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The electromagnetic four-current of the baryon %
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Elastic scattering cross section [Rosenbluth)]
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Asim\,\iiic behovior i \fxxi)

In pQCD Dirac, Pauli and Sachs form factors as
q2 — — oo follow power laws driven by counting rules.

y(q)

Valence quarks exchange gluons to distribute
the photon momentum transfer gq.

q
q Helicity conservation Helicity flip

E The current: J**(¢%) « G;?(¢?) The current: J*4(¢%) « GZ(¢*)/\/ —q*
§ 2 gluon propagators [2 gluon propagators]/4/ —q?
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Crossing symmetry
M@ (P(P)H1j* |1 P(p)y — (P(PHP(p)|j*]0)
Form factors are complex functions of q2

Optical theorem

is an on-shell intermediate state, i.e., | n)

Phragmeén Lindeldf theorem

If f(z) — f; @as z = oo along the straight
line L, and f(z) — f, as z — oo along
the straight line L,, and f(z) is regular
and bounded in the angle between, then
i = = fipand f(z) = fi, uniformly in
the region between L, and L,.
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m ((P(p)P(p)1#10)) ~ Y (P(pOP(p) 1j* 1) (0] j#10) => {
= 2x,3x,4x, ...

Im (F4(g?)) # 0
for g% > 4M?

Behavior in the time-like region

hm G M(qz) = hm G M(q)

q ? - q 25400
L space-like (L)) "~ timedike (L,) J
B AN
Gu(a®) (¢°) €eR
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Space-like region /\Im(z) Time-like region

i Real form factors Complex form factors
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aEJ th 7 Aoy = 4M 3, Re(z) = ¢
g Only the real axis of the qz—complex plane is experimentally accessible
o Space-like region Time-ike region* - Time-like region
: |

2 2 2 2 2 2
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© — - — _ —
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0 *In case of % = p: C. Adamuscin, E. A. Kuraev, E. Tomasi-Gustafsson, F. Maas PRC 75, 045205
-CCU E. A. Kuraev et al.,, JETP 115, 93
2l G. I. Gakh, E. Tomasi-Gustafsson, A. Dbeyssi, A. G. Gakh PRC 86, 025204
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Theoretical threshold

(1 + COSZ(H) ‘G‘% ‘

Space-like region

) ) m(2) Time-like region
Gy = (ZME + Mﬂo) _ Real form factors N\ Complex form factors

' _ A K A Unphysical Peglon A
No data in space-like s \/\
and unphysical regions. //{\K E AL
' e e A
2

Relative phase from = 5
/—‘”—‘J\ﬁ/_—’—;——;
the weak decay. I an =@M+ M 2~ g2 Re(z) =

Gq”)
‘ ‘ Unitarity: only isoscalar intermediate states do contribute.

Form factors have imaginary parts for q2 > qtzh.

|

The electric form factor Gé\(qz) vanishes at g = 0
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The form factors are analytic on the qz-complex plane
with a multiple cut (qtzh, oo).

P4
space-like time-like Re(2) (q2 < 0)
| G 1 (*Im(G
G(g®) = lim — (Z)Z dz = _[ m( (i)) ds
R0 2T J o 2 — ¢ mlp S—q
[ 2 2
2 Gth — 4 (* InlG
Jaton | (@ <0) 1nGigH) = [ —=2
B. V. Geshkenbein, Yad. Fiz. 9 (1969]) 1232. T

% (s — q*)\/ s — g3,

Experimental inputs
Space-like data on real values of

form factors from: e%8 — e9% and Analyticity =— convergence relations
e 1B — e~ A", with polarization.
Time-like data on moduli of form Normalization and threshold values
factors from: ete™ < BA. _

| | Asymptotic super-convergence
Time-like data on the phase of behavior relations

G 1G: from: ete™ & B'R,
with polarization.
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per‘sion relations are based on unitarity and analyticity = model-independent.

3

ersion relations relate from different precesses in different energy regions

) space-like | o[ Im (form factor) or ln( | form factor | )
form factor | = over the time-like cut (g, 00)
eB — eR | qtzh ete™ = BRB + theory

Nepmalizations and theoretical constraints can be directly implemented.

brm factors can be computed in the whole q -complex plane.

@o

Ies cancel out in the ratio.

\ery long-range integration

Remedy #1 Remedy #2
pQCD power laws Subtracted dispersione relations

No data in the unphysical region, crucial in dispersive analyses.

Drawbacks Advantages
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The ratio G‘%(qz)/G‘%(qz) in complex for q > qth
B2
GE(q®)  |CEW)

— 0P
Git(@> | G2

The polarization depends on the relative phase p(g?).

[A. Z. Dubnickova, S. Dubnicka, M. P. Rekalo, NC A109 (1996) 241]
&

B
sin20)sin(p) |VE | do' — do?

o, ¢ Does not depend on P,

- D\/; G ~ do' + do! 4
2sin(0)cos(p) | |
P =—p sin(260)cos(p
Dy/7 G&
2 cos(0) ,
P, =P, D Does not depend on the relative phase p.

2

B

Ge'| sin(®)
G g

D =1+ cos?(0) +

P, is the electron polarization.

q2

T,

@ is the scattering angle.
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M
—~1.5 ~2 T
%E o e BaBar
e 2 = BESIII
O <R
> 1 )
ez 5
< —
: } Z,
—o— 0.5 7 +
1 ® P\ i o
1 % 0 i 4 ('::4 K>
i 0 BESII 2019 S%r#
| ? | 05> Prys. Rev. Lett. 123 (2019] ’IEEDDS
N o —— T R R I D
22 2.4 26 28 22 2.4 26 28 22 2.4 26 28
V@ (GeV) V@ (GeV) V@ (GeV)

Polarization — sine of the relative phase.
2My\/ ¢ sin(20) | GRIGY | sin <arg (GAIGA) )

g* (1 + cos%(9)) + 4M3 | Gg/GAAA ; sin2(0)

Spin correlation — cosine of the relative phase.  2,=-

No indication on the determination of the relative phase.
Is the determination of the phase meaningful?
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muuﬂ 4 the ddaamurnaton o‘? the Hme

Given the function R(z) with N poles {pj i and M zeros
{Zk}jlglzl and the positive real cut (X, 00).

@The residue theorem over the ", contour

1 CJE d In(R(2))
r

dz = M — N.
dz

lim —
r—oo 2I7T

Phase Summary - 6 December

*—aqq

r

@ Considering single contributions

lim

1 ﬂg dIn(R@) , _ arg(R()) — arg(R(xp))
r dz - g |

r— o0 2171'
.

arg(R(co0)) — arg(R(xy)) = n(M — N).

Levinson’s theorem

Form factors are analytic in the q2 complex plane with the real positive cut (qtzh, 00).
Assuming no zeros for G}, the ratio Glfj\/GA’} has the same analyticity domain.

Form factors and hence the ratio Glfj\/GA/} are real for g> € (— o0, qtzh).

-

. <G}5\(q2)> 0  GXgi)IGigE) >0
lim arg

GHaYS" |+ GPGEIGaE) <0
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The ratio R(q?) = L) G(0) =0 R(0) =0
e ratio =
TG\ GNaa) =G [ T \R@G) =1

The asymptotic behavior

(D) =22 =06(1)as g% - £ o0
Gii(g?)
Dispersion relations for the and part with subtraction at q2 = 0:
> (% Im(R(s)) q* [ Im(R(s))
R(g*) = R(0) + q—J ds = —J ds, Vq° & [, oo);
w ) s(s —q%) 7 s(s —q%)
th dth
2 * Im(R
Re(R(¢?) = - Pr[ D ss, Vg2 € g2, 00
S s(s - q?)

The subtraction ensures the null normalization at q2 = 0.
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The ‘Bre medrzaliomn Fn Q(f-)

The ratio R(g?) is parametrized through the set of Chebyshev polynomials { Ti(x) }

. J=0
3 q* — g
2 2 2 _ 2
) = - Z CJY;(X(C] )) qth < q < Qasy X(qz) = ) > > —1
Im(R(q )) — Y(q > C’ Qasy) = ]=O Qasy I ch
2 S 2
0 9°2 Gosy 4 € gy Gayyl = x € [~ 11]
Theoretical constraints on Y(¢?%; C, qgsy) Theoretical constraints on Re(R(g%))
2\ - 2.~ 2 C]Shy qazsy Y(S; C;qazsy)
R(gy) is real = Y(qy,; C, Gay) = 0 Re(R(q;,,)) = — Pr[ s=1
— T qtzh S(S - qgsy)
R(gpy) is real = Y(qg,: C.q5,) =0
— 2| (da Y(s; Ciq2)
R(q* > qzy) is real => Y(g° 2 g3 C. ) = 0 ‘ Re(R(qfsyﬁ‘ = Pr[ ——ds| =1
n g2 S(S i Qasy)
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Experimental constraints in the time-ike region (g > qghy)
sin <arg (R(qz)) ): one data point from BaBar and one data point from BESIII.

‘R(qz) ‘ : two data points from BaBar and one data point from BESIII.
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2( 7 2 | — .2 2 2 2 b 50
V4 ( C, Qasy> — )(|R| +)(¢ + 7:phy)(phy - TasyAasy T TeurvXeury

\2

3 R)

—>%|%e|=2

J=1

Data {q].2,|Rj|,5|Rj| } 1
]=

(.
sin (arctan {

\
Vg)IX(a}) ) = sin(y

Y CRELEUR)

2

/

. = 2
Data {q2. sin(dy). 8sin(@))._ — 13 =Y
k=1

\

2
Constraint at g% = g, — fon, = (1 - X(qﬁhy))

Constraint at 6]2 = qazsy — )(azsy = (1 — X(%zsy)2>

2
- . . [% [ dY(s)
Oscillation damping — Yéury = ds

ds?

%
din

values of 7,

values 7,

& sin(¢hy)

The values of multipliers 7, y are chosen

larger enough to nullify the corresponding )(2’8
so that the conditions are exactly verified.

and 7,

The integral equation obtained by the dispersion
relations is an ill-posed problem whose solution
has to be regularized.

mvalue of the regularization parameter 7., is selected in order to attenuate spurious oscillations.
would cancel physical information.

would leave an unreliable level of noise.
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Dun ‘)aramdt.'zehiﬂt

The theoretical constraints Y(g;; C, qazsy) = (qghy; C, qazsy) =Y (qazsy; C, qazsy) =0
determine the three coefficients: C,, C;, C..

The asymptotic threshold qazsy s left as a free parameter.

By considering (P + 1) Chebyshev polynomials there are (P — 2) free coefficients.

We have used P = 5 and hence there are four free parameters: Cs, C,, Cs and qazsy.

40 |-

\\]‘

00000 — PY

TCU.I‘V

_ 2
Tphy ==
The real part of R(g?) is forced to the unity at g% = qghy.
Tasy = 0
No constraint for the real part of R(¢?) at g* = qazsy.
T.um=0.05

curv
Low-degree polynomials do not need strong damping.
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At the thresholds qtzh and qazsy the values of the ratio are real hence )
the phases are integer multiples of & radiants

@ The lack of data prevents obtaining unique pairs (Ny,, Nps,).

Percentage of cases

@ The strong theoretical constraints reduce to 8 the number of
possible pairs (Ny,, N,s,) compatible with the few data points.

A Monte Carlo procedure, defined to make a statistical study of the
results, gives the probability of occurrence of each pair (Ny,, Ny, ).

]vth Nasy %
~1| 0 | 4.0 |
—1| 1 | 16.0 |
—1| 2 |50.5 |
1 3107 m
0 : o011 Cases with a probability of
8 | OCOUNRIDE |eR than
(1) ,3) 2n618 | 0.5% are discarded.
1| 3| 1.6 |mm

simone.pacetti@unipg.it



GEI/1GM]

Phase Summary - 6 December

arg(G/Ghy)

O 5 10 15 (). I 1 I I é I I I I 10 I I

¢* (GeV?)
Levinson’s theorem with no poles
(no zeros for GA/}[(qz)]

i - { number of zeros of R(qz)
asy ot | andlG@EEEEIE = o).

G (O ORESNNen + 1

The bands represent the one-sigma-error computed
by the standard statistical analysis of the set of 1 : , ,
: : ] e —— T A B
results obtained with a Monte Carlo procedure. . : 5 o : o s
¢* (GeV?) ¢ (GeV?)

The dispersive procedure, connecting experimental information on the modulus of the ratio R(qz) and on the sine

of its phase under the aegis of strong theoretical constraints, assigns different determinations to the phase.

The determination of the measured values of the phase is also established by the dispersive procedure.

In the case (Nth,Nasy) = (—1,3) the BESIIl and BaBar phase data have different determinations.
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Dynamical and static features of the baryon A can be inferred from the complete
knowledge of its form factors as functions of qz.

2
The charge radius squared <rE> In the Breit frame, where
. dG ( 2) — (0.2)] .
of an extended particle, as a e\q g = (0,q) is purely space-like,
baryon, is proportional to the first <rE> the electric form factor is the
derivative of the electric form q 72=0 Fourier transform of the spacial

factor Gx(g*) at g* = 0. charge distribution.

For a neutral baryon, like the A, the Sachs form factors at g* = 0 are normalized as: Gx(0) = 0 and
G,,(0) = u # 0, then, the charge radius squared is also proportional to the first derivative at g°> = 0 of

the ratio R(q%) = Gx(q?)/Gy,(g?)

=0at g°=0
2
dR@) | _ 1 (dGig®)  Gig?) dGy(g?) _ 1 dGugy | _ 1)
dg* | ., Om@I\ d¢*  Gulg) dg’ Ou(g®) dg* |~ p 6
_ =

q*=0

The first derivative at q2 = 0 of the ratio R(qz) Is computed by means of the dispersione relation for the
imaginary part

dR(q%)
dq?

— e
(rE> = 6u =6_/«tJ Im@R()) . 6u ZC]J (x)dx

2
=0 T g 52 ”qu . 1 (x+ 1 + qtzh/qu)
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The neutron has a negative squared charge radius: <rE> —0.1161 £ 0.0022 fm?
7. = Sign <<FE>2> To hgve a better.under‘standing of
the linear extension of the baryon.
Pk —FE
(=, 0) 4.0%
(=, m) | o | 16.0%
(=, 2m) ——  505%
(=, 3) 0.7%
(0, 3m) —o— 26.8%
<7T737T) b e b e b L B 1'6%
(cb(qti),qﬁ(qazsy)) -03 -02-01 0 01 02 03 04

rg (fm)

Those values of 172 compatible with —77. can be heuristically interpreted in terms of the

different time periods that the valence quarks of the same charge spend at a certain
distance from the center of the baryon.
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Y A dispersive procedure based on data and first principles such as analyticity and
g:J[’i—> unitarity has been defined to study the ratio of electric and magnetic form
» 1@ factors of the A baryon.

. By taking advantage of the measured values of the modulus and the phase of the
o ratio in the time-like region, as well as on theoretical constraints, the procedure
® allows us to gain crucial information on the space-like behavior of the ratio, which
; Is not experimentally accessible.

% phase counts the number of the zeros of the electric form factor, which, being
the A a neutral baryon, is at least one:

Ap = P(00) = () = 7 (Nogy = Ny ) 2 7
The most probable values give A¢ = 3x, hence, two additional zeros for Gé\(qz).

;[:g Assuming no zeros for the magnetic form factor, the asymptotic value of the
AI

%/ New data, especially for the sine of the phase, would be crucial to at least identify
: its trend and then have hints of the phase determination.

Phase Summary - 6 December
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Amplitudes separation and strong-electromagnetic relative phase
in the y(2S) decays into baryons

Rinaldo Baldini Ferroli
INFN Laboratori Nazionali di Frascati, I-00044 Frascati, Italy

Alessio Mangoni
INFN Sezione di Perugia, 1-06100 Perugia, Italy

Simone Pacetti
INFN Sezione di Perugia, 1-06100 Perugia, Italy and Universita di Perugia, 1-06100 Perugia, Italy

Kai Zhu
Institute of High Energy Physics, I-100049 Beijing, People’s Republic of China

® (Received 30 September 2020; accepted 9 December 2020; published 6 January 2021)

In the framework of a phenomenological model based on an effective Lagrangian, that allows us to
exploit all available data, we have obtained the strong, electromagnetic and mixed strong-electromagnetic
amplitudes of the w(2S) decays into baryon-antibaryon pairs. The analysis, repeating the procedure
successfully implemented in the case of the leading vector charmonium J/y, revealed a new and quite
intriguing phenomenon, that by itself triggered a further quite interesting finding. The phenomenon is the
high affinity of the y/(2S5) meson with the AA pair, at a level that cannot be justified by the model. As a
consequence, we excluded the AA channel from the set of experimental constraints by largely improving
the description power of the model, which then led to another interesting result: the QCD regime turned out
to be perturbative already at the y/(2S) mass. Finally, the comparison with the results obtained for the J/y
has shown that the main difference with respect to the w(2S) concerns the SU(3) breaking source due to the
quark mass difference. As expected, consequently to its larger mass, the effects of such a difference are less
important for the w(2S) with respect to the J/y meson.

DOI: 10.1103/PhysRevD.103.016005

I. INTRODUCTION

Since their discovery, the cc¢ mesons, the so-called
charmonia, have been representing unique tools to expand
our knowledge on the dynamics of the strong interaction at
various energy ranges.

The hadronic decays of the J/y meson, a charmonium
with quantum numbers /¢(J") = 07(177), mass M, ~
3.1 GeV, and width FJ/V, ~9.3 x 10~ GeV [1], have been
deeply investigated. Recently, it has been found that they
occur halfway between the perturbative and nonperturba-
tive QCD regime [2]. Moreover, it has been shown that the
mixed strong-electromagnetic (strong-EM) amplitude of
the J/y decays is not always negligible [3].

*alessio.mangoni@pg.infn.it

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2021/103(1)/016005(9) 016005-1

The procedure to single out the strong, the EM and
the mixed strong-EM amplitudes of the decay of a
charmonium state into baryon-anti-baryon (BB) pairs
belonging to the spin-1/2 SU(3) baryon octet has been
defined and implemented for the first time in the case of the
J/yw meson [2].

Such a procedure is based on an effective Lagrangian
including SU(3) symmetry breaking terms, depending on a
set of coupling constants to be determined by means of a y?
minimization.

The whole datasets made available by the Particle Data
Group (PDG) [1], together with new results provided by the
BESIII Collaboration [4] have been used.

In the case of the J/y, the strong, the EM and the mixed
strong-EM contributions to the total branching ratio (BR),
as well as a strong-EM relative phase ¢,,, = (73 £ 8)°
have been determined [2].

The w(2S) is a charmonium vector meson usually
regarded as the first orbit excited state of J/y. It has the
same quantum numbers, i.e., 19(JF€) =07(177), mass
M, (25) = 3.7 GeV and width I, o5) 2 2.9 x 107 GeV [1].

Published by the American Physical Society
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FERROLI, MANGONI, PACETTI, and ZHU

PHYS. REV. D 103, 016005 (2021)

It is natural to expect that the decays of both, J/y and
w(2S), into the same BB final states do proceed through
similar decay mechanisms. Nevertheless, there is exper-
imental evidence that in some channel, as for instance:
ete” = J/y — 2059 AA and ete” — y(2S) —» X0%0,
AA, the decays have significantly different angular dis-
tributions [4,5].

It follows that a deeper study of the dynamics of the
w(2S) decays into baryon-antibaryon pairs, in the same
theoretical framework that has been used for the J/y [2],
would be quite useful.

The paper is organized as it follows. First, we briefly
reviewed the model based on an effective strong
Lagrangian that is used to parametrize the decay amplitudes
in terms of a set of coupling constants. Second, we
explicitly outlined the procedure to build up the amplitudes,
by considering the three contributions: purely strong,
purely EM and mixed strong-EM. The latter, in particular,
is related to the ratio of the mixed-to-strong amplitude R,
just as for the J /i meson. However, it was in this study that
the parameter R played the crucial role of revealing that
already at the w(2S) mass the QCD does operate in
perturbative regime.

Finally, we studied the y* function, exploited to deter-
mine the coupling constants by fitting to the data on the
branching ratios (BRs) of the y(2S) decays and we noticed
an anomalous affinity, inexplicable by the model, of the
w(2S) itself with the AA channel. As a consequence, we
made the analysis by not using the experimental constraint
of the AA channel.

The parametrization at the amplitude level did allow to
extract also the relative phase between strong and EM
amplitudes, and the obtained value is compatible with the
hypothesis of orthogonality, being ¢ = (87 + 15)°.

II. THE EFFECTIVE LAGRANGIAN MODEL

The decays y(2S) — BB, where B3 stands for a spin-1,/2
baryon belonging to the flavor SU(3) octet, represented by
the matrix

A/NV6+20/\2 o+ p
B = - A/\/E—Eo/\/i n ,
B =0 —2A/V6

can be studied by means of the procedure developed and
successfully implemented in the case of the J/y meson.

The effective Lagrangian density £, which describes the
coupling of the y(2S) to baryon-antibaryon pairs BB, and
hence its decays y(2S) — BB, is formally defined as [2]

L = CTr(BB) + [symmetry-breaking terms],

where C is a constant and the SU(3) symmetry-breaking
terms are due to EM and quark-mass-difference effects.

The EM breaking effects, depending on the quark electric
charges, i.e., from their coupling with the photon, are given
by the four-current

2 1- 1
qy'Agq = 3 uytu — gd}/"d - giy”s,

where the matrix Ag can be expressed as the combination
of the third, 15, and the eighth, Az, Gell-Mann matrix, i.e.,

1 g
Ap = — — .
: z(“ﬂ)

Similarly, the quark-mass-difference breaking effects are
related to the mass term

GAmq = myiiu + mydd + m5s,

and the corresponding matrix Ay, in terms of the Gell-
Mann matrices and the identity /, has the form

mg— nig

V3

m, —my

2+ 3+ V3g),

AM = mO1+

Ag +

where

_my +my + myg

my 3

We keep the SU(2) symmetry exact, assuming that
m, = my, and hence isospin conservation, so that

my — my 2my — my
Ay = mol + ——— g, my =———.
V3 3

Therefore, the SU(3) symmetry breaking terms are related
to the so-called spurion matrices

Se = geAE’ Sm = gm(AM - mOI)’

where g, and g, are the coupling constants. The full
Lagrangian density is obtained by adding to the leading
term proportional to Tr(BB), further terms proportional
to [6]

Tr({B, B}S), Tr([B, B]S),

with S € {S,,S,,}. The complete Lagrangian density is
then defined as

L = ¢gTr(BB) + dTr({B, B}S,) + fTr([B, B]S,)
+d'Tr({B. B}S,,) + f'Tr([B. B]S,,). (1)

where g, d, f,d', f' are coupling constants.
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Such a Lagrangian density allows us to parametrize the
subamplitudes for the decays y(2S) — BB. For more
details please refer to Ref. [2].

III. THE AMPLITUDE SEPARATION

The amplitude of the generic decay y/(2S) — BB can be
decomposed as the sum of three contributions

ABB — A709+A/ +A‘/(/}'

The sub-amplitudes Ag’g , .A/ and A% are related to the

three dominant decay mechdnlsms: purely strong, i.e.,
mediated by three gluons; purely EM, through one-photon
exchange; mixed strong-EM, via two gluons and one
photon. The Feynman diagrams of these intermediate
processes are shown in Fig. 1.

By taking advantage of the Lagrangian density of
Eq. (1), the amplitudes of each BB final state can be

B

B

FIG. 1. Feynman diagrams of the strong, EM, and mixed
strong-EM contributions for the decay y(2S) — BB.

TABLE 1.  Parametrizations of the B3 decay amplitudes.

BB A Al A
pp (Gy—D,, +F,)e" AYMR D,+F,
ni (Gy— D,, + F,,)e' 0 -2D,
AZ0+ c.c. 0 0 V3D,
AA (Gy—2D,,)e™* 0 -D,
>tE- (GO +2D,,)e AP R D,+F,
=gt (Go+2Dy)e  APLR D, ~F,
030 (G, + 2D,,)e' 0 D,
5050 (Gy—D,, — F,,)e* 0 -2D,
BEEt (Gy—D,, — F,)e" AYL R D,—F,

parametrized as shown in Table I [2], where the quantities
Gy, D,,, F,,, D,, and F, are combinations of the original
coupling constants g, d, f, d’, f’, and hence are themselves
coupling constants. In particular, G, is related to the SU(3)
exact symmetry; D,, and F,, account for the quark-mass-
difference breaking term; D, and F, for the EM one; ¢ is
the relative phase between the strong and the EM
amplitudes.

The mixed strong-EM amplitude is null for the decays
into neutral particles [2,7,8].

By considering an infinite series of excited vector
charmonia, with increasing masses M,, so that the mixed
strong-EM and strong amplitudes become functions of M2,

asymptotically, i.e., as Mi, diverges, the ratio

99y 2
R(MZ ) _ ABB (MV’)
"4 999 2
A%E (M)

would tend to a real limit. The high-g> trend of this ratio
can be also inferred by the perturbative QCD (pQCD) [9],
that provides the asymptotic behavior

where Qg is the baryon electric charge in units of the
positron charge, @ and ag(q?) are the fine structure constant
and the QCD running coupling constant, while Agcp is the
QCD scale and it is of the order of a few hundreds of MeV.
In the case of the J/y meson, it has been found [2] that the
scenario phenomenologically preferred by the whole avail-
able dataset on the decays J/y — BB was that of having a
single value of R, not depending on the baryon electric
charge. Such a result can be interpreted as the effect
of a decay mechanism dominated by still non-pQCD
interactions.

As a consequence, we have considered a unique value of
the ratio R, as the starting hypothesis also in the case of the
w(2S) meson. In other words, we started our analysis by
assuming that the QCD regime at the w(2S) mass did
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remain nonperturbative, despite the fact that the y(2S)
mass is larger than the that of the J/y.

In the same line of reasoning, in our model, a common
relative phase ¢ between strong and EM amplitudes has
been used for all the baryons of the flavor SU(3) octet.
Moreover, the strong and the mixed amplitudes are
assumed to be relatively real, this implies the reality
condition for the ratio R.

IV. THE ELECTROMAGNETIC COUPLINGS
AND THE y? DEFINITION

Since the cross section of the annihilation eTe™ — pp
has been measured with high accuracy by the BABAR
experiment [10] and recently by BESIII [11], its value at the
mass of the y(2S) meson can be exploited as a further
constraint besides the BRs of its decays into baryon pairs.
This particular cross section value has been obtained by
fitting the BABAR and BESIII data and then by evaluating
the fit function at the desired energy, namely ¢> = M5/<25>’
where ¢ is four-momentum of the e*e™ system in its own

center of mass frame. We used the fit function defined in
Ref. [11], i.e.,

A1 —|-2M/2,/q2)

Ufit(qz) = ([12)5(11’12 (qz/A(ngD) + ]7,'2)2 s

3)

where M, is the proton mass. The analytic form of this
function has been obtained by considering for the electro-
magnetic form factors the power-law behavior predicted by
the pQCD [12,13]. It depends on the unique dimensional
free parameter A,, to be determined by a standard 7
minimization procedure, and includes the logarithmic QCD
correction with Agep = 0.35 GeV. Moreover, to avoid the
threshold energy regions, where the function of Eq. (3)
could fail in describing the cross section, only data at
g* > (2.8 GeV)? have been considered in the minimiza-
tion procedure. Using the cross section value at the y(2S)
mass, the EM BR for the decay w(2S) — pp is obtained
as [3]

2
Octe—pp (MI//(ZS) )
i 0

BR’ BR
2
ete —putus (Mx//(ZS))

pp

A further constraint is given by the well known BR for the
decay y(2S) - AZ+ c.c., that, being purely EM under
the hypothesis of isospin conservation, determines univo-
cally the value of the EM coupling constant

D, = (1254 0.07) x 10 GeV, (5)

as has been discussed in Ref. [14].

The y? function has been defined by including all the
measured BRs, as well as the constraint from the eTe™ —
pp cross section, given in Eq. (4) and represented by the
symbol BB = PDys

2y — 5 (BRes ~BRys )’
x(&) = Z < 5BR?£ ) , (6)

BBeQ

where £ is the set of the six free parameters
5 = {G()v Dmv Fev Fmv Rv (/)}

that are the coupling constants of the effective Lagrangian
density given in Eq. (1), and the sum runs over the seven
baryon pairs of the set

Q= {pp,. 220 AA, pp.nin, 2757, B0E0, E-EF}. (7)

So that, the minimization has been performed with respect
to the six free parameters of the set &, by exploiting eight
experimental constraints, that are reported in Table II. The
obtained BRs, BR%’B, with BB € Q, are given by the
combinations of these parameters reported in Table I,
following the expression

P

2
87TM1//(2S) FW(ZS)

BRyp =

999 997 14 2
Agp + Apg + Aggl™

where p is the three-momentum of the baryon in the BB
center of mass frame, and I ;5 is the width of the

w(2S) meson.

TABLE II.  Branching ratios data from PDG [1]. The last row is
from Eq. (4), while the sixth one is from BESIII [15].

— -6
= (135+£0.14) x 107, (4) Decay process Branching ratio Error
_ —4 1/
where BR,, = (8.0 +0.8) x 105 [1] is the BR of the %ﬁi o rp gggig?ﬁ; e 2n
+,,— . . " J. . . 0
decayoy/(2S) —>;; u~, mediated by one+pkioton ixc}nange, w(25) - AA (3.81 £ 0.13) x 104 3.41%
and aﬁe,_wﬂ,(q ) represents the bare ete™ — p'u~ cross w(28) - S5~ (2.32 4 0.12) x 104 517%
section w(28) - 2050 (2.35 +0.09) x 10 3.83%
w(2S) — B0 (2.73 £0.13) x 10~ 4.76%
o ,. 4na? w(28) - E-EF (2.87 £0.11) x 10~ 3.83%
Oerempry (47) = 3270 y(25) > 7 = pp (135 +0.07) x 10 5.19%
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TABLEIIL.  Best values of the parameters, for the y/(2S) meson,
describing the decay BB amplitudes, see Table I, obtained by
minimizing the y* defined in Eq. (6), using the data reported in
Table II. The third row is from Eq. (5).

)(Z/Ndol‘ 6.85

(4.508 £ 0.052) x 107* GeV
(1.25 4+ 0.07) x 107 GeV
(=2.30 £0.36) x 10™* GeV
(1.65 £0.17) x 107 GeV
(=2.40 £ 0.60) x 10~ GeV
1.10 + 0.54 = (63 £ 31)°
(=5.9+£2.6) x 1072

® 3 & <

T OO Q

V. RESULTS AND DISCUSSION

The results of the y*> minimization are summarized in
Table III, the errors have been obtained by means of a
Monte Carlo procedure. The results obtained by performing
the same analysis in the case of the J/y meson are reported
for comparison in Table I'V. Instead, Table V reports input
and output values, together with their discrepancies in units
of standard deviations." Such a comparison is quite useful
to clearly identify the main contributions to the y?, and
hence the channels whose dynamics seems to escape the
phenomenological description provided by the model. The
value that has been obtained for the BR of the decay
w(2S) - X+, which is still unobserved, represents a
prediction of the model.

The minimum of the y?, normalized to the number of
degrees of freedom Ny, is

£EN 6 g5 (8)

dof

where  Ngof = Neonst = Nparam = 2, having  eight  con-
straints, Ny = 8, and six free parameters, Nprm = 6.

The obtained value of the ratio R = —0.059 =+ 0.026, last
row of Table III, can be compared with that obtained for the
J/w meson, R;,, = —0.097 £ 0.021, last row of Table IV,
as well as with the asymptotic QCD prediction2 of
Eq (2), RpQCD ~ —0.024.

'As usually we define the discrepancy between two quantities

TABLE IV. Best parameters obtained for the J/y meson [2].

22/ Nos 1.33

Gé/“’ (5.73511 £ 0.0059) x 102 GeV
DY (4.52 £ 0.19) x 10~ GeV
DY (=3.74 + 0.34) x 10~ GeV
Filv (7.91 £ 0.62) x 10~* GeV
FlY (242 £0.12) x 10~ GeV
D 127 4£0.14 = (73 £ 8)°
Ry (9.7 £2.1) x 1072

TABLE V. Input and output values of the BRs and their
discrepancies, for the y(2S) meson.

BB BRSBXEE x 10* BRyp x 10* Discr. (o)
pp 2.94 +0.08 3.02+0.26 0.294
ni 3.06 +£0.15 3.04 £0.19 0.083
AA 3.81+0.13 3.53+0.15 1.411
TtE- 2.3240.12 2.19 £0.20 0.557
030 2.3540.09 2.3640.12 0.067
BE0E0 273 +£0.13 3.05+0.17 1.495
BEET 2.87 £0.11 279 £0.18 0.379
PIRpIN 2.01 +£0.14
y— pp  0.0135+£0.0007 0.0133 + 0.0007 ~0

Meanwhile, the three contributions, purely strong, purely
EM and mixed strong-EM, to the total BR are listed in
Table VI. For a comparison, the corresponding values
obtained for the J/y meson are reported in Table VIL

A. Further hypothesis

The minimization procedure has provided a quite large
;(2 minimum value, see Eq. (8), in particular, it is larger than
the one obtained by performing the same analysis for the
J/w meson, whose value is shown in the first row of
Table IV.

By assuming the reliability of all the data, a so different
capability of the model to describe the dynamics under-
lying the decays into the same channels of the two similar

TABLE VI. Strong (second column), EM (third column) and
mixed (fourth column) BRs for the y(2S) meson.

BB BR% x 10* BR’.. x 10° BRYZ x 10°
with given errors x + ¢, and y + o, as b5 B8 BB
' pp 3.20+0.12 1.34 £0.17 1.3+1.0
. A ni 320+£0.12 0.99 £0.11 0
Diser(e) = [x = y|//ox + o3 AA 3.61+0.13 0.229 + 0.026 0
g e has b btained b ing Eq. (2) with - 2.30£0.10 1.19 £0.15 0.94 £0.73
is value has been obtained by using Eq. witl _5
>\ 1 _pQCD 5 bQCD ) z _2* 2.29 £0.10 0.028 +0.022 0.94 £0.73
as(M3,,) = las= " (=M7,,)|, where o= "(Q%) is given in  yos0 2.30 4 0.10 0.219 + 0.024 0
Eq. (9) of Ref. [16] with the higher order coefficients 3, and =050 3.194+0.11 0.807 & 0.089 0
p; obtained in the MS renormalization scheme and _— 317 +0.11 0.026 + 0.020 1.28 + 0.98
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TABLE VII. Strong (second column), EM (third column) and
mixed (fourth column) BRs for the J/y meson [2].

BB BRYY x 103 BR! . x 10° BRYZ x 10°
pp 2.220 +0.085 8.52+0.89 2.19+0.93
nit 2.220 +0.085 4.50+0.38 0
AA 2.020+0.042  0.981 +0.083 0
ztE- 1.100 = 0.030 6.86 +£0.72 1.08 = 0.46
ooy 1.090 + 0.030 0.5240.20 1.07 £0.46
2050 1.100 £0.030  0.902 +0.076 0
200 1.260 + 0.053 2.99+0.25 0
ETET 1.240 £0.052 043 £0.16 1224052

vector charmonia, the leading and the first excited states,
J/w and y(285), could be ascribed to the presence of some
contribution, negligible at the J/y mass, but having an
effect at the y(2S) mass, that is not included in the original
Lagrangian density of Eq. (1).

To verify the eventuality that the missing contribution
concerned a single BB decay channel, we minimize

th _ RPREXPy 2

2 BRBB BRBB (9)

Yy~ > SBR™P ’
BBeQ\ (BB} BB

that includes all the experimental constraint with the
exception of the BB one, and hence it can be seen as a
discrete function of the channel BB, which varies in set Q
given in Eq. (7). The behavior of )(;{ versus the decay

channel BB, is shown, in logarithmic scale, in Fig. 2.
We observe that at BB = AA, i.e., by excluding the

datum on the BR of the AA final state, the discrete function

;(; reaches its minimum value, which is one order of

magnitude smaller than the value of Eq. (8), obtained by
taking into account all the available data.

The simplest explanation for such a result is that there
should be some particular mechanism that enhances the

&
™l

=0=0

PP,

BB
—_
o

T

2

Minimum y

—_
T

(1]

D AN 0530 =

Decay channel BB

FIG.2. Comparison of y% values obtained with the minimization
procedure of Eq. (6), by" using the data reported in Table II,
but excluding, each time, an experimental datum. The channel of
the excluded datum is reported on the abscissa. For each case
Ngot = 1.

affinity between the w(2S) and the AA final state, by
favoring the decay w(2S) — AA with respect to the
J/w = AA, that is not considered in our model.
Unfortunately, it is quite difficult envisaging the nature
of the eventual missing piece of the Lagrangian density, by
only relying on its incapability to describe the decay into
AA, once all the other have been considered.

In the light of that, the AA channel has been excluded
from the set of the experimental constraints, and hence the
minimization procedure has been based on the function )(;{,

obtained from Eq. (9) with BB = AA. The coupling
constants, the relative phase ¢, and the ratio R obtained
in this case are reported in Table VIIIL.

We notice that, even though the )(; has three minima of

apparently the same order, i.e., besides the one of the AA
channel, there are those corresponding to pp and Z°Z°,
they are crucially different. While )(Z{ is lower than one, ;(;

and )(Iz/remain larger than two. These values, even on the

light of the only one degree of freedom, disfavor the
hypotheses of excluding the corresponding BR data.

A difference very interesting and meaningful, as we will
see in the following discussion, among the two sets of
parameters that minimize the complete y> of Eq. (6),
reported in Table III, and ;(j[, is the outcome for the ratio

R, that passes from the negative value R = (=5.9 +2.6) x
1072 to a positive value but compatible with zero
R=(23+34)x 1072, We interpreted this result as a
phenomenological manifestation of the tendency toward a
perturbative regime of the underlying QCD dynamics.
Indeed, in this case, the ratio R would acquire a dependence
on the baryon electric charge Qp, as shown in Eq. (2).
This is a quite natural consequence of the direct
computation of the ggy amplitude, whose Feynman dia-
gram is shown in the lower panel of Fig. 1, by summing up
the three possible contributions where the photon couples
to each of the three valence-quark lines. Since each

TABLE VIII. Best values of the parameters, for the y/(2S)
meson, describing the decay B3 amplitudes, see Table I, obtained
by minimizing the y? defined in Eq. (6), using the data reported in
Table II with the exclusion of the AA final state. The third row is
from Eq. (5).

;(;{/Ndof 0.83

Gy (4331 £0.071) x 1073 GeV
D, (125 £0.07) x 10™* GeV
D, (=1.11 +£0.44) x 10™* GeV
F, (1.66 - 0.17) x 107 GeV
F, (=135 4+0.67) x 107* GeV
@ 1.97 £0.53 = (111 £ 30)°
R (23 +£3.4)x 1072
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TABLE IX. Best values of the parameters, for the y(2S)
meson, describing the decay B3 amplitudes, see Table I (* with
opposite R for the negative final state baryons), from the ;(j{

minimization and considering a double-sign ratio R. The third
row is from Eq. (5).

){j{/Ndof 0.17

Gy (4.374 £0.039) x 1073 GeV
D, (1.25 4+ 0.07) x 107+ GeV
D, (—1.35 £ 0.28) x 10~ GeV
F, (1.67 £0.17) x 107+ GeV
F, (=1.17 £ 0.69) x 10~ GeV
@ 1.52 +£0.25 = (87 + 15)°
R (=22 42.0) x 1072

coupling is weighted by the quark electric charge, the total
contribution turns out to be proportional to the baryon
electric charge.

The reason why the agreement with zero of a unique
value of R can be interpreted as a phenomenological
requirement of pQCD restoration relies on the assumption
of an almost linear response of the model to the exper-
imental constraints. In the sense that, if we force two free
parameters, supposed to be opposite, to have instead a
common value, the minimization procedure would give for
such a parameter a value compatible with their mean and
hence close to zero.

In light of that, we have considered the free parameter R
as having the same modulus for all decay channels but with
sign linked to that of the baryon electric charge, in
particular, as predicted by pQCD, R turns out to be negative
for positive charges, see Eq. (2).

In more detail, the model has been modified by consid-
ering two opposite values for the ratio R, namely: R = —|R)|
for p and £*; R = |R| for ¥~ and E~, actually in this case
only the latter did affect the minimization procedure since
there is no data on the BR of the decay y/(25) - "X,

The lower value for the minimum of ;(j{, decreasing from

0.83 with a single-sign R down to 0.17 with a double-sign
R, see Tables VIII and IX, and mainly the good agreement
with the pQCD expectation from Eq. @)y

RPQCD(Mi@S)) =~ —0025, (]0)

did demonstrate the goodness of this hypothesis, even
though the best value of the ratio R is still in agreement with
zero, meaning that the ggy contribution in the y(2S) case
plays a role not so important as it does for the J/y.

The differences among the best values of the parameters
obtained including the AA BR, with a single-sign R, and
those without the AA constraint, but considering a double-
sign, QCD-inspired ratio R, reported in Tables III and IX,

3See footnote 2.

respectively, are mainly related to the parameters D,, and
F,,, responsible for the SU(3) symmetry breaking due to
the (u, d) — s quark mass difference, whose moduli, in the
second case are reduced by a factor of almost two with
respect to the first case. This is not unexpected, in fact, in
the framework of pQCD, a reduction of such effects, i.e., a
tendency toward the flavor SU(3)-symmetry restoration
appears quite natural.

VI. CONCLUSIONS

The y(2S) decays into spin-1/2 baryons belonging to
the SU(3) octet have been studied in the framework of the
same phenomenological model used for the J/y meson [2].
Despite the natural affinity between the two lightest vector
charmonia, the model seems to fail in providing a complete
description of the decay mechanisms in the case of the
w(28). In particular, the AA decay channel has a BR that
exceeds the value that the model can provide, by high-
lighting the eventual, or, at least, phenomenologically
required, presence of an additional contribution especially
effective in this peculiar decay channel.

The investigation of a possible A-enhancing mechanism
goes beyond the scope of this work so that, we only limited
ourselves to notice such a phenomenon and act accordingly
by excluding the corresponding experimental constraint
from the analysis. It follows that the main results of this
study have been those obtained by do not considering the
AA channel.

The main difference between the findings of the studies
on the J/y and y(2S) decays into baryon-antibaryon pairs
has consisted in the role played by the couplings D,, and
F,, see Tables III and IV, that account for the SU(3)
symmetry breaking due to quark mass differences.

In particular, these parameters have the same sign in the
case of the y/(25), while they have a different sign in the case
of the J/y. Similar differences, due to the SU(3) breaking
terms, have also been observed by studying the angular
distributions of the decays into the £ and the peculiar A
channel [4,5]. One of the causes of such different behaviors
could be the A-enhancing mechanism previously discussed.
Unfortunately, the effective Lagrangian model, used here,
provides coupling constants that, in the language of “strong

electric and magnetic form factors”, gg:‘,’t} [4,5], for the decay
of the charmonium  in to the BB baryon pair, could be
considered as a unique effective coupling constant, whose
modulus squared is given by the combination: [¢5¥|> =
|gfivl|2 + ZM%;\!]?W|2/M3,<2S)-
tion on the angular distributions cannot easily be used.

Nevertheless, we are exploring the possibility of exploit-
ing the value of the polarization parameter

This means that the informa-

B, B,
- 9" [ — 4M3| gz Vl‘z/Mi(zs)

By
" = TBen 21 Bwi gz
‘gM | + 4MB‘9E ‘ /My/(ZS)
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4k
3.5k

104BR(1(2S) — BB)
(%)

bo b4 *

e b
2.5F be b e

1.5

[1]

p n A Xty 0 =0
Baryon B

FIG. 3. Comparison of BRs (experimental input vs model
predictions). The red points are from Table II, while the black
ones, from Table XI, are the corresponding values obtained as
outcomes of the minimization of % and considering a double-

sign ratio R. The errors are obtained by means of a Monte Carlo
procedure.

obtained by studying the BB angular distribution in the
process e*e~ — y — BB, in combination with the modu-
lus squared of the corresponding effective coupling con-
stant ¢%¥, to achieve more information on the strong form
factors and hence on the dynamics of the charmonium
decays in to baryon pairs [17].

Even the couplings accounting for the EM SU(3)
symmetry breaking, D, and F,, in the case of y/(2S) are
smaller (compared to the dominant contribution G;) than
those of the J/y.

The BRs obtained by the ;(j{ minimization procedure and

considering a double-sign ratio R, whose single contribu-
tions are reported in Table X, are in agreement, at most
within 0.16 sigmas, apart from that of the AA channel
excluded from the y? function, with the corresponding
input values, as reported in Table XI and shown in Fig. 3.
The BR of the unobserved decay y/(2S) — X7, i.e., from
Table XI, BRy-s+ = (2.46 +-0.13) x 10~* represents a
prediction of the model. Moreover, the strong-EM relative
phase ¢ = (87 + 15)° is in agreement with the phase of the

J/l//’ DPijy = (73 + 8)0'

TABLE X. Strong (second column), EM (third column), and
mixed (fourth column) BRs for the w(2S) meson, from the ;(/}

minimization and by considering a double-sign ratio R.

TABLE XI. Input and output values of the BRs and their
discrepancies, for the y(2S) meson, from the ;(j{ minimization

and considering a double-sign ratio R.

BB BRF x 10* BRyz x 10 Discr. (6)
pp 2.94 +0.08 2.95+0.20 0.046
nit 3.06 +0.15 3.04 +0.15 0.094
AA 3.81 £0.13 3.14 £0.10 4.1
8- 2.32+0.12 229 +0.15 0.16
-5t 2.46 +0.13
050 2.3540.09 2.37 +0.09 0.14
=0=0 2.734+0.13 2.754+0.12 0.11
BB 2.87 +0.11 2.86+0.16 0.052

In the case of the w(2S), the ratio R became a key
parameter, in fact, it can be used to reveal the QCD regime.
By studying its values obtained as a consequence of
different hypotheses, primarily the exclusion of the AA
channel from the set of the experimental constraints guided
us toward a better understanding of the dynamics of these
decays. The really interesting conclusion is that, already at
w(2S) mass, the QCD regime is perturbative. This means
that the expression of the ratio R is known, as given in
Eq. (2), it is proportional to the ratio between the fine-
structure constant and the strong running coupling con-
stant. Moreover, its sign varies accordingly to that of the
electric charge of the baryon, or better, by including also
the case of the null value for neutral baryons, we can say
that it is proportional to baryon electric charge. The
hypothesis of perturbative regime of the QCD is supported,
not only by the goodness of the description in terms of a
charge-dependent ratio R, but mainly by the numerical
value of this parameter, reported in Table IX, that, despite
the large error, has a central value in good agreement with
the pQCD expectation given in Eq. (10).

As already done in the case of the J/y meson, for the
first time, the strong, the EM and the mixed strong-EM
contributions to the total BR of the decays y(2S) — BB
have been separated. The obtained values reported in
Table X can be compared to those of the J/w meson in
Table VIL

It is evident that the purely strong contribution to the
total BR is larger in the case of the J/y with respect to the
w(2S). This behavior is compatible with the decreasing
trend of the QCD running coupling constant as g>

5 BR% x 10% BR’ . x 10° BRY” x 10° .
BB BB 5B BB increases, from the J/y to the w(2S) mass.
pp 3.054+0.11 1.36 +0.17 0.30 +£0.37 The EM contributions for the y(2S) meson, again from
ni 3.05+£0.11 099 £0.11 0 Table X, follow a hierarchy with decreasing values of
AN 3.150 £ 0.094 0.229 +0.025 0 orders of magnitude. In fact for the baryon pairs pp, ni,
>ty 2.36 £0.08 1.20 £ 0.15 0.23 +0.29 »+3-, and E°Z° we have BR” ~ 107°, for X°3° and AA we
Zar 2.35+0.08 0.029 £ 0.022 0.23+£028 have BR” ~ 1077 and, finally, for the two pairs "X and
>050 2.36 £ 0.08 0.219 £0.024 0 —_— _8 .. .
020 E~E" we have BR” ~ 107°. A similar trend, but with one
== 2.75 +£0.10 0.806 £ 0.089 0 der of itud b Iso in th fth
. 2744010 0.027 £ 0.020 0274+ 034  orderof magnitude more, can be seen also in the case of the
J/w meson, see Table VII.
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TABLE XII. Nonresonant ete~ — BB Born cross sections at

7 =My 5.

ete~ — BB Cross section at the ¢> = Mi/(zs)
etem — X030 (0.175 £ 0.024) pb
ete™ = AA (0.183 4 0.024) pb
etem — (AZ0 +c.c.) (0.538 +0.073) pb
ete” - pp (1.10 £ 0.16) pb
ete” > ni (0.79 £ 0.11) pb
etem — THE- (0.97 £ 0.14) pb
etem - TSt (0.024 £ 0.018) pb
ete — ZOEO (0.645 + 0.086) pb
ete- - BB (0.022 £ 0.017) pb

We use the purely EM BR, depending only on the
parameters D, and F,, to calculate the Born nonresonant

cross section of the annihilation processes e*e™ — BB at

the w(2S) mass. The results are reported in Table XII. They
appear independent on the AA BR, indeed, as can be seen
in Tables III and VIII, the values of D, and F,, obtained
including and not including, respectively, the datum on the
AA BR, are almost the same.
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oA 555
BB
is S the modulus of the strong amplitude

AT _
BB
is E the modulus of the electromagnetic amplitude
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About the relative sign of the continuum and the resonant
amplitudes in a process ete™ - BB

The Feynman amplitude

—lg 5
— il = [V(kz)(ie;/”) u(kl)] : [ﬁ(pl)(ier”(q))v(pz)]

q2

Taking away the imaginary unit

0 = = &[stlyuth)| 25 a0 @)

The non-constant matrix-vector I *(g) depends on two independent

Lorentz-scalar functions & l(qz) and 2(q2) as

oMY
q
(q) = v*F (g*) 4 L F(g?
(q) = r*#,(q") oYY »(g7)

In the case of the continuum, i.e, ete™ = y* — RBAB,
1(q2) and 2(q2) are the Dirac and Pauli form factors

ovcont(q2) _ F1 2(q2)

Phase Summary - 6 December

simone.pacetti@unipg.it



...It continues

If a resonance y is produced and then it decays In B R the functions F 2(q2)

contain its propagator and the coupling constants to the photon, G" and to the

BPB final state, Gig‘ggg,
~iG],G{%*
q*— Mz +il' M,

o~res (q2) —

For the process ete™ — y* = y — y* > BAB
2
—1 ‘G{,z‘ Fl,z(qz) —q

c"res EM( 2) — > . . -
q —Mw ZFWMW q

Consic erlng the three contributions
—-iG{,(G ‘%/F (%) — /q2 )
F12(q”) = F5(g*) | 1 4 EC ek )

’ ’ q* — M2 + leMt/f

Phase Summary - 6 December

simone.pacetti@unipg.it



Phase Summary - 6 December

..It still continues

By setting the Dirac and Pauli form factors at the y mass
Al 2 €l¢1 2 — A}/ |
q*— Mz +il' M,

were
2 _
Y : (7 Y B AR
G| |-ieneaE| |et] |G
Aly2 = Af’%@ = ’ 2’ =
9 2 ? o
My Fia(My) FiaMp)|
are the moduli of the electromagnetic and strong amplitudes, and
v BB
~ are —iG{ G615
1,2 =
Fy,(M2)

are their phases, assuming real the electromagnetic amplitudes.
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..It still continues to continue

By considering an effective unigue amplitude the sum
of the three contributions can be factorized as

A%}@eiqﬁ — A7

M= M 14

contact o ) .
q Mw + leMw

where A ...+ 1S the amplitude of the same process in

case of a contact, 1.e., current-current interaction.
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