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Excited doubly heavy baryon production via W* boson decays
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In this paper, decay widths of the doubly heavy baryons (E.. and E,.) production are theoretically

calculated in the whole phase space through W+

— 8. +¢+5 and WH = B, + b+ 5, within the

framework of nonrelativistic QCD (NRQCD). Differential widths dI'/ds,,, dI'/ds,3;, dI"/d cos 0,,, and
dl'/dcos 05 are also given. In addition to the ordinary S-wave contributions for the baryons, we
specifically calculate P-wave contributions as a comparison, namely the high excited states of the

intermediate diquark, including ['P,] and ['P,] (with J = 0, 1,2) in both color antitriplet state 3 and color
sextuplet state 6. It shows that the contribution from the P-wave is about one order lower than the S-wave.

According to the results, we can expect plentiful events produced at the LHC, i.e., 3.69 x 10° E., events

and 4.91 x 10* E,. events per year.

DOI: 10.1103/PhysRevD.105.034016

I. INTRODUCTION

W boson is one of the vector bosons that mediate the
weak interaction, of which the decay properties are
significant to the standard model (SM). Measurements
about the width and the branching ratios of W* boson
decay actually provide a way to determine the mixing of
¢ quark and s quark (|V|) [1,2]. Ascertainment for quark
mixing matrix element |V,,| also involves the branching
ratio B(t > W + b) [3,4], and moreover, researches on
W-physics can be a meaningful verification for the SM and
a practicable access to new phenomena beyond the standard
model [5-9].

Doubly heavy baryon is a notable prediction in the
constituent quark model. It contains two heavy quarks,
which can only be cc, bc, or bb, since top quark has already
decayed before hadronization. Doubly heavy baryons with
a strange quark include Q. Qgc, and Q;,, while those with
a light quark u or d include Z/, :jc, g, 2., 5, and
=,,,; we unify the related baryons as 2. and £, for short in
this paper. Searching for doubly heavy baryons can become
a substantial test to the quark model, QCD theory, and
gauge theory of strong interaction. Further studies also
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develop our comprehension of NRQCD theory, promote
heavy flavor physics, and advance our understanding for
the quark structure inside these heavy baryons [10-13].

Heavy quarkonia and B, meson have been discovered for
a long time, and extensively investigated [14-25].
Comparing to these, researches on doubly heavy baryons
are not plentiful in both experiment and theory. Hitherto the
unique observed doubly heavy baryon in experiment is
= It is first discovered in the channel =i —
AFK~ztz" and reported by the LHCb collaboration in
2017 [26], which is confirmed through its decay E}" —
Efzt in following experiment [27]. Although there are no
new doubly heavy baryons found yet, the discovery of
=T certainly inspires people’s great interest in further
researches on them. As to the theoretical aspect, some
papers concentrate on the direct production of the doubly
heavy baryon at e*e™ colliders [28,29], the indirect
production in the decay of Higgs or top quark [30,31],
and hardronic production [32-34].

In the NRQCD framework [35], the production of
doubly heavy baryons can be divided into two procedures:
the first one is that W+ boson decays to produce four
particles ¢5 and QQ (Q for a heavy quark ¢ or b), and then
¢ and heavy quark Q bind to a perturbatively heavy diquark
(Qc)[n] ([n] is for color and spin state). The second
procedure is that the hadronization of diquark (Qc)[n] into
the doubly heavy baryon E,., which is depicted by a
nonperturbative factor. The nonperturbative factor can be
related with the wave function at the origin |¥(0)| for
S-wave, or the derivative wave function at the origin [¥'(0)|
for P-wave. |¥(0)| and |¥'(0)| for heavy hadrons are
derived from the experiment or some nonperturbative
methods, e.g., the potential model [36,37], lattice QCD

Published by the American Physical Society
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(LQCD) [38], or QCD sum rules [39]. It is necessary to
mention here that the estimates for |¥(0)| and [¥'(0)]
have distinguishable disparities between different methods
[40-43]. But fortunately, these nonperturbative elements
are overall parameters, and cause changes of the final
results only in the sense of constant times. To speak further,
the essential part in the results, comparing to the overall
factor [¥(0)| and |¥(0)], is the perturbative part from the
first procedure W+ — diquark; dynamics of the perturba-
tive diquark production is embodied in the shapes of the
differential distributions.

In our paper, we shall analyse the indirect production of
=.. and =, via the main relevant channels of W*-boson
decay, ie., Wt - E,.+¢+5 and WF - 5, +b+5.
Due to the small value of [V| (|72 <0.002), the

contribution from the channel W+ — cb is suppressed
comparing with the channel W* — ¢5, so we do not
consider W+ — c¢b in calculation. As the published date,
the total width I'yy = 2.085 GeV, and the branching ratio
B(W' — ¢X) occupies 33.3% in the W+ decay mode [2].
With the collision energy /s = 14 TeV and luminosity
L=10*cm2-s!, Wt events are evaluated to be
3.07 x 10'° per operation year at the LHC [44,45]. Here
we can roughly estimate doubly heavy baryon events
around 10°. Therefore, the LHC can generate sufficient
doubly heavy baryons and offer a satisfactory platform to
study W-physics. Apart from the hadronic collider, the
proposed et e~ colliders might provide less but specifical
information as well, owing to the pure background, e.g., the
Circular Electron Positron Collider (CEPC) and the
International Linear Collider (ILC). The CEPC is designed
to produce a total of 1 x 103 W bosons [46]; hence the
doubly heavy baryons in the CEPC will be around order of
10°. Nevertheless, events from direct production at the
CEPC can reach 10° as well [29].

The rest parts of this paper are organized as follows.
In Sec. II, we make a review of the NRQCD formulation,
and give the amplitudes for the process W — E,.+
O + 5. In Sec. III, the numeral results of the total widths
and the derivative distributions are given in detail. Then we
make a discussion on the uncertainties with different
mass of quarks. The final section is reversed for a short
summary.

II. CALCULATION TECHNIQUES

As mentioned in section I, we shall deal with W' boson
decays into the doubly heavy baryons Z.. and E,., which
can be written together as Z, for short. Fig. 1 shows the
Feynman diagrams for the processes Wt — (cc)[n]+¢+5
and W+ — (bc)[n] + b + 5 respectively, where [n] indi-
cates the spin-color quantum number of the intermediate
diquark state.

Under the framework of NRQCD effective theory [35],
the unpolarized differential decay width for = production

(co)[n](ky) (co)[n](kq)
W*(po) k) W*(po) )
c(K2 2

5(ks) 5(ks)
(eD)[n] (k1) (b)[n](ky)
W*(po) _ W (po) B
bky) bks)
5(ks) 5(ks)
FIG. 1. Typical Feynman diagrams for the processes W (p,) —

(ce)[n] (ki) +e(ky) +5(ks) and W (po) = (be)[n] (ky ) +b(ky)+
5(k3), where p, and k; represent the four momenta of the
associated particles.

through the channel W (py) — Ep.(ky) + Q(ky) + 5(k3)
can be factorized as:

dFW+~EQ(,+Q+§ = dew+->(Qc)[n]+Q+i<OB[”]>v (1)

here dI’ W+ (0c)[n]+0+5 Trepresents the differential decay
width for W+ — (Qc)[n] + Q +5, which is actually a
short-distance coefficient of the hard process that W+
decays into diquark state (Qc)[n], and perturbatively
calculable hence. The other factor (O%[n]), namely the
long-distance matrix element, characterizes the nonpertur-
bative process from the diquark state (Qc)[n] hadronizing
to a doubly heavy baryon Z,.. B is short for any doubly
heavy baryon E..

The nonperturbative element (O%[n]) is proportional to
the transition probability of the diquark (Qc)[n] hadroniz-
ing into Ey,, and can be obtained by calculating the origin
value of wave function or its derivative, (O8[n]) = |¥(0)?
(|%(0)|? for P-wave). Meanwhile, the perturbatively short-
distance coefficient can be explicitly expressed as

R 1 =
AUy~ (0e)n+ 045 = m Z|M(QC)[H] dos,  (2)

where f means to average over the spin states of the initial
particles and to sum over the spin and color states of the
final particles. d®; is the three-body phase space, i.e.,

d®; = (27)*s* (po - Z k,-) Hﬁ (3)

By defining the invariant mass as s;; = (k; + k;)?, the
differential decay width is equivalently written as
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1

> | Migou[Pdsndsy. (4)
25671’31’)1%/2 (Qc)[n]

AUy (0e)n+0+5 =

The Feynman diagrams are generated by FeynArts3.11 [47].
With the help of FeynCalc9.2 [48] and three-body phase space
formulas, we are able to calculate the total decay width, and
moreover, the relevant differential distributions. More
detailed formulas for the three-body phase space can be
seen in Ref. [20].

A. Amplitudes for the diquark production

In the heavy diquark (Qc) production, W first produces
two quarks c3, and emits an intermediate gluon which is
hard enough to generate a heavy quark pair QQ. Ergo, the
amplitude for this process can be derived in the perturbative
QCD (pQCD).

By the method of applying charge conjugation
C = —iy*y", the hard amplitudes, corresponding to the
perturbative parts in the baryons production, can be
correlated with amplitudes of the quarkonium or meson

|

L1 =L1" = oI (k)TTFL(qy.my) - -
=7 (k,)CCTTCCSE(gy, m;)CC™ -
= (=) ay, (k)T Sp(=g1.my) - -

- St (ql‘,

=S (_qi7

production, which are more accustomed processes to us.
It has been sufficiently demonstrated in Refs. [28,29], and
here we are going to give a brief presentation. When
dealing with the hard amplitudes for doubly heavy baryons,
we should utilize charge conjugation to reverse one fermion
line, generally writing as L1 = i, (ky2)Tiy1Sp(g;m;) - - -
Sr(q1.m)Tyvg, (ky). Here T is the interaction vertex,
Sr(g;, m;) is the fermion propagator, s; or s, is for spin
index, and i is the number of the fermion propagator
(i=0,1,...) in this fermion line. This conversion obeys

vy, (ky)C = —iig, (ky),
c usl(k12) = vsl(k12)v
C=St(=qi-m;)C = Sp(qi, m;),
CI7C = T, (5)

Inserting the identity / = CC~, the fermion line L1 is
reversed to

mi)FiTHﬁsTl(ku)
- CCSk(q;, m;)CCTY, CC it (kya)

mi)ri+l Vs, (k12)- (6)

As an example, we first consider an amplitude of the process that W' boson decay to four free quarks, namely
W+ = c+b+b+5 (c and b have not bound to diquark yet),

—ieV,C —i

e sin €W (kIZ —+ k2)2 +1

6b_‘sl(klz)(ing”)”sz(kz)b_‘sl/(kl1)¢(P0)PL

—(f1n + kzl—|— 1) + ie (igsyy)vs3(k3), (7)

where k;; and ki, denote the momenta of ¢ and Q (Q is b quark for this diagram), C is the color factor, and 9y, is the
Weinberg angle. After reversing the first fermion line, we obtain

—ieV,C —i

1Mot SinHW (k12+k2)2+i€

(_1)i+2

i (ko) (igsr* ) vy (kio) gy (kyi )#(po) Pr

i
—(Ko+k+ k) +ie

(igsyﬂ)vs3(k3)' (8)

Here ¢#(p,) is short for e, (pg)y*; i = 0, since no fermion propagator exists in this fermion line. To form the diquark state, we
suppose the relative velocity between two heavy quarks is small. More explicitly, we suppose that k; = M'"—Q”_kl + g and

k12 - kl

components in the diquark. Meanwhile, My, ~m, + m, is adopted in order to ensure the gauge invariance of the
amplitude. Now we can insert the spin projector IT and finally write the amplitude as

g, in which k; is the momentum of the diquark and ¢ is the small relative momentum between two

i
My = — — il (ko) (igsy")TT P — (igs7,)vs3(k3). 9
LM py sin Oy (k12+k2)2+zeu 2(ka) (igsr* ) T1¢(po) L—(k12+k2+k3)+1€(1g 7u)vs3(k3) )
The projector IT takes the form of
_ /MQC S
I, (q) W(ku—mg)?’ (Kiy +m,), (10)

or

034016-3



ZHANG, GUO, ZHENG, and KE

PHYS. REV. D 105, 034016 (2022)

Hﬂ (q> dmgom,

“vMoc

mo)yP (i1 + m.). (11)

for spin-singlet state or spin-triplet state respectively; we can equivalently adopt the simplified Eqgs. (A2), (A3). The S-wave

amplitudes for the third picture in Fig. 1 can be written as

—ieV,C i i
Singw (k]z + k2)2 + i€ s

iMy['So] =

u 2(k2)(igs7ﬂ)

;%(klz — my)y> (Kiy + me)#(po)PL

i .
_(klz + kZ + k3) ¥+ e (lgsyu)v‘VS(kB) q:()’ (12)
iMy[’S)] = gz(kl) _Sl.ii‘gc;c(klz +;2i)2 T e s2(k2)(igsy") ;mjfnbc (Kra = mp)y” (Kiy + me)#(po) P
i .
_(klz + kZ + kS) +ie (lgsyu)yx?’(k?’) 40 (13)

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,

d [-ieV . C —i /M,
iM,, ['P k = i (ko) (igsr* < - 3
P = ) o | ma (i) T (s = )y (o + ¥ o)
i
—(igs7,)vs3(k ] , 14
—(k1z+k2+k3)+l€( wralks) 4=0 (14)
d [—ieV.C —i
My, [*P k = k »
M PP, = el ) o | e o) i) T (s = ) (H + ¥ o)
i
-P — (igsy7,)vs(k ] , 15
L—(k12+k2+k3)+l€( wvsalka) ¢=0 13)
I
where ej(k; ) or el (k) is the polarization vector that relates ~ Here we define
with the spin or orbit angular momentum of the diquark
(bc) in spin triplet S-state or spin singlet P-state; €/ 5(k, ) is kigkip
.. . . Hap’ = —Yap + ) (20)
the polarization tensor for the spin triplet P-wave states Mp,

with J =0, 1, or 2. To select the appropriate total angular
momentum, we perform polarization sum properly. The
sum over polarization vector is

> enel =Ty, (16)
r stands for s or [. The sum over polarization tensors are
1
> Hopllyp s (17)

0 0% __
8aﬂ8a’ﬂ’ = 3

Zeaﬂe iy =5 (Tl = TTly). (18)

1 1
283383/}/ = 5 (Haarnﬂﬂ/ + Haﬂ/Ha/ﬂ) — gnaﬂna’ﬂ" (19)
J.

Through the same approach, other amplitudes can be
obtained. The derivatives of the spin projectors in the
P-wave expressions can be simplified as Eqgs. (A4), (AS).

With respect to the color factors above, these have
been illustrated in Refs. [28-31]. The color state for the
diquark (Qc) is either antitriplet 3 or sextuplet 6 due to the
decomposition of SU(3) color group3 ® 3 = 3 @ 6. The
color factor is Cijx =N X3, 00 (T)in(T) 1y X Gt
G, 1s the antisymmetric function ¢,,,,;, for color antitriplet
or the symmetric function f,,,; for color sextuplet, and
N =1/4/2 is the normalization constant. Finally, in the
squared amplitudes, we acquire that C is % for the color
antitriplet state, and % for the color sextuplet state. In
consideration of exchange antisymmetry from the identical
quarks, the quantum number of the diquark (cc) is [1So]s,

034016-4



EXCITED DOUBLY HEAVY BARYON PRODUCTION VIA W+ ...

PHYS. REV. D 105, 034016 (2022)

[S1]3. ['P1]3, or [*P,]g, while the diquark (bc) allows all
color and spin states, i.e., ['Sgl3, ['Sole> [*S1]3> [*Si1le» ['P1]35
['P\Jg: ['P,l3, and [P g

B. Hadronization

The hadronization of the diquark into doubly heavy
baryon is nonperturbative; the effect of this procedure is
extracted into an overall coefficient (OF) Eq. (1), which has
been associated with the wave function at the origin. We
shall not distinguish the wave function for different color
states 3 and 6 as Refs. [19,29-31,49]. Some people argue
that the interaction inside the diquark with 3 state is
attractive while repulsive for the diquark with 6 state
owing to the one-gluon exchange interaction, so 6 is
suppressed to 3 by order »? and its contribution can be
ignored [28,49]. But another view is that 6 and 3 are of the
same importance [29-31,49].

We use h3 and hg to represent the transition proba-
bilities of the color antitriplet state and the color sextuplet
state. According to NRQCD, EQC, which is a bound state
of two heavy quarks with other light dynamical freedoms
of QCD, can be expanded to a series of Fock states,

1Zgc) = ¢1(v)|(Qc)q) + c2(v)[(Qc)qg)
+ ¢3(v)[(Qc)qgg) + - -, (21)

where v is a small relative velocity between heavy quarks
in the rest frame of the diquark. For a diquark in 3 state,
one of the heavy quarks can emit a gluon without
changing the spin of the heavy quark, and this gluon
then splits to a quark pair gg. The heavy diquark can catch
the light quark ¢ to form the baryon. As for 6 state, if the
baryon is formed by |(Qc)gq), the emitted gluon must
change the spin of the heavy quark, leading to a sup-
pression to hg. But it can formed from the component
|(Qc)qg) as well. One of the heavy quarks emits a gluon
without changing the spin of the heavy quark, and this
gluon splits into gg. The light quarks can also emit gluons,
then the component can be formed with gg. Since a light
quark can emit gluons easily, these contributions are at the
same level, i.e., ¢;(v) ~ ¢;(v) ~ c3(v) [49]. Then we can
take the assumption that

he = hy = (OF) = [¥(0)* (or [¥'(0)P). (22)
The wave function at the origin can naturally connect with
the radial wave function at the origin,

WO = - IRO)P,

W(O)P = - |RO0) 23)

III. NUMERICAL RESULTS

The input parameters are adopted as:

m. = 1.8 GeV, my, = 5.1 GeV,
my = 80.4 GeV, myz =91.2 GeV,

47 My
e_VES’ cos(QW)—m—Z,

As a common choice, here masses are kept the same with
Refs. [33,50]. We will use the same values of |R(0)| and
|R'(0)] as Ref. [37] in our paper, which are calculated in the
K?0 potential motivated by QCD with a three-loop
function,

|Vcs| =L (24)

R,(0)|=0.722 Ge V3,

|R..(0)|=0.102 Ge V3,
IR, .(0)|=0.200GeVi.  (25)

The renormalization scale is set to be 2m,. From the
solution of the five-loop renormalization group equation,
we obtain a,(2m,) = 0.239 [31,51,52]. Since the mass of s
quark is so small, we will take m; = 0 in our calculations
and it only causes a difference to the total value less than
107> order of magnitude.

A. B, baryons

We have listed the decay widths of W — cc[n] + ¢ + 5
in Table I. Here the branching ratio is defined as

r t 5B, [n]+c+5
Brln] = Wl:iw[]H (26)

[n] is the intermediate spin-color state. S-wave stands for
the sum of states ['Sp]s and [S)]3. P-wave stands for the
sum of states ['P;];3 and [*P,]¢ (J =0, 1,2). We find that
(i) The contribution from [3S, |5 is the largest one among
these states. The decay width of ['Sy] is about 48%

of that of [*S;]5. For S-wave, the color state is

TABLE I. Decay widths (in unit: keV), branching ratios, and
events at the LHC for the production of E.. via W+ decays. States
represent the spin and color states for the intermediate diquark.

State Decay width Branching ratio Events
IS 7.64 3.67 x 107° 1.13 x 103
0J6
[*S1l3 15.8 7.59 x 1076 233 x 10°
['P)5 0.561 2.69 x 1077 8.26 x 10°
[*Pols 0.404 1.94 x 1077 5.96 x 103
3P, 0.455 2.18 x 1077 6.70 x 10°
6
3P, 0.169 8.09 x 1078 248 x 10°
6
S-wave 23.5 1.13 x 107 3.46 x 10°
P-wave 1.59 7.62 x 1077 2.34 x 10*
Total 25.1 120 x 1073 3.69 x 10°
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antitriplet for spin triplet and sextuplet for spin
singlet; the former color factor is twice of the latter
one.

(i) The total decay width of P-wave is about one order
lower than that of S-wave. The decay widths from
['P\]3. [*Pols> [*P1lg» and [*P,]¢ are about 3.5%,
2.6%, 2.9%, and 1.1% of that from [3S]3, respec-
tively. Comparing with S-wave states, contributions
from P-wave states are considerable when detailed
calculations are needed.

(iii) At the LHC, there are totally 3.69 x 10° Z,, events
from W decays per year, which indicates that the
LHC can be a fruitful platform for doubly charmed
baryon researches. Events from P-wave states are of
considerable quantity as well, reaching 10*-order.

In order to show the characteristics of the decay

Wt — E..[n] + ¢+ 5, we derive the differential distribu-
tions of the invariant masses s, and s,3 in Fig. 2, as well as
the differential distributions of the angles 6, and 85 in
Fig. 3. Here 0;; means the angle between outgoing three

momenta k; and k; in the rest frame of W* boson. We use
different size of dotted lines to represent the differential
distributions from six intermediate states. Since one spin

10-11

10-14

dr/ds»(GeV™")

10-17

100 500 1000 5000
s12(GeV?)

10781 4

10-10L

10- 1L

dl/ds,3(GeV™")

N
=)
d
N
T

10-13F °

10-14 l
50 100 500 1000 5000

s23(GeV?)

FIG. 2. The invariant mass differential decay widths dI'/ds,
(top) and dI'/dsy; (bottom) for Wt — E_.[n] + ¢ + 5, where [n]
stands for different state of the intermediate diquark. The sub-
scripts “1, 2, 3” denote E,.., ¢, and § in sequence.

dr/d 612(GeV)

e

dr/d 013(G6V)

FIG. 3. The angular differential decay widths dI'/dcos 6,
(top) and dI"/d cos 0,3 (bottom) for W+ — E_.[n] + ¢ + 5, where
[n] stands for different state of the intermediate diquark. The
subscripts “1, 2, 3” denote E.., ¢, and § in sequence.

state has one corresponding color state for =.. baryon, we
simply tag lines with spin states in these figures, e.g., ['So]
and ['P;] mean ['Sy]s and ['P,]5, respectively.

Figure 2 shows that the behaviors for the productions
from the different states are similar to each other. In Fig. 3,
we can find that the angular differential width dI"/d cos 0,
takes its maximum value when 6, = 0, i.e., the = .. baryon
and ¢ quark move side by side in the W+ rest frame;
however, dI'/dcos0,; takes its maximum value when
0,3 =, ie., the E. baryon and § quark move back
to back.

B. &;, baryons

The production of E,. baryon through W — cb[n] +

b + 5 is similar to the Z,, baryon production. The widths,

branching ratios, and events at the LHC, are listed in
Table II, and we find that

(i) Comparing with E.. production, the decay widths

for ;. are lower by about one order of magnitude.

This can be understood from the production process.

As shown in Fig. 1, the W' boson decays into

¢ quark and s quark, then emits a hard gluon that

generates a heavy quark pair ¢¢ or bb. It is more

034016-6



EXCITED DOUBLY HEAVY BARYON PRODUCTION VIA W+ ...

PHYS. REV. D 105, 034016 (2022)

TABLE II. Decay widths (in unit: keV), branching ratios, and
events at the LHC for ;. production via W decays. States
represent the spin-color states of the intermediate diquark.

State Decay width Branching ratio Events

['Sol3 1.095 5.25 x 1077 1.61 x 10*
S5 0.958 4.59 x 1077 1.41 x 10*
['Sols 0.548 2.63 x 1077 8.06 x 10°
P 0.479 2.30 x 1077 7.05 x 10°
['P)5 0.030 143 x 1078 4.37 x 10?
PPyls 0.078 3.76 x 1078 1.15 x 103
AR 0.057 2.74 x 1078 8.43 x 102
PP,l5 0.0047 2.27 x 1070 6.97 x 10
['P]6 0.015 7.13 x 107° 2.19 x 10?
[Pl 0.039 1.88 x 1078 5.77 x 10%
PPils 0.029 1.37 x 1078 421 x 10?
[PPals 0.0024 1.14 x 107 3.49 x 10
S-wave 3.08 1.48 x 1076 4.53 x 10*
P-wave 0.255 1.22 x 1077 3.76 x 103
Total 3.33 1.60 x 107° 491 x 10*

difficult for the hard gluon to generate b-quark-pair
than c-quark-pair, and the production of Z,. is
consequently suppressed.

(ii) The biggest contribution is from ['Sy];. By adding
up the same color states, the decay widths for spin
states [3S], ['P1], [*Po], [*P1], and [*P,] are about
87.5%, 2.7%, 7.1%, 5.2%, 0.43% of that for ['S).

(iii) Atthe LHC, there are totally 4.91 x 10* =, events per
year, which include 4.53 x 10* events coming from
S-wave states and 3.76 x 10° events coming from
P-wave states. If considering the LHC possible update
with the higher luminosity £ = 10 cm™2 - s7!, these
events can increase again by two order of magnitudes.

We present the differential widths of the invariant masses

and the angles in Figs. 4, 5 to show the behaviors of the
decay process. For 5, baryon, both color antitriplet state
and color sextuplet state are allowed for any spin states, so
there are twelve states in total. To make these figures clear
to see, we add the same color states up for different spin
states, e.g., the line labeled with ['Sy] means the sum of
contributions from ['Sy]s and [!Sy]5. These figures seem
alike to Figs. 2,3. Those similarities of the angular and
invariant mass differential widths also indicate the similar
kinematic behaviors between the Z.. and =, productions
in W decays.

C. Uncertainty analysis

We have mentioned that only the channel W+ — ¢ + 5 is
accounted in our calculation. In fact, production of doubly
heavy hadron in W+ decays might have two channels, i.e.,
Wt > ¢+ 5and Wt - ¢ + b. For charmonium, the con-
tribution of W+ — ¢¢ + ¢+ b is suppressed by three
orders comparing with W — ¢¢ + ¢ + 5, due to the small

10-9}.

10-1}

10-13}F

10715.

dr/ds(GeV™")

10174

10-19}+

100

10-10F

10-1E

10-12k

dl/ds3(GeV")

10-13.

10714.

10715

50 100 500 1000 5000
Szg(GeVZ)

FIG. 4. The invariant mass differential decay widths dI"/ds,
(top) and dT"/ds,; (bottom) for W+ — E,.[n] + b + 5, where [n]
stands for different state of the intermediate diquark. The sub-
scripts “1, 2, 3” denote Z,,., b, and 5 in sequence.

value of |V ,|. Therefore, theoretical estimates can ignore
it. In the case of B, meson production, the contribution of
W+ = cb + b+ b is also suppressed comparing with the
contribution of W* — ch+ b +5. However, except
W+ — cb+ b + b, there is a second way to form B,
meson in W' — ¢ + b channel, i.e., through W+ — ch +
¢ + ¢ the antibottom quark directly from W' combines
with the charmed quark from the intermediate gluon. Since
the intermediate gluon is much easier to generate c¢ quark
pair than bb quark pair, the width of W+ — ¢b 4 ¢ + ¢ is
only one order less than the width of W+ — cbh + b +5
[23]. This contribution is comparable with the P-wave
contribution from the channel W+ — ¢5; in that case the
channel W+ — c¢b is non-negligible for B. meson. But
fortunately this discussion does not exist in the doubly
heavy baryon production. There is no such way to form 5,
baryon from W+ — cb. The heavy quark b in E,, can only
be provided by the intermediate gluon, and the antibottom
quark directly from W+ boson is a free quark. As for the
process Wt — ¢b + b + b, it is three orders of magnitude
smaller than W+ — ¢b + b + 5 as above. Finally, we can
directly ignore the channel W+ — ¢ + b.
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FIG. 5. The angular differential decay widths dI'/dcos0,
(top) and dT"/d cos 6,3 (bottom) for W+ — E,.[n] + b + 5, where
[n] stands for different state of the intermediate diquark. The

subscripts “1, 2, 3” denote E,., b, and 5 in sequence.

The transition probability and the strong coupling con-
stant have apparent theoretical uncertainties, but they
influence the results merely as an overall factor, so here
we does not discuss them. Apart from them, the decay
width is also sensitive to quark masses m,. and m;,. We vary
m,. = 1.8 £ 0.3 GeV for E.. production and m;, = 5.1 &+
0.3 GeV for E,. production to obtain the uncertainties,
which are presented in Tables III, IV respectively. In
Table IV, state [n] means the sum of the results from
[n]5 and [n].

TABLE III. Decay widths (in unit: keV) for the production of
E.. via Wt decays by varying m, (in unit: GeV).

State m.=1.5 m, = 1.8 m, = 2.1
['Sole 13.38 7.64 4.75
S35 27.66 15.8 9.83
['P]5 1.42 0.561 0.254
[*Pols 1.01 0.404 0.185
[P 1.15 0.455 0.208
[P, 0.427 0.169 0.077
Total 45.06 25.1 153

TABLE IV. Decay widths (in unit: keV) for the production of
E,. via Wt decays by varying my, (in unit: GeV).

State my, = 4.8 my, =5.1 m, =54
['So] 2.00 1.64 1.36
[S1] 1.76 1.44 1.18
['P)] 0.0566 0.0446 0.0356
[P] 0.145 0.118 0.0962
P 0.108 0.0858 0.0690
[P,)] 0.010 0.0071 0.0052
Total 4.08 3.33 2.75

It seems that the mass deviation m, = 1.8 0.3 GeV
brings larger influence to the width for E.. production, than
m, =5.1£0.3 GeV to the width for Z,. production,
but 0.3 GeV is also relatively larger to m,. than to m,,.
We can change the mass of ¢ quark in E;. baryon as well,
however, it causes smaller difference than changing m,,. By
varying m. = 1.8 £ 0.3 GeV, the total uncertainty for =,
baryon is

[(E,.) = 3337007 keV.

If adding these two uncertainties for E,. baryon caused by
m,. and m,, in quadrature, we can eventually obtain the total
widths for E.. and 5. as follows

['(E.) = 25.17399 keV,
['(E).) = 3.3370% keV. (27)

IV. SUMMARY

In this paper, we investigate the production of the doubly
heavy baryons E.. and E,. from the decay W+ — E,. +
O + 5 under the NRQCD framework. High excited states are
studied as well, include ['P;], [*Py)], [*P;], and [*P,]. Color
antitriplet and sextuplet states are supposed to be of
importance at the same level. The widths for different states
and the total width are both well presented for convenience
to see; the differential widths of angles and invariant masses
are also given to promote our realization about the character-
istics of these processes. The shapes of these figures are
relevant to kinematics of the decays, and independent
of those overall factors. Finally, the uncertainties are dis-
cussed by varying masses of the heavy constituent quarks
m. = 1.8£0.3 GeV and m;, = 5.1 £0.3 GeV.

Numerical results show that the contribution from the
P-wave is generally one order less than the S-wave; 5.
baryon production is also about one order lower than E...
production. For Z,.., the total width is 25.1f92_%'0 keV, in
which the P-wave occupies 6.3%. For &, the total width is
3.33J_rg_';§ keV, in which the P-wave occupies 7.7%. These
excited states may directly or indirectly (cascade-decay)
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decay to the ground states with a probability of almost
100% via electromagnetic or hadronic interactions, so they
are additional sources for the observed ground-state doubly
heavy baryons in experiment. At the LHC running with the
luminosity £ = 10** cm™2 - s~!, we can expect that there
are totally 3.69 x 10° Z_, events and 4.91 x 10* Z,. events
per operation year. In the paper, we do the integral in the
whole phase space with no rapidity or transverse momen-
tum cut. Thus, the yields above are the total events actually
produced at the LHC, though there might be some events
that are not recorded by the detectors in experiments for
some inevitable reasons, like detectabilities.

Last of all, we discuss different colliders and the
feasibility of experimental identifications about the pro-
duction channels of doubly heavy baryons. There are two
things that people are concerned about. Some of them focus
on the final particles (like baryons here) properties with
little interest in which process generates the particles,
while others of them want to distinguish and study
different processes. Generally speaking, we can reconstruct
the decay processes from W™ bosons to doubly heavy
baryons, just as we reconstruct the doubly heavy baryons
through their decay modes (like E/" — AfK ztzn™,
Af - pK~z", and B/ — Bl x7). However, products
of final states at hadron colliders are complex and bring
many difficulties to our reconstruction. Besides, the dom-
inant mechanism at the LHC is gluon-gluon fusion, and its
yields are several magnitudes larger than yields of W'
boson decays according to Refs. [33,34]. If one wants to
deeply explore the production process, the better choice is
e" e colliders, on which we can precisely detect the heavy
particles as well as the light § antiquark in final states under
the clean background. This means that the reconstruction of
W boson decays into doubly heavy baryons is feasible on
ete™ colliders, and some proposed Higgs factories are
exactly capable for this target, such as the Future Circular
Collider, the International Linear Collider, the Circular
Electron Positron Collider, etc. Since the theoretical cal-
culation on this indirect production is independent of
colliders, our results about decay widths can be simply
applied to these factories.
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APPENDIX: THE SPIN PROJECTORS AND
THEIR DERIVATIVES FOR DIQUARK Q¢

The spin projectors and their derivatives are extensively
used to calculate the hadron production. We have related
the baryon production with the meson’s. Now we give the
relevant formulas; these formulas can be seen in Ref. [20]
but no detailed demonstration there.

Let ¢ = 0, with {y#,y*} = 2¢", we have

Kk = M2 -2 'yt (ki) (ky),
~memg [P'rY(ky), (ky), + (k) (k)]
M, 2
memo y*y” 4+ yr¥
=S ST ), k)
= ,};‘/ITQ ki =m.my. (A1)

Using Eq. (A1) and the properties k/,}(;;j(kl) =0 (g(ky)
is the polarization vector for S-wave mesons), we can
simplify Egs. (10), (11) as

VMo iy g

I, (0) = dmgm, v’ (ki +m,)
= 4mMQC 7’ (o + mo) (K1 +m,)
om
_ VMo memg
4QO <2m my +2 Mo kl>
=S (ki + My,). (A2)
— /M B
Hf, (0) = W’"Q‘ (K1 — mo)y” (k11 + me)
\ /M
= 4QO “ (ko —Zkﬂ +7Pmo)(fiy + m,)
= S s+ mg) o + )
7+ Mg,). (A3)

2 MQ(,‘

For P-wave amplitudes, the derivatives of Egs. (10),
(11) are
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d d - MQC
——1II;, (q) = ————(fia = mo)y’ (f11 + m.)
an : q=0 dq(l 4QOc e q=0
\% M 5,a
=4QOc (o +me) = (Ko = mo)r’r”] .
.
/Mo,
_ 9c 1 a5 5 a
= 'y (K +m. —mg) =2y (ky2)"]
dmom, 4=0
_V MQC a,,5 Ad
= 4QOC7’ r K+ m.—mgp), (A4)
d —VMgpe
Bl — p )
dg, b (9) o dqa dmgm, (Ko = mo)y” (kg + m,) -
v M p p
_ngc[y 7y +me) = (Ko — mo)y"v’] .
-
= VYO bty 4 m, = mg) = 24 (s = mg) — 247Ky — 20k
= dmgm, |+ me—mg 12— Mg 12 12 -
vMoc g op
= W[V vk +me—mg) =297 (K12 — mp)] N (AS)
q_
Here kfe (ki) = 0 and kel (k;) = kfe({[ﬁ(k ) = 0 are used for the amplitudes of ['P,] and [*P,] states, respectively.
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