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Ïëàí ëåêöèè

◮
×òî òàêîå Ñòàíäàðòíàÿ ìîäåëü (ÑÌ)?

◮
×àñòèöû (ïîëÿ) ÑÌ

◮
Ïðèíöèïû ÑÌ, å¼ ëàãðàíæèàí

◮
Êîíñòðóêöèÿ ýëåêòðîñëàáîãî ñåêòîðà ÑÌ

◮
Ñâîéñòâà ÑÌ

◮
Ïðîâåðêà ÑÌ íà ÁÀÊ äðóãèõ ýêñïåðèìåíòàõ

◮
Ñòàòóñ è ïðîáëåìû ÑÌ
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×òî òàêîå Ñòàíäàðòíàÿ ìîäåëü?

ÑÌ ýòî:

◮
� íàèáîëåå óñïåøíàÿ �èçè÷åñêàÿ ìîäåëü èç âñåõ

◮
� íàïèñàíà íà ÿçûêå êâàíòîâîé òåîðèè ïîëÿ

◮
� îñíîâàíà íà ïðèíöèïàõ ñèììåòðèè

◮
� ìèíèìàëüíà

◮
� èìååò îãðîìíóþ ïðåäñêàçàòåëüíóþ ñïîñîáíîñòü

Íî ìû íå ïîíèìàåì, ïî÷åìó îíà ðàáîòàåò òàê õîðîøî. . .

Âîïðîñû ê ÑÌ:

◮
ßâëÿåòñÿ ëè ÑÌ �óíäàìåíòàëüíîé òåîðèåé?

◮
Åñëè íåò, êàêîâà îáëàñòü åå ïðèìåíèìîñòè?

◮
ßâëÿþòñÿ ëè ïîëÿ è âçàèìîäåéñòâèÿ ÑÌ

�óíäàìåíàòëüíûìè?

◮
Åñòü ëè ÷òî-òî ïîìèìî ÑÌ (è ãðàâèòàöèè)?
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×àñòèöû (ïîëÿ) ÑÌ

Courtesy to Wikipedia: "Standard Model of Elementary Parti
les"by MissMJ - Own work by

uploader, PBS NOVA [1℄, Fermilab, O�
e of S
ien
e, United States Department of Energy,

Parti
le Data Group.
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Âçàèìîäåéñòâèÿ â ÑÌ (I)

Ñêîëüêî �óíäàìåíòàëüíûõ âçàèìîäåéñòâèé â Ïðèðîäå?
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Âçàèìîäåéñòâèÿ â ÑÌ (I)

Ñêîëüêî �óíäàìåíòàëüíûõ âçàèìîäåéñòâèé â Ïðèðîäå?

Ñêîëüêî âçàèìîäåéñòâèé â Ñòàíäàðòíîé ìîäåëè?

Äëÿ îòâåòà íà ïîñëåäíèé âîïðîñ ïîñìîòðèì íà ëàãðàíæèàí

ÑÌ.

N.B. How many bugs are there in the mugs?
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✈ ◗ ①③②❳ ①⑥②❳ ◆✇❖◗ ❘ ❳✫⑦ ❙☎❘ ❳✫⑦ ❙ ◆⑧❖◗ ❘ ❳❩⑨ ❘ ❳✫⑨ ◆

❖◗☎⑩ ◗❶ ⑨ ◗ ◆ ❘ ❳❚❷ r ❘ ❳❚❷ t ◆ ✈ ◗ ❷ r ❷ t ◆❸❖◗✶❘ ❳❩❷ ② ❘ ❳❩❷ ② ◆ ❖◗ ❪ ④⑤
✈ ❷ ② ❷ ② ◆❺❹ ❶✖❻ ◗✲❼ ④❽ ④ ❞◗✲❼❽ ⑨ ❞ ❖◗ ❣ ⑨ ◗ ❞ ❷ ② ❷ ② ❞⑧❾ ❷ r ❷ t ♥➀❿ ❞ ◗✲❼➂➁❽ ④➄➃

❶ ◆ ❢✌❯✖➅✤➆ ❻ ❘✮❙✩① ②❳ ❣ q r❳ q t❙ ◆

q➇r❙ q✉t❳ ♥ ◆ ① ②❙ ❣ q➇r❳ ❘❚❙✶q✉t❳ ◆ q✉t❳ ❘❚❙✶q➇r❳ ♥ ❞ ① ②❳ ❣ q➇r❙ ❘❚❙☎q✉t❳ ◆

q✉t❙ ❘❚❙✶q➇r❳ ♥➀❿ ◆ ❢✌❯❂➈✭➆ ❻ ❘❚❙ ⑦⑥❳ ❣ q➇r❳ q✉t❙ ◆ qsr❙ q❴t❳ ♥ ◆ ⑦ ❙ ❣ q➇r❳ ❘❚❙✶q✉t❳ ◆

q✉t❳ ❘✮❙☎qsr❳ ♥ ❞ ⑦③❳ ❣ q➇r❙ ❘✮❙☎q❴t❳ ◆ q✉t❙ ❘❚❙✶q➇r❳ ♥✲❿ ◆ ❖◗ ❯ ◗ q➇r❳ q✉t❳ q➇r❙ q✉t❙ ❞❖◗✩❯ ◗ qsr❳ q❴t❙ q➇r❳ q✉t❙ ❞ ❯ ◗ ➅ ◗➆ ❣ ① ②❳ q➇r❳ ① ②❙ q✉t❙ ◆ ① ②❳ ① ②❳ qsr❙ q✉t❙ ♥ ❞❯ ◗ ➈ ◗➆ ❣ ⑦③❳ q➇r❳ ⑦ ❙☎q❴t❙ ◆ ⑦⑥❳▼⑦⑥❳ q➇r❙ q❴t❙ ♥ ❞ ❯ ◗ ➈✭➆❑➅✤➆ ❻ ⑦⑥❳ ① ②❙ ❣ q➇r❳ q✉t❙ ◆

q➇r❙ q✉t❳ ♥ ◆ ❾ ⑦③❳ ① ②❳ q➇r❙ q✉t❙ ❿ ◆ ❯ ➃
❻ ⑨➊➉ ❞ ⑨➋❷ ② ❷ ② ❞✇❾ ⑨➋❷ r ❷ t ❿ ◆❖➌✩❯ ◗ ➃

❶❲❻ ⑨ ❵ ❞➍❣ ❷ ② ♥ ❵ ❞➏➎♦❣ ❷ r ❷ t ♥ ◗ ❞➏➎♦❣ ❷ ② ♥ ◗ ❷ r ❷ t ❞➏➎ ⑨ ◗ ❷ r ❷ t ❞➄❾➐❣ ❷ ② ♥ ◗ ⑨ ◗ ❿ ◆

❯ ✈ qsr❳ q❴t❳ ⑨ ◆ ❖◗✩❯ ❼❪ ④⑤ ① ②❳ ① ②❳ ⑨ ◆ ❖◗☎❢✌❯ ❻ q➇r❳ ❣ ❷ ② ❘ ❳✮❷ t ◆ ❷ t❛❘ ❳❩❷ ② ♥ ◆

q t❳ ❣ ❷ ② ❘ ❳❚❷ r ◆ ❷ r ❘ ❳❚❷ ② ♥✲❿ ❞ ❖◗ ❯ ❻ q r❳ ❣ ⑨ ❘ ❳▼❷ t ◆ ❷ t ❘ ❳❩⑨ ♥ ◆ q t❳ ❣ ⑨ ❘ ❳❚❷ r ◆

❷ r❃❘ ❳▼⑨ ♥➀❿ ❞ ❖◗✩❯ ❖❪ ⑤ ❣ ① ②❳ ❣ ⑨ ❘ ❳❩❷ ② ◆ ❷ ② ❘ ❳▼⑨ ♥ ◆ ❢✌❯
❨ ④⑤❪ ⑤
✈ ① ②❳ ❣ qsr❳ ❷ t ◆ q✉t❳ ❷ r ♥ ❞

❢✌❯❂➈✭➆ ✈ ⑦③❳ ❣ q➇r❳ ❷ t ◆ q✉t❳ ❷ r ♥ ◆ ❢✌❯ ❖ t ◗ ❪ ④⑤◗ ❪ ⑤ ① ②❳ ❣ ❷ r●❘ ❳❚❷ t ◆ ❷ t♦❘ ❳❚❷ r ♥ ❞

❢✌❯❂➈✭➆ ⑦⑥❳ ❣ ❷ r●❘ ❳❩❷ t ◆ ❷ t❛❘ ❳❚❷ r ♥ ◆ ❖❵ ❯ ◗ q➇r❳ q✉t❳ ❻ ⑨ ◗ ❞➑❣ ❷ ② ♥ ◗ ❞✇❾ ❷ r ❷ t ❿ ◆

❖❵ ❯ ◗ ❖❪ ④⑤ ① ②❳ ① ②❳
❻ ⑨ ◗ ❞➒❣ ❷ ② ♥ ◗ ❞✇❾➐❣✌❾ ➈ ◗➆ ◆➔➓ ♥ ◗ ❷ r ❷ t ❿ ◆ ❖◗☎❯ ◗ ❨ ④⑤❪ ⑤ ① ②❳ ❷ ② ❣ q➇r❳ ❷ t ❞

q✉t❳ ❷ r ♥ ◆ ❖◗ ❢✌❯ ◗ ❨ ④⑤❪ ⑤ ① ②❳ ⑨ ❣ q➇r❳ ❷ t ◆ q✉t❳ ❷ r ♥ ❞ ❖◗ ❯ ◗ ➈✭➆ ⑦③❳▼❷ ② ❣ q➇r❳ ❷ t ❞

q✉t❳ ❷ r ♥ ❞ ❖◗ ❢✺❯ ◗ ➈✭➆ ⑦⑥❳❩⑨ ❣ q➇r❳ ❷ t ◆ q✉t❳ ❷ r ♥ ◆ ❯ ◗ ❨ ⑤❪ ⑤ ❣✟❾ ➅
◗➆ ◆➊➓ ♥ ① ②❳ ⑦③❳❩❷ r ❷ t ◆

❯ ❖ ➈ ◗➆ ⑦③❳✫⑦③❳▼❷ r ❷ t ◆ ❤→✩➣ ❣ ❧ ❘ ❞ ⑩ ➣❝ ♥ →✩➣ ◆ ❤↔✖➣ ❧ ❘ ↔✖➣ ◆ ❤↕♦➣♠ ❣ ❧ ❘ ❞ ⑩ ➣➙ ♥ ↕♦➣♠ ◆❤➛ ➣♠ ❣ ❧ ❘ ❞ ⑩ ➣❜ ♥
➛ ➣♠ ❞ ❢✺❯➐➈✭➆ ⑦③❳ ❻ ◆ ❣❍❤→✩➣ ❧ ❳ →✩➣ ♥ ❞ ◗

➉ ❣✑❤↕❛➣♠▼❧
❳ ↕♦➣♠✮♥ ◆ ❖➉ ❣ ❤
➛ ➣♠▼❧ ❳ ➛ ➣♠✮♥➀❿ ❞❦ ❽❵ ❪ ⑤ ① ②❳
❻ ❣✑❤↔ ➣ ❧ ❳ ❣ ➓ ❞ ❧❑➜✑♥ ↔ ➣ ♥ ❞➑❣❍❤→ ➣ ❧ ❳ ❣✺➎ ➈ ◗➆ ◆➔➓➝◆ ❧❛➜✑♥ → ➣ ♥ ❞➑❣✤❤↕ ➣♠ ❧ ❳ ❣ ❵ ➉ ➈
◗➆ ◆➓⑥◆ ❧ ➜ ♥ ↕♦➣♠ ♥ ❞➑❣ ❤➛ ➣♠ ❧ ❳ ❣ ➓➝◆ ➌

➉ ➈
◗➆ ◆ ❧ ➜ ♥ ➛ ➣♠ ♥➀❿ ❞ ❦ ❽◗✲➞ ◗ q➇r❳ ❻ ❣✑❤↔❲➣ ❧ ❳ ❣ ➓ ❞ ❧ ➜ ♥ →✩➣ ♥ ❞

❣✑❤↕❛➣♠ ❧ ❳ ❣ ➓ ❞ ❧ ➜ ♥✡➟ ➣✤➠ ➛ ➠♠ ♥✲❿ ❞ ❦ ❽◗✲➞ ◗ q❴t❳ ❻ ❣❍❤→✩➣ ❧ ❳ ❣ ➓ ❞ ❧ ➜ ♥ ↔✖➣ ♥ ❞➑❣ ❤➛ ➠♠ ➟➢➡➣✤➠ ❧ ❳ ❣ ➓ ❞

❧ ➜ ♥ ↕♦➣♠ ♥✲❿ ❞ ❦ ❽◗✲➞ ◗➐➤✗➥➦❼ ❻ ◆ ❷ r ❣✑❤↔✖➣ ❣ ➓➝◆ ❧ ➜ ♥ →✩➣ ♥ ❞ ❷ t ❣❍❤→✩➣ ❣ ➓ ❞ ❧ ➜ ♥ ↔❲➣ ♥➀❿ ◆❽ ◗ ➤✗➥➦❼ ❻ ⑨ ❣❍❤→✩➣✶→✩➣ ♥ ❞ ❢ ❷ ② ❣✱❤→✩➣ ❧ ➜ →✩➣ ♥✲❿ ❞ ❦ ❽◗✲❼➧➞ ◗ ❷ r ❻ ◆ ⑩ ➠❜ ❣✑❤↕♦➣♠❩➟ ➣✤➠ ❣ ➓➝◆ ❧ ➜ ♥ ➛ ➠♠✮♥ ❞

⑩ ➣➙ ❣✑❤↕ ➣♠ ➟ ➣✤➠ ❣ ➓ ❞ ❧❑➜❍♥ ➛ ➠♠ ❿ ❞ ❦ ❽◗✲❼➧➞ ◗ ❷ t ❻ ⑩ ➣❜ ❣ ❤
➛ ➣♠ ➟ ➡➣✤➠ ❣ ➓ ❞ ❧❑➜❍♥ ↕ ➠♠ ♥ ◆ ⑩ ➠➙ ❣ ❤➛ ➣♠ ➟ ➡➣✑➠ ❣ ➓♦◆

❧❛➜✤♥ ↕ ➠♠ ❿ ◆ ❽ ◗ ➤❊➥➨❼ ⑨ ❣✑❤↕ ➣♠ ↕ ➣♠ ♥ ◆ ❽ ◗♦➤ ➥➩❼ ⑨ ❣ ❤➛ ➣♠ ➛ ➣♠ ♥ ❞ ❦ ❽◗ ➤✗➥➨❼ ❷ ② ❣✤❤↕ ➣♠ ❧❑➜ ↕ ➣♠ ♥ ◆❦ ❽◗ ➤ ➥➩❼ ❷ ② ❣ ❤➛ ➣♠ ❧ ➜ ➛ ➣♠ ♥ ❞ ❤➫ r ❣ ❘ ◗ ◆ ✈ ◗ ♥ ➫ r ❞ ❤➫ t ❣ ❘ ◗ ◆ ✈ ◗ ♥ ➫ t ❞ ❤➫ ② ❣ ❘ ◗ ◆❼ ④❪ ④⑤ ♥
➫ ② ❞ ❤➭ ❘ ◗ ➭ ❞ ❢✌❯✖➅✱➆✰q➇r❳ ❣ ❘ ❳ ❤➫ ② ➫ t ◆ ❘ ❳ ❤➫ r ➫ ② ♥ ❞ ❢✌❯❂➈✭➆✰q➇r❳ ❣ ❘ ❳ ❤➭➯➫ t ◆

❘ ❳ ❤➫ r ➭ ♥ ❞ ❢✌❯✖➅✱➆❃q t❳ ❣ ❘ ❳ ❤➫ t ➫ ② ◆ ❘ ❳ ❤➫ ② ➫ r ♥ ❞ ❢✺❯❂➈✩➆❃q t❳ ❣ ❘ ❳ ❤➫ t ➭ ◆

❘ ❳ ❤➭➯➫ r ♥ ❞ ❢✺❯❂➅✱➆❃① ②❳ ❣ ❘ ❳ ❤➫ r ➫ r ◆ ❘ ❳ ❤➫ t ➫ t ♥ ❞ ❢✌❯❂➈✭➆ ⑦③❳ ❣ ❘ ❳ ❤➫ r ➫ r ◆

❘ ❳ ❤➫ t ➫ t ♥ ◆ ❖◗ ❯ ✈ ❻ ❤➫ r ➫ r ⑨ ❞ ❤➫ t ➫ t ⑨ ❞ ❖❪✺④⑤ ❤➫ ② ➫ ② ⑨ ❿ ❞

❖ t ◗ ❪ ④⑤◗ ❪ ⑤ ❢✌❯ ✈ ❻ ❤➫ r ➫ ② ❷ r ◆ ❤➫ t ➫ ② ❷ t ❿ ❞ ❖◗ ❪ ⑤ ❢✺❯
✈ ❻ ❤➫ ② ➫ t ❷ r ◆ ❤➫ ② ➫ r ❷ t ❿ ❞

❢✺❯ ✈ ➈✭➆ ❻ ❤➫ ② ➫ t ❷ r ◆ ❤➫ ② ➫ r ❷ t ❿ ❞ ❖◗☎❢✌❯ ✈ ❻ ❤➫ r ➫ r ❷ ② ◆ ❤➫ t ➫ t ❷ ② ❿

+
.
.
.
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Ïðèíöèïû è ñèììåòðèè ÑÌ

Ïðèíöèïû (ïîìíèì ÑÌ ⊂ ÊÒÏ):

◮
ñîîòâåòñòâèÿ: êâ. ìåõ., ÊÝÄ, ìîäåëè Ôåðìè è ò.ä.

◮
ìèíèìàëüíîñòü: òîëüêî íàáëþäàåìûå è/èëè íåîáõîä.

◮
óíèòàðíîñòü: 0 ≤ P ≤ 1 è P(Ω) = 1

◮
ïåðåíîðìèðóåìîñòü: êîíå÷íûå ïðåäñêàçàíèÿ

◮
êàëèáðîâî÷íûå âçàèìîäåéñòâèÿ ìåæäó �åðìèîíàìè è

âåêòîðíûìè ïîëÿìè

◮
ÑÈÌÌÅÒ�ÈÈ

Ñèììåòðèè:

◮
Ëîðåíöà, CPT

◮
êàëèáðîâî÷íûå: SU(3)C ⊗ SU(2)L ⊗ U(1)Y

◮ ∼ O(4): â ñåêòîðå Õèããñà (ñïîíòàííî íàðóøåíà)

◮
ñêðûòûå ñèììåòðèè (ìåæäó ïîêîëåíèÿìè, äëÿ

ñîêðàùåíèÿ àíîìàëèé, êîí�îðìíàÿ et
.)
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Ìîäåëü Ôåðìè (I)

Äëÿ îïèñàíèÿ β-ðàñïàäà n → p + e− + νe Ý. Ôåðìè ïðåäëîæèë â

1933 ìîäåëü:

Lint = GΨnγρΨp
︸ ︷︷ ︸

J
(N)
ρ

·ΨνγρΨe
︸ ︷︷ ︸

J
(l)†
ρ

+h.c.

Â 1957 R. Marshak & G. Sudarshan;

R. Feynman & M. Gell-Mann

å¼ ìîäè�èöèðîâàëè:

LFermi =
GFermi√

2
JµJ†

µ

Jµ = Ψeγρ
1 − γ5

2
Ψνe

+Ψµγρ
1 − γ5

2
Ψνµ + (V − A)nucleons + h.c.

V-A �îðìà ñëàáûõ âçàèìäåéñòâèé çíà÷èò 100% íàðóøåíèå

÷åòíîñòè!

N.B. CP ñèììåòðèÿ ïðè ýòîì ñîõðàíÿåòñÿ
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Ìîäåëü Ôåðìè (II)

Ñîâðåìåííàÿ ìîäåëü Ôåðìè âêëþ÷àåò òðè ïîêîëåíèÿ:

LFermi =
GFermi√

2
(eL µL τ L)γρ





νe,L

νµ,L
ντ,L



 · (u′
L c

′
L t

′

L)V
†
u γρVd





d ′
L

s′
L

b′
L



+ . . .

{q′} � àäðîííûå ñîáñòâåííûå ñîñòîÿíèÿ,

{q} � ñëàáûå ñîáñòâåííûå ñîñòîÿíèÿ.

Ìàòðèöû Vd,u çàäàþò ñìåíó áàçèñîâ:





d
s

b



 = Vd ×





d ′

s′

b′



 , V
†
u Vd ≡ VCKM =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





N.B.1. Â ÑÌ ìàòðèöû ñìåøèâàíèÿ óíèòàðíû: V
†
i Vi = 1

N.B.2. VCKM èìååò 4 íåçàâèñèìûõ ïàðàìåòðà: 3 óãëà è 1 �àçó
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Ìîäåëü Ôåðìè (III)

Ìîäåëü Ôåðìè îïèñûâàåò β-ðàñïàäû è ðàñïàä ìþîíà

µ → e + ν̄e + νµ ñ âûñîêîé òî÷íîñòüþ

ÍÎ!

1. Îíà íåïåðåíîðìèðóåìà

2. è íàðóøàåò óíèòàðíîñòü, äëÿ ýíåðãèé > 1000 �ýÂ ìîäåëü

àáñîëþòíî íåïðèìåíèìà

3. Çíà÷èò, äî ìàñøòàáà 1000 �ýÂ ïðîÿâèòñÿ äðóãàÿ �èçèêà
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Ýëåêòðîñëàáûå êàëèáðîâî÷íûå âçàèìîäåéñòâèÿ

Ìèíèìàëüíûé ñïîñîá ââåäåíèÿ ýëåêòðîìàãíèòíûõ è ñëàáûõ

âçàèìîäåéñòâèé êàëèáðîâî÷íûì îáðàçîì � èñïîëüçîâàòü ãðóïïó

SU(2) ⊗ U(1)

U(1) òàêàÿ æå êàê â ÊÝÄ

⇒ ãèïåðçàðÿä Y. U(1) äàåò êàëèáðîâî÷íûå âçàèìîäåéñòâèÿ
�åðìèîíîâ ñ áåçìàññîâûì âåêòðîíûì Bµ

SU(2) òàêàÿ æå êàê äëÿ ïðåîáðàçîâàíèé ñïèíîâ �åðìèîíîâ ⇒
ñëàáûé èçîñïèí I.

Òðè âåêòîðíûõ áåçìàññîâûõ áîçîíà: W a
µ , a = 1, 2, 3.

N.B.1. Ââåäåíèå òðåòüåãî âåêòîðíîãî áîçîíà áûëî íåèçáåæíî, õîòÿ

äëÿ îïèñàíèÿ áåòà-ðàñïàäîâ îí íå áûë íóæåí.

N.B.2. Ïîëó÷èëàñü ïåðåíîðìèðóåìàÿ óíèòàðíàÿ ìîäåëü, íî íå

ïðèãîäíàÿ äëÿ îïèñàíèÿ ðåàëüíîñòè. . .
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Ìåõàíèçì Áðàóòà-Ýíãëåðà-Õèããñà (I)

So, we need to generate masses for gauge bosons without expli
it

breaking of the gauge symmetry

Let's 
onsider the simple abelian U(1) symmetry for intera
tion of a

harged s
alar �eld ϕ with a ve
tor �eld Aµ:

L = ∂µϕ
∗∂µϕ− V (ϕ)− 1

4
F 2

µν + ie(ϕ∗∂µϕ− ∂µϕ
∗ϕ)Aµ + e2AµAµϕ

∗ϕ

If V (ϕ) ≡ V (ϕ∗ · ϕ), L is invariant with respe
t to lo
al

transformations

ϕ → eieω(x)ϕ, ϕ∗ → e−ieω(x)ϕ∗, Aµ → Aµ + ∂µω(x)

In polar 
oordinates ϕ ≡ σ(x)eiθ(x)
, ϕ∗ ≡ σ(x)e−iθ(x) ⇒

L = ∂µσ∂µσ + e2σ2 (Aµ +
1

e
∂µθ)

︸ ︷︷ ︸

≡Bµ

(Aµ +
1

e
∂µθ)

︸ ︷︷ ︸

≡Bµ

−V (ϕ∗ϕ)− 1

4
F 2

µν

N.B.1. It was just a 
hange of variables, note that Fµν(A) = Fµν(B)

N.B.2. θ(x) is 
ompletely swallowed by Bµ

QUESTION: But whi
h set of variables is the true one?
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Ìåõàíèçì Áðàóòà-Ýíãëåðà-Õèããñà (II)

Brout & Englert, and Higgs (following Ginzburg & Landau) suggested

to take the s
alar potential in the form

V (ϕ∗ϕ) = λ(ϕ∗ϕ)2 + m2ϕ∗ϕ

For λ > 0 and m2 < 0 we get the shape of a �Mexi
an hat�

Pi
ture 
ourtesy: E.P.S. Shellard, DAMTP, Cambridge. From

http://www.geo
ities.
om/CapeCanaveral/ 2123/breaking.htm.

N.B. V (ϕ∗ϕ) = V (σ2), while θ(x) 
orresponds to the rotational
symmetry of the potential.

dV (σ)
dσ

= 0 ⇒ there are two 
riti
al points: σ = 0 (lo
al maximum)

and σ0 =
√

−m2

2λ
is the global minimum
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Ìåõàíèçì Áðàóòà-Ýíãëåðà-Õèããñà (III)

We have to shift to the minimum: σ(x) → h(x) + σ0 ⇒

L = ∂µh∂µh + e2h2BµBµ + 2e2σ0hBµBµ + e2σ2

0BµBµ − V (h) − 1

4
F 2

µν

We see that �eld Bµ got the mass:

m2

B = 2e2σ2

0 = −e2m2

λ
> 0

So, we generated a mass term for the ve
tor �eld without putting it

into the Lagrangian by hand. That is the 
ore of the

Brout-Englert-Higgs me
hanism.

N.B. σ0 ≡ v is the va
uum expe
tation value of σ(x),

v ≡ 〈0|σ|0〉, v =
1

V0

∫

V0

d3x σ(x)
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Ìåõàíèçì Áðàóòà-Ýíãëåðà-Õèããñà (IV)

Look now at the potential (keep in mind m2 = −2λv2
)

V (h) = λ(h + v)4 + m2(h + v)2

= λh4 + 4λvh3 + h2 (6λv2 + m2)
︸ ︷︷ ︸

2m2

h
=4λv2

+h (4λv3 + 2m2v)
︸ ︷︷ ︸

=0

+λv4 + m2v2

So the s
alar �eld h has a normal (m2

h > 0) mass term.

N.B.1. The number of degrees of freedom is 
onserved: 2+2 = 1+3

N.B.2. The �eld θ(x) is a Goldstone boson, mθ = 0

N.B.3. Ta
hyons ϕ are not observable

N.B.4. The 
onstant term λv4 + m2v2
doesn't a�e
t equations of

motion :), but 
ontributes to the Universe energy density :(
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Çàìå÷àíèÿ î ìåõàíèçìå Áðàóòà-Ýíãëåðà-Õèããñà

Ñèììåòðèÿ îòíîñèòåëüíî ãëîáàëüíûõ âðàùåíèé ïî ãðóïïå

U(1) ∼ O(2) â ïîòåíöèàëå Õèããñà íàðóøåíà ñïîíòàííî âûáîðîì
îñè íóëåâîãî óãëà

Çàìåíà Bµ(x) = Aµ(x) + ∂µθ(x)/e � ÷àñòíûé ñëó÷àé

êàëèáðîâî÷íîãî ïðåîáðàçîâàíèÿ

Êàëèáðîâî÷íàÿ ñèììåòðèÿ íàðóøåíà �èêòèâíî: îíà ïðîäîëæàåò

ðàáîòàòü íî íåòðèâèàëüíûì (íåëèíåéíûì) îáðàçîì, ñì.

[Ë. Ôàääååâ et al. '2008℄.

N.B. Ñïîíòàííîå íàðóøåíèå êàëèáðîâî÷íîé ñèììåòðèè � òîëüêî

óñòîÿâøèéñÿ òåðìèí, õîòÿ íèêàêàÿ êàëèáðîâî÷íàÿ (ëîêàëüíàÿ)

ñèììåòðèÿ âîîáùå íå ìîæåò áûòü íàðóøåíà ñïîíòàííî, ñì.

òåîðåìó by S. Elitzur [PRD '1975℄
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BET me
hanism in the SM (I)

To generate masses for 3 ve
tor bosons we need at least 3 goldstones.

The minimal possibility is to introdu
e one 
omplex s
alar doublet

�eld:

Φ ≡
(

Φ1

Φ2

)

, Φ† = (Φ∗
1 Φ∗

2)

Then the following Lagrangian is SU(2)⊗ U(1) invariant

L = (DµΦ)
†(DµΦ)− m2Φ†Φ− λ(Φ†Φ)2 − 1

4
W a

µνW a
µν − 1

4
BµνBµν

Bµν ≡ ∂µBν − ∂νBµ, W a
µν ≡ ∂µW a

ν − ∂νW a
µ + gεabcW b

µW c
ν

DµΦ ≡ ∂µΦ + igW a
µ

τa

2
Φ+

i

2
g′BµΦ

Again for m2 < 0 there is a non-trivial minimum of the Higgs

potential and a non-zero vev of a 
omponent: 〈0|Φ2|0〉 = η/
√

2

In a

ord with the Goldstone theorem, three massless bosons appear.

The global O(4) symmetry of the Higgs se
tor is redu
ed to the


ustodial O(3) symmetry
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EW bosons (I)

The gauge bosons of the SU(2) ⊗ U(1) group 
an be represented as

W+
µ =

W 1
µ + iW 2

µ√
2

, W−
µ =

W 1
µ − iW 2

µ√
2

, W 0

µ = W 3

µ , Bµ

W 0
µ and Bµ are both neutral and have the same quantum numbers ⇒

they 
an mix. In a quantum world, �
an� means �do�

W 0

µ = cos θw Zµ + sin θw Aµ

Bµ = − sin θw Zµ + cos θw Aµ

where θw is the weak mixing angle, introdu
ed �rst by Glashow,

θw is 
alled also the Weinberg angle

Remind that we have to 
hoose variables whi
h 
orrespond to

observables

N.B. Sheldon Glashow, Abdus Salam, and Steven Weinberg got the

Nobel Prize in 1979, before the dis
overy of Z and W bosons in 1983
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SU(2)L group

We have 
hosen the SU(2) ⊗ U(1) symmetry group. To a

ount for
parity violation in weak de
ays, we assume di�erent behavior of left

and right fermions under SU(2)L transformations:

left doublets

(
νe

e

)

L

,

(
u
d

)

L

+ 2 generations

right singlets eR , uR , dR , (νe,R) + 2 generations

The fermion lagrangian is 
onstru
ted with the help of 
ovariant

derivatives:

L(Ψ) =
∑

Ψi

[
i

2

(

ΨLγαDαΨL − DαΨLγαΨL

)

+
i

2

(

ΨRγαDαΨR − DαΨRγαΨR

)]

DαΨL ≡ ∂αΨL +
igτb

2
W b

αΨL − ig1BαΨL

DαΨR ≡ ∂αΨL − ig2BαΨL

N.B. All intera
tions of SM fermions with ve
tor bosons are here. But

g1,2 have to be �xed yet.
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Generation of fermion masses (I)

We observe massive fermions, but the SU(2)L gauge symmetry forbids

fermion mass terms, sin
e

mΨΨ = m

(

Ψ
1 + γ5

2
+Ψ

1 − γ5

2

)(
1 + γ5

2
Ψ+

1 − γ5

2
Ψ

)

= m(ΨLΨR+ΨRΨL)

while ΨL and ΨR are transformed in di�erent ways under SU(2)L

The SM solution is to introdu
e Yukawa intera
tions:

LY = −yd(ūLd̄L)

(
φ+

φ0

)

dR − yu(ūLd̄L)

(
φ0∗

−φ−

)

uR

−yl(ν̄L l̄L)

(
φ+

φ0

)

lR − yν(ν̄L l̄L)

(
φ0∗

−φ−

)

νR + h.c.

N.B.1. LY is SU(2)L invariant

N.B.2. Neutrino masses 
an be generated in the same way as the

up-quark ones

QUESTION: Why do we need �h.
.� in LY ?
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Generation of fermion masses (II)

Spontaneous breaking of the global O(4) symmetry in the Higgs

se
tor provides in L mass terms for fermions and Yukawa intera
tions

of fermions with the Higgs boson:

LY = −v + H√
2

[
yd d̄d + yuūu + yl l̄ l + yν ν̄ν

]

mf =
yf√

2
v

N.B.1. yt ≈ 0.99 ≫ ye ≈ 3 · 10−6 ≫ yν(?)

N.B.2. Coupling of the Higgs boson to a fermion is proportional to mf
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Yukawa matrixes

Quarks 
an mix and Yukawa intera
tions are not ne
essarily diagonal

neither in the basis of weak intera
tion eigenstates, nor in the basis of

the strong ones.

In the eigenstate basis of a given intera
tion for the 
ase of three

generations, the Yukawa 
oupling 
onstants are 3 × 3 matrixes:

LY = −
3∑

j,k=1

{

(ūjLd̄jL)

[(
φ+

φ0

)

y
(d)
jk dkR +

(
φ0∗

−φ−

)

y
(u)
jk ukR

]

+(ν̄jL l̄jL)

[(
φ+

φ0

)

y
(l)
jk lkR +

(
φ0∗

−φ−

)

y
(ν)
jk νkR

]}

+ h.c.

where indexes j and k mark the generation number

N.B.1. Charged lepton mixing is formally allowed, but not (yet)

observed

N.B.2. PMNS mixing matrix for neutrinos 
an be embedded in the SM
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Ëàãðàíæèàí ÑÌ (íà �óòáîëêå)

Ïîñìîòðèì ñíîâà íà ëàãðàíæèàí Ñòàíäàðòíîé ìîäåëè
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Axial anomaly (I)

There are ve
tor and axial-ve
tor 
urrents in the SM,

JA
µ = Ψγµγ5Ψ

Unbroken symmetry (via the Noether theorem) leads to


onservation of 
urrents: ∂µJµ = 0.

For massive fermions ∂µJA
µ = 2imΨγ5Ψ

But loop 
orre
tions give

∂µJA
µ = 2imΨγ5Ψ+

α

2π
FµνF̃µν , F̃µν ≡ 1

2
εµναβFαβ

That is known as axial or 
hiral or triangular anomaly

So at the quantum level the 
lassi
al symmetry is lost

QUESTION: Is it a problem?
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Axial anomaly (II)

But in the SM the axial anomalies apparently 
an
el out:

1) (W W W ) and (W W B) � automati
ally sin
e left leptons

and quarks are doublets

2) (B W W ) � sin
e Qe + 2Qu + Qd = 0

3) (B B B) � sin
e Qe = −1, Qν = 0, Qu = 2

3
, Qd = −1

3

4) (B g g) � automati
ally (g = gluon)

5) (B gr gr) � the same as �3)� (gr = graviton)

Here B and W are the primary U(1) and SU(2)L gauge bosons

N.B.0. Anomalies 
an
el out in the 
omplete SM:

SU(3)C ⊗ SU(2)L ⊗ U(1)

N.B.1. Anomalies 
an
el out in ea
h generation separately

N.B.2. Point �2)� means that the hydrogen atom is neutral

QUESTION: Where is γ5 in (B B B)?
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Ïàðàìåòðû ÑÌ

Ïîñ÷èòàåì:

◮
+ 3 êàëèáðîâî÷íûõ êîíñòàíòû (g1, g2, gs)

◮
+ 2 ïàðàìåòðà â ïîòåíöèàëå Õèããñà

◮
+ 9 þêàâñêèõ êîíñòàíò äëÿ çàðÿæåííûõ �åðìèîíîâ

◮
+ 4 ïàðàìåòðà â ìàòðèöå ñìåøèâàíèÿ êâàðêîâ

Ò.î. êàíîíè÷åñêîé ÑÌ 18 ñâîáîäíûõ ïàðàìåòðîâ

+ 1 ïàðàìåòð ñèëüíîãî CP-íàðóøåíèÿ θQCD, íî îí íå â

êàíîíè÷åñêîé ÑÌ

+ 4 (èëè 6?) ïàðàìåòðîâ â ìàòðèöå ñìåøèâàíèé íåéòðèíî

+ 3 þêàâñêèõ êîíñòàíòû äëÿ íåéòðèíî

N.B. Åñòü òîëüêî îäèí ïåðâè÷íûé ðàçìåðíûé ïàðàìåòð â

ÑÌ.
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Âçàèìîäåéñòâèÿ â ÑÌ

Êàê èõ ïîäñ÷èòàòü?

� ÷èñëî ðàçëè÷íûõ âåðøèí â ïðàâèëàõ Ôåéíìàíà?

� ÷èñëî ÷àñòèö ïåðåíîñÿùèõ âçàèìîäåéñòâèÿ?

� ÷èñëî êîíñòàíò ñâÿçè?

Êëþ÷ � íàäî ó÷åñòü ñèììåòðèè. . .

Ïîñ÷èòàåì âçàèìîäåéñòâèÿ â ÑÌ:

◮
+ 3 êàëèáðîâî÷íûõ: U(1)× SU(2)× SU(3)

◮
+ ñàìîäåéñòâèå â ïîòåíöèàëå Õèããñà

◮
+ þêàâñêèÅ âçàèìîäåéñòâèß çàðÿæåííûõ �åðìèîíîâ

Ò.î., ÑÌ ñîäåðæèò 5 òèïîâ âçàèìîäåéñòâèé

N.B. Ìû íå ìîæåì ñêàçàòü, ÷òî îäíè èç ýòèõ âçàèìîäåéñòâèé

áîëåå �óíäàìåíòàëüíûå, ÷åì äðóãèå
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Âõîäíûå ïàðàìåòðû ÑÌ

18= 1 1 1 1 1 9 4 (1)

ïåðâè÷íûå: g′ g gs mΦ λ yf yjk θCP

èñïîëüçóåì: α MW αs GFermi MH mf VCKM 0

αs =
g2

s

4π
−→ αs(MZ ), αs(Q

2) =
1

β0 ln(Q2/ΛQCD)

v =
1

√√
2GFermi

,
GFermi√

2
=

πα

2 sin2 θw M2

W

MW =
1

2
gv , MZ =

MW

cos θw
, MH =

√
2λ v , mf =

yf√
2

v

N.B. Ñîîòíîøåíèÿ ïðîñòû òîëüêî â íèçøåì ïðèáëèæåíèè,

êâàíòîâûå ý��åêòû (ðàäèàöèîííûå ïîïðàâêè) äåëàþò èõ

ñëîæíûìè.
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Âõîäíûå ïàðàìåòðû: ýêñïåðèìåíòàëüíûå çíà÷åíèÿ

[Parti
le Data Group℄

� The �ne stru
ture 
onstant:

α−1(0) = 137.035999084(21) from (g − 2)e et
.

� The SM predi
ts MW = MZ cos θw ⇒ MW < MZ

MZ = 91.1876(21) GeV from LEP1/SLC

MW = 80.377(12) GeV from LEP2/Tevatron/LHC

� The Fermi 
oupling 
onstant:

GFermi = 1.1663787(6) · 10−5
GeV

−2
from muon de
ay

� The top quark mass:

mt = 172.69(30) GeV from Tevatron/LHC

� The Higgs boson mass:

MH = 125.25(17) GeV from ATLAS & CMS

� . . .

QUESTION: What is the least known parameter of the (
anoni
al)

SM now?
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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ýëåêòðîíà

Óðàâíåíèå Äèðàêà äàåò ãèðîìàãíèòíîå îòíîøåíèå gf = 2 äëÿ

ìàãíèòíûõ ìîìåíòîâ �åðìèîíîâ

~M = gf

e

2mf

~S

Îäíîïåòëåâàÿ ÊÝÄ ïîïðàâêà (J. S
hwinger '1948) äàåò

àíîìàëüíûé ìàãíèòíûé ìîìåíò

af ≡
gf − 2

2
≈ α

2π
= 0.001 161 . . .

Ýêñïåðèìåíò (Harvard):

a
exp
e = 1 159 652 180.73 (28) · 10

−12 [0.24ppb]

ÑÌ (T. Kinoshita et al.):

aSM
e = 1 159 652 181.606(11)10th(12)EW+had.(229)δα · 10

−12

N.B.1. af 6= 0 � ÷èñòî êâàíòîâûé (ÊÒÏ) ý��åêò

N.B.2. a
exp
e ⇒ α−1(0) = 137.0359991496(13)(14)(330)
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αQED(0): ïîñëåäíèå äîñòèæåíèÿ
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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà (ïðîøëîå)

E821 experiment at BNL (2006):

aexp
µ = 116 592 091 (54)(33) · 10

−11 [0.5ppm]

aSM
µ = 116 591 830 (1)(40)(26) · 10

−11 [0.5ppm]

∆aµ ≡ aexp
µ − aSM

µ = 261 (63)(48) · 10
−11 [∼ 3.3σ]

Theory (the SM): aµ = aµ(QED) + aµ(hadronic) + aµ(weak)

aµ(QED) = 116 584 718.92(0.03) · 10
−11 [5 loops]

aµ(hadronic) = aµ(had. vac.pol.) + aµ(had. l.b.l)

= 6939 (39)(7) · 10
−11 + 19 (26) · 10

−11

aµ(weak) = 153.6(1.0) · 10
−11 [2 loops]

N.B.1. ∆aµ ∼ 2 × aµ(weak), how 
an it 
ome from new physi
s?

N.B.2. Here �weak� = EW - �pure QED�

N.B.3. Results of new (g − 2)µ experiment at Fermilab are 
oming!
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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà (2021)
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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà (2023)
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Àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà (áóäóùåå)
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RK è RD àíîìàëèè â ðàñïàäàõ B-ìåçîíîâ

RD(∗) =
Br(B → D(∗)τν)

Br(B → D(∗)lν)
, RK (∗) =

Br(B → K (∗)µ+µ−)

Br(B → K (∗)e+e−)

|Rexp

D(∗) − RSM
D(∗)| ∼ 3 · σ, |Rexp

K − RSM
K | ∼ 3.1 · σ

N.B. Âñïîìíèì ïðàâèëî 5-ñèãìà
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Çàãàäêà ìàññû W -áîçîíà?
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Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ÑÌ íà LEP

Measurement Pull Pull
-3 -2 -1 0 1 2 3

-3 -2 -1 0 1 2 3

mZ [GeV]mZ [GeV] 91.1871 ± 0.0021    .08

ΓZ [GeV]ΓZ [GeV] 2.4944 ± 0.0024   -.56

σhadr [nb]σ0
41.544 ± 0.037   1.75

ReRe 20.768 ± 0.024   1.16

AfbA
0,e

0.01701 ± 0.00095    .80

AeAe 0.1483 ± 0.0051    .21

AτAτ 0.1425 ± 0.0044  -1.07

sin
2θeffsin
2θlept

0.2321 ± 0.0010    .60

mW [GeV]mW [GeV] 80.350 ± 0.056   -.62

RbRb 0.21642 ± 0.00073    .81

RcRc 0.1674 ± 0.0038  -1.27

AfbA
0,b

0.0988 ± 0.0020  -2.20

AfbA
0,c

0.0692 ± 0.0037  -1.23

AbAb 0.911 ± 0.025   -.95

AcAc 0.630 ± 0.026  -1.46

sin
2θeffsin
2θlept

0.23099 ± 0.00026  -1.95

sin
2θWsin
2θW 0.2255 ± 0.0021   1.13

mW [GeV]mW [GeV] 80.448 ± 0.062   1.02

mt [GeV]mt [GeV] 174.3 ± 5.1    .22

∆αhad(mZ)∆α(5)
0.02804 ± 0.00065   -.05

Stanford 1999

Pulls for pseudo-observables. The pull is de�ned as the di�eren
e between the measurement

and the SM predi
tion 
al
ulated for the 
entral values of the �tted SM IPS [α(M2

Z ) = 1/128.878,

αs(M
2

Z ) = 0.1194, MZ = 91.1865GeV, mt = 171.1GeV] divided by the experimental error.
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Blue-band plot (2012)

��
The indire
t �t of the Higgs boson mass from LEP data. The yellow

regions are exluded bi dire
t sear
hes at LEP and LHC (2012).

http://www.nobelprize.org/nobel_prizes/physi
s/laureates/2013/advan
ed-

physi
sprize2013.pdf
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Measurement of the neutrino number at LEP

0
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a
d
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b
]

3ν

2ν

4ν

average measurements,
error bars increased
   by factor 10

ALEPH
DELPHI
L3
OPAL

Measured hadroni
 
ross se
tion around the Z resonan
e vs. the SM

predi
tion for di�erent numbers of massless neutrino spe
ies.

QUESTION: How 
an one extra
t the e+e− → νν̄ 
ross se
tion

value?
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Èñòîðèÿ ìàññû òîï-êâàðêà (äî 2006)

Year

M
t  

 [G
e
V

]

SM constraint
Tevatron

Direct search lower limit (95% CL)

68% CL

50

100

150

200

1990 1995 2000 2005

Ïðÿìûå è íåïðÿìûå èçìåðåíèÿ mt
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Ñå÷åíèÿ ïðîöåññîâ ÑÌ íà ÁÀÊ (ATLAS publi
 results) I
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Ñå÷åíèÿ ïðîöåññîâ ÑÌ íà ÁÀÊ (ATLAS publi
 results) II
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Ñâÿçü ìåæäó ýëåêòðîñëàáûì è ïëàíêîâñêèì ìàñøòàáàìè?
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Ïðîáëåìà íàòóðàëüíîñòè

Íàèáîëåå ñåðüåçíàÿ (íà äåëå åäèíñòâåííàÿ) òåîðåòè÷åñêàÿ

ïðîáëåìà â ÑÌ � ýòî ïðîáëåìà íàòóðàëüíîñòè = òî÷íîé

ïîäãîíêè = èåðàðõèè

Âñå ìàññû â ÑÌ êðîìå îäíîé ãåíåðèðóþòñÿ

âçàèìîäåéñòâèÿìè ñ ïîëåì Õèããñà è ñïîíòàííûì

íàðóøåíèåì ñèììåòðèè â åãî ñåêòîðå. Íî ìàññà ñàìîãî ïîëÿ

Õèããñà âñòàâëåíà â ÑÌ ðóêàìè (Ïèòåðà Õèããñà et al.). Ýòà

ìàññà íàðóøàåò ìàñøòàáíóþ èíâàðèàíòíîñòü (êîí�îðìóþ

ñèììåòðèþ) ÿâíûì îáðàçîì è íå çàùèùåíà íèêàêîé

ñèììåòðèåé îò áîëüøèõ êâàíòîâûõ ïîïðàâîê:

M2

H = (M0

H)
2 +

3Λ2

8π2v2

[

M2

H+2M2

W+M2

Z − 4m2
t

]

Íååñòåñòâåííî (íåíàòóðàëüíî) èìåòü MH ≪ M0

H .

Ëó÷øèì âàðèàíòîì áûëî áû èìåòü Λ ∼ MH , ò.e. âñ¼ áû

îïðåäåëÿëîñü ýëåêòðîñëàáîé øêàëîé ýíåðãèé ∼ 100 �ýÂ.

Íî ýòî íå íàø ñëó÷àé. . .
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Ïðîáëåìà ýíåðãèè âàêóóìà

Äëÿ �ëîêàëüíûõ� çàäà÷, e.g., â �èçèêå ÷àñòèö, ìû âñåãäà ìîæåì

ñàìè âûáèðàòü íà÷àëî îòñ÷åòà óðîâíåé ýíåðãèè. Íî äëÿ

�ãëîáàëüíûõ� ñëó÷àåâ, e.g., äëÿ êîñìîëîãèè, íàì íàäî ó÷èòûâàòü

ïëîòíîñòü ýíåðãèè âàêóóìà.

Íàáëþäàåìàÿ ïëîòíîñòü ýíåðãèè Âñåëåííîé ñ õîðîøåé òî÷íîñòüþ

ðàâíà êðèòè÷åñêîé

ρcr =
3H2

8πG
≈ 1.8878 × 10

−26 h2 kg

m3

Ôîðìàëüíî ìåõàíèçì Áðàóòà-Ýíãëåðà-Õèããñà äàåò

ρHiggs
vac ∼ −(100 GeV)4 ∼ −10

54ρcr

Àíàëîãè÷íàÿ ïðîáëåìà â ÊÕÄ: ρQCD
vac ∼ 10−2GeV2 ∼ 1045ρcr
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Çàãàäêè â ýìïèðè÷åñêèõ ñîîòíîøåíèÿõ

Íà ýëåêòðîñëàáîé øêàëå ýìïèðè÷åñêîå ñîîòíîøåíèå ìåæäó

âàêóóìíûì ñðåäíèì ïîëÿ Õèããñà è ìàññàìè âñåõ ÷àñòèö ÑÌ

v =
√

M2

H + M2

W + M2

Z + m2
t + m2

b + . . .

âûïîëíÿåòñÿ ñ òî÷íîñòüþ äî 2-õ ñòàíäàðòíûõ îòêëîíåíèé

246.22 ≈ 245.6 ± 0.3 GeV

Î÷åâèäíî, åñòü êàêàÿ-òî ñâÿçü ìåæäó ìàññàì òîï-êâàðêà è

áîçîíà Õèããñà (èëè ýëåêòðîñëàáîé øêàëîé):

2
m2

h

m2
t

= 1.05 ≈ 1 ≈ 2
m2

t

v2
≡ y2

t = 0.99
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Äîñòîèíñòâà ÑÌ

◮
Ïåðåíîðèìðóåìîñòü è óíèòàðíîñòü ⇒ êîíå÷íûå

ïðåäñêàçàíèÿ

◮
Ïðåäñêàçàíèÿ ñîãëàñóþòñÿ ñ äàííûìè îïûòîâ

◮
Ñèììåòðèè øèðîêî èñïîëüçîâàíû

◮
Ìèíèìàëüíîñòü

◮
Âñå ÷àñòèöû ÑÌ îòêðûòû

◮
Ñòðóêòóðà âçàèìîäåéñòâèé çà�èêñèðîâàíà (íî íå âñþäó

ïðîâåðåíà)

◮
Íå òàê ìíîãî ñâîáîäíûõ ïàðàìåòðîâ, âñå çà�èêñèðîâàíû

◮
Åñòü èñòî÷íèê CP-íàðóøåíèÿ

◮
Íà äðåâåñíîì óðîâíå íåò òîêîâ ñ èçìåíåíèåì àðîìàòà

◮
Ëåãêî îïèñàòü ìàññû è ñìåøèâàíèå íåéòðèíî

◮
. . .
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Ïðîáëåìû ÑÌ

II: íå ïîíÿòûå ñâîéñòâà

◮
ïðîèñõîæäåíèå èìåþùèõñÿ ñèììåòðèé

◮
ïðîèñõîæäåíèå ìàñøòàáîâ ýíåðãèè

◮
ïðîèñõîæäåíèé òð¼õ ïîêîëåíèé �åðìèîíîâ

◮
èñòî÷íèê ìàññ íåéòðèíî

◮
îòñóòñòâèå CP-íàðóøåíèÿ â ñèëüíûõ âçàèìîäåéñòâèÿõ

◮
ïðîáëåìà íàòóðàëüíîñòè

◮
. . .

II: �åíîìåíîëîãèÿ

◮
áàðèîííàÿ àñèììåòðèÿ

◮
òåìíàÿ ýíåðãèÿ

◮
òåìíàÿ ìàòåðèÿ

◮
çàãàäêè Rk(D), (g − 2)µ, MW íåìíîãî ÷åãî åùå. . .

◮
. . .

51 / 54



×òî íàì äåëàòü?

Òåîðèÿ ⊗ ýêñïåðèìåíò

◮
Ïîèñê îáúÿñíåíèÿ ñâîéñòâ ÑÌ

◮
Ïîèñê ãðàíèö ïðèìåíèìîñòè ÑÌ

◮
Ïðåöèçèîííàÿ ïðîâåðêà ÑÌ íà âñåõ ìàñøòàáàõ

◮
Ñòðîèòü íîâûå ýêñïåðèìåíòàëüíûå óñòàíîâêè

◮
Ñâÿçü ñ êîñìîëîãèåé, àñòðî�èçèêîé è ò.ä.

◮
. . .

Ïîäñêàçêè

◮
ÑÌ ÿâëÿåòñÿ ý��åêòèâíîé ìîäåëüþ

◮
Åå èññëåäîâàíèå âàæíåå ïîèñêà íîâîé �èçèêè

◮
Íàì íóæíû íîâûå êîëëàéäåðû! (FCCee, CEPC, Super

Charm-Tau fa
tory et
.)

◮
. . .

52 / 54



Çàêëþ÷èòåëüíûå çàìå÷àíèÿ

ÊÒÏ � �èçè÷åñêèé ÿçûê (6= ìàòåì. ÿçûê)

ÑÌ ïîñòðîåíà íà íåêîòîðûõ �óíäàìåíòàëüíûõ (?)

ïðèíöèïàõ, íî ñ ñóùåñòâåííûì âêëàäîì �åíîìåíîëîãèè

Íàèáîëåå âàæíàÿ çàäà÷à � îïðåäåëèòü ãðàíèöû å¼

ïðèìåíèìîñòè

Ëþáîé âèä íîâîé �èçèêè îáÿçàí ñîáëþäàòü ïðèíöèï

ñîîòâåòñòâèÿ ÑÌ

ÑÌ ñîäåðæèò ìåõàíèçìû ãåíåðàöèè ìàññ âåêòîðíûõ áîçîíîâ

è �åðìèîíîâ, íî íå çíàåò èñòî÷íèêîâ ïðîèñõîæäåíèÿ

èìåþùèõñÿ â íåé ìàñøòàáîâ ýíåðãèè

ÑÌ íå �êîíåö �èçèêè�, âàì (íàì) åñòü åùå ìíîãî ÷åãî

èññëåäîâàòü.
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Ñïàñèáî çâ âíèìàíèå!

è

Óäà÷è!
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