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The B, meson pair, including pairs of pseudoscalar states and vector states, productions in proton-proton
collisions are investigated at the next-to-leading order (NLO) accuracy in the nonrelativistic quantum
chromodynamics factorization formalism. The corresponding cross sections at the Large Hadron Collider
(LHC) with /s =14 TeV are evaluated. Numerical results indicate that the NLO corrections are
substantial, and even dominate over the leading order contributions. Considering the predicted cross
sections are sizable, the B.-pair production is expected to be observable at the high-luminosity LHC

experiment.
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I. INTRODUCTION

As a multiscale system consisting of two heavy quarks,
heavy quarkonium presents an ideal laboratory for testing
the interplay between perturbative and nonperturbative
quantum chromodynamics (QCD) within a controlled
environment. Due to the large mass of heavy quark,
quarkonium production process is assumed to be factoriz-
able into two steps. First, a heavy quark-antiquark pair
whose invariant mass near the bound-state mass is pro-
duced perturbatively, then the pair hadronizes into a
quarkonium state nonperturbatively. The nonrelativistic
QCD (NRQCD) factorization formalism, which proposed
by Bodwin, Braaten, and Lepage [1], provides a solid
foundation for the theoretical study of quarkonium pro-
duction. In NRQCD factorization approach, the nonper-
turbative hadronization effects are encoded into the long
distance matrix elements (LDMESs), which are sorted in
powers of the relative velocity v of the heavy quarks in the
bound state. Although the quarkonium production has been
extensively investigated at various colliders, the existing
researches are still not sufficient to pin down the color-octet
(CO) LDME:s (see, for example Refs. [2,3] for a review).

Over the past two decades, there has been increasing
interest in quarkonium-pair hadroproduction [4—32] initiated
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in Ref. [33], as it provides a sensitive test for NRQCD
factorization formalism. Due to the high reconstruction
efficiency of J/w meson, most researches focus on
J /w-pair production, for which, the contributions of double

cé(3S[1”) and double cE(lS[O8]) intermediate states are
calculated up to next-to-leading order (NLO) QCD accu-
racy [21,32]. Nevertheless, there are many challenges in
understanding the underlying production mechanism. First,
the full NRQCD prediction requires to include the con-

tributions of all possible pairing of cE(lS[OS]), cE(3S[11‘8]), and

cZ‘(3P[J1 ’8]) intermediate states; while the higher-order cal-
culations to these processes are hard to proceed, especially

for double cE(3P[Jl"8]) channel [34]. Second, the results of
Refs. [21,32] indicate that the NLO corrections may
dominant over the leading-order (LO) contributions, which
exhibits poor perturbative convergence—one may worry
that the calculation at NLO is not accurate enough to make
a reliable prediction. Third, the J/y-pair hadroproduction
may serve as a probe to double parton scattering (DPS)
mechanism [17]; while current researches are inadequate to
draw any concrete conclusion, since the predictions to the
single parton scattering (SPS) contribution are fraught with
uncertainties as well.

As the Large Hadron Collider (LHC) may transit to its
high luminosity operation in 2029 and beyond, more
interesting processes, like the B.-pair hadroproduction,
can be measured with high accuracy. Compared with
J /y-pair hadroproduction, the production mechanism of
B_-pair hadroproduction is much simpler. Both the DPS
and CO contributions are expected to be small in com-
parison with the traditional color-singlet SPS contribution,
due to the fact that the B, meson needs to be produced in
accompany with an additional bc pair. Hence, the B_.-pair
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hadroproduction provides a complementary approach to
clarifying the puzzles in J/y-pair hadroproduction, and
more clear conclusions can be expected due to its simple
production mechanism. In Refs. [13,15], the LO calculation
of B.-pair hadroproduction is performed in the NRQCD
factorization framework, and in Ref. [22], the relativistic
correction is carried out by using the relativistic quark
model approach. Considering the fact that the NLO QCD
corrections to quarkonium-pair production processes are
normally significant [21,32], in this work, we calculate
the NLO QCD corrections to B.-pair hadroproduction.
Various of S-wave B, states, including configurations
of Bf + BZ, Bf + B:~,' and B + B:~, are taken into
account. Note, here after for simplicity, B, represents for
both pseudoscalar B, and vector B}, the latter may
overwhelmingly decay to the pseudoscalar state, unless
specifically mentioned.

The rest of the paper is organized as follows. In Sec. II,
we present the LO calculation of B,.-pair production in
proton-proton collisions. In Sec. III, some technical details
in the calculation of NLO corrections are given. In Sec. IV,
the numerical evaluation for concerned processes is per-
formed at NLO QCD accuracy. The last section is a
summary and conclusions.

II. THE LO CROSS SECTIONS

At the LO in a,, B.-pair hadronproduction receives
contributions from two partonic processes, namely the
gg-induced process

9(p1) +9(p2) = BE(ky) + BZ (ky), (1)

and the ¢gg-induced process

q(p1) +q(p2) = BE(ky) + BZ (ka), (2)

whose Feynman Diagrams are shown in Fig. 1. Since the
gg-induced process is suppressed by quark parton distri-
bution functions (PDFs), it was missed by previous LO
studies [13,15,22]. While at NLO, to eliminate the collinear
singularities of the real emission process g+ q(g) —
Bl + B; + q(g), the gg-induced process should be con-
voluted with the scale dependent PDFs. Hence, for a
thorough study, both gg- and gg-induced processes should
be taken into account. In fact, our numerical results show
that at LO the contribution of gg-induced process may
reach 10% in some cases, which is not really negligible.

According to the NRQCD factorization formalism, the
LO partonic cross section can be formulated as

'The productions of B} + B~ and B:* + B; are related by a
charge conjugation transformation. Their cross sections are
exactly the same.

X0 1% X
183<

(b)

FIG. 1. The typical tree-level Feynman diagrams for (a) gg-
induced process, and (b) gg-induced process. The remaining
diagrams can be obtained by reversing the quark lines, or inter-
changing the initial gluons.

i+j—B} T i+j—[bc c
d&;jg BI+B; | | Z‘Mt:e_é [be]+[be] dPSz, (3)

where W(0) is the wave function of B. meson at the origin,
s = (p| + p»)? is the center-of-mass energy squared of the

colliding partons i and j, > sums (averages) over the
polarizations and colors of the final (initial) state particles,
ML= e g the corresponding LO partonic amplitude,
and dPS, stands for the two-body phase space.

The partonic amplitude can be computed by using the
covariant projection operator method. At the leading order
of the relative velocity expansion, it is legitimate to take
mp = my+m., pg = p.+pp=(1+ ,’Z—Z)Pb’ where mp_
and pp_denote the mass and momentum of the B, meson,
respectively. The spin and color projection operators take
the form,

| 1,
2\/@5(”)(?& +mpg,) ®\/7N—Cv

where £(1Sy) = 75, €(3S|) = ¢, and € represents the polari-

zation vector of B} meson. The 1. stands for the unit color

matrix, and N. = 3 is the number of colors in QCD.
The LO calculation is straightforward, and the analytic

I(n) =

4)

expressions for S| M|? are pretty simple. By introducing
the dimensionless variables § = (p; + py)*/mp, ¥ =

—(p1=p2) - (ky —ky)/mp, W =V5 -9 and r=
my/(my, + m,), we have
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(1 —r)2\645% 2455 85*  545* 27832  1628° 278704 9520?6452
n 160 241 L 41 7)
2750* 648507 16204 ) |
for gg-induced process, and
P - 8 2A4 8A2 2A2
Z’M{{jﬁ B B -t {_ o WAJ’ ®)
my r°(1 =) 2435° 2435 2435
S 8 2 A2
a5, |2 gs(1=2r) 29 8 2
= - , 9
Z’Mtree m%cr6(1 -r)® | 2435 * 24333 * 24332 ©)
= ; ¥ 204 89* 292 16 4
M61+61—’351+351 2 —_ s _ — , 10
Z‘ tree m%c O(1—r)% | 813% 818 o 24334 o 24333 * 24332 (10)

for ggq induce process. Here, the strong coupling constant
is denoted by g,. Note, for charmonium-pair production,
the processes g+ g— J/w+n. and g+ g — J/y + 1.
are forbidden in the color-singlet model, due to the
requirement of charge-parity C conservation. For the same
reason, the amplitudes for B/ + B~ production [Egs. (6)
and (9)] vanish in the limit m;, — m,.

III. THE NLO QCD CORRECTIONS

The NLO QCD corrections to B,.-pair hadroproduction
include virtual and real corrections, which are outlined in
Secs. III A and III B, respectively.

09

A. The virtual corrections

The virtual corrections comprise about 1300 one-loop
diagrams for the gg and about 100 diagrams for the
qg-induced process, the most complicated being the 38 and
8 hexagons for the respective channels, as shown in Fig. 2.
The contribution of virtual corrections can be formulated as

®(0

4
28) ZzRe(Ml—looprree)dPSZ' (l 1)

dé

virtual —

Here, the interference term Re(M joop M) contains
both ultraviolet (UV) and infrared (IR) singularities.

6032-3



CHEN, CHEN, and QIAO

PHYS. REV. D 109, 096032 (2024)

X
X

L

L

(b)

FIG. 2. The typical hexagon diagrams for (a) gg-induced
process and (b) gg-induced process. The remaining diagrams
can be obtained by reversing the quark lines, or interchanging the
initial gluons.

The conventional dimensional regularization with D =
4 —2¢ is employed to regularize them. The method pro-
posed in Refs. [35,36] is used to deal with the D-dimensional
75 trace.

The UV singularities, which are contained in self-energy
and triangle diagrams, are canceled by corresponding
counterterm diagrams. The relevant renormalization con-
stants include Z,, Z,,, Z3, Z;, and Z,, corresponding to
heavy quark field, heavy quark mass, gluon field, light
quark field, and strong coupling constant, respectively. We
define Z,, Z,,, Z3, and Z; in the on shell (OS) scheme, Z, in

the modified minimal-subtraction (MS) scheme. The coun-
terterms are

a, | 1 2 dmp®
6295 = ~Cp 3> {—+——3yE—|—3 ln—/;+4],
T |€uv €IR mQ
1 dn® 4
6298 = =3Cp 7> {——yg%—ln e +—],
T |€uv mQ 3
ag | 1 1
52?5 = —CF; |:_ - _:| )
Az Euv €1R
- 1 1
5708 — ( light -~ )ﬁ -
: 0 4 an €uv  €IR
4  a,| 1 Amp®
—Zg FE|:__J/E+IH 2}
Q=b,c v 0
1
SZMS _boas _ In(4 12
g 2 4x euv yE+ n( 7[) ( )

Here, p is the renormalization scale, yy is the Euler’s

constant, m stands for m,; and m, accordingly, gight) =

(11/3)C4 — (4/ 3)Tpnj}lght) is the one-loop coefficient of
QCD beta function with n, = 5 being the number of active
quarks, nlfl-ghl = 3 is the number of light quarks, C4 = 3,
Cr=4/3, and T = 1/2 are color factors.

The IR singularities in virtual corrections can be clas-
sified into two groups; the final-state-related singularities
and the initial-state-related ones. The former arise from
diagrams where one final-state particle exchanges a soft
gluon with another on shell particle. This type of singu-
larities cancel each other as expected [1,37,38]. The initial-
state-related singularities stem from diagrams where the
two initial state partons are connected by a soft gluon,
or where one initial state parton is attached by a colli-
near gluon. According to the Kinoshita-Lee-Nauenberg
theorem [39,40], parts of initial-state-related singularities
are canceled by the real corrections, and the remainings are
eliminated by introducing the scale dependent PDFs.

The Coulomb singularities arise when two heavy quarks,
which move with a small relative velocity, exchange a
soft gluon between them. For each B, meson, since we set
Pe= z—h p; before the calculation of Feynman integrals,

the corresponding Coulomb singularities are absent in the
dimensional regularization [41]. While there is another type
of Coulomb singularities: in the threshold region where
s ~4mZB(_, the valence quark of B} moves with a small
velocity relative to the valence quark of B . In this case, the

Coulomb singularities appear as 1/4/s — 4m%( terms. We

find that these terms vanish after summing up all one-loop
diagrams.

B. The real corrections

The real corrections are induced by the partonic
processes,

9(p1) +9(p2) = Bl (ki) + B: (k2) + g(p3).  (13)
q(p1) +4(p2) = Bl (ki) + Bo (ko) + g(p3). (14)

9(p1) +4(@)(p2) = BS (ki) + B: (k2) +4(g)(p3)- (15)

Here, processes (13) and (14) are the gluon bremsstrahlung
corrections to corresponding LO processes. Process (15)
indicates a new production channel, namely the gluon-
quark scattering. The typical Feynman diagrams for proc-
esses (13) and (14) are shown in Fig. 3. The diagrams for
process (15) can be obtained through crossing.

In the calculation of real corrections, the Catani-
Seymour (CS) dipole subtraction method [42,43] is
adopted to handle the IR singularities. The general idea
of this method is to rewrite the NLO corrections as

096032-4



NLO QCD CORRECTIONS TO THE B.-PAIR ...

PHYS. REV. D 109, 096032 (2024)

R
KI5

(a)

g K1 1%

L
3

FIG. 3. Typical Feynman diagrams for (a) g+ g— Bl + B, +g;
(b) ¢ + g —» Bf + BZ + g. The diagrams for g + ¢(g) — Bf +
B + (@) can be obtained through crossing.

ONLO — / [dgreal - dGA}
3-body

+ / |:d6vmua]+d5c+ / d&A]. (16)
2-body 1-body

Here, d6, is an auxiliary dipole subtraction term which
possesses the same pointwise singular behavior as d6 .y,
déc is the collinear subtraction term which originates
from the renormalization of PDFs. As dé6, acts as a local
counter term for d6,.,, the first integral of Eq. (16) is
nonsingular at every points of phase space, and can be
evaluated numerically in four dimensions. On the other
hand, the integration of dé, over one-body subspace,
1.e., the fl_body dé,, can be carried out analytically in D

dimensions. As a result, and the IR singularities in real
corrections appear as pole terms of 1/¢". After adding up
Jibody @645 dByiua and déc, all IR singularities are
eliminated as expected.

The dipole subtraction term dé, can be constructed
term by term according to all possible emitter-spectator
pairs. While in our case, the contributions of final-
state-emission diagrams cancel each other [1,37,38].
Hence, only the dipoles where both emitter and spectator
are in the initial state need to be taken into account.
Following the implementation of Ref. [42], the d6, is
constructed as

Jol 2o bE b3 _ 1 g Pu(
4 2pi - pa
g? P 22' Z‘
p2-p3 X

where x = 1 — (py - p3 + p2 - p3)/(p1 - p2) is the momen-
tum fraction at the collinear limit, P, (x) is the spin average
of the Altarelli-Parisi splitting function, which are of the
form

P(x) = C; lltf, (18)
Py(x) = CFM, (19)
P, (x) = T[1 = 2x(1 = x)] (20)
P,,(x) =2C, —I—l;+x(1 -0l @)

142 [be]+[bc]
Z‘er; +[ (Phpz,kukﬁ‘

— c L ~ ~ 7 7 2
tlr;;z el ](P17P2§k1’k2)‘ }dPSy (17)

The CS projection, which projects the three-body phase
space into the two-body one, is implemented as

emitter: pj, = xpja, (22)

spectator: p,; = psy, (23)
y 2k, (K+K _ 2k,-K .

others: k1‘2 :kl,Z_W(K—FK)—F 1152 s

(24)

with K = p; + py — p; and K = p; + p».
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For the second term of Eq. (16), we have

—[be]+[be 42— [be|+[be]+ 1 42€A'—>Z‘_c
42T ]+3+Ad6:‘+z [(b&)+[Bc]+3 A i ﬁr(l . <2pnﬂp2> [da’ng BBy 1 )
_ -

22/(X, pl’p2’,uF):|5 (25)

+ d&igz’a[ba]ﬂbc] v

and according to Ref. [42],

4 8 8 V2p1-pa[l+x? 16 [In(1 — x)
Vo, (% p1.papir) == (1=x) == (1 +x)In(1 = x) + =1 ==
aq(%: D1y P2 pr) 3( X) 3< + x) In( x)+3n iy =+ ++3 I—x |,
41 2 2
—— 4222 )8(1 —x), 26
+<3€2+€ 9ﬂ>( *) (26)
2
Vg (5, prs P2 i) = [+ (1= x)?] [lnu —x) + ln—i’j P2l 4 x(1 - x), (27)
F
81+ (1—x)? 2P, - 4
ng(xapl,p2v/"F) = 57( ) [In(l —-x) + ln—pl P2 +3X, (28)
X Ur 3

| PENINZNTDES 12[ I+ x(1-x) +1—] [ln(l —x)-l-lnﬁ + 12[ln l_x)]

R e N B x2S PR

Here, ur is the factorization scale, the ‘+’-distribution is defined as

€2

2 3

/ g () [F )], = / " dx [g(x) — g1 (x). (30)
0 0

IV. NUMERICAL RESULTS

A. Input parameters

We consider B, .-pair production at the LHC with /s = 14 TeV. The hadron-level cross sections can be obtained by
convoluting the partonic cross sections with the proton PDFs,

doPTP—BI+BAX — /dxldxzfg(xl)fg(xz)d&’*g"BHB?*(g)

+ > / dxydxy [f o (x1) f(x2)d69Ta=BAEO) L fo(x)) £, (xry)d6THa= BB )]

q=u,d,s

+ Yy /dx1dXz[ o (01)f o (00)dEa 9= BE B 1 f () fo(xp)d6o 9B B (31)
q=u,d,s,i,d,5

Here, all partonic cross sections are evaluated at O(a;3) accuracy. In our numerical studies, the CT18 NLO parametrization
with g (M;) = 0.118 [44] is used for the evaluation of PDFs and «,. The renormalization and factorization scales are
chosen as py < ur = pr < 2uq, where the central scale yq is taken to be the half of the summed transverse masses of the two

B, mesons, i.e., jig = (\/m%;(_ +ph, + \/m% + P1,)/2.

Other parameters in numerical evaluation go as follows:

my, =4.60 GeV,  m,=149GeV,  |P(0)]? =0.174 GeV3. (32)

096032-6
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Here, the pole masses of heavy quark are obtained through,

my = g (1 +Cp @) (33)

with the MS masses 71, = 4.18 GeV and 7, = 1.27 GeV
[45] as input. The B, wave function at the origin is
estimated from the 'S, — 35, splitting [46],

9 .
W(0)]? = o2

- 2171_“5 (mB: - mBC)’ (34)

with the lattice calculation result mg. —mp = 53 MeV
[47] as input.

Due to the finite coverage of detectors, proper kinematic
cuts should be imposed on the final state particles. Here we
employ two typical sets of cuts, which corresponding to the
LHCDb [48] and ATLAS [49] acceptance of B, meson,

respectively:
(i) LHCb cuts: 1< pry,pro<20GeV, 2.0<Ly,
y2 £4.5;
(i) ATLAS cuts: pr,prp > 13 GeV, =23 <y,
v, £2.3;

where pr; and y; with i =1, 2 denote the transverse
momentum and rapidity of each B, meson respectively.
Note, according to Ref. [50], the CMS acceptance cuts of
B, meson are similar to the ATLAS ones.

B. Integrated cross sections

The LO and NLO cross sections for Bf + B;, Bf + B}~
and Bt + B}~ production with different cuts are shown in
Table I, wherein, the central values refer to the results at

TABLE 1.
after taking the same inputs.

HR/F = Ho, the superscripts and subscripts corresponding to
the results at pg/p = po/2 and pg,p = 24y, respectively.
Besides the total cross sections, the partial cross sections
for gg-, qg-, and gq(g)-induced processes, i.e., the first,
second, and third lines of Eq. (31), are presented as well.
About Table I, there are some points remarkable which are
as follows:

(i) Due to the high-gluon flux at low x, the B.-pair
production at the LHC is dominated by the gg-
induced processes as expected. While in some cases,
the contributions of other partonic processes are also
non-negligible. For example, for BT + B;~ pro-
duction with ATLAS cuts, the contribution of gg(g)-
induced process reaches 20% level at the NLO.

(i1) Similar to the situation of J/y-pair production [21],
the NLO corrections here may dominate over the
LO contributions, and the theoretical uncertain-
ties induced by energy scale is even larger at
NLO than that at the LO. We propose a potential
explanation based on the kinematic analysis. We
find that the bulk of the cross sections arise from
the regime where the invariant mass of the B.-pair
My is small. At LO, the two-body kinematic forces
the B. mesons to be back to back in the trans-
verse momentum plane, hence the pr cut on
each B, meson lead to a constraint of M,p >

24 /m%(_ + PF.min- While at NLO, the three body

real emission processes are involved. In this case, the
B_-pair can be produced near the mass threshold,
ie., Myp ~2mg , as long as the recoil parton
possesses large enough transverse momentum.
The threshold production effect appearing at the

The LO and NLO integrated cross sections for B_.-pair production at the LHC. The LO results agree with those in Ref. [15]

Channel LHCD cuts (in nb) ATLAS cuts (in pb)
Final state Initial state LO NLO LO NLO

Bf +B; 99 2.391007 x 107! 5.687 031 x 107! 409709 x 107! 29918
qq 1.90047 x 1074 1.7575% x 107 4661122 x 1073 2.937367 x 1073
99(q) - 0.1677:3 x 1072 - 6.991%19 x 10!

total (pp) 2.397097 x 107! 570170 x 107! 4.145595 x 107! 3.691732
B! + B~ 99 3.4310% x 1072 8.341780 x 1072 346105 x 107! 3.2079%2 x 107!
q4q 5361 14 x 1073 3.225% x 1073 2.12108) x 1072 1.3675%7 x 1072
94(q) - 0.687053 x 1072 - 1167530 x 1072
total (pp) 3.967930 x 1072 9.34739% x 1072 3.677098 x 107! 3.45707% x 107!

B + B 99 4.06°0% x 107! 1.107957 3.001078 102737
qq 417555 x 1072 1.90739 x 1072 1765937 x 107! 0.6674% x 107!

99(q) - 1567262 x 107! - 2.62279

total (pp) 4487038 x 107! 1287048 3.1759% 12.87%3
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real corrections accounts for the extraordinary large
NLO corrections.

There are negative cross section problems in gg- and
94q(g)-induced processes. For the former, the partial
cross sections become negative when i  approach-
ing po/2, and the large negative corrections can be
traced back to the virtual corrections. For the latter,
the partial cross sections become negative when
ug r approaching 2y, and the large negative cor-
rections can be traced back to the over-subtraction of

(iif)

FSS __ FSS

+0.55 -1 _

oy = 1.67775; x 107" nb, oNLD =
FSS _ +1.14 -3 FSS _
o1 = 432799 x 107 nb, ONIO =

The high-luminosity LHC (HL-LHC) will substantially
increase the amount of proton-proton collisions delivered to
the LHC experiments, with a planned integrated luminosity
of 4000 fb~! for ATLAS experiment [52], and 300 fb~! for
LHCb [53]. Assuming B, is reconstructed through the
decay B — J/wn™, whose branching fraction is predicted
to be 0.5% [54], and J/y is reconstructed through J/y —
It17(1 = e, u) with a branching fraction of about 12% [45],
the number of the reconstructed B .-pair candidates is about
166-324 for LHCb experiment, and about 1640 for
ATLAS experiment.

C. Differential cross sections

As the number of events corresponding to LHCb experi-
ment is promising, it is worthy to perform a more elaborate
phenomenological analysis. The differential distributions in
various variables with LHCb cuts are shown in Fig. 4,
wherein, the LO and NLO predictions at pug/p = pg are

collinear singularities inside the PDFs [51]. Since

the contributions of these two processes are not

dominant, the total (pp) cross sections keep pos-

itive. Hence, in our calculations, no additional treat-

ment is applied to cure the negative cross section
problems.

Since B;: almost all decays to B,., a prediction on B,.-pair

candidates should sum over all possible final states. By

introducing the final-state-summed cross section as ¢'>> =

o A i pee
UBC +B; + ZO'BC +B; + O'BC +B; , We have

20.377¢ x 10" nb,  for LHCb cuts; (35)

1727351 x 1073 nb,  for ATLAS cuts. (36)

|
represented by dashed and solid lines respectively; the
theoretical uncertainties, which are estimated by varying
fg/F in the range [u/2, 24, are represented by color bands.

The distributions in M, , the invariant mass of the
B -pair, are shown in Fig. 4(a). It can be seen that as M,z
increases from about 12 GeV to 32 GeV, both LO and NLO
differential cross sections drop steadily. Although the NLO
corrections are positive everywhere in the plotted M,z
range, the relative size of NLO corrections over LO
contributions decreases with increasing Mg .

The distributions in |Ay|, the absolute value of rapidity
difference of the two B, mesons, i.e., |Ay| = |y; — y,|, are
shown in Fig. 4(b). Similar to the M,p_distributions, the
differential cross sections drop steadily with increasing
|Ay|, and the NLO corrections are more significant in the
small |Ay| region.

The distributions in pr g, , the transverse momentum of
the B.-pair, are shown in Fig. 4(c). Since the B,.-pair with

do/dM,g_[nb/GeV]

pp—-2B. + X, LHCb cuts

12

16 20 24
Mg [GeV]

(a)

do/d|Ay| [nb]

10!

10°

107t

1073

pp—-2B. + X, LHCb cuts

pp—-2B. + X, LHCb cuts

== NLO

----- - s> —_—
v
""" 2
N 1) B
...... E 10
------ S ~0.188343
- 1072 ]
0.0 0.5 1.0 1.5 2.0 2.5 4 8 12 16 20
|8y| Pr, 28, [GeV]
(b) (c)

FIG. 4. The differential distributions in (a) the invariant mass of the B_.-pair M,z , (b) the absolute value of rapidity difference of the
B, -pair |Ay|, (c) the transverse momentum of the B -pair pr,p .
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nonvanishing pr,p can only be produced in three-body
processes, the second to the last bins only receive contri-
bution from the dé6,., term of Eq. (16). For the first bin, the
first term of Eq. (16) is negative, and larger in absolute value
than the second term of Eq. (16). Hence the cross sections
in the first bin can be negative at some energy scale. A
resummation of the logarithms of p7., p,/s may help to solve

this problem. This asks for a further investigation.

V. SUMMARY

In this work, we investigate the B_.-pair production in
proton-proton collisions at the NLO accuracy in the
framework of NRQCD factorization formalism. Various
of S-wave B, states, including configurations of B + B,
B + B!~,and B:™ + B}, are taken into account. The total
cross sections and the differential cross sections versus
various variables at the LHC with /s = 14 TeV are
evaluated and presented in Table I and Fig. 4.

Numerical results show that, after including the NLO
corrections, the total cross sections are significantly
enhanced, and their dependences on renormalization and
factorization scales are increased as well. We propose a

potential explanation for the poor perturbative behavior,
while further investigation is still needed. We also discuss
the negative cross section problems encountered in the
calculation.

Since B} almost always decays to B,., a prediction on
B.-pair candidates should sum over the B} + By,
BY 4+ B!~, Bi* + Bz, and B:" + B~ production rates.
As a result, we obtain ohy% =2.037097 nb for LHCb
experiment, and o533, = 1.727)41 x 1072 nb for ATLAS
experiment. Assuming B, is reconstructed through Bf —
J/wr* and J/w is reconstructed through J/y —
I"17(1 = e, ), the reconstructed B, -pair candidates under
the HL-LHC luminosity may reach 166-324 for LHCb
experiment, and 16-40 for ATLAS experiment.
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