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The possible anomalous New Physics contributions to magnetic and
electric dipole moments of the 7 lepton have brought renewed interest in
studying 7 pair production at energies of the LHC and future colliders. We
discuss effects of electromagnetic and weak dipole moment contributions
to the 7-lepton polarization and 77 spin correlations in the vy — 7777
and g — 77T processes. Such processes have been observed in the pp
and PbPb collisions in the LHC experiments. Extensions of the Standard
Model amplitudes for vy — 7~7F and q7 — 7~ 77T processes, which include
dipole moments of the 7 lepton, are implemented in the TauSpinner Monte
Carlo program. A few examples of signatures of 77 spin correlations and
T-lepton dipole moments in observables are presented.
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1. Introduction

Recent measurements of dipole moments of the 7 lepton at the Belle
experiment [1]|, as well as observation of vy — 77 7% production at the
LHC |2, 3|, have brought considerable interest in magnetic and electric dipole
moments of the 7 lepton. Deviation from predictions of the Standard Model
(SM) and measured values can carry information on the New Physics (NP)
effects, which are expected to be significantly enhanced for the 7 lepton
compared to the muon. Various extensions of the SM, for example, new
heavy particles in the loops, can be a source of NP contributions to dipole
moments of the 7 lepton, as mentioned in [4, 5] and references therein.
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In our studies, the anomalous magnetic and electric dipole moments of
the 7 lepton, or the corresponding form-factors in the case of a virtual photon
and a Z boson, are introduced on top of simulations of vy — 77 and ¢¢ —
77 processes in the SM including decays of the 7 leptons. The important
ingredient in this calculation, which complicates consideration, is account of
the spin correlations in the 7 pair. The Monte Carlo solutions are convenient
and the calculations are implemented in the TauSpinner program |6, 7| for
reweighting events with 7 leptons produced in the pp or PbPb collisions.

In the calculation of the hard quark—antiquark processes, the Improved
Born Approximation (IBA) is applied, which includes electroweak (EW)
corrections following the formalism outlined in Refs. |8, 9].

In this article, some aspects of the spin-correlation approach to the yy —
77 and qq@ — 7T processes are reviewed. A few examples of the impact of
the 7-lepton dipole moments on observables in pp collisions are illustrated.
Results presented here are based on Refs. [10-13].

2. Magnetic and electric dipole form-factors and moments

Magnetic and electric dipole moments of the 7 lepton induce its interac-

— —

tion with external magnetic, I3, and electric, £, fields

— -

Hy = —fi; B—d, £, (1)

where in the rest frame of the lepton, vectors of dipole moments are propor-
tional to the 7-lepton spin §

— € —
T = g’rifrg;—_sv aT:%_la (2)
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d — dr = — . 3
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Here, g, is the g-factor, n, is the dimensionless constant analogous to g,
a, is the anomalous magnetic dipole moment, and d; is the electric dipole
moment in units e cm.

At high energies, one can use the Lorentz-covariant form of the 77
vertex!

ng

I = —ieQ, {F1 ()" + 5 1P () + 75 Py (qQ)}} (4)

T

in terms of the Dirac (Fi(¢?)), Pauli (Fz(¢?)), and electric dipole (F3(q?))
form-factors, which reduce to the dipole moments at the real-photon point
at ¢ =0

! The anapole form-factor Fa(g?) is not considered here.
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BO)=ar,  Fy(0) = 224, Fi(0)=1. (5)
eQr
In the following, we use the notation A(¢?) = F»(¢?) and B(q?) = F3(¢?).
At high energies of the LHC and future colliders, the Z-boson interaction
with the 7 lepton (in general, with any fermion) becomes important, and
the Z77 vertex including the SM contribution and dipole moment terms can
be written as

.97 - o oy

Iy = =i 37" (6% —598) + 5 [iX (%) +sY ()] p - (6)
2 2m,

Here, g7z = e/(swecw) is the constant of the neutral-current interaction,

sw = sinfly, cw = cos By, where Oy is the weak mixing angle, and g3;, g}

are the vector and axial-vector couplings.

In Eq. (6), X(q?) is the weak anomalous magnetic form-factor (CP con-
serving), and Y (¢?) is the weak electric form-factor (CP violating), which on
the Z-boson mass shell at g% = M% are related to the weak dipole moments
as

X (M%) = a™ (2swew) , YV (M2) = d™) (2swew) - (7)

The weak dipole moments agw) and d(Tw) are defined by the ALEPH Collab-
oration in Ref. [14].

In general, one has to separate the SM radiative corrections to the dipole
moments, or form-factors, from NP contributions. For the real photons,
the SM anomalous magnetic dipole moment was calculated in [5] with the
result a, gv = 117721(5) x 1078, and more recently in [15], where a, sy =
(117717.143.9) x 1078, For the finite ¢, one can use the QED contribution
to A(qg?) in the first order in a = e2/(4n) [16].

The electric dipole moment is equal to d, sm = 7.32 x 10738 e cm, which
was calculated [17] in the SM including long-distance contributions. The

SM prediction [18] for the weak anomalous magnetic moment is a(TwS)M =

—(2.10+10.61) x 1076,

In our calculation, we neglect minor contributions from the SM to the
electric form-factor B(q?), as well as to the weak form-factors X (¢?) and
Y (q?). These form-factors can be viewed as originating mainly from NP.
As for the magnetic form-factor A(q?), the SM term is added via A(q?) =
A(¢®)sm + A(¢*)np. To simplify further notation, we will not distinguish
between form-factors and corresponding dipole moments for the NP contri-
bution, and will denote them Axp, Byp = B, Xnp = X, and Yyp =Y.

We should mention important relations between the NP contributions
to these dipole moments and Wilson coefficients of the SM Effective Field
Theory (SMEFT). The SMEFT Lagrangian is written as [19-21]
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LMEFT = £SM+< ZC’ 20(6)Qk6)+ (@) <A3> +H.c.> , (8)

where Eg\)/[ is the SM Lagrangian and A is the scale of NP.
Relevant for the dipole moments terms are the dimension-6 operators

QS—% (LLU'LWTR) SOB;W ) Qq(—?/)[/ = (I_/LO'W/TR) 590 V_[}/w (9)

which enter Eq. (8) with the corresponding dimensionless Wllson coefficients
CSE and Cg‘)/. In Eq. (9), ¢ is the scalar doublet, By, and WW are the

strength tensors for the U(1)y and SU(2)r, gauge fields B, and Wuv TR is
the right-handed chiral spinor and Ly, = (7, 7)L, contalns the left-handed
chiral adjont spinors.

The straightforward calculation leads to the relations between the NP
contributions to the dipole moments and Wilson coefficients

ANp = )\Re(D’yTT) ’ Bnp = _)\Im(D’yTT) )
XNP = )\RG(DZTT) (QSch) y YNP = —)\Im(DZTT) (QSch) s (10)
where Y
2v 2m,
= 11
Dorr = ewC%) —swC®) . Dyrr = swC& +ewc®,  (12)

and v = (v2Gr)"'/2 ~ 246 GeV is the vacuum expectation value of the
scalar field.

Once dipole moments are measured, the coefficients CSE /A% and C’i?,?, /A2
can be determined which will indirectly constrain an underlying high-energy
theory.

3. Spin correlations in the T pair

Many details on inclusion of spins of the final 7 leptons in the e"et —
777F, q7 — 777", and 4y — 777" processes are contained in Refs. |10,
12, 22]. Below, a few aspects of this approach are recalled.

The ab — 777~ process with (ab) = (e"e™), (¢q) or (7y)

a(k) +b(kz) = 7~ (p-) + 77 (p4) (13)

is described in the center-of-mass frame, where components of four-momenta
are chosen as
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p—:(E7ﬁ)7 p-l-:(E:_ﬁ)v ﬁ:(o Op)
ky = (E E) R - (E —E) , k= (Esing, 0, E cosf) , (14)

so that 3 axis is along vector 7, the reaction plane is spanned on 1 and 3 axes
defined by the momenta p and k, and 2 axis is along px k. Also, ¥ = % s is

2
the energy, p = SE is the momentum, and 8 = (1 — 4%)1/2 is the velocity
of the 7 lepton.
After squaring the matrix element and averaging the result over the
polarization states of the initial fermions or photons, one obtains

M = Z Rijs; 8 =Ry |1l +Z Tia S; —i—Z T45 8] +Z Tij S; s
i,5=1 1,j=1
(15)
Here, 57 = (sf, s;, s;f) and §~ = (s], s, , s3 ) are vectors of spins of the 7+
and 7~ leptons in their corresponding rest frames, and for convenience, we
add the 4" components equal to 1, so that sgt = (5%,1) fori,j =1,2,3,4.

The elements of the spin-correlation matrix R;; depend on the invariant
mass of the 7 pair, m,., and the scattering angle 6. In Eq. (15), the normal-
ized elements of the matrix are introduced viar;; = R;j/Rua4 (1,7 = 1,2, 3,4).
The spin-independent element R4y determines the cross section for the un-
polarized 7 leptons.

Elements R;; were calculated in Refs. [10, 12, 22|. For the vy — 77
reaction, the tree-level ¢- and u-channel diagrams were taken into account
including dipole moments up to the 4™ order [12]. For the q§ — 77 pro-
cesses, the s-channel exchange of virtual v and Z boson was included, on
top of which the EW corrections in the IBA were added |10, 13]. The con-
tribution from the dipole form-factors was accounted for in the lowest order.

The elements (114,724, 734) = 73(7'_) and (r41,742,743) = 73(7'+) are com-
ponents of polarization of the 7~ and 77 leptons. These elements vanish for
the vy — 77 reaction in a good approximation, while they are non-zero in
the case of the ¢¢ — 77 process. The elements r;; with 4,7 = 1,2,3 form a
3 x 3 matrix of 777" spin correlations.

Note that matrix R;; has certain symmetry properties. In general, the
following relations hold:

Rji = Rij|yu posp xoox vy [0 177, (16)
and some non-diagonal elements vanish if the dipole moments (form-factors)
are switched off. In particular, if the electric dipole moment is absent, then
for the vy — 77 process, R12 = Ro1 = Ro3 = R3s = 0.
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4. Results and discussion

In this section, a few numerical results for the vy — 77 and ¢g — 77
processes are presented. We will discuss some observables, which can be
studied in the experimental analyses.

Let us mention that the frame and sign convention of R;; defined above
differ from the ones used in the TauSpinner program, when the matrix is
contracted with 7-lepton polarimetric vectors. There are reasons for that
frame orientation differences used in the TauSpinner and TAUOLA decay
library [23], which are discussed in Ref. [12]. The result of the redefinition
of the spin-correlation elements is

Ry = Ras, Ryp=—-Rio, Ry=—-Ru, Ry.=—Raz,
Ryy=—Roy, Rypw= Ro, Ryy= Ro1, R;.= Ros,
Ry= Ry, Ry=-Ri2, Ry, =-Ri1, Ry.=—-Ri3,
R.y=—-Raa, R.;= Rs», R,y= Rs1, R..= Rs. (17)

With this transformation, R;; with ¢,7 = t,2,y, z are used in the TauSpin-
ner event reweighting algorithm for calculating weight implemented in the
TauSpinner code and for presenting numerical results.

4.1. Spin-correlation effects in vy — 7T process

Results presented below are based on events generated with PYTHIA 8.3
[24] using pp scattering at 13 TeV, PhotonCollision:gmgm2tautau hard
process, parametrization of parton distribution functions PDF:pSet = 13
and restricted to low invariant mass of the 7 pair, m,r = 5-50 GeV and
transverse momentum pj’ > 5 GeV. This choice of phase-space roughly
corresponds to the range covered by the PbPb — Pb(yvy — 77)Pb processes
in peripheral PbPb collisions at the LHC.

The 7 decays were modeled with the TAUOLA decay library [23] (with no
spin correlations between decaying 77~ leptons). In total there are about
0.8 x 10% events for each decay mode generated. Then the spin correlations
were added using weight calculated with TauSpinner program, both for the
spin-correlation effects in the SM and in SM+NP models, and the cross-
section normalization in SM-+NP models.

We use as a reference the SM calculation with A = B = 0, and assume
for simplicity that the QED radiative corrections are small enough and can
be omitted when discussing the NP effects. Thus any non-zero values of
A, B indicate some NP.

Below, the SM predictions are compared with the six settings for the
dipole moments
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(i) A = 0.002, 0005, 0.02 with B =0,
(i) B = 0.002, 0005, 0.02 with A=0. (18)

This choice is arbitrary covering the plausible range. The smallest value
A = 0.002 roughly corresponds to 2a, snm-

The analysis shows that the behavior of the matrix r;; is not trivial.
In some cases, its elements are zero in the SM, while they obtain contri-
bution from the dipole moments. In many cases, the spin correlations in
the SM are sizable and dominate over the impact from the dipole moments.
This can give hints on how to optimize the choice of the observables and
minimize background, and at the same time, underlying importance of spin
correlations as a possible bias for the cross sections.

Let us discuss distributions constructed from momenta of the 7-decay
products. The following example of the decay channels 7= — p~ v, —
7~ and 77 — pto, — 7700, is considered.

In Fig. 1, the effect of spin correlations in the SM with A = B = 0 is
shown on a few distributions:

(i) transverse momenta of charged pions pf,
(i) ratios E,/E, and E +/E,,

(iii) ratio of invariant mass of pTp~ system to 77~ system, my,/m;.
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Fig.1. Spin-correlation effects in yy — 77 for 7-decay channels: 7= — p~ v, —
Y9, and 7+ — p*i, — 7770, The ratio (SM without spin correlations) /(SM
with spin correlations) is shown. The figure is taken from Ref. [12].

T
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The pf, E,/E-, and E +/E, distributions are insensitive to the spin
correlations. However, in the distribution of m,,/m,., the effect is apparent.
The change in the shape of the latter is 10-15% in a wide range around
Mpp/Mrr = 0.5.

Fig. 2 shows the effect of SM+NP including non-zero dipole moments
and spin correlations. Once integrated over the full phase-space, the impact
from SM+NP extension is mostly due to the change of the cross section.
Still changes in the shape of the p%. distribution are observed, with the ratio
(SM+NP)/SM increasing with increasing p7.. Some effects are also visible
in the E,/E;, E.+/E,, and m,,/m., distributions for A = 0.02. However,
without detector studies, it is not clear how useful these effects can be for
measurements searching for effects of NP.

4.2. Spin-correlation effects in qq — TT process

Results for the q@ — 77 process are also based on the events generated
by PYTHIA 8.3 [24] for the pp collisions at 13 TeV, and the 77 invariant-mass
range m., = 65-150 GeV. The 7 decays 7+ — p*v, are modeled with the
TAUOLA decay library [23], and correlations were added using the weight
calculated with the TauSpinner program.

In the chosen region of 77 invariant mass close to the Z-boson peak,
there is practically no dependence on the form-factors A(q?) and B(¢?),
however, this region can be suitable for searching for signatures of the weak
form-factors X (¢?) and Y (¢?).

The polarization and spin-correlation effects are illustrated for a few
variables calculated from the momenta of T-decay products:

(i) ratios E,/E; and E, +/E,, which are sensitive to longitudinal polar-
ization,

(ii) ratio of invariant masses of p*p~ system and 7777 system, m,,/m--,
which is sensitive to longitudinal spin correlations,

(iii) two acoplanarity angles ¥ and ¢*, which are sensitive to transverse-
transverse and transverse—normal spin correlations.

The definition of the ¥ angle is chosen following the LEP publications [25,
26]. The direction of the initial quark (beam) is assumed to be along the
z-axis in the laboratory frame. The four-momenta of 7-decay products and
beam momentum are boosted to the rest frame of the p™p~ system. In this
system, the vectors of momenta are rotated around z- and y-axes such that
7~ is along the z-axis, and 7" lies in the zz-plane. Then ¥ is the angle
between the beam direction and 7~ direction.



Spin Effects in the T-lepton Pair Induced by Anomalous . .. 2-A3.9

s 15— s 5—
O L . 4 D L R 4
@ C Trotstopy 1 [ r Yiotstopy 1
g 1.4 Tauola (no pol) + TauSpinner ; g 1.4 Tauola (no pol) + TauSpinner 3
2 E —_— 02, 8:0 1 2 E e SliNP:Ac00, Bo0o? 1
0 E O ) ]
S 13- b @ 13- e b
2 £ 1 2 F 1
T E ] ] [ ]
xc 1.2 - © 1.2 — -
e E 1.1E E

E — E e e E

1 1 }

g = ] § - ]

037 L Il Il L L | 0. 37 L Il e L L |
o 5 10 15 20 25 30 0 5 10 15 20 25 30

pY (GeV) Py (GeV)

s 150 T T T T ™ s 150 T T T T ™
Q L TiorhToey ] Q L !
% 1.4 Tauola (no pol) + TauSpinner 4 % 1.4 4
T r ———+——  SM4NP: A=0.002, B=0 B S r B
3 £ —— swaomsoo 1 3 £ 1
r T SMnp: Az002, 820 ] [ 1

L 13- E L 13- f
8 f 18 't ]
s r ] s L ]
x© 7.2 ! < 1.2 !
F- ] E ]

1.1— —— — — 1.1 ]
= 1 = 1

1E == = = 4'*: m— S - 1
09:"‘m""\‘H‘\""\"‘m‘mmmmmmmuu: 09:""\‘H‘\""m"‘\""\‘mmmuumumu:
0 01 02 03 04 05 06 07 08 09 1 0.1 02 03 04 05 06 07 08 09 1
EE. E/E.

s 150 T T T ™ s 150 T T T ™
Q L T Tnioey ] Q £ viothiopy ]
% 1.4 Tauola (no pol) + TauSpinner 3 % 1.4— Tauola (no pol) + TauSpinner 4
3 E e SMuNP:A0002,B:0 1 3 E e smp 0002 1
D 13- 3 O 13- 3
S r ] 2 ]
€ 120 1 €1z 7
. PUNDE 11E E

e . ] e e S
09:"‘m""\‘H‘\""\"‘m‘mmmmmmmuu: 09:""\‘H‘\""m"‘\""\‘mmmuumumu:
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Y=E_/E, Y=E_/E,

s 150 T T T ™ s 150 T T T ™
Q L T Tnioey ] Q £ viothiopy ]
% 1.4 Tauola (no pol) + TauSpinner 3 % 1.4— Tauola (no pol) + TauSpinner 4
= E e M 2,820 1 = E e SMuNP:A-D0, B:0002 1
= £ 1 3 £ S o 0005 1
[ e D 13- - e
8 f 18 't ]
] F ] k] 4— ]
x© 7.2 ! < 1.2 !
1.1 — [ 1.1 —

. — 4 . 4

s o e e e s e e

1 1 1 ———
09:"‘m""\‘H‘\""\"‘m‘mmmmmmmuu: 09:""\‘H‘\""m"‘\""\‘mmmuumumu:
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 1
m,/m.. my,/m..

Fig. 2. Kinematical distributions in the vy — 77 process for 7-lepton decays 7+ —
pTv, — mt7% .. Compared are the calculations in SM and SM+NP with the sets:
A = 0.002, 0.005, 0.02, B = 0 (left column) and A = 0.0, B = 0.002, 0.005, 0.02
(right column). The figure is taken from Ref. [12].
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The ¢* angle was proposed for the Higgs CP studies in [27] and was
used in the measurements at the LHC [28, 29]. It is the angle between
the planes spanned on 7%, 7% momenta for each 7+ decay, calculated in
the rest frame of the p™p~ system. In this case, to preserve sensitivity to
the transverse spin correlations, the sample has to be split depending on the
angle o, between the beam axis and the plane spanned over 7%, 70 from one
decaying 7 lepton, calculated in the laboratory frame (splitting into regions:

a, < m/4 and ap, > /4).
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Fig. 3. Distribution of several observables (see the text) for the ¢qg — 77 process.
Compared are the SM predictions (black open circles) for X =Y = 0 and the NP
ones (red and blue triangles) for X = 0.1 or Y = 0.1. Both 7 leptons decay into

the 7% — p*v, — 7F7%, channels. The figure is taken from Ref. [13].
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Distribution of spin-correlation sensitive observables in the SM with X =
Y =0 and in the NP models with non-zero weak dipole moments is shown
in Fig. 3. Distributions of E,/E., E +/E,, and m,,/m,» show some effect
of changed component 7, for X = 0.1.

Both ¥ and ¢* distributions have a cosine-like shape, once the sample is
split into the two sub-samples depending on the sign of the product y, + -y,
where y,+ = (Ez+ — E0)/(Erx + Epo). If y.+ - y,— < 0, the angles are
shifted as follows: ¥ — ¥ — 7/2 and ¢* — ¢* — w. This shift is included
into definition of ¥ and ¢*, and then the final adjustment is made to respect
periodicity for —m < ¥ < 7 and 0 < ¢* < 27. The periodical characteristic
of the ¥ and ¢* distributions arise due to non-zero components r;, 7y, of
the spin-correlation matrix. At the same time the phase of the distributions
is sensitive to non-diagonal components 7y, rzy.

The dipole moments influence ¥ and ¢* distributions either by flattening
the cosine-like pattern in the ¥ distribution, or by changing the phase in the
¢* distribution. These effects are due to the changes in r,, for X = 0.1, and
in 74y for Y = 0.1. However, the interplay between changes in the spin-cor-
relation elements and distributions of acoplanarity angles seems nontrivial.

5. Summary

In this article, the approach to implementing effects of electromagnetic
and weak dipole moments (form-factors) in the vy — 77 and ¢q¢ — 77
processes is reviewed. This topic is relevant in view of the experiments on
the 7-pair production in pp and PbPb collisions at the LHC. The approach
is based on the inclusion of spins of the final 7 leptons in the parton-level
2 — 2 processes.

The components of spin-correlation matrices in pp — 77 production
with subsequent 7 decays are studied in order to determine which of them
are sensitive to the dipole moments, and can be useful for constructing
kinematical observables.

Several semi-realistic observables were studied, in particular, those built
on momenta of the pions from the 7-lepton decays 7+ — pto, — 7707,
7~ — p v, — 1 7v,. These decay channels of the 7 lepton are selected due
to sensitivity to the transverse components of the spin-correlation matrix.
The consideration is focused on the transverse spin correlations as they are
not often discussed in the literature, in particular, in pp collisions.

This analysis is performed for the vy — 77 and q¢ — 77 parton processes
in the pp collisions at the LHC energies. In the ¢q§ — 77 process near the Z-
boson peak, the dipole moments are included on top of the Standard Model
amplitudes supplemented with electroweak corrections in the framework of
the Improved Born Approximation. These ingredients were installed into
the TauSpinner event reweighting algorithm.
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It is shown that exploring spin effects in the final 7 pair can enhance the

sensitivity of some observables in high-energy experiments to New Physics
signatures, in particular, to the anomalous magnetic and electric dipole mo-
ments (form-factors) of the 7 lepton.
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