
UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Magic zeroes and hidden symmetries

Permalink
https://escholarship.org/uc/item/6bf0w1z7

Journal
Journal of High Energy Physics, 2022(5)

ISSN
1126-6708

Authors
Craig, Nathaniel
Garcia, Isabel Garcia
Vainshtein, Arkady
et al.

Publication Date
2022

DOI
10.1007/jhep05(2022)079
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6bf0w1z7
https://escholarship.org/uc/item/6bf0w1z7#author
https://escholarship.org
http://www.cdlib.org/


J
H
E
P
0
5
(
2
0
2
2
)
0
7
9

Published for SISSA by Springer

Received: April 8, 2022
Accepted: April 10, 2022
Published: May 12, 2022

Magic zeroes and hidden symmetries

Nathaniel Craig,a,b,c Isabel Garcia Garcia,d Arkady Vainshteine,d
and Zhengkang Zhanga
aDepartment of Physics, University of California,
Santa Barbara, CA 93106, U.S.A.
bPhysics Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, U.S.A.
cBerkeley Center for Theoretical Physics, University of California,
Berkeley, CA 94720, U.S.A.
dKavli Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, U.S.A.
eFTPI and School of Physics and Astronomy, University of Minnesota,
Minneapolis, MN 55455, U.S.A.
E-mail: ncraig@physics.ucsb.edu, isabel@kitp.ucsb.edu,
vainshte@umn.edu, zkzhang@ucsb.edu

Abstract: Selection rules arising from accidental or broken symmetries may be sufficiently
obscure that their agency is hidden, leading to the appearance of “magic zeroes” — quantities
that are suppressed without apparent recourse to a symmetry explanation. Magic zeroes
and their corresponding hidden symmetries may shed new light on parametric hierarchies
in the Standard Model and beyond. We identify the hidden symmetry responsible for a
recently-discovered magic zero, the vanishing of the putative leading contribution to the
anomalous dipole moments of the muon upon integrating out weak doublet and singlet
vector-like fermions. Some of the tools involved — spurion analysis leveraging discrete
symmetries of the free theory, field redefinitions, spectator fields, and non-supersymmetric
non-renormalization theorems — may prove useful in the hunt for new magic zeroes and
their hidden symmetries.
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1 Introduction

Symmetry has long been a guiding principle for understanding the size of parameters both
within and beyond the Standard Model (SM). It crucially underlies ’t Hooft’s notion of
technical naturalness [1], namely that suitably normalized parameters may be much smaller
than unity only if setting them to zero restores a symmetry of the theory. So great is the
success of technical naturalness in explaining most of the observed hierarchies of the SM
that it holds sway even over the notable exceptions to the rule. For instance, prevailing
approaches to the electroweak hierarchy problem such as supersymmetry or the composite
Higgs extend the SM in such a way as to render the Higgs mass technically natural. The
lack of evidence (thus far) for these approaches may call into question whether symmetry
considerations still have a role to play in solving the puzzles of the SM.

But the role of symmetry in explaining small parameters can often be far from obvious.
Symmetries that are badly broken in a full theory may nonetheless give rise to interesting
selection rules, particularly when one is only concerned with a subset of the theory — a
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given order in loop counting or power counting, for example. Symmetries taken in tandem
may control far more than either symmetry in isolation, as manifested by instances of
collective symmetry breaking [2]. Theories may inherit the protection of symmetries from
much larger progenitors despite possessing fewer degrees of freedom, as exemplified by the
orbifold correspondence [3] and non-supersymmetric non-renormalization theorems [4–6].
Such symmetries may be sufficiently intricate or subtle that their agency is obscured, leading
to the appearance of “magic zeroes” — quantities that are suppressed without apparent
recourse to technical naturalness. We will loosely refer to the symmetries underlying these
magic zeroes as “hidden symmetries”. These may include symmetries that are fully broken,
but are nevertheless responsible for certain cancellations inasmuch as the specific pattern
of symmetry breaking controls the form of contributions to symmetry-breaking quantities.
The hidden symmetries underlying these magic zeroes are instances of what we will playfully
(and apocryphally) refer to as Wilson’s third law, with apologies to Arthur C. Clarke:

Any sufficiently advanced symmetry is indistinguishable from magic.

Perhaps the surprising lightness of the Higgs is an instance of Wilson’s third law.
More broadly, perhaps the failure of apparent symmetries to solve the outstanding puzzles
of the SM — the electroweak hierarchy problem, strong CP problem, and cosmological
constant problem chief among them — is an invitation to further explore the space of hidden
symmetries. In doing so, it bears remembering that hidden symmetries are discovered as
often as they are invented. For every hidden symmetry that has been invented by design,
another has been discovered in the course of explaining an observed magic zero.

The goal of this paper is to look for hidden symmetries that explain magic zeroes. For
definiteness, we take as our focal point a specific magic zero, namely the vanishing of the
anomalous dipole moments of the muon, associated with a dimension-six operator in the
one-loop effective action, for a simple SM extension involving heavy vector-like fermions
that are SU(2)L singlets and doublets. In ref. [7] this was attributed to a “total derivative
phenomenon,” in lieu of an apparent symmetry at play. In this paper we show that the
magic zero can be explained by hidden symmetries.1 Along the way, we observe some
rules of thumb that may prove more broadly useful in the search for hidden symmetries.
For example, it is helpful to consider the full symmetries of the free theory (including
those that are often neglected in analyzing fermionic theories); in this case a nontrivial
discrete subgroup of these symmetries plays a particularly valuable role. The relevance
of this discrete symmetry to the magic zero is perhaps most apparent in the mass basis
after electroweak symmetry breaking, an appropriate arena for addressing questions of
Wilsonian naturalness. The relevance of the discrete symmetry in the unbroken phase is
less obvious, but can be made apparent by a judicious choice of field redefinitions. Such
redefinitions run against the familiar grain, leveraging vector-like fermion mass terms to
eliminate marginal non-derivative interactions in favor of irrelevant derivative ones (similar
to the case of axion EFT below the Peccei-Quinn breaking scale [8]). It is also useful,

1The fact that the magic zero of ref. [7] can be explained by symmetries does not lessen the significance of
total derivative phenomena, which illuminate a number of interesting relations between operator coefficients
that would otherwise remain obscure.
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though not obligatory, to view the model as a subset of a larger theory, in which the
additional states are mere spectators to the physics of interest. Finally, a spurion analysis
organized around internal symmetries can be usefully supplemented by non-supersymmetric
non-renormalization theorems based on helicity selection rules. Some or all of these features
may prove helpful in identifying or engineering new magic zeroes.

This paper is organized as follows: in section 2 we first review the global symmetries of
a free, massless Dirac fermion before turning to the model of ref. [7], where we repeat the
one-loop calculation of the muon anomalous dipole moments. These yield a “magic zero”
when the Higgs is taken to be massless: in the unbroken phase it manifests as a vanishing
coefficient for the appropriate dimension-6 dipole operator, while in the broken phase it
corresponds to a vanishing dipole moment at leading order in v. We begin the search for
a symmetry explanation of the magic zero in section 3, setting up a spurion analysis in a
toy model of scalars, massive fermions, and massless fermions that controls the form of
possible contributions to the dipole moments of the massless fermions. Mapping the full
model in the mass eigenbasis onto this toy model, we show that symmetries of a subset
of the theory force the dipole moments to vanish at leading order in v. This naturally
invites an analogous explanation in the unbroken phase, which we present in section 4.
Here the constraints imposed by symmetry are made most apparent by carrying out a field
redefinition, and force the corresponding dimension-6 operator to vanish. In section 5 we
turn to the pragmatic question of how the vanishing dipole would appear to an effective
field theorist living at intermediate energies, and the extent to which they might construe
the magic zero as the result of a UV-IR conspiracy. In section 6 we distill some general
lessons in the hunt for UV-IR conspiracies and symmetry explanations of magic zeroes.

2 The magic zero

An apparent “magic zero” was recently discussed in ref. [7], in the context of what is
otherwise a remarkably simple model. The theory considered in ref. [7] (and studied
previously in [9, 10]) extends the SM by a pair of vector-like SU(2)L-doublets, as well as
a pair of SM singlets. At one loop, charged SM leptons acquire a mass correction in this
model, yet the leading contribution to their electromagnetic dipole moments is, somewhat
surprisingly, absent.

The purpose of this section is to summarize the puzzle raised in ref. [7] and provide a
complementary perspective on some aspects of the result. We begin with a brief review
of the different symmetry structure of the mass and dipole operators of a Dirac fermion
in section 2.1. In section 2.2, we introduce the model that is the focus of ref. [7], and
discuss (and partly clarify) the relevant aspects of the one-loop calculation. In section 2.3
we emphasize the role played by the infrared dominance of the loop diagram, which may
provide helpful guidance in the search for analogous phenomena elsewhere.

2.1 Symmetries of a Dirac fermion

The Lagrangian of a massless Dirac fermion reads

Lfree = Ψ̄iγµ∂µΨ = e†iσ̄µ∂µe+ ec†iσ̄µ∂µe
c, (2.1)
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where in the last step we have written the Lagrangian in terms of left-handed two-component
Weyl fermions e and ec after substituting Ψ = (e, ec†)T . This expression can be further
written as

Lfree = χ†i iσ̄
µ∂µχ

i, where χ1 ≡ e, χ2 ≡ ec. (2.2)

This makes it manifest that the Lagrangian of a massless Dirac fermion is invariant under
a U(2) global symmetry under which χ transforms as a doublet. We will write this as
U(2) = U(1)A×SU(2)V , with the U(1)V subgroup generated by the τ3 generator of SU(2)V .

In two-component notation, which we will use throughout this work, Dirac mass and
electromagnetic dipole operators take the form(

−mεαβeβecα + τ Fαβeβe
c
α

)
+ h.c., (2.3)

where we have made Lorentz indices explicit, and Fαβ = −εαγ (σµν) β
γ Fµν is symmetric

under α↔ β.2 The real part of the coefficient τ is the anomalous magnetic moment of the
fermion, while its imaginary part gives the electric dipole moment, i.e.

τ = dm + ide . (2.4)

In terms of the left-handed Weyl doublet, χi, the expression in eq. (2.3) reads

1
2
(
−mijε

αβχiβχ
j
α − τ εijFαβχiβχjα

)
+ h.c., (2.5)

with the symmetric mass matrix mij , m12 = m21 = m. A mass term breaks the global
U(2) symmetry all the way down to the U(1)V factor.3 On the other hand, since εij is
the SU(2)-invariant tensor, a non-zero dipole leaves unbroken the entire SU(2)V subgroup.
Note that eq. (2.5) makes apparent a discrete subgroup of U(2) useful for distinguishing
masses and dipoles: under the Z2 that exchanges χ1 ↔ χ2, the mass is even (m12 = m21)
while the dipole is odd (τε12 = −τε21). This subgroup is just charge conjugation restricted
to the fermion sector.

As a result, radiative corrections generating a dipole operator do not necessarily imply
a non-zero mass. This observation was made and exploited by Voloshin in ref. [12] to
construct models featuring a neutrino magnetic dipole moment at one-loop, but vanishing
neutrino mass. What naively would have been an “unnaturally” small mass-to-dipole ratio
is achieved in ref. [12] by extending the SM with an additional sector that preserves the
SU(2)V symmetry of the neutrino sector.

The opposite situation — a small dipole-to-mass ratio — is clearly more sinister.
Radiative corrections generating a fermion mass indicate that the U(1)A factor is broken,
and therefore there is a priori no symmetry preventing the generation of an electromagnetic
dipole. This is the situation that arises in the model of ref. [7], as we now discuss.

2We follow the conventions of ref. [11] where σµν is defined with lower-upper spinor indices: (σµν) β
α ≡

i
4

(
σµαγ̇ σ̄

νγ̇β − σναγ̇ σ̄µγ̇β
)
. In this convention, σi0 = −σ0i = i

2~σ
i and therefore σµνFµν = −~σ · ( ~B + i ~E).

3It means we are dealing with the Dirac mass. Adding nonvanishing m11, m22 to the mass matrix mik

would lead to the Majorana masses and break U(1)V .
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2.2 Mass vs. dipole at one loop

The model that is the focus of ref. [7] extends the SM by a pair of vector-like SU(2)L-doublets
Lc = (Lc+, Lc 0)T and L = (L0, L−)T , carrying hypercharge ±1

2 , as well as two SM-singlets
Sc and S. We follow here the notation of ref. [7] except that we use a convention where
the Higgs doublet carries hypercharge +1

2 . We add to the SM the following mass and
Yukawa terms:

Ladd =
{
−mLL

cL−mSS
cS−Y ′VHLSc−YVH†LcS−YLHlSc−YRH†Lec

}
+h.c. (2.6)

The above interactions break the various axial and vector U(1) symmetries of the free
fermion theory, with the exception of the diagonal U(1)V factor corresponding to fermion
number. Non-zero vector-like masses, mL and mS , break the U(1)A symmetries acting on
the doublet and singlet pairs of fermions, whereas fully breaking the axial symmetry of the
SM leptons requires YL, YR 6= 0 as well as either YV or Y ′V to be non-vanishing. As a result,
any contribution to either the mass or dipole of the SM fermions must be proportional to a
suitable combination of all three Yukawas.

Before moving on, let us note that, as in the SM, the space-time symmetries P and
C are broken in this model. T is also broken in general: of the (a priori) six complex
parameters introduced in eq. (2.6) one phase remains physical.4 Throughout this work, we
will assume a hierarchy mL,mS � v, and treat the SM leptons as massless. Also we omit
the gauge field part of SM besides the electromagnetic external field which probes dipole
moments. Loops are formed due to Higgs field interactions, with charged Higgs components
appearing as internal lines. The same results can be obtained in the unitary gauge in the
limit of vanishing gauge coupling g → 0 where only longitudinal W ’s propagate in the loop.

Integrating out the vector-like fermions at tree level does not generate either a mass
or a dipole moment for the charged SM fermions. Instead, the leading contributions arise
at one-loop, and, as anticipated, are linear in YV or Y ′V . We will focus on contributions
involving Y ′V in the rest of this section, and relegate the discussion of those proportional to
YV to appendix A.1. Figure 1 shows the (a priori) leading one-loop diagrams involving Y ′V .
Indeed, upon setting the Higgs to its vacuum expectation value, the diagram of figure 1(a)
leads to a contribution to the lepton mass of the form

δm(µ) = v√
2

YLYRY
′∗
V

16π2(m2
L −m2

S)

(
m2
L log µ2

m2
L

−m2
S log µ2

m2
S

)
, (2.7)

where µ denotes the renormalization scale (or a UV cut-off in a mass-dependent scheme).
However, the contribution to the electromagnetic dipole from the diagram of figure 1(b)

vanishes, as it was observed in ref. [7]. It is not hard to verify this is the case. Setting aside
overall multiplicative vertex factors, the corresponding amplitude is proportional to

iMµ ∝
ˆ

d4k

(2π)4
k2(2kµ − 2pµ − qµ)

(k − p)2(k − p− q)2(k2 −m2
L)(k2 −m2

S) ū(p+ q)PLu(p), (2.8)

4For simplicity, and without loss of generality, we take this phase to live in Y ′
V in this section. In

subsequent sections we will find it useful to remain fully general, treating all the different parameters
as complex.
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p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

L
<latexit sha1_base64="d49OKR561VpN5sILc3iaIDdA5T0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOQKtxJQO0CNhYWCZgPSI6wt5lL1uztHbt7Qgj5BTYWitj6k+z8N26SKzTxwcDjvRlm5gWJ4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG/nfvsJleaxfDCTBP2IDiUPOaPGSo37frHkVtwFyDrxMlKCDPV+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4tDZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc14bU/5TJJDUq2XBSmgpiYzL8mA66QGTGxhDLF7a2EjaiizNhsCjYEb/XlddK6rHjVyk2jWqqVszjycAbnUAYPrqAGd1CHJjBAeIZXeHMenRfn3flYtuacbOYU/sD5/AGfl4zC</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

e
<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec

<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

S
<latexit sha1_base64="Q8LhbWoOYxFz1p22p31ExuZNBSg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhM0DwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6mZjMc=</latexit>

Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit>

(a)
<latexit sha1_base64="M29tkeFiftyPUpT/+ATX2SJVXgc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoN4KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlhwq96JfKbtWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0ijYEb/nlVdK6rHq16s19rVyv5HEU4BTOoAIeXEEd7qABTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8weEuY08</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

k � p� q
<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

S
<latexit sha1_base64="Q8LhbWoOYxFz1p22p31ExuZNBSg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhM0DwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6mZjMc=</latexit>

L
<latexit sha1_base64="d49OKR561VpN5sILc3iaIDdA5T0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOQKtxJQO0CNhYWCZgPSI6wt5lL1uztHbt7Qgj5BTYWitj6k+z8N26SKzTxwcDjvRlm5gWJ4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG/nfvsJleaxfDCTBP2IDiUPOaPGSo37frHkVtwFyDrxMlKCDPV+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4tDZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc14bU/5TJJDUq2XBSmgpiYzL8mA66QGTGxhDLF7a2EjaiizNhsCjYEb/XlddK6rHjVyk2jWqqVszjycAbnUAYPrqAGd1CHJjBAeIZXeHMenRfn3flYtuacbOYU/sD5/AGfl4zC</latexit>

Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit>

(b)
<latexit sha1_base64="DzTSHN7aV5r2lUlD7oRNlrDJVn8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoN4KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlh0pw0S+V3ao7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5ufOiXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFG0I3vLLq6R1WfVq1Zv7WrleyeMowCmcQQU8uII63EEDmsBgCM/wCm+OcF6cd+dj0brm5DMn8AfO5w+GPo09</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

(b)
<latexit sha1_base64="MT9V5vaVNoqH60qnDabX41+eCPI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4SoGlzMBuWKW3PnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP50fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeO2nTMaJoZIsFoUJRyZC2fdoyBQlhk8twUQxeysiY6wwMTajkg3BW355lbQva169dnNfrzTO8ziKcAKnUAUPrqABd9CEFhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwDSN4+z</latexit>

(a)
<latexit sha1_base64="49j5DGuMyCXWfhtl301WiWWWwPE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4Soii9mg3LFrblzoFXi5aQCOZqD8ld/GJFEUGkIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNUYkG1n84PnqEzqwxRGClb0qC5+nsixULrqQhsp8BmrJe9TPzP6yUmvPZTJuPEUEkWi8KEIxOh7Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgLb+8StqXNa9eu7mvVxrneRxFOIFTqIIHV9CAO2hCCwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP9Cxj7I=</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

H�
<latexit sha1_base64="XTf1kmKFOzxhxEvRC3IrhkzHh/4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYFC8GHYloN4CXnKMaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YRK81g+mFGCfkT7koecUWOl++rjRbdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDaH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJpXJa8cunmrlysnGVx5OAYTuAcPLiCClShBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHtmCNWw==</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

H�
<latexit sha1_base64="XTf1kmKFOzxhxEvRC3IrhkzHh/4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYFC8GHYloN4CXnKMaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YRK81g+mFGCfkT7koecUWOl++rjRbdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDaH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJpXJa8cunmrlysnGVx5OAYTuAcPLiCClShBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHtmCNWw==</latexit>

L0
<latexit sha1_base64="zE9NufJkPVe9TWC8u318TMO56Xk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR7dbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3VCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp36THFTIjxpZQpri9lbAhVZQZm07BhuAtvrxMGudlr1K+uquUqqdZHHk4gmM4Aw8uoAo3UIM6MBjAM7zCmyOcF+fd+Zi35pxs5hD+wPn8AcEEjWI=</latexit>
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Figure 1. One-loop diagrams providing the (a priori) leading contribution to (a) the mass, and
(b) electromagnetic dipole moments of charged SM leptons in the model of eq. (2.6) with YV = 0.
Both diagrams are proportional to the combination of couplings YLYRY ′∗V .

where we use the four-component fermions u and the chiral projection PL = (1 − γ5)/2.
Note that the iε terms in the propagators are not shown having in mind Wick rotation.
Expanding this expression to linear order in external momenta, one finds

iMµ ∝
ˆ

d4k

(2π)4
ū(p+q)PLu(p)

k2(k2−m2
L)(k2−m2

S)

{
−(2pµ+qµ)+2kµ

(
1+ 2k ·(2p+q)

k2

)}
. (2.9)

The term linear in k can be ignored, as it vanishes upon integration. Making the replacement
4kµkν → k2ηµν in the last term of the previous expression5 we find

iMµ ∝
ˆ

d4k

(2π)4
ū(p+ q)PLu(p)

k2(k2 −m2
L)(k2 −m2

S) {−(2pµ + qµ) + (2pµ + qµ)} = 0. (2.10)

Since the integrand vanishes at linear order in p and q, there is indeed no contribution to
the electromagnetic dipole term from this diagram.

In ref. [7] the vanishing of the diagram in figure 1(b) is ascribed to the integrand of the
loop function being a total derivative that vanishes in the limits |kE | → 0 and |kE | → ∞.
This justification may seem different from the one we have presented here, where we have
seen that the integrand itself is zero at linear order in external momenta. The difference
between our presentation and that in ref. [7] stems from a relabelling of the loop momenta
in figure 1(b). Shifting k → k+ p+ q modifies the loop integrand by a total derivative term
that vanishes upon integration. The physical significance of this total derivative is unclear
given that it can be removed by an unphysical relabelling of internal momenta, motivating
the search for a symmetry-based explanation.6

5We set d = 4 as the integral in question is finite; no regularization is required in this example.
6One may take advantage of this relabelling freedom to show that certain classes of higher-dimensional

operators are related by writing loop integrands as total derivatives, as discussed in ref. [7]. As long as
fermion masses are the only scales appearing in the loop, these relations also admit a simple symmetry
explanation: first, the fact that the two classes of operators arise from diagrams with identical fermion lines
means that operator coefficients at the same mass dimension (B and B̃, C and C̃, etc. in the notation of
ref. [7]) must have identical flavor structures and therefore be proportional to each other up to logarithms;
meanwhile, logarithms can only arise from divergences of sub-diagrams, which again must agree between the
two sets of diagrams. Note that B ∝ B̃ and B = 0 do not necessarily indicate that B̃ (corresponding to the
dipole) vanishes because the symmetry argument above does not exclude a zero proportionality constant
— we will need slightly more complicated symmetry analyses to show that the dipole indeed vanishes, as
discussed in the rest of the paper. The symmetry argument also fails if there are additional scales appearing
in the loop, e.g. from massive scalars. We thank Nima Arkani-Hamed for discussion of this point.
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Also, as noted in ref. [7], the vanishing of the electromagnetic dipole moments does not
survive beyond the leading analysis summarized here. Non-zero contributions are present
at two-loop order, and also at one-loop order proportional to m2

W . As our focus here is on
finding a symmetry-based explanation for the absence of what would have been the leading
dipole term, we will not be concerned with these non-zero pieces. However, let us note that
had we included a non-zero mass for the charged scalar in the corresponding propagators
appearing in eq. (2.8), the cancellation in eq. (2.10) would not have taken place.

2.3 Infrared dominance

Before setting off in search of a symmetry explanation for the magic zero, it is useful to
consider one last derivation that still makes use of the properties of the loop integrand by
connecting the one-loop dipole to the infrared limit of certain scattering amplitudes. This
argument (which is closely related to arguments in ref. [7]) is fairly general and informs the
discussion of apparent UV-IR conspiracies in section 5.

Consider the general scenario of a charged massless Dirac fermion Ψ = (e, ec†)T
interacting with an oppositely-charged massless scalar field φ and any number of massive,
neutral fermions. We can write the one-loop diagram contributing to the dipole as

iMµ = e (ecαeα)
ˆ

d4k

(2π)4
2kµ − 2pµ − qµ

((k − p)2 − λ2)((k − p− q)2 − λ2) × h(k2), (2.11)

where e refers to the electric charge, and (eαecα)h(k2) represents the scattering process
φ(k − p) + e(p) → φ(k − p − q) + ec(p + q). We have also introduced a small mass λ for
the scalar φ as an infrared regulator, with the intention of taking the limit λ→ 0 at the
end. We further assume UV convergence (i.e. the scattering amplitude h(k2) goes to zero
at large k2), which is certainly provided within renormalizable theories.

For the purposes of extracting dipole moments we can limit ourselves to a first order
expansion in the external momenta p and q. Working at this order and substituting
4kµkν → k2ηµν (possible thanks to the IR regulator), we arrive at

iMµ = e (ecαeα)(2pµ + qµ)
ˆ

d4k

(2π)4
λ2

(k2 − λ2)3 × h(k2). (2.12)

After Wick rotation the integration over k — clearly dominated by k ∼ λ — is easily done,
and in the λ→ 0 limit we obtain for the dipole amplitude

Mµ = − e

32π2 h(0)(eαecα)(2pµ + qµ) = ie

16π2 h(0) ecσµνqνe, (2.13)

where we used ecD2e = iecFµνσ
µνe for an on-shell massless fermion. The anomalous dipole

moments are then
τ = dm + ide = eh(0)

16π2 . (2.14)

The contribution to the dipole is governed by the far infrared, and the final form of the
dipole is controlled by the infrared behavior of the φ+ e→ φ+ ec amplitude. In ref. [7],
the same result is derived without introducing a nonzero λ. In that case, the replacement
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4kµkν → k2ηµν cannot be made because of IR divergence; instead, the integrand is shown to
be a total derivative, which upon integration picks up an IR boundary term. This underlines
the advantage to framing the integrand as a total derivative, in that the IR dominance is
apparent without regularization. Our derivation, with the use of an IR regulator λ, does not
resort to the total derivative phenomenon but also underlines the IR dominance of the dipole.

The tree-level scattering amplitude φ+ e→ φ+ ec that controls the form of the dipole
is specified by the neutral fermions exchanged. The simplest case is to have just one massive
Dirac fermion, consisting of two left-handed spinors ψ and ψc with Lagrangian

∆L =
{
−mψcψ + yL φ(ψce) + y∗R φ

∗(ecψ)
}

+ h.c. (2.15)

The amplitude h(k2) in this case is

h(k2) = yLy
∗
Rm

k2 −m2 , h(0) = −yLy
∗
R

m
. (2.16)

The anomalous dipole moments in eq. (2.14) are then given by the value of h(0).
More generally there can be some number of massive Dirac fermions. The magic zero

in the model of ref. [7] arises when the sum of yLy∗R/m over two Dirac fermions vanishes.
The authors of [7] provided a clever explanation of the vanishing of h(0) using the vanishing
of the operator (lH†)(HH)ec, where l and H are lepton and Higgs doublets. As we will
see in section 3, symmetries can be used to understand why the sum of yLy∗R/m over two
Dirac fermions vanishes. At face value, symmetry provides the more powerful explanation
of the magic zero, in that it both controls the form of the loop amplitude leading to infrared
dominance and orchestrates cancellations among different infrared contributions.

Ultimately, this motivates pursuing a complete symmetry explanation, in both the mass
basis (section 3) and the gauge basis (section 4). But the intermediate level of explanation
based on infrared dominance (or total derivative phenomena) is useful insofar as it helps to
understand the magic zero starting from the form of the integrand. Infrared dominance
further helps to understand the emergence of apparent UV-IR conspiracies, as we will see
in section 5.

3 Symmetries at work: mass basis

We now turn our attention to whether the vanishing of (what would have been) the leading
one-loop contribution to the electromagnetic dipole moment can be understood in terms of
symmetries. The fact that the absence of a dipole term only holds up to a certain order
indicates that the symmetry we are after cannot be a symmetry of the full model. Instead,
if symmetry is indeed at play, it will likely only involve the field content and interactions
that partake in radiative corrections at the relevant order in a perturbative expansion.

In the remainder of this section, we show how the magic zero reviewed in section 2
can be understood in terms of symmetries in the mass basis (electroweak broken phase)
calculation. The magic zero can also be explained by a gauge basis (electroweak unbroken
phase) analysis, as we will discuss in the next section. For simplicity, we focus on the case
where YV = 0 in this section. This allows us to simplify the technicalities of our discussion
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without losing any of the qualitative insights. We relegate the discussion of the case with
non-zero YV to appendix A.2.

3.1 Toy model

Let us first consider a simplified toy model containing two electrically neutral massive Dirac
fermions, with left-handed Weyl components (ψ,ψc) and (ψ̂, ψ̂c), respectively, a complex
bosonic field φ, describing a charged scalar, as well as a massless charged Dirac fermion
with Weyl components (e, ec). Aside from the appropriate kinetic terms, which include
electromagnetic interactions via covariant derivatives, our toy model features the following
mass and interaction terms:

∆L =
{
−mψcψ + yL φ(ψce) + y∗R φ

∗(ecψ)
}

+ h.c.

+
{
− m̂ ψ̂cψ̂ + ŷL φ(ψ̂ce) + ŷ∗R φ

∗(ecψ̂)
}

+ h.c. (3.1)

The above terms break the various symmetries of the free theory. In the fermion sector,
the U(6) global symmetry of the free Lagrangian is broken down to a single U(1)V factor,
corresponding to fermion number.

We can “restore” the symmetry enjoyed by the free theory by treating the various mass
and Yukawa couplings as spurions transforming non-trivially under it. Only the U(1)6×Pψ
subgroup of the full symmetry of the fermion sector will be relevant to our discussion. The
U(1) factors correspond to the various axial and vector symmetries of the three pairs of
Weyl fermions, whereas Pψ is a Z2 discrete permutation symmetry exchanging ψ ↔ ψ̂,
ψc ↔ ψ̂c, and which acts “spuriously” on the model parameters as x↔ x̂ for x = m, yL, yR.

We are now ready to identify the form of the coefficients that can be generated for
both mass and dipole operators, see eq. (2.3). In both cases, they must carry two units of
the U(1)A charge corresponding to the (e, ec) pair, and be even under all the other abelian
factors, including the discrete factor Pψ. At mass dimension one, the unique object carrying
the appropriate U(1) charges that is invariant under Pψ is given by

δm = yLy
∗
Rm

∗
(
α log µ2

|m|2
+ β

)
+ ŷLŷ

∗
R m̂

∗
(
α log µ2

|m̂|2
+ β

)
, (3.2)

where α and β are numerical coefficients that cannot be obtained within a spurion analysis
(explicit computation reveals that α = 1

16π2 and β = 0). Logarithms will generally be
present, as renormalizability of the model does not preclude the presence of a counter-term.

The coefficient of dipole operator, τ , on the other hand, has mass dimension −1. In
this case, the unique object consistent with all the spurion charge assignments reads:

δτ = γ e

{
yLy

∗
R

m
+ ŷLŷ

∗
R

m̂

}
, (3.3)

reproducing the result in section 2.3. Notice the absence of logarithms in eq. (3.3). Loga-
rithms here would necessarily involve the renormalization scale µ, pointing to a divergence.
As a higher-dimensional operator generated in a renormalizable theory, the dipole must be
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q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

L
<latexit sha1_base64="d49OKR561VpN5sILc3iaIDdA5T0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOQKtxJQO0CNhYWCZgPSI6wt5lL1uztHbt7Qgj5BTYWitj6k+z8N26SKzTxwcDjvRlm5gWJ4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG/nfvsJleaxfDCTBP2IDiUPOaPGSo37frHkVtwFyDrxMlKCDPV+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4tDZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc14bU/5TJJDUq2XBSmgpiYzL8mA66QGTGxhDLF7a2EjaiizNhsCjYEb/XlddK6rHjVyk2jWqqVszjycAbnUAYPrqAGd1CHJjBAeIZXeHMenRfn3flYtuacbOYU/sD5/AGfl4zC</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

e
<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec

<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

S
<latexit sha1_base64="Q8LhbWoOYxFz1p22p31ExuZNBSg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhM0DwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6mZjMc=</latexit>

Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit>

(a)
<latexit sha1_base64="M29tkeFiftyPUpT/+ATX2SJVXgc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoN4KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlhwq96JfKbtWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0ijYEb/nlVdK6rHq16s19rVyv5HEU4BTOoAIeXEEd7qABTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8weEuY08</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

k � p� q
<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

S
<latexit sha1_base64="Q8LhbWoOYxFz1p22p31ExuZNBSg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhM0DwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6mZjMc=</latexit>

L
<latexit sha1_base64="d49OKR561VpN5sILc3iaIDdA5T0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOQKtxJQO0CNhYWCZgPSI6wt5lL1uztHbt7Qgj5BTYWitj6k+z8N26SKzTxwcDjvRlm5gWJ4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG/nfvsJleaxfDCTBP2IDiUPOaPGSo37frHkVtwFyDrxMlKCDPV+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4tDZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc14bU/5TJJDUq2XBSmgpiYzL8mA66QGTGxhDLF7a2EjaiizNhsCjYEb/XlddK6rHjVyk2jWqqVszjycAbnUAYPrqAGd1CHJjBAeIZXeHMenRfn3flYtuacbOYU/sD5/AGfl4zC</latexit>

Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit>

(b)
<latexit sha1_base64="DzTSHN7aV5r2lUlD7oRNlrDJVn8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoN4KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlh0pw0S+V3ao7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5ufOiXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFG0I3vLLq6R1WfVq1Zv7WrleyeMowCmcQQU8uII63EEDmsBgCM/wCm+OcF6cd+dj0brm5DMn8AfO5w+GPo09</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

(b)
<latexit sha1_base64="MT9V5vaVNoqH60qnDabX41+eCPI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4SoGlzMBuWKW3PnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP50fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeO2nTMaJoZIsFoUJRyZC2fdoyBQlhk8twUQxeysiY6wwMTajkg3BW355lbQva169dnNfrzTO8ziKcAKnUAUPrqABd9CEFhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwDSN4+z</latexit>

(a)
<latexit sha1_base64="49j5DGuMyCXWfhtl301WiWWWwPE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4Soii9mg3LFrblzoFXi5aQCOZqD8ld/GJFEUGkIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNUYkG1n84PnqEzqwxRGClb0qC5+nsixULrqQhsp8BmrJe9TPzP6yUmvPZTJuPEUEkWi8KEIxOh7Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgLb+8StqXNa9eu7mvVxrneRxFOIFTqIIHV9CAO2hCCwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP9Cxj7I=</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

H�
<latexit sha1_base64="XTf1kmKFOzxhxEvRC3IrhkzHh/4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYFC8GHYloN4CXnKMaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YRK81g+mFGCfkT7koecUWOl++rjRbdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDaH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJpXJa8cunmrlysnGVx5OAYTuAcPLiCClShBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHtmCNWw==</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

H�
<latexit sha1_base64="XTf1kmKFOzxhxEvRC3IrhkzHh/4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYFC8GHYloN4CXnKMaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YRK81g+mFGCfkT7koecUWOl++rjRbdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDaH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJpXJa8cunmrlysnGVx5OAYTuAcPLiCClShBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHtmCNWw==</latexit>

L0
<latexit sha1_base64="zE9NufJkPVe9TWC8u318TMO56Xk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR7dbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3VCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp36THFTIjxpZQpri9lbAhVZQZm07BhuAtvrxMGudlr1K+uquUqqdZHHk4gmM4Aw8uoAo3UIM6MBjAM7zCmyOcF+fd+Zi35pxs5hD+wPn8AcEEjWI=</latexit>

L0
<latexit sha1_base64="zE9NufJkPVe9TWC8u318TMO56Xk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR7dbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3VCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp36THFTIjxpZQpri9lbAhVZQZm07BhuAtvrxMGudlr1K+uquUqqdZHHk4gmM4Aw8uoAo3UIM6MBjAM7zCmyOcF+fd+Zi35pxs5hD+wPn8AcEEjWI=</latexit>

�⇤
<latexit sha1_base64="0PlZOEdTqz34zZ/jasXIpQMxRQc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZFPJRdKai3ghePFewHtGvJptk2NpssSVYoS/+DFw+KePX/ePPfmG33oK0PBh7vzTAzL4g508Z1v53Cyura+kZxs7S1vbO7V94/aGmZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H45vMbz9RpZkU92YSUz/CQ8FCRrCxUqsXj9jDeb9ccavuDGiZeDmpQI5Gv/zVG0iSRFQYwrHWXc+NjZ9iZRjhdFrqJZrGmIzxkHYtFTii2k9n107RiVUGKJTKljBopv6eSHGk9SQKbGeEzUgvepn4n9dNTHjlp0zEiaGCzBeFCUdGoux1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2+vExaF1WvVr2+q1Xqp3kcRTiCYzgDDy6hDrfQgCYQeIRneIU3RzovzrvzMW8tOPnMIfyB8/kDKpmOyw==</latexit>
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Figure 2. One-loop diagrams contributing to the electromagnetic dipole moments of a charged
Dirac fermion in the model of eq. (3.1). (a) and (b) feature a Dirac fermion with mass m and m̂
respectively propagating inside the loop. For m2

φ = 0, the amplitude is of the form given in eq. (3.3).

UV-finite. Meanwhile, the absence of IR divergences may be seen most clearly from the per-
spective of the low-energy theory, where the tree-level dimension-5 irrelevant operators gener-
ated by integrating out the heavy fermions are incapable of renormalizing the dipole operator
at one loop. This may be understood from one-loop non-supersymmetric non-renormalization
theorems based on super-operator embedding [5] or helicity selection rules [6].

So far, our discussion has proceeded under the assumption that the charged scalar is
massless. Although it won’t be relevant to our later discussion, it is worth mentioning how
our previous analysis is modified when m2

φ 6= 0. Assuming m2
φ � m2, m̂2, we can build

additional objects with the appropriate U(1) charge assignments as an expansion in the
scalar mass-squared parameter. For example, at first order in m2

φ, the following combination
provides an additional “legal” contribution to the coefficient of a dipole term:

δτ (1) = e

{
yLy

∗
R

m

m2
φ

|m|2

(
α′ log |m|

2

m2
φ

+ β′
)

+ ŷLŷ
∗
R

m̂

m2
φ

|m̂|2

(
α′ log |m̂|

2

m2
φ

+ β′
)}

. (3.4)

Notice that, unlike in eq. (3.3), a non-zero m2
φ provides an additional scale that allows for

the presence of renormalization scale-independent logarithmic factors.
Diagramatically, there are two graphs contributing to the mass and dipole moments of

the massless fermion, as shown in figure 2. Explicit calculation reveals that the contribution
to both the mass and dipole coefficients at zeroth order in the scalar mass parameter are
indeed of the form given in eqs. (3.2) and (3.3), whereas the form of eq. (3.4) captures the
leading correction to the dipole coefficient at first order in m2

φ.

3.2 Cancellation in the mass basis

Thus far, we have seen the extent to which symmetries control the form of possible
contributions to the dipole moments of a massless Dirac fermion in a toy model where
this fermion is accompanied by heavy neutral fermions and a massless charged scalar. We
now map the germane parts of the full model in eq. (2.6) onto this toy model. Naively,
this will only result in a vanishing dipole moment if the full model orchestrates additional
correlations between the parameters of the toy model appearing in eq. (3.3). As we will see,
this is precisely what occurs.

Setting the Higgs to its vev and rotating to the mass basis in the fermion sector, the
interactions in eq. (2.6) that involve e and ec, the charged Higgs, as well as the neutral
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components of the massive fermions are those of eq. (3.1), after making the identification
φ → H+, {ψ,ψc} → {L0, Lc0} and {ψ̂, ψ̂c} → {S, Sc}. In terms of the parameters in
eq. (2.6), the Yukawa couplings and mass terms appearing in eq. (3.1) are given by

m = mL, yL = YL θ
c∗, y∗R = −YR, (3.5)

m̂ = mS , ŷL = YL, ŷ∗R = YR θ
∗. (3.6)

The θ and θc factors are mixing angles among the various fermions. Explicitly, they are
defined by the flavor-to-mass eigenbasis rotation as follows:(

L0

S

)
→
(

1 −θ∗
θ 1

)(
L0

S

)
and

(
Lc0

Sc

)
→
(

1 −θc
θc∗ 1

)(
Lc0

Sc

)
. (3.7)

To O(v/mL) and O(v/mS) they are given by

θ = v√
2

m∗SY
′
V

|mL|2 − |mS |2
and θc = v√

2
m∗LY

′
V

|mL|2 − |mS |2
. (3.8)

Up to overall multiplicative factors, the contribution to the electromagnetic dipole moment
from each individual massive fermion satisfies

e
yLy

∗
R

m
= −e ŷLŷ

∗
R

m̂
= − v√

2
e YLYRY

′∗
V

|mL|2 − |mS |2
, (3.9)

and the combination in eq. (3.3) therefore vanishes.
In the mass eigenbasis, the absence of what our spurion analysis identifies as the leading

contribution to the dipole term comes down to the mixing angles in the fermion sector
satisfying the following relationship:

θc

θ
= m∗L
m∗S

. (3.10)

In each of the diagrams of figure 2, the mass scaling of the mixing angles cancels against the
fermion mass factor appearing in the propagator, making it possible for the two diagrams to
cancel — despite the two fermions propagating inside the loop appearing at different scales.

Is there a symmetry enforcing this relationship? Before rotating to the mass eigenbasis,
the mass terms in the Lagrangian involving the neutral fermions read

L ⊃
{
−mLL

0Lc0 −mSSS
c − Y ′V v√

2
L0Sc

}
+ h.c. (3.11)

To identify how the mixing angles are related notice that eq. (3.11), together with the
corresponding kinetic terms, is invariant under a flavor symmetry C ′ acting as7

C ′ : L0 ↔ Sc and Lc0 ↔ S, (3.12)

provided it also acts (spuriously) on the mass parameters as follows:

C ′ : mL ↔ mS . (3.13)
7The notation C′ shows a similarity to the charge conjugation C which also interchanges two Weyl fields.
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In turn, this implies that the two mixing angles must satisfy the following relationship:

θc = −θ
∣∣∣
mS↔mL

. (3.14)

Let us now turn to the form of these mixing angles, focusing on θ first. As a mixing
angle, it must be proportional to 1/(|mL|2 − |mS |2). The combination of couplings/masses
carrying the appropriate U(1) charge assignments is given by

θ = N
m∗SY

′
V v/
√

2
|mL|2 − |mS |2

, (3.15)

where N is an overall coefficient that we cannot obtain with a spurion analysis. Our flavor
symmetry therefore tells us that the other mixing angle must be:

θc = N
m∗LY

′
V v/
√

2
|mL|2 − |mS |2

. (3.16)

Eqs. (3.15) and (3.16) clearly satisfy eq. (3.10), leading to a vanishing dipole.

3.3 Surprise or expectation?

Let us go back to the flavor basis, before setting the Higgs to its vev. The relevant
interactions read:

L ⊃
{
−mLL

0Lc0 −mSSS
c − Y ′VH0L0Sc + YLH

+eSc − YRH−L0ec
}

+ h.c. (3.17)

These are not all the interactions appearing in the model of eq. (2.6) — just those that
participate in the one-loop diagram of figure 1(b) (or, equivalently, those in figure 2).

The flavor symmetry introduced in the previous section can be extended to include the
SM field content into what we will refer to as a generalized version of charge conjugation
symmetry. By definition, under C ′ all the SM fields, except the neutrino which does not
enter in our analysis, transform as they do under ordinary charge conjugation:

C ′ : e↔ ec, H+ ↔ H−, Aµ ↔ −Aµ, (3.18)

and the list of spurious transformations in eq. (3.13) is now supplemented with:

C ′ : YL ↔ −YR . (3.19)

So if we compute the dipole contribution from, say, the diagram of figure 2(a), should
we be surprised that the result is entirely cancelled by the diagram of figure 2(b)? The
contribution to the electromagnetic dipole moments from figure 2(a), corresponding to the
fermion with mass mL propagating inside the loop, is given by

τ(L) = e

32π2
v√
2

YLYRY
′∗
V

|mL|2 − |mS |2
. (3.20)

Overall, τ as the coefficient of the dipole operator in the effective action (second term of
eq. (2.3)) must be invariant under the action of C ′. However,

τ(L)
C′
−→ e

32π2
v√
2

YLYRY
′∗
V

|mS |2 − |mL|2
= −τ(L) . (3.21)
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Since the contribution to τ from the diagram of figure 2(a) is odd under C ′, it must be
entirely cancelled by the diagram in figure 2(b). The cancellation between the two diagrams
in figure 2, featuring fermions with different masses propagating inside the loop, is therefore
not so much a surprise but an expectation.

Alternatively, one could have defined the action of a generalized parity symmetry P ′
that exchanges L0 ↔ Sc† and Lc0 ↔ S† (in combination with spatial reflection), and that
acts as usual on the field content of the SM fields. As spurions, P ′ exchanges mL ↔ m∗S ,
Y ′V ↔ Y ′∗V and YL ↔ Y ∗R. In turn, Re(τL)→ −Re(τL) whereas Im(τL)→ Im(τL) under P ′.
Since magnetic and electric dipole moments are respectively even and odd under parity
symmetry, one immediately concludes that the diagram of figure 2(b) must entirely cancel
the contribution to both magnetic and electric dipole moments coming from the diagram of
figure 2(a).

By contrast, the contribution to the SM fermion mass from one of the two massive
fermions — corresponding to one of the two terms inside the parenthesis in eq. (2.7) — is
neither even nor odd under C ′. The contribution from the additional fermion cancels the
odd part, leaving δm(µ) C′

−→ δm(µ), as can be checked explicitly from eq. (2.7).

4 Symmetries at work: gauge basis

We can gain further insight into the role of symmetries by performing a spurion analysis
in the gauge basis, i.e. in the unbroken phase of electroweak symmetry. The mass basis
calculation in the previous section hints at a Z2 symmetry relating fields that belong to
SU(2)L doublets and those that are SU(2)L singlets, e.g. L0 and Sc, as the key ingredient
underlying a symmetry explanation for the vanishing dipole moment. In the original model,
eq. (2.6), manifesting this symmetry then inevitably breaks SU(2)L. In this section, we
take an alternative perspective: by embedding eq. (2.6) in an SU(2)L × SU(2)R symmetric
theory, we will see that the dipole moment inherits symmetry protection from the larger
theory. This requires introducing a discrete symmetry, PLR, that relates the two SU(2)’s
and plays a similar role to C ′ in section 3. The freedom of performing field redefinitions
will prove powerful in this analysis.

4.1 SU(2)L × SU(2)R embedding

We begin by introducing auxiliary Weyl fermion fields, νc, Ec and E, which combine with
the SU(2)L singlets in the model of eq. (2.6) to form SU(2)R doublets. The field content of
this extended theory therefore includes SU(2)L doublet and SU(2)R doublet fermions that
are pairwise related by PLR:

li =
(
ν

e

)
, Li =

(
L0

L−

)
, Lci =

(
−Lc0

Lc+

)
,

PLR l l l

rci′ =
(
νc

ec

)
, Rci′ =

(
Sc

Ec

)
, Ri

′ =
(
−S
E

)
.

(4.1)
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The Higgs scalar is embedded in the bifundamental in the familiar way:

Σi
j′ =

(
Σi

1, Σi
2
)

=
(
H̃ i, H i) =

(
H0∗ H+

−H− H0

)
, (4.2)

where H̃ i ≡ εijH∗j , H− ≡ (H+)∗. We define PLR to act on the Higgs field as follows:

PLR : Σi
j′ ↔ Σj

i′ (i.e. H+ ↔ −H−). (4.3)

Throughout this section, we use unprimed and primed lowercase letters for SU(2)L and
SU(2)R (anti-)fundamental indices, respectively, and will use capital letters to refer to
them collectively (e.g. I = i, i′). Our choice of upper vs. lower indices in the equations
above is purely a matter of convention (with a minus sign introduced in Lci to be consistent
with conventions in the previous sections where Lc i = (Lc+, Lc0)T ); as usual, these indices
can be raised/lowered with εIJ , εIJ , where ε12 = −ε21 = −ε12 = ε21 = 1. Note that PLR
takes an SU(2)L fundamental (unprimed upper index) to an SU(2)R anti-fundamental
(primed lower index), etc. Complex conjugation (c.c.) also raises/lowers indices, as it takes
a fundamental to an anti-fundamental, and vice versa; to fix the sign convention consistent
with (εIJ)∗ = −εIJ , we attach a plus (minus) sign when c.c. lowers (raises) an index, e.g.
H i c.c.−→ H∗i , whereas Hi = εijH

j c.c.−→ −εijH∗j = −H∗i. Note that Σi
j′ and its conjugate are

not independent:

Σ∗ij′ = εikεj′l′Σ∗
l′

k = −εikεj′l′
(
Σk

l′
)∗ =

(
H0∗ H+

−H− H0

)
= Σi

j′ . (4.4)

We can write the Lagrangian of this extended theory in a compact form by introducing
the following field multiplets that are interchanged under PLR:

ΨI ≡

 li

Li

Ri
′

 PLR←−−→ Ψc
I ≡

 r
c
i′

Rci′

Lci

 . (4.5)

It follows that

L ⊃ iΨ†I σ̄
µDµΨI + iΨc†I σ̄µDµΨc

I −ΨTI(M + U
) J
I

Ψc
J , (4.6)

where

M =

0 0 0
0 0 mL

0 mR 0

 , U =

 0 UlR 0
ULr ULR 0

0 0 URL

 , (4.7)

[
UlR

] j′

i
=
[
yL
] j′ l′

i k
Σk

l′ ,
[
ULr

] j′

i
=
[
yR
] j′ l′

i k
Σk

l′ , (4.8)[
ULR

] j′

i
=
[
y′V
] j′ l′

i k
Σk

l′ ,
[
URL

] j

i′
=
[
yV
] j l′

i′ k
Σk

l′ . (4.9)

The mass and Yukawa tensors have the following nonzero components:[
mL

] j
i

= δji mL ,
[
mR

] 1
1 =mS ,

[
mR

] 2
2 =mE (→∞) , (4.10)[

yL
] 1 2
i k

=−εik YL ,
[
yR
] 2 1
i k

= εik YR ,
[
y′V
] 1 2
i k

=−εik Y ′V ,
[
yV
] j 1
1 k

= δjk YV . (4.11)
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We have flipped the sign conventions of mL, mS compared to the previous sections for
convenience. Note that the auxiliary fermions νc, Ec, E do not participate in the Yukawa
interactions, so the extended model eq. (4.6) is equivalent to the original one in eq. (2.6) as
far as observables involving physical (non-auxiliary) fields are concerned.

The Lagrangian eq. (4.6) is invariant under SU(2)L × SU(2)R when the mass and
Yukawa tensors are treated as spurions transforming according to their indices. It is also
PLR invariant if we define the latter to act spuriously as M J

I ↔MT I
J , U J

I ↔ UT I
J ; in

other words,

PLR :
[
mL

] j
i
↔
[
mR

] i′

j′ ,[
yL
] j′ l′

i k
↔
[
yR
] i′ k′

j l
,
[
y′V
] j′ l′

i k
↔
[
y′V
] i′ k′

j l
,
[
yV
] j l′

i′ k
↔
[
yV
] i k′

j′ l
. (4.12)

We also need to introduce a spurion for the U(1)EM coupling of the Higgs field. The
relevant part of covariant derivative reads DµΣi

j′ = ∂µΣi
j′ − ieAµQi l′

j′k Σk
l′ , where Qi l′

j′k

is the U(1)EM generator with the following nonzero components:

Q1 2
21 = −Q2 1

12 = 1 ; equivalently, Q 1 2
2 1 = −Q 2 1

1 2 = Q1 2
2 1 = −Q2 1

1 2 = 1 . (4.13)

Hermiticity of Q implies
(
Qi l′

j′k

)∗ = Qk j′

l′i , and it follows that∣∣DµΣi
j′
∣∣2 ⊃ ieAµ (Q j′ l′

i k −Q
l′ j′

k i

) (
∂µΣi

j′
)

Σk
l′ = 2ieAµQ j′ l′

i k

(
∂µΣi

j′
)

Σk
l′ , (4.14)

where we have used eq. (4.4) and the antisymmetry of Q j′ l′

i k . For eq. (4.14) to be invariant
under PLR, we define the latter to act on the U(1)EM charge spurion as:

PLR : Q j′ l′

i k ↔ Q i′ k′
j l . (4.15)

We can similarly introduce U(1)EM charge spurions for the fermion fields, which however
will not be needed in our calculation of dipole moments because, as we will see in section 4.3,
charged fermions do not enter the relevant one-loop diagrams.

4.2 Field redefinition

With the SU(2)L×SU(2)R×PLR symmetric theory written down in the previous subsection,
one might be tempted to immediately enumerate products of spurions that have the right
transformation properties to contribute to dipole moments. However, this is complicated by
the fact that the corresponding loop diagrams involve nondegenerate masses from both mL

and mR, resulting in nontrivial mass dependence of the loop integral. Obviously, this is due
to the presence of Yukawa couplings (in the U matrix) connecting nondegenerate fermions.
The trick we are going to play next is to remove these couplings via a field redefinition.

Consider a field redefinition of the following form:

ΨI → O∗IJ ΨJ , Ψc
I → Oc J

I Ψc
J , (4.16)

where O, Oc are Higgs field-dependent 3× 3 unitary matrices in field multiplet space. We
choose O, Oc such that

[
O†(M + U) Oc] L

I
= O† JI (M + U) K

J Oc L
K =

 · 0 0
0 0 ·
0 · 0

 , (4.17)

– 15 –



J
H
E
P
0
5
(
2
0
2
2
)
0
7
9

where “ · ” denotes a (Higgs field-dependent) nonzero entry whose detailed form will not be
needed. This field redefinition takes us to an operator basis where zero-derivative operators
(e.g. Yukawa couplings) involving nondegenerate fermions are absent — it is essentially the
unbroken phase version of “going to the mass basis;” when the Higgs is set to its vev, it
reproduces the diagonalization of mass matrix in the broken phase. We can solve eq. (4.17)
order by order in U ∼ O(yΣ), writing

O = 1 + O(1) + O(2) + . . . , Oc = 1 + Oc
(1) + Oc

(2) + . . . , (4.18)

with O(n), Oc
(n) ∼ O

(
(yΣ)n

)
. We present the solution for n = 1, 2 in appendix A.3.

Meanwhile, from the gauged kinetic terms in the original basis we obtain the following
one-derivative operators upon field redefinition:

iΨ†I σ̄
µDµΨI → iΨ†I σ̄

µDµΨI + iΨ†I σ̄
µ[O†(DµO)

]∗I
J

ΨJ , (4.19)

iΨc†I σ̄µDµΨc
I → iΨc†I σ̄µDµΨc

I + iΨc†I σ̄µ
[
Oc†(DµOc)

] J

I
Ψc
J . (4.20)

Substituting in O, Oc up to the second order (see appendix A.3), we find the following
dimension-five and dimension-six operators in the new basis:

Ldim-5 ⊃ −i
[
c5L
] j′ l′

i k

(
DµΣk

l′
)
R†j′ σ̄

µ li − i
[
c5R

] j′ l′

i k

(
DµΣk

l′
)
Lc†i σ̄µ rcj′ + h.c. , (4.21)

Ldim-6 ⊃ i
[
c6L
] j l′ n′

i k m
Σk

l′
(
DµΣm

n′
)
L†j σ̄

µ li

+ i
[
c6R

] j′ l′ n′

i′ k m
Σk

l′
(
DµΣm

n′
)
Rc†i

′
σ̄µ rcj′ + h.c. . (4.22)

The operator coefficients are given by[
c5L
] j′ l′

i k
=
[
yLm−1

R

] j′ l′

i k
,

[
c5R

] j′ l′

i k
=
[
m−1
L yR

] j′ l′

i k
, (4.23)[

c6L
] j l′ n′

i k m
=
[
yL
] p′ l′

i k

[
m−1
R yV m−1

L

] j n′

p′ m

+
[
yL
] p′ n′

i m

[
m−1
R

(
∆m̄−2)mR

] j q′

r p′

[
y′†V + m†RyV m−1

L

] r l′

q′ k
, (4.24)

[
c6R

] j′ l′ n′

i′ k m
=
[
m−1
R yV m−1

L

] p n′

i′ m

[
yR
] j′ l′

p k

−
[
mL

(
∆m−2)m−1

L

] p r′

q i′

[
y′†V + m−1

R yV m†L
] q l′

r′ k

[
yR
] j′ n′

p m
, (4.25)

where
[
y′†V
] r l′

q′ k
≡
[
y′∗V
]r l′

q′k
=
([

y′V
] q′k

r l′

)∗
=
(
εks εl′t′

[
y′V
] q′ t′

r s

)∗
, and ∆m−2, ∆m̄−2 are

inverse tensors of [
∆m2] j l′

i k′ ≡ δji
[
m†RmR

] l′

k′ −
[
m†LmL

] j
i
δl

′
k′ , (4.26)[

∆m̄2] j l′

i k′ ≡ δji
[
mRm†R

] l′

k′ −
[
mLm†L

] j
i
δl

′
k′ , (4.27)

respectively. Contraction between SU(2)L,R indices carried by the fermions has been
left implicit where it can be unambiguously recovered from matrix multiplication, e.g.[
yLm−1

R

] j′ l′

i k
=
[
yL
] m′ l′

i k

[
m−1
R

] j′

m′ ,
[
m−1
R yV m−1

L

] j n′

p′ m′ =
[
m−1
R

] q′

p′

[
yV
] r n′

q′ m′

[
m−1
L

] j

r
.

We only presented operators involving both heavy and light fermions above; additional
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operators that come from expanding eqs. (4.19) and (4.20) (e.g. those involving only heavy
fermions and the Higgs) do not contribute to the dipole at one-loop level.

The field redefinition we have performed in this subsection preserves PLR, under
which O∗IJ ↔ Oc J

I . Using eq. (4.12) and noting that PLR exchanges
[
∆m−2] j l′

i k′ ↔
−
[
∆m̄−2] k i′

l j′ , we can readily check that

PLR :
[
c5L
] j′ l′

i k
↔
[
c5R

] i′ k′

j l
,

[
c6L
] j l′ n′

i k m
↔
[
c6R

] i′ k′ m′

j′ l n
. (4.28)

These are exactly the desired transformations for eqs. (4.21) and (4.22) to be PLR-invariant.

4.3 Explaining the magic zero

In the new basis after the field redefinition discussed above, we have the following spurions:[
mL

] j
i
,
[
mR

] j′

i′
, Q j′ l′

i k ,
[
c5L
] j′ l′

i k
,
[
c5R

] j′ l′

i k
,
[
c6L
] j l′ n′

i k m
,
[
c6R

] j′ l′ n′

i′ k m
.

(4.29)

To make it transparent that the Lagrangian is invariant under SU(2)L × SU(2)R trans-
formations of each field (l, rc, L, Rc, Lc, R, Σ), we use different colors to keep track of
individual SU(2)L× SU(2)R factors. In what follows, we use these spurions to construct the
dimension-six operator in the effective action that corresponds to electromagnetic dipole
moments, and show that it is constrained by SU(2)L × SU(2)R × PLR to vanish at one-loop
level. A similar spurion analysis can be performed for the dimension-four Yukawa operator;
we show in appendix A.4 that the correct (nonvanishing) form of the muon mass threshold
correction is reproduced in this way. The difference in the fates of the dipole and Yukawa
operators is due in part to their operator dimensions: the consequences of symmetry depend
on the allowed powers of the heavy mass scales.

To construct the dipole, we need to contract products of the spurions in eq. (4.29) with
e Fαβ liαr

c
βj′ Σk

l′ (where α, β are spinor indices, see section 2.1). The following requirements
must be satisfied:

• The operator coefficient has mass dimension −2. Also, at one-loop level, the dipole
operator coefficient must involve three powers of Yukawa couplings.

• Only contractions between same-color indices that are both unprimed or both primed
are allowed in order to preserve SU(2)L × SU(2)R. Also, the U(1) particle number
associated with each fermion flavor must be preserved.

• The result must be even under PLR, which exchanges SU(2)L (unprimed) and SU(2)R
(primed) indices while preserving their colors:

PLR : liα ↔ rcαi′ ,
[
mL

] j
i
↔
[
mR

] i′

j′ , Q j′ l′

i k ↔ Q i′ k′
j l ,[

c5L
] j′ l′

i k
↔
[
c5R

] i′ k′

j l
,

[
c6L
] j l′ n′

i k m
↔
[
c6R

] i′ k′ m′

j′ l n
. (4.30)

• The external Higgs Σk
l′ must be contracted with the first pair of Higgs indices carried

by
[
c6L
] j l′ n′

i k m
or
[
c6R

] j′ l′ n′

i′ k m
, because this is the only non-derivative interaction of
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the U(1)EM-neutral component of the Higgs field in the new basis that can contribute
to the dipole.

Imposing all these constraints we find a unique possibility:8

Odipole ∝ e Fαβ liα
[
c5L
] r′ q′

i p

[
mR

] s′

r′

[
c6R

] j′ l′ n′

s′ k m
rcβj′ Σk

l′ Q
m p
n′ q′

+ e Fαβ rcαi′
[
c5R

] i′ p′

r q

[
mL

] r

s

[
c6L
] s k′ m′

j l n
ljβ Σl

k′ Q
n q
m′ p′ . (4.31)

The two terms are manifestly related by PLR, and correspond to diagrams shown in the two
rows of figure 3, respectively (diagrams in the same row have the same spurion structure).
Note that each term in eq. (4.31) must be free of logarithms like log(m†RmR). UV logarithms
are trivially absent because we started from a renormalizable theory and the field redefinition
does not introduce a counterterm for the dipole operator. Meanwhile, the absence of IR
logarithms can be understood from either the IR-finiteness of the diagrams, or from the
absence of tree-level-generated operators that can renormalize the dipole at one loop. We
can also see that U(1)EM charge spurions for the fermions, which we commented on below
eq. (4.15) but did not write out explicitly, are not relevant here: for the charged components
of L, Lc to enter the diagrams in the second row of figure 3, we would need both Higgs
fields at the c6L vertex to be neutral, contradicting the fact that c6L (at its physical value)
couples the charged lepton l2 = e to a charged Higgs Σ1

2 = H+. Finally, it is clear from
the diagrams that each term in the expression of Odipole can only involve one fermion mass;
therefore, additional spurion combinations that one may naively write down consistent with
the requirements above, e.g.

[
m−1†
R

] t′

r′

[
mR

]u′

t′

[
m†R
]s′

u′ in place of
[
mR

] s′

r′ in the first term
of eq. (4.31) and its PLR counterpart, must be forbidden because they yield terms that
involve both mS and mE .

We can now substitute in expressions for c5L, c5R, c6L, c6R from eqs. (4.23) to (4.25).
The two terms in eq. (4.31) can be combined by relabelling indices and noting that
Fαβ is symmetric while fermion fields are anti-commuting (which means Fαβ rcαi′ l

j
β =

−F βα ljβ rcαi′). We can further simplify the result using the antisymmetry of U(1)EM charge
tensor, Qm p

n′ q′ = −Qp m
q′ n′ . For the terms proportional to Y ′∗V , we find

O(Y ′
V )

dipole ∝
[
mL∆m−2 m−1

L −m−1
R ∆m̄−2 mR

] v s′
u r′

×
[
yL
] r′ q′

i p

[
y′†V
] u l′

s′ k

[
yR
] j′ n′

v m
Qm p

n′ q′ e F
αβ liα r

c
βj′ Σk

l′ → 0 . (4.32)

This vanishes because the tensor
[
mL∆m−2 m−1

L −m−1
R ∆m̄−2 mR

]
is identically zero at the

physical values of mass spurions, eq. (4.10). For the terms proportional to YV , we find:

O(YV )
dipole ∝

{[
m−1
R

] s′

r′

[
m−1
L

] v

u

(
Qk p

l′ q′ Σm
n′ −Qk m

l′ n′ Σp
q′

)
+
[
m−1
L m−1

R ∆m̄−2 mR m†R −m†LmL ∆m−2 m−1
L m−1

R

] v s′

u r′ Qm p
n′ q′ Σk

l′

}
×
[
yL
] r′ q′

i p

[
yV
] u l′

s′ k

[
yR
] j′ n′

v m
e Fαβ liα r

c
βj′ . (4.33)

8To be more explicit, the spinor indices work out as follows: lα (σ̄µ)γ̇α εγ̇δ̇ (σ̄ν)δ̇β rcβ = lα (σµσ̄ν) β
α rcβ =

lα
[
ηµν δβα − 2i (σµν) β

α

]
rcβ . The first term does not contribute to the dipole, while the second term will

contract with Fµν to yield F β
α .
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Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit> L

<latexit sha1_base64="Ar00ZdZBqzHS/S855pGhNPKioFA=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1K+aZeKVXPszjycAKncAEeXEEV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOe/YzA</latexit>

c6L
<latexit sha1_base64="t743qd1TOpp2rB/CXttvFxdAuVU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexK8HELePHgIYJ5QLKE2clsMmZ2ZpmZFcKSf/DiQRGv/o83/8bZZA+aWNBQVHXT3RXEnGnjut9OYWV1bX2juFna2t7Z3SvvH7S0TBShTSK5VJ0Aa8qZoE3DDKedWFEcBZy2g/FN5refqNJMigcziakf4aFgISPYWKlF+unF3bRfrrhVdwa0TLycVCBHo1/+6g0kSSIqDOFY667nxsZPsTKMcDot9RJNY0zGeEi7lgocUe2ns2un6MQqAxRKZUsYNFN/T6Q40noSBbYzwmakF71M/M/rJia88lMm4sRQQeaLwoQjI1H2OhowRYnhE0swUczeisgIK0yMDahkQ/AWX14mrfOqV6te39cq9dM8jiIcwTGcgQeXUIdbaEATCDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AU0VjuI=</latexit>

c5R
<latexit sha1_base64="Idf5bUEZ9atggWq2B61M3j7w9Bs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbFU9mVinorePFYxX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmknxYCYx9SM8FCxkBBsrtUg/vbif9ssVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1eu7WqV+msdRhCM4hjPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz9UrY7n</latexit>

l
<latexit sha1_base64="OpclRysrdP1QbbWCJMY0GA7tV+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1FipIfqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0ripetXLbqJZrF3kcBTiFM7gED66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDz32M4A==</latexit>

⌃
<latexit sha1_base64="OIe3ptjwxpPpOiBe/FMHuR/oUts=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYFA8hV0JqLeAF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u/dsIHCvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ86ISVCvXd9Vy7SyPowDHcALnEMAl1OAW6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGbTjvM=</latexit>

rc
<latexit sha1_base64="rybWGDtvzS689YKhJEAe0EXR3Fc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0rx5Zr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk+ZFxatWru+q5dpZHkcBjuEEzsGDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBIQ427</latexit>

Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit> L

<latexit sha1_base64="Ar00ZdZBqzHS/S855pGhNPKioFA=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelr1K+aZeKVXPszjycAKncAEeXEEV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOe/YzA</latexit>

c6L
<latexit sha1_base64="t743qd1TOpp2rB/CXttvFxdAuVU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexK8HELePHgIYJ5QLKE2clsMmZ2ZpmZFcKSf/DiQRGv/o83/8bZZA+aWNBQVHXT3RXEnGnjut9OYWV1bX2juFna2t7Z3SvvH7S0TBShTSK5VJ0Aa8qZoE3DDKedWFEcBZy2g/FN5refqNJMigcziakf4aFgISPYWKlF+unF3bRfrrhVdwa0TLycVCBHo1/+6g0kSSIqDOFY667nxsZPsTKMcDot9RJNY0zGeEi7lgocUe2ns2un6MQqAxRKZUsYNFN/T6Q40noSBbYzwmakF71M/M/rJia88lMm4sRQQeaLwoQjI1H2OhowRYnhE0swUczeisgIK0yMDahkQ/AWX14mrfOqV6te39cq9dM8jiIcwTGcgQeXUIdbaEATCDzCM7zCmyOdF+fd+Zi3Fpx85hD+wPn8AU0VjuI=</latexit>

c5R
<latexit sha1_base64="Idf5bUEZ9atggWq2B61M3j7w9Bs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbFU9mVinorePFYxX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsn89hNVmknxYCYx9SM8FCxkBBsrtUg/vbif9ssVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR27RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhFd+ykScGCrIfFGYcGQkyl5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3uLLy6R1XvVq1eu7WqV+msdRhCM4hjPw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh84nz9UrY7n</latexit>

l
<latexit sha1_base64="OpclRysrdP1QbbWCJMY0GA7tV+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1FipIfqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0ripetXLbqJZrF3kcBTiFM7gED66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDz32M4A==</latexit>

⌃
<latexit sha1_base64="OIe3ptjwxpPpOiBe/FMHuR/oUts=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYFA8hV0JqLeAF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u/dsIHCvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ86ISVCvXd9Vy7SyPowDHcALnEMAl1OAW6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGbTjvM=</latexit>

rc
<latexit sha1_base64="rybWGDtvzS689YKhJEAe0EXR3Fc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0rx5Zr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk+ZFxatWru+q5dpZHkcBjuEEzsGDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBIQ427</latexit>

c5L
<latexit sha1_base64="G6+m2hEx4JcW2wIMfFc3HQFqpzM=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNiFe4konYBGwuLCOYDkiPsbfaSNXu7x+6eEI78BxsLRWz9P3b+G/eSKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHyT+e0nqjST4sFMYupHeChYyAg2VmqRfnpxN+2XK27VnQEtEy8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupQJHVPvp7NopOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRS8T//O6iQmv/JSJODFUkPmiMOHISJS9jgZMUWL4xBJMFLO3IjLCChNjAyrZELzFl5dJ67zq1arX97VK/TSPowhHcAxn4MEl1OEWGtAEAo/wDK/w5kjnxXl3PuatBSefOYQ/cD5/AEuPjuE=</latexit>

c6R
<latexit sha1_base64="p6b9wwtVeXsQO0IUJz/uDkfjTJg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexK8HELePEYxTwgWcLsZDYZMzuzzMwKYck/ePGgiFf/x5t/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Cbz209UaSbFg5nE1I/wULCQEWys1CL99OJ+2i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE175KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVa/vapX6aR5HEY7gGM7Ag0uowy00oAkEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AVjOO6A==</latexit>

l
<latexit sha1_base64="OpclRysrdP1QbbWCJMY0GA7tV+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1FipIfqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0ripetXLbqJZrF3kcBTiFM7gED66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDz32M4A==</latexit>

⌃
<latexit sha1_base64="OIe3ptjwxpPpOiBe/FMHuR/oUts=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYFA8hV0JqLeAF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u/dsIHCvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ86ISVCvXd9Vy7SyPowDHcALnEMAl1OAW6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGbTjvM=</latexit>

rc
<latexit sha1_base64="rybWGDtvzS689YKhJEAe0EXR3Fc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0rx5Zr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk+ZFxatWru+q5dpZHkcBjuEEzsGDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBIQ427</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

R
<latexit sha1_base64="cQlGsPXIUtkV4dXcxUk3wHNEgwc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhMxDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6gVjMY=</latexit> Rc

<latexit sha1_base64="08+hqlSvzuX0QpgmECV5mW1oGz4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMjzwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwup76zSeujYjUA45j7od0oERfMIpWur97ZN1iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwa52WvUr66rZSqp1kceTiCYzgDDy6gCjdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBF4ONmw==</latexit> l
<latexit sha1_base64="OpclRysrdP1QbbWCJMY0GA7tV+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1FipIfqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0ripetXLbqJZrF3kcBTiFM7gED66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDz32M4A==</latexit> rc

<latexit sha1_base64="rybWGDtvzS689YKhJEAe0EXR3Fc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0rx5Zr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk+ZFxatWru+q5dpZHkcBjuEEzsGDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBIQ427</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

R
<latexit sha1_base64="cQlGsPXIUtkV4dXcxUk3wHNEgwc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhMxDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6gVjMY=</latexit> Rc

<latexit sha1_base64="08+hqlSvzuX0QpgmECV5mW1oGz4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMjzwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwup76zSeujYjUA45j7od0oERfMIpWur97ZN1iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwa52WvUr66rZSqp1kceTiCYzgDDy6gCjdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBF4ONmw==</latexit>

⌃
<latexit sha1_base64="OIe3ptjwxpPpOiBe/FMHuR/oUts=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYFA8hV0JqLeAF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u/dsIHCvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ86ISVCvXd9Vy7SyPowDHcALnEMAl1OAW6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGbTjvM=</latexit>

l
<latexit sha1_base64="OpclRysrdP1QbbWCJMY0GA7tV+k=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1FipIfqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0ripetXLbqJZrF3kcBTiFM7gED66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDz32M4A==</latexit> rc

<latexit sha1_base64="rybWGDtvzS689YKhJEAe0EXR3Fc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0rx5Zr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk+ZFxatWru+q5dpZHkcBjuEEzsGDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBIQ427</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

R
<latexit sha1_base64="cQlGsPXIUtkV4dXcxUk3wHNEgwc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhMxDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6gVjMY=</latexit> Rc

<latexit sha1_base64="08+hqlSvzuX0QpgmECV5mW1oGz4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMjzwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwup76zSeujYjUA45j7od0oERfMIpWur97ZN1iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwa52WvUr66rZSqp1kceTiCYzgDDy6gCjdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBF4ONmw==</latexit>

⌃
<latexit sha1_base64="OIe3ptjwxpPpOiBe/FMHuR/oUts=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYFA8hV0JqLeAF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc1u/dsIHCvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ86ISVCvXd9Vy7SyPowDHcALnEMAl1OAW6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGbTjvM=</latexit>

c5L
<latexit sha1_base64="G6+m2hEx4JcW2wIMfFc3HQFqpzM=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNiFe4konYBGwuLCOYDkiPsbfaSNXu7x+6eEI78BxsLRWz9P3b+G/eSKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHyT+e0nqjST4sFMYupHeChYyAg2VmqRfnpxN+2XK27VnQEtEy8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupQJHVPvp7NopOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRS8T//O6iQmv/JSJODFUkPmiMOHISJS9jgZMUWL4xBJMFLO3IjLCChNjAyrZELzFl5dJ67zq1arX97VK/TSPowhHcAxn4MEl1OEWGtAEAo/wDK/w5kjnxXl3PuatBSefOYQ/cD5/AEuPjuE=</latexit>

c6R
<latexit sha1_base64="p6b9wwtVeXsQO0IUJz/uDkfjTJg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexK8HELePEYxTwgWcLsZDYZMzuzzMwKYck/ePGgiFf/x5t/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Cbz209UaSbFg5nE1I/wULCQEWys1CL99OJ+2i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE175KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVa/vapX6aR5HEY7gGM7Ag0uowy00oAkEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AVjOO6A==</latexit>

c5L
<latexit sha1_base64="G6+m2hEx4JcW2wIMfFc3HQFqpzM=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNiFe4konYBGwuLCOYDkiPsbfaSNXu7x+6eEI78BxsLRWz9P3b+G/eSKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0tE0Vok0guVSfAmnImaNMww2knVhRHAaftYHyT+e0nqjST4sFMYupHeChYyAg2VmqRfnpxN+2XK27VnQEtEy8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupQJHVPvp7NopOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRS8T//O6iQmv/JSJODFUkPmiMOHISJS9jgZMUWL4xBJMFLO3IjLCChNjAyrZELzFl5dJ67zq1arX97VK/TSPowhHcAxn4MEl1OEWGtAEAo/wDK/w5kjnxXl3PuatBSefOYQ/cD5/AEuPjuE=</latexit>

c6R
<latexit sha1_base64="p6b9wwtVeXsQO0IUJz/uDkfjTJg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexK8HELePEYxTwgWcLsZDYZMzuzzMwKYck/ePGgiFf/x5t/42yyB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Cbz209UaSbFg5nE1I/wULCQEWys1CL99OJ+2i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE175KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVa/vapX6aR5HEY7gGM7Ag0uowy00oAkEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AVjOO6A==</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

Lc
<latexit sha1_base64="Jl8ko05PEyLxTJml9CRH0e46i0A=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR9YtltyyOwNZJl5GSpCh1i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dnTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+imXcWJQsvmifiKIicj0b9LjCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjfOyVylf3VVK1dMsjjwcwTGcgQcXUIUbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AA5fjZU=</latexit> L
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Figure 3. One-loop diagrams contributing to the dipole operator in the SU(2)L× SU(2)R extended
theory, in the basis after field redefinition. The three diagrams in the first (second) row have the
coupling structure shown in the first (second) term of eq. (4.31) — both terms are related by PLR
and are shown to cancel each other.

At the physical values of mass spurions, the expression in curly brackets,{
. . .

}
→ δvu δ

s′
r′

1
mLmR,s′

(
Qk p

l′ q′ Σm
n′ −Qk m

l′ n′ Σp
q′ +Qm p

n′ q′ Σk
l′

)
, (4.34)

wheremR,s′ are the diagonal elements of mR, i.e.mR,1 = mS ,mR,2 = mE(→∞). Meanwhile,
as far as the SU(2)L indices are concerned, the product of Yukawa spurions is proportional to[

yL
] r′ q′

i p

[
yV
] u l′

s′ k

[
yR
] j′ n′

v m
∝ εip δuk εvm , (4.35)

which is simply the statement that SU(2)L is unbroken at the physical values of these
spurions. Finally, for the Yukawa spurions to be nonzero, we must pick q′ = 2, l′ = n′ = 1
(see eq. (4.11)) — this reflects the fact that YL couples to H whereas YR and YV couple
to H∗. We therefore obtain

O(YV )
dipole ∝ εkm

(
Qk p

1 q′ Σm
1 −Qk m

1 1 Σp
q′ +Qm p

1 q′ Σk
1

)
→ 0 , (4.36)

noting that the first and third terms in the parentheses are symmetric in k and m, while the
second term vanishes because Qk m

1 1 = 0. (In fact, we did not even need the value of q′; set-
ting l′ = n′ was sufficient to show O(YV )

dipole vanishes.) We have therefore proved, via a spurion
analysis in the SU(2)L × SU(2)R ×PLR symmetric theory, that the dimension-six dipole op-
erator must have a vanishing coefficient at one-loop level in the model of eq. (2.6). The proof
also extends to certain higher-loop contributions where propagators and/or vertices in the
diagrams in figure 3 are dressed without changing the SU(2)L×SU(2)R symmetry structure.

It is worth reflecting on the role of field redefinition in this proof. Normally, when
constructing an EFT operator basis, one performs field redefinitions to eliminate higher-
dimensional operators in favor of lower-dimensional ones. In the case of SMEFT, for
example, we start with an operator basis up to dimension four, i.e. the renormalizable SM.

– 19 –



J
H
E
P
0
5
(
2
0
2
2
)
0
7
9

Next, when enumerating operators at dimension six, we use field redefinitions (equivalently,
equations of motion) to eliminate as many dimension-six operators as possible in favor of
other dimension-six operators plus lower-dimensional operators in the renormalizable SM,
in order to arrive at a nonredundant basis [13]. The same procedure can be carried out
through higher operator dimensions. In this section, however, we used field redefinitions in
the opposite direction — to eliminate lower-dimensional operators (dimension-four Yukawa)
in favor of higher-dimensional ones (dimension-five and six operators in eqs. (4.21) and (4.22)
in particular). Crucially, higher-dimensional operators come with more fields and/or more
derivatives. This significantly restricts the number of possibilities when enumerating spurion
combinations for an operator generated at certain loop order that has a limited number of
derivatives (e.g. the dipole operator at one loop, with no derivatives acting on the Higgs).

5 UV-IR conspiracy?

We have seen that the magic zero in vector-like singlet and doublet fermion contributions to
the muon’s dipole moments can be understood from the perspective of symmetries. However,
that still leaves what might be perceived as a UV-IR conspiracy from the perspective of
an effective field theorist living between the mass scales of the singlet and doublet fermions
whenmS � mL. As detailed in ref. [7], such an observer would see an interaction of the form

Leff ⊃
YRY

′∗
V

m2
L

Sc†H† 6D(H†ec) , (5.1)

and be tempted to estimate the muon dipole moments by computing a diagram where
Sc and H are closed into a loop with a YL Yukawa, and an external photon is attached.
Presumably the effective field theorist would attempt the calculation in a mass-independent
scheme, in which case they would obtain a finite “infrared” result. This could only be
reconciled with the measured vanishing of the dipole moments by invoking exact cancellation
of this “infrared” piece with another “ultraviolet” piece that come from one-loop matching
at the scale mL. From the perspective of an effective field theorist between mS and mL

it may look like a violation of Wilsonian naturalness. The field redefinition we used in
section 4.2 to disentangle contributions at mL and mS only sharpens the problem.

As a practical matter, perhaps the effective field theorist would not be so confused. The
scales mS and mL would be separated by at most a loop factor in the presence of nonzero
YV , Y

′
V because of RG mixing, and observing the interaction in eq. (5.1), together with

other tree- and loop-level irrelevant operators, would give a clear picture of the physics at
the scale mL. Setting these practical considerations aside, though, the apparent conspiracy
is a fascinating phenomenon that merits further consideration.

As hinted above, however, the apparent conspiracy is scheme dependent. For example,
one can use Pauli-Villars regularization when computing loop diagrams. For the IR
contribution coming from the S fermion exchange diagram with the operator in eq. (5.1),
this introduces a factor M2

PV /(M2
PV − k2) where MPV is to be taken to infinity at the

end of the calculation. Then the k integral becomes zero, as the procedure effectively
makes h(0) = 0 in the notation of section 2.3. Similarly, the UV matching contribution
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also vanishes in this scheme. Of course, the introduction of regulators does not influence
the final amplitude for the dipole, but it does change the apparent distribution between
UV and IR contributions. The fact that the IR contribution obtained via Pauli-Villars
regularization matches the full amplitude is specific to this case — and would not be true
in a more general example — but clearly illustrates the role of scheme dependence.

The effective field theorist in this scenario would have a strong incentive to perform the
calculation in dimensional regularization with a mass-independent renormalization scheme,
since that would be guaranteed to preserve EFT power counting while Pauli-Villars would
not. But the fact that the partition between UV and IR contributions is scheme dependent
is a helpful reminder not to ascribe too much significance to apparent conspiracies in a
given scheme. Indeed, this is already quite familiar to aficionados of the hierarchy problem:
the problem itself only becomes completely well-defined when the Higgs mass is rendered
finite and various contributions scheme independent.

That said, our hapless effective field theorist working in dimensional regularization
would face an apparent UV-IR conspiracy eerily reminiscent of hierarchy problems we face
in the present era, making it sensible to speculate about whether this situation might arise
in other contexts. In this particular case, we encountered an apparent UV-IR conspiracy
in which the observable in question was zero, but similar situations could arise when the
observable is IR-dominated (even if nonzero). Such IR dominance would seem to be a
property of irrelevant operators, rather than relevant ones. This makes it less obvious how
analogous UV-IR conspiracies might explain the scale problems of the Standard Model, but
it would be delightful to be proven wrong.

6 Conclusions

In this paper we considered one-loop contributions to the muon’s electric and magnetic
dipole moments from new vector-like singlet and doublet leptons. The vanishing of these
contributions at leading nontrivial order — an instance of a “magic zero” — has been
characterized as a calculable violation of the Wilsonian notion of naturalness. Here we
showed, however, that the magic zero can be explained by symmetries, preserving (to our
knowledge) the sanctity of Wilsonian naturalness in calculable, non-gravitational, local,
Lorentz-invariant field theories in four dimensions. Our explanation involves a spurion
analysis grounded in the symmetries of the free theory, which must be augmented by
power-counting and established non-renormalization theorems. Crucially, the observed zero
can be understood without constructing or evaluating any loop integrals.

The zero leads to an apparent UV-IR conspiracy at intermediate scales. While the
apparent conspiracy’s scheme dependence is a helpful reminder not to ascribe undue physical
significance to how the calculation is organized, it nonetheless illustrates the surprises that
can arise when partitioning contributions to an observable in an EFT framework. If nothing
else, it underlines the care that should be taken in invoking Wilsonian naturalness when
irrelevant operators are involved.

There may well be other explanations for this particular magic zero, grounded in
symmetry or not. Invocation of infrared dominance and/or total derivative phenomena
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<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>q

<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

k � p� q
<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

S
<latexit sha1_base64="Q8LhbWoOYxFz1p22p31ExuZNBSg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHhM0DwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+n2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUr5pl4pVc+zOPJwAqdwAR5cQRXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A6mZjMc=</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

L
<latexit sha1_base64="d49OKR561VpN5sILc3iaIDdA5T0=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOQKtxJQO0CNhYWCZgPSI6wt5lL1uztHbt7Qgj5BTYWitj6k+z8N26SKzTxwcDjvRlm5gWJ4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG/nfvsJleaxfDCTBP2IDiUPOaPGSo37frHkVtwFyDrxMlKCDPV+8as3iFkaoTRMUK27npsYf0qV4UzgrNBLNSaUjekQu5ZKGqH2p4tDZ+TCKgMSxsqWNGSh/p6Y0kjrSRTYzoiakV715uJ/Xjc14bU/5TJJDUq2XBSmgpiYzL8mA66QGTGxhDLF7a2EjaiizNhsCjYEb/XlddK6rHjVyk2jWqqVszjycAbnUAYPrqAGd1CHJjBAeIZXeHMenRfn3flYtuacbOYU/sD5/AGfl4zC</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

e
<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec

<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

H
<latexit sha1_base64="3iBhUisyid8vOkUpR+RHPEbnKUk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvOSYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1M7ud++wmV5pF8MNMY/ZCOJB9yRo2VGrV+seSW3QXIOvEyUoIM9X7xqzeIWBKiNExQrbueGxs/pcpwJnBW6CUaY8omdIRdSyUNUfvp4tAZubDKgAwjZUsaslB/T6Q01HoaBrYzpGasV725+J/XTczw1k+5jBODki0XDRNBTETmX5MBV8iMmFpCmeL2VsLGVFFmbDYFG4K3+vI6aV2XvUr5rlEpVS+zOPJwBudwBR7cQBVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZjtjLw=</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

(a)
<latexit sha1_base64="49j5DGuMyCXWfhtl301WiWWWwPE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4Soii9mg3LFrblzoFXi5aQCOZqD8ld/GJFEUGkIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNUYkG1n84PnqEzqwxRGClb0qC5+nsixULrqQhsp8BmrJe9TPzP6yUmvPZTJuPEUEkWi8KEIxOh7Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgLb+8StqXNa9eu7mvVxrneRxFOIFTqIIHV9CAO2hCCwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP9Cxj7I=</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit>

H�
<latexit sha1_base64="XTf1kmKFOzxhxEvRC3IrhkzHh/4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYFC8GHYloN4CXnKMaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YRK81g+mFGCfkT7koecUWOl++rjRbdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDaH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJpXJa8cunmrlysnGVx5OAYTuAcPLiCClShBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHtmCNWw==</latexit>

(b)
<latexit sha1_base64="MT9V5vaVNoqH60qnDabX41+eCPI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4SoGlzMBuWKW3PnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP50fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeO2nTMaJoZIsFoUJRyZC2fdoyBQlhk8twUQxeysiY6wwMTajkg3BW355lbQva169dnNfrzTO8ziKcAKnUAUPrqABd9CEFhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwDSN4+z</latexit>

Sc
<latexit sha1_base64="e9pDoSgDC2lzjKiHv5LXj8FgFnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMxDwgWcPspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOlev2R9Yolt+zOQVaJl5ESZKj1il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/9CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5LmZdmrlG/uK6XqeRZHHk7gFC7Agyuowh3UoAEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8AGQmNnA==</latexit>e

<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec
<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

k
<latexit sha1_base64="f4LtISjU1nJ8/N8vaprXbuO2EoM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOl5mRQrrhVdwGyTrycVCBHY1D+6g9jlkYoDRNU657nJsbPqDKcCZyV+qnGhLIJHWHPUkkj1H62OHRGLqwyJGGsbElDFurviYxGWk+jwHZG1Iz1qjcX//N6qQlv/IzLJDUo2XJRmApiYjL/mgy5QmbE1BLKFLe3EjamijJjsynZELzVl9dJ+6rq1aq3zVqlTvI4inAG53AJHlxDHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzCuM2Q==</latexit>

p
<latexit sha1_base64="9K9KA9VZTSkSZeaUIwTK7aEqat0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlZjIoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX1atXbZq1SJ3kcRTiDc7gED66hDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB07+M3g==</latexit>

p+ q
<latexit sha1_base64="pTuPTFLd5S+xlxAHXtO1+0fF9Mc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmkoN4KXjxWtB/QhrLZbtqlm03cnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dlZW19Y3Ngtbxe2d3b390sFh08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rSeujYjVA44T7kd0oEQoGEUr3Sfnj71S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0nzouJVK9d31XKN5HEU4BhO4Aw8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w8LIo2O</latexit>

q
<latexit sha1_base64="9Awyto0r02+d8Wm/jpKT4A6aPes=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjy2YFuhDWWznbRrN5u4uxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGr+4BqFFxiy3Aj8D5RSKNAYCcY38z8zhMqzWN5ZyYJ+hEdSh5yRo2Vmo/9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU145WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdVr1a9btYqdZLHUYQTOIVz8OAS6nALDWgBA4RneIU358F5cd6dj0VrwclnjuEPnM8f1UOM3w==</latexit>

k � p
<latexit sha1_base64="1n2573catQxWkh4WlDA5QtG1iVg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnorePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+OLpF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrsurVqjf3tUqd5HEU4QRO4Rw8uII63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcFCo2K</latexit> k � p� q

<latexit sha1_base64="H8r4QG/r8ycTSUhcgtuMGOrbR14=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4aUmkoN4KXjxWMG2hDWWznbRLN5u4uxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7sFHf39g8OS0fHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSIfzDjFIKYDySPOqLGSP6qklcdeqexW3TnIKvFyUoYcjV7pq9tPWBajNExQrTuem5pgQpXhTOC02M00ppSN6AA7lkoaow4m82On5NwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRdTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HyKNgRv+eVV0ryserXqzX2tXCd5HAU4hTO4AA+uoA530AAfGHB4hld4c6Tz4rw7H4vWNSefOYE/cD5/AECgjjw=</latexit>

H�
<latexit sha1_base64="XTf1kmKFOzxhxEvRC3IrhkzHh/4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYFC8GHYloN4CXnKMaB6QrGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt1O/+YRK81g+mFGCfkT7koecUWOl++rjRbdQdEvuDGSZeBkpQoZat/DV6cUsjVAaJqjWbc9NjD+mynAmcJLvpBoTyoa0j21LJY1Q++PZqRNyapUeCWNlSxoyU39PjGmk9SgKbGdEzUAvelPxP6+dmvDaH3OZpAYlmy8KU0FMTKZ/kx5XyIwYWUKZ4vZWwgZUUWZsOnkbgrf48jJpXJa8cunmrlysnGVx5OAYTuAcPLiCClShBnVg0IdneIU3RzgvzrvzMW9dcbKZI/gD5/MHtmCNWw==</latexit>

L0
<latexit sha1_base64="zE9NufJkPVe9TWC8u318TMO56Xk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR7dbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3VCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp36THFTIjxpZQpri9lbAhVZQZm07BhuAtvrxMGudlr1K+uquUqqdZHHk4gmM4Aw8uoAo3UIM6MBjAM7zCmyOcF+fd+Zi35pxs5hD+wPn8AcEEjWI=</latexit>

L0
<latexit sha1_base64="zE9NufJkPVe9TWC8u318TMO56Xk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNiFe4koHYBGwuLiOYDkjPsbSbJkr29Y3dPCEd+go2FIrb+Ijv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo+up33xCpXkkH8w4Rj+kA8n7nFFjpfvbR7dbLLlldwayTLyMlCBDrVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3VCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9FMu48SgZPNF/UQQE5Hp36THFTIjxpZQpri9lbAhVZQZm07BhuAtvrxMGudlr1K+uquUqqdZHHk4gmM4Aw8uoAo3UIM6MBjAM7zCmyOcF+fd+Zi35pxs5hD+wPn8AcEEjWI=</latexit>

�⇤
<latexit sha1_base64="0PlZOEdTqz34zZ/jasXIpQMxRQc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZFPJRdKai3ghePFewHtGvJptk2NpssSVYoS/+DFw+KePX/ePPfmG33oK0PBh7vzTAzL4g508Z1v53Cyura+kZxs7S1vbO7V94/aGmZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H45vMbz9RpZkU92YSUz/CQ8FCRrCxUqsXj9jDeb9ccavuDGiZeDmpQI5Gv/zVG0iSRFQYwrHWXc+NjZ9iZRjhdFrqJZrGmIzxkHYtFTii2k9n107RiVUGKJTKljBopv6eSHGk9SQKbGeEzUgvepn4n9dNTHjlp0zEiaGCzBeFCUdGoux1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2+vExaF1WvVr2+q1Xqp3kcRTiCYzgDDy6hDrfQgCYQeIRneIU3RzovzrvzMW8tOPnMIfyB8/kDKpmOyw==</latexit>

(b)
<latexit sha1_base64="MT9V5vaVNoqH60qnDabX41+eCPI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4SoGlzMBuWKW3PnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP50fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeO2nTMaJoZIsFoUJRyZC2fdoyBQlhk8twUQxeysiY6wwMTajkg3BW355lbQva169dnNfrzTO8ziKcAKnUAUPrqABd9CEFhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwDSN4+z</latexit>

e
<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec

<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

(a)
<latexit sha1_base64="49j5DGuMyCXWfhtl301WiWWWwPE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRalXsquFNRbwYvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGBjpce0H4Soii9mg3LFrblzoFXi5aQCOZqD8ld/GJFEUGkIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNUYkG1n84PnqEzqwxRGClb0qC5+nsixULrqQhsp8BmrJe9TPzP6yUmvPZTJuPEUEkWi8KEIxOh7Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgLb+8StqXNa9eu7mvVxrneRxFOIFTqIIHV9CAO2hCCwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP9Cxj7I=</latexit>

e
<latexit sha1_base64="h3uNxW54NoNcdeHeZ+KylB0Ciqw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3cxvP6HSPJYPZpKgH9Gh5CFn1Fipgf1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpaVxWvWrltVMu1izyOApzCGVyCB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBxOGM2Q==</latexit> ec

<latexit sha1_base64="LtuJ0dGr+fzibL0KNDMd8o/UQqc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxaJ4KokU1FvBi8eK9gPaWDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqx0j4+sVyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Njt1Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2hC8xZeXSfOi4lUr13fVcu0sj6MAx3AC5+DBJdTgFurQAAYDeIZXeHOE8+K8Ox/z1hUnnzmCP3A+fwA0dY2u</latexit>

�
<latexit sha1_base64="4NtU1tFdEzDpWiRivEBbcKRPrEw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPiKexKQL0FvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3U6g2xELhfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVkNatWb+1qlfp7HUYQTOIULCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/gl+PBQ==</latexit>

yL
<latexit sha1_base64="2iQN6HOK4MmJ0fFSx36Y1tA7fpA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tlgTBKtyJoHYBGwuLiOYDkiPsbfaSJXt7x+6ccIT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z+e0nro2I1SNmCfcjOlQiFIyilR6y/l2/XHVr7hxklXg5qUKORr/81RvELI24QiapMV3PTdCfUI2CST4t9VLDE8rGdMi7lioaceNP5qdOyalVBiSMtS2FZK7+npjQyJgsCmxnRHFklr2Z+J/XTTG88idCJSlyxRaLwlQSjMnsbzIQmjOUmSWUaWFvJWxENWVo0ynZELzll1dJ67zmXdSu7y+q9UoeRxFOoAJn4MEl1OEWGtAEBkN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/MGKNqA==</latexit>

y⇤R
<latexit sha1_base64="VZl0e2kbOtANo/KpVGS0MQ06rFY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LC2CeCiJFNRbwYvHKqYttLFstpt26WYTdjdCCP0NXjwo4tUf5M1/4zbNQVsfDDzem2Fmnh9zprRtf1ultfWNza3ydmVnd2//oHp41FFRIgl1ScQj2fOxopwJ6mqmOe3FkuLQ57TrT2/mfveJSsUi8aDTmHohHgsWMIK1kdz08Xx4P6zW7YadA60SpyB1KNAeVr8Go4gkIRWacKxU37Fj7WVYakY4nVUGiaIxJlM8pn1DBQ6p8rL82Bk6NcoIBZE0JTTK1d8TGQ6VSkPfdIZYT9SyNxf/8/qJDq68jIk40VSQxaIg4UhHaP45GjFJieapIZhIZm5FZIIlJtrkUzEhOMsvr5LORcNpNq7vmvVWrYijDCdQgzNw4BJacAttcIEAg2d4hTdLWC/Wu/WxaC1Zxcwx/IH1+QNT245K</latexit>

ŷ⇤R
<latexit sha1_base64="fHXepnoLs/nQmTMOhWOKgsmwZKw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLkCCIh7ArAfUW8OIxinlgsobZyWwyZHZ2mekVQshfePGgiFf/xpt/4yTZgyYWNBRV3XR3BYkUBl3321lZXVvf2Mxt5bd3dvf2CweHDROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8HrqN5+4NiJW9zhKuB/RvhKhYBSt9NAZUCSjx7PuXbdQcsvuDGSZeBkpQYZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449nF0/IiVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjpj4VKUuSKzReFqSQYk+n7pCc0ZyhHllCmhb2VsAHVlKENKW9D8BZfXiaN87JXKV/dVkrVYhZHDo6hCKfgwQVU4QZqUAcGCp7hFd4c47w4787HvHXFyWaO4A+czx+1l5A1</latexit>

ŷL
<latexit sha1_base64="U/UOzt62QnewSqUzaJZObUfY8v8=">AAAB73icbVA9SwNBEJ2LXzF+RS1tlgTBKtyJoHYBGwuLCOYDkiPsbfaSJXt75+6ccIT8CRsLRWz9O3b+GzfJFZr4YODx3gwz84JECoOu++0U1tY3NreK26Wd3b39g/LhUcvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z+e0nro2I1QNmCfcjOlQiFIyilTq9EUWS9e/65apbc+cgq8TLSRVyNPrlr94gZmnEFTJJjel6boL+hGoUTPJpqZcanlA2pkPetVTRiBt/Mr93Sk6tMiBhrG0pJHP198SERsZkUWA7I4ojs+zNxP+8borhlT8RKkmRK7ZYFKaSYExmz5OB0JyhzCyhTAt7K2EjqilDG1HJhuAtv7xKWuc176J2fX9RrVfyOIpwAhU4Aw8uoQ630IAmMJDwDK/w5jw6L86787FoLTj5zDH8gfP5A46Yj5M=</latexit>

 c
<latexit sha1_base64="Im9mF7Pd0FPo8LSaVrNC26K5ois=">AAAB7XicbVBNSwMxEJ31s9avqkcvwaJ4KrtSUG8FLx4r2A9o15JNs21sNglJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXKc6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUw1oQ0iudTtCBvKmaANyyynbaUpTiJOW9HoZuq3nqg2TIp7O1Y0TPBAsJgRbJ3U7CrDHkivVPYr/gxomQQ5KUOOeq/01e1LkiZUWMKxMZ3AVzbMsLaMcDopdlNDFSYjPKAdRwVOqAmz2bUTdOqUPoqldiUsmqm/JzKcGDNOIteZYDs0i95U/M/rpDa+CjMmVGqpIPNFccqRlWj6OuozTYnlY0cw0czdisgQa0ysC6joQggWX14mzYtKUK1c31XLtbM8jgIcwwmcQwCXUINbqEMDCDzCM7zCmye9F+/d+5i3rnj5zBH8gff5A5HKjw8=</latexit>

 ̂
<latexit sha1_base64="DFrHWsx0CIpIrnUrD8ZCJZ+Ny7Y=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbFU0mkoN4KXjxWsB/ShLLZbtqlu0nYnQil9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6SGSxHzJgqUvJNqTlUoeTsc3c789hPXRiTxA45THig6iEUkGEUrPfpDisRPjeiVK27VnYOsEi8nFcjR6JW//H7CMsVjZJIa0/XcFIMJ1SiY5NOSnxmeUjaiA961NKaKm2AyP3hKzqzSJ1GibcVI5urviQlVxoxVaDsVxaFZ9mbif143w+g6mIg4zZDHbLEoyiTBhMy+J32hOUM5toQyLeythA2ppgxtRiUbgrf88ippXVa9WvXmvlapn+dxFOEETuECPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBf6yQJQ==</latexit>

 ̂c
<latexit sha1_base64="gGYYd+MxPuOjDD+n9wUMgqeSDD0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbFU0mkoN4KXjxWsB+QxLLZbtqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdi4hhgkvWBg6C9VLNSBIJ1o3GtzO/+8S04Uo+wCRlYUKGksecErCSH4wI4CA1/JH2qzW37s6BV4lXkBoq0OpXv4KBolnCJFBBjPE9N4UwJxo4FWxaCTLDUkLHZMh8SyVJmAnz+clTfGaVAY6VtiUBz9XfEzlJjJkkke1MCIzMsjcT//P8DOLrMOcyzYBJulgUZwKDwrP/8YBrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6l3WvUb+5b9Sa50UcZXSCTtEF8tAVaqI71EJtRJFCz+gVvTngvDjvzseiteQUM8foD5zPH/VJkPo=</latexit>

 
<latexit sha1_base64="Vf4xYyxDZ46OZ72aQLjOVc8H8Os=">AAAB63icbVBNSwMxEJ34WetX1aOXYFE8lV0pqLeCF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaX+onhg0rVq3lz4FXiF6QKBZqDyld/GNNUMmWpIMb0fC+xQUa05VSwWbmfGpYQOiEj1nNUEclMkM1vneFzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdP2YXgL7+8StpXNb9eu32oVxsXRRwlOIUzuAQfrqEB99CEFlAYwzO8whuS6AW9o49F6xoqZk7gD9DnDx+zjjo=</latexit>

�⇤
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Figure 4. One-loop diagrams providing the (a priori) leading contribution to the electromagnetic
dipole moment of charged SM leptons in the model of eq. (2.6) with Y ′V = 0. Both diagrams are
proportional to the combination of couplings YLYRYV .

provides a valid explanation for vanishing loop diagrams starting from the form of the
integrand, and reveals interesting relationships between operators that would otherwise
remain obscure. As always, the success of any explanation can be judged by its predictiveness.
The techniques employed in our analysis may be helpful in constructing or understanding
additional magic zeroes, which may in turn shed new light on long-standing naturalness
problems of the Standard Model and beyond. Even in more pedestrian contexts, magic
zeroes akin to the one studied here may play a useful role, protecting order-of-magnitude
separations among otherwise comparable rates or scales. At the very least, our results
suggest that reports of the death of Wilsonian naturalness are greatly exaggerated.
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A Supplemental material

A.1 Cancellation of YV terms

In the model of eq. (2.6), there are two one-loop diagrams contributing to the dipole
moment of the SM fermions that are proportional to YV . These are shown in figure 4.
Ignoring overall multiplicative vertex factors, the amplitude of the left diagram in figure 4
is proportional to

iMµ
(left) ∝

ˆ
d4k

(2π)4
mLmS (2kµ − 2pµ − qµ)

(k − p)2(k − p− q)2(k2 −m2
L)(k2 −m2

S) ū(p+ q)PLu(p), (A.1)

whereas for the one on the right we have:

iMµ
(right) ∝

ˆ
d4k

(2π)4
−mLmS (2kµ − 2pµ − qµ)

(k − p)2(k − p− q)2((p+ q)2 −m2
L)(k2 −m2

S) ū(p+ q)PLu(p). (A.2)
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In total, adding the contribution from both diagrams and expanding to linear order in
external momenta we find:

iMµ
(left) + iMµ

(right)

∝ mS

mL

ˆ
d4k

(2π)4
ū(p+ q)PLu(p)

k2(k2 −m2
L)(k2 −m2

S)

{
−(2pµ + qµ) + 2kµ

(
1 + 2k · (2p+ q)

k2

)}
.

(A.3)

This is identical to eq. (2.9), except for the overall factor of mS/mL. Following the discussion
in section 2.2, the integrand of the loop function vanishses at linear order in p and q, and
therefore the dipole contribution at this order is zero.

A.2 Mass basis analysis of the YV terms

The mass basis calculation of the YV terms proceeds very much like the discussion in
section 3.2. Setting Y ′V = 0 and keeping terms propotional to YV , the masses and Yukawa
couplings of the toy model of section 3.1 remain as given in eqs. (3.5) and (3.6), except for
the expression for ŷ∗R, which now reads

ŷ∗R = YR θ
∗ − YV θ+ . (A.4)

Here θ± refer to mixing angles in the charged fermion sector, defined in terms of the
flavor-to-mass basis rotation as:(

Lc+

ec

)
→
(

1 θ+
−θ∗+ 1

)(
Lc+

ec

)
and

(
L−

e

)
→
(

1 θ−
−θ∗− 1

)(
L−

e

)
. (A.5)

To O(v/mL) and O(v/mS) the mixing angles are given by

θ = v√
2

mLY
∗
V

|mL|2 − |mS |2
, θc = v√

2
mSY

∗
V

|mL|2 − |mS |2
, θ+ = v√

2
YR
mL

, (A.6)

and θ− = 0. Up to overall numerical factors, the contribution to the electromagnetic dipole
moment from each individual massive fermion satisfies

e
yLy

∗
R

m
= −e ŷLŷ

∗
R

m̂
= − v√

2
m∗S
mL

e YLYRYV
|mL|2 − |mS |2

, (A.7)

and the combination in eq. (3.3) indeed vanishes.
In this case, the vanishing of the leading contribution to the dipole term comes down

to the mixing angles in the fermion sector satisfying the following relationship:

θc∗ = mL

mS

(
θ∗ − θ+

YV
YR

)
. (A.8)

Proceeding as in section 3.2, before rotating to the mass basis, the mass terms in the neutral
fermion sector read

L ⊃
{
−mLL

0Lc0 −mSSS
c − YV v√

2
Lc0S

}
+ h.c. (A.9)
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This is identical to eq. (3.11), after the substitutions L0 ↔ Lc0, S ↔ Sc, as well as Y ′V → YV .
The mixing angles are therefore those in eq. (3.8) after further exchanging θc ↔ θ∗. In total:

θ = N
mLY

∗
V v/
√

2
|mL|2 − |mS |2

and θc = N
mSY

∗
V v/
√

2
|mL|2 − |mS |2

. (A.10)

Additionally, the mass terms in the charged fermion sector are given by

L ⊃
{
mLL

−Lc+ − YRv√
2
L−ec

}
+ h.c. (A.11)

This is identical to eq. (A.9) after making the substitutions {Lc0, L0} → {L−, Lc+} and
{Sc, S} → {e, ec}, together with mL → −mL, mS → 0, and YV → YR. The mixing angles
in the charged sector are therefore given by

θ+ = − θ∗|{?} and θ− = − θc|{?} , (A.12)

with {?} ≡ {mL → −mL,mS → 0, YV → YR}. Explicitly:

θ+ = N
YRv/

√
2

mL
and θ− = 0. (A.13)

One can readily verify that eq. (A.8) is indeed satisfied by all these mixing angles.

A.3 Additional details of field redefinition

In this appendix, we supplement the discussion in section 4.2 with additional details. The
goal is to find the unitary matrices O, Oc that solve eq. (4.17). Unitarity of these matrices,
O†O = Oc†Oc = 1, implies O(1) + O†(1) = 0, O(2) + O†(2) =

(
O(1)

)2, etc., and likewise for
Oc. The forms of O(n), Oc

(n) are further constrained by the fact that the Higgs field Σ
carries one SU(2)L index and one SU(2)R index. Upon imposing these constraints, we have,
up to the second order:

O(1) =

 0 0 OlR

0 0 OLR

−O†lR −O†LR 0

 , O(2) =

 · OlL 0
OLl · 0
0 0 ·

 , (A.14)

Oc
(1) =

 0 0 Oc
rL

0 0 Oc
RL

−Oc†
rL −Oc†

RL 0

 , Oc
(2) =

 · Oc
rR 0

Oc
Rr · 0
0 0 ·

 , (A.15)

where “·” denotes a nonzero entry whose detailed form will not be needed. The nonzero en-
tries written out above are further related by OLl+O†lL+OLRO†lR = Oc

Rr+Oc†
rR+Oc

RLOc†
rL = 0.

The condition eq. (4.17) can be equivalently written as
O† (M+U)(M+U)†O = diag

(
O
(
(yΣ)2) , mLm†L+O

(
(yΣ)2) , mRm†R+O

(
(yΣ)2)) ,

Oc† (M+U)†(M+U)Oc = diag
(
O
(
(yΣ)2) , m†RmR+O

(
(yΣ)2) , m†LmL+O

(
(yΣ)2)) .

(A.16)
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Note the absence of O(yΣ) terms on the r.h.s. of eq. (A.16) due to SU(2)L × SU(2)R
representation mismatch. Expanding these equations in yΣ, we obtain, up to the second
order:

O(yΣ) :


[
O(1) , MM†]= MU†+UM† ,[
Oc

(1) , M†M
]
= M†U+U†M ,

(A.17)

O
(
(yΣ)2) :

O(2)MM†+MM†O†(2) = UU†+O(1)MM†O(1)+diag( · , · , ·) ,

Oc
(2)M

†M+M†MOc†
(2) = U†U+Oc

(1)M
†MOc

(1)+diag( · , · , ·) ,
(A.18)

where we have used eq. (A.17) and the relations O(2) +O†(2) =
(
O(1)

)2, Oc
(2) +Oc†

(2) =
(
Oc

(1)
)2

to simplify the O
(
(yΣ)2) terms to derive eq. (A.18). Solving the first order equations,

eq. (A.17), we findOlR = UlR m−1
R ,

Oc
rL = U†Lr m−1†

L ,


[
OLR

] j′

i
=
[
∆m̄−2] k j′

i l′

[
ULRm†R + mLU†RL

] l′

k
,[

Oc
RL

] j

i′
= −

[
∆m−2] j k′

l i′

[
U†LRmL + m†RURL

] l

k′ ,
(A.19)

where ∆m̄−2, ∆m−2 are the inverse of the mass squared difference tensors defined in
eqs. (4.26) and (4.27). Solving the second order equations, eq. (A.18), we findOLl = m−1†

L U†RL m−1†
R U†lR ,

Oc
Rr = m−1

R URL m−1
L ULr ,

OlL = −UlR m−1
R

(
URL m−1

L + O†LR
)
,

Oc
rR = −U†Lrm

−1†
L

(
U†RLm−1†

R + Oc†
RL

)
.

(A.20)

As in the main text, we leave SU(2)L × SU(2)R indices implicit when their contraction can
be unambiguously inferred from matrix multiplication. The field redefinition preserves PLR
provided the latter acts on the rotation matrices as O∗IJ ↔ Oc J

I . One can readily verify
that the equations grouped together in eqs. (A.19) and (A.20) are related by PLR.

A.4 Gauge basis spurion analysis for the Yukawa operator

We can carry out a similar spurion analysis as in section 4.3 for the dimension-four Yukawa
operator and see explicitly that, in contrast to the dimension-six dipole, it is not required
by symmetries to vanish. We will also see that the spurion analysis reproduces the correct
mass dependence of muon Yukawa threshold correction.

To construct the Yukawa operator, we impose the same requirements listed in section 4.3,
with the following exceptions:

• We should replace e Fαβ Qm p
n′ q′ → εαβ εmp εn′q′ .

• The operator coefficient should have mass dimension zero instead of −2, and logarithms
can appear.

The Yukawa operator is then constrained to take the following unique form:

OYukawa∝ lαi
[
c5L
] r′ q′

i p

[
mRm†RmR f(m†RmR)

] s′

r′

[
c6R

] j′ l′ n′

s′ k m
rcαj′ Σk

l′ ε
mp εn′q′

+rcαi′
[
c5R

] i′ p′

r q

[
f(mLm†L)mLm†LmL

] r

s

[
c6L
] s k′ m′

j l n
ljαΣl

k′ εnq εm′p′ , (A.21)
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where
f(x) ≡ α log

(
x/µ2)+ β , (A.22)

with α, β constant and µ the renormalization scale. We can combine both terms in
eq. (A.21), noting that rc αi′ ljα = lαj rcαi′ (without extra minus sign, in contrast to the dipole
case). Substituting in expressions for c5L, c5R, c6L, c6R from eqs. (4.23) to (4.25), we find,
for the terms proportional to Y ′∗V :

O(Y ′
V )

Yukawa ∝
[
f(m†RmR) m†RmR mL∆m−2 m−1

L −m−1
R ∆m̄−2 mR mLm†L f(mLm†L)

] v s′
u r′

×
[
yL
] r′ q′

i p

[
y′†V
] u l′

s′ k

[
yR
] j′ n′

v m
εmp εn′q′ lαi rcαj′ Σk

l′ . (A.23)

As opposed to
[
mL∆m−2 m−1

L −m−1
R ∆m̄−2 mR

]
= 0 in the dipole case, we now have[

f(m†RmR) m†RmR mL∆m−2 m−1
L −m−1

R ∆m̄−2 mR mLm†L f(mLm†L)
] v s′

u r′

= δvu δ
s′
r′

[
α

|mR,s′ |2 − |mL|2
(
|mR,s′ |2 log

|mR,s′ |2

µ2 − |mL|2 log |mL|2

µ2

)
+ β

]
. (A.24)

For the terms proportional to YV , we find:

O(YV )
Yukawa ∝

{[
f(m†RmR) m†R

] s′

r′

[
m−1
L

] v

u
εkp εl′q′ Σm

n′

+
[
m−1
R

] s′

r′

[
m†L f(mLm†L)

] v

u
εkm εl′n′ Σp

q′

+
[
m−1
L m−1

R ∆m̄−2 mR m†RmL m†L f(mL m†L)

− f(m†RmR) m†RmR m†LmL ∆m−2 m−1
L m−1

R

] v s′

u r′ εmp εn′q′ Σk
l′

}
×
[
yL
] r′ q′

i p

[
yV
] u l′

s′ k

[
yR
] j′ n′

v m
lαi rcαj′ . (A.25)

At the physical values of mass spurions, the expression in curly brackets,{
. . .

}
→ δvu δ

s′
r′

[
m∗R,s′

mL

f
(
|mR,s′ |2

)(
εkp εl′q′ Σm

n′−
|mL|2

|mR,s′ |2−|mL|2
εmp εn′q′ Σk

l′

)

+ m∗L
mR,s′

f
(
|mL|2

)(
εkm εl′n′ Σp

q′ +
|mR,s′ |2

|mR,s′ |2−|mL|2
εmp εn′q′ Σk

l′

)]
. (A.26)

As discussed in section 4.3, the product of Yukawa spurions is proportional to εkm and is
nonzero only for l′ = n′ = 1. We therefore obtain

O(YV )
Yukawa∝

|mR,s′ |2

|mR,s′ |2−|mL|2
[m∗R,s′

mL

f
(
|mR,s′ |2

)
− m∗L
mR,s′

f
(
|mL|2

)]
ε1q′ Σp

1

=
m∗R,s′

mL

[
α

|mR,s′ |2−|mL|2
(
|mR,s′ |2 log

|mR,s′ |2

µ2 −|mL|2 log |mL|2

µ2

)
+β

]
. (A.27)

Finally, for both O(Y ′
V )

Yukawa (O(YV )
Yukawa), the Yukawa coupling spurion y′†V (yV ) picks out the

s′ = 1 tensor component, so mR,s′ in the equations above are set to mR,1 = mS . We see
that eqs. (A.24) and (A.27) reproduce the correct mass dependence of the muon Yukawa
threshold correction.
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