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We estimate the production of Z* bosons, with a as the component of a Z vector boson, via p-p collisions using previous work on
JI, ¥ (2S) production in p-p collisions, with the new aspect being the creation of Z* bosons via quark interactions. We then
estimate the production of Z* bosons via Pb-Pb collisions using modification factors from previous publications.

1. Introduction

This is an extension of our recent work on heavy quark state
production via Xe-Xe collisions at [Spp = 5.44 TeV [1] and

heavy quark state production in Pb-Pb collisions at , /5, =

5.02 TeV [2]. More than three decades ago, W and Z bosons
were observed at CERN via proton-antiproton experiments
at /s, =540 GeV [3]. CMS experiments on electroweak

boson production via relativistic heavy ion collisions (RHIC)
are related to our present research [4].

As the photon is the quantum of electromagnetic interac-
tions, a Z boson is a quantum of weak interactions with no
electric charge. The Z boson with mass M, = 91 GeV is a vec-
tor boson with quantum spin 1 [5]. Therefore, a Z boson has
three components, Z%, with a=-1, 0, and 1.

Our present estimate of the production of Z* bosons, via
Pb-Pb collisions, is motivated by the fact that since Z bosons
have only a weak interaction [5], they have little interaction
with the nuclear medium and by ALICE experiments that
measured Z boson production in Pb-Pb collisions [6] and
in p-Pb collisions [7, 8] at /syy =5.02TeV. The estimate
of Z boson production via Pb-Pb collisions makes use of

Ref [9], which was based estimates of heavy quark state pro-
duction in p-p collisions [10]. Note that when the final calcu-
lation and results are presented in Sections 3 and 4, the
momentum p* — p,, the momentum of the Z boson pro-
duced by Pb-Pb collisions at , /5, =5.02TeV, and Z* — Z,
a Z boson.

Our present work is also related to an estimate of ¥'(2S)
to J/¥ decay to m mesons [11] except the quarks have a vertex
with Z bosons rather than pions and there is no gluon-Z ver-
tex. Also, it was shown [12] that the ¥(2S) state is approxi-
mately a 50%-50% mixture of a standard charmonium and
hybrid charmonium state:

|¥(2S) > ==0.7|cc(28) > +1/1 - 0.5|ccg(28) >, (1)

while J/' is essentially a standard gg state |J/¥(1S)>=|cc(1
S) >, which we use in our estimate of Z* boson production
via ¥(28) — J/¥(1S) + Z°. Having a hybrid component, c¢
g> is important for Z boson production from ¥(2S) decay
as the active gluon component of ¥(2S) produces a Z boson,
as shown in Figure 1 (Section 2).


https://orcid.org/0000-0002-3676-0111
https://orcid.org/0000-0002-2685-3111
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5847430

lec 28>

p—k

FiGure 1: ¥(2S), a hybrid component, to J/psi(1S) + Z°.

2. J/'¥Y + Z Production in p-p Collisions with
VSpp =2:02TeV

The cross section for pp — ¥(2S) — J/¥(1S) + Z* in terms of
f g [10, 13], the quark distribution function, is

O pp—(29) —pitZt

:fq x()s Zm)fq (% > 2m> Oy (28) -t +2%

7(13)

(2)

where y is the rapidity, a=4m?/s=3.6 x 107, and x(y) =
1.058x(y). We take y=0 in the present work, so x(0) =
6.4x 107,

For 1/s=5.02TeV, the quark distribution functions f g
[10, 13] are

£,(%(0), 2m) = 82.37 - 63582.36x(0) = 41.6,

a a 3)
£ (m, Zm) =827 - oo =824,

Therefore, from equations (30), (2), and (3),

N 5
OPbPb—w (28) vzt = 446 X 1070y, o) )iz (4)

We use the following notation:

uv uv
O pp— (28—t = Ounz(p) = 9" (H (p)+ H (P)) ]

HZ HHZ*
()

with IT¢),.(p) and 1%}, . (p) defined below.

The normal |c¢(2S) > component of ¥(2S) decaying to
|cc(1S) > with Z* production via quark-Z coupling is shown
in Figure 2.

In Figure 1, Z% production with the hybrid |ccg(2S) >
component of ¥(2S) is shown.

Figure 3 shows the coupling processes needed for
Figures 1 and 2.
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F1GURE 2: ¥/(2S), a standard component, to J/psi(1S) + Z°.

In Figure 3(a), the operator giving the gluon sigma cou-
pling is

gluon-quark coupling = is% (k)G™(0),

Sfé(k) = [Uxﬁ’ S(k)L = Uxés(k) + S(k)oxé’

(6)

where 0,5 =i(y,y; — g°) and G is the gluon field.

In Figure 3(b), with Z* with a as the component of the
vector Z boson and defining g, = g = 0.25 [5], the ccZ* cou-
pling is [14]

Sz =v"(9. - 927%). (7)

As shown in Section 3.2, the y*y° term does not contrib-
ute to o, (p), so we define g = g..

3. ¥(2S) Decay to /¥ + Z°

In this section, we estimate the decay of [¥(2S) > to |J/¥(1
S) > +Z" for both the standard and hybrid components of
|¥(2S) > as shown in Figures 1 and 2.

3.1. ¥(2S) Decay to JI¥ + Z* via the Standard Component of
¥(2S). As in Ref [11], the correlator corresponding to
Figure 2 is

[[e)-Y 7 TX s, -k (®)

HZ® ab (27‘[)

where the quark propagator S(k) = (k + M)/(k* = M?), M is
the mass of a charm quark (M), k=Y, k“y#, and g* = 47a
=1.49 [5]. Since Tr[S(k)y*S,.(k)S(p — k)y"] is independent
of color, ), =3.

Thus, the correlator for ¥(2S) decay to J/¥(1S) + Z

normal
is

a 2 d4k a 5 v
[1) =343, J ) Tr[S(k)y*y* (1-v")S(p - k)y"].

©)
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FIGURE 3: (a) Gluon-quark coupling and (b) c-Z coupling.

The trace in equation (9) is

Tr[S(k)y*y" (1 -y°)S(p — k)y"]
_ Tr[(k+M)y*y*(1-y°)[(# - k) + M)y"] ' (10)
(K = M?) [(k-p)* - M?]

Using the fact that the trace of an odd number of ys van-
ishes and Tr[y>y*yPy°y}] = —4ie*ho4,

Tr[(k+M)yy*y* (1 -y°)[(# - k) + M)y"]
=4M {pvg“" + 09" =P, 9" + i + 2k, g™ (11)

— 2k, g" - 2ikas“”“”] .

Therefore,
v d'k
(p)=12g°g.M J
II;L (4m)*
D™ DG~ Pug™ + P + 2k, g™ — 2k,g" - 2iki e
GRS

(12)
Using
Ak 1 _ (2M2 _pz/z) !
J (4m)* (k2 = M?) [(k - p)* - M?] (47)? o(P)
j d*k K _ pf‘((ZMz —pz)/z) L)
(4m)* (I = M%) [(k - p)* = M?] (47)° ne
(13)
one finds
g(‘p ZMH)p)/2 (g™ = 2™ + 0,8 Vo)

+ <2‘ng - zpag}w - ZiP(xsﬂam}) Il (P)}A = lzgzgc’
(14)

3
.................. z
(b)
with
ld 1
)= | o
- -M
o pHa-a?) (15)
! a
I =l d40———mMm .
I(P) JO apz(“_az)_MZ

3.2. ¥(2S) Decay to JIV + Z* via the Hybrid Component of
¥(2S). The two-point correlator for the hybrid ¥ (2S)-J/¥,
corresponding to Figure 1, without the gluon-Z or quark-Z
coupling is [12] (see equation (18))

[10)=7 [ 5o vsSio-b,

Ty [GM(O)G'“*(O)] .

(16)

The correlator I}, ggz+» Obtained from Figure 1, is

w 2

T 0= 2 | 5T [lrustolnis o=,

w STy [GM(O)G’“S (0)} .
(17)

Note that [15] (with (G*) = 0.476 GeV?)

Tr[G*(0)6*(0)| = (27)* ;f (@)(97g" -9°9"),
(18)

i[—Zg’“S (k+M)+ 2My"y5 +k (y"y‘sy“ + y“y"ya)} .

[oxsS(K)], =

& - M
(19)
Therefore,
d*k i
HII;! )= J 2n)* (K2 = M?) [(p—K)* = M?]

( g% gw gv8 g)hc) T,

3 2
MZB: g gc (2”)4

2, , 2
1 % (G*)=25.87GeV?,  (20)
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FIGURE 4: 0,5,y (25)1pw(15)+22 With p, = (a) 1, (b) 2,and (c) 3 MeV.
with For the 6 — y terms in equation (22),

T = Tr [ (ko (Y9 + 799 ) (L= vy (0= K) + M)y
- [229° (kM) + 2099 [ (1= y) (7= K)+ MY
(21)

Note that (g"*g"® — g"°g"*)g* = 0.0, so the g*° term in

equation (21) vanishes. Therefore, from equation (21),
<gw<g)»6 _ gv(?ghx) TVAl — 2Tf'|:|:(ka (YVY/\Ya + yayvy)t _ Zg)tvya>
Y-yt + 4M(y” - V‘)V”(l - Vs)]
() + M)y).
(22)

Since Tr[odd number of ys] =0,

(gvxg/\é _ gvég/\;c) TrAL
=2MTr|(ky (Y7 + vy 20" )y (1= ys 'y
+4(pg=ks) (v =)y (1 - ys ).
(23)

aBAA _

As in equation (11), using & 0, one obtains for the

4 — y terms

2MTr| -2k, g™y (1= sy
+4(pg—kg) (v =¥ )y (=]
=16M[~(k,g"" + kg™ —k,g™) + ik,e™™")
+2 [(p,, - kﬂ)g”“ +(Pa—ko)g™ = (P, — k) g™
~(Puk) 9" = (b~ kg™ + (P, ~ k)"
+2i(py kg ) (2 ).

Tr {Va)’ﬁ Y‘SVAV”VV} =4 (g“‘; Tr [V‘VV“V”] + g Tr {yﬁ W“V}
+ g™ Tr [Yﬁ ysy“yv} + g™ Tr {Yﬁ V‘SYW}
=g Tr YY),

(25)

Tr [yayﬁyéy/\yyyv)IS] — _16i(gaﬁ£8/\yv + gaﬁeﬁ/\yv + gtx)»sﬁé‘uv_'_._) .
(26)
From equations (22), (25), and (26) and using e/F*” = 0,

the 6 — y terms in equation (22) are

2MTr | (ky (Y'Y + y7Y )7 (1= ys)r |
=4M (3k,g™ + k,g" +k,g").

(27)

Defining I, (p) = I1},,. (p) + I1%;;, .. (p), with p,, as the Z
boson momentum, from equations (14), (22), (23), (24), (27),
and (13),

a4 2M? - p?)/2

H(p) =M %
z (4m)

+B (3 (pﬂg”“ +pz9" -, 9" - 9" — P79

+pag" + g DIo(p) + (A(20,9" = 29,9 ~ 2ip, ")

-32B (Pzg”" +0,9" 9" 29" -0, 9" +P,,g“”)

(4o, i)

+ip ) =2 (PM” +pz9™" - p,g" +pﬂ) 9" -pz)g"

+2,)9" )1 (p)-
(28)
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From equations (5) and (20), taking the g sum with g*,

b0+ 1)

MDD 1) +1,00))

(29)

5y (2
Oz (P) = 4.46 X 10°M

=7.4%10'GeV~ x p,

with the Z boson momentum p, =~1-3MeV, so p, < p as
p=2-3GeV in our calculation.

4. Calculation of 0, y(,5) — ¥(1S) + Z* via
Calculation of o, (p) for p=M_ =127 GeV

Carrying out the integrals for I,(p), I, (p) shown in equation
(15), one obtains from equation (29) the values of o, (p),
with p, =1,2,3MeV =0.001, 0.002, 0.003 GeV, which from
equation (5) is the cross section 0, ,y (25w (15)+2e With
the proton-proton energy = 5.02 TeV, shown in Figure 4.

Note that [5] the units for a cross section are nbochc
GeV~2. Asitis customary, we take h=c=1.

5. J/¥ + Z Production in Pb-Pb Collisions with
[Sop = 5.02TeV

The cross section for the production of a heavy quark state @
with helicity A =0 (for unpolarized collisions [10]) in the
color octet model in Pb-Pb collisions is given by [9]

_pE PbPb
Opbpb—d = RpbpbNbin O ppo» (30)

where Ngit;le is the number of binary collisions, Rngb is the
nuclear modification factor, and E is the total energy in Pb-
Pb collisions.

From [2], RE, » NPPPP = 130. Therefore,

OPb-Po—¥(28) vzt = 130 X Opp () o)y (31)

OF Opp, phoy(25)—J/¥(15)+z° 1S approximately 130 times the
results shown in Figure 4.

6. Conclusions

Using the sections
O pbPb—¥(28)—J /¥ (15)+Z and O pp—W (28)—J1¥ (18)+Z shown in equa-
tion (30) and ¥(2S) decay to J/¥ + Z for both the standard

and hybrid components of ¥(2S), the cross section oy,

(P) = Opppoy(as)—yw(15)+2 Was estimated for /5, =5.02
TeV and the Z boson momentum p, =1,2,and3MeV,
as shown in the figure. This should be useful for the
experimental measurement of Z boson production via
Pb-Pb collisions at ,/5,,=5.02TeV. For simplicity, we

relationship between the cross

assumed that the rapidity =y =0, where y=In ((E+p;)/
(E-py)) with p; as the longitudinal momentum. Cur-
rent experiments [6] measure Z boson production via
Pb-Pb collisions at /5, =5.02TeV at large rapidities.

Data Availability

All data for our article can be found in the references, espe-
cially Refs [4-6, 12, 15], as is stated in our article.
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