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Ââåäåíèå

Èçó÷åíèå ñâîéñòâ áîçîíà Õèããñà ïðåäñòàâëÿåò â íàñòîÿùåå âðåìÿ âàæíîå íàïðàâëåíèå
èññëåäîâàíèé â Ñòàíäàðòíîé ìîäåëè è ïîèñêà Íîâîé ôèçèêè çà ïðåäåëàìè Ñòàíäàðòíîé

ìîäåëè.

Îòäåëüíóþ ãðóïïó çàäà÷ ñîñòàâëÿþò èññëåäîâàíèÿ ðåäêèõ ýêñêëþçèâíûõ ðàñïàäîâ áîçîíà
Õèããñà ñ ðîæäåíèåì ñâÿçàííûõ ñîñòîÿíèé ÷àñòèö:

H → Z , γ + J/Ψ,Υ

H → J/Ψ,Υ+ J/Ψ,Υ

H → Z , γ+ (e+e−) H → Z , γ+ (µ+µ−) H → Z , γ+ (τ+τ−)

H → (e+e−) + (e+e−) H → (µ+µ−) + (µ+µ−) H → (τ+τ−) + (τ+τ−)

Èññëåäîâàíèå ðåäêèõ ïðîöåññîâ ïðåäñòàâëÿåòñÿ âîçìîæíûì íà HL-LHC â p − p
ñòîëêíîâåíèÿõ, à òàêæå â e+ − e− ñòîëêíîâåíèÿõ íà áóäóùèõ óñêîðèòåëÿõ

CEPC CEPC Study Group Collaboration, M. Dong et al., �CEPC Conceptual Design
Report: Volume 2 - Physics & Detector,� arXiv:1811.10545 [hep-ex].

FCC-ee FCC Collaboration, A. Abada et al., �FCC-ee: The Lepton Collider: Future Circular
Collider Conceptual Design Report Volume 2,� Eur. Phys. J. ST 228 (2019) 261�623.

FCC-hh FCC Collaboration, A. Abada et al., �FCC-hh: The Hadron Collider: Future Circular
Collider Conceptual Design Report Volume 3,� Eur. Phys. J. ST 228 (2019) 755�1107.
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Ââåäåíèå

Ñðåäè ðåäêèõ ðàñïàäîâ áîçîíà Õèããñà íàèìåíåå èçó÷åííûìè îñòàþòñÿ ðàñïàäû â îäíî èëè
ïàðó ñâÿçàííûõ ñîñòîÿíèé ëåïòîíîâ (ïîçèòðîíèé, äèìþîíèé, äèòàóîíèé)

d'Enterria D., Le V. D. Rare and exclusive few-body decays of the Higgs, Z, W bosons, and
the top quark //arXiv preprint arXiv:2312.11211. � 2023.

Äàííàÿ ðàáîòà ïðåäñòàâëÿåò ïðîäîëæåíèå èññëåäîâàíèé ðåäêèõ ðàñïàäîâ áîçîíà Õèããñà ñ
ïîñëåäóþùèì ðîæäåíèåì ñâÿçàííûõ ñîñòîÿíèé òÿæåëûõ êâàðêîâ (÷àðìîíèé J/Ψ,

áîòòîìîíèé Υ, Bc ìåçîíû) â ðàìêàõ ðåëÿòèâèñòñêîé êâàðêîâîé ìîäåëè

Martynenko A. P., Martynenko F. A. Paired Double Heavy Baryons Production in Decays
of the Higgs Boson //Symmetry. � 2023. � V. 15. � �. 10. � P. 1944.

Martynenko A. P., Martynenko F. A. Relativistic Corrections to the Higgs Boson Decay
into a Pair of Vector Quarkonia //Symmetry. � 2023. � V. 15. � �. 2. � P. 448.

Faustov R. N., Martynenko A. P., Martynenko F. A. Relativistic corrections to paired
production of charmonium and bottomonium in decays of the Higgs boson //Physical
Review D. � 2023. � V. 107. � �. 5. � P. 056002.

Faustov R. N., Martynenko F. A., Martynenko A. P. Higgs boson decay to the pair of S-and
P-wave B c mesons //The European Physical Journal A. � 2022. � V. 58. � �. 1. � P. 4.
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Öåëü ðàáîòû

Ðàáîòà ïîñâÿùåíà âû÷èñëåíèþ øèðèí ðàñïàäîâ áîçîíà Õèããñà ñ îäèíî÷íûì è ïàðíûì
ðîæäåíèåì ñâÿçàííûõ îðòî - ñîñòîÿíèé ëåïòîíîâ (ïîçèòðîíèé (e+e−), äèìþîíèé (µ+µ−),

äèòàóîíèé (τ+τ−))

H → Z , γ + (e+e−) H → Z , γ + (µ+µ−) H → Z , γ + (τ+τ−)

H → (e+e−) + (e+e−) H → (µ+µ−) + (µ+µ−) H → (τ+τ−) + (τ+τ−)

Ðàññìîòðåíû ðàçëè÷íûå ìåõàíèçìû ðîæäåíèÿ ñâÿçàííûõ ñîñòîÿíèé ëåïòîíîâ.

Ðèñ.: Ëåïòîí - ôîòîííûé è ëåïòîí - Z -

áîçîííûé ìåõàíèçìû îäèíî÷íîãî

ðîæäåíèå ñâÿçàííîãî ñîñòîÿíèÿ

ëåïòîíîâ.

Ðèñ.: Êâàðêîâûé ïåòëåâîé è W -

áîçîííûé ïåòëåâîé ìåõàíèçìû

îäèíî÷íîãî ðîæäåíèÿ ñâÿçàííûõ

ñîñòîÿíèé ëåïòîíîâ.
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Ìåòîä èññëåäîâàíèÿ
Âû÷èñëåíèå øèðèí ðàñïàäà âûïîëíÿåòñÿ â ðåëÿòèâèñòñêîì êâàçèïîòåíöèàëüíîì ïîäõîäå

Àìïëèòóäà ðîæäåíèÿ ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ ïðåäñòàâëÿåòñÿ ñâåðòêîé àìïëèòóäû
ðîæäåíèÿ ñâîáîäíûõ ëåïòîíîâ ñ âîëíîâîé ôóíêöèåé ñâÿçàííîãî ñîñòîÿíèÿ. Äëÿ ñëó÷àÿ
îäèíî÷íîãî ðîæäåíèÿ (H → Z , γ + (l+l−)):

dΓ =
|P|

32π2M2
h

|̄M|2dΩ, M(k,P) =

∫
dp

(2π)3
MH→Z ,γ+l+l̄ (k,P, p)Ψl l̄ (p)

Ðàñ÷åò àìïëèòóäû ïðîâîäèòñÿ â ñèñòåìå îòñ÷åòà, ñâÿçàííîé ñ êîíå÷íûì äèëåïòîíîì. P -
ïîëíûé èìïóëüñ ñâÿçàííîãî ñîñòîÿíèÿ, p - îòíîñèòåëüíûé èìïóëüñ ëåïòîíîâ.

M1(k,P) =
4παm

sin 2θWMZ

∫
dp

(2π)3
Tr

{
Ψ(P, p)

(
ε̂γ

(r̂ − p̂2 +m)

(r − p2)2 −m2
+

(p̂1 − r̂ +m)

(p1 − r)2 −m2
ε̂γ

)}
.

p1,2 = 1
2
P ± p - èìïóëüñû ëåïòîíà è àíòèëåïòîíà ñîîòâåòñòâåííî.

Àìïëèòóäà ñîäåðæèò ðåëÿòèâèñòñêóþ âîëíîâóþ ôóíêöèþ ñâÿçàííîãî ñîñòîÿíèÿ, êîòîðàÿ
ïîëó÷àåòñÿ â ðåçóëüòàòå ïðåîáðàçîâàíèÿ Ëîðåíöà èç ñèñòåìû ïîêîÿ â äâèæóùóþñÿ:

Ψ(P, p) =
Ψ(p)

ε
m

(ε+m)
2m

[ v̂ − 1

2
− v̂

p2

2m(ε+m)
−

p̂

2m

]
ε̂l l̄

(v̂ + 1)

2
√
2

[ v̂ + 1

2
− v̂

p2

2m(ε+m)
+

p̂

2m

]
.

v = P
M
, M - ìàññà ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ, ε =

√
p2 +m2, m - ìàññà ëåïòîíà.
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Ðåëÿòèâèñòñêèå ïîïðàâêè â àìïëèòóäå âçàèìîäåéñòâèÿ

Ðåëÿòèâèñòñêèå ïîïðàâêè ê øèðèíå ðàñïàäà äåëÿòñÿ íà äâà òèïà:

ïîïðàâêè â àìïëèòóäå âçàèìîäåéñòâèÿ

ïîïðàâêè ê âîëíîâîé ôóíêöèè ñâÿçàííîãî ñîñòîÿíèÿ

Ðåëÿòèâèñòñêèå ïîïðàâêè â àìïëèòóäå âçàèìîäåéñòâèÿ îïðåäåëÿþòñÿ ñòåïåíÿìè
îòíîñèòåëüíîãî èìïóëüñà p/m, |p| ∼ W = m

2
α. Äëÿ íèõ ââîäÿòñÿ ñïåöèàëüíûå

ðåëÿòèâèñòñêèå ïàðàìåòðû ω, êîòîðûå îïðåäåëÿþò êîíå÷íîå âûðàæåíèå äëÿ àìïëèòóäû è
øèðèíû è âûðàæàþòñÿ èìïóëüñíûìè èíòåãðàëàìè:

|p|
2m

=
∞∑
n=1

(
ε(p)−m

ε(p) +m

)n+ 1
2

, ψC
1S (p) =

8
√
πW 5/2

(p2 +W 2)2
, W =

m

2
α,

I (i) =

∫
dp

(2π)3
ε(p) +m

2ε(p)
ψC
1S (p)

(
ε(p)−m

ε(p) +m

)i

, ωi =
I (i)

I (0)
.

Èíòåãðàëû I (i) âû÷èñëÿþòñÿ àíàëèòè÷åñêè â äàííîé çàäà÷å. Ðåëÿòèâèñòñêèå ïîïðàâêè â
àìïëèòóäå èìåþò ïîðÿäîê α2:

I (0) =

∫
dp

(2π)3
ψC
1S (p)

[
1−

p2

4m2

]
= ψC

1S (0)

[
1 +

3

4
α2

]
,

I (1) =

∫
dp

(2π)3
ψC
1S (p)

p2

4m2
= −

3

4
α2ψC

1S (0), ω1 = −
3

4
α2.
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Îäèíî÷íîå ðîæäåíèå. Àíàëèòè÷åñêèé ðåçóëüòàò.

Ïîëíàÿ øèðèíà äëÿ ðàñïàäà
H → l + l̄ → γ + (l l̄) (äèàãðàììû (a) è (b)):

Γγ(l l̄) =
512πα2r21

r32 sin2 2θWM2
Z (r

2
2 − 1)

×[
1

2
r22 g

2
2 + 3g2

1 −
1

4
g2
2 −

1

4
r42 g

2
2

]
|ψ̃(0)|2.

ãäå ψ̃(0) = I (0) =
∫ dp

(2π)3
ε(p)+m
2ε(p)

ψC
1S (p), r1 = m/M, r2 = Mh/M.

Ôóíêöèè g1, g2 ïîëó÷àþòñÿ â ðåçóëüòàòå âû÷èñëåíèÿ ñëåäà â ÷èñëèòåëå àìïëèòóäû
âçàèìîäåéñòâèÿ â ïàêåòå FORM:

N = g1(εl l̄εγ)− g2(vεγ)(vγεl l̄ ), g1 =
[
r22
(1
2
+

5

6
ω1

)
− r1 − r1ω1

]
, g2 =

[
1 +

5

3
ω1

]
.

Øèðèíà ðàñïàäà áîçîíà Õèããñà ñ ðîæäåíèåì ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ îïðåäåëÿåòñÿ
âîëíîâîé ôóíêöèåé ñâÿçàííîãî ñîñòîÿíèÿ â íóëå:

ψC
nS (r = 0) =

(mα)3

8πn3

Â âèäó ìàëîñòè êàê ìàññû ëåïòîíîâ, òàê è ïîñòîÿííîé α øèðèíà ðàñïàäà â ñëó÷àå
ëåïòîííûõ ñâÿçàííûõ ñîñòîÿíèé áóäåò ïîäàâëåíà ïî ñðàâíåíèþ ñ ùèðèíîé ðàñïàäà áîçîíà

Õèããñà â ñâÿçàííûå ñîñòîÿíèÿ òÿæåëûõ êâàðêîâ (Bc , J/Ψ, . . . ).
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Îäèíî÷íîå ðîæäåíèå. Àíàëèòè÷åñêèé ðåçóëüòàò.

Ïîëíàÿ øèðèíà äëÿ ðàñïàäà H → l + l̄ → Z + (l l̄) (äèàãðàììû (a) è (b)):

Γ
Z(l l̄)

=
32πα2

√
[(r2 + 1)2 − r2

3
][(r2 − 1)2 − r2

3
]

r3
2
sin4 2θW M2

Z
(r2
2

− 1)2
|ψ̃(0)|2 ×

[
g22 Z (

3

8
+

1

16
r
−4
3

−
1

4
r
−2
3

−
1

4
r23 +

1

16
r43 −

1

4
r22 r

−4
3

+
1

4
r22 r

−2
3

+
1

4
r22 −

1

4
r22 r

2
3 +

3

8
r42 r

−4
3

+
1

4
r42 r

−2
3

+
3

8
r42 −

1

4
r62 r

−4
3

−
1

4
r62 r

−2
3

+
1

16
r82 r

−4
3

) +

g1 Z g2 Z (
1

4
r
−3
3

−
1

4
r
−1
3

−
1

4
r3 +

1

4
r33 −

3

4
r22 r

−4
3

) + g21 Z (
5

2
−

1

4
r
−2
3

+
1

4
r23 −

1

2
r22 r

−2
3

−
1

2
r22 +

1

4
r42 r

−2
3

)

]
,

g1 Z = (r22 − r23 )(
1

8
−

1

4
az +

5

24
ω1 −

5

12
ω1az ) + r1(−

1

4
+

1

2
az −

1

4
ω1 +

1

2
ω1az ),

g2 Z = (
1

4
−

1

2
az +

5

12
ω1 −

5

6
ω1az ),

ãäå r3 = MZ/M, az = 2 sin2(θW ).

Ïîëíàÿ øèðèíà ðàñïàäà H → Z + Z → Z +
(l l̄) (äèàãðàììà (c)) ìîæåò áûòü ïîëó÷åíà ñ
ïîìîùüþ çàìåíû:

g1 Z →
r22
r1

g1 ZZ ,

g1 ZZ =
1

8
−

1

4
az +

7

24
ω1 −

7

12
ω1az .
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Îäèíî÷íîå ðîæäåíèå. Ïåòëåâûå ìåõàíèçìû.

Îáùàÿ ñòðóêòóðà òåíçîðà, ñîîòâåòñòâóþùåãî ïåòëå, â ñëó÷àå äâóõ âíåøíèõ âèðòóàëüíûõ
ôîòîíîâ èìååò âèä:

Tµν
Q,W = AQ,W (t)(gµν(v1v2)− vν

1 v
µ
2 ) + BQ,W (t)[v2

1 v
µ
2 − vµ

1 (v1v2)][v
ν
1 v

2
2 − vν

2 (v1v2)],

ãäå t =
M2

h

4m2
Q

èëè t =
M2

h

4m2
W

äëÿ êâàðêîâîé è W - áîçîííîé ïåòëè ñîîòâåòñòâåííî.

Ïðè ðàññìîòðåíèè îäèíî÷íîãî ðîæäåíèÿ äèëåïòîíà îäèí èç ôîòîíîâ ðåàëüíûé, è èìååò
ìåñòî òîëüêî âêëàä ñòðóêòóðíîé ôóíêöèè AQ,W (t). Îíà âû÷èñëÿåòñÿ ïî ìíèìîé ÷àñòè ñ

ïîìîùüþ ïðàâèëà Ìàíäåëüøòàìà - Êóòêîñêîãî:

AW (t) = AW (0) +
t

π

∫ ∞

1

ImA(t′)dt′

t′(t′ − t + i0)
.
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Îäèíî÷íîå ðîæäåíèå. Ïåòëåâûå ìåõàíèçìû.
Ìíèìàÿ ÷àñòü â ñëó÷àå W - áîçîííîé ïåòëè:

ImAW =
r24
64π

1

t(4t − r24 )
2

[
r24
√

t(t − 1)(r24 (2t + 1)− 4t − 6) +

4t(6− 12t + r24 (2t + 3)− r44 )arcsh(
√
t − 1)

]
, r4 =

M

MW
.

Ìíèìàÿ ÷àñòü â ñëó÷àå êâàðêîâîé ïåòëè:

ImAQ =
r25
32π

1

t(4t − r25 )
3

[
3r25

√
t(t − 1)(4t − r25 ) +

4t(r45 + r25 (2− 4t) + 8(t − 1)t)arcsh(
√
t − 1)

]
, r5 =

M

mQ
.

Ïîñëå ðàçëîæåíèÿ ïî r4 è r5 ñîîòâåòñòâåííî (MW ≫ M, mQ ≫ M) â ëèäèðóþùåì ïîðÿäêå
ñòðóêòóðíàÿ ôóíêöèÿ AQ,W (t) îïðåäåëÿåòñÿ âûðàæåíèÿìè:

AW (t) =
r24

16π2

[
2 +

3

t
+

3

t2
(2t − 1)f 2(t)

]
, f (t) =

arcsin
√
t, t ≤ 1,

i
2

[
ln

1−
√

1−t−1

1+
√

1−t−1
− iπ

]
, t > 1.

AQ(t) =
r25

16π2

[
1

t
+

(t − 1)

t2
f 2(t)

]
.
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Îäèíî÷íîå ðîæäåíèå. Ïåòëåâûå ìåõàíèçìû.

Øèðèíà ðàñïàäà áîçîíà Õèããñà äëÿ äèàãðàììû ñ W - áîçîííîé ïåòëåé:

Γ =
8π3α4(r22 − 1)ctg2(θW )M2

Z

r32M
4
l l̄

|ψ̃(0)|2A2
W [3g2

1 W −
1

4
(r22 − 1)2g2

2 W ],

g1 W = (r22 − 1)(1 +
7

3
ω1 +

11

3
ω2), g2 W = 2(1 +

7

3
ω1 +

11

3
ω2).

Øèðèíà ðàñïàäà áîçîíà Õèããñà äëÿ äèàãðàììû ñ êâàðêîâîé ïåòëåé

èìååò àíàëîãè÷íóþ ñòðóêòóðó è ìîæåò áûòü ïîëó÷åíà ñ ïîìîùüþ çàìåíû:

g1,2 W → g1,2 W

∑
Q=c,b,t

24q2Qm
2
Q

cos2 θWM2
Z

|AQ |
AW

. (1)
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Ïàðíîå ðîæäåíèå.
Ëåïòîí - ôîòîííûå ìåõàíèçìû

Ëåïòîí - Z - áîçîííûå ìåõàíèçìû

Ìåõàíèçì H → Z + Z → (l l̄) + (l l̄)

Êâàðêîâûé ïåòëåâîé è W - áîçîííûé
ïåòëåâîé ìåõàíèçìû
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Ðåëÿòèâèñòñêèå ïîïðàâêè ê âîëíîâîé ôóíêöèè

ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ.

Â "íåðåëÿòèâèñòñêîì ïðèáëèæåíèè"âîëíîâàÿ ôóíêöèÿ ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ
ïîëó÷åíà èç ðåøåíèÿ óðàâíåíèÿ Øðåäèíãåðà ñ êóëîíîâñêèì ïîòåíöèàëîì.

Äëÿ ðàñ÷åòà ðåëÿòèâèñòñêèõ ïîïðàâîê ê âîëíîâîé ôóíêöèè â íóëå èñïîëüçóåì âûðàæåíèå:

ψ
(1)
1S (0) =

∫
G̃1S (0, r)∆V (r)ψC

1S (r)dr,

ãäå G̃1S - ðåäóöèðîâàííàÿ êóëîíîâñêàÿ ôóíêöèÿ Ãðèíà, ∆V - îïåðàòîð âîçìóùåíèÿ.

Ôóíêöèÿ Ãðèíà ñ îäíèì íóëåâûì àðãóìåíòîì èçâåñòíà àíàëèòè÷åñêè:

G̃1S (r, 0) =
µW

4π

e−x

x
× (4x(ln(2x) + γE ) + 4x2 − 10x − 2), x = Wr

Â êà÷åñòâå âîçìóùåíèÿ èñïîëüçóåì ñëåäóþùèå îïåðàòîðû

Ñëàãàåìûå ïîòåíöèàëà Áðåéòà

∆V1 =
πα

m2
δ(r)−

p4

4m3
,

∆V2 = −
α

2m2

1

r

(
p2 +

r(rp)p

r2

)
,

∆V3 =
πα

m2

[
7

3
S2 − 2

]
δ(r).

Ïîòåíöèàë ïîëÿðèçàöèè âàêóóìà:

∆Vvp(r) = −
α2

3π

∫ ∞

1
ρ(ξ)dξ

1

r
e−2meξr ,

ρ(ξ) =

√
ξ2 − 1(2ξ2 + 1)

ξ4
.
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Ðåëÿòèâèñòñêèå ïîïðàâêè ê âîëíîâîé ôóíêöèè

ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ.

Ðàññìîòðåíèå ïîòåíöèàëà âîçìóùåíèÿ ∼ δ(r) èç ∆V1 ïðèâîäèò ê âûðàæåíèþ:

ψ
(1)
1S (0) = G̃1S (0, 0)

πα

m2
ψC
1S (0),

â êîòîðîì G̃1S (0, 0) ïðåäñòàâëÿåò ñîáîé ðàñõîäÿùóþñÿ âåëè÷èíó. Íàðÿäó ñ êîîðäèíàòíûì
ïðåäñòàâëåíèåì óäîáíî èñïîëüçîâàòü èìïóëüñíîå ïðåäñòàâëåíèå. Â èìïóëüñíîì
ïðåäñòàâëåíèè ýòà ïîïðàâêà îïðåäåëÿåòñÿ ðàñõîäÿùèìñÿ èíòåãðàëîì â âèäå:

ψ
(1)
1 (0) =

πα

m2
ψC
1S (0)

∫
G̃1S (q, p)

dq

(2π)3
dp

(2π)3
,

G̃1S (p, q) = −
64π

αW 4

[
π2W 5δ(p− q)

4(p2 +W 2)
+

W 6

4(p2 +W 2)(p− q)2(q2 +W 2)
+ R(p, q)

]
.

Åñëè ó÷åñòü âìåñòå ñ ýòîé ïîïðàâêîé âêëàä îò âòîðîãî ñëàãàåìîãî ∆V1 ∼ p4:

ψ
(1)
2 (0) = −

1

4m3

∫
G̃1S (0, r)p̂

4ψ(r)dr) = −
πα

m2
ψC (0)

∫
G̃(q, p)

dpdq

(2π)6

[
1−

W 2(2p2 +W 2)

(p2 +W 2)2

]
.

òî â ðåçóëüòàòå ðàñõîäÿùèåñÿ ñëàãàåìûå âçàèìíî ñîêðàùàþòñÿ è âêëàä îïåðàòîðà
ïîëó÷àåòñÿ êîíå÷íûì. Îñòàâøèåñÿ èíòåãðàëû âû÷èñëÿþòñÿ àíàëèòè÷åñêè è ïðèâîäÿò ê
ïîïðàâêå ê âîëíîâîé ôóíêöèè ∼ α2:

∆ψ(1)(0) = ψC (0)[−
63

128
α2].
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Ðåëÿòèâèñòñêèå ïîïðàâêè ê âîëíîâîé ôóíêöèè

ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ.

Ïîïðàâêè ê âîëíîâîé ôóíêöèè îò äðóãèõ ïîòåíöèàëîâ âîçìóùåíèÿ:

∆V2: ∆ψ(2)(0) = ψC (0)

[
1

2
α2 lnα−1 +

5

8
α2

]
∆V3: ∆ψ(3)(0) = ψC (0)

[
2−

7

3
S(S + 1)

]
1

4
α2 lnα−1

Ïîòåíöèàë ïîëÿðèçàöèè âàêóóìà ∆Vvp ïðèâîäèò ê ëèäèðóþùåé ïî α ïîïðàâêå ê
âîëíîâîé ôóíêöèè ∼ α:

∆ψ(4)(0) = ψC (0)
[
avp

α

π

]
, avp =

∫ ∞

1

ρ(ξ)dξ

6(1 + r4ξ)

[
2r24 ξ

2 + 7r4ξ + 2(1 + r4ξ) ln(1 + r4ξ) + 3
]

Ñóììàðíîå âûðàæåíèå äëÿ âîëíîâîé ôóíêöèè ñ ó÷åòîì âû÷èñëåííûõ ïîïðàâîê:

ψ(0) = ψC (0)

{
1 + avp

α

π
+

(
2−

7

6
S(S + 1)

)
1

2
α2 lnα−1 −

3

128
α2

}
.
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Ïðåäâàðèòåëüíûå ÷èñëåííûå ðåçóëüòàòû.

Òàáëèöà: ×èñëåííûå çíà÷åíèÿ îòíîñèòåëüíûõ øèðèí ðàñïàäà áîçîíà Õèããñà ñ

îäèíî÷íûì èëè ïàðíûì ðîæäåíèåì ñâÿçàííûõ ñîñòîÿíèé ëåïòîíîâ.

Îòíîñèòåëüíàÿ øèðèíà

H →

γ +
(e+e−) 1.230 · 10−10

(µ+µ−) 1.120 · 10−11

(τ+τ−) 1.146 · 10−11

Z +
(e+e−) 5.664 · 10−10

(µ+µ−) 2.965 · 10−12

(τ+τ−) 1.934 · 10−13

(e+e−) + (e+e−) 3.544 · 10−18

(µ+µ−) + (µ+µ−) 2.873 · 10−21

(τ+τ−) + (τ+τ−) 7.245 · 10−21
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Çàêëþ÷åíèå

Â ðàáîòå âû÷èñëåíû øèðèíû ðàñïàäà áîçîíà Õèããñà ñ ðîæäåíèåì îäíîãî èëè ïàðû
ñâÿçàííûõ ñîñòîÿíèé ëåïòîíîâ â ðàìêàõ ðåëÿòèâèñòñêîãî êâàçèïîòåíöèàëüíîãî
ïîäõîäà.

Ïðè ðàñ÷åòå ó÷òåíû ðåëÿòèâèñòñêèå ïîïðàâêè, ñâÿçàííûå ñ îòíîñèòåëüíûì
äâèæåíèåì ëåïòîíîâ êàê â àìïëèòóäå âçàèìîäåéñòâèÿ, òàê è â âîëíîâîé ôóíêöèè
ñâÿçàííîãî ñîñòîÿíèÿ.

Èññëåäîâàíû ðàçëè÷íûå ìåõàíèçìû îäèíî÷íîãî è ïàðíîãî ðîæäåíèÿ ñâÿçàííûõ
ñîñòîÿíèé ëåïòîíîâ.

Ïîðÿäîê øèðèíû îäèíî÷íîãî ðîæäåíèÿ H → Z + (l l̄), H → γ + (l l̄) (1 ∼ 0−11) ïîêàçûâàåò
ñëîæíîñòü íàáëþäåíèå òàêîãî ïðîöåññà íà òåêóùåì ýêñïåðèìåíòå LHC. Òåì íå ìåíåå íà
áóäóùèõ óñêîðèòåëÿõ, â ÷àñòíîñòè â e+ − e− íà FCC, áóäåò âîçìîæíî îñóùåñòâèòü ïîèñê
ñâÿçàííûõ ñîñòîÿíèé ëåïòîíîâ â ðàñïàäå áîçîíà Õèããñà ïî èõ òðåõôîòîííûì ðàñïàäàì.

Ñòð. 17 èç 18



Ñïàñèáî!
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Backup slides.
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Ðèñ.: Ëåïòîí - ôîòîííûé è ëåïòîí - Z - áîçîííûé ìåõàíèçìû îäèíî÷íîãî ðîæäåíèå

ñâÿçàííîãî ñîñòîÿíèÿ ëåïòîíîâ â ëèäèðóþùåì ïîðÿäêå ïî α

Îáùàÿ ñòðóêòóðà àìïëèòóä îäèíî÷íîãî ðîæäåíèÿ èìååò âèä (äèàãðàììû a è b):

M1(k,P) =
4παm

sin 2θWMZ

∫
dp

(2π)3
Ψ(p)

ε
m

(ε+m)
2m

[(r − p2)2 −m2]
×

Tr
{
[
v̂ − 1

2
− v̂

p2

2m(ε+m)
−

p̂

2m
]ε̂l l̄

(v̂ + 1)

2
√
2

[
v̂ + 1

2
− v̂

p2

2m(ε+m)
+

p̂

2m
]ε̂γ(r̂ − p̂2 +m)

}
,

M2(k,P) =
4παm

sin 2θWMZ

∫
dp

(2π)3
Ψ(p)

ε
m

(ε+m)
2m

[(p1 − r)2 −m2]
×

Tr
{
[
v̂ − 1

2
− v̂

p2

2m(ε+m)
−

p̂

2m
]ε̂l l̄

(v̂ + 1)

2
√
2

[
v̂ + 1

2
− v̂

p2

2m(ε+m)
+

p̂

2m
](p̂1 − r̂ +m)ε̂γ

}
,
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Ïàðíîå ðîæäåíèå. Ëåïòîí - ôîòîííûé ìåõàíèçì.

M(P,Q)(A) = −
64παmM(

√
2GF )

1/2ψ̃2(0)

M4
H

(f
(1)
1 vβ

1 vα
2 + f

(1)
2 gαβ)εα(P, Sz )ε

β(Q,Sz ).

f
(1)
1 = −1 +

1

9
ω2
1 , f

(1)
2 = −

1

2
+

1

2
r22 − r1 +

2

3
ω1r1 +

1

18
ω2
1 −

1

18
ω2
1r

2
2 +

1

3
ω2
1r1,
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Ïàðíîå ðîæäåíèå. Ëåïòîí - Z - áîçîííûé ìåõàíèçì.

M(P,Q)(B) =
64παmM(

√
2GF )

1/2ψ̃2(0)

M2
H(M

2
H − 4M2

Z ) sin
2(2θW )

(f
(2)
1 vβ

1 vα
2 + f

(2)
2 gαβ)εα(P, Sz )ε

β(Q, Sz ).

f
(2)
1 = 2(1− 2az + 2a2z )(−9 + ω2

1),

f
(2)
2 = (1− 2az + 2a2z )(3 + ω1)(−3 + ω1 − 6r1 + 6ω1r1 + 3r22 − ω1r

2
2 ),

ãäå az = 2 sin2(θW ).
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Ïàðíîå ðîæäåíèå. Ëåïòîí - ôîòîííûé ìåõàíèçì.

M(P,Q)(C) = −
16παmM(

√
2GF )

1/2ψ̃2(0)

M2
HM

2
(f

(3)
1 vβ

1 vα
2 + f

(3)
2 gαβ)εα(P, Sz )ε

β(Q, Sz ).

f
(3)
1 = 2−

2

9
ω2
1 , f

(3)
2 = 1− r22 + 2r1 −

4

3
ω1r1 −

1

9
ω2
1 +

1

9
ω2
1r

2
2 −

2

3
ω2
1r1.
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Ïàðíîå ðîæäåíèå. Ëåïòîí - Z - áîçîííûé ìåõàíèçì.

M(P,Q)(D) =
16παmM(

√
2GF )

1/2ψ̃2(0)

M2
H(M

2 −M2
Z ) sin

2(2θW )
(f

(4)
1 vβ

1 vα
2 + f

(4)
2 gαβ)εα(P, Sz )ε

β(Q, Sz ).

f
(4)
1 = 2(−1 + 2az )(−9 + ω2

1),

f
(4)
2 = (−1 + 2az )(3 + ω1)(−3 + ω1 − 6r1 + 6ω1r1 + 3r22 − ω1r

2
2 ).

Ñòð. 24 èç 18



Ïàðíîå ðîæäåíèå. Ìåõàíèçì H → Z + Z → (l l̄) + (l l̄)

M(P,Q)(E1) =
16παM2

Z (
√
2GF )

1/2ψ̃2(0)

(M2 −M2
Z )

2 sin2(2θW )
(f

(5)
1 vβ

1 vα
2 + f

(5)
2 gαβ)εα(P,Sz )ε

β(Q, Sz ).

M(P,Q)(E2) =
16παM2

Z (
√
2GF )

1/2ψ̃2(0)

(
M2

H
4

−M2
Z )

2 sin2(2θW )
(f

(6)
1 vβ

1 vα
2 + f

(6)
2 gαβ)εα(P,Sz )ε

β(Q, Sz ).

f
(5)
1 = 0, f

(5)
2 =

(1− 2az )2(3 + ω1)2

18
. f

(6)
1 = 0, f

(6)
2 =

(1− 2az + 2a2z )(3 + ω1)2

18
.
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