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ABSTRACT: We study dimension-seven operators in standard model effective field theory. These
operators are classified into two sets, one violating lepton number but preserving baryon number
(AL = £2, AB = 0) and the other violating both but preserving their sum (—AL = AB = +£1). It
has been found in the previous literature that there are respectively 13 and 7 such independent
operators. We show that one operator is redundant in each set so that the complete list contains
only 12 and 6 operators respectively. We accomplish this by using standard model equations of
motion and various Fierz identities. We calculate the one-loop anomalous dimension matrix for the
6 operators in the second set, and illustrate its possible phenomenological implications by working
out renormalization group running of the Wilson coefficients that could contribute to the type of
proton decays with —AL = AB = +1, such as p — vzr™.
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1 Introduction

When the standard model (SM) is regarded as an effective field theory, the low energy effects
from physics beyond SM at a high energy scale can be organized in a tower of high dimen-
sional operators. These operators are composed of the SM fields, respect the SM gauge symmetry
SU(3)¢ xSU(2), x U(1)y, and have coefficients that are suppressed by relevant high energy scales.
This forms what is usually called standard model effective field theory (SMEFT) [1-6]. The ac-
cidental symmetries in SM such as lepton and baryon number conservation are generically not
preserved any longer by high dimensional operators; this is not surprising if one imagines that a
high scale supersymmetric or grand unification theory is responsible for those operators.

The tower of high dimensional operators starts at dimension five, and it turns out that there is
a unique operator [7], which violates lepton number by two units (AL = £2) and can accommodate
a Majorana mass for neutrinos. There are much more operators at dimension six [8], and the
complete list contains 63 independent operators [9], among which 59 conserve both lepton and
baryon number and the other 4 violate both by one unit (AL = AB = £1). The latter can induce
nucleon decays such as p — e* 7%, va*, and n — vx®. The first systematic analysis on dimension
seven (dim-7) operators has been made recently in [10]; for earlier studies, see [12, 13], and for
a recent analysis of dim-7 operators in SM extended by right-handed neutrinos, see [11]. It is
found that there are altogether 20 operators, 13 of which violate lepton number but preserve baryon
number (AL =2, AB = 0) and 7 of which violate both but preserve their sum (—AL = AB = 1). The
first set includes the dim-7 generalization of the dim-5 Majorana neutrino mass operator which
turns out to be also unique, consistent with the general analysis in [14]. The second set could
induce another type of rare nucleon decays such as p — vt and n — e~ ", va®. The pursuit of
high dimensional operators can be continued. For instance, at dimension 9, operators that violate
baryon number by two units start to appear. These operators could induce phenomena such as
neutron-antineutron oscillation, and may bridge our understanding of some underlying theory and
the matter-antimatter asymmetry observed in the Universe [15]. For a recent discussion on the
relation between the dimension and lepton/baryon number of operators, see ref. [16].



The high dimensional operators discussed above are generated at a high energy scale where
one integrates out certain heavy degrees of freedom from an underlying theory. When studying the
physical effects of those operators in low energy experiments, it is necessary to run them down to
the scale at which their matrix elements are evaluated. This can be accomplished by renormaliza-
tion group equations (RGEs), and it boils down to the computation of the anomalous dimension
matrix for relevant operators. For the unique dim-5 operator the one-loop analysis has been carried
out previously in ref. [17] with the final answer reported in [18]. The situation becomes com-
plicated for dim-6 operators as there are too many of them and strong interactions also set in.
The computation of the anomalous dimension matrix has been recently accomplished in a series
of papers [19-25]. The purpose of our current work is to initiate the evaluation of the one-loop
anomalous dimension matrix for dim-7 operators. Since, as mentioned above, these operators fall
into two sets according to whether baryon number is conserved or not, the two sets do not mix
under one-loop renormalization. We report our result in this work on the second set of operators
that violate baryon number conservation and defer the discussion on the first set of operators in a
future publication. In so doing, we also find that the basis of operators established in [10] can be
further shortened, with one less operator in each set.

This paper is organized as follows. In section 2 we set up our conventions and show the
redundancy of the basis given in [10] by establishing two linear relations that can be used to reduce
one operator in each of the two sets of operators. We compare our count of independent operators
with those in the literature. Then in section 3, we present our result on the one-loop RGEs for
the Wilson coefficients of the 6 dim-7 operators in the second set. We discuss briefly its possible
implications on proton decays that violate both baryon and lepton numbers but conserve their sum,
such as p — v, We recapitulate our results in section 4. Some useful Fierz identities employed
in sections 2 and 3 are collected in the appendix.

2 Basis of operators

We start with some preliminary discussions. L, Q are the SM left-handed lepton and quark doublet
fields, u, d, e are the right-handed up-type quark, down-type quark and charged lepton singlet
fields, and H denotes the Higgs doublet. Dropping gauge-fixing terms, the SM Lagrangian is

1 1 1 + 1,\?
22_—quGMV—4MLWMV—4&WH”+U%H)UWHyﬁlOﬂH—2ﬂ>
+ ) Wip¥Y- [QY,uH + QY,;dH +LY.eH +h.c.] . 2.1
Y=Q.,L,u,d,e

Here the superscripts A and I count the generators of the SU(3)¢ and SU(2), group, respectively,
Y,, Y4, Y, are the Yukawa couplings which are complex matrices in flavor space, and H; = JH .
The covariant derivative is defined by

Dy =0y —ig3sT*Gy —igaT'W,, —ig Y By, (2.2)

where T4, T', Y are the generator matrices appropriate for the fields to be acted on. From eq. (2.1)
one can derive the following equations of motion (EoMs) which will be used to remove redundant



V2 H* +h.c. V?H?D +h.c.
O | €€mn(LCL")HH"(H'H) | Oegp | €j€m(L'Cyue) H/H"iD*H"
V2H?D? +h.c. w2H?X +h.c.
Oy | € j€m(L'CD*L)YH™(DyH") | OLug &€ (L'Coyy L™ )H/H"B*Y
Orupz | €m€n(L'CD*L)YH™(DyH"™) | Orw | €j(€7!)mn(L'Copy L™)HIH"WHY
l//4D+h.c. l[/4H+h.c.
OuLLD & j(dyuu)(L'CiD*LY) Os1iiH & j€mn(eL’)(L/CL™)H"
OLodap (Ly,Q)(dCiD*d) OiLoLm &j€mn(dL')(Q/CL™)H"
Osdaap (eyud)(dCiD*d) O oL €mEjn(dL))(Q/CL™)H"
O dLuet &;j(dL")(uCe)H’
OpuLLu &;(Qu)(LCL')H’
OLauan (Ld)(uCd )H
Olddan (Ld)(dCd)H
O0dai &;(eQ')(dCd)A’
OLaoon &;(Ld)(QCQ")H/
redundant operators
o | & dn)(LCo D) | OLga (LiD*d)(QCyd)

Table 1. The basis of the twenty dim-7 operators in ref. [10] is reproduced here with some modifications.
The flavor and summed color indices are not shown. (1) We label operators in a more symmetric manner. (2)
We associate a factor of i with the gauge covariant derivative Dy, (but drop i? from the W?H>D? operators)
for convenience of later RGE analysis. (3) We replace the original operator &;(L'Cyye)(dy"u)H’ by the new
one, 0,1 S0 that all operators in the ¥*H sector are products of scalar bilinears. (4) The two redundant
operators listed in the last row are to be removed. The equivalence of the two operators in (3) and redundancy
in (4) are established in the main text.

operators at one-loop level,

iDL = Y,eH, (2.3)
iPd = YJH'Q, (2.4)
or more explicitly in flavor indices,
iV DuLy = (Yo)ueH', (2.5)
uDspdps = (¥)) SuQuouHy. 2.6)

We use the letters p,r,s,t,u,v,w for flavors, i, j,k,l and o, 8,0, p for indices in the fundamental
representations of SU(2), and SU(3)¢ respectively. A repeated index is always implied to be
summed over.

The twenty dim-7 operators listed in ref. [10] are shown in table 1 with some modifications.
Our notations for operators are such that the fermion fields and their flavors are identically ordered
and follow the chains of the two bilinears involved. For instance, the six independent and complete



operators in the second set that violate both baryon and lepton numbers but preserve their sum, i.e.,
—AL = AB = 1, are written as,

prst

OF tnais = €apotij (Lipdar) (upsCdor ) H;

OF ran = €apodij(Lipdar) (dpCdor) H

ﬁfgrzizth = —€aps0ij (€pQiar) (dﬁstGf) H

ﬁf;SQIQ;, = —€485018ij (Lipdar) (QipsCQiot) H

O oiap = €apodij (LipYuQjar) (dpsCiDopdpr) ,

ﬁfdrffw = &apo (épyudar) (stC"D‘édet)- 2.7

We often use the notation (¥'Cy) = @X for a bilinear involving charge-conjugated fields to avoid
too many indices on the fields. The charge-conjugated field is defined as ¥© = CP7 with (¥¢)¢ =
W, where the matrix C satisfies the relations CT = CT = —C and C? = —1. Note that some operators
involving identical fields can vanish in special cases; for instance, with one generation of down-type
quarks, both 0 ngf y and O P ésj i Vanish since their second bilinear factor vanishes.

We are now in a position to verify the claims in the caption to table 1. First of all, we prove
the equivalence between the original operator &;(L'Cy,e)(dy*u)H’ and the operator 0., In
the course of our computation we have made free use of the Fierz identities derived in refs. [26,
27] for uncontracted products of bilinears and products of bilinears involving charge-conjugated
fields respectively. Some identities are collected in the appendix. Note that the Fierz identities are
basically algebraic identities for gamma matrices though we need here those written for fermion
fields. Using the Fierz identity for chiral fields,

(‘T&yﬂm) (Pary" War) = 2 (P11 (TER%R) , 2.8)

where anticommutativity of fermion fields has been taken into account, we have indeed

&, (L'Cye) (dy*u) HY =2¢;; (dL') (uCe)H' =26 7,0y. (2.9)
Now we demonstrate that the operators ﬁ[(l )LLD and Op,04p can be expressed in terms of

other operators and can thus be dropped as redundant operators. Writing o*¥ = iy*y" — ighV and
employing eq. (2.9) and the EoM (2.5), we obtain

o = & (dyyar) (LiCo"*DyL )

dulLD
= & (dyyanr) (LLCPy'iDyL] ) & (dyyanr) (LiCID L )

= (Ye),, &j ( pV#”r) (L Cy'eu) H' — ﬁEIZZLD

psru prst
(Ye)u©, dLueH ~— ﬁduLLD’ (2.10)

where we have attached the flavor indices but suppressed the color indices. We can thus remove
ﬁ;-i)LLD in favor of Oy .y and O, pp. To show that the operators O7,04ps Orgaaps a0d Orapon
are not independent, we employ the Fierz identity,

(W17 War) (W3rCWar) = (P1.¥3r) (P2 CruPar) + (P1.War) (W21 CruPar) - (2.11)



Replacing (W17, War, ¥3r, War) by (Lip, Qiar,dps, iD‘épdps) and applying the EoM (2.6), the oper-

prst .
ator ﬁi 0dap €40 be reduced as follows:

ﬁ’é’SédD = €4860ij (LipYuQjar) (dpsCiDgpdypy)
= £apo0ij ((Lindps) (QiorCituDopdpr) + (LipiDapdp:) (QjarCrudps))
= (Yj>m 8(1/306i,i6kl (Zipdﬁs) (QjOCrCQkGu) Hl* + ﬁgrQsdD

_ T pSru pLrs
N (Yd >,u Otagon + CLagap: (2.12)

The second equality in the above can also be established by first employing a pure algebraic Fierz
identity
(Y.“Pi')pd (P:F)OCB - (P:F)PB (Y“Pi)ac + (P:FC_1 )pa (CYNP:F) op’ 2.13)

where Py projects out the right- and left-handed chirality respectively, and then attaching the spinor
components of the above fields. Note that a spinor being acted upon beforehand by a covariant
derivative or gamma matrices does not hinder this application. One can confirm the above identity
by using, e.g., eqs. (27) and (30) in [26], and multiplying the C matrix judiciously. Equation (2.12)
implies that we can remove 0j ;4p as redundant as shown in table 1.

In summary, there are 18 independent dim-7 operators, out of which 6 are in the set of —AL =
AB =1 and 12 in the set of AL =2, AB = 0. We thus have one less operator in each set than ref. [10],
and both redundant operators are in the class w*D in table 1. The number of operators has also
been counted previously in [28] by Hilbert series methods and in [29] by conformal algebra. Those
papers count independent operators that also take into account independent flavor indices for n
generations of fermions. We here summarize the differences. While ref. [29] only counts the total
number of operators in each class, ref. [28] counts each type of operators in each class (except for
the class y?>H?D? and part of the class w*H). The difference arises in the class w>?H?D?, as already
pointed out in [29]: ref. [29] finds n(n + 1) operators in total while ref. [28] finds n(n+3)/2. (We
do not include factor of two accounting for Hermitian conjugate of each operator since all dim-7
operators are non-Hermitian.) Using our basis of 18 operators, we have also counted independent
operators that take into account flavor indices. We have managed to do so by exhausting all flavor
symmetries for each operator, with the simplest ones shown in eqs. (3.3), that can be employed to
remove redundancy. We confirmed separate counts for each operator in [28] with the exception for
the class y?>H?D?: we found the same number n(n +1)/2 of Orypi and Oy, thus confirming
the total number in [29]. (In passing, we note a typo in [28] concerning the number of Oy 1y,
with the correct number being n?(2n% +1)/3.) Had the two redundant operators in table 1 not been
deleted, the number of operators in the class y*D would not match with refs. [28, 29].

3 Renormalization group equations for Wilson coefficients
The effective Lagrangian for dim-7 operators is written symbolically as

£ =Y CiOi+hc., (3.1)

where C; is the Wilson coefficient associated with the operator ¢;. The index i enumerates all 18
operators shown in table 1 which are all non-Hermitian, and the sum over i also covers the flavor



indices of quark and lepton fields. To study the effects of the above interactions in low energy
processes, it is necessary to run the operators from the high scale at which they are generated to the
low scale at which their matrix elements are evaluated. The running effect is governed by RGEs
and is incorporated in their Wilson coefficients. In this work, we study the RGEs for the subset
of operators in eq. (2.7) at one-loop level. This is self-consistent since those six operators violate
baryon number and do not mix at one loop with the remaining twelve operators which conserve
baryon number.
The renormalization group equations for the Wilson coefficients C; are

¢ = 1677 dci—i iCj (32)
[ ud“ - %] ] .
j=1

where p is the renormalization scale, ¥; is the 6 X 6 anomalous dimension matrix, and ij enu-
merate the six operators in eq. (2.7). We will work with dimensional regularization in D = 4 — 2¢
dimensions and adopt the minimal subtraction (MS) scheme. We compute in general Re gauge
with three separate gauge parameters &; » 3 for three gauge fields. The complete cancellation of
all &) 23 dependence in the y matrix serves as a strong check on our result. Before presenting our
results, we notice some symmetries in flavor indices. The operators have the following relations,

prst prts prst pstr ptrs prst prts
ﬁidddH + ﬁz,dddH =0, ﬁidddH + ﬁidddH + ﬁidddH =0, ﬁéQddI:I + ﬁéQddI:I =0, (3.3)

where the first and last ones are obvious by inspection and the second one is obtained by further
using the last identity in eq. (A.1). These relations are helpful to organize our computational results
in the standard basis.

We are now ready to study the one-loop renormalization of the dim-7 interactions .%5 due to
the SM interactions .Z4. We will not present the lengthy computational details; for the purpose
of illustration, let us consider the one-loop Feynman diagrams with the insertion of the effective
interaction Cj 3,47 Otauar- The representative diagrams are shown in figure 1, and are classified
into six categories from (B) to (H3). The diagrams with the insertion of other three operators
involving a Higgs field are similarly classified, but those with the insertion of an operator involving
a covariant derivative have more categories. We compute graphs as a contribution to the relevant
amplitude. For instance, the first graph in figure 1 that involves the exchange of a B gauge field
between the lepton doublet L (of hypercharge y; ) and the singlet d quark (of hypercharge y,) yields
a term in the amplitude,

M=C"" oot P %k (L ig1yLY, iiiglydy d) (upsCd )H’-‘_—iG"V(k)
Ldudfl ©oBo <] (2m)P ip # kK vér Bs™%at) M2 Ve J
34
where Gglv(k) = g" + (& — 1)k*k” /k* and the Higgs field is attached for clarity. For the sake of
isolating ultraviolet divergences, ki > can be identified with k. Finishing the above loop integral
yields a term that is regarded as a contribution from the effective interaction, g7/(167%¢) (& +
3)C§;f: g ﬁlfj;jdﬁ. After all one-loop diagrams are finished, the relevant counterterms are required
to cancel the divergences. Finally, we include field strength renormalization constants and compute
the y-function in the standard manner.
Using the shortcuts for easier identification of terms,

Cia... 6 = Ciguarns Ciagars Copaar Ciaoon> Cioaan» Ceddans (3.5



(H1) (H2) (H3)

Figure 1. Representative one-loop Feynman diagrams with an insertion of the effective interaction
Criuaii Ot auarz» Shown as a box, from .#5. They are organized into six categories, (B)—(H3). Categories (B),
(W), and (G) stand for the insertion of an internal B, W/, and G* gauge boson propagator, respectively; cat-
egories (H1), (H2), and (H3) stand for the insertion of an internal scalar H between two fermions in various
ways with the release of a scalar H or gauge field (B, W/, G*). The total numbers of Feynman diagrams for
those six categories in this example are 10 for (B), 1 for (W), 3 for (G), 3 for (H1), 4 for (H2), and 1 for (H3).

our final result is summarised by the RGEs for the above six Wilson coefficients,

. 9 17 10 3 ;
e =+ (- 3 e ) o - Bder -3 ), o

+3(vjve) e 3 (viv) 2 (YY), O -2 (viv) (" +ver)
vr Vi 14

S

1A l Vi
+4(Ye)pV(Yu)ws ‘3jwrt _2((YM)VS(Yd)wt tT5 < t>czllj I 6 (llg% +24g%) (Yu)vscgw l

1 3 ,
+8 (13g% +48g%) (Yu)vscgwr - E(Yd)vt (YJYM) Cénrw
ws
3 ,
—3(Ya)us ((YJYd>m ™ r s r) +5 ) (Y; YL,)WY vrw (3.6)
~prst 2 9 2 13 2 prst 5 t Vrst
G o=+ | —4g— 182 s +Wu |G + 5 (r.Y, )pvcz
2 (), o+ (viv) o (viv) o)
1 i TV SV T
= [(06Ya), 7™+ (VYa),, 7 + (Y]Ya)  CT™) =5 1]
1 1 , 3
+{ [ 3 (87—683) (Ya)uCE™ — 1 81 (Ya)ysCE" — 7 Ya)r (Yj Yd>W[C§vsw>+r “ z} —5 ¢ z}
1 ) 3 - ' - )
+§ (Ye)pv{ [g% (Cg”t—kr 4 S) +1 ((Yd' Yd) I(Cgmw—Fl” 4 S)—l— (Yé Yd) gtsw):| —S <> l} ,
Wi wr
3.7



. 9 11
Céarst = + <—4g§ 4 %—I— 12g1 —i—WH) Cé’Fst

5 ; 5
+ K(ije) Cyt 2 (v +vay)) o 3(xive) o (v,) (Yd)vscg’vw’> —s 4 t}
vr vs wr
1
_5 (Yj)pv [((YMT)Wrcixtws+2(Yd)wscvtwr (Yd)wt vsrw+3g2cvrst (Yij> Cvrsw) 5o t}
(s1+1263) (1)) [(C2+ o™ +Ch™) =5 1]

4
{10 () e+ () (), (@ vacpm)] s},

(3.8)
prst 2 15 2 19 2 prst 2 ~prts T pVst
C4 =+ —4g3—Zg2 1281+WH C4 —3g2C4 +3 Yde vrC4
1, . .
5 (), (dci =) + (2 (YuYu) - (rarj) Yo
1
T T 1 T T
5 (5 ), + (vax]) Yo+ (5 (var)) =3(nx)),)c
( (( ) CPVWI_|_ (YT> Cfvsw) - ((Yu vs (Yd> ( C{)rvw_i_clpwvr) —I—S(—)l‘)
vt wt
3
200 (¥]) =< (gl =2483) (¥)) (2™ +rov) =S (v, (v))
vt ws
3 3 .
+> <YTYd) vj) (e vew) S (D), (1) +ser)cr
3
+2(Ye ( ) ( ) vxrw vrwx_'_cgr)mz)7 (3.9)
. 5 4 1 8 1 1 .
rst 2 2 rst 2 2 rt S T t
5 =+ <981 —3g3) ™ — <9g1 —3g3> cy s+§ (YeY:)pvcgm‘FE (YuYJ+Yde>VrC§VS
+ (YJY4> Cprvt (Y;Yd> Cg?rsv B (Y;)wr ((Yd)vscéww + (Yd)wcgjvsw)
Y) < ) vwst Cvswt Cvstw) (3 10)
e s .
Cprst _ 4 2 8 2 Cprst 2 2 4 2 Cprts Cpsrt Cpstr Cptrs Cptsr
6 = (77811738 6_§g1_§g3(6+6+6+6+6)
+Y), Crt (Yij) wcg“‘"+<Yj Yd) VSCgrvt-i-(Y; Yd)w I -2(¥]), (Ya)ur O3,
(3.11)

where Wy = Tr(3Y, Y, +3Y j Y, +Y]Y,) arises from the Higgs field wavefunction renormalization

constant due to Yukawa interactions. We see from the above results that while operators involving
a covariant derivative renormalize those involving a Higgs field the opposite does not occur. This
interesting phenomenon is consistent with the nonrenormalization theorem formulated recently
in ref. [30].

The above dim-7 operators violate both baryon and lepton numbers by one unit but preserve
their sum, and would contribute to the rare nucleon decays such as p — vat, vK*,n— e a", and
p—e w ", and so on. We will not attempt here a complete analysis on this which would involve
a sequence of low energy theories below the electroweak scale, but instead illustrate potential
impact of the above RGEs by estimating typical running effects. We take the decay p — va™ as an
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Figure 2. Feynman diagram relevant for the decay p — va™ due to dim-7 effective interactions.

example. We ignore the operators 07 4.p and Ozgqqp Which are subleading at low energies, and
set the Higgs field H to its vacuum expectation value v/ /2 for the other four operators. Then, a
potentially contributing operator would involve Vudd simply by charge conservation, as is shown
in figure 2. An inspection of eq. (2.7) shows that only the operators ﬁﬁ léH and ﬁﬁgQH contain
such a term, where the superscript p refers to the neutrino flavor and 1 to the quarks in the first
generation.

To go further, we make some plausible approximations. We ignore quark flavor mixing, and

drop all Yukawa couplings except for the top quark. Then RGEs (3.6) and (3.9) are decoupled,
d 1
plll
“@CM_ udH ~ Ar < 405 —

4
d I 27 19
B oo = 7= <—4oc3 R +3oc,) oo (3.13)

57
~ 50 +3at) e (3.12)

where «; = g7/(4m) (i = 1,2,3) and o = Y;>/(47). The solutions for running from a high energy
scale M ~ 10! GeV of order grand unification scale to a low energy scale i ~ my, ~ 1 GeV of the
proton mass are

)12/ 9/(882) 57/(24$1)
i) = [i(@m Son|  laon) O, G
A 125 T (M) 12758 T oy (h1)719/248) )

where we have solved numerically the running effect of o; from M to the electroweak scale of the
Z-boson mass My (factor 0.787) using the one-loop f; functions,

B =17, ﬁZZ%, B :_%’ (3.16)
and the MS values of ; (i = 1,2,3,t) at Mz [31],
o (M) = 0.0169225 +0.0000039, o (M) = 0.033735 £ 0.000020,
o3(Mz) = 0.1173 £ 0.00069, oy (Mz) = 0.07514 (3.17)
The overall RGE running results are
crll o (my) = (2.034)(1.158)(1.262)(0.787)CP) ) - (M) = 2.34CP1 (M), (3.18)
Cl oon(Mp) = (2.034)(1.551)(1.081)(0.787)C, o (M) = 2.68C o (M), (3.19)



where the numerical factors come from the three gauge interactions and top quark Yukawa cou-
pling, respectively. We see that while gauge interactions tend to enhance the effective interactions
at low energies, the top quark Yukawa coupling suppresses it, with a balanced enhancement factor
of about two.

4 Conclusion

We have studied dimension-seven operators in the framework of standard model effective field
theory. All of these operators violate lepton number conservation. We found that the basis of twenty
operators listed in ref. [10] can be further reduced using the equations of motion in the standard
model and Fierz identities. The final basis contains twelve operators that conserve baryon number
and six operators that break it. We have computed for the first time the anomalous dimension matrix
for the latter set of operators by taking into account all interactions in the standard model. We
illustrated its possible effect in the rare proton decay p — vzt and found that the renormalization
running effect in the relevant Wilson coefficients is about a factor two enhancement from the grand
unification scale to the nucleon mass scale.
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A Some useful Fierz identities

We here summarize Fierz identities for field operators, which are useful for our analysis of op-
erator redundancy and in bringing one-loop renormalized operators back to the standard basis.
Our notation for charge conjugation of chiral fields is, ‘PE R= (‘PLR)C, which has the properties,

fcﬁ =(YLr)Cand ¥, r = (‘PiR)C. The identities are, valid also for L <> R,
Wiy Y Por) (P Yu Vv War) = 8 [(Pir¥ar) (W3 War) + (P12 Par) (W3 W2r) ]
Wiy Y Vor) (P v v War) = —8 (W12War) (W3 ¥2r)

Wiy Y War) (WarvuwWar) = 4 (P1.¥2r) (W3rWar)

(
(
n
tn

Wi Y Wor) (Par e VuWar) = 4 (P1.¥2r) (P3rWar)

(Proy*¥or) (WaruWar) = (Proy*War) (ParyWar)

(Wi Wor) (ParyuWar) = 2 (P1095,) <‘P4L‘P2L) ;

(Proy* o) (ParYuWar) = —2 (W1LWar) (P3rWar)
(P1Ly" o) (‘PgR‘P4R> (P1.%3r) ( gLYu‘P4R>+(‘P71L‘1’4R) (?&Yu‘l’m)
(¥1.¥2r) ( 3LY“‘P4R) = (PiLnWs) (‘ITCR‘PzR) — (Y1 %4r) (@YM&R)
(P1rY" War (‘PgR‘PzLR) — (PirYu¥3r) (@‘HR) — (W1rYuWar) (‘I@%@

(PrrPar) (WS War) = = (PrioPsr) (P5e¥ar) — (PioPar) (¥5e¥2e) (A

—10 -



From the basic relations for bilinears involving charge conjugation,

Wy ey — QO gt Lt g€ for n even (L < R)
Wiyt ety — QO gl gt @C - for podd (L <5 R) (A.2)
we have the special cases
TMTZR = lyi(szlP?L (L < R)
Y Wy = —S PP, (L R)
Wiy Y Paor = W57 YM¥S, (L < R) (A.3)

Open Access. This article is distributed under the terms of the Creative Commons Attribution Li-

cense (CC-BY 4.0), which permits any use, distribution and reproduction in any medium, provided

the original author(s) and source are credited.
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