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Interactions of B, mesons in relativistic heavy-ion collisions
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The enhancement of B, production is expected due to formation of quark-gluon plasma in heavy-ion collisions.
However, it is also expected that the production rate of B, meson can be affected by its interactions with comovers
in hot hadronic gas. To study this effect we calculate the dissociation cross sections of B, meson by 7 and p
mesons, including anomalous processes using an effective hadronic Lagrangian. Thermal averaged cross sections
of B, are evaluated with a form factor when a cutoff parameter in it is 1 and 2 GeV. Using these cross sections in
the kinetic equation, we study the time evolution of B. mesons in hot hadronic matter formed at LHC. We find
that the effect of interactions with comovers is small but not negligible.
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I. INTRODUCTION

In 1986 Matsui and Satz [1] hypothesized that in a decon-
fined medium color screening would have dissociated J/y
mesons, resulting in its suppressed yield. This deconfined
state of matter is called quark-gluon plasma (QGP). Thus,
suppression of J/y could be considered as a probe for QGP.
Anomalously large J/v suppression was observed by NAS50
experiment at CERN [2] with moderate to large transfer
energy in Pb+Pb collisions at P, = 158 GeV/c. However,
this observed suppression may also occur due to dissociation
by comoving hadrons mainly = and p mesons, especially
if the dissociation cross section is at least a few mb [3-8].
To calculate these cross sections, quark potential models,
perturbative QCD [9], QCD sum-rule approach [10,11], and
flavor symmetric effective Lagrangian [12-15] have been
used. Analogous to charmonium, suppression of bottomonium
states was also predicted during QGP phase [1]. Recently
it was observed by CMS in Pb+Pb collisions that excited
states of bottomonium are strongly suppressed [16]. To have
an unambiguous interpretation of the observed signal, the
information of the dissociation cross section is also needed
[13,17].

It has been suggested that the production rate of heavy
mixed flavor hadrons would also be affected in the presence of
QGP [18-20]. For B. meson, which is bound state of be or be,
it is expected that production rate could be enhanced in the
presence of QGP [19,21,22]. QGP contains many unpaired
b(b) and ¢(T) quarks due to color Debye screening. These
unpaired b(b) and c(¢) quarks upon encountering each other
could form B, mesons and due to relatively large binding
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energy, B. mesons probably survive in QGP [22]. However,
the observed production rate may also depend upon the disso-
ciation cross section by the hadronic comovers.

In Ref. [22] B, dissociation by nucleons is examined using
meson-baryon exchange model. The calculated cross sections
are in the range of a few millibarn. Recently in Ref. [23],
using the same couplings and hadronic Lagrangian within
the meson exchange model, the dissociation of B, meson by
m meson is studied. The resulting cross sections with form
factors are in the range 2—7 mb and 0.2-2 mb for the processes
Bl +7 — D+ Band B} + 7 — D* + B*, respectively. The
form factors are included to incorporate the effect finite size
of hadrons. In Ref. [24], the dissociation of B. meson by
p mesons is studied. The calculated cross sections of the
processes Bf +p — D*+ B and B} + p — D + B* with
form factor are found in the range of 0.6-3 and 0.05-0.3 mb,
respectively. In this paper, we investigate the B, dissoci-
ation by m and p mesons including anomalous couplings
like PVV (pseudo-vector-vector), PPPV, and PVVYV, which
are ignored in the previous studies. The inclusion of these
couplings results in the opening of new dissociation channels
and the addition of new processes and extra diagrams. The
contribution of anomalous couplings is found to be significant
for calculating the cross sections of charmonium dissociation
with 7 and p meson in Ref. [25], K mesons in Ref. [26],
and dissociation of B, meson by nucleons in Ref. [27]. We
also calculate the thermal averaged cross sections and study
the time evolution of B, meson in hot hadron gas at LHC
using a schematic expanding fireball model with an initial B,
abundance determined by perturbative QCD (pQCD) assum-
ing that all heavy flavor pairs are produced at the initial stage
through hard parton collisions.

The paper is organized as follows. In Sec. 11, the interaction
Lagrangian terms that are relevant for the description of the
dissociation of B, by m and p mesons, including anoma-
lous processes, are given. The analytical expressions of the
amplitudes of dissociation cross sections are also reported
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in this section. In Sec. III, we calculate the cross sections II. INTERACTION LAGRANGIAN AND AMPLITUDES
with and without form factor and their thermal averaged OF B, MESON DISSOCIATION
values. In Sec. IV, we study the time evolution of the B,

meson abundance at LHC in a schematic model followed by
concluding remarks in Sec. V. We consider the following reactions using an effective

Hadronic Lagrangian:

A. Interaction Lagrangian

Bt+n—>D+B, B.+m—>D+B8B Bt+p—>D+B, B.+p—D+B,

B'+7—>D*+B, B +m7—>D"+B, Bf+p—>D*+B, B.+p—>D"+B,

‘ _ o 6]
Bt+nmn—>D+B, B.+nw—>D+B" B'+p—>D+B*, B +p—D+B5B
Bf+nm—>D"+B*, B, +n—D*+B*, B'+p—>D"+B* B, +p— D"+B".

In each row the processes of the first two entries are charge conjugates, as are the last two entries. These charge conjugate
processes have the same cross sections. Each process in Eq. (1) is a generic form of the processes given by different charged
states of , p, D, D*, B, and B* mesons. For example, the process Bj + m — D + B represents the following processes:

Bf+nt—->D"+B", B'+7 - D"°+B°, B +z°—>D"+B° Bf +7°— D°+B". 2)

(
For calculating the cross sections of the above reactions, (for which the relevant couplings are not dimensionless) are
relevant interaction Lagrangian terms are required. The re- obtained using the method described in Ref. [25] and are given

quired terms for normal processes (for which the relevant  as follows.
couplings are dimensionless) are obtained using the method

described in Refs. [23,24] and are given as follows. PVYV Couplings:

PPV Couplings: Lrppe = =8, ppe ghvep [(0.D;)7T - ﬁ(aal_);;)]v (6a)

_ — _ vaf P\ = KV
Lapp- = igzpp D% - (D3, 7 — 8,D7) + He, (3a) Lapp = 8y & [(9B5)T - 7(0,B™)]. (6b)

Lapp = igepp BT - (BO, 7 — 0,B7)+He, (3b)  Lops = &, ey &P 10,D})(0aB)B.~
ACB(.BD* = igBL.BD* D*M (BC_ BMB - a/J.BL_B) + HC, (30) +BC+(8aB*ﬂ)(8MD*V)]’ (60)
Lp.pp = igppp B (B, 9,D — 3,B,D)+He, (3d) Lopp = =8,y P (D30, 0D + 0, D04 ppD), (6d)
Lopp = igopp(D20,D — 0,DTD) - p*, (3e) Lops = =8,y € P (B0,py0Bf + 0,800 ppB).  (60)

=1 p* - (Bt9,B — 3,BTB).
Lops = igops P - (BT, wBTB) (3D PPPV Couplings:

VVYV Couplings: ) VB iy RN -
Lopprp = —i8.y ey P IDY(8,B7)(T - 3,7)(95B)

**:- **—vp.. *v—>_>k_ *V =2 % _ _
Lo = igoporP7 - (3,D7TD, = DT0DL) D2 - 0,7 @B (72)

+ D - (D% - 9,7, — 0,D™% - B,)

B _ Lop.pp = —ig, . " *F[B*(8,B])(% - 3,7 )(dpD)
D (7 79,D — 7 0,p'DY)],  (4a) bbb = " g !

Loy = igypp " - (9,8 2B — B20,B7) + B (3,B))(T - 3,7)(9pD)], (7b)
+B* - (BT - 3,p, — 3,B*"T - p) Lop.sp = —ig,, 1" P10, (3,D)(3.B)(3pB; )
+ B . (F-p'9,B* —T-0,0"B)].  (4b) + pu(3,B)(3.D) (3B} )]. (7o)
PPVV Couplings: PVVYV Couplings:
Lrp.pp = —grp.ppBI BT - 7D} +He,  (5a) LB, D+
Lop.p5 = &pp.0op BY BT - p,D™ + He, (5b) = igon.p5- 6" P Bl pu D} (3B ) + Dy p, Bl (3B
Lop.05* = 8pp.05* B BT - p,D + He. (5¢) —ihpp,p+p+[B; (0,D})T - puBj + BY (0,B})paD}]-
Where “Hc” represents the Hermitian conjugate of the (8)

corresponding term. In addition to the above normal terms,
there are anomalous terms as well, which are required to give
a complete description of the hadronic processes. The required
interaction Lagrangian terms for the anomalous processes 7 = (my, M2, m3), P = (p1, P2, P3)-

In Egs. (3)—(8) T represents Pauli spin matrices, and 77 and
p represent isospin triplets:
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Also, nt = %E(n] F ), 7° = 73, and likewise p* and p°
are defined. The vector and pseudoscalar charm and bottom
meson doublets are given as
A <0
D = (D;,

wo

D), D= (D" D), D= (D" D",
_ + 0\ B _ p— B0 _ (p+ nONT
B, =(B".B}) . B=(B".B", B=(B".B")".

In Eq. (1), for the case of m; there is no anomalous contri-
bution to the process B + 7 — D + B, the processes B, +
7 — D*+ B and Bf + 7 — D+ B appear after including
the anomalous couplings, and two additional diagrams are
added in the process B} + 7 — D* + B*. For the case of
p; BY +p — D+ B and B + p — D* 4 B* are the new
processes appearing after including the anomalous couplings

J

M>y = &xp'D*8B.BD* Epvac Py (P3 — P1)p

—i
M, = &7 BB*&B.B*D* swap’;(pl + 174)V > (g
u— mg,

Moo = —ignp.8D* Evap DD PoED (D3),

and the full amplitude is written as

My = My, + Moy, + M.

—i <
| &
t —mb.

and in case of processes B + p — D* + B and B} + p —
D + B*, anomalous couplings contribute one additional dia-
gram, respectively.

B. Amplitudes of dissociation cross sections

For calculating the cross sections of B, dissociation by
m and p mesons, we use the effective Lagrangian given in
Egs. (3)—(8). In this paper, we are only reporting the scattering
amplitudes of the anomalous processes and of additional
diagrams that are dependent on the anomalous couplings.
Dissociation amplitudes of other diagrams that depend only
on normal couplings are given in Refs. [23,24]. Diagrams of
the process B + m — D* + B are shown in Fig. 1 (2a to 2c)
and corresponding amplitudes are

Diagrams of the process B + 7 — D + B* are shown in Fig. 1 (3a to 3c) and corresponding amplitudes are

—i
M3y = 8xp*D8BBD* Epvac Py (P4 — pz)ﬂt — m? <g

D*

Mz, = 8nB*B*8B.B*D S/Lva(fpﬁf (ps4 — pl)ﬁ

M3. = —ignp.pB* swﬂpgpé‘p?sg* (p4),

and the full amplitude is written as

M3 = M3, + M3, + Ms,..

—i (
7\ 8
u — mg.

wo _ (P1—P3) 2(171 —p3) )(_p2 — p)'sb (o), (92)
mD*

v (P1—pa) gpl — pa) >(p3 — el (). (9b)

mB*

(9¢)

(9d)

wo _ (P1=P3) §P1 L)) )(p1 + p3)el. (pa), (10a)
mD*

e ) 2(Pl —P4) )(_p2 — p3)eb (pa). (10b)
mD*

(10c)

(10d)

Diagrams of the process B + 7 — D* + B* are shown in Fig. 1 (4a to 4e). The amplitudes of diagram 4d and 4e which

depend on anomalous couplings are

2
Muq = grp-D*8B.8:D*Earapys Py (P3 — P )“t P
—ml,

—i
X
Mye = 8rpB88.0'B*Ecrap€yr (P4 — PIVDS p——; (8
—m,

and the full amplitude is written as

My = Myy + Map + My + Mag + My,.

—i (g"‘ﬂ _ (pr=p3)*(p —p3)f

5 )pé(m — P2)vEp(p3)eg.(pa), (11a)
mD*

wp (21— pa)*(p1 = po)P

. )(p3 — P2)uPien (p3)ep.(pa), (11b)

(11c)

Now we report the amplitudes of the anomalous diagrams of B, dissociation by p. Diagrams of the process B + p — D + B
are shown in Fig. 2 (5a to 5c) and corresponding amplitudes are

—i (p1 — p3)*(p1 — p3)°
Msq = gp.8D*8pp*DEsvapPI (—P2 — Pa)’ 5 ( o — 5 (p3 — p1uel (P1), (12a)
1 —mp. mipy.
—i (p1 — pa)*(p1 — pa)’
Msy = 8pp-B8B.B*DEGvapP] —5(—P3 — p2)" (gaﬂ - 3 (pa — p1) &y (P1)s (12b)
u— mB* mB*
Mse = —igon.5Euvap PAPiPhER (1), (12¢)
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D B
P3 A D4
D*
q=p1—p3
p1 P2
+
™ (1(l) B,
D* B D* B
P3 A Pa
3 P4
D*
q=p1—Dp3
b1 P2 p1 P2
™ (20) BS T () Bf T (20 BZ
D B* D B*
P3A P4
p3 P4
D*
q=Dp1—Pp3
P D2 P1 P2
T (3a) BY ™ (3¢) B
D* * * *
B D g D B
P3A A P4 P3 A A\ D4
P3 y2
D D*
q=p1—ps3 q=p1 — D3 q=p1—pa
P 1 P2 P P2 D1 \p2 P D2
+
T (4a) B T ) BT W) BY T w4y Bf T (4e) BF

FIG. 1. Feynman diagrams of B, dissociation processes (1) Bf +7 — D+ B, 2)BY +n — D*+B, 3) B/ +7 — D+ B*, and
(4) Bf + m — D* + B*. All diagrams of the processes (2) and (3) and (4d), (4e) diagrams of the process (4) are produced by anomalous

couplings.

and the full amplitude is given by
Ms = Ms, + Msp + Ms... (12d)

Diagrams of the process B} + p — D* + B are shown in Fig. 2 (6a to 6d). The amplitude of the anomalous diagram 6d is given

as

5 —i (p1 = p3)*(p1 = p3)f°
Mea = ng*BgB,B*D*85yuk8a2p({pﬁ(p3 - PI)MW (g“‘s - P (pa — p2)ve, (P1)ep-(pa), (13a)
B B
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D B D B D B
p3 P4
P3 A AP4 D3 P4
D* B*
q=p1—p3 q=p1—Dpa
P AP p p D P2
Bt
N (5a) Be P (5b) Bf F (5¢) ¢
B D B D* B D
P3A P4 P3 A 2
D3 Pa
B B*
q=P1—DP3 q=pP1—Pp3
D1 b2 D1 Do P P2
P BF P Bf
(6a) B¢ p (60) pt (6d) B
I
P3A
D
q=p1—ps3
p1
r (7a)
D B B*
P3A \ D4
yz:
D
q=Dp1—p3
p1 N D2 D2
+ + + + +
SENCI roo@) B P (g B Posa) Bf P (e B

FIG. 2. Feynman diagrams of B. dissociation processes (5) B +p — D+ B, (6) Bt + p — D*+ B, (1) B + p — D + B*, and
(8) Bf + p — D* + B*. All diagrams of the processes (5) and (8) and (6d), (7d) diagrams of the processes (6) and (7), respectively, are
produced by the anomalous couplings.

and the full amplitude is written as

Mg = Mg, + Mg, + Mg, + Mg, (13b)

Diagrams of the process B} + p — D + B* are shown in Fig. 2 (7a to 7d). The amplitude of the anomalous diagram 7d is given
as

- —i (p1 — p3)*(p1 — p3)’
My = ng*DgB(.B*D*Ea)LyBSZZplpﬁ(p3 =Py pa—— (g"‘ﬁ - o (P2 — pa)y €, (p1)ep-(ps). (14a)
— p+ D*
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And the full amplitude is written as

M7 = M7, + M7 + M7 + M7, (14b)
Diagrams of the process B p — D* + B* are shown in Fig. 2 (8a to 8e) and corresponding amplitudes are
i
Msq = 8,085 oo Euvapl (P3 — 1) P 2p2), €8 (p1)ED (p3)ep-(pa), (15a)
D
i
Mty = =85 8u e Ep0ap P Py (13 = 202), 81, (D )e e (P3)e55 (p), (15b)
B
—i
Mse = 8,1 8y e e Egaﬂpim[@m = P1)u8ov + 2p1 — P3)y8us + (=p3 — P1)o8uv]
Ty
wp (P1 = P3)*(p1 — p3)’
X <g P 0 (Ps — P2)r€l (PDED- (p3)€5-(Pa), (15¢)
Ty
—i
Msi = 8y 8y 8§aﬂp‘§m[(—2p4 + P1),8on + (P1 + P1)o8un + (P4 — 2p1) 48011
— m2.
(p1 = pa)*(p1 — pa)° y
X <g“ﬂ - " (P2 — p3), X &b (p)ep. (p3)eg. (pa), (15d)
B*
Mse = (—igps, 5 EuvipPh + ihps 5D Euvp D) €4 (P1ED (P3)ER. (P4), (15¢)
[
and the full amplitude is written as gives
Mg = Mg, + Mgy, + Mg, + Ms; + Ms,. (151) gpp=2.82 GeV ™. 17)

We define the four-momenta of the incoming particles by p;
and p; and those of the final particles by p3; and py4, so thatt =
(p1 — p3)* and s = (py + p2)*. Here mp, mp+, mp, and myg-
represent the masses of D, D*, B, and B* mesons, respectively.
The polarization vector of a vector meson with momentum
p; is represented by &;(p;). After averaging (summing) over
initial (final) spins and including isospin factor, we calculate
isospin averaged cross sections by using the total amplitudes
given in above equations. The isospin factor for calculating
these cross sections is 2 for all the processes.

III. B MESON DISSOCIATION CROSS SECTIONS

A. Numerical values of input parameters

Numerical values of all the meson masses are taken from
Particle Data Group [28]. Estimation of the coupling constants
of the effective Lagrangian is required for calculating the cross
sections. To fix the couplings for the normal processes, we
follow the methods of Refs. [12,29]; we refer to Ref. [12] for
details. In a similar way, we have determined the couplings
for the anomalous interactions, which are reported in this
paper, whereas normal couplings are given in Refs. [23,24].
The coupling gp-p+z, which has dimension GeV ™!, is fixed by
applying the heavy quark spin symmetry. We follow Ref. [25]
in which this coupling is given as
8D*Dr

(mp)
where (mp) represents the average mass of D and D*.
For g,p+p couplings, we can apply the vector meson domi-

nance (VMD) model [12] to the radiative decay of D* into D,
i.e., D* — Dy. We use the same method as in Ref. [25]; this

~9.08 GeV~!, (16)

8D D' =

The coupling constants g,gzp, &p.B*p+, Sxp+p- can be ap-
proximated in heavy quark mass limit, as in Ref. [30], by
8oBB/{mB), g8.3°p/{Mp), and g p+p/(mp), respectively. Since
no experimental or phenomenological information is available
for the four-point vertices, we use SU(5) symmetry relations
to relate four-point couplings to the product of two three-
point couplings and assume that the symmetry breaking ef-
fects in the four-point coupling constants are included via
phenomenological values of the three-point couplings, as
argued in Ref. [12]. These symmetry relations are derived in
Refs. [23,24]. Here we report them along with the values of
two four-point couplings as follows:

gpB.0*B = Mop.prpe = 28,0888+ ~ 67 GeV™'.  (18)

However, for g5 5D, gxp.p0*8, and g,p,pp couplings, it is not
possible to write these couplings as a product of two three-
point coupling constants because they carry different dimen-
sions. Hence, in this case, we directly use SU(5) symmetry
relation assuming the symmetry breaking effects change F;
to Fp as in Ref. [25], where F;; and Fp are pion and D meson
decay constants, respectively. Here we have used Fp ~ 2.3F;
as in Ref. [25]. This gives

3gB.pB*
672F;

&7B.DB* = &nB.D*B = &pB.DB = ~ 21.56 GeV ™.

19)

The three-point coupling gp_pp- is given in Refs. [23,24]. We
summarize the values of the coupling constants and methods
for obtaining them in Table I.
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TABLE I. Coupling constants of anomalous interactions B, with

7 and p mesons.

Coupling constant Value Method of derivation
8xD*D* 9.08 GeV™' Heavy quark symmetry
SnB*B* 2.34 GeV~! Heavy quark symmetry
8B.B*D* 6.134 GeV™! Heavy quark symmetry
SxB.DB 21.56 GeV~? SU(5) symmetry
grB.DB* 21.56 GeV~? SU(5) symmetry

go0D 2.82 GeV™! VMD

8pB*B 2.58 GeV™! Heavy quark symmetry
8pB.BD 21.56 GeV~? SU(5) symmetry
8pB.D*B* 67 GeV™! SU (5) symmetry

B. B, dissociation cross sections

In the effective hadronic Lagrangian, the hadrons represent
the fundamental degrees of freedom. This treatment needs to
be corrected by the inclusion of form factors as the hadrons
are not the fundamental particles and have finite sizes. The
resulting change in the transition amplitude of any diagram
can be accounted for by multiplying with the form fac-
tors of the interaction vertices involved in it. In this paper,
we have used the same monopole form factor as given in
Refs. [23,24,27] to be multiplied with three-point vertices of
all the processes:

AZ
g 20
/3 At g (20)
(aymr + B. > D+B
10*
100}
)
£ 1
S
0.01}
1074 : : :
6 8 10 12 14
Vs (GeV)
(c)ym+ B. > D+ B*
10* ‘ ‘ :
fi=fi=1
100+
o) 2
E 1
S 1 -l
0.01} -~
107 ‘ ‘ N,
6 8 10 12 14
Vs (GeV)

o (mb)

o (mb)

Here, A represents a cutoff parameter and q> = (p; — p3)2,
for z-channel diagrams and (p; —p4)§m for u-channel di-
agrams. This form factor was also used to calculate the
cross sections of Bj by m, p mesons and nucleons in
Refs. [22-24,27] and also in Refs. [12,13,31] to calculate
the hadronic cross sections of charmonium, bottomonium,
and n mesons. For four-point interaction vertices we use the
following form factor:
>2

-

where @ = 3[(p1 — P3)* + (P1 — P4)* 1oy Generally, the
cutoff parameter may take different values for different ver-
tices. In some cases, cutoff parameters of the form factors
used within meson or baryon exchange models can be fitted
to experimental data of hadronic cross sections [32]. In the
absence of any experimental data, we may provide an estimate
on the basis of the size of the interacting hadrons. It is shown
in Ref. [23] that a variation of the cutoff parameter in the
range 1.2 to 1.8 GeV is consistent with the known sizes of
the interacting hadrons. As in the previous studies [23-25]
and also based on the results given in Ref. [33], we consider
the same cutoff parameters for all the processes and use two
values 1 and 2 GeV.

Figures 3(a)-3(d) show the cross sections for B, dissoci-
ation with (dashed curves) and without (solid curves) form
factor for the processes (a) BY + 7 — D+ B, (b) Bf + 7 —
D*+ B, (¢) Bf +n — D+ B*, and (d) B + © — D* 4 B*
as a function of total cm energy ./s. Lower and upper

A2

pemey o

®b)r + B. » D*+B

10*
100+
],
0.01}+
1074
6
Vs (GeV)
(d m + B, > D" + B*
10* : ‘ ‘
100+
1,
0.01} |
107 : : :
6 8 10 12 14
Vs (GeV)

FIG. 3. Cross sections of B, dissociation processes (a) Bf w — DB, (b) Bfm — D*B, (c) Bfm — DB*, and (d) Bfw — D*B* with (dashed

curves) and without (solid curves) form factors.
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(ap+B.»>D+B

10*
100}
3
g 1
5
0.01}
1074
6
Vs (GeV)
©p + B.» D+ B*
104 ‘ ‘ ‘
100}
= f=f=
é 1 t**'*/\*_‘z *************
S B bl
0.01}
|
1074 L ‘ ‘
6 8 10 12 14
Vs (GeV)

o (mb)

o (mb)

b)p+ B. » D'+ B

10*
100+
] L
0.01+
]0—4 | |
6 8 10 12 14
Vs (GeV)
(dp + B. » D'+ B*
10* : ‘ ‘
100+
l L
0.01+
]0—4 | |
8 10 12 14
Vs (GeV)

FIG. 4. Cross sections of B, dissociation processes (a) B p — DB, (b) Bf p — D*B, (c) B} p — DB*, and (d) B} p — D*B* with (dashed

curves) and without (solid curves) form factors.

dashed curves are with cutoff parameters A = 1 and 2 GeV,
respectively. It can be seen that including the form factors
substantially suppress the cross sections. However, the cross
sections remain rapidly increasing at the threshold for all four
processes, followed by a steady decrease. The process (a) is a
normal process that does not include any anomalous diagram.
The threshold energy of this process is 7.15 GeV. It can be
seen from Fig. 3(a) that the cross section of this process varies
from 0.02 to 2 mb near threshold depending on the value of
A. The same plot is also reported in our previous work [23]
without isospin averaging factor. For anomalous processes (b)
and (c), the cross sections are almost the same, each varying
from 0.05 to 1 mb near threshold depending on the values
of A, as shown in Figs. 3(b) and 3(c). For the process (d),
additional anomalous diagrams are included which are shown
in Fig. 1 as diagrams (4d) and (4e). Figure 3(d) shows that
the cross section of this process varies from 0.8 to 6 mb near
threshold depending on the value of A. This cross section is
also reported in our previous work [23] without including the
anomalous diagrams.

Figures 4(a)-4(d) show the cross sections for B, disso-
ciation with (dashed) and without (solid) form factor for
the processes (a) Bf + p — D+ B, (b) Bf + p — D* + B,
(c) Bt + p — D+ B*, and (d) B} 4+ p — D* + B*, respec-
tively, as a function of the total cm energy +/s. The cross sec-
tions with form factor are rapidly increasing at the threshold,
followed by a steady decrease. For the processes (a) and (b)
the cross sections vary in the range 0.2 to 0.4 mb and 2 to
3 mb, respectively, near threshold, whereas for (c) it almost

remains 1.5 mb near threshold irrespective of the value of A.
For the process (d), cross section varies in the range 0.8 to 1.2
mb near threshold depending on the value of A. It is noted
that both (a) and (d) are anomalous processes, whereas for
(b) and (c) additional diagrams are introduced by anomalous
interactions. Previously in Ref. [24] we have studied (b) and
(c) processes without including the anomalous diagrams.

C. Thermal averaged cross sections

The following formula is used to calculate the thermal
averaged cross sections [31]:

ww=9ﬁ&mw%mmﬁxf 4212 — (a1 + an)?

20

x [22 = (@1 — @)’ IKi(2)o (s = 2°T?), (22)
with o; = m; /T, zo = max(o; + oz, @3 + a4), K; and K, are
the modified Bessel functions of second kind of order 1 and
2, respectively, v is the relative velocity of initial particles,
and T is the temperature of the hadronic matter. We have
calculated the thermal averaged cross sections of B, mesons
with form factors as a function of temperature 7. Figure
5 shows the temperature dependence of thermal averaged
cross sections for all four processes of B, dissociation by 7.
The range of the temperature is taken from 0.1 to 0.3 GeV.
To highlight the contribution of anomalous diagrams which
contribute in the process (d) B:Tn — D*B*, we plot the cross
sections in Fig. 5(d) with (solid curve) and without (dashed
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FIG. 5. Thermal averaged cross sections of B. dissociation processes (a) Bfmw — DB, (b) Bfn — D*B, (c) Blmw — DB*, and
(d) Bfw — D*B* as a function of temperature. Solid and dashed curves represent cross sections with and without anomalous contribution,

respectively.

curve) anomalous diagrams. For A =1 GeV, the average
decrease in cross section due to anomalous interactions is
about 25%, whereas for A = 2 GeV it is less than 0.1%. In
Fig. 6 thermal averaged cross sections with form factor, of
B, meson dissociation by p mesons are given. The figure
shows that the contribution of the process (b) B:T +p—
D* + B is highest. In Figs. 6(b) and 6(c) we highlight the
contribution of anomalous diagrams by showing the plots of
cross sections with (solid curves) and without (dashed curved)
anomalous diagrams. Figure 6(b) shows that anomalous cou-

plings substantially suppress the cross section of the process
(b), whereas for the process (c) the change is relatively small
as shown in Fig. 6(c). In Fig. 6(c), the average decrease
in cross section due to anomalous couplings is about 40%
for A =1 GeV, whereas for A =2 GeV, it is increased by
2%. It is also noted that in Fig. 6(b) anomalous couplings
change the slop of the cross section curve for A =2 GeV.
Thermal averaged cross sections reported here are used to
study yield of B, mesons in the hadronic matter in the next
section.
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FIG. 6. Thermal averaged cross sections of B. dissociation processes (a) Bfp — DB, (b) Bfp — D*B, (c) Bfp — DB*, and
(d) Bf p — D*B* as a function of temperature. Solid and dashed curves represent cross sections with and without anomalous contribution,

respectively.

IV. DISSOCIATION RATE OF B, AT LHC

Now we examine the effect of interactions of B, meson
with the comovers on its production rate in the hot hadronic
matter. The time evolution of B, abundance is studied at LHC
energy using a schematic expanding fireball model with initial
abundance determined by the cross sections calculated using
a complete pQCD approach.

A. Time evolution of B, Mesons

Time evolution of B, meson density in the hot hadronic

matter can be studied by the rate equation
O (nput) =W, (23)

where W is composed of the source (the processes in which B,
mesons are created) and/or the sink (the processes in which

064906-10



INTERACTIONS OF B MESONS IN RELATIVISTIC ...

PHYSICAL REVIEW C 100, 064906 (2019)

B, mesons are dissociated) terms, u* = y (1, v) is the four
velocity and is specified in terms of fluid velocity (v) of the
hadronic matter and Lorentz factor y [31], and np, is the
density of B. mesons.

The source term in W, represented by Wy, is given as

Wi =" (Ohes BoaVbe) MM, (24)

a,b,c

and the sink term in W, represented by W,, is given by

Wy = > (0B beVBa) 8, M- (25)

a,b,c

Here a =n, p; b= B, B*; and ¢ = D, D*, and n,, ng,, np,
and n. represent the densities of a, B, b, and ¢ mesons,
respectively. Thus, W can be expressed as

V= Z(O‘bcﬁB{.avbC)nan - Z(aB,a%bCUB,.a)nB,.nav (26)

a,b,c a,b,c

where (048, bcVUB.a) and (Opc—B.aVUsc) Tepresent thermal av-
eraged cross sections of B, dissociation with the comoving
particle a and production of B, through corresponding reverse
process, respectively. We assume for the sake of simplicity
that the comovers almost remain in chemical equilibrium
throughout the course of their interaction with B, mesons,
so that the densities of a, b, and ¢ particles (except B.) are
assumed to take their equilibrium values:

Nape XN . 27)

a,b,c
In chemical equilibrium, the principle of detailed balance

holds and hence the production rate of B, mesons is equal to
its rate of dissociation:

e e
(O'B(.a%chBL-a)nB?nzq = (O'bcaB(.avbdan”iq» (28)

The equilibrium density n® [34] of a hadron is given as

dm?T

n = S Kam/T), (29)

where K, is the modified Bessel function of the second kind
and second order, m is the mass of the hadron, and d = (25 +
1)(21 + 1) is its degeneracy factor due to spin S and isospin /.
Using Eqgs. (24)-(28) in Eq. (23), we get

0, (np.u") = (0,asbeVB.a) (M5 — 1, NS (30)

a,b,c

To determine the time evolution of the transverse radius of the
fireball, we use the hydrodynamic model as in Ref. [31]. In
LHC the particles are distributed almost uniformly in the cen-
tral rapidity region. We use cylindrical coordinates (z, n, r, ¢)
due to cylindrically symmetric geometry of collision. Here
T, n, r, and ¢ represent longitudinal proper time, space-time
rapidity, transverse radius, and polar angle, respectively. The
proper time t and rapidity are defined as

t+z

1
1= =) =g 3D
The density np_ (7, n, r, ¢) remains constant in ¢ — r plane
due to cylindrical symmetry. The assumption of radial trans-
verse expansion implies that u® = u” = 0 [31]. Further as-

suming that in the transverse plane density is uniform. Ap-
plying these assumptions and averaging over the radial coor-
dinate [35,36], we get

O R (om, (u)]

TR%(7) 31
= (OB.asbeVB.a) (g — np ). (32)
a;b;c

Here R(7) is the transverse radius of the fireball [31], and (u")
represents the averaged T component of four-velocity vector
which is expressed as

T 2 ko T
(u™y = Rz—(r)/o drru®(r). (33)

The expression of u* in terms of B, (radial flow velocity of
the hadronic matter) can be written as

1
u'(t) = ——— (34)

J1=p%
where B, is taken
dR s r\¢
r s = —| — . 35
pir.r)=(3) (35)

Here a is a constant and its value is taken to be 1 as in
Refs. [31,34]. (u”) of Eq. (33) can now be written as

(36)

1
1
(W' (1)) = / dy
0 +/1—(dR/dT)?y
We use the following ansatz to describe the time evolution of
the transverse radius of the fireball:

R(t) = Ry + v (1 — i) + %H(r e SN Y)

where Ry and vy represent transverse radius and transverse
flow velocity of fireball, respectively, at hadronization, while
ay = 0.02 fm ™', taken from Ref. [31], is the traverse acceler-
ation of expansion. This implies that (u*) is given by

2
L+ /1= (an(t — ) + o)

To solve the evolution Eq. (32), we require time variation of
temperature, which can be obtained by applying the condition
of entropy conservation as follows:

TR () (" (1))s(T) = toR* (1) (" (10))s(Tp),  (39)

U (1)) = (38)

where s(7') is the entropy density which is given by
di
s(T) = Zﬁm Ky(m;/T), (40)

withi =, K, p, w, K* and d; is the degeneracy factor. We
take hadronization temperature Ty = 0.17 GeV. The freeze-
out temperature 7 ~ 0.1 GeV and averaged transverse flow
velocity =~ 0.65 at kinetic freeze-out are obtained from the
fit of low pr spectra of light hadrons at ,/syy = 2.76 with
hydrodynamics-inspired blast-wave models in Ref. [37]. We
use the extracted value of the fireball volume ~5000 fm> [38]
at freeze-out in Pb+Pb collisions at ,/syy = 2.76 TeV for
5% most central events. The freeze-out time 7 = 10 fm/c is
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FIG. 7. Time evolution of B. meson abundance (normalized to initial value) at /syy = 2.76 TeV, with (solid curves) and without
anomalous (dashed curves) contributions, from hadronization time 7y = 2 fm/c to freeze-out time v = 10 fm/c. For the left panel cutoff

parameter A = 1 GeV and for the right panel A =2 GeV.

obtained from the study of two-pion Bose-Einstein correla-
tions in LHC at /sxy = 2.76 [39]. All these values are used
in Egs. (37)-(40) to find fitted values of Ry ~ 8 fm, 1y ~
2 fm/c, and vy = 0.5. At present the measurements of fireball
parameters are not available at ,/sxy = 5.05 TeV. So we use
the extrapolated values; 0.68 for transverse flow velocity and
5800 fm® for fireball volume at kinetic freeze-out temperature
Tr = 0.1 GeV and time tr = 11 fm/c using the results given
in Ref. [40]. A fit of these values produces ty & 2.5, whereas
Ry and vy virtually remain the same.

Finally, we require the abundance of B, meson at
hadronization time to solve the rate Eq. (32). Since the temper-
ature of the fireball is small as compared to masses of ¢¢ and
bb, therefore, it is unlikely that B, is produced at thermal stage
of the process. We assume that all heavy flavor quark pairs
are produced at the initial stage through hard parton collisions
and their numbers remain approximately unchanged during
time evolution of the fireball. Thus, averaged hard scattering
yield of B, mesons at given centrality class is estimated by the
following formula:

Gpp—> B,

e = (inel)
Opp

NB colchul s (4 1)

where total inelastic cross section in pp collision alg}yeh ~ 60
and 72 mb for LHC at ,/snny = 2.76 and 5.05 TeV, respec-
tively, Neoin = 1876 is the number of primordial pp collisions
for 5% most centered events, estimated using Glauber model
[41]. The inclusive B. production cross section o,,_p, is
taken to be 53 and 97 nb at ,/syny =2.76 and 5.05 TeV,
respectively. These values include the contribution of 135,
2S, and 1P B, states that are below BD threshold, and hence
cascade to B, ground state with 100% BR. The value at

A/SnN = 5.05 TeV is calculated in Ref. [42] using complete
pQCD approach. The details of these calculations and com-
parison to other methods are given in Ref. [43]. However, the
Ref. [42] reports the cross sections for 1'Sy and 138, states
only. The production cross sections of 2!S, and 23S states
are obtained by multiplying the corresponding values of 1§
states with the factor [R,5(0)/R15(0)|*> =~ 0.6 [44], whereas
the cross section of 1P states is taken 50% of B, ground state
as found in Ref. [45] using pQCD approach. The value at
A/SNN = 2.76 TeV is obtained by extrapolation of logarithmic
fit of the values at /sy = 5.05, 8.12, and 13 TeV given in
Ref. [42]. The factor R, represents the fraction of B, mesons
produced within given rapidity y and pr cut. We take Rqy =
0.48 for |y| < 2 and pr > 5 GeV [42]. With these inputs we
find that Np. &~ 7.9 x 107* and 1.2 x 1073 at SN = 2.76
and 5.05 TeV, respectively, for 0 to 5% centrality class.

By using thermal averaged cross sections given in the
previous section and solving Eq. (32) numerically with initial
abundance Ny = Np_, the time dependence of B, meson yield
in hadronic matter at LHC is calculated for A =1 and 2
GeV. The resultant time-dependent yield for ,/sny = 2.76
TeV normalized to initial value (at T = tg) is plotted in Fig.
7 using cross sections with (solid curves) and without (dashed
curves) anomalous interaction. We take A = 1 and 2 GeV for
Figs. 7(a) and 7(b), respectively. Figure 7 shows that the
normalized yield of B, mesons slowly decreases with time
in the hadronic matter. Total decrease with anomalous con-
tribution is 8% and 12.5% for A = 1 and 2 GeV, respectively,
and without anomalous contribution it is 11.5% and 27.5%,
respectively, for ,/snny = 2.76 TeV. So the anomalous con-
tribution significantly decreases the suppression of B, meson
due to the comover effect for A = 2 GeV. In Fig. 8 we show
the plots of time variation of normalized yield at ,/sny =
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FIG. 8. Same as decribed in the caption of Fig. 7, except
o = 11 fm/c.

5.05 TeV. Total decrease with anomalous contribution is 9%
and 14% for A =1 and 2 GeV, respectively, and without
anomalous contribution, it is 13% and 30%, respectively. So
we find that normalized B, yield is somewhat more suppressed
at higher value of center of mass energy in Pb-Pb collisions.

V. CONCLUDING REMARKS

A knowledge of B, dissociation cross sections by the
comovers (in this paper by m and p mesons) is essential
to extract information on properties of QGP at LHC. In
this paper, we have calculated cross sections for B, meson
dissociation by m and p mesons using the meson exchange
model including anomalous couplings like PVV, PPPV, and
VVVP. Previously, we have studied these processes without
including these couplings. We find that anomalous couplings
significantly reduce the cross section of the dominant process

(b) A =2 GeV, Vsu = 5.05 TeV

12—

0.8 Tl

0.4r

0.2

ooL——t e L
2 4 6 8 10

T (fm/fc)

sny = 5.05 TeV, hadronization time 7y = 2.5 fm/c, and freeze-out time

Bl + p — D*+ B both for A =1 and 2 GeV as shown in
Fig. 6. To study the effect of B, meson interactions with
comovers in hot hadronic gas, we solve the kinetic equation
for the heavy-ion collision dynamics at LHC. The plots show
that the total suppression caused by the interactions of B,
mesons with comovers is about 10%. This result shows that
although the effect of interaction with comovers is small but
it is not negligible. We also find that normalize yield of B,
meson is not much affected by the value of the center of mass
energy in Pb-Pb collisions.
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