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Ââåäåíèå

f1(1285) ìåçîí: IG
(
JPC

)
= 0+ (1++)

mf = 1281.9± 0.5 ÌýÂ, Γf = 22.7± 1.1 ÌýÂ [PDG]

Èäåÿ èññëåäîâàíèÿ ðîæäåíèÿ C-÷¼òíûõ àäðîííûõ ðåçîíàíñîâ
íà e+e− êîëëàéäåðàõ âûäâèíóòà åù¼ â 1960-õ ãîäàõ
[Altarelli et al., Nuovo Cim. A 47 (1967) 113]

Ñ òåõ ïîð ïðîâåäåíî íåñêîëüêî ýêñïåðèìåíòîâ ïî ïîèñêó
ïðÿìîãî ðîæäåíèÿ C-÷¼òíûõ ðåçîíàíñîâ â e+e− ñòîëêíîâåíèÿõ,
e+e− → R
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Ââåäåíèå

Áûëè óñòàíîâëåíû ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ íà
ýëåêòðîííûå øèðèíû íåêîòîðûõ C-÷¼òíûõ ìåçîíîâ:

Γ
(
η′(958)→ e+e−

)
< 0.002 ýÂ (90% C.L.)

Γ
(
f2(1270)→ e+e−

)
< 0.11 ýÂ (90% C.L.)

Γ
(
a2(1320)→ e+e−

)
< 0.56 ýÂ (90% C.L.)

Îáúÿñíåíèå ìàëîñòè ýòèõ ýëåêòðîííûõ øèðèí:

C-÷¼òíûå ìåçîíû ðàñïàäàþòñÿ íà e+e− ÷åðåç äâà âèðòóàëüíûõ
ôîòîíà ⇒ øèðèíû Γ ñîäåðæàò ìàëûé ìíîæèòåëü α4, ãäå
α ≈ 1/137 � ïîñòîÿííàÿ òîíêîé ñòðóêòóðû
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Ââåäåíèå

Â ÈßÔ ÑÎ ÐÀÍ ïðîõîäèò ýêñïåðèìåíò ïî ïîèñêó ïðÿìîãî
ðîæäåíèÿ f1(1285) ìåçîíà â e+e− àííèãèëÿöèè,
e+e− → f1(1285) [Achasov et al., PLB 800 (2020) 135074]

Ïîýòîìó âîçíèêëà íåîáõîäèìîñòü ïîëó÷èòü òåîðåòè÷åñêèå
ïðåäñêàçàíèÿ äëÿ øèðèíû ðàñïàäà Γ(f1(1285)→ e+e−) è,
ñîîòâåòñòâåííî, ñå÷åíèÿ ïðÿìîãî ðîæäåíèÿ f1(1285) ìåçîíà â
e+e− ñòîëêíîâåíèÿõ, σ(e+e− → f1(1285))
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Îöåíêà øèðèíû ðàñïàäà f1(1285)→ e+e−

f1(P )

e−(p1)

e+(−p2)

P - è C-÷¼òíàÿ èíâàðèàíòíàÿ àìïëèòóäà:

M
(
f1(1285)→ e+e−

)
= FAα

2ẽµūγ
µγ5v

Çäåñü FA � áåçðàçìåðíàÿ êîíñòàíòà ñâÿçè, me = 0

Øèðèíà ðàñïàäà: Γ
(
f1(1285)→ e+e−

)
=
α4|FA|2

12π
mf

Åñòåñòâåííî ñ÷èòàòü |FA| ∼ 1⇒ Γ (f1(1285)→ e+e−) ∼ 0.1 ýÂ
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Àìïëèòóäà ïåðåõîäà f1(1285)→ γ∗γ∗

f1(P )

e+(−p2)

e−(p1)

k

γ∗(q1)

γ∗(q2)

Àìïëèòóäà ïåðåõîäà f1(1285)→ γ∗γ∗ ïàðàìåòðèçóåòñÿ äâóìÿ

áåçðàçìåðíûìè ôîðìôàêòîðàìè F1

(
q21 , q

2
2

)
è F2

(
q21 , q

2
2

)
:

M (f1(1285)→ γ∗γ∗) =
α

m2
f

iεµνρσ
{
F1

(
q21 , q

2
2

)
qµ1 e

∗ν
1 qρ2e

∗σ
2 ẽ τ (q1 − q2)τ

+ F2

(
q21 , q

2
2

)
qµ1 e

∗ν
1 ẽ ρ

[
qσ2 e

∗λ
2 q2λ − e∗σ2 q22

]
+ F2

(
q22 , q

2
1

)
qµ2 e

∗ν
2 ẽ ρ

[
qσ1 e

∗λ
1 q1λ − e∗σ1 q21

]}
Còðóêòóðà ïðè ôîðìôàêòîðå F1 ñîîòâåòñòâóåò ïîëÿðèçàöèîííîìó

ñîñòîÿíèþ TT (ïîëÿðèçàöèè îáîèõ ôîòîíîâ ïîïåðå÷íû), ñòðóêòóðà ïðè

ôîðìôàêòîðå F2 � êîìáèíàöèè ñîñòîÿíèé TT è LT . Ñîñòîÿíèå LL

(ïîëÿðèçàöèè îáîèõ ôîòîíîâ ïðîäîëüíû) çàïðåùåíî çàêîíàìè ñîõðàíåíèÿ
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Àìïëèòóäà ïåðåõîäà f1(1285)→ γ∗γ∗

M (f1(1285)→ γ∗γ∗) =
α

m2
f

iεµνρσ
{
F1

(
q21 , q

2
2

)
qµ1 e

∗ν
1 qρ2e

∗σ
2 ẽ τ (q1 − q2)τ

+ F2

(
q21 , q

2
2

)
qµ1 e

∗ν
1 ẽ ρ

[
qσ2 e

∗λ
2 q2λ − e∗σ2 q22

]
+ F2

(
q22 , q

2
1

)
qµ2 e

∗ν
2 ẽ ρ

[
qσ1 e

∗λ
1 q1λ − e∗σ1 q21

]}

Èç-çà áîçå-ñèììåòðèè ôîðìôàêòîð F1

(
q21 , q

2
2

)
äîëæåí áûòü

àíòèñèììåòðè÷íûì, F1

(
q21 , q

2
2

)
= −F1

(
q22 , q

2
1

)
Ðàñïàä f1(1285)→ γγ çàïðåù¼í ïî òåîðåìå Ëàíäàó-ßíãà ⇒
àìïëèòóäà îáðàùàåòñÿ â íóëü, êîãäà îáà ôîòîíà íà ìàññîâîé

ïîâåðõíîñòè. Ïåðâîå ñëàãàåìîå îáðàùàåòñÿ â íóëü, ò.ê. F1(0, 0) = 0,

îñòàëüíûå ñëàãàåìûå ðàâíû íóëþ, ò.ê. q2 = 0 è eλqλ = 0 äëÿ

ðåàëüíûõ ôîòîíîâ
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Ìîäåëüíî-íåçàâèñèìîå âûðàæåíèå äëÿ àìïëèòóäû ðàñïàäà f1(1285)→ e+e−

Àìïëèòóäà ðàñïàäà f1(1285)→ e+e−, êîòîðàÿ ñîîòâåòñòâóåò îäíîïåòëåâîé
äèàãðàììå:

M(f1(1285)→ e+e−) =
4πiα2

m2
f

{
−4 ẽµP ν ūγλγ5v

∫
d4k

(2π)4
kµkνkλ

k2q21q
2
2

F1

(
q21 , q

2
2

)
− 2 ẽµūγνγ5v

∫
d4k

(2π)4
kµkν

k2q21q
2
2

[
F2

(
q21 , q

2
2

)
q22 + F2

(
q22 , q

2
1

)
q21

]
+ ẽµūγ

µγ5v

∫
d4k

(2π)4
1

k2q21q
2
2

[
F2

(
q21 , q

2
2

) {
k2(p1p2 + p1k − p2k)− 2q22(p1k) + 2q22k

2
}

+ F2

(
q22 , q

2
1

) {
k2(p1p2 + p1k − p2k) + 2q21(p2k) + 2q21k

2
}]}

,

ãäå P = p1 + p2, q1 = p1 − k è q2 = p2 + k
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Ïàðàìåòðèçàöèÿ ôîðìôàêòîðîâ f1(1285) ìåçîíà

ßâíûé âèä ôîðìôàêòîðîâ F1

(
q21 , q

2
2

)
è F2

(
q21 , q

2
2

)
íåèçâåñòåí ⇒

íóæíî íàéòè ïàðàìåòðèçàöèþ, êîòîðàÿ áóäåò íàõîäèòüñÿ â ñîãëàñèè
ñ ýêñïåðèìåíòàëüíûìè äàííûìè

Äëÿ íàõîæäåíèÿ òàêîé ïàðàìåòðèçàöèè äåéñòâóåì â äóõå ìîäåëè

âåêòîðíîé äîìèíàíòíîñòè è ïðåäïîëàãàåì, ÷òî ãëàâíûé âêëàä â

àìïëèòóäóM(f1(1285)→ e+e−) äà¼ò ïðîìåæóòî÷íîå ñîñòîÿíèå,

êîãäà îáà âèðòóàëüíûõ ôîòîíà âçàèìîäåéñòâóþò ñ f1(1285) ìåçîíîì

ïîñðåäñòâîì ïðîìåæóòî÷íûõ ρ0 ìåçîíîâ

f1(P )

e+(−p2)

e−(p1)

k

γ∗(q1)

γ∗(q2)

ρ0

ρ0
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Ïàðàìåòðèçàöèÿ ôîðìôàêòîðîâ f1(1285) ìåçîíà

Àðãóìåíòû â ïîëüçó òàêîé ìîäåëè:

Ýêñïåðèìåíòàëüíûå äàííûå [Barberis et al., PLB 471 (2000) 440]

ïîêàçûâàþò, ÷òî îäèí èç îñíîâíûõ ðàñïàäîâ f1(1285)
ìåçîíà, ðàñïàä f1(1285)→ 4π, îòíîñèòåëüíàÿ âåðîÿòíîñòü
êîòîðîãî ñîñòàâëÿåò îêîëî 33%, ïðîèñõîäèò ãëàâíûì
îáðàçîì ÷åðåç ïðîìåæóòî÷íîå ρρ ñîñòîÿíèå

Åù¼ îäíèì ñâèäåòåëüñòâîì â ïîëüçó ñèëüíîãî
f1(1285)ρ0ρ0 âçàèìîäåéñòâèÿ ÿâëÿåòñÿ äîâîëüíî áîëüøàÿ,
îêîëî 5.5%, îòíîñèòåëüíàÿ âåðîÿòíîñòü ðàäèàöèîííîãî
ðàñïàäà f1(1285)→ ρ0γ

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Barberis et al., PLB 471 (2000) 440
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Ïàðàìåòðèçàöèÿ ôîðìôàêòîðîâ f1(1285) ìåçîíà

Îãðàíè÷åíèÿ íà ïàðàìåòðû ìîäåëè ìîæíî ïîëó÷èòü èç

ýêñïåðèìåíòàëüíûõ äàííûõ î ðàñïàäå f1(1285)→ ρ0γ

M
(
f1(1285)→ ρ0γ

)
=

α

m2
f

iεµνρσ
{
g1p

µε∗νqρe∗σ ẽ τ (p− q)τ −m2
ρg2ẽ

µε∗νqρe∗σ
}

Çäåñü g1 è g2 � êîìïëåêñíûå êîíñòàíòû ñâÿçè

Ñòðóêòóðà ïðè êîíñòàíòå g1 ñîîòâåòñòâóåò ïîëÿðèçàöèîííîìó
ñîñòîÿíèþ T , à ñòðóêòóðà ïðè êîíñòàíòå g2 � êîìáèíàöèè
ïîëÿðèçàöèîííûõ ñîñòîÿíèé T è L

T � ïîëÿðèçàöèÿ ρ0 ìåçîíà ïîïåðå÷íà
L � ïîëÿðèçàöèÿ ρ0 ìåçîíà ïðîäîëüíà
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Ïàðàìåòðèçàöèÿ ôîðìôàêòîðîâ f1(1285) ìåçîíà

Â èòîãå, ìû çàïèñûâàåì ôîðìôàêòîðû F1 è F2 â ñëåäóþùåì âèäå:

F1

(
q21 , q

2
2

)
=

g1gργ
(
m2
ρ − imρΓρ

) (
q22 − q21

)(
q21 −m2

ρ + imρΓρ
) (
q22 −m2

ρ + imρΓρ
)

F2

(
q21 , q

2
2

)
=

g2gργ
(
m2
ρ − imρΓρ

) (
−m2

ρ

)(
q21 −m2

ρ + imρΓρ
) (
q22 −m2

ρ + imρΓρ
)

mρ = 775.26 ÌýÂ è Γρ = 147.8 ÌýÂ � ìàññà è øèðèíà ρ0 ìåçîíà,

gργ � áåçðàçìåðíàÿ êîíñòàíòà ñâÿçè ïåðåõîäà ρ0∗ → γ∗,

M
(
ρ0∗ → γ∗) = gργ

(
q2gµν − qµqν

)
εµe∗ν ⇒ gργ =

√
3Γ (ρ0 → e+e−)

αmρ
≈ 0.06
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Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ íà êîíñòàíòû ðàñïàäà f1(1285)→ ρ0γ

Îáñóäèì òåïåðü, êàêèå îãðàíè÷åíèÿ íà êîíñòàíòû g1 è g2 ñëåäóþò èç
ýêñïåðèìåíòàëüíûõ äàííûõ

Øèðèíà ðàñïàäà f1(1285)→ ρ0γ:

Γ
(
f1(1285)→ ρ0γ

)
=

α2

96π
mf (1− ξ)3

×
[
(1− ξ)2|g1|2 + ξ(1 + ξ)|g2|2 + 2ξ(1− ξ)|g1||g2|cos δ

]
,

ãäå ξ = m2
ρ/m

2
f ≈ 0.37

Ïîñêîëüêó â àìïëèòóäå ñòðóêòóðû ïðè êîíñòàíòàõ g1 è g2 íå

ñîîòâåòñòâóþò ðàçëè÷íûì ïîëÿðèçàöèîííûì ñîñòîÿíèÿì ρ0 ìåçîíà,

èíòåðôåðåíöèîííûé ÷ëåí â êâàäðàòå àìïëèòóäû íå èñ÷åçàåò ïîñëå

ñóììèðîâàíèÿ ïî ïîëÿðèçàöèÿì. Â ðåçóëüòàòå øèðèíà ðàñïàäà

f1(1285)→ ρ0γ çàâèñèò îò îòíîñèòåëüíîé ôàçû δ = φ1 − φ2
êîìïëåêñíûõ êîíñòàíò g1 è g2
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Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ íà êîíñòàíòû ðàñïàäà f1(1285)→ ρ0γ

Ïîìèìî Γ(f1(1285)→ ρ0γ) åù¼ îäíî ñîîòíîøåíèå ìåæäó |g1|, |g2| è
δ ìîæíî ïîëó÷èòü èç äàííûõ ýêñïåðèìåíòà êîëëàáîðàöèè VES
[Amelin et al., Z. Phys. C 66 (1995) 71], â êîòîðîì èçìåðåíû óãëîâûå
ðàñïðåäåëåíèÿ â ðàñïàäå f1(1285)→ ρ0γ → π+π−γ:∣∣M (

f1(1285)→ ρ0γ → π+π−γ
)∣∣2 ∝ ρLL cos2 θ + ρTT sin2 θ,

ãäå ρLL è ρTT � ýëåìåíòû ìàòðèöû ïëîòíîñòè, îòâå÷àþùèå

ïðîäîëüíî è ïîïåðå÷íî ïîëÿðèçîâàííûì ρ0 ìåçîíàì,

ñîîòâåòñòâåííî; θ � óãîë ìåæäó èìïóëüñàìè π+ ìåçîíà è ôîòîíà â

ñèñòåìå ïîêîÿ ρ0 ìåçîíà

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ íà êîíñòàíòû ðàñïàäà f1(1285)→ ρ0γ
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4 Analysis of angular distributions 

The angular distributions for the decay (1) are defined by 

the Poo/Px ~ ratio of density matrix elements for p0 meson 

in its helecity frame. In particular the 0i,t angular distribu- 

tion, where 0ira is the angle between the rc + and the ? in the 
pO rest frame, is 

dN/Oin t OC P l  l "  sin2 0int -~ P 0 0 "  COS2 0 i n t '  

The experimental angular distributions are distorted by 

the background events as well as by the acceptance. To 
define the contribution from the background decay (4) 

partial-wave analysis of the reaction rc-N ---, rc-a~ was 
performed and its results were used for calculation of the 

angular distributions in the process 

rc N ~ a ~  

[-+ rcOg + g - 

L_> ? ? los t '  (5 )  

The experimental angular distributions of the diffrac- 

tive production of thefa z -  system and subsequent decay 
of f~(1285) were fitted out using maximum likelihood 

method. The fitting function was taken in the form: 

fCg2) = X f, . f f ,  ( Poo/P, , ,  g2) + Xm, o "fbkgCf2). 

Herefs  , describesf~ rt- production with sequential decays 

using the knownf~ density matrix andfbk0 describes angu- 
lar distributions for background events (5); both functions 
are acceptance corrected after all kinematical cuts de- 

scribed above have been applied, f2 is a set of angles which 

fixes the event configuration. The "flat" background 

which has no bumps near 1.27 GeV was removed by side 
band background subtraction in minimizing function. 

Three parameters of the fitting procedure are as follows: 

Xf, - the amount off~, Xbko-- the amount of a ~ back- 

ground events and Poo/Pal ratio of density matrix ele- 
ments for pO meson in its helicity frame. 

As a result of this fit good description for all angular 

distributions was obtained. For  example, Fig. 5a shows 

the fitting result of 0~nt distribution for experimental 

events at f~ mass region after "flat" background subtrac- 
tion. Contributions to the fit result from background 
decay of a ~ which has a specific shape and from decay of 

fa are shown separately on Fig. 5b. For the experimental 
distribution a peak at c o s  0in t = 0 from a 2 background 

events is clearly seen for "weak" kinematical cut. After 
applying all cuts listed above ("strong" cut) this peak is 

reduced significantly. 

0in  t distribution for f~ decay events reveals clear 
COS 2 0in t behaviour that indicates on Poo dominance. The 
ratio of p-matrix elements of pO meson was found to be 

Poo/Pll = 3.9 4- 0.9(stat) 4- 1.0(syst). 

Seen suppression of the P~t corresponds to what 
would be expected for an axial-vector particle decaying 

into p and 7 in the framework of the vector dominance 

model taking into account the Landau-Yang theorem. 

5 The branching fraction off1(1285)-+p~ 

To determine the branching function for the decay (1) we 

have used the experimentally measured ratio 

Rf,  = Br(fx --* pT) /Br( f l  ~ ~+~-rl). 

To reduce possible systematic errors in RI, we have cor- 

rected it using table value [13] for the ratio 

R,, = Br(~' ~ pT)/Br(q' - ,  ~+~-q)  

for the processes with similar topologies and our result for 
R,, obtained from the same data set (Fig. la). 
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Fig. 5. I, lla: The result of the fit of 
angular distributions for the events with 
the effective mass of ~z+~z-7 system lying 
in the f1(1285) mass region for the 
"strong" and "weak" kinematical cuts. 
I,II b: Contribution to the resulting fitting 
function from fl decay events (solid line) 
and a ~ background events (dotted line) 

Ðàñïðåäåëåíèå ñîáûòèé ïî cos θ ÿâíî ïîõîæå íà cos2 θ ⇒ ρLL � ρTT

Ýêñïåðèìåíòàëüíîå çíà÷åíèå îòíîøåíèÿ

r =
ρLL
ρTT

= 3.9± 0.9± 1.0

ìîæíî èñïîëüçîâàòü äëÿ ïîëó÷åíèÿ îãðàíè÷åíèé íà êîíñòàíòû g1 è g2

Â íàøåé ìîäåëè:

r =
2ξ|g2|2

(1− ξ)2|g1|2 + ξ2|g2|2 + 2ξ(1− ξ)|g1||g2|cos δ

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ýêñïåðèìåíòàëüíûå îãðàíè÷åíèÿ íà êîíñòàíòû ðàñïàäà f1(1285)→ ρ0γ

Èç ýêñïåðèìåíòàëüíûõ äàííûõ B
(
f1(1285)→ ρ0γ

)
= (5.5± 1.3)% è

r = 3.9± 0.9± 1.0 â íàøåé ìîäåëè ìîæíî íàéòè àáñîëþòíóþ
âåëè÷èíó êîíñòàíòû g2:

α|g2| = 1.49± 0.20

Ê ñîæàëåíèþ, èç ýêñïåðèìåíòàëüíûõ äàííûõ î ðàñïàäå
f1(1285)→ ρ0γ íåâîçìîæíî ïîëó÷èòü òî÷íîå çíà÷åíèå |g1|.
Ìîæíî òîëüêî âûðàçèòü |g1| ÷åðåç cos δ ⇒ â íàøåé ìîäåëè îñòà¼òñÿ
òîëüêî îäèí ñâîáîäíûé ïàðàìåòð � ôàçà δ

Ó÷èòûâàÿ, ÷òî −1 ≤ cos δ ≤ 1, ïîëó÷àåì

0.16 ≤ α|g1| ≤ 1.87

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ðàñïàä f1(1285)→ π+π−π+π−

Ýêñïåðèìåíòàëüíûå äàííûå [Barberis et al., PLB 471 (2000) 440]

óêàçûâàþò íà òî, ÷òî îñíîâíîé âêëàä â ðàñïàä
f1(1285)→ π+π−π+π− äà¼ò ïðîìåæóòî÷íîå ñîñòîÿíèå ñ äâóìÿ
âèðòóàëüíûìè ρ0 ìåçîíàìè

f1(P )

ρ0(q1)

ρ0(q2)
π+(p2)

π−(k2)

π−(k1)

π+(p1)

f1(P )

ρ0(q′1)

ρ0(q′2)
π+(p2)

π−(k1)

π−(k2)

π+(p1)

Ñðàâíèì ðåçóëüòàòû íàøèõ âû÷èñëåíèé ñ ýêñïåðèìåíòàëüíûì
çíà÷åíèåì, B(f1(1285)→ π+π−π+π−) =

(
11.0+0.7

−0.6

)
%

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ðàñïàä f1(1285)→ π+π−π+π−

δ/π

B(
f 1

→
π
+
π
−
π
+
π
−
)

0.15

0.10

0.05

0.00

0.0 0.5 1.0 1.5 2.0

Ñïëîøíàÿ ëèíèÿ � îòíîñèòåëüíàÿ âåðîÿòíîñòü B(f1(1285)→ π+π−π+π−),
âû÷èñëåííàÿ äëÿ ñðåäíèõ çíà÷åíèé âñåõ âåëè÷èí.
Øòðèõîâàÿ è ïóíêòèðíàÿ ëèíèè � îòêëîíåíèå 1σ.
Ãîðèçîíòàëüíàÿ ïîëîñà � ýêñïåðèìåíòàëüíîå çíà÷åíèå

Ïðåäñêàçàíèÿ íàøåé ìîäåëè ñîâïàäàþò ñî ñðåäíèì ýêñïåðèìåíòàëüíûì
çíà÷åíèåì 11.0% ïðè îäíîì èç äâóõ âîçìîæíûõ çíà÷åíèé ôàçû:

δ ≈ 0.67π ëèáî δ ≈ 1.25π

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ðàñïàä f1(1285)→ e+e−

Îáðàòèìñÿ òåïåðü ê âû÷èñëåíèþ Γ(f1(1285)→ e+e−)

Äëÿ êîíñòàíòû FA â íàøåé ìîäåëè ïîëó÷àåì ñëåäóþùèé
ðåçóëüòàò:

FA = −αg1 (0.22 + 0.25i)− αg2 (0.75 + 0.57i)

Óäîáíî âûäåëèòü çàâèñèìîñòü âåëè÷èíû |FA|2 îò ôàçû δ:

|FA|2 =
∣∣∣eiδ · α|g1| · (0.22 + 0.25i) + α|g2| · (0.75 + 0.57i)

∣∣∣2
Â èòîãå ïîëó÷àåì

|FA| ≈
{

1.17 ïðè δ ≈ 0.67π,

1.20 ïðè δ ≈ 1.25π

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ðàñïàä f1(1285)→ e+e−

Íàøè ïðåäñêàçàíèÿ äëÿ øèðèíû ðàñïàäà f1(1285)→ e+e−:

Γ(f1(1285)→ e+e−) ≈
{

0.13 ýÂ ïðè δ ≈ 0.67π,

0.14 ýÂ ïðè δ ≈ 1.25π

Íàèâíàÿ îöåíêà Γ(f1(1285)→ e+e−) ∼ 0.1 ýÂ õîðîøî ñîãëàñóåòñÿ ñ
ýòèìè çíà÷åíèÿìè

Îòíîñèòåëüíàÿ âåðîÿòíîñòü ðàñïàäà f1(1285)→ e+e−:

B(f1(1285)→ e+e−) ≈
{

5.5 · 10−9 ïðè δ ≈ 0.67π,

5.8 · 10−9 ïðè δ ≈ 1.25π

Çíà÷åíèå, ïîëó÷åííîå â ýêñïåðèìåíòå ÈßÔ [PLB 800 (2020) 135074]:

B(f1(1285)→ e+e−) =
(
5.1+3.7

−2.7

)
· 10−9

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ñå÷åíèå ïðîöåññà e+e− → f1(1285)

Ïîëíîå ñå÷åíèå ïðÿìîãî ðîæäåíèÿ f1(1285) ìåçîíà â e+e−

àííèãèëÿöèè:

σ(e+e− → f1(1285)) =
12π

m2
f

B(f1(1285)→ e+e−)

Íàøè òåîðåòè÷åñêèå ïðåäñêàçàíèÿ:

σ(e+e− → f1(1285)) ≈
{

49 ïá ïðè δ ≈ 0.67π,

52 ïá ïðè δ ≈ 1.25π

Çíà÷åíèå, ïîëó÷åííîå â ýêñïåðèìåíòå ÈßÔ [PLB 800 (2020) 135074]:

σ(e+e− → f1(1285)) = 45+33
−24 ïá

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ïðîöåññ e+e− → f1(1285)→ ηππ

Ïîñêîëüêó îñíîâíûì êàíàëîì ðàñïàäà f1(1285) ìåçîíà ÿâëÿåòñÿ
ðàñïàä f1(1285)→ ηππ, îòíîñèòåëüíàÿ âåðîÿòíîñòü êîòîðîãî
ñîñòàâëÿåò îêîëî 52%, äëÿ ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ ïðÿìîãî
ðîæäåíèÿ f1(1285) ìåçîíà â e+e− ñòîëêíîâåíèÿõ ìîæíî
èñïîëüçîâàòü ïðîöåññ àííèãèëÿöèè e+e− → f1(1285)→ ηππ

Ðàñïàä f1(1285)→ ηππ ïðîèñõîäèò ãëàâíûì îáðàçîì ÷åðåç

ïðîìåæóòî÷íûå ñêàëÿðíûå ìåçîíû a0(980), êîòîðûå òàê æå, êàê è π

ìåçîíû, îáðàçóþò èçîòðèïëåò. Îòíîñèòåëüíàÿ âåðîÿòíîñòü òàêîãî

êàíàëà ðàñïàäà ñîñòàâëÿåò ïðèáëèçèòåëüíî 70%. Ïîä êîíå÷íûì

ñîñòîÿíèåì ηππ çäåñü ïîíèìàåòñÿ êàê ñîñòîÿíèå ηπ+π−, â êîòîðîì
îáà π ìåçîíà ÿâëÿþòñÿ çàðÿæåííûìè, òàê è ñîñòîÿíèå ηπ0π0, â

êîòîðîì îáà π ìåçîíà ÿâëÿþòñÿ íåéòðàëüíûìè

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ïðîöåññ e+e− → f1(1285)→ a±0 (980)π∓ → ηπ+π−

f1(P )

e−(p1)

e+(−p2)

π+(p+)

π−(p−)

η(k)

a−0
f1(P )

e−(p1)

e+(−p2)

π−(p−)

π+(p+)

η(k)

a+0

Íàøè òåîðåòè÷åñêèå ïðåäñêàçàíèÿ:

σ
(
e+e− → f1(1285)→ a±

0 (980)π∓ → ηπ+π−
)
≈ 12 ïá,

êàê ïðè çíà÷åíèè ôàçû δ ≈ 0.67π, òàê è ïðè çíà÷åíèè δ ≈ 1.25π

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ïðîöåññ e+e− → f1(1285)→ a00(980)π0 → ηπ0π0

f1(P )

e−(p1)

e+(−p2)

π0(q1)

π0(q2)

η(k)

a00
f1(P )

e−(p1)

e+(−p2)

π0(q2)

π0(q1)

η(k)

a00

Íàøè òåîðåòè÷åñêèå ïðåäñêàçàíèÿ:

σ
(
e+e− → f1(1285)→ a0

0(980)π0 → ηπ0π0
)
≈ 6 ïá,

êàê ïðè çíà÷åíèè ôàçû δ ≈ 0.67π, òàê è ïðè çíà÷åíèè δ ≈ 1.25π

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ñå÷åíèå σ
(
e+e− → f1(1285)→ ηπ0π0

)

Íåñìîòðÿ íà òî, ÷òî ñå÷åíèå σ
(
e+e− → f1(1285)→ ηπ0π0

)
â

äâà ðàçà ìåíüøå, ÷åì ñå÷åíèå σ (e+e− → f1(1285)→ ηπ+π−),
ïðîöåññ e+e− → f1(1285)→ ηπ0π0 ÿâëÿåòñÿ áîëåå óäîáíûì
äëÿ èçó÷åíèÿ ïðÿìîãî ðîæäåíèÿ f1(1285) ìåçîíà â e+e−

ñòîëêíîâåíèÿõ, ÷åì ïðîöåññ e+e− → f1(1285)→ ηπ+π−. Äåëî
â òîì, ÷òî ðåàêöèÿ àííèãèëÿöèè e+e− → ηπ0π0 ïðîòåêàåò
òîëüêî ÷åðåç C-÷¼òíîå äâóõôîòîííîå ïðîìåæóòî÷íîå
ñîñòîÿíèå. Òàêèì îáðàçîì, äëÿ ïðîöåññà
e+e− → f1(1285)→ ηπ0π0 îòñóòñòâóåò ôîí îò C-íå÷¼òíîé
îäíîôîòîííîé àííèãèëÿöèè, è ñîîòâåòñòâóþùåå ñå÷åíèå ìîæíî
èçìåðèòü íåïîñðåäñòâåííî.

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ïðîöåññ e+e− → ηπ+π−

Íàïðîòèâ, ðåàêöèÿ àííèãèëÿöèè e+e− → ηπ+π− ïðîòåêàåò ãëàâíûì
îáðàçîì ÷åðåç C-íå÷¼òíîå îäíîôîòîííîå ïðîìåæóòî÷íîå ñîñòîÿíèå.
Ñå÷åíèå ýòîé ðåàêöèè áûëî èçìåðåíî ïðè ïîëíîé ýíåðãèè â ñèñòåìå
öåíòðà ìàññ â äèàïàçîíå îò 1.22 äî 2 ÃýÂ [Aulchenko et al., PRD 91

(2015) 052013]. Ýêñïåðèìåíòàëüíûå äàííûå õîðîøî îïèñûâàþòñÿ
ìîäåëüþ âåêòîðíîé äîìèíàíòíîñòè ñ ïðîìåæóòî÷íûìè âåêòîðíûìè
ìåçîíàìè ρ = ρ(770) è ρ′ = ρ(1450). Ïðè ýòîì àíàëèç ñïåêòðà
èíâàðèàíòíîé ìàññû π+π− ìåçîíîâ ïîêàçûâàåò, ÷òî â í¼ì
äîìèíèðóåò ïðîìåæóòî÷íîå ñîñòîÿíèå ρ(770)

ρ(P )

e−(p1)

e+(−p2)

η(k)

π−(p−)

π+(p+)

ρ(q) ρ′(P )

e−(p1)

e+(−p2)

η(k)

π−(p−)

π+(p+)

ρ(q)

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ïðîöåññ e+e− → ηπ+π−

M E A S U R E M E N T  O F  T H E  e+e~ -> qn+ji- C R O S S  . . . P H Y S I C A L  R E V I E W  D  9 1 ,  0 5 2 0 1 3  ( 2 0 1 5 )

data-M C  d ifference in the ratio o f  the charged-track  

reconstruction e ffic ien cy  for p ions and electrons [12],  

and in the probability o f  photon  con version  in the material  

b efore the drift cham ber [13].

T he corrected va lu es o f  the detection  e ffic ien cy  are listed  

in Table II. T he statistical error on  the detection  effic ien cy  

is about 1%. S o , the total uncertainty on  the detection  

effic ien cy  in clu d in g  the statistical error, the uncertainty in  

the e ffic ien cy  correction , and the m od el uncertainty is 4.3%  

at a/ s  <  1.6 G eV  and 6.0%  at y/s >  1.6 G eV .

V II. LU M IN O SIT Y  M EA SU R EM EN T

Integrated lu m in osity  is  determ ined u sin g  large-angle  

B habha scattering (e+e~ -*■ e+e~) events se lected  w ith  the  

fo llo w in g  criteria:

(i) N c =  2  (see  the N c defin ition  in S ec . Ill);

(ii) 50° < 0i2 <  130°, w here 0 i2 are the polar an gles o f  

the charged particles;

(iii) EX1I\TS >  0 .2 5 , 0 .6 5  <  (Ej +  E2)/ y / s  <  1.1,

w here E\ and E2 are the energ ies o f  the charged  

partic les m easured  in the calorim eter;

(iv ) |A 0 | <  20°, |A 0 | <  5°, w here A 0 and A</> are the  

polar and azim uthal acollinearity  angles.

To calcu late the detection  e ffic ien cy  and the cross section  

for the large-angle  B habha scattering, the B H W ID E  [14]  

even t generator is used . T he integrated lu m in osity  m ea

sured for each  energy poin t (L ,)  is  listed  in Table II. The  

theoretical uncertainty on  the cross section  ca lcu lation  is  

better than 0.5% . T he system atic  uncertainty on the  

detection  e ffic ien cy  is estim ated  to be 2%.

VIII. R ESU LTS A N D DISC USSIO N

T he B o m  cross section  at the ith energy point is  

determ ined as

obtained values o f  the radiative correction are listed  in  

Table II. T he m od el uncertainty on the radiative correction  

is estim ated  by variation o f  the m od el param eters w ith in  

their errors and is found  to be 0.6%  b e lo w  1.45 G eV, 1.4%  

in the energy range 1 .4 5 -1 .6 0  GeV, and 4.1%  ab ove  

2 .0 0  GeV.

T he Born cross section  for e+e~ -*  qn+n~ obtained  

u sin g  Eq. (1 ) is sh ow n  in F ig. 7 in com parison  w ith the  

results o f  the m ost p recise  previous m easurem ents by  

S N D  at V E P P -2M  [5] and BABAR [4], T he num erical  

values are listed  in Table II. T he quoted  errors on  the  

cross section  are statistical. T he system atic  uncertainty is  

8.3%  at <  1-45 G eV , 5.0%  at 1 .45 <  V *  <  1-60 G eV ,  

and 7.8%  at y / s  >  1 .60  G eV . It co n sists  o f  the system atic  

uncertainty in  background subtraction (S ec . IV ), the  

uncertainty on  the detection  effic ien cy  (S ec . V I), the m odel  

uncertainty on the radiative correction , and the error on  the  

integrated lu m in osity  (2% ). It is  seen  that the data o f  all 

three experim ents are in  agreem ent.

T he m easured e+e~ -*■ qn+n~ B o m  cross section  is  

fitted using the V M D  m od el w ith the three iso v ecto r  states  

p(770),  p (1 4 5 0 ) , and /?(1700) d ecay in g  to qp(770) [8]:

do  , ,

M s ) =  /  -T 2 d(i  ’
J4ml dq

do  , 2 , 4 q 2 1 y / ^ T p{q2)P2(s ,q2)

dq2 q 3 5aA ( ^ 2 -  m ^)2 +  {yfcfTp{q2))2 

Pfay q2) =  [(5 -  m2 -  q2)2 -  Am2q2]/As ,

l * W .

r,(f') = r , « ) 4 'W ) V»2)dy-

<r

Pl{q2) =  q2/ A - m l ,

P2{mp,

(4)

Nj

e M \ + (1)

w here <5, is  the radiative correction . K n o w led g e  o f  the  

e+e~ —► qrc+n~ B o m  cross section  at energ ies b e lo w  y/s] is  

required to  ca lcu late  5,:

1 +  <5; =
<7 v i s ( ‘y / )  

( S i )  ’

(2)

0 v i s ( s ) = [  oB(s(l  -  z))F(z,s)dz,  (3 )  

Jo

w here F(z, s) is  a function  describ ing  the probability to 

em it extra p hotons w ith  the total energy z ^ s / 2  [10].  

T echnically , the radiative corrections are calcu lated  using  

the V M D  m od el for the B o m  cross section  described  below .  

Param eters o f  the m od el are determ ined from  a fit with  

Eq. (3 ) to the m easured  v is ib le  cross section  Ni/ ( e iLi). The

\fs (GeV)

F I G .  7  ( c o l o r  o n l i n e ) .  T h e  B o m  c r o s s  s e c t i o n  f o r  e+e —> 

tlK+it~ m e a s u r e d  i n  t h i s  ( S N D @ V E P P 2 0 0 0 )  a n d  p r e v i o u s  e x p e r i 

m e n t s  (BABAR [ 4 ]  a n d  S N D @ V E P P 2 M  [ 5 ] ) .  T h e  s o l i d  c u r v e  i s  

t h e  r e s u l t  o f  t h e  V M D  f i t  w i t h  t h e  p(7 7 0 ) ,  p( 1 4 5 0 )  a n d  p ( 1 7 0 0 )  

r e s o n a n c e s .  T h e  d a s h e d  c u r v e  i s  t h e  s a m e  f i t  w i t h o u t  t h e  p ( 1 7 0 0 )  

c o n t r i b u t i o n .

0 5 2 0 1 3 - 5Ïðè ýíåðãèè
√
s = 1278 ÌýÂ, ïðèáëèçèòåëüíî ðàâíîé ìàññå f1(1285)

ìåçîíà, ýêñïåðèìåíòàëüíîå çíà÷åíèå ñå÷åíèÿ σ (e+e− → ηπ+π−)

ðàâíî 490± 130 (ñòàò.) ïá
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Çàðÿäîâàÿ àñèììåòðèÿ â ïðîöåññå e+e− → ηπ+π−

Òàêèì îáðàçîì, èçìåðåíèå ñå÷åíèÿ
σ (e+e− → f1(1285)→ ηπ+π−) ïðåäñòàâëÿåò ñîáîé î÷åíü
ñëîæíóþ çàäà÷ó, òàê êàê îíî ïîäàâëåíî äîïîëíèòåëüíûì
ìàëûì ìíîæèòåëåì α2 ïî ñðàâíåíèþ ñ ñå÷åíèåì
îäíîôîòîííîãî ïðîöåññà e+e− → ρ→ ηπ+π−

Îäíîé èç âîçìîæíîñòåé ïðåîäîëåòü ýòó òðóäíîñòü ÿâëÿåòñÿ
èññëåäîâàíèå ïðîöåññà e+e− → f1(1285)→ ηπ+π−

ïîñðåäñòâîì C-íå÷¼òíûõ ýôôåêòîâ, êîòîðûå âîçíèêàþò èç-çà
èíòåðôåðåíöèè C-÷¼òíîé äâóõôîòîííîé è C-íå÷¼òíîé
îäíîôîòîííîé àìïëèòóä
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Çàðÿäîâàÿ àñèììåòðèÿ â ïðîöåññå e+e− → ηπ+π−

C-íå÷¼òíàÿ îäíîôîòîííàÿ àìïëèòóäà:

M1(e+e− → ηπ+π−) =
ifρππ

q2 −m2
ρ + i

√
q2Γρ (q2)

×

(
fρeefρρη

s−m2
ρ + i

√
sΓρ(s)

+
fρ′eefρ′ρη

s−m2
ρ′ + i

√
sΓρ′(s)

)
ελνστp

λ
−p

ν
+k

σ v̄γτu

C-÷¼òíàÿ äâóõôîòîííàÿ àìïëèòóäà:

M2(e+e− → ηπ+π−) =
−iFAα2gfπagaπηma

s−m2
f + imfΓf

× v̄
(

p̂+
(k + p−)2 −m2

a + imaΓa
+

p̂−
(k + p+)2 −m2

a + imaΓa

)
γ5u
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Çàðÿäîâàÿ àñèììåòðèÿ â ïðîöåññå e+e− → ηπ+π−

Îïðåäåëèì çàðÿäîâóþ àñèììåòðèþ â ïðîöåññå e+e− → ηπ+π− êàê

A =
σ+ − σ−
σ+ + σ−

=
σ+
int

σ+
1 + σ+

2

ãäå σ+ = σ+
1 + σ+

2 + σ+
int � ñå÷åíèå ðåàêöèè e+e− → ηπ+π−,

ïðîèíòåãðèðîâàííîå ïî ôàçîâîìó îáú¼ìó â îáëàñòè
{cos θη > 0, cos θπ > 0}, àíàëîãè÷íî σ− = σ−1 + σ−2 + σ−int � ñå÷åíèå
ðåàêöèè e+e− → ηπ+π−, ïðîèíòåãðèðîâàííîå ïî ôàçîâîìó îáú¼ìó â
îáëàñòè {cos θη > 0, cos θπ < 0}
Çäåñü θη � óãîë ìåæäó èìïóëüñàìè η ìåçîíà è ïîçèòðîíà â ñèñòåìå

öåíòðà ìàññ íà÷àëüíûõ ýëåêòðîíà è ïîçèòðîíà, θπ � óãîë ìåæäó

èìïóëüñàìè π+ ìåçîíà è η ìåçîíà â ñèñòåìå öåíòðà ìàññ π+π−

ìåçîíîâ

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Çàðÿäîâàÿ àñèììåòðèÿ â ïðîöåññå e+e− → ηπ+π−

Ïîìèìî ôàçû δ èíòåðôåðåíöèîííûé ÷ëåí σ+
int ñîäåðæèò åù¼ îäèí

ñâîáîäíûé ïàðàìåòð � îòíîñèòåëüíóþ ôàçó φ, âîçíèêàþùóþ èç-çà
òîãî, ÷òî ïðîèçâåäåíèå ñîîòâåòñòâóþùèõ êîíñòàíò ñâÿçè ÿâëÿåòñÿ,
âîîáùå ãîâîðÿ, êîìïëåêñíûì ÷èñëîì:

FAgfπagaπηf
∗
ρππ = |FAgfπagaπηfρππ| eiφ

-

-

δ = 0.7π

δ = 1.3π

φ/π

A
(φ
)

0.10

0.10

0.05

0.05

0.00

0.0 0.5 1.0 1.5 2.0
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Ïðîöåññ e+e− → e+e−f1(1285)

Îäíàêî, îêàçàëîñü, ÷òî ïðåäñêàçàíèÿ ýòîé ìîäåëè äëÿ ïðîöåññà

e+e− → e+e−f1(1285) íåäîñòàòî÷íî õîðîøî ñîãëàñóþòñÿ ñ

ýêñïåðèìåíòàëüíûìè äàííûìè

e−

e+

f1

γ∗(q1)

γ∗(q2)

Êîëëàáîðàöèÿ L3 [Achard et al., PLB 526 (2002) 269] èññëåäîâàëà

çàâèñèìîñòü ñå÷åíèÿ ðîæäåíèÿ f1(1285) ìåçîíà â ñòîëêíîâåíèè

ðåàëüíîãî è âèðòóàëüíîãî ôîòîíîâ, σ(γγ∗ → f1(1285)), îò

âèðòóàëüíîñòè âòîðîãî ôîòîíà Q2 = −q22 > 0
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Ñå÷åíèå ïðîöåññà γγ∗ → f1(1285)

σ(γγ∗ → f1(1285)) =
48πΓ̃γγΓf(

s−m2
f

)2
+m2

fΓ2
f

(
1 +

Q2

m2
f

)
Q2

m2
f

(
1 +

Q2

2m2
f

)
F0

(
Q2
)

Çäåñü F0

(
Q2
)
� ýôôåêòèâíûé ôîðìôàêòîð

F0

(
Q2) =

1

(1 +Q2/Λ2
0)4

ãäå Λ0 � ñâîáîäíûé ïàðàìåòð, ýêñïåðèìåíòàëüíîå çíà÷åíèå êîòîðîãî áûëî
ïîëó÷åíî â ðåçóëüòàòå ôèòèðîâàíèÿ: Λ0 = 1.04± 0.06± 0.05 ÃýÂ

Íàøà ìîäåëü â ïðèáëèæåíèè Γρ � mρ:

F0

(
Q2) =

1(
1 +Q2/m2

ρ

)2
Êîëëàáîðàöèåé L3 áûëî ïðîâåäåíî èññëåäîâàíèå òàêîãî ôîðìôàêòîðà è
ïîêàçàíî, ÷òî îí íå ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè

Äëÿ îïèñàíèÿ e+e− → e+e−f1(1285) íóæíà äðóãàÿ ìîäåëü!
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Íîâàÿ ìîäåëü, ôîðìôàêòîðû ïåðåõîäà f1(1285)→ γ∗γ∗

Ôîðìôàêòîðû äëÿ àìïëèòóäû ïåðåõîäà f1(1285)→ γ∗γ∗:

F1

(
q2

1, q
2
2

)
=

g1m
3
f (q2

2 − q2
1)

q(q2
1 − µ2

ρ)(q
2
2 − µ2

ρ)
,

F2

(
q2

1, q
2
2

)
=

g2m
5
f

q(q2
1 − µ2

ρ)(q
2
2 − µ2

ρ)
,

ãäå g1 è g2 � êîíñòàíòû, µ2
ρ = m2

ρ − imρΓρ. Âåëè÷èíà q â
çíàìåíàòåëÿõ âûãëÿäèò ñëåäóþùèì îáðàçîì:

q =
1

mf

√
ν2 − q2

1q
2
2 , ãäå ν = q1q2 =

1

2

(
m2
f − q2

1 − q2
2

)
,

è â ñèñòåìå ïîêîÿ f1(1285) ìåçîíà ðàâíà àáñîëþòíîìó
çíà÷åíèþ èìïóëüñà ôîòîíîâ, q = |q1| = |q2|
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Íîâàÿ ìîäåëü, ôîðìôàêòîðû ïåðåõîäîâ f1(1285)→ ρ0∗ρ0∗, ρ0∗γ∗

Ôîðìôàêòîðû äëÿ àìïëèòóäû ïåðåõîäà f1(1285)→ ρ0∗ρ0∗:

F ρρ1

(
q2

1, q
2
2

)
=
g̃1m

3
f

(
q2

2 − q2
1

)
q

, F ρρ2

(
q2

1, q
2
2

)
=
g̃2m

5
f

q
,

ãäå g1 = (efρ)
2g̃1 è g2 = (efρ)

2g̃2. Çäåñü efρ � êîíñòàíòà
ïåðåõîäà ρ0 ìåçîíà â ôîòîí:

efρ =

√
3Γρ→eem3

ρ

4πα

Ôîðìôàêòîðû äëÿ àìïëèòóäû ïåðåõîäà f1(1285)→ ρ0∗γ∗:

F ργ1

(
q2

1, q
2
2

)
=

(efρ)g̃1m
3
f (q2

2 − q2
1)

q(q2
2 − µ2

ρ)
, F ργ2

(
q2

1, q
2
2

)
=

(efρ)g̃2m
5
f

q(q2
2 − µ2

ρ)
.

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Íîâàÿ ìîäåëü, êîíñòàíòû g1 è g2

Èç ýêñïåðèìåíòàëüíûõ äàííûõ î øèðèíå ðàñïàäà f1(1285)→ ρ0γ è
äàííûõ êîëëàáîðàöèè VES î ðàñïàäå f1(1285)→ ρ0γ → π+π−γ
ìîæíî íàéòè

|g2| = (2.9± 0.4) · 10−4 ,

∣∣∣∣g1g2
∣∣∣∣ =

cosφ+
√
b/a2 − sin2 φ

1− a2 ,

ãäå φ � îòíîñèòåëüíàÿ ôàçà êîíñòàíò g1 è g2, g1/g2 = |g1/g2| eiφ,
a = mρ/mf ≈ 0.6,

b =

∣∣∣∣∣ (1− a2)F ργ1 (m2
ρ, 0) + a2F ργ2 (m2

ρ, 0)

aF ργ2 (m2
ρ, 0)

∣∣∣∣∣
2

=
2

r
= 0.51± 0.18
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Íîâàÿ ìîäåëü, ïðîöåññ e+e− → e+e−f1(1285)

Ñå÷åíèå σ(γγ∗ → f1(1285)) ñîäåðæèò ôîðìôàêòîð F0

(
Q2
)
, êîòîðûé â

íîâîé ìîäåëè ðàâåí

F th0
(
Q2) =

2 + x|1− (1 + x)g1/g2|2

(2 + x)(1 + x)2(1 + x/a2)2
, ãäå x =

Q2

m2
f

Q2/m2
f

F
0
(Q

2
),

F
th 0
(Q

2
)

0.0
0.0

0.2

0.4

0.5

0.6

0.8

1.0

1.0 1.5 2.0

F0

(
Q2
)
� ñïëîøíàÿ ëèíèÿ, F th0

(
Q2
)
ïðè φ = π � øòðèõîâàÿ ëèíèÿ,

F th0
(
Q2
)
ïðè φ = 0 � ïóíêòèðíàÿ ëèíèÿ. Âèäíî, ÷òî φ ≈ π
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terval 0.02 � P 2
T � 6.0 GeV2, a confidence level of

2% is found. A fit of the GaGaRes prediction is then

performed, where Λ and Γ̃γ γ are free parameters. It

gives:

Λ = 1.04 ± 0.06 ± 0.05 GeV,

Γ̃γ γ = 3.5 ± 0.6 ± 0.5 keV,

with a confidence level of 91% and correlation coeffi-

cient −0.89. The first uncertainty quoted is statistical

and the second is systematic. The uncertainty on Γ̃γ γ

includes the uncertainty on BR(f1(1285) → ηππ).

By using the fitted values of Λ and Γ̃γ γ , we

extrapolate the measured cross section to the full P 2
T

range with GaGaRes, obtaining the value:

σ
(
e+e− → e+e−f1(1285)

)
= 155 ± 14 ± 16 pb,

where the first uncertainty is statistical and the second

is systematic. This value refers to a luminosity aver-

aged
√

s of 196.6 GeV.

We also compare the experimental results to the

predictions, obtained with the formalism of Ref. [11],

using the form factor defined in Eq. (3). Normalising

the prediction to the experimental cross section, a con-

fidence level below 10−9 is found. The incompatibil-

ity of the differential cross section shapes is evident in

Fig. 5.

4.3. f1(1285) → a0(980)π branching fraction

To search for the decay f1(1285) → a0(980)π we

select only data with P 2
T > 0.1 GeV2. The corre-

sponding ηπ+π− mass spectrum is shown in Fig. 4a.

In Fig. 4b, both ηπ± mass combinations are plot-

ted versus the ηπ+π− mass. An accumulation of

events with ηπ± mass around 0.98 GeV is observed

correlated with the f1(1285). The a0(980) signal is

evident in Fig. 4c, where the f1(1285) mass re-

gion is selected, 1.22 < M(ηπ+π−) < 1.34 GeV. No

signal is observed in the sideband regions 1.12 <

M(ηπ+π−) < 1.22 GeV and 1.34 < M(ηπ+π−) <

1.41 GeV, Fig. 4d. In order to evaluate the a0π con-

tribution to the f1(1285) signal, the ηπ± spectrum

is fitted with a resonance plus a background func-

tion as shown in Fig. 4c. The resonance is the con-

volution of a Breit–Wigner with a Gaussian resolu-

tion with width 0.014 GeV, estimated from Monte

Carlo. The background function is obtained from the

Fig. 5. Experimental differential cross section dσ/dQ2 compared to

calculations of the GaGaRes Monte Carlo (dashed line) and to the

calculations of Cahn [11] (dotted line). The full line is a fit of the

data with the GaGaRes model, with Λ and Γ̃γ γ as free parameters.

f1(1285) sidebands of Fig. 4d. The fit gives M =
0.985 ± 0.004(stat.) ± 0.006(sys.) GeV, Γ = 0.050 ±
0.013(stat.) ± 0.004(sys.) GeV and 318 ± 47(stat.) ±
29(sys.) events. The fitted mass is in good agreement

with the world average M = 0.9852±0.0015 GeV [5].

The systematic uncertainties are obtained from the

variation of the f1(1285) and sideband mass limits and

from variation of the P 2
T cut. A fit to the correspond-

ing ηπ+π− mass spectrum of Fig. 4a gives 313 ±
29(stat.) ± 6(sys.) events in the f1(1285) peak, where

the systematic uncertainty is due to background sub-

traction. Thus the observed number of f1(1285) events

is compatible with 100% decay into a0π . Taking

into account the statistical and systematic uncertain-

ties, the measured branching fraction Γ (f1(1285) →
a0π)/Γ (f1(1285) → ηππ) is found to be greater than

0.69 at 95% confidence level.
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Íîâàÿ ìîäåëü, ïðîöåññ e+e− → e+e−f1(1285)
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Ýêñïåðèìåíòàëüíûå äàííûå � òî÷êè è ñïëîøíàÿ ëèíèÿ,
íàøà ìîäåëü ñ ôîðìôàêòîðîì F th0

(
Q2
)
ïðè φ = π � øòðèõîâàÿ ëèíèÿ,

F th0
(
Q2
)
ïðè φ = 0 � ïóíêòèðíàÿ ëèíèÿ
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Íîâàÿ ìîäåëü, ñå÷åíèå ïðîöåññà e+e− → f1(1285)

Íàøè òåîðåòè÷åñêèå ïðåäñêàçàíèÿ â íîâîé ìîäåëè äëÿ ñå÷åíèÿ
ïðîöåññà e+e− → f1(1285):

σ(e+e− → f1(1285)) ≈
{

(6± 2) ïá ïðè φ = 0,

(31± 16) ïá ïðè φ = π

Çíà÷åíèå, ïîëó÷åííîå â ýêñïåðèìåíòå ÈßÔ [PLB 800 (2020) 135074]:

σ(e+e− → f1(1285)) = 45+33
−24 ïá
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Çàêëþ÷åíèå

Ïðåäëîæåíà ïàðàìåòðèçàöèÿ ýëåêòðîìàãíèòíûõ ôîðìôàêòîðîâ
f1(1285) ìåçîíà [A.S. Rudenko, PRD 96 (2017) 076004], êîòîðàÿ
õîðîøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè î ðàñïàäå
f1(1285)→ π+π−π+π− è î ïðîöåññå ïðÿìîãî ðîæäåíèÿ f1(1285)
ìåçîíà â e+e− ñòîëêíîâåíèÿõ, e+e− → f1(1285). Ñ èñïîëüçîâàíèåì
ýòîé ïàðàìåòðèçàöèè ïîëó÷åíû òåîðåòè÷åñêèå ïðåäñêàçàíèÿ äëÿ
ýëåêòðîííîé øèðèíû ðàñïàäà f1(1285) ìåçîíà è, ñîîòâåòñòâåííî,
ïîëíîãî ñå÷åíèÿ ïðÿìîãî ðîæäåíèÿ f1(1285) ìåçîíà â e+e−

àííèãèëÿöèè, σ(e+e− → f1(1285)) ≈ 50 ïá. Ýòî çíà÷åíèå õîðîøî
ñîãëàñóåòñÿ ñ íåäàâíî ïîëó÷åííûì ýêñïåðèìåíòàëüíûì ðåçóëüòàòîì,
σ(e+e− → f1(1285)) = 45+33

−24 ïá [Achasov et al., PLB 800 (2020)
135074]

Ñ èñïîëüçîâàíèåì ïðåäëîæåííîé ïàðàìåòðèçàöèè ôîðìôàêòîðîâ
f1(1285) ìåçîíà âû÷èñëåíà çàðÿäîâàÿ àñèììåòðèÿ â ïðîöåññå
e+e− → ηπ+π−, âîçíèêàþùàÿ èç-çà èíòåðôåðåíöèè ìåæäó C-÷¼òíîé
äâóõôîòîííîé àìïëèòóäîé e+e− → f1(1285)→ ηπ+π− è C-íå÷¼òíîé
îäíîôîòîííîé àìïëèòóäîé e+e− → ρ→ ηπ+π−. Ñîãëàñíî íàøèì
âû÷èñëåíèÿì âåëè÷èíà ýòîé àñèììåòðèè ìîæåò áûòü äîâîëüíî
áîëüøîé, ïîðÿäêà 10%

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Çàêëþ÷åíèå

Ïîñêîëüêó ïðåäëîæåííàÿ ïàðàìåòðèçàöèÿ ôîðìôàêòîðîâ f1(1285)
ìåçîíà íåäîñòàòî÷íî õîðîøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè
äàííûìè î ïðîöåññå e+e− → e+e−f1(1285), íàéäåíà äðóãàÿ
ïàðàìåòðèçàöèÿ ôîðìôàêòîðîâ f1(1285) ìåçîíà [A.I.Milstein,
A.S. Rudenko, PLB 800 (2020) 135117], êîòîðàÿ íàõîäèòñÿ â ñîãëàñèè
ñî âñåìè èìåþùèìèñÿ ýêñïåðèìåíòàëüíûìè ðåçóëüòàòàìè, â òîì
÷èñëå è äëÿ ïðîöåññà e+e− → e+e−f1(1285)

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ



Ñïàñèáî çà âíèìàíèå!

À.Ñ. Ðóäåíêî Ðîæäåíèå f1 ìåçîíà íà âñòðå÷íûõ e+e− ïó÷êàõ


