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Dipole momenta and compositeness of the 7 lepton at Belle 11
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The large number of 7 leptons available at the Belle II experiment makes it possible to study their
properties and the extent of their compositeness. We propose a strategy that relies on three observables
defined in terms of elements of the polarization density matrix of the produced 7 pairs, which we obtain via
quantum tomography. We find that these observables can explore values of the magnetic dipole moment

down to 6.3 x 104, which is 2 orders of magnitude better than the current experimental limit, constrain the
electromagnetic radius below 4.3 x 10~ fm, and exclude an electric dipole moment larger than
1.7 x 107'7 ecm. The quoted limits are at the 95% confidence level (CL) and are obtained for a
benchmark integrated luminosity of 1 ab~' and a Monte Carlo estimate of the statistical sensitivity.
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I. INTRODUCTION

The abundant production of z-lepton pairs in ete™ —
77~ at Belle II [1] provides a promising laboratory for a
systematic analysis of their electromagnetic couplings. The
study is important because deviations of these parameters
from their Standard Model (SM) values would provide
insights into the nature of underlying new physics, imply-
ing, for instance, the presence of new particles or inter-
actions. Given the current data, the v lepton—the heaviest
among the leptons, as the top quark among the quarks—
could be the likeliest to show a behavior departing from that
described by the SM. In this paper, we then investigate the
electric dipole moment, the anomalous magnetic moment,
and the possible substructure of the 7 lepton, represented by
the size of its radius that we define below.

The most general electromagnetic Lorentz-invariant
coupling between the photon (with momentum ¢) and
the 7 lepton can be written as

. . ic"q,
—ietl*(¢*)7A,(q) = —iet {y”Fl(qz) + o Fy(q)
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which defines the magnetic and electric dipole moments as
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with
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m‘[

(1.4)
We take the form factors F,3(g?) at the leading order for
g*> = 0, while we retain the first order in ¢> for the form
factor F,(q?).

The photon mediating the process eTe~™ — t77~ at Belle
IT is not on shell and the definitions above only apply if the
difference between the form factors at g> # 0 and their
values at ¢*> = 0 is sufficiently small. This is expected to be
the case unless there is a threshold nearby. Nevertheless,
the reader should bear in mind that our limits—as well as
all the quoted ones—are actually for the momentum-
dependent form factors F;(s), with /s the center-of-mass
energy of the process—about 10 GeV at the Belle II
experiment.

Whereas the magnetic moments of lighter leptons are
measured to an accuracy that probes the respective radiative
contributions expected within the SM, that of the heavier =
lepton is still only known to a lower precision: the current
limits [2]

-0.052 < a, < 0.013

(95%) CL,  (1.5)
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are one order of magnitude above the theoretical value [3]

asM = 1.17721(5) x 1073 . (1.6)

The electric dipole moment is constrained to be (with an
integrated luminosity of 833 fb~!) [4]

—0.185x 1071 < d, < 0.061 x 107'° ecm (95%) CL

(1.7)
assuming its value to be real. A nonvanishing value would
signal the presence of CP violation.

No direct limits on the electromagnetic radius of the 7
lepton exist, but there is a bound on the scale [5]

for the related four-fermion contact interaction (C.I.)
2 _
+AT(6L7”eL)(TL7yTL)’ (1.9)
ClL.

constrained at the energy of about 200 GeV.
The form factors introduced in Eq. (1.1) translate, in the

language of effective field theory, into the SU(2) x U(1)-

invariant effective operators for the 7z lepton. The leading

contributions come from the following three higher-dimen-

sional operators:

A c| _ ~ CU _

0, = em—l%‘ry”TD”Fﬂy, 0, = emw"”rﬂw,

R c30 _
and O; = ez‘gﬁw"”ygﬂw,

T

(1.10)

where D* is the covariant derivative, F,, is the electro-
magnetic field strength tensor, and v = 174 GeV is the
Higgs field vacuum expectation value. In Eq. (1.10) the
dimensionless Wilson coefficients c¢; are taken to be real.
Left- and right-handed chiral fields enter symmetrically.
The operator 0, gives the leading ¢ dependence of the
form factor F'|, while 02,3 give the g>-independent term of
the form factors F 3,

9 v
Fi(¢®) =1+c¢;—5+... and F,3(0) =2¢cy5—.

mz my

(1.11)

The operators 02,3 are written for the sake of con-
venience with an extra factor v/m,, sourced after the
electroweak symmetry breaking by the dimension-six
SU(2), x U(1), gauge-invariant operators involving the
Higgs field. Operators of higher dimensions can, in general,
contribute—they give further terms in the expansion of the
form factors—but their effect is suppressed.

Compared to the effective field theory approach, the
form factors we use have the advantage of directly

answering a simple question: is the 7z lepton a pointlike
particle or does it show a composite structure? The answer
comes without relying on any assumption or UV model to
select the relevant operators out of the many present in the
effective theory.

Our strategy to constrain the electromagnetic couplings
in Eq. (1.1) exploits the polarization density matrix, which
can be experimentally reconstructed through a procedure
dubbed “quantum tomography” and gives a bird’s-eye view
of the possible observables available for a given process.
The method has been previously used to constrain physics
beyond the SM affecting the top-quark [6,7] and z-pair [7]
production at the LHC or yielding Higgs anomalous
couplings to 7z leptons [8] and gauge bosons [9-11]. For
the present case, we use the entries of the polarization
density matrix to define three observables that provide the
means to best constrain the parameters in Eq. (1.1): one
observable measures the entanglement [12] in the spin
states of the produced z pairs, another is related to triple
products involving one momentum and the spin vectors of
the 7 leptons—and it is specific to the CP-violating electric
dipole moment, and the third is the total cross section.

We compare our results to the current experimental
limits [13] and to recent phenomenological estimates of
the electric and magnetic dipole moments in [14,15] and of
the electric dipole moments in [16].

Proposals to measure the electric and magnetic dipole
momenta of the 7 lepton by exploiting polarized beams at B
factories are discussed in Refs. [17,18].

A. Events

We propose to probe the electromagnetic couplings
of the 7 lepton by using the process eTe™ — 777~ at the
Belle II experiment, located at the SuperKEKB collider.
The SuperKEKB collider delivers e™e™ collisions at a
center-of-mass energy of /s = 10.579 GeV. The Belle
Collaboration has published analyses of ete™ — 777~
production with data corresponding to an integrated lumi-
nosity of up to 921 fb~! [19], equivalent to 841 x 10° 77~
events, and other 175 x 10° events have now been added
with the Belle II dataset [20]. The aim of the SuperKEKB
project is to collect 50 ab~! of data [1,21], corresponding to
a dataset of about 50 x 10° eTe~ - 777~ events. Of these,
we can use those involving the 7~ — 77 v,, 7~ = 71~ 7'v,,
and 7= = 7~ 7" 7 v, decays to reconstruct the polarization
density matrix. The combination of these channels covers
about 21% of z-pair decays.

We expect the dominant background to arise from
misreconstructions of the 7z decay channel, affecting about
15% of the ete™ — t7t~ events at Belle II [20].
Backgrounds arising from the process eTe™ — qg and
from other sources are negligible in comparison. Given
their modest impact, we neglect the effect of backgrounds
in our study. It will have to be taken into account when the
analysis is performed on the actual data.
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The detailed Monte Carlo simulation of the process
ete™ -t~ in [22] shows that a full quantum tomogra-
phy is achievable and provides an indication of the
uncertainties in the density matrix that we are going to
use in our analysis. This simulation only provides an
estimate of the statistical uncertainties. A more refined
result accounting for complete background selections and
realistic detector effects can only be obtained by the
experimental collaboration.

II. METHODS

Quantum tomography aims to fully determine the
density matrix p of a quantum state. The 7z leptons—whose
spins are represented with two-level quantum states, that is,
“qubits”—act as their own polarimeters and the full
polarization density matrix can be reconstructed, within
the inherent uncertainties of the procedure, from the
angular distribution of the 7 decay products.

The polarization density matrix is very sensitive to any
departure from the SM limit. Deviations are encoded in
correlations and entanglement—whose study may provide
a powerful probe into the presence of physics beyond the
SM. The use of entanglement to study new physics in high-
energy scattering has been pioneered in a number of recent
works. The review in [23] summarizes these results and
provides an introduction to the details of the procedure in
the case of ee™ — t77~ and other processes.

Polarizations are more difficult to measure than
momenta and so the reconstruction of the polarization
density matrix from the data is challenging. The main aim
of this work is to show to what extent the advantages of
using the proposed method make the extra work in the
experimental analysis eventually worthwhile.

The density matrix describing the polarization state of a
quantum system composed by two fermions can be written as

1
P=7 {1] ®ﬂ+ZBj((;i®u)+ZB](n ® o;)
L J

+ ch.j(a,. ® aj)], (2.1)

where i, j€{n,r, k} and o; are the Pauli matrices. The
decomposition refers to a right-handed orthonormal basis
{fi,# k} and the quantization axis for the polarization is

taken along K, so that 6, = o5. In the fermion-pair center-of-
mass frame, we have

1
sin(6)

1

A R A:
(bxk). F sin(0)

n= (p — cos(0)k),

(2.2)

where K is the direction of the z* momentum and @ is the
scattering angle satisfying p - kK = cos 6, with p being the
direction of the incoming e™.

The coefficients B in Eq. (2.1) give the polarizations of
the individual fermions, whereas the matrix C; j contains the
spin correlations. By using the properties Tr(c;0;) = 25;;
and Tr(c;) = 0, we have

B/ =Trlp(c; ® 1), By =Trlp(1 ® 0,)],

C;j = Trlp(o; ® o)), (2.3)
and, for the process at hand, it holds that Bli =0.

The nonvanishing coefficients C;; can be reconstructed
in the actual experiments by tracking the angular distribu-
tion of suitable z-pair decay products. In particular, for
events where each 7 lepton decays to a single pion and a
neutrino, we have

1 do 1

= 2.4
O'dcoséfdcosejT 4 (2.4)

(1 + C;;cos 6 cosejf),

+

where cos@F is the projections of the z* momentum

direction on the {ﬁ,f',f(} basis, as computed in the rest
frame of the decaying z*. Crucial to the whole procedure is
the reconstruction of the neutrino kinematics. More details
pertaining to the experimental determination of the C;;
coefficients for different decay channels are presented, for
instance, in Ref. [22], which we closely follow.
Quantum tomography gives the coefficients B; and C;;
for the density matrix and there are a number of observables
that can be constructed with them. We consider the three
that provide the most stringent limits on the anomalous
couplings:
(i) The concurrence %[p] [12] is a direct measure of
entanglement in a system. It can be computed in our
case by means of the particularly simple formula

1
%[ﬂ] = Emax |:0v Crr + Ckk| - (1 + Cnn)’

\/(Crr - Ckk)2 + 4C%n - |1 - Cnn| ’ (25)

because the B = 0 and all off-diagonal elements
but C,, vanish when the scattering angle is inte-
grated over. We use as first observable the con-
currence in Eq. (2.5) computed from the C matrix
obtained by averaging over the angular distribution
of the 7 leptons.

(i) The second observable is just the total cross section

1 IM> | 4m?
= dQ 1-— 2.6
° 647%s / 4 s (2:6)
where we neglect the electron mass and

/s = 10.579 GeV. The spin-summed squared am-
plitude | M|? is given by
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2

IM|?> = e“{i [sin?0(16¢2 + d? + a?) + 4c,(cos 20 + 4a, + 3)] +2— c3(cos 20 + 3)
m

2

T

2
+4(8csin®0 + (d? + a2 + 1)cos’0 — d* + a2 + 4a, + 1) + 16&sin29}.
s

(iii) The third observable %,y singles out the antisym-
metric parts of the density matrix. It is defined as

1
Codd = 5 z ICij — Cil

i,ji<j

(2.8)

and contains only off-diagonal terms that change
sign under transposition. The observable encodes
kinematical variables that can be written as the triple
products of momenta and spin vectors, for instance,

k- (55 x 55), (2.9)

where & is the momentum of one of the particles, and
5; and §; are the projections of the spin vector along
two directions orthogonal to the momentum. In the
present case, there is only one nonvanishing term
coming from the elements C,, and C,,, which are
equal in magnitude and with the opposite sign.
We build the observable % yqq from the C matrix
obtained by averaging over the angular distribution
of the 7z leptons.
The integration over the angular distribution used for the
operators %[p] and %,4q is performed over the range
defined by |cos 6| < 0.4 to optimize the quantum tomog-
raphy procedure.

A. Uncertainties

To set limits on the parameters in Eq. (1.1) we need to
know the uncertainties of the operators we utilize to

0.004 -

95% CL

0.002 -

=
S 0.000

-0.002

68.3% CL

—0.004 -

~0.0010 20,0005 0.0000 0.0005 0.0010

ar

FIG. 1.

s
m;

(2.7)

characterize the process e™e™ — 777~ at Belle II. These
have been estimated for a benchmark luminosity of 1 ab™!
as follows. For the concurrence %[p] and the CP odd
operator % .44, We rescale the corresponding uncertainties
of 1.4x 1073 and 4.0 x 10~ given in Ref. [22] (after
averaging on the angular distribution of 7z leptons) for a
luminosity of 220 fb~! and for a center-of-mass energy
/s = 10.579 GeV. For the total cross section, instead, we
rescale the relative uncertainty of 0.3% on the integrated
luminosity quoted in Ref. [24] for 833 fb~!. All these
uncertainties are at the 1o confidence level and contain (to
different extents) also statistical errors due to the effect of
initial state radiation on the energy and the imperfect
reconstruction of the momenta.

III. RESULTS

The operators introduced in the previous section, generi-
cally denoted here as &;(a,, d,, c;), depend on the electro-
magnetic couplings a,, d,, and ¢, and ¢;(0,0,0) are the
values of the operators for the SM. To constrain the
couplings, we introduce a y> test set for a (68.3) 95%
joint CL,

Z [ﬁi(ar’ d‘rv Cl) - ﬁi(()’ 0, O) 2

O

<(230)5.99,  (3.1)

i

in which we set the uncertainties o; for the operators ; at
the values discussed in the previous section.

0.0002 -

95% CL
0.0001 -

el
Q  0.0000 -

—=0.0001

68.3% CL

~0.0002)
~0.0010

| | | ]
—0.0005 0.0000 0.0005 0.0010

ar

Bounds on the electromagnetic couplings a,, d, = F3(0) and ¢, obtained by means of Eq. (3.1) varying two parameters at a time.

095026-4



DIPOLE MOMENTA AND COMPOSITENESS OF THE 7 ... PHYS. REV. D 109, 095026 (2024)

TABLEI. Bounds obtained on the single parameter after marginalization of the 95% joint confidence intervals for
the electromagnetic couplings shown in Fig. 1, neglecting correlations. The values refer to a luminosity of 1 ab™! at
Belle II; limits for higher luminosities can be (approximately) obtained by rescaling these values by the square root

of the ratio of the relative luminosities. The current experimental limits are reported in the first column.

PDG (2022)

This work

-19%x1077 <d,. <6.1 x 107'® ecm
—52x107%2<a, <13x1072
AC.L Z 79 TeV

|d,| 1.7 x 1077 ecm
la,| <63 x 1074
|C1| < 95 X 10_5, AC.I. > 26 TeV

The operators &; in Eq. (3.1) that we utilize to constrain
a, and d, are €[p] and € qq. We employ instead €’[p| and
the cross section ¢ to constrain a, and c;.

The bounds on each coupling can be extracted from
Fig. 1 via marginalization by assuming the parameters to be
independent. The values obtained from the 95% joint
confidence interval are reported in Table I, where they
are compared to current experiment bounds.

A comparison between the effectiveness in probing the
electromagnetic structure of the 7z leptons of the entangle-
ment and the cross section is now possible. The concur-
rence provides, for a common uncertainty, a limit 20%
stronger than that given by the total cross section in
determining the anomalous magnetic moment, as shown
in Fig. 2. Whether this improvement in the constraint
justifies the extra work required by quantum tomography
depends on the details of the experimental setup. The
method is beneficial only as long as the error in the cross
section measurement is about the same size as the corre-
sponding uncertainty in the determination of the z-lepton
polarizations.

On the other hand, the electric dipole moment limit is
dominated by the observable %44, Which is essentially the
same as those used in other analyses, and comparable
constraints are to be expected.

The radius of the 7 lepton that can be explored is
estimated from our limit on ¢; and Eq. (1.4) as

X
©[p]
8+
o
6k
g[95%CL
2
68.3%CL
. , , , a
—-0.0010 —-0.0005 0.0005 0.0010 T

FIG. 2. Comparison between the power of entanglement (blue
line) and cross section (orange line) to constrain the electromag-
netic couplings. For the plot we use a common relative un-
certainty of 0.1%. The green and red areas denote the 95% and
68.3% one-parameter confidence level, respectively.

6 a,
() = w2 (cl + 4), (3.2)
which gives the root-mean-squared radius value of
() < 5.1 x 1073 fm. (3.3)

By comparison, the electron, which is believed to be a
pointlike particle, has a limit on its root-mean-squared
radius of about 10~ fm [25] that does not originate in
radiative corrections.

IV. OUTLOOK

We have outlined a strategy to constrain the electric and
magnetic dipole moments of the 7 lepton, as well as its
electromagnetic radius, via quantum tomography.

In order to put our results into perspective, we compute
the single-parameter 68.3% confidence intervals for a, and
d, from Eq. (3.1) and compare the resulting limits to those
in the literature. With a luminosity of 1 ab™!, Ref. [14]
finds

|d, —d™| < 1.44 x 10718 ecm

and |a, —aSM| < 1.24 x 1074 (4.1)

at 68.3% CL. Our method instead yields

|d.] <6.7x10"® ecm and |a, —a?™| < 2.6 x 107,

(4.2)

The SM prediction for dM is still negligible at this
precision level and so the first limit can be compared
directly to ours. The SM prediction for a$M is given in
Eq. (1.6) and therefore the limit in [14] is of the same order
of magnitude as our result. Comparable results are obtained
in Ref. [15] by using a combination of differential cross
sections.

Reference [16] quotes the following 68.3% confidence
interval for the electric dipole moment

|d,| < 6.8 x 1072 ecm, (4.3)
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given for a luminosity of 50 ab~!. Rescaling the result we
obtained to account for the latter, we find
|d,| <9.4x 107" ecm. (4.4)
It is not surprising that both the limits on the
electric dipole moment reported in Refs. [14,16] are
comparable to ours: these results are all obtained by
using an operator involving the triple product of two
spin vectors and one momentum, equivalent to the CP
odd operator utilized in our analysis. The limit in
Eq. (4.3) is stronger because of the smaller uncertainty
used, which is obtained by combining in quadrature the
yields of different decay channels. Our result, in fact, is
comparable to those obtained in Ref. [16] for any single
channel.

As for the bound obtained for the compositeness scale,
see Table I, one has to bear in mind that the current
experimental limit is obtained considering energies of
about 200 GeV, whereas ours is given for energies one
order of magnitude smaller, of about 10 GeV. Depending
on the origin of the relevant four-fermion interaction, the
scaling of the related operator is at least linear in the energy,
implying that our result must be compared with the
approximated rescaled value Acj 2 800 GeV  when
assessing the power of the method.
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