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Probing NP with dipoles L. Vale Silva

1. Introduction

Dipole operators encode a rich variety of phenomena, such as radiative decays and Electric
Dipole Moments (EDMs) in both quark and lepton sectors, thus probing the Standard Model (SM)
structure, and setting bounds on the amount of CP violation and flavor structure of generic exten-
sions of the SM manifesting in dipoles. Moreover, through renormalization, non-dipole operators
mix into dipole ones, then possibly generating observable effects that can be investigated by the
same phenomena that probe directly dipole operators.

Given the persistent absence of experimental evidence for non-SM particles below the EW
scale, much attention has been given to the systematic study of operators of dimension higher
than four involving SM fields only and respecting SM gauged symmetries, suppressed by some
power of the characteristic scale of New Physics (NP). In this so-called SM Effective Field Theory
(SMEFT) framework, the one-loop Anomalous Dimension Matrix (ADM) of the full set of dim.-six
operators was calculated by [1, 2, 3]. The presence of mixing into dipole operators at one-loop sets
important bounds on instances of operators of classes H>X? (involving two scalar fields and two
field strength tensors), X3 (involving three field strength tensors), and y* (involving four fermions),
cf. e.g. [3, 4].

Here, we calculate the mixing into dipoles in some cases where the leading order effect hap-
pens at two-loops, i.e., when one-loop ADM elements vanish. Namely, operators of type w>H>,
involving two fermions and three scalars. We then discuss phenomenological bounds on the effec-
tive coupling of w2H?, notably charged lepton radiative decays, and electron and neutron EDMs.
While preparing this work, a subset of our results, necessary in the discussion of eEDM, were
independently derived in Ref. [5], which we verify.

2. Basis of operators

We consider the SM Lagrangian %5y, added by Right-Handed (RH) neutrinos to enlarge the
scope of our analysis, and dimension-six operators, .2 = Zsmv, + Y CiQ;, where

1 1 1 . .
Lsmivg = —ZGﬁvGA“V - ZW[WW“*v - ZB“VB“" +(DuHY) (D*H)+ Y. iy 2.1)
y=q,u.d,le, v

1,\* [1 - . . .
—A (HTH— 2v2) = {Z(VRCMVVR)+HT/deqj+H”ﬁYqu+H”e_Yg€j +HYRYyl +hec.

A basis of operators Q; of dimension-six can be found at [6], hereafter called the Warsaw basis,
while a basis of operators of dimension-six involving RH neutrinos can be found at, e.g., [7].

To full generality, the renormalization of gauge invariant operators requires, apart from gauge
invariant operators themselves (e.g., the operators of the Warsaw basis), referred in the following
as physical operators, operators that vanish via EOMs (Equations of Motion), and so-called BRST-
exact operators, i.e., operators that are the BRST-variation of another operator; conversely, the
renormalization of non-physical operators does not require physical operators as their counter-
terms [8, 9]. Operators are non-physical if their matrix elements between physical states vanish
[10], and physical otherwise, a property that is then preserved by renormalization.
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When computing the renormalization constants of physical operators in an off-shell scheme,
it is fundamental to separate out the effects of other, non-physical classes of operators. It is then
necessary to have a basis for these operators, which includes, as an example,

Q>-r[W] = gaW, (9 )T* 7! (iﬂl[/L)—Z‘:Yg Wi (i)™t Erp, I'=n,0 (22)

which is explicitly gauge variant. Note that the last term of Q,_r[W] defined above carries the same
fields of a dipole operator. A basis of non-physical operators will be discussed at [11].

3. Extraction of the renormalization constants

Since dimension-six dipole operators have in their field content exactly two fermions, the nat-
ural choice of Green’s functions to determine the renormalization constants involves two fermions
as well, of which we consider those involving as external legs the fields of Wy WyrAH, YrY AH,
VL VLA, VrVRA, WL WrH, WrY H, Wy, and Yr g (that prove being sufficient in order to extract
the renormalization constants of interest), where A is an arbitrary gauge boson field. Solving the
set of linear equations resulting from insertions of all possible operators for the renormalization
matrix elements describing the mixing among different physical operators,! we have

)

I _ _ _
Zogppxn = Tox {ng?é (—2 Coef. o (WL yrH), p’] + Coef. o (WLyrH),p-p']+2 Coe. [%(WLWRH)W'])

+gxOF (*2 Coe. o (WLwrH), p"*] + Coef. G (WLwRH),p-p'] +2 Coe. o (WLwRH), W’]>

+2 Cot 4 (Pt k(W) 1)

in the particular case where Green’s functions of external legs W Wi A, WrWRA, WLy, and YrWr
vanish, where gx are gauge couplings, and QO and Qf are charges of left- and right-handed fields.
The kinematics is: p (p’) is the momentum of the incoming (respec., outgoing) fermion, and k (€)
is the momentum (polarization) of the outgoing gauge boson (the momentum of the outgoing scalar
is re-expressed in terms of the other momenta); all momenta are directed as incoming. Note that
Green’s functions of the kind ¥ yzH proportional to (p + p’)? do not contribute to Zp g w?XH-

In the following, we will also give results for the case of vg. There are Majorana mass terms
that contribute to the EOMs of right-handed neutrinos, and new possibilities for dimension-five
operators that also violate leptonic numbers. However, the presence of these terms do not change
the relation of the Green’s functions and the renormalization constants, since they do not lead to
contributions to the Green’s functions discussed so far.

We consider dimensional regularization in D = 4 — 2¢& dimensions. It is possible to state the
RGE compactly as

dcT(w) g [ dZ
din(p) =~ €' )<d€n(u)

1Tt also results a certain number of equations relating solely Green’s functions, that we explicitly verify in our
calculations to hold for the 1/&? terms.

Z7'—Z(eA+ yMN)Zl> =C"(u)y (3.2)
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where yis the ADM, and A, N are diagonal matrices of elements 8, n: for the dimension-six Yukawa
operator 8 = —3,n = 2; for the dipole § = —1,n = 2. The term proportional to the mass ADM
does not contribute to the off-diagonal elements of y. Above, Z;; = §;; +ij—7kr(Zk)E}) + ..., with

(Z)W =y"_, é(Zk) £"), where ¢; denotes a collection of couplings.

The renormalization constant is expanded in the different couplings as follows

2 2 2 *
X, g ), 8 ) & A 1) ZrZe Y x Y 1
Zyiteevxn = [(LJT(Z%‘ R e e R il L

(Y)gp x (Y ar
ar

(YT x Y, S x (Y 1
+ T s @)+ (z§)7)31)+%ﬂ5fﬁ(2§y)§1) PRI )

where a, B (f,g) designate the flavor indices of w?H?> (respec., dipole), and the ellipses indicate

higher-order terms in the counting of the couplings. At two-loops, the two operators y>H> and

‘//2

Yukawa matrix is the one corresponding to this field (respec., Y, etc.), with the exception of the

X H have the same type of RH field (for instance, ug, etc., and not dg, etc.), and the indicated

“det®” case, that involves all possible Yukawa matrices. There are no other renormalization con-
stants involving different combinations of Yukawa matrices at this order. The results for these
renormalization constants are given in Table 1.

15 (qL,ur), (qL,dr), LR (] (qr,ur), (qL,dr), LE (G (qr,ur),
’ (¢r,er), (LL,VR) PR (L,er), (fL, VR) PRys (qr,dRr)
8" oronor+on | @) losonor+oh | @9 o
(20 fopegor | @Y pohojer | )’ o
(22, 0 (2" 0 ), o
)" 0 )" 0 (z9)) 0
)y eorton | (@) .0 z)) 3
(2,))" 0 ()" 0 )" 0
28" Er+soh | @)l a0k zg) 3
(28 )" 0 (21" 0 z5,)" o

Table 1: Values are multiplied by 64]7. Above, the dipole operators are Qéﬁfys [B] = gyBuv(W.o"VEro),
O5R (W] = aLW, (J0"'T'Erg), O ([G] = 8cGiiy (PL.0" T Er@), with (y, &) indicated above, and !
(T*) designating Pauli (Gell-Mann) matrices; ¢ — ¢ (¢ — ¢) for operators involving down-type (respec.,
up-type) RH fields. Here: Of = 0§ = 1, 0f = —Qg =1/2.

4. Phenomenology

Solving Eq. (3.2) at the lowest order we have

o@D

. Y A2
Clox (1) = Clhay (A) =2 tn (“> x 4

fs &7 1y 8L x ()
Cyir(A) x E(ZY)I +7C(ZL)1
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where we omit terms not generated at two-loops and proportional to Yukawas, the ellipses denote
further sub-leading terms, and u is another (lower) energy scale where the same physical (Warsaw)
basis is suitable. The Wilson coefficient Cgyx (A) is calculated from the finite part of the two-
loop Green’s functions involving two fermions, one gauge boson, and one scalar fields. Since no
logarithm involving the NP scale is present in Cyx (A), it will count as a sub-leading correction
in the counting [coupling®/(4m)]" x [(n (A?/u?)]", which for the term proportional to C;{H in
Eq. (4.1) starts at m = 1,n = 1. The calculation of Cgyx (A) is beyond the scope of this work.
The Lagrangian describing the vertex eqegy is

= \%%fy“éﬁ 6" Preq Fyuy +h.c. 4.2)

where €.y = Cyep — Coew s Cay = Coap — Coaw, Gvy = Covp + Covw, and 6,y = Cgup + Cguw (note
that the dipole operators are defined with an overall coupling), see e.g. [12].> Hereafter, we dis-
cuss some phenomenological bounds on the Wilson coefficients of w?>H?>, while a more complete
phenomenological analysis, including heavy quark transitions, will be discussed in Ref. [11]. For
clarity, we first omit important finite contributions (namely, Barr-Zee diagrams), but come back to
this point in Section 5.

Higgs couplings. The Lagrangian for Yukawa couplings and fermion mass terms is

1 Vo
L = M= it Yy = My (14 cgin) = \ﬁcjm (4.3)

where Y = u,d, e, Vv, the expressions of cy rin = ﬁ(A‘z) and vy ~ v are given at [3], the mass
matrix My is real, and C:;,H possibly introduces new CP violating phases and flavor changing
neutral couplings. When considering the unitary transformations u; — V,ur, vp — Uy Vv, dp —
Vadr, er, — Uer, to move to mass eigenstates, the flavor changing Higgs couplings are given by
Z 5 %hﬁﬁéfg Ug + ..., where we have defined C .y = VJCMH, etc.; phenomenological bounds
will directly probe C,y, etc. We consider the leading logarithmic contributions only: in this case,
Cer (M) ~ Cey(A), where i ~ My. The experimental constraints on Lepton Flavor Violating

(LFV) decays then lead to the following bounds

B(h— el) < 6.1 x 1075 (95% CL) [13] = /|Cop |2+ |Chi 2 < 5.2 x 1073 TeV 2
B(h— et) <4.7x 1073 (95% CL) [14] = /|CH[2+|CT |2 < 4.6 x 1072 TeV 2
B(h— ut) <2.8x 1072 (95% CL) [14] = /|CL7 12 +|CoH 12 < 3.6 x 1072 TeV 2

When setting the bounds above, we have considered I'sy; = 4.1 MeV [15], while the experimental
bound on the total decay width is I" < 0.013 GeV (95% CL) [16]. Individually, the partial decay
widths of the LFV decays above are below ~ 0.02 MeV.

Radiative decays of charged leptons. The Lagrangian in Eq. (4.2) leads to the following
branching ratio for the radiative transition e, — ey

2Tree-level physical amplitudes of a fermion to a massless gauge boson and a fermion are only introduced by dipole
operators among the set of dimension-six operators of the Warsaw basis.
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[\

3

m, v

Bleg = ery) = at (G P+ 1651 (4.4)
8

where ‘Ke’;g (u) is calculated from Eq. (4.1), and contributions proportional to Yukawas are negligi-
ble. The bounds from charged lepton radiative decays are the following

B(u — ey) <4.2x 10713 (90% CL) [17] = \/|C'§;‘,(A)\2 +|CESA)P <9I 1079 TeV 2 = 0.1 x ¥ Z’V";’"“

B(t — ey) <3.3x 1078 (90% CL) [18] = \/|ég;,(/\)|2 +[CH (A2 S 1 Tev 2

B(t— py) <44 1078 00% CL) [18] = |/|CHe (A) 2 +|CH (A < 1 TeV 2

Compared to the bounds derived from LFV Higgs decays, the one from ZA(u — ey) is better by
a factor ~ 60, while the other two are worse by a factor ~ 20 — 30. For these estimates, we take
[ at My, though the bound on ¢,y applies for g ~ my: an improvement consists in adopting new
effective theories valid at energies (much) below My, cf. e.g. [19], and therefore the bounds shown
here carry some extra uncertainties. Similar comments apply for the bounds shown below.

Anomalous Magnetic Moments (AMMSs) of charged leptons. The Lagrangian describing
the AMM of a fermion y is the following

e _
LAMM = —Maw vl yEyy 4.5)
v

The NP interactions in Eq. (4.2) lead to the correction Aay, = —(4myv)/V2 x Re[6,5"] to the SM
contribution. The resulting bounds are the following

Aa, = a7® —aSM = —0.88(0.36) x 10712 [20] = 0.06 TeV? < Re[C%;(A)] S 0.6 TeV 2 @ 20
Aay = a” —aM =268(63)(43) x 1071 [21] = =7 TeV? SRe[Clf (A)] S —2TeV > @ 20
while the AMM of the tau remains largely unconstrained, [21, 22]. Having the values for Re[C‘jﬁI]
(Re [Cf ,5 |) over these ranges translates into mass scales orders of magnitude above the value of m,

(respec., my,); in other words, explaining the values of Aa, and Aa,, with NP in w2 H? would require
a tuned cancellation among values of the Yukawas introduced by the operators y>H and y2H>.

EDMs of charged leptons. The EDM of a fermion v is described by the Lagrangian

i _ d 2v
Lipm =~ 5dy YO Yy, 7"’ = —ﬁlmm‘i"’] (4.6)

The experimental bounds are the following
|del/e < 1.1 1072 cm (90% CL) [23] = [Im[C4(A)]| S 2 x 1077 TeV 2 = 0.004 x Y2

while the bound for muons [24] and taus [25] translate into NP scales below the EW scale, and thus
their treatment based on SMEFT is not meaningful.>

nEDM. For the neutron, we have that dy ~ %(4(1‘1 —d,), following from the use of SU(6) quark
model in the non-relativistic approximation, see for example [27]. Given Eq. (4.2), we are led to

|| <3.0x 10726 ecm (90% CL) [28] = [Im[C, (A)] + 1.3 x Im[C% (A)]| S 4% 1073 TeV 2 ~ 9 x Y20

3For taus, the weak Dipole Moment Ref. [26] could lead to a slightly better, though not yet meaningful, bound.
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5. Discussion and conclusions

We have discussed how operators of the class w>H?> can be probed indirectly by their mixing-
induced contributions to dipole operators, resulting in a broad set of phenomenogical applications
involving both lepton and quark sectors. The leading order mixing of w?H? operators into dipoles
at two-loops calculated here leads to important bounds on the Wilson coefficient of y?H? derived
from Z(u — ey), eEDM, and nEDM, thus showing the power of dipoles in probing the flavor
structure of NP, including the one encoded in non-dipole operators. An improvement of the analysis
shown above consists in including contributions from Barr-Zee diagrams, i.e., finite contributions
from two-loop insertions of the NP operator w>H? [5, 29, 30], that turn out to be important. When
included, the bounds shown previously get improved by a factor of ~ 2 — 5. This feature results
from the fact that the ADM elements calculated here, i.e., },x ~ 1/4, are not large. The dimension-
six operators W?H? are generated in many extensions of the SM involving new heavy degrees of
freedom, cf., e.g., [31, 5], that can be therefore constrained by the bounds discussed previously.

In much a similar way, the study presented above can be extended to the mixing of four-
fermion operators into dipole operators. At one-loop, (#/oyye)€j (o u) is the single operator
of the Warsaw basis that mixes (“directly”) into dipole operators. At two-loops, a much larger set
leads to mixing-induced contributions to dipole processes. It is worth stressing that such contri-
butions can be Yukawa and/or color enhanced. The set of renormalization constants describing
the mixing of the whole set of physical four-fermion operators into dipoles, together with their
phenomenological analysis, will be presented in [11].
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