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Ìîòèâàöèÿ

Ñ îòêðûòèåì áîçîíà Õèããñà íà LHC â 2012 ãîäó1 Ñòàíäàðòíàÿ
Ìîäåëü (ÑÌ) ñ÷èòàåòñÿ çàâåðøåííîé.
Òåì íå ìåíåå, ðÿä ôóíäàìåíòàëüíûõ âîïðîñîâ íå íàõîäèò îòâåòà
â ïðåäñêàçàíèÿõ ÑÌ. Åùå 50 ëåò íàçàä ýòî ïðèâåëî ê ïîÿâëåíèþ
ìíîæåñòâà òåîðèé ðàñøèðåíèÿ Ñòàíäàðòíîé Ìîäåëè, â êîòîðûõ
ñàìà ÑÌ ðåàëèçóåòñÿ êàê EFT íà äîñòóïíîì äëÿ íàñ ìàñøòàáå
ýíåðãèé Λ2.

1Observation of a new particle in the search for the Standard Model Higgs
boson with the ATLAS detector at the LHC. / G. Aad [et al.] // Phys. Lett. B.
2012. Vol. 716. P. 1–29. arXiv: 1207.7214 [hep-ex].

2Brivio I., Trott M. The Standard Model as an Effective Field Theory. //
Phys. Rept. 2019. Vol. 793. P. 1–98. arXiv: 1706.08945 [hep-ph].
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Ìîòèâàöèÿ è 2HDM

Íàèáîëåå ïðîñòûì è åñòåñòâåííûì ðàñøèðåíèåì ÑÌ ÿâëÿåòñÿ
äîáàâëåíèå âòîðîãî SU(2)L äóáëåòà Õèããñà3.
Ýòî ðàñøèðåíèå âûòåêàåò èç áîëåå ñëîæíûõ ìîäåëåé
(ñóïåðñèììåòðèÿ, ìîäåëè àêñèîíîâ), òàê ïîÿâëÿåòñÿ è êàê
ñàìîñîñòîÿòåëüíàÿ òåîðèÿ.

3Theory and phenomenology of two-Higgs-doublet models. / G. C. Branco
[et al.] // Phys. Rept. 2012. Vol. 516. P. 1–102. arXiv: 1106.0034 [hep-ph].
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Ïðÿìûå è êîñâåííûå ïîèñêè ýôôåêòîâ 2HDM

Íåñìîòðÿ íà ïîòîê ðàáîò, ïûòàþùèõñÿ óâÿçàòü íàáëþäàåìûå
îòêëîíåíèÿ îò ôîíà â ñïåêòðàõ èíâàðèàíòíûõ ìàññ ñ íîâûìè
ñêàëÿðàìè4, ïðÿìîãî íàáëþäåíèÿ ÷àñòèö, âûõîäÿùèõ çà ðàìêè
ÑÌ, âñå åùå íå áûëî. Â òàêîé ñèòóàöèè ïðèõîäèòñÿ èñêàòü
êîñâåííûå ïðîÿâëåíèÿ Íîâîé Ôèçèêè, íàïðèìåð, â ïðîöåññàõ ñ
K - è B-ìåçîíàìè.

4Indications for New Higgs Bosons. / A. Crivellin [et al.] // 25th Hellenic
School and Workshops on Elementary Particle Physics and Gravity. 05/2026.
arXiv: 2605.04233 [hep-ph]; SU(2)L triplet scalar as the origin of the 95 GeV
excess? / S. Ashanujjaman [et al.] // Phys. Rev. D. 2023. Vol. 108, no. 9.
P. L091704. arXiv: 2306.15722 [hep-ph].
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Öåëü ðàáîòû

Äàííàÿ ðàáîòà íàïðàâëåíà íà ïîèñê ýôôåêòîâ 2HDM â
ïîëóëåïòîííûõ ðàñïàäàõ êàîíîâ.
Â ÷àñòíîñòè, öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå
ðàñïàäà

K+ → π0µ+ν

è ïîñòàíîâêà ïðåäåëîâ ïà ïàðàìåòðû òåîðèè 2HDM.
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Çàäà÷è

Ñïèñîê çàäà÷: äëÿ äîñòèæåíèÿ ïîñòàâëåííûõ öåëåé, â òåêóùåì
ñåìåñòðå íåîáõîäèìî áûëî ðåøèòü ñëåäóþùèå çàäà÷è:

1 Ðàçðàáîòêà àëãîðèòìà îòáîðà ñèãíàëüíûõ ñîáûòèé;

2 Îöåíêà ýôôåêòèâíîñòè ðàáîòû àëãîðèòìà è âàëèäàöèÿ
ïîëó÷åííûõ ðåçóëüòàòîâ;

3 Îïðåäåëåíèå ÷óâñòâèòåëüíûõ ê ïðîÿâëåíèþ ýôôåêòîâ
BSM-ôèçèêè íàáëþäàåìûõ â èññëåäóåìîì ðàñïàäå.
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Óñòàíîâêà ÎÊÀ

Óñòàíîâêà ÎÊÀ ("Îïûòû ñ ÊÀîíàìè") ïîñâÿùåíà èññëåäîâàíèþ
ðàñïàäîâ êàîíîâ "íà ëåòó". Ôèçè÷åñêàÿ ïðîãðàììà ýêñïåðèìåíòà
íàöåëåíà íà ïîèñê ðåäêèõ ðàñïàäîâ K+-ìåçîíîâ, ïîèñê ïðÿìîãî
CP-íàðóøåíèÿ â ðàñïàäàõ çàðÿæåííûõ êàîíîâ, ïðîâåðêó
êèðàëüíîé òåîðèè âîçìóùåíèé è èññëåäîâàíèå ðåäêèõ ìåçîííûõ
ñîñòîÿíèé
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Ñõåìà óñòàíîâêè

Ðèñóíîê 1 � Ñõåìà óñòàíîâêè ÎÊÀ
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Íàáîð äàííûõ

Â äàííîé ðàáîòå èñïîëüçîâàëèñü äàííûå, ñîáðàííûå â Run 14
2013 ãîäà.
Îòáîð ðàñïàäîâ êàîíîâ ïðîèñõîäèò ïî ñðàáàòûâàíèþ
ñîîòâåòâóþùåãî òðèããåðà.
Âñåãî äëÿ àíàëèçà íà÷àëàëüíàÿ âûáîðêà 146× 106 äâóõòðåêîâûõ
ñîáûòèé.
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Èñïîëüçóåìûå êðèòåðèè îòáîðà ñîáûòèé

1 Ïåðâè÷íûé òðåê âûçûâàåò ñðàáàòûâàíèå êàîííîãî òðèããåðà;

2 Â ñîáûòèè â ÝÌ êàëîðèìåòðå ïðèñóòñòâóþò ìèíèìóì äâà
ôîòîííûõ ëèâíÿ.
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Âîññòàíîâëåíèå π0

Äëÿ âñåõ ïàð ôîòîíîâ áûëî ïîñòðîåíî ðàñïðåäåëåíèå ïî
èíâàðèàíòíîé ìàññå ïàðû ôîòîíîâ.

PiZero
Entries  3752145

Mean  0.003838− 
Std Dev    0.008003
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 reconstruction0πInitial 

Ðèñóíîê 2 � Ðàñïðåäåëåíèå ïî ïåðåìåííîé sγγ −mπ2 äëÿ
ýêñïåðèìåíòàëüíûõ äàííûõ
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Àíàëèç ðàñïðåäåëåíèÿ ïî íåäîñòàþùåé ìàññå

m2
miss

Äàëüíåéøèé îòáîð ñîáûòèé ñâÿçàí ñ àíàëèçîì ïîëó÷åííûõ
ðàñïðåäåëåíèé ïî êâàäðàòó íåäîñòàþùåé ìàññû m2

miss , êîòîðàÿ
îïðåäåëÿåòñÿ èç çàêîíà ñîõðàíåíèÿ 4-èìïóëüñà

m2
miss = (pK −

∑
i

pi )
2 (1)

MsMassPre
Entries  2217893
Mean   0.01319
Std Dev    0.008996

10− 5− 0 5 10 15 20 25

3−10×

]2[Gevmiss
2m

0

10

20

30

40

50

60

70

80

90
310× MsMassPre

Entries  2217893
Mean   0.01319
Std Dev    0.008996

 cutµ and  decay pre p+Missing mass in K

Ðèñóíîê 3 � Ðàñïðåäåëåíèå ïî êâàäðàòó íåäîñòàþùåé ìàññû äëÿ
ýêñïåðèìåíòàëüíûõ äàííûõ
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Àíàëèç ðàñïðåäåëåíèÿ ïî íåäîñòàþùåé ìàññå

m2
miss

Ôèòèðîâàíèå ðàñïðåäåëåíèÿ íà ðèñ. 3 îñóùåñòâëÿëîñü ïðè
ïîìîùè òðåõ MC-ñãåíåðèðîâàííûõ ðàñïðåäåëåíèé äëÿ îñíîâíûõ
êàíàëîâ

Ìîäà B,% ϵcuts ,%
K+ → π+π0 20.67 22.62

K+ → π+π0π0 1.76 40.37

K+ → π0µ+ν 3.35 22.74

Òàáëèöà 1 � Áðýí÷èíãè è ýôôåêòèâíîñòè îòáîðà îñíîâíûõ êàíàëîâ
ðàñïàäà
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Àíàëèç ðàñïðåäåëåíèÿ ïî íåäîñòàþùåé ìàññå
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 cutµ and  decay pre p+Missing mass in K

Ðèñóíîê 4 � Îòôèòèðîâàííîå ðàñïðåäåëåíèå ïî êâàäðàòó
íåäîñòàþùåé ìàññû
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Àíàëèç ðàñïðåäåëåíèÿ ïî íåäîñòàþùåé ìàññå

m2
miss

Êà÷åñòâî ôèòà îöåíèâàëîñü ïî ðàññ÷èòàííîìó áðýí÷èíãó
ñèãíàëüíîãî êàíàëà.
Ïîëó÷åííîå çíà÷åíèå ðàâíî

B(K+ → π0µ+ν) = (3.534± 0.014stat)× 10−2, (2)

÷òî äîñòàòî÷íî áëèçêî ê äåéñòâèòåëüíîìó çíà÷åíèþ

B(K+ → π0µ+ν)PDG = (3.352± 0.033)× 10−2,
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Àíàëèç ðàñïðåäåëåíèÿ ïî pmiss
⊥

Äëÿ ïîäàâëåíèÿ ôîíà K → 2π ïðèìåíÿþòñÿ äâà äîïîëíèòåëüíûõ
êðèòåðèÿ îòáîðà

mTrP_copy
Entries  226700

Mean   0.07931

Std Dev    0.04729
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Entries  371416

Mean   0.09369

Std Dev    0.045243µ+MC K
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Signal + Background PDF

Ðèñóíîê 5 � Ðàñïðåäåëåíèÿ ïî íåäîñòàþùåìó ïîïåðå÷íîìó èìïóëüñó
äëÿ äàííûõ (ñëåâà) è Ìîíòå-Êàðëî ôîíà è ñèãíàëà (ñïðàâà)
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Àíàëèç ðàñïðåäåëåíèÿ ïî pmiss
⊥

1 Âòîðè÷íûé çàðÿæåííûé òðåê àññîöèèðîâàí ìèíèìóì ñ
îäíèì ìþîííûì ëèâíåì, ïðè ýòîì â ñîáûòèè òàêæå
ïðèñóòñòâóåò îòêëèê â ìþîííîì ñ÷åò÷èêå;

2 Íåäîñòàþùèé ïîïåðå÷íûé èìïóëüñ èìååò âåëè÷èíó
pmiss
⊥ > 0.07 ÃýÂ;
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Ðåçóëüòàò îòáîðà

Ïðîöåäóðó îòáîðà ïðîøëè 126444 ñîáûòèÿ, ïðè ýòîì äîëÿ
ôîíîâûõ ñîáûòèé èç îöåíîê Ìîíòå-Êàðëî íå ïðåâûøàåò 6
ïðîöåíòîâ.

MissMass
Entries  126244

Mean  0.0003068− 
Std Dev    0.003388
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]2[Gevmiss
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Entries  126244

Mean  0.0003068− 
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 decay+Missing mass in K

Ðèñóíîê 6 � Ðàñïðåäåëåíèå ïî êâàäðàòó íåäîñòàþùåé ìàññû äëÿ
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Îáùèé âèä ìàòðè÷íîãî ýëåìåíòà

Íàèáîëåå îáùèé Ëîðåíö-èíâàðèàíòíûé ìàòðè÷íûé ýëåìåíò äëÿ
ïðîöåññà

K+ → π0µ+ν

M =
GFVus√

2
ū(pν)(1+ γ5)

[
2fSmK −

[
pαf+(q

2) + qαf−(q
2)
]
γα
]

+

[
2
fT
mK

σαβp
α
Kp

β
π

]
v(pµ),

(3)
çäåñü pα = pK ,α + pπ,α, qα = pK ,α − pπ,α
Ââåäåì íîâûé ôîðì-ôàêòîð

f0(q
2) = f+(q

2) + f−(q
2)

q2

m2
K −m2

π

(4)
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Ëàãðàíæèàí ñåêòîðà Þêàâû äëÿ Type-II HDM

L2HDM
Y = −

∑
f=u,d,l

mf√
v21 + v22

(
ξfh f̄ fh + ξfH f̄ fH − iξfA f̄ γ5fA

)
−

[ √
2Vud√

v21 + v22
ū
(
muξ

u
APL +mdξ

d
APR

)
dH+ +

√
2mlξ

l
A√

v21 + v22
ν̄LlRH

+ + ý.ñ.

]
(5)

ßâíî âûïèøåì ïàðàìåòðû ξ òîëüêî äëÿ ñëàãàåìîãî,
îòâå÷àþùåãî çà îáìåí çàðÿæåííûì Õèããñîì

ξuA = cotβ; ξdA = tanβ
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Âêëàä çàðÿæåííîãî Õèããñà â ñêàëÿðíûé

ôîðì-ôàêòîð

Ñêëàäûâàÿ âêëàäû ÑÌ è 2HDM âìåñòå, ïîëó÷èì îêîí÷àòåëüíîå
âûðàæåíèå äëÿ àìïëèòóäû

M =
GF√
2
Vus ūν(pν)(1+γ5)

[
−f+(q

2)/p + 2mK F̃S +
fT
mK

(/q/p − (pq))

]
vl ,

(6)
ãäå

F̃S =

(
ml

2mK

)
f−(q

2)− FSM(q2)R

FSM(q2) =

(
(pq)

2mK (ms −mu)

)
f0(q

2)

R = tan2 β
msml

M2
H
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Çàêëþ÷åíèå

Â äàííîé ðàáîòå íà÷àòî èññëåäîâàíèå ïîëóëåïòîííîãî ðàñïàäà
ïîëîæèòåëüíî çàðÿæåííîãî êàîíà íà íåéòðàëüíûé ïè-ìåçîí,
àíòèìþîí è ìþîííîå íåéòðèíî.
Äàííûé ðàñïàä ÿâëÿåòñÿ ÷óâñòâèòåëüíûì ê ïðîÿâëåíèÿì Íîâîé
Ôèçèêè. Â ÷àñòíîñòè, êàê áûëî ïîêàçàíî â äàííîé ðàáîòå,
èçìåðåíèå ïàðàìåòðîâ ñêàëÿðíîãî ôîðì-ôàêòîðà ýòîãî ðàñïàäà
ïîçâîëÿåò íàïðÿìóþ ñâÿçàòü åãî ñ ïàðàìåòðàìè åñòåñòâåííîãî
ðàñøèðåíèÿ Ñòàíäàðòíîé Ìîäåëè − ìîäåëüþ äâóõ-äóáëåòíîãî
ñåêòîðà Õèããñà.

23 / 34



Èçó÷åíèå
ðàñïàäà
K → 3π

Çàâèäîâ Å.À.

Ââåäåíèå

Àíàëèç
äàííûõ

Òåîðåòè÷åñêîå
îïèñàíèå
àìïëèòóäû
ïðîöåññà

Çàêëþ÷åíèå
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Íà äàííîì ýòàïå áûë ðàçðàáîòàí è ïðîòåñòèðîâàí àëãîðèòì
îòáîðà ñèãíàëüíîãî ðàñïàäà èç ìàññèâà äâóõòðåêîâûõ ñîáûòèé,
ñîáðàííûõ íà óñòàíîâêå ÎÊÀ. Àëãîðèòì îñíîâàí íà ïðèìåíåíèè
ñëåäóþùåãî íàáîðà êðèòåðèåâ îòáîðà:

1 Ïåðâè÷íûé òðåê âûçûâàåò ñðàáàòûâàåíèå êàîííîãî òðèããåðà;

2 Â ñîáûòèè ïðèñóòñâóåò íå ìåíåå äâóõ ôîòîííûõ ëèâíåé â
ýëåêòðîìàãíèòíîì êàëîðèìåòðå;

3 Êèíåìàòè÷åñêèé ôèò, ñ ïîìîùüþ êîòîðîãî
âîññòàíàâëèâàåòñÿ π0-ìåçîí, èìååò χ2 < 3.84;

4 Âòîðè÷íûé çàðÿæåííûé òðåê àññîöèèðîâàí ìèíèìóì ñ
îäíèì ìþîííûì ëèâíåì, ïðè ýòîì â ñîáûòèè òàêæå
ïðèñóòñòâóåò îòêëèê â ìþîííîì ñ÷åò÷èêå;

5 Íåäîñòàþùèé ïîïåðå÷íûé èìïóëüñ èìååò âåëè÷èíó
pmiss
⊥ > 0.07 ÃýÂ;

6 Êâàäðàò íåäîñòàþùåé ìàññû ëåæèò â èíòåðâàëå
|m2

miss | < 0.01 ÃýÂ2.
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Ïðîöåäóðó îòáîðà ïðîøëè 126444 ñîáûòèÿ, ïðè ýòîì äîëÿ
ôîíîâûõ ñîáûòèé èç îöåíîê Ìîíòå-Êàðëî íå ïðåâûøàåò 6
ïðîöåíòîâ.
Äàëüíåéøàÿ ðàáîòà áóäåò íàöåëåíà íà èçó÷åíèå ñèñòåìàòè÷åñêèõ
ïîãðåøíîñòåé ýêñïåðèìåíòà, ýêñòðàêöèè õàðàêòåðèñòèê
ôîðì-ôàêòîðîâ è ñîîòíåñåíèþ ïîëó÷åííûõ ðåçóëüòàòîâ ñ
ïàðàìåòðàìè 2HDM.
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Ñïàñèáî çà âíèìàíèå!
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Back-up

Back-up
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Ïðåäïîëàãàÿ, ÷òî åäèíñòâåííûì çàìåòíûì èñòî÷íèêîì
ñèñòåìàòè÷åñêèõ îøèáîê âûñòóïàåò ýíåðãåòè÷åñêîå ðàçðåøåíèå
ýëåêòðîìàãíèòíîãî êàëîðèìåòðà, äëÿ êàæäîé ïàðû ôîòîíîâ
ìèíèìèçèðóåòñÿ ôóíêöèîíàë

χ2 =
2∑

i=1

(
E fit
i − Emeas

i

)2
σ2E

, (7)

êîòîðûé îäíîâðåìåííî äîëæåí óäîâëåòâîðÿòü óðàâíåíèþ ñâÿçè

m2
π = 2E fit

1 E fit
2 (1− cos θ) (8)

Â ðåçóëüòàòå, äëÿ êàæäîãî ñîáûòèÿ âûáèðàåòñÿ ïàðà, èìåþùàÿ
íàèìåíüøåå çíà÷åíèå ìèíèìèçèðîâàííîãî ôóíêöèîíàëà. Äëÿ
âñåãî íàáîðà ïîëó÷åííûõ χ2 ïîñòðîåíà èõ ôóíêöèÿ ïëîòíîñòè
âåðîÿòíîñòè.
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PiZeroChi2
Entries  757776

Mean   0.8333

Std Dev     1.165

0 1 2 3 4 5 6 7
2χ

2−10

1−10

1

PiZeroChi2
Entries  757776

Mean   0.8333

Std Dev     1.165

Chi-squared minimization result for reconstructed pions

Ðèñóíîê 7 � Ôóíêöèÿ ïëîòíîñòè âåðîÿòíîñòè äëÿ òåñòîâîé ñòàòèñòèêè
χ2

min
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Ôèòèðîâàíèå ïðîâîäèëîñü ìåòîäîì ìàêñèìàëüíîãî
ïðàâäîïîäîáèÿ (Binned Likelihood). Ôóíêöèÿ ìàêñèìàëüíîãî
ïðàâäîïîäîáèÿ èìååò ñëåäóþùèé âèä

− ln L =
∑
i

(
Npred

i − Nobs
i lnNpred

i

)
, (9)

ãäå Nobs
i − íàáëþäàåìîå ÷èñëî ñîáûòèé â i-îì áèíå, à

Npred
i = fsN

Kµ3
i + fbkgN

K2π
i + fbkg2N

K3π
i åñòü ÷èñëî ñîáûòèé â òîì

æå áèíå îò êàæäîãî MC-ñãåíåðèðîâàííîãî êàíàëà, âçâåøåííîãî
êîýôôèöèåíòîì fs/bkg . Äîïîëíèòåëüíî, ôîíîâûé êàíàë
K+ → π+π0π0 áûë îòíîðìèðîâàí íà äîìèíèðóþùèé ôîí
K+ → π+π0
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B(K+ → π0µ+ν) = B(K+ → π+π0) · N̂sig

N̂bkg

, (10)

ãäå

N̂sig = fsNdata
ϵdata
ϵKµ3

,

N̂bkg = Ndataϵdata
∑
i

fbkg ,i
ϵbkg ,i

.
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V = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2−

m2
12

(
Φ†
1Φ2 +Φ†

2Φ1

)
+

λ1
2

(
Φ†
1Φ1

)
+

λ2
2

(
Φ†
2Φ2

)
+

λ3Φ
†
1Φ1Φ

†
2Φ2 + λ4Φ

†
1Φ2Φ

†
2Φ1 +

λ5
2

[(
Φ†
1Φ2

)2
+
(
Φ†
2Φ1

)2]
.

(11)
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Â ðåçóëüòàòå ñïîíòàííîãî íàðóøåíèÿ ñèììåòðèè îáà äóáëåòà
ïðèîáðåòàþò íåêîòîðûå âàêóóìíûå ñðåäíèå, ìèíèìèçèðóþùèå
ïîòåíöèàë (11).

⟨Φi ⟩ =
(

0
vi√
2

)
(12)

tanβ =
v2
v1

(13)

Òîãäà ñàìè äóáëåòû âáëèçè âàêóóìíûõ ñðåäíèõ ìîæíî
ïàðàìåòðèçîâàòü ñëåäóþùèì îáðàçîì

Φi =

(
ϕ+
i

vi+ρi+iηi√
2

)
(14)
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