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-

ABSTACT
-

It is expounded the approachtothe Z — YW and Z — ~Y
decay study, based on the sum rules for the Z — c¢ — ~~* and
Z — bb — ~~* amplitudes and their derivatives.

The branching ratios of the Z — 1) and Z — ~Y decays are
calculated for different guesses as to saturation of the sum rules.

The angle distributions in the Z — 1 and Z — ~Y decays are

calculated also.

|
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OUTLINE

. The invariant amplitudes of the triangle loop diagrams
describing the transition of the axial-vector current

— qq@ — v(k1)v(k2) atk? = 0and k3 # 0.
. The sum rules for the Z — ¢ (or bb) — ~~y* amplitude.
. The resonance saturation of the sum rule for the amplitude.

. The resonance saturation of the sum rule for the amplitude
derivative.

. The simultaneous resonance saturation of the amplitude and
Its derivative.

. Summary.

. The angle distributions in the Z — v and Z — ~Y decays.

|
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The Triangle Diagrams
f Yo ki, o T

Y5

Ta,Bp, — Alkgeaaﬁp, + A2kg€aa,8p + A3k1,8k(1$kg€50'au
+A4k2,8k(1skge5aap, + A5k1ak(1skg€5oﬁp, + A6k2ak(1$kg€50',8,u

.
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The Triangle Diagrams
|7 The local gauge invariance T

kS Tapy = ko Tapy = O
IS ensured by the next constraints:
Ay = k3A4 + (k1k2)As, Az = k¥ A5 + (k1k2) As.
Besides that

Agz(k1,k2) = —Ag(k2,k1),  Aa(ki,k2) = —As(k2,k1).

Az, A4, Ag and Ag are the invariant amplitudes free of kinemati-

cal singularities. They are well-defined and can be calculated in the

Lanalytic form if k% = 0 (or k% = 0). J
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The Triangle Diagrams

-

Let us consider the region k% =0,Q% = —k% = —FE? >0,
W?2 = —M? = —(ky1 + k2)? > 0 which is suitable for the
calculations with the help of the dispersion relations over M? (and
over EZ). Here is the result of this calculation:

A — A — 1 1
S T 57 Ton2 Q2 — w2

Q mg
q
8 {(,)22—W2L1Jr Q2—W2L2_1}’
1 1

A = Ton?2 Q2 — Wle’

|
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The Triangle Diagrams
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The Triangle Diagrams

p— B—1"
1 1

L, = —m2P 1 2P tl
p—1 g —1

4m? 4m?

2 q 2 _ q

Note that Ay and A4 do not contribute into physical values di-
rectly ( not through the relations (3) ) because ki, and kag
iIn Eq. (1) are contracted either with the polarization vectors
(k1ae%(k1)) = 0 and (kege’(k2)) = 0 or with the conserved
Lcurrents (k10J%(k1)) = 0and (k2gj° (k2)) = 0. J
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The Triangle Diagrams

. 2 _ 2 2
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1 0y ? 1+
—p? — —ip, arctan > —+ —In P
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1 B +1 1
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Z — v (v¥/Y) in dispersion approach

f Let us calculate the amplitude for Z — ~(k1)~*(k2) for T
Z —ct — yy*orZ — bb — yvy*at0 < k2 = E? §4m(21
(k2 = 0) in the Z boson rest frame, neglecting ~ (E/M)?,

T(Z — q@ — vv") = M2Ety(7i - &) (7 - [€(7) x &(2)]) .

where M = M z; 1t = El/‘El‘ ; €(Z) and €(~™*) are the

polarization three-vectors of the Z boson and the v* quantum in
their rest frames ; €(-y) is the polarization three-vector of the ~y
quantum. The amplitude £, takes into account three colors.

t 5 636(21 A A
= — 04— °
a q4 Sin2@w ( 4 6),
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Z — v (v¥/Y) in dispersion approach
- -

The t4 amplitude satisfies a dispersion relation without subtrac-
tions both in M2 and in E?. Consequently, t, is the amplitude con-
venient for obtaining sum rules in the E? channel. It is most con-
venient to derive them with the help of the following consideration.
The amplitude ¢, describes the full amplitude for Z — qq — v*
in the region E? < 0 accurate up to higher corrections in QC D
and the standard electroweak theory. On the other hand, the full am-
plitude for Z — qq — 7™ can be represented with the help of
the intermediate hadronic states in the E? channel as the sum of

resonance contributions and a continuum spectrum contribution:
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Z — v (v¥/Y) in dispersion approach
E(z — g3 — 77*) = M2Et] (7 - &(v*)) (7 - |&(y) X é(zm

where
2

m
t] = v__. Tq + eT
h ; m%, — E2 fV cont-

V is a (qq) vector quarkonium ; T cont S the continuum contribution
(DD, D*D, DD*, D*D*, ... or BB, B*B, BB*, B*B*,--.).

There is every reason to believe that where E? =0

3eae? 2 M 1 1
Tq . 1 (i——ln——l———l—élnﬁ_l_ >
M?22sin 20w T [B-—1

T Mg T
Let us consider the sum rule for the amplitude and its derivative

q
t] ~ty ~ —
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Z — v (v¥/Y) in dispersion approach

f Lol = tJ] d it itq that is
q|g2—0— nlg2—0 " dE2 Y E2—0 dE2 " E2=0’ ’
; f—VTg' + chont E2:0— T (RBS) + T cont E2—0 —
3ae? 1 /. 2 M 3
Ty = —0q— y ?— —In—+ — and
2sin 2@y M?2 T Mg T
1 d d
q . T4
; fvmv v+ dE? Leont E?2=0 = Dq(Res) + s dE? Teont E2=0
2
oy Qe B 41T myvy
:Dq_M24 5 'q2(-) . T(V o ete) = 3 2 o’
L Tm; sin 20w \Y% J
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Z — v (v¥/Y) in dispersion approach
- -

cl = J/v¢(18) = ¥(3097), ¢2 = ¢ (3686), ¢3 = ¥ (3770),
cd = 1(4040), c5 = 1(4160), c6 = 1)(4415),

1 2
I'(Z —~V) = EMS"”%/ V|,

fei1 : fe2 i fes i fea: fes5 i fecg =1:1.7:5:2.9:3:3.7,

bl = Y(9460), b2 = Y(10023), b3 = Y(10355),
bd = Y(10579), b5 = Y(10860), b6 = Y (11020),

for:fv2:fv3:fba:fos:foe =1:1.5:1.8:2.4:2.2:3.5,

foo =112, f3 /A7 = f3,,09)/47 = fis00my/47 = 9.9,

- fp1 =39.7, fy /47 = £y (15)/4T = fY (g460) /4™ = 125.4. |
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Sum rule for amplitude

Let us saturate initially the real part of the sum rule for the
amplitude with the ground state, that is,

Ty = fvRe(Ty), where, V. = J/¢(1S), Y(1S).
Using m. = 1.27 GeV, mp = 4.2 GeV, M = 91.19 GeV,
'z =2.5GeV,a = 1/137, and sin 20w = 0.84, we find

BR(Z — ~J/¥(18)) =17.2-107°,
BR(Z — ~Y(18)) =1.7-107°,

which are two orders of magnitude higher quark model predictions.

Let us saturate now the real part of the sum rule for the amplitude
with the ¥ and Y families

Z iTg— = T,(Res) = Re(Ty) .

o v IV |
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Sum rulefor amplitude

The minimum of ) |y, I'(Z — ~V') is reached when
1 1
Ty = Re(T;), where ag =
v aqfymsi, v 1 ; fims,

1
I'(Z — V) = EM:* (Re(Ty))* (fvmvag) ™2, and

: 1 _
min Y T(Z — V) = iMi*' (Re(Ty))*a, .
Vv T

9

For the W family (a. = 1.2 - 1073 Gev—?)

min » BR(Z — vyy) = 5.05- 107,
Y  BR(Z — ~J/v(18)) = 3.53-107°.
For the Y family (ap = 1.43 - 107° Gev—?)
min » BR(Z — vY) =8.58 -107°,
T BR(Z — vY(18) = 4.25 - 1075, |
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Sum rule for amplitude

When the amplitude is saturated with the ground state
1 1
Dq(V) — 5 Tg— — —2R€(Tq)
., JVITty my
or the resonance family
1 d 1
Zv: fvms, Agq Zv: fomy,

D.(J/4(18)) = 0.10Re(T.) GeV—2 = 5.60D,
Dy(Y(1S)) = 0.01Re(T}) GeV™ 2 = 3.73Dy

D.(Res) = 0.1Re(T,)GeV™ % = 5D, d. = 1.1.10"% Gev™*
Dy(Res) = 0.01Re(T) GeV~2 = 3.4Dy, dp = 1.5:1077 Gev™*

So, the saturation of the amplitudes with the ground states or the

resonance families leads to the unacceptably large contributions of

the resonances into the amplitude derivatives.
QUARKS 2010, Kolomna, Russia, June 6-12, 2010 — p.17/34



Sum rulefor the amplitude derivative

|7 The dispersion integral for Tj; isduetothe 2m, < E ~ Mz T
region, that is not a low energy one. Consequently, it is reasonable
to study the sum rule for the amplitude derivative because the
contribution of low-lying states in the dispersion integral for the
amplitude derivative is enhanced as compared to their contribution
to the amplitude itself. Note that 90% of the dispersion integral for

D, is determined by the region of low energies 2m, < E < 6my.

When the amplitude derivative is saturated with the ground state

V.V =J/¢(1S), Y(1S),
Tg- = fvm%/Dq, then

BR(Z — ~J/¥(18)) = 2.31-1077,
BR(Z — ~Y(18)) = 1.24-107°.
|

.
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Sum rulefor the amplitude derivative

o N

When the amplitude derivative is saturated with the resonance

family,
E Tq — Res) = D, . then
fV V VvV (I( ) q»
T4 1 D h E 1 d
v = q where gq = an

1
min » T(Z — V) = JM3D2gq_1
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Sum rulefor the amplitude derivative

-

For the 1) family (g. = 1.08 - 107° GeV~—Y)

min » BR(Z — vyy) =1.95-10"7
"

and

BR(Z — ~J/4(1S)) = 1.64-10"",
BR(Z — ~1(3686)) = 2.056 - 10~3,
BR(Z — v (3770)) =2-10"7,
BR(Z — v (4040)) =4 -10""7,
BR(Z — v (4160)) =3 -1077,
BR(Z — v (4415)) = 1.44-1077.

|
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Sum rulefor the amplitude derivative

-

For the Y family (g, = 1.52 - 107 Gev—9)

min » BR(Z —~Y) =17.23-10""
Y

and

BR(Z — ~Y(18)) = 4.27-107 ",
BR(Z — ~Y(10023)) = 1.31-10"7,
BR(Z — vY(10355)) = 7.5-10"8,
BR(Z — Y (10579)) = 3.9-107 8,
BR(Z — ~Y(10860)) = 3.7 -10"%,
BR(Z — Y (11020)) = 1.4 - 1078,

|
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Sum rulefor the amplitude derivative

f The branching ratios for the production of the ground states T
(BR(Z — ~J/%(1S)) = 1.64 - 10~ and
BR(Z — ~Y(1S)) = 4.27 - 10~ 7) more or less agree with the
quark model predictions (N 3.4-10"%and ~ 3.4 - 10_7).

It is appropriate to note here that the branching ratios of all Z —
~1) decays depend sensibly on the ¢ quark mass, ~ (1/m.)%, so
that the replace of m., = 1.27 GeV by m. = 1.5 GeV halves each
of them. In addition, the decrease of the resonance contribution
to the amplitude derivative (Dgy(Res) — yD,, 0 < y < 1)
results in the decrease all the branching ratios (results in the y2

Lfactor before each right-hand side). J
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Sum rulefor the amplitude derivative

f When the amplitude is saturated with the ground state T

1
T,(V) = —T¢ = mi D,

or the resonance family v

1 d d
T,(Res) = — T2 = 2D,(Res) = =D
q ; vV 9 q 9 q
T.(J/¢(15)) = 9.59D. Gev? = 0.18 Re(T,)

Ty (Y (1S)) = 89.49Dy, Gev? = 0.27Re(T})
T.(Res) = 10.2D.(Res) GevV? = 10.2D. GeV? = 0.19Re(T,)
Ty(Res) = 96.7Dy(Res) GeV? = 96.7Dy GeV? = 0.29Re(T})
This results specify explicitly that the main body of T, and T} is sat-
urated with the continuous spectrum. In addition, they corroborate
Lour idea that the resonances do not contribute to Im(Ty). J
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Sum rule for amplitude and itsderivative

The simultaneous saturation of the amplitude and its derivative
with the ground state is provided if only

Re(T,)/D, = m3,, butinour case
Re(T.)/D. = 53.688 GeV2 # m7% 15 = 9.59 Gev? and

2 2 2
Re(Ty) /Dy = 334 GeV” # may(; 5y = 89.49 GeV*.
As for the simultaneous saturation of the amplitude and its
derivative with the resonance family, it’s quite another matter.

Considering the resonance contributions in the sum rules for the

amplitude, Ty (Res), and its derivative, D, (Res), as the two
constraints we find

minZI‘(Z — V) =

>
1 A3 9q,T,(Res?)? + aqD4(Res)? — 2d,T,(Res)Dy(Res)
ar -
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Sum rule for amplitude and itsderivative

 q _ (g — dg/m})Ty(Res) — (dg — ag/m}y) Dy(Res)
v fvmi (aqg9q — d(21)
This is self-consistent for any T, (Res), Dy(Res), and m3,:

1 1
S 5T = TulRes), S 1T = Dy(Res).
1% 1% \4

The minimum of min ) |y, I'(Z — V'), i.e., the lower bound of
> v I'(Z — vV) is reached when

d
T,(Res) = —D,(Res).
9q

Setting D, (Res) = Dy, we revert to the saturation of the ampli-

Ltude derivative with the resonance family. J
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Sum rulefor amplitude and its derivative

Let us consider the deviation from the lower bound

d d
Ty(Res) = g—qu(Res) (14 x) = g_qu - (1 4+ x), then

q q
- E 1 32 —1 2 d(2]
min F(Z — ')’V) — EM Dng 1 + x° - A—q .
\ %

_ 2

1 i d, (gom?2 — d
gqfvms, I Agq |

1 —2
I'Z —~V) = —M3D2 (fVm%/gq)

247
_ 2 d(21 (gqm%/ - dq)z-

d 2 _ d
% |14 22 . q(gqmv q)—l—w
Al

T A, -

|
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Sum rulefor amplitude and its derivative
f For the 1) family (A, = 4.45 - 10710 Gev—%) T

min  BR(Z — vyy) =1.95-1077 - (1 + x” - 28.17)

P
and

BR(Z — vJ/4(1S)) = 1.64-107" . (1 — x - 4.29 + x? - 4.60)
BR(Z — v (3686)) =2.056-107%. (1 + 2 -17.4 + 22 - 76)
BR(Z — v (3770)) =2-1077 . (1 4+ x - 20.79 4 x* - 108.07)
BR(Z — ~v1(4040)) =4-10"7. (1 + = - 32.24 + x? - 259.8)
BR(Z — v (4160)) =3-10"7 . (1 4+ x - 37.58 4+ x? - 353)
BR(Z — v (4415)) =1.44-1077 . (1 + = - 49.4 4+ 22 . 611!
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Sum rulefor amplitude and its derivative

f For the Y family (Ap = 2.14 - 10716 Gev—5) T

min Y BR(Z —~Y) =17.23-10"" - (14 * - 100.46)
Y

and
BR(Z — vY(18)) =4.27-1077 . (1 — x - 15.04 4+ x2 - 56.6)

BR(Z — ~Y(10023)) =1.31-10" 7. (1 + x - 7.74 + 22 - 15)
BR(Z — vY(10355)) = 7.5-10"%. (1 +x - 21.8 + x? . 119)
BR(Z — vY(10579)) =3.9-107%. (1 + = - 31.5 + x? - 249)
BR(Z — vY(10860)) = 3.7-10"%. (1 + x - 44.0 4+ x? - 485)

ER(Z — vY(11020)) =1.4-107%. (1 + = - 51.3 + =? - 658)J
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Sum rulefor amplitude and its derivative

|7 Ty is saturated if £ = 4.26 for @ family and x = 2.45 for Y one.j

Y BR(Z — v¢) = 1074,
b
BR(Z — vJ/4(1S)) = 1.1-10"°, BR(Z — ~vv(3686)) = 3 - 10>,

BR(Z — v(3770)) =4-10"° BR(Z — ~v1(4040)) = 1.9 - 10>,
BR(Z — ~v1(4160)) = 2-10"°, BR(Z — v (4415)) = 1.6 - 10~ >,
and
> BR(Z —7Y) =4.36-107%,
Y

BR(Z — vY(1S)) = 1.28-10~ %, BR(Z — vY(10023)) = 1.5 -10"°,
BR(Z — vY(10355)) = 5.9-107°, BR(Z — ~vY(10579)) = 6.3 - 10~ °,
BR(Z — ~Y(10860)) = 1.12-10"%, BR(Z — ~Y(11020)) = 5.9-10"°.

But, saturation of Ty with the resonances only is bad idea and

LBR(Z — 7Y (18)) = 1.28 - 10~ % contradicts to experiment. J
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Sum rulefor amplitude and its derivative

o N

When x = —1, the resonances do not contribute to Tq at all, then
Y BR(Z — v1) = 5.69-107°,
ap

BR(Z — ~J /4 (1S)) = 1.62-10"°, BR(Z — v (3686)) = 1.22 - 10~ °,

BR(Z — ~¢(3770)) = 1.7-10"°, BR(Z — ~1(4040)) =9-10"",

BR(Z — v1(4160)) = 9.8 107, BR(Z — ~v(4415)) =8 -10™ ",
and

> BR(Z —~Y) =17.34-107%,
Y

BR(Z — vY(1S)) = 3.08-10~°, BR(Z — Y (10023)) = 1.3-10"°,
BR(Z — vY(10355)) = 7.4-107°% BR(Z — ~Y(10579)) = 8.7 - 10~ °,
BR(Z — vY(10860)) = 1.65-10~°, BR(Z — ~Y(11020)) = 8.7 -10~°,

o |

QUARKS 2010, Kolomna, Russia, June 6-12, 2010 — p.30/34



Sum rule for amplitude and itsderivative

-

Zerosin BR(Z — ~vJ /v (1S) atx = 0.466 and in
BR(Z — ~Y(1S) at x = 0.133 are striking. In this case

Y BR(Z —~y)=13910"°% Y BR(Z —~Y) =2.01-10"¢,
Y#T /P YTF#Y(1S)

and
T.(Res) = 0.28T., Ty(Res) = 0.33Ty,.

The continues spectra dominate the saturation of the T, and 1}
amplitudes, but zeros

T§/¢(15)|m:0.466 = 0 and Tqbf(lg)lwzo.lss =0

require a rather bizarre dynamics, as | believe.

|
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Summary

As is evident from the foregoing, the lower bounds of T
> BR(Z — 1) = 1.95 - 10~ " and

S v BR(Z — vY) = 7.23 - 10~ 7 are reached in the case of
the amplitude derivative saturation with the resonances. As this
takes place, the branching ratios for the production of the ground

states, BR(Z — ~vJ/v¢(1S)) = 1.64 - 10~ 7 and

BR(Z — vY(15)) = 4.27 - 10~7, more or less agree with the
quark model predictions, ~ 3.4 - (1078 — 10™7).

The angular distributions expected in the center-of-mass system of
theqqg — Z — vV andeTe~ — Z — ~V reactions

3 1+ cos?6 + (2m?2/M?)sin?6
W = 2. (2ma/ M)

8 1+ my, /M?
where 0 is the angle between the v quantum momentum and the

Lbeam axis. Details are below. J
QUARKS 2010, Kolomna, Russia, June 6-12, 2010 — p.32/34

3
~ g(l + cos? 0),



Angledistributions

If not to be interested in the photon and V' meson polarizations T
W(é(Z) ,ﬁ) — (3/4) ((é(Z)* : é(Z)) - (ﬁ : é(Z)*) (ﬁ : é(Z))),
W(S.,=1,0)=W(Sz=—-1, 0) = (3/8)(1 + cos?0),

W(S., =0, 6) =(3/4)sin’0,
where S, is the z component of the Z boson spin in its rest frame,
0 is the angle between the v quantum momentum and the z axis.
If to be interested in polarization of the photon only

w(@2).it.em) = /9 (- [en) x &) ) (7- e x &(2)]
wWs.,=1,85=+4+1,0)=w(S,=-1,5,=-1, 6)
= (3/16)(1 + cos 6)?,
W(s.,=1,85,=-1,0)=W(S,
= (3/16)(1 — cos 0)?,
W(S.=0,8,=4+1,0=W(S.,=0,85,=—1, 0) =(3/8)sin’ 0,
Lwhere S~ i1s the photon helicity.
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Angle distributions

Note that Z boson with S, = 0 is not produced if the z axis is theT
axis of the eTe™ or qq beams in their center-of-mass system.

In that event, the angular distributions inthe ete™ — Z — ~V

and qq — Z — ~V reactions are

We °..(0) = 16N, [(1/2 — €)*(1 F cos0)? + £€°(1 + cos 6)?]

where N, = (1/2 — £)% + £2, ¢ = sin® Oy = 0.23, the z axis is put
in the electron momentum direction,

ngzil(o) = 16N, [(1/2 — e, €)*(1 F cos 0)? + €2 £€%(1 £ cos 6)?]

where N, = (1/2 — e, £)? + e2 €%, e, = 2/3 ; the z axis is put in
the v quark momentum direction, and

Wal_ ., (6) = [(1/2 — eq €)%(1 F cos 0)2 + €2 £2(1 % cos 0)?]

16 Ny
where Ng = (1/2 — eq€)? + €2 &% eq = — 1/3; the z axis is put in
Lthe d quark momentum direction. J
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