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We have investigated the production potential of the spin-1/2 excited
muons, predicted by preonic models, at the four SPPC (Super Proton—
Proton Collider)-based muon—proton colliders in different center-of-mass
energies. For the signal process up — pu*X — pvyX, the production cross
section and the decay width values of the excited muons have been cal-
culated. The pseudorapidity and transverse momentum distributions of
muons and photons in the final state have been obtained in order to choose
the kinematical cuts best suited for enhancing the statistical signal of the
excited muon signature. By applying these cuts, we report the discovery,
observation and exclusion mass limits of the excited muons for two com-
positeness scale values, which are an energy level at which new interactions
are expected to occur. It is shown that the discovery limits on the excited
muons in the case the compositeness scale equals 100 TeV are 2.7, 3.9, 3.1
and 6.7 TeV for center-of-mass energies of 10.3, 14.2, 14.6 and 20.2 TeV,
respectively.

DOI:10.5506/ APhysPolB.50.1409

1. Introduction

In the particle physics, all matter and antimatter consist of two kinds of
elementary particles: leptons and quarks. The electromagnetic, weak and
strong forces among these particles are described very well by the Standard
Model (SM). Despite all this success, there are some issues which have not
entirely been solved by the SM, such as large number of free parameters, CP
violation, fermion mass generation and fermion mixing. A lot of alternative
theories beyond the SM (BSM), such as Technicolour [1, 2], Grand Unified
Models [3, 4], Supersymmetry [5], Compositeness [6] have been proposed to
solve these issues.

* Funded by SCOAP? under Creative Commons License, CC-BY 4.0.
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Compositeness is one of the BSM scenarios that better explains the prolif-
eration of elementary particles and quark—lepton symmetry, introducing new
fundamental constituents, called preons, out of which the leptons, quarks
and their antiparticles are built. Countless preonic models have been sug-
gested so far, by the particle physicists, and some new types of particles are
introduced in the framework of these models, such as excited fermions, lep-
toquarks, leptogluons and color sextet quarks. The simplest preon model,
for example, is the Harari-Shupe model |7, 8] in which leptons and quarks
are bound states of two elementary, massless spin-1/2 preons, called T- and
V-rishons, which carry both color and hypercolor charges. New hypercolor
interactions among the fermions should exist at the energy scale (A) that
binds the preons together. This energy scale is an important parameter
that is commonly used in all composite models, and called the composite-
ness scale, A. Quarks and leptons are composed of three preons for this
model, and they are hypercolor singlets that can be observed at lower en-
ergies than the A. In this energy region, the all preons become confined in
composite particles and cannot be observed directly.

If the SM fermions are composite, they must have the excited states
as a result of the compositeness. Therefore, the excited fermions could be
considered as the excited state of the SM fermions that are in ground state
and should be observed experimentally. The excited fermions are predicted
by the preonic models. They were firstly proposed in 1977, and studied in
detail in the following years [9—12]. The excited leptons and quarks can have
spin-1/2 and spin-3/2 states, and it is expected that their masses are heavier
than those of the SM fermion. In the present study, we are interested in the
excited muons with spin-1/2 as a continuation of our recent works about the
excited leptons [13]. There are also considerable phenomenological studies
on production and decay of the excited quarks and leptons via the gauge
and contact interactions [14-23].

Even though no signals for the excited leptons have been found in the
experimental studies at the LEP |24|, HERA [25|, Tevatron [26], ATLAS [27]
and CMS [28| experiments, the more powerful accelerators that will be es-
tablished in the future are hopeful for their discovery. A possible discovery
of the excited leptons will provide a direct evidence of the excited lepton
compositeness. The recent experimental mass limits on the excited muons
for pair and single production are provided by the OPAL [29] and CMS
collaborations [30], respectively. Exclusion limits of the excited muons are
my > 103.2 GeV for ete™ — p*p* and my > 3800 GeV for pp — pp*X,
assuming the coupling parameter of f = f’ = 1 and the energy scale of
A =mys.
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Except for the gauge interactions, one of the production mechanisms
of the excited leptons is four-fermion contact interactions. The contact
interactions provide important contributions to excited lepton and quark
production. It is known that the contact interactions are dominant at the
proton—proton (antiproton) collisions. In recent studies, the production cross
sections of the heavy leptons for both mechanisms were compared at the
LHC energies, and it was clearly shown that contact interactions were dom-
inant (see Refs. [20, 21]). In addition, the graphs of the decay width of the
excited leptons belonging to both mechanisms were drawn and the results
were compared. It has been shown that the most contribution to the width
of the decay of the excited leptons again comes from the contact interac-
tions. Therefore, for the production and decay of the excited leptons, the
contact interaction mechanism was used in these studies. In this paper,
we concentrated on the gauge interaction mechanism for a future muon—
proton collider. Besides, we have planned to investigate the excited muon
production via contact interactions in the framework of next study, as a
continuation of the current work.

We have investigated the excited muon production at the four different
center-of-mass energies of SPPC-based muon—proton colliders. We present
the SPPC-based muon—proton colliders and their main parameters in Sec-
tion 2, the excited muon interaction Lagrangian, its decay widths and the
cross sections in Section 3, and the signal-background analysis in Section 4.
Finally, we have reported all results in the last section.

2. The SPPC-based muon—proton colliders

The discovery of the Higgs particle with a mass of 125 GeV at the Large
Hadron Collider (LHC) in 2012 [31, 32| confirmed the electroweak symmetry
breaking mechanism of the SM. With this discovery, the particle physics
has reached the Higgs era, but it is not known whether the observed Higgs
particle is the fundamental scalar. To study the properties of the Higgs boson
in detail and understand its true nature, the world of high-energy physics
community has started to investigate the feasibility of a Higgs factory. It
is known that the hadron colliders like the LHC have the highest center-
of-mass energy values, so they are called the discovery machines, while the
lepton and lepton—hadron colliders provide the smaller ones, and are called
the precision machines. Recently, various future collider projects have begun
to be designed by the accelerator physicists such as the ILC (International
Linear Collider) [33], LHeC (Large Hadron Electron Collider) [34] and CLIC
(Compact Linear Collider) [35] to search primarily the Higgs physics.
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In the post-LHC era, the most important collider project in Europe
is the International Future Circular Collider (FCC) [36] that is a circular
proton—proton collider with a center-of-mass energy of 100 TeV. It has been
launched in 2010-2013 at CERN, and supported by the European Union
within the Horizon 2020 Framework for Research and Innovation. The main
purpose of this project is to establish a 100 TeV energy-frontier hadron col-
lider (FCC-hh) to be allocated in a new 80-100 km tunnel at CERN. As an
intermediate step of the FCC project, it also involves a high-luminosity
lepton collider (FCC-ee or TLEP [37]) with a center-of-mass energy of 90—
400 GeV, to be installed in the same tunnel, as that of a lepton—hadron
collider option (FCC-he). The FCC will give us the opportunity to ex-
plore the properties of Higgs boson, new interactions beyond the SM, top
quark etc., at the highest energies. The CDR (Conceptual Design Report)
of the FCC was written as four volumes [38-41].

In parallel with the developments related to the FCC project in Europe,
the Chinese physicists have initiated the design study of a two-stage circu-
lar collider project in 2012, called the CEPC-SPPC. The first stage of the
project is a circular electron—positron collider (CEPC) with a center-of-mass
energy of 240 GeV, to search the properties of Higgs particle. After com-
pleting its mission, the CEPC will be upgraded to the second stage that
is a Super Proton-Proton Collider (SPPC) with a center-of-mass energy of
more than 70 TeV, aiming at the search of the BSM physics. The Prelimi-
nary Conceptual Design Report (Pre-CDR) of the CEPC-SPPC project has
been completed by the CEPC-SPPC study group in 2015 [42]. By using the
same tunnel as the CEPC that is 54.7 km in circumference, center-of-mass
energy of about 70 TeV will be tried to be reached. However, larger cir-
cumference options for the SPPC collider are also being considered. Table I
presents the main parameters for the all design options of the SPPC collider
[43].

If a TeV energy muon collider is installed tangentially to the SPPC, a
muon—proton collider at the high center-of-mass energy can be obtained.
Taking into account the energy values of 0.75 and 1.5 TeV for muon beam,
and design options of 35.6 and 68 TeV of the SPPC, four muon—proton
collider options have been recently proposed [44]. The excited muon pro-
duction potential at these four muon—proton colliders have been analyzed in
this paper, and the basic parameters of the machines are shown in Table II,
where E, and E), are energy of the muon and proton beam, respectively,
/s is the center-of-mass energy of collider, Liy is the integrated luminosity
of the collider, £, and &, denote beam-beam tune shift of the muon and
proton beam, respectively. Since a suitable detector is not yet designed for
the SPPC-based muon collider, a fast-simulation of the reconstructing of the
final-state particles is not done. Thus, this analysis is at the parton level.
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TABLE 1

The main parameters of proton beams in the SPPC collider for the various design
options.

Parameters Option-1 | Option-2 | Option-3 | Option-4 | Option-5
(Pre-CDR)
Beam energy [TeV] 35.6 35 50 68 50
Circumference [km)| 54.7 54.7 100 100 78
Dipole field [T 20 19.69 14.73 20.03 19.49
Peak luminosity 1.1 1.2 1.52 10.2 1.52
[x10%°cm ™25
Particle per bunch 2 2 2 2 2
[101]
Norm. transverse 4.1 3.72 3.65 3.05 3.36
emittance [um]
Bunch number 5835 5835 10667 10667 8320
per beam
Bunch length [mm] 75.5 56.5 65 15.8 70.6
Bunch spacing [ns] 25 25 25 25 25
TABLE II

The main parameters of the SPPC-based muon—proton colliders.

Colliders E, E, Vs | Lint Eu &p
[TeV] | [TeV] | [fb~1]

u750-SPPC1 | 0.75 | 35.6 | 10.33 | 55 | 87x 1073 | 6 x 1072
1750-SPPC2 0.75 68 14.28 | 125 | 8.7 x 1073 | 8 x 1072
u1500-SPPC1 | 1.5 35.6 | 14.61 | 4.9 [ 8.7x1073 | 6 x 1072
u1500-SPPC2 | 1.5 68 | 202 | 428 [ 87x1073 | 8 x 1072

3. The excited muons

The interactions of an excited lepton with ordinary leptons are of mag-
netic-transition-type when the production or decay is via gauge interac-
tion, and the effective Lagrangian that describes the interaction between a
spin-1/2 excited lepton, the SM lepton and a gauge boson is given as [45-48|

1 - Y
L= ﬂl}‘%a’“"’ fg5 Wy + f’g’EBw, l;, +hec., (1)

where [ and [* represent the SM lepton and the excited lepton, respectively,
A is the new physics scale, W, and By, are the field strength tensors,
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g and ¢’ are the SM gauge couplings of SU(2) and U(1), f and f’ are the
new scaling factors for the gauge couplings, Y is hypercharge, o = i(~yH~" —
Y4*) /2, where 4# are the Dirac matrices, and 7 denotes the Pauli matrices.

The excited muons can decay into three channels that are 7y-channel
(u* — wvy), Z-channel (u* — pZ) and W-channel (u* — pW). The decay
widths of the excited muons for the gauge interactions are given by the
following formula:

am*3 m2 2 m2
F(l*—>lV)=/12fa<1— V) <1+ V>, (2)

4 m*Z 2m*2

where m* is the mass of the excited electron, my is the mass of the gauge
boson, fy is the new electroweak coupling parameter corresponding to the
gauge boson V, where V=W, Z, v, and f, = —(f+f)/2, fz = (— [ cot Ow+
ftanOw)/2, fw = (f/V/2sinbw), where fy is the weak mixing angle, and
« is the electromagnetic coupling constant.

For the numerical calculations, we implemented the excited muon inter-
action vertices into the high-energy simulation programme of CALCHEP [49].
Figure 1 shows the total decay widths of the excited muons for energy
scales A = my~ and A = 100 TeV. The total cross sections of the ex-
cited muons produced at the four different muon—proton colliders, which
are u750-SPPC1, u750-SPPC2, u750-SPPC2, 11500-SPPC1, ;41500-SPPC2,
are shown in Fig. 2, using the program CALCHEP with the CTEQ6L parton
distribution functions [50]. It is unambiguously seen from the figure that the
excited muons have sufficiently high cross sections for both energy scales.

A=100TeV

I (TeV)

2 4 6 8 10 12 14 16 18 20

my, (TeV)
Fig.1. The total decay widths of the excited muons for A = m,~ and A = 100 TeV,
assuming f = f' = 1.
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Fig.2. The total cross-section values of the excited muons with respect to its mass
at the various muon-proton colliders for A = my,«(left) and A = 100 TeV (right),
assuming f = f' = 1.

4. Signal and background analysis

The SPPC-based muon—proton colliders will allow us to search for excited
muons via the process up — p*X with subsequent decays of the excited
muons into a muon and photon. Therefore, our signal and background
process is up — p,y,j through v and Z exchange, where j represents jets
which are composed of quarks (u, @, d, d, c, ¢, s, 3, b, b), while the subprocesses
are puq(q) — pyq(q), where g denotes quarks (u,d,s,c,b) and g denotes
anti-quarks (@, d, ¢,5,b). The Feynman diagrams of signal and background
processes are shown in Fig. 3 and Fig. 4, respectively.

qQ—p—t—>—q G—e—"t—<——§

Fig. 3. Leading-order Feynman diagrams of the signal process.

In order to separate the excited muon signals from the background, we
have applied pre-selection cuts to the transverse momentum of the muon,
photon and jet in the final state, as p%’” > 20 GeV. The SM cross-section
values after the application of these prime cuts have been obtained as og =
73.15 pb for u750-SPPC1, o = 82.11 pb for u750-SPPC2, o = 84.65 pb
for p1500-SPPC1, o = 126.84 pb for u1500-SPPC2 collider. To assign
the kinematical cuts best suited for the discovery of the excited muons,
we have to look at the transverse momentum (py) and pseudorapidity ()
distributions of the final-state particles for both the signal and background.
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Fig.4. Leading-order Feynmann diagrams of the background process.

The normalized 1 and pr distributions of the final-state muons and nor-
malized 7 distributions of the final-state photons are shown in Fig. 5 for
u750-SPPC1, Fig. 6 for pu750-SPPC2, Fig. 7 for p1500-SPPC1 and Fig. 8
for p1500-SPPC2, for both the signal and background. Since the pt distri-
butions of the muons are the same as those of the photons for all colliders, we

10° — 10° 10°

3

(1/0) do/dn”

3

SRR
Lol
£ 355
z222

g333
g

-4 -2 ) 2 4 0 1 3 4 - 5
L P (Tev)

Fig.5. The normalized pseudorapidity (left) and transverse momentum (middle)
distributions of the final-state muons and the normalized pseudorapidity distribu-
tions of the final-state photons (right) at the p750-SPPC1 collider, for f = f' =1
and A = my«.
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Fig.6. The normalized pseudorapidity (left) and transverse momentum (middle)
distributions of the final-state muons and the normalized pseudorapidity distribu-
tions of the final-state photons (right) at the p750-SPPC2 collider, for f = f/' =1
and A = my.

10° 10°

3
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2 3 4
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Fig.7. The normalized pseudorapidity (left) and transverse momentum (middle)
distributions of the final-state muons and the normalized pseudorapidity distribu-
tions of the final-state photons (right) at the 41500-SPPC1 collider, for f = f' =1
and A = my~.

(1/0) do/dn?

(1/0) do/dP* (1/TeV)

4 6
P (Tev)

Fig.8. The normalized pseudorapidity (left) and transverse momentum (middle)
distributions of the final-state muons and the normalized pseudorapidity distribu-
tions of the final-state photons (right) at the $1500-SPPC2 collider, for f = f' =
and A = myx.

have only shown the ones of the muons in these figures. The 7 distributions
of the both particles in the final state are generally peaked in the negative
region for all colliders. Since the pseudorapidity is mathematically defined
as 1 = —Intan(f/2), where 6 is the polar angle, the muon and photon are
of backward, so we can say that the excited muons are mostly produced in
the backward direction. In addition, since the energy of the muon beam was
less than the one of the proton beam, the 1 distributions were shifted to the
muon beam side, and these distributions showed an asymmetric behavior.
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It is seen that the signal and background curves in the n and pr distri-
butions are separated from each other for both particles in the final state.
Thus, we have easily chosen optimal regions, where we cut off most of the
background but at the same time keep the signal almost unchanged, by ap-
plying a cut on both n and pr distributions of the final-state particles. The
determined discovery cuts for all colliders are reported in Table III.

TABLE III

The discovery cuts for the excited muons.

Colliders P P nH nY

PT50-SPPCL | pt > 500 GeV | pl > 500 GV | —5 <t <1 | —4.8 <17 <0
pu750-SPPC2 | ph > 600 GeV | pl. > 500 GeV | =5 < n* < 1.5| =5 <n? < 0.5
11500-SPPC1 p% > 600 GeV p% >500GeV | -b<ntr <2 |=b<n’ <15
£1500-SPPC2 | pt = 750 GeV | ph > 750 GeV | —5 <t < 22| —5 <57 < 1.4

The invariant mass distributions of the vy system after the application
of all discovery cuts are presented in Fig. 9. As is clearly seen from this
figure, the separation of the signal from the background became better.

mi=3TeV -~
m. =7 TeV
m = 11 Tev
10° background
S
2
3 10°
3
=
§1 10
30
5}
©
10'12
10*‘4 L L L L L -
10 0 2 4 6 8 10 12 14
My (TeV)
10
: Moty
m =11 Tev myt= 15 TeV
10° Background 10° Background
3 3
£ £
_g_ 10 _8_ 10
= F
" :
g0 210
© ©
el el
10712 1012
1014 10714

‘2 1“ 6 8 1‘0 ‘ 1; - 14 0 ‘5 10 1‘5 20
My (TeV) My (TeV)

Fig.9. The invariant mass distributions of the excited muon signal and the corre-
sponding background for A =m,« and f = f’ =1 at the colliders of ;750-SPPC1
(top left), u750-SPPC2 (top right), u1500-SPPC1 (bottom left) and $1500-SPPC2

(bottom right).
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To extract the excited muon signal from the background, in addition
to the discovery cuts, we have imposed a cut on the pvy-invariant mass as
My — 20 < myy < myx + 21+, where I' denotes the decay width of the
excited muon. Table IV shows the event numbers before/after all cuts, and
corresponding efficiencies for both signal and background.

TABLE IV

The efficiencies of the standard model background and of our signature after the
application of all kinematical cuts.

Colliders Event number | Event number | Efficiency (¢)
before cut after cut

background 469755 74.91 0.000159
1750-SPPC1 3000 354.2 176.44 0.4981
signal [GeV]| 5000 19.47 10.02 0.5146

7000 0.96 0.42 0.4390

background 1815000 226.75 0.000124

p750-SPPC2 3000| 2031.25 1141 0.5617
signal [GeV]| 7000 22.06 9.63 0.4365
11000 0.16 0.05 0.3125

background 662970 124.41 0.000187
p1500-SPPC1 3000 | 1962.45 809.97 0.4127
signal [GeV]| 7000 10.51 4.64 0.4414
11000 0.09 0.02 0.2959

background 7049160 735.30 0.000104
#1500-SPPC2 3000 | 41725.72 32532.28 0.7796
signal [GeV]| 9000 71.90 27.13 0.3773
15000 1.27 0.13 0.1023

For statistical significance (SS) of the excited muon signal, we have used
the following formula [51]:

SS =

g — O
los+s — o] v/ Lint , (3)
OB

VOB

where og1p denotes the cross section from the signal and the background, op
denotes the background cross section, and Lyt is the integrated luminosity of
the collider. Taking into account the discovery criterion SS > 5, mass limits
on the excited muon have been calculated as 6600, 8700, 7200, 11100 GeV for
the colliders of u750-SPPC1, n750-SPPC2, 11500-SPPC1, ©1500-SPPC2,
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respectively, assuming f = f' = 1 and A = my«. For the A4 = 100 TeV
and the same criteria, excited muon mass limits are 2780, 3900, 3100 and
6700 GeV, respectively.

5. Conclusion

We have studied the production of the excited muon at the SPPC-based
muon—proton colliders. This work has shown us that these colliders have
a great research potential for the excited muon searches. We give a re-
alistic estimate for the excited muon signal and the corresponding back-
ground at the SPPC-based muon—proton colliders, namely the 750-SPPC1
(v/s = 10.33 TeV), the u750-SPPC2 (/s = 14.28 TeV), the p1500-SPPC1
(v/s = 14.61 TeV) and the p1500-SPPC2 (/s = 20.2 TeV). In the simu-
lations performed to obtain the pseudorapidity and transverse momentum
distributions, it is assumed that the energy scale is A4 = m,+ and the coupling
parameter is f = f/ = 1. The mass limits for exclusion, observation, and
discovery of the excited muons at the four colliders are reported in Table V,
for both A = my;+» and A = 100 TeV. As a result, the future SPPC-based
muon—proton colliders offer the possibility to investigate the excited muon
in a very wide range of mass.

TABLE V

The mass limits for the exclusion (20), observation (30), and discovery (50) of the
excited muons at the SPPC-based up colliders assuming the coupling f = f/ = 1.

Colliders Lig 7Y | A | 20 [GeV] | 30 [GeV] | 50 [GeV]
ps0SPPOL | 55 e LB | e | omso
prso-speCz | azs e S | s
O O S I e
ps00sPPC2 | aas | T | e | oo
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