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Ââåäåíèå

Îòêðûòûé â 2012 ã. êîëëàáîðàöèÿìè ATLAS è CMS (CERN) áîçîí
Õèããñà:

m = 125.08± 0.12 ÃýÂ, Γ125= 4.2 ÌýÂ;

J = 0 (99.9% CL), ÑÐ-÷åòíûå ñâîéñòâà;

òî÷íîñòü êîíñòàíò ñâÿçè ïîðÿäêà ∼ 8% (W±, Z), 10%�20% (f).

Ñâîéñòâà íàáëþäàåìîãî áîçîíà Õèããñà ñîãëàñóþòñÿ ñ ïðåäñêàçàíèÿìè
ÑÌ

Îäíàêî âñå åùå òðåáóþò óòî÷íåíèÿ

ñàìîäåéñòâèå

âçàèìîäåéñòâèÿ ñ ëåãêèìè êâàðêàìè è ëåïòîíàìè

ÑÐ-ñâîéñòâà h125 = cos θheven + sin θhodd

CP-÷åòíîñòü ïðåäïî÷òèòåëüíåå CP-íå÷åòíîñòè íà óðîâíå ∼ 4σ.

è äð.

Ñóùåñòâóþùèå ýêñïåðåìåíòàëüíûå äàííûå íå èñêëþ÷àþò ðàñøèðåíèÿ
ñåêòîðà Õèããñà äîïîëíèòåëüíûìè ìóëüòèïëåòàìè.

Ïîèñêè ñèãíàëîâ äîïîëíèòåëüíûõ ñêàëÿðîâ ïðîäîëæàþòñÿ
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Â íàñòîÿùåå âðåìÿ íàáëþäàþòñÿ îòêëîíåíèÿ â èíâàðèàíòíîé ìàññå

28 ÃýÂ CMS, LEP 1808.01890[hep-ex]

96 ÃýÂ ATLAS è CMS 2211.01136 [hep-ex], CMS HIG-17-013

152 ÃýÂ ATLAS 2211.01136 [hep-ex], 2301.10486 [hep-ex]
γγ è Zγ êîíå÷íûå ñîñòîÿíèÿ
2109.02650 [hep-ph], 2306.17209 [hep-ph], 1711.07874 [hep-ph], 2302.07276 [hep-ph] ...

Â íàñòîÿùåì äîêëàäå îáñóäèì âîçìîæíîñòü ñóùåñòâîâàíèÿ áîçîíîâ
Õèããñà ñ òàêèìè ìàññàìè â ðàìêàõ Äâóõäóáëåòíîé ìîäåëè òèïà II è
ÌÑÑÌ

5 áîçîíîâ Õèããñà (äâà çàðÿæåííûõ è 3 íåéòðàëüíûõ). Îäèí èç
íåéòðàëüíûõ ñêàëÿðîâ àññîöèèðóåòñÿ ñ íàáëþäàåìûì áîçîíîì Õèããñà,
åãî ñâîéñòâà ïðè ýòîì äîëæíû óäîâëåòâîðÿòü ïðåäåëó íàñòðîéêè
ñâÿçåé, ò.å. áûòü áëèçêèìè ê ïðåäñêàçàííûì â ðàìêàõ ÑÌ.
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Ìîäåëü

Õèããñîâñêèé ñåêòîð ÑÌ ðàñøèðåí äîïîëíèòåëüíûì SU(2)-äóáëåòîì
(Yi = 1, i = 1, 2)

Φi =

(
−iω+

i
1√
2
(vi + ηi + iχi)

)
,

v2 = v21 + v22 = (246 ÃýÂ)2

tg β = v2/v1
(1)

SU(2)× U(1)-èíâàðèàíòíûé è ïåðåíîðìèðóåìûé ïîòåíöèàë

U = −µ2
1(Φ†1Φ1)− µ2

2(Φ†2Φ2)− [µ12
2(Φ†1Φ2) + h.c.] (2)

+ λ1(Φ†1Φ1)2 + λ2(Φ†2Φ2)2 + λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1)

+ [λ5/2(Φ†1Φ2)(Φ†1Φ2) + λ6(Φ†1Φ1)(Φ†1Φ2) + λ7(Φ†2Φ2)(Φ†1Φ2) + h.c.]

Íà ïåòëåâîì óðîâíå:

U = U2 + U4 + U6 + ...
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U (6) = κ1(Φ†1Φ1)3 + κ2(Φ†2Φ2)3 + κ3(Φ†1Φ1)2(Φ†2Φ2) + κ4(Φ†1Φ1)(Φ†2Φ2)2 +

+ κ5(Φ†1Φ1)(Φ†1Φ2)(Φ†2Φ1) + κ6(Φ†1Φ2)(Φ†2Φ1)(Φ†2Φ2) +

+ [κ7(Φ†1Φ2)3 + κ8(Φ†1Φ1)2(Φ†1Φ2) + κ9(Φ†1Φ1)(Φ†1Φ2)2 +

+ κ10(Φ†1Φ2)2(Φ†2Φ2) + κ11(Φ†1Φ2)2(Φ†2Φ1) + κ12(Φ†1Φ2)(Φ†2Φ2)2 +

+ κ13(Φ†1Φ1)(Φ†1Φ2)(Φ†2Φ2) + h.c.].

Dubinin M., Petrova E., Phys.Rev.D 95, 2017, 055021

Ñóùåñòâóþò ðåæèìû, äëÿ êîòîðûõ äîïîëíèòåëüíûå ðàäèàöèîííûå
ïîïðàâêè ê îïåðàòîðàì ðàçìåðíîñòè 'øåñòü' â ðàçëîæåíèè
îäíîïåòëåâîãî ýôô. ïîòåíöèàëà Õèããñà ñóùåñòâåííû Dubinin M., Petrova

E., IJMPA

Ó÷åò ðåíîðìãðóïïîâûõ ýôôåêòîâ ïîçâîëÿåò ïîëó÷èòü áîëåå òî÷íûå
ïðåäñêàçàíèÿ
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Ìàññîâûé áàçèñ

Äâà ýòàïà

ηi, χi, ω
±
i

α,β−−→ h,H,A,H±, G±, G0 aij−−→ h1, h2, h3, H
±, G±, G0, (3)

ãäå óãëû ñìåøèâàíèÿ

tg 2α =
2∆M2

12 − (m2
Z +m2

A)s2β
(m2

Z −m2
A)c2β + ∆M2

11 −∆M2
22

, tg β = v2/v1, (4)

a
′
11 = [(m2

H −m2
h1

)(m2
A −m2

h1
)− c22], a

′
12 = −c1c2, a

′
13 = −c1(m2

H −m2
h3

),

a
′
21 = c1c2, a

′
22 = −[(m2

h −m2
h2

)(m2
A −m2

h2)− c21], a
′
23 = −c2(m2

h −m2
h3

),

a
′
31 = −c1(m2

H −m2
h1

), a
′
32 = c2(m2

h −m2
h2

), a
′
33 = (m2

h −m2
h3)(m2

H −m2
h3

)

aij = a
′
ij/nj , nj = kj

√
a
′2
1j + a

′2
2j + a

′2
3j , kj = ±1 (5)

Achmetzjanova E., Dolgopolov M., Dubinin M., Phys.Rev.D 71, 2005, 075008

c1 =v
2
(−1/2 · Imλ5cα+β + Imλ6sαcβ − Imλ7cαsβ) +

v4

4
[−cα+βs2β(3Imκ7 + Imκ11 + Imκ13)

+ 4(sαc
3
βImκ8 − cαs

3
βImκ12) + 2[s

2
β(−3cαcβ + sαsβ)Imκ10 − c

2
β(cαcβ − 3sαsβ)Imκ9]},

c2 =−
v2

2
{Imλ5sα+β + 2(Imλ6cβcα + Imλ7sβsα) + v

2
[2Imκ8c

3
βcα + Imκ9c

2
β(sα+β + 2cαsβ)

+ Imκ10s
2
β(sα+β + 2cβsα) + 2Imκ12s

3
βsα +

1

2
(3Imκ7 + Imκ11 + Imκ13)s2βsα+β ]},
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Õèããñîâñêèå ïðåäåëû íàñòðîéêè ñâÿçåé

Âçàèìîäåéñòâèÿ íàáëþäàåìîãî áîçîíà Õèããñà ñ ÷àñòèöàìè ÑÌ:

gTHDM/gSM ' 1 (6)

g(hiuu) = (sαa2i + cαa1i − icβa3iγ5)/sβ , (7)

g(hidd) = (cαa2i − sαa1i − isβa3iγ5)/cβ , (8)

g(hiV V ) = cβ−αa2i + sβ−αa1i. (9)

ÑÐ-ñîõðàíåíèå: h125 = h1, β − α ' π/2

ÑÐ-íàðóøåíèå:

h125 I II

h1 β − α ' π/2, c1 ' 0 tg(β − α) ' −c2/c1, mH ' 125 ÃýÂ
h2 α ' 0, β ' 0, c2 ' 0 tg(β − α) ' −c2/c1, mh ' 125 ÃýÂ
h3 α ' 0, β ' 0, mH ' 125 ÃýÂ β − α ' π/2, mh ' 125 ÃýÂ

Äëÿ êàæäîãî íåéòðàëüíîãî áîçîíà Õèããñà ïðåäåë íàñòðîéêè ñâÿçåé
ðåàëèçóåòñÿ â äâóõ ñöåíàðèÿõ (I è II)

Â ïðèáëèæåíèè Φ4: tg(β − α) ' −c2/c1 → Imµ2
12 ' 0
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Ïðåäåë íàñòðîéêè ñâÿçåé hI1: β − α ' π/2, c1 ' 0

íàïîìèíàåò ïðåäåë íàñòðîéêè ñâÿçåé â ÑÐ-ñîõðàíÿþùåì ïðåäåëå +
äîïîëíèòåëüíîå óñëîâèå

ϕ îäíîçíà÷íî ôèêñèðóåòñÿ: a cos2 ϕ+ b cosϕ+ c ' 0, ãäå

a = −3v
2
cα+βsβ |κ7|,

b = −cα+β |λ5| + v
2
[s

2
β(−3cαcβ + sαsβ)|κ10| − c

2
β(cαcβ − 3sαsβ)|κ9|],

c = sαcβ |λ6| − cαsβ |λ7| +
v2

4

[
3cα+βsβ |κ7| + |κ11| + |κ13| + 4(sαc

3
β |κ8| − cαs

3
β |κ12|)

]
.

Â ïðåäåëå κi=0

cosϕ =
|λ6|sαcβ − |λ7|cαsβ

|λ5|cα+β
. (10)

Ïðåäåë íàñòðîéêè ñâÿçåé ìîæåò ðåàëèçîâûâàòüñÿ êàê â ðåæèìå
îòùåïëåíèÿ, òàê è íà ìàñøòàáå MEW

Âçàèìîäåéñòâèÿ h2,3 c W
±, Z îòñóòñòâóþò èëè ñèëüíî ïîäàâëåíû

Ñèãíàëû ñ íàðóøåíèåì ÑÐ-èíâàðèíòíîñòè â õèããñîâñêîì ñåêòîðå
ì.á. îáíàðóæåíû òîëüêî âî âçàèìîäåéñâèÿõ h3 ñ ôåðìèîíàìè ÑÌ
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Ïðåäåëû íàñòðîéêè ñâÿçåé hI2,3: èñêëþ÷åíû, ïîñêîëüêó β ' 0 ïðèâîäèò
ê áåçìàññîâîìó b-êâàðêó

Ïðåäåëû íàñòðîéêè ñâÿçåé hII1,2,3: mh ' 125 ÃýÂ èëè mH ' 125 ÃýÂ

Çàìåòèì, ÷òî ïðè mH± & 1 ÒýÂ

çàâèñèìîñòü ìàññ îò CP-ôàçû ϕ ïðåíåáðåæèìî ìàëà, ò.å.

h1 ' h, h2 ' H, h3 ' A (11)

âñå äîïîëíèòåëüíûå áîçîíû Õèããñà îòùåïëåíû

Òîãäà âîçíèêàåò ïðîòèâîðå÷èå:

mh1 ' mh2 ' 125 ÃýÂ èëè mh1 ' mh3 ' 125 ÃýÂ

Ò.î., hII1,2,3-alignments âîçìîæíû ïðè mH± ∼MEW

(alignment without decoupling)

Íåïðÿìûå îãðàíè÷åíèÿ íà mH± èñêëþ÷àþò òàêèå çíà÷åíèÿ

PDG 2024, îãðàíè÷åíèÿ äëÿ ÌÑÑÌ
� ïðè mH± < mtop: mH± > 155 ÃýÂ
� ïðè mH± > mtop: mH± > 181(249) ÃýÂ äëÿ tg β = 10(20)
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×èñëåííûé àíàëèç

Åñòåñòâåííàÿ SUSY
Ïðèáëèæåíèå 'ñêàëÿðíûå êâàðêè òðåòüåãî ïîêîëåíèÿ � áîçîíû Õèããñà'

∆λi(1-loop): Haber, Hemp�ing, Phys. Rev. D48 (1993) 4280; Achmetzjanova,

Dolgopolov, Dubinin, Phys.Rev.D 71, 2005, 075008

∆λi(2-loop): Carena, Haber, Heinemeyer, Hollik, Wagner, Weiglein, Nucl. Phys. B

(2000) 580

∆κj(1-loop): Dubinin, Petrova, Phys.Rev.D 95, 2017, 055021

Ïàðàìåòðû ÌÑÑÌ

mH± , MS , tg β, |At,b|, |µ|, ϕ = arg(µAt,b)

'Heuristic' bound: íàèáîëåå ãëóáîêèé ìèíèìóì ýôôåêòèâíîãî
SUSY-ïîòåíöèàëà � ý/ñë ìèíèìóì

max(At,b, µ)

MS
≤ 3 (12)

Hollik, Weiglein, Wittbrodt, JHEP 03, 109 (2019)

tg β = {2, 5, 10, 20}, MSUSY = {2.5, 5, 10} ÒýÂ
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Ïðåäåë íàñòðîéêè ñâÿçåé h (ÑÐ-ñîõðàíÿþùèé ïðåäåë)

Îòêëîíåíèå 28 ÃýÂ

Âîçìîæíî îáúÿñíèòü mA=28 ÃýÂ òîëüêî çà ñ÷åò ó÷åòà âêëàäîâ îò
îïåðàòîðîâ O(Φ6) öåíîé íàðóøåíèÿ óñëîâèé ñòàáèëüíîñòè ý/ñë âàêóóìà

max(At,b, µ)

MS
� 3

Dubinin, Petrova, IJMPA 33, 25 (2018); Dubinin, Fedotova, JETP 131, 6, (2020)

Îòêëîíåíèå 96 ÃýÂ

Òîëüêî mA=96 ÃýÂ â íåñòàáèëüíîì ðåæèìå At,b/MS > 3, µ/MS > 3
Dubinin, Petrova, IJMPA 33, 25 (2018)

Îòêëîíåíèå 152 ÃýÂ

mh=125 ÃýÂ è mH=152 ÃýÂ äîñòèãàþòñÿ â íåñòàáèëüíîì ðåæèìå
At,b/MS > 3, µ/MS > 3

Íàïðèìåð, m
H±=160 ÃýÂ, tg β=2, MS=2.5 ÒýÂ, A=10.8 ÒýÂ, µ=5.5 ÒýÂ
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Ïðåäåë íàñòðîéêè ñâÿçåé hI1 (ÑÐ-íàðóøåíèå)

hI
1-alignment limit: mh1=125 ÃýÂ, β − α ' π/2, c1 ' 0

Òàáëèöà: Ïàðàìåòðè÷åñêèå ñöåíàðèè, óäîâëåòâîðÿþùèå ïðåäåëó hI
1 è

ïðåäñêàçàíèÿ ìîäåëè

BS tg β MS , ÒýÂ A, ÒýÂ µ, ÒýÂ mH± , ÒýÂ |c1| a33
BS1 5 2.5 5.5 1 ≥ 1 ≤ 0.01 0.008

BS2 10 2.5 5.5 3 ≥ 3 ≤ 0.01 0.288

BS3 10 5 10 1− 10 ≤ 0.01 0.026
1 ≥ 1
10 ≥ 4

BS4 20 10 28 12 ≥ 3 0.336
3 ≤ 0.1
10 ≤ 0.01

Òîëüêî ïðåäåë îòùåïëåíèÿ (decoupling limit). Ëåãêèõ äîïîëíèòåëüíûõ
ñêàëÿðîâ íåò.
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Ïðåäåëû íàñòðîéêè ñâÿçåé hIIi (ÑÐ-íàðóøåíèå)

hII
1 -alignment limit: mh1=125 ÃýÂ, mH ' 125 ÃýÂ, tg(β −α) ' −c2/c1

� íàèìåíüøåå çíà÷åíèå çàâèñèìîñòü
mH −mh1 ïðèîáðåòàåò ïðè m

H± ' 160 ÃýÂ

è MSUSY & 2 ÒýÂ. Ïðè áîëüøèõ m
H±

âåëè÷èíà mH −mh1 ∼ O(1) ÒýÂ;

� çàâèñèìîñòü mH −mh1 îò tg β

ñóùåñòâåííà: ïðè tg β = 5 ìèíèìàëüíîå
çíà÷åíèå ïîðÿäêà 53 ÃýÂ, ïðè tg β = 35 �
ïîðÿäêà 8 ÃýÂ.

hII
2 -alignment limit: mh2=125 ÃýÂ, mh ' 125 ÃýÂ, tg(β − α) ' −c2/c1

Ïðåäåë íàñòðîéêè ñâÿçåé íà ðèñ.
âûïîëíÿåòñÿ ïðè ϕ ' πn, n = 0, 1, ...

(åñòü è ϕ 6= 0)

Â hII
1,2-ïðåäåëàõ 152 ÃýÂ

äîñòèãàåòñÿ äëÿ ñêàëÿðà h3

hII
3 íå ðåàëèçóåòñÿ
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Çàêëþ÷åíèå

Â ðàìêàõ ÄÄÌ òèïà II è ÌÑÑÌ ïðîàíàëèçèðîâàíû íàáëþäàåìûå
îòêëîíåíèÿ â èíâàðèàíòîíîé ìàññå 28 ÃýÂ, 96 ÃýÂ, 152 ÃýÂ
� â àíàëèòè÷åñêîì âèäå â ðàìêàõ ÄÄÌ òèïà II,
� ÷èñëåííî â ÌÑÑÌ.

Íàáëþäàåìûé áîçîí Õèããñà àññîöèèðîâàëñÿ ñî ñêàëÿðîì h â
ÑÐ-ñîõðàíÿþùåì ïðåäåëå èëè ñ h1,2 ñëó÷àå ÑÐ-íàðóøåíèÿ.

Îòêëîíåíèå 28 ÃýÂ ì.á. îïèñàíî â ñïåöèàëüíûõ ðåæèìàõ òåîðèè,
êîãäà ñóùåñòâåííûìè ñòàíîâÿòñÿ âêëàäû îò îïåðàòîðîâ O(Φ6). Â
ÌÑÑÌ òàêèå ðåæèìû íàðóøàþò óñëîâèÿ ñòàáèëüíîñòè ý/ñë
ìèíèìóìà.

Îòêëîíåíèå 96 ÃýÂ ìîæåò ñîãëàñîâûâàòüñÿ ñ óñëîâèÿìè
õèããñîâñêîãî ïðåäåëà íàñòðîéêè ñâÿçåé. Â ÌÑÑÌ ïàðàìåòðè÷åñêèå
ðåæèìû íåñòàáèëüíû ïî îòíîøåíèþ ê ñòàáèëüíîñòè ý/ñë ìèíèìóìà

Îòêëîíåíèå 152 ÃýÂ ìîæåò áûòü àññîöèèðîâàíî ñî íåéòðàëüíûì
õèããñîâñêèì áîçîíîì â ïðåäïîëîæåíèè, ÷òî mH± ' 160 ÃýÂ. Â
ðàìêàõ ÌÑÑÌ
� â ÑÐ-ñîõðàíÿþùåì ïðåäåëå ïàðàìåòðè÷åñêèå ðåæèìû
íåñòàáèëüíû ïî îòíîøåíèþ ê ñòàáèëüíîñòè ý/ñë ìèíèìóìà,
� â ñëó÷àå ÑÐ-íàðóøåíèÿ h152 = h3
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