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We present the basis of dimension-eight operators associated with universal theories. We first derive a
complete list of independent dimension-eight operators formed with the Standard Model bosonic fields
characteristic of such universal new physics scenarios. Without imposing C or P symmetries the basis
contains 175 operators—that is, the assumption of universality reduces the number of independent Standard
Model effective field theory (SMEFT) coefficients at dimension eight from 44807 to 175. 89 of the 175
universal operators are included in the general dimension-eight operator basis in the literature. The 86
additional operators involve higher derivatives of the Standard Model bosonic fields and can be rotated in
favor of operators involving fermions using the Standard Model equations of motion for the bosonic fields.
By doing so we obtain the allowed fermionic operators generated in this class of models which we map into
the corresponding 86 independent combinations of operators in the dimension-eight basis of [C. W. Murphy,
Dimension-8 operators in the standard model effective field theory, J. High Energy Phys. 10 (2020) 174.].
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I. INTRODUCTION

The Standard Model (SM) based on the SU(3), ®
SU(2), ® U(1), gauge symmetry has been extensively
tested at the Large Hadron Collider (LHC) and so far, no
deviation of its predictions [1] or new heavy state have
been observed [2]. The natural conclusion is that there
must be a mass gap between the electroweak scale and the
beyond the Standard Model (BSM) physics required to
address the well-known shortcomings of the SM. In this
scenario, precision measurements of SM processes are an
important tool to probe BSM physics and effective field
theory (EFT) [3—5] has become the standard tool employed
to search for hints of new physics.

The paradigmatic advantage of EFT's for BSM searches is
its model-independence since they are based exclusively on
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the low-energy accessible states and symmetries. Assuming
that the scalar particle observed in 2012 [6,7] belongs to an
electroweak doublet, the SU(2), ® U(1), gauge symmetry
can be realized linearly at low energies. The resulting model
is the so-called Standard Model EFT (SMEFT) which can
be written as

)
Lo = Lgm + E E fALj oy, (1)
j=1 n

where the higher-dimension operators O,(f ) involve gauge—
boson, Higgs—boson and/or fermionic fields with Wilson
coefficients f, and A is a characteristic scale.

There is a plethora of analyses of the LHC data in terms
of the SMEFT up to dimension-six; see for instance [8—21]
and references therein. In order to assess the importance of
the different contributions in the 1/A expansion in such
analysis, as well as avoid the appearance of phase space
regions where the cross section is negative [13], one is
required in many cases to perform the full calculation at
order 1/A* As is well known the consistent calculation at
order 1/A* requires the introduction of the contributions
stemming from dimension-eight operators.

Published by the American Physical Society
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At this point the advantage of the model-independent
approach mentioned above becomes a limitation due to the
large number of Wilson coefficients. Already at dimension-
six there are 2499 possible operators when taking flavor
into account [22,23]. At dimension-eight the number grows
to 44,807 [24,25]. Clearly such large number of operators
precludes a complete general analysis at any order beyond
1/A and we are forced to reintroduce some model
dependent hypothesis. In this realm, identifying physically
motivated hypothesis able to capture a large class of BSM
theories becomes the new paradigm.

One such well-motivated hypothesis is that of
Universality, which in brief refers to BSM scenarios where
the new physics (NP) dominantly couples to the gauge
bosons of the Standard Model. It was first put forward in
the context of the analysis of electroweak precision data
from LEP and low energy experiments, with the intro-
duction of the oblique parameters S, T, U [26,27] (or €y, €5,
€3 [28]) which captured the dominant NP effects in the
observables. In the context of the SMEFT, Universality
formally refers to BSM models for which the low-energy
effects can be parametrized in terms of operators involving
exclusively the SM bosons, hereon referred to as bosonic
operators [29]. Ultraviolet (UV) completions that satisfy
this specific definition of universal theories include the-
ories in which the new states couple only to the bosonic
sector, as in composite Higgs models [30], as well as
models where the SM fermions are coupled to new states
via SM-like currents [31,32] like in type I two-Higgs-
doublet models [33].

In the EFT framework not all operators at a given order
are independent as operators related by local changes of
variables in quantum field theories possessing a jacobian
determinant equal to one at the origin exhibit the same
S—matrix elements [34,35]. In particular, operators con-
nected by the use of the classical equations of motion
(EOM) of the SM fields lead to the same S—matrix
elements [36-39]." In general, a given SMEFT basis trades
some of the bosonic operators for other bosonic operators
and operators involving fermions, hereon called fermionic
operators, in order to keep only independent operators.
Therefore, the action of a rotated operator is equivalent to a
relation between the Wilson coefficients in the basis. These
relations for universal dimension-six operators were
obtained in Ref. [29].

This work represents the next step in the exploration of
the BSM effects for universal theories by presenting the
SMEFT operator basis and relations implied by the uni-
versality hypothesis at dimension-eight. As a first step we

'When considering higher orders in the 1/A expansion one
needs to take care when applying the EOM. While they are
consistent when at the highest order in the expansion considered,
at lower orders one needs to include terms “beyond linear order.”
Alternatively, the application of field redefinitions is always
consistent [40,41].

search for a complete list of independent dimension-eight
operators composed exclusively with SM bosons before the
use of EOM. A large fraction of these operators involve
higher derivatives of the gauge bosons and/or the Higgs
field and therefore, in the existing dimension-eight basis
[24,25], they have been generically eliminated in favor of
fermionic operators. Consequently, in universal theories
only a subset of the fermionic operators of the general
dimension-eight operator basis are generated and, further-
more, their Wilson coefficients are related. In this work we
use, for concreteness, the basis presented by Murphy in
Ref. [24] which we refer to as M8B. Thus, the program at
hand is first to identify a suitable basis of independent
bosonic operators at dimension-eight and then by applica-
tion of EOM to identify the combination of fermionic
operators of M8B associated with universal theories.

The relevance of constructing the most general EFT
within a minimal set of assumptions—such as that of
Universality—is precisely to provide a tool for phenom-
enological studies as model independent as possible within
that assumption. On this front, it is important to stress that
the universality assumption allows us to perform detailed
studies at 1/A* without resorting to very simplified hypoth-
esis where just one dimension-eight operator is considered,
or to specific UV completions. For instance, working in the
framework of universal models, Ref. [42] studies the impact
of dimension-eight operators on the experimental analysis
of anomalous triple gauge couplings by combining the
available electroweak precision data and electroweak dibo-
son (WHW~=, W*Z, W*y) productions. It is interesting to
notice that the inclusion of dimension-eight operators
breaks the relation 4, = 4; that holds for the dimension-
six operators. Another possible application is the complete
1/A* analysis of Drell-Yan processes [43] that goes beyond
the S, 7, W, and Y oblique parameter analysis [44] with the
introduction of further contributions to the electroweak
gauge boson propagators.

For the sake of illustration we also present in Sec. VI a
few simple UV completions of the SM that give rise only to
bosonic operators when heavy states are integrated out at
tree level. As expected, once a specific UV model is
specified, only a subset of the possible dimension-eight
universal operators is generated, and its number grows with
the complexity of the UV completion and its mass spectrum.
Thus the results in this paper can be generically utilized in
two different approaches. Firstly, as mentioned above, it
allows to perform a 1/A* complete analysis in a totally
model agnostic way by considering all universal dimension-
six and -eight operators which contribute to the process of
interest. Alternatively, it can be of practical use when
working within a specific universal UV completion matched
to the SMEFT by integrating out the heavy states to obtain
the generated bosonic effective operators up to dimension
eight. In this case the results in appendix A can be used to
rotate these generated bosonic operators to M8B without
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having to do each time the exercise of applying the
equivalence of operators by integration by parts, Fierz
identities or equations of motion because it has been already
taken care of.

The work is organized as follows. Sec. II contains our
notation and framework. In Sec. II we present our notation
and framework. Section III is dedicated to presenting our
basis of independent dimension-eight universal bosonic
operators while in Sec. IV we construct the Lorentz
structures involving fermions associated with the product
of SM currents, which are used in Sec. V to obtain the basis
of universal fermionic operators. In Sec. VI we introduce a
few simple bosonic UV completions and the corresponding

|

1 1
Lyw = =7 GG -
>

fel{q.fude}

where G4, W4,. B, stand for the field strength tensors of
SU(3).,SU(2),,U(1), respectively. We denoted the quark
and lepton doublets by ¢ and £ while the SU(2), singlets
are u, d and e and the respective Yukawa couplings are
y*“4¢. We also define H; = e H* with €, = +1.> The
covariant derivative for objects in the fundamental repre-
sentation reads D, =0, —ig,T*Gj — ig5 W4 —ig'YB,
where Y is the hypercharge of the particle, 74 are the
SU(3), generators and 7¢ stands for the Pauli matrices. On
the other hand, the covariant derivatives for the field
strengths are

D,B*" =0,B™,  D,W% =q,W™ + geWh W,
DPGA;w — apGA;w + gszBCGgGCW, (3)

where f4B€ are the SU(3), structure constants. We denote
the SU(3), completely symmetric constants by d42.

As mentioned above the first step in the program is to
obtain the basis of independent dimension-eight operators
consisting only of SM bosons. In order to do so we first
obtained the number of independent operators belonging
to each of the different bosonic classes before applying
the EOM using available packages like BASISGEN [45],
a modified version of ECO [46] given in Ref. [47] and
GrIP [48]. Next, we wrote down all possible operators
satisfying the SM gauge symmetry and Lorentz invariance.
In this process, we worked with the irreducible Lorentz
representation of the field strengths

’It should be noted, with our conventions for A ; and € that
assuming y*' is diagonal will result in a wrong sign for the up-
quark mass. Therefore if one neglects CKM considerations y*
should be assumed to be proportional to —diag(m,,, m.., m,).

low-energy operators, while we present our final remarks in
Sec. VII. The work is complemented with three appendices.
The full explicit expressions of the relations between the
bosonic and fermionic operators for universal theories are
presented in Appendix A. For convenience we include
in Appendix B a compilation of the relations more
frequently employed, and we reproduce in Appendix C
the subset of M8B operators which appear in the universal
operators.

II. NOTATION AND FRAMEWORK

Our conventions are such that the SM lagrangian reads

1
1 wa, W — ZBWB/““ + |DMH|2 + A% |H|> = A|H|*

ifDf — [(H'ay"'q + gy?'dH + £y°eH + H.c.)], (2)

) o
XP'p == (X® F iX®) with XM = Eeﬂypaxﬂw (4)

N =

where we defined the Levi-Civita totally antisymmetric
tensor €g;o; = —e’'?> = +1. The transformation proper-
ties of these fields under the Lorentz group are simple,
Xy ~(1,0) and Xg ~ (0, 1) under SU(2), ® SU(2)g. The
Bianchi identity reads D, X** = 0 implying that D, X" =
D, X% At this point, we obtained all possible linear
relations between our set of operators using SU(3) and
SU(2) Fierz transformations [49-51] summarized in
Appendix B.

Further, linear relations between the effective operators in
a given class can be obtained using integration by parts
(IBP) for which we follow a procedure similar to the one
described in Ref. [52]. In brief, given the field content and
number of derivatives in a given class we obtain all
operators invariant under gauge and Lorentz transforma-
tions. To obtain the relations among them implied by IBP
we write all the vector structures y that contain one less
derivative than the operator class under consideration, then
the IBP relations are obtained by setting D,y = 0. At this
point, we consider the Fierz and IBP linear relations and
eliminate as many operators as there are independent
relations. In order to apply the EOM more easily, we then
express the final set of operators in terms of the field
strengths X** and their duals.

As illustration of the above procedure, let us consider the
D?B; H* operator class that contains eight members™:

Terms like D,D,B}* give rise to operators in the X; B; H*
class and were not considered for simplicity.
*Hereon D*H' stands for (D*H)* for the sake of simplicity.
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= B} (D,H'D,H)(H'H), (5)
= By (D,H'H)(H'D,H), (6)
x3 = (D,B)(D,H'H)(H'H), (7
x4 = (D,B)(H'D,H)(H'H), (8)
= B (D,H'7'D,H)(H'7'H), (9)
x¢ = By (D,H't'H)(H't'D,H). (10)

x; = (D,BY)(D,H'T'H)(H''H), (11)
xs = (D,By")(H't'D,H)(H''H). (12)
At this stage, we consider operators and their Hermitian

conjugates as different structures. In this example, linear
Fierz relations can be obtained using Eq. (B2) leading to

X5 = 2x; — Xy, (13)
Xg = 2X| — Xp, (14)
X7 = X3, (15)
X3 = Xy4. (16)

We can see clearly from these relations that we can trade
(x5, x6, X7, x3) for (x, x,,x3,x4). Therefore, we focus on
the latter operator set when obtaining the IBP relations
which are derived from the following vector operators

¥ =B (D,H'H)(H'H), (17)
ys =B (H'D,H)(H'H), (18)
s = (D,B)(H'H). (19)

The IBP relations are, then, derived from D,y% =0 and
they read

X; +x, —x3 =0, (2’0)
X1 +xy+x4 =0, (21)
X3+ x4 = 0. (22)

Just two of the last relations are independent, so we have
two independent operators that we can choose to be x; and
x5 since this choice renders the rotations of these operators
into M8B straightforward.

Once the set of independent bosonic operators have been
identified we apply the EOM to those with one or more

derivatives acting on the gauge strength tensors and two or
more acting on the Higgs field. With our conventions the
EOM read

D,GM = —J¥,

o
DW= —%HTD “H-Jl,
D,B" = —%H*DDH ~ 4,

(D*H") = a*H" = 2A(H'H)H' — J},,  (23)

o1
where H'D H = H'7/D'H — D*H'z'/H and we have
defined the fermionic “currents”

I =g, Y Y Far'T'f..

fe{qud} a

=25 N furdf

2f€{q»l} a

Ty=d > D Yifir'fa

fe{qlude} a

Ty = Z{y% (itani)e™ + ¥4y, (qudy) + 5, (Taey) ),
Ty = Z{yab Ghup)er; + yap: (dagni) + Yo (@aly;) }-
(24)

Y are the fermionic hypercharges, {Y,.Y,.Y,.Y,. Y, } =

é,—%,%,—— —1} and J’, does not contain the CKM
matrix because the fermion fields in these equations are in
gauge eigenstates (labeled with the latin indexes a, b or ¢)
and so are the Yukawa matrices y/. In addition, we denote
the SU(2), indices as ijk.

Expressing the fermionic operators generated by prod-
ucts of these currents and their derivatives in terms of
operators in the M8B basis requires in some cases trivial
but lengthy field manipulations which make use of iden-
tities involving the SU(2) and SU(3) generators as well as
Fierz field rearrangements [49-51]; see Appendix B for the
more frequently employed relations. In addition, the
simplification also involves the equations of motion for
the fermions which in our notation read

pla/ = ZyZhebH" lpe - Zyz lb/H”
lpd = Zyuth/HTj
il)qgj =

ll)u - ZyubejHT J

Z[yahdej + yuyupHj), (25)
b

together with the covariant conservation of the gauge
currents which imply that
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/

J = —i%D”(HTBﬂH), g

1, . pell
D D, Jy = —zED”(H*D H),

u

(26)

and the commutators of the covariant derivatives of the
gauge currents are

[Dy. Dg)J% = 0, (Do, Dyl = ge Wi J5
(D D) = 9,45 G I . (27)

III. INDEPENDENT BOSONIC OPERATORS

The building blocks of the operator basis for universal
theories are the Higgs field H, the SM field strengths
(X4 ~ By, Wi, G}*%) and covariant derivatives D. As
mentioned above we obtain the number of independent
operators with this field content using the packages
BASISGEN [45] and ECO [46,47]. Doing so one finds,
prior to the application of the EOM and without imposing
C and P symmetries, there are 175 independent bosonic
operators at dimension-eight. Of those, 89 can be chosen to
be those included in M8B, and which, for convenience, we
list in Table I. They include all independent operators
without derivatives acting on the gauge strength tensors and
with up to one derivative acting on each Higgs field. They
lead to a rich and well-known phenomenology. For

RSQDZ = (D*H'H)(H'H)(H'H),

example, the operators in the classes X* X3X’' and
X?X" generate anomalous quartic and higher gauge self-
couplings that have no triple gauge vertex associated to
them [53,54]. The operator in the H® class modifies the
Higgs self-couplings and the operatores in the X>H? class
give rise to multi H [55-58] and gauge boson [59,60]
vertices, e.g., anomalous triple gauge couplings [42,61].
Furthermore, the operators in class X2H* class give finite
renormalization to the SM input parameters [42] and they
also generate multi Higgs and gauge boson vertices [62,63].

The first task at hand is, therefore, to identify a suitable
set for the remaining 86 operators following the procedure
sketched in the previous section. Since our final objective is
to find the corresponding combinations of fermionic
operators generated after application of the EOM, we
select the 86 operators for which the transformation can
be more directly implemented. With this in mind, we make
the following choice of operators.

A. Operators with Higgs fields and two or more
derivatives

Prior to applying the EOM, the classes H°D?, H*D* and
H?D® contain 18 independent bosonic operators of which
five are those included in the corresponding classes in
Table I. As for the remaining 13 independent bosonic
operators, 2 of them are in the class H°®D? and we chose
them as

RY) . = (H'D’H)(H'H)(H'H). (28)

In addition, there are 10 independent operators in the class H*D* selected to be

H4D = (D*H'<'H)(D"H'<'D,H), mo = (D*H'D,H)(H'D"H),
H4 . = (D,H D*H)(D*H'H), H4 .« = (H'<'D*H)(D,H'<'D'H),
H4D4 = (D*H'H)(D,H'D"H), H4D4 = (H'D*H)(D*H'D,H),
H4 . = (D*H'D*H)(H'H), H4 D4 = (D*H'H)(D*H'H),
H4D4 = (D*H'H)(H'D*H), H4D4 = (H'D*H)(H'D?H), (29)
while there is only one in the class H>D®
R . = (D'D*H'D'DH). (30)

As we will see upon application of EOM they generate combinations of fermionic operators with two fermions of classes
w?H? and y*H?3D?, and operators with four fermions in classes y*H? and w*D? with chiralities (LL)(RR), (LR)(LR), and
(LR)(RL), with related Wilson coefficients. Explicit expressions for the relations can be found in Eqs. (A1)—(A13) of
Appendix A.

B. Operators with gauge field strengths and derivatives

There are 19 independent operators in classes X>D?, X>X’D? and X>D* none of which is included in M8B. Four involve
three powers of the W field strength tensor and another four three powers of the G tensor and we selected them to be
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TABLE 1. Independent bosonic operators belonging to M8B.

1:X4, X3X! 1:X2X7? 2:H
o) (G, GY)(Gp,GP) o, (WuWh)(G,GY) Ops  (H'H)
Qg) (GA GA;w)( GB Gs,m) Q(Gzl)wz ( Wl;w)(GA GA/)a) 3:HSD?
oY) (GLG™)(G,, B’”’) o, ;wGA””)( -G"7) o\ (H'H)*(D,H'D"H)
o (GA GP)(Gp,G™) oW, (WLGY)( ,mGA‘”’) o) (H'H)(H't'H)(D,H's'D"H)
Q(GS4) (GA GA;w)( GB/m QGsz (WI Wl/w)( GAﬂo’) 4:H*D4
oY) (G G")(G),G™) 09, (WuWh)(Gp,GY) ol (D,H'D,H)(D'H'D"H)
Q(G74) dABEdCDE( GB;w)(GC GD/m) QGsz ( 1 A;w)( GA/m) QE;) (DMHTD,,H)(D”HTD”H)
oY) dMEAPE(G), G (GE,GP) oY, (BWB"”)(GWGAP") o) (D'H'D,H)(D*H'D,H)
Q(G94) dABEdCDE( GB;w)( GDprr) ng)Bz (BWB’W) (GﬁUGA/m) 5 IX3H2
o, (W W’””)( W”"’) 08,  (BuGY)(B,,G") ol . fMC(HH)GI GGy
Q;z/z ( ,,)( 0) Q(éz)Bz (BWGAW) BPUGA”") ng)Hz fABC(HT H)Gf}"GprS”
ol (W W’””)( weo) oV,  (BuB“)(G},GM) o) . eKH HWEW/ WS
oW (Wi, W)Wy, W) 09,  (BuB")(G},GY) 0l eK(H H)WEW/ Wi
of (W W””)( W) o0, (BuG*)(B,,G") O\ e €/F(H'<'H) B W W,
0 (WL W) 0, 79 0l (BuB™)(Wh,W'r) 00, . €K (HT'H)
(B™Wi,W," + B W], W,")

o\ (B B")(BysB") 00, (BuB")(Wj,W")
o) (BMB””)(BW Br) 0%, (BuW'")(B,, W) 6:X2H*
Q?) (B ) (B 0B 00) Q(v?/zsz (BMDWIHD) (B, S Wiro) ng)m (H* H)ZG;}DGAML/
ol d"(B.G"™)(Gy GCP") o). (BuB“)(Wj,W) 0% . (H'HPGGM
ol d*(B,G")(GLGT) 0. (BuB“)(Wj, W) o\, (HHPW, Wi
Q((:;)B dAB (BMLGAW)( C/m) QEZ/ZBZ (B W““’)(B Wlpa) Q(uzflm (H'I'H)ZW,I”W["”
oW, d¥(B,G")(G}LGY) oV, (H'TH)(H' < H)W, W

7:X*H*D? ol . (H'TH)(H' T H)W;, W
oW, (D'"H'D'H)G;, BszDz (D*H'D'H)B,, B, ol) . (HH)B,B"
0% .., (DﬂH*DﬂH)GA GA”P BszDz (D*H'D,H)B,,B" o) . (H'H)(H'<'H)W], B"
QggHZDZ (D"H'D,H)G AGA”P BzH-Dz (D*H'D,H)B,,B" Q%m (H'H)(H'<'H)W!,B"
o\ ... (D'H'D'H)W], o) . . (D'H'Z'D,H)B,W" 02 (HTH)QBWB””
0% .. (D'H'D,H)W], W’”/’ o ... (D'H'T'D,H)B,,W" 8:XH*D?
0V e (DMH'D H)W,, W 0V . i(D'H'T'DYH)(B,, W - B, W) o\ . (H'H)(D'H't'D"H)Wj,
oW . . i (D H'T DH)W}, Wy” o . . (H'H)(D*H'<'D'"H)W},
OV e €K(DHHYT DY H) (W, Wi = Wi, wir) W) . . (D*H<!D*H)(B,, W, + B, W) of). . /" (H'c'H)(D"H't' D"H)W,

Qmw e’8(H''H)(D"Ht' D"H)WE,
0. i€ (D HTT D H) (Wi, WP + Wi, W) o) i(D*H T DY H)(B,,W.” - B,,W,") 0\, . (H'H)(D“H'D*H)B,,
o0, . (H'H)(D'H'D*H)B,,

0% . . (D*H'</'D'H)(B,,W.” + B,,W,")

WBH?D
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RU) . = WL (D W) (D, W) elK,

Ri,‘z,lDz _ W/Iw (DaWJ’“”)(DﬁWK‘ﬂ”)ele,

R = WL (DD, W) K

R, = Wi, Wy (DD, WK — DrD, WKa)elK,

1 Q v
R = G (DG ) (DG ) A5,

2 ;- Q v
RY) . = G, (D,GP#)(DyGE ) fA5C,

Eight operators contain two powers of W* or G* together with B*” which can be chosen as

Rg&ﬂm = (D*B,, )W (D*W?,),
G~ oy
o 5, WD D7),
Rl(;/)szZ = BMI/W{)'D(D”DQW[’“” — D*D,Wher),

These operators modify the triple (multi) gauge couplings.
Upon application of the EOM they will lead to combina-
tions of two-fermion operators in the classes w?H>,
w?H*D, w>XH’D, w>X?H, and w>X°D, and uniquely
generate four-fermion operators in the class y*X [see
Egs. (A14)-(A29)].

Finally, there are three operators in X>D*, one per gauge
boson,

M _ ) _ I
R\ .=D’D"B,,D,D'B;. R\ .=D’D*W.,D,D'W}",
RY) . =D*D'G4,D,D’G)*. (33)

They affect the gauge boson propagators and can give rise
to ghosts [64] in addition to anomalous multigauge boson
vertices. Equations of motion rotate these three operators to

RY) . . =B, B"(D’H'H),
RY) ... = B,B*(H'D’H),
RY) .., = B, B"(D’H'H),

RY) ... =B, B"(H'D’H),
RY) ... = (D"B,,)B™(D,HH),
RY) ... = (D'B,,)B™(H'D,H),
R . .= (D'B,)B*(D,HH),
RY) ... = (D'B,,)B™(H'D,H),
R e = (D'B,g)(D,B*) (H'H),

Ry = GG (D7D, o)
R(c;)DZ = G;;‘y(;g.» (D*D,GE* — DPD,GC) fABC, (31)
Rygspe = GG (DyB").
R1<92()?2D2 = Gﬁu(DaGA'a”)(DﬁBﬁ”),
RgézDz — BWGQ’”( DH DaGA,u/J —Dr DaGA,ay)’
Rygee = BuG*(D*D,GM = DPD,GM™). (32)

combinations of two-fermion operators in classes yw>H>,
w?H*D, w?H?D3, and w?>XH?D as well as four-fermion
operators in classes w*H?>—with chiralities (LL)(RR),
(LR)(LR) and (LR)(RL)—and w*D? with chiralities
(LL)(RR), (LR)(LR), (LR)(RL), and (RR)(RR) which
can be found in Egs. (A30)-(A32).

C. Operators with field strengths, Higgs fields
and derivatives

There are 62 independent bosonic operators in the class
X?H?*D? prior the use of EOM. M8B contains 18 operators
in this class; see Table 1. There are, therefore, 44 additional
independent bosonic operators in class X>H>D? of which 9
contain two powers of the hypercharge field strength tensor
and another 9 contain two powers of the gluon field strength
tensor

RY).... = GALG™(DH'H),

RY) . . = GALG*(HDH),

RY) . . = GAGM (D’H'H),

RY).. . = GALG* (HDH),

RY). ... = (D*GL)GA™ (D, H'H),

RY). ... = (D'GA)GA™ (H'D,H),

RY) . . = (D'GL)GA™ (D H'H),

RY) ... = (D'GA)GA™ (H'D,H),

RO e = (D'GA)(D,GM) (HTH), (34)
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while 13 contain two powers of the W field strength tensor and another 13 contain the product of the hypercharge and W field

strength tensors

R\ s = WL W (D2 HTH),

Rif’;HZDZ = W, W' (H'D’H),

RO s = W W (D2 HTH),

R . . = WL, W' (HDH),

RiﬁleDz — (D*W!,)W!'™(D,H'H),
W2H2D2 = (D*W,, )W (H'D H),
WszDz = (D"W, )W (D H'H),
WZHZD’ = (D*WL,)W!*(H'D,H),

RY) .. = (D*WL,)(D,W"*)(H'H),

R\, . = eK(DFWL )W/ (D,HTF H),

R(v:ﬂ]:)tﬂDZ _ IJK( )iju(H TKD/,H),

R%;{zDz = el/K(pr ) W/ (D JH *H),

R(ullg)HZD2 _ IJK(Dﬂwl ) J’”’(H* Kp H),

Generically, operators in this class modify the gauge
couplings of the Higgs boson and vertices with two
scalars and two or more gauge bosons. As we will see
upon application of EOM they generate combinations of
fermionic operators with two fermions belonging to the
classes w?H?, w?H*D, w?’X*H, and w’>XH?D, and

R, . = (DB (H'D,H)HH), R
RS s = VK(H'T'H)(DH' T H) (D' W),

REEIV)VHZDZ = B, W' (H'<'D’H),

RO .. = B, W (D2H Tt H),
RY) o = B, W (HIT!D*H),

RY .. =B, W'*(D’H'7'H),

RS . = (D*B, )W'™(D,HT'H),
RS .. = (D'B, )W'™(H'7'D,H),
R . = (D"B, )W'™(D,HT'H),
RY = (D'B, )W (H'7'D,H),
RS .. = (D'WL.,)B*(D,Hi7'H)
RUY . . = (D'WL.,)B*(H'7'D,H),
R . . = (D'W.,)B*(D H'T'H),
RUY . . = (D'WL,)B*(H'7'D,H),
RUY . . = (D"B,,)(D,W"*)(Hi'H). (35)

also operators with four fermions in classes w*H? involv-
ing chiralities (LL)(RR), (LR)(LR), (LR)(RL), and
(RR)(RR). Explicit expressions for the relations can be
found in Egs. (A33)—(A76) of Appendix A.

Class XH*D? contains 10 independent operators, six of
them in M8B and another four which we chose as

DWW NHTD t
WHD? — (D W/w)(H D H)(H H)’

)

wiipe = €K (H'T'H)(H ' D*H)(D*WE,). (36)

As seen in Egs. (A77)-(A80), these four bosonic operators are rotated by EOM to combinations of two-fermion operators in

classes w?>H> and w>H*D.

Finally, there are six independent operators in class XH?D*, none of which are in M8B, and that we write as

R, .= (D'H'D*H)(D'B,,), R\, .= (D*H'<'D’H)(D*W.,),
RY, .= (D*H'D'H)(D'B,,). R, .= (DH't'D*H)(D*W!,),
RY), .= (D"H'D*H — D*H'D"H)(D,D"B,,), B) . = (DH'T! DH — DYH'{ DVH)(D,D'W,).  (37)

Application of EOM on these six operators will give two-fermion operators in classes y?H?>,

four-fermion operators in classes w*H? and y*HD.

w>H*D and w>H3D?, and
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We finish this section by pointing out that an alternative
basis of 86 dimension-eight purely bosonic operators has
been presented in Refs. [65,66] motivated by the study of
off-shell Green’s functions. The universal basis presented
here and that in these references are related by IBP and
Bianchi identities. As mentioned above the basis of bosonic
operators presented in this section was selected with the
aim of allowing for a more direct implementation of the
EOM and a more transparent identification of the resulting
Lorentz structures involving fermions and the correspond-
ing fermionic operator combinations associated with uni-
versal theories, as we discuss next.

IV. PRODUCTS OF FERMIONIC CURRENTS

In universal theories, fermionic operators are either
generated involving the SM fermionic currents or originate

through the use of EOM for the bosonic fields on purely
bosonic operators. As such the only possible fermionic
Lorentz structures are those listed in Eq. (24).
Consequently, the Wilson coefficients of the possible
fermionic operators in universal theories have well defined
relations. At this point, it is interesting to identify the
possible current combinations which are generated by the
application of the EOM to the bosonic operators listed in
Sec. III. These combinations contain two and four fermion
fields.

Most of operators exhibiting two fermionic fields origi-
nate from direct contraction of the gauge and Higgs
currents in Eq. (24) with dimension-five bosonic structures.
In addition, some two-fermion operators contain deriva-
tives of the fermionic currents in Eq. (24) contracted with
dimension-four bosonic structures. The generated struc-
tures are

(D2 )4 = DMJY + DVJ% = y{z > YD (fartfa) + D”(J‘ay"fm}, (38)
a fe{qlude}
(D¥3)3" = DIy + DTy = {Z > (D Far e fa) + D (Far' e )] } (39)
a fe{q.l}

- <K
(DY) = DHIKY — DUy} = g {—ie’“’”“ S S 7D
fefaly a

3 [eulaoen) K H + 52, (2,0 dy YK H 4 34, (300" )7 L+ He } (40)
ab

(D¥2) 2 = DHIY — DT = gs{ie””"“Z[ﬁar"DaTAua +d,y"D " TAd, - ,y"D Thq,)

a

23[9 (@u0 TAdy ) H + 3 (2,0 T ) + Hee } (41)
ab

In order to facilitate the comparison with M8B we have transformed the last two equations using the relations in the
Appendix B. In principle the same procedure could have been applied to the first two relations, however, we kept the form

used in M8B.

Conversely, most operators containing four fermion fields originate from the product of two currents in Eq. (24)
contracted with a field strength tensor, two Higgs fields or the derivative of a Higgs field. The operator rotations to M8B
require the knowledge of sixteen current products. There are three structures coming from the product of two scalar Jy’s

" . + - - j _
(lP4);-IH = JI]'{J];{ = Z {yzzyZd(uaqmz)ej (uchm)ek +ylebyiid(ql]ldh)(qlgdd)

ab,cd

+ v,y (They) (They) + [yi;byZZ(?éeb)(ﬁchm)e"’" + 34, (Ghdy) (TG )€™

+ yZby?d(%eb)(zlfdd) + ] < k} }

033003-9



CORBETT, DESAI, EBOLI, and GONZALEZ-GARCIA PHYS. REV. D 110, 033003 (2024)

o . 1 - -
(P = Hpdly = > {— > vl |:_(fayﬂfd)(6_1c7/HQb)+(fa7”TAfd)(607ﬂTACIb):|

ab.cd’  fe{ud} 6

1 ) _ _ i ) y i
- E)’ZZYid(an”ed)(lc}’”lh) + [)’Zbﬂd(léeh)%(qliud) + y4, v (Ghuy e (3hdy)

+ yf,byﬂ(faeb)(c_ich) + H.c.} } (43)

. A 1. 1 . i 1 . . .
(¥l = TS = () + 5 () > {yuhycd {6 (far"uq)(Gcr qp) + (”ay”TA”d)(QCJ/”T]TAQb)}
a,b,c,d

Lo _ ]
-t @)@ @) + @ T @ T )

1 K - 7 T -
- EYZIZYid(ea}’”ed)(lcV”TIlh) + {—yZb)"Sd(lTeh)(Tle)mn(‘1?”,1)

=0 (G0d ) (7€), (Ghuty) + ¥ yen(Taes) 7 (doqa) + H-C-} } (44)
where, in writing the right-hand side of the above equations, we have made again use of the relations listed in Appendix B to
express the fermion currents in the combinations appearing in M8B.

The product of two gauge currents J% ,, ; gives rise to Lorentz scalar and tensor structures. The tensor ones related to
bosonic operators are

2
’ , g _ -
()i = PRI =7 {2€”K(qu7"qua)(lb7 1)
a,b

_ _ 1, B _ B
+ etre |:(la}'/1711b)(lhyﬁla) +3 (@a7,7 2) (@b 594) + 2(qaypf’TAqb)(qbyaTAqa)] } (45)

(Pge = fAECIE TS = g?Z{fABC > S Fa" TR (Fr TS
a.b felqud} f e{qud}.f/#f

_— ] ) _
e [<uaypTAub><ubyaua> + (day, Tdy) (dpy o)

1 ) 1, _
~5 (@07, a1) (@b7544) — 3 (3.7, T*qy) (qu’qa)] } (46)
(P =T8T =99 > S Y TAL)For ) (47)
ab fe{qud} f e{qlude}
) L9 - —
WWh=hils =500 2. D, Ve f)Fr sy (48)

ab fe{ql} fe{qglude}

where we have Fierz transformed the first two equations above for later convenience. On the other hand, the generated
Lorentz scalar structures are

(Ppp=T5dp = g7> 0 Y. YYp(Far' f) (vl (49)

ab f.f'e{qlude}

2
g _ _ _ -
(P = > Ty, = zz{(qay"f’qa)(%m’%) +2(7,7"7' q0) (17,7 1y)
1 a,b

+ 2(Ly" ) (pyla) = (Lar*1a) (Lyyuly) } (50)
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ZJA"JA = gSZ{ > Yo G T ForaT )

felqud} fe{qud}.f'#f

+§ S Gttt ¢ S Gt Gorfs)

fe{ud} fe{qu.d}
[y ~ 1 1 ~ 1
+Z(qa7"qb)(quqa) + Z(qay”f ap) (@Yt q4) ¢ (51)
99 - -
BN =IIm =D >, D YT f)(Forufy)- (52)

ab fre{qlude} fe{ql}

There are only two products of the scalar current J5 with a gauge current that are generated

(\P4)BJH = Jﬂ]j = g/z Z {nyu’r (fcy fc)(anbk)ejk + nygb(fcyﬂfc)(q{ldb) + nygb(f‘c}/ﬂfc)a{leb)}’ (53)

ab,c fe{qlude}

(B =TT =5 D VPt FEaan)e™ + i (For'e £ (@hdy) + yo (Fer'e' £.) (Fhey). (54)

a.b.c fef{q.l}
Finally, some operators with four fermions come from direct contraction of derivatives of two currents. They are

(DY) 35 = DUsDI g = *S S YYD f)Du(Foraf}), (55)

ab f.f'e{qlude}
(DW) g6 =Y D' Do, =g§2{ > > DUFTA)DG(Fyr TAS))
A ab \fe{qud} f €{qud}.f'#f
1 - - 1 - -
t5 > DG f)Palforif ) =g D D(Farfa)DalForutfs)

fe{ud} fe{qud}

1 ) o _
+ 3 D(dar"45)Dal@nryda) + 3 D*(da¥ T’qb)Da(qu’qa)}, (56)

2
E a 9 E a(z a7 a(z 7
(DT4)WW = D JIW”DaJ(iVy = Z {D (QayﬂT[qa)D (qby,uTl‘Ib) +2D (LIay”TIQtJ)Da(lbyﬂTIlb)
1 ab
+ 2Da(7ayﬂlh)D(l(7hyﬂla) - Da(iuyyla)Da(szﬂlh)}v (57)

(D¥) gy = D*JyDoJ Yy = Z{[)’ﬁb)’ZdD”(Eeb)eiju(flléud) + YU,y D (Ghuy e D, (G4d,)
abcd
1
+ 3o, yeaD" (lhey) D, (deqy) + Hel] - EyabycliDﬂ(layyld) u(8crvep)
NI ; _ ;
- Z y{;by{d |:6 D”(QayDQd)Dy(fcyufb) + Dy(QaypTAqd)Dy(fc}/vTAfb)] } (58)
fef{ud}

Notice that these last structures do not need any further simplification as their present form appear in M8B.
V. FERMIONIC OPERATORS FOR UNIVERSAL THEORIES

We are now in position to present the combination of dimension-eight fermionic operators that are associated with
universal theories. We call such combinations universal fermionic operators since they are the ones with independent
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couplings. That is, in universal theories the couplings of the
fermionic operators must be linear combinations of the 86
independent couplings of the universal fermionic operators
listed here.

The 86 universal fermionic operators are formed by the
contraction of the fermionic Lorentz structures listed in
Sec. IV with the remaining bosonic pieces of the universal
operators listed in Sec. IIl. For convenience, we express
them in terms of the fermionic operators in M8B and we
employ the M8B naming and numbering of the operator
classes. Also for convenience, we reproduce in Appendix C
the subset of M8B operators which appear in the universal
operators listed here. In addition, we have included a factor
i to make the operators Hermitian whenever possible.

|
(UH)Bu B =" |5

pr

() R
QV/ZBZH =

2 Ruv
QI(IIZ)BZH = (JHH)B;WBM = Z[yrp q

pr

Q(l) —
yW2H —
pr

2 4 v u
Qé,z)WZH = (JHH)W;IHJWI# = Z |:y ; qfw)lﬂ

pr

(1
QI/IZGZH

pr

(1)
quB*H + yl”quB2

(JuH)W,, W = Z [yrp q(uV)VZ

_ v ut AT(1
= (IuH)GLG™ =" [yl

The full relation between the 86 bosonic operators in
Sec. III, the universal fermionic operators, and the bosonic
operators in M8B can be found in Appendix A.

A. Two-fermion operators

There are 62 independent universal combinations of two-

fermion operators in the following classes:

(i) Class 9:w?>X*H +H.c.: there are 16 universal
operators in this class arising from the direct con-
traction of the Higgs fermionic current Eq. (24) with
two gauge boson strength tensors

(1)
yf”QleBzH} ’

(2)
ug'H T yl’rquBzH yPrQleBzH:| ’

+ yprquWZ + ypereW2 }
+ Q e Q(z)
Yor quZH +YorQrewen |

d o) (1)
Y5 Quicin T yerlerH} ’

) ~ 2
QW2G2H = (JHH)GQDGAMD = Z |:er in)2H + yprquGZH y;rQEE)GZH:| ’

pr

(1) _
QV/ZWBH =
pr

2 — it
QV/Z)WBH = (Jyr'H)B, W = Z[ i qEN)VBH + yprquWBH + yPrQleWBH}

pr

(1
(JHTIH)BWW]W = Z[ yrp q(uV)VBH + yprquWBH + yprQ[eWBH}

(59)

together with the Hermitian conjugates of the above operators. These universal fermionic operators are generated
when applying EOM to some of the operators in class X>H?D? as can be seen in Eqs. (A33)—(A36), (A42)—(A45),

(A55)—(AS58), and (A64)-(A67),

(ii) Hybrid class 9 & 14:y*X>H (D) contains 8 operators exhibiting specific combinations of operators in classes
w?X?H and y?X?D originated from contraction of the fermionic structures in Eq. (40) and (41) with two gauge

strength tensors

1 I p_ 9
Qf,ﬂ)WBH(D) = (D¥2)y"B,,W.” = Z{ |:ypr quwan Tt yprquWBH + yprQleWBH +H.c. }

1[0+ O o]}

2 Ty s Ip g . u A3 . 3 . e 3
Qz(,/Z)WBH(D) = (quz)wﬂ BllPW‘/ = EZ{_ {lyPrQE/u)WBH + lygrQE]d)WBH + lyprQEe‘)/VBH + H.C.]
pr
o) (1)
T [QqZWBD + QIZWBD} 51"}’
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(iif)

(iv)

1 Apv A u 3 3
Qz(// )GBH = (D¥2)¢“B,,G.” = QSZ{—Z |:yprQ£1u>GBH + y,d,,Q(qd)GBH + H.C.}
pr

e ®3) ®3)
— ! [Q(fGBD —Qenp ~ QdZGBD} 51"}’

2 Ay ~Ap . u 3 . 3
0%y = (D¥2) B, G = gsz{_z [lyprQ; D+ v 0y + H_c,}

pr

(1)
+i [Q 2GBD QuZGBD - QdZGBD} 51”}’

(1) Iny Kp 9 u AC 3) e A0
QW2W2H(D) €UK<DlPE)W” WIJ#’W,// = EZ{ |:yPrQquW2H + y?;rquWZH + yprQleWZH + HCi|
pr

= 1[0 + Oep| 600}

2 g
0 oy = VK (DV2) [ W, WL = Z{ (19800 oy + 19800y + 195,00+ Hoc |

+ 21 |:Q<2)W/2D + QIZWZD:| 5])?‘}7

1 v 3 u 5 5
QI(I,Z)GZH(D) = fABC(DLI"2 )A//‘ GIII;/’GD/ = 932{2 [yprQ{(Iu)GzH + y,d,rQEI;Gm + HC:|

pr
— l'|:Q£]52)GzD - Q 2G2 Qd262 } pr},

2 > . 5 . 5
Qé,z)GzH(D) = fABC(DlP%>éMDGEpG'I?p = 952{4'2 |:ly‘;7’Q(qu)GzH + lyfli”Q;d)GzH + H'C']
pr

+ 2i [Q<2)GZD - Qusz - QEI?Z)GZD:| 5pr}' (60)

The universal fermionic operators in this hybrid class are generated when applying EOM to some of the operators in
class X*D? as can be seen in Egs. (A16)-(A17), (A20)~(A21), (A24)—(A25), and (A28)—(A29).

Class 11 :y>H?D3: the 2 operators in this class arise from the contraction of the structures in Eq. (38) and (39) with a
current containing two symmetrized covariant derivatives acting on the Higgs field

1 . v
QIE/Z)HZD3 = l(DlP%,)l;; (D(MDU)HTH - HTD(”DU)H)

- 29/2 Z Yf [Qjclz)HzDe - Q(fzz)HzDz +H.C.] 5[”,

rr fe{qlude}

08, = i(D¥2)4¥(D(, D, H''H — H'e! DD, H)
=93 3 |0 — O] 5 (61)
profefql}

These operators are generated directly from application of the EOM of the Higgs field to the operators in class X>D*
as in Egs. (A30) and (A31) and class XH*D?, see Eqs. (A83) and (A86).

Class 12:y*H> + H.c. contains 2 operators originating from the contraction of the Higgs fermionic currents in
Eq. (24) directly with Higgs fields:

1 M‘i- T e
QIEIZ)HS = (HTH)z(JHH) = Z |:erQl]uH5 + y?)rquHS + yprQleH5:| (62)

pr

and its Hermitian conjugate. These operators appear directly in the application of the Higgs EOM to the two
operators in class H®D? Eqgs. (A1)-(A2) but, as seen in Appendix A, they also arise in the rotation of a large fraction
of the 86 bosonic operators. This is so, because these two operators in class H%D? are generically generated when

reducing the products of the Higgs-gauge currents introduced by the gauge boson EOM to the bosonic operators
in M8B.
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)

(vi)

Class 13 :w?>H*D: there are four universal fermionic operators in this class which appear in the contraction of the
electroweak fermionic currents in Eq. (24) with the product of two Higgs pairs one of them containing one derivative.

(1) (1)
rr fe{qlud.e}

o — i [(H D, H)(HH) + (H'D,H)(H'7'H)| = Z S o

2H4D — f2H4D pre
pr fefql}
3 I g
Ql(/I)H4D = UKJ”(H D H (HT KH Z Z sz“D prs
pr fe{q.l}
4 r
Q") iy = KT (H S H)D, (HTK H) = Z > 00 (63)
pr fe{ql}

Operators in this class are directly generated by application of the gauge-boson EOM in operators in class X H*D? as
seen in Eqgs. (A77)-(A80). They also arise in the complete rotation to operators in M8B of some operators in classes
X3D? pEq. (A14)], X2D* [Egs. (A30)~(A31)], X>?H?D? [Egs. (A37), (A38), (A46), (A47), (A51), and (A52)], and
XH?D* [Egs. (A83) and (A86)]. Notice that, for the sake of simplicity in writing the expressions above, in operators
Q;lz)m p» Where f = u, d, e, we have added a superscript of (1) to the M8B operators. This minimal change of labeling

is reflected also when we list the operators in class 13 in Table III.

Class 15:w>XH?D: It contains 24 operators generated by the contraction of fermionic gauge currents in Eq. (24)
with a gauge field strength tensors and a pair of Higgs bosons with one derivative. In twelve operators the fermionic
and Higgs currents are contracted with the SU(2), field strength tensor

(1) _ (1)
Ql[IZWH‘ - JD DIM(HT IH g Z Z YfoZWHZDéprv
prr fe{qlude}
2 2
Oy = JaDHIT YW, =g~ 3" Y00 8

pr fe{qlude}

3 y 3
08 = S (H DYWL, =iy S v,09 s,
pr fe{q.lud.e}
4 y 4
Qz(//z)WHzD =iJ (HTD H WI =g Z Z YfQj(‘Z)WHZD(SPV’

pr fe{qlud.e}

Q) — v i 1 _9
QUIZWHZD =JyD"(H'H) Wi Z Z QfZWHD pr

pr fefql}
Ql(//éz)WHZD EJ]UD”(HIH WI Z Z 2WH2D5Pr’
pr fe{q.l}
(7) — 1 I
Ql//ZWHzD =i/ (H D H W - l_z Z Qf2WH2 pro
pr fe{q.l}
(®) — jJlv 1 _ ;9 ()
Qewrep =1 w(H' D W)W, = Z Qv pOprs
pr fe{q.l}
9 v g 9
Ql(/fz)WHzD = /KIyD(H T H)Wy, = Z Z Q;‘Z)WHZDépr’
pr fefql}
Qlﬁjzovz/HzD = UK‘IIUD”(HT JH WK :gz Z QfZWHzD pr
rr fe{q.l}
11 . y <J .g 1
Ql(llz&/HzD = ie"’*Jiy(H'D, H)W, = 5 Z Q;CZW)/HZDépr,
pr fe{q.l}
12 . Y C NS g 12
O = i KT H D)W, = 15357 3 )0, (64)
pr fe{q.l}
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They originate from direct application of EOM of the electroweak gauge bosons in operators in classes X3D?
[Eqgs. (A14), (A15), (A22), and (A23)] as Well as X°H 2D2 [Egs. (A46)— (A49) and Eqgs. (A51)—(A54)]. They are also

generated in the rotation of operators R 134 (A31), R D4 (A83), and RWH2 Di (A86).
In eight operators in this class the ferrmonlc structures couple to the hypercharge field strength tensor

(1) v + _ (1) (5)
QV/ZBHZD = JpD"(H'H)B,, = g Z[ Z YfozBHzD + Z YfozBHZD:| Sprs
fe{u.d.e} fed{al}
(2) — + _ 2) (6)
QWZBHZD = JpDH(H H =9 Z[ Z YfozBHzD + Z YfoZBHZD] Sprs
pr Ltre{ud.e} fef{ql}
3) — P _ (©)
QWZBHZD =lJB(HTD/4H)B,MD - lglz|: Z Yfo2BH2D+ YfoZBH- :|5pr7
pr tfe{ude} relql}
) — o B “)
Qprp = iJ3(H'D,H)B,, = ’QIZ[ Z YiQpppap + YfQ ZBHZD:| Oprs
fe{ude} fefql}
(5) v 1 g
Q«//ZBHzD =J DM(HT H)B w = Z Z Qf2BH2D pro
rr fe{ql}
(6) Iy I )
QV/ZBHZD =J D”(HT H Z ;}szBHzDﬁl””
pr fe{ql
™) v
QWZBHZD iJy (HTD H)B,, = l_z ;}QfZBHZD "
pr fe{ql
(8) v D g
O, prp = i} (HTD H)B,, Z Z fz HZDS,,, (65)
pr fe{ql}

They are generated by direct application of EOM of the electroweak gauge bosons in operators in class X?H*D?

[Eqs (A37)—(A40) and Eqgs. (A72)—(A75)]. They are also generated in the rotation of operators RY 5 H2 Di (A83), and
RY) i (AS6).
And finally four operators involve the gluon strength tensor
(1) — _ (1) (5)
0\ = JADH(H'H)G, = QSZ[ > Optep + quGHZD} 5,
fe{ud}
2 — A (2) (6)
Qy/zGHZD = JéD”(HTH)G;‘D - QSZ[ Z QfZGHzD + quGHzD:| 5[”,
fef{ud}
(3) = D _ (3) ()
QW2GH2D = lJé(HTD”H)GﬁU - lgsz|: Z QfZGHZD + QQZGHZD:| 5[)}‘7
pr Lre{ud)
4 . pig > . 4 8
O = W4(HD,H) G, = 1932{ > 0Nt QE,)GHZD] By (66)

pr Lretua)

which stem from the direct application of the gluon EOM in operators in class X>H?D?, as in Egs. (A59)—(A62), and

the operators R 5 G2 2 (A26) and R i GZ 2 (A27) of class X*D?.
(vii) Class 17:yw*H?>D?* + H.c. is generated by direct contraction of the Higgs fermionic current in Eq. (24) with one
Higgs field and two derivatives of Higgs fields. There are six independent such contractions
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1 + wt ~T(1 1 e 1
Oy = (DGH DM H) Iy H) = 3 [V 01 o + 38000 35,0l |
pr

2 _ f
QIE/2>H3D2 = (D,H'T'D"H)(Jy7'H) = Z[ —yih qfd-)ﬁD’ + yPrquH3D2 + yPVQleH3D2}’

pr

3) _ _ T(5)
QW2H3D2 = (HTDﬂH) (JHDMH) - Z [er quH*Dz + yprquHzDv + yprQleHzDz} ) (67)
pr
and their Hermitian conjugates. These operators are generated directly from applying the Higgs field EOM to the
operators in class H*D* and H>D® [see Eqs. (A3)—(A8) and (A13)]. In addition they also appear in the rotation of
operators XH>D*, as in Eqs. (A81)—(A82) and (A84)—(A85), arising in the reduction of the products of the Higgs
gauge currents introduced by the gauge boson EOM to the bosonic operators in M8B.

B. Four-fermion operators

We obtain 24 universal four-fermion operators in the following classes:
(i) Class 18 :y*H?: contains eight universal fermionic operators obtained from the product of the four-fermion currents
in Egs. (42)—(44) and Eqgs. (49)—(52) with a pair Higgs fields

1 3 1
Ql(,/‘)H' = (\P4) (HTH) = Z{— Z y(jy{,, <6 Qélz}sz + Q;2}2H2> _Eyvrythlz 22
prst U fef{ud)

+ [ ypryrthequHZ +ypryleq 2udH? +yprytTQlequ2 + H.c. } }

2 ik 5 3
Q5,4)H2 = (‘114);-1HHij = Z{yfpyt“;Q e TYp y?’th(]z)(ﬂHz + )’;ryithze)sz

prst

+ 2 [yprysTQ,eqqu + ypry QEI )udHZ + yprysthequ2i| }

3 j L«
0\, = H' [(\114)1{4 TH; -5 o,

1 1 4 ur u (1 1
= 22{ yiji, <6 Qflz)dsz + QE]2>(12H2> + Ysr Ypu <6 Q(2> e T Q sz) _E)’Srythlz 2pp2

prst

2
+ [_erY?the()]MHz yprys,Qq i T yprytTQlequz +H.c. } }

4 1 1
0, = (¥)an(H'H) =¢22{ PR STHRE I DD DS (21 /I

prst \ fe{q.lude} fef{ql} f'e{ude}

+ 2YqYZQ§21q)2H2 + 2 |:Y€YMQ(62¢2H2 + YeYdQ(eilﬂHZ + YquQ:(;?)dsz} }5pr6s[a

2
9
0 = (P (HTH) = 55002 + 200,218,080 + 0101 (28,8, = 8,18,) |,

prst

09 = (W) ,6(H H) = ZZ{ (05 + Qe + Ol |00

y*H? T GG =9 ¢d*H? *u*H? urd*H? | prest

prst
1 1 1 1 1
+ 5 |:QL14H2 + Qd”'Hz} (5m5sr - 3 5pr6\t> + E QEfLZ <2 5Pt5\r - 3 6pr5st) + - Q 4H2 }9

(¢) R— 99 2) 2) 2) (4)

QW4H2 = (\P4)1 I'I-l IH Z{ Z Yf |:Ql2f2H2 + Qq2f2H2] + Yl |:Q14H2 + leq2H2:| }5171‘531" (68)
prst N fe{qg.eud}
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together with the Hermitian conjugate of Q1<,124)H2' The

operators QSBHZ—QI(/;)HZ are generated by the use of
the Higgs EOM directly in operators in class H*D*
and H?DS, see Egs. (A9)—(A13), and in the rotation
of operators in class X?D*, as in Eqs. (A30)—(A31).
Q . HZ—Q 4H2 arise from direct application of the
EOM for the gauge bosons in operators of class
X2H2D?, in particular the EOM of B* in R

B2H?D?
(A41), the EOM of W* in R\)) . . (A50), the one
for G* in R

D2 (A63), and the EOM’s for B*

(i)

G2H2

(13
and WH in RBWH2

venience, when writing the expression of Qv/‘ 2 0

D2 (A76). Here again, for con-

terms of operators in M8B, we have added a

superscript (1) in Q f4H2, where f = u, d, e; and

in Qe2u2H2 and Qe2 22 This minimal change of
labeling is reflected also when we list the operators
in class 18 in Table VL

Class 19:y*X: the eight universal operators in this
class are formed by the contraction of the four-
fermion tensor currents in Eqgs. (45)—(48) with a
gauge strength tensor

1 o) @
+§Qq4W+2Qq4W 5p15rs ’

1 ) 3)
+§Qq4W+2Qq4W ‘Sptérs )

0]

Z Z YfQ;lz)f’zG + Ye|: Q(2 &G + Qe 2uG + QSZLZG]

+ Q) fon

Z Z YfQﬁrzz)faG + Ye [_QE;)CJG + lezG + Qi?de]

(69)

1 v g2 2
0,y = (¥ Wi, =7 Z{Q;LW&W&“ [Q§43V
prst
2
’ g
o), = (Wi Wi, =EZ{Q§7 I . [QEJ@V
prst
3 v 99 1 1 1 3
0 = eoipws, =25 { v ol + 0] - v, [0l - 0]
prst
() ()
+ Z Yy [lefzw + qufzw} }51”5”’
fef{ude}
v _ 99
0l = eyt =% S { v [0fh + 0| - V[0, -
prst
Y o, + 0% }@At,
fe{ude}
(1) 4 Apv A
Ql//4G (III G - gsZt{ |: q uZG + Q 2d2 + Q ZJZG:| pr5st
prs
Loo J1om _po _n0 s s
- EQq4G + EQq4G - QM4G - Qd4G ptYsr (-
Ql<//24)G (lP4 AFUGA - Z{ |: 2 ZG + Q ZdZG + Q Zd G:| pr‘sst
prst
Lo 1o
+ 2 Qq“G + 2 Qq4G - Qu“G Qd4G piOsr
0, = (PGl = —gsg’Z{
prst L fe{lg} f e{qu.d}
[0 = 0% + QWb | + Va0 = 0%
0L = (W6l = -0
prst \ € {ia} f' € {qud)
+ 7[00 - 0%+ 0% ] + va[0l) - 0,
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(iii)

(iv)

They are all generated by the direct application of the EOM for the weak and strong gauge bosons in operators in
class X3D?. In particular QW4W—Q arise when using the EOM of WH in the operators R< 2 in Egs. (A14)—(A15),

1//4W W3D?
and R1(9W2 p 10 (A22)—(A23), respectively. Equivalently, Qw“ G—Q

GzDz [(A18)—(A19)] and RBGzDz [(A26)-(A27)].
Class 20:y*HD: there are four universal four-fermion operators genrerated by the contraction of the gauge-Higgs
fermion currents in Eqgs. (53) and (54) with the derivative of a Higgs field

4 arise when using the EOM of G** in operators
G

1

Ql(//4)HD (lp4),]§]H ‘ = _lgz Z Yf{ szquHD +y5th-quD7 +ySthZIBHD}5pra
prst fe{qlud.e}

2 j u

0% = Wk VD, = =iy {0, + 0l |
prst
2 3
+ 5% [Q(3)dHD + lequD] + s [Q§3e)HD + Qge()fHD} }517” (70)

and their Hermitian conjugates. They are generated by applying the EOM for the electroweak gauge bosons and the

Higgs in the four operators of class XH?D?: R ](_,;HZ Dt [(A81)—(A82)] and RE}VH 2y [(A84)—(A85)]. Notice that, to keep

the notation compact, we took the liberty of reordering the fermion labeling for some operators in the first equation.
In particular, in the case of Q;]ZLHD, when f = g, the operator needs to be identified with QE;;Z D in Table VIIL.

Class 21 :y*D?: Finally, there are four universal four-fermion operators generated directly by the contraction of the
derivatives of two fermion currents in Eqs. (55)—(58)

1 ' I 3 L o, 0
Ql(l/t)Dz = (DlP4)HH = Z{_ Z thry{r <6 Qéz)szz + Qéz}zm) - iyptyergze)zDz

prst fe{ud}

+ [ Yoy Oin) e+ ¥a 400 o+ yeyi O .+ Hee, } }

@) _ (1) (1)
=¥ =S S vol 2> Y o,

prst N fe{q,lud.e} fe{ql} fe{ude}

+2Y, Y100 +2 [Ye Y, 00, + Y, v, 0, + YquQiil,zDz} }5,,,53,,

g
00, = (D) = Z{ [ O 200 zDz}ap,an + 0 (26,8, — 5p,5s,)},

prst

Qx(;‘)pz = (D¥)g6 = gsz{ [ puep> T 0, 2d21)2 +0 ZdzD‘} Oprsi

prst

+1[Q(” + 0l (800 s 6.) k Q 5 5y — 5,5, ) +10% 5,5 (71)
2 utD? d*D? ptYsr 3 pr¥st 4D2 ptYsr 3 pr¥st 4 q4D2 ptYsr (-

They, respectlvely, originate from applying the EOM for the Higgs in R D(, [(A13)], for the hypercharge gauge
P D4 [ W2 Dl [(A31)], and for the gluon in R D4 [(A32)]. Notice that,

for convenience, in the equation for Qv/“ p2» We have a superscript of (1) in Qe4 12 to the M8B Q45> operator. We have

boson in R’ (A30)], for the weak gauge boson in R\,

included this minimal change of labeling when listing the operators of this class in Table IX.
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VI. SOME SIMPLE UNIVERSAL UV
COMPLETIONS

Here we briefly discuss a few existing models which
match onto the universal basis. For each model we point out
the bosonic operators which are generated in the universal
basis and specified those which are rotated to the fermionic
basis in this work.

A straightforward way to construct universal extensions
of the SM is to enlarge its scalar sector with new scalar
fields which do not couple to the SM fermions. The

|

A? A? A?
4 2 2
Ml =y 1+ S0, P+ 5o
A? A2
AL
2M 12M

The last two dimension-eight operators can be written in
our basis by the following relations:

|H|20 |H|2M|H|2 HgDz + RH6D2 + 2QH67 (74)
DIHPOHP = 405) + 4R + RS )+ RY
+ 2R+ R (75)

From the results presented in Appendix A, we can see that
the rotation of the operator in Eq. (74) to M8B only
generates one fermionic universal operator, the real part of

Q((;Q)m [see Eqs. (Al) and (A2)], while the operator in
Eq. (75) generates a linear combination of five fermionic

operators, the real parts of QSZ)HS, Ql(ljlz)H3 D> and Ql(;)ﬂz,
|

_ /1(]51‘1 K2
apm*

K2 /1¢K2
16M° \ M?

K
ALy = e |H[* |H® +

K
sM*

AprK” (1)
83, ) Qe + 20 (kLD + R

simplest bosonic UV completion is therefore that of the
SM supplemented by a real singlet scalar S

1 1 1
AL ==(9,5)% ——M?S% — A|H|*S — — k|H|*S?
5 (0,87 =3 [HPS ~ S k|H]
1 s 1s .,

After tree level integration of the heavy S, the low energy
effective theory contains the following operators up to
dimension eight [41,67,68]

A
B k) |HP
3IM

A 2A2 A
) 0+ e (s =12 ) PO P P + Sy OIHPOHP. (73

together with Q i HZ’ and Q W H2 [(see Egs. (AS), (A6), and

(A8)—(A10)].

Another possibility is the addition of a scalar SU(2),
triplet field ¢* with ¥ = 0. In this case, the new terms in
Lagrangian read

AL ( D,¢")(D*¢*) — M2(¢“) +kH o Hep*
—1¢H(¢“) |H|? —/1¢|¢“\4- (76)
The low energy effective theory of this model is, up to

dimension-eight operators in terms of our basis can be
written as [41,69,70],

2 2
(D,H)'H(D,H)"H + H.c] +—|H| \D,H|? —7|(D H)"H|?

2. +202)

2
o (BOU! —400] + 4R+ 4R+ 4R+ Ry = 2R+ RS (77)

8M°

In this case, from the Appendix A we note that the rotation
of the operators to M8B generates the following fermionic

operators, the real parts of Q 2H5’ Q;IZZ)Hg D> and Q 4H2,

together with Q i HZ’ and Qw4 i [see Egs. (A1)-(A3), (A6),
and (A9)— (A12)]

Next we consider a scenario presenting a hidden sector
where its particles are not charged under the SM gauge

|

group. In the kinetic mixing model, the hiden sector
exhibits a U(1)y gauge symmetry and possesses a gauge
boson V,, which interacts with the SM via

1 k
AL =— —V VW + —M*V VM_EB vev. (78)

4 " 2
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For heavy V, we can integrate it out at tree level and obtain
the following dimension-six and -eight operators [69,71]

2 2

ALy = =513 0,B%) (0 Ba) + 515 (0,B") (P0B).

(79)

The dimension eight-operator is identified with the operator

Ry

universal operators in MSB: the real parts of QSQ)HS and
Q< 4>H2’ together with Q 4H2’ Qx(,i‘)Hz’ Ql(;tt)Dz’ Ql(lllz)Hsz and
Qz(,/zz)m, pe as can be seen in Eq. (A30).

At large energy, composite Higgs models possess a
strongly interacting sector that is naturally connected to the
SM bosons. Ergo, possible high-energy resonances can
give rise to a plethora of bosonic low-energy effective
operators depending on the spectrum in the UV region. As
an illustration, let us consider the minimal model based on
the coset SO(5)/SO(4) [30,72,73] and consider a vector
resonance (p,) that transforms in the adjoint of SO(4). In
this scenario many operators are generated and we will list a
few of them.

The formalism develop by Coleman, Callan, Wess and
Zumino [74] allow us to write down the allowed inter-
actions of this resonance [75,76]. Denoting by I1 = h¢T“
where T¢ are the SO(5) broken generators and h“
the Goldstone bosons, we define U = exp(ill). For sim-
plicity, we assume that the SM gauge group satisfies
Gsm C SO(4). In order to write down the p, interactions
we need the building blocks D, and &,:

in our basis, which is associated to seven fermionic

U™ (0, +iA,)U = iDyT" 4 iE(T* = iD, + if,, (80)
with T4 being the unbroken generators and A, the SM
gauge fields. The lowest order terms of D, and &, are

D,=D,II -

1 <~
=D, E[H,HDH} + .- (81)

[ <
€, = A, —5TDI + - . (82)

The most general two derivative SO(5)-invariant action
for the p, is

1
myALE = miDiD = 2pup +5m(pu = )% (83)

-b\*—‘

where p,, = d,p, = 0,p, + i[p,. p,]. Assuming that p, is
heavy we can integrate it out to obtain [75]

1 1 1
Aly———g gw—Lpug 1 pew (34
eff 4g5 " 2¢ "o+ m; (84)

where g, is the coupling constant. Terms containing four or
more derivatives and four or more field strength tensors
have been omitted. The first term of the above equation
leads to the dimension-six operators

(HT'r’DﬂH)D,,W”“’ and (H*DﬂH)a,,B””. (85)
On the other hand, the second term of Eq. (84) gives rise to
the following dimension-six and -eight operators

DW"DWav,  9,B“OB,, (86)
R\ . = D,W"DPD,D W ay,
RY) . = 0,B%0/ 940" B,,. (87)

Upon rotation to M8B the operators in Eq. (87) give rise
respectively to two linear combinations involving ten and
seven universal operators respectively given in Egs. (A31)
and (A30).

In addition, possible four derivative p interactions can
produce genuine anomalous quartic gauge couplings [53],
i.e., anomalous quartic couplings that do not have triple
couplings associated to them. For instance, the following p
self-interaction

1
4 (p;wplw>(paﬂpaﬂ) (88)
m,

generates the low-energy effective interaction

1
ﬁ (Eﬂzzgm/) (5a/}gaﬁ) (89)
P
that contains the operators

(WI WIﬂy)(wé WI,(lﬂ)

Q
=
I

(WhL W) (B, B%).

(Q/\
||

0\)) = (B,,B")(B.yB?).
(90)

w2R?

VII. FINAL REMARKS

In the absence of a smoking-gun signal for new physics at
the LHC, EFTs, in particular the SMEFT, have become the
standard tool for model-agnostic BSM explorations.
Unfortunately, their power is in some sense also their
weakness as, taken in their greatest generality, the number
of parameters (i.e., the number of independent Wilson
coefficients) is prohibitively large already at dimension-
six. Identifying physically motivated hypotheses which
reduce the EFT parameter space while still capturing a
large class of BSM theories presents a motivated route to
predictability. Universality, i.e., the assumption that the NP
couples dominantly to the Standard Model bosons, is one
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such hypothesis. At dimension-six, universality reduces the
dimensionality of the SMEFT parameter space from 2499 to
16, allowing for a constrained effective parametrization of
NP effects [29].

In this work we have taken the next step by construct-
ing the dimension-eight SMEFT operator basis which at
the high energy matching scale can be used to encode the
effects of universal extensions of the SM. To do so we
have identified a suitable basis of independent operators
formed with the Standard Model bosonic fields at
dimension-eight. It contains 175 operators—that is, the
assumption of Universality reduces the number of inde-
pendent SMEFT coefficients at dimension eight from
44807 to 175. 89 of these operators are part of the general
SMEFT dimension-eight basis in the literature; see
Table I). Our choice of the additional 86 operators is
presented in Eqs. (28)—(37). In the general dimension-
eight SMEFT basis in the literature these 86 operators
have been traded for combinations of the 89 bosonic
operators in the basis and additional operators involving
fermions. Thus in universal theories, only a subset of
fermionic operators are generated (see Appendix C) and
their Wilson coefficients have well defined relations: they
must be linear combinations of the 86 independent
couplings of the universal fermionic operators presented
in Sec. V.

The drastic reduction of independent parameters implied
by the Universality assumption opens up the possibility of
employing it for quantitative phenomenology because just
a few of them contribute to a specific reaction. For example,
the direct effect of the dimension-eight universal operators
can be seen in the production of multiple H, W* and Z.
Operators in the classes X>H? and X>D? modify the triple
gauge boson vertices, so contributing to diboson production
at tree level. Moreover, many classes contribute to mod-
ifications of the quartic coupling among the SM gauge
bosons, as well as to vertices with Higgs and gauge bosons.
In addition, an interesting subset of operators from the
rotated basis are those which include, after rotation, the

Murphy basis operators Q;QVHZ b foriel, 3,5 and Q;.iz)m D

for i €1, 3, 4. These operators introduce novel kinematics
to the Higgs associated production process [62]. The

_ . 5.6 5.6

Q;ZZ)VHZD are generated by rotating RE@?H)ZDZ’ RE?WILZD’
3 1 5,6 . . i

Riazpm, Rjgv)vzm, and R;V”;Dz‘ Similarly Q.;IZ)HZW are

generated by rotating RE;Z)D“ and Ri‘l,l D+

passing that the results in Sec. VI show that the simple
composite Higgs model there presented generates both
Rgz)m and RE;,Z e while Rgz)m also emerges in the minimal
U(1)y kinetic-mixing scenario.

Of course, the phenomenological program first
requires a careful accounting for the relevant field
redefinitions and other finite renormalization effects
since some of the operators give contributions to the

We notice in

definition of the SM parameters [42]. Moreover, even in a
scenario where the high energy model is universal, there
will be nonuniversal effects at the low energy EFT due to
the renormalization group running [77] but controlled by
the universal parameters at the matching scale. They
should also be taken into account in phenomenological
studies. Furthermore, the rich phenomenology of
dimension-eight operators possesses many constraints
originating from the causality and analyticity of the
scattering amplitudes; see, for instance, Refs. [78-82].
These bounds define the regions of the parameter space
associated with well-defined ultraviolet completions of
the SM. We leave the quantitative exploration of the
phenomenology of universal SMEFT at dimension-eight
for future work.
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APPENDIX A: ROTATION OF THE HIGHER
DERIVATIVE BOSONIC UNIVERSAL
OPERATORS INTO FERMIONIC
UNIVERSAL OPERATORS

This appendix contains the explicit expression of the 86
bosonic operators of universal theories not included in
MSB in terms of the bosonic and fermionic operators in
MS8B as generated by the EOM. For the sake of conven-
ience, we present in Appendix C the definition of all M8B
fermionic operators involved. For some of the operators the
final expressions in terms of operators in M8B basis may
look rather cumbersome. This is particularly the case when
the Higgs currents introduced by the application of the
EOMs results in bosonic operators which are not included
in M8B and which, therefore, need further simplification by
reapplication of IBP, BI, and EOMs.

Notice that the mass term of the Higgs equation of
motion Eq. (23) leads to the appearance of operators with
dimension less than eight when we apply the EOM. For
these terms we did not express the resulting operators in
terms of any specific dimension-six operator basis of those
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in the literature: HISZ [83,84], Warsaw [85], EGGM [86], or SILH [87]. For convenience we define the following
combinations involving terms arising from the Higgs mass part of the EOM and some Higgs operators which appear
recurrently in the expressions

Ay =Av*(H'H) —2(HH)?, A=A (HTH)? =20 s],
Ay = AP (HTH)? = 20,] + 2Q22 + 2Q(527 Ay = A2 (HTH)? —20,] + 5Q§,‘2,
Ay =[P (HTH) =20, + 400 + 017, Ay =AWP(H'H) =20,s] +30')) +20'7).

Operators in the class H°D?:

Ryl = A =0, (A1)
RiﬁDz =4 - Q;,(zll),s- (A2)
Operators in the class H*D*:
Ryl = > (H'T H)(D*H)e! (D, H) = 2404 = 0} ., (A3)
Rl = A0 + W (H(D'H))* = 2010 = O ., (A4)
R = 28y + A(D'HTH)? =200, — 075, .. (AS5)
R = 202 (H' < H)(D'H')e! (D, H) =220 — 0. .. (A6)
R = 40*(H'H)(D,H")(D'H) - 2205 - 0'%, .. (A7)
Rl = A (H'H)(D,H")(D*H) = 2204) = Q%) .. (A8)
Ry = (80)2 = 2(H T}y + He ) (HTH) + 2201, + 01)) + 0. (A9)
RY) 0 = (8)? = 220> (HH)H Ty + 42011, + 0. (A10)
RY) e = (80) = P (T H +He ) (H'H) +22(0, s + 01%) + 00 + % o\, (A1)
Riyis = (80)* = 2002 (H'H)J yH + 4101\ + 010, (A12)
Operator in the class H%D?:
R\ = —82A, + 220" (D'H'D,H) — 220> D*(H'H)D,(H'H) — 420> (H'H)(D*H' D, H)

— Ww*(D*H'D,J}; + Hee.) - 620 (HH)(H'J}; + Hee.) — 4220\
- 2/1(3Q1<//12)H3D2 + Q15/22>H3D2 + 2Q1(//32)H3D2 + H-C-) + 16/12(Q5,12)H5 + QZ/<211_)15)

+243Q1,. + 00 + 010 +200), ) + Q'L (A13)
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Operators in class X3D?:

3

(1
RW3D2

[\S]

3
g (1) (1)
+§(Qu/2H5 +QW2H5> Z

g
= _ZA + 2lg QWH4D2 +Z (g QWBH“ +gQW2H4)
g

(Q< 2>H4D + Q 2H4 ) - ng(I,lzlv)VHzD + Q.(I,l4)w,

2 g 12 2
RileZ - 2lg QWH4D2 + (g’QWBH4 + gQw2H4) - ngSIZV)VHZD + Ql</l4)W’

4
3 g 1
Ri)ngz = _gszHzDz - 4 (Q/szBHz + gszHz) - _Qx(//z)WZH(D)’
4  _ 9 (2)
Ryape = =9Qw2pep = ( go WZBH° +2 QW*H2) = O wen)
)
RG3D2 - Ql[/4G’
@ _ 5@
RG3D2 - Ql//4G’
@ __Lom
RG3D2 — _EQI/IZGZH(D)’
4 _ 2)
RG3D2 - _QWZGZH(D)’
o g 0 99
RBW2D2 - ITQWHADZ - EQWZWHZD + Q ZWHZD 8 2H4D + Q 4w’
@ _ .99 g H®
RszDz - —QWH4D2 _EQ"’ WH2D += Qll/ 2WH2D + Q 4W7
Riwere = =9Qy e + Q
BW?D? 9CwBH D w>WBH(D)’
RY = —g0 +0
BW2D? 9w p w>WBH(D)’
Rgg;zDz - _g_IQ W GH?D + Q 4G’
Rl(:();zDz = _g_’Q W>GH?D + Q 4G’
A3) _
RBG202 - QWZGBH(D)’
4) _ n®
RBGZDZ - QU/ZGBH(D)'
Operators in class X?D*:
) 2
1 g9 1 2 g 1 1 . 1 1
R;z)th - 4 A4 + g/2 (Q;IZ - quz) + ? (glel(Bz)H“ - nggle‘t) + 19/2 (g/Ql(_z;[){ztDz - gQE’V;{“DZ)
g9 o 9%g

2 4 8

4
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9 9
__Qy/2H2D3 _—Qx(//22>H4D (Q(z)Hs + Q 2Hs>

3 /2
=2 (=0 + 000 + 0151 2000, ) + 0%

(Al14)

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)

(A25)

(A26)

(A27)

(A28)

(A29)

(A30)



CORBETT, DESAI, EBOLI, and GONZALEZ-GARCIA PHYS. REV. D 110, 033003 (2024)

2
1 g 9’ 1 2 3
RE)VgD = ZA3 +TA (QLJ + QE{E —2Q§,2)

2
g .
-Z (3g’2Q§j£H4 + 0N+ 499’Q%H4) - ig (39’Q211)14Dz + gQ(vwa)

2
9 L9
) Q15/22>H2D3 - 2Q,,, CWH2D Z (9Q<22)H4 + ng(:z)H;; bt 4q Ql(//lz>H4 D)
+2 3
%(Q;QHS +0ll)) - ff (300 + 2+ 010 1200 + 0 (A3
Ritps = O (A32)

Operators in class X>H?>D?:

RY) . . = 202B,, B (H'H) - 220, - Qf;QBzH, (A33)
RY) . . =?B,B*(HH)-20\) , -0 A34
B H2D? V"D ( ) QBZH“ Qx//szH’ ( )
RY) ., = B, B"(H'H) - 24 - 0% A35
prpr — A ( ) - QBZH4 QIIIZBZH’ ( )
RY  — 2B, B™(H'H) -2 —0o'® A36
gpep: — AV by ( ) QBZH“ QWZBZH’ ( )

5 g? g g
R](;;Z)HZDZ = __AS + I_QgIL4D2 +< (g QBZH“ + gQWBHA)

8 2
1 e g g
_E(Ql(//lz)BHzD—'_lQ((:z)BHzD) __Q 2H“D 16 (Q< 2y + Q 2H5>’ (A37)
RO, . = §A5 +i% Tow,  +7 (g Ol + 90
1/ G q q*
- 5 (Qz(//z)BHZD - lQIEIZ)BHZD> 4 QI(IIZJH4D + E (Q( 25 + Q ZHS) ) (A38)
R _i950 950 @) L@ 0@ A39
BLHAD: — ZEQBH4D2 +§ g QBZH“ +gQWBH4 _5 QI/IZBHZD + le/zBHZD ) ( )
8 g e 1 2 N
RI(BZ)HZDZ = 15 Q;f)ﬂDz + = (g QBZH“ + gQWBH4) - E (Ql([/2>BH2D - lQEI/Z)BHzD) s (A40)
2 2
Rl(:z)HzDzzglz 9;3 (Q 2H5+Q 2H5) +9Q 2H4 +Q 4H2’ (A41)
Ry e = AW W (HTH) = 2200), = 0\ (A42)
R(z) =1 2wl I.uv 'i‘ (1)
W2H2D2 = AV WﬂyW ' (H ) 2/1QW H4 - QI/IZWZH’ (A43)
RY) . , = AWl W' (HH) - 22 -0Y Ad44
W2H2D? V"W ( ) QW2 H* Q(//2 W2H’ ( )
R o = APWh W (HTH) = 2205) . - 010, (A45)
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g
R$2H2D2 = _§A3 + E <ZQ$)‘1/H4D2 - WH4D2) ( BH4 + gQWZHA)
L6 2) . 3) g (A0 #(1)
_5 (QV/ 2WH2D +1 QII/ WH2D ) (Q 24D + Q 2H4 - lesztD) +E (QWZH5 + Qw2H5>’ (A46)
(6) g
RwZHZDZ == _§A + (lQWH4D2 + QWH4D2) (g QWBH4 + gQw2H4)
L/ s 7
) (QV/ZWH’ ZQ 2WH2 ) (Q 2ip T Q 2H4D +iQ 2H4D> ¢ 16 (Q s Q0 2H5>’ (A47)
M _9(:n® L9 LON0! . (®)
RW2H2D2 = 5 (ZQWHADZ - WH4D2) g (g/ WBH* + gQW2H4) - E (QI/IZWHZD + lQI//ZWHzD)’ (A48)
®  _9(:nH g 0! - H®)
RWZHZDZ - 5 <lQWH4D2 + QWH4D2) g (g WBH4 + QW2H4> - E (QWZWHZD - lQl//ZWHzD)’ (A49)
2
g g
R§1l9/2H2D2 = ZA3 +§ (Q(ZHA + Q 2H4 ) ( w2 HS + Q sz) + Q 4H2’ (ASO)
3 .9
Ri;[l/gl)qzl)z = ZZA3 —iz (41Q Hp?: T QE:;)HADz) - lZ (dQE;‘l/LHAt + QQE,‘l,;H4)
L/ (9 () 9 (A2 ) . (3) 92 AS1
+§ QWZWH2D+1QW2WH2D +11 Qw2H4D+Qw2H4D_ZQy/2H4D § 2H5 +Q 2H5 s ( )
#
Ri;[l/il)r_lzl)z = _IZA 3+iz (41Q WHD? + 0y H4D2) + i% (.in,‘l/;I_ﬂ +9Q541/;H4)
1 9 . (11 .9 2 4 . A3 92 1 (1
+ E (Qx(//z)WHZD - ZQI(//2V)VH2D) - lZ (QSF)H“D + Qx(//z)H4D + lQlE/Z)H“D) + l§ (Ql(,,z)Hs + Qy/(zl-)15> s (A52)
g . .g 1
R%;{ZDZ ) (4Q(vé31402 + lQif/i{“Dz) iy (g/QE/%H“ + gQE/iszH“) + ) (nylov)mm +iQ 2WHZD) (AS3)
13 g 2 (4 .9 2 2 1 10
Ry e =5 (405 + 100 ) + 15 (900 + 9050 ) +5 (O = 1O ) (AS4)
RO . = w*GAGM (HTH) - 2200 . — o) (A55)
G2H?D?> — )24 G2H* I/IZGZH’
R o = WPGALGM (HTH) = 2200, . = 01, . (A56)
R o = W2GALGM (HTH) = 2202, - 02 (A57)
R o = W02GA,GA (HTH) = 2208, - 01%), (A58)
1 .
RS2H2D2 = _E (Ql(//l2>GH2D + ZQ15/32)GH2D) ) (A59)
1 .
R(G()Q)HZDZ = ) (Q(lz)GyzD - le/2>GH2D) ) (A60)
) 1
Reerepe = (Q 2gep T 19 ZGH2D>’ (A61)
1 .
R((?Z)HzDz = _E (Q(zz)GHzD - le/2>GH2D) , (A62)
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9 6
RE;JHzDz = Qn(//“>H2 s

1 1
RE%‘ZVHZDz = J0’B, W' (H't'H) — 2/1QWBH4 - Ql(llz)WBH’
2 (1
RES‘ZVHZW = J0’B, W' (H'7'H) — Z/IQWBH4 - QW(ZV)VBH’
RY . =B, W (Hi 7 H) 2102  — 0%
BWH?D? — 7% WBH“ W WBH’
4 ~ 2
RI(B‘EVHZDZ = W’B, W (H't'H) — 2/IQWBH“ - Ql//(zl/)VBH’
® 99 (0 _ @) .9 (inD
RBWHZDZ = _? (QH6 - QH6> +§ (lQWH“DZ - WH4D2) QW2H4 - W2H4)

g/

Liom e @
+ E <QW2WH2D + ZQUIZWHZD> - g (Q

v HD T lQ 2H4

8 2

q 4)

/

R1(96‘2VH2D2 = _ﬁ (QS(? - Qgg) + g_/ (iQi;[l/>H4Dz + Q H4D2> (Qi,‘l/szt - W2H4)
1 :

+ 5 (Q15112>WH2D - ZQSZ)WHZD) - § (Ql(//2H4 + ZQ 2H4D)

@ _9 (0 @) @) ) ) @
RBWH2D2 - 5 (lQWH4D2 - QWH“Dz) + E (QW2H4 - QW2H4> + 5 (QWZWHZD + lQV/ZWHZD)’

®  _9 (00 @) 99 @) [ORE . 0)
RBWHZDZ - 5 (ZQWH4D2 + QWH4D2) ‘I’i (QW2H4 - QWZH“) + E (Q 2WH2D lQV/ZWHzD)’
R(BQ‘EVH2D2 - _?AS + _QBH4D2 + (gQWBH4 + .dQBZHA)

Lio® NG L 99 () #(1)
+ E <QI/IZBH2D + lQl/lzBHz ) Q 2H4 16 (QWZHS + QWZHS)’

(10)

RBWHZDZ = _?AS +1 *Q H4D2 += (gQWBH“ +g QBZH“)

L/ 5 A7) g ) 99 ( A1)
+§ (QIIIZBHZD - lezBHzD) _ZQV’ZHAD +R (Q 2p5 + Ql// HS)?

an 39,0 L 9( 50 @\, 1ipe 0®
Rywrep: = 5 Qprip> + 8 <gQWBH4 + g/QszH“) T3 (Q«//zBHZD T lQl//zBHZD)’

1 .

Rgvzv)HZDz = _QBH4D2 +3 (gQWBH4 +g QBZH“) 5 (Qz(//62>BHZD - th(fz)BHzD)’

(13) 99’ 99 (1) 9/ ) ) (™)
RBWH2D2 = T 8 (Q 2H5 + Q sz) += QI/IZH4D 4 (QW2H4D - Qv/2H4D> + Qx//“HZ'

Operators in class XH*D?:

g . N4

R591,1,4D2 = leS + lellz)l_ﬂD - lz (Ql(/,l2)H5 + Q:/L,(zllls),

M _.9 1@ ) 9 (o (1)
RWH4D2 = l§A3 + li (QI[IZH4D + szHAD) - lZ (szHs + szHs)y
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(A65)
(A66)

(A67)
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(A75)
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1 .
RE/‘Z/thDz = _g (Qgg - Qgg) - E (Ql(:Z)H4D - lQl(//32>H4D)’

I .
i = =2 (0 = 0)) =3 (@ + 10, )-

Operators in class XH>D*:

/ <>
RY, = —i% AAs — 2w (DHH)(HD,H)| + Av*(D,H H)J%
9 (o 0@ opt® Y ol IR (o) o ) or)
4 V2HID? W H3D? V2H3D? W2H'D 4 W2 HS W2 HS W HD®
RY), . = zg A5 — Av?(H'DH)(H'D,H)] + Av*(H'D,H)J,
g . g
+ lZ <Q$2>H3D2 + Ql(;z)HsDz - 2Q1§/32)H3D2) + ZAQ$ZJH4D - IT (Q,E,lz)Hs + Qz,gll)is) - Ql(/,lzx)HD’
3 592 2 g’ 1
R;H;zth A + gl( Q;Z) _5 (g/QE}I){AlDZ - gQi,‘l/thDz)
gg 1w
gQW2H4 +gQW2H4 + ZQIQWBH4 - l4Q|//2H2D3 + g Q ZBHZ +gQ ZWHZD
9 +9 gg g g
4 Ql(//2>H4 +1 _Q,//Z)H4D = 16 <Q(2)H5 +0 2H5)
1 f
- li |:g/ (_Qf//“Hz + Qu/4H2 + QI/I4H2 - 2Q15/34)H2 + Qiit)Hz) + ng(;t)Hz} >
<]
R .. = g [AA3 — W*(D*H'<'H)(H'D DH)} + (D, H < H)J,
;9 + A .
4 (3Q 2p3p2 T Qw(zzgﬁDz - 2Q;€23D2> - 15 (Qf,,zz)H4D + Q.(;Z)HAD - lQlE/?H4D)
9A [ () (1) 2)
+ lz (QWZHS + szHs) - Qy/4HD’
Ry = 15 [/m3 4 AA(HY T DYHY(H'D' H)} + A (HT D H) I
g A .
+ Z (3 Ql(ljlz)H3Dz - Q15/22)H3D2 - 2Q15/32>H3D2) + 15 (QIE/ZZ)H“D + Qt(:z)H“D + IQS2>H4D)
LGA ([ (1) (1) )
- IZ (Qw2H5 + Qw2H5) - Qu/“HD’
2
Ry = 19905 = ig(Qﬁj) +0oi-20)) - iﬂ (98 + 9Qiun ) =35 (9Q4 e =39 Chrry )

B )
_lZQy/szDz +i (gQ 2BH2D +QQ ZWHZ _2 QV/ WH2 )

N 2
—ig ((g +d )Q(2>H4D + (9 - g’z)Q,(,,?m — 4990 2H4D) - zg (Q s + 0 ZHS)

1 () @) #2) (3) 5)
- 15 [g(_3Qy/4H2 + Qy/4H2 + Qy/4H2 + 2QW4H2 + QW4H2> + g/Qy/4H2:| .
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APPENDIX B: USEFUL RELATIONS (i) SU(3) identities:
One useful tool to simplify the intermediate expressions 1 1
are the Fierz transformations [49]. We made extensive use (TY2(TB)¢ = 65"3 55 + 5 (aABC + i fABC)(TC)e,
of the following relations:
(i) SU(2) identities: (B5)
1 1
(T4)a(TA)E = 55462 ——808¢,  (B6)

(D)) = 8" (8)] +ieVK (). (BI) 2 6

1

1
(T4)ad¢ =3 ((T1)a0¢ + (TH)¢8a) — d*PE(TP)a(T)e

(e")i(@")y, = 2876, — 858 (B2) = —ifABC(TB)b(TC)d, (B7)
(iii) Relations with y matrices:

2(1’1);5;? - (H)%éﬁ - (Tl)ﬁﬁnm = —|—i€1JK(11)§(TK):,'1, "y = g — io", (BS)

(B3)

Y =gy + gy — ¢y — i€y 5ys. (BY)

(/)33 — (26 = +ieX ()3 (). (B) = i3 (B10)
|

DH(Fy*Mf) = D*(Fr*Mf) = ilfoM(Df) — (Df)o"Mf % ¢ f7,MD, ). (B11)

where M can be the identity, a Pauli matrix 7/ or a 7% matrix and the upper (lower) sign corresponds to right (left)-
handed fermions.
(iv) Lorentz scalar fermionic Fierz identities:

()2l = =3 (" 1a) @eryen), (B12)
(L ep)(@clar) = _%[(Zayﬂldxéc}/ﬂeh)é{; + (L' 1) (2cyue) (21)1), (B13)
(Gaup)(Beqq) = —é (@ar"qa) (@cy,mp) = (@7 T4 qq) (iey, T up), (B14)

o S _ i _
(qtup)(fcqar) = —;k [g (Gar"qa)(itcy,up) + (an”TAqd)(ucmTAub)],

M
- % |:6 (zla}/ﬂflquﬁc%;ub) + (éayﬂTATqu)(ﬁc}/ﬂTA”b)} s (BIS)
(Far"f)(Foruf ) = (Far" o) (Forpfa)s  for f=gq.lu.d.e, (B16)
(Za},ﬂflla)(zbyﬂfllb) = 2(Za},ﬂlb)(7byula) - (iu}/ﬂla)(ibyﬂlb>’ (B17)

- - - _ 1 - -
(faVﬂTAfa)(fb}/yTAfb) = _é (fa}/ﬂfa)(fbyﬂfb) + E (fayﬂfb)(fb}/yfa)’ for f =4q.u, d. (BIS)

(v) Lorentz tensor fermionic Fierz identities: In the expressions below, S represent a piece which is symmetric under
the exchange u <> v and which will not contribute to the operators for which these relations are being used, so for
simplicity we have not included their explicit forms. They can be found in Ref. [51].
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e @rer) = S + 516 (2 e,) @r"es). (B19)
(1) 1y) = St =i (1, 21,) (o), (B20)

() @) = 2+ 168 |3 @) ) + 200 P )| (21)
(@ar"qa)(@r*as) = S§ —%ie"”’”’ E (a7’ q5)(@p7°q0) + 2(E1a7”TAqb)(c‘1b7f"TAqa)] : (B22)
(L' 1) (Lyy* 7' 1,) X = Sfm  ero (1,yP 2K 1) (1,y°1), (B23)
(qar"7' q2)(@pr* e’ qp)e"’* = S - epe E (27"t a)(@p7°qp) + Z(Qa}’”TATK(]b)(C_IbV”TA%)]v (B24)
(" TAu,) (i, y* TR uy) fAPC = ST — %6””’)6(%7”716”17)(%76%), (B25)
(37T q,)(apr* TR qy) fABC = S + %6"””(%7” T°9,)(@57°qa)- (B26)

APPENDIX C: RELEVANT FERMIONIC OPERATORS IN MS8B

For convenience and reference, in Tables II, III, IV, V, VI, VII, VIII, and IX we list the operators in M8B that contain
fermion and are in the rotation of the bosonic universal operators and, therefore, appear in Eqgs. (59)-(71).

TABLE 1. The dimension-eight operators in the M8B with ~ TABLE IL (Continued)
particle content w?>X>H and w?>H?D? generated in universal

theories. For the operators in the first two columns their 9:y?X?H + H.c.
Hermitian conjugates are a priori independent operators. For 2) _ S
operators w?H?D? their Hermitian conjugates are not indepen- QquWZH (qﬂu’)HW/‘bW
. . .o _ > K
dent operators. The subscripts p, r are weak eigenstate indices. Q(q?;t)WzH K ( a, J/iuur) o HW,J,,,W,,”
9:1//2X2H + H.c. QE;M)WBH (qur)TIHW;IwBW
— 2) - 1Fv7] pav
Q%zy (1,e,) HGA,G QE];WBH (qpu,)z H‘[)V BI” )
Q(Z) (7 )H GA/w Q(qu)WBH (qu"wbt,)T HWW,B,/
1eG? ér 1 _ > v
QEI‘),WH (1, ,)HW’ Wik Q;u)BzH (gpu,)HB,,B"
¢ s TR v
Q;zi)/VZH (Lye, ) HW,, Wk Q(qzu)BzH (@pu,)HB,,B"
(3) K (T oo V¢! J
Qrwen (I,0"e. )T HW;,
{ 232
O (g, u,)HGA G 9:w“X“H + H.c
QunhH [ ' (1) 7 1 1
Q(Z)G“H (qlzur)ﬁéﬁuGAW Qie‘)/VBH (l ) IHWI Bﬂ
quG? 5 _ )
o) (g, ) AGR G Qi L
quG*H Q (l o'e ) HW B
3 = SMVTAL YETGA RBP leWBH p@
Qoo (2,08 T )G By ol (Ipe r)HB B
(1) Z Tl Wiy leB*H X
QquWZH (q])ur)HW;,wW Q(z)1 (l ) Bl'”/
leB-H

(Table continued) (Table continued)
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TABLE II. (Continued)

9:w’X’H + H.c.

QLIII)GZH (q,d,)HG}, G
Qﬁl)GzH (‘?P d.)H G//jv G
QSd)GZH dABC(qp ™ dr)H GEUGCM
QEJSd)GBH (Z]pa/‘”TAd,)HGﬁ,,BL’
QEJId)WZH (‘_fpdr)HW;iv Wik
QE]il)WzH (‘_fpdr)H W;Iw Wik
ijWzH VK (g,0md,) T HW),W*
Qs (2,d,)7 HW}, B
Q((il)WBH (qur)TIHW,IwB””
QE;d)WBH (‘_Ip od,)'H WlllﬂBg
QEIId)BZH (@,d.)HB,,B"
0y (a,d,)HB,,B"
11:w?*H*D?
Qi i(1,7"D*1,)(D(,D, H'H)
QP i(Ty" D1 ><H*D<,4 o H)
Qe i(,7'D*1,) (DD, H e H)
Qﬁ;ﬂm ’(ZPV”T[DD S (H! DD, H)
Qi i(2,7" D e,)(Dy, D, H'H)
Qe i(2,r"De, o DDy H)
0 i(3,7"D*q,) (DD, H'H)
0 i(3,7"D*q,)(H'Dy,D, H)
0 i(q,7"7'D*q,) (DD, H ' H)
e i(@,7"e' D*q,) (H'e' DD, H)
ol s i(i,y"D*u )(D WH'H)
0% s i(@,y"D"u,)(H'D(,D,)H)
0% s i(dyy'D"d )(D H'H)
Qe i(d w%ﬁd)@fD D,)H)

TABLE III. The dimension-eight operators in the M8B with
particle content y>H>, w>H*D and w>H?D? that are generated in
universal theories. For the operators in the first column their
Hermitian conjugates are a priori independent operators. Oper-

ators in class 13 are Hermitian. For operators Q“) where

j'2H4D’
f =u, d, e, we have added a superscript of (1) to the M8B

operators. The subscripts p, r are weak eigenstate indices.

12:w*H° + Hec.
QzeH5 (H'H)z(zpe,H)
QquH5 (HTH)Z(C_IPM,H)
quHS (HTH)Z(qurH)
17:w?H?D? + H.c.
Qlerrp? (D,H'D*H)(1,e,H)
QE:E—FDZ (DﬂHTT[D”H)(l 'H)
QE:I)-FDZ (H'D,H)(l,e,D"H)
Qoo (D, H' D*H)(,u, )
QE;?H»‘DZ (D,H't'D'H) (g ,u,7'H)
QE;?H»‘DZ (D,HH)(g,u,D"H)
Qyiro (D, H'DH)(7,d,H)
Qo (D, H e DA H)(g,d, ' H)
Qo (H'D,H)(3,d,D"H)
13:w?H*D

Crap i(T,71,)(H' D, H)(H' H)

- <] PN
Q12H4D i(lpyﬂrll )[(HD H)(HH) + (H"D H)(HTT]H)}

3
Qi i€l/K (1,y"<!1,)(H' D, H) (H'e* H)

Ol Gl (' H)D, 011
(1) o
foi’ v i(er'e, ><H*D H)(H'H)
Qpnip i(g,r"q,)(H' D WH)(H H)
) e Lol
Qpnip i(g,y"t'q,)[(H'D,H)(H'H) + (H" D JH)(H 7' H)|
Q(q:;)H“D IJK(q J/”T qr)(HTDlH)(H TKH)
0o ”K(q r't'q,)(H'v'H)D,(H't*H)
M o -
Qimp i(#,y*u,)(H'D,H)(H'H)
Qpnip i(d,y*d,)(H'D,H)(H"H)
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TABLE 1V. The dimension-eight operators in the M8B with TABLE IV. (Continued)
particle content y>XH?D generated in universal theories. All
operators are either Hermitian or anti-Hermitian. Once again, the 15:(LL)XH*D
subscripts p, r are weak eigenstate indices.

gl
QIZWHZD ( ar )(H'D H)Wlu
15:(RR)XH?*D 0 (p v )(H*BI”H)W};
PWH?D py n
1 > Tl 1
ol . (e,r’e,)DH(H'T'H)W,, QES&VHZD (I,y*<'l,)D*(H'H)W},
> 1 1 y ~
Q(egifVHzD (e,r*e,)D" (H'e H)W Qrwip (1 p?’”fllr)D”(HkH)W,Iw
3) _ g 7 <
O @ e (D W, Qe (1,21, ><H*D”H>w,ay
Qe (e )HD "MW, O (1,7e'1,) (H' D" H) W,
ol p (¢,1"e,)D*(H'H)B,, 0% p VK (1,y*7',)D*(HT T H)WK,
0% p (e7“e,)D*(H'H)B,, ol K (1,y7¢'1,) D" (H e/ H)WE,
(3) _ <u 11
Qoo (@7 e)(H'D By Qiyep X (1,7 z,><H*D "H)W
_ (12
0% n (@) (H' D'H)B, ) o MK (L y el 1) (D HYW
| _
QiZ)GHZD (ulﬂ/ T r)Dﬂ(H H)G/w QEJI)SHZD (P}/ 71 )D"(HT IH)BW
(2) = JUTA u(t A v
Q 2GH2D (ij/ T I/l,)D (H H)G/lb Q2 5 (l YT l )D”( H) w
u I"BH"D
U
Q2 (@, Tu)(HD H)GY, Qe (Tl ><H*D "H)B,,
4) *)
Q.26iep (i pV”TA ) (H DI H)G’A Qs (p?’ 7'l )(HTD ) v
1 i
0% un (@, u,)D*(H'<' H)W,, o (1 ,,y “I,)D*(H'H)B,,
T4 i L 1 . ~
Qu WHZD (upy “)D (ZIT H)W QIZBHZD ( ‘1, )DH(H H)B””
O ywen (@,ru,)(HD W)W, O, (1,71,)(H'D"H)B,,
4 1, <
- (@r'u,)(HD " H)W, Qe (1,71,)(H'D"H)B,,
Q(lz)BHZD (@t,y"u,)D*(H'H)B,,
u -
o (@,y*u,)D*(H'H)B,, 15:(LL)XH*D
(3) _ (—),4 -
0 i (upyvu,)(HTD H)B,, 0 (G,7"T*q,)D"(H'H)G,
@) _
O\ (@t,7*u,)(H'D'H)B,, 0 (@,7°T*q,)D"(H'H)GY,
(1) T LUTA " 'i' A 7
Q26D (il y T, )DH(HH)G Q(qZ)GH D (@p ”TA%)(HTD H)G,,
QE;)GHZD (d[ﬁ/bTAdr)D”(I—IJr )GA Q(g) - uTA HTD H GA
Q(3) » y o | qlzGHZD (?;ﬂ/ )( > ) 1
d*GH*D (d 124 T'd,)(H'D H)G;w Q(Z)WHZD (qzﬂ/ qr)D”(H T H) Wi
@) - o
Qg (d,r*Td,)(H'D H)Gy, Q(?WHZD (a,7"q,)D"(H't' H)W/,
0 i ( ,,y”d )D*(H'< H)W1, QE’3> ) ) )
) ( )D”(H'T[H)Wl ¢WH?D (qpy qr)(H D H)W/w
Q wip ) _ B
0 (_ )(H D H) QqZWH D (qpy qr)(H D H)W;w
2R 5 P T 1
74)WH D 124 QEIZ)WHzD (qu/ ‘Ir)D”(H H)W;w
Qewrrp (dpr+d,)(H' D H) (©) (G,7't'q,) D" (HH)W!
o O win 4pr't'q, v
deBHzD ( py d ) ( ) (7) <u
Q(2) ( d,)DV(H' ) QqZWHzD ( TIQr)(HTD H)W;Iw
d*BH*D < -
0% d H'D'H)B Qe (G,r'7'q, )(H*D”H)Wﬂu
EZ)BHZD ( py )( ) )% Q(g) 61 (qpy T q, )D”(HTTJH)W/II(D
0% s d,yd,)(H'D'H ¢ WH'D o
o oy P 0 ien K (qyr*'q,) DM (H'T H)W},
H J,
— 11 >Ju
15:(LL)XH2D 0 ien K (g, 7' q,) (H'D " H)WK,
_ N (12) < Ju ~
0o D R T 0y a0 B )W
7 v T n H T
o (1,y°1,)D*(H' ' H)W!, [0 (@,77'q,)D"(H't'H)By,
(Table continued) (Table continued)
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TABLE 1V. (Continued)

15:(LL)XH?D

a,r't'q,)D*(H'7'H)B,,
r)(HTD H)
)(H'D"H)B,
)DH(
)DH(
)

)

2,7'7'q
a,r'7'q,
474,
4,74,
(H
(H

7%

(q

(g

(q
0 (g H' H)

(g H'H)B,

(@pra: H'D'H)

(@,7°q,)(H'D"H)B

v

TABLE V. The dimension-eight operators in the M8B with
particle content w?X>D generated in universal theories. All
operators are anti-Hermitian. As before, the subscripts p, r are
weak eigenstate indices.

14:y2X2D
QEQ‘)VZD K1, y”TID L)W, W,{(”
Oy ”K( D 1) (W, WE? W, WE?)
Qe €K (g, D’ q,) Wi, WK
Qe FA (G, TAD" ,)GE, G
Qe €K (@D 4, (W, WE W, W)
Qi P, TD 4,) (GG + G GET)
0%, aBC (ﬁpy”TAD u,)GE G
0., FABC (3, TAD u,) (GB, G + GE,G)
Qn AR (@, TAD" d,)GE, G
Qn 4@, TAD"d,)(GE,G + GB,G)
14:y*X?D
Qewan (1Dl ><B,,pw’f’ B, W)
(3 ey >(Bﬂ,) - Bb,,VvZf)
QEIIZ)WBD qp}’”T D CIr)( up - BD/)WIIf)
0\ip (@' D q,><B,, —Bﬂff)
0\ Gap (a,/"T*D’q,)(B,,G. - B,,GY’)
Q. onp (@,7'T'D q,)(B,, G ~ B, Gi)
QI(AII)GBD (“p}’MT D u,) (B, G - B, Gﬁp)
QSZ)GBD ('4 }’”TAD u )(By Ap - B, Gﬁp)
ol ., (d,7"T"D"d,)(B,,G - B,,G)
Qnp (d,*T*D"d,)(B,, G - B,,G\’)

TABLE VI. The dimension-eight operators in the M8B with
particle content yw*H” generated in universal theories. All
operators are either Hermitian or anti Hermitian For operators

Q(4)1{2, where f = u, d, e; and for Q 2 gy and Q

added a superscript of (1) to the M8B operators. The subscripts p,
r, s, t are weak eigenstate indices.

2 We have

18:(LL)(LL)H?

oL, (Tpr"L) Ly, (HYH)

0%, (1,71 Ly 1) (HYe )

0l (@p7"4,)(@s7q,) (H'H)

0% (@p7"a:) (@57, a,) (H'T'H)

o (@77 q,) (@77 ¢.)(H'H)

o) (Tpr"1)(@57,9,) (H'H)

Qi (or*e'1,)(@sr,q,) (H'7' H)

o (Lpr"e'1,)(@s7,7 q,) (HH)

0 (Lyy"1,) (@77 q,) (H'<'H)
18: (RR)(RR)H>

0l (epre,)(2svue,) (HTH)

ol (@70, ) (1)

ol (@) @1, (HH)

ol .. (epre,) (yy,u,) (H H)

0 (2pr"e,)(dyy,d,)(H'H)

0l (ﬁpy”ur)(d 7ud,) (H'H)

0% (7" T4u,)(dyy, Td,) (H'H)
18:(LL)(RR)H?

0%, (Iy"1,)(2,y,e,) (H'H)

0%, (L'l (2,1, (HTT'H)

0L (Tpr"1,) gy, u,) (HTH)

0%, . (Lpr"e'1,) (ayy,u,) (H'T H)

o, . <py Ol '

02, . (1,211 7, (' H)

0l (@,7"4,)(2sr,e,) (H'H)

0., (@77 a,)(2sr,e,) (H'e'H)

0l (@pr"q,)(Ayy,u,) (H'H)

0", (@pr*e'q,)(agy,u,)(H'7'H)

0 (@pr"T"q,) (57, Tu,) (H'H)

(Table continued)
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TABLE V1. (Continued) TABLE VII. (Continued)
18:(LL)(RR)H? 19:(LL)(LL)X
o\ @y T q,) @y, Thu ) (H'e' H) o). (@pre'q,) (@5 T 9,) G,
0\ (@pr"q.)(d,y,d,)(H'H) o'y (@p7"9,) (@577 q,)Wh,
0% (@pre'q,)(dyy,d,) (H 7' H) oy, @pr"a,) (@, a) Wi
0 (@pr"T"q,)(dy, Td,)(H'H) o, (@7 Tq,)(q,r T ' q,) W,
0 (q,r"T*'q,)(dsy, T*d,)(H 7' H) Q;‘i)w (@,7"Tq,) (g, T q,)W,,
18: (LR)(LR)H? + H.c. Oripe (?py”lr)(q 7740
: . o, (Lpr"1,)(asr" T 4,) G
Q;lzLde (‘??)ur)e.k(‘_]];dz)(HTH) ngl)zw (7pyylr)(qsyuflq[)wl[w
0" (pu,) (7€) u(gSd,) (H<' H) leqzw (1,71 (@< )W,
Qlegur (per)ese(@rus) (H'H) o (1) @7 ) Wh
Qi (Tpe,)('€) i (@ku,) (H'<'H) Q?Ezw @y 1)@ a) WL,
ijsz (fperH)(lse,H) ngs)zw MKyl ) (3,7 g )W)
O gar (lperli)(l_lsdzl‘{) QE;)ZW K (1,1 @y q,) WK,
0. (a0, ) @0, :
QE;SZ)dzHZ (g,d.H)(q,d,H) 19:(RR)(RR)X
1 " VA
18:(LR)(RL)H? + H.c. QEZzG ('jpy},ur)( ! TA o
< 0% (@1, (7 T 5
Qjgarr? (Ipe,)(dsq,;)(H'H) Qi’i)G (d,r*d,)(dy* T d,)Gp,
ng()/de (Ie,)7'(dyq,)(H 7' H) QE;)G (d,7"d,) (@, T d,) G
o) (Ipe,H)(H it,q,) o, (@pre,) (i TAu,) Gy,
O huarr (a,d,H)(H'7,q,) 0%, (prte,) (@ T )G,
o (Ey1e,) (@ TAd,) Gl
0% (2,r"e,)(dyy* T"d,) G},
o (@yr"u,)(d,y* Td,) G,
0%, (170, (2 TA ) G
TABLE VII. The dimension-eight operators in the M8B with Qﬁizzc (@ PTu,)(dsyd; )
particle content 1.//f‘X generated in universal theories. All operators Ql(;)de (i, " Tu,)(dyy d,) G,
2;2 ‘e;g;ir eI-iI;II?Sltt;il: icr)ltl iacr;tsl.-Hermltlan. The subscripts p, r, s, ¢ QE{SZL, . pasc (1, Thu,)( ds}/”TB 4) Gfu
DO 0l PO T 705
oy 1) A e 1) Wi 19:(LL)(RR)X
QE‘?ZV El_pyﬂ,,l’)il(‘y_y TI;iW’I' o Oy (et @ e W,
0Ly a,7"q9,)(@sr"' T q,)Gyy 0%, (1,747!1,) (2,7, W
0%, (@p7r"a,)(a,r'T"q,)G, o, (Ly1,) iy T, G
o', (@r'ea)@r T a)G oo (1,r"1,) iy T u,) G
(Table continued) (Table continued)
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TABLE VII. (Continued)

TABLE VIIIL.

19:(LL)(RR)X

The dimension-eight operators in the M8B with
particle content w*HD generated in universal theories. For all

operators their Hermitian conjugates are a priori independent

operators. The subscripts p, r, s, t are weak eigenstate indices.

(1) T ol = U 1
leuzw (fpy T lr)(usy MY)W/U/ 20W4HD N He
Q;zzl)tzw (lpV”T[lr)(ﬁsyyut)W;lw ( ” )[(Z ) ]
Q13eHD 2 st
19:(LL)(RR)X O i(1,77'1,)[(I,e,)'D,H)
7 - e [,Dye,)H]
(1) u vA A Q1g3 l(el,)/ € )[( €
Orc Upr*tn iy T )G 0 i@,7*9,) (D, H]
7 N A Qle 2HD g r
o) (1,7"1,)(d,yTAd,) G, a
P&G P s i(g,r"7'q,)[(Iye,)7' D, H]
(1) IR 2 ) I QlequD p r_ s€; 0
Onh (Lpy''l)(dgy d, )W,
fz‘f v T O,oemp i(#pr*u,)|(lye;)D,H]
0%, (Lyy*e'l,)(dsy d, ) W1, o i(d,y"d,)((1,e,)D,H)
_ _ led*HD b
Q;L)EZG (@,r"T"q,)(2,r"e,)Gy,
— o, 4
Q;ch (qpyﬂTA )( esy et)G;w 201/] HD + H.c.
oY, (@,7"7'a,) @1 e )W), o) i i(T,7"1,)[(@,u,)D, )
q-e” - B -
0%, (@,7"7'q,) (257 e) W, Oy ipr*e'1,)[(g,u;)e' D, H)
aeW (1) (5 o V(7
Q(l) (q Y”qr)(ﬁs}’DTAMf)GAy QezquHD z(epy er)[(qs“t)DﬂH]
’ iy o) i(@,7a,) (@)D, 1]
0 (@p1"q,) sy T u,) G, G o
Gy G Thg,) ()G Q i(G,r't'q,)[(qsu,)7' D, H]
b qprT q,)(usy"u o _
Owo v 0" (771, (3.0)D, ]
quuzG (q,,y qr)(us}’ ut)G/w Qfglu)dzHD i(dp?/”dr)[(q;uf)DﬂH]
0% PG T q,) (i T 1) G,
() (@ T ) ey TPu,) G, 20:yHD + e
q’u —
1 . -
o), (@pre'q,) @y u)Wh, Ot yan ipr1)[(@,d) D, H
q’u 3) (T -~ 1
Q(Zv)7w ( P}/ﬂr ﬂ]r)(ﬁﬂbuz)ﬁﬂy QizcgdHD l(lp]/ T lr)[((]sd,)f D”H]
o ! i(2,r"e,)(q,d,)D,H
(1) ( n )( ”TAd) ngquD l(ep7 er)[(Qs t) M ]
Coea A o) i(@,70,)|(@.d,) D, H)
O @y a ) T4 QE!;HD i(q,r"7'q,)[(a,d,)7' D, H)
3SdHD P r/Ns "
3) uA v a . _
qude (q 14 T qr)( sV d) Q;L)deD l(upyllur)[(qsdt)DﬂH]
4 A - _
0 (@,7"T"q,)(dy"d,) G 0 i(d,7"d,)[(q,d,)D,H)
0% f45¢(q, r”TAq»(dSyLTBd,)GEU
0% f*5@,r T q,)(dr TP, Gy,
0Ly (@pr'e'a,)(dr*d )Wy,
sz)dzw (q,r't'q,)(ds d,)Wy,
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TABLE IX. The dimension-eight operators in the M8B with
particle content w*HD generated in universal theories. All
operators are either Hermitian or anti-Hermitian. For the operator

QS)DZ, we have added a superscript of (1) to the M8B operator.

The subscripts p, r, s, t are weak eigenstate indices.

21:(LL)(LL)D?

o\, D*(1,y"1,)D, (L7, 1,)
0l D*(q,r"4,)D, (@57,4:)
ol D*(q,r"7'q,)D,(qs7,7'q:)
oy, D*(1,7"1,)D,(4,7,4:)
op. D¥(1,y"7'1,)D,(3,7,7 q,)

21:(LR)(LR)D* + H.c.

oV D,(gpu,)e; D" (gkd,)

q*udD? .
QlequDZ DH (l{’er)ejkD” (q];ut)
21:(RR)(RR)D?
Qii;)z Dy(épyﬂe )Du(és}'yer)
0, D*(,u,)D, (i7,4,)

(Table continued)

TABLE IX. (Continued)

21:(RR)(RR)D?

oL, D*(d,y*d,)D,(d,y,d,)
ol . D¥(2,7"e,)D, (it ,1,)
QiizlzDz Dy(épyﬂer) (d y}l )
thlz)dzDz Dy(ﬁpyﬂu) 1/( s}//,t )
0%, D*(@t,y"T"u,)D,(d,y, T d,)
21:(LR)(RL)D* + H.c
QE;c)]dD D, (lpe,)ejD*(diq,)
21:(LL)(RR)D?
QL) D*(1,1"1,)D,(2,7,e,)
ngllizDz D”(lpy”l,)DD(ﬁ‘y”u[)
oY, D*(1,7"1,)D,(d,7,d,)
QE,IZLZD D*(q,r"q,)D,(e7,e,)
QE}L:DZ D*(q,r"q,)D,(ity,u,)
o D*(q,7"T"q,)D, (i1, T"u,)
0o D*(q,1"q,)D,(d,7,d))
0 D*(q,y"T"q,)D,(d,y,T"d,)
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