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Abstract

The potential of the process yy — 77Ty is examined in a model-independent way using the effective
Lagrangian approach for the International Linear Collider, a proposed electron-positron machine which
is designed with standard configurations of 0.25 TeV/2000 b1, 0.35 Tev/200 fb~! and 0.5 TeV/4000
fb~!. The limits obtained for the tau lepton’s anomalous magnetic dipole moment a; and the tau lepton’s
anomalous electric dipole moment d; defining the anomalous 7y couplings at 95% confidence level and
systematic uncertainties of dsys = 0,5, 10% are compared with the experimental results. The best limits
obtained with 85ys = 0% on the anomalous couplings are —0.00082 < a; < 0.00050 and |dy| < 3.59 x
10718 ¢cm, respectively. Also, the limits on the anomalous couplings do not improve proportionately to
the luminosity due to the systematic error considered here. The reason of this situation is the systematic
error which is much bigger than the statistical error. If the systematic error is improved, we expect better
limits on the couplings. However, the best limits on the anomalous couplings for the process yy — tTy
with /s = 500 GeV, L;,; = 4000 b1 and 8sys = 0% can be improved up to 4 times for a; and 9 times
for dr according to case with dsys = 10%. Our results show that yy collisions at the ILC give results up
to one order of magnitude for @; and two orders of magnitude for d; better than the current experimental
limits.
© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The magnetic moments of leptons have spurred the development of Quantum Field Theory
and provided the most precise comparison between theory and experiment in the history of sci-
ence. The magnetic dipole moment of the electron which is responsible for the interaction with
the magnetic field in the Born approximation is given as follows

- “B -

=875 9]
where g is the Lande g-factor, g is the Bohr magneton and s is the spin of the electron. For
the electron, the value of g in the Dirac equation is 2. It is traditional to point out the deviation
of g from 2 in terms of the value of the so-called anomalous magnetic moment. The anomalous
magnetic moment of the electron is a dimensionless quantity and is described by a, = ngz. The
measured anomalous magnetic moment of the electron agrees with the Standard Model (SM)
prediction to better than one part per billion [1].

However, recently, the Muon g — 2 Experiment at Fermilab reported a measurement
reading alNA = 116592040(54) x 10~'!, which is larger than the SM prediction a3 =
116591810(43) x 10~ in which contributions from QED, QCD and electroweak interac-

tions are taken into account with highest precision [2,3]. This leads to aENAL — aiM =

(230 £ 69) x 10!, which corresponds to a 3.20 discrepancy. Because the Fermilab obser-
vation is compatible with the long-standing discrepancy from the E821 experiment at BNL the
overall deviation from the SM central value

Aa? = apu™NAPNL — P M = (251 +69) x 107! )

strengthens the significance to 4.20 [2,4,5]. Even though the discrepancy is not statistically sig-
nificant yet, it is interesting to entertain the possibility that it corresponds to a real signal of new
physics. Besides, new physics beyond the SM is anticipated to modify the SM prediction of the
anomalous magnetic moment of a lepton £ of m, mass by a contribution of order ~ m% /A2 [6].
Thus, given the large factor (m,/m H)z = 283, the anomalous magnetic moment of the tau lepton
is much more sensitive than the one of the muon to the electroweak and new physics effects
which give contribution ~ m%, making its measurement an excellent opportunity to unveil or
constrain new physics effects.

New physics beyond the SM presents the theoretical developments needed to enlighten the
problems of the SM, such as the strong CP problem, neutrino oscillations, matter—antimatter
asymmetry in the universe. One of the ways to research new physics beyond the SM is the
effective Lagrangian method [7]. The effective Lagrangian method is based upon the assumption
that at higher energy regions beyond the SM, there is a more fundamental physics that reduces to
the SM at lower energy regions. In this method, one adds higher dimensional effective operators
suppressed by an energy cut-off (A) with the SM fields and obtain the interactions after symmetry
breaking. A subset of these effective operators can modify the SM tty interactions through the
effective Lagrangian method can be examined.

In this work, we study the effects of the anomalous t7y couplings defined with the effective
Lagrangian method in the model-independent approach between the tau lepton and the photon for
the process yy — tTy at the International Linear Collider (ILC). The most general anomalous
vertex function determining tTy interaction between two on-shell tau leptons and a photon is
given by [8,9]



M. Koksal Nuclear Physics B 971 (2021) 115520

i
Fa(q®)o" g, + — F3(q*)0 "y q,.. 3)

Fl) — F 2 vV
g7y + 2my 2my

Here, oV = %(y"y” — y*y"Y), g represents the momentum transfer to the photon and m, =
1.777 GeV shows the tau lepton’s mass. Fj (q2) and Fz(qz) are the Dirac and Pauli form factors,
F3(g?) is the electric dipole form factor. The last term o"*y> breaks the CP symmetry, so the
coefficient Fg(qz) determines the strength of a possible CP violation process, which might orig-
inate from new physics. F|(g?), F>(¢?) and F3(g?) form factors in limit > — 0 are equal to the
formulas below

2md;
Fi(0) =1, F5(0) = ar, F3(0) = ’”T )

where a; is the magnetic dipole moment of the tau lepton and d; is the electric dipole moment
of the tau lepton.

In a lot of works examining the anomalous magnetic and electric dipole moments of the tau
lepton, the tau leptons or the photon in 7Ty couplings are off-shell [10—14]. In this case, since
the tau lepton is off-shell, the couplings analyzed in those works are not the anomalous a,; and
d,. Hence, we will name the anomalous magnetic and electric dipole moments of the tau lepton
examined as a; and c?r instead of a,; and d. Thus, the possible deviation from the SM predictions
of Ty couplings could be examined in the effective Lagrangian method. In this method, the
anomalous tTy couplings are parameterized using high dimensional effective operators. In this
work, we consider the dimension-six operators that contribute to the magnetic and electric dipole
moments of the tau lepton. These operators are presented as follows [15]

01y = (o™ tR)o oW . (5)
75 = ((ro" TR)QByy. ©)

Here, ¢ and ¢, represent the Higgs and the left-handed SU(2) doublets, o/ show the Pauli
matrices and Wlﬁv and B, are the gauge field strength tensors. Thus, the effective Lagrangian
can be written as follows

1
Lefy = F[C?fw 03, +C3,03, +hel. 7

After electroweak symmetry breaking, contributions to the magnetic and electric dipole moments
of the tau lepton are given by
2m ¢ V2u

== TRe[cosewc,ﬁ,}—sinechW], (8®)

. Y i
K = _Tlm[COSGWCISj_'} - SIHGWCI:?VV]' (9)

Here, v represents the vacuum expectation value and sin 6y shows the weak mixing angle. The
relations between k and k¥ parameters with a; and d; are defined by

K=dp, k=—"d,. (10)

The electron and muon anomalous magnetic moments can be studied with high sensitivity via
spin precession experiments. On the other hand, since the tau lepton has a much shorter lifetime
than other leptons it is extremely difficult to measure the magnetic moment of the tau lepton by
using spin precession experiments. Instead of spin precession experiments, the magnetic moment
measurement of the tau lepton is carried out at collider experiments.
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Experimental limits at 95% confidence level on the magnetic moment of the tau lepton were
derived the processes e”et — t7tFy and e"et — e~ y*y*et — et 1 eT by L3, OPAL
and DELPHI Collaborations by the Large Electron Positron Collider (LEP) [16-18]

L3:—-0.052 <a; < 0.058, arn
OPAL : —0.068 < a, < 0.065, (12)
DELPHI : —0.052 < a, < 0.013. (13)

CP violation was originally discovered in neutral K mesons [19]. This phenomenon has been
described within the SM by the complex couplings in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix of the quark sector [20]. Actually, there is no CP violation in the leptonic couplings in
the SM. In spite of that, CP violation in the quark sector induces electric dipole moment of the
leptons in the three loop level. This contribution of the SM to the electric dipole moment of the
leptons can be shown to be too small to detect [21]. If there considers a coupling of leptons in new
physics beyond the SM, electric dipole moment may induce the detectable size of CP-violation
[22-29].

The experimental results on the d; coupling at 95% confidence level at the LEP are [16—18,30]

L3:|d;| <3.1 x 107'% ecm, (14)
OPAL: |d;| <3.7 x 1070 ecm, (15)
DELPHI : |d;| < 3.7 x 1070 ecm, (16)
BELLE: —2.2 < Re(d;) <4.5 x (1077 ecm), a7)
BELLE: —2.5 < Im(d;) < 0.8 x (1077 ecm). (18)

As a result, the magnetic and electric dipole moments of the tau lepton allow stringent testing
for new physics beyond SM and have been studied in detail by Refs. [31-49].

The advantage of linear colliders with respect to hadron colliders is in the general cleanliness
of the events where two elementary particles, electron and positron beams, collide at high energy,
and the high resolutions of the detector are made possible by the relatively low absolute rate of
background events. One of the most realistic linear colliders is the ILC. Since the ILC has a much
cleaner environment than the LHC, it may be able to observe the smallest deviation from the SM
estimates that point to new physics, discover new particles and make precise measurements of
them. The ILC is planned to run at center-of-mass energies of 250, 350 and 500 GeV, with total
integrated luminosities of 2000, 200 and 4000 fb~!, respectively [50]. An increase of up to 1
TeV is also considered for center-of-mass energy, which we do not include in our calculations
[51].

2. Cross sections and sensitivity analysis

The expected design of the future linear colliders will include operation also in ey and yy
modes. In ey and yy processes, real photon beams can be generated by converting the in-
coming e~ and e™ beams into photon beams through the Compton backscattering mechanism.
The maximum collision energy is expected to be 80% for yy collision and 90% for ey col-
lision of the original e~e™ collision energy. However, the expected luminosities are 15% for
yy collision and 39% for ey collision of e~e™* luminosities [52]. On the other hand, when
using directly the lepton beams, quasi-real photons will be radiated at the interaction allowing

4
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Fig. 1. Tree-level Feynman diagrams for the process yy — t7y.

for processes like ey™* and y*y* that occur by emission from the electron/positron beam us-
ing the Equivalent Photon Approximation [53,54]. DELPHI Collaboration based on the process
e~et — e"y*y*et — e~ttTeT through the subprocess y*y* — 7 tT have obtained the
limits on the electromagnetic moments. Here, y* photons from the incoming e~ and e™ beams
scatter at very small angles from the beam pipe. Therefore, these photons have very low virtu-
ality and we say that these photons are almost-real. As known, the center-of-mass energy of yy
collisions is much greater than that of y*y* collisions. This gives us an important advantage in
the search for new physics beyond the SM.

Secondly, the process yy — 11 has a larger cross section than the process yy — tty that
is on the mass shell of the photon in the final state. On the other hand, decay products of the tau
leptons are highly collimated because of the QCD jets and this makes them difficult to identify.
However, the final state photon identification can facilitate the tau pair identification. Generally,
the anomalous parameters tend to increase the cross section for the process yy — tty, espe-
cially for photons with high energy which are well isolated from the decay products of the taus
[55]. Furthermore, the single-photon in the final state has the advantage of being identified with
high efficiency and purity.

The effects of anomalous contributions arising from dimension-six operators and SM con-
tributions as well as interference between new physics and the SM contribution is performed
through the process yy — t7y at the ILC. For this purpose, in Fig. 1, Feynman diagrams of the
process yy — tty that is on the mass shell of the photon in the final state are represented. As
seen in Fig. |, the total number of diagrams is 6. Here, the contribution to new physics comes
from all diagrams that consist of t and u channels. Also, the arrows represented in this diagram
are momentum arrows. On the other hand, we do not take into account initial state radiation in
this study.

Incoming photons in the process yy — 17y are Compton backscattered photons. The spec-
trum of Compton backscattered photons is given as follows [56]

J <)—L[1_ L R . }
=l T T TSy T =y T 2=y

5

19)
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where
) (] 4 8)1 (+1)+1+8 1 (20)
= — — — — 0 — —_— — —
st ()T e Ty
with
_& _4E0Ee _ §
y—Ee’é‘— Me2 ’.Vmax—l_’_é‘ (21)

where E,, represents the energy of the backscattered, Eo and E, show energy of the incoming
laser photon and initial energy of the electron beam before Compton backscattering. Also, the
maximum value of y reaches 0.83 when ¢ =4.8.

The total cross section of the process yy — 7Ty can be given by the following integration
[57]:

Zmax
do(e et = yy — 17y) = dz2zde(yy — 1TY)

Zmin

Ymax

X y f)/ e( ) J el\Z 22
z /ymax

Here, do (yy — t7y) represents the cross section of the process and the center-of-mass energy
of e~e™ system, /s, is related to the center-of-mass energy of yy system, NA by § = z%s. As
can be seen from Fig. 1, since the process yy — t 7y includes three anomalous vertices, thus the
total cross sections are written up to the 6th power of the anomalous couplings. The total cross
section of process yy — tTy is an even function of ¥ and a nonzero value of this parameter
always has a constructive effect on the total cross section. Thus, contributions to the total cross
section of & are proportional to &2 or higher order even power:

o) =0k + 0%k + o'k + oy (23)
Besides, the effect of ¥ parameter on the total cross section is given by:
U(E)=09K6+08K5 + o'kt + o0%3 +0’5K2+(74K+O’SM. 24)

Here, oy is the contribution of the SM, o' (i =1 —9) are the anomalous contribution. Also,
o2 and o3 coefficients are same [58]. It can be seen that the total cross sections of the process
yy — tTy are symmetric for the anomalous ¥ coupling, it is nonsymmetric for «. Thus, we
anticipate that while the limits on the anomalous magnetic dipole moment are asymmetric, the
limits on the electric dipole moment are symmetric.

The tau lepton is the heaviest charged lepton that decays into lighter leptons, electron, muon
and lighter hadrons such as 7 and K. Primary decay channels are given with one prong decay

T ve+Ll+v, L=e,u, (25)
T v+ 7t (26)
T v+t + 70, 27
v+t + 7%+ 70, (28)
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Also, three prong decays are given as follows

T — v + 37T +nnl. 29)

Produced particles from tau decays are called tau jets due to the fact that the number of daugh-
ter particles is always greater than one. One prong lepton jets are detected by similar algorithms
used by direct electron and muon. Identification of hadronic jets is more complicated than lep-
tonic modes because of the QCD jets as background. Nevertheless, tau jets are highly collimated.
On the other hand, tau identification efficiency depends of a specific process, background pro-
cesses, some kinematic parameters and luminosity. Investigations of tau identification have not
been examined yet for the ILC detectors. In this case, identification efficiency can be parameter-
ized as a function of transverse momentum and rapidity of the tau lepton [59]. The following cuts
for the selection of the tau leptons can be applied as used in many studies: p7. = p; > 20 GeV,
n®| = Int| < 2.5 [38]; Pr = p; > 10 GeV, |n7| = |n?| < 2.5 [60]. These cuts on the tau leptons
ensure that their decay products are collimated which allows their momenta to be reconstructed
reasonably accurately, despite the unmeasured energy going into neutrinos [60]. Therefore, in
this study, we consider the transverse momentums and rapidities of the taus as p; = p? > 15
GeV, 0| =|n"| <2.5.

We know that the high dimensional operators could affect pr distribution of the photon, es-
pecially at the region with a large pr values, which can be very useful to distinguish signal and
background events. For this purpose, we use the following cuts set: p7,, p%, p;, %1, 0%, 971,
AR(t,7), AR(1,y), AR(7, y) where pr is the transverse momentum of each particle in the
final state, || is the pseudorapidity of each particle in the final state and AR = /A¢? + An? is
Euclidean distance in coordinates of pseudorapidity and azimuthal angle. We apply p} = p% >
15 GeV, p} > 10 GeV, |n"| = [n’| = [n”| <2.5 and AR(z,7) = AR(t,y) = AR(T,y) > 0.4
with tagged Cut-1, four different values of p¥ with tagged Cut-2, Cut-3, Cut-4, and Cut-5 chang-
ing according to center-of-mass energies. In this study, the processes e"e™ — Z/y* — Ty and
e"et — e"y*y*eT — e~ trye™, which give the same final state as our process, can be consid-
ered as background. At the highest center-of-mass energy, while the value of the cross section
of the process e~ e™ — Z/y* — try using cut set in Cut-1 is 0.104 pb, the cross section of
the process e"e™ — e~ y*y*et — e TTye™ is obtained as 0.0053 pb. The total cross sec-
tions of these backgrounds are quite small with respect to the SM cross section of the process
yy — 1ty (osy =0.535 pb). However, we examine the transverse momentum distributions of
the photon in the final state for the signal and possible backgrounds at the center-of-mass energy
of 0.5 TeV. Figs. 2 and 3 show p% photon transverse momentum distributions of the process
yy — ttry signal and backgrounds with ¥k = 0.005 and ¥ = 0.005 at the center-of-mass energy
of 0.5 TeV, respectively. In these figures, the solid histogram corresponds to signal of the process
yy — 11y, and the dashed distributions correspond to the other SM backgrounds. As can be
seen from the figures, the SM prediction of the process yy — tty is much larger than the other
background contributions. For this reason, we only take into account the SM cross section of the
process yy — Tty in this study as a background.

A summary of the cuts is shown in Table 1. For three center-of-mass energies, the total cross
sections of the process yy — 77y as a function of the anomalous « and k¥ couplings for kine-
matic cuts described in Table 1 are given in Figs. 4-9. As can be seen from these figures, the
changes of the total and the SM cross sections according to « and & couplings have similar
characteristics. In addition, after each kinematic cut is applied, the cross sections decrease as
expected. To take a closer look at these rates of change, Table 2 has been presented. In Table 2,
we give the total cross sections and the SM cross section of the process yy — tTy with respect
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Y Y= T ywith SM + NP (k = 0.005) 1
— Y Y= 1 1 ywithSM
— eefstTYy
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do'[ pb ]
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Fig. 2. p; photon transverse momentum distributions of the process yy — tty signal and backgrounds with x = 0.005
at /s =0.5 TeV. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

0.04 - Tty YT T ywith SM o+ NP (R =0.005) |
L Y Y= 1 1 ywithSM

—— e e T Ty

e etve yye—>etTYet

1
15 20 25 30

p1(GeV)

Fig. 3. Same as in Fig. 2, but for & = 0.005.

to different kinematic cuts. As can be understood from Table 2, the ratios arise from the total
cross sections divided by the SM cross sections and increase after each applied kinematic cut. As
the applied kinematic cuts increase, the SM cross section is suppressed, thus the signal becomes
more apparent. Thus, we observe the total and SM cross sections of the process yy — tTy with
Cut-5 of each center-of-mass energy.
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Table 1

Descriptions of kinematic cuts used for analysis.

Cuts Definitions

Cut-1 pE = pL >15GeV + p} > 10 GeV +

771 =In%l =101 <25+ AR(z, 7) =
AR(t,y)=AR(7,y)>04

Cut-2 Same as in Cut-1, but for p}. > 15 GeV

Cut-3 Same as in Cut-1, but for p’% > 20 GeV

Cut-4 Same as in Cut-1, but for p% > 25 GeV

Cut-5 Same as in Cut-1, but for p% > 30 GeV
T T T —ea | ]

— Cut-2

Cut-3
- Cut-4
— Cut-5

a(pb)

Fig. 4. The total cross sections of the process yy — 17y with /s = 250 GeV beam as a function of the anomalous «
couplings at five different kinematic cuts.

[ e ‘Cut‘ 1 1
Cut-2
Cut-3
Cut-4
Cut-5

a(pb)

Fig. 5. Same as in Fig. 4, but for the anomalous k couplings.
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a(pb)

L 1 L L L 1 L L L 1 L L L 1 L L L 1 L
—-0.04 —-0.02 0.00 0.02 0.04

K

Fig. 6. The total cross sections of the process yy — 1Ty with /s = 350 GeV beam as a function of the anomalous «
couplings at five different kinematic cuts.

10r‘ ‘ T ‘—‘Cut‘—1 T T ‘ ‘i
- Cut-2

Cut-3

Cut-4

Cut-5

a(pb)

1 1 1 1 1 1 1
-0.04 -0.02 0.00 0.02 0.04

Fig. 7. Same as in Fig. 6, but for the anomalous k¥ couplings.

Figs. 10 and 11 present the results for the total cross sections of the process yy — 77y at
/s =250, 350, 500 GeV depending on x and k parameters. Here, we assume that only one of
two anomalous couplings deviate from the SM at any given time. The total cross sections show
a clear dependence according to the center-of-mass energy and the anomalous couplings. As
can be seen from these figures, the deviation from the SM of the total cross sections including
the anomalous couplings at /s = 500 GeV is larger than the other center-of-mass energies.
Thus, we expect that the obtained limits on the anomalous « and & couplings at /s = 500 GeV
are to be more restrictive than the limits at /s = 250, 350 GeV. Moreover, the effects of the
anomalous « and ik couplings on the total cross sections of the process yy — t7y are shown in
Figs. 12—14.

We use x2 analysis with systematic errors to study the sensitivities on the anomalous @ and
dy dipole moments of the t lepton:

10
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K

Fig. 8. The total cross sections of the process yy — 1Ty with /s = 500 GeV beam as a function of the anomalous «
couplings at five different kinematic cuts.

a(pb)

Fig. 9. Same as in Fig. 8, but for the anomalous k¥ couplings.

_ 2
W= (M) , 30)

USM(S

8 =1/8%ar + 825, 31

Nsy = Lint X BR X osp, (32)
1

6smt = «/ﬁ

where BR, Ngp represent branching ratio and number of events. L;,, shows the integrated
luminosity of the ILC. 84, and d;y, are statistical and systematic uncertainties, respectively.
Here, o) is the cross section in the SM and oy p is the cross section containing both the SM
and new physics contributions. The tau lepton is the only lepton that has the mass necessary
to disintegrate, most of the time in hadrons. In 17.8% of the time, the tau lepton decays into
an electron and into two neutrinos; in another 17.4% of the time, it decays in a muon and in

(33)

11
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Table 2

Total and SM cross section values and the ratios of total cross section to SM cross section on the
anomalous « and k couplings for three different center-of-mass energies and five different cuts. Here,
we assume that the anomalous « and k& couplings are equal to 0.03.

K K
Center-of-mass energy Cuts SM cross Total cross Ratio Total cross Ratio
sections sections sections
(pb) (pb) (pb)
/s =250 GeV Cut-1 0.574 2.076 3.617 1.982 3.453
Cut-2 0.342 1.437 4.202 1.360 3.977
Cut-3 0.219 1.046 4.776 0.999 4.562
Cut-4 0.147 0.794 5.401 0.754 5.129
Cut-5 0.099 0.608 6.141 0.579 5.848
/s =350 GeV Cut-1 0.605 2.951 4.878 2.825 4.669
Cut-2 0.395 2227 5.638 2.134 5.403
Cut-3 0.275 1.767 6.425 1.691 6.149
Cut-4 0.199 1.445 7.261 1.379 6.930
Cut-5 0.147 1.201 8.170 1.150 7.823
/s =500 GeV Cut-1 0.536 4.107 7.662 3.955 7.379
Cut-2 0.376 3.334 8.867 3.218 8.559
Cut-3 0.279 2.820 10.107 2.719 9.746
Cut-4 0.215 2.447 11.381 2.350 10.930
Cut-5 0.168 2.145 12.768 2.064 12.286

a(pb)

05}

0.1

Fig. 10. The total cross sections of the process yy — tTy depending on the anomalous « coupling at /s = 250, 350
and 500 GeV at the ILC.

two neutrinos. In the remaining 64.8% of the occasions, it decays in the form of hadrons and a
neutrino. Here, we take into account pure leptonic and semileptonic decays for tau leptons in the
final state. Thus, we assume that in pure leptonic decays BR = 0.123 and in semileptonic decays

12
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250GeV
350 GeV

500 GeV

a(pb)

05k

0.1r

. R . . PR R
-0.04 -0.02 0.00 0.02 0.04

Fig. 11. Same as in Fig. 10, but for the anomalous ¥ coupling.

70.02

-0.02

Fig. 12. The total cross sections of the process ¥y — tTy depending on the anomalous « and & couplings at /s = 250
GeV at the ILC.

BR = 0.46. Also, we consider each decay channel independently of each other while obtaining
the limits on the anomalous couplings. In this study, we do not consider the hadronic decay
channel because the systematic uncertainty in this decay channel is considerably greater than in
pure leptonic and semileptonic decay channels.

There are systematic uncertainties associated with measuring cross sections involving tau
leptons in colliders. Due to these uncertainties, tau identification efficiencies are calculated for
the specific process, luminosity, and kinematic parameters. A detailed study is needed to achieve

13
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350 GeV.

Fig. 13. Same as in Fig. 12, but for /s

500 GeV.

Fig. 14. Same as in Fig. 12, but for /s

14
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Table 3

For systematic errors of 0,5% and 10%, the limits on the anomalous cou-
plings at /s = 250 GeV ILC through pure leptonic decay channel with
integrated luminosities of 100, 500, 1000 and 2000 b1,

Ssys Luminosity (ﬂj_l) ar |dz| (ecm)
0% 100 (-0.00375, 0.00319) 1.91 x 10717
500 (-0.00260, 0.00206) 1.28 x 10717
1000 (-0.00224, 0.00169) 1.08 x 10717
2000 (-0.00193, 0.00139) 9.08 x 1018
5% 100 (-0.00520, 0.00462) 2.72 x 10717
500 (-0.00493, 0.00436) 2.57 x 10717
1000 (-0.00490, 0.00433) 2.55 x 10717
2000 (-0.00488, 0.00431) 254 x 10717
10% 100 (-0.00689, 0.00628) 3.64 x 10717
500 (-0.00678, 0.00618) 3.59 x 10717
1000 (-0.00677, 0.00617) 3.58 x 10717
2000 (-0.00676, 0.00616) 3.58 x 10717

a realistic efficiency of a particular process. The systematic uncertainty is not exactly found in
any ILC report for the process we are examining. However, there are many studies to probe
the anomalous electromagnetic dipole moments of the tau lepton with systematic errors. The
systematic uncertainty given at the LEP while investigating the electric and magnetic dipole
moments of the tau lepton through the process e"et — e~e™t "t " was between 4.3% and 8.9%
[18]. Ref. [13] has investigated the tau anomalous magnetic moment with systematic errors of
0.1, 1 and 2% at the prospect of future e”e™ colliders, such as the ILC, the CLIC, the FCC-
ee and the CEPC. The sensitivity limits on the anomalous moments of the tau lepton via the
process e"et — e"ett 71T at the CLIC were obtained by assuming up to 10% systematic
error [34]. The processes pp — ppt—t+ and pp — ppti,j were examined from 2% to 7%
with systematic uncertainties at the LHC by Refs. [38,39]. In addition, OPAL Collaboration was
obtained the bounds on the anomalous magnetic and electric dipole moments of the tau lepton
including the systematic uncertainties due to the selection cuts, the photon detection efficiency,
non-t background, binning effects, Monte Carlo statistics and normalization, and the calibration
uncertainty in the photon energy measurement through the process e“e™ — =ty [17]. For
this reason, we obtain limits on the magnetic and electric dipole moments of the tau lepton by
0,5, 10% systematic errors.

In Tables 3-8, the limits obtained at 95% confidence level on the anomalous a; and c?, dipole
moments of the tau lepton via the process yy — tTy in the case of two decay channels at the ILC
with 8555 = 0,5, 10% are represented. The best ILC sensitivity limits on the anomalous a, and
d, dipole moments of the tau lepton might reach up to the order of magnitude @(10~* — 1073)
and (9(10_18 — 10_17), respectively. As can be seen in Table 8, the best limits obtained on a,
and dr are —0.00082 < a; < 0.00050 and |d~f| <3.59 x 10718 ¢cm, respectively. Thus, our
best limits on the anomalous @, and d; couplings improve much better than the experimental
limits.

We observe that the sensitivity obtained on the d; coupling from yy collisions at the 250 GeV
ILC are at the same order with the experimental limits, while the sensitivity on a, is expected

15



M. Koksal

Nuclear Physics B 971 (2021) 115520

Table 4

Same as in Table 3, but for semileptonic decay channel.

8sys Luminosity (fb~1) ar ldz | (e.cm)

0% 100 (-0.00277, 0.00223) 1.38 x 10717
500 (-0.00195, 0.00141) 9.22 x 10718
1000 (-0.00169, 0.00115) 7.76 x 10718
2000 (-0.00147, 0.00093) 6.52 x 1018

5% 100 (-0.00496, 0.00439) 2.58 x 10717
500 (-0.00488, 0.00431) 2.54 x 10717
1000 (-0.00487, 0.00430) 254 x 10717
2000 (-0.00486, 0.00430) 253 x 10717

10% 100 (-0.00679, 0.00619) 3.59 x 10717
500 (-0.00676, 0.00616) 3.58 x 10717
1000 (-0.00676, 0.00616) 3.58 x 10717
2000 (-0.00676, 0.00616) 3.57 x 10717

Table 5

For systematic errors of 0,5% and 10%, the limits on the anomalous cou-
plings at /s = 350 GeV ILC through pure leptonic decay channel with
integrated luminosities of 10, 50, 100 and 200 oL

Ssys Luminosity (fb~1) dr |dz| (ecm)
0% 10 (-0.00516, 0.00469) 273 x 10717
50 (-0.00353, 0.00308) 1.83 x 10717
100 (-0.00301, 0.00256) 1.54 x 10717
200 (-0.00256, 0.00212) 1.30 x 1017
5% 10 (-0.00564, 0.00517) 3.00 x 10717
50 (-0.00466, 0.00420) 2.46 x 10~17
100 (-0.00448, 0.00402) 2.36 x 10717
200 (-0.00438, 0.00392) 2.30 x 10717
10% 10 (-0.00661, 0.00612) 3.53 x 10717
50 (-0.00610, 0.00562) 325 x 10717
100 (-0.00602, 0.00554) 3.21 x 10717
200 (-0.00598, 0.00551) 3.19 x 10717

to improve up to two orders of magnitude with respect to experimental results. Also, for semi
leptonic decays and without systematic error, our sensitivities on the anomalous couplings for
the process yy — vy with /s =250 GeV and L;,; = 2000 fb~! can set more stringent up to
1.5 times better than the best sensitivity derived from Tty production at the ILC with /s = 350
GeV and L, =200 fb~".

Tables 3—8 show that the limits with increasing the luminosity on the anomalous couplings do
not increase proportionately to the luminosity due to the systematic error considered here. The
reason of this situation is the systematic error which is much bigger than the statistical error. If
the systematic error is improved, we expect better limits on the couplings. For example, our best
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Table 6

Same as in Table 5, but for semileptonic decay channel.

Ssys Luminosity (fb—1) ar ldz | (e.cm)

0% 10 (-0.00377, 0.00332) 1.97 x 10717
50 (-0.00260, 0.00216) 1.32 x 10717
100 (-0.00223, 0.00178) 1.11 x 10717
200 (-0.00191, 0.00147) 9.31 x 1018

5% 10 (-0.00477, 0.00431) 2.52 x 10717
50 (-0.00439, 0.00393) 2.31 x 10717
100 (-0.00433, 0.00387) 228 x 10717
200 (-0.00430, 0.00385) 226 x 10717

10% 10 (-0.00614, 0.00566) 3.28 x 10717
50 (-0.00599, 0.00551) 3.19 x 10717
100 (-0.00597, 0.00549) 3.18 x 10717
200 (-0.00596, 0.00548) 3.18 x 10717

Table 7

For systematic errors of 0,5% and 10%, the limits on the anomalous cou-
plings at /s = 500 GeV ILC through pure leptonic decay channel with

integrated luminosities of 100, 1000, 2000 and 4000 b1,

8sys Luminosity (fb~!) ar |de| (ecm)
0% 100 (-0.00242, 0.00210) 1.26 x 10717
1000 (-0.00144, 0.00112) 7.08 x 10718
2000 (-0.00124, 0.00092) 5.95 x 10718
4000 (-0.00107, 0.00075) 5.01 x 1018
5% 100 (-0.00372, 0.00339) 1.98 x 10717
1000 (-0.00358, 0.00325) 1.90 x 10717
2000 (-0.00357, 0.00324) 1.90 x 10717
4000 (-0.00357, 0.00324) 1.90 x 10717
10% 100 (-0.00502, 0.00468) 2.70 x 10~17
1000 (-0.00497, 0.00463) 2.67 x 10717
2000 (-0.00497, 0.00463) 2.67 x 10717
4000 (-0.00497, 0.00463) 2.67 x 10717

limits on the anomalous couplings for the process yy — TTy with /s = 500 GeV, Lin; = 4000
fb~! and &, ys = 0% can be improved up to 4 times for @, and 9 times for d; according to case

with 8,5 = 10%.

Finally, the contours for the anomalous couplings for the process yy — t7y at the ILC for
various integrated luminosities and center-of-mass energies are presented in Figs. 15-17. As we
can see from these figures, the improvement in the sensitivity on the anomalous couplings is
achieved by increasing to higher center-of-mass energies and luminosities.

17



M. Koksal Nuclear Physics B 971 (2021) 115520

0.010 - ]
H — 10f”" 1

L —— 2000fb™"
0.005 - b
e 0.000 - b
-0.005 - =
=000, L L]

-0.010 -0.008 -0.006 -0.004 -0.002  0.000 0.002 0.004
K

Fig. 15. For semi leptonic decay channel, 95% confidence level contours for anomalous « and k& couplings for the process
yy — 1Ty with /s =250 GeV and L;,; = 10, 2000 fb—1.
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Fig. 16. The same as Fig. 15 but for /s =350 GeV and L;,, = 10,200 oL
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Table 8
Same as in Table 7, but for semileptonic decay channel.
Ssys Luminosity (fb—1) ar ldz | (ecm)
0% 100 (-0.00179, 0.00147) 9.04 x 10~18
1000 (-0.00108, 0.00076) 5.09 x 10718
2000 (-0.00094, 0.00062) 4.28 x 10718
4000 (-0.00082, 0.00050) 3.60 x 1018
5% 100 (-0.00361, 0.00328) 1.92 x 10717
1000 (-0.00357, 0.00324) 1.90 x 10~17
2000 (-0.00357, 0.00324) 1.89 x 10717
4000 (-0.00357, 0.00324) 1.89 x 10717
10% 100 (-0.00498, 0.00464) 2.68 x 10717
1000 (-0.00497, 0.00463) 2.67 x 10717
2000 (-0.00497, 0.00463) 2.67 x 10717
4000 (-0.00496, 0.00463) 2.67 x 10717
r 20fb~2 1
0.001 (- —  1000fb~2
0.004 - B
e 0.000 + B
-0.004 - B
-0.001 - B
L | | | | | | | | | | | | | | | | ]
-0.001 -0.004 0.000 0.004 0.001

K

Fig. 17. The same as Fig. 15 but for 4/s = 500 GeV and L;,; = 10, 4000 L.

3. Conclusions
It is of great interest to perform model-independent studies of the magnetic and electric dipole
moments of the tau lepton with the processes examined in colliders. The 77y coupling between

the tau lepton and the photon needs to be studied precisely. Since non-standard Ty couplings
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defined via effective Lagrangian have dimension-six, they have very strong energy dependencies.
The cross sections with anomalous couplings increase more quickly with energy than those with
SM values. In this case, a possible deviation from the SM cross section of any process involving
Ty coupling may be a sign of the existence of the new physics.

The contribution arising the new physics beyond the SM changes the distributions of the
kinematic variables of the final state, most notably the photon energy spectrum [17]. Therefore,
the pr distribution of the photon, especially at the region with a large pr values, is very useful to
distinguish signal and background events. In the literature, e“e™ — t7y [17,24] and Z — 1Ty
[61] processes involving photon in the final state of photon-photon collisions were investigated
in order to examine the anomalous magnetic and electric dipole moments of the tau lepton. On
the other hand, decay products of the tau leptons are highly collimated because of the QCD
jets and this makes them difficult to identify. However, the final state photon identification can
facilitate the tau pair identification. Generally, the anomalous parameters tend to increase the
cross section for the process yy — tty, especially for photons with high energy which are well
isolated from the decay products of the taus [24]. Furthermore, the single-photon in the final state
has the advantage of being identified with high efficiency and purity. For this reason, we have
investigated on the phenomenological aspects of the anomalous 77y couplings with the process
yy — tty at the ILC.

The total cross section and the limit analysis are analyzed in regard to the anomalous a, and
d; dipole moments which cause the possible deviations from the SM. Here, a cutflow is created
according to cuts set to achieve optimized limits. The ratio to SM cross section of total cross
section including the anomalous a, and dy parameters has determined and the contributions of
the kinematic cuts to the signal have examined. Also, for the anomalous a, and ci, parameters,
the limits at 95% confidence level by using x2 test are obtained. We find that the ILC with
/s =500 GeV and 4000 fb~! gives the best limits on all the anomalous coupling parameters.

The process yy — tTy has some advantages. The anomalous Ty couplings can be ana-
lyzed via the process e~et — Ty at linear colliders. This process receives contributions from
both the anomalous t7y and tTZ couplings. Nevertheless, the process yy — tTy isolates the
Ty coupling, and thus Ty and tTZ couplings may be investigated separately. Moreover, the
single photon in the final state has the advantage of being identifiable with high efficiency and
purity. For this reason, the selection criteria used for the analysis enables examining for events
with single-photon characteristics. Finally, yy collisions in lepton colliders may be effective at
efficient t identification due to clean final state when compared to hadron colliders.

Consequently, we emphasize that the sensitivities obtained on the anomalous &, and d; cou-
plings in our work are better than the sensitivity of current experimental limits. y y collisions at
the ILC to investigate the anomalous @, and d; couplings via the process yy — tTy are quite
suitable for investigating the anomalous &, and d; dipole moments of the  lepton.
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