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We estimate the production of Za bosons, with a as the component of a Z vector boson, via p-p collisions using previous work on
J/Ψ,Ψð2SÞ production in p-p collisions, with the new aspect being the creation of Za bosons via quark interactions. We then
estimate the production of Za 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 ffiffiffiffiffiffispp

p = 5:44 TeV [1] and
heavy quark state production in Pb-Pb collisions at ffiffiffiffiffiffispp

p =
5:02 TeV [2]. More than three decades ago,W and Z bosons
were observed at CERN via proton-antiproton experiments
at ffiffiffiffiffiffispp

p = 540GeV [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 massMZ ≃ 91GeV is a vec-
tor boson with quantum spin 1 [5]. Therefore, a Z boson has
three components, Za, with a = −1, 0, and 1.

Our present estimate of the production of Za 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

ffiffiffiffiffiffiffiffi
sNN

p = 5:02 TeV. 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 pa → pZ , the momentum of the Z boson pro-
duced by Pb-Pb collisions at ffiffiffiffiffiffispp

p = 5:02 TeV, and Za → Z,
a Z boson.

Our present work is also related to an estimate of Ψð2SÞ
to J/Ψ decay to πmesons [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 Ψð2SÞ state is approxi-
mately a 50%-50% mixture of a standard charmonium and
hybrid charmonium state:

Ψ 2Sð Þ > ≃−0:7j jc�c 2Sð Þ > + 1 − 0:5p jc�cg 2Sð Þ > , ð1Þ

while J/Ψ is essentially a standard q�q state jJ/Ψð1SÞ>≃jc�cð1
SÞ > , which we use in our estimate of Za boson production
via Ψð2SÞ→ J/Ψð1SÞ + Za. Having a hybrid component, c�c
g, is important for Z boson production from Ψð2SÞ decay
as the active gluon component of Ψð2SÞ produces a Z boson,
as shown in Figure 1 (Section 2).
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2. J/Ψ + Z Production in p-p Collisions withffiffiffiffiffiffispp
p = 5:02 TeV

The cross section for pp→Ψð2SÞ→ J/Ψð1SÞ + Za in terms of
f q [10, 13], the quark distribution function, is

σpp→Ψ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a = f q �x yð Þ, 2mð Þf q
a

�x yð Þ , 2m
� �

σΨ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a ,

ð2Þ

where y is the rapidity, a = 4m2/s = 3:6 × 10−7, and �xðyÞ =
1:058xðyÞ. We take y = 0 in the present work, so �xð0Þ ≃
6:4 × 10−4.

For
ffiffi
s

p
= 5:02 TeV, the quark distribution functions f q

[10, 13] are

f q �x 0ð Þ, 2mð Þ ≃ 82:37 − 63582:36x 0ð Þ ≃ 41:6,

f q
a

�x 0ð Þ , 2m
� �

≃ 82:37 −
a

�x 0ð Þ ≃ 82:4:
ð3Þ

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

σPbPb→Ψ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a ≃ 4:46 × 105σpp→Ψ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a : ð4Þ

We use the following notation:

σpp→Ψ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a ≡ σHHZ pð Þ = gμν
Yμν
HZa

pð Þ +
Yμν
HHZa

pð Þ
 !

,

ð5Þ

with Πμν
HZaðpÞ and Πμν

HHZaðpÞ defined below.
The normal ∣c�cð2SÞ > component of Ψð2SÞ decaying to

∣c�cð1SÞ > with Za production via quark-Z coupling is shown
in Figure 2.

In Figure 1, Za production with the hybrid ∣c�cgð2SÞ >
component of Ψð2SÞ is shown.

Figure 3 shows the coupling processes needed for
Figures 1 and 2.

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

gluon‐quark coupling = 1
4
SGκδ kð ÞGκδ 0ð Þ,

SGκδ kð Þ = σκδ, S kð Þ½ �+ = σκδS kð Þ + S kð Þσκδ,
ð6Þ

where σκδ = iðγκγδ − gκδÞ and Gκδ is the gluon field.
In Figure 3(b), with Za with a as the component of the

vector Z boson and defining gc ≡ gVc ≃ 0:25 [5], the ccZα cou-
pling is [14]

SZa = γa gc − gA
c γ

5� �
: ð7Þ

As shown in Section 3.2, the γaγ5 term does not contrib-
ute to σHHZðpÞ, so we define gAc = gc.

3. Ψð2SÞ Decay to J/Ψ + Za

In this section, we estimate the decay of ∣Ψð2SÞ > to ∣J/Ψð1
SÞ > +Za for both the standard and hybrid components of
∣Ψð2SÞ > as shown in Figures 1 and 2.

3.1. Ψð2SÞ Decay to J/Ψ + Za via the Standard Component of
Ψð2SÞ. As in Ref [11], the correlator corresponding to
Figure 2 is

Yμν
HZa

pð Þ =〠
ab

g2
ð

d4k

2πð Þ4 Tr S kð ÞγμSZaS p − kð Þγν½ �, ð8Þ

where the quark propagator SðkÞ = ðk +MÞ/ðk2 −M2Þ, M is
the mass of a charm quark (Mc), k =∑μ k

μγμ, and g2 = 4παs
≃ 1:49 [5]. Since Tr½SðkÞγμSZaðkÞSðp − kÞγν� is independent
of color, ∑ab = 3.

Thus, the correlator for Ψð2SÞnormal decay to J/Ψð1SÞ + Z
is

Yμν
HZa

pð Þ = 3g2gc
ð

d4k

2πð Þ4 Tr S kð Þγμγa 1 − γ5
� �

S p − kð Þγν� �
:

ð9Þ

|cc 2S> |cc 1S>

c

p−k

k

c Za

Figure 1: Ψð2SÞ, a hybrid component, to J/psið1SÞ + Za.

|ccg 2S> |cc 1S>

p−k

Za

c

c
k

Figure 2: Ψð2SÞ, a standard component, to J/psið1SÞ + Za.
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The trace in equation (9) is

Tr S kð Þγμγa 1 − γ5
� �

S p − kð Þγν� �
=
Tr k +Mð Þγμγa 1 − γ5

� �� np − kð Þ +MÞγν½ �
k2 −M2� �

k − pð Þ2 −M2� � :
ð10Þ

Using the fact that the trace of an odd number of γs van-
ishes and Tr½γ5γαγβγδγλ� = −4iεαβδλ,

Tr k +Mð Þγμγa 1 − γ5
� � np − kð Þ +MÞγν½ ��

= 4M pνg
aμ + pag

μν − pμg
aν + iεμaαν + 2kμgaν

h
− 2kagμν − 2ikαεαμaν

i
:

ð11Þ

Therefore,

Yμν
HZa

pð Þ = 12g2gcM
ð

d4k

4πð Þ4

� pνg
aμ + pag

μν − pμg
aν + ipαε

μaαν + 2kμgaν − 2kagμν − 2ikαεαμaν

k2 −M2� �
k − pð Þ2 −M2� � :

ð12Þ

Using

ð
d4k

4πð Þ4
1

k2 −M2� �
k − pð Þ2 −M2� � = 2M2 − p2/2

� �
4πð Þ2 I0 pð Þ,

ð
d4k

4πð Þ4
kμ

k2 −M2� �
k − pð Þ2 −M2� � = pμ 2M2 − p2

� �
/2

� �
4πð Þ2 I1 pð Þ,

ð13Þ

one finds

Yμν
HZa

pð Þ = AM
2M2 − p2
� �

/2
4πð Þ2 pνg

aμ − pμg
aν + ipαε

μaαν
	 


I0 pð Þ
h

+ 2pμg
aν − 2pag

μν − 2ipαε
μaαν

	 

I1 pð Þ

i
A = 12g2gc,

ð14Þ

with

I0 pð Þ =
ð1
0
dα

1
p2 α − α2ð Þ −M2 ,

I1 pð Þ =
ð1
0
dα

α

p2 α − α2ð Þ −M2 :

ð15Þ

3.2. Ψð2SÞ Decay to J/Ψ + Za via the Hybrid Component of
Ψð2SÞ. The two-point correlator for the hybrid Ψð2SÞ-J/Ψ,
corresponding to Figure 1, without the gluon-Z or quark-Z
coupling is [12] (see equation (18))

Yμν
HH

pð Þ = 3g2

4

ð
d4k

2πð Þ4 Tr σκδS kð Þ½ �+γλS p − kð Þγμ
h i

� Tr Gνλ 0ð ÞGκδ 0ð Þ
h i

:

ð16Þ

The correlator Πμν
HHq�qZa , obtained from Figure 1, is

Yμν
HHZa

pð Þ = 3g2

4

ð
d4k

2πð Þ4 Tr σκδS kð Þ½ �+γλSZaS p − kð Þγμ
h i

� Tr Gνλ 0ð ÞGκδ 0ð Þ
h i

:

ð17Þ

Note that [15] (with hG2i = 0:476GeV2)

Tr Gνλ 0ð ÞGκδ 0ð Þ
h i

= 2πð Þ4 1296 G2� �
gνκgλδ − gνδgκλ
	 


,

ð18Þ

σκδS kð Þ½ �+ =
i −2gκδ k +Mð Þ + 2Mγκγδ + kα γκγδγα + γαγκγδ

� �� �
k2 −M2 :

ð19Þ
Therefore,

Yμν
HHZa

pð Þ = B
ð

d4k

2πð Þ4
i

k2 −M2� �
p − kð Þ2 −M2� �

� gνκgλδ − gνδgλκ
	 


TrA1,

M2B =
3g2gc
4

2πð Þ4 1296 G2� �
≃ 25:87GeV2, ð20Þ

Gluon

c

c

(a)

c Z

(b)

Figure 3: (a) Gluon-quark coupling and (b) c-Z coupling.
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with

TrA1 ≡ Tr kαð γκγδγα + γαγκγδ
	 


γa 1 − γ5ð Þγλ np − kð Þ +Mð Þγμ
h

� −2gκδ k +Mð Þ + 2Mγκγδ
h i

γλγa 1 − γ5ð Þ np − kð Þ +Mð Þγμ
i
:

ð21Þ

Note that ðgνκgλδ − gνδgλκÞgκδ = 0:0, so the gκδ term in
equation (21) vanishes. Therefore, from equation (21),

gνκgλδ − gνδgλκ
	 


TrA1 = 2Tr kαð γνγλγα + γαγνγλ − 2gλνγα
	 
hh

� γa 1 − γ5ð Þγλ + 4M γν − γλ
	 


γa 1 − γ5ð Þ
i

� np − kð Þ +Mð Þγμ
i
:

ð22Þ

Since Tr½odd number of γ s� = 0,

gνκgλδ − gνδgλκ
	 


TrA1

= 2MTr kαð γνγλγα + γαγνγλ − 2gλνγα
	 


γa 1 − γ5ð Þγλγμ
h

+ 4 pβ − kβ
	 


γν − γλ
	 


γa 1 − γ5ð Þγβγμ
i
:

ð23Þ

As in equation (11), using εαβλλ = 0, one obtains for the
4 − γ terms

2MTr −2kαgλνγαγa 1 − γ5ð Þγλγμ
h
+ 4 pβ − kβ
	 


γν − γλ
	 


γa 1 − γ5ð Þγβγμ
i

= 16M − kag
μν + kμg

aν − kνg
aμ� �

+ ikαε
αaνμÞ�

+ 2 pμ − kμ
	 


gνa + pa − kað Þgνμ − pν − kνð Þgμa
h

− pμ − kμ
	 


gνa − pa − kað Þgνμ + pν − kνð Þgμa

+ 2i pβ − kβ
	 


ενaβμ − ενaβμ
	 
i

:

ð24Þ

For the 6 − γ terms in equation (22),

Tr γαγβγδγλγμγν
h i

= 4 gαβTr γδγλγμγν
h i

+ gαδTr γβγλγμγν
h i	

+ gαλTr γβγδγμγν
h i

+ gαμTr γβγδγλγν
h i

+ gανTr γβγδγλγμ
h i


,

ð25Þ

Tr γαγβγδγλγμγνγ5

h i
= −16i gαβεδλμν + gαδεβλμν + gαλεβδμν+⋯

	 

:

ð26Þ

From equations (22), (25), and (26) and using εββμν = 0,
the 6 − γ terms in equation (22) are

2MTr kαð γνγλγα + γαγνγλ
	 


γa 1 − γ5ð Þγβγμ
h i

= 4M 3kagνμ + kμg
aν + kνg

aμ� �
:

ð27Þ

DefiningΠμν
Z ðpÞ =Π

μν
HZaðpÞ +Π

μν
HHZaðpÞ, with pZ as the Z

bosonmomentum, from equations (14), (22), (23), (24), (27),
and (13),

Yμν
Z

pð Þ =M
2M2 − p2
� �

/2
4πð Þ2 A pνg

aμ − pμg
aν + ipαε

μaαν
	 
	h

+ B 3 pμg
νa + pZg

νμ − pνg
μa − pμg

νa − pZg
νμ

		
+ pλg

μa + pλg
μaÞÞÞI0 pð Þ + A 2pμg

aν − 2pZg
μν − 2ipαε

μaαν
	 
	

− 32B pZg
νμ + pμg

aν − pνg
aμ − pZg

μν − pμg
aν + pμg

aν
	 


+ ipαε
αaνμÞ − 2 pμg

νa + pZg
νμ − pνg

μa + pμ
	 


gνa − pZÞgνμ

+ pνÞgμaÞI1 pð Þ:
ð28Þ
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𝛹
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Figure 4: σpp→Ψð2SÞ→J/Ψð1SÞ+Za with pZ = ðaÞ 1, ðbÞ 2, and ðcÞ 3MeV.
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From equations (5) and (20), taking the μ sum with gμν,

σHHZ pð Þ = 4:46 × 105M
2M2 − p2
� �

/2
4πð Þ2 BpZ I0 pð Þ + I1 pð Þð Þ

= 7:4 × 104GeV−2 × pZ
2M2 − p2
� �

/2
M

I0 pð Þ + I1 pð Þð Þ,
ð29Þ

with the Z boson momentum pZ ≃ 1 − 3MeV, so pz ≪ p as
p ≃ 2 − 3GeV in our calculation.

4. Calculation of σpp→Ψð2SÞ →Ψð1SÞ + Za via
Calculation of σHHZðpÞ for p ≃Mc ≃ 1:27GeV

Carrying out the integrals for I0ðpÞ, I1ðpÞ shown in equation
(15), one obtains from equation (29) the values of σHHZðpÞ,
with pZ = 1, 2, 3MeV = 0:001, 0:002, 0:003GeV, which from
equation (5) is the cross section σpp→Ψð2SÞ→J/Ψð1SÞ+Za with
the proton-proton energy = 5:02 TeV, shown in Figure 4.

Note that [5] the units for a cross section are nb∝ h c
GeV−2. As it is customary, we take h = c = 1.

5. J/Ψ + Z Production in Pb-Pb Collisions withffiffiffiffiffiffispp
p = 5:02 TeV

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

σPbPb→Φ = RE
PbPbN

PbPb
bin σpp→Φ, ð30Þ

where NPbPb
bin is the number of binary collisions, RE

PbPb is the
nuclear modification factor, and E is the total energy in Pb-
Pb collisions.

From [2], RE
PbPbN

PbPb
bin ≃ 130. Therefore,

σPb‐Pb→Ψ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a ≃ 130 × σpp→Ψ 2Sð Þ→ J
Ψ 1Sð Þ+Z

a , ð31Þ

or σPb‐Pb→Ψð2SÞ→J/Ψð1SÞ+Za is approximately 130 times the
results shown in Figure 4.

6. Conclusions

Using the relationship between the cross sections
σPbPb→Ψð2SÞ→J/Ψð1SÞ+Z and σpp→Ψð2SÞ→J/Ψð1SÞ+Z shown in equa-
tion (30) and Ψð2SÞ decay to J/Ψ + Z for both the standard
and hybrid components of Ψð2SÞ, the cross section σHHZ

ðpÞ ≡ σPbPb→Ψð2SÞ→J/Ψð1SÞ+Z was estimated for ffiffiffiffiffiffispp
p = 5:02

TeV and the Z boson momentum pZ = 1, 2, and 3MeV,
as shown in the figure. This should be useful for the
experimental measurement of Z boson production via
Pb-Pb collisions at ffiffiffiffiffiffispp

p = 5:02 TeV. For simplicity, we

assumed that the rapidity = y = 0, where y ≡ ln ððE + pLÞ/
ðE − pLÞÞ with pL as the longitudinal momentum. Cur-
rent experiments [6] measure Z boson production via
Pb-Pb collisions at ffiffiffiffiffiffispp

p = 5:02 TeV 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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