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We study the pair production of B. mesons in the photon-photon interaction in the framework of
perturbative quantum chromodynamics and the relativistic quark model. The production amplitudes of a
pair of pseudoscalar and vector B, mesons are constructed in the nonrelativistic approximation and taking
into account relativistic effects. Relativistic corrections related to the relative motion of heavy quarks in the
production amplitude, as well as in the wave function of the bound state of heavy quarks, are taken into
account. Analytical expressions are constructed for the relativistic differential and total cross sections for
the pair B, meson production. Based on them, numerical values of the production cross sections are

obtained for various energies and scattering angles.
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I. INTRODUCTION

Among the various reactions that are studied at modern
elementary particle accelerators, the processes of the
creation of bound states of heavy quarks (b, c) hold a
special place. This is due to the fact that various theoretical
methods have been developed to study the properties of
heavy quarkonia that have already proven their effective-
ness. It cannot be said that the accuracy of theoretical
calculations of the observed values for charmonium and
others is very high. Nevertheless, different theoretical
approaches allow us to calculate the mass spectrum, decay
width, and production cross section of heavy quarkonia so
that the obtained results generally describe experimental
data [1-5]. Thus, interest in the processes of production
of heavy quarks is connected primarily with the ability
to test the quantum chromodynamics and the theory of
bound states of particles. In this sense, interest to exclusive
processes of pair production of heavy quarkonia is
enhanced by the fact that the effects of quark coupling
are manifested here to a greater extent [6—11]. Quarks are
produced initially at short distances, almost free, and then
diverge upon hadronization over long distances, at which
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the nonperturbative effects of their interaction become
decisive. As already shown by the studies of the production
of a pair of charmoniums, such reactions make it possible to
identify shortcomings in theoretical calculations of the
production cross sections and to search for new mecha-
nisms of interaction between quarks and gluons.

The study of various physical reactions in yy-interaction
has always been part of the physical research program at
electron-positron colliders. Such reactions arise as a result
of the interaction of a cloud of virtual photons that are
associated with accelerated charged particles. The transi-
tion from virtual to real photons was made possible due to
the Compton back scattering of laser light [12,13]. The
production of high-energy real photons from light scatter-
ing by a 6-GeV electron beam, based on the Compton back
scattering, was demonstrated in [14]. Scattered photons
acquired energies of hundreds of MeV and propagated
mainly in the same direction as the electrons of the initial
beam. A new round of interest in yy interaction is currently
connected primarily with the discovery of the Higgs boson,
with the study of the yy — H process and the construc-
tion of the Higgs factory. The luminosity of the photon
collider turns out to be related to the luminosity of the e™e™
collider by the relation: L,, = k>L,,, where the parameter k
is defined as the fraction of electrons that produce the
Compton photon. While ete™ colliders have proven
themselves in the study of various particle interactions,
the creation of a photon collider together with the linear
et e~ collider, in which electron beams are converted to the
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photon beams, will allow us to conduct more effective
research in a number of directions [15,16]. The study of
different physical processes in which a pair of B, mesons
can be produced is important for understanding the
possibilities of experimental detection of these particles.
The production of B, mesons is of particular interest in
such reactions, since quarks of various flavors and masses
arise in a bound state. Despite intensive experimental
studies of B, mesons, information on them remains rather
scarce. In fact, only the ground state of B. mesons (07) and
the first excited state were observed. Single and paired
production of B, mesons in e e~ annihilation, pp inter-
action have already been studied for a long time both within
the framework of the quark model and in nonrelativistic
quantum chromodynamics. The first works on the single
production of B, mesons in the yy interaction were
performed in [17,18] taking into account relativistic effects.
The production of B, meson pair in pp and yy interaction
was estimated in [19]. In our previous works [20,21], the
pair production of B, mesons in electron-positron annihi-
lation was studied, and we considered both one-photon and
two-photon pair production mechanisms. In this paper, we
consider the production of a pair of B, mesons in a collision
of two real photons. The collision of high-energy photons,
which can be obtained by the Compton back scattering of
laser photons by high-energy electrons, can cause the
exclusive production of a pair of heavy quarkonia. Since
previous studies of the production of quarkonia have
revealed the important role of relativistic effects, we study
the process y +y — B + BZ both in the nonrelativistic
approximation and taking into account relativistic correc-
tions within our approach based on perturbative quantum
chromodynamics and relativistic quark model [9,20,21].

II. GENERAL FORMALISM

The B, meson is the bound state of two heavy quark and
anti-quark (b, c) or (b,c). At present, the ground state
B (07) with the mass M = 6274.9 + 0.8 MeV [22] and
two excited states B.(2'Sy)" with mass 6872.1 &
1.3(stat) & 0.1(syst) + 0.8(B}) MeV and B.(23S,)" with
mass 6841.2 + 0.6(stat) & 0.1(syst) & 0.8(B,) MeV have
been discovered [22-24]. A new precision measurement of
the B} meson mass is performed using proton-proton
collision data collected with the LHCb experiment in
[25]. For pair production of B, mesons, it is necessary
to have a reaction in which two quark-antiquark pairs (cc)
and (bb) would initially be produced. The reactiony + y —
BY + B; that we study is determined by the 20 Feynman
amplitudes, some of which are shown in Fig. 1. The
Appendix A presents the entire set of production ampli-
tudes of free quarks (b,c) and antiquarks (b,c) in the
leading order of a,, necessary for the subsequent produc-
tion of a pair of B, mesons. These amplitudes are generated
in the FeynArts package [26,27]. The transition from the

FIG. 1. The pair B.-meson production amplitudes in yy
interaction. Wavy lines show the real photons with four momenta

k, and k,. Produced mesons B} and By in the final state are
indicated by a hatched oval.
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process of creating a pair of B, mesons in e'e~ annihi-
lations to yy interaction, therefore, leads to a significant
increase in the number of amplitudes and complicates the
calculation of the pair production cross section.

The general expression for the total production ampli-
tude of a pair of B. mesons can be written as a convolution
of the production amplitude of two quarks (b,c¢), two
antiquarks (b, ¢) in photon-photon collision, and quasipo-
tential relativistic wave functions of B, mesons [28,29]:

d)
M(ky. ko, P, Q) = / s (p.P)

d
X/ﬁTV.P(q7 Q)T(p,q,P, Q>’

(1

~—

where k;, k, are four momenta of initial photons, P, Q are
four momenta of final mesons. 7 (p,q,P,Q) is the
production amplitude of four free quarks and antiquarks
in yy interaction, Wy, p(p, P) is the wave function of B,
meson. A superscript P indicates a pseudoscalar B. meson,
a superscript ) indicates a vector B, meson. Four-momenta
of the produced quarks and antiquarks can be expressed
through total and relative four-momenta in the form:

p=mP+p, pp=mP-p, (p-P)=0,
My EmiFm3
771,2 - ZM%{ ’
g =p0+q. @=p0—-q. (q-Q0)=0,
_ME, EmiFm] 2)
P12 2M%;{: >
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where M is the mass of pseudoscalar or vector Bf (B:™)
meson. Relative four-momenta of quarks p = Lp(0, p) and
q=Lp(0,q) are obtained from the rest frame four-
momenta (0,p) and (0,q) by the Lorentz transformation
to the system moving with the momenta P and Q. Rela-
tivistic coefficients 7, , and p; , are taken in such a way that
the following conditions of orthogonality are satisfied:
(pP) =0, (¢Q) = 0. In the nonrelativistic approximation,
when we neglect the binding energies of quarks in the
meson, the coefficients p &y, & ri,=m,/(my+m,).
In what follows, we denote the mass of the b-quark m, and
the mass of c-quark m,. In the case of B, mesons the values
ry =0.76, r, =0.24 are very close to 5, =0.77,
p1 =077, n, =0.23, p, = 0.23. Therefore, the use of
|

coefficients r;, is justified. It greatly simplifies the form
of intermediate expressions for amplitudes. It is useful to
recall that in the Bethe-Salpeter approach the initial pro-
duction amplitude has a form of convolution of the truncated
amplitude with two Bethe-Salpeter (BS) B, meson wave
functions. The presence of the 5(p - P) function in this case
allows us to make the integration over relative energy p°. In
the rest frame of a bound state the condition p° = 0 allows
to eliminate the relative energy from the BS wave function.

The amplitudes shown in Fig. 1 differ by replacing the
lines of b-quarks and c-quarks, as well as by rearrangement
of the initial photons. We present analytical formulas for
some amplitudes in the form (one representative from
subclasses of amplitudes shown in Fig. 1):

v a =i a F— q -
T,(p.q.P.Q) = 16”20‘x,caQi8/1l(kl)gz(kZ)D,{:(ll)W(Pl)Y/ITU 12 57
(r—q)" —mj
l/% Q + m l/ o} n
WY (611) "(q2)7°Th,v3(pa2). (3)
Lra IA) - ]% —m v
72(17’ q, P? Q) = 16”2as,caQ%}€lll( )SZ(kZ)D/la (ll) (pl)}/! T] 1 : 2 : 2 4
(p1—Fky)> —my
pr—Ff+my _
y m T 4
X (Pl _ l")2 _ m%y Ul(ql)uZ (qZ)y mnv2(p2) ( )
v a =i a lA) _]% +m
73([7, q’P7 Q) = 167[2as,caQ%}8I14(kl)82(k2)D,1(};(ll)ul(pl)yﬂTij 1_ kl 2 _ 12}//1
(P 1) my
ky—q,+m
X —(k qll) — S (611)”2 (g2)r° T3 (p2), (5)
2 v u — ki +m o
74([7,(]71"’, Q) = l6rx \/as,cas,bannglf(kl)82(k2> /15(12) (Pl)}’ T m]’ UI((]l)
1~ K)" — g
—m . ]%2 — D2t my Von
2 u2 (42)7 T;I')nn (k2 _ p2)2 2 }/ 2(p2) (6)
i p —k +m
Ts(p.q.P. Q) = 167>/, @, ,aQ,.Qye| (ki )es (ky) D2 (L)t (p1 )y T, —(pll_ kll)z — 1] vl (q1)
_ qr — ky + m,
x m nynn o} , 7
i3 (q2)y (ot =i’ v3(p2) (7)
|
where I} =r—p;—p, L=k —p,—q,. €(k;) and  antiquarks. Color factor is equal to \;‘—Tf]Tjk‘f;i =12 (the

& (k,) are the polarization vectors of initial photons.
D% (1) = 8%D,,(I) is the gluon propagator. 7¢ is the
SU(3) generator in the fundamental representation. The
values of the strong coupling constant at different energies
are indicated a; . = a, (/s 72 -) and a, , = a (Vs 7).

Q.=2/3, and Q, =—1/3 are the charges of heavy
quarks, u},, v{, are wave functions of free quarks and

color part of the meson wave function is 6% /+/3).
Further transformation of the matrix elements in (1) is
connected with the transformation law of the wave function
of the bound state of quarks upon transition from the meson
rest system to a moving reference frame with momenta Q
and P. This law was obtained in the framework of the
Bethe-Salpeter method in [30], and in the framework of the
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three-dimensional quasipotential approach in [31]. Since
the quasipotential method is used in this work, the trans-
formation of the wave function of mesons is represented as:

1/2.pa 1/2,0p
Wy (p) = Dy (RY DY (RY,) ¥ (p).
7 e 1/2.62 1/2,
P (p) = ¥ (@)D} URY, D RE), (8)
where RY is the Wigner rotation, Lp is the Lorentz boost

from the meson rest frame to a moving one. The rotation
matrix D'/?(R) is determined by

(é ?)D?‘? (RY) =57 (p,2)S(P)S(p).  (9)

where the Lorentz transformation matrix of the Dirac
spinor is

«(p) +m<1 +€(S‘2 m) (10)

Further transformations of the amplitudes (3)—(7) entering
in (1) should be carried out by means of the following
expressions:

Saﬂ(A)u?}<p) = Z
o=+1/2

w(p)S;(N) = Y DIARY ag(Ap). (1)
o==+1/2

Z(AP)D}(RY),).

When constructing the production amplitudes of vector and
pseudoscalar mesons, special projection operators on these
states are used, which are constructed from the wave
functions of quarks in the rest system. Therefore, the
transformation formulas for Dirac bispinors of the follow-
ing form are needed:

_ (pl + ml) /
iy (p) = .+ p1=(ep),
: \/261 )(e1(p) +my) ! :
(Pz )
Vs (— v5(0), = (&), —p).
2(-p) = V26,(p) )+ o) 2(0) (€2,-P)
(12)
After that we introduce the projection operators 17" on the

heavy quark bound states (cb), (h¢) with total spin 0 or 1:

1+7/

202

Total amplitude of pair B, meson production can be
presented after such transformations as follows:

1677,'2C¥MV’73 / dp / dq
3 (2z)* ) (2x)°

x Sp{¥y" (p. P)TOWST (4, T},
(14)

7Y = (0500 (0)] 01 = 15(&") = (13)

M<k1’k27P7 Q) =

where I'""2) are the vertex functions. For the amplitudes
(3)—(7) they have the form:

F,(»;)F;(j) _ { a, 02D (1, ){w (j__jll)j_m,;% u i{z:q@:)j_m;% y”] ijy(’:l
P P M e P |
P P e e i
V00D (D) {Yﬂ (Il:]] —_:11);_—”:1% y’l} ij {y" myb} i

p1—ky +m

+ /@ 4,050, DY (1) {Y" (p]l_T

) Y g —ky +my 6] }8/4 v
i I e e ¥ (k)es(ka).  (15)
m% :|l’j|: (Q2—k2)2—m% ki PR

The transition wave functions Wy. (¢, Q) and ¥}, (p, P) (form factors) have the following form:

\_IJO =1 2 2
TETC R LU ERUYN S X
‘ () e (p)tm) &(p) (ex(p)tmy) | 2 2my(e2(p) +my)  2my
m 2m, ny 2m;,
N T = A p’ P
1 —, 16
xy5( +vl)[ 2 +1}12m1(€1(17)+m1)+2m1] ( )
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3 (a) By — 1 @ “
P 0. 0) - B: [ -1, +—]
e e e e |2 ETICIOREDRET
m 2m, my 2m,
) NS 8 4
o _a) 17
x &y(Q,s.)(1+12) |: 2 T 2m2(€2(6]) + m2) 2m, "

where the four-vector p, convolution with the Dirac y*
matrix is indicated by p, vy =P/Mp, v, = Q/Mg ;
€y(0, s.) is the polarization vector of the B}~ (17) meson,

relativistic quark energies €,(p) =/ p2+m%2. The

matrix element (14) contains the integration over the quark
relative momenta p and q. The result of the integration in
(14) is determined by the bound state wave function but not
the substitutions My = €;(p) + €,(p) and M. = €,(q) +
€,(q). Expressions (16) and (17) include the meson
wave functions in the rest frame ‘I‘%F (p) and spin projec-

tion operators with relativistic factors of quarks. Another

|
form of spin projector for (c¢) system was used in [32]
with heavy quark momenta lying on the mass shell.
The functions (16)—(17) describe a transition of heavy
quark-antiquark pair from free state to the bound state,
so, they can be called the transition form factors. It is
important to emphasize that a relativistic consideration
of the production and decay of heavy quarkonia is
necessary to obtain the values of the observed quantities
[8,9,33,34].

We have also the dependence on relative momenta p and
g in vertex functions '), T®, The denominators of
expression (15) can be simplified as follows:

(r—q;)* - m% ~r?=2rrQ =2rqr s, (k) —q;)? - ml ~ —r1\/s(P° + |P| cos 0),

(k2 - ql)z - m% ~ —2r1k2Q = —2r1k1P = —rl\/E(PO - |P| COSH), (18)

where @ is the angle between photon k; and meson P three momenta. so, we neglect here relative momenta p and q because
corresponding corrections have the form p?/s, g*/s and are very small in size at \/s > 2M p,- We take into account exactly
the corrections p?/m7 ,, g*/m7, in the numerator of relativistic amplitudes.

The appearance of a large number of the Feynman amplitudes describing the production of a pair of B, mesons makes the
use of the FORM package [35] especially important. The total contribution of 20 amplitudes is conveniently represented as a
sum of 5 parts, since 4 of 20 amplitudes each have a similar mathematical structure. The total amplitudes of pair production
can be represented as a result in the form:

Tpp=Thpe](ky)es(ky).
AW A/zw AW AZD A’SW

v
= + + + :

P = AP TR AR PRY | AT ) | AR FIPRY T AR P PR PP
(19)

Ty =Tl (k)5 (k)esd (P)e (Q),

wee B;welez Bﬂ’/€1€2 B;welez B;welez Blswelez

T = + s+ :

VT AP - Pl) | R (PT=[Rl) AT (PPl RS (P Rla) AR (PO =[P (P [Pl)
(20)

where €| (k;), € (k,), €} (P) are the polarization vectors of photons and vector meson, z = cos 6. We introduce the angle 6
between the photon momentum k; and momentum P of B, meson. The tensors appearing in (19), (20) are very
cumbersome when taking into account relativistic corrections. In the Appendix B, we write out the explicit form of these
functions in the case of the production of a pair of pseudoscalar mesons.

To calculate the cross section we have to sum the squared modulus of the amplitude upon all polarizations using the

following relations for final vector mesons and initial photons correspondingly (v, = P/Mp , v, = Q/Mp ):
kﬂkv —l—k”kﬂ
A * v 1 * v v v v
E (;‘I(D)M,SPW = oy — g, E €<Q)”8Q</l> =51y — ¢, E (1 81(2) =12 172 _ g (21)

7 7 7 ky - ky
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After calculating the squared amplitude modulus, we
obtain the differential effective cross section do/dcosé
(z =cosb)

Pl ,

and (22)

do 2
1677|/\/l|

as a function of center-of-mass energy +/s. It depends on a
number of parameters including heavy quark masses and

\/ (s —4M3 ) /4 is the meson

three momentum in center-of-mass frame. The technique of
further transformations of | M|? is described in detail in our
previous works [20,21]. Let us briefly repeat the basic
elements of our transformations and the used quark model.
One of the very important parameters on which the
numerical value of the production cross section depends
(the cross section is proportional to the 4th power of this
|

relativistic corrections. |P| =

p’ _ (& —m 1/2+ € —m 3/2+ e —my )2
4m%_ €1 + my €1 + my €1+ my U

p2 _ <€2_m2>1/2+ <€2_m2>3/2+ <€2_m2>5/2
4m%_ € + my €+ my €+ my U

dmym, (er +my)(er +my)

parameter) is the value of the bound state wave function at
the origin. In the framework of the relativistic quark model,
we have the following generalization of the nonrelativistic

value ‘P%:’ "(0):

e (p) + ml (ex(p) +my) dp
/ \/ 2¢,(p) - 2e5(p) 5. (p) (2n)*"
(23)

After the trace calculation in (14) we preserve in |M|?
only relativistic corrections proportional to second degree
of p and q. Next we express p?, q° in powers of relativistic
factors  C,=[(my—€,(p))/(mi+e1(p))]"[(m2—€2(q))/
(my+e€,(q))]F (n, k are integers and half-integers with
n+k< 1)

(24)
(25)

(e =my)  (e3—my)
+(€1+m1)+(€2+m2)+--}. (26)

Last equation (26) is used to maintain the symmetry over quarks 1 and 2 in some terms. Finally, we introduce special
relativistic parameters w,; which are defined as follows in terms of momentum integrals /"% and calculated in the quark

model:
e — [ 2R (e1(q) +my)(ex(q) +my) (€1(q) —m\" [€:(q) —m, kd ’
5= aRs(q) q, (27)
0 2¢1(q) - 2¢5(q) ei(q) +m e(q) +my
710 J01 I
Bc J— Bl‘ Bc — BC B( — Bz‘
“10 = 700 o=, T (28)

where Ry (g) is the radial wave function of the B, mesons in
momentum space. With a good degree of accuracy, the main
contribution to expansions (24)—(26) is made by the first
terms, which we retain when calculating the cross sections.

Up to this point we have discussed the first group of
relativistic corrections to the pair B. meson production
amplitude (14). As already noted they are connected with
|

terms in (14) containing momenta of relative motion p and
q. But there exists another group of relativistic corrections
which appear in the interaction operator of heavy quarks b
and c¢ and, as a result, in the bound state wave function
‘I’%{ (p) in (16)—(17) [3,4,36-40]. For their calculation we
use nonrelativistic Schrodinger equation in which the
particle interaction operator

H=H,+ AU, + AU,, HO:\/p2+m§+\/p2+m§—

consists of perturbative part AU, (r) and AU,(r):

(12

AU, (r) = -

ﬁ (280 In(ur) + ay + 2y gfy),

* 4+ (Ar + B), (29)

31 10
a; = ———I’lf,

2
379 fo=11=3n;.
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TABLE I. Relativistic parameters entering in the production cross sections.
B, meson n>*L, Mg , GeV ¥ (0), GeV3/? w1 o1 wu
B. 1S, 6.276 0.250 0.0489 0.0060 0.0171
B: 135, 6.317 0.211 0.0540 0.0066 0.0188
2a r(rp)p| 2za (1 1 da; (1 1
AUy(r)=—5—— P+ —F— | +— | 5+ |6(r) + =5 [=—5+— ) (s,L
2(r) 3mym,r [p r2 3 \mi mj (r) 3 \2m}  mym, (s:L)
da, (1 1 32ra; da,  [(syr)(sor) 1
T3>+ s,L) + —(8152)0(r - —=(ss
T3, <2m% m1m2>< 1% 1m2( 152)0( )+m1m2r3 { 2 3( 152)
_(lz(ml +m2> 1= 4mlm2 (31)
mym,r? 9(m, + my)?*|’
and nonperturbative interaction Ar + B + AV (r):
aviisy = Al L (s182) + 3(syr)(s2r) = (5152)] (32)
conf VSF m% m% 3m1m2 192 3m1m2 1 2 192 ’

where an additional parameter is taken equal to fy = 0.9,
L = [rx p], s, s, are spins of heavy quarks, n, is the
number of flavors, the Euler constant yg =~ 0.577216. All
parameters of the quark interaction operator (29)—(32) were
fixed as in previous papers [20,21].

Solving the Schrodinger equation numerically with the
account terms (30)—(32), we obtain the wave function of the
bound state (b¢) with spin § = 0 and 1. Using this solution,
numerical values of parameters (23) and (28) are calculated
and presented in the Table 1. The plots in Fig. 2 show the
type of differential effective production cross sections for a
pair of B, mesons without and taking into account
relativistic corrections. A significant decrease in the pro-
duction cross sections taking into account relativistic
corrections with respect to nonrelativistic cross sections
is explained primarily by the decrease in the relativistic case

y+y-B:+B;

‘ ‘—0.5‘ T

|
in our model of the key parameter ‘I’%F (0). The ratio
[W5"7(0)*/]|%5 (0)[* for the states with spin 0 and I,
which is 2.4 and 4.8, respectively, shows how many times
the nonrelativistic cross section decreases due to this factor.

Table I shows the masses of B, mesons (the states 'S,
35,) obtained in our model. They are in good agreement
with both the experimental result M(1'S,) = 6.2749 GeV
[22] and theoretical calculations M(13S,) = 6.332 GeV
[3]. It should be emphasized the multidirectional effect of
various relativistic corrections. Those relativistic correc-
tions p?/m3 ,, q*/m? , that are taken into account in the
production amplitudes (19)—(20) give an increase in the
production cross sections from 20 to 50% for different
mesons. But relativistic corrections in the interaction
potential of heavy quarks lead to a significant decrease

y+y-B+B’¢

T T T T T

FIG. 2. The differential cross sections do/dz (z = cos @) in fb of pair B, meson production in yy interaction at the center-of-mass
energy /s =20 GeV (solid line). The dashed line shows nonrelativistic result.
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in ¥% (0) and, accordingly, to a decrease in the production
cross sections. In general, this last factor is decisive.

III. NUMERICAL RESULTS AND CONCLUSION

While charmonium states have already been studied in
sufficient detail, new excited states are being discovered,
experimental data on the bound states (chb), (¢b) are rather
small. Therefore, the search for various physical processes
for their observation is an important task. The creation of a
photonic collider based on ILC is of undoubted interest. The
use of beams of real high-energy photons will allow us to
study new processes of particle interaction and to verify
existing theoretical models to describe them. One of these
discussed processes is connected with the production of the
Higgs boson and the study of various channels for its decay.
Another promising direction of the yy interaction, which is
studied in this work, is related to the production of bound
states of heavy quarks. The process of exclusive production
of a pair of doubly heavy mesons or baryons is an important
source of information on the interaction of heavy quarks. It
can be used both to verify existing models for describing the
bound states of particles, and to refine the values of the
fundamental parameters of the theory. All particles generated
in this reaction can be reliably identified by their decay
products. Our relativistic approach to the study of quarko-
nium pair production reactions, formulated in [9,10,20,21],
is extended in this work to a new processy +y — B + B;.

|

5127302 .Qa?|P|
O =
PP 21855 MO

¥R (0)[* | V3hy (3) +

We obtain leading order relativistic amplitudes (1),
(19), (20) for the exclusive pair production of pseudo-
scalar and vector B, mesons using the perturbative QCD
and relativistic quark model. Taking into account the
smallness of relative momenta of heavy quarks we make
an expansion of the amplitude on p and q and hold the
terms of the second order. There are two types of
relativistic corrections related to the expansion in small
parameters p*/m1 ,, q*/mi , and p*/s, q*/s. The second
type of corrections occurs when the denominators of the
heavy quark propagators are expanded at small relative
momenta p, q. We neglect the corrections of the form
p?/s, q*/s since at energies /s > 15 GeV their numeri-
cal value is an order of magnitude smaller than the first.
This somewhat simplifies the final form of the produc-
tion cross sections. It is also useful to note that the
quark model used by us has certain universality, since the
quark interaction operator contains the perturbative part
based on calculations in the framework of the non-
relativistic QCD and the widely used nonperturbative
part [2-4,36,37,39,40].

Performing analytical integration of the differential
effective cross sections (22) over the angle 6, we obtain
the total cross sections for the production of a pair of
mesons. The corresponding expressions are very bulky, so
we present here only nonrelativistic cross sections in
the form:

| VE-VEod,
S =10, (33)

hl (§) = 192((qbc - 1)2<QI2)C - 34qbc + 113)1"? + (36qic - 220qbc + 225)’? - z(qlzw - 4quc + 80)’-:1"

+ 2(4q13n - 63‘1%0 + 160qbc - 101)’? + S(ch - 1)4,,2]3 - 4(qbc - 9)(qbc - 1)37? + (71 - 126]!70)’% - 18rl + 2)

—(r - 1)2r%3"3(q2§c(72r‘1t — 807 — 2012 +44r, —11) — 4(]26(72r‘1t — 1127} +36r% +24r; — 11)

+ q3.(432r} — 864r + 52017 — 88r) —26) — 4q,,.(72r] — 17613 + 132r7 — 48r; +9) + 72r} — 20813

+ 17212 =52r; +5) 4+ 16(r; — 1)r 3(qs,.r3 (34r; — 4617 + 15r) — 3) — 243 .r3(68r} — 1487} 4 98r3

—27r; +6) + 3qic(68r? - 204r? + 214r‘11 - 88r? + 17}% =Tri+1)=2q,.(r; — 1)2(68r‘11 - 124r? + 62r%

+3r; =3) + (r; = 1)°r(34r} = 561, +25)) — 23%(q; .r1(72r$ — 64r] — 1447} + 22873 — 11317 + 18r; = 3)

—4g3 (7268 = 17675 + 1607 — 467° — 2373 + 167, —3) + 22,1 (21617 — 864r% + 15687 — 16807

+ 11757 — 55813 + 1737, — 30) — gy (r, — 1)2r, (255 — 25674 + 360 — 27473 + 1197, —24) + (r, — 1)’

x (72r = 368r] + 616rf —452r; + 147r7 = 12r; = 6)) + (qp. — 1)*(r; = 1)?r1 (871 = 1677 + 1217 —4r) + 1)5%,
(34)
hy(5) = 6((qpe — 1)*(ry = 1)2r715% (g3, (871 = 817 +4ry = 1) = 2q,, (871 — 161 +8r] — 1) + 8r} — 2417

+ 2417 = 127, +3) = 2(qpe — 1)*(r = D)3 (=16(25,. = 3qpc + 1)1} + 8(44;5, — 65 — 1)1}

- 16(Qic —qpc — 3)”? + <SQI27C - 2qbc - 51)7‘% + (_qlz;c + quc + 23)7‘1 + S(qbc - 1)2’.? - 4) + 64((ch - 1)2

X (Qic - 34qbc =+ 113)7‘? + (36q127€ - 220qbc =+ 225)"‘1‘ - 2<ql2;c - 40qbc + 80) r? + 2(4q137¢ - 63ql2;c + 160gbc
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- 101)”? +5(qpe — 1)4”§ —4(qpe = 9)(gpe — I)SVZ + (71 - IZch)r% —18ry +2) = 25%(4(qp. — 1)2(5%2gc

—106q,. +173)r$ + 434}, + 5643 .. — 330q3, + 5284, — 257)r; + (=154}, — 3643, + 60642, — 13964,
+905)rt +2(3g3, — 843, — 663, + 240q,, —233) 1] + (=g}, + 44}, + 645, — 52qp. + 123)r7 +40(gp. — 1)*r}
—64(qpe = 4)(qpe = 1)*r] = 8(qpe + 1)1 =2) +165((qpc — 1)*(15¢5, = 110G, +71)r§ + (8¢5, + 16g4,
—109)r} = (g3, + 2qp. —40)ry +4(q3. — 843 — 64y +37)r} + (=64}, + 7843, — 24643, +202q;. —28)r

+ (¢4 = 22q3, +109¢}, — 525, = 84)rt +8(qpe — 1)*r} = 8(qpe — 1)’ (3qpc = 5)r] = 6)), (35)

10247302 . Qta*|P|
O =
v 2719155 M°

[¥9(0)[*| V3hs(3) +

1 VE-VE-4,
\/§__41n\/§+\/§__4h6(s), (36)

hs(3) = 2(qh, + 643, + 1)(ry = 1)2r15* +48((gp. — 1)* (1743, — 302qp, + 829)r8 + 5(5443, — 304,
+303)rt — 10(q7, — 52q,. + 104)r3 +2(4443, — 49545, + 1160q,. — 709)r5 +40(q,. — 1)*r$ —4(gp. — 1)
X (11qp. — 69)r] + (451 =72, )rt — 114r, +13) +4(ry = 1)1 3 (g} 11 (13 =417 + 107, = 7)
+qj.ri (=4 +12r; = 17r; +15) 4+ 2q3,r (3r; — 617 + 14r) — 11) — g, (41} =413 +5r1 + 1, — 6)
+ri(r] 41 =5)) +5(8(qpe — )2 (993, — 674 + 121)r§ +12(843, = Tqp. — 3)r1 — 4(164}, + 943,
+240q2, — 581q,,. +316)r] + (834}, + 47643, —358¢2. — 944q,,. + 843)r! —4(64}. + 8643, — 131¢2. + 36,
+53)r] + (244}, + 7243, — 26245, + 296, — 6)r7 + 64(qp. — 1)*r} = 128(gpe = 3)(qpe = 1)°r] +27)
+43(—=4(qpe — 1)%(25g3, — 445q,,. +963)1$ +2(69¢2.. + 162q,. — 599) 17 — 6(442. + qp. — 37) 7
+4(24q;, — 5142, — 553qp. + 852)r; —2(9¢7. +209¢;,. — 253243 + 5339, — 3025)r; + (154}, — 23443,
—1206¢3, 4 6656, — 5775)r1 —208(qp. — 1)*r$ +8(qpe — 1)*(37q,. — 171)r] — 15), (37)

=
=)
—

“t
S~—

=6(16((gpc = 1)* (173, — 302, +829) 1) + 5(54q3, — 304q,, +303)r{ = 10(g;, — 52,

+104)r} +2(44q; . — 49543, + 1160q,. — 709)r3 +40(gp. — 1)*r8 — 4(qp. — 1)*(11gy,. — 69)r] + (451
—72qpc)ri = 114r +13) +5%(8(qpe — 1)*(75. — 644y + 147)7§ = 8(245. — 8¢y, + 17) 11 +4(Tq}, + 643,

— 34842, + 818, —483)r] + (=43¢}, + 24843 +294¢2. —2272q,,. + 2057)r} —4(24}. + 3043 + 1543,
—266q,. +361)r3 + (8¢}, + 2443 . + 7043, —352q,. + 622)r3 + 64(qpe. — 1)*r$ —32(qp. — 1) (3qp. — 13)r] +9)
—45(2(qpe = 1)* (354, — 372q). +931)r{ = 2(23q;, + 78q),. — 540)ri +2(44;, + gy — 151)r1 — 4(84;,
—28¢2.—271q,. +584)r; +6(q}. +33q;,. — 36645, +851q,. —519)r; + (=54}, + 7843, +430q3, — 32324,
+3315) 77 +96(qpe = 1)*r = 128(qpe = 5)(qpe = 1) 7] +39) +8(gpe = 1)7qpe(ry = 1)*175), (38)

where \/§: \/E/M = \/E/(ml +m2)’ qu:Qbay,C/Qcas,h'
From these expressions, the general structure of the
production cross sections is clearly visible: they are
determined by functions that are an expansion in two
parameters r; and g, at a given energy s. The terms with
relativistic corrections have the same form.

The type of total production cross sections opp and oyy
depending on center-of-mass energy +/s is shown in Fig. 3,
on which we demonstrate a comparison of results of
nonrelativistic and relativistic calculation. In general, the
type of cross sections for pair production of mesons
remains the same as for other reactions e*e™ annihilation

and pp-interaction. At the threshold, the cross sections
vanish due to the |P| factor. In our calculations, we did not
take into account the Coulomb interaction of particles in the
final state. The ILC project plans to achieve high energies
of order /s = 100 GeV or more. In this paper, we present
the numerical values of the production cross sections at
relatively low energies (see Fig. 3), bearing in mind that
measurements at such energies will also be possible. But
our general formulas (33), (36) allow us to make a
numerical calculation at any energies.

The production of a pair of B. mesons in e'e”
annihilation was considered by us earlier in [20,21].
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FIG. 3.
(solid line). The dashed line shows nonrelativistic result.

In these works, both single-photon and two-photon meson
pair production mechanisms were investigated. The cross
section for the production of a pair of B, mesons in e* e~
annihilation in processes with two virtual photons is
suppressed with respect to the cross section obtained in
the single-photon mechanism by an additional o factor.
In the reaction yy - BB, with two real photons, the
general factor in the cross sections (32), (35) is the same as
in electron-positron annihilation with one virtual photon.
Nevertheless, the numerical results presented in Fig. 3
show that the cross section oy, (yy — BfBZ) is more
than an order of magnitude larger the cross section
oyp(ete” - y* > BIB:) (single-photon annihilation
mechanism [20]). The cross section opp(yy — BIB;) is
10 times larger than the cross section opp(eTe™ - y* —
BFB;) [20]. First of all, it should be noted that a
significant increase in the cross section for the production
of a pair of vector mesons as compared to other mesons
is also observed in e"e~ annihilation [19,20,41]. The
increase in the cross section for the production of a pair of
vector mesons during the transition from the reaction
ete™ — BT B: to the process yy — BiTBi™ is due to the
structure of total amplitude, which is determined by 20
Feynman diagrams. Thus, we can say that the observation
of the pair production of vector Bj mesons in the yy
interaction has clear advantages. Our results are in agree-
ment with previous calculation made in [19] in a non-
relativistic approach. So, for example, the numerical value
of the production cross section oy, from [19] at the
maximum point is near 10~’ub what is close to our
nonrelativistic values in Fig. 3 (dashed line). A slight
difference in nonrelativistic results is related to the choice
of parameters Wg (0) and a;. Assuming that the luminos-
ity of the photon collider will be at least half the lumi-
nosity of the electron-positron collider (~10°** cm™2¢™),
we can estimate the yield of pairs of vector B. mesons at
250 events per month. It is obtained by multiplying the
calculated pair production cross section at /s = 15 GeV
and the estimated luminosity of the photon collider.

y+y-B'+B¢
100F T T T T T T 1

8of / N 1
60}/ h ]
401 N ~

20+ S~ A

The cross section ¢ in fb of pair B, meson production in yy interaction as a function of the center-of-mass energy /s in GeV

In conclusion, we list the main theoretical uncertainties
of our calculation. The calculation of all the main param-
eters that determine the cross sections for the production of
a pair of B, mesons is performed within the framework of
the quark model (see also [20,21]). Moreover, we did not
take into account the contribution from the parameters ws,
@y, ®11, which in principle can be taken into account.
They are related to corrections of order p*/m7 ,, q*/m7 ,.
Their contribution to the production cross section can be
about 30%. Another important source of theoretical error is
related to the determination of the wave function of the
bound states of quarks in the region of relativistic momenta.
Taking into account the contribution of the relativistic
momentum region to the total value of parameters (28), we
can say that the possible theoretical error in the cross
section does not exceed 20% (the error in the wave function
is estimated at 5%). Also, in our work, the radiation
corrections of order O(a;), which can be of order 20%
in the pair production cross section, were not taken into
account. As a result, we estimate the total theoretical
uncertainty of our calculations at approximately 40%.
When our work was already published in the electronic
archive, a work [42] appeared in which one-loop correc-
tions to the pair production cross section were calculated.
Direct comparison of our results with the work [42] is
difficult, since we study the dependence of the cross
sections on the total energy +/s, which in our work has
much smaller values. The results of [42], obtained at
energies of /s = 250 GeV and /s = 500 GeV, show that
taking NLO corrections into account leads to a significant
decrease in the production cross sections as compared to
the result in the leading order (see Fig. 3 [42]). Thus, the
results of our work and [42] confirm the conclusion known
in the study of the quarkonia production in electron-
positron annihilation that the relativistic corrections and
the radiative corrections of order O(a,) are the two most
important factors that must be taken into account when
obtaining the production cross sections for the pair of B,
mesons.

016027-10



PHOTONIC PRODUCTION OF A PAIR OF B MESONS

PHYS. REV. D 102, 016027 (2020)

ACKNOWLEDGMENTS

The authors are grateful to A. V. Berezhnoy for useful
discussions. The work of F. A. M. is supported by the
Foundation for the Advancement of Theoretical Physics
and Mathematics “BASIS” (Grant No. 19-1-5-67-1).

APPENDIX A: THE FEYNMAN AMPLITUDES OF
A PRODUCTION OF HEAVY b, c QUARKS AND
b.c ANTIQUARKS IN 7y INTERACTION

At the first perturbative stage of the process of produc-
tion of a B, meson pair that we are studying, we have the
production of two heavy quarks (b,c) and two heavy
antiquarks (b,¢) in the photon-photon interaction. In the

FIG. 4.
photons.

leading order in «, this stage is described by 20 Feynman
amplitudes in Fig. 4, which can be generated in the FeynArts
package [26]. At the second stage of the production
process, quarks and antiquarks unite with some probability
into B. mesons. The part of the Feynman amplitudes in this
stage is presented in Fig. 1.

APPENDIX B: THE COEFFICIENT FUNCTIONS
A® ENTERING IN THE PSEUDOSCALAR B,
MESON PRODUCTION AMPLITUDE (19)

y+y— Bf +B;.

A = fiyhv + fiag", (B1)

19 20

The production of two free quarks (b,c) and antiquarks (b, ¢) in yy interaction in the FeynArts package. Wavy lines show the real
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In all these equations the substitution ¢, — Q.\/a;,, q, = Qp./@;. is needed. In these expressions, the role of
relativistic corrections is played by the functions ¢ (q) = (&,(g) —m;)/(&1(q) +m}), c2(q) = (e2(q) — my)/(&2(q) + my),
which are subsequently converted into relativistic parameters (28).
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