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Ïîñòàíîâêà çàäà÷è

I Ñóïåðñèììåòðè÷íîå ðàñøèðåíèå Ñòàíäàðòíîé ìîäåëè;

ñïîíòàííîå íàðóøåíèå SUSY ⇒ ãîëäñòèíî G , ñãîëäñòèíî φ
⇒ ñêàëÿð s, ïñåâäîñêàëÿð p

I Èññëåäóåì ñãîëäñòèíî, ñðàâíèâàÿ ñå÷åíèÿ ïðîöåññîâ ñ

ó÷àñòèåì s è ðåäêèõ ïðîöåññîâ ÑÌ

I Ïðèìåð òàêîãî ïðîöåññà: äâóõõèããñîâñêîå ðîæäåíèå,

σSM (gg → hh) = 33.5+2.5
−2.8fb. (1)

I Öåëü � ðàññìîòðåòü âîçìîæíîñòü óñèëåíèÿ

äâóõõèããñîâñêîãî ðîæäåíèÿ çà ñ÷åò ïðîöåññà gg → s → hh,
ïðèíèìàÿ âî âíèìàíèå îãðàíè÷åíèÿ èç ýêñïåðèìåíòàëüíûõ

äàííûõ



Ëàãðàíæèàí MSSM
I ñóììà ïî âñåì êàëèáðîâî÷íûì ñóïåðïîëÿì Wα →
êèíåòè÷åñêèå ÷ëåíû êàëèáðîâî÷íûõ ïîëåé

1

4

∑
α

∫
d2θTrWαW

α + h.c., (2)

I ïîòåíöèàë Êýëåðà (ñóììà ïî âñåì ñóïåðïîëÿì Φk ìàòåðèè

è õèããñîâñêèì ïîëÿì)∫
d2θd2θ̄

∑
k

Φ†ke
g1V1+g2V2+g3V3Φk , (3)
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Ñïîíòàííîå íàðóøåíèå SUSY

Òåîðåìà Ãîëäñòîóíà ⇒ ôåðìèîí ãîëäñòèíî G , ñãîëäñòèíî φ.

Êèðàëüíîå ñóïåðïîëå

Φ = φ+
√

2θG + Fφθ
2, ãäå Fφ � âñïîìîãàòåëüíîå ïîëå, ÷üå

íåíóëåâîå âàêóóìíîå ñðåäíåå, 〈Fφ〉 ≡ F 6= 0, íàðóøàåò
ñóïåðñèììåòðèþ.

Ñóïåðìóëüòèïëåò ãîëäñòèíî îïèñûâàåòñÿ ëàãðàíæèàíîì:

LΦ =

∫
d2θd2θ̄Φ†Φ−

(∫
d2θFΦ + h.c.

)
(5)



Ëàãðàíæèàí ìîäåëè ñ íàðóøåíèåì SUSY

L = LK + Lsuperpotential + Lgauge + LΦ, (6)

LK =

∫
d2θd2θ̄

∑
k

(
1−

m2
k

F 2
Φ†Φ

)
Φ†ke

g1V1+g2V2+g3V3Φk , (7)

Lsuperpotential =

∫
d2θεij

((
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Φ

)
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+ h.c ., (8)

Lgauge =
1

4

∑
α

∫
d2θ

(
1 +

2Mα

F

)
TrWαW

α + h.c., (9)



Ïîòåíöèàë ñêàëÿðíûõ ïîëåé ÷.1

V = V11 + V12 + V21 + V22, (10)

V11 =
g2

1

8

(
1 +

M1

F
(φ+ φ∗)

)−1 [
h†dhd − h†uhu−

−φ
∗φ

F 2

(
m2

dh
†
dhd −m2

uh
†
uhu
)]2

, (11)

V12 =
g2

2

8

(
1 +

M2

F
(φ+ φ∗)

)−1 [
h†dσahd + h†uσahu−

−φ
∗φ

F 2

(
m2

dh
†
dσahd + m2

uh
†
uσahu

)]2

. (12)

Çäåñü g1, g2 � êîíñòàíòû ñâÿçè ãðóïï U(1)Y , SU(2)L, M1,M2 �

ìÿãêèå ìàññû, ñîîòâåòñòâóþùèå êàëèáðèíî,
√
F � ìàñøòàá

íàðóøåíèÿ ñóïåðñèììåòðèè, σa � ìàòðèöû Ïàóëè.



Ïîòåíöèàë ñêàëÿðíûõ ïîëåé ÷.2

V21 =

(
1− m2

u

F 2
h†uhu −

m2
d

F 2
h†dhd −

m4
u

F 4
φ∗φh†uhu −

m4
d

F 4
φ∗φh†dhd

)−1

∣∣∣∣F +
(
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)(B
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−
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d

F 2
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(
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V22 =
µ2

F 2
|φ|2

(
m2

uh
†
dhd + m2

dh
†
uhu
)

+

∣∣∣∣µ− B

F
φ

∣∣∣∣2 (h†dhd + h†uhu
)
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(14)

Äóáëåòû ïîëåé Õèããñà hd =

(
h0
d

h−

)
, hu =

(
h+

h0
u

)
,

µ � âåùåñòâåííûé ïàðàìåòð ñìåøèâàíèÿ õèããñèíî èç

ñóïåðïîòåíöèàëà.



Íåêîòîðûå îáîçíà÷åíèÿ

vu ≡ v sinβ, vd ≡ v cosβ, v = 174 ÃýÂ

Ðàçëîæåíèå ïîëåé âîêðóã ýëåêòðîñëàáîãî âàêóóìà

h0
u = vu +

1√
2

(h cosα + H sinα) +
i√
2
A cosβ, (15)

h0
d = vd +

1√
2

(−h sinα + H cosα) +
i√
2
A sinβ. (16)

Âûäåëèì èç ïîëÿ ñãîëäñòèíî ñêàëÿð s è ïñåâäîñêàëÿð p

φ =
1√
2

(s + ip). (17)

Ââåäåì ìàññû

m2
Z ≡

g2
1 + g2

2

2
v2, m2

A ≡ m2
u + m2

d + 2µ2. (18)



Òðèëèíåéíûå êîíñòàíòû äî ñìåøèâàíèÿ

Ñëàãàåìîå sHH.

1

F
√

2

(
−v2

4

(
g2

1M1 + g2
2M2

)
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[
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A

2

(
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)
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])
. (19)

Ñëàãàåìîå shh.

1

F
√

2

(
v2

4

(
g2
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2M2

)
(2 cos 2α cos 2β − sin 2α sin 2β − 1)−

−µ sin 2α

[
m2

A

2

(
1 +

sin 2β

sin 2α

)
− µ2

])
. (20)

Ôîðìóëû äëÿ äðóãèõ âåðøèí (shH, sAA, sh+h−, pAH, pAh, ssH,
ssh, ppH, pph) ìîæíî íàéòè â Ïðèëîæåíèè.



Ïîâîðîò ê ìàññîâîìó áàçèñó ÷.1
Ìàññîâûå ÷ëåíû äî ñìåøèâàíèÿ èìåþò ñëåäóþùèé âèä:

1

2
(H h s)

 m2
H 0 Y /F

0 m2
h X/F

Y /F X/F m2
s

(Hh
s

)
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p
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)
, (21)

ãäå

X = v

(
g2

1M1 + g2
2M2

2
v2 cos 2β sin (α + β) + µm2

A sin 2β sin (α− β)+

+
(
m2

A − 2µ2
)
µ cos (α + β)

)
(22)

Y = −v
(
g2

1M1 + g2
2M2

2
v2 cos 2β cos (α + β) + µm2

A sin 2β cos (α− β)+

+
(
2µ2 −m2

A

)
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)
(23)

Z = µv
(
m2

A − 2µ2
)
. (24)



Ïîâîðîò ê ìàññîâîìó áàçèñó ÷.2
Óãëû ñìåøèâàíèÿ, ôîðìóëû âåðíû â ïðèáëèæåíèè θ, ψ, ξ � 1

θ =
X

F (m2
h −m2

s )
, ψ =

Y

F (m2
H −m2

s )
, ξ =

Z

F (m2
A −m2

p)
.

(25)

Ñòàðûå ïîëÿ ÷åðåç íîâûå (â íîâîì áàçèñå ìàññîâàÿ ìàòðèöà

äèàãîíàëüíà)

H = H̃ − s̃
Y

F (m2
H −m2

s )
, (26)

h = h̃ − s̃
X

F (m2
h −m2

s )
, (27)

s = H̃
Y
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H −m2

s )
+ h̃

X

F (m2
h −m2

s )
+ s̃, (28)

A = Ã− p̃
Z

F (m2
A −m2

p)
, (29)

p = Ã
Z

F (m2
A −m2

p)
+ p̃. (30)



Íîâûå òðèëèíåéíûå êîíñòàíòû

Ïîðÿäîê Âåðøèíà Ïðèìåð êîýôôèöèåíòà

0
hhh, HHH, hhH, hHH,
hh+h−, Hh+h−, hAA, HAA

Chhh,CHAA

1
sHH, shh, shH, sAA,
sh+h−, pAH, pAh

CsHH/F ,CpAh/F

2 ssH, ssh, ppH, pph CssH/F
2,Cpph/F

2

s̃H̃H̃

F

(
CsHH − ChHH

X

m2
h −m2

s

− 3CHHH
Y

m2
H −m2

s

)
, (31)

s̃ h̃h̃

F

(
Cshh − 3Chhh

X

m2
h −m2

s

− ChhH
Y

m2
H −m2

s

)
. (32)



×èñëåííûé ðàñ÷åò ñå÷åíèÿ ðîæäåíèÿ ñãîëäñòèíî

Îñíîâíîé ïðîöåññ � ðîæäåíèå â ðåçóëüòàòå ñëèÿíèÿ ãëþîíîâ,

gg → s. Íà äðåâåñíîì óðîâíå � çà ñ÷åò âåðøèíû sgg â

ëàãðàíæèàíå ñãîëäñòèíî: − 1
2
√

2
M3
F sGµνGµν .

Èíòåãðèðóåì ãëþîííûå ôóíêöèè ðàñïðåäåëåíèÿ ïî äîëå

èìïóëüñà:

σ(pp → s) = σ0τ

∫ 1

τ

dx

x
g(x ,m2

s )g(
τ

x
,m2

s ), (33)

σ0 =
πM2

3

32F 2
, τ =

m2
s

S
,

√
S = 13 TeV. (34)

Òàáëèöà 3 CTEQ PDF äëÿ âû÷èñëåíèé â âåäóùåì ïîðÿäêå.

Ó÷åò ïåòëåâûõ âêëàäîâ ÊÕÄ: Ê-ôàêòîð ' 2.



×èñëåííûé ðàñ÷åò ñå÷åíèÿ ðîæäåíèÿ ñãîëäñòèíî

Ðèñ.: Ñå÷åíèå ðîæäåíèÿ ñãîëäñòèíî äëÿ ðàçëè÷íûõ ýíåðãèé â
ñèñòåìå öåíòðà ìàññ.



×èñëåííûé ðàñ÷åò ñå÷åíèÿ pp → s → hh

Çàäàþòñÿ tanβ = 10, µ, mA = 5 TeV, ms = 1 TeV, M1 = 1 TeV,

M2 = 1 TeV, M3 = 3 TeV,
√
F = 20 TeV.

Ïî íèì íàõîäÿòñÿ α, m2
H , X , Y , θ, ψ.

Ìàëûå óãëû ñìåøèâàíèÿ

Ðàññìàòðèâàåì òîëüêî òî÷êè ñ θ < 0.3, ψ < 0.3.

Â ïðèáëèæåíèè óçêîãî ðåçîíàíñà

σ (pp → s → hh) = σprod(pp → s)Br(s → hh), (35)

Br(s → hh) =
Γ (s → hh)

Γtot (s)
. (36)

Êàíàëû ðàñïàäà ñãîëäñòèíî

s → hh, s → gg , s →WW , s → ZZ , s → γZ , s → γγ
Âû÷èñëÿåì øèðèíû è Br, ó÷èòûâàÿ ñìåøèâàíèå ñ h,H



Øèðèíû ðàñïàäà ñãîëäñòèíî [Zwirner et al., 2000]
Γ (s → gg) =

1

4π

M2
3

F 2
m3

s , Γ (s → hh) =
1

8πms

Cs̃ h̃h̃

F 2
, (37)

Γ (s → γγ) =
1

32π

1

F 2

(
M1 cos2 θW + M2 sin2 θW

)2
m3

s , (38)

Γ (s → γZ) =
1

16π

(M2 −M1)2

F 2
cos2 θW sin2 θWm3

s

(
1−

m2
Z

m2
s

)3

. (39)

CsWWT
= −M2, CsZZT

= −M1 sin2 θW −M2 cos2 θW , (40)

Cs̃WWL
= −
√

2

v
sin(β − α)−

√
2

v
cos(β − α) = 2Cs̃ZZL

, (41)

Γ (s →WW ) =
1

16π

m4
W
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[
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s
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W
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s

m4
W

)
− 6
√
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×
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(
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s

, (42)

Γ (s → ZZ) =
1

8π

m4
Z

ms

[
C2
sZZT

4F 2

(
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m2
s
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+
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s

m4
Z
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√

2
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F
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×
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)
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4m2
Z
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s

. (43)



Ýêñïåðèìåíòàëüíûå ïîèñêè ñêàëÿðíûõ ðåçîíàíñîâ



Br äëÿ îñíîâíûõ êàíàëîâ ðàñïàäà ñãîëäñòèíî

Ðèñ.: Îòíîñèòåëüíûå ïàðöèàëüíûå øèðèíû ðàñïàäà ñãîëäñòèíî.



Ñå÷åíèå äâóõõèããñîâñêîãî ðîæäåíèÿ, çàâ-òü îò tg β



Ñå÷åíèå äâóõõèããñîâñêîãî ðîæäåíèÿ, çàâèñèìîñòü îò M3



Êðèâûå Br(s → hh) = 0.125
Ôèêñèðîâàíû çíà÷åíèÿ ïàðàìåòðîâ M1 = M2 = 1 ÒýÂ,

√
F = 20 ÒýÂ.

(a) Êðèâûå íà ïë-òè (tanβ, µ) (b) Êðèâûå íà ïë-òè (M3, µ)

(c) Êðèâûå íà ïë-òè (ms , µ) (d) Êðèâûå íà ïë-òè (mA, µ)



Îãðàíè÷åíèÿ ñâåðõó íà M3/F èç ýêñïåðèìåíòàëüíûõ
äàííûõ

Ðåæèì 1:2:1
Br(s → hh) = Br(s → ZZ ) = 0.25, Br(s →WW ) = 0.5.

Äëÿ çàäàííîãî ms

σmax
hh , σmax

WW , σmax
ZZ � ìàêñèìàëüíî äîïóñòèìûå çíà÷åíèÿ

ñå÷åíèÿ ðîæäåíèÿ hh, WW , ZZ â ðàñïàäàõ ñêàëÿðíîãî

ðåçîíàíñà. Òîãäà σprod < σmax
hh /Br(s → hh) è ò.ä.

σprod ∼ M2
3/F

2 ⇒[
M3/3 ÒýÂ

(
√
F/20 ÒýÂ)2

]max

=

√
σmax
prod

σ′prod
≤
√

σmax
XX

σ′prodBr(s → XX )
. (44)



Îãðàíè÷åíèÿ ñâåðõó íà M3/F èç ýêñïåð. äàííûõ, 95%CL



Ñðàâíåíèå ñ ÷èñëåííûìè ðåçóëüòàòàìè

Ðèñ.: Ïàðöèàëüíûå øèðèíû ðàñïàäà, íàéäåííûå àíàëèòè÷åñêè è
÷èñëåííî.



Ðåçóëüòàòû

I Íàéäåíû òðèëèíåéíûå êîýôôèöèåíòû äëÿ âåðøèí ñî

ñãîëäñòèíî è õèããñàìè

I Àíàëèòè÷åñêè îñóùåñòâëåí ïîâîðîò ê ìàññîâîìó áàçèñó è

ïðîâåðåíî, ÷òî ôîðìóëû äëÿ óãëîâ ñìåøèâàíèÿ

ñîãëàñóþòñÿ ñ ÷èñëåííûìè ðåçóëüòàòàìè

I ×èñëåííî íàéäåíî ñå÷åíèå ðîæäåíèÿ ñãîëäñòèíî

I Íàïèñàíà ïðîãðàììà äëÿ ðàñ÷åòà øèðèí ðàñïàäà

ñãîëäñòèíî è Br, ñå÷åíèÿ äâóõõèããñîâñêîãî ðîæäåíèÿ

I Èññëåäîâàíà çàâèñèìîñòü ñå÷åíèÿ îò ïàðàìåòðîâ ìîäåëè

I Íàéäåíû ãðàíèöû îáëàñòè äîìèíèðîâàíèÿ ãëþîíîâ

I Íàëîæåíû îãðàíè÷åíèÿ ñâåðõó ñ 95% CL íà M3/F â

ðåæèìå 1:2:1

Óñèëåíèå äâóõõèããñîâñêîãî ðîæäåíèÿ äî óðîâíÿ îêîëî

0.25σprod(pp → s) âîçìîæíî â íàéäåííîé îáëàñòè ïàðàìåòðîâ

µ, tanβ, M3, ms , mA.



Âêëàäû âåäóùåãî ïîðÿäêà â ñå÷åíèå σSM (gg → hh)


