Physics Letters B 811 (2020) 135839

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Constraining EDM and MDM lepton dimension-five interactions in the

electroweak sector

L))

Check for
updates

Jonas B. Araujo?, Victor E. Mouchrek-Santos b Frederico E.P. dos Santos ¢, Pedro

D.S. Silva®, Manoel M. Ferreira ]rb’*

2 Departamento de Fisica Matemdtica, Instituto de Fisica, Universidade de Sdo Paulo, C.P. 66.318, Sdo Paulo, SP, 05315-970, Brazil
b Departamento de Fisica, Universidade Federal do Maranhdo, Campus Universitdrio do Bacanga, Sdo Luis, MA, 65080-805, Brazil
¢ Coordenagdo do Curso Interdisciplinar em Ciéncia e Tecnologia, Universidade Federal do Maranhdo, Campus Universitdrio do Bacanga, 65080-805, Sdo Luis,

Maranhdo, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 19 January 2020

Received in revised form 27 August 2020
Accepted 30 September 2020

Available online 2 October 2020

Editor: B. Grinstein

We investigate dimension-five Lorentz-violating (LV) nonminimal interactions in the electroweak sector,
in connection with the possible generation of electric dipole moment (EDM), weak electric dipole
moment (WEDM), magnetic dipole moment (MDM) and weak magnetic dipole moment (WMDM) for
leptons. These couplings are composed of the physical fields in the Standard Model and LV tensors of
ranks ranging from 1 to 4. The CPT-odd couplings do not generate EDM behavior nor provide the correct

MDM signature, while the CPT-even ones are compatible with EDM and MDM behavior, being subject
to improved constraining. Tau lepton experimental data is used to constrain the WEDM and WMDM
couplings to the level of 10~* (GeV)~!, whereas electron MDM and EDM data are employed to improve
constraints to the level of 10710 (GeV)~! and 1076 (GeV)~!, respectively.
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1. Introduction

Electric dipole moment (EDM) physics is a broad field of in-
vestigation [1-4] deeply connected with precise experiments and
physics beyond the Standard Model (SM) [5]. EDM has as signature
the violation of parity (P) and time reversal (T) symmetries, while
preserving charge conjugation (C) and the CPT symmetry. In the
relativistic context, the electric dipole moment, d = g(g/2m)S,
yields the interaction d(X - E), with d, E, ¥, being the EDM mod-
ulus, the electric field and the Dirac spin operator, respectively.
The EDM Lagrangian is represented by the dimension-five term
d(g[_/icrw)@FWw), where ¢ is a Dirac spinor. It is important to
mention that the EDM structure is generated by radioactive correc-
tions only at four-loop order [4,6], so that its magnitude (for the
electron) is of about de ~ 10738 ¢ . cm in the SM framework. EDM
measurements have been progressively improved [7], reaching the
level of 1072%¢ - cm for the electron EDM [8], and 10~3%¢ . cm
for the '9Hg nuclear EDM [9]. Each order of magnitude improve-
ment in the EDM experiments leads to strong phenomenological
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consequences on a diversity of CP-violating theories. The gap of
seven orders of magnitude still remaining between the experi-
mental data and the theoretical evaluations for the electron EDM
allows for new C P-violating mechanisms, besides the usual CP vi-
olation sources already embedded in the SM. These sources may be
relevant for explaining the observed baryon asymmetry of the uni-
verse, an issue possibly connected with axions and the strong CP
problem [10]. Muon EDM [11] and tau lepton EDM [12-14] have
also been under rich investigation in connection with the physics
of SM and beyond the SM.

The magnetic dipole moment is © = gugS, where yup =q/2m
is the Bohr magneton and g =2(1 + a) is the gyromagnetic factor.
Here, a = ov/27r ~0.00116 represents the deviation from the usual
Dirac value, g = 2. The relativistic magnetic interaction, (X - B),
has a Lagrangian form, M(&UWF“‘W), which appears in the SM
framework at 1-loop order. For the electron MDM, there are very
precise theoretical calculations [15] that present astonishing agree-
ment to experimental measurements [16] at the level of 1 part
in 10'2. The experimental imprecision on the electron MDM is
at the level of 2.8 parts in 10'3 [16], that is, Aa < 2.8 x 10713,
being this value a limit for new theories with repercussions on
the eMDM interaction. Concerning the muon MDM, the agree-
ment between theoretical calculations and experimental measures
is lower, although still impressive. As observed for any lepton, the
SM prediction for the muon factor a,, = (g — 2)/2 is composed of
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three pieces, a)M = a3tP +af" +al*, stemming from the radia-
tive evaluations in the quantum electrodynamics, electroweak and
hadronic sectors, yielding the value: a;M = 116591830 x 10~'".
Very precise measures were obtained analyzing the precession
of muons in a constant magnetic field in storage rings, azxp =
11659209 x 10~19 [17,18]. The theoretical/experimental discrep-
ancy Aay, =aj,"’ —a;M ~260x 107" is nearly 10* larger than the
observed for the electron, being a topic of intensive investigation in
contemporary physics. It can be ascribed to supersymmetric parti-
cle loops [19] or to new physics, as dark matter scenarios, where a
light dark matter photon could couple to known physical particles
[20], engendering additional MDM contributions.

MDM and EDM physics may also be related to Lorentz-violating
theories, investigated in the broader framework of the Standard
Model extension (SME), developed by Colladay and Kostelecky
[22]. The SME incorporates dimension-four and dimension-three
LV terms in all sectors of the Standard Model, including fermions
[23-25], photons [26-29], photon-fermion interactions [30,31], and
electroweak (EW) processes [32-34]. Beyond the minimal SME,
there are nonminimal extensions encompassing couplings with
higher-order derivatives [35] and higher-dimensional operators
[36-39].

Lorentz violation can work as a source of CP violation and gen-
erate EDM via radiative corrections [40], or even at tree level via
dimension-five nonminimal (NM) couplings [41,42]. Dimension-
five nonminimal couplings have been proposed as non usual
QED interactions between fermions and photons, yielding EDM
Lagrangians pieces as AV (Kp)vap T FOP 4y, My T o FE TRV Y,
where (Kfr)yvep and T, are CPT-even LV tensors, with 'V =
oMY or o"Vys [42]. Electron EDM experimental data has yielded
upper bounds as tight as 1072 (eV)~! on the magnitude of
these couplings. Considering the Schiff screening theorem [43],
anisotropic electrostatic interactions were taken into account in or-
der to engender LV corrections on the nuclear EDM and Schiff mo-
ment [44]. Recently, general dimension-six nonminimal fermion-
fermion couplings were proposed [45] and constrained at the level
of 101> (GeV)~2 by EDM data [46], considering these couplings
as electron-nucleon P-odd and T-odd atomic interactions. LV con-
tributions to MDM physics were also examined [47,48].

If the Standard Model is addressed as a low-energy effective
theory, it is worth considering higher dimensional terms in the
Lagrangian. Extensions of the electroweak model containing higher
dimension terms (mainly dimension-six) have been analyzed as ef-
fective theories since the 1980s [49]. Lists of dimension-six EW
and strong couplings have been presented and updated so as to
involve top quark physics and interactions with the Higgs [50,51].
CP-violating couplings in the Higgs sector, which comprises CP-
violating interactions with quarks and the tau lepton, are also rep-
resented by dimension-six operators. Such couplings can generate
EDM, providing an effective route of constraining it [52]. Some of
the best bounds on the anomalous C P-violating Higgs interactions
come from EDM measurements. A plethora of dimension-six terms
yielding electroweak baryogenesis and CP violation has been con-
sidered in connection with the baryon asymmetry of the universe
[53]. The role of EDM physics in electroweak interactions and elec-
troweak baryogenesis has been a topical issue in the latest years
[54,55].

Dimension-five nonminimal couplings in the Glashow-Salam-
Weinberg (GSW) electroweak model have also been proposed in
connection with CPT and Lorentz symmetry violation [56,57].
Such couplings have been constrained by weak decay data at the
level of 10~ (GeV)~!. The repercussions of such nonminimal cou-
plings on MDM and EDM physics have not been examined yet, and
can be used to improve the constraining on these couplings. In
the electroweak sector, the weak magnetic moment (WMDM) and
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weak electric dipole interaction (WEDM) involve interaction with
the Z boson field, being given by the effective Lagrangian [58,59]:

1 - e .
[/EW =m¢'[QWZ—WUILVZMv+ldWGHVVSZ/LVi| W: (1)

where oy, and d,, represent the WMDM and WEDM magnitudes,
0 is the Weinberg angle and Z,,, is the U(1) boson field strength.
High energy experiments for constraining EDM and WEDM are
based on the search for CP-violating electroweak sources, whose
magnitude scales as the mass of the lepton (being more significant
for the tau lepton). Tau lepton EDM, WEDM and WMDM data is
obtained from electron-positron scatterings, e~ + et — tt 4+ 177,
e~ +et - 1t 417+ e 4+et [13,14], [58,59]. Such experiments
yield & <1x 1073 and d¥ <10~ e - cm.

In this work, we analyze a few dimension-five LV couplings in
the GSW electroweak model concerning the possibility of generat-
ing EDM, WEDM and MDM, WMDM for leptons. While we propose
CPT-odd and CPT-even couplings, only the latter ones generate
EDM- or MDM-compatible terms. Using tau WEDM and WMDM
experimental data, some couplings are constrained to the level
of 107* (GeV)~!, while the electron EDM and MDM vyield upper
bounds to the level of 10716 (GeV)~! and 1010 (GeV)~!, respec-
tively.

2. The Glashow-Salam-Weinberg electroweak model
In the GSW model, the left-handed leptons are disposed in

isodublets (T = %, T3 = i%), while the right-handed leptons are
represented by isosinglets (T = 0) under the SU (2) group,

L1=[I//V’] ERESE [%’], (2)

v, 2 Vi
1
Rlzme:( Zys)w 3)

with the generators, T = (T1, T2, T3), fulfilling the relation, [T;, T;] =
igjjxTy. The GSW Lagrangian is

B _ 1 1
£=Ly" iDL+ Ry iDy Ry — 3 Wy - WY — 2B, BR, (4)

where the field strengths for the U(1) and SU(2) gauge fields, B,
and Wy, are B, =9, By — 3B, and
W =9, Wy, — 0, Wy, + g (W x W,). (5)

Knowing that the U(1) field is a combination of the electromag-
netic and the boson Z field, B;, = cosfA, —sinfZ,, one has

By = (cosO) Fyy — (sinf) Z,y, (6)

with Fyy =9,A, —0yAy,, and Z,, =9, Zy, — d,Z,. The usual co-
variant derivative is

/

Duzau—ig(T-W)M—i%YBM, 7)

where Y is the U(1) generator. We have Y; = —1 for (er, i, 71)
and Yg = —2 for (eg, iR, Tr). Replacing the covariant derivative in
the Lagrangian (4), we obtain

L=iLy oL+ iRy o, Ri+10, (8)

with the interaction piece being

/

£h = g (Liy"TL) - W, — [% (Liy"L) +g (Rly“Rl)] B,. (9)
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Table 1
Classification under C, P, and T for the CPT-odd nonminimal
couplings of Lagrangian (12).

Coupling g C? gjct 24 81Ch
P + - - +
c - + - -
T + + - +

3. CPT-odd dimension-five NM LV electroweak coupling

We investigate a few CPT-odd nonminimal couplings. They do
not generate EDM nor possess the correct MDM signature under
C, P, and T operators. This can be argued by analyzing rank-1 or
rank-3 nonminimal couplings, which are the simplest ones to be
proposed.

3.1. Rank-1 CPT-odd NM couplings

Rank-1 CPT-odd and dimension-five nonminimal couplings in
the EW sector were proposed in Ref. [56], as

Lint = g/1 (ZIVMB/J.UCULI) + zgll (RIVMB/,WCURI) ) (10)

where CV is a fixed LV background, and Y = —1 and Y = -2 for
left-handed and right-handed fermions, respectively. Using Eq. (2)
and (3), we obtain the Lagrangian:

) _] ! v
Lint = Egﬂ/fvl)/ (1 = y5) Yy By C

1 _
+§g§wzy“(3+ys)WIBWC“. (11)

Here, it is important to note that the y5 operator changes the be-
havior of the coupling in relation to the C, P and T operators.
Thus, it is suitable to rewrite the Lagrangian (11) in terms of two
vector backgrounds, C¥ and C}:

day _ 1, - 1,
E?lj) '= 5!51 wvlyul//me}CV - Eg/l ‘/’VIVMVSWWBMVCX

3 1
+§g11/fzy”1/f:BwC"+5g§¢1V“VsI/f:BWCX. (12)

For purpose of better investigation, one explicitly analyzes the lep-
ton (I) content of Eq. (12), writing

1 ] S .
el = 281 [3101)/0301‘01#1 + 1y ysBoiCu v

+ 39y ' BijCly + ¢1Vi7/53ijciﬂﬁl

+391y BioCO% + iy ysBioCqun | (13)

The lepton Lagrangian term @,yiyswlBing is the unique one com-
patible with the EDM signature, as shown in Table 1, since it
contains the pieces

("' Boich, (14)

where Bg; = E! + E! could yield electric and electroweak EDM,
with E' representing the weak electric field, as shown in (19).
This analysis also holds for the neutrino terms in Lagrangian (11),
where the EDM-like term is (1,9 X'y,) BoiCO. The presence of
the yo. however, prevents the EDM behavior, since it avoids the
resemblance to the EDM Lagrangian (y;Z/EJv;). The y° factor
disappears in the corresponding Hamiltonian form, yielding the
relativistic interaction pieces, S/EJ, £/EJ, which are undetectable
(at first order) in accordance with the Schiff's theorem [4,43]. This
occurs with the Hamiltonian interactions stemming from Eq. (14),
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vISTECQw, v = Z0iCOwn, (15)

implying the absence of EDM physics. Here, we have used

oY =ial, ol = ek, (16)
ays=%), al = Tys, (17)
Foj =E’, Fnn = €mnpBP, (18)
Zoj=EJ, Zin = €mnpBP. (19)

We can also investigate MDM behavior of leptons and neutrinos.
The closest MDM term in Lagrangian (12) is

@zyiVSBiij\l//t, (20)

where Bjj = Fjj + Zjj. Considering the deﬁnjtions (18) and (19),
this term involves the usual (B¥) and weak (B¥) magnetic fields,

Dy Cai =B Y.y Cai =B v, (21)
in a non conventional way (it couples the spin to a “rotated” LV
background structure, (Cp)j, = € jj](C/]A. As shown in Table 1, the
coefficient Ci does not exhibit the exact signature of a MDM in-
teraction, due the presence of yo. Thus, it does not generate usual
MDM or WMDM. For experimental purposes, as this tensor back-
ground has no diagonal components, C;j; = 0, the contributions (21)
could only be probed with a magnetic field orthogonal to the spin,
as discussed in Refs. [42,44]. The same conclusions hold for the
neutrino counterparts.

3.2. Rank-3 CPT-odd NM couplings

We now examine a rank—3 dimension-five nonminimal cou-
pling in Lagrangian of the GSW model. It can be written as

dd 7
ng) "= —gy Vil (y" B Hyap) L
— 8 YrRi ("B’ Hyuap) Ri, (22)
where H g is the LV background tensor, with the supposed sym-

metry Hyqp =—H;pa, and Yy = —1,Ygr = -2, so that

dd - 5
L&Y = ghLi (v B’ Hpuap) i+ 285R: (v B*P Hyuup) Ri. (23)

This EW Lagrangian can be written in terms of the lepton and neu-

. . (odd) __ p(odd) (odd) .
trino pieces, £3)" = 5(3), + L 3), , given as

ddy & -
£ = 21 3y Hyag B 4y ysB (Hadap] vt (24

ddy & -
£y =20 [V HuapB™ — y"ysB” (Hp)uap) vy, (25)

where we have introduced the rank-3 background (Ha)qp for the
coupling involving ys, as we have done in Eq. (12). In order to ver-
ify the possibility of EDM generation for leptons, we investigate the
tensor structure of lepton Lagrangian (24) that can be expressed as

Egild) =g [lZIVOBOiHooﬂ/fl + Y1y °BY Hoijn

+¥1y ' BY Hiojwi + vy B Hijewn (26)
+1y s B% (Hp)ooi w1 + iy *ysBY (Ha)oij ¥

+yny'ysBY (Ha)ioj Y1 + yiy'ysB* (Ha)ijk 1/fz]-

In Eq. (26), we see that the term, ¥;y'ysB% (Ha)j; 1, is the
unique that has EDM signature, as shown in Table 2. This piece
can be written as
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Table 2
Classification under C, P and T for the CPT-odd rank-3 nonminimal couplings of
Lagrangian (26).

Coupling g5 Hooi g5 Hoij g4 Hioj g5 Hijk
P - + + -
C + + - +
T + - + +
Coupling g5 (Ha)ooi 8 (Ha)oij 2, (Haioj 25 (Haiji
3 + + - +
C — — — —
T + + - +

7 ., 05

Y1y X Boj (Ha)igj ¥, (27)

in which Bg; contains the electric and weak electric counterparts.
Analogously to the rank—1 CPT-odd NM couplings, the presence
of the y° avoids the EDM behavior. As it occurs for the rank-1
case, the Table 2 shows that the couplings of Lagrangian (26) do
not possess MDM behavior.

There are another possibilities of hermitian rank-3 nonminimal
couplings. An example is

~(odd - _
L — gy BP — yP B )yl yap

+ gy * B — y P By ysyy (I:IA)W[;- (28)

These couplings do not generate EDM behavior nor possess the
correct MDM signature, and will no longer be examined. Note,
however, that Lagrangian (28) can be obtained from the lepton La-
grangian (23) using the following transformation:

Bue (HA)ﬁau'
There are still other possibilities of dimension-5 CPT-odd cou-

plings with rank-3 tensors, as revealed in the general investigation
by Kostelecky & Ding [38],

le[ﬁ = I:Iﬁ;wl - Hﬁo{u» (HA);wtﬁ = (I:IA) (29)

a®HByy,iD iD gy, (30)
bOHEB g, ysiD 4D gy, (31)
HOWB g ,,iD iD gy, (32)

where Dg =idg — qAg. As these couplings do not involve the field
strength tensor, Fyg, they can not yield EDM nor MDM contribu-
tions, being of no interest for such a purpose.

4. CPT-even dimension-five NM LV electroweak couplings

In this section, we analyze CPT-even dimension-five nonmini-
mal couplings composed of rank-2 and rank-4 tensors, which gen-
erate EDM and MDM behavior.

4.1. Rank—2 nonminimal coupling

The EDM Lagrangian terms should have the form presented in
Eq. (1). Initially, the idea could be to propose a form in terms of
a covariant derivative into the interaction Lagrangian (9). In the
hermitian form, we first propose a non axial (without y5) modified
covariant derivative,

i
Dy =D, — = (TwB" — TPVBy,.) g, (33)

based on the pattern first analyzed in Ref. [42]. Replacing this
covariant derivative in the EW chiral Lagrangian structure for left-
handed leptons, L;y*iD,L;, we obtain

L=ILyti [—%M (TuwB"P —TPVBy,,) Vﬂ:| L. (34)
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Using the identity, y#yg = (845 —ioHp), it becomes
£=—irm [aﬂﬂ (T,wsvﬁ)] L, (35)

where it was neglected a term of the form Lj[(Tg,B"#)1L;, since it
does not contain any gamma matrices nor spin components. Now
it is necessary to remark that this nonminimal coupling is not
properly communicated to the Lagrangian pieces of leptons and
neutrinos. Indeed, we notice that

<1i7/5>x(1:F7/5>_0 (36)
2 2 -

if the operator X contains an even number of gamma matrices,
which includes X = o ## as a special case. Otherwise, if the oper-
ator X possesses an odd number of gamma matrices, the quantity
in Eq. (36) is not null, in principle. Thus, Lagrangian (35) yields a
null contribution; the same holds for the right-handed fermions:

I [o”f‘ (TWB"5>] L =R [a“ﬁ (TWB"ﬂ)] R =0. (37)

In order to circumvent this difficulty, we can propose U(1) CPT-
even NM couplings directly on the neutrino and lepton Lagrangian
spinors:

[/E;;/len) — M&[ I:UILﬂleBvB _ ia“ﬁVSRMUBVﬁ] Y, (38)

LE;;/SI':) — kw\/_’vz I:O—MﬂTMUBVﬂ _ iaMﬂVSR.U«vBUﬂ] Y, (39)

where the imaginary factor was introduced with the matrix 5 in
order to assure hermiticity. The leptons’ NM couplings in Eq. (38)
exhibit a “non axial” and an “axial” (with y5) interaction pieces:

(even) -

Lo, =Hvio"” (T“”B vﬁ) Vi, (40)
even) _,

£ iy, (a”“ﬂ ysR WB”ﬁ) " (41)

where the label (T) refers to the tensor T,, and the label (A)
refers to the “axial” tensor y5R,, coupling. Such couplings are rep-
resented by two distinct tensors, T, and Ry, to stress that the
interactions with and without ys are physically different, in prin-
ciple.

The lepton first piece can be explicitly written as
L7y = cos o [ima TooE' + ihseape Toa B |
—i)»]O(iTijEj + )Lﬂ}'kEkEj
+ATii skpk — A[TikEkBi] Y, — sin 9&1 I:l')\lOliTo()Ei
+i)»10(iToa€a,'kB’k — ik[T,'jOliEj
T EES + 0T =FB* — ?»lTikEkBi] ¥, (42)
where we have used the conventions (16), (17), (18) and (19). Such

an expression provides “rotated” EDM and weak EDM contribu-
tions:

Lir)epm = *€0s0Y, (77‘k2k51> ¥ (43)
Lirywepm = — Msingy, (Tjkzkﬁj) ¥, (44)
having as counterpart the following Hamiltonian contributions:

Hipw = —micosoyy® (Tu='E!) v, (45)
Hiyow = misindyy® (Tie= ) v, (46)
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with the y© factor circumventing the Schiff theorem [43] and
assuring the effective EDM character. The EDM signature is also
revealed by the behavior of these couplings under C, P and T op-
erations, as shown in Table 4. Here, T} is a “rotated” background
redefined as

Tik = €ijkTio, (47)

that allows to write the interactions in a more compact way. In
expression (42), we also identify MDM and weak MDM (WMDM)
interactions for leptons associated with the Lagrangian terms:

£I(T)(MDM) = A (cos0) [1/}, (T E"B") v,

0 (Ta= B ) vy, (48)
LJ(T)(WMDM) = A (sinf) [_1/}1 (Tzkgk) 1z
0 (Tu= ) ] (49)

where T =T;; =Tr(Ty) is the trace of the T, spatial sector. Anal-
ogously, using Egs. (16), (17), (18), (19), the same analysis for the
second lepton piece (41) yields

£y = cos 0, [ MRoo T'E" + ARy ' B* — 1Ry ST

—ineo RigEd — idok Ry B + ix,akR,-kB"] 7,

—singy, [A,Roozfﬁf + MRy SBK — ARy B ES

—inegro RioE! — idok Ry B + ix,akR,-kEi] W, (50)

where Rjr = €;jxRjp. Such an expression provides two direct
Lorentz-violating EDM contributions for leptons:

Chaeom =Hcost [ (RooZ'E') vy
—y, (Rijz"Ef) w,] , (51)

and two direct Lorentz-violating weak EDM (weak dipole moment)
pieces:

Ly wrpm = Msing [—1,&1 (Rooz"é") v,
+, (R,,-):"F:f) 1/4]. (52)

There are rotated lepton MDM and weak MDM contributions as
well:

£I(A)(MDM) = hicosOy, (RikEin) ¥, (53)
Ll wmpmy =Hsino; (RaS'B) vy, (54)
All these terms are shown in Table 3, in accordance with the EDM,
WEDM, MDM and WMDM associated interaction.

Both Lagrangian pieces (40) and (41), L{;, and L!,, contain

terms representing EDM, WEDM, MDM and WMDM contributions,
that can be combined as follows:

Lloyepm) = 4€0S0Y, [(TjkzkE])
+R002iEi - R,’jEiEj:I ¥, (55)
EI(Z)WEDM = —sin6y, [ﬂ‘kzkgj

—RooziEi+R,’j2iEj:| Iﬂl, (56)
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Table 3
EDM, WEDM, MDM and WMDM contributions to the Hamiltonian
of the lepton nonminimal coupling (38).

EDM WEDM
singyy° (RO(,):"E") v,
asin6y; y° (Rj,(zkéf) "
—asinfy;y° (T,-jzfisf) "
MDM WMDM

sin6y; y° (Tzkék) "
wsingy 0 (T,-kz*’[ak) "
—xsingy 0 (R,-kzké") W

-\ cosawfyo (RooZ'EY)
—hcosOy y® (R SKET) vy
Mcosoy YO (T=ET) v,

—ncosOyy? (TZKBR)
—hcos8y;] yO (Ty X BY)

M cos6y] y® (R =kBY) vy

Table 4

Complete classification under C, P, T for the CPT-even nonminimal couplings of
Table 3, showing the EDM signature for MTjk» MRoo, MRij, and the MDM behavior
for M T, MTij, MRij.

Coupling MT MTij MTjk MRoo MRij MRij
P + + - - - +
C + + + + + +
T + + - — - +

£l(2)(MDM) = A (cosO) ¥, [TZ"B"
—9,Ta B + RikZiBl{] ¥ (57)
Lioywmpmy = (sin0) ¥, [_ (Tzkék)
+ (Tt B) + Ru 2B vy (58)

In typical EDM experiments for atoms or molecules, the sys-
tem is subjected to the action of constant electric and magnetic
fields aligned in some axis in space. In general, the spin of the
atoms is polarized in the field direction, in such a way it is natu-
ral to measure the interaction X - E. This kind of experiment could
be used as prototype for new measurement proposals, where the
spin is orthogonal to the applied field, reflecting spin-field inter-
actions as S'EJ, analogue to ¥ x E, as theoretically discussed in
Refs. [42], [44]. The high energy scattering processes that pro-
vide upper bounds on the tau lepton MDM and EDM, however,
do not work with a similar idea of constant polarized electromag-
netic fields. In this sense, the theoretical route used to constrain
“rotated” or orthogonal spin responses [42], [44] will not be used
here, preventing the constraining on the coefficients R, Tik.

In order to keep correspondence between the present approach
and the conventional electric and magnetic dipoles, upper limits
will be stated on the isotropic coefficients Rgp and trace coeffi-
cients of space sectors, T and R, of the tensors T, and R,
associated with usual EDM, WEDM, MDM and WMDM interactions.
For the EDM coupling (55), for instance, only Rop=E’ and the di-
agonal terms of RijZiEj can be reduced to the usual EDM form. In
this sense, proposing a total isotropic parametrization for the diag-
onal components, R;; = (1/3)Ré8;j, T;j = (1/3)Té;;, the interactions
(55), (56), (57), (58) are rewritten as

T 1 o
LioyEpm = MCOsOY, <Roo - §R> ):15'] v, (59)
- 1 L
51(2)WEDM = —ASinoy, [(Roo - §R) E'E’} v, (60)
cl = A COSOY _%TZ"B" 61
@)(MDM) = M COSOY, 3 ¥, (61)
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T2 s
Ll wmpmy = —Msingy, [gTEI‘Bk] v, (62)

where R = R;; =Tr(R;;) is the trace of the Ry, space sector, and
Tjj =0 due to definition (47). The same holds for Rj; = 0. No-
tice that Rgp and R engender indistinguishable EDM and WEDM
contributions.

The tau lepton WMDM and WEDM data are obtained from
electron-positron scattering [13,14], [58,59]. Due its large mass,
the tau lepton is the one that presents the most significant elec-
troweak contributions on the dipole moments. It is known that
larger dipole magnitudes do not yield the tightest upper limits.
Yet, the tau data will be used to constrain weak moments since the
WEDM and WMDM experimental data for the electron and muon
are not clearly available. Using the upper bound for the tau lepton
WEDM [59], the element (60) leads to

<12x1077e.cm, (63)

1
Az (sinf) (Roo - §R>

1
At (Ro(] — gR)

where we used sinf = 0.48. Tau WMDM experimental upper
bounds [59], oy < 1 x 1073, considered with the tau Bohr mag-
neton factor, see Lagrangian (1), also reads

<4 x10™ eV) ',
4x 1074 (Gev)™! (64)

e -5 -1
— 0y <9x 1077 (GeV) ™", (65)
2my
and can be used to constrain the WMDM interaction (62), that is,
sinf [A;2T/3| <4 x 107> (GeV)~!, or

A:T| <3 x 1074 (Gev)~ . (66)

In order to constrain the EDM couplings, we should use the
electron EDM measurements, which represent the smallest EDM
limit ever established, de < 1.1 x 10~2%¢ - cm [8]. The interaction
(59) is bounded as

1
e <R00 - §R)‘ <2x1071% (Gev)™ !, (67)

where we have used cos6 = 0.88.
Concerning the electron MDM interaction,

L=1 [g%a‘”ﬂw} " (68)

precise measurements reveal that the experimental imprecision on
the electron MDM is at the level of 2.8 parts in 10'3 [16], that is,
Aa < 2.8 x 10713, This value represents the window for new con-
tributions that stem from dimension-five interactions of the type
H' = —upg(S-B), in such a way that 1.(2T/3)cosf < upAa =
2.4 x 10720 (eV)~ !, implying

1T <1x 10710 (Gev) ™. (69)

As for the muon MDM physics, in a general way, the discrep-
ancy Aa, =a;,” —a;M ~260 x 107" could be ascribed to non-
minimal dimension-5 couplings, in such a way it may be used
to state a limit on the weak MDM interaction (62) for muons. It
is also worthy to remember that 1-loop and 2-loop electroweak
contributions yield af" = 153 x 10~'" [21], close to the dis-
crepancy magnitude. We thus have 2, (2T/3)siné < (ip), Aa, =

1 x 10718 (eV)~1, attaining:

AuT <1x1078 (Gev) ™. (70)
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Regarding the muon EDM, the main experiments are based on
spin precession in muon g — 2 storage ring at Brookhaven National
Laboratory, where the EDM magnitude is restrained by the effect it
produces on the precession frequency [11] as |d,| < 1.8 x 10" e
cm. This upper limit can be used to constrain the interaction (59)
for the muon:

1
m (Roo — §R)

The same kind of analysis holds for the neutrino NM coupling
contained in Lagrangian term (39), which can be analogously sep-
arated into two pieces,

‘7)" :)\v‘ﬁvgul3 (T/vaﬁ) Yo, (72)

b =ity ("7 ysRyw B ) . (73)

Due to the similar structure between the lepton and neutrino
NM couplings in Eqgs. (38) and (39), the EDM, WEDM, MDM and
WMDM Lagrangian contributions for neutrinos are, in principle,
the same ones of Table 3, only by replacing v, — ¥, and ¥, — V.

<3x107% (Gev)~ 1. (71)

4.2. Rank—4 dimension-five nonminimal LV electroweak couplings

In this section, we introduce, directly on the GSW model La-
grangian, the rank—4 dimension-five nonminimal LV couplings:

A 2 . p
L™ = SV [0"Y K uvap B +i0" ysK ap B ] ¥,

Ay, - , i
+ %wv, [0"Y K pvapBY? + 10 ysK uvap B* | Yy, (74)

where the rank-4 background tensors K yag, Rﬂvaﬁ are antisym-
metric in the two pairs:

Kuvaﬁ = _watﬂ» (75)
Kpvap = —Kuvpa. (76)

Supposing Tyg = (K)“Wﬁ and Ryg = (f()"‘vaﬁ, one can propose the
prescription,

1
(K pvap = 5 (g,uot Tvg — 8upTve + &vpTua — 8va T,uﬁ) s (77)

_ 1
K pvap = 5 (guaRvﬁ — ZupRua + 8vpRua — guaRuﬂ) . (78)

where the tensors Tyg, Ryg are now symmetric and traceless. Re-
placing such a prescription in the lepton sector of the Lagrangian
(74), we obtain:

A < )
e =2, [a““TUﬁBaﬂ + lU“”ysRv,gBaﬁ] .. (79)

These couplings recover the ones involving ranking-2 tensors, al-
ready presented. Thus, if the rank-4 tensor is written as shown in
expression (77), the upper bounds found in the last section hold
equivalently for some components of (K),qg. For instance, T;j; =
(K)ojoj — (K)njnj» so that the WEDM upper limit (66) reads as:

Az [(K)ojoj — (K)njnj| <3 x 107* (GeV) 1. (80)

We must point out it is possible to connect the dimension-5
couplings written in terms of K, ,qg, f(waﬂ, to the dimension-4
coupling, c,y, that appears in the term l/_/CMU)/MiDVVI, with iD, =
id, — qA,, found in the Lagrangian (4) of Ref. [38]. In accordance
with Eq. (29) of Ref. [38], a field redefinition of the type X{,* pa¥u
implemented in a nonminimal Lagrangian can induce dimension
four and dimension five contributions:
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Table 5
Upper bounds on EDM and WEDM contributions to leptons, in
(GeV)~ 1.
Coupling Upper bound
tau-WEDM |2z (Roo — %R)| <4x107* (GeV)~!
tau-WMDM Az T| <3 x 107* (GeV)™!
e-EDM |%e (Roo — 3R)| <2 x 10716 (GeV)~!
e-MDM AeT <1 x 10710 (Gev)™!
u-EDM [au (Roo — $R)| <3 x 107 (Gev)~.
1-WMDM AuT <1x 1078 (Gev)™!
o no
M = —2mx}”, (81)
S5)uva o
HOWB _ g [X’v“ gV X‘u/[agﬂ]u] . (82)

The expression for HS***” in Eq. (82) has a similar structure to

(K)vap, given in Eq. (77), with the replacement X{,* — T#%. Ex-
cept for the trace of X, which is in principle non null, there is
such a possible correspondence. Accordingly, as the bound on Ty,
can be used to impose limits on K, components, it can also
constrain ¢c*¢/m, in view of Eq. (81).

5. Conclusion and final remarks

We analyzed dimension-five LV nonminimal couplings in the
EW sector. The CPT-odd ones are not effective in generating EDM
or MDM contributions, both in the rank-1 and rank—3 forms. Such
impossibility is confirmed by the EDM-incompatible signature un-
der C, P and T operators, as shown in Table 1. We also exam-
ined CPT-even nonminimal electroweak couplings, which gener-
ate tree-level EDM, MDM, WEDM and WMDM contributions. We
firstly have introduced rank-2 dimension-five nonminimal cou-
plings directly in the GSW model Lagrangian, using two rank-2
background tensors, T, and R, as presented in Lagrangians (40)
and (41). We have identified the coefficients that generate EDM,
MDM, WEDM and WMDM lepton contribution to the Hamiltonian.

Due to the tau’s mass, electroweak effects contribute the most
to the tau’s dipole moments. In addition, WEDM and WMDM ex-
perimental data for the electron and muon are not clearly avail-
able. For these reasons, the tau experimental EW data were used
to impose constraints on the dimension-5 nonminimal WEDM and
WMDM couplings to the level of 10~* (GeV)~!. In order to con-
strain new physics with experimental MDM or EDM data, the most
restrictive upper limits are obtained from the smallest dipole mag-
nitudes. With that in mind, we have also used the experimental
data on the two other leptons in order to achieve tighter upper
bounds, whenever possible, which also fulfilled the goal of con-
straining the NM couplings for each lepton flavor (electron, tau
and muon). In this respect, muon EDM and WMDM have implied
upper bounds at the level of 107 (GeV)~! and 1078 (GeV)~!,
while electron MDM and EDM enhance the constraining to the
level of 10710 (GeV)~! and 10~16 (GeV)~!, respectively. These up-
per bounds are shown in Table 5.

We have also proposed CPT-even nonminimal EW couplings
involving a rank-4 background tensor, K g4, coupled to the U(1)
field strength and the leptons’ (neutrinos’) spinors. Using suitable
relations, Eqgs. (77), (78), we showed that some rank-4 couplings
may become equivalent to rank-2 couplings, see Eq. (79), being
bounded on the same level of constraining that holds on the cor-
responding rank-2 coefficients.
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