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Within the framework of NRQCD, we calculate the production of the excited doubly heavy baryons
)0 through the semi-inclusive production process 1 — (bQ)[n] — B, + Q + W', where Q = b or ¢

quark. The intermediate diquark state (bQ)[n] is in the excited P-wave state, including ['P,] and
[’P;] (J =0,1,0r2) in both color anitriplet state 3 and color sixtuplet state 6; that is, (be)['Pyl3/60
(be)PPyl36, (bb)['P]3, and (bb)[*P,]s. We find that the contributions from the P-wave states are about
one order lower than the S-wave contributions, and this conclusion is consistent with others. We also
analyze the invariant mass and angle differential distributions, and the theoretical uncertainty from the mass
parameters, the transition probability, and the renormalization scale. Finally, we can expect that about

1.14 x 10*7 events of excited Z;, and 2.47 x 10'~3 events of excited =, can be produced per year at the

LHC with £ = 10336 cm™2s71,

DOI: 10.1103/PhysRevD.107.014006

I. INTRODUCTION

The quark model [1-4] theoretically predicts the exist-
ence of doubly heavy baryons, whose constituent quarks are
two heavy quarks (b or ¢) with one light quark (u, d, or s).
The study of doubly heavy baryons is an important part of
hadron research and also one of the major topics in QCD
research for its rich physical information. Since the first
discovery of the doubly heavy baryon =" by the LHCb
Collaboration of the Large Hadron Collider (LHC) at the
European Organization for Nuclear Research (CERN) in
2017 [5], amounts of works have studied the properties of
the doubly heavy baryon. At present, the production of
doubly heavy baryons have been analyzed by the direct
production, such as at the e e~ colliders [6-9], the hadronic
production [10-19], in deeply inelastic ep scattering [20],
the photoproduction mechanisms [11,21-23], the heavy-ion
collisions [24,25], and the indirect production via top quark
decays, Higgs decays and Z boson decays [26-28], etc.
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Among the indirect production mechanisms, the top
quark decay is intriguing because it is the heaviest known
fermion with a mass of 173.0 GeV. The top quark can
participate in all interactions, especially strong interactions,
and its decay occurs mainly through weak interactions via
the process ¢t — b+ WT. Therefore, the production of
doubly heavy baryon through top quark decays is very
useful for high-precision physics in the electroweak sector.
With the advantage of high luminosity and high-collision
energy, the LHC or a high luminosity LHC (HL-LHC) has
already become a huge “top factory”, in which sizable
amounts of doubly heavy baryon events through top quark
decays can be produced. Thus, the top quark decays will be
a potentially good platform for studying the indirect
production mechanism of the doubly heavy baryons and
for searching the Z,. and &,, baryons that have remained
undetected by experiment so far.

The nonrelativistic QCD (NRQCD) [29,30] is a very
practical theory to deal with the processes involving doubly
heavy hadrons. According to NRQCD, the doubly heavy
baryon can be expanded into a series of Fock states with
velocity v, where v stands for the typical relative velocity of
two heavy quarks in the low-energy interactions. The high-
energy interactions can be calculated by perturbative QCD.
To be specific, the production of Z,, via top-quark decays
can be factorized into two parts, one is the hard process that
produces the intermediate diquark state (bQ) (Q stands for
b or ¢ quark), which can be calculated perturbatively, and
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the other is the nonperturbative hadronic process from a
(bQ)[n] diquark state to a doubly heavy baryon Z,,
where n stands for the spin and color quantum number of
the intermediate diquark. The second part can be depicted
by a nonperturbative matrix element, which is propor-
tional to the transition probability from the diquark state to
the baryon ;. The nonperturbative matrix elements can
be approximately related to the Schrédinger wave func-
tion at the origin |¥,,(0)| for S-wave states, and the
derivative wave function at the origin ¥, (0)| for P-wave
states. [¥,0(0)| and [¥},(0)| can be derived from the
experiment or some nonperturbative methods like the
potential model [31,32], lattice QCD [33], or QCD sum
rules [34]. Because these nonperturbative matrix elements
can be treated as an overall parameters, we would
concentrated on the essential perturbative part ¢ —
(bQ)[n] + O + W+ for the production of the doubly
heavy baryons E,,. Here, E,, stands for the doubly
heavy baryon E,p,, where Q represents the heavy con-
stituent quark b or ¢, and g denotes the light u, d, or s
quark, respectively. Thus, the study of the doubly heavy
baryons can help us to achieve a deeper understanding of
the QCD in both perturbative and nonperturbative regions.
Pioneer investigations on the research of excited P-wave
state have been analyzed for the production of mesons
[35-38] and the doubly heavy baryons via W' boson
decays [39].

In our previous work, the relevant contributions for the
production of the doubly heavy baryons from the ordinary
S-wave, namely ground state of intermediate diquark
states, including (be)['Sols/6 (bc)[*S1]3/6. (BD)['Solss
and (bb)[*S,]3, have been discussed. There will be about
2.25 x 10* events of =, and 9.49 x 10> events of =,
produced in one operation year through top quark decays
at the LHC or HL-LHC with £=10*3cm™2s7!.
Therefore, there are enough baryon events produced
experimentally. For further precise study and analysis, in
the following we shall study the production of highly-
excited doubly heavy baryons, which come from the
excitation of the intermediate diquark state. Similar to
S-wave intermediate diquarks, the color state of the excited
P-wave can be 3 or 6 because of the decomposition of
SU(3) color group. The spin state of the excited P-wave
can be ['P] or PP,] (J/ =0, 1,0r2). However, there are
only four spin and color configurations for the P-wave state
Epps 1.€., [1P1]53 and [*P;] due to the symmetry of identical
particles in the diquark state. While there are eight spin
and color configurations for the P-wave of &,., ['P]3/4

and [*P,]3/s. All the spin and color configurations of the
intemediated diquark states in P-wave, (bc)['Py]3g,
(be)[PPyl3/6. (bD)['Py]3, and (bb)[*P,]s would be taken
into consideration for a further sound prediction. A careful

study on the excited =, production shall be helpful for
confirming the contributions from the P-wave states and for
further testing of the quark model and NRQCD.

The remaining parts of this paper are organized as
follows. In Sec. II, we present the detailed calculation
technology for the production of Z,, in P-wave states
through top quark decays within the framework of
NRQCD. Then the total decay widths, differential distri-
butions and theoretical uncertainty are given in Sec. IIL
Section IV is reserved for the summary.

II. CALCULATION TECHNOLOGY

Figure 1 shows the Feynman diagrams for the process
1(p1) = Epo(q1) + 0(g2) + W(g3). Within the framework
of NRQCD, the decay width can be factorized as [29,30]

L(1(p1) = Epo(q1) + O(q2) + WH(q3))
= T(t— (bQ)[n] + O+ WH)(O[n]). (1)

where [n] stands for the spin and color quantum number for
the intermediate diquark state, such as ['So]3/s, [*S)]3/6,
['Py]3/6 or [*P,]3,6 and so on. All of these different diquark
states need to be considered. (O”[n]) represents the non-
perturbative matrix element, which is proportional to the
transition probability from the diquark state (bQ)[n] to the
doubly heavy baryon Z,,. By relating to the Schrodinger
wave function at the origin |¥,,(0)| for S-wave states,
and the derivative wave function at the origin [¥},,(0)| for

‘ (0@)(q1)

t(p1)

Qlg2)

W(g3)
(a)
(bQ)(q1)
t(p1)

Qlg)

WH(g3)

(b)

FIG. 1. Two typical Feynman diagrams (a) and (b) for the
process 1(py) = Epo(q1) + O(g2) + W' (g3), where Q denotes
the heavy ¢ or b quark for the production of E,. or T,
accordingly.
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P-wave states, one can estimate the value of (OF[n]).
Specifically, the perturbative short-distance coefficients,
that is, the decay width ['(t — (bQ)[n] + Q + W™) can
be expressed as

F(t— (bQ)[n] + 0+ W) = / ﬁiwnnm, @)

where M stands for the hard amplitude. The meaning of
S is to sum over the colors and spins of all final-state
particles ((bQ), Q and W) and to average over the spin and
color of the initial top quark. d®j is the three-particle phase
space and it can be represented as

3 3
d°q
do =(2ﬂ)45“<p - q,) (3)
’ 1 Z; 11 (272)° 2q
Then we can rewrite Eq. (2) as

1 JE—
= 256wy Ml dsds, ()
t

di + b + my

where m, represents the mass of top quark, s, =
(g1 + q2)* and 553 = (g2 + ¢3)* stand for the invariant
masses. With the help of FeynCaic 9.3 [40] program, we could
obtain not only the total decay width but also the corre-
sponding differential distributions.

A. Amplitudes for the diquark production

As proved in Refs. [7,8], one can relate the hard
amplitude M for the production of diquark (bQ) with
the amplitude of the familiar quarkonium or meson (hQ)
production by applying charge conjugation C = —iy?y° on
the heavy Q fermion line. Remarkably, there is an addi-
tional factor (—1)"*! when one use the action of C parity
to reverse the heavy Q fermion line and n is the number of
vector vertices which equals to one in this process. By
marking the amplitude in the subgraph (a) (or (b)) of Fig. 1
as A; (Az) one can write the squared hard amplitude as
IM|* = 55537 |A; + A, |*. Specifically, the amplitude A,
(A,) can be expressed as

11, [n]
Ar = i (g2, )[yﬂ (g2 + %2)2
A, = iCﬁi(Qst)[ Mﬂ

in which &(g3) is the polarization vector of W' boson,
P, = 1_% the CKM matrix element |V ;| is directly taken
to be 1, the overall factor C = ¢g¢2C; .« and the color factor
Cijx will be explained carefully in Sec. IIC, ¢, and ¢,
are the momenta of two heavy quarks, b and Q, inside the
diquark, respectively, and their forms are

my,

+ d i (6)
-2 an =—=
q11 Mb q1 74 912 = M 91 — 4,

where ¢ is the relative momentum between b and Q
inside the diquark, and M,y = m; + m, is adopted to
ensure the gauge invariance. The relative momentum g
in the diquark state (bQ)[n] is small enough to be
neglected in the amplitude due to the nonrelativistic
approximation. The projector in the S-wave state can
be written as

(q1+ a2)* —

2¢(Q3)PL]” (p1.5),

din + g3 +m
<q1|+Q’;)2—f’:l[2yﬂ Mj(pl’s/)’ (5)

1
21/MbQ

where ['Sy] = 75 and £[*S]
tion vector of diquark in 3S.

As to the P-wave amplitudes, the expression can be
interconnected with the derivative of the S-wave expression
in spin singlet or spin triplet respectively with respect to the
relative momentum ¢. In order to obtain the derivatives of
the projector, ¢ should be preserved and cannot be set
directly to zero. Thus the projector can be rewritten as the
following forms:

—_V_ b0 M (ﬂlz

dmgmy,

My, [n] = eln](d + Myp), (7)

= ¢ with &’ is the polariza-

I, [n] mg)en|(di +my),  (8)

and it has been proven to be consistent with Eq. (7)
when ¢ =0 [39]. Then we have to take the derivative
of the relative momentum ¢ in the gluon propagator in A;,
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and the gluon propagator and the fermion propagator in A,.

More explicitly, P-wave amplitudes are listed

below:
AP = i) e [0 [ 2 s = m f + b
e COLA LACR) L
APy = iceé(%)d%a [ﬁi(QbS) [}’,4 @ +1q12) ;n\{;w:(ﬁlz —mo)y> (dh +my)
x #q3)PL (fllllif)j _m’;% 7,4] u,-(pl,S’)] " )
and
AP = iC€£ﬁ<q1)di% [ﬁi(QZ’ 5) [n @ +1q12) ;g(ﬂlz mo)rP (dh1 +mp)y,,
e )P )
ALPP)) = icgiﬂ(‘ll)di% |:ui((/I2’S) [Vﬂ @ quz) ;’\n/(;(%lz mo)r’ (dh1 + my)
x #(¢3)P, (zllljcf)j —mnt1,2 m] u;(pr, S’)] o (10)
A A P AL et My = ~gop + Syt (15)

J =0, 1 0r?2) state. One needs to sum over the polarization
vectors or tensors when calculating the squared amplitudes
|M|?. For the case of ['P,] state, the polarization sum
formula is

Zeéesf =11,,. (11)
I

where [, stands for the ['P;] states. To obtain the appro-
priate total angular momentum quantum number J in the

case of [*P;], we should take the polarization tensor sum
formula as
0 .0 1

eaﬂga’ﬂ’ = gHaﬂHa’/}” (12)
1

Zé'aﬁ (fﬁ/ = 5 aa’nﬂ[i’ - Haﬁ/H /ﬁ) (13)

2 &2, = 1 Il 1,511
Zga/iga’/)” = 5 ey + Moy Tly)

1

- 5 HaﬂHa/ﬁ/ . (14)

with the definition

It’s worth noting that for the production of Z,,, the
squared amplitudes have to be multiplied by an extra
overall factor (22/2!) = 2, where the factor 1/2! comes
from the identical particles in the (bb) diquark state and 22
is the two extra diagrams from the exchange of the two
identical quark lines inside the diquark state.

B. Hadronization from diquark (bQ)n| to E,,

The hadronization process from the diquark (bQ)[n] to
the doubly heavy baryon E,, is nonperturbative. Within the
framework of NRQCD, the nonperturbative matrix element
(OH[n]) can be considered as the transition probability
from (bQ)[n] to E,. For the production of 2, similar to
S-wave intermediate diquark (bQ), the color quantum
number of the excited P-wave diquark can be also 3 or
6 for the decomposition of SU(3). color group
3®3=36. Here hj and hg are used to describe the
transition probabilities of the diquark (bQ) in color anti-
triplet and color sextuplet, respectively. Assuming that the
potential of the diquark in color 3 is hydrogen-like, /5 can
be approximatively related to the Schrodinger wave func-
tion at the origin |¥,,(0)| for S-wave states, and the first-
derivative wave function at the origin [¥),,(0)| for P-wave
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states. Then the first-derivative wave function at the origin
can naturally connect with the derivative radial wave
function at the origin,

WO = - [Rig(O) (16)

While for the transition probability hg, there are two
different points of view in the early literatures. One is that
due to the “one-gluon-exchange” interaction inside the
diquark, the “binding force” of diquark in color 3 state is
stronger than that in 6 state, resulting that /4 shall at least be
suppressed by v? compared to /3, or too small to be ignored
[7,41]. Here v is the relative velocity between the two
heavy quarks inside E,, in the rest frame of the baryon.
While others indicate that these two parameters hg and /3
are of the same order of v [13,41] following the naive
NRQCD power counting rule. Thus, for convenience and to
reduce the selection of parameters, we assume /g =~ A3 in
the numerical calculation.

C. The color factor

For the production of P-wave diquark state (bb), there
are four spin and color configurations, such as ['P,]; and
[*P,]¢ with J =0,1,2 due to the symmetry of identical
particles in the diquark state. While there are eight spin and
color configurations for E,,, [' Py]3,6 and [*P,]5/¢, all these
spin and color configurations of the intemediate P-wave
diquark states would be taken into consideration for a
further sound prediction. According to the Feynman rule,
the color factor C;;; in Fig. 1 can be calculated by

Cijk =N XD (T),,(T%),,; X G (17)

a,m,n

Here N' = \/1/2 is the normalization constant; i, j, m,
n=1,2,3 are the color indices of Q(q,), #(p,), and the
two constituent quarks Q and b inside the diquark
(bQ)(q;) respectively. a =1,...,8 and k denote as the
color index of the gluon and the diquark (bQ). When the
diquark (bQ) is in color 3 or 6 state, the function G, is
equal to the antisymmetric function ¢,,,; or the symmetric
function f,,,,, accordingly, and they satisty

EmnkEm'n'k = 6mm’6nn’ - 6mn/6nm” (18)

fmnkfm’n’k = 5mm’5nn’ + 5mn’5nm’- (19)

Finally, for the production of diquarks in color 3 and 6, we

obtain the color factors Cizj’k are equal to 3 and 2,

respectively.

III. NUMERICAL RESULTS

In the numerical calculation, the input parameters are
adopted as [11,27]

m.= 1.8 GeV, my = 5.1 GeV,

Mz, = 6.9 GeV, Mg, = 10.2 GeV,

IR},.(0)] = 0.200 GeV3,  |R,,(0)] = 0.479 GeV3,
m,=173.0 GeV,  my = 80.385 GeV,

a;(2my) = 0.178, ag(2m.) = 0.239,
Gr = 1.1663787 x 105 GeV-2,

9=2V2my\/Gr/V2, (20)

where the masses of constituent quark m,. and m, are
the same as that in Ref. [11], they are used to build the
mass of corresponding baryon Mg, ~M,, =my;, +mg
(Q=0b or ¢). |R,.(0)] and |R},(0)| are the derivative
radial wave functions at the origin, and its values that we
use in our calculation are evaluated by the K?O potential
motivated by QCD with a three-loop function [32]. The
remaining parameters are the same as that in our previous
work, Ref. [27], in order to make a comprehensive
comparison and analysis with the contribution of the
intermediate S-wave diquark state. The renormalization
scale y, for the production of E,,. (E,;,) is set to be 2m,
(2my), and the same as the factorization scale. Finally the
number of produced E,,, events per year could be roughly
estimated by

N ] = NtBer[l/l], (21)

Epoln

where N, represents the total events of top quark produced
per year, and there are about 10810 /7 pair [42,43]
produced in one operation year at the LHC running with
a high luminosity £ = 10**73¢ cm™s7!. Bryy[n] is the
branching ratio for the production of E,,, which is
defined as

Bryo[n] = M' (22)

I

in which [n] is the spin and color quantum number of the
intermediate diquark state, I', stands for the total decay
width of the top quark. The decay width of top quark
through the maximum decay channel ¢— bW™ is
1.49 GeV, which can be considered as its total
decay width.

A. The production of Z;, baryon

The total decay width of E,,. baryon via top quark decays
are obtained and listed in Table I. The results contain all
considered P-wave intermediate diquark state, and the
contribution of the intermediate S-wave diquark states
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TABLE I. Decay widths (KeV) and Br,,[n] for the production
of P-wave and S-wave E,. via top quark decays. States represent
the spin and color states for the intermediate diquark.

State Decay width Bry,.[n]

['Sol3 96.2 6.46 x 107
["Sols 48.1 3.23x 1073
BSils 127.6 8.56 x 1073
BSile 63.8 4.28 x 1073
['Pi]5 2.69 1.81 x 107
['Pils 1.34 9.03 x 1077
PPols 1.82 122 x107°
PPyl 0.91 6.10 x 1077
PPis 3.46 232x 1076
PP 1.73 1.16 x 107°
FP,ls 3.34 224 x107°
AP 1.67 1.12x 107°
S-wave 335.7 225x 1074
P-wave 16.96 1.14 x 1073
Total 352.66 236 x 1074

are also listed in Table I for a comprehensive comparison

and analysis. S-wave (P-wave) in Table I stands for the sum

of states ['Sol3/6 and [*S]3/6 (['P13/6 and [P,]3,6 with

J =0,1,2). The results indicate that:

(a) All of the eight spin and color states for the production
of excited Z,. baryon have been considered in our
numerical calculation and the ratio of the decay
widths in these eight excited states is [*P)5:
PP1le:Pols:Pole: (Pals: PPols:['Pils:['Pile=1:
0.50:0.53:0.26:0.97:0.48:0.78:0.39. That is to say,
for the production of P-wave &, the proportions of
these eight spin and color states are 24%, 12%, 13%,
6%, 23%, 12%, 7%, and 3%, respectively.

(b) Obviously, the contribution from the spin and color
state [*P,]3 domains. The total decay widths with the
intermediate diquark in color antitriplet state shall be
about twice of that in color sextuplet due to the color
factor.

(c) The total contribution from intermediate P-wave
diquark state is about 5.05% of that from S-wave.

(d) When all the considered intermediate S-wave and
P-wave diquark states are summed, there are about
2.36 x 10*% =, _events/yr produced via top quark
decays at the LHC, about 1.14 x 10373 events/yr of
which came from the P-wave states. The events per
year in ['Pyl5, ['Pilg, [Pols, [Polss PPil3s PPilss
[’P,]3, and [P, states are about 1.81 x 10°74,
9.03 x 103, 1.22x 10*™, 6.10x 10'73, 2.32x
1074, 1.16 x 10*7%, 2.24 x 10>, and 1.12 x 10>,
respectively.

In order to show the characteristics of the excited ;.
production through intermediate P-wave diquark (bQ)[n|
and be helpful for the experiments measurements, we make

== =(b['P 5 - COIN AT
e (O[] < (P ]
== () Pyly — COINAH
== (b Pylg =+ = (B[Pl

6

dT/ds ,(GeV)

10716 L L L L <10%

0.0 0.2 0.4 0.6 0.8
$,,(GeV?)
(@)
10°

1010k

T> 101 E
[ A
<) . N
g . = = = (bA)['PJ5 -+ (be)*P, 15 '\:\ d
5 A B <b0>[1P1]6 T '<b0>[3P1]6 \‘.;\, ]
N
== () Pgls = (be)[ P, W\
103 T <bc>[3P0]6 - <bc>[3P2]6 ",\. E
\
bl
\
1071 : : * * ‘ x10*
0.5 1.0 1.5 2.0 25
523(GeV2)
(b)

FIG. 2. The differential decay widths dI'/ds,, (a) and dI"/ds,3
(b) for the process t — E,.[P] + Q + WT. The dashed black,
dotted red, dash-dotted blue, dash-dot-dotted green, short dashed
purple, short dotted yellow, short dash-dotted azure and dash-
dotted brown lines represent for the decay widths of P-wave Z,,.
in ['P\Js, ['P\lg, (Pols, [ Polss [Pilss PPilgs PPals, and [PPlg,
respectively.

a clear analysis about the differential distributions in the
following, such as dI'/ds,,, dI'/ds,;, dU'/dcos @3, and
dl'/d cos 0,5, which are shown in Figs. 2 and 3. Here the
kinematics parameter-invariant mass s;; = (¢; + ¢ j)2, and
0;; is the angle between outgoing three momenta ¢; and qj
in the rest frame of top quark. In Figs. 2 and 3, different
color and size of dotted lines are used to represent the
differential distributions of eight intermediate diquark
states.

Figure 2(a) shows that as the invariant mass s,
increases, the differential decay width decreases monoton-
ically. When s, tends to zero, the E,, baryon and the
heavy antiquark Q shall move in much closer directions,
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o = = ~(O)['P,5 - (be)[Py 5

- <bC>[ P ]6 ........... (bC)[ P ]6
10? — = (bO)Pyls ——— (bO)[P,)5]
s == (b)[Pyls ==+ (be)[Py]

dI'/dcos®,,(GeV)

]O-IZ L L L
-1.0 0.5 0.0 0.5 1.0
cos0 5
(a)
10* .
== = (bo)['P ]
. - <bc>[lP1]6 //.‘
107F —-—-(be)PPyl5 /i
_ = = (be)[Pylg
> o COINA
% ........... (bc>[3 ]6
qé === (be)[’P,
U T <bC>[3P2
[
-U P
10°% ,’;’/”’ e T
10° - : :
-1.0 0.3 0.0 0.5 1.0
cos0,,
(b)
FIG. 3. The differential decay widths dI'/cosf;3 (a) and

dr'/cos@, (b) for the process t — Z,.[P]+ O+ W*. The
dashed black, dotted red, dash-dotted blue, dash-dot-dotted
green, short dashed purple, short dotted yellow, short dash-dotted
azure and dash-dotted brown lines represent for the decay widths
of P-wave B, in ['P]3, ['Pilg, [Pols, [ Polg: Pils: [Pile:
[*P,]3, and [*P,]¢, respectively.

resulting in a larger decay width. In Fig. 2(b), all the curves
are relatively flatter than those in Fig. 2(a). In Fig. 3, we
found that the dependence of the differential decay width
dl'/d cos 8,5 (dI"/d cos 8,,) on cos 63 (cos 8;,) also shows
a monotonic behavior. Moreover, the value of dI"/d cos 0,3
is largest when cos 0,3 = —1, i.e., 8,3 = 180° and the value
of dT"/d cos 6, is largest when cos @, = 1, i.e., 0;, = 0°.

B. The production of =;;, baryons

Similar to the production of E,,., the decay widths for all
considered spin and color configurations through the

TABLE II.  Decay widths (KeV) and Br,, [n] for the production
of P-wave and S-wave E,;, via top quark decays. States represent
the spin and color state for the intermediate diquark.

State Decay width Bry,[n]
["Sole 4.77 3.20 x 107°
S5 9.37 6.29 x 107°
['P\]5 0.125 8.39 x 107
[FPolg 0.102 6.84 x 1078
Pilg 0.104 6.95 x 1078
PP, 0.035 2.33x 1078
S-wave 14.14 9.49 x 1076
P-wave 0.365 2.45 % 1077
Total 14.505 9.73 x 1076
process t — By, + b+ W are listed in Table II, which
show that

(a) The total contributions from the P-wave E,, is about
2% of that from P-wave E,.. Because m, is about
three times larger than m,, the phase space of Iz, (|
is suppressed compared with that of I',__z, (p).

(b) All of the four spin and color states for the production
of excited E,, have been considered in our numerical
calculation and the ratio between them is ['P]5:
PPe:PPole: [PPa)g = 1:0.83:0.81:0.28.

(c) For the production of excited Z,;,, the contribution
from the spin and color state [! P]5 domains. The total
contribution from intermediate P-wave diquark state is
about 2.58% of that from S-wave.

(d) At the LHC, about 9.73 x 10>* E,, events/yr will be
produced with the sum of S-wave and P-wave states
via top-quark decays. The total proportion coming
from the P-wave state is about 2.45 x 10'~* events/yr.
The events per year for the [' P35, [*Pgle, [*P1]g, and
[*P,]¢ are about 8.39 x 10°-2, 6.84 x 10°72, 6.95 x
1092, and 2.33 x 10°2, respectively.

TABLE III. The theoretical uncertainty for the production of
E,. (in units 1077 GeV) caused by charm quark mass. Here we
vary m, over the range [1.5, 2.1] GeV while the masses of other
two heavy quarks are taken as their central values; namely, m;, =
5.1 GeV and m, = 173.0 GeV.

m, (GeV) 150 165 180 195 2.10
Iz, ('P);) 6596 4123 2690 1820  12.69
s, ('P]g) 3298 2061 1345  9.10 6.35
Tz, (PPl;) 3814 2585 1818 1318 9.8l
s, (PPls) 1907 1293 9.09 659 4.90
Iz, (PP);) 8098  51.89 3463 2392  17.01
s, (PPlg) 4049 2594 1732 1196 851
Tz, (PP,);) 8935 5346 3341 2167 1450
Tz, (PP)g) 4468 2673 1671 1083 1725
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FIG. 4. The differential decay widths dI'/ds, (a) and FIG. 5. The differential decay widths dI'/cos@;3 (a) and
dT'/dsy; (b) for the process t — &, [P] + Q + W+. The dashed dr'/cos@,, (b) for the process t— Z,,[P]+ O+ W+. The
black, dash-dot-dotted green, short dotted yellow, and dash- dashed black, dash-dot-dotted green, short dotted yellow and
dotted brown lines represent the decay widths of P-wave E,, in dash-dotted brown lines represent for the decay widths of P-wave

P13, [*Polg» [PP1]g> and [*P,]4, respectively. By in ['P )35, [*Polg> [*P1)g» and [>P,]¢, respectively.

The differential distributions, such as dI'/dsy,, dI'/dsa;, The theoretical uncertainty caused by the mass of heavy
dI'/d cos 0,3, and dI'/d cos 0y,, for the production of E,,  quark (m,, m,, and m,) and W* boson would be given
through the process #(p;) = Z,,(q1) + b(g2) + W' (q3)  priority consideration. For the production of Z,,, heavy
are shown in Figs. 4 and 5. The kinematics parameters s;; quark masses m,., my,, and m, are all the error sources of
and 0;; are defined the same as that in Sec. Il A. From theoretical uncertainties, which are shown in Tables III-V,
Figs. 4 and 5, more characteristics can be found to be  respectively. However, as for the production of &, there
basically consistent with that for the production of E,,.. are only two main sources of heavy quark mass uncertainty,
i.e., my, and m,, and they are also shown in Tables [V and V,
respectively. To estimate the uncertainties, we adopt
) ] ] ) m,=18+03GeV, m,b=51+£04GeV, and m, =
In this subsection the theoretical uncertainty for the 173.0 + 0.4 GeV. From Tables III-V, one can find that:

C. Theoretical uncertainty

production of Epp are dlscpssed. There are three main (2) The decay width for the production of excited =,

sources of theoretical uncertainty, namely mass parameters, baryon is more sensitive to m, than m, and m
.. e . . aIV c 1

transition probability and the renormalization scale. because the suppression of phase space, Iz, |, de-
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TABLE 1IV. The theoretical uncertainty for the production of
Epp (in units 1077 GeV) caused by bottom quark mass. Here we
vary my, over the range [4.7, 5.5] GeV while the masses of other
two heavy quarks are taken as their central values; namely, m, =
1.8 GeV and m, = 173.0 GeV.

my, (GeV) 47 49 5.1 53 55

e, ([P);) 2767 2727 2690 2655  26.23
s, ('Pl) 1384 1364 1345 1328  13.12
s, (PP;) 1987 1898 1818 1745  16.77
s, (PPolg) 993 949 909 872 839
s, (PPJ;) 3630 3544 3463 3389  33.20
s, (PP 1815 1772 17.32 1694  16.60
s, (PP);) 3301 3322 3341 3359 3375
s, (PPg) 1651 1661 1671 1679  16.87
r., ('P);) 195 155 125 101 082
-, (PPo) 156 126 102 083 0.8
s, (PPg) 161 129 104 084 0.9
Iz, (PPyg) 055 043 035 028 023

TABLE V. The theoretical uncertainty for the production of
Epp (in units 1077 GeV) caused by the top quark mass. Here we
vary m, over the range [172.6, 173.4] GeV while the masses of
other two heavy quarks are taken as their central values; namely,
my, = 5.1 GeV and m, = 1.8 GeV.

m, (GeV) 1726 1728  173.0 1732 1734
e, ('P);) 2666 2678 2690  27.02  27.14
s, ('P)g) 1333 1339 1345 1351  13.57
Tz, (BPo5) 1803 1810  18.18 1826  18.33
s, (PPos) 901 905 909 913 9.7
s, (PP);) 3433 3448 3463 3479 3494
s, (PPg) 1716 1724 1732 1739 1747
s, (PP);) 3311 3326 3341 3356  33.72
Tz, (BP)g) 1655 1663 1671 1678  16.86
re, ('PJ5) 124 124 125 126 1.26
Tz, (PPog) 101 101  1.02 102 103
s, (PPl 103 103 104 104 105
s, (PPyg) 034 034 035 035 035

creases with the increments of m.. Due to the
influence of the projector in Eq. (7) and the polari-
zation tensors sum formula in Egs. (12)-(14), the
decay width of excited Z,. in the [*P,3,5 state

increases with the increment of m;, while the others
decrease with the increment of m,,.

(b) For the production of excited E,,, the decay width is
more sensitive to m,; than m,, and the uncertainty
effect from m, is small enough to be ignored. The
decay width decreases with the increment of m,, for the
suppression of phase space.

Based on the recent difference of the W boson mass with a
significance of 7.0¢ between the CDF-II and the standard
model [44], we also calculate its mass uncertainty, and
finally find that it has a negligible impact on the final
results. Therefore, the theoretical uncertainty for the pro-
duction of E,, caused by W+ boson mass would not be
shown in this paper.

Then, the theoretical uncertainty caused by the transition
probability hg shall be discussed. Based on those two
different points of view mentioned in Sec. II B about the
contributions of diquark in color 3 and 6 state, the total
produced E,, events would be roughly estimated at the
LHC in one operation year with i = 0, or hg = v>h3 with
v? = (0.1 —0.3), and the corresponding results, along with
those obtained with hg = h3 for comparison, are presented
in Table VI. Nevertheless, the uncertainty effect from the
transition probability can be easily estimated when a
relatively reliable value of hg appears, because it is propor-
tional to the decay width for the production of doubly

—
=

heavy baryon Z,, within the NRQCD framework.

TABLE VI. The theoretical uncertainty for the total produced
Epp events caused by the transition probability /s at LHC with a
high luminosity £ = 10336 cm™2s~! in one operation year.
Here we take hg = 0, hg = v>h3, or hg = hj, respectively, while
the masses of heavy quarks are taken as their central values;
namely, m;, = 5.1 GeV, m, = 1.8 GeV, and m, = 173.0 GeV.

Events h6 =0 hﬁ = U2h3 h6 = hj
NEbc(XIO“‘ﬁ) 1.58 1.66-1.81 2.36
Nz, (x10*7%) 6.37 6.71-7.38 9.73
TABLE VII. The theoretical uncertainty for the production of

Eypp (in units 1077 GeV) caused by the renormalization scale y,.
Here we take u, = 2m,, M,,., or 2m,, respectively, while the
masses of heavy quarks are taken as their central values; namely,
my, = 5.1 GeV, m. = 1.8 GeV, and m, = 173.0 GeV.

.ur(GeV) ch th Zmb
Iz, (['P]3) 26.90 18.09 14.92
Iz, (['P1]) 13.45 9.05 7.46
Iz, (Pols) 18.18 12.23 10.08
Iz, (Polg) 9.09 6.11 5.04
Iz, (PP]3) 34.63 23.29 19.21
Iz, (FPile) 17.32 11.65 9.61
Iz, (FPal3) 33.41 2247 18.53
Iz, (PPyg) 16.71 11.24 9.27
Iz, (['P1]3) 2.25 1.51 1.25
Iz, (FPole) 1.84 1.24 1.02
Iz, (Pi]g) 1.87 1.26 1.04
Iz, (P2g) 0.63 0.42 0.35
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Finally, uncertainty induced by the choices of renorm-
alization scale y, is presented in Table VII, in which three
different renormalization scales y, = 2m,, M,,., and 2m,,
are used both for the production of excited E,. and E,.
Obviously, the selection of renormalization scale p, can
cause great uncertainty. However, such a scale ambiguity
could be suppressed by a higher-order perturbative calcu-
lation or principle of maximum conformal scale-setting
method (PMC) [45-50]. Fortunately, different renormali-
zation scales only affect the strong coupling constant,
which is proportional to the decay width. So its uncertainty
effect can be easily estimated.

IV. SUMMARY

In this paper, the production of excited doubly heavy
baryons =, are analyzed through the process 1 — E,, +
O + W+ (Q = b or ¢) within the framework of NRQCD.
In the numerical calculation, all the possible intermediate
P-wave diquark states with spin and color quantum
number, i.e., (be)['Pl36 (bc)PP,l3s (bb)['Py]3, and
(bb)[*P,]¢ have been taken into consideration. By sum-
ming up all the contributions from these diquark states, the
decay width for the P-wave E,. and &, are 16.96 KeV and
0.365 KeV, respectively. We observe that the contribution
from P-wave states is 5.05% (2.58%) of that from S-wave
states for the production of &, (E,,). The contribution of
P-wave can be regarded as the higher-order contribution of
S-wave. The differential distributions, such as dI'/ds,,
dl'/dsy3, dU'/d cos 0,3, and dI'/d cos ,,, are presented to
show the characteristics of this process for the excited E,,..
and E,, production and be helpful for the experiments
measurements. From these distributions, it can be found
that when the outgoing Z,, and antiquark Q move in the
same direction, and both of them move back to back with
W™ boson, the differential decay width can achieve its
largest value.

The decay width coming from the intermediate P-wave
diquark states can be obtained in the following:

Tz, plicews = 16.961358 KeV,

Ft*Ebb[P]+B+W+ = 0365:())16265&3 KeV,

where the uncertainties come from the heavy quark masses
(my,, m,, and m,), and the renormalization scale yu,. The
decay width for the production of E,. (8,,) is more
sensitive to m, (m;) than other sources of the theoretical
uncertainty, which is mainly caused by the change of phase
space. Because of the running behavior of strong coupling
constant a,(u,), the selection of the renormalization scale

u, has a big difference in the decay width through this
process. Fortunately, the decay width at the leading order is
proportional to the strong coupling constant @, and the
uncertainty effect induced by the renormalization scale y,
can be estimated easily.

If all these excited P-wave doubly heavy baryons decay
into the ground state completely, we can obtain the total
decay width

Tiog, roiwe = 352.661539514 KeV,
r

_ — +20.33
gy chw = 14507293 KeV.

In this case of a combination of S- and P-wave contribu-
tions, there will be about 2.36 x 10*6 E,_ events and
9.73 x 10°~* &, events produced in one operation year at
the LHC with a high luminosity £ = 10°**3% cm=2s~".
Therefore, there are still sizable events of E,. and E,,
baryons produced at the LHC in one operation year. With
so many events, the experimental signals will possibly be
found at the LHC in the future. And at the future e*e™
colliders with clean background, high luminosity and high
collision energy, a huge number of top quark will be
produced. With the help of Eq. (21) and our results, the
events for the produced Z,. and Z,, baryons can be
estimated at the future eTe™ colliders.

It is worth mentioning that the isospin-breaking effect is
ignored in this paper. That is to say . denotes Z,, 29 ,
and QY and B, denotes E), , E;,, and Q;, . Because the
intermediate diquark state (bQ) needs to grab a light u, d,
or s quark in the vacuum to form the doubly heavy baryon
Epo accordingly. According to the ratio for the production
of Epous Bppas and Qo is 1:1:0.3 [51], there will be
about 43% E,,. events become Z;, 43% to E) , and 14% to
Q) , and the same percentage for 2, events become Z),,
=y, and .
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