❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ r❡❧❛t✐✈❡ t♦ t❤❡ ❇r❡✐t✲❲✐❣♥❡r ♣❡❛❦ ♦❢ t❤❡ r❡s♦♥❛♥❝❡ ❛♠♣❧✐t✉❞❡
❬✶✷✶❪✳

❚❤✉s t❤❡ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ MH ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✷✳ ❚❤✐s ❡①♣❧❛♥❛t✐♦♥ ✐s
s✉✣❝✐❡♥t ❢♦r |MH −MA| . 300GeV✳ ❋♦r ✈❡r② ❧♦✇ ❛♥❞ ✈❡r② ❤✐❣❤ MH ❤♦✇❡✈❡r✱ ♦t❤❡r ❡✛❡❝ts
❞♦♠✐♥❛t❡✳

❲❤❡♥ MH ≪ MA✱ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✐s ♠✉❝❤ ❧♦✇❡r t❤❛♥ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t ❢r♦♠ ❥✉st ❝♦♥s✐✲
❞❡r✐♥❣ gAah✳ ❖♥❡ ❝❛♥ ❡①♣❧❛✐♥ t❤✐s ❜② t❤❡ ❧♦✇ MH ♠❛❦✐♥❣ H ♣r♦❞✉❝t✐♦♥ ✈✐❛ ❛ t♦♣ ❧♦♦♣ ♠✉❝❤
♠♦r❡ ❧✐❦❡❧② t❤❛♥ A ♣r♦❞✉❝t✐♦♥✱ ❞✉❡ t♦ t❤❡ ♥❡❣❛t✐✈❡ s❧♦♣❡ ♦❢ t❤❡ ❣❧✉♦♥ P❉❋✳

❲❤❡♥ MH ✐s ✈❡r② ❤✐❣❤✱ t❤❡ ❝r♦ss s❡❝t✐♦♥ s❡❡♠s t♦ ❛❣❛✐♥ ❜❡ ❧♦✇❡r t❤❛♥ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t
❢r♦♠ ❥✉st t❤❡ gAah ❞❡♣❡♥❞❡♥❝❡✳ ❍♦✇❡✈❡r✱ ✐♥ t❤✐s r❡❣✐♦♥ t❤❡ ✇✐❞t❤ ΓA ❜❡❝♦♠❡s ✈❡r② ❧❛r❣❡ ✭❡✳❣✳
ΓA ≈ 400GeV = MA/2 ❢♦r t❤❡ MH = 1400 ●❡❱ ♣♦✐♥t ✐♥ ❋✐❣✉r❡ ✻✳✶✷✮✳ ❚❤✐s ♠❛❦❡s ✐t ❧✐❦❡❧②
t❤❛t t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛r❡ ♥♦ ❧♦♥❣❡r ❛ ❝♦♥s✐st❡♥t ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✱ ❜❡❝❛✉s❡ t❤❡
✉♥❞❡r❧②✐♥❣ ♠♦❞❡❧ ❞❡s❝r✐♣t✐♦♥ ❛ss✉♠❡s t❤❛t t❤❡ ✇✐❞t❤s ♦❢ t❤❡ ♠❡❞✐❛t♦rs ❛r❡ ♥❛rr♦✇ r❡❧❛t✐✈❡ t♦

✶✵✵
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❋✐❣✉r❡ ✻✳✶✷✿ ❚♦t❛❧ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❢♦r ❞✐✛❡r❡♥t MH = MH± ❛♥❞ ✜①❡❞

Ma = 300 ●❡❱✱MA = 800 ●❡❱✱ sin θ = 0.35, tan β = 1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳
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 = 700 GeVHM
 = 800 GeVHM
 = 900 GeVHM

 = 1000 GeVHM

 300 GeV =a M800 GeV, = 
A

, M±H = MHM

) = 1β) = 0.35, tan(θsin(

 = 10 GeVχM 3,  =P2λ = P1λ = 3λ

❋✐❣✉r❡ ✻✳✶✸✿ ❚❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ♦❢ h → bb + Emiss

T s✐❣♥❛❧
❡✈❡♥ts ❢♦r ✜✈❡ r❡♣r❡s❡♥t❛t✐✈❡ ♠♦❞❡❧s ✇✐t❤ ❞✐✛❡r❡♥t MH = MH± ❛♥❞ ✜①❡❞ MA = 800 ●❡❱✱
Ma = 300 ●❡❱✱ sin θ = 0.35, tan β = 1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

✶✵✶
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❋✐❣✉r❡ ✻✳✶✹✿ ❉❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ♦♥ t❤❡ ♣s❡✉❞♦s❝❛❧❛r

♠✐①✐♥❣ ❛♥❣❧❡ sin θ✳ ▼♦❞❡❧s ✇✐t❤ ❧♦✇ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s✱ s❤♦✇♥ ✐♥ ✭❛✮✱ ❤❛✈❡ ❛ ❞✐✛❡r❡♥t
sin θ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ♠♦❞❡❧s ✇✐t❤ ❤✐❣❤ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s✱ s❤♦✇♥ ✐♥ ✭❜✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣
♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA✱ tan β = 1,Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 =
λ3 = 3✳

t❤❡ ♠❛ss❡s ♦❢ t❤❡ ♠❡❞✐❛t♦rs ❬✶❪✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ✐s ❜r♦❦❡♥ ❜② t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✻✳✶✷ ❢♦r MH & 1150✱ ✇❤❡r❡ ΓA/MA & 0.3✳

❚❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ❝❤❛♥❣❡s ♥♦♥✲tr✐✈✐❛❧❧② ✇❤❡♥ ❝❤❛♥❣✐♥❣ MH ✱ ❛s ❞❡♠♦♥✲

str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✸✳ ❚❤✐s ✐s t❤❡ r❡s✉❧t ♦❢ t❤❡ MH ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡
❜❡✐♥❣ ❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ♦❢ t❤❡ r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡ ❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥t gAah ❞❡♣❡♥❞❡♥❝❡✳ ❍♦✲
✇❡✈❡r✱MH ✈❛r✐❛t✐♦♥s ❞♦ ♥♦t ❝❤❛♥❣❡ t❤❡ ❦✐♥❡♠❛t✐❝s ♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t
❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡ s✐❣♥❛❧✳ ❘❛t❤❡r✱ ✈❛r②✐♥❣ MH ❝❤❛♥❣❡s ❤♦✇ ❧✐❦❡❧② t❤❡ r❡s♦♥❛♥t ♣r♦❝❡ss ✐s
t♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ s✐❣♥❛❧✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss✳ ■❢ ❜♦t❤ ❝♦♥tr✐❜✉t✐♦♥s ❤❛❞
✐❞❡♥t✐❝❛❧ ❦✐♥❡♠❛t✐❝s✱ ♥♦ ❝❤❛♥❣❡s ✐♥ t❤❡ Emiss

T s❤❛♣❡ ✇♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✳

✻✳✹ ▼✐①✐♥❣ ❆♥❣❧❡ ♦❢ t❤❡ ❈P✲♦❞❞ ❙❝❛❧❛r ❇♦s♦♥s✿ sin θ

❚❤❡ ♠✐①✐♥❣ ♦❢ A0 t❤❛t ✐s ♣✉r❡❧② ✷❍❉▼✲❧✐❦❡ ❛♥❞ a0 t❤❛t ❝♦✉♣❧❡s ♣✉r❡❧② t♦ ❉❛r❦ ▼❛tt❡r ✐♥t♦
t❤❡ ♠❛ss ❡✐❣❡♥st❛t❡s a ❛♥❞ A ✐s ♣❛r❛♠❡tr✐③❡❞ ❜② t❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ θ✳ ❋♦❧❧♦✇✐♥❣ ❝♦♥✈❡♥t✐♦♥✱
sin θ ✐s ❞✐s❝✉ss❡❞ ❤❡r❡ ✐♥ ♣❧❛❝❡ ♦❢ θ ✐ts❡❧❢✳

❚❤❡r❡ ❝❛♥ ♦♥❧② ❜❡ ❛ h(bb̄) + Emiss
T s✐❣♥❛❧ ✐❢ sin θ 6= 0, 1✱ s✐♥❝❡ t❤❡s❡ ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞ t♦

③❡r♦ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣✿ a = a0, A = A0 ❛♥❞ a = A0, A = a0✱ r❡s♣❡❝t✐✈❡❧②✳ ❲❤❡♥ t❤❡r❡
✐s ♥♦ ♠✐①✐♥❣✱ t❤❡ ♦♥❧② ♣♦ss✐❜❧❡ ♣♦rt❛❧ ❜❡t✇❡❡♥ t❤❡ ❞❛r❦ s❡❝t♦r ❛♥❞ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❛♥❞
✷❍❉▼+a ✐s ❣✐✈❡♥ ❜② t❤❡ q✉❛rt✐❝ s❝❛❧❛r ❝♦✉♣❧✐♥❣s λP1 ❛♥❞ λP2✱ ❝♦✉♣❧✐♥❣ a0 t♦ ❍✐❣❣s ❞♦✉❜❧❡ts
H1 ❛♥❞ H2✱ r❡s♣❡❝t✐✈❡❧②✱ ❛s ❊q✉❛t✐♦♥ ✭✹✳✹✮ s❤♦✇s✳ ❍♦✇❡✈❡r✱ gAah = 0 ✐♥ t❤♦s❡ ❝❛s❡s ✐rr❡s♣❡❝t✐✈❡
♦❢ t❤❡ ✈❛❧✉❡s ♦❢ λP1 ♦r λP2 ✭❝❢✳ ❊q✉❛t✐♦♥ ✭✹✳✻✮✮✱ ❛♥❞ s♦ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹
✈❛♥✐s❤❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❜♦① ❞✐❛❣r❛♠s ❧✐❦❡ ❡✳❣✳ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹✳✻✭❛✮ ❛♥❞ ✹✳✻✭❝✮ ❛❧s♦ ✈❛♥✐s❤✳
❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡② ❝❛♥♥♦t ❛r✐s❡ ❢r♦♠ q✉❛rt✐❝ s❝❛❧❛r ✐♥t❡r❛❝t✐♦♥s✱ ✇✐t❤♦✉t ❣❡♥❡r❛t✐♥❣ ❤✐❣❤❡r
✜♥❛❧ st❛t❡ ♠✉❧t✐♣❧✐❝✐t✐❡s✳ ❚❤✉s t❤❡ h(bb̄)+Emiss

T s✐❣♥❛t✉r❡ ❝❛♥ ♥♦t ❜❡ ❣❡♥❡r❛t❡❞ ❢♦r sin θ ∈ {0, 1}✳
❋♦r ♦t❤❡r ✈❛❧✉❡s ♦❢ sin θ✱ t❤❡ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥ ✐s ♥♦♥✲③❡r♦✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✹✳

❇♦t❤ t❤❡ q✉❛♥t✐t❛t✐✈❡ ❛♥❞ q✉❛❧✐t❛t✐✈❡ sin θ✲❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛r❡ str♦♥❣❧② ❛❢✲
❢❡❝t❡❞ ❜② ❝❤❛♥❣❡s ✐♥ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s Ma ❛♥❞ MA✱ ❛s ❞❡♠♦♥str❛t❡❞ ❜② ❋✐❣✉r❡s ✻✳✶✹✭❛✮
❛♥❞ ✻✳✶✹✭❜✮✳
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✭❜✮

❋✐❣✉r❡ ✻✳✶✺✿ ❈♦♠♣❛r✐s♦♥ ♦❢ Emiss
T ❞✐str✐❜✉t✐♦♥s ❢♦r ❞✐✛❡r❡♥t sin θ ❛t ❛ ❧♦✇✲♠❛ss ❝♦♥✜❣✉r❛t✐♦♥

✭❛✮ ✇✐t❤ Ma = 200 ●❡❱✱ MA = MH = MH± = 600 ●❡❱✱ ❛♥❞ ❛ ❤✐❣❤✲♠❛ss ❝♦♥✜❣✉r❛t✐♦♥ ✭❜✮
✇✐t❤ Ma = 350 ●❡❱✱ MA = MH = MH± = 1000 ●❡❱✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs t❛❦❡ t❤❡
✈❛❧✉❡s tan β = 1,Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

❋✉rt❤❡r♠♦r❡✱ ❝❤❛♥❣❡s ✐♥ sin θ ❛❧s♦ ❛✛❡❝t t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥✱ ❛s ❋✐❣✉r❡ ✻✳✶✺

s❤♦✇s✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ✐s t❤❛t t❤❡ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡ s✐❣♥❛❧
❛♠♣❧✐t✉❞❡ ❡①❤✐❜✐t ❞✐✛❡r❡♥t sin θ ❞❡♣❡♥❞❡♥❝❡✳ ❆s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✸✱ t❤❡ r❡s♦♥❛♥t ❝♦♥✲
tr✐❜✉t✐♦♥ ②✐❡❧❞s ❛ ❏❛❝♦❜✐❛♥ ♣❡❛❦ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ ✇❤✐❝❤ ❞❡♣❡♥❞s s❡♥s✐t✐✈❡❧② ♦♥ (Ma,MA)✱ ❛s
❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥s ✹✳✸✳✶✱ ✻✳✶✳✶ ❛♥❞ ✻✳✷✳✶✳ ❈♦♥✈❡rs❡❧② t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ②✐❡❧❞s ❛
❜r♦❛❞ ❞✐str✐❜✉t✐♦♥ ❛t s♦❢t Emiss

T ❢❛❧❧✐♥❣ ❛s t❤❡ Emiss
T ❣❡ts ❤❛r❞❡r✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥s ✹✳✸✳✸✱

✻✳✶✳✷ ❛♥❞ ✻✳✷✳✷✳
❚❤❡ ②✐❡❧❞s ♦❢ ❜♦t❤ t❤❡ r❡s♦♥❛♥t ❛♥❞ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ❛r❡ ❛✛❡❝t❡❞ ❜② sin θ✿

• sin θ ❞✐r❡❝t❧② ❛✛❡❝ts t❤❡ ✈❡rt✐❝❡s ❛♣♣❡❛r✐♥❣ ✐♥ t❤❡ ❞✐❛❣r❛♠s✱ ❡✳❣✳✿

✕ t❤❡ Aah ✈❡rt❡① gAah ∝ sin θ cos θ ✭❝❢✳ ❊q✉❛t✐♦♥ ✭✹✳✻✮✮

✕ ✈❡rt✐❝❡s ✇❤❡r❡ a ❝♦✉♣❧❡s t♦ ❉❛r❦ ▼❛tt❡r ♦rA ❝♦✉♣❧❡s t♦ ❙▼ ❢❡r♠✐♦♥s✿ ga−DM , gA−SM ∝
cos θ

✕ ✈❡rt✐❝❡s ✇❤❡r❡A ❝♦✉♣❧❡s t♦ ❉❛r❦ ▼❛tt❡r ♦r a ❝♦✉♣❧❡s t♦ ❙▼ ❢❡r♠✐♦♥s✿ gA−DM , ga−SM ∝
sin θ

✕ t❤❡ aah ✈❡rt❡①✿ gaah ❤❛s s✉♠♠❛♥❞s ∝ sin2 θ ❛♥❞ s✉♠♠❛♥❞s ∝ cos2 θ ✭❝❢✳ ❊q✉❛✲
t✐♦♥ ✭✹✳✼✮✮

❚❤✉s t❤❡ ❞✐❛❣r❛♠s ❛r❡ ❛✛❡❝t❡❞ ❜② ❝❤❛♥❣❡s t♦ sin θ ❞✐✛❡r❡♥t❧②✱ ❜❡❝❛✉s❡ t❤❡ ❛❜♦✈❡ ✈❡rt✐❝❡s
♦❝❝✉r✐♥❣ ✐♥ ❛ ❣✐✈❡♥ ❞✐❛❣r❛♠ ❛r❡ ❞✐✛❡r❡♥t✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✱ ❛♥❞ ♦♥❧② ❋✐❣✉r❡ ✹✳✹ ✐s
♣❛rt ♦❢ t❤❡ r❡s♦♥❛♥t ♣r♦❝❡ss✱ ✇❤❡r❡❛s t❤❡ ♦t❤❡r ❞✐❛❣r❛♠s ❣✐✈❡ r✐s❡ t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t
❝♦♥tr✐❜✉t✐♦♥✳

• ❝❤❛♥❣✐♥❣ sin θ ✐♥❞✉❝❡s ❝❤❛♥❣❡s t♦ ❡✳❣✳ gAah ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ❛♥❞ t❤✉s t♦ ΓA✳ ❚❤✐s
❝❤❛♥❣❡s t❤❡ ❇r❡✐t✲❲✐❣♥❡r s✉♣♣r❡ss✐♦♥ ♦❢ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡ r❡❧❛t✐✈❡ t♦ t❤❡ ♣❡❛❦
❛♠♣❧✐t✉❞❡ ♦♥ t❤❡ r❡s♦♥❛♥❝❡✳ ❆♣❛rt ❢r♦♠ t❤❡ ❢❛❝t t❤❛t t❤✐s ❡✛❡❝t ✐s ❝❛✉s❡❞ ❜② t❤❡ ❞❡♣❡♥✲
❞❡♥❝❡ ♦❢ ΓA ♦♥ sin θ ❛s ♦♣♣♦s❡❞ t♦ MH ✱ t❤✐s ✐s t❤❡ s❛♠❡ ♠❡❝❤❛♥✐s♠ ❛❧r❡❛❞② ❞❡s❝r✐❜❡❞ ✐♥
❙❡❝t✐♦♥ ✻✳✸✳ ❚❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ❛r❡ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t sin θ ❛✛❡❝ts ❛❧❧
❝♦✉♣❧✐♥❣s ✐♥✈♦❧✈✐♥❣ a ♦r A✱ ♥♦t ❥✉st t❤❡ tr✐❧✐♥❡❛r s❝❛❧❛r ❝♦✉♣❧✐♥❣s✳

✶✵✸



❋♦r ✈❡r② ❧❛r❣❡ ✭❡✳❣✳ sin θ = 0.9✮ ❛♥❞ ❢♦r ✈❡r② s♠❛❧❧ ✭❡✳❣✳ sin θ = 0.1✮ ✈❛❧✉❡s ♦❢ sin θ✱
t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❛r❡ ✇❡❛❦❡r t❤❛♥ ♥♦♥✲r❡s♦♥❛♥t ♦♥❡s✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✺✱
✇❤❡r❡ ❛t t❤❡s❡ ❡①tr❡♠❡ ✈❛❧✉❡s ♦❢ sin θ t❤❡ s♦❢t ❜✉❧❦ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ✐s ❧❛r❣❡r t❤❛♥ t❤❡ ❤❛r❞
❏❛❝♦❜✐❛♥ ♣❡❛❦✳ ❆ ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ✐s t❤❛t gaah✱ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✼✮✱ ✐s t❤❡ s✉♠ ♦❢
❛ ❝♦♥tr✐❜✉t✐♦♥ ∝ sin2 θ ❛♥❞ ❛♥♦t❤❡r ♦♥❡ ∝ cos2 θ✳ ❚❤❡r❡❢♦r❡ ♦♥❡ ♦❢ t❤❡s❡ t✇♦ t❡r♠s ✐s ❛❧✇❛②s
❡♥❤❛♥❝❡❞ ❢♦r ❧♦✇ ♦r ❤✐❣❤ sin θ✱ ❛♥❞ ❞✉❡ t♦ t❤❡ gaah ❝♦♥tr✐❜✉t✐♦♥✱ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡
✐s ❡♥❤❛♥❝❡❞✳

❋♦r gAah ∝ sin θ cos θ t❤❡ ♦♣♣♦s✐t❡ ✐s t❤❡ ❝❛s❡✳ ■t ✐s s♠❛❧❧ ❢♦r sin θ ♦r cos θ ❝❧♦s❡ t♦ 0 ♦r 1✱ ❛♥❞
❡♥❤❛♥❝❡❞ ❢♦r ✐♥t❡r♠❡❞✐❛t❡ ✈❛❧✉❡s✳ ■♥❞❡❡❞ ❋✐❣✉r❡ ✻✳✶✺ s❤♦✇s t❤❛t t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ✐s str♦♥❣❡st
❢♦r ✐♥t❡r♠❡❞✐❛t❡ ✈❛❧✉❡s ♦❢ sin θ✳ gAah ∝ sin θ cos θ s✉❣❣❡sts t❤❛t t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ✇♦✉❧❞
❜❡ str♦♥❣❡st ❛t t❤❡ ♠❛①✐♠✉♠ ♦❢ sin θ cos θ✱ ✐✳❡✳ ❛t sin θ = 1/

√
2 = 0.707107 . . .✳ ❆♥❞ ✐♥❞❡❡❞ ❢♦r

t❤❡ ♠♦❞❡❧s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✺✭❛✮✱ t❤❡ r❡❧❛t✐✈❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ✐s ❧❛r❣❡st ❢♦r t❤❡ ♠♦❞❡❧
✇✐t❤ sin θ = 0.7 ≈ 1/

√
2✳

❍♦✇❡✈❡r t❤❡ ♠♦❞❡❧ ✇✐t❤ sin θ = 0.7 ✐s ♥♦t t❤❡ ♦♥❡ ✇✐t❤ t❤❡ str♦♥❣❡st ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❢♦r
t❤❡ ♠♦❞❡❧s ✇✐t❤ ❤✐❣❤❡r s❝❛❧❛r ♠❛ss❡s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✺✭❜✮✳ ■♥st❡❛❞ t❤❡ r❡❧❛t✐✈❡ r❡s♦♥❛♥t
❝♦♥tr✐❜✉t✐♦♥ ✐s str♦♥❣❡st ❢♦r t❤❡ ♠♦❞❡❧ ✇✐t❤ sin θ = 0.5✱ ❛♥❞ t❤❡ ♠♦❞❡❧ ✇✐t❤ sin θ = 0.7 ✐s
❞♦♠✐♥❛t❡❞ ❜② t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥✳ ❆♣♣❛r❡♥t❧② t❤❡ ✐♠♣❛❝t ♦❢ sin θ ♦♥ t❤❡ ♥♦♥✲
r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥✱ ✐s ❛✛❡❝t❡❞ ❜② t❤❡ ❞✐✛❡r❡♥t s❝❛❧❛r ♠❛ss ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ ❋✐❣✉r❡ ✻✳✶✺✭❛✮
❛♥❞ ❋✐❣✉r❡ ✻✳✶✺✭❜✮✳

❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ❜❡❤❛✈✐♦r ✐s t❤❛t t❤❡ ✈❡rt✐❝❡s ✐♥✈♦❧✈✐♥❣ a✱ A ♦r ❜♦t❤✱ ❛r❡ ♠❛ss ❞❡♣❡♥✲
❞❡♥t✱ ✇✐t❤ ❞✐✛❡r❡♥t ✈❡rt✐❝❡s ❤❛✈✐♥❣ ❞✐✛❡r❡♥t ♠❛ss ❞❡♣❡♥❞❡♥❝✐❡s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ♣❛rt ♦❢ t❤❡
❝♦✉♣❧✐♥❣ gaah t❤❛t ✐s ∝ sin2 θ ✐s ❛❧s♦ ❛ ❢✉♥❝t✐♦♥ ♦❢MH ,MH± ❛♥❞Ma✱ ❛s ❝❛♥ ❜❡ r❡❛❞ ❢r♦♠ ❊q✉❛✲
t✐♦♥ ✭✹✳✼✮✳ ❚❤❡ ♣❛rt ♦❢ gaah t❤❛t ✐s ∝ cos2 θ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ M2

H ,M
2
a , ❛♥❞ M

2
H± ✳ ❙♦ t❤❡

s❝❛❧✐♥❣ ♦❢ gaah ✇✐t❤ sin θ✱ ❛♥❞ t❤✉s t❤❡ sin θ✲s❝❛❧✐♥❣ ♦❢ t❤❡ r❡❧❛t✐✈❡ str❡♥❣t❤ ♦❢ t❤❡ ♥♦♥✲r❡s♦♥❛♥t
❝♦♥tr✐❜✉t✐♦♥✱ ✐s ❛✛❡❝t❡❞ ❜② ❝❤❛♥❣❡s ♦❢ MH ,MH± ✱ ❛♥❞ Ma✳

❋♦r ♠♦st ♦❢ t❤❡ ♠♦❞❡❧s ✐♥ t❤❡ s❝❛♥s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ sin θ ✐s ✜①❡❞ t♦ sin θ = 0.35✳
❚❤✐s ✈❛❧✉❡ ✐s ❝❤♦s❡♥ s♦ t❤❛t t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥s ❛♥❞ t❤❡ ❢r❛❝t✐♦♥s ♦❢ r❡s♦♥❛♥t ❡✈❡♥ts ❛r❡
❧❛r❣❡ ❢♦r ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠♦❞❡❧s ✐♥ t❤❡s❡ s❝❛♥s✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✷✳
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✭❜✮

❋✐❣✉r❡ ✻✳✶✻✿ ❈♦♠♣❛r✐s♦♥ ♦❢ Emiss
T ❞✐str✐❜✉t✐♦♥s ✇✐t❤ ✈❛r②✐♥❣ tan β ❛t ❛ ❧♦✇✲♠❛ss ❝♦♥✜❣✉r❛t✐♦♥

✭❛✮ ✇✐t❤Ma = 200 ●❡❱ ❛♥❞ ❛ ❤✐❣❤✲♠❛ss ❝♦♥✜❣✉r❛t✐♦♥ ✭❜✮ ✇✐t❤Ma = 350 ●❡❱✳ ❚❤❡ r❡♠❛✐♥✐♥❣
♣❛r❛♠❡t❡rs t❛❦❡ t❤❡ ✈❛❧✉❡s MA = MH = MH±600 ●❡❱✱ Mχ = 10 ●❡❱✱ sin θ = 0.35✱ ❛♥❞
λP1 = λP2 = λ3 = 3✳ ❚❤❡ s❤♦✇♥ ❞✐str✐❜✉t✐♦♥s ❝♦rr❡s♣♦♥❞ t♦ ❡✈❡♥ts ♣r♦❞✉❝❡❞ ✐♥ ❣❧✉♦♥ ❢✉s✐♦♥
♦♥❧②✳

✻✳✺ ❘❛t✐♦ ♦❢ ❱❛❝✉✉♠ ❊①♣❡❝t❛t✐♦♥ ❱❛❧✉❡s✿ tanβ

❚❤❡ ♣❛r❛♠❡t❡r tan β ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ t✇♦ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ ❍✐❣❣s
❞♦✉❜❧❡ts✳ ❚❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ❛♣♣❡❛r ✐♥ t❤❡ t❡r♠s ❝♦✉♣❧✐♥❣ ❢❡r♠✐♦♥s t♦ ❍✐❣❣s
❜♦s♦♥s✳ ❚❤❡ ♠♦❞❡❧ ✉s❡❞ ❢♦r t❤❡ s✐♠✉❧❛t✐♦♥s ❞❡s❝r✐❜❡❞ ❤❡r❡ ❤❛s ❨✉❦❛✇❛ ❛ss✐❣♥♠❡♥ts ♦❢ t②♣❡ ■■✳
❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❍✐❣❣s ❞♦✉❜❧❡tH1 ❝♦✉♣❧❡s t♦ ❞♦✇♥✲t②♣❡ q✉❛r❦s ❛♥❞ ❧❡♣t♦♥s✱ ❛♥❞H2 ❝♦✉♣❧❡s
t♦ ✉♣✲ t②♣❡ q✉❛r❦s ♦♥❧②✳ ❚❤✐s r❡s✉❧ts ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s t♦ ❙t❛♥❞❛r❞ ▼♦❞❡❧
❢❡r♠✐♦♥s ❬✶❪✿ yU = −

√
2mU

v
cot β ❢♦r ❛♥② ✉♣✲t②♣❡ q✉❛r❦ U = u, c, t ❛♥❞ yD,ℓ =

√
2
mD,ℓ

v
tan β ❢♦r

❛♥② ❞♦✇♥ t②♣❡ q✉❛r❦ D = d, s, b ♦r ❧❡♣t♦♥ ℓ = e, µ, τ ✳

❈❤❛♥❣❡s ♦❢ tan β ✇✐❧❧ ✐♥ ❣❡♥❡r❛❧ ❛✛❡❝t t❤❡ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥✱ s✐♥❝❡ s✐❣♥❛❧s ♦r✐❣✐♥❛t❡ ❡✐t❤❡r
❢r♦♠ ❛ t♦♣ ❧♦♦♣✱ ♦r ❜ ♣❛✐r ❛♥♥✐❤✐❧❛t✐♦♥✳ ❇♦t❤ ❝❛s❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✼✳ ■♥ ❡✐t❤❡r ❝❛s❡✱
t❤❡ ❝♦✉♣❧✐♥❣ t♦ t♦♣ ♦r ❜♦tt♦♠ q✉❛r❦s✱ ❛♥❞ t❤✉s tan β✱ ♠❛tt❡rs✳

❚❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡ Emiss
T s❤❛♣❡ ❝❤❛♥❣❡s ✇❤❡♥ ❝❤❛♥❣✐♥❣ tan β ✐s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✻✳

❚❤❡ ❝❛✉s❡ ♦❢ t❤❡ tan β ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❦✐♥❡♠❛t✐❝s ✐s t❤❛t ❜♦① ❞✐❛❣r❛♠s✱ s✉❝❤ ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✻✭❛✮✱ ❛♥❞ t❤❡ tr✐❛♥❣❧❡ ❣r❛♣❤ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹ ❞❡♣❡♥❞ ♦♥ t❤❡ t♦♣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣
✐♥ ❞✐✛❡r❡♥t ✇❛②s✳ ❚❤❡ ❜♦① ❞✐❛❣r❛♠s ❢❡❛t✉r❡ t✇♦ ❨✉❦❛✇❛✲✈❡rt✐❝❡s✱ t❤❡ tr✐❛♥❣❧❡ ❞✐❛❣r❛♠ ♦♥❧②
♦♥❡✳ ❚❤❡ ❞✐✛❡r❡♥t ♥✉♠❜❡r ♦❢ ❨✉❦❛✇❛ ✈❡rt✐❝❡s ♠❡❛♥s ❛ ❞✐✛❡r❡♥t ♣♦✇❡r ♦❢ tan β ✐♥ t❤❡ s✐❣♥❛❧
❛♠♣❧✐t✉❞❡✱ ❛♥❞ t❤✉s t❤❡ r❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❛♠♣❧✐t✉❞❡s ❝❤❛♥❣❡s ✇✐t❤ tan β✳
❙✐♥❝❡ ♦♥❧② t❤❡ tr✐❛♥❣❧❡ ❣r❛♣❤ ❢r♦♠ ❋✐❣✉r❡ ✹✳✹ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❡✈❡♥ts ✐♥ t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦
✭❝❢✳ ❙❡❝t✐♦♥ ✹✳✸✳✶✮✱ ❛♥❞ ❛❧❧ ♦t❤❡r ❞✐❛❣r❛♠s ②✐❡❧❞ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s✱ ❝❤❛♥❣✐♥❣ tan β ❝❤❛♥❣❡s
t❤❡ r❡❧❛t✐✈❡ ②✐❡❧❞ ♦❢ r❡s♦♥❛♥t ❡✈❡♥ts ✇✐t❤ r❡s♣❡❝t t♦ ♥♦♥✲r❡s♦♥❛♥t ❡✈❡♥ts✳ ❚❤✐s r❡s✉❧ts ✐♥ t❤❡
❝❤❛♥❣❡s t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✻✳

❚❤❡ ✐♠♣❛❝t ♦❢ tan β ♦♥ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ ♠❛ss❡s ♦❢ t❤❡ s❝❛✲

❧❛rs✳ ❚❤❡ r❡❧❛t✐✈❡ ❡♥❤❛♥❝❡♠❡♥t ♦❢ t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ✇✐t❤ ❤✐❣❤❡r tan β ❢♦r Ma = 200GeV✱
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✻✭❛✮✱ ✐s t❤❡ s❛♠❡ ❛s t❤❡ r❡❧❛t✐✈❡ ❡♥❤❛♥❝❡♠❡♥t ❢♦r Ma = 350GeV✱ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✻✳✶✻✭❜✮✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t t❤❡ tan β ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❛♥② ✈❡rt❡① ❝♦✉♣❧✐♥❣ ❛♥② ✭♣s❡✉❞♦✲
✮s❝❛❧❛r t♦ ❛ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❢❡r♠✐♦♥ ✐s ✐❞❡♥t✐❝❛❧✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ ✇❤❡t❤❡r t❤❡ s❝❛❧❛r ✐♥ q✉❡st✐♦♥
✐s a✱ A✱ H✱ ❡t❝✳ ❚❤✐s ✐s ❛ ❞✐r❡❝t ❝♦♥s❡q✉❡♥❝❡ ♦❢ ❝❤♦♦s✐♥❣ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s s✉❝❤ t❤❛t t❤❡r❡
✐s ♦♥❧② ♦♥❡ ❍✐❣❣s ❞♦✉❜❧❡t ❝♦✉♣❧✐♥❣ t♦ ❧❡♣t♦♥s✱ ✉♣✲t②♣❡ q✉❛r❦s✱ ❛♥❞ ❞♦✇♥✲t②♣❡ q✉❛r❦s✱ r❡s♣❡❝t✐✲
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❋✐❣✉r❡ ✻✳✶✼✿ ❙❝❛❧✐♥❣ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✇✐t❤ tan β ❢♦r ♦♥❧② ❣❧✉♦♥ ❢✉s✐♦♥✲ ✐♥✐t✐❛t❡❞ ♣r♦❝❡ss❡s✱
s✉❝❤ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✱ ❛♥❞ ♦♥❧② bb̄ ❛♥♥✐❤✐❧❛t✐♦♥ ✐♥✐t✐❛t❡❞ ♣r♦❝❡ss❡s✱ s✉❝❤ ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✼✱ ❛♥❞ t❤❡ ❝♦♠❜✐♥❛t✐♦♥✳ ❚❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s Ma = 200 ●❡❱✱
MA =MH =MH±600 ●❡❱✱ Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

✈❡❧②✳ ❚❤✐s ✐s ✉♥❧✐❦❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ sin θ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✹ ❛♥❞ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✺✱
✇❤❡r❡ t❤❡ r❡❧❛t✐✈❡ ❡♥❤❛♥❝❡♠❡♥t ✐s ❤✐❣❤❧② ♠❛ss✲❞❡♣❡♥❞❡♥t✱ ❜❡❝❛✉s❡ ❡✳❣✳ t❤❡ att̄ ✈❡rt❡① ❤❛s ❛
❞✐✛❡r❡♥t sin θ ❞❡♣❡♥❞❡♥❝❡ t❤❛♥ t❤❡ Att̄ ✈❡rt❡①✳

❋♦r ♠♦st ♦❢ t❤❡ ♠♦❞❡❧s ✐♥ t❤❡ ✜♥❛❧ ♣❛r❛♠❡t❡r s❝❛♥s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ tan β ✐s ✜①❡❞
❛s tan β = 1✳ ❚❤✐s ❝❤♦✐❝❡ ❝♦♠❜✐♥❡s ❛♥ ♦❜s❡r✈❛❜❧② ❧❛r❣❡ ❝r♦ss✲s❡❝t✐♦♥ ❢♦r ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥❞✉❝❡❞
h(bb̄) + Emiss

T ♣r♦❞✉❝t✐♦♥ ✇✐t❤ ❛ s✐③❡❛❜❧❡ ❢r❛❝t✐♦♥ ♦❢ r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts✳

✻✳✺✳✶ h(bb̄) + Emiss
T ❢r♦♠ bb̄ ❆♥♥✐❤✐❧❛t✐♦♥

❋♦r ♠♦st ♠♦❞❡❧ ♣❛r❛♠❡t❡r ♣♦✐♥ts✱ t❤❡ ❞♦♠✐♥❛♥t s✐❣♥❛❧ ♣r♦❝❡ss❡s ❛r❡ ✐♥✐t✐❛t❡❞ ❜② t✇♦ ❣❧✉♦♥s
❢✉s✐♥❣ ✐♥t♦ ❛ t♦♣ q✉❛r❦ ❧♦♦♣✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✳ ❚❤❡ t♦♣ ❧♦♦♣ ✐♥❞✉❝❡❞ ♣r♦❝❡ss❡s ❛r❡
❞♦♠✐♥❛♥t ❜❡❝❛✉s❡ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ❍✐❣❣s ❇♦s♦♥s t♦ t♦♣ q✉❛r❦s ✐s ❧❛r❣❡ ✭ ≈ 1✮✳

■♥ ♣r✐♥❝✐♣❧❡ ❛ ❝♦✉♣❧✐♥❣ t♦ ❜✲q✉❛r❦s ❡①✐sts✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ t❤❡ ❢❡r♠✐♦♥ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣s
❛r❡✱ ❜② ❝♦♥str✉❝t✐♦♥✱ ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❢❡r♠✐♦♥ ♠❛ss❡s✱ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢ b q✉❛r❦s ✐s
s✉♣r❡ss❡❞ ❜② ❛ r❡❧❛t✐✈❡ ❢❛❝t♦r mb/mt ≈ 0.024 ✭✉s✐♥❣ q✉❛r❦ ♠❛ss❡s ❢r♦♠ ❘❡❢✳ ❬✶✼❪✮ r❡❧❛t✐✈❡ t♦
t❤❡ t♦♣ q✉❛r❦ ❝♦✉♣❧✐♥❣✳ ❚❤✉s✱ t❤♦✉❣❤ s✐❣♥❛❧ ❡✈❡♥ts ❢r♦♠ ✐♥✐t✐❛❧ st❛t❡ bb̄ ❛♥♥✐❤✐❧❛t✐♦♥ ❛s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✹✳✼ ❝❛♥ ♦❝❝✉r✱ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✐s ✉s✉❛❧❧② ♥❡❣❧✐❣✐❜❧❡✳

❍♦✇❡✈❡r✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳✶✱ t❤❡ ♠♦❞❡❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s❡❞ ❤❡r❡ ❤❛s ❛ ❨✉❦❛✇❛
s❡❝t♦r ♦❢ t②♣❡ ■■✳ ❚❤✐s ♠❡❛♥s t❤❛t ✉♣✲t②♣❡ ❛♥❞ ❞♦✇♥✲t②♣❡ q✉❛r❦s ❝♦✉♣❧❡ t♦ ❞✐✛❡r❡♥t r❡s♣❡❝t✐✈❡
❍✐❣❣s ❞♦✉❜❧❡ts✳ ❇② ❛❞❥✉st✐♥❣ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✱ ✐✳❡✳ ❜②
✐♥❝r❡❛s✐♥❣ tan β✱ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡t t❤❛t ❝♦✉♣❧❡s t♦ ❞♦✇♥✲t②♣❡s ❝❛♥ ❜❡ t✉♥❡❞ t♦ ❝♦✉♣❧❡ ♠✉❝❤
♠♦r❡ str♦♥❣❧② t❤❛♥ t❤❡ ♦♥❡ t❤❛t ❝♦✉♣❧❡s t♦ ✉♣✲t②♣❡s✳ ❚❤✉s✱ t❤❡ s♠❛❧❧❡r ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢
❜✲q✉❛r❦s ❝❛♥ ❜❡ ❝♦♠♣❡♥s❛t❡❞ ❢♦r ❜② ❛ ❧❛r❣❡ tan β✳ ❚❤✐s r❡s✉❧ts ✐♥ bb̄→ hχχ̄ ♣r♦❝❡ss❡s ✭s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✹✳✼✮ ❜❡✐♥❣ ♠♦r❡ ❧✐❦❡❧② t❤❛♥ t❤❡ gg → hχχ̄ ♣r♦❝❡ss❡s ✭s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✮ t❤❛t
❞♦♠✐♥❛t❡ t❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❢♦r O(tan β) ≈ 1✳ ❚❤❡ q✉❛♥t✐t❛t✐✈❡ tan β ❞❡♣❡♥❞❡♥❝✐❡s
♦❢ t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥✲ ❛♥❞ bb̄✲✐♥✐t✐❛t❡❞ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✼✳

❚❤❡ Emiss
T s♣❡❝tr✉♠ ♦❢ t❤❡ bb̄ ❛♥♥✐❤✐❧❛t✐♦♥ ✐♥❞✉❝❡❞ ♣r♦❝❡ss ✐s ✐♥ ❣❡♥❡r❛❧ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡

✶✵✻
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❋✐❣✉r❡ ✻✳✶✽✿ ❙❤❛♣❡ ❝♦♠♣❛r✐s♦♥ ♦❢ Emiss
T ❞✐str✐❜✉t✐♦♥s ❢♦r ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥❞✉❝❡❞ ♣r♦❝❡ss❡s✱ ❛s

s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻ ❛♥❞ bb̄✲❛♥♥✐❤✐❧❛t✐♦♥ ✐♥❞✉❝❡❞ ♣r♦❝❡ss❡s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✱ ❛t t❤r❡❡
❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ tan β✭✭❛✮✲ ✭❝✮✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs t❛❦❡ t❤❡ ✈❛❧✉❡s Ma = 200 ●❡❱✱
MA =MH =MH±600 ●❡❱✱ Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

✶✵✼



❣❧✉♦♥ ❢✉s✐♦♥ ✐♥❞✉❝❡❞ ♦♥❡✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✽ ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ tan β✳
❚❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ bb̄ ✐♥❞✉❝❡❞ ♣r♦❝❡ss ❤❛s ❛ ❏❛❝♦❜✐❛♥ ♣❡❛❦ ❛♥❞ ❛ s♦❢t✲Emiss

T ♥♦♥✲r❡s♦♥❛♥t
s❤♦✉❧❞❡r ❛t t❤❡ s❛♠❡ Emiss

T ✈❛❧✉❡s ❛s t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥❞✉❝❡❞ ♣r♦❝❡ss✳ ❍♦✇❡✈❡r✱ t❤❡ r❡❧❛t✐✈❡
②✐❡❧❞s ♦❢ t❤❡ t✇♦ r❡s♦♥❛♥t ♦r ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❛r❡ ❞✐✛❡r❡♥t ❜❡t✇❡❡♥ t❤❡ bb̄ ❛♥❞ ❣❧✉♦♥
❢✉s✐♦♥ ❝❛s❡s✱ ❣✐✈✐♥❣ r✐s❡ t♦ t❤❡ ♦❜s❡r✈❡❞ s❤❛♣❡ ❞✐✛❡r❡♥❝❡s✳ ❚❤❡ ❡✈❡♥t ❦✐♥❡♠❛t✐❝s ❞❡♣❡♥❞ ♦♥
tan β✱ ❛♥❞ t❤❡ ❡①♣❧❛♥❛t✐♦♥ ✐s ❛♥❛❧♦❣♦✉s t♦ t❤❡ ❡①♣❧❛♥❛t✐♦♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❣❧✉♦♥ ❢✉s✐♦♥✳ ❆
❞✐✛❡r❡♥t ♥✉♠❜❡r ♦❢ ❨✉❦❛✇❛ ✈❡rt✐❝❡s ✐♥ t❤❡ ❝♦♥tr✐❜✉t✐♥❣ ❞✐❛❣r❛♠s ❧❡❛❞s t♦ ❛ ❞✐✛❡r❡♥t s❝❛❧✐♥❣
✇✐t❤ tan β ♦❢ t❤❡ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ❛♠♣❧✐t✉❞❡s✳ ❚❤❡ bb̄ ✐♥❞✉❝❡❞ s✐❣♥❛❧s ❤❛✈❡ ♥❡✐t❤❡r
tr✐❛♥❣❧❡ ♥♦r ❜♦① ❧♦♦♣s ❛t ❧❡❛❞✐♥❣ ♦r❞❡r✱ s✐♥❝❡ t❤❡② ❢❡❛t✉r❡ tr❡❡✲❧❡✈❡❧ ❞✐❛❣r❛♠s✳ ❇✉t t❤❡r❡ ❛r❡
❛♥❛❧♦❣♦✉s tr❡❡ ❧❡✈❡❧ ❞✐❛❣r❛♠s ✇✐t❤ ❡✐t❤❡r ♦♥❡ ❋✐❣✉r❡ ✹✳✺ ♦r t✇♦ ❋✐❣✉r❡ ✹✳✼✭❛✮ ❨✉❦❛✇❛ ✈❡rt✐❝❡s✳

❚❤❡ r❡❧❛t✐✈❡ ②✐❡❧❞ ♦❢ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝❤❛♥♥❡❧s ✐s t②♣✐❝❛❧❧② str♦♥❣❡r t❤❛♥ t❤❡ r❡s♦♥❛♥t ❝❤❛♥✲
♥❡❧s✳ ❚❤✐s ✐s ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥❞✉❝❡❞ ♣r♦❝❡ss✱ ✇❤❡r❡ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥
❝❛♥ ❜❡ ❧❛r❣❡r t❤❛♥ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ♦♥❡ ❢♦r ♠❛♥② ♠♦❞❡❧s✳ ❖♥❡ ❝❛♥ ❡①♣❧❛✐♥ t❤✐s ✇✐t❤ t❤❡ s❤❛♣❡
♦❢ t❤❡ ❣❧✉♦♥ P❉❋✱ ✇❤✐❝❤ ✐s ❤✐❣❤❡st ❛t ❧♦✇ ♣r♦t♦♥ ♠♦♠❡♥t✉♠ ❢r❛❝t✐♦♥ x✱ ❛♥❞ ❢❛❧❧s st❡❡♣❧② ✇✐t❤
✐♥❝r❡❛s✐♥❣ x✳ ❇✉t ✇❤✐❧❡ t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ s✐❣♥❛❧ ✉s❡s t✇♦ ❣❧✉♦♥s ❞✐r❡❝t❧②✱ ❛♥❞ ❝❛♥ t❤✉s
✉s❡ ❛❧❧ t❤❡ ♠♦♠❡♥t✉♠ ❝❛rr✐❡❞ ❜② t❤❡ ❣❧✉♦♥s✱ t❤❡ bb̄ ✐♥✐t✐❛t❡❞ s✐❣♥❛❧ ✉s❡s b q✉❛r❦s ❢r♦♠ ❣❧✉♦♥
s♣❧✐tt✐♥❣ g → bb̄✳ ❚❤✉s t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ✐♥✐t✐❛❧ st❛t❡ b q✉❛r❦s ✐s ♦♥ ❛✈❡r❛❣❡ ❧♦✇❡r t❤❛♥
t❤❛t ♦❢ ✐♥✐t✐❛❧ st❛t❡ ❣❧✉♦♥s✳ ❆ r❡s♦♥❛♥t s✐❣♥❛❧ r❡q✉✐r❡s t❤❛t t❤❡ s✉♠ ♦❢ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ♣❛rt♦♥
♠♦♠❡♥t❛ ❜❡ ❛t ❧❡❛st ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ♣r♦❞✉❝❡ t❤❡ ❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r A✱ ✐✳❡✳ x1x2

√
s ≥ MA ✳

❋♦r ❛ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ΓA✱ ❡✐t❤❡r x1x2
√
s ≥Ma+Mh ♦r x1x2

√
s ≥Mh+2Mχ

❛r❡ s✉✣❝✐❡♥t✳ ❙✐♥❝❡ t❤❡ ❛✈❡r❛❣❡ ✐♥✐t✐❛❧ st❛t❡ ♣❛rt♦♥ ✐♥ t❤❡ bb̄ ✐♥❞✉❝❡❞ ♣r♦❞✉❝t✐♦♥ ❤❛s ❛ ❧♦✇❡r
xi t❤❛♥ ✐♥ t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥ ❝❛s❡✱ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s ❛r❡ ♠♦r❡ ❧✐❦❡❧②✳

✻✳✻ ❚❤❡ ◗✉❛rt✐❝ ❚r✐♦✿ λ3, λP1✱ ❛♥❞ λP2

❚❤❡ ✷❍❉▼+a ▲❛❣r❛♥❣✐❛♥ ❝♦♥t❛✐♥s t❤r❡❡ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡rs λ3✱ λP1 ❛♥❞ λP2 ❬✶❪✳ λ3 ✐s ❛ q✉❛r✲

t✐❝ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✱ ❝♦♥tr✐❜✉t✐♥❣ ✇✐t❤ t❤❡ t❡r♠ λ3

(

H†
1H1

)(

H†
2H2

)

✐♥ ❊q✉❛t✐♦♥ ✭✹✳✶✮✳ λP1 ❛♥❞ λP2 ❞❡s❝r✐❜❡ t❤❡ q✉❛rt✐❝ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡ts t♦ t❤❡ ❉❛r❦

▼❛tt❡r✲♠❡❞✐❛t✐♥❣ ♣s❡✉❞♦s❝❛❧❛r a0 ❜② t❤❡ t❡r♠ a20

(

λP1H
†
1H1 + λP2H

†
2H2

)

✐♥ ❊q✉❛t✐♦♥ ✭✹✳✸✮✳

λ3✱ λP1 ❛♥❞ λP2 ❛r❡ ♥♦t ✜①❡❞ ❜② t❤❡ ♠❛ss s♣❡❝tr✉♠✱ ❜❡❝❛✉s❡ t❤❡② ❞♦ ♥♦t t❛❦❡ ♣❛rt ✐♥
❞✐❛❣♦♥❛❧✐③✐♥❣ t❤❡ ♠❛ss t❡r♠s ♦❢ t❤❡ s❝❛❧❛rs✳ ❚❤❡② ❛r❡ ♠♦r❡♦✈❡r ♥♦t ❝♦♥str❛✐♥❡❞ ❜② ❦♥♦✇♥
❙t❛♥❞❛r❞ ▼♦❞❡❧ ❞❡❝❛②s ♦r ❝♦✉♣❧✐♥❣ str❡♥❣t❤s✱ s✐♥❝❡ t❤❡② ♦♥❧② ❞❡t❡r♠✐♥❡ ❝♦✉♣❧✐♥❣s ❜❡t✇❡❡♥
♣✉r❡❧② ❇❡②♦♥❞ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ✜❡❧❞ ♦♣❡r❛t♦rs✳ ❚❤✐s t❤❡② ♦♥❧② ❛♣♣❡❛r ✐♥ tr✐❧✐♥❡❛r s❝❛❧❛r
❝♦✉♣❧✐♥❣s s✉❝❤ ❛s ghaa ❛♥❞ gAah✳ ❚❤❡ ❝♦✉♣❧✐♥❣ gAah ✐s ✐♠♣♦rt❛♥t ❢♦r t❤❡ r❡s♦♥❛♥t s✐❣♥❛❧ ♣r♦❝❡ss✱
✇❤✐❝❤ ❛❧✇❛②s ❝♦♥t❛✐♥s t❤❡ ❞❡❝❛② A → ah✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❡①❛❝t ❞❡♣❡♥❞❡♥❝❡ ♦❢ gAah ♦♥ λ3✱
λP1 ❛♥❞ λP2 ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✻✮✿

gAah ⊃ 2

vMA

[(

λP1 cos
2 β + λP2 sin

2 β
)

v2 − λ3v
2
]

sin θ cos θ , ✭✻✳✶✮

♦♥❡ ❝❛♥ s❡❡ t❤❛t ❛s ❧♦♥❣ ❛s ❛❧❧ t❤r❡❡ ♣❛r❛♠❡t❡rs ❛r❡ ❡q✉❛❧ λ ≡ λ3 = λP1 = λP2✱ t❤❡ t❡r♠s ✐♥
❊q✉❛t✐♦♥ ✭✻✳✶✮ ❝❛♥❝❡❧✱ ❛♥❞ ❊q✉❛t✐♦♥ ✭✹✳✻✮ ❜❡❝♦♠❡s✿

gAah =
1

vMA

[

M2
h − 2M2

H −M2
A + 4M2

H± −M2
a

]

sin θ cos θ. ✭✻✳✷✮

■t ❢♦❧❧♦✇s t❤❛t t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ s✐❣♥❛❧ s❤♦✉❧❞ ❜❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ λ ❬✶✶✵✱
✶✷✷❪✳

✶✵✽
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✭❢✮ Mhχχ̄ ❞❡♣❡♥❞❡♥❝❡ ♦♥ λ3 = λP1 = λP2

❋✐❣✉r❡ ✻✳✶✾✿ ■♠♣❛❝t ♦♥ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss ♦❢ ❝❤❛♥❣✐♥❣ ♦♥❧② λ3✱ ✇✐t❤ λP1 = λP2 = 0 ✭r✐❣❤t
❝♦❧✉♠♥✱ ✭❛✮✱ ✭❝✮✱ ❛♥❞ ✭❡✮✮ ♦r ❛❧❧ t❤r❡❡ λ✬s s✐♠✉❧t❛♥❡♦✉s❧② ✭❧❡❢t ❝♦❧✉♠♥✱ ✭❜✮✱ ✭❞✮✱ ❛♥❞ ✭❢✮✮✳ ❚❤❡
t♦♣ r♦✇ s❤♦✇s t❤❡ ❡✛❡❝t ♦♥ ΓA ✭✭❛✮✱✭❜✮✮✱ t❤❡ ♠✐❞❞❧❡ r♦✇ s❤♦✇s t❤❡ ❡✛❡❝t ♦♥ t❤❡ Emiss

T ✭✭❝✮ ❛♥❞
✭❞✮✮✱ ❛♥❞ t❤❡ ❧❛st r♦✇ s❤♦✇s t❤❡ ❡✛❡❝t ♦♥ t❤❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ✜♥❛❧ st❛t❡ s②st❡♠ Mhχχ̄

✭✭❡✮✱ ✭❢✮✮✳ ❚❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s Ma = 300 ●❡❱✱ MA = MH = MH± = 800
●❡❱✱ Mχ = 10 ●❡❱✱ tan β = 1✱ ❛♥❞ sin θ = 0.35✳

✶✵✾



❚❤✐s ✐s ✉♣❤❡❧❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ❛s ❢❛r ❛s t❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ A✱ ΓA✱ ✐s ❝♦♥❝❡r♥❡❞✳ ❋✐✲
❣✉r❡ ✻✳✶✾✭❛✮ s❤♦✇s ❤♦✇ ΓA ❝❤❛♥❣❡s ✇✐t❤ ✈❛r②✐♥❣ λ3✳ ❚❤✐s ❞❡♣❡♥❞❡♥❝❡ ✐s ❝♦♠♣❧❡t❡❧② ❝❛♥❝❡❧❡❞
✇❤❡♥ ✈❛r②✐♥❣ λ ✐♥st❡❛❞✱ ❛s ❋✐❣✉r❡ ✻✳✶✾✭❜✮ ❞❡♠♦♥str❛t❡s✳

❋✐❣✉r❡ ✻✳✶✾✭❝✮ ❝♦♥✜r♠s t❤❛t t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ❝❤❛♥❣❡s s❤❛♣❡ ✇❤❡♥ ♦♥❧② λ3 ✐s ❝❤❛♥❣❡❞✱

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

T s♣❡❝tr❛ ❛r❡ st✐❧❧ ❛✛❡❝t❡❞ ❜② ❝❤❛♥❣❡s t♦ λ✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✾✭❞✮✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡
❞✐✛❡rs ❢r♦♠ t❤❡ ❝❛s❡ ♦❢ ✈❛r②✐♥❣ ♦♥❧② λ3✱ ❜✉t ✐t ✐s ♥♦t ❝❛♥❝❡❧❡❞✳

❚❤❡ r❡♠❛✐♥✐♥❣ ❞❡♣❡♥❞❡♥❝❡ ♦♥ λ ✐s ❝❛✉s❡❞ ❜② ♦✛✲s❤❡❧❧ ♣r♦❝❡ss❡s s✉❝❤ ❛s gg → a→ ha∗(χχ̄)
❛♥❞ gg → a∗ → ha(χχ̄)✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❢✮✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡
Mhχχ̄ ❞✐str✐❜✉t✐♦♥ ♦♥ λ3 ❛♥❞ λ✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✶✾✭❡✮ ❛♥❞ ✻✳✶✾✭❢✮ r❡s♣❡❝t✐✈❡❧②✳ ❈❤❛♥❣✐♥❣
♦♥❧② λ3✱ ❛s ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✾✭❡✮ ❝❤❛♥❣❡s t❤❡ r❛t❡ ♦❢ t❤❡ r❡s♦♥❛♥t ♣r♦❝❡ss✱ ✇❤✐❝❤ ♣❡❛❦s
❛t Mhχχ̄ = MA = 800GeV✱ r❡❧❛t✐✈❡ t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s ♣❡❛❦✐♥❣ ❛t Ma + Mh =
425GeV ✐♥ t❤❡ ❝❛s❡ ♦❢ ❡✳❣✳ gg → a∗ → ha(χχ̄) ❛♥❞ Mhχχ̄ = Ma = 300GeV ✐♥ t❤❡ ❝❛s❡
♦❢ gg → a → ha∗(χχ̄)✳ ❍♦✇❡✈❡r✱ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ✐s st✐❧❧ ❧❛r❣❡ ❛t λ3 = 11✳ ❚❤✐s
✐s ❞✐✛❡r❡♥t ✇❤❡♥ ❝❤❛♥❣✐♥❣ t❤❡ ❢✉❧❧ λ ❛s ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✾✭❢✮✱ ✇❤❡r❡ t❤❡ r❡s♦♥❛♥t ♣❡❛❦
❛t Mhχχ̄ = MA = 800GeV ✐s ❝♦♥t✐♥✉♦✉s❧② ❞✐♠✐♥✐s❤❡❞ ❛s λ ✐s ✐♥❝r❡❛s❡❞✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s
✐s t❤❛t ✇❤✐❧❡ t❤❡ r❡s♦♥❛♥t ♣r♦❝❡ss ✐s ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡ ❝❤❛♥❣❡s ✐♥ λ s✐♥❝❡ gAah ❛s ❣✐✈❡♥ ✐♥
❊q✉❛t✐♦♥ ✭✻✳✷✮ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ λ✱ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❛r❡ ❛✛❡❝t❡❞ ❜② ❝♦✉♣❧✐♥❣s
s✉❝❤ ❛s ghaa✱ ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✼✮✳ ❋♦r ♠♦❞❡❧s ✇❤❡r❡ sin2 θ 6= 1

2
✱ ❚❤❡ ❝♦✉♣❧✐♥❣ ghaa ❤❛s ❛

❞❡♣❡♥❞❡♥❝❡ ♦♥ λ✱

ghaa ⊃
−2

v
Mh

[

λ3 sin
2 θ +

(

λP1 cos
2 β + λP2 sin

2 β
)

cos2 θ
]

. ✭✻✳✸✮

❚❤✉s✱ ✇❤✐❧❡ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ r❡♠❛✐♥s ❝♦♥st❛♥t ✇❤❡♥ ❝❤❛♥❣✐♥❣ λ ✐♥ ❛❜s♦❧✉t❡ ♥✉♠✲
❜❡rs✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡ ❞✉❡ t♦ ❡✳❣✳ t❤❡ ✐♥❝r❡❛s❡ ♦❢
g2aah✱ t❤❡ r❡❧❛t✐✈❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ✐s r❡❞✉❝❡❞✳ ❚❤✐s ❝❤❛♥❣❡❞ r❡❧❛t✐✈❡ ②✐❡❧❞ ♦❢ t❤❡ r❡s♦♥❛♥t
❛♥❞ ♥♦♥ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❣✐✈❡s r✐s❡ t♦ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ♦♥ λ t❤❛t
✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✾✭❞✮✳

✻✳✼ ❚❤❡ ❉❛r❦ ▼❛tt❡r ❨✉❦❛✇❛ ❈♦✉♣❧✐♥❣✿ yχ

❚❤❡ ♣❡✉❞♦s❝❛❧❛rs a ❛♥❞ A ❝♦✉♣❧❡ t♦ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ χ ✈✐❛ ❛ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣✱ ✇✐t❤
❝♦✉♣❧✐♥❣ str❡♥❣t❤ yχ✳ ❚❤✐s ❝♦✉♣❧✐♥❣ str❡♥❣t❤ ❝❛♥ ❝❤❛♥❣❡ t❤❡ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥✱ ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✻✳✷✵✭❜✮✱ ❜✉t t❤❡ ❞❡♣❡♥❞❡♥❝❡ ✐s ✇❡❛❦ s✐♥❝❡ a→ χχ̄ ✐s ❜② ❢❛r t❤❡ ❞♦♠✐♥❛♥t ❞❡❝❛② ❝❤❛♥♥❡❧
♦❢ a ✇❤❡♥ Ma < 2Mt✳ ❋♦r Ma ≥ 2Mt✱ a → tt̄ ✐s ❛ s❡❝♦♥❞ s✐❣♥✐✜❝❛♥t ❞❡❝❛② ❝❤❛♥♥❡❧✱ ❜✉t t❤❡
♦♥❧② ❡✛❡❝t ✐s ❛ r❡❞✉❝❡❞ a → χχ̄ ❜r❛♥❝❤✐♥❣ r❛t✐♦✱ ❧♦✇❡r✐♥❣ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✳ ❚❤❡ s❤❛♣❡
♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐s ♥♦t ❛✛❡❝t❡❞ ❜② yχ✱ ❡①❝❡♣t ❢♦r ❡①tr❡♠❡ ✈❛❧✉❡s ♦❢ yχ ✇❤❡r❡ ♦✛✲s❤❡❧❧
♣r♦❝❡ss❡s ❞♦♠✐♥❛t❡✳ ❚❤❡ ✐♠♣❛❝t ♦❢ yχ♦♥ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✵✭❛✮✮✳
❍❡♥❝❡✱ yχ = 1 ✐s ❛ss✉♠❡❞ ❢♦r ❛❧❧ ♦t❤❡r st✉❞✐❡s ♣r❡s❡♥t❡❞ ❤❡r❡✳

✻✳✽ ❚❤❡ ❉❛r❦ ▼❛tt❡r ▼❛ss✿ Mχ

❚❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ ♠❛ss Mχ ❝❛♥ ❛✛❡❝t t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ s✐❣♥❛❧ ❝r♦ss

s❡❝t✐♦♥✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♠❛ss ❤✐❡r❛r❝❤② ♦❢ t❤❡ χ, a, h, A ♣❛rt✐❝❧❡s✳ ❚❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥

❞❡♣❡♥❞❡♥❝❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✷✶ ❛♥❞ ✻✳✷✷✱ ❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❞❡♣❡♥❞❡♥❝❡ ✐s ❞❡♠♦♥str❛t❡❞
✐♥ ❋✐❣✉r❡s ✻✳✷✸ ❛♥❞ ✻✳✷✹✳

✶✶✵
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✭❜✮ ❝r♦ss s❡❝t✐♦♥ s❝❛❧✐♥❣ ✇✐t❤ yχ

❋✐❣✉r❡ ✻✳✷✵✿ ❊✛❡❝t ♦❢ ❝❤❛♥❣✐♥❣ yχ ♦♥ t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ✭❛✮ ❛♥❞ ❝r♦ss s❡❝t✐♦♥ ✭❜✮✳ ❚❤❡
r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ✜①❡❞ ❛s MA = MH = MH± = 800 ●❡❱✱ Ma = 300 ●❡❱✱
sin θ = 0.35, tan β = 1✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳
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❋✐❣✉r❡ ✻✳✷✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ Emiss
T s♣❡❝tr❛ ♦❢ ✺ r❡♣r❡s❡♥t❛t✐✈❡ s✐❣♥❛❧ ♠♦❞❡❧s ✇✐t❤ ❞✐✛❡r❡♥t

❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ ♠❛ss❡s Mχ✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ✜①❡❞ ❛s MA = MH =
MH± = 600 ●❡❱ Ma = 250 ●❡❱✱ sin θ = 0.35, tan β = 1✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ❚❤❡
s❤❛♣❡ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥ ❞♦❡s ♥♦t ❝❤❛♥❣❡ ❢♦r Mχ < Ma/2✱ t❤❡♥ ❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧② ❢♦r
Mχ >=Ma/2✳

✶✶✶
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✭❛✮ ❛❜♦✈❡ t❤r❡s❤♦❧❞
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✭❜✮ ❜❡❧♦✇ t❤r❡s❤♦❧❞

❋✐❣✉r❡ ✻✳✷✷✿ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ s✐❣♥❛❧ Emiss
T ❞✐str✐❜✉t✐♦♥ ♦♥ t❤❡ ❞❛r❦ ♠❛tt❡r ❢❡r♠✐♦♥ ♠❛ss

Mχ✱ ❛❜♦✈❡ t❤❡ a→ χχ̄ t❤r❡s❤♦❧❞ Mχ < Ma/2✱ s❤♦✇♥ ✐♥ ✭❛✮ ✱ ❛♥❞ ❜❡❧♦✇ t❤❡ a→ χχ̄ t❤r❡s❤♦❧❞
Mχ > Ma/2✱ s❤♦✇♥ ✐♥ ✭❜✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ✜①❡❞ ❛sMA =MH =MH± =
600 ●❡❱ Ma = 250 ●❡❱✱ sin θ = 0.35, tan β = 1✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳
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❋✐❣✉r❡ ✻✳✷✸✿ ❉❡♣❡♥❞❡♥❝❡ ♦❢ h(bb̄) +Emiss
T ❝r♦ss s❡❝t✐♦♥ ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ ♠❛ss Mχ✳

❚❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ✜①❡❞ ❛s MA = MH = MH± = 600 ●❡❱ Ma = 250 ●❡❱✱
sin θ = 0.35, tan β = 1✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳
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❋✐❣✉r❡ ✻✳✷✹✿ ❉❡♣❡♥❞❡♥❝❡ ♦❢ h(bb̄) + Emiss
T ❝r♦ss s❡❝t✐♦♥ ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ ♠❛ss

Mχ ♥❡❛r t❤❡ ♣❛✐r ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞ ❛t Mχ = Ma/2✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs
❛r❡ ✜①❡❞ ❛s MA = MH = MH± = 600 ●❡❱ Ma = 250 ●❡❱✱ sin θ = 0.35, tan β = 1✱ ❛♥❞
λP1 = λP2 = λ3 = 3✳

❋♦r ✈❡r② ❧♦✇ ❉❛r❦ ▼❛tt❡r ♠❛ss❡s Mχ < 1
2
(Ma −Mh) ❢❛r ❛❜♦✈❡ t❤❡ χχ̄ ♣❛✐r ♣r♦❞✉❝t✐♦♥

t❤r❡s❤♦❧❞✱ ❝❤❛♥❣❡s ♦❢ Mχ ❤❛✈❡ ♥♦ ❡✛❡❝t ♦♥ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss✳ ❚❤❡ ✉♥❞❡t❡❝t❛❜❧❡ χ ♠♦♠❡♥t✉♠
r❡❧❛t✐✈❡ t♦ χ̄ ✐s ❝❤❛♥❣❡❞✱ ❜✉t ✐t ✐s ♥♦t ❞❡t❡❝t❡❞✱ s✐♥❝❡ ❜♦t❤ χ ❛♥❞ χ̄ ❧❡❛✈❡ t❤❡ ❞❡t❡❝t♦r ✇✐t❤♦✉t
✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ✐t✳ ❚❤❡ Emiss

T s♣❡❝tr✉♠ ❛♥❞ t❤❡ t♦t❛❧ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥ ❛r❡ ✐♥✈❛r✐❛♥t ✉♥❞❡r
❝❤❛♥❣❡s ♦❢ Mχ✳

❋♦r ❤✐❣❤❡r ❉❛r❦ ▼❛tt❡r ♠❛ss❡s 1
2
(Ma −Mh) < Mχ < Ma/2✱ ❜✉t st✐❧❧ ❛❜♦✈❡ t❤❡ ♣r♦❞✉❝t✐♦♥

t❤r❡s❤♦❧❞✱ t❤❡ s✐t✉❛t✐♦♥ ✐s ✈❡r② s✐♠✐❧❛r✳ ❚❤❡ t♦t❛❧ ❝r♦ss s❡❝t✐♦♥ ✐s s❧✐❣❤t❧② ❧♦✇❡r✱ ❛♥❞ t❤❡
✈❡r② ❧♦✇ ❡♥❞ ♦❢ Emiss

T s♣❡❝tr✉♠ ❤❛s ❢❡✇❡r ❡✈❡♥ts✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss
a → hA∗(χχ̄) ❜❡❝♦♠✐♥❣ ❦✐♥❡♠❛t✐❝❛❧❧② ✐♥❛❝❝❡ss✐❜❧❡✳ ❇✉t s✐♥❝❡ t❤✐s ❝♦♥tr✐❜✉t✐♦♥ ✐s s♠❛❧❧✱ t❤❡
❞✐✛❡r❡♥❝❡s ❛r❡ ♥❡❣❧✐❣✐❜❧❡✳ ❲✐t❤✐♥ t❤✐s r❡❣✐♦♥✱ ❜♦t❤ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥
❛r❡ ❛❣❛✐♥ ✐♥✈❛r✐❛♥t✱ ✉♥❞❡r ❝❤❛♥❣❡s ♦❢ Mχ✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✷✷✭❛✮ ❛♥❞ ✻✳✷✸✳

❈❧♦s❡ t♦ t❤❡ ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞ ❛t Mχ = Ma/2 t❤❡ ❞❡❝❛② a → χχ̄ ✐s ❡♥❤❛♥❝❡❞✱ ❛s
❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✷✹✳ ✏❈❧♦s❡ t♦✑ ❤❡r❡ r❡❢❡rs t♦ ♠❛ss ❞✐✛❡r❡♥❝❡s |Ma/2−Mχ| ∝ O(10−
100) MeV✱ ❢❛r s♠❛❧❧❡r t❤❛♥ ♦t❤❡r t②♣✐❝❛❧ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ♠♦❞❡❧s st✉❞✐❡❞ ❤❡r❡✱ s✉❝❤ ❛s
❡✳❣✳ (MA−MA) ∝ O(100GeV)✳ ❇♦t❤ t❤❡ r❡s♦♥❛♥t s✐❣♥❛❧ ❝❤❛♥♥❡❧ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❋✐❣✉r❡ ✹✳✹✱
❛s ✇❡❧❧ ❛s ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❝❤❛♥♥❡❧s t❤❛t ❢❡❛t✉r❡ ❛ a→ χχ̄ ❞❡❝❛②✱ s✉❝❤ ❛s ❋✐❣✉r❡ ✹✳✻✭❛✮✱ ❛r❡
r❡s♦♥❛♥t❧② ❡♥❤❛♥❝❡❞ ❝❧♦s❡ t♦ t❤❡ t❤r❡s❤♦❧❞✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss

T

s♣❡❝tr✉♠ ❝❧♦s❡ t♦ t❤❡ t❤r❡s❤♦❧❞✳

❍♦✇❡✈❡r✱ ✐♥ t❤❡ r❡❣✐♠❡ ❝❧♦s❡ t♦ t❤❡ t❤r❡s❤♦❧❞ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ✐s ❧✐❦❡❧② t♦ ❜❡
✉♥r❡❧✐❛❜❧❡ ❬✶✷✸❪✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ a ❝❤❛♥❣❡s ❜② s❡✈❡r❛❧ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡
❛t t❤❡ t❤r❡s❤♦❧❞✳ ❚❤✉s✱ ❡✈❡♥ ❛ s❧✐❣❤t ✈✐rt✉❛❧✐t② ♦❢ a ❝❛♥ ❝❤❛♥❣❡ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
a ♣♦❧❡✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ a ❝❧♦s❡ t♦ t❤❡ a → χχ̄ t❤r❡s❤♦❧❞ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ ♠♦♠❡♥t✉♠ ❝❛rr✐❡❞ ❜② t❤❡ a❀ Γa ✐s ❛ r✉♥♥✐♥❣ ♣❛r❛♠❡t❡r ✐♥ t❤✐s r❡❣✐♠❡✳ ❚❤✐s r✉♥♥✐♥❣ ♦❢
Γa ✐s ♥♦t ♠♦❞❡❧❡❞ ✐♥ t❤❡ ▼❛❞●r❛♣❤ ✺ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥✱ ✇❤❡r❡ Γa ✐s ❛ss✉♠❡❞
t♦ ❜❡ ❝♦♥st❛♥t ❛t ❛ ❣✐✈❡♥ ♠♦❞❡❧ ♣❛r❛♠❡t❡r ♣♦✐♥t ❬✶✶✷✱ ✶✶✻✱ ✶✶✹❪✳ ❚❤✉s ❜♦t❤ t❤❡ t♦t❛❧ ❝r♦ss
s❡❝t✐♦♥ ❛♥❞ t❤❡ ♣❤❛s❡ s♣❛❝❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ r❡s✉❧t ❝❛♥ ♥♦t ❜❡ r❡❧✐❡❞ ✉♣♦♥ t♦ r❡✢❡❝t ♣❤②s✐❝❛❧❧②

✶✶✸
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✭❜✮ ❡✛❡❝t ♦❢ Mχ ♦♥ Mχχ̄

❋✐❣✉r❡ ✻✳✷✺✿ Mhχχ̄ ✭❋✐❣✉r❡ ✻✳✷✺✭❛✮✮ ❛♥❞ Mχχ̄ ✭❋✐❣✉r❡ ✻✳✷✺✭❜✮✮ ❞❡♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ❉❛r❦ ▼❛tt❡r
❢❡r♠✐♦♥ ♠❛ss Mχ✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ❛r❡ ✜①❡❞ ❛s MA = MH = MH± = 600
●❡❱ Ma = 250 ●❡❱✱ sin θ = 0.35, tan β = 1✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

❝♦♥s✐st❡♥t ❜❡❤❛✈✐♦r ✐♥ t❤✐s r❡❣✐♠❡✳
❇❡❧♦✇ t❤r❡s❤♦❧❞✱ ✐✳❡✳ ❢♦r Mχ > Ma/2✱ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ ❞r♦♣s ❜② s❡✈❡r❛❧ ♦r❞❡rs ♦❢

♠❛❣♥✐t✉❞❡ ✇✐t❤✐♥ ❛ ❢❡✇ GeV ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✷✸✳ ❚❤❡
r❡❛s♦♥ ✐s t❤❛t t❤❡ a ❞❡❝❛②✐♥❣ t♦ χχ̄ ✐s ❢♦r❝❡❞ t♦ ❜❡ ♦✛✲s❤❡❧❧✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✷✺✭❜✮✳
❆s Mχ ✐♥❝r❡❛s❡s✱ t❤❡ ❛❝❝❡ss✐❜❧❡ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ ❢✉❧❧ s②st❡♠ ✐s ❧✐♠✐t❡❞ ❢r♦♠ ❜❡❧♦✇ t♦
≥ 2Mχ + Mh✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✺✭❛✮✮✳ ❚❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ❛✈❛✐❧❛❜❧❡ t♦ t❤❡ ✜♥❛❧ st❛t❡
♣❛rt✐❝❧❡s ✐s t❤✉s r❡❞✉❝❡❞✳ ❚❤✐s ❝♦♥t✐♥✉♦✉s❧② ❞✐st♦rts t❤❡ Emiss

T s♣❡❝tr✉♠ ✇✐t❤ ❝❤❛♥❣✐♥❣ Mχ✱
❛s ❋✐❣✉r❡ ✻✳✷✷✭❜✮ s❤♦✇s✳ ❋✉rt❤❡r♠♦r❡✱ ❋✐❣✉r❡s ✻✳✷✺✭❛✮ ❛♥❞ ✻✳✷✺✭❜✮ ❞✐s♣❧❛② ❛ s❡❝♦♥❞ ♣❡❛❦ ❛t
Mhχχ̄ = MA +Mh = 725GeV,Mχχ̄ = MA = 600GeV✱ ✇❤✐❝❤ ❛r❡ t❤❡ r❡s✉❧t ♦❢ ❛♥ ✐♥❝r❡❛s✐♥❣
❢r❛❝t✐♦♥ ♦❢ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts ✇✐t❤ A → χχ̄✳ ❚❤✐s ❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts ✐s ❡♥❤❛♥❝❡❞ ♥❡❛r
Mχ = MA/2 = 300GeV✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✸✳ ❇✉t s✐♥❝❡ t❤❡ ♦♥❧② ❞✐❛❣r❛♠s t❤❛t ❣❡t
❡♥❤❛♥❝❡❞ ❛r❡ t❤❡ ❜♦① ❞✐❛❣r❛♠ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❜✮ ❛♥❞ ❞✐❛❣r❛♠s ✇✐t❤ ❛♥♦t❤❡r ♦✛✲s❤❡❧❧
s✲❝❤❛♥♥❡❧ ♠❡❞✐❛t♦r ❞❡❝❛②✐♥❣ t♦ Ah✱ t❤✐s ❡♥❤❛♥❝❡♠❡♥t ✐s ♥♦t ❡♥♦✉❣❤ t♦ ❣❡♥❡r❛t❡ ❛♥ ♦❜s❡r✈❛❜❧❡
s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ ❡①❝❡♣t✐♥❣ ♠♦❞❡❧s ✈❡r② ❝❧♦s❡ t♦ t❤❡ χχ̄ ♣r♦❞✉❝t✐♦♥ t❤r❡s❤♦❧❞✱Mχ ✐s ❡✐t❤❡r ❧♦✇
❡♥♦✉❣❤ t❤❛t ♣❛✐r ♣r♦❞✉❝t✐♦♥ ✐s ❛❧❧♦✇❡❞✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ ✐t ❤❛s ♥♦ ❡✛❡❝t ♦♥ t❤❡ ❝♦❧❧✐❞❡r s✐❣♥❛t✉r❡✳
❆❧t❡r♥❛t✐✈❡❧②Mχ ✐s s♦ ❧❛r❣❡ t❤❛t a→ χχ̄ ❞❡❝❛②s ❛r❡ ❦✐♥❡♠❛t✐❝❛❧❧② ❢♦r❜✐❞❞❡♥✱ ✐♥ ✇❤✐❝❤ ❝❛s❡ t❤❡
♣r❡❞✐❝t❡❞ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ ✐s ♠❛♥② ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡s ❜❡❧♦✇ t❤❡ ❝✉rr❡♥t ▲❍❈ s❡♥s✐t✐✈✐t②✳
❚❤✉s Mχ = 10GeV ❢♦r ❛❧❧ ♦t❤❡r st✉❞✐❡s ✐♥ t❤✐s ❝❤❛♣t❡r✱ ❛♥❞ ♠♦st st✉❞✐❡s ✐♥ ❈❤❛♣t❡r ✼✳

✻✳✾ ❙✉♠♠❛r②✿ ❚❤❡ ❊✛❡❝ts ♦❢ t❤❡ ▼♦❞❡❧ P❛r❛♠❡t❡rs ♦♥

t❤❡ ❙✐❣♥❛❧ ❑✐♥❡♠❛t✐❝s

■♥ t❤✐s ❈❤❛♣t❡r✱ t❤❡ ❡✛❡❝ts ♦❢ ❝❤❛♥❣✐♥❣ ✶✶ ♦✉t ♦❢ t❤❡ ✶✹ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✷❍❉▼+a ♦♥ t❤❡
s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ Emiss

T ❞✐str✐❜✉t✐♦♥ ✇❡r❡ st✉❞✐❡❞✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❜r✐❡✢② s✉♠♠❛r✐③❡❞ ✐♥
❚❛❜❧❡ ✻✳✶✳

❚❤❡ ♠❛ss ♦❢ t❤❡ ❧✐❣❤t❡st ♥❡✉tr❛❧ s❝❛❧❛r Mh ✐s ♥♦t st✉❞✐❡❞✱ s✐♥❝❡ h ✐s ✐♥t❡r♣r❡t❡❞ ❛s t❤❡ 125
GeV s❝❛❧❛r ♦❜s❡r✈❡❞ ❛t t❤❡ ▲❍❈✳ ❚❤❡ ♠✐①✐♥❣ ❛♥❣❧❡ α✱ ❞❡s❝r✐❜✐♥❣ t❤❡ ♠✐①✐♥❣ ♦❢ t❤❡ t✇♦ ♥❡✉tr❛❧
s❝❛❧❛rs h ❛♥❞ H✱ ❛❧s♦ ✇❛s ♥♦t st✉❞✐❡❞✱ ✐♥st❡❛❞ ❜❡✐♥❣ ✜①❡❞ s✉❝❤ t❤❛t sin(β − α) = 0 ✐♥ t❤❡
s♦✲❝❛❧❧❡❞ ❛❧✐❣♥♠❡♥t✲❞❡❝♦✉♣❧✐♥❣ ❧✐♠✐t✳ ❚❤✐s ❛❧❧♦✇s t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ h ❛s ❛♥ ❙t❛♥❞❛r❞ ▼♦❞❡❧✲

✶✶✹



❚❛❜❧❡ ✻✳✶✿ ❙✉♠♠❛r② ♦❢ t❤❡ ❘❡s✉❧ts ♦❢ t❤❡ ❙t✉❞✐❡s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ✷❍❉▼+a ♣❛r❛♠❡t❡rs ✐♥ ❈❤❛♣✲
t❡r ✻✳

P❛r❛♠❡t❡r ■♠♣❛❝t ♦♥ Emiss
T ❞✐str✐❜✉t✐♦♥ ✳ ✳ ✳ ■♠♣❛❝t ♦♥ σ❄

✳ ✳ ✳♠❛①✐♠✉♠ r❛♥❣❡✿ ✳ ✳ ✳ ❤❡✐❣❤t ♦❢ ❢❡❛t✉r❡s✿ ✳ ✳ ✳ ♥♦♥❡✿ ②❡s ♥♦

MA X X X
Ma X X X
MH =MH± X X
sin θ X X
tan β X X
λ3 = λP1 = λP2 X X
y⋆χ X X
M †

χ X X

⋆✿ ✇❤❡♥ yχ ≤ 1✱ ♦t❤❡r✇✐s❡ t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t Emiss
T s❤❛♣❡ ❞❡♣❡♥❞❡♥❝❡

†✿ ✇❤❡♥ Mχ < max(Ma,MA)✱ ♦t❤❡r✇✐s❡ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ Emiss
T s❤❛♣❡ ❞♦ ❝❤❛♥❣❡

❧✐❦❡ ❍✐❣❣s ❜♦s♦♥✱ ❜❡❝❛✉s❡ ✐t ✜①❡s t❤❡ ❝♦✉♣❧✐♥❣s t♦ t❤❡W ❛♥❞ Z ❜♦s♦♥s t♦ t❤❡✐r ❙t❛♥❞❛r❞ ▼♦❞❡❧
✈❛❧✉❡s✳ ❚❤❡ ♥♦r♠ ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①♣❡❝t❛t✐♦♥ ✈❛❧✉❡s ♦❢ t❤❡ ❍✐❣❣s ❞♦✉❜❧❡ts✱ v =

√

(v1)2 + (v2)2

✐s ✜①❡❞ ❜② ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❋❡r♠✐ ❈♦✉♣❧✐♥❣ ❈♦♥st❛♥t GF = v2/
√
2✱ s♦ ✐t ✇❛s ♥♦t st✉❞✐❡❞

❡✐t❤❡r✳
❚❤❡ ♠❛ss❡sMa ❛♥❞MA ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❡❞✐❛t♦rs ❞✐r❡❝t❧② ❞❡t❡r♠✐♥❡ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡

❏❛❝♦❜✐❛♥ ♣❡❛❦ ✐♥ t❤❡ Emiss
T s♣❡❝tr✉♠✱ ❛♥❞ ❛r❡ t❤❡r❡❢♦r❡ ❝r✉❝✐❛❧ t♦ t❤❡ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡

s❡❛r❝❤✳ ❆ ❢✉rt❤❡r ✼ ♣❛r❛♠❡t❡rs ❛r❡ ❢♦✉♥❞ t♦ ❛❧s♦ ✐♥✢✉❡♥❝❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Emiss
T ❞✐str✐❜✉t✐♦♥✿

MH ✱ MH± ✱ sin θ✱ tan β✱ λ3✱ λP1✱ ❛♥❞ λP2✳ ❆❧t❤♦✉❣❤ t❤❡② ❞♦ ♥♦t ❝❤❛♥❣❡ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡
Emiss

T ♣❡❛❦ ❧✐❦❡ Ma ❛♥❞ MA✱ t❤❡s❡ ♣❛r❛♠❡t❡rs st✐❧❧ ❛✛❡❝t ❜♦t❤ t❤❡ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ ❛♥❞ t❤❡
s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✱ ❛♥❞ t❤✉s t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ t♦ ❛ ♣❛rt✐❝✉❧❛r ♠♦❞❡❧✳ ❋✐♥❛❧❧②✱ Mχ

❛♥❞ yχ✱ t❤❡ ♠❛ss ❛♥❞ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥✱ ❞♦ ♥♦t ❛✛❡❝t t❤❡ Emiss
T

❞✐str✐❜✉t✐♦♥ s✐❣♥✐✜❝❛♥t❧②✱ ✐❢ Mχ < Ma/2 ❛♥❞ yχ ≤ 1✳ ❲❤✐❧❡ yχ ❤❛s s♦♠❡ ❡✛❡❝t ♦♥ t❤❡ ❝r♦ss
s❡❝t✐♦♥✱ Mχ ❞♦❡s ♥♦t✳

✶✶✺
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❈❤❛♣t❡r ✼

❉❡s✐❣♥ ♦❢ t❤❡ P❛r❛♠❡t❡r ❙❝❛♥ ❢♦r ❙❡tt✐♥❣

▲✐♠✐ts ♦♥ t❤❡ ✷❍❉▼+a

✼✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤✐s ❈❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ s❡t ♦❢ ✷❍❉▼+a ♣❛r❛♠❡t❡rs ❛❝❝♦r❞✐♥❣ t♦
t❤❡ h(bb̄) + Emiss

T s❡♥s✐t✐✈✐t②✳ ❚❤✐s ❜❡♥❝❤♠❛r❦ s❡t ♦❢ s✐❣♥❛❧ ♠♦❞❡❧s✱ ❛❧s♦ ❝❛❧❧❡❞ s✐❣♥❛❧ ❣r✐❞✱ ✐s
✉s❡❞ ✐♥ ❈❤❛♣t❡r ✽ t♦ s❡t ❧✐♠✐ts ♦♥ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡rs✳

❚❤❡ s✐❣♥❛❧ ❣r✐❞ ✐s ❝❤♦s❡♥ ❜❛s❡❞ ♦♥ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs ♦♥ t❤❡ s✐❣♥❛❧ ❦✐♥❡✲
♠❛t✐❝s ❛♥❞ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✻✳ ❚❤❡s❡ r❡s✉❧ts ❣✉✐❞❡ t❤❡ ❝❤♦✐❝❡ ♦❢
♣❛r❛♠❡t❡r s❝❛♥s✿

• ❆ ✷✲❉ s❝❛♥ ✐♥ t❤❡ (Ma,MA) ♣❧❛♥❡ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ✐♥ ❙❡❝t✐♦♥ ✼✳✹✳ ❚❤✐s s❝❛♥ ❡①♣❧♦r❡s ❛
✇✐❞❡ ✈❛r✐❡t② ♦❢ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s✱ s✐♥❝❡ Ma ❛♥❞ MA ❞❡t❡r♠✐♥❡ t❤❡ r❡s♦♥❛♥t ❦✐♥❡♠❛t✐❝s✱
❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥s ✻✳✶ ❛♥❞ ✻✳✷✳

• ❆ ✷✲❉ s❝❛♥ ✐♥ t❤❡ (Ma, tan β) ♣❧❛♥❡ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✺✳ ■t ❡①t❡♥❞s t❤❡ ♣♦ss✐❜❧❡
❝♦♠♣❛r✐s♦♥s ❜❡t✇❡❡♥ h(bb̄) + Emiss

T ❛♥❞ ♦t❤❡r s❡❛r❝❤❡s ❢♦r ❉❛r❦ ▼❛tt❡r✱ s✉❝❤ ❛s ❝♦❧❧✐❞❡r
s❡❛r❝❤❡s ✉s✐♥❣ t❤❡ tt̄ + Emiss

T ✱ bb̄ + Emiss
T ❬✹✾❪✱ ♦r t + Emiss

T ❬✹✽❪ s✐❣♥❛t✉r❡s✳ ❚❤❡ tan β
❞❡♣❡♥❞❡♥❝❡ ✐s ❢✉rt❤❡r♠♦r❡ ♦❢ ✐♥t❡r❡st ✐♥ t❤❡ ❧❛r❣❡r ❝♦♥t❡①t ♦❢ ❚✇♦✲❍✐❣❣s✲❉♦✉❜❧❡t ▼♦❞❡❧s
✐rr❡s♣❡❝t✐✈❡ ♦❢ ❉❛r❦ ▼❛tt❡r✱ s✐♥❝❡ ✐t ✐s ❛ ❝❡♥tr❛❧ ♣❛r❛♠❡t❡r ♦❢ t❤✐s ❝❧❛ss ♦❢ ♠♦❞❡❧✳

• ❚✇♦ ❛✉①✐❧✐❛r② ✶✲❉ s❝❛♥s ✐♥ sin θ ❛t t✇♦ ❞✐✛❡r❡♥tMa,MA ♣♦✐♥ts ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✻✳✶✳
❚❤❡s❡ s❝❛♥ ❛❧❧♦✇ t♦ st✉❞② t❤❡ ❡✛❡❝t ♦❢ ♣❛r❛♠❡t❡rs s✉❝❤ ❛s sin θ✱ ✇❤✐❝❤ ❛✛❡❝t t❤❡ s✐❣♥❛❧
❦✐♥❡♠❛t✐❝s s✉❜✲❞♦♠✐♥❛♥t❧②✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✳

• ❆♥ ❛✉①✐❧✐❛r② ✶✲❉ s❝❛♥ ✐♥ Mχ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✻✳✷✳ ■t ❞❡♠♦♥str❛t❡s ❤♦✇ t♦
✐♥t❡r♣r❡t t❤❡ r❡s✉❧ts ♦❢ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤ ✐♥ t❡r♠s ♦❢ ❛ t❤❡r♠❛❧ r❡❧✐❝ ❉❛r❦ ▼❛t✲
t❡r ❤②♣♦t❤❡s✐s✳ ❲❤✐❧❡ Mχ ✐s ❝r✉❝✐❛❧ t♦ ❛ t❤❡r♠❛❧ r❡❧✐❝ ✐♥t❡r♣r❡t❛t✐♦♥✱ ❛s ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✹✳✷✳✻✱ ✐t ❤❛s ♥♦ ❡✛❡❝t ♦♥ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛t✉r❡ ❢♦r ♠♦st ♦❢ t❤❡ ♣❛r❛♠❡t❡r
s♣❛❝❡ ✇❤❡r❡ t❤❡ h(bb̄) + Emiss

T s❡❛r❝❤ ✐s r❡❧❡✈❛♥t✱ ❛s s❡❡♥ ✐♥ ❙❡❝t✐♦♥ ✻✳✽✳

✼✳✷ ❋✐①❡❞ P❛r❛♠❡t❡rs

■♥ ❡❛❝❤ ♦❢ t❤❡ ♣❛r❛♠❡t❡r s❝❛♥s ✐♥ t❤❡ ❛❜♦✈❡ ❧✐st✱ ❛❧❧ ♣❛r❛♠❡t❡rs ✇❤✐❝❤ ❛r❡ ♥♦t s❝❛♥♥❡❞ ❛r❡ ❦❡♣t
✜①❡❞ t♦ t❤❡ ✈❛❧✉❡s ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✼✳✶✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ✈❛❧✉❡s ❢♦r s♦♠❡ ♦❢ t❤❡
✜①❡❞ ♣❛r❛♠❡t❡rs ✐s ❞✐s❝✉ss❡❞✳

✶✶✼



❚❛❜❧❡ ✼✳✶✿ ❱❛❧✉❡s ♦❢ ✜①❡❞ ♣❛r❛♠❡t❡rs ✐♥ t❤❡ s❝❛♥s ♦❢ t❤❡ ✷❍❉▼+a s✐❣♥❛❧ ❣r✐❞✳

✜①❡❞ ♣❛r❛♠❡t❡r ✈❛❧✉❡
sin θ 0.35
tan β 1
MH MA

MH± MA

λ3 3
λP1 3
λP2 3
Mχ 10 GeV
yχ 1

sin θ = 0.35 ▲♦✇ ✈❛❧✉❡s ♦❢ sin θ ②✐❡❧❞ ❛ ❏❛❝♦❜✐❛♥ ♣❡❛❦ t❤❛t ✐s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ r❡❧❛t✐✈❡
t♦ t❤❡ ♥♦♥✲r❡s♦♥❛♥t ❜✉❧❦ ♦❢ t❤❡ Emiss

T ❞✐str✐❜✉t✐♦♥✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✳ ❱❛r✐❛t✐♦♥s ♦❢
t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦ r❡✢❡❝t ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s✳ ❆ ❞✐✈❡rs❡ s❡t
♦❢ ❦✐♥❡♠❛t✐❝ s✐❣♥❛❧ s✐❣♥❛t✉r❡s ✐s ❛ ❞❡s✐r❡❞ ❢❡❛t✉r❡ ♦❢ t❤❡ s✐❣♥❛❧ ❣r✐❞✳ ❚❤✉s t❤❡ ❏❛❝♦❜✐❛♥ ♣❡❛❦
s❤♦✉❧❞ ❜❡ ♣r♦♥♦✉♥❝❡❞✱ ❛♥❞ sin θ s♠❛❧❧✳ ❍♦✇❡✈❡r✱ t♦♦ s♠❛❧❧ sin θ r❡❞✉❝❡s t❤❡ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥
s✐♥❝❡ s♠❛❧❧ sin θ ♠❡❛♥s s♠❛❧❧ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣✱ r❡s✉❧t✐♥❣ ✐♥ s♠❛❧❧ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ❙▼ ❛♥❞
❉❛r❦ ▼❛tt❡r s❡❝t♦rs✳ ❚❤❡ ✜♥❛❧ ❝❤♦✐❝❡ ♦❢ sin θ = 0.35 ✐s ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ❣✐✈❡ ♦❜s❡r✈❛❜❧❡ s✐❣♥❛❧
❝r♦ss✲s❡❝t✐♦♥s✱ ✇❤✐❧st r❡t❛✐♥✐♥❣ ❛ ♣r♦♥♦✉♥❝❡❞ ❏❛❝♦❜✐❛♥ ♣❡❛❦✳

MH = MH± = MA ▼❛ss ❞❡❣❡♥❡r❛❝② ♦❢ H ❛♥❞ H± ✐s ❝♦♥✈❡♥✐❡♥t t♦ ❝♦♠♣❧② ✇✐t❤ ❡❧❡❝tr♦✲
✇❡❛❦ ♣r❡❝✐s✐♦♥ ❝♦♥str❛✐♥ts✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✷✳ ❚❤✉sMH =MH± ✱ ❛♥❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
♦♥❧② t❤❡ ♠❛ss ❞✐✛❡r❡♥❝❡ ∆ ≡MH −MA =MH± −MA ✐s ❝♦♥s✐❞❡r❡❞✳ ❆ ❧❛r❣❡r ♠❛ss ❞✐✛❡r❡♥❝❡✶

∆ ②✐❡❧❞s ❛ ❧❛r❣❡r ♣r♦❞✉❝t✐♦♥ ❝r♦ss✲s❡❝t✐♦♥✱ ✇❤✐❧❡ ∆ < 0 s✉♣♣r❡ss❡s t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss✱ ❛s ❞✐s✲
❝✉sss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✸✳ ❍♦✇❡✈❡r✱ ❤✐❣❤ ∆ ❛❧s♦ r❡❞✉❝❡s t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ❛❧❧♦✇❡❞ ❜② ✈❛❝❝✉♠
st❛❜✐❧✐t②✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✹✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✜♥❛❧ ❝❤♦✐❝❡ ♦❢ ∆ = 0✱ ✐✳❡✳ ❢✉❧❧ ♠❛ss
❞❡❣❡♥❡r❛❝② ♦❢ H✱ H± ❛♥❞ A✱ ❝♦♠♣r♦♠✐s❡s ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ❝♦♥str❛✐♥ts✳

λ3 = λP1 = λP2 = 3 λ3 ✐s ❛ ❝✉r✈❛t✉r❡ ♣❛r❛♠❡t❡r ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ t✇♦ ❍✐❣❣s ❞♦✉❜❧❡ts✱
❛♥❞ t❤❡r❡❢♦r❡ r❡❧❡✈❛♥t ❢♦r ✈❛❝✉✉♠ st❛❜✐❧✐t②✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✹✳ λ3 = 3 ✐s ❧❛r❣❡ ❡♥♦✉❣❤
t❤❛t t❤❡r❡ ✐s ❛ st❛❜❧❡ ✈❛❝✉✉♠ ❢♦r ♠✉❝❤ ♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡✳ ❍♦✇❡✈❡r✱ λ3 = 3 ♦♥ ✐ts ♦✇♥ ❧❡❛❞s
t♦ ✈❡r② ❧❛r❣❡ ✈❛❧✉❡s ♦❢ gAah ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ✈❡r② ❧❛r❣❡ ✇✐❞t❤s ♦❢ A ✐♥ ♣❛rts ♦❢ t❤❡ ♣❛r❛♠❡t❡r
s♣❛❝❡✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✻✳ ❆ ❧❛r❣❡ ✇✐❞t❤ ♦❢ A ❧❡❛❞s t♦ ♠❛♥② s✐❣♥❛❧ ❡✈❡♥ts ❜❡✐♥❣ ♥♦♥✲
r❡s♦♥❛♥t ❡✈❡♥ts✱ ✇❤✐❝❤ ❤❛✈❡ ♣r❡❞♦♠✐♥❛♥t❧② s♦❢t Emiss

T ✱ ❛s ❋✐❣✉r❡ ✻✳✶✾✭❝✮ ❞❡♠♦♥str❛t❡s✳ ❆ ❧❛r❣❡
❢r❛❝t✐♦♥ ♦❢ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts ✐s ♥♦t ❞❡s✐r❛❜❧❡✱ ❜❡❝❛✉s❡ t❤❡② ❧❛❝❦ t❤❡ ❞✐✈❡rs✐t② ♦❢ s✐❣♥❛❧
❦✐♥❡♠❛t✐❝s ♦❢ t❤❡ r❡s♦♥❛♥t ❝❤❛♥♥❡❧✱ ❛❝❤✐❡✈❡❞ ❜② ✈❛r②✐♥❣ MA ❛♥❞ Ma✳ ❚❤✉s✱ t♦ ❛✈♦✐❞ ❧❛r❣❡
✈❛❧✉❡s ♦❢ gAah✱ λP1 ❛♥❞ λP2 ❛r❡ s❡t ❡q✉❛❧ t♦ λ3✱ s✉❝❤ t❤❛t t❤❡② ❝❛♥❝❡❧ ✐♥ gAah✳

✶❇♦t❤ t❤❡ tr✐❧✐♥❡❛r s❝❛❧❛r ❝♦✉♣❧✐♥❣s ❧✐❦❡ gAah ❛♥❞ t❤❡ ✈❛❝✉✉♠ st❛❜✐❧✐t② ❝♦♥str❛✐♥ts ❛r❡ ❢✉♥❝t✐♦♥s ♦❢ t❤❡
❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ sq✉❛r❡❞ ♠❛ss❡s ♦❢ A,H, ❛♥❞ H±✳ ❋✐①✐♥❣ ∆ ♠❡❛♥s t❤❛t t❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡ ❝♦✉♣❧✐♥❣s ❛♥❞
t❤❡ ❍✐❣❣s ✈❛❝✉✉♠ str✉❝t✉r❡ ❛❝r♦ss t❤❡ Ma✱ MA ♣❧❛♥❡ ❡①❤✐❜✐ts ❛ r❡s✐❞✉❛❧ ❞❡♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ❛❜s♦❧✉t❡ ♠❛ss❡s✱
❜❡②♦♥❞ t❤❡ ∆ ❞❡♣❡♥❞❡♥❝❡✳ ❯s✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ sq✉❛r❡❞ ♠❛ss❡s ✐♥ ♣❧❛❝❡ ♦❢ ∆ ✇♦✉❧❞ ❛✈♦✐❞ t❤✐s✳ ❍♦✇❡✈❡r✱
❛ ❧✐♥❡❛r r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ MH ❛♥❞ MA ✐s ❞❡s✐r❛❜❧❡ ❜❡❝❛✉s❡ H ❛♥❞ A ❤❛✈❡ ❛♥❛❧♦❣♦✉s ❦✐♥❡♠❛t✐❝s ✐♥ t❤❡ h+Emiss

T

❛♥❞ Z +Emiss
T ❝❤❛♥♥❡❧✱ r❡s♣❡❝t✐✈❡❧② ❬✶❪✳ ❆ ❧✐♥❡❛r r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ MH ❛♥❞ MA t❤✉s ♠❛❦❡s ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡

❝❤❛♥♥❡❧s ❡❛s②✳

✶✶✽



Mχ = 10 ●❡❱ ❋♦r ❛ ❝♦❧❧✐❞❡r s❡❛r❝❤ s✉❝❤ ❛s t❤❡ ♦♥❡ ❝♦♥s✐❞❡r❡❞ ❤❡r❡✱ t❤❡ ❉❛r❦ ▼❛tt❡r ♠❛ss
Mχ ❤❛s ♥♦ ❡✛❡❝t ♦♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ♦r s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ❣✐✈❡♥ t❤❛t Mχ < Ma/2✳
❚❤✉s t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ✐s ❝♦♥st❛♥t ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ Mχ✳ ❋♦r t❤✐s r❡❛s♦♥✱ Mχ = 10
●❡❱ ✐s ❝❤♦s❡♥✳ Ma ≈ 100 ●❡❱ ❛♥❞ ❜❡❧♦✇ ❛r❡ ❡①❝❧✉❞❡❞ ❜② h→ inv. s❡❛r❝❤❡s ❬✶❪✱ s♦ ❛ ❞❡❞✐❝❛t❡❞
s❝❛♥ ♦❢ t❤❡s❡ ❧♦✇ ♠❡❞✐❛t♦r ♠❛ss❡s ✐s ♥♦t ❢♦r❡s❡❡♥✳ ❱❡r② ❧♦✇ Mχ s✉❝❤ ❛s Mχ = 10GeV ❞♦❡s
♥♦t✱ ✐♥ ❣❡♥❡r❛❧✱ ②✐❡❧❞ ❛ ❉❛r❦ ▼❛tt❡r r❡❧✐❝ ❞❡♥s✐t② ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ❛str♦♣❤②s✐❝❛❧ ♦❜s❡r✈❛t✐♦♥
❬✶✵✽❪✳ ❍♦✇❡✈❡r✱ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t ♦✈❡r t❤❡ ✇✐❞❡ r❛♥❣❡ ♦❢Mχ ✈❛❧✉❡s ✇❤❡r❡Mχ < Ma/2 ❛♥❞ t❤❡
❝♦❧❧✐❞❡r s❡❛r❝❤ r❡s✉❧t ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ Mχ = 10 ❝❛s❡✱ ✐♥t❡r✈❛❧s ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞
❉❛r❦ ▼❛tt❡r r❡❧✐❝ ❞❡♥s✐t② ❝❛♥ ❜❡ ❢♦✉♥❞✳ ❚❤❡ ❧✐♠✐ts ♦❢ t❤✐s Mχ ✐♥s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ❛r❡
❡①♣❧♦r❡❞ ✐♥ t❤❡ ❛✉①✐❧✐❛r② s❝❛♥ ♦❢ Mχ ✐♥ ❙❡❝t✐♦♥ ✼✳✻✳✷✳

✼✳✸ P❛rt♦♥ ▲❡✈❡❧ ❙❡♥s✐t✐✈✐t② ❛♥❞ ❆❝❝❡♣t❛♥❝❡ ❊st✐♠❛t❡s

✼✳✸✳✶ ❙❡♥s✐t✐✈✐t② ❊st✐♠❛t❡ ❯s✐♥❣ ▲✐♠✐ts ✇✐t❤ ❘❡❞✉❝❡❞ ▼♦❞❡❧ ❉❡♣❡♥✲

❞❡♥❝❡

❚❤❡ ♦✉t❧✐♥❡ ♦❢ t❤❡ s✐❣♥❛❧ ❣r✐❞ ✐♥ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♦❢ t❤❡ ✷❍❉▼+a ✐s ❣✐✈❡♥ ❜② t❤❡ ❧✐st ✐♥
❙❡❝t✐♦♥ ✼✳✶✳ ❚♦ ❞❡❝✐❞❡ ♦♥ ❝♦♥❝r❡t❡ s❡ts ♦❢ ♣❛r❛♠❡t❡r ✈❛❧✉❡s t♦ ✐♥❝❧✉❞❡ ✐♥ t❤❡ ❣r✐❞✱ ❛♥ ❡st✐♠❛t❡
♦❢ t❤❡ s✐❣♥❛❧ s❡♥s✐t✐✈✐t② ✐s ♥❡❡❞❡❞✳ ❚♦♦ ❤✐❣❤ s❡♥s✐t✐✈✐t② ✐♥❞✐❝❛t❡s ❛ ♠♦❞❡❧ t❤❛t ✐s ❡①❝❧✉❞❡❞ ❜②
❡①✐st✐♥❣ s❡❛r❝❤❡s✱ ❛♥❞ s♦ ❞♦❡s ♥♦t ♥❡❡❞ t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❣r✐❞✳ ❚♦♦ ❧♦✇ s❡♥s✐t✐✈✐t② ✐♥❞✐❝❛t❡s
❛ ♠♦❞❡❧ t❤❛t ❝♦✉❧❞ ♥♦t ❜❡ ❢♦✉♥❞ ❜② t❤❡ s❡❛r❝❤ ❛t t❤❡ ❝✉rr❡♥t s❡♥s✐t✐✈✐t② ❡✈❡♥ ✐❢ ✐t ❡①✐st❡❞✳ ❆
s❡❛r❝❤ ❢♦r s✉❝❤ ❛ ♠♦❞❡❧ ✐s ♠❡❛♥✐♥❣❧❡ss✱ ❛♥❞ t❤✉s s❤♦✉❧❞ ♥♦t ❜❡ ♣❛rt ♦❢ t❤❡ ❣r✐❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡
✐♥t❡r♠❡❞✐❛t❡ ♣❛r❛♠❡t❡r s♣❛❝❡✱ ✇❤❡r❡ ❛ s❡❛r❝❤ ❝❛♥ ❝♦♥tr✐❜✉t❡ ✐♥❢♦r♠❛t✐♦♥✱ s❤♦✉❧❞ ❜❡ ❝♦✈❡r❡❞
❜② t❤❡ ❣r✐❞✳

❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ❢♦r h(bb̄) +Emiss
T ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✷❪ t♦ t❤❡ ✷❍❉▼+a ✐s ❡st✐✲

♠❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❣❡♥❡r✐❝ ❝r♦ss s❡❝t✐♦♥ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪✳
❚❤❡s❡ ❣❡♥❡r✐❝ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✺✳✶✳ ❆❧♦♥❣ ✇✐t❤ t❤❡ ❧✐♠✐ts ✇✐t❤
r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡✱ ❛♥ ❛❣❣r❡❣❛t❡ ❡st✐♠❛t❡ ♦❢ t❤❡ ❞❡t❡❝t♦r ❛❝❝❡♣t❛♥❝❡ ❛♥❞ ❡✣❝✐❡♥❝②
r❡❧❛t✐✈❡ t♦ ♣❛rt♦♥ ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥s ✐s ❛❧s♦ ♣r♦✈✐❞❡❞ ✐♥ ❘❡❢✳ ❬✷❪✳ ❚❤✐s ❛❧❧♦✇s ♦♥❡ t♦ ❞✐r❡❝t❧② ✉s❡
♣❛rt♦♥ ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ✷❍❉▼+a ❛s ✐♥♣✉ts t♦ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡✳ ❚❤❡ ♣❛rt♦♥ ❧❡✈❡❧
s✐♠✉❧❛t✐♦♥s ❛✈♦✐❞ s✐♠✉❧❛t✐♥❣ t❤❡ ♣❛rt♦♥ s❤♦✇❡r✱ ❤❛❞r♦♥✐③❛t✐♦♥✱ ❛♥❞ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ❞❡t❡❝t♦r
r❡s♣♦♥s❡✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r r❡s♣♦♥s❡ ✐s ✈❡r② ❝♦st❧② ✐♥ t❡r♠s ♦❢ ❈P❯✲t✐♠❡✱ s♦
❜② ❞r♦♣♣✐♥❣ ✐t✱ t❤❡ s❡♥s✐t✐✈✐t② ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ♠✉❝❤ ❢❛st❡r✳ ■♥ t❤✐s ✇❛②✱ ♠♦r❡ ✐t❡r❛t✐♦♥s ♦♥
❞✐✛❡r❡♥t ✈❡rs✐♦♥s ♦❢ t❤❡ s✐❣♥❛❧ ❣r✐❞ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✳

❚❤❡ ❧✐♠✐ts ✇✐t❤ ♠✐♥✐♠❛❧ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❛r❡ ❣✐✈❡♥ ✐♥ ❬✷❪ ✐♥ t❡r♠s ♦❢ t❤❡ ✈✐s✐❜❧❡ ❝r♦ss✲
s❡❝t✐♦♥ ♦❢ h(bb̄)+Emiss

T ❡✈❡♥ts ❢♦r ❢♦✉r r❡❣✐♦♥s ♦❢Emiss
T ✿ [150GeV, 200GeV)✱ [200GeV, 350GeV)✱

[350GeV, 500GeV)✱ ❛♥❞ Emiss
T > 500GeV✳ ❚❤❡s❡ ❧✐♠✐ts ❛r❡ r❡♣r♦❞✉❝❡❞ ✐♥ ❚❛❜❧❡ ✸✳✷ ❛♥❞

❋✐❣✉r❡ ✸✳✹ t♦ ♣r♦✈✐❞❡ ❝♦♥t❡①t ❢♦r t❤❡ st✉❞✐❡s ♣r❡s❡♥t❡❞ ❤❡r❡✳ ❚♦ ❝♦♠♣❛r❡ t❤❡s❡ ✈❛❧✉❡s t♦ t❤❡
♣❛rt♦♥ ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✱ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❞❡t❡❝t♦r ❡✣❝✐❡♥❝② ❛s ✇❡❧❧ ❛s t❤❡ ❛❝❝❡♣t❛♥❝❡
♦❢ t❤❡ ❡✈❡♥t s❡❧❡❝t✐♦♥s ♦❢ t❤❡ ❛♥❛❧②s✐s ✐s ♥❡❡❞❡❞✳ ❚❤✐s ❡st✐♠❛t❡ ✐s ♣r♦✈✐❞❡❞ ✐♥ ❘❡❢✳ ❬✷❪ ✐♥ t❡r♠s
♦❢ ❛ s✐♥❣❧❡ ❛❝❝❡♣t❛♥❝❡ t✐♠❡s ❡✣❝✐❡♥❝② ✭A× ǫ✮ ✈❛❧✉❡ ♣❡r Emiss

T ❜✐♥✱ r❡♣r♦❞✉❝❡❞ ✐♥ ❚❛❜❧❡ ✸✳✷✳
❚❤❡ ✈❛❧✉❡ ♦❢ A× ǫ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t ❛♥ ❡✈❡♥t ❣❡♥❡r❛t❡❞ ❛t ♣❛rt♦♥ ❧❡✈❡❧ ✐♥
❛ ❣✐✈❡♥ Emiss

T ❜✐♥ ✐s r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❛t s❛♠❡ Emiss
T ❜✐♥ ❛♥❞ ♣❛ss❡s ❛❧❧ s❡❧❡❝t✐♦♥s✳ ❚❤❡ ❧✐♠✐ts

✇✐t❤ ♠✐♥✐♠❛❧ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❛r❡ ♣r♦✈✐❞❡❞ s❡♣❛r❛t❡❧② ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❢♦✉r Emiss
T ❜✐♥s ✉s❡❞

✐♥ ❘❡❢✳ ❬✷❪✳
❚❤✉s✱ t❤❡ s✐♠✉❧❛t❡❞ ❡✈❡♥ts ♥❡❡❞ t♦ ❜❡ ❜✐♥♥❡❞ ✐♥t♦ t❤♦s❡ ❜✐♥s✳ ❚♦ ♦❜t❛✐♥ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧

♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ σparton
i (hχχ̄) ✐♥ ❛ ♣❛rt✐❝✉❧❛r Emiss

T r❡❣✐♦♥ i✱ ❛ s❛♠♣❧❡ ♦❢ ♣❛rt♦♥ ❧❡✈❡❧
❡✈❡♥ts ✐s ❣❡♥❡r❛t❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✸✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❡✈❡♥t ❣❡♥❡r❛t✐♦♥ ❛t ♣❛rt♦♥

✶✶✾
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❋✐❣✉r❡ ✼✳✶✿ ❚❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss✲s❡❝t✐♦♥ ♦❢ h+Emiss
T s✐❣♥❛❧ ❡✈❡♥ts ❛t ♣❛rt♦♥ ❧❡✈❡❧ ❛s ❛ ❢✉♥❝t✐♦♥

♦❢ (Ma,MA) ✐♥ ❡❛❝❤ ♦❢ t❤❡ ❢♦✉r Emiss
T − ❜✐♥s✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s

MH = MH± = MA, sin θ = 0.35, tan β = 1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ❆ ✇❤✐t❡
♠♦❞❡❧ ♣♦✐♥t ✐♥❞✐❝❛t❡s t❤❛t ♥♦ s✐♠✉❧❛t❡❞ ❡✈❡♥t ♣❛ss❡❞ t❤❡ Emiss

T s❡❧❡❝t✐♦♥✳
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❋✐❣✉r❡ ✼✳✷✿ ❊st✐♠❛t❡❞ s❡♥s✐t✐✈✐t② t♦ h(bb̄) + Emiss
T ❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma,MA) ✐♥ ❡❛❝❤

♦❢ t❤❡ ❢♦✉r Emiss
T − ❜✐♥s✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts

✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s
MH = MH± = MA, sin θ = 0.35, tan β = 1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ▼♦❞❡❧
♣♦✐♥ts ❝♦❧♦r❡❞ ✇❤✐t❡ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s ❜❡❧♦✇ 0.1✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ ✐s
✐♥❝❧✉s✐✈❡ t♦ ❤✐❣❤ ✈❛❧✉❡s✱ ✐✳❡✳ ❛❧❧ s❡♥s✐t✐✈✐t✐❡s > 1 ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r✳

❧❡✈❡❧ ✐s ❛ ✜❧❡ ✐♥ t❤❡ ▲❍❊ ❢♦r♠❛t✱ ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢s✳ ❬✶✷✹✱ ✶✷✺❪✳ ❚❤❡ ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥
❝❛❧❝✉❧❛t❡❞ ❞✉r✐♥❣ t❤❡ ❡✈❡♥t ❣❡♥❡r❛t✐♦♥ ✐s ♣❛rs❡❞ ❢r♦♠ t❤❡ ▲❍❊ ✜❧❡✱ ❛s ✇❡❧❧ ❛s t❤❡ ❢♦✉r✲♠♦♠❡♥t❛
♦❢ t❤❡ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡s✳ ❚❤❡ ♣❛rt♦♥ ❧❡✈❡❧ Emiss

T ✐s ❝❛❧❝✉❧❛t❡❞ ❡✈❡♥t ❜② ❡✈❡♥t ❛s t❤❡ tr❛♥s✈❡rs❡
♣r♦❥❡❝t✐♦♥ ♦❢ t❤❡ s✉♠ ♦❢ t❤❡ ♠♦♠❡♥t❛ ♦❢ t❤❡ ✜♥❛❧ st❛t❡ ❉❛r❦ ▼❛tt❡r ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❡✈❡♥t✳ ❆❧❧
❡✈❡♥ts ✐♥ t❤❡ ✜❧❡ ❛r❡ ❜✐♥♥❡❞ ✐♥t♦ t❤❡ ❢♦✉r Emiss

T r❡❣✐♦♥s ✐♥ ❚❛❜❧❡ ✸✳✷✱ ❛♥❞ t❤❡ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥
✐s ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ Emiss

T ❜✐♥ i t♦ ♦❜t❛✐♥ σparton
i (hχχ̄)✳ ❋✐❣✉r❡ ✼✳✶ s❤♦✇s

t❤❡ r❡s✉❧ts ♦❢ t❤✐s ❢♦r t❤❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ (Ma,MA) s❝❛♥✳
❚❤❡♥ t❤❡ s✐♠✉❧❛t❡❞ ❝r♦ss✲s❡❝t✐♦♥ ✐♥ ♦♥❡ Emiss

T ❜✐♥ i ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❧✐♠✐t ✇✐t❤ ♠✐♥✐♠❛❧
♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪✱ ②✐❡❧❞✐♥❣ ❛ s✐♥❣❧❡ ❜✐♥ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡✱ σobserved

i (h(bb̄) +
Emiss

T )✱ ✐♥ t❤❛t Emiss
T ❜✐♥✱

Si =
σparton
i (hχχ̄)× BRSM(h→ bb̄)× [A× ǫ]i

σobserved
i (h(bb̄) + Emiss

T )
, ✭✼✳✶✮

✇❤❡r❡ t❤❡ ❛❝❝❡♣t❛♥❝❡ t✐♠❡s ❡✣❝✐❡♥❝② ✐♥ Emiss
T ✲❜✐♥ i ❢r♦♠ ❘❡❢✳ ❬✷❪✱ [A× ǫ]i✱ tr❛♥s❧❛t❡s t❤❡

♣❛rt♦♥ ❧❡✈❡❧ r❡s✉❧t t♦ r❡❝♦♥str✉❝t✐♦♥ ❧❡✈❡❧✱ t♦ ♠❛❦❡ ✐t ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ r❡❝♦♥str✉❝t✐♦♥✲❧❡✈❡❧
❧✐♠✐t ❢r♦♠ ❘❡❢✳ ❬✷❪✱ σobserved

i (h(bb̄)+Emiss
T )✳ ❇❡❝❛✉s❡ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡

σparton
i (hχχ̄) ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ t❤❡ ❞❡❝❛② h→ bb̄✱ t❤❡ ❜r❛♥❝❤✐♥❣ ❢r❛❝t✐♦♥ ♦❢ t❤✐s ❞❡❝❛② ♣r❡❞✐❝t❡❞

✶✷✶



❜② t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧✱ BRSM(h → bb̄)✱ ❢♦r Mh = 125GeV ✐s ✐♥❝❧✉❞❡❞ s❡♣❛r❛t❡❧②✳ ❚❤❡ ✈❛❧✉❡
✉s❡❞ ✐s BRSM(h → bb̄) = 0.584✱ ❢♦❧❧♦✇✐♥❣ ❘❡❢✳ ❬✶✼❪✳ ❚❤❡ r❡s✉❧t✐♥❣ s❡♥s✐t✐✈✐t② ❛r✐s✐♥❣ ❢r♦♠ ❛
s✐♥❣❧❡ Emiss

T r❡❣✐♦♥ Si ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✷ ❢♦r t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ (Ma,MA)
s❝❛♥✳

❚♦ ♦❜t❛✐♥ ❛ s✐♥❣❧❡ ♥✉♠❜❡r ❡st✐♠❛t✐♥❣ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❛ s❡❛r❝❤ t❤❛t ✉s❡s ❛❧❧ ❢♦✉r Emiss
T

❜✐♥s✱ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦♥tr✐❜✉t✐♦♥s ❛r❡ s✉♠♠❡❞✷✱ r❡s✉❧t✐♥❣ ✐♥ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✼✳✸ ❢♦r t❤❡ ❡①❛♠♣❧❡ ♦❢ t❤❡ (Ma,MA) s❝❛♥✳ ❚❤✉s t❤❡ s❡♥s✐t✈✐t② ✐s ❡st✐♠❛t❡❞ ❛s✿

S =
∑

i∈Emiss
T −bins

Si

=
∑

i∈Emiss
T −bins

σparton
i (hχχ̄)× BRSM(h→ bb̄)× [A× ǫ]i

σobserved
i (h(bb̄) + Emiss

T )
.
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✼✳✸✳✷ ❙✐♠♣❧✐✜❡❞ ❆❝❝❡♣t❛♥❝❡ ❊st✐♠❛t❡

❆❢t❡r ❞❡❝✐❞✐♥❣ ♦♥ t❤❡ ❝♦♥❝r❡t❡ ♣❛r❛♠❡t❡r ♣♦✐♥ts t♦ st✉❞②✱ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts t♦ s✐♠✉❧❛t❡ ❛t
❡❛❝❤ ♣❛r❛♠❡t❡r ♣♦✐♥t ✇✐❧❧ ♥❡❡❞ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞✳ ❆ ♠✐♥✐♠❛❧ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐s ♥❡❡❞❡❞
✐♥ t❤❡ ✐♥♣✉t t❡♠♣❧❛t❡s t♦ t❤❡ ✜♥❛❧ s✐❣♥❛❧ ✜t t♦ ❞❛t❛✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✺✳ ❲✐t❤ t♦♦ ❢❡✇
s✐♠✉❧❛t❡❞ s✐❣♥❛❧ ❡✈❡♥ts✱ t❤✐s ✜t ♠❛② ♥♦t ❝♦♥✈❡r❣❡ st❛❜❧②✳ ❙♦ ❛ ♣♦✐♥t✲❜②✲♣♦✐♥t ❡st✐♠❛t❡ ♦❢ t❤❡
s✐③❡ ♦❢ t❤❡ s❛♠♣❧❡ t♦ ❜❡ ❣❡♥❡r❛t❡❞ ✐s ♥❡❡❞❡❞✱ ✐❞❡❛❧❧② ❛✈♦✐❞✐♥❣ ❡①♣❡♥s✐✈❡ ❝♦♠♣✉t❛t✐♦♥s✳

❚❤❡ ♠✐♥✐♠✉♠ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ♥❡❡❞❡❞✱ ❞r❛✇✐♥❣ ♦♥ ❡①♣❡r✐❡♥❝❡ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s
❛♥❛❧②s✐s ❞❡s❝r✐❜❡❞ ✐♥ ❬✷❪✱ ✐s O(1000) s✐❣♥❛❧ ❡✈❡♥ts ❛❢t❡r ❛❧❧ s❡❧❡❝t✐♦♥ ❝✉ts✳ ❚♦ ❡♥s✉r❡ ❛ s✉✣❝✐❡♥t

♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❡✈❡♥ts r❡♠❛✐♥ ❛❢t❡r ❛♣♣❧②✐♥❣ t❤❡ s❡❧❡❝t✐♦♥ ❝✉ts✱ ❛t ❧❡❛st O
(

1000
[A×ǫ]parton

)

❡✈❡♥ts

♥❡❡❞ t♦ ❜❡ ♦r✐❣✐♥❛❧❧② ❣❡♥❡r❛t❡❞✱ ✇❤❡r❡ [A× ǫ]parton ✐s t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❞❡t❡❝t♦r ❛❝❝❡♣t❛♥❝❡
❛♥❞ s❡❧❡❝t✐♦♥ ❡✣❝✐❡♥❝② ❢♦r s♦♠❡ ♣❛rt✐❝✉❧❛r ♠♦❞❡❧✳

[A× ǫ]parton ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② str❛✐❣❤t❢♦r✇❛r❞❧② ❣❡♥❡r❛t✐♥❣ ❡✈❡♥ts✱ s✐♠✉❧❛t✐♥❣ t❤❡ ❞❡✲
t❡❝t♦r r❡s♣♦♥s❡✱ ❛♥❞ ❛♣♣❧②✐♥❣ t❤❡ ❡✈❡♥t s❡❧❡❝t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s str❛✐❣❤t❢♦r✇❛r❞ ❛♣♣r♦❛❝❤
✐s ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡①♣❡♥s✐✈❡✱ ♠❛✐♥❧② ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥✳
❍❡♥❝❡✱ ❛ ❢❛st❡r ②❡t ❧❡ss ❛❝❝✉r❛t❡ ❡st✐♠❛t❡ ✐s ❝❤♦s❡♥✳ ❚❤❡ ❢❛st ❡st✐♠❛t❡ ❢♦r [A× ǫ]parton ✉s❡❞
❤❡r❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ s❛♠❡ ♣❛rt♦♥ ❧❡✈❡❧ s✐♠✉❧❛t❡❞ s✐❣♥❛❧ ❡✈❡♥t s❛♠♣❧❡s ✉s❡❞ ❢♦r t❤❡ s❡♥s✐t✐✈✐t②
❡st✐♠❛t❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✸✳✶✳ ❙✐♠✐❧❛r❧② t♦ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡✱ t❤❡ ❡✈❡♥ts ❛r❡ ❜✐♥✲
♥❡❞ ✐♥t♦ ❜✐♥s ♦❢ Emiss

T ✳ ❯♥❧✐❦❡ ❢♦r t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡✱ t❤❡ ❜✐♥ ❝♦♥t❡♥ts ❛r❡ s✉❜s❡q✉❡♥t❧②
✇❡✐❣❤t❡❞ ❜② t❤❡ A× ǫ ✈❛❧✉❡s ❢r♦♠ ❚❛❜❧❡ ✸✳✷✳ ❋✐♥❛❧❧②✱ t❤❡ ❜✐♥ ❝♦♥t❡♥ts ❛r❡ ❞✐✈✐❞❡❞ ❜② t❤❡ s✉♠
♦❢ ❛❧❧ ✇❡✐❣❤ts ♦❢ t❤❡ ❡✈❡♥ts ♦r✐❣✐♥❛❧❧② ❣❡♥❡r❛t❡❞ ❛♥❞ t❤❡♥ s✉♠♠❡❞✱ ②✐❡❧❞✐♥❣

[A× ǫ]parton =
∑

i∈Emiss
T −bins

[A× ǫ]partoni

'
∑

i∈Emiss
T −bins

∑

j∈iw
parton
j × [A× ǫ]i

∑all
k wparton

k
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✐♥ ❛♥❛❧♦❣② t♦ ❊q✉❛t✐♦♥ ✭✼✳✷✮✳ ❍❡r❡ wparton
k ✐s t❤❡ ✇❡✐❣❤t ♦❢ ♣❛rt♦♥ ❧❡✈❡❧ ❡✈❡♥t k✱ ❛♥❞ [A× ǫ]i t❤❡

❛❝❝❡♣t❛♥❝❡ t✐♠❡s ❡✣❝✐❡♥❝② ✐♥ ❜✐♥ i ❛s ❣✐✈❡♥ ✐♥ ❬✷❪✳ ❚❤❡✏'✑ ✉s❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✸✮ ✐♥❞✐❝❛t❡s t❤❛t

✷❚②♣✐❝❛❧❧② ❛ ♠♦❞❡❧ ❤❛s ❛ Emiss
T ❞✐str✐❜✉t✐♦♥ ❝♦✈❡r✐♥❣ ♠♦r❡ t❤❛♥ ♦♥❡ Emiss

T ❜✐♥✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡r❡ ❝❛♥
❜❡ ♠♦❞❡❧s ✇❤❡r❡ t❤❡ ❡st✐♠❛t❡❞ s❡♥s✐t✐✈✐t② ✐♥ ❡✈❡r② ❜✐♥ ✐s < 1✱ ②❡t t❤❡ s✉♠ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮ ✐s > 1✳ ❚❤✐s ✐s
❞❡s✐r❡❞ ❢♦r t❤❡ ♣✉r♣♦s❡ ♦❢ ❡st✐♠❛t✐♥❣ s❡♥s✐t✐✈✐t② ✇❤❡♥ ❞❡s✐❣♥✐♥❣ t❤❡ ❣r✐❞ t♦ ❜❡ ✉s❡❞ ✐♥ ❛ ❞❡❞✐❝❛t❡❞ s❡❛r❝❤✱ s✐♥❝❡
♦♥❡ ❡①♣❡❝ts t❤❛t ❛ ❞❡❞✐❝❛t❡❞ s❡❛r❝❤ ✇✐❧❧ t❛❦❡ ❛❧❧ r❡❧❡✈❛♥t ❜✐♥s ✐♥t♦ ❛❝❝♦✉♥t✳ ❋♦r ❛ r✐❣♦r♦✉s ❡①❝❧✉s✐♦♥ ✉s✐♥❣ ♦♥❧②
t❤❡ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ t❤❡ s❡♥s✐t✐✈✐t② ✐♥ t❤❡ ♠♦st s❡♥s✐t✐✈❡ ❜✐♥ ✐s ♠♦r❡ ❛♣♣r♦♣r✐❛t❡✳
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❋✐❣✉r❡ ✼✳✸✿ ❊st✐♠❛t❡❞ s❡♥s✐t✐✈✐t② t♦ h(bb̄) + Emiss
T ❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma,MA)✱ s✉♠♠❡❞

♦✈❡r ❛❧❧ ❢♦✉r Emiss
T ❜✐♥s✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts

✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s
MH = MH± = MA, sin θ = 0.35, tan β = 1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ▼♦❞❡❧
♣♦✐♥ts ❝♦❧♦r❡❞ ✇❤✐t❡ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s ❜❡❧♦✇ 0.1✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ ✐s
✐♥❝❧✉s✐✈❡ t♦ ❤✐❣❤ ✈❛❧✉❡s✱ ✐✳❡✳ ❛❧❧ s❡♥s✐t✐✈✐t✐❡s > 1 ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r✳

t❤❡ ✉s❡ ♦❢ t❤❡ A× ǫ ✈❛❧✉❡s ❢r♦♠ ❚❛❜❧❡ ✸✳✷ ✐s ❛ ❝♦♥s❡r✈❛t✐✈❡ ❡st✐♠❛t❡✱ ❛s t❤❡s❡ ✈❛❧✉❡s ❛r❡ ♥♦t
t❤♦s❡ ❢♦r t❤❡ ♣❛rt✐❝✉❧❛r ♠♦❞❡❧✱ ❜✉t r❛t❤❡r t❤❡ ❧♦✇❡st ✈❛❧✉❡s ❝❤♦s❡♥ ❢r♦♠ ❛ r❛♥❣❡ ❦✐♥❡♠❛t✐❝❛❧❧②
s✐♠✐❧❛r ♠♦❞❡❧s✳

✼✳✹ Ma − MA ❙❝❛♥

❚❤❡ s❝❛♥ ♦❢ t❤❡ h(bb̄) + Emiss
T s❡♥s✐t✐✈✐t② ✐♥ t❤❡ s❡♥s❡ ♦❢ ❊q✉❛t✐♦♥ ✭✼✳✷✮ ✐♥ t❤❡ (Ma,MA) ♣❧❛♥❡

✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✸✳
❚❤❡ s❡♥s✐t✐✈✐t② ✐s ❤✐❣❤ ❢♦r ✐♥t❡r♠❡❞✐❛t❡MA✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❧❛r❣❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥s✳

▼♦r❡♦✈❡r t❤❡ s❡♥s✐t✐✈✐t② ✐s ❛❧s♦ ❤✐❣❤ ❢♦r ❧❛r❣❡ MA −Ma✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ r❡s♦♥❛♥t s✐❣♥❛❧s
✇✐t❤ ❧❛r❣❡ Emiss

T ✱ t♦ ✇❤✐❝❤ t❤❡ s❡❛r❝❤ ✐s ♠♦st s❡♥s✐t✐✈❡✱ ❛s ❋✐❣✉r❡ ✸✳✹ ❞❡♠♦♥str❛t❡s✳
❚❤❡r❡ ✐s ❛ s❡♥s✐t✐✈✐t② ❞r♦♣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ MA = MH = MH± ❢♦r MA ≥ 1 ❚❡❱✳ ❚❤✐s ✐s

❝❛✉s❡❞ ❜② ❛♥ ✐♥❝r❡❛s❡ ♦❢ ΓA✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts✳ ▼❛♥②
♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts ❤❛✈❡ ✈❡r② s♦❢t Emiss

T ✱ ❜❡❧♦✇ t❤❡ ❧♦✇❡st ❛❝❝❡♣t❡❞ Emiss
T ♦❢ 150 ●❡❱✳

❚❤✐s r❡❞✉❝❡❞ ❛❝❝❡♣t❛♥❝❡ ❝❛✉s❡s t❤❡ ❧♦ss ♦❢ s❡♥s✐t✐✈✐t② ❛t ❡①tr❡♠❡ MA✳
◆❡❛r t❤❡ ♠❛ss ❞✐❛❣♦♥❛❧ Ma = MA✱ t❤❡ s❡♥s✐t✐✈✐t② ✐s ❛❧s♦ ✈❡r② ❧♦✇✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t t❤❡

❏❛❝♦❜✐❛♥ ♣❡❛❦ ✐s ❛t s♦❢t Emiss
T ❢♦r ❛ ❧♦✇ ♠❛ss✲s♣❧✐tt✐♥❣MA−Ma✱ ❛s ❞❡s❝r✐❜❡❞ ❜② ❊q✉❛t✐♦♥ ✭✹✳✶✸✮

❛♥❞ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✶ ❛♥❞ ✻✳✻✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦✉♣❧✐♥❣ gAah✱ ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✻✮✱ ✐s
s♠❛❧❧ ✇❤❡♥ ❛❧❧ ❍✐❣❣s ❜♦s♦♥s ❛r❡ ♥❡❛r❧② ♠❛ss ❞❡❣❡♥❡r❛t❡✱ r❡s✉❧t✐♥❣ ✐♥ ❛ s♠❛❧❧ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥✱
❛♥❞ ❧♦✇❡r✐♥❣ t❤❡ s❡♥s✐t✐✈✐t② ❡✈❡♥ ❢✉rt❤❡r✳

❚❤❡ s❡♥s✐t✐✈✐t② ❛❜♦✈❡ t❤❡ ♠❛ss ❞✐❛❣♦♥❛❧ ✭MA > Ma✮ ✐s ❧❛r❣❡r t❤❛♥ t❤❡ s❡♥s✐t✐✈✐t② ❜❡❧♦✇
t❤❡ ♠❛ss ❞✐❛❣♦♥❛❧ ✭MA < Ma✮ ❞✉❡ t♦ t✇♦ ❡✛❡❝ts✿

✶✳ MA =MH =MH± ✱ ✐✳❡✳ t❤❡ ❝❤❛r❣❡❞ ❛♥❞ ♥❡✉tr❛❧ ❈P✲❡✈❡♥ s❝❛❧❛rs ❤❛✈❡ ❧♦✇ ♠❛ss❡s ❜❡❧♦✇
t❤❡ ❞✐❛❣♦♥❛❧✱ ❜✉t ❤✐❣❤ ♠❛ss❡s ❛❜♦✈❡ ✐t✱ ✐♥tr♦❞✉❝✐♥❣ ❛♥ ❛s②♠♠❡tr②✳ ■♥ ❋✐❣✉r❡s ✻✳✶✷

✶✷✸
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❋✐❣✉r❡ ✼✳✹✿ ❚❤❡ ❣r✐❞ ♦❢ ♣❛r❛♠❡t❡r ♣♦✐♥ts ❝❤♦s❡♥ ❢♦r t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥✱ ♣r♦❥❡❝t❡❞
✐♥t♦ t❤❡ (Ma,MA) ♣❧❛♥❡✱ ♦✈❡r❧❛✐❞ ♦♥t♦ t❤❡ ❡st✐♠❛t❡❞ s❡♥s✐t✐✈✐t② ✐♥ t❤❛t ♣❧❛♥❡✳ ❚❤❡ r❡❞ ♣♦✐♥ts
♠❛r❦ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❛✉①✐❧✐❛r② s❝❛♥s ♦❢ sin θ✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✻✳✶✳ ❚❤❡ ❧✐❧❛❝ ♣♦✐♥t
♠❛r❦s t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❛✉①✐❧✐❛r② s❝❛♥ ♦❢ Mχ✱ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✻✳✷✳ ❚❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢
t❤❡ s❝❛♥ ♦❢ Ma ❛♥❞ tan β✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✹ ✐s ♠❛r❦❡❞ ❜② t❤❡ t✉rq✉♦✐s❡ ❜❛r✳

❛♥❞ ✻✳✶✸ ♦♥❡ ❝❛♥ s❡❡ t❤❛t ✈❛❧✉❡s ♦❢ MH = MH± ❜❡❧♦✇ t❤❡ ♠❛ss ♦❢ t❤❡ ❤✐❣❤❡r✲♠❛ss
♣s❡✉❞♦s❝❛❧❛r ❣✐✈❡ ❛ r❡❞✉❝❡❞ ♦✈❡r❛❧❧ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ ❛ ❧♦✇❡r ❢r❛❝t✐♦♥ ♦❢ r❡s♦♥❛♥t s✐❣♥❛❧
❡✈❡♥ts✳ ❇♦t❤ ❡✛❡❝ts r❡❞✉❝❡ s❡♥s✐t✐✈✐t②✳

✷✳ sin θ = 0.35 6= 1/
√
2✱ ✐✳❡✳ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣ ✐s ❛s②♠♠❡tr✐❝✿ A ❝♦✉♣❧❡s ❝♦♠♣❛✲

r❛t✐✈❡❧② ♠♦r❡ str♦♥❣❧② t♦ ❙▼ ♣❛rt✐❝❧❡s t❤❛♥ a✱ ❛♥❞ ✈✐❝❡ ✈❡rs❛ ❢♦r t❤❡ ❝♦✉♣❧✐♥❣s t♦ t❤❡
❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥ χ✳ ❙♦ t❤❡ ❝♦✉♣❧✐♥❣ s✐t✉❛t✐♦♥ ❜❡❧♦✇ t❤❡ ❞✐❛❣♦♥❛❧ ❝♦rr❡s♣♦♥❞s t♦ t❤❡
❝❛s❡ ♦❢ sin θ =

√
1− 0.352 ≈ 0.938 ❛♥❞ MA > Ma✳ ❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✺✱ t❤✐s

❝♦♥✜❣✉r❛t✐♦♥ ❤❛s ❛ ❧❛r❣❡r ❢r❛❝t✐♦♥ ♦❢ s♦❢t✱ ♥♦♥r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts✱ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣❧②
❧♦✇❡r s❡♥s✐t✐✈✐t②✱ ❛s ❛❧s♦ ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡s ✼✳✶✵ ❛♥❞ ✼✳✶✶ ❜❡❧♦✇✳

❚❤❡ ♣❛r❛♠❡t❡r ♣♦✐♥ts ❝❤♦s❡♥ t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✼✳✹✳ P♦✐♥ts ❛r❡ ❝❤♦s❡♥ s✉❝❤ t❤❛t t❤❡② ❝♦✈❡r t❤❡ ❛r❡❛ ✇✐t❤ ❡st✐♠❛t❡❞ s❡♥s✐t✐✈✐t✐❡s ✇✐t❤✐♥
(0.1, ..., 1)✱ ✇❤✐❝❤ ✐s ✇❤❡r❡ t❤❡ ❡❞❣❡ ♦❢ t❤❡ ❡①❝❧✉s✐♦♥ ♠❛♥✐❢♦❧❞ ✐s ❡①♣❡❝t❡❞ t♦ ❢❛❧❧✳

❚❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts s✐♠✉❧❛t❡❞ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧ ✐♥ t❤✐s (Ma,MA) s❝❛♥ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✼✳✷✳
❋♦r ♠♦st ♦❢ t❤❡ ♣❛r❛♠❡t❡r ♣♦✐♥ts s✐♠✉❧❛t❡❞ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧✱ ❛ s✐♠♣❧✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❢✉❧❧②

●❡❛♥t✹ ❬✶✷✵❪ ❜❛s❡❞ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✱ ♦r ✏❢✉❧❧ s✐♠✉❧❛t✐♦♥✑ ❬✽✶❪ ✐s ✉s❡❞✱ ❝❛❧❧❡❞
✏❆❚▲❋❆❙❚✲■■✑ ❬✽✶❪✳ ❆❚▲❋❆❙❚✲■■ s♣❡❡❞s ✉♣ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ❜② r❡♣❧❛❝✐♥❣ t❤❡
●❡❛♥t✹ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r✱ ✇❤✐❝❤ ✐s t❤❡ ♠♦st t✐♠❡ ❝♦♥s✉♠✐♥❣ ♣❛rt ♦❢ t❤❡ ❞❡t❡❝t♦r
s✐♠✉❧❛t✐♦♥ ❢♦r t②♣✐❝❛❧ ❤❛r❞ ❡✈❡♥ts✱ ✇✐t❤ ❛ ❢❛st❡r ❛♣♣r♦①✐♠❛t✐♦♥ ❝❛❧❧❡❞ ❋❛st❈❛❧♦❙✐♠ ❬✽✶❪✳ ❚❤❡
❋❛st❈❛❧♦❙✐♠ ❛♣♣r♦①✐♠❛t✐♦♥ ❞♦❡s ♥♦t s✐♠✉❧❛t❡ t❤❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ ✐♥❝♦♠✐♥❣ ♣❛rt✐❝❧❡s ✇✐t❤ t❤❡
❝❛❧♦r✐♠❡t❡r✱ ❜✉t r❡♣❧❛❝❡s ✐♥❝♦♠✐♥❣ tr✉t❤ ♣❛rt✐❝❧❡s ✇✐t❤ ❝❛❧♦r✐♠❡t❡r s❤♦✇❡r ♣❛r❛♠❡tr✐③❛t✐♦♥s✱
♣✐❝❦✐♥❣ ❛ s❤♦✇❡r ♣❛r❛♠❡t❡r✐③❛t✐♦♥ t♦ ♠❛t❝❤ t❤❡ ❡♥❡r❣② ❛♥❞ ♣s❡✉❞♦r❛♣✐❞✐t② ♦❢ t❤❡ ✐♥❝♦♠✐♥❣
♣❛rt✐❝❧❡ ❛♥❞ r❡s❝❛❧✐♥❣ t❤❡ s❤♦✇❡r ❡♥❡r❣② ❛♥❞ ❞❡♣t❤ t♦ ✜t t❤❡ ♣❛rt✐❝❧❡ ❡♥❡r❣② ❬✽✶❪✳ ❙❤♦✇❡r
s❤❛♣❡ ❛♥❞ ❝❛❧♦r✐♠❡t❡r ❝❡❧❧ s✐③❡ ❡✛❡❝ts ❛r❡ ❛♣♣r♦①✐♠❛t❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ st♦r❡❞ s❤♦✇❡r s❤❛♣❡
❢✉♥❝t✐♦♥s ♦✈❡r t❤❡ s✐③❡ ♦❢ t❤❡ ❝❛❧♦r✐♠❡t❡r ❝❡❧❧s ❬✽✶❪✳ ❆s ❛ r❡s✉❧t✱ ❆❚▲❋❆❙❚✲■■ ✐s ❛❜♦✉t ✶✵ t✐♠❡s

✶✷✹



❚❛❜❧❡ ✼✳✷✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts t♦ ❜❡ ❣❡♥❡r❛t❡❞ ❛t ❡❛❝❤ ♣❛r❛♠❡t❡r ♣♦✐♥t ♦❢ t❤❡ Ma,MA s❝❛♥✱
✐♥ ✉♥✐ts ♦❢ ✶✵✵✵ ❡✈❡♥ts✳ ❙❛♠♣❧❡s ✇✐t❤ MA ≥ 1.1 ❚❡❱ ✭❜♦❧❞ ♥✉♠❜❡rs✮ ❛r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣
t❤❡ ❢✉❧❧ ●❡❛♥t✹ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥ ❬✽✶❪✱ t❤❡ r❡st ❛r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❢❛st ❆❚▲❆❙ ❞❡t❡❝t♦r
s✐♠✉❧❛t✐♦♥ ❆❚▲❋❆❙❚✲■■✳

Ma ❬●❡❱❪ ✶✵✵ ✶✺✵ ✷✵✵ ✷✺✵ ✸✵✵ ✸✺✵ ✹✵✵ ✹✺✵ ✺✵✵
MA ❬●❡❱❪

✶✻✵✵ ✺✵ ✺✵ ✸✺

✶✺✵✵ ✺✵ ✸✺ ✶✵

✶✹✵✵ ✷✺ ✶✺ ✶✵ ✶✵

✶✸✵✵ ✶✵ ✶✵ ✶✵ ✶✵

✶✷✵✵ ✶✵ ✶✵ ✶✵ ✶✵

✶✶✵✵ ✶✵ ✶✺ ✶✵

✶✵✵✵ ✶✵ ✶✵ ✶✺ ✶✵ ✶✵
✾✵✵ ✶✵ ✶✺ ✶✺ ✶✺
✽✵✵ ✶✺ ✶✵ ✶✺ ✶✺ ✷✺
✼✵✵ ✶✺ ✶✺ ✷✵ ✷✺
✻✵✵ ✷✵ ✷✺ ✷✺ ✺✵
✺✵✵ ✷✺ ✷✺ ✺✵ ✺✵
✹✵✵ ✷✺ ✶✵✵ ✺✵ ✺✵
✸✵✵ ✺✵ ✺✵
✷✵✵ ✺✵ ✺✵

❢❛st❡r t❤❛♥ t❤❡ ❢✉❧❧ s✐♠✉❧❛t✐♦♥ ❬✽✶❪✳ ❚❤✉s ♠♦st ♦❢ t❤❡ s❛♠♣❧❡s s✐♠✉❧❛t❡❞ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧ ✐♥ t❤❡
♣❛r❛♠❡t❡r s❝❛♥s ♣r❡s❡♥t❡❞ ❤❡r❡ ❛r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ ❆❚▲❋❆❙❚✲■■✱ t♦ s❛✈❡ ❝♦♠♣✉t✐♥❣ r❡s♦✉r❝❡s✳

❋♦r ♠♦❞❡❧s ✇❤❡r❡ ❛ s✐❣♥✐✜❝❛♥t ❢r❛❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡✱ ❆❚▲❋❆❙❚✲■■
❝❛♥ ♥♦t ❜❡ ✉s❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ ❞❡t❡❝t♦r r❡s♣♦♥s❡✳ ■♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ ✇❤❡r❡ Emiss

T > 0.5TeV✱
t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❍✐❣❣s ❜♦s♦♥ ✐s s♦ ❧❛r❣❡ t❤❛t t❤❡ h → bb̄ ❝❛♥❞✐❞❛t❡ ❝❛♥
♥♦t ❜❡ r❡❝♦♥str✉❝t❡❞ ❛s t✇♦ s♠❛❧❧✲R ❥❡ts✱ ❜❡❝❛✉s❡ t❤❡ t✇♦ ❥❡ts ❛r❡ t♦♦ ❝❧♦s❡✱ ❛s ❞✐s❝✉ss❡❞ ✐♥
❙❡❝t✐♦♥ ✸✳✸✳✶✳✷✳ ■♥ t❤✐s r❡❣✐♠❡✱ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐s r❡❝♦♥str✉❝t❡❞ ❛s ❛ s✐♥❣❧❡ ❧❛r❣❡✲R ❥❡t ❬✷❪✳
❙✐♥❝❡ t❤❡ ♠❛ss ♦❢ t❤❡ ❧❛r❣❡✲R ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ❞❡♣❡♥❞s ♦♥ t❤❡ s✉❜str✉❝t✉r❡ ♦❢ t❤❡ ❧❛r❣❡✲R ❥❡t✱
✇❤✐❝❤ ✐s ♥♦t ♠♦❞❡❧❡❞ ❝♦rr❡❝t❧② ❜② t❤❡ ❆❚▲❋❆❙❚✲■■ s✐♠✉❧❛t✐♦♥✱ ❆❚▲❋❆❙❚✲■■ ❝❛♥ ♥♦t ❜❡ ✉s❡❞✳
❚❤✉s✱ ❢♦r ♠♦❞❡❧s ✇✐t❤ ❛ s✐❣♥✐✜❝❛♥t ❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡✱ t❤❡ ❢✉❧❧ s✐♠✉❧❛t✐♦♥
✐s ✉s❡❞ ✐♥st❡❛❞ ♦❢ ❆❚▲❋❆❙❚✲■■✳

❚♦ ✜♥❞ t❤❡ ♠♦❞❡❧s ✐♥ t❤❡ s✐❣♥❛❧ ❣r✐❞ t❤❛t r❡q✉✐r❡ t❤❡ ❢✉❧❧ s✐♠✉❧❛t✐♦♥✱ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡
✐♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ SEmiss

T >0.5TeV ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✶✮ ✐s ✉s❡❞✳ ❚❤❡ ❢r❛❝t✐♦♥ ♦❢ ❡✈❡♥ts
✐♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ ✐s t❛❦❡♥ t♦ ❜❡ s✐❣♥✐✜❝❛♥t ✐❢ SEmiss

T >0.5TeV > 0.1✱ ✐✳❡✳ ✇❤❡♥ ✐t ❝♦♥tr✐❜✉t❡s
s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ ❡st✐♠❛t❡❞ s❡♥s✐t✐✈✐t②✳ ❚❤❡s❡ ♣♦✐♥ts ❛r❡ t❤♦s❡ ✇✐t❤ MA ≥ 1.1 ❚❡❱✱ ❛s
❋✐❣✉r❡ ✼✳✷ s❤♦✇s✳

❚❤✉s ❢♦r ♠♦❞❡❧s ✇✐t❤ MA < 1.1 ❚❡❱✱ t❤❡ s✐❣♥❛❧ s❛♠♣❧❡s ❛r❡ s✐♠✉❧❛t❡❞ ✇✐t❤ ❆❚▲❋❆❙❚✲■■✱
❛♥❞ ♦♥❧② t❤❡ ✸ Emiss

T ❜✐♥s ❢r♦♠ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡ ❝❛♥ ❜❡ ✉s❡❞✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ s✉♠ ✐♥
❊q✉❛t✐♦♥ ✭✼✳✸✮ s❤♦✉❧❞ ♦♥❧② ✐♥❝❧✉❞❡ t❤❡ ✸ Emiss

T ❜✐♥s ✇✐t❤ Emiss
T ≤ 0.5TeV✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s

t♦ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✺✭❛✮✱ ✇❤✐❝❤ ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ r❡q✉✐r❡❞
♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✐♥ t❤❡ s✐❣♥❛❧ s❛♠♣❧❡s ❢♦r ♠♦❞❡❧s ✇✐t❤ MA < 1.1TeV✳

❈♦♥✈❡rs❡❧②✱ ❢♦r t❤❡ ♠♦❞❡❧s ✇✐t❤ MA ≥ 1.1TeV✱ t❤❡ s✐❣♥❛❧ s❛♠♣❧❡s ❛r❡ s✐♠✉❧❛t❡❞ ✇✐t❤ t❤❡
❢✉❧❧ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❛❧❧ ✹ Emiss

T ❜✐♥s ❝❛♥ ❜❡ ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s✳ ❈♦rr❡s♣♦♥❞✐♥❣❧② t❤❡ s✉♠ ✐♥

✶✷✺
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✭❜✮ ❛❝❝❡♣t❛♥❝❡ ❢♦r ❢✉❧❧ ❛♥❛❧②s✐s ✐♥❝❧✉❞✐♥❣ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡

❋✐❣✉r❡ ✼✳✺✿ ❆❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐♥ t❤❡ (Ma,MA) ♣❧❛♥❡✱ ❡✐t❤❡r ✉s✐♥❣ ♦♥❧② t❤❡ ✜rst
t❤r❡❡ ❜✐♥s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡ ❛s s❤♦✇♥ ✐♥ ✭❛✮ ♦r ❛❧❧ ❢♦r ✹ ❜✐♥s✱ ✐♥❝❧✉❞✐♥❣ ❜♦t❤
t❤❡ r❡s♦❧✈❡❞ ❛♥❞ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ ❛s s❤♦✇♥ ✐♥ ✭❜✮✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡ ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❊q✉❛✲
t✐♦♥ ✭✼✳✸✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH =MH± =MA, sin θ = 0.35, tan β =
1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

✶✷✻



❊q✉❛t✐♦♥ ✭✼✳✸✮ s❤♦✉❧❞ ✐♥❝❧✉❞❡ ❛❧❧ ✹ Emiss
T ❜✐♥s t♦ ♦❜t❛✐♥ t❤❡ r❡❧❡✈❛♥t ❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡✳ ❚❤✐s

❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✺✭❜✮ ❛♥❞ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ r❡q✉✐r❡❞ ♥✉♠❜❡r ♦❢
❡✈❡♥ts ✐♥ t❤❡ s✐❣♥❛❧ s❛♠♣❧❡s ❢♦r ♠♦❞❡❧s ✇✐t❤ MA ≥ 1.1TeV✳

✼✳✺ Ma − tanβ ❙❝❛♥

❚❤❡ s❝❛♥ ✐♥ (Ma, tan β) ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ❢♦r h(bb̄)+Emiss
T ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✻✳

❆t ✈❡r② ❧♦✇ tan β✱ t❤❡ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ t♦ t♦♣ q✉❛r❦s ✐s ❧❛r❣❡✱ ❛♥❞ ♠♦st ♦❢ t❤❡ s✐❣♥❛❧
❡✈❡♥ts ❝♦♠❡ ❢r♦♠ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛♠♣❧✐t✉❞❡s s✉❝❤ ❛s t❤♦s❡ s❤♦✇♥ ✐♥
❋✐❣✉r❡s ✹✳✻✭❛✮ t♦ ✹✳✻✭❝✮✳ ❚❤❡s❡ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s ❣✐✈❡ s♦❢t Emiss

T ✱ ❛s ❋✐❣✉r❡ ✻✳✶✻ ❞❡♠♦♥✲
str❛t❡s✳ ❙♦❢t Emiss

T ❧♦✇❡rs t❤❡ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡✱ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✼✭❛✮✱ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡
s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤✳

❋♦r ❤✐❣❤❡r tan β t❤❡ s❡♥s✐t✐✈✐t② ✐♥❝r❡❛s❡s✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ r❡❞✉❝❡❞ t♦♣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣✳
❋✐rst❧②✱ t❤❡ r❡❞✉❝❡❞ t♦♣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ r❡❞✉❝❡s t❤❡ ♣❛rt✐❛❧ ❞❡❝❛② ✇✐❞t❤ ❢♦r A → tt̄ ❞❡❝❛②s✱
②✐❡❧❞✐♥❣ ❛ ♥❛rr♦✇❡r A ✇✐❞t❤ ❛♥❞ t❤✉s ❛ ♠♦r❡ r❡s♦♥❛♥t s✐❣♥❛❧✳ ❙❡❝♦♥❞❧②✱ t❤❡ t♦♣ ❨✉❦❛✇❛
❝♦✉♣❧✐♥❣ ❛✛❡❝ts ♥♦♥✲r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥s ❧✐❦❡ t❤❡ ♦♥❡ ✐♥ ❋✐❣✉r❡ ✹✳✻✭❛✮✱ ✇❤✐❝❤ ❤❛✈❡ t✇♦ t♦♣
❨✉❦❛✇❛ ✈❡rt✐❝❡s✱ ❝♦♠♣❛r❛t✐✈❡❧② ♠♦r❡ t❤❛♥ t❤❡ r❡s♦♥❛♥t ❝♦♥tr✐❜✉t✐♦♥ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✱
✇❤✐❝❤ ❤❛s ♦♥❧② ♦♥❡ t♦♣ ❨✉❦❛✇❛ ✈❡rt❡①✳ ❇♦t❤ ❡✛❡❝ts ✐♥❝r❡❛s❡ t❤❡ ❢r❛❝t✐♦♥ ♦❢ r❡s♦♥❛♥t s✐❣♥❛❧
❡✈❡♥ts✳ ❘❡s♦♥❛♥t ❡✈❡♥ts ❝❛♥ ❤❛✈❡ ❧❛r❣❡r Emiss

T ✱ ❛♥❞ t❤❡ s❡❛r❝❤ ✐s ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ❡✈❡♥ts
✇✐t❤ ❧❛r❣❡r Emiss

T ✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ✐♥❝r❡❛s❡❞ s❡♥s✐t✐✈✐t② ❛r♦✉♥❞ tan β ≈ 1.2 t❤❛t ✐s ✈✐s✐❜❧❡ ✐♥
❋✐❣✉r❡ ✼✳✻✳

❍♦✇❡✈❡r✱ r❡❞✉❝✐♥❣ t❤❡ t♦♣ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ❛❧s♦ r❡❞✉❝❡s t❤❡ ♦✈❡r❛❧❧ ♣r♦❞✉❝t✐♦♥ ❝r♦ss✲
s❡❝t✐♦♥✳ ❚❤✐s ❡✛❡❝t ✐s s✉❜✲❞♦♠✐♥❛♥t ❜❡❧♦✇ tan β ≈ 1.2✱ ❛♥❞ t❤❡ s❡♥s✐t✐✈✐t② ✐♥❝r❡❛s❡s ✇✐t❤
tan β✳ ❇✉t ❛❜♦✈❡ tan β ≈ 1.2✱ t❤❡ s❡♥s✐t✐✈✐t② ❧♦ss ❞✉❡ t♦ r❡❞✉❝❡❞ ❝r♦ss✲s❡❝t✐♦♥ ♦✉t♣❛❝❡s t❤❡
s❡♥s✐t✐✈✐t② ❣❛✐♥ ❝❛✉s❡❞ ❜② t❤❡ ✐♥❝r❡❛s❡❞ ❢r❛❝t✐♦♥ ♦❢ r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts✳ ❚❤❡r❡❢♦r❡✱ ❛❜♦✈❡
tan β ≈ 1.2✱ t❤❡ s❡❛r❝❤ ❣❡ts ❧❡ss s❡♥s✐t✐✈❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ tan β✳

❆t ✈❡r② ❤✐❣❤ tan β ✭≥ 10✮✱ t❤✐s tr❡♥❞ ✐s r❡✈❡rs❡❞ ❛❣❛✐♥✱ ❛s t❤❡ tan β ❡♥❤❛♥❝❡♠❡♥t✸ ♦❢ t❤❡
❝♦✉♣❧✐♥❣ t♦ ❜✲q✉❛r❦s r❡❧❛t✐✈❡ t♦ t♦♣ q✉❛r❦s ❜❡❝♦♠❡s s♦ ❧❛r❣❡ t❤❛t ✐t ❝♦♠♣❡♥s❛t❡s ❢♦r t❤❡ ❧♦✇❡r
❜ q✉❛r❦ ❨✉❦❛✇❛ ❝♦✉♣❧✐♥❣ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❛❜♦✉t 60 t✐♠❡s s♠❛❧❧❡r b✲q✉❛r❦ ♠❛ss✳ ❆t t❤✐s
♣♦✐♥t bb̄ ✐♥✐t✐❛t❡❞ ♣r♦❝❡ss❡s✱ s✉❝❤ ❛s t❤♦s❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✱ st❛rt t♦ ❞♦♠✐♥❛t❡ t❤❡ ♣r♦❞✉❝t✐♦♥
❝r♦ss✲s❡❝t✐♦♥✱ ❛s ❋✐❣✉r❡ ✻✳✶✼ ❞❡♠♦♥str❛t❡s✱ ❛♥❞ ❞r✐✈❡ t❤❡ ✐♥❝r❡❛s❡ ✐♥ s❡♥s✐t✐✈✐t② t❤❛t ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✼✳✽✳ ❚❤✐s ✐♥❝r❡❛s❡ ✐♥ s❡♥s✐t✐✈✐t② ✇✐t❤ tan β ❝❛✉s❡❞ ❜② t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✐♥❝r❡❛s❡ ✐s
♣❛rt✐❛❧❧② r❡❞✉❝❡❞ ❜② ❛ s✐♠✉❧t❛♥❡♦✉s ❞❡❝r❡❛s❡ ✐♥ ❛❝❝❡♣t❛♥❝❡ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✼✭❜✮✱ ❜✉t ♥♦t
❡♥♦✉❣❤ t♦ ❝❛♥❝❡❧ ✐t✳

❯s✐♥❣ t❤❡ s❛♠❡ ❛♣♣r♦❛❝❤ ❛♥❞ t❤❡ s❛♠❡ ❞❡❝✐s✐♦♥ ❝r✐t❡r✐❛ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ (Ma,MA) s❝❛♥
❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✹✱ ❛ s❡t ♦❢ ♠♦❞❡❧s t♦ s✐♠✉❧❛t❡ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧ ✐s ❝❤♦s❡♥✳ ❚❤❡s❡ ♣♦✐♥ts ❛r❡
❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✾✳ ❙✐♥❝❡ MA = 600 ●❡❱ ❢♦r ❛❧❧ t❤❡ ♣♦✐♥ts ✐♥ t❤❡ s❝❛♥ ✐s t♦♦ ❧♦✇ t♦ ❛❧❧♦✇
❛ s✐❣♥✐✜❝❛♥t ❢r❛❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐♥ t❤❡ r❛♥❣❡ Emiss

T ≥ 500 ●❡❱✱ t❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts t♦
❣❡♥❡r❛t❡ ✐s ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ♦♥❧② t❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✼✳
❋♦r ♠♦st ♦❢ t❤❡ s❝❛♥✱ ❣❧✉♦♥ ❢✉s✐♦♥ ✐s t❤❡ ♦♥❧② r❡❧❡✈❛♥t ♣r♦❞✉❝t✐♦♥ ♠♦❞❡✱ ❛s tan β ✐s s♠❛❧❧✱
❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✼✳ ❚❤❡r❡❢♦r❡✱ ❢♦r ❛❧❧ ♣♦✐♥ts✱ ❛ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ s❛♠♣❧❡
✐s ❣❡♥❡r❛t❡❞✱ ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ s❛♠♣❧❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞
❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✼✭❛✮✳ ❍♦✇❡✈❡r✱ t❤❡ bb̄ ✐♥✐t✐❛t❡❞ ❝♦♥tr✐❜✉t✐♦♥ ♠❛② ♥♦t
❜❡ ❡♥t✐r❡❧② ♥❡❣❧✐❣✐❜❧❡ ❢♦r tan β = 10✱ ❛s ✐ts ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ✐s ♦❢ ❛ s✐♠✐❧❛r s✐③❡ ❛s t❤❡
❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ ♦♥❡ ✐♥ t❤✐s r❡❣✐♠❡✳ ❍❡♥❝❡✱ t❤r❡❡ bb̄ ❛♥♥✐❤✐❧❛t✐♦♥ ✐♥✐t✐❛t❡❞ s❛♠♣❧❡s ❛r❡
♣r♦❞✉❝❡❞ ❢♦r tan β = 10 ❛♥❞ Ma = 150, 200, 250 ●❡❱ r❡s♣❡❝t✐✈❡❧②✱ ✇✐t❤ t❤❡ ♥❡❝❡ss❛r② ♥✉♠❜❡r

✸✇❡ ❛r❡ ❝♦♥s✐❞❡r✐♥❣ ❛ ❨✉❦❛✇❛ s❡❝t♦r ♦❢ t②♣❡ ■■✳ ❙❡❡ ❙❡❝t✐♦♥s ✹✳✶✳✷ ❛♥❞ ✻✳✺✳✶ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✳

✶✷✼
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❋✐❣✉r❡ ✼✳✻✿ ❙✉♠ ♦✈❡r ❛❧❧ Emiss
T ✲❜✐♥s ♦❢ t❤❡ ❡st✐♠❛t❡❞ s✐❣♥❛❧ s❡♥s✐t✐✈✐t② t♦ h(bb̄) + Emiss

T ❡✈❡♥ts
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma, tan β)✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts
✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s
MH = MH± = MA = 600 ●❡❱✱ sin θ = 0.35,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ▼♦❞❡❧
♣♦✐♥ts ❝♦❧♦r❡❞ ✇❤✐t❡ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s ❜❡❧♦✇ 0.1✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ ✐s
✐♥❝❧✉s✐✈❡ t♦ ❤✐❣❤ ✈❛❧✉❡s✱ ✐✳❡✳ ❛❧❧ s❡♥s✐t✐✈✐t✐❡s > 1 ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r✳
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✭❛✮ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts
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✭❜✮ bb̄ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts

❋✐❣✉r❡ ✼✳✼✿ ❙✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐♥ t❤❡ Ma, tan β ♣❧❛♥❡ ❢♦r t❤❡ r❡s♦❧✈❡❞
r❡❣✐♠❡✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡ ♦❢ ♦♥❧② ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts ✐s s❤♦✇♥ ✐♥ ✭❛✮✱ ❛♥❞ t❤❡ ❛❝❝❡♣t❛♥❝❡
♦❢ bb̄ ✲❛♥♥✐❤✐❧❛t✐♦♥ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts ✐s s❤♦✇♥ ✐♥ ✭❜✮✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐s
❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✸✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA =
600GeV, sin θ = 0.35,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳
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✭❛✮ s❡♥s✐t✐✈✐t② t♦ ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts
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✭❜✮ s❡♥s✐t✐✈✐t② t♦ bb̄ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts

❋✐❣✉r❡ ✼✳✽✿ h(bb̄) + Emiss
T s❡♥s✐t✐✈✐t② ❝♦♠♣❛r✐s♦♥ ♦❢ ❣❧✉♦♥ ❢✉s✐♦♥ ❛♥❞ bb̄ ✐♥✐t✐❛t❡❞ ♣r♦❞✉❝t✐♦♥

✐♥ t❤❡ (Ma, tan β) ♣❧❛♥❡ ❢♦r t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡✳ ❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ ♦♥❧② ❣❧✉♦♥ ❢✉s✐♦♥ ✐♥❞✉❝❡❞
❡✈❡♥ts ✐s s❤♦✇♥ ✐♥ ✭❛✮✱ ❛♥❞ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ bb̄ ✲❛♥♥✐❤✐❧❛t✐♦♥ ✐♥✐t✐❛t❡❞ ❡✈❡♥ts ✐s s❤♦✇♥ ✐♥
✭❜✮✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧
❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA =
600GeV, sin θ = 0.35,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ▼♦❞❡❧ ♣♦✐♥ts ❝♦❧♦r❡❞ ✇❤✐t❡
✐♥❞✐❝❛t❡ t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s ❜❡❧♦✇ 0.1✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ ✐s ✐♥❝❧✉s✐✈❡ t♦ ❤✐❣❤ ✈❛❧✉❡s✱
✐✳❡✳ ❛❧❧ s❡♥s✐t✐✈✐t✐❡s > 1 ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r✳
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❋✐❣✉r❡ ✼✳✾✿ ❚❤❡ ❣r✐❞ ♦❢ ♣❛r❛♠❡t❡r ♣♦✐♥ts ❝❤♦s❡♥ ❢♦r t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥✱ ♣r♦❥❡❝t❡❞
♦♥t♦ t❤❡ Ma, tan β ♣❧❛♥❡✱ ♦✈❡r❧❛✐❞ ✇✐t❤ t❤❡ ❡st✐♠❛t❡❞ s❡♥s✐t✐✈✐t②✳

✶✷✾



❚❛❜❧❡ ✼✳✸✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts ❣❡♥❡r❛t❡❞ ❛t ❡❛❝❤ ♣❛r❛♠❡t❡r ♣♦✐♥t ♦❢ t❤❡ (Ma, tan β) s❝❛♥✱ ✐♥
✉♥✐ts ♦❢ ✶✵✵✵ ❡✈❡♥ts✳ ❚❤❡ ♥✉♠❜❡rs s❤♦✇♥ ✐♥ t❤✐s t❛❜❧❡ ❝♦rr❡s♣♦♥❞ t♦ ♦♥❧② t❤❡ ❣❧✉♦♥ ❢✉s✐♦♥
✐♥✐t✐❛t❡❞ s❛♠♣❧❡s✳ ■♥ ❛❞❞✐t✐♦♥ t♦ ✇❤❛t ✐s s❤♦✇♥✱ t❤r❡❡ bb̄ ❛♥♥✐❤✐❧❛t✐♦♥ ✐♥✐t✐❛t❡❞ s❛♠♣❧❡s ❛r❡
❛❧s♦ ❣❡♥❡r❛t❡❞✱ ❢♦r tan β = 10 ❛♥❞ Ma ∈ {150 ●❡❱✱ 200 ●❡❱✱ 250 ●❡❱}✱ ♦❢ ✶✵✵✵✵ ❡✈❡♥ts ❡❛❝❤✳

Ma ❬●❡❱❪ ✶✺✵ ✷✵✵ ✷✺✵ ✸✺✵ ✸✺✵
tan β

✶✵ ✶✵ ✶✵ ✶✵
✻ ✶✵ ✶✵ ✶✵
✹ ✶✵ ✶✵ ✶✵ ✷✵
✷ ✶✵ ✶✵ ✶✺ ✷✵ ✷✺

✶✳✺ ✶✵ ✶✺ ✷✵ ✹✵
✵✳✽ ✷✵ ✷✺ ✹✵
✵✳✺ ✷✺ ✸✺ ✹✵ ✺✵

♦❢ ❡✈❡♥ts ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✼✭❜✮✳ ❚❤❡ r❡s✉❧t✐♥❣ s✐③❡ ♦❢ t❤❡ s❛♠♣❧❡s ✐♥ t❤❡ (Ma, tan β)
s❝❛♥ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✼✳✸✳

✼✳✻ ❆✉①✐❧❧✐❛r② ❙❝❛♥s

✼✳✻✳✶ sin θ ❙❝❛♥s

❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ sin θ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✼✳✶✵ ❛♥❞ ✼✳✶✶✱ ❢♦r t✇♦
❞✐✛❡r❡♥t (Ma,MA) ♣♦✐♥ts✳ ❇♦t❤ ♣♦✐♥ts ❛r❡ ❝❤♦s❡♥ s✉❝❤ t❤❛t ❢♦r t❤❡ ♥♦♠✐♥❛❧ ✈❛❧✉❡ ❢♦r ❛❧❧ ♦t❤❡r
s❝❛♥s ♦❢ sin θ = 0.35✱ t❤❡② ❛r❡ ❝❧♦s❡ t♦✱ ❜✉t ♥♦t ❛t✱ s❡♥s✐t✐✈✐t② 1✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✼✳✹✳

❚❤❡ s❡♥s✐t✐✈✐t② ✐s 0 ❛t sin θ = 0 ❛♥❞ sin θ = 1✱ s✐♥❝❡ t❤♦s❡ ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❛❜s❡♥❝❡
♦❢ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣✳ ❆s ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✱ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ♠✐①✐♥❣✱
t❤❡ r❡♠❛✐♥✐♥❣ ♣♦rt❛❧ t❡r♠s ❞♦ ♥♦t ❣❡♥❡r❛t❡ ❛ ❝♦✉♣❧✐♥❣ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ❢❡r♠✐♦♥s t♦ ❙t❛♥❞❛r❞
▼♦❞❡❧ ♣❛rt✐❝❧❡s t❤❛t ❝❛♥ ❣✐✈❡ r✐s❡ t♦ s✐❣♥❛❧s s✉❝❤ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✹✳✻ ❛♥❞ ✹✳✼✳ ❚❤✉s t❤❡
s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥ ✈❛♥✐s❤❡s ❡①❛❝t❧②✱ ❛♥❞ t❤❡ s❡❛r❝❤ ✐s ♥♦t s❡♥s✐t✐✈❡ t♦ sin θ = 0 ❛♥❞ sin θ = 1✳

❚❤❡ s❡♥s✐t✐✈✐t② ✐s ✐♥ ❣❡♥❡r❛❧ ♥♦t ♠♦♥♦t♦♥♦✉s ✐♥ sin θ✱ ❛s ❋✐❣✉r❡s ✼✳✶✵ ❛♥❞ ✼✳✶✶ ❞❡♠♦♥str❛t❡✳
❋♦r ✐♥t❡r♠❡❞✐❛t❡ ✈❛❧✉❡s✱ sin θ ✐♥✢✉❡♥❝❡s t❤❡ ❝♦✉♣❧✐♥❣s ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛rs a ❛♥❞ A t♦ ❉❛r❦
▼❛tt❡r ❛♥❞ t♦ st❛♥❞❛r❞ ♠♦❞❡❧ ❢❡r♠✐♦♥s ❬✶❪✱ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦✉♣❧✐♥❣ str❡♥❣t❤ ♦❢ tr✐❧✐♥❡❛r s❝❛❧❛r
✈❡rt✐❝❡s s✉❝❤ ❛s gAah✱ ❣✐✈❡♥ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✻✮✳ ❇❡❝❛✉s❡ t❤❡s❡ ❝♦✉♣❧✐♥❣s ♦❝❝✉r ❞✐✛❡r❡♥t❧② ✐♥ t❤❡
✈❛r✐♦✉s ❞✐❛❣r❛♠s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✱ t❤❡ ❛♠♣❧✐t✉❞❡s ❤❛✈❡ ❞✐✛❡r❡♥t ❞❡♣❡♥❞❡♥❝✐❡s ♦♥ sin θ✳ ❚❤✐s
❧❡❛❞s t♦ t❤❡ ♥♦♥✲♠♦♥♦t♦♥♦✉s ❝r♦ss s❡❝t✐♦♥ ❞❡♣❡♥❞❡♥❝❡ ♦♥ sin θ ❞❡♠♦♥str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✹✱
✇❤❡r❡ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❤❛s ♠✉❧t✐♣❧❡ ♠❛①✐♠❛ ❛t ❞✐✛❡r❡♥t sin θ ✈❛❧✉❡s✳ ❚❤❡s❡ ♠✉❧t✐♣❧❡ ♠❛①✐♠❛
❛r❡ ❝❛rr✐❡❞ ♦✈❡r t♦ t❤❡ s❡♥s✐t✐✈✐t② ❝✉r✈❡✱ ❛s ❋✐❣✉r❡ ✼✳✶✶ ❞❡♠♦♥str❛t❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❝❤❛♥❣❡s
♦❢ sin θ ❝❤❛♥❣❡ t❤❡ ❢r❛❝t✐♦♥ ♦❢ r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✶✺✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ❝❤♦✐❝❡ ♦❢ sin θ str♦♥❣❧② ❛✛❡❝ts t❤❡ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡✱ ❛s ❋✐❣✉r❡ ✼✳✶✷ s❤♦✇s✱ ✇❤✐❝❤ ❢✉rt❤❡r
♠♦❞✐✜❡s t❤❡ s❡♥s✐t✐✈✐t② ❞❡♣❡♥❞❡♥❝❡ ♦♥ sin θ✳

❚❤❡ ♥✉♠❜❡r ❛♥❞ ❧♦❝❛t✐♦♥ ♦❢ ♠❛①✐♠❛ ❛♥❞ t✉r♥✐♥❣ ♣♦✐♥ts ✐♥ t❤❡ s❡♥s✐t✐✈✐t② ❞❡♣❡♥❞s ♦♥
t❤❡ ♣r❡❝✐s❡ ✐♥t❡r♣❧❛② ♦❢ t❤❡ ❝♦✉♣❧✐♥❣s✳ ❚❤❡ ❝♦✉♣❧✐♥❣s ❛❧s♦ ❞❡♣❡♥❞ ♦♥ ♠♦st ♦❢ t❤❡ ♦t❤❡r ♠♦❞❡❧
♣❛r❛♠❡t❡rs✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ t❤❡ ♠❛ss❡s ♦❢ ❛❧❧ ❍✐❣❣s ❜♦s♦♥s✳ ❚❤✐s ✐s ❞❡♠♦♥str❛t❡❞ ❜② t❤❡ ♠❛r❦❡❞❧②
❞✐✛❡r❡♥t sin θ ❞❡♣❡♥❞❡♥❝❡ ❡①❤✐❜✐t❡❞ ✐♥ t❤❡ ❧♦✇ ♠❛ss sin θ s❝❛♥ ✐♥ ❋✐❣✉r❡ ✼✳✶✵✱ ❝♦♠♣❛r❡❞ t♦
t❤❡ ❤✐❣❤✲♠❛ss s❝❛♥ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✶✶✳ ❚❤❡ t✇♦ ♠❛ss ♣♦✐♥ts ❛r❡ ❝❤♦s❡♥ s♣❡❝✐✜❝❛❧❧② t♦
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nominal

σ 1 ±

❋✐❣✉r❡ ✼✳✶✵✿ ❙✉♠ ♦✈❡r ❛❧❧ Emiss
T ✲❜✐♥s ♦❢ t❤❡ ❡st✐♠❛t❡❞ s✐❣♥❛❧ s❡♥s✐t✐✈✐t② t♦ h→ bb+Emiss

T ❡✈❡♥ts
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣ ♣❛r❛♠❡t❡r sin θ✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✷✱
❛♥❞ ✐ts ✉♥❝❡rt❛✐♥t② ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪ ❛♥❞
t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ❞❡s❝r✐❜❡❞ t❤❡r❡✐♥✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s Ma = 200
●❡❱,MH =MH± =MA = 600 ●❡❱✱ Mχ = 10 ●❡❱, tan β = 1, ❛♥❞ λP1 = λP2 = λ3 = 3✳
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σ 1 ±

❋✐❣✉r❡ ✼✳✶✶✿ ❙✉♠ ♦✈❡r ❛❧❧ Emiss
T ✲❜✐♥s ♦❢ t❤❡ ❡st✐♠❛t❡❞ s✐❣♥❛❧ s❡♥s✐t✐✈✐t② t♦ h → bb + Emiss

T

❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠✐①✐♥❣ ♣❛r❛♠❡t❡r sin θ✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥
❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ❛♥❞ ✐ts t❤❡ ✉♥❝❡rt❛✐♥t② ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡
❢r♦♠ ❘❡❢✳ ❬✷❪ ❛♥❞ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ❞❡s❝r✐❜❡❞ t❤❡r❡✐♥✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡
✈❛❧✉❡s Ma = 350 ●❡❱,MH = MH± = MA = 1000 ●❡❱✱ Mχ = 10 ●❡❱, tan β = 1, ❛♥❞
λP1 = λP2 = λ3 = 3✳
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❋✐❣✉r❡ ✼✳✶✷✿ ❙✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ sin θ ✐♥ t❤❡ ❧♦✇✲♠❛ss sin θ
s❝❛♥ ✇✐t❤ Ma = 200 ●❡❱,MH = MH± = MA = 600 ●❡❱✱ s❤♦✇♥ ✐♥ ✭❛✮✱ ❛♥❞ ✐♥ t❤❡ ❤✐❣❤✲♠❛ss
sin θ s❝❛♥ ✇✐t❤ Ma = 350 ●❡❱,MH =MH± =MA = 1000 ●❡❱✱ s❤♦✇♥ ✐♥ ✭❜✮✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡
× ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✸✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs t❛❦❡ t❤❡ ✈❛❧✉❡s
Mχ = 10 ●❡❱, tan β = 1, ❛♥❞ λP1 = λP2 = λ3 = 3✳

❚❛❜❧❡ ✼✳✹✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts ❣❡♥❡r❛t❡❞ ❢♦r t❤❡ ❧♦✇✲♠❛ss sin θ s❝❛♥✳

sin θ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts✴✶✵✵✵
✵✳✶ ✷✺
✵✳✷ ✷✺
✵✳✺ ✷✺
✵✳✽ ✷✺
✵✳✾ ✺✵
✵✳✾✺ ✺✵

❞❡♠♦♥str❛t❡ t❤❡s❡ ❞✐✛❡r❡♥❝❡s ✐♥ ❞❡♣❡♥❞❡♥❝❡ ❞✉❡ t♦ ❞✐✛❡r❡♥tMa ❛♥❞MA✳ ❋♦r t❤❡ ♠♦❞❡❧s ✐♥ t❤❡
❧♦✇ ♠❛ss s❝❛♥ ❛tMA = 600GeV,Ma = 200GeV < 2mt ≈ 345GeV✱ A→ tt̄ ✐s ❛♥ ❛❧❧♦✇❡❞ ❞❡❝❛②✱
❜✉t a → tt̄ ✐s ❦✐♥❡♠❛t✐❝❛❧❧② ❢♦r❜✐❞❞❡♥✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ✇✐❞t❤ ♦❢ a s❝❛❧❡s ❛s Γa→χχ̄ ∝ cos2 θ
❬✶❪✱ ❜✉t ΓA ❤❛s ♠❛♥② ❝♦♥tr✐❜✉t✐♦♥s✱ ✐♥❝❧✉❞✐♥❣ ΓA→tt̄ ∝ cos2 θ ❛♥❞ ΓA→χχ̄ ∝ sin2 θ ❬✶❪✳ ❚❤✐s ✐s
❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❤✐❣❤ ♠❛ss s❝❛♥ ❛tMA = 1000GeV,Ma = 350GeV > 2mt ≈ 345GeV✱ ✇❤❡r❡
Γa ❣❛✐♥s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ Γa→tt̄ ∝ sin2 θ✳ ❚❤✉s✱ ♥❡✐t❤❡r t❤❡ ❝r♦ss s❡❝t✐♦♥ ♥♦r
t❤❡ ❛❝❝❡♣t❛♥❝❡ ❤❛✈❡ t❤❡ s❛♠❡ sin θ ❞❡♣❡♥❞❡♥❝❡✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ t✉♥✐♥❣ t❤❡ sin θ ♦❢ ❛ ♣❛r❛♠❡t❡r s❝❛♥ t♦ t❤❡ s❡♥s✐t✐✈✐t② ✐♥ ❛ s✐♥❣❧❡ ♣♦✐♥t ❝❛♥
❧❡❛❞ t♦ s✉❜✲♦♣t✐♠❛❧ s❡♥s✐t✐✈✐t② ✐♥ ♦t❤❡r ♣♦✐♥ts✳ ❚❤✐s ✐s ❞❡♠♦♥str❛t❡❞ ✐♥ t❤❡ t✇♦ ❞❡❞✐❝❛t❡❞
s❝❛♥s ♦❢ sin θ ❛t t✇♦ ❞✐✛❡r❡♥t (Ma,MA) ♣♦✐♥ts✳ ❚❤❡ sin θ s❝❛♥s t❤✉s ♣r♦✈✐❞❡ ❝♦♥t❡①t ❢♦r
t❤❡ ❝❤♦✐❝❡ ♦❢ sin θ = 0.35 ✐♥ t❤❡ ♦t❤❡r s❝❛♥s✱ ✇❤✐❝❤ ❞♦❡s ❧❡❛❞ t♦ s✉✣❝✐❡♥t s❡♥s✐t✐✈✐t✐❡s ❢♦r
♠❛♥② ♠♦❞❡❧s ✐♥ t❤❡s❡ s❝❛♥s✳ ❍♦✇❡✈❡r✱ ❛s st❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✷✱ t❤❡ ♦✈❡rr✐❞✐♥❣ ♠♦t✐✈❛t✐♦♥ ❢♦r
❝❤♦♦s✐♥❣ sin θ = 0.35 ✐s t❤❛t ✇✐t❤ t❤✐s ❝❤♦✐❝❡✱ t❤❡ s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ❝❛♥ ❜❡ s❡♥s✐t✐✈❡❧② ❝❤❛♥❣❡❞
❜② ✈❛r②✐♥❣ MA ❛♥❞ Ma✱ ❜❡❝❛✉s❡ sin θ = 0.35 ②✐❡❧❞s ❛ ♣r♦♥♦✉♥❝❡❞ ❏❛❝♦❜✐❛♥ ♣❡❛❦✳ ❚❤✐s ❡✛❡❝t
♦♥ t❤❡ r❡❧❛t✐✈❡ ②✐❡❧❞ ♦❢ r❡s♦♥❛♥t ✈s✳ ♥♦♥✲r❡s♦♥❛♥t ♣r♦❝❡ss❡s✱ ✇❤✐❝❤ ♠❛♥② ♠♦❞❡❧ ♣❛r❛♠❡t❡rs
❤❛✈❡✱ ✐s ❛❧s♦ ❞❡♠♦♥str❛t❡❞ ❜② t❤❡ s❝❛♥s ♦❢ sin θ✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✶✺ ❛♥❞ ✼✳✶✷✳

❚❤❡ ♣❛r❛♠❡t❡r ♣♦✐♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s❝❛♥s ♦❢ sin θ s✐♠✉❧❛t❡❞ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧✱ ❝❤♦s❡♥
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❚❛❜❧❡ ✼✳✺✿ ◆✉♠❜❡r ♦❢ ❡✈❡♥ts ❣❡♥❡r❛t❡❞ ❢♦r t❤❡ ❤✐❣❤✲♠❛ss sin θ s❝❛♥✳
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❜❛s❡❞ ♦♥ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡s ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡s ✼✳✶✵ ❛♥❞ ✼✳✶✶✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢
s✐♠✉❧❛t❡❞ ❡✈❡♥ts ❣❡♥❡r❛t❡❞ ❢♦r t❤❡s❡ ♣♦✐♥ts✱ ❝❤♦s❡♥ ❜❛s❡❞ ♦♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✼✳✶✷✱ ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡s ✼✳✹ ❛♥❞ ✼✳✺✳

✼✳✻✳✷ Mχ ❙❝❛♥

❚❤❡ s❡♥s✐t✐✈✐t② t♦ ♠♦❞❡❧s ✇✐t❤ ✈❛r②✐♥❣ Mχ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✶✸✳ ■t ❞❡♣❡♥❞s ♠♦st str♦♥❣❧②
♦♥ t❤❡ ♠❛ss ❤✐❡r❛r❝❤② ♦❢ a ❛♥❞ χ✱ ✐✳❡✳ t❤❡ s✐③❡ ♦❢ Ma ❝♦♠♣❛r❡❞ t♦ t❤❡ a → χχ̄ t❤r❡s❤♦❧❞ ❛t
2Mχ✳

❆❜♦✈❡ t❤r❡s❤♦❧❞✱ ✇❤❡r❡ Mχ < Ma/2✱ t❤❡ s❡♥s✐t✐✈✐t② st❛②s ❝♦♥st❛♥t✳ ❚❤✐s ❝♦♥st❛♥t s❡♥s✐✲
t✐✈✐t② r❡s✉❧ts ❢r♦♠ t❤❡ ✐♥✈❛r✐❛♥t s✐❣♥❛❧ Emiss

T s❤❛♣❡ ❛♥❞ ❝♦♥st❛♥t s✐❣♥❛❧ ❝r♦ss✲ s❡❝t✐♦♥ ✐♥ t❤✐s
r❡❣✐♠❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✻✳✷✷✭❛✮ ❛♥❞ ✻✳✷✸✱ r❡s♣❡❝t✐✈❡❧②✳

❆t t❤r❡s❤♦❧❞✱ ✇❤❡r❡ Mχ = Ma✱ t❤❡ s❡♥s✐t✐✈✐t② ✐s ❡♥❤❛♥❝❡❞ ❜❡❝❛✉s❡ t❤❡ ♣❛rt✐❛❧ ✇✐❞t❤ ♦❢
t❤❡ ❞❡❝❛② a → χχ̄ ✐s r❡s♦♥❛♥t❧② ❡♥❤❛♥❝❡❞✱ ✐♥❝r❡❛s✐♥❣ t❤❡ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡
♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ✐s ♥♦t ❡①♣❡❝t❡❞ t♦ ♣r❡❞✐❝t t❤❡ ❝♦rr❡❝t s✐③❡ ♦❢ t❤❡ ❡♥❤❛♥❝❡♠❡♥t✱ s✐♥❝❡ ✐t
❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♠♦♠❡♥t✉♠ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ✇✐❞t❤ ♦❢ t❤❡ a ♣♦❧❡ ❬✶✷✸❪✱
❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✽✳

❇❡❧♦✇ t❤r❡s❤♦❧❞✱ ✇❤❡r❡ Mχ > Ma/2✱ t❤❡ s❡♥s✐t✐✈✐t② ❞r♦♣s r❛♣✐❞❧②✱ ❜❡❝❛✉s❡ Mχ > Ma/2
r❡q✉✐r❡s ❛ ✈✐rt✉❛❧ a⋆ → χχ̄ ❞❡❝❛② ✐♥ t❤❡ s✐❣♥❛❧ ❡✈❡♥t✳ ❚❤❡ r❛t❡ ♦❢ t❤✐s ✈✐rt✉❛❧ a ❞❡❝❛② ✐s str♦♥❣❧②
s✉♣♣r❡ss❡❞ ❜② t❤❡ t②♣✐❝❛❧❧② ♥❛rr♦✇ ✇✐❞t❤ ♦❢ a✳ ❚❤❡ ✇✐❞t❤ ♦❢ a ✐s r❡❞✉❝❡❞ ❡✈❡♥ ❢✉rt❤❡r ♦♥❝❡
a→ χχ̄ ✐s ❦✐♥❡♠❛t✐❝❛❧❧② ✐♥❛❝❝❡ss✐❜❧❡✱ ❛s Γa→χχ̄ ✐s ❛ ❧❛r❣❡ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ a ❢♦r
Mχ ≤ Ma/2 ✐♥ ❣❡♥❡r❛❧ ❬✶❪✳ ■♥ ❢❛❝t✱ Γa→χχ̄ ✐s t❤❡ ♦♥❧② r❡❧❡✈❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ Γa ✐❢ Ma < 2mt

❛♥❞ tan β ✐s s♠❛❧❧ ✭O(1)✮ ❛s ✐t ✐s t❤❡ ❝❛s❡ ❤❡r❡✳ ❚❤❡r❡ ✐s ❛ s❧✐❣❤t ❜✉♠♣ ✐♥ s❡♥s✐t✐✈✐t② ❢♦r
Mχ ≈ MA/2✱ ✇❤❡♥ t❤❡ A → χχ̄ ❞❡❝❛② ❤✐ts ✐ts t❤r❡s❤♦❧❞✱ ❜✉t t❤❡ ❛❜s♦❧✉t❡ s❡♥s✐t✐✈✐t② r❡♠❛✐♥s
♥❡❣❧✐❣✐❜❧❡✱ ❛s ✐t ✐s ❡✈❡r②✇❤❡r❡ ❜❡❧♦✇ t❤❡ a→ χχ̄ t❤r❡s❤♦❧❞✳

❚❤❡ s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ t♦ t❤❡ Mχ s❝❛♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳✶✹✳ ■t ✐s ❛❧♠♦st ✢❛t ❛❜♦✈❡
t❤r❡s❤♦❧❞✱ ✇✐t❤ r❡s✐❞✉❛❧ ✢✉❝t✉❛t✐♦♥s ❞✉❡ t♦ t❤❡ ❜✐♥s ✇✐t❤ t❤❡ ❤✐❣❤❡st A× ǫ ❜❡✐♥❣ ♣♦♣✉❧❛t❡❞
♠♦st s♣❛rs❡❧②✳ ❆t t❤r❡s❤♦❧❞ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❝❤❛♥❣❡s r❛♣✐❞❧②✱ ❝❛✉s❡❞ ❜② t❤❡ Emiss

T s❤❛♣❡ ❛t
t❤r❡s❤♦❧❞ ❜❡✐♥❣ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t t♦ t❤❛t ❥✉st ❛❜♦✈❡ ♦r ❜❡❧♦✇ t❤r❡s❤♦❧❞✳ ❆s ❞✐s❝✉ss❡❞
❛❜♦✈❡✱ t❤❡ ▼❈ ♠♦❞❡❧❧✐♥❣ ✐s ❡①♣❡❝t❡❞ t♦ ❢❛✐❧ ❝❧♦s❡ t♦ t❤r❡s❤♦❧❞✱ t❤✉s ✐t ✐s ✉♥❝❧❡❛r t♦ ✇❤❛t
❡①t❡♥t t❤✐s ❜❡❤❛✈✐♦r ♠❛t❝❤❡s t❤❡ ❝♦rr❡❝t t❤r❡s❤♦❧❞ ❡♥❤❛♥❝❡♠❡♥t✳ ❇❡❧♦✇ t❤r❡s❤♦❧❞✱ ❝♦♥t✐♥✉♦✉s
❝❤❛♥❣❡s ✐♥ t❤❡ Emiss

T s♣❡❝tr✉♠✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳✷✷✭❜✮✱ ❧❡❛❞ t♦ ❛ ❝♦♥t✐♥✉♦✉s❧② ❝❤❛♥❣✐♥❣
s✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡✳

❚❤❡ ❡✈❡♥t ♥✉♠❜❡rs ✐♥ t❤❡ s❛♠♣❧❡s s✐♠✉❧❛t❡❞ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧ ❢♦r t❤❡ Mχ s❝❛♥✱ t❤❛t ❛r❡
❝❤♦s❡♥ ❜❛s❡❞ ♦♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡s ✐♥ ❋✐❣✉r❡ ✼✳✶✹✱ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✼✳✻✳ ❚❤❡ ♣♦✐♥ts
✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s❝❛♥ ❛r❡ ❝❤♦s❡♥ ❜❛s❡❞ ♦♥ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ❢r♦♠ ❋✐❣✉r❡ ✼✳✶✸✱ ✇✐t❤ t❤❡ ❛✐♠
♦❢ ❞❡♠♦♥str❛t✐♥❣ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ❛❜♦✈❡✱ ❛t✱ ❛♥❞ ❜❡❧♦✇ t❤❡ a → χχ̄ t❤r❡s❤♦❧❞✳
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❋✐❣✉r❡ ✼✳✶✸✿ ❙✉♠ ♦✈❡r ❛❧❧ Emiss
T ✲❜✐♥s ♦❢ t❤❡ ❡st✐♠❛t❡❞ s✐❣♥❛❧ s❡♥s✐t✐✈✐t② t♦ h → bb + Emiss

T

❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♠❛ss Mχ✳ ❚❤❡ s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✳✷✱ ❛♥❞
✐ts ✉♥❝❡rt❛✐♥t② ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✷❪ ❛♥❞
t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ❞❡s❝r✐❜❡❞ t❤❡r❡✐♥✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s Ma = 250
●❡❱,MH =MH± =MA = 600 ●❡❱✱ sin θ = 0.35, tan β = 1, ❛♥❞ λP1 = λP2 = λ3 = 3✳
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❋✐❣✉r❡ ✼✳✶✹✿ ❊st✐♠❛t❡❞ ❛❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ✐♥ t❤❡ Emiss
T ❜✐♥s ♦❢ t❤❡ r❡s♦❧✈❡❞

r❡❣✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♠❛ss Mχ✳ ❚❤❡ ❛❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐s
❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✸✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s Ma = 250 ●❡❱,MH =
MH± =MA = 600 ●❡❱✱ sin θ = 0.35, tan β = 1, ❛♥❞ λP1 = λP2 = λ3 = 3
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❆s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✷✱ t❤✐s ❞❡♠♦♥str❛t❡s t♦ ✇❤✐❝❤ ❡①t❡♥t ❛ ❝♦❧❧✐❞❡r ❧✐♠✐t s❡t ❢♦r ❛ ❧♦✇
❉❛r❦ ▼❛tt❡r ♠❛ss ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ♠♦❞❡❧s ✇✐t❤ ❤✐❣❤❡r ❉❛r❦ ▼❛tt❡r ♠❛ss t❤❛t r❡♣r♦❞✉❝❡
t❤❡ ♦❜s❡r✈❡❞ ❉❛r❦ ▼❛tt❡r r❡❧✐❝ ❞❡♥s✐t②✳ ❋♦r t❤❡ ♠♦❞❡❧s st✉❞✐❡❞ ❤❡r❡✱ t❤❡ ❝♦❧❧✐❞❡r ❧✐♠✐t ❞❡r✐✈❡❞
❢♦r Mχ = 10GeV ❛♣♣❧✐❡s t♦ ❛♥② ♠♦❞❡❧ ✇❤❡r❡ t❤❡ a → χχ̄ ❞❡❝❛② ✐s ❦✐♥❡♠❛t✐❝❛❧❧② ❛❧❧♦✇❡❞✱
✐✳❡✳ ❢♦r ❛♥② Mχ < Ma/2✱ ✇❤✐❝❤ t②♣✐❝❛❧❧② ✐♥❝❧✉❞❡s ❛ ♠♦❞❡❧ ✇❤❡r❡ t❤❡ ♦❜s❡r✈❡❞ r❡❧✐❝ ❞❡♥s✐t② ✐s
r❡♣r♦❞✉❝❡❞ ❬✶✵✾✱ ✶✵✽❪✳

✼✳✼ ❙✉♠♠❛r②

■♥ t❤✐s ❈❤❛♣t❡r✱ ❛ s❝❛♥ ♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♦❢ t❤❡ ✷❍❉▼+a ✐s ♣❡r❢♦r♠❡❞✳ ❇❛s❡❞ ♦♥
t❤❡ ♣❛r❛♠❡t❡r st✉❞✐❡s ♦❢ ❈❤❛♣t❡r ✻✱ t❤❡ s❝❛♥ ❝♦♥s✐sts ♦❢ t✇♦ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ s❝❛♥s ✐♥ t❤❡
Ma,MA ❛♥❞ Ma, tan β ♣❧❛♥❡s ♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡✱ ❛s ✇❡❧❧ ❛s ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ s❝❛♥s ✐♥ Mχ

❛♥❞ sin θ✳ ❚❤❡ s❝❛♥ ♦❢ t❤❡ Ma,MA ♣❧❛♥❡ ✐s ❞♦♥❡ t♦ ♦❜t❛✐♥ ♠♦❞❡❧s ✇✐t❤ ❛ ❧❛r❣❡ ✈❛r✐❡t② ♦❢
❦✐♥❡♠❛t✐❝ s✐❣♥❛t✉r❡s✳ ❚❤❡ r❡♠❛✐♥✐♥❣ s❝❛♥s ❛r❡ ✐♥❝❧✉❞❡❞ t♦ ❞❡♠♦♥str❛t❡ s♣❡❝✐✜❝ ❛s♣❡❝ts ♦❢ ❤♦✇
t❤❡ s❝❛♥♥❡❞ ♣❛r❛♠❡t❡rs ❛✛❡❝t t❤❡ ❝♦❧❧✐❞❡r ♣❤❡♥♦♠❡♥♦❧♦❣② ❛♥❞ ✐ts ✐♥t❡r♣r❡t❛t✐♦♥✳

❇❛s❡❞ ♦♥ ❢❛st ♣❛rt♦♥ ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥s✱ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ t♦ t❤❡ ♠♦❞❡❧s ❛♥❞ t❤❡
❛❝❝❡♣t❛♥❝❡ ♦❢ t❤❡ ♣r❡❞✐❝t❡❞ s✐❣♥❛❧ ✐♥ t❤❡ s❡❛r❝❤ ❛r❡ ❡st✐♠❛t❡❞ ✐♥ t❤❡s❡ s❝❛♥s✳ ❯s✐♥❣ t❤❡s❡
s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡s✱ ❛ ❜❡♥❝❤♠❛r❦ s❡t ♦❢ ♣♦✐♥ts ✐♥ t❤❡ s❝❛♥♥❡❞ ❞✐♠❡♥s✐♦♥s ✐s ❝❤♦s❡♥✳ ❚❤✐s
❜❡♥❝❤♠❛r❦ s❡t ♦❢ ♣♦✐♥ts ✐s st✉❞✐❡❞ ✐♥ ❛ s❡♣❛r❛t❡ ❞❡t❡❝t♦r✲❧❡✈❡❧ s❡❛r❝❤ ✱ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✽✳
❚❤❡s❡ ♣♦✐♥ts ❛r❡ ❝❤♦s❡♥ s✉❝❤ t❤❛t t❤❡ s❝❛♥s ❝♦✈❡r t❤❡ r❡❣✐♦♥ ✇❤❡r❡ t❤❡ ❡①❝❧✉s✐♦♥ ❝♦♥t♦✉r ♦❢
t❤❡ ❞❡t❡❝t♦r✲❧❡✈❡❧ s❡❛r❝❤ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡✳ ❚❤❡♥ t❤❡ ❛❝❝❡♣t❛♥❝❡ ❡st✐♠❛t❡ ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡
t❤❡ ❛♣♣r♦♣r✐❛t❡ ♥✉♠❜❡r ♦❢ ▼❈ ❡✈❡♥ts t♦ ❣❡♥❡r❛t❡ ❛t t❤❡ ❝❤♦s❡♥ ♣❛r❛♠❡t❡r ♣♦✐♥ts✳ ❚❤❡ ✜♥❛❧
s❡t ♦❢ ♣♦✐♥ts ❝♦♥s✐sts ♦❢ ✶✵✺ s❛♠♣❧❡s✱ ✇✐t❤ ✶ ✹✾✵ ✵✵✵ ❡✈❡♥ts✳ ❖❢ t❤❡s❡ ✷✶ s❛♠♣❧❡s ❛♥❞ ✹✵✺ ✵✵✵
❡✈❡♥ts ✉s❡ t❤❡ ❢✉❧❧ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥✱ t❤❡ r❡♠❛✐♥❞❡r ✉s❡ t❤❡ ❢❛st❡r ❆❚▲❋❆❙❚✲■■ ♠❡t❤♦❞✳
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❈❤❛♣t❡r ✽

▲✐♠✐ts ❖❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❋✉❧❧ ❆♥❛❧②s✐s

❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s❡❛r❝❤ ❢♦r t❤❡ ✷❍❉▼+a ✐♥ t❤❡ h(bb̄)+Emiss
T s✐❣♥❛t✉r❡✳

❚❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s❡❛r❝❤ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❛s ❛♥ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❧❛t❡st h(bb̄)+Emiss
T ❛♥❛❧②s✐s✱

✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✸✱ ✉s✐♥❣ ❛ s❡t ♦❢ ❞❡t❡❝t♦r ❧❡✈❡❧ ▼❈ s✐❣♥❛❧ s❛♠♣❧❡s ❢♦r t❤❡
♠♦❞❡❧s ❞❡❝✐❞❡❞ ✉♣♦♥ ✐♥ ❈❤❛♣t❡r ✼✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞
✐♥ ❙❡❝t✐♦♥ ✽✳✶✳ ❚❤❡ ❡①❝❧✉s✐♦♥ ✐♥t❡r✈❛❧s r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ❛r❡ ♣r❡s❡♥t❡❞ ❛♥❞
❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✽✳✷✳

✽✳✶ ❉❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❉❡t❡❝t♦r ▲❡✈❡❧ ■♥t❡r♣r❡t❛t✐♦♥

❚❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ ✷❍❉▼+a s❡❛r❝❤ ✐s ❛♥ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ h(bb̄)+Emiss
T ❛♥❛❧②s✐s ✐♥ ❘❡❢✳ ❬✷❪❀

t❤❡② ✉s❡ t❤❡ ❡①❛❝t s❛♠❡ ❜❛❝❦❣r♦✉♥❞ ❡st✐♠❛t❡✱ s❡❧❡❝t✐♦♥ ❝✉ts✱ s✐❣♥❛❧ ❛♥❞ ❝♦♥tr♦❧ r❡❣✐♦♥s✱ ✜t
str❛t❡❣②✱ ❛♥❞ ✐♥♣✉t ❞❛t❛ s❛♠♣❧❡s✳ ❚❤❡s❡ ❛r❡ s✉♠♠❛r✐③❡ ✐♥ ❈❤❛♣t❡r ✸✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ t♦
t❤❡ ❡①✐st✐♥❣ ❛♥❛❧②s✐s ❛r❡ t❤❡ ▼❈ s❛♠♣❧❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s✐❣♥❛❧ ❤②♣♦t❤❡s✐s✳ ■♥st❡❛❞ ♦❢
t❤❡ Z ′✲✷❍❉▼ s❛♠♣❧❡s ✉s❡❞ ✐♥ ❘❡❢✳ ❬✷❪✱ ❛ s❡t ♦❢ ✷❍❉▼+a s✐❣♥❛❧ s❛♠♣❧❡s ✐s ♣r♦❞✉❝❡❞ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ s♣❡❝✐✜❝❛t✐♦♥s ❞❡r✐✈❡❞ ❛♥❞ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ ✉s✐♥❣ t❤❡ st❛♥❞❛r❞ ❆❚▲❆❙ s✐♠✉❧❛t✐♦♥
t♦♦❧s ❬✽✶❪✳ ❚❤❡s❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s✐❣♥❛❧ s❛♠♣❧❡s ❛r❡ t❤❡ ✐♥♣✉ts ✉s❡❞ ✐♥ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥✳

❚❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ t❤❡ ❘❡❝❛st ❬✶✷✻❪ ❢r❛♠❡✇♦r❦✳ ❚❤❡ h(bb̄) + Emiss
T

s❡❛r❝❤ ❛s ♣✉❜❧✐s❤❡❞ ✐♥ ❘❡❢✳ ❬✷❪ ❤❛s ♣r❡✈✐♦✉s❧② ❜❡❡♥ ✐♥t❡❣r❛t❡❞ ✐♥t♦ ❘❡❝❛st ✉s✐♥❣ t❤❡ ②❛❞❛❣❡

♣②t❤♦♥ ♣❛❝❦❛❣❡ ❬✶✷✼✱ ✶✷✻❪✳ ❚❤✐s ❢r❛♠❡✇♦r❦ ✉s❡s ❞♦❝❦❡r ✐♠❛❣❡s✳ ❉♦❝❦❡r ✐s ❛ ❢r❡❡❧② ❞✐str✐❜✉t❡❞✱
✐♥❞✉str② st❛♥❞❛r❞ t♦♦❧ ❝♦♠❜✐♥✐♥❣ ✜❧❡s✱ ✜❧❡ s②st❡♠s✱ ❡♥✈✐r♦♥♠❡♥t ✈❛r✐❛❜❧❡s✱ ❞❡♣❡♥❞❡♥❝✐❡s✱ s❡t✉♣
s❝r✐♣ts ❡t❝✳ ✐♥t♦ ♦♥❡ ♦❜❥❡❝t✱ ❝❛❧❧❡❞ ❛ ❞♦❝❦❡r ✐♠❛❣❡✱ t❤❛t ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ❛♥❞ r✉♥ ♦♥ ❛♥② s②st❡♠
r✉♥♥✐♥❣ ❛ ❞♦❝❦❡r ❞❛❡♠♦♥ ❬✶✷✽❪✳ ❙✉❝❤ ❞♦❝❦❡r ✐♠❛❣❡s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ❘❡❝❛st h(bb̄) + Emiss

T

❛♥❛❧②s✐s ♣r❡s❡r✈❛t✐♦♥ t♦ st♦r❡ t❤❡ st❛t✉s ♦❢ t❤❡ ✇♦r❦s♣❛❝❡✱ t❤❡ ❛♥❛❧②s✐s ❝♦❞❡✱ ❛♥❞ ❛❧❧ t♦♦❧s✱
❞❡♣❡♥❞❡♥❝✐❡s✱ ❛♥❞ ✜①❡❞ ✐♥♣✉ts ✭❡✳❣✳ ❝❛❧✐❜r❛t✐♦♥ ✜❧❡s✮✳ ❚❤❡ ♦♥❧② ❡①❝❡♣t✐♦♥ ❛r❡ t❤❡ ✐♥♣✉t ❞❛t❛
❛♥❞ t❤❡ s✐♠✉❧❛t❡❞ ❞❛t❛ ❢♦r s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞✱ ✇❤✐❝❤ ❛r❡ st♦r❡❞ ♦♥ t❤❡ ❈❊❘◆ ❡♦s ✜❧❡
st♦r❛❣❡ s②st❡♠✳ ❚❤❡ ❛♥❛❧②s✐s ✇♦r❦✢♦✇ ✐s ❞❡s❝r✐❜❡❞ ❛s ❡①♣❧✐❝✐t ✏✇♦r❦✢♦✇ ♠❛♥✐❢❡sts✑ ✐♥ ❛ s❡t ♦❢
❨❆▼▲ ✜❧❡s✳

❚❤❡ ❘❡❝❛st ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ h(bb̄) + Emiss
T ❛♥❛❧②s✐s ❛ss✉♠❡s t❤❛t ❛❧❧ ✐♥♣✉t s✐❣♥❛❧

▼❈ s❛♠♣❧❡s ❛r❡ ♣r♦❞✉❝❡❞ ✉s✐♥❣ t❤❡ ❢✉❧❧ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥ ❬✽✶✱ ✶✷✵❪ ♦❢ t❤❡ ❆❚▲❆❙ ❞❡t❡❝t♦r✳
❍♦✇❡✈❡r✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✹✱ ♠♦st ♦❢ t❤❡ s✐❣♥❛❧ ▼❈ s❛♠♣❧❡s ✉s❡❞ ❢♦r t❤❡ ✷❍❉▼+a
✐♥t❡r♣r❡t❛t✐♦♥ ❛r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❢❛st❡r ❆❚▲❋❆❙❚✲■■ ❬✽✶❪ ♠❡t❤♦❞✳ ■♥ ❆❚▲❋❆❙❚✲■■✱ ✐♥✲
t❡r❛❝t✐♥❣ ♣❛rt✐❝❧❡s ✭❡✳❣✳ ❤❛❞r♦♥s✮ ❡♥t❡r✐♥❣ t❤❡ ❝❛❧♦r✐♠❡t❡r ❛r❡ s✐♠✉❧❛t❡❞ ❜② st♦r❡❞ s❤♦✇❡r
t❡♠♣❧❛t❡s ❬✽✶❪✱ ✇❤❡r❡❜② t❤❡ s✉❜str✉❝t✉r❡ ♦❢ t❤❡ ❥❡t ✐s ♠✐s♠♦❞❡❧❧❡❞✳ ■♥ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡✱
✇✐t❤ Emiss

T < 0.5TeV✱ ♥♦ ❥❡t s✉❜str✉❝t✉r❡ ♦❜s❡r✈❛❜❧❡s ❛r❡ ✉s❡❞ ❬✷❪✱ ❛♥❞ t❤✉s t❤❡ s✐♠✉❧❛t✐♦♥
✇✐t❤ ❆❚▲❋❆❙❚✲■■ ✐s s✉✣❝✐❡♥t✳ ❍♦✇❡✈❡r✱ ✐♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ ✇✐t❤ Emiss

T ≥ 0.5TeV✱ t❤❡ ❍✐❣❣s

✶✸✼



❝❛♥❞✐❞❛t❡ ♠❛ss ✐s r❡❝♦♥str✉❝t❡❞ ❛s t❤❡ ♠❛ss ♦❢ ❛ s✐♥❣❧❡ ❧❛r❣❡✲R ❥❡t✱ ✉s✐♥❣ tr❛❝❦ ✐♥❢♦r♠❛t✐♦♥
t♦ ✐♥❝r❡❛s❡ t❤❡ ♠❛ss r❡s♦❧✉t✐♦♥ ❬✷✱ ✽✽❪✳ ❚❤✉s✱ t❤❡ ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐♥ t❤❡ ♠❡r❣❡❞
r❡❣✐♠❡ ✐s ❛✛❡❝t❡❞ ❜② t❤❡ ❆❚▲❋❆❙❚✲■■ ♠✐s♠♦❞❡❧❧✐♥❣✳ ❚♦ ♠❛❦❡ s✉r❡ t❤❛t ♥♦ ❡✈❡♥ts ✐♥ t❤❡ ♠❡r✲
❣❡❞ r❡❣✐♠❡ ❛r❡ ✉s❡❞ ✐♥ t❤❡ s✐❣♥❛❧ s❛♠♣❧❡s s✐♠✉❧❛t❡❞ ✇✐t❤ ❆❚▲❋❆❙❚✲■■✱ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ✇✐t❤
t❤❡s❡ s❛♠♣❧❡s ❞r♦♣s ❛❧❧ ❡✈❡♥ts ✐♥ t❤❡ ♠❡r❣❡❞ r❡❣✐♠❡ ❢r♦♠ t❤❡ s✐❣♥❛❧ ▼❈ ✐♥♣✉ts✳ ❚❤✐s ✐s ❞♦♥❡
❜② ❝♦♥str✉❝t✐♥❣ ❛ ♠♦❞✐✜❡❞ ❘❡❝❛st ✇♦r❦✢♦✇✱ t❤❛t ✐s ✉s❡❞ ❢♦r ✐♥t❡r♣r❡t❛t✐♦♥ ✇✐t❤ ❆❚▲❋❆❙❚✲
■■ s❛♠♣❧❡s✳ ❚❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ✇✐t❤ t❤❡ ❢✉❧❧② s✐♠✉❧❛t❡❞ s❛♠♣❧❡s ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✼✳✷ ✉s❡s t❤❡
✉♥♠♦❞✐✜❡❞ ✇♦r❦✢♦✇ ✐♥st❡❛❞✳

❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❘❡❝❛st ❢r❛♠❡✇♦r❦ ❛r❡ ✉♣♣❡r ❧✐♠✐ts ♦♥ t❤❡ s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥✱ ❝♦r✲
r❡s♣♦♥❞✐♥❣ t♦ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ✜t ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✺✳ ❚❤❡ ✉♣♣❡r ❧✐♠✐ts ❛r❡ ❞❡r✐✈❡❞
✉s✐♥❣ t❤❡ CLs ♠❡t❤♦❞✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✽✳✶✳✶✳ ■♥ ♦r❞❡r t♦ ❛❧❧♦✇ str❛✐❣❤t❢♦r✇❛r❞
✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧ts✱ ❧✐♠✐ts ♦♥ t❤❡ s✐❣♥❛❧ str❡♥❣t❤ µ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s✿

µ =
σfit(h(bb̄) + Emiss

T )

σ2HDM+a(pp→ χ̄χh)× BRSM(h→ b̄b)
, ✭✽✳✶✮

✇❤❡r❡ σfit(h(bb̄) + Emiss
T ) ✐s t❤❡ ✜tt❡❞ ❝r♦ss s❡❝t✐♦♥✱ σ2HDM+a(pp → χ̄χh) ✐s t❤❡ s✐❣♥❛❧ ❝r♦ss

s❡❝t✐♦♥ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ✷❍❉▼+a✱ ❛♥❞ BRSM(h → b̄b) = 0.584 ❬✶✼❪ ✐s t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦
h → bb̄ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ❙▼✳ ❲✐t❤ µ ❞❡✜♥❡❞ ❛s ✐♥ ❊q✉❛t✐♦♥ ✭✽✳✶✮✱ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ✜t
r❡s✉❧ts ✐s str❛✐❣❤t❢♦r✇❛r❞✿ ❤②♣♦t❤❡s❡s ✇✐t❤ µ < 1 ❛r❡ ❡①❝❧✉❞❡❞ ❜❡❝❛✉s❡ t❤❡ s♠❛❧❧❡st s✐❣♥❛❧
②✐❡❧❞ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥ ✐s ❛❧r❡❛❞② s♠❛❧❧❡r t❤❛♥ ✇❤❛t t❤❡ ✷❍❉▼+a ♣r❡❞✐❝ts✳
❈♦♥✈❡rs❡❧②✱ ✈❛r✐❛♥ts ✇✐t❤ µ ≥ 1 ❛r❡ ♥♦t ❡①❝❧✉❞❡❞✱ s✐♥❝❡ t❤❡ s✐❣♥❛❧ ②✐❡❧❞ ♣r❡❞✐❝t❡❞ ❜② t❤❡
✷❍❉▼+a ❛♥❞ ❛❧❧ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞s ❞♦❡s ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r ❢r♦♠ t❤❡ ♦❜s❡r✈❡❞ ♥✉♠❜❡r
♦❢ ❡✈❡♥ts✳

✽✳✶✳✶ CLs ❊①❝❧✉s✐♦♥ ■♥t❡r✈❛❧s

❚❤❡ CLs ♠❡t❤♦❞ ❬✶✷✾✱ ✶✸✵❪✱ ♦r ♠♦❞✐✜❡❞ ❢r❡q✉❡♥t✐st ♠❡t❤♦❞✱ ✐s ❛ ✇❛② ♦❢ ❝❛❧❝✉❧❛t✐♥❣ ❡①❝❧✉s✐♦♥
❧✐♠✐ts t❤❛t ❜✉✐❧❞s ♦♥ t❤❡ ❝❧❛ss✐❝ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ❢r❡q✉❡♥t✐st ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❬✶✸✶❪✳

❆ ❝❧❛ss✐❝❛❧ ❢r❡q✉❡♥t✐st ❝♦♥✜❞❡♥❝❡ r❡❣✐♦♥ ✐s ❞❡✜♥❡❞ ❜② ✐ts ❝♦✈❡r❛❣❡ ♣r♦❜❛❜✐❧✐t②✳ ❚❤❛t ✐s✱ ❛
❝♦♥✜❞❡♥❝❡ r❡❣✐♦♥ ✐s ❛ ♣❛r❛♠❡t❡r r❡❣✐♦♥ ❝♦♥str✉❝t❡❞ s✉❝❤ t❤❛t ✐❢ ♦♥❡ r❡♣❡❛ts t❤❡ ♠❡❛s✉r❡♠❡♥t
♦❢t❡♥ ❡♥♦✉❣❤✱ t❤❡ ❢r❛❝t✐♦♥ ♦❢ t✐♠❡s t❤❛t t❤❡ ❝♦♥str✉❝t❡❞ r❡❣✐♦♥s ❝♦✈❡r t❤❡ tr✉❡ ✈❛❧✉❡ ✇✐❧❧
❡✈❡♥t✉❛❧❧② ❝♦♥✈❡r❣❡ t♦ t❤❡ ❝♦✈❡r❛❣❡ ♣r♦❜❛❜✐❧✐t② ❬✶✸✶❪✳ ■♥ ❛ ❧✐♠✐t s❡tt✐♥❣ ❝♦♥t❡①t✱ ❛ ❢r❡q✉❡♥t✐st
✉♣♣❡r ❧✐♠✐t ❛t ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ CL t❤❡♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✉♣♣❡r ❡❞❣❡ ♦❢ ❛ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧
✇✐t❤ ❛ 1− CL ❝♦✈❡r❛❣❡ ♣r♦❜❛❜✐❧✐t②✳

■♥ t❤❡ CLs ♠❡t❤♦❞✱ t❤❡ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❞❡✜♥✐t✐♦♥ ✐s ♠♦❞✐✜❡❞ s✉❝❤ t❤❛t ❡①❝❧✉s✐♦♥s
♦r ❞✐s❝♦✈❡r✐❡s ♦❢ ♠♦❞❡❧s t♦ ✇❤✐❝❤ t❤❡ s❡❛r❝❤ ✐s ♥♦t s❡♥s✐t✐✈❡ ❛r❡ s✉♣♣r❡ss❡❞ ❬✶✷✾❪✳ ❚❤✐s ❛✈♦✐❞s
✉♥✐♥t✉✐t✐✈❡✱ t❤♦✉❣❤ str✐❝t❧② ❝♦♥s✐st❡♥t ❢❡❛t✉r❡s ♦❢ t❤❡ ❝❧❛ss✐❝❛❧ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧✳ ❋♦r ❡①❛♠♣❧❡✱
❛ s❡❛r❝❤ ✇✐t❤ ❧❛r❣❡r ❜❛❝❦❣r♦✉♥❞s ❝❛♥ s❡t ❛ str♦♥❣❡r ❢r❡q✉❡♥t✐st ❧✐♠✐t t❤❛♥ ♦♥❡ ✇✐t❤ s♠❛❧❧❡r
❜❛❝❦❣r♦✉♥❞s✱ ✐❢ ❜♦t❤ ♦❜s❡r✈❡ ♥♦ ❡✈❡♥ts ❬✶✸✶✱ ✶✷✾❪✳

❚♦ ❛❝❤✐❡✈❡ t❤✐s✱ t❤❡ CLs ♠❡t❤♦❞ ✐♥tr♦❞✉❝❡s t❤❡ t✇♦ s♦ ❝❛❧❧❡❞ ✏❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧s✑ CLs+b

❛♥❞ CLb✳ ❇② ❝♦♥✈❡♥t✐♦♥✱ t❤❡ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧s ❛r❡ ❞❡✜♥❡❞ ✐♥ t❡r♠s ♦❢ ❛ t❡st st❛t✐st✐❝ Q t❤❛t
✐s ♠♦♥♦t♦♥♦✉s❧② ✐♥❝r❡❛s✐♥❣ ❢♦r ♠♦r❡ s✐❣♥❛❧✲❧✐❦❡ ♦❜s❡r✈❛t✐♦♥s ❛♥❞ ♠♦♥♦t♦♥♦✉s❧② ❞❡❝r❡❛s✐♥❣ ❢♦r
♠♦r❡ ❜❛❝❦❣r♦✉♥❞ ❧✐❦❡ ♦❜s❡r✈❛t✐♦♥s✳ ❚②♣✐❝❛❧❧②✱ Q ✐s ❛ r❛t✐♦ ♦❢ ❧✐❦❡❧✐❤♦♦❞s s✉❝❤ ❛s L(s+b)

L(sbest fit+b)

❬✶✸✵✱ ✾✸❪✳ ❚❤✐s ❝❤♦✐❝❡ ♠❛❦❡s Q t❤❡ ♦♣t✐♠❛❧❧② ♣♦✇❡r❢✉❧ t❡st st❛t✐st✐❝ ❣✐✈❡♥ t❤❡ ❧✐❦❡❧✐❤♦♦❞s✱ ❛s
s❤♦✇♥ ❜② ◆❡②♠❛♥ ❛♥❞ P❡❛rs♦♥ ✐♥ ❘❡❢✳ ❬✶✸✷❪✳ ❲✐t❤ s✉❝❤ ❛ Q✱ CLs+b(Q) = P (Q ≤ Qobs.|s+ b)
✐s t❤❡ s✐❣♥❛❧ ✰ ❜❛❝❦❣r♦✉♥❞ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧✱ ♠❡❛♥✐♥❣ t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t Q ✐s ❛t ❧❡❛st ❛s
s✐❣♥❛❧✲✉♥❧✐❦❡ ✭♦r ❜❛❝❦❣r♦✉♥❞✲❧✐❦❡✮ ❛s t❤❡ ♦❜s❡r✈❡❞ Qobs.✱ ❛ss✉♠✐♥❣ t❤❛t t❤❡r❡ ✐s s✐❣♥❛❧ ♦♥ t♦♣
♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❬✶✷✾❪✳ ❙✐♠✐❧❛r❧②✱ CLb(Q) = 1− P (Q ≤ Qobs.|b) ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t Q ✐s

✶✸✽



x

0 0.2 0.4 0.6 0.8

µ

0.95

1

1.05

1.1

1.15

1.2

observed

expected median

σ 1 ±expected 

σ 2 ±expected 

❋✐❣✉r❡ ✽✳✶✿ ●❡♥❡r✐❝ ❡①❛♠♣❧❡ ♦❢ ❛ CLs ❧✐♠✐t ♣❧♦t✱ ✐❧❧✉str❛t✐♥❣ t❤❡ ♦❜s❡r✈❡❞ ❛♥❞ ❡①♣❡❝t❡❞ ✉♣♣❡r
❧✐♠✐ts ♦♥ t❤❡ ♦❜s❡r✈❛❜❧❡ µ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡r x✳

❛s ❧❡❛st ❛s ❜❛❝❦❣r♦✉♥❞✲✉♥❧✐❦❡ ❛s t❤❡ ♦❜s❡r✈❡❞ Qobs.✱ ❛ss✉♠✐♥❣ t❤❛t t❤❡r❡ ✐s ♦♥❧② ❜❛❝❦❣r♦✉♥❞
❬✶✷✾❪✳

❲✐t❤ t❤❡ ❛❜♦✈❡ ❞❡✜♥✐t✐♦♥s✱ ❛ CLs ❡①❝❧✉s✐♦♥ ✐♥t❡r✈❛❧ ❛t CL ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ✐s t❤❡♥ ❛♥
✐♥t❡r✈❛❧ I ✇❤❡r❡ ❬✶✷✾❪✿

CLs(Q) =
CLs+b(Q)

CLb(Q)
≤ 1− CL ∀Q ∈ I . ✭✽✳✷✮

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

■♥ ❊q✉❛t✐♦♥ ✭✽✳✷✮ t❤❡ ❝❧❛ss✐❝❛❧ ❝♦♥✜❞❡♥❝❡ ✐s r❡♥♦r♠❛❧✐s❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❝♦♥✜❞❡♥❝❡
❧❡✈❡❧ CLb ❍❡♥❝❡✱ ✇❤❡♥ CLb ≈ 1✱ ✐✳❡✳ ❛ r❡s✉❧t ✐s ✈❡r② ✉♥❧✐❦❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❡①♣❡❝t❛t✐♦♥✱ t❤❡
CLs ❧✐♠✐t ✐s s✐♠✐❧❛r t♦ t❤❡ ❢r❡q✉❡♥t✐st ❝♦✈❡r❛❣❡ ✐♥t❡r✈❛❧ ❬✶✷✾❪✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ CLb < 1✱ ✐✳❡✳ ❢♦r
r❡s✉❧ts t❤❛t ❛r❡ ❧✐❦❡❧② ❡✈❡♥ ✉♥❞❡r t❤❡ ❜❛❝❦❣r♦✉♥❞✲♦♥❧② ❤②♣♦t❤❡s✐s✱ t❤❡ ❧✐♠✐t ✐s ✇❡❛❦❡r ❬✶✷✾❪✳
❚❤✐s ✐s ❞❡s✐r❡❞✱ s✐♥❝❡ t❤❡ s❡❛r❝❤ ✐s ♥♦t s❡♥s✐t✐✈❡ t♦ t❤✐s s✐❣♥❛❧ ❤②♣♦t❤❡s✐s✳ ❍♦✇❡✈❡r✱ t❤❡ r❡s✉❧t✐♥❣
❧✐♠✐t ✐s ✇❡❛❦❡♥❡❞ ✐♥ r❡❣✐♦♥s ♦❢ ❧♦✇ s❡♥s✐t✐✈✐t② ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝❧❛ss✐❝❛❧ ❝♦✈❡r❛❣❡ ✐♥t❡r✈❛❧✳ ❙✐♥❝❡
t❤❡ ❝♦✈❡r❛❣❡ ♣r♦❜❛❜✐❧✐t② ✐s ❧❛r❣❡r t❤❛♥ ✐ts ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ CL ❬✶✷✾❪✱ t❤❡ CLs ❧✐♠✐t ✐s ♥♦t ❛
❢r❡q✉❡♥t✐st ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ♦❢ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ CL✳ ■♥st❡❛❞✱ ❛ CLs ❧✐♠✐t ♦♥❧② ❡♥s✉r❡s t❤❛t
t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ❡①❝❧✉❞❡❞ r❡❣✐♦♥ ❝♦♥t❛✐♥✐♥❣ t❤❡ tr✉❡ ✈❛❧✉❡ ✐s . 1− CL✱ ✇✐t❤♦✉t ♠❛❦✐♥❣
❝♦♠♣❧❡♠❡♥t❛r② ❝❧❛✐♠s ❛❜♦✉t t❤❡ ✉♥❡①❝❧✉❞❡❞ r❡❣✐♦♥ ❬✶✸✵❪✳

❚❤❡ ♦❜s❡r✈❛t✐♦♥s ❛♥❞ ♣r❡❞✐❝t✐♦♥s ✉s❡❞ ✐♥ t❤❡ ❧✐♠✐t s❡tt✐♥❣ ♣r♦❝❡❞✉r❡ ❛r❡ r❛r❡❧② ❦♥♦✇♥ ✇✐t✲
❤♦✉t ❛♥② s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t② ❬✶✷✾❪✳ ❙✐♥❝❡ ❛♥ ❡①❝❧✉s✐♦♥ ✐s ✐♥tr✐♥s✐❝❛❧❧② ❛ st❛t✐st✐❝❛❧ st❛t❡♠❡♥t
❛❜♦✉t s♦♠❡ ❞✐str✐❜✉t✐♦♥✱ ♥♦ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ t❤❡ ❧✐♠✐t ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❬✶✷✾❪✳ ■♥st❡❛❞✱ ❜♦t❤ ✐♥
❘❡❢✳ ❬✷❪ ❛♥❞ ❤❡r❡✱ t❤❡ st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡ ✐♥❝♦r♣♦r❛t❡❞ ✐♥t♦ t❤❡ ❧✐♠✐ts ❜② ❛❞❞✐♥❣ ♣❛✲
r❛♠❡t❡rs ❞❡s❝r✐❜✐♥❣ t❤❡ s②st❡♠❛t✐❝❛❧❧② ✉♥❝❡rt❛✐♥ ❡✛❡❝ts ✐♥t♦ t❤❡ ❧✐❦❡❧✐❤♦♦❞✳ ❙✐♥❝❡ ❡st✐♠❛t❡s ♦❢
t❤❡s❡ ❛❞❞✐t✐♦♥❛❧ s✳❝✳ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs ❛r❡ ♥♦t t❤❡ ❛✐♠ ♦❢ ❛ s❡❛r❝❤✱ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ✐s t❤❡♥
♣r♦✜❧❡❞✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ♥✉✐s❛♥❝❡ ♣❛r❛♠❡t❡rs ❛r❡ r❡♣❧❛❝❡❞ ❜② t❤❡✐r ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞
❡st✐♠❛t❡ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ t❤❡ ♣❛r❛♠❡t❡r✭s✮ ♦❢ ✐♥t❡r❡st ❬✾✷✱ ✾✸❪✳ ❍❡r❡✱ ❛s ✐♥ ❘❡❢✳ ❬✷❪✱ t❤❡ ♣❛r❛♠❡t❡r
♦❢ ✐♥t❡r❡st ✐s t❤❡ s✐❣♥❛❧ ②✐❡❧❞ σfit(h(bb̄) + Emiss

T )✱ ✇❤✐❝❤ ✇❡ ❛❢t❡r✇❛r❞s tr❛♥s❢♦r♠ ✐♥t♦ ❛ s✐❣♥❛❧
str❡♥❣t❤ µ ❢♦r ❡❛s✐❡r ✐♥t❡r♣r❡t❛t✐♦♥✱ ✉s✐♥❣ ❊q✉❛t✐♦♥ ✭✽✳✶✮✳

●❡♥❡r❛❧❧②✱ t❤❡ ♣r♦✜❧❡❞ ❧✐❦❡❧✐❤♦♦❞ ✐s ♠♦r❡ ❜r♦❛❞❧② ❞✐str✐❜✉t❡❞ t❤❛♥ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ❝♦♥str✉❝t❡❞
❝♦♥s✐❞❡r✐♥❣ ♦♥❧② st❛t✐st✐❝❛❧ ✢✉❝t✉❛t✐♦♥s ♦❢ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞✳ ❚❤✉s✱ ✐♥❝♦r♣♦r❛t✐♥❣ t❤❡
s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ②✐❡❧❞s ❧❛r❣❡r ❛❝❝❡♣t❛♥❝❡ ✐♥t❡r✈❛❧s✱ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣❧② ✇❡❛❦❡r ❧✐♠✐ts
❬✶✷✾❪✳

✶✸✾



■♥ t❤❡ t❡❝❤♥✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✉s❡❞ t♦ s❡t t❤❡ CLs ❧✐♠✐ts ♦♥ t❤❡ h(bb̄)+Emiss
T s✐❣♥❛❧ ②✐❡❧❞

❣✐✈❡♥ ✐♥ ❘❡❢✳ ❬✷❪ ❛♥❞ ❤❡r❡✱ t❤❡ ❧✐♠✐ts ❛r❡ ♥♦t ❝❛❧❝✉❧❛t❡❞ ❜② r❡♣❡❛t✐♥❣ t❤❡ ❛♥❛❧②s✐s ❢♦r ❛ ❧❛r❣❡
♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥t s✐❣♥❛❧ ❝r♦ss s❡❝t✐♦♥s t♦ ✜♥❞ t❤❡ ✐♥t❡r✈❛❧ I ♦❢ ❊q✉❛t✐♦♥ ✭✽✳✷✮✳ ■♥st❡❛❞✱ t❤❡
❡❞❣❡ ♦❢ t❤❡ ✐♥t❡r✈❛❧✱ ✐✳❡✳ t❤❡ ✉♣♣❡r ❧✐♠✐t✱ ✐s ✐♥❢❡rr❡❞ ❛♥❛❧②t✐❝❛❧❧② ❜② ❛ss✉♠✐♥❣ t❤❛t t❤❡ ❜❡st
✜t s✐❣♥❛❧ ②✐❡❧❞ ✐s ❛ r❡♣r❡s❡♥t❛t✐✈❡ ♠❡♠❜❡r ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❡♥s❡♠❜❧❡ ♦❢ ❤②♣♦t❤❡t✐❝❛❧ s✐❣♥❛❧
②✐❡❧❞s✱ ✐✳❡✳ ✉s✐♥❣ t❤❡ s♦ ❝❛❧❧❡❞ ❛s②♠♣t♦t✐❝ ❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r ❆s✐♠♦✈ r❡♣r❡s❡♥t❛t✐♦♥ ❬✾✷✱ ✾✸❪✳

❆ ❣❡♥❡r✐❝ ❡①❛♠♣❧❡ ♦❢ ❛ t②♣✐❝❛❧ ♣❧♦t ✐❧❧✉str❛t✐♥❣ ❛ CLs ❡①❝❧✉s✐♦♥ ❧✐♠✐t ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✶✳
❇❡s✐❞❡s t❤❡ ♦❜s❡r✈❡❞ ❧✐♠✐ts✱ ❝♦♥str✉❝t❡❞ ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ t❤❡ ❡①♣❡❝t❡❞ ❧✐♠✐t ✐s ❛❧s♦ ✐♥❞✐❝❛t❡❞✳
❚❤❡ ❡①♣❡❝t❡❞ ❧✐♠✐t ✐s ♦❜t❛✐♥❡❞ ❜② r❡♣❧❛❝✐♥❣ t❤❡ r❡❛❧ ❞❛t❛ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♦❜s❡r✈❡❞ ❧✐♠✐t ❜②
s✐♠✉❧❛t❡❞ ❞❛t❛ ❞❡s❝r✐❜✐♥❣ t❤❡ t♦t❛❧ ❡①♣❡❝t❡❞ ❜❛❝❦❣r♦✉♥❞s✳ ❙✐♥❝❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❡①♣❡❝t❛t✐♦♥ ✐s
❛✛❡❝t❡❞ ❜② s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s✱ t❤❡r❡ ✐s ❛ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts✱ ✇✐t❤ ❛ss♦❝✐❛t❡❞
♣r♦❜❛❜✐❧✐t✐❡s ❣✐✈❡♥ ❜② t❤❡ ♣r♦✜❧❡ ❧✐❦❡❧✐❤♦♦❞✳ ❚❤✐s ❞✐str✐❜✉t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts ✐s ✐❧❧✉str❛t❡❞
✐♥ ❋✐❣✉r❡ ✽✳✶ ❜② ✐ts ♠❡❞✐❛♥ ❛♥❞ ✐ts ✉♥❝❡rt❛✐♥t② ❜❛♥❞s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✶ ❛♥❞ ✷ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ♠❡❞✐❛♥✳

❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts ✐♥❞✐❝❛t❡s t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡❛r❝❤ ❬✶✸✵❪✳ ❚❤❛t ✐s✱
t❤❡ s❡❛r❝❤ ✐s ♦♥❧② s❡♥s✐t✐✈❡ ✇❤❡♥ t❤❡ t❤❡ ❡①♣❡❝t❡❞ ✉♣♣❡r ❧✐♠✐t ♦♥ µ ✐s s♠❛❧❧❡r t❤❛♥ 1✳ ❚❤✐s ✐s
✉s❡❢✉❧ ✇❤❡♥ ✐♥t❡r♣r❡t✐♥❣ t❤❡ ♦❜s❡r✈❡❞ ❧✐♠✐ts✳ ❆♥ ♦❜s❡r✈❡❞ ❧✐♠✐t µ > 1 ❢♦r s♦♠❡ s✐❣♥❛❧ ♠♦❞❡❧
❝❛♥ ✐♥❞✐❝❛t❡

• ❡✐t❤❡r t❤❛t t❤❡ s✐❣♥❛❧ ♠♦❞❡❧ ❝❛♥ ♥♦t ❜❡ ❡①❝❧✉❞❡❞ ❜❡❝❛✉s❡ t❤❡ ❞❛t❛ ❞❡✈✐❛t❡ s✐❣♥✐✜❝❛♥t❧②
❢r♦♠ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❡①♣❡❝t❛t✐♦♥✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❡✈✐❞❡♥❝❡ ♦❢ ♥❡✇ ♣❤②s✐❝s✱ ♦r ❛♥ ✉♥❞❡✲
r❡st✐♠❛t❡ ♦❢ s♦♠❡ ❜❛❝❦❣r♦✉♥❞ ♦r ✉♥❝❡rt❛✐♥t② ❬✶✸✵❪ ❀

• ♦r✱ ♠♦r❡ ❝♦♠♠♦♥❧②✱ t❤❛t t❤❡ s❡❛r❝❤ ✐s ♥♦t s❡♥s✐t✐✈❡ t♦ t❤❛t s✐❣♥❛❧ ♠♦❞❡❧✱ ❛♥❞ t❤✉s ❝❛♥♥♦t
❡①❝❧✉❞❡ ✐t✱ ❛s ✇❛s ❞❡♠❛♥❞❡❞ ✐♥ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ CLs ❛❜♦✈❡✳

❚❤❡s❡ t✇♦ ❝❛s❡s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ♦❜s❡r✈❡❞ ❧✐♠✐t t♦ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢
t❤❡ ❡①♣❡❝t❡❞ ❧✐♠✐ts ❜❛s❡❞ ♦♥ t❤❡ ❜❛❝❦❣r♦✉♥❞✲♦♥❧② ❤②♣♦t❤❡s✐s✳

✽✳✷ ❘❡s✉❧ts

✽✳✷✳✶ ✷❉ ❙❝❛♥s ♦❢ Ma,MA ❛♥❞ Ma, tanβ

❚❤❡ ❡①♣❡❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ 95% ❈✳▲✳ CLs ❧✐♠✐ts ♦♥ t❤❡ s✐❣♥❛❧ str❡♥❣t❤ µ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✷
❢♦r t❤❡ (Ma,MA) s❝❛♥✱ ❛♥❞ ✐♥ ❋✐❣✉r❡ ✽✳✸ ❢♦r t❤❡ s❝❛♥ ✐♥ (Ma, tan β)✳ ❚❤❡ ❧✐♠✐ts ♦♥ t❤❡ s✐❣♥❛❧
str❡♥❣t❤ µ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✽✳✷ ❛♥❞ ✽✳✸ ❛r❡ ♥❡❝❡ss❛r✐❧② ❞✐s❝r❡t❡✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❞✐s❝r❡t❡
s❡t ♦❢ s✐♠✉❧❛t❡❞ s✐❣♥❛❧ s❛♠♣❧❡s ✉s❡❞ t♦ s❡t t❤❡ ❧✐♠✐ts✳ ■♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❝♦♥t✐♥✉♦✉s ❡①❝❧✉s✐♦♥
❝♦♥t♦✉rs✱ t❤❡ ❞✐s❝r❡t❡ ♣♦✐♥ts ✐♥ ❋✐❣✉r❡s ✽✳✷ ❛♥❞ ✽✳✸ ❛r❡ ✐♥t❡r♣♦❧❛t❡❞✱ ❛♥❞ t❤❡ ♣♦✐♥ts ✇❤❡r❡ t❤❡
✐♥t❡r♣♦❧❛t✐♦♥ ❝r♦ss❡s µ = 1 ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ❢♦r♠ ❝♦♥t♦✉rs ✐♥ t❤❡ (Ma,MA) ❛♥❞ (Ma, tan β)
♣❧❛♥❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ t❡❝❤♥✐❝❛❧ ❞❡t❛✐❧s ♦❢ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❆♣♣❡♥❞✐① ❉✳
❚❤❡ r❡s✉❧t✐♥❣ ✐♥t❡r♣♦❧❛t❡❞ ❡①❝❧✉s✐♦♥ ❝♦♥t♦✉rs ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✽✳✹ ❛♥❞ ✽✳✺✳

❋✐❣✉r❡ ✽✳✹ s❤♦✇s t❤❛t ♠♦❞❡❧s ✇✐t❤ ❧✐❣❤t ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s ✉♣ t♦ Ma = 350GeV ♦r
❤❡❛✈② ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s ❜❡t✇❡❡♥ MA ≥ 400GeV ❛♥❞ MA ≤ 1.3TeV ❝❛♥ ❜❡ ❡①❝❧✉❞❡❞✱
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ r❡s♣❡❝t✐✈❡ ♦t❤❡r ♣s❡✉❞♦s❝❛❧❛r ♠❛ss✳ ❋✐❣✉r❡ ✽✳✺ ❞❡♠♦♥str❛t❡s t❤❛t ♠♦❞❡❧s
✇✐t❤ Ma ≤ 250GeV ❛♥❞ tan β ≤ 2.5 ❛r❡ ❡①❝❧✉❞❡❞✳

❇② ❝♦♠♣❛r✐♥❣ t❤❡ ❡①♣❡❝t❡❞ s✐❣♥❛❧ str❡♥❣t❤ ❛t r❡❝♦♥str✉❝t✐♦♥ ❧❡✈❡❧ t♦ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛✲
t❡❞ ❛t ♣❛rt♦♥ ❧❡✈❡❧ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮
❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞✳ ❚❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡s ❛t ♣❛rt♦♥✲❧❡✈❡❧ ✉s✐♥❣ t❤❡ ❣❡♥❡r✐❝ ❧✐♠✐ts ❢r♦♠ ❘❡❢✳ ❬✷❪
s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✼✳✸ ❛♥❞ ✼✳✻ ❛r❡ ✈❡r② ❝❧♦s❡ t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❡①♣❡❝t❡❞ ❧✐♠✐ts ✐♥ ❋✐❣✉r❡s ✽✳✷✭❜✮

✶✹✵



,  
ob

se
rv

ed
µ

 li
m

it 
on

 
s

C
L

95
 %

 C
.L

. 

1−10

1

10

 3.7  3.2
 1.1  2.1
 0.2  0.7  5.8 16.2

 0.3  0.5  1.6 12.4
 0.5  0.9  1.7  4.3

 0.8  1.2  1.8  4.3
 0.8  1.1  1.6  2.8 10.1

 0.8  1.1  2.0  5.6
 0.5  0.7  1.0  1.5  3.8

 0.9  1.2  2.4
 0.8  0.9  1.4  2.7
 0.9  1.1  1.4  2.9
 1.1  1.2  1.7  2.4
 1.5  1.6  2.5
 2.3  2.3  2.8

 [GeV]aM
100 150 200 250 300 350 400 450 500

 [G
eV

]
A

M

200

400

600

800

1000

1200

1400

1600

ATLAS Work In Progress

-1=13 TeV, 36.1 fbs

✭❛✮ ♦❜s❡r✈❡❞ ❧✐♠✐ts

,  
ex

pe
ct

ed
 m

ed
ia

n
µ

 li
m

it 
on

 
s

C
L

95
 %

 C
.L

. 

1−10

1

10

 2.7  2.6
 2.4  2.6
 0.2  0.7  5.5 17.5

 0.3  0.5  1.4 11.5
 0.3  0.6  1.3  3.8

 0.5  0.8  1.3  3.2
 0.5  0.7  1.1  1.8  7.0

 0.6  0.8  1.4  3.7
 0.4  0.5  0.8  1.1  2.6

 0.8  1.0  2.0
 0.8  0.9  1.2  2.2
 1.0  1.1  1.4  2.5
 1.2  1.3  1.7  2.4
 1.6  1.6  2.5
 2.3  2.2  2.6

 [GeV]aM
100 150 200 250 300 350 400 450 500

 [G
eV

]
A

M

200

400

600

800

1000

1200

1400

1600

ATLAS Simulation Work In Progress

-1=13 TeV, 36.1 fbs

✭❜✮ ♠❡❞✐❛♥ ❡①♣❡❝t❡❞ ❧✐♠✐ts

σ
, e

xp
ec

te
d 

- 
1 

µ
 li

m
it 

on
 

s
C

L
95

 %
 C

.L
. 

1−10

1

10

 2.0  1.9
 1.7  1.9
 0.1  0.5  4.0 12.6

 0.2  0.3  1.0  8.3
 0.2  0.4  0.9  2.7

 0.4  0.6  0.9  2.3
 0.4  0.5  0.8  1.3  5.0

 0.4  0.6  1.0  2.7
 0.3  0.4  0.6  0.8  1.9

 0.6  0.7  1.5
 0.6  0.6  0.9  1.6
 0.7  0.8  1.0  1.8
 0.8  0.9  1.3  1.8
 1.1  1.2  1.8
 1.7  1.6  1.9

 [GeV]aM
100 150 200 250 300 350 400 450 500

 [G
eV

]
A

M

200

400

600

800

1000

1200

1400

1600

ATLAS Simulation Work In Progress

-1=13 TeV, 36.1 fbs

✭❝✮ −1σ ✈❛r✐❛t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts

σ
, e

xp
ec

te
d 

+
 1

 
µ

 li
m

it 
on

 
s

C
L

95
 %

 C
.L

. 

1−10

1

10

 3.8  3.7
 3.3  3.7
 0.3  1.0  7.7 24.4

 0.4  0.7  2.0 16.0
 0.5  0.8  1.8  5.3

 0.7  1.1  1.8  4.5
 0.8  1.0  1.5  2.5  9.7

 0.8  1.1  2.0  5.1
 0.6  0.8  1.1  1.5  3.6

 1.1  1.3  2.8
 1.1  1.2  1.7  3.1
 1.3  1.6  2.0  3.5
 1.6  1.8  2.4  3.4
 2.2  2.3  3.5
 3.3  3.1  3.6

 [GeV]aM
100 150 200 250 300 350 400 450 500

 [G
eV

]
A

M

200

400

600

800

1000

1200

1400

1600

ATLAS Simulation Work In Progress

-1=13 TeV, 36.1 fbs

✭❞✮ +1σ ✈❛r✐❛t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts

σ
, e

xp
ec

te
d 

- 
2 

µ
 li

m
it 

on
 

s
C

L
95

 %
 C

.L
. 

1−10

1

10

 1.5  1.4
 1.3  1.4
 0.1  0.4  3.0  9.4

 0.2  0.3  0.8  6.2
 0.2  0.3  0.7  2.0

 0.3  0.4  0.7  1.7
 0.3  0.4  0.6  0.9  3.8

 0.3  0.4  0.8  2.0
 0.2  0.3  0.4  0.6  1.4

 0.4  0.5  1.1
 0.4  0.5  0.7  1.2
 0.5  0.6  0.8  1.4
 0.6  0.7  0.9  1.3
 0.8  0.9  1.3
 1.3  1.2  1.4

 [GeV]aM
100 150 200 250 300 350 400 450 500

 [G
eV

]
A

M

200

400

600

800

1000

1200

1400

1600

ATLAS Simulation Work In Progress

-1=13 TeV, 36.1 fbs
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ATLAS Simulation Work In Progress

-1=13 TeV, 36.1 fbs

✭❢✮ +2σ ✈❛r✐❛t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts

❋✐❣✉r❡ ✽✳✷✿ CLs ✉♣♣❡r ❧✐♠✐ts ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ♦♥ t❤❡ ✷❍❉▼+a h(bb̄) + Emiss
T s✐❣♥❛❧

str❡♥❣t❤✱ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✽✳✶✮✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma,MA)✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs
❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA✱ sin θ = 0.35✱ tan β = 1,Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 =
λ3 = 3✳
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ATLAS Simulation Work In Progress -1=13 TeV, 36.1 fbs

✭❢✮ +2σ ✈❛r✐❛t✐♦♥ ♦❢ ❡①♣❡❝t❡❞ ❧✐♠✐ts

❋✐❣✉r❡ ✽✳✸✿ CLs ✉♣♣❡r ❧✐♠✐ts ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ♦♥ t❤❡ ✷❍❉▼+a h(bb̄) + Emiss
T s✐❣♥❛❧

str❡♥❣t❤✱ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✽✳✶✮✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma, tan β)✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs
❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA = 600GeV✱ sin θ = 0.35✱ Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 =
λ3 = 3✳
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❚❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MA = MH± , tan β = 1, sin θ = 0.35, λ3 = λP1 =
λP2 = 3✱ ❛♥❞ Mχ = 10GeV✳
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❋✐❣✉r❡ ✽✳✺✿ ■♥t❡r♣♦❧❛t❡❞ CLs ❧✐♠✐t ❝♦♥t♦✉rs ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ✐♥ t❤❡ (Ma, tan β) ♣❧❛♥❡✳
❚❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MA = MH± = 600GeV, sin θ = 0.35, λ3 = λP1 =
λP2 = 3✱ ❛♥❞ Mχ = 10GeV✳
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✭❛✮ Ma = 200GeV,MA = 600GeV
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✭❜✮ Ma = 350GeV,MA = 1000GeV

❋✐❣✉r❡ ✽✳✻✿ CLs ✉♣♣❡r ❧✐♠✐ts ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ♦♥ t❤❡ ✷❍❉▼+a h(bb̄) + Emiss
T s✐❣♥❛❧

str❡♥❣t❤✱ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✽✳✶✮✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ sin θ✳ ❚❤❡ ❧✐♠✐ts ♦♥ ♠♦❞❡❧s ✇✐t❤
❧♦✇ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s ❛r❡ s❤♦✇♥ ✐♥ ✭❛✮✳ ❚❤❡ ❧✐♠✐ts ♦♥ ♠♦❞❡❧s ✇✐t❤ ❤✐❣❤ ♣s❡✉❞♦s❝❛❧❛r
♠❛ss❡s ❛r❡ s❤♦✇♥ ✐♥ ✭❜✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA✱
tan β = 1,Mχ = 10 ●❡❱✱ ❛♥❞ λP1 = λP2 = λ3 = 3✳

❛♥❞ ✽✳✸✭❜✮✳ ❚❤❡r❡ ✐s ❤♦✇❡✈❡r s♦♠❡ ❜✐❛s ♦❢ t❤❡ ♣❛rt♦♥✲❧❡✈❡❧ ❡st✐♠❛t❡s t♦✇❛r❞s r❡❞✉❝❡❞ s❡♥s✐t✐✲
✈✐t②✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s s❧✐❣❤t❧② ❝♦♥s❡r✈❛t✐✈❡ ❜✉t ♦t❤❡r✇✐s❡
✈❛❧✐❞✳ ❚❤❡ ❢❛❝t t❤❛t t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ ❡st✐♠❛t❡ ✐s s♦♠❡✇❤❛t ❝♦♥s❡r✈❛t✐✈❡ ✐s ❡①♣❡❝t❡❞✱ s✐♥❝❡ ✐t ✐s
❝♦♥str✉❝t❡❞ ✉s✐♥❣ t❤❡ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❬✷❪✱ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✺✳✶✱
✇❤✐❝❤ ❛r❡ ❝♦♥str✉❝t❡❞ ❛s t❤❡ ✇❡❛❦❡st ❧✐♠✐t ♦✉t ♦❢ ❛ ✜❞✉❝✐❛❧ s❡❧❡❝t✐♦♥✳

❈♦♠♣❛r✐♥❣ t❤❡ ❧✐♠✐ts ♦♥ t❤❡ Ma,MA ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✷❍❉▼+a s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✹ t♦
t❤♦s❡ ♦♥ t❤❡mA,mZ′ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ Z ′✲✷❍❉▼ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳✸ ♦♥❡ ❝❛♥ s❡❡ q✉❛❧✐t❛t✐✈❡❧②
s✐♠✐❧❛r ❜❡❤❛✈✐♦r✿ ✇❤❡♥ MA ≫Ma ✐♥ t❤❡ ✷❍❉▼+a ✭mZ′ ≫ mA ✐♥ t❤❡ Z ′−✷❍❉▼✮✱ t❤❡ ✉♥❝❡r✲
t❛✐♥t✐❡s ❛r❡ ❧❛r❣❡✱ ❛♥❞ t❤❡ ♦❜s❡r✈❡❞ ❧✐♠✐t ✐s s♦♠❡✇❤❛t str♦♥❣❡r t❤❛♥ t❤❡ ♠❡❞✐❛♥ ❡①♣❡❝t❛t✐♦♥✳
❈❧♦s❡r t♦ t❤❡ Ma,MA ✭mA,mZ′✮ ♠❛ss ❞✐❛❣♦♥❛❧✱ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡ s♠❛❧❧✱ ❛♥❞ t❤❡ ♦❜s❡r✈❡❞
❧✐♠✐t ✐s ❛ ❜✐t ✇❡❛❦❡r t❤❛♥ t❤❡ ♠❡❞✐❛♥ ❡①♣❡❝t❛t✐♦♥✳ ❚❤✐s ❜❡❤❛✈✐♦r r❡✢❡❝ts t✇♦ ❢❛❝ts

• ❜♦t❤ ✐♥t❡r♣r❡t❛t✐♦♥s ✉s❡ t❤❡ s❛♠❡ ❛♥❛❧②s✐s ❛♥❞ ❞❛t❛s❡t✱ ♦♥❧② t❤❡ s✐❣♥❛❧ ✜t t❡♠♣❧❛t❡ ✐s
❞✐✛❡r❡♥t❀

• t❤❡ ❦✐♥❡♠❛t✐❝s ♦❢ t❤❡ r❡s♦♥❛♥t Z ′ → Ah ❞❡❝❛② ♦❢ t❤❡ Z ′−✷❍❉▼ ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ♦❢
t❤❡ r❡s♦♥❛♥t A→ ah ❞❡❝❛② ♦❢ t❤❡ ✷❍❉▼+a✳

❍♦✇❡✈❡r✱ t❤❡ ❡①❝❧✉❞❡❞ ♠❛ss r❛♥❣❡s ❞✐✛❡r✱ ✇❤✐❝❤ ✐s ❛ r❡s✉❧t ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝r♦ss s❡❝t✐♦♥ ❞❡✲
♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ♠❛ss❡s✱ ❛♥❞ t❤❡ ❛❞❞✐t✐♦♥❛❧ ♥♦♥✲r❡s♦♥❛♥t ❞❡❝❛② ❝❤❛♥♥❡❧s ♣r❡s❡♥t ♦♥❧② ✐♥ t❤❡
✷❍❉▼+a✳

✽✳✷✳✷ ❆✉①✐❧✐❛r② ✶❉ ❙❝❛♥s

✽✳✷✳✷✳✶ sin θ ❙❝❛♥s

❚❤❡ ♦❜s❡r✈❡❞ CLs ✉♣♣❡r ❧✐♠✐ts ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ✭❈✳▲✳✮ ♦♥ t❤❡ ✷❍❉▼+a h(bb̄) + Emiss
T

s✐❣♥❛❧ str❡♥❣t❤ µ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠✐①✐♥❣ ♣❛r❛♠❡t❡r sin θ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✳✻✳ ❇❛s❡❞
♦♥ r❡s✉❧ts ♦❢ t❤❡ ❧♦✇ ♠❛ss sin θ s❝❛♥ ✐♥ ❋✐❣✉r❡ ✽✳✻✭❛✮✱sin θ ∈ (0.22, 87) ❝❛♥ ❜❡ ❡①❝❧✉❞❡❞ ❛t 95%
❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧✳ ❇❛s❡❞ ♦♥ t❤❡ ❤✐❣❤ ♠❛ss sin θ s❝❛♥ ✐♥ ❋✐❣✉r❡ ✽✳✻✭❜✮ ♥♦ ♠❡❛♥✐♥❣❢✉❧ ❡①❝❧✉s✐♦♥

✶✹✹
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ATLAS Work In Progress
-1=13 TeV, 36.1 fbs

✭❛✮ ❢✉❧❧ Mχ s❝❛♥

 [GeV]χM
124.6 124.8 125 125.2 125.4 125.6 125.8 126

µ
 u

pp
er

 li
m

it 
on

 
s

C
L

95
%

 C
.L

. 

1−10

1

10

observed

expected median

σ 1 ±expected 

σ 2 ±expected 

ATLAS Work In Progress
-1 = 36.1 fbL∫=13 TeV, s

✭❜✮ ❝❧♦s❡ t♦ a → χ̄χ t❤r❡s❤♦❧❞

❋✐❣✉r❡ ✽✳✼✿ CLs ✉♣♣❡r ❧✐♠✐ts ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ♦♥ t❤❡ ✷❍❉▼+a h(bb̄) + Emiss
T s✐❣♥❛❧

str❡♥❣t❤✱ ❛s ❞❡✜♥❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✽✳✶✮✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ Mχ✳ ❚❤❡ ❢✉❧❧ r❛♥❣❡ ♦❢ Mχ ✐s s❤♦✇♥
✐♥ ✭❛✮✳ ❚♦ ❛❧❧♦✇ ♦♥❡ t♦ ❞✐st✐♥❣✉✐s❤ t❤❡ ❜❡❤❛✈✐♦r ❝❧♦s❡ t♦ t❤r❡s❤♦❧❞✱ ♦♥❧② t❤❡ ♠❛ss r❛♥❣❡
❝❧♦s❡ t♦ t❤❡ t❤r❡s❤♦❧❞ ❛t Mχ = Ma/2 ✐s ♣❧♦tt❡❞ ✐♥ ✭❜✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡
t❤❡ ✈❛❧✉❡s MH = MH± = MA = 600GeV,Ma = 250GeV✱ tan β = 1, sin θ = 0.35✱ ❛♥❞
λP1 = λP2 = λ3 = 3✳

✐♥t❡r✈❛❧ ✐♥ sin θ ❡①✐sts✱ s✐♥❝❡ s②st❡♠❛t✐❝ ❡✛❡❝ts ❛r❡ t♦ str♦♥❣ t♦ ❛❧❧♦✇ t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥
µ > 1 ❛♥❞ µ < 1

❋♦r t❤❡ sin θ s❝❛♥ ❛t ❧♦✇ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s Ma = 200GeV ❛♥❞ MA = 600GeV✱ s❤♦✇♥
✐♥ ❋✐❣✉r❡s ✼✳✶✵ ❛♥❞ ✽✳✻✭❛✮ r❡s♣❡❝t✐✈❡❧②✱ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ ❡st✐♠❛t❡ ✐s ❧❡ss s❡♥s✐t✐✈❡ t❤❛♥ t❤❡
❢✉❧❧ s❡❛r❝❤✳ ❍♦✇❡✈❡r✱ ✐t ❝♦rr❡❝t❧② ❡st✐♠❛t❡s ❧♦✇❡r s❡♥s✐t✐✈✐t② ❢♦r ❡①tr❡♠❡ ✈❛❧✉❡s ♦❢ sin θ ❛♥❞
❣♦♦❞ s❡♥s✐t✐✈✐t② ❢♦r ✐♥t❡r♠❡❞✐❛t❡ ✈❛❧✉❡s✳ ❋♦r t❤❡ sin θ s❝❛♥ ❛t ❤✐❣❤ ♣s❡✉❞♦s❝❛❧❛r ♠❛ss❡s Ma =
350GeV ❛♥❞MA = 1000GeV✱ t❤❡ ❝♦♠♣❛r✐s♦♥ ❣✐✈❡s ❛ s✐♠✐❧❛r r❡s✉❧t✳ ❚❤❡ ♣❛rt♦♥ ❧❡✈❡❧ ❡st✐♠❛t❡
♣r❡❞✐❝ts t❤❡ s❡❛r❝❤ t♦ ❜❡ s❧✐❣❤t❧② ❧❡ss t❤❛♥ s❡♥s✐t✐✈❡✱ ✇❤✐❧❡ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❧❡✈❡❧ ❛♥❛❧②s✐s
✐♥❞✐❝❛t❡s s♦♠❡ s❡♥s✐t✐✈✐t②✱ ✇❤✐❝❤ ❤♦✇❡✈❡r ✐s ♥♦t s✐❣♥✐✜❝❛♥t✳

✽✳✷✳✷✳✷ Mχ ❙❝❛♥

❚❤❡ ♦❜s❡r✈❡❞ ❛♥❞ ❡①♣❡❝t❡❞ CLs ✉♣♣❡r ❧✐♠✐ts ❛t 95% ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧ ✭❈✳▲✳✮ ♦♥ t❤❡ ✷❍❉▼+a
h(bb̄) + Emiss

T s✐❣♥❛❧ str❡♥❣t❤ µ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❉❛r❦ ▼❛tt❡r ♠❛ss Mχ ❛r❡ s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✽✳✼✳ ❈♦♠♣❛r✐♥❣ t❤❡ ❡①♣❡❝t❡❞ ❧✐♠✐t t♦ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐♥ ❋✐❣✉r❡ ✼✳✶✸✱
t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ s❡❡♠s t♦ ♠❛t❝❤ t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ r❡s✉❧t ✈❡r② ✇❡❧❧✳ ❚❤✐s ✐s
s♦♠❡✇❤❛t s✉r♣r✐s✐♥❣ s✐♥❝❡ ❛♥ ♦✈❡r❛❧❧ ❜✐❛s t♦✇❛r❞s ✇❡❛❦❡r ♣❛rt♦♥ ❧❡✈❡❧ ❡st✐♠❛t❡s ✐s ❡①♣❡❝t❡❞✳
❚❤❡ ❡①♣❡❝t❛t✐♦♥ t❤❛t t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ t❤❡ ❉▼ ♠❛ss ♦♥ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛❧
❛❜♦✈❡ t❤❡ a → χ̄χ t❤r❡s❤♦❧❞ ✐s ❝♦♥✜r♠❡❞ ❛t ❞❡t❡❝t♦r ❧❡✈❡❧✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❜② ❝♦♠♣❛r✐♥❣
t❤❡ ♣♦✐♥ts Mχ = 10GeV,Mχ = 100GeV, ❛♥❞ Mχ = 124.9GeV ✐♥ ❋✐❣✉r❡ ✽✳✼✭❛✮✳ ❆t t❤❡
t❤r❡s❤♦❧❞✱ t❤❡ s❡❛r❝❤ ✐s ♠♦r❡ s❡♥s✐t✐✈❡✱ ❛♥❞ ❜❡❧♦✇ ✐t✱ ✐t ❤❛s ♥♦ s❡♥s✐t✐✈✐t②✱ ❛s ✐s ❞❡♠♦♥str❛t❡❞
✐♥ ❋✐❣✉r❡ ✽✳✼✭❜✮✳ ❚❤✐s t♦♦ ✐s ❛s ❡①♣❡❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ♣❛rt♦♥ ❧❡✈❡❧ r❡s✉❧ts ✐♥ ❋✐❣✉r❡ ✼✳✶✸✳

❙✐♠✐❧❛r❧② ✐❣♥♦r✐♥❣ ♣♦✐♥ts ✇❤❡r❡ t❤❡ s❡❛r❝❤ ✐s ♥♦t s❡♥s✐t✐✈❡✱ ❜❛s❡❞ ♦♥ ❋✐❣✉r❡ ✽✳✼✭❜✮✱ Mχ ∈
(125GeV, 125.05GeV) ❛♣♣❡❛r t♦ ❜❡ ❡①❝❧✉❞❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ ❧❛r❣❡ ♣r❡❞✐❝t❡❞ ❝r♦ss s❡❝t✐♦♥ ✐♥
t❤✐s ♣❛r❛♠❡t❡r r❡❣✐♦♥ ❛r❡ t❤❡ r❡s✉❧t ♦❢ a t❤r❡s❤♦❧❞ ❡♥❤❛♥❝❡♠❡♥t✱ ✇❤✐❝❤ ✐s ♥♦t ✇❡❧❧ ♠♦❞❡❧❡❞
❛s t❤❡ ✇✐❞t❤ Γa ❜❡❝♦♠❡s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❝❡♥tr❡ ♦❢ ♠❛ss ❡♥❡r❣②

√
s✱ s✐♥❝❡ t❤❡ ✇✐❞t❤ Γa ✐s

❛ss✉♠❡❞ t♦ ❜❡ ❝♦♥st❛♥t ✇✳r✳t✳
√
s ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s ❬✶✷✸✱ ✶✷✶✱ ✶✶✷✱ ✶✶✹✱ ✶✶✺❪✳ ❚❤✉s

t❤❡ ❡①❛❝t ✈❛❧✉❡ ♦❢ t❤❡ t❤r❡s❤♦❧❞ ❡♥❤❛♥❝❡♠❡♥t ✐s ❧✐❦❡❧② ✇r♦♥❣✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✽✱ ❛♥❞

✶✹✺



t❤❡ ❧✐♠✐ts ❝❧♦s❡ t♦ t❤❡ t❤r❡s❤♦❧❞ r❡❣✐♦♥ ❝❛♥♥♦t ❜❡ ✐♥t❡r♣r❡t❡❞ ❝♦♥s✐st❡♥t❧② ✐♥ t❤❡ ✷❍❉▼+a✳

✶✹✻



❈❤❛♣t❡r ✾

❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❖✉t❧♦♦❦

■♥ t❤❡ ♣r❡❝❡❞✐♥❣ ❈❤❛♣t❡rs ♦❢ t❤✐s ❚❤❡s✐s✱ s❡✈❡r❛❧ st✉❞✐❡s ❛♥❞ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ r❡s✉❧ts ❛r❡
❞✐s❝✉ss❡❞✳ ❚❤✐s ❈❤❛♣t❡r ✇✐❧❧ ❛tt❡♠♣t t♦ ❞r❛✇ t❤❡ ♠♦st ❡ss❡♥t✐❛❧ ❝♦♥❝❧✉s✐♦♥s ❢r♦♠ t❤✐s ✇♦r❦✱
❛♥❞ t❤❡♥ ♣r♦✈✐❞❡ ❛ t❡♥t❛t✐✈❡ ♦✉t❧♦♦❦ ♦♥ ♣♦t❡♥t✐❛❧ ❛✈❡♥✉❡s ♦❢ ❢✉t✉r❡✳

❚❤❡ st❛t❡❞ ❛✐♠ ♦❢ t❤✐s ❚❤❡s✐s ✐s t♦ ❞❡✜♥❡ ❛ s❡♥s✐❜❧❡ ♣❛r❛♠❡t❡r ❜❡♥❝❤♠❛r❦ ❢♦r st✉❞✐❡s ♦❢ t❤❡
✷❍❉▼+a✱ t✉♥❡❞ t♦ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ❆❚▲❆❙ h(bb̄) + Emiss

T s❡❛r❝❤✳ ❚❤❡ ✜rst st❡♣ t♦✇❛r❞s
t❤✐s ❛✐♠ ❝♦♥s✐sts ♦❢ ❛ ♣❛rt♦♥✲tr✉t❤✲❧❡✈❡❧ st✉❞② ♦❢ t❤❡ h(bb̄) +Emiss

T ✜♥❛❧ st❛t❡ ♣r♦♣❡rt✐❡s ✐♥ t❤❡
✷❍❉▼+a✱ ❛♥❞ t❤❡✐r ❞❡♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ❞❡t❛✐❧❡❞ ✐♥ ❈❤❛♣t❡r ✻✳ ❚❤❡ ❦❡②
✜♥❞✐♥❣s ♦❢ t❤✐s st✉❞② ❛r❡✿

• ❚❤❡ r❡s♦♥❛♥t s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♠❛ss❡s ♦❢ t❤❡ ♣s❡✉❞♦s❝❛❧❛r ♠❡❞✐✲
❛t♦rs✱ ❛s ❡①♣❡❝t❡❞✳

• ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❤♦✐❝❡ ♦❢ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ t❤❡ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ②✐❡❧❞ ❝❛♥ ❡①❝❡❡❞
t❤❡ r❡s♦♥❛♥t ②✐❡❧❞ ♦✈❡r✇❤❡❧♠✐♥❣❧②✳ ❚❤✐s ✇❛s ♥♦t ❡①♣❡❝t❡❞✱ ❜✉t ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞ ❛s
❜❡✐♥❣ t❤❡ r❡s✉❧t ♦❢ t❤❡ ❝♦♠♣❧❡①✱ ❛♥❞ ♣♦t❡♥t✐❛❧❧② ❧❛r❣❡ ♥❡✇ ♣❤②s✐❝s ❝♦✉♣❧✐♥❣s t❤❡ ✷❍❉▼+a
✐♥tr♦❞✉❝❡s✳

• ▼♦st ♦❢ t❤❡ ♣❛r❛♠❡t❡rs t❤❡ ✷❍❉▼+a ✐♥tr♦❞✉❝❡s ❝❛♥ ❛✛❡❝t t❤❡ r❛t✐♦ ♦❢ ♥♦♥✲r❡s♦♥❛♥t ✈s✳
r❡s♦♥❛♥t s✐❣♥❛❧ ❡✈❡♥ts✳

❈♦♥t✐♥✉✐♥❣ ♦♥ t❤❡ ♣❛t❤ t♦✇❛r❞s ❛ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦✱ t❤❡ ♥❡①t st❡♣ ✐s t❤❡ ❡st✐♠❛t❡ ♦❢
t❤❡ h(bb̄)+Emiss

T s❡♥s✐t✐✈✐t② t♦ t❤❡ ✷❍❉▼+a ♣r❡❞✐❝t✐♦♥✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✼✳ ❚❤✐s ❛❧❧♦✇s
s❡❧❡❝t✐♥❣ ❛ ✈❛r✐❡❞ r❛♥❣❡ ♦❢ ♠♦❞❡❧s t♦ ✇❤✐❝❤ t❤❡ h(bb̄) + Emiss

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

❚❤❡ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦ t❤✉s ♦❜t❛✐♥❡❞ ✐s ✉s❡❞ t♦ s✐♠✉❧❛t❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s❛♠♣❧❡s ♦❢ h(bb̄)+
Emiss

T ❡✈❡♥ts✳ ❚❤❡s❡ s❛♠♣❧❡s ❛r❡ t❤❡♥ ✉s❡❞ t♦ ❛♥❛❧②③❡ ❛♥❞ ✐♥t❡r♣r❡t t❤❡ ❞❛t❛s❡t ♦❢ t❤❡ ❆❚▲❆❙
h(bb̄) + Emiss

T s❡❛r❝❤✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✽✳ ❚❤✐s r❡s✉❧ts ✐♥

• t❤❡ ✜rst ❧✐♠✐ts s❡t ♦♥ t❤❡ ✷❍❉▼+a ♣❛r❛♠❡t❡r s♣❛❝❡ ✉s✐♥❣ t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡❀

❛♥❞

• ❛ r❡❢❡r❡♥❝❡ t♦ ❝♦♠♣❛r❡ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡s ❜❛s❡❞ ♦♥ t❤❡ ❣❡♥❡r✐❝ ❝r♦ss s❡❝t✐♦♥ ❧✐♠✐ts
✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ t♦✳ ❚❤❡ r❡s✉❧t ♦❢ t❤✐s ❝♦♠♣❛r✐s♦♥ ✐s t❤❛t t❤❡ ❡st✐♠❛t❡s
✇♦r❦ ✇❡❧❧❀ t❤❡ ❡①♣❡❝t❡❞ ❜✐❛s t♦✇❛r❞s ✇❡❛❦❡r ❧✐♠✐ts ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❡✛❡❝ts ♦❢ t❤❡
s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s✳

✶✹✼



❖❢ ❝♦✉rs❡✱ t❤✐s ❚❤❡s✐s ✐s ♥♦t ✐♥ ❛♥② ✇❛② ❛♥ ❡①❤❛✉st✐✈❡ tr❡❛t♠❡♥t ♦❢ t❤❡ s✉❜❥❡❝t✳ ❚❤✉s✱ ✐t
❡♥❞s ✇✐t❤ s♦♠❡ ♣♦ss✐❜❧❡ ❛✈❡♥✉❡s ♦❢ r❡s❡❛r❝❤ t❤❛t ❝♦✉❧❞ ❡①t❡♥❞✱ ❝♦♠♣❧❡♠❡♥t✱ ♦r ✐♠♣r♦✈❡ t❤❡
✇♦r❦ ♣r❡s❡♥t❡❞ ✐♥ ✐t✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡s❡ ✐♠♣r♦✈❡♠❡♥ts ❛✐♠ t♦ ✜♥❞ ♦r ✐♠♣❧❡♠❡♥t ❜❡tt❡r ✇❛②s
♦❢✿

• ❞❡❛❧✐♥❣ ✇✐t❤ t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✷❍❉▼+a✱

• t✉♥✐♥❣ ❛ ❜❡♥❝❤♠❛r❦ t♦ ❛ ❧❛r❣❡ s❡t ♦❢ s✐❣♥❛t✉r❡s✱ ✐♥st❡❛❞ ♦❢ ❥✉st ♦♥❡ s✐❣♥❛t✉r❡✱

• r❡❞✉❝✐♥❣ t❤❡ ❜✐❛s ❛♥❞ ✐♠♣r♦✈✐♥❣ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✉s✐♥❣ ❣❡♥❡✲
r✐❝ ❝r♦ss s❡❝t✐♦♥ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡✱ ✇✐t❤♦✉t s❛❝r✐✜❝✐♥❣ t❤❡ s♣❡❡❞
❛❞✈❛♥t❛❣❡✱

• ✐♠♣r♦✈✐♥❣ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ h(bb̄) + Emiss
T s❡❛r❝❤

❘❡✇❡✐❣❤t✐♥❣

❚❤❡ ✷❍❉▼+a ❤❛s ❛ ✈❡r② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❢r❡❡ ♣❛r❛♠❡t❡rs✱ ♠♦st ♦❢ ✇❤✐❝❤ ❤❛✈❡ s♦♠❡ ❡✛❡❝t ♦♥
t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s✐❣♥❛❧✱ ❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❈❤❛♣t❡rs ✻ ❛♥❞ ✼✳ ❚❤✉s ❝♦✈❡r✐♥❣ t❤❡ ❡♥t✐r❡
♣❤②s✐❝❛❧❧② ❝♦♥s✐st❡♥t r❡❣✐♦♥ ♦❢ t❤❡ ✶✹✲❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r s♣❛❝❡ ✇✐t❤ ❞❡❞✐❝❛t❡❞ s❛♠♣❧❡s ♦❢
s✐♠✉❧❛t❡❞ ❡✈❡♥ts r❡q✉✐r❡s ♣r♦❤✐❜✐t✐✈❡ ❛♠♦✉♥ts ♦❢ ❝♦♠♣✉t✐♥❣ r❡s♦✉r❝❡s ♦r t✐♠❡✳ ❚❤✐s ♠❛❦❡s ✐t
❝❤❛❧❧❡♥❣✐♥❣ t♦ ❡①❤❛✉st✐✈❡❧② ❡①♣❧♦r❡ t❤❡ ❡♥t✐r❡ ♣♦t❡♥t✐❛❧ ♣❤❡♥♦♠❡♥♦❧♦❣② ♦❢ t❤✐s ❝❧❛ss ♦❢ ♠♦❞❡❧s✳
❖♥❡ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥ t♦ t❤✐s ♣r♦❜❧❡♠ ❝♦✉❧❞ ❜❡ ❛ r❡✇❡✐❣❤t✐♥❣ s❝❤❡♠❡✳

■♥ ♦♥❡ ❡①❛♠♣❧❡ ♦❢ ❛ r❡✇❡✐❣❤t✐♥❣ ❛♣♣r♦❛❝❤ ❬✶✸✸❪✱ ✉s❡❞ ✐♥ t❤❡ ❆❚▲❆❙ s❡❛r❝❤ ❢♦r h(γγ)+Emiss
T

❬✶✸✹❪✱ ❛ ❢❡✇ ❧❛r❣❡ s❛♠♣❧❡s ❝♦✈❡r✐♥❣ ❛ ♠❛①✐♠❛❧ ♣❤❛s❡ s♣❛❝❡ ✈♦❧✉♠❡ ❛r❡ ❣❡♥❡r❛t❡❞ ❛♥❞ s✐♠✉❧❛t❡❞
t♦ ❞❡t❡❝t♦r ❧❡✈❡❧✳ ❚❤❡s❡ s❛♠♣❧❡s ❛r❡ t❤❡♥ ✉s❡❞ t♦ s✐♠✉❧❛t❡ ♦t❤❡r ♣❛rts ♦❢ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡r
s♣❛❝❡ ❜② ❞✐✛❡r❡♥t✐❛❧❧② ✉♣❞❛t✐♥❣ t❤❡ ✇❡✐❣❤ts ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❡✈❡♥ts ♦r ✐♥❞✐✈✐❞✉❛❧ ❜✐♥s✳ ❚❤❡ ✇❡✐❣❤ts
❛r❡ ❝❤♦s❡♥ t♦ ♠❛♣ t❤❡ tr✉t❤ ❧❡✈❡❧ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ r❡❧❡✈❛♥t ♦❜s❡r✈❛❜❧❡s ✐♥ t❤❡ s✐♠✉❧❛t❡❞
s❛♠♣❧❡s t♦ t❤❡ tr✉t❤ ❧❡✈❡❧ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ t❛r❣❡t ♠♦❞❡❧✳ ❯s✐♥❣ t❤❡ s❛♠❡ ✇❡✐❣❤ts ♦♥ t❤❡
❞❡t❡❝t♦r ❧❡✈❡❧ s❛♠♣❧❡ ✇✐❧❧ tr❛♥s❢♦r♠ t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ ❡①♣❡❝t❛t✐♦♥ t♦ t❤❛t ♦❢ t❤❡ t❛r❣❡t ♠♦❞❡❧✳
❚❤✉s ❧❛r❣❡ ❛♥❞ ❤✐❣❤✲❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r s♣❛❝❡s ❝❛♥ ❜❡ ❝♦✈❡r❡❞ ❝♦♠♣❛r❛t✐✈❡❧② q✉✐❝❦❧②✳

❆ ❞✐✛❡r❡♥t r❡✇❡✐❣❤t✐♥❣ ❛♣♣r♦❛❝❤ ❡q✉✐♣s ❡❛❝❤ ❣❡♥❡r❛t❡❞ ❡✈❡♥t ✇✐t❤ ❛ ✈❡❝t♦r ♦❢ ✇❡✐❣❤ts✱
❡❛❝❤ ❡♥tr② ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❞✐✛❡r❡♥t s✐❣♥❛❧ ♠♦❞❡❧ ❬✶✶✶❪✳ ❚❤✉s ♠❛♥② ♠♦❞❡❧s ❝❛♥ ❜❡ s✐♠✉❧❛t❡❞
s✐♠✉❧t❛♥❡♦✉s❧②✱ ❜✉t t❤❡ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥ ✐s s❤❛r❡❞ ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧s✳ ❙✐♥❝❡ t❤❡ ❝♦♠♣✉t✐♥❣
❜♦tt❧❡♥❡❝❦ ✐s t❤❡ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥✱ t❤✐s ❛♣♣r♦❛❝❤ ✐s ❛♣♣r♦①✐♠❛t❡❧② ❛s ❈P❯✲✐♥t❡♥s✐✈❡ ❛s
s✐♠✉❧❛t✐♥❣ ❛ s✐♥❣❧❡ ♠♦❞❡❧✳ ❚❤✉s ✐t ✐s ♠✉❝❤ ❢❛st❡r t❤❛♥ ♦♥❡ ❞❡❞✐❝❛t❡❞ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥ ♣❡r
♠♦❞❡❧ ✇♦✉❧❞ ❜❡✳

P❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ P❛r❛♠❡t❡r ❈❤♦✐❝❡s

❚❤❡ ♥✉♠❜❡r ♦❢ ❢r❡❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✷❍❉▼+a ✐s ❧❛r❣❡✱ ❛♥❞ ♠❛♥② ♦❢ t❤❡♠ ❛✛❡❝t t❤❡ s✐❣✲
♥❛❧ ❦✐♥❡♠❛t✐❝s ✐♥ s♦♠❡ ✇❛②✱ ❛s s❡❡♥ ✐♥ ❈❤❛♣t❡r ✻✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❡✛❡❝ts ♦♥ t❤❡ ✜♥❛❧ st❛t❡
❦✐♥❡♠❛t✐❝s ♦❝❝✉r ✐♥ ✭❝♦♠❜✐❛♥t✐♦♥s ♦❢✮ ♦♥❧② t✇♦ ❝❧❛ss❡s✿

• s❤✐❢ts ♦❢ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❏❛❝♦❜✐❛♥ s❤♦✉❧❞❡r✱ ✐✳❡✳ Ma,MA✱

• ❝❤❛♥❣❡s ♦❢ t❤❡ r❛t✐♦ ♦❢ t❤❡ ②✐❡❧❞s ♦❢ r❡s♦♥❛♥t ❛♥❞ ♥♦♥✲r❡s♦♥❛♥t ❡✈❡♥ts✱ ❡✳❣✳ MA,MH , sin θ✱
❡t❝✳

❚❤✐s ♦❜s❡r✈❛t✐♦♥ s✉❣❣❡sts t❤❛t ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ ♣r✐♠❛r✐❧② t❤❡ ♦❜s❡r✈❛❜❧❡ ♣❤❡♥♦♠❡♥❛✱ t❤❡
❢♦✉rt❡❡♥ ♣❛r❛♠❡t❡r ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ✷❍❉▼+a r❡❞✉❝❡ t♦ t✇♦ ♠❡❛♥✐♥❣❢✉❧ ♦♥❡s✿ ♦♥❡ ❛ss♦❝✐❛t❡❞

✶✹✽



✇✐t❤ Emiss,max
T ❢r♦♠ ❊q✉❛t✐♦♥ ✭✹✳✶✸✮✱ ❛♥❞ ❛♥♦t❤❡r ♦♥❡ ❛ss♦❝✐❛t❡❞ ✭♣r✐♠❛r✐❧②✮ ✇✐t❤ ΓA✳ ■♥

♣r✐♥❝✐♣❧❡ t❤❡r❡ ✐s ❛ t❤✐r❞ ❞✐♠❡♥s✐♦♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝r♦ss s❡❝t✐♦♥ s❝❛❧✐♥❣✱ ❜✉t t❤✐s ❞♦❡s ♥♦t
r❡q✉✐r❡ ❛❞❞✐t✐♦♥❛❧ ▼♦♥t❡ ❈❛r❧♦ ❡✈❡♥ts t♦ ❜❡ ❣❡♥❡r❛t❡❞✱ s♦ ✇❡ ❝❛♥ ✐❣♥♦r❡ ✐t✳ ❆♥ ❡①❤❛✉st✐✈❡
♣❛r❛♠❡t❡r s❝❛♥ ✐♥ t✇♦ ❞✐♠❡♥s✐♦♥s✱ ❛s ♦♣♣♦s❡❞ t♦ ❢♦✉rt❡❡♥✱ ✐s ❡♠✐♥❡♥t❧② ♠♦r❡ ❢❡❛s✐❜❧❡✳ ❋♦r
❡①❛♠♣❧❡✱ t❤✐s ❚❤❡s✐s ✐♥❝❧✉❞❡s t✇♦ s✉❝❤ s❝❛♥s✳ ❚❤✉s✱ ✐t ✇♦✉❧❞ ❜❡ ❜❡♥❡✜❝✐❛❧ ✐❢ ♦♥❡ ❝♦✉❧❞ ✐❞❡♥t✐❢②
s♦♠❡ ✏♦rt❤♦❣♦♥❛❧ ❜❛s✐s✑ ♦❢ ♣❛r❛♠❡t❡r ❝♦♠❜✐♥❛t✐♦♥s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❝❧❡❛♥ ❞❡❝♦rr❡❧❛t✐♦♥ ♦❢
t❤❡ t✇♦ ❡✛❡❝ts ❧✐st❡❞ ❛❜♦✈❡✳ ■❢ t❤❡ ♠❡t❤♦❞ ♦❢ ♦❜t❛✐♥✐♥❣ s✉❝❤ ❛ ♣❛r❛♠❡t❡r s❡t ❝❛♥ ❜❡ ✉s❡❞ ♦♥ ❛♥②
❣❡♥❡r✐❝ ✭s✐♠♣❧✐✜❡❞✮ ♠♦❞❡❧✱ ✐t ✇♦✉❧❞ ❢✉rt❤❡r♠♦r❡ ✈❛st❧② ✐♥❝r❡❛s❡ t❤❡ ❢✉t✉r❡ ✉t✐❧✐t② ♦❢ t❤❡ s❡❛r❝❤✳
■t ✐s ❤♦✇❡✈❡r ♥♦t ♦❜✈✐♦✉s t❤❛t ✜♥❞✐♥❣ t❤✐s ♣❛r❛♠❡tr✐③❛t✐♦♥ ✐s ❡❛s✐❡r t❤❛♥ ✐♠♣❧❡♠❡♥t✐♥❣ ❛♥② ♦❢
t❤❡ ♦t❤❡r ❛♣♣r♦❛❝❤❡s t♦ ❞❡❛❧✐♥❣ ✇✐t❤ t❤❡ ❧❛r❣❡ ♣❛r❛♠❡t❡r ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ♠♦❞❡❧ ♦✉t❧✐♥❡❞ ✐♥
t❤✐s ❈❤❛♣t❡r✳

▼♦r❡ ●❡♥❡r✐❝ ❙✐♠♣❧✐✜❡❞ ▼♦❞❡❧s

❆♥♦t❤❡r ✇❛② t♦ r❡❞✉❝❡ t❤❡ ♠❛♥② ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♠✐❣❤t ❜❡ t♦ ❝♦♥s✐❞❡r ❛ ❧❡ss
s♣❡❝✐✜❝ ❝❧❛ss ♦❢ ♠♦❞❡❧s t❤❛t ✐♥❝❧✉❞❡s t❤❡ ✷❍❉▼+a ❛s ❛ ❧✐♠✐t✐♥❣ ❝❛s❡✳ ❙✉❝❤ ❛ ♠♦❞❡❧ ❝❛♥ ❡✳❣✳
❜❡ ❝♦♥str✉❝t❡❞ ❛s ❛ ❤②❜r✐❞ ♦❢ ❡①♣❧✐❝✐t ♠❡❞✐❛t♦r ❡①❝❤❛♥❣❡ ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥
t❡r♠s ❬✶✸✺❪✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣❛r❛♠❡t❡rs ♠❛② t❤❡♥ ❜❡ r❡❞✉❝❡❞ ❜② ❝♦♠❜✐♥✐♥❣ s❡✈❡r❛❧ ♦❢ t❤❡♠
✐♥t♦ ♦♥❡ ♣❛r❛♠❡t❡r ❝❤❛r❛❝t❡r✐③✐♥❣ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❝♦♥t❛❝t ✐♥t❡r❛❝t✐♦♥✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡
❡①♣❧✐❝✐t ♠❡❞✐❛t♦r ♣❛rt ❝♦♥t❛✐♥s ❛ ❙▼✲❣❛✉❣❡ ✐♥✈❛r✐❛♥t ♣s❡✉❞♦s❝❛❧❛r✱ ♦♥❡ ♥❡❡❞s ❛t ❧❡❛st ❛ ❚✇♦✲
❍✐❣❣s ❉♦✉❜❧❡t ♠♦❞❡❧✱ ♦r s♦♠❡t❤✐♥❣ ❡✈❡♥ ♠♦r❡ ❝♦♠♣❧❡①✱ t♦ ❝♦♥str✉❝t t❤❛t ♣s❡✉❞♦s❝❛❧❛r✳ ❚❤✉s
♦♥❡ st❛rts ♦✛ ❛❧r❡❛❞② ✇✐t❤ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ❛♥❞ t❤❡ ❝♦♠♣❧❡①✐t② r❡❞✉❝t✐♦♥
✉♥❢♦rt✉♥❛t❡❧② ✐s ❧✐♠✐t❡❞✳

❚✉♥✐♥❣ ❛ ❇❡♥❝❤♠❛r❦ t♦ ▼❛♥② ❙✐❣♥❛t✉r❡s ❙✐♠✉❧t❛♥❡♦✉s❧②

❚❤❡ ❦❡② ❢❡❛t✉r❡ ♦❢ t❤❡ ✷❍❉▼+a ✐s t❤❡ ❧❛r❣❡ ❞✐✈❡rs✐t② ♦❢ ▲❍❈ s✐❣♥❛t✉r❡s ✐t ♣r❡❞✐❝ts✳ ❚❤❡
❜❡♥❝❤♠❛r❦ ❝♦♥str✉❝t❡❞ ✐♥ t❤✐s ❚❤❡s✐s ✐s ❝♦♥str✉❝t❡❞ ❝♦♥s✐❞❡r✐♥❣ ❥✉st t❤❡ h(bb̄) + Emiss

T s✐❣♥❛✲
t✉r❡✳ ■t ❝❛♥ ♦❢ ❝♦✉rs❡ ❜❡ ❝♦♠♣❛r❡❞ t♦ ❛♥❞ ❛❧✐❣♥❡❞ ✇✐t❤ s✐♠✐❧❛r ❜❡♥❝❤♠❛r❦s t✉♥❡❞ t♦ ♦t❤❡r
s✐❣♥❛t✉r❡s✳ ❇✉t s✉❝❤ ❛♥ ❛♣♣r♦❛❝❤ ♠✐❣❤t ♣r♦❞✉❝❡ s✉❜✲♦♣t✐♠❛❧ r❡s✉❧ts✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ♣❛r❛✲
♠❡t❡r r❡❣✐♦♥ s✐♠✉❧t❛♥❡♦✉s❧② r❡❧❡✈❛♥t t♦ ❛❧❧ s✐❣♥❛t✉r❡s ♠❛② ♥♦t ❜❡ ♦♣t✐♠❛❧ ❢♦r ❛♥② ✐♥❞✐✈✐❞✉❛❧
s✐❣♥❛t✉r❡✳ ❚❤✉s s✉❝❤ ❛ ♣❛r❛♠❡t❡r r❡❣✐♦♥ ♠✐❣❤t ❜❡ ✐❣♥♦r❡❞ ✇❤❡♥ ❝♦♠❜✐♥✐♥❣ ❛♥❞ ❛❧✐❣♥✐♥❣
s❡✈❡r❛❧ s✐❣♥❛t✉r❡✲s♣❡❝✐✜❝ ❜❡♥❝❤♠❛r❦s✳ ❚♦ ♠✐t✐❣❛t❡ t❤✐s r✐s❦✱ ✐t ♠❛② ❜❡ ✐♥t❡r❡st✐♥❣ t♦ ❜✉✐❧❞
♣❛r❛♠❡t❡r ❜❡♥❝❤♠❛r❦s ✉s✐♥❣ ❛ ❝♦♠❜✐♥❡❞ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡✱ ♦r ❝♦♠❜✐♥❡❞ ❧✐❦❡❧✐❤♦♦❞✱ t♦ ❞❡✲
s✐❣♥ ❛♥❞ ❡✈❛❧✉❛t❡ ❜❡♥❝❤♠❛r❦s✳ ❆ ❝♦♠❜✐♥❡❞ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ❝♦✉❧❞ ❜❡ ❝♦♥str✉❝t❡❞ ✉s✐♥❣
❣❡♥❡r✐❝ ❝r♦ss s❡❝t✐♦♥ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡✱ s✐♠✐❧❛r t♦ t❤❡ ❡st✐♠❛t❡ ❞❡s❝r✐❜❡❞
✐♥ ❙❡❝t✐♦♥ ✼✳✸✳✶✱ ✐❢ t❤❡② ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ❛❧❧ r❡❧❡✈❛♥t ♠♦❞❡❧s✳ ❆❧t❡r♥❛t✐✈❡❧② ❛ ♠♦r❡ ❛❞✈❛♥❝❡❞
❝♦♠❜✐♥❡❞ ❧✐❦❡❧✐❤♦♦❞ ♦r s✐❣♥✐✜❝❛♥❝❡ ❝♦✉❧❞ ❜❡ ❝♦♥str✉❝t❡❞✱ ❡✳❣✳ ✉s✐♥❣ ❘✐✈❡t ❬✶✸✻❪ r♦✉t✐♥❡s ✐♥
❛ ✇❛② s✐♠✐❧❛r t♦ t❤❡ ❛♣♣r♦❛❝❤ t❛❦❡♥ ✐♥ ❘❡❢✳ ❬✶✸✼❪✳ ❙✉❝❤ ❛ ❝♦♠❜✐♥❡❞ ❧✐❦❡❧✐❤♦♦❞✱ s❡♥s✐t✐✈✐t②✱
♦r s✐❣♥✐✜❝❛♥❝❡✱ ❝♦✉❧❞ t❤❡♥ ❜❡ ✉s❡❞ ✐♥st❡❛❞ ♦❢✱ ♦r ✐♥ ♣❛r❛❧❧❡❧ t♦✱ s❡♥s✐t✐✈✐t② st✉❞✐❡s ❢♦❝✉s❡❞ ♦♥
✐♥❞✐✈✐❞✉❛❧ ❝❤❛♥♥❡❧s✳

■♠♣r♦✈❡❞ ▲✐♠✐ts ✇✐t❤ ❘❡❞✉❝❡❞ ▼♦❞❡❧ ❉❡♣❡♥❞❡♥❝❡ ❛♥❞ ❙❡♥s✐t✐✈✐t② ❊st✐♠❛t❡

❚❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ❜❛s❡❞ ♦♥ t❤❡ ❣❡♥❡r✐❝ ❧✐♠✐ts ✇✐t❤ ♠✐♥✐♠❛❧ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ✇❛s
❢♦✉♥❞ t♦ ❜❡ ❛ ❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ r❡❛❧ s❡♥s✐t✐✈✐t②✳ ■t ✇♦✉❧❞ ❜❡ ✐♥t❡r❡st✐♥❣ t♦ q✉❛♥t✐❢②
t❤✐s st❛t❡♠❡♥t✱ ❛♥❞ t❤❡ ♦❜s❡r✈❡❞ ❝♦♥s❡r✈❛t✐✈❡ ❜✐❛s ♦❢ t❤❡ ❣❡♥❡r✐❝ ❧✐♠✐ts✳ ❇❛s❡❞ ♦♥ s✉❝❤ ❛ r❡s✉❧t✱
♦♥❡ ❝♦✉❧❞ ❡✈❛❧✉❛t❡ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ♦❢ ❝♦♠♣❛r✐♥❣ ♣❛rt♦♥ ❧❡✈❡❧ ❞✐✛❡r❡♥t✐❛❧ ❝r♦ss s❡❝t✐♦♥s t♦
t❤❡ ❣❡♥❡r✐❝ ❝r♦ss s❡❝t✐♦♥ ❧✐♠✐ts✳ ■♥ t❤✐s ❚❤❡s✐s✱ t❤❡ ♠♦st ♥❛✐✈❡ ❛♣♣r♦❛❝❤ ♦❢ ❛ s✉♠ ♦❢ t❤❡ r❛t✐♦s

✶✹✾



♦❢ ❧✐♠✐ts ❛♥❞ ❝r♦ss s❡❝t✐♦♥s ✐s ✉s❡❞✱ ✐✳❡✳ t❤❡ ❞❡✜♥✐t✐♦♥ ✐♥ ❊q✉❛t✐♦♥ ✭✼✳✷✮✳ ❍♦✇❡✈❡r✱ ✐t ♠❛② ✇❡❧❧
❜❡ t❤❛t ❡✳❣✳ ✉s✐♥❣ t❤❡ ❡①♣❡❝t❡❞ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts✱ ♦r t❤❡✐r r❛t✐♦s✱ ♦r ❧✐❦❡❧✐❤♦♦❞ ✭✲r❛t✐♦✮✱ ♦r
s✐❣♥✐✜❝❛♥❝❡✱ ♠❛② ②✐❡❧❞ ❜❡tt❡r ❡st✐♠❛t❡s✳ ▼❛♥② ❛♣♣r♦❛❝❤❡s ❝❛♥ ❜❡ ✐♠❛❣✐♥❡❞ t❤❛t s❤♦✉❧❞ ♥♦t
s❧♦✇ ❞♦✇♥ t❤❡ ❡st✐♠❛t❡ s✐❣♥✐✜❝❛♥t❧②✳ ❋✐♥❛❧❧②✱ ❛ q✉❛♥t✐t❛t✐✈❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❛ ❣❡♥❡r✐❝✲❧✐♠✐t✲❜❛s❡❞
s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ❛♥❞ t❤❡ ❛❝t✉❛❧ s❡♥s✐t✐✈✐t② ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦
❝♦♥str✉❝t✐♥❣ ❣❡♥❡r✐❝ ❧✐♠✐ts✳

■♠♣r♦✈❡ h(bb̄) + Emiss

T
❙❡♥s✐t✐✈✐t② ❜② ■♠♣r♦✈✐♥❣ t❤❡ ❏❡t ▼❛ss ❘❡❝♦♥str✉❝t✐♦♥

❚❤❡ ♠❛ss ♦❢ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ✐s t❤❡ ❞✐s❝r✐♠✐♥❛♥t ✉s❡❞ ✐♥ t❤❡ ❝♦♠❜✐♥❡❞ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦✲
❣r♦✉♥❞ ✜t ♦❢ t❤❡ s❡❛r❝❤ ❢♦r h(bb̄) + Emiss

T ✳ ❍❡♥❝❡ t❤❡ ❍✐❣❣s ❝❛♥❞✐❞❛t❡ ♠❛ss r❡s♦❧✉t✐♦♥ ❛♥❞
r❡s♣♦♥s❡ ❛r❡ ❝r✉❝✐❛❧ t♦ t❤❡ h(bb̄) + Emiss

T s❡♥s✐t✐✈✐t②✳ ■♥ t❤❡ r❡s♦❧✈❡❞ r❡❣✐♠❡ t❤✐s ♠❛ss ❞❡✲
♣❡♥❞s ♦♥ t❤❡ ❛♥❣✉❧❛r ❞✐st❛♥❝❡✱ r❛♣✐❞✐t② ❛♥❞ ❡♥❡r❣② ♦❢ t❤❡ t✇♦ s♠❛❧❧✲R ❥❡ts✳ ■♥ t❤❡ ♠❡r❣❡❞
r❡❣✐♠❡ t❤✐s ♠❛ss ✐s t❤❡ ♠❛ss ♦❢ t❤❡ ❧❛r❣❡✲R ❥❡t✱ r❡❝♦♥str✉❝t❡❞ ❛s ❛ ❝♦♠❜✐♥❡❞ ♠❛ss✱ ❞❡s❝r✐❜❡❞
✐♥ ❙❡❝t✐♦♥ ✸✳✸✳✶✳✷✳ ❚♦ ❣♦ ❜❡②♦♥❞ t❤❡ ❝✉rr❡♥t ♠❛ss r❡s♦❧✉t✐♦♥✱ ♠♦r❡ ✐♥tr✐❝❛t❡ ❝♦♠❜✐♥❛t✐♦♥s ♦❢
t❤❡ ❝❛❧♦r✐♠❡t❡r ❛♥❞ tr❛❝❦✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞✳ ❖♥❡ s✉❝❤ ❛♣♣r♦❛❝❤ ✐s t♦ ❝♦♥str✉❝t
t❤❡ ❧❛r❣❡✲R ❥❡t ❢r♦♠ ❡✈❡♥ s♠❛❧❧❡r✲R ✭✐✳❡✳ R ❂ ✵✳✷✮ s✉❜❥❡ts ❛♥❞ tr❛❝❦s✱ ♠❛t❝❤ t❤❡ tr❛❝❦s t♦ t❤❡
s✉❜❥❡ts✱ ❛♥❞ r❡s❝❛❧❡ t❤❡ ♠♦♠❡♥t❛ ♦❢ t❤❡ tr❛❝❦s ✉s✐♥❣ t❤❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ s✉❜❥❡t t♦ ✇❤✐❝❤
t❤❡② ❛r❡ ❛ss♦❝✐❛t❡❞ ❬✶✸✽❪✳ ❋r♦♠ t❤❡s❡ tr❛❝❦s ❛♥❞ s✉❜❥❡ts t❤❡ ❧❛r❣❡✲R ❥❡t ❝❛♥ t❤❡♥ ❜❡ ❝♦♥✲
str✉❝t❡❞✱ ❛♥❞ ✐ts ♠❛ss ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ r❡s✉❧t✐♥❣ ♠❛ss ♦❜s❡r✈❛❜❧❡ ✐s ❝❛❧❧❡❞ t❤❡ ❚r❛❝❦ ❆ss✐st❡❞
❘❡❝❧✉st❡r❡❞ ✭❚❆❘✮ ♦r ❙♠❛❧❧✲R ❥❡t ❆ss✐st❡❞ ❚r❛❝❦ ✭❙❆❚✮ ❥❡t ♠❛ss✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡t❛✐❧s
♦❢ t❤❡ ❧❛r❣❡✲R ❥❡t ❝♦♥str✉❝t✐♦♥ ❢r♦♠ ✐ts ❝♦♥st✐t✉❡♥ts ❬✶✸✽❪✳ ❚❤❡ ❚❆❘ ❛♥❞ ❙❆❚ ❛❧❣♦r✐t❤♠s ❛r❡
❡①♣❡❝t❡❞ t♦ ♣r♦✈✐❞❡ ✐♠♣r♦✈❡❞ ❥❡t ♠❛ss r❡s♣♦♥s❡ ❛♥❞ r❡s♦❧✉t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♠❜✐♥❡❞ ♠❛ss
✉s❡❞ s♦ ❢❛r ❬✶✸✽❪✳ ■♠♣❧❡♠❡♥t✐♥❣ ❛♥❞ ✉s✐♥❣ t❤❡s❡ ❛❧❣♦r✐t❤♠s t♦ ❜❡tt❡r r❡❝♦♥str✉❝t t❤❡ ♠❛ss ♦❢
t❤❡ ❧❛r❣❡✲r❛❞✐✉s ❥❡t ✐s t❤✉s ❡①♣❡❝t❡❞ t♦ ✐♠♣r♦✈❡ t❤❡ h(bb̄) + Emiss

T s❡♥s✐t✐✈✐t②✳

✶✺✵



❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

■ t❤❛♥❦ ♠② ❙✉♣❡r✈✐s♦r✱ ❖❧❡❣ ❇r❛♥❞t✱ ❢♦r ❤✐s ❡♥❝♦✉r❛❣❡♠❡♥t✱ ❛ st❡❛❞② s✉♣♣❧② ♦❢ ✐♥t❡r❡st✐♥❣
❝❤❛❧❧❡♥❣❡s ❛♥❞ ✈❛❧✉❛❜❧❡ ♦♣♣♦rt✉♥✐t✐❡s✱ ❛♥❞ ❤✐s t❤♦✉❣❤t❢✉❧ ❛♥❞ ♣♦✐❣♥❛♥t ❛❞✈✐❝❡ ❛♥❞ ❢❡❡❞❜❛❝❦✳ ■
❛♠ ✈❡r② ❣r❛t❡❢✉❧ t♦ ♠② s❡❝♦♥❞ r❡❛❞❡r ❚✐❧♠❛♥ P❧❡❤♥ ❢♦r ❛❣r❡❡✐♥❣ t♦ r❡❛❞ ♠② ❚❤❡s✐s✱ ✇❤✐❝❤ ✐s ❢❛r
t♦♦ ❧♦♥❣ t♦ ✐♠♣♦s❡ ✉♣♦♥ ❛♥②♦♥❡✱ ❡s♣❡❝✐❛❧❧② t❤♦s❡ ✐♥❝❧✐♥❡❞ t♦✇❛r❞s r❡❣✉❧❛r ❢♦♦❞✱ s✉✣❝✐❡♥t s❧❡❡♣✱
❣♦♦❞ ❤❡❛❧t❤✱ ♦r ✜♥✐t❡ ✇♦r❦✐♥❣ ❤♦✉rs✳ ■❢ ②♦✉ ❤❛✈❡ ❝♦♠❡ t❤✐s ❢❛r✱ ■ ❝♦♥❣r❛t✉❧❛t❡ ②♦✉r st❛♠✐♥❛✳
■ ❛♠ ❞❡❡♣❧② t❤❛♥❦❢✉❧ t♦✇❛r❞s ❚❤♦♠❛s ▼❛❧t❡ ❙♣✐❡❦❡r✱ ❙❡❜❛st✐❛♥ ▼❛r✐♦ ❲❡❜❡r✱ ❛♥❞ P❛✈❡❧
❙t❛r♦✈♦✐t♦✈ ❢♦r t❤❡ st❛❜❧❡ ♦♣❡r❛t✐♦♥ ❛♥❞ ❝♦♥t✐♥✉❡❞ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ❑■P ❝♦♠♣✉t✐♥❣ ❢❛r♠✱
❛s ✇❡❧❧ ❛s t❤❡ s✉♣♣♦rt t❤❡② ❝♦♥t✐♥✉❡ t♦ ♣r♦✈✐❞❡ t♦ ✐ts ✉s❡rs ✇✐t❤ ❝❤❛r❛❝t❡r✐st✐❝❛❧❧② ❣r❡❛t q✉❛❧✐t②
❛♥❞ ❧♦✇ ❧❛t❡♥❝②✳ ■ ❛♠ ❢✉rt❤❡r ❡①❝❡❡❞✐♥❣❧② ❣r❛t❡❢✉❧ t♦✇❛r❞s ▼❛rt✐♥ ❇❛✉❡r ♦❢ t❤❡ ❍❡✐❞❡❧❜❡r❣
■♥st✐t✉t❡ ❢♦r ❚❤❡♦r❡t✐❝❛❧ P❤②s✐❝s✱ ✇❤♦s❡ ♣❛t✐❡♥t ❛♥s✇❡rs t♦ ♠② ✐t✐♥❡r❛♥t q✉❡st✐♦♥s ♦♥ t❤❡
✷❍❉▼+a✱ t❤❡ ✇♦r❦✐♥❣s ♦❢ ▼❈ ❣❡♥❡r❛t♦rs✱ ❛♥❞ ♣❤❡♥♦♠❡♥♦❧♦❣② ✐♥ ❣❡♥❡r❛❧ ✇❡r❡ ❛s ♦♥ t❤❡
♣♦✐♥t ❛s t❤❡② ✇❡r❡ ❢❛st t♦ ❛rr✐✈❡✱ ❛♥❞ ✇❤♦ ♥❡✈❡r ❢❛✐❧❡❞ t♦ ♣♦✐♥t ♦✉t r❡❧❡✈❛♥t ❛♥❞ ✐♥t❡r❡st✐♥❣
❧✐t❡r❛t✉r❡✳ ■ ❛♠ ✈❡r② t❤❛♥❦❢✉❧ t♦ ❛❧❧ t❤❡ ♠❡♠❜❡rs ♦❢ t❤❡ ❆❚▲❆❙ ❛♥❞ ❍❊P✲❉❡t❡❝t♦rs ❣r♦✉♣s
❛t ❑■P✱ ✇❤♦ ♠❛❦❡ ❛ ❣r❡❛t ❣r♦✉♣✱ ❛♥❞ ✇❡r❡ ✈❡r② ❢r✐❡♥❞❧② t♦ ✇❡❧❝♦♠❡ ♠❡ ❛s r❡❛❞✐❧② ❛s t❤❡② ❞✐❞✳
❚❤❡② ❛r❡ ❛❧❧ ✇♦♥❞❡r❢✉❧ ❝♦❧❧❡❛❣✉❡s✱ ❜✉t ❙❡❜❛st✐❛♥✱ ❚❤♦♠❛s✱ ▼❡r✈❡✱ ❙t❛♥✐s❧❛✈✱ ❍❛♥♥❛❤✱ ▼❛♥✉❡❧✱
P❤✐❧✐♣♣✱ ❈❧❛✐r❡✱ ▼❛rt✐♥✱ ❍❛♥♥♦✱ ❛♥❞ ❙❛s❝❤❛ ❞❡s❡r✈❡ ❛ s♣❡❝✐❛❧ ♠❡♥t✐♦♥✱ ❢♦r ✇✐t❤♦✉t t❤❡✐r ❤❡❧♣❢✉❧✱
❝r✐t✐❝❛❧✱ ❛♥❞ ❝♦♥str✉❝t✐✈❡ r❡❛❞✐♥❣ ♦❢ ❡❛r❧✐❡r ❞r❛❢ts ♦❢ t❤✐s ❚❤❡s✐s✱ ✐t ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❢❛r ✇♦rs❡
t❤❛♥ ✐t ✐s✳ ■ t❤❛♥❦ ▲✉❦❛s ❆❧❡①❛♥❞❡r ❍❡✐♥r✐❝❤ ♦❢ ◆❡✇ ❨♦r❦ ❯♥✐✈❡rs✐t② ❛♥❞ P❛tr✐❝❦ ❘✐❡❝❦ ♦❢
t❤❡ ▼❛① P❧❛♥❝❦ ■♥st✐t✉t❡ ❢♦r P❛rt✐❝❧❡ P❤②s✐❝s ✐♥ ▼✉♥✐❝❤ ✇❤♦ ❣❛✈❡ ♠❡ ❛❝❝❡ss t♦ t❤❡✐r ❤❛r❞✲
❡❛r♥❡❞ ❘❡❝❛st✴②❛❞❛❣❡ ♣r❡s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❆❚▲❆❙ h(bb̄)+Emiss

T ❛♥❛❧②s✐s✱ ❛♥❞ ✇❤♦ ❤❡❧♣❡❞ ♠❡
✐♠♠❡♥s❡❧② ✇✐t❤ ✉♥❞❡rst❛♥❞✐♥❣ ❛♥❞ r✉♥♥✐♥❣ ✐t✳ ❲✐t❤♦✉t t❤❡ ✢❡①✐❜❧❡ ❢r❛♠❡✇♦r❦ ❛♥❞ ♣♦✇❡r❢✉❧
❝❧✉st❡r ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❡st❛❜❧✐s❤❡❞ ❜② ▲✉❦❛s✱ ■ ❝♦✉❧❞ ♥♦t ❤❛✈❡ ✜♥✐s❤❡❞ t❤✐s ✇♦r❦ ❜② ♥♦✇✳ ■ ❛❧s♦
t❤❛♥❦ t❤❡ ♠❡♠❜❡rs ♦❢ t❤❡ ▲❍❈ ❉❛r❦ ▼❛tt❡r ❲♦r❦✐♥❣ ●r♦✉♣✱ ✇❤♦ ✇✐t❤ ❢r✉✐t❢✉❧✱ st✐♠✉❧❛t✐♥❣
❞✐s❝✉ss✐♦♥s ❛♥❞ ❡♠❛✐❧ ❡①❝❤❛♥❣❡s ♣r♦✈✐❞❡❞ ❛ ❢❡rt✐❧❡ ❡♥✈✐r♦♥♠❡♥t t♦ ❣r♦✇✱ t❡st✱ ❝♦♠♣❛r❡ ❛♥❞ ✇❡❡❞
♦✉t ✐❞❡❛s✳ ■ ♦✇❡ ❛ ❞❡❜t ♦❢ ❣r❛t✐t✉❞❡ t♦ ❙❡❜❛st✐❛♥ ❙t❛♣❡❧❜❡r❣ ♦❢ t❤❡ ■♥st✐t✉t❡ ❢♦r ❚❤❡♦r❡t✐❝❛❧
❆str♦♣❤②s✐❝s ✐♥ ❍❡✐❞❡❧❜❡r❣✱ ❢♦r ♠❛♥② ✐♥t❡r❡st✐♥❣ ❞✐s❝✉ss✐♦♥s✳ ❚❤❡ ✐♥s✐❣❤t ♦❢ ❤✐s ❛♥s✇❡rs ♦♥ ❛❧❧
t❤❛t ✐s ❆str♦♣❤②s✐❝s ♦r ❈♦s♠♦❧♦❣② ✐s ♦♥❧② ♠❛t❝❤❡❞ ❜② t❤❡ ❞❡♣t❤ ♦❢ ❤✐s q✉❡st✐♦♥s ♦♥ ❡✈❡r②t❤✐♥❣
♣❛rt✐❝❧❡ ♣❤②s✐❝s✳ ▲❛st❧②✱ ❜✉t ❝❡rt❛✐♥❧② ♥♦t ❧❡❛st❧②✱ ■ t❤❛♥❦ ♠② ❢❛♠✐❧②✱ ♠② ❢r✐❡♥❞s✱ ❛♥❞ ❡s♣❡❝✐❛❧❧②
❚❛♥✐❛✱ ✇❤♦s❡ ✉♥✇❛✈❡r✐♥❣✱ ❛♠❛③✐♥❣ s✉♣♣♦rt✱ ❛♥❞ ✭♣❛rt✐❝✉❧❛r❧② ✐♥ t❤❡ ✜♥❛❧ ❢❡✇ ♠♦♥t❤s✮ ❛❜✐❞✐♥❣
♣❛t✐❡♥❝❡✱ ❡♥❛❜❧❡❞ ♠❡ t♦ ✐♥ t❤❡ ✜rst ♣❧❛❝❡ ❞♦ t❤✐s ✇♦r❦ ❛♥❞ ✇r✐t❡ t❤✐s ❚❤❡s✐s✳ ◆✐ ♠✐t③ t❧❛③♦❤t❧❛
❚❛♥✐❛ ♥♦ ♠♦②♦❧♦t③✐♥✳

✶✺✶



✶✺✷



❆♣♣❡♥❞✐① ❆

✷❍❉▼ ❚r❡❡ ▲❡✈❡❧ ❱❛❝✉✉♠ ❙t❛❜✐❧✐t②

❈♦♥❞✐t✐♦♥s ✐♥ t❤❡ ❆❧✐❣♥♠❡♥t ▲✐♠✐t

❚❤✐s ❝❤❛♣t❡r ❣✐✈❡s t❤❡ ❞❡t❛✐❧❡❞ st❡♣s t❤❛t ❛❧❧♦✇ tr❛♥s❧❛t✐♥❣ t❤❡ ❣❡♥❡r❛❧ ✷❍❉▼ tr❡❡ ❧❡✈❡❧ ✈❛❝✉✉♠
st❛❜✐❧✐t② ❝♦♥❞✐t✐♦♥s ❣✐✈❡♥ ✐♥ t❡r♠s ♦❢ q✉❛rt✐❝ ❝♦✉♣❧✐♥❣s ✐♥ ■♥❡q✉❛❧✐t② ✭✹✳✶✵✮ ✐♥t♦ t❤❡ s❛♠❡
❝♦♥❞✐t✐♦♥s ❡①♣r❡ss❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♣❤②s✐❝❛❧❧② ♠❡❛♥✐♥❣❢✉❧ ♠❛ss❡s✱ ♠✐①✐♥❣ ❛♥❣❧❡s✱ v✱ ❛♥❞ λ3✱
✐♥ ❊q✉❛t✐♦♥ ✭✹✳✶✶✮✳

❚❤❡ st❛rt✐♥❣ ♣♦✐♥t ✐s ■♥❡q✉❛❧✐t② ✭✹✳✶✵✮✱ ❛s ❣✐✈❡♥ ✐♥ ❬✾✾❪✿

λ1 > 0, λ2 > 0, λ3 > −
√

λ1λ2, λ3 + λ4 − |λ5| > −
√

λ1λ2 . ✭❆✳✶✮

❋✉rt❤❡r♠♦r❡✱ ✇❡ ❛ss✉♠❡ t❤❡ ❛❧✐❣♥♠❡♥t ❧✐♠✐t✱ t❤❛t ✐s✱ sin(β − α) = 1 ✱ ❛♥❞ MH = MH± ✳
❚❤❡s❡ t✇♦ ❝❤♦✐❝❡s ❛❧❧♦✇ ❝♦✉♣❧✐♥❣s ♦❢ h s✐♠✐❧❛r t♦ t❤❡ ❙▼ ❍✐❣❣s✱ ❛♥❞ ❛✈♦✐❞ ❝♦♥str❛✐♥ts ❢r♦♠
❡❧❡❝tr♦✇❡❛❦ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥ts✱ ❛s ❞❡t❛✐❧❡❞ ✐♥ ❙❡❝t✐♦♥s ✹✳✶✳✶ ❛♥❞ ✹✳✷✳✷✱ r❡s♣❡❝t✐✈❡❧②✳

◆❡①t ✇❡ ❡①♣r❡ss ❛❧❧ t❤❡ λi ✐♥ t❡r♠s ♦❢ ♠❛ss❡s ❛♥❞ ♠✐①✐♥❣ ❛♥❣❧❡s✳ ❋♦r t❤✐s ✇❡ ❛♣♣❧② t❤❡
❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ tr✉❡ ✐♥ t❤❡ ❛❧✐❣♥♠❡♥t ❧✐♠✐t ❬✶✸✾❪✱

v2λ1 =M2
h − tan βµ2

3 −M2
H sin β cos β

cos2 β
,

v2λ2 =M2
h − µ2

3 −M2
H sin β cos β

tan β sin2 β
,

v2λ3 =M2
h − µ2

3 −M2
H sin β cos β

sin β cos β
,

v2λ4 =M2
A0

+
µ2
3 −M2

H sin β cos β

sin β cos β
,

v2λ5 =M2
H −M2

A0
+
µ2
3 −M2

H sin β cos β

sin β cos β
, ✭❆✳✷✮

✇❤❡r❡ MH =MH± ✐s ❛❧r❡❛❞② ✉s❡❞ t♦ s✐♠♣❧✐❢② t❤❡ ❡①♣r❡ss✐♦♥s✳ ❲r✐t✐♥❣

X ≡ µ2
3 −M2

H sin β cos β

v2
✭❆✳✸✮

✶✺✸



✇❡ ❝❛♥ ✐❞❡♥t✐❢② X ✐♥ ❆✳✷ ❛♥❞ ♦❜t❛✐♥✿

λ1 =
M2

h

v2
− tan β

cos2 β
X , ✭❆✳✹✮

λ2 =
M2

h

v2
− 1

tan β sin2 β
X , ✭❆✳✺✮

λ3 =
M2

h

v2
− 1

sin β cos β
X , ✭❆✳✻✮

λ4 =
M2

A0

v2
+

1

sin β cos β
X , ✭❆✳✼✮

λ5 =
M2

H −M2
A0

v2
+

1

sin β cos β
X . ✭❆✳✽✮

❯s✐♥❣ ❊q✉❛t✐♦♥ ✭❆✳✻✮ ❛s X = sin β cos β
(

M2
h

v2
− λ3

)

✇❡ ❝❛♥ tr❛❞❡ X ❢♦r λ3

λ1 =
M2

h

v2
(1− tan2 β) + tan2 βλ3 , ✭❆✳✾✮

λ2 =
M2

h

v2
(1− cot2 β) + cot2 βλ3 , ✭❆✳✶✵✮

λ4 =
M2

A0
−M2

H +M2
h

v2
− λ3 , ✭❆✳✶✶✮

λ5 =
M2

H −M2
A0

+M2
h

v2
− λ3 , ✭❆✳✶✷✮

✇❤✐❝❤ ✐s ❝♦♥✈❡♥✐❡♥t ❜❡❝❛✉s❡ λ3 ✐s ❛♥ ❡①♣♦s❡❞ ♣❛r❛♠❡t❡r ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❆t
t❤✐s ♣♦✐♥t✱ ❧❡t ✉s ❝♦♥s✐❞❡r t❤❡ ✜rst t✇♦ ❝♦♥❞✐t✐♦♥s ♦❢ ■♥❡q✉❛❧✐t② ✭❆✳✶✮

λ1 ≥ 0 , ✭❆✳✶✸✮

λ2 ≥ 0 , ✭❆✳✶✹✮

✇❤✐❝❤✱ ✇❤❡♥ ✉s✐♥❣ ❊q✉❛t✐♦♥s ✭❆✳✾✮ ❛♥❞ ✭❆✳✶✵✮✱ ②✐❡❧❞

1

tan2 β
> 1−R , ✭❆✳✶✺✮

tan2 β > 1−R , ✭❆✳✶✻✮

✇✐t❤ R ≡ λ3v2

M2
h

✳ ◆♦t❡ t❤❛t t❤✐s r❡q✉✐r❡s R > 0✱ ✐✳❡✳ λ3 > 0✳ ❲❡ ♥♦✇ ❝❤♦♦s❡ t♦ ❢✉rt❤❡r r❡str✐❝t

♦✉rs❡❧✈❡s t♦ R ≥ 1✱ ✐✳❡✳ λ3 ≥ M2
h

v2
≈ 0.2581✱ s✐♥❝❡ t❤✐s ❡♥s✉r❡s t❤❛t ■♥❡q✉❛❧✐t✐❡s ✭❆✳✶✺✮ ❛♥❞ ✭❆✳✶✻✮

❛r❡ ❢✉❧✜❧❧❡❞ ❢♦r ❛♥② tan β✳ ❚❤✐s ❝❤♦✐❝❡ ✐s ♥♦t r❡q✉✐r❡❞ ❜② ■♥❡q✉❛❧✐t✐❡s ✭❆✳✶✸✮ ❛♥❞ ✭❆✳✶✹✮✱ ❜✉t
❢♦r R < 1 ■♥❡q✉❛❧✐t✐❡s ✭❆✳✶✸✮ ❛♥❞ ✭❆✳✶✹✮ ②✐❡❧❞ ❝♦♥❞✐t✐♦♥s ♦♥ tan β✱ ✇❤✐❝❤ ✇❡ ✇❛♥t t♦ ❛✈♦✐❞ ✐❢
❛t ❛❧❧ ♣♦ss✐❜❧❡✱ s✐♥❝❡ ✇❡ s❝❛♥ tan β ✐♥ ❈❤❛♣t❡r ✼✳ ❚✉r♥✐♥❣ ♦✉r ❛tt❡♥t✐♦♥ t♦ t❤❡ t❤✐r❞ ❝♦♥❞✐t✐♦♥
✐♥ ■♥❡q✉❛❧✐t② ✭❆✳✶✮

λ3 > −
√

λ1λ2 , ✭❆✳✶✼✮

✇❡ ✜rst ♥♦t✐❝❡ t❤❛t s✐♥❝❡ ✇❡ ❛❧r❡❛❞② ❤❛✈❡ λ1, λ2 ≥ 0 ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ❤❛✈❡
s❡❡♥ t❤❛t ✇✐t❤ ♦✉r ❝❤♦✐❝❡s ♦❢MH± =MH ❛♥❞ sin(β−α) t❤❡s❡ ❝❛♥ ♦♥❧② s✐♠✉❧t❛♥❡♦✉s❧② ❜❡ tr✉❡

✶✺✹



✇✐t❤ λ3 > 0✳ ❚❤✉s ■♥❡q✉❛❧✐t② ✭❆✳✶✼✮ ✐s ❛❧r❡❛❞② ❢✉❧✜❧❧❡❞ ❛t t❤✐s ♣♦✐♥t✳ ■t ✇✐❧❧ ❤♦✇❡✈❡r ❜❡ ✉s❡❢✉❧
t♦ ✐♥s❡rt ❊q✉❛t✐♦♥s ✭❆✳✾✮ ❛♥❞ ✭❆✳✶✵✮✱ s✉❝❤ t❤❛t ✇❡ ❣❡t✿

1 > −Y ≡ −
√

(

1− tan2 β

R
+ tan2 β

)(

1− tan−2 β

R
+ tan−2 β

)

, ✭❆✳✶✽✮

■❢ ✐♥ ■♥❡q✉❛❧✐t② ✭❆✳✶✽✮ ✇❡ ❝♦♥s✐❞❡r ♦♥❧② t❤❡ ❛r❣✉♠❡♥t ♦❢ t❤❡ sq✉❛r❡ r♦♦t

(

1− tan2 β

R
+ tan2 β

)(

1− tan−2 β

R
+ tan−2 β

)

✭❆✳✶✾✮

=1 +

(

1

R
− 1

R2

)

(tan2 β + tan−2 β − 2) , ✭❆✳✷✵✮

✇❡ s❡❡ t❤❛t t❤❡ r✐❣❤t ❢❛❝t♦r ✐s ♥❡✈❡r ♥❡❣❛t✐✈❡ ❛s tan2 β + tan−2 β ≥ 2 s✐♥❝❡ tan2 β ≥ 0 ❜②
❞❡✜♥✐t✐♦♥✱ ❛♥❞ ♥❡✐t❤❡r ✐s t❤❡ ❧❡❢t ❢❛❝t♦r ❣✐✈❡♥ ♦✉r ♣r❡✈✐♦✉s ❝❤♦✐❝❡ ♦❢ R ≥ 1✳ ❚❤✉s Y ≥ 1
❛❧✇❛②s✱ ✇❤✐❝❤ ✇❡ ✇✐❧❧ ✉s❡ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳

❆t ❧❛st✱ ✐♥s❡rt✐♥❣ ❛s ❜❡❢♦r❡ ✐♥t♦ t❤❡ ✜♥❛❧ ❝♦♥❞✐t✐♦♥

λ3 + λ4 − |λ5| > −
√

λ1λ2, ✭❆✳✷✶✮

✇❡ ❣❡t

M2
A0

−M2
H +M2

h

λ3v2
−

∣

∣

∣

∣

M2
H −M2

A0
+M2

h

λ3v2
− 1

∣

∣

∣

∣

> −Y , ✭❆✳✷✷✮

✇❤❡r❡ ✇❡ ❝❛♥ ✉s❡ t❤❡ ♣r❡✈✐♦✉s r❡s✉❧t t❤❛t Y > 1 ❢♦r R > 1 ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ✈❛❧✉❡ ♦❢ tan β✳
❲✐t❤ ✐t ✇❡ ❤❛✈❡

1 +
M2

A0
−M2

H +M2
h

λ3v2
−

∣

∣

∣

∣

M2
H −M2

A0
+M2

h

λ3v2
− 1

∣

∣

∣

∣

> 0 ✭❆✳✷✸✮

✇❤✐❝❤ ✐s

R−1 −Q−
∣

∣R−1 +Q
∣

∣ > 0 ✭❆✳✷✹✮

✇❤❡r❡ Q ≡ M2
H−M2

A0

λ3v2
− 1✳ ■♥❡q✉❛❧✐t② ✭❆✳✷✹✮ ✐s s♦❧✈❡❞ ❜② R−1 > 0, Q < 0✱ t❤❡ ✜rst ♦❢ ✇❤✐❝❤ ✐s

❛❧✇❛②s tr✉❡ ✇✐t❤ ♦✉r ❝❤♦✐❝❡ ♦❢ R > 1✱ ❛♥❞ t❤❡ s❡❝♦♥❞ ♦❢ ✇❤✐❝❤ ②✐❡❧❞s

λ3v
2 > M2

H −M2
A0
. ✭❆✳✷✺✮

❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ❛ss✉♠♣t✐♦♥s ♦❢ sin(β − α) = 1,MH =MH± , ❛♥❞ λ3 ≥ M2
h

v2
t❤❛t ✇❡ ❤❛✈❡ ♣✉t

✐♥✱ t❤✐s ✐s t❤❡ s❡t ♦❢ ❝♦♥❞✐t✐♦♥s st❛t❡❞ ✐♥ ❊q✉❛t✐♦♥ ✭✹✳✶✶✮✳

✶✺✺
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❆♣♣❡♥❞✐① ❇

❈♦♥str❛✐♥ts ♦♥ MA,Ma✱ ❛♥❞ tanβ ❢r♦♠

❙❝❛❧❛r ❲✐❞t❤s

❚❤❡ t♦t❛❧ ❞❡❝❛② ✇✐❞t❤ ♦❢ t❤❡ ♠❡❞✐❛t✐♥❣ ✭♣s❡✉❞♦✲✮ s❝❛❧❛rs ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐❞❡♥t✐❢② t❤❡ r❡❣✐♦♥s
♦❢ t❤❡ ♣❛r❛♠❡t❡r s♣❛❝❡ ♦❢ t❤❡ ✷❍❉▼+a ✇❤❡r❡ t❤❡ ♥✉♠❡r✐❝❛❧ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥ ❝❛♥
❜❡ r❡❧✐❡❞ ✉♣♦♥✳ ❚❤❡r❡ ❛r❡ t✇♦ s✉❝❤ ❝♦♥str❛✐♥ts t❤❛t t❤❡ ✇✐❞t❤s ❝❛♥ ❜❡ ✐♥❞✐❝❛t✐✈❡ ♦❢✿

• t❤❡ ♠♦❞❡❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛ss✉♠❡s t❤❛t t❤❡ ♠❡❞✐❛t♦r ✇✐❞t❤s ❛r❡ ♥❛rr♦✇ r❡❧❛t✐✈❡ t♦ t❤❡
♠❡❞✐❛t♦r ♠❛ss❡s ❬✶❪✱ t❤✉s ♠♦❞❡❧s ✇✐t❤ ❤✐❣❤ ✇✐❞t❤ ❛r❡ ♦✉ts✐❞❡ ♦❢ t❤❡ r❛♥❣❡ ♦❢ ♠♦❞❡❧s t❤❡
♥✉♠❡r✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✇❛s ❝♦♥str✉❝t❡❞ t♦ st✉❞②❀

• ❡①❝❡ss✐✈❡ ❝♦✉♣❧✐♥❣ str❡♥❣t❤s ❝❛♥ ❧❡❛❞ t♦ ❧❛r❣❡ ♠❡❞✐❛t♦r ✇✐❞t❤s✳ ❚❤❡ ❝♦✉♣❧✐♥❣s s❤♦✉❧❞
♥♦t ❜❡ ❛r❜✐tr❛r✐❧② ❧❛r❣❡✱ s✐♥❝❡ ♣❡rt✉r❜❛t✐♦♥ t❤❡♦r② r❡q✉✐r❡s s♠❛❧❧ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡r t♦
❝♦♥tr♦❧ t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ r❡s✉♠♠❛t✐♦♥ s❡r✐❡s✳ ■❢ t❤❡ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡rs ❛r❡ t♦♦
❧❛r❣❡✱ t❤❡ ❛ss✉♠♣t✐♦♥ ✭♠❛❞❡ ✐♥ ❜♦t❤ t❤❡ ▲❖ ♠❛tr✐① ❡❧❡♠❡♥t ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ▼❛❞●r❛♣❤
✺ ✱ ❛♥❞ t❤❡ ❛♥❛❧②t✐❝❛❧ ❢♦r♠✉❧❛s ♣r❡s❡♥t❡❞ ✐♥ ❝✐t❡❇❛✉❡r✿✷✵✶✼♦t❛✮ t❤❛t t❤❡ ✜rst ✭t✇♦ ✜rst✱
❡t❝✳✮ ❡❧❡♠❡♥ts ♦❢ t❤❛t s❡r✐❡s ❛r❡ ❛♣♣r♦①✐♠❛t✐♦♥s ♦❢ t❤❡ ❢✉❧❧ ♠❛tr✐① ❡❧❡♠❡♥t✳

❍❡♥❝❡✱ t♦ ❡♥s✉r❡ t❤❛t t❤❡s❡ ✐ss✉❡s ❛r❡ ❛✈♦✐❞❡❞✱ t❤❡ ✇✐❞t❤s ♦❢ t❤❡ ♠❡❞✐❛t✐♥❣ s❝❛❧❛rs ❛r❡ st✉❞✐❡❞
❞✉r✐♥❣ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ✷❍❉▼+a ❜❡♥❝❤♠❛r❦s ❞❡s✐❣♥❡❞ ✐♥ ❈❤❛♣t❡r ✼✳ ❆♥ ❡①❡♠♣❧❛r②
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❋✐❣✉r❡ ❇✳✶✿ ❈♦♥t♦✉rs ♦❢ max({ΓS/MS|S = a,A, h,H,H±}) = 0.2✳ ■♥ ✭❛✮✱ t❤❡ ♠❛①✐♠✉♠
r❡❧❛t✐✈❡ ✇✐❞t❤ ✐s ❧❛r❣❡r t❤❛♥ 0.2 ✐♥ t❤❡ ✉♣♣❡r ❧❡❢t✱ ❛♥❞ ❧♦✇❡r t❤❛♥ 0.2 ♦♥ t❤❡ ♦t❤❡r s✐❞❡ ♦❢ t❤❡
❧✐♥❡✳ ■♥ ✭❜✮ t❤❡ ♠❛①✐♠✉♠ r❡❧❛t✐✈❡ ✇✐❞t❤ ✐s ❧❛r❣❡r t❤❛♥ 0.2 ❜♦t❤ ❢♦r ✈❡r② ❤✐❣❤ ❛♥❞ ✈❡r② ❧♦✇
tan β✱ ❛♥❞ ❧♦✇❡r ✐♥ ❜❡t✇❡❡♥✳

✶✺✼



r❡s✉❧t ♦❢ t❤❡s❡ st✉❞✐❡s ❢♦r t❤❡ Ma,MA ✐s s❤♦✇♥ ❋✐❣✉r❡ ❇✳✶✭❛✮✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡①❛♠♣❧❡
❢♦r t❤❡ Ma, tan β s❝❛♥ ✐♥ ❋✐❣✉r❡ ❇✳✶✭❜✮✳ ❚❤❡ ✉♥❞❡r❧②✐♥❣ ✇✐❞t❤s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡
▼❛❞●r❛♣❤ ✺ ✇✐❞t❤ ❝❛❧❝✉❧❛t♦r ❬✶✶✷✱ ✶✶✻❪✳

✶✺✽



❆♣♣❡♥❞✐① ❈

❊st✐♠❛t❡ ♦❢ h(γγ) + Emiss
T ❙❡♥s✐t✐✈✐t②

✉s✐♥❣ ●❡♥❡r✐❝ ❈r♦ss ❙❡❝t✐♦♥ ▲✐♠✐ts
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❋✐❣✉r❡ ❈✳✶✿ ❊st✐♠❛t❡❞ s❡♥s✐t✐✈✐t② t♦ h(γγ) +Emiss
T ❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma,MA)✳ ❚❤❡ s❡♥✲

s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❛♥❛❧♦❣② t♦ ❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐t ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥✲
❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✶✸✹❪✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA, sin θ =
0.35, tan β = 1,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ▼♦❞❡❧ ♣♦✐♥ts ❝♦❧♦r❡❞ ✇❤✐t❡ ✐♥❞✐❝❛t❡
t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s ❜❡❧♦✇ 0.1✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ ✐s ✐♥❝❧✉s✐✈❡ t♦ ❤✐❣❤ ✈❛❧✉❡s✱ ✐✳❡✳ ❛❧❧
s❡♥s✐t✐✈✐t✐❡s > 1 ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r✳

❚❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ❝♦♥str✉❝t❡❞ ✐♥ ❙❡❝t✐♦♥ ✼✳✸✳✶ ❢♦r t❤❡ h(bb̄) + Emiss
T s✐❣♥❛t✉r❡ ✐s

str❛✐❣❤t❢♦r✇❛r❞ t♦ ❡①t❡♥❞ t♦ ♦t❤❡r s✐❣♥❛t✉r❡s✳ ❚❤❡ ♦♥❧② r❡q✉✐r❡♠❡♥t ✐s t❤❛t ♠❡❛♥✐♥❣❢✉❧ ❣❡♥❡r✐❝
❝r♦ss s❡❝t✐♦♥ ❧✐♠✐ts ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧ ❞❡♣❡♥❞❡♥❝❡ ❛r❡ ❛✈❛✐❧❛❜❧❡✱ ❛s ✇❡❧❧ ❛s ❛♥ ❡st✐♠❛t❡ ♦❢
A× ǫ ✐♥ t❤❡ s❡♥s❡ ♦❢ ❚❛❜❧❡ ✸✳✷✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ♦♥❡ ❡①❛♠♣❧❡ ♦❢ t❤✐s ✐s ♣r♦✈✐❞❡❞ ✐♥ t❤❡ ❢♦r♠ ♦❢
❡st✐♠❛t❡s ♦❢ t❤❡ ❆❚▲❆❙ h(γγ) + Emiss

T ❬✶✸✹❪ s❡♥s✐t✐✈✐t② t♦ t❤❡ ✷❍❉▼+a✳ ❚❤❡ ❡st✐♠❛t❡s ✉s❡
t❤❡ s✐♥❣❧❡✲❜✐♥ ❝r♦ss s❡❝t✐♦♥ ❧✐♠✐t ♦❢ 0.19 ❢❜ ♦♥ h(γγ) + Emiss

T ♣r♦❞✉❝t✐♦♥ ✇✐t❤ Emiss
T > 90GeV

♣r♦✈✐❞❡❞ ❜② ❘❡❢✳ ❬✶✸✹❪✱ ■t ♠♦r❡♦✈❡r ❛ss✉♠❡s A× ǫ = 50% ✐♥ t❤❛t ❜✐♥✱ ✇❤✐❝❤ ✐s ❛t t❤❡ ❧♦✇ ❡♥❞
♦❢ t❤❡ r❛♥❣❡ q✉♦t❡❞ ✐♥ ❘❡❢✳ ❬✶✸✹❪ ❢♦r t❤❡ ❦✐♥❡♠❛t✐❝❛❧❧② s✐♠✐❧❛r ❩✬✲✷❍❉▼✳ ❚❤❡ ❙▼ ❜r❛♥❝❤✐♥❣
r❛t✐♦ ❢♦r ❛ 125GeV ❍✐❣❣s ❜♦s♦♥ ♦❢ BRSM(h → γγ) = 2.27× 10−3 ✐s ✉s❡❞✱ ❢♦❧❧♦✇✐♥❣ ❘❡❢✳ ❬✶✼❪✳
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❋✐❣✉r❡ ❈✳✷✿ ❊st✐♠❛t❡❞ s❡♥s✐t✐✈✐t② t♦ h(γγ) + Emiss
T ❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ (Ma, tan β)✳ ❚❤❡

s❡♥s✐t✐✈✐t②✱ ❞❡✜♥❡❞ ✐♥ ❛♥❛❧♦❣② t♦ ❊q✉❛t✐♦♥ ✭✼✳✷✮✱ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♠✐t ✇✐t❤ r❡❞✉❝❡❞ ♠♦❞❡❧
❞❡♣❡♥❞❡♥❝❡ ❢r♦♠ ❘❡❢✳ ❬✶✸✹❪✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡rs ❤❛✈❡ t❤❡ ✈❛❧✉❡s MH = MH± = MA =
600GeV, sin θ = 0.35,Mχ = 10 ●❡❱ ❛♥❞ λP1 = λP2 = λ3 = 3✳ ▼♦❞❡❧ ♣♦✐♥ts ❝♦❧♦r❡❞ ✇❤✐t❡
✐♥❞✐❝❛t❡ t❤❛t t❤❡ s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡ ✐s ❜❡❧♦✇ 0.1✳ ❚❤❡ ❝♦❧♦r s❝❛❧❡ ✐s ✐♥❝❧✉s✐✈❡ t♦ ❤✐❣❤ ✈❛❧✉❡s✱
✐✳❡✳ ❛❧❧ s❡♥s✐t✐✈✐t✐❡s > 1 ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ s❛♠❡ ❝♦❧♦r✳

❯s✐♥❣ t❤❡ s❛♠❡ ♣❛rt♦♥ ❧❡✈❡❧ s❛♠♣❧❡s ❛s ✉s❡❞ ❢♦r t❤❡ h(bb̄) + Emiss
T ❡st✐♠❛t❡s✱ t❤❡ r❡s✉❧t✐♥❣

s❡♥s✐t✐✈✐t② ❡st✐♠❛t❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ❈✳✶ ❛♥❞ ❈✳✷✳ ❚❤❡ ❧♦✇❡r ♠✐♥✐♠✉♠ Emiss
T ❝✉t ♠❛❦❡s

h(γγ) + Emiss
T ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ♠♦❞❡❧s ✇✐t❤ s♠❛❧❧ a,A ♠❛ss ❞✐✛❡r❡♥❝❡s✱ ❜✉t ❢♦r ♠♦st ♦❢ t❤❡

r❡♠❛✐♥✐♥❣ ♣❛r❛♠❡t❡r s♣❛❝❡✱ h(bb̄) + Emiss
T ✐s ♠♦r❡ s❡♥s✐t✐✈❡✳
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❆♣♣❡♥❞✐① ❉

✷❉ ■♥t❡r♣♦❧❛t✐♦♥ ❢♦r ❊①❝❧✉s✐♦♥ ▲✐♠✐t

❈♦♥t♦✉rs

❚♦ ♦❜t❛✐♥ ♠♦r❡ r❛♣✐❞❧② ✉♥❞❡rst♦♦❞ ♣❧♦ts✱ t❤❡ ✜tt❡❞ ✉♣♣❡r s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts ♦❢ t❤❡ ✷❉
♣❛r❛♠❡t❡r s❝❛♥s✱ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✽✳✷ ❛♥❞ ✽✳✸✱ ❛r❡ ❝♦♥✈❡rt❡❞ ✐♥t♦ ❝♦♥t✐♥✉♦✉s ❧✐♠✐t ❝♦♥t♦✉rs ✐♥
t❤❡ r❡s♣❡❝t✐✈❡ ♣❛r❛♠❡t❡r ♣❧❛♥❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✽✳✹ ❛♥❞ ✽✳✺✳ ■♥ t❤✐s ❈❤❛♣t❡r✱ t❤❡ t❡❝❤♥✐❝❛❧
❞❡t❛✐❧s ♦❢ ❤♦✇ t❤✐s ✐s ❞♦♥❡ ❛r❡ ✐❧❧✉str❛t❡❞✳

❚❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❝♦♥t♦✉r ✐♥t❡r♣♦❧❛t✐♦♥ ♣r♦❝❡❡❞s ✐♥ t✇♦ st❡♣s✿

✶✳ ❯♣s❛♠♣❧✐♥❣ t❤❡ ❧♦✇✲❣r❛♥✉❧❛r✐t② ❣r✐❞ ♦❢ s✐♠✉❧❛t❡❞ s✐❣♥❛❧ ♣♦✐♥ts ✐♥t♦ ❛ ❤✐❣❤❧②✲❣r❛♥✉❧❛r
✐♥t❡r♣♦❧❛t❡❞ ❣r✐❞✳ ❚❤✐s ❤✐❣❤❧② ❣r❛♥✉❧❛r ❣r✐❞ ❝❛♥ ❜❡ t❤♦✉❣❤t t♦ ❛♣♣r♦①✐♠❛t❡ t❤❡ ✏s✉r❢❛❝❡✑
♦❢ ✐❞❡❛❧✐③❡❞ ❛r❜✐tr❛r✐❧② ❣r❛♥✉❧❛r ✉♣♣❡r ❧✐♠✐ts ♦♥ t❤❡ s✐❣♥❛❧ str❡♥❣t❤✳

✷✳ ❋✐♥❞✐♥❣ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ t❤✐s ✐❞❡❛❧✐③❡❞ ❧✐♠✐t s✉r❢❛❝❡ ✇✐t❤ t❤❡ ♣❧❛♥❡ ✇❤❡r❡ t❤❡ s✐❣♥❛❧
str❡♥❣t❤ ✐s 1✳ ❚❤✐s ✐♥t❡rs❡❝t✐♦♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞r❛✇♥ ❝♦♥t♦✉r✳

❚❤❡ ♣❛r❛♠❡t❡r ♣♦✐♥ts ✇❤❡r❡ t❤❡ ❧✐♠✐ts ♦♥ t❤❡ s✐❣♥❛❧ str❡♥❣t❤ ❤❛✈❡ ❜❡❡♥ ✜tt❡❞ ❛r❡ s♣❛rs❡✳ ❚♦
❝♦♥str✉❝t t❤❡ ❝♦♥t✐♥✉♦✉s ❧✐♠✐t ❝♦♥t♦✉r✱ t❤❡ s♣❛rs❡ ❜❛s❡ ♣♦✐♥ts ❛r❡ ✐♥t❡r♣♦❧❛t❡❞ ❜② ❛ ❢✉♥❝t✐♦♥
❞❡s❝r✐❜✐♥❣ t❤❡ s✐❣♥❛❧ str❡♥❣t❤ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t✇♦ s❝❛♥♥❡❞ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✱ ✐✳❡✳ (Ma,MA)
♦r (Ma, tan β)✳ ❚❤✐s ✐s ❛ ♣✉r❡❧② ❝♦s♠❡t✐❝ ♦♣❡r❛t✐♦♥✱ s✐♥❝❡ ✉♥❧✐❦❡ t❤❡ ✜tt❡❞ ♣♦✐♥ts ♦♥ t❤❡ s✐❣♥❛❧
❣r✐❞✱ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥t❡r♣♦❧❛t✐♥❣ ❢✉♥❝t✐♦♥ ❤❛s ♥♦ st❛t✐st✐❝❛❧ ♠❡❛♥✐♥❣✳ ❆s t❤❡ s❤❛♣❡ ♦❢ t❤❡
❡①tr❛❝t❡❞ ❝♦♥t♦✉r ❞❡♣❡♥❞s s❡♥s✐t✐✈❡❧② ♦♥ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ♠❡t❤♦❞✱ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ st❡♣ ✐s
❞❡s❝r✐❜❡❞ ✐♥ s♦♠❡ ♠♦r❡ ❞❡t❛✐❧ ❜❡❧♦✇✳

❚❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❛ ♣✐❡❝❡✇✐s❡ ❧✐♥❡❛r ❜✐✈❛r✐❛t❡ ✐♥t❡r♣♦❧❛t✐♦♥✱ ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣
t❤❡ s❝✐♣② ♣②t❤♦♥ ♠♦❞✉❧❡✬s s❝✐♣②✳✐♥t❡r♣♦❧❛t❡✳❣r✐❞❞❛t❛ ❢✉♥❝t✐♦♥ ❬✶✹✵❪✳ ❋♦r t❤❡ ❧✐♥❡❛r ✐♥✲
t❡r♣♦❧❛t✐♦♥ t❤✐s ❢✉♥❝t✐♦♥ ✉s❡s t❤❡ ◗✉✐❝❦❍✉❧❧ ❬✶✹✶❪ ❛❧❣♦r✐t❤♠ ❧✐❜r❛r② t♦ tr✐❛♥❣✉❧❛t❡ t❤❡ ❝♦♥✈❡①
❤✉❧❧ ♦❢ t❤❡ ❣r✐❞ ♦❢ ✜tt❡❞ ♣♦✐♥ts ✐♥t♦ ❛ ♠❡s❤ ♦❢ tr✐❛♥❣❧❡s ✇✐t❤ ♦♥❡ ✈❡rt❡① ❛t ❡❛❝❤ ✜tt❡❞ ♣❛r❛♠❡t❡r
♣♦✐♥t✳ ❋♦r ❛ ❣✐✈❡♥ ♣♦✐♥t t❛r❣❡t Pt ✐♥s✐❞❡ t❤❡ ❝♦♥✈❡① ❤✉❧❧✱ t❤❡ t❤r❡❡ ❣r✐❞ ♣♦✐♥ts G1,2,3 ❢♦r♠✐♥❣
t❤❡ tr✐❛♥❣❧❡ t❤❛t t❤❡ ♣♦✐♥t ❧✐❡s ✐♥s✐❞❡ ❛r❡ ❞❡t❡r♠✐♥❡❞✳ ❚❤❡ ✐♥t❡r♣♦❧❛t❡❞ ❧✐♠✐t ✐s t❤❡♥ ❝❛❧❝✉❧❛t❡❞
❜② ❧✐♥❡❛r❧② ✐♥t❡r♣♦❧❛t✐♥❣ ❜❡t✇❡❡♥ t❤❡ s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts µi = µ(Gi) ❬✶✹✷❪

µinterp.
t = λ1tµ1 + λ2tµ2 + λ3tµ3 ,

✇❤❡r❡ t❤❡ λit ❛r❡ t❤❡ ❜❛r②❝❡♥tr✐❝ ❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ t❛r❣❡t ♣♦✐♥t Pt✳
❇❛r②❝❡♥tr✐❝ ❝♦♦r❞✐♥❛t❡s ❛r❡ t❤❡ ♠❛ss❡s ✇❤✐❝❤✱ ✇❤❡♥ ♣❧❛❝❡❞ ❛t t❤❡ t❤r❡❡ ✈❡rt✐❝❡s ♦❢ t❤❡

tr✐❛♥❣❧❡✱ ✇♦✉❧❞ ❤❛✈❡ ❤❛✈❡ ❛ ❝❡♥t❡r ♦❢ ♠❛ss ❧♦❝❛t❡❞ ❛t t❤❡ ♣♦✐♥t t❤❡② ♣❛r❛♠❡tr✐③❡ ❬✶✹✸❪✱ ✐✳❡✳ Pt✳
❚❤❡② ❛r❡ ♥♦r♠❛❧✐③❡❞ s✉❝❤ t❤❛t µinterp.

i = µi✳
❍❛✈✐♥❣ ❞❡✜♥❡❞ ❛♥ ✐♥t❡r♣♦❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ❢♦r t❤❡ ❣r✐❞ ♣♦✐♥ts ❛t ❡✈❡r② ♣♦✐♥t ✐♥ t❤❡ ❝♦♥✈❡①

❤✉❧❧ ♦❢ t❤❡ ❣r✐❞✱ ✐t ✐s✐♥ ♣r✐♥❝✐♣❧❡ ♣♦ss✐❜❧❡ t♦ ✉s❡ s♦♠❡ r♦♦t✲✜♥❞✐♥❣ ❛❧❣♦r✐t❤♠ t♦ ❞❡t❡r♠✐♥❡ t❤❡
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❋✐❣✉r❡ ❉✳✶✿ ❚❤❡ r❡s✉❧t ♦❢ t❤❡ ♣✐❡❝❡✇✐s❡ ❜✐❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts ✐♥ t❤❡
t✇♦ t✇♦✲ ❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r s❝❛♥s ♦❢ ❈❤❛♣t❡r ✽✳ ❖✉ts✐❞❡s t❤❡ ❝♦♥✈❡① ❤✉❧❧ ♦❢ t❤❡ ❣r✐❞ ♣♦✐♥ts
❛♥ ❛r❜✐tr❛r② ✜①❡❞ ✈❛❧✉❡ ✐s s❤♦✇♥✳ ❚❤❡ ❤✉❧❧ ❧♦♦❦s ❝♦♥❝❛✈❡ ✐♥ ✭❜✮ ❞✉❡ t♦ t❤❡ ❧♦❣❛r✐t❤♠✐❝ tan β
s❝❛❧❡ ♦❢ t❤❡ ♣❧♦t✱ ❞❡s♣✐t❡ ❜❡✐♥❣ ❝♦♥✈❡① ♦♥ ❛ ❧✐♥❡❛r s❝❛❧❡✱ ✇❤❡r❡ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞✳

✐♥t❡rs❡❝t✐♦♥ ✇✐t❤ µ = 1 t♦ t❤❡ ❞❡s✐r❡❞ ❛❝❝✉r❛❝②✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❝❛♥ ❤♦✇❡✈❡r ❜❡ ❡①♣❡♥s✐✈❡ ❛♥❞
✉♥st❛❜❧❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ r♦♦t ✜♥❞✐♥❣ ❛❧❣♦r✐t❤♠✳ ■♥ ♣r❛❝t✐❝❡ ✐t ✐s
❡❛s✐❡r t♦ s✐♠♣❧② ❞❡✜♥❡ ❛ ❞❡♥s❡ ❣r✐❞ ♦❢ t❛r❣❡t ♣♦✐♥ts✱ ❛♥❞ ❡✈❛❧✉❛t❡ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ❛t
❡❛❝❤ ♣♦✐♥t ♦❢ t❤❛t ❣r✐❞✳ ❉✉❡ t♦ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐♥ ♦♥❡ tr✐❛♥❣❧❡ ❜❡✐♥❣ ✐♥❞❡♣❡♥❞❡♥t ❢r♦♠ t❤❛t ✐♥
❛♥♦t❤❡r✱ t❤✐s ❛♣♣r♦❛❝❤ ✐s s✐♠♣❧❡ t♦ ♣❛r❛❧❧❡❧✐③❡ ✭✐❢ t❤❛t ✐s ♥❡❝❡ss❛r②✮✳ ❚❤❡ r❡s✉❧t✐♥❣ ✉♣s❛♠♣❧❡❞
❣r✐❞s ❢♦r t❤❡ t✇♦ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r s❝❛♥s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❉✳✶✳
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√
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✻✳✷ ❉✐str✐❜✉t✐♦♥s ♦❢ Mχχ̄ ❛♥❞ Mhχχ̄ ❢♦r ❞✐✛❡r❡♥t MA ❢♦r r❡s♦♥❛♥t s✐❣♥❛❧s ✳ ✳ ✳ ✳ ✳ ✳ ✾✵
✻✳✸ Mhχχ̄,Mχχ̄ ❛♥❞ Mhχχ̄, E

miss
T ❝♦rr❡❧❛t✐♦♥s ♦❢ r❡s♦♥❛♥t h(bb̄) + Emiss

T s✐❣♥❛❧ ✳ ✳ ✳ ✳ ✾✶
✻✳✹ ❊✛❡❝ts ♦❢ MA ✈❛r✐❛t✐♦♥ ♦♥ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷
✻✳✺ ❊✛❡❝t ♦❢ A− a ✐♥t❡r❢❡r❡♥❝❡ ♦♥ t❤❡ h(bb̄) + Emiss

T ❝r♦ss✲s❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹
✻✳✻ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐♥ h→ bb+ Emiss
T ❡✈❡♥ts ❢♦r ❞✐✛❡r❡♥t Ma ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✻✳✼ ❉✐str✐❜✉t✐♦♥s ♦❢ Mχχ̄ ❛♥❞ Mhχχ̄ ❢♦r ❞✐✛❡r❡♥t Ma ❢♦r r❡s♦♥❛♥t s✐❣♥❛❧s ✳ ✳ ✳ ✳ ✳ ✳ ✾✺
✻✳✽ ❊✛❡❝ts ♦❢ Ma ✈❛r✐❛t✐♦♥ ♦♥ ♥♦♥✲r❡s♦♥❛♥t s✐❣♥❛❧ ❦✐♥❡♠❛t✐❝s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻
✻✳✾ ❱❛r✐❛t✐♦♥ ♦❢ ΓA ❛♥❞ Γa ❢♦r ✈❛r✐❡❞ Ma ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼
✻✳✶✵ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐♥ ♥♦♥✲r❡s♦♥❛♥t h→ bb+ Emiss
T ❡✈❡♥ts ❢♦r ❞✐✛❡r❡♥t Ma ✳ ✳ ✳ ✾✾

✻✳✶✶ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ s❝❛❧✐♥❣ ✇✐t❤ Ma ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✻✳✶✷ MH =MH± ✲ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t♦t❛❧ s✐❣♥❛❧ ❝r♦ss✲s❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶
✻✳✶✸ Emiss

T ❞✐str✐❜✉t✐♦♥ ✐♥ h→ bb+ Emiss
T ❡✈❡♥ts ❢♦r ❞✐✛❡r❡♥t MH =MH± ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✻✳✶✹ ❊✛❡❝t ♦❢ sin θ ♦♥ t❤❡ h(bb̄) + Emiss
T ♣r♦❞✉❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

✻✳✶✺ Emiss
T ✲❞❡♣❡♥❞❡♥❝❡ ♦♥ sin θ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✻✳✶✻ Emiss
T ✲❞❡♣❡♥❞❡♥❝❡ ♦♥ tan β ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✻✳✶✼ ❈r♦ss✲s❡❝t✐♦♥ s❝❛❧✐♥❣ ✇✐t❤ tan β ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻
✻✳✶✽ ❙❤❛♣❡s ♦❢ Emiss

T ❞✐str✐❜✉t✐♦♥ ❢♦r ❣❣❋ ❛♥❞ ❜❜✲❛♥♥✐❤✐❧❛t✐♦♥ ✐♥❞✉❝❡❞ ♣r♦❝❡ss❡s ✳ ✳ ✶✵✼
✻✳✶✾ ❊✛❡❝ts ♦❢ λ3, λP1 ❛♥❞ λP2 ♦♥ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾
✻✳✷✵ ❊✛❡❝t ♦❢ yχ ♦♥ t❤❡ s✐❣♥❛❧ ♣r♦❝❡ss ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶
✻✳✷✶ Emiss

T s♣❡❝tr❛ ❢♦r ✈❛r✐♦✉s Mχ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶
✻✳✷✷ Emiss

T ❞❡♣❡♥❞❡♥❝❡ ♦♥ Mχ ✐♥ ❞✐✛❡r❡♥t ♠❛ss r❡❣✐♠❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷
✻✳✷✸ Mχ ❞❡♣❡♥❞❡♥❝❡ ♦❢ h(bb̄) + Emiss

T ❝r♦sss❡❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷
✻✳✷✹ Mχ ❞❡♣❡♥❞❡♥❝❡ ♦❢ h(bb̄) + Emiss

T ❝r♦sss❡❝t✐♦♥ ♥❡❛r t❤r❡s❤♦❧❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸
✻✳✷✺ Mhχχ̄ ❛♥❞ Mχχ̄ ❞❡♣❡♥❞❡♥❝❡ ♦♥ Mχ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✼✳✶ h+ Emiss
T ❝r♦ss✲s❡❝t✐♦♥ ❜✐♥♥❡❞ ✐♥ Emiss

T ✱ Ma ✲ MA ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵
✼✳✷ ❙❡♥s✐t✐✈✐t② t♦ t❤❡ h(bb̄) + Emiss

T s✐❣♥❛❧ ❜② Emiss
T ❜✐♥✱ Ma ✲ MA ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶

✼✳✸ ❙❡♥s✐t✐✈✐t② t♦ t❤❡ h(bb̄) + Emiss
T s✐❣♥❛❧ ✐♥ t❤❡ Ma ✲ MA ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✼✳✹ P❛r❛♠❡t❡r ♣♦✐♥ts ✐♥ (Ma,MA) ❝❤♦s❡♥ ❢♦r t❤❡ ❞❡t❡❝t♦r ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✶✷✹
✼✳✺ ❆❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐♥ t❤❡ (Ma,MA) ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻
✼✳✻ ❙❡♥s✐t✐✈✐t② t♦ h(bb̄) + Emiss

T s✐❣♥❛❧s ✐♥ t❤❡ (MA, tan β) ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽
✼✳✼ ❆❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐♥ t❤❡ (Ma, tan β) ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽
✼✳✽ ❙❡♥s✐t✐✈✐t② t♦ ❣❧✉♦♥ ❢✉s✐♦♥ ♦r bb̄ ✐♥✐t✐❛t❡❞ ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ (Ma, tan β) ♣❧❛♥❡ ✳ ✶✷✾
✼✳✾ P❛r❛♠❡t❡r ♣♦✐♥ts ✐♥ (Ma, tan β) ❝❤♦s❡♥ ❢♦r ❞❡t❡❝t♦r ❧❡✈❡❧ s✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾
✼✳✶✵ ❙❡♥s✐t✐✈✐t② t♦ h→ bb+ Emiss

T s✐❣♥❛❧s ✇✐t❤ ❞✐✛❡r❡♥t sin θ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶
✼✳✶✶ ❙❡♥s✐t✐✈✐t② t♦ h→ bb+ Emiss

T s✐❣♥❛❧s ✇✐t❤ ❞✐✛❡r❡♥t sin θ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶
✼✳✶✷ ❙✐❣♥❛❧ ❛❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ✐♥ sin θ s❝❛♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷
✼✳✶✸ ❙❡♥s✐t✐✈✐t② t♦ h→ bb+ Emiss

T s✐❣♥❛❧s ✇✐t❤ ❞✐✛❡r❡♥t Mχ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹
✼✳✶✹ ❆❝❝❡♣t❛♥❝❡ × ❡✣❝✐❡♥❝② ❡st✐♠❛t❡ ♦❢ s✐❣♥❛❧ ❡✈❡♥ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ Mχ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✽✳✶ ●❡♥❡r✐❝ CLs ❧✐♠✐t ♣❧♦t ❡①❛♠♣❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾
✽✳✷ CLs s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts ✐♥ (Ma,MA) ♣❧❛♥❡ ❛t 95% ❈✳▲✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✶
✽✳✸ CLs s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts ✐♥ (Ma, tan β) ♣❧❛♥❡ ❛t 95% ❈✳▲✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷
✽✳✹ ■♥t❡r♣♦❧❛t❡❞ CLs ❧✐♠✐t ❝♦♥t♦✉rs ❛t 95% ❈✳▲✳ ✐♥ Ma,MA ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸
✽✳✺ ■♥t❡r♣♦❧❛t❡❞ CLs ❧✐♠✐t ❝♦♥t♦✉rs ❛t 95% ❈✳▲✳ ✐♥ Ma, tan β ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸
✽✳✻ CLs s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts ❛t 95% ❈✳▲✳ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ sin θ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹
✽✳✼ CLs s✐❣♥❛❧ str❡♥❣t❤ ❧✐♠✐ts ❛t 95% ❈✳▲✳ ❛s ❛ ❢✉♥❝t✐♦♥ Mχ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

❇✳✶ ❈♦♥t♦✉rs ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ r❡❧❛t✐✈❡ ✇✐❞t❤ ♦❢ ❛♥② s❝❛❧❛r ✐s 0.2 ✳ ✳ ✳ ✳ ✶✺✼

✶✼✹



❈✳✶ ❙❡♥s✐t✐✈✐t② t♦ t❤❡ h(γγ) + Emiss
T s✐❣♥❛❧ ✐♥ t❤❡ Ma ✲ MA ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

❈✳✷ ❙❡♥s✐t✐✈✐t② t♦ t❤❡ h(γγ) + Emiss
T s✐❣♥❛❧ ✐♥ t❤❡ Ma ✲ tan β ♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵

❉✳✶ ✷❉ ✐♥t❡r♣♦❧❛t✐♦♥s ✉s❡❞ ❢♦r ❣❡♥❡r❛t✐♥❣ ✷❉ ❧✐♠✐t ❝♦♥t♦✉rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

✶✼✺



✶✼✻



▲✐st ♦❢ ❚❛❜❧❡s

✸✳✶ ❙✉♠♠❛r② ♦❢ t❤❡ ♠❛✐♥ ❡✈❡♥t s❡❧❡❝t✐♦♥ ❝r✐t❡r✐❛ ❬✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻
✸✳✷ ●❡♥❡r✐❝ ❧✐♠✐ts ♦♥ h(bb)+ ❉❛r❦ ▼❛tt❡r ♣r♦❞✉❝t✐♦♥ ❢r♦♠ ❬✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✶ ■♥❞❡♣❡♥❞❡♥t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✷❍❉▼+a ❢r♦♠ ❬✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✻✳✶ ❙✉♠♠❛r② ♦❢ t❤❡ ❘❡s✉❧ts ♦❢ t❤❡ ❙t✉❞✐❡s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ✷❍❉▼+a ♣❛r❛♠❡t❡rs ✳ ✳ ✶✶✺
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