












❆ ✜rst ❝♦✉rs❡ ♦♥ ◗✉❛♥t✉♠ ❋✐❡❧❞ ❚❤❡♦r②

❆ s✉♠♠❛r② ♦❢ t❤❡ ❙▼

▼❛r❝♦ ❙❛♠♣❛✐♦ ✕ ♠s❛♠♣❛✐♦❅✉❛✳♣t

✽t❤ ❖❝t♦❜❡r ✷✵✶✷

✶ ◗✉❛♥t✉♠ ✜❡❧❞ t❤❡♦r② ❛♥❞ ♣❛rt✐❝❧❡ ♣❤②s✐❝s

❚❤❡ ❞✐s❝♦✈❡r② ♦❢ s♣❡❝✐❛❧ r❡❧❛t✐✈✐t②✱ ❝❤❛♥❣❡❞ ❝♦♠♣❧❡t❡❧② t❤❡ ✇❛② ✇❡ ❞❡s❝r✐❜❡ ✐♥t❡r❛❝t✐♦♥s
❛♠♦♥❣ ♣❛rt✐❝❧❡s✳ ■♥st❡❛❞ ♦❢ ✉s✐♥❣ ♦♥❡ ♣❛rt✐❝❧❡ q✉❛♥t✉♠ ♠❡❝❤❛♥✐❝s✱ ❢♦r ❝♦♥s✐st❡♥❝②✱ ✐♥
t❤❡ r❡❧❛t✐✈✐st✐❝ ❧✐♠✐t ♦♥❡ ✐s ❢♦r❝❡❞ t♦ ✉s❡ ✜❡❧❞ t❤❡♦r② ✭❢♦r t❤❡ ♠♦♠❡♥t ②♦✉ ❝❛♥ t❤✐♥❦ ♦❢
✜❡❧❞ ❥✉st ❛s ❛ ❢✉♥❝t✐♦♥ ♦r ❛ ✈❡❝t♦r✱ ✇✐t❤ ❛ ✈❛❧✉❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ✇❤♦❧❡ ♦❢ s♣❛❝❡ ✇❤✐❝❤
❡✈♦❧✈❡s ✐♥ t✐♠❡✳ ■♥ ❞✉❡ ❝♦✉rs❡ ✇❡ ✇✐❧❧ ♠❛❦❡ t❤✐s ♠♦r❡ r✐❣♦r♦✉s✳✮✳ ❆ ❢❛♠✐❧✐❛r ❝❛s❡ ✐s
❡❧❡❝tr♦♠❛❣♥❡t✐s♠ ✇❤✐❝❤✱ ❛t t❤❡ ❝❧❛ss✐❝❛❧ ❧❡✈❡❧✱ ✐s ❛❧r❡❛❞② ❞❡s❝r✐❜❡❞ ❜② ❛ r❡❧❛t✐✈✐st✐❝ ✜❡❧❞✳

■♥ t❤✐s ♣✐❝t✉r❡✱ ❛❧❧ t❤❡ ♣❛rt✐❝❧❡s ♦❢ ❛ ❝❡rt❛✐♥ t②♣❡ ❛r❡ ❞❡s❝r✐❜❡❞ ❜② ❛ ✜❡❧❞ str❡t❝❤✐♥❣
♦✉t t❤r♦✉❣❤ t❤❡ ✉♥✐✈❡rs❡ ❛♥❞ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❛♠♦✉♥t ♦❢ ♣❛rt✐❝❧❡s ♦❢ t❤❛t t②♣❡ ✭❢♦r
❡①❛♠♣❧❡ t❤❡ ▼❛①✇❡❧❧ ✜❡❧❞ ❞❡s❝r✐❜❡s t❤❡ ♣❤♦t♦♥s ♣❡r♠❡❛t✐♥❣ t❤❡ ❯♥✐✈❡rs❡✱ ❛♥❞ t❤❡
❉✐r❛❝ ✜❡❧❞ ❢♦r t❤❡ ❡❧❡❝tr♦♥s✮✳ ❚❤❡ ❥♦❜ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝✐sts ❛s ❜❡❡♥ t♦ ✐❞❡♥t✐❢② t❤❡ s❡t
♦❢ r❡❧❛t✐✈✐st✐❝ ✜❡❧❞s ✇❤✐❝❤ ❞❡s❝r✐❜❡ ❛❧❧ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡s s❡❡♥ ✐♥ ❡①♣❡r✐♠❡♥ts✳
❚❤✐s ❤❛s ❜❡❡♥ ❧❛r❣❡❧② ❛❝❤✐❡✈❡❞ t❤r♦✉❣❤ ❤✐❣❤ ❡♥❡r❣② s❝❛tt❡r✐♥❣ ❡①♣❡r✐♠❡♥ts ❛♥❞ t❤❡
❛♥❛❧②s✐s ♦❢ t❤❡ ❞❡❝❛② ♦❢ ✉♥st❛❜❧❡ ♣❛rt✐❝❧❡s✱ ✉s✐♥❣ t❤❡ q✉❛♥t✉♠ ✜❡❧❞ t❤❡♦r② ❢♦r♠✉❧❛t✐♦♥
♦❢ s✉❝❤ ✜❡❧❞s✳

✶✳✶ ❙✉♠♠❛r② ♦❢ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧

❆s ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡✱ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s ✭❙▼✮ ❝♦♥s✐sts ♦❢ ❛ s❡t ♦❢
q✉❛♥t✉♠ r❡❧❛t✐✈✐st✐❝ ✜❡❧❞s ✇❤✐❝❤ ❞❡s❝r✐❜❡s ❛❧❧ ♣❤②s✐❝s ❞♦✇♥ t♦ ❧❡♥❣t❤ s❝❛❧❡s ❛s s♠❛❧❧ ❛s
0.001 t✐♠❡s t❤❡ s✐③❡ ♦❢ t❤❡ ♣r♦t♦♥✳ ❆s ❢❛r ✇❡ ❦♥♦✇ t♦ t❤❡ ♣r❡s❡♥t ❞❛t❡✱ ❛❧❧ s✉❝❤ ♣❛rt✐❝❧❡s
❛r❡ ♣♦✐♥t ❧✐❦❡ ❞♦✇♥ t♦ s✉❝❤ s❝❛❧❡✱ ❛♥❞ ❛❧❧ ♦t❤❡r ♣❛rt✐❝❧❡s ✭♣r♦t♦♥s✱ ♥❡✉tr♦♥s✱ ❡t❝✳✳✳✮ ❛r❡
❜♦✉♥❞ st❛t❡s ♦❢ ❙▼ ♣❛rt✐❝❧❡s✳ ❇❡❧♦✇✱ ✇❡ s✉♠♠❛r✐③❡ t❤❡ ❧✐st ♦❢ ❛❧❧ t❤❡ ♣❛rt✐❝❧❡s ✭♦r ♠♦r❡
r✐❣♦r♦✉s❧② ✱ t❤❡ s❡t ♦❢ ❢✉♥❞❛♠❡♥t❛❧ ✜❡❧❞s✮ ✐♥ t❤❡ ❙▼✳ ❯s✉❛❧❧②✱ t❤❡② ❛r❡ s❡♣❛r❛t❡❞ ✐♥t♦
t✇♦ ❣r♦✉♣s✿ ❢♦r❝❡ ❝❛rr✐❡rs ❛♥❞ ♠❛tt❡r ♣❛rt✐❝❧❡s✳

❋♦r❝❡ ❝❛rr✐❡rs ❚❤❡ ✹ ❢✉♥❞❛♠❡♥t❛❧ ❢♦r❝❡s ✇❡ ❦♥♦✇ ❛r❡ ❞❡s❝r✐❜❡❞ ❜② ❜♦s♦♥✐❝ ✜❡❧❞s✳
❙✉r♣r✐s✐♥❣❧②✱ ♦♥❧② ✸ ❢♦r❝❡s ❛r❡ r❡❧❡✈❛♥t ✐♥ t❤❡ ❞♦♠❛✐♥ ♦❢ ♣❛rt✐❝❧❡ ♣❤②s✐❝s✳ ❚❤❡ ✸ ❛r❡

✶



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

❚❤❡ ✸ ✐♥t❡r❛❝t✐♦♥s ❛r❡✿

• ❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡s ❛❧❧ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ ♣❤❡♥♦♠❡♥♦♥
❞♦✇♥ t♦ t❤❡ s❝❛❧❡ ♦❢ ❡❧❡❝tr♦♥✐❝ ❝❧♦✉❞s ✐♥ ❛t♦♠s✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❛rt✐❝❧❡ ✇❡
❝❛❧❧ t❤❡ ♣❤♦t♦♥ ❛♥❞ ❧❛❜❡❧ ✇✐t❤ t❤❡ ❧❡tt❡r γ✳ ❚❤❡ ♣❤♦t♦♥ ✐s ❛ ♣❛rt✐❝❧❡ ✇✐t❤♦✉t ♠❛ss
✭♠❛ss❧❡ss✮ ✇❤✐❝❤ ❛❧✇❛②s tr❛✈❡❧s ❛t t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ❛♥❞ ✐s ❡❧❡❝tr✐❝❛❧❧② ♥❡✉tr❛❧✳
❚❤❡ ♣❤♦t♦♥ ✐s ❛❧s♦ ♥❡✉tr❛❧ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ str♦♥❣ ♥✉❝❧❡❛r ❢♦r❝❡ ✇❡ ✇✐❧❧ ❞❡s❝r✐❜❡
♥❡①t✳ ❚❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ✜♥❡ str✉❝t✉r❡ ❝♦♥✲
st❛♥t✱ ✇❤✐❝❤ ✐s ❜❛s✐❝❛❧❧② t❤❡ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t ✐♥ t❤❡ ❈♦✉❧♦♠❜ ❢♦r❝❡ ❧❛✇ ❜❡t✇❡❡♥
t✇♦ ❡❧❡❝tr♦♥s✳ ■ts ✈❛❧✉❡ ✐s αEM ∼ 0.007✳ ❚❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝
❢♦r❝❡ ❞❡❝❛②s ❛s 1/r ✇❤✐❝❤ ♠❛❦❡s ✐t ❛ ❧♦♥❣ r❛♥❣❡ ❢♦r❝❡✳

• ❚❤❡ ✇❡❛❦ ♥✉❝❧❡❛r ❢♦r❝❡ ✜❡❧❞s ✲ ❚❤✐s ❢♦r❝❡ ❞❡s❝r✐❜❡s t❤❡ ✇❡❛❦ ♥✉❝❧❡❛r ❢♦r❝❡✱ ✇❤✐❝❤
✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♣❤❡♥♦♠❡♥❛ s✉❝❤ ❛s ♥❡✉tr♦♥ ❞❡❝❛② ✭❛♥❞ r❡❧❛t❡❞ ♥✉❝❧❡❛r ❞❡❝❛②s✮✱
❛s ✇❡❧❧ ❛s ✈❛r✐♦✉s ♣r♦❝❡ss❡s ✇❤✐❝❤ ♦❝❝✉r ✐♥ s✉❜❛t♦♠✐❝ ❝♦❧❧✐s✐♦♥s ❛t ❤✐❣❤ ❡♥❡r❣✐❡s✳
❚❤❡r❡ ❛r❡ t✇♦ ♣❛rt✐❝❧❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡s❡ ✜❡❧❞s✿ ♦♥❡ ✐s s✐♠✐❧❛r t♦ t❤❡ ♣❤♦t♦♥
✭❡❧❡❝tr✐❝❛❧❧② ♥❡✉tr❛❧✮ ❡①❝❡♣t t❤❛t ✐t ✐s ♠❛ss✐✈❡✱ ❛♥❞ ✐t ✐s ❝❛❧❧❡❞ t❤❡ Z ❜♦s♦♥❀ t❤❡
♦t❤❡r ✐s ❛❧s♦ ♠❛ss✐✈❡ ❛♥❞ ✐t ✐s ❡❧❡❝tr✐❝❛❧❧② ❝❤❛r❣❡❞ ✇✐t❤ ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ❝❤❛r❣❡
±e ✇❤✐❝❤ ✇❡ ❧❛❜❡❧ W± r❡s♣❡❝t✐✈❡❧② ✭t❤❡② ❛r❡ ♣❛rt✐❝❧❡✴❛♥t✐✲♣❛rt✐❝❧❡✮✳ ❚❤❡ ✇❡❛❦
❢♦r❝❡ ❤❛s ❛ ❧❛r❣❡r ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t αW ∼ 0.01 ❤♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡ ♠❛ss ♦❢ t❤❡

♣❛rt✐❝❧❡s✱ ✐t ✐s s❤♦rt r❛♥❣❡❞ ✭V ∼ e−
m
~
r/r✮✱ ✇❤✐❝❤ ✐s ✇❤② ✐t ♦♥❧② ♣❛rt✐❝✐♣❛t❡s ❛t

s✉❜✲♥✉❝❧❡❛r ❧❡♥❣t❤ s❝❛❧❡s✳

• ❚❤❡ str♦♥❣ ♥✉❝❧❡❛r ❢♦r❝❡ ✜❡❧❞ ✲ ❚❤✐s ❞❡s❝r✐❜❡s t❤❡ ❢♦r❝❡ ✇❤✐❝❤ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r
t❤❡ ❛ttr❛❝t✐♦♥ ♦❢ ♥✉❝❧❡♦♥s ✇❤✐❝❤ ❦❡❡♣s ❛t♦♠✐❝ ♥✉❝❧❡✐ ❜♦✉♥❞✳ ❆t ❛ ♠♦r❡ ❢✉♥❞❛✲
♠❡♥t❛❧ ❧❡✈❡❧ ✐t ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ♣r♦t♦♥ ❛♥❞ ♥❡✉tr♦♥ ✭❢♦r
❡①❛♠♣❧❡✮✳ ❚❤❛t ✐s✱ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❛♥ ❡❧❡❝tr✐❝❛❧❧② ♥❡✉tr❛❧ ❛t♦♠ ✐♥t❡r❛❝ts ✇✐t❤
❛♥♦t❤❡r ♥❡✉tr❛❧ ❛t♦♠ t❤r♦✉❣❤ ❢♦r❝❡s ♦❢ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ♦r✐❣✐♥ ✐♥ ♥❛t✉r❡ ✭❞✐♣♦❧❛r
❢♦r❝❡s✱ ▲♦♥❞♦♥ ❢♦r❝❡s✱ ❡t❝✳✳✳✮✱ ❢♦r t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ♥✉❝❧❡♦♥s✱ t❤❡ str♦♥❣ ♥✉✲
❝❧❡❛r ❢♦r❝❡ ✐s ❛ r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ str♦♥❣ ❢♦r❝❡ ❢♦r ❦❡❡♣✐♥❣ ❡❛❝❤ ♥✉❝❧❡♦♥
❜♦✉♥❞✳
❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rt✐❝❧❡✴✜❡❧❞ r❡s♣♦♥s✐❜❧❡ ❢♦r s✉❝❤ ❢♦r❝❡ ✐s ❝❛❧❧❡❞ t❤❡ ❣❧✉♦♥✱ ❛♥❞
✐t ✐s ❞❡s✐❣♥❛t❡❞ ❜② gi✳ ❚❤❡ ❣❧✉♦♥ ✜❡❧❞ ❤❛s ❛ s♣❡❝✐❛❧ ❝❤❛r❣❡ ❝❛❧❧❡❞ ✏❝♦❧♦r ❝❤❛r❣❡✑✱
✇❤✐❝❤ ✐s ❛ ♠♦r❡ ❡❧❛❜♦r❛t❡❞ ❣❡♥❡r❛❧✐s❛t✐♦♥ ♦❢ ❡❧❡❝tr✐❝ ❝❤❛r❣❡✳ ❚❤❡ ✐♥❞❡① i r❡♣r❡s❡♥t
✽ ♣♦ss✐❜❧❡ ❝♦❧♦r ❝❤❛r❣❡ ❝♦♥✜❣✉r❛t✐♦♥s ❢♦r t❤❡ ❣❧✉♦♥✳ ◆❡①t✱ ✇❡ ✇✐❧❧ s❡❡ t❤❛t s♦♠❡
♠❛tt❡r ♣❛rt✐❝❧❡ ✇✐❧❧ ❤❛✈❡ 3 ♣♦ss✐❜❧❡ ❝♦❧♦r ❝❤❛r❣❡ ❝♦♥✜❣✉r❛t✐♦♥s✳
❚❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤✐s ❢♦r❝❡ ❞❡♣❡♥❞s ♦♥ t❤❡ ❡♥❡r❣② s❝❛❧❡ ♦❢ t❤❡ ♣r♦❝❡ss✳ ❙✉r✲
♣r✐s✐♥❣❧②✱ ✐ts str❡♥❣t❤ ❣♦❡s t♦ ③❡r♦ ❛t ✈❡r② s❤♦rt ❞✐st❛♥❝❡s ❛♥❞ ✐♥❝r❡❛s❡s ❛t ❧❛r❣❡
❞✐st❛♥❝❡s✳ ❚❤✐s ✐s ✇❤② ✐t ✐s ♥❡❝❡ss❛r② ✈❡r② ❤✐❣❤ ❡♥❡r❣② ❝♦❧❧✐s✐♦♥s t♦ ❜r❡❛❦ t❤❡
♣r♦t♦♥ ❛♥❞ st✉❞② ✐ts str✉❝t✉r❡✳

✷



• ❚❤❡ ❢♦✉rt❤ ✐♥t❡r❛❝t✐♦♥ ✐s ❣r❛✈✐t②✳ ❚❤❡ ❛ss♦❝✐❛t❡❞ ❤②♣♦t❤❡t✐❝❛❧ ♣❛rt✐❝❧❡ ✐s ❝❛❧❧❡❞
t❤❡ ❣r❛✈✐t♦♥✳ ❍♦✇❡✈❡r✱ ✐ts ♠❛❣♥✐t✉❞❡ ❢♦r t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ t✇♦ ♣❛rt✐❝❧❡s ✭❢♦r
❡①❛♠♣❧❡ ❡❧❡❝tr♦♥s✮ ✐s ∼ 10−16✱ t❤❛t ✐s✱ ✐t ✐s ❝♦♠♣❧❡t❡❧② ✐rr❡❧❡✈❛♥t ✐♥ t❤❡ ❞♦♠❛✐♥ ♦❢
♣❛rt✐❝❧❡ ♣❤②s✐❝s✳

■♥ s✉♠♠❛r②✱ t❤❡ ❢♦r❝❡ ❝❛rr✐❡rs ❛r❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ✜❡❧❞s

P❛rt✐❝❧❡ ♣❤♦t♦♥ γ Z ❜♦s♦♥ W± ❜♦s♦♥ gi ❣❧✉♦♥ gµν ❣r❛✈✐t♦♥

❡❧❡❝tr✐❝ ❝❤❛r❣❡ ✵ ✵ ±1e ✵ ✵

❝♦❧♦r ❝❤❛r❣❡ ✵ ✵ ✵ ✽ ♣♦ss✐❜❧❡ ✵

♠❛ss ✵ ∼ 90mproton ∼ 80mproton ✵ ✵

r❛♥❣❡ ❧♦♥❣ s❤♦rt s❤♦rt ❧♦♥❣ ❧♦♥❣

❝♦✉♣❧✐♥❣ α ∼ 0.007 ∼ 0.01 ∼ 0.01 ∼ 1 ∼ 10−16

▼❛tt❡r ✜❡❧❞ ❚❤❡ ♠♦st ❢❛♠✐❧✐❛r ❛♥❞ r❡❧❡✈❛♥t ♣❛rt✐❝❧❡ ❢♦r ❡✈❡r②❞❛② ❧✐❢❡ ✐s t❤❡ ❡❧❡❝tr♦♥
e−✳ ■t ✐s ❛ ❋❡r♠✐♦♥ ✭♦❜❡②s ❋❡r♠✐✲❉✐r❛❝ st❛t✐st✐❝s ❛♥❞ ❤❛s ✐♥tr✐♥s✐❝ s♣✐♥ 1/2✮✱ ✐t ❤❛s ❛
♥❡❣❛t✐✈❡ ❡❧❡❝tr✐❝ ❝❤❛r❣❡✱ ♠❛ss✱ ❛♥❞ ❛s ❢❛r ❛s ✇❡ ❦♥♦✇✱ ✐t ✐s st❛❜❧❡ ✭✐t ❞♦❡s ♥♦t ❞❡❝❛②
s♣♦♥t❛♥❡♦✉s❧②✮✳ ■t ❞♦❡s ♥♦t ❤❛✈❡ ❝♦❧♦r ❝❤❛r❣❡✱ s♦ ✐t ❞♦❡s ♥♦t ❢❡❡❧ t❤❡ str♦♥❣ ❢♦r❝❡✳
❆ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❡❧❡❝tr♦♥✱ ✐t ✇❛s ❢♦✉♥❞ ❛♥♦t❤❡r ♥❡✉tr❛❧ ❢❡r♠✐♦♥✱ ✇❤✐❝❤ ♣❛rt✐❝✐♣❛t❡s
✐♥ ✇❡❛❦ ❢♦r❝❡ ✐♥t❡r❛❝t✐♦♥✱ ✇❤✐❝❤ ✇❡ ❝❛❧❧ t❤❡ ❡❧❡❝tr♦♥✐❝ ♥❡✉tr✐♥♦ νe✳ ❇❡❧♦✇ ✇❡ ✇✐❧❧ s❡❡
t❤❛t ♥❡✉tr✐♥♦s ❤❛✈❡ ❛ t✐♥② ♠❛ss✱ ♣r♦❜❛❜❧② ❧❡ss t❤❛♥ 0.001 t✐♠❡s t❤❡ ❡❧❡❝tr♦♥ ♠❛ss✳
❙✉r♣r✐s✐♥❣❧②✱ ✐♥ ♥❛t✉r❡✱ t❤❡r❡ ❛r❡ t✇♦ ❝♦♣✐❡s ♦❢ ❡❛❝❤ ♦❢ t❤❡s❡ ♣❛✐rs ♦❢ ♣❛rt✐❝❧❡s✳ ❋♦r t❤❡
❡❧❡❝tr♦♥ ✇❡ ❤❛✈❡ t❤❡ ♠✉♦♥ µ− ❛♥❞ t❤❡ t❛✉ ♣❛rt✐❝❧❡ τ−✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ✐s t❤❛t t❤❡②
❛r❡ ✐♥❝r❡❛s✐♥❣❧② ♠♦r❡ ♠❛ss✐✈❡ t❤❛♥ t❤❡ ❡❧❡❝tr♦♥ ❛♥❞ ❛r❡ ✉♥st❛❜❧❡✳ ❊❛❝❤ ♦❢ t❤❡s❡ ❤❛s ❛♥
❛ss♦❝✐❛t❡❞ ♥❡✉tr✐♥♦✱ t❤❛t ✐s ✇❡ ❤❛✈❡ ❛ ♠✉♦♥ ♥❡✉tr✐♥♦✱ νµ ❛♥❞ ❛ t❛✉ ♥❡✉tr✐♥♦ ντ ✳ ❚❤❡
♠❛ss❡s ♦❢ t❤❡ ♥❡✉tr✐♥♦s ❛r❡ ♥♦t ✇❡❧❧ ❦♥♦✇♥✳ ❈♦❧❧❡❝t✐✈❡❧②✱ ❛❧❧ ♦❢ t❤❡s❡ ♣❛rt✐❝❧❡s ❛r❡ ❝❛❧❧❡❞
❧❡♣t♦♥s ✭❢r♦♠ ❧✐❣❤t✮✱ ❛♥❞ ❛❧❧ ♦❢ t❤❡♠ ✐♥t❡r❛❝t t❤r♦✉❣❤ t❤❡ ✇❡❛❦ ❢♦r❝❡✳

❏✉st ❧✐❦❡ ❡❧❡❝tr♦♥s ❛r❡ ♣❛rt✐❝❧❡s ✇❤✐❝❤ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❢♦r❝❡ ✭♦r
t❤r♦✉❣❤ t❤❡ ♣❤♦t♦♥ γ✮✱ t❤❡r❡ ✐s ❛♥♦t❤❡r s❡t ♦❢ ✈❡r② ✐♠♣♦rt❛♥t ❢❡r♠✐♦♥s ✇❤✐❝❤ ✐♥t❡r❛❝t
t❤r♦✉❣❤ t❤❡ str♦♥❣ ❢♦r❝❡ ✭♦r t❤❡ ❣❧✉♦♥sgi✮✳ ❚❤♦s❡ ♣❛rt✐❝❧❡s ❛r❡ ❝❛❧❧❡❞ q✉❛r❦s ❛♥❞ ❛r❡
t❤❡ ♠❛tt❡r t❤❛t ♠❛❦❡ ✉♣ t❤❡ ♣r♦t♦♥✱ ♥❡✉tr♦♥ ❛♥❞ ♦t❤❡r ❜♦✉♥❞ st❛t❡s ❣❡♥❡r✐❝❛❧❧② ❝❛❧❧❡❞
❤❛❞r♦♥s✳ ❏✉st ❛s ❢♦r ❧❡♣t♦♥s✱ t❤❡r❡ ❛r❡ ✸ ❢❛♠✐❧✐❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣❧② ❧❛r❣❡r ♠❛ss❡s✳ ❚❤❡
❧✐❣❤t❡st ✐s ❝♦♠♣♦s❡❞ ♦❢ t❤❡ ✉♣ q✉❛r❦ u✱ ✇❤✐❝❤ ❜❡s✐❞❡s t❤❡ ❝♦❧♦r ❝❤❛r❣❡ ✐t ❤❛s ❛♥ ❡❧❡❝tr✐❝
❝❤❛r❣❡ +2

3
e✱ ❛♥❞ t❤❡ ❞♦✇♥ q✉❛r❦ d ✇✐t❤ ❝♦❧♦r ❝❤❛r❣❡ ❛♥❞ ❡❧❡❝tr✐❝ ❝❤❛r❣❡ −

1

3
✳ ❚❤❡ t✇♦

♦t❤❡r ❢❛♠✐❧✐❡s ❛r❡ ❤❡❛✈✐❡r r❡♣❧✐❝❛s✱ t❤❡ ❝❤❛r♠ q✉❛r❦ c ❛♥❞ str❛♥❣❡ q✉❛r❦ s ✭✇✐t❤ s❛♠❡
❝❤❛r❣❡s ♦❢ t❤❡ u ❡ d r❡s♣❡❝t✐✈❡❧②✮✱ ❛♥❞ t♦♣ t ❛♥❞ ❜♦tt♦♠ b ✭s❛♠❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝❤❛r❣❡s✮✳
❉✉❡ t♦ t❤❡ ♣r♦♣❡rt② t❤❛t t❤❡ str♦♥❣ ❢♦r❝❡ ✐♥❝r❡❛s❡s ✐♥ ♠❛❣♥✐t✉❞❡ ✇✐t❤ ❞✐st❛♥❝❡✱ q✉❛r❦s

✸



PP

PP

proton remnant

initial state radiation

hard process

secondary decays

parton showers

hadronisation

❋✐❣✉r❡ ✶✿ ❙❝❤❡♠❛t✐❝s ♦❢ t❤❡ s❤♦rt r❛♥❣❡ ❝♦❧❧✐s✐♦♥ ✐♥ ❛ Pr♦t♦♥✱ Pr♦t♦♥ ❝♦❧❧✐s✐♦♥ ❛t t❤❡
▲❍❈✳

❛r❡ ♥♦t ♦❜s❡r✈❡❞ ❢r❡❡ ❛t ❧❛r❣❡ ❞✐st❛♥❝❡✱ ❛♥❞ ❛r❡ ❝♦♥✜♥❡❞ ✐♥ t❤❡ ✐♥t❡r✐♦r ♦❢ ❤❛❞r♦♥ s✉❝❤
❛s t❤❡ ♣r♦t♦♥✳ ❖♥❧② ✈❡r② ❤✐❣❤ ❡♥❡r❣② ❡①♣❡r✐♠❡♥ts ❛❧❧♦✇ t♦ ❝♦❧❧✐❞❡ q✉❛r❦s ❛t ✈❡r② s❤♦rt
❞✐st❛♥❝❡s ✐♥s✐❞❡ t❤❡ ♣r♦t♦♥ ❛♥❞ ✐♥❢❡r t❤❡✐r ♣r♦♣❡rt✐❡s ❛s ❢r❡❡ ♣❛rt✐❝❧❡s ✭t❤❡ str♦♥❣ ❢♦r❝❡
❜❡❝♦♠❡s ③❡r♦ ❛t ✈❡r② s❤♦rt ❞✐st❛♥❝❡s s❡❡ ❋✐❣✳✶✳✮✳

❚♦ ❝♦♠♣❧❡t❡ t❤❡ t❤❡♦r② ♦❢ t❤❡ ❙▼✱ t❤❡r❡ ✐s ❛♥♦t❤❡r ♣❛rt✐❝❧❡✱ t❤❡ ❍✐❣❣s ❜♦s♦♥ h✱
r❡❝❡♥t❧② ❞✐s❝♦✈❡r❡❞ ❛t t❤❡ ▲❍❈✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ❜② ❛ ♠❛ss✐✈❡ s❝❛❧❛r ✜❡❧❞✳ ■♥ ❢❛❝t✱
t❤❡ ❍✐❣❣s ❜♦s♦♥ ❤❛s ❛ ❝❡♥tr❛❧ r♦❧❡ ✐♥ t❤❡ t❤❡♦r② ❛♥❞ ✐t ❝❛♥ ❡①♣❧❛✐♥ t❤❡ ♠❛ss ❣❡♥❡r❛✲
t✐♦♥ ♠❡❝❤❛♥✐s♠ ❢♦r ❛❧❧ ♠❛ss✐✈❡ ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❙▼✳ ■♥ s✉♠♠❛r②✱ t❤❡ ♠❛tt❡r ♦❜s❡r✈❡❞
❡①♣❡r✐♠❡♥t❛❧❧② ✐♥ t❤❡ ❙▼ ✐s

P❛rt✐❝❧❡ e− νe µ− νµ τ− ντ

♠❛ss (mp) 5.5.10−4 < 1.10−6 0.11 < 1.10−6 1.9 < 1.10−6

❡❧❡❝tr✐❝ ❝❤❛r❣❡ ✭e✮ −1 ✵ −1 ✵ −1 ✵

P❛rt✐❝❧❡ u d c s t b

♠❛ss (mp) ∼ 0.002 ∼ 0.005 ∼ 1.4 ∼ 0.1 ∼ 180 ∼ 4.5

❡❧❡❝tr✐❝ ❝❤❛r❣❡ ✭e✮ +2

3
−

1

3
+2

3
−

1

3
+2

3
−

1

3

▼♦st ♦❢ t❤❡s❡ ♣❛rt✐❝❧❡s ✇✐❧❧ ♥♦t ♠❛♥✐❢❡st t❤❡♠s❡❧✈❡s ✐♥ ❞❛✐❧② ❧✐❢❡ s✐t✉❛t✐♦♥s✳ ❖♥ ♦♥❡
❤❛♥❞✱ ♥❡✉tr✐♥♦s ❛r❡ ❞✐✣❝✉❧t t♦ ♦❜s❡r✈❡ ❜❡❝❛✉s❡ t❤❡② ♦♥❧② ✐♥t❡r❛❝t t❤r♦✉❣❤ t❤❡ ✇❡❛❦

✹



❢♦r❝❡✳ ❘❡❣❛r❞✐♥❣ ❧❡♣t♦♥s✱ t❤❡ ♠♦r❡ ♠❛ss✐✈❡ ♦♥❡s ❞❡❝❛② t♦ ♥❡✉tr✐♥♦s ❛♥❞ ❡❧❡❝tr♦♥s✳ ❆s
❢♦r q✉❛r❦s✱ t❤❡② ❛r❡ ❝♦♥✜♥❡❞ t♦ ❜♦✉♥❞ st❛t❡s ✐♥ ❤❛❞r♦♥s✱ ❜② ❣❧✉♦♥s✳ ■♥ ❣❡♥❡r❛❧✱ ❤❛❞r♦♥s
❛r❡ ❞✐✈✐❞❡❞ ✐♥ t✇♦ ❣r♦✉♣s✿ ✶✮ ❜❛r✐♦♥s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥ ❛s ❜♦✉♥❞ st❛t❡s ♦❢ ✸ q✉❛r❦s
❛♥❞ ✷✮ ♠❡s♦♥s ✇❤✐❝❤ ❛r❡ ❜♦✉♥❞ st❛t❡s ♦❢ q✉❛r❦ ❛♥❞ ❛♥ ❛♥t✐✲q✉❛r❦✳ ■♥ r❡❛❧✐t②✱ t❤❡s❡
❜♦✉♥❞s st❛t❡s ❛r❡ ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ t❤❛♥ t❤✐s s✐♠♣❧✐st✐❝ ✈✐❡✇ ❛♥❞ ❛r❡ ✐♠♠❡rs❡❞ ✐♥ ❛
❝♦❧♦r ♥❡✉tr❛❧ s❡❛ ♦❢ ❣❧✉♦♥s ❛♥❞ ♣❛rt✐❝❧❡✴❛♥t✐✲♣❛rt✐❝❧❡ ♣❛✐rs✳

❋♦r ❡①❛♠♣❧❡✱ t❤❡ ♣r♦t♦♥ ❝❛♥ ❜❡ s❡❡♥ ❛s ❛ ❜♦✉♥❞ st❛t❡ ♦❢ t✇♦ ✉♣ q✉❛r❦s ❛♥❞ ❛ ❞♦✇♥
q✉❛r❦

p → uud ⇒ electric charge = +
2

3
+

2

3
−

1

3
= +1 ✭✶✮

❛♥❞ t❤❡ ♥❡✉tr♦♥ ✐s ❛ ❜♦✉♥❞ st❛t❡ ♦❢ ❛♥ ✉♣ q✉❛r❦ ❛♥❞ ❛ ✷ ❞♦✇♥ q✉❛r❦

n → udd ⇒ electric charge = +
2

3
−

1

3
−

1

3
= 0 . ✭✷✮

✺


