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Abstract

The process of electron—positron annihilation into proton—antiproton pair is considered within the vicin-
ity of ¥ (3770) resonance. The interference between the pure electromagnetic intermediate state and the
¥ (3770) state is evaluated. It is shown that this interference is destructive and the relative phase between
these two contributions is large (¢g =~ 250°).
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Large statistics of J /v, ¥ (25) and v (3770) samples have been obtained in recent years by
BEPCII/BESIII facility [1]. It provides the possibility to study many decay channels of J/y,
¥ (28) and 1 (3770) resonances. In a profound work, BESIII has measured the phase angle ¢
between the continuum and resonant amplitudes [2] and found two possible solutions, which
are ¢ = (266.9 + 6.1 = 0.9)° or ¢ = (255.8 = 37.9 + 4.8)°. This means that the strong decay

* Corresponding author.
E-mail addresses: ahmadov @theor.jinr.ru (A.I. Ahmadov), bystr@theor.jinr.ru (Yu.M. Bystritskiy),
wangp @ihep.ac.cn (P. Wang).

http://dx.doi.org/10.1016/j.nuclphysb.2014.09.019
0550-3213/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.


https://core.ac.uk/display/81133675?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.nuclphysb.2014.09.019
http://www.elsevier.com/locate/nuclphysb
http://creativecommons.org/licenses/by/3.0/
mailto:ahmadov@theor.jinr.ru
mailto:bystr@theor.jinr.ru
mailto:wangp@ihep.ac.cn
http://dx.doi.org/10.1016/j.nuclphysb.2014.09.019
http://creativecommons.org/licenses/by/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nuclphysb.2014.09.019&domain=pdf

272 A.l. Ahmadov et al. / Nuclear Physics B 888 (2014) 271-283

Fig. 1. Feynman diagrams of processes et + e~ — p -+ p in Born approximation and with the quarkonium v (3770)
intermediate state.

amplitude and electromagnetic decay amplitude are almost orthogonal. The BESIII data were
taken as an energy scan in the vicinity of 1 (3770). The data show some structure: clearly seen dip
in the energy strip of size of the resonance 1 (3770) width, which had been observed previously
by CLEO Collaboration for some mesonic decay channels [3].

In this note we try to explain this rather specific behavior of the total cross section of process
ete™ — pp in the energy range close to resonance v (3770) creation.

In contrast to the channel ete™ — v (3770) — wt ™, in process of hadron creation (i.e.
ete™ — ¥ (3770) — ntw~, pp, nn), a QCD gluonic state contribution to the hadron (in par-
ticular nucleon) formfactor ¥ — pp is to be investigated. Besides the Breit—Wigner character of
the amplitude, one must take into account the specific character of interaction of quarkonium to
nucleon—antinucleon pair mediated through 3 gluon intermediate state and the final state interac-
tion of the created nucleon pair.

The second effect is the final state interaction phase of amplitude which arises mostly from
large distances (or soft exchanges of final stable hadrons). It has the same form for y* — pp and
for ¥ — pp vertexes and we can safely assume its cancellation in the interference of pure QED
and quarkonium states.

On the contrary, the phase which arises from 3 gluon state can essentially affect on the Breit—
Wigner character of pure QED final state.

It is the motivation of this paper to investigate the detailed behavior of the total cross section
in the energy range within the mass of a narrow resonance v (3770).

2. Born approximation

We consider two mechanisms of creation of a pp in electron—positron collisions (see Fig. 1)

e (g) + e (g-) = p(p+) + p(p-). (1)
One proceeds through virtual photon intermediate state (see Fig. 1(a)), leading to the contribution
to matrix element
4
Mp =265 507, )
s

where lepton Jj and proton J,f currents have a form:

Ji =@ veulq-),  JP=u(p)yuv(p-),

and G (s) is the model-dependent proton formfactor.
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In the recent paper [4] the remarkable relation F(y/s ~2 GeV) =1, Fa(y/s ~2 GeV) =0
for proton formfactors near the threshold was obtained which meant, that proton in some envi-
ronment near the /s ~ 2-3 GeV can be considered as a point-like particle. Assuming this facts
and keeping in mind the closeness of the considered energy range to the pp threshold we put
further G(s) = 1. The corresponding contribution to the differential cross section

do o’B 2 .2 2 2 2 m’

1o = 2, GoBsInt0), s=(gs4q)t=4ET =10 3)
where m is the proton mass, /s = 2E is the total energy in center of mass reference frame (cmf),
E is the electron beam energy and the scattering angle 6 is the cmf angle between the 3-momenta
of the initial electron q_ and the created proton p. The total cross section then

2ma’B(3 - B2)

opls) = ———— “4)

3. The quarkonium v (3770) contribution: three gluon vertex

The second mechanism (see Fig. 1(b)) describes the conversion of electron—positron pair to
¥ (3770) with the subsequent conversion to the proton—antiproton pair through three gluon inter-
mediate state (see Fig. 2(a)).

For this aim we put the whole matrix element as

M= Mg +MG?, (5)
where the contribution with ¥ (3770) intermediate state is
8e
MG = TE TG ©6)
Vo s— ML +iMyry, Y
Here we assumed that vertex ¥ — eTe™ has the same structure as y — eTe™, i.e.:
Ty ere = 8edl (7

and the constant g, is defined via ¥ — eTe™ decay (ge2 =127y _, o+ /My ) thus giving g, =
1.6-1073 [5].

The current J(“3 2) which describes the transition of 1/ (3770) with momentum g = 2p into
proton—antiproton pair via three gluon intermediate state (see Fig. 2(a)). The gluons in Fig. 2(a)
interact with colour degrees of freedom in the proton block. The dynamics of this block between
gluon interaction vertexes is complicated, but for simplicity we approximate it with effective
fermion propagator with proton mass. That thus gives:

d*ky d*ky d*kz (2m) 8
KHAK2((p+ — k1) — m2) ((p— — k3)2 — m?)
x 8(q — ki — ko — k3)[ii(p4) OV v(p-)], 8)

where «; is the strong interaction coupling which is associated with each gluon line and 0" is

|

Oy = 07 yo (s — k1 +m)ys(—p— + 15 +m)y, ©)

and
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Fig. 2. Vertexes of v (3770) transition into proton—antiproton pair.
0P =i O°PY (p + M)y, (p — M),
A —p+k+M -k +M .
0By — vy(=Pt ks v — Fi )Va + permutations, (10)

(P —k3)? = M) ((p —k1)> — M?)
where p and M are the 4-momentum and the mass of the charmed quark (antiquark) inside
¥ (3770) state and one must take into account the contributions from all gluon lines permutations.
Color factor

eol = (P1B/H)d  tatpte|p) =5/6 (11)

describes the interaction of gluons with quarks of the proton. The quantity R is connected with
wave function of ¥ (3770) and is derived in Appendix A.

Thus the contribution to the total cross section arising from the interference of relevant am-
plitudes has the form

1
aaggznge[Z/M}ijg)drz}, (12)
spins
where two-particle phase volume d I3 is
Ppydp 1 4 B
dr, = —8%(g — — p_)=-—dcos#, 13
2= 35, 2E ag2® TP+ T o) = qgpdeos (13)

and 6 is again the angle between the directions of initial electron q_ and the produced proton p .
To perform the summation over spin states we use the method of invariant integration [6]:

1 2
> [arapago = (g,w - q;ﬁ’”) [ar 3 apraeer=-2Eg (14)

spins spins

where

1 N
Q=2 Ti[(B+ +m) 01 (- +m)ys]. (15)
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Thus we get for the contribution to the total cross section

S
8034 = Re( 23g(s.) ) (16)
s — Ml/f +iMy Iy

where
(07
S3¢(s) = —ﬁgegcquafﬁZ(ﬂ), (17)
4 d*ki d*ko d*k382p — ki — ko — k3)
Z(p)= 5 K22 — k2 —m2 )2 — m2 0
s Tksks((p+ — k1)* —m*)((p—k2)* —m?)

=H(B)+iF(p), (18)

where H(B) and F(B) are correspondingly real and imaginary part of vertex ¥ — 3g — pp,
i.e. function Z(B). Our approach consists in calculation of the s-channel discontinuity of Z(8)
with the subsequent restoration of real part H (8) with the use of dispersion relation. For this aim
we use the Cutkosky rule for gluon propagators

1 1 1
(k? +i0) (k3 +i0) (k3 +i0)

This allows us integrate over phase volume of three gluon intermediate state as

— (=27i)*8(k3)8(k3)8(k3). (19)

d*kyd*kad*ks
APy = ——————5(k{)8(k3)8(k3)8*(2p — ki — ko — k3)
(2m)
1
= (2n)*5§dx1dxzd91d9256, (20)
where
X1 +x—1
sc=38(c—pw)), px)=1-2—-——
X1X2
=2 +o a3 =2
X = E ) X1 X2 X3 =2,

and c is the cosine of the angle between directions ky and kj. It is convenient to write the phase
volume element in form

2

dds = —2 _dxydxady6(1 —x1)0(1 — x2)0(x1 4+ x2 — 1),
8(2m)3
ds$21ds2; 1dcider
dy = a2 3c=; N D=1 —c%—c%—pz(x)—i—%lczp(x), 2n

where d§2; is the phase volumes of the on mass shell gluons and ¢y 7 = cos(p+, k1.2). So we
obtain s-channel discontinuity of Z in the form:

1 1
iAsZ=fdx1 / de/dy 4l = F(B), (22)
0 1—x;

C1Cy

where C1 = x1(1 — Bcy) and Cy = x2(1 4+ Bcp) and the integration over phase volume dy is
performed in the kinematical region where D > 0. Explicit form of iAZ and Q; are given in
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Fig. 3. The numerical estimation of the quantity H (B) (see (18) and (24)) as a function of B.

Appendix B. The angular integration can be performed using the form of the phase volume given
above and the set of integrals given in Appendix B.

As we are interested in the energy region close to the mass of resonance, we use some trick to
restore the real part of Z by means of dispersion relations. For this aim we do a replacement

M; M?  M? .
Z(S)—>¥’(S)=TZ(S), l1’(S)=Z(S)ﬁZE(H(ﬂ)ﬂF(ﬁ)). (23)
We use the Cauchy theorem (un-substracted dispersion relation) to obtain the real part:
1
HE =pL [
TR
1
1 1—p2 2p1dp
= ;{F(ﬂ)ln 5 + 5 _p [F(B) - F(B)] . 24
0

The quantity H(B) as a function of § is shown in Fig. 3.
4. The quarkonium ¥ (3770) contribution: D° mesons loop vertex

It is known that the main contribution to the decay width of 1 (3770) arise from the OZI
non-violating channels y(3770) — DD [5]. However the contribution of DD state as an inter-
mediate state converting to proton—antiproton is expected to be small. The main reason for this is
the absence of charmed quarks inside a proton. In this section we will estimate the contribution
of D mesons loop to the process of our interest by using only DD loop in the vertex ¥ — pp
(see Fig. 2(b)). The amplitude of the process (1) with the i intermediate state which converts
via DYDY loop into proton—antiproton we write in the form similar to (6):

8e

MD: B R
S—Mw-i-lM,/,F,/,

T, (25)

where current J g has a form:
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8y DD d*k 2 2
Jp= 16,2 m—ng((k—lhr) )en(tk+ p-)?)

y u(p)ysk + M 1) ysv(p-)I2k + p— — p)*
(k> = M3)((k = p4)*> = Mp)((k + p-)* = Mp)’

(26)

where gy pp is the constant for vertex ¥ DYDY which can be estimated from the decay width
Iy, popo =0.26 keV [5] which gives

4Mw /37TF10—>DODO
=12.6. (27)

(M, — 4Mp)3/4

8y DD =

The loop integral in (26) diverges in case of point-like particles. Usually one uses some formfac-
tor to cut this divergency [7,8]. Following this tradition we use formfactors for the vertex DY ij
in the form [9]:

_ 2M3fp  gpna
my +meq? — M3’

where fp ~ 180-200 MeV and quark masses we choose as m, =~ 280 MeV and m, = 1.27 GeV
[5]. The constant gpy 4 was estimated in [10]:

gn(q?) (28)

gDNA ~ 6.74. 29)

Performing standard calculation of loop integral in (26) using Feynman trick to merge the de-
nominators one can write the contribution D D intermediate state to the cross section in the form
similar to (16) as:

Sp(s)
sop=Re( P (30)
s — MW +iMy Iy

where

o 2m? 4m?
Sp(s) = mgegzDNAngD<l + T)‘, 1— TBD(S)’ (31)

2M2f P 1 1—x
BD(S)Z(#> /dx dyxy
my +me
0 0
{ 1 N 2mx s—4m2(M —m(l— ))} )
V@ +ie? T W) i s tamz as =Y
d(s) =M% x +Mp(1 —x) —m’x(1 —x) —sy(1 —x — y). (33)

5. Discussion

In order to see the relative contribution of different mechanisms to the phase we will consider
first the contribution of three gluons in the intermediate state. The total cross section then has a
form
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f(y.®)
1.0-

—02l

Fig. 4. The numerical estimation of the quantity f(y, ¢) (see (35)) as a function of B.

_ do3g(s)
o (s) =op(s) + 8o3g(s), =BB) (v, 9), (34)
op(s)
where
_ ge8colRa} PMy
Bp) = 2a(3-p2) Iy’
__ycos¢ +sing _S—Mi,
f(y,¢)—T, )’—m7 (35)

and the quantities P and ¢ are defined as

H+iF = Pe?, P=+H?+ F2,

1 2 3/2 12n I, 5
R=§ ;Ols/, gesz—wee, gcolza (36)

The function f(y, ¢) is shown in Fig. 4. At the point of ¥ (3770) resonance, § = Sy = 0.86, we
have both quantities F and H negative and thus the phase ¢ is equal to

¢ = arctan(m
H (Bo)

0
The ratio of the B(fg) to P is

) + 180° = 67° + 180° = 247°. 37

B(Bp)=3-10"°P, P =139%. (38)

It is known that the main contribution to the width of ¥(3770) arise from the OZI non-
violating channels ¥ (3770) — DD [5]. However the contribution of D D state as an intermediate
state converting to proton—antiproton is small. Main reason of it is the absence of charm quarks
inside a proton. In order to demonstrate this we add the D-loop contribution dop from (30) to
the cross section in (34), i.e.:

o (s) =o0p(s) + 8034(s) + Sop(s), (39
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and then, to calculate the phase ¢, we need to use complete expressions for the amplitudes, i.e.
S3g(s) from (17) and Sp(s) from (31). This gives the following result for the phase:

(Im(ssg<M2 7)) +1Im(Sp (M )))
¢ = arctan 180°

Re(S34(M3)) +Re(Sp(M3))

=81° +180° =261°, (40)

and thus we conclude that D-meson loop contribution to the phase is rather small and the main
contribution to the phase goes from three gluon intermediate state.

We should also notice that we did not evaluate the contribution of a square of amplitude with
¥ (3770) intermediate state. It is small compared with the contribution of interference of Born
amplitude with the one with ¢ (3770) meson and will be estimated elsewhere. It does not exceed
ten percents.

The quantities for phase ¢ in (37) and in (40) are in good agreement with recent experimental
data for phase at BESIII Collaboration [2].
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Appendix A. Vertex ¥y — 3g

To restore the quantity R from (8) we calculate the width of 1/ (3770) resonance decay into
three gluons. Let us consider the conversion of the bound state with quantum numbers J°€ =
177 to three real massless vector bosons. Similar problem was solved years ago for the problem
of ortho-positronium decay [11,12]. For the case of ortho-positronium Ops decay, we start from
matrix element of the process:

Ops — y (ki) + v (k2) + v (k3), (A.1)
which has the form:
1

Mops = AW 0§”A€u(k1)eu(k2)ex(k3)ea @), (A.2)
e

with e(k;) and €(q) are the polarization vectors of photons and the ortho-positronium respec-
tively. The quantity A includes the information on the wave function of ortho-positronium.
Operator

1 ~
O eutknes (k2)e (ks) = 7 TI[ QP +me)ys (p = me)] (A3)

N 1
0= ;%(—p +¥3 +me)éa(p — K1 +me)¢1 + cyclic permutations, (A4
1X3

describes the electron loop. Using the amplitude (A.2) we obtain for the decay width

m2m? (4m)3
/Z|M0ps|2 Qn )5 2 31

spins

= %meAz(nz —9)a’. (A.5)
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Fig. 5. The diagram of v (3770) decay into three gluons.

Comparing this value with the known result I'pps = (2m./ 97))(w% — 9)a® we conclude that

o032

A= .
427

Here we used the following formulae

1
> s 08 euknes (ke (k)| = 256 0.(x).

spins ¢

Qx) = %[x%(l —xD)? +x5(1 = x2) + x3(1 — x3)*].

(x1x2x3)
/d3x8(2—x1 —x2—x3)0(x) =72 —9.

(A.6)

For the case of decay of 1/(3770) to three gluons with the subsequent turning them to hadrons

we define the amplitude in the form similar to (A.2) (see Fig. 5):

1 1
My 3¢ = R(4mas) Y2 2d" el (kne) (k)ef (ks) 17 047 (@),

(A7)

with ¢ = 2p and e(g) are the momentum and the polarization vector of 1 (3770). The decay

width then reads as:
80
y3e= ﬁMV,RZ(TL’2 — 9)0(3.
And comparing this result with the known one [13,14]:
r _ 160M¢
V=3 T 1878
we conclude that

12
R=—-]Za?~0.0146,
OV

if one assumes that oy ~ 0.3. Note that both A and R are real.

(nz — 9)016

R

(A.8)

(A9)

(A.10)
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Appendix B. Angular integrals
In this section we present the angular integrals which are relevant for the integration in (22):

1 dcidc
/ ——{1: C1; C2; C1C; CF; €33 €3 €1 Co; C3 1 )

7 ) cicoD
= {Joo, J10, Jo1, J11, J20, Jo2, Jo3, J21, J12}, (B.1)
where
1 1 1
Joo = ——1(x), Jio=—L, Joo=—L, Ji1 =2,
X1X2 X2 X1

ho="[La+p) —2p].  Jo="2[L1+p)—2p].
X2 X1

Jo1 =2x1, J12 = 2x3,
2

Jos = ;72[(1 +B2+4p+ (3= B L+2(1 —4p —3p)],
1

and

2
p=px)=1———0C1+x2—1),
X1X2

Cir=x1(1 - Bcy), Cr=x2(1 + Be2),
2 14+ p*p(x)+d

1= i
d=(1+£p)" - (1- ) (1 - p)?),
L= Llpltf

pUT-p

The explicit expression for Q1 = Tfﬂy Rgﬁy from (22) is
1 ~
17 = T 0P (b + My (p— M),

w 1
R = 2T (pe = m)yi (P +m)ya(bs — b+ m)yp(—p- k2 +m)yy ],

where

R 171 1
0 = —[—Vﬁ(—lﬁ Th+ My, + v (—p+k+ M))/ﬁ:|(15 —ki+ Mya
X1 X2 X3

11 1
+ _|:_7/y(_p +h+Myy+ —vo(—p+ ki +M)Vyj|(p — k2 +M)yg
X2 | X3 X1

171 1
LS [gm(—ﬁ +k+ Mya + Zya(—ﬁ +k+ M)Vﬂ:|(ﬁ — K3+ M)y,y.
After calculation of traces and simplifications one gets

32
01= {Poo+ C1 Pio+ C2Poy + C1C2 Py + Ci Py
X1X2X3

+ C3 Py + C3 Pz + C1Ca Poy + C1C3 Pro ), (B.2)
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Fig. 6. The numerical estimation of the quantity F(8) (see (B.3)) as a function of 8.

where coefficients P;; have a form
Py = —4(—1+x1)* (=4 +x1 + b(—1+ b +x1))
—4(17 + b* (=2 + x1) — 26x1 + 8xF + b(—1 + x1)(1 + 2x1))x2
—4(=1749x1 + b + b+ x1))x3 + 8(—=2 + b)x3;

Pio=4(—1+x1)* =2(8 + x1(—11 = 3b + 6x1))x2 + 4(1 + b — 5x1)x3 — 43,

Por =2(10 — 8x1 — 3x7 +2x7 +2(=2 4+ x1) (4 + 3x1)x2 + 23 + x1)x3
+b[xf = 2(=2 4 x2) (=1 +x2) + 2x1(1 + x2)]),

Piy=2(—4 +x1 +x7 + 5+ xDx2 — 2b(=1 + x1 +x2)),

Py =2x2(=2 — b+ 3x1 + 3x2),

Py = =2(2(=1+x2) + x1 (b +2(—1 + x1 + x2))).

Py =22 —x1 —x2), Py =2xy, Pyz =2x1,

here we use the notation that b = 82. The contribution to imaginary part F(8) then reads as

1 1
32
F(ﬂ)=/dx1 / dx; {PooJoo + P1oJ10 + Po1Jo1
X1X2X3
0

1—x1

+ Pi1J11 + PaJao + PopJoz + PozJoz + Pa1Ja1 + PraJin}

Numerically the quantity F'(8) as a function of § is presented in Fig. 6.
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